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Vaccination against NonmutatedNeoantigens Induced in
Recurrent and Future Tumors
Greta Garrido1, Brett Schrand1, Agata Levay1, Ailem Rabasa1, Anthony Ferrantella2, Diane M. Da Silva3,
Francesca D'Eramo1, Koen A. Marijt4, Zhuoran Zhang5, Deukwoo Kwon6, Marcin Kortylewski5,
W. Martin Kast3, Vikas Dudeja2,7, Thorbald van Hall4, and Eli Gilboa1,7

ABSTRACT
◥

Vaccination of patients against neoantigens expressed in con-
current tumors, recurrent tumors, or tumors developing in indivi-
duals at risk of cancer is posing major challenges in terms of which
antigens to target and is limited to patients expressing neoantigens
in their tumors. Here, we describe a vaccination strategy against
antigens that were induced in tumor cells by downregulation of the
peptide transporter associated with antigen processing (TAP).
Vaccination against TAP downregulation–induced antigens was
more effective than vaccination against mutation-derived neoanti-

gens, was devoid of measurable toxicity, and inhibited the growth of
concurrent and future tumors in models of recurrence and prema-
lignant disease. Human CD8þ T cells stimulated with TAPlow

dendritic cells elicited a polyclonal T-cell response that recognized
tumor cells with experimentally reduced TAP expression. Vacci-
nation against TAP downregulation–induced antigens overcomes
the main limitations of vaccinating against mostly unique tumor-
resident neoantigens and could represent a simpler vaccination
strategy that will be applicable to most patients with cancer.

Introduction
Neoantigen burden, mostly corresponding to randomly arising

nonsynonymous mutations in tumor cells, is a major determinant
of tumor immunogenicity, underscored by clinical studies showing
that responsiveness to checkpoint blockade therapy correlates with
the number of neoantigens expressed in the patients' tumor. Yet,
most patients do not express, or express too few, tumor-resident
mutation-derived neoantigens (1–3). Neoantigens expressed in a
recurring tumor, a main challenge in clinical oncology (4–6), may
differ from the neoantigens isolated from a tumor biopsy month or
years earlier (7–11), and the question of which neoantigens will be
expressed in tumors that will emerge in individuals at risk of
developing cancer cannot be predicted (12).

Here, we describe a vaccination approach against antigens induced
in concurrent, recurring, or future tumors by transient downregulation
of the transporter-associated with antigen processing (TAP), which
overcomes the aforementioned limitations of targeting tumor-resident

mutation-generated neoantigens. Downregulation of TAP in tumor
cells induces the presentation of class I–restricted epitopes, termed
T-cell epitopes associated with impaired peptide processing (TEIPP;
ref. 13), that can elicit T-cell responses and inhibit the growth of
TAP-deficient tumors (13–16, reviewed in ref. 17). Importantly,
every tumor cell in which TAP is downregulated will present a
common set of new antigens (13, 14, 17, 18) corresponding to the
rare but clinically relevant mutation-derived clonal neoantigens
expressed in tumors (19–22).

We previously showed that tumor-targeted transient downregu-
lation of TAP, using a corresponding siRNA targeted to tumor cells
in vivo by conjugation to a broad-range nucleolin binding aptamer
(Nucl), induces the presentation of TEIPP in the tumor cells and
inhibits tumor growth in multiple murine tumor models of distinct
origin in the absence of measurable toxicity (23). In this study, we
tested the hypothesis that vaccination against TEIPP induced by
TAP downregulation could enhance the antitumor response elicited
against the TEIPP-presenting tumor cells, and describe a simple and
broadly applicable vaccination strategy whereby a TAP-specific
siRNA was targeted to dendritic cells (DC) in vivo by conjugation
to a CpG oligonucleotide (ODN; ref. 24). Vaccination against
induced antigens resulting from TAP downregulation is also suit-
able for recurrent and future tumors because it eliminates the
uncertainties associated with vaccination against tumor-resident
neoantigens (7–11).

Materials and Methods
Cells

A20 and 4T1 cell lines were purchased from ATCC in 2002–2004,
and Ramos, MRC-5, SW620, and SW480 cells were purchased from
ATCC in 2016–2017. MC38 cells were purchased from Kerafast in
2002–2004. The DC2.4 mouse DC line was purchased from Millipore
Sigma in 2014. 67NR, RMA, RMA-S (TAP2-deficient), and RMA-S
expressing B7-1molecules (RMA-S-B7) described before (13, 18) were
obtained from T. van Hall (Leiden University Medical Center, Leiden,
the Netherlands) in 2015. HLA-A�02:01þ 518A2 melanoma and its
TAP1 knock-out variant generated by CRISPR/CAS9 technology has
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been previously described (25) and was obtained from T. van Hall
(Leiden University Medical Center, Leiden, the Netherlands) in 2017.
The human B-cell lymphoma cell line TMD8 was kindly provided by
Dr. Marcin Kortylewsky in 2018. HPV16-transformed mouse and
human TC-1, B6 HLF CASKI, and C33a cells were kindly provided
by W. Martin Kast (University of Southern California, Los Angeles,
CA) in 2018. The isolation and culture of cells derived from primary
KPC tumors and pancreatic stellate was described before (26). The
generation and culture of mouse CD8þ T-cell clone LnB5, with
specificity for the TRH4-derived peptide in the context of H-2Db,
and the generation and expansion of human CD8þ T-cell clone
1A8, specific for the LRPAP1-derived peptide in the context of
HLA-A2, have been previously described (13, 14, 18, 25) and were
obtained from T. van Hall (Leiden University Medical Center,
Leiden, the Netherlands) in 2015.

De-identified peripheral blood mononuclear cells (PBMC) from
HLA-A2þ healthy donors were obtained from Precision for Med-
icine. Monocytes were isolated using human CD14 microbeads
following manufacture's protocol (negative selection; Miltenyi Bio-
tec). From the isolated fraction the 90%–98% of cells were CD14þ

by flow cytometry. Isolated monocytes were cultured (1 � 106 cells/
mL) in 6-well plates for 6 days in the presence of GM-CSF (100 ng/
mL) and IL4 (50 ng/mL; R&D Systems), yielding immature mono-
cytes-derived DCs, which were subsequently matured as described
below. Autologous CD8þ T cells were also isolated from same
donors using human CD8þ T-cell isolation kit following manu-
facturer's instructions (Miltenyi Biotec), and the purity of CD8þ T-
cell population was 75%–85%, as determined by flow cytometry.
CD8þ T cells were used in coculture experiments as described
below.

Cell line culture conditions
Cell lines were cultured in RPMI1640 medium (A20, 4T1, 67NR,

Caski, C33A, Ramos, TMD8, TC-1, B6HLF, andDC2.4 cells), DMEM
(MC38, MRC-5, SW480, and SW620), or Iscove modified Dulbecco's
medium (RMA, RMA-S, RMA-S-B7, 518A2, and the mouse T-cell
activation assays described below), all from Gibco, supplemented
with 8%–10% heat-inactivated FCS, penicillin (100 U/mL), and strep-
tomycin (100 mg/mL; Gibco Life Technologies). Mouse T cells
were additionally supplemented with 1 mmol/L sodium pyruvate,
0.05 mmol/L b-mercaptoethanol, and 2 mmol/L minimal essential
medium (MEM) nonessential amino acids (Gibco Life Technologies).
TC-1 andB6HLF cells were additionally supplementedwith 1mmol/L
sodium pyruvate, 2 mmol/L (MEM) nonessential amino acids, and
gentamicin (50 mg/mL; Thermo Fisher Scientific). For TC-1 cells,
G418 geneticin (0.4mg/mL) andHygromycin b (0.2mg/mL)were also
added (Thermo Fisher Scientific). DC and T-cell culture media, from
StemCell Technologies, were used for human DC differentiation and
T-cell cultures, respectively. All cell lines and assay cultures were
maintained at 37�C and 5 % CO2. All cells were tested regularly for
Mycoplasma contamination. Cell lines were authenticated by the
vendor. Cells were passaged for a limited number of cycles and
discarded. Briefly, cells obtained from the vendor were passaged 4–
5 times and frozen in 10–20 aliquots (F1). A frozen vial of F1 cells was
thawed, passaged 4–5 times, monitored forMycoplasma, and frozen in
10–20 aliquots (F2). For each experiment, F2 cells were thawed and
passaged 4–7 cycles depending on the experiment.

