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Abstract
Cancer immunotherapies have generated remarkable clinical responses for some patients with advanced/metastatic disease, 
prompting exploration of rational combination therapies to bolster anti-tumor immunity in patients with limited response 
or those who experience tumor progression following an initial response to immunotherapy. In contrast to other tumor 
indications, objective response rates to single-agent PD-1/PD-L1 blockade in ovarian cancer are limited, suggesting a need 
to identify combinatorial approaches that lead to tumor regression in a setting where checkpoint blockade alone is ineffec-
tive. Using a pre-clinical model of aggressive intraperitoneal ovarian cancer, we have previously reported on a heterologous 
prime/boost cancer vaccine that elicits robust anti-tumor immunity, prolongs survival of tumor-bearing mice, and which 
is further improved when combined with checkpoint blockade. As tumor control in this model is CD8 + T cell dependent, 
we reasoned that the prime/boost vaccine platform could be used to explore additional treatment combinations intended 
to bolster the effects of CD8 + T cells. Using whole tumor transcriptomic data, we identified candidate therapeutic targets 
anticipated to rationally combine with prime/boost vaccination. In the context of a highly effective cancer vaccine, CD27 
agonism or antibody-mediated depletion of granulocytic cells each modestly increased tumor control following vaccina-
tion, with anti-PD-1 therapy further improving treatment efficacy. These findings support the use of immunotherapies with 
well-defined mechanisms(s) of action as a valuable platform for identifying candidate combination approaches for further 
therapeutic testing in ovarian cancer.
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Introduction

Cancer immunotherapies have demonstrated impressive 
clinical activity in some patients with advanced and meta-
static cancer. As such, identifying immunological features 
of tumors that inform rational combination therapies, 
improve clinical response rates, and produce complete and 
durable tumor regression is actively being pursued. Tumors 
are equipped, either intrinsically or via adaptive resistance 
mechanisms [1, 2], to evade immune attack and limit immu-
notherapy effectiveness. Moreover, diverse mechanisms of 
therapeutic failure following immune checkpoint block-
ade (ICB) have emerged, including loss of immunogenic 
antigens, impaired antigen processing/presentation, tumor 
infiltration by suppressive cells (eg. MDSC or Tregs), 
upregulation of additional checkpoint receptors by T cells, 
and mutations in JAK/STAT signaling [3]. Therefore, iden-
tifying treatment modalities that synergize with ICB to 
enhance therapeutic response when ICB alone is ineffec-
tive, or which restore anti-tumor immunity following ICB 
failure are needed. This is particularly important in cancers 
with limited clinical response to ICB, including ovarian can-
cer, where objective responses to single-agent PD-1/PD-L1 
blockade were only 10–15% among ovarian cancer patients 
in recent clinical trials [4].

Our group has focused extensively on therapeutic cancer 
vaccines to treat ovarian cancer patients [5–7]. In a recent 
report, we demonstrated using a pre-clinical intraperitoneal 
ovarian cancer model that a potent heterologous adjuvant-
based prime/oncolytic virus boost vaccine significantly 
delayed tumor progression [8]. Therapeutic efficacy was 
further enhanced when vaccination was combined with an 
anti-PD-1 antibody, where anti-PD-1 reversed tumor-spe-
cific CD8 + T cell dysfunction in the tumor microenviron-
ment (TME). As tumor control following vaccination in this 
model is CD8 + T cell dependent, we reasoned the prime/
boost vaccine could be used to identify and test additional 
combination therapies aimed at augmenting tumor-specific 
CD8 + T cell activity. To this end, candidate therapeutic 
targets to test in combination with prime/boost vaccination 
were identified from tumor transcriptomic data [8] and com-
bined with prime/boost vaccination alone or in combina-
tion with checkpoint blockade. A CD27 agonist antibody or 
antibody-mediated depletion of myeloid cells each modestly 
improved the already effective vaccine ± anti-PD-1 therapy, 
suggesting these pathways have relevance in enhancing the 
activity of tumor-specific CD8 + T cells in ovarian cancer 
and warrant further exploration. These studies provide novel 
insights into strategies intended to enhance vaccine-induced 
CD8 + T cells, as well as the significance of the PD-1 path-
way in regulating anti-tumor immunity.

