Open access Original research

Neoantigen vaccine-induced CD4 T cells
confer protective immunity in a mouse
model of multiple myeloma through
activation of CD8 T cells against non-
vaccine, tumor-associated antigens

s
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Bekri S, Rodney-
Sandy R, Gruenstein D, et al.
Neoantigen vaccine-induced
CD4 T cells confer protective
immunity in a mouse model
of multiple myeloma through
activation of CD8 T cells
against non-vaccine, tumor-
associated antigens. Journal
for ImmunoTherapy of Cancer
2022;10:€003572. doi:10.1136/
jitc-2021-003572

» Additional supplemental

material is published online only.

To view, please visit the journal
online (http://dx.doi.org/10.
1136/jitc-2021-003572).

Accepted 11 January 2022

| '.) Check for updates

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

"Department of Hematology
and Medical Oncology, Tisch
Cancer Institute, Icahn School of
Medicine at Mount Sinai, New
York, New York, USA

%Institute of Clinical Medicine,
University of Oslo, Oslo, Norway
SDepartment of Immunology,
0Oslo University Hospital, Oslo,
Norway

“Monte Rosa Therapeutics,
Basel, Switzerland

SAgenus Inc, Lexington,
Massachusetts, USA

Correspondence to
Dr Selma Bekri;
selma.bekri@mssm.edu

Selma Bekri
Bjarne Bogen,?® John Castle

ABSTRACT

Background Cancer-associated neoantigens (neoAg) derived
from tumor genomic sequencing and predictive algorithms

for mutated peptides are a promising basis for therapeutic
vaccines under investigation. Although these are generally
designed to bind major histocompatibility complex class | and
induce CD8 cytolytic T lymphocyte (CTL) activity, results from
preclinical and clinical studies demonstrate that the majority of
neoAg vaccines efficiently induce CD4 T helper (Th) responses
but not CTL. Despite this, these vaccines have demonstrated
clinical efficacy. Therefore, understanding the mechanisms of
CD4 + T cell-mediated tumor protection is critical to optimizing
this immunotherapeutic strategy.

Methods We investigated this phenomenon in the mineral
oil-induced plasmacytoma (MOPC).315.BM (MOPC315)
mouse model of multiple myeloma, a malignancy of plasma
cells. MOPC315 cells express in their lambda chain a unique
tumor-specific neoAg, an idiotypic (Id) peptide. We generated a
vaccine formulated with this Id peptide fused to a heat shock
protein HSC70 binding (HSB) motif co-delivered with poly

(I:C). The immunogenicity of the Id-vaccine was measured in
splenocytes by ELISpot. Mice were challenged with MOPC315
cells and antitumor immunity was assessed by co-incubating
splenocytes and bone marrow mononuclear cells derived

from vaccinated mice and controls, with the Id antigen and
irradiated MOPC315 cells. The frequency of activated CD4 and
CD8T cells and their phenotype were characterized by flow
cytometry.

Results Id-vaccine efficiently induced antigen-specific
CD4 Th activity and antitumor immunity, protecting mice
from MOPC315 tumor growth. CD4 cytolytic activity was
not detected under these conditions. Polyfunctional CD8

T cells homed to the bone marrow microenvironment of
protected mice and preferentially expanded only when
restimulated ex vivo with both Id peptide and MOPC315
cells. Protective activity was abrogated by depletion of
either CD4 or CD8 lymphocytes.

Conclusion These results demonstrate that Id-HSB -+poly
(I:C) vaccine protects against MOPC315 growth by priming
Id-specific CD4 Th cells that confer protection against
tumor but are not directly cytotoxic. These data indicate
that activation of CD8 CTL against MOPC315-associated
antigens not present in the vaccine is one of the major
mechanisms of tumor immunity.

,' Reunet Rodney-Sandy,' Diana Gruenstein,' Anna Mei,’
,* Daniel Levey,® Hearn Jay Cho
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INTRODUCTION

Immunologic therapy for cancer has pursued
the hypothesis that effective tumor antigen
(Ag)-specific CD8 (cytotoxic) T cell activity is
necessary to kill cancer cells and confer clin-
ical benefit. Therefore, the majority of thera-
peuticstrategiesare designed to prime or boost
such T cells, promote cellular or molecular
mechanisms such as proinflammatory cyto-
kines and co-stimulatory molecule agonists
to enhance their activity, or to block inhibi-
tory factors such as immune checkpoints that
impair antitumor cytotoxic T cells. The effi-
cacy of immune checkpoint inhibitors (anti-
cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and anti-programmed cell death
protein 1/programmed cell death ligand
1 (PD-1/PD-L1)), bispecific engineered
T cell engaging agents (eg, blinatumomab
CD19xCD3), and chimeric antigen receptor
T cells' * supports this overall concept. Ther-
apeutic cancer vaccines are another prom-
ising strategy, which deliver cancer-associated
or-specific Ags to prime/boost CD8 T cells.
Several different classes of tumor-associated
Ags have been investigated, including cancer-
associated proteins such as survivin,” MUC1*
or cancer-testis Ags5 in many tumor types. A
novel class of tumor-specific targets, muta-
tional neoantigens (neoAg) has emerged as
potential targets in tumors that feature high
mutational burdens.” These were first iden-
tified in animal models and clinical trials of
idiotype-based vaccines in non-Hodgkin’s
lymphoma,7—12 a truly tumor-specific neoAg
due to the combinatorial and mutational
biology that produces a unique idiotype. This
principle was broadly demonstrated in clinical
trials of Cls, as translational studies demon-
strated that expansion of neoAg-specific T
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cells correlated with clinical response,' '* which in turn

