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We have developed a personalized vaccine in which patient-
derived leukemia cells are fused to autologous dendritic cells,
evoking a polyclonal T-cell response against shared antigens

and neoantigens. We postulated that the dendritic cell/acute myeloid
leukemia fusion vaccine would demonstrate synergy with checkpoint
blockade by expanding tumor antigen-specific lymphocytes that would
provide a critical substrate for checkpoint blockade-mediated activation.
Using an immunocompetent murine leukemia model, we examined the
immunological response to and therapeutic efficacy of vaccination in
conjunction with checkpoint blockade with respect to leukemia engraft-
ment, disease burden, survival and the induction of tumor-specific
immunity. Mice treated with checkpoint blockade alone had rapid pro-
gression of leukemia and only a modest extension of survival.
Vaccination with dendritic cell/acute myeloid leukemia fusions resulted
in the expansion of tumor-specific lymphocytes and disease eradication
in a subset of animals, while the combination of vaccination and check-
point blockade induced a fully protective tumor-specific immune
response in all treated animals. Vaccination followed by checkpoint
blockade resulted in upregulation of genes regulating activation and pro-
liferation in memory and effector T cells. Long-term survivors exhibited
increased T-cell clonal diversity and were resistant to subsequent tumor
challenge. The combination of dendritic cell/acute myeloid leukemia
fusion vaccine and checkpoint blockade treatment offers unique synergy,
inducing durable activation of leukemia-specific immunity, protection
from lethal tumor challenge and the selective expansion of tumor-reac-
tive clones.
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ABSTRACT

Introduction

While acute myeloid leukemia (AML) is often initially sensitive to cytotoxic thera-
py, responses are typically transient because of the presence of clonal populations
with intrinsic resistance to chemotherapy.1 The potency of cell-based immunothera-
py for patients with AML is supported by the observation that allogeneic transplan-
tation is uniquely curative for a subset of patients, being mediated by alloreactive
lymphocytes.2 However, therapeutic efficacy is limited by associated toxicity of graft-
versus-host disease arising from the lack of specificity of the immune response.3 A
major area of investigation is the development of immunotherapeutic strategies to



induce disease regression more selectively while providing
durable protection from relapse through the establishment
of memory responses.
We have developed a personalized tumor vaccine in

which patient-derived tumor cells are fused with autolo-
gous dendritic cells (DC) such that a broad array of tumor-
derived antigens, including neo-antigens, is presented in the
context of DC-mediated co-stimulation, thereby effectively
capturing tumor heterogeneity.4,5 In a phase I/II clinical trial,
vaccination of AML patients who achieved chemotherapy-
induced remission induced durable expansion of leukemia-
specific T cells in the peripheral blood and bone marrow.
Remarkably, despite the vaccinated patients having a medi-
an age of 63 years, 71% of them remained in remission at a
median of 5 years of follow-up.6 These results were in stark
contrast to historical data suggesting a 3-year progression
free survival of 10-15% in this age group.7
A potential challenge to therapeutic efficacy of active vac-

cination is dysfunction of the T-cell repertoire, character-
ized by upregulation of pathways that promote exhaustion
and senescence, particularly in the microenvironment of
advanced disease.8 A transformative advance in the field of
immunotherapy was the finding that therapeutic blockade
of the programmed death 1 (PD-1)/programmed death lig-
and 1 (PD-L1)-negative co-stimulatory pathway resulted in
dramatic disease response in a subset of solid tumors, such
as melanoma, characterized by a high mutational burden
and the presence of neo-antigens and an associated intrinsic
T-cell response.9 In contrast, checkpoint blockade has
shown minimal therapeutic efficacy in patients with hema-
tologic malignancies such as AML,10 potentially because of
the relatively low mutational burden and lack of a signifi-
cant population of tumor-reactive lymphocytes within the
tumor microenvironment.
We postulated that a combination of vaccine and check-

point inhibitor therapy would demonstrate unique synergy
in which vaccination would provide functionally compe-
tent leukemia-specific T-cell populations while the intro-
duction of checkpoint blockade would enhance the effec-
tiveness and persistence of these cells. Because an exhaust-
ed T-cell phenotype can be due to several immunoinhibito-
ry signals working in concert,11 we hypothesize that simul-
taneous checkpoint blockade may be advantageous.  
In the present study in an immunocompetent murine

model of aggressive leukemia, we interrogated the
immunological response to and therapeutic efficacy of
fusion cell vaccination in conjunction with blockade of neg-
ative co-stimulatory pathways using antibodies targeting
PD-1 and T-cell immunoglobulin and mucin domain-con-
taining protein 3 (TIM3), critical mediators of the immune
suppressive milieu of the bone marrow.12-14 We also targeted
repulsive guidance molecule b (RGMb), a co-receptor for
bone morphogenetic proteins which play a role in the
maintenance of hematopoietic progenitors including sup-
port for AML cells in the marrow niche15,16 and may also
mediate immune tolerance via binding to PD-L2 on
myeloid cells.17
We demonstrated that the combination of a DC/AML

vaccine and checkpoint blockade was uniquely effective in
preventing disease progression and inducing a memory
response as manifested by protection from tumor re-chal-
lenge. Vaccination followed by checkpoint blockade result-
ed in upregulation of genes regulating activation and prolif-
eration of memory and effector T cells as well as enhanced
T-cell clonal diversity.  

