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ABSTRACT

Background. We examined the current biomarker landscape in
breast cancer when programmed death-ligand 1 (PD-L1) testing
is integrated with comprehensive genomic profiling (CGP).
Material and Methods. We analyzed data from samples of
312 consecutive patients with breast carcinoma tested with
both CGP and PD-L1 (SP142) immunohistochemistry (IHC) dur-
ing routine clinical care. These samples were stratified into hor-
mone receptor positive (HR+)/human epidermal growth factor
receptor negative (HER2−; n = 159), HER2-positive (n = 32),
and triple-negative breast cancer (TNBC) cohorts (n = 121).
Results. We found that in the TNBC cohort, 43% (52/121) were
immunocyte PD-L1–positive, and in the HR+/HER2− cohort, 30%
(48/159) had PIK3CA companion diagnostics mutations, and hence
were potentially eligible for atezolizumab plus nab-paclitaxel or
alpelisib plus fulvestrant, respectively. Of the remaining 212 patients,
10.4% (22/212) had a BRCA1/2 mutation, which, if confirmed by

germline testing, would allow olaparib plus talazoparib therapy. Of
the remaining 190 patients, 169 (88.9%) were positive for another
therapy-associated marker or a marker that would potentially qualify
the patient for a clinical trial. In addition, we examined the relation-
ship between immunocyte PD-L1 positivity and different tumor
mutation burden (TMB) cutoffs and found that when a TMB cutoff
of ≥9 mutations per Mb was applied (cutoff determined based on
prior publication), 11.6% (14/121) patients were TMB ≥9 mutations/
Mb and of these, TMB ≥9 mutations per Mb, 71.4% (10/14) were
also positive for PD-L1 IHC.
Conclusion. Our integrated PD-L1 and CGP methodology iden-
tified 32% of the tested patients as potentially eligible for at
least one of the two new Food and Drug Administration
approved therapies, atezolizumab or alpelisib, and an addi-
tional 61.2% (191/312) had other biomarker-guided potential
therapeutic options. The Oncologist 2020;25:943–953

Implications for Practice: This integrated programmed death-ligand 1 immunohistochemistry and comprehensive genomic profiling
methodology identified 32% of the tested patients as eligible for at least one of the two new Food and Drug Administration-approved thera-
pies, atezolizumab or alpelisib, and an additional 61.2% (191/312) had other biomarker-guided potential therapeutic options. These findings
suggest new research opportunities to evaluate the predictive utility of other commonly seen PIK3CAmutations in hormone receptor-positive
breast cancers and to standardize tumor mutation burden cutoffs to evaluate its potentially predictive role in triple-negative breast cancer.
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INTRODUCTION

Breast cancer remains one of the leading causes of can-
cer death, with an estimated 268,600 newly diagnosed
patients in the U.S. in 2019 [1]. Targeted therapy has
been used in patients with breast carcinoma since 1978,
with the approval of tamoxifen use on hormone recep-
tor (HR)-positive patients, and later in 1998, with the
approval of trastuzumab by the U.S. Food and Drug
Administration (FDA) for human epidermal receptor
2 (HER2) (also known as ERBB2) immunohistochemistry
(IHC)-based positive patients [2]. Because of the neces-
sity of identifying patients with breast carcinoma for
these targeted therapies, HR and HER2 testing is standard of
care for patients with breast cancer, and patients are often
stratified into HR-positive (+) and/or HER2+, or triple-
negative (Estrogen Receptor−, Progesterone Receptor−,
HER2−) breast cancer (TNBC) [3].

The past few years saw a rapid expansion of clini-
cally validated targeted therapies in breast cancer.
Pembrolizumab is approved by the FDA for microsatel-
lite unstable cancers, including breast cancer, and
larotrectinib for cancers with NTRK fusion genes. Phase
II clinical trial data also demonstrated activity of
neratinib in patients with breast cancer with activating
HER2 mutations. However, these genomic alterations
are rare in breast cancer. Recently, two new therapies
were approved by the FDA for patients with breast
cancer, both with accompanying companion diagnos-
tics (CDx), and a much broader target population [4].
Atezolizumab plus nab-paclitaxel is now available as a
first-line treatment for patients with locally advanced
or metastatic TNBC with positive programmed death-
ligand 1 (PD-L1) immune cell expression, as identified
by the VENTANA SP142 CDx IHC assay, either in the pri-
mary tumor or in a metastatic lesion. In the IMpas-
sion130 clinical trial, the difference in median overall
survival for patients with PD-L1 positivity was more
than 10 months between the patients treated with
atezolizumab plus nab-paclitaxel versus placebo plus
nab-paclitaxel [5]. No benefit from atezolizumab in PD-
L1–negative patients was observed, which highlights
the importance of patient selection based on PD-L1
immune cell expression.

