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Abstract

Background: The occurrence of somatic mutations in patients with no evi-
dence of hematological disorders is called clonal hematopoiesis (CH). CH, whose
subtypes include CH of indeterminate potential and clonal cytopenia of unde-
termined significance, has been associated with both hematologic cancers and
systemic comorbidities. However, CH's effect on patients, especially those with
concomitant malignancies, is not fully understood.

Methods: We performed a retrospective evaluation of all patients with CH at
a tertiary cancer center. Patient characteristics, mutational data, and outcomes
were collected and analyzed.

Results: Of 78 individuals included, 59 (76%) had a history of cancer and 60 (77%)
had moderate to severe comorbidity burdens. DNMT3A, TET2, TP53, and ASXL1
were the most common mutations. For the entire cohort, the 2-year overall sur-
vival rate was 79% (95% CI: 70, 90), while the median survival was not reached.
Of 20 observed deaths, most were related to primary malignancies (n=7, 35%),
comorbidities (n=4, 20%), or myeloid neoplasms (n=4, 20%). Twelve patients
(15%) experienced transformation to a myeloid neoplasm. According to the clonal
hematopoiesis risk score, the 3-year transformation rate was 0% in low-risk, 15%
in intermediate-risk (p=0.098), and 28% in high-risk (p =0.05) patients. By multi-
variate analysis, transformation was associated with variant allele frequency >0.2
and hemoglobin <10g/dL.

Conclusions: In a population including mostly cancer patients, CH was asso-
ciated with comorbidities and myeloid transformation in patients with higher
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1 | INTRODUCTION

The presence of somatic mutations in a subpopulation
of hematopoietic cells in individuals without a morpho-
logical diagnosis is known as clonal hematopoiesis (CH).
CH includes patients with CH of indeterminate potential
(CHIP) and those with clonal cytopenia of undetermined
significance (CCUS).! Several studies have shown that CH
is associated with comorbidities, such as cardiovascular
disease, and with a predisposition to develop secondary
hematologic malignancies.”” In addition, the presence of
pre-leukemic CH prior to cancer therapy is common in
patients, who later develop therapy-related myeloid disor-
ders,® a phenomenon likely related to increased fitness
of the underlying CH.'® However, no guidelines exist for
hematologic monitoring, comorbidity mitigation, and leu-
kemia prevention in patients with CH. Furthermore, the
impact of CH on the outcomes of patients with concomi-
tant underlying malignancies remains unknown. To gain
insight into the natural history of CH in this patient pop-
ulation, we analyzed the characteristics and outcomes of
a cohort of patients with CH from a single tertiary cancer
center.

2 | METHODS

2.1 | Study design and participants

In this retrospective analysis, we evaluated the character-
istics and outcomes of a cohort of patients with CHIP and
CCUS actively being observed at The University of Texas
MD Anderson Cancer Center. Included were patients in
whom one or more somatic mutations was found by next-
generation sequencing (NGS) of their bone marrow or
peripheral blood from January 2015 through March 2021.
CHIP was defined as the presence of CH with no cytope-
nia or morphologic findings of hematologic malignancy,
while CCUS was defined as the presence of CH with cyto-
penia, using the established criteria of persistent anemia
(hemoglobin <11 g/dL); neutropenia (absolute neutrophil
count <1.5K/pL); or thrombocytopenia (platelets <100 K/
pL) for at least 4months.'"'? Excluded were patients,
who had morphologic evidence of a myeloid neoplasm,

mutational burdens and anemia. Nevertheless, such patients were less likely to
die of their myeloid neoplasm than of primary malignancy or comorbidities.

clonal hematopoiesis, clonal hematopoiesis of indeterminate potential, clonal cytopenia of
undetermined significance, CHIP, CCUS

previous history of any myeloid neoplasm, and/or donor-
engrafted CHIP. Patients’ comorbidities were assessed ac-
cording to the validated Adult Comorbidity Evaluation 27
(ACE-27) score.'>*

2.2 | Assessment of somatic mutations
Genomic DNA from patients’ peripheral blood and/or
whole bone marrow aspirate samples was sequenced with
an NGS platform in a Clinical Laboratory Improvement
Amendments (CLIA)-certified laboratory within the
Department of Hematopathology at The University of
Texas MD Anderson Cancer Center.'>!®

