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INTRODUCTION



1. Tuberculosis

Tuberculosis (TB) is one of the main causes of death in the world. Although the Stop TB Strategy
claimed by World Health Organization (WHOQO) aimed at drastically decreasing the global TB
epidemic by 2015, 10.4 million new cases and 1.4 million deaths were reported during that year. TB

was indeed the deadliest infectious disease in 2015, even over human immunodeficiency virus (HIV)

[1].

The infectious agent responsible for TB is the bacillus Mycobacterium tuberculosis (Mtb), which may
be considered as the most successful intracellular bacterium for prevalence and distribution in the
world. In fact, although Robert Koch identified Mtb in 1882 and different antitubercular treatments
are currently available, the bacterium latently infected approximately one third of the global

population and it still causes millions of deaths each year [2].

Since Mtb is an aerobic intracellular pathogen that mainly grows in tissues with high oxygen levels,
TB usually affects the lungs, even if forms of extrapulmonary TB are also well-known. The main
symptoms of pulmonary TB are chronic cough associated with hemoptysis, sputum production,
appetite and weight loss, fever, night sweats. Extrapulmonary TB, which can affect 10-42% of

patients, causes variable signs and symptoms and can hit any organ [3, 4].

Mtb is not classified as Gram positive or Gram negative due to its peculiar cell wall structure. The
abundance of lipids in its wall hinders the permeability to basic dyes and the discolouration with

acidified organic solvents. Therefore, it is defined as acid-fast [3].

TB transmission occurs principally by air, through Mtb diffusion from patients with active disease.
Generally, only 5-15% of the people infected with Mtb will develop the disease throughout their lives,
but the percentage grows considerably for HIV-positive individuals. Most immunocompetent
individuals avoid active TB either removing the pathogen from the organism or keeping it in a latent
state. People with latent TB do not show any damage or symptom because their immune system is

able to manage Mtb replication [1, 3].

The first response after the inhalation of Mtb by the human host is from innate immunity. The
bacterium initially interacts with alveolar macrophages, then various phagocytic cells including
neutrophils, monocyte-derived macrophages, and dendritic cells (DCs) reach the infected lung and
ingest bacilli. Recognition of Mtb by phagocytic cells is due to many receptors, among which
macrophage mannose receptor (MMR, the first C-type lectin receptor linked to Mtb recognition) and

DC-specific intracellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) are believed to play
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an important role in bacterial virulence. In fact, besides their role in phagocytosis, phagosome
maturation and cytokine signaling, they recognize mannose-capped lipoarabinomannan (ManLAM).
This lipoglycan is an essential component of Mtb cell wall and it is probably involved in the virulence
of the pathogen because mannosylation of the LAM is typical for pathogenic mycobacteria.
Conversely, environmental mycobacteria are characterized by a LAM capped with arabinose or

inositol phosphate [5].

The early innate immune response is crucial to avoid a progressive infection and its main functions
are the optimization of adaptive immune responses and the regulation of inflammation. However,
without the action of adaptive immunity, it is not possible to control the infection in the long-term

and to prevent the onset of active TB [5].

Adaptive anti-Mtb responses are characterized by a delayed start compared to those against other
pathogens and by a continuous action to keep the bacillus in a latent state, contrasting and controlling
Mtb replication. The response starts in the lymph nodes located in the upper part of the thorax, where
dendritic cells, macrophages and other antigen-presenting cells coming from the infected lungs
activate CD4+ and CD8+ T cells. Anti-Mtb specific T cells move to the infection site, where also
neutrophils, monocytes/macrophages and B cells are activated, forming dynamic lymphoid structures
typical for TB. These complexes of immune cells are known as granulomas and consist in compact
and organized structures with a core of aggregate macrophages (Figure 1). Even if granulomas play
a protective role for the host, also Mtb can exploit them for its survival, replication, diffusion and

development of resistance mechanisms [2, 5, 6].

Multinucleated
giant cell

Figure 1. Structure of a representative human granuloma in response to Mtb infection [5].



Even if the functions of B cells in immune responses against TB are not completely elucidated, they
seem to be important in both early and latent phases of the disease. B cells may act presenting
mycobacterial antigens to T cells and producing cytokines and anti-Mtb specific antibodies. In
addition to the cell-mediated immune response, the humoral response triggered by antibodies helps

in the protection against the disease thanks to the recognition of various mycobacterial antigens [6].

Immune response is significantly different in HIV-positive patients, in which the cell-mediated
response is poor. In these individuals, the production of specific CD4+ T cells and cytokines is
reduced, with a consequent difficulty in the formation of functional granulomas. Both Mtb and HIV

take advantage from these conditions, resulting in an increase in their replication and propagation [3].

1.1. Current status of the TB epidemic

TB deaths and incidence rates are progressively decreasing over time, but the disease diffusion is still
high. In fact, although early diagnosis associated with a suitable therapy can be decisive in most cases,

in 2015 TB was among the top 10 causes of human death [1].

Of the 10.4 million people infected with Mtb in 2015, around 11% were HIV-positive and therefore
with a higher risk to develop active TB. Africa accounted for a higher percentage of patients
coinfected with Mtb and HIV, especially in some southern regions in which it exceeded 50%. In 2015,
TB caused the death of 0.4 million HIV-positive individuals, in addition to the 1.4 million among
people without HIV [1].

In recent years, many efforts were made to reduce the burden of TB. The success of the applied
strategies is proven by the substantial decrease of TB incidence (1.4% per year between 2000 and
2015), prevalence and mortality (42% and 47% from 1990 to 2015, respectively). Incidence defines
the number of new and relapse cases in one year, prevalence is given by the number of TB cases at a

fixed point in time and mortality is the number of deaths caused by the disease in a year [1].

Despite these improvements, WHO proposed new goals in order to end the global TB epidemics
within 2035 (End TB Strategy and Sustainable Development Goals). Since India, Indonesia, China,
Nigeria, Pakistan and South Africa are responsible for 60% of TB new cases (Figure 2), the

achievement of WHO’s goals relies on progresses in TB treatment in these six countries [1].
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Figure 2. Estimated TB incidence rates in 2015 [1].

Since 1980s, the outbreak of drug-resistant (DR) TB is a growing public health concern in several
countries. The emergence of resistance was due to spontaneous chromosomal mutations in Mth
strains, which gained a selective advantage thanks to the misuse of antitubercular drugs. At the
beginning, Mtb became resistant to single drugs (for example to rifampicin), but in recent years more
and more forms of multi (MDR), extensively (XDR) and totally drug-resistant (TDR) TB occurred
due to the progressive accumulation of mutations causing resistance [4, 7].

In 2015, about 3.9% of new cases and 21% of resurgent cases of TB were caused by MDR or
rifampicin resistant (RR) Mtb strains. Globally, MDR or RR-TB had an incidence of 580 000 and a
mortality of 250 000 in 2015. China, India and the Russian Federation accounted for the 45% of the
cases. An estimated 9.5% of MDR-TB is due to XDR strains of the bacillus [1].

1.2. Therapy

TB mortality in absence of any treatment is high. Tiemersma E.W. et al. [8] investigated the period
before the introduction of antitubercular drugs and estimated death rates within 10 years from the
onset of TB to be 70% for people with sputum smear-positive and 20% for individuals with culture-
positive (but smear-negative) pulmonary TB. Patients are diagnosed as smear-positive if their sputum
shows the presence of bacteria when observed by a microscope, as culture-positive if Mtb is found
by culture methods (the reference standard to diagnose TB). The most infectious cases of TB are the
smear-positive ones. In order to limit and prevent TB deaths and diffusion, an early and correct

diagnosis followed by an adequate therapy is needed [1].



The first attempt to find a cure for TB was by Robert Koch at the end of 19th century. Unfortunately,
the use of sterile filtrates from Mtb cultures did not confer any defense against infection in TB
patients. In 1921, Albert Calmette and Camille Guérin succeeded in developing a vaccine from the
attenuation of a laboratory strain of Mycobacterium bovis, which belongs to the same complex of Mtb
and caused around 6% of European deaths from TB before the introduction of milk pasteurization
practice. The stain grew for 13 years on culture and provided a reduction of Mtb virulence in animals.
In addition, when tested on children, a decrease of 90% in death rates was observed. Currently,
Bacillus Calmette-Guérin (BCG) is the only vaccine against TB for clinical use and it is the world's

most widespread vaccine, with more than 3 billion vaccinated people [3, 9].

The first effective anti-TB drugs were developed in 1940s and the general knowledge of the bacillus
and its specific antigens increased thanks to the Mtb genome sequencing in 1998. At present, a 6-
month treatment with isoniazid, rifampicin, ethambutol and pyrazinamide (first-line drugs) is
suggested for new cases of drug-susceptible TB (Table 1), with a success rate of 85% or more. RR
and MDR cases of TB need a more expensive, more toxic and longer (at least 9-12 months) therapy.
In general, anti-TB drug and preventive treatments need to confer protection for a long period because
Mtb has a low replication speed (its reproduction lasts 15-20 h) and it often latently infects the host
[1,3].

Since HIV-associated and DR forms of TB require a specific attention in the clinical management, it
is crucial to distinguish between the various types of the disease. Active TB diagnosis is usually
carried out by sputum smear microscopy, rapid molecular tests and culture methods (that currently
are the reference standard). Nowadays, the Xpert® MTB/RIF assay is the only rapid test
recommended by WHO to diagnose TB. It is considerably more sensible and accurate compared to

sputum smear microscopy and it provides results within 2 hours [1, 4].

The diagnosis of latent TB is different from the one of the active disease and it can occur by a
tuberculin skin test or an interferon-gamma release assay. Treatment of latent infection is suggested
in people with a higher risk to develop the active disease (among which patients with HIV
coinfection). Table 1 describes the suggested therapies for the various forms of the disease [4].

When Mtb infects a HIV-positive person, symptoms may be atypical and diagnosis difficult. For this
reason, it is important to screen HIV-infected people for the presence of TB. The Xpert® MTB/RIF
test provide an advantage in the identification of TB in these individuals, increasing the detection rate
of 45% in comparison with sputum smear microscopy. Since HIV takes advantage from Mtb

coinfection, a combination of antiretroviral and anti-TB therapies is suggested [3, 4].



DR forms of TB can be identified by different methods. The Xpert® MTB/RIF assay is more
convenient than the standard culture methods because it simultaneously provides information about
the presence/absence of TB and rifampicin resistance and it is considerably quicker. DR-TB treatment
depends on various factors and usually combines first- and second-line drugs, often resulting in a
high toxicity; some suggestions for MDR-TB are reported in Table 1. Handling of XDR-TB is very

hard and it can cause up to 98% mortality in patients coinfected with HIV [1, 4].

Table 1. Recommended treatments for the various TB forms [4].

Type of Infection Recommended Regimen Comments
Active disease
Mewly diagnosed cases that are not Iseniazid, rifampin, ethambutol, and pyra- Pyridoxine supplementation recommended to
multidrug-resistant zinamide for 2 mo (intensive phase), prevent isoniazid-induced neuropathy

followed by isoniazid and rifampin for
4 mo (continuation phase)

Multidrug-resistant disease Four secend-line antituberculosis drugs Initial treatment based on local disease patterns
{as well as pyrazinamide), including and pending drug-susceptibility results;
a fluoroquinolone, a parenteral agent, later-generation fluoroquinclones (e.g.,
ethionamide or prothienamide, and maxifloxacin or levoflaxacing preferred

either cycloserine or para-aminosalicylic
acid if cycloserine cannot be used

Latent infection Iscniazid at a dose of 300 mg daily for at least Recommended for 9 mo or more in HIV-

& mo and preferably for 9 me infected persons; daily administratien
for & mo also an option but with lower
efficacy; extension to 36 mo further re-
duces risk among HIV-positive patients
in regions in which tuberculosis is
endemic

Iscniazid at a dese of 900 mg plus rifapentine  Studied with directly observed therapy in pre-
at a dose of 900 mg weekly for 3 mo (directly dominantly HIV-uninfected persons; higher
observed therapy) completion rates and equal efficacy, as

compared with isoniazid for 9 mo

Rifampin at a dose of 600 mg daily for 4 mo Shown to be effective in persons with silicosis

Isoniazid at a dose of 300 mg plus rifampin at Effective alternative for HIV-infected persons
a dose of 600 mg daily for 3 mo

Iscniazid at a dese of 300 mg plus rifampin at  Ancther effective alternative for HIV-infected
a dose of 600 mg twice weekly for 3 mo persons

The treatment success rates reported in the Global Tuberculosis Report 2016 [1] are 83% for drug-
susceptible TB, 75% for people coinfected with HIV, 52% in case of MDR or RR-TB and only 28%
in patients with XDR-TB. In addition, studies on the effectiveness of BCG pointed out that it prevents
severe forms of the disease in children, but not in adults and that its efficacy substantially decrease in
10-15 years from the administration. Therefore, new effective agents for the prevention and cure of
TB are needed. For this reason, one of the goals proposed by WHO in the context of the End TB

Strategy is to increase research and innovation [1, 10].

Many efforts were made so far to develop new diagnostic tests, vaccines and drugs. In the diagnostic
field, progress made in recent years includes rapid tests that can become reference standards, assays
for the detection of resistance to first- and second-line drugs and technologies to predict the transition

from latent to active TB. In 2015, 13 potential vaccines against TB, among which whole-cell derived
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compounds, recombinant viral-vectored platforms, proteins combined with adjuvants and extracts

from mycobacteria, were in clinical trials (Figure 3). These vaccines were designed to prevent

infection, progression or reactivation of Mtb. In addition, 9 new drugs against TB were in Phase I,

Phase Il or Phase Ill trials in 2016 (Figure 4). The latest drugs and combination regimens were

developed for drug-susceptible, MDR and latent forms of the disease [1].
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Figure 3. Status of potential TB vaccines under development in August 2015 [1].
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Figure 4. Status of new anti-TB drugs under development in August 2016 [1].
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One of the main current strategies for the production of effective antitubercular vaccines is the use of
antigenic proteins from Mtb, either combined with other antigens (fusion proteins) and adjuvants or
expressed by viruses. 8 out of the 13 vaccines in clinical trials (Figure 3) are based on this approach,
mostly exploiting protein antigens from ESAT-6 and Ag85 families for the stimulation of an immune
response. The majority of new drugs against TB (Figure 4) acts blocking essential functions of the
bacillus, like the synthesis of components needed for Mtb survival. In particular, many
antimycobacterial drugs are enzyme inhibitors [1].

2. Background and aim of the work

In order to meet the need of new effective anti-TB agents, the present PhD project focuses on the
investigation of two possible strategies to fight the disease: the design of a new glycoconjugate
vaccine able to stimulate both humoral and T cell-mediated responses and the discovery of new

antitubercular drugs characterized by an innovative mechanism of action (new molecular targets).
2.1. Glycoconjugate vaccines

The conjugation of carbohydrate antigens with a carrier protein is an effective strategy to enhance the
immunogenicity of glycans that, unlike antigenic proteins, usually exhibit low affinity for their
specific antibody. The efficacy of a carbohydrate-protein conjugate was proven for the first time in
1931, by the immunization of rabbits against Type III pneumococci [11]. Since that moment, various
glycoconjugate vaccines have been developed, among which those against Haemophilus influenzae

type b, Streptococcus pneumoniae and Neisseria meningitides are the most widespread [12, 13].

In general, bacterial polysaccharides stimulate only B cell immune responses. Nevertheless,
saccharide-protein conjugates are recognized by the B cell receptor specific for polysaccharide
antigens and they are internalized into the cells, where various proteases digest the protein carrier.
The deriving peptide epitopes are exposed on the B cell surface and activate T cells, with a consequent
stimulation of high-affinity IgG antibodies production. Thus, glycoconjugate vaccines take advantage
of carbohydrate moieties including B cell epitopes and protein structures able to induce a T-dependent
memory response, resulting in a long-term protection [12]. The use of antigenic carrier proteins from
the same pathogen of polysaccharides has been demonstrated to increase the efficacy of the conjugate,

resulting in an improved immunogenicity compared to the single constituents [14].

The production of glycoconjugates can be laborious and, if not controlled, can lead to non-

homogeneous products with different features in terms of pharmacokinetics and immunogenicity or
11



with a decreased efficacy due to the masking of protein epitopes, hindering their clinical use.
Therefore, well-defined glycoprotein therapeutics are needed, in which sugar moieties, glycosylation
sites and glycan loading are uniform and deeply characterized. Innovative strategies for
oligosaccharide synthesis and site-specific chemical coupling to proteins can be exploited to obtain
glycovaccines with clear structure-activity relationships, thus enhancing their safety and efficacy [12,

15, 16].

The characterization of neo-glycoconjugates needs to be performed at different levels, both structural
and functional (Figure 5). At the structural level, intact mass measurements allow to assess
glycoprotein identity, purity, integrity and glycosylation profile in terms of yield and glycoform
composition. Mass spectrometry with soft ionization techniques like matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI) is the method of choice for intact
protein/glycoprotein analysis, generally using time-of-flight (TOF), ion trap or Fourier transform ion
cyclotron resonance (FT-ICR) analyzers. The coupling of liquid chromatography (LC) to mass
spectrometry (MS) can provide simpler spectra useful in case of complex samples. The
characterization of intact proteins/glycoproteins in terms of presence of size variants or aggregates
and amount of glycans is an important structural investigation for biopharmaceuticals and it is usually
performed by size exclusion chromatography (SEC), dynamic light scattering (DLS) or electron
microscopy (EM). A detailed and updated study on these analytical approaches has been carried out
in the context of the present PhD thesis (Chapter 7, pp. 130-151). The study at the
peptide/glycopeptide level can elucidate the position of glycosylation sites, confirm protein
sequences, localize eventual modifications and provide information on the glycan moieties. The
(glyco)peptides are usually obtained through proteolytic digestion and analyzed by LC-MS. In order
to trap and then to separate the glycosylated peptides, porous graphitized carbon (PGC) columns,
hydrophilic interaction liquid chromatography (HILIC) and anion exchange chromatography (AEC)
are widely used, generally followed by fragmentation in the mass analyzer through MS" [15, 17-19].

The coupling procedure should not alter the tertiary structure or induce degradation of the carrier
protein, as well as mask antigenic amino acids [20]. For these reason, a defined correlation between
structure and function is required. To investigate protein antigenic regions and direct the
glycosylation to non-antigenic amino acids, thus preserving the immunogenicity of the construct,
valuable information can be derived from epitope identification. MS-based epitope determination
approaches are among the most common and involve antigen digestion by a proteolytic enzyme,
incubation with the ligand, a series of washing steps to remove unbound peptides and MS analysis of

the elution fractions to identify the peptides involved in the binding [21]. Moreover, surface plasmon
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resonance (SPR) biosensor technology has proven to be a precious technique for vaccine
characterization, as it quantifies binding affinities and provides reliable kinetic data to evaluate
specificity and mechanism of action. Noteworthy, SPR can be used to monitor immune responses

directly in serum samples [22].

1) Recombinant 2) Activated

antigenic protein carbohydrate
production I synthesis
3) Glycoconjugate synthesis | Structural

l characterization

4) Analytical characterization

l | Functional

5) Immunological tests characterization

Figure 5. Phases of glycoconjugate vaccines preparation [23].
2.1.1. A new glycoconjugate vaccine against TB

A glycovaccine against TB can be obtained by conjugation of antigenic proteins, which are expressed
by Mtb and are known to induce a strong immune reaction, with sugars able to act as LAM mimics,

since LAM is the most important saccharidic surface antigen of Mtb [24].

In this study, TB10.4 and Ag85B were selected as carrier proteins since they are two of the most
potent antigen species expressed by Mtb yet identified [10]. TB10.4 is a low molecular mass protein
(11076.4 Da, Figure 6) belonging to the ESAT-6 family that is highly conserved in different Mtb
clinical isolates of different geographical origin. Even if its biological function is still unknown, it
was found to be strongly recognized by T cells in cultures of peripheral blood mononuclear cells
isolated from patients with active TB and individuals vaccinated with BCG and to exert a protective
effect against Mtb in mice immunized with this antigen [25, 26]. Ag85B is a mycolyl transferase with
a medium molecular mass (31346.0 Da, Figure 6) and it is part of the Ag85 complex, consisting of
the most abundantly secreted proteins by Mth. Among them, Ag85B is one of the most potent antigen
species, which has proven its anti-TB protective efficacy in murine and guinea pigs as well as other
animal models and has been shown to induce both cellular and humoral immune responses [26-28].
A reliable method for the production and purification of the two proteins was developed, as described

in a paper previously published by our research group [10].
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TB10.4

AMATSDPMSQ IMYNYPAMLG HAGDMAGYAG TLOSLGAEIA VEQAALQSAW
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WGG
LA
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SR 00y

103 aa g
AMAISDPFSR PGLPVEYLQV PSPSMGRDIK VQFQSGGNNS PAVYLLDGLR
AQDDYNGWDI NTPAFEWYYQ SGLSIVMPVG GQSSFYSDWY SPACGKAGCQ
TYKWETFLTS ELPQWLSANR AVKPTGSAAI GLSMAGSSAM ILAAYHPQQF
IYAGSLSALL DPSQGMGPSL IGLAMGDAGG YEARDMWGPS SDPAWERNDP
TQQIPKLVAN NTRLWVYCGN GTPNELGGAN IPAEFLENFV RSSNLKFQDA
YNAAGGHNAV FNFPPNGTHS WEYWGAQLNA MEGDLQSSLG AG

MW = 31346.0 Da
292 aa

Figure 6. Amino acidic sequence, molecular weight (MW) and three-dimensional structure of TB10.4 and Ag85B
recombinant proteins evaluated in the present study. The amino acids not in bold (AMAISDP) represent a pre-sequence
originating from the cloning procedure, those in bold represent recombinant protein sequences encoded by the synthetic

genes. Lysine residues (involved in the conjugation reaction) are in red.

The choice of carbohydrate antigens (saccharides of mannose) was based on literature data on Mtb
reporting the presence of saccharidic surface structures able to stimulate the humoral response.
Mannose was selected because it is the linker monosaccharide in LAM, a lipoglycan constituting an
essential component of the Mtb cell wall (Figure 7). Studies on immune responses in lungs of patients
with active TB showed the production of specific anti-LAM antibodies [29]. In addition, ManLAM
probably represents a virulence factor, since mono-, di- or tri-mannosylation is characteristic for LAM
of pathogenic mycobacteria [5, 30]. Our research group described the procedure for the synthesis of

the sugars used in this project in [31].
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Figure 7. Mtb cell wall associated LAM and related glycoconjugates: lipomannan (LM) and phosphatidyl-myo-inositol

mannosides (PIMs). Mannose units are in green, inositol in blue, phosphate in gray, arabinose in pink [30].

Among the various saccharide-protein conjugation methods, those targeting defined amino acids (like

lysine, cysteine or aromatic amino acids) are reported to be the most effective [20]. In particular, our
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group demonstrated the high selectivity of 2-iminomethoxyethyl (IME) thioglycosides towards lysine
residues and optimized the reaction conditions to obtain pure and homogeneous neo-glycoconjugates

[15]. Figure 8 shows the reaction procedure with the optimized experimental conditions.

€
(NH2)n—protein

NH —_ NH
OMe N—— protein

| - An

Experimental conditions: 100 mM Na tetraborate buffer pH 9.5, 5.5 mg/mL protein concentration, 1 mM benzamidine

hydrochloride, 200/1 molar ratio sugar/protein, 37 °C, 24 h

Figure 8. Procedure followed for the synthesis of neo-glycoconjugates. Man-IME: Ri, R, = OH; Man(1->6)Man-IME:
R: = a-mannose, R, = OH; Man(1->6)Man(1->6)Man-IME: Ry = mannose(1->6)mannose, R, = OH; Ara(1->6)Man-
IME: R; = a-arabinose, Rz = OH; Ara(1->2)Man-IME: R; = OH, Rz = a-arabinose.

Starting from this background, the aim of the present PhD project was the analytical characterization
of the compounds in the various phases of the production process (Figure 5) to improve the rational
design of the vaccine candidates. Different and complementary analytical techniques were employed

to deeply investigate the products.

At first, the stability of recombinant proteins and derived neo-glycoconjugates was evaluated. In the
latest years, HILIC has clearly emerged as a powerful technique to analyze intact glycoproteins [32-
35]. Therefore, this chromatographic approach has been selected and applied to monitor compounds
stability. Chapter I of the experimental part of the present PhD thesis (pp. 25-36) describes the
development and validation of a simple and rapid HILIC-UV method, which proved its suitability for
the estimation of protein degradation under critical conditions (i.e. freeze-thaw cycles) and for the
monitoring of the coupling reaction with saccharidic moieties, without the need of sample preparation
[23]. To identify the degradation products observed in HILIC-UV and to better assess the
performances of HILIC in the separation of glycoproteins, the coupling of this separation technique
to high resolution TOF-MS and the use of three different columns were examined (Chapter 2, pp. 37-
49) [36].

The two HILIC methods revealed the occurrence of degradation phenomena for different lots of the
tested recombinant proteins, which were correlated to the presence of residual traces of enterokinase
(EK) from the production process (EK is a specific protease commonly used in solution to release

mature proteins from their chimeric constructs). Based on the experience of our research group in the
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immobilization of enzymes [37-40] and on the presence in literature of papers reporting the successful
immobilization of EK on different supports [41-43], the synthesis of an EK-immobilized enzyme
reactor (IMER) appeared as an interesting approach to hydrolyze the fusion proteins in flow, thus
preventing product contamination. Various IMERs were prepared and tested considering different

immobilization chemistries and materials, as described in Chapter 3 (pp. 50-72).

The ex vivo evaluation of the immunogenic activity of the different neo-glycoconjugates compared
to non-glycosylated antigens [44] prompted us to consider new strategies to improve compounds
effectiveness. The immunogenicity of glycoconjugate vaccines should be ensured by both antigenic
protein/peptide and carbohydrate contribution, through the recognition of B and T cell epitopes [12].
Therefore, both moieties were investigated. As regards to the carrier protein, different experimental
and computational methods suggested that Lys30 and Lys282 (the two most reactive amino acids of
Ag85B involved in the glycosylation) are antigenic [44]. Conservative mutations of these two lysines
to arginine residues were planned to prevent their glycosylation, thus preserving the immunogenicity
of the constructs. The contribution of glycans was investigated by the conjugation of mono-, di- and

tri-saccharides of mannose to Ag85B protein and its mutants.

A structural characterization of the various compounds was carried out by different analytical
techniques (Chapter 4, pp. 73-93). Protein identity and purity, sugar activation yields and
glycosylation profiles were defined by intact mass measurements in ESI-linear ion trap MS. A
capillary reverse phase LC-UV-MS/MS system was exploited to confirm protein sequences, after
proteolytic digestion by chymotrypsin. To characterize glycosylation sites, the neo-glycoconjugates
were hydrolyzed by chymotrypsin. The released glycopeptides were selectively enriched by on-line
solid phase extraction (SPE) and subsequently separated and identified by HILIC-MS/MS.

A correlation between structure and function of the obtained products was then performed to support
the mutagenesis approach (Chapter 5, pp. 94-115). The areas of Ag85B protein involved in the
interaction with antibodies from different sources (commercial monoclonal antibody from mouse,
antibodies from sera of TB-patients, BCG-vaccinated people and a healthy control) were investigated
using the proteolytic epitope extraction-MS method. Affinities of Ag85B protein, its mutants and its
glycosylated forms for the commercial monoclonal antibody were then quantified by SPR analysis.
This study revealed the suitability of the developed SPR method as an alternative screening assay for

the immunological evaluation of antigenic proteins from Mb.
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2.2. Enzymes as drug targets

Among the available drug targets, enzymes hold a leading position due to some advantageous
features. In fact, they play a fundamental role in all life processes, their activity is generally altered
in pathological conditions and their peculiar structure makes them “druggable”, since enzymes

possess active sites particularly suited for high-affinity binding of small molecules [45, 46].

Nowadays, enzyme inhibitors constitute almost half of the drugs in clinical use and, noteworthy, they
are usually administered by mouth. Therapeutic enzyme inhibitors have different mechanisms of
action (drug-enzyme interactions can be reversible or irreversible, inhibitors can bind to the ground
or the transition state of the enzyme, the inhibition can be competitive or noncompetitive) and are
available for almost all categories of human pathologies (among which infectious diseases, cancer,

cardiovascular problems, metabolic and neurological disorders) [45, 47].

In antibacterial drug discovery, the effectiveness of enzyme inhibition as a therapeutic strategy was
proven in 1977 by Cohen S.S. on Herpesvirus, Influenza A virus and Protozoa [48]. Enzyme targets
for the development of antibacterial agents should possess the following features: essential role in the
life of the organism to design a drug able to inhibit bacterial growth or cause its death; common
structure in different bacterial species to obtain a broad-spectrum antimicrobial agent; structure
different enough from the human host to avoid toxic effects and finally presence of binding sites for

small molecules [49].

Thanks to the increasing knowledge about bacteria molecular biology, target-directed screening
procedures are becoming more and more common. In this panorama, the rational design of enzyme
inhibitors usually starts from a high-throughput screening (HTS) of chemical libraries consisting of
potential drug candidates. Common HTS methods for enzyme inhibitors research include radiometric,
spectrophotometric or chromatographic assays. An activity assay specific for the target enzyme is
usually developed to initially compare the percentage of inhibition induced by different compounds,
using a fixed concentration of enzyme, substrate and tested inhibitor. After this screening step, ICso
(inhibitor concentration that reduces the enzymatic activity to 50%) and K; (enzyme-inhibitor
dissociation constant) are determined for the most interesting compounds in order to quantify the
inhibitor potency and the affinity for its target. The activity assay in this case is performed in presence

of increasing amounts of inhibitors [45, 49, 50].
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2.2.1. MtbPNP as an innovative target for the development of antimycobacterial drugs

In Mtb, the purine salvage pathway appears to be an interesting source of enzyme targets for the
design of antitubercular drugs. This pathway is involved in the synthesis of nucleic acids, since its
role is the conversion of adenine, guanine, and hypoxanthine nucleobases in their corresponding
nucleotides (AMP, GMP, and IMP). Probably, the bacillus switches from the de novo to the salvage

pathway especially in conditions of energy lack and during phases of rapid multiplication [50, 51].

The enzymes implicated in nucleotide metabolism usually differ from those of the human host, thus
constituting good targets for the development of selective inhibitors. In fact, in 2003 Long M.C. and
colleagues [52] proved the effectiveness of the nucleoside analogue 2-methyladenosine targeting
adenosine kinase, an enzyme of the purine salvage pathway, as a selective antimycobacterial agent.
Therefore, new drugs inhibiting enzymes in this pathway might satisfy the need of agents active

against resistant TB strains and latent disease [51].

Purine nucleoside phosphorylase (PNP, EC 2.4.2.1) attracts particular interest since evidences
suggest the presence of differences in structure and transition state between mycobacterial (MtbPNP)
and human (HsPNP) enzymes. Both MfbPNP and HsPNP are homotrimeric enzymes that catalyze
the reversible cleavage of the glycosidic bond of purine (deoxy)ribonucleosides in presence of
inorganic phosphate as a second substrate to generate the nucleobase and a-D-(deoxy)ribose-1-
phosphate (Figure 9). However, from the comparison of the two three-dimensional structures, Tyr188
emerged as the only residue involved in the binding with the ligand not conserved in human (in which
Phe200 takes its place). In addition, Phe153 in MthPNP seems to interact with the 5' of the substrate
sugar group, while the corresponding Phel59 in human behaves like a lid for the binding site of the

adjacent subunit [50, 51, 53, 54].

HOY o B PNP  HOy
—_— k 7 2+ B
OH X +p on x OF9s

Figure 9. Reaction catalyzed by PNP. X = OH, H; B = purine base; Pi = inorganic phosphate [50].

In the context of the present PhD project, an enzymatic activity assay towards mycobacterial and
human PNPs was developed in order to identify selective inhibitors as potential antitubercular lead-
candidates. Starting from the promising results obtained by our research group [50], the conditions
for the assay were adapted to the available laboratory equipment. Enzymatic reactions were
conducted in batch and activity was assessed by monitoring the phosphorolysis of inosine to

hypoxanthine. To this aim, a new HILIC-UV method was developed. After the definition of MtbPNP
18



and HsPNP kinetics, the assay was applied to the screening of 6- and 8-substituted nucleosides as
potential inhibitors. The enzymatic assay allowed also to characterize the most interesting compounds
(selected from the screening) in terms of inhibitory potency and affinity for their target, as described

in Chapter 6 (pp. 116-129) of the present PhD thesis (Experimental part).
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Proteins and glycoproteins with therapeutic activity are susceptible to environmental factors, which can
cause their degradation and the loss of their activity. Thus, the maintenance of their stability during the
production process is a critical factor. In this work, a simple and rapid hydrophilic interaction liquid
chromatography HILIC-UV method was validated in terms of accuracy, precision, linearity, LOD, LOQ and

specificity and applied to the investigation of the stability of intact proteins and their neo-glycoconjugates
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with antigenic activity against tuberculosis. The method proved to be suitable for the estimation of the
degradation of the proteins under critical conditions (i.e. freeze-thaw cycles) and for the monitoring of
their coupling reaction with saccharidic moieties, without the need of sample preparation. In addition,
the chromatographic analysis allowed to calculate the yields of the protein glycosylation reaction.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Biopharmaceuticals are particular categories of pharmaceutical
substances for which the active ingredients are generally proteins
(monoclonal antibodies and recombinant versions of endoge-
nous proteins), polypeptides and oligonucleotides. The market
of these products has grown rapidly in the last years and bio-
pharmaceutical industry needs to increase the speed of product
development, but still ensuring structural integrity and safety of
novel biologic molecules [1]. In fact, in comparison to conventional
small-molecule drugs, the chemical nature of proteins makes them
less stable during production and storage. Biopharmaceuticals can
be exposed to a number of stress conditions such as critical reaction
conditions (i.e. medium and ionic content), temperature changes,
freeze-thawing and light exposure and these harsh environmental
factors can affect the native structure of a protein resulting in a pos-
sible modification of physico-chemical properties and therapeutic
activity [2-4].

The labile stability of proteins implicates the need of user-
friendly and rapid analytical methods to assess protein solubility,
integrity and stability during all the steps of research and

* Corresponding author.
E-mail address: caterina.temporini@unipv.it (C. Temporini).

http://dx.doi.org/10.1016/j.jpba.2017.03.052
0731-7085/© 2017 Elsevier B.V. All rights reserved.

development studies, starting from the protein production, gen-
erally by recombinant DNA technology, to the biological activity
evaluation [2].

Among biopharmaceuticals, the development of glycoconjugate
vaccines, in which oligosaccharides are conjugated to carrier pro-
teins (neo-glycoproteins), is one of the safest and more reliable
strategies to prevent and control deadly infectious diseases [5].
This approach has been recently considered by our research group
for the development of novel and more effective vaccines against
tuberculosis (TB) [6], still one of the world’s deadliest human dis-
eases [7].

Potential TB vaccines have been synthesized by the conjuga-
tion of two antigenic Mycobacterium tuberculosis (MTB) proteins,
namely TB10.4 and Ag85B [8], with 2-iminomethoxyethyl (IME)
activated saccharides [9]. TB10.4 is a low molecular mass pro-
tein (11076.4Da) belonging to the ESAT-6 family that is highly
conserved in different MTB clinical isolates and that is strongly rec-
ognized by T cells [10]. Ag85B possesses a medium molecular mass
(31346.0Da) and it is part of the Ag85 complex, the most abun-
dantly secreted proteins by MTB. Among them, Ag85B is one of the
most potent antigen species yet identified, which is able to induce
both humoral and cell-mediated immune response in MTB-infected
subjects [11].

For the neo-glycoconjugates preparation, the two antigenic pro-
teins were glycosylated using simple saccharidic moieties activated
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Fig. 1. Phases of the glycoconjugate vaccine preparation. The critical steps and conditions are reported in red. ﬁg% Symbol indicates where freeze-thaw cycles are considered.

MOPS = 3-(N-Morpholino) PropaneSulfonic acid.

with the IME reagent [9], which selectively reacts with the e-amino
group of lysine residues [6]. TB10.4 includes only one lysine residue,
but under strict reaction conditions generates two glycoforms, with
a second saccharidic unit bound to the N-terminal amino acid [6].
Ag85B possesses 8 lysine residues, thus its glycosylation may pro-
duce glycoforms containing up to 8 sugar moieties [12].

In this project, the workflow followed to obtain glycoconiugates
for biological evaluation is reported in Fig. 1. The critical steps and
conditions requiring an analytical control are in red. In this regard
a rapid, efficient and informative analytical tool, able to support
the synthetic steps without laborious sample pre-treatment and
to assess protein solubility and stability both during the synthesis
process and storage conditions is required.

HPLC based methods in combination with UV and MS detec-
tion are the simplest and most common approaches currently
used in biopharmaceutical analysis. Most of the protein chem-
ical modification and degradation events can be evaluated and
monitored by reverse phase chromatography (RP-LC) coupled to
mass spectrometry (MS) [3,4]. However, in the case of chemi-
cal glycosylation RP-LC often lacks in selectivity to discriminate
non-glycosylated proteins from glycosylated ones, and between
different degrees of glycosylation. To date, some pioneering pub-
lications have demonstrated that analysis of intact natural and
semi-synthetic glycoproteins can be successfully performed by
hydrophilic interaction liquid chromatography (HILIC) [13-16].
Starting from a previously described HILIC-UV method developed
on a model protein [13], we here describe its optimization in order
to obtain a user-friendly and rapid tool for solubility and stability
evaluation of non-conjugated TB10.4 and Ag85B under freeze-thaw
stress. The method was validated and applied to the monitoring of
the glycosylation process and glycoprotein stability studies.

2. Materials and methods
2.1. Reagents and chemicals

Sodium tetraborate (99%), benzamidine hydrochloride hydrate
(98%), HClO4 (70%), glycerol solution (86-89%), potassium phos-
phate dibasic (>98%), trifluoroacetic acid (TFA, >99%), acetic acid
(=99.85%), NaCl, 3-(N-Morpholino) PropaneSulfonic acid (MOPS)
andribonuclease A(RNase A) from bovine pancreas were purchased
from Sigma-Aldrich (Milan, Italy). Hydrochloric acid (37%) was
from Carlo Erba Reagenti (Milan, Italy). Water was obtained from a

Direct-QTM system Millipore (Millipore, Milan, Italy). Acetonitrile
(ACN) and methanol HPLC grade were purchased by Sigma-Aldrich.
2-Iminomethoxyethyl (IME) thioglycosides, mannose-IME (Man-
IME) and mannose(1 — 6)mannose-IME (ManMan-IME), were
prepared according to the previously reported method [9]. Recom-
binant TB10.4 and Ag85B were prepared according to Piubelli et al.
[8].1dentity and purity of the two proteins were confirmed by direct
infusion (DI) of the samples in electrospray ionization mass spec-
trometry (ESI-MS) [8]. The deconvoluted mass spectra for the two
antigenic proteins are reported in Fig. 2.