The second therapy with an accompanying CDx
approved by the FDA in 2019 for patients with breast
carcinoma was alpelisib plus fulvestrant, which is now
available to patients with HR+/HER2-negative (−) breast
carcinoma if their tumors harbor certain PIK3CA muta-
tions. In the SOLAR-1 clinical trial, the overall response
among patients with PIK3CA mutations treated with
alpelisib plus fulvestrant was 26.6%, compared with the
12.8% treated with placebo plus fulvestrant, and pro-
gression free survival also improved significantly by
5 months (11 vs. 5.7, p < .001) [6]. The first companion
diagnostic approved for this therapy was from QIAGEN
in May 2019 and consisted of a polymerase chain reac-
tion kit that detects 11 mutations in the PIK3CA
gene (Exon 7: C420R; Exon 9: E542K, E545A, E545D

[1635G > T only], E545G, E545K, Q546E, Q546R; and
Exon 20: H1047L, H1047R, H1047Y) [4]. In December of
2019, Foundation Medicine’s FoundationOne CDx (F1CDx)
comprehensive genomic profiling (CGP) assay also received
FDA approval as a CDx for alpelisib in breast cancer. The
same 11 mutations as the QIAGEN kit were approved as a
CDx in the F1CDx approval.

Olaparib and talazoparib were also recently approved
as single-agent therapies for metastatic breast cancers
that harbor germline BRCA1/2 mutations [7, 8]. In addi-
tion, presence of a germline and/or somatic BRCA1/2
mutation could potentially allow a patient to be eligible
for one of the 10 ongoing clinical trials (ranges from
phase I to phase III trials) in which this biomarker is an
eligibility criterion (available on https://clinicaltrials.gov/).
According to the 2019 National Comprehensive Cancer
Network (NCCN) guidelines, BRCA1/2 germline mutation
testing in HER2− breast carcinoma is now recommended
as a predictive test (in addition to its well-established use
as a diagnostic test for inherited susceptibility to breast
cancer) [9]. Somatic tumor mutation profiling cannot defi-
nitely distinguish between germline versus acquired somatic
BRCA1/2 mutations. However, detection of BRCA1/2 muta-
tion in cancer tissues warrant subsequent germline testing
and is one of the indications for germline screening according
to NCCN guidelines.

With these two new therapeutic options, which both
require a CDx, and the recent expansion of BRCA1/2
mutation testing, we sought to examine the current
landscape of biomarkers in patients with breast cancer
using CGP and PD-L1 IHC in addition to the previous
standard of care diagnostics of HR and HER2 identifica-
tion. In addition, we examine the relationship between
the different immunotherapy biomarkers in patients
with TNBC.

MATERIAL AND METHODS

Breast Carcinoma Cohort
We performed a retrospective analysis of 312 consecutive
patients with breast carcinoma who were tested with both
CGP (F1CDx) and PD-L1 IHC (SP142 CDx IHC) between
March 2019 and June 2019. Approval for this study was
obtained from the Western Institutional Review Board
Protocol No. 20152817. All cases were submitted to
Foundation Medicine for CGP and PD-L1 IHC during
routine clinical care. HR and HER2 status were deter-
mined from a combination of accompanying pathology
reports from the outside institution and HER2 amplifi-
cation status based on our F1CDx assay. Age, sex, and
site of specimen of patient were extracted from
accompanying pathology reports.

