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ABSTRACT

Virus-like particles (VLPs) are sophisticated multiprotein complexes that emulate the
structural organization and conformation of authentic viruses but lack the ability to infect or
replicate within host cells. VLPs inherit many immunogenic characteristics from their native viral
counterpart. While replication-competent viral vectors have been utilized as vaccine carriers in
both clinical and preclinical contexts, their application is often limited to those vectors capable of
infecting vertebrate cells, and often raises safety concerns. VLPs are considered promising
alternatives due to their favorable safety profile, the diverse array of viral strains available for
exploitation and the enhanced flexibility for engineering. QB VLP is derived from Escherichia coli
phage QB and its structure and immunogenicity have been extensively characterized. The
versatility of the platform enables a broad scope of antigens, including peptides, proteins and
carbohydrates. It also allows rational design and optimization of the antigen structure loaded on
the carrier.

In the first chapter of this thesis, recent advances of viral vectored vaccines in cancer
immunotherapy are reviewed. In the second and third chapters of this thesis mutant QB (mQp)
VLPs are used as vaccine carriers against some emerging human pathogens: SARS-CoV-2 and
antibiotic resistant Staphylococcus Aureus. To develop a broad and long lasting COVID vaccine,
SARS-CoV-2 Spike protein receptor binding domain (RBD) based epitopes are investigated as

conjugates with mQp. The epitope design is critical to eliciting potent antibody responses with the



full length RBD being superior to peptide and glycopeptide antigens. The full length RBD
conjugated with mQp activates both humoral and cellular immune systems in vivo, inducing broad
spectrum, persistent and comprehensive immune responses effective against multiple variants of
concerns including Delta and Omicron, rendering it a promising vaccine candidate. For S. Aureus
vaccine development, oligosaccharides derived from poly-p-(1-6)-N-acetylglucosamine (PNAG),
a polysaccharide expressed on the surface of numerous pathogens, are used for antigen design. A
significant challenge in the development of a PNAG-based vaccine lies in the incomplete
understanding of the influence of the number and positional arrangement of free amines versus N-
acetylation on the antigenicity of PNAG. A divergent strategy is developed to synthesize a
comprehensive library of 32 PNAG pentasaccharides. This library enables the identification of
PNAG sequences with specific patterns of free amines as epitopes for vaccines against S. aureus.
Active vaccination with the conjugate of discovered PNAG epitopes with mQp as well as passive
vaccination with diluted rabbit antisera provides mice with near complete protection against
infections by S. aureus including methicillin-resistant S. aureus (MRSA). In conclusion, mQp is a
promising platform for next generation vaccine design due to its flexibility to present diverse

antigens and its capacity to augment both humoral and cellular immunity.
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Chapter 1 Viral Vectored Cancer Vaccines

1.1 Introduction

Cancer continues to pose a significant challenge to public health care systems worldwide. In
the United States alone, over 1.9 million new cancer cases and more than 600,000 cancer-related
deaths were projected for the year 2022.1 Over recent decades, innovative therapeutic approaches
such as chimeric antigen receptor T cell (CAR-T) therapy and immune checkpoint blockade (1CB)
have made their way into clinical practice, achieving remarkable results in treating certain types
of cancer. These therapies leverage the patient’s own immune cells, enhancing their efficacy either
by modifying their immune receptors to target cancer cells or by blocking the receptors that lead
to immune exhaustion, thereby amplifying their anti-tumor activity.

Therapeutic cancer vaccines, designed to induce anti-tumor immunity by utilizing
immunogenic agents, have not seen significant progress. The reasons for this are multifaceted:
many cancer patients possess an aged immune system that is insufficiently stimulated by
immunogens; patients who undergo immunotherapy often have failed to control tumor growth by
extensive chemotherapy and/or radiotherapy, which also impair their immune system; the fact that
cancer cells originate from normal cells and share many features with them makes it challenging
to overcome central tolerance; theoretically, neoantigens that arise with cancer could be recognized
by T cell receptors (TCR), but a recent small-scale clinical trial revealed that only half of the

pancreatic cancer patients responded to a personalized neoantigen peptide-based cancer vaccine,?



indicating the need for improved methods to identify immunogenic neoantigens; moreover, cancer
cells can evade the host immune system by creating an immunosuppressive tumor
microenvironment (TME) through various mechanisms.? These complexities underscore the need
for continued research and innovation in this field.

Viral vectors are emerging as promising tools for cancer immunotherapy, capable of
surmounting some of the challenges encountered by other methodologies. These vectors offer
several advantages: they typically possess an optimal size for in vivo antigen trafficking and can
carry substantial amounts of antigens; viral particle and viral genome can also travel within the
infected cells through the body, enabling the potential to present antigens to the lymph systems far
away from the primary site. They can display antigens on their surface in a multivalent manner,
and for non-enveloped viruses, in a repeated and symmetrical fashion, thereby enhancing immune
recognition. Viral replication can trigger innate immune responses and interferon pathways, for
example, viral RNA or DNA produced in the cytosol is usually poorly capped and can be sensed
by the innate immune system via receptors like cyclic guanosine monophosphate-adenosine
monophosphate adenosine synthetase (cGAS), toll-like receptor 3 (TLR3), etc., triggering
downstream proinflammatory signals such as stimulator of interferon genes (STING) and type |
interferon (IFN) pathways. Viral replication also hijacks the cell cycles to mobilize molecular
machines such as nucleic acid polymerases. Dysregulated nucleic acid synthesis and disturbed cell

cycles are common features shared between virus infected cells and tumor cells, thus triggering



similar immune responses. Viral replication can modify the tumor microenvironment, recruit
immune cells, resulting in immunogenic cell death (ICD), secretion of pathogen and damage
associated molecular patterns (PAMPs and DAMPS), release of tumor associated antigen and
enhanced antigen presentation. For instance, rotavirus used as anti-infectious disease vaccine can
be repurposed to cancer immunotherapy. The virus readily replicates in mouse tumor models and
induces ICD and type | interferon response.* Viral vectors can encode tumor-associated antigens
and neoantigens. Transcription of viral genome-encoded protein is carried by host ribosomes,
which is monitored by the host cell via degradation of poorly folded proteins and presentation of
the product peptides to the major histocompatibility complex class | (MHC I) molecules in the ER.
This antigen presentation process is crucial for inducing CD8" T lymphocyte responses. Viral
encoded antigens synthesized by the host cell carries the post transcriptional modifications native
to the host such as glycosylation, which is important to maintain the structural integrity of the
antigens. Collectively, these actions foster an inflammatory environment conducive to anti-tumor
immunity. Infected cells are often recognized by the host immune system in a manner akin to
cancer cells. Furthermore, they can target cancers that are caused by or associated with viral
infections, such as human papillomavirus (HPV)-related cancers, by inducing antiviral immune
responses that can also attack cancer cells. For instance, in HPV associated head-neck or
oropharyngeal cancer, infiltrated viral-specific T and B cells recognize cancer cells;>® in skin

carcinoma, HPV antigen-specific T cells can prevent and suppress tumor growth.® HPV virus-like



particles (VLPs) have been used as prophylactic vaccines to prevent cervical cancer, but they have
not demonstrated therapeutic effects;* 1 other types of viral vectored vaccines with potential
therapeutic benefits are still under development. Here we summarize some of the key aspects

regarding the development of viral vectored cancer vaccines.



Vaccine Name  Source Clinical Cancer Access code Route Specific Combined Reference
Stage Tumor Therapy
Antigens?

T-VEC HSV-1  approved Unresectable it None NA 2
metastatic melanoma
111B/C-IVM1a

G47Delta HSV-1 approved Recurrent glioma UMINO0000026 it None NA 13,14

61
UMIN0000159
95
REOLYSIN Orthore b High-grade  glioma EudraCT 2011- i.v. None Surgery 5
ovirus with brain metastasis 005635-10
Dearing
type 3
Delta-24-RGD  Ad5 | DIPG NCT03178032 it. None Standard 6
radiotherapy  +/
chemotherapy

T-VEC HSV-1 1l Resectable melanoma NCT02211131 it None Surgery 17
111B/C-1IVM1a.

NOUS-209 GAd . 1m First/second-line NCT04041310 it 209 dMMR PD-1 IcCB 1820

MVA metastatic FSP Pembrolizumab
dMMR/MSI-H
colorectal, gastric
cancer, and
gastroesophageal
junction
adenocarcinoma
GRANITE ChAd6 I/l Various ~ metastatic NCT03639714  i.m. Personalized ~ Standard 2
8 N solid tumors, including Neoantigens ~ chemotherapy ,
VEEV NSCLC, colorectal PD-1 ICB
cancer, Nivolumab,
gastroesophageal CTLA-4 ICB
junction Ipilimumab
adenocarcinoma, and
urothelial carcinoma.

Ad-sig- Adv | Various advanced NCT02140996  s.c. Secretable Standard 22

hMUC- carcinomas, including MUC-1- chemotherapy

1/ecdCD40L lung, breast, ovarian, CD40L
prostate and colorectal
cancer.

CAN-3110 HSV-1 | Malignant NCT03152318 i.t. None Standard 2
gliomatosis, malignant chemotherapy
astrocytoma,
oligodendroglioma.

Delta-24-RGD  Ad5 Im Glioma, NCT02798406 it None PD-1 IcB #
neuroendocrine tumor. Pembrolizumab

T-VEC HSV-1 1l Stage II-1ll  triple- NCTO02779855 i.t. None Neoadjuvant 2
negative breast cancer. chemotherapy

surgery

Table 1.1 A list of viral vectored cancer vaccines currently used in clinic or have reported clinical

studies recently. i.t. intratumoral; i.m. intramuscular; s.c. subcutaneous; i.v. intravenous.



1.2 The balance between virulency, tropism, and fitness

Viral vectors serve as promising tools for cancer immunotherapy, capitalizing on the
inflammatory environment created by viral replication. However, systemic infection of the virus
may lead to uncontrolled consequences such as cytokine storm syndrome. As such, intratumorally
injection of viral particles is often employed as a safer approach. Nevertheless, toxicity must be
stringently controlled when utilizing live viral particles.

1.2.1 Attenuating pathogenicity

To achieve precise temporal and spatial control of viral replication, researchers have
engineered genetic circuits based on gene expression regulation mechanisms. For instance, the
vaccinia virus, previously employed as a vaccine against human smallpox, possesses a large
genome that allows for the insertion of multiple foreign genes. Rapamycin, a Food and Drug
Administration (FDA)-approved small molecule drug, can bind to FK506 binding protein (FKBP)
and induce its conformational change that results in an enhance affinity between FKBP and FKBP-
rapamycin binding protein (FRB).?® Azad and colleagues split the T7 phage RNA polymerase into
N-terminal and C-terminal domains and fused them to FKBP and FRB, respectively. They also
positioned the T7 promoter upstream of the essential genes for viral replication. In the absence of
rapamycin inside the cell, the split T7 polymerase N and C-terminal domains are unable to initiate

gene transcription. Only in the presence of rapamycin does the formation of the FRB-rapamycin-



FKBP complex enable the assembly of functional T7 polymerase, leading to gene transcription
and viral replication. In this scenario, rapamycin acts as an “on’’ switch for the virus.

Repressors are proteins that can bind to specific DNA sequences named operators and inhibit
gene expression. Some small molecules can interfere with this process by binding to repressors
and altering their shape or affinity for DNA. For instance, the TetR repressor normally binds to
the TetO operator and blocks transcription of the downstream gene. However, when the
tetracycline family antibiotic doxycycline is present, it binds to TetR and prevents it from binding
to TetO, allowing downstream gene expression. Similarly, the CymR repressor binds to the CuO
operator and inhibits gene expression unless cumate is added. Cumate binds to CymR and releases
CuO, activating downstream gene expression. In this manner, doxycycline and cumate are used as
“on” switches for viral gene expression. Researchers have used these switches to control the
expression of genes responsible for viral spread, foreign antigen expression, and cytokine
production. This approach has been found to improve both the safety profile and efficacy of
immune responses against tumors.?’

Existing mechanisms for gene transcription control prove challenging when applied to the
modification of RNA viruses, whose replication often do not involve transcription. Consequently,
Heilmann and colleagues have proposed an innovative approach that employs proteases to curtail
viral replication. The replication process of the Vesicular stomatitis virus (VSV) is contingent on

key proteins such as P and L. When the autocatalytic HIV protease and the C-terminal protease



cleavage site are inserted into the middle of the P or L sequence for fusion expression, the protease
can cleave the fusion protein, thereby inactivating it. Small molecule drugs used in clinical settings,
such as HIV protease inhibitors, can inhibit the function of the protease, thereby preserving the
activity of P and L proteins and facilitating viral replication. In this context, the inhibitor serves as
an “on” signal. The protease can also be fused to the N-terminus of the L virus as an “off” signal:
unlike fusion in the middle of the sequence, the presence of an N-terminal protease impairs the
function of L protein, preventing viral replication in an inhibitor environment. In the absence of
an inhibitor, however, the protease cleaves itself from the N-terminus of L protein, restoring its
normal function. Animal models have demonstrated that this system can effectively control the
replication and spread of a modified VSV virus in mice.?®

1.2.2 Improving tumor tropism and modifying tissue fitness

Appropriate strategies can be employed to adjust viral fitness in a tissue-specific manner. For
instance, by inserting the complementary sequence of muscle tissue-specific microRNA (miRNA)
into the 3’UTR site of Coxsackievirus, viral replication within muscle tissue is inhibited. This is
due to the miRNA within the muscle tissue mediating the degradation of viral mMRNA through
complementary pairing. However, in tumor tissues that lack this miRNA, the virus can replicate
normally.?® More sophisticated “logic circuits” can also be constructed. Huang and colleagues, for
example, utilized tumor-associated promoters and transcription activation-like effect repression

(TALER) regulated by miRNA to construct a logic switch. This switch only activates when 1) the



tumor promoter is activated, 2) normal tissue-related miRNA is at a low level, and 3) tumor tissue-
related miRNA is at a high level. This switch was then used to control adenovirus replication and
the expression of immunomodulatory molecules. The modified adenovirus was able to specifically
replicate within tumor cells and express carried immunoregulatory factors.

Talimogene laherparepvec (T-VEC) is a genetically engineered variant of the Herpes Simplex
Virus type 1 (HSV-1), which selectively replicates within tumor tissue. It has been approved for
the local treatment of unresectable metastatic stage 111B/C—IVM1a melanoma. The modifications
to T-VEC include the addition of HSV-1 JS1 and US11, which enhance targeting and replication
within tumor cells. To attenuate its pathogenicity in normal tissue, the ICP34.5 gene has been
deleted. The ICP47 gene, which mediates suppression of antigen presentation, has also been
removed. Furthermore, human granulocyte-macrophage colony-stimulating factor (GM-CSF) has
been inserted. GM-CSF is a cytokine that promotes the recruitment and activation of dendritic
cells (DCs).1? G47Delta, which has completed Phase Il clinical trials in Japan and has been
approved for clinical use, is also based on HSV-1. In addition to the deletion of ICP34.5 like T-
VEC, G47Delta further bears the inactivation of UL39 and the deletion of 047. These edits can
restore the MHC 1 expression in host cells that was suppressed by the virus, which can enhance
the presentation of tumor-associated antigens and reduce toxicity in normal tissues, without
affecting the adaptability of tumor tissues!® . Another oncolytic virus based on HSV-1, CAN-

3110, is currently in Phase I clinical studies. Unlike the aforementioned T-VEC and G47Delta,



CAN-3110 retains the functional ICP34.5 gene, but it is placed under the control of the nestin
promoter. Nestin is overexpressed in gliomas and other similar tumors, yet its expression is
relatively low in the adult brain and differentiated tissues. This characteristic enables CAN-3110
to be selectively enriched in tumors of the nervous system %,

The tumor-specific adenovirus Delta-24-RGD, which is currently undergoing multiple clinical
Phase I/11 studies, has a deletion of 24 base pairs in its E1A gene to reduce its replication capability
in normal tissues. The E1A gene in the adenoviral genome encodes an early expressed protein that
can bind to the retinoblastoma protein (pRB) in the human tumor suppressor signaling pathway.
The binding of the E1A protein to pRB releases the transcription factor E2F-1, which is normally
inhibited by pRB, allowing the cell to enter the S phase and facilitate viral replication. The mutated
E1A protein has a reduced affinity to pRB, thus this adenovirus replicates less efficiently in normal
tissues. In some malignant tumors, such as gliomas, the pRB pathway is already inhibited, and
E2F-1 is in an active state, so the mutated adenovirus can still replicate normally. On the other
hand, adding an RGD sequence to its fiber enhanced the virus’s binding affinity to integrins avf3
and avB5 on the surface of cancer cells.!®

Guo and colleagues enhanced the tumor fitness of Alphavirus M1 through continuous passing
and directed evolution in the HCT-116 colon cancer cell line.3! Altering the protein used by the

virus to invade cells can change its permissibility, thereby affecting the virus’s toxicity to different
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tissues. For instance, Das et al. reported that replacing VSV surface glycoprotein VSVg with
Lymphocytic choriomeningitis virus (LCMV) glycoprotein could reduce its neurotoxicity.32

1.2.3 Intravenous viral vectored vaccines

Systemic administration, as compared to intratumorally injection, offers a wider range of
applicability. Evidence from a clinical Ib window-of-opportunity trial suggests that human
orthoreovirus, when administered intravenously, is capable of penetrating the blood-brain barrier
and replicating within high-grade gliomas.'® Similarly, in murine models, the Ankara strain of
Vaccinia virus (MVA) has been observed to accumulate and replicate within tumors following a
single intravenous injection.

Ideally, live viruses introduced intravenously should exhibit tumor tropism and relatively low
antigenicity and immunogenicity. This would prevent neutralization by serum antibodies and
mitigate the risk of a systemic cytokine storm. For instance, human adenovirus hAdv-C5, when
administered intravenously in mice, rapidly accumulates in the liver. Here it is primarily
phagocytosed by Kupffer cells under the mediation by natural IgM and complement pathways.
This process results in the production of inflammatory cytokines and induces acute hepatitis.
Targeted mutation of the hexon hypervariable region 1 (HVR1) on the adenovirus capsid can
eliminate its recognition by IgM and complement deposition, thereby reducing virus accumulation
in Kupffer cells. Further modifications such as replacing the original RGD sequence in the penton

of hAdv-C5 with the human laminin al sequence SIKVAV (which recognizes epithelial cell-

11



associated integrins a3f1, a6p1, and a6Pp4), can further reduce its macrophage tropism and
enhance its ability to infect carcinoma cells. In murine models, this modified adenovirus has been
shown to specifically accumulate within tumors following intravenous injection and persist for
extended periods. However, it is important to note that these modifications can only evade
recognition by existing natural IgM. They are unable to prevent newly induced, high-affinity I1gG
antibodies from neutralizing the virus post-immunization.3

In scenarios necessitating repeated immunization, the recurrent administration of a single virus
can induce high-affinity serum neutralizing antibodies. This can potentially obscure the effects of
subsequent immunizations. This issue can be partially circumvented by employing multiple
distinct viruses carrying identical tumor antigens. An alternative strategy to evade the serum
immune system in viral vaccine delivery involves encapsulating the virus within cells. Evgin and
colleagues demonstrated this by infecting epidermal growth factor receptor variant 111 (EGFRvIII)
directed CAR-T cells with VSV encoding mouse interferon  (mIFNB) and delivering them to
tumor-bearing mice. They observed that, compared to intravenously administered VSV alone,
CAR-T cells were more effective in delivering VSV to tumors and the lymphatic system. Moreover,
VSV-stimulated CAR-T cells exhibited enhanced in vivo proliferation and potentiated tumor-
killing effects.>> Another approach to bypass the humoral immune system involves discarding
immunogenic molecules on the virus surface (such as membrane proteins and capsids) and

delivering mRNA encoding viral genes via lipid nanoparticles (LNPs). Mouse studies indicate that

12



this strategy can successfully deliver mMRNA from Seneca Valley virus and Coxsackievirus A21
intravenously to tumors, facilitating translation, assembly, and replication within the tumor. This
occurs even in the presence of neutralizing antibodies against the virus in mouse serum. This
strategy holds promise for situations requiring repeated systemic administration.®® Serum
antibodies against the vector may also enhance anti-tumor immunity. Ling et al. found that in the
clinical phase | results regarding HSV-1-based CAN-3110, pre-existing and post-vaccination
serum antibodies to HSV-1 were both associated with longer patient survival and better prognosis;
in contrast, HSV-2 serum antibodies were unrelated to treatment outcomes.?® The host's antiviral
immunity against the vaccine vector can also be actively harnessed by other strategies for
combating tumors. Niemann et al. discovered that in subcutaneous MC38, CMT-64 mouse lung
cancers, and B16F10 mouse models with artificially high expression of poly(sialic acid),
intratumorally administration of adenovirus Ad5 followed by intravenous delivery of a fusion
protein composed of the Ad5 hexon DEL1 antigen and a single-chain variable fragment (scFv)
targeting poly(sialic acid) could label DE1 on tumor cells and make them recognizable by the host
serum antiviral antibodies. This strategy increased intra-tumoral infiltration of CD8" T cells,
promoted tumor elimination and long-term survival in mice, and sensitized tumors that were

originally insensitive to PD-1 ICB.%
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1.3 Viral vectored vaccines modulate TME

Viral replication, occurring in situ, leads to modifications of the tumor microenvironment.
This effect can be further enhanced by viral vectored and/or co-administrated immune modulating
signals, such as mAbs, chemokines, and cytokines.

1.3.1 Targeting dendritic cells

GM-CSF has been integrated into T-VEC to augment dendritic cell recruitment and activation.
This augmentation subsequently facilitates tumor antigen presentation and promotes antigen
spreading, a process that triggers the generation of de novo immune responses.?

