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Abstract: Immune checkpoint inhibitors such as monoclonal antibodies (mAbs) are amongst the
most important breakthroughs in cancer therapeutics. However, high cost and short acting time
limits its affordability and clinical application. Therefore, an economical and durable alternative is
urgently needed. Previously, we identified an IL-17RB targeting mAb which intercepts IL-17B/IL-
17RB signal transduction and suppresses tumorigenesis in many types of cancer. We reason that active
immunity against the antigenic epitope of IL-17RB can reproduce the anti-cancer effect of mAbs with
better sustainability. Here, we present a cancer vaccine composed of multiple synthesized epitope
peptides chemically conjugated onto CRM197, a highly immunogenic carrier protein. Combining
mass spectrometry with immunoassay, we standardized hapten density determination and optimized
vaccine design. Furthermore, orthotopically transplanted syngeneic mouse tumor 4T1 showed that
administration of this vaccine therapeutically mitigates primary cancer growth as well as distance
metastasis. In conclusion, we demonstrate preparation, characterization and pre-clinical application
of a novel peptide cancer vaccine.

Keywords: immunotherapy; peptide cancer vaccine; B-cell cancer vaccine; CRM197; IL-17RB;
MALDI-TOF-MS; hapten density; 4T1

1. Introduction

It is well known that paracrine/autocrine cytokine signaling pathways are taken
advantage of by cancer cells to promote disease progression, immune evasion and metas-
tasis [1-3]. Immune checkpoint inhibitors, including monoclonal antibodies (mAbs),
have been shown effective in disrupting extracellular signaling and successfully applied in
clinical use [4-6]. However, their short half-life nature dictates a high cost for prolonged
usage [7] which, in extreme cases, can reach over USD 750,000 annually per patient [8].
This largely limits its affordability and application especially against minimal residual
disease or extravasated circulating tumor cells and it may be years before they proceed to
an eventual relapse [9]. Thus, a sustainable and cost-effective alternative to therapeutic
mAD is needed.

Active humoral response through vaccination has successfully eradicated some of
the most notorious infectious diseases [10], and its role as a cancer therapeutic is emerg-
ing [7,11-13]. Several lines of research agree that peptide-based vaccine is a valid strategy
inducing specific immune response against tumor associated antigens [7,12]. However,
short peptides with suboptimal immunogenicity often induce immunotolerance towards
these epitopes and even enhance tumor growth [14-16]. Thus, different strategies such as
conjugation, adjuvant addition or both have been applied in the hope of promoting immuno-
genicity of the peptide vaccine. For example, a potent and specific IgG response against
mouse programmed cell death protein 1 (mPD1) was achieved through conjugating mPD1
mimotope onto cross reactive material 197 (CRM197), a non-toxic, highly immunogenic mu-
tant of diphtheria toxoid (DT), which has been widely applied to vaccine preparation [17]
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and has successfully demonstrated its anti-tumor effects [18]. Despite this, only the prophy-
lactic use of the vaccine was successful in most pre-clinical studies so far [18-21], suggesting
further optimization is needed for active humoral response to become a cancer therapy.

Previously, we reported the findings that interleukin 17 receptor B (IL-17RB) signaling
contributes to cancer survival, proliferation and metastasis upon binding to its cognate
ligand IL-17B [22,23]. Utilizing qRT-PCR, immunoblotting and RNA interference, we
revealed its cellular mechanism to be upregulating pro-inflammatory cytokine expression
in an ERK1/2 dependent fashion in multiple cancer cell lines [24]. We also reported
isolation of a monoclonal antibody, known as D9, disrupting IL-17B:IL-17RB binding and
conferring therapeutic effects in a patient-derived xenograft animal model. More recently,
we defined the linear epitope of IL-17RB, hereafter named IL-17RB inactivation site (IRIS),
through X-ray crystallography [25]. This evidence poises IRIS as a potential target for novel
anti-cancer therapeutics.

In this research, we demonstrate the development of a peptide-based vaccine com-
posed of multiple IRIS peptides chemically conjugated onto CRM197. To characterize the
vaccine in detail, we utilized matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) to enable hapten density estimation as a crucial step
in quality control and immunogenicity optimization. ELISA and flow cytometry verified a
positive correlation between immunogenicity and hapten density of our vaccine, as well as
its potency and specificity in the animal model. Finally, we show that therapeutic use of
our vaccine suppresses primary tumor growth and distance metastasis in the syngeneic
mouse model through disruption of IL-17RB downstream signaling pathway.

2. Materials and Methods
2.1. CRM197 Stock Preparation

Lyophilized CRM197, purchased from Reagent Proteins (San Diego, CA 92121, USA),
was dissolved in pre-chilled deionized water, buffer-exchanged for pre-chilled PBS by three
successive rounds of 30 kD molecular weight cut-off Amicon® Ultra Centrifugal Filter
unit (Millipore, Burlington, MA, USA), and it was then adjusted to the concentration at
1 mg/mL. All procedures were carried out at 4 °C or on ice.

