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Histone deacetylase inhibitors (HDACi) can modulate 
innate antiviral responses and render tumors more 
susceptible to oncolytic viruses (OVs); however, their 
effects on adaptive immunity in this context are largely 
unknown. Our present study reveals an unexpected 
property of the HDACi MS-275 that enhances viral 
vector-induced lymphopenia leading to selective deple-
tion of bystander lymphocytes and regulatory T cells 
while allowing expansion of antigen-specific secondary 
responses. Coadministration of vaccine plus drug  during 
the boosting phase focuses the immune response on 
the tumor by suppressing the primary immune response 
against the vaccine vector and enhancing the second-
ary response against the tumor antigen. Furthermore, 
improvement of T cell functionality was evident sug-
gesting that MS-275 can orchestrate a complex array of 
effects that synergize immunotherapy and viral oncoly-
sis. Surprisingly, while MS-275 dramatically enhanced 
efficacy, it suppressed autoimmune pathology, pro-
foundly improving the therapeutic index.
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publication 8 January 2013. doi:10.1038/mt.2012.265

IntroductIon
Oncolytic viruses (OVs) are promising therapeutics applicable to 
a variety of malignancies. One of the mechanisms defining the 
tumor selectivity of OVs is the fact that cancer cells frequently 
acquire defects in cellular innate antiviral responses, such as the 
type I interferon (IFN) pathway.1,2 As a result, it has been shown 
that IFN sensitive viruses such as vesicular stomatitis virus (VSV) 
are highly effective in targeting and killing tumor cells while spar-
ing normal tissues.3,4 However, the extent of IFN nonresponsive-
ness is variable in cancer cell lines and patient tumors, which 
represents an obstacle to effective OV therapy.5,6 Histone deacety-
lase inhibitors (HDACi) are small molecules that are currently 

being evaluated clinically for the treatment of cancer but are also 
known to prevent the transcriptional activation of antiviral genes 
after IFN stimulation or virus infection.7–9 We have recently dem-
onstrated that several HDACi can markedly enhance the suscep-
tibility of tumor cells to VSV killing, providing a pharmacological 
strategy to potentially increase the spectrum of malignancies 
amenable to OV therapy.10

However, HDACi are also under investigation as anti-
 inflammatory and immunosuppressive drugs. Evidence from dif-
ferent animal models indicates that HDACi therapy ameliorates 
inflammatory/autoimmune diseases, enhances allograft survival 
and induces immune tolerance in graft-versus-host disease.11–14 
Thus, although HDACi may enhance viral oncolysis, it is unclear 
whether such a benefit would be at the expense of the optimal 
development of antitumor immunity that may be required to syn-
ergize and/or sustain virus-induced tumor regression.

We have recently demonstrated that OVs can be engineered to 
express tumor-associated antigens and used as oncolytic vaccines 
in tumor-bearing hosts.15 In particular, when combined with a 
priming vaccine that expresses the same tumor antigen, oncolytic 
vaccines can lead to both tumor debulking by the virus and a large 
boost of tumor-specific cytotoxic T lymphocytes (CTL) in primed 
animals. Furthermore, the replicating oncolytic vector is amplified 
in the tumor leading to a larger boost in tumor-bearing animals 
leading to significantly enhanced numbers of antigen-specific 
tumor-infiltrating lymphocytes. We reasoned that the combina-
tion of HDACi and oncolytic vaccines would allow simultaneous 
investigation of the impact of HDACi on viral oncolysis and adap-
tive immunity against the virus and the tumor.

In the current study, we confirmed that MS-275, an inhibitor 
of class I HDACs, led to modestly prolonged viral replication 
in the tumor but dramatically enhanced tumor-free survival. 
Surprisingly, this drug was able to impair primary immune 
responses directed at the oncolytic vaccine vector while allowing 
for potent secondary immune responses focused on the tumor 
antigen transgene. In fact, coadministration of MS-275 with 
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an oncolytic VSV booster vaccine led to a severe but selective 
lymphopenia leaving the boosted antitumor lymphocytes intact 
while depleting both conventional lymphocytes and regulatory 
T cells (Treg). More strikingly, this combination therapy not 
only led to enhanced therapeutic efficacy but also suppressed 
vaccine-associated autoimmune pathology, yielding a profound 
improvement of the therapeutic index. Our data indicate that 
immunomodulation by HDACi occurs at multiple levels and 
their therapeutic benefit depends on the context and timing.