2.3 | Outcome definitions and
statistical methods

The date of CH diagnosis was defined as the date of the
first identification of any somatic mutations. The date
of transformation to myelodysplastic syndrome (MDS),
chronic myelomonocytic leukemia (CMML), or acute
myeloid leukemia (AML) was derived from the date of
the first bone marrow evaluation showing morphological
evidence of a myeloid malignancy. Overall survival (OS)
was calculated from the time of CH diagnosis to the time
of death. OS after transformation was calculated from the
time of MDS/AML diagnosis to the time of death. Time to
transformation was calculated from the time of diagnosis
to the time of transformation or death without transfor-
mation. The cumulative incidence of transformation was
estimated with death without transformation as a compet-
ing event.

Among patient characteristics, comparisons between
continuous variables were made using the Kruskal-Wallis
test, and comparisons between categorical variables were
made using the y* test. Paired two-sample t-test and
Wilcoxon rank-sum test were used to compare continuous
variables before and after transformation to MDS/AML.
The Kaplan-Meier product limit method and cumulative
incidence function were used to estimate survival out-
comes.'” The Cox proportional hazard method was used to
analyze association between CH and time to hematologic
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malignancy transformation.'® The associations between
CH and cumulative incidence of transformation to a my-
eloid neoplasm and death without such transformation
were analyzed by competing risk regression (i.e., sub-
distributional hazard model)."* Hazard ratios (HR) and
subdistribution hazard ratios (SHR) with 95% confidence
intervals (CI) were reported for time-to-event analysis. All
analyses were performed using GraphPad Prism 9.0.0 and
RStudio Version 4.1.0.%°

3 | RESULTS
3.1 | Patient characteristics and study
cohort

We identified 78 patients with CH seen at our institution
from January 2015 through March 2021. Forty-five indi-
viduals (58%) were referred to our clinic due to an inci-
dental finding of a myeloid somatic mutation in their bone
marrow (n=37, 48%) or peripheral blood sample (n=10,
10%), while 33 (42%) were referred for an abnormal blood
count. The patients’ baseline characteristics are summa-
rized in Table 1. The median age at CH diagnosis was
72years (range: 41-95). Most patients were male (n =46,
59%), had cardiovascular comorbidities (n =57, 73%), and
had a non-myeloid cancer diagnosis (n=59, 76%). The
previous cancer diagnoses prior to CH were solid tumors
(n=36, 46%), lymphoma (n =16, 21%), multiple myeloma
(n=3, 4%), and chronic lymphocytic leukemia (CLL)
(n=2,3%).

Genomic DNA was extracted from bone marrow sam-
ples in 70 patients (90%) and peripheral blood in eight in-
dividuals (9%). In those who were referred for a myeloid
somatic mutation seen on peripheral blood, all underwent
complete hematologic work-up, including bone marrow
evaluation, except four patients with no evidence of ab-
normalities on complete blood counts and differentials.
The median number of mutations was one (range: 1-8),
and the median variant allele frequency (VAF) was 0.078
(range: 0.011-0.729) at diagnosis. The distribution of so-
matic myeloid mutations is shown in Figure 1. DNMT3A
(40%), TET2 (31%), TP53 (26%), and ASXL1 (18%) were
the most frequent mutations. Among the 71 patients with
available cytogenetic data, 55 (77%) had normal karyotype
and seven (10%) had a single chromosomal abnormality.