Results

CD27 agonism improves the impact of a potent 
prime/boost cancer vaccine

We previously tested therapeutic prime/boost vacci-
nation in the intraperitoneal murine IE9-mp1 ovarian 
cancer model, which expresses ovalbumin (OVA) as a 
model tumor antigen [8]. Combining the adjuvant-based 
MIS416 + OVA vaccine (MIS) with an oncolytic Maraba 
virus engineered to express OVA (MRB-OVA) as a vac-
cine booster (referred to as MIS/MRB) delayed tumor 
progression and was accompanied by upregulation of an 
intratumoral T cell signature that included the T cell-
associated co-stimulatory receptor CD27 [8]. Further 
analysis of whole tumor transcriptomic data revealed that 
expression of CD70, the cognate CD27 ligand [9, 10], 
was generally low and did not increase following MIS 
alone or MIS/MRB (Fig. 1a), raising the possibility that 
insufficient CD27 co-stimulation impeded CD8 + T cell 
function. As OVA-specific CD8 + T cells expressed CD27 
(albeit at reduced levels) following MIS/MRB (Fig. 1b), 
we reasoned that CD27 agonism might improve vaccine 
response by augmenting tumor-specific CD8 + T cell 
expansion, persistence, and/or function. Agonist anti-
CD27 delivery (Fig. 1c) to coincide with CD8 + T cell 
expansion and peak response following MIS/MRB [8] 
delayed tumor progression (Fig. 1d) and improved sur-
vival (Fig. 1e).

CD27 co‑stimulation following vaccination does 
not overcome CD8 + T cell dysfunction in the TME 
and addition of PD‑1 blockade further improves 
tumor control

Increased therapeutic efficacy following MIS/MRB + anti-
CD27 correlated with a transient increase in circulating 
OVA-specific CD8 + T cells (Fig. 2a). However, cellular 
analysis 15 days following MRB-boosting revealed that 
while high frequencies of T cells were present within 
the TME, no change in the accumulation of intraperi-
toneal OVA-specific CD8 + tumor-associated lympho-
cytes (TALs), total CD3 + TILs (Fig. 2b and c), or clear 
functional enhancement of OVA-specific CD8 + T cells 
in either the periphery or TME (Fig. 2d) occurred as a 
result of CD27 co-stimulation. These findings suggested 
that CD27 agonism had only a transient impact and was 
insufficient to durably increase T cell accumulation or 
reverse CD8 + T cell dysfunction in the ovarian TME. The 
elevated PD-1 expression on OVA-specific CD8 + TALs 
[8] was not impacted by CD27 agonism (Fig. 2e), and 
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Fig. 1   CD27 co-stimulation improves therapeutic prime/boost vac-
cination. a Intratumoral expression of CD70 assessed by Nanostring 
following treatment (n = 8) b Representative FACs plot demonstrating 
relative CD27 expression on OVA-specific and non-specific CD8 + T 
cells following MIS/MRB Vaccination. c Schematic representation 
of experimental design and treatment schedule for MIS/MRB + anti-

CD27/IgG Control. d IE9-mp1 tumor progression in mice follow-
ing MIS/MRB combined with IgG Control ( ) or anti-CD27 
( ) (n = 4–5). e Compiled survival data for tumor-bearing mice as 
described in d (n = 11). Data presented as mean ± SEM. Data in (d) 
are from one representative experiment
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Fig. 2   CD27 co-stimulation following prime/boost vaccination is fur-
ther enhanced by PD-1 blockade. a % OVA-specific CD8 + T cells 
were assessed in the blood at indicated time points post-vaccination 
with MIS/MRB combined with IgG ( ) or anti-CD27 ( ) (n = 3–9/
time point). b OVA-specific CD8 + TALs were assessed in the peri-
toneal TME and CD3 + TILs in solid tumor lesions following MIS/
MRB + IgG or anti-CD27 (n = 3). c Representative CD3 staining of 
tumors isolated from mice following treatment with MIS/MRB + IgG 
or anti-CD27 (Scale bar = 200  μm). d Left Panel: Representa-
tive FACs plots showing matched OVA257-264 tetramer staining and 

ex vivo function of CD8 + TALs following OVA257-264 peptide stimu-
lation. Right Panel: OVA-specific CD8 + T cell function assessed as 
a ratio of % IFN-γ producing to tetramer + CD8 + T cells following 
treatment in the spleen and TME (n = 3). Mice were treated with 
MIS/MRB + IgG or anti-CD27 as indicated. e Representative FACs 
plot comparing PD-1 expression on OVA-specific CD8 + TALs in the 
TME following MIS/MRB + IgG or anti-CD27. f IE9-mp1 tumor pro-
gression in mice following MIS/MRB combined with IgG ( ), anti-
CD27 ( ), anti-PD-1 ( ), or anti-PD-1 + anti-CD27 ( ) (n = 4–5). 
Data presented as mean ± SEM. Data in (f) are from one experiment
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tumor control resulting from MIS/MRB + anti-CD27 was 
improved when anti-PD-1 therapy was added to the treat-
ment regimen (Fig. 2f), although this combination was 
not significantly better than MIS/MRB + anti-PD-1 alone.