spawned investigation into formulating ‘personalized’
neoAg vaccines for clinical application. These neoAgs
are derived from novel bioinformatic prediction methods
applied to tumor exome sequencing and gene expres-
sion data to identify expressed mutations predicted to be
immunogenic based on criteria such as binding affinity or
similarity to infectious disease Ags."”

Although these strategies were designed to stimulate
CD8 cytolytic T lymphocyte (CTL), clinical trials and
laboratory models have repeatedly demonstrated that
tumor Ag-specific CD4 (helper) T cells are capable of
conferring protective antitumor immunity, even in the
absence of CD8 activity directed against the same Ags.
In a clinical trial of neoAg vaccines in melanoma, the
majority of neoAg peptides stimulated CD4 T cells."®
Vaccine-induced or adoptively transferred tumor Ag-spe-
cific CD4 T cells have demonstrated clinical responses,
even though they did not exhibit direct cytolytic activity
against tumor cells.'” In one such study, vaccine-elicited
NY-ESO-1-specific CD4 T cells were correlated with clinical
benefit in melanoma.'” Interestingly, there was evidence
of epitope spreading to other melanoma-associated Ags
such as MelanA-MART1 and GP100, but the CD4/CDS8
phenotype of these responses was not reported. These
findings suggest that while tumor Ag-specific CD4 T cells
can orchestrate protective immunity, the cellular and
molecular mechanisms as well as the nature of the Ags
they target remain unclear. Thus, understanding this
phenomenon and how it results in protective immunity
is critical to the development of next-generation cancer
immunotherapy.

We investigated the role of neoAg-specific CD4 T cells
in an animal model of multiple myeloma (MM), a cancer
of plasma cells that is the second most common hemato-
logical malignancy. The only reported curative treatment
for this disease is allogeneic hematopoietic stem cell
transplantation (allo-SCT), demonstrating that immuno-
logic therapy in the form of the graft-versus-tumor effect
can eradicate MM cells and prevent relapse.'’ However,
allo-SCT has very high procedure-associated mortality
and the majority of patients with myeloma are ineligible
for this procedure due to age and medical limitations.
Therefore, we investigated a neoAg vaccine strategy as a
means to induce protective anti-MM immunity without
the morbidity and mortality associated with allo-SCT.
Mineral oil-induced plasmacytoma (MOPC).315.BM
cells (MOPC315) are malignant plasma cells derived
from the immune competent BALB/c background and
mimic many of the features of the human disease.”
MOPC315 cells produce a monoclonal IgA which is a
unique MOPC315-associated Ag due to somatic muta-
tions in the third hypervariable region of the lambda2
L chain, resulting in a neoAg called an idiotypic (Id)
peptide. This peptide, pId®"?, is presented by the major
histocompatibility complex (MHC) class II molecule I-
EY to Id-specific CD4" T cells."” Transgenic mice whose
T cells expressed a pId*:I-E%specific T cell receptor

(TCR) were protected against a challenge with MOPC315
cells.'”®!

Here, we used a novel pId”"” vaccine formulation that effi-
ciently induced Id-specific CD4 T cells and conferred protec-
tion against MOPC315 tumor growth. In this setting, no
pld®” specific CD8 T cell or B cells responses were detected.
Ex vivo restimulation of splenocytes and bone marrow mono-
nuclear cells (BMMC) with Id alone only showed CD4 T cell
activity. However, restimulation with MOPC315 cells demon-
strated CD8 T cell activation, and this was amplified by stim-
ulation with both Id peptide and MOPC315 cells. Moreover,
depletion of CD8 T cells after Id vaccination resulted in loss
of protection. Furthermore, immunophenotyping of BMMC
from protected and unprotected test animals revealed
increased populations of effector/memory CD4 and CD8 T
cells. Taken together, these results show that neoAg-specific
CD4 T cells confer protective immunity through activation
of CD8 T cells against tumor-associated Ags not expressed by
the vaccine.

