ﬁ
3110

syrodou feur

1oeIISqe

ASSOCIATED
CONTENT

Appendix

Data Supplement
Author affiliations
and support
information (if
applicable) appear at
the end of this
article.

Accepted on July 16,
2020 and published at
ascopubs.org/journal/
po on September 9,
2020: DOI https:/doi.
org/10.1200/P0.20.
00186

ASCO

Fitness Landscape of Clonal Hematopoiesis

Under Selective Pressure of Immune
Checkpoint Blockade

Peter G. Miller, MD, PhD'?; Christopher J. Gibson, MD2; Arnav Mehta, MD, PhD*3; Adam S. Sperling, MD, PhD'?;
Dennie T. Frederick, MS®; Michael P. Manos, BA!; Benchun Miao, PhD*; Nir Hacohen, PhD??3; F. Stephen Hodi, MD?;
Genevieve M. Boland, MD, PhD?*; and Benjamin L. Ebert, MD, PhD*>#

PURPOSE Conventional cytotoxic therapies increase the risk of clonal hematopoiesis and select for TP53-mutant
clones, which carry a high risk for transformation to therapy-related myelodysplastic neoplasms. In contrast, the
effect of immune checkpoint blockade (ICB) on clonal hematopoiesis is unknown.

METHODS Paired peripheral-blood samples taken before and after treatment with ICB were obtained for 91
patients with either cutaneous melanoma or basal cell carcinoma. Error-corrected sequencing of a targeted
panel of genes recurrently mutated in clonal hematopoiesis was performed on peripheral-blood genomic DNA.

RESULTS The average interval between acquisition of the paired samples was 180 days. Forty-one percent of the
patients had clonal hematopoiesis at a variant allele frequency (VAF) > 0.01 in the pretreatment sample. There
was near-complete agreement in the distribution and burden of clonal hematopoiesis mutations in the paired
blood samples, with 87 of 88 mutations identified across the cohort present in paired samples, regardless of the
duration between sample collection. The VAF in the paired samples also showed a high correlation, with an R? =
0.95 (P < .0001). In contrast to cytotoxic therapy, exposure to ICB did not lead to selection of TP53- or PPM1D-
mutant clones. However, consistent with the known effects of DNA-damaging therapy, we identified one patient
who had eight unique TP53 mutations in the posttreatment blood sample after receiving two courses of radiation
therapy.

CONCLUSION There was no expansion of hematopoietic clones or selection for clones at high risk for malignant
transformation in patients who received ICB, observations that warrant further validation in larger cohorts. These
findings highlight an important difference between ICB and conventional cytotoxic therapies and their respective

impacts on premalignant genetic lesions.

JCO Precis Oncol 4:1027-1033. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Clonal hematopoiesis is a phenomenon in which re-
current somatic mutations in hematopoietic stem cells
result in selective clonal outgrowth. Clonal hemato-
poiesis of indeterminate potential (CHIP) refers spe-
cifically to the presence of a leukemia-associated
driver mutation present in at least 4% of peripheral-
blood cells (defined by a variant allele frequency [VAF]
of at least 0.02) in an individual without a hematologic
malignancy. CHIP is associated not only with an in-
creased risk of myeloid neoplasms, but also with de-
creased overall survival in both healthy individuals and
individuals with cancer.}® The strongest known risk
factor for the development of CHIP, aside from age, is
the receipt of chemotherapy or radiation, increasing the
rate of CHIP by 5- to 10-fold relative to age-matched
controls.>® Exposure to cytotoxic therapy specifically
leads to a clonal advantage for hematopoietic stem cells
with TP53 or PPM1D mutations, which render the cells
resistant to DNA damage and lead to expanded clones

bearing these mutations. These mutations are also
enriched in therapy-related myelodysplastic syndrome
(t-MDS) and acute myeloid leukemia (t-AML), consis-
tent with the finding that TP53-mutant CHIP has
a relatively high risk of transforming to leukemia.*®

Immune checkpoint blockade (ICB) targeting PD-1
and CTLA-4 is increasingly used for the treatment of
a wide range of cancer types. Although ICB and cy-
totoxic agents have different toxicity and efficacy
profiles, little is known about the selective pressure of
ICB on CHIP clones.® If CHIP clones are sensitive to
ICB, immunotherapy could decrease the risk of the
clinical sequelae of CHIP; if ICB enables clones to
expand, ICB could increase the risk of t-MDS and
t-AML as does cytotoxic therapy. To address this
question directly, we characterized the landscape of
somatic mutations using error-corrected sequencing
in paired blood samples obtained before and after
treatment with ICB in a cohort of patients with meta-
static cutaneous melanoma and basal cell carcinoma.
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CONTEXT

Key Objective

Clonal hematopoiesis is common and associated with adverse outcomes, particularly in patients with cancer. Although
conventional cytotoxic therapies are known to drive clonal hematopoiesis, particularly in patients with high-risk features
such as TP53 mutations, the effect of immune checkpoint blockade (ICB) on clonal evolution is unknown.

Knowledge Generated

Analysis of paired blood samples obtained before and after treatment from 91 patients with ICB revealed few changes in the
prevalence, clone size, and mutational landscape of clonal hematopoiesis, suggesting that, in contrast to cytotoxic
therapies, ICB does not drive clonal evolution in hematopoietic cells.

Relevance

The absence of clonal evolution after ICB treatment contrasts with chemotherapeutic and radiation modalities, highlighting an
important difference in potential long-term adverse outcomes. These findings can also inform our understanding of
premalignant genetic lesions in other contexts.

METHODS

The study was approved by institutional review boards at
each institution, and all samples were obtained after patient
consent. Genomic DNA was isolated from peripheral-blood
samples (DNEasy Kit; Qiagen, Hilden, Germany) of patients
treated at our institutions. Error-corrected sequencing of all
samples was performed by hybrid capture on the genomic
DNA samples followed by library preparation with double-
stranded unique molecular identifiers using a custom bait

carcinoma (n = 1). Patients received ICB with either
pembrolizumab or nivolumab (n = 55), ipilimumab (n = 7),
or ipilimumab in combination with nivolumab (n = 29;
Table 1, Appendix Fig A1A, Data Supplement). The median
age of the cohort was 65 years (IQR, 57.0-73.0 years), and

TABLE 1. Clinical Characteristics of Cohort
No. of Patients

set from Twist Bioscience (San Francisco, CA; Data Sup- _Characteristic (%; N = 91)

plement). Sequencing was performed on the lllumina  Median age, years (range) 65 (28-97)

platform (lllumina, San Diego, CA). After deduplication and  sex

consensus sequence calling, mutations were identified Female 37 (41)

using Varscan 2.2.3 and annotated using ANNOVAR. Male 54 (59)

Mutations were scored based on allele fraction, strand bias ; ;

differential, local noise and mapping quality, and frequency ~_2i28nosis

in germline polymorphism databases. These variants were Melanoma 920

visually inspected in Integrated Genome Viewer (Broad Basal cell carcinoma 1

Institute, Cambridge, MA). We required at least three al-  Therapy received

ternative reads to consider a variant for further analysis. To Nivolumab or pembrolizumab 55 (60)

minimize the possibility of inadvertent inclusion of arti- Nivolumab and ipiimumab 29 32)

factual mutations or cross-sample contamination, we only —

considered non-hot spot variants that were present in no Ipilimumab 7 ®

more than 2 unique individuals. VAF was determined by the ~_Clinical response in patients with melanoma

ratio of alternative reads to total reads at a specific nu- Durable 51 (57)

cleotide. Mutations were classified as pathogenic based on Not durable 37 (41)

variant rules as previously described.!® Not evaluable )

Statistical comparisons were performed using two-sided  |mmune-related adverse events

Manl?-Whtitr;(:,ytIUt' Or|X2 tlests, with a Pf< .OS ccl)nsilczl’elred No toxicity (grade O) 33 (36)

significant. Statistical analyses were performed using Prism

(v8.4.2; GraphPad, La Jolla, CA). Grade 12 28 B
Grade 3-4 30 (33)

RESULTS

. ) ) NOTE. Values are numbers and percentages unless otherwise
To determine the impact of ICB on clonal somatic hema-

indicated. Clinical responses in the patients with melanoma were

topoietic mutations, we examined pre- and posttreatment
blood samples (median interval, 180 days; interquartile
range [IQR], 141-204 days) from 91 patients treated at our
institutions for cutaneous melanoma (n = 90) or basal cell

1028 © 2020 by American Society of Clinical Oncology

graded as durable (defined as tumor shrinkage or lack of progression
for at least 6 months), not durable, or not evaluable. Immune-related
adverse events were annotated and graded per National
Comprehensive Cancer Network guidelines.
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FIG 1. Immune checkpoint blockade does not induce clonal evolution. (A) Frequency of mutations identified in each gene in the pretreatment (blue) and
posttreatment (red) samples. (B) Relationship between the variant allele frequency (VAF) of a particular mutation in the pre- and posttreatment samples.
(C) Change in VAF for each mutation in the pre- and posttreatment samples stratified by mutation group. (D) Relationship between the change in VAF
between pre- and posttreatment samples and interval between sample acquisition.

the maijority of patients were men (59%; Appendix Fig
AlB). At baseline, clonal mutations with a VAF > 0.01
were present in 41% of patients, were age associated, and
were enriched for C—T single nucleotide variants as ex-
pected (Appendix Figs A1C and A1D). The most commonly
mutated genes at baseline in the patients with CHIP were
DNMT3Aand TET2 (Appendix Fig A1E, Data Supplement).

The clonal mutations detected and their VAFs were stable
after ICB treatment, indicating that ICB does not apply an
immediate selective pressure to these clones. TP53 and
PPM1D clones did not change in size after ICB as they do
after cytotoxic therapy (Fig 1A). Of the 65 mutations with
VAF > 0.01 present in both samples, there was a significant
correlation between the VAFs in the paired samples (slope,
0.96; R =0.95; P < .0001; Fig 1B). We did not observe
any genes in which mutations consistently expanded or
contracted over the treatment interval (Figs 1B and 1C).
Furthermore, there was no association between the change
in VAF and the interval between blood draws (Fig 1D),
including in patients with an interval of > 1 year. We ex-
panded our analysis to include all mutations regardless of
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VAF and found that all but two were identified in the paired
sample, meaning that across the entire cohort, 87 (99%) of
88 mutations initially identified with a VAF > 0.01 were
present in both of the paired samples.

We found that one patient had eight unique TP53 mutations
in the DNA binding domain with VAFs ranging from 0.003
to 0.006 (A129S, C182S, D184indelDY, M133L, Q165K,
Q167E, S166L, and T150P), all of which were present in the
posttreatment sample only. Upon further investigation, we
found that this patient had received both ICB and two rounds
of targeted radiation therapy (18 Gy to the left occipital area
and 18 Gy to the right precuneus) approximately 2 and
5.5 months after the pretreatment sample, respectively, but
both before the posttreatment sample. The emergence of
these mutations is consistent with the rapid expansion of
TP53-mutant hematopoietic stem-cell clones after exposure
to cytotoxic therapy, as previously observed in both human
studies of CHIP animal modeling of radiation effects on
expansion of TP53-mutant hematopoietic cells.2!! TP53-
mutant clones did not emerge in the two other patients in the
cohort who received radiation therapy in the sample interval.
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Immune-related adverse events (irAEs) were annotated
and graded per National Comprehensive Cancer Network
guidelines, and responses in the patients with melanoma
were graded as either durable (n = 51; defined as tumor
shrinkage or lack of progression for at least 6 months), not
durable (n = 37), or not evaluable (n = 2; Appendix Figs
A2A and A2B; Data Supplement). In univariable analysis,
neither age nor CHIP, regardless of VAF, was significantly
associated with response to therapy or irAEs, although the
size of the cohort limits identification of small effect sizes
(Appendix Fig A2). In the 15 patients for whom clinical
sequencing of the solid tumor specimen was available,'2 we
identified 4 patients in whom reported mutations in the
tumor were present in the blood and likely represent CHIP
contamination of the solid tumor (Data Supplement), an
increasingly recognized and clinically important issue when
interpreting solid tumor sequencing.t>4

DISCUSSION

Our data highlight two important differences between the
effects of cytotoxic and ICB therapies on the clonal dy-
namics of hematopoietic cells. First, ICB did not select for
cells with mutations in genes involved in the DNA damage
response, including TP53, and second, it did not cause
expansion of CHIP clones that existed before treatment.
Although we cannot rule out the possibility of subtle effects
on clonal dynamics that would be identifiable only with
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