
Original Reports | Radiation Oncology

PEARL: A Phase Ib/II Biomarker Study of Adding Radiation
Therapy to Pembrolizumab Before Neoadjuvant
Chemotherapy in Human Epidermal Growth Factor Receptor
2–Negative Breast Cancer
Alice Y. Ho, MD, MBA1 ; Stephen Shiao, MD, PhD2; Samantha A. Kobald, BS3 ; Jonathan Chen, MD, PhD4; Dan G. Duda, PhD, DMD4 ;
Amy Ly, MD4; Veerle Bossuyt, MD4; Hae Lin Cho, MD4 ; Brittany Arnold, MPH4; Simon Knott, PhD3; Gaorav P. Gupta, MD, PhD5;
Philomena McAndrew, MD2; Scott Karlan, MD2 ; Mourad Tighiouart, PhD2 ; Alona Muzikansky, MA4; Reva Basho, MD6 ; and
Heather McArthur, MD, MPH7

DOI https://doi.org/10.1200/JCO.24.00003

ABSTRACT

PURPOSE To assess safety and immune biomarkers after preoperative radiation therapy
(RT) and anti-PD1 therapy in breast cancer.

MATERIALS
AND METHODS

Aphase I/IIb trial of pembrolizumabwithRTwas conducted inpatientswith triple-
negative breast cancer (TNBC) and hormone receptor–positive/human epidermal
growth factor receptor 2–negative (HR1/HER2–) breast cancer. All received
pembrolizumab followed by a second cycle 1 RT (anti-PD1/RT) of 24 Gy/three
daily fractions delivered to the breast tumor and then neoadjuvant chemotherapy
(NAC). Blood and tumor biopsies were obtained at baseline, after anti-PD1, and
after anti–PD-RT. Coprimary end points were safety and change in tumor-
infiltrating lymphocytes (TILs). Secondary end points were pathologic complete
response (pCR), residual cancer burden (RCB) rates, and event-free survival (EFS).

RESULTS Sixty-six patients with stage I-III breast cancer (54 TNBC, 12 HR1/HER2–)
were enrolled. The median follow-up was 32 months. Safety end point was met.
Incidence of grade ≥3 toxicities was 41%. The pCR rate was 59.2%, 33.3%, and
54.5% for the TNBC, HR1/HER2–, and entire cohort, respectively. A total of
77.8% of TNBC and 41.6% of HR1/HER2– had a near pCR (RCB 0-1). The 3-year
EFS was 80%. In the entire cohort, PD-L1 expression increased after anti-PD1
(median Combined Positive Score [CPS], 7.49-23.20; 95% CI, –41.88 to –6.30;
P 5 .044) and anti-PD1/RT (median CPS, 7.49-23.41; 95% CI, –41.88 to –6.30;
P 5 .009), comparedwith baseline. In TNBC, adding RT to anti-PD1 significantly
decreased TILs (28.9%-17.1%; 95% CI, 2.46 to 21.09; P 5 .014). Baseline TILs
correlated with PD-L1 expression and TNF-a.

CONCLUSION Preoperative RTwith pembrolizumab is safe and results in high pCR rates and 3-
year EFS, despite the lack of pembrolizumab duringNAC. PD-L1 andTILsmay be
predictive biomarkers for preoperative anti-PD1/RT response. Reduction in TILs
after adding RT to anti-PD1 highlights the importance of treatment sequencing.

INTRODUCTION

The phase III study KEYNOTE-522 demonstrated higher
pathologic complete response (pCR) rates and 3-year event-
free survival (EFS) when adding the anti–PD-1 antibody
pembrolizumab to neoadjuvant chemotherapy (NAC) in early
stage triple-negative breast cancer (TNBC), establishing
neoadjuvant immuno-chemotherapy as the current stan-
dard of care.1,2 However, 78% of patients experienced grade
3/4 adverse events (AEs) with this regimen.2 Thus, effective
treatments with less toxicity are needed.

Adding radiation therapy (RT) to immune checkpoint in-
hibitor (ICI) therapy can invigorate immune responses.3-5 RT
induces immunogenic cell death and increases the release of
tumor-specific antigens that attract immune cells to the
tumor microenvironment (TME) and upregulate PD-L1
expression.6-11 Induction of immune costimulatory molecules
with RT can further strengthen antitumor immunity.12,13

A previous study showed that combining RT with pem-
brolizumab in patients with pretreated, metastatic TNBC
unselected for PD-L1 status was promising.14 We decided to
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test this concept in the curative-intent setting in the PEARL
(preoperative pembrolizumab with RT) study, designed as a
phase Ib/II trial in patients with breast cancer in whom NAC
was the standard of care. We hypothesized that the window
regimen of preoperative pembrolizumab and RT to the
primary tumor could enhance responses to NAC without
substantive delay. Serial tumor and blood samples were
collected to elucidate biomarkers and interrogate changes
after anti-PD1 therapy alone and anti–PD1-RT.

MATERIALS AND METHODS

Patients

Eligibility criteria included age ≥18 years, an Eastern Co-
operative Oncology Group status of 0-1, and biopsy-proven,
stage I-III TNBC (estrogen receptor [ER] and progesterone
receptor [PR] <10% by immunohistochemistry [IHC]
and human epidermal growth factor receptor 2 [HER2]
negativity per ASCO-CAP guidelines15) or high-risk, hor-
mone receptor–positive/HER2-negative (HR1/HER2–)
breast cancer, defined as ER and/or PR >10% by IHC, and
required at least two of the following criteria: histologic
grade II-III, Ki-67 >20%, and ER <75% by IHC. Theminimal
tumor size was 2 cm. All patients were NAC candidates. Key
exclusion factors included HER21,T4d, metastatic disease,
and factors precluding immunotherapy receipt.

Trial Design

PEARL was a prospective, single-arm, phase Ib/II trial
evaluating the safety of pembrolizumab and preoperative RT
in patients with operable, TNBC or high-risk, HR1/HER2–
breast cancer with NAC planned. The clinical trial (Clin-
icalTrials.gov identifier: NCT03366844) and consent forms
were approved by the Institutional Review Board of the
Cedars-Sinai Medical Center (Los Angeles, CA).

Enrolled patients received two cycles of intravenous pem-
brolizumab (200 mg) once every 3 weeks. RT was admin-
istered within the first 3 days of cycle 2 (C2) of
pembrolizumab. Patients received 24 Gy in three daily
fractions to the primary breast tumor. Radiation treatment
planning guidelines are outlined in the protocol.

NAC commenced 3 weeks after C2 of pembrolizumab. NAC
regimens were selected by the treating physician. Preop-
erative MR was not required and performed as clinically
indicated. Surgery consisted of lumpectomy ormastectomy
with axillary surgery. Eligibility for breast-conserving
therapy followed 2016 National Comprehensive Cancer
Network guidelines.16 Radiation consisted of whole-breast
(42.4 Gy/16 fractions) with or without regional nodal ir-
radiation (RNI). The dose for postmastectomy radiation or
RNI was 50 Gy/1.8-2 Gy fractions. No patients received a
postoperative boost.

Paired peripheral blood for circulating biomarker analyses
and fresh breast tumor biopsies were obtained at three serial
timepoints: baseline, after C1D1 of pembrolizumab (anti-
PD1), and after C2D1 of pembrolizumab 1 RT/before initi-
ation ofNAC (anti-PD1/RT; Fig 1). Research biopsieswere not
performed if tumor was not visible on imaging.

Assessments

Response to treatment was quantified by residual cancer
burden (RCB).17,18 Patients who achieved pCR (ypTis/
T0ypN0) were considered responders. Patients with docu-
mented clinical progression or inoperability were considered
RCB-III. All AEs were scored using Common Terminology
Criteria for Adverse Events version 4.03 and monitored at
baseline, once every 3 weeks during NAC, and once every
6 months after surgery until 1 year poststudy. Tumor-
infiltrating lymphocytes (TILs) were evaluated on fresh

CONTEXT

Key Objective
Is the combination of radiation therapy (RT) and immune checkpoint blockade safe and effective in patients with breast
cancer receiving neoadjuvant chemotherapy (NAC)?

Knowledge Generated
Preoperative pembrolizumab and RT administered before NAC was associated with low toxicities and high rates of
pathologic response that approach those of current, standard-of-care regimens where immunotherapy is administered
throughout chemotherapy for triple-negative breast cancer.

Relevance (J.P.S. Knisely)
Clinical trials comparing immune checkpoint blockade during neoadjuvant RT or NAC appear warranted in womenwith high-
risk triple-negative breast cancer, and may be appropriate in other high-risk cohorts as well.*

*Relevance section written by JCO Associate Editor Jonathan P.S. Knisely, MD.
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frozen tumor specimens according to the Salgado and In-
ternational TIL Working Group criteria.19,20

The US Food and Drug Administration–approved 22C2
pharmDx companion diagnostic assaywas used to determine
the Combined Positive Score (CPS). A CPS of ≥1 was defined
as PD-L1–positive.1 Serum biomarkers were measured using
multiplexed protein array kits (MesoScale Discovery). The
panel included angiogenesis biomarkers, proinflammatory
cytokines, and chemokines previously measured in a Clinical
Laboratory Improvement Amendments–certified core fa-
cility at Massachusetts General Hospital.21-30

Statistical Analysis

The coprimary end points of phase Ib were (1) safety, defined
by the number of patients who initiated NAC >4 weeks from
anti-PD1/RT, and (2) change in mean % TILs from baseline
to treatment(s). An intention-to-treat approach was used. A
total of 10 patients with TNBC were enrolled in phase Ib to
establish safety and immune efficacy. Using a Bayesian se-
quential design, the trial monitored the true probability (Pd)
of delays to NAC. If Pd exceeded 20%, the trial would have
been halted. The type I error probability was .05.

The sample size for the phase II component was powered for
the end point of pCR in TNBC.31 Data from 50 evaluable
patients with TNBCwere estimated to achieve an 80% power
to detect an effect size of 1.20, using a two-sided paired
t-test at the 0.05 significance level, compared with the
historical pCR rate of 33% with NAC.32,33

The median follow-up was calculated from the start of anti-
PD1 to the last clinical follow-up or the date of the event. The
Kaplan-Meier method estimated EFS. Changes in PD-L1
expression, TILs, and circulating biomarkers were evaluated
using t-tests. Comparison between treatment response
groups and subtypes was evaluated using the Kruskal-
Wallis test. Cox proportional hazard models assessed
these variables with time-to-event data. A logistic re-
gression model evaluated biomarkers (at the univariate

level) and pCR status. All P values are two-sided and were
considered significant if <.05. Because of the exploratory
nature of this analysis, we did not correct the P values for
multiple comparisons for the primary end points. For the
exploratory circulating biomarker analyses, Benjamini-
Hochberg false discovery rate-adjusted P values were re-
ported. Spearman’s correlation tests assessed the magni-
tude of associations between biomarker expression at each
biopsy timepoint.

RESULTS

Baseline Characteristics

Between December 22, 2017, and December 6, 2021, 85 pa-
tients were screened and 66 (54 TNBC, 12 HR1/HER2–) were
enrolled (Fig 2). Eight patientshad research biopsies thatwere
insufficient for analysis. One patient with TNBC had biopsies
of twodifferent tumors, leaving57patients and 58 tumors (49
triple negative, nine HR1/HER2–) for analysis. The median
age was 53 years (range, 26-94). The majority (84%) pre-
sented with primary breast tumors ≤5 cm. Approximately
42.4% was cN1, and 96.9%% had anatomic stage II-III
disease. Most (79%) of the patients received an anthracycline
and taxane–containing regimen. Thirty-five percent of TNBC
received theKEYNOTE-522chemotherapy regimen. Fifty-one
received mastectomy, and 49% received breast-conserving
surgery. A total of 42.4% had immediate reconstruction
(27 implant-based, one autologous). Nearly all patients
received axillary staging. Of the 57 patients with evaluable
biopsies, 78.9% was PD-L11 (81.3% TNBC, 66.7% HR1/
HER2–).Nearly half (47%)of theTNBC cohort receivedRNI or
PMRT. Approximately 34% received adjuvant systemic
therapy. Further details are given in Table 1.

Efficacy and Clinical Outcomes

The median follow-up in the entire cohort was 32 months
(range, 11-60). The median time interval (range) between
treatments is shown in Figure 1. In the entire cohort, 54.5%
(36 of 66) achieved a pCR. At the time of data lock (6/30/
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Pembrolizumab
Cycle 1, 200 mg IV

Neoadjuvant
chemotherapy

Breast and
axillary
surgery

Biopsy 1 Biopsy 2 Biopsy 3

Adjuvant
therapya

Median: 2.6 weeks
Range:1.7-7.0

Focal RT to
breast primary

24Gy in 3 fx

3 weeks

+

Median: 4.8 weeks
Range:1.0-13.4

Pembrolizumab
Cycle 2, 200 mg IV

Median: 1.7 weeks
Range: 0.9-4.0

FIG 1. Study treatment and biopsy schema. aAdjuvant therapy included RT to the breast/chest wall and regional nodes, capecitabine for
patients with TNBC, or endocrine therapy for patients with HR1/HER2– as per the standard of care. HER2–, human epidermal growth factor
receptor 2–negative; HR1, hormone receptor–positive; RT, radiation therapy; TNBC, triple-negative breast cancer.
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2023), eight patients (12.3%, all TNBC) had disease recur-
rence (four isolated local, four distant). Among them, six had
residual disease (one RCB-II, five RCB-III). While one of the
four patients with distant recurrences had achieved pCR,
none with local recurrences had achieved pCR. The 3-year
EFS was 80% for the entire cohort (Fig 3).

In the TNBC cohort, 59.2% (32 of 54) achieved pCR. Ten
patients had RCB-I, of whom only one experienced a distant
recurrence event. A total of 77.8% of patients with TNBC had
a near pCR defined as RCB 0 or I. In the TNBC group, 18 had
clinically node-positive disease (17 cN1, 1cN3); among them,
15 became ypN0, whereas the three who remained node-
positive after NAC all had ypN1 disease. Given our broad
definition of TNBC of ER <1%-10%, the association between
pCR andER levels, <1% (n5 20) versus 1%-10% (n5 34),was
evaluated but was not significant (P 5 .78). In the HR1/
HER2– cohort, four (33.3%) achieved pCR. Eight patients did
not achieve pCR (one RCB-I, one RCB-II, six RCB-III). Only
one patient presented with cN0 disease, and seven were cN1

(six cN1, one cN2).

Safety and Toxicities

The primary feasibility end point was met, with only two
(3%) patients experiencing delays >4weeks in initiating NAC

(95% CI 0.37%, 10.52%). The incidence, severity, and types
of AEs were comparable or lower, relative to those reported
in KEYNOTE-522. Twenty-seven patients (40.9%) had
grade ≥3 toxicities. Among them, nine (13.6%) had grade 3
toxicities probably or related to pembrolizumab and/or
preoperative RT (Table 2). Three patients had grade 4 tox-
icities, but they were not attributed to either pembrolizumab
or RT. Among the 44% who underwent immediate recon-
struction, none experienced a reconstruction failure.

Changes in PD-L1 Expression in the Entire Cohort and
by Subtype

Changes in PD-L1 expression across the biopsy timepoints
are demonstrated in the entire cohort, by subtype and
treatment response (Fig 4). Compared with baseline, PD-L1
expression increased after anti-PD1 (median CPS, 7.49-
23.20; 95%CI,–26.56 to–0.61; P5 .040) and after anti-PD1/
RT (median CPS, 7.49-23.41; 95% CI, –41.88 to –6.30; P 5

.009; Fig 4A). Between anti-PD1 and anti-PD1/RT, there was
a nonsignificant change in PD-L1 expression (median CPS,
23.2-20.67; 95% CI, –29.88 to 8.87; P 5 .28).

In TNBC, PD-L1 expression increased after both anti-PD1and
anti-PD1/RT (median CPS, 8.46-23.39; 95% CI, –32.85 to
–2.37; P5 .024 andmedian CPS, 8.65-26.15; 95% CI,–46.61

Patients screened December 22, 2017-
December 6, 2021

(N = 85)

Evaluable patients with TNBC
(n = 54)

Evaluable patients with
HR+/HER2- breast cancer

(n = 12)

Patients registered
(n = 66)

Patients with TNBC, who underwent
biomarker analysis
(n = 48, 49 tumorsa)

HR+/HER2- patients who underwent
biomarker analysis

(n = 9)

Patients with TNBC (n = 6) and
HR+/HER2- (n = 3) without tumor
cells on baseline research biopsy

of primary tumor

Patients excluded                                   (n = 19)
  Did not meet inclusion criteria
  Declined to participate
  Lack of insurance/financial resources

(n = 8)
(n = 8)
(n = 3)

FIG 2. CONSORT diagram. aOne patient with TNBC had two separate tumors biopsied. HER2–, human
epidermal growth factor receptor 2–negative; HR1, hormone receptor–positive; TNBC, triple-negative breast
cancer.
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TABLE 1. Patient Characteristics

Baseline Characteristic Total Cohort (n 5 66) TNBC (n 5 54) HR1/HER2– (n 5 12) Pa

Age at diagnosis, years

Median (range) 53 (26-94) 56 (26-94) 42.5 (28-66) .0103 (2.73-19.62)

<65 years, No. (%) 52 (78.8) 40 (74.1) 11 (91.7) .270

Race, No. (%) .915

White 48 (72.7) 39 (72.2) 9 (75.0)

Black 8 (12.1) 7 (13.0) 1 (8.3)

Asian 8 (12.1) 6 (11.1) 2 (16.7)

Other 2 (3.0) 2 (3.7) 0

Ethnicity, No. (%) .074

Non-Hispanic 56 (84.8) 48 (88.9) 8 (66.7)

Hispanic or Latino 10 (15.2) 6 (11.1) 4 (33.3)

ECOG performance status, No. (%) 1.000

0 60 (90.9) 49 (90.7) 11 (91.7)

1 6 (9.1) 5 (9.3) 1 (8.3)

Tumor histology, No. (%) 1.000

Invasive ductal 61 (92.4) 49 (90.7) 12 (100.0)

Invasive lobular 3 (4.5) 3 (5.6) 0

Otherb 2 (3.0) 2 (3.7) 0

Clinical T-stage, No. (%) .025

T1-T2 55 (83.3) 48 (88.9) 7 (58.3)

T3-T4 11 (16.7) 6 (11.1) 5 (41.7)

Clinical N-stage, No. (%) .011

N0 38 (57.6) 35 (64.8) 3 (25.0)

N1-N2 25 (37.9) 18 (33.3) 7 (58.3)

N3-N4 3 (4.5) 1 (1.9) 2 (16.7)

Clinical stage, No. (%) .009

Stage I 2 (3.0) 1 (1.9) 1 (8.3)

Stage II 56 (84.8) 49 (90.7) 7 (58.3)

Stage III 8 (12.1) 4 (7.4) 4 (33.3)

RCB, No. (%) .0164

0 36 (54.5) 32 (59.3) 4 (33.3)

1 11 (16.7) 10 (18.5) 1 (8.3)

2 8 (12.1) 7 (13.0) 1 (8.3)

3 11 (16.7) 5 (9.3) 6 (50.0)

Ki-67 score .2581

Median (%) 51.5 (5-98) 54 (5-98) 42.5 (10-90) –26.8 to 7.14

≤15%, No. (%) 5 (7.6) 3 (5.6) 2 (16.7) .2735

>15%, No. (%) 53 (80.3) 43 (79.6) 10 (83.3)

Baseline PD-L1 status,c No. (%) .3796

Positive 45 (68.2) 39 (72.2) 6 (50.0)

Negative 12 (18.2) 9 (16.7) 3 (25.0)

Unknown 9 (13.6) 6 (11.1) 3 (25.0)

Treatment Characteristic Total Cohort (n 5 66) TNBC (n 5 54) HR1/HER2– (n 5 12) P

Neoadjuvant chemotherapy, No. (%) .014

T 1 (1.5) 1 (1.9) 0

TP 9 (13.6) 9 (16.7) 0

TC 2 (3.0) 0 2 (16.7)

AC 1 (1.5) 1 (1.9) 0

(continued on following page)
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to –4.04; P 5 .021, respectively; Fig 4B), compared with
baseline. By contrast, there was no significant change with
the addition of RT to anti-PD1 in TNBC (median CPS, 23.39-
26.15; 95% CI, –30.91 to 15.47; P 5 .51).

InHR1/HER2–, nochangesbetweenbiopsy timepoints reached
significance (median CPS, 1.72-5.82 from baseline to anti-PD1
and median CPS, 5.82-20.67 from baseline to anti-PD1/RT).

Changes in PD-L1 Expression by Treatment Response

In the entire cohort with baseline biopsies (n5 57), 83.9%
(26 of 31) of responders were PD-L11, relative to non-
responders (73.1%, 19 of 26). There was no change in
either responders or nonresponders between the biopsy

timepoints. In responders, there was a significant in-
crease in PD-L1 expression between baseline and anti-
PD1/RT (median CPS, 9.31-34.78; 95% CI, –57.64 to
–3.16; P 5 .031; Fig 4C). PD-L1 expression was signifi-
cantly associated with TILs at baseline and after anti-PD1
(both P <.01).

Longitudinal Assessment of TILs

In cases where TILs were evaluable with baseline biopsies
(n 5 57), the change in mean TILs after anti-PD1 was not
significant (20.5%-24.4%; 95% CI, –12.95 to 5.16; P 5 .40;
Fig 5A). However, after the addition of RT to anti-PD1, the
mean TILs decreased significantly (24.4%-15.6%; 95% CI,
0.93 to 16.79; P 5 .029), compared with anti-PD1 alone.

TABLE 1. Patient Characteristics (continued)

Treatment Characteristic Total Cohort (n 5 66) TNBC (n 5 54) HR1/HER2– (n 5 12) P

Doxorubicin 1 taxane 1 cyclophosphamidec 32 (48.5) 23 (42.6) 9 (75.0)

Doxorubicin 1 taxane 1 cyclophosphamide 1 carboplatind 20 (30.3) 19 (35.2) 1 (8.3)

Other (CMF) 1 (1.5) 1 (1.9) 0

Surgery, No. (%) 1.000

Mastectomy 34 (51.5) 28 (51.9) 6 (50.0)

Lumpectomy 32 (48.5) 26 (48.1) 6 (50.0)

Axillary surgery, No. (%) .012

SLNB 42 (63.6) 38 (70.4) 4 (33.3)

ALND 23 (34.8) 16 (29.6) 7 (58.3)

Neither 1 (1.5) 0 1 (8.3)

Adjuvant systemic therapy, No. (%)

Immunotherapye 2 (3.0) 2 (3.7) 0 <.0001

Chemotherapyf 4 (6.1) 4 (7.4) 1 (8.3)

Capecitabine 15 (22.7) 12 (22.2) 3 (25.0)

AR inhibitor 1 (1.5) 1 (1.8) 0

Hormone therapyg 12 (18.1) 4 (7.4) 9 (75.0)

CDK 4/6 inhibitorh 1 (1.5) 0 1 (8.3)

Adjuvant radiation therapy, No. (%) .025

Postmastectomy 1 RNI 19 (28.8)

Breast 1 RNI 12 (18.2)

Breast only 23 (34.8)

None 12 (18.2)

NOTE. Bold entries indicate statistical significance (P ≤ .05).
Abbreviations: AC, doxorubicin 1 cyclophosphamide; ALND, axillary lymph node dissection; AR, androgen receptor inhibitor enzalutamide; CMF,
cyclophosphamide, methotrexate, and fluorouracil; CPS, Combined Positive Score; ECOG, Eastern Cooperative Oncology Group; HER2–, human
epidermal growth factor receptor 2–negative; HR1, hormone receptor–positive; IHC, immunohistochemistry; MF, methotrexate and fluorouracil;
RCB, residual cancer burden; RNI, regional nodal irradiation; SLNB, sentinel lymph node biopsy; T, taxane only; TC, taxane 1 cyclophosphamide;
TNBC, triple-negative breast cancer; TP, taxane 1 carboplatin only.
aThe nonparametric P value is calculated using the Kruskal-Wallis test for numerical covariates and Fisher’s exact test for categorical covariates.
bOther includes invasive metaplastic features (n 5 2).
cPD-L1–positive status defined as CPS ≥1 using the PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies, 2020). ACT or TAC or TC-T-AC or AC-TC
or TC-AC.
dAC-TP, TP-AC, or TC-AP.
ePembrolizumab or ipilimumab 1 nivolumab.
fCarboplatin, CMF, MF or dose-dense AC.
gPalbociclib.
hChi2 test.
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Compared with baseline, themean TIL score in TNBC did not
significantly increase after anti-PD1 (22.6%-28.9%; 95%CI,
–16.67 to 4.09; P5 .23). However, the addition of RT to anti-
PD1 led to a significant decrease in mean TILs in TNBC,
compared with anti-PD1 alone (28.9%-17.1%; 95% CI, 2.46
to 21.09; P 5 .014). In the HR1/HER2– cohort, TIL changes
were not significant.

Impact of Biomarker Analyses With Paired Samples

The number of tumors that could be biopsied decreased at
each subsequent timepoint after treatment. To address
this, paired analyses between timepoints were performed
to complement the unpaired analyses above. The results
were confirmatory: (1) expression of PD-L1 increased after
anti–PD-1 and anti-PD1/RT, compared with baseline
(P <.05; Appendix Fig A4, online only) and (2) TILs de-
creased after the addition of RT to anti-PD1 (P 5 .004;
Appendix Fig A5), but otherwise remained unchanged
between timepoints.

Dynamics of Circulating Blood Biomarkers

The patterns of circulating proinflammatory markers, an-
giogenesis markers, and chemokines after anti-PD1 treat-
ment alone and anti-PD1/RT treatment in the entire cohort
are shown and reported in Appendix Figures A1-A3. Only
vascular endothelial growth factor was significantly higher
in the HR1/HER2– cohort, compared with the TNBC cohort
across all time points (baseline P 5 .0; anti-PD1 P <.001 and
anti-PD1/RT P 5 .003). No circulating blood biomarker was
associated with TNBC response. Finally, TILs were signifi-
cantly associated with baseline serum proinflammatory
markers TNF-a and IFN-g (Padj 5 .0043 and Padj 5 .041). PD-
L1 expression was also associated with serum TNF-a and
IFN-g at baseline and after anti-PD1 and changes at all
timepoints (all Padj < .05). There was no association with
neutrophil versus lymphocyte ratio at any biopsy timepoints
and pCR (P > .05).

DISCUSSION

The PEARL study tested the effects of adding RT delivered
preoperatively when the breast tumor was still intact,
allowing synergy with pembrolizumab and direct exposure
of tumor antigens and immunogenic mutations on the
surface of cancer cells to CD8 T cells.34-36 The study was
designed to determine whether this approach can improve
upon clinical responses to NAC relative to historical control
rates, on the basis of preclinical evidence that RT can
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FIG 3. Kaplan-Meier curve for EFS for (A) the entire cohort
(n 5 66) and (B) by subtype (TNBC v HR1/HER2–). EFS,
event-free survival; HER2–, human epidermal growth factor
receptor 2–negative; HR1, hormone receptor–positive;
TNBC, triple-negative breast cancer.

TABLE 2. Treatment-Related AEs

AE

n 5 66, No. (%)

Any Grade Grade 3 Grade 4

Any AE 57 (86.4) 24 (36.4) 3 (4.5)

Treatment-related AEa 53 (80.3) 9 (13.6) 0

Fatigue 26 (39.4) 0 0

Rash/pruritis 26 (39.4) 0 0

Diarrhea 13 (19.7) 1 (1.5) 0

Immune-related AE 19 (28.7) 7 (10.6) 0

Hypothyroidism/elevated TSH 8 (12.1) 1 (1.5) 0

Adrenal insufficiency 4 (6.1) 3 (4.5) 0

Transaminitis 4 (6.1) 2 (3.0) 0

Generalized muscle weakness, myalgia 4 (6.1) 0 0

Pneumonitis 3 (4.5) 2 (3.0) 0

Arthralgia 3 (4.5) 0 0

Colitis 2 (3.0) 1 (1.5) 0

SIADH/hyponatremia 2 (3.0) 1 (1.5) 0

Hyperthyroidism 2 (3.0) 0 0

Infusion-related reaction 1 (1.5) 0 0

Abbreviations: AE, adverse event; SIADH, syndrome of inappropriate
antidiuretic hormone secretion; TSH, thyroid-stimulating hormone.
aTreatment-related AEs experienced by ‡10% of participants are
reported in the table.
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FIG 4. Longitudinal changes in PD-L1 expression. The PD-L1 IHC 22C2 pharmDx
assay was performed to assess PD-L1 CPS ranging from 0 to 100, with changes in
expression across all three timepoints (baseline, anti-PD1, anti-PD1 1 RT) evaluated
using the t-test. The box plot depicts of PD-L1 expression across three timepoints in
unpaired samples in (A) the entire cohort, (B) by subtype, and (C) by treatment re-
sponse groups. Longitudinal changes in PD-L1 expression (A) in unpaired samples,
(B) by subtype, and (C) by response status. CPS, (continued on following page)
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transiently eliminate intratumoral immune suppression and
intensify the inflammatory response generated by RT-
mediated cell damage.37-42 Adding RT to pembrolizumab
did not delay NAC, was well tolerated, and resulted in high
pCR rates in early-stage TNBC.

In our trial, the pCR rate of 59.2% in TNBC exceeded the
historical 40% rates for NAC alone43-45 and approached the
64.8% achieved in the pembrolizumab arm of KEYNOTE-
522, which included pembrolizumab throughout NAC.46

When we combined patients with TNBC with a near pCR
(combined RCB-0-1) of 72.2%, this was comparable with
73.6% of patients in KEYNOTE-522 with combined RCB 0-1.
We regard these results as promising, given that only 35% of
PEARL patients received the KEYNOTE-522 regimen. The
preoperative RT pembrolizumab and RT were well tolerated,
with a much lower incidence of grade 3/4 immune-related
toxicities, albeit with a higher rate of adrenal insufficiency
than that in KEYNOTE-522.2 The significance of this is
unclear, given small sample size. The absence of recon-
struction failure among patients was reassuring.

Both unpaired and paired analyses confirmed that PD-L1
increased from baseline after anti-PD1 or anti-PD1/RT.
There was no meaningful conversion of PD-L1–negative to
PD-L1–positive tumors by adding RT to pembrolizumab. It is
possible that RT administration after one cycle of pem-
brolizumab might have weakened antitumor responses. A
recent preclinical study demonstrated that administering
anti-PD1 before RT nearly abolished systemic antitumor
immunity, whereas administering anti-PD1 concurrently or
immediately after RT stimulated abscopal responses.47 Thus,
conversion to PD-L1 positivity might have been higher if RT
had been administered before or concurrently with pem-
brolizumab. We acknowledge conflicting data about the
predictive value of PD-L1 assessment in the neoadjuvant
setting from large trials such as IMpassion031 and KEY-
NOTE-522, which have demonstrated the benefit of the
addition of ICI to chemotherapy irrespective of PD-L1
status.1,48

Our findings of reduced TILs after RT enforced the notion
that RT should be administered before or concurrently with
ICI, not afterward.49 The increase in TILs after pem-
brolizumab alone confirmed other reports in breast cancer
where response to ICI peakswithin thefirst severalweeks.50,51

It is possible that the biopsy obtained after anti-PD1/RT
captured RT-mediated cell death and limited assessment of
the changes in the TME. In retrospect, measuring TILs in the
lymph nodes and tertiary lymphoid structures (TLS) than in
the primary tumor might have been more informative. In
addition, data on other promising RT/immunotherapy (IT)
response markers, such as pre-existing TLS, are emerging.52

Our companion manuscript highlights additional changes
seen at the single-cell level and identified phenotypes re-
sponsive to anti-PD1 alone and anti-PD1 with RT.53

Yet, despite the decrease in TILs after RT, pCR rates were
substantive, and 3Y-EFS was high. A plausible explanation
for this seeming discrepancy is that TIL changes post-
treatment may not be the most accurate assessment of
immune response. We could not examine specimens from
breast surgeries after NAC, precluding the ability to examine
the prognostic value of TILs in residual disease—a missed
opportunity to identify immune evasion mechanisms in
nonresponders.54,55 Moreover, decreased TILs after RT in
early TNBC may represent transient immunosuppression,
and stromal TILs may increase by surgery and be associated
with improved outcomes.54,55 Thus, RT can still function as a
potent systemic immunostimulant despite its potential to
transiently deplete immune cells.56

Notably, TILs were closely associated with tissue PD-L1 ex-
pression at baseline and after anti-PD1, and both parameters
correlated with the circulating levels of TNF-a and IFN-g.
Select circulating biomarkers increased after pembrolizumab
treatment and were also associated with treatment resistance
by subtype, suggesting that these circulating biomarkersmay
play complementary roles to tissue-based biomarkers. The
confounding factor is that only patients with anti–PD1-
resistant disease had residual tumors amenable to biopsy.
Newer platforms that include numerous other biomarkers,
including type I interferons, could demonstrate additional
associations with treatment response.

The single-arm design of PEARL hindered the ability to
quantify the contribution of each modality to the antitumor
effect. PEARL was designed in the pre–KEYNOTE-522 era
where there was no standard neoadjuvant regimen for TNBC
and the results of Brightness trials that show the value of
carboplatin had not been reported.1,57 The exceptional results
with preoperative RT/IT provide preliminary data for novel
treatment approaches that may afford de-escalation of
chemotherapy in select patients with TNBC, as is the subject
of the SWOG 2212 trial (ClinicalTrials.gov identifier:
NCT05929768). RT may induce systemic antitumor immune
responses,58,59 but the PEARL study was not designed to
assess the abscopal effect. Trials such as P-RAD (Clinical-
Trials.gov identifier: NCT04443348) will define the optimal
dose of RT to combine with pembrolizumab in TNBC and
high-risk HR1/HER2– breast cancer with node-positive
disease, by evaluating lymph node response as a surrogate
for the abscopal effect.60

With sample size notwithstanding, the pCR of 33.3% in
HR1/HER2– patients mirrors the pCR rates of 34.2% and

FIG 4. (Continued). Combined Positive Score; HER2–, human epidermal growth factor
receptor 2–negative; HR1, hormone receptor–positive; IHC, immunohistochemistry;
RT, radiation therapy; TNBC, triple-negative breast cancer.
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28%, respectively, observed in the I-SPY trials evaluating
pembrolizumab with NAC and durvalumab, olaparib, and
once weekly paclitaxel in MammaPrint high-risk HR1
HER2– patients.61,62 In I-SPY, adding pembrolizumab toNAC
modestly improved pCR from 15.6% with NAC alone to
24.3%, regardless of PD-L1 status.63 A similar pCR benefit for
women with ER1/HER2– grade 2-3 breast cancer was re-
ported in another trial, CheckMate 7FL, in which pCR rates
were significantly improved by adding nivolumab to NAC
(24.5% v 13.8% control).64 Collectively, these data support

the potential of immunotherapy combinations in HR1/
HER2– breast cancer.

In summary, to our knowledge, this first phase I/IIb study
demonstrated the safety of combined preoperative RT with
pembrolizumab in patients with breast cancer receiving NAC.
Efficacy was high despite the decline in TILs after RT and
withholding pembrolizumab during NAC. This novel combi-
nation resulted in potent immunogenic responses, paving the
way for future opportunities for this window regimen.
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APPENDIX
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FIG A1. Dynamics of circulating blood biomarkers: angiogenesis markers. HR1, hormone receptor–positive; RT, radiation therapy; TNBC,
triple-negative breast cancer; VEGF, vascular endothelial growth factor.

© 2024 by American Society of Clinical Oncology

Ho et al

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 D
r.

 D
eb

or
a 

G
ag

lia
to

 o
n 

Se
pt

em
be

r 
29

, 2
02

4 
fr

om
 1

72
.2

25
.2

09
.0

48
C

op
yr

ig
ht

 ©
 2

02
4 

A
m

er
ic

an
 S

oc
ie

ty
 o

f 
C

lin
ic

al
 O

nc
ol

og
y.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Baseline C1 Pembro

Timepoint

C2 Pembro + RT

0

30

60

90

120
IF

N
-γ Cohort

HR+

TNBC

0

1

2

3

4

IL
-1

0

Baseline C1 Pembro

Timepoint

C2 Pembro + RT

Cohort

HR+

TNBC

1

2

IL
-1

2p
70

Baseline C1 Pembro

Timepoint

C2 Pembro + RT

Cohort

HR+

TNBC

1

2

3
IL

-1
3

Baseline C1 Pembro

Timepoint

C2 Pembro + RT

Cohort

HR+

TNBC

0.50

0.75

1.00

IL
-1
β

Baseline C1 Pembro

Timepoint

C2 Pembro + RT

Cohort

HR+

TNBC

1.0

1.5

2.0

2.5

IL
-2

Baseline C1 Pembro

Timepoint

C2 Pembro + RT

Cohort

HR+

TNBC

FIG A2. Dynamics of circulating blood biomarkers: proinflammatory markers. HR1, hormone receptor–positive; RT, radiation therapy; TNBC,
triple-negative breast cancer. (continued on following page)
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FIG A2. (Continued).
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FIG A3. Dynamics of circulating blood biomarkers: chemokine markers. HR1, hormone receptor–positive; RT, radiation therapy; TNBC, triple-
negative breast cancer. (continued on following page)
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FIG A3. (Continued).

© 2024 by American Society of Clinical Oncology

Ho et al

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 D
r.

 D
eb

or
a 

G
ag

lia
to

 o
n 

Se
pt

em
be

r 
29

, 2
02

4 
fr

om
 1

72
.2

25
.2

09
.0

48
C

op
yr

ig
ht

 ©
 2

02
4 

A
m

er
ic

an
 S

oc
ie

ty
 o

f 
C

lin
ic

al
 O

nc
ol

og
y.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



A B
PD

-L
1 

(C
PS

 s
co

re
)

P = .03

P = .05

Bas
eli

ne

C1 P
em

bro

C2 P
em

bro
 +

 R
T

0

50

100

150

P = .15

(n = 17)

P = .011

PD
-L

1 
(C

PS
 S

co
re

)

Bas
eli

ne

C2 P
em

bro
 +

 R
T

0

50

100

150

(n = 27)

FIG A4. Changes in PD-L1 across (A) three biopsy timepoints
and (B) two biopsy timepoints using paired samples. CPS,
Combined Positive Score; RT, radiation therapy.

A B

Bas
eli

ne

C1 P
em

bro

C2 P
em

bro
 + R

T
0

10

20

30

40

TI
L 

(%
)

P = .19

P = .06

P = .004

(n = 40)

Bas
eli

ne

C2 P
em

bro
 +

 R
T

0

10

20

30

TI
L 

(%
)

P = .223

(n = 35)

FIG A5. Changes in proportion of TILs across (A) three
biopsy timepoints and (B) two biopsy timepoints using
paired samples. RT, radiation therapy; TILs, tumor-
infiltrating lymphocytes.
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