Design of CpG–siRNA conjugates
Sequences of CpG ODNs used in the study were as follows: CpG

1668 (50-tccatgacgttcctgatgct-30), CpG 2006 (50-tcgtcgttttgtcgtttt-

gtcgtt-30), and CpG D19 (50-ggTGCATCGATGCAGggggg-30). Bases
in capital letters are phosphodiester; bases in lower case are phosphor-
othioate (nuclease resistant). These sequences were extended at the 30

end with the following sequence (termed linker): 50 CGAGGCUAU-
CUAGAAUGUAC, and were purchased from Trilink Biotechnolo-
gies. The Nucleolin aptamer (23), extended at the 30 end with the
following sequence (termed linker): 50 GUACAUUCUAGAUAGCC,
was purchased from Trilink Biotechnologies. Complementary linker
sequences extending from the sense strand of murine TAP2
(50GCUGCACACGGUUCAGAAT), murine ERAAP (50GCUAU-
UACAUUGUGCAUTA), human TAP1 (50 CAGGAUGAGUUA-
CUUGAAA), or control (Ctrl) (50 UAAAGAACCAUGGCUAACC)
siRNAs were ordered from IDT and contained 20 O-methyl-modified
pyrimidines with the last two bases being deoxynucleotides. Antisense
siRNA sequences, ordered from IDT,were as follows:murine TAP2 (50

AUUCUGAACCGUGUGCAGCmUmU), murine ERAAP (50 UAA-
UGCACAAUGUAAUAGCmUmU), human TAP1 (50 UUUCAA-
GUAACUCAUCCUGmUmU), and Ctrl (50 GGUUAGCCAUG-
GUUCUUUAmUmU), whereby ‘m’ indicated the presence of a 20

O'-methyl–modified ribonucleotide. CpGs or the Nucleolin aptamer
were annealed to duplex siRNAs in PBS at 82�C for 4 minutes or 37�C
for 10 minutes, respectively, in a block heater and allowed to cool to
room temperature. Bioconjugates were stored at �80�C until use.

CpG–STAT3 conjugates
The CpG type B oligonucleotide (CpG7909) was cosynthesized

with a STAT3 DNA-binding site by the City of Hope Medical
Center DNA/RNA core as described previously (27, 28): 50-
T�C�G�T�C�G�T�T�T�T�G�T�C�G�T�T�T�T�G�T�C�G�T�Txxxx-
x-C�A�T�TTCCCGTAAATC-xxxx-GATTTACGGGAA�A�T�G-
xxxxx-30. Asterisks indicate phosphorotiate-modified nucleo-
tides. X – (CH2)3 methylene spacers.

Study approval
All animalworkwas conducted under the approval of theUniversity

of Miami Institutional Animal Care and Use Committee (IACUC) in
accordance with federal, state, and local guidelines.

Mouse strains
All mice indicated below were purchased from The Jackson

Laboratories.

Transplantable tumor models and therapy
Therapeutic regimen

C57BL/6J mice were used for RMA, MC-38, and TC-1 models.
BALB/c mice were used for 4T1, 67NR, and A20 models. Seven
9-week-old female mice were injected subcutaneously (s.c.) in the
right flank with RMA (5 � 104), 4T1 (2 � 104), 67NR (1 � 105),
MC38 (1 � 105), A20 (7.5 � 105), or TC-1 (1 � 105) tumor cells.
Two days following tumor inoculation, a single dose of CpG–siRNA
conjugate at of 0.75 nmol (1.3 mg/kg) was administered s.c. close to
inguinal lymph node in the right flank. When tumors became
palpable (volume: 25–75 mm3), Nucl-siRNAs were administered
intraperitoneally (i.p.) at 1 nmol (1.75 mg/kg). This was repeated
two additional times 3 days apart. In experiments with MC38-
bearing mice, a peptide vaccination protocol was used as described
previously (29). The treatment schedule for the peptide vaccine
was a single dose on the same day as the first Nucl-TAP siRNA dose.
For TC-1 studies, 7- to 9-week-old female mice received two
injections with CpG–siRNA conjugates 1 and 7 days following
tumor inoculation.

Vaccination against TAP Downregulation–Induced Neoantigens
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For adoptive transfer experiments, C57BL/6J mice were injected s.c.
with RMA-S (1� 106) cells. Two days after tumor implantation, mice
received one infusion of CD8þ T cells (0.25 � 106) from na€�ve mice
vaccinated with CpG-siRNAs. For the generation of TAP-deficient
specific CD8þ T cells, C57BL/6J-na€�vemice (tumor-free) that received
three doses of CpG–siRNA conjugates every 10 days were euthanized
5 days after the third dose. Cells from the inguinal lymph nodes were
isolated and restimulated in vitro for 48 hours with IL2 (20 IU/mL) in
the presence of irradiated RMA-S-B7 (1:3, APC:target ratio) and
autologous splenocytes (2.5:1, splenocytes:T-cell ratio). CD8þ T cells
were purified using a mouse CD8aþ T cells isolation kit following
the manufacturer's protocol (negative selection; Miltenyi Biotec).
Purity of CD8þ T-cell population was 85%–95% as determined by
flow cytometry.

Prophylactic regimen
Seven 9-week-old female mice were injected s.c. as described before

with CpG–siRNA conjugates at 0.75 nmol on days �20 and �10. At
day zero, tumor cells were inoculated subcutaneously followed by a
third dose of CpG-siRNAs 3 days later. For RMA and 4T1 tumor
models, once tumors became palpable (volume: 25–75 mm3), Nucl-
siRNAs were administered i.p. at 1 nmol and repeated two additional
times 3 days apart. For the analysis of immune cell infiltrates in 4T1-
bearing mice, tumors were resected 2 days after the second dose of
Nucl-siRNAs conjugates and processed as described below. Cellular
subsets were depleted by administering depleting antibody i.p. once
weekly beginning 3 days before first CpG-TAP siRNA administra-
tion dose: CD8þ T cells with anti-CD8a (200 mg, clone 2.43,
BioXCell), CD4þ T cells with anti-CD4 (200 mg, clone GK1.5,
BioXCell), natural killer (NK) cells with anti-asialo GM1 (20 mL,
clone Poly21460, BioLegend). Depletion of CD8þ T cells, CD4þ

T cells, and NK cells (>95%) were confirmed by flow cytometry. For
the analysis of long lasting protective immunity by CpG-TAP
treatment, mice were vaccinated with CpG-siRNAs at days �20
and�10, and implanted subcutaneously with RMA-S tumor cells 10
or 90 days after second treatment dose. A third dose of CpG-siRNAs
was injected three days after tumor implantation. For the identi-
fication of TRH4-specific CD8þ T cells in the memory population,
C57BL/6J-na€�ve mice (tumor free) that have received three doses of
CpG-siRNA conjugates subcutaneously or intraperitoneally every
10 days were euthanized 30 days after the third dose. Cells from
inguinal lymph nodes or spleens were isolated and processed as
described below.

For in vivo cytotoxicity assays, 10 days after last dose of CpG-
siRNAs, syngeneic naive splenocytes were isolated and labeled with
either 5 mmol/L CFSE (CFSEhi cells) or 0.5 mmol/L CFSE (CFSElo

cells; Thermo Fisher Scientific). CFSEhi cells were pulsed with TRH4
peptide (MCLRMTAVM), and CFSElo cells were pulsed with an
irrelevant peptide for H-2Db (Ad10, SGPSNTPPEI; ref. 13). Pep-
tides were synthetized by GenScript. RMA tumor–bearing mice
treated with Nucl-siRNAs as described before, or left untreated,
were injected intravenously (i.v.) with 5 � 106 CFSE-labeled cells
mixed at 1:1 ratio. Forty-eight hours later, spleens were harvested
and CFSE-labeled cells enumerated by flow cytometry. The per-
centage of specific killing was calculated as follows: 1 - [(% CFSElo

control/% CFSEhi control)/(% CFSElo treated/% CFSEhi treated)] �
100. Caliper measurements on tumors were done three times
weekly, and mice were euthanized when the tumor volume exceeded
1,000 mm3, mice exhibited signs of morbidity, or ulcerated tumors.
Tumor volume was measured using the formula W(2) � L)/2,
where W is tumor width and L is tumor length. Experiments were

terminated when two or more mice were sacrificed in the "untreat-
ed" group.