results
Ms-275 extends oncolytic VsV activity in tumors
We have previously demonstrated that MS-275 can facilitate 
VSV replication in different types of tumors by modifying IFN-
responsiveness both in vitro and in vivo.10 To test for such an activ-
ity in our current tumor model, we treated mice bearing 5-day-old 
intracranial B16-F10 melanomas with intravenous (i.v.) injection 
of an oncolytic VSV expressing the Firefly luciferase (VSV-Luc). 
MS-275 or vehicle was given intraperitoneally (i.p.) at a dose of 
100 µg/mouse on a daily basis for 5 days as optimized previously.10 
This confirmed that MS-275 coadministration extended VSV-Luc 
activity in these tumors (Supplementary Figure S1).

Ms-275 dramatically improves the therapeutic 
outcome in combination with an oncolytic booster 
vaccine
We have recently demonstrated that by engineering VSV to 
express human dopachrome tautomerase (VSV-hDCT), we 
could turn it into a very potent booster vaccine while retain-
ing its oncolytic properties in vivo.15 Combining a recombi-
nant adenoviral vector (Ad) expressing hDCT (Ad-hDCT) and 
VSV-hDCT in a prime-boost manner dramatically enhanced 
therapeutic efficacy. The potency of this combination strat-
egy prompted us to investigate whether coadministration of 
MS-275 with the oncolytic vaccine could further enhance this 
therapeutic strategy. Five days after intracranial inoculation of 
B16-F10 cells, mice were treated sequentially with Ad-hDCT 
and VSV-hDCT at a 14-day interval as described previously.15 
MS-275 was administered 2 hours before the VSV-hDCT onco-
lytic vaccine and then given once daily for 5 consecutive days, 
which coincided with the persistence of VSV and the peak of 
the boosted CTL response.15,16 Vaccination with the Ad-hDCT 
vaccine alone prolonged animal survival to a median of 25 days, 
and this therapeutic effect was further enhanced by VSV-hDCT 
boosting (Figure  1). Despite the improvement of the survival 
rate, however, most animals treated with the prime-boost regi-
men ultimately succumbed to tumor progression. MS-275 alone 
had no therapeutic effect in this cancer model. Remarkably, 
concomitant treatment with MS-275 at the time of VSV-hDCT 
delivery dramatically enhanced the efficacy of the combina-
tion treatment and cured 64% (n = 11) of the mice. No further 
 benefit was observed by giving MS-275 for more than 5 days 
(data not shown).

Interestingly, when MS-275 was administered with Ad-hDCT 
at the priming step, we actually observed an attenuation of the 
CD8+ therapeutic effect (Figure 1) suggesting that correct timing 
(i.e., at boosting phase) of MS-275 treatment is critical.

Ms-275 preserves secondary tumor-specific ctl and 
antibody responses but attenuates primary adaptive 
immunity against VsV
As MS-275 coadministration provided a rather mild extension 
of VSV-Luc activity in these tumors, we hypothesized that the 
drug might be serving to enhance the vaccine effects of our 
treatments which are key to efficacy in this model.15 We first 
examined the secondary immune response boosted by VSV by 
quantifying DCT-specific, IFN-γ-producing CD8+ T cells in 
the circulation at days 5 and 12 after VSV-hDCT booster vac-
cination. These time points were chosen based on our previous 
observation where the secondary T cell response induced by 
VSV-hDCT reached its peak at day 5 and declined after 12 days.15 
Surprisingly, the magnitude of the DCT-specific CD8+ T  cell 
response boosted by VSV vaccine was not further increased in 
the presence of MS-275 (Figure  2a). Similarly, DCT-specific 
IgG antibodies in plasma were significantly boosted regardless 
of MS-275 treatment (Figure 2b). Thus, MS-275 coadministra-
tion did not increase the secondary immune response to the 
tumor antigen transgene boosted by our oncolytic vaccine.