Granulocytic cell accumulation negatively correlates 
with CD3 + TIL in human ovarian tumors

In addition to targeting T cell co-stimulatory/co-inhibitory 
pathways, limiting intratumoral infiltration or function of 
suppressive immune cells can improve intratumoral T cell 

function. Tumor immune profiling of IE9-mp1 ovarian 
tumors suggested infiltration by diverse immune cell popu-
lations (including multiple T cell and myeloid cell subsets), 
which were further increased following prime/boost vaccina-
tion [8]. In line with this pre-clinical data, analysis of infil-
trating immune cells from human ovarian cancer surgical 
specimens demonstrated abundant accumulation of CD3 + T 
cells, as well as CD15 + granulocytic and CD14 + mono-
cytic myeloid cells (Fig. 3a). Of note, CD3 + TIL frequency 
positively correlated with infiltration of CD14 + monocytic 
cells, but negatively correlated with CD15 + granulocytic 
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cell accumulation (Fig. 3b), suggesting that granulocytic cell 
infiltration in ovarian tumors might negatively impact the 
accumulation and/or persistence of CD3 + TIL.

Myeloid cell depletion improves prime/boost 
vaccination when combined with PD‑1 checkpoint 
blockade

To examine whether myeloid cells were contributing to 
immune suppression and limiting the efficacy of MIS/MRB, 
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cellular depletion using an anti-Ly6G/Ly6C antibody was 
combined with MIS/MRB (Fig. 4a). MIS/MRB + anti-Ly6G/
Ly6C was well tolerated, however, 2/25 mice developed tox-
icity (weight loss, poor body condition) requiring euthanasia. 
As the RB6-8C5 antibody competes for binding with the IA8 
anti-Ly6G antibody commonly used for cell phenotyping [11], 
effective myeloid cell depletion was assessed on circulating 
CD11b + myeloid cell subsets based on Ly6C expression and 
SSC profile (Fig. 4b). Anti-Ly6G/Ly6C treatment did not sig-
nificantly impact the frequency of circulating CD11b + mye-
loid cells or monocytes but resulted in a significant reduction 
of Ly6CloSSChi granulocytic cells (Fig. 4b). Anti-Ly6G/Ly6C 
delivery did not significantly improve survival of tumor-bear-
ing mice (Fig. 4c) or reverse the dysfunction of tumor-specific 
CD8 + TALs following MIS/MRB (Fig. 4d) despite a more 
than 2.5-fold reduction in CD11b + myeloid cells in the TME 
(Fig. 4e). Residual CD11b + myeloid cells in the TME fol-
lowing anti-Ly6G/Ly6C depletion had elevated surface PD-L1 
compared to myeloid cells in the blood and spleen (Fig. 4f) 
and while delivery of single-agent anti-Ly6G/Ly6C or anti-
PD-1 improved prime/boost vaccination, combining both anti-
body therapies with MIS/MRB resulted in a further increase 
in tumor control compared to either monotherapy (Fig. 4g). 
Together, these data point to a role for depletion of immuno-
suppressive myeloid cells as a strategy for enhancing the effi-
cacy of immunotherapeutic combinations for ovarian cancer.

Discussion

While effective in pre-clinical models, cancer vaccines 
demonstrate only modest clinical efficacy in ovarian cancer 
[12]. However, technical advancements including improved 
antigen discovery [13] and approaches to bolster vaccine 

effectiveness [14] continue to drive interest in cancer vaccine 
development. In the current study, we identified strategies 
that enhance an already effective prime/boost cancer vaccine 
and which are complemented by ICB. The approach of using 
a robust cancer immunotherapy as a therapeutic screening 
platform has solid potential for identifying rational targets 
and mechanistic defects likely to augment anti-tumor immu-
nity or synergize with existing therapies.