3.2 | Establishment of subgroups by
causes of cytopenia

Due to the possibility of other causes of cytopenia that can-
not be distinguished from CH, such as treatment-related
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myelosuppression or an active non-myeloid malignancy
(such as CLL or multiple myeloma), patients were further
subcategorized. Of the 78 patients, 17 (22%) were receiv-
ing active treatment for a primary malignancy and two
(3%) had active non-myeloid hematologic malignancies
without myelosuppressive therapy. Based on these poten-
tial causes for cytopenia, we categorized the patients into
four cohorts: CHIP with normal counts in the setting of
any cause for cytopenia (CHIP-T), other CHIP (CHIP-O),
CCUS with any cause for cytopenia (CCUS-T), and other
CCUS (CCUS-0) (Table 1). CHIP-T patients tended to
be younger, with a median age of 66years (range: 41-75,
p=0.36). When we excluded primary malignancies from
the ACE-27 score,>'* there was a trend toward more
CCUS-T (n=8, 62%) and CCUS-O patients (n=17, 52%)
having moderate to severe comorbidities compared to
only two CHIP-T (33%) and 11 CHIP-O (42%) individu-
als (p=0.23). Regarding primary cancer therapy, more
CCUS-T patients received alkylating agents (n=8, 61%,
p=0.02) with a trend toward more frequent autologous
stem cell transplantation (SCT) (n=4, 31%, p=0.11).
Five CCUS-O patients (15%) received chimeric antigen
receptor (CAR) T-cell therapy for underlying lymphoma.
Fifteen CHIP-O (58%), 16 CCUS-O (48%), and 2 CCUS-T
patients (15%) were never exposed to antineoplastic ther-
apy prior to their CH diagnosis (p <0.001). Bone marrow
blast percentages were similar between the CHIP and
CCUS cohorts with a median of 1% (range: 0-4, p=0.60).
Eight CCUS-O (24%) and two CCUS-T patients (15%) had
transfusion-dependent anemia at diagnosis.

No significant difference was seen in the number
(p=0.60) or median VAF (p=0.69) of mutations across
the groups. A trend of more frequent TP53 mutations in
CCUS-T (n=>5, 38%) and CCUS-O (n=9, 27%) compared
to CHIP-T (n=1, 17%) and CHIP-O (n=5, 19%) was ob-
served (p=0.58). However, CHIP-T (n=4, 67%) and
CHIP-O (n=4, 16%) were more likely to have mutations
in signaling and kinase pathway (SKP) genes compared
to CCUS-T (n=1, 9%) and CCUS-O (n=1, 3%, p<0.001).
Mutations in epigenetic modifiers (EM); splicing factor
(SF) pathway genes; and DNMT3A, TET2, and/or ASXL1
(DTA) were similar across all groups (p=0.80, 0.93, and
0.74, respectively). No CCUS patient had mutations in
transcription factor (TF) pathway genes, compared with 3
patients (9%) in the CHIP cohort.

3.3 | Treatment

Twenty patients (26%), comprised of 16 CCUS-O (48%) and
4 CCUS-T (31%), received therapy for cytopenia, while all
CHIP patients underwent observation. In those receiving
treatment, approaches included growth factors (n=15,
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TABLE 1 Baseline patients characteristics.

Characteristics
Age, years
Age>70
Male
ACE-27 score
0
1 (mild)
2 (moderate)
3 (severe)
Comorbidities
Oncologic
Cardiovascular
Psychiatric
Respiratory
Diabetes mellitus
Neurologic
Gastrointestinal
Renal
Obesity
Rheumatologic
Immunologic
Substance abuse
Number of prior cancers
0
1
2
3
4
Prior treatment history
Chemotherapy®
Alkylating agents
Topoisomerase inhibitors
Other
Radiation therapy
Prior Autologous SCT
CAR-T cell therapy
None
Laboratory values
WBC (K/pL)
ANC (K/pL)

All Patients

N (%)/Median
[Range]

n=78

72 [41-95]

43 (55)

46 (59)

2(3)

16 (21)
23(29)
37 (47)

59 (76)
57(73)
19 (24)
19 (24)
16 (21)
8 (10)
3(4)
3(4)
2(3)
2(3)
1(1)
1(1)

19 (24)

43 (55)

12 (15)
2(3)
2(3)

33(43)
27(35)
15(19)
6(8)
28 (36)
9(12)
5(6)
34 (44)

4.9[0.7-32.6]
2.8[0.2-18.6]

CHIEN ET AL.
CHIP-O CHIP-T CCUS-0 CCUS-T
N (%)/

N (%)/Median Median N (%)/Median N (%)/Median
[Range] [Range] [Range] [Range]
n=26 n=6 n=33 n=13 p-value
72 [43-89] 66 [41-75] 72 [46-86] 72 [55-95] 0.36
15 (58) 2(33) 19 (58) 7(54) 0.73
14 (54) 3 (50) 20 (61) 9 (69) 0.78

