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Background: Abdominal flaps are routinely performed in clinic after primary mastectomy of 
breast cancer. However, cancer patients can still develop cancer recurrence and metastasis after 
surgery. In this study, we evaluated the feasibility of concurrent abdominal flap reconstruction and 
vaccine inoculation in the tissue for prevention and treatment of HER2-positive breast cancer.
Methods: A murine model of metastatic HER2-positive breast cancer was generated by 
inoculating HER2-expressing TUBO tumor cells into both the mammary gland fat pad and 
left ventricle. Mammary gland fat pad with primary tumor was resected by mastectomy, and 
superficial inferior epigastric (SIE) vessel-based abdominal flap was performed for abdom-
inal reconstruction. During the surgery, mice also received a single intra-flap treatment of 
a microparticulate-based cancer vaccine. Popliteal (Pop) and inguinal (Ing) lymph nodes 
(LN) were collected at different time points after vaccination, and activation of dendritic 
cells and T lymphocytes was evaluated with flow cytometry. ELISpot was also performed to 
measure HER2-specific T cells in splenocytes. In addition, infiltration of CD3+ T cells in 
brain metastatic nodules was analyzed with immunohistochemistry.
Results: Flow cytometry detected increased number of activated dendritic cells in lymph 
nodes in mice treated with cancer vaccine. ELISpot revealed abundant IFN-γ-expressing 
T cells in the spleen. Mice treated with abdominal flap-embedded cancer vaccine extended 
median survival by 9 days over the control group (p<0.05).
Conclusion: Abdominal flap-embedded cancer vaccine effectively stimulated systemic 
immune response and inhibited tumor progression in a murine model of HER2-positive 
breast cancer.
Keywords: silicon microparticle, cancer vaccine, peddled flap-based reconstruction, breast 
cancer, HER2

Introduction
Breast cancer had surpassed lung cancer as the major cause of cancer death of 
women in the United States in 2019.1 It is classified by the expression of estrogen 
receptor (ER), progesterone receptor (PR) and human epidermal growth factor 
receptor 2 (HER2), as well as claudin. HER2 amplification occurs in 15–25% of 
patients with primary breast cancer, and HER2-positive breast cancer is considered 
intrinsically aggressive.2,3 With the availability of monoclonal antibodies (mAbs), 
such as trastuzumab and pertuzumab, dramatic improvement has been achieved in 
clinic for HER2-positive breast cancer therapy. However, resistance to mAb therapy 
and relapse of disease still pose grave challenges.4–6

Lumpectomy followed by whole breast radiation therapy is the first line choice 
for early stage breast cancer. Total mastectomy followed by either immediate or 

Correspondence: Haifa Shen  
Department of Nanomedicine, Houston 
Methodist Academic Institute, Houston, 
TX, 77030, USA  
Tel +1 713-441-7321  
Email HaifaShen@gmail.com

International Journal of Nanomedicine 2022:17 203–212                                                    203
© 2022 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 26 September 2021
Accepted: 26 December 2021
Published: 11 January 2022

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-8374-4352
mailto:HaifaShen@gmail.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


delayed breast reconstruction is also a surgical option for 
patients who are not suitable for breast conserving surgery 
with a better cosmetic appearance. There are multiple 
methods for breast reconstruction, and autologous recon-
struction with tissues from abdominal tissue-based 
pedicled transverse rectus abdominal muscle (TRAM) 
flap, the free TRAM flap, or deep inferior epigastric per-
forator (DIEP) flap is frequently performed. Unfortunately, 
although the overall prognosis of breast cancer is favor-
able, a notable percentage of patients eventually develop 
local recurrence, especially in HER2-positive and triple- 
negative subtypes. About 3.9% of early stage breast cancer 
patients suffered from loco-regional recurrence (LRR) 
after a 5-year follow-up in a large analysis including 
4841 patients who underwent mastectomy.1,7 The impair-
ment of immunity by surgery and general anesthesia was 
a major reason of cancer recurrence and metastases.8

Immune therapy is an effective strategy for cancer 
treatment, and has achieved great success in recent years. 
Several immune checkpoint inhibitors targeting PD-1, PD- 
L1 and CTLA-4 have been applied for breast cancer treat-
ment, including triple-negative breast cancer (TNBC).9,10 

Besides, chimeric antigen receptor (CAR)-T cell therapy 
for hematological malignancies, and dendritic cell-based 
therapeutic vaccine Sipuleucel-T for prostate cancer 
patients have been approved by FDA.11,12 Although 
immune therapy has shown a broad application potential, 
inflamed tumors with high mutational burdens, high DNA 
microsatellite instability, abundant tumor infiltrating lym-
phocytes (TILs) and high expression of checkpoint block-
ade molecules have more favorable prognosis after 
immune therapy. Overall, breast cancer has been consid-
ered as a non- to moderately-inflamed cancer type, and 
TNBC and HER2-positive breast cancer (HER2+ BC) 
have higher immunogenic potential than the other 
subtypes.13,14 In the case of HER2+ BC, it has been 
shown that the cancer tissues have high levels of TILs, 
PD-L1 expression and DNA mutation burden.15,16 As the 
gold standard treatment strategy for HER2+ BC, trastuzu-
mab and pertuzumab have demonstrated superb therapeu-
tic benefit, and the outcome is partially from the host 
immune response.17 Nelipepimut-S, a peptide vaccine 
composed of an E75 HER2 peptide (KIFGSLAFL) and 
a GM-CSF adjuvant, can induce anti-tumor immune 
responses in HER2+ BC patients.18

Structurally, adipose tissue occupies most of the space in 
breast and forms mammary gland fat pad. The tissues not 
only serve as an energy depot, but also produce a unique 

microenvironment by recruiting immune cells and secreting 
cytokines. Dendritic cells (DCs) in the fat tissue can take up 
antigens from collecting lymphatic vessels, and then trans-
port them to draining lymph nodes where they are presented 
to naive T cells.19 In addition, large adipocytes can function 
as non-professional antigen-presenting cells.20 Interestingly, 
both DCs and adipocytes express Toll-like receptor 9 
(TLR9).21 TLR9 mediates strong NF-κb and type 
I interferon (IFN-I) response by activating the myeloid dif-
ferentiation primary response 88 (MyD88) pathway.22 TLR9 
agonists can therefore serve as an immune activator in adi-
pose tissue. To take advantage of the potential immune 
environment of adipose flap tissue, local application of 
immune therapy on flap after breast reconstruction surgery 
may provide a favorable anti-cancer immunity to protect 
patients from tumor relapse and metastasis. In previous stu-
dies, we have developed a particulate therapeutic cancer 
vaccine platform by packaging soluble adjuvants and antigen 
peptides into micro-porous silicon microparticles (PSMs). 
The particulate vaccines are able to stimulate IFN-I response 
in DCs, resulting in potent anti-cancer immunity.23,24

In this study, we examined anti-cancer immune responses 
after inoculating an HER2-specific particulate vaccine in 
abdominal flap. The vaccine is composed of nanoporous sili-
con microparticles loaded with CpG oligodeoxynucleotide and 
HER2-specific antigen peptide (μCHER2). Both systemic and 
local immune responses were examined. μCHER2 activated 
DCs and induced strong antigen-specific T cell response. In 
addition, μCHER2 demonstrated efficacy in preventing local 
recurrence and inhibiting distal metastasis in a murine model of 
HER2-positive breast cancer.

Materials and Methods
Mice
All animal experiments were performed according to the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and approved by Institutional Animal 
Care and Use Committee (IACUC) of Houston Methodist 
Research Institute. Six- to eight-week-old female Balb/c mice 
were purchased from Charles River Laboratories (Boston, 
MA, USA). All mice were housed in the animal facilities at 
the institute with conditional temperature, humidity and photo-
periods (12-hour light/ 12-hour dark cycles).

Cells and Cell Culture
Murine breast cancer cell line TUBO that expresses a rat 
HER2 gene was kindly provided by Dr. Zen Wei (Wayne 

https://doi.org/10.2147/IJN.S341394                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2022:17 204

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


State University, Detroit, MI) and Guido Forni (University 
of Turin, Italy). TUBO cells were engineered with 
a luciferase reporter gene. Cells were cultured in DMEM 
medium supplemented with 10% fetal bovine serum (FBS) 
and 100 units/mL penicillin – 100 μg/mL streptomycin at 
37 °C with 5% CO2 and 95% humidity.

Preparation of Particulate Vaccine
Manufacture of silicon-based microparticles and prepara-
tion of particulate vaccine were processed as previously 
described.23 Briefly, 100 μg p66 HER2 antigen peptide 
(TYVPANASL, synthesized by Peptide 2.0 Inc) and 10 
μg CpG (ODN1826, Invivogen) were dissolved in water, 
and mixed with 20 mg/mL 1,2-dioleoyl-sn-glycero- 
3-phosphocholine (DOPC, Avanti Polar Lipids) and 0.1% 
Tween-20, followed by freezing and lyophilization. The 
lyophilized sample was rehydrated with water, and then 
loaded into 0.6 billion 1 μm nanoporous silicon micropar-
ticles via sonication. To monitor biodistribution and parti-
cle transport, 0.5% (mol%) 1,2-dioleoyl-sn-glycero- 
3-phosphoethanolamine-N-(Cyanine 5.5) (Cy5.5-DOPE, 
Avanti Polar Lipids) was added to prepare fluorescent 
vaccine particles. Zeta potential and size measurements 
were carried out using a Zeta Sizer Nano ZS (Malvern 
Instruments, UK).

Transport of μCHER2 Vaccine
Transport of vaccine particles was examined by monitoring 
fluorescence of Cy5.5 labeled fluorescent vaccine in tissues 
with an IVIS-200 imaging system (Xenogen). Briefly, 
0.2 billion Cy5.5 labeled μCHER2 particles were adminis-
tered in the fat pad (right 4th mammary fat pad). Mice were 
euthanized 24 hours after vaccination. Ipsilateral (right) and 
contralateral (left) Pop and Ing LNs, fat pad with vaccine 
inoculation, liver and spleen were collected for ex vivo 
imaging (em 675nm, ex 720nm).

Evaluation of Immune Response After 
Vaccination
Flow cytometry was applied to analyze immune cells in 
response to vaccination. Briefly, either 0.6 billion μCHER2 
particles or PBS control were injected into mammary gland fat 
pad of Balb/c mice. On the first day (leukocyte infiltration and 
DC activation) or the 7th day (T cell response) post-vaccina-
tion, spleen, ipsilateral Ing LNs and Pop LNs, and vaccinated 
fat pad were collected to prepare single cell suspension. DCs 
(CD11c+MHCIIhi), myeloid cells (CD11b+), neutrophils/ 

PMN-MDSCs (Ly6CintLy6G+), monocytes/M-MDSCs 
(Ly6C+Ly6G−), T cells (CD3+) and CD8+ T cells 
(CD3+CD8+) populations in different tissues were analyzed. 
All antibodies were purchased from Biolegend and BD 
Bioscience. To estimate antigen-specific T cells, p66 pentamer 
(ProImmune) was incubated with cell samples at room tem-
perature, followed by staining of cell surface markers.

ELISPOT Assay on T Cell IFN-γ
To analyze activated splenocytes after vaccination, mice 
were immunized once according to the protocol mentioned 
above and then euthanized seven days after vaccination. 
Spleen, fat and lymph node samples were collected and 
processed into single cell suspension. Next, 2×105 cells/ 
well cells were inoculated into a pre-anti-IFN-γ-coated 
MultiScreen-IP plate (Millipore), and stimulated with 10 
μg/mL p66 peptide. Cells were then cultured for 36 hours. 
The plates were washed after incubation, followed by 
staining with biotinylated anti-IFN-γ antibody and avi-
din-HRP (EBioscience). Spots were developed by adding 
AEC chromogen substrate.

FLAP Surgery and Vaccination
To generate mice with primary HER2-positive breast can-
cer, 2×105 TUBO cells were injected in the mammary 
gland fat pads of female Balb/c mice to produce orthotopic 
breast cancer. To generate mice with metastatic tumors, 
1×105 TUBO cells were injected into left cardiac ventricle. 
Tumor growth was monitored with an IVIS-200 imaging 
system. On day 4 post-tumor inoculation, mice were ran-
domly grouped, and orthotopic tumor resection and flap 
surgery were performed as described.25 All mice went 
through two steps of surgical procedure: mammary fat 
pad mastectomy and right superficial inferior epigastric 
(SIE) pedicel-based abdominal reconstruction.

Mastectomy included removal of the nipple-areola 
complex skin and tumor bearing breast fat pad. An abdo-
minocutaneous flap based on the right SIE vessels contain-
ing whole thickness of skin and subcutaneous fat was 
elevated using fine dissecting scissors, and all perforators 
and lateral branches to the flap were disconnected. Entire 
elevated flap has the only SIE pedicel blood supply and 
venous drainage.

Vaccination was performed after the flap was prepared. 
In the control group, 50 μL PBS was injected into the right 
4th mammary fat pad. In the fat pad vaccination group, 
0.6 billion vaccine particles were injected into the right 4th 
mammary fat pad. After vaccination, the flap was re- 
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sutured back to the skin lesion using 5–0 suture or skin 
clip. All flaps survived within 2 weeks post-surgery.

Statistical Analysis
Statistical significance between two test groups was ana-
lyzed using Student’s t-test. One-way ANOVA was applied 
for the comparison among multiple groups. Animal survi-
val was presented by Kaplan–Meier plotting, and evalu-
ated using log rank test. P-values of less than 0.05 and 
0.01 were considered statistically significant and very sig-
nificant, respectively. Data are presented as means ± SD.

Results
Vaccination of μCHER2 Particle via 
Mammary Gland Fat Pad Injection
To test the feasibility of intra-flap vaccination during 
beast reconstruction surgery, we prepared μCHER2, 
and treated mice with intra-mammary gland fat pad 
injection. The overall procedure is shown in 
a schematic figure (Figure 1A). The μ-particles were 
manufactured using electrochemical etching and photo-
lithography, followed by APTES coating which provided 
a positively charged mesoporous surface (Figure 1A).26 

We measured the PSM size with scanning electron 
microscope (SEM). As shown in Figure 1A, PSMs are 
1 μm in diameter and 400 nm in height, and with 40– 
100 nm pores. APTES modification led to slightly posi-
tive charge (+2 to +4 mV) on the particle surface. 

Surface modification protects particles from degradation 
and facilitates encapsulation of nanoparticles with anti-
gen and adjuvants. Rat HER2-specific peptide p66 and 
the TLR9 agonist CpG were co-encapsulated in DOPC 
liposomes, which were about 68 nm in diameter and had 
a slightly negative surface charge of −6.7 mV. 
Liposomes were then loaded into PSM with brief soni-
cation to form μCHER2, according to previous estab-
lished protocols.24 For vaccination, Balb/c mice received 
injection of one dose of 50 μL μCHER2 on fat pad; 
in vivo and ex vivo imaging with an IVIS-200 system 
were then applied to track the particle migration. From 
whole body imaging, most of the Cy5.5-μCHER2 parti-
cles were stuck in original injection site at 24 hours 
post-vaccination (Figure 1A). To further investigate the 
biodistribution of Cy5.5- μCHER2 particles and identify 
the major draining lymphatic tissue of the vaccination, 
fat pad, liver, spleen and lymph nodes were isolated for 
ex vivo imaging evaluation (Figure 1B). As expected, 
most of the injected particles were stuck in the original 
injection site, and a small portion was retained in liver 
probably by the mononuclear phagocyte system. 
Significant amount of Cy5.5-μCHER2 particles accumu-
lated in ipsilateral inguinal lymph nodes, which is con-
sidered as the major draining lymph node of the 
vaccine, as well as the place where antigen presentation 
and T cell priming happened. Vaccine particles in spleen 
and other lymph nodes were very limited. Based on the 
imaging result, therefore, vaccinated fat pad and its 

Figure 1 Intra-mammary gland fat pad injection of particular μCHER2 vaccine. (A) Schematic figure of vaccine preparation and intra-mammary gland fat pad injection. 
Porous silicon particles were visualized with scanning electronic microscope. Bar indicates 2 μm. Whole body imaging was taken 24 hours after vaccination by in vivo imaging 
system (IVIS-200) to confirm the success of vaccine injection. (B) Tracking of μCHER2 vaccine transport with IVIS-200 and (C) quantification of fluorescence intensity. 
Vaccine particles were prepared with Cy5.5-DOPE lipid, and dosed to mammary gland fat pad of Balb/c mice (n=3). At 24 hours post-treatment, mice were euthanized to 
collect fat pad, lymph nodes and major organs for quantitative analysis of accumulation of vaccine particles. Data were presented as mean ± SD.
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ipsilateral inguinal lymph nodes were further investi-
gated for immune response (Figure 1C).

Leukocyte Infiltration in Fat Tissue
By vaccination via mammary gland fat pad, μCHER2 was 
expected to stimulate immune response locally. To evaluate 
the pattern of fat immunization, we collected the vaccinated fat 
tissues for histological and cell-based analysis. By hematox-
ylin and eosin staining on fat pad sections, dramatic leukocyte 
infiltration was found in fat pad, both vessel adjacent area and 
around adipocytes 1 day after vaccination (Figure 2A). Most 
of the particulate vaccine stayed at the injection site, but some 
particulates had been taken up by immune cells and trans-
ported by the cells. To identify the subpopulations on infiltrat-
ing leukocytes, fat pad tissues were chopped and digested by 
collagenase, stained, and analyzed by flow cytometry. Overall, 
the amount of immune cells (CD45+) was doubled after vac-
cination, indicating a strong recruitment of leukocytes by 
vaccine-inducted chemokines (Figure 2B).

The t-distributed stochastic neighbor embedding (t-SNE) 
analysis was performed to visualize the changes of cell popula-
tions with or without immunization (Figure 2C). After vacci-
nation, the majority of monocytes (CD11b+Ly6C+Ly6G−) 
showed a Ly6ChiMHC II−/int phenotype (Figure 2D), which 
was reported to be newly infiltrated from blood to inflamma-
tory tissues. They may further differentiate into inflammatory 
macrophages and tumor necrosis factor-α and inducible nitric 
oxide synthase-producing dendritic cells (TIP-DCs) to pro-
mote local immunity.27 On the other hand, a group of 
CD11b+MHC IhiMHC IIhi cells is largely missing in fat tissues 
after vaccination. Lymphocytes (CD45+FSCloSSClo) and den-
dritic cells (CD11c+MHCIIhi) are also mildly reduced. 
Neutrophils (CD11b+Ly6CintLy6G+) and monocytes 
(CD11b+Ly6C+Ly6G−) were obviously recruited into vacci-
nated fat pad, showed a strong inflammatory response and 
leukocyte recruitment induced by vaccination (Figure 2E–G). 
Infiltrating monocytes and neutrophils reduced after 7 days 
(Figure 2H).

Figure 2 Infiltration of immune cells after fat pad vaccination. (A) Histological analysis of mammary gland fat pad at 1 day post-vaccine treatment. Fat pad samples were fixed 
and embedded in paraffin. Slices were stained with hematoxylin and eosin. μCHER2 particles in migrating cells re indicated with yellow arrows. (B) Flow cytometry analysis 
on infiltrating leukocytes in fat pad 24 hours after vaccination (n=7 mice per group). Different cell populations were analyzed at 24 hours by tSNE analysis (C). Total myeloid 
cells, monocytes and neutrophils were subsequently investigated at day 1 (D–G) or day 7 (H) samples in response to μCHER2 treatment. Data were presented as mean ± 
SD. *p<0.05, **p<0.01.
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DC Activation by μCHER2
Dendritic cells played a key role in adaptive anti-cancer 
immunity. Our immune strategy is determined by the 
amount of dendritic cell activities triggered by the fat pad 
vaccination. We focused on the maturation and activation of 
dendritic cells after vaccination. We evaluated expression 
levels of CD40, CD80 and CD86 on DCs using flow cyto-
metry. As mentioned above, a large amount of monocytes 
and neutrophils infiltrated from blood into inflammatory fat 
pad at 24 hours post-vaccination, thus DC percentage related 
to monocytes and neutrophils decreased (Figure 3A). The 
maturation of DCs is correlated to high elevation of co- 
stimulatory markers like CD40, CD80 and CD86, where 
their expressions on immature DCs stay at basal levels. At 
24 hours post-vaccination, the majority of DCs in fat pad are 
CD40hi DCs as expected, whereas the CD80hi and CD86hi 

DC subsets are only slightly increased (Figure 3B). Mature 
DCs migrate to draining lymph nodes to prime T cells. We 
also investigated the DCs in inguinal lymph nodes, which is 
proved to be the draining lymph node of intra-fat pad injec-
tion (Figure 1B). DC population in inguinal lymph node 
moderately decreased (Figure 3C); however, predominant 
DCs were CD40hiCD86hi cells. CD80 expression stayed at 
basal level.

Antigen-Specific T Cell Response from 
μCHER2 Treatment via Fat Pad
Based on the DC activation results above, we expected to 
see that antigen-specific T cells can be primed by DCs 
activated by μCHER2, and proliferated. Consequently, we 
immunized the mice with μCHER2 via fat pad, and collected 
lymph nodes, spleen and fat tissues for flow cytometry 
measurement and enzyme-linked immune absorbent spot 
(ELISPOT) assay on IFN-γ. Tests were repeated and data 
were pooled for analysis. After vaccination, percentage of 
total T cells (CD3+) and CD8+ T cells (CD3+CD8+) 

remained almost the same (Figure 4A). Interestingly, signif-
icant amount of IFN-γ producing T cells can be detected in 
splenocytes and inguinal lymph node cells. In contrast, as 
non-draining lymph node, IFN-γ+ cells were hardly detected. 
The antigen-specific T cells accumulated in fat pad, where 
breast cancer and its recurrence occurred. Via direct vacci-
nation on fat, abundant IFN-γ+ cells were found (Figure 4B). 
HER2 pentamer specifically bound to HER2 specific CD8+ 

T cells. In line with ELISPOT result in fat tissue, HER2 
antigen specific CD8+ T cells dramatically increased and 
accumulated in fat pad where the vaccination took place. 
However, its percentage in spleen is low, which may indicate 
an insufficient systemic immunity (Figure 4C).

Efficacy Study of Mastectomy and Flap 
Surgery Combined with Intra-Mammary 
Gland Fat Pad Vaccination
Although mastectomy surgery aims to eliminate all tumor 
tissues, local or distant recurrence still sometimes occurs. 
To test whether recurrence can be prevented via μCHER2 
treatment during surgery, we tested therapeutic efficacy on 
TUBO tumor model, in which mice bear both orthotopic 
and metastatic tumor. Surgery procedures are shown in 
Figure 5A, and were described previously. Most orthotopic 
tumors were removed by mastectomy followed by flap 
surgery, followed by μCHER2 injection via fat pad 
(Figure 5B). The progression of systemic metastases and 
the development of local recurrence were monitored with 
an in vivo imaging system (Figure 5C). Surgery success-
fully removed most of the primary tumors; residual tumor 
cells were under the detection limit of current imaging 
technique, but had no effect on metastatic nodules. After 
vaccination in flap, anti-cancer immunity can only par-
tially attenuate the growth of metastases in distant organs. 
However, we found that all five mice in the PBS group 
rapidly developed local recurrence; in contrast, only one of 

Figure 3 Analysis of activation and transport of dendritic cells after vaccination. At 24 hours post-vaccination, the population and activation of CD11c+MHC IIhi DC in (A) 
fat pad and (B) ipsilateral Ing LNs were analyzed with flow cytometry. Data were presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001.
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Figure 5 Anti-tumor activity from μCHER2 in mice bearing both orthotopic and systemic metastatic HER2-positive TUBO breast cancer. (A) Procedure of mastectomy and 
flap surgery on mice. Vaccines were given once via fat tissue flap during surgery. (B) Bioluminescence (BLU) monitoring of tumor resection surgery. (C) In vivo growth 
inhibition of TUBO tumor by μCHER2 treatment via mammary gland fat pad. Systemic TUBO tumor metastasis and local recurrence after mastectomy were monitored with 
IVIS-200 system (n=5 mice per group). Recurrence of primary tumor is indicated by yellow arrows. (D) Kaplan–Meier plot of animal survival. Difference in survival was 
compared by log rank test. Data were presented as mean ± SD. *p<0.05.

Figure 4 HER2-specific T cell response after μCHER2 vaccination. (A) Flow cytometry analysis on total T cells and CD8+ T cells in fat pad, spleen and inguinal lymph node 
at 7 days post-vaccination via mammary gland fat pad. (B) ELISpot assay of IFN-γ secreting antigen-specific T cells from fat pad, spleen and lymph nodes from mice treated 
with PBS or μCHER2. (C) Flow cytometry assay on HER2-specific T cell levels in spleen and fat pad at 7 days post-vaccination. For antigen-specific T cell analysis, data from 
independent studies were pooled for analysis. Data were presented as mean ± SD. *p<0.05.
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the five mice that received flap vaccination got local recur-
rence at week 1, and the other one at week 2 (Figure 5C, 
indicated by yellow arrows). Although the orthotopic 
tumor recurrence was largely inhibited, mice mostly died 
from bone metastasis in spine. Eventually, mice benefited 
from receiving μCHER2 vaccination on flap, as we 
observed a significant extension of mice survival in the 
vaccinated group compared to those in the non-vaccinated 
group (Figure 5D).

Discussion and Conclusion
Breast reconstruction after mastectomy using autologous 
flap is one of the most widely applied methods owing to its 
longevity and more natural cosmetic results compared to 
implant-based breast reconstruction. In addition, patients 
with autologous reconstruction have greater satisfaction 
with their breasts and greater psychosocial and sexual 
well-being compared with patients who undergo implant 
reconstruction.28,29 However, surgery can have a negative 
impact on cancer control. Resection of tumor nodules may 
cause spread of tumor cells from circulation and stimulate 
angiogenesis. The surgical process can also compromise 
the functions of tumor-specific T cells and NK cells,30,31 

and surgery can induce systemic inflammatory responses 
and wound healing that promote tumor outgrowth.32 

Modulation of immunity during and/or after surgery pro-
vides a valid approach to solving this problem. For that 
purpose, we have conducted this preclinical study to test 
the feasibility of vaccine inoculation in the reconstructed 
flap. A particulate cancer vaccine loaded with TLR9 ago-
nist and HER2 antigen peptide was tested. Our results 
have clearly demonstrated the benefit of this approach. 
By intramammary gland fat pad vaccination following 
surgery, we have found that μCHER2 activated dendritic 
cells in flap and draining lymph node to initiate anti-cancer 
immunity. After 7 days, a strong T cell stimulation and 
priming was found, especially in the fat pad, which sug-
gested a potential to prevent local recurrence of breast 
cancer. Indeed, in animal study, intra-flap vaccination sig-
nificantly suppressed the residual cancer cells and conse-
quently reduced the incidence of local tumor recurrence on 
the surgery site, although it only partially attenuated the 
tumor growth in distal organs.

PSM is an extraordinary vector for cancer vaccine 
platforms. PSM serves not only as a carrier to deliver 
antigens, but also an adjuvant to stimulate type 
I interferon.23 Furthermore, DCs can pick up entire PSM 
vaccine particles and then migrate to draining lymphatic 

tissues where anti-cancer immunity is initiated. 
Interestingly, although DOPC liposomal cargos could be 
released from PSMs slowly,33 we found that only the DCs 
stimulated with PSM vaccine particles could facilitate 
sufficient immune response. PSM vaccine effectively 
entered endosomes and activated DCs, followed by stimu-
lation of antigen-specific cytotoxic CD8+ T cells against 
cancer, whereas the immunization of liposome formulation 
only triggered marginal therapeutic effects.24 As micro- 
particles with positive surface charge and numerous pores, 
PSMs effectively interact with the negatively charged DC 
surface, and sufficiently feed the DCs with large amount of 
antigen peptides and adjuvant simultaneously, which is 
critical for DC maturation, activation and licensing. Due 
to the limited labeling capacity of PSMs, fluorescent dyes 
were conjugated with lipid. Although it is still not clear 
how many liposomes were released from μCHER2 after 
24 hours (Figure 1A–C), effective DC stimulation 
(Figure 3) and T cell priming in draining lymph node 
and fat tissue (Figure 4) indicated the sufficient DC stimu-
lation by particulate vaccine μCHER2.

In our study, infiltration of leukocytes, especially myeloid 
cells, were found in the fat pad. Although the immunosup-
pressive nature of myeloid cells may impair cytotoxic T cell 
function and favor the tumor progression,34 application of 
correct adjuvant and vaccine carrier can re-polarize myeloid- 
derived suppressor cells (MDSCs) and promote the differen-
tiation into an anti-cancer phenotype.35 It is documented that 
CpG oligos can block immunosuppression of MDSCs36,37 

and, furthermore, the application of PSM particles may sti-
mulate type I interferon expression,23 which is required for 
immune suppressive activity of MDSCs.38 So eventually, 
active antigen-specific T cell successfully inhibited the local 
recurrence in fat pad. Adipose tissue has a unique immune 
environment: the adipocytes inside play an important role in 
obesity-related inflammation.39,40 A recent study raised the 
potential of adipocytes for antigen presentation,41 and the 
contribution of adipose microenvironment and adipocytes in 
our current strategy may be an important issue that needs to 
be further addressed.

In conclusion, we have demonstrated that intra-flap 
vaccination can promote strong anti-cancer immune 
responses in an animal model of HER2-positive breast 
cancer.
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