In a mouse model, intratumorally vaccination with oncolytic Newcastle Disease Virus (NDV)
was shown to activate DCs and sensitize them to dying tumor cells through the upregulation of
dead-cell receptors. NDV was found to synergize with Fms-like tyrosine kinase 3 ligand (FIt3L),
which mobilizes and expands intratumoral DC cells. The combined therapy led to the generation
of cross-presenting conventional Type 1 DCs (cDC1s), type | IFN-dependent CD4* T helper 1
(Thl) effector cells, and neopeptide-reactive CD8" T cells in a subcutaneous murine A20
lymphoma model.*®

Viral vectored vaccines can also encode CD40 ligand (CD40L),?? a member of the tumor
necrosis factor receptor family, which is considered a key costimulatory switch for DCs. CD40L
encoded by MV A has been shown to stimulate DCs, thereby enabling them to prime tumor-specific

CD8* T cells.3®
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1.3.2 Targeting macrophages

The intratumoral delivery of an oncolytic herpes simplex virus-1, which encodes a full-length
anti-CD47 IgG1 mAb, was observed to enhance macrophage and natural killer (NK) cell activity
in a mouse model with stereotactically implanted CT2A mouse glioblastoma (GBM) tumor. CD47,
a surface protein that is overexpressed in certain cancer cells, binds to signal regulatory protein o
(SIRPa) present on phagocytic cells such as macrophages. This binding sends an inhibitory signal
that suppresses their phagocytic activity against cancer cells, thus serving as a “don’t eat me”
signal. The mAb secreted by the virus interrupts the CD47-SIRPa interaction, thereby restoring
macrophage activity against cancer cells. Furthermore, the mAb mediates antibody-dependent
cellular cytotoxicity (ADCC) against cancer cells expressing CD47 via NK cells. The virus
demonstrated protective effects against intracranial GBM in mice.*

The antitumor activity of macrophages in GBM can also be restored through the manipulation
of cholesterol efflux, specifically by using an adenovirus that produces apolipoprotein Al (ApoAl).
ApoAl serves as a ligand for the ATP-binding cassette transporter Al/G1l (ABCAL/G1)
cholesterol efflux receptor, which is found to be upregulated in GBM tumor-associated
macrophages (TAMSs). This upregulation, along with the elevated expression of phagocytosis-
inhibitory receptors such as sialic acid binding Ig-like lectin 10 (Siglec-10) and programmed cell
death 1 (PD-1), is a consequence of cholesterol accumulation in GBM. The stimulation of

ABCA1/G1 through the adenovirus produced ApoAl has been observed to reverse the deficiency
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in macrophage phagocytosis, leading to tumor clearance. This effect was demonstrated in mouse
orthotopic GBM models with GL261 and G422 tumors. Furthermore, the intratumoral
administration of the virus was found to enhance systemic antitumor immunity and establish long-
term tumor-specific memory.*°

1.3.3 Targeting T cells

An engineered vaccinia virus, which encodes interleukin-12 (IL-12) and interleukin-7 (IL-7),
has shown promise in modulating the immunosuppressive TME when delivered intratumorally in
a mouse model. IL-12 serves to activate NK and T cells, thereby amplifying the production and
secretion of interferon-y. Concurrently, IL-7 plays a crucial role in maintaining T cell homeostasis
and exhibits a synergistic effect on T cell stimulation when combined with IL-12. In the context
of mouse models with low immunogenicity, specifically B16-F10 and Lewis lung carcinoma
(LLC), viral replication coupled with cytokine production triggered inflammatory responses and
increased the presence of tumor-infiltrating lymphocytes (TILs). TILs serve as an indicator of
tumor immunogenicity and have a direct correlation with anti-tumor immunity. This culminated
in the rejection of both treated and distant untreated tumor deposits (abscopal effect), stimulating
an immune memory response that safeguarded the mice against subsequent challenges.
Additionally, the virus was found to increase tumor sensitivity to anti-PD-1 and cytotoxic T

lymphocyte-associated protein 4 (CTLA-4) mAb therapy.*

16



Viral vectored interleukin-2 (IL-2) can also modify TME. IL-2 is a potent T-cell mitogen and
activator that can extend the function of T-cells and facilitate tumor clearance. Clinically, systemic
administration of IL-2 is associated with severe toxicity. An IL-2 construct consisting of a
glycosylphosphatidylinositol (GPI) anchor with a rigid peptide linker fused to IL-2 was delivered
by oncolytic vaccinia virus. Intratumoral vaccination with the recombinant vaccinia virus led to
local expression of IL-2 and was shown to induce potent antitumor CD8" T cell responses in MC38,
LLC, and CT26 models, without toxic side effects.*?

Viral vectored vaccines can also synergize with ICB. Intratumoral vaccination with vaccinia
virus expressing anti-PD-L1 mAb and GM-CSF enhanced tumor infiltration of lymphocytes and
DC cells, promoted maturation of DCs and neoantigen presentation, enhanced antitumoral CTL
responses, thus leading to rejection of both treated and distant tumors in murine models with B16-
F10, Py230, and MC38 cells.*® Intratumoral vaccination with rotavirus was found to synergize
with anti-CTLA-4 and anti-PD-L1 mAbs.*

Leptin is a canonical adipokine with potent metabolic reprogramming functions such as the
promotion of glucose and fatty acid oxidation and mitochondrial biogenesis. T cells stimulated in
the context of leptin can synthesize more cytokines and increase their proliferation. Vaccinia virus
engineered to express leptin in tumor cells induced complete responses in tumor-bearing mice and

supported memory development in the tumor infiltrate.**
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1.3.4 Targeting tumor cells

Trametinib, a clinical drug that inhibits the mitogen-activated protein kinase kinase (MEK)
pathway in melanoma cells, was combined with intratumorally administrated T-VEC encoding
mouse GM-CSF in a mouse D4M3 melanoma tumor model. The combination therapy significantly
inhibited tumor growth, induced antigen spreading, increased tumor infiltrating CD8" T cells, and
improved T cell activation with higher levels of interferon y (IFNy), granzyme B, and Ki67. The
therapy also increased programmed cell death ligand 1 (PD-L1) expression in the TME and
sensitized the tumor to anti-PD-1 mAb in D4M3 and CT26 mouse tumor models.*°

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) encodes a lipid/protein
phosphatase and is characterized as a tumor suppressor gene for its role in antagonizing the
phosphatidylinositol-4,5-bisphosphate 3-kinase/protein kinase B (PI3K/AKT) pathway. In a
murine intracranial DB7 breast cancer model, HSV-P10, an oncolytic herpesvirus encoding
PTENa, was delivered intratumorally and reduced AKT phosphorylation and AKT/ mammalian
target of rapamycin (mTOR) activity, increased mitochondrial membrane potential, and enhanced
adenosine triphosphate (ATP) secretion, which serves as a DAMP due to its correlation with cell
membrane damage. HSV-P10 increased the infiltration of CD8"* T cells, reduced PD-L1 expression,
prolonged the survival of tumor-bearing mice, and induced a memory response against tumor

rechallenge.*®
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Viral vectored vaccines can also encode cytotoxic agents such as pyroptosis-inducing
molecule N-terminal gasdermin domain (GSDMNT). Recombinant adeno-associated viruses
(rAAVs) expressing GSDMNT induced a robust anti-tumor immune response in a rat intracranial
C6 GBM model. rAAVs temporarily opened the blood-brain barrier and recruited tumor-
infiltrating lymphocytes into the brain. The oncolytic effect was further improved in combination
with anti-PD-L1 ICB. Oncolytic parapoxvirus ovis (ORFV) can also induce cell pyroptosis owing
to its ability to activate the gasdermin E (GSDME) pathway. Consequently, ORFV sensitized
immunologically ‘cold’ tumors to checkpoint blockade in mouse B16 and 4T1 models. Similarly,
recombinant measles virus vaccine strain rMV-Hu191 was shown to induce pyroptosis in a mouse
esophageal squamous cell carcinoma (ESCC) xenograft model via caspase-3/GSDME-mediated
pathways.*’

Tumor cells can be labeled with chemokines that can recruit immune cells. For example,
chemokine C-C motif ligand 5 (CCL5) is an inflammatory chemokine that promotes chemotaxis
of immune cells by interacting with C-C chemokine receptor type 1(CCR1) and/or type 5 (CCR5).
A chimeric antibody-like molecule consists of a single chain of epidermal growth factor receptor
(EGFR) mAb cetuximab scFv fused to IgG1 Fc and another chain of CCL5 fused to IgG1 Fc acts
like a bispecific antibody. It binds to EGFR on cancer cells, delivers CCL5 to the TME, and
mediates ADCC via Fc. In mouse intracranial C2A-EGFR GBM models, intratumoral vaccination

with oncolytic herpes simplex virus type 1 (o0HSV) encoding the secretable bispecific protein
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significantly enhanced the infiltration and activation of natural killer cells, macrophages, and T
cells; inhibited tumor EGFR signaling; reduced tumor size; and prolonged survival of tumor-
bearing mice. Vaccination also induced abscopal effect.*?

1.4 Antigen loading methods of viral vectored cancer vaccines

In addition to triggering ICD and the release of tumor antigens in situ, viral vectors can also
be engineered to carry various forms of tumor antigens. Viral particles have the ability to infect
cells, deliver the loaded antigens into the cytoplasm, and promote antigen presentation to MHC |
molecules, thereby favoring CTL responses.

1.4.1 Introduction of tumor associated antigens post viral assembly

Antigens can be conjugated to proteins on the surface of viral vaccines via chemical reactions
or physical adsorption. Click Chemistry, awarded the Nobel Prize in Chemistry in 2022, is
extensively utilized for the chemical modification of virus surfaces. Ji and colleagues employed
Click Chemistry to introduce the model antigen OVA peptides onto the surface of a modified
influenza virus, subsequently verifying its capacity to induce anti-tumor immune responses.*®
Physical adsorption is another method used for antigen modification on the virus surface. Fusciello
and colleagues isolated cell membranes from tumor cell lines, such as B16-F10, and repeatedly
extruded them with the adenovirus Delta-24-RGD until a membrane-virus composite vaccine was

formed with the cell membrane enveloping the virus surface. Consequently, membrane proteins

and other antigens on the surface of tumor cells could be introduced onto the virus surface via cell
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membrane mediation. This approach demonstrated preventive and therapeutic anti-tumor immune
effects in animal experiments, potentially circumventing the need for identification,
characterization, and synthesis of tumor-associated antigens.*

Roy and colleagues discovered that antigens do not necessarily need to be associated with
viruses at the molecular level. A mixture of viruses serving as adjuvants and antigen peptides can
effectively present peptide antigens. In mouse models, researchers employed four different viruses,
including adenovirus, Maraba Virus, VSV, and Vaccinia virus, mixed with peptide antigens for
heterologous alternating immunization. This approach stimulated effective anti-tumor immune
responses.’?

1.4.2 Genetic engineering for antigen expression

The new generation of virus particles replicated by these late stage-modified particles will not
contain the corresponding antigens. For a more consistent and stable delivery of antigens, it is a
common practice to integrate the genes encoding tumor antigens into the virus particles. D’Alise
and colleagues identified 31 novel T-cell antigens, which are produced by single base mutations,
from the CT26 mouse colon cancer cell line through sequencing and antigenicity prediction. These
antigens were expressed as a fusion artificial antigen protein. The tumor vaccine was developed
by introducing the gene of this antigen protein into the Gorilla Adenovirus (GAd). Animal models
have demonstrated that GAd vaccines encoding neoantigens can trigger T-cell responses. After a

single immunization in mice, T-cell responses were observed for seven antigens via enzyme-linked
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immunospot assay (ELISpot), among which 3 CD4" T cell and 3 CD8" T cell responses were
detected via flow cytometry. These tumor-specific T cells do not recognize unmutated native
proteins and can inhibit tumor occurrence and development.>? Animal models have further shown
that GAd vaccines encoding tumor neoantigens can enhance the stemness of tumor-specific CD8*
T cells.®® The anti-tumor vaccine Nous209, which is based on GAd and MVA, is currently
undergoing phase 18 and phase I/11?° clinical trials. Nous209 encodes 209 frameshift peptide (FSP)
antigens that are shared among patients with DNA mismatch repair-deficient (dIMMR) tumors.
Preliminary results indicate that Nous209, in combination with anti-PD-1 mAb therapy, is safe in
patients with dAMMR cancer and effectively induces anti-tumor immune responses.

The viral vectored vaccine GRANITE, which is designed to encode tumor neoantigens, is
presently in the midst of phase /11 clinical trials. GRANITE is composed of two key components:
the Chimpanzee Adenovirus ChAd68, which encodes neo antigens, and the Venezuelan Equine
Encephalitis Virus (VEEV) vectored self-amplifying RNA (samRNA) also encoding neo antigens.
The treatment strategy involves an alternating immunization schedule with these two viruses,
supplemented with PD-1 and CTLA-4 mAbs. This regimen is being explored for the treatment of
advanced metastatic solid tumors. Preliminary results suggest that this therapeutic approach is safe
and capable of inducing a potent anti-tumor T-cell response.?

The adenovirus vectored vaccine Ad-sig-hMUC1/ecdCD40L, which is designed to encode the

tumor-associated antigen human mucin-1 (hMUC-1), has exhibited anti-tumor properties in
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animal models. This vaccine expresses a fusion protein that combines hMUC-1 and human CD40L.
Safety of this vaccine has been demonstrated in phase I clinical trials in patients with advanced
adenocarcinoma exhibiting high expression levels of hMUC-1.2?

Numerous preclinical studies are exploring the use of viruses encoding tumor antigens as
vaccines. Ring and colleagues have reported on a non-pathogenic (LCMV) that encodes tumor
associated antigen tyrosinase-related protein 2 (TRP2). This vaccine has shown potential in
reprogramming Fibroblast Stromal Cells (FSCs) in mouse models, thereby recruiting antigen-
specific CD8" T cells to control tumor growth.>® Smith and colleagues have discussed an
adenovirus, Ad5-TRP2, which encodes TRP2. In both preventive and therapeutic mouse models,
this vaccine, when combined with Polylactic Acid-Polyglycolic acid copolymer/dendritic
Polyamidoamine (PLGA/PAMAM) nanoparticle adjuvants, has demonstrated potential in
inhibiting the occurrence and growth of subcutaneous B16F10 mouse melanoma.®* Das et al. have
reported on the effects of alternating immunization with Vesicular Stomatitis Virus (VSV-GP-
TAA) encoding tumor-associated antigens and the artificial protein antigen KISMA in mouse
models. The encoded tumor-associated antigens include OVA, neoantigen Adpgk, Repsl, and
HPV-related antigen E7. KISIMA, on the other hand, is an artificial fusion protein that contains
antigen peptides, cell penetrating peptides, and toll-like receptor 2/4 (TLR2/TLR4) ligand peptides.
The researchers observed that alternating immunization with the virus and protein yielded superior

anti-tumor effects compared to a single vaccine.®> Moshaheb and colleagues have reported on the
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anti-tumor effects of the chimeric virus PVSRIPO, which encodes the tumor-associated antigen
DMG/DIPG H3.3K27M, in mouse models. PVSRIPO is a genetically stable hybrid virus of
poliovirus and rhinovirus that can infect DC cells to present antigens. Antigen encoding PVSRIPO
has been shown to activate CD8" T cells, and delay tumor growth in animal models.>® Medina et
al. have reported on MVA vectored vaccine rMVA-CD40L-TAA encoding tumor-associated
antigens (TAAs). Animal experiments show that rMVA-CD40L-TAA can not only expand CD8"
T cells but also activate NK cells after a single intravenous immunization. It can synergistically
kill tumors in combination with anti-tumor mAb TA99.33

1.5 Conclusions and future outlooks

Viral vectors are appealing carriers for the development of cancer vaccines. They are relatively
simple and well-characterized compared to bacterial and cell-based vaccines, and the mechanisms
of viral replication and spreading have often been extensively studied. Rational engineering of
viral vectors has been conducted to improve their safety profile, in vivo distribution, and tumor
fitness, taking advantage of their flexibility. Most viral vectors are administered intratumorally,
while some enhancements have enabled systemic injection. Numerous immune-stimulating
molecules, expressed by the viral vector or administered separately, have been used to stimulate
both innate and adaptive immune cells, enhancing their ability to modify the immunosuppressive
TME. Tumor-associated antigens have been introduced to the vector via different methods to

generate tumor-specific T cell responses.
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Challenges still exist for the substantial clinical use of viral vectors. A recent trial of AAV
vectored gene therapy resulted in a catastrophic outcome: the 27-year-old patient died 8 days post-
infusion of a high dose of recombinant AAV. Examination suggested that an innate immune
reaction against the vector caused acute respiratory distress syndrome (ARDS), potentially leading
to the multiorgan failure, which caused the patient’s death.>® Unlike gene therapy which aims to
modify most of an individual’s cells, vaccines potentially require transformation of a much smaller
number of cells, thus requiring a smaller dosage. However, this incident still alerts us that the
outcome of delivering a live virus to an individual is not well studied and clearly established,
despite numerous clinical trials conducted. Here we reviewed a few efforts to improve safety of
the viral vectors, and it will remain a crucial aim for future studies.

The impact of immune responses against vaccine vectors on anti-tumor immunity is another
challenge in the development of viral vector-based cancer vaccines. The generation of immune
responses is an energy-intensive process.>’ Immune responses directed against the vector may
compete with anti-tumor immunity for energy, nutrients, and cellular resources. However, the
innate immune response against the vector may also kill tumor cells in a non-specific manner and
enhance anti-tumor immunity. Experience from the development of infectious disease vaccines
suggest that pre-existing immunity to the vector seems to enhance humoral immunity against the
target antigen but reduce cellular immunity.®® The influence of preexisting antiviral immunity on

the occurrence and evolution of antitumor immunity is currently only preliminarily understood.>*-
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%1 As previously summarized, we have discussed several methods to reduce host antiviral immune
responses, as well as examples of directing antiviral immune responses towards the tumor.

In response to these challenges, in addition to conducting more in-depth research and
understanding of the mechanisms of pathogen-host immune interactions and cancer biology, we
may also not overlook the differences between the immune systems of different individuals. We
may not only need "personalized™ antigens but also “personalized” vectors. For instance, the level
of pre-existing serum anti-vector antibodies can affect not only the immune efficacy but also the
probability of severe allergic reactions occurring post vaccination. Apart from differences in pre-
existing antibody levels, HLA polymorphism can also affect the pathogenicity of a specific
pathogen. For example, recent research indicates that in individuals carrying HLA-B*15:01, due
to their immune cells' more efficient presentation of a common coronavirus epitope, these
individuals' T cells can recognize cells infected by a variety of different coronaviruses more
strongly and broadly: people in this category often exhibit milder symptoms after infection with
the SARS-CoV-2.52 Considering that in this example, the widespread prevalence of common cold
coronaviruses in the population may have selected for such advantageous genes, for other viruses
that are widely disseminated in the population, such as adenoviruses, HSV, etc., their pathogenicity
and antigen presentation efficiency may also be influenced by HLA polymorphism. Therefore,
clinical research on microbial vector vaccines may need to consider the impact of patient genotypic

differences.
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The complexity of tumors represents another significant challenge in the development of
cancer vaccines. A successful cancer vaccine may require the simultaneous application of
knowledge from microbiology, cancer biology, and immunology to address the numerous
difficulties in this field. Therefore, interdisciplinary collaboration is of paramount importance.
Moreover, due to the heterogeneity and high mutation rate of tumor cells, any anti-tumor therapy
targeting a specific aspect or mechanism of the tumor is ultimately likely to fail due to antigen loss
or other forms of resistance. Consequently, cancer vaccines currently in clinical research are often
combined with other therapies, such as radiotherapy, chemotherapy, ICB, etc. The trend towards
combination therapies is expected to continue, and future research directions may involve more
findings from other fields, such as new bioinformatics methods, deep learning, and artificial
intelligence, combined with cancer vaccines to combat tumors from multiple different angles,

thereby improving the survival and quality of life of cancer patients.
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Chapter 2 Inducing Long Lasting B Cell and T Cell Immunity Against Multiple Variants
of SARS-CoV-2 Through Mutant Bacteriophage Qp — Receptor Binding Domain Conjugate

2.1 Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
the coronavirus disease 2019 (COVID-19), poses a serious threat to public health. As of October
2022, it caused over 6 million deaths worldwide. The Institute for Health Metrics and Evaluation
estimated more than 18 million mortalities during 2020 and 2021 related to COVID-19 globally,
far surpassing the reported numbers.! Anti-COVID-19 vaccines based on messenger RNA
(MRNA),> 3 protein subunits,*’ adenovirus carrier®® or inactivated SARS-CoV-2 virion
particles'™ 12 have been developed, which have drastically reduced the rates of hospitalization,
severe disease and death. However, there are significant limitations to the currently approved
vaccines. The viruses have acquired significant mutations over the past two years with five variants
of concern (VOCs), namely Alpha, Beta, Gamma, Delta and Omicron being declared by the World
Health Organization (WHO) by spring 2023. These VOCs are more resistant to neutralization by
monoclonal antibodies,*>?° vaccinated or convalescent sera,** 171923 [eading to frequent infections
even in fully vaccinated®* 2 or convalescent?? people. On September 11, 2023, FDA amended the
emergency use authorization (EUA) of Moderna and Pfizer COVID-19 Vaccine to include the
updated formula that covers the dominate strain XBB.1.5 at the time. After less than half a year,
the dominate strain became JN.1 meanwhile the popularity of linage XBB dropped to less than 1%

on January 2024. (https://covid.cdc.gov/covid-data-tracker/#variant-proportions, accessed by
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April 30", 2024) The fast evolving nature of SARS-CoV-2 highlights the need to development of
a broad spectrum vaccine. Furthermore, the immunity elicited through vaccination can wane
rapidly.?52° In a large scale study of 2,653 people fully immunized with the Pfizer/BioNTech
BNT162b2 mRNA vaccines, anti-Spike (S) protein 1gG antibody titers decreased by up to 38%
each month after immunization.*® In another study involving 22,657 patients, for those infected
with SARS-CoV-2 after being vaccinated with the Pfizer/BioNTech mRNA vaccine, the reduction
of viral load as a result of vaccination became insignificant 6 months after the 2" dose compared
to the non-vaccinees, and the regained protection from the 3™ immunization became insignificant
again in 2-4 months.?® To compensate the fast wanning immunity induced by the current vaccines,
frequent boosts is required, which creates challenge to supply chains and requires public
compliance. SARS-CoV-2 majorly infects human via the respiratory epithelium. Mucosal
antibodies and immune cells are the first line defense to the infection. A functional mucosal
response has the potential to neutralize the viral particles before they enter the epithelium and
reduce human-to-human transmission. Current vaccines lack the ability to effectively boost
mucosal immunity in the human respiratory track. A recent study found that in the bronchoalveolar
lavage fluid (BALF) of people vaccinated by 2 or 3 doses of the mRNA vaccine, little SARS-CoV-
2 Spike-specific B and T cells were observed. Levels of neutralizing antibodies against D614G,
Delta and Omicron variants in the BALF were significantly lower than those of convalescent

patients despite robust antibody responses in blood induced by vaccines.3! Thus, new vaccines that
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can induce broadly neutralizing, persistent, and comprehensive immunity are urgently needed to
enhance the protection against SARS-CoV-2.