Methods 

Cell lines
The murine AML cell line TIB-49 was purchased from the

American Type Culture Collection. For all experiments, cell lines
were transduced with luciferase/Mcherry using a lentiviral vector
(pCDH-EF-eFFLy-T2A-mCherry). Murine LSK cells were obtained
from transgenic C57BL/6J mice expressing mIDH2 (IDH2R140Q)
and subsequently transduced with Hoxa9-GFP and Meis1a-YFP
oncogenes, as previously described.18 Further details are provided
in the Online Supplementary Methods. 

Vaccination with dendritic cell/acute myeloid leukemia
fusions and/or treatment with checkpoint inhibitors 
in vivo
All animal studies were approved by the institutional animal

care and use committee of  Beth Israel Deaconess Medical Center.
Murine syngeneic DC/AML fusion cells were generated as previ-
ously described.19 C57BL/6J mice were inoculated retro-orbitally
with 5×104 luciferase/mCherry TIB-49 murine leukemia cells
(lmTIB) or 20×104 mutant IDH2/ Hoxa9-GFP/Meis1a-YFP primary
AML cells using tail vein injections. Cohorts of mice were assigned
to treatment with 100×103 DC/AML fusion cells via subcutaneous
injection 24 h after AML challenge; intraperitoneally with 200 mg
each of rat anti-mouse PD-1 (29F.1A10) rat IgG2a,k (BioXCell, NH,
USA); mouse anti-mouse TIM3 (T3A.1A10) mIgG1,k; rat anti-
mouse RGMb (307.9D1) rat IgG2a,k or all three monoclonal anti-
bodies starting 4 days after AML challenge and continued every 3
days for six doses; or the combination of DC/AML fusion vaccine
and monoclonal antibody treatment. Further details are provided
in the Online Supplementary Methods. 

Assessment of leukemia-specific immunity 
On day 14-17 following tumor challenge, peripheral blood or

spleen-derived T cells were isolated from the treated animals and
exposed to either syngeneic TIB-49 tumor lysate or primary
mutant IDH2 tumor lysate for 3 days. Intracellular interferon-
gamma (IFN-γ) expression was then evaluated by intracellular flow
cytometric analysis as a measure of leukemia-specific recognition. 
To assess antigen-specific anti-tumor immunity the splenocytes

underwent flow cytometric analysis using H-2 Db pentamers.
Cells were stained with anti-CD8APC-Cy7 and murine survivi-
specific APC-conjugated pentamers ATFKNWPFL (ProImmune,
Inc; Sarasota, FL, USA). Cytomegalovirus-specific PE-conjugated
pentamers HGIRNASFI (ProImmune, Inc; Sarasota, FL, USA) were
used as the control. The percentage of pentamer-positive CD8 T
cells was assessed using multichannel flow cytometry.

Analysis of T-cell receptor diversity 
Targeted T-cell receptor (TCR) diversity was interrogated using

a SMARTer human α/b profiling kit (Takara, CA, USA). Initially
total RNA was extracted and purified from mouse blood using an
RNeasy mini kit (Qiagen, Germantown, MD). 
The quality of the sequencing data was checked in order to

remove low-quality reads and then the data were aligned against
TCR sequences from the GenBank and IMGT databases20 using
MiXCR software.21 Further details are provided in the Online
Supplementary Methods. 

Single-cell RNA sequencing 
Single-cell RNA-sequencing was performed on peripheral blood

mononuclear cells isolated from control or treated mice. The 10X
Genomics Chromium Controller system21 was employed to cap-
ture single cells in the context of uniquely barcoded primer beads
together in tiny droplets enabling large-scale parallel single-cell
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transcriptome studies. Further details are provided in the Online
Supplementary Methods.

Analysis of single-cell RNA sequencing data 
RNA sequencing data were analyzed using standard statistical

algorithms after quality control filtering and alignment to the ref-
erence genome (mm10) to generate raw counts for transcripts from
each cell type. The preprocessed raw count data were log normal-
ized using the Seurat R package (version 3.0) for unsupervised and
supervised analyses.22 The single-cell RNA sequencing data from
samples from the control, vaccine and combination treatment
groups were merged using Find Integration Anchors and integra-
tion functions in Seurat to generate an integrated matrix of normal-
ized data.23 The distribution of various cell-specific markers in a
transcriptome profile was determined using the feature plot func-
tion in the Seurat R package.24 Further details are provided in the
Online Supplementary Methods.