MATERIAL AND METHODS

Mice and cell lines

Eight to ten week-old female BALB/c mice were
purchased from Charles River laboratories and used for
immunizations and tumor challenge. Mice were immu-
nized with 100 pg of two different Id peptides either two
times or three times at days 0, 14 and 21 in combination
with 50 pg of poly (I:C) (InvivoGen). One peptide (Id22)
included the 1l-mer idiotypic minimal epitope corre-
sponding to residues 91-101 of the A2*'° L chain of M315
myeloma protein produced by MOPC315 cells, linked to
a heatshock protein 70 binding motif (HSB). The second
peptide (Id27) included the same 11-mer epitope flanked
by the wild-type sequence of A2, Both peptides were
provided by Agenus.

MOPC.315.BM cell line was kindly provided by Dr B
Bogen (University of Oslo) in 2015. A20 lymphoma cell
line was kindly provided by Dr J Brody (Icahn School of
Medicine at Mount Sinai).

For CD8 + andCD4+Tcell depletion, we injected mice
three consecutive days before tumor challenge with 100 pg of
anti-mouse CD8p (clone 53-5.8) or anti-mouse CD4 (GK1.5)
and their isotype controls rat IgG1 and rat IgG2b, respectively
(Bio X Cell). Depletion was verified in mice peripheral blood
mononuclear cells (PBMCs) before tumor challenge and 2
and 3 weeks after depletion.

Tumor challenge

Bone marrow (BM) tumors were generated by injecting intra-
venously 100,000 MOPC.315.BM cells in the tail vein. Tumors
were monitored by measuring weekly levels of M315 protein
in the blood by ELISA as previously described.** Mice were
checked every other day and daily at week 3 after tumor chal-
lenge. They were euthanized when they developed hind limb
paralysis or after 80 days of survival. Splenocytes and BMMC
were harvested and cryopreserved.
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Interferon-y ELISpot
ELISpot has been performed following the manufactur-
er’s instructions (BioLegend). Briefly, 96 wells plates (Milli-
pore) were coated with 10pg/mL of anti-mouse interferon-y
(IFN-y) (BioLegend, ANI18) overnight at 4°C. Splenocytes
were harvested 7days after the last immunization and plated at
4x10°and 2x10° cells/well with Id22, 1d27 peptide or their wild
type (WT) counterpart peptide at 5pg/mL. Medium alone
and Concanavalin A (Sigma) were used as negative and posi-
tive control, respectively. After 24hours of incubation at 37°C,
plates were washed and incubated for 1 hour at room tempera-
ture with biotinylated anti-mouse IFN-y antibody (BioLegend,
R4-6A2), then washed and incubated for lhour at room
temperature with streptavidin-AP. After extensive washing,
100pl/well of the substrate (NBT/BCIP, KPL) was added to
measure spot development. Spots were read using an Immu-
noSpot CTL reader and calculated per million splenocytes.
CD4 and CD8 T cells were separated using Dynabeads
Untouched Mouse T Cells kit (Invitrogen) following
manufacturer’s instructions.

Flow cytometry

Antibodies were purchased from BioLegend and Thermo
Fischer. We wused BioLegend antibodies for regular
flow cytometry assays analyzed on the BD LSRII CD3e
(145-2C11), CD4 (GK1.5), CD8a. (53-6.7), CD138 (281-
2), I-A/I-E (M5/114.15.2), IFN-y (XMG1.2), TNFo. (MP6-
XT22) and CD16/32 (93).

For intracellular staining, BMMC or splenocytes were
incubated with Id22 peptide, irradiated MOPC cells or
both. Brefeldin A (BioLegend) was used for cytokine
accumulation (4-bhour) and cell stimulation cocktail
(eBiosciences) as positive control. After surface staining,
Cytofix/Cytoperm (BD BioSciences) was used to fix and
permeabilize the cells and LIVE/DEAD fixable aqua dye
for viability (Invitrogen).

For spectral flow cytometry, the following panel
(table 1) was used:

Cytotoxicity assay

Splenocytes and BMMC were harvested and stimulated
with 5pg/mL of 1d22 peptide for 7days. Recombinant
mouse interleukin-2 was added every 2-3days. CD4 and
CD8 T cells were separated using Dynabeads Untouched
Mouse T Cells kit (Invitrogen) following manufacturer’s
instructions and diluted to several E:T cell ratios in 96-well
U-bottom culture plates in RPMI 1640 medium (Ther-
mofisher) supplemented with 5% fetal bovine serum
(FBS) (Sigma-Aldrich), 100 U/mL penicillin, and 100U/
mL streptomycin (Thermofischer). MOPC cells were
added to effector cells and incubated for 4hours. Super-
natants were recovered and specific lysis was assayed with
the CytoTox 96 lactate dehydrogenase (LDH) release kit
(Promega, Madison, Wisconsin, USA) according to the
manufacturer’s instructions.

Statistics
Data are presented as means+SEM. All statistical compar-
isons were performed using Prism V.8.0 Software

Table 1 Antibodies for spectral flow cytometry

Fluorochrome Marker Clone Manufacturer Catalog no.
PE-eFluor 610  TNFo MP6-XT22  Thermo Fisher 61-7321-82
eFluor 660 TBET eBio4B10 50-5825-82
PerCP-eFluor PD-1 J43 46-9985-82
710

Super Bright MHC-II  M5/114 63-5321-82
600

LIVE DEAD Viability N.A 134965
Aqua dye

APC-eFluor 780 IFN-y XMG1.2 47-7311-82
Alexa Fluor 532 GR1 RB6-8C5 58-5931-80
Alexa Fluor 488 FOXP3  FJK-16s 53-5773-82
Super Bright F4/80 BM8 62-4801-82
436

PE-Cy5 EOMES Dan11mag 15-4875-82
PE-Cy5.5 CD45 30-F11 35-0451-80
Super Bright CD25 PC61.5 78-0251-82
780

Super Bright CD8 53-6.7 67-0081-82
702

eFluor 506 B220 RA3-6B2 69-0452-80
APC CD138 281-2 BioLegend 142,506
Pacific Blue CD62L  MEL-14 104,424
PerCP-Cy5.5 CD49B  DX5 108,915
Alexa Fluor 700 CD44 IM7 103,026
PE-Cy7 CD38 90 102,717
BV421 CcD27 LG3A10 124,223
BV570 CD11C  N418 117,331
BV750 CD4 GK1.5 100,467

PE CD3 145-2C11 100,308

BM, bone marrow; IFN, interferon; LDH, lactate dehydrogenase ; MHC, major
histocompatibility complex.

(GraphPad Software, La Jolla, California, USA). Log rank
(Mantel-Cox) test was used for survival in tumor challenge
experiments and one-way or two-way analysis of variance
with Tukey’s tests for multiple comparisons.

RESULTS

Idiotypic peptide vaccine elicits specific CD4 T cell responses
that protect from tumors

The MOPC315.BM cellline, derived from the MOPC315,*
mimics human multiple myeloma disease in that cells
injected intravenous into immunosufficient BALB/c mice
home to the BM and cause osteolytic disease.”’ MOPC315.
BM cells secrete a mutated IgA myeloma protein called
M315. The M315 A2 L chain expresses three somatic muta-
tions (Y*SPT%— FMRPN) that create an immunogenic
neoAg comprizing residue 91-101 of the CDRS3 region."’
This neoAg, also called an Id peptide, is presented by the
MHC class IT molecule I-E? to Id-specific CD4 T cells. In
TCR-transgenic mice, Lauritzen et al showed that recog-
nition of pId*'*:I-E® by CD4 + T cells in TCR-transgenic
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mice results in protection against MHCGIIN"® MOPC315
cells by an indirect mechanism that involves tumor infil-
trating macrophages and that does not require CD8 + T
cells or B cells.”®

Here, we use a vaccination strategy where two different
modified Id-peptides were synthesized for immunization
of mice. The first is a 27-mer peptide (Id27) containing
the 11-mer minimal neoAg epitope pId*® flanked by
the wild type A2 sequence. The second is a 22-mer
(Id22) peptide where the 11-mer epitope is fused to an
HSC70-binding motif (HSB) via a 4-amino acid linker
(figure 1A). We immunized BALB/c mice either two
times or three times subcutaneously with either 1d22 or
Id27 in combination with poly (I:C) adjuvant. Seven days
after the last immunization, we quantified IFN-y-secreting
cells in the spleen by ELISpot assay. We observed that on
three immunizations with 1d22 peptide, the number of
IFN-ysecreting cells induced was double compared with
only two immunizations; and was four times higher than
three immunizations with Id27 peptide (figure 1B,C).
Notably, these immune responses were mainly CD4 T cell
responses as demonstrated by assays of separated CD4
and CD8 T cells.

The addition of the HSC70 binding motif (HSB) signifi-
cantly enhanced immunogenicity of the peptide vaccine.
The CD4 response was specific for the minimal Id-peptide
pId*” since the wild-type counterpart WT22 (WT 11-mer
linked to the HSC70 binding motif, figure 1A) failed to
elicitany CD4 T cell responses (figure 1D).

We then examined the efficacy of 1d22 or 1d27 in
protecting mice against tumor growth in a prophylactic
model. We immunized mice using the three dose schedule,
challenged them with 10° MOPC.315.BM cells by intra-
venous injection 1week after the last immunization, and
monitored tumor progression by measuring weekly levels
of M315 protein in the serum (figure 1E-G). Sixty per
cent (6/10) of mice immunized with Id22 peptide exhib-
ited significant protection from tumor growth up to 80
days of observation. In contrast, all mice vaccinated with
Id27 peptide and control animals that received either
poly (I:C) alone or phosphate-buffered saline demon-
strated increasing M-protein and morbidity/mortality
during the observation period. These results show that
the Id22 +poly (I:C) vaccine induced Ag-specific CD4 T
cell activity and conferred protective immunity against
tumor challenge.