2.2. SBAP Activation

Succinimidyl 3-(bromoacetamido) propionate (SBAP) activation was carried out with
the concentration of 0.38 mg of CRM197/mL at the molar ratio of CRM197:SBAP = 1:240; in
pH =8, 0.1 M of sodium phosphate buffer. The reaction was incubated for 2 h at 4 °C in the
dark with slight stirring, before being stopped by three successive clean-up rounds using
a 30 kD MWCO Amicon® Ultra Centrifugal Filter unit (Millipore, Burlington, MA, USA)
with 0.1 M of sodium phosphate buffer with sodium hydroxide at pH =9 in preparation
for the conjugation step. All procedures were carried out at 4 °C or on ice.

2.3. Peptide Conjugation

The reaction conditions for peptide conjugation were as follows: 0.15 mg of activated
CRM197/mL with the molar ratio of CRM197:peptide = 1:30, 1:60 or 1:90, in pH =9, 0.1 M
sodium phosphate buffer. The reaction was allowed to proceed for 20 h at 4 °C in the
dark with slight stirring, before being stopped by adding 10 mg of L-Cystine directly
into the reaction regardless of reaction volume (typically 5~10 mL), followed by a 15-min
incubation. Next, the reaction was cleaned-up with three successive rounds using 30 kD
MWCO Amicon® Ultra Centrifugal Filter unit (Millipore, Burlington, MA, USA) with
deionized water. A small fraction of samples were analyzed by MALDI-TOF-MS. After that,
the buffer was exchanged for PBS with another three successive rounds of buffer exchange
by a 30 kD MWCO Amicon Ultra Centrifugal Filter unit. Finally, the conjugated sample
was passed through a Millex-GV 0.22 um filter unit before use. All procedures were carried
out at4 °C or on ice.
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2.4. Mass Spectrometry & Data Analysis

Mass spectrometry analysis of the carrier protein and conjugated vaccine was done by
a linear MALDI-TOF mass spectrometer that was designed and built in-house. It has a flight
path of 0.45 m, which is optimized based on a the comprehensive theoretical model [26] to
provide resolution and sensitivity that is superior to commercial instruments for analyses
of macromolecules.

The carrier protein and conjugated vaccine was dissolved in water with a concen-
tration of 1 mg/mL. Equal volumes of sample solution and matrix solution (x-Cyano-4-
hydroxycinnamic acid, saturated in 50% acetonitrile (ACN) and 0.1% trifluoroacetic acid
(TFA) was added) were mixed on a stainless-steel sample plate and dried under a vacuum.
Mass spectra were acquired with an average of 100 laser events for carrier protein analysis
and 2500 laser events for conjugated vaccine analysis due to low signal intensity. Bovine
serum albumin (BSA) protein and its multiply-charged ions, covering from ~13 to ~66 kD,
was used for mass calibration. Spectra were preprocessed with Savitzky—Golay smoothing
to reduce noise and the sensitive nonlinear iterative peak (SNIP) method [27] was used for
baseline subtraction. Series of doubly charged ion peaks were fitted (deconvolute) using
the Gaussian peak function for further hapten density estimation.

2.5. Immunization, Serum Acquisition & ELISA

During immunization, each female BALB/c mice was injected with either PBS alone,
CRM197 plus 50 pg alum adjuvant (Alhydrogel® CRODA, Frederikssund, Denmark) or
C:IRIS vaccine plus alum adjuvant, mixed well in 100 puL of PBS. For serum acquisition,
whole blood from mice was obtained through a submandibular vein puncture and cen-
trifuged at 13,200 RPM for 2 min. The supernatant was taken for another centrifugation
at 13,200 RPM for 2 min, to remove residual blood cells and clots before being stored
at —20 °C.

One day before assaying, the 96-well ELISA plate was coated with 50 pL of purified
recombinant human or mouse IL-17RB ectodomain, diluted to 5 ug/mL in PBS at 4 °C
overnight. Then, the plate was blocked with 1% BSA before being incubated with serially
diluted mice sera. The plate was then incubated with anti-mouse IgG (H+L) conjugated
with horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA, USA, CB7 4EX
UK, Code: 115-035-003). All steps are separated with 3 times the amount of PBS with
0.1% Tween-20 (PBST) wash for 5 min each After that, each well was allowed to react with
TMB for 2 min before being stopped with 1 M H,SOj4 for the optical density measurement
of 450 nm.

2.6. IL-17RB-FL Overexpression and Flow Cytometry

HEK293T cells were maintained in Dulbecco’s Modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and antibiotics/antimycotics. Transfection
was done using Lipofectamine™ 3000 Transfection Reagent (ThermoFisher, Waltham, MA,
USA, L3000001) following its protocol. A total of 24 h after transfection, cells were detached
by Accutase® (San Diego, CA, USA), washed (500 x g spin-down followed by flow buffer
resuspension, repeated once) and then resuspended in a pre-chilled flow buffer (5 mM
EDTA, 0.1% FBS in PBS). Primary and secondary staining was carried out on ice with 10°
of cells resuspended in mice serum diluted 100 times or anti-mIgG-FITC diluted 200 times
using a flow buffer for 1 h. After the final wash, cells were resuspended in 300 pL of flow
buffer, forced through a cell strainer into Falcon® (MilliporeSigma, Burlington, VT, USA)
tubes before being loaded onto flow cytometry (BD FACSCanto™) for detection.