Results

Treatment with checkpoint inhibitors alone is 
ineffective at preventing disease progression 
The effect of checkpoint inhibition alone on AML

engraftment, progression and survival was interrogated in
an immunocompetent murine AML model using the TIB-
49 murine AML cell line. These leukemia cells originated
spontaneously in a C57BL/6 mouse and grow aggressively
in syngeneic models. As a means of monitoring disease bur-
den, TIB-49 AML cells were genetically manipulated to
express luciferase and mCherry (ImTIB-49) via lentiviral
transduction and selection. C57BL/6J mice underwent
retro-orbital inoculation with 50×103 ImTIB-49 AML cells.
The mice were then treated with six doses of isotype con-
trol, anti-PD1, anti-TIM3, anti-RGMb or a combination of

all three monoclonal antibodies starting 3 days after tumor
challenge. The treatment doses were administered
intraperitoneally every 3 days. Animals were monitored for
disease bulk, by serial bioluminescence imaging, and for
survival. Untreated animals rapidly developed AML with
symptomatic disease requiring euthanasia. Treatment with
single-agent anti-PD1, anti-TIM3 or anti-RGMb did not
affect AML progression as compared to isotope control,
with all animals euthanized by day 53 after tumor challenge
whereas the combination of the three monoclonal antibod-
ies modestly delayed the onset of demonstrable leukemia
with mildly improved survival (Figure 1A and B).

Checkpoint inhibition in combination with dendritic
cell/acute myeloid leukemia fusion vaccine leads 
to prolonged survival 
We subsequently assessed the effect of checkpoint inhi-

bition in conjunction with DC/AML fusion vaccination.
Syngeneic DC/TIB-49 fusion cells were generated as
described and confirmed to co-express both DC and
tumor markers (Figure 2A). C57BL/6J mice underwent
retro-orbital inoculation with 50×103 lmTIB cells. 24 h
after tumor challenge, cohorts of mice were treated with a
single dose of 100×103 syngeneic fusion cells, 6 doses of
anti-PD1/TIM3/RGMb monoclonal antibodies adminis-
tered IP every 3 days, or the combination of the fusion
vaccine and either isotype control or anti-
PD1/TIM3/RGMb monoclonal antibodies. Serial quantifi-
cation of disease burden was assessed via biolumines-
cence imaging analysis beginning approximately 1 month
after tumor challenge. All control mice rapidly demon-
strated evidence of AML engraftment, progressive disease
by day 29 and required euthanasia by day 36 after the ini-
tial tumor challenge (Figure 2B). Mice treated with anti-
PD1/TIM3/RGMb monoclonal antibodies alone demon-
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Figure 1. Checkpoint blockade does not significantly affect acute
myeloid leukemia engraftment in vivo. C57BL/6J mice were retro-
orbitally inoculated with 50x103 syngeneic TIB-49 acute myeloid
leukemia cells that were stably transduced with luciferase/mCherry. The
mice were then treated with six doses of 200 μg anti-PD1, anti-TIM3, or
anti-RGMb or a combination (combo) of the three monoclonal antibodies
using intraperitoneal injections every 3 days. Some mice were treated
with appropriate isotype control as a negative control. To determine the
progression of the leukemia, (A) bioluminescence imaging of each group
of mice (n=5) was performed on days 17 and 21 after inoculation with
the tumor and (B) the mice were followed for survival for 90 days. The
results are shown in a Kaplan-Meier curve.
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strated a modest improvement in survival compared to
control animals but all required euthanasia by day 44. The
vaccine alone prevented leukemic engraftment in the
majority of animals, with two of five mice remaining free
of disease at 90 days. Remarkably, the entire cohort of
mice treated with vaccination and checkpoint blockade
remained alive and disease-free in this model of aggressive
AML 90 days after inoculation (Figure 2C). 

Checkpoint inhibition in conjunction with a dendritic
cell/acute myeloid leukemia fusion vaccine leads 
to an increase in tumor-specific immunity 
We subsequently examined whether the combination of

vaccination with checkpoint inhibition would result in
enhanced AML-specific immunity in vivo. To measure
tumor-specific T-cell responses, peripheral blood cells were
collected from mice 14 days after inoculation and tumor
recognition was assessed in a modified enzyme-linked
immunospot assay in which the percentage of CD8 T cells
exhibiting intracellular IFN-γ expression after 3 days of
stimulation with autologous TIB-49 tumor lysate was
quantified. Mice treated with checkpoint inhibitors alone
showed no expansion of T cells expressing IFN-γ following
exposure to autologous tumor lysate as compared to con-
trol animals which showed mean percentages of 1.9% for
both groups (n=5). Mice treated with the fusion vaccine

showed variable expansion of tumor reactive T cells with a
mean level of IFN-γ expression of 3.4% (n=5; P=ns). This
mean expansion did not meet statistical significance
because of the variability in tumor-specific T cells in
responding and non-responding animals. However, mice
treated with both the fusion vaccine and checkpoint inhibi-
tion showed a significant expansion of circulating tumor-
specific CD8+ T cells with a mean value of IFN-γ-expressing
cells of 6.4% (n=5; P=0.01) (Figure 3A and B). 
In a subsequent experiment, the enhanced expansion of