We identified that insufficient T cell co-stimulation via 
the CD27/CD70 axis limited MIS/MRB efficacy. While 
CD27 co-stimulation delayed tumor growth, efficacy was 
further improved when vaccination was combined with anti-
PD-1 and anti-CD27. This is in line with clinical observa-
tions combining a CD27 agonist with PD-1 blockade, which 
led to a partial response or stable disease in 24 of 49 ovarian 
cancer patients (49%), with intratumoral increases in PD-L1 
expression and CD8 + T cells correlating with improved out-
come [15].

Similarly, reducing CD11b + myeloid cell accumulation 
in the TME using a depleting antibody, particularly follow-
ing PD-1 blockade, also improved vaccine efficacy. In line 
with previous observations [11], Ly6G/Ly6C-specific anti-
body delivery led to granulocytic cell depletion, however, we 
cannot definitively rule out effects on additional Ly6G + or 
Ly6C + cells. A recent report from our group demonstrated 
that mature neutrophils can actively suppress T cells fol-
lowing exposure to ovarian cancer ascites [16] and this is 
further supported by the current study, where we observed 
tumor- infiltrating granulocytic cells to negatively correlate 
with CD3 + TILs in human ovarian cancer. Data from our 
pre-clinical model further suggest that suppressive myeloid 
cells can limit the activity of vaccine-elicited T cells. Given 
the suppressive function of intratumoral myeloid cells, strat-
egies to limit tumor infiltration or re-polarize myeloid cells 
are being explored clinically [17]. Whether targeting discrete 
myeloid cell subsets leads to meaningful clinical benefit or 
will necessitate combination therapy remains to be deter-
mined. In this regard, the high PD-L1 expression on intratu-
moral myeloid cells observed in this study is consistent with 
data highlighting a mechanistic role for PD-L1 + myeloid 
cells in suppressing anti-tumor immunity and the response 
to ICB [18]. Importantly, the elevated PD-L1 on myeloid 
cells in the context of strong inflammatory signals in the 
TME elicited through prime/boost vaccination [8] suggests 
that therapies aimed at generating pro-inflammatory myeloid 
cells should consider the PD-L1 status of resulting myeloid 
cell subsets and whether such interventions will necessitate 
ICB to improve anti-tumor immunity.

Our findings highlight that while antibody-based ther-
apies acting directly on T cells or indirectly via myeloid 
cell targeting can positively impact the anti-tumor T cell 
response, addition of PD-1 blockade further enhanced T 
cell activity in the TME. This point is strengthened by our 

Fig. 4   Depletion of myeloid cells improves prime/boost vaccina-
tion and is further enhanced by PD-1 blockade. a Schematic repre-
sentation of experimental design and treatment schedule for MIS/
MRB + anti-Ly6G/Ly6C or IgG Control. b Left Panel: Changes in 
indicated myeloid cell subsets in the peripheral blood following MIS/
MRB + IgG or anti-Ly6G/Ly6C (n = 5). Right Panel: Representative 
FACs plots demonstrating myeloid cell sub-setting used to assess 
changes in myeloid cells following MIS/MRB + IgG or anti-Ly6G/
Ly6C as shown in Left Panel. c Compiled survival data of IE9-mp1 
tumor-bearing mice treated with MIS/MRB + IgG ( ) or anti-Ly6G/
Ly6C ( ) (n = 13). d Representative FACs plots showing matched 
OVA257-264 tetramer staining and ex  vivo function of CD8 + TALs 
following OVA257-264 peptide stimulation. Mice were treated with 
MIS/MRB + IgG or anti-Ly6G/Ly6C as indicated. e Frequency 
of CD11b + myeloid cells in the peritoneal TME following MIS/
MRB + IgG or anti-Ly6G/Ly6C (n = 5). f PD-L1 MFI for residual 
CD11b + myeloid cells in the blood, spleen, and peritoneal TME fol-
lowing MIS/MRB + anti-Ly6G/Ly6C (n = 5). g IE9-mp1 tumor pro-
gression in mice following MIS/MRB combined with IgG ( ), anti-
Ly6G/Ly6C ( ), anti-PD-1 ( ), or anti-Ly6G/Ly6C + anti-PD-1 (
) (n = 3–5). Data presented as mean ± SEM. Data in (g) are from a 
single experiment

◂
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previous observation that the dysfunction of tumor-specific 
CD8 + T cells in the TME following MIS/MRB was largely 
reversed when vaccination was combined with PD-1 block-
ade [8]. As the landscape of clinical cancer immunotherapies 
continues to develop, an improved understanding of how 
specific treatment combinations enhance and/or broaden the 
functionality of tumor-specific T cells will allow for refined 
therapeutic approaches based on an individual’s tumor 
immune landscape.