The glycoprotein S, one of the surface components of the virus, is a major target of host
immunity.3233S plays a critical role during the cellular entry by the virus, which is initiated through
the recognition of cell surface receptor human angiotensin converting enzyme 2 (hACE2) by the
receptor binding domain (RBD) of S.3*3¢ The RBD is an attractive target for vaccine
development.3” However, efforts are needed to better determine the protective epitopes from the
RBD and to boost the immune responses against SARS-CoV-2. Herein, we report that the epitope
selection for RBD based vaccines is critical. A range of RBD peptides/glycopeptides and the
glycosylated full-length RBD have been evaluated as a potential antigen. The full-length RBD has
been found to be the most suitable antigen. The conjugate of the RBD with a promising protein
carrier, bacteriophage mutant QB (mQp), gave the highest levels of persistent IgG antibodies
capable of neutralizing viruses including the VOCs. Furthermore, the mQB-RBD conjugate
elicited CD4" and CD8* T cell responses against SARS-CoV-2 including the Omicron variant.

2.2 Results and discussion

2.2.1 Conjugates of peptide/glycopeptide epitopes from the RBD failed to produce high
levels of antibodies recognizing the RBD

A critical factor in conjugate vaccine design is epitope selection. Our initial efforts focused on
peptide/glycopeptide epitopes from the RBD as their structures can be well-defined. From the

cryo-EM structures of the complexes formed by the RBD (from the Wuhan-Hu-1 reference strain)
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with the human ACE-2 protein or with several broadly neutralizing antibodies, 3! we selected a
panel of RBD peptides and glycopeptides (Table 2.1) as potential epitopes based on high solvent
accessibility, high B cell antigenicity prediction scores, and sequences within the RBD recognized
by neutralizing antibodies.*> 3

To enhance antibody responses to the (glyco)peptides, mutant bacteriophage QB VLPs* have
been utilized as the immunogenic carrier to deliver the epitopes. Bacteriophage Qp capsid protein
(CP) can be expressed recombinantly in E. coli cells to form VVLPs with 180 copies of CPs arranged
in a 28 nm diameter, icosahedral particle. Each CP allows up to 4 solvent accessible lysine residues
on the exterior, which can provide the reactive sites enabling polyvalent bioconjugation.** With its
high order of symmetry and optimal antigen presentation density, QB has been shown to
significantly enhance antibody responses against conjugated subunit epitopes.*> *° Furthermore,
a QP mutant (mQp), A38K/A40C/D102C, was shown superior to wild type QP as a vaccine carrier
further to enhance the antibody responses to the conjugated antigen while reducing the levels of

antibodies generated against the carrier itself.*®
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Entry Location Sequence

1 407-428 CVRQIAPGQTGKIADYNYKLPDD
2 473-491 YQAGSTPCNGVEGFNCYFP

3 439-447 CNNLDSKVGG

4 495-507 CYGFQPTNGVGYQ

5 453-460 CYRLFRKSN

6 319-326 CRVQPT (a-THESI

7 336-346 CPFGEVFN(GIcNAC)ATR

8 336-346 CPFGEVFN(FucGlcNAc)ATR

9 484-518 EGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELL
10 488-508 CYFPLQSYGFQPTNGVGYQPY

11 440-460 CNLDSKVGGNYNYLYRLFRKSN

Table 2.1 Panel of selected peptide or glycopeptide epitopes investigated in the current study. C
shown in red indicated cysteine added to the sequences for bioconjugation. Underlined C
represented cysteine residues connected by disulfide bond.

All peptides and glycopeptides were synthesized and conjugated with mQp (Scheme 2.1),
averaging 150-250 copies of the peptide/glycopeptide per mQp particle. To evaluate the
antigenicity of these conjugates, mice were immunized with each construct and monophosphoryl
lipid A (MPLA) as the adjuvant on days 0, 14 and 28. Sera were collected on day 35 following the
initial immunization. Enzyme Linked Immunosorbent Assay (ELISA) was first carried out using
the corresponding conjugate of bovine serum albumin (BSA) and the (glyco)peptide to avoid
interference from anti-mQp antibodies. Concentration at half maximum effectiveness (EC50) titer
values, the highest fold of dilution to retain more than 50% of the highest optical density values in
ELISA, were calculated as the titer numbers. As shown in Figure 2.1a, all constructs elicited high

levels of 1gG antibodies against the respective immunizing antigen (geometrical mean of titer

(GMT) 54,745 - 146,102), which suggests mQp conjugates can boost the antibody responses
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against the RBD (glyco)peptides. As an effective vaccine, it is critical that antibodies elicited can
recognize the native RBD. To test this, another ELISA was set up using the full length RBD as the
coating antigen. Interestingly, despite the high levels of anti-(glyco)peptide IgG antibodies
produced by all 11 mQp-(glyco)peptide conjugates Figure 2.1a), only mQp-peptide 1 and mQp-
peptide 2 induced significant (GMT >1,000) 1gG antibodies capable of recognizing the full length

RBD (Figure 2.1b). This suggests that antigen design needs to be improved.
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Scheme 2.1 Synthesis of mQp-peptide/glycopeptide conjugates.
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Figure 2.1 Immune response against mQp-(glyco)peptide conjugates. EC50 IgG antibody titers
against a) BSA-(glyco)peptide conjugates and b) RBD were plotted. Female C57BL/6 mice aged
6 weeks (n=5) were immunized with various (glyco)peptide conjugates on day 0, 14 and 28
subcutaneously under the scruff. Each dose contained equivalent of 8 nmol of (glyco)peptides,
along with 20 pg MPLA. Serum samples were collected by day 35 and ELISA was run against a)
(glyco)peptide BSA conjugates or b) full length RBD. Serum IgG titers were calculated to
represent the dilution that gave half-maximal absorbance (GraphPad Prism 6, 4 PL nonlinear
regression, least squares). While high levels of anti-(glyco)peptide IgG antibodies were produced
by all 11 mQp-(glyco)peptide conjugates, only mQp-peptide 1 and mQp-peptide 2 induced
significant IgG antibodies capable of recognizing the full length RBD. Each symbol presented an
individual mouse. Short horizontal bar in between the dots indicated the geometrical mean of the
group. Limit of detection was 1,000 ELISA units in a) and 250 ELISA units in b), respectively.
Dots on horizontal axis presented mice without detectable binding.

2.2.2 Design and synthesis of conjugates of mQp with the full-length RBD

As an alternative to the (glyco)peptide antigens, we explored next the possibility of applying
the full length RBD as the antigen. As the free RBD may be insufficiently immunogenic (vide
infra) and the fusion of RBD with the mQp coat protein may affect the mQp assembly into
nanoparticles, the chemical conjugation of RBD with mQp was investigated. To produce

antibodies capable of blocking RBD and hACE-2 interactions, we hypothesize that the RBD
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should be oriented on mQp in a way that its receptor binding motif (RBM) involved in hACE-2
binding is pointing away from the mQp surface to enable its recognition by B cells for antibody
generation in vivo. Examination of the structure formed by the complex of RBD with hACE-2%
(Figure 2.2) and ectodomain of S°° showed that of the 9 cysteine residues in the RBD sequence
(R319-F541), 8 of which are paired as disulfides. The only free cysteine C538 (shown in purple)
resides at the C terminus of the RBD, which is situated at the opposite side from the hACE2-RBD
recognition interface.*® Thus, we envision that conjugation of this RBD sequence through C538
will display RBD in a suitable orientation for the generation of neutralizing antibodies targeting

residues at the interface between RBD and hACE-2.

SARS-CoV-2 RBM

SARS-CoV-2 RBD Core

Figure 2.2 Cryo-EM structure of the hACE2-RBD complex, recreated based on PDB ID 6M174°
using Chimera X 1.3.%! Unsolved structure of the C- and N-terminus of RBD is estimated based
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Figure 2.2 (cont’d)

on cryo-EM structure of ectodomain S from PDB ID 6XR8°° and displayed in grey. RBD is a rigid
and stable cage-like domain that consists of a surface loop RBM (shown in pink) for receptor
(shown in tan) engagement and a 3 sheet-enriched core (shown in light blue) for stabilization. The
only free thiol-containing cysteine residue (C538) used for conjugation is shown in purple.

In order to conjugate the two macromolecules, mQp VLPs were functionalized with a flexible
thiol-reactive linker SMPEG2 (Scheme 2.2). The RBD (R319-F541) was expressed in expi293
cells with a C-terminus His-tag with the yield of 20 mg/L, which was subsequently incubated with
SMPEG2 functionalized mQp. The mQp-RBD conjugate was purified via size exclusion
chromatography (SEC) with the unreacted maleimide moieties on mQp capped with cysteine.
Based on the amount of the RBD consumed, the average loading of the RBD was determined to
be 20 copies per particle. Dynamic light scattering (DLS) (Figure 2.3) and SEC (Figure 2.4)

showed slight increases in particle size of the conjugate compared to unfunctionalized mQp

suggesting successful conjugation.
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Scheme 2.2 Synthesis of the mQp-RBD conjugate.
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Figure 2.3 Size characterization of the conjugate vaccine. a) DLS size distribution of mQp before
and after RBD conjugation. Each curve presented a measurement. b) The summary of the
measurements.
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Figure 2.4 SEC traces of mQp before and after RBD conjugation.
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To validate that the RBD on mQB-RBD conjugate can be recognized by its receptor, we used
the ELISA assay. ELISA wells were coated with the mQB-RBD conjugate and the free RBD,
respectively. An hACE2-human 1gG1 Fc chimera protein was added to the wells. Upon removing
the unbound protein, the amounts of hACE2-Fc retained in the wells were quantified by
horseradish peroxidase (HRP) conjugated secondary antibody against human IgG Fc. A significant
increase (~2 fold, as calculated by the horizontal distance between the two curves) in recognition
of mQp-RBD by hACE2 was observed compared to wells containing an equivalent amount of the
free RBD (Figure 2.5a). On the other hand, His-tag in the C terminus close to the conjugation site
was recognized less by an anti His-tag 2" antibody with a significantly lower (~3 fold) binding to
the C-terminus His-tag of the conjugated RBD compared to the free RBD observed (Figure 2.5b).
These results confirmed that the RBD was successfully conjugated to the mQp with its RBM

exposed for biological recognition.

a hACE2 Binding b His-tag Antibody Binding
200+ 200

< <
S S
S 150+ 5 150
< <
E E
g 100+ g 100 -O- Free RBD
= = -0- mQB-RBD
2 504 2 504
[S] [&]
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x @

0 1 I 1 0 T I 1 1

100 10! 102 108 104 100 10t 102 103 104
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Figure 2.5 Kinetic ELISA measuring the accessibility of a) RBM and b) c-terminus His-tag on

mQp-RBD. Comparison was made between mQpB-RBD and free RBD in recognition by a) hACE2
or b) anti His-tag antibody. RBD conjugated on mQp showed a ~2-fold increase in hACE2
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Figure 2.5 (cont’d)
recognition and a ~3-fold reduction in anti His-tag antibody recognition comparing to equivalent
amount of free RBD.

2.2.3 mQp-RBD conjugate is highly immunogenic leading to high levels of IgG antibodies
that recognize the RBD

To test the immunogenicity of the mQB-RBD conjugate, we immunized C57BL/6 mice with
the mQp-RBD conjugate (10 g of RBD) and MPLA as the adjuvant following the aforementioned
biweekly immunization schedule of one prime and two boosters. Using the identical immunization
protocol, three control groups of mice were injected with 1) free RBD; 2) admixture of RBD with
mQp; 3) a RBD conjugate with a gold standard protein carrier, CRM-197, synthesized by the same
conjugation chemistry as for mQpB-RBD, respectively at the equivalent amounts of RBD and
MPLA. On day 0 prior to immunization and day 35 after the first immunization, sera were collected
from all groups of mice and EC50 titers of IgG antibodies against the RBD were determined by
ELISA. In addition, human convalescent sera (HCS) from 20 patients recovered from SARS-CoV-
2 infections were obtained and screened for RBD binding via ELISA (Figure 2.6). Five patient
HCS samples with the highest RBD recognition were selected and added to ELISA for a

comparison with the immunized sera from mice (Figure 2.7a).

50



HCS Screening

OD 450

Patient ID

Figure 2.6 ELISA screening for HCS samples. All sera were diluted 1: 20,000 in PBS containing
0.1% BSA and reacted with immobilized RBD. Bound serum antibodies were analyzed by
secondary antibody against human IgG. Samples 1001, 1002, 1003, 1009 and 1020 were used in
later studies. Sample 1009 was used in PSV and live virus neutralization as it contained high levels
of anti-RBD antibodies.

a Binding to RBD b Serum Antibody Subtypes
108 Sk 1x106
— = mQB-RBD
@
5 N = = RBD

£ 108 ° ° o 1x10°
o 3 o 8
=) °® & (] |
o ® Bd ° e

3 10 ® o > 1x10°
L Qo
[ ] >
n

T T T T - 1x103 | | —

1
Q FT 0 2 N VR L N a% e > A9 % 5 &
987 & ,bb&\ ,Qg) F \@e :\\be @Q @"Q OQOFL O Qo © \QO Q Oql O
K S R o &
<& 7 O RV <
3 F&K &
R &R

Figure 2.7 mQB-RBD conjugates showed superior immunogenicity in mice. a) Female C57BL/6
mice aged 6 weeks (n = 5) were immunized with different constructs on days 0, 14 and 28
subcutaneously under the scruff. Each dose contained the equivalent of 10 ug RBD or 8 nmol of
peptides, along with 20 g MPLA. Serum samples were collected by day 35 and ELISA was run
against RBD to determine the EC50 IgG titers against RBD. Each symbol represented an
individual mouse or human. The horizontal bar indicated the geometrical mean in the group. b)
Subtypes of the serum antibodies induced by mQpB-RBD and free RBD. Pooled sera (n = 5) were
used. The limit of detection in these assays was 1,000 ELISA units. Dots on the horizontal axis in
a) and empty bars in b) indicated antibody titers below the detection limit. Statistical analysis was
performed by comparing the mQpB-RBD group with every other group. ****, p < 0.0001, one-way
ANOVA via GraphPad Prism.
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The ELISA results showed that mice immunized with mQpB-RBD gave an anti-RBD 1gG EC50
GMT of 198,153 ELISA units, while mQp immunized mice produced anti-RBD titers below 1,000
on day 35 and the pre-immune sera did not exhibit significant anti-RBD antibody titers above
background (Figure 2.7a). The EC50 titers from the mQB+RBD admix group (GMT of 43,611
ELISA units) were comparable to those of the free RBD group (GMT 55,030 ELISA units), which
were significantly lower than titers from the mQB-RBD group. This indicates that the covalent
conjugation between the mQp and RBD was critical for high immune responses. The CRM-197-
RBD group gave an anti-RBD EC50 1gG GMT of 41,039 ELISA units (Figure 2.7a). The higher
tiers induced by mQB-RBD highlight the superiority of mQp as the vaccine carrier compared to
the gold standard carrier protein CRM-197.

The subtypes of the antibodies were analyzed. IgG1, IgG2b and IgG2c were the main IgG
subtypes from the mice immunized with mQp-RBD, suggesting that both Th1 and Th2 responses
were induced by mQpB-RBD. In comparison, the mice receiving the free RBD produced mainly
IgG1 responses, indicating a Th2 biased response in these mice (Figure 2.7b). No 1gG3 or IgA
was observed in the sera.

2.2.4 mQp-RBD induced antibodies have potent neutralizing activities

For an effective vaccine, the ability to induce neutralizing antibodies is critical to blocking the
viral infection of host cells. The non-neutralizing antibodies may potentially induce inflammation

and exacerbate symptoms and outcomes of infection.>® > To determine the levels of neutralizing
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antibodies, we adapted an ELISA based surrogate virus neutralization titer assay (sVNT),>* by
determining the NT50 titers, which are the maximum fold of serum dilutions capable of inhibiting
50% of RBD-hACE?2 recognition. sSVNT is a convenient assay to quantify the levels of neutralizing
antibodies. The results have been validated to correlate well with the gold standard viral
neutralization assay in clinic studies.>* > As shown in Figure 2.8a, mQB-RBD immunized mice
exhibited NT50 titers with the GMT of 4,345 ELISA units, which were over 20 times higher than
those receiving free RBD (GMT 198 ELISA units), RBD/mQp admixture (GMT 169 ELISA units),
or HCS (GMT 187 ELISA units). Consistent with the IgG titers, CRM-197-RBD conjugate also
elicited significantly lower neutralization antibody levels than mQB-RBD. The sera from mQp-
peptide 1 and mQp-peptide 2 conjugate immunized mice had NT50 below 1% of those from mQp-
RBD immunized mice.

In order to evaluate the quality of the antibodies, or the relative abundance of neutralizing
antibodies in all RBD-directed antibodies, the neutralizing to the binding ratio (N/B) was
calculated for each mouse. As shown in Figure 2.8b, The N/B values of the mQB-RBD group are
significantly higher, suggesting mQp-RBD not only induced a higher magnitude of anti-RBD IgG
antibody response, but also produced higher quality antibodies with better neutralization abilities.

As SARS-CoV-2 is a respiratory virus, antibodies in the respiratory tract mucus that covers
the epithelial layer are the first line of defense. To test if the vaccine induced neutralizing

antibodies in the respiratory tract, we collected the BALF by washing the whole lung from
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immunized mice and conducted sVNT assay with the mucus wash. Titers at half maximum
neutralization (NT50) showed a strong neutralization function in mouse lung mucus after
immunization by mQB-RBD at a level (GMT 3,148 ELISA units) comparable to that found in sera
(GMT 4,345 ELISA units). In contrast, the free RBD induced no detectable neutralization function
in lung mucus from the mice (Figure 2.8c). Subtyping of antibodies from the mQp-RBD
immunized mouse lung mucus showed a very similar profile as those found in the sera, except that
IgA antibodies were observed from the lung mucus in addition to 1gG antibodies suggesting that

mucosal immunity was induced through vaccination with mQpB-RBD (Figure 2.8d).
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Figure 2.8 mQpB-RBD induced potently neutralizing antibodies in sera and respiratory tract mucus.
a) Mouse sera on day 35 post immunization were tested in SVNT assay. Serially diluted sera were
allowed to react with HRP-conjugated RBD and then added to an ELISA plate coated with the
hACE-2-Fc chimera protein to capture non-neutralized RBD. Upon removal of non-captured RBD,
colorimetric substrate 3,3',5,5'-tetramethybenzidine (TMB) was added to the plate after washing.
The neutralization was determined by the percentage signal reduction compared to serum omitted
wells with HRP-RBD omitted wells set as standards for 100% neutralization. NT50 titers were
calculated to represent serum dilution fold to give 50% neutralization (GraphPad Prism 6, 4 PL
nonlinear regression, least squares). b) Calculated N/B ratio of SVNT neutralization titer over its
corresponding RBD recognition EC50 titer for each mouse. ¢) Immunized mice were euthanized
by day 35 and the BALF was collected. Levels of neutralization antibodies in the BALF were
evaluated by sVNT. d) Subtypes of mucosal antibodies in the BALF were compared to those
observed in immune sera. For a), b), and c), each symbol represented an individual mouse. The
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Figure 2.8 (cont’d)

horizontal bar indicated the geometrical mean in the group. The limit of detection for these assays
was 10. Dots on the horizontal axis represented mice without detectable neutralization. For d),
pooled sera (n = 5) were used. The limit of detection was 1,000 ELISA units. The empty bar
indicated no binding detected. Statistical analysis was performed by comparing the mQp-RBD
group with every other group. ns, non-significant; **, p < 0.01; ***, p < 0.001; **** p < 0.0001;
one-way ANOVA analysis via GraphPad Prism 6.

2.2.5 Post-immune sera effectively neutralized S bearing pseudovirus and live SARS-
CoV-2 virus infection of cells

To verify the neutralization function against viral particles, we constructed pseudovirions
(PSVs) with SARS-CoV-2 S (S-PSV) based on envelope-deficient HIV reporter constructs
encoding firefly luciferase (pNL-luc). Upon incubation of the S-PSVs with hACE-2 knockin
HEK293 (hACE-2-HEK?293) cells, the S-PSVs readily infected the cells as reflected by the high
levels of bioluminescence from the wells following the addition of the luciferin substrate. As
shown in Figure 2.9, when the S-PSVs were pre-incubated with sera from the mice immunized
with mQp-RBD, the sera were able to significantly reduce the S-PSV infection of hACE-2-
HEK293 cells in a dose dependent manner. The NT50 value, i.e., the maximum fold of serum
dilution that inhibited 50% of PSV infectivity, was determined to be 26,504. In comparison, NT50
values for sera from RBD immunized mice or HCS with the highest anti-RBD IgG titers were
10,252 and 2,674 respectively (Figure 2.9a and d). As a control, PSVs expressing the vesicular
stomatitis virus glycoprotein (VSVg-PSV) were used. None of the post-immune sera inhibited
VSVg-PSV infection of hACE-2-HEK293, suggesting that the inhibition of S-PSV was

specifically due to antibody binding to S on the S-PSVs (Figure 2.9¢). The higher NT50 observed
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for the mQp-RBD group correlated well with the higher levels of neutralization antibodies (Figure
2.8a) induced by mQB-RBD immunization.