2.7. Tumour Transplantation, In Vivo Imaging, Endpoint and Immunohistochemistry (IHC)

Two weeks before tumor transplantation, cryopreserved GL-4T1, a derivative of mouse
breast cancer cell line 4T1, stably expressing GFP and luciferase as described and kindly
provided by Dr. Michael Hsiao [23], was revived and allowed to grow and maintain in com-
plete culture media (RPMI1640 supplemented with 10% FBS and antibiotics /antimycotics).
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Transduction status of revived cells were confirmed by fluorescence microscopy and flow
cytometry to make sure the majority (>90%) of the cells remain GFP positive. On the day
of transplantation, GL-4T1 cells were detached by 0.05% trypsin-EDTA, washed with PBS
before being resuspended in Matrigel® (Corning®, New York, NY, USA) to 50,000 cells/mL.
Resuspended GL-4T1 were then orthotopically injected into each mouse’s 4th mammary
fat pad, with 20 puL each. Transplanted mice were imaged for bioluminescence, described
below, on the next day to confirm successful transplantation before the first vaccination.

D-luciferin (BIOSYNTH®, Staad, Switzerland) was resuspended in sterile PBS be-
fore being aliquoted and stored at —80 °C and thawed on ice immediately before use.
For in vivo imaging of the primary tumor, mice were anaesthetized by isoflurane, intra-
peritoneally given PBS diluted D-luciferin and imaged with the in vivo imaging system
(IVIS®, PerkinElmer®, Waltham, MA, USA).

To harvest the syngeneic tumor and lungs, mice were first put to sleep under general
anesthesia induced by Isoflurane. Next, mice were treated with a cardiac puncture for its
endpoint serum before being euthanized by cervical dislocation. The tumor and lungs were
then harvested and preserved in ice cold PBS. Each tumor was blotted dry on a clean hand
towel, then weighted and fixed in 10% formalin for paraffin embedding and sectioning.
The freshly harvested lung tissue was dipped in PBS diluted D-luciferin before being
imaged by in vivo imaging system (IVIS®, PerkinElmer®). Each sample was imaged twice,
for 30 s each, consecutively. Raw images were then processed by Living Image Software
(PerkinElmer®) or Image].

For immunohistochemistry, fixed tumor samples were paraffin embedded, sectioned
before staining with anti-ERK1/2 antibody (GeneTex, Hsinchu, Taiwan, Cat No. GTX59618,
1:20 dilution). Samples were counterstained with Hematoxylin for further analysis.

3. Results
3.1. IL-17RB Inactivation Site (IRIS) and B Cell Epitope Prediction

Our previous work identified IRIS as a working target for monoclonal antibodies
to suppress tumor growth and migration (Figure 1A) [25]. We hypothesize that an IRIS
peptide vaccine may induce an immune response that will serve to provide a persistent
tumor-suppressing environment. Our first step in achieving this was to design the peptide
sequence for carrier protein conjugation. IRIS is a 13-residue-long linear epitope located at
position 19-31 of bovine IL-17RB (UniProt accession number: A3KN55), which was used
in crystal structure determination (Table 1, ID1). The homologous IRIS sequences in mice
(mIRIS) and humans (hIRIS) were aligned in the same range, 19-31 (UniProt accession
number: Q9JIP3, QINRMS6) (Table 1, ID2, 3), revealing a 92% and a 77% similarity with
bovine IRIS, respectively, suggesting that IRIS is highly conserved across species, especially
towards its C-terminus. The sequence differences include V19 (changed to L19 in hIRIS),
R20 (changed to Q20 in both mIRIS and hIRIS), T22 (changed to D22 in hIRIS) and T24
(changed to 124 in hIRIS). By checking the atomic structure, none of these residues are
involved in direct contact with the D9 antibody except a hydrogen bonding by R20, which
could be similarly achieved by GIn in m- or hIRIS [25]. In short, we identified mIRIS and
hIRIS for subsequent vaccine preparation.

We then modified the mouse and human IRIS sequence (Table 1, ID2, 3) for subsequent
experiments in this research. Specifically acetylation (Ac), which is fused to the N terminus
for longer serum half-life [28], and a GGC (Gly-Gly-Cys) peptide, which is fused to the C
terminal (Table 1, ID4, 5) to enable conjugation. In the hope of eliciting a strong immune
response, we came up with an IRIS2 design with a doubled IRIS epitope load, separated
by a GG linker, for mouse and human homologues (Table 1, ID6, 7). We subjected these
peptide sequences to BepiPred-2.0, a B-cell epitope prediction algorithm based on anno-
tated antibody-antigen interaction [29], which indicated that both mIRIS1/2 and hIRIS1/2
contain B-cell epitopes (Figure 1B). For h/mIRIS1 design (red curve, Figure 1B), B-cell epi-
topes were predicted to be located toward their C termini where the IRIS sequence is most
conserved, suggesting that h/mIRIS may elicit an antibody response highly cross-reactive
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with each other. Our preliminary data verified this cross-reactivity, which made us more
confident of the algorithm. As for the IRIS2 design, albeit having doubled epitope load, the
GG linkers between two IRIS domains, in both human and mouse sequences, are included
in the predicted epitopes, which potentially creates novel epitopes that are not specific to
IRIS. Therefore, vaccines prepared with IRIS1 or IRIS2 may have their own superiority. In
short, we invented two ways of incorporating IRIS in a peptide-based vaccine, and we also
utilized a validated B-cell prediction algorithm to predict their immunogenicity.