Id22-specific CD4 T cells do not directly kill MOPC315 cells
Id22-specific CD4 T cells could mediate tumor protec-
tion by 1. Direct cytotoxic activity against tumor cells, 2.
Indirect activation of natural killer (NK) and/or myeloid
cells, or 3. Cross-priming tumor-specific cytotoxic CD8
T cell activity. To determine if Id22-specific CD4 T cells
could directly eliminate tumor cells in our system, we
isolated CD4 T cells from splenocytes of 1d22 vaccinated
mice and co-cultured them with MOPC.315.BM cells at
different E:T ratios in cytotoxicity assays. No direct killing
of tumor cells was observed (figure 2A).

MOPC.315.BM cells do not express MHC class II at
baseline, drastically reducing the likelihood that CD4 T
cells can directly recognize them. However, it has been
reported in some cases that MHC class II can be upreg-
ulated in vivo in response to IFN-y.*® We assessed the
expression of MHC class II in vivo by staining MOPC.315.
BM cells from BM aspirates of 1d22 vaccinated mice or
controls that were challenged with MOPC.315.BM cells
and selected test animals that were either protected from
tumor growth or not. MOPC.315.BM cells were identified
by flow cytometry, appearing as CD4+, CD138 +cells in
the CD3-negative fraction of BMMC,?” whereas normal
plasma cells were CD4- CD138+. Protected mice elim-
inated MOPC315 cells from their BM (fig, 2B, red
quadrants) in comparison with unprotected or unvacci-
nated mice, while normal plasma cells were unaffected
(figure 2B, blue quadrants). MOPC315 cells did not
express MHC class II in vivo in any of the conditions
(figure 2C red histograms and online supplemental
figure 2). The number of MOPC cells in PRO mice was
too low to assess expression of MHC-II, however, MOPC
cells in UNP mice who were vaccinated in the same way
than PRO mice did not express MHC-II in vivo. There-
fore,itis likely that MOPC315 cells were not directly killed
by Id-specific CD4 T cells under these conditions. This is
similar to the findings of Tveita et af*® in which Id-specific
CD4 T cells could mediate rejection of I-Ed knocked out
MOPC cells, supporting an indirect mechanism in the
absence of MHC-II.

1d22 vaccine elicits tumor-specific CD8 T cell activation in the

BM

We next investigated the activity of spleen and BM CD4
and CD8 T cells in this model. We harvested splenocytes
and BMMC from Id22-immunized mice and restimulated
them in vitro for 8 days by co-culture with 1d22 peptide in
the presence of irradiated MOPC.315.BM cells (iMOPC),
then measured IFN-y and tumor necrosis factor (TNF)o
secretion by intracellular cytokine staining. BMMC were
collected after mice reached endpoint (hind limb paral-
ysis) for challenged only (CHA) or unprotected (UNP)
mice, 7days after the last immunization for vaccinated
only mice (IDV), and 80 days after tumor challenge for
protected mice (PRO). Figure 3A shows an example of
CD4 and CD8 T cells activation in the spleen in compar-
ison with the BM of protected mice (PRO). We observed
the presence of polyfunctional IFN-y+TNFo+CD4T cells
in the spleen as expected. However, polyfunctional CD8
T cells are present only in the BM but not in the spleen
suggesting a recruitment of CD8 T cells to the tumor
microenvironment (TME). Figure 3B shows accumu-
lative data from vaccinated and protected mice (PRO),
vaccinated only mice (IDV) and unvaccinated and chal-
lenged mice (CHA). The spleens of CHA mice were infil-
trated by tumor cells when mice reached their endpoint
and contained very few T cells, and therefore could
not be used for comparison. Contemporaneous assess-
ment of BM T cell populations was precluded due to the
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Figure 1 Idiotype peptide vaccine elicits protective antitumor CD4 T cell responses. (A) Peptides design for immunization.
Two different idiotype 2%'° peptides were synthesized to be used as vaccines in combination with the poly (I:C) adjuvant. 1d27
consists of the 11-mer Id minimal epitope with three somatic point mutations (in red) flanked by the WT sequence. 1d22 is
composed of the 11-mer |d connected by a four amino acids linker (4aal) to an Hsc70 binding motif (HSB). A third peptide,
WT22, is composed of the 11 aa WT sequence linked to HSB and was used as a control for T cell restimulation. (B) Timeline
schedule for immunogenicity experiment showing immunization days (black arrows) and spleens collection day (blue arrow).
(C) Immunogenicity of the idiotype peptides. Groups of mice were immunized subcutaneously two times (2 x) at days 0 and 14
or three times (3x) at days 0, 14 and 21 with 100 g of Id22 (n=4) or Id27 (n=3) in combination with 50 ug of poly (I:C). Control
mice were immunized with poly (I:C) (n=2) or PBS (n=2). Splenocytes were harvested on day 28 to measure IFN-y production by
ELISpot. Cells were restimulated with 1d22, 1d27 peptide or no stimuli. (D) five mice were immunized three times at days 0, 14
and 21 with 100 ug of 1d22 in combination with 50 ug of poly (I:C). Splenocytes were harvested at day 28. CD4 and CD8 T cells
were separated using magnetic beads and IFN-y responses were measured by ELISpot using 1d22 or its wild type counterpart
WT22 for stimulation. (E) Timeline schedule for tumor protection experiment showing immunization (black arrows), MOPC.315.
BM tumor challenge (blue) and blood collection (red) days. (F) Kaplan-Meier survival curve of vaccinated mice challenged with
MOPC.315.BM. Four groups of mice were immunized three times with 1d22 (n=10), Id27 (n=10), Poly (I:C) (n=4), or PBS (n=4)
as controls and MOPC315.BM tumor cells were injected at day 28. (G) Sera were collected every 7 days for measurement