2.2. Glycosylation procedure

The glycosylation of TB10.4 and Ag85B was performed following
a previously optimized protocol [6]. The antigenic proteins were
produced by fermentation in E. coli [8] and stored in 20 mM MOPS,
0.4M Nadcl, pH 7.0 at —80°C. Proteins were conjugated with the
saccharidic moieties (synthesized and activated asin [9]) in sodium
tetraborate buffer, 100 mM, pH 9.5.

Briefly, proteins were transferred in the conjugation buffer (final
concentration 5.5 mg/mL) and then the solution was mixed with
IME-glycoside in a glycoside/protein molar ratio of 200/1. Benza-
midine hydrochloride (1 mM) was added to the reaction mixture
to prevent the digestion by residual enterokinase derived from
the protein production process [8]. The reaction mixture was vor-
texed for 1 min and incubated at 37 °C under continuous stirring.
The obtained products underwent an ultrafiltration step in water
before their structural characterization by ESI-MS. Finally, they
were transferred into 10 mM phosphate buffer, pH 7.4 for the bio-
logical tests.

2.3. Sample preparation

Protein solutions (50 pwg/mL) for system development (para-
graph 3.1 and 3.2) were prepared in a water/methanol mixture
(10/90v/v) containing 10 mM HClOy.

Stock solutions of TB10.4 and Ag85B (approximately 500 g/mL)
for stability studies (paragraph 3.3) were prepared in different con-
ditions by ultrafiltration for buffer exchange [6]:

i) 20 mM MOPS, 0.4 M NacCl, pH 7.0 (post-production phase);
ii) water (post-glycosylation phase);
iii) 10 mM phosphate buffer, pH 7.4 (biological test phase).
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Fig. 2. Deconvoluted spectra of the TB10.4 (a) and Ag85B (b) samples used in this study.

The solutions were then diluted with methanol containing
10 mM HClO,4 to obtain working solutions at 50 jLg/mL.

Stability studies were carried out either in the presence or
absence of 10% glycerol.

For the stability study during the glycosylation procedure,
5mg/mL or 1 mg/mL solutions of TB10.4 and 5.5 mg/mL solution
of Ag85B in 100 mM sodium tetraborate buffer, pH 9.5, 1mM
benzamidine hydrochloride were used. Neo-glycoproteins were
analyzed without purification by neutralizing the pH with HCl
(37%) and diluting samples to a final concentration of 50 pg/mL
in methanol/water (90/10 v/v) containing 10 mM HClOy,.

2.4. Instrumentation and HILIC chromatographic conditions

Chromatographic separations of intact proteins were performed
on an Agilent HPLC series 1100 system (Santa Clara, CA, USA),
equipped with mobile-phase online degasser, quaternary pump,
autosampler, column thermostated compartment and diode array
detector. For data acquisition and analysis, the HP ChemStation for
LC software version Rev. A.06.03 [509] was used.

Protein and neo-glycoprotein separations were performed using
a TSKgel Amide-80 (2 x 150mm, 3 wm, 80A) column from Tosoh
Bioscience (Montgomeryville, PA, USA). The mobile phase was com-

11.582

TB10.4

posed of ACN (solvent A) and water (solvent B) both containing
10mM HCIO4. Chromatographic conditions consisted of a linear
gradient from 20% to 30% B in 20 min followed by isocratic elu-
tion at 30% B for 10 min. Column equilibration time was 70 min.
Equilibration time between runs was set at 23 min. The column
temperature was maintained at 50°C, the injection volume was
10 pL and elution was carried out at constant flow of 200 wL/min.
In all experiments, proteins were detected at 210 nm.

Intact MS experiments were carried out on a Linear Trap
Quadrupole (LTQ) mass spectrometer with ESI source (Thermo
Finnigan, San Jose, CA, USA), as described in [8]. The system was
controlled by Xcalibur software 1.4 (Thermo Finnigan). The puri-
fied samples were directly introduced into the mass spectrometer
with a 100 nL syringe moved at 10 pwL/min by a syringe pump
(Thermo Fisher Scientific, San Jose, CA, USA), using a concen-
tration of 300 wg/mL in water/ACN (50/50v/v) + 1% acetic acid.
Full scan intact MS experiments were carried out under the fol-
lowing instrumental conditions: positive ion mode; mass range,
700-2000 m/z; source voltage, 4.5 kV; capillary voltage, 35V; sheat
gas, 15 (arbitrary units); auxiliary gas, 2 (arbitrary units); capillary
temperature, 220°C; tube lens voltage, 140V. Multiple-charged
protein ion signals were deconvoluted by using Bioworks Browser
(Thermo Electron, revision 3.1) and the percentage abundance of

Fig. 3.

20 min

Representative chromatograms of the antigenic proteins TB10.4 and Ag85B obtained applying the optimized conditions (50 pg/mL).
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Fig. 4. Representative chromatograms of TB10.4 (a) and Ag85B (b) proteins compared with their glycosylated forms. (For interpretation of the references to colour in the

text, the reader is referred to the web version of this article.)

different glycoforms calculated by the relative abundance of corre-
sponding peaks in the deconvoluted spectra.

Theoretical masses and grand average of hydropathicity
(GRAVY) values were deduced from the amino acid sequence
using the “ProtParam” tool on ExPASy (http://web.expasy.org/
protparam/).

2.5. HILIC-UV method validation

The parameters addressed to assess the performance of the ana-
lytical procedure were specificity, precision, linearity, accuracy,
limit of detection (LOD) and limit of quantitation (LOQ).

The specificity of the method was intended as its ability to
discriminate between non-glycosylated and glycosylated proteins.
Chromatograms confirming the separation of those species are
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Table 1

Recovery data obtained for RNase A commercial protein. Samples corresponding to
75, 100 and 125% of the test concentration were analyzed. SD: standard deviation.
RSD: relative standard deviation.

Sample Conc. Area Calculated conc. recovery %
(pg/mL) (mAu x s) (pg/mL)
1835.5 394 104.99%
75% 375 1820.8 39.1 104.14%
1695.9 36.3 96.84%
23703 51.1 102.17%
100% 50 22944 49.4 98.84%
22853 49.2 98.44%
2946.4 63.7 101.91%
125% 62.5 3026.1 65.4 104.71%
2827.2 61.1 97.74%
% average recovery 101.09%
SD 0.03
RSD 3.14%

reported, and identity was assumed by chromatographic behaviour
and DI-ESI-MS spectra of the same samples.

Precision was considered at two levels: repeatability and inter-
mediate precision (inter-day). Repeatability was assessed using 21
determinations for RNase A (7 concentrations/3 replicates each)
and 15 determinations for TB10.4 and Ag85B proteins (5 concen-
trations/3 replicates each). To determine the inter-day precision, 6
analyses of 50 g/mL protein solutions were carried out in two dif-
ferent days (3 replicates for each day). Relative standard deviation
(RSD) was calculated for each concentration level and the mean
RSD was reported.

The linearity was evaluated analyzing the standard protein
RNase A, followed by the antigenic proteins TB10.4 and Ag85B.
For each protein, 5-point calibration curves were obtained by the
least squares method. A concentration range of 12.5-100 wg/mL
was investigated and three independent determinations performed
at each concentration.

Accuracy was calculated as percent recovery of samples with
a known added amount of analyte. The reference protein RNase
A was analyzed at three different concentrations (37.5, 50 and
62.5 wg/mL), while TB10.4 and Ag85 B recovery was calculated only
at the test concentration (50 wg/mL). Three replicates were per-
formed for each concentration level.

LOD and LOQ were defined as follows:

3
LOD:CSS/—N

10
LOQ = Cs——
0Q CSS/N

where C;s is the concentration of the injected analyte and S/N is the
signal-to-noise ratio.

The reported LOQ and LOD were calculated as the mean of the
values obtained for each determination.

Table 2
Recovery data obtained for TB10.4 recombinant protein. The measurements were
performed at the test concentration.

Sample Conc. Area Calculated conc. recovery %
(mg/mL) (mAuxs)  (ug/mL)
2705.1 50.7 101.43%
100% 50 2658.4 49.8 99.68%
2637.6 49.5 98.91%
% average recovery 100.01%
SD 0.01
RSD 1.29%

Table 3
Recovery data obtained for Ag85B recombinant protein. The measurements were
performed at the test concentration.

Sample Conc. Area Calculated conc. recovery %
(pg/mL) (mAu x s) (pg/mL)
4664.6 52.0 103.91%
100% 50 4629.7 51.6 103.14%
4719.7 52.6 105.13%
% average recovery 104.06%
SD 0.01
RSD 0.97%

3. Results and discussion

3.1. Optimization of HILIC-UV method and immunogenic protein
analysis

In a previous paper, an HILIC-UV method was reported for the
analysis of intact neo-glycoproteins prepared starting from RNase
A (124 amino acids, 13681 Da) as a model protein [13]. The method
entailed the use of a carbamoyl TSKgel Amide-80 column and
mobile phase composed of ACN (A) and water (B) both contain-
ing 10 mM HClOy4. Based on the good results achieved, we decided
to start with the same analytical conditions for the analysis of the
two MTB protein antigens (TB10.4 and Ag85B) and their glyco-
conjugates, and the possible impurities and degradation products
present in the samples.

Under the chromatographic conditions described by Pedrali
et al. (linear gradient from 25% to 35% B in 20 min followed by
isocratic elution for 10 min) [13], intact TB10.4 and Ag85B pro-
teins were poorly retained on HILIC column. A lower percentage of
aqueous mobile phase (20% B) was therefore used to increase their
retention. Under these chromatographic conditions, TB10.4 elutes
at 11.60+0.08 min (n=3) and Ag85B elutes at 21.15+0.09 min
(n=3). The elution order is in agreement with the grand average
of hydropathicity (GRAVY) values of the two proteins (—0.208 and
—0.279 for TB10.4 and Ag85B, respectively).

It is well known that in HILIC separations the composition of
the sample solvent significantly affects peak shape and efficiency
[17,18]. Meanwhile, protein solubility problems can arise due to
the high organic solvent content required by HILIC at the begin-
ning of the analyses. Thus, the sample preparation procedure was
investigated in order to identify the injection solvent that allowed
to achieve the greater chromatographic efficiency and solubility of
the studied proteins.

This study was carried out using TB10.4 as a model pro-
tein. Starting from the solvent composition used in [13], namely
ACN/water (50/50v/v), different solvents such as methanol, ACN
and their mixture with water and acids (TFA and HClO4) were
considered to prepare solutions with the final concentration of
50 wg/mL. The best results were obtained with a mixture of
methanol and water (90/10v/v) containing 10 mM HCIO4. Com-
pared to the initial conditions, this solvent mixture approximately
duplicated the peak area, reflecting an increased solubility both for
TB10.4 and Ag85B.

In Fig. 3 the chromatographic traces of TB10.4 and Ag85B in the
optimized solvent conditions are reported.

3.2. HILIC-UV method validation

3.2.1. Specificity

The specificity was assessed as the ability of the method to dis-
criminate between non-glycosylated and glycosylated proteins. A
good separation between the antigenic proteins [blue lines in Fig. 4
panel a) and b)] and their glycoconjugates was observed using both
Man-IME [green lines in Fig. 4 panel a) and b)] and ManMan-IME
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Average area, standard deviation (SD) and relative standard deviation (RSD) of TB10.4 and Ag85B peaks (500 pg/mL stock solution; injected samples were diluted 1:10) in
10 mM phosphate buffer, pH 7.4, after 2 freeze-thaw cycles in absence or presence of 10% glycerol.

TB10.4 Ag85B
Time Average area SD (n=3) RSD (%) Recovery (%) Time Average area SD (n=3) RSD (%) Recovery (%)
0 1319.6 22.7 1.7 100.0 0 3536.3 1171 33 100.0
No glycerol 24 1240.1 n.d. n.d. 94.0 72 3457.0 100.6 2.9 97.8
96 1334.2 n.d. n.d. 101.1 96 3481.3 72.2 2.1 98.4
0 1300.2 21.3 1.6 100.0 0 3450.6 280.6 8.1 100.0
10% glycerol 24 1205.2 n.d. n.d. 92.7 72 3033.7 37.5 1.2 87.9
96 1231.8 n.d. n.d. 94.7 96 29154 104.8 3.6 84.5

n.d., not determined

[orangelinesinFig. 4 panela)and b)] as saccharidic moieties. Unfor-
tunately, the method did not allow to discriminate between the
different glycoforms of Ag85B glycosylated with Man-IME [green
line, Fig. 4 panel b)], but it was possible to completely resolve the
non-glycosylated protein from the glycoconjugates.

3.2.2. Precision

The repeatability, calculated as relative standard deviation
(RSD), was evaluated by triplicate injections of the standard RNase
A at 7 different concentrations (ranging from 12.5 to 100 .g/mL).
A mean RSD of 3.11% for areas and of 0.88% for retention times was
obtained.

The repeatability for TB10.4 and Ag85B samples was calculated
on three determinations at 5 different concentration levels from
12.5 to 100 pg/mL. Since in a preliminary phase Ag85B showed
a high variability (RSD >10%), we hypothesized that either pro-
tein solubility and/or solution homogeneity problems might occur.
To circumvent these problems, the sample preparation procedure
was optimized by including a 5s vortex mixing to both the stock
solution and the prepared dilutions before each LC-UV analysis.

A very good repeatability was obtained in terms of area (aver-
age RSD=1.93% for TB10.4 and 2.34% for Ag85B) and retention
time (average RSD =0.44% for TB10.4 and 1.41% for Ag85B). These
results make the chromatographic method suitable for the qual-
itative evaluation of protein identity (retention time) and for a
semiquantitative evaluation of protein concentration (peak areas).

Since this work aims to evaluate the protein stability during
storage, the assessment of the inter-day variability is required.
Thus, the intermediate precision was established by analyzing
50 pg/mL protein solutions in two different days. Three replicates
were performed on each day. The good precision of the method is
demonstrated by the RSD values of peak areas: 1.93% for RNase A,
1.74% for TB10.4 and 2.03% for Ag85B.

3.2.3. Linearity

The linearity of the optimized LC-UV method was first
established for the commercial protein RNase A. The investi-
gated concentration range was 12.5-100 pg/mL, corresponding
to 25-200% of the test concentration. 5 levels were considered
(12.5, 25, 50, 75 and 100 p.g/mL) and three independent determi-
nations were performed for each point. The response was linear
and the equation of the calibration curve was y=45.671 x +37.295
(R2=0.9998).

The linearity was then assessed for TB10.4 and Ag85B anti-
gens, prepared as recombinant proteins in “The Protein Factory”
Research Center (Politecnico di Milano and Universita degli Studi
dell'Insubria). The concentration of the standard protein solu-
tion was determined by Bradford assay. Five-point calibration
curves were obtained for the two recombinant proteins in the
same concentration range used for the standard protein RNase A.
Three replicates were performed for each point. Calibration equa-

tions of y=53.552x — 10.716 (RZ =0.9998) and y =90.322x — 28.021
(R2=0.9975) were obtained for TB10.4 and Ag85B, respectively.

Correlation coefficient (R?) was found to be greater than 0.99
for all the proteins, thus the developed method showed very good
linearity.

3.2.4. Accuracy

Accuracy was determined as percent recovery of analyte in the
sample. As an initial stage, the recovery of the reference protein
RNase A was evaluated on three concentration levels (correspond-
ing to 75, 100 e 125% of the test concentration). Three replicates
were analyzed for each concentration. Recovery ranged from 96.84
to 104.99%, with an average RSD of 3.14%. The complete data are
presented in Table 1.

The percent recovery of TB10.4 and Ag85B samples analyzed
at the test concentration was also defined. Recovery values are
presented in Tables 2 (TB10.4) and 3 (Ag85B).

The mean recovery percentages ranged from 100.01 to 104.06%
for the three proteins, with average RSD from of 3.14% to 0,97%,
corroborating the accuracy of the method.

3.2.5. Limit of detection (LOD) and limit of quantitation (LOQ)

LOD and LOQ were determined as described in paragraph 2.5.
The detection limit was 3 pg/mL for RNase A, 2 pg/mL for TB10.4
and 2 pg/mL for Ag85B. The quantitation limits for RNase A, TB10.4
and Ag85B were 11, 7 and 7 wg/mL, respectively.

3.3. Stability evaluation of immunogenic proteins

During the synthetic process and immunological evaluation, the
protein antigens are stored in different buffers and can be submit-
ted to one or more freeze-thaw cycles (Fig. 1). It is well known that
freeze-thawing combines a number of stressing factors that can
potentially cause protein precipitation and/or aggregation [19,20].
The stability of TB10.4 and Ag85B solutions was thus investigated
after subjecting them to 2 freeze-thaw cycles in different buffer
solutions. Noteworthy, experiments were designed on unconju-
gated proteins since it is well known that glycosylation canincrease
the overall stability of proteins [21].

Table 5
Recovery (expressed as percentage) over time of TB10.4 (5 or 1 mg/mL solutions in
glycosylation buffer).

Time (h) Recovery%
(5mg/mL) (1 mg/mL)
0 100 100
1 99 86
5 72 86
6 56 86
21 11 11
22 8 9
24 0 9
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Scheme 1. Synthesis of neo-glycoproteins by coupling of IME-activated mannose (Man-IME) with antigenic proteins.

In this study, the considered buffers were: i) 20mM MOPS,
0.4M NaCl, pH 7.0 used as protein storage buffer [22]; iii) 10 mM
phosphate buffer, pH 7.4, used to solubilize the neo-glycoproteins
during ex-vivo immunological assays. In addition, as protein anal-
ysis and structural investigation (e.g. by DI-MS [8] and capillary
electrophoresis (CE) [22]) can require the buffer removal, protein
solutions in plain water were also considered (ii). The stability of
TB10.4 and Ag85B added with 10% glycerol was also investigated
as glycerol is routinely employed for the stabilization of aqueous
solutions of proteins [23].

Protein solutions were analyzed at fixed time intervals (0, 24
and 96 h for TB10.4; 0, 72 and 96 h for Ag85B). The stability was
quantified by recovery values calculated as area ratio percentage
in respect to time zero value. 90% recovery was considered the
critical threshold. The semiquantitative analysis indicates that the
two proteins behave similarly regardless of the buffer and storage
conditions used. Overall, in all tested conditions, and for the two
antigenic proteins, stability was maintained for 96 h and after 2
freeze-thaw cycles.

Interestingly, only in the case of Ag85B, the addition of 10% glyc-
erol causes a progressive reduction of peak areas and consequent
recovery, suggesting that glycerol does not exert its positive effect
on the solubility of Ag85B under the explored conditions. Although
unexpected, it is reported that the effectiveness of glycerol in pre-
serving protein solubility varies widely among different proteins,
even if the reasons are not completely understood [23].

As an example, Table 4 reports the semiquantitative data
obtained for TB10.4 and Ag85B in phosphate buffer with and with-
out glycerol.

3.4. Immunogenic protein stability under conjugation conditions

The development of a neo-glycovaccine includes a chemical
glycosylation step. In our study, TB10.4 and Ag85B were glycosy-
lated with IME-activated saccharides. The IME group selectively
reacts with the e-amino function of the protein lysine residues
(Scheme 1.). The glycosylation conditions are reported in para-
graph 2.2. The moderately high protein concentration (5.5 mg/mL)
and buffer pH (9.5), might affect the integrity of the antigens dur-
ing the conjugation process. Therefore protein stability during the
glycosylation phase was investigated.

34.1. TB10.4

The chromatographic trace of the glycosylation reaction of
TB10.4 with Man-IME at 24h was compared to chromato-
graphic profile of the same unmodified protein. A significant
reduction of the peak area was observed suggesting that precipi-
tation/enzymatic degradation events might occur. To elucidate the
cause of this phenomenon, the behaviour of wild-type TB10.4 was
investigated throughout a simulation of the glycosylation reaction
carried out in absence of activated glycans (i.e. in 100 mM sodium
tetraborate buffer, pH 9.5, 1 mM benzamidine hydrochloride, 37 °C,
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Fig. 5. Representative chromatograms of the antigenic protein TB10.4 conjugated with Man-IME (5.5 mg/mL in 100 mM sodium tetraborate buffer, pH 9.5, 1 mM benzamidine
hydrochloride, glycosidic reagent/protein molar ratio of 200/1). The chromatograms were obtained at 0, 2, 4, 20 and 24 h.
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Fig. 6. Trend of the TB10.4 (blue), TB10.4-Man (red) and TB10.4-(Man)2 (green) recovered peak areas during the glycosylation reaction carried out under standard [6]
conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

24 h). This study was performed both at 5 mg/mL and at 1 mg/mL to
assess the influence of the protein concentration. Aliquots of TB10.4
solution were analyzed at fixed intervals for qualitative and semi-
quantitative evaluation. The obtained data are reported in Table 5.

The analyses showed a gradual reduction of TB10.4 peak area
during reaction time. This phenomenon seems to be accelerated in
the most concentrated protein solution, even if an almost complete
disappearance of the protein at the end of the reaction time (24 h)
was observed for both the analyzed samples (Table 5).

In order to understand if the glycoconjugates could undergo the
same gradual degradation of the protein, the same TB10.4 lot was
subjected to chemical conjugation with Man-IME. Aliquots of the
reaction mixture were therefore analyzed at the fixed time inter-
vals. The chromatographic traces are reported in Fig. 5 and the
recovered peak areas are represented in Fig. 6. The elution profile of
the t0 sample (Fig. 4) clearly shows the presence of 2 main peaks.
Considering their Rt, they have been identified as unconjugated
TB10.4 (11.989 min) and mono-mannose derivative (14.393 min),
suggesting that the kinetics of the conjugation reaction is extremely
rapid. After 2 h, unmodified TB10.4 was minor than 10%, while a
third peak appeared at 16.337 min. The DI-ESI-MS analysis of the
same 2 h-sample (Fig. 7a) showed the presence of the expected
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mono-glycosylated isoform (11311.0Da) and the occurrence of a
di-glycosylated isoform (11547.0 Da). It was already demonstrated
that even if TB10.4 possesses only one lysine residue, under harsh
reaction conditions a second mannose unit binds at the N-terminal
amino acid [6].

As the retention in HILIC is mainly controlled by the number of
the glycan molecules, it can be reasonably speculated that the elu-
tion order reflects the glycosylation degree. Hence the developed
HILIC-UV method enables the complete resolution of unmodified,
mono- and di-glycosylated TB10.4, allowing the direct and rapid
estimation of the relative abundance of each species without any
sample preparation.

Following the chromatographic monitoring up to 24h, also
the glycoconjugates undergo a gradual degradation as already
observed for the unmodified protein. Therefore, the reaction time
was shortened to 2 h in order to reach the maximum yield and to
preserve the protein integrity.

The new reaction protocol (2 h of reaction) was applied to the
conjugation of TB10.4 with ManMan-IME: Fig. 8 reports the chro-
matographic traces of intact TB10.4 and conjugated TB10.4. Also
in this experiment, direct MS infusion analysis was carried out
(Fig. 7b): two glycoforms were detected in agreement with the
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Fig. 7. Mass spectrum of the TB10.4 + Man-IME (a) and TB10.4 + ManMan-IME (b) samples.
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Fig. 8. Chromatographic UV traces of TB10.4 conjugated with ManMan-IME using the 2 h-procedure compared to the intact protein.

HILIC-trace. The identity of the peaks was also inferred consider-
ing that the polar groups, such as the saccharide units, promote the
retention in HILIC.

3.4.2. Ag85B

A simulation of the glycosylation reaction in absence of acti-
vated glycans was also performed on Ag85B. The protein stability
was monitored at fixed times. Differently from TB10.4, Ag85B was
stable during the 24 h required for the conjugation reaction, with
an average area of 4314 + 105 and a relative standard deviation of
2.43% calculated on the chromatograms reported in Fig. 9.

Once assessed protein stability in the conjugation conditions,
Ag85B was glycosylated using Man-IME. Ag85B has 8 lysine
residues in its sequence and thus its glycosylation results in the
formation of glycoforms differing in the number of incorporated

saccharides. The analysis of the reaction mixture at 24 h is reported
in Fig. 10. No degradation products were observed and the HILIC
method completely resolved the non-glycosylated protein from the
glycoconjugates allowing to define a glycosylation yield of 100%
(green trace). Unfortunately, the method selectivity did not allow
to discriminate between the different glycoforms. However, the
elongation of the saccharidic chain used in the conjugation process
(ManMan-IME) results in a successful separation of the glycoforms
(Fig. 10) due to the greater contribution of the hydrophilic moiety,
in agreement with the retention mechanism of amide HILIC sta-
tionary phase. Also for these experiments the DI-ESI-MS spectra
were recorded (Fig. 11), the presence of Ag85B-Man (green trace
in Fig. 10) and Ag85B-ManMan glycoforms (orange trace in Fig. 10)
was detected in the respective samples, thus confirming glycocon-
jugate composition and identity.
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o 5 10 15
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Fig. 9. Chromatographic traces of Ag85B peaks obtained by analyses in HPLC of appropriate dilutions of the 5.5 mg/mL stock solution in 100 mM sodium tetraborate buffer,
pH 9.5, 1 mM benzamidine hydrochloride. The stability of the protein was investigated at 0, 2, 4, 20, 22 and 24 h.



F. Rinaldi et al. / Journal of Pharmaceutical and Biomedical Analysis 144 (2017) 252-262 261
21.151
Ag85B
25.762
Ag85B + Man-IME 2
S 3
o ™
Ag85B + ManMan-IME 48 8 e
0 2 < © N~
o N N
[ T T T T ! ' : T T
0 5 10 15 20 25 min
Fig. 10. Chromatographic traces of Ag85B (50 wg/mL) glycosylated with Man-IME and ManMan-IME compared to the intact protein.
Ag85B-(Man)g Ag85B-(ManMan),
W 327540 i 320320
” - Ag85B-(ManMan); | Ag85B-(ManMan)s
EY 90 25350 33329.0
w Ag85B-(Man)s ||"8858-(Man); .
. 205180 32989.0 e
3w 3w Ag85B-(ManMan)g
S S Ag85B-(ManMan), 337270
o - ® 321360
€ c
> >
Q Ke)
< <
O [
= Ag85B-(Man), =
g 32282.0 Ag85B-(Man)g ®
&) 33263.0 &
mass mass

(a)

(b)

Fig. 11. Deconvoluted mass spectrum of the Ag85B + Man-IME (a) and Ag85B + ManMan-IME (b) samples.

4. Conclusions

In this work, a rapid HILIC-UV method was developed for the
analysis of intact proteins and neo-glycoproteins with antigenic
activity against tuberculosis. The method allowed to rapidly esti-
mate the protein stability under critical conditions and during
the coupling reaction, without the need of any purification step.
In particular, the obtained results led to the optimization of the
glycosylation protocol thus preventing protein degradation. The
method represents a valid, informative and rapid tool able to mon-
itor protein content during storage conditions and to support the
neo-glycoprotein synthesis by monitoring the stability of the native
protein and its glycoforms. The present study represents a further
application of the potential of HILIC chromatography for the sepa-
ration of intact recombinant proteins, with the possibility to reach

an adequate selectivity towards glycosylated derivatives. These
promising results could open the possibility to combine the HILIC
method to MS for direct structural characterization of each glyco-
form.

Acknowledgments

This work was funded by Regione Lombardia, Italy (VATUB
project, Project Framework agreement Lombardy Region
Universities-DGR 9139) and by Fondazione Banca del Monte
di Lombardia (Italy) FBML. LuPi and LP were supported from Fondo
di Ateneo per la Ricerca.



262 F. Rinaldi et al. / Journal of Pharmaceutical and Biomedical Analysis 144 (2017) 252-262

References

[1] ICH Topic Q 5C, Quality of Biotechnological Products: Stability Testing of
Biotechnological/Biological Products, 1995. http://www.ich.org/products/
guidelines/quality/article/quality-guidelines.html.

[2] M.L. Brader, T. Estey, S. Bai, R.W. Alston, K.K. Lucas, S. Lantz, P. Landsman, K.M.
Maloney, Examination of thermal unfolding and aggregation profiles of a
series of developable therapeutic monoclonal antibodies, Mol. Pharm. 12 (4)
(2015) 1005-1017.

[3] B.Bobaly, E. Sipko, ]. Fekete, Challenges in liquid chromatographic
characterizations of proteins, J. Chromatogr. B 1032 (2016) 3-22.

[4] M.K. Parr, O. Montacir, H. Montacir, Physicochemical characterization of
biopharmaceuticals, ]. Pharm. Biomed. Anal. 130 (2016) 366-389.

[5] R. Adamo, A. Nilo, B. Castagner, O. Boutureira, F. Berti, G.J.L. Bernardes,
Synthetically defined glycoprotein vaccines: current status and future
directions, Chem. Sci. 4 (2013) 2995-3008.

[6] C. Temporini, T. Bavaro, S. Tengattini, I. Serra, G. Marrubini, E. Calleri, F.
Fasanella, L. Piubelli, F. Marinelli, L. Pollegioni, G. Speranza, G. Massolini, M.
Terreni, Liquid chromatography-mass spectrometry structural
characterization of neo glycoproteins aiding the rational design and synthesis
of a novel glycovaccine for protection against tuberculosis, J. Chromatogr. A
1367 (2014) 57-67.

[7] World Health Organization, Global tuberculosis report 2015. Available online:
http://www.who.int/tb/publications/global_report/en.

[8] L. Piubelli, M. Campa, C. Temporini, E. Binda, F. Mangione, M. Amicosante, M.

Terreni, F. Marinelli, L. Pollegioni, Optimizing Escherichia coli as a protein

expression platform to produce Mycobacterium tuberculosis immunogenic

proteins, Microb. Cell Fact. 12 (2013) 115.

T. Bavaro, M. Filice, C. Temporini, S. Tengattini, I. Serra, C.F. Morelli, G.

Massolini, M. Terreni, Chemoenzymatic synthesis of neoglycoproteins driven

by the assessment of protein surface reactivity, RSC Adv. 4 (2014)

56455-56465.

[10] R.L.V. Skjet, T. Oettinger, I. Rosenkrands, P. Ravn, I. Brock, S. Jacobsen, P.
Andersen, Comparative evaluation of low-molecular-mass proteins from
mycobacterium tuberculosis identifies members of the ESAT-6 family as
immunodominant T-cell antigens, Infect. Immun. 68 (2000) 214-220.

[11] J. Dietrich, C. Aagaard, R. Leah, A\W. Olsen, A. Stryhn, T.M. Doherty, P.
Andersen, Exchanging ESAT6 with TB10.4 in an Ag85B fusion molecule-based
tuberculosis subunit vaccine: efficient protection and ESAT6-based sensitive
monitoring of vaccine efficacy, J. Immunol. 174 (2005) 6332-6339.

9

[12] S. Tengattini, E. Dominguez-Vega, C. Temporini, M. Terreni, G.W. Somsen,
Monitoring antigenic protein integrity during glycoconjugate vaccine
synthesis using capillary electrophoresis-mass spectrometry, Anal. Bioanal.
Chem. 408 (2016) 6123-6132.

[13] A. Pedrali, S. Tengattini, G. Marrubini, T. Bavaro, P. Hemstrom, G. Massolini, M.
Terreni, C. Temporini, Characterization of intact neo-glycoproteins by
hydrophilic interaction liquid chromatography, Molecules 19 (2014)
9070-9088.

[14] Z.Zhang, Z. Wu, M.J. Wirth, Polyacrylamide brush layer for hydrophilic
interaction liquid chromatography of intact glycoproteins, J. Chromatogr. A
1301 (2013) 156-161.

[15] T. Tetaz, S. Detzner, A. Friedlein, B. Molitor, ].-L. Mary, Hydrophilic interaction
chromatography of intact, soluble proteins, ]. Chromatogr. A 1218 (2011)
5892-5896.

[16] A. Periat, S. Fekete, A. Cusumano, J.-L. Veuthey, A. Beck, M. Lauber, D.
Guillarme, Potential of hydrophilic interaction chromatography for the
analytical characterization of protein biopharmaceuticals, J. Chromatogr. A
1448 (2016) 81-92.

[17] J.C. Heaton, D.V. McCalley, Some factors that can lead to poor peak shape in
hydrophilic interaction chromatography, and possibilities for their
remediation, J. Chromatogr. A 1427 (2016) 37-44.

[18] J. Ruta, S. Rudaz, D.V. McCalley, ].L. Veuthey, D. Guillarme, A systematic
investigation of the effect of sample diluent on peak shape in hydrophilic
interaction liquid chromatography, J. Chromatogr. A 1217 (52) (2010)
8230-8240.

[19] R. Chaudhuri, Y. Cheng, C.R. Middaugh, D.B. Volkin, High-throughput
biophysical analysis of protein therapeutics to examine interrelationships
between aggregate formation and conformational stability, AAPS J. 16 (1)
(2014) 48-64.

[20] A.Zhang, S.K. Singh, M.R. Shirts, S. Kumar, E.J. Fernandez, Distinct aggregation
mechanisms of monoclonal antibody under thermal and freeze-thaw stresses
revealed by hydrogen exchange, Pharm. Res. 29 (1) (2012) 236-250.

[21] RJ. Sol4, K. Griebenow, Effects of glycosylation on the stability of protein
pharmaceuticals, J. Pharm. Sci. 98 (4) (2009) 1223-11245.

[22] B.S. Gupta, M. Taha, M J. Lee, Buffers more than buffering agent: introducing a
new class of stabilizers for the protein BSA, Phys. Chem. Chem. Phys. 17 (2)
(2015) 1114-1133.

[23] V. Vagenende, M.G. Yap, B.L. Trout, Mechanisms of protein stabilization and
prevention of protein aggregation by glycerol, Biochemistry 48 (46) (2009)
11084-11096.


http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://www.ich.org/products/guidelines/quality/article/quality-guidelines.html
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0010
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0015
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0020
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0025
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0030
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://www.who.int/tb/publications/global_report/en
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0040
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0045
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0050
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0055
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0060
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0065
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0070
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0075
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0080
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0085
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0090
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0095
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0100
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0105
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0110
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115
http://refhub.elsevier.com/S0731-7085(17)30770-7/sbref0115

2. Hydrophilic interaction liquid chromatography-mass
spectrometry as a new tool for the characterization of intact

semi-synthetic glycoproteins

Sara Tengattini, Elena Dominguez-Vega, Caterina Temporini, Teodora
Bavaro, Francesca Rinaldi, Luciano Piubelli, Loredano Pollegioni,

Gabriella Massolini, Govert Willem Somsen

Analytica Chimica Acta 2017, 981, 94-105*

*Reproduced with permission from Elsevier
37



Analytica Chimica Acta 981 (2017) 94—105

journal homepage: www.elsevier.com/locate/aca

Contents lists available at ScienceDirect

Analytica Chimica Acta

Hydrophilic interaction liquid chromatography-mass spectrometry as
a new tool for the characterization of intact semi-synthetic

glycoproteins

@ CrossMark

Sara Tengattini * > !, Elena Dominguez-Vega ™, Caterina Temporini * *, Teodora Bavaro ?,
Francesca Rinaldi ¢, Luciano Piubelli © ¢, Loredano Pollegioni © d Gabriella Massolini 2,

Govert W. Somsen

2 Department of Drug Sciences, University of Pavia, Via Taramelli 12, I-27100, Pavia, Italy
b Division of BioAnalytical Chemistry, Department of Chemistry and Pharmaceutical Sciences, Vrije Universiteit Amsterdam, de Boelelaan 1085, 1081 HV,

Amsterdam, The Netherlands

¢ Department of Biotechnology and Life Sciences, University of Insubria, Via J.H. Dunant 3, I-21100, Varese, Italy
94 The Protein Factory Interuniversity Centre, Politecnico of Milano, University of Insubria, Via Mancinelli 7, 1-20131, Milano, Italy

HIGHLIGHTS

e New potential glycoconjugate vac-
cines are characterized by HILIC-UV
and HILIC-MS.

e Amide HILIC stationary phases can
provide efficient separation of intact
protein glycoforms.

e HILIC-MS allows reliable glycoform
assignment of intact semi-synthetic
glycoproteins.

e Intact glycoform fragmentation in
HILIC-MS/MS  detects N-terminal
glycosylation.
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ABSTRACT

Improved methods for detailed characterization of complex glycoproteins are required in the growing
sector of biopharmaceuticals. Hydrophilic interaction liquid chromatography (HILIC) coupled to high
resolution (HR) time-of-flight mass spectrometric (TOF-MS) detection was examined for the character-
ization of intact neo-glycoproteins prepared by chemical conjugation of synthetic saccharides to the
lysine residues of selected recombinant proteins. The separation performances of three different amide
HILIC columns (TSKgel Amide-80, XBridge BEH and AdvanceBio Glycan Mapping) were tested. Water-
acetonitrile gradients and volatile eluent additives have been explored. Addition of 0.05% (v/v) tri-
fluoroacetic acid to the mobile phase appeared to be essential for achieving optimum resolution of intact
glycoforms and minimal ion suppression effects. Gradient elution conditions were optimized for each
protein on every column. HILIC stationary phases were evaluated for the analysis of highly heteroge-
neous semi-synthetic derivatives of the same protein (ribonuclease A), and in the enhanced character-
ization of TB10.4 and Ag85B glycoconjugates, selected antigens from Mycobacterium tuberculosis (MTB).
HILIC-MS results indicated that the HILIC selectivity is predominantly governed by size of the conjugated
glycans and number of glycans attached, providing efficient glycoform separation. Moreover, HILIC
separation prior to HRMS detection allowed assignment of several product impurities. Additional top-
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down MS/MS experiments confirmed conjugation at the N-terminus of TB10.4 next to its lysine residue.
Overall, the obtained results demonstrate that amide-stationary-phase based HILIC coupled to MS is
highly useful for the characterization of intact neo-glycoproteins allowing assessment of the number,
identity and relative abundance of glycoforms present in the semi-synthetic products.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Biopharmaceutical products and drugs of biological origin
represent an important class of therapeutics. In particular, glyco-
proteins are among the most commercially successful biological
drugs due to their numerous applications and indications ranging
from cancer to inflammation to infectious diseases (glycovaccines).
It is well known that glycans attached to a protein can influence the
therapeutic efficacy of protein drug and the protein physicochem-
ical and pharmacological properties. Thus, there is a need for the
production of well-defined glycoproteins and elegant synthetic
strategies have been explored for the preparation of homogeneous
glycoproteins with particular emphasis on glycovaccines.