B

/S\ P D9 antibody
© B cell epitope prediction (BepiPred-2.0)

hIRIS1 / hIRIS2
cytoplasm
@ 0.4{ LQHDL I PGDLRDLGGLQHDL | PGDLRDLGGC
0 10 20 30
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l ® Position
——» [ pERKI2 mIRIS1 / mIRIS2
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Figure 1. Schematic view of IRIS identification and B-cell epitope prediction. (A) Briefly, the D9
monoclonal antibody binding to IL-17RB abrogates IL-17B/IL-17RB downstream signaling and
reverts tumor malignancy. Using X-ray crystallography, we previously determined the IL-17RB
epitope recognized by D9, namely IRIS, which is shown as a blue loop with side chains in sticks, the
rest of the IL-17RB structure is on the yellow surface. (B) IRIS1/2 designs using either a human (upper
panel) or mouse (lower panel) sequence are subjected to B-cell epitope prediction (BepiPred2.0). The
prediction score was set to default (0.5), which is indicated by horizontal dash line.

Table 1. IL-17RB inactivation site (IRIS) homologue sequence and synthesized peptide design.

ID. Name Sequence Description
1 bIRIS  Valjg Arg His Thr Leu Thry4 Pro Gly Asp Leu Argyg Asp Leu Bovine IRIS
2 mlIRIS  Valyg GIn His Thr Leu Thry4 Pro Gly Asp Leu Argyg Asp Leu IRIS homologous in Mus musculus
3 hIRIS Leujg GIn His Asp Leu Ileys Pro Gly Asp Leu Argyg Asp Leu IRIS homologous in Homo sapiens
4  mlIRIS1 Ac (Vali Gln His Thr Leu Thraq Pro Gly Asp Leu Argao Asp Synthesised peptide with 1 Mus musculus IRIS
Leu Gly Gly); Cys
Ac (Leuyg GIn His Asp Leu Ileys Pro Gly Asp Leu Argpg Asp . . . .
5 hIRIS1 Leu Gly Gly); Cys Synthesised peptide with 1 Homo sapiens IRIS
Ac (Valjg GIn His Thr Leu Thry4 Pro Gly Asp Leu Argpg Asp . . .
6  mlIRIS2 Leu Gly Gly), Cys Synthesised peptide with 2 Mus musculus IRIS
7 hIRIS2 Ac (Leurg Gln His Asp Leu lleyq Pro Gly Asp Leu Argag Asp Synthesised peptide with 2 Homo sapiens IRIS

Leu Gly Gly), Cys

3.2. Vaccine Preparation and Characterization

In order to maximize immunogenicity of IRIS peptide vaccine, we utilized CRM197 as
a carrier protein. To facilitate the conjugation, we chose succinimidyl 3-(bromoacetamido)
propionate (SBAP) as the crosslinker to bridge primary amines and reduced sulfhydryl
groups that are exclusively found on Lysine residues of CRM197 and Cysteine residues of
IRIS peptide, respectively. In the first step, around 20 solvent accessible Lysine residues
(out of 39 in total) per CRM197 react with excessive SBAP to make activated carrier protein
(Carrier:XLnkr, Figure 2A). Then, the IRIS peptide was added to the reaction. During this
step, peptide molar excess over CRM197 can be adjusted to achieve differentially conjugated
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Figure 2. Vaccine preparation and characterization. (A) Brief graphical representation of vaccine
preparation. (B) SDS-PAGE showing vaccine prepared at different peptide:protein molar excess as
indicated on top of the image. (C,D) Vaccine conjugated with increasing peptide:protein molar excess
was characterized by SEC and MALDI-TOF-MS. (C) CRM197 (top) and C:IRIS samples (2—4 row) are
illustrated with black curves whereas standard peaks are shown in red (from the right: 1.4 kD, 17 kD,
44 kD, 158 kD, 670 kD). Retention volume and full width at half maximum (FWHM) for each sample
is on the top and bottom of the peak. (D) Deconvoluted MALDI mass spectra of the same sample as
in panel C, original spectra were shown with a black line, while deconvoluted conjugation species
and their cumulative fitted curve are illustrated as dash lines in different colors. Hapten density
(HD), standard deviation (dispersity), together with R? of fitted curve are given in the corresponding
panel. (E) Schematic of the relationship between conjugation peptide molar excess and peptide load.