Numerous ICB agents are being explored pre-clinically, 
are under clinical evaluation, or have received regulatory 
approval, and ICB is rapidly becoming part of the clinical 
standard of care. Therefore, identifying the appropriate con-
text for combining emerging therapies with ICB is necessary 
to effectively design future clinical immunotherapy trials 
[19]. This will undoubtedly require improved pre-clinical 
tumor models that take into consideration tumor hetero-
geneity, variably immunogenic tumor landscapes, as well 
ICB resistance/failure. In this regard, we have previously 
reported that antigen loss variants (ALV) emerge in a subset 
of relapsing tumors isolated from mice treated with MIS/
MRB + anti-PD-1 in the setting of advanced ovarian cancer 
[8]. Outgrowth of ALV occurs during the immune evolution 
of tumors, and pre-clinical models of ALV represent valua-
ble tools to understand how antigen/epitope spreading might 
sustain immune attack following antigen loss. Importantly, 
ALV emerged in all relapsed IE9-mp1 tumors following 
MIS/MRB + anti-PD-1/CD27 (unpublished data), indicat-
ing that (i) ALV prevent complete tumor eradication in this 
model, (ii) ALV outgrowth limits determination of the full 
therapeutic potential of MIS/MRB + anti-PD-1/CD27, thus 
preventing a clear understanding of to what degree CD27 
agonism can improve the MIS/MRB + anti-PD-1 combina-
tion and (iii) any broadening of T cell responses to additional 
tumor antigens following therapy is not sufficient to sustain 
tumor attack in the context of ALV. Whether this is due to 
low tumor immunogenicity at relapse, limited tumor-specific 
T cell repertoire, or upregulation of additional resistance 
mechanisms remains an active area of investigation. In this 
regard, identification of tumor reactive T cells with specific-
ity for a broader array of tumor antigens (present either at 
baseline or which may become detectable through epitope 
spreading following prime/boost vaccination) could allow 
for additional vaccinations to counteract tumor immune 
evasion following single antigen loss, provided resistance 
mechanisms in the TME do not significantly hinder durable 
T cell activity.

While effective in some cancers, clinical responses to 
immunotherapy in ovarian cancer have been less frequent. 
However, complete clinical responses in some patients 
combined with clear prognostic value of intraepithelial 
CD8 + TIL [20] suggest that ovarian tumors are immuno-
logically positioned to respond. Using a prime/boost cancer 

vaccine to elicit robust expansion of tumor-specific CD8 + T 
cells, we have identified therapies that rationally combine 
with cancer vaccines and/or checkpoint inhibitors. These 
findings underscore that generating durable tumor attack by 
T cells requires a multi-faceted approach, which may need 
to co-evolve with tumor progression and/or a shifting intra-
tumoral immune landscape during treatment.

Methods

Tumor challenge and Immunization

Mice were challenged with 107 IE9-mp1 in 500 μl PBS 
by IP injection. Mice were immunized beginning 12 days 
post-tumor implantation. Preparation and administration 
of the MIS416 + OVA and MRB-OVA vaccines used in 
this study have been previously detailed [8]. As IE9-mp1 
tumors develop as widely disseminated disease within the 
peritioneal cavity, tumor progression was tracked based on 
increase in abdominal circumference due to accumulation of 
peritoneal ascites. This approach is based on our previous 
findings using serial magnetic resonance imaging (MRI) to 
track tumor growth [8], where accumulation of ascites was 
observed to closely parallel increases in solid tumor bur-
den and disease progression. Mice were euthanized when 
abdominal circumference was ≥ 10 cm or when mice exhib-
ited reduced body condition due to tumor progression.

In vivo Monoclonal antibody delivery

Monoclonal antibodies or relevant IgG controls were deliv-
ered to mice by IP injection (200 μg/mouse/dose in 200 μl 
of PBS). Gr-1 depletion (Clone RB6-8C5) was commenced 
two days after Maraba boosting and was delivered on two 
consecutive days and then every third day for a total of 5 
doses. For PD-1 blockade, anti-PD-1 (Clone RMP1-14) 
was delivered every third day to mice beginning the day of 
Maraba boosting for a total of 5 doses. Anti-CD27 agonist 
antibody (Clone AT124-1) was administered on days 3 and 
7 following MRB-OVA boosting.

A detailed description of additional methods has been 
included as a supplemental file.
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