PD-L1 SP142 CDx Immunohistochemistry Testing
All PD-L1 IHC testing was performed using the VENTANA
SP142 CDx assay per manufacturer’s instructions in a Clini-
cal Laboratory Improvement Amendments (CLIA)-certified
and College of American Pathologists (CAP)-accredited
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reference laboratory (Foundation Medicine, Morrisville,
NC). VENTANA SP142 CDx assay consists of the rabbit
monoclonal anti-PD-L1 SP142 clone, the OptiView DAB IHC
detection kit, the Opti-View Amplification Kit stained on the
VENTANA BenchMark ULTRA instrument using the staining
protocol provided by the package insert and interpreted
with the guidelines of the VENTANA interpretation guide
[10, 11]. All cases have an accompanying H&E-stained
patient slide, negative regent control-stained patient slide
with an on-slide tonsil control, and a VENTANA PD-L1
SP142-stained patient slide with an on-slide tonsil control.
PD-L1 IHC slides were interpreted by board-certified pathol-
ogists using the tumor-infiltrating immune cell (IC) percent-
age scoring method, where IC% = proportion of tumor area
that is occupied by PD-L1 staining IC of any intensity. Each
case was interpreted by one of six pathologists who were
trained specifically in the SP142 PD-L1 TNBC CDx assay
interpretation, and borderline cases (close to 1% IC posi-
tive) were reviewed by at least two pathologists to arrive
at a consensus score. Tumor-infiltrating immune cells con-
sist of lymphocytes, macrophages, dendritic cells, and
granulocytes. In general, IC stains with a dark, granular
punctate pattern; however, different staining patterns such
as membranous staining can also be present as explained in
the VENTANA interpretation guide. Tumor area for the pur-
poses of this assay was defined as tumor cells and associ-
ated peritumoral and intratumoral stroma. The CDx cutoff
for atezolizumab plus nab-paclitaxel for TNBC is an IC score
of ≥1%. Tumor cells usually stain with a linear pattern, but
tumor cell staining percentage is not considered in the
TNBC CDx cutoff for atezolizumab plus nab-paclitaxel.

Comprehensive Genomic Profiling of Breast
Carcinoma Samples
CGP was performed using the FDA-approved Foundation-
One CDx assay in a CLIA-certified and CAP-accredited labo-
ratory (Foundation Medicine, Cambridge, MA) using
previously described methods [12]. F1CDx uses a next gen-
eration sequencing platform and a hybrid capture method-
ology that detects base substitutions, insertions and
deletions, and copy number alterations in 324 genes and
select gene rearrangements, as well as tumor mutation bur-
den (TMB) and microsatellite instability (MSI). Each sample
had an accompanying H&E slide and was reviewed by a
board-certified pathologist under light microscopy for pres-
ence of adequate tumor (≥ 20% of nucleated cells are
tumor cells) before sequencing and for review of genomic
findings after sequencing for final report approval. With the
F1CDx assay, the CDx claim for alpelisib in patients with
breast cancer is specific to certain PIK3CA gene mutations
(Exon 7: C420R; Exon 9: E542K, E545A, E545D [1635G > T
only], E545G, E545K, Q546E, Q546R; and Exon 20: H1047L,
H1047R, H1047Y). However, the F1CDx assay also identifies
additional pathogenic PIK3CA gene mutations not currently
FDA approved as targetable mutations by alpelisib. Tumor
mutational burden was determined on 0.8 Mb of sequen-
ced DNA, and assessment of microsatellite instability was
performed from DNA sequencing across 114 loci as previ-
ously described [13].

Integrative Analysis of CGP and PD-L1 Biomarkers in
Breast Carcinoma
To examine the potential impact of testing with both CGP
and PD-L1 IHC, we examined the rates of PD-L1 IC positivity
in the TNBC disease subset (n = 121), PIK3CA CDx mutation
in the HR+/HER2− disease subsets (n = 159), and BRCA1/2
mutations for the overall breast carcinoma cohort (n = 312).
We also examined additional biomarkers (ABIOs) with a
biomarker-associated therapy or an active clinical trial based
on their biomarker status (actionability associated with short
variants, copy number alterations, and/or rearrangements).
Examples of ABIOs include PTEN loss or mutations for poten-
tial eligibility of everolimus and 10 clinical trials; and CCND1
amplifications for potential eligibility of abemaciclib, pal-
bociclib, and/or ribociclib and 10 clinical trials.

Next, we examined the genomic biomarker landscape of
our patient cohort by extracting the top 20 genes with
mutations in each disease subset (HR+/HER2−, HER2+,
TNBC) and representing them in comutation plots. We next
analyzed the top 20 genes in the total cohort of 312 patient
cases and compared these 20 genes between the three dis-
ease subsets (HR+/HER2−, HER2+, TNBC) using the Fischer’s
exact test to compare HR+/HER2− versus HER2+, HR+/HER2
− versus TNBC, and HER2+ versus TNBC. The p value was
adjusted for multiple comparisons using the Bonferroni
method, and p < .05 was considered significant [14]. We
also examined the top 20 genes of the TNBC disease subset
and compared the TNBC PD-L1+ and TNBC PD-L1− disease
subset using the Fisher’s exact test. In addition, we exam-
ined TMB in TNBC PD-L1+ and TNBC PD-L1− disease sub-
sets. For the purposes of these analyses, HER2 alterations
were not included because they were previously extracted
from a combination of accompanying pathology reports
and HER2 amplification status and would be redundant.