Aiming to investigate bioactivity of differentially conjugated vaccines, we applied
SDS-PAGE, size exclusion chromatography (SEC) and MALDI-TOF-MS to chemically
characterize our conjugates (Figure 2B-D). Upon SDS-PAGE, molecular weight increase
corresponded to conjugation molar excess of IRIS over CRM197, ranging from 30:1 to
90:1 (Figure 2B). Of note, C:IRIS displayed wide smeared bands, roughly encompassing
60 to 130 kD (Figure 2B). This suggested the conjugate comprises of multiple conjugation
statuses (Figure 2E), which could not be resolved by SDS-PAGE. We then tested differently
conjugated C:IRIS with SEC (Figure 2C) and found the retention volume of the single
main peak in each run consistently correlated with the carrier-to-peptide ratio, shifting
from 14.9 mL to 13.4 mL, suggesting the conjugate is stable and unaggregated in solution
(Figure 2C). The shape and width of each SEC peak also underwent subtle changes. While
conjugated samples (row 2—4, Figure 2C) exhibited symmetric SEC peaks, a right-skewed
curve was observed for the unconjugated sample (top row, Figure 2C), and the peak
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width, represented by full width at half maximum (FWHM, Figure 2C) of a SEC peak,
monotonically increased along with the molar excess, strongly suggesting a decrease in
homogeneity. Altogether, conjugation via SBAP has changed not only the molecular weight,
but also the composition of the sample, more specifically, pure unconjugated protein may
become a mixture of conjugates loaded with different amounts of IRIS peptides.

To further characterize the conjugation, we utilized the state-of-the-art MALDI-TOF-
MS to inspect the molecular weight of each sample (Figure 2D). The mass spectrum of
C:RIS vaccine under different conjugation conditions clearly revealed a series of peaks
corresponding to CRM197 loaded with different amounts of IRIS peptides, gradually shift-
ing towards higher m/z value as the peptide excess increases (Figure 2D,E). We performed
mass spectra deconvolution to recover abundance distributions of each C:IRIS species
which enabled a detailed comparison of the conjugation degree between samples. Among
all deconvoluted spectra, the adjusted R-square values for cumulative fit were all greater
than 0.99, giving confidence to the analysis. With estimated abundance of differentially
conjugated species, we define the average hapten density (HD) by the average weight of
peak areas and peptide loads as following;:

_ X(VUC * PL)

HD = >Vuc M)

where VUC refers to peak area under curve for each conjugated species and PL denotes
peptide load corresponding to predicted m/z value. As expected, HD value shows strong
correlation with increased peptide molar excess during conjugation (Figure 2D,E). Further-
more, these data enable standard deviation (o, Figure 2D) estimation of HD’s dispersion,
which is another essential feature in characterizing conjugates/polymers [30]. In short, we
demonstrated HD estimation as a crucial step for C:IRIS characterization, which enables
subsequent immunogenicity testing as well as batch-to-batch quality control.

3.3. C:IRIS Induces Potent and Specific Immune Response In Vivo with Higher HD

In order to elicit an immune response specifically targeting the IRIS domain on IL-
17RB, it is essential that the C:IRIS conjugate presents native epitope as targeted by D9,
the monoclonal antibody targeting IL-17RB. With the ELISA plate coated with C:IRIS
with different HD, we found that the D9 antibody binds to C:IRIS and recombinant IL-
17RB.ECD, but not to CRM197 (Figure 3A), suggesting that conjugated IRIS peptides do
recapitulate native epitope. Surprisingly, we observed a decrease in binding avidity at
higher HD (Figure 3A). This is likely due to overcrowded peptides competing for binding
on a relatively limited space around C:IRIS and indicates that there might be a trade-off
between peptide load and antibody recognition.

Next, we set out to characterize immunogenicity of C:IRIS in the animal model
(Figure 3B). The IgG response towards recombinant IL-17RB ectodomain (rIL-17RB) was
not detected in naive mice serum, nor anti-serum from mice immunized with CRM197
after one or two doses of the injection (Figure 3C). In contrast, mice injected with C:IRIS
and alum, the most widely used vaccine adjuvant to enhance immunogenicity, generated
minor IgG response against rIL-17RB after 2 weeks, with EC50 ranging between 57~616
fold dilution. This response was substantially increased after a booster of C:IRIS with
alum adjuvant, with EC50 reached over 7000 fold dilution for all four of the tested mice,
two of which reached over 10,000 fold (Figure 3C). To further verify the immune response
being also specific to full length IL-17RB (IL-17RB FL) as presented on the cell surface, we
used flow cytometry to test IgG specific binding against HEK293T cells overexpressed
with IL-17RB FL fused with an EGFP (Figure 3B). An obvious positive correlation was
observed between IL-17RB FL expression, as indicated by EGFP signal, and IgG binding
in C:IRIS, but not CRM197-vaccinated mice (Figure 3D). This resulted in a significantly
higher frequency of EGFP-Mouse IgG double positive cells in C:IRIS group comparing
to CRM197 (35% vs. 1%, Figure 3D), suggesting the presence of anti-IL-17RB IgG after
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vaccination. Taken together, C:IRIS conjugate can generate a potent and specific humoral
response against IL-17RB in vivo.
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Figure 3. C:RIS presents natural epitope and induces potent and specific immune response.
(A) Binding pattern of serial diluted D9 antibody to C:IRIS (Conjugate) and control groups (Con-
trol) measured by ELISA. EC50 estimation of D9 antibody binding to different coated antigens is
shown in table to the right (B) Schematic of the study. C:IRIS (Vaccine) or CRM197 (Carrier) was
subcutaneously given to mice at day 1 and 15. Antiserum was collected and tested by ELISA and
FACS using purified recombinant IL-17RB ectodomain (IL-17RB.ECD) and IL-17RB overexpressing
cells, respectively. (C) Day 0, 14 and 28 antiserum from Vaccine- or Carrier-immunized mice were
tested for their IgG response against recombinant IL-17RB ectodomain coated ELISA plate. ELISA
signal (OD450) from antiserum diluted 810 times is shown as lines and error bars, whereas half
maximal effective concentrations (EC50) are shown in dots. (D) Using flow cytometry, the IgG
response of mice immunized with Carrier or Vaccine is measured by their binding capacity to IL-17RB
overexpressing cells from panel B. (E) EC50 (fold dilution) of antiserum from mice immunized with
C:RIS prepared with IRIS1 or IRIS2 at different hapten densities (HD). Linear regression is fitted in
each panel along with statistical analysis. (F) Comparison of EC50 on IgG subtypes (IgG1 and IgG2a)
in C:IRIS vaccinated mice.

