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ABSTRACT
Background Human epidermal growth factor receptor 
2 (HER2) targeted antibodies in combination with 
chemotherapy has improved outcomes of HER2 positive 
(pos) breast cancer (BC) but toxicity of therapy remains 
a problem. High levels of tumor- infiltrating lymphocytes 
are associated with increased pathologic complete 
responses for patients treated with neoadjuvant therapy. 
Here we sought to investigate whether delivery of 
intratumoral (i.t.) multiepitope major histocompatibility 
complex (MHC) class II HER2 peptides- pulsed type I 
polarized dendritic cells (HER2- DC1) in combination 
with anti- HER2 antibodies without chemotherapy could 
enhance tumor regression by increasing anti- HER2 
lymphocyte infiltration into the tumor.
Methods BALB/c mice bearing orthotopic TUBO tumors, 
BALB/c mice bearing subcutaneous (s.c.) CT26 hHER2 
tumors, or BALB- HER2/neu transgenic mice were all 
treated with i.t. or s.c. HER2- DC1, anti- HER2 antibodies, 
paclitaxel, T- DM1 or in combination. Immune response, 
host immune cells and effector function were analyzed 
using flow cytometry, interferon-γ ELISA and cytokine/
chemokine arrays. The contributions of CD4+ and CD8+ 
T cells and antibody dependent cellular cytotoxicity 
(ADCC) were assessed using depleting antibodies and 
FcγR KO mice. Molecular changes were evaluated by 
immunohistochemistry and western blot.
Results HER2- DC1 combined with anti- HER2 antibodies 
delivered i.t. compared to s.c. induced complete tumor 
regression in 75–80% of treated mice, with increased 
tumor infiltrating CD4+ and CD8+ T, B, natural killer T 
cells (NKT) and natural killer cells, and strong anti- HER2 
responses in all HER2pos BC models tested. The therapy 
caused regression of untreated distant tumors. Labeled 
HER2- DC1 migrated prominently into the distant tumor 
and induced infiltration of various DC subsets into tumors. 
HER2- DC1 i.t. combined with anti- HER2 antibodies 
displayed superior antitumor response compared to 
standard chemotherapy with anti- HER2 antibodies. Lasting 
immunity was attained which prevented secondary tumor 
formation. The presence of CD4+ and CD8+ T cells and 
ADCC were required for complete tumor regression. In the 

HER2pos BC models, HER2- DC1 i.t. combined with anti- 
HER2 antibodies effectively diminished activation of HER2- 
mediated oncogenic signaling pathways.
Conclusions HER2- DC1 i.t. with anti- HER2 antibodies 
mediates tumor regression through combined activation 
of T and B cell compartments and provides evidence that 
HER2- DC1 i.t. in combination with anti- HER2 antibodies 
can be tested as an effective alternative therapeutic 
strategy to current chemotherapy and anti- HER2 
antibodies in HER2pos BC.

INTRODUCTION
Human epidermal growth factor receptor 
2 (HER2) overexpression accounts for 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ HER2- directed therapeutics combined with chemo-
therapy have demonstrated benefit in about 50% of 
patients with human epidermal growth factor recep-
tor 2 (HER2)- positive (pos) advanced breast cancer 
(BC), but incomplete response and significant toxici-
ty from chemotherapy remains a problem.

WHAT THIS STUDY ADDS
 ⇒ This study demonstrates that intratumoral delivery 
(i.t.) of HER2 peptide- pulsed type 1 polarized den-
dritic cell (HER2- DC1) plus anti- HER2 antibodies 
was more effective than standard chemotherapy 
combined with anti- HER2 antibodies and generated 
robust systemic antitumor immunity and causing re-
gression of distant tumor sites and modulated HER2 
oncogenic signaling pathways in HER2pos BC.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE AND/OR POLICY

 ⇒ Combination of HER2- DC1 i.t. with HER2 targeted 
antibodies while deescalating cytotoxic chemother-
apies may improve complete responses in HER2pos 
BC neoadjuvant therapy. A clinical trial is ongoing 
to test this combination therapy in the neoadjuvant 
setting for patients with HER2pos BC.
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20%–25% of breast cancers (BC), and it causes more 
aggressive disease associated with higher recurrence 
rate and metastatic spread.1 HER2- targeting monoclonal 
antibodies such as trastuzumab and pertuzumab used 
in combination with chemotherapy in a perioperative 
setting is the prevailing approach and was approved for 
patients with early stage and locally advanced HER2pos 
BC.2 3 In addition to the primary role of blocking HER2- 
directed oncogenic signaling pathways, trastuzumab and 
pertuzumab have the capability to stimulate antitumor 
immune responses.4 Trastuzumab and pertuzumab can 
induce antibody- dependent cellular cytotoxicity (ADCC) 
by triggering FCγRIII activity on natural killer (NK) cells.5 
In patients with HER2pos metastatic BC, trastuzumab has 
been shown to induce anti- HER2 CD8+ T cell immune 
response with improved progression- free survival.6 Tras-
tuzumab was also observed to induce CD4+ helper T 
cell- associated antitumor immunity in patients with early 
HER2pos BC.7 Trastuzumab and pertuzumab increase 
internalization of HER2 and presentation of HER2- 
derived peptides on major histocompatibility complex 
(MHC) class I molecules, which drive antigen- specific 
cytotoxic T lymphocytes.8 9

Despite the fact that HER2- directed therapeutic 
approaches have improved outcomes in early stage 
HER2pos BC, many patients remain at risk of relapse or 
death.10 11 Polychemotherapy regimen is a standard neoad-
juvant treatment added to HER2- targeted antibodies for 
patients with HER2pos BC, but some patients suffer from 
significant toxicity. Various hematologic, neurologic, 
cardiac, and cognitive morbidities have been reported 
in patients with HER2pos BC undergoing chemotherapy 
combined with HER2- targeted agents.12 13 Consequently, 
de- escalated strategies (eg, chemo- sparing) are being 
developed. To illustrate, results of a single- arm phase 2 
trial support treatment of patients with early- stage node- 
negative HER2pos BC with only a single chemotherapy 
agent (ie, paclitaxel) combined with trastuzumab.14 
Furthermore, the HER2- targeted antibody- drug conju-
gate trastuzumab emtansine (T- DM1) has demonstrated 
effective in incomplete responders to trastuzumab/pertu-
zumab/neoadjuvant chemotherapy and in patients with 
metastatic HER2pos BC. It is currently being used as the 
standard of care in second line of treatment.15 Never-
theless, limited treatment benefits have been noted in 
a substantial fraction of patients with HER2pos BC with 
advanced disease.16 In addition, it should be empha-
sized that treatment with T- DM1 has been associated 
with equivalent absolute risk of clinically relevant adverse 
events compared with chemotherapy- based treatment.17 
Trastuzumab deruxtecan (DS- 8201a) therapy has shown 
durable antitumor response in patients with metastatic 
HER2pos BC who had been previously treated with T- DM1. 
However, pulmonary toxicity was observed in a substan-
tial fraction of patients.18 All the above problems suggest 
that a more effective combination treatment approach 
is needed with focus on de- escalated strategies aiming to 
improve better risk- benefit ratio. There is growing interest 

in the use of immunotherapy combined with HER2- 
targeted antibodies to enhance the clinical response and 
overcome the severe toxic side effects of chemotherapy in 
patients with HER2pos BC.19 This is particularly appealing 
as HER2- directed immunotherapies have been associ-
ated with favorable toxicity profile when compared with 
standard chemotherapy.20 Chemotherapy itself may drive 
immunogenic cell death and is associated with driving 
an immune response to cause tumor regression,19 thus 
driving positive immune responses in the tumor microen-
vironment (TME) may be a rational approach.

The immunosuppressive TME can exploit antitumor 
immune responses and inhibit CD4+ and CD8+ T cells, 
leading to eventual escape of HER2pos BC cells from 
immune surveillance.21 Prominent efforts have been 
made in recent years to develop immunotherapies to aid 
HER2- targeted therapies, modulate the immunosuppres-
sive TME, and improve clinical outcomes in patients with 
HER2pos BC. Dendritic cells (DC) are an effective delivery 
tool to generate a tumor antigen- specific immune response 
that is specifically directed to cancer cells.22 Progressive 
loss of anti- HER2 Th1 immunity in patients with HER2pos 
BC was correlated with poor treatment response and 
prognosis.23 An experimental HER2 peptide- pulsed type 
1 polarized dendritic cell (HER2- DC1) vaccine strongly 
restored anti- HER2 Th1 immune response in patients 
with both HER2pos ductal carcinoma in situ and early 
HER2pos invasive BC and improved pathologic complete 
responses (pCR).23 24 The canonical Th1 cytokine interfer-
on-γ (IFN-γ) plays an important role in innate and adop-
tive immune responses, supporting its value as a mediator 
of effective antitumor immunity. Evidence exists that Th1 
cytokines including IFN-γ can mediate HER2 degrada-
tion via the ubiquitin proteasomal pathway and also via 
caspase 3 in HER2pos BC cells.25 26 IFN-γ also enhances 
expression of MHC class I/II and programmed death 
ligand- 1 (PD- L1) on tumor cells, leading to recognition 
by immune cells.27 More recently, we showed that treat-
ment of Th1 cytokines in combination with trastuzumab 
and pertuzumab synergistically increased tumor senes-
cence and apoptosis via STAT1 signaling in HER2pos BC 
cells.28 Notably, HER2- DC1 subcutaneous (s.c.) delivery 
in combination with anti- HER2/neu antibodies delayed 
tumor growth and improved survival in a HER2pos BC 
mouse model.29 Studies have shown that intratumoral 
(i.t.) delivery of tumor antigen- pulsed DC can enhance 
the efficacy of targeted agents, increase tumor infiltra-
tion of CD4+ and CD8+ T cells and prolong antitumor 
immunity in patients with advanced stage solid tumor.30 31 
Recently, DC i.t. combination with local radiotherapy has 
been observed to increase tumor antigen specific CD8+ T 
cell infiltration in poorly immunogenic tumor models.32

In the present study, we aimed to investigate the efficacy 
of HER2- DC1 i.t. delivery in combination with anti- HER2 
antibodies and whether this combination approach could 
replace standard chemotherapy and drive enduring 
antitumor immunity in a HER2pos BC preclinical model. 
We show that HER2- DC1 i.t. combined with anti- HER2 
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antibodies treatment was more effective than HER2- DC1 
s.c. combined with anti- HER2 antibodies. Strikingly, in 
a clinically relevant HER2pos BC model, HER2- DC1 i.t. 
combined with anti- HER2 antibodies treatment showed 
a superior antitumor response compared with standard 
chemotherapy combined with anti- HER2 antibodies. We 
have also revealed a role for CD4+ and CD8+ T cells and 
ADCC in combination treatment induced tumor regres-
sion in a HER2pos BC model. HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment more effectively modu-
lated HER2 oncogenic signaling pathways in a HER2pos 
BC model. Furthermore, HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment effectively attenuated the 
growth of untreated distant HER2pos tumors, highlighting 
its potential in generating systemic antitumor immunity 
in HER2pos BC. Our study suggests new approaches to 
improve HER2pos BC treatment by combining targeted 
antibodies with active immunotherapy while de- escalating 
cytotoxic chemotherapies.

METHODS
The compete experimental protocols are described in 
online supplemental material.

RESULTS
HER2-DC1 s.c. and anti-HER2 antibodies combination 
treatment
To examine the efficacy of HER2- DC1 s.c. combined 
with anti- HER2 antibodies treatment and host immune 
response in HER2pos BC, we utilized the HER2pos TUBO 
tumor model. After tumor establishment, mice were 
treated with HER2- DC1 s.c., anti- HER2 antibodies, or in 
combination. HER2- DC1 s.c. combined with anti- HER2 
antibodies treatment significantly delayed tumor growth 
and improved survival compared with HER2- DC1 s.c. 
alone or anti- HER2 antibodies alone (figure 1A,B). 
Next, changes in the level of host immune cells after 
completion of treatments were examined on day 36 by 
flow cytometry. Increased level of tumor infiltrating CD4+ 
and CD8+ T cells and decreased level of myeloid- derived 
suppressor cells (MDSC) were observed in the tumors of 
the combination treatment group, compared with mono-
therapy (figure 1C,D). As shown in figure 1E, no signif-
icant difference in the secretion of IFN-γ was observed 
after co- culturing individual peptide- pulsed HER2- DC1 
with tumor draining lymph nodes (TDLNs) and non- 
draining lymph nodes (NDLNs) from the HER2- DC1 
s.c., anti- HER2 antibodies or HER2- DC1 s.c. in combi-
nation with anti- HER2 antibodies treatment groups. 
Thus, similar levels of anti- HER2 Th1 immunity existed. 
We observed significantly increased IFN-γ secretion on 
restimulation of splenocytes from the HER2- DC1 s.c. 
combined with anti- HER2 antibodies treatment group 
with HER2 peptides p5, p435 and p1209, when compared 
with control (figure 1F).

HER2-DC1 i.t. combination with anti-HER2 antibodies 
treatment enhance antitumor activity
Next, we investigated whether HER2- DC1 i.t. combined 
with anti- HER2 antibodies treatment show superior anti-
tumor effects compared with HER2- DC1 s.c. combined 
with anti- HER2 antibodies in the HER2pos TUBO tumor 
model. We observed that HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment showed enhanced anti-
tumor effects with complete tumor regression in 75% 
of the treated mice and prolonged survival compared 
with HER2- DC1 s.c. and anti- HER2 antibodies combi-
nation treatment (figure 2A,B). Importantly, mice with 
tumor regression were immune and rejected secondary 
TUBO tumor challenge (online supplemental figure 
2). Pulsing with immunogenic multiepitope MHC class 
II HER2 peptides and the generation of a host specific 
anti- HER2 immune response was critical for the tumor 
regression efficacy of HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment, which was supported by 
the failure of controlling HER2pos TUBO tumor growth 
after autologous unpulsed DC1 i.t. or allogenic HER2- 
DC1 i.t. combined with anti- HER2 antibodies treatment 
(figure 2C). Next, we investigated whether HER2- DC1 i.t. 
in combination with single anti- HER2 antibody clone is 
sufficient for the enhanced antitumor activity or required 
both anti- HER2 antibodies in the HER2pos TUBO tumor 
model. Combination treatment of HER2- DC1 i.t. with 
single anti- HER2 antibody 7.16.4 clone showed a delay in 
tumor growth, but only induced complete tumor regres-
sion in 40% of treated mice (figure 2D). Interestingly, 
an enhanced antitumor response with complete tumor 
regression was observed in 80% of the mice treated with 
HER2- DC1 i.t. in combination with both anti- HER2 anti-
bodies 7.16.4 and 7.9.5 (figure 2D). BALB- HER2/neuT 
mice that received HER2- DC1 i.t. and anti- HER2 anti-
bodies (7.16.4 and 7.9.5) combination treatment also 
showed significant delay in tumor growth (figure 2E).

Anti- HER2 Th1 immune response was evaluated by 
co- culturing TDLNs and NDLNs with DC1 pulsed with 
HER2 peptides p5, p435 and p1209 individually. As 
shown in figure 2F, a significant increase in the level 
of IFN-γ secretion was observed after co- culturing 
individual peptide- pulsed HER2- DC1 with TDLNs 
and NDLNs from the HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment group, compared with 
the HER2- DC1 s.c. combined with anti- HER2 antibodies 
group. Similarly, restimulation of splenocytes from the 
HER2- DC1 i.t. combined with anti- HER2 antibodies 
treatment group with HER2 peptides p435 and p1209 
showed a higher level of IFN-γ secretion compared 
with the HER2- DC1 s.c. combined with anti- HER2 anti-
bodies group (figure 2G). Significantly increased serum 
levels of Th1 cytokines IFN-γ and tumor necrosis factor 
(TNF)-α were also observed in the HER2- DC1 i.t. and 
anti- HER2 antibodies combination treatment group 
compared with the HER2- DC1 s.c. combined with 
anti- HER2 antibodies treatment group (figure 2H). In 
addition, increased serum levels of other Th cytokines 

https://dx.doi.org/10.1136/jitc-2022-004841
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and chemokines were observed in the HER2- DC1 i.t. in 
combination with anti- HER2 antibodies treated group, 
and in immune mice that rejected secondary TUBO 
tumor challenge (online supplemental figures 1 and 2). 
Taken together, these data suggest that HER2- DC1 i.t. 
combined with anti- HER2 antibodies treatment induces 
a strong anti- HER2 Th1 immune response and enhances 
tumor regression activity in HER2pos BC.

HER2-DC1 i.t. combined with anti-HER2 antibodies treatment 
requires CD4+ and CD8+ T cells
The level of tumor infiltrating CD4+ T cells was evalu-
ated after completion of all combination treatments. The 
flow cytometry gating strategy for lymphoid immune cell 
phenotype is shown in online supplemental figure 3. The 
HER2- DC1 i.t. combined with anti- HER2 antibodies treat-
ment group had a higher number of tumor infiltrating 

Figure 1 Antitumor efficacy of HER2- DC1 s.c. in combination with anti- HER2 antibodies treatment and host immune response 
in HER2pos BC model. (A) Wild- type BALB/c mice were injected with 3×104 TUBO cells orthotopically into the MFP. After tumor 
establishments, mice were treated with HER2- DC1 s.c. (1×106 cells, s.c., weekly twice for 3 weeks) or anti- HER2 antibodies 
(clones 7.16.4: 50 µg, 7.9.5: 50 µg, i.p. injection, weekly once) or combination of both. Tumor growth was monitored two times a 
week (n=8). (B) Survival curve (n=8). Mean±SEM. Control versus HER2- DC1 s.c. +7.16.4+7.9.5 (p=0.0031) in (A) and (p<0.0001) 
in (B), HER2- DC1 s.c. versus HER2- DC1 s.c. +7.16.4+7.9.5 (p<0.0001) in (A) and (p=0.0249) in (B) and 7.16.4+7.9.5 versus 
HER2- DC1 s.c. +7.16.4+7.9.5 (p<0.0005) in (A) and (p=0.0002) in (B). (C, D) On day 36 after completion of treatments, tumors 
were excised, single cell suspensions were prepared and stained for CD4+ and CD8+ T cells and myeloid- derived suppressor 
cells, and then analyzed by flow cytometry. (E) Tumor draining lymph nodes and non- draining lymph nodes were collected from 
the experimental groups. Then, co- cultured with or without HER2- DC1 individually pulsed with p5, p435 and p1209 for 72 hours. 
IFN-γ secretion was measured in the culture supernatant using IFN-γ ELISA. (F) Splenocytes were re- stimulated with p5, p435 
and p1209 rHER2/neu peptides. IFN-γ secretion was measured in the culture supernatant by ELISA. Control versus HER2- DC1 
s.c. +7.16.4+7.9.5 (p<0.0001) in (F). BC, breast cancer; CM, culture medium; HER2, human epidermal growth factor receptor 
2; HER2- DC1, HER2 peptide- pulsed type 1 polarized dendritic cell; IFN, interferon; i.p., intraperitoneal; MFP, mammary fat pad; 
s.c., subcutaneous.

https://dx.doi.org/10.1136/jitc-2022-004841
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CD4+ T cells, compared with the HER2- DC1 s.c. combined 
with anti- HER2 antibodies treatment group (figure 3A). 
Next, we examined the phenotypic status of tumor infil-
trating CD4+ T cells. As shown in figure 3B–D, increased 
levels of CD4+CD44+CD62L– effector memory cells, 
CD4+CD44+CD62L+ central memory cells and CD4+CD44–

CD62L– effector cells were observed in tumors from the 
HER2- DC1 i.t. combined with anti- HER2 antibodies 
group, compared with the HER2- DC1 s.c. combined 
with anti- HER2 antibodies group. To test whether CD4+ 

T cells play a role in HER2- DC1 i.t. in combination 
with anti- HER2 antibodies treatment mediated anti-
tumor activity, a CD4+ T cell depletion experiment was 
performed. We observed mice that were depleted of CD4+ 
T cells failed to respond to HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment (figure 3E).

HER2- DC1 i.t. combined with anti- HER2 antibodies 
treatment was able to enhance tumor infiltration of 
CD8+ T cells compared with HER2- DC1 s.c. combined 
with anti- HER2 antibodies treatment (figure 3F). Next, 

Figure 2 HER2- DC1 i.t. in combination with anti- HER2 antibodies treatment eradicates HER2pos BC. (A) After TUBO tumor 
establishment, mice were treated as described in methods. Tumor growth was monitored two times a week (n=8). (B) Survival 
curve (n=8). Mean±SEM. Control versus HER2- DC1 i.t.+7.16.4+7.9.5 (p=0.0139) in (A) and (p=0.006) in (B), HER2- DC1 i.t. 
versus HER2- DC1 i.t.+7.16.4+7.9.5 (p<0.0001) in (A) and (ns) in (B), 7.16.4+7.9.5 versus HER2- DC1 i.t.+7.16.4+7.9.5 (p=0.0026) 
in (A) and (p=0.0007) in (B) and HER2- DC1 s.c. +7.16.4+7.9.5 versus HER2- DC1 i.t.+7.16.4+7.9.5 (p=0.0014) in (A) and 
(p=0.0079) in (B). (C) Tumor growth curves of BALB/c mice bearing TUBO tumors treated with autologous unpulsed DC1 i.t. 
alone, allogenic HER2- DC1 i.t. alone and autologous unpulsed DC1 i.t. or allogenic HER2- DC1 i.t. combined with anti- HER2 
antibodies 7.16.4 and 7.9.5. Tumor growth was monitored two times a week (n=6–8). (D) BALB/c mice bearing TUBO tumors 
were treated with HER2- DC1 i.t. alone, anti- HER2 antibodies (two clones 7.16.4 and 7.9.5), clone 7.16.4 alone, clone 7.9.5 
alone, HER2- DC1 i.t. in combination with both anti- HER2 antibodies (7.16.4 and 7.9.5) and HER2- DC1 i.t. in combination with 
single clone 7.16.4. Tumor growth was monitored two times a week (n=8). Mean±SEM. p=0.044, control versus HER2- DC1 
i.t.+7.16.4+7.9.5; p=0.014, 7.16.4 versus HER2- DC1 i.t.+7.16.4+7.9.5; p=0.021, 7.9.5 versus HER2- DC1 i.t.+7.16.4+7.9.5; 
p=0.0215, 7.16.4+7.9.5 versus HER2- DC1 i.t.+7.16.4+7.9.5; p=0.0020, HER2- DC1 i.t. versus HER2- DC1 i.t.+7.16.4+7.9.5; 
p=0.0248, HER2- DC1 i.t.+7.16.4 versus HER2- DC1 i.t.+7.16.4+7.9.5. (E) Tumor growth in BALB- HER2/neu transgenic mice 
treated with HER2- DC1 i.t. alone or anti- HER2 antibodies (7.16.4 and 7.9.5) alone or combination of both (n=8). Spontaneous 
tumor growth in the mammary glands of experimental mice were monitored by MRI. Mean±SEM. p=0.0004, control versus 
HER2- DC1 i.t.+7.16.4+7.9.5; p=0.0019, 7.16.4+7.9.5 versus HER2- DC1 i.t.+7.16.4+7.9.5. (F) Tumor draining lymph nodes 
and non- draining lymph nodes were excised from the experimental groups and then, co- cultured with or without HER2- DC1 
individually pulsed with p5, p435 and p1209 for 72 hours. IFN-γ secretion was measured in the culture supernatant using IFN-γ 
ELISA. (G) Splenocytes from the experimental mice were re- stimulated with p5, p435 and p1209 rHER2/neu peptides. Culture 
supernatant was collected and analyzed for IFN-γ secretion using ELISA. (H) Serum level of Th1 cytokines IFN-γ and TNF-α in 
the experiment groups were analyzed by Th cytokine flow cytometry array. The results were shown as mean±SEM of at least 
three independent experiments. BC, breast cancer; CM, culture medium; DC, dendritic cell; HER2, human epidermal growth 
factor receptor 2; HER2- DC1, HER2 peptide- pulsed type 1 polarized dendritic cell; IFN, interferon; i.t., intratumoral; ns, not 
significant; s.c., subcutaneous; TNF, tumor necrosis factor.
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we examined the phenotypic status of tumor infiltrating 
CD8+ T cells. Tumors from the HER2- DC1 i.t. combined 
with anti- HER2 antibodies treatment group had a signifi-
cantly increased level of CD8+CD44+CD62L+ central 
memory cells with no differences in CD8+CD44+CD62L– 
effector memory cells and CD8+CD44–CD62L– effector 
cells when compared with HER2- DC1 s.c. combined with 
anti- HER2 antibodies treatment (figure 3G–I). Next, 
the role of CD8+ T cells were examined, and we found 
that HER2- DC1 i.t. in combination with anti- HER2 anti-
bodies treatment failed to control TUBO tumor growth 
in the absence of CD8+ T cells (figure 3J). These data 
suggest that CD4+ and CD8+ T cells are critical for tumor 

regression induced by HER2- DC1 i.t. and anti- HER2 anti-
bodies combination treatment in HER2pos BC.

HER2-DC1 i.t. in combination with anti-HER2 antibodies 
treatment attenuates growth of distant untreated tumors
We next investigated whether HER2- DC1 i.t. treatment 
combined with anti- HER2 antibodies would also trigger 
a systemic antitumor immunity by using a bilateral TUBO 
tumor model. HER2- DC1 i.t. was delivered in the primary 
tumors with or without anti- HER2 antibodies (7.16.4 and 
7.9.5) and the growth of untreated distant tumors was 
monitored. Anti- HER2 antibodies treatment alone had 
no effect on the growth of primary and distant tumors 

Figure 3 HER2- DC1 i.t. and anti- HER2 antibodies combination treatment induced tumor regression required CD4+ and 
CD8+ T cells. (A) On day 60 after completion of treatments, level of tumor infiltrating CD4+ T cells in the experimental groups 
was analyzed by flow cytometry. (B–D) The levels of CD4+CD44+CD62L– effector memory cells, CD4+CD44+CD62L+ central 
memory cells and CD4+CD44–CD62L– effector cells among the tumor infiltrated CD4+ T cells were analyzed by flow cytometry. 
(E) BALB/c mice were injected with CD4+ depleting antibody 3 days prior to TUBO induction and continued two time a week 
until the endpoint. After TUBO tumor establishments, mice were treated with HER2- DC1 i.t. alone or anti- HER2 antibodies 
(7.16.4 and 7.9.5) alone or combination of both (n=8). Mean±SEM. (F) Tumor infiltrating CD8+ T cells in the experimental groups 
on day 60 after completion of treatments. (G–I) The levels of CD8+CD44+CD62L– effector memory cells, CD8+CD44+CD62L+ 
central memory cells and CD8+CD44–CD62L– effector cells among the tumor infiltrated CD8+ T cells were assessed by flow 
cytometry. Results were shown as mean±SEM of at least three independent experiments. (J) BALB/c mice were administered 
with CD8 depleting antibody 3 days prior to TUBO induction and continued twice a week. TUBO tumor bearing mice were 
treated with treated with HER2- DC1 i.t. alone or anti- HER2 antibodies (7.16.4 and 7.9.5) alone or combination of both (n=8). 
Mean±SEM. HER2, human epidermal growth factor receptor 2; HER2- DC1, HER2 peptide- pulsed type 1 polarized dendritic cell; 
i.t., intratumoral; ns, not significant; s.c., subcutaneous.
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while HER2- DC1 i.t. alone showed minimal antitumor 
effect on delaying both primary and distant tumors 
(figure 4A,B). Interestingly, HER2- DC1 i.t. combined 
with anti- HER2 antibodies (7.16.4 and 7.9.5) treatment 
significantly attenuated primary tumor and distant tumor 
growth and improved survival (figure 4A–C).

We then evaluated if the combination treatment- induced 
systemic antitumor immunity may have been facilitated 
by trafficking of injected HER2- DC1 into the untreated 
distant tumors. The flow cytometry gating strategy for 
identifying CellTrace Violet- labeled HER2- DC1 is shown 
in online supplemental figure 4. The frequency of Cell-
Trace Violet labeled HER2- DC1 in the treated primary 
tumors was higher in the HER2- DC1 i.t. alone and the 
HER2- DC1 i.t. combined with anti- HER2 antibodies 
treatment groups at 24 and 48 hours (figure 4D), with 
only 2%–8% being apoptotic cells (online supplemental 
figure 5A,B). However, we did not observe CellTrace 
Violet- labeled HER2- DC1 trafficking into the primary 
tumors from the HER2- DC1 s.c. alone or HER2- DC1 s.c. 
combined with anti- HER2 antibodies groups (figure 4D). 
In the untreated distant tumors, a modest increase in the 

frequency of CellTrace Violet- labeled HER2- DC1 with no 
apoptotic cells was observed in the HER2- DC1 i.t. alone 
and HER2- DC1 i.t. combined with anti- HER2 antibodies 
groups at 24 and 48 hours (figure 4E, online supple-
mental figure 5C,D). Although we observed migration of 
CellTrace Violet- labeled HER2- DC1 into the untreated 
distant tumors in the HER2- DC1 s.c. alone and HER2- 
DC1 s.c. combined with anti- HER2 antibodies groups, 
25%–45% of HER2- DC1 cells were apoptotic (figure 4E, 
online supplemental figure 5C,D). In addition, migration 
of HER2- DC1 into the TDLNs was observed in all groups 
with minimal changes in the percentage of apoptotic cells 
(online supplemental figure 6A–C).

Next, we evaluated the i.t. DC subsets in TME of treated 
and untreated tumors. The flow cytometry gating strategy 
for identifying i.t. DC subsets is shown in online supple-
mental figure 7. As shown in figure 4F,H, an increase in 
the level of conventional DC1 (cDC1) and monocytic DCs 
(MoDCs) was observed in the treated primary tumors 
from the HER2- DC1 i.t. combined with anti- HER2 anti-
bodies group when compared with the HER2- DC1 s.c. 
combined with anti- HER2 antibodies group. Interestingly, 

Figure 4 HER2- DC1 i.t. in combination with anti- HER2 antibodies treatment induce systemic antitumor immunity in HER2pos 
BC model. (A) Tumor growth curves of treated primary tumors, (B) untreated distant tumors and (C) survival curves in TUBO 
bilateral tumor model received different treatments as indicated (n=8). Control versus HER2- DC1 i.t.+7.16.4+7.9.5 (p=0.0105) 
in (A), (p=0.0154) in (B) and (p=0.0002) in (C). HER2- DC1 i.t. versus HER2- DC1 i.t.+7.16.4+7.9.5 (p=0.037) in (A), (p=0.0326) in 
(B) and (p=0.0047) in (C). 7.16.4+7.9.5 versus HER2- DC1 i.t.+7.16.4+7.9.5 (p=0.0095) in (A), (p=0.0154) in (B) and (p=0.0002) 
in (C). (D) The frequency of CellTrace Violet labeled HER2- DC1 in the treated primary tumors at 24 and 48 hours. (E) The level 
of migrated CellTrace Violet labeled HER2- DC1 into the untreated distant tumors at 24 and 48 hours. (F–H) The levels of 
cDC1, cDC2 and MoDCs in the treated primary tumors and the untreated distant tumors were evaluated by flow cytometry. 
Mean±SEM. BC, breast cancer; cDC1, conventional DC1; cDC2, conventional DC2; DC, dendritic cell; HER2, human epidermal 
growth factor receptor 2; HER2- DC1, HER2 peptide- pulsed type 1 polarized dendritic cell; i.t., intratumoral; MoDCs, monocytic 
DCs; ns, not significant; s.c., subcutaneous; MHC, major histocompatibility complex.

https://dx.doi.org/10.1136/jitc-2022-004841
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both the treated primary tumors and the untreated 
distant tumors from the HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment group had a significantly 
increased level of cDC2 compared with the HER2- DC1 s.c. 
combined with anti- HER2 antibodies group (figure 4G). 
The frequency of tumor associated macrophages in the 
treated primary tumors and the untreated distant tumors 
were unchanged in both combination treatment groups 
(online supplemental figure 6D). Together, these results 
indicate that combination of HER2- DC i.t. and anti- HER2 
antibodies increases the frequency of DC subsets in the 
TME, generates systemic antitumor immunity, and has 
the potential to attenuate the growth of distant tumors 
in HER2pos BC.

HER2-DC1 i.t. combined with anti-HER2 antibodies treatment 
enhances tumor infiltration of B, NKT and NK cells
In addition to the level of tumor infiltrating CD4+ and 
CD8+ T cells, we also evaluated B cell, NKT cell and NK cells 
infiltration after HER2- DC1 i.t. and anti- HER2 antibodies 
combination treatment. As shown in figure 5A, signifi-
cantly increased accumulation of B cells was observed in 
the tumors from the HER2- DC1 i.t. and anti- HER2 anti-
bodies combination treatment group, compared with the 
HER2- DC1 s.c. and anti- HER2 antibodies combination 
treatment group. In addition, a significant increase in 
the serum level of interleukin (IL)- 4, an important cyto-
kine responsible for activation of mature B cells,33 was 
observed in the HER2- DC1 i.t. combined with anti- HER2 
antibodies treatment group compared with the HER2- 
DC1 s.c. combined with anti- HER2 antibodies group 
(figure 5B). Next, increased levels of NKT cells and NK 
cells were observed in the tumors of mice that received 
HER2- DC1 i.t. and anti- HER2 antibodies combination 
treatment compared with those that received HER2- 
DC1 s.c. and anti- HER2 antibodies combination treat-
ment (figure 5C,D). The flow cytometry gating strategy 
for myeloid cells is shown in online supplemental figure 
8. HER2- DC1 i.t. or HER2- DC1 s.c. in combination with 
anti- HER2 antibodies treatment effectively reduced the 
level of MDSC in tumors, but no changes were observed 
for M1/M2 macrophages (online supplemental figure 9).

HER2-DC1 i.t. and anti-HER2 antibodies combination 
treatment require FCγR
ADCC, by triggering FCγRIII on NK cells, is the key mech-
anism that therapeutic antibodies utilize to act against 
tumors.5 To examine whether tumor regression induced 
by HER2- DC1 i.t. in combination with anti- HER2 anti-
bodies treatment also require ADCC activity, we used 
FcγR- deficient (FcγRI/III- KO) mice model. Interestingly, 
antitumor efficacy of the combination treatment with 
HER2- DC1 i.t. and anti- HER2 antibodies was abrogated 
and failed to control TUBO tumor growth in FcγR KO 
mice (figure 5E). This data strongly suggests that ADCC 
activity is important for antitumor efficacy of HER2- DC1 
i.t. and anti- HER antibodies combination treatment in 
HER2pos BC.

Molecular changes after HER2-DC1 i.t. and anti-HER2 
antibodies combination treatment
We examined molecular changes mediated after HER2- 
DC1 i.t. combined with anti- HER2 antibodies treat-
ment in the HER2pos TUBO tumor model. As expected, 
HER2- DC1 i.t. in combination with anti- HER2 antibodies 
enhanced antitumor effects with tumor regression in 
80% of mice (figure 6A,B). Importantly, we observed a 
significant decrease in the level HER2 surface expression 
in the tumors of HER2- DC1 i.t. and anti- HER2 antibodies 
combination treatment group compared with HER2- DC1 
s.c. and anti- HER2 antibodies combination treatment 
(figure 6C). In addition, HER2- DC1 i.t. and anti- HER2 
antibodies combination treatment reduced expression 

Figure 5 HER2- DC1 i.t. in combination with anti- HER2 
antibodies treatment induces B, NKT and NK cells tumor 
infiltration and antibody- dependent cellular cytotoxicity. 
(A) Tumors from the experimental mice were collected on day 
60 after completion of treatments, single cell suspensions 
were stained for CD19+ B cells as described in the methods 
and analyzed using flow cytometry. (B) Serum level of IL- 4 
in the experiment groups was analyzed by Th cytokine flow 
cytometry array. (C) Level of tumor infiltrating CD3+CD49 b 
(DX- 5)+double positive NKT cells. (D) Tumor infiltrating 
level of CD49b (DX- 5)+NK cells. Results were shown as 
mean±SEM of at least three independent experiments. 
(E) FcγR KO mice were injected with 3×104 TUBO cells 
orthotopically into the MFP. After tumor establishment, 
mice were treated with HER2- DC1 i.t. alone or anti- HER2 
antibodies (7.16.4 and 7.9.5) alone or combination of both 
as described in methods. Tumor growth was monitored two 
times a week (n=8). Mean±SEM. HER2, human epidermal 
growth factor receptor 2; HER2- DC1, HER2 peptide- pulsed 
type 1 polarized dendritic cell; IL, interleukin; i.t., intratumoral; 
MFP, mammary fat pad; NK, natural killer; ns, not significant; 
s.c., subcutaneous; NKT, natural killer T cells.

https://dx.doi.org/10.1136/jitc-2022-004841
https://dx.doi.org/10.1136/jitc-2022-004841
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and autophosphorylation of HER2 (HER2, p- HER2 
Tyr1248, p- HER2 Tyr877 and p- HER2 Tyr1221/1222) in 
tumors compared with HER2- DC1 s.c. and anti- HER2 
antibodies combination treatment or monotherapy 
(figure 6D). Next, HER2- DC1 i.t. and anti- HER2 anti-
bodies combination treatment induced STAT1 activation 
(p- STAT1 Tyr701 and p- STAT1 Ser727) and reduced acti-
vation of various other intracellular signaling molecules 
such as p- STAT3, p- STAT5, p- p38MAPK, p- ERK1/2, p- Akt 
and p- JAK2 in tumors (figure 6E).

To further test the senescence inducing potential of 
HER2- DC1 i.t. and anti- HER2 antibodies combination 
treatment, expression of senescence marker proteins 
p15 and p16 was examined. Tumors from HER2- DC1 
i.t. combined with anti- HER2 antibodies treatment 
group had increased expression of p15 and p16 proteins 
compared with HER2- DC1 s.c. combined with anti- HER2 
antibodies or monotherapy (figure 6F). The HER2 

signaling pathway directly regulates cyclin D1 expression, 
resulting in cell cycle regulation and cancer cell prolifer-
ation.34 As shown in figure 6F, cyclin D1 expression was 
downregulated after HER2- DC1 i.t. and anti- HER2 anti-
bodies combination treatment. Furthermore, increased 
expression of apoptosis markers caspase 3 and cleaved 
caspase 3 in tumors, suggests the additive effect of HER2- 
DC1 i.t. combined with anti- HER2 antibodies treatment 
in mediating HER2pos tumor regression (figure 6F). 
Taken together, these data suggest that HER2- DC1 i.t. 
and anti- HER2 antibodies combination treatment regu-
lates HER2 oncogenic singling pathways.

HER2-DC1 i.t. in combination with anti-HER2 antibodies is 
more effective than standard chemotherapy paclitaxel with 
anti-HER2 antibodies treatment
To validate the clinical relevance of HER2- DC1 i.t. treat-
ment in combination with anti- HER2 antibodies, we used 

Figure 6 HER2- DC1 i.t. in combination with HER2 antibodies treatment induced molecular alterations in HER2pos breast 
cancer model. (A) BALB/c mice bearing TUBO tumors were treated with HER2- DC1 i.t. alone, HER2- DC1 s.c. alone, anti- 
HER2 antibodies alone (both clones 7.16.4+7.9.5), HER2- DC1 i.t. in combination with anti- HER2 antibodies (both clones 
7.16.4+7.9.5), HER2- DC1 s.c. in combination with anti- HER2 antibodies (both clones 7.16.4+7.9.5) as described in methods. 
Tumor growth was monitored two times a week (n=8). (B) Survival curve (n=8). Mean±SEM. HER2- DC1 i.t. versus HER2- DC1 
i.t.+7.16.4+7.9.5 (p<0.005) in (A) and (ns) in (B), other groups versus HER2- DC1 i.t.+7.16.4+7.9.5 (p<0.0001) in (A) and (B). 
(C) Cell surface expression of HER2 in the tumors of experimental mice was analyzed by immunohistochemistry. (D–F) Protein 
expression of HER2, p- HER2 Tyr1248, p- HER2 Tyr877, p- HER2 Tyr1221/1222, p- Akt, PI3K, p- JAK2, p- ERK1/2, p- P38 MAPK, 
p- STAT1 Tyr701, p- STAT1 Ser727, p- STAT3 Tyr705, p- STAT5 Tyr694, cyclin D1, caspase 3, cleaved caspase 3, p15 and p16 in 
the tumors of experimental mice was examined by Western blot. Results are shown as mean±SEM of at least three independent 
experiments. HER2, human epidermal growth factor receptor 2; HER2- DC1, HER2 peptide- pulsed type 1 polarized dendritic 
cell; i.t., intratumoral; ns, not significant; s.c., subcutaneous.
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the CT26 hHER2 tumor model. As shown in figure 7A,B, 
HER2- DC1 i.t. combined with trastuzumab and pertu-
zumab treatment showed a more remarkable antitumor 
response with tumor regression in 65% of treated mice 
and prolonged survival. The combination of HER2- DC1 
i.t. and T- DM1 also significantly inhibited CT26 hHER2 
tumor growth in 60% of treated mice and improved 
survival (Figure 7A,B). These mice with tumor regression 
also rejected secondary CT26 hHER2 tumor challenge and 
TUBO tumor challenge, thus highlighting the presence 
of enduring antitumor immune response (figure 7A). 
We further compared the antitumor efficacy of HER2- 
DC1 i.t. in combination with anti- HER2 antibodies treat-
ment versus current standard chemotherapy paclitaxel 
combined with anti- HER2 antibodies in the CT26 hHER2 
tumor model. Paclitaxel treatment alone was not able to 
delay the tumor growth in the CT26 hHER2 tumor model 
(figure 7C). A similar effect was also observed in the TUBO 
tumor model for paclitaxel treatment (online supple-
mental figure 10). Enhanced antitumor reactivity with 

tumor regression in 75% of treated mice was observed for 
the HER2- DC1 i.t. combined with anti- HER2 antibodies 
trastuzumab and pertuzumab treatment when compared 
with paclitaxel combined with anti- HER2 antibodies tras-
tuzumab and pertuzumab (Figure 7C,D). Taken together, 
these results suggest that HER2- DC1 i.t. is more effective 
when combined with anti- HER2 antibodies compared 
with paclitaxel in combination with anti- HER2 antibodies 
in HER2pos BC.

DISCUSSION
HER2 targeted therapies trastuzumab and pertuzumab 
in combination with chemotherapy in the neoadjuvant 
setting is effective in a subset of patients with HER2pos BC, 
but in parallel hematologic and non- hematologic toxici-
ties have been frequently noted in a substantial fraction of 
patients.13 14 This suggests that an alternate combination 
treatment approach is needed to enhance the clinical 
response and overcome chemotherapy induced toxicities 

Figure 7 HER2- DC1 i.t. combined with anti- HER2 antibodies treatment is more effective compared with standard 
chemotherapy in combination with anti- HER2 antibodies. (A) Tumor growth curves and (B) survival curves of CT26 
hHER2 tumor bearing mice received various treatments as indicated (n=8). Mean±SEM. Control versus HER2- DC1 
i.t.+trastuzumab+pertuzumab and HER2- DC1 i.t. +T- DM1 (p<0.005) in (A) and (p<0.0001) in (B). HER2- DC1 i.t. versus HER2- 
DC1 i.t. +trastuzumab+pertuzumab and HER2- DC1 i.t. +T- DM1 (p=0.0002) in (A) and (ns) in (B). Trastuzumab +pertuzumab 
versus HER2- DC1 i.t. +trastuzumab+pertuzumab and HER2- DC1 i.t. +T- DM1 (p=0.004) in (A) and (p<0.001) in (B). T- DM1 versus 
HER2- DC1 i.t. +trastuzumab+pertuzumab and HER2- DC1 i.t. +T- DM1 (p=0.002) in (B) and (p<0.0005) in (B). (C) Tumor growth 
curves and (D) survival curves in CT26 hHER2 bearing tumors in different treatment conditions as indicated (n=6–8). Paclitaxel 
versus HER2- DC1 i.t. +trastuzumab+pertuzumab (p=0.0022) in (C) and (p<0.0001) in (D). Paclitaxel +trastuzumab+pertuzumab 
versus HER2- DC1 i.t. +trastuzumab+pertuzumab (p=0.0032) in (C) and (p<0.0001) in (D). HER2, human epidermal growth 
factor receptor 2; HER2- DC1, HER2 peptide- pulsed type 1 polarized dendritic cell; i.t., intratumoral; ns, not significant; T- DM1, 
trastuzumab emtansine.
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in patients with HER2pos BC. This present study describes 
the antitumor efficacy of HER2- DC1 i.t. combined 
with anti- HER2 antibodies treatment in three different 
HER2pos BC models such as the rat HER2 expressing 
TUBO tumor model, BALB- HER2 transgenic sponta-
neous tumor model and clinically relevant human HER2 
expressing CT26 tumor model. BALB- HER2 transgenic 
model express rat HER2 and represents human HER2pos 
BC, which spontaneously develop pre- invasive mammary 
lesions and progresses to invasive tumors and metastasis.35 
The TUBO cells were cloned from a BALB- HER2 trans-
genic mouse mammary tumors and grew progressively in 
the mammary gland of wild type BALB/c mice.36 These 
two models were used to test the antitumor efficacy of 
HER2- DC1 i.t. combined with anti- rat HER2 antibodies 
7.16.4 and 7.9.5 that mimic trastuzumab and pertuzumab, 
respectively. The CT26 hHER2 was established by engi-
neering CT- 26 cells to express human HER237 and this 
tumor model was used to compare the therapeutic effi-
cacy of HER2- DC1 i.t. combined with anti- human HER2 
antibodies trastuzumab and pertuzumab or T- DM1 versus 
chemotherapy paclitaxel combined with trastuzumab and 
pertuzumab.

Our study shows that HER2- DC1 i.t. combined with 
anti- HER2 antibodies treatment is more effective than 
standard chemotherapy paclitaxel combined with 
anti- HER2 antibodies and induces complete tumor 
regression in the HER2pos BC model. The superior anti-
tumor response following HER2- DC1 i.t. in combination 
with anti- HER2 antibodies involves tumor infiltration of 
CD4+ and CD8+ T cells, B cells, NKT cells and NK cells. 
Although HER2- DC1 s.c. combined with anti- HER2 anti-
bodies treatment reduced tumor burden and improved 
survival, it was not able to prolong infiltration of immune 
cells into the tumor and completely arrest tumor 
growth in a HER2pos BC model. Generation of a strong 
anti- HER2 Th1 immune response in the tumor draining 
lymph node, spleen and peripheral blood are critical 
for the inhibitory effect of the combination treatment 
with HER2- DC1 i.t. and anti- HER2 antibodies on tumor 
growth, which was supported by detection of increased 
Th1 cytokines IFN-γ and TNF-α. However, HER2- DC1 s.c. 
combined with anti- HER2 antibodies treatment failed to 
induce enhanced anti- HER2 Th1 immune response in 
the tumor draining lymph node and peripheral blood, 
which further supports the inability of generating strong 
and sustained antitumor immunity for this combina-
tion treatment approach in a HER2pos BC model. IFN-γ 
secreted by tumor- reactive CD4+ Th1 cells and CD8+ 
cytotoxic T cells exhibit pleiotropic effects during the 
anti- tumor immune response. The pleiotropic effects of 
IFN-γ include cell- specific regulation of inflammatory 
signaling pathways, pro- apoptosis, and cancer cell prolif-
eration arrest.38 In patients with HER2pos BC, sustained 
secretion of IFN-γ was positively associated with response 
to the treatment and survival.39 40 Our clinical finding 
supports this study that restoration of anti- HER2 Th1 
immunity using intralesional or intranodal HER2- DC1 

vaccine was able to improve the pCR in patients with 
HER2pos BC.41

Predominance of CD4+ and CD8+ T cell infiltration 
into the tumor bed is a positive predictive marker for the 
outcome of targeted therapies and is associated with a 
favorable prognosis in patients with BC. Moreover, higher 
levels of tumor- infiltrating lymphocytes are considered 
beneficial for the efficacy of trastuzumab treatment in 
patients with HER2pos BC.42 43 The tumor reactive CD4+ 
Th1 cells can enforce activation of CD8+ T cells to further 
potentiate the treatment benefits and improve patient 
with BC survival.44 Very recently it was observed that 
cDC1 primarily drives tumor antigen specific CD4+T 
cells activation and help the priming and infiltration of 
cytotoxic CD8+ T cells into the tumors.45 The cDC1 can 
process and present tumor antigen derived immuno-
genic peptides to CD4+ T cells via MHC class II/T cell 
antigen receptor engagement and trigger antitumor 
specific CD4+Th1 cells activation in immunologic tumors 
and solid tumors.44 Our recent findings strongly support 
the therapeutic benefits of using multiepitope MHC 
class II tumor antigenic peptides pulsed DC1 therapy in 
driving CD4+ Th1 immunity in BC subtypes.41 46 Notably, 
pulsing with MHC class II HER2 peptides p5, p435 and 
p1209 has been identified to drive anti- HER2 CD4+ Th1 
immune response in HER2pos BC.29 41 Previous studies 
have demonstrated the major advantages of tumor 
antigen- pulsed DC i.t. delivery in enhancing the efficacy 
of targeted agents and increasing CD4+ and CD8+ T cell 
tumor infiltration in patients with advanced stage solid 
tumors.30 31 Recently, treatment with DC i.t. combined 
with local radiotherapy has been shown to increase tumor 
antigen specific CD8+ T cell infiltration in poorly immu-
nogenic preclinical tumor models.32 In this study, high 
tumor infiltration of CD4+ and CD8+ T cells was observed 
for HER2- DC1 i.t. combined with anti- HER2 antibodies 
treatment in the HER2pos BC model. In contrast, syner-
gistic effects of HER2- DC1 i.t. and anti- HER2 antibodies 
were lost when CD4+ or CD8+ T cells were depleted. This 
data demonstrates the critical role for CD4+ and CD8+ T 
cells in HER2- DC1 i.t. plus anti- HER2 antibodies combi-
nation treatment for inducing an effective antitumor 
response in HER2pos BC.

Adoptive immunological memory mediated by tumor 
reactive CD4+ and CD8+ T cells play a key role in protec-
tive immunity to tumor antigens. Activated tumor reac-
tive CD4+ and CD8+ T cells can give rise to effector 
and memory cells. Memory CD4+ and CD8+ T cells are 
differentiated into effector memory and central memory 
subsets. The effector CD4+ and CD8+ T cells may become 
terminally differentiated and show short- term antitumor 
effects.47 In contrast, effector memory/central memory 
CD4+ and CD8+ T cells can provide robust and enduring 
immunological protection against tumors.47 In the present 
study, increased accumulation of CD4+ effector memory, 
central memory and effector T cells was observed in the 
TME following treatment with HER2- DC1 i.t. in combi-
nation with anti- HER2 antibodies. Enhancement of CD8+ 
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central memory T cells was also noted for HER2- DC1 i.t. 
and anti- HER2 antibodies combination treatment. In this 
study, enduring antitumor immune response is identified 
as a key therapeutic feature for HER2- DC1 i.t. combined 
with anti- HER2 antibodies treatment, supported by rejec-
tion of secondary HER2pos tumor challenge and detec-
tion of increased levels of both immune stimulatory 
cytokines and pro- inflammatory chemokines. Previous 
clinical trials revealed very promising efficacy for combi-
nation treatment of IL- 12 with trastuzumab with sustained 
production of immune stimulatory cytokines and IFN-γ 
in patients with metastatic BC.39 Immune stimulatory 
cytokine and chemokine production following immuno-
therapy contributes to improved tumor antigen priming, 
driving more effector immune cells including CD4, CD8, 
NK, NKT and B cells in the TME, and enhancing cyto-
lytic activity.48 49 Our findings suggest that HER2- DC1 
i.t. combined with anti- HER2 antibodies treatment also 
drives high infiltration of NK cells, NKT cells and B cells 
to further enhance the antitumor immune response in 
the HER2pos BC model.

Evidence has shown that HER2 targeted antibodies 
induce ADCC by triggering FCγRIII on NK cells and 
act against HER2pos disease.5 A clinical trial showed that 
trastuzumab induced ADCC with pCR in patients with 
HER2pos BC. However, loss of ADCC activity for trastu-
zumab treatment was also noted in patients with meta-
static HER2pos BC.50 DC vaccine therapy in patients with 
HER2pos metastatic BC elicited production of specific 
anti- HER2 antibodies and CD4 Th1 immunity resulting 
in complete response.51 Our study identified that combi-
nation treatment with HER2- DC1 i.t. and anti- HER2 
antibodies induces ADCC for the enhanced antitumor 
response, supported by the failure to block tumor aggres-
sion and to induce complete tumor growth arrest in a 
FcγR KO model. In the HER2pos BC model, high tumor 
infiltration of NK cells was also noted following HER2- 
DC1 i.t. and anti- HER2 antibodies combination treat-
ment. Taken together, this study provides evidence that 
HER2- DC1 i.t. and anti- HER2 antibodies combination 
treatment also induced ADCC for tumor regression in 
HER2pos BC.

Other investigators have shown that a DC i.t. treatment 
approach in combination with local radiotherapy can 
increase the migration capacity of i.t. injected DC as well 
as control the growth of treated primary and untreated 
distant tumors by mediating the frequency of circulatory 
tumor antigen specific CD8+ T cells.32 We observed gener-
ation of systemic antitumor immunity following combined 
treatment with HER2- DC i.t. and anti- HER2 antibodies 
in the HER2pos BC model used, which was evidenced by 
attenuated growth of untreated distant tumors. Notably, 
our study identified an increased frequency of HER2- DC1 
in the treated primary tumors and their migration, with 
prolonged survival, into the untreated distant tumors 
following HER2- DC i.t. and anti- HER2 antibodies combi-
nation treatment in a HER2pos BC model. Activation of 
tumor residing cDC1 in combination with radiotherapy 

has been shown to be critical to overcome acquired 
resistance to anti- PD- L1 therapy and enhance i.t. T cell 
infiltration in poor T cell infiltrating tumor models.52 
An in- situ vaccination (ISV) strategy that activates tumor 
residing DCs in combination with radiotherapy was 
reported to induce regression of primary and untreated 
distant tumors in patients with lymphoma.53 In addition, 
i.t. administration of ISV was more effective in recruiting 
various DC subsets to treated primary and untreated 
distant tumors compared with s.c. administration, leading 
to enhanced tumor- associated antigen cross presentation, 
T cell priming and strong systemic antitumor immunity.53 
Our study identified the enrichment of cDC1 and MoDCs 
in treated primary tumors and cDC2 in both treated 
primary and untreated distant tumors after HER2- DC1 
i.t. in combination with anti- HER2 antibodies treatment. 
The increased frequency of cDC2 in untreated distant 
tumors may drive CD4+ T cells and B cells to control 
the distant tumor growth. Further studies are required 
to better understand how HER2- DC1 i.t. in combina-
tion with anti- HER2 antibodies treatment induces cDC2 
enrichment and contributes to tumor growth arrest in 
untreated distant tumors in HER2pos BC.

Overexpression and constitutive activation/autophos-
phorylation of HER2 is associated with more aggressive 
disease and poor prognosis in patients with HER2pos BC.1 
The activated HER2 protein recruits and regulates various 
intracellular signaling proteins PI3K/Akt, JAK2, STAT3 
and STAT5 to induce cancer cell proliferation, differenti-
ation, and survival in HER2pos BC.54–56 Trastuzumab treat-
ment has been shown to block HER2- mediated PI3K/Akt 
signaling activation in HER2pos BC cells. However, HER2 
dependent blockade of PI3K/Akt proteins can lead to 
compensatory activation of the MAPK/ERK signaling 
pathway.57 Importantly, various studies have shown 
limited inhibitory activity of trastuzumab on HER2 acti-
vation/autophosphorylation in HER2pos BC.58 Our study 
provides molecular evidence that HER2- DC1 i.t. and 
anti- HER2 antibodies combination treatment remarkably 
inhibited expression and activation/autophosphoryla-
tion of HER2, resulting in diminished activation of HER2- 
mediated signaling proteins Akt, JAK2, STAT3, STAT5, 
MAPK and ERK in the HER2pos BC model. IFN-γ has the 
potential to mediate degradation of HER2 through a ubiq-
uitin proteasomal pathway in HER2pos BC cells.25 IFN-γ 
in combination with anti- HER2 antibodies, trastuzumab 
and pertuzumab, has been shown to increase senescence 
and apoptosis via STAT1 signaling activation in HER2pos 
BC cells.28 This study provides confirmative evidence 
for the previous finding that enhanced STAT1 activa-
tion was observed following HER2- DC1 i.t. combined 
with anti- HER2 antibodies treatment in a HER2pos BC 
model. The HER2 signaling pathway can directly regulate 
cyclin D1 expression resulting in cell cycle progression 
and cancer cell proliferation.34 It has been reported that 
HER2pos BC cells can escape from HER2- targeted agents 
trastuzumab, pertuzumab and T- DM1 and acquire defects 
in the mechanism of apoptosis.59 60 In the present study of 
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HER2pos BC model, enhanced apoptosis, senescence, and 
inhibition of cell cycle progression appear to be a bene-
ficial effect of HER2- DC1 i.t. combined with anti- HER2 
antibodies treatment, which was supported by increased 
caspase 3, cleaved- caspase 3, p15 and p16 expression, and 
reduced expression of cyclin D1.

In summary, we propose that HER2- DC1 i.t. in combina-
tion with anti- HER2 antibodies is an effective therapeutic 
strategy to target HER2- mediated signaling pathways in 
HER2pos BC. Generation of systemic and enduring anti-
tumor immunity and greater inhibition of primary and 
distant tumors in HER2pos BC can be accomplished with 
combining HER2- DC1 i.t. and anti- HER2 antibodies. Our 
data suggest that HER2- DC1 i.t. combined with anti- HER2 
antibodies can be tested as an effective alternative thera-
peutic strategy to standard chemotherapy combined with 
anti- HER2 antibodies in HER2pos BC, and indeed supports 
the general notion that targeted, lower toxicity agents can 
be combined with DC- based immunotherapy to improve 
therapeutic outcomes. A clinical trial is ongoing to address 
the feasibility of HER2- DC1 i.t. plus anti- HER2 antibodies 
in the neoadjuvant setting for patients with HER2pos BC ( 
ClinicalTrials. gov: NCT03387553).
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