of M315 protein levels in the blood by ELISA. Data were analyzed using two-way analysis of variance and Mantel-Cox test.
*p<0.05; *p<0.01; **p<0.001; ***p<0.0001. HSB, heat shock binding; Id, idiotypic; IFN, interferon; MOPC, mineral oil-induced
plasmacytoma; PBS, phosphate-buffered saline; WT, wild type.
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morbidity of tumor burden in the unprotected groups,
therefore we cannot definitively rule out similarities in
CD8 + Tcell trafficking. However, the absence of tumor-
specific CD8 T cells in the BM of IDV mice suggests that
these polyfunctional CD8 T cells only migrate to the BM
in the presence of tumor cells. Next, we compared T cell
activation in three groups of mice after restimulation
with 1d22 peptide and iMOPC or 1d22 alone. We found
that in unvaccinated mice, CD4 and CD8 T cells did not
produce proinflammatory cytokines in response to tumor
restimulation; in vaccinated only mice, CD4 T cells were
activated in response to Id22 stimulation and in vacci-
nated and protected mice, activation of CD4 T cells was
similar to vaccinated only mice. Interestingly, CD8 T cells
activation significantly increased when BMMC were stim-
ulated with both Id22 and iMOPC but not when BMMC
were stimulated with Id22 peptide alone (figure 3C).
When we compared restimulation with both 1d22 and
iMOPC, 1d22, iMOPC, irradiated A20 (iA20) alone or
1d22 and iA20 (a BALB/c lymphoma cell line included
as a B-lineage control) in PRO mice, the frequency of
polyfunctional CD8 T cells in the BM was increased only

after stimulation with both 1d22 peptide and iMOPC but
not after stimulation with iMOPC or iA20 cells alone
(figure 3D). Polyfunctional CD8 T cells frequency was
higher in 1d22 +iA20 stimulated cells in comparison with
iA20 alone and this could be explained by either (a) the
low number of samples (n=2) for this condition that did
not achieve statistical significance or (b) MOPC and A20
cells might share common Ags since they are both B-lin-
eage cells in the BALB/c background. These results indi-
cate that CD8 T cells recognized MHC class I-restricted,
tumor-associated Ags that were not the immunized Ag.
Moreover, these CD8 T cells are most likely memory cells
because they were still present in the BM of protected
mice 80 days after tumor challenge.

Altogether, these results suggest that both the 1d22-
specific CD4 helper activity and MHC class I-restricted
CD8 cytotoxic activity contributed to antitumor immunity.