We next compared immunogenicity of C:IRIS with a different HD and peptide design.
For IRIS1 design, three groups of mice (1 = 5, 4 and 3) were immunized with conjugates
with HD at 2.09, 3.63 and 7.51, respectively. A very weak correlation was observed between
the HD and immune response (EC50), with the correlation coefficient at 0.2 (p = 0.51,
Figure 3E). On the other hand, immunogenicity clearly had a better correlation with HD
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when the epitope load on each peptide was doubled (IRIS2, Figure 3E). Within a comparable
HD range (1.73, 4.95 and 7.40, n = 3, 3 and 4), the correlation coefficient reached as high
as 0.9, and the positive association was confirmed with linear regression (p =3 x 1072,
Figure 3E), indicating that the peptide number is a major determinant for immunogenicity
over antibody avidity. This is surprising as an earlier result (Figure 3A) suggested a trade-
off between HD and immunogenicity. Additionally, ELISA confirmed a humoral response
with dominated IgG1 over IgG2a subtype (Figure 3F), consistent with current knowledge
that co-administration of alum adjuvant polarizes a Th2 immune response [31]. Collectively,
we have shown that immunogenicity of our C:IRIS conjugate vaccine is Th2 polarized and
is the strongest when using IRIS2 design with a higher HD value.

3.4. C:IRIS Suppresses Cancer Growth & Migration Therapeutically

Next, we asked whether anti-IL-17RB response affects tumor growth and its subse-
quent dissemination. Aiming to provide an alternative to monoclonal antibody therapy, we
believe the impact of the therapeutic use of the vaccine to be more clinically significant than
the prophylactic use. Thus, we administered either the PBS, CRM197 or C:IRIS vaccine
only after a successful tumor transplantation was confirmed by the in vivo imaging system
(IVIS). Primary tumor growth and distance metastasis were monitored throughout the
study (Figure 4A). We limited the tumor load to 1000 cells per mouse and adopted a rather
radical vaccination scheme (Figure 4A). Using a parallel batch of mice (n = 5) vaccinated
in the same way but without tumor transplantation, we observed that the total IgG titer
reached dilution of over 20,000 fold (Figure 4B), suggesting that the intensive vaccination
scheme enhanced immunogenicity more than less intensive schemes (Figure 3B). Around
20 days after transplantation, a considerable difference (p = 0.10) in primary tumor size
was observed between PBS and C:IRIS vaccine treated groups (Figure 4D), roughly corre-
sponding to the time when IgG response emerged (Figure 4B). This difference continued to
increase and reached statistical significance (p < 0.05) at the end of the study (Figure 4D),
which was also shown in the primary tumor weight at the endpoint (Figure 4I), suggesting
that the IL-17RB specific IgG response suppressed primary tumor outgrowth. Moreover, the
primary tumor from most C:IRIS recipients emitted far less luminescence comparing to con-
trol groups on day 13 (Figure 4C), and the intensity difference was significant (Figure 4H),
suggesting that the primary tumor growth was inhibited by the C:IRIS vaccination. Alto-
gether, these data proposed the therapeutic use of the C:IRIS vaccine in suppressing tumor
growth to be highly promising.