Next, we evaluated the abilities of post-immune sera to neutralize the live SARS-CoV-2 virus
isolated from the clinic toward infection of hACE-2 expressing Vero E6 cells. When the virus was
pre-incubated with HCS or sera from RBD immunized mice, a viral infection of Vero E6 cells
could be inhibited at dilutions not higher than 320 or 40 folds, respectively. In contrast, with mQp-
RBD immune sera, the sera could be diluted up to 5,120 folds before losing their inhibitory
activities against the SARS-CoV-2 virus (Figure 2.9d). These results indicated that neutralization
activity of the sera from mQB-RBD immunized mice against the clinical isolate is superior to

neutralization activity from HCS or the free RBD immunized mice sera.
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Figure 2.9 mQp-RBD immune sera inhibit SARS-CoV-2 viral infection in vitro. Lentivirus-based
reporter PSVs containing a) SARS-CoV-2 Wuhan-Hu-1 reference strain S gene, b) Delta S gene
or ¢) VSVg gene were generated in 293FT cells transfected with envelope-deficient HIV reporter
constructs (pNL-luc). Purified PSVs were incubated with serially diluted mouse immune 35 days
post priming or human convalescent sera at 37 <C for 1 hr. Next, 293FT cells overexpressing
hACE2 were inoculated with the sera treated PSVs and incubated at 37 <C for 60 hrs. PSV
infectivity was determined by measuring relative luminescence units (RLU). Pre-immune sera
treated PSVs and mock infections were used as standards for 0% and 100% neutralization, as
indicated by the top and button dashed lines, respectively. Percentage neutralization was fitted to
serum dilution via 4PL nonlinear logistic method (GraphPad Prism 6, least squares). NT50 was
calculated to present the dilution folds that blocked 50% infectivity relative to untreated PSVs. d)
Calculated neutralization titers. For live SARS-CoV-2 neutralization, a viral isolate, SARS-CoV-
2 VDL1, obtained from a human nasopharyngeal swab sample was treated with serially diluted
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Figure 2.9 (cont’d)
immune sera before Vero E6 2C2 cells were added. The cells were cultured for 5 days until the
endpoint was detected. Titers were reported as the highest fold of serum dilution that showed the
absence of viral cytopathic effect in the Vero E6 2C2 cells. Pooled (n = 5) mouse sera were used
here. For HCS, the individual sample (1009, see Figure 2.6) that gave the highest anti-RBD IgG
titer was used. The limits of detection were 100 folds of dilution for PSV neutralization and 10
fold for the live virus, respectively. All dilutions were done in duplicates and the error bars
presented the standard deviations. a) b) c) Data was collected by our collaborators Dr. Dohun
Pyeon and Dr. Canchai Yang from the Department of Microbiology and Molecular Genetics. d)
data was provided by our collaborator Dr. Steven Bolin from the College of Veterinary Medicine.

2.2.6 mQp-RBD vaccination mitigated immune evasion by VOCs

A major concern for SARS-CoV-2 prevention is the emergence of VOCs, against which
current vaccines have significantly reduced protection efficacy.!” ** 20 We tested the abilities of
immune sera to neutralize RBDs from VOCs Beta, Gamma, Delta and Omicron BA. 1 via SVNT
(Figure 2.10). The NT50 values against the Omicron BA. 1 RBD (GMT 1,195) decreased about
3.6 times as compared to those against the RBD from the reference strain (GMT 4,345). However,
the overall potency against all VOC’s RBDs tested remained high (Figure 2.10), and neutralization
against the Omicron RBD showed complete or near-to-complete inhibition of hACE2 binding at
up to 120-fold dilution (Figure 2.10b). On the other hand, RBD immunized mouse sera or HCS
all showed a significant reduction on NT50 (greater than 15.6 times) (Figure 2.10a and c). The
loss of neutralization potency against the Omicron RBD was particularly severe, which was almost

completely ineffective (GMT less than 10 and 12 for RBD immunized mouse sera or HCS,

respectively) (Figure 2.10a).
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Figure 2.10 mQpB-RBD immune sera potently cross neutralized VOC RBDs as determined via
SVNT. Assays were run in the same methods as against Wuhan-Hul RBD, except that HRP-RBD
conjugates with VOC associated mutations were used. To account for differences in hACE2-RBD
affinity and variations of RBD concentration in different batches, a titration of RBD concentration
was performed before the neutralization assay. RBD concentrations were selected that gave
equivalent hACE2 recognition (OD450 of 1.0). Symbols on the horizontal axis indicated no
detectable neutralization. Statistical analysis was performed by comparing mQp-RBD with every
other group. ***, p < 0.001; **** p < 0.0001, multiple unpaired t-test via GraphPad Prism 6. b)
A representative data set (n=5) of mQp-RBD sera neutralizing Omicron RBD. Each curve
represented an individual mouse. a), ¢) Neutralization titers against VOC RBDs. mQB-RBD
maintained superior potency against all VOCs tested, while RBD alone immunization and HCS
showed complete or partial loss of effectiveness against Omicron, respectively. Each symbol
presented an individual mouse or HCS sample. The limit of detection for NT50s was 10 folds.

We also tested the immune sera against S-PSVs from the Delta variant. The mQB-RBD
immune sera had NT50 values of 25,838 against the Delta variant S, which was similar to that of
neutralization potencies as found against S from the reference Wuhan-Hu-1 variant (NT50 =
26,504). NT50 titers for RBD immunized mouse sera and HCS against the Delta variant were

significantly reduced (10,252 vs 5,056, and 2,674 vs 2,081) (Figure 2.9b and d).
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2.2.7 mQpB-RBD induced persistent antibody responses in mice

As an anti-SARS-CoV-2 vaccine capable of inducing long lasting antibody responses is highly
desirable, we monitored the levels of serum anti-RBD IgG antibodies in immunized mice over
time following vaccination on days 0, 14 and 28 (Figure 2.11a). On day 7 after the initial
immunization, high levels (~50% of the peak value) of anti-RBD were already observed in mQp-
RBD immunized mice. The anti-RBD antibody titers reached the peak between 35 and 56 days
post priming (dpp) and maintained high over 225 dpp. Serum neutralization titers via SVNT on
225 dpp (GMT 4,052) were comparable (p=0.77) to those collected on 35 dpp (GMT 4,345) as
well. In contrast, RBD immunized mice showed a significant reduction in serum antibody levels
over time. The levels of anti-RBD antibodies and neutralization function from these mice were
nondetectable on 225 dpp (Figure 2.11b). Those results supported the ability of mQB-RBD
conjugates to induce long lasting humoral responses.

2.2.8 Single dose mQp-RBD immunization was effective.

Considering the fast-spreading nature of COVID-19, a vaccine that can work with a single
dose would make its distribution much more accessible, especially in rural or developing regions.
We tested a single dose immunization regime on mice and found that a single dose immunization
produced a similar level of serum anti-RBD antibodies as indicated by ELISA (p = 0.15) (Figure
2.11a). Anti-RBD IgG titers after the single dose immunization on 35 dpp (GMT 156,099) were

lower than those immunized by 3 doses (GMT 198,153), but the difference did not reach statistical
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significance (p = 0.20, Figure 2.11b). Serum neutralization titers were lower (GMT 2,442) than
those induced by 3 dose immunization (GMT 4,345), but still significantly higher than those in
mice receiving 3 doses of free RBD immunization (GMT 198) (Figure 2.11c). The single dose
immunization also induced broadly neutralizing antibodies effective against all VOCs tested,
including the Omicron variant (Figure 2.11). Single dose immunization also induced a long-
lasting response, with persistent anti-RBD antibody levels and neutralization functions throughout
the 7 month period post immunization. For the unconjugated RBD, the single dose immunization
did not induce detectable titers of anti-RBD IgG after 35 dpp. These results demonstrated the

practical advantage of using the mQB-RBD construct.
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Figure 2.11 mQp-RBD immunization induced long lasting immunity in mice. a) Sera samples
were collected over time and anti-RBD IgG titers were monitored. Pooled (n = 5) sera were used.
Titers were normalized to the GMT of individual mice on 35 dpp. For the three dose regimes, mice
were vaccinated on days 0, 14, and 28. For the one dose study, mice were vaccinated on day O.
Levels of serum anti-RBD titers were compared between 3 dose and single dose groups via ELISA
b). Serum neutralization function against the native and VOC RBDs was evaluated via SVNT c)
d). Over more than 6 months post the last dose, mQB-RBD immunized mice showed an anti-RBD
antibody level and neutralization function comparable to those of a week following the last boost,
regardless of numbers of doses used, while RBD alone induced immunity diminished completely
a) e). ns, non-significant; **** p < 0.0001; a) e) paired t-test; b) one-way ANOVA; GraphPad
Prism 6.
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2.2.9 mQp-RBD induced potent cellular responses in mice

T cells, including CD8" cytotoxic T cells and CD4" helper T cells, are another critical aspect
of adaptive immunity besides antibody responses against SARS-CoV-2.%¢ 57 To monitor cellular
responses following immunization, splenocytes were collected from the immunized mice and the
numbers of RBD reactive T cells were quantified via the IFN-y EL1Spot assay. As shown in Figure
2.12a, for both CD8" and CD4" cells isolated from mQB-RBD immunized mouse spleens,
significant amounts of RBD reactive, IFN-y secreting T cells were observed after stimulation with
the RBD primed bone marrow cells isolated from an unexposed mouse. This result indicates a
significantly increased IFN-y production by CD4* and CD8" T cells followed by the mQp-RBD
immunization compared to the free RBD immunization. T cell responses were also found to be
persistent in mQp-RBD immunized mice, as indicated by a similar number of RBD reactive T cells
in samples collected on 225 dpp. On the other hand, the RBD immunized mice only showed
detectable numbers of RBD reactive T cells on 35 dpp. Those results indicated the importance of
using the mQp carrier to induce persistent anti-SARS-CoV-2 T cell responses.

T cell responses against the Omicron RBD were also measured (Figure 2.12b). T cells isolated
from mQB-RBD immunized mouse spleens showed strong IFN-y production responding to the
Omicron RBD, similar to those observed against the Wuhan-Hu-1 RBD, suggesting that mQp-

RBD induced T cell responses are capable of recognizing the VOC.

64



a T Cell Response (Wuhan Hu-1) b T Cell Response (Omicron) ¢ Naive APC Stimulated Control

3,000~ 3,000 3,000
" i 4 Rk ek ek ® mQp-RBD CD8*
= ®
o ® ® © mQB-RBD CD4*
2 o 2,000- o o ° 2,000 © o 2,000
552 . ° ) ® 2 ® 1 ® RBD CD8*
= o ®
& o o RBDCD4*
[a] = (o] o o 8 9
@ £ 1,000 o 1,000 * 38 1,000
X3 o $
o o
[ .0
e O
0Lp—c s ——T O-M—@—&“—ﬁ- 0-ler —@o—0 65— —h-
0 7 21 35 225 0 7 21 35 225 0 7 21 35 225
Days Post Priming Days Post Priming Days Post Priming
d 225 Days Post Priming
mQB-RBD RBD
CcD4* CcD8* cDh4* CcD8*

Figure 2.12 mQB-RBD induced high magnitudes of anti-RBD T cell responses. Immunized mice
were euthanized, and the spleens were collected. The CD8" T cells were enriched by anti-CD8a
microbeads and followed by the removal of CD4" subpopulation by flushing through anti-CD4
microbeads. The CD4" T cells were isolated in the same manner. 10° cells of each type were added
to an INF-y antibody coated MIPS plate. Mouse bone marrow cells were collected from a non-
immunized mouse and primed with the RBD from a) the Wuhan Hu-1 or b) the Omicron variant.
The primed bone marrow cells were added to the CD8" and CD4* cells, cocultured for 16 hours.
Untreated bone marrow cells were also added the CD8" and CD4" cells for control and results were
shown in panel c. The cells were removed and the captured INF-y was detected by a biotinylated
monoclonal antibody. The spots were developed by HRP conjugated streptavidin and 3-Amino-9-
ethylcarbazole (AEC) substrate. Each sample was run in triplicates and the average numbers of
spot forming units were plotted for each million cells. Each symbol presented a single mouse, and
the statistical analysis was performed considering CD4" and CD8" cells together. c) Representative
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Figure 2.12 (cont’d)

images of spots formed by the mice splenic T cells in response to the nawe bone marrow cells
presenting the Wuhan Hu-1 RBD on 225 dpp. ***, p < 0.001; ****, p < 0.0001; multiple unpaired
t-test via GraphPad Prism 6.

For conjugate vaccine design, it is critical to select suitable antigen structures. Short peptides
were commonly used for VLP conjugate vaccines due to their ease of synthesis and defined
conjugation chemistry.*8 585 However, in our study, despite the high levels of IgG antibodies
elicited by multiple mQp-(glyco)peptide conjugates, there were little 19G antibodies produced
recognizing the RBD and capable of neutralizing the RBD-hACE?2 interactions (Figure 2.2). This
suggests that the protective epitopes in the RBD are most likely 3-dimensional, and the
(glyco)peptides may not have mimicked well their native conformation within the context of the
full protein, thus failing to induce strong protective antibody responses. Thus, future efforts should
focus on the full-length RBD as the epitope for RBD based vaccine design.

RBD alone has been used as a vaccine candidate,®” which was found to generate neutralizing
antibodies in mice, rabbits, and non-human primates and provide protection in non-human
primates to an in vivo challenge with SARS-CoV-2. However, the immune responses induced by
the RBD need to be improved as the antibodies did not last a long time, and they lost much efficacy
against VOCs (Figure 2.10 and Figure 2.11). Furthermore, T cell responses produced by the RBD
immunization were suboptimal (Figure 2.12). In order to enhance the immunogenicity of RBD,
various platforms including ferritin nanoparticles,’ self-assembling nanoparticles® © % and aldolase

based self-assembling frameworks®! have been studied for antigen presentation. However, the
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abilities to induce long-term antibody responses capable of neutralizing multiple VOCs such as
Omicron have yet to be demonstrated by those platforms.

We demonstrated that the covalent conjugation of the RBD with the mQp significantly
enhanced both the humoral and cellular immunity against SARS-CoV-2. mQp VLP has a well-
defined 3D structure capable of organized display of antigens.*® This feature is critical to
powerfully activate the cognizant B cells and boost the antibody responses against the target
antigen.? Furthermore, mQp contains T cell epitopes for both mice and humans, and encapsulates
RNA in the interior, which can function as potent adjuvants through the activation of Toll Like
Receptor-7.%% % These features provide a rationale of the superiority of the mQB-RBD in producing
neutralizing immunity as compared to RBD alone or the RBD conjugate with the gold standard
carrier CRM-197.

To effectively protect against viral pathogens, directing the immune response to neutralizing
epitopes is critical. Non-neutralizing epitopes may compete for limited T cell help in the body
hindering the production of protective epitopes.*® Furthermore, antibodies against SARS-CoV-2
that are non-neutralizing may induce inflammatory cytokines.’> 5% mQpB-RBD conjugate
immunization achieved superior neutralization potency via not only its high overall anti-RBD
antibody titers but also the production of neutralizing antibodies, indicated by its high N/B ratio.
Neutralization potencies were tested via ELISA based on RBD-hACE2 recognition inhibition,

pseudovirus or live SARS-CoV-2 based cellular assay. These results correlated well with each
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other, consistent with the idea that blocking of receptor engagement is the major mechanism of
neutralization for the tested constructs. The high N/B ratio achieved may be due to the conjugation
site selected leading to ready access of the RBM within the mQB-RBD conjugate as compared to
the free RBD (Figure 2.5a). These results are consistent with the idea of epitope-focused vaccine
design.®® ® Long circulating pathogens like human influenza have adapted to the human immune
system by hiding their conserved, broadly neutralizing epitopes under the coverage of
hypervariable immunodominant regions. As a result, natural infection or conventional vaccine
only gave limited neutralization breadth.%” Studies have shown to utilize computational approach
to design de novo proteins that mimic the structural features of hidden broadly neutralizing
epitopes.®® % Our results suggested by the precise control of conjugation site, immune responses
could be shifted more toward the desired epitopes.

Mucosal immune response in the BALF is essential for prevention of viral spreading. Relative
weak mucosal response induced by the current mMRNA vaccines may be one of the contributing
factor to their low effectivity in prevention of infection, especially against Omicron.3! Our results
demonstrated that subcutaneous administration of mQp-RBD can induce potent mucosal responses
including induction of IgA antibodies in BALF. The BALF antibody subtype distribution pattern
induced by our construct was similar to those observed in other studies based on nanoparticle
platforms.®% 8 Robust neutralization in the BALF may support its ability to effectively block

infectivity.
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Due to reduced neutralization activity and fast waning immunity, currently approved vaccines
struggle to protect against VOCs such as Omicron. Studies reported 7-30 fold reduction in
neutralization potency against Omicron after 2-3 doses of vaccination or previous infection.'* 2°
We observed a similar trend for the HCS sera collected before the emergence of Omicron. mQ-
RBD showed a far less severe escape by Omicron (only a 3.6-fold reduction). We hypothesize that
VLP QB may mitigate antigenic drifts in VOCs by the potent engagement of T follicular helper
(Tfh) cells®® via B cell presentation as shown by other studies.” ™ Tfh cells are essential for the
development of broadly neutralizing antibodies against SARS-CoV-2,> ™® and might not be
robustly and broadly activated during natural infection, at least in a short period, as indicated by
the characteristic low rate of somatic hypermutation presented in most early neutralizing
monoclonal antibodies isolated from convalescent patients.”*"® Those early monoclonal antibodies
mostly failed to neutralize Omicron.'®? These results support the idea of applying a highly
immunogenic carrier such as mQp for conjugate vaccines.

2.3 Conclusion

Among multiple peptides and glycopeptides as well as the full length RBD, RBD has been
shown to be the most suitable epitope for vaccine design. Upon covalent linkage with mQp, the
mQpB-RBD conjugate is able to induce high levels and long-lasting antibodies against SARS-CoV-
2 much more effectively than RBD alone or RBD conjugate with a gold standard carrier CRM-

197. The antibodies produced can neutralize multiple variants including clinical isolates.
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Furthermore, potent CD4" and CD8" T cells were induced through vaccination against both the
reference strain and the Omicron variant. This is the first time that VLPs have been reported as a
carrier to deliver the full length RBD protein in a conjugate vaccine. The effectiveness of mQp-
RBD in single dose immunization regime lowers the barrier to immunizing a massive population,
especially in developing countries, highlighting its exciting potential.

2.4 Experimental methods

2.4.1 Expression of the RBD

100 g of plasmid encoding SARS-CoV-2 RBD with the Wuhan Hu-1 sequence (BEI NR-
52309) was transfected into 3x10® expi293 cells in 100mL of medium using expi293™ expression
system kit (Gibco A14635). One day post-transfection, transfection enhancers 1 and 2 were added
to the culture per manufacturer’s instructions. 5 days post-transfection, the cells are harvested and
spun at 4,000 g for 5 min at 4°C. The supernatant containing the desired protein was collected and
further purified by Ni-NTA, yielding 20mg protein per liter of culture. This experiment is
conducted by Po-Han Lin.

2.4.2 Production of the mQp conjugates

The peptides 1-5, 9-10 were purchased from SinoBio (https://www.synbio-

tech.com/peptide-synthesis/custom-peptide-synthesis/). Glycopeptides 6-8 were synthesized by
Dr. Sherif Ramadan via solid phase peptide synthesis protocol with glycosylated amino acids. All

peptides except peptide 2 were N-terminus-caped with acetylation. The mQp VLP particle and
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peptide conjugations were prepared and characterized following protocols previously described.*®
For the mQpB-RBD conjugate, mQp was first modified with SMPEG2 (ThermoFisher 22103). To
a 1 ml solution of 10 mg/ml mQp in 0.1 M potassium phosphate buffer (KPB) pH 7.0 was added
3.2 mg SMPEG2 (7.5 pmol, 2 equiv to accessible amines on the external surface (5 amines per
coat protein monomer)) in 10 pi DMSO. The mixture was gently nutated under room temperature
for 1 hour before 50 I 500 mM Tris buffer pH 7.0 was added to quench the unconsumed
succinimidyl ester. The mixture was injected to a Superose 6 increase 10/300 GL SEC column
(Cytivia 29091596) on a Cytivia AKTA pure 25L system. The elution was conducted with PBS
(10 mM phosphate buffer with 150 mM NaCl, pH 7.4) in a flow rate of 0.5 ml/min. The peak
between 11- 13 ml was collected. The modified protein was concentrated to 0.5 ml volume with a
100 kD membrane filter (Millipore UFC9100) and the solution pH was adjusted to 8.0 with 5 M
KOH. 10 mg SARS-CoV-2 RBD (80 RBD molecules per mQp particle) in 0.5 ml of 0.1 mM KPB
at pH 8.0 containing 20 mM EDTA was added. The mixture was purged with N2, sealed and gently
nutated in dark under 4 <C for 36 h, before 1 M cysteine was added to a final concentration of 10
mM and the incubation was continued for another 12 h. The mixture was injected to the SEC
column and the peak between 9- 11 ml was collected. The unconjugated RBD eluted between 17-
22 ml and the area under UV absorbance curve was used to calculate conversion, based on a
standard curve calculated from a series of pure RBD injected at various concentrations. The RBD

loading on the mQp was estimated to be 20 per capsid based on the consumption of the RBD.
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2.4.3 Production of the CRM-RBD

1 mg CRM197 (FinaBio) was buffer exchanged to remove Tris and concentrated to a final
solution of 0.1 ml KPB pH 7.0. The protein was modified with 0.14 mg SMPEG2 (0.33 pmol, 20
equiv) in the same condition for mQp. Modified protein was collected on SEC between 15- 17 ml
and reacted with 5 mg RBD (1: 10 molar ratio) in 0.2 ml KPB pH 8.0 with 10 mM EDTA in the
same manner as the mQp. Cysteine was added to a final concentration of 10 mM and nutated for
12 h before the final product was collected on the SEC between 14- 16 ml. The loading was 3.5
RBD per CRM197 based on consumption of the RBD.

2.4.4 Size characterization of mQp-RBD

To measure the hydrodynamic size of the conjugate, 0.1 mg/ml protein in PBS was prepared
and DLS was run on a Zetasizer Nano ZS at 25 <C. A 90 ®measurement angle was used, and data
was analyzed using build-in protein parameters. The measurement was repeated 3 times for each
sample (Figure 2.3). The SEC trace of the purified conjugate also showed a slight size increase as
reflected by the decrease in elution time (Figure 2.4).