However, in the course of our immune analysis, we dis-
covered that primary responses against the oncolytic vaccine 
vector were largely disabled by coadministration of drug. To 
evaluate this, we first measured CD8+ T cell responses against 
an immunodominant epitope from the N-protein of VSV at day 
7 after VSV-hDCT inoculation. Consistent with our previous 
report, preimmunization with Ad-hDCT allowed a dramatic 
boost of DCT-specific secondary T cell response while decreas-
ing the primary response against VSV (Figure 2c). VSV-reactive 
CD8+ T cells were further reduced in the presence of MS-275 
confirming that MS-275 differentially influences expansion 
of memory and naïve CD8+ T cells. Importantly, neutralizing 
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Figure 1 Ms-275 dramatically enhances the efficacy of oncolytic 
booster vaccination in a very stringent therapeutic intracranial 
melanoma model. C57BL/6 mice (n = 10–12 for each treatment, 
pooled data from two experiments) were injected intracranially with 
1,000 B16-F10 cells. Five days later, they were vaccinated with 1 × 108 
pfu of Ad-hDCT i.m. Following a 14-day interval, mice were boosted 
with 1 × 109 pfu of VSV-hDCT i.v., with or without five consecutive 
daily treatments with 100 μg of MS-275 or vehicle i.p. beginning 
2 hours prior to injection of VSV. Controls either received Ad-BHG 
(empty vector) alone or Ad-hDCT ± MS-275 on day 5. An additional 
control group received five consecutive daily treatments with MS-275 
alone beginning on day 5 treatment. Ad, adenoviral; hDCT, human 
dopachrome tautomerase; VSV, vesicular stomatitis virus.



Molecular Therapy  vol. 21 no. 4 apr. 2013 889

© The American Society of Gene & Cell Therapy
MS-275 Divides Antitumor Immunity and Autoimmunity

antibodies against VSV were strongly inhibited by MS-275 coad-
ministration where induction of antibodies against the virus was 
delayed until after drug administration was halted (Figure 2d).

Altogether, these results highlight a very curious property of 
this drug as it is able to impede the generation of primary immune 
responses while leaving secondary responses entirely intact. This 
differential immunosuppression appears to allow for an immune 
response following oncolytic vaccine administration largely 
focused on the tumor antigen transgene.

Ms-275 enhances and sustains lymphopenia induced 
by VsV booster vaccination
It is well known that intravenous administration of VSV induces 
a transient lymphopenia.17,18 We have also noted that intravenous 
injection with VSV induced a rapid and severe lymphopenia with 
cell counts hitting a minimum at 24 hours (Figure 3a) as reported 
by others.17 The lymphocyte counts were recovered in 3–5 days 
and often led to a transient increase over the normal level. 
Surprisingly, although MS-275 alone had a moderate effect on 
lymphocyte numbers, it dramatically delayed the reconstitution 

when concomitantly administered with VSV (Figure 3a). Using 
an inactive analogue of MS-27519 (Supplementary Figure S2), 
we confirmed that the exacerbation of VSV-induced lymphope-
nia required HDAC inhibition. As VSV-induced lymphopenia 
has been shown to depend on type I IFN signaling in lympho-
cytes,17,20 we wondered whether polyIC, a classic inducer of type I 
IFN, would also generate this effect when combined with MS-275. 
Indeed, data in Supplementary Figure S3 indicate that polyIC 
+ MS-275 yielded an identical, extended lymphopenia though 
the mechanisms underlying the effect of MS-275 remain to be 
determined.

A closer examination indicated that both CD4 and CD8 T cell 
subsets and the B cell population were profoundly affected by the 
addition of MS-275 (Figure 3b–d). T cells were largely recovered 
in 2 weeks, but B cell recovery was much slower suggesting that B 
cells were more sensitive to the combination therapy. This treat-
ment significantly reduced CD4+CD8+ double positive T cells 
in the thymus (Supplementary Figure S4a). Further analysis in 
the bone marrow indicated that pre-B and immature B cells were 
almost completely eliminated by the combination treatment as 
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Figure 2 Ms-275 inhibits primary immune responses while leaving secondary immune responses intact. B16-F10 tumor-bearing C57BL/6 mice 
(n = 10, pooled data from two experiments) were primed with 1 × 108 pfu of Ad-hDCT i.m. and boosted 14 days later with 1 × 109 pfu of VSV-hDCT 
i.v. with or without five consecutive daily treatments with 100 μg of MS-275 i.p. beginning 2 hours prior to injection of VSV. (a) On indicated days, 
tumor-specific CD8+ T cell responses were quantified in blood by flow cytometry after in vitro restimulation with the immunodominant epitope 
DCT180–188 and intracellular cytokine staining for IFN-γ. (b) Using an in-cell western assay, IgG anti-hDCT antibodies were quantified in plasma. 
(c) CD8+ T cell responses against the immunodominant viral epitope were compared to the immunodominant DCT epitope 5 days following boost. 
(d) Anti-VSV neutralizing antibodies were monitored. All graphs show means + SE, one- or two-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 
0.001. Ad, adenoviral; hDCT, human dopachrome tautomerase; IFN, interferon; VSV, vesicular stomatitis virus.
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early as day 3 (Supplementary Figure S4b). These results suggest 
that MS-275 and VSV may have a synergistic effect on the survival 
of precursors leading to the delayed reconstitution of the periph-
eral T cells and B cells and a significantly extended lymphopenia 
in response to IFN.

