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Abstract
Human epidermal growth factor receptor type 2 (HER2)-positive breast cancer that is treated with anti-HER2/neu monoclonal 
antibody (mAb) is not free from late recurrences. Addition of anti-4-1BB mAb to anti-HER2/neu mAb has been demonstrated 
to strengthen the cytotoxic antitumor response. Our study expands on this by revealing the influence of anti-4-1BB mAb 
addition on the immune memory of anti-HER2/neu mAb. We designed murine breast cancer models by implanting TUBO 
and TUBO-P2J cell lines in mice, which were then treated with anti-HER2/neu and/or anti-4-1BB mAb. After complete 
surgical and/or chemical regression of the tumor, the mice were rechallenged with a second injection of cancer cells. Notably, 
anti-HER2/neu and anti-4-1BB mAb combination therapy had a synergistic antitumor effect at the initial treatment. However, 
the combination therapy did not evoke immune memory, allowing the tumors to thrive at rechallenge with reduced  CD44+ 
expression in  CD8+ T cells. Immune memory was also impaired when anti-4-1BB mAb was administered to naive  CD8+ 
T cells but was sustained when this was administered to activated  CD8+ T cells. In an attempt to resist the loss of immune 
memory, we controlled the dose of anti-4-1BB mAb to optimize the stimulation of activated  CD8+ T cells. Immune memory 
was achieved with the dose regulation of anti-4-1BB mAb to 1 mg/kg in our model. Our study demonstrates the importance 
in understanding the adaptive immune mechanism of anti-HER2/neu and anti-4-1BB mAb combination therapy and suggests 
a dose optimization strategy is necessary to ensure development of successful immune memory.

Keywords Anti-HER2/neu antibody · Anti-4-1BB agonistic antibody · Immunotherapy · Immune memory · Rechallenge

Hee Yeon Kim, Jae-Hyeog Choi, Anbok Lee and SaeGwang Park 
have contributed equally to this work.

 * Anbok Lee 
 ab-lee@hanmail.net

 * SaeGwang Park 
 micpsg@inje.ac.kr

1 Department of Surgery, Busan Paik Hospital, 
College of Medicine, Inje University, Busan 47392, 
Republic of Korea

2 New Drug Development Center (NDDC), Daegu-Gyeongbuk 
Medical Innovation Foundation (DGMIF), Daegu 41061, 
Republic of Korea

3 Department of Microbiology and Immunology, 
College of Medicine, Inje University, Busan 47392, 
Republic of Korea

4 Department of Internal Medicine, Division of Oncology, 
Haeundae Paik Hospital, College of Medicine, Inje 
University, Busan 48108, Republic of Korea

5 Biomedicine Production Branch, National Cancer Center, 
Goyang, Republic of Korea

6 Innovative Therapeutic Research Institute, College 
of Medicine, Inje University, Busan 47397, 
Republic of Korea

http://orcid.org/0000-0002-2163-2010
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-021-03120-1&domain=pdf


968 Cancer Immunology, Immunotherapy (2022) 71:967–978

1 3

Introduction

Human epidermal growth factor receptor type 2 (HER2) over-
expression, observed in 20–30% of invasive breast carcinomas, 
is associated with decreased overall survival [1]. Fortunately, 
the impact of trastuzumab, an anti-HER2/neu monoclonal 
antibody (mAb), on HER2 positive breast cancer treatment 
has been profound. The mechanism of trastuzumab depends 
on both antibody-dependent cellular cytotoxicity (ADCC) and 
the adaptive immune system [2, 3], and adding trastuzumab to 
adjuvant therapy has increased disease-free survival by 51% 
and has decreased the risk of death by 41% [4]. However, even 
with the help of prolonged adjuvant anti-HER2/neu mAb treat-
ment, approximately 20–30% of HER2 positive breast cancers 
still undergo late recurrences [5]. Currently, clinicians are aim-
ing to boost the action of anti-HER2/neu antibody treatment 
to overcome the recurrence of cancer.

4-1BB, a member of the TNF receptor family co-stimu-
latory receptor, is expressed on a wide spectrum of immune 
cells, including B cells, activated T cells, natural killer (NK) 
cells, dendritic cells, monocytes, and neutrophils [6]. The 
interaction between 4-1BB and its ligand can trigger an acti-
vation signal in all cell types. Thereafter, agonistic monoclonal 
antibodies targeting 4-1BB have been developed to harness 
4-1BB signaling for cancer immunotherapy. Although the anti-
cancer effect of anti-4-1BB antibodies might differ in differ-
ent cell types, current data show that this effect is mediated 
by increasing the proliferation, differentiation, and survival 
of  CD8+ T cells together with their cytolytic properties [7, 8].

A previous study verified that the addition of anti-4-1BB 
mAb promoted the ADCC of anti-HER2/neu mAb by relying 
on  CD8+ T cells in a mouse breast cancer tumor model [9]. 
However, the impact on adaptive memory has not been well 
discussed. If anti-4-1BB mAb is able to heighten an enduring 
immunological response of anti-HER2/neu mAb, this might 
protect breast cancer patients from recurrence. Therefore, we 
investigated the immune memory function of anti-4-1BB and 
anti-HER2/neu mAbs in a mouse breast cancer model. Unex-
pectedly, immune memory was not incorporated with sim-
ple combination therapy. Therefore, we aimed to explore the 
mechanism of the absence of immune memory in the combi-
nation of anti-4-1BB and anti-HER2/neu mAbs. Furthermore, 
our study proposes a strategy to achieve immune memory in 
combined anti-HER2/neu and anti-4-1BB mAb therapy.