2.4.5 ELISA for verification of the RBD conjugation

The mQB-RBD conjugate containing 10 to 150 ng RBD (on 42.3 to 635 ng mQB-RBD
conjugate) was coated on Nunc MaxiSorp 96 well plates (ThermoFisher 44-2404-21) in 100 i
PBS each well. 10- 1200 ng free RBD in 100 i PBS was coated as standards. 1000 ng mQp was

also coated as a control. The plates were covered and kept at 4 <C overnight. The liquid was
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discarded, and the wells were blocked by 200 i PBS containing 1% BSA for 1 h. The plates were
then washed with PBS pH 7.4 containing 0.5% Tween-20 (PBST) for 4 times. a) 20 ng hACE2-
Fc chimera protein (GenScript Z03484) or b) 1: 2000 HRP-rabbit anti His-tag antibody
(JacksonImmunoResearch 300-035-240) in 100 i PBS containing 0.1% BSA was added to the
wells for 2 h before the liquid was discarded. The wells were washed with PBST for 4 times
before a) 1: 2000 HRP-goat anti human IgG antibody (JacksonimmunoResearch 109-005-003) or
b) 1: 2000 HRP-goat anti rabbit IgG antibody (JacksonlmmunoResearch 111-005-144) in 100 i
PBS containing 0.1% BSA was added. The liquid was discarded after 1 h incubation and the plates
were washed with PBST for 4 times. 200 4 TMB (Sigma 860336) substrate solution (0.25 mg/ml
TMB and 0.03% w/v hydrogen peroxide in citrate buffer with 10% DMSQ) was added to the wells
and OD 625 nm was recorded on a Molecular Devices SpectraMax M3 each 30 seconds over 10
mins. Vmax (mAU/min) was calculated using OD values between 0 and 0.5 AU and plotted against
equivalent RBD quantities. Fitting was done by the 4PL nonlinear logistics (GraphPad Prism 6
with least squares algorism). The 1C50 values of the fitting curves were used to compare binding.
The mQp coated wells did not show detectable binding (<3 mAU/min) in both cases and were
subtracted as the blank for the data reported here. All concentrations were run on triplicates. All

steps were run under ambient temperature unless specified.
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2.4.6 Immunization protocol

Pathogen-free C57BL/6 female mice aged 6 weeks were obtained from the Charles River and
maintained in the University Laboratory Animal Resources facility of Michigan State University.
All animal care procedures and experimental protocols have been approved by the Institutional
Animal Care and Use Committee (IACUC) of Michigan State University. Groups of five mice
were injected subcutaneously under the scruff on day 0, 14 and 28 with the mQB-RBD or the
CRM-RBD conjugates containing 10 pg RBD in 0.2 mL sterile PBS. For the peptide conjugates,
constructs containing 8 nmol peptides were used. For the free RBD, 10 g RBD was used. For the
admix, 10 pg RBD and 42.3 g mQp was used. 20 ug MPLA (Sigma L6895) in 20 i DMSO was
added to each dose as the adjuvant right before immunization. The serum samples were collected
on days 0 (before immunization), 7, 21 and 35 via the saphenous vein. The final bleeding was done
by cardiac puncture.

2.4.7 HCS

Blood samples were obtained from volunteers of Hatzalah of Michigan with consent from the
donors. All 20 HCS samples were from patients hospitalized for COVID-19 related symptoms and
had been diagnosed SARS-CoV-2 RNA positive via gPCR in May 2020. Blood samples were
collected in their convalescent phase. The patients had an average age of 48 (min 26, max 68,

median 48, std dev 12) when the samples were collected. Serum samples were isolated by

74



centrifugation at 4,000 g at 4 °C for 30 mins upon receiving, heat-inactivated under 56 °C for 30
mins and stored at -80 °C until use.

2.4.8 ELISA for serum antibody titers

Immulon 4 HBX 384 well plates (ThermoFisher 8755) were coated with 0.5 g RBD in 50 i
PBS at 4 <T overnight. For BSA-(glyco)peptide conjugates, 0.5 g conjugates were used. The
liquid was discarded, and the wells were blocked by 100 i PBS containing 1% BSA for 1 h. The
liquid was discarded, and the plates were washed by PBST for 4 times. The immune sera were
serial diluted in PBS containing 0.1% BSA. 50 i diluted serum was added to each well and
incubated for 2 h. The liquid was discarded, and the plates were washed with PBST for 4 times. 1:
2,000 HRP-goat anti mouse IgG antibody (JacksonimmunoResearch 115-035-003) in 50 i PBS
containing 0.1% BSA was added and incubated for 1 h. For HCS samples, the HRP-goat anti
human IgG antibody was used. For subtypes, corresponding goat anti mouse antibodies were used.
All IgG subtype secondary antibodies were from JacksonImmunoResearch. 1gG1: 115-007-186;
lgG2a: 115-035-1206; 1gG2b: 115-035-207; 1gG2c: 115-035-208; 1gG3: 115-035-209. For IgA,
Invitrogen 62-6720 was used. The liquid was discarded, and the plates were washed with PBST
for 4 times. 75 J TMB substrate solution was added to each well and the reaction was allowed to
proceed for 15 mins before 25 |l 0.5 M sulfuric acid was added. OD450 was immediately recorded
and fitted into the 4PL nonlinear logistic model via GraphPad Prism 6 with least squares algorism.

BSA coated wells showed negligible signal (<0.1 AU) and were subtracted as plate blank.
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Maximum OD values reached to ~3.0 for all groups. An OD of 1.5 intercept was universally used
for all groups to calculate EC50 titers. All dilutions were run as triplicates. All steps were run
under ambient temperature unless specified.

2.4.9 sSVNT assay

Immulon 4 HBX 384 well plates were coated each well with 1 g goat anti human 1gG
antibody (Sigma 12136) in 50 I PBS under 4 <C overnight. The liquid was discarded, and the
wells were blocked with 100 I PBS containing 1% BSA. The liquid was discarded, and the plates
were washed with PBST for 4 times. 25 ng hACE2-Fc chimera protein in 25 il PBS with 0.1%
BSA was added to each well and incubated for 1 h. The liquid was discarded, and the plates were
washed with PBST for 4 times. For HCS, 100 ng hACE2-Fc in 25 i PBS was directly coated
overnight to avoid the binding of anti-human IgG to antibodies present in the HCS. Higher hACE2
concentration was used to ensure the same level of RBD binding since direct coating was not as
efficient as antibody capturing. On the other hand, immune sera were serially diluted in PBS with
1% BSA and mixed (1: 1, v: v) with 1:1,000 diluted HRP-RBD (GenScript Z03594) in PBS with
1% BSA. For VOC RBDs, GenScript Z03596 (Beta), GenScript Z03601 (Gamma), GenScript
Z03614 (Delta) and GenScript Z03730 (Omicron) was used. VOC RBDs have variable binding
affinity to hACE2. As a result, a titration with variable RBD concentration was performed before
each assay with the same method except immune sera were omitted. The concentration for each

VOC that gave the constant level of hACE2 binding comparing to the reference RBD (OD450 of
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1 AU) was determined and used. The serum-RBD mixtures were incubated for 1 h and a 50
aliquot was added to each well of the hACE2 coated plates. Incubation was continued for another
1 h before the liquid was discarded. The plates were washed with PBST and 75 | TMB substrate
solution was added to each well. The reaction was allowed to proceed for 15 mins before 25 |l 0.5
M sulfuric acid was added and OD450 was immediately recorded. Serum omitted wells reached
OD of ~1 AU and were used for standards for 0% neutralization. RBD omitted wells showed
negligible binding (OD < 0.1 AU) and were used as standards for 100% neutralization. For other
wells, neutralization efficiency was determined as:

OD(Serum omitted) — OD (Immune Serum)

% N ization = 100% X
% Neutralization % 0D (Serum omitted) — OD(RBD ommitted)

Neutralization efficiency was fitted into serum dilution via the 4PL nonlinear logistic model
via GraphPad Prism 6 with least squares algorism. Highest serum dilution fold that gave 50%
neutralization was determined for each sample as NT50 titer. All dilutions were run on triplicates.
All steps were run under ambient temperature unless specified.

2.4.10 Mouse BALF collection

The method was adapted from a published study.’” Pathogen-free C57BL/6 female mice (n=5)
were immunized with mQB-RBD or RBD per protocol described above. Mice were euthanized on
day 35 post priming, and blood samples were collected by cardiac puncture, where a needle was

carefully inserted to the heart through the diaphragm without piercing the lungs. A small fraction
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(~50 (i) of blood was collected by a heparin coated vial for blood cell counting. For each mouse,
whole lungs were removed from the chest cavity along with the trachea. The lungs were transferred
to a petri dish where the surface was washed by PBS to remove potential blood contamination.
Mucus wash was performed by repeated instill and aspiration of the same 1 ml PBS with 0.1%
BSA via the trachea by a 1 ml syringe. The wash was repeated for 7 times. ELISA analysis of
aliquoted samples after each wash indicated no increase in anti-RBD lgG titers after the 6™ wash.
To correct the potential serum antibody contamination from micro bleeding during the wash, blood
cell concentration was counted in the BALF wash and compared to the blood sample from the

same mouse. Blood contamination was determined by the following formular:

Blood cell concentration in mucus wash X 40

% Blood tamination = 100% X
% Blood contamination % Blood cell concentration in blood

Where 40 is the dilution factor to the BALF introduced by the washing. This ratio was based
on the estimated volume of 25 | BALF for a mouse.”” Blood contamination was less than 5% for
all samples collected and had been subtracted from the titers reported in this work.

2.4.11 Pseudovirus neutralization assay

Lentiviral PSVs were generated by transfecting 293FT cells with 4pg of viral packaging
plasmid with luciferase reporter gene (pNL4-3 Luc) and 4|y of plasmid expressing the envelop
gene (pCMV14-CoV2S Wuhan Hu-1/Delta or pCMV-VSVg). 48 h post transfection cell

supernatant containing PSVs were vacuum filtered through a 0.22pum Durapore PVDF membrane
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and then concentrated by ultracentrifugation at 76,800 g (SW 32 Ti) at 4 <C for 2 h. Concentrated
PSVs were then incubated with pooled (n=5) immune sera (collected 35dpp) or HCS 1009 (which
contains highest amount of anti-RBD IgG in 20 HCS samples, see Figure 2.6) at threefold serial
dilution from 100 - 218,700 and spun at 500 g for 1 min. The supernatant was incubated 1 h at
37<C in a humified atmosphere of 5% CO». After 1 h, 293FT cells transiently expressing hACE2
were added and incubated for 60 h at 37 <C in a humified atmosphere of 5% CO. PSV
neutralization by sera were assessed by Bright Glo luciferase assay (Promega E2610). Relative
luminescence units (RLU) were recorded to present infectivity after luciferin was added. Mock
infection was carried out without PSVs as standard for 100% neutralization. Pre-immune serum
was used as the standard for 0% neutralization. For all other samples, percentage neutralization
efficiency was determined as:

RLU(Pre — immune) — RLU (Immune Serum)

% Neutralization = 100% X
% Neutralization & RLU (Pre — immune) — RLU (Mock infection)

Percent neutralization was fitted to serum dilution via 4PL nonlinear logistics (GraphPad Prism
6, least squares). NT50 titers were determined to present the highest serum dilutions that gave 50%
neutralization. All samples were run in duplicates. All steps were carried under ambient

temperature unless specified.
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2.4.12 Live virus neutralization assay

All steps were conducted under BSL-3 condition. A standard microtitration viral
neutralization assay was done using Vero E6 2C2 cells (a biological clone of the Vero E6 cell line)
and a 96 well microtitration plate. A viral isolate, SARS-CoV-2 VDL1, was made from a
nasopharyngeal swab sample isolated in April 2020 from a patient in Michigan. The strain was
passaged 4 times in Vero E6 cells and cell free supernatant was frozen at -80 <C for viral stock.
Viral stock was titrated at 10-fold dilutions in HEPES buffered Medium 199 (M199) supplemented
with 6% fetal bovine serum. Monolayers of Vero E6 2C2 cells in microtitration plate wells were
used to identify the dilution of viral stock that contained approximately 100 cell culture infective
doses of virus (CCID) per 100 . In the top well of a microtitration plate column of wells,
immune serum or HCS 1009 (which contains highest amount of anti-RBD 1gG in 20 HCS samples,
see Figure 2.6) was diluted 1:10 in supplemented M199 then serial 2-fold dilutions were made in
M199 down an 8 well column. An appropriate dilution of virus was added to each dilution of
serum and incubated for 1 hour at 37 <C in a humified atmosphere of 5% CO: in air. A back titer
of the viral dilution used in the assay was included in the microtitration plate to confirm the dose
of virus used was approximately 100 CCID. After 1 hour, Vero E6 2C2 cells were added to each
dilution of serum and to the back titer of virus. The microtitration plate was sealed with tape and

incubated for 5 days until the endpoint of antibody titer was determined. The endpoint was the
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reciprocal of the last dilution of serum that completely neutralized virus, as determined by an
absence of viral cytopathic effect in the Vero E6 2C2 cell monolayer.

2.4.13 ELISpot assay

Pathogen-free C57BL/6 female mice (n=11) were immunized with mQp-RBD or RBD per
protocol described above. 2 mice were sacrificed on days 7, 21, and 35 for T cell collection. The
final 5 mice in each group were sacrificed on day 225. Mouse spleens were collected and crunched
to single cells by a 1 ml syringe piston in a gentle circular motion. The resulting cells were treated
with red blood cell (RBC) lysis buffer and filtered through a 70 pm cell strainer to yield ~108
splenocytes from each mouse. Cells were suspended in 90% FBS, 10% DMSO and frozen in liquid
nitrogen until use. For ELISpot, thawed cells were suspended in PBS containing 0.1% BSA and 2
mM EDTA. CD8" cells were enriched by binding to anti mouse CD8a microbeads (Miltenyi Biotec
130-117-044) and flowing through a magnetized column (Miltenyi Biotec 130-042-401). The flow
through cells were subjected to CD4" T cell isolation. CD8" cells retained on column were eluted
after magnetization was removed and bound to anti mouse CD4 microbeads (Miltenyi Biotec 130-
117-043). The CD8"CD4" subpopulation was removed by flowing through a magnetized column,
yielding in the flow through ~10® CD8* T cells for each 107 splenocytes. CD4* T cells were isolated
in a similar manner, yielding ~1.5x10° CD4" T cells. Mouse bone marrow cells were collected
from an unimmunized female C57BL/6 mouse. The mouse was euthanized and both femurs were

collected. Both ends of the femurs were cut off and the bone marrow cells were collected by
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flushing through 5 ml ice cold culture medium (RPMI 1640 medium supplemented with L-
glutamine (Gibco 11875093) and 10% FBS (Sigma F6765)) followed by RBC lysis buffer
treatment and filtration through a 70 pm cell strainer. ~5x107 cells were collected from a mouse.
The bone marrow cells were cultured in the culture medium primed with 10 pg/ml SARS-CoV-2
RBD from Wuhan Hu-1 (BEI NR52306) or Omicron (SinoBiological 40592-V08H121) at 37 C
in a humified atmosphere of 5% CO: in air for 6 h. Unprimed bone marrow cells were used for
control. MultiScreen-IP Filter Plates (Millipore S2EM004M99) were coated with 10 pg/ml an anti-
mouse IFN-y capture antibody (BD 51-2525KZ) in 100 i PBS at 4 <C overnight. The liquid was
discarded, and the plates were washed with the culture medium. The wells were blocked with 200
i culture medium for 2 h before the liquid was discarded. To each well was added 2x10* primed
or unprimed bone marrow cells and 10° CD8" or CD4" cells in 100 [ culture medium. The plates
were covered and incubated at 37 <C in a humified atmosphere of 5% CO: in air for 16 h before
the cell suspension was discarded. The plates were soaked with DI water for 5 mins twice and
washed with 0.05% PBST for 3 times. To each well was added 5 jg/ml a biotinated anti mouse
IFN-vy detection antibody (BD 51-1818KA) in 100 i PBS with 0.1% BSA and incubated for 2 h.
The liquid was discarded, and the plates were washed with 0.05% PBST for 3 times. 1: 100 diluted
Streptavidin-HRP (BD 557630) in PBS with 0.1% BSA was added to each well and incubated for
1 h. The liquid was discarded, and the wells were washed with 0.05% PBST for 4 times followed

by PBS twice. 100 . AEC substrate solution (BD 551951) was added to each well and the reaction
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was allowed to proceed for 10 mins before the liquid was discarded and the plates were washed
under running DI water. The wells were air dried overnight, imaged and analyzed by a Cellular
Technology Ltd. ImmunoSpot System. Each cell type for each mouse was run in triplicates. All

steps were performed under ambient temperature unless specified.
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Chapter 3 A comprehensive synthetic library of poly-N-acetyl glucosamines enabled
vaccine against lethal challenges of Staphylococcus aureus

Adapted from Tan, Z., Yang, W., O’Brien, N. A., Pan, X., Ramadan, S. Marsh, T., Hammer,
N. Cywes-Bentley, C., Vinacur, M., Pier, G. B., Gildersleeve, J. C., Huang, X.. A comprehensive
synthetic library of poly-N-acetyl glucosamines enabled vaccine against lethal challenges of
Staphylococcus aureus. Nat Commun 2024, 15 (1), 3420.

3.1 Introduction

Bacterial infections continue to threaten global health, and this situation is further exacerbated
by the prevalence of antimicrobial resistant strains including those resistant to multiple drugs. In
2019, the Center for Disease Control and Prevention (CDC) estimated that 3 million antimicrobial-
resistant infections occurred in the USA annually.! Antibiotic resistance is rising to dangerously
high levels in all parts of the world with resistance in some pathogens observed to nearly all
antibiotics that have been developed.? New strategies to prevent and treat infections are urgently
needed.

Parallel to the development of new antibiotics, vaccination is an important approach for
combating pathogens.® Multiple antimicrobial vaccines have been implemented against infections
such as those by Clostridium tetani, Bordetella pertussis and Streptococcus pneumoniae. However,
despite these successes, there are no approved vaccines against many other deadly pathogens
including Staphylococcus aureus (S. aureus), which caused over 300,000 infections and 20,000

deaths through bloodstream infection in 2017 in the US.! The prevalence of methicillin-resistant
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S. aureus (MRSA) further highlights the need for a vaccine to stem the rise of anti-microbial
resistance.*

A major challenge in vaccine design is the selection of a suitable antigen. The envelope and
biofilm of S. aureus as well as numerous other bacterial, fungal, and protozoal parasites contains
the polysaccharide poly-p-(1—6)-N-acetylglucosamine (PNAG), which is composed of B-(1-6)
linked glucosamine units with 80-95% of them N-acetylated.>® Naturally occurring PNAG can
vary in its chemical structures with the amino groups in some glucosamine existing as free amines
rather than as N-acetamides (NHAC).® The differing degrees and positions of free amines vs NHAc
in PNAG can result in high structural heterogeneity, and the precise PNAG structures from bacteria
are not known. Present on the cell surface and as an integral component of the biofilm, PNAG has
been found to be an important virulence factor that aids the bacterial evasion of the immune
system.> 10 The widespread expression of PNAG in multiple pathogenic microbes and its important
roles in pathogenesis render it an attractive target for vaccine development.

The immunological properties of PNAG have been investigated.> !* PNAG pentasaccharides
and nonasaccharides with all amine groups either free or fully acetylated have been synthesized
and subsequently conjugated with an immunogenic protein carrier, tetanus toxoid (TT).'2** Mouse
immunization studies showed that the TT-conjugates with the PNAG bearing all amines could
induce protective immunity, while the antibodies elicited by the TT conjugates with fully

acetylated PNAG counterparts failed to mediate protective functions such as opsonic killing and
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in vivo protection.!! Despite this interesting finding, PNAG based vaccines investigated to date
only contained the glycans with all amine groups either free or fully acetylated. It is not clear what
PNAG structure would comprise the best epitope(s) for maximal protective immunity, and whether
specific patterns of amine vs acetylation in PNAG can be designed to enhance vaccine efficacy.

To gain a deeper understanding of the impact of variably acetylated PNAG epitopes, diverse
structurally defined PNAG sequences are critically needed. In this work, we report a divergent
strategy enabling the synthesis of a comprehensive library of 32 PNAG pentasaccharides with all
possible combinations of the location and the number of free amines incorporated into the
oligosaccharide. The availability of such a library enables us to establish the amine/acetylation
code (locations of the free amine/NHACc in PNAG) of an anti-PNAG mAb. The fine patterns of
free amine/NHAc of PNAG oligosaccharides are found to be critical for mAb binding. The
structural patterns identified through the microarray study has guided the selection of PNAG
epitopes for the design for next generation vaccine, which provide highly effective protection in
multiple mouse models against S. aureus infections, including those by MRSA.

3.2 Results and discussion

3.2.1 Synthesis of the PNAG oligosaccharide library

To date, only fully acetylated PNAG and fully deacetylated PNAG have been investigated as
immunogens for vaccine studies.'?* The availability of a library of PNAG oligosaccharides with

systematically varied numbers and locations of free amines can greatly aid in the understanding of
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the protective epitope structure. My coworker, Dr. Weizhun Yang, synthesized a comprehensive
library of 32 pentasaccharides PNAGO-PNAG31 fully covering the free amine space of PNAG.
The reducing ends of the target pentasaccharides bear a linker terminated with a disulfide group,
which can be reduced for chemoselective conjugation to a carrier protein.

The synthesis of the full 32 possible PNAG pentasaccharides was conducted by Dr. Weizhun
Yang. Figure 3.1 presents the structure and numbering of the pentasaccharide library. A brief

protocol for the synthesis is listed in the Appendices.
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PNAGY (01001): Ry, R3, R, =H; Ry, Rs = Ac PNAG25 (11001): R5, R, = H; Ry, Ry, Rs = Ac
PNAGI10 (01010): Ry, Ry, R, =H; R,, R, = Ac PNAG26 (11010): R5, R, = H; Ry, Ry, R, = Ac
PNAGI1 (01011): Ry, Ry =H; Ry, Ry, Rs= Ac PNAG27 (11011): Ry = H; Ry, Ry, R, Rs= Ac
PNAGI2 (01100): Ry, Ry, Rs =H; Ry, Ry = Ac PNAG28 (11100): R,, Rs=H; Ry, Ry, Ry = Ac
PNAGI13 (01101): R, R, = H; R,, R;, Rs = Ac PNAG29 (11101): R, = H; R,, Ry, R;, Rs = Ac
PNAGI14 (01110): Ry, Rs =H; Ry, R3, R, = Ac PNAG30 (11110): Rs =H; R,, Ry, R;, R, = Ac
PNAGI5 (01111): R; =H; R,, Ry, Ry, Rs = Ac PNAG31 (11111): R}, Ry, R, Ry, Rs = Ac

Figure 3.1 Structures of the comprehensive library of PNAG pentasaccharides. The five-digit
number in the bracket for each compound codes for free amine (0) or N-acetamide (1) at residues
ABCDE from the non-reducing end to the reducing end of the pentasaccharide respectively. The
five-digit number was then viewed as a binary number and converted to the decimal system as the
compound number. For example, 01010 in binary number is equivalent to 10 in the decimal system.
Thus, the PNAG pentasaccharide bearing N-acetylation at units B and D only is named as PNAG10.
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3.2.2 Superiority of the mQp-conjugate in inducing anti-PNAG antibodies compared to
the corresponding tetanus toxoid conjugate

As carbohydrate antigens in general are T cell independent B cell antigens®® and small
oligosaccharides alone are not immunogenic,® these types of antigens need to be conjugated to an
immunogenic carrier in order to induce anti-carbohydrate 1gG antibody responses. The mutant
bacteriophage QP*’ is a powerful carrier and likely highly useful for carbohydrate based conjugate
vaccines.'®2° As PNAG oligosaccharides can potentially contain multiple free amine moieties, we
resorted to sulfhydryl chemistry for PNAG/mQp conjugation. The mQp A38K/A40C/D102C was
expressed in E. coli, purified, and incubated with the bifunctional linker succinimidyl 3-
(bromoacetamido)propionate (SBAP) to react with free amines on the mQp surface (Figure 4A).
Upon removal of the excess linker, the SBAP functionalized mQp was added to the PNAG-
pentasaccharide followed by quenching the unreacted bromoacetamide moieties on mQ with
cysteine to avoid any potential side reactions of residual bromoacetamide on mQ} upon storage or
following vaccination. matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS) analysis of the mQpB-PNAG conjugate showed an average loading of 250
copies of pentasaccharide per particle (Figure 3.2). It is known that the antigen loading density on
QB can significantly impact the levels of antibodies induced against the target antigen.?% 2 When
the loading level of antigen was low (< 50 copies per particle), despite the same total amount of
antigen administered, the antibody responses induced were low.2% 2! Increasing the local density

of the antigen on the particle (over 100 antigens per particle) can significantly improve the
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antibody responses, which is presumably due to the more effective cross-linking of the B cell
receptors on B cells.?? The loading density of PNAG on the mQB-PNAG conjugate was higher

than the threshold antigen level needed for powerful B cell activation.