An interesting approach, often used for the production of gly-
coconjugate vaccines, entails the extraction or the synthesis of
saccharides (antigens) and their covalent linkage to a carrier pro-
tein produced by recombinant DNA technology. The conjugation is
commonly achieved by chemical activation of the glycan portion
allowing targeting of nucleophilic functional groups of specific
amino acid residues (lysines, aspartic/glutamic acids or cysteines)
in the protein [1,2].

The characterization of neo-glycoprotein products, obtained as
described above, is quite challenging. In fact, in addition to the
inevitable heterogeneity of recombinant proteins due to the
biotechnological manufacturing, the heterogeneity related to the
carbohydrate component (structure, number, and position) has to
be considered. Similarly to native glycoproteins, also for semi-
synthetic glycosylated proteins, the inherent structural complexity
(i.e. sequence mutation, oxidation, deamidation, N- and C-terminal
alteration, glycoform variety due to multiple conjugation sites)
necessitates the development of analytical strategies for their
characterization [3].

Liquid chromatography (LC) coupled to electrospray ionization
mass spectrometry (ESI-MS) is widely used for glycoprotein char-
acterization by bottom-up approaches, in which the glycoproteins
are first digested into peptides, providing structural information
and allowing localization of glycosylation sites [4,5]. Nevertheless,
quality control of the intact glycoproteins is of great added value in
biopharmaceutical analysis, as it provides specific information on
the presence of proteoforms as well as on the exact combinations of
multiple modifications, which cannot be revealed by merely
bottom-up approaches. Moreover, intact protein analysis is rela-
tively fast, requires minimum sample treatment and prevents un-
desired modifications induced by enzymatic treatments [6,7].

Hydrophilic interaction liquid chromatography (HILIC) has
demonstrated to be a highly useful technique for analysis of amino
acids, released glycans and glycopeptides [8]. In contrast to
reversed-phase (RP) LC, HILIC has the ability to retain and resolve
(highly) polar compounds, based on a complex retention mecha-
nism, involving hydrophilic partitioning and polar interactions. As a
consequence, glycans and glycopeptides show stronger HILIC
retention with an increasing number and size of sugar units [9,10].

Only few studies have been published on the use of HILIC
methods for the characterization of intact proteins [8,11,12] and for
the determination of their glycoform composition [11-14],

indicating HILIC to be complementary and orthogonal to RPLC. So
far, the application of HILIC for the separation of native glycoforms
of intact proteins has been limited to the model glycoprotein
ribonuclease B (RNase B), containing only one glycosylation site,
and monoclonal antibodies [11,12]. Recently, we have reported a
preliminary work where HILIC-UV was used for the monitoring of
the glycosylation reaction of a model protein ribonuclease A (RNase
A), with different glycans [15]. The developed analytical method
was not compatible with MS detection, however, it was suitable for
the analysis of intact neo-glycoproteins, allowing discrimination of
non-glycosylated protein from glycoproteins and separation of
different glycoforms, including isomers, as demonstrated by off-
line MS analysis [15].

On-line MS detection after HILIC separation of glycoforms,
would offer many advantages, such as the assignment of glycoform
structures and other potential protein modifications and degrada-
tions. Moreover, following a top-down approach, HILIC-MS/MS
could provide information on N-terminal sequence, including
glycosylation occurrence at the a-amino group. Nevertheless, on-
line HILIC-MS of intact glycoproteins has been reported only for
RNase B and for IdeS-digested and reduced monoclonal antibodies
[11,12,14].

In order to expand the applicability of HILIC with UV and HRMS
detection to the characterization of intact neo-glycoproteins, we
studied the chromatographic performances of three different
amide HILIC columns (TSKgel Amide-80, XBridge BEH and Advan-
ceBio Glycan Mapping). Neo-glycoproteins, obtained by chemical
conjugation of synthetic mono-, di- and tri-mannose to lysine
residues of RNase A and of the two recombinant tuberculosis an-
tigens TB10.4 and Ag85B [16], were considered as representative
real-life proteins in this work. TB10.4 and Ag85B have been eval-
uated by our research group for the development of new effective
vaccines against tuberculosis [3,17]. Their semi-synthetic glyco-
conjugates comprise a large number of glycoforms with multiple
conjugation sites, each carrying short carbohydrate chains. This
intrinsic heterogeneity combined with the relatively small hydro-
philic contribution of every individual carbohydrate chain, makes
chromatographic resolution and characterization of these neo-
glycoproteins an interesting case for the application of the three
amide HILIC columns. MS-compatible mobile phase composition,
gradients and column temperature were studied in order to achieve
good separation of the semi-synthethic glycoprotein products.
Moreover, the HILIC-MS results obtained aid in understanding
structure-retention relationships of glycoproteins. The potential of
the developed HILIC-MS(/MS) methods for the detection of glyco-
conjugate product impurities and for the confirmation of the glycan
position in conjugated TB10.4 was also examined.

2. Experimental
2.1. Reagents
RNase A and RNase B from bovine pancreas were purchased

from Sigma-Aldrich (St. Louis, MO, USA) and were used without
further purification. Formic acid (FA), ammonium hydroxide (30%),
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sodium tetraborate, trifluoroacetic acid (TFA), phosphate-buffered
saline (PBS), benzamidine chloride were from Sigma-Aldrich (St.
Louis, MO, USA). Water was obtained from a Direct-QTM Millipore
system Millipore (Millipore, Billerica, MA, USA). Acetonitrile (ACN)
MS grade was purchased from Sigma-Aldrich (St. Louis, MO, USA).

In this study three IME-thioglycosides were used for protein
glycosylation: Mannose-IME (Man-IME), Mannose(1—6)Mannose-
IME (Man(1-6)Man-IME) and Mannose(1—6)Mannose(1—6)
Mannose-IME (Man(1—6)Man(1—6)Man-IME). IME-thioglycosides
were ad hoc synthetized according to the procedure previously
reported [18] (see Supplementary Material). The TB10.4 and Ag85B
immunogenic proteins were obtained as recombinant forms in
Escherichia coli as reported in Piubelli et al. [ 16] and finally collected
in 20 mM 3-(N-morpholino)propanesulfonic acid, 0.4 M NaCl, pH
7.0 at different concentrations.

2.2. Protein glycosylation

2.2.1. RNase A glycosylation procedure

According to the glycosylation protocol previously reported [15],
the reaction was carried out in sodium tetraborate buffer, 100 mM,
pH 9.5. RNase A was dissolved in the buffer to reach a final con-
centration of 1.7 mg mL~" and then the solution was mixed with
IME-glycoside to a glycoside/protein molar ratio of 200/1. The re-
action mixture was vortexed for 1 min and incubated for 24 h at
25 °C under continuous stirring. Based on thioglycosides used, the
prepared glycoconjugates were named RNase-Man and RNase-
Man(1-6)Man.

2.2.2. TB10.4 and Ag85B glycosylation procedure

The conditions used for the antigenic protein glycosylation
required a protein concentration of 5.5 mg mL~! and a glycoside/
protein molar ratio of 200/1 in the same reaction buffer as above.
Benzamidine chloride (1 mM) was added to prevent protein
digestion by traces of enterokinase derived from protein produc-
tion. Five neo-glycoproteins were synthesized, namely TB10.4-Man,
TB10.4-Man(1—6)Man, Ag85B-Man, Ag85B-Man(1—-6)Man and
Ag85B-Man(1—6)Man(1—6)Man.

2.3. Sample preparation

Standard stock solutions of RNase B were prepared in pure water
at a concentration of 2 mg mL~! and then diluted to obtain working
solutions at 0.5 mg mL~' in ACN-water (50:50, v/v). Neo-glyco-
proteins, prepared from RNase A and antigenic proteins, were pu-
rified in order to remove reagents and salts. The reaction mixture
was submitted to seven 20 min steps of ultrafiltration at 13000 g
and 4 °C using centrifuge 5804-R (Eppendorf s.r.l,, Milan, Italy) and
Millipore's Amicon® Ultra filters with a nominal molecular weight
limit of 3 or 10 kDa and load capacity of 500 pL. Proteins and neo-
glycoproteins were finally collected and stored in PBS at concen-
tration of 2 mg mL~L Prior to HILIC-UV or HILIC-MS analysis,
samples were diluted to obtaine a final concentration of
0.5 mg mL~! in ACN-water-PBS (50:25:25, v/v/v).

2.4. Chromatographic equipment and conditions

Chromatographic separations of intact (neo-)glycoproteins were
performed on an Agilent HPLC series 1200 system, equipped with a
mobile-phase online degasser, quaternary pump, autosampler,
column thermostated compartment, and diode array detector. For
data acquisition and analysis, ChemStation software version Rev.
B.04.01 was used. The HILIC columns studied were (1) TSKgel
Amide-80 (150 x 2.0 mm, 3 pm, 80 A) from Tosoh Bioscience
(Montgomeryville, PA, USA), (2) XBridge BEH Amide

(150 x 3.0 mm, 2.5 um, 130 A) from Waters (Milford, MA, USA), and
(3) AdvanceBio Glycan Mapping (150 x 2.1 mm, 2.7 pm) from
Agilent Technologies (Palo Alto, CA, USA). The injection volume was
fixed at 2 pL, the column temperature at 50 °C and the flow rate was
set at 0.3 mL min~! for the TSKgel Amide-80 column, and at
0.5 mL min~! for the other two HILIC columns.

The final mobile phases were composed of ACN (A) and water
(B) both containing 0.05% (v/v) TFA. Gradient elution conditions
were optimized for each protein on every column. For RNase B and
RNase glycoconjugates: with TSKgel Amide-80 from 32% to 42% B in
20 min followed by isocratic elution at 42% B for 10 min; with
XBridge BEH Amide and AdvanceBio Glycan Mapping from 28% to
38% B in 20 min followed by isocratic elution at 38% B for 10 min.
For TB10.4 glycoconjugates: with TSKgel Amide-80 from 21% to 31%
B in 20 min followed by isocratic elution at 31% B for 10 min; with
XBridge BEH Amide and AdvanceBio Glycan Mapping from 17% to
27% B in 20 min followed by isocratic elution at 27% B for 10 min.
For Ag85B glycoconjugates: with TSKgel Amide-80 from 26% to 36%
B in 20 min followed by isocratic elution at 36% B for 10 min; with
XBridge BEH Amide and AdvanceBio Glycan Mapping from 22% to
32% B in 20 min followed by isocratic elution at 32% B for 10 min. UV
absorbance was monitored at 214 nm.

2.5. MS detection

MS detection was performed using a maXis HD ultra-high res-
olution quadrupole time-of-flight (QTOF) mass spectrometer
(Bruker Daltonics, Bremen, Germany) with an ESI source. The mass
spectrometer was operated in positive-ion mode with an electro-
spray voltage of 4.5 kV. The nebulizer and drying gas conditions
were 1.0 bar and 8.0 Lmin~! nitrogen at 200 °C, respectively.
Quadrupole ion and collision cell energy were 3.0 and 15.0 eV,
respectively. Transfer and pre plus storage times were set at 190.0
and 20.0 ps, respectively. In source collision induced dissociation
(ISCID) was set at 120 eV in order to dissociate protein-TFA adducts
formed during ESI. The monitored mass range was 250—4000 m/z.
Extracted ion chromatograms were obtained with an extraction
window of +0.5 m/z and using the smooth option of the software
(Gaussian at 1 point). For fragmentation experiments, the most
abundant ion of each protein was fragmented by collision induced
dissociation (CID) using multiple reaction monitoring mode. The
collision energy was separately optimized for each species and the
final applied values were in the range 90—110 eV.

3. Results and discussion

In this work, HILIC-UV-MS was evaluated for the characteriza-
tion of neo-glycoproteins. Three different commercial HILIC col-
umns were investigated for their capacity to reduce heterogeneity
complexity by resolving intact glycoforms as well as specific pro-
teoforms to facilitate their assignment. Initial chromatographic
optimization was carried out by HILIC-UV using MS-compatible
conditions and RNase B as model glycoprotein. Then, HILIC-MS
methods were applied to the analysis of semi-synthetic glycopro-
teins prepared starting from RNase A and from two recombinant
tuberculosis antigen proteins, TB10.4 and Ag85B.

3.1. Development of a HILIC method for intact glycoform resolution

Previous studies of our research group have shown that a
carbamoyl-silica-based stationary phase (TSKgel Amide-80) has
good potential for the glycoform profiling of intact glycoproteins
and neo-glycoproteins [15]. Encouraged by these interesting re-
sults, in the present study we also considered two other amide
HILIC columns (XBridge BEH Amide and AdvanceBio Glycan
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Mapping) for glycoprotein analysis. The performance of the three
HILIC columns was studied under MS-compatible conditions using
the glycoprotein RNase B (MW 15 kDa) as test compound. RNase B
is N-glycosylated at Asn 34 giving rise to five glycoforms differing in
the number of mannose residues (5—9). Mobile phases consisting
of ACN and water with different concentrations of FA, ammonium
formate and TFA were tested. The injection volume was fixed at 2 pL
in order to avoid the deterioration of peak shape due to the rela-
tively high percentage of water (50% v/v) in the diluents necessary
for full protein solubilization.

The eluent composition and gradient conditions were adjusted
to obtain an appropriate elution window for RNase B. However,
with the addition of 0.1% (v/v) FA or 10 mM ammonium formate
(adjusted at pH 3.0) no separation among the five glycoforms was
observed with each of the tested HILIC columns. Improved glyco-
form separation was obtained by increasing the percentage FA to
0.5% (v/v) or ammonium formate concentration to 100 mM (when
allowed by column specifications), and by rising the column tem-
perature from 25 to 50 °C. However, the obtained glycoform reso-
lution was still unsatisfactory. Temperatures above 50 °C were
tested for the XBridge BEH column (as permitted according to
column specifications), but not significant increase in separation
quality was observed.

Using a column temperature of 50 °C, the effect of TFA as
alternative eluent additive [11,14] on the three HILIC columns was
studied. The addition of 0.025% (v/v) of TFA to the mobile phase
resulted in an increased resolution of the five glycoforms of RNase
B. The concentration of TFA was next evaluated in the range
0.025%—0.1%. Higher percentages were not considered, as TFA is
known to suppress ESI [19—21]. For all three HILIC columns, the
overall peak profile of the RNase B glycoforms was hardly affected
by increasing the concentration of TFA in the mobile phase. For
instance, for the XBridge BEH column using a gradient of 30%—40%
water in 10 min followed by isocratic elution at 40% water for
10 min, the average distance between the apices of the consecutive
glycoform peaks was 0.43 + 0.06 min, 0.49 + 0.06 min and
0.49 + 0.05 min at 0.025%, 0.05% and 0.1% TFA, respectively. How-
ever, more narrow peaks were observed with rising TFA concen-
tration, leading to an overall better glycoform resolution. Indeed,
with the same column, the average resolution for consecutive
peaks was 0.95, 1.19 and 1.25 using, respectively, 0.025%, 0.05% and
0.1% TFA (Fig. S1 in Supplementary data). From these experiments it
is clear that TFA must be used to achieve satisfactory separation of
the glycoforms. Thus, for further experiments we selected a TFA
concentration of 0.05% to achieve good glycoform resolution while
preventing excessive ion suppression in MS detection.

Fig. 1 shows the HILIC-UV chromatograms for RNase B obtained
under optimized conditions and Table 1 lists the corresponding Rs
values for the separated glycoforms. A significantly lower resolu-
tion of the RNase B glycoforms was observed for the TSKgel Amide-
80 column (average Rs 1.0 + 0.1). Considering the similar peak
spacing provided by the three stationary phases, the reduced sep-
aration power of this column is a result of the protein peak
broadening, most probably due to the small pore size (80 A) of the
stationary phase. The XBridge BEH Amide and AdvanceBio Glycan
Mapping materials provided baseline glycoform resolution with
average Rs values of 1.5 + 0.2. The AdvanceBio Glycan Mapping
column exhibited the shortest retention times and a somewhat
better resolution for the low abundant glycoforms.

3.2. HILIC-UV-MS of neo-glycoproteins
3.2.1. RNase glycoconjugates

In order to investigate the suitability of the developed HILIC
methods for the characterization of semi-synthetic glycoproteins,

Fig. 1. HILIC-UV chromatograms obtained for RNase B (0.5 mg mL~! in ACN-water
(50:50, v/v)). Column, (A) TSKgel Amide-80, (B) Waters XBridge BEH Amide, and (C)
Agilent AdvanceBio Glycan Mapping. Mobile phase comprised of ACN (solvent A) and
water (solvent B) both containing 0.05% (v/v) TFA; injection volume, 2 uL; column
temperature, 50 °C. Flow rate, (A) 0.3 mL min~' and (B,C) 0.5 ml/min. Gradient, (A)
from 32% to 42% B in 20 min followed by isocratic elution at 42% B for 10 min, and (B,C)
from 28% to 38% B in 20 min followed by isocratic elution at 38% B for 10 min.

glycoconjugates of RNase A were prepared and analysed. These
conjugates were obtained by coupling a mono- or disaccharide
activated with IME to the e-amino group of lysine residues of RNase
A (see preparation procedure in Section 2.2.1). RNase A (124 amino
acids, MW 13,681 Da) contains ten lysines and, consequently, its
glycosylation leads to the formation of a mixture of semi-synthetic
glycoforms with different saccharide loading and positioning.
These heterogeneous glycoconjugate products allow the assess-
ment of the ability of the HILIC columns to discriminate among the
different glycoforms. The neo-glycoproteins were dissolved in ACN-
water (50:50, v/v) and analysed by HILIC-UV-MS using the three
considered HILIC columns. MS detection was achieved using an ESI
sprayer and a high resolution time-of-flight (HR TOF) mass spec-
trometer operated in the positive-ion mode.

Fig. 2 reports the UV chromatograms obtained for RNase A
conjugated with Man-IME (upper panel) and Man(1—-6)Man-IME
(lower panel), showing clusters of partially resolved glycoform
peaks. The median retention times and the width of the clusters are
significantly larger for the disaccharide conjugate products, indi-
cating that the HILIC retention of the intact glycoproteins increases
with increasing glycan size. The HILIC-UV chromatograms obtained
with the TSKgel Amide-80 column show less resolved glycoform
profiles than the chromatograms acquired with the other two HILIC
columns. Fig. 3 shows the extracted-ion chromatograms (EICs)
obtained for the conjugated RNase A products using the Advance-
Bio Glycan Mapping column and depicting the intensity for the
most abundant ion (charge state 6+) of each glycoform. The
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Table 1
Retention times (RT), and resolutions (Rs) obtained for successively eluting glycoforms during HILIC-UV of RNase B on three columns. SD, standard deviation.
HILIC column mean RT (min) Rs (2,1) Rs (3,2) Rs (4,3) Rs (5,4) Average Rs + SD
TSK-gel Amide 80 16.84 1.1 1.0 1.0 0.9 1.0 +£0.1
XBridge BEH Amide 17.45 19 14 14 13 1.5+0.2
AdvanceBio Glycan Mapping 15.02 1.7 1.6 13 14 1.5+0.2
TSKgel Amide-80 XBridge BEH Amide AdvanceBio Glycan Mapping
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Fig. 2. HILIC-UV chromatograms obtained for RNase A (0.5 mg mL™') conjugated with Man-IME (upper panel) and Man(1-6)Man-IME (lower panel) obtained using the (left)
TSKgel Amide-80, (middle) XBridge BEH Amide, and (right) AdvanceBio Glycan Mapping columns. Further conditions, see Fig. 1.
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Fig. 3. Extracted-ion chromatograms obtained during HILIC-UV-MS of RNase A conjugated with (A) Man and (B) Man(1—6)Man using the AdvanceBio Glycan Mapping column. The
ion intensity of the 6 + charge state of each glycoform is depicted. Number of conjugated saccharides, 2 (dark red), 3 (yellow), 4 (pink), 5 (dark green), 6 (red), 7 (blue), 8 (orange), 9
(light green) and 10 (black). Further conditions, see Fig. 1 and Experimental Section. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

acquired mass data revealed that seven glycoforms carrying 4—10 the Man(1—6)Man conjugates. The results nicely show that the
saccharide units, were detected for the Man conjugates, whereas HILIC retention of the intact protein glycoforms increases propor-
eight glycoforms carrying 2—9 saccharide units were detected for tionally with the number of conjugated saccharides, yielding a
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Fig. 4. HILIC-UV chromatograms obtained for TB10.4 (0.5 mg mL~"') conjugated with Man-IME. Column, (A) TSKgel Amide-80, (B) XBridge BEH Amide, and (C) AdvanceBio Glycan
Mapping. Sample solvent, ACN-water (50:50, v/v); gradient, (A) from 21% to 31% B in 20 min followed by isocratic elution at 31% B for 10 min, and (B,C) from 17% to 27% B in 20 min
followed by isocratic elution at 27% B for 10 min. Peak assignment, (a) TB10.4, (b) TB10.4-Man, (c) TB10.4-(Man),. Further conditions, see Experimental Section.

Table 2

Resolutions (Rs) obtained during HILIC-UV of TB10.4 conjugated with Man-IME and Man(1—6)Man-IME on three columns. Components, (a) non-glycosylated TB10.4, (b)

monoglycosylated TB10.4, and (c) diglycosylated TB10.4.

HILIC column TB10.4-Man TB10.4-Man(1—6)Man

RT a; b; ¢ (min) Rs (a,b) Rs (b,c) RT a; b; ¢ (min) Rs (a,b) Rs (b,c)
TSK-gel Amide 80 12.51; 14.33; 16.09 3.0 3.0 12.49; 16.43; 19.85 5.8 6.13
XBridge BEH Amide 16.04; 18.11; 19.82 8.1 6.2 16.01; 20.55; 24.23 173 12.7
AdvanceBio Glycan Mapping 12.02; 13.97; 15.65 7.4 7.0 11.99; 15.99; 19.30 15.6 13.7

resolution which is based on the glycan load. Moreover, the in-
crease of the HILIC retention per glycan is clearly larger for
Man(1—6)Man (disaccharide) than for Man (monosaccharide). The
observed glycoform peaks (Fig. 3) are relatively broad, occasionally
showing fine structure, particularly for the Man(1—6)Man conju-
gates. These wide, split peaks most probably are caused by the
partial HILIC separation of positional isomers of neo-glycoproteins
with the same number of conjugated saccharides, but different

binding location on the protein backbone.

3.2.2. TB10.4 glycoconjugates

The tuberculosis antigen TB10.4 (103 amino acids, MW
11,076 Da) comprises one lysine residue in its amino acid sequence.
The protein was glycosylated with Man-IME and Man(1—6)Man-
IME using a previously optimized procedure [3], and the reaction
products were purified and analysed. The HILIC gradient conditions



100 S. Tengattini et al. / Analytica Chimica Acta 981 (2017) 94—105
Intens.
A 589.2590
be
600 -~
bg
00 817.3513
400 4 759.3291 b
557.2684 8904305 , ~9
904.3828
b #
200 o 688.3100
, 5 943.4491
458.1645
4742298
0 —elt FR o S, A
400 500 600 700 800 900 m/z
Intens. B
500 -
_ be
] 589.2582
400 +
300 b8
] 557.2700 817.3531
] be- Man
4 759.3305 ’
200 + ’
] b7 // bg
i b5 688.3124 8243127 904.3832
E 4742323
100
0 -
400 500 600 700 800 900 m/z
Intens. |
500 1 C 8243127
] be- Man
400 +
300 A
200 H
100 A
O - - . . N M
400 500 600 700 800 900 m/z

Fig. 5. MS/MS spectra (400—800 m/z) of (A) TB10.4, (B) TB10.4-Man and (C) TB10.4-(Man), obtained during HILIC-MS/MS of TB10.4 (0.5 mg mL~") conjugated with Man-IME. Parent

ion, 6 + charge state of each protein species; column, AdvanceBio Glycan Mapping. Further conditions, see Fig. 4 and Experimental Section.
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Fig. 6. HILIC-MS of TB10.4 (0.5 mg mL~") conjugated with Man-IME. Column, AdvanceBio Glycan Mapping; gradient, from 17% to 27% B in 20 min followed by isocratic elution at
27% B for 10 min. Further conditions, see Experimental Section.

Table 3
Species observed during HILIC-MS analysis of TB10.4 conjugated with Man-IME.
Peak RT (min) Experimental mass (Da) Assignment Theoretical mass (Da)
1 9.5 99334 A1-A92 9933.1
9862.3 A1-M91 9862.0
2 9.7 10088.6 A1-R93 10088.8
3 10.2 9730.5 A1-M90 9730.8
4 10.7 95284 A1-M88 9528.5
9599.5 A1-A89 9599.6
10505.8 A1-E97 10505.6
10646.9 A1-A99 10647.8
11076.1 TB10.4 11076.3
5 11.2 76514 G36-G103 7651.1
7979.6 Q33-G103 7979.5
10097.4 A1-A91-Man 10097.1
10168.5 A1-A92-Man 10168.2
6 11.6 6469.9 S48-G103-Man 6469.9
6711.0 L46-G103-Man 6711.2
9426.3 M18-G103-Man 9426.2
8916.1 G23-G103-Man 8916.4
7 11.9 9965.5 A1-M90-Man 9965.8
8 124 11311.2 TB10.4-Man 11311.3
9 129 11011.0 A1-K100-Man 11011.0
10 131 10494.7 S9-G103-Man 104944
11 133 11327.2 Oxidised TB10.4-Man 11327.3
12 13.6 11327.2 Oxidised TB10.4-Man 113273
9061.8 Q10-M90-Man 9061.8
13 14.0 11546.2 TB10.4-Man, 11546.5
14 14.7 11562.3 Oxidised TB10.4-Many 11562.5

The main products TB10.4 and its glycoconjugates are in bold.

Table 4
Retention times (RT) and resolutions (Rs) obtained for successively eluting glycoforms during HILIC-UV on three columns of A85B conjugated with Man-IME. ND, not
determinable.

HILIC column mean RT (min) Rs (2,1) Rs (3,2) Rs (4,3) Rs (5,4) Rs (6,5) Average o + SD Rs + SD
TSK-gel Amide 80 17.43 ND ND ND ND ND ND
Waters XBridge BEH Amide 15.93 0.9 1.0 1.0 1.0 0.9 1.0 £ 0.1

Agilent AdvanceBio Glycan Mapping 15.01 1.1 1.1 1.0 1.2 1.2 1.1+0.1
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Fig. 7. HILIC-UV chromatograms obtained for Ag85B (0.5 mg mL™") conjugated with
Man-IME. Column, (A) TSKgel Amide-80, (B) XBridge BEH Amide, and (C) AdvanceBio
Glycan Mapping. Sample solvent, ACN-water (50:50, v/v); gradient, (A) from 26% to
36% B in 20 min followed by isocratic elution at 36% B for 10 min, and (B,C) from 22% to
32% B in 20 min followed by isocratic elution at 32% B for 10 min. Further conditions,
see Fig. 1.

were slightly adjusted in order to achieve appreciable retention and
good glycoform separation. The starting water percentage was
decreased from 32% to 21% for the TSKgel Amide-80 column, and
from 28% to 17% for the XBridge BEH Amide and AdvanceBio Glycan
Mapping columns, while maintaining the same gradient slope (0.5%
min~!) and time (20 min) as for the RNase B and A samples. Fig. 4
shows the HILIC-UV chromatograms for TB10.4 conjugated with
Man-IME using the various columns. The resolution for the main
peaks observed for the TB10.4 samples after conjugation with Man-
IME and Man(1—6)Man-IME, are reported in Table 2. Each HILIC
column separated the TB10.4 variants (a, b, and ¢ in Fig. 4A—C).
However, due to narrower peaks obtained with the XBridge BEH
Amide and AdvanceBio Glycan Map columns, obtained resolution
values for these columns were significantly higher than for the
TSKgel Amide-80. The better separation also revealed the presence
of several minor sample components (Fig. 4B and C; see below for
assignment). Comparison of Rs values obtained for the Man-IME
and Man(1—6)Man-IME conjugates (Table 2) shows that doubling
the size of the conjugated saccharide significantly enhances the
HILIC resolution (factor 2.0). Clearly, the relative contribution of the
size of the glycan moiety on the HILIC retention of the intact protein
species is very large.

HILIC-MS allowed assignment of the peaks a, b and c to the non-
glycosylated, monoglycosylated, and diglycosylated TB10.4 species,
respectively. The presence of the latter can be explained by
simultaneous conjugation of the amino group of the lysine residue
and the N-terminal alanine of TB10.4 [3,22]. Glycosylation of the N-

terminus of TB10.4 conjugated with Man-IME was confirmed by
employing the MS/MS capabilities of the QTOF mass spectrometer
after HILIC separation. The most abundant ion (charge state, 6+)
obtained for TB10.4 (peak a) and mannosylated TB10.4 (peaks b and
c) were fragmented by CID and the product-ion spectra were
recorded (Fig. 5). The bg fragment was used as diagnostic ion for the
assignment of N-terminal glycosylation, as it was observed with
good intensity for all fragmented species. The spectrum of TB10.4
(Fig. 5A) shows an ion with m/z of 589.26 which corresponds to the
expected value for the bg ion of TB10.4 that has a non-glycosylated
N-terminus. The product-ion spectrum of TB10.4-(Man); (Fig. 5C)
shows a clear mannosylated bg ion (m/z 824.31) indicating glyco-
sylation at the N-terminus. Interestingly, the product-ion spectrum
of TB10.4-(Man) (Fig. 5B), shows bg ions (m/z 589.26 and 824.31)
corresponding, respectively, to the non-glycosylated and glycosy-
lated N-terminus of TB10.4. This indicates that the main man-
nosylated TB10.4 product actually is comprised of two isomeric
glycoforms, which are not separated under the applied HILIC con-
ditions, and which are conjugated either at the lysine or at the N-
terminal alanine. Notably, this kind of structural information
cannot be obtained by LC-MS using a bottom-up procedure.

Using HILIC-MS employing the AdvanceBio Glycan Mapping
column, several minor components were observed next to the
three TB10.4 species (Fig. 6), which were formed during the
glycosylation process. Deconvolution of the mass spectra obtained
in the apices of the peaks revealed the presence of several degra-
dation products formed during the glycosylation process. A large
part of these products could be assigned to truncated protein forms
that lost a number of amino acids from the C- or N-terminus side
(Table 3). In addition, some oxidation products were observed
showing larger retention than the native proteins. Oxidation is a
common protein degradation occurring under the glycosylation
conditions [22]. Notably, the HILIC column is capable to fully
resolve the relatively small difference in protein structure induced
by a single oxidation. The two peaks observed for oxidised TB10.4-
Man most probably represent positional isomers.

3.2.3. Ag85B glycoconjugates

The antigenic protein Ag85B (292 amino acids, MW 31,346 Da)
presents eight lysine residues as potential glycosylation sites. Neo-
glycoproteins were produced by conjugation with Man-IME,
Man(1-6)Man-IME and Man(1—6)Man(1—-6)Man-IME. For larger
proteins, solubility in the ACN-rich eluent and irreversible
adsorption to HILIC materials might become an issue [23]. How-
ever, using gradient elution with a starting water percentage of 26%
for the TSKgel Amide-80 column, and 22% for the XBridge BEH
Amide and AdvanceBio Glycan Mapping columns, symmetric peaks
and repeatable retention times and peak areas were obtained in the
HILIC-UV traces of non-glycosylated Ag85B. For all columns the RSD
values (n = 5) for retention time and peak area were below 0.4%
and 2.5%, respectively, indicating proper performance.

Fig. 7 shows the HILIC separations of Ag85B glycoforms obtained
after Man-IME conjugation using the three columns. The resolu-
tions obtained for the Ag85B neo-glycoproteins differed consider-
ably (Table 4). Using the AdvanceBio Glycan Mapping column
(Fig. 7C) an almost baseline separation of six glycoforms was ach-
ieved. The same number of peaks was detected with the XBridge
BEH Amide column (Fig. 7B), but the glycoforms partially co-eluted.
The profile of overlapping peaks obtained with the TSKgel Amide-
80 column (Fig. 7A) did not allow calculation of peak resolutions.
The relatively small pore size of the TSKgel Amide-80 particles
clearly compromises the separation performance for proteins larger
than 15 kDa.

In order to achieve glycoform assignment, Ag85B conjugated
with the mono-, di- and tri-mannose saccharides were analysed by
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Fig. 8. HILIC-MS chromatograms obtained for Ag85B (A,E) conjugated with Man-IME (B,F), Man(1-6)Man-IME (C,G) and Man(1—6)Man(1—6)Man-IME (D,H). Column, (A—D)
XBridge BEH Amide, and (E—H) AdvanceBio Glycan Mapping. Numbers indicate number of conjugated glycans. Further conditions, see Fig. 7 and Experimental Section.

HILIC-MS employing the XBridge BEH Amide and AdvanceBio
Glycan Mapping columns (Fig. 8). MS detection enabled the un-
ambiguous determination of the number of saccharide units con-
jugated. For Ag85B reacted with Man-IME, protein species bearing
3 to 8 glycans could be detected (Fig. 8B and F), indicating all Ag85B
molecules had been conjugated. Using Man(1—6)Man-IME (Fig. 8C
and G) Ag58B quantitatively reacted with the sugar, but the average
degree of substitution (1—7 glycans attached) was lower. The
sample coming from Ag85B conjugation with Man(1—6)Man(1-6)
Man-IME (Fig. 8D and H) contained a significant amount of un-
modified antigen and only mono-, di-, and tri-glycosylated protein

species. Evidently, the degree of substitution decreases with the
size of the attached glycan, which is in accordance with the relative
chemical reactivity of the activated sugars. From the overall results
provided in Fig. 8, it is very clear that the number and size of the
glycans attached to the protein strongly add to the HILIC retention
and resolution of the intact species.

With the AdvanceBio Glycan Mapping column highest glyco-
form resolutions were obtained for the Ag58B neo-glycoproteins
(Fig. 8E—H). Interestingly, this good performance allowed detection
of an extra low abundant component in the Ag58B sample conju-
gated with Man(1—-6)Man(1-6)Man-IME (Fig. 9A) which eluted
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Fig. 9. (A) Zoom of HILIC-MS base peak chromatogram of Ag85B conjugated with Man(1—6)Man(1—6)Man-IME. (B) Deconvoluted mass spectrum obtained at the apex of the minor

peak eluting at 12.7 min. Conditions, see Fig. 8.

just after the native Ag85B protein. The deconvoluted spectrum
recorded at the apex of the extra peak (Fig. 9C) reveals two masses
(31,361.8 and 31,580.4 Da) which are higher than the molecular
mass of Ag85B (31,345 Da). The first mass might be due to mono-
oxidised Ag85B. The second mass indicates the presence of Ag85B
conjugated with Man-IME. The Man(1-6)Man(1—6)Man-IME re-
agent is not totally pure and may contain traces of Man-IME,
leading to formation of minor amounts of Ag85B-Man conjugates.
Reliable MS detection of these minor sample components among
excess of other protein species is only possible due to the pre-
separation provided by the HILIC selectivity.

4. Conclusion

HILIC-UV-MS(/MS) methods for the characterization of intact
neo-glycoproteins were developed. Under optimized separation
conditions, resolution and assignment of proteoforms and indi-
vidual glycoforms of semi-synthetic intact glycoproteins were
achieved. HILIC retention and selectivity appeared to be dominated
by the size and number of the saccharides conjugated to the carrier
protein. Three tested amide HILIC stationary phases showed similar
selectivity for the glycosylated proteins. However, the XBridge BEH
Amide and AdvanceBio Glycan Mapping columns showed better
separation performance than the TSKgel Amide-80 column, leading
to better glycoform resolution. For the larger glycoconjugated an-
tigen Ag85B (MW, 31.3 kDa), optimum resolution was achieved
with the AdvanceBio Glycan Mapping material, most likely due to
the superficially porous nature of its particles. The HILIC-MS
selectivity also permitted to detect and tentatively assign minor
protein impurities and degradation products. Furthermore, MS/MS
detection involving CID of glycoconjugates provided information
on glycan position, confirming N-terminal glycosylation of the
TB10.4 antigen.

Overall, the HILIC-UV-MS results obtained for the different
glycosylated proteins suggest that with proper selection of the
HILIC stationary phase and optimization of MS-compatible chro-
matographic conditions, it is possible to achieve very good glyco-
conjugate resolution. Moreover, intact glycoform identities of semi-

synthethic glycoprotein products can be assessed without the need
for sample pre-treatment.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.aca.2017.05.020.
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Abstract

One of the most popular enzymes used for the in vitro cleavage of fusion proteins is enterokinase
(EK, EC 3.4.21.9). EK cleaves with high specificity after the sequence Asps-Lys (DDDDK), which
allows the fusion protein to preserve its native amino acid terminus without any additional unwanted
cleavage residue from the recognition sequence. However, the complete removal of EK after protein

cleavage is a critical step to ensure protein identity and stability.

As enzyme immobilization increases stability and reusability of the biocatalyst while reducing
operating costs and sample contamination, in this work we report the covalent immobilization of
recombinant EK (rEK) on monolithic chromatographic supports with different binding chemistries
for the development of a rEK-chromatographic-bioreactor. An on-line assay for the determination of
the activity of immobilized rEK was set up using a synthetic substrate (Gly-Asps-Lys-S-
naphthylamide, GD4K-NA). The assay was used to study the improvement of the operational
conditions (temperature and flow rate) on hydrolytic activity of the bioreactor. The immobilization
yields, as well as the cleavage activity of immobilized rEK on GD4K-NA, were highly satisfactory
when the immobilized enzyme reactor was used in recirculation. The ability of the immobilized rEK
to cleave fusion proteins was tested by recirculation of thioredoxin (Trx)-TB10.4 and Trx-Ag85B
His-tagged proteins yielding the mature antigens TB10.4 and Ag85B, to be used in the preparation of
potential novel glycovaccines against tuberculosis. The prepared rEK-based immobilized enzyme

reactors proved to efficiently cleave the considered fusion proteins even if the cleavage specificity at
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the canonical site was not fully achieved. The immobilized rEK showed very good stability and

reusability.

Abbreviations

2NA: 2-naphthylamide MS: Mass Spectrometry

ACN: Acetonitrile rEK: recombinant enterokinase

EK: Enterokinase RP: Reverse Phase

GD4K-NA: Gly-Asps-Lys-f-naphthylamide SDS-PAGE: Sodium Dodecyl Sulphate-
His-tag: Poly-histidine tag PolyAcrylamide Gel Electrophoresis
HPLC: High Performance Liquid TFA: Trifluoroacetic acid
Chromatography Tris: Tris(hydroxymethyl)aminomethane
IMER: Immobilized enzyme reactor Trx: Thioredoxin

LC: Liquid Chromatography

1. Introduction

Proteins have become attractive for therapeutic applications, as witnessed by the high number of
approved protein therapeutics. Most of them are produced by biotechnological processes in host
organisms, involving recombinant DNA technology that allows therapeutic proteins to be produced
on a large scale. The successful production of recombinant proteins requires an efficient expression,
a good solubility of the protein and its easy purification. Fusion protein technology is frequently used
to attach a “tag”, which facilitates the purification and identification of the protein of interest. In
addition, the incorporation of fusion tags can increase expression yields and improve protein
solubility and folding [1]. Fusion proteins have been used for the production of recombinant proteins

of therapeutic interest such as antibodies, coagulation factors, growth hormones and vaccines [2, 3].