1(4) 0 1(3) 0 0.23

7(27) 0 8 (24) 0

8(31) 2(33) 11 (33) 2(15)
10 (38) 4(67) 13 (39) 11 (85)
17 (65) 6 (100) 23 (70) 13 (100) 0.04
20 (77) 3(50) 23 (70) 11 (85) 0.41

7(27) 2(33) 4(12) 6 (46) 0.09

7(27) 2(33) 9 (27) 1(8) 0.48

4(15) 0 9 (27) 3(23)

1(4) 0 5(15) 2(15)

0 0 1(3) 1(8)

1(4) 0 2 (6) 0

0 0 2(6) 0

1(4) 0 1(3) 0

0 0 1(3) 0

0 0 0 1(8)

9 (35) 0 10 (30) 0 0.32
11 (42) 5(83) 19 (58) 8(62)

4(15) 1(17) 4(12) 3(23)

2(8) 0 0 0

0 0 0 2(15)

8 (31) 4(67) 11 (33) 10 (77) 0.02

7(27) 2(33) 10 (30) 8 (61)

3(11) 1(17) 10 (30) 1(8)

1(4) 2(33) 1(3) 2(15)

7(27) 4(67) 8 (24) 9 (69) 0.009

2(8) 0 3(9) 4(31) 0.11

0 0 5(15) 0
16 (62) 0 16 (48) 2(15) <0.001
5.5[2.8-15.4] 5.7 [4.9-12.1] 3.2[1.3-32.6] 3.9 [0.7-10.4] 0.0013
3.3 [1.8-11.3] 3.9[2.3-9.9] 1.6 [0.7-18.6] 1.9 [0.2-5.2] 0.003
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TABLE 1 (Continued)

All Patients CHIP-O CHIP-T CCUS-0 CCUS-T
N (%)/
N (%)/Median N (%)/Median Median N (%)/Median N (%)/Median
[Range] [Range] [Range] [Range] [Range]
Characteristics n=78 n=26 n=6 n=33 n=13 p-value
Hb (g/dL) 11.3[6.9-15.7]  13.4[11.1-15.7] 127 10.1[6.9-13.8] 9.6 [7.1-12.4] <0.0001
[11.7-15.3]
MCV (fL) 95 [74-124] 93 [77-106] 91 [84-104] 97 [75-124] 96 [74-111] 0.35
Platelets (K/pL) 170.5 [9-521] 193.5[91-521]  254[116-291] 128 [9-425] 160 [22-318] 0.02
LDH (U/L) 222[114-882] 216 [114-645] 234 [152-483]  233[125-882]  190.5[117-430]  0.59
BM blasts (%) 1[0-4] 1[0-4] 1.5[0-3] 1[0-4] 1[0-2] 0.60
Cytogeneticsb
Diploid 55 (77) 20 (83) 5(100) 23 (74) 7 (64) 0.22
Trisomy 8 1(1) 1(4) 0 0 0
Y 5(7) 0 0 4(13) 1(9)
Complex karyotype 1(1) 0 0 0 1(9)
Deletion 20q 2(3) 1(4) 0 0 1(9)
Other abnormalities 7 (10) 2(8) 0 4(13) 1(9)
Mutations®
DNMT3A 29 (40) 8(32) 2(50) 14 (44) 5(45) 0.76
TP53 20 (26) 5(19) 1(17) 9 (27) 5(38) 0.58
TET2 22 (31) 7(28) 0 10 (31) 5(45) 0.58
ASXL1 13 (18) 5(20) 1(25) 7(22) 0 0.97
IDH2 6 (8) 2(8) 1(17) 3(9) 0 0.80
VAF 0.08 [0.01-0.73]  0.06 [0.01-0.49]  0.15[0.02-0.34] ~ 0.09 [0.01-0.50]  0.09 [0.01-0.73] 0.69
Presence of DTA mutation 51(71) 16 (64) 3(75) 23(72) 9(82) 0.74
Mutational pathways®
Epigenetic modifier (EM) 59 (79) 18 (72) 4 (80) 27 (82) 10 (83) 0.80
Splicing factor (SF) 11 (17) 3(13) 1(25) 5(18) 2 (18) 0.93
Transcription factor (TF) 3(5) 2(9) 1(25) 0 0 0.08
Tumor suppressor (TS) 20(28) 5(21) 1(25) 9 (30) 5(38) 0.71
Signaling and kinase (SKP) 10 (14) 4(16) 4(67) 1(3) 1(9) <0.001
CHRS risk category®
High 21 (27) 4(15) 1(17) 11 (33) 5(38) 0.24
Intermediate 38 (49) 12 (46) 3(50) 17 (52) 6 (46)
Low 16 (21) 9 (35) 2(33) 3(9) 2(15)

Note: EM: ASXL1, TET2, DNMT3A, IDH1, IDH2, EZH2, BCOR, BCORL1; SF: SF3B1, SRSF2, U2AF1, ZRSR2. TF: ETV6, GATA2, NOTCH1. TS: TP53, PHF®6;
SKP: JAK2, KRAS, NF1, BRAF, STAT3, GNAS.

The bolded values are the statistically significant values.

Abbreviations: ACE-27, adult comorbidity evaluation 27; ANC, absolute neutrophil count; BM, bone marrow; CAR, chimeric antigen receptor; CCUS-O,
other clonal cytopenia of undetermined significance (CCUS); CCUS-T, CCUS with causes of cytopenia; CHIP-O, other clonal hematopoiesis of indeterminate
potential (CHIP); CHIP-T, CHIP with causes of cytopenia; DTA, DNMT3A, TET2, or ASXL1; Hb, hemoglobin; LDH, lactate dehydrogenase; MCV, median
corpuscular volume; SCT, stem cell transplantation; VAF, variant allele frequency; WBC, white blood cell count.

*Patients received single agent therapy or a combination of listed chemotherapies.

PNo cytogenetic data available for seven patients.

Percentages were corrected for the available data on each gene.

dUnable to calculate in three patients.
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75%), such as erythropoiesis-stimulating agents, granu-
locyte colony stimulating factor, and thrombopoietin-
stimulating agonists; corticosteroids (n=5, 25%);
cyclosporine (n=35, 25%); iron supplementation (n=4,
20%); intravenous immunoglobulin replacement (n=3,
15%); rituximab (n=2, 10%); and other non-steroidal im-
munosuppressants (n=1, 5%). Seven individuals (35%) re-
ceived two or more therapies for refractory cytopenia. The
median time to treatment from CH diagnosis was 1 month
(range: 0-10).

3.4 | Survival and
transformation outcomes

With a median follow-up time from diagnosis of 27 months
(range: 0.1-79), the median OS (mOS) for the entire group
was not reached, with a 2-year survival rate of 79% (95%
CI:70,90). The CCUS-T cohort had the worst survival out-
comes mOS: 32months (95% CI: 32, not estimable [NE]),
whereas the mOS of all other patients was not reached
(p=0.45, Figure S1). There were no differences in sur-
vival based by the presence of cytogenetic abnormalities
(p=0.970). Twenty patients (26%) died, of whom seven

[ CCus-T
[ CCus-0
[ CHIPT
3 CHIP-O

Percentage (%)
= N N w w
w o w o w

n
o
L

f

Mutation

FIGURE 1 Distribution of mutations at diagnosis by cohort.

TABLE 2 Causes of death.

All Patients N (%) CHIP-O N (%)
n=20 n=4
Primary malignancy 7(35) 1(25)
Comorbidities 4 (20) 1(25)
Transformation to MN 4(20) 1(25)
Infection 3(15) 0
Refractory anemia 1(5) 0
Unknown 1(5) 1(25)

(35%) died of their primary cancer, four (20%) died of co-
morbidities, and four (20%) died of myeloid neoplasms
following transformation (Table 2).

Of the 78 patients, 12 (15%) experienced transfor-
mation to MDS/CMML (n=11) or AML (n=1). Patient
characteristics and outcomes summarized in Table SI.
Transformation occurred in seven CCUS-O (21%), one
CHIP-T (17%), two CCUS-T (15%), and two CHIP-O pa-
tients (8%). The median time to transformation was not
reached, and there was no significant difference in time
to transformation among groups (p=0.53, Figure S2).
The mOS after transformation was also not reached. Of
interest, the median number of mutations (two vs. three,
p=0.67) and VAF (0.36 vs. 0.37, p=0.82) were similar at
the time of CH diagnosis and at transformation, respec-
tively. The most common mutations at transformation
were TET2 (64%), ASXL1 (45%), IDH2 (27%), EZH2 (27%),
and TP53 (18%). All three patients (two CCUS-O and one
CCUS-T) with EZH2 mutations at baseline progressed
to MDS. Figure 2 illustrates the genomic evolution from
diagnosis to myeloid neoplasm transformation. Two pa-
tients (17%) acquired a new cytogenetic abnormality and
five patients (42%) acquired new mutations at transforma-
tion, with ASXL1 being the most frequently acquired mu-
tation (40%). Six patients (50%) did not receive treatment
for their lower-risk MDS or CMML.

The cumulative incidence of transformation was fur-
ther calculated with death without transformation as a
competing event after combining the CHIP-O and CHIP-T
subgroups due to small patient numbers. The 3-year cu-
mulative incidence of myeloid neoplasm transformation
was higher among the CCUS-O (24%) and CCUS-T (21%)
groups than in the CHIP group (6%, p=0.48, Figure S3).
CCUS-T patients had the highest 3-year cumulative inci-
dence of death without transformation risk (53%) com-
pared to the CCUS-O (35%) and CHIP (20%, p=0.14)
groups, which reflected a higher proportion of deaths due
to primary malignancy (40%) and comorbidities (40%) in
the CCUS-T group.

CHIP-T N (%) CCUS-O N (%) CCUS-T N (%)

n=1 n=10 n=>5
1 (100) 3(30) 2 (40)
0 1(10) 2 (40)
0 3(30) 0

0 3(30) 0

0 0 1(20)
0 0 0

Abbreviations: CCUS-O, other clonal cytopenia of undetermined significance (CCUS); CCUS-T, CCUS with causes of cytopenia; CHIP-O, other clonal
hematopoiesis of indeterminate potential (CHIP); CHIP-T, CHIP with causes of cytopenia; MN, myeloid neoplasm.
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FIGURE 2 Oncoplot of Patients who transformed to MDS/CMML or AML. MDS, myelodysplastic syndrome; CMML, chronic
myelomonocytic leukemia; AML, acute myeloid leukemia; UID, unique identifier.

3.5 | Exploratory analysis

Patients were further recategorized into high-risk (H) or
low-risk (L) cohorts based on VAF >0.2 or non-DTA mu-
tations, which have been reported to portend a higher risk
of progression.”! As illustrated in Figure 3A, the 3-year
cumulative incidence of myeloid neoplasm transforma-
tion was highest in the H-CCUS group (37%) compared
to the L-CCUS (8%), H-CHIP (6%), and L-CHIP groups
(0%, p=0.037). Patients were also risk-stratified accord-
ing to the recently-presented and published clonal he-
matopoiesis risk score (CHRS), a prediction tool for the
risk of progression to myeloid neoplasms in healthy
adults with CH.?? Per the CHRS, 16 patients (21%) were
deemed at low risk, 38 (49%) at intermediate risk, and
21 (27%) at high risk of transformation to a myeloid ne-
oplasm. There was no difference in CHRS risk group by
previous exposure to chemotherapy, radiation therapy,
or autologous stem cell transplantation. When examin-
ing particular chemotherapy regimens, alkylating agents
were not enriched in a particular risk group (p=0.380),
but interestingly, no CHRS low-risk individual received

topoisomerase inhibitors prior to the detection of CHIP
or CCUS (p=0.077). CCUS-T (38%) and CCUS-O patients
(33%) exhibited a trend toward a higher risk of myeloid
neoplasm transformation than CHIP-T (17%) and CHIP-O
(15%) patients, though the difference was not significant
(p=0.24). The 3-year cumulative incidence of transfor-
mation was 0% in the low-risk group compared to 15% in
the intermediate-risk (p=0.098) and 28% in the high-risk
groups (p=0.05, Figure 3B). There were no differences in
time to transformation or mOS by CHRS risk stratifica-
tion (Figure S4). When comparing the two risk stratifica-
tion methods, of the 16 CHRS low-risk patients, 15 were
also categorized as L-CHIP/L-CCUS. One CHRS low-risk
patient was classified in the high-risk cohort due to the
presence of a mutation in BCORLI that is considered non-
DTA but not a high-risk mutation by CHRS.

On univariate analysis, increasing age (HR 1.10; 95%
CI: 1.02, 1.18; p=0.008), VAF >0.2 (HR 5.75; 95% CI: 1.51,
21.8; p=0.01), and hemoglobin <10g/dL (HR 5.66; 95%
CI: 1.51, 19.87; p=0.007) were associated with higher risk
of transformation (Table S2). DTA mutations were not
statistically protective against transformation (HR 0.59;
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FIGURE 3 Cumulative incidence of transformation with risk stratification. (A) By VAF >0.2 and/or non-DTA Mutations. CI, confidence
interval; DTA, DNMT3A, TET2, or ASXL1; H-CCUS, high-risk CCUS; H-CHIP, high-risk CHIP; L-CCUS, low-risk clonal cytopenia of

undetermined significance (CCUS); L-CHIP, low-risk clonal hematopoiesis of indeterminate potential (CHIP); VAF, variant allele frequency.
(B) By Clonal Hematopoiesis Risk Score. CI, confidence interval.

95% CI: 0.16, 2.09; p=0.41) in our cohort. Similar findings
were obtained by competing risk analysis. Anemia with
hemoglobin <10g/dL was also associated with mortal-
ity without transformation risk (SHR 3.78; 95% CI: 1.30,

11.00; p=0.01). On multivariate analysis, only VAF >0.2
(HR 15.62; 95% CI: 3.29, 74.05; p=0.0005) and hemoglo-
bin <10g/dL (HR 18.25; 95% CI: 3.59, 92.73; p=0.0005)
predicted transformation (Table 3).
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Full model® Reduced model®

HR 95% CI p-value HR 95% CI p-value
Age (years) 0.98 0.90-1.07 0.65
Hb<10 (g/dL) 21.85 2.45-194.83 0.006 18.25 3.59-92.73 0.0005
VAF>0.2 20.09 1.99-202.4 0.011 15.62 3.29-74.05 0.0005
Normal cytogenetics 0.88 0.10-7.78 0.91

Abbreviations: CI, confidence interval; Hb, hemoglobin; HR, hazard ratio; VAF, variant allele frequency.

*The full model includes variables with p <0.15 on univariate analysis by Cox Regression.

"The reduced model includes significant variables using backward elimination methods.

4 | DISCUSSION

This retrospective study focused on 78 patients with CH,
most of whom (76%) had a history of non-myeloid neo-
plasms and exposure to chemotherapy and/or radiation.
Patients in this cohort had high comorbidity burdens, with
the majority of patients having moderate or severe ACE-
27 scores,">* most frequently cardiovascular disorders in
73%. To determine patients who were at the highest risk of
transforming into a myeloid malignancy, we further cate-
gorized patients into high-risk and low-risk cohorts based
on VAF >0.2 and the presence of non-DTA mutations,?!
resulting in the H-CCUS group with the highest cumula-
tive incidence of transformation. We also applied CHRS
to stratify patients according to their risk of transforma-
tion.?? Only VAF >0.2 and hemoglobin <10g/dL predicted
transformation to MDS/AML by multivariate analysis.

The patients at a tertiary cancer center differ from the
healthy adult population, as they appear to have more
high-risk features. Two large population studies in the
United Kingdom and the Netherlands showed low trans-
formation rates, with development of myeloid neoplasms
2.37% over a median follow-up time of almost 12 years and
a cumulative incidence of a hematological cancer of 2.5%
every 5years.”>** However, the mutations most frequently
seen in these studies were overwhelmingly DNMT3A,
TET2, and ASXL1, with TP53 mutations seen in approx-
imately 2%-5% of the patients. Our study revealed TP53
mutations in significantly more patients at 25%, indicat-
ing a higher-risk cohort with consequently higher rates
of transformation at 15%. Similar to these previous re-
ports, DNMT3A mutations appear to portend an indo-
lent CH course, as no patients with DNMT3A mutations
transformed.

The impact of CH on therapy-related myeloid neo-
plasms is an area of great interest. A recent study
comparing 33 patients with CCUS following cyto-
toxic therapies to therapy-related myeloid neoplasms
found a transformation rate of 30%.>* Our study eval-
uating a different patient population resulted in lower

transformation rates, though eight patients (67%) had a
history of cancer and six (50%) received antineoplastic
therapy. Shah et al. noted 44% of evