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Abstract

Cancer vaccines have overall had a record of failure as an adjuvant therapy for malignancies that
are treated with alkylating chemotherapy, and the contribution of standard treatment to that failure
remains unclear. VVaccines aim to harness the proliferative potential of the immune system by
expanding a small number of tumor-specific lymphocytes into a large number of anti-tumor
effectors. Clinical trials are often conducted after treatment with alkylating chemotherapy, given
either as standard therapy or for immunomodulatory effect. There is mounting evidence for
synergy between chemotherapy and adoptive immunotherapy or vaccination against self-antigens;
however, the impact of chemotherapy on lymphocytes primed against tumor neo-antigens remains
poorly defined. We report here that clinically relevant dosages of standard alkylating
chemotherapies such as temozolomide and cyclophosphamide significantly inhibit the
proliferative abilities of lymphocytes in mice. This proliferative impairment was long lasting and
led to quantitative and qualitative defects in B and T cell responses to neo-antigen vaccines. High
affinity responder lymphocytes receiving the strongest proliferative signals from vaccines
experienced the greatest DNA damage responses, skewing the response toward lower affinity
responders with inferior functional characteristics. Together these defects lead to inferior efficacy
and overall survival in murine tumor models treated by neo-antigen vaccines. These results
suggest that clinical protocols for cancer vaccines should be designed to avoid exposing responder
lymphocytes to alkylating chemotherapy.

Introduction

Immune mediated destruction of solid tumors requires the infiltration of adequate numbers
of effector lymphocytes into the tumor site (1). Tumors express mutant proteins termed
“neo-antigens” that result from frameshift, gene fusion, and missense mutations (2). These
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neo-antigens rather than self-antigens tend to dominate the naturally occurring immune
responses against cancer (3, 4). The immunogenicity and tumor specificity of the neo-
antigens provide a compelling rationale for their identification and targeting with therapeutic
cancer vaccines. Recent bioinformatics advances make prospective identification of neo-
antigens for personalized cancer vaccines feasible (5). Numerous analyses of individual
patients suggest that naturally occurring T cell responses against neo-antigens can be
associated with dramatic responses and long-term survival (3, 4, 6). Indeed, it has been
suggested that the generation of endogenous anti-tumor responses may be required for
durable success of conventional therapies (7). This hypothesis has led to much interest in
combining immunotherapy with conventional modalities (8), but the effect of conventional
chemotherapy vis-a-vis immunotherapy is incompletely understood.

Numerous reports indicate a synergy between conventional chemotherapy and immune
therapy. Synergy is mediated by diverse mechanisms including preferential depletion of
regulatory T cells (Treg) (9-11), liberation of homeostatic or inflammatory cytokines (12,
13) and enhanced immunogenicity of chemotherapy treated tumors (14, 15). In the context
of vaccines targeting self-antigens, chemotherapy given prior to vaccination can yield
synergy and enhanced survival (9, 16). Vaccination against tolerized self-antigens may
require Treg depletion to access a latent pool of high avidity self-antigen specific CD8 T
cells, whereas high avidity neo-antigen specific T cells can be generated by immunization
without Treg depletion (10).

The reported synergy between chemotherapy and vaccines is somewhat paradoxical given
that the generation of an adaptive immune response is a highly proliferative process, and
chemotherapeutic drugs are given for their selective toxicity to rapidly proliferating cells.
The generation of a CD8 T cell response to an acute viral infection involves responder cells
doubling ~14 times in a week (17) and cancer vaccines that utilize neo-antigens with potent
adjuvants can trigger similar levels of CD8 T cell proliferation (18). The number and
proliferative potential of infused effectors have been associated with clinical response to
adoptive immunotherapy of metastatic melanoma (19), possibly due to a requirement for
local proliferation of lymphocytes to generate sufficient effector: target ratios at the tumor
site (20, 21). In adoptive transfer protocols the transferred lymphocytes are cultured ex vivo
and therefore are not exposed to chemotherapy (22). By contrast cancer vaccines are
administered to drive /n vivo proliferation of lymphocytes in pre-treated patients, and the
extent to which chemotherapy inhibits vaccine driven immune responses remains unclear.

The lack of understanding of the effect of chemotherapeutic drugs on cancer vaccines is
particularly problematic with regard to alkylating chemotherapeutic drugs. Alkylating
chemotherapies such as temozolomide and cyclophosphamide covalently modify DNA and
inflict cytotoxic damage on exposed cells (23). These drugs are commonly used for their
anti-neoplastic effect to treat malignancies that are frequent targets of cancer vaccines such
as glioblastoma multiforme (GBM) (24) and metastatic melanoma (25), and additionally to
deplete Treg prior to vaccination (16, 26). While case reports suggest that individual patients
have benefited from cancer vaccines given after standard alkylating chemotherapy for GBM
(24, 27), overall cancer vaccines administered after temozolomide have had a record of
failure (28). Alkylating chemotherapeutics have immune inhibitory effects /n vitro,
specifically via selective toxicity to proliferating lymphocytes (29) and inhibition of
differentiation of immune effectors (30). The applicability of these studies to human cancer
patients remains unclear: the degree of lymphopenia in temozolomide treated glioblastoma
patients is a negative prognostic factor (31), but has also been associated with greater
vaccine induced antibody responses (32). To examine the impact of clinically relevant doses
of alkylating chemotherapeutics on cancer vaccines, we used controlled animal experiments
that minimized the numerous complicating factors encountered in human patients.
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Materials and Methods

Cells and culture

GL261 and B16-F10 cells were maintained in DMEM supplemented with 10% FBS. The
KM3M14 and 094M2 cell lines were derived from genetically engineered primary murine
gliomas and were generated and maintained as described (33). Model antigen expressing
tumors (Quad-GL261 and Quad-KM3M14) were generated by stable transfection with Quad
antigen cassette (34), a single coding sequence expressing the OT-I and OT-II epitopes of
ovalbumin as well as human gp100 and mouse Ea.. CD8 T cells were isolated to >90%
purity by negative selection kit (Miltenyi). T cells were stimulated with IL-2 (R&D
Systems) and CD3/CD28 activator beads (Invitrogen) as previously described (35). Viable
cell counts were assessed by trypan blue exclusion periodically after stimulation and are
expressed proportionally relative to the number of viable cells at the beginning of the assay.

Mice and animal models

Mouse experiments were performed in accordance with University of Minnesota Animal
Care and Use Committee guidelines. C57BL/6J (B6) mice, C57BL/6-
Tg(TcraTerb)1100Mjb/J (OT-1) and B6.PL-Thyla/CyJ (Thyl.1+) mice were purchased
from the Jackson Laboratory and used at 6-10 weeks of age. Nur77FP reporter mice (36)
were courtesy of K. Hogquist (University of Minnesota, Minneapolis, MN). Gliomas were
inoculated as described.(34) Cell number inoculated was 15,000 for GL261 and 30,000 for
094M2 and KM3M14. 75,000 B16-F10 cells were inoculated in the right flank. Glioma-
bearing mice were euthanized when they became symptomatic; B16—-F10-bearing mice were
euthanized when tumors became >1000 mm3. For adoptive transfer 2x10° cells OT-1 CD8 T
cells were transferred into Thy1.1+ mice by retro-orbital injection and allowed to park for 24
hours before drug treatment.

Drug treatments

Temozolomide, carboplatin, doxorubicin and cyclophosphamide were obtained from
Toronto Research Chemicals. Carboplatin, doxorubicin and cyclophosphamide were
dissolved in PBS and administered by intraperitoneal injection. Temozolomide was well
suspended in PBS immediately before being administered via oral gavage. y-irradiation was
administered as a positive control for DNA strand breaks at a dosage of 15 Gy, 30 minutes
before experiments. Mouse dosages of temozolomide and cyclophosphamide model relevant
human pharmacokinetic exposures based on a calculated equivalence using published
pharmacokinetic exposure data (37, 38) detailed in Table S1. Dosages of carboplatin and
doxorubicin were selected based on the maximum anti-neoplastic dosages that were
previously reported to have an immunostimulatory effect by a Treg depletion dependent
mechanism (9).

Vaccinations

Ova vaccinations were performed with 100 ug of whole chicken ovalbumin protein (Fisher)
and 10 pg of polyinosinic:polycytidylic acid stabilized with poly-L-lysine(polylCLC, gift of
A. Salazar, Oncovir, Washington, DC). All peptide vaccines were given with 50 g of
peptide and 10 pg polylCLC. Vaccinations were administered as subcutaneous injections at
the base of the left hind leg.

Peptides and in vitro stimulation

SIINFEKL and variant peptides (Anaspec) were dissolved in sterile water. All other peptides
(New England Peptide) were dissolved in minimal DMSO and diluted in sterile water.
Splenocytes were incubated with peptides for 8 hours (Nur77¢FP induction) or 24 hours
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(elaborated IFN-v). Elaborated IFN-y was measured by cytokine bead array (BD) and
normalized to number of antigen specific T cells enumerated with BD counting beads. For
B16-F10 stimulation B6 splenocytes were pulsed with 5 pg/mL of the mutant peptide
cocktail or irrelevant control (16 and 18 amino acid peptides containing the OT-I and OT-II
epitopes). Leukocytes from 100 L of blood from B16—F10 bearing animals were incubated
with 150,000 antigen pulsed splenocytes for 72 hours for IFN-y elaboration.

The peptide sequences are as follows: GARC-1 RASAALLNKLYAMGL,; B16-F10 -
mutant peptides: Kif18b-mutant SKPSFQEFVDWENVSPELNSTDQP, Tubb3-mutant
RRKAFLHWYTGEAMDEMEFTEAESN, Cpsf3l-mutant
FKHIKAFDRTFANNPGPMVVFATPG, Tnpo3-mutant,
DRNPQFLDPVLAYLMKGLCEKPLAS, Plod2-mutant,
YNTSHLNNDVWQIFENPVDWKEK. (5)

Flow cytometry and ELISA

Results

All antibodies except as indicated were from eBioscience: Phosphorylated ATM (phosphor-
Ser1981) antibody was from Millipore. An isotype control for phosphorylated ATM staining
was included as a control for background staining in non-temozolomide treated lymphocytes
and was the PE-conjugated murine 1gG1 x isotype control from eBioscience. KP-Ova
peptide-MHC multimer staining was performed with dextramer (Immudex). PE conjugated
DP-GARC-1 tetramer was synthesized by NIH tetramer core facility (Atlanta, GA).
Tetramer falloff assay was performed as described (17) with the following modifications:
KbP-Ova dextramer was used to stain and free dextramer was bound with biotinylated anti-
KbP-Ova monoclonal antibody. Data were acquired using a BD FACSCanto II and analyzed
using Cytobank.org software. Relative affinity and antibody titer were determined by ELISA
as described (39).

An intrinsic proliferation defect of lymphocytes exposed to alkylating chemotherapy

To choose clinically relevant doses of temozolomide with which to treat mice, we selected
doses that yielded an equivalent pharmacokinetic exposure as obtained after oral dosing in
humans (40) (personal communication James Gallo, Mount Sinai School of Medicine, New
York, NY). Low (25 mg/kg), intermediate (55 mg/kg), and high (80 mg/kg) dosages of
temozolomide given daily for five days led to a transient reduction in lymphocyte counts
similar in magnitude to that seen in patients treated with temozolomide (Table S1).
Temozolomide significantly inhibited proliferation of splenic T cells (Figure 1A). This
proliferation defect is cell intrinsic because purified CD8 T cells from temozolomide treated
mice demonstrated a similar inhibition of proliferation and activation of the DNA damage
response as assessed by phosphorylated Ataxia Telangiectasia Mutated (pATM) staining
(Figure 1, B and C).

Quantitative defects in immune responses to cancer vaccines after temozolomide

treatment

To examine the effects of alkylating chemotherapy on neo-antigen cancer vaccines we
vaccinated mice with the model antigen chicken ovalbumin (Ova) and polylCLC (18). A
cluster of four daily subcutaneous vaccinations causes a robust CD8 T cell response, with
the percentage of KP-Ova-specific CD8 T cells in the blood expanding from essentially
undetectable levels to ~6% of the CD8 compartment in a week (Figure 2A). This expansion
from a precursor frequency of ~1/150,000 (41) to a frequency of ~1/20 represents
approximately 13 doublings. When followed by weekly boosters, similar to many
established clinical protocols, a second peak in KP-Ova-specific T cell percentage was
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observed a week after the third booster (Figure 2A). The magnitude of the CD8 T cell
response was diminished in a dose dependent fashion by temozolomide treatment (Figure
2A). The levels of Ova-specific antibody circulating in the blood of temozolomide treated
mice were also lower in a dose dependent fashion (Figure 2B).

Given that temozolomide and other alkylating drugs covalently modify DNA and that some
of the directly produced DNA-alkyl adducts (42) or indirectly produced DNA lesions (43,
44) are long lived, we measured the magnitude of immune responses to vaccines given
several weeks after temozolomide treatment. B6 mice that were given intermediate dose
temozolomide had significantly lower percentages of KP-Ova-specific T cells elicited by a
cluster of four vaccinations that began 80 days after the last dose of temozolomide relative
to untreated, age matched controls, with a peak frequency of ~1% versus ~4.5% (Figure 2C).

Antigen experienced memory T cells have an intrinsic resistance to DNA intercalating
chemotherapy with daunorubicin (45), and tumor specific T cell clones may be antigen
experienced in cancer patients (46). We therefore measured the effect of vaccine driven T
cell expansion in an antigen experienced memory cell population in mice treated with
alkylating chemotherapy prior to vaccination. Mice treated with intermediate or high dose
temozolomide after an initial cluster of vaccines had a significant inhibition of antigen
specific T cell proliferation when vaccinated with a second cluster of vaccines (Figure 2D).
The peak percentage of KP-Ova-specific CD8 T cells was approximately 10 fold lower (~2%
versus ~20%) in intermediate dose temozolomide treated mice versus controls, and the
percentage of KP-Ova-specific CD8 T cells decreased immediately following vaccination in
high dose treated mice (Figure 2D).

We next quantified the impact of temozolomide on the efficacy of vaccines in tumor bearing
animals using both model antigens and mutated tumor specific neo-antigens. B6 mice were
implanted orthotopically with the syngeneic, antigen force-expressing Quad-GL261 glioma
line (34). The peak percentage of KP-Ova-specific CD8 T cells in blood elicited by
vaccination was significantly lower for high dose temozolomide pre-treated animals, and
levels remained lower after numerous booster vaccines (Figure 3A). The GL261 cell line is
sensitive to temozolomide (47) and therefore the median survival for all three treated groups
was similar (Figure 3B). However, high dose temozolomide treatment abrogated the efficacy
of vaccine treatment: i.e. mice treated with vaccine survived significantly longer than
untreated controls, but the benefit of vaccination was lost in temozolomide treated mice.

While temozolomide increases median survival in glioma patients (48), benefit from
treatment is not uniform, and patients with O-6-methylguanine-DNA methyltransferase
(MGMT) promoter unmethylated tumors are less likely to benefit (49). To model this
clinical situation, we inoculated B6 mice with a Quad antigen expressing version of the B6
syngeneic KM3M14 glioma cell line (Quad-KM3M14), which is highly resistant to
temozolomide treatment /n vitro (data not shown). Intermediate dose temozolomide
treatment abrogated the magnitude of KP-Ova-specific CD8 T cell response to a single
cluster of four vaccinations with Ova and polylCLC (Figure 3C). In addition, a spontaneous
KbP-Ova-specific CD8 T cell response observed in untreated mice was abrogated in
temozolomide treated mice (Figure 3C). For this temozolomide insensitive, immunogenic
cell line a single course of vaccination is a largely curative therapy (Figure 3D). This
survival benefit is entirely abrogated by temozolomide treatment before vaccination, and
median survival for temozolomide treated mice was shorter than non-treated controls
(Figure 3D). Similarly, we found that inhibition of spontaneous immune responses by
temozolomide treatment could lead to a failure to reject a highly immunogenic B6 glioma
line expressing the SV40 Large T antigen (Figure S1).

J Immunol. Author manuscript; available in PMC 2014 June 15.
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To examine the impact of temozolomide treatment on mutated self neo-antigens we
inoculated mice with the GL261 cell line. This cell line expresses an immunogenic mutant
self protein, GARC-1, which forms a DP-binding CD8 T cell epitope based on a single
amino acid substitution due to a point mutation (50). We vaccinated using a peptide
containing the immunogenic amino acid substitution in glioma bearing mice, with or without
temozolomide treatment. A significant reduction in the percentage of activated, D°>-GARC-1
specific CD8 T cells in blood elicited by vaccination was observed (Figure 3E).

DNA damage response induced by high intensity TCR stimulation following alkylating
chemotherapy

Since we observed activation of the DNA damage response in T cells given a strong
stimulation through the TCR (Figure 1), we hypothesized that the degree of DNA damage
response would correlate with TCR signal intensity. To dissect this question, OT-I mice
were treated drugs and then their splenocytes were stimulated with altered peptide ligands
that induce varying TCR signal strengths (36). All three peptides induced similar levels of
proliferation and minimal DNA damage response in OT-I cells from untreated control
animals as assessed by Ki67 and pATM staining respectively (Figure 4A). In temozolomide
treated animals the frequencies of Ki67+ OT-I cells were inhibited for all peptides, but
interestingly, the percentage of proliferating cells that had activated the DNA damage
response (i.e. were pATM+) increased with increasing strength of TCR stimulation (Figure
4, A and B).

To assess induction of DNA damage response in lymphocytes after treatment with other
DNA damaging cancer therapies, we repeated the above experiments after treatment of OT-I
mice with cyclophosphamide, carboplatin, doxorubicin and -y-irradiation. Following
treatment with the alkylating chemotherapy cyclophosphamide and y-irradiation, there were
significantly more proliferating cells exhibiting DNA damage in response to the strong
antigenic peptides SIIQFEKL and SIINFEKL than with the weak antigenic peptide
SIIGFEKL or with no peptide (Figure 4C). The platinum drug carboplatin and the DNA
intercalating agent doxorubicin did not lead to this effect, with similar pATM staining in
proliferating cells stimulated with all peptides (Figure 4D). The induction of the DNA
damage response upon stimulation after drug treatment was mirrored by the defect in CD8 T
cell responses to vaccines in B6 mice. Temozolomide and cyclophosphamide lead to
markedly and significantly lower peak levels of antigen specific CD8 T cells in the blood
following vaccination (Figure 4E). By contrast, in animals treated with carboplatin and
doxorubicin the percentage of antigen specific CD8 T cells was incrementally lower and not
significantly different from untreated controls. This defect is likely accounted for by
responder lymphocytes both failing to enter cell cycle (as in Figure 4A) as well as
undergoing apoptosis due to DNA damage response, since a fraction of adoptively
transferred OT-1 became apoptotic (Annexin V+7-AAD+) after vaccination with SIINFEKL
peptide in temozolomide treated mice (Figure S2).

Lower affinity for antigen of vaccine responder lymphocytes after temozolomide treatment

Due to the greater DNA damage response we observed in OT-I T cells stimulated with
stronger antigenic peptides, we hypothesized that /n vivo vaccine responder cells would be
skewed towards lymphocytes with antigen receptors with lower affinity for cognate antigen.
We found that the median fluorescent intensity (MFI) of peptide-MHC multimer staining of
memory CD8 T cells elicited by vaccination was lower in temozolomide treated mice than
in controls (Figure 5, A and B). The higher initial rate of decay of staining in a multimer
falloff assay (17) in temozolomide treated animals also suggested a lower avidity of vaccine
elicited CD8 T cells for antigen (Figure 5C). Similarly, we measured a lower relative
affinity of anti-Ova serum Ig in temozolomide treated animals than in controls (Figure 5D).

J Immunol. Author manuscript; available in PMC 2014 June 15.
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Inferior functional characteristics of vaccine responder lymphocytes after temozolomide

treatment

The lower affinity of responder lymphocytes for antigen after alkylating chemotherapy
suggests that post-temozolomide vaccine responder cells are less sensitive towards antigenic
targets. We hypothesized that these cells would receive lower intensity proliferative signals
in temozolomide treated mice than controls and display inferior effector function upon
stimulation. Using the Nur77GFP TCR signal strength reporter mouse (36), we directly tested
this hypothesis by measuring GFP fluorescence intensity in vaccine expanded CD8 T cells
upon antigenic stimulation. Vaccine expanded KP-Ova-specific CD8 T cells from untreated
control mice displayed high intensity GFP fluorescence upon culture with SIINFEKL
peptide (Figure 6, A and B). In temozolomide pre-treated mice antigen specific GFP
fluorescence upon stimulation was significantly lower (Figure 6B). We next measured IFN-
vy elaboration upon antigenic stimulation in culture and enumerated antigen specific cells per
well. We calculate that in temozolomide pre-treated animals vaccine activated CD8 T cells
elaborated 10 fold fewer IFN-y molecules on a per cell basis (Figure 6C).

Diminished efficacy of neo-antigen cancer vaccines after alkylating chemotherapy

To examine the efficacy of neo-antigen cancer vaccines after Treg depleting alkylating
chemotherapy we used a peptide vaccine targeting five immunogenic point mutations
expressed by the B16—F10 melanoma cell line (5). Despite the fact that mice treated with
low dose cyclophosphamide had a depletion of Treg cells as both a percentage of CD4 T
cells and in absolute numbers (data not shown), we found that circulating leukocytes from
mice vaccinated after cyclophosphamide elaborated significantly less IFN-y upon peptide
stimulation than in mice receiving vaccine only (Figure 7A). Similarly, the survival benefit
of vaccinated animals relative to untreated controls was lost in animals pre-treated with
cyclophosphamide (Figure 7B).

Discussion

We found that alkylating chemotherapy has a long lasting anti-proliferative effect on
lymphocytes in mice, and this effect leads to inferior responses to cancer vaccines targeting
mutated self antigens. Animals pre-treated with alkylating chemotherapeutic drugs had
lower peak numbers of vaccine responding CD8 T cells and lower antibody titers. This
impairment corresponds to the activation of DNA damage responses in proliferating cells,
and this activation of DNA damage responses is greatest in responder cells receiving the
strongest TCR signals from the vaccine. In turn, this selective toxicity in the cells with the
highest affinity for cognate antigen leads to impairment of CD8 T cell and antibody
responses. These responses consist of lymphocytes with on average lower affinity antigen
receptors that have inferior effector function. Importantly, these effects occur were observed
even at low, Treg depleting doses of alkylating chemotherapeutics (9).

The defects we observed are likely general to all populations rapidly proliferating immune
responder cells expanded by vaccination (e.g. CD4 T cells, B cells, etc.). Activated
lymphocytes implement a metabolic and anti-apoptotic program that allows for sustained
synthesis of macromolecules and cell division (51), dividing up to twice a day during the
peak of adaptive immune responses (17). Alkylating chemotherapy covalently modifies
DNA with methyl adducts for methylating drugs like temozolomide or dacarbazine (43) or
inter- and intra-strand alkyl crosslinks for nitrogen mustard derivatives like
cyclophosphamide (52). These lesions cause stalling of replication forks and double strand
DNA breaks in proliferating cells (53). This DNA damage is detected by proteins such as
ATM which binds to double strand DNA breaks and autophosphorylates, in turn activating
numerous downstream effectors involved in cell cycle arrest and apoptosis such as Chk2
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kinase (54) and p53 (55). Proliferation driven toxicity in vaccine responder cells is therefore
a side effect of alkylating chemotherapy that must be balanced against its reported
immunomodulatory effects. In the case of neo-antigen vaccines for which Treg depletion is
not required for efficacy, our data suggest that the negative anti-proliferative effect of
chemotherapy is dominant over the immunomodulatory effect.

We observed that the immune inhibitory effect of alkylating chemotherapy was long lived,
with significant defects in CD8 T cell priming persisting >10 weeks after cessation of
temozolomide treatment (Figure 2C). The persistence of this effect could be due to the fact
that DNA repair is induced by proliferative signals (56), so quiescent naive lymphocytes
may not fully repair DNA damage. This damage is then “activated” by replication fork read
through during DNA synthesis in response to proliferative signals like vaccines.

Numerous studies have examined the effect of alkylating chemotherapy on
immunotherapeutic modalities. The predominant finding reported has been depletion of Treg
and induction of lymphopenia (11, 57), although high doses have been associated with
peripheral Treg expansion in rodents (58) and humans (32). Several studies that have
reported an immunostimulatory effect of alkylating chemotherapy due to Treg depletion
have been conducted using transferred cells not exposed to drug (59-61). The clinical
application of this strategy is complicated by the difficulty of generating large numbers of
tumor specific lymphocytes ex vivo for human patients (62), and cancer vaccines are
typically administered after standard chemotherapies (7). Conversely, other studies of
endogenous anti-tumor immune responses following Treg depletion have focused on self-
antigens for which breaking tolerance is required (9, 10, 16, 63) or have not directly
compared immune responses in exposed and non-exposed lymphocytes (58, 64).

We have focused on tumor specific neo-antigens derived from mutated self proteins as well
as exogenous model antigens, both of which are inherently immunogenic, i.e. can readily be
targeted by vaccination without additional therapy to break tolerance. Such neo-antigens are
technically challenging to predict from patient tumor samples, but have been retrospectively
identified in clinically responding patients using tumor cell lines and patient lymphocytes in
several studies (3). Similarly, clinical experience from vaccination with idiotypic
immunoglobulin for lymphoma suggests that non-germline encoded epitopes from
hypervariable regions are more immunogenic and stimulate CD4 and CD8 cells
preferentially over framework regions (65). Due to their generation de novo in neoplastic
cells, such mutant antigenic targets are less likely to cause autoimmune side effects and are
not subjected to central tolerance that can cause negative selection of high-avidity T cells
(66). Recent advances in bioinformatics have made prospective identification of
immunogenic mutations possible, and is an active area of further research into personalized
cancer vaccines (5). However, the experience of adoptive immunotherapy suggests that the
proliferative potential of effector cells is a critical variable (19). For personalized cancer
vaccines targeting tumor specific mutations to be successful, they should be administered in
a protocol designed to maximize the quality and proliferative ability of responder
lymphocytes.

We demonstrated that the generation of T cell responses against mutated self proteins by
cancer vaccines was inhibited by temozolomide in a mouse model of glioma (Figure 3E) and
by cyclophosphamide in a mouse model of melanoma (Figure 7A). In addition, using the
model antigen ovalbumin we found that T cell clones that did expand after alkylating
chemotherapy had lower affinity for cognate antigen, and lower TCR signal strength and
inferior effector function upon antigenic stimulation (Figures 5 and 6). These differences
seem sufficient to account for the loss of survival benefit from vaccination that we observed
in both temozolomide and cyclophosphamide treated mice (Figs. 3B, 3D and 7B).
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In conclusion, we found that vaccine driven and spontaneous adaptive anti-tumor immune
responses were inhibited by the direct anti-proliferative effect of alkylating chemotherapy.
These findings are particularly noteworthy since alkylating chemotherapy is a standard
treatment for several malignancies that have been the target of vaccine immunotherapy,
including temozolomide for GBM (48) and dacarbazine for metastatic melanoma (25).
These findings suggest that easily implemented modifications of conventional clinical
protocols for cancer vaccine trials, such as banking unexposed PBMC prior to chemotherapy
for use in later immunotherapy, could yield improved results. It has been reported, for
instance, that 500 mL of blood contains sufficient numbers of naive precursor CD8 T cells
to allow large numbers of T cells specific to multiple tumor and viral antigens to be
expanded /n vitro (67). Thus, easily extracted quantities of lymphocytes could be frozen and
stored, either as source material for the /in vitro expansion of anti-tumor T cells or as a
banked pool of non-drug exposed naive T cells to be infused prior to vaccination.

Furthermore, future trials of immune therapy could use such prognostic markers to stratify
patients based on their relative likelihood to benefit from conventional alkylating
chemotherapy versus cancer vaccines, and prioritize immune therapy over chemotherapy in
those most likely to benefit. MGMT promoter methylation status in glioblastoma is
prognostic of response to temozolomide and is widely measured clinically (49), whereas
tumors with the mesenchymal gene expression pattern have a poor survival prognosis but
appear to be more sensitive to active immune therapy than glioblastomas with other gene
expression patterns (24). Altering clinical protocols and basing patient treatment on known
prognostic indicators of treatment response could minimize harm of conventional therapies
to cancer vaccines and maximize efficacy, leading to improved outcomes for patients treated
with these vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinically relevant doses of temozolomide inhibit T lymphocyte proliferation in mice
(A) C57BL/6 mice (n=3 per group) were treated with the indicated dosages of TMZ daily
for 5 days and 2 days after the last dose mice were sacrificed and splenocytes plated with
CD3/CD28 beads and IL-2. Viable cell counts were assessed at the indicated time points.
Representative of two independent experiments. Error bars indicate SEM. *, p<0.05; **,
p<0.01. (B) Purified CD8 T cells from mice treated with the indicated dosages of TMZ (n=3
per group) were stimulated as above. Viable cell counts were assessed at the indicated time
points. Data are pooled from two independent experiments. Error bars indicate SEM. ***,
p<0.001. (C) Aliquots of CD8 T cells stimulated as in (B) were taken for FACS analysis of

phosphorylated ATM on day 4 post-stimulation.
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Figure 2. Temozolomide exposur e leadsto a dose dependent inhibition of adaptiveimmune
responses to vaccination

(A) C57BL/6 mice (n=7-8 per group) were treated with the indicated dosages of TMZ for 5
days, and 2 days after the last dose were vaccinated daily for 4 days with Ova and poly
ICLC followed by weekly booster vaccinations as indicated. KP-Ova specific CD8 T cells in
the blood were assessed by flow cytometry. Error bars indicate SEM. *, p<0.05; **, p<0.01;
*** p<0.001. One representative experiment is shown; this experiment was performed
independently three times with similar results. (B) The mice in (A) were terminally bled 70
days after the first vaccination and anti-Ova 1gG/IgM was quantified by ELISA. Error bars
indicate SEM. ***, p<0.001. (C) C57/BL6 mice (n=9 per group) were treated with TMZ at
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the indicated dosages for 5 days and 80 days after the last dose of TMZ were vaccinated
daily for 4 days, with antigen specific CD8 T cells in blood assessed as above. Error bars
indicate SEM. **, p<0.01; ***, p<0.001. The experiment shown is representative of two
independent experiments with similar results. (D) C57BL/6 mice (n=5 per group) were
vaccinated daily for 4 days and immunological memory was allowed to establish for 1 mo.
at which point TMZ was administered daily for 5 days at the indicated dosages. The mice
were again vaccinated daily for 4 days and given booster vaccinations weekly as indicated,
and throughout antigen specific CD8 T cells in blood were assessed by flow cytometry.
Error bars indicate SEM. **, p<0.01; ***, p<0.001.Representative of two independent
experiments.
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Figure 3. Temozolomide exposur e leads to inhibition of immune responsesin tumor bearing

animals

C57BL/6 mice (n=5-8 per group) were inoculated with Quad-GL261 cell line and in the
indicated groups treated on days 6-10 after tumor inoculation with 80 mg/kg of TMZ and
vaccinated with Ova and polylCLC on days 12-15, 19, 26, 33 and 40. (A) The percentage of
KbP-Ova specific CD8 T cells in the blood was assessed at the indicated time points before
control mice became moribund. Error bars indicate SEM. **, p<0.01; ***, p<0.001. (B) The
percentage of mice in each group surviving is shown. P values shown are for log rank test.
ns, not significant (>0.05); ***, p<0.001. Representative of two independent experiments
with similar results. (C) C57BL/6 mice (n=5-6 per group) were inoculated with Quad-
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KM3M14 and in the indicated groups were treated on days 3—7 after tumor inoculation with
55 mg/kg of TMZ and vaccinated with Ova and poly ICLC on days 10-13. KP-Ova specific
CD8 T cells were assessed by flow cytometry on day 17. Error bars indicate SEM. ns, not
significant (p>0.05); *, p<0.01; **, p<0.01; ***, p<0.001. (D) The percentage of mice in
each group surviving is shown. P values shown are for log rank test. ns, not significant
(7>0.05); **, p<0.01. (E) C57BL/6 mice (n=6-8 per group) were inoculated with GL261
tumors and in the indicated groups treated with 55 mg/kg TMZ on days 6-10 after tumor
inoculation and vaccinated with GARC-1 peptide and poly ICLC on days 12—15. Db-
GARC-1 specific activated CD8 T cells were assessed in blood by flow cytometry on day
19. Error bars indicate SEM. ns, not significant (p>0.05); *, p<0.01. Representative of two
independent experiments with similar results.
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Figure 4. Strong TCR signalsinduce DNA damage response following alkylating chemother apy
(A) OT-I mice were treated with temozolomide for five days and two days later splenocytes
were stimulated /n vitro with peptide for 48 hours. Cells were stained for CD8,
phosphorylated ATM and Ki67 and analyzed by flow cytometry. Representative plots are
gated on CD8+ cells. (B) Aggregate data of flow cytometry as performed in (A). Percentage
of proliferating (Ki67+) cells that were positive for phosphorylated ATM is plotted. Each
experiment was performed with three technical replicates derived from the splenocytes of
one mouse treated as indicated. Error bars indicate SEM. ns, not significant (£>0.05); **,
p<0.01; *** p<0.001. Data shown are pooled from two independent experiments with
similar outcome. (C) and (D) Aggregate data of flow cytometry performed as in (A) for OT-
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I mice given the indicated treatments. Error bars indicate SEM. ns, not significant (¢>0.05);
** p<0.01; *** p<0.001. (E) C57BL/6 mice (n=6-9 per group) were given the indicated
treatments then vaccinated daily for 4 days with ovalbumin and poly ICLC. 7 days after the
first vaccine antigen specific cells in blood were assessed by flow cytometry. Error bars
indicate SEM. ns, not significant (©>0.05); *, p<0.05; **, p<0.01. Data are pooled from
three independent experiments with similar results.
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Figure5. The affinity of vaccineresponding lymphocytesislower following temozolomide

(A) C57BL/6 mice (n=5 per group) were treated with TMZ as indicated and vaccinated daily
for 4 days with Ova and poly ICLC. 30 days later splenocytes were stained for KP-Ova and
CD8 and analyzed by flow cytometry. Antigen specific cells were gated as shown. (B)
Aggregate data of a representative experiment performed as in (A). Error bars indicate SEM.
** p<0.01. Data shown are representative of two independent experiments with similar
results. (C) C57BL/6 mice (n=3—-4 per group) were treated with the TMZ as indicated and
vaccinated daily for 4 days with Ova and poly ICLC. 7 days later splenocytes were stained
for KP-Ova and CD8. Relative affinity of vaccine responding CD8 T cells was calculated by
observing decay in normalized total fluorescence by flow cytometry as described in
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Materials and Methods. Curves shown are first order exponential decays fit to data. Error
bars indicate SEM. *, p<0.05; **, p<0.01. Data shown are pooled data of two independent
experiments with similar results. (D) C57BL/6 (n=7-8 per group) mice were treated with the
TMZ as indicated and vaccinated daily for 4 days with Ova and poly ICLC followed by 4
weekly boosters (as in Figure 2A) and terminally bled 70 days after the first vaccination.
Relative affinity was calculated by dividing the absorbance of ELISA wells plated with PBS
(control) by those plated with 1 M guanidinium chloride (chaotropic agent). Error bars
indicate SEM. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 6. CD8T cellsexpanded by vaccines following temozolomide have inferior functional
characteristics

(A) Nur776FP TCR signal strength reporter mice (n=4 per group) were treated with the TMZ
as indicated and vaccinated daily for 4 days with Ova and poly ICLC. 7 days later
splenocytes were plated with the indicated amount of SIINFEKL peptide for 8 hours.
Antigen specific T cells were identified by staining for KP-Ova and CD8, and GFP intensity
of antigen specific cells was assessed by flow cytometry. (B) Aggregate data of experiments
performed as described in (A). Error bars indicate SEM. *, p<0.05; **, p<0.01; ***,
p<0.001. Data shown are pooled from two independent experiments with similar results. (C)
C57BL/6 mice (n=3-4 per group) were treated with the TMZ as indicated and vaccinated
daily for 4 days with ovalbumin and poly ICLC. 7 days later mice splenocytes were plated
for 24 hours with the indicated amount of SIINFEKL peptide. Elaborated IFN-y was
measured by cytokine bead array and normalized to antigen specific T cells as indicated in
Materials and Methods. Error bars indicate SEM. *, p<0.05; **, p<0.01. Data shown are
pooled data from two independent experiments with similar results.
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Figure 7. Cyclophosphamide pre-treatment is associated with less survival benefit from
melanoma vaccines

(A) C57BL/6 mice (n=9 per group) were implanted subcutaneously with 7.5*10* B16-F10
melanoma cells. Mice were given cyclophosphamide as indicated day 2 after tumor
inoculation and vaccinated with B16—F10 cell line mutant peptides and poly ICLC on days
3-6 and17-20 after tumor inoculation. On day 10 after tumor inoculation leukocytes from
100 pL blood were incubated with splenocyte APC pulsed either with irrelevant (Ova-
derived) peptides or B16-F10 mutant peptide cocktail. Elaborated IFN-y was measured by
cytokine bead array for all 9 mice per group for vaccinated groups, 4 per group for non-
vaccinated groups. Error bars indicate SEM. *, p<0.05. (B) Survival of mice in (A). Mice
were sacrificed when tumors reached >1000 mm?3 in volume, survival is depicted by Kaplan-
Meier plot. P values shown are for log rank test. ns, not significant (£>0.05); *, p<0.05.
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