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New strategies for cancer immunotherapy are needed since most
solid tumors do not respond to current approaches. Here we used
epithelial cell adhesion molecule EpCAM (a tumor-associated anti-
gen highly expressed on common epithelial cancers and their
tumor-initiating cells) aptamer-linked small-interfering RNA chi-
meras (AsiCs) to knock down genes selectively in EpCAM+ tumors
with the goal of making cancers more visible to the immune sys-
tem. Knockdown of genes that function in multiple steps of cancer
immunity was evaluated in aggressive triple-negative and HER2+

orthotopic, metastatic, and genetically engineered mouse breast
cancer models. Gene targets were chosen whose knockdown was
predicted to promote tumor neoantigen expression (Upf2, Parp1,
Apex1), phagocytosis, and antigen presentation (Cd47), reduce
checkpoint inhibition (Cd274), or cause tumor cell death (Mcl1).
Four of the six AsiC (Upf2, Parp1, Cd47, and Mcl1) potently
inhibited tumor growth and boosted tumor-infiltrating immune
cell functions. AsiC mixtures were more effective than individual
AsiC and could synergize with anti–PD-1 checkpoint inhibition.

EpCAM aptamer | gene knockdown | immunotherapy |
checkpoint blockade | CD47

The impressive successes of current immune therapy in some
cancers, but lack of effectiveness in most, suggest additional

strategies to promote antitumor immunity are needed. The most
successful current immune therapies use checkpoint blockade to
restore functionality to exhausted tumor-infiltrating lymphocytes
(TIL) or adoptively transferred, cytotoxic T cells expressing
chimeric receptors (CAR T cells) that kill tumor cells (1).
However, no CAR T cell therapy is approved for solid tumors,
and only a minority of solid tumors respond to checkpoint
blockade. Some tumors do not respond to checkpoint inhibition
because they are not recognized by immune cells as foreign.
Tumors that respond have high somatic mutation rates
(i.e., ∼100/Mb for melanoma and non-small cell lung cancer),
which contribute to their immunogenicity by causing the tumor
to express nonself tumor antigens (2). Much of the ongoing work
to improve responses focuses on combining checkpoint inhibi-
tors, with some, mostly incremental, successes, but with the risk
of increased autoimmune toxicity, because most checkpoint in-
hibitors remove the brakes on all T cells, not just antitumor
T cells (3). As tumors grow in the face of innate and adaptive
immune surveillance, their survival depends on tumor cell edit-
ing that enables them to avoid recognition and resist killing by
cytotoxic lymphocytes. Some of the strategies tumors use to
stymie immune control include loss of expression of antigenic or
antigen-presenting and processing proteins or natural killer

(NK) receptor ligands; induction of inhibitory receptor ligands
(i.e., programmed death-ligand 1 [PD-L1], PD-L2), immuno-
suppressive cytokines (i.e., transforming growth factor [TGF]-β,
interleukin [IL]-10), antiapoptotic proteins or the “don’t-eat-me
signal” CD47 that interferes with phagocytosis and tumor anti-
gen cross-presentation; and development of insensitivity to in-
terferon [IFN]-γ (4). This study is based on the hypothesis that
increasing the response rate for immunotherapies will require
new strategies that directly address the lack of tumor recognition
by killer cells, that could be used with or without conventional
chemotherapy, targeted therapies, or checkpoint inhibitors.
To evaluate new ways to make tumors susceptible to immune

control, we took advantage of a method for tumor-directed
in vivo gene knockdown. This method uses RNA aptamers
(which can be thought of as RNA “antibodies”)—structured
RNAs that bind with high affinity to a cell receptor—to deliver
covalently linked small-interfering RNAs (siRNAs) selectively
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into tumor cells (5). In a previous study, we showed that uptake
and knockdown occur selectively in receptor-bearing tumor
xenografts when epithelial cell adhesion molecule EpCAM (a
tumor-associated antigen highly expressed on common epithelial
cancers and their tumor-initiating cells)-targeting aptamer-linked
siRNA chimeras (AsiCs) (Fig. 1A) are injected subcutaneously
(6). EpCAM, the first described tumor antigen, is much more
highly expressed in epithelial cancers (97% of breast cancer, 100%
of lung, pancreas, colon, ovarian, prostate cancers) and their
“cancer stem cells” than normal epithelia, making it an attractive
target for selective tumor targeting (7). A 19-nt EpCAM aptamer
(8) binds with low nanomolar affinity to both mouse and human
EpCAM, making it ideal for studying immunotherapy in immu-
nocompetent mice and potential translation to humans. EpCAM-
AsiC are chemically synthesized with 2′-fluoropyrimidine substi-
tutions and 3′-dTdT overhangs to enhance RNase resistance and
in vivo stability and block activating innate immune sensors of
foreign RNA. This configuration is stable for >36 h in serum
in vitro, does not activate IFN or inflammatory cytokines and is
cleaved in cells by Dicer to release an active siRNA (6). After
subcutaneous injection, EpCAM-AsiC targeting PLK1 were se-
lectively taken up by human HER2+ and basal-A triple negative
breast cancer (TNBC) xenografts, knocked down PLK1, and
blocked tumor growth without any apparent toxicity. Moreover,
PLK1 EpCAM-AsiC were taken up by “cancer stem cells” within
EpCAM+ breast cancers ex vivo and blocked tumor initiation.
To study potential targets, we designed EpCAM-AsiC to

knock down genes that might increase immune recognition of
aggressive HER2+ and TNBC mouse cancers. TNBC and
HER2+ breast cancers are the worst prognosis breast cancers (9,

10). There is not much targeted therapy for TNBC (except for
PARP-1 inhibition for a subset of BRCA1-mutated TNBC tu-
mors, which only extends mean survival by a few months), and a
large fraction of patients relapse and develop metastases after
chemotherapy (11). Although HER2-targeted therapies have
radically improved HER2+ breast cancer outcome, >20% of
patients develop recurrent disease within 5 y (12). Thus, novel
strategies are needed. Many breast cancers are immunologically
quiescent, which has been attributed to, at least in part, their low
nonsynonymous mutational burden (about 1/Mb) (13). However,
abundant evidence suggests that breast cancers are under im-
mune surveillance, and anti–PD-L1 was approved last year in
conjunction with nanoparticle-delivered chemotherapy for
TNBC patients whose tumors express PD-L1 (14). Moreover,
increases in TIL are associated with better overall and disease-
free survival in TNBC and HER2+ breast cancer, with each 10%
increase in TIL linked to a 15 to 25% decrease in risk of relapse
and death (15). The long-term effectiveness of some conven-
tional chemotherapy drugs, targeted therapy, and radiotherapy
depends on their ability to trigger antitumor T cells (16). These
findings highlight the opportunity to develop more effective
immunotherapies to improve aggressive breast cancer outcome.
In this study we designed EpCAM-AsiC to knock down a

TNBC-dependency gene (Mcl1), a nonsense-mediated decay
(NMD) enzyme involved in RNA quality control (Upf2), and
DNA damage repair genes (Parp1, Apex1) to induce tumor
neoantigens, Cd274 encoding PD-L1 for checkpoint inhibition,
and a “don’t eat me” signal that inhibits tumor phagocytosis
(Cd47). Four of these six AsiC markedly suppressed tumor
growth and enhanced TIL functions in an orthotopic 4T1 TNBC

A B

C

D E

F G H

Fig. 1. Tumor inhibition and immune modulation
by UPF2 AsiC. (A) Design of UPF2 EpCAM AsiC. (B)
Orthotopic 4T1E tumor growth after subcutaneous
injection (red arrows) of EpCAM aptamer or UPF2
AsiC (5 mg/kg every third day after tumors became
palpable); EpCAM aptamer (n = 7), UPF2 AsiC (n = 8).
(C to H) Mice bearing orthotopic 4T1E tumors,
treated as in B, were killed on day 15 and tumors
were analyzed by IHC (n = 2) (C), flow cytometry (n =
5) (D–G), and 51Cr release assay (n = 3) (H). (C) Rep-
resentative sections (Left) of H&E (Upper) and CD8
(Lower) stained tumors and quantification of CD8+

TIL counts (Right). On left, blue arrow indicates
mammary gland; red arrow, necrotic area; white ar-
row, CD8+ TIL. (Scale bars, 500 μm [Upper] and 50 μm
[Lower].) (Right) CD8+ TIL counts per selected area.
For each mouse, five fields per section were counted.
(D) CD8+/CD4+Foxp3+ Treg ratio. (E) Percentage of
CD8+ TIL producing IFN-γ and TNF-α after PMA and
ionomycin stimulation. (F) Percentage of degranu-
lating CD8+ TIL measured by CD107a/CD107b surface
expression. (Left) representative flow plots. (G) Per-
centage of CD8+ TIL expressing GzmB and PFN after
6 h incubation with 4T1E knocked down for Upf2. (H)
Specific cytotoxicity of CD8+ TIL against 4T1E knocked
down for Upf2. (effector:target ratio, 5:1). (F to H) were
performed with pooled TIL. Data show mean + SEM
and are representative of at least two experiments.
Statistical tests: (B) tumor growth curves were com-
pared by calculating the area under the curve values
for each sample followed by Student’s t test. (C, E–H)
Student’s t test. (D) Mann–Whitney test. *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001.
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model. One therapeutic advantage of AsiC is that they can easily
be combined to generate AsiC mixtures to target multiple im-
mune evasion pathways. AsiC combinations were more effective
than individual AsiC and inhibited metastatic disease and ag-
gressive spontaneous breast cancers in transgenic mice expressing
an inducible oncogenic HER2 (ErbB2ΔEx16) in the mammary
epithelium.

Results
EpCAM Aptamer-siRNAs Cause Selective Knockdown in EpCAM+

Mouse Breast Cancer Lines. To investigate using EpCAM-AsiC
for cell-specific gene knockdown for breast cancer, we first ver-
ified that fluorescently labeled EpCAM aptamer was taken up by
mouse EpCAM+ breast cancer cell lines (4T1, 4T1E [4T1 sorted
for E-cadherinhi cells], N202.1A), but not EpCAM− mouse cell
lines (L929, P815, B16-F10), as previously shown for human
breast cancer lines. To test whether knocking down Upf2, Parp1,
Apex1, Mcl1, Cd47, or Cd274 in mouse breast cancer cell lines
could enhance antitumor immunity, EpCAM-AsiC were
designed using siRNAs that each caused ∼90% knockdown after
transfection of 4T1E TNBC with 100 nM siRNA (SI Appendix,
Fig. S1A). None of these siRNAs affected cell viability or pro-
liferation, except for theMcl1 siRNA (SI Appendix, Fig. S1 B–D),
which was expected since Mcl1 was previously identified as a
TNBC-dependency gene (17, 18). To construct EpCAM-AsiC,
the sense (passenger or inactive) strand of each selected siRNA
was linked to the 3′ end of the 19-nt EpCAM aptamer via a U-U-
U linker (Fig. 1A and SI Appendix, Table S1). This RNA was
chemically synthesized and then annealed to the antisense (guide
or active) strand of each siRNA. The EpCAM-AsiC were syn-
thesized with 2′-fluoropyrimidine substitutions and 3′-dTdT
overhangs to enhance their resistance to RNases and in vivo
stability. Each of these EpCAM-AsiC knocked down target gene
expression in EpCAM+ 4T1E tumor cells in vitro by 50 to 90%
when measured 72 h later (SI Appendix, Fig. S1E). As expected,
EpCAM-AsiC did not affect target gene expression in EpCAM-
L929. Subcutaneous injection of 100 μg (5 mg/kg) AsiC in mice
knocked down target gene expression by 50 to 70% in 4T1E
tumors implanted orthotopically (SI Appendix, Fig. S1 F and G).
Knockdown was specific since injection of the EpCAM aptamer
on its own or an EpCAM-AsiC directed against eGFP did not
knock down endogenous genes. Moreover, knockdown did not
occur in CD45−EpCAM− cells within the tumor.

UPF2 EpCAM-AsiC Inhibit Tumor Growth and Enhance Antitumor T Cell
Immunity. Knocking down Upf2, which encodes a protein that
binds to prematurely terminated mRNAs to activate NMD, has
been postulated to induce tumor cell expression of neoantigens
to promote T cell recognition. In fact, Upf2 knockdown using
prostate-specific membrane antigen (PSMA)-AsiC to target
mouse colorectal cancer and melanoma cells ectopically
expressing PSMA reduced tumor growth (19). To verify that
subcutaneously injected EpCAM-AsiC decreased NMD activity
in orthotopic 4T1E tumor cells, we compared the ratio of fully
spliced mRNA to its precursor pre-mRNA for four known
NMD-targeted transcripts (Gadd45a, Gadd45b, Cdkn1a, Nat9).
An increased ratio indicates diminished NMD activity (20). The
mRNA/pre-mRNA ratio for all four genes was significantly
higher in the tumors of UPF2 EpCAM-AsiC–treated mice than
in control mice treated with just the aptamer (SI Appendix, Fig.
S1H), indicating impaired NMD activity in vivo. To determine
whether UPF2 EpCAM-AsiC have antitumor activity, mice
bearing palpable orthotopic 4T1E tumors were treated with
5 mg/kg of EpCAM aptamer or UPF2 EpCAM-AsiC subcuta-
neously every 3 d. The 4T1E tumor growth was significantly
inhibited in UPF2 EpCAM-AsiC–treated mice (Fig. 1B). The
effect of tumor-targeted Upf2 knockdown on TIL was assessed by

immunohistochemistry (IHC) and flow cytometry. UPF2 EpCAM-
AsiC strongly increased the density of CD8+ TIL measured by IHC
by threefold (Fig. 1C). The ratio of CD8+ T cells to CD4+Foxp3+

Treg, a parameter strongly associated with antitumor immunity and
response to immunotherapy for aggressive breast cancer (21, 22),
also increased threefold in UPF2 AsiC-treated tumors (Fig. 1D).
CD8+ TIL from UPF2 AsiC-treated tumors also produced more
IFN-γ and tumor necrosis factor (TNF)-α after ex vivo stimulation
with phorbol 12-myristate 13-acetate (PMA) and ionomycin
(Fig. 1E). After coincubation with UPF2 siRNA-treated 4T1E
ex vivo for 6 h, these CD8+ TIL also degranulated more as mea-
sured by CD107a/b surface expression (Fig. 1F) and stained more
for the cytotoxic effectors, granzyme B (GzmB) and perforin (PFN)
(Fig. 1G). Indeed, CD8+ TIL from UPF2 AsiC-treated tumors
were twice as effective at killing Upf2-knocked down 4T1E cells as
aptamer-treated tumors (Fig. 1H). Thus, UPF2 EpCAM-AsiC sig-
nificantly enhanced antitumor CD8+ T cell immunity and delayed
4T1E tumor growth.

UPF2 Knockdown Induces Novel mRNA Transcripts. To investigate
whether UPF2 knockdown in breast cancer generates novel
mRNA isoforms, bulk RNA sequencing (RNA-seq) compared
an EpCAMhi MDA-MB-231 human breast cancer cell line
transfected with noncoding control or UPF2 siRNA for 72 h. We
identified 222 examples of differential exon usage (DEU) within
281 genes (Dataset S1). For example, UPF2 knockdown signifi-
cantly reduced usage of exon 8 in RINL mRNA (transcript ID
ENSG00000187994) (log2 fold-change −15.2, adjusted P = 0.03)
and significantly enhanced usage of exon 6 (log2 fold-change of
14.5, adjusted P = 0.02) in ATP11B mRNA transcript
(ENSG00000058063), which was almost not detected in control
cells. These DEU events could lead to expression of novel
polypeptides and novel T cell epitopes. The number and diversity
of DEUs suggest that UPF2 knockdown could have caused al-
ternative splicing. To test this idea, UPF2 knockdown-related
transcriptional diversity was deconvoluted to identify and esti-
mate the abundance of transcript isoforms. Forty-two genes with
potential differential isoform usage (DIU) were identified
(Dataset S2). These included seven genes identified as having
DEU (CENPH, PFKFB4, UCN2, SNHG8, CDKAL1, TRIM4,
TMEM242). These DIU events included examples of novel
mRNA isoforms that may encode new polypeptides (e.g., in
DNAJC2, LAT2, and TMPRSS5) (SI Appendix, Fig. S2A). In
addition, some genes with DIU—such as CENPH, SNRPA1, and
EBPL—increased mRNA isoforms known to be sensitive to
NMD. For example, UPF2 knockdown increased a CENPH
isoform with exon-skipping predicted to have premature termi-
nation codons sensitive to NMD (SI Appendix, Fig. S2B). Col-
lectively, our data suggest that UPF2 knockdown may induce
expression of tumor neoantigens.
NMD inhibition could inhibit tumor growth and promote

antitumor immunity by other mechanisms besides generating
neoantigens. NMD inhibition has been reported to regulate
transcripts involved in cellular stress responses and nutrient
homeostasis (23, 24). Amino acid starvation and endoplasmic
reticulum (ER) stress in the tumor inhibit NMD activity, which
may be a tumor strategy to up-regulate stress-responsive tran-
scripts to adapt to environmental challenges (25). Both DEU
and DIU changes after UPF2 knockdown were noted in
PFKFB4, UCN2, CDKAL1, and TRIM4, genes involved in oxi-
dative stress or ER stress responses. Gene ontology (GO)
analyses of pathways enriched in DEU genes using DAVID or
Metascape showed significant enrichment for pathways involved
in RNA processing, nucleotide biosynthesis, responses to glucose
and oxidative stress, and cell proliferation and others that might
influence tumor proliferation independently of immune recog-
nition (SI Appendix, Fig. S3).
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Parp1 Knockdown Reduces Tumor Growth and Enhances Antitumor
Immunity. Inhibiting tumor cell DNA repair might be another
way to promote tumor immunity. Poly(ADP-ribose) polymerase
1 (PARP1) senses DNA damage and recruits and activates the
DNA repair machinery at break sites. PARP1 inhibition, which is
an approved therapy of TNBC and ovarian cancers with BRCA1/
2 mutation or other defects in homologous recombination, leads
to chromosomal abnormalities and genome instability that can
trigger an innate protective IFN response (26). Knocking down
PARP1 in tumor cells might potentially lead to more DNA
damage-related mutations, thereby introducing tumor-specific
neoantigens that could be recognized by T cells. To test
whether Parp1 knockdown activates antitumor immunity, mice
bearing palpable orthotopic 4T1E tumors were treated with the
EpCAM aptamer, PARP1 EpCAM-AsiC, or the PARP1 inhib-
itor, olaparib. The PARP1 AsiC more effectively inhibited 4T1E
tumor growth than olaparib, which showed a trend toward in-
hibition that did not reach significance (Fig. 2A).
The PARP1 AsiC also enhanced TIL antitumor properties

more than olaparib. It potently and significantly increased the
CD8+/CD4+ Treg ratio in the tumor (Fig. 2B), activation-
stimulated IFN-γ and TNF-α production by CD8+ TIL
(Fig. 2C), and TNF-α production by CD4+ TIL (Fig. 2D) com-
pared to control aptamer-treated tumors. Olaparib had a more
subtle effect on antitumor immunity that did not reach signifi-
cance except for an increase in TNF-α production by CD4+ TIL.
Why Parp1 knockdown was more effective than PARP1 enzy-
matic inhibition is unclear, but removing PARP1 protein would
interfere with the recognition and assembly of repair proteins at
sites of DNA damage, whereas inhibiting the poly(ADP)ribosy-
lation (PARylation) activity of PARP1 would only act more
downstream to inhibit repair. As a consequence, unrepaired
DNA damage and genomic instability after Parp1 knockdown
might be more extensive than after inhibiting PARP1 enzymatic
activity. Supporting this hypothesis, unrepaired DNA damage,
measured by tumor cell γ-H2AX and TUNEL positivity, was
significantly enhanced in the tumors of mice that received
PARP1 AsiC, but not in olaparib-treated tumors (Fig. 2 E and
F). Tumor cell IFN-I mRNA (IFN-α1, IFN-α2, IFN-β), which
also promotes antitumor immune cell functionality (27), was also
significantly increased in PARP1 AsiC-treated, but not olaparib-
treated, mice, presumably in response to increased unresolved
DNA damage (Fig. 2G).

Knocking Down Apex1 or Cd274 Modestly Affects Tumor Growth.
APEX1 is a key endonuclease in base excision repair, which
repairs the most common DNA damage in cells, abasic sites
formed by oxidative DNA damage (28). Apex1 genetic deficiency
leads to early embryonic lethality (embryonic days 4 to 6.5) and
cell lines deficient in Apex1 do not grow (29). Of note, tumors do
not mutate this essential gene. We therefore thought Apex1
knockdown should be investigated since it might be directly cy-
totoxic and also induce mutations that could activate T cell im-
munity. Perhaps because it is such as essential gene, in vitro
Apex1 knockdown by EpCAM-AsiC was only 50%, less effective
than for other EpCAM-AsiC (SI Appendix, Fig. S1E). When
administered in the same dose and schedule as other EpCAM-
AsiC, tumor-targeted Apex1 knockdown reduced 4T1E tumor
growth, but the difference compared to mice treated with just the
aptamer did not reach significance (SI Appendix, Fig. S4A).
Checkpoint inhibition induces protective immunity with dra-

matic and durable responses in some cancers; 4T1E strongly and
uniformly express PD-L1 (SI Appendix, Fig. S4B). We therefore
assessed the antitumor activity of CD274 EpCAM-AsiC target-
ing PD-L1 (SI Appendix, Fig. S1E). CD274 EpCAM-AsiC
inhibited tumor growth, but the effect was not statistically sig-
nificant (SI Appendix, Fig. S4C). CD274 AsiC treatment alone

also did not affect the number and function of CD8+ TIL (SI
Appendix, Fig. S4 D and E), suggesting that combining
CD274 EpCAM-AsiC with other therapies might be necessary to
improve antitumor immunity.

CD47 EpCAM-AsiC Promotes EpCAM+ Breast Cancer Cell Phagocytosis
by Macrophages and Enhances Antitumor T Cell Immunity. Tumor
cells change expression of many genes to avoid immune elimi-
nation during tumor editing. One strategy is up-regulation of the
surface glycoprotein CD47, which binds to signal-regulatory
protein SIRPα on macrophages and dendritic cells (DCs) and
acts as a potent “don’t eat me” signal (30). CD47-blocking an-
tibodies, which are being evaluated for clinical use, induce
macrophages to phagocytose tumor cells, suppress tumor growth,
and synergize with chemo- and radiotherapy, by promoting tu-
mor antigen presentation (31, 32). To evaluate the antitumor
effect of Cd47 knockdown, orthotopic 4T1E tumor-bearing mice
were treated with EpCAM aptamer or CD47 EpCAM-AsiC.
CD47 EpCAM-AsiC inhibited tumor growth (Fig. 3A) and
promoted antitumor immunity, as indicated by an increased
CD8+/CD4+ Treg TIL ratio (Fig. 3B), reduced coinhibitor PD-1
expression on CD44+CD8+ TIL (Fig. 3C), and increased CD8+

and CD4+ TIL production of IFN-γ (Fig. 3 D and E) and CD8+

TIL expression of GzmB (Fig. 3F), compared to mice treated
with EpCAM aptamer.
Next, we analyzed the impact of Cd47 knockdown on tumor-

associated macrophages (TAM) and DCs. TAM can polarize
into either proinflammatory, classically activated M1-like mac-
rophages with antitumor properties or immunosuppressive, al-
ternatively activated M2-like macrophages that correlate with

A B C

D E F G

Fig. 2. Tumor inhibition and immune modulation by PARP1 AsiC and PARP1
inhibitor olaparib. (A) Growth of 4T1E orthotopic tumors in mice treated
beginning on day 3 with EpCAM aptamer or PARP1 EpCAM-AsiC (5 mg/kg,
every third day) or olaparib (50 mg/kg daily). (B to D) Flow cytometry analysis
of TIL, harvested on day 14 after implantation from mice treated as in A, for
(B) CD8+/CD4+Foxp3+ Treg and percentage of CD8+ (C) and CD4+ (D) TIL
producing IFN-γ and TNF-α after PMA and ionomycin stimulation. (n = 4 in
A–D). (E and F) Flow cytometry analysis of unrepaired DNA damage in
CD45−EpCAM+ tumor cells as measured by mean fluorescence intensity (MFI)
of γ-H2AX (E) and percentage of TUNEL+ tumor cells (F) in each group of day
14 tumors. (G) Relative mRNA expression by qRT-PCR of type I interferon
genes in each group of day 14 tumors. (E–G) EpCAM aptamer: n = 4, PARP1
AsiC and olaparib: n = 5. Data shown are mean + SEM and are representative
of two experiments. Statistical tests: (A) tumor growth curves were com-
pared by calculating the area under the curve values for each sample fol-
lowed by one-way ANOVA with Holm–Sidak’s multiple comparisons. (B–E)
One-way ANOVA with Holm–Sidak’s multiple comparisons. (F) Kruskal–
Wallis test with Dunn’s multiple comparisons. (G) Two-way ANOVA with
Holm–Sidak’s multiple comparisons. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

4 of 12 | PNAS Zhang et al.
https://doi.org/10.1073/pnas.2022830118 Immunotherapy for breast cancer using EpCAM aptamer tumor-targeted gene

knockdown

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
34

.1
74

.2
1.

17
1 

on
 J

un
e 

1,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
4.

17
4.

21
.1

71
.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022830118


tumor progression, metastasis, and poor prognosis (33). Al-
though CD47 EpCAM-AsiC did not significantly change TAM
numbers, the ratio of M1/M2 TAM significantly increased in
CD47 EpCAM-AsiC–treated tumors (Fig. 3G and SI Appendix,
Fig. S5 A and B). In addition, the percentage of CD11c+DC205+

DCs that are specialized in taking up extracellular antigens
within the CD45+ cells in the tumor was significantly higher after
CD47 EpCAM-AsiC, compared to aptamer treatment (Fig. 3H).
DCs in CD47 EpCAM-AsiC–treated tumors expressed more
costimulatory molecules CD40, CD86, and surface MHC-II,
suggesting they were more effective antigen-presenting cells
(Fig. 3I). To determine whether TAM phagocytosis of tumor
cells increased in vivo after aptamer or CD47 EpCAM-AsiC
treatment, we used 4T1E stably expressing eGFP (4T1E-
eGFP) and examined TAM GFP fluorescence. Significantly
more M1, but not M2, TAM were GFP+ in CD47 EpCAM-

AsiC–treated tumors, indicating increased in vivo phagocytosis
(Fig. 3J). More CD11c+DC205+ DCs were also GFP+ after CD47
AsiC treatment (Fig. 3K), implying their increased potential to
present tumor antigens. To confirm that enhanced TAM phago-
cytosis was due to reduced CD47 expression on tumor cells, TAM
enriched from 4T1E tumors were cocultured with 4T1E-eGFP
cells that were pretreated with nontargeting or Cd47 siRNA.
TAM phagocytosis of Cd47 knocked down 4T1E-eGFP was in-
creased fourfold compared to control tumors (Fig. 3L).
To determine whether the tumor-suppressive effect of

CD47 EpCAM-AsiC was mediated by TIL or TAM, we depleted
CD8+ or CD4+ T cells or macrophages in orthotopic 4T1E
tumor-bearing mice before treatment with CD47 EpCAM-AsiC
using CD4, CD8, or CSF1R antibodies, respectively (SI Appendix,
Fig. S5 C–E). Depletion of CD8+ T cells completely abrogated
the antitumor effect of CD47 EpCAM-AsiC, but CD4+ T cell or
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Fig. 3. CD47 AsiC inhibit tumor growth by enhancing antitumor immunity. (A) Growth of orthotopic 4T1E tumors treated with EpCAM aptamer or
CD47 EpCAM-AsiC. Red arrows indicate treatment. (B–I) 4T1E tumor-bearing mice, treated as in A, were killed on day 16 and single-cell tumor suspensions
were analyzed by flow cytometry for (B) CD8+/CD4+Foxp3+ Treg ratio, (C) PD-1 expression on CD44+CD8+ TIL, percentage of CD8+ (D) and CD4+ (E) TIL
producing IFN-γ and TNF-α after PMA and ionomycin stimulation, (F) percentage of CD8+ TIL staining for GzmB and PFN, (G) M1/M2 TAM ratio, (H) percentage
of CD11c+DEC205+ DC in CD45+ cells, and (I) CD40, CD86, and MHC II MFI on CD11c+DEC205+ DC. (J and K) Mice bearing orthotopic 4T1E-eGFP tumors were
treated as in A and analyzed for (J) percentage of M1 TAM and M2 TAM that are eGFP+ and (K) percentage of CD11c+DEC205+ DC that are eGFP+. (A–K, n = 5).
(L) Ex vivo phagocytosis by CD11b+F4/80+ TAM, isolated on day 14 from untreated 4T1E-bearing mice, of 4T1E-eGFP tumor cells pretreated with nontargeting
control or CD47 siRNA. (Left) Representative flow plots and (Right) mean of (n = 5) samples. TAM were pooled from n = 3 mice. (M) Comparison of 4T1E
tumor growth in tumor-bearing mice treated with EpCAM aptamer or CD47 AsiC and injected with isotype control Ab or depleted of CD8+ T cells, CD4+ T cells,
or macrophages using anti-CSF1R. (N) Cytokine production (Left) and degranulation (Right) of CD8+ TIL, isolated on day 14 from tumors of mice treated with
EpCAM aptamer or CD47 AsiC with or without macrophage depletion, after incubation with 4T1E for 6 h. (M and N, n = 5). (O) 4T1E tumor growth in mice
treated with EpCAM aptamer, CD47 AsiC, or anti-CD47. (P and Q) Percentage of PMA and ionomycin-stimulated CD8+ TIL (P) and CD4+ TIL (Q) producing IFN-γ.
(R) Percentage of PMN-MDSC and MO-MDSC among tumor-infiltrating live cells. (Left) Representative flow plots and (Right) mean. (O, R, n = 5). Data shown
are mean + SEM and are representative of two experiments. Statistical tests: (A,M, and O) tumor growth curves were compared by calculating the area under
the curve values for each sample followed by Student’s t test (A) or one-way ANOVA with Holm–Sidak’s multiple comparisons (M and O). (B–I and L) Student’s
t test. (K) Mann–Whitney test. (J and R) Multiple t tests with Holm–Sidak correction. (N, Left) Two-way ANOVA with Holm–Sidak correction. (N, Right, P and Q)
One-way ANOVA with Holm–Sidak’s multiple comparisons. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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macrophage depletion had less of an effect (Fig. 3M). However,
macrophage depletion was less complete than T cell depletion
since ∼30% of MHCII+TAM persisted after depletion. Increased
CD8+ TIL functionality in CD47 EpCAM-AsiC–treated tumors,
assessed by IFN-γ and TNF-α production and degranulation in
response to 4T1E, was abrogated in mice depleted of macro-
phages, indicating the importance of TAM in promoting CD8+

TIL antitumor immunity in CD47 AsiC-treated tumors (Fig. 3 N
and O).
Next, the antitumor effect of CD47 AsiC and anti-CD47 was

compared. Although both reduced tumor size, the difference was
only significant for CD47 AsiC (Fig. 3P). CD8+ TIL from
CD47 EpCAM-AsiC and anti-CD47–treated mice both pro-
duced more IFN-γ after PMA and ionomycin stimulation than
those in control tumors, but only CD47 AsiC significantly increased
stimulated IFN-γ production of CD4+ TIL (Fig. 3Q). In addition,
CD47 EpCAM-AsiC, but not anti-CD47, significantly reduced the
numbers of tumor-infiltrating immunosuppressive polymorpho-
nuclear myeloid-derived suppressor cells (PMN-MDSCs) and
mononuclear (MO)-MDSCs compared to control tumors
(Fig. 3R and SI Appendix, Fig. S4A). Thus, CD47 EpCAM-AsiC
more effectively controlled tumor growth and enhanced antitu-
mor immunity than anti-CD47.

MCL1 EpCAM-AsiC Induce Antitumor Immunity. Because TNBC are
heterogeneous cancers, genome-wide siRNA screens to identify
shared dependencies of human basal-A TNBC cell lines identi-
fied few shared dependency genes (17, 18). One of the strongest
hits was the antiapoptotic BCL-2 family gene MCL1, which is
commonly amplified in TNBC and whose overexpression cor-
relates with poor prognosis (34). To determine whether tumor
cell death induced by Mcl1 knockdown (SI Appendix, Fig. S1B)
promotes cross-presentation of tumor antigens to CD8+ T cells,
thereby improving antitumor immunity, we first verified that
MCL1 EpCAM-AsiC reduced 4T1E viability in vitro (SI Appendix,
Fig. S6A). MCL1 EpCAM-AsiC, injected subcutaneously every
3 d after orthotopic 4T1E tumors became palpable, slowed tumor
growth significantly (SI Appendix, Fig. S6B). MCL1 EpCAM-AsiC
markedly improved the CD8+/CD4+ Treg ratio and antitumor
CD8+ and CD4+ TIL functions (SI Appendix, Fig. S6 C–F). A
similar improvement in antitumor T cell immunity was also ob-
served using another cytotoxic EpCAM-AsiC targeting the es-
sential gene Plk1, encoding a kinase required for mitosis. Thus,
some EpCAM-AsiC that are cytotoxic also promote effective
tumor-protective immunity.

Enhanced Antitumor Activity of EpCAM-AsiC Combinations. One
advantage of AsiC for cancer treatment is that it is relatively easy
to combine AsiC to produce drug mixtures that could have ad-
ditive or synergistic effects by knocking down genes that promote
tumor immunity by different mechanisms. To investigate
EpCAM-AsiC combinations, 4T1E orthotopic tumor-bearing
mice were treated with the four most effective EpCAM-AsiC,
targeting Upf2, Parp1, Cd47, or Mcl1, individually or in combi-
nation, using EpCAM aptamer or eGFP EpCAM-AsiC as con-
trols (Fig. 4 A and B). Each EpCAM-AsiC on its own markedly
delayed tumor progression, but the mixture was significantly
better. The mixture increased the number of CD8+ TIL by ap-
proximately fourfold (Fig. 4C), improved the CD8+/CD4+ Treg
TIL ratio by approximately fivefold (Fig. 4C), and increased
stimulated production of cytokines and cytotoxic molecules by
CD8+ and CD4+ TIL (Fig. 4 D–F). The combined EpCAM-
AsiC were also evaluated in mice bearing 4T1E-eGFP, whose
expression of the immunogenic foreign protein causes tumor
regression (Fig. 4G). Tumors treated with the AsiC mixture grew
much more slowly and started to regress earlier. The combina-
tion also potently boosted T cell immunity in 4T1E-eGFP tumors

(Fig. 4 H–M). Importantly, five injections of EpCAM-AsiC
combinations did not change EpCAM expression on 4T1E-
eGFP tumors, ruling out down-regulation of the aptamer tar-
get as a possible source of drug resistance (Fig. 4N).
We next investigated whether tumor inhibition by the EpCAM-

AsiC mixture could be improved by anti–PD-1 (Fig. 4O). Treating
control mice receiving EpCAM aptamer with anti–PD-1 did not
affect 4T1E tumor growth. However, combining anti–PD-1 and the
EpCAM-AsiC mixture significantly reduced tumor growth more
than the AsiC mixture on its own. The EpCAM-AsiC mixture
markedly reduced PD-1 levels on CD44+CD8+ TIL (SI Appendix,
Fig. S7A). The addition of anti–PD-1 further reduced PD-1 staining
when the same antibody clone (29F.1A12) was used for detection,
presumably because the bound therapeutic antibody blocked
staining. Although anti–PD-1 or the combined AsiC did not sig-
nificantly affect CD44+CD8+ TIL expression of other coinhibitory
receptors (CD244, CTLA-4, TIM-3, LAG-3), combining anti–PD-1
with the AsiC significantly reduced expression of CD244 and
CTLA-4 (SI Appendix, Fig. S7B). Furthermore, adding anti–PD-1 to
the AsiC mixture strongly increased the number of CD8+ (SI Ap-
pendix, Fig. S7C) and NK (SI Appendix, Fig. S7D) TIL and stimu-
lated cytokine production by CD8+ TIL (SI Appendix, Fig. S7E)
compared to mice treated with just the AsiC mixture. Thus, an AsiC
mixture targeting tumor cell immune evasion could potentially
synergize with T cell inhibitory receptor blockade.

EpCAM-AsiC Mixture Broadly Augments Tumor-Infiltrating T Cell and
Macrophage Functionality. To assess without bias changes in
tumor-infiltrating immune cells induced by the four EpCAM-
AsiC, single-cell RNA-seq (scRNA-seq) compared CD45+

tumor-infiltrating cells from mice bearing 4T1E orthotopic tu-
mors treated with EpCAM aptamer or the AsiC mixture
(Fig. 5 A and B). The abundance of immune cell subsets, defined
by expression of key subtype-defining genes, did not significantly
change. Because cell numbers were limiting even with samples
pooled from multiple mice, our analysis focused on tumor-
infiltrating T cells and monocyte/macrophages, which showed
the greatest gene-expression changes after EpCAM-AsiC treat-
ment. Three distinct subpopulations of T cells were identified
(T cell_s1, T cell_s2, proliferative T cells). However, T cell_s2
highly expressed mitochondrial genes, suggesting this subset
contained a high proportion of dying cells (Fig. 5B). Therefore,
our analysis focused on T cell_s1 and proliferative T cells.
Compared to proliferative T cells, T cell_s1 were less activated
with lower expression of proliferative and functional genes (e.g.,
Mki67, CD44, Gzmb), suggesting this cell subpopulation might
be mostly bystander T cells (Fig. 5 B and C), as described in
previous studies of human tumors (35). On the other hand, many
of the proliferative T cells could be tumor-specific. Analysis of
differentially expressed genes (DEG) in AsiC-treated versus
control cells revealed higher expression of genes related to leu-
kocyte migration and early stages of T cell activation in AsiC-
treated T cell_s1 cells, while AsiC-treated proliferative T cells
significantly increased expression of genes associated with T cell
activation, proliferation and metabolism, migration/chemotaxis,
immunological synapse formation, and effector functions
(Fig. 5 C and D). The T cell_s1 subpopulation more highly
expressed genes involved in the early signaling events of T cell
activation (e.g., Fos, Zap70, Junb, and Cd69), which were further
up-regulated by EpCAM-AsiC treatment (Fig. 5C). Proliferative
T cells in AsiC-treated tumors up-regulated effector and memory
and functional T cell genes (e.g., transcripts encoding effector
molecules Ifng, Tnf, Il2, Gzmb, Gzmk); the costimulatory gene
Icos; IL-2 receptor complex genes IL2ra, IL2rb, and IL2rg; and
Runx2, which promotes the long-term persistence of CD8+

memory T cells. T cell functional genes (e.g., Gzmb, Gzmk, Prf1,
and Tnf) were also increased in the T cell_s1 subset after

6 of 12 | PNAS Zhang et al.
https://doi.org/10.1073/pnas.2022830118 Immunotherapy for breast cancer using EpCAM aptamer tumor-targeted gene

knockdown

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
34

.1
74

.2
1.

17
1 

on
 J

un
e 

1,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
4.

17
4.

21
.1

71
.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022830118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022830118


EpCAM-AsiC treatment. In contrast, genes encoding coinhibi-
tory molecules( e.g., Pdcd1, Ctla4, Tigit, Lag3, and Havcr2), and
the Treg signature gene Foxp3 were mostly down-regulated in
T cells from AsiC-treated tumors, especially in the proliferative
T cell cluster (Fig. 5C), suggesting that EpCAM-AsiC could
ameliorate T cell exhaustion.
Two monocyte/macrophage clusters (mono/macro_s1, mono/

macros2) were identified in the tumor. Gene expression in the
mono/macro_s1 subpopulation was more affected by AsiC
treatment. Genes related to monocyte/macrophage migration,
activation, and endocytosis were markedly up-regulated in the
EpCAM-AsiC–treated mono/macro_s1 subpopulation, while
genes involved in inflammation and IFN-I and chemokine pro-
duction, including genes that regulate the immune response to
tumors, were up-regulated in the mono/macros2 subpopulation
(Fig. 5 E and F). Furthermore, monocyte/macrophages in the
AsiC-treated tumors up-regulated expression of genes associated
with myeloid cell maturation (e.g., Cd74); M1 TAM functionality
(e.g., Nos2, Fcgr1, Cd68, Il12a, and Ccr7), phagocytosis and an-
tigen processing (e.g., Lgals3, Il1b, Apoe, Cd14, and Ly75); and
inflammatory cytokine/chemokine production (e.g., Tnf, Ccl2,
Cxcl2, and Il12a); while genes associated with M2-like TAMs
(e.g., Mrc1) were markedly down-regulated, suggesting improved
antitumor functionality.

EpCAM-AsiC Reduce Metastatic Tumor Growth. All the experiments
described so far treated mice when orthotopic tumors became
palpable. However, breast cancer patients often present with
more advanced local or metastatic disease, which is more

difficult to treat. Moreover, metastases are what usually kills
patients. Many breast cancer patients also have microscopic
metastases before metastatic disease becomes clinically appar-
ent. Therefore, the ability to target metastatic tumor cells is
critical for effective therapy. To determine whether EpCAM-
AsiC are active against metastatic TNBC, we generated a
4T1E cell line stably expressing firefly luciferase (4T1E-Luc),
detectable by bioluminescence imaging of live animals. After
intravenous injection of 4T1E-Luc, lung tumor cells could be
detected 7 to 10 d later. Mice bearing 7-d-old metastatic 4T1E-
Luc lung tumors were treated with EpCAM aptamer or an
EpCAM-AsiC mixture targeting Upf2, Cd47, Parp1, and Mcl1.
EpCAM-AsiC significantly inhibited lung metastases (Fig. 6 A
and B). Twenty days after tumor challenge, CD8+ and CD4+

T cells isolated from the lungs were analyzed for PMA and
ionomycin-stimulated production of IFN-γ and TNF-α (Fig. 6 C
and D). Significantly more lung CD8+ and CD4+ T cells from
mice treated with EpCAM-AsiC produced these cytokines. Thus
EpCAM-AsiC inhibited the growth of metastatic tumors and
augmented tumor immunogenicity in the lung.

EpCAM-AsiC Inhibit Aggressive Breast Cancers in Erb2ΔEx16
Transgenic Mice. Genetically engineered mouse (GEM) models
of cancer are notoriously difficult to control with immunother-
apy, in part because genetically engineered tumors contain few
mutations that can be recognized as foreign. To evaluate EpCAM-
AsiC, we chose an aggressive HER2+ breast cancer model in
which eGFP and a truncated HER2 gene (ErbB2ΔEx16, encoding
a constitutively active HER2 receptor) are doxycycline-inducible
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Fig. 4. Combination of immune-modulating EpCAM-
AsiC enhances tumor suppression. (A) Orthotopic 4T1E
tumor growth in mice treated as indicated (red arrows)
with EpCAM aptamer or EpCAM-AsiC targeting Upf2,
Cd47, Mcl1, or Parp1, individually or in combination, or
eGFP as control. (B) Growth of 4T1E tumors in individual
mice treated with either EpCAM aptamer or the four
EpCAM-AsiC combination. (C–F) Mice treated as in A
were killed on day 14 and tumors were analyzed by
flow cytometry. (C) Numbers of CD8+ TIL per milligram
of tumor (Left) and CD8+/CD4+Foxp3+ Treg ratio (Right).
(D) Percentage of CD8+ TIL producing IFN-γ and TNF-α
after PMA and ionomycin stimulation. Shown at Left
are representative flow plots. (E) Percentage of CD4+ TIL
producing IFN-γ and TNF-α induced by PMA and
ionomycin. (F) Percentage of CD8+ TIL staining for GzmB
and PFN. (A–F, n = 4). (G) Growth of 4T1E-eGFP tumors
in mice treated with EpCAM aptamer or the four
EpCAM-AsiC combination. (H–N) Mice treated as in G
were killed on day 18 and tumors were analyzed by
flow cytometry. (H) Numbers of CD8+ TIL per mg of
tumor. (I) CD8+/CD4+Foxp3+ Treg ratio. (J and K) Per-
centage of CD8+ (J) and CD4+ (K) TIL producing IFN-γ
and TNF-α after PMA and ionomycin stimulation. (L and
M) Percentage of CD8+ (L) and CD4+ (M) TIL staining for
GzmB and PFN. (N) EpCAM MFI of eGFP+ tumor cells.
(G–N, n= 5). (O) Growth of 4T1E tumors in mice treated
with EpCAM aptamer or the combined AsiC (red ar-
rows) in combination with anti-PD-1 or isotype control
antibody (blue arrows) (n = 4). Data shown are mean +
SEM. Statistical tests: (A, G, and O) tumor growth curves
were compared by calculating the area under the curve
values for each sample followed by one-way ANOVA
with Holm–Sidak’s multiple comparisons or Student’s
t test. (C, H, and N) Student’s t test. (D–F and J–M)
Multiple t tests with Holm–Sidak corrections. (I) Mann–
Whitney test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001.
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Fig. 5. Functional improvement of tumor-infiltrating immune cells after treatment with immune-modulating EpCAM-AsiC as analyzed by scRNA-seq. CD45+

cells from 4T1E tumors in mice treated with EpCAM aptamer or EpCAM-AsiC targeting Upf2, Cd47, Mcl1, and Parp1 were pooled (n = 2) for scRNA-seq
analysis. (A) Uniform manifold approximation and projection (UMAP) plot of CD45+ immune cells in all four samples. Each dot represents a cell that was
colored by inferred cluster identity. (B) Heatmap showing the z-score–normalized expression of canonical cell-type DEGs across different clusters. Each column
represents a biological sample. (C and D) Heatmap showing expression of genes involved in T cell activation, effector function, memory and exhaustion in
T cell clusters, averaged per cluster and z-score standardized across clusters (C) and GO enrichment for DEGs up-regulated in EpCAM-AsiC-treated T cells (D). (E
and F) Heatmap showing expression of genes involved in monocyte/macrophage phenotype and function in monocyte/macrophage clusters, averaged per
cluster and z-score standardized across clusters (E) and GO enrichment for DEGs up-regulated in EpCAM-AsiC–treated monocytes/macrophages (F). Dashed
lines in D and F indicate P = 0.05 (one-sided Fisher’s exact test).
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under the control of the mouse mammary tumor virus promoter
(36). At least 80% of these mice develop multifocal rapidly
growing and metastatic HER2+ breast tumors that are uniformly
EpCAM+ (Fig. 7A) within ∼10 to 28 d of adding doxycycline.
Untreated tumors had few infiltrating CD4 or CD8 T cells
(Fig. 7B). Erb2ΔEx16 mice were treated subcutaneously beginning
3 d after starting doxycycline and every third day thereafter with
either EpCAM aptamer as a control or a combination of six
EpCAM-AsiC targeting genes (Upf2, Parp1, Apex1, Cd47, Mcl1,
and Cd274) (Fig. 7C). Although treatment with the EpCAM-AsiC
mixture did not alter the number of mice with detectable tumors
(four of six mice in each group developed tumors in 10 d), it
greatly reduced tumor size after 4 wk of treatment (Fig. 7D). After
eight treatments, EpCAM expression by the GFP+ tumor did not
change, suggesting that down-regulation of EpCAM is not a
mechanism of tumor resistance (Fig. 7E). Moreover, antitumor
immune function was significantly enhanced in mice receiving the
EpCAM-AsiC mixture. More TAM were GFP+, indicating in-
creased tumor cell phagocytosis (Fig. 7F). Although the EpCAM-
AsiC mixture did not change the numbers of TIL within sponta-
neously arising ErbB2ΔEx16 tumors (Fig. 7G), stimulated pro-
duction of IFN-γ and TNF-α by CD8+ and CD4+ TIL was
enhanced (Fig. 7 H and I) and GzmB and PFN expression were
increased in CD8+, CD4+, and NK TIL (Fig. 7 J–L). Thus, an
EpCAM-AsiC mixture suppressed tumor growth and mobilized
antitumor immunity in an immunologically “cold” highly aggres-
sive spontaneous GEM breast tumor model.

Discussion
In this study we show that tumor cell-targeted gene knockdown
with immune-modulating EpCAM-AsiC improves tumor immu-
nogenicity and inhibits tumor growth in aggressive mouse TNBC
and HER2+ breast cancer models. We used EpCAM-AsiC to
knockdown six genes participating in different pathways and
stages of the cancer-immunity cycle (Upf2, Parp1, Apex1, Mcl1,
CD47, CD274) focusing on making breast cancers more visible to
the immune system. Two of these gene products are targets of
Food and Drug Administraiton-approved drugs (PARP1, PD-
L1) and an antibody targeting a third (CD47) is in clinical de-
velopment. Four of the AsiC (UPF2, PARP1, MCL1, CD47)
significantly improved immune responses to the tumor and
suppressed orthotopic tumor growth, while the remaining two
AsiC (APEX1, CD274) were less active but trended toward re-
duced tumor growth. PD-L1 expression on some tumor-infiltrating

immune cells also suppresses the antitumor functions of PD-1+

TIL, which may explain why knocking down PD-L1 selectively in
tumor cells did not boost protective immunity. In two cases
where compounds are in clinical use or in development to in-
hibit the knocked down gene product (olaparib for PARP1,
anti-CD47), AsiC performed better than the inhibitors. Phar-
macokinetic/pharmacodynamic characterization of systemi-
cally administered AsiC will be important both for future
preclinical development and to help understand why AsiC were
more active than a PARP1 inhibitor or anti-CD47 antibody.
We took advantage of the ease of putting together AsiC

mixtures to show that AsiC combinations could be much more
effective than single agents at activating antitumor immunity
and suppressing tumor growth and could synergize with check-
point inhibition. Mixtures could provide strategies to compen-
sate for the shortcomings of knocking down an individual gene.
For example, getting the tumor to express neoantigens might
not be effective if the tumor microenvironment (TME) in the
established tumor is immunosuppressive, but an AsiC combi-
nation that both induces new antigens and increases tumor
phagocytosis or reduces checkpoint inhibition could be more
effective. Future experiments will be needed to identify which
combinations are synergistic and which AsiC are most impor-
tant in a mixture. A limitation of our study was that we initiated
therapy when the tumors were still small and followed tumor
growth for only a few weeks. Longer-term studies will be
needed to evaluate whether AsiC suppress larger tumors, lead
to tumor regression or drug resistance, and induce durable
immune memory.
Importantly, we showed that AsiC combinations potently

inhibited metastatic disease and a very aggressive GEM cancer.
To our knowledge, it has not been previously possible to inhibit
any GEM model using immunotherapy because the genetically
engineered oncogenes so potently promote tumorigenesis that
the mutational burden in spontaneous GEM tumors is low,
precluding effective immune recognition. The AsiC combination
strongly enhanced CD8+ and CD4+ TIL cytokine production
and cytotoxic functions and increased TAM phagocytosis of tu-
mor cells. These increased functional properties in flow cytom-
etry experiments were confirmed by scRNA-seq data comparing
gene expression of tumor-infiltrating T cells and macrophages,
which also showed strong down-regulation of Foxp3 and inhibi-
tory receptors associated with immunosuppressive Treg and
T cell exhaustion, respectively.
Tumor targeted gene knockdown could be used both to

identify immune-modulating drug targets for conventional small-
molecule or biologics drug development and as the basis for
candidate drugs. Four RNA interference (RNAi) drugs that
knock down gene expression in the liver (patisiran, givosiran,
lumasiran, inclisiran) were recently approved for clinical use for
diseases mediated by genes expressed in the liver (37, 38). Gene
knockdown in the liver is now being developed for many indi-
cations using GalNAc-conjugated siRNAs targeted to the
abundant asialoglycoprotein receptor on hepatocytes, but
achieving targeted siRNA gene knockdown in other tissues and
disseminated cancer cells has been challenging (39). EpCAM-
AsiC are an attractive platform for selective gene knockdown in
the common epithelial cancers, which highly express EpCAM on
the plasma membrane. Here we showed effective antitumor ef-
fects after subcutaneous AsiC injection not only in distal
orthotopic tumors, but also in lung metastases. Normal epithelial
cells express much lower levels of EpCAM than epithelial can-
cers and expression is restricted to gap junctions, which may be
largely inaccessible to AsiC. In fact, in a previous study tumor
targeting was so selective that knockdown of an essential gene in
dividing cells (PLK1) did not cause any apparent uptake or
toxicity to normal epithelia (6). In this study, tumors from mice
that received seven AsiC injections did not become resistant to

A

B
C D

Fig. 6. Effect of immune-modulating EpCAM-AsiC on metastatic 4T1E-Luc
lung tumors. (A) Representative luminescent images of mouse lung areas at
indicated days after tail-vein injection of 4T1E-Luc tumor cells. Mice were
treated with EpCAM aptamer (Upper) or EpCAM-AsiC targeting Upf2, Cd47,
Mcl1, and Parp1 (Lower). (B) Total luminescent photon flux of lung metas-
tases in each mouse on indicated days after tumor cell injection. (C and D)
Percentage of CD8+ (C) and CD4+ (D) T cells from lungs isolated on day 21
producing IFN-γ and TNF-α after PMA and ionomycin stimulation. (EpCAM
aptamer-treated group, n = 5; AsiC group, n = 6). Data show mean ± SEM.
Statistical tests: (B–D) multiple t tests with Holm–Sidak’s multiple compari-
sons. *P ≤ 0.05.
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EpCAM-AsiC by down-modulating EpCAM, perhaps because
EpCAM acts as an oncogenic signaling protein that promotes
breast cancer cell proliferation and migration and its down-
modulation might suppress tumor growth (40). Future studies
should investigate whether other mechanisms of resistance de-
velop, such as by tumor cell mutation of the targeted gene se-
quence that the siRNA sense strand recognizes or by altering
other genes that function in the same pathway (41).
AsiC are a flexible platform for targeted gene knockdown (41)

that offers the ability to target proteins that are “undruggable” by
small-molecule drugs or intracellular proteins that antibodies
can’t reach. By changing the aptamer, the platform can target
different types of tumors or normal tissues. By changing the
siRNA sequence, the same overall design can be used to knock
down any gene. Moreover, as illustrated in this study, AsiC tar-
geting multiple genes can be easily identified and combined to
make drug mixtures that attack multiple targets with synergy and
reduce the risk of tumor escape. This study offers further proof
that AsiC could be potent agents of immune modulation, as al-
ready shown by the Gilboa, Rossi, and Kortylewski laboratories
(19, 41–43), but we have just scratched the surface by studying a
small number of plausible candidate genes. Future work could
screen AsiC libraries to identify novel immune-enhancing gene
candidate targets and the combinations that are most synergistic

at inducing tumor immunity. Compared to conventional
antibody-mediated targeting, RNA aptamers provide many ad-
ditional advantages, such as their smaller size, low manufacturing
cost, ability to be chemically synthesized, lack of biological var-
iability, higher in vivo stability, low immunogenicity, lack of need
for refrigeration, and ability to be lyophilized (42). We previously
showed that EpCAM-AsiC do not stimulate immune responses,
thereby allowing repeat administration without affecting their
in vivo pharmacokinetics (6). EpCAM-AsiC also are unlikely to
activate their receptor presumably because they do not cross-link
it (44). AsiC could be optimized by chemical modifications to
improve their pharmacological properties and the potency and
durability of gene knockdown, as has been done for GalNAc-
conjugated siRNA drugs (45). Chemically synthesized drugs,
which are feasible for AsiC that use a small aptamer like the
EpCAM aptamer, are simpler to develop and manufacture and
cheaper than biological drugs, such as antibodies (42).
E. Gilboa pioneered using tumor-targeted AsiC to get tumors

to express neoantigens. He used PSMA-AsiC to knock down
NMD genes (Upf2, Smg1) to enhance tumor vaccination (19)
and nucleolin AsiC to knockdown TAP, the gene encoding the
transporter for antigen processing (46). TAP knockdown caused
presentation of neoantigens. However, new antigen expression as
the mechanism responsible for improved immune protection by

A B

C
D

E F G

H I J K L

Fig. 7. Immune-modulating EpCAM-AsiC suppress spontaneous tumors in ErbB2ΔEx16 transgenic mice. (A) EpCAM MFI of ErbB2ΔEx16 transgenic tumor cells
compared to 4T1E-eGFP tumor cells. Shown at Left are representative histograms of EpCAM expression in GFP+ tumor cells and at Right, mean MFI of mice in
each group. (B) Percentage of CD8+ (Left) and CD4+ (Right) TIL in ErbB2ΔEx16 transgenic and 4T1E-eGFP tumors. (A and B) 4T1E-eGFP, n = 5; ErbB2ΔEx16, n =
7. (C) Experimental scheme of tumor induction and treatment (red arrows) in ErbB2ΔEx16 transgenic mice. (D) Tumor growth in doxycycline-fed ErbB2ΔEx16
transgenic mice treated with EpCAM aptamer or EpCAM-AsiC mixture. (E–L) Flow cytometry characterization of single cell suspensions of tumors from treated
mice isolated on day 26 after starting doxycycline. (E) Representative flow histograms (Left) and mean EpCAM MFI (Right) of tumor cells from ErbB2ΔEx16
transgenic mice treated with EpCAM aptamer or the AsiC mixture. (F) TAM phagocytosis measured by percentage of GFP+ TAMs. (G) Number of CD8+ (Left),
CD4+ (Center), and NK (Right) TIL per milligram tumor. (H, I) Percentage of CD8+ (H) and CD4+ (I) TIL producing IFN-γ and TNF-α after stimulation with PMA
and ionomycin. (J–L) GzmB and PFN staining of CD8+ (J), CD4+ (K), and NK (L) TIL. (D–L, n = 6). Data shown are mean + SEM. Statistical tests: (A, H, and l)
Mann–Whitney test. (B, E–G and I–K) Student’s t test. (D) Multiple t tests with Holm–Sidak’s multiple comparisons. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001.
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NMD gene knockdown was not experimentally verified and may
not be its mechanism of action. Cells deficient in NMD up-
regulate aberrant mRNA splicing variants. NMD inhibition by
Upf1 knockdown in N2A neuroblastoma was previously shown to
alter expression of more than 200 exons (47). Here we showed
that knocking down UPF2 reduced NMD activity in breast can-
cer cells grown in vitro and in vivo, induced DEU events in 281
genes, and generated a number of novel mRNA isoforms and
NMD-sensitive transcripts that could encode tumor neoantigens.
Upf2 knockdown in mouse 4T1 tumors led to increased numbers
and function of CD8+ TIL and potently inhibited orthotopic
tumor growth. Although some neoantigens induced by NMD
inhibition may vary from cell to cell in the tumor, other changes
in exon usage might lead to common expression of novel iso-
forms that could contain novel antigens (48). Determining
whether this is the case would be challenging and require iden-
tifying the novel peptides presented by MHC on NMD-inhibited
tumor cells, generating peptide-specific T cells that recognize
them, and determining whether these T cells respond to a large
fraction of cells within the tumor. Immunopeptidomics study of
MHC class I-loaded peptides after UPF2 knockdown in breast
cancer cells would help determine whether neoepitopes are
generated that stimulate antitumor immunity.
However, the enhanced immune response generated after

Upf2 knockdown slowed down tumor growth but did not cause
tumor regression, whereas expressing a foreign antigen, such as
GFP, in tumor cells often causes regression. One reason for this
difference in antitumor efficacy could be that tumor neoantigen-
specific T cells elicited by Upf2 knockdown would be primed and
activated in an immunosuppressive TME, where their antitumor
activities could be impaired compared to tumor-specific T cells
that recognize a constitutively expressed tumor antigen primed
in the early stages of tumorigenesis before immunosuppression
sets in. Combining Upf2 knockdown with knockdown of other
genes that reverse immune suppression in the TME or with
checkpoint inhibitors might address this problem. NMD inhibi-
tion could also promote antitumor immunity by other mecha-
nisms. NMD inhibition regulates transcripts involved in cellular
stress responses and nutrient homeostasis, and environmental
stresses also inhibit NMD (24). Our RNA-seq analysis identified
changes in both DEU and DIU after UPF2 knockdown that
might affect tumor growth independently of immune regulation.
Future studies to analyze changes in tumor growth after treat-
ment with UPF2 AsiC in immunodeficient mice could be used to
determine whether some of the antitumor effect of Upf2 knockdown
is independent of immune recognition.
A subset of TNBC have defective homologous recombination,

a high-fidelity DNA double-strand break repair mechanism,
which makes them susceptible to PARP1 inhibition. PARP1
recognizes sites of DNA damage of all sorts and recruits and
activates DNA repair factors. Knocking down Parp1 should in-
terfere with repair of ongoing DNA damage due to DNA oxi-
dation, as well as DNA damage induced by radiation or cytotoxic
chemotherapy, increasing the tumor DNA mutational burden,
and causing genomic instability, which could be immunogenic by
triggering cytosolic innate immune DNA sensors, like cGAS and
IFI16, resulting in increased IFN-I production and cell death
(49). Parp1 knockdown might also induce neoantigens, although
any individual antigen would most likely be “private,” because it
would be due to random sites of DNA damage and hence might
be presented by a minority of cells in the tumor (although it
could be transmitted to a single tumor cell’s progeny during cell
proliferation). Future studies, such as T cell receptor cloning of
TIL from control and PARP1 AsiC-treated tumors, could help
determine whether neoepitopes are generated after Parp1
knockdown. PARP1 AsiC led to significantly more unrepaired
DNA damage as measured by γ-H2AX staining, more TUNEL+

apoptotic tumor cells, and enhanced IFN-I production, which

was associated with improved CD8+/CD4+ Treg ratio and cy-
tokine production by both CD8+ and CD4+ TIL. On the other
hand, the Food and Drug Administration-approved PARP1 in-
hibitor olaparib did not affect DNA damage repair or boost IFN-
I expression and failed to significantly inhibit 4T1E tumor
growth or boost antitumor T cell immunity. The reason for the
difference between Parp1 knockdown and olaparib needs to be
studied in more detail, but knockdown should interfere more
strongly with DNA damage repair than inhibiting PARylation
since it would block the initial recruitment of DNA repair factors
to DNA damage sites.
Phagocytosis of dying cancer cells and tumor antigen cross-

presentation are critical for initiating effective antitumor
T cells. Tumor cells often foil T cell recognition by up-regulating
CD47 to inhibit phagocytosis (32). The antitumor effect of CD47
AsiC was abrogated by anti-CD8 and significantly suppressed by
anti-CD4 or anti-CSF1R, which can deplete not only macro-
phages but also tissue DCs (50). Indeed, CD47 AsiC enhanced
the M1/M2 macrophage ratio and increased the percentage and
maturation of tumor CD11c+DEC205+ DCs, which are spe-
cialized in taking up extracellular antigens and could cross-
present tumor antigens. CD47 AsiC also promoted M1 TAM
and CD205+ DC tumor phagocytosis. The antigen cross-
presentation capacity of these DCs likely was also improved,
which can be examined in future studies. CD47 AsiC out-
performed anti-CD47 in suppressing 4T1E tumor growth for
unclear reasons. Better tumor penetration of EpCAM-AsiC
compared to antibodies might contribute to their superior anti-
tumor activity. Although both therapies increased the function of
CD8+ TIL, only CD47 AsiC improved CD4+ TIL function and
reduced MDSCs in the tumor. Anti-CD47 therapy in mice was
previously reported not to improve CD4+ T cell function (32).
However, CD4+ T cell depletion markedly impaired the thera-
peutic efficacy of CD47 AsiC, clearly indicating that CD4+

T cells are important in CD47 AsiC effectiveness.

Materials and Methods
EpCAM-AsiCs designed to knock down Upf2, Parp1, Apex1, CD47, CD274,
and Mcl1 were injected subcutaneously into mice bearing breast tumors and
evaluated for tumor growth. Mice injected with the EpCAM aptamer were
used as controls. At killing, single-cell suspensions of tumors were analyzed
for infiltrating immune cell numbers, phenotypes, and functions. The cell
lines, mouse strains, and all animal experiments are described in detail in the
SI Appendix, Materials and Methods. Mouse studies were conducted in
compliance with all ethical regulations and were approved by the Harvard
Medical School Institutional Animal Care and Use Committee. All relevant
materials and methods, including design of RNA constructs and methods for
analyzing gene knockdown, histology, and IHC, isolation of immune cells
from mice, antibody staining and flow cytometry, CD8+ TIL degranulation
and cytotoxicity, ex vivo phagocytosis, scRNA-seq, bulk RNA-seq, and sta-
tistical analysis, are described in SI Appendix.

Data Availability. The scRNA-seq and RNA-seq data have been deposited in
the Gene Expression Omnibus database, https://www.ncbi.nlm.nih.gov/geo
[accession nos. GSE156214 (51) and GSE156185 (52)]. All other study data are
included in the article and supporting information.
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