Numerous tags have been developed for recombinant protein production and purification. The most
frequently used include FLAG-tag, histidine affinity tag (HAT-tag), poly-histidine tag (His-tag),
glutathione S-transferase (GST), maltose-binding protein (MBP), N-utilization substance protein A
(NusA), S-tag, streptavidin-binding peptide (SBP)-tag, Strep-tag, and thioredoxin (Trx). Some tags
(such as MBP, GST and Trx) are useful for increasing solubility and folding, others are needed for

purification (e.g. His-tag) [4-6].
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Once the fusion protein is expressed and isolated, it is often necessary to remove the tag as the
presence of the fusion partner may affect the structure or the biological function of the protein of
interest. Tag cleavage can be achieved through chemical (e.g. cyanogen bromide or hydroxylamine)
or enzymatic treatments. Enzymatic cleavage is often preferred in research laboratories due to the
higher selectivity and the milder reaction conditions, while the industrial application of the
biocatalytic approach is limited by the relatively high amounts of enzyme requested and its high cost
[7]. After the production of mature (i.e. tagless) protein, the cleaving enzyme needs to be removed
from the purified protein, to avoid protease contamination and instability of the final protein

preparation.

The most used proteolytic enzymes include enterokinase (EK), factor Xa, small ubiquitin related
modifier (SUMO) protease, tobacco etch virus (TEV) protease, thrombin and human rhinovirus 3C
protease (HRV 3C) [8].

Enterokinase (synonym: enteropeptidase, EC 3.4.21.9) is a heterodimeric serine protease found in the
duodenum that activates trypsinogen by highly specific cleavage of the trypsinogen activation peptide
following the sequence Asps-Lys [9]. Its high site-specificity makes this enzyme of great
biotechnological interest because the sequence Asps-Lys can be placed at the native amino acid N-
terminus without any additional unwanted cleavage residue from the recognition sequence, yielding

the exact native protein upon EK cleavage of the fusion protein.

In research laboratories, recombinant enterokinase (rEK) is often used. rEK is a highly purified
preparation of the catalytic subunit of EK able to recognize the amino acid sequence Aspas-Lys as the
native enzyme. It has been demonstrated that rEK exhibits superior cleavage rates of fusion proteins
containing the recognition sequence when compared to native enzyme [10-12]. The immobilization
of rEK might represent an attractive option in order to improve its activity, stability and reusability

and to obtain therapeutic proteins at low manufacturing costs.

rEK has been immobilized on porous materials [13] and on commercial paramagnetic microspheres
[14, 15]. More recently, its immobilization was performed onto iron oxide magnetic nanoparticles
coated with biopolymers. Two different chemistries have been explored for the covalent coupling of
rEK, namely carbodiimide (EDC coupling) and maleimide (Sulfo coupling) activation [16]. Although
the reusability of the biocatalyst was assessed for several hydrolysis cycles in all the studies, the
activity on control fusion proteins was generally demonstrated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). This technique can give information on the

cleavage of fusion proteins but no details on site-specificity and on the quality of the released protein
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can be obtained. To our best knowledge, no immobilized enzyme reactors (IMERS) based on rEK to
be used on a dynamic system (i.e. liquid chromatography) for the cleavage of fusion tag proteins are
reported in literature. The application of EK-IMERs in tag removal can reduce enzyme consumption
and the use of an in-flow reaction system, in principle, can allow the production of large amounts of
therapeutic proteins. Moreover, the use of stable covalently bound EK would decrease the risk of

residual enzyme traces in the released protein solution, thus improving product stability.

In this work, we describe the development of a rEK-based silica monolith chromatographic reactor.
The amount, as well as the activity of the immobilized enzyme were determined. The kinetic
characterization of the IMER was carried out on the synthetic peptide Gly-Asps-Lys-f-
naphthylamide (GD4K-NA). The experimental parameters (flow rate and temperature) were studied
to maximize the reaction yields. After evaluating the stability and reaction characteristics of the
immobilized enzyme, we compared its cleavage performance with the free enzyme in both single
injection and recirculating reaction modes. Finally, the specificity of the cleavage site was verified
by liquid chromatography-mass spectrometry (LC-MS) and compared with the results obtained with
the free enzyme using two model fusion proteins, namely Trx-Ag85B and Trx-TB10.4, yielding the
mature proteins Ag85B and TB10.4 used as protein scaffolds in the preparation of a novel
glycovaccine against tuberculosis [17-22]. To improve the cleavage site-specificity of the
immobilized rEK, the effect of immobilization chemistry (via epoxy and propylamine supports),
support features (normal and wide pore monolithic materials), as well as the type of enzyme were

considered.

2. Materials and methods
2.1. Reagents and chemicals

All chemicals were of analytical grade. Gly-Asps-Lys-B-naphthylamide (GDsK-NA), gradient grade
acetonitrile (ACN) for HPLC, urea, sodium periodate, methanol, glutaraldehyde and trifluoroacetic
acid (TFA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Imidazole, sodium azide,
ammonium sulphate, sodium dihydrogen phosphate and tris(hydroxymethyl)aminomethane (Tris)
were from Merck KGaA (Darmstadt, Germany). Hydrochloric acid, sulfuric acid, ortophosphoric
acid, calcium chloride, sodium chloride, sodium hydroxide, potassium phosphate and
monoethanolamine were purchased from Carlo Erba Reagents (Cornaredo, Italy). Water was obtained
from a Milli-Q® Integral system (Merck KGaA, Darmstadt, Germany). Sodium cyanoborohydride

was from Alfa Aesar (Haverhill, MA, USA).
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Syringe filters were purchased from AISIMO corporation CO., LTD (London, England).

Trx-TB10.4 and Trx-Ag85B fusion proteins and TB10.4 and Ag85B mature proteins were obtained
as recombinant forms in Escherichia coli as reported by Piubelli et al. [17] and finally collected in
20 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 0.4 M NacCl, pH 7.0.

2.2. Enterokinase

Recombinant bovine enterokinase (rEK) was purchased from Sino Biological Inc. (Beijing, China)
(purity > 95%) and from Merck KGaA (Darmstadt, Germany) (purity > 99%). The bovine rEK
consists of 234 amino acids and has a calculated molecular mass of 26.1 kDa. As a result of
glycosylation, the recombinant protein migrates as an approximately 45 kDa protein in SDS-PAGE

under reducing conditions.

rEK from Sino Biological was purchased as a powder (100 U) and was resuspended in sterile water
to obtain a stock solution of 100 U/mL in 20 mM Tris-HCI, 200 mM NaCl, 10% glycerol, 5%
mannitol, 5% trehalose, pH 7.2. rEK from Merck was purchased as solution in 20 mM Tris-HCI, 200
mM NaCl, 2 mM CaCl., 50% glycerol, pH 7.4.

When not specified, experiments were carried out using rEK from Sino Biological.
2.3. In solution enzymatic assays
2.3.1. Assay using GD4K-NA substrate

To evaluate in solution rEK activity, the synthetic substrate GD4K-NA was used. The digestion was
conducted in 20 mM Tris-HCI, 50 mM NaCl, 2 mM CaCl,, pH 7.4 (digestion buffer) and at 30 °C
under continuous stirring, using a substrate concentration of 500 pg/mL and a rEK/substrate ratio of
1 U/1 mg. First, to define the reaction kinetic, digestion was monitored until complete substrate
conversion was observed (6h). To determine the rEK immobilized units, the assay was carried out on

both pre- and post-immobilization solutions in the linear velocity range (30 min).

For all the samples, digestion was stopped by addition of 100 mM HCI to pH 3. For quantification,
the resulting solutions (50 pg/mL) were analyzed by high performance liquid chromatography
(HPLC)-UV (see paragraph 2.5.1).

2.3.2. Assay using fusion proteins

To evaluate in solution rEK activity, the digestions of the recombinant fusion proteins Trx-TB10.4

and Trx-Ag85B were also performed. Digestions were conducted in 20 mM Tris-HCI, 50 mM NacCl,
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2 mM CaCly, pH 7.4, using a fusion protein concentration of 600 pg/mL and a rEK/protein ratio of 1
U/2 mg.

The solutions were incubated for 2 h at room temperature under continuous stirring and stopped by
storing at -20 °C. After dilution to 60 pg/mL in the digestion buffer/ACN, 60/40 (v/v) the rEK reaction
solutions were injected in HPLC-UV and HPLC-MS (see paragraph 2.5.2) in order to define rEK

activity and cleavage specificity.
2.4. Enzyme immobilization
2.4.1. Immobilization on epoxy silica

rEK was immobilized on an epoxy-modified silica Chromolith® Flash (4.6 x 25 mm) monolithic
support (Merck KGaA, Darmstadt, Germany) following a procedure developed by our group [23].
Briefly, 10 U of rEK were dissolved in 5 mL of grafting solution (50 mM phosphate buffer 1.9 M in
ammonium sulphate, pH 8.0) and filtered by 0.45 um filters. Before immobilization, the monolithic
column was equilibrated with 30 mL of grafting solution. The rEK solution was then pumped for 4 h
through the support at 500 pL/min, flushing and back-flushing every 15 min. After immobilization,
the column was washed with 40 mL of 10 mM phosphate buffer, pH 6.0, at 50 pL/min, then the
unreacted epoxide groups were blocked with 60 mL of a 1 M monoethanolamine solution (flow rate
500 puL/min). Finally, the obtained bioreactor was equilibrated with 50 mM NaCl, 20 mM Tris-HClI,
2 mM CaCly, pH 7.4.

All the flushing steps were performed using a quaternary pump from Agilent series 1100 system
(Santa Clara, CA, USA).

To determine the immobilization yields, the rEK solutions were submitted to the enzyme activity

assay described in paragraph 2.3.1, before and after the immobilization procedure.
2.4.2. Immobilization via Schiff base mechanism

For the immobilization via Schiff base mechanism, the enzyme was immobilized on a Chromolith®
(4.6 x 25 mm) epoxy support (Merck KGaA, Darmstadt, Germany) following the protocol suggested
by Merck (protocol A) [24] and on a propylamine Chromolith® support (4.6 x 25 mm) (Merck KGaA,

Darmstadt, Germany) using a method described by our research group (protocol B) [25].

For these columns too, all the flushing steps were performed using a quaternary pump from Agilent
series 1100 system (Santa Clara, CA, USA) and the rEK solutions before and after the immobilization
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procedures were submitted to the enzyme activity assay described in paragraph 2.3.1 to define the

immobilization yields.

Protocol A: 10 U of rEK were dissolved in 20 mL of 50 mM phosphate buffer 1.9 M in ammonium
sulphate, pH 8.0 in presence of 5 mM NaBH3CN. After washing the column with 9 mL water, it was
equilibrated using 30 mL of 2% H>SO4 in water to hydrolyze epoxide groups (flow rate 2 mL/min).
The hydrolysis was followed by another washing step in water and an oxidation of diol functions by
flowing 100 mM NalOg4 in H,O/MeOH 4/1 (v/v) at 2 mL/min for 21 min. The activated support was
washed again with water and the rEK solution was continuously flowed in the column for 16 h at 200
puL/min. After immobilization, the unreacted aldehyde functions were reduced by flowing 30 mL of
20 mM NaBHzCN in 50 mM NaH2POs, pH 3 (flow rate 2 mL/min). At the end, the obtained
bioreactor was equilibrated with 50 mM NaCl, 20 mM Tris-HCI, 2 mM CaCl, pH 7.4.

Protocol B: the monolithic column was inserted into the HPLC system and conditioned with 50 mM
phosphate buffer, pH 7.5 at 500 uL/min for 20 min. Subsequently, the support was activated with a
10% (v/v) glutaraldehyde solution in the same buffer at 500 pL/min for 5 h. The activated support
was then washed with 100 mM phosphate buffer, pH 7.5 at 500 puL/min for 10 min to remove the
excess of glutaraldehyde. Immediately after, 20 mL of the enzyme solution (0.5 U/mL) in 100 mM
phosphate buffer, pH 7.5 were recirculated through the column at 25 °C overnight. The imines
resulting from the reaction of glutaraldehyde with the enzyme amino groups were reduced by
pumping a 100 mM NaBH3CN solution in the same buffer at 200 pL/min for 1.5 h. The column was
washed with the buffer for 2 h with a 200 mM monoethanolamine solution in phosphate buffer (100

mM, pH 7.5). Finally, the column was washed again with phosphate buffer (100 mM, pH 7.5).
2.4.3. rEK IMER activity assay

The activity of immobilized rEK was assessed using GD4K-NA, a synthetic substrate widely used for
the determination of EK activity [26]. A solution of GD4K-NA (100 pg/mL) in digestion buffer was
continuously recirculated through the bioreactor using a HPLC pump from Agilent series 1100 system
(Santa Clara, CA, USA). The flow rate was set at 400 puL/min and the temperature at 30 °C. At
scheduled times, 20 pL of substrate solution were collected and injected without dilution in HPLC-
UV or HPLC-MS. The amount of substrate was derived by the calibration curve and the conversion

percentage was calculated.
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2.5. Instrumentation and analytical methods

LC-UV separations were performed on an Agilent HPLC series 1100 system (Santa Clara, CA, USA),
equipped with mobile phase online degasser, quaternary pump, autosampler, column thermostated
compartment and diode array detector.

For LC-MS experiments, a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific, Waltham,
MA, USA) controlled by Chromeleon software (version 6.8) was connected to a linear trap
quadrupole (LTQ) MS with an ESI source (Thermo Fisher Scientific, Waltham, MA, USA),

controlled by Xcalibur software 1.4.
2.5.1. Analysis of GD4K-NA and 2-naphthylamide

GD4K-NA and 2-naphthylamide (2NA) analyses were performed using a XTerra MS C18 column (5
um, 125 A, 2.1 x 100 mm) from Waters (Milford, MA, USA). The mobile phase was composed of
water (A) and ACN (B), both containing 0.1% TFA. Chromatographic conditions consisted of a linear
gradient from 10% to 60% B in 20 min. The column temperature was maintained at 30 °C, the
injection volume was 5 pL and elution was carried out at constant flow of 150 uLL/min. UV adsorption
was monitored at 245 nm, the A of maximum adsorption of GDsK-NA as determined by acquisition

of its UV adsorption spectrum.

For GD4K-NA calibration curve, five different concentrations were considered (1, 20, 50, 100, 200
pg/mL) and three independent determinations were performed for each point. The response was linear
and the equation of calibration curve was y = 82.90(8)x + 7(8), R?>=1.000.

GD4sK-NA and 2NA identities were confirmed by LC-MS analysis. Full scan MS experiments were
carried out under the following instrumental conditions: positive ion mode; mass range, 200-2000
m/z; source voltage, 4.5 kV; capillary voltage, 31 V; sheat gas, 15 (arbitrary units); auxiliary gas, 2

(arbitrary units); capillary temperature, 250 °C; tube lens voltage, 95 V.
2.5.2. Analysis of fusion proteins and of their cleavage products

The separation of TB10.4, Ag85B and their fusion proteins was performed using a Symmetry C18
column (3.5 um, 300 A, 2.1 x 100 mm) from Waters (Milford, MA, USA). The mobile phase was
composed of water (A) and ACN (B), both containing 0.1% TFA. Chromatographic conditions
consisted of a linear gradient from 40% to 70% B in 10 min, followed by a linear gradient from 70%

to 80% B in 3 min. The column temperature was maintained at 45 °C, the injection volume was 20
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uL and elution was carried out at constant flow of 300 puL/min. In all experiments, proteins were

detected at 214 nm.

UV calibration curves at five different concentrations were built in the range 1-200 pg/mL for
TB10.4, Trx-TB10.4, Ag85B and Trx-Ag85B. Good linearity was assessed for all the four analytes
(TB10.4: y = 77.3(6)x - 98(67), R2=1.000; Trx-TB10.4: y = 73(2)x - 46(31), R?=0.997; Ag85B: y =
50(3)x - 87(120), R?=0.988; Trx-Ag85B: y = 19(1)x - 46(87), R?=0.982).

Full scan intact MS experiments were carried out under the following instrumental conditions:
positive ion mode; mass range, 700-2000 m/z; source voltage, 4.5 kV; capillary voltage, 35 V; sheat
gas, 15 (arbitrary units); auxiliary gas, 2 (arbitrary units); capillary temperature, 220 °C; tube lens
voltage, 140 V. Multiple-charged protein ion signals were deconvoluted by using Bioworks Browser
(Thermo Fisher Scientific, revision 3.1) and the percent abundance of different species calculated by
the relative abundance of corresponding peaks in the deconvoluted spectra. The accuracy of mass
determination was calculated comparing the experimental value with the one calculated from the
amino acid sequence by “Peptide Mass Calculator” on IonSource Mass Spectrometry Educational

Resource (www.ionsource.com).
2.6. Cleavage of fusion proteins with immobilized rEK by recirculation through the IMER

Solutions of Trx-TB10.4 and Trx-Ag85B (100 pg/mL) in buffer were continuously recirculated
through the bioreactor at 100 pL/min and 30 °C. At scheduled times, 60 pL of substrate solution were
collected and injected in HPLC-UV or HPLC-MS. The TB10.4 and Ag85B products were quantified
as described in paragraph 2.5.2 and the conversion percentage were calculated.

2.7. Storage stability
When not in use, the bioreactor was stored at 4 °C in a 0.01% (w/v) solution of sodium azide.

The storage stability of the rEK-IMER was determined by analysis of the synthetic peptide as
described in paragraph 2.4.3.
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3. Results and discussion

The aim of this study was the development of an active and stable monolithic silica chromatographic
bioreactor based on rEK to be used in a chromatographic system for the cleavage of fusion proteins

to produce mature recombinant therapeutic proteins.
3.1. Development and characterization of rEK-IMER

In the last 15 years, the application of monolithic supports for bioconversion processes has rapidly
expanded, especially in the field of protein digestion. The development of flow-through IMERsS is
expected to consider the selection of appropriate solid matrix and immobilization approach to obtain

an active and useful bioreactor [27].

Silica monolithic supports (Chromolith®) activated with epoxide functionalities were selected for the
covalent immobilization of rEK in a one-step reaction, adapting an in situ procedure previously
described by our group [23]. Enzyme immobilization via epoxy groups is a very convenient procedure
when preparing bioreactors that can be integrated in HPLC systems, due to the highly stable
multipoint covalent attachment of the enzyme on the chromatographic support [28-30]. Since the
characterization in terms of amount of immobilized enzyme is very important, the cleavage activity
of rEK was tested before and after the immobilization process using the standard substrate GDsK-
NA in order to estimate the rEK immobilization yield. A reverse phase (RP)-LC-UV method was
developed to separate the product, 2NA, from the substrate (method details are reported in paragraph
2.5.1) and the identity of eluting peaks was confirmed by ESI-MS coupling. For quantitative
measurements, a calibration curve of standard substrate GD4K-NA was built in the range 1-200
pg/mL (y = 82.90(8)x + 7(8), R?=1.000). The cleavage yields were calculated by quantitative

determinations of residual substrate.

The residual activity of post-immobilization rEK solution was determined under saturating

conditions, and was found to be 12%, corresponding to 8.8 = 1.0 (n=3) immobilized enzyme units

(V).

It is well known that the immobilization procedure can change the enzyme activity. Thus, the cleavage
performance of the rEK bioreactor was tested using the same standard substrate, GD4K-NA. At first,
a GD4K-NA solution (20 pL at 1 mg/mL) was injected into the bioreactor at a flow rate of 100
pL/min. Under the explored experimental conditions, with an enzyme/substrate contact time of 6 min,
no cleavage products were observed in the collected fractions. We ascribed this negative result to the

short contact time between the immobilized enzyme and the substrate. Therefore, we considered a
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different set up and the substrate solution (1.5 mL of GDsK-NA at 100 pg/mL concentration) was
continuously recirculated through the IMER with an incubation time of 24 h. The concentration of
GD4K-NA was monitored over time.

Since reaction conditions, such as temperature and contact time, can affect cleavage rate, two different
temperatures and flow rates were studied in order to maximize the conversion yield. As reported in
Figure 1, at 30 °C and with a flow rate of 400 pL/min, a complete cleavage of the GD4K-NA solution
(100% of conversion yield) was achieved in 24 hours. These experiments demonstrated that
immobilized rEK maintains its activity in the immobilized form. Additionally, the specificity for the
Asps-Lys sequence in this substrate conversion was also confirmed. The optimal experimental

conditions were used in all the prepared rEK-bioreactors with GDsK-NA as substrate.

100 -
—©-400 pL/min - 30 °C

—A—100 pL/min - 30 °C

-B-100 pL/min - 20 °C

GD,K-NA conversion (%)

0 5 10 15 20
Time (h)

Figure 1. Conversion yields obtained for GDsK-NA substrate solutions recirculated through the IMER in different

conditions.

One of the purposes of the immaobilization strategy is to increase the enzyme stability for its prolonged
utilization. The stability of the rEK-IMER was monitored using the same recirculation set up to
quantify the enzymatic activity over a defined time frame (3, 6 and 10 months). A reduction of the
enzyme activity (33%) was observed after the first 3 months, but the IMER preserved 64% of its
activity after 10 months and 155 working hours (Figure 2). These stability and reuse data are highly
significant also considering that the soluble rEK diluted in storage buffer and preserved at -20 °C, as

recommended by the supplier, maintains in the same period only 14% of its activity.
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Figure 2. Stability evaluation of rEK IMER.

3.2. Cleavage reaction of fusion proteins

In order to investigate the catalytic activity of both free and immobilized rEK, the cleavage reaction
of two recombinant proteins (Trx-TB10.4 and Trx-Ag85B) was considered. The two fusion proteins
contain the same fusion partner composed by Trx sequence, to enhance protein solubility, a Hise-tag
to allow protein purification, and a linker containing the specific cleavage sequence for EK (Figure
3). The cleavage of these constructs yields the two mature proteins, TB10.4 (11077 kDa) and Ag85B

(31346 kDa) selected for the preparation of potential novel glycovaccines against tuberculosis [20].

Trx-TB10.4 (261 aa)

10 20 30 40 50 60 70
MSDEIIHLTD DSFDTDVLEA DGAILVDEWA EWCGPCEMIA PILDEIADEY QGEKLTVAKLN IDQNPGTAPK
80 90 100 110 120 130 140
YGIRGIPTLL LFKNGEVAAT KVGALSKGQL KEFLDANLAG SGSGHMHHHH HHSSGLVPRG SGMKETARAK
150 158 10 20 30 40 50
FERQHMDSPD LGTDDDDK AMATSDPMSQ TMYNYPAMLG HAGDMAGYAG TLOSLGAETA VEQAALOSAW
60 70 80 20 100
OGDTGITYOA WOAQWNQAME DILVRAYHAMS STHEANTMAM MARDTAEAAK WGG
Trx-Ag85B (450 aa)
10 20 30 40 50 60 70
MSDKITHLTD DSFDTDVLEA DGAILVDFWA EWCGPCKMIA PILDEIADEY QGELTVAKLN TIDONPGTAPK
80 90 100 110 120 130 140
YGTRGIPTLL LFKNGEVAAT KVGALSKGQL KEFLDANLAG SGSGHMHHHH HHSSGLVPRG SGMEETARAK
150 158 10 20 30 40 50
FERQHMDSPD LGTDDDDK AMATSDPEFSR PGLPVEYLQOV PSPSMGRDIK VQFQSGGNNS PAVYLLDGLR
60 70 80 90 100 110 120
AQDDYNGWDI NTPAFEWYYQ SGLSIVMPVG GQSSFYSDWY SPACGKAGCQ TYKWETFLTS ELPQWLSANR
130 140 150 160 170 180 190
AVKPTGSAAT GLSMAGSSAM ILAAYHPQOF IYAGSLSALL DPSQGMGPSL IGLAMGDAGG YKAADMWGPS
200 210 220 230 240 250 260
SDPAWERNDP TQQIPKLVAN NTRLWVYCGN GTPNELGGAN IPAEFLENFV RSSNLEKFQDA YNAAGGHNAV
270 280 290
FNFPPNGTHS WEYWGAQLNA MEGDLOSSLG AG

Figure 3. Amino acid sequences of Trx-TB10.4 and Trx-Ag85B. The fusion partner sequence is reported in black and
the mature protein sequences are reported in red. The cleavage site (DDDDK) and the Hiss-tag present in both fusion

proteins are evidenced in bold.
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To monitor the cleavage activity and specificity, a RP-HPLC-UV-MS method was developed to
separate mature TB10.4 and Ag85B from their substrates. A 300 A wide pore C18 column was
selected to achieve proper chromatographic efficiency and mobile phases composed by water (A) and
ACN (B) both containing 0.1% TFA were used to allow direct ESI-MS coupling. For both the
considered analyte pairs, a linear gradient from 40% to 70% B in 10 min allowed the mature protein
to elute well-resolved from the substrate peak. Individual calibration curves were built for Trx-Ag85B
/ Ag85B, and Trx-TB10.4 / TB10.4 pairs. Linearity and good correlation values were found for all

the analytes.
3.2.1. In solution cleavage

Trx-TB10.4 and Trx-Ag85B were cleaved in solution according to the protocol reported by the rEK
supplier. It is indeed extensively documented that rEK sometimes lacks of specificity in fusion protein
digestion [31, 32]. The UV traces of both the digestion mixtures analyzed after two hours of
incubation (Figure 4c and 4f) show the presence of a peak at the expected retention time for the
mature protein. The deconvoluted MS spectrum from the analysis of the Trx-TB10.4 digestion
mixture demonstrates the coelution of two species with mass of 11076 Da and 10776 Da and relative
abundance of 85.5% and 11.5%, respectively. The most intense mass peak corresponds to the
expected MW for mature TB10.4 (11077 Da). The less abundant one can be assigned to the truncated
species A1-Kioo (10776 Da) generated by the non-specific rEK cleavage after the lysine residue in
position 100. Differently, in the digestion of Trx-Ag85B, only one species with the expected mass of
mature protein (31346 Da) was detected in Ag85B peak, and non-specific cleavages were not

observed.

LC-MS analyses revealed also that in both Trx-TB10.4 and Trx-Ag85B digestions, the fusion partner
Trx-Hiss-tag was not resolved from the substrate peak. Modification in gradient slope did not allow
to achieve the desired resolution. When necessary, for semi-quantitative measurements, the relative
abundance of coeluting species was assessed by MS spectra assuming the same ionization efficiency

and UV absorbance of the two species.
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Figure 4. LC-UV traces of Trx-TB10.4 (a); TB10.4 (b); in solution digested Trx-TB10.4 (c); Trx-Ag85B (d); Ag85B (e);
in solution digested Trx-Ag85B (f).

3.2.2. rEK-IMER activity evaluation

Reactions of the two fusion recombinant proteins with the rEK-IMER were carried out, cleavage

yields were quantitatively evaluated by LC-UV and the cleavage specificity assessed by LC-MS.

A Trx-TB10.4 solution (1 mL of 100 pg/mL) was continuously flowed into the bioreactor in the same
conditions used for the standard substrate GD4sK-NA (400 pL/min; 30 °C), monitoring the solution
composition over time. A fast reduction of substrate amount was observed, which was not balanced
by a coherent formation of digestion products. This behaviour was ascribed to the adsorption of the
fusion protein on the support material due to non-specific interactions, possibly involving the poly-
histidine tag. To contrast this phenomenon, two buffer modifiers (ACN and imidazole) were tested.
Additives were used at the highest concentrations reported in the literature on soluble rEK, which
were referred as not detrimental for the enzyme activity. With the addition of 10% ACN, the total

recovered area (substrate and product) increase was not satisfactory. Differently, by adding 50 mM
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imidazole to the buffer, the total expected area of both substrate and product was found after 60 min
of reaction in recirculation conditions. These data confirm that the adsorption of the fusion protein
on the monolithic material is mainly mediated by the presence of the Hise-tag sequence, being this

interaction reversed by the presence of imidazole, with a competitive mechanism.

Due to the reduction of adsorption phenomena, digestion yield increased to 38% in one-hour

cleavage, and imidazole was thus selected as buffer additive in all the subsequent experiments.

Since conversion percentage was still not satisfactory, we investigated a lower flow rate considering
that the best enzyme/substrate contact time is strictly dependent on the nature and dimension of
proteins, making the flow rate selected for a small dimension substrate as GD4K-NA not necessarily
optimal for higher dimension substrates, such as fusion proteins.

Trx-TB10.4 in the digestion buffer added with 50 mM imidazole was recirculated into the IMER at
a flow rate of 100 puL/min. In these conditions, a satisfactory conversion yield (97%) was achieved in

only 2 hours.

Trx-Ag85B was subjected to hydrolysis under the same experimental conditions used for Trx-TB10.4
and reaction degree was estimated after 2 hours. Even with this larger substrate, an almost quantitative
conversion (97%) was achieved.

It is well known that the covalent immobilization of a protein on a solid matrix might induce some
conformational changes as a consequence of the steric restrictions generated by the newly introduced
covalent bonds between the protein surface amino acids and the functional groups of the support.
When the macromolecule is an enzyme, such conformational changes might be detrimental for the

catalytic properties or, even worse, affect the site-specificity of the catalytic pocket.

In the case of immobilized EK, the applications reported in literature for hydrolysis of fusion proteins
monitored the success of the reaction only by SDS-PAGE [13-16]. Although proving the maintenance
of a hydrolytic activity of EK after immobilization on the different supports, the site-specificity was
not demonstrated. Indeed, products derived by adventitious cleavages might show small differences

in molecular weight (i.e. few amino acid residues) that cannot be appreciated by SDS-PAGE.

In this work, all the digestion mixtures were analyzed by LC-MS in order to assess the identity of the
released products. The LC-UV analysis of Trx-TB10.4 solutions containing 50 mM imidazole,
recirculated at 100 pL/min for 2 h in the rEK-IMER revealed digestion products at a different
retention time compared to the one expected for mature TB10.4, suggesting that different protein

products might be obtained due to non-specific cleavage of the substrate. The average deconvoluted
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spectrum obtained for this peak is reported in Figure 5a. The examination of the detected masses
allowed to attribute these species to non-specific cleavages in proximity or inside the six histidine
sequence of the fusion protein.

Under the same experimental conditions, also Trx-Ag85B was digested and site-specificity evaluated
by LC-MS. As shown in Figure 5b, the UV trace revealed the presence of hydrolyzed products at the
expected retention time for mature Ag85B. The deconvoluted spectrum shows the presence of the
correct Ag85B product with a relative abundance of 11.5% (Figure 5b). The remaining components
were identified as different proteoforms resulting from non-specific cleavages occurring in proximity

of the specific site (Figure 6).

Given these results, rEK specificity seems to be influenced by the immobilization process. While
with Trx-TB10.4 a complete loss of cleavage specificity was observed, in the case of Trx-Ag85B the
obtained product is represented by a mixture of closely related proteoforms of the desired mature
Ag85B.
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Figure 5. LC-UV traces of in-flow digested Trx-TB10.4 (a) and in-flow digested Trx-Ag85B (b). The deconvoluted
spectra obtained at the apex of digestion product peaks are reported.
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3.3. Strategies to improve the cleavage efficiency and specificity of rEK-IMER

Several attempts have been made to improve site-specificity of immobilized rEK, based on the current
literature on IMERS [29, 33]. We first hypothesized that the presence of imidazole in the buffer could
negatively affect enzyme specificity; to rule out this possibility the digestion products obtained with
unmodified buffer were also analyzed in LC-MS, but no significant differences were observed. A
second hypothesis was that the non-specific cleavage could be related to inaccessibility of the rEK to
the canonical sequence during in-flow proteolysis. Since literature documents the positive effect that
the presence of urea can provide on rEK specificity [12], digestion products obtained by adding to 2
M urea to fusion protein solutions were analyzed by HPLC-MS, but the same species were revealed

in the deconvoluted spectrum of product peaks.

A further attempt to improve site-specificity of the rEK cleavage towards protein substrates consisted
in the evaluation of wide pore monolithic silica for enzyme immobilization. New generation epoxy
Chromolith® supports with 300 A pores were obtained by Merck as research samples and were
evaluated for rEK immobilization. The same immobilization protocol with 10 U of enzyme was
applied (paragraph 2.4.1). A high immobilization yield was obtained (95%, corresponding to 9.5 U)
with the preservation of the catalytic activity. However, the site-specificity in fusion protein digestion
did not benefit of the higher support permeability under the considered conditions, since the digestion
of both Trx-TB10.4 and Trx-Ag85B resulted in the same proteoforms, differing only in their relative

abundance.

We also considered alternative immobilization protocols on monoliths with different functionalities.
The nature of chemical bonds and support-enzyme spacers (i.e. length, hydrophobicity) can play a
crucial role in preserving the optimal conformation of rEK upon its covalent immobilization. Longer
spacers are expected to allow a higher conformational flexibility of the protein. This might be an

advantage for enzymes undergoing significant conformational changes as they interact with the
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substrate. On the other hand, shorter spacers can confer higher thermal stability since they restrict the

enzyme mobility and prevent unfolding [34].

Two alternative immobilization protocols were exploited. 10U of rEK were immobilized on an epoxy
support hydrolyzed to diol and oxidized to aldehyde for the covalent Schiff bases formation [22, 27],
and on a propylamine Chromolith® support, functionalized with glutaraldehyde (longer spacer) [22].
Although excellent immobilization yields were obtained (100% in both cases), reduced activities on
both standard peptide and fusion protein substrates were obtained, with no improvements in site-
specificity in the cleavage of the Trx-Hise-tag proteins.

The type of enzyme (i.e. higher purity) used for the immobilization was also examined in order to
obtain a site-specific bioreactor. 10 U of rEK from Merck (purity > 99%) were used to prepare a new
rEK-IMER on a Chromolith® epoxy support. A 76% immobilization yield was obtained, and the
bioreactor was applied to in-flow digestion of Trx-TB10.4 and Trx-Ag85B. In Trx-TB10.4
hydrolysis, the same site-specificity as the previously prepared bioreactors was observed, even if a
more homogeneous product (mass of 12287 Da) was obtained. Interestingly, in the digestion of Trx-
Ag85B, the use of this enzyme resulted in the formation of a single product, corresponding to the
truncated form R10-Gae2 (Figure 7a). It can be observed that this proteoform is similar to those
obtained with immobilized rEK from Sino Biological, resulting from the non-specific cleavage after
the serine residue in position 9. In addition to a higher product homogeneity, the quality of the
released mature protein is highly comparable to the one obtained in solution. Indeed, the same rEK
was also tested in solution on Trx-Ag85B, and the R10-G292 proteoform was observed as one of the

products together with the expected mature Ag85B (Figure 7b).
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Figure 7. ESI-MS deconvoluted spectra obtained for the products generated from digestion of Trx-Ag85B carried out

with immobilized (a) and in solution (b) rEK from Merck.
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4. Conclusions

In this paper, a new rEK-IMER based on monolithic material has been developed. The rEK-IMER
was designed to cleave fusion proteins avoiding the presence of residual traces of this protease in the
final protein preparations.

The hydrolytic performances of the immobilized enzyme were first tested and optimized using the
model substrate GD4K-NA. Results demonstrated that the enzyme can be successfully immobilized
on the monolithic chromatographic support with different chemistries, and the best cleavage activity
was obtained with the enzyme immobilized on epoxy monolithic material. The rEK immaobilization
resulted in a significant increase in enzyme stability (more than 155 hours of activity in 10 months)
compared to the free enzyme. rEK-IMERs were applied to the in-flow hydrolysis of two fusion
proteins selected as models. A detailed study was carried out to minimize the non-specific binding of
the substrate to the chromatographic support, and maximize the conversion yield. A cleavage yield
of 97% was achieved in only 2 hours for both Trx-TB10.4 and Trx-Ag85B. Overall, the hydrolytic
activity and reusability/stability data of immobilized rEK are highly satisfactory also in comparison

to those reported in literature for both soluble and immobilized EK.

The site-specificity issue was deeply investigated by exploring several parameters during IMER
synthesis (i.e. binding chemistry, support pore size, enzyme purity) and by defining the exact product
identity by LC-MS. The obtained results indicate that the specificity of the rEK-IMER differs from
the one of rEK in solution, and that neither the support permeability nor the explored immobilization
chemistries can minimize this gap. Enzyme purity, on the other hand, can improve product quality.
Enzyme with a lower purity produces less homogeneous products, while rEK with higher purity
degree results in a single product proteoform. However, the experimental evidences suggest that the
most critical aspect in the success of the on-line digestion is the nature of substrate construct, which
seems to influence the quality of the obtained product stronger than the intrinsic enzyme site-
specificity. It might be hypothesised the occurrence of additional factors possibly affecting the
accessibility of the cleavage site during digestion carried out on rEK-IMER, which will be further
investigated.
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Abstract

Tuberculosis is the deadliest infectious disease in the world. The variable efficacy of the current
treatments highlights the need for more effective agents against this disease. Our research group is
actively working on the investigation of a potential antitubercular glycoconjugate vaccine starting
from Ag85B, a potent protein antigen from Mycobacterium tuberculosis. After a preliminary
assessment of its biological activity, structural modifications were rationally designed to improve its
immunogenicity. This paper describes the characterization of the effects of the proposed variations
on neo-glycoconjugate structure by intact mass spectrometry (MS) measurements and glycopeptides

solid phase extraction-hydrophilic interaction liquid chromatography-MS/MS analyses.

Abbreviations

AraMan: Arabinose(1—6)Mannose LC: Liquid Chromatography

ACN: Acetonitrile LTQ: Linear Trap Quadrupole

CID: Collision Induced Dissociation Man: Mannose

DTT: Dithiothreitol ManMan: Mannose(1—6)Mannose

ESI: Electrospray ionization ManManMan: Mannose(1—6)Mannose(1—
HILIC: Hydrophilic Interaction Liquid 6)Mannose

Chromatography MOPS: 3-(N-morpholino) propanesulfonic
IME: 2-Iminomethoxyethyl acid

LAM: Lipoarabinomannan MS: Mass Spectrometry
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Mtb: Mycobacterium tuberculosis SDS-PAGE: Sodium Dodecyl Sulphate-

MW: Molecular Weight PolyAcrylamide Gel Electrophoresis
PGC: Porous Graphitized Carbon SPE: Solid Phase Extraction

rEK: Recombinant enterokinase TFA: Trifluoroacetic acid

RPLC: Reversed Phase Liquid TB: Tuberculosis

Chromatography Trx: Thioredoxin

1. Introduction

The use of glycoconjugate vaccines is a promising strategy to fight various pathologies, among which
different infectious diseases and forms of cancer [1]. The efficacy of a carbohydrate-protein conjugate
was proven for the first time in 1931, by the immunization of rabbits against Type Il pneumococci
[2]. Since that moment, several vaccines of this kind have been developed and those against
Haemophilus influenzae type b, Streptococcus pneumoniae and Neisseria meningitides are the most
widespread [1, 3, 4].