In addition to primary tumor behaviors, we also investigated how therapeutic C:IRIS
affects tumor migration. At the endpoint of the study, fresh lung tissue was harvested
and briefly incubated in luciferin before being subjected to luminescence detection. We
observed large, multi-focus metastatic colonies in control groups (PBS and Carrier) but only
small, singular metastatic sites in the C:IRIS vaccine treated group (Figure 4F), indicating
a lesser degree of disease progression and dissemination. This observation was further
consolidated by quantitative analysis which showed significantly weaker luminescence
intensity in the lung from the C:IRIS vaccine group as compared wit those from the control
groups (Figure 4K), suggesting that the metastatic process has been delayed or suppressed.
Furthermore, a significant drop in the distant metastasic risk (number of metastatic positive
individuals divided by group size) was also found after C:IRIS vaccination using risk
difference analysis (Figure 4E), further suggesting the effectiveness of C:IRIS being used in
the therapeutic scenario. In short, therapeutic administration of C:IRIS can also be effective
against cancer metastasis in the mouse model.
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Figure 4. Therapeutic use of C:IRIS vaccine in syngeneic mouse model. (A) Schematics of therapeutic
animal study design, schedule and data collection. Mice were separated into three treatment groups:
PBS, Carrier (CRM197) and Vaccine (C:IRIS). (B) Immunogenicity of therapeutic vaccination scheme.
BALB/c mice (n = 5) were given C:IRIS vaccine as shown in panel A without tumor transplantation
and were bled periodically to monitor their immune response. IL-17RB specific IgG response of
diluted serum (625x) is shown in line and EC50 as dots. (C) Luminescence signal from primary
tumors 13 days after transplantation. (D) Tumor growing trend in size by treatment is illustrated in
different colors. A T test was done between PBS and C:IRIS vaccine (Vaccine) groups in last three
observation and p value is shown on top of each observation. Error bar: mean =+ SE. (E) Risk of distant
metastasis for different treatment groups. Significance was determined with hypothesis testing on risk
ratio (F) Luminescence signal from freshly harvested mice lung at the endpoint (G) representative
images of immunohistochemistry (IHC) performed on primary tumor probing for activated ERK1/2
(pERK1/2) from different treatment groups. (H) Luminescence signal intensity of primary tumor
on day 13 by treatment. (I) Weight of freshly harvested tumor from differently treated groups at the
endpoint. (J) H-score on pERK1/2 in each IHC sample is plotted by treatment. (K) Luminescence
signal intensity from lung is plotted by treatment. *: p < 0.05, **: p < 0.005.



Vaccines 2022, 10, 163

110f15

Previous research showed that IL-17RB contributes to tumorigenesis through ERK1/2
dependent cell activation [24], which, upon its activation, undergoes phosphorylation and
relocates into the nucleus [32] (Figure 1B). We utilized immunohistochemistry to visualize
and quantify activation of ERK1/2 (pERK1/2) in primary tumor sectioning. As expected,
PERK1/2 was highly enriched in cell nuclei near the invasive edge of tumor samples where
cells remained active and motile (Figure 4G), while counterparts from C:IRIS immunized
primary tumors had significantly lower nuclear pERK1/2 (Figure 4G,]), suggesting that the
inhibition of the ERK1/2 pathway in tumors from C:IRIS treated mice. This is consistent
with our current understanding of IL-17RB and suggested that the C:IRIS vaccine could
interrupt tumorigenesis through disruption of the IL-17RB signaling pathway in vivo.

4. Discussion

mAbs are among the most successful anticancer regiments [4-6]. However, they are
not without their limitations [7,8]. Polyclonal antibodies (pAbs) produced by the host
are functionally suitable as an alternative to mAbs, but their development as a cancer
therapeutic is hindered by concerns about tumor-promoting B-cell responses [33,34]. This
concept is gradually changing as accumulating evidence reveals that the mature B-cell
response is actually an independent predictor of favorable prognosis in many types of
cancer [35]. More recently, Wiedermann et al. developed a series of B-cell cancer vaccines
directed against Her2 or PD-1 with great safety profiles and anti-cancer effects in the animal
model [18,19], reiterating that, given a valid target, the active humoral response is suitable
for a safe, economic and efficacious cancer therapy [11]. In this research, we developed a
novel B-cell cancer vaccine by chemically conjugating the newly identified epitope from
IL-17RB, an emerging cancer therapy target [36], and optimizing its bioactivity assisted by
MALDI-TOF-MS. Finally, we validated its antitumor therapeutic effects in the animal study.

To create an ideal B-cell vaccine, effective and immunogenic B-cell epitopes are of
the greatest strategic importance. This can be identified by extensive or focused sequence
screening [18,37], which is only suitable for linear epitope and potentially leads to unex-
hausted results. To address this concern, we designed our IRIS peptide in a structure-guided
fashion referencing our previous study on IL-17RB [25], which fortuitously revealed IRIS
epitope to be linear instead of conformational, meaning that IRIS peptides faithfully re-
capitulate native epitope upon synthesis and do not need further processing nor folding.
Furthermore, both mouse and human IRIS homologs contain B-cell epitopes as predicted
by the latest algorithm BepiPred2.0 [29] (Figure 1B). Thus, IRIS peptides are poised to
direct the B-cell response against effective epitope on IL-17RB [24]. In order to enhance its
immunogenicity, we designed an IRIS2 peptide (Table 1) which has doubled IRIS epitope
load per peptide at the cost of creating non-specific epitope at the junction between two IRIS
domains. Despite this, IRIS2 did outperform IRIS1 design in terms of bioactivity (Figure 3E),
showing that the extra epitope effectively boosted immunogenicity. Whether fusing more
epitopes per carrier protein generates a greater immune response is not investigated in this
study but is worth inspecting in the future. Plus, multivalent peptide made of epitopes
from different tumor-associated antigens is an intriguing option for future investigation.