To verify that both CD4 or CD8 T cells were required
for tumor rejection, we immunized mice with Id22
vaccine as previously described and depleted CD4 or CD8
T cells for three consecutive days before tumor challenge
by intraperitoneal injection of anti-CD4 or anti-CD8[3
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Figure 3 1d22 vaccine elicits tumor-specific CD8 T cell activation in the BM. CD4 and CD8 T cell activation was assessed by
measuring IFN-y and TNFo production by intracellular cytokine staining (ICS) after 8 days of in vitro restimulation. Splenocytes
and BMMC were harvested from mice that were vaccinated and protected from MOPC tumor challenge (PRO) and restimulated
with 1d22 peptide and irradiated MOPC cells (iMOPC). (A) Flow cytometry plots of CD4 and CD8 T cell activation in the spleen
(SPL) and bone marrow (BM) of a vaccinated and protected mouse. Red squares depict polyfunctional (IFN-y+, TNFa+) T cells.
(B) Average percentages of IFN-y+, TNFo+CD4 or CD8 T cells in the spleen or BM of protected mice (PRO,n=3SPL/6BM), Id22
vaccinated only mice (IDV, n=5SPL/3BM)) and challenged only mice (CHA, n=5BM) after in vitro restimulation. (Some samples
did not have sufficient live lymphocytes to measure their activation after 8 days of in vitro restimulation) (C) T cell activation
was assessed as previously described in the BM of mice either challenged with MOPC cells only (CHA), vaccinated with the
Id22 peptide only (IDV) or 1d22 vaccinated and challenged with MOPC cells (PRO) after restimulation with 1d22 peptide and
irradiated MOPC cells (iMOPC) or 1d22 peptide alone. (D) Average percentages of polyfunctional T cells in BMMC of PRO mice
after restimulation with either [d22 and iIMOPC cells, 1d22 alone, iIMOPC alone, irradiated A20 cells (negative control), or |d22
and irradiated A20 cells. Statistics were analyzed using two-way analysis of variance and Mantel-Cox tests. **p<0.01; *p<0.05.
***p<0.001. Results are representative of three independent experiments. BMMC, bone marrow mononuclear cells; Id, idiotypic;
IDV, immunization for vaccinated; IFN, interferon; MOPC, mineral oil-induced plasmacytoma; TNF, tumor necrosis factor.
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antibody. Control groups received Id22 vaccine and
isotype controls. Depletion was verified by flow cytom-
etry of PBMCs at day 0 before tumor challenge and day 7
after tumor challenge (online supplemental figure 1). In
the absence of either CD4 or CD8 T cells, mice were no
longer able to stop tumor growth, comparable to unvac-
cinated mice, whereas 70% of non-depleted vaccinated
mice were protected against tumor growth (figure 4A,B).
This finding, coupled with the observed lack of cytolytic
activity of CD4 T cells (figure 2A), indicated that tumor
Ag-specific CD8 T cells mediated tumor killing.

In order to investigate the differences in the immune
environment of tumor protected mice in comparison with
the other groups of mice and the implication of subsets
of lymphoid and myeloid cells in tumor protection, we
performed high dimensional immunophenotyping, by
spectral multicolor flow cytometry, of the BM cellular
immune compartment in the different groups of test
animals compared with controls (figure 4C,D). Protected
mice had a significantly higher proportion of effector
memory CD8 T cells (CD27+, CD62L-) compared with
all other groups (figure 4E), supporting the interpre-
tation that these cells were the proximal mediators of
tumor killing. We observed similar levels of CD4 effector
memory T cells in all groups, with the only significant
difference in comparison between protected and unpro-
tected mice that were vaccinated and tumor challenged
(figure 4F). We also compared the frequency of NK cells,
macrophages and regulatory T cells between groups but
we did not see any differences (online supplemental
figure 3).

Together, these data show that vaccine induced,
Id-specific CD4 T cell activity confer protection against
MOPC.315.BM tumor growth, through cooperation of
CD4 and CD8 T cells most likely by cross-priming effector
memory CD8 T cells against non-Id, tumor-associated Ags
that home to the TME (BM).

DISCUSSION

We report here that a novel neoAg Id-HSB fusion
vaccine elicited protective CD4 T cell immunity in the
MOPC315 model by activation of CD8 T cells against non-
immunized, tumor-associated Ags. We observed very low
to no Id-specific CD8 T cells after vaccination, consistent
with Bogen et al’s findings that the minimal epitope binds
to MHC class IT molecules.” The activation of Id-specific
CD4 T cells is similar to previous neoAg studies where
peptides predicted to bind to MHC-I molecules preferen-
tially or exclusively activate CD4 T cells.'®* In this model,
Id-specific CD8 T cells do not seem to play a major role in
tumor protection. This may reflect either tolerance due
to the close sequence of the Id-peptide to self-Ag or T
cell exhaustion due to long exposure to high Ag levels
secreted by MOPC tumor cells. In the TME (BM), we
observed expansion of polyfunctional CD8 T cells only
when restimulated with MOPC315 cells and Id peptide
in vitro, and selective depletion experiments showed

that both CD4 and CD8 T cells were required for tumor
protection in vivo. It was clear that direct CD4 cytotoxic
T cell activity was not a significant factor, as CD4 T cells
did not demonstrate lytic activity in vitro and the target
MOPC315 cells did not express MHC class II in vitro
or in vivo. NeoAg-specific CD4 T cells have been shown
to confer protection against tumor growth even in the
absence of CD8 T cells directed against the same Ag.”
Our study supports a model in which neoAg-specific CD4
T cells protect against myeloma growth by (1) CD4-CD8
cooperation, most likely through cross-priming of CD8
T cells against distinct tumor-associated Ags and (2)
promoting migration of effector memory CD8 T cells to
the TME.