In general, a glycoconjugate vaccine is composed of a carbohydrate moiety able to stimulate the B
cell immune response and a carrier protein or peptide inducing the T cell mediated immunity. The
conjugation of glycans derived from bacterial surface polysaccharides to immunogenic carrier
proteins, usually from the same pathogen, is today recognized as a valid approach to produce high-
effective glycoconjugates able to induce a long-term protection against encapsulated bacteria [1, 5].
Typically, saccharide-protein conjugates are recognized by the B cell receptor specific for
polysaccharide antigens and are internalized into the cells, where various proteases digest the protein
carrier. The deriving peptide epitopes are exposed on the B cell surface and activate T cells, with a
consequent stimulation of high-affinity 1gG antibodies production. Thus, both antigenic

protein/peptide and carbohydrate components contribute to vaccine immunogenicity [3].

The production of glycoconjugates can be laborious and, if not controlled, can lead to non-
homogeneous products with different features in terms of pharmacokinetics and immunogenicity,
hindering their clinical use. Therefore, glycoprotein therapeutics with clear structure-activity
relationships are required [3, 4]. The characterization of neo-glycoconjugates needs to be performed
at different levels, both structural and functional. The most important structural features to investigate
are: identity of proteins, sugars and conjugates, purity, integrity and glycosylation profile (yield,
glycoform composition and glycosylation sites). This is usually achieved by a combination of

analytical techniques such as liquid chromatography (LC) and mass spectrometry (MS) in different
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modalities and operating conditions [6-9]. The functional characterization of vaccines generally
examines their mechanism of action, immunogenicity, immunostimulation, efficacy and safety by in

vitro, ex vivo or in vivo assays [10].

This work is part of a wider project aimed at studying a new potential glycoconjugate vaccine against
tuberculosis (TB), one of the main causes of death in the world [11]. The vaccine under investigation
is composed of antigenic proteins from Mycobacterium tuberculosis (Mtb), namely TB10.4 and
Ag85B, and saccharides of mannose. In previous phases of the project, a method for the production
and purification of the two proteins [12], a procedure for the synthesis and activation of the
saccharidic moieties [13] and an optimized conjugation reaction to obtain pure and homogeneous
neo-glycoconjugates [6] were developed. However, the ex vivo immunological evaluation of the
compounds revealed a reduction in the effectiveness of Ag85B glycoconjugates compared to the non-
glycosylated antigen [14]. The reason of this decrease was attributed to the putative antigenicity of
Lys30 and Lys282 (the two most reactive amino acids of Ag85B involved in the glycosylation), as

predicted using a combination of computational methods [14].

This paper describes the examination of strategies for the rational design of glycoconjugates with an
improved immunogenicity, considering both protein and saccharidic moieties. As regards to the
carrier protein, conservative mutations of Lys30 and Lys282 to arginine residues were planned to
direct the glycosylation towards non-antigenic amino acids, thus preserving immunogenicity of the
constructs. The contribution of glycans was investigated by the conjugation of mono-, di- and tri-
saccharides of mannose to Ag85B protein and its mutants. The elongation of the chain was evaluated
in order to move towards polysaccharides mimicking lipoarabinomannan (LAM), an immuno-
modulating lipoglycan constituting an essential component of the mycobacterial cell wall that has

been shown to contribute to the pathogenesis of Mtb infections [15-17].

In this work, a structural characterization of the various compounds was carried out by different
analytical techniques. Protein identity and purity, sugar activation yields and glycosylation profiles
were defined by intact mass measurements in electrospray ionization (ESI)-linear ion trap MS. A
capillary reverse phase (RP) LC-UV-MS/MS system was exploited to confirm protein sequences after
proteolytic digestion by chymotrypsin. To characterize glycosylation sites in neo-glycoconjugates,
chymotryptic glycopeptides were selectively enriched by on-line solid phase extraction (SPE) and
subsequently separated and identified by hydrophilic interaction liquid chromatography (HILIC)-
MS/MS.
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2. Materials and methods
2.1. Reagents and chemicals

Acetic acid, acetonitrile (ACN), ammonium bicarbonate, benzamidine hydrochloride, a-
chymotrypsin from bovine pancreas, dithiothreitol (DTT), methanol, NaCl, 3-(N-morpholino)
propanesulfonic acid (MOPS), sodium tetraborate and trifluoroacetic acid (TFA) were purchased

from Sigma-Aldrich (St. Louis, MO, USA). All the employed reagents were of analytical grade.

Recombinant bovine enterokinase (rEK, purity > 99%) and the Cleavage Capture Kit for rEK removal
were purchased from Merck KGaA (Darmstadt, Germany). One rEK unit is defined as the amount of
enzyme that cleaves > 95% of 50 pg of a control protein (supplied by the producer) in 16 hours at
room temperature and in 20 mM TrisHCI, 50 mM NaCl, 2 mM CaCl, pH 7.4.

Deionized water was obtained from a Milli-Q® Integral purification system (Merck KGaA,
Darmstadt, Germany).

Sample desalting required the use of Amicon® Ultra-0.5 mL centrifugal filters (Merck KGaA,
Darmstadt, Germany).

2.2. Production of recombinant Ag85B proteins (wild-type and variants)

The wild-type Ag85B antigen from Mtb was produced in a recombinant form in Escherichia coli
BL21(DE3) as a chimeric protein bearing thioredoxin (Trx), a Hise-tag and a sequence recognized by
enterokinase at its N-terminus. The mature protein was obtained through the cleavage of the fusion
protein by rEK, which was subsequently removed from the solution by affinity-based capture on
EKapture™ Agarose (Merck KGaA, Darmstadt, Germany). Ag85B and Trx derived from the
cleavage were separated by metal-chelating chromatography (HiTrap Chelating, GE Healthcare,

Piscataway, NJ, USA). The complete production and purification process is described in [12].

Single (K30R and K282R) and double (K30R/K282R) point variants of Ag85B were produced using
the QuikChange 11 Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA).
Site-directed mutagenesis was carried out via a PCR reaction on wild-type (for K30R and K282R) or
Ag85B-K30R (for K30R/K282R) cDNA cloned into pET32b expression plasmids. For each reaction,
two complementary oligonucleotide primers containing the desired mutation, flanked by unmodified

nucleotide sequence, were used (mutated bases are underlined):

1.1) Ag85B-K30R: 5' GGGTCGTGATATTAGAGTTCAGTTTCAGAGCGG 3

1.2) Ag85B-K30R: 3' CCCAGCACTATAATCTCAAGTCAAAGTCTCGCC 5
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2.1) Ag85B-K282R:5' GCTGAATGCAATGAGAGGTGATCTGCAGAGC 3
2.2) Ag85B-K282R: 3' CGACTTACGTTACTCTCCACTAGACGTCTCGS'.

For the K30R/K282R double variant, the oligonucleotides for the production of Ag85B-K282R (2.1
and 2.2) were employed.

The presence of the desired mutations was confirmed by automated DNA sequencing.

The Trx-Ag85B variant proteins were produced as reported for the wild-type counterpart [12].
Briefly, E. coli BL21(DE3) cells transformed with the pET32b-Ag85B plasmids encoding for the
different protein variants were grown in SB medium at 37 °C, added of 0.1 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) at an ODeoonm=2 and grown at 18 °C for additional 16 hours
(overnight). Using these conditions, ~20% of the single point chimeric proteins were soluble vs. ~10%
for the double variant. Trx-Ag85B variants were isolated by a single chromatographic step on a
nickel-affinity column (HiTrap Chelating, GE Healthcare, Piscataway, NJ, USA). Maturation of the
fusion proteins was obtained using 3 U of rEK per mg of Trx-Ag85B, at 20 °C for 16 hours, followed
by a further HiTrap Chelating chromatography. The overall yields were: Ag85B-K30R, 1.5 mg pure
protein/L fermentation broth; Ag85B-K282R, 1.25 mg pure protein/L fermentation broth; Ag85B-
K30R/K282R, 0.9 mg pure protein/L fermentation broth. The proteins were finally collected in 20
mM MOPS, 0.4 M NaCl, pH 7.0 at different concentrations. Purity and conformation of the
recombinant proteins used in this study were assessed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), MS and circular dicroism (CD), as described in [12, 18].

2.3. Synthesis of mannose-based saccharides

2-iminomethoxyethyl (IME) activated mono-, di- and tri-saccharides of mannose were synthesized
following the procedure reported in [13]. Mannose-IME (Man-IME), mannose(1—6)mannose-IME
(ManMan-IME), arabinose(1—6)mannose-IME (AraMan-IME) and mannose(1—6)mannose(1—06)
mannose-IME (ManManMan-IME) carbohydrates were examined in this study. Products were

characterized by nuclear magnetic resonance (NMR) [13] and MS.
2.4. Production of neo-glycoconjugates

Glycosylation of Ag85B and its variants was performed as previously described in [6] and [19], with
minimal adjustments. Proteins were dissolved in 100 mM sodium tetraborate buffer, pH 9.5 to reach
a final concentration of 5.5 mg/mL and the solution was mixed with IME-glycosides to a

glycoside/protein molar ratio of 200/1. Benzamidine hydrochloride was added to a final concentration
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of 1 mM to prevent the digestion by residual rEK derived from the protein production process.

Reaction mixtures were vortexed for 1 min and incubated for 24 h at 25 °C under continuous stirring.
2.5. Intact MS measurements

Proteins, activated saccharides and glycoconjugates were analyzed in a linear trap quadrupole (LTQ)-
MS with an ESI source controlled by X-calibur software 2.0.7 (Thermo Fisher Scientific, Waltham,
MA, USA).

Before direct infusion in ESI-MS, protein and glycoprotein solutions were desalted by ultrafiltration
using Amicon® Ultra centrifugal filters with a nominal molecular weight (MW) cut-off of 10 kDa and
a 500 pL volume. Seven washing steps were performed at 13000 rcf and 4 °C for 10 minutes to

transfer the (glyco)proteins in deionized water.

(Glyco)protein samples were prepared in water/ACN/acetic acid (49/50/1 v/v/v) to a final
concentration of 300 ug/mL, while lyophilized saccharides were dissolved in methanol. Samples were
introduced into the mass spectrometer with a syringe pump at a flow rate of 10 puL/min and full scan
intact MS experiments were carried out under the following instrumental conditions: positive ion
mode, mass range 700-2000 m/z or 150-1000 m/z, source voltage 4.5 or 4.6 kV, capillary voltage 35
or 36 V, sheath gas flow rate 15 or 6 (arbitrary units), auxiliary gas flow rate 2 or 1 (arbitrary units),
capillary temperature 220 or 250 °C, tube lens voltage 140 or 80 V for (glyco)proteins and
carbohydrates, respectively. Deconvolution of the (glyco)protein spectra was performed using
Bioworks Browser (Thermo Fisher Scientific, revision 3.1) and the abundance of the different species
was defined by the relative intensity of the corresponding peaks in the deconvoluted spectra. The
accuracy of mass determination was calculated comparing the experimental value with the one
calculated from the amino acid sequence by “Peptide Mass Calculator” on lonSource Mass
Spectrometry Educational Resource (http://www.ionsource.com/). Identification of protein truncated
forms was carried out by MS-NonSpecific database search program of ProteinProspector v 5.20.0
(http://prospector.ucsf.edu).

2.6. Chymotryptic digestion of (glyco)proteins

All the (glyco)proteins were enzymatically digested with chymotrypsin prior to LC-MS analyses.
Briefly, 100 uL of 100 uM (glyco)protein solution in water were added with 90 pL of 100 mM
ammonium bicarbonate, pH 8.5, and 10 uL of 100 mM DTT solution in 100 mM ammonium
bicarbonate, pH 8.5. The solution was heated at 60 °C for 30 minutes for disulfide bridge reduction

and then added of chymotrypsin to a final (glyco)protein/enzyme ratio of 50/1 (w/w). The reaction
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mixture was incubated for 3 hour at 37 °C under continuous stirring and the reaction was stopped by
adding 2.5% TFA (v/v).

2.7. Capillary RPLC-UV-MS peptide mapping

Peptide solutions deriving from the chymotriptic digestion of non-glycosylated proteins were filtered
and diluted in water/ACN (95/5 v/v) to a final concentration of 8 uM before LC-UV analyses.

The separation of peptides was performed on a Dionex UltiMate 3000 HPLC system (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an UltiMate 3000 Autosampler and an UltiMate 3000
Variable Wavelength Detector and controlled by Chromeleon software (version 6.8). The analytical
column was a C18 Acclaim® PepMap RSLC (2 pm, 100 A, 300 pm x 150 mm) from Dionex (Thermo
Fisher Scientific, Waltham, MA, USA). The mobile phases consisted of water + 0.05% TFA (v/v)
(solvent A) and water/ACN 20/80 + 0.04% TFA (all v/v) (solvent B). The gradient was from 4 to
55% B in 30 min with a flow rate of 4 puL/min.

UV detection was performed at a wavelength of 214 nm.

MS detection was carried out on a LTQ-MS with an ESI source controlled by X-calibur software
2.0.7 (Thermo Fisher Scientific, Waltham, MA, USA), under the following instrumental conditions:
positive ion mode, source voltage 4.5 kV, capillary voltage 31 V, sheath gas flow rate 40 (arbitrary
units), auxiliary gas flow rate 10 (arbitrary units), capillary temperature 250 °C, tube lens voltage 95
V. Full scan mass range was set up from 300 to 2000 Da. MS? and MS? spectra were obtained by

collision induced dissociation (CID) with normalized collision energy of 35.0.

Data processing was performed using Bioworks Browser (Thermo Fisher Scientific, revision 3.1) by
comparing experimental data with protein sequences in FASTA. Peptides selection was achieved
using “Xcorr vs. Charge State filter” (+1: 1.50, +2: 2.00, +3: 2.50). The score provided by the software
measures the quality of the match (higher scores correspond to better matches).

2.8. On-line SPE-HILIC-MS analysis of neo-glycopeptides

The neo-glycoprotein digestion mixtures were analyzed according to a method previously described
in [6]. Briefly, glycopeptides were on-line extracted on a porous graphitized carbon (PGC) trap
column Hypersil Hypercarb (4.6 x 50 mm) from Alltech Associates (Deerfield, IL, USA) by applying
the following conditions: 10 min of desorption from the trap column with 80% solvent A (ACN +
0.05% v/v TFA) and 20% solvent B (water + 0.05% v/v TFA) at a flow rate of 100 pL/min.
Glycopeptides separation was performed on a Dionex UltiMate 3000 HPLC system (Thermo Fisher
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Scientific, Waltham, MA, USA) controlled by Chromeleon software, using a TSK-gel Amide-80
column (3 um, 80 A, 2 x 150 mm) from Tosoh Bioscience LLC (Montgomeryville, PA, USA). The
gradient for chromatographic analyses was from 30% to 57% B in 11 min with a flow rate of 200
pML/min. The analytes were revealed by an ESI-LTQ-MS (Thermo Fisher Scientific, Waltham, MA,
USA) controlled by X-calibur software. Mass spectra were generated in positive ion mode under the
following instrumental conditions: source voltage 4.0 kV, capillary voltage 46 V, sheath gas flow rate
40 (arbitrary units), auxiliary gas flow rate 10 (arbitrary units), capillary temperature 250 °C and tube
lens voltage 105 V. MS? and MS? spectra were obtained by CID with normalized collision energy of
35.0. Glycopeptides were identified on the basis of MS? and MS? spectra by Bioworks Browser
(Thermo Fisher Scientific, revision 3.1). Only identifications with a Xcorr higher than 1 were
considered and, to avoid false positives, MS? and MS? spectra of all the species recognized as

glycopeptides were manually evaluated.

3. Results and discussion
3.1. Rational design and analytical characterization of Ag85B variants

In a previous phase of this project [14], the reduction in the immunogenic activity observed for
mannosylated Ag85B compared to the non-glycosylated protein was ascribed to the putative
antigenicity of Lys30 and Lys282. The characterization of Ag85B glycosylation sites and the use of
a combination of in silico prediction methods pointed out that these two lysines are the most reactive
residues and are involved in the formation of protein epitopes [14]. On the light of these data, in order
to produce neo-glycoconjugates with higher immunogenicity, avoiding the glycosylation of antigenic
amino acids was considered a mandatory issue to preserve epitope formation. Thus, conservative
mutations (K30R, K282R and K30R/K282R) of Ag85B protein were planned. The substitution of
lysine with arginine residues was considered to be chemically conservative (pKa of the € amino-group

of Lys = 10.54; pKa of the guanidine-side group of Arg = 12.48).

Before starting the production of the selected Ag85B variants, the effect of the planned modifications
on protein antigenicity was evaluated in silico by analyzing the three-dimensional structure of the
query protein (PDB 1FON for Ag85B, mutations were manually inserted in the sequence) using two

prediction systems already exploited in [14]:

1) SEPPA, Spatial Epitope Prediction of  Protein  Antigens  server [20]

(http://lifecenter.sgst.cn/seppa/), a tool for conformational B cell epitope prediction that
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attributes to each residue a score according to its neighborhood residues. Higher scores
correspond to a higher probability for the residue to be part of an epitope (the default threshold
value is set at 1.80);

2) EPCES, prediction of antigenic Epitopes on Protein surfaces by ConsEnsus Scoring server [21]
(http://sysbio.unl.edu/EPCES/), which employs six different scoring functions (residue epitope
propensity, conservation score, side-chain energy score, contact number, surface planarity

score, and secondary structure composition).

Outputs indicate that K30R and K282R substitutions do not alter the original antigenicity of Ag85B.
K30 residue was identified as antigenic only by SEPPA method, giving an antigenic prediction score
of 1.83 that was not altered introducing K30R mutation (1.83). Similarly, K282 and R282 were
predicted as antigenic residues by EPCES and gave comparable scores using SEPPA method (1.59
for lysine and 1.63 for arginine).

Two single point variants (K30R and K282R) and a double variant (K30R/K282R) of Ag85B protein
were thus produced by site-directed mutagenesis and overexpressed in E. coli under the same
conditions employed for the wild-type counterpart [12]. SDS-PAGE and amino acid sequencing were
used to preliminary assess purity and identity of the products (data not shown). These two parameters
were characterized more in detail by intact MS measurement of Ag85B mutants compared to the
wild-type protein. Deconvoluted spectra are reported in Figure 1 (a-d). For wild-type Ag85B and the
two single point variants, the experimental mass corresponded to the expected MW of 31346.0 and
31374.0 Da, respectively (Figure 1a, b and c). The mass spectrum of the double mutant Ag85B-
K30R/K282R (Figure 1d) showed a main peak at 31401.0 Da, which well agrees with the expected
MW of 31402.0 Da. However, a second species was observed at 30480.0 Da with a relative abundance
of around 20%. Based on its mass, this species was identified as the truncated by-product R1o-G292,

previously detected as impurity also in different batches of wild-type Ag85B.
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Figure 1. Deconvoluted ESI-MS spectra of purified Ag85B (a), Ag85B-K30R (b), Ag85B-K282R (c) and Ag85B-
K30R/K282R (d).

In order to confirm protein sequences, the presence and position of the desired mutations, Ag85B and
its mutants were digested with chymotrypsin and the resulting peptide mixtures were analyzed by
capillary RPLC-UV-MS/MS. Results allowed to verify the identity of all the proteins, being the
sequence coverage (% aa) over 75% in all cases (Table 1). Peptides containing each expected amino
acid substitution were found in the corresponding variant sample, confirming the presence of the
introduced mutations in the correct sequence position (Table 2). The extracted ion chromatograms
of the m/z values corresponding to peptides comprising K30, K282, R30 and R282 provided an
additional confirmation of the presence/absence of the mutations in all the analyzed proteins (data

not shown).

Table 1. Summary results of the peptide mapping of Ag85B and its variants. Score values are calculated by the software

and indicate the quality of the match between the experimental MS/MS data and the theoretical data.

Protein Number of identified peptides  Protein sequence coverage (% aa) Score
Ag85B 44 79.11% 611
Ag85B-K30R 49 75.00% 601
Ag85B-K282R 68 97.26% 1030
Ag85B-K30R/K282R 40 86.64% 540
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Table 2. Identified peptides in the mappings of Ag85B and its mutants. Peptides including R30 are underlined in green,

those with R282 are in light blue, while peptides comprising the unmodified K30 and K282 residues are in blue.

Position | [M+H] Sequence Ag85B|Ag85B-K30R|AG85B-K282R| Ag85B-K30R/K282R
[1-8] 851.99 - AMAISDPF.S % v v %
[1-17] | 1851.12 - AMAISDPFSRPGLPVEY.L v v
[3-8] 649.72 M.AISDPF.S v v
[3-17] | 1648.84 M.AISDPFSRPGLPVEY.L v v
[9-17] | 1018.15 F.SRPGLPVEY.L v v v v
[18-24] | 727.83 Y.LQVPSPS.M v

[25-33] | 1094.31 S.MGRDIKVQF.Q
[34-44] | 1094.12 F.QSGGNNSPAVY L v
[4458] | 1799.92 V.YLLDGLRAQDDYNGW.D v
[4555] | 1279.38 Y .LLDGLRAQDDY.N v v
[45-58] | 1636.75 Y.LLDGLRAQDDYNGW.D v v v v
[4658] | 1523.59 L.LDGLRAQDDYNGW.D v v v v
[45-68] | 2874.07 Y.LLDGLRAQDDYNGWDINTPAFEWY.Y v
[46-65] | 2282.41 L.LDGLRAQDDYNGWDINTPAF.E v
[47-58] | 1410.43 L.DGLRAQDDYNGW.D v
[50-58] | 1125.13 L.RAQDDYNGW.D v
[56-68] | 1613.71 Y.NGWDINTPAFEWY.Y v
[58-68] | 1256.35 W.DINTPAFEWY.Y v
[59-67] | 1093.17 W.DINTPAFEW.Y v v v 7
[59-68] | 1256.35 W.DINTPAFEWY.Y % v v
[59-73] | 1804.94 W.DINTPAFEWYYQSGL.S v
[68-86] | 2084.34 W.YYQSGLSIVMPVGGQSSFY.S v
[69-85] | 1757.99 Y. YQSGLSIVMPVGGQSSF.Y v v
[69-86] | 1921.16 Y.YQSGLSIVMPVGGQSSFY.S v v
[74-85] | 1209.40 L.SIVMPVGGQSSF.Y v
[74-86] | 137257 L.SIVMPVGGQSSFY.S % v v v
[74-90] | 1924.12 L.SIVMPVGGQSSFYSDWY.S v
[78-86] | 942.01 M.PVGGQSSFY.S v v
[86-102] | 1901.07 F.YSDWYSPACGKAGCQTY.K v
[87-102] | 1737.90 Y.SDWYSPACGKAGCQTY.K v v v 7
[90-102] | 134952 W.YSPACGKAGCQTY K v
[01-102] | 1186.35 Y.SPACGKAGCQTY.K v v
[92-102] | 1099.27 S.PACGKAGCQTY K v
[103-107] | 710.80 Y. KWETF.L v v
[103-115] | 1665.87 Y.KWETFLTSELPQW.L v
[103-116] | 1779.03 Y. KWETFLTSELPQWL.S v v v
[104-107] | 710.80 Y KWETF.L v
[108-116] | 1087.25 F.LTSELPQWL.S % v
[117-132] | 1513.73 L.SANRAVKPTGSAAIGL.S % v v v
[120-130] | 1071.26 N.RAVKPTGSAALG v
[120-132] | 124147 N.RAVKPTGSAAIGL.S v v v v
[121-132] | 1085.28 R.AVKPTGSAAIGL.S v
[122-132] | 1014.20 AVKPTGSAAIGL.S v
[141-150] | 1188.36 M.ILAAYHPQQF.I v v v
[151-156] | 623.72 F.IYAGSLS v
[143-150] | 962.04 LAAYHPQQF.I v v v v
[151-173] | 2261.62 F.IYAGSLSALLDPSQGMGPSLIGL.A v v
[151-181] | 2984.40 F.IYAGSLSALLDPSQGMGPSLIGLAMGDAGGY.K v
[153-173] | 1985.29 Y. AGSLSALLDPSQGMGPSLIGL.A v v
[153-181] | 2708.06 Y.AGSLSALLDPSQGMGPSLIGLAMGDAGGY K v
[153-184] | 2978.39 | Y.AGSLSALLDPSQGMGPSLIGLAMGDAGGYKAA.D v
[157-173] | 1656.93 L.SALLDPSQGMGPSLIGLA v v v v
[157-181] | 2379.70 L.SALLDPSQGMGPSLIGLAMGDAGGY.K v v
[158-173] | 1569.85 S.ALLDPSQGMGPSLIGL.A v
[160-173] | 1385.61 L.LDPSQGMGPSLIGLA v v
[160-181] | 2108.38 L.LDPSQGMGPSLIGLAMGDAGGY.K v
[161-173] | 1272.45 L.DPSQGMGPSLIGL.A v
[161-181] | 1995.22 L.DPSQGMGPSLIGLAMGDAGGY K
[182-187] | 721.85 Y.KAADMW.G % v
[182-206] | 2827.08 Y. KAADMWGPSSDPAWERNDPTQQIPK.L v v v v
[182-207] | 2940.24 Y. KAADMWGPSSDPAWERNDPTQQIPKL.V v v v
[182-210] | 322455 Y.KAADMWGPSSDPAWERNDPTQQIPKLVAN.N v v
[182211] | 3338.66 | Y.KAADMWGPSSDPAWERNDPTQQIPKLVANN.T v v
[182-212] | 3439.76 | Y.KAADMWGPSSDPAWERNDPTQQIPKLVANNT.R v v v

84



[182-215] | 3895.32 |Y.KAADMWGPSSDPAWERNDPTQQIPKLVANNTRLW.V v
[188-206] | 2124.26 W.GPSSDPAWERNDPTQQIPK.L v v

[188-207] | 2237.42 W.GPSSDPAWERNDPTQQIPKL.V 4 v

[188-208] | 2336.55 W.GPSSDPAWERNDPTQQIPKLV.A v v

[188-210] | 2521.73 W.GPSSDPAWERNDPTQQIPKLVAN.N v v

[188-211] | 2635.83 W.GPSSDPAWERNDPTQQIPKLVANN.T 4 v

[188-212] | 2736.94 W.GPSSDPAWERNDPTQQIPKLVANNT.R v v

[188-215] | 3192.49 W.GPSSDPAWERNDPTQQIPKLVANNTRLW.V v v
[196-206] | 1326.44 W.ERNDPTQQIPK.L v

[196-215] | 2394.68 W.ERNDPTQQIPKLVANNTRLW.V v
[207-212] 631.70 K.LVANNT.R v

[207-215] | 1087.26 K.LVANNTRLW.V v v
[216-235] | 2024.20 W.VYCGNGTPNELGGANIPAEF.L v
[216-239] | 2527.75 W.VYCGNGTPNELGGANIPAEFLENF.V v
[216-245] | 3184.49 W.VYCGNGTPNELGGANIPAEFLENFVRSSNL.K v
[218-235] | 1761.90 Y.CGNGTPNELGGANIPAEF.L v
[218-239] | 2265.45 Y.CGNGTPNELGGANIPAEFLENF.V v
[236-245] | 1179.31 F.LENFVRSSNL.K v v
[238-245] 937.04 E.NFVRSSNL.K v

[246-251] 771.84 L.KFQDAY.N v

[246-261] | 1710.83 L.KFQDAYNAAGGHNAVF.N v 4
[252-261] 958.01 Y.NAAGGHNAVE.N v v v
[262-274] | 1635.72 F.NFPPNGTHSWEYW.G v
[264-271] 895.94 F.PPNGTHSW.E v 4
[272-278] 866.94 W.EYWGAQL.N v v
[275-289] | 1561.75 W.GAQLNAMRGDLQSSL.G v
[275-292] | 1746.93 W.GAQLNAMRGDLQSSLGAG.- v
279-289 1192.33 L.NAMRGDLQSSL.G v

3.2. Synthesis of activated saccharides assisted by ESI-MS analysis

Another strategy applied to improve the glycoconjugate vaccine effectiveness was the amplification

of glycans contribution to the overall immunogenicity by the elongation of their chain. The final aim

IS to synthesize more complex polysaccharides able to mimic LAM, an important saccharidic
superficial antigen of Mtb [15-17].

The effect of chain extension was first evaluated comparing mono-, di- and tri-saccharides of

mannose (Figure 2), which were synthesized as described in [13] and activated with the IME

functional group. This kind of activation was chosen after the demonstration of its high selectivity

towards lysine residues of the carrier protein [6].

!
Ho” ?io% " _oH FDHOX/\.
CH \ i
S oH g
A 5 g
5y o b S M
< oMe Ho - " \L‘%
HO iy
S\/kow s\)l\omE \ ! .
S
Man-IME ManMan-IME AraMan-IME ManManMan-IME

(MW = 267.33 Da) (MW = 429,65 Da) (MW = 399.41 Da) (MW = 591.58 Da)

Figure 2. IME-activated saccharides considered in the study.
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Direct infusions of the various carbohydrates in ESI-MS allowed to define their purity and activation

yields before the conjugation with Ag85B and its variants. The purity of the activated products was

found to decrease with the elongation of the chain (Figure 3, a-d), as previously reported in literature
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Figure 3. ESI-MS spectra of Man-IME (a), ManMan-IME (b), AraMan-IME (c) and ManManMan-IME (d) glycosides

employed in this study.

3.3. Production and characterization of neo-glycoconjugates

Ag85B and its single (K30R and K282R) and double (K30R/K282R) variants were glycosylated with

all the carbohydrate moieties under previously optimized experimental conditions [6] with minimal

adjustments (see paragraph 2.4), in order to assess lysine and glycan reactivity and to characterize the

obtained neo-glycoconjugates before their in vitro and ex vivo immunological evaluation.

Initially, lysine reactivity was evaluated using the conjugation with Man-IME as a model. Intact MS

measurements of the purified reaction mixtures revealed reaction yields (Y) of 100% for all the
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coupling reactions, as unmodified proteins were not detected. The % relative abundance of each
glycoform was calculated as the ratio between the relative abundance indicated in the deconvoluted
spectrum and the total ion intensities of the pattern (Table 3). The maximum number of incorporated
mannose units corresponded to the total number of lysine residues in each protein sequence (8 for
Ag85B, 7 for K30R and K282R single mutants and 6 for K30R/K282R double variant), indicating
that all lysine residues are involved in the glycosylation. Considering the average number of bound
glycosides as an indicator of the protein surface reactivity, it can be deduced that K30 is more reactive
than K282, as the absence of this residue led to a more significant reduction of bound mannose unit
loading (from 5.9 to 5.0 unit per protein) than mutation in position 282 (from 5.9 to 5.2 unit per

protein).

Table 3. Glycoform distribution (% relative abundance), glycosylation yield (%) and Man/protein ratio (mol/mol)

calculated after direct infusion of each purified reaction mixture in ESI-MS. Mean values for duplicate analysis are

reported.
Number of incorporated Man units (%) Man/protein
Protein Y (%)
01 2 3 4 5 6 7 8 (mol/mol)

Ag85B - - - 12 97 257 349 219 6.7 100.0 5.9
Ag85B-K30R - - - 9.4 245 344 245 73 - 100.0 5.0
Ag85B-K282R - - - 56 203 354 291 97 - 1000 5.2
Ag85B-K30R/K282R - - 9.2 269 374 220 44 - - 100.0 3.8

A detailed characterization of glycosylation sites was performed through on-line SPE-HILIC-MS/MS
analyses following the chymotriptic digestion of the various neo-glycoconjugates. The relative
abundance of each glycosylation site was calculated as % area of all the relative glycopeptides
(Figure 4).
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Figure 4. Lysine reactivity (% relative abundance) in Ag85B (a), Ag85B-K30R (b), Ag85B-K282R (c) and Ag85B-
K30R/K282R (d). For wild-type Ag85B, mean values for duplicate analyses are shown (bars indicate variability).

In accordance with previously reported data [14], the main glycosylated lysines in wild-type Ag85B
were K30 and K282. No glycosylated peptides corresponding to the mutated lysines were detected in
the other samples, confirming that mutations were properly introduced and effectively protected the
residues from the conjugation reaction. Amino acid reactivity reflected the absence of the silenced
lysines, with a resulting predominant glycosylation of K282 in Ag85B-K30R and of K30 in Ag85B-
K282R. In the variant Ag85B containing both amino acid substitutions, the major glycosylated site
was K123, which was thus recognized as the most reactive lysine after K30 and K282. Moreover, the
relative abundance order was generally respected in the four samples (Figure 4). Minimal variations
in K206-K246 and K123-K103 relative orders were observed, since abundances of the sites of each

couple were very close.

The absolute abundances of each glycosylation site, calculated as the sum of mass peak areas of all
the relative glycopeptides, are comparable between wild-type and mutated proteins (Figure 5)
although the relative abundance of each occupied site is significantly different between the various
samples (Figure 4). This finding suggests that the chemical reactivity of the individual lysines
remains unaltered even in the absence of the most reactive groups and consequently the coupling
reaction does not possess a competitive behaviour. Thus, the substitution of the most reactive lysines
does not induce alterations in the glycosylation of less reactive ones, further supporting the success

of the mutagenesis approach.
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Figure 5. Comparison of glycosylated lysines absolute abundances (mass peak areas) between Ag85B and its mutants.

After the deep investigation of amino acid reactivity, the effects of the glycan type and length on the
conjugation reaction (yield and position) were assessed. Since data suggested the comparability
between the surface reactivity of Ag85B and its variants, the characterization of glycosylation sites
using the various carbohydrates (Man-IME, ManMan-IME, AraMan-IME and ManManMan-IME)
was carried out on wild-type Ag85B as a model. Conjugation reactions were performed considering
the purity of each activated saccharide and following the same procedure used for Man-IME. Results
of the glycopeptide mapping by SPE-HILIC-MS/MS (Figure 6) highlight that lysines 30, 282, 103
and 123 are the most reactive with all the tested glycans. Data show that the binding to Lys206
decreases with the elongation of the sugar chain. Taking into consideration the three-dimensional
structure of Ag85B protein (PDB 1FON), we propose that the biggest glycan moieties amplify the
impact of the poor accessibility of K206 side chain, mainly due to steric effects.
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Figure 6. Lysine reactivity (% relative abundance) in Ag85B protein conjugated with Man-IME (blue), ManMan-IME
(green), AraMan-IME (orange) and ManManMan-IME (red).

Glycan reactivity was then derived after the analysis of intact neo-glycoconjugates in ESI-MS. For
the wild-type protein, the conjugation with different saccharidic moieties resulted in a change of the

glycoform profile. Even if glycopeptides comprising each lysine residue were found in all the HILIC-
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MS/MS analyses, intact MS measurements revealed a reduction of the overall glycan loading with

the extension of the chain (Table 4). This observation can be ascribed to a steric hindrance effect.

Table 4. Glycoform distribution (% relative abundance), glycosylation yield (%) and glycoside/protein ratio (mol/mol)

calculated for wild-type Ag85B conjugated with various saccharidic moieties.

Number of incorporated glycosides (%0)

Glycoside/protein

Glycoconjugate Y (%)
0 1 2 3 4 5 6 7 8 (mol/mol)
Ag85B + Man-IME - - - 12 97 257 349 219 6.7 1000 5.9
Ag85B + ManMan-IME - - 117 251 314 219 98 - - 100.0 3.9
Ag85B + AraMan-IME - 48 198 254 225 185 9.0 - - 100.0 3.6
Ag85B + ManManMan-IME - 82 139 285 291 203 - - - 100.0 3.4

In order to assess if protein variants were equally influenced in the change of the glycosylation profile,

Ag85B variants were conjugated with ManMan-IME and analyzed in ESI-MS by direct infusion. In

glycan-mutant glycoconjugates, the differences between mono- and di-saccharides are more evident,

probably amplified by the silencing of the two most reactive residues (Table 5). The reduction of the

glycoside/protein ratio between Man-IME and ManMan-IME was indeed 34% for the wild-type
protein, 38% for K30R mutant, 39% for Ag85B-K282R and 47% for the double variant.

Table 5. Glycoform distribution (% relative abundance), glycosylation yield (%) and glycoside/protein ratio (mol/mol)

calculated for Ag85B variants conjugated with Man-IME and ManMan-IME.

Number of incorporated glycosides (%0) Glycoside/
Glycoconjugate Y (%)  Protein

0 1 2 3 4 5 6 7 (mol/mol)
Ag85B-K30R + Man-IME - - - 9.4 245 344 245 13 100.0 5.0
Ag85B-K30R + ManMan-IME - 9.6 204 300 252 148 - - 100.0 3.1
Ag85B-K282R + Man-IME - - - 5.6 203 354 291 97 100.0 5.2
Ag85B-K282R + ManMan-IME - 9.2 18.0 287 284 157 - - 100.0 3.2
Ag85B-K30R/K282R + Man-IME - - 9.2 269 374 220 4.4 - 100.0 3.8
Ag85B-K30R/K282R + ManMan-IME 85 255 328 223 110 - - - 91.5 2.0
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4. Conclusions

In this work, two strategies to improve the immunogenicity of a potential glycoconjugate vaccine
against tuberculosis have been proposed: the mutation of epitope amino acids to prevent their masking
by glycosylation and the use of more complex carbohydrate moieties to mimic LAM (an important

saccharidic superficial antigen of Mtb).

After a first characterization of all the compounds, the structural effects of the introduced variations
were deeply investigated by defining the glycosylation profile and the protein surface reactivity for

each coupling reaction through MS and LC-MS/MS techniques.

Data allowed to verify the success of the mutagenesis, since amino acid substitutions were identified
in the predicted position and efficiently avoided the glycosylation of these residues. Moreover, the
introduced mutations did not alter the glycosylation degree of the remaining lysine residues.

The comparison of results obtained using mono-, di- and tri-saccharides of mannose for the
conjugation suggested that protein surface reactivity is not influenced by the change in the sugar
moiety. However, the glycoform profiles moved towards lower values, with less glycosides
incorporated in the glycoconjugates. Coherently, this effect was more evident for Ag85B single and

double point variants.

The structural characterization of the products and the confirmation of the occurrence of the planned
modifications lay the basis for in vitro and ex vivo immunological assays. In this way, the

effectiveness of the two strategies will be assessed.
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Abstract

Tuberculosis (TB) is the first cause of death from an infectious disease worldwide. Nowadays, only
one anti-TB vaccine is available for clinical use, but various studies highlighted that its efficacy is
not always achieved. The aim of this work is to provide a basis for the rational design of a neo-
glycoconjugate vaccine against TB. After initial structural characterization of recombinant antigenic
proteins from Mycobacterium tuberculosis Ag85B (wild-type, variants and semi-synthetic
glycoconjugates), identification of antibody epitopes by proteolytic affinity-mass spectrometry and
surface plasmon resonance (SPR) biosensor analysis were used to qualitatively and quantitatively
characterize interactions of the antigens with antibodies from different sources. A commercial
monoclonal antibody and polyclonal antibodies from patients with active TB, vaccinated individuals
and a healthy control were employed to analyze antigen-antibody interactions. The combination
approach provided the identification of different protein epitope regions involved in the interaction

with specific antibodies, and a quantitative comparison between the affinities of the selected antigens.
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Abbreviations

AraMan: Arabinose(1 — 6)Mannose ManMan: Mannose(1 — 6)Mannose
BCG: Bacillus Calmette-Guérin MS: Mass Spectrometry

DHB: Dihydroxybenzoic acid Mtb: Mycobacterium tuberculosis
DTT: Dithiothreitol NHS: N-hydroxysuccinimide

EDC: N-(3-dimethylaminopropyl)-N'- PBS: Phosphate Buffered Saline
ethylcarbodiimide hydrochloride SAM: Self-Assembled Monolayer
HILIC: Hydrophilic Interaction Liquid SDHB: Super DHB
Chromatography SPR: Surface Plasmon Resonance
IME: 2-Iminomethoxyethyl TB: Tuberculosis

LAM: Lipoarabinomannan TFA: Trifluoroacetic acid

mADb: monoclonal antibody
MALDI-TOF: Matrix-Assisted Laser
Desorption/lonization-Time Of Flight

1. Introduction

Tuberculosis (TB) still constitutes one of the main causes of death in the world and in 2015 it ranked
above HIV/AIDS as the most lethal infectious disease. TB is caused by the bacillus Mycobacterium
tuberculosis (Mtb), from which various drug-resistant strains emerged and spread. The only
antitubercular vaccine currently in clinical use is Bacillus Calmette-Guérin (BCG), developed in 1921
from the attenuation of a laboratory strain of Mycobacterium bovis. However, the variable protective
efficacy observed for BCG and the growing public health concern for drug-resistant forms of TB
pointed out the need for new effective agents against this disease [1].

The development of a new vaccine requires a well-defined correlation between design and protection.
Two key prerequisites for the rational design of effective prophylactic agents capable to elicit a long-
term protection are the comprehension of epitope/antibody interactions and the quantitative
evaluation of vaccine-induced immune responses [2, 3]. To identify antigenic regions of molecules
coming from microorganisms, which might be valuable vaccine candidates, B cell epitope
determination is a promising approach, especially for the discovery of assembled discontinuous
epitopes [2]. Mass spectrometry (MS)-based epitope identification approaches are among the most
powerful; a strategy widely used (proteolytic epitope extraction) includes antigen digestion by a

proteolytic enzyme, incubation with the binder antibody, washing steps to remove unbound peptides
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and MS analysis of the elution fractions to identify the epitope peptides involved in the binding [4-
6]. Surface plasmon resonance (SPR) biosensor technology has proven to be a precious technique for
vaccine characterization, as it quantifies binding affinities and provides reliable kinetic data to
evaluate specificity and mechanism of action [7]. Noteworthy, affinity-MS epitope determination and
SPR approaches can be used as a combination to investigate immune responses directly in serum

samples, representative of the total human antibody set [4, 7].

In this work, several analytical techniques were employed for the characterization of a new potential
glycoconjugate vaccine against TB. Such a glycovaccine can be obtained by conjugation of antigenic
proteins, which are expressed by Mtb and are known to induce a strong immune reaction, with
carbohydrate moieties capable to mimic lipoarabinomannan (LAM), which is the most important
saccharidic superficial antigen of Mth. The neo-glycoconjugate might induce both humoral and T
cell-mediated immune responses, resulting in an improved antigenicity compared to the single
constituents [8]. Ag85B was selected as carrier protein since it is one of the most potent antigen
species expressed by Mtb, has proven its anti-TB protective efficacy in murine, guinea pigs and other
animal models and has shown good antibody and T cell responses in patients with active TB as well
as BCG-vaccinated individuals [9-12]. The choice of carbohydrate antigens as simplified models
(saccharides of mannose [8, 12-15]) was based on literature data on Mtb reporting the production of
specific anti-LAM antibodies in lungs of patients with active TB [16] and the characteristic mono-,

di- or tri-mannosylation of LAM of pathogenic mycobacteria [17, 18].

In a previous part of this project [12], different experimental and computational methods suggested
that Lys30 and Lys282 residues (the two most reactive amino acids of Ag85B involved in the
glycosylation) are antigenic. Mutations of these two lysines to arginine residues were designed to
direct the glycosylation towards non-antigenic amino acids, thus preserving immunogenicity of the

constructs (see Chapter 4 of the experimental part of the present PhD thesis, pp. 73-93).

The areas of Ag85B protein involved in the interaction with antibodies from different sources
(commercial monoclonal antibody from mouse, total antibodies from sera of active TB-patients,
BCG-vaccinated subjects and a healthy control) were investigated using the proteolytic epitope
extraction-MS method. In addition, affinities of Ag85B protein, its mutants and its glycosylated forms
for the commercial monoclonal antibody (mAb) were compared by SPR analysis to support the

mutagenesis approach.
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2. Materials and methods
2.1. Reagents and chemicals

Mycobacterium tuberculosis Ag85 monoclonal antibody was purchased from Thermo Fisher
Scientific (Darmstadt, Germany). Total antibodies from sera of patients with active TB, individuals
vaccinated against TB (BCG vaccination) and a healthy control were provided from the University
of Rome "Tor Vergata" (Department of Biomedicine and Prevention and Animal Technology Station,
Rome, Italy). Ammonium sulfate precipitation was used to enrich and concentrate total
immunoglobulins from sera and antibodies were then transferred in a phosphate buffered saline (PBS)
solution. All sera were tested for antibody reactivity to the protein antigens by ELISA assays,
following the same procedure described in [9].

Ag85B recombinant protein was produced in The Protein Factory Research Centre (Politecnico of
Milano and University of Insubria, Milan, Italy) as described in [9]. K30R, K282R and K30R/K282R
variants of Ag85B protein were also prepared by The Protein Factory Research Centre (see Chapter
4 of the experimental part of the present PhD thesis, pp. 73-93). For SPR measurements, Ag85B
protein  was conjugated with  Mannose(1—6)Mannose-IME  (ManMan-IME)  and
Arabinose(1—6)Mannose-IME (AraMan-IME) carbohydrates synthesized and activated as in [13].

Glycosylation was performed as previously described [8, 14].

16-Mercaptohexadecanoic acid, a-chymotrypsin from bovine pancreas, CaCl,, ethanolamine,
iodoacetamide, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), Na;HPO4,
NaNs, N-hydroxysuccinimide (NHS), sodium acetate and trifluoroacetic acid (TFA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile and NaCl were from Carl Roth GmbH
(Karlsruhe, Germany), dithiothreitol (DTT) from Roche (Mannheim, Germany), urea from VWR
(Radnor, PA, USA).

Water was obtained from a Direct-Q® 3 UV system (Merck KGaA, Darmstadt, Germany).

2,5-dihydroxybenzoic acid (2,5-DHB) and Super DHB (SDHB) were purchased from Bruker
Daltonics (Billerica, MA, USA).

POROS™ A material and Zeba™ spin desalting columns were from Thermo Fisher Scientific

(Darmstadt, Germany).

Amicon® Ultra-0.5 mL centrifugal filters, ZipTip® pipette tips and ammonium bicarbonate were from
Merck KGaA (Darmstadt, Germany).
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2.2. Proteolytic extraction-mass spectrometry

For proteolytic extraction MS experiments, Ag85B protein and its mutants were digested by

chymotrypsin prior to incubation with immobilized antibodies.

1 mg/mL protein solutions in 100 mM ammonium bicarbonate buffer, pH 8.5 were incubated at 95
°C for 20 minutes. After cooling to room temperature, urea and DTT were added to a final
concentration of 6 M and 5 mM, respectively. Solutions were incubated at 60 °C for 30 minutes to
reduce disulfide bonds, cooled to room temperature and spun to collect condensation. The addition
of iodoacetamide to 14 mM final concentration was followed by incubation at room temperature in
the dark for 30 minutes to alkylate cysteines. Protein mixtures were added with DTT to an additional
5 mM concentration and incubated at room temperature in the dark for 15 minutes to quench
unreacted iodoacetamide. Solutions were diluted 1:5 in 200 mM ammonium bicarbonate buffer, pH
8.5 to reduce the concentration of urea to less than 2 M, followed by the addition of CaCl, to 1 mM
concentration. Chymotrypsin was added to 1/50 enzyme/substrate ratio (w/w) and the reaction
mixture was incubated overnight at 37 °C. Reactions were stopped by separation of the peptide
mixture from the enzyme using 10 kDa Amicon® Ultra centrifugal filters (centrifugation at 13000
rpm for 5 minutes, 2 steps). Peptides were transferred in 10 mM Na2HPOa, pH 7 in presence of 0.02%

(w/v) NaN3 by Zeba™ spin desalting columns and concentrated to 2 mg/mL.

A Protein A affinity column was prepared by loading POROS™ A medium on a 100 pL micro-
column. The column was equilibrated with the running buffer (10 mM Na;HPOa4, pH 7 added with
0.02% wi/v NaNs) for 10 minutes with a constant flow rate of 1 mL/min. For the immobilization, 50
pL of each antibody solution (commercial mAb, total antibodies from sera of active-TB patients,
vaccinated subjects and a healthy control) in phosphate buffer were injected onto the Protein A
affinity column at a 500 pL/min constant flow rate. The column was washed for 10 minutes at 500

pL/min to remove any species not captured from the Protein A.

For epitope extraction, 50 pL of the previously prepared Ag85B (or Ag85B variants) proteolytic
peptide mixtures were loaded on the column in the running buffer at a flow rate of 20 uL/min. The
flow through was monitored at 220 and 280 nm using a UV-Vis detector (Dionex, Thermo Fisher
Scientific, Darmstadt, Germany) and the column was washed until absorption reached again the
baseline. Elution was performed by switching the running buffer to 150 mM NacCl, pH 2.5 with 0.02%
(w/v) NaNs and the flow rate to 500 pL/min. Elution fractions were collected and peptides were
separated from antibodies using 10 kDa Amicon® Ultra centrifugal filters. After 2 centrifugation steps

at 13000 rpm for 5 minutes, 0.1% TFA in water (v/v) was added to the filters, which were centrifuged
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for additional 10 minutes at 13000 rpm. The peptide solutions passed through the filters were
concentrated, desalted using the ZipTip® procedure [19] and analyzed by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) MS.

2.3. Mass spectrometric analysis

Mass spectrometric analyses were performed using an Autoflex 111 Smartbeam (Bruker Daltonics,
Billerica, MA, USA) MALDI-TOF system equipped with a Nd:YAG laser source (4000 resolving

power at 3200 Da in linear mode and 11000 resolving power below 3500 Da in reflectron mode).

For intact protein determinations, 0.5 puL of each sample solution were spotted on a Ground Steel
MALDI Target Plate (Bruker Daltonics, Billerica, MA, USA), mixed with 0.5 pL of Super DHB
matrix solution (50 mg/mL SDHB in 50/50 v/v acetonitrile / 0.1% TFA in water) and allowed to dry
at room temperature. Spectra were acquired using the following instrumental conditions: linear mode;
mass range 10000-35000 Da for proteins and glycoconjugates, 20000-100000 and 100000-200000
Da for antibodies; detector gain 10 (proteins and glycoconjugates) or 100 V (antibodies); sample rate
2.00 GS/s; electronic gain 50 mV.

For peptide mapping and epitope identification, 0.5 pL of 2,5-DHB matrix solution (10 mg/mL 2,5-
DHB in 30/70 v/v acetonitrile / 0.1% TFA in water) were spotted on an AnchorChip MALDI Target
Plate (Bruker Daltonics, Billerica, MA, USA). 1 uL of sample solution (after desalting by ZipTip®)
was deposited onto each matrix spot and allowed to dry. Spectra were acquired using the following
instrumental conditions: linear mode; mass range 240-8000 Da; detector gain 5.5 V; sample rate 2.00

GSI/s; electronic gain 50 mV.
Data processing was performed using mMass open source software (version 5.5) [20].
2.4. SPR biosensor determinations

Determination of affinity constants was carried out on a SR7500DC SPR biosensor (Ametek-Reichert
Technologies, Depew, NY). Mycobacterium tuberculosis Ag85 mAb (Thermo Fisher Scientific,
Darmstadt, Germany) was immobilized on two different sensor slides: a carboxymethyl dextran
hydrogel surface sensor chip and a gold surface sensor chip coated with a self-assembled monolayer

(SAM) of 16-mercaptohexadecanoic acid.

Carboxyl groups on the chip surface were activated by injecting 250 pL of a freshly prepared solution
of 200 mM EDC and 100 mM NHS at a constant flow rate of 25 pL/min. After washing the chip
surface with 1 mL of 10 mM PBS (10 mM Na;HPO4, 30 mM NacCl), pH 7.5, 250 pL of a 35 pg/mL
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antibody solution (in 10 mM sodium acetate buffer, pH 5.2) were injected at 25 pL/min for the
immobilization. Unreacted NHS groups were blocked with 1 M ethanolamine, pH 8.5. The antibody

was immobilized on left channel and right channel was used as a reference.

Affinity determinations were performed at 22 °C (SAM-coated chip) or 27 °C (dextran chip) in 10
mM PBS binding buffer, pH 7.5 at a flow rate of 25 pL/min, by injecting 100 pL of each sample. A
dilution series from 0.2 to 6.4 uM (6.25-200 pg/mL) was analyzed for each protein. Each sample
injection was followed by a PBS injection (blank). Affinity Kp constants and associated errors were
calculated using the TraceDrawer software (Ridgeview Instruments AB, Vange, Sweden) according
to a 1:1 binding model.

3. Results and discussion
3.1. Preliminary characterization of the samples

All proteins (wild-type Ag85B, Ag85B-K30R, Ag85B-K282R, Ag85B-K30R/K282R), wild-type
Ag85B glycoconjugates and antibodies used in this study were analyzed by MALDI-TOF MS.

Following determination of intact proteins providing a first identity characterization, peptide mapping
analysis was carried out on Ag85B recombinant protein and its variants to confirm protein sequences
and identify and locate mutations. These analyses were performed by MALDI-TOF MS after a
chymotryptic digestion. Wild-type and mutated Ag85B were completely digested and provided a high
sequence coverage (>95%) to ascertain the identity of all proteins. As an example, Figure 1, Table
1 and Figure 2 report the results of peptide mapping for the chymotryptic digest of Ag85B-K30R

mutant.
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Figure 1. MALDI-TOF MS spectrum of Ag85B-K30R proteolytic mixture.
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Table 1. List of the peptides identified from the peptide mapping of Ag85B-K30R protein. Peptides including R30

mutation are in orange.

Slice Mis m/z z Sequence
[1-17] 1 1849.9153 1 .AMAISDPFSRPGLPVEY. I
[9-17] 0 1017.5364 1 f.SRPGLPVEY.I
[9-18] 1 1130.6204 1 f. SRPGLPVEYL.q
[18-33] 1 1829.9691 1 y.LQVPSPSMGRDIRVQF.q
[18-44] 2 2904.4421 1 y.LQVPSPSMGRDIRVQFQSGGNNSPAVY.I
[19-33] 0 1716.8850 1 .QVPSPSMGRDIRVQF.q
[19-45] 2 2904.4421 1 .QVPSPSMGRDIRVQFQSGGNNSPAVYL.|
[34-44] 0 1093.4909 1 f.QSGGNNSPAVY I
[34-58] 5 2710.2492 1 f.QSGGNNSPAVYLLDGLRAQDDYNGW.d
[45-55] 3 1278.6325 1 y.LLDGLRAQDDY .n
[45-58] 4 1635.7762 1 y.LLDGLRAQDDYNGW.d
[45-68] 7 2872.3140 1 y.LLDGLRAQDDYNGWDINTPAFEWY'.y
[46-58] 3 1522.6921 1 |.LDGLRAQDDYNGW.d
[47-58] 2 1409.6080 1 |.DGLRAQDDYNGW.d
[47-67] 4 2483.0898 1 I.DGLRAQDDYNGWDINTPAFEW.y
[50-58] 1 1124.4756 1 |.LRAQDDYNGW.d
[50-67] 3 2197.9574 1 |.LRAQDDYNGWDINTPAFEW.y
[50-68] 4 2361.0207 1 |.LRAQDDYNGWDINTPAFEWY.y
[59-67] 1 1092.4997 1 w.DINTPAFEW.y
[59-68] 2 1255.5630 1 w.DINTPAFEWY.y
[74-85] 0 1208.5980 1 I.SIVMPVGGQSSF.y
[74-86] 1 1371.6613 1 I.SIVMPVGGQSSFY'.s
[87-102] 2 1736.7043 1 y.SDWYSPACGKAGCQTY .k
[91-102] 0 1185.5027 1 y.SPACGKAGCQTY .k
[103-107] 1 710.3508 1 y.KWETF.I
[103-116] 4 1777.9159 1 y.KWETFLTSELPQWL.s
[105-116] 3 1463.7417 1 W.ETFLTSELPQWL.s
[108-116] 2 1086.5830 1 f.LTSELPQWL.s
[117-132] 0 1512.8493 1 |.SANRAVKPTGSAAIGL.s
[133-142] 0 967.4587 1 |.SMAGSSAMIL.a
[143-150] 1 961.4526 1 LAAYHPQQF.i
[143-152] 2 1237.6000 1 I.AAYHPQQFIY.a
[146-156] 2 1260.6371 1 y.HPQQFIYAGSL.s
[153-170] 3 1700.8524 1 y.AGSLSALLDPSQGMGPSL.i
[153-173] 4 1984.0420 1 y.AGSLSALLDPSQGMGPSLIGL .a
[157-173] 3 1655.8673 1 I.SALLDPSQGMGPSLIGL .a
[161-181] 2 1993.8994 1 |.DPSQGMGPSLIGLAMGDAGGY .k
[161-187] 3 2696.2153 1 I.DPSQGMGPSLIGLAMGDAGGYKAADMW.g
[182-207] 2 2938.4152 1 y.KAADMWGPSSDPAWERNDPTQQIPKL.v
[196-215] 2 2393.2684 1 w.ERNDPTQQIPKLVANNTRLW.v
[215-226] 2 1352.5940 1 LWVYCGNGTPNEL.g
[216-235] 2 2022.9226 1 W.VYCGNGTPNELGGANIPAEF.|
[218-236] 2 1873.8749 1 y.CGNGTPNELGGANIPAEFL.e
[227-235] 0 875.4258 1 |.GGANIPAEF.I
[236-245] 2 1178.6164 1 f.LENFVRSSNL.k
[240-247] 1 950.5418 1 f.VRSSNLKF.q
[240-251] 2 1427.7278 1 fVRSSNLKFQDAY .n
[240-261] 3 2366.1636 1 fVRSSNLKFQDAYNAAGGHNAVF.n
[246-261] 2 1709.8030 1 |.KFQDAYNAAGGHNAVF.n
[252-261] 0 957.4537 1 y.NAAGGHNAVF.n
[262-271] 0 1156.5170 1 fNFPPNGTHSW.e
[262-274] 2 1634.7023 1 f.NFPPNGTHSWEYW.g
[262-278] 3 2003.9035 1 fNFPPNGTHSWEYWGAQL.n
[275-292] 3 1717.8538 1 w.GAQLNAMKGDLQSSLGAG.
[279-289] 1 1163.5725 1 I.NAMKGDLQSSL.g
[279-292] 2 1348.6525 1 I.NAMKGDLQSSLGAG.
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Figure 2. Sequence coverage obtained by the peptide mapping of Ag85B-K30R chymotryptic digest. Vertical lines

indicate cleavage sites.

Ag85B glycoconjugates were also prepared and characterized. Carbohydrates used for the
conjugation were activated with the 2-iminomethoxyethyl (IME) functional group [13], which
selectively reacts with the e-amino group of lysine residues [8]. The conjugation method may involve
all surface lysine residues (8 in Ag85B), yielding to a mixture of glycoproteins with variable
saccharide loading number and positioning. Intact protein determinations allowed to confirm the
effectiveness of the glycosylation procedure. Ag85B-ManMan glycoconjugates investigated in this
work present up to 5 glycan moieties per protein (Figure 3a), while conjugation with AraMan-IME
was less efficient, with a maximum of 4 disaccharides bound to the protein (Figure 3b). The
glycosylation profile was also characterized by a previously developed hydrophilic interaction liquid
chromatography (HILIC)-UV method [14], which allowed to assess yield and glycoform composition

from each coupling reaction (Table 2).
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Figure 3. MALDI-TOF MS spectra of Ag85B protein conjugated with ManMan-IME(a) and AraMan-IME(b). Mono-,

bi- and tri-charged ions of the glycoproteins are shown.

Table 2. Glycoform distribution (%), glycosylation yield (Y, %) and glycoside/protein ratio (mol/mol) calculated from
peak areas obtained by HILIC-UV analysis of Ag85B glycoconjugates.

Number of incorporated glycosides (%0) Glycoside/protein
Glycoconjugate Y (%)
0 1 2 3 4 5 6 7 8 (mol/mol)
Ag85B + ManMan-IME 26 108 272 326 187 81 - - - 974 2.8
Ag85B + AraMan-IME 92 251 321 241 95 - - - - 90.8 2.0

MS analyses of all antibodies used in this study were also performed. The antibody purchased from
Thermo Fisher is a monoclonal 1gG1 produced by immunization of mice with bacterial press extract
from Mtb H37Rv (the most studied TB strain) and detects the Mtb complex of mycolytransferases
composed of Ag85A, B and C proteins. MS analysis of the intact antibody provided a single main

species with a molecular weight around 146 kDa (Figure 4a), confirming its monoclonality.

As expected, mass spectra of antibodies obtained from sera samples showed the presence of different
populations (Figure 4b), being representative for the total immunoglobulin content (comprising non-

specific and specific polyclonal antibodies) of human sera.
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Figure 4. MALDI-TOF MS spectra of Mtb Ag85 mAb from Thermo Fisher (a) and polyclonal antibodies from serum of
a BCG-vaccinated individual (b).

3.2. Mass spectrometric identification of epitope peptides

In a previous study of our group [12], the assessment of Ag85B glycosylation sites, the ex vivo
evaluation of neo-glycoproteins immunogenic activity and the prediction of protein B and T cell
epitopes by a combination of in silico systems suggested that the two main glycosylated sites (Lys30
and Lys282) are also antigenic. Thus, Ag85B variants at 30 and 282 residues were designed in order
to prevent the glycosylation in these positions and to preserve the immunogenicity of the

glycoconjugates (see Chapter 4 of the experimental part of the present PhD thesis, pp. 73-93).

To support the rational design of an effective vaccine against TB, the antibody epitope of Ag85B

antigen was determined using proteolytic extraction-MS.
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The use of clinical samples and in particular of sera for epitope determination is representative of the
overall human antibody set [4]. Therefore, antibodies from sera of patients with active TB, BCG-
vaccinated subjects and a healthy control were employed in this study. These samples consisted of
the total immunoglobulins from human sera, including both specific and non-specific antibodies for
Ag85B antigen. Anti-Ag85B specific antibodies are produced in patients and vaccinated subjects, but
are not present in healthy controls. These specific immunoglobulins represent a minority component
of the total antibody content, generally up to 5 % in patients with active TB infection. For this reason,
a key point during the set-up of the immaobilization procedure was to find a suitable binding chemistry
able to orient the antibodies with the variable regions exposed towards the mobile phase and to

maximize the specific interaction of the analyte.

In addition to clinical samples, a commercial monoclonal antibody against Ag85B was studied to
experimentally determine the binding areas of the same antigens to the mAb and assess whether it

might constitute a simplified model to study the interaction with recombinant proteins from Mtb.

After testing different immobilization chemistries (cyanogen bromide method using CNBr-activated
Sepharose 4B and amine coupling through EDC/NHS activation, data not shown), a POROS™
Protein A affinity column was selected. Protein A is naturally produced by Staphylococcus aureus
and specifically binds the heavy chain constant region (Fc) of 1gGs in the CH>-CHs portion, thus
allowing the interaction between the antibody variable region and its antigens.

For proteolytic extraction experiments, digestion of Ag85B protein with trypsin resulted in a poor
sequence coverage. This might be explained by the globular folded structure of the protein hindering
the enzyme to reach specific cleavage sites. For this reason, chymotryptic digests were used even if
the presence of redundant peptides, some of them containing missed cleavages, can render the data

interpretation more laborious.

The chymotryptic digests of Ag85B were incubated with the immobilized antibodies. After a washing
step to remove unbound peptides, the elution fractions were collected and analyzed by MALDI-TOF
MS to identify the peptides involved in the interaction. Table 3 include all peptides identified in the
elution fractions collected from each column (prepared with the commercial mAb or with antibodies
from individual serum samples). Interestingly, peptide maps from the same areas of the antigen
protein (in red in Figures 5 and 6) were found in the elution fractions from all the columns with
antibodies from mouse (commercial mAb), patients and vaccinated subjects. Areas in blue in Figures
5 and 6 represent recurring peptides, found in at least two elution fractions. The results showed that

the detected common peptides belong to the same side of the protein, suggesting the presence of an
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assembled epitope in this section. One important output of these data is that the commercial mAb

binds to the same regions of the protein, thus validating the model. As expected, the peptides were

not present in the elution from the healthy control column (three replicates). The specificity of binding

peptides for anti-Ag85B antibodies was also verified by performing the proteolytic extraction

experiment on the unmodified Protein A column (two replicates).

These findings suggest a common assembled epitope comprising different sequences recognized by

anti-Ag85B antibodies from different sources.

Table 3. List of the identified peptides in the elution fractions of Ag85B proteolytic mixtures loaded on affinity columns

with immobilized antibodies from mouse (commercial mAb), TB-patients and BCG-vaccinated people.

slice | Mis m/z 7 Sequence Cor?nr',l?l;(:ial Patlient Patzient Pat;ent Vaccilnated Vacciznated
[1-17] 1 [1849.9153|1 AMAISDPFSRPGLPVEY.I v
[9-17] 0 |1017.5364|1 f.SRPGLPVEY .| 4 4 4 v 4 v
[45-58] | 4 [1635.7762|1 y.LLDGLRAQDDYNGW.d v v v v
[46-58] | 3 [1522.6921]|1 I.LDGLRAQDDYNGW.d v v

[47-55] | 1 |1052.4643|1 |.DGLRAQDDY .n v 4

[47-58] | 2 [1409.6080] 1 |.DGLRAQDDYNGW.d v v v v
[50-58] | 1 |1124.4756|1 I.RAQDDYNGW.d v

[59-67] | 1 |1092.4997|1 W.DINTPAFEW.y v
[74-86] | 1 |1371.6613|1 I.SIVMPVGGQSSFY.s v
[103-107]) 1 | 710.3508 |1 y.KWETF.| v
[105-116]] 3 |1463.7417|1 W.ETFLTSELPQWL.s v
[133-150]) 2 |1909.8935|1| I.SMAGSSAMILAAYHPQQF.i v
[143-150]| 1 | 961.4526 |1 I.AAYHPQQF.i v
[196-207]) O |1438.7649|1 wW.ERNDPTQQIPKL.v v
[208-217]| 2 |1235.6531( 1 .VANNTRLWVY .c v
[215-226]| 2 |1352.5940( 1 I.WVYCGNGTPNEL.g v v
[216-226]] 1 |1166.5146]1 w.VYCGNGTPNEL.g v
[216-235]] 2 |2022.9226| 1 [w.VYCGNGTPNELGGANIPAEF.| v
[236-245]] 2 |1178.6164|1 f.LENFVRSSNL.k v v v
[237-245]] 1 |1065.5323|1 |.LENFVRSSNL.k v
[240-251]| 2 |1427.7278(1 fVRSSNLKFQDAY.n v
[246-261]| 2 |1709.8030|1| I.KFQDAYNAAGGHNAVF.n v v 4
[252-261]| 0 | 957.4537 |1 y.NAAGGHNAVF.n v v v 4
[262-271]| O |1156.5170( 1 fNFPPNGTHSW.e v v v v
[262-273]| 1 |1448.6230(1 f.NFPPNGTHSWEY.w v 4 4 4
[272-278]] 2 | 866.4043 |1 wW.EYWGAQL.n v
[272-289]| 4 [2010.9590| 1 |w.EYWGAQLNAMKGDLQSSL.g v
[279-292]] 2 |1348.6525|1 I.NAMKGDLQSSLGAG. v v v

107




10 11 20 21 30 31 40

1 41 50
AMAISDPFE [HERZYR{LOV PSPSMGRDIK VQFQSGGNNS PAVY[RENEGHE

51 60 61 70 71 80 81 90 91 100
Xl asteip] SEIFNGATYYQ SGLSIVMPVG GQSSFYSDWY SPACGKAGCQ
101 110 111 120 121 130 131 140 141 150

TYKWETFLTS ELPQWLSANR AVKPTGSAAI GLSMAGSSAM II/.V:94:i2e]0]

151 160 161 170 171 180 181 190 191 200

IYAGSLSALL DPSQGMGPSL IGLAMGDAGG YKAADMWGPS SDPAWERNDP

201 210 211 220 221 230 231 240 241 250
TQQIPKLVAN NTRLOPYEEN [EGINAIGGAN IPAEFIRANRY FEISIRIgen:
251 260 261 270 271 280 281 290 291

YWGAQLNAJMKGDLQSSLGJAG

Figure 5. Epitope identification from the elution fractions collected after incubation of chymotryptic digests of Ag85B
with immobilized antibodies from different sources. Amino acids underlined in red were identified in all the elution

fractions (except from those collected from the control columns), while areas in blue represent recurring peptides.

Figure 6. Areas of Ag85B protein interacting with commercial mAb (a), TB-patients polyclonal antibodies (b) and
vaccinated people polyclonal antibodies (c). Amino acids in red were identified in all the elution fractions collected from

the different affinity columns with immobilized antibodies, areas in blue in at least two elution fractions.

The repeatability of the epitope determination was assessed by duplicate experiments of the entire
epitope extraction procedure, starting from the immobilization of a new aliquot of antibodies from
the same source, for one patient (Patient 3) and one vaccinated individual (Vaccinated 2). The results
(Figure 7, Tables 4 and 5) show that the majority of identified protein areas are found in both
analyses, despite the use of different proteolytic mixtures and the preparation of different affinity

columns.

A further step was the confirmation that the conservative mutations introduced in Ag85B protein
(K30R and K282R) do not alter its antibody binding. To this aim, digestion mixtures of Ag85B
variants were used for epitope extraction. Antibodies from a vaccinated individual (Vaccinated 2)
were immobilized and a mixture of Ag85B-K30R and Ag85B-K282R chymotryptic digests was
incubated with the affinity column. In the elution, peptides including both unmodified (Lys) and

mutated (Arg) 282 residue were identified (Table 5). Also antibodies from Patient 3 were incubated
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with Ag85B-K282R chymotryptic digest (Table 4). Peptides comprising Arg282 were found in the
elution fraction, supporting the evidence that mutation of this residue do not prevent antigen-antibody

interactions.

1 10 11 20 21 30 31 40 41 50
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TYKWETFLTS ELPQWLSANR AVKPTGSAAI GLSMAGSSAM ILAAYHPQQF
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YNAAGGHNAV FNFPPNGTHS WEYWGAQLNA M*GDLQSSLG AG

1 10 11 20 21 30 31 40 41 50

b AMAISDPFSR PGLPVEYLQV PSPSMGRDI* VQFQSGGNNS PAVYLLDGLR

51 60 61 70 71 80 81 90 91 100
AODDYNGWDI NTPAFEWYYQ SGLSIVMPVG GQSSFYSDWY SPACGKAGCQ

101 110 111 120 121 130 131 140 141 150

TYKWETFLTS ELPQWLSANR AVKPTGSAAI GLSMAGSSAM ILAAYHPQOF
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IYAGSLSALL DPSQGMGPSL IGLAMGDAGG YKAADMWGPS SDPAWERNDP
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Figure 7. Identified sequences in the elution fractions from two analyses performed loading different Ag85B (or Ag85B

variants) digestion mixtures on affinity columns prepared immobilizing two different aliquots of antibodies from the same
patient (a) or vaccinated individual (b). Amino acids underlined in green were identified in both the elution fractions,
while areas in yellow only in one analysis. * indicates K or R residues, depending on the use of wild-type or mutant

Ag85B for the epitope extraction experiments.

Table 4. List of the peptides identified from the epitope determination of Ag85B and mutants peptide mixtures incubated

with antibodies from Patient 3 (two replicates). Peptides including R282 mutation are in orange.

Slice |Mis m/z z Sequence Replicate 1 | Replicate 2
[9-17] | o0 [1017.5364] 1 f SRPGLPVEY.| v v
[18-33] | 1 |1829.9691] 1 y.LQVPSPSMGRDIRVQF.q v
[45-58] | 4 |1635.7762] 1 y.LLDGLRAQDDYNGW.d v v
[236-245] | 2 [1178.6164] 1 f.LENFVRSSNL.k v
[237-245] | 1 |1065.5323] 1 I.LENFVRSSNL.k v
[246-261] | 2 [1709.8030] 1 |.KFQDAYNAAGGHNAVF.n v v
[262-271] | 0 |1156.5170] 1 f.NFPPNGTHSW.e v v
[262-274] | 2 |1634.7023] 1 f.NFPPNGTHSWEYW.g v
[274-289] | 3 |1746.8592] 1 y.WGAQLNAMRGDLQSSL.g v
[275-292] | 3 |1745.8599| 1 | w.GAQLNAMRGDLQSSLGAG. v
[279-292] | 2 |1376.6587] 1 I.NAMRGDLQSSLGAG. v
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Table 5. List of the peptides identified from the epitope determination of Ag85B and mutants peptide mixtures incubated
with antibodies from Vaccinated 2 (two replicates). Peptides including K282 are underlined in light blue, those with R282

mutation are in orange.

Slice  |Mis m/z z Sequence Replicate 1 | Replicate 2
[1-17] | 1 [1849.9153] 1 AMAISDPFSRPGLPVEY.| v
[9-17]1 | 0 [1017.5364] 1 f.SRPGLPVEY.I v v
[45-58] | 4 [1635.7762] 1 y.LLDGLRAQDDYNGW.d v v
[47-58] | 2 [1409.6080] 1 I.DGLRAQDDYNGW.d v

[59-67] | 1 [1092.4997] 1 w.DINTPAFEW.y v
[74-86] | 1 [1371.6613] 1 I.SIVMPVGGQSSFY.s v

[105-116] | 3 |1463.7417] 1 w.ETFLTSELPQWL.s v
[143-150] | 1 | 961.4526 | 1 . AAYHPQQF.i v v
[236-245] | 2 [1178.6164] 1 f.LENFVRSSNL .k v v
[246-261] | 2 |1709.8030( 1 |.KFQDAYNAAGGHNAVF.n v v
[252-261] | 0 | 957.4537 | 1 y.NAAGGHNAVF.n v v
[262-271] | 0 |1156.5170] 1 f NFPPNGTHSW.e v v
[262-273] | 1 |1448.6230( 1 f.NFPPNGTHSWEY.w v

[262-274] | 2 |1634.7023] 1 f.NFPPNGTHSWEYW.g v
[272-278] | 2 | 866.4043 | 1 w.EYWGAQL.n v

[274-289] | 3 |1746.8592| 1| y.WGAQLNAMRGDLQSSL.g v
[275-292] | 3 |1745.8599| 1 | w.GAQLNAMRGDLQSSLGAG. v
[279-292] | 2 |1376.6587| 1 I.NAMRGDLQSSLGAG. v v
[279-292] | 2 |1348.6525] 1 I.NAMKGDLQSSLGAG. v

A literature search was performed to compare our data with previously published results. Although
different T cell epitope determinations (reviewed in [21]) were carried out for Mtb Ag85B, few
experimental data on B cell epitopes are available for this antigen. To our knowledge, this is the first
report describing the extraction of epitope peptides from proteolytic mixtures of Ag85B incubated
with immobilized antibodies. All the examined works about the interactions between antibodies and
Ag85B peptides [11, 22-24] were carried out with synthetic peptides, either selected on the basis of
in silico predictions of B epitopes [11, 22] or synthesized to cover the entire Ag85B protein sequence
[23, 24]. An intriguing result from the literature search is that Kadir et al. [11] recently ascertained
the involvement of the T cell epitopes LiosTSELPQWLSANRAV 122, S133sMAGSSAMILAAYHP 147
and T2ssHSWEYWGAQLNAMK Qg (identified in [25]) also in the humoral response. The sequences
A113AYHP147 (part of the second epitope peptide in [11]) and T26sHSWEYWGAQLNAMK g, (third
epitope) were in agreement with the epitope determination in our present work. In [22], peptides
based on the sequences P14aVEYLQVPS2; and G2ssHNAVFN262 of Ag85 proteins were demonstrated
to be immunoreactive by ELISA. Both sequences (except for L1sQVPS22 amino acids) were identified
in all elution fractions examined in the present study. Some epitope regions in our work (Lss-Gs7 and
Wa1s-Lo2e) were also recognized by antibodies from TB patients in [23]. The peptide
P2ssNGTHSWEYWGAQ277, included in the areas of Ag85B protein found in our epitope
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determination, showed a significantly higher humoral response in TB patients than in healthy
individuals in a previous microarray experiment on human sera [24]. Finally, most epitope regions
identified in the present work were found in the latest B cell epitope predictions of Ag85B [26] and
AQ85A [27], a protein belonging to the same complex of Ag85B that shows high sequence homology

with this antigen (about 77% shared amino acids).
3.3. Determination of affinity binding constants

The validation of the simplified monoclonal model by the epitope determination prompted us to use
the commercial Mtb Ag85 antibody to assess the affinity binding constants of Ag85B, its variants and
its glycosylated forms by SPR analysis. The same study was not possible using antibodies from sera
due to the low content of anti-Ag85B specific antibodies in these samples, which did not allow to

appreciate any specific interaction (data not shown).

At first, the effect of protein glycosylation was evaluated. The use of a carboxymethyl dextran chip,
which provides a very stable and highly flexible surface favouring the easy coupling of biomolecules
and the accessibility of binding sites, was not suitable for the determination of glycoprotein
equilibrium dissociation constants (Kp). The glycosylated antigen showed a similar binding to the
channels with and without (reference) the immobilized antibody, suggesting the occurrence of non-
specific interactions between the carbohydrate moieties and the dextran surface. Therefore, a SAM-
coated chip was employed as an alternative immobilization support. The two supports gave
comparable maximal responses upon analyte binding (Rmax), 15.3 £ 2.5 pRIU for the dextran chip
and 18 + 3.6 pRIU for the SAM-coated chip (mean values of three independent determinations). The
response depends on the number of immobilized ligand molecules and on the size of ligand and
analyte (which were identical for the two chips), providing a measure of the maximum analyte
binding capacity of the surface. The obtained Rmax values suggest that the two surfaces gave similar
yields in terms of amount and proper orientation for the interaction of the immobilized antibodies.
An additional confirmation of the comparable antibody immobilization on the two chips was obtained
from the Ag85B Kp values, which were found to be consistent with each other (Table 6). The 1:1
binding model, indicating that one immobilized antibody binds one analyte from the injected solution,
was chosen to fit the obtained sensorgrams. The use of the SAM-coated chip allowed to define the
Kb for Ag85B glycosylated with ManMan-IME and AraMan-IME, resulting in a 3- or 9-fold decrease
of the binding affinity relative to the wild-type protein (Table 6). This finding is in agreement with

the hypothesis of the masking of some epitope amino acid residues by glycosylation.
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The two main Ag85B glycosylation sites (Lys30 and Lys282) were predicted to be involved in the
formation of various T cell epitopes [12], as demonstrated by experimental evidences [21, 25]. In
addition, we showed the interaction of Lys282 with monoclonal and polyclonal anti-Ag85B
antibodies. In order to provide a proof of principle of the mutagenesis approach to prevent the
glycosylation of antigenic amino acids, the affinity of single point variants (K30R and K282R) and a
double variant (K30R/K282R) of Ag85B protein was quantified. The measurements were performed
on both SPR chips, giving comparable results (Table 6). In summary, these data appear to support
the validity of the mutagenesis approach, since the introduced mutations do not considerably alter the

binding affinity while glycosylation reduces affinity compared to Ag85B wild-type protein.

The injection of a 0.2-6.4 UM dilution series of a negative control protein (myoglobin) confirmed the
specificity of the interaction of Ag85B, its mutants and its glycoconjugates with the immobilized
antibodies.

Table 6. Equilibrium dissociation constants (Kp) and estimated errors calculated for Ag85B protein, its variants (Ag85B-
K30R, Ag85B-K282R and Ag85B-K30R/K282R) and its glycosylated forms (Ag85B+ManMan and Ag85B+AraMan)
interacting with Mtb Ag85 mADb.

K, (uM) K, (M)
Sample
Dextran chip SAM-coated chip

Ag85B 0.64 £ 0.0091 0.98 £ 0.0580
Ag85B-K30R 1.55+0.1420 1.84 + 0.0045
Ag85B-K282R 1.17 + 0.0356 1.36 + 0.0108
Ag85B-K30R/K282R  not determined 1.04 + 0.0047
Ag85B+ManMan not determined 3.31+£0.0188
Ag85B+AraMan not determined 9.17 + 0.0162

4. Conclusions

In this work, the mass spectrometric epitope determination and SPR biosensor analysis allowed to
investigate the interactions between a known antigenic protein from Mtb (Ag85B) and antibodies
from different sources, both qualitatively and quantitatively.

It was possible to use human clinical samples to determine the Ag85B epitope. Noteworthy, it was

not necessary to isolate Ag85B-specific antibodies since a simple ammonium sulfate precipitation of
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the total immunoglobulin content of sera samples followed by antibody immobilization on a Protein

A column was sufficient to isolate epitope peptides from Ag85B digestion mixtures.

The identification of the same binding areas of the protein interacting with a commercial monoclonal
antibody and with antibodies from human sera allowed to validate the simplified monoclonal model,
confirming its applicability in SPR experiments. Therefore, an alternative screening method for the
immunological evaluation of antigenic proteins from Mtb has been developed. With this in vitro
approach, it was possible to study the effect of the introduction of conservative mutations (K30R and
K282R) in Ag85B protein.

Moreover, both the SPR and epitope identification results indicate that the introduced mutations do
not alter the binding properties of Ag85B, while glycosylation reduces the binding affinity due to the

masking of some epitope amino acids (like K282).

These findings provide a molecular basis for an improved rational design of a new potential

glycoconjugate vaccine against TB.
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Abstract

Purine nucleoside phosphorylase (PNP) from Mycobacterium tuberculosis is a promising target to
design effective agents against resistant and latent tuberculosis forms, representing a growing issue
for global health. The present paper describes the development of a new enzymatic assay towards
mycobacterial and human PNPs to discover selective inhibitors. Enzymatic reactions were conducted
in batch and activity was assessed monitoring the phosphorolysis of inosine to hypoxanthine by
hydrophilic interaction liquid chromatography. A small library of 6- and 8-substituted nucleosides
was screened and the inhibition potency of the most interesting compounds was quantified through

Ki and 1Cso determination. The selected inhibitors were also investigated by in vitro biological tests.

Abbreviations

6-ClIno: 6-chloroinosine Acv: Acyclovir

6-i-PrOxIno: 6-i-propoxyinosine dAdo: 2'-deoxyadenosine

8-BrIno: 8-bromoinosine DMSO: Dimethylsulfoxide
8-i-PrNHIno: 8-i-propylaminoinosine HILIC: Hydrophilic Interaction Liquid
8-NHIno: 8-aminoinosine Chromatography

8-NHMelno: 8-methylaminoinosine Hpx: Hypoxanthine
8-N,N-2MeNHIno: 8-N,N- HsPNP: Human Purine Nucleoside
dimethylaminoinosine Phosphorylase

ACN: Acetonitrile Ino: Inosine
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Mtb: Mycobacterium tuberculosis N,N-2MeA: N,N-dimethyladenosine
MtbPNP: Mycobacterium tuberculosis Purine PNP: Purine Nucleoside Phosphorylase
Nucleoside Phosphorylase TB: Tuberculosis

N-i-PrA: N-i-propyladenosine

1. Introduction

The outbreak of drug-resistant tuberculosis (TB) is a growing public health concern in several
countries, with multi, extensively and totally drug-resistant Mycobacterium tuberculosis (Mtb) strains
spreading worldwide [1-3]. The treatment success rates of these forms of TB are very low, especially
for extensively drug-resistant cases (28% in 2013) [1]. Therefore, new strategies and new molecular
targets to design effective agents against this infectious disease are needed.

Enzymes hold a leading position among the available drug targets, since they play a fundamental role
in all life processes, their activity is generally altered in pathological conditions and their peculiar
structure makes them “druggable” (they possess active sites particularly suited for high-affinity

binding of small molecules) [4, 5].

In Mtb, the purine salvage pathway appears to be an interesting source of enzyme targets for the
design of antitubercular drugs because it is involved in the synthesis of nucleic acids, essential for
life. Moreover, enzymes implicated in nucleotide metabolism usually differ from those of the human
host, thus favouring the development of selective inhibitors. Purine nucleoside phosphorylase (PNP)
attracts particular interest since evidences suggest the presence of differences in structure and
transition state between mycobacterial (MtbPNP) and human (HsPNP) enzymes. Both MtbPNP and
HsPNP are homotrimeric enzymes that catalyze the reversible cleavage of the glycosidic bond of
purine (deoxy)ribonucleosides in presence of inorganic phosphate as a second substrate to generate
the nucleobase and a-D-(deoxy)ribose-1-phosphate. However, from the comparison of the two three-
dimensional structures, Tyr188 emerged as the only residue involved in the binding with the ligand
not conserved in human (in which Phe200 takes its place). In addition, Phe153 in MtbPNP seems to
interact with the 5' of the substrate sugar group, while the corresponding Phe159 in human behaves
like a lid for the binding site of the adjacent subunit [6-10].

The rational design of enzyme inhibitors usually starts from a screening (through radiometric,
spectrophotometric or chromatographic assays) of chemical libraries consisting of potential drug

candidates. An activity assay specific for the target enzyme is developed to initially compare the
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inhibition percentage induced by different compounds, using a fixed concentration of enzyme,
substrate and tested inhibitor. After this screening step, ICso (inhibitor concentration that reduces the
enzymatic activity to 50%) and K; (enzyme-inhibitor dissociation constant) are determined for the
most interesting molecules in order to quantify the inhibitor potency and the affinity for its target.

The activity assay in this case is performed in presence of increasing amounts of inhibitors [4, 6].

In this work, a new enzymatic assay towards mycobacterial and human PNPs was developed to
identify new selective inhibitors as potential antitubercular lead-candidates. Enzymatic reactions
were conducted in batch and activity was determined by monitoring the phosphorolysis of inosine
(Ino, substrate) to hypoxanthine (Hpx, product). To this aim, a new hydrophilic interaction liquid
chromatography (HILIC)-UV method was developed. The activity assay allowed to characterize the
kinetics of both PNPs, to screen ten purine analogues as potential inhibitors and to quantitatively
assess the inhibitory activity of two nucleosides of interest. The two compounds were also tested in

vitro on Mtb cultures to confirm data obtained using the isolated target.

2. Materials and methods
2.1. Reagents and chemicals

Inosine (Ino), Acyclovir (Acv, internal standard of Ino) and 2'-deoxyadenosine (dAdo, internal
standard of Hpx) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hypoxanthine (Hpx)
was from Alfa Aesar (Haverhill, MA, USA).

8-methylaminoinosine (8-NHMelno), 6-chloroinosine (6-Clino), 8-bromoinosine (8-Brino), 8-
aminoinosine (8-NHIno), N,N-dimethyladenosine (N,N-2MeA), 8-N,N-dimethylaminoinosine (8-
N,N-2MeNHIno), 8-i-propylaminoinosine (8-i-PrNHIno), N-i-propyladenosine (N-i-PrA) and 6-i-
propoxyinosine (6-i-PrOxIno) were synthesized and kindly provided by Prof. Giovanna Speranza

(Department of Chemistry, University of Milan) [6].

The two recombinant enzymes HsSPNP and MtbPNP were produced in the Fluminense Federal
University (Department of Organic Chemistry). HSPNP activity was 0.57 1U/mg (stock solution: 0.4
mg/mL), while MtbPNP activity was 0.10 1U/mg (stock solution: 1.5 mg/mL), as previously described

[6].

Water was obtained from a Milli-Q® Integral system (Merck KGaA, Darmstadt, Germany).
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Acetonitrile (ACN) HPLC grade, ammonium phosphate monobasic (>99%) and ammonium formate
(>99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA), while dimethylsulfoxide
(DMSO) was from Carlo Erba Reagents (Cornaredo, Italy).

2.2. Instrumentation and chromatographic conditions

Chromatographic analyses were performed on an Agilent HPLC series 1100 system (Santa Clara,
CA, USA), equipped with mobile-phase online degasser, quaternary pump, autosampler, column
thermostated compartment and diode array detector. For data acquisition and analysis, the HP
ChemStation for LC software version Rev. A.06.03 [509] was used.

A TSKgel Amide-80 (3 pm, 80 A, 2 x 150 mm) column from Tosoh Bioscience (Montgomeryville,
PA, USA) was employed. The mobile phase was composed of a mixture of ACN and 15 mM
ammonium formate 92/8 (v/v), pH 7.0. Chromatographic conditions consisted of an isocratic elution
for 17 min, a temperature of 25 °C, an injection volume of 10 uL and a constant flow rate of 300

uL/min. In all experiments, compounds were detected at 254 nm.

The linearity of the method was assessed for Ino and Hpx in the concentration range 0.5-50 uM. Eight
concentration levels were considered and three independent determinations were performed for each
point. A fixed amount (5 uM) of the internal standards dAdo and Acv was added to each sample.
Calibration curves were obtained by the least squares method plotting Hpx/dAdo and Ino/Acv peak

area ratios (y-axis) against Hpx and Ino concentrations (x-axis), respectively.
2.3. Sample preparation

For the calibration curve determination, stock solutions of 10 mM Ino (in water), Hpx, dAdo and Acv
(in DMSO) were prepared. Working solutions (0.025 mM, 0.25 mM and 1 mM for Ino and Hpx, 0.25
mM for dAdo and Acv) were obtained by dilution of the stock solutions in water. The working
solutions of compounds and internal standards were then combined and made up to a 500 pL final

volume with ACN in order to reach the required concentrations.

For the enzymatic assay, 10 mM Ino (in water) and inhibitor (in DMSO) stock solutions were diluted
to different concentrations with 10 mM ammonium phosphate, pH 7.5 to reach a volume of 480 pL.
The addition of 20 uL of enzyme solutions, prepared by diluting 1:100 the HSPNP and MtbPNP stock

solutions (see paragraph 2.1), allowed to obtain the final volume (500 uL) for the reaction.
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2.4. Enzymatic activity assay

The procedure followed for the enzymatic assays was adapted to the available laboratory equipment

starting from the one described by Cattaneo and colleagues [6].

Briefly, microcentrifuge tubes containing 480 pL solutions of Ino and phosphate buffer for the kinetic
assay or Ino, phosphate buffer and inhibitor for the inhibition assay, were conditioned for 5 min at 37
°C under continuous stirring. After, 20 UL enzyme solutions (see paragraph 2.3) were added to each
tube (0.08 ug enzyme/microcentrifuge tube for HsPNP, 0.3 pug enzyme/microcentrifuge tube for
MtbPNP).

The reaction was run for 5 min at 37 °C under continuous stirring and subsequently stopped by
pipetting 25 pL of the reaction mixture in a new microcentrifuge tube containing 475 uL ACN and
the internal standards (1.05 uM of dAdo and Acv).

The obtained solutions were mixed by pipetting 150 pL up and down for three times and the

inactivated enzyme was precipitated by centrifugation (5000 rpm for 10 min).
Finally, the supernatant was analyzed by HILIC-UV.
2.4.1. Kinetic studies

Ino kinetic constants were defined by performing the enzymatic assay in presence of increasing Ino
concentrations (seven concentrations in the range 0.01-1 mM, mean of three replicates) and a fixed

amount of P; (10 mM ammonium phosphate, pH 7.5).

To calculate reaction rates for HSPNP and MtbPNP, umol of produced Hpx were derived taking into

account the Hpx/dAdo calibration line and were divided by the reaction time (5 min).

The Michaelis-Menten trend was obtained by plotting the rate of the enzymatic reaction, expressed
as umol of produced Hpx/min, against the substrate (Ino) concentration expressed as mM. The kinetic
parameters Vmax (maximal reaction rate, expressed as umol/min), Km (Michaelis-Menten constant,
expressed as mM) and Kca (turnover number, expressed as 1/sec) were calculated by Prism® software
(GraphPad Software, San Diego, CA, USA) using a non-linear regression curve fitting. To define
Vmax and Kw, the Michaelis-Menten model Y = Vmax*X/(Km+X) was chosen. The enzyme kinetics
equation Y = Er*Keat™* X/(Km + X) was used to determine Keat. The term E: represents the concentration
of enzyme catalytic sites and it was calculated considering that both HsSPNP (MW = 96354 Da) and
MtbPNP (MW = 82716 Da) are homotrimeric.
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2.4.2. Inhibition studies

The enzymatic assay was applied to the screening of ten nucleoside analogues (Acv, 8-NHMelno, 6-
ClIno, 8-Brlno, 8-NHIno, N,N-2MeA, 8-N,N-2MeNHIno, 8-i-PrNHIno, N-i-PrA and 6-i-PrOxIno)
as potential PNP inhibitors. The assay was carried out using a high inhibitor concentration (0.5 mM)
and fixed concentrations of Ino (close to the Km level: 0.1 mM for HsPNP, 0.075 mM for MtbPNP)
and P; (10 mM ammonium phosphate, pH 7.5). MtbPNP and HsSPNP residual activities (%) were
calculated comparing the produced Hpx in presence of each inhibitor to the reaction carried out in the
same conditions, but in absence of inhibitor (100% residual activity). Each resulting percentage is the

mean of three replicates.

Inhibition constants (K;) were assessed in the same conditions of the screening assay, except for the
amount of inhibitors. Five concentrations of each inhibitor (0.01-1 mM, three replicates) were
incubated with the two PNPs and reactions without inhibitor were carried out in parallel. Residual
activities (%) of HsPNP and MtbPNP were calculated considering the Hpx/dAdo calibration line, the
dilution factor and the assay volume (500 uL) and were plotted against the inhibitor concentration
(M) in a logarithmic scale. Kj and 1Cso (inhibitor concentration that gives 50% of the maximal
response) parameters were calculated by Prism® software (GraphPad Software, San Diego, CA, USA)

according to the One site - Fit K (1) and One site - Fit LoglCso (2) equations, respectively:

(1) LogICso = Log(10”LogKi-(1+[Ino]/ InoKwm))
(2) Y = (Top-Bottom)/(1+10~(X-LoglCsp)) + Bottom

where Kj and ICso are expressed in M, [Ino] is the constant concentration of substrate (M), InoKw is
the Michaelis-Menten constant of the substrate (M), top and bottom represent the plateaus reached

on the y-axis (%).
2.5. In vitro biological evaluation

The in vitro biological evaluation of the inhibitory activity was performed in 96-well U-bottom
polystyrene microplates. Isoniazid (control drug) and solutions of the compounds were prepared at 5
mg/mL concentration in neat DMSO. Solutions were diluted in Middlebrook 7H9 medium containing
10% ADC (albumin, dextrose and catalase) to a concentration of 100 pug/mL. Growth controls

containing no antibiotic and sterility controls without inoculation were included.

The inhibitory activity was determined for Mtb H37Rv strain, which was grown in Middlebrook 7H9
containing 10% OADC (oleic acid, albumin, dextrose and catalase) and 0.05% Tween® 80. Cells

were vortexed with sterile glass beads (4 mm) for 5 min to disrupt clamps and allowed to settle for
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20 min. The supernatant was measured spectrophotometrically at a wavelength of 600 nm. The Mtb
suspension was aliquoted and stored at -20 °C. Each suspension was appropriately diluted in
Middlebrook 7H9 broth containing 10% ADC to achieve an optical density of 0.006 at 600 nm and
100 pL were added to each well of the plate except for sterility controls. A final concentration of
2.5% DMSO was maintained in each well. The plates were covered, sealed with parafilm, and
incubated at 37 °C. After 7 days of incubation, 60 uL of 0.01% resazurin solution were added to each
well and incubated for additional 48 hours at 37 °C [11]. A change in color from blue to pink indicates
the growth of bacteria, therefore the inhibitory activity was evaluated by the prevention of the color
change. Three tests were carried out independently and inhibitory values reported were observed in

at least two assays.

3. Results and discussion
3.1. HILIC-UV method development

A new HILIC-UV method was developed to monitor the phosphorolysis of Ino to Hpx and
consequently HsPNP and MtbPNP activity under different conditions.

The chromatographic conditions that allowed to properly separate and quantify Ino, Hpx and their
internal standards (Acv and dAdo, respectively) required the use of a carbamoyl TSKgel Amide-80
column and a mobile phase composed of 92/8 (v/v) ACN/15 mM ammonium formate buffer, pH 7.0,
as described in paragraph 2.2. Figure 1 shows the chromatographic trace obtained applying the

developed method.

The linearity of the HILIC method was established for both the enzymatic substrate (Ino) and product
(Hpx) in the concentration range 0.5-50 puM. Calibration curves of y=0.1192x+0.0601 (R?=0.9987)
and y=0.1225x+0.0379 (R2 = 0.9984) were obtained for Ino/Acv and Hpx/dAdo, respectively.
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Figure 1. Representative chromatogram of Ino, Hpx and their internal standards (I1S) obtained applying the conditions

described in paragraph 2.2.
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3.2. Enzymatic activity assay

Kinetic and inhibition enzymatic assays were performed following the same procedure, as described

in paragraph 2.4.

The time for enzymatic reactions was fixed at 5 minutes, after which the enzyme was inactivated by
dilution of the reaction mixture in ACN containing internal standards.

Before the quantification of the produced Hpx by HILIC-UV, the denatured enzyme was separated
from the supernatant through centrifugation.

3.2.1. Kinetic studies

Before the investigation of potential enzyme inhibitors, it is necessary to characterize the target
enzyme by defining its activity in absence of inhibitor. Usually, enzymatic activity assays quantify
the product formation or the substrate consumption over time to define reaction rate [4]. The Kinetic
properties of the majority of enzymes can be described by the Michaelis-Menten equation:
o = Vonax [5]

Km + [S]
where v is the reaction rate, Vmax is the maximum reaction rate, [S] represents the concentration of
the enzymatic substrate and Km or Michaelis-Menten constant is the substrate concentration that
allows to reach half of the Vmax. Another important kinetic parameter to assess enzyme activity is the
turnover number Kca, which expresses the number of substrate molecules converted into product per

catalytic site per unit of time and is given by the ratio between enzyme concentration and Vmax [4].

To investigate HsSPNP and MtbPNP activities, the two enzymes were incubated with increasing
amounts of Ino (0.01-1 mM, three replicates for each concentration). Since the reaction catalyzed by
PNPs requires the presence of inorganic phosphate as a second substrate, the assay was performed in
10 mM ammonium phosphate buffer, pH 7.5, used as a source of P; in saturating concentration.

The resulting kinetic constants are reported in Table 1, while Michaelis-Menten kinetics of the two
enzymes are shown in Figure 2. The obtained values are consistent and of the same order of

magnitude compared to those reported by Cattaneo et al. [6].

Table 1. Kinetic parameters calculated for HSPNP and MtbPNP using Ino as a substrate.

Enzyme Km (mM) Vmax (LmMol/min) Keat (1/sec)
HsPNP 0.1267 £ 0.0213 0.0078 £ 0.0004 52.52 + 3.00
MtbPNP 0.0752 £ 0.0129 0.0072 + 0.0004 11.01 £ 0.56
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Figure 2. Kinetic profiles of HSPNP (a) and MtbPNP (b) obtained incubating the enzymes with increasing concentrations

of Ino. Each point is the mean of three replicates, with error bars indicating + standard deviation.

3.2.2. Inhibition studies

Following the results obtained in a previous work of our research group [6], some 6- and 8-substituted

nucleosides (Figure 3) were selected and tested as potential PNP inhibitors.
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Figure 3. Structures of the nucleoside analogues tested as potential inhibitors of PNP enzymes.

The inhibition induced by the different potential lead-candidates was initially determined by
performing a screening assay. Thus, the developed enzymatic activity assay was carried out at fixed
concentrations of the two substrates (close to the Km for Ino, saturating for Pi) and of the tested
compounds (0.5 mM).

Since the aim of the present study is the identification of selective inhibitors towards MtbPNP as a
starting point to develop new antimycobacterial drugs, the screening assay was carried out in parallel
on human and mycobacterial enzymes. The activity of the two enzymes was calculated in presence
and in absence of each compound and inhibition percentages (expressed as enzyme residual activity)
were compared.
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The majority of the tested nucleosides did not show any selectivity for the PNP from Mtb (Figure 4),
giving comparable residual activities of the two enzymes (6-Clino, 8-Brino, 8-i-PrNHIno, 6-i-
PrOxIno) or showing selectivity for HSPNP (Acv, 8-NHMelno, 8-NHIno, N,N-2MeA, 8-N,N-
2MeNHIno). The only compound that appeared to have a selective inhibitory activity for
mycobacterial PNP was N-i-PrA, resulting in a residual activity of 73.40 + 1.86% for MtbPNP and
84.11 £ 2.67% for HSPNP (mean of three independent determinations). N-i-PrA was therefore
selected for further investigations on inhibitor potency and affinity for its target through K; and ICso
determination. 8-NHIno was also considered a valuable candidate for additional studies since it

exhibited a very high inhibitory activity, with 43.18 + 2.09% MtbPNP and 29.26 + 1.75% HsPNP
100%

residual activities.
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Figure 4. Residual activities of HSPNP and MtbPNP after incubation with 0.5 mM of each potential inhibitor (a residual
activity of 100% corresponds to the produced Hpx in absence of the tested compound). Results derive from the mean of
three independent determinations, with standard deviation indicated by error bars. Nucleosides selected for further

investigations (Ki and ICso determination) are identified by * symbol.

Ki measures the enzyme-inhibitor dissociation constant, while 1Cso expresses the inhibitor
concentration required to obtain a 50% reduction in enzyme activity. Both K;j and ICso quantify
inhibitor potency, but usually K is preferred because, unlike ICsg, it is independent of substrate

identity and concentration [4].

For Kj and ICso determination, the activity assay was performed in the same conditions used for the

kinetic and screening assays, but with increasing inhibitor concentrations (0.01-1 mM, three
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replicates). Residual activities of the two PNPs were calculated by comparing the results obtained in
presence and in absence of each nucleoside. The two inhibition parameters were calculated by fitting
the curve of inhibitor concentrations (Log(M)) versus residual activities (%) through Prism® software

(paragraph 2.4.2).

Data (Table 2) confirmed the information deduced by the screening assay and provided a quantitative
assessment of the inhibitory activity of 8-aminoinosine and N-i-propyladenosine. The first inhibitor
showed a high potency, with K; and ICsg in the micromolar range. Investigations on N-i-PrA proved
its selectivity towards MtbPNP. Even if this nucleoside showed a low inhibitor potency, giving values
in the millimolar range for MtbPNP, a significant difference in the activity towards the two enzymes
was observed. In fact, its effectiveness in the inhibition of the human enzyme was so low in the
studied range that it was not possible to calculate Ki and ICsg. In addition, the highest tested
concentration (1 mM) caused a reduction of enzymatic activities to 50.66 + 0.89% and 67.22 + 0.95%

for mycobacterial and human PNPs, respectively.

Table 2. Inhibition results towards HsPNP and MtbPNP. * it was not possible to calculate the value of the parameter due

to the low potency of the compound in the studied range.

Inhibitor Enzyme Ki (mM) Log(K;) Log(M) 1Cs0 (MM) Log(ICso) Log(M)
HsPNP 0.0481 -4.32 + 0.0539 0.0860 -4.06 + 0.0539

S-NHno MtbPNP 0.1319 -3.88 + 0.0687 0.2635 -3.58 + 0.0687

NiLPIA HsPNP not determined* not determined* not determined* not determined*
MtbPNP 2.40 -2.62 +0.1693 4.79 -2.32 £ 0.1693

3.3. In vitro biological evaluation

Since 8-NHIno and N-i-PrA showed promising results on the inhibition of isolated MtbPNP and
HsPNP, the biological activity of the two nucleosides was evaluated by in vitro assays on

mycobacterial cultures.

Compounds were incubated with cultures of the most common strain of Mtb (H37Rv) for 7 days. The
assays were carried out in triplicate and no significant inhibitory activity was observed in two non-

consecutive days.

This negative result can be ascribed to the abundance of lipids in Mtbh cell wall hindering the
permeation of hydrophilic molecules. The difficult passage of the hydrophilic nucleosides prevents
their interaction with the target, resulting in the survival of the bacillus. Drug delivery systems should

be considered to allow the compounds to reach their target in vitro and in vivo.
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4. Conclusions

An enzymatic activity assay towards Mtb and human purine nucleoside phosphorylases was
developed and successfully applied to the screening of ten purine analogues as potential enzyme
inhibitors, after a kinetic characterization of the two PNPs.

The aim of the work was the identification of molecules with a selective inhibitory activity towards
MtbPNP as powerful and innovative antitubercular lead-candidates. Only N-i-propyladenosine
showed the desired selectivity and was therefore selected for a quantitative assessment of its
inhibition potency. The developed enzymatic activity assay proved its suitability in the determination
of inhibitor Kj and ICsp, confirming the observed selectivity. Further investigations were also carried
out on 8-aminoinosine, which induced a strong reduction in the activity of both the tested PNPs.

The two nucleosides were subsequently tested by in vitro assays on mycobacterial cultures to confirm
data obtained using the isolated target, but no significant reduction on cell viability was observed.
This result was correlated to the lipophilicity of Mtb cell wall hampering the passage of the
nucleosides and their interaction with the target enzyme. The use of suitable drug delivery systems
might be useful to obtain the desired effect.

Molecular modelling studies were recently planned in order to understand on a molecular basis the

selectivity and activity shown by the two candidates.
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Abstract Biopharmaceutical drugs are large, complex
protein molecules derived from living cells. The charac-
terization of the protein-based products is a complicated
and challenging task necessary to guarantee their efficacy
and safety. A major concern in manufacturing protein bio-
pharmaceuticals is their propensity to form aggregates. The
separation of proteins by size-exclusion chromatography
(SEC) is a well-established method for the characteriza-
tion of macromolecules and their aggregates. The demand
for increased resolution and faster analysis in SEC has led
to the development of small, more rigid fully porous parti-
cles and superficially porous particles with different pore
sizes. The coupling of SEC with three or four detectors has
enhanced protein characterization by generating accurate
molecular weights (absolute determination) and by giving
insight into the degradation pathways and products associ-
ated with aggregation. The intent of this review is to report
the continuous developments of SEC stationary phases and
their applications on the characterization of intact proteins,
their variants or aggregates and protein complexes. Thus, the
most recent applications of SEC with the focus on proteins
and protein aggregates are reported and discussed.
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Introduction

Pharmaceutical products obtained by biotechnological
approaches constitute a wide group of drugs (monoclonal
antibodies, vaccines, enzymes, cytokines etc.), endowed with
high specificity and potency, used to treat important diseases
such as cancer, inflammation, immune disorders, infections
and cardiovascular diseases [1, 2]. In the last three decades the
development of key technologies enabled recombinant DNA
protein production to progress rapidly, leading to a drastic
change in the progress of proteins as therapeutic agents. How-
ever, the large-scale production of protein-based drugs is a
complex and demanding activity that includes inoculation
expression (molecular biology), product fermentation (cell
culture development), product recovery from cell culture and
purification. During every step, the process control is cru-
cial since even small changes can alter the native proteins
structure. In addition, different environmental factors such as
temperature, pH, salt type, salt concentration and mechanical
stresses (filtration, agitation etc.) during the manufacturing
process may trigger protein degradation and inactivation [3].

After the protein production, other steps such as formula-
tion, packaging, shipping and storage may lead to various
degradation processes and structure modifications in the
lifecycle, possibly decreasing the potency of the protein-
based drugs [4].

Protein degradation pathways can be divided in: (1)
chemical modifications of protein, that include oxidation,
deamidation, reduction, hydrolysis; and (2) physical modi-
fications that involve unfolding, dissociation, denaturation,
aggregation, and precipitation. In some cases, the two pro-
cesses are synergistic and a chemical event may trigger a
physical event [5, 6].

Biopharmaceutical drugs should be characterized at dif-
ferent levels, ranging from primary structure (i.e. amino
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acid sequence and post-translational modification (PTM))
to conformation (secondary and tertiary structure) to cor-
rect assembly of multi-unit proteins (quaternary structure)
in order to guarantee their efficacy and safety.

The characterization of the protein-based products is a
complicated and challenging activity, due to the large size
and complex structure of proteins, often characterized by
micro heterogeneities commonly observed even in highly
purified protein fractions [7-9].

A variety of established analytical techniques that can
be successfully applied to the complete characterization of
a given protein are already available [9—11]: (1) amino acid
analysis or UV absorbance can be used for the quantita-
tive determination of the protein concentration; (2) spec-
troscopic methods (X-ray, NMR, Circular Dichroism) are
used to assess protein secondary and tertiary structure; (3)
mass spectrometry is suitable for measuring the molecular
weight of intact proteins by the “top down” approach, while
the “bottom up” approach elucidates the protein sequence
using N- and C-terminal sequencing [12, 13]. In addition,
different liquid chromatographic methods (reversed phase
(RP), size exclusion (SEC), ion exchange (IEC), hydrophilic-
interaction chromatography (HILIC), hydrophobic interac-
tion chromatography (HIC) etc. in 1 or 2 dimension systems)
[14-16] and electrophoresis (gel-electrophoresis, capillary
electrophoresis) coupled to different detection techniques
(DAD, MS, Light scattering) may support a more detailed
analysis of biopharmaceuticals as well as of product related
impurities/degradants [17].

Among the different chromatographic techniques, size
exclusion chromatography (SEC) can be considered the
method of choice for characterizing proteins on the bases
of molecular weight and/or molecular weight distribution
[18, 19]. SEC is a non-destructive separation technique that
can separate and quantify protein mixtures, and is therefore
valuable for the quality control in recombinant protein pro-
duction (i.e. to guide cell-line selection) and to direct the
development of the purification process for biopharmaceu-
ticals. SEC can also be used for the routine monitoring of
aggregates in biopharmaceuticals as part of the manufactur-
ing process development.

Indeed, one of the most common problem connected with
physical modifications of protein-based biopharmaceuticals
is the change in protein higher order structure leading to
permanent (or transient) partial unfolding or to aggregation.
In the last years a lot of attention has been paid to protein
aggregation as it can affect protein activity and solubility,
or even cause undesired immune reactions [20, 21]. Thus,
it is possible to state that for therapeutic proteins aggrega-
tion is an important concern and there is a considerable
interest for the monitoring of protein aggregation in term
of its detection and characterization [22]. Aggregates have
been defined as reversible/irreversible, soluble/insoluble,

@ Springer

covalent/non-covalent, small/large self-associated species
ranging in size from nanometers to hundreds of microm-
eters [23].

Regulatory guidelines consider aggregates as process or
product related impurities and clearly state that aggregates
must be resolved from the desired product and quantified.
Considering the increasing popularity of biopharmaceutical
drugs, there is a need of analytical methods for the charac-
terization of proteins aggregation during the long, complex
and costly development process.

Structural characterization of protein aggregates can be
challenging due to the broad aggregate size ranges, their dif-
ferent physico-chemical properties and lifetime. In addition,
during sample preparation and/or analysis it is possible to
destroy or even create some aggregates.

A number of complementary and orthogonal techniques
can be used for the profiling of protein aggregation (SDS-
PAGE, capillary electrophoresis, light scattering based
methods, analytical ultracentrifugation, flow-field-flow frac-
tionation, high performance size exclusion chromatography)
[24-27]. SEC is the favoured method for routine and vali-
dated analysis of aggregates. The separation of aggregates
with SEC can be performed in non-denaturing elution con-
ditions and the method provide sensitive, reproducible and
fast information on presence of aggregates. However, SEC
requires careful method development to ensure accuracy of
aggregate forms present in a sample due to filtration or non-
specific binding of the high molecular weight species by
the column. Pros and Cons of SEC are reported in Table 1.

This review is not aimed at providing a comprehensive
literature review in the area of SEC, as recent exhaustive
reviews have been published in the last years [19, 28, 29]
and the readers are encouraged to consult the references
especially for going into the details on the theory of SEC.
This review paper focuses on the new developments in the
area of SEC stationary phases and on the more used and new
detectors. The recent applications of SEC (covering the last
3 years) in the analysis of proteins and protein aggregates
are also reported to give to the reader an updated overview
on innovative approaches in the field of biopharmaceutical.

Size Exclusion Mechanism

Size exclusion chromatography separates molecules accord-
ing to their physical size in solution (hydrodynamic radius)
by interacting with a porous structure.

The elution order typically follows molecular weight
and molecules with the highest molecular weight elute first
because they are excluded from the pores. Smaller mole-
cules, which are able to access pores within the resin parti-
cles, permeate a larger accessible volume within the column
and are eluted later. Since protein aggregates are much larger
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Table 1 Pros and cons of SEC

Pros of SEC

Cons of SEC

Simplicity of the physical separation mechanism
(molecular size and shape)

Easy to use to validate
High speed and precision in separation

Stationary phase can act as a filter

Limited dynamic range
Nonspecific interactions of the biopharmaceutical and its aggregates with the chroma-

tographic material, column hardware, especially the column frits

Good variety of column from different manufacturers

Low levels of aggregation can be measured with very
small amounts of material

Inaccuracy due to alteration of size distribution, in particular for reversible aggregates

Few columns type for separating aggregates larger than a few MDa
Complex MS-coupling

(2x larger or more) than the native protein, they are expected
to elute earlier.

To achieve sufficient differentiation in residence time in
the column, the SEC media must be porous and have a high
pore volume. Unlike other modes of chromatography, SEC
relies on the absence of any interaction between the analyte
and the stationary phase packed in the column thus separa-
tion can be achieved in isocratic conditions.

A complete guide to the theories, methods with detailed
descriptions of techniques, and applications of size-exclu-
sion chromatography can be found in the second Edition of
Modern Size-Exclusion Chromatography [30, 31].

SEC is an ideal solution for separating and analysing
intact proteins from contaminants that can include aggre-
gates, excipients, cell debris, and other impurities arising
from degradation with minimal sample preparation. In
addition, SEC can be used for the estimation of molecular
mass using calibration standards or absolute methods (light
scattering) or for sample clean up. We are not discussing
the development of SEC method (mobile phase selection,
flow-rate, temperature, calibration methods etc.), instead
we will briefly describe the technological evolution of SEC
stationary phases together with some new advances on
instrumentation.

SEC Stationary Phases

The first material used for the separation of proteins and
peptides was starch; the low mechanical strength and the
poorly defined structure of this material lead to the prepa-
ration of new supports based on cross-linked dextran gels
commercialized with the brand name Sephadex (Pharmacia)
or polyacrylamide gels (Bio-Rad) with controlled poros-
ity. However, these supports were limited in mechanical
performance. In the same years, Moore at Dow Chemical
Co., developed the synthesis of rigid cross-linked polysty-
rene—divinylbenzene (PS-DVB) gel to be used as column
packing (Styragel).

Developments in modern high performance SEC rely
on small, more rigid porous particle that can be divided
in organic (polymeric) or inorganic (silica with or without
surface modification) materials. A complete list of the com-
mercialized SEC stationary phases has been reported by
Saunders and Barth together with a systematic and exhaus-
tive discussion of the state of the art of SEC columns [32].

The SEC column can be optimized in terms of surface
chemistry (non-specific adsorption), specific resolution
(pore size and volume), efficiency (particle size) and col-
umn stability (mechanical, chemical and thermal). A sum-
mary of the most important characteristics of SEC stationary
and mobile phases for better separations is given in Table 2.
Users can consider these properties for special applications
such as proteins and aggregates analysis.

In general, silica material has the advantage of being
rigid, which is beneficial for high pressure separation and
it can be used with a much wider variety of mobile phases
than polymer-based stationary phases. An important aspect
to be considered is the surface chemistry of SEC materials:
an ideal support should be inert in order to obtain minimal
adsorption of proteins and protein aggregates leading to
more accurate quantitation of molecular weights. In addi-
tion, for higher molecular weight analytes, stationary phases
with higher pore size and greater pore volume can provide
improved separations, thus, useful when dealing with mul-
timeric protein aggregates or conjugated proteins.