tumor-specific T cells following vaccination and checkpoint
inhibition was confirmed in splenocyte populations in ani-
mals euthanized 17 days after tumor challenge. Consistent
with our prior study, combination therapy resulted in the
most pronounced induction of tumor-specific immunity
associated with the prevention of leukemia engraftment in
all of the treated animals (Figure 3C-E).
To further elucidate the capacity of fusion cell vaccination

and checkpoint blockade to elicit tumor-specific immunity
in vivo, we quantified antigen-specific T cells targeting sur-
vivin following treatment with a checkpoint inhibitor, vac-
cination or combination therapy. Survivin is a member of
the Inhibitor of apoptosis family, known to be overex-
pressed in AML. Using intracellular flow cytometric analy-
sis, we demonstrated high levels of survivin expression by
TIB-49 cells (Figure 3F). Expansion of survivin-specific T
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Figure 2. Combination treatment with the fusion vaccine and
PD1/TIM3/RGMb blockade prevents establishment of acute myeloid
leukemia in vivo. C57BL/6J mice were retro-orbitally inoculated with
50x103 syngeneic TIB-49 acute myeloid leukemia (AML) cells that were
stably transduced with luciferase/mCherry. (A) Syngeneic dendritic cell
(DC)/AML fusion cells were generated as described and evaluated for
co-expression of tumor (mCherry) and DC (CD86) markers using flow
cytometry. The mice (n=5 in each group) were then treated with either
vaccine alone, anti-PD1/TIM3/RGMb (mAbs) or a combination of anti-
PD1/TIM3/RGMb and the fusion vaccine. One group of mice was treat-
ed with appropriate isotype control as a negative control. (B)
Bioluminescence imaging was performed serially starting on day 29
after inoculation (3 representative mice are shown). (C) The mice were
followed for survival for 90 days. The results are shown in a Kaplan
Meier curve.
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cells was quantified by MHC class I pentamer analysis.
Compared to single-agent treatment, vaccination in com-
bination with anti-PD1/TIM3/RGMb monoclonal anti-
body treatment resulted in a statistically significant 1.8-
fold expansion of spleen-derived T cells recognizing
murine survivin in spleen CD8+ T cells (Figure 3G and H).
Consistent with the tumor specificity of this response,
vaccination and checkpoint inhibition did not result in an
increased frequency of cytomegalovirus-specific CD8+ T
cells. 
To assess whether combination therapy with the fusion

vaccine and checkpoint inhibition induces a memory
response consistent with durable protection, we next
interrogated the T-cell repertoire in the peripheral blood
from surviving animals at day 36 after AML challenge.
Combination treatment with the fusion vaccine and anti-
PD1/TIM3/RGMb monoclonal antibodies led to a statisti-

cally significant increase in the number of
CD4/CD44+/CD62L– memory T cells as compared to the
numbers following single-agent treatments. Furthermore,
there was a statistically significant decrease in
CD4+CD25+FOXP3+ regulatory T cells after combination
treatment compared to that after vaccination (Online
Supplementary Figure S1).
Induction of robust anti-tumor immunity after combi-

natorial treatment with the syngeneic DC/AML fusion
vaccine and checkpoint blockade was reproduced in an
immune-competent mutant IDH2 inducible primary AML
model. Mice were challenged with 200,000 GFP+ leukemia
cells inoculated via the tail vein and then treated with the
syngeneic DC/AML fusion vaccine and/or anti-
PD1/TIM3/RGMb monoclonal antibodies, as described
above. Analysis of spleens harvested from animals treated
with the fusion vaccine and checkpoint inhibitors demon-
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Figure 3. Legend on the next page.
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strated significantly decreased leukemia burden compared
to that of controls as detected from the GFP signal via flow
cytometry (Figure 3I and J).
Peripheral blood T cells were obtained from animals on

day 14 after tumor challenge. Consistent with our previ-
ous findings, intracellular flow cytometric analysis
demonstrated a 4-fold increase in circulating tumor-specif-
ic CD8+ T cells after treatment with the fusion vaccine and
checkpoint blockade compared to the numbers in controls
detected following ex vivo stimulation with autologous
tumor lysate (Figure 3K and L).

Treatment with a dendritic cell/acute myeloid leukemia
fusion vaccine and checkpoint inhibition 
is protective upon re-challenge with acute myeloid
leukemia
Having demonstrated that animals treated with the com-

bination of vaccination and checkpoint blockade develop
leukemia-specific immunity with a memory phenotype
and durable disease response, we subsequently assessed
whether combination vaccine and checkpoint inhibitor
therapy provided long-term protection from disease re-
challenge. 
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Figure 3. Increase in tumor-specific T cells following combination treatment with the fusion vaccine and PD1/TIM3/RGMb blockade. C57BL/6J mice were treated
as described in Figure 2. (A, B) On day 14 peripheral blood was collected and CD8+ T cells were assessed for intracellular interferon-gamma (IFNγ) expression using
multichannel flow cytometry following exposure to autologous tumor lysate for 3 days. Results are presented as a summary of data from the five mice in each group
(**P<0.05) (A) and representative dot plots (B). (C-E) In a similar independent experiment on day 17 after tumor challenge, the mice underwent bioluminescence
imaging analysis (C). The mice were then euthanized; splenocytes were harvested and assessed for IFNγ expression using multichannel flow cytometry following expo-
sure to autologous tumor lysate. Results are presented as a summary of data from the five mice in each group (***P<0.05) (D) and as representative dot plots (E).
(F) Spleen-derived CD8+ T cells were also assessed for frequency of tumor antigen-specific T cells with multichannel flow cytometry using pentamer analysis. TIB-49
acute myeloid leukemia (AML) cells were confirmed to express survivin using intracellular flow cytometric analysis; unstained cells and cells incubated with an appro-
priate isotype control were used as negative controls. Binding of APC-labeled multimeric MHC/survivin peptide complexes to T-cell receptors was examined to deter-
mine the frequency of the survivin-specific T cells. (G, H) The frequency of survivin-specific T cells is presented in gated CD8+ T cells as a summary of data from the
five mice in each group (***P<0.05) (G) and as representative dot plots (H). The frequency of cytomegalovirus-specific T cells was analyzed as a control. C57BL/6J
mice were inoculated by tail vein injection with 200x103 primary syngeneic mutant IDH2 AML cells that were stably transduced with green fluorescence protein (GFP).
Syngeneic DC/mIDH2 AML fusion cells were generated. The mice were then treated with either vaccine alone, anti-PD1/TIM3/RGMb or a combination of anti-
PD1/TIM3/RGMb and the fusion vaccine. Some mice were treated with an appropriate isotype control as a negative control. (I, J) Disease burden was assessed in
spleens of animals at day 36 after tumor challenge by detection of the GFP signal via flow cytometric analysis. Results are presented as a summary of data from the
five mice in each group (***P<0.05) (I) and as representative histograms (J). On day 14 peripheral blood was collected and CD8+ T cells were assessed for intracel-
lular IFNγ expression using multichannel flow cytometry following exposure to autologous tumor lysate for three days. Results are presented as (K) a summary of 5
analyzed mice (n=5; P<0.05) and (L) as representative dot plots.
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Mice that had initially been challenged with tumor inoc-
ulation and rendered disease-free by combined vaccine and
checkpoint inhibitor therapy were subsequently re-chal-
lenged via retro-orbital inoculation with a lethal dose
(5×103) of lmTIB at day 90. Age-matched naïve C57BL/6J
control mice were challenged with 5×103 lmTIB as controls.
Mice were followed for survival and disease progression
with bioluminescence imaging. In contrast to control ani-
mals, mice that had been previously treated with the com-
bination of vaccination and checkpoint inhibition were uni-
formly protected from disease and showed no evidence of
leukemic engraftment (Figure 4A and B). 
We subsequently examined the relative contribution of

each individual checkpoint inhibitor on vaccine efficacy.
C57BL/6J mice were treated with syngeneic fusion vaccine
in combination with anti-PD-1, anti-TIM3 or anti-RGMb
monoclonal antibodies, as described above. At day 90 after
tumor challenge, three out of five mice treated with the
fusion vaccine alone were free of disease, replicating our
previous findings. The addition of anti-RGMb did not
increase the efficacy shown by that of the fusion vaccine
alone, with two out of five animals surviving. However,
vaccination in conjunction with PD-1 blockade or TIM3
blockade alone resulted in 100% of animals surviving with-
out evidence of disease (Figure 5A and B).  
Among the cohorts with complete response to treatment,

i.e., those given vaccination and either anti-PD-1 (n=5) or
anti-TIM-3 (n=5), mice were re-challenged with 50×103
lmTIB cells to evaluate long-term anti-leukemia immunity.
Mice were followed for an additional 90 days, after which
it was found that all five of the mice in the cohort given the
vaccine plus atni-PD-1 remained disease-free after re-chal-
lenge, whereas two of five mice in the TIM-3 cohort suc-
cumbed to disease (Figure 5C).

Vaccination in conjunction with PD-1 blockade leads to
an Increase in inflammatory signaling pathways 
and blunts apoptosis of memory T cells
The nature of the immune response was further charac-

terized by interrogation of the immune transcriptome fol-
lowing vaccination in the context of PD-1 blockade as com-
pared to checkpoint inhibition or vaccination alone.

Unsupervised analysis by single-cell RNA sequencing iden-
tified comparable numbers of single-cell clusters in all three
cohorts of mice (Figure 6A). Supervised analysis of
CD4/IL7R and CD8/IL7R memory T cells demonstrated
activation/upregulation in signaling pathways regulating T-
cell viability, proliferation and survival after vaccination,
which were further enhanced after treatment with both the
fusion vaccine and checkpoint blockade. Consistent with
these findings, there was significant downregulation in
apoptosis-regulating genes (Figure 6B). A similar pattern
was observed in CD8/Nkg7-expressing effector T cells with
increases in viability, activation and proliferation and
downregulation of apoptosis genes (Figure 6B).
Furthermore, signaling pathway analysis in the

CD8/CDIL7R and CD4/CDIL7R memory compartment
demonstrated significant effects on mTOR, CD28 and TCR
signaling following vaccination compared to untreated con-
trols. Interestingly, these signaling pathways were further
upregulated following the addition of checkpoint blockade
(Figure 6C and D). Analysis of signaling in effector
CD8/Nkg7 cells showed significant upregulation of NFκB,
mTOR, CD28 and ICOS signaling after vaccination, consis-
tent with induction of an inflammatory phenotype.
Combination treatment with the vaccine and anti-PD-1 fur-
ther enhanced the activation of these signaling pathways
(Figure 6E).  CD8/Nkg7+ effector T cells also showed a  sig-
nificant impact on TCR signaling pathways (-log P value=
3.9); this effect was further enhanced (-log P value= 4.7) by
addition of checkpoint blockade (Figure 6E).

Vaccination in combination with checkpoint blockade
results in greater clonal T-cell diversity
The effect of vaccination alone or in conjunction with

checkpoint blockade on the T-cell repertoire was interrogat-
ed by clonotypic analysis using targeted TCR profiling stud-
ies. The diversity index and rarefaction analysis demon-
strated that vaccination resulted in the selective expansion
of clonal populations and enhanced diversity of the T-cell
repertoire compared to peripheral blood samples derived
from untreated control mice (Figure 7A and B).
Remarkably, diversity was significantly further expanded
by sequential therapy with DC/AML fusions and combined
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Figure 4. Treatment with the fusion vaccine in combination with PD1/TIM3/RGMb blockade prevents establishment of acute myeloid leukemia upon re-challenge
with tumor cells. Ninety days after the initial tumor challenge and treatment with six doses of anti-PD1/TIM3/RGMb (mAbs), C57BL/6J mice (n=5) were challenged
with an additional dose of 50,000 luciferase/mCherry-transduced syngeneic TIB-49 cells. Naïve, age-matched mice (n=5) were inoculated with the same dose as
controls. To assess AML burden, (A) bioluminescence imaging was performed after re-challenge and (B) the mice were followed for survival for 90 days, as illustrated
in a Kaplan-Meier curve. 
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checkpoint blockade, suggesting the expansion of vaccine-
educated cells with tumor specificity. Clone tracking analy-
sis of the top TCR clones indicated that multiple TCR
clones were significantly modulated (absolute fold-change
>2) after vaccine treatment (Figure 7C). Interestingly, a sub-
set of these vaccine-modulated TCR clones showed further
enhanced up- or down-regulation on combined therapy,
indicating a synergistic impact of vaccine and checkpoint
therapy in building anti-tumor immunity (Figure 7C, Online
Supplementary Figure S2). In summary, combination therapy
with vaccination and checkpoint blockade resulted in selec-
tive, further expansion of vaccine-educated cells creating a
pattern of enhanced clonal dominance. 

Discussion

Greater understanding of the mutational landscape in
AML has resulted in better prognostication and the devel-
opment of targeted therapies for subsets of patients.
However, while the use of standard chemotherapy and tar-
geted agents has resulted in higher rates of response, a cure
remains elusive for the majority of patients. Allogeneic

transplantation is curative for a subset of patients because
of the graft-versus-disease effect mediated by alloreactive
lymphocytes.2 This treatment strategy suggested that cellu-
lar immune-based therapy was capable of fully eradicating
malignant hematopoiesis, including that of the primitive
stem cell compartment, albeit with significant associated
toxicity due to concurrent risks of graft-versus-host disease
and infection. There has been significant interest in devel-
oping more targeted immune-based therapies utilizing
effector cells from the patient without the need for trans-
plantation.  
A major advance in cancer immunotherapy was the dis-

covery of the role of negative co-stimulatory factors such as
CTLA-4/B7 and the PD-1/PD-L1 pathways in promoting T-
cell exhaustion in patients with malignancy, thereby facili-
tating immune escape and disease growth. Blockade of
these negative checkpoints has led to dramatic disease
regression and improved outcomes in a subset of patients
with advanced solid tumors, transforming the therapeutic
landscape and demonstrating the truly unique potency of
immune effector cells.25 However, despite the susceptibility
to immune-based targeting demonstrated with allogeneic
transplantation, the efficacy of checkpoint inhibitors has
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Figure 5. Combination treatment with the fusion vaccine + anti-PD1
or fusion vaccine + anti-TIM3 prevents the establishment of acute
myeloid leukemia in vivo. C57BL/6J mice were retro-orbitally inocu-
lated with 50x103 syngeneic TIB-49 acute myeloid leukemia (AML)
cells that were stably transduced with luciferase/mCherry. Syngeneic
dendritic cell (DC)/AML fusion cells were generated. The mice were
then treated with either vaccine alone, or with fusion vaccine in com-
bination with anti-PD1; anti-TIM3 or anti-RGMb.  Control mice were
treated with the appropriate isotype control. To assess the progres-
sion of AML, (A) bioluminescence imaging was performed starting on
day 30 after inoculation and (B) the mice were followed for survival
as illustrated in the Kaplan Meier curve (n=5 in each group). At 90
days after the initial tumor challenge, mice treated with vaccine +
anti-TIM3; and vaccine + anti-PD-1 were re-challenged with an addi-
tional dose of 50x103 syngeneic TIB-49 AML cells. (C) The mice were
followed for survival for another 90 days. The results are shown in a
Kaplan Meier curve.
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Figure 6. Single-cell RNA sequencing analysis demonstrates that vaccination alone and in combination with checkpoint inhibition affects the T-cell landscape. (A) Single-
cell RNA-sequencing analysis of peripheral blood mononuclear cells isolated from control mice, mice treated with the dendritic cell (DC)/acute myeloid leukemia (AML)
fusion vaccine, and mice treated with the vaccine + checkpoint point inhibitors. (n=3 mice/group). Visualization of single-cell clusters was achieved using the UMAP
approach from normalized data of 710 control, 884 vaccine-treated and 1,489 combination-treated peripheral blood mononuclear cells. Cell clusters were annotated
based on expression of established immune-cell markers (e.g., T cells [CD3+], B cells [CD19+], memory T cell [Il7r+], and effector cells [Sell+, CD62L–] (left panel). Relative
proportions of cells in the clusters from each cohort are depicted with different colors (right panel). (B) Functional enrichment heatmap depicting increased (red) or
decreased (green) functional categories in the samples from animals treated with vaccine alone or the combination (combo). The heatmap was prepared based on z-
scores calculated using ingenuity pathways analysis systems. (C-E) Pathways that are significantly affected in various subsets of memory T cells: CD8a and Il7r+ T cells (C),
CD4 and Il7r+ T cells (D), and effector T cells (E). Black and gray bars represent the significance of the impact of vaccine alone and in combination with checkpoint inhibi-
tion, respectively, on selected signaling pathways. The extent of activation/increase of various significantly affected pathways is shown using overlapping orange bars.
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Figure 7. Vaccination with the fusion vaccine leads to greater clonal T-cell diver-
sity, which is further enhanced following checkpoint blockade. C57BL/6J mice
were treated as described in Figure 6. Peripheral blood (PB) was then collected
and assessed for T-cell diversity using targeted T-cell receptor (TCR) profiling. (A)
Inverse Simpson diversity index indicating that vaccine alone and in combina-
tion with checkpoint inhibitors enhance T-cell diversity (B) Refraction diversity
analysis. (C) Bubble plot of the expression of the top TCR clones after vaccina-
tion alone or in combination with checkpoint inhibitors. Columns represent
samples and rows represent amino acid sequences of different TCR clones. The
TCR clones with significant increases or decreases are represented by red and
green, respectively. The fold-change of the top ten TCR clones for each sample
is calculated compared to the untreated control samples. 
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been disappointing in hematologic malignancies, including
AML.26 It has been postulated that the lack of a significant
intrinsic T-cell response in AML likely explained why there
was an insufficient immune substrate for checkpoint inhibi-
tion to be effective.
We have developed a personalized tumor vaccine in

which patient-derived tumor cells are fused with autolo-
gous DC so that a broad array of tumor antigens, including
unique neo-antigens, are presented in the context of DC-
mediated co-stimulation.4,5 In a phase II clinical trial, vacci-
nation was associated with a dramatic and durable expan-
sion of leukemia-specific T cells in the peripheral blood and
marrow and was associated with more than 70% of
patients remaining in remission with a mean follow-up of 5
years, despite the study patients having a mean age of 63
years.6 Of note, we demonstrated that leukemia-specific T
cells were nearly absent in the peripheral blood and mar-
row prior to vaccination. We postulated that DC/tumor
fusions would create the necessary expansion of tumor-spe-
cific T cells, which could then be further activated and
expanded by the presence of checkpoint inhibition. We
hypothesized that combined therapy with vaccination and
checkpoint inhibition would be synergistic in providing
effector cells that maintain a state of activation in the con-
text of the immunosuppressive milieu of the tumor
microenvironment.
In the present study, we established an immunocompe-

tent murine AML model in which disease burden could be
quantified and tracked by bioluminescence imaging. In this
model of aggressive disease, we demonstrated that chal-
lenge with syngeneic AML cells resulted in rapid engraft-
ment and death of the host animals within 30 days.
Consistent with prior clinical experience the introduction of
checkpoint inhibition, via a mix of antibodies targeting PD-
1, TIM3, and RGMb, only modestly slowed disease pro-
gression and did not significantly affect the survival of the
mice. Of note, vaccination with syngeneic DC/AML cells
24 h after tumor challenge, at a state of minimal disease,
markedly slowed disease progression and resulted in long-
term survival in a significant subset of animals. As most
AML patients with active disease have a deficient immune
system, the ideal clinical setting for vaccination is in low
tumor burden states, which are more favorable to allow
priming of the immune response and induction of long-
term memory. This has been demonstrated in subset analy-
ses from several trials of cancer vaccines in which vaccine
effectiveness was notably higher in patients with minimal
or no residual disease.27
Remarkably, the combination of vaccine and checkpoint

inhibition was uniquely capable of eradicating disease and
producing long-term survival in all of the animals. In addi-
tion, animals treated with the combination of vaccination
and checkpoint inhibition were protected from leukemia
engraftment after re-challenge with an otherwise lethal
dose of leukemia cells, an effect consistent with generation
of a memory response with long-term efficacy. The thera-
peutic efficacy of vaccination and combined checkpoint
blockade was largely reproduced by vaccination with PD-1
blockade alone, whereas vaccination with TIM3 blockade
alone enhanced the initial response to the vaccine but
resulted in only a subset of animals being resistant to re-
challenge with the tumor. Interestingly, vaccination in com-
bination with anti-RGMb did not affect the animals’ sur-
vival in this model. This observation could in part be
explained by the lack of PD-L2 expression by TIB-49 AML

tumor cells (data not shown), which would prevent signaling
through that inhibitory pathway.  
To further elucidate the immunological mechanism

responsible for these observations, we studied the impact
of therapy on leukemia-specific T-cell immunity in each of
the differently treated cohorts of animals.  Consistent with
the underlying hypothesis, checkpoint inhibition did not
increase the relative prevalence of leukemia-specific T cells
above that present in untreated animals challenged with
tumor cells. Of note, while vaccination with DC/AML
fusions resulted in the expansion of leukemia-specific T
cells in the peripheral blood and spleen, the levels of these
cells were nearly doubled when animals were treated with
the combination of vaccination and checkpoint inhibition.
This demonstrated an important concept that while check-
point blockade was not able to induce primary leukemia-
specific immunity as a single modality, it was capable of
further expanding vaccine-educated T cells. These findings
were reproduced in an additional immunocompetent
murine model of primary inducible IDH2 leukemia. Mice
treated with a combination of a syngeneic fusion vaccine
and checkpoint blockade demonstrated significantly
decreased tumor burden as well as a 4-fold expansion of
AML specific T cells. 
Moreover, assessment of antigen-specific antitumor

immunity revealed a significant increase in the frequency of
survivin-specific T cells, as demonstrated by an increase in
T cells positive for CD8 and survivin pentamers following
vaccination and checkpoint inhibition compared to the
numbers of these cells in controls. Interestingly, no change
was observed in the frequency of cytomegalovirus-specific
T cells, suggesting the tumor-specific nature of the T-cell
activation and expansion.  
The nature of the immune response following vaccina-

tion and checkpoint blockade was further interrogated by
single-cell RNA sequencing, which demonstrated compara-
tively increased activation of signaling pathways regulating
cell viability, proliferation and survival among effector and
memory T cells, and downregulation of apoptosis-regulat-
ing genes. Functional memory T cells have been shown to
be a critical immune subset, with their presence being pre-
dictive of more durable responses following immunothera-
py.28 Furthermore, signaling pathway analysis within CD8
and CD4 memory T-cell compartments demonstrated sig-
nificant upregulation of crucial pathways such as CD28 and
TCR signaling, as well as mTOR signaling, known to be
important in memory T-cell differentiation,29 following vac-
cination as compared to the state in untreated controls.
Interestingly, this effect was enhanced, with further upreg-
ulation, following the addition of checkpoint blockade.
Analysis of signaling in effector CD8/Nkg7 T cells showed
significant upregulation of NF-κB, mTOR, CD28 and ICOS
after vaccination, consistent with induction of an inflamma-
tory phenotype.30-33 The combination of vaccination and
checkpoint blockade further enhanced the activation of
these signaling pathways.  
In the context of enhanced expansion of tumor reactive

lymphocytes and activation of TCR signaling pathways,
we subsequently quantified the effect of vaccination in
combination with checkpoint blockade on T-cell diversity
repertoire. Vaccination with DC/AML fusions resulted in
enhanced clonal diversity and the oligoclonal expansion of
specific TCR sequences, consistent with vaccine-mediated
targeting of tumor-associated epitopes. Importantly the
addition of checkpoint inhibitors further enhanced this
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response, promoting clonal diversity, consistent with
selective expansion of vaccine-educated clones. This find-
ing supports the hypothesis that sequential expansion of
vaccine-educated lymphocytes followed by checkpoint
blockade would selectively promote vaccine-mediated
tumor-specific immune responses. It has been previously
demonstrated that antigen-specific activation of T cells is
associated with upregulation of PD-1 expression follow-
ing chemotherapy among patients treated for AML,34
potentially offering a selectively timed target for PD-1
blockade. Based on this premise, checkpoint blockade in
the context of vaccination may amplify the tumor-specific
response in preference to nonspecific activation of autore-
active clones. While a similar amplification of vaccine-
induced autoimmunity is possible, there was no signifi-
cant evidence of this in the vaccinated patients or the ani-
mals treated with the combination. We have now initiated
a clinical trial of DC/tumor vaccination in combination
with PD-1 blockade in which therapeutic efficacy and tox-
icity will be assessed.
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