In order to break immune tolerance towards IL-17RB, we conjugate IRIS peptides to
CRM197, which has been successfully used in conjugate vaccines against bacterial capsular
polysaccharides [17,38]. In recent years, research into peptide:CRM197 conjugates to tackle
human diseases, ranging from Alzheimer’s to cancer, has become a vibrant and promis-
ing field [18,19,31]. Comparing to other popular candidates such as diphtheria toxoid
(DT), tetanus toxoid (TT) and KLH, CRM197 is inherently non-toxic [39], highly immuno-
genic [40] and has low susceptibility [41], making CRM197 an ideal choice. Regarding its
adverse effects (AEs), IL-17RB being expressed in normal tissues [36] raises concerns about
inducing cell-mediated rejection type responses in these normal organs. Therefore, we
chose alum as an adjuvant with the hope of inducing a pure humoral response instead
of a cellular response to focus on signaling disruption and to minimize the cell-mediated
cytotoxic effect [33,42]. We monitored each C:IRIS recipient for general conditions such as
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body weight, social behavior and skin lesions, none of which showed any C:IRIS specific
AEs except for transient calcification at the injection site. We continued monitoring tumor-
free C:IRIS recipients for over 100 days after the last injection without identifying any long
term side effects. Therefore, our results suggested that C:IRIS is safe in vivo. Despite this,
whether C:IRIS immunization interferes with normal IL-17 family functions like the host
defense system [43] is still an open question and should be investigated in the future.

Chemical and biological characterization is of the utmost importance for drug devel-
opment. For conjugate vaccines, hapten density estimation establishes consistency, enables
optimization and is therefore crucial to a successful conjugate. While conjugates with more
peptides are expected to induce stronger response [44], we observed excessive hapten
density weakened the epitope affinity to antibodies (Figure 3A,B) and likely weakened its
affinity to BCR as well, which may, in turn, alter B-cell activation capacity [45]. Thus, it is
reasonable to assume an ideal range of hapten density for conjugate vaccines. To date, semi-
quantitative techniques such as SDS-PAGE, biological activities and empirical predictions
remain the mainstay way to determine hapten density for peptide vaccines [18,19,31,37,46],
none of which renders information detailed enough for effective quality control. We reason
that peptide-protein conjugation creates a mixture of contents with varying activation num-
bers, peptide loads and positions and are too heterogeneous to be distinctively separated by
SDS-PAGE or SEC (Figure 2B,C). In 2018, Jaffe et al. overcame this limitation with electro-
spray ionization time-of-flight mass spectrometry (ESI-TOF-MS) [47], however, for longer
peptides like IRIS2, mass spectrum of multiply charged samples generated by ESI exten-
sively overlapped and was uninterpretable. We therefore turned to MALDI-TOF-MS, which
generates mainly singly or low charged ions, and applied mass spectrum deconvolution to
retrieve a relative abundance of different hapten densities (Figure 2D). Several factors were
considered during the quantification analysis using MALDI-TOF-MS, including the ioniza-
tion/desorption, ion transmission and detection efficiencies [48]. First, individual C:IRIS
vaccines consisted of different peptide loads of species, which were mixed homogenously
in solution. C:IRIS from different peptide loads should have similar chemical properties
and ionization efficiencies. They were prepared onto the MALDI sample plate, desorbed,
ionized and accelerated under the exact same conditions. Second, a time-of-flight mass
analyzer has high ion transmission, especially the short flight path of the instrument in this
research, resulting in low ion loss. Finally, the sensitivity of ion detectors for within a small
mass region was roughly constant, making quantitative signal comparison possible. This
enabled reliable and reproducible hapten density estimation for the C:IRIS vaccine and
may also benefit the development of other potential peptide-protein conjugates.

Clinically, vaccines have the option to be administered prophylactically. However,
the concept of breaking tolerance against self-epitope in a healthy person is somewhat
alarming. To date, none of the five cancer vaccines approved by FDA for prophylactic use
target self-antigen [13], strongly suggesting that the therapeutical use of the C:IRIS vaccine
may have greater clinical impacts. Therefore, we demonstrated that the therapeutic use of
C:RIS, which showed great anti-tumor effects through disruption of ERK1/2 activation,
moves the critical signal transduction event downstream to IL-17RB [24]. Surprisingly, we
observed a general trend for suppressed disease progression after the therapeutic CRM197
injection (Figure 4D,E,H-K), indicating that CRM197 has an intrinsic anti-tumor property.
This is consistent with other groups’ results that therapeutically administered CRM197,
which suppressed tumor growth in a different animal model [49]. In this sense, the C:IRIS
vaccine itself can be considered a combination therapy. Still, we envision the C:IRIS cancer
vaccine to be combined with other major anti-cancer regiments such as surgical resection,
radio therapy and chemotherapy to benefit patients.

5. Conclusions

In summary, we designed a peptide conjugate vaccine targeting interleukin 17 receptor
B which generated potent and specific polyclonal antibodies that were able to replicate
therapeutic effects like its mAb counterpart, validating the concept that of a B-cell cancer
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vaccine as an efficacious and economic alternative to mAbs in cancer therapy. We also
standardized the characterization method for conjugate vaccines with large peptides that
are not suitable to be analyzed by ESI-TOF-MS, enabling immunogenicity optimization of
conjugate vaccines to achieve anti-tumor effect in a pre-clinical model. Our work paves the
way for a safe and cost-effective anti-cancer therapy and may benefit future B-cell cancer
vaccine development and translation.
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