Autochthonous tumor models and therapy
Recurrence model for pancreatic cancer

Seven 9-week-old female C57BL/6J mice were anesthetized, a
laparotomy was performed, and short-term cultured KPC-derived
cells (2 � 103) mixed with pancreatic stellate cells (1.8 � 104)
were injected into the tail of the pancreas. The pancreas was then
carefully returned to the peritoneal cavity, the abdomen was closed
with a 4–0 vicryl suture, and the skin was stapled. Twenty-one
days later, tumors in pancreas were removed. CpG-siRNAs were
administered i.p. at 0.75 nmol per dose 2 days before resection surgery
and continued two times every 10 days. Nine days following tumor
resection, Nucl-siRNAs were administered i.p. at 0.5 nmol per dose
twice per week for three weeks. Mice were euthanized when they
exhibited signs of morbidity.

Methylcholanthrene-induced sarcoma model
BALB/c 6-week-old female mice received a single intramuscular

(i.m.) injection of 400 mg of the chemical carcinogen 3-methylcho-
lanthrene (MCA, Sigma-Aldrich) dissolved in 100 mL of sterile
corn oil using an insulin syringe. Development of fibrosarcomas was
monitored periodically over the course of 40–201 days. Tumors
>20 mm in diameter, using calipers, and demonstrating progressive
growth were recorded as positive. Thirty-five days following
tumor induction, CpG-siRNAs were administered i.p. at 0.75 nmol
per dose and repeated two additional times 10 days apart. Once
tumors became palpable, Nucl-siRNAs were administered i.p. at
0.5 nmol per dose twice per week for three weeks. Mice were
euthanized when they exhibited signs of morbidity.

MMTV-PyMT model
Starting at 5 weeks old (before first spontaneous tumors developed),

age-matched hemizygous MMTV-PyMT females (provided by
Dr. Marc Lippman, Department of Medicine, University of Miami
Miller School of Medicine, Miami, FL) received i.p. injections of
0.75 nmol CpG-siRNAs every 10 days for total of 6 doses. Once
tumors started developing, Nucl–siRNA conjugates were administered
i.p. at 0.5 nmol per dose twice per week for 4 weeks. Tumors in
mammary glands were monitored three times weekly. Mice were
euthanized when they exhibited signs of morbidity.

siRNA knockdown and qPCR analysis
For in vitro siRNA knockdown, DC2.4, Ramos, TMD8 cell lines,

and immature human monocytes-derived DC cells were plated in
triplicate onto 24-well plates (2.5–5 � 104 cells) for 18 hours. After
complete adhesion, cells were incubated with 0.5 mmol/L Nucl-
siRNA or 0.3 mmol/L CpG–siRNA conjugates two times every
8 hours. Cells were harvested 24, 48, 72, or 96 hours after the last
treatment. For in vivo siRNA knockdown, BALB/c mice were
injected once s.c. with CpG-siRNAs (0.75 nmol) close to inguinal
lymph nodes in the right flank. Lymph nodes were excised 24 hours
later and DCs were isolated using CD11c MicroBeads (Miltenyi
Biotec).

Murine Tap2 or human TAP1 mRNA was quantified by qPCR.
RNA was isolated using an RNeasy kit (QIAGEN). RNA was quan-
tified using an Agilent 2100 Bioanalyzer (Agilent Technologies).
cDNA synthesis was performed using the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems). cDNA equivalents
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of 25–50 ng ofmRNAwere used per reaction in a TaqMan qPCR assay
using the Step One qPCR machine (Applied Biosystems). TaqMan
probes corresponding to gene of interest or housekeeping products,
ordered from Thermo Fisher Scientific, were as follows: Tap2
(Mm01277033_m1), ACTB (Mm02619580_g1), Tap1 (Hs00184465_
m1), HPRT1 (Hs02800695_m1).

Generation of human CD8þ T cells enriched for TAP
downregulation–induced epitopes

Human DCs differentiated from monocytes, as described above,
were incubated with 0.3 mmol/L CpG–siRNA conjugates two times
every 24 hours. Twenty-four hours after second pulse, DCs were
cocultured with homologous CD8þ T cells using T-cell culture
medium in presence of IL2 (20 ng/mL, R&D Systems) and IL15
(50 ng/mL, R&D Systems) for 6 days. A third pulse with CpG-
siRNAs was done on the day of coculture. Culture medium was
replenished every 2–3 days with fresh complete T-cell medium with
cytokines. After two rounds of specific stimulation, the CD8þ T cells
were isolated using a positive-selection CD8þ T-cell isolation kit
(Miltenyi Biotec).

Recognition of targets by human TAP downregulation–induced
epitope-specific CD8þ T cells

CpG-siRNA– or TAP-siRNA–treated, peptide-pulsed, virus-
infected, or untreated cells were cocultured with activated Lnb5
T cells, 1A8 T cells, or TAP deficiency epitope enriched CD8þ T cells
(E:T ratio, 1:10). Peptides (1 mg/mL) were added (purchased from
Anaspec), and sequences were as follows: P14-FLGPWPAAS; P29-
LLALAAGLAV; P44-FLYPFLSHL; P49-ILEYLTAEV; P9-VLAVFI-
KAV; P67-LSEKLERI; P32-LLLSAEPVPA; control MAGE-ALSRK-
VAEL. Murine or human IFNg production in supernatant after
20 hours stimulation was measured by ELISA from R&D systems
following manufacturer's instructions. Cytotoxic activity was deter-
mined in a 4-hour in vitro lactate dehydrogenase assay (Thermo Fisher
Scientific) using E:T ratio of 10:1 in T-cell media following the
manufacturer's protocol. Percentage of specific lysis was calculated
as: ([experimental release � effector cell release � spontaneous
release]/[maximum release � spontaneous release]) � 100.

Flow cytometry analysis
Multicolor flow cytometry staining was performed using the fol-

lowing antibodies and reagents: CD45-FITC (30-F11), CD3-BV785
(17A2), CD19-APC/Cy7 (6D5), CD8a-BV510 (53–6.7), CD4-AF700
(RM4-5), CD335-BV605 (29A1.4), F4/80-APC (BM8), CD11c-PE/
Cy7 (N418), I-A/I-E-BV785 (M5/114.15.2), Ly-6C-PerCP/Cy5.5
(HK1.4), H-2-PE (M1/42), Ly-6G-BV605 (1A8), CD11b-PerCP/Cy5.5
(M1/70), KLRG1-APC (2F1/KLRG1), CD62L-BV711 (MEL-14), and
Ly-6G-APC/Cy7 (1A8) from BioLegend. CD3-APC/Cy7 (17A2) and
CD11b-redFluor710 (M1/70) were obtained from Tonbo Biosciences.
CD19-PF-594 (1D3) and CD103-BV421 (M290) were obtained from
BD Biosciences. CD25-PE/Cy7 (PC61.5) and Foxp3-PE (FJK-16s)
were obtained from eBiosciences. The TRH4 tetramer (TRH4 Tetra-
mer/PE H-2Db) was produced by the central protein facility of the
Leiden University Medical Center (Leiden, the Netherlands). Tumor-
infiltrating lymphocytes (TIL) were analyzed as described previous-
ly (30). Briefly, TILs were isolated by dissecting tumor tissue into small
pieces followed by incubation in collagenase (1 mg/mL,Worthington)
and DNase (100 mg/mL, Sigma-Aldrich) in complete RPMI1640
medium prior to dissociation using the gentleMACS Dissociator
following manufacturer's instructions for tough tumors like those
induced with the 4T1 cell line (Miltenyi Biotec). Cell suspensions

were passed through a 70-mm nylon strainer to obtain a single-cell
population. Cells were washed twice with FACS buffer (PBS pH 7.2,
supplemented with 0.5% BSA, 2 mmol/L EDTA, and 0.09% azide) and
stained as described below. Cells were incubated with Fc-blocking
antibodies (purified anti-mouse CD16/32, clone 93, BioLegend) for 10
minutes at 4�C, then incubated with antibodies for 30 minutes at
4�C. CD11cþ cells for DC maturation analysis or 4T1/67NR cells for
MHC-I expression were processed using the same protocol. For
tetramer experiments, cells were stained with the tetramer for 10
minutes at 22�C, followed by staining with antibodies. Cell suspen-
sions were incubated with fixable viability dye eFluor780
(eBioscience) for 15 minutes at 4�C. After a washing step, cells
were either analyzed directly or fixed with 4% paraformaldehyde
(PFA, BD Biosciences) solution for 30 minutes and stored in a 1%
PFA solution until analysis. For intracellular staining of Foxp3, cells
were fixed and permeabilized with Foxp3 Staining Buffer Kit
(eBioscience) according to manufacturer's instructions. Cells were
analyzed using LSR II cytometer (Becton Dickinson), and data were
analyzed using FlowJo 10 software (TreeStar). Cytokine concen-
tration in serum was analyzed using a CytoFLEX flow cytometer
and LEGENDplex software (BioLegend).

Toxicology
Na€�ve BALB/c mice were administered CpG–siRNA and Nucl–

siRNA conjugates as described in the vaccination regimen in
transplantable tumor models. Blood was collected from mice 2 days
after last Nucl-siRNAs administration dose. Complete blood count
(CBC) analysis was performed using HemaVet analyzer (Drew
Scientific). Liver enzymes AST and ALT were quantified in serum
by using a colorimetric Aspartate Aminotransferase Activity Assay
Kit (Sigma) or Alanine Aminotransferase Activity Assay Kit (Cay-
man Chemical), respectively, according to the manufacturer's pro-
tocol. Cytokines were quantified in serum by LEGENDplex Mouse
Inflammation panel (13-plex; BioLegend) according to the manu-
facturer's recommendations. Cytokine concentration in serum was
analyzed using a CytoFLEX flow cytometer and LEGENDplex
software (BioLegend). As a positive control of systemic inflamma-
tion, mice were injected with 200 mg of anti-CTLA4 clone 9H10
(BioXcell) as described previously (30, 31). Lungs, livers, and small
intestines were fixed in 10% formalin, and embedded in paraffin,
and sectioned. Seven-micron–thick sections were stained with H&E
to assess inflammation.

Statistical analysis
When the variables studied were normally distributed, multiple

comparisons were performed using one-way ANOVA with Tukey or
Dunnett posttest, and comparisons between two groups were per-
formed using Student unpaired t test. Nonparametrical methods were
applied for nonnormally distributed variables. For these statistical
analyses,multiple comparisons were performed usingKruskall–Wallis
with Dunn posttest, and comparisons between two groups were
performed using Mann–Whitney U test. Significance of overall sur-
vival was determined via Kaplan–Meier analysis with log-rank anal-
ysis. Unsupervised clustering was performed using agglomerative
hierarchical clustering with complete linkage. Heatmaps were plotted
based on maximum distance measure. Hierarchical clustering
was conducted using statistical software R (www.r-project.org). All
statistical analyses were performed with Graphpad Prism 6 and 7
(GraphPad). Error bars show SEM, and P < 0.05 was considered
statistically significant. � indicates P < 0.05, ��, P < 0.01, ���, P < 0.001,
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and ����, P < 0.0001 unless otherwise indicated. ns denotes not
significant.

Results
Vaccination of tumor-bearing mice against TAP TEIPP inhibits
tumor growth

Short CpG containing ODNs can serve as agonists for TLR9, and
studies have shown that systemically administered siRNAs fused to a

CpG ODN are preferentially taken up by TLR9-expressing DCs and B
cells, activate DCs in vitro and in vivo, and downregulate the siRNA
targets (24). Incubation of the murine DC cell line DC 2.4 in vitrowith
a CpG ODN conjugated to a murine TAP-specific siRNA (CpG-TAP
siRNA) led to the downregulation of TAP mRNA (Fig. 1A), matu-
ration of DCs (Supplementary Fig. S1A), and presentation of a
previously described TAP TEIPP named TRH4 (13) to cognate T
cells (Fig. 1B). Systemic administration of CpG-TAP siRNA to mice
via subcutaneous injection led to the reduction of TAP mRNA

Figure 1.

Vaccination with CpG-TAP siRNA elicits T-cell responses and inhibits tumor growth in mice compared with vaccination against mutation-derived neoantigens.
A, Tap2mRNA in DC2.4 cells were incubated with CpG-TAP siRNA. Cells were treated with CpG or CpG-siRNAs, and 24 hours later, RNAwas isolated and quantified
byqRT-PCR. Shown aremeansþSEMperformed in triplicates (n¼ 2).B,DC2.4 cellswere treatedwithCpG-siRNAsor pulsedwith theTRH4or control Ad10 peptides,
and culturedwith LnB5 T cells that recognize the TRH4peptide presented byH-2bmolecules (13). INFg production after 20 hourswasmeasured by ELISA. Shown are
meansþ SEM of triplicate wells (n¼ 2).C andD, TapmRNA expression andmean fluorescent intensity (MFI) ofmaturationmarkers in DCs in vivo. Micewere injected
once subcutaneouslywith CpG-siRNAs close to inguinal lymph nodes in the right flank. Right inguinal lymph nodeswere excised 24 hours later, and CD11cþ cells were
isolated usingmagnetic beads. C, Tap2mRNAwas quantified by qRT-PCR using cells pooled from 2mice (8mice/group; n¼ 2).D, Expression ofmaturationmarkers
in CD11cþ cells was analyzed by flow cytometry. Shown are means þ SEM. E and F, TAP-deficient RMA-S T lymphoma tumor–bearing mice were treated with
CpG-TAP, and TRH4-specific CD8þ T-cell responses were assessed. Results from two independent experiments were combined (2–3 mice/group). E, Staining with
TRH4 tetramer on tumor-infiltrating lymphocytes 7 days after the second CpG-TAP dose administration (6 mice/group; n ¼ 2). F, In vivo killing of TRH4 peptide–
pulsed splenocytes, as described in Materials and Methods (5 mice/group; n ¼ 2). Shown are means � SEM. G, RMA-S tumor–bearing mice were vaccinated with
CpG-TAP following the indicated regimen, and tumor growthwas assessed. Shown are means� SEM for tumor volumes (7 mice/group; n¼ 3).H, RMA T lymphoma
tumor–bearingmicewere treatedwith CpG-TAP andNucl-TAP siRNAs following the indicated regimen. Shownaremean� SEM for tumor volumes (7–9mice/group;
n ¼ 2). I, MC38 tumor–bearing mice were treated with CpG-TAP and Nucl-TAP siRNAs following the indicated regimen and compared to mice vaccinated against
tumor-resident neoantigens. Data show mean � SEM for tumor volumes. Results from two independent experiments were combined (11–14 mice/group). A–D,
Statistical analyses using one-way ANOVA test and Dunnet posttest for comparisons between untreated and all conditions. E, Statistical analysis using one-way
ANOVA test and Tukey posttest. F, Statistical analyses using Mann-WhitneyU test.G–I, Statistical analyses using Kruskal–Wallis test and Dunn posttest. Differences
are indicated in the graphs: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; and ���� , P < 0.0001.
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expression in lymph node DCs (Fig. 1C), in situ maturation of DCs
(Fig. 1D), and induction of a T-cell response against the TRH4 epitope
measured by tetramer staining (Fig. 1E) and an in vivo cytotoxic assay
(Fig. 1F). Taken together, these experiments showed that a CpGODN
could target a TAP siRNA to DCs in vitro and in vivo, leading to the
downregulation of TAP and presentation of MHC class I–restricted
epitopes.

To determine whether the CpG-TAP siRNA-induced immune
response can inhibit the growth of tumor cells with reduced TAP
expression, CpG-TAP siRNA–treated mice were challenged with
TAP-deficient RMA-S tumor cells. Tumor growth was significantly
inhibited when mice were treated with CpG-TAP, but not with
CpG-Ctrl, siRNA (Fig. 1G). We previously showed that adminis-
tration of a TAP-specific siRNA conjugated to a broad-range
tumor-targeting nucleolin aptamer (Nucl-TAP siRNA) leads to
a partial downregulation of TAP in tumor cells, presentation of
TAP TEIPP in murine and human cells, and inhibits tumor growth
in multiple tumor models (23). Here, we tested whether vaccina-
tion against TAP TEIPP would enhance the antitumor immune
response elicited by said antigens induced in the tumor cells.
Vaccination of TAP-sufficient RMA tumor–bearing mice with
CpG-TAP siRNA enhanced the effect of Nucl-TAP siRNA, where-
as vaccination with CpG-TAP siRNA alone or vaccination with
CpG-Ctrl siRNA and Nucl-TAP siRNA had no (additive) effects
(Fig. 1H).

Tumor-resident mutation-generated neoantigens are thought to be
the most effective antigenic targets for vaccination. We, therefore,
compared the potency of vaccination against TAP TEIPP induced in
the developing tumor to vaccination against a mixture of three
prototypic mutation-derived neoantigens expressed in MC38 adeno-
carcinoma tumors (29). The MC38-resident neoantigens have been
identified by sequential exome sequencing, characterization of MHC
class I-associated peptides by mass spectrometry, and their ability to
elicit T-cell responses in mice (29). Whereas vaccination of MC38
tumor–bearing mice with a mixture of the three neoantigens exhibited
a small but discernible inhibitory effect on the growth ofMC38 tumors
as described previously (29) and was comparable to inducing TAP
TEIPP in the tumor cells by treatment with Nucl-TAP siRNA (23),
vaccination with CpG-TAP siRNA followed by treatment with Nucl-
TAP siRNA was significantly more effective (Fig. 1I). Tumor volumes
showed that the magnitude of the antitumor response with the peptide
mixture was comparable with what has been described (ref. 29;
Supplementary Fig. S1B).

Whereas vaccination with CpG-TAP siRNA alone did not affect the
growth of TAP-sufficient RMA (Fig. 1H), MC38 (Fig. 1I), or breast
carcinoma 67NR tumor–bearing mice (Supplementary Fig. S1C),
conceivably because they did not present TAP TEIPP, vaccination
with CpG-TAP siRNA inhibited the growth of 4T1 tumors, which
could be further enhanced by treatment with Nucl-TAP siRNA
(Supplementary Fig. S1D). The partial susceptibility of 4T1 tumors
toCpG-TAP siRNAvaccinationwas likely due to reduced TAPmRNA
(Supplementary Fig. S1E) and MHC class I (Supplementary Fig. S1F
and S1G) expression compared with the nonmetastatic variant 67NR
tumor cells, which was derived from the same thioguanine-resistant
tumor originating in a BALB/c mouse (32).

Vaccination against TAP TEIPP inhibits recurrent and future
tumor growth

Vaccination against the experimentally induced TAP TEIPP is
suitable for vaccinating against future tumors. Tumor-resident muta-
tion-derived neoantigens may differ between the recurring tumor that

develops after a long latency and the biopsy used to identify the
neoantigens and prepare the vaccine, whether due to immune
editing (7–10) or because metastatic lesions often originate from early
disseminating tumor cells (11). For individuals at risk of developing
cancer, which neoantigenswill be expressed in the future tumor cannot
be predicted (12). Here, we tested whether and to what extent
vaccination against TAP TEIPP could inhibit the growth of recurring
or future tumors, provided the said antigens would be induced
when tumors develop. The two-step procedure depicted in Fig. 2A
is composed of vaccinating against TAP TEIPPwith CpG-TAP siRNA
(i.e., prophylactic vaccination), followed by induction of said antigens
in the developing tumor with Nucl-TAP siRNA. To test this
concept, mice were vaccinated twice by subcutaneous administration
of CpG-TAP siRNA before tumor challenge and a third time 2 days
after subcutaneous tumor inoculation. Although both vaccination
before or after RMA-S tumor challenge inhibited tumor growth,
the combination was significantly more effective (Supplementary
Fig. S2A). Vaccination of RMA tumor–bearing C57BL/6 (H-2b) mice
with CpG-TAP siRNA led to pronounced inhibition of tumor growth,
provided themice were also treated withNucl-TAP, but not Nucl-Ctrl,
siRNA (Fig. 2B). Vaccination against the TAPTEIPPwas less effective
against 4T1 tumor–bearing BALB/c (H-2d) mice, and as seen before
(Supplementary Fig. S1D), CpG-TAP siRNA vaccination alone also
inhibited tumor growth, conceivably due to the reduced expression of
TAP mRNA in the tumor cells (Supplementary Fig. S1E–S1G).
Similarly, vaccination against ER aminopeptidase-associated with
antigen processing (ERAAP), another key mediator of MHC class I
processing whose dysfunction is shown to induce the presentation of
novel MHC class I–restricted epitopes (33), inhibited the growth of
subsequently implanted RMA tumor cells that was dependent on
treatment of the tumor-bearing mice with Nucl-ERAAP siRNA
(Supplementary Fig. S2B).

We next evaluated the vaccination protocol in autochthonous
models of recurrence and premalignant disease. We used a model of
recurrence whereby pancreatic KPC-derived tumor cells mixed with
stellate cells were implanted orthotopically into the pancreas (26),
and tumors were resected when they become palpable (Fig. 2C).
Resection alone had a small survival benefit that was not improved
by CpG-TAP vaccination. Whereas Nucl-TAP siRNA treatment
exhibited a small therapeutic benefit resulting from the induced
expression of the TAP TEIPP in the residual tumor cells, consistent
with our previous study (23), combination of CpG-TAP vaccination
followed by Nucl-TAP treatment led to a significant enhancement
of survival. To evaluate the vaccination protocol against future
tumors, we used the MCA carcinogen-induced model for fibrosar-
coma (ref. 34; Fig. 2D) and the PyV-MT model for breast
cancer (ref. 35; Fig. 2E, Supplementary Fig. S2D), whereby mice
were vaccinated in the premalignant stage and antigen induced
when tumors became palpable. In both models, combination of
CpG-TAP siRNA vaccination and Nucl-TAP siRNA antigen induc-
tion led to a significant enhancement of survival. In the MCA
model, tumors regressed in a significant proportion of the treated
mice (Supplementary Fig. S2C). Taken together, these experiments
showed that (i) vaccination against TAP TEIPP could inhibit future
tumor growth, provided said antigens were induced by targeted
inhibition of TAP in the developing tumors; (ii) vaccination against
the experimentally induced TAP TEIPP was not dependent on prior
knowledge of the antigenic content of concurrent, recurring, or
future tumors; and (iii) the TAP TEIPP was prototypic of a class of
antigens induced by downregulation of key mediators of antigen
processing, such as ERAAP (Supplementary Fig. S2B).
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TAP TEIPP–specific T cells recognize human tumor cells with
reduced TAP expression

To determine whether vaccination against TAP TEIPP could be
applicable to human patients, we tested whether DCs pulsed with
CpG-TAP siRNA were capable of stimulating in vitro CD8þ T cells to
recognize tumor cells treated with Nucl-TAP siRNA. We previously
showed that human tumor cells treated in vitro with a human TAP
siRNA conjugated to the nucleolin aptamer present an HLA-A2–
restricted TAP TEIPP, called peptide 14 (p14; ref. 25) that is induced
in TAP-deficient human tumor cells of distinct origin (23). Similarly,
humanmonocyte-derived DCs treated with the CpGODN conjugated
to a human TAP specific siRNA led to the partial downregulation of
TAPmRNA(Fig. 3A) and presentation of p14 to a cognate T-cell clone
(Fig. 3B). CpG-TAP siRNA–treatedDCs stimulated autologousCD8þ

T cells, which recognized both TAP-deficient as well as Nucl-TAP, but
not Nucl-Ctrl, siRNA-treated TAP-sufficient tumor cells (Fig. 3C).
Cells that downregulate TAP present multiple epitopes mostly derived
from housekeeping products (17). The CpG-TAP siRNA-stimulated
CD8þT cells recognizedDCs pulsedwithHLA-A2–restricted peptides
(Fig. 3D) that were presented by TAP-deficient tumor cells (25). This
suggests that CpG-TAP siRNA-treated DCs could stimulate a poly-

clonal CD8þ T-cell response against multiple shared TAP TEIPP also
presented byTAP-deficient tumor cells, and thereby could enhance the
recognition of a broad range of tumors with reduced TAP expression.

In progressing human tumors TAP is often downregulated in a
proportion of tumor cells that is more prevalent in metastatic
lesions (36–39), and reviewed in ref. 40. Analysis of a pair of non-
metastatic SW480 and metastatic SW620 cell lines established from a
patient with colon cancer showed that themetastatic variant expressed
lower TAP mRNA (Supplementary Fig. S3A), presented the p14 TAP
TEIPP to a cognate CD8þ T-cell clone measured by cell killing
(Supplementary Fig. S3B) or IFNg secretion (Supplementary
Fig. S3C), and CD8þ T cells stimulated with CpG-TAP–treated
autologous DCs recognized metastatic SW620, but not nonmetastatic
SW480, tumor cells (Supplementary Fig. S3D). The susceptibility of
metastatic 4T1, but not the nonmetastatic 67NR, tumor variant to
CpG-TAP vaccination inmice (Supplementary Fig. S1C–S1G) and the
presentation of TAP TEIPP by the humanmetastatic colorectal cancer
variant (Supplementary Fig. S3) raises the possibility that metastatic
lesions harboring a significant proportion of cells with reduced TAP
expression could be susceptible to CpG-TAP siRNA vaccination, even
in the absence of Nucl-TAP siRNA treatment. Given, however, the

Figure 2.

Vaccination against TAPdownregulation–induced antigens inhibits the growth of future tumors.A,Vaccination against antigens induced in future tumors for patients
in remission or individuals at high risk of developing cancer. Patients in remission are vaccinated against TAP TEIPP, andwhen tumorswill inevitably recur, (the same)
antigens are induced in the developing tumor. Individuals at high risk of developing cancer are vaccinated against TAP deficiency-induced antigens and if or when
tumors develop, the (same) antigens are induced in the developing tumor.B,Micewere vaccinatedwithCpG-siRNA, implanted subcutaneouslywithRMA (left) or 4T1
(right) tumor cells, and treatedwithNucl-siRNAas indicated. Shownaremeans�SEM for tumor volumes (7–8mice/group, n¼ 2).C,Amixture of KPC-derived tumor
cells and stellate cells was surgically implanted into the pancreas of mice. When tumors became palpable, they were resected, and mice were vaccinated with CpG-
TAP siRNA and Nucl-TAP siRNA as indicated. Survival is shown. Results from two independent experiments were combined (8–12 mice/group). D, MCA-induced
model for fibrosarcoma. Mice were treatedwith MCA, were vaccinated with CpG-TAP siRNA, andwhen tumors became palpable, were treatedwith Nucl-TAP siRNA
as indicated (7–10 mice/group, n¼ 1). Survival is shown. E, Transgenic PyV-MT mice were vaccinated during the premalignant stage as indicated, and when tumors
became palpable, antigens were induced with Nucl-TAP siRNA. Survival is shown (7–10 mice/group, n ¼ 1). Statistical analyses using Kruskal–Wallis test and
Dunn posttest (B). Survival curves analyzed by log-rank (Mantel–Cox) test (C–E). Differences are indicated in the graphs (� , P < 0.05; ��, P < 0.01; ��� , P < 0.001; and
���� , P < 0.0001).
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extensive variability of TAP downregulation in human tumor lesions,
which is hard tomodel inmurine studies, only clinical trials will be able
to determine whether this will be the case.

Adaptive and innate immune responses elicited by vaccination
with CpG-TAP siRNA

We next evaluated the immunologic mechanism underpinning the
antitumor effect of vaccinating against TAP TEIPP using the subcu-
taneous 4T1 tumor model. In this model, treatment with either Nucl-
TAP or CpG-TAP siRNAs inhibited tumor growth (Fig. 2B), the latter
because in 4T1 TAP expression is partially downregulated (Supple-
mentary Fig. S1E), whereas combined treatment with CpG-TAP and
Nucl-TAP siRNA led to an enhanced antitumor response (Fig. 2B).
Inhibition of tumor growth correlated with a pronounced proinflam-

matory response at the tumor site in mice treated with both CpG-TAP
and Nucl-TAP siRNAs, an increase in CD8þ and CD4þ T cells, cross-
presenting CD103þ DCs, M2 to M1 polarization of macrophages, a
decrease in CD4þ regulatory T cells (Treg) and granulocytic myeloid-
derived suppressor cells (MDSC), as well as an increase in the ratio of
CD8þ cells to myeloid cells, Tregs, and granulocytic MDSCs (Fig. 4A;
Supplementary Fig. S4). The proinflammatory response was less
pronounced in mice treated with Nucl-TAP siRNA, and minimal in
mice treated with CpG-TAP siRNA.

Tumor inhibition of subcutaneously implanted 4T1 tumor–bear-
ing mice treated with CpG-TAP and Nucl-TAP siRNAs (Fig. 2B)
was dependent on CD8þ, but not on CD4þ or NK, cells (Fig. 4B),
and adoptive transfer of CD8þ T cells from na€�ve mice treated
with CpG-TAP inhibited the growth of TAP-deficient RMA-S

Figure 3.

CpG-TAP siRNA-pulsed DCs stimulate human PBMC-derived CD8þ T cells in vitro, which recognize tumor cells with reduced TAP expression. A, Human TAP1mRNA
expression in DCs treated with CpG-TAP siRNA. Monocyte-derived human DCs were treated with CpG-Ctrl or TAP siRNAs, and at indicated time points, mRNAwas
generated andquantifiedbyqRT-PCR. ShownaremeansþSEMperformed induplicates. Results from two independent experimentswere combined.B,Presentation
of p14, a TAP deficiency–induced peptide, in 518A2melanoma cells treatedwith Nucl-siRNAs and culturedwith a cognate CD8þT-cell clone that recognized theHLA-
A2–p14 complex (25). IFNg production after 20 hours was measured by ELISA. Means � SEM of quadruplicate wells (n ¼ 2). C, Stimulation of TAP TEIPP–specific
CD8þ T cells. CD8þ T cells from an HLA-A2 donor were stimulated with autologous DCs treated with CpG-TAP siRNA. After two rounds of stimulation, CD8þ T cells
were isolated and coculturedwith TAP-deficient 518A2 cells (518A2 TAPKO) orwith TAP-sufficient parental cells (518A2) treatedwith Nucl-siRNAs. IFNg production
after 20 hours was measured by ELISA. Shown are meansþ SEM of quadruplicate wells (n¼ 2).D, Polyclonality of the TAP TEIPP–specific CD8þ T cells. CD8þ T-cell
cultures, as described in C, were incubated with 518A2 cells pulsed with six previously described HLA-A2–restricted TAP deficiency–induced peptides (25). MAGE
peptide was used as negative control. INFg production after 20 hours was measured by ELISA. Shown are means þ SEM of quadruplicate wells (n ¼ 2). Statistical
analyses using Student unpaired t test (A, C, and D). Statistical analyses using Kruskal–Wallis test and Dunn posttest (B). Differences are indicated in the
graphs (�� , P < 0.01; ��� , P < 0.001; and ���� , P < 0.0001).
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tumors (Fig. 4C). Vaccination of mice with CpG-TAP siRNA
engendered long-lasting protective immunity. No diminution of
tumor inhibition was seen when vaccinated mice were challenged
with TAP-deficient tumor cells 90 days following vaccination
compared to 10 days following vaccination (Fig. 4D). Consistent
with this, 30 days following treatment with CpG-TAP, but not CpG-
Ctrl, siRNA, about 1% of total CD44þKLRG� memory and
CD62LþKLRG� central memory CD8þ T cells in the spleen or
draining lymph nodes were specific to TRH4 TAP TEIPP (Supple-
mentary Fig. S5). Given that TAP downregulation induces
the presentation of multiple epitopes (17, 25), the proportion of
vaccine-induced TAP TEIPP was likely significantly higher.

Vaccination against TAP TEIPP does not elicit autoimmunity
In clinical trials, CpGODNs used as immune adjuvants (41) and the

nucleolin aptamer used as a cytotoxic agent (42), were administered at
10–100 fold higher doses than used in our studies as targeting agents
(prorated for weight). Both CpG ODNs and the nucleolin aptamer
were well tolerated and did not elicit significant toxicities in patients.
Yet, given that TAP TEIPP are encoded in housekeeping products that
are not presented under normal conditions (17), autoimmunity
could develop if the otherwise cryptic epitopes are presented to
the CpG-TAP siRNA vaccination-induced T cells by normal cells
that have downregulated TAP, or despite tumor targeting by

nucleolin aptamer, some of the siRNA could be taken up by normal
cells. We did not see evidence of toxicity in mice vaccinated against
TAP TEIPP in terms of morbidity, complete blood counts (Sup-
plementary Table S1), elevated cytokines in circulation (Supple-
mentary Fig. S6A), liver damage measured by circulating liver
enzymes alanine transaminase (ALT) and aspartate transaminase
(AST; Fig. 5A), or nonspecific inflammation in the liver, small
intestine, or lungs (Fig. 5B; Supplementary Fig. S6B). In contrast,
mice treated with a comparable therapeutic dose of CTLA-4 anti-
body elicited organ-wide inflammatory responses similar to the
toxicities often seen in human patients (refs. 30, 31; indicated by the
arrows in Fig. 5B). Taken together, our studies suggest that
vaccinating against TAP TEIPP could be safe or less toxic than
treatment with CTLA-4 antibodies.

Dispensing with the need for inducing TAP TEIPP in tumor cells
The vaccination protocol as described above is a two-step, two-

reagent protocol (Fig. 2A) using vaccination against induced antigens
with CpG-TAP siRNA and inducing said antigens in the tumor with
Nucl-TAP siRNA. There are, however, two scenarios encompassing a
significant proportion of cancers, B-cell malignancies and human
papillomavirus (HPV)–induced cancers, where the second step of
inducing antigens with Nucl-TAP siRNA could be omitted. Most
B-cell–derived tumors also express TLR9, the endocytic receptor of

Figure 4.

Immunologic mechanism of vaccinating against TAP TEIPP. A, Vaccination in the 4T1 model with CpG-TAP and Nucl-TAP siRNAs as shown in Fig. 2B. Tumors
were excised 2 days after the second Nucl-TAP siRNA treatment, and cell suspensions were generated and analyzed by flow cytometry. Shown is unsupervised
clustering of immune subsets among CD45þ cells (5 mice/group, n¼ 2). See gating strategy and immune subset percentages in Supplementary Fig. S4A and S4B.
gMDSC, granulocytic myeloid-derived suppressor cell. B, Mice were vaccinated with CpG-TAP siRNA, challenged subcutaneously with 4T1 tumor cells, and treated
with Nucl-TAP siRNA as described in Fig. 2B. Cellular subsets were depleted with antibodies (Ab) once weekly starting 3 days before the first CpG-TAP
administration. Shown aremeans� SEM for tumor volumes (7–8mice/group, n¼ 2).C,RMA-S–bearingmice received one infusion of CD8þ T cells (0.25� 106) 2 days
after tumor implantation as indicated by arrow. Na€�ve mice were vaccinated with CpG-siRNAs three times 10 days apart, and CD8þ T cells were isolated 5 days
after the third vaccination. Shown are mean and SEM tumor volume measurements (7–8 mice/group, n ¼ 1). D, Mice were vaccinated with CpG-siRNAs twice
10 days apart and challenged with TAP deficient RMA-S cells 10 or 90 days after the second vaccination. A third vaccination with CpG-TAP siRNA was
administered 3 days after tumor implantation to all mice. Shown are means � SEM for tumor volumes (5–10 mice/group, n ¼ 1). Statistical analyses using
Kruskal–Wallis test and Dunn posttest (B–D). Differences are indicated in the graphs (� , P < 0.05; �� , P < 0.01; and ��� , P < 0.001).
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CpG ODN. Hence, the CpG-TAP siRNA could be used both for
vaccination and for antigen induction in B-cell tumors. In support of
this hypothesis, a single administration of CpG-TAP siRNA to TLR9-
expressing A20 B lymphoma tumor-bearing mice inhibited tumor
growth that could not be attributed to the adjuvant effect of CpG
ODNs (Fig. 6A). Previous studies have shown that targeted inhibition
of STAT3, a broad-spectrum mediator of immune suppression, using
an siRNA or DNA decoy conjugated to a CpG ODN, inhibited the
growth of B-cell lymphoma in mice (27, 28). Underscoring the
importance of potentiating vaccine-induced antitumor immunity
using experimental conditions, whereby CpG-TAP siRNA or CpG-
STAT3 DNA decoy exhibit a limited impact, combining CpG-TAP
siRNA treatment with CpG-STAT3 DNA decoy significantly reduced
tumor growth (Supplementary Fig. S7) and enhanced the survival of
the treated mice (Fig. 6B). Consistent with the ability of CpG-TAP
siRNA to both induce T-cell responses and express TAP TEIPP on
B-cell–derived tumor cells, incubation of CpG-TAP siRNA with
human B cell-derived tumor cell lines Ramos or TMD8 downregulated
TAPmRNA (Fig. 6C) and presented the p14 TAP TEIPP to a cognate
T-cell clone measured as killing of the tumor cells (Fig. 6D) or IFNg
secretion from theT cells (Fig. 6E). CD8þTcells stimulatedwithCpG-
TAP, but not CpG-Ctrl, siRNA-treated DCs recognized Ramos and
TMD8 cells (Fig. 6F), provided the tumor cells were treated with CpG-
TAP siRNA.

Culture-established HPV-transformed cells express reduced TAP
activity (43, 44), raising the possibility that vaccination with CpG-TAP
siRNA as single agent may be also effective against HPV-induced
tumors. Consistent with this hypothesis, murine HPVþ TC-1 tumor
cells presented the TRH4 TAP TEIPP in culture (Fig. 6G), and
vaccination of TC-1 tumor–bearing mice with CpG-TAP siRNA
inhibited tumor growth (Fig. 6H). Human cervical HPVþ Caski, but

not the HPV� C33A, cancer cells presented p14 TAP TEIPP (Fig. 6I),
and CpG-TAP–stimulated CD8þ T cells recognized HPVþ Caski, but
not the HPV�, C33A cells (Fig. 6J). It, however, remains to be seen
whether and to what extent TAP is downregulated in HPVþ tumors
in vivo.

Discussion
Here, we describe a vaccination strategy against experimentally

induced antigens that target tumor cells “marked” for recognition by a
vaccine-elicited immune response. We showed that vaccination
against antigens induced by downregulating TAP (TAP TEIPP) in
TLR9-expressing professional antigen-presenting cells with CpG-TAP
siRNA is potent, broadly applicable, and safe, provided TAP is also
downregulated in tumor cells with Nucl-TAP siRNA.

Two sets of observations suggest that vaccinating against TAP
TEIPP is potent. First, it was more effective than vaccination against
mutation-derived neoantigens expressed in the MC38 tumor. This
comparison may underestimate the effectiveness of vaccinating
against TAP TEIPP because the MC38-expressed neoantigens were
clonal in nature and hence therapeutically the most potent neoanti-
gens, yet the identification of the rare clonal neoantigens in human
tumors will be particularly challenging (1, 2). Second, using strin-
gent and increasingly informative autochthonous models of recur-
rence and premalignant disease, we showed that vaccination against
TAP TEIPP cleared tumors in a proportion of mice in a recurrence
model for pancreatic cancer and a premalignant model for carcin-
ogen-induced fibrosarcoma and delayed tumor development in the
challenging PyV-MT model for breast cancer. Arguably, the modest
effect seen in the PyV-MTmodel is more likely to represent what we
can expect to achieve under best circumstances in human patients

Figure 5.

Toxicity of vaccinating against TAP TEIPP. Na€�ve mice (4 mice/group) were administered CpG-siRNAs and Nucl-siRNAs as described in Fig. 2B but without tumor
implantation. A, Liver pathology. ALT and AST levels in the circulation measured by ELISA. Bracketed area represents normal levels of ALT or AST in BALB/c mice
[fromThe Jackson Laboratories (Mouse PhenomeDatabase, http://phenome.jax.org/)]. Data represent box plot analysis (min tomax).B, Inflammatory responses in
tissue sections stained with hematoxylin and eosin and visualized by light microscopy at 40�magnification (scale bar, 25 mm). One group of mice was treated with
200 mg of CTLA-4 antibody (Ab) that elicits a comparable antitumor effect. Arrows indicate inflammatory foci in mice.
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using vaccination as monotherapy, underscoring the need for a
multipronged approach of complementary immune-potentiating
treatments like checkpoint blockade therapy. To the best of our
knowledge, vaccination against tumor resident neoantigens has not
been evaluated in such autochthonous models.

The broad applicability of vaccinating against TAPTEIPP is suggested
by the observations that treatmentwith CpG-TAP siRNAandNucl-TAP
siRNA inhibited tumor growth in mice bearing tumors of distinct
origin and genetic background.We previously showed that the nucleolin

aptamer can deliver TAP siRNA to tumor cells of distinct origin (23).
Thus, vaccination against TAP TEIPP could be potentially applicable to
virtually all patients with cancer. The nucleolin aptamer targets a broad
range of human tumor cells and is well tolerated in patients with cancer,
but its tumor specificity was not conclusively demonstrated (42). Thus,
the nucleolin-binding aptamer used in these proof-of-concept studies
should be viewed as a prototype of tumor-targeting ligands, but its utility
as tumor-targeting ligand in human patients remains to be determined.
Examples of alternative targets are EpCAM exposed for ligand

Figure 6.

CpG-TAP siRNA vaccination against TAP TEIPP does not require Nucl-TAP siRNA antigen induction in B-cell malignancies and HPV-induced cancers. A–F, B-cell
tumors.A, Subcutaneously implantedA20 tumor–bearingmice received one injection of CpG-Ctrl or CpG-TAP siRNA 2 days after tumor implantation as indicated by
arrow. Shown are means � SEM for tumor volumes (7 mice/group, n ¼ 2). B, BALB/c mice were injected i.v. (tail vein) with 5� 106 A20 cells expressing luciferase
(A20Luc), and tumor growthwasmonitored as described previously (27, 28). After 9 days,micewere treated with 1mg/kg CpG-TAP siRNA (CpG-TAP) twice on day 1
and day 7 after treatment and then with 5 mg/kg CpG-STAT3 DNA decoy (CpG-STAT3dODN) every other day for a total of eight injections. Survival of the treated
mice is shown. Results are combined from two independent experiments (CpG-STAT3dODNþCpG-siTAP group: n¼ 10; CpG-STAT3dODNþCpG-SCRgroup: n¼ 11;
CpG-SCRþCpG-siTAPgroup:n¼ 11; PBSgroup:n¼9; ���� ,P<0.0001).C,Human TAP1mRNA inRAMOSandTMD8B-lymphoma cells incubatedwithCpG-TAP.Cells
were treatedwith CpG-siRNAs, and 48 hours later, RNAwas isolated and quantified byqRT-PCR. Shown aremeansþ SEMperformed in duplicates. Results from four
independent experiments were combined.D and E, Cells were treated with CpG-siRNAs for 72 hours and cultured with a CD8þ T-cell clone that recognized the HLA-
A2–restricted p14 complex (25).D, In vitro cytotoxicity of the tumor cells after 4 hours coculturewas determine by lactate dehydrogenase assay. Shown aremeansþ
SEM. E, IFNg production by the T-cell clonewasmeasured by ELISA. Shown aremeansþ SEMof quadruplicatewells (n¼ 2).F,CD8þ T cells coculturedwith CpG-TAP
or CpG-Ctrl siRNA–treated autologous DCs, as described in Fig. 3C, were incubated with RAMOS or TMD8 cells treated with CpG-TAP or CpG-Ctrl siRNA. IFNg
productionwasmeasured after a 20-hour coculture by ELISA. Shown aremeansþ SEMof quadruplicate wells (n¼ 2).G–J,HPVþ tumors.G,HPVþ TC-1 andHPV�B6
HLF cells were cocultured with LnB5 T cells. IFNg production after 20 hours was measured by ELISA. RMA-S cells were used as positive control of LnB5 T-cell
stimulation. Shown are means� SEM of triplicate wells (n¼ 2). H, C57BL/6mice were injected subcutaneously with TC-1 tumor cells. One and 7 days later (arrows),
mice were injected with CpG-siRNAs. Shown are means � SEM for tumor volumes (9–10 mice/group, n ¼ 1). I, Human HPVþ Caski cells were cocultured with a
CD8þ T-cell clone that recognized the HLA-A2–p14 complex. In vitro cytotoxicity of the tumor cells after 4 hours of coculture was determined by lactate
dehydrogenase assay. Means � SEM of quadruplicate wells (n ¼ 2). J, A TAP deficiency epitope–enriched CD8þ T polyclonal repertoire was generated
as in Fig. 3C. IFNg production after 20 hours was measured by ELISA. Meansþ SEM of quadruplicate wells (n¼ 1). Statistical analyses using Kruskal–Wallis test
and Dunn posttest (A and H). Survival curves analyzed by log-rank (Mantel–Cox) test (B). Statistical analyses using Student unpaired t test (C). Statistical
analyses using one-way ANOVA test and Dunnet posttest (D–F and J). Statistical analyses using Mann–Whitney U test (I). Differences are indicated in the
graphs (� , P < 0.05; �� , P < 0.01; ���, P < 0.001; and ���� , P < 0.0001).

Garrido et al.

Cancer Immunol Res; 8(7) July 2020 CANCER IMMUNOLOGY RESEARCH866

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/8/7/856/2357374/856.pdf by Leiden U

ni - W
ALAEU

S LIBR
AR

Y user on 02 Septem
ber 2022



recognition on carcinomas, PSMA expressed on prostate cancer, or
Her2 expressed on a proportion of breast cancers.

Given that TAP TEIPP are cryptic epitopes encoded in normal
products, treatment with CpG-TAP and Nucl-TAP siRNA runs the
risk of eliciting autoimmune pathology. Our studies in mice failed to
uncover any adverse effects or signs of autoimmunity, in stark contrast
to treatment with CTLA-4 antibody that elicited organ-wide inflam-
matory responses similar to what is often seen in patients treated with
ipilimumab (31, 45, 46). Thus, vaccination against TAP TEIPP exper-
imentally induced in tumor cells appears to be safe, exhibiting a
therapeutic index superior to that of checkpoint blockade with
CTLA-4 antibody. Despite the inherent limitations of preclinical
murine models to assess toxicity in human patients, it is noteworthy
that murine studies have predicted both the pattern and relative
intensity of adverse effects accompanying checkpoint blockade with
PD-1 and CTLA-4 antibodies (31, 45, 46).

Vaccinating against TAP TEIPP offers potentially significant
advantages over vaccination against tumor-resident mutation-
derived neoantigens: First, unlike the vast majority of mutation-
derived neoantigens (3), the TAP TEIPP could be shared among all
the tumor cells of the patient (17), and the systemic administration of
Nucl-TAP siRNA could ensure that all the disseminated tumor lesions
of the patient will present the same set of induced antigens. We
previously showed that treatment of murine or human tumor cells
of distinct origin with Nucl-TAP siRNA led to the presentation of a
common epitope previously described in TAP-deficient tumor
cells (23). TAP downregulation induces the presentation of shared
antigens in DCs and tumor cells is the underlying premise of the
vaccination strategy described in this study. We showed that TAP
downregulation in DCs with CpG-TAP siRNA elicited an immune
response that recognized human tumor cells in vitro and inhibited the
growth of tumor cells in mice, provided TAP was also downregulated
in the tumor cells with Nucl-TAP siRNA. Second, vaccinating against
TAP TEIPP would be applicable to all patients with cancer, including
the majority of patients that do not express, or express too few, tumor-
resident mutation-derived neoantigens (1, 2). Third, vaccination
against experimentally induced shared TAP TEIPP employs two
chemically synthesized off-the-shelf oligonucleotides, CpG-TAP
siRNA and Nucl-TAP siRNA; for B-cell malignancies and HPV-
induced cancers the need to induce antigens in the tumor cells with
Nucl-TAP siRNA may be omitted. In contrast, identifying mutation-
derived neoantigens, especially shared clonal neoantigens, requires the
use of patient-by-patient labor-intensive protocols that have yet to be
perfected (1, 2). A study has shown that tumor progression is dictated
by the least immune-responsive metastatic lesions, which also exhibit
extensive variability of nonsynonymous mutations (47), suggesting
that therapeutically useful neoantigens will have to be identified in the
patients' less-responsive metastases and not in the readily accessible
tumor lesions, which in practice would be rarely feasible. Last, because
siRNA-mediated presentation of the induced antigens is transient,
they are not expected to induce resistance, as seen in the case of tumor-
resident mutation-derived neoantigens (22, 48–52).

An alternative approach to circumvent the limitations of targeting
mutation-derived neoantigens is to vaccinate against normal products

that are upregulated in tumor cells, termed tumor-associated antigens
(TAA; ref. 12). For example, vaccination of individuals with a history of
premalignant lesions that are at high risk of developing colon cancer
against MUC1, an epithelial mucin that is hypomethylated and
immunogenic in colorectal, breast, ovarian, lung, and pancreatic
cancer, elicits anti-MUC1 immune responses that correlate with
reduced immune suppression (53). Although themerits of vaccinating
against TAP TEIPP induced in future tumors was suggested in our
studies, it remains to be determined whether targeting TAAs or TAP
TEIPP will be more feasible, effective, and less toxic.

The experiments described in this study represent proof-of-concept
of a vaccination strategy against naturally or experimentally induced
antigens. Future studies will aim at optimizing the induced TEIPP
vaccination protocol in terms of the best targets to downregulate, TAP,
ERAAP, invariant chain, or combination thereof, as well as improving
tumor and DC targeting and development of combinatorial strategies
with complementary treatments that potentiate the vaccine-induced
immune responses.
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