Ms-275 improves ctl quality
We next sought to determine whether lymphopenia might actu-
ally provide a favorable environment (e.g., more cytokines) which 
would be predicted to promote the functionality of boosted CTL. 
Indeed, compared to Ad:VSV prime:boost alone, the addition of 
MS-275 significantly increased the frequency of CD8+ T cells that 
coexpressed tumor necrosis factor-α and IFN-γ (Figure 4a) and 
the increased intensity of their production (Figure  4b,c), indi-
cating a heightened response to stimulatory peptide. To further 
determine the impact of MS-275 on CTL functionality, we tested 
the avidity of CD8+ T cells from mice boosted with or without 
MS-275. Figure 4d shows that approximately sixfold more CD8+ 
T cells could respond to the lowest concentration of the immuno-
dominant peptide from DCT when mice had received MS-275 

treatment, confirming that CTL developed in this environment 
displayed an enhanced functionality.

Ms-275 reduces tregs, especially those that express a 
high level of Foxp3
The lymphopenia, especially the reduction of total CD4+ T cells, 
induced by MS-275 plus virus led us to assess it’s direct impact on 
CD4+ Foxp3+ Tregs. The number of Tregs in the blood was sig-
nificantly decreased during booster immunization, and it took 2 
weeks for them to recover (Figure  5a). Notably, the intensity of 
Foxp3 expression by Tregs was significantly lower in mice coad-
ministered MS-275 (Figure 5b) suggesting the drug may selectively 
remove Foxp3 high Tregs thought to have a stronger suppressive 
function.21,22 Downregulation of Treg in the context of an oncolytic 
booster vaccine increases the ratio of effectors to Tregs (Figure 5c) 
and may allow the secondary CD8+ T cell responses induced to 
function in a less stringently regulated environment. Consistent 
with observations in the periphery, reduction of Tregs and increase 
of antigen-specific effector T cells in the tumor were also evident 
in the group of combination therapy (Supplementary Figure S5).

Ms-275 prevents vaccine-induced autoimmune 
vitiligo
We have noted that mice treated with the our oncolytic vaccine 
prime:boost regimen targeting DCT developed severe systemic 
vitiligo (depigmentation), an indication of autoimmune destruc-
tion of normal melanocytes expressing DCT. Remarkably, how-
ever, the induction of systemic vitiligo was almost completely 
abolished by concomitant treatment with MS-275, in contrast to 
it’s effect on the enhancement of antitumor efficacy (Figure 6).

dIscussIon
We have previously reported that HDACi can modulate IFN sig-
naling pathways to enhance the susceptibility of tumor cells to OV 
killing, but their effect on the systemic immune responses in this 
context is unknown.10,23 Our current study demonstrates that coad-
ministration of MS-275, a class I HDACi that is currently in clini-
cal trials as anticancer agent, inhibits both the cellular and humoral 
immune that responses against the viral vector further supporting 
the combination strategy of HDACi and oncolytic  therapy. How-
ever, MS-275 also downregulates the primary response against 
tumor antigens compromising the induction of antitumor immu-
nity. This compromising effect can be avoided if coadministration of 
HDACi and oncolytic vaccine is carefully timed, namely at boosting 
phase, leading to synergy between oncolysis and T cell responses. 
Such a combination results in a selective lymphopenia that selec-
tively reduces Tregs and naïve lymphocytes providing a favorable 
environment allowing a focused expansion of highly functional 
antitumor CTLs. As a consequence, enhanced oncolytic activity 
and antitumor immunity lead to a more than 60% durable cure rate 
in a very challenging cancer model. Most strikingly, while MS-275 
dramatically enhanced efficacy, it suppressed autoimmune pathol-
ogy, profoundly improving the therapeutic index.