Materials and methods

Cell lines

The HER2/neu positive mouse breast cancer cell line TUBO 
and its variant TUBO-P2J cell line reported previously [10] 

were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% heat-inactivated fetal bovine serum 
(FBS; HyClone, Logan, UT, USA), 10% NCTC-109 
medium, 2 mM L-glutamine, 0.1 mM minimal essential 
medium non-essential amino acids, 100 U/mL penicillin, 
and 100 mg/mL streptomycin. The cells were maintained in 
a humidified incubator at 37 °C and 5%  CO2 and passaged 
every 3 days.

In vivo study

Female BALB/c or C57BL/6 mice (5 to 6-weeks-old) were 
purchased from Orient Bio (Daejeon, Korea) and used for 
experiments when they reached a body weight of 17–20 g 
(6 to 8-weeks-old). The mice were allowed to acclimatize 
before the experiments under specific pathogen-free con-
ditions at the animal care facility of the College of Medi-
cine (Inje University). The experimental procedures were 
reviewed and approved by the Institutional Animal Care and 
Use Committee of Inje University (2019-002).

TUBO cells (1 ×  106 cells/mouse) or a mix of TUBO 
and TUBO-P2J cells (1 ×  106 TUBO cells containing 1% 
TUBO-P2J cells) were subcutaneously (s.c.) injected into 
the backs of mice anesthetized with a mixture of ketamine 
(90 mg/kg) and xylazine (10 mg/kg). For tumor rechal-
lenge experiments, mice that were tumor-free for at least 
1 month after complete rejection of the treatment or surgi-
cal tumor removal were rechallenged by separate s.c. injec-
tions of 5 ×  106 TUBO cells (left upper back) and 1 ×  105 
TUBO-P2J cells (right upper back) at sites differing from 
those of the primary tumor. Tumor volume was calculated 
as (a × b × c)/2, where a–c are the measurements along three 
orthogonal axes. When the tumor volume reached approxi-
mately 150  mm3, the mice were treated with a vehicle con-
trol antibody (mIgG), anti-HER2/neu (clone 7.16.4) anti-
body, and 4-1BB antibody colne 3H3 (kindly provided by 
Byungsuk Kwon) [11]. An anti-HER2/neu antibody was 
intraperitoneally (i.p.) administered at doses of 10 mg/kg 
and 5 mg/kg on three injections every 4 days. The 4-1BB 
antibody (5 mg/kg) was administered i.p. on days 14 and 18 
after tumor implantation.

SIINFEKL (a peptide of amino acids 257–264 of 
ovalbumin)-specific  CD8+ T cells were isolated from the 
lymphoid of OT-1 mice using anti-thy1.1 and CD8 mag-
netic beads and magnetic-activated cell sorting (MACS). 
SIMFEKL-specific  CD8+ T cells (2 ×  106 cells/mice) were 
intravenously (i.v.) transferred and then immunized s.c. with 
20 µg of ovalbumin (OVA) emulsified in incomplete Fre-
und’s adjuvant (IFA) into C57BL/6 mice.
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Flow cytometry

The immune cell population and activation status were 
evaluated using flow cytometry. Briefly, single-cell suspen-
sions were obtained by collagenase digestion of resected 
tumors and were then incubated with fluorochrome-conju-
gated monoclonal antibodies against surface markers after 
incubation with the Fc blocker 2.4G2. Antibodies against 
mouse CD45 (clone 30-F11), CD3 (clone 145-2C11), CD8a 
(clone 53–6.7), CD4 (clone GK1.5), CD107a (clone 1D4B), 
CD44 (clone IM7), CD62L (clone MEL-14), Thy1.1 (clone 
HIS51), CD279 (PD1) (clone RMP1-30) conjugated to flu-
orescein isothiocyanate (FITC), phycoerythrin (PE), allo-
phycocyanin (APC), or phycoerythrin cyanine7 (PE-Cy7) 
were purchased from eBioscience (San Diego, CA, USA). 
Intracellular labeling was performed using the BD Cytofix/
CytopermTM kit (BD Biosciences) according to the manu-
facturer’s instructions. A cell suspension at 1.5 ×  106 cells/
mL was stimulated with phorbol myristate acetate (50 ng/
mL) plus ionomycin (750 ng/mL) in Golgi PlugTM-contain-
ing medium for 5 h at 37℃ and was then labeled with surface 
molecules. After washing, the cells were fixed with Cyto-
fix/Cytoperm solution and Perm/WashTM buffer and then 
labeled with anti-mouse IFN-g-PE (clone XMG1.2) antibod-
ies (all from eBioscience) and analyzed by flow cytometry. 
For T cell activation experiment, inguinal lymph nodes from 
control and treated mouse were teased using fine forceps and 
mechanically disrupted. LN cells were digested for 25 min 
at 37 °C in RPMI with 500 μg/ml Collagenase IV (Sigma) 
and 25 μg/ml DNase I (Sigma).