MALDI-MS of representative BSA-PNAG conjugates

— BSA A

— BSA-PNAG 0 3.6

— BSA-PNAG 4 4.6

BSA-PNAG 7

BSA-PNAG 10

— BSA-PNAG 13 4.3

Frequency
1

BSA-PNAG 16

BSA-PNAG 26

SA-PNAG 29

Figure 3.2 MALDI-TOF mass spectra of representative BSA-PNAG conjugates. Average
loadings of glycans per BSA are presented.
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With the mQB-PNAG conjugates in hand, their abilities to induce anti-PNAG antibodies were
evaluated. The conjugate of TT with the PNAG pentasaccharide bearing five free amines
(5GIcNH2-TT) has undergone a phase 1 human clinical trial.*> To compare with our mQB-PNAG
conjugate, we covalently linked PNAGO (5GIcNH2) with the TT heavy chain (TTHc) using SBAP
and achieved an average loading of 4.7 PNAGO per protein molecule (Figure 3.3b and Figure
3.4). The recombinant TTHc is a suitable surrogate of TT.3® As the molecular weight of mQp
particle (2,540 kDa for the protein shell) is about 49 times that of the TTHc (MW ~ 52 kDa), the

overall densities of PNAGO on mQB-PNAGO and TTHc-PNAGO were similar.
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Figure 3.3 Syntheses of a) mQp-, b) TTHc-, and c) BSA-PNAG conjugates. Abbreviations:
succinimidyl 3-(bromoacetamido)propionate (SBAP), tris(2-carboxyethyl)phosphine (TCEP),
tetanus toxoid heavy chain (TThc).
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Head-to-head comparative immunogenicity studies of the mQp- and the TTHc-PNAGO
conjugates were carried out. Groups of female C57BI6 mice (n =5 per group) were immunized
with freshly prepared mQB-PNAGO (8 nmol corresponding to 8 g of PNAGO per injection) or
the TTHc-PNAGO conjugate (8 nmol PNAGO per injection) on days 0, 14 and 28. MPLA(20 |g)
was added to each vaccination as the adjuvant. A control group of mice received a mixture of mQp
with PNAGO at equivalent total amounts of mQp, PNAGO, and MPLA following the same
immunization protocol. On day 35, sera were collected from all mice.

To analyze the levels of antibodies generated, ELISA analyses were performed. To avoid the
interference of anti-mQp antibodies in the sera, the 32 PNAG pentasaccharides were conjugated
with BSA individually (Figure 3.2 and Figure 3.3c) and used as the ELISA coating antigens. As
shown in Figure 3.5a, mQP-PNAGO induced high anti-PNAG IgG titers (EC50 IgG titers GMT
75,613, measured against BSA-PNAGO) while the IgM titers were negligible (GMT < 1,000).
Furthermore, high levels of anti-PNAGO 1gG responses were observed more than one year after
the initial immunization (Figure 3.5b). The IgG levels could be boosted back to near peak levels
after nearly two years indicating that the mQp conjugate induced PNAGO specific memory B cells
through immunization. The GMT of 75,613 achieved in mice receiving the mQB-PNAGO was
significantly (P< 0.0001, Dunnett’s multiple comparisons test) higher than the anti-PNAGO IgG
titers achieved in mice immunized with the corresponding TTHc-PNAGO conjugate (GMT 4,765),

highlighting the superior immunogenicity of the mQp carrier for conjugate vaccines. Mice
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immunized with the admixture of mQp and PNAGO did not produce any detectable levels of anti-
PNAGO IgG (GMT < 1,000), accentuating the critical need to covalently conjugate mQp with
PNAGO.

As C57BI6 mice are inbred, to enhance the rigor of our study, we immunized outbred CD1
mice with the mQB-PNAGO conjugate following the same immunization protocol. mQB-PNAGO
was able to elicit comparably high titers of anti-PNAGO IgG antibodies on day 35 after the primary
series of immunization in CD1 mice (Figure 3.6).

MALDI-MS of rTTHc and its Conjugates

1004

— TTHc
— TTHc-SBAP

— TTHc-PNAGO

50+

Normalized Abundance

40000 50000 60000
m/z

Figure 3.4 MALDI-TOF MS characterization of TTHc conjugates. TTHc-SBAP: SBAP
functionalized TTHc. The average glycan loading on the PNAGO conjugates was calculated to be
4.7 glycans per TTHc molecule.

104



a) Mouse Antibody Responses

b)

Mouse Antibody Response over Time
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Figure 3.5 Immunization of mice with mQB-PNAG led to high levels and long lasting anti-PNAG
IgG antibodies. a) C57BI6 mouse (n =5 per group) antibody responses at day 35 after
immunization. The EC50 value (the fold of serum dilution that gives half-maximal binding) of the
IgG titers to the immunizing oligosaccharide were plotted with each symbol representing one
animal and the horizontal line is the geometric mean value of the titers within the group. The
ELISA titers were determined using the BSA-PNAG conjugate containing the same PNAG
structure as the immunizing QB-PNAG construct. One-way ANOVA allowed for rejection of the
null hypothesis that all groups have the same mean IgG titers (P < 0.0001). Statistical significance
was performed by Dunnett's multiple comparisons post-hoc test. **** P <(0.0001; b) Anti-PNAGO
IgG antibody responses of mice (n = 5) immunized with mQB-PNAGO monitored over time with
mean titers plotted. Data are presented as mean values +/- standard deviation of the titer numbers
from five mice. The arrows indicate days of vaccination (days 0, 14, 28, 360, and 655). The
antibody responses could be boosted more than 650 days after prime vaccination.
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Figure 3.6 Immunization of CD1 mice with mQB-PNAG led to high levels of anti-PNAG IgG
antibodies on day 35 after immunization. The EC50 values (the fold of serum dilution that gives
half-maximal binding) of the IgG titers were plotted with each symbol representing one animal
and the horizontal line is the geometrical mean value of the titers within the group. The ELISA
titers were determined using the BSA-PNAG conjugate containing the same PNAG structure as
the immunizing mQpB-PNAG construct. One-way Anova allowed for rejection of the null
hypothesis that all groups have the same mean IgG titers (p < 0.0001). **** Statistical significance
(p <0.0001) by Dunnett's multiple comparisons post-hoc test.

3.2.3 Probing antigen specificity of an Anti-PNAG mADb to guide vaccine design

The precise PNAG sequences synthesized by pathogens such as S. aureus are not known.
Furthermore, the most abundant PNAG structure on cell surfaces that would encompass a highly
(80%-95%) acetylated polysaccharide is not a protective epitope.'®* To guide vaccine design, we
envisioned anti-PNAG mAb F598 could provide valuable information regarding optimal
acetylation patterns in a PNAG pentasaccharide. Isolated from a patient who recovered from an S.

aureus infection, mAb F598 can protect mice against S. aureus infections.®* The 32 PNAG

pentasaccharide-BSA conjugates were immobilized onto a glycan microarray.®® Following
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incubation of mAb F598 with the microarray and washing, the amount of antibody remaining
bound was quantified with a fluorescent secondary antibody. Interestingly, although mAb F598
was initially identified due to binding to de-acetylated PNAG with only ~ 15% N-acetylation,®* it
had little binding to glycan PNAGO or any glycans containing only one Ac moiety. Highly
acetylated PNAG such as PNAG30 and PNAG31 with four or more consecutive GICNAcs were
among the strongest binders (Figure 3.7). Both the location and the number of NHACc are important
for F598 binding, supporting the idea of an amine/acetylation code. For example, despite having
the same total number of NHAcs (4 in the molecules), PNAG23(10111) is a weak binder with the
apparent affinity less than 5% of that with PNAG30(11110). Out of the PNAGs with two or three
GIcNAC residues, PNAG10 and PNAG26 were the strongest binders respectively.

To better interpret the binding data, we quantified the GIcNAc binding preference of F598 by
computing the preference index P for each unit of the pentasaccharide as

DP =5

where i (A-E) is the site of monosaccharide from the non-reducing end to the reducing end, j
(0-31) is the serial number of glycan, R is the intensity of the binding signal (Relative fluorescence
unit, RLU), and A is the code for amine vs acetylation (A=-1 for free amine and A=1 for NHAC).
P value indicates the conditional probability difference between finding an NHAc or free amine
for binding, which ranges from -1 to 1 with -1 and 1 indicating complete preference for free amine

or NHAC respectively at the specific site. As shown in Figure 3.7b, unit B position showed the
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highest P value of 0.91, suggesting on average that there is a 95.5% chance to find an NHAc moiety
rather than a free amine on saccharide B for ligand binding with F598. The P values for sites A, C
and E were between 0.31-0.54 indictive of a moderate global preference for N-acetylation. There
were almost no preferences for NHACc or free amine for site 5 as the P value at this site was close

to 0.
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Figure 3.7 Determination of the epitope profile of F598 mAb with the glycan microarray. a)
Relative fluorescence unit (RFU) of F598 mAb binding with the library of 32 PNAG
pentasaccharides. The glycans are grouped according to the number of NHAc units in the molecule.
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Figure 3.7 (cont’d)

Each PNAG sequence is printed five times on the glycan microarray. The error bars represent the
standard deviations of five individual spots. Data are presented as mean values +/- standard
deviation. F598 generally prefers highly acetylated PNAG sequences. Both the location and the
number of NHAC units are important determinants of F598 binding. b) Quantification of the
preference of F598 for acetylation at each site of the PNAG pentasaccharide. The mean values are
calculated from the values of the binding intensities of all 32 PNAG sequences to F598. Each
PNAG sequence is printed five times on the glycan microarray. Data are presented as mean values
+/- standard deviation. Data was collected by our collaborators in Dr. Jeffrey C. Gildersleeve’s lab
in the National Cancer Institute.

The importance of an NHAc at unit B identified from microarray binding can be rationalized
by the crystal structure of F598 complexed with fully acetylated PNAG oligosaccharides (PDB
6be4).%® The binding pocket of F598 could accommodate PNAG with five GIcNAc residues. The
NHACc groups on saccharides B and D in the binding pocket deeply inserted into the groove
clamped by the heavy and the light chain of the mAb, forming multiple hydrogen bonds, while the
NHAcs on units A, C and E only had weak to moderate interactions with the antibody. The
carbonyl oxygen of the NHAc on saccharide B forms a hydrogen bonding with light chain A32
backbone amide while bridging with light chain R52 residue via a water molecule. The carbonyl
oxygen of NHAc on saccharide D also formed hydrogen bonds with light chain A97 backbone
amide and the hydroxyl of heavy chain Y50. Those interactions supported the relatively high
dependence of NHAc on sites B and D for the binding of F598.

3.2.4 Critical PNAG sequence for high immunogenicity of mQp-PNAG

Based on the microarray results and the report that antibodies raised against the fully acetylated

PNAG antigen were poorly protective,®> we selected PNAG10 and PNAG26 as new PNAG
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oligosaccharide antigens for further evaluations. PNAG10 has the strongest binding to F598
among all PNAG structures with 2 or fewer NHAcs, and PNAG26 is the best binder among all
structures with 3 or fewer NHAcs. Both PNAG10 and PNAG26 have NHACcs on glycan sites B
and D. PNAGO was utilized as a positive control since the corresponding TT-PNAGO construct
(5GIcNH2-TT) has entered clinical trials [ClinicalTrials.gov Identifier: NCT02853617].

C57/Bl6 mice were immunized with the mQp conjugates of PNAG10 or PNAG26 following
the aforementioned immunization protocol (8 nmol PNAG, three injections on days 0, 14 and 28
with MPLA adjuvant). ELISA analysis of the immune sera showed significantly enhanced IgG
antibody titers against the immunizing antigen (PNAG10 or PNAG 26) with GMT’s of 191,141
and 227,064 ELISA units respectively as compared to pre-immune sera (Figure 3.5). Similarly,
mQpB-PNAG10 or PNAG 26 conjugates induced high levels of anti-PNAG10 and anti-PNAG26
IgG antibodies respectively in CD1 mice (Figure 3.6).

To demonstrate the immunogenicity of the mQP conjugates in an additional mammalian
species, New Zealand white rabbits were immunized with mQp conjugates of PNAGO, PNAG10,
and PNAG26 (8 nmol PNAG per injection) following a similar prime-boost protocol as that used
in the mouse study. ELISA analysis of the post-immune sera showed that all 3 constructs induced
strong anti-PNAG 1gG responses with EC50 titers over 100,000 ELISA units (Figure 3.8a), while
those for the pre-immune sera were below 1,000 ELISA units. No side effects due to vaccinations

were observed in either rabbits or mice.
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We analyzed next the recognition of native PNAG using PNAG polysaccharide isolated from
Acinetobacter baumannii?® 24 as the coating antigen for ELISA. As shown in Figure 3.8b, control
sera from rabbits immunized only with the Qf carrier did not bind with PNAG. In contrast, sera
from rabbits immunized with mQB-PNAGO, -PNAG10, and -PNAG26 exhibited strong binding
with mQB-PNAG26 antiserum having the highest titer (1,584,983 ELISA units) to the native
microbial polysaccharide. As a comparison, sera from the conjugate of 5GICNH,-TT!2 14
immunized rabbit only gave a titer of 501 ELISA units (Figure 3.8b). Normal human sera
containing natural antibodies to PNAG had an average ELISA titer of 631 ELISA units. These
results further highlight the potential of mQpB-PNAG conjugates as vaccines.

Analysis of the microarray binding by post-immune sera revealed selective PNAG epitope
recognition by the post-immune sera (Figure 3.8d). Rabbits immunized with mQB-PNAGO
produced serum IgG antibodies exhibiting the strongest binding with the immunizing PNAGO
antigenic structure. Other good binders include PNAG1 and PNAGS, both having a single GIcNAc
in the structure. Interestingly, for PNAG4 with the sequence of GIcN-GIcN-GIcNAc-GIcN-GIcN,
although it also only contains one GIcNAc, it had much lower binding with the sera (about 30%
that to PNAGL). This suggests that three or more consecutive GIcNs are important for binding by
anti-PNAGO sera.

mQB-PNAG10 immunized rabbits produced serum antibodies that preferentially bind to

PNAG8(01000) and PNAG10(01010), which differ only by the GICNAc in residue D indicating
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the non-reducing end GIcN-GIcNAc-GIcN may be the main epitope. Serum antibodies from mQp-
PNAG26(11010) immunized rabbits preferentially bound to PNAG25(11001), PNAG26(11010),
PNAG8(01000), and PNAG16(10000) suggesting GIcNAc-GIcNAc-GIcN and GIcNAc-GIcN-

GIcN may be part of the epitopes being recognized.
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Figure 3.8 Immunization of rabbits with mQB-PNAG conjugate induced significant anti-PNAG
IgG antibodies. a) 1gG antibody titers to the immunizing PNAG oligosaccharide in rabbit (n=2 per
group) sera on day 35 after prime vaccination. b) IgG antibody titers in pooled rabbit sera from
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Figure 3.8 (cont’d)

mQp-conjugate or 5GICNH2-TT conjugate immunized animals (n=2 per group) as well as titer of
natural human IgG in pooled human serum against native PNAG polysaccharide purified from
Acinetobacter baumannii. The numbers above symbols are the average titer numbers. Titers and
95% confidence intervals (C.1.) were determined by linear regression using log10 values of the
average of replicate serum dilutions to determine the X intercept and 95% C.I. when Y=0.5
(OD405 nm of ELISA plate reading). c) Stacked bar graphs depicting the IgG signals at the serum
dilution of 1:50,000 for each rabbit (n = 2) immunized with mQB-PNAGO, mQB-PNAG10 and
mQB-PNAG26 as well as pre-immune sera respectively on the array. The complete microarray
results are shown in Supplementary Data; d) Normalized binding of the comprehensive library of
PNAG pentasaccharides by IgG antibodies from post-immune sera of rabbits immunized with
mQB-PNAGO, mQB-PNAG10 and mQB-PNAG26, respectively, as well as pre-immune sera.
PNAG sequences are grouped together according to the total number of acetamides in the
molecules. The color scale bar is shown on the right with 100% indicating the strongest binding to
a PNAG component and 0% indicating the weakest binder. For each antigen, the two rows
represent sera from two rabbits per group immunized with the specific construct. b) Data was
collected by our collaborators in Dr. Gerald B. Pier’s lab in the Harvard Medical School. ¢) d)
Data was collected by our collaborators in Dr. Jeffrey C. Gildersleeve’s lab in the National Cancer
Institute.

3.2.5 Antisera mediated bacterial recognition and killing

For an effective vaccine, it is important to establish that the post-immune sera bind not only
the isolated antigen, but also the antigen expressed on pathogen cells. We reacted S. aureus ATCC
29213 cells with rabbit immune sera and the bound antibodies were detected by a fluorescently
labeled anti-rabbit 1gG secondary antibody. As shown in Figure 3.9a, fluorescence microscopy
images showed stronger binding to bacterial cells by IgG antibodies in mQB-PNAG10 and mQp-
PNAG26 immune sera compared to sera from mQB-PNAGO immunized rabbits or pre-immune
sera. To validate pathogen recognition observed in fluorescence images, whole cell ELISA was

performed. S. aureus cells were coated on ELISA plates, incubated with rabbit immune sera, and
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detected by secondary antibodies. The post-immune sera exhibited significantly higher titers in
binding with the cells compared to pre-immune sera (Figure 3.10).

For antibody-mediated complement deposition,>® we added various immune sera to wells
coated with purified PNAG isolated from Acinetobacter baumannii?® ?* along with 1gG/IgM
depleted 2.5% human complement (Figure 3.11a). After incubation, the immobilized complement
component C1q was detected by anti-C1q antibodies. As shown in Figure 8A, sera from mQp-
PNAG10 and mQB-PNAG26 deposited significantly more Clq than those from mQB-PNAGO
immunized rabbits, which in turn had more potent C1q binding than antibodies in sera from rabbits
immunized with the 5GIcNH,-TT conjugate.'? 14

The abilities of the post-immune sera to Kill bacteria in vitro were evaluated next via the
opsonophagocytic killing (OPK) assay. S. aureus cells were treated with pooled rabbit immune
sera, followed by the addition of complement/phagocytic cells and quantification of the number of
bacterial cells surviving the opsonic killing. As shown in Figure 3.11b, while the pre-immune sera
were completely ineffective, all 3 constructs induced antibodies with potent in vitro killing activity.
mQpB-PNAG26 (EC50: 2,534) and mQB-PNAG10 (EC50: 3,045) showed higher EC50 OPK titers
as compared to mQpB-PNAGO (EC50: 1,345). Omitting either immune sera, complement or
phagocytic cells resulted in complete loss of killing activity (Figure 3.12), indicating the need for

all three components for protective immunity.
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Figure 3.9 a) S. aureus ATCC 29213 cells were stained by pre-immune, and post-immune sera
from rabbits immunized with mQB-PNAGO0, mQB-PNAG10, and mQB-PNAG26 respectively
followed by the addition of Alexa Fluor 594 labeled goat anti rabbit 1gG Fc 2" antibody. The
binding was visualized through fluorescence microscopy. Sera from rabbits immunized with mQp-
PNAG10, and mQpB-PNAG26 showed significant binding to the bacteria. The scale bar is 10 um.
b) Fluorescence images and bright field images of MRSA strains, i.e., 41, 1055, 1056, 1057, 1058,
1059, and 1153 upon staining with immune sera from rabbits immunized with mQB-PNAGO,
mQB-PNAG10, and mQB-PNAG26 respectively. The post-immune sera bound with these strains
well as detected by the Alexa Fluor 594 labeled goat anti-rabbit 1gG Fc 2" antibody. In comparison,
a control strain lacking PNAG expression with icaA gene knock out (954) showed negligible
binding by the sera, suggesting the recognition is PNAG dependent. Scale bar: 10 pm.
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a) Bacterial Recognition b) Bacterial Recognition
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Figure 3.10 Post-immune sera of a) mice and b) rabbits immunized with the mQp-PNAG
conjugates recognized the S. aureus cells well as determined by ELISA. The EC50 values (the fold
of serum dilution that gives half-maximal binding) of the IgG titers were plotted with each symbol
representing one animal and the horizontal line is the geometrical mean value of the titers within
the group. The ELISA titers were determined against S. aureus cell coated ELISA wells. Statistical
analysis was performed using one way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001.
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Figure 3.11 Deposition of C1q onto purified PNAG polysaccharide and analysis of opsonic killing
activities. a) Complement deposition tests were performed as described 2° using pooled sera from
rabbits (n=2 per group) immunized with mQB-PNAG conjugates, the 5GICNH.-TT conjugate or
from a sample of pooled normal human sera. Titers and 95% confidence intervals (C.1.) were
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Figure 3.11 (cont’d)

determined by linear regression using logio values of the average of replicate serum dilutions to
determine the X intercept and 95% C.I. when Y=0.5 (ODa4os nm of ELISA plate reading). P values
indicate the significance of the deviation of the slope of the titration curve from zero to identify
sera with activity at P<0.05. mQB-PNAG10 and mQB-PNAG26 conjugates were more potent than
the mQB-PNAGO and 5GIcNH2-TT conjugate in inducing C1q deposition onto purified PNAG.
Normal human serum had no significant C1q depositing activity in spite of having a binding titer
to PNAG (see Figure 3.8) consistent with prior reports that naturally-acquired human antibody to
PNAG is not functional due to the inability to activate the complement pathway ' 26, Titers were
determined by simple linear regression. b) Pooled sera from rabbits (n =2 per group) immunized
with mQB-PNAG conjugate led to significantly higher levels of opsonic killing activities against
S. aureus cells. Three aliquots were prepared from each pooled serum and the individual values of
the three aliquots were presented. a) Data was collected by our collaborators in Dr. Gerald B.
Pier’s lab in the Harvard Medical School.
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Figure 3.12 Opsonic killing is dependent on all factors including bacterial specific serum antibody,
active complement source, and phagocytic cells. Here is an example showing omitting each factor
completely abrogates killing activity. Complement inactivation was performed under 56 <C for 30
mins. HL-60 omitted group and complement inactivated group were carried out with mQp-
PNAG26 serum.

3.2.6 Protection against S. aureus induced death by immunization
The efficacy of the various vaccine constructs in protecting against bacterial infection was

tested in two mouse bacteremia challenge models. According to the CDC, bloodstream infections
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by S. aureus are serious threats with nearly 20,000 death per year in the US L. For the in vitro study,
we first compared the mQB-PNAGO vs TTHc-PNAGO construct. In the active protection model,
mice were immunized three times with mQB-PNAGO or TTHc-PNAGO at equivalent doses (8
nmol PNAGO) (n = 20 for each group) (Figure 3.13). Another group of control mice received a
mock injection of saline. Two weeks following the last vaccination, each mouse was challenged
via the tail vein with 10*LD50 of the S. aureus strain ATCC29213. Mice that had received saline
all died within 2 days of bacterial challenge. On the other hand, 95% of the mice receiving mQp-
PNAGQO were protected against death from this pathogen. The survival rate of the mQp vaccine
group was significantly better than TTHc-PNAGO vaccinated group (p=0.0154, logrank test)
(Figure 3.13a). Bacteria were detected in the kidneys of 35% (7 out of 20) of the mice immunized
with TT-PNAGO, while mQB-PNAGO vaccination reduced the recovered levels of S. aureus from
the kidneys with bacteria only observed in 5% of the mice (1 out of 20) (Figure 3.13b).
Contingency table analysis of the proportion of the 20 immunized mice in each group with or
without detectable S. aureus by Fisher’s exact test showed significantly (p = 0.0436) fewer infected
kidneys in the mQB-PNAGO immunized group, with a relative risk of 0.68 (95% Cl=0.45 to 0.93).
Thus, disease burden evaluated by the levels of S. aureus in mouse kidneys was significantly better
in mQB-PNAGO vaccinated group compared to those receiving the TTHc-PNAGO vaccine. These

results further support the superior performance of the mQp carrier.
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Figure 3.13 Protective effects of vaccination. Immunization with mQB-PNAGO effectively a)
protected against S. aureus infection, and b) reduced bacterial count in mouse kidney. mQp-
PNAGO was significantly better than TTHc-PNAGO in protecting mice and reducing disease
burden (n = 20 for each group). Logrank tests were performed for statistical analysis. P values
were presented in the graph. **** P < 0.0001.

As the mQpB-PNAGO immunogen gave almost complete protection in the active protection
model in mice, we next established a passive protection model to differentiate the various mQp-
PNAG constructs, using rabbit sera transferred to mice. The passive model can be a more stringent
test by using more dilute sera for protection. Rabbit sera were diluted 800-fold and administered
intraperitoneally to mice, which were then challenged with 10*LD50 (200 million cells) of S.
aureus ATCC29213 via the tail vein (Figure 3.14). While all control mice receiving the pre-
immune sera died within 3 days of this challenge, all post-immune sera from PNAGO, PNAG10,
or PNAG26 immunized rabbits bestowed significant protection.

Mice receiving sera from mQB-PNAG26 and mQB-PNAG10 immunized rabbits showed

higher survival rates than those receiving PNAGO sera (Figure 3.14a) (60% and 50% respectively

121



vs 30%) and lower pathogen load compared to mQB-PNAGO sera supporting the in vitro opsonic
killing data (Figure 3.14b). We next tested the combination of two sera. Interestingly,
administering the mixed PNAG26 and PNAGO sera (1:1 ratio with each individual serum diluted
1,600 times, which is regarded equivalent in concentration to 1:800 dilution of a single serum)
provided 100% protection to mice against the 10*LD50 challenges with S. aureus (Figure 3.14a).
The kidneys of mice receiving the combination of PNAG26 and PNAGO sera had no detectable
bacteria (Figure 3.14b). The higher protective efficacy observed with the combined sera was
presumably because the PNAG polysaccharide can be heterogenous in the amine/acetylation
patterns. While some of the sequences such as the fully deacetylated PNAGO may be rare within
the native PNAG polysaccharide, antibodies generated by mQB-PNAGO can complement those by
mQB-PNAG26. Thus, the combination of two mQpB-PNAG constructs can broaden bacterial

recognition and enhance protection against bacterial challenges.
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Figure 3.14 Protective effects of antisera from immunized rabbits. Transfer of antisera from mQp-
PNAG immunized rabbits to mice a) provided significant protection to mice (n = 10 per group)
against the lethal challenges by S. aureus ATCC 29213. Statistical analysis was performed with
the logrank test. **** P < 0.0001; and b) significantly reduced bacterial count in mouse kidney.
The combination of sera from mQB-PNAGO and mQB-PNAG26 immunized rabbits provided
complete protection to mice. Statistical analysis for survival was performed using the logrank test.
Analysis of S. aureus colony forming units (cfu)/gm was by Kruskal-Wallis nonparametric
ANOVA (P<0.0001 for overall effect of serum given). P values for pairwise comparisons shown
on graph by Dunn’s multiple comparisons test. Transfer of antisera from mQB-PNAG immunized
rabbits to mice c) provided significant protection to mice against the lethal challenges by MRSA
strain 1058 (n = 10 per group); Statistical analysis for survival was performed using the logrank
test; and D) reduced bacterial count in mouse kidneys. Sera from mQB-PNAG26 immunized
rabbits provided the highest protection to mice. The horizontal line represents the median value of
each group. Statistical analysis for survival was performed using the logrank test. Analysis of
MRSA cfu/gm was by Kruskal-Wallis non-parametric ANOVA (P=0.0967). P values for pairwise
comparisons shown on graph by Dunn's multiple comparisons test.
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3.2.7 mQpB-PNAG vaccines are effective against MRSA challenges

The emergence of MRSA is a pressing public health concern.?’ Effective vaccines can provide
a complementary tool to combat S. aureus infections and reduce the reliance on antibiotics. The
post-immune rabbit sera were tested against multiple MRSA strains including six clinical strains
first via immunofluorescent staining (Figure 3.9 and Table 3.1). All three mQB-PNAG sera
recognized the seven strains tested highlighting the breadth of immune recognition. A control
strain lacking PNAG expression with icaA gene knock out (954) showed negligible binding by the
immune sera, indicating the recognition is PNAG dependent. Next, rabbit sera were diluted 800
times and administered to mice, which were then challenged with 10*LD50 (200 million cells) of
the MRSA strain 1058 via the tail vein (Figure 3.14c). Sera from mQB-PNAG26 immunized
rabbits protected 90% of the mice from MRSA induced death, which was significantly higher than
the 40% protection by mQB-PNAGO sera. Correspondingly, mice receiving mQB-PNAG26 rabbit

sera had the lowest overall bacterial load in the kidneys of challenged mice (Figure 3.14d).
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Strain Description Reference

41 JE2; Laboratory derived wild type parental MRSA;
USA300_LAC; CC8 28

954 icaA::Tn; NTML NE37 bursa aurealis transposon (Tn) mutant, 28
ErmR

Clinical isolates

1055 MRSA abscess hand cellulitis 2
1056 MRSA abscess left arm 2
1057 MRSA left wrist/ index finger 29
1058 MSSA abscess left foot osteomyelitis this study
1059 MSSA bone from the coccyx, chronic osteomyelitis 2
1153 MRSA hallux bone this study

Table 3.1 Staphylococcus strains used in this study.

3.2.8 Immunization does not significantly alter gut microbiome

As PNAG is expressed on many types of bacteria, we explored the effects of immunization on
gut microbiome. To analyze the composition of the gut microbiome, mice were fully immunized
with mQB-PNAG26, and feces were collected on day 0 prior to immunization and day 35 following
the initial prime immunization. The microbial species present in the droppings were analyzed via
the 16S rRNA sequencing. Despite the significant amounts of anti-PNAG IgG produced in mouse
sera, there were no significant changes in the microbial community present in the mouse gut
(Figure 3.15). Similar results were reported in a sponsored trial of the 5GICNH2-TT vaccine and
shown in the study of anti-PNAG therapy in the setting of graft-versus-host disease,* or in human

subjects in phase 1 clinical trials of both the 5GIcNH,-TT vaccine or anti-PNAG mAb.3"32  These
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observations corroborate that immunity to PNAG does not significantly alter the gut microbiome

in immunized animals highlighting the potential safety of the vaccine.
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Figure 3.15 Non-Metric Multidimensional Scaling (NMDS) analysis of bacterial communities of
controls and treatments showing no significant changes in the gut microbial community following
mQpB-PNAG26 immunization. T1 and T2 refer to the two sampling times. T1 = first sampling right
before immunization, T2 = control and treatment samples at 42 days after the prime immunization.
Each of the four groups is delineated by a convex hull describing a minimum area. The stress test
values for 2D and 3D NMDS were 0.141 and 0.109, respectively. Amplicon sequence variants
(ASV) datasets revealed similar patterns of ordination. When comparing treatment versus control
within a timepoint, ANalysis Of SIMilarity (ANOSIM) and Permutational multivariate analysis of
variance (PERMANOVA) values of -0.04 (T1) and 1.518 (T2) indicated high similarity in the
phylogenetic structure of the bacterial communities. Data was analyzed by our collaborators in Dr.
Terence Marsh’s lab from the Department of Microbiology and Molecular Genetics.
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3.3 Conclusion

In summary, numerous pathogens produce PNAG, rendering it a highly attractive target for
vaccine development with the conjugate of fully deacetylated PNAG pentasaccharide with TT
carrier currently undergoing human clinical trials as an anti-microbial vaccine. In order to enhance
the potential protective efficacy, several aspects of the PNAG based vaccine can be improved. As
carbohydrates are typically T cell independent B cell antigens, an immunogenic carrier is critical.
We have demonstrated that mQp is a powerful carrier. The mQB-PNAG conjugate was found to
be superior in inducing higher levels of anti-PNAG IgG antibodies as compared to the
corresponding PNAG conjugate with the TTHc carrier.

Besides the carrier, another important factor in vaccine design is the identification of the
protective epitope(s) of the PNAG antigen, which was hampered by the lack of diverse structurally
well-defined PNAG compounds. To gain a deeper understanding of the epitope specificity, a
comprehensive library of PNAG pentasaccharides covering all possible combinations of free
amine and NHACc has been synthesized. The synthesis is highlighted by a divergent design through
the judicious choice of four amine protective groups, which can be orthogonally removed without
affecting each other. The library of 32 PNAG pentasaccharides was obtained from just two
strategically protected pentasaccharide intermediates, thus significantly enhancing the overall

synthetic efficiency.
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The availability of the comprehensive library provided an exciting opportunity to probe the
epitope specificity through a glycan microarray. Screening of an anti-PNAG mAb F598 on the
microarray suggests that the NHACc at unit B plays a critical role in F598 binding. NHAc at unit D
could further enhance the binding. This knowledge led to the addition of two PNAG sequences
(PNAG10 and PNAG26) beyond the fully deacetylated PNAGO for vaccine studies.

The mQp conjugates with PNAG10 and PNAG26 were found to elicit IgG antibodies capable
of inducing high levels of complement deposition and opsonic killing of bacteria compared to the
mQpB-PNAGO conjugate. Vaccination with mQp-PNAG conjugate provided effective protection
to mice against lethal challenges by S. aureus in both active and passive immunity models. Mice
were also effectively protected from MRSA-induced death by the immune sera with significantly
reduced bacterial load in the kidneys. The vaccines are biocompatible with no adverse side effects
and do not significantly disturb the gut microbiome of the immunized mice. PNAG based vaccine
design guided by the well-defined synthetic library of PNAG is a powerful strategy to develop the
next generation of vaccines and more effectively fight against pathogen infections including those
by drug resistant strains.

3.4 Experimental methods

3.4.1 Synthesis of mQB-PNAG conjugates

The mQp particle’” was functionalized first with the SBAP linker. To a solution of 10 mg/m|

mQp in potassium phosphate buffer (KPB) (100 mM, pH=7.0) was added 3.2 mg SBAP (15 equiv
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to mQP subunits) in 10 pl DMSO. The solution was gently mixed and nutated under RT for 1 hour.
The protein was recovered with a 15 ml Amicon filter (molecular weight cut off MWCO=100 kDa)
under 4,000 rcf and washed with KPB (100 mM, pH=8.0) for 4 times. The modified mQp was
resuspended in KPB (100 mM, pH=8.0) to a final concentration of 10 mg/ml and used immediately.
Conjugation reactions of mQp with PNAGO, 10 and 26 to mQp were conducted in similar manners.
As an example, PNAGO (5 mg) was dissolved in 1 ml of degassed KPB (100 mM, pH=8.0). Tris(2-
carboxyethyl)phosphine, immobilized on Agarose CL-4B (Sigma-Aldrich # 52486, 2 equiv) was
added and the solution was nutated under RT for 1 hour to transform the disulfide bond in PNAGO
to free sulfhydryl groups. The resin was removed by centrifugation and the supernatant was
lyophilized. To 5 mg of the reduced oligosaccharide (15 equiv to mQp subunits) was added 5 mg
of SBAP functionalized mQp in 0.5 ml KPB (100 mM, pH=8.0) and the vial was gently inverted
a few times to allow the oligosaccharide to dissolve. The mixture was nutated under room
temperature for another 16 hours before 5 ul 1M cysteine was added. The mixture was nutated for
another 2 hours to quench the unconsumed bromoacetamide. The final product was recovered by
a 15 ml Amicon filter (MWCO=100 kDa) under 4,000 relative centrifugal force (rcf) and washed

with sterile PBS for 4 times. The final conjugate was analyzed by MALDI-TOF MS (Figure 3.16).
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MALDI-ToF Spectrum of the mQb Conjugates
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Figure 3.16 MALDI-TOF spectra of the mQB-PNAG conjugates. The peak assignment was shown
in the table below. The average glycan loading per particle was calculated by

> NiA;

L =180 X
XA,

where 180 is the number of subunits in each VLP, N is the number of glycan loading in a
specific peak, and A is the relative abundance of the corresponding peak. The shoulder peaks
showing at +113 position of the major peaks are due to +1 linker as a result of intrasubunit
crosslinking. The average loading is around 250 glycans per mQp particle based on the MS results.

3.4.2 MALDI-TOF MS protocol

mQB-PNAG conjugates were first reduced by dithiothreitol (DTT) (100 mM) at 37 <C for 30
min to break up the disulfide bonds crosslinking mQp subunits. BSA and TTHc conjugates were

analyzed without pretreatment. Sinapinic acid (SA) was used as matrix. 0.5 mg/ml SA was

dissolved in acetonitrile : water : formic acid (50 : 50 : 0.1) mixture and 1 pl matrix solution was
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added to each spot of a MALDI base plate and air dried. The protein solution (1 ul, typical
concentration: 1 mg/ml) was bound to a C4 resin tip (Millipore ZTC04S008) and desalted with
water. The protein was then eluted with 1 pl acetonitrile : water : formic acid (50 : 50 : 0.1) mixture
directly to the MALDI base plate to avoid protein loss on hydrophobic surfaces. The mixture was
air dried and analyzed with MALDI-TOF MS.

3.4.3 BSA conjugation

All BSA-PNAG conjugates were synthesized in the same manner. BSA powder (Sigma) was
dissolved in potassium phosphate buffer (100 mM, pH=7.0) to a concentration of 10.0 mg/ml. To
1 ml of BSA solution, 2.0 mg (42 equiv) of the SBAP linker (Fisher) was added in 10 i DMSO.
The solution was mixed gently on a nutator at RT for 2 hours before passing through a 10 ml hand
packed G25 column. The protein-containing fractions were recovered using Milli-Q water,
aliquoted and lyophilized. PNAG glycan (1 mg) was dissolved in a rubber stopper sealed vial with
0.5 ml degassed KPB (100 mM, pH=8.5). 0.15 mg (1.0 equiv) of TCEP (sigma) was dissolved in
0.1 ml degassed KPB and injected into the vial with an HPLC syringe. The mixture in the vial was
stirred under continuous N flush for 30 mins. The solution was injected into another sealed and
N2 flushed vial containing 1 mg lyophilized modified BSA. The vial was stirred for another 2
hours. 1 ul 1M cysteine was injected into the vial and the reaction was allowed to carry on for
another 1 h to quench the unconsumed bromoacetamide. The protein was recovered by a G25

column and lyophilized. The saccharide loading was quantified by MALDI-TOF MS (Figure 3.2).
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3.4.4 Synthesis of TTHc-PNAGO

The buffer for recombinant TTHc (Fina Biosolutions) was first exchanged to KPB (100 mM,
pH=7.0) via a 15 ml Amicon filter (MWCO=30 kDa) with repeated concentration and
resuspension. The protein was then modified with SBAP. To 1 ml KPB solution of 5 mg/ml TTHc
was added 1.5 mg SBAP (50 equiv) in 10 i DMSO. The solution was gently mixed and nutated
under RT for 1 hour. The protein was recovered with a 15 ml Amicon filter (MWCO=30 kDa)
under 4,000 rcf and washed with KPB (100 mM, pH=8.0) for 4 times. The modified TTHc was
resuspended in KPB (100 mM, pH=8.0) to a final concentration of 5 mg/ml and used immediately.
To 4.6 mg of reduced oligosaccharide (50 equiv) was added 5 mg modified TTHc in 1 ml KPB
(100 mM, pH=8.0) and the vial was inverted gently to allow the oligosaccharide to dissolve. The
mixture was nutated under RT for another 16 hours before 10 ul 1M cysteine was added. The
mixture was nutated for another 2 hours to quench the unconsumed bromoacetamide. The final
product was recovered by a 15 ml Amicon filter (MWCO=30 kDa) under 4,000 rcf and washed
with sterile PBS 4 times. The final conjugate was analyzed by MALDI-TOF MS (Figure 3.4).

3.4.5 Glycan Microarray

Glycan microarray slides were produced as previously described®? 3* on SuperEpoxy 2 slides
(SMEZ2; Arraylt Corp, Sunnyvale, CA) and stored vacuum sealed at —20<C. Prior to use, slides
were warmed to RT and then scanned to identify any missing spots or defects (the print buffer

contains a soluble dye). Slides were printed with 8 replicate array blocks. An 8-well slide module
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(ProPlate® Multi-Well Chambers, Grace Bio-Labs) was affixed to each slide to separate the 8
blocks. Each of the 8 wells was then blocked overnight at 4 <C with 400pL/well of 3% w/v BSA
(Sigma-Aldrich, A3059, Lot SLBW6770) in PBS. Next, slides were washed twice with
400p/well of PBST followed by incubation with mouse or rabbit serum. Serum samples were
diluted into 1% BSA/PBS (1:100 for mouse sera; various dilutions for rabbit sera) and then
incubated at 37 <C with gentle shaking for 2.5h. Diluted sera was removed from each well using a
multichannel pipettor, followed by three quick washes with 400L/well of PBST and three 2 min
washes with PBST. Wells were next incubated with fluorophore labeled secondary reagents
[mouse: Cy3 anti-mouse IgG (Cy3 anti-mouse 1gG; Jackson 115-165-071) and AlexaFluor 647
Anti-mouse IgM (Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgM, Lchain specific; Jackson
115-605-075), each diluted 1:500 in 1%BSA/PBS; rabbit: Cy3 anti-rabbit IgG (Cy™3 AffiniPure
Goat Anti-Rabbit 19gG, Fc fragment specific; Jackson 111-165-046) and AlexaFluor 647 Anti-
rabbit IgM (Alexa Fluor® 647labeled Goat Anti-Rabbit IgM mu chain; Abcam 150095), each
diluted 1:500 in 1%BSA/PBS] for 45min at 37 <C with gentle shaking. Secondary reagent solutions
were removed, followed by four quick washes with 400pL/well of PBST and one 2 min wash with
PBST. The well module was removed and the slide was submerged in PBST for 5 min as a final
wash. Slides were dried by centrifugation at 1000 > g for 4 minutes and then scanned on a an
InnoScan 1100 AL fluorescence scanner (Innopsys; Chicago, IL) at 5 jm resolution. Analysis was

performed using GenePix Pro 7 software (Molecular Devices Corporation; Sunnyvale, CA).
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Background fluorescence was subtracted from the median spot fluorescence and values were
averaged for each duplicate component spot. Additional details on array fabrication, processing,
and analysis can be found in the protocol by Temme and Gildersleeve.® Full microarray data can
be found in the Supporting Excel File.

3.4.6 Animal study ethics statement

All animal care procedures and experimental protocols have been approved by the Institutional
Animal Care and Use Committee of Michigan State University (protocol number: 202200444).

3.4.7 Immunization protocol

Vaccination constructs were prepared by mixing the conjugates in sterile PBS and MPLA.
The dosing of the constructs was determined by average antigen loading on the carrier to allow 8
nmol glycan dose for each mouse. In a typical protocol, 100 pg mQB-PNAGO in 180 I PBS was
mixed with 20 pg MPLA in 20 4 DMSO to produce one dose of the vaccine.

Pathogen-free C57BL/6 or CD1 female mice aged 6 weeks were obtained from the Charles
River and maintained in the University Laboratory Animal Resources facility of Michigan State
University. Groups of five mice were injected subcutaneously under the scruff with the MPLA
adjuvanted vaccine constructs. Immunization procedures were performed on day 0, 14 and 28.
Blood samples were collected via the hind limb vein on days 0, 7, 21 and 35.