Finally, we examined immunotherapy biomarkers with
PD-L1 IHC, TMB, and MSI. For TMB, we examined the cut-
offs of 5, 9, 10, and 20 mutations per Mb in correlation to
PD-L1 status. Using 5 mutations per Mb (mean TMB) as a
baseline, we examined 10 mutations/Mb (2× baseline) and
20 mutations per Mb (4× baseline) as exploratory cutoffs
for TMB. In addition, we specifically examined a TMB ≥9
mutations per Mb cutoff as previously described by Alva
et al. that showed a disease control rate of 37% in patients
that had TMB ≥9 mutations per Mb using the F1CDx assay
and treated with pembrolizumab [15].

RESULTS

Patient Cohort
A total of 312 patients with breast carcinoma had combined
CGP and PD-L1 IHC testing at Foundation Medicine between
March 2019 and June 2019. The median age was 57 years,
with a range between 28 and over 80 years. A total of
26.6% (83/312) of the patients were at least 65 years, and
74.4% (229/312) of the patients were younger than 65
years. All patients in this cohort were female, except for
two male patients. A majority of the specimens received
were from a metastatic site, 61.9% (193/312). Of the
312 samples tested, 51% (159/312) were HR+/HER2−,
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10% (32/312) were HER2+ (of the 32 HER2+ patients,
53.1% [17/32] were also HR+), and 39% (121/312) were
TNBC (Fig. 1). Detailed patient characteristics are in
Table 1.

Clinically Actionable Biomarkers Detected by CGP
and PD-L1 Immunohistochemistry
As expected, detection of potentially actionable MSI-high
(MSI-H) status, NTRK fusions, and somatic mutations in HER2
were low. In the overall cohort of 312 patients, 0.3% (1/312)
were MSI-H, 0.3% (1/312) had a NTRK3 fusion (partner gene
CDK12), and 2.6% (8/312) had a somatic HER2 mutation (not
amplification [2 cases: S310F; 2 cases: L755S; 1 case: L755_
T759del; 1 case: P780_Y781insGSP; 1 case: V777L; and 1 case:
L755S and S310F]).

In the HR+/HER2− cohort, 38% (60/159) were positive
for a PIK3CA mutation. The top two PIK3CA mutations were
E542K (33.3%, 20/60) and H1047R (26.7%, 16/60), and of
the 60 HR+/HER2− PIK3CA positive cases, 80% (48/60) had
1 of the 11 CDx PIK3CA mutations and 18.3% (11/60) of
samples had more than one PIK3CA mutation (Table 2). An
example of a E545K PIK3CA mutation is shown in supple-
mental online Figure 1A. Of the remaining 159 HR-positive
patients who were PIK3CA CDx negative, 12% (13/111)
were positive for a BRCA1/2mutation, and of the 98 patients

that were negative for a biomarker previously mentioned,
90.0% (88/98) were positive for an ABIO examined (e.g.,
PIK3CA [non-CDx mutation] 12.2% [12/98], PTEN loss/
mutations 13.3% [13/98], and CCND1 amplifications 29.6%
[29/98]; Fig. 1).

For the HER2+ samples, 3.1% (1/32) patients were positive
for a BRCA1/2 mutation, and for the remaining 31 patients,
30 (96.8%) patients were positive for an ABIO examined (PTEN
loss or mutations 3.2% [1/31], and CCND1 amplifications
12.9% [4/31]).

Finally, in the TNBC cohort, 43% (52/121) were positive
for PD-L1 IHC and of the remaining 69 patients, 11.6%
(8/69) were positive for a BRCA1/2 mutation. Supplemental
online Figure 1B (H&E) and C (corresponding PD-L1 SP142
IHC) represent an example of a patient with TNBC with
greater than 1% of immune cells staining in the tumor area
and hence positive for the PD-L1 SP142 IHC CDx. Of the
61 patients without positivity in one of the biomarkers pre-
viously mentioned, 83.6% (51/61) were positive for an ABIO
examined (PTEN loss/mutations 16.4% [10/61], and CCND1
amplifications 6.6% [4/61]). Although not a companion
diagnostic in HER2+ and HR+/HER2− patients, the preva-
lence of PD-L1 SP142 positivity (based on an IC ≥1% cutoff)
was 43.8% (14/32) in the HER2+ cohort and 22.0% (35/124)
in the HR+/HER2− cohort.