Although Id vaccination is a clinically proven strategy
against B cell malignancies such as non-Hodgkin’s and
follicular lymphoma,'® *' this approach failed to induce
protective immunity against MM.* We showed here that
fusion of a HSC70 binding motif (HSB) to the idiotype
A2’ peptide sequence was sufficient to confer tumor
protection when delivered with the toll like receptor
3 (TLR3) ligand poly (I:C). These results support Ag
uptake and internalization as important factors that
determine Ag presentation and efficacy. HSP70 protein
is known to preferentially chaperone peptides to MHC-I
presentation pathways,” but it can also chaperone
external Ags through the MHC class II pathway.” This
can play a significant role in recruiting Ag-specific CD4
T helper cells to mediate dendritic cells (DCs) licensing
and amplify cross-priming of CD8 T cells. Our results
suggest that HSB binds to endogenous HSP70 protein,
which may account (in part or whole) for the efficient
priming of CD4 T helper activity observed. In addition,
TLR ligands such as poly (I:C) promote maturation of
APC such as DCs, which then prime CD4 T cells through
contact-dependent and soluble factors, resulting in cross-
priming and homing of tumor-specific CD8 T cells to
the tumor. This is supported by the presented model,
since CD8 depletion completely revoked tumor protec-
tion even in the presence of Id-specific CD4 T cells. In
our system, the protection appears to be primarily T cell-
mediated, however, we do not rule out a supporting role
of other antitumor mechanisms including cytokines, NK
cells and/or macrophages, similar to observations in the
Id TCR-transgenic model.'” *® Further investigations are
needed to elucidate the full complement of mechanisms
by which the HSB fusion and TLR ligand co-delivery
improve vaccine efficacy.

Epitope spreading, the phenomenon of T cell responses
against non-target Ags that emerge after a tumor Ag-spe-
cific immunotherapy, was observed in patients with
different malignancies following neoAg vaccination™
and in tumorspecific CD4 T cell adoptive transfer
trials.'® %0 However, the CD4,/CD8 distribution of these T
cell responses was not described and may reflect a similar
mechanism to the model we propose. CD4 T cell help is
essential for recruitment and cytolytic function of CD8 T
cells’” and long-term maintenance of CD8 memory cells.”
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Figure 4 CD8 tumor protection and memory are mediated by 1d22-specific CD4 T cells. (A) Timeline schedule for CD4 or

CD8 T cell depletion after vaccination and before tumor challenge showing immunization days (black arrows), MOPC.315.BM
tumor challenge (blue), blood collection (red) and injection of depleting antibodies (green). (B) Kaplan-Meier survival curve of
vaccinated and control mice after MOPC challenge. Two groups of 10 mice were immunized subcutaneously with 100 ug of 1d22
peptide in combination with 50 ug of poly (I:C). They were injected three times intrapertioneally with 100 ug of anti-CD4 or anti-
CD8 depleting antibodies 3days before MOPC challenge at days 25, 26 and 27. A third group of mice (n=16) was vaccinated
the same way and injected with rat IgG1 and IgG2a isotype controls. Five PBS-injected mice were used as vaccination controls.
(C) Representative gating strategy: BMMC from mice were restimulated for 3 days with 1d22 peptide and iMOPC cells, then
immunophenotyping was performed by multicolor flow cytometry. PRO, Id22 vaccinated and protected from tumor growth,
UNP, vaccinated and unprotected, CHA, non-vaccinated and challenged with MOPC cells, IDV, vaccinated only, and NAI, naive
mice. CD4 and CD8 effector memory T cells (TEM) were selected using CD62L and CD27 antibodies (CD27 +CD62L-). (D)
Representative plots of CD4 + and CD8+ TEM cells in the BM of one mouse per group. (C) Frequency of CD4 + TEM (E) and
CD8 + TEM (F) cells in the BM of five mice per group. Statistics were analyzed using Mantel-Cox test for survival and one-way
analysis of variance for multiple comparisons. **p<0.01; *p<0.05. **p<0.001, ***p<0.0001. BMMC, bone marrow mononuclear
cells; iIMOPC, irradiated MOPC; MOPC, mineral oil-induced plasmacytoma; PBS, phosphate-buffered saline; TME, tumor
microenvironment.
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Here, we observed an increased frequency of memory
CD4 and CD8 T cells only in the BM in vaccinated mice
that resisted tumor growth, confirming the role of CD4
T cell help in recruiting memory cells to the TME. Thus,
elucidating the Ags recognized by cross-primed CD8 T
cells may contribute to optimized vaccines composed of
CD4 and CD8 Ags with appropriate fusion to HSB and
co-delivered adjuvant/immunostimulatory components.
Our data highlight the impact of tumor vaccine formu-
lation on the efficacy of the vaccine to induce elimina-
tion of tumor cells as well as the importance of CD4 T
cell help in the recruitment, activation and mainte-
nance of memory CD8 T cells in the TME. Therefore,
understanding the mechanisms of cross-priming and Ag
spreading may lead to better prediction of Ag presenta-
tion and selection of peptides for vaccines to generate
potent and durable antitumor immune responses.
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