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Abstract
A deeper insight into tumor biology and HER2 signaling has led to the development of novel anti-HER2 drugs that have 
significantly improved the prognosis of patients with HER2-positive breast cancer. The breast cancer immune microenviron-
ment has emerged as a potential prognostic factor. Moreover, the host immune system not only seems to play a critical role 
in the prognosis of HER2-positive breast cancer, but also seems to modulate treatment response to some HER2-targeted 
agents. Here, we review the latest evidence of the role of immunotherapy in HER2-positive breast cancer and present emerg-
ing strategies.
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Introduction

The introduction of human epidermal growth factor receptor 
2 (HER2)-targeted agents in the treatment of patients with 
HER2-positive breast cancer has led to significant improve-
ments in survival outcomes in both early and metastatic set-
tings. Treatment of HER2-positive breast cancer has evolved 
rapidly in recent years. A better understanding of tumor biol-
ogy and HER2 signaling has been crucial for the develop-
ment of new strategies to further improve patient outcomes. 
Current novel HER2-targeted therapies include dual-HER2 
inhibition with monoclonal antibodies (mAbs), like trastu-
zumab plus pertuzumab [1–3]; antibody–drug conjugates 
(ADCs) such as T-DM1 [4, 5] and trastuzumab-deruxtecan 

[6]; and tyrosine kinase inhibitors (TKIs) such as tucatinib 
[7] and neratinib [8, 9].

Nevertheless, HER2-positive breast cancer is a hetero-
geneous disease, with different treatment sensitivities and 
survival outcomes [10]. Immune tumor microenvironment 
(TME) has emerged as a potential prognostic factor but 
also as a modulator of treatment response in HER2-pos-
itive breast cancer. Breast cancer immunogenicity is also 
heterogeneous, with different rates of immune infiltration 
depending on tumor subtype [11]. HER2-positive breast 
cancers are generally considered more immunogenic than 
hormone receptor (HR)-positive/HER2-negative breast can-
cers, but less immunogenic than triple-negative breast can-
cers (TNBC), and differences in immunogenicity exist also 
among intrinsic molecular subtypes, with HER2-enriched 
tumors being one of the most immunogenic [12, 13]. Com-
pared to other subtypes, HER2-enriched tumors show the 
highest levels of tumor-infiltrating lymphocytes (TILs) and 
they are associated with higher expression of immune acti-
vation genes [14]. In addition, some chemotherapies, such as 
anthracyclines and cyclophosphamide [15], and HER2-tar-
geted treatments can activate the immune system by immu-
nogenic cell death and antibody-dependent cellular cytotox-
icity (ADCC), respectively [16]. Moreover, the concurrent 
administration of taxanes and trastuzumab might increase 
the immune effect of trastuzumab, by acting on tumor and 
natural killer (NK) cells [17].
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In this review, we summarize the clinical data on the dif-
ferent approaches exploring the interaction of the immune 
system and HER2-positive breast cancer, and potential 
combinations of anti-HER2 agents with immunotherapies 
to enhance treatment efficacy or overcome HER2 resistance.

Immune system in HER2‑positive breast 
cancer

Immune cells can inhibit tumor growth and progression 
but can also help to create an immunosuppressive environ-
ment in which the tumor can proliferate.  CD8+ cytotoxic 
T-cells, CD4+ T-helper 1 (Th1) cells, and NK cells are usu-
ally associated with anti-tumor immune responses, along 
with M1 tumor-associated macrophages (TAMs) and DC1 
dendritic cells. In contrast, CD4+ T-helper 2 (Th2) cells, 
myeloid derived suppressor cells (MDSC), CD4+ express-
ing  FOXP3+ cells (T-reg cells), M2 macrophages, and DC2 
dendritic cells might induce a pro-tumorigenic environment 
[18]. TILs include different cell types, with T-cells being 
the most common, but with variable proportions of mac-
rophages, NK cells, dendritic cells, and B-cells. The preva-
lence of TILs depends not only on tumor subtype, but also 
on the stage of the disease (with early disease showing the 
highest rate of TIL infiltration), and on breast cancer metas-
tases sites, with the lung showing the highest rate of TILs, 
and skin and liver with the lowest [19, 20].

HER2 amplification seems to result in a non-inflamed 
TME as low infiltration of TILs is observed, compared to 
TNBC [21]. ERBB family members may play an important 
role in evading the antitumor immune response by modulat-
ing the immunological landscape of the TME. HER2 sign-
aling inhibits Fin responses and downregulates interferon 
regulatory factors and inflammatory chemokine production 
via PI3K–AKT pathway, resulting in the reduction of effec-
tor CD8+ T-cells and a decrease in the major histocompat-
ibility complex (MHC) class I expression [22]. Moreover, 
HER2 amplification also causes loss of phosphorylation of 
TANK-binding kinase 1 (TBK1) and reduces stimulator of 
interferon genes (STING) signaling, diminishing the inter-
feron and antitumor immune responses [22].

Prognostic and predictive role of tumor‑infiltrating 
lymphocytes (TILs)

Contrary to TNBC, in which a significant and independent 
association between increased TIL levels and both disease-
free survival (DFS) and overall survival (OS) have been 
reported, results in HER2-positive breast cancer are diverse. 
As HER2-positive breast cancer is a heterogeneous disease, 
differences in TIL levels exist among intrinsic molecular 

intrinsic subtypes with HER2-enriched tumors having the 
highest levels of immune infiltrates [13, 23].

The prognostic and predictive role of TILs in early-stage 
HER2-positive breast cancer has been extensively investi-
gated. In the neoadjuvant setting, higher levels of TILs and/
or immune-activated RNA signatures have been consistently 
associated with higher pathologic complete response (pCR) 
rates as well as with an improved DFS [12, 24–27]. In the 
adjuvant setting, data from the FinHER trial, evaluating the 
role of trastuzumab in combination with adjuvant chemo-
therapy, suggested a positive association between levels of 
TILs and a more favorable patient outcome [28]. However, 
results from pivotal trials evaluating the role of adjuvant 
trastuzumab were diverse. In the NCCTG-N9831 trial, the 
presence of high TILs was associated with an improvement 
in DFS only in patients receiving chemotherapy alone, but 
not among patients treated with trastuzumab [29]. In the 
NRG/NSABP B-31 trial, increases in stromal TILs (sTILs), 
as a semicontinuous variable or as lymphocyte-predominant 
breast cancer with more than 50% s TILs were statistically 
significantly associated with improved DFS in both arms, 
the chemotherapy alone arm and in the trastuzumab arm. 
However, there was no association of sTILs with trastu-
zumab benefit [30]. The role of TILs has also been studied 
in the randomized non-inferiority phase III Short-HER trial, 
evaluating 1 year vs. 9 weeks of adjuvant trastuzumab. In 
that study, higher levels of TILs were associated with an 
improved distant-DFS, with a 27% reduction in the risk for 
each 10% TILs increment. Of note, in patients with low-TILs 
tumors, a benefit with 1-year trastuzumab over 9 weeks dura-
tion was observed [31]. In addition, a combined prognostic 
score (called HER2DX) based on 17 clinicopathological and 
genomic variables, which encompasses among others TILs 
(as a continuous variable), PAM50 intrinsic subtype and 13 
genes, was recently developed. HER2DX was significantly 
associated with distant metastasis-free survival and DFS, 
identifying potential patients with early-stage HER2-positive 
breast cancer who might escalate or de-escalate systemic 
treatment [32].

In the adjuvant phase III APHINITY trial, evaluating 
the role of the dual blockade with pertuzumab and trastu-
zumab vs. trastuzumab alone in addition to chemotherapy, 
both TILs (> 75%) and T-cell-related genes predicted greater 
benefit in terms of invasive DFS from dual blockade [33]. 
Importantly, TILs are a dynamic biomarker. In the PAMELA 
trial, evaluating a chemotherapy-free regimen with the dual-
blockade lapatinib-trastuzumab+/− endocrine therapy, TILs 
during treatment, but not baseline, were associated with pCR 
[13, 34]. On the other hand, and contrary with what has 
been observed in TNBC, high TILs in residual disease in 
HER2-positive breast cancer following neoadjuvant ther-
apy have been associated with worse DFS [35]. This might 
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be explained by the fact that an increase in FOXP3 levels 
has been reported in HER2-positive residual disease. An 
increase in regulatory T-cells in non-pCR samples suggests 
the development of an immunosuppressive phenotype [36].

In the metastatic setting, the role of TILs has been evalu-
ated in the phase III CLEOPATRA trial, which assessed 
the addition of pertuzumab to trastuzumab and docetaxel 
as first-line therapy for HER2-positive disease. In this trial, 
each 10% increase in TILs was significantly associated with 
longer OS, but not with a benefit in progression-free survival 
(PFS) [37]. However, an association in the opposite direction 
was observed in a retrospective study aiming to character-
ize the immune infiltrates of breast cancer metastases [20]. 
Those differences could be explained by the fact that, in 
the CLEOPATRA trial, most samples analyzed were from 
primary tumors and the vast majority of patients (89%) had 
not previously been treated with trastuzumab. Therefore, no 
definitive conclusions can be drawn in the role of TILs in 
patients with advanced HER2-positive breast cancer.

Prognostic and predictive role of TIL subsets 
and other immune cells

High cytotoxic T-cells (CD8+) and a high CD8/FOXP3 ratio 
have been associated with both an increased pCR rate and 
a favorable outcome in patients treated with neoadjuvant 
therapy based on anthracyclines, taxanes, and anti-HER2 
drugs [38]. However, other studies have found discrepant 
results [39]. The predictive value of TILs, TIL subsets, and 
other immune cells in patients receiving chemotherapy-free 
lapatinib plus trastuzumab neoadjuvant treatment has been 
assessed in the TBCRC006 trial. Using multispectral imag-
ing of pre-treatment tumor biopsies by multiplexed immu-
nofluorescence, the authors identified an immune infiltrate 
profile characterized by high CD4, CD8, and CD20 cells, 
which was independently associated with pCR [40].

The immune landscape of metastatic breast cancer 
appears to be unbalanced toward an immunosuppressive 
phenotype, as compared to early setting, showing not only 
lower TILs and other immune-activating molecules levels 
but upregulating immunosuppressive molecules and, there-
fore, evading the immune surveillance [41]. In the metastatic 
setting, CD8+, high CD8/FOXP3 ratio, and programmed 
death-ligand 1 (PD-L1)− group has been associated with a 
significantly longer PFS and OS than the CD8−, CFRlow, 
and PD-L1+ group in patients treated with pertuzumab, tras-
tuzumab, and docetaxel [42].

Regarding innate immunity cells, the prognostic and 
predictive role of TAMs in breast cancer is inconclusive. 
It seems though that the infiltration of TAMs in the TME 
has been associated with unfavorable clinicopathologic fea-
tures in both HR-negative and HER2-positive phenotypes. 
In a study evaluating the role of immunological markers in 

patients with advanced HER2-positive breast cancer receiv-
ing trastuzumab, high numbers of M1-like TAMs together 
with high number of CD8+ T-cells were significantly asso-
ciated with improved survival and long trastuzumab-free 
periods [43]. On the contrary, high number of M2 TAMs 
(CD163+) has been correlated with hyaluronan accumu-
lation and a poor prognostic factor [44]. Regarding NK 
cells, higher levels of NK cells (CD56+) in pre-treatment 
tumor samples have been associated with higher pCR rates 
[45]. Moreover, the ADCC-mediated mechanism of action 
of HER2-targeted monoclonal antibodies is thought to be 
mainly caused by NK cells.

Clinical relevance of host immunity in small 
HER2‑positive breast cancer

Results from the phase II APT trial, evaluating paclitaxel 
plus trastuzumab in small, node-negative HER2-positive 
breast cancers, showed that immune profiles of small HER2-
positive breast cancers differ also according to histological 
grade, HR status, and molecular subtype. High TILs (> 60%) 
were found more often in high-grade, HR-negative, and in 
HER2-enriched and basal-like tumors. Conversely, lower 
TILs levels and lower stromal PD-L1 expression (≤ 1%) 
were found in low-grade, HR-positive, and in luminal tumors 
[46]. A significant association between tumor size and an 
exhausted CD8 T-cell signature was observed, together with 
a trend of higher TIL and increased sPD-L1 expression in 
larger tumors, highlighting the hypothesis that adaptive 
resistance mechanisms play a role in the immunity escape 
of HER2-positive tumors [46].

Clinical data on enhancing the immune 
system in HER2‑positive breast cancer

The inhibition of HER2 signaling potentially switches non-
inflamed profiles of HER2-positive tumors into inflamed 
ones. Anti-HER2 antibody (mAb) therapy not only inter-
rupts oncogenic signals and induces FcR-mediated cyto-
toxicity but its therapeutic effect also depends on adaptive 
immunity [16]. Anti-HER2 mAbs inhibit downstream PI3K-
AKT signaling and induce ADCC, leading to upregulation 
of PD-L1 expression by tumor cells and of PD1 expression 
by T-cells. ADCs induce immunogenic cell death and MHC 
class I expression in cancer cells, leading to dendritic cells 
maturation, differentiation of TAMs into the pro-inflamma-
tory M1 type, and increased T-cell infiltration [22]. In pre-
clinical studies, tucatinib favorably modulated the immune 
microenvironment and demonstrated enhanced activity in 
combination with α-PD1 therapy in trastuzumab-resistant 
HER2-positive murine tumor model. Of note, significantly 
greater efficacy in tumor growth and survival was observed 
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with the combination of tucatinib and α-PD1, but not with 
tucatinib and α-CTLA4 compared to tucatinib alone [47].

Combination of immune checkpoint inhibitors 
and HER2‑targeted agents

The combination of HER2-targeted agents with immune 
checkpoint inhibitors could increase both the innate and 
acquired immune activation, and therefore enhance antitu-
mor efficacy. Several trials combining immune checkpoint 
inhibitors and HER2-targeted therapy are under investiga-
tion, both in the advanced (Tables 1, 2) and early settings 
(Table 3). In the single-arm phase Ib/II PANACEA trial 
that investigated the addition of pembrolizumab to trastu-
zumab in trastuzumab-resistant patients with HER2-positive 
advanced breast cancer, the combination resulted in objec-
tive responses in patients with PD-L1-positive, but not in 
PD-L1-negative, tumors [48]. PD-L1 staining in at least 1% 
of tumor cells or any staining in stroma were defined as posi-
tive. The measure of expression was the combined positive 
score (CPS), defined as the ratio of PD-L1-positive cells 
(tumor cells, lymphocytes, and macrophages) out of the total 
number of tumor cells × 100. In another phase Ib trial of 
patients with heavily pre-treated HER2-positive metastatic 
breast cancer, no significant clinical activity was observed 
with the combination of durvalumab with trastuzumab, but 

all patients in this trial had < 1% PD-L1 expression on their 
tumors [49].

The KATE2 study was the first randomized phase II trial 
assessing the efficacy and safety of T-DM1 with or with-
out atezolizumab in patients with HER2-positive advanced 
breast cancer that had progressed on prior treatment with 
trastuzumab and a taxane. A meaningful improvement in 
PFS was not observed in patients who received atezoli-
zumab vs. placebo in the intention-to-treat population, and 
more adverse events were recorded in the atezolizumab 
group. However, a prespecified exploratory analysis sug-
gested a benefit with T-DM1 plus atezolizumab in patients 
with PD-L1-positive tumors (median PFS 8.5 months vs. 
4.1 months in the T-DM1 + atezolizumab and T-DM1 plus 
placebo arms, respectively) [50]. Importantly, other explor-
atory immune-related biomarker data, including PD-L1 
expression, T-effector cell gene signature, CD8 immuno-
histochemistry expression, and TILs also were associated 
with PFS benefit [50]. In a post hoc analysis, although 
the number of events was small, the data suggested an OS 
benefit with atezolizumab plus T-DM1 in PD-L1-positive 
patients (1-year survival rate of 94% vs 88%; hazard ratio 
0.55 [0.22–1.38]). The randomized double-blind phase III 
KATE3 study is ongoing (NCT04740918) in order to com-
pare T-DM1 plus atezolizumab versus T-DM1 plus placebo 
in PD-L1+ patients with advanced HER2-positive breast 
cancer, and previously treated with trastuzumab, pertuzumab 

Table 1  Results from clinical trials assessing the combination of checkpoint inhibitors and HER-targeted treatment in advanced HER2-positive 
breast cancer

HR hazard ratio; m months; OR objective response; ORR overall response rate; PFS progression-free survival; pts patients; SD stable disease

Study Phase Setting n Treatment Results/Status

PANACEA 
(NCT02129556)

Phase Ib–II Advanced 58 Trastuzumab+pembrolizumab – ORR 6/40 (15%) in 
PD-L1+ pts

– No responses among 
PD-L1− pts

– Median PFS 2.7 m (90%CI 
2.6–4.0)

CCTG IND.229 
(NCT02649686)

Phase Ib Advanced 15 Trastuzumab+durvalumab – No responses by RECIST
– 4/14 (29%) SD
– All pts < 1%PD-L1 tumor 

expression
KATE-2 (NCT02924883) Randomized phase II Advanced 202 TDM1+atezolizumab/placebo

T-DM1+placebo
– Median PFS (range) in the 

PD-L1+ population
(exploratory analyses)
– T-DM1+ atezo:8.5 m
– T-DM1+ placebo: 4.1 m
HR 0.60 (95%CI 0.32–1.11)

NCT03523572 [53] Phase Ib Advanced in HER2-
positive and HER2-
low pts

48 Trastuzumab-
deruxtecan+nivolumab

– In the HER2-positive 
cohort:

ORR 59% (19/32)
Median PFS 8.6 m
– In the HER2-low cohort:
ORR 38% (6/16)
Median PFS 6.3 m
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and a taxane. There are several ongoing phase III studies 
also investigating the role of atezolizumab in combination 
with pertuzumab, trastuzumab, and paclitaxel, both in the 
advanced setting as first-line treatment (NCT03199885), 
and in the neoadjuvant setting, following dose-dense doxo-
rubicin and cyclophosphamide (AC) in the Impassion050 
trial (NCT03726879) or in combination with carboplatin 
in the APTneo trial (NCT03595592). The primary analy-
sis of the Impassion 050 trial (Table 3) found that adding 
atezolizumab to neoadjuvant anti HER2 treatment, does not 
improve pathological complete response. This is the first 
phase 3 trial to report data comparing a neoadjuvant anti-
HER2 based regimen with or without the anti-PD-L1 anti-
body, in patients with high risk, HER2-positive early breast 
cancer, receiving dose-dense anthracycline and taxane-based 
chemotherapy in combination with pertuzumab and trastu-
zumab [51]. The trial was stopped early when an Independ-
ent Data Monitoring Committee considered an unfavorable 
benefit-risk profile with the intervention. However, longer 
follow-up is needed to see if there is an impact in EFS and 
OS, which were secondary endpoints, as pCR may not be 
the best endpoint for measuring immunotherapy’s efficacy.

Recently, the WSG KEYRICHED-1 provided the 
first results of neoadjuvant chemotherapy-free 12-week 
anti-HER2 de-escalation therapy with trastuzumab and 
pertuzumab in combination with the PD-1 inhibitor 
pembrolizumab in HER2-enriched early breast cancer. 
This single-arm, phase II trial (NCT03988036) enrolled 
patients with newly diagnosed HER2 2+ (ISH+) or HER2 
3+ breast cancer (stage I–III) and HER2-enriched sub-
type by PAM50 analysis. In this trial, 65% of patients had 
tumors ≥ 2 cm and 30% had positive lymph node involve-
ment. Centrally confirmed pCR rate (primary endpoint) 
in surgical specimens was 46% (95% CI 0.31–0.62) in 
the 43 patients of the pp population, and 52% (95%CI 
0.37–0.67) in all 46 evaluable patients. Negative PR status 
(n = 12) was a significant predictor for pCR (p = 0.027). 
Interestingly, despite HER2-enriched subtype, no pCR 
was observed in the 4 patients with immunohistochemical 
(IHC) HER2 2+/ISH+ status in contrast to 20/39 (51%) 
pCRs in IHC HER2 3+ tumors. No new safety signals were 
observed [52].

Results from the phase 1b trial evaluating the combina-
tion of trastuzumab-deruxtecan with nivolumab in patients 
with HER2-expressing advanced breast cancer have 
recently been reported. The combination demonstrated 

Table 2  Ongoing clinical trials assessing the combination of checkpoint inhibitors and HER-targeted treatment in advanced HER2-positive 
breast cancer

mets metastases; pts patients

Study Phase Setting n Treatment Status

NCT03032107 Phase1b Advanced 27 T-DM1+pembrolizumab Active, not recruiting
NCT03125928 Single-arm phase II 1st line advanced 50 Paclitaxel+trastuzumab+pertuzum

ab+atezolizumab
Recruiting

NRG-BR004 
(NCT03199885)

Randomized double-
blind phase III

1st line advanced 600 Paclitaxel+trastuzumab+pertuzu
mab with atezolizumab/placebo

Recruiting

KATE3 (NCT04740918) Randomized double-
blind phase III

Advanced in PD-L1+ pts 
who have received 
prior trastuzumab+/−
pertuzumab, and 
taxane

320 T-DM1+atezolizumab/placebo Recruiting

SOLTI-ATREZZO 
(NCT04759248)

Single-arm phase II Advanced PAM50 non-
luminal/HER2+ breast 
cancer refractory to 
trastuzumab/pertu-
zumab based therapy 
and T-DM1

110 Atezolizumab+trastuzumab+vin
orelbine

Recruiting

AVIATOR 
(NCT03414558)

Randomized open-label 
phase II

Advanced HER2+ breast 
cancer

100 Trastuzumab and vinorelbine or
Trastuzumab and vinorelbine with 

avelumab or
Trastuzumab and vinorelbine 

with avelumab and utomilumab 
(41BB/CD137agonist)

Suspended

NCT03417544 Single-arm phase II In brain mets 33 Atezolizumab+pertuzumab+high-
dose trastuzumab

Active, not recruiting

TOPAZ (NCT04512261) Single-arm phase Ib/II In brain mets 33 Pembrolizumab+tucatinib+trastu
zumab

Recruiting
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antitumor activity in both HER2-positive or HER2-low 
breast cancer patients with an overall response rate of 
59.4% and 37.5%, respectively, and a manageable safety 
profile [53].

Immune‑optimized anti‑HER2 antibodies 
(margetuximab)

Another attempt to increase antitumor activity has been 
made through the design of monoclonal antibodies engi-
neered for increased affinity to some single-nucleotide 
polymorphisms in Fcγ receptor-binding (FcγR) on effector 
cells leading to immune cell activation. Margetuximab is an 
Fc-optimized chimeric monoclonal antibody that binds to 
the same epitope as trastuzumab but with enhanced FcγR 
properties: an increased affinity for activating CD16A poly-
morphisms (FcγRIIIa) and a decreased affinity for inhibitory 
FcγR CD32B (FcγIIb), resulting in a superior binding to 
effector cells and increased activation of innate and adap-
tive anti-HER2 immune responses. It also preserves the 
antiproliferative properties of trastuzumab. Margetuximab 

has been evaluated in the SOPHIA phase III randomized 
trial (n = 536) that compares margetuximab plus chemo-
therapy with trastuzumab plus chemotherapy as a third-line 
therapy in patients with advanced HER2-positive breast can-
cer previously treated with trastuzumab, pertuzumab, and 
T-DM1. Margetuximab plus chemotherapy demonstrated a 
small but statistically significant PFS benefit over trastu-
zumab plus chemotherapy, meeting the primary endpoint 
of the study (median PFS of 5.8 months vs 4.9 months; 
hazard ratio 0.76; 95% confidence interval [CI], 0.59–0.98; 
p = 0.03) [54]. The SOPHIA study also tested the hypoth-
esis that altering Fc–FcγR interactions can drive clinical 
benefit. Exploratory PFS analysis by CD16A genotype 
suggested that the presence of a CD16A-158F allele may 
predict margetuximab benefit over trastuzumab (6.9 months 
versus 5.1 months, respectively; hazard ratio 0.68 95% CI, 
0.52–0.90; p = 0.005). The final OS analysis for the ITT 
population did not demonstrate a statistically significant 
advantage for margetuximab plus chemotherapy compared 
with trastuzumab plus chemotherapy. A prespecified non-α-
allocated analysis of CD16A genotyping showed a numerical 

Table 3  Clinical trials assessing the combination of checkpoint inhibitors and HER-targeted treatment in early-stage HER2-positive breast can-
cer

ddAC dose-dense doxorubicin+cyclophosphamide; EFS event-free survival; ITT intention-to-treat; pCR pathologic complete response; IDFS 
invasive disease-free survival

Study Phase Setting n Treatment Primary outcome/status

Impassion050 
(NCT03726879)

Randomized double-blind 
phase III

Neoadjuvant 454 ddAC followed by paclitax
el+trastuzumab+pertuzu
mab with atezolizumab or 
placebo

pCR in the PD-L1-positive 
population and ITT popula-
tion

– In the ITT population, pCR 
was 62.4% in the atezoli-
zumab arm and 62.7% in 
the placebo (p = 1.0)

– In the PD-L1 positive popu-
lation, pCR was achieved by 
64.2% of the atezolizumab 
arm and 72.5% of the pla-
cebo arm (p = 0.2)

KEYRICHED-1 
(NCT03988036)

Single-arm, phase II Neoadjuvant 46 Pembrolizumab plus 
trastuzumab and pertu-
zumab × 12 weeks

pCR in patients with PAM 50 
HER2-enriched tumors

In the per protocol popula-
tion, pCR was 46% and 52% 
in all 46 evaluable patients

APTneo (NCT03595592) Randomized, open-label 
phase III

Neoadjuvant 650 Pertuzumab and trastuzumab 
with carboplatin and pacli-
taxel+/− atezolizumab

EFS
Recruiting

NCT03747120 Randomized, open-label 
phase II

Neoadjuvant 174 Trastuzumab, pertuzumab and 
weekly paclitaxel or

THP+pembrolizumab or
trastuzumab+pembro+weekly 

paclitaxel

pCR
Recruiting

Astefania
NCT04873362

Randomized, double-blind 
placebo-controlled phase 
III

Adjuvant 1700 Atezolizumab or placebo with 
T-DM1 in patients with 
residual invasive disease fol-
lowing preoperative therapy

IDFS
Recruiting
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OS advantage of 4.4 months in favor of margetuximab in F 
homozygous patients (n = 192, 38%), along with a numeri-
cal OS advantage of 9.1 months in favor of trastuzumab in 
CD16A-158 V homozygotes [55]. The U.S. Food and Drug 
Administration has approved margetuximab (Margenza) in 
combination with chemotherapy for the treatment of adult 
patients with metastatic HER2-positive breast cancer who 
have previously received 2 or more anti-HER2 regimens, 
at least one of which for metastatic disease. An ongoing 
neoadjuvant investigator-sponsored trial is comparing mar-
getuximab vs trastuzumab when given in combination with 
a taxane and pertuzumab in patients with the low-affinity 
CD16A genotype (the MARGetuximab Or Trastuzumab 
trial- MARGOT; NCT04425018).

Bispecific antibodies

Immune activation can be also enhanced using bispecific 
antibodies (BsAbs) which combine the functionality of two 
MAbs that target two different targets or epitopes, either in 
the same or in different receptors. Different BsAbs exist that 
target both HER2 and T-cells in order to redirect immune 
effector cell to the tumor. Several BsAbs are currently being 
studied in patients with advanced HER2-positive disease.

Zanidatamab, also known as ZW25 (Zymeworks Inc.) 
is a humanized bispecific antibody biparatopic that binds 
to two different epitopes on the extracellular domain of 
HER2 ECD2 and ECD4. This results in increased tumor 
cell binding, blockade of ligand-dependent and independent 
growth, and improved receptor internalization and down-
regulation relative to trastuzumab. In vivo studies demon-
strate antitumor activity in HER2-low to high expressing 
models. Results from the phase I/II study (NCT02892123) 
evaluating the safety and efficacy of single-agent ZW25 in 
separate expansion cohorts of patients with HER2-positive 
(IHC 3+ or 2+/FISH+) solid tumors demonstrated a prom-
ising anti-tumor activity and no dose-limiting toxicities 
were observed. In patients with heavily pre-treated HER2-
expressing breast cancers who had progressed to a median 
of five HER2-targeted regimens, an objective response rate 
of 36.4% and a median PFS of 7.3 months were observed 
across all treatment regimens (8/22 patients). The most com-
mon adverse events were diarrhea and infusion reaction, all 
grades 1 or 2, with no treatment-related discontinuations 
[56, 57]. A phase II study of ZW25 in combination with pal-
bociclib and fulvestrant is ongoing in patients with advanced 
HER2-positive, HR-positive breast cancer (NCT04224272).

GBR1302 (Glenmark Pharmaceuticals) is a HER2xCD3 
BsAb developed to direct T-cells to HER2-expressing 
tumor cells. Preclinically, GBR1302 has demonstrated 
potent killing of HER2-positive human cancer cells, as well 
as growth suppression of trastuzumab-resistant cell lines. 

Preliminary biomarker and pharmacodynamic data from 
a phase I study of single-agent GBR1302 in progressive 
HER2-positive solid tumors (NCT02829372) demonstrated 
modulation of peripheral T-cell populations and cytokines 
[58]. A phase I/II, open-label, dose escalation study is ongo-
ing in patients with HER2-positive metastatic breast cancer 
(NCT03983395).

PRS-343 (Pieris Pharmaceuticals, Inc.) is another anti-
HER2 BsAbs targeting HER2 and the immune receptor 
CD137 (4-1BB). CD137 is a key costimulatory immunore-
ceptor and a member of the tumor necrosis factor receptor 
superfamily. PRS-343 promotes CD137 clustering by bridg-
ing CD137-positive T-cells with HER2-positive tumor cells, 
leading to a potent costimulatory signal to tumor antigen-
specific T-cells [59]. Two clinical studies evaluating PRS-
343 in HER2-positive solid tumors are ongoing, either as a 
single-drug agent (NCT03330561) or in combination with 
atezolizumab (NCT03650348).

Emerging strategies

Numerous ongoing studies are investigating the combina-
tion of immune checkpoint inhibitors with HER2-targeted 
agents in HER2-positive breast cancer in both the advanced 
(Table  2) and early settings (Table  3), and results are 
awaited.

Several clinical trials are also evaluating therapeutic can-
cer vaccines in HER2-positive breast cancer either alone 
or in combination with anti-HER2 targeting agents. Differ-
ent strategies for developing vaccines against breast cancer 
are being investigated, including the use of specific tumor 
antigen-derived peptides, proteins, DNA, mRNA, whole 
tumor cells, and dendritic cells. Peptide-based cancer vac-
cines are the most studied cancer vaccines, especially E75. 
E75 is an amino acid-long peptide derived from the HER2 
receptor which binds to HLA-A2, thus activating cytotoxic T 
lymphocytes. The HER2 vaccine NeuVax (nelipepimut-S or 
E75 peptide combined with granulocyte macrophage-colony 
stimulating factor) is being investigated in combination with 
trastuzumab in a phase II clinical trial in the adjuvant setting 
to prevent recurrences in patients with high-risk HER2-posi-
tive breast cancer (NCT02297698) [60]. In a phase 2 clinical 
trial, patients with residual disease following neoadjuvant 
chemotherapy are being randomized to the multi-epitope 
HER2 Vaccine TPIV100 vs. Placebo (NCT04197687). 
Ongoing clinical trials of therapeutic vaccines are also being 
developed in HER2-expressing ductal carcinoma in situ 
(DCIS), for instance with the multi-epitope HER2 Peptide 
Vaccine H2NVAC before surgery (NCT04144023).

Cellular immunotherapy is also being evaluated in HER2-
positive breast cancer. A phase 1/2 study to investigate the 
safety, tolerability, and clinical activity of HER2-specific 
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dual-switch CAR-T cells, BPX-603, administered with 
rimiducid to pre-treated patients with locally advanced or 
metastatic solid tumors which are HER2 amplified/overex-
pressed is ongoing (NCT04650451). The combination of 
trastuzumab plus natural killer immunotherapy in patients 
with HER2-positive recurrent breast cancer has also been 
investigated in a phase I/II trial (NCT02843126).

Conclusion

Treatment of HER2-positive breast cancer is evolving rap-
idly, and the use of anti-HER2-targeted therapy has dramati-
cally changed the outcomes for patients with HER2-positive 
breast cancer. However, not all patients benefit to the same 
extent from current anti-HER2 therapies and importantly, 
HER2-positive breast cancer is a heterogeneous disease. The 
interaction between breast cancer and the host immune sys-
tem in HER2-positive disease seems dynamic and complex, 
playing a role not only in the prognosis, but also in modu-
lating treatment response to some HER2-targeted agents. 
Results in the advanced setting suggest that the benefit from 
immune checkpoint inhibitors could be restricted to patients 
with PD-L1-positive disease. However, research is ongoing 
to enhance immune activation in HER2-positive breast can-
cer and better determine which patients can benefit from it.

Acknowledgements We thank Kaitlyn T. Bifolck, BA, for her edito-
rial support.

Author contributions SP performed the literature search and drafted 
the manuscript, and ST critically revised the work.

Funding This manuscript did not receive specific funding.

Data availability Data sharing is not applicable to this article as no 
datasets were generated or analyzed during the current study.

Declarations 

Conflict of interest SP reports advisor/consultant role for AstraZen-
eca, Daiichi-Sankyo, Polyphor, Novartis, Eisai, Pierre-Fabre, Seattle-
Genetics, and Roche. SMT reports institutional research funding from 
AstraZeneca, Lilly, Merck, Nektar, Novartis, Pfizer, Genentech/Roche, 
Immunomedics, Exelixis, Bristol-Myers Squibb, Eisai, Nanostring, 
Cyclacel, Odonate, Seattle Genetics; and advisor/consultant role for 
AstraZeneca, Lilly, Merck, Nektar, Novartis, Pfizer, Genentech/Roche, 
Gilead, Immunomedics, Bristol-Myers Squibb, Eisai, Nanostring, 
Puma, Sanofi, Celldex, Paxman, Odonate, Seattle Genetics, Silverback 
Therapeutics, G1 Therapeutics, AbbVie, Anthenex, OncoPep, Out-
comes4Me, Kyowa Kirin Pharmaceuticals, Daiichi-Sankyo, Samsung 
Bioepsis Inc.

Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Informed consent Not applicable.

Research involving human and/or animals participants Not applicable.

References

 1. Swain SM, Miles D, Kim SB, Im YH, Im SA, Semiglazov V, 
Ciruelos E, Schneeweiss A, Loi S, Monturus E, Clark E, Knott 
A, Restuccia E, Benyunes MC, Cortes J, group Cs (2020) Pertu-
zumab, trastuzumab, and docetaxel for HER2-positive metastatic 
breast cancer (CLEOPATRA): end-of-study results from a dou-
ble-blind, randomised, placebo-controlled, phase 3 study. Lancet 
Oncol 21(4):519–530. https:// doi. org/ 10. 1016/ S1470- 2045(19) 
30863-0

 2. Gianni L, Pienkowski T, Im YH, Roman L, Tseng LM, Liu MC, 
Lluch A, Staroslawska E, de la Haba-Rodriguez J, Im SA, Pedrini 
JL, Poirier B, Morandi P, Semiglazov V, Srimuninnimit V, Bianchi 
G, Szado T, Ratnayake J, Ross G, Valagussa P (2012) Efficacy and 
safety of neoadjuvant pertuzumab and trastuzumab in women with 
locally advanced, inflammatory, or early HER2-positive breast 
cancer (NeoSphere): a randomised multicentre, open-label, phase 
2 trial. Lancet Oncol 13(1):25–32. https:// doi. org/ 10. 1016/ S1470- 
2045(11) 70336-9

 3. Piccart M, Procter M, Fumagalli D, de Azambuja E, Clark E, 
Ewer MS, Restuccia E, Jerusalem G, Dent S, Reaby L, Bonnefoi 
H, Krop I, Liu TW, Pienkowski T, Toi M, Wilcken N, Andersson 
M, Im YH, Tseng LM, Lueck HJ, Colleoni M, Monturus E, Sicoe 
M, Guillaume S, Bines J, Gelber RD, Viale G, Thomssen C, Com-
mittee AS, Investigators (2021) Adjuvant pertuzumab and trastu-
zumab in early HER2-positive breast cancer in the APHINITY 
trial: 6 years’ follow-up. J Clin Oncol. https:// doi. org/ 10. 1200/ 
JCO. 20. 01204

 4. Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga J, 
Pegram M, Oh DY, Dieras V, Guardino E, Fang L, Lu MW, 
Olsen S, Blackwell K, Group ES (2012) Trastuzumab emtan-
sine for HER2-positive advanced breast cancer. N Engl J Med 
367(19):1783–1791. https:// doi. org/ 10. 1056/ NEJMo a1209 124

 5. von Minckwitz G, Huang CS, Mano MS, Loibl S, Mamounas 
EP, Untch M, Wolmark N, Rastogi P, Schneeweiss A, Redondo 
A, Fischer HH, Jacot W, Conlin AK, Arce-Salinas C, Wapnir IL, 
Jackisch C, DiGiovanna MP, Fasching PA, Crown JP, Wulfing P, 
Shao Z, Rota Caremoli E, Wu H, Lam LH, Tesarowski D, Smitt 
M, Douthwaite H, Singel SM, Geyer CE Jr, Investigators K (2019) 
Trastuzumab emtansine for residual invasive HER2-positive 
breast cancer. N Engl J Med 380(7):617–628. https:// doi. org/ 10. 
1056/ NEJMo a1814 017

 6. Modi S, Saura C, Yamashita T, Park YH, Kim SB, Tamura K, 
Andre F, Iwata H, Ito Y, Tsurutani J, Sohn J, Denduluri N, Perrin 
C, Aogi K, Tokunaga E, Im SA, Lee KS, Hurvitz SA, Cortes J, 
Lee C, Chen S, Zhang L, Shahidi J, Yver A, Krop I, Investiga-
tors DE-B (2020) Trastuzumab deruxtecan in previously treated 
HER2-positive breast cancer. N Engl J Med 382(7):610–621. 
https:// doi. org/ 10. 1056/ NEJMo a1914 510

 7. Murthy RK, Loi S, Okines A, Paplomata E, Hamilton E, Hur-
vitz SA, Lin NU, Borges V, Abramson V, Anders C, Bedard PL, 
Oliveira M, Jakobsen E, Bachelot T, Shachar SS, Muller V, Braga 
S, Duhoux FP, Greil R, Cameron D, Carey LA, Curigliano G, 
Gelmon K, Hortobagyi G, Krop I, Loibl S, Pegram M, Slamon 
D, Palanca-Wessels MC, Walker L, Feng W, Winer EP (2020) 
Tucatinib, trastuzumab, and capecitabine for HER2-positive 

https://doi.org/10.1016/S1470-2045(19)30863-0
https://doi.org/10.1016/S1470-2045(19)30863-0
https://doi.org/10.1016/S1470-2045(11)70336-9
https://doi.org/10.1016/S1470-2045(11)70336-9
https://doi.org/10.1200/JCO.20.01204
https://doi.org/10.1200/JCO.20.01204
https://doi.org/10.1056/NEJMoa1209124
https://doi.org/10.1056/NEJMoa1814017
https://doi.org/10.1056/NEJMoa1814017
https://doi.org/10.1056/NEJMoa1914510


289Breast Cancer Research and Treatment (2022) 193:281–291 

1 3

metastatic breast cancer. N Engl J Med 382(7):597–609. https:// 
doi. org/ 10. 1056/ NEJMo a1914 609

 8. Martin M, Holmes FA, Ejlertsen B, Delaloge S, Moy B, Iwata 
H, von Minckwitz G, Chia SKL, Mansi J, Barrios CH, Gnant M, 
Tomasevic Z, Denduluri N, Separovic R, Gokmen E, Bashford A, 
Ruiz Borrego M, Kim SB, Jakobsen EH, Ciceniene A, Inoue K, 
Overkamp F, Heijns JB, Armstrong AC, Link JS, Joy AA, Bryce 
R, Wong A, Moran S, Yao B, Xu F, Auerbach A, Buyse M, Chan 
A, Exte NETSG (2017) Neratinib after trastuzumab-based adju-
vant therapy in HER2-positive breast cancer (ExteNET): 5-year 
analysis of a randomised, double-blind, placebo-controlled, phase 
3 trial. Lancet Oncol 18(12):1688–1700. https:// doi. org/ 10. 1016/ 
S1470- 2045(17) 30717-9

 9. Saura C, Oliveira M, Feng YH, Dai MS, Chen SW, Hurvitz SA, 
Kim SB, Moy B, Delaloge S, Gradishar W, Masuda N, Palacova 
M, Trudeau ME, Mattson J, Yap YS, Hou MF, De Laurentiis M, 
Yeh YM, Chang HT, Yau T, Wildiers H, Haley B, Fagnani D, 
Lu YS, Crown J, Lin J, Takahashi M, Takano T, Yamaguchi M, 
Fujii T, Yao B, Bebchuk J, Keyvanjah K, Bryce R, Brufsky A, 
Investigators N (2020) Neratinib plus capecitabine versus lapat-
inib plus capecitabine in HER2-positive metastatic breast cancer 
previously treated with >/= 2 HER2-directed regimens: phase III 
NALA trial. J Clin Oncol 38(27):3138–3149. https:// doi. org/ 10. 
1200/ JCO. 20. 00147

 10. Pernas S, Tolaney SM (2020) Targeting HER2 heterogeneity in 
early-stage breast cancer. Curr Opin Oncol 32(6):545–554. https:// 
doi. org/ 10. 1097/ CCO. 00000 00000 000685

 11. Dieci MV, Miglietta F, Guarneri V (2021) Immune infiltrates 
in breast cancer: recent updates and clinical implications. Cells. 
https:// doi. org/ 10. 3390/ cells 10020 223

 12. Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Hepp-
ner BI, Weber KE, Budczies J, Huober J, Klauschen F, Furlanetto 
J, Schmitt WD, Blohmer JU, Karn T, Pfitzner BM, Kummel S, 
Engels K, Schneeweiss A, Hartmann A, Noske A, Fasching PA, 
Jackisch C, van Mackelenbergh M, Sinn P, Schem C, Hanusch C, 
Untch M, Loibl S (2018) Tumour-infiltrating lymphocytes and 
prognosis in different subtypes of breast cancer: a pooled analysis 
of 3771 patients treated with neoadjuvant therapy. Lancet Oncol 
19(1):40–50. https:// doi. org/ 10. 1016/ S1470- 2045(17) 30904-X

 13. Nuciforo P, Pascual T, Cortes J, Llombart-Cussac A, Fasani R, 
Pare L, Oliveira M, Galvan P, Martinez N, Bermejo B, Vidal 
M, Pernas S, Lopez R, Munoz M, Garau I, Manso L, Alarcon J, 
Martinez E, Rodrik-Outmezguine V, Brase JC, Villagrasa P, Prat 
A, Holgado E (2018) A predictive model of pathologic response 
based on tumor cellularity and tumor-infiltrating lymphocytes 
(CelTIL) in HER2-positive breast cancer treated with chemo-free 
dual HER2 blockade. Ann Oncol 29(1):170–177. https:// doi. org/ 
10. 1093/ annonc/ mdx647

 14. Griguolo G, Pascual T, Dieci MV, Guarneri V, Prat A (2019) Inter-
action of host immunity with HER2-targeted treatment and tumor 
heterogeneity in HER2-positive breast cancer. J Immunother Can-
cer 7(1):90. https:// doi. org/ 10. 1186/ s40425- 019- 0548-6

 15. Harris SJ, Brown J, Lopez J, Yap TA (2016) Immuno-oncology 
combinations: raising the tail of the survival curve. Cancer Biol 
Med 13(2):171–193. https:// doi. org/ 10. 20892/j. issn. 2095- 3941. 
2016. 0015

 16. Park S, Jiang Z, Mortenson ED, Deng L, Radkevich-Brown O, 
Yang X, Sattar H, Wang Y, Brown NK, Greene M, Liu Y, Tang J, 
Wang S, Fu YX (2010) The therapeutic effect of anti-HER2/neu 
antibody depends on both innate and adaptive immunity. Cancer 
Cell 18(2):160–170. https:// doi. org/ 10. 1016/j. ccr. 2010. 06. 014

 17. Di Modica M, Sfondrini L, Regondi V, Varchetta S, Oliviero B, 
Mariani G, Bianchi GV, Generali D, Balsari A, Triulzi T, Tag-
liabue E (2016) Taxanes enhance trastuzumab-mediated ADCC 
on tumor cells through NKG2D-mediated NK cell recognition. 

Oncotarget 7(1):255–265. https:// doi. org/ 10. 18632/ oncot arget. 
6353

 18. Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, 
Christie M, van de Vijver K, Estrada MV, Gonzalez-Ericsson PI, 
Sanders M, Solomon B, Solinas C, Van den Eynden G, Allory 
Y, Preusser M, Hainfellner J, Pruneri G, Vingiani A, Demaria S, 
Symmans F, Nuciforo P, Comerma L, Thompson EA, Lakhani S, 
Kim SR, Schnitt S, Colpaert C, Sotiriou C, Scherer SJ, Ignatiadis 
M, Badve S, Pierce RH, Viale G, Sirtaine N, Penault-Llorca F, 
Sugie T, Fineberg S, Paik S, Srinivasan A, Richardson A, Wang Y, 
Chmielik E, Brock J, Johnson DB, Balko J, Wienert S, Bossuyt V, 
Michiels S, Ternes N, Burchardi N, Luen SJ, Savas P, Klauschen 
F, Watson PH, Nelson BH, Criscitiello C, O’Toole S, Larsimont 
D, de Wind R, Curigliano G, Andre F, Lacroix-Triki M, van de 
Vijver M, Rojo F, Floris G, Bedri S, Sparano J, Rimm D, Nielsen 
T, Kos Z, Hewitt S, Singh B, Farshid G, Loibl S, Allison KH, 
Tung N, Adams S, Willard-Gallo K, Horlings HM, Gandhi L, 
Moreira A, Hirsch F, Dieci MV, Urbanowicz M, Brcic I, Korski 
K, Gaire F, Koeppen H, Lo A, Giltnane J, Rebelatto MC, Steele 
KE, Zha J, Emancipator K, Juco JW, Denkert C, Reis-Filho J, Loi 
S, Fox SB (2017) Assessing tumor-infiltrating lymphocytes in 
solid tumors: a practical review for pathologists and proposal for 
a standardized method from the International Immunooncology 
Biomarkers Working Group: part 1: assessing the host immune 
response, TILs in invasive breast carcinoma and ductal carcinoma 
in situ, metastatic tumor deposits and areas for further research. 
Adv Anat Pathol 24(5):235–251. https:// doi. org/ 10. 1097/ PAP. 
00000 00000 000162

 19. Glajcar A, Szpor J, Hodorowicz-Zaniewska D, Tyrak KE, Okon 
K (2019) The composition of T cell infiltrates varies in primary 
invasive breast cancer of different molecular subtypes as well 
as according to tumor size and nodal status. Virchows Arch 
475(1):13–23. https:// doi. org/ 10. 1007/ s00428- 019- 02568-y

 20. Dieci MV, Tsvetkova V, Orvieto E, Piacentini F, Ficarra G, Grigu-
olo G, Miglietta F, Giarratano T, Omarini C, Bonaguro S, Cap-
pellesso R, Aliberti C, Vernaci G, Giorgi CA, Faggioni G, Tasca 
G, Conte P, Guarneri V (2018) Immune characterization of breast 
cancer metastases: prognostic implications. Breast Cancer Res 
20(1):62. https:// doi. org/ 10. 1186/ s13058- 018- 1003-1

 21. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang 
TH, Porta-Pardo E, Gao GF, Plaisier CL, Eddy JA, Ziv E, Cul-
hane AC, Paull EO, Sivakumar IKA, Gentles AJ, Malhotra R, 
Farshidfar F, Colaprico A, Parker JS, Mose LE, Vo NS, Liu J, Liu 
Y, Rader J, Dhankani V, Reynolds SM, Bowlby R, Califano A, 
Cherniack AD, Anastassiou D, Bedognetti D, Mokrab Y, New-
man AM, Rao A, Chen K, Krasnitz A, Hu H, Malta TM, Noush-
mehr H, Pedamallu CS, Bullman S, Ojesina AI, Lamb A, Zhou W, 
Shen H, Choueiri TK, Weinstein JN, Guinney J, Saltz J, Holt RA, 
Rabkin CS, Cancer Genome Atlas Research N, Lazar AJ, Serody 
JS, Demicco EG, Disis ML, Vincent BG, Shmulevich I (2018) 
The immune landscape of cancer. Immunity 48(4):812–830 e814. 
https:// doi. org/ 10. 1016/j. immuni. 2018. 03. 023

 22. Kumagai S, Koyama S, Nishikawa H (2021) Antitumour immunity 
regulated by aberrant ERBB family signalling. Nat Rev Cancer 
21(3):181–197. https:// doi. org/ 10. 1038/ s41568- 020- 00322-0

 23. Guarneri V, Dieci MV, Bisagni G, Brandes AA, Frassoldati A, 
Cavanna L, Musolino A, Giotta F, Rimanti A, Garrone O, Ber-
tone E, Cagossi K, Nanni O, Piacentini F, Orvieto E, Griguolo G, 
Curtarello M, Urso L, Pare L, Chic N, D’Amico R, Prat A, Conte 
P (2020) PIK3CA mutation in the ShortHER randomized adjuvant 
trial for patients with early HER2(+) breast cancer: association 
with prognosis and integration with PAM50 subtype. Clin Can-
cer Res 26(22):5843–5851. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 20- 1731

 24. Carey LA, Berry DA, Cirrincione CT, Barry WT, Pitcher BN, 
Harris LN, Ollila DW, Krop IE, Henry NL, Weckstein DJ, 

https://doi.org/10.1056/NEJMoa1914609
https://doi.org/10.1056/NEJMoa1914609
https://doi.org/10.1016/S1470-2045(17)30717-9
https://doi.org/10.1016/S1470-2045(17)30717-9
https://doi.org/10.1200/JCO.20.00147
https://doi.org/10.1200/JCO.20.00147
https://doi.org/10.1097/CCO.0000000000000685
https://doi.org/10.1097/CCO.0000000000000685
https://doi.org/10.3390/cells10020223
https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1093/annonc/mdx647
https://doi.org/10.1093/annonc/mdx647
https://doi.org/10.1186/s40425-019-0548-6
https://doi.org/10.20892/j.issn.2095-3941.2016.0015
https://doi.org/10.20892/j.issn.2095-3941.2016.0015
https://doi.org/10.1016/j.ccr.2010.06.014
https://doi.org/10.18632/oncotarget.6353
https://doi.org/10.18632/oncotarget.6353
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1007/s00428-019-02568-y
https://doi.org/10.1186/s13058-018-1003-1
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1038/s41568-020-00322-0
https://doi.org/10.1158/1078-0432.CCR-20-1731
https://doi.org/10.1158/1078-0432.CCR-20-1731


290 Breast Cancer Research and Treatment (2022) 193:281–291

1 3

Anders CK, Singh B, Hoadley KA, Iglesia M, Cheang MC, Perou 
CM, Winer EP, Hudis CA (2016) Molecular heterogeneity and 
response to neoadjuvant human epidermal growth factor recep-
tor 2 targeting in CALGB 40601, a randomized phase III trial of 
paclitaxel plus trastuzumab with or without lapatinib. J Clin Oncol 
34(6):542–549. https:// doi. org/ 10. 1200/ JCO. 2015. 62. 1268

 25. Fumagalli D, Venet D, Ignatiadis M, Azim HA Jr, Maetens M, 
Rothe F, Salgado R, Bradbury I, Pusztai L, Harbeck N, Gomez H, 
Chang TW, Coccia-Portugal MA, Di Cosimo S, de Azambuja E, 
de la Pena L, Nuciforo P, Brase JC, Huober J, Baselga J, Piccart 
M, Loi S, Sotiriou C (2016) RNA sequencing to predict response 
to neoadjuvant anti-HER2 therapy: a secondary analysis of the 
NeoALTTO randomized clinical trial. JAMA Oncol. https:// doi. 
org/ 10. 1001/ jamao ncol. 2016. 3824

 26. Solinas C, Carbognin L, De Silva P, Criscitiello C, Lambertini M 
(2017) Tumor-infiltrating lymphocytes in breast cancer accord-
ing to tumor subtype: current state of the art. Breast 35:142–150. 
https:// doi. org/ 10. 1016/j. breast. 2017. 07. 005

 27. Ignatiadis M, Van den Eynden G, Roberto S, Fornili M, Bare-
che Y, Desmedt C, Rothe F, Maetens M, Venet D, Holgado E, 
McNally V, Kiermaier A, Savage HM, Wilson TR, Cortes J, 
Schneeweiss A, Willard-Gallo K, Biganzoli E, Sotiriou C (2019) 
Tumor-infiltrating lymphocytes in patients receiving trastuzumab/
pertuzumab-based chemotherapy: a TRYPHAENA substudy. 
J Natl Cancer Inst 111(1):69–77. https:// doi. org/ 10. 1093/ jnci/ 
djy076

 28. Loi S, Michiels S, Salgado R, Sirtaine N, Jose V, Fumagalli D, 
Kellokumpu-Lehtinen PL, Bono P, Kataja V, Desmedt C, Pic-
cart MJ, Loibl S, Denkert C, Smyth MJ, Joensuu H, Sotiriou C 
(2014) Tumor infiltrating lymphocytes are prognostic in triple 
negative breast cancer and predictive for trastuzumab benefit in 
early breast cancer: results from the FinHER trial. Ann Oncol 
25(8):1544–1550. https:// doi. org/ 10. 1093/ annonc/ mdu112

 29. Perez EA, Ballman KV, Tenner KS, Thompson EA, Badve SS, 
Bailey H, Baehner FL (2016) Association of stromal tumor-infil-
trating lymphocytes with recurrence-free survival in the N9831 
adjuvant trial in patients with early-stage HER2-positive breast 
cancer. JAMA Oncol 2(1):56–64. https:// doi. org/ 10. 1001/ jamao 
ncol. 2015. 3239

 30. Kim RS, Song N, Gavin PG, Salgado R, Bandos H, Kos Z, Floris 
G, Eynden G, Badve S, Demaria S, Rastogi P, Fehrenbacher L, 
Mamounas EP, Swain SM, Wickerham DL, Costantino JP, Paik 
S, Wolmark N, Geyer CE, Lucas PC, Pogue-Geile KL (2019) 
Stromal tumor-infiltrating lymphocytes in NRG oncology/NSABP 
B-31 adjuvant trial for early-stage HER2-positive breast cancer. 
J Natl Cancer Inst 111(8):867–871. https:// doi. org/ 10. 1093/ jnci/ 
djz032

 31. Dieci MV, Conte P, Bisagni G, Brandes AA, Frassoldati A, 
Cavanna L, Musolino A, Giotta F, Rimanti A, Garrone O, Bertone 
E, Cagossi K, Sarti S, Ferro A, Piacentini F, Maiorana A, Orvieto 
E, Sanders M, Miglietta F, Balduzzi S, D’Amico R, Guarneri V 
(2019) Association of tumor-infiltrating lymphocytes with dis-
tant disease-free survival in the ShortHER randomized adjuvant 
trial for patients with early HER2+ breast cancer. Ann Oncol 
30(3):418–423. https:// doi. org/ 10. 1093/ annonc/ mdz007

 32. Prat A, Guarneri V, Pare L, Griguolo G, Pascual T, Dieci MV, 
Chic N, Gonzalez-Farre B, Frassoldati A, Sanfeliu E, Cejalvo 
JM, Munoz M, Bisagni G, Braso-Maristany F, Urso L, Vidal 
M, Brandes AA, Adamo B, Musolino A, Miglietta F, Conte 
B, Oliveira M, Saura C, Pernas S, Alarcon J, Llombart-Cussac 
A, Cortes J, Manso L, Lopez R, Ciruelos E, Schettini F, Villa-
grasa P, Carey LA, Perou CM, Piacentini F, D’Amico R, Tag-
liafico E, Parker JS, Conte P (2020) A multivariable prognostic 
score to guide systemic therapy in early-stage HER2-positive 
breast cancer: a retrospective study with an external evaluation. 

Lancet Oncol 21(11):1455–1464. https:// doi. org/ 10. 1016/ S1470- 
2045(20) 30450-2

 33. Krop IE, Paulson J, Campbell C, Kiermaier AC, Andre F, Fuma-
galli D, de Haas S, Salgado R, Denkert C, Loibl S, Bailey A, 
Phillips GL, Frank E, Piccart M, Viale G, Loi S (2019) Genomic 
correlates of response to adjuvant trastuzumab (H) and pertu-
zumab (P) in HER2+ breast cancer (BC): biomarker analysis of 
the APHINITY trial [abstract]. J Clin Oncol 37(15_suppl):1012

 34. Llombart-Cussac A, Cortes J, Pare L, Galvan P, Bermejo B, 
Martinez N, Vidal M, Pernas S, Lopez R, Munoz M, Nuciforo 
P, Morales S, Oliveira M, de la Pena L, Pelaez A, Prat A (2017) 
HER2-enriched subtype as a predictor of pathological complete 
response following trastuzumab and lapatinib without chemo-
therapy in early-stage HER2-positive breast cancer (PAMELA): 
an open-label, single-group, multicentre, phase 2 trial. Lancet 
Oncol 18(4):545–554. https:// doi. org/ 10. 1016/ S1470- 2045(17) 
30021-9

 35. Hamy AS, Pierga JY, Sabaila A, Laas E, Bonsang-Kitzis H, Lau-
rent C, Vincent-Salomon A, Cottu P, Lerebours F, Rouzier R, Lae 
M, Reyal F (2017) Stromal lymphocyte infiltration after neoadju-
vant chemotherapy is associated with aggressive residual disease 
and lower disease-free survival in HER2-positive breast cancer. 
Ann Oncol 28(9):2233–2240. https:// doi. org/ 10. 1093/ annonc/ 
mdx309

 36. Force J, Howie LJ, Abbott SE, Bentley R, Marcom PK, Kimmick 
G, Westbrook K, Sammons SL, Parks M, Topping DL, Emerson 
R, Broadwater G, Hyslop T, Blackwell KL, Nair SK (2018) Early 
stage HER2-positive breast cancers not achieving a pCR from 
neoadjuvant trastuzumab- or pertuzumab-based regimens have an 
immunosuppressive phenotype. Clin Breast Cancer 18(5):410–
417. https:// doi. org/ 10. 1016/j. clbc. 2018. 02. 010

 37. Luen SJ, Salgado R, Fox S, Savas P, Eng-Wong J, Clark E, Kier-
maier A, Swain SM, Baselga J, Michiels S, Loi S (2017) Tumour-
infiltrating lymphocytes in advanced HER2-positive breast cancer 
treated with pertuzumab or placebo in addition to trastuzumab 
and docetaxel: a retrospective analysis of the CLEOPATRA 
study. Lancet Oncol 18(1):52–62. https:// doi. org/ 10. 1016/ S1470- 
2045(16) 30631-3

 38. Hou Y, Nitta H, Wei L, Banks PM, Lustberg M, Wesolowski R, 
Ramaswamy B, Parwani AV, Li Z (2018) PD-L1 expression and 
CD8-positive T cells are associated with favorable survival in 
HER2-positive invasive breast cancer. Breast J 24(6):911–919. 
https:// doi. org/ 10. 1111/ tbj. 13112

 39. Zhao J, Meisel J, Guo Y, Nahta R, Hsieh KL, Peng L, Wei Z, 
O’Regan R, Li X (2020) Evaluation of PD-L1, tumor-infiltrating 
lymphocytes, and CD8+ and FOXP3+ immune cells in HER2-
positive breast cancer treated with neoadjuvant therapies. Breast 
Cancer Res Treat 183(3):599–606. https:// doi. org/ 10. 1007/ 
s10549- 020- 05819-8

 40. De Angelis C, Nagi C, Hoyt CC, Liu L, Roman K, Wang C, Zheng 
Y, Veeraraghavan J, Sethunath V, Nuciforo P, Wang T, Tsimelzon 
A, Mao S, Hilsenbeck SG, Trivedi MV, Cataldo ML, Pavlick A, 
Wolff AC, Weigelt B, Reis-Filho JS, Prat A, Gutierrez C, Osborne 
CK, Rimawi MF, Schiff R (2020) Evaluation of the predictive 
role of tumor immune infiltrate in patients with HER2-positive 
breast cancer treated with neoadjuvant anti-HER2 therapy without 
chemotherapy. Clin Cancer Res 26(3):738–745. https:// doi. org/ 10. 
1158/ 1078- 0432. CCR- 19- 1402

 41. Szekely B, Bossuyt V, Li X, Wali VB, Patwardhan GA, Frederick 
C, Silber A, Park T, Harigopal M, Pelekanou V, Zhang M, Yan Q, 
Rimm DL, Bianchini G, Hatzis C, Pusztai L (2018) Immunologi-
cal differences between primary and metastatic breast cancer. Ann 
Oncol 29(11):2232–2239. https:// doi. org/ 10. 1093/ annonc/ mdy399

 42. Takada K, Kashiwagi S, Goto W, Asano Y, Takahashi K, 
Takashima T, Tomita S, Ohsawa M, Hirakawa K, Ohira M (2018) 
Use of the tumor-infiltrating CD8 to FOXP3 lymphocyte ratio 

https://doi.org/10.1200/JCO.2015.62.1268
https://doi.org/10.1001/jamaoncol.2016.3824
https://doi.org/10.1001/jamaoncol.2016.3824
https://doi.org/10.1016/j.breast.2017.07.005
https://doi.org/10.1093/jnci/djy076
https://doi.org/10.1093/jnci/djy076
https://doi.org/10.1093/annonc/mdu112
https://doi.org/10.1001/jamaoncol.2015.3239
https://doi.org/10.1001/jamaoncol.2015.3239
https://doi.org/10.1093/jnci/djz032
https://doi.org/10.1093/jnci/djz032
https://doi.org/10.1093/annonc/mdz007
https://doi.org/10.1016/S1470-2045(20)30450-2
https://doi.org/10.1016/S1470-2045(20)30450-2
https://doi.org/10.1016/S1470-2045(17)30021-9
https://doi.org/10.1016/S1470-2045(17)30021-9
https://doi.org/10.1093/annonc/mdx309
https://doi.org/10.1093/annonc/mdx309
https://doi.org/10.1016/j.clbc.2018.02.010
https://doi.org/10.1016/S1470-2045(16)30631-3
https://doi.org/10.1016/S1470-2045(16)30631-3
https://doi.org/10.1111/tbj.13112
https://doi.org/10.1007/s10549-020-05819-8
https://doi.org/10.1007/s10549-020-05819-8
https://doi.org/10.1158/1078-0432.CCR-19-1402
https://doi.org/10.1158/1078-0432.CCR-19-1402
https://doi.org/10.1093/annonc/mdy399


291Breast Cancer Research and Treatment (2022) 193:281–291 

1 3

in predicting treatment responses to combination therapy with 
pertuzumab, trastuzumab, and docetaxel for advanced HER2-
positive breast cancer. J Transl Med 16(1):86. https:// doi. org/ 10. 
1186/ s12967- 018- 1460-4

 43. Honkanen TJ, Tikkanen A, Karihtala P, Makinen M, Vayrynen 
JP, Koivunen JP (2019) Prognostic and predictive role of tumour-
associated macrophages in HER2 positive breast cancer. Sci Rep 
9(1):10961. https:// doi. org/ 10. 1038/ s41598- 019- 47375-2

 44. Tiainen S, Tumelius R, Rilla K, Hamalainen K, Tammi M, Tammi 
R, Kosma VM, Oikari S, Auvinen P (2015) High numbers of 
macrophages, especially M2-like (CD163-positive), correlate with 
hyaluronan accumulation and poor outcome in breast cancer. His-
topathology 66(6):873–883. https:// doi. org/ 10. 1111/ his. 12607

 45. Verma C, Kaewkangsadan V, Eremin JM, Cowley GP, Ilyas M, 
El-Sheemy MA, Eremin O (2015) Natural killer (NK) cell profiles 
in blood and tumour in women with large and locally advanced 
breast cancer (LLABC) and their contribution to a pathological 
complete response (PCR) in the tumour following neoadjuvant 
chemotherapy (NAC): differential restoration of blood profiles by 
NAC and surgery. J Transl Med 13:180. https:// doi. org/ 10. 1186/ 
s12967- 015- 0535-8

 46. Barroso-Sousa R, Barry WT, Guo H, Dillon D, Tan YB, Fuhr-
man K, Osmani W, Getz A, Baltay M, Dang C, Yardley D, Moy 
B, Marcom PK, Mittendorf EA, Krop IE, Winer EP, Tolaney 
SM (2019) The immune profile of small HER2-positive breast 
cancers: a secondary analysis from the APT trial. Ann Oncol 
30(4):575–581. https:// doi. org/ 10. 1093/ annonc/ mdz047

 47. Li R, Sant S, Brown E, Caramia F, Byrne A, Clarke K, Neeson 
M, J. NP, Darcy PK, Peterson S, Loi S (2020) PS10-04. Tucatinib 
favourably modulates the immune microenvironment and syner-
gises with anti-PD1 therapy in a trastuzumab resistant HER2+ 
murine model [abstract] 2020 San Antonio Breast Cancer Sym-
posium. https:// www. abstr actso nline. com/ pp8/# !/ 9223/ prese ntati 
on/ 1337

 48. Loi S, Giobbie-Hurder A, Gombos A, Bachelot T, Hui R, Curigli-
ano G, Campone M, Biganzoli L, Bonnefoi H, Jerusalem G, Bar-
tsch R, Rabaglio-Poretti M, Kammler R, Maibach R, Smyth MJ, 
Di Leo A, Colleoni M, Viale G, Regan MM, Andre F, Interna-
tional Breast Cancer Study G, the Breast International G (2019) 
Pembrolizumab plus trastuzumab in trastuzumab-resistant, 
advanced, HER2-positive breast cancer (PANACEA): a single-
arm, multicentre, phase 1b–2 trial. Lancet Oncol 20(3):371–382. 
https:// doi. org/ 10. 1016/ S1470- 2045(18) 30812-X

 49. Chia S, Bedard PL, Hilton J, Amir E, Gelmon K, Goodwin R, 
Villa D, Cabanero M, Tu D, Tsao M, Seymour L (2019) A phase 
Ib trial of durvalumab in combination with trastuzumab in HER2-
positive metastatic breast cancer (CCTG IND.229). Oncolo-
gist 24(11):1439–1445. https:// doi. org/ 10. 1634/ theon colog ist. 
2019- 0321

 50. Emens LA, Esteva FJ, Beresford M, Saura C, De Laurentiis M, 
Kim SB, Im SA, Wang Y, Salgado R, Mani A, Shah J, Lamber-
tini C, Liu H, de Haas SL, Patre M, Loi S (2020) Trastuzumab 
emtansine plus atezolizumab versus trastuzumab emtansine plus 
placebo in previously treated, HER2-positive advanced breast can-
cer (KATE2): a phase 2, multicentre, randomised, double-blind 
trial. Lancet Oncol 21(10):1283–1295. https:// doi. org/ 10. 1016/ 
S1470- 2045(20) 30465-4

 51. Huober J, Barrios CH, Niikura N, Jarzab M, Chang Y-C, Huggins-
Puhalla SL, Graupner V, Eiger D, Henschel V, Gochitashvili N, 
Lambertini C, Restuccia E, Zhang H (2021) VP6-2021: IMpas-
sion050: a phase III study of neoadjuvant atezolizumab + pertu-
zumab +trastuzumab + chemotherapy (neoadj A + PH + CT) in 
high-risk, HER2-positive early breast cancer (EBC). In: ESMO 
congress, virtual. https:// doi. org/ 10. 1016/j. annonc. 2021. 05. 800

 52. Kuemmel S, Gluz O, Reinisch M et al (2022) KEYRICHED-1—a 
prospective, multicenter, open label, neoadjuvant phase II single 

arm study with pembrolizumab in combination with dual anti-
HER2 blockade with trastuzumab and pertuzumab in early breast 
cancer patients with molecular HER2-enriched intrinsic sub-
type. Presented at: 2021 SABCS; December 7–10, 2021. Poster 
P2-13-03

 53. Hamilton E, Shapiro CL, Petrylak D, Boni V, Martin M, Del 
Conte G, Cortes J, Agarwal L, Arkenau HT, Tan AR, Debruyne 
P, Minchom A, Rutten A, Valdes-Albini F, Yu EY, Augustine 
B, D'Amelio J, Barrios D, Hurvitz SA (2020) Trastuzumab der-
uxtecan (T-DXd; DS-8201) with nivolumab in patients with 
HER2-expressing, advanced breast cancer: a 2-part, phase 1b, 
multicenter, open-label study [abstract]. Presented at the 2020 
San Antonio breast cancer symposium. https:// www. abstr actso 
nline. com/ pp8/# !/ 9223/ prese ntati on/ 798

 54. Rugo HS, Im SA, Cardoso F, Cortes J, Curigliano G, Musolino 
A, Pegram MD, Wright GS, Saura C, Escriva-de-Romani S, De 
Laurentiis M, Levy C, Brown-Glaberman U, Ferrero JM, de Boer 
M, Kim SB, Petrakova K, Yardley DA, Freedman O, Jakobsen EH, 
Kaufman B, Yerushalmi R, Fasching PA, Nordstrom JL, Bonvini 
E, Koenig S, Edlich S, Hong S, Rock EP, Gradishar WJ, Group 
SS (2021) Efficacy of margetuximab vs trastuzumab in patients 
with pretreated ERBB2-positive advanced breast cancer: a phase 
3 randomized clinical trial. JAMA Oncol. https:// doi. org/ 10. 1001/ 
jamao ncol. 2020. 7932

 55. Rugo HS, Im SA, Cardoso F, Cortes J, Curigliano G, Musolino A, 
Pegram MD, Bachelot T, Wright G, Saura C, Escrivá-de-Romaní S, 
De Laurentiis M, Schwartz GN, Pluard T, Ricci F, Gwin W III, Levy 
C, Brown-Glaberman U, Ferrero J-M, de Boer M, Kim S-B, Petráková 
K, Yardley DA, Freedman O, Jakobsen EH, Gal-Yam EN, Yerushalmi 
R, Fasching PA, Ashley E, Hong S, Rosales M and Gradishar WJ 
(2021 PD8–-01. Phase 3 SOPHIA study of margetuximab (M) + 
chemotherapy (CTX) vs trastuzumab (T) + CTX in patients (pts) 
with HER2+ metastatic breast cancer (MBC) after prior anti-HER2 
therapies: final overall survival (OS) analysis. In: San Antonio breast 
cancer symposium, San Antonio, TX

 56. Meric-Bernstam F, Beeram M, Ignacio Mayordomo J, Hanna DL, 
Ajani J, Blum Murphy MA, Murthy RK, Piha-Paul SA, Bauer TM, 
Bendell J, El-Khoueiry AB, Lenz HJ, Press MF, Royer N, Hausman 
DF, Hamilton EP (2018) Single agent activity of ZW25, a HER2-tar-
geted bispecific antibody, in heavily pretreated HER2-expressing can-
cers [abstract]. J Clin Oncol 36(suppl; abstr 2500):abstr 2500

 57. Bedard PL, Im SA, Elimova e, Rha SY, Goodwin R, Ferrario C, Lee 
K-W, Hanna D, Meric-Bernstam F, Mayordomo J, Beeram M, Ham-
ilton E, Chaves J, Cobleigh M, Mwatha T, Woolery J, Oh DY (2021) 
P2-13-07. Zanidatamab (ZW25), a HER2-targeted bispecific antibody, 
in combination with chemotherapy (chemo) for HER2-positive breast 
cancer (BC): results from a phase 1 study. In: San Antonio breast 
cancer symposium, San Antonio, TX

 58. Wermke M, Alt J, Kauh JS, Back J, Salhi Y, Reddy V, Bayever E, 
Ochsenreither S (2018) Preliminary biomarker and pharmacodynamic 
data from a phase I study of single-agent bispecific antibody T-cell 
engager GBR 1302 in subjects with HER2-positive cancers [abstract]. 
J Clin Oncol 36(5 (suppl)):69

 59. Hinner MJ, Bel Aiba R, Wiedenmann A, Schlosser C, Allersdorfer 
A, Matschiner G, Rothe C, Moebius U, Kohrt HE, Olwill SA (2015) 
Costimulatory T cell engagement via a novel bispecific anti-CD137 /
anti-HER2 protein [abstract]. J Immunother Cancer 3(Suppl 2):P187

 60. Pallerla S, Abdul A, Comeau J, Jois S (2021) Cancer vaccines, treat-
ment of the future: with emphasis on HER2-positive breast cancer. Int 
J Mol Sci. https:// doi. org/ 10. 3390/ ijms2 20207 79

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s12967-018-1460-4
https://doi.org/10.1186/s12967-018-1460-4
https://doi.org/10.1038/s41598-019-47375-2
https://doi.org/10.1111/his.12607
https://doi.org/10.1186/s12967-015-0535-8
https://doi.org/10.1186/s12967-015-0535-8
https://doi.org/10.1093/annonc/mdz047
https://www.abstractsonline.com/pp8/#!/9223/presentation/1337
https://www.abstractsonline.com/pp8/#!/9223/presentation/1337
https://doi.org/10.1016/S1470-2045(18)30812-X
https://doi.org/10.1634/theoncologist.2019-0321
https://doi.org/10.1634/theoncologist.2019-0321
https://doi.org/10.1016/S1470-2045(20)30465-4
https://doi.org/10.1016/S1470-2045(20)30465-4
https://doi.org/10.1016/j.annonc.2021.05.800
https://www.abstractsonline.com/pp8/#!/9223/presentation/798
https://www.abstractsonline.com/pp8/#!/9223/presentation/798
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.1001/jamaoncol.2020.7932
https://doi.org/10.3390/ijms22020779

	Clinical trial data and emerging strategies: HER2-positive breast cancer
	Abstract
	Introduction
	Immune system in HER2-positive breast cancer
	Prognostic and predictive role of tumor-infiltrating lymphocytes (TILs)
	Prognostic and predictive role of TIL subsets and other immune cells
	Clinical relevance of host immunity in small HER2-positive breast cancer

	Clinical data on enhancing the immune system in HER2-positive breast cancer
	Combination of immune checkpoint inhibitors and HER2-targeted agents
	Immune-optimized anti-HER2 antibodies (margetuximab)
	Bispecific antibodies

	Emerging strategies
	Conclusion
	Acknowledgements 
	References