Figure 1. Represents patients with breast carcinoma eligible for therapy based on biomarker status. Patients with breast carcinoma
were stratified into HR+/HER2−, HER2+, and triple-negative breast cancer (TNBC) groups and tested with standard of care diagnos-
tics. Next, in the HR+/HER2− cohort, patients were stratified into PIK3CA+ versus PIK3CA− groups, and patients with TNBC were
stratified into programmed death-ligand 1 (PD-L1) + versus PD-L1− groups. The remaining patients that were not positive for
PIK3CA and/or PD-L1 were stratified into whether they had a BRCA1/2 mutation. Last, the patients without positivity in one of the
above-mentioned biomarkers were examined for positivity in a biomarker that was clinically actionable or potentially clinically
actionable.
Abbreviations: −, negative; +, positive; CDx, companion diagnostics; HR, hormone receptor.
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Genomic Landscape of Patients with Breast
Carcinoma
The genomic profiles of each of the 312 patients we exam-
ined are shown in the comutation plots (Figs. 2, 3). Here,
we observed that although there was some overlap in the
top 20 genes in each disease subset (HR+/HER2−, HER2+, and
TNBC) there were some differences. For the HR+/HER2− dis-
ease subset, the top 5 genes in descending order were
PIK3CA, TP53, RAD21, NBN, and CCND1; for the HER2+ dis-
ease subset, they were TP53, CDK12, PIK3CA, MYC, and
RAD21; and for the TNBC disease subset they were TP53,
RAD21, MYC, PIK3CA, and NBN. This observation was also
true for the TNBC PD-L1+ and PD-L1− disease subset in which
the top five genes in the PD-L1+ cohort in descending order
were TP53, RAD21, MYC, DDR2, and FH; for the PD-L1−
cohort, they were TP53, RAD21, MYC, NBN, and RB1,
although no significant difference was found between the
two disease subsets, as explained below.

Mutation frequencies were determined for each disease
subset, and Fisher’s exact test was performed to compare
gene mutation frequencies for the HR+/HER2− versus HER2+,
HR+/HER2− versus TNBC, and HER2+ versus TNBC disease
subset (Fig. 4; supplemental online Table 1). The p value was
adjusted for multiple comparisons using the Bonferroni
method, and p < .05 was considered significant. It was
found that there was a significantly higher TP53 (p < .001)
rate of mutation in the TNBC disease subset versus the
HR+/HER2− disease subset and that there were signifi-
cantly higher PIK3CA (p = .020), CCND1 (p = .015), ZNF703
(p = .003), and ESR1 (p < .001) rates of mutation in the
HR+/HER2− disease subset when compared with the TNBC
disease subset. In the TNBC disease subset, further com-
parison between TNBC PD-L1+ and TNBC PD-L1− samples
revealed no significant difference in gene mutation fre-
quencies at individual gene level. (supplemental online
Table 2). Median TMB was the same (4 mutations per Mb)

Table 1. Demographic and histological characteristics of 312 patients with breast carcinoma

Characteristics
Overall
(n = 312), n (%)

HR+/HER2−
(n = 159), n (%)

HER2+
(n = 32), n (%)

TNBC
(n = 121), n (%)

Median age, yr 57 58 57 56

Gender, female 310 (99.4) 157 (98.7) 32 (100) 121 (100)

Specimen from metastatic sites 193 (61.9) 114 (71.7) 20 (62.5) 59 (48.8)

Breast carcinoma histologic subtype

Carcinoma (NOS) 159 (51.0) 93 (58.5) 17 (53.1) 49 (40.5)

Invasive ductal carcinoma 132 (42.3) 53 (33.3) 14 (43.8) 65 (53.7)

Invasive lobular carcinoma 17 (5.4) 12 (7.5) 1 (3.1) 4 (3.3)

Metaplastic carcinoma 3 (1.0) 1 (0.6) 0 (0) 2 (1.7)

Myoepithelial carcinoma 1 (0.3) 0 (0) 0 (0) 1 (0.8)

Abbreviations: −, negative; +, positive; HR, hormone receptor; NOS, not otherwise specified; TNBC, triple-negative breast cancer.

Table 2. Prevalence of specific CDx and non-CDx PIK3CA alterations in 159 HR+/HER2– patients

CDx PIK3CA mutations

Percentage of
HR+/HER2− cases
(n = 159), n (%)

Non-CDx
PIK3CA mutations,
n (%)

Percentage of
HR+/HER2− cases
(n = 159), n (%)

E542K 20 (12.6) N345K 5 (3.1)

H1047R 16 (10.1) H450_L455del 1 (0.6)

C420R 1 (0.6) H450_P458del 1 (0.6)

E545A 1 (0.6) R88Q 1 (0.6)

E545D [1635G > T only] 1 (0.6) Mixeda 4 (2.5)

E545K 1 (0.6)

H1047L 1 (0.6)

E545G 0 (0)

Q546E 0 (0)

Q546R 0 (0)

H1047Y 0 (0)

Mixedb 7 (4.4)
aCase: 1. E545Q, N345K; 2. D1017H, G1049R; 3. E545Q, N345K; 4. Q546K, T1025A
bCase: 1. E542K, E453K, C420R, Q546K; 2. E542K, M1004I; 3. E545K, M1043I; 4. E545K, E726K; 5. H1047R, Q969K; 6. H1047R, E453K; 7. H1047R,
D350G.
Abbreviations: −, negative; +, positive; CDx, companion diagnostics; HR, hormone receptor.
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Figure 2. Comutation plots of the top 20 genes for each breast carcinoma cohort stratified based on biomarker status of HR and
HER2. Here, we see that although there was some overlap in the top 20 genes in each cohort (HR+/HER2−, HER2+, and TNBC) there
were some differences. For the HR+/HER2− cohort, the top 5 genes in descending order were PIK3CA, TP53, RAD21, NBN, and
CCND1; for the HER2+ cohort, they were TP53, CDK12, PIK3CA, MYC, and RAD21; and for the TNBC cohort, they were TP53, RAD21,
MYC, PIK3CA, and NBN.
Abbreviations: −, negative; +, positive; HR, hormone receptor; TNBC, triple-negative breast cancer.
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between the TNBC PD-L1+ and TNBC PD-L1− disease sub-
set, with a higher mean (5.5 mutations per Mb) in the
TNBC PD-L1− disease subset when compared with the
mean (4.4 mutations per Mb) in the TNBC PD-L1+ disease
subset.

Immunotherapy Biomarkers Relationship
The mean and median (mutation per megabase) TMB were
as follows: overall breast carcinoma (5.0, 4.0), HER2+
(5.1,4.0), HR+/HER2− (5.1, 3.0), and TNBC (4.9, 4.0). Cur-
rently, there is no established TMB cutoff for patients with
breast carcinoma and so we explored several TMB cutoffs
in this study. We explored the relationship between PD-L1
immune cell positivity in relationship to a range of TMB cut-
offs (5, 9, 10, and 20 mutations per Mb; Fig. 5). We found

that at a lower TMB cutoff, such as 5 mutations per Mb,
there was a higher percentage of patients that would be
TMB+/PD-L1− as opposed to a higher TMB cutoff, such as
20 mutations per Mb. In addition, we specifically examined
a TMB cutoff of ≥9 mutations per Mb as previously
described by Alva et al. and found that TMB ≥9 mutations
per Mb was present for 11.5% (14/122) of cases, and of
these cases, 71.4% (10/14) were PD-L1+. This observation
suggests that if TMB ≥9 mutations per Mb was used for
treatment stratification, an additional 3.3% (4/121) of
patients with TNBC could be potentially eligible for immu-
notherapy when compared with PD-L1 IHC alone. In the
overall breast carcinoma cohort, MSI was high in only one
patient. That patient had TNBC with a TMB of greater than
20 mutations per Mb and was negative for PD-L1.

Figure 3. Comutation plots of the top 20 genes for the TNBC PD-L1+ and TNBC PD-L1− breast carcinoma cohort. Here, we see that
although there was some overlap in the top 20 genes, in each cohort there were some differences. In the TNBC breast carcinoma
cases, the top five genes in the PD-L1+ cohort in descending order were TP53, RAD21, MYC, DDR2, and FH; and for the PD-L1−
cohort, they were TP53, RAD21, MYC, NBN, and RB1.
Abbreviations: −, negative; +, positive; PD-L1, programmed death-ligand 1; TNBC, triple-negative breast cancer.
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DISCUSSION

In this study, 32% (100/312) of patients were biomarker
positive for an FDA-approved companion diagnostic based
on CGP and PD-L1 IHC. Of the remaining 212 patients,
10.3% (22/212) had a BRCA1/2 mutation, and of the

remaining 190 patients, 169 (88.9%) were biomarker posi-
tive for another biomarker-associated therapy and/or clini-
cal trial based on their genomic profile. These data provide
real-world evidence of the biomarker landscape when com-
bining CGP with PD-L1 IHC and highlight the importance of

Figure 4. Mutational prevalence of different breast carcinoma patient cohorts based on HR, HER2, and PD-L1 status. (A): Mutation
prevalence of top 20 genes in HR+/HER2−, TNBC, and HER2+ cohorts. Mutation prevalence was determined for each cohort, and Fisher’s
exact test was performed to compare HR+/HER2− versus HER2+, HR+/HER2− versus TNBC, and HER2+ versus TNBC cohorts (supplemen-
tal online Table 1). The p value was adjusted for multiple comparisons using the Bonferroni method, and p < .05 was considered signifi-
cant. It was found that there was a significantly higher TP53 (p < .001) rate of mutation in the TNBC disease subset vs the HR+/HER2−
disease subset and that there were significantly higher PIK3CA (p = .020), CCND1(p = .015), ZNF703 (p = .003), and ESR1 (p < .001) rates
of mutation in the HR+/HER2− disease subset when compared with the TNBC disease subset. (B): The top 20 genes in the TNBC cohort
were also extracted and no significant difference was discovered using the Fisher’s exact test when comparing the programmed death-
ligand 1 (PD-L1) + and PD-L1− cohort (supplemental online Table 2). Bars represent genes with significant differences in rate of mutation.
Abbreviations: −, negative; +, positive; HR, hormone receptor; TNBC, triple-negative breast cancer.
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using these predictive biomarkers to provide the best treat-
ment options for patients with breast cancer.

One specific example of the value of CGP is in patient A,
a 59-year-old HR+/HER2− female patient with breast carci-
noma, who had a PIK3CA E545K mutation (supplemental
online Fig. 1A). In addition to the PIK3CA mutation that con-
fers potential eligibility for alpelisib plus fulvestrant, the
patient had a PTEN C124S mutation (potentially eligible
with everolimus and 10 different clinical trials); a ARID1A
Q944* mutation (potentially eligible for 6 different clinical
trials), MAPK1 E322K (potentially eligible for 2 different clin-
ical), a high TMB of 58 mutations per Mb (potential eligibil-
ity for multiple immunotherapies), and 8 other mutations
that have no reportable therapeutic or clinical trial options.
A specific example of the potential utility of CGP + PD-L1
IHC is in patient B, a 49-year-old female patient with TNBC,
who was positive for the PD-L1 SP142 CDx assay and hence
potentially eligible for atezolizumab plus nab-pacitaxel

based on the diagnostic test results (supplemental online
Fig. 1B, C). This patient was microsatellite stable and had a
TMB of 6 mutations per Mb. However, the patient also had
an AKT2 amplification (potentially eligible for 10 different
clinical trials), an MYC amplification (potentially eligible for
5 different clinical trials), and three other mutations that
have no reportable therapeutic or clinical trial options.
Therefore, in addition to this patient being potentially eligi-
ble for atezolizumab plus nab-paclitaxel, the patient was
also potentially eligible for 15 clinical trials based on the
CGP findings.

After examining the potential treatment implications of
combining CGP and PD-L1 IHC, we examined the genomic
landscape of patients with breast carcinoma and looked for
differences between the different cohorts. Basal-like is simi-
lar to TNBC in that they both lack the expression of ER, PR,
and HER2, and Luminal A/B are similar to HR+/HER2−
patients in that they are defined by being HR+, although

Figure 5. Figure of relationship between PD-L1 status using the SP142 companion diagnostics immunohistochemistry assay and dif-
ferent exploratory TMB cutoffs (≥5, ≥9, ≥10, and ≥ 20 mutations per Mb). PD-L1+ was defined as tumor-infiltrating immune cell%
≥1% as per U.S. Food and Drug Administration companion diagnostic approval for atezolizumab plus nab-pacitaxel.
Abbreviations: +, positive; HR, hormone receptor; mut, mutation; TMB, tumor mutation burden; TNBC, triple-negative breast can-
cer; PD-L1, programmed death-ligand 1.
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Luminal B patients can be HER2+/−. Consistent with the lit-
erature, TP53 was mutated in a higher percentage of
patients with TNBC (basal-like; The Cancer Genome Atlas
[TCGA] 84% vs. this data set 86.8%), PIK3CA was mutated in
a moderate amount of HR+/HER2− (Luminal A) patients
(TCGA 49% vs this data set 38.4%), and CCND1 was mutated
in a higher amount of HR+/HER2− (Luminal A; TCGA 29%
vs. our data set 25.2%) when compared with other sub-
cohorts [16]. Also, ESR1 mutations occurred in a higher per-
centage in the HR+/HER2− cohort, which was consistent
with a study by Niu et al., which found a 12.5% ESR1 muta-
tion rate in patients with HR+ breast carcinoma. Although
we do not have information on when the specimen was col-
lected from the patient, the most likely reason for ESR1
mutation enrichment in patients with HR+ breast carcinoma
is that the sample could have been taken after hormonal
therapy, which induces the ESR1 mutation. Patients with
TNBC do not receive treatment with hormonal therapy, so
ESR1 mutations would not be expected. Similarly, ZNF703
amplifications have been shown to be higher in Luminal B
breast cancer, which was reflected in our HR+/HER2−
patients [17, 18]. Interestingly, all these mutations have
either prognostic or therapeutic value in these specific
cohorts of patients. Data suggest that TNBC patients with
TP53 mutations have a poor prognosis [19]. PIK3CA muta-
tions act in the PIK3CA/PTEN pathway and there are cur-
rently PIK3CA directed therapies on the market such as
alpelisib for HR+/HER2− patients. CCND1 amplification has
been shown to be a predictor of poor prognosis in ER+
breast carcinoma patients in multiple studies [20–22]. ESR1
mutations can potentially lead to hormonal therapy resis-
tance for HR+ patients [23]. ZNF703 overexpression has
been shown to have resistance to tamoxifen through activa-
tion of the Akt/mTOR signaling pathway in a study using
luminal B-type breast cancer cell lines [24].

Currently, the SP142 assay is the only FDA-approved
companion diagnostic for immunotherapy in patients with
TNBC, although MSI-high status qualifies patients for
pembrolizumab therapy. TMB emerged recently as another
promising marker that can only be performed using CGP or
whole exome sequencing. In our TNBC cohort, MSI was only
high in one patient, but depending on the four exploratory
TMB cutoffs, the TMB high category ranged from 0.8% to
41.3%. Furthermore, the overlap between TMB and PD-L1
positivity overlapped in more cases as the TMB cutoff
increased. Although there are some data that support a
TMB cutoff of 9 mutations per Mb for metastatic breast
cancer, more clinical evidence is necessary to find the most
optimal cutoff for TMB in patients with TNBC. Another
question that arises from this study is if a single biomarker
or a combination of biomarkers predicts the best response
to immunotherapy for TNBC patients. For the PIK3CA CDx,
there are currently only 11 mutations on the CDx label. In
our cohort of patients, we were able to identify 12 addi-
tional cases (20%; 12/60) with PIK3CA mutations that had a
pathogenic PIK3CA alteration. The ability of CGP to identify
alterations outside of current FDA drug labels is one of the
important advantages of CGP, as it allows for the real-time
practice of evidence-based medicine and improved clinical
trial enrollment in accordance with NCCN guidelines. In

addition, we saw 18.3% of HR+/HER2− patients with more
than one PIK3CA mutation. In a study by Vasan et al., the
authors saw that patients with more than one PIK3CA
mutation in cis were likely more sensitive to PIK3CA inhibi-
tors [25].

The first limitation of this study is that we do not have
strong clinical outcomes data to correlate with a TMB cutoff.
However, we tried to mitigate this limitation by exploring mul-
tiple different exploratory cutoffs and also using the TMB cut-
off of 9 mutations per Mb, which was observed by Alva et al.
to have a disease control rate of 37% [15]. The second limita-
tion in this study is that our center is a referral center and
most of the patient samples we received are from advanced
disease and were sent to us specifically for either CGP or
PD-L1 testing. This limitation is apparent in our subtype-
specific disease prevalence rates. For example, in this cohort
of 312 patients, 39% (121/312) were patients with TNBC. In
the general U.S. population, TNBC occurs in approximately
10%–20% of patients with breast carcinoma [26]. Our higher
prevalence was most likely due to referral bias for patients
with advanced disease and providers specifically ordering
PD-L1 CDx IHC testing for patients with TNBC.

CONCLUSION

These findings highlight the potential utility of combined CGP
and PD-L1 IHC for patients with breast carcinoma. Together,
these techniques have the potential to help determine eligibil-
ity for two new therapies with accompanying companion diag-
nostics, as well as expand the biomarker-guided therapeutic
options available for patients with breast carcinoma. These
findings also illustrate the need for studying the predictive
value of common PIK3CA mutations not currently included in
the CDx panel and establishing the optimal TMB cutoff for
patients with TNBC that could potentially predict response to
immunotherapy beyond PD-L1 expression.
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