It is well known that intravenous delivery of VSV induces a 
transient lymphopenia that has been attributed to the coincident 
induction of type I IFNs.17,20 Some studies suggest that memory 
CD8+ T cells are more sensitive to IFN-dependent early attrition 
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Figure 3 VsV induces a transient lymphopenia that is significantly 
extended by Ms-275 coadministration. Ad-hDCT-primed mice (n = 12,  
pooled data from three experiments) were boosted with VSV-hDCT in 
the presence of MS-275, MS-275 analogue or carrier. As controls, mice 
received MS-275 or were untreated. (a) Numbers of cells per μl of blood 
are displayed over a 30-day period post-treatment. Horizontal dotted line 
represents average count for untreated mice. (b) CD4+, (c) CD8+ T cell, 
and (d) B cell counts are also indicated. Ad, adenoviral; hDCT, human 
dopachrome tautomerase; VSV, vesicular stomatitis virus.
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than naive CD8+ T cells, but others have argued that memory 
T cells have lowered expression of IFN receptor and STAT1, lead-
ing to reduced sensitivity to IFN-mediated depletion.24–27 Another 
group reported that both naïve and memory CD8+ T cells could 
be sensitized by IFN at the early stage of viral infection but 
antigen-specific T cells were rescued by subsequent antigenic 

stimulation while bystander T cells died after initial nonspecific 
activation.28 Our demonstration that pre-existing tumor antigen-
specific T cells could be dramatically boosted by oncolytic vaccine 
during lymphopenia appears to support the latter two possibili-
ties. Interestingly, coadministration of MS-275 prolonged the 
lymphopenia without affecting the expansion of secondary T cell 
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responses, further extending a favorable environment for the 
development of antitumor immunity while reducing/delaying 
antiviral responses. The drug alone did not significantly affect cir-
culating lymphocytes suggesting that its effect may lie in the delay 
of reconstitution. This speculation is supported by the observa-
tions that the virus:drug combo selectively eliminated lymphocyte 
precursors in the bone marrow and thymus, consistent with an 
important role for HDAC1/2 in lymphocyte development.29

It has been demonstrated in other cancer immunothera-
peutic settings that elimination of unwanted immune cells can 
provide supportive cytokines for the functional development of 
tumor antigen-specific CD8+ T cells particularly during adoptive 
cell therapy.30,31 The fact that a higher frequency of CD8+ T cells 
that can produce more IFN-γ and tumor necrosis factor-α was 
found in animals cotreated with MS-275 supports this notion.32 
It is notable that these T cells with enhanced cytokine profiles 
performed better in the functional avidity assay. Having CTL that 
respond more strongly to cognate antigen should lead to a more 
potent antitumor immune response. Our finding may also have 
important implications for adoptive cellular therapy because this 

IFN:drug combo is able to generate a transient lymphopenia while 
preserving the desired immune responses.33

Treg plays an important role in maintaining immunological tol-
erance to self/tumor antigens, and depletion of Treg is a key mech-
anism underlying the effectiveness of cancer  immunotherapy.34 In 
contrast to SAHA and VPA, which expand Tregs, MS-275 can 
downregulate Treg function.35 We demonstrate that in the con-
text of VSV infection, MS-275 reduces the number of Treg, espe-
cially those that express high levels of Foxp3,21,22 revealing a novel 
aspect of MS-275 as a strong immunomodulator. It is likely that 
the removal of Treg-mediated immune suppression contributes 
to the enhanced antitumor efficacy following the combination 
therapy. Among all cell populations, B cell depletion appeared to 
be most profound. This correlated with a reduction of neutral-
izing antibodies against the oncolytic vector, likely contributing 
to the enhanced viral replication that was observed in the tumor 
by in vivo imaging on days 4 and 5 after infection when neutral-
izing antibodies have begun to appear in the absence of drug. 
Interestingly, tumor-specific antibodies could still be boosted in 
the presence of the HDACi, suggesting that memory B cells must 
be resistant to elimination. Several recent studies suggest that naïve 
B cells or certain subsets of B cells negatively regulate antitumor 
immunity and depletion of B cells increases the efficacy of cancer 
vaccination.36 We speculate that removal of B cells together with 
Treg reduction may further antagonize inhibitory networks.37

Another novel and very important finding in this study is the 
prevention of vaccine-induced vitiligo by MS-275. Autoimmune 
pathology has been observed in both preclinical and clinical stud-
ies and has been considered an unavoidable outcome following 
cancer immunotherapy against a self/tumor antigen.38–40 In fact, 
the association of autoimmune pathology with enhanced clinical 
responses has even led to it being identified as a positive prog-
nostic factor.41,42 Using vitiligo as a read-out, we have previously 
demonstrated that inflammatory signals in the skin are essential 
to the recruitment of these DCT-specific T cells and to render 
normal melanocytes more susceptible to destruction (upregula-
tion of major histocompatibility complex/self antigens or stress 
molecules).43,44 Strikingly, disseminated vitiligo was dramatically 
diminished when MS-275 was codelivered with virus. To the best 
of our knowledge, this represents the first time that antimelanoma 
efficacy was dramatically enhanced with a simultaneous reduc-
tion in vitiligo. Type I IFN has been implicated as a key factor in 
triggering autoimmune tissue damage45 and the ability of MS-275 
to modify IFN signaling may contribute to reduced autoimmu-
nity. MS-275 also has known anti-inflammatory properties46–48, 
and we speculate that MS-275 administration may suppress these 
inflammatory signals and thus reduce the recruitment of effector 
cells into the skin. This notion is supported by other observations 
where MS-275 has a strong anti-inflammatory effect in ameliorat-
ing arthritis through inhibition of proinflammatory cytokines and 
immune cell recruitment.49 Our finding may offer a pharmacolog-
ical strategy to enhance antitumoral immunity while preventing 
unwanted autoimmune sequelae.

In summary, we sought to combine an oncolytic vaccine therapy 
with an HDACi previously demonstrated to enhance viral oncolysis 
by modifying IFN signaling and found that this combination also 
mediated significant modification of both antiviral and antitumor 

Ad-hDCT + VSV-hDCT Ad-hDCT + VSV-hDCT + MS-275

Figure 6 coadministration of Ms-275 during boosting dramatically 
reduces autoimmunity. Tumor-bearing C57BL/6 mice were treated with 
Ad-hDCT + VSV-hDCT in the presence or absence of MS-275 and their 
vitiligo development was recorded (representatives of 30 mice for each 
treatment). The left panel displays five mice 2 months after Ad-hDCT + VSV-
hDCT vaccination. The right panel displays five mice having been treated 
with Ad-hDCT + VSV-hDCT + MS-275 also 2 months after boosting. Note 
that MS-275 was administered during boosting and therefore failed to pre-
vent vitiligo at surgical site on the head where Ad-hDCT priming alone was 
able to induce vitiligo localized to the site of surgical. Ad, adenoviral; hDCT, 
human dopachrome tautomerase; VSV, vesicular stomatitis virus.
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acquired immunity. By reducing antiviral responses while focusing 
the immune response on the tumor, we were able to extend viral 
oncolysis, enhance antitumor destruction and even reduce autoim-
mune sequelae. The selective immunosuppressive actions of this 
drug imply that it should not be combined with therapies aimed 
at generating primary immune responses including not only vac-
cination but potentially also viral oncolysis as the drug may impair 
in situ vaccine effects even while enhancing viral replication. Our 
results provide the evidence that MS-275 can function as a selec-
tively immunosuppressive drug that can enhance the potency of 
an oncolytic vaccine booster. Importantly, this differential immu-
nosuppression can be induced in combination with nonviral IFN 
inducers such as Poly I:C. This study highlights the importance of 
monitoring immunity while combining chemotherapy and biolog-
ics as unexpected interactions may occur.

MaterIals and Methods
Mice. Female, age-matched (8–10 weeks old at initiation of experiments) 
C57BL/6 were purchased from Charles River Laboratories (Wilmington, 
MA) and housed in a controlled environment in the Central Animal 
Facility at McMaster University with food and water provided ad libi-
tum. All animal experimentation was approved by McMaster University’s 
Animal Research Ethics Board and complied with the Canadian Council 
on Animal Care guidelines.