Measurement of IFN‑g secretion by T cells 
by enzyme‑linked immunospot (ELISPOT) assay

The ELISPOT assay was performed using the Mouse IFN-γ 
ELISPOT kit (BD Biosciences) according to the manufactur-
er’s instructions. The ELISPOT 96-well plates were coated 
overnight at 4 °C with a capture antibody and then blocked 
with 10% FBS in RPMI 1640 medium. Spleens from con-
trol and treated mice were passed through a 100-μm nylon 
cell strainer. After the first centrifugation (5 min 400 × g), 
tissue supernatant was collected. Splenocytes were then 
resuspended in RPMI 1640 medium (Gibco, ThermoFisher). 
Splenocytes (4 ×  105) were co-cultured at a 10:1 ratio with 
tumor antigen-pulsed bone marrow-derived dendritic cells 
(BMDCs) that had been pulsed overnight with triplicates of 
freeze-thawed lysed TUBO or TUBO-P2J cells. Concanava-
lin A (5 mg/mL) was used as a positive control to confirm the 
IFN-γ responsiveness of cells cultured with tumor antigen-
pulsed BMDCs. After a 24-h incubation, cells were removed 
from the wells by washing, and a biotinylated anti-IFN-γ 
antibody (clone XMG1.2) was added to the wells. Spots 
were developed using streptavidin-conjugated horseradish 

peroxidase and a 3-amino-9-ethyl-carbazole substrate. IFN-γ 
spots were counted using an ELISPOT plate reader (AID 
Autoimmun Diagnostika, Strassberg, Germany).

Results

The combination therapy of anti‑HER2/neu mAb 
and agonistic anti‑4‑1BB mAb enhanced their 
antitumor effect but was inadequate in suppressing 
lethal rechallenge

To test whether the combination therapy of anti-HER2/neu 
mAb and agonistic anti-4-1BB mAb could reduce tumor bur-
den additively and synergistically, we established a treatment 
model for TUBO and/or TUBO-P2J cells. BALB/c mice 
bearing tumors derived from either TUBO cells or a mixture 
of TUBO and TUBO-P2J cells were treated with antibodies. 
Tumor-bearing mice were treated with anti-HER2/neu mAb 
and/or anti-4-1BB mAb (Fig. 1a, e). Most of the treatments 
had significant treatment effects on both tumors. For TUBO 
tumors, all regimens significantly reduced tumor size after 
administration (Fig. 1b) (anti-HER2/neu mA and anti-4-1BB 
mAb: p < 0.05, combination therapy: p < 0.01, compared 
with control group). In particular, the combination of anti-
HER2/neu and anti-4-1BB mAbs resulted in improved anti-
tumor efficacy compared with that of anti-HER2/neu or anti-
4-1BB alone (p < 0.05). In TUBO and TUBO-P2J cell mixed 
tumors, anti-HER2/neu mAb did not significantly decrease 
tumor size. In contrast, anti-4-1BB mAb and its combination 
with anti-HER2/neu mAb induced effective tumor regression 
(p < 0.001 and p < 0.001, respectively) (Fig. 1f). In addition, 
in concordance with TUBO tumors, the combination therapy 
improved the anticancer effect in TUBO and TUBO-P2J cell 
mixture tumors (p < 0.001). These data support the previous 
model that anti-4-1BB mAb effectively enhanced the anti-
HER2/neu mAb treatment against cancer cells [9, 12].

Having confirmed that anti-HER2/neu mAb and/or anti-
4-1BB mAb were effective antitumor agents, we sought to 
investigate the adaptive immune function of the antibody 
therapies. Therefore, the rechallenge models were built by 
surgically resecting all residual tumors, thereby creating a 
clinical remission state, and re-injecting a mixture of TUBO 
cells and/or TUBO-P2J cells separately (n = 4 per group).

In the first TUBO cell rechallenge model, 5 ×  106 TUBO 
cells were re-injected at different sites from the primary 
tumor (Fig. 1a, c). Notably, tumors demonstrated a distinct 
response to the re-injected agents. The mice previously 
treated with anti-HER2/neu or anti-4-1BB mAb alone sig-
nificantly inhibited tumor growth from rechallenge, whereas 
mice treated with anti-HER2/neu mAb and anti-4-1BB mAb 
combination therapy showed conflicting results, permitting 
tumor growth after rechallenge. As a consequence, the group 
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initially treated with anti-HER2/neu mAb and anti-4-1BB 
mAb combination had fewer mice reaching complete remis-
sion against tumor rechallenge (Fig. 1d).

In the second rechallenge model, 5 ×  106 TUBO cells 
and 1 ×  105 TUBO-P2J cells were re-injected at separate 
sites on BALB/c mice (on left upper back and right upper 

back, respectively) that had been cured of tumors based on a 
mix of TUBO and TUBO-P2J cells by anti-HER2/neu and/
or anti-4-1BB mAb treatment (Fig. 1e, g). As TUBO and 
TUBO-P2J tumors of combination therapy-treated mice 
grew, the anti-4-1BB mAb single agent significantly inhib-
ited the growth of both rechallenged tumors. In particular, 
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the volume of combination therapy-treated rechallenged 
TUBO tumors increased more aggressively, considering the 
volume of TUBO-P2J (Fig. 1h). In summary, these results 
verified that the combination of anti-HER2/neu and anti-4-
1BB mAbs therapy enhanced the antitumor effect against 
TUBO and TUBO/TUBO-P2J mixed tumors; however, com-
bined therapy was incapable of inhibiting tumor growth after 
rechallenge, which was in opposition to the effect seen with 
anti-HER2/neu and anti-4-1BB mAb single therapies.

The combination of anti‑HER2/neu mAb 
and anti‑4‑1BB mAb therapy strengthened 
the initial anti‑cancer immune response 
but contrarily deteriorated the immune memory 
response

To explore the mechanism underlying the previous results, 
ELISPOT assays were performed on anti-HER2/neu and/
or anti-4-1BB mAb-treated TUBO mouse splenocytes. The 
mice were sacrificed on day 10 after the first anti-HER2/neu 
mAb administration. Splenocytes were isolated and ELIS-
POT assays were performed. The ELISPOT assay revealed 
a marked increase in IFN-γ expression in splenocytes from 
TUBO mice treated with a combination of anti-HER2/neu 
and anti-4-1BB mAbs with that resulting in splenocytes 
from mice treated with single therapy of anti-HER2/neu 

or anti-4-1BB mAb (p < 0.01) (Fig. 2a). The upregulated 
expression of IFN-γ implies that the anti-HER2/neu and 
anti-4-1BB mAb combination treatment induced an immune 
response against cancer cells.

To define the immune cells associated with anti-HER2/
neu mAb and/or anti-4-1BB mAb treatment, flow cytometric 
analysis of immune cells was performed. On day 10 after 
the first treatment, the tumors of TUBO-bearing mice were 
resected to prepare single cell suspensions, and surface or 
intracellular staining was performed. Flow cytometric analy-
sis revealed a global increase in  CD8+ and  CD4+ T cells 
after mAb treatment (Fig. 2b). In terms of anti-HER2/neu 
mAb or anti-4-1BB mAb single therapies, the  CD8+ T cell 
population was increased with anti-4-1BB mAb therapy 
(p < 0.01), and the  CD4+ T cell population was increased 
with anti-HER2/neu mAb therapy (p < 0.01). When treated 
with the anti-HER2/neu mAb and anti-4-1BB mAb combi-
nation, the frequency of both  CD8+ and  CD4+ T cells was 
significantly increased (p < 0.001 and p < 0.05, respectively). 
The proportion of  CD107a+CD8+ T cells, which were not 
influenced by the administration of either anti-HER2/neu or 
anti-4-1BB mAb, were significantly increased by the combi-
nation of anti-HER2/neu and anti-4-1BB mAbs (p < 0.001). 
Expression of IFN-γ in  CD8+ T cells was increased in single 
anti-HER2/neu mAb and in combination with anti-4-1BB 
mAb (p < 0.05 and p < 0.05, respectively). These data sug-
gest that the combined application of anti-HER2/neu mAb 
and anti-4-1BB mAb amplified the immune response.

In contrast, flow cytometry analysis showed that the fre-
quency of  CD44+CD8+ T cells and  CD44+CD62L−CD8+ 
T cells was decreased by anti-HER2/neu and anti-4-1BB 
mAb combination therapy (p < 0.05 and p < 0.01, respec-
tively) (Fig. 2c). The expression of adhesion molecules such 
as CD44 distinguishes memory  CD8+ T cells from naive 
 CD8+ T cells [13]. This suggests that the combination 
therapy might weaken the immunological memory func-
tion, unlike a single agent application. Anti-4-1BB addition 
might provoke a stronger ADCC, whereas it did not entail 
the immune memory function of  CD8+ T cells.

Naive  CD8+ T cells and activated  CD8+ T cells induce 
distinct immune memory after anti‑4‑1BB mAb 
treatment

The above experiment showed that the impact on  CD8+ 
T cells, especially the decrease in  CD44+CD8+ T cells, 
was the major change in immune cells associated with the 
anti-HER2/neu and anti-4-BB mAb combination treatment 
no longer maintaining adaptive immune function. This 
was in comparison with the single administration of each 
mAb, which successfully induced immune memory, allow-
ing the mice to continuously resist rechallenge of tumor 
cells. Therefore, we sought to elucidate the reason for this 

Fig. 1  Combined treatment of anti-HER2/neu antibody 7.16.4 and 
agonistic anti-4-1BB antibody 3H3 produced synergistic treatment of 
in HER2-susceptible and HER2-resistant tumors; however, mice who 
received combined treatment showed less immune memory for pro-
tection from lethal rechallenge. a Experimental scheme. b BALB/C 
mice (n = 3–4) were injected s.c. with 1 ×  106 TUBO cells and treated 
with 200, 100, or 100  µg anti-HER2/neu antibody by i.p. injection 
on days 14, 28, and 22 after tumor inoculation. Anti-4-1BB antibody 
(3H3, 100 µg) was administered by i.p. injection on days 14 and 18 
after tumor inoculation. The tumor growth was measured. c, d Tumor 
free, anti-HER2/neu antibody and/or anti-4-1BB antibody-treated 
BALB/c mice were rechallenged s.c. with 5 ×  106 TUBO cells on dif-
ferent sites from those of the primary tumor after complete rejection 
of primary tumors by surgery. c Individual growth curves of TUBO 
tumor. d Percent tumor-free mice. e Experimental scheme. f BALB/C 
mice (n = 5 to 6 per group) were inoculated s.c. with a mixture of 
1 ×  106 TUBO and 1 ×  104 TUBO-P2J cells. TUBO and TUBO-
P2J mixed-tumor bearing mice were treated with the anti-HER2/
neu antibody and anti-4-1BB antibody, as described in b. The tumor 
growth was measured. g, h Tumor free, anti-HER2/neu antibody and/
or anti-4-1BB antibody-treated BALB/c mice were rechallenged s.c. 
with 5 ×  106 TUBO cells (on left upper back) and 1 ×  104 TUBO-P2J 
(on right upper back) separately after complete rejection of primary 
tumors by surgery. g Individual growth curves of TUBO and TUBO-
P2J tumors. h Individual tumor volume of TUBO and TUBO-P2J 
on day 35 after rechallenging tumors. The data are expressed as the 
mean ± SEM of each treatment group. Statistical analysis was per-
formed with an unpaired Student’s t test using GraphPad Prism 5 
software to compare differences between the vehicle-control group 
and other groups (*p < 0.05; **p < 0.01; ***p < 0.001) or between 
the anti-HER2/neu antibody-treated group and the other groups 
(#p < 0.05; ##p < 0.01; ###p < 0.001)

◂
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phenomenon and aimed to clarify whether the addition of 
anti-4-BB mAb to anti-HER2/neu mAb mainly affected 
naive T cells or activated T cells. Therefore, experiments 

on immunized mice with either naive T cells or activated T 
cells were performed using an anti-4-1BB agent. Naive or 
activated OT-1  CD8+ T cells were transferred into C57BL/6 
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mice and then immunized with 20 µg of OVA emulsified in 
IFA (Fig. 3a). Mice were treated with 100 μg of rat IgG or 
anti-4-1BB mAb on days 2 and 4. The mice were boosted 
with 20 μg of OVA emulsified in IFA on day 21. Inguinal 
LN cells were prepared from each group of mice at 0, 7, 
14, 21, or 26 days, stained with anti-CD8 and anti-Thy1.1 
mAb, and subsequently analyzed by FACSCanto II. The 
frequency of both naive  CD8+ T cells and activated  CD8+ 
T cells was increased at day 7 after rat IgG and anti-4-1BB 
mAb treatment (Fig. 3b) and then gradually decreased and 
diminished by day 21. When rechallenged with 20 μg of 
OVA emulsified in IFA on day 21, the results of  CD8+ T 
cells were distinct (Fig. 3c). Activated  CD8+ T cells of both 
anti-4-1BB mAb- and rat IgG-treated mice were increased, 
consistent with the primary injection. However, the naive 
 CD8+ T cells of anti-4-1BB mAb-treated mice were not sig-
nificantly increased by rechallenge with OVA emulsified in 
IFA. These results indicated that activation of  CD8+ T cells 
was inevitable in producing immune memory after anti-4-
1BB mAb treatment.

Dose optimization improves anti‑4‑1BB response 
allowing this to attain both an anticancer effect 
and immune memory

To rescue immune memory after anti-HER2/neu and anti-4-
1BB mAb treatment, we hypothesized that dose control of 
anti-4-1BB mAb would reduce stimulation of naive  CD8+ T 
cells. First, BALB/c mice (n = 3–4 per group) were injected 
subcutaneously with 1 ×  106 TUBO cells and treated with 

100 µg of anti-HER2/neu mAb by i.p. injection on days 
14, 18, and 22 with or without anti-4-1BB mAb (0.5, 1, or 
10 mg/kg) by i.p. injection on days 14 and 18 after tumor 
inoculation. Tumor growth was also measured (Fig. 4a). 
When treated with single therapies of either anti-HER2/neu 
mAb the tumor volume continued to grow, and the treat-
ments did not significantly cure cancer. However, when anti-
HER2/neu and anti-4-1BB mAbs were co-administered, all 
doses combined with anti-4-1BB significantly reduced tumor 
growth and managed to cure cancer (p < 0.001, p < 0.001, 
and p < 0.001, respectively). Following the above experi-
ment, the primary tumors were completely resected. At least 
1 month after complete remission of the tumor, mAb-treated 
BALB/c mice were rechallenged with TUBO cells (subcu-
taneous injection of 5 ×  106 cells) at different sites from the 
primary tumor. Tumor growth was also measured (Fig. 4b). 
Importantly, mice administered with anti-HER2/neu mAb 
combined with 10 mg/kg of anti-4-1BB mAb treatment 
showed tumor regrowth, similar to naive mice. Moreover, 
mice administered with anti-HER2/neu mAb combined with 
0.5 mg/kg of anti-4-1BB mAb eventually presented slight 
regrowth of tumor as well. This indicates that the optimal 
therapeutic dose of anti-4-1BB mAb for immunological 
memory in combination therapy may be 1 mg/kg in our 
experiments.

To clarify the underlying mechanism of the dose depend-
ency of combination therapy, splenocytes were isolated 
2 days before the TUBO tumor rechallenge experiment. The 
IFN-γ ELISPOT analysis for mice treated with anti-HER2/
neu mAb combined with either 1 mg/kg or 10 mg/kg of 
anti-4-1BB mAb was performed (Fig. 4c). The frequency of 
IFN-γ+ cells was significantly increased in the combination 
therapy group with 1 mg/kg of anti-4-1BB mAb compared 
with that in the 10 mg/kg of anti-4-1BB mAb treated group 
(p < 0.01). In addition, to investigate the association with T 
cell exhaustion, the expression of PD1 in the tumor tissue 
was tested one day after the last treatment with anti-4-1BB 
mAb (Fig. 4a). As a result, the expression of PD1 in CD8 T 
cells, which was decreased at 1 mg/kg of anti-4-1BB mAb, 
was restored at 10 mg/kg of anti-4-1BB mAb (Fig. 4d). This 
implies that anti-HER2/neu mAb combined with a higher 
dosage of 10 mg/kg of anti-4-1BB mAb leads to immune 
memory loss, which means that the ability to interfere with 
T cell exhaustion is lost.

Discussion

Anti-HER2/neu mAb therapy undoubtably takes precedence 
among the successful antibody antitumor-based therapies 
and can efficiently restrain the growth of HER2/neu + tumors 
in vitro and in vivo [1, 14, 15]. The main mechanism of 
anti-HER2/neu mAb anticancer therapy is enabled by 

Fig. 2  Combined treatment of anti-HER2/neu antibody and anti-
4-1BB antibody enhanced the induction of antitumor immunity but 
impaired memory response. a TUBO-tumor bearing mice were 
treated with anti-HER2/neu antibody and anti-4-1BB antibody, 
as described in Fig.  1a. The mice were euthanized on day 10 after 
the first anti-HER2/neu antibody treatment. Splenocytes were iso-
lated and then ELISPOT assays were performed as described in the 
Materials and Methods section. a Representative ELISPOT assay 
results. Results are expressed as the mean ± SEM of each group. 
Statistical analysis was conducted using an unpaired Student’s t test. 
*p < 0.05; **p < 0.01; ***p < 0.001, as compared with the vehicle-
control group. #p < 0.05; ##p < 0.01; ###p < 0.001, as compared with 
the anti-HER2/neu antibody-treated group. b On day 10 after the 
first anti-HER2/neu antibody treatment, the tumors were removed 
to obtain cell suspensions for surface or intracellular staining. Flow 
cytometric analysis of  CD8+ or  CD4+ cells, gated on  CD45+ cells in 
tumors. Flow cytometric analysis of CD107a or IFNγ+ cells, gated 
on  CD8+ cells in tumors. c Flow cytometric analysis of  CD44+ or 
 CD44+CD62L− cells, gated on  CD8+ cells in tumors. The left pan-
els are representative flow cytometry analysis, and the right panels 
show the data expressed as the mean ± SEM of each treatment group. 
Statistical analysis was performed with an unpaired Student’s t test 
using GraphPad Prism 5 software to compare differences between 
the vehicle-control group and each antibody-treated group (*p < 0.05; 
**p < 0.01; ***p < 0.001) or between the anti-HER2/neu antibody-
treated group and the other antibody-treated groups (#p < 0.05; 
##p < 0.01; ###p < 0.001)

◂
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Fig. 3.  4-1BB signaling induces 
different outcomes in naive and 
activated T cells. a Experi-
mental scheme. b, c 2 ×  106 
Thy1.1+ OT-1  CD8+ T cells 
were injected i.v. into C57BL/6 
mice that were immunized s.c. 
with 20 μg of OVA-emulsified 
in IFA. As a control, 2 ×  106 
Thy1.1+ OT-1  CD8+ T cells 
were injected i.v. into C57BL/6 
mice. Rat IgG (100 μg) or anti-
4-1BB mAb were administered 
to the immunized mice at day 
2 and 4 via i.p. route. The mice 
were rechallenged with 20 μg 
of OVA-emulsified in IFA at 
day 21. Inguinal LN cells were 
prepared from each group of 
mice at day 0, 7, 14, 21 or 26, 
stained with anti-CD8 and anti-
Thy1.1 mAb, and subsequently 
analyzed by FACS Canto II. 
Results are mean ± SD (n = 3; 
*p < 0.05; **p < 0.01)
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diminishing cell signaling, enabling G1 cell cycle arrest with 
increased  p27Kip1 expression, reducing cyclin E expression, 
and damaging DNA repair ability [16–18]. These multiple 
effects occur via the prevention of HER2/neu dimerization, 
where the effector Fc arm of the mAb binds to the Fc recep-
tor on (FcR)-positive inflammatory cells [19]. An interesting 
report on anti-HER2/neu mAb noted that the in vivo therapy 
treatment effect was dependent on the existence of FcR sign-
aling [2]. This demonstrated that the anticancer effect of 
the anti-HER2/neu mAb was weak in FcR-knockout mice. 
Moreover, when a mutation was made to inhibit FcR bind-
ing, anti-HER2/neu could not induce ADCC by NK effec-
tor cells. Subsequently, the importance of FcRs in antibody 
treatment has been emphasized with evidence of its associa-
tion with breast cancer prognosis [20]. The above findings 
led to the concept that ADCC may be an influential compo-
nent of antibody-mediated antitumor effects, and this has 
been validated over the last two decades. After the adminis-
tration of antibody treatment, tumor-infiltrating leukocytes 
(TILs), especially FcR-positive cells, increase in the tumor 
microenvironment [21, 22]. In addition, improved clinical 
response to antibody treatment was seen with tumors that 
had higher infiltration of TILs with greater capacity to per-
form in vitro ADCC activity [23].

It is becoming clearer that specific agents of cancer cell 
death, such as targeted monoclonal antibodies, are pos-
sibly immunogenic and able to form adaptive anticancer 
immunity. In addition to FcR-mediated cytotoxic response, 
anti-HER2/neu mAb induces adaptive immune responses 
against HER2/neu positive breast cancer patients [24]. In 
our previous report, we demonstrated the necessity of T cells 
and adaptive immunity for tumor reduction by anti-HER2/
neu therapy [3]. The significance of adaptive immunity was 
proven by the observation that Rag1-knockout mice lacking 
adaptive immunity had diminished efficacy in anti-HER2/
neu therapy. In wild-type BALB/c mice depleted of  CD8+ 
T cells, the efficacy of anti-HER2/neu mAb was reduced. 
The presence of immune memory was suggested, and as 
a result of adaptive immunity, mice completely cleared of 
tumor after anti-HER2/neu therapy were constantly resistant 
to tumor rechallenge afterwards. These observations were 
further investigated using CD8-and IFN-γ-knockout mice 
[9]. In this study, we demonstrated that both  CD8+ cells and 
IFN-γ from  CD8+ cells were essential for anti-HER2/neu 
therapy. In addition, our study demonstrated the role of NK 
cells and type-I IFNs in mediating anti-HER2/neu therapy.

In ADCC, FcγRIII (CD16) ligation activates signals 
within NK cells. In the tumor microenvironment, tumor-
targeted antibodies are sensed by the NK cell FcγRIII [25]. 
Human NK cells increase 4-1BB expression after FcRIII 
ligation, and subsequent stimulation with anti-4-1BB mAb 
enhanced ADCC. This strengthened ADCC-mediated tumor 
regression encourages the use of anti-4-1BB antibodies as a 

potential candidate for a therapeutic combination [26]. This 
raised the possibility that anti-4-1BB mAb could be used to 
capitalize on the ADCC of anti-HER2/neu therapy. Stagg 
et al. proved that the anti-4-1BB mAb significantly improves 
the anticancer effect of anti-HER2/neu mAb in breast cancer 
cell lines [9]. A concordant experiment was performed in 
pancreatic cancer cell lines [12]. Our study is significant in 
that it extends the work of Park et al. and Stagg et al., sug-
gesting a strategy to optimize the immune memory response 
of anti-HER2/neu with anti-4-1BB.

Adjuvant anti-HER2/neu therapy has brought substan-
tial improvement of overall survival in HER2-positive breast 
cancer. Following the well-known HERA (BIG 1–01) trial, 
adjuvant anti-HER2/neu therapy has been widely accepted 
as a standard therapy for HER2-positive breast cancer [5]. 
Nevertheless, approximately 20%–30% of treated patients 
still experience late recurrence. Besides improving the anti-
cancer effect of anti-HER2/neu mAb, we assumed that com-
bined treatment with anti-4-1BB mAb could also assure the 
late immune memory of anti-HER2/neu mAb treatment and 
may aid in protecting HER2-positive breast cancer patients 
from late recurrence. First, we anticipated that combination 
therapy with anti-HER2/neu mAb and anti-4-1BB mAb 
would incorporate stronger immune memory along with 
stronger ADCC. Indeed, our experiment showed improved 
ADCC activation, consistent with the results of previous 
studies [9, 12]. However, an unexpected result was that the 
combination therapy that induced stronger antitumor effi-
cacy also produced a deteriorated immune memory. TUBO 
cells or a mixture of TUBO and TUBO-P2J cells that were 
more successfully responsive to the combination therapy 
were more vulnerable to rechallenge with cancer cells than 
those initially treated with a single therapy of anti-HER2/
neu mAb or anti-4-1BB mAb. This was contradictory to the 
usual belief that successful immune activation usually leads 
to the generation of superior immune memory.

When the adaptive immunity induced by anti-HER2/neu 
therapy was first revealed,  CD8+ T cells were suspected to 
be responsible for the development of immune memory 
following therapy [3]. This was proven by the recurrence 
of previously anti-HER2/neu-treated TUBO cell tumors in 
 CD8+-depleted BALB/c mice. We initially hypothesized that 
anti-4-1BB added to anti-HER2/neu therapy would interfere 
with the immune cells responsible for adaptive immunity. 
This was supported by our immunoassay data showing a 
decrease in the proportion of  CD44+  CD8+ cells after anti-
4-1BB and anti-HER2 combination therapy amongst the 
global increase in immune cells. Memory  CD8+ T cells can 
be differentiated from naive  CD8+ T cells by the increased 
expression of adhesion molecules, such as CD44 [13]. This 
raised the possibility that anti-4-1BB addition may induce 
additive ADCC; however, it could not evoke the immune 
memory function of  CD8+ T cells. Therefore, clarifying 
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the mechanism of this phenomenon and solving this barrier 
would be important for utilizing anti-4-1BB and anti-HER2/
neu mAb combination in cancer treatment.

Our data showed that activation of  CD8+ T cells by can-
cer cells is crucial in developing adaptive immune memory 
after anti-4-1BB mAb treatment. The initiation of adaptive 
immunity occurs more slowly than innate immunity [27]. 
Induction of a response from  CD8+ T cells countering an 
antigen is known as T cell priming and generally takes place 
in lymphoid tissues [28]. After the priming phase,  CD8+ T 
cells are activated to memory  CD8+ T cells or to effector 
cytotoxic T lymphocytes [29]. In our experiment, the naive 
 CD8+ T cells of anti-4-1BB mAb-treated mice were not sig-
nificantly increased by rechallenge with OVA emulsified in 
IFA and could not produce immune memory. We speculated 
that the administration of anti-4-1BB mAb would affect the 
memory function of  CD8+ T cells during the priming step, 
but in practical settings, the method to protect only the prim-
ing stage from anti-4-1BB mAb administration would be 
challenging to actualize.

The potential suggestion for a breakthrough strategy 
against the loss of adaptive immunity after a stronger 
ADCC with a combination of anti-4-1BB mAb could be 
dose optimization. When the dose of anti-4-1BB mAb was 
tapered to 1 mg/kg, immune memory was significantly 
induced. Another theoretical method might be targeting 
the specific application time of anti-41BB to only target 
activated  CD8+ T cells. Nevertheless, this would be chal-
lenging to accomplish clinically in the real world, and our 
proposal for dose optimization would be more applicable. 
The exhaustion describes a condition of T cell dysfunction 
and  CD8+ TILs that upregulate PD1 expression indicate an 
exhausted phenotype [30–32]. The expression of PD1 in 
 CD8+ T cells was restored 10 mg/kg of anti-4-1BB mAb. 

Therefore, it will be necessary to investigate the effect on 
PD1 inhibition, as preventing T cell exhaustion maybe the 
key to resolving the immune memory damage caused by 
high concentration of 4-1BB mAb. Hence, we carefully 
suggest future clinical trials testing anti-4-1BB mAb with 
anti-HER2/neu mAb to optimize the dose of anti-4-1BB 
mAb by starting from a lower dose. Thus, trials are more 
likely to achieve favorable results. Two anti-41BB mAbs 
have been tested in the clinical setting: urelumab (BMS-
663513) and utolimumab (PF-05082566). Urelumab is a 
fully human IgG4-based anti-CD137 mAb that does not 
block CD137L–CD137 interactions and has a high agonist 
activity but exhibits liver toxicity at dosages higher than 
1 mg/kg. Utolimumab, a ligand-blocking-humanized IgG1 
mAb has weaker agonistic activity but does not have dose-
limiting toxicities. Ongoing trials (NCT03364348 and 
NCT03414658) of anti-4-1BB mAb testing combinational 
strategies with anti-HER2/neu mAb were designed using 
utolimumab [33]. Further investigation is warranted for the 
practical use of anti-4-1BB and anti-HER2/neu mAbs, and 
taking our study into account, careful dosage optimization 
may be required to achieve one-step closure for successful 
clinical adaptation.

A challenge left for our study is that it could not be 
clarified that the mechanism of dose optimization of 
anti-4-1BB is able to protect against adaptive immunity. 
Notwithstanding the success of determining the optimal 
dosage of anti-4-1BB as a combination with anti-HER2/
neu mAb, the challenge remains to unveil and understand 
the underlying mechanism. In addition, the fundamental 
weakness of murine study models remains, and future 
analysis in clinical settings is required. Nonetheless, our 
study explores the anticancer potential of anti-HER2/neu 
and anti-4-1BB mAb combination therapy in breast cancer. 
In addition, this study is significant in raising awareness of 
the hurdles to effective therapy caused by the acquisition 
of adaptive immunity, which is critical in fighting against 
the late recurrence of cancer. Finally, we demonstrated a 
breakthrough method that preserves immune memory by 
dose optimization of anti-4-1BB mAb.
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Fig. 4  Dose optimization of 4-1BB antibody is required in combined 
therapy with anti-HER2/neu antibody. a BALB/C mice (n = 3 to 4 per 
group) were injected s.c. with 1 ×  106 TUBO cells and treated with 
100  μg of anti-HER2/neu antibody by i.p. injection on days 14, 18 
and 22, and/or anti-4-1BB antibody (3H3, 0.5, 1, or 10 mg/kg) was 
administered by i.p. injection on days 14 and 18 after tumor inocu-
lation. The tumor growth was measured. b Tumor-free, antibody-
treated BALB/c mice were rechallanged s.c. with 5 ×  106 TUBO 
cells at the different site from the primary tumor at least 1  month 
after complete rejection of primary tumors. One of two experi-
ments is shown. c Mice were euthanized on -2 days of TUBO tumor 
rechallenge, and splenocytes were isolated for ELISPOT analysis. 
ELISPOT assay of IFN-γ+ cells using splenocytes co-cultured with 
BMDCs pulsed with tumor antigen from TUBO cells lysates. Results 
were expressed as number of spots per 2 ×  105 splenocytes. d On 
day 1 after the final anti-4-1BB antibody treatment, the tumors were 
removed to obtain cell suspensions for surface staining. Flow cyto-
metric analysis of  PD1+ cells, gated on  CD8+ cells in tumors. Data 
represent mean ± SEM of three independent experiments. p < 0.05, 
p < 0.01, p < 0.001, each group vs. vehicle control; #p < 0.05, 
##p < 0.01, ###p < 0.001, each group vs. anti-HER2/neu antibody and 
anti-4-1BB antibody (3H3,10 mg/kg) treatment
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