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Abstract
Currently there is a limited understanding for the optimal combination of immune checkpoint inhibitor and chemotherapy for 
patients with metastatic triple-negative breast cancer (mTNBC). Here we evaluate the safety, efficacy, and immunogenicity of 
a phase I trial for patients with mTNBC treated with pembrolizumab plus doxorubicin. Patients without prior anthracycline 
use and 0–2 lines of prior systemic chemotherapies received pembrolizumab and doxorubicin every 3 weeks for 6 cycles 
followed by pembrolizumab maintenance until disease progression or intolerance. The primary objectives were safety and 
objective response rate per RECIST 1.1. Best responses included one complete response (CR), five partial responses (PR), 
two stable disease (SD), and one progression of disease (PD). Overall response rate was 67% (95% CI 13.7%, 78.8%) and 
clinical benefit rate at 6 months was 56% (95% CI 21.2%, 86.3%). Median PFS was 5.2 months (95% CI 4.7, NA); median OS 
was 15.6 months (95% CI 13.3, NA). Grade 3–4 AEs per CTCAE 4.0 were neutropenia n = 4/10 (40%), leukopenia n = 2/10 
(20%), lymphopenia n = 2/10 (20%), fatigue n = 2/10 (20%), and oral mucositis n = 1/10 (10%). Immune correlates showed 
increased frequencies of circulating CD3 + T cells (p = 0.03) from pre-treatment to cycle 2 day 1 (C2D1). An expansion of 
a proliferative exhausted-like PD-1 + CD8 + T cell population was identified in 8/9 patients, and exhausted CD8 + T cells 
were significantly expanded from pre-treatment to C2D1 in the patient with CR (p = 0.01). In summary, anthracycline-naïve 
patients with mTNBC treated with the combination of pembrolizumab and doxorubicin showed an encouraging response 
rate and robust T cell response dynamics.
Trial registration: NCT02648477.
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H&E  Hematoxylin and eosin
ICI  Immune checkpoint inhibitor
IHC  Immunohistochemistry
irAEs  Immune-related adverse events
IRB  Institutional review board
ITT  Intention to treat
mTNBC  Metastatic triple-negative breast cancer
ORR  Objective response rate
OS  Overall survival
PD-L1 +   PD-L1–positive
PFS  Progression-free survival
PR  Progression receptor
PR  Partial response
RP2D  Recommended phase II dose
SD  Stable disease
sTIL  Stromal TIL
TNBC  Triple-negative breast cancer

Introduction

Triple-negative breast cancer (TNBC) accounts for 10–15% 
of all breast cancers and is characterized by lack of estro-
gen receptor (ER), progression receptor (PR), and human 
epidermal growth factor receptor 2 (HER2) overexpres-
sion. TNBC is molecularly heterogeneous, and metastatic 
TNBC (mTNBC) carries poor prognosis due to the overall 
lack of effective targeted therapy [1]. Recent US Food and 
Drug Administration (FDA) approvals in TNBC, namely 
PARP inhibitors for BRCA germline-mutated tumors [2, 3], 
immune checkpoint inhibitors (ICIs) for programmed death-
ligand 1 (PD-L1) positive TNBC [4], and antibody drug 
conjugate targeting the Trop-2 receptor [5] have changed 
the landscape of mTNBC treatment and improved patient 
survival [6]. The combination of ICIs including atezoli-
zumab and pembrolizumab with chemotherapies such as 
paclitaxel, nab-paclitaxel or gemcitabine/carboplatin have 
shown promise in the first-line setting for mTNBC [7, 8]. 
However, limited data are available for second-line or later 
ICI combinations and for combinations with other chemo-
therapy agents. There is an unmet need to further test the 
combination of chemotherapy and ICI combinations in both 
first and later line settings for breast cancer (BC) patients.

Pembrolizumab, a monoclonal anti-PD-1 antibody, is 
approved for the treatment of multiple solid tumors [9]. In 
the KEYNOTE-355 trial of first-line patients with PD-L1 
positive (PD-L1 +) TNBC defined by a combined positive 
score (CPS) ≥ 10 using 22C3 antibody, pembrolizumab 
plus chemotherapy had improved PFS compared with 
chemotherapy alone (9.7 vs. 5.6 months; HR 0.65, 95% 
confidence interval (CI): 0.49–0.86) [8], which led to FDA 
approval in 2021. The synergetic effects were observed 
regardless of the chemotherapy backbone that was used: 

paclitaxel, nab-paclitaxel, or gemcitabine/carboplatin. 
Other chemotherapy agents, such as eribulin in combina-
tion with pembrolizumab, were tested in a phase I/II trial 
(ENHANCE1) which showed encouraging antitumor activ-
ity in PD-L1 + mTNBC, with overall response rate (ORR) 
of 34.5% in first-line patients and 24% in second-line or 
later patients, respectively [10]. Anthracycline is one of the 
main chemotherapy agents that has been used primarily in 
the neoadjuvant/adjuvant settings for early stage TNBC, 
and there have been limited studies on its immune modula-
tory effects. Studies potentially pointing to lesser need of 
anthracyclines in the adjuvant/neoadjuvant setting have been 
performed; hence, a larger proportion of BC patients who 
are anthracycline-naïve may benefit from receiving anthra-
cycline-based therapies in the metastatic setting [11, 12].

Multiple preclinical studies have demonstrated an 
immune potentiating effect of anthracycline [13]. In a colon 
cancer mouse model, doxorubicin induced immunogenic cell 
death (ICD) and elicited a dendritic cell-mediated tumor-
specific  CD8+ T cell response [14]. In addition, in a breast 
cancer mouse model, doxorubicin selectively depleted 
myeloid-derived suppressor cells (MDSC) from the tumor 
microenvironment (TME) [15]. Mattarollo et al. have shown 
the effect of doxorubicin treatment is dependent on CD8 + T 
cells and gamma interferon, and doxorubicin treatment 
enhances tumor antigen-specific proliferation of CD8 + T 
cells in tumor-draining lymph nodes and promotes tumor 
infiltration of activated IFN-γ-producing cells [16].

We hypothesized that the combination of pembrolizumab 
and doxorubicin is synergistic in facilitating both cellular 
immune response and chemotherapy effects in treatment of 
mTNBC. The current trial, although small, was designed 
to test the safety and efficacy of the combination of pem-
brolizumab and doxorubicin in anthracycline-naïve patients 
with mTNBC. In addition to the safety and efficacy data, we 
also report tumor immune biomarkers and peripheral blood 
immune subset composition including dynamic changes over 
time that should be validated in larger studies.

Methods

Study design and patient population

This open-label single institutional phase I trial for patients 
with metastatic TNBC was conducted between March 2016 
and November 2019 with institutional review board (IRB) 
approval in accordance with the World Medical Associa-
tion Declaration of Helsinki, International Conference on 
Harmonization Good Clinical Practice guidelines, and the 
US code of federal regulations. Informed voluntary consent 
forms were signed by all patients prior to study entry. This 
study is registered at the ClinicalTrials.gov under number 
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NCT02648477. Main eligibility criteria included patients 
who were 18 years or older with mTNBC defined by ASCO/
CAP guideline, no prior anthracycline exposure, measur-
able disease based on RECIST 1.1, and ≤ 2 prior systemic 
anticancer therapies in the metastatic setting. Additional 
inclusion criteria were an Eastern Cooperative Oncol-
ogy Group (ECOG) performance status 0–1; life expec-
tancy ≥ 3 months; and adequate bone marrow, renal, and 
hepatic function. Main exclusion criteria included prior 
anthracycline therapy; prior pembrolizumab therapy; or 
prior diagnosis of immunodeficiency, use of systemic ster-
oid, or any other form of immunosuppressive therapy within 
7 days prior to the first dose of trial treatment.

Study procedure

Eligible patients received pembrolizumab 200 mg IV with 
doxorubicin 50–60 mg/m2 on day 1 of each 3 weeks cycle. 
Doxorubicin was started at 50 mg/m2 and then escalated to 
60 mg/m2 based on acceptable toxicity during safety lead 
in for a total of 6 cycles. After 6 cycles of doxorubicin and 
pembrolizumab, patients were continued on pembrolizumab 
maintenance for up to 24 cycles. Response assessments by 
CT scans were performed at baseline and then every 9 weeks 
for RECIST 1.1 reading. Patients with complete response 
(CR) or partial response (PR) were expected to be confirmed 
by a second examination performed ≥ 4 weeks after the first 
observation of response. Best overall response of stable dis-
ease (SD) required ≥ 1 post-treatment assessment that met 
the SD criteria > 8 weeks after the start of treatment.

Clinical response statistics

The primary objective of the study was to evaluate ORR of 
pembrolizumab plus doxorubicin. The secondary objective 
was to assess clinical benefit rate (CBR) (no progression 
for > 24 weeks), progression-free survival (PFS), and over-
all survival (OS). Additional secondary endpoints were to 
assess the safety and tolerability of anthracycline plus pem-
brolizumab regimen. Responses were assessed by RECIST 
1.1, and safety analysis was carried out based on toxicities 
assessed by CTCAE 4.0.

A safety lead-in employing a 3-at-risk rolling design was 
used [17]. For each treatment, only 3 patients were permitted 
to be at risk for first cycle toxicities at any one time during 
the safety-lead-in. Patients needed to be doxorubicin naïve. 
As a result of this patient selection, we set a discouraging 
response rate at 15% and an encouraging rate at 34%. The 
null hypothesis was H0: ORR ≤ 15%, and the alternative was 
H1: ORR ≥ 34%. Simon’s MinMax two-stage design with a 
type I error of 10% and a power of 90% was followed. In the 
case of early stopping, evaluation of patient subsets (e.g., 
immune phenotype), in consultation with the PI, statistician, 

sponsor and DSMB, allowed the study to continue for spe-
cific subsets following an amendment if it was deemed to 
be inadequately evaluated and there appeared to be suffi-
cient promise for that subset. If early stopping did not occur, 
accrual would continue to a total of 36 patients. With 36 
patients, 9 patients with an ORR (25%) were required to 
deem this combination worthy of further evaluation. This 
maintained the type I error at 10% to reject the null hypoth-
esis and the power at 90% to declare a positive finding if the 
alternative hypothesis holds. Clinical outcomes including 
PFS and OS were calculated by the Kaplan–Meier method, 
and median follow-up was calculated among alive patients. 
The Clopper–Pearson method was used to calculate 95% CIs 
for ORR and CBR.

Tumor immune biomarkers

Tumor biopsies were formalin-fixed paraffin-embedded 
(FFPE). Percentage of stromal TILs (sTILs) in tumor was 
evaluated using hematoxylin and eosin (H&E) diagnostic 
sections per International Immuno-Oncology Biomarker 
Working Group on Breast Cancer Guidelines [18]. PD-L1 
was determined by QualTek Molecular Laboratory (Goleta, 
CA) using immunohistochemistry (IHC) with 22C3 anti-
body (Merck & Co, Kenilworth, NJ). PD-L1 was positive 
if membrane staining was present in at least 1% of cells, or 
there was a band of PD-L1-positive mononuclear cells at 
the interface between tumor cells and adjacent stroma. Both 
tumor and mononuclear cells located adjacent to tumor cells 
were scored [19, 20].

Peripheral blood immune correlatives

Peripheral blood was collected at baseline (pre-treatment), 
C2D1, and post-cycle 3 (C4D1 or C6D1) for flow cytom-
etry analysis. Peripheral blood was obtained using heparin 
collection tubes, and peripheral blood mononuclear cells 
(PBMCs) were isolated within 6 h using Ficoll-Paque Sepa-
ration according to manufacturer’s instructions (GE Health-
care). PBMCs were cryopreserved in 10% DMSO, 90% FBS 
and thawed rapidly for flow cytometry analysis. Single-cell 
suspensions were prepared on ice in 2% FBS in PBS. Anti-
body cocktails were diluted in Brilliant Violet Buffer (BD 
Biosciences). Samples were acquired using a Cytek Aurora 
spectral cytometer with user settings established by Spectro-
flo QC beads. Unmixing and compensation were performed 
in Spectroflo software using a mix of reference controls from 
either single stained PBMCs or single stained OneComp 
compensation beads (eBioscience). Samples were stained 
with fluorescently tagged antibodies (Supplemental Table 4). 
Antibodies were titrated for optimal signal-to-noise ratio 
prior to use. Flow cytometry analysis was performed using 
Flowjo vX, and the CATALYST R package was used for 
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FlowSOM analysis and UMAP projections [21]. All samples 
were gated on live, single cells.

Correlative studies statistics

Graphs and statistics were performed using GraphPad Prism 
8.4.3. Statistics were generated using unpaired two-tailed 
Student T tests or multiple comparisons T tests with Dun-
net’s or Holm-Sidak corrections as described. Calculated p 
values are displayed as *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001. For all graphs, the mean is represented by 
a line.

Results

Patients

Between March 2016 and November 2019, a total of 10 
patients were enrolled and treated with doxorubicin and 
pembrolizumab. The trial was stopped early due to poor 
accrual because of difficulty in identifying patients who 
were anthracycline-naive. All 10 patients were included in 
the safety evaluation. One patient with chronic respiratory 
disease developed respiratory failure which led to death and 
was not evaluable for efficacy. Baseline patient characteris-
tics are listed in Table 1. Median age was 62 years (n = 10; 
41–87 years); n = 7/10 (70%) were white, n = 2/10 (20%) 
Asian and n = 1/10 (10%) African American. Median line 
of therapies was 1 (range 0–2). Visceral and bone metas-
tasis were n = 3/10 (30%) lung/liver/bone, n = 1/10 (10%) 
lung only, n = 1/10 (10%) liver only, and n = 2/10 (20%) bone 
only.

Treatment

The first 3 patients received doxorubicin at 50 mg/m2 with-
out dose-limiting toxicities (DLT), and dose was escalated 
to 60 mg/m2 for the remaining 7 patients of this study. The 
recommended phase II dose (RP2D) dose for doxorubicin 
was 60 mg/m2. A total of n = 8/10 (80%) patients completed 
6 cycles of doxorubicin.;n = 2/10 (20%) patients had dose 
delay (1 due to grade 3 neutropenia and 1 due to flu-like 
symptoms); n = 2/10 (20%) patients on the 60 mg/m2 dose 
had dose reduction to 50 mg/m2, one for grade 3 fatigue and 
one for grade 3 oral mucositis.

Response and survival

Of 10 patients treated, one patient (age 87) developed neu-
tropenia, sepsis, and death after  1st dose of therapy, and was 
not eligible for response assessment. Of 9 evaluable patients, 
best responses were 1/9 CR (11%), 3/9 PR (33%), 2/9 UPR 

(22%), 2/9 SD (22%) and 1/9 PD (11%), with a best ORR 
(CR + PR + UPR) of 6/9 (67%) (95% CI 13.7%, 78.8%). 
CBR at 6 months was 5/9 (56%) (95% CI 21.2%, 86.3%) 
(Fig. 1A). The spider plot shows relative changes in tumor 
size from baseline over time (Fig. 1B). Of the 6/9 respond-
ers: one CR patient had a time to first documented response 

Table 1  Baseline patient characteristics (N = 10)

Characteristic

Age (median, range) 62 (41–87)
Race
 White 7 (70%)
 Asian 2 (20%)
 African American 1 (10%)

ECOG Performance status
 0 2 (20%)
 1 8 (80%)

Initial tumor stage
 Stage I 2 (20%)
 Stage II 3 (30%)
 Stage III 3 (30%)
 Stage IV 2 (20%)

Histology grade at diagnosis
 Grade II 2 (10%)
 Grade III 6 (70%)
 Unknown 2 (20%)

Prior surgery
 Mastectomy 7 (70%)
 Lumpectomy 2 (20%)
 No surgery 1 (10%)
 Prior radiation 3 (30%)
 No prior radiation 7 (70%)

Lines of chemotherapy for metastatic disease
 0
 3 3 (30%)
 1 2 (20%)
 2 2 (20%)
 2 + 3 (30%)

Visceral and bone metastasis
 Lung/liver/bone 3 (30%)
 Lung only 1 (10%)
 Liver only 1 (10%)
 Bone only 2 (20%)

Prior chemotherapy (Neo) adjuvant: 4 (40%)
 docetaxel + cyclophosphamide Metastatic:
 Carboplatin + paclitaxel 2 (20%)
 Capecitabine 4 (40%)
 Gemcitabine 1(10%)
 Navelbine 1(10%)
 Nab-paclitaxel 2 (20%)
 Eribulin 1 (10%)
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of 56 days, and a duration of response of 388 days (for a 
total PFS time of 444 days); three PR patients had time to 
response of first re-staging scan of 46, 47 and 47 days, with a 
duration of response of 101, 112 and 127 days; and two UPR 
patients had a time to response of 123 and 194 days, with 
a duration of response of 23 and 49 days. Median follow-
up time was 34.6 months (range 14.5–45.4 months). The 
median progression-free survival was 5.2 months (95% CI 
4.7, NA) (Fig. 1C). The median OS was 15.6 months (95% 
CI 13.3, NA) (Fig. 1D).

Exceptional responder

Patient was initially diagnosed with ER/PR-positive, HER2-
negative breast cancer in 2002. She was treated with sur-
gery, adjuvant cyclophosphamide methotrexate fluorouracil 
(CMF), and radiation therapy, followed by 5 years of adju-
vant tamoxifen. In 2011, patient who recurred with high-
grade TNBC received neoadjuvant docetaxel and cyclo-
phosphamide, followed by bilateral mastectomy. Surgical 
pathology demonstrated yPT2N1 residual disease. Patient 
further received adjuvant gemcitabine and cisplatin and then 

had progressive disease with adenopathy in the axilla and 
mediastinum. Patient received the following lines of therapy: 
first-line carboplatin and paclitaxel from September 2015 
to December 2016; second-line Xeloda from January 2017 
to April 2017; third-line doxorubicin; and 22 cycles pem-
brolizumab from May 2017 to July 2018. Patient had an 
exceptional response but progressed on study.

Treatment associated toxicities

Grade 3–4 adverse events (AEs) per CTCAE 4.0 were neu-
tropenia n = 4/10 (40%), leukopenia n = 2/10 (20%), lym-
phopenia n = 2/10 (20%), leukemia n = 1/10 (10%), fatigue 
n = 2/10 (20%), oral mucositis n = 1/10 (10%), and gastroe-
sophageal reflux disease n = 1/10 (10%). One patient (age 87) 
with prior pleural effusion (grade 2) and COPD received one 
dose of therapy and became neutropenic which led to sep-
sis and death. Patients experienced multiple AEs including 
grade 3–4 neutropenia, leukopenia, lymphopenia, hypona-
tremia, acidosis, alkalosis, hypotension and respiratory fail-
ure (n = 1/10; 10% each) (Table 2). One patient developed 
grade 2 hypothyroidism attributed to pembrolizumab, and 

Fig. 1  Relative Change in Tumor Size (n = 9). A Spider plot shows 
change in tumor from baseline starting at time of protocol therapy 
with pembrolizumab. One patient had an exceptional response with 
PFS 14.8 months. B Evaluable responses, CBR, and ORR are shown 

in table. One patient was not evaluable for response (sepsis led to 
early death); C Median PFS was 5.2 months (95% CI 4.7, NA); and 
D) median OS was 15.6 months (95% CI 13.3, NA)
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Table 2  Grade 2–4 adverse 
event with attributions 
in “definite”, “possible”, 
“probable” per CTCAE 4.01

Adverse event Grade 2 Grade 3 Grade  41

All adverse events (worst grade per patient) 5 4 1
Cardiovascular
 Hypotension 1 (10%)1

 Cardiomegaly 1 (10%)1

 Vascular disorders 1 (10%)
 QT prolongation 1 (10%)

Bone Marrow
 Neutropenia 1 (10%) 3 (30%) 1 (10%)1

 Leukopenia 4 (40%) 1 (10%) 1 (10%)1

 Lymphopenia 4 (40%) 1 (10%) 1 (10%)1

 Leukemia (ALL, 5 months post-progression) 1 (10%)
 Anemia 3 (30%)

T hrombocytopenia 1 (10%)
Respiratory
 Cough 2 (20%)
 Dyspnea 1 (10%)1

 Respiratory failure 1 (10%)1

 Bronchospasm 1 (10%)
General
 Hypothyroidism 1 (10%)
 Infusion-related reaction 1 (10%)
 Fatigue 3 (30%) 2 (20%)
 Anorexia 1 (10%)
 Memory impairment 1 (10%)
 Somnolence 1 (10%)
 Alopecia 1 (10%)
 Arthralgia 1 (10%)
 Localized edema 1 (10%)
 Acute kidney injury 1 (10%)

Gastrointestinal
 Nausea 2 (20%)
 Vomiting 1 (10%)
 Dyspepsia 2 (20%)
 Oral mucositis 1 (10%)
 Gastroesophageal reflux disease (GERD) 1 (10%) 1 (10%)
 Rash maculo-papular 1 (10%)

Electrolytes
 Hyponatremia 1 (10%)1

 Hypokalemia 1 (10%)
 Hypocalcemia 1 (10%)
 Hypophosphatemia 1 (10%)
 Creatinine increased 1 (10%)
 Hypoalbuminemia 1 (10%)
 Acidosis 1 (10%)1

 Alkalosis 1 (10%)1

Infection
 Bladder infection 1 (10%)
 Bronchial infection 1 (10%)
 Upper respiratory infection 1 (10%)

Pain
 Breast pain 1 (10%)
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one patient with prior chemotherapy developed second-
ary leukemia (ALL) 5 months post-progression. Grade ≥ 3 
immune related adverse events (irAEs) attributed by partici-
pating investigators were neutropenia n = 4/10 (40%), leuko-
penia n = 2/10 (20%), lymphopenia n = 2/10 (20%), fatigue 
n = 2/10 (20%), acidosis n = 1/10 (10%), alkalosis n = 1/10 
(10%), dyspnea n = 2/10 (20%), and hyponatremia n = 1/10 
(10%) (Supplemental Table 1).

Tumor immune biomarkers

PD-L1 (22C3) testing showed 4 patients who were PD-L1 
positive, 4 patients who were PD-L1 negative, and 2 patients 
who did not have PD-L1 results. Stromal TILs analysis of 
available tumor tissue was performed for 4 patients and 
showed 1 CR patient with 90% TILs (lymph node), 1 UPR 
patient with 5% TILs (axillary mass), 1 UPR patient with 
10% TILs (liver), and 1 PD patient with 3% TILs (axil-
lary mass). Five patients did not have TILs analysis due 
to exhausted tissue block. Overall, no association between 
baseline levels of TILs or PD-L1 status with response was 
observed (Supplemental Table 2). We do note that the patient 
with CR had 90% TILs in the biopsied lymph node, although 
we were unable to assess TILs in the patient’s other disease 
sites such as lung and dermal tissues. It is therefore unclear 
if the high TIL density is associated with the biopsy site of 
lymph node or with patient response. Genomic alterations 
for patients with sequencing results did not show association 
with response (Supplemental Table 3).

PMBC immune cell composition

Baseline and on-treatment characteristics of peripheral 
blood immune cell composition were analyzed in response to 
therapy. Two high parameter (> 28) spectral cytometry pan-
els were designed to identify both broad immune subsets and 
detailed T cell subsets. At baseline, we found no association 
of response and frequencies of CD3 + T cells, natural killer 
(NK) cells, natural killer T cells (NKT), γδ T cells, or B cells 
within total CD45 + leukocytes (Supplemental Fig. 1A). 
Intriguingly, the patient with PD had the highest fraction 
(11.0% PD vs. 6.3% mean CR/PR/SD) of terminally differ-
entiated NK cells (CD56dim CD16 +) among all NK cells at 
baseline (Supplemental Fig. 1B). Moreover, the patient with 
PD also demonstrated fewer naïve B cells (48.4% in PD vs. 
75.8% mean in CR/PR/SD and higher levels of plasmablasts 

(15.2% in PD vs. 1.5% mean in CR/PR/SD) among all B 
cells compared to other patients (Supplemental Fig. 1C). 
No differences in the subset composition of monocytes 
(classical, ClMono; intermediate, IntMono; non-classical, 
NcMono) or dendritic cells (conventional type 1, cDC1; con-
ventional type 2, cDC2; plasmacytoid, pDC) were observed 
(Supplemental Fig. 1D and E). We then examined how these 
major immune populations changed during treatment. From 
pre-treatment to C2D1, the fraction of CD3 + T cells among 
total CD45 + cells increased significantly (p = 0.008), with 
no other major changes in general immune subset composi-
tion (Supplemental Fig. 1F). Changes in overall conventional 
T cell frequencies returned to baseline levels post-cycle 3, 
and a significant reduction in naïve B cells (p = 0.02) was 
observed (Supplemental Fig. 1F).

T cell compositional changes over the course 
of treatment

Given the increased frequency of T cells from pre-treatment 
to C2D1, we next set to dissect features of T cell subsets 
in greater detail over the course of therapy and in context 
of tumor response. Within CD8 + and CD4 + T cell popu-
lations, we found no significant differences in frequencies 
of canonical naïve, central memory (CM), effector memory 
(EM), or effector memory CD45RA + (EMRA) populations 
at baseline (Supplemental Fig. 2). However, the patient with 
PD had the lowest frequency of naïve CD8 + T cells (5.7% 
vs. 22.6% mean in CR/PR/SD) and second lowest frequency 
of naïve CD4 + T cells (20.1% vs. 39.7% mean in CR/PR/
SD) among all patients.

Unbiased clustering was performed and identified 20 
unique clusters of T cell subsets that were then manually 
annotated based on marker expression (Fig. 2A, B). Two 
clusters (C1 and C2) lacked CD4 and CD8 expression and 
were disregarded for the remainder of the analysis. C1 and 
C2 were naïve CD8 + and CD4 + T cells, respectively, as 
determined by co-expression of CD45RA and CCR7. This 
yielded a remaining 9 CD8 + T cell clusters and 9 CD4 + T 
cell clusters. C6 and C16 were annotated as central mem-
ory/effector memory (CM/EM) CD8 + and CD4 + , respec-
tively, based on expression of CD127, CD27, CCR7, and 
reduced CD45RA expression. C6 and C16 both were com-
posed of cells with varied expression of CCR6 and CCR4, 
reflecting varied polarization states, and cells expressing 
CD161, reflecting a quiescent resting memory phenotype. 

Table 2  (continued) Adverse event Grade 2 Grade 3 Grade  41

 Back pain 1 (10%)
 Musculoskeletal and connective tissue disorder 1 (10%)
 Neck pain 1 (10%)
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C10 appeared to be a CD8 + effector T cell population 
expressing both KLRG1 and CD57. C13 and C14 were 
KLRG1 + effector CD4 + T cells without and with CD57 co-
expression, respectively. A number of EMRA CD8 + T cell 
subsets were observed as clusters C5, C7, C8, C9, and C17 
reflecting varied states of senescence (CD57) and activa-
tion (CD38). EMRA CD4 + T cells were less heterogenous, 
CD57 + KLRG1 + , and entirely found in c18. Circulating 
follicular helper T cells (Tfh) were identified in C12, as 
marked by robust expression of CCR7, CXCR5, and ICOS. 
C15 and C20 were both defined as circulating regulatory T 
cells (Tregs), based on high expression of CD25 and low 
expression of CD127. We further defined C20 as activated 
Tregs based on increased expression of CTLA-4, ICOS, and 
CD38. Finally, we identified both CD8 + and CD4 + prolifer-
ating T cells in clusters C2 and C19, respectively, as defined 
by Ki-67 expression.

Baseline frequencies of T cell subsets were heterogeneous 
across different response groups (Fig. 2C, D). The patient 
with PD had low levels of both CD8 + (C3; p = 0.04 PD 
vs. SD) and CD4 + (C4; p = 0.09 PD vs. PR) naïve T cells 
and had the highest frequency of TfH (C12; 8.47% PD vs. 
2.6% mean in CR/PR/SD). While no significant differences 
in the frequencies of Tregs (C15) or activated Tregs (C20) 
among total CD4 + T cells were observed, we did find that 
the percentage of activated Tregs within total Tregs was sig-
nificantly higher in patients with SD (p = 0.01 SD vs. PR) 
(Fig. 2E). The fold change in the percentage of activated 
Tregs increased modestly in 5/8 patients from baseline to 
C2D1 (Fig. 2F) and returned to similar frequencies as base-
line by post Cycle 3 (Fig. 2G). No significant differences 
in the change of Treg activation status over therapy were 
observed between patient response subgroups.

We next asked how T cell composition was altered over 
the course of therapy. Interpatient variability in frequency 
changes was high across all T cell subsets, with no signifi-
cant differences between pre-treatment frequencies and fre-
quencies at C2D1 or Post Cycle 3 (Supplemental Fig. 3A 
and B). Similarly, fold changes in T cell populations were 
heterogenous across patient response status (Supplemen-
tal Fig.  3C and 3D). Surprisingly, the cell populations 
that showed the greatest change over the course of therapy 

were an increase in naïve CD8 + and naïve CD4 + T cells 
from pre-treatment to C2D1 (p = 0.15 and p = 0.2). This 
increase was most dramatic in the patient with PD, with a 
fivefold increase in naïve CD8s and a twofold increase in 
naïve CD4s. Of interest, we also observed the PD patient 
to have a dramatic reduction from pre-treatment to C2D1 in 
CD8 + CD38 + EMRA T cells (C5, C8, C17), proliferating 
CD8 + and CD4 + T cells (C2 and C19), CD4 + effector cells 
(C13), and Tfh (C12). Overall, changes in T cell composi-
tion over the course of therapy were more modest for the 
patients with SD and PR, although we note both patients 
with SD demonstrated an increase in CD4 + proliferating T 
cells (C19, mean = 2.5-fold change) from pre-treatment to 
C2D1. In contrast to the patient with PD, the patient with 
CR demonstrated unique changes in T cell composition 
from pre-treatment to C2D1. These included an increase 
in CD8 + CD57 + CD38 + EMRA T cells (C17, 1.5-fold 
change) and most notably an increase in CD8 + proliferat-
ing T cells (C2, 1.7-fold change) (Supplemental Fig. 3C).

Expansion of a proliferative, exhausted CD8 + T cell 
population over the course of treatment

Among all patients, the increase in CD8 + proliferating T 
cells was greatest in the patient with CR (1.7-fold change vs. 
mean 0.8 in PD/SD/PR), which led us to further investigate 
this T cell subset. From pre-treatment to C2D1, CD8 + pro-
liferating T cells increased from 5.2 to 9.2% in the patient 
with CR but reduced from 3.3 to 1.1% in the patient with PD 
(Fig. 3A). PD-1 expression was non-uniform among prolif-
erating Ki-67 + T cells, yielding two sub-populations of pro-
liferating CD8 + T cells (c2): PD-1hi Prolif and PD-1lo Prolif. 
We also observed that PD-1hi Prolif increased expression of 
both PD-1 and CD39 from pre-treatment to C2D1 (Fig. 3B), 
yielding a PD-1hi CD39 + phenotype associated with T cell 
exhaustion and tumor specificity [22, 23].

We next assessed dynamics of PD-1hi Prolif and PD-1lo 
Prolif CD8 + T cells over the course of therapy. At baseline, 
no significant differences were seen between patients in the 
frequencies of either population, although the patient with 
PD had the lowest frequency of PD-1hi Prolif cells and one 
of the lowest frequencies of PD-1lo Prolif cells (Supplemen-
tal Fig. 4A). From pre-treatment to C2D1, the PD-1lo Prolif 
population decreased in n = 6/9 (67%) patients but demon-
strated an increase of 1.2% in the patient with CR (Fig. 3C). 
In contrast, the PD-1hi Prolif cell population increased in 
8/9 patients from pre-treatment to C2D1 (Fig. 3F). This 
increase ranged from a modest expansion of 0.1% in the 
patient with PD to a significantly greater increase of 2.7% 
in the patient with CR (p = 0.01). We note that the increase 
in PD-1hi Prolif cells in the patient with CR was an impres-
sive 4.3-fold change, which was the highest fold change 
among all patients (mean 2.0 in PR/SD/PD) (Supplemental 

Fig. 2  T cell subset in association with response to doxorubicin and 
pembrolizumab. Circulating T cells were assessed by flow cytometry 
for complex phenotyping. Dimensionality reduction by the FlowSOM 
algorithm was performed to identify T cell metaclusters in an unbi-
ased manner. A A heatmap of identified clusters displays expres-
sion of various surface proteins used for each identified cell cluster. 
B Representative UMAP projections of the PD and CR patients. C 
Percentages of identified T cell clusters as a fraction of total CD8 + T 
cells or D total CD4 + T cells are shown. E Baseline percentages of 
activated (CTLA-4 +) regulatory T cells among total regulatory T 
cells; F fold change of activated Treg percentage from pre-treatment 
to C2D1; G post-cycle 3. *, p < 0.05

◂
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Fig. 3  Dynamics of a proliferating CD8 + T cell population in 
patients treated with doxorubicin and pembrolizumab. Ki-67 + pro-
liferating T cells were identified as shown in representative dot plots 
from pre-treatment and C2D1 (A). Frequencies indicate percent-
ages among non-naïve CD8 + T cells. We further identified PD-1hi 
(red box) and PD-1lo (blue box) populations among proliferating 
Ki-67 + CD8 + T cells. Representative dot plots of PD-1 and CD39 
expression are shown with frequencies indicating the percentage of 

PD-1hi CD39 + T cells among non-naïve CD8 + T cells (B). Percent-
age changes from pre-treatment to C2D1 (C, F) and pre-treatment to 
post Cycle 3 (D, G) are shown for PD-1lo Prolif (C, F) and PD-1hi 
Prolif (D, G) populations. Fold change of PD-1lo Prolif (E) and PD-
1.hi Prolif (H) populations with lines connecting matched patient fold 
changes from pre-treatment to C2D1 (purple dots) and pre-treatment 
to post Cycle 3 (green dots). **p < 0.01
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Fig. 4B). In 7/9 patients the frequency of PD-1lo Prolif cells 
remained decreased compared to baseline by post Cycle 3 
(Fig. 3D), with no significant differences observed in fold 
changes of this population from pre-treatment to C2D1 and 
post Cycle 3 (Fig. 3E). Notably, frequencies of PD-1hi Prolif 
cells contracted significantly from C2D1 to post Cycle 3 

(p = 0.005), with a return to near baseline frequencies in the 
majority of patients (Fig. 3G, H, Supplemental Fig. 4C). In 
the context of all identified T cell subsets, PD-1hi Prolif cells 
demonstrated the greatest increase in fold change from pre-
treatment to C2D1 (Supplemental Fig. 4D). In contrast, PD-
1lo Prolif CD8 + T cells demonstrated the greatest decrease 

Fig. 4  Phenotype changes of PD-1 high proliferating T cells over 
the course of treatment with doxorubicin and pembrolizumab for 
one patient with CR. CD127 expression and CD38 expression was 
compared between Ki-67- (gray), PD-1lo Prolif (blue) and PD-1hi 
Prolif (red) T cells at pre-treatment (A). PD-1lo Prolif T cells at pre-

treatment (orange) were also compared to PD-1.hi Prolif T cells at 
C2D1 (purple) for expression of CD127, CD39, KLRG1, and CD38. 
Bar graphs depicting percent of CD8 + T cell subsets are shown for 
CD127 (C), KLRG1 (D), CD38 (E), CD39 (F), and CTLA-4 (G). 
*p < 0.05; ***p < 0.001
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in fold change from pre-treatment to C3D1 (Supplemental 
Fig. 4E).

Since the generation of a PD-1hi CD39 + phenotype 
was a clear outcome of combined doxorubicin and pem-
brolizumab treatment, we next set to further evaluate 
characteristics of this T cell phenotype. Co-expression of 
high levels of PD-1 and CD39 has been described by us 
and others to mark CD8 + T cells with an exhausted T cell 
phenotype [24, 25]. As compared to Ki-67- CD8 + T cells, 
we observed pre-treatment PD-1lo Prolif and PD-1hi Prolif 
to express reduced levels of CD127 and increased levels 
of CD38 (Fig. 4A). This suggested that prior to exposure 
to pembrolizumab both Ki-67 + CD8 + T cell populations 
were already in a highly differentiated and activated state. 
From pre-treatment to C2D1, PD-1hi Prolif cells maintained 
low levels of CD127, but also lost expression of KLRG1 
(Fig. 4B–D), resulting in a CD127- KLRG1- phenotype 
associated with terminal differentiation. PD-1hi Prolif cells 
also maintained high levels of CD38 and gained expression 
of CD39 (Fig. 4B–F). Finally, we observed increased expres-
sion of CTLA-4 on PD-1hi Prolif cells over the course of 
treatment (Fig. 4G), which also has been described to be 
upregulated on CD8 + exhausted T cells.

Discussion

Although limited by small sample size, the results of the 
current trial provide evidence that doxorubicin can be safely 
combined with pembrolizumab with n = 6/9 (67%) ORR in 
patients with mTNBC who were not pre-selected for PD-L1. 
Immune toxicities were consistent with known pembroli-
zumab toxicity as listed in package insert. The most sig-
nificant grade ≥ 3 irAE was neutropenia which occurred in 
n = 4/10 (40%) of patients. The KEYNOTE-355 trial already 
established pembrolizumab plus chemotherapy for stand-
ard management of first-line patients with PD-L1 + TNBC 
(≥ 10% 22C3 Ventana) [8]. The data presented by this study 
may provide proof of concept for the utility of anthracycline 
plus pembrolizumab combination for treatment of mTNBC.

Several studies have demonstrated utility of chemo-immu-
notherapy combination in treatment of mTNBC. FDA accel-
erated approval was granted to atezolizumab in March 2019 
based on data from IMpassion130 trial (NCT02425891) 
which demonstrated a statistically significant benefit to PFS 
with the atezolizumab and nab-paclitaxel vs. nab-paclitaxel 
alone (HR, 0.60; 95% CI 0.48–0.77; P < 0.0001) [4]. Con-
tinued approval of atezolizumab was contingent upon results 
of the IMpassion131 trial (NCT03125902), which failed to 
meet the primary end point of PFS benefit as first-line treat-
ment of patients with PD-L1 + mTNBC using the SP142 
antibody (HR, 0.82; 95% CI 0.60–1.12; P = 0.20). Addi-
tionally, there was no difference in OS in PD-L1 + mTNBC 

(HR 1.11, 95% CI 0.76–1.64) nor the intention to treat (ITT) 
population, which led to the withdrawal of FDA approval 
in August 2021. In the KEYNOTE-355 study, first-line 
patients with PD-L1 + TNBC defined by a CPS ≥ 10 pem-
brolizumab plus chemotherapy had improved PFS compared 
with chemotherapy alone (9.7 vs. 5.6 months; HR 0.65, 95% 
CI 0.49–0.86) [8, 10]. In the ENHANCE1 trial, eribulin in 
combination with pembrolizumab achieved an ORR of 26% 
in the first-line setting, and 22% in the 2–3 lines setting. In 
selected patients with PD-L1 + disease, an ORR of 34.5% 
and 24.4% was identified for first-line and 2–3-line patients, 
respectively. Shah et al. reported an ORR of 26% and CBR 
of 28% (n = 15) in a cohort of TNBC treated with capecit-
abine and pembrolizumab combination [26]. Page et al. 
reported capecitabine and pembrolizumab demonstrated a 
12-week ORR of 43% and PFS of 5.6 months [27]. The 
higher response rate may be related to its use in earlier lines 
of therapy (first line in 79% of patients. An earlier dataset 
demonstrated an ORR of 11% or 31% with single agent dox-
orubicin or liposomal doxorubicin in patient with metastatic 
breast cancer. In the Intergroup E1193 trial, first-line doxo-
rubicin had an ORR of 36% in MBC [28, 29]. It has been 
well documented in KEYNOTE-086 and KEYNOTE-119 
that the single agent pembrolizumab has a limited ORR of 
5–12% in ≥ 2-line setting [30, 31]. In the TONIC trial, the 
immune modulatory activity of 15 mg IV weekly × 2 doxo-
rubicin (n = 17) was demonstrated using sequential treatment 
of anthracycline and nivolumab (3 mg/kg every 2 weeks 
for 3 cycles), resulted in ORR of 35% in comparison with 
PD-L1 blockade (nivolumab) alone (n = 12) with ORR of 
17%. Immune-related genes that were upregulated in doxo-
rubicin-treated patients included inflammation, JAK-STAT, 
and TNF-alpha signaling [32]. In a breast cancer mouse 
model, doxorubicin selectively depleted myeloid-derived 
suppressor cells (MDSC) from the tumor microenvironment 
[15]. In addition, immune checkpoint blockade improved 
chemotherapy in the PyMT mammary carcinoma mouse 
model” [33]. In our study, an ORR of 67% in response-
evaluable patients with doxorubicin and pembrolizumab in 
anthracycline-naïve PD-L1 unselected patients is encourag-
ing, while we acknowledge the limitation in our sample size. 
Our data may provide additional options for patients who 
have not previously received anthracycline.

Anthracyclines are among the most active agents for 
treatment of breast cancer. Anthracycline elicited immu-
nogenic apoptosis in the preclinical setting [14]. There are 
preclinical data that suggests doxorubicin downregulates 
B7-H1 (PD-L1) expression [34]. Furthermore, Alizadeh 
et  al. reported potential immune modulatory effects of 
anthracycline by demonstrating that doxorubicin eliminated 
myeloid-derived suppressor cells and increased CD4 + and 
CD8 + T cells using a breast cancer mouse model [15, 34, 
35]. Doxorubicin has been associated with myeloid-derived 



3025Cancer Immunology, Immunotherapy (2023) 72:3013–3027 

1 3

suppressor cell (MDSC) depletion [15], an increase in the 
level of type I interferons [36] and induction of immuno-
genic cell death [14]. The combination of pembrolizumab 
and anthracycline was tested in sarcoma in a phase I trial, 
and the regimen is well tolerated with modest efficacy. Here, 
doxorubicin and pembrolizumab showed promising activ-
ity in anthracycline-naïve mTNBC in the limited number of 
patients treated. Other limitations of this study include the 
nonrandomized, single-arm trial nature; the molecularly het-
erogenous population (including different lines of therapy); 
and tumor PD-L1 expression status. Of 8 patients who had 
PD-L1 tested, 4 were PD-L1 positive and 4 were PD-L1 
negative. The clinical expansion of these results is challeng-
ing since most patients with TNBC have previously received 
an anthracycline-containing regimen in the neoadjuvant or 
adjuvant setting. This resulted in the accrual limitations that 
resulted in early termination of this study. Future clinical 
trials with a larger patient cohort and a randomized design 
are required to evaluate this combination and explore poten-
tial predictors of response to better identify the subset of 
patients who may benefit from this chemo-immunotherapy 
combination.

Our profiling of T cell dynamics in mTNBC patients 
treated with doxorubicin and pembrolizumab provides 
insight into immunotherapy response mechanisms. In this 
study, baseline immune biomarkers were not associated with 
response to treatment. In the patient with PD, significantly 
low levels of naïve CD8 + and CD4 + T cells at baseline 
indicating the presence of naïve CD8 + and CD4 + T cell 
is necessary for response to immune checkpoint blockade. 
Indeed, recent evidence has suggested that PD-1 blockade 
instills anti-tumor T cell immunity via the generation of 
non-preexisting T cell clonotypes [37]. Our data also points 
to a robust expansion of a proliferating subset of CD8 + T 
cells within one cycle of pembrolizumab treatment. These 
proliferating CD8 + T cells were phenotyped as highly acti-
vated, with increasing expression of PD-1, CD39, CD38, 
and CTLA-4 and acquisition of an exhausted T cell phe-
notype over the course of therapy. Similar findings were 
previously identified in non-small cell lung cancer patients 
treated with pembrolizumab [38], demonstrating the ability 
for PD-1 blockade to stimulate peripheral T cell expansion 
and activation. In parallel, tumor infiltrating exhausted T 
cells and exhausted-like T cells have been associated with 
improved TNBC patient survival and response to immuno-
therapy in estrogen receptor-positive breast cancer [39, 40]. 
Further studies clarifying what preexisting features of either 
peripheral or tumor infiltrating T cells are needed for clinical 
response to PD-1 blockade will enable better selection of 
patients for treatment with immunotherapy.

Importantly, we find that the expansion and not base-
line percentages of proliferative exhausted CD8 + T cells 
that correlates with response to PD-1 blockade, which is in 

agreement with studies of pembrolizumab-treated melanoma 
patients [41]. We also show that the expanded exhausted 
CD8 + T cell population largely collapses by post Cycle 
3, perhaps suggesting a lack of benefit to continued PD-1 
blockade. Indeed, others have shown that a single dose of 
anti-PD-1 therapy could amplify meaningful anti-tumor 
CD8 + T cell responses in the neoadjuvant setting [42]. 
Long-term studies of the peripheral T cell response in ICI-
treated mTNBC patients are critically needed to understand 
mechanisms of durable tumor-specific T cell immunity.

Increasing attention is now being turned toward under-
standing how existing cytotoxic chemotherapies generate or 
shape an immune response, and how these may best part-
ner with immunotherapies [43]. In support of our findings, 
a separate study found that mTNBC patients treated with 
doxorubicin and pembrolizumab were more likely than 
patients treated with capecitabine or paclitaxel to expand 
new T cell clones over the course of therapy [44]. Recently, 
another study found that pre-treatment levels of tumor infil-
trating CXCL13 + exhausted CD8 + T cells were predictive 
of response to paclitaxel combined with atezolizumab in 
TNBC patients [45]. Critically, the authors also found that 
paclitaxel limited the expansion of anti-tumor immune cells 
driven by atezolizumab treatment, highlighting the impor-
tance of improved treatment paradigms of paired chemother-
apies and immunotherapies. Thus, cytotoxic chemotherapies 
may yield transient lymphodepletion, reduction of immuno-
suppressive cell types, and enhanced tumor immunogenicity 
that profoundly alter immune cell dynamics over the course 
of immunotherapy [46, 47]. Novel clinical trial designs with 
improved chemotherapy dosing strategies and immunother-
apy partners are needed to fully harness immune-based treat-
ments of mTNBC.

In conclusion, anthracycline-naïve patients with mTNBC 
treated with the combination of pembrolizumab and doxo-
rubicin showed an encouraging response rate and robust T 
cell responses. The combination was generally well toler-
ated, and the utility of this combination needs to be further 
studied.
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