Viral vectors. Ad-hDCT is a replication-deficient, E1/E3-deleted Ad  vector 
containing the full-length hDCT transgene.44 Replication-competent VSV-
hDCT and VSV-Luc carry transgenes encoding hDCT and firefly luciferase, 
respectively, and have been described.15,50 The Ad-BHG and VSV-MT were 
control vectors, lacking a transgene.

Cells and culture conditions. B16-F10 cells were grown at 37 °C in a 
humidified atmosphere with 5% CO2 in F11-minimum essential medium 
containing 10% fetal bovine serum, 2 mmol/l L-glutamine, 5 ml sodium 
pyruvate, 5 ml minimum essential medium nonessential amino acids, 5 ml 
vitamin solution, 55 µmol/l 2-mercaptoethanol and antibiotics (all cell cul-
ture reagents from Invitrogen, Grand Island, NY).

Prime-boost protocol. Mice were primed by intramuscular injection of 1 × 
108 pfu of Ad. For boosting, 1 × 109 pfu of VSV was injected intravenously 
14 days later.

Cancer model. To establish intracranial tumors, mice received intracranial 
injections of 1 × 103 B16-F10 cells in 1 μl of phosphate-buffered saline (PBS). 
Under anesthetic, mice were placed in a stereotactic instrument (Xymotech 
Biosystems Inc, Mont-Royal, Quebec, Canada) and an incision made in the 
scalp to expose the skull. A small burr hole was drilled through the skull at 
the injection site. Cells were injected with a 26-gauge needle mounted on 
a 10 μl Hamilton syringe (Hamilton Company, Reno, NV) at the following 
site in the right hemisphere of the brain (relative to bregma): 0.62 mm ante-
rior, 2.25 mm lateral, and 4.0 mm deep. Cells were injected over a period of 
1 minute and the needle was left in place for 2 minutes prior to withdrawal 
to minimize reflux along the injection tract. The scalp incision was closed 
with stainless steel clips that were removed 7–10 days later.

Peptides. The immunodominant peptide from DCT that binds to H-2Kb 
(DCT180–188, SVYDFFVWL) was synthesized by PepScan Systems (Lelystad, 
The Netherlands). The H-2Kb-restricted epitope from the N protein of VSV 
(RGYVYQGL) was purchased from Biomer Technologies (Hayward, CA).

Antibodies. Monoclonal antibodies recognizing the following targets were 
used for flow cytometry assays: CD16/CD32 (Fc Block), CD3 (clone 145-
2C11), CD4 (RM4-5), CD8 (53–6.7), IFN-γ (XMG1.2), tumor necrosis 
factor-α (MP6-XT22), CD19 (1D3), B220 (RA3-6B2) (BD Biosciences, 

Mississauga, Ontario, Canada), and Foxp3 (FJK-16s) (eBioscience, San 
Diego, CA).

Detection of antigen-specific T cell responses. Peripheral lympho-
cytes were restimulated with peptides (1 μg/ml) at 37 °C for 5 hours with 
brefeldin A (Golgi Plug, 1 μg/ml; BD Biosciences) added after 1 hour. Cells 
were treated with Fc block, stained for surface expression of CD3 and CD8 
and then fixed, permeabilized (Cytofix/Cytoperm, BD Biosciences), and 
stained for intracellular IFN-γ and tumor necrosis factor-α. Data were 
acquired using a FACSCanto with FACSDiva software (BD Biosciences) 
and analyzed with FlowJo software (Tree Star, Ashland, OR).

T cell functional avidity assay. The functional avidity of T cells was deter-
mined with the same method used to assess antigen-specific responses 
(above) with modifications. Specifically, lymphocytes were stimulated 
in vitro with tenfold serial peptide dilutions ranging from 1 μg/ml to 10 pg/ml.  
The frequency of CD8+ T cells that produced IFN-γ at each peptide con-
centration was determined. These results were then plotted as the propor-
tion of cell responding relative to the response induced by the highest 
concentration (i.e., 1 μg/ml) of peptide.

Detection of VSV-neutralizing antibodies. Serum or plasma samples were 
acquired from blood. Vero cells were seeded into a flat-bottom 96-well culture 
plate (BD Biosciences) at a density of 12,500 cells/well. Twenty-four hours 
later, serum or plasma samples were diluted 1/50 in serum-free medium. 
This, plus subsequent 1:2 serial dilutions were made in a separate 96-well 
plate (50 μl per well). To each well, 2 × 105 pfu of VSV in 50 μl of serum-free 
medium was added and allowed to incubate for 1 hour at 37 °C. Each aliquot 
of serum/plasma + VSV was then transferred to a well of confluent Vero cells 
and incubated for 48 hours at 37 °C. Cell viability was assessed by alamar 
blue staining (Invitrogen) and detection using a fluoroskan reader (Thermo, 
Nepean, Ontario, Canada). The neutralizing antibody titer was defined as 
the serum/plasma dilution at which cell viability remained 50% of the cells-
only positive control.

Quantification of DCT-specific antibodies. DCT-specific antibodies were 
detected using an in-cell western blotting assay. U-2OS cells were seeded into 
a 96-well flat-bottom culture plate and cultured at 37 °C. Once confluent, 
they were infected with a vaccinia vector expressing hDCT at a multiplicity 
of infection of 5 for 6 hours. Infected cells were fixed in the plates with 100 μl 
of 4% paraformaldehyde for 15 minutes at 37 °C, followed by the addition of 
100 μl of ice-cold acetone:methanol (1:1) for 5 minutes at room temperature. 
Cells were rehydrated with PBS. Plates were blocked with 1% BSA (wt/vol) 
in PBS overnight at 4 °C or for 1 hour at room temperature. Blocking solu-
tion was removed and the plates washed three times with 0.1% Tween-20 
(v/v) in PBS. Serum/plasma samples were diluted (six serial dilutions per 
sample, done in duplicate) in a separate 96-well plate and then transferred 
onto the fixed cells for 1 hour at room temperature on a shaker or overnight 
at 4 °C. Plates were washed three times and Alexa Fluor 680-conjugated goat 
antimouse secondary antibody diluted 1:2,000 in PBS was added to each 
well for 1 hour at room temperature on a shaker. Plates were washed three 
times and fluorescence detected using an Odyssey Imaging System (LI-COR 
Biosciences, Lincoln, NE). Average background fluorescence (cells + sec-
ondary antibody only) was subtracted from values obtained from samples. 
The adjusted optical density values were then plotted for all dilutions for each 
sample. The area under the curve was determined for each sample and used 
to plot the magnitude of the antibody response.

In vivo imaging of VSV infection. Mice bearing 5-day-old B16-F10 intra-
cranial melanomas received i.v. injections of 4 × 108 pfu of VSV-Luc with 
or without cotreatment with MS-275. Each of the 4 days following treat-
ment with VSV, mice were injected with 3 mg of d-luciferin (Molecular 
Imaging Products Company, Ann Arbor, MI) intraperitoneally. Under 
anesthetic, VSV infection was visualized with a 200 Series Imaging System 
(Xenogen Corporation, Hopkinton, MA). Data acquisition and analysis 
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were performed using Living Image v2.5 software (Xenogen, Almeda, CA). 
Images were  captured under identical exposure, aperture and pixel binning 
settings.

Statistical analyses. GraphPad Prism for Windows (GraphPad Software, 
San Diego, CA) was used for graphing. For statistical analyses, GraphPad 
Prism and Minitab Statistical Software (Minitab Inc., State College, PA) 
were used. If required, data were normalized by log transformation. 
Student’s two-tailed t-test, one- or two-way analysis of variance or  general 
linear modeling was used to query immune response data. Differences 
between means were considered significant at P ≤ 0.05. Means plus 
 standard error bars are shown. Survival data were analyzed using the 
Kaplan–Meier method and the logrank test.

suPPleMentarY MaterIal
Figure S1. Coadministration of MS-275 extends VSV-luc activity in 
B16-F10 tumors.
Figure S2. Structure of MS-275 and inactive analogue.
Figure S3. PolyI:C induces a lymphopenia that is extended by MS-
275 coadministration.
Figure S4. Coadministration of VSV and MS-275 depleted immature 
lymphocyte precursors in bone marrow and thymus.
Figure S5. Combination therapy reduces Tregs but increases effector 
T cells in the tumor.
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