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ABSTRACT Glycoconjugate vaccines are a critical component of the medical arsenal
against infectious diseases. This established field continues, however, to experience
failures in the clinic. The lack of fundamental understanding of factors controlling
clinical efficacy of glycoconjugate vaccines is discussed while key parameters de-
manding focused and collaborative research are identified.
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he tremendous impact of vaccines on human health over the last century is

indisputable. The more recent contributions from glycoconjugate vaccines have
been impressive, with rapid impact on diseases caused by a number of encapsulated
bacteria, including Haemophilus influenzae type b, pneumococcus, and meningococcus.
Many additional pathogen targets are also under active investigation (1-7), while the
increasing incidence of antibiotic resistance might prompt the need to develop vac-
cines for diseases treated so far by therapeutic antibiotics. The impressive track record
of safety and efficacy of the many licensed prophylactic products might lead us to
assume that glycoconjugate vaccine design is fundamentally understood. However, this
is not the case, as development of new glycoconjugate vaccines continues to be
hampered by unexpected technical and medical issues during clinical development. We
postulate that such issues can be alleviated by a greater basic understanding of how
glycoconjugates operate. We further argue that this can largely be tackled by concerted
and collaborative efforts across academic, government, nongovernment, and industry
partners to gain understanding of glycoconjugate design and production and for
optimal conjugates to reach their target population.

The lack of public or private funding to support freely disseminated basic transla-
tional research in understanding critical vaccine attributes complicates advances in the
field. Expert discussions that led to the core content of this article highlight both the
need for and the usefulness of exchanges across the field.

While glycoconjugate vaccines have provided great health benefits, the design/
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construction of such vaccine has often been empirical, with production processes
prone to deviations, incompletely characterized glycoconjugate antigens, and vaccine
products with limited immunologic evaluations. Especially problematic has been the
inadequate understanding of the mechanisms by which the human immune system,
both naive and previously exposed to the target pathogens, interacts with these
complex antigens. For glycoconjugate vaccines to fulfill their full public health poten-
tial, experienced academics, regulators, and product developers need to pool the best
practices learned and the knowledge accumulated over the past 40+ years of work in
an open and transparent manner. With the identification and communication of critical
research gaps, funders will then be better able to step in and new product developers
can avoid mistakes of the past, allowing for lower-cost and more efficient development
pathways to new products. This work attempts to identify specific areas of focus and
highlight and prioritize gaps in the glycoconjugate vaccine development arena.

PRODUCT CHARACTERISTICS THAT INFLUENCE IMMUNE RESPONSE

Many variables in the design, development, and production of glycoconjugate
vaccines influence their immunogenicity and presumably their efficacy. The choice of
saccharide size, carrier protein, conjugation chemistry, and formulation are some of the
key decisions faced in every glycoconjugate development program (e.g., see references
8 and 9). Several of these factors have been proposed in the literature to explain why
a given glycoconjugate vaccine or a regimen of such vaccines underperformed in
clinical studies (e.g., see references 10 and 11). New glycoconjugate vaccines are
developed based mostly on company-specific design, know-how, expertise, and tech-
nology platforms, typically without benefit of solutions derived from the broader
community experience. Moreover, introduction of new technologies arises sometimes
from a need for product differentiation to create a competitive advantage or to
navigate a complex intellectual property landscape. The result is unexpected failures or
inferiority of some new glycoconjugate vaccines in clinical trials and a limited number
of successful, reliable glycoconjugate production technology platforms. As a conse-
quence, confidence around the maintenance of product safety and efficacy for regu-
latory authorities and manufacturers relies closely on manufacturing process control
and clinical and commercial product characterization without a clear understanding of
the critical quality attributes of the products being made.

Despite the commendable focus of academic and industry laboratories to bring
forward new innovative or follow-on vaccine candidates as quickly as possible, the
heart of the issue is the lack of available data to support a community-wide basic
understanding of the critical design features and attributes that predict optimal pro-
tective immune responses in the relevant populations. This challenge is further com-
plicated due to the nonavailability of reliable animal models that can correlate and
predict clinical efficacy. Due to limited public information from the many previous
successful and unsuccessful glycoconjugate vaccine programs as well as current active
endeavors in the private sector, the optimal product characteristics of and immuno-
logical responses to glycoconjugate vaccines are unclear and will require significant
efforts to define. We suggest below specific areas of focus for these collaborative
efforts.

(i) Elucidation of the immune response mechanisms induced by glycoconju-
gate vaccines. While glycoconjugate vaccines have provided great health benefits in
controlling bacterial diseases, their chemical conjugations have often been empirically
driven, with variably controlled production processes (e.g., conjugation) and analytical
profiles, resulting in variably immunogenic glycoconjugate vaccine molecules. Process
and quality consistency impact the composition of the vaccine product and in turn
influence the immunogenicity and efficacy of glycoconjugate vaccines. One critical
factor for enhancing glycoconjugate vaccine immunogenicity is our understanding of
how glycoconjugate vaccines induce adaptive immune responses. While the traditional
hypothesis suggests a peptide presentation to helper T cells (2, 12), a new model
proposes the presence of carbohydrate-specific T cells (i.e., Tcarbs) and their function
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FIG 1 Schematic representation of the interactions of polysaccharide (A), polysaccharide and protein coformulation (B), and glycoconjugate (C) with FDC, B
cells, and Tfh cells and the associated immune response. For polysaccharide and polysaccharide and protein coformulation, no IgG response and immune
memory are induced because of the absence of T cell help. For glycoconjugate, the loading of peptide or glycopeptide into MHC and the engagement of TCR

elicits an 1gG response and immune memory.

in inducing adaptive immune responses in glycoconjugate immunization (13-16). The
hypothesis that led to the discovery of this new model was that carbohydrate antigens
in their pure form do not bind to major histocompatibility complex class Il (MHCII) and
therefore are not presented effectively to T cells (Fig. 1A). However, when conjugated
with a carrier protein, a peptide-bound, processed carbohydrate epitope (glycan,,-
peptide) is generated in the endolysosomes of antigen-presenting cells (APCs).
Through binding of the peptide portion to MHCII, the carbohydrate portion (glycan,,)
is presented on the APC surface for T-cell recognition (Fig. 1C). Tcarb-mediated immune
responses induced by glycoconjugate immunization have been demonstrated to yield
protective immunity in controlled in vivo model systems through either depletion (13)
or adoptive transfer (15) of epitope-specific CD4* T-cell populations. Most recently, it
was demonstrated that polysaccharide structure dictates mechanism of adaptive im-
mune response to glycoconjugate vaccines (16). In that study, four clinically important
glycoconjugate vaccines were tested for their mechanism of action. Three of the four
glycoconjugate vaccines tested induced adaptive immune responses regulated by
Tcarbs. However, the meningococcal group C (MenC) conjugate vaccine immunity was
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predominantly restricted to peptide-specific T cells. The explanation proposed for the
lack of Tcarb stimulation by MenC conjugate was that MenC polysaccharide is sub-
stantially depolymerized in the endolysosomes, yielding small oligosaccharides (as
small as a monosaccharide) that do not sufficiently mask the peptide in the MHCII
binding groove and therefore do not elicit Tcarb responses. The relative contribution of
peptide or glycan presentation models for glycoconjugate vaccine efficacy is yet to be
fully explored. The current understanding based on the recent literature is that the
glycan presentation is a natural result of the difficulty in cleaving the covalent/synthetic
bond established between the glycan and the carrier protein and the slow or partial
processing of the polysaccharide in the endolysosomes of antigen presentation cells.
Thus, peptide-bound processed glycan epitopes are formed during processing in the
endolysosomes to then be presented to helper T cells. To further expand the understanding
of this mechanism of action, it would be important to characterize the presence of Tcarb
in a definitive way by isolating more Tcarbs and by determining the structure of the Tcarb
bound to a glycopeptide by X-ray diffraction (17). The studies described above lay the
groundwork for future investigations pertaining to elucidation of structural requirements
for MHClI-dependent carbohydrate presentation; elucidation of molecular interactions
yielding T-cell stimulation by epitopes generated from processing of glycoconjugate vac-
cines; and design and synthesis of structurally defined, knowledge-based, protective new-
generation glycoconjugate vaccines. For existing products, glycoconjugate construction
has been an empirically driven process of linking two molecules (carbohydrate and protein)
without considering the molecular and cellular immune mechanisms critical for conjugate
vaccine efficacy. A deeper understanding of these mechanisms (e.g., antigen uptake,
processing, and T-cell activation) may also provide opportunities for optimizing novel
chemical or biological conjugation technologies that have been recently described (18-20).
Thus, delineating T-cell-mediated immune activation pathways by glycoconjugate vaccines
has important implications for using these vaccines to control or eliminate infectious
diseases globally.

(ii) Assessment of the impact of polysaccharide size, structure, functionalization,
and conformation on immune responses to the conjugated polysaccharide. It is
commonly accepted that oligosaccharide antigens with chain lengths longer than the
minimal epitope length may behave as native polysaccharides. In certain cases, the
protective epitope is nonlinear and the length of the polysaccharide sequences must be
investigated for protective conformations in the context of the conjugate. This is further
complicated by the need to define the role of labile side groups (e.g., O-acetyl, pyruvic acid,
etc.) in the immunogenicity of the epitope. As an example, clinical evaluation of multivalent
group B Streptococcus (GBS) conjugate vaccines has been ongoing for nearly 2 decades (21)
but the optimal length for the GBS type Ill saccharide and the putative existence of a
conformational epitope are still being debated (22). In the clinic, we observe successes with
glycoconjugate vaccines made with both oligosaccharides and polysaccharides, and effi-
cacy induced by one or both seems to be polysaccharide dependent. As mentioned above
in section i, it was demonstrated that polysaccharide structure can influence the specific
mechanism of adaptive immune response to glycoconjugate vaccines (16). As conforma-
tional epitopes might be expected to be found, the field would benefit from improved
molecular modeling of large polysaccharides. Finally, it would be useful to understand
whether the size of the polysaccharide or the size of the conjugate makes the biggest
impact on immune response.

(iii) Evaluation of immune mechanisms by which carrier proteins alter the
immune response. Multiple carrier proteins have successfully been employed in
licensed infant glycoconjugate vaccines (e.g., CRM,4,, tetanus and diphtheria toxoid,
outer membrane protein complex [OMPC], and nontypeable Haemophilus influenzae
[NTHi] protein D). The optimal choice is unclear, although glycoconjugates using
CRM,,, and tetanus toxoid dominate the commercial markets. Additionally, immune
response to nontraditional carriers based on conserved proteins (e.g., NTHi protein D)
may also contribute to protection through their independent action as immunogens.
We need to develop a better understanding of T-cell responses induced by carrier
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proteins and differences between carrier proteins. Indeed, assuming that presentation
of carbohydrate attached to carrier protein peptide to T cells via uptake to MHCII is a
systematic/universal process, it is likely that certain peptide fragments might be better
than others. This requires discovering the carrier protein epitopes presented to and
recognized by helper T cells from glycoconjugate processing in antigen-presenting
cells. The principles of structural vaccinology highlighted by Bottomley et al. (23)
should be applied to carrier protein design. Ultimately, carrier proteins should probably
be designed in silico to achieve optimal T-cell presentation. Critically, confirmation in
humans, and more specifically in the target human population (e.g., infants), is essential
to avoid optimizing to a specific animal model that may not correlate. This points to the
need for great care in anticipating whether observations in animal models can directly
inform proof of concept (POC) in humans.

(iv) Understanding carrier-induced epitope suppression. The introduction of
several infant vaccines simultaneously or in close sequence has raised concern that the
repeated exposure to conjugates based on any one of these carrier proteins might
interfere with the antipolysaccharide antigen response. This “carrier-induced epitope
suppression” (CIES) is of greatest concern with multivalent conjugate vaccines that
contain the same carrier protein but also has to be considered with separate vaccines
that use the same carrier protein. Prior immunity against a carrier protein has been
proposed to modulate the serologic response to injected antigens attached to the
same carrier (24). CIES has been proposed as one of the possible mechanisms through
which an interference occurs resulting in a less robust immunogenic response by one
or more of the constituent vaccine products or serotypes in a multivalent vaccine.
Schutze et al. (25) proposed that epitopic suppression is induced through the expan-
sion of the clones specific for the carrier protein epitopes and results from intramo-
lecular antigenic competition between hapten and carrier epitopes. Based on these
findings, a regulatory role was proposed for B cells, where through their capacity to
process and present antigen, they would exercise a strong influence on the selection of
immune responses. However, critical appraisal of clinical trial data by Péllabauer et al.
(26) concludes that neither the carrier protein type nor dose adequately explains
observed interference. In five clinical trials of Haemophilus influenzae type b capsular
polysaccharide (PRP) conjugate vaccines, enhancement of anti-PRP serum IgG has been
demonstrated after coadministration of monovalent MenC conjugate vaccine with
tetanus toxoid carrier. The authors conclude that empirical observations do not fit well
with CIES as the single underlying mechanism of interference. Additional factors that
may be specifically attributable to the polysaccharide-antigen competition, rather than
to carrier-induced interference, may contribute to the diminished immunogenic re-
sponses in certain instances. In light of the confounding factors, additional research is
required to verify the impact of CIES and understand the associated basic immunolo-
gical mechanisms that contribute to polysaccharide-antigen competition.

(v) Assessment of the impact of conjugation platform on immune response. An
added level of complexity in comparing glycoconjugate constructs stems from the
variety of conjugation platforms (e.g., conjugation chemistry, multiple attachment
versus single-point attachment of carbohydrate, presence/absence of linker, or sites of
attachment on the carrier protein). From a broad overview of polysaccharide-protein
conjugate vaccines, it appears that extremes of saccharide activation (very high or very
low) have produced unexpected results in conjugate immunogenicity. In relevant cases,
the level of O-acetylation and/or sialylation must be assessed as it might be relevant to
immunogenic epitope preservation and therefore guide the selection of conjugation
methods (27, 28). Some chemistries lead to stability issues, while some polysaccharides
are more amenable to conjugation by certain methods than others. Consistent pre-
sentation of carbohydrate epitopes is essential as shown with synthetic oligosaccha-
rides (29), but the choice of conjugation chemistry is not obvious for a given
polysaccharide-carrier protein combination. Additionally, there are few published data
to systematically evaluate the impact of linkers and sites of attachments on carrier
proteins on immune response to saccharide haptens. Finally, new linkers and chemis-
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tries raise concerns due to the potential creation of immunogenic neoepitopes which
may complicate the regulatory approval pathway for such products. For the field to
truly move toward a rational glycoconjugate design, we need to understand how
details of antigen structure in the vaccine molecule influence immunogenicity in
humans generally and ultimately in the target population for the specific vaccines.

Quality attributes such as saccharide size, degree of saccharide activation, con-
straints on modifications of saccharide structure, use of linkers, density of attachment
on carrier protein, or size distribution of conjugate particles appear important to
control. New platforms (18-20) that allow the more precise control of such parameters
should be used to develop test molecules for use in in vitro, in vivo, and ex vivo models
to explore mechanisms of immune response to glycoconjugate vaccines. We do not
know whether the Tcarb clone repertoire is dependent on the conjugation platform.
The availability of well-defined test molecules for immunological experiments will be
critical to our systematic evaluation of the impact of these quality attributes on the
immune response to the conjugated haptens.

(vi) Development of a greater breadth of analytical tools to better characterize
glycoconjugates. Most conjugates are produced from large polysaccharides (average
molecular weight more than 100 kDa), resulting in lattice-like conjugates (average
molecular weight often more than 1,000 kDa), which limits how much can be learned
with current analytical methodology. Addition of adjuvants, surfactants, and other
excipients makes characterization and stability monitoring more complex. Yet, new
analytical tools are revealing more about these complex entities. Tools for physico-
chemical analyses, such as high-field nuclear magnetic resonance (NMR), particle-size
distribution analyses, and perhaps cryo-electron microscopy can reveal structural de-
tails of glycoconjugates. We need to apply high-performance physicochemical analyses,
combined with cutting-edge immunological methods, to better understand the
structure-function relationship for glycoconjugates to better inform fine-tuning of
glycoconjugate design and production. If the use of a lattice glycoconjugate format is
established to be immunologically superior to (e.g.) a single-point attachment glyco-
conjugate format for a given disease target, technologies enabling site-specific conju-
gation might be favored in order to enable in-depth characterization of the glycocon-
jugate vaccine and better consistency of manufacturing. Ultimately, the linkage of the
results from these improved analytical tools to human immune response safety and
efficacy is critical to advancing our understanding of the true critical quality attributes
of these vaccines.

(vii) Development of better, more relevant in vivo or ex vivo models for
evaluation of glycoconjugate vaccines. It is obvious that research and development
of glycoconjugate vaccines rely on animal models to establish scientific proof of
concept that the vaccines can provide protection against the target pathogens. The
animal models are by necessity focused on immune response to the vaccine and/or
protection from challenge with the target pathogen, often with definition of surrogate
markers of protection. However, these studies are often of limited relevance to human
disease conditions and are unreliably predictive of the responses of the target human
populations. Pursuit of “humanized” animal or in vitro models as done in oncology with
xenograft models or the use of ex vivo models (e.g., cellular models) for evaluation of
antigen processing, presentation, and/or functional activity may be a useful addition to
the current approaches. Regardless, testing in animals is an essential precursor to
clinical trials, which are the first true opportunity to assess the immunogenicity/efficacy
of the vaccine candidate in the target human population. When possible, early use of
new or improved glycoconjugate vaccines in controlled human infection models
(CHIMs), such as those deployed for pneumococcal organisms (carriage) and typhoid
(invasive disease), can assist in early-stage gating of vaccine candidates, depending
upon the final target population.

(viii) Tailoring glycoconjugate vaccines for specific target populations. We
know that the immune systems of humans of different age groups are not functionally
identical (30). The quality of the immune response to a given glycoconjugate vaccine
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is also dependent on the naive or primed exposure of the patient to the target
pathogen. Considering this, we might increase efficacy by studying optimal dosing
regimen and schedule or adjuvanting in clinical trials (31). In addition, we still do not
fully understand whether the Tcarb clones or the carrier-specific T-cell clones are
triggered by a given vaccine candidate and how these events vary depending on the
age of the receiving population. This is only an example of fundamental understanding
that we are currently lacking that limits our ability to truly optimize the efficacy of
conjugate vaccines and tailor them to specific target populations.

(ix) Development of lower-cost glycoconjugate vaccines. Vaccines such as the
pneumococcal conjugate vaccine, given as a multidose regimen to infants in nearly all
countries, make up a disproportionate fraction of the vaccine procurement budget in
many low-income countries. Although financing mechanisms through international
alliances such as GAVI (www.gavi.org) and UNICEF (www.unicef.org) support the pur-
chase of these vaccines in the poorest countries, introducing new vaccines makes
difficult tradeoff decisions necessary. It is important that the cost of manufacturing is
prioritized early in the development of new vaccines, and funders like the Bill & Melinda
Gates Foundation are increasingly becoming involved to facilitate these early decisions
as well as making knowledge gained in this process more freely available. New
glycoconjugate vaccines (e.g., GBS and Shigella) and high-valency (serogroup coverage)
versions of existing vaccines are likely in coming years, and better understanding of the
underlying technology will help ensure that these can be made at affordable prices.
This work would also include improved deliverability for low-resource settings, which
could result in multidose vial presentations and optimizing around maximal tempera-
ture stability.

CONCLUSION

At present, the lack of understanding of what parameters govern efficacy and safety
of glycoconjugate vaccines can result in unexpected clinical outcomes, which neces-
sitate revision of production processes and substantial delays in vaccine development
and licensure due to the need to repeat clinical studies. This is especially true for
prophylactic vaccine products targeted to infants and otherwise healthy populations.
Consequently, although minor changes can be evaluated in later-stage clinical trials,
demonstration of safety and immunogenicity in a phase | trial and avoiding major
changes in the processes for making glycoconjugate vaccines can improve the effi-
ciency of vaccine development and licensure. If we can move forward significantly in
the areas mentioned in this article, we will be able to more efficiently design and test
glycoconjugate vaccine candidates based on an improved foundation of knowledge
about glycoconjugate vaccines and how they work. This in turn will reduce failures in
clinical trials and accelerate the path to licensure and our ability to address unmet
medical needs.

Finally, we recognize that the broad variety of basic research work needed would be
better conducted in settings where open access to results of the work is guaranteed.
There are a number of options (academic, government, or industry laboratories or
consortia of two or more of these), but fundamental agreement on broad and nonex-
clusive knowledge sharing is essential. Establishing consortia among key partners to
address fundamental questions, funder- or institution-mandated sharing of early clin-
ical data with or without incentives to reveal new learning in the field, or pathogen-
specific multipartner efforts led by government or nonprofit organizations could be
far-reaching and game-changing avenues leading to faster development of efficacious
glycoconjugate vaccines, particularly for new or emerging bacterial pathogens (NIH-
NIAID-mandated sharing for intramural work is an example of institution-mandated
knowledge sharing; current efforts funded by the Bill & Melinda Gates Foundation with
partners including PATH, Biovac [South Africal, and a variety of other contributors to
develop a novel GBS glycoconjugate vaccine are an example of multi-institution and
international partnership).

September/October 2019 Volume 4 Issue 5 e00520-19

mSphere’

msphere.asm.org 7


http://www.gavi.org
http://www.unicef.org
https://msphere.asm.org

Perspective

ACKNOWLEDGMENTS

We thank the reviewers for their comments and suggestions.

mSphere’

F.B. is an employee of the GSK group of companies. All other authors have no
potential financial or nonfinancial conflicts of interest.

All authors researched and contributed to authoring and revising this paper. O.M.

drafted the initial version, coordinated the collective expansion of the paper, and
prepared the final version. O.M., P.D., and J.H. revised the submission version. F.A. and
F.B. made major contributions to section i and Fig. 1, AK.P. made major contributions
to section iv, and P.D. made major contributions to section ix.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

September/October 2019 Volume 4

Astronomo RD, Burton DR. 2010. Carbohydrate vaccines: developing
sweet solutions to sticky situations? Nat Rev Drug Discov 9:308-324.
https://doi.org/10.1038/nrd3012.

. Costantino P, Rappuoli R, Berti F. 2011. The design of semi-synthetic

and synthetic glycoconjugate vaccines. Expert Opin Drug Discov
6:1045-1066. https://doi.org/10.1517/17460441.2011.609554.

. Jones C. 2005. Vaccines based on the cell surface carbohydrates of

pathogenic bacteria. An Acad Bras Ciénc 77:293-324. https://doi.org/10
.1590/50001-37652005000200009.

. Pollard AJ, Perrett KP, Beverley PC. 2009. Maintaining protection against

invasive bacteria with protein-polysaccharide conjugate vaccines. Nat
Rev Immunol 9:213-220. https://doi.org/10.1038/nri2494.

. Prasad AK (ed). 2019. Carbohydrate-based vaccines: from concept to

clinic. ACS Symposium Series 1290, p 1-6. American Chemical Society,
Washington, DC.

. Vella M, Pace D. 2015. Glycoconjugate vaccines: an update. Expert Opin

Biol Ther 15:529-546. https://doi.org/10.1517/14712598.2015.993375.

. Zou W, Jennings HJ. 2008. Preparation of glycoconjugate vaccines, p

55-88. In Guo Z, Boons G-J (ed), Carbohydrate-based vaccines and
immunotherapies. John Wiley & Sons, Inc, Hoboken, NJ.

. Frasch CE. 2009. Preparation of bacterial polysaccharide-protein

conjugates: analytical and manufacturing challenges. Vaccine 27:
6468-6470. https://doi.org/10.1016/j.vaccine.2009.06.013.

. Broker M, Berti F, Costantino P. 2016. Factors contributing to the immu-

nogenicity of meningococcal conjugate vaccines. Hum Vaccin Immu-
nother 12:1808-1824. https://doi.org/10.1080/21645515.2016.1153206.
Egan W, Frasch CE, Anthony BF. 1995. Lot-release criteria, postlicensure
quality control, and the Haemophilus influenzae type b conjugate vac-
cines. JAMA 273:888-889. https://doi.org/10.1001/jama.1995.035203
50070032.

Lee LH, Blake MS. 2012. Effect of increased CRM(1)(9)(7) carrier protein
dose on meningococcal C bactericidal antibody response. Clin Vaccine
Immunol 19:551-556. https://doi.org/10.1128/CVI.05438-11.

Avci FY, Kasper DL. 2010. How bacterial carbohydrates influence the
adaptive immune system. Annu Rev Immunol 28:107-130. https://doi
.0rg/10.1146/annurev-immunol-030409-101159.

Avci FY, Li X, Tsuji M, Kasper DL. 2011. A mechanism for glycoconjugate
vaccine activation of the adaptive immune system and its implications
for vaccine design. Nat Med 17:1602-1610. https://doi.org/10.1038/nm
.2535.

Avci FY, Li X, Tsuji M, Kasper DL. 2012. Isolation of carbohydrate-specific
CD4(+) T cell clones from mice after stimulation by two model glyco-
conjugate vaccines. Nat Protoc 7:2180-2192. https://doi.org/10.1038/
nprot.2012.138.

Middleton DR, Sun L, Paschall AV, Avci FY. 2017. T cell-mediated humoral
immune responses to type 3 capsular polysaccharide of Streptococcus
pneumoniae. J Immunol 199:598 - 603. https://doi.org/10.4049/jimmunol
.1700026.

Sun X, Stefanetti G, Berti F, Kasper DL. 2019. Polysaccharide structure
dictates mechanism of adaptive immune response to glycoconjugate
vaccines. Proc Natl Acad Sci U S A 116:193-198. https://doi.org/10.1073/
pnas.1816401115.

Rappuoli RE, De Gregorio E, Costantino P. 2019. On the mechanisms of
conjugate vaccines. Proc Natl Acad Sci U S A 116:14-16. https://doi.org/
10.1073/pnas.1819612116.

Issue 5 €00520-19

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

. Chennasamudram S, Vann WF. 2014. Conjugate vaccine production

technology, p 217-235. In Wen EP, Ellis E, Pujar NS (ed), Vaccine devel-
opment and manufacturing. John Wiley & Sons, Inc, Hoboken, NJ.

. lhssen J, Kowarik M, Dilettoso S, Tanner C, Wacker M, Thény-Meyer L.

2010. Production of glycoprotein vaccines in Escherichia coli. Microb Cell
Fact 9:61. https://doi.org/10.1186/1475-2859-9-61.

Kapoor N, Vanjak I, Rozzelle J, Berges A, Chan W, Yin G, Tran C, Sato AK,
Steiner AR, Pham TP, Birkett AJ, Long CA, Fairman J, Miura K. 2018.
Malaria derived glycosylphosphatidylinositol anchor enhances anti-
Pfs25 functional antibodies that block malaria transmission. Biochemis-
try 57:516-519. https://doi.org/10.1021/acs.biochem.7b01099.
Buurman ET, Timofeyeva Y, Gu J, Kim JH, Kodali S, Liu Y, Mininni T,
Moghazeh S, Pavliakova D, Singer C, Singh S, Handke LD, Lotvin J, Prasad
AK, Scully IL, Donald RGK, Jansen KU, Anderson AS. 2019. A novel
hexavalent capsular polysaccharide conjugate vaccine (GBS6) for the
prevention of neonatal group B streptococcal infections by maternal
immunization. J Infect Dis 220:105-115. https://doi.org/10.1093/infdis/
jiz062.

Carboni F, Adamo R, Fabbrini M, De Ricco R, Cattaneo V, Brogioni B,
Veggi D, Pinto V, Passalacqua I, Oldrini D, Rappuoli R, Malito E, Margarit
I, Berti F. 2017. Structure of a protective epitope of group B Streptococcus
type Ill capsular polysaccharide. Proc Natl Acad Sci U S A 114:5017-5022.
https://doi.org/10.1073/pnas.1701885114.

Bottomley MJ, Rappuoli R, Finco O. 2016. Vaccine design in the 21st
century, p 45-65. In Bloom BR, Lambert P-H (ed), The vaccine book, 2nd
ed. Academic Press, San Diego, CA.

Renjifo X, Wolf S, Pastoret P-P, Bazin H, Urbain J, Leo O, Moser M. 1998.
Carrier-induced, hapten-specific suppression: a problem of antigen pre-
sentation? J Immunol 161:702-706.

Schutze MP, Leclerc C, Jolivet M, Audibert F, Chedid L. 1985. Carrier-
induced epitopic suppression, a major issue for future synthetic vac-
cines. J Immunol 135:2319-2322.

Pollabauer EM, Petermann R, Ehrlich HJ. 2009. The influence of carrier
protein on the immunogenicity of simultaneously administered conju-
gate vaccines in infants. Vaccine 27:1674-1679. https://doi.org/10.1016/
j.vaccine.2009.01.005.

Berti F, De Ricco R, Rappuoli R. 2018. Role of O-acetylation in the
immunogenicity of bacterial polysaccharide vaccines. Molecules 23:
1340. https://doi.org/10.3390/molecules23061340.

Michon F, Uitz C, Sarkar A, D’Ambra AJ, Laude-Sharp M, Moore S, Fusco
PC. 2006. Group B streptococcal type Il and Il conjugate vaccines:
physicochemical properties that influence immunogenicity. Clin Vaccine
Immunol 13:936-943. https://doi.org/10.1128/CVI.00122-06.

Lisboa MP, Khan N, Martin C, Xu F-F, Reppe K, Geissner A, Govindan S,
Witzenrath M, Pereira CL, Seeberger PH. 2017. Semisynthetic glycocon-
jugate vaccine candidate against Streptococcus pneumoniae serotype 5.
Proc Natl Acad Sci U S A 114:11063-11068. https://doi.org/10.1073/pnas
.1706875114.

Simon AK, Hollander GA, McMichael A. 2015. Evolution of the immune
system in humans from infancy to old age. Proc Biol Sci 282:20143085.
https://doi.org/10.1098/rspb.2014.3085.

Rappuoli R. 2018. Glycoconjugate vaccines: principles and mecha-
nisms. Sci Transl Med 10:eaat4615. https://doi.org/10.1126/scitransl|
med.aat4615.

msphere.asm.org 8


https://doi.org/10.1038/nrd3012
https://doi.org/10.1517/17460441.2011.609554
https://doi.org/10.1590/S0001-37652005000200009
https://doi.org/10.1590/S0001-37652005000200009
https://doi.org/10.1038/nri2494
https://doi.org/10.1517/14712598.2015.993375
https://doi.org/10.1016/j.vaccine.2009.06.013
https://doi.org/10.1080/21645515.2016.1153206
https://doi.org/10.1001/jama.1995.03520350070032
https://doi.org/10.1001/jama.1995.03520350070032
https://doi.org/10.1128/CVI.05438-11
https://doi.org/10.1146/annurev-immunol-030409-101159
https://doi.org/10.1146/annurev-immunol-030409-101159
https://doi.org/10.1038/nm.2535
https://doi.org/10.1038/nm.2535
https://doi.org/10.1038/nprot.2012.138
https://doi.org/10.1038/nprot.2012.138
https://doi.org/10.4049/jimmunol.1700026
https://doi.org/10.4049/jimmunol.1700026
https://doi.org/10.1073/pnas.1816401115
https://doi.org/10.1073/pnas.1816401115
https://doi.org/10.1073/pnas.1819612116
https://doi.org/10.1073/pnas.1819612116
https://doi.org/10.1186/1475-2859-9-61
https://doi.org/10.1021/acs.biochem.7b01099
https://doi.org/10.1093/infdis/jiz062
https://doi.org/10.1093/infdis/jiz062
https://doi.org/10.1073/pnas.1701885114
https://doi.org/10.1016/j.vaccine.2009.01.005
https://doi.org/10.1016/j.vaccine.2009.01.005
https://doi.org/10.3390/molecules23061340
https://doi.org/10.1128/CVI.00122-06
https://doi.org/10.1073/pnas.1706875114
https://doi.org/10.1073/pnas.1706875114
https://doi.org/10.1098/rspb.2014.3085
https://doi.org/10.1126/scitranslmed.aat4615
https://doi.org/10.1126/scitranslmed.aat4615
https://msphere.asm.org

	Glycoconjugates: What It Would Take To Master These Well-Known yet Little-Understood Immunogens for Vaccine Development
	PRODUCT CHARACTERISTICS THAT INFLUENCE IMMUNE RESPONSE
	CONCLUSION

	ACKNOWLEDGMENTS
	REFERENCES