Rabbit immunization was performed by ProSci. Each dose of the construct contains an

equivalent glycan amount of 8 nmol. The prime vaccination was adjuvanted with the Complete
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Freund’s Adjuvant (CFA) and the booster doses were adjuvanted with the incomplete Freund’s
Adjuvant (IFA). For each dose, 100 i vaccine conjugate solution was mixed with 100 . CFA or
IFA and votexed vigorously to form a homogeneous emulsion. The immunization procedures were
performed on day 0, 14, 28 and 42. Blood samples were collected on days 0, 7, 21 and 35. The
terminal bleeding was performed on day 56.

3.4.8 ELISA

Immulon 4 HBX 384 well plates (ThermoFisher 8755) were coated with 0.5 pg BSA-PNAG
conjugates in 50 il PBS at 4 <C overnight. The liquid was discarded, and the wells were blocked
by 100 A PBS containing 1% BSA for 1 h. The liquid was discarded, and the plates were washed
by PBST for 4 times. Mouse or rabbit immune sera were serial diluted in PBS containing 0.1%
BSA. 50 M diluted serum was added to each well and incubated for 2 h. The liquid was discarded,
and the plates were washed with PBST for 4 times. 1: 2,000 HRP-goat anti mouse 1gG antibody
(JacksonImmunoResearch 115-035-003) in 50 i PBS containing 0.1% BSA was added and
incubated for 1 h. For rabbit serum, the HRP-goat anti rabbit IgG antibody was used
(JacksonImmunoResearch 111-005-003). The liquid was discarded, and the plates were washed
with PBST for 4 times. 75 il TMB substrate solution was added to each well and the reaction was
allowed to proceed for 15 mins before 25 Pl 0.5 M sulfuric acid was added. OD450 was
immediately recorded and fitted into the 4PL nonlinear logistic model via GraphPad Prism 6 with

least squares algorism. Maximum OD values reached ~3.0 for all groups. Unmodified BSA coated
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wells showed negligible signal (<0.1 AU) and were subtracted as plate blank. EC50 titers were
calculated to present the dilution folds where binding signal is 50% of the maximum: the average
value (OD ~1.5) between the maximum and baseline was used as intercept to calculate EC50 titers.
All dilutions were run as triplicates. All steps were run under ambient temperature unless specified.

3.4.9 Molecular Docking

Docking was performed via AutoDock Vina 1.13 following the standard protocol provided by
the software developers. The receptor structure was adapted from published F598 crystal structure
(6be4). Water molecules and the ligand were removed from the protein. For simplicity, CH1 and
CL of the Fab were removed. 32 ligands were docked to the receptor individually. The top 10
results based on docking score were saved. The conformation with the best score for each ligand
was used for analysis. The docking for each ligand was repeated 10 times and similar results was
observed for each attempt.

3.4.10 Serologic assays

ELISA was used to determine antibody titers against PNAG producing bacterial cells. S.
aureus ATCC29213 were grown in LB medium to OD of 0.7, washed and resuspended in PBS to
a final OD of 0.5. 0.1 ml bacterial cells were added to each well of a 4 HBX 384-well plate. The
plate was placed in 4 <C overnight to allow the cells to attach. The cells were then fixed in ice cold
methanol for 2 mins. Methanol was removed and the wells were washed with Milli-Q water once

and then PBST for 4 times. The wells were then blocked by 100 i PBS containing 1% BSA for 1
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h. Rabbit immune sera were serial diluted in PBS containing 0.1% BSA. 50 i diluted serum was
added to each well and incubated for 2 h. The liquid was discarded, and the plates were washed
with PBST for 4 times. 1: 2,000 HRP-goat anti rabbit IgG antibody (JacksonlmmunoResearch
111-005-003) in 50 | PBS containing 0.1% BSA was added and incubated for 1 h. The liquid was
discarded, and the plates were washed with PBST for 4 times. 75 I TMB substrate solution was
added to each well and the reaction was allowed to proceed for 15 mins before 25 i 0.5 M sulfuric
acid was added. OD450 was immediately recorded and fitted into the 4PL nonlinear logistic model
via GraphPad Prism 6 with least squares algorism. Maximum OD values reached ~3.0 for all
groups. Unmodified BSA coated wells showed negligible signal (<0.1 AU) and were subtracted
as plate blank. EC50 titers were calculated to present the dilution folds where binding signal is 50%
of the maximum: the average value (OD ~1.5) between the maximum and baseline was used as
intercept to calculate EC50 titers. All dilutions were run as triplicates. All steps were run under
ambient temperature unless specified.

ELISA to determine antibody titers to PNAG and analysis of the deposition of complement
component C1q were performed as described?® except that mouse or rabbit antisera were used in
place of equine serum and secondary antibodies used for PNAG titer determinations used
secondary antibodies specific to either mouse or rabbit IgG. Titers were calculated using simple
linear regression wherein the dilution curve crossed the X axis at an OD value equal to

approximately 3X the standard deviation of the mean upper OD limits in control, negative sera.
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3.4.11 Reagents

Antisera to the conjugate of 5GIcNH2 to TT (5GICNH2-TT) were prepared in rabbits as
previously described.® ' Native PNAG was purified from A. baumannii as described.?

3.4.12 OPK Killing assay

OPK killing assay was adapted from previously published work.*® HL-60 (ATCC) cells were
maintained in RPMI-1640 with L-glutamine and 10% FBS (growth medium), under at 37 <C and
5% CO; in sterile filter-capped 75 cm? flasks. Upon use, the cells were induced to differentiate
with 0.6% (V/V) DMF added to growth medium. The induction was performed for 5 days.
Bacterial strain S. aureus ATCC 29213 was grown in LB medium to an OD of 0.7. Aliquots of the
bacteria stock were kept in -80 <T in 1:1 (V:V) glycerol and LB. Bacterial titers were determined
by serial dilution and overnight growth on TSB agar plate under 37 <C. The numbers of colonies
were used to calculate cell density in the stock. Heat treated (56 <C, 30 min) immune sera were
serial diluted in growth medium and mixed with bacterial cells suspended in the same medium in
a 96-well plate. For each dilution, duplicated wells were used. Each well consists of 2000 cfu
bacterial cells in 3 I medium and 7 | diluted immune serum. The mixture was incubated under
37 <T for 30 mins. Induced HL-60 cells were harvested and resuspended to a density of 1.25*%10°
/ml in growth medium. To each well of bacteria-serum mixture was added 40 i HL-60 cells and
10 pi baby rabbit complement (Cedarlane CL3442-R). The mixture was incubated under 37 <C

with 5% CO3 for 1 hour, when 100 A growth medium was added to each well. 10 | of the mixture
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was spread on TSB agar plates and the remaining live bacteria cells were counted by colonies
formed after overnight incubation. HL-60 omitted groups, complement deactivated groups (56 <C,
30 min), pre-immune serum groups and free bacteria groups were each performed as controls.
Free bacteria groups were used as standard for 0% Kkilling. Bacterial omitted group was used as
standard for 100% killing. The killing% of experimental groups were plotted against final serum
dilution and fitted to 4PX non-linear logistic model with least squares algorism (GraphPad Prism
6). The dilution that gave 50% killing for each serum was calculated and used as EC50 titer.

3.4.13 Immunofluorescent staining

S. aureus strain ATCC29213 or hospital isolated MRSA strains were cultured in LB medium
to an OD of 0.7. Cells were then spread to a glass slide. The slides were air dried and fixed in ice-
cold methanol for 2 mins. The methanol was allowed to air dry, and the slides were washed in
PBST for 3 times. S. aureus endogenous antibody binding proteins such as protein G were then
blocked with 20 pg/ml recombinant human Fc (Invitrogen A42561) in PBS with 1% BSA for 1
hour under ambient temperature in a moisturized environment. The blocking solution was
discarded, and the immune serum diluted in PBS with 1% BSA (1: 1600) was added to the cells.
The slides were kept under ambient temperature for 1 hour in a moisturized environment and
washed with PBST 3 times. Alexa Fluor 594 labeled goat anti rabbit 1gG Fc 2" antibody
(ThermoFisher A11012) was diluted to a concentration of 5 pg/ml and added to the cells. The

staining was performed overnight under 4 <C in a dark and moisturized environment. The slides
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were then washed in PBST 3 times and sealed with curing anti-fade mountant for 24 hours under
ambient temperature. The slides were visualized under a Nikon A1 CLSM.

3.4.14 Mouse challenge study protocol

For active immunization and challenge studies, female CD-1 mice aged 5-6 weeks were
grouped (n=20) allowing a similar body weight average and distribution across the groups. Mice
were immunized by TT-PNAGO or mQpB-PNAGO constructs each containing 8 nmol of
oligosaccharides, adjuvanted with 20 ug MPLA. 21 and 42 days post priming, mice were boosted
with the same constructs. Another group of mice received PBS as control. 56 days post priming,
2*108 cfu S. aureus ATCC29213 cells in 200 pl PBS were intravenously administrated for each
mouse. Mouse condition was monitored 3 times a day for the following 2 weeks. Mice losing more
than 20% body weight or becoming moribund were euthanized. The kidneys were collected,
homogenized and bacteria loading were determined via serial dilution and growing on TSB agar
plates. On 14 days post challenge, all surviving mice were euthanized, and kidney bacteria levels
were determined.

For passive immunization and challenge studies, female CD-1 mice aged 12-13 weeks were
grouped (n=10) allowing a similar body weight average and distribution across the groups. Pooled
(n=2) rabbit sera collected on 56 days post priming from mQB-PNAG 0, 10 or 26 groups were heat
inactivated (56 <C, 30 min) and diluted 1:800 folds. Mice were intraperitoneally administered with

200 pl diluted sera and challenged with 2*108 cfu S. aureus ATCC29213 cells in 200 pl PBS via
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the tail vein. Survival and disease burden of the challenged mice were monitored following the
same protocol as described for active immunization and challenge studies.

3.4.15 DNA extraction for microbiome analysis

For the microbiome sequencing experiments, pathogen-free CD-1 female mice were obtained
from the Charles River and housed in the University Laboratory Animal Resources facility of
Michigan State University. The study was approved by the Institutional Animal Care and Use
Committee (IACUC) of Michigan State University (protocol number: 202200444). Eight-week-
old mice were injected subcutaneously under the stuff. The treatment group was injected with 0.1
ml MPLA adjuvanted vaccine constructs on days 0, 14 and 28. The control treatment was injected
with 0.1 ml of 0.01M DPBS instead. Stools were collected from vaccine-, and control- treated
animals at pre and 42-day post-vaccination. DNA was extracted from feces using the QlAamp®
PowerFaecal® Pro DNA kit (QIAgen®). The quality and purity of the isolated genomic DNA were
confirmed by gel electrophoresis and quantitated with a Qubit2.0 fluorometer using the Qubit®
dsDNA HS Assay Kits (Thermo Fisher Scientific). The DNA samples were stored at -20<C.

3.4.16 PCR amplification procedure

Amplification of thel6S rRNA gene (V3-V4) was performed using V3 (5-(CCT
TACGGGAGGCAGCAG-3'), V4 (5'-GGA CTACHV GGG TWTCTAAT-3’) primers (W: A or
T;V:GorCorA; H: AorCorT). The PCR mixture for every reaction tube was composed of

12.5 pl DreamTag™ Hot Start PCR Master Mix (Thermo Fisher Scientific) at a 2x concentration,
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along with 11.5 i nuclease-free water and 0.5 i of each primer (V3 Forward primer and V4
Reverse primer). 1 i (10 ng/d) template DNA was added to the 25 | mastermix. Thermocycling
conditions included an initial denaturation step (3 minutes at 94<C), followed by 30 cycles of
denaturation (30 seconds at 94 <C), annealing (30 seconds at 56 <C), extension (5 min at 72<C), and
a final extension step of 1 minutes at 72<C. PCR products were separated using gel electrophoresis
on 1.5% agarose gel.

3.4.17 Library preparation and sequencing.

The V3-V4 region of the 16S rRNA gene was amplified using indexed primers (341f/806r)
suitable for the Illumina platform (Caporaso 2011). Libraries were normalized using Invitrogen
SequalPrep DNA normalization plates and pooled products were cleaned and concentrated with
Amicon DNA Concentrator and quantified with Qubit dsDNA HS, Agilent 4200 TapeStation HS
DNAZ1000 and Kapa Illumina Library Quantification gPCR assays. The pooled libraries were run
on a MiSeq platform using Illumina MiSeq v2 500 cycle chemistry in a standard V2 flow cell.
Base calling was performed by Illumina Real Time Analysis (v1.18.54).

3.4.18 Bioinformatics and statistics.

The output MiSeq FastQ files were taken directly into Mothur v1.44.1% for phylogenetic
analysis using the Silva database (V.132) for alignment and Training Set 18 from the Ribosomal
Database Project for taxonomic identification. The command sequence of The Mothur MiSeq SOP

(https://mothur.org/wiki/miseq_sop/) was used for the analysis with the exception that all samples
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were subsampled down to 30,000 sequences before the alignment step. As recommended in the
MiSeq SOP, we allowed 1 base difference per 100 bp in the pre.cluster command. In addition,
prior to the final analytical steps in Mothur, all samples were rarefied to 21,900 sequences. Both
OTU (97%) and ASV datasets were generated in Mothur. The statistical analyses were conducted
in PAST 4.0 (Paleontological Statistics Software Package) and based on 5,507 OTUs after the
removal of all singletons. A Bray-Curtis dissimilarity matrix was used to compute an NMDS plot
displaying the community-level differences amongst samples as well as computing pairwise
comparisons using ANOSIM and PERMANOVER, all as implemented in PAST. To identify
populations that contributed to community differences, SIMPER as implemented in PAST and
LefSe through the Huttenhower LefSe website (https://huttenhower.sph.harvard.edu/lefse) were
used.

The sequencing data has been submitted to Genbank/SRA (Bioproject ID PRINA997319).
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APPENDIX

Synthesis of PNAG pentasaccharide library (performed by Dr. Weizhun Yang)

While several PNAG structures have been synthesized before,'® a general method for the
expeditious construction of a comprehensive PNAG pentasaccharide library is lacking. To
accelerate the library synthesis, rather than starting from monosaccharide building blocks for each
targeted pentasaccharide, we envisioned the overall efficiency can be significantly enhanced with
a divergent strategy. In our synthetic design, the amine groups of strategically protected
pentasaccharides are differentiated by orthogonal protective groups for selective deprotection and
acetylation. After screening multiple synthetic intermediates, we developed two key linchpin
pentasaccharide intermediates (1 and 2), which bear four protective groups, i.e., tert-
butyloxycarbonyl (Boc), allyloxycarbonyl (Alloc), 2,2,2-trichloroethoxycarbonyl (Troc), and
fluorenylmethoxycarbonyl (Fmoc), on glucosamine units A, B, C and D. The reducing end
glucosamine unit E is N-acetylated (for compound 1) or N-trifluoroacetylated (for compound 2)

(Scheme 3.1).
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Scheme 3.1 Structures and syntheses of key intermediates. a) Structures of two key linchpin
pentasaccharide intermediates (1 and 2). b) Synthesis of the reducing end glucosamine building
block 8. c) Syntheses of compound 13; d) Syntheses of compound 1. Abbreviations: acetyl (Ac),
allyloxycarbonyl (Alloc), benzoyl (Bz), tert-butyldiphenylsilyl (TBDPS), tert-butyloxycarbonyl
(Boc), diisopropylethyl amine (DIPEA), fluorenylmethoxycarbonyl (Fmoc), hexafluorophosphate

azabenzotriazole tetramethyl uronium (HATU), and 2,2,2-trichloroethoxycarbonyl (Troc).
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Based on the above design, our synthesis commenced from thioglycoside 3, which
glycosylated 3-azido-1-propanol 4 to provide compound 5 in 82% vyield (Scheme 3.1b). Upon
removal of the Alloc group from 5 and N-acetylation, the resulting compound 6 was subjected to
azide reduction, amidation of the free amine with carboxylic acid 7, and protective group
adjustments leading to compound 8 in 45% yield for the four steps.

Oligosaccharide assembly started from the CD disaccharide 9 containing N-Troc and N-Alloc
groups (Scheme 3.1c). Thioglycoside donor 10 was preactivated with the p-TolSCI/AgOTf
promoter system® at -78°C. Upon complete activation, the thioglycosyl acceptor 11 was added to
the reaction mixture leading to disaccharide 9 in 83% yield (Scheme 3.1c). In order to extend the
glycan chain, the glycosylation of acceptor 8 with disaccharide 9 was performed. When the
reaction was first carried out under the pre-mix condition, i.e., 9 and 8 were mixed together
followed by the addition of promoter (p-TolSCI/AgOTf or NIS/TfOH" 8), little desired
trisaccharide 12 was obtained, which was likely due to the activation of the thioester (SAc) moiety
by the thiophilic promoter. Next, the reaction was explored under the pre-activation condition by
activating 9 with the promoter p-TolSCI/AgOTfT first, followed by the subsequent addition of
acceptor 8. This change of the reaction protocol successfully produced trisaccharide 12 in 71%
yield. Replacement of Alloc with Fmoc and removal of TBDPS group from 12 resulted in the
trisaccharide 13. To extend 13 to a pentasaccharide, the Troc moiety of disaccharide 9 was replaced

with Boc (disaccharide 14, Figure 2D). Pre-activation based glycosylation of 14 and 13 produced
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pentasaccharide 1, which contains four different N-protective groups on units A, B, C and D.
Analogously, pentasaccharide 2 was synthesized with four different N-protective groups on units
A, B, C and D, and the N-TFA group on unit E (Figure 3.16).

With the two key pentasaccharides in hand, we explored orthogonal deprotection of
pentasaccharides 1 and 2. As an example, the Boc and Alloc groups of compound 2 could be
removed by 90% aqueous TFA and Pd(PPhs)4/PhSiHz, while deprotections of Troc and Fmoc were
accomplished using Zn/AcOH and 20% piperidine in DMF respectively without affecting any
other amine protective groups (Scheme 3.2). These results suggest that the four amine protective

groups could be independently removed specifically.
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Scheme 3.2 Synthesis of the 32 membered comprehensive PNAG pentasaccharide library. a)
Orthogonal deprotection of pentasaccharide 2. b) Divergent syntheses of 16 PNAG
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Scheme 3.2 (cont’d)

pentasaccharides from the strategically protected pentasaccharide 1. ¢) Divergent syntheses of 16
PNAG pentasaccharides from the strategically protected pentasaccharide 2. Abbreviations: acetyl
(Ac), allyloxycarbonyl (Alloc), benzoyl (Bz), tert-butyldiphenylsilyl (TBDPS), tert-
butyloxycarbonyl (Boc), diisopropylethyl amine (DIPEA), dimethylformamide (DMF),
fluorenylmethoxycarbonyl (Fmoc), hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU), 2,2,2-trichloroethoxycarbonyl (Troc), and trifluoroacetic acid (TFA).

With the orthogonal deprotection conditions established, divergent modifications of the key
pentasaccharide intermediates were carried out. Treatment of pentasaccharide 1 with 90% TFA
cleaved both Boc and TBDPS groups (Scheme 3.2). Upon acetylation of the newly liberated
hydroxyl and amine moieties, the Alloc, Troc, and Fmoc groups were subsequently removed
followed by full O- and S-deacylation with 20% hydrazine hydrate in MeOH, affording PNAG17
pentasaccharide in 48% overall yield bearing the N-acetylglucosamine (GIcNAc)-glucosamine
(GIcN)-GIcN-GIcN-GIcNAc (10001) sequence. Alternatively, following TFA treatment of 1, the
Fmoc group was cleaved, which was then acetylated with subsequent removal of Troc, Alloc and
Bz moieties to produce pentasaccharide PNAG19 with the GIcNAc-GIcN-GIcN-GIcNAc-GIcNACc
sequence (10011) in 51% overall yield. Similar divergent modification processes on the two key
pentasaccharides 1 and 2 produced the full library of thirty-two PNAG pentasaccharides with all

possible combinations of free amines in each glucosamine unit of the pentasaccharides (Scheme

3.2¢).

154



REFERENCES

1. Yang, F.; Du, Y. A practical synthesis of a (1-->6)-linked beta-D-glucosamine
nonasaccharide. Carbohydr Res 2003, 338 (6), 495-502.

2. Leung, C.; Chibba, A.; Gomez-Biagi, R. F.; Nitz, M., Efficient synthesis and protein
conjugation of beta-(1-->6)-D-N-acetylglucosamine oligosaccharides from the polysaccharide
intercellular adhesin. Carbohydr Res 2009, 344 (5), 570-575.

3. Gening, M. L.; Tsvetkov, Y. E.; Pier, G. B.; Nifantiev, N. E., Synthesis of beta-(1-->6)-
linked glucosamine oligosaccharides corresponding to fragments of the bacterial surface
polysaccharide poly-N-acetylglucosamine. Carbohydr Res 2007, 342 (3-4), 567-575.

4. Wang, S.; Breslawec, A.P.; Alvarez,E.; Tyrlik, M.; Li, C.; Poulin, M. B., Differential
Recognition of Deacetylated PNAG Oligosaccharides by a Biofilm Degrading Glycosidase. ACS
Chem Biol 2019, 14 (9), 1998-2005.

5. Li,D.; Wang,J.; Wang, X.; Qiao, Z.; Wang, L.; Wang, P.; Song, N.; Li, M., beta-
Glycosylations with 2-Deoxy-2-(2,4-dinitrobenzenesulfonyl)-amino-glucosyl/galactosyl
Selenoglycosides: Assembly of Partially N-Acetylated beta-(1 --> 6)-Oligoglucosaminosides. J
Org Chem 2023, 88 (13), 9004-9025.

6. Huang, X.; Huang, L.; Wang, H.; Ye, X.-S., Iterative one-pot oligosaccharide synthesis.
Angew. Chem. Int. Ed. 2004, 43, 5221-5224.

7. Konradsson, P.; Udodong, U. E.; Fraser-Reid, B., lodonium promoted reactions of disarmed
thioglycosides. Tetrahedron Letters 1990, 31 (30), 4313-4316.

8. Veeneman, G. H.; van Leeuwen, S. H.; van Boom, J. H., lodonium ion promoted reactions

at the anomeric centre. Il An efficient thioglycoside mediated approach toward the formation of
1,2-trans linked glycosides and glycosidic esters. Tetrahedron Letters 1990, 31 (9), 1331-1334.

155