The most common stationary phases consist of silica with
chemically bonded 1,2-propanediol functional groups. This
hydrophilic stationary phase, where the acidic silanol groups
are derivatized, is neutral and it is a good choice for the
separation of biopolymers and synthetic water-soluble poly-
mers. At present diol phase is the most used silica-surface
for SEC of proteins and their aggregates. These materials
minimize any secondary interaction between the stationary
phase and the protein analytes, thus leading to separation
based primarily on the ability of the proteins to permeate
the porous silica particle.

However, 1,2-propanediol phase is not a good choice
for basic polymers since it will ion exchange onto residual
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Table 2 Parameters of

. . Property
SEC stationary and mobile

Effect

phases and their effect on the

Chemical composition of packing
chromatographic performances

Particle size and shape

Particle mechanical rigidity
Pore size and volume

Interstitial volume

Column length and i.d. (not discussed)

Flow rate
Injected sample concentration

Mobile phase ionic strength and pH

Reduced non-specific adsorption
Improved MW accuracy

Improved efficiency and resolution
Reduced analysis time

Increased shear-degradation of samples
Increased formation of aggregates

Improved resistance at high pressures
Improved suitability for various mobile phases

Improved efficiency, resolution, MW separation range
Reduced analysis time

Improved exclusion limits
Improved resolution
Reduced shear-degradation of samples

Reduced non-specific adsorption

acidic silanol groups or even diol-modified silica. Differ-
ently, anionic polymers will be excluded from negatively
charged pores. The mobile phase parameters such as ionic
strength and pH can influence the adsorption of the pro-
teins to the stationary phase. Working at pH values near
the isoelectric point (pI) of the protein can minimise the
adsorption as well as the use of a significant amount of
electrolyte added to the mobile phase.

Silica is also a useful packing material for the analysis
of nonionic polymers with organic mobile phases (polar
or nonpolar), also for high-temperature applications. On
the contrary silica is not recommended for aqueous mobile
phases because of the solubility of silica in aqueous buff-
ers, especially at elevated temperatures. Furthermore,
silica packings can undergoes hydrolysis.

The newest type of silica-related packing is an ethyl-
ene-bridged hybrid inorganic—organic (BEH) support
commercialized by Waters Co. [33]. This packing is a
mixed composition of silica and organosiloxanes which
form poly-ethoxyoligosilane polymers. Compared to 100%
silica packings, BEH particles have improved chemical
stability, reduced silanol reactivity and acidity. In fact
BEH column exhibits less adsorption of the basic protein
lysozyme (pI ~ 11) at pH 7, this is a classical test for
acidic silanols, when compared to a commercially avail-
able silica SEC column. BEH material has been prepared
with controlled different pore sizes (125-900 A) and pore
volume (0.3—1.6 cm>/g) without losing the mechanical
rigidity [19, 34].

The polymeric materials for the separation of nonpolar
(hydrophobic) polymers is cross-linked poly-styrene-co-
divinylbenzene (or polydivinyl benzene), introduced in 1964
by Moore. In this material the degree of cross-linking, which
in turn influences the pore size, can be adjusted by care-
fully controlling the polymerization conditions. Different
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hydrophilic cross-linked packings developed for the SEC of
biopolymers and synthetic water-soluble polymers are now
commercially available.

Most of these packings are hydroxylated derivatives of
cross-linked polymethacrylates. Unusual polymeric pack-
ings for aqueous SEC include sulfonated cross-linked poly-
styrene, polydivinylbenzene derivatized with glucose or
anion-exchange groups, a polyamide polymer, and Novarose,
a high-performance crossed-linked agarose.

Fully porous 5-10 um particles (FPP) have been exclu-
sively used until 2000. For FPP the interstitial volume is much
larger than for non-porous particle thus increasing the acces-
sible molar mass (M) of the biopolymers. Modern supports
have reduced average particle diameter to sub-2 um to enhance
column efficiency and to gain faster analysis [35]. In general,
resolution between the peaks of aggregates and native protein
is improved using smaller particle size. However, reducing the
particle size into the 2 um range increases the risk of shear-
degradation of biopolymers and their aggregates. In particular,
the creation of low-molecular weight (MW) fragments from
high MW biopolymers or the breaking of aggregates can be
observed when large shear force is applied. Shear stresses
generated at high flow rates may also cause deformation of
flexible proteins thus their Stokes radii do not correlate exactly
with molecular weight. In addition, the sintered frit porosity
and inner diameter of capillary connections must be suffi-
ciently large to prevent polymer shear effects. On the other site
the reduction of the particle size increases the risk of creating
on-column aggregates, when analysing sensitive proteins, due
to the high pressure conditions.

These limitations can be overcome by an accurate dimen-
sional comparison of the pores, the interstitial volume and
the size of the aggregates or proteins. The reduction of flow
rate as well as minimal injected sample concentration also
can help to eliminate biopolymer shear degradation.
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Meanwhile, highly efficient core—shell packing materials
were developed. These new materials show a useful oppor-
tunity for fast and efficient separations of proteins. Super-
ficially porous particles (SPPs) (core—shell particles) have
been developed for SEC chromatography. Although these
materials have reduced total pore volume (40% less pore
volume), SPPs have kinetic advantages that compensate for
the loss in pore volume compared to FPPs.

Standard SPPs have pore diameters of about 100 A
designed for separating small molecules. However, SPPs
with 160-200 A pore diameter have also been made avail-
able for protein separation [36, 37]. Generally, the core—shell
particles work over a smaller range of molecular weights
than the porous particles. Very recently the feasibility of
using core—shell particles in SEC has been investigated and
core—shell materials were compared with conventional pack-
ing materials with similar particle diameters and pore sizes
using equal flow rates [38]. Polystyrene molecular weight
standards were used and the analyses were carried out on a
standard HPLC equipment with tetrahydrofuran as mobile
phase. The parameters used for comparison include the elu-
tion range (smaller with SPPs), efficiency (larger for SPPs),
the rate production of theoretical plates (larger for SPPs)
and the specific resolution (larger with FPPs). The Authors
conclude that SEC using SPPs offers similar peak capacities
to that using FPPs but with shorter time analysis.

Figure 1 reports chromatograms of the solutes run with
SPPs and FPPs. The peaks are overlaid for specific molecular
weight analytes run on 160 A SPP and 200 A FPP pore size
materials (Fig. 1a, c respectively). The elution curves are
overlaid for the larger pore (1000 A) SPP and FPP materials
(Fig. 1b, d respectively).

SPPs packing material was also found particularly useful
in fast SEC high-throughput applications, achieving high
SEC resolution within very short analysis times [39]. The
experiments were carried out with a standard HPLC. The
reduced pore volume in comparison to fully porous particles
is compensated by an increase in efficiency. Moreover, while
conventional SEC columns perform more evenly across a
broader range of analyte molar masses, the investigated
core—shell columns exhibited excellent performance across
more limited ranges, depending on the pore size. Analysis
times of 0.4 min or less were obtained. The Authors suggest
that these results are very promising for application as a sec-
ond-dimension separation in an LC X LC separation system.

A recent paper describes the development and proper-
ties of superficially porous silica particles (fused core silica
particles) with very large pores (1000 10\) specifically devel-
oped for separating very large biomolecules and polymers
without restricted diffusion. Separations of DNA fragments,
monoclonal antibodies, large proteins and large polystyrene
standards were used to illustrate the utility of these particles
in minimizing mass transport for efficient, high-resolution

applications [40]. The separation of specific polystyrene
standards on a 400 A SPP column and 1000 A SPP column
is shown in Fig. 2. The largest MW standard is excluded by
both pore systems. The 1000 A pore material shows high
resolution in a short amount of time. Separations of large
biomolecules confirm the advantages of particles with very
large pores in minimizing mass transport effects for better
resolution.

Ultra-High Performance Size-Exclusion
Chromatography (UHPSEC)

The introduction of small particle size packing materials
(2 um and less) improved dramatically the resolution, sen-
sitivity and throughput provided by liquid chromatography
[41]. In 2004, Waters presented the first LC equipment able
to work with reduced sub-2 pum particles, the equipment was
named ultra-performance or ultra-high performance liquid
chromatography (UHPLC).

Modern SEC has also benefited from the improvement
of stationary phase materials using low dispersion UHPLC
instrumentation [29, 42, 43].

Since the introduction of SEC, columns with
300 x 6-8 mm ID packed with 5-10 um particles have
been typically used. With the advent of UHPSEC, col-
umns packed with 1.7, 1.8 or 2.0 um particles (pore sizes
of 125-900 A) in 150 X 4.6 mm ID dimensions offer new
opportunities to improve both the resolution and throughput.
It has been shown that UPSEC can shorten the analysis time
typically into 3—5 min range [44]. However, the large amount
of heat generated by friction in UHPSEC columns may affect
analytes with temperature-dependent properties.

Indeed, the speed of analysis is critical when screening
multiple samples, such as when looking at cell culture opti-
mization or process variables on the level of aggregation.
However, when SEC is applied for the analysis and quan-
titation of monomers, dimers, and multimers of proteins,
there is a risk of shear forces causing changes to the sample
composition or the column acting as a filter and trapping
the multimers.

In a recent article, practical possibilities and limitations
of recently introduced SEC columns of 150 X 4.6 mm ID,
with sub-3 pm packing materials for the separation of model
proteins biopharmaceutical were evaluated in a UPLC sys-
tem. Columns packed with 1.7-2.0 pm particles improved
the plate count in agreement with theoretical expectations.
In addition, possible secondary hydrophobic and/or elec-
trostatic interactions between the SEC stationary phases
and biopharmaceutical proteins were systematically stud-
ied. Significant differences in nonspecific interactions were
observed, with hydrophobic interactions generally exerting
more influence than electrostatic interactions [45].
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Fig. 1 Chromatographic elu-
tion of polystyrene solutes and
toluene superimposed on the
time axis. a SPPs with pore size
of 160 A, b SPPs with pore size
of 1000 A ¢ FPPs with pore
size 200 A, d FPPs with pore
size of 1000 A. Flow rate of
0.25 mL/min [38]
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Fig. 2 Separation of polysty- 957 Particle A

rene standards with the same 85 4.4 ym, 1000 A’ bare silica, SPP

molecular weight on (top) 1000
A silica particles and (bottom)
400 A silica particles [40]
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An interesting study has been performed to evaluate
the loss of efficiency observed with three different instru-
ments (regular HPLC, non-optimized UHPLC and fully
optimized UHPLC) [46]. It was demonstrated that the
new 150 X 4.6 mm ID, sub—3 pm SEC columns cannot be
employed on a regular HPLC instrument, since the efficiency
loss was approximately 60—85%, when analysing mAb sam-
ple. The authors conclude that the apparent efficiency of
SEC columns packed with sub—2 um particles can indeed
be hampered when using inappropriate system. Consider-
ing the extra-column band broadening contribution of cur-
rent UHPLC instruments, a further decrease of SEC column
dimension is therefore not desired.

SEC Methods and Detection Modes
in the Characterization of Biopharmaceuticals

Protein aggregation can affect both the economic viability
of a biopharmaceutical product and its efficacy. In fact, the
presence of aggregates is predictive for immunogenicity of
therapeutic proteins. However, it is not clear what type and
size of aggregates are inducing antibodies. Thus, optimal
production, purification and formulation is necessary to pre-
vent an immunogenic response.

The definition of the presence of size variants and aggre-
gation in biopharmaceuticals is a complex analytical issue

0.8 0.9 1 1.1 1.2
Time, (min)

which requires the combination of different techniques to
gain comprehensive information about the formation of
protein aggregates and their behaviour [47]. SEC, dynamic
light scattering (DLS) and electron microscopy (EM) rep-
resent the more established techniques for the characteriza-
tion of proteins and their aggregates [26]. Only recently,
a new technique, Water Proton NMR (wNMR), has been
proposed to monitor a wide size range of aggregates in
biopharmaceuticals. WNMR seems to overcome the size
limits of SEC in detecting large micron-sized or insoluble
aggregates, even if further investigations are needed [48].
Nowadays SEC remains one of the most conventional and
frequently employed method to measure protein mass, size,
homogeneity and aggregation during the development, the
quality control and the stability of biopharmaceuticals. This
technique is suitable for the analysis of aggregates in the size
range of 1-50 nm and it is considered robust and accurate,
when the method induces no changes to the aggregation state
and nonspecific interactions with the column packing media
are eliminated.

SEC analysis is a two-stage process in which protein sam-
ples are firstly separated on the bases of their hydrodynamic
volumes and then revealed using different detectors: UV,
refractive index (RI), MS, viscometer, static and dynamic
light scattering (SLS and DLS). SEC in combination with
UV detection measures the concentration of chromophore-
containing species to reveal the percentage of aggregation.

@ Springer
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Although sensitivity is not very high, SEC/UV is still the
most used approach for quantitative determinations.

High performance size exclusion chromatography (HP-
SEC) with LS detection, in one or more of its formats (static,
dynamic, triple angle, multiangle, right angle, and so forth)
allows to obtain moderate accurate molecular mass results
[49, 50]. These detectors are very useful during the protein-
based product development for demonstrating the presence
or absence of protein complexes, as well as unwanted aggre-
gates of the monomeric species.

To achieve more precise and accurate data, MS-based
methods can be used to gain insight in identity, MW, modi-
fications type and site [51]. Furthermore, the additional
dimension offered by MS analysis allows the identifica-
tion of individual components in aggregate peak. However,
interfacing SEC with MS may be difficult due to mobile
phases with high concentration of non-volatile salts. In the
last years, many efforts have been paid to the search for near-
native elution conditions to promote the online combination
of SEC and MS, gaining implemented information on the
separated intact proteins, their variants or aggregates and
protein complexes by their MW determination [51].

MS or LS detection should be considered as complemen-
tary techniques; MS is more suitable to acquire very specific
details about a limited number of individual species of not
too high MW, while LS is well suited for polydisperse high
M samples. Another advantage is that LS is very sensitive
to high molar masses, even at low concentrations. LS can
often detect higher aggregates with higher sensitivity than
any other detector.

In general, SEC/UV and SEC/MS are the most used tools
to have information on protein purity, impurities and also on
fragmentation and aggregation. The combination of UV and
MS detection allows not only to characterize protein samples
and their structural variants or fragments and aggregates,
but also to carry out release testing and stability monitoring
as it facilitates the quantification of aggregates [17]. How-
ever, viscometers are becoming more and more common to
identify structure changes such as denaturation and aggrega-
tion this because concentration-sensitive detector are highly
precise but the accuracy cannot be so good. This is caused
by calibration curves that are normally constructed using
narrow-polydispersity linear standards that usually do not
possess the same chemistry or architecture as the analyte.

New trends show a great interest for the combination of
SEC with multiple detectors, including mainly UV, RI, LS,
multiangle light scattering (MALS), multiangle laser light
scattering (MALLS) and viscometer. The multi-detection
approach is now possible due to the small dimensions of the
flow cells which allow the analysis without peak broaden-
ing and sensitivity loss. The combination of SEC separa-
tion with three or four detectors can enhance protein charac-
terization by generating accurate molecular weights and by

@ Springer

giving insight into the degradation pathways and products
associated with aggregation.

In the next section we report some new trends in SEC
applications published in the last three years using different
detectors for the characterization of proteins, large protein
aggregates and small protein aggregates and oligomers. A
critical summary of the applications, including column type,
detection method and type of analysed sample is reported
in Table 3.

Applications of SEC to the Characterization
of Proteins

Conventional SEC columns packed with 3 or 5 um with
small pores (150 A) or wide pores (300 A) are typically
used for small proteins (erythropoietin) and large proteins
(monoclonal antibody, mAb), respectively [17]. These col-
umns can find promising applications in HP-SEC during the
manufacturing process to rapidly monitor sialic acid content
and glycosylation in glycoproteins, which are considered as
an index for product quality of therapeutic glycoproteins,
in particular for fc-fusion proteins [52]. In a recent work,
Liu et al. proposed a new rapid method in SEC-HPLC/UV
to simultaneously monitor protein oligomerization from
monomers to large aggregates and to determine their nitra-
tion degrees (NDs). Tyrosine (Tyr) nitration is associated
with an enhancement of the allergenic potential of proteins
and dityrosine formation promotes protein aggregation. This
method allowed to use ND data to directly quantify bovine
serum albumin (BSA) monomers and oligomers (especially
dimers and trimers) [53]. Another interesting new applica-
tion concerns the separation and quantification of dextran
sulphate (average MW 8000 Da), an additive widely used
during protein production to enhance cellular productivity.
Due to its toxicity, dextran sulphate is necessarily removed
during the purification process. Tazi et al. set up a rapid
and simple HP-SEC/UV method, which includes protein
precipitation and dextran sulphate separation, followed by
post-column derivatization. This method allows detecting
the residual dextran sulphate in highly concentrated purified
protein products, as an alternative to ELISA and fluoromet-
ric assays [54]. A common disadvantage of conventional
SEC columns concerns the non-specific hydrophobic and
electrostatic interactions which can occur between protein
samples and stationary phase, causing peak tailing, low
recovery and baseline drift. To overcome this limitation, the
use of chaotropic salts, such as sodium perchlorate (NaClO,)
in the mobile phase, was recently explored. A good peak
shape, higher peak resolution and recovery and more stable
baseline were observed [55].

New studies explored the potentiality of columns, packed
with classical pore size particles (3—5 um) or sub-2 pm
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. B particles, in combination with ultra-high-pressure SEC
g & 2 _=§ g (UHPLC-SEC) and fast protein liquid chromatography
23 = B ..
g E § S (FPLC), also named as Fast-SEC. The only critical aspect
i3] = o . . .
£ Eo Soa ; 4 of the use of high pressures might be the enhancing effect
A E S 2 g g 2 ‘§ 8 on protein denaturation, associated to a viscous heating of
~ 2.2 - o . .. .
% g 5373 S % T8 § the mobile phase under such conditions. UHPLC-SEC with
= = =% 5
%D ) f -Zg 2 3 g % EZ 3 UV or fluorescence detector (FL) has been successfully
< S Q = (5] . . . . . .
_‘g g e ;3 _E 3 >\(§ 2 ‘*% £ = used to obtain rapid (within 10 min) and efficient analy-
0= 8 = = = .= 8 <= = . . . . .
__‘g 2873 § p % - & ‘a E&, S 2 § sis of different samples, such as mixtures of intact proteins
e = — Qs .
= £8% 8L §28z8%s% S (17 kDa < MW < 670 kDa) or mAbs and antibody—drug
N 85w,32 5535782 2 . . .
2 S 5 § ‘g g _;: = E 2 =S & % E _;; 3 E conjugates (ADCs), a complex biotherapeutic composed of
& 2az jg 2 2 5 = ;‘3 22 2L %5 mADb, a linker and a small molecule drug covalently bound
=] oo
E éﬁ § % E" fg“ §§ 2 %0 _°5° E" E“ E § g % [16, 45, 56, 57]. UHPLC-SEC has proven to be also power-
< < <<< A< < A ful for the analysis of multiple mAbs types. Conventional
- Py SEC separations of mAbs result in low resolution between
'z S the different sized species, long analysis time (up to 1 h) and
& ot ‘_? low sample throughput. Yang et al. have recently shown that
g S 3 UHPLC-SEC with MS detection can overcome conventional
N S =
Rz " g e . .
o < E < & SEC limitations and allows to resolve mAb size variants
2 — = — 3 : : :
£ = = (IgG1 and IgG4 types) with a three time higher throughput
s g g
g & 2 £ g £ compared to conventional SEC, and without inducing aggre-
£ 2| g £ E = £ E gation under a careful optimization of mobile phase condi-
5 X s s . L .
g = ‘é m: 2 (_i I: 2 tions (i.e. ionic strength and presence of salt additives) [44].
25|38 § s3 § Haberger et al. set-up an UHPLC-SEC approach, coupled
to native ESI-MS, for fast and robust analysis of bispecific
9 = mADb size variants. Bispecific products are more complex
= = biomolecules compared to standard antibodies, as they are
= % developed with complicated production processes and tech-
2 E s| " nologies (i.e. CrossMADb design). Given their intrinsic struc-
o= (2} . . . . .
8 2 g = 5 tural complexity, the search for their size variants during
% § § g é bioprocess and formulation development is very important.
5 2= 2 x The developed F: di
] S g S5 e developed Fast-SEC approach demonstrated improve-
) E0 = = . . . .
é; o % % g 8 ments in terms of run time and chromatographic separation
= & o . .
k> g== g ° resolving power compared to the in-house standard HPLC-
% " SEC approach as can be seen in Fig. 3. The method was
g E suitably robust for the analysis of CrossMADb size variants
£ ‘E 5 é ~ derived from stress stability and bio-process development
= .53 .9 Lo . . .
é 28 g _§ studies. Native SEC/UV/MS method also allows to obtain
Q . . .
£ E U:E ; g the characterization of low-abundant and non-covalent size
5] L= 3 —g . .
= o 3 =5 variants and represents a powerful platform for studying
b3 g9 T 3 . . . . .
% ~5g EDE antibody-antigen interactions and other major classes of
4 3 4 . . . . .
< ° 8 < °c biopharmaceuticals, such as fc-fusion proteins and protein
S S .2 S g
o=t =2 8 Z g scaffolds [49].
< s = O =] .
£ g ‘a% g _;i; Very recent MS-compatible SEC methods have shown
H A A their potential for the characterization of large intact proteins
% and for the fractionation of intact proteins from complex
cﬁ 1 mixtures [58, 59]. Jin et al. set-up a SEC middle-down MS
-g ‘é’ g method for purifying myosin heavy chain (MHC) from heart
£ o - tissue and for characterizing MHC (~223 kDa) and its main
§ " 8 g isoform (B-MHC) [58]. Cai et al. have applied a 2D UHPLC
: % g 2% based on a serial size exclusion chromatography (sSEC) with
3= T a = o . . .
% % O g LLL]) E columns with different pore size connected in series, in com-
S 7 2 bination with a RP-UHPLC/MS system, to analyse cardiac
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protein extract over a broad molecular weight range (from 10
up to 223 kDa) and low abundance protein post-translational
modifications (PTMs). The 2D strategy, coupled with sSSEC
and top—down MS, allowed to obtain reproducible and high
resolution separations of complex protein mixtures [59]. The
combination of differential hydrogen—deuterium exchange
(AHDX) with ESI-MS or ion mobility spectrometry—mass
spectrometry (IMS—-MS) in the SEC platform can be suc-
cessfully applied to study protein conformational changes
in protein mixtures, such as cytochrome C, ubiquitin, myo-
globin and insulin. This allows to have a rapid comparison
of protein batch-to-batch higher-order structures and conse-
quently to optimize conditions for enzymatic reactions or for
protein chemical modification reactions eventually required
to reach the mature form of a biotechnological product [60,
61].

Recombinant proteins can also be prone to aggregation
during the refolding and purification process. Vemula et al.
set-up a simple and rapid Protein Folding-SEC (PF-SEC)
method, that was able to obtain simultaneously in vitro
refolding and purification of recombinant human parathyroid
hormone (thPTH 1-34), preventing sample aggregation. PF-
SEC, using solution additive combinations (i.e. proline and
maltose), prevents aggregation and increases the efficiency
of refolding and purification process in terms of high mass
recovery, purity and specific bioactivity [62].

To evaluate the integrity and purity of mAbs, an impor-
tant issue concerns the monitoring and the quantification
of mAb fragments, which also can form aggregates or non-
covalent/covalent complexes with intact antibodies. The

identification of fragments requires orthogonal analytical
methods, such as SEC-HPLC, CE and LC-MS [63].

Applications of SEC to the Characterization
of Protein Aggregates

High-molecular weight aggregates, derived from incorrect
light or heavy chain association, typically represent critical
product-related impurities for mAb production and bispecific
mADb formats [49]. An important concern about high MW
species is their potential to increase product immunogenic-
ity. SEC/MALS has been the method of choice to charac-
terize and monitor the formation of higher-order structures,
complexes and aggregates for many years [64]. However,
it has been demonstrated that the determination of higher-
order aggregates for basic proteins using exposed-silanol or
diol-silica-based SEC conventional columns is not reproduc-
ible. For this reason, recently coated-silica SEC columns,
which contain hydrophobic silica particles, are proposed
as an interesting alternative to improve reproducibility and
resolution of basic protein larger aggregates [65]. Figure 4
shows the resolution of biopharmaceutical enzyme Erwinia
chrysanthemi 1-asparaginase (ErA) octamer and monomer,
with a high degree of consistency between replicate injec-
tions using the ProSEC 300S column. A stationary phase
with an appropriate surface modification which is able to
remove acidic silanols and reduce interaction effects.
Recently, new interesting studies showed the potentiality
of the combination of UHPLC-SEC with multi-detection

Fig. 3 Comparison of standard 2000 (a)
HPLC-SEC (black) and Fast-
SEC (red) chromatograms
of a CrossMab monomer (a) 1000
and magnification of standard
HPLC-SEC and Fast-SEC .
chromatograms, respectively 2 0 T T v T v T v ]
(b) and (c¢), during stability e 5 10 15 20 25
studies of the same sample _é 20 -
(storage for 24 months at 5 °C). s (b)
Fast-SEC shows rapid analysis 2
times and a major ability to < 10 %
resolve non-covalent low and o]
high MW aggregates formed S
during stability studies. Peaks -g 0 - : = | ; | - |
with asterisk.s are derived from 2 5 10 15 20 25
sample matrix [49] <
100 =
()
50
*
0 I ) 1 L I b I
5 10 15 20 25
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systems including MALS. UHPLC-SEC/UV-MALS-quasi
elastic light scattering (QELS)-RI is a rapid and sensitive
method, which provides accurate results of molar mass (M),
mass-average molar mass (Mw) and molar mass dispersity
(-Dyy) of different types of biotherapeutic proteins, such as
mAbs and fusion proteins [66]. Likewise, a UHPLC-SEC/
UV-MALS-RI configuration was developed by Miranda
et al., which obtained an accurate estimation of extinction
coefficients of some therapeutic mAbs (rituximab, rastu-
zumab, infliximab, etanercept) with important results for
the determination of protein quantity, useful to characterize
samples during the manufacturing process [67].

Some interesting applications in the field of large protein
aggregates have been reported using columns with high par-
ticle size (>8 pum), showing high resolution. These columns
have been applied to study multivalent conjugates (MVCs)
which are molecules formed by multiple proteins and high
molecular weight polymer chain, useful to improve pharma-
cokinetics and to decrease degradation of molecules, such as
growth factors. The bioactivity of MVCs is dependent on the
conjugation ratio (number of proteins bound per biopolymer
molecule), and important information can be obtained by
a combination of SEC/MALS and UV-RI in-line detectors
[68]. In addition, these SEC columns and DLS have been
usefully applied in the monitoring of aggregation kinetics
from monomer to aggregates of mAbs, under different con-
ditions (pH, temperature, salt additives and buffer type) [69].

It is important also to focus the attention on the role
of mobile phase composition (solvents, buffers and addi-
tives). In the literature, the potential effect of mobile phase
salt additives on sample aggregation was less treated. Sin-
gla et al. show that the use of high ionic strength buffers
can induce protein aggregation [69]. Only recent publica-
tions comment the role of salt additives in SEC, for exam-
ple on mAb and ADC aggregates. A recent SEC-UHPLC/
FL method, in fact, shows that NaCl concentration up to
200 mM can create oligomeric artefacts, measured by mAb
dimer/monomer area ratios [45]. Therefore, the addition of
stabilizing excipients in downstream processing to inhibit
aggregation can represent an important issue. For example,
trehalose can reduce aggregation and stabilize monomer
content in presence of salt additives [70].

In a recent study, small heat shock proteins (18 kDa) pro-
duced from cloned genes were characterized for the first
time by using Fast-SEC, SDS-PAGE and DLS detection.
These tools allowed to study protein intrinsic ability to form
large aggregates, by monitoring polydisperse oligomers also
under different conditions (temperature, protein concentra-
tion, detergents) [71].

In the last years, the interest of biopharmaceutical indus-
try has also been directed toward the development of virus-
like particle-based (VLP) vaccines. These products are
large size and complex protein assemblies, deriving from

recombinant expressions of viral structural proteins. Also
in this case the control of product-related impurities such as
aggregates is higly important. HPLC-SEC/UV and UHPLC-
SEC/UV methods were developed for characterization of
virus and VLPs samples [72-74]. A recent UHPLC-SEC/
UV method was able to characterize five recombinant pro-
tein-based VLPs including human papillomavirus (HPV)
VLPs, human enterovirus 71 (EV71) VLPs, and chimeric
hepatitis B core antigen (HBcAg) VLPs pointing out the
generic applicability of the assay. The method uses an inter-
laced injection mode (interlaced SEC, iSEC), that consists of
injecting subsequent samples prior to the complete elution of
previous sample components. The proposed UHPLC-SEC/
UV is arapid (within 3.1 min per sample), high-throughput
and versatile method for quantitatively characterize VLP
aggregates during manufacturing process or storage, and it
is an alternative to the traditionally used techniques such as
DLS, asymmetrical flow field-flow fractionation (AF4), and
transmission electron microscopy (TEM) [74].

A recent paper describes the use of SEC-HPLC/MALS-
UV-RI approach to characterize aggregation levels for four
different protein antigens for a Clostridium difficile vac-
cine, which is an example of protein-based vaccine [75].

Aggregation of biopharmaceutical products can be
scarcely monitored in samples containing other proteina-
ceous ingredients, such as recombinant human serum albu-
min (tHSA) used to improve product stability. In this spe-
cific case, SEC does not allow to separate mAb monomer
from rHSA aggregates due to similar MW and/or hydrody-
namic volume of the two proteins or their aggregates. This
problem can be overcome with a serial coupling of anion
exchange chromatography (AIEX) and SEC. Gargani-
Weisbjerg et al. proposed the first in-series combination
of AIEX-SEC, to study mAbs mixed with rHSA. AIEX
separates proteins and captures rHSA and SEC allows to
resolve mAbs aggregates, investigating the role of excipi-
ent tHSA on therapeutic protein aggregation level [76].

Recently SEC combined in-line with small-angle X-ray
scattering (SAXS) and small-angle neutron scattering
instrument (SANS) has been presented as a novel approach
to characterize protein samples prone to aggregation and
low abundance mixture of macromolecular species, due
to important structural information given by protein scat-
tering [77, 78].

To quantify mAb in a cell culture process containing a
complex mixture of proteins, the combination of Protein A
affinity-HPLC with HP-SEC can be very promising. This
approach allowed to simultaneously and rapidly quantify
in a single HPLC run mAb monomers, mAb aggregates
and host cell proteins (HCPs) in growing cell cultures,
representing an accurate, simple and economic method to
quantify relative HCP content as an alternative to conven-
tional methods such as ELISA and Bradford [79].
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Fig. 4 Example of SEC 0.7
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The interest in formation of small aggregates in bio-
technology and, consequently, the search for methods able
to analyse and characterize small protein aggregates, is
recent. In fact, also the formation of very small protein
clusters can affect the viscosity and the stability of protein
solutions and represents a problem for production, purifi-
cation and delivery of biopharmaceutical products, such
as mADbD solutions [80]. SEC/UV methods are applied to
rapidly and simply evaluate the photo-degradation and/
or the formation of small aggregates (dimers) in mAbs,
both in medicines and diluted administration forms [81,
82]. In addition, Ojala et al. have shown the potentiality
of SEC/UV in the estimation of the reversibility of the
aggregation, the reaction equilibrium and kinetic, and in
the prediction of IgG1 aggregation (mainly dimers) using
different processing conditions [81].

For small protein aggregates and oligomers, MS can rep-
resent an important tool complementary to HP-SEC. The

@ Springer

first attempts of SEC-HPLC combined with native ESI-TOF
MS to characterize intact small oligomers (dimers-tetram-
ers) of proteins, such as IgG1 or antithrombin III dates
2010-2012 [83, 84]. In these works, SEC-HPLC was used to
analyse and fractionate oligomers, and then native ESI-MS
was applied to characterize fractions. With this approach
transient small oligomers can be dissociated by SEC.

To avoid oligomer dissociation and to monitor the evo-
lution of small oligomers in real time, online SEC/native
ESI MS systems represents a powerful tool. This approach
provides important information on protein conformational
stability and on transient small aggregates that undergo rapid
dissociation/re-association on the chromatographic time
scale, depending on different conditions. Online detection
with native ESI MS allows also to measure the mass distri-
bution of non-covalent protein assemblies and to distinguish
oligomers present in samples from the artefacts produced
during the ESI process. Studies at different pH (7.0 and 5.0)
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Fig. 5 Online SEC/MS analysis of human arylsulfatase A (thASA)
at pH 7.0 (a) and at pH 5.0 (b): UV (brown trace), total ion (black
trace) and the cumulative extracted ion (coloured areas) chromato-
grams. Inset mass spectrum averaged across the SEC peak. The total
ion chromatograms reveal the contributions from both octameric (M8
red area) and dimeric (M2 blue area) ions at pH 7.0 (a) and octa-
meric species alone at pH 5.0 (b, M8 red area) [85]

on human arylsulfatase A (rhASA) show a different pro-
tein oligomerization, revealing the evolution of dimers into
octamers under acidic conditions [85] (Fig. 5).

An interesting novel approach in which SEC is coupled
with 2D-LC/MS allowed the direct analysis of free drugs
and related small molecule impurities (free drug, linker
drug and potential adducts) in ADCs. SEC 1D-LC sepa-
rates ADC from small molecular species, giving information
about ADC monomer ad aggregates. RP-HPLC in the 2nd
dimension separates the different small molecule impurities
present in the ADC sample, as illustrated in Fig. 6. The pro-
posed SEC-RP 2D-LC can be used to study ADC stability,

also providing the identification and quantification of small
molecule degradation products [86].

New approaches concerning the use of HP-SEC equipped
with a fluorescence (FL) detector and flow cytometry (Flu-
orescence-Activated Cell Sorting, FACS) allow to study
crystalline state of biopharmaceuticals. Crystallization rep-
resents an important formulation platform for biopharma-
ceuticals, but the addition of polyethylene glycol (PEG) can
cause an increase in aggregation. FACS represents a new
tool to study protein crystal suspensions and allows also to
detect protein crystal aggregates down to 500 nm. This study
shows that IgG1 aggregate formation, which occurs in PEG
crystallization system, is not an intrinsic problem of protein
crystalline state, but it takes place in the supernatant. This
demonstrates that it is wrong to consider that a sample pro-
tein can be less stable in crystal than in solution [87].

Conclusions

Size exclusion chromatography is an essential method for
determining molecular weights of proteins and for inves-
tigating the extent of aggregation in protein therapeutics.

Over the last few years we witnessed an improvement in
stationary phases devoted to SEC, characterized by inno-
vative hybrid silica and organosiloxane particle materials
with advanced chemical stability, reduced silanol activ-
ity, and larger pore sizes compared to classical SEC. In
particular, superficially porous (core shell or porous shell)
particles with very large (1000 A) pores are useful for
separating very large biomolecules such as monoclonal
antibodies and large proteins.

Progress in SEC columns, shorter and narrower col-
umns packed with smaller-sized particle used in low dis-
persion UHPLC equipment, have led to fast and efficient
separations with advantages in several fields of applica-
tion, including high-resolution analysis of oligomers and
comprehensive two-dimensional (2D-LC) of high-molec-
ular-weight macromolecules separations. In addition,
comprehensive 2D-LC can represent a good alternative
to make SEC separations compatible with MS detection.

Multi-detector SEC platform has come of age and many
applications have been reported in the last years. The latest
SEC applications include the growing role of MS detec-
tion. In particular, the use of native ESI-MS enables both
the identification of abundant size variants (like dimers)
by accurate mass determination and the characterization
of various low-abundant and non-covalent aggregates.
Few examples of small-angle X-ray scattering (SAXS)
and small-angle neutron scattering (SANS) instrument
combined with SEC have been reported to obtain informa-
tion on the presence of aggregates or oligomers in protein
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CONCLUSIONS



The present PhD project originates from the growing global need of new effective treatments

against TB, classified as the deadliest infectious disease in 2015.

To this aim, two strategies were followed: the rational design of a neo-glycoconjugate vaccine and
the investigation of a new therapeutic target for the development of innovative drugs.

In the context of this PhD work, different and complementary analytical techniques were used and
innovative analytical methods were developed for the identification, characterization and design of

new candidates for innovative anti-TB therapies.

The glycoprotein vaccine consists of an immunogenic protein from Mtb conjugated with
carbohydrate moieties mimicking the saccharidic surface antigen LAM. TB10.4 and Ag85B are two
mycobacterial proteins known for their strong immunoreactivity, inducing both T cell mediated and
humoral responses. For this reason, they were examined as carrier proteins and conjugated with
mono-, di- and tri-saccharides of mannose. More complex saccharides will be considered to better

simulate LAM structure.

The glycoconjugate vaccine was examined in several respects. A systematic study was performed
by HILIC-UV to ensure the maintenance of stability during the production process. HILIC
technique was also coupled to high resolution MS and the developed method allowed to identify
several product impurities. The degradation phenomena observed by the two HILIC methods were
attributed to the residual presence of rEK in protein solutions and prompted us to synthesize a rEK-
IMER in order to prevent product contamination. Then, the immunogenicity of the conjugation
compounds was investigated considering both protein and glycan moieties. Ag85B mutants were
designed to avoid the masking of putative antigenic amino acids by glycosylation and different
carbohydrates were evaluated for the conjugation. Proteins, sugars and the resulting
glycoconjugates were structurally characterized by intact MS measurements of the compounds and
LC-MS analyses of the deriving peptides and glycopeptides. Furthermore, a correlation between
structure and function was derived by antibody epitope identification and SPR determination of

affinity binding constants.

MtbPNP represents an interesting target for the development of selective inhibitors as new drugs
potentially active against resistant and latent forms of TB. Several purine analogues were tested for

the identification of agents inhibiting the mycobacterial enzyme and not the human counterpart.

In order to find new antimycobacterial drugs, a small library of 6- and 8-substituted nucleosides was

screened towards PNPs from Mtb and human. The inhibition induced by the compounds was
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evaluated through an enzymatic activity assay followed by HILIC-UV analyses. The screening
procedure allowed to select the most interesting compounds, for which Ki and ICso parameters
(indicative for the inhibitor potency) were defined. The selected nucleosides were also submitted to
in vitro tests on Mtb cultures. Molecular modelling studies will be performed to rationalize the

experimental data and assist the design of more active inhibitors.

This PhD project showed that pharmaceutical analysis can play a fundamental role in the drug
discovery phase, allowing to address various aspects and answering questions about the possible
biological activity of new potential drug candidates.

Since a unique, ideal analytical platform is not available, the development of different
methodologies able to give complementary information is undoubtedly useful, as demonstrated in

this work.

Overall, pharmaceutical analysis proved to be a powerful tool to support the various phases of the
glycoconjugate vaccine preparation and to lay the basis for the rational design of antitubercular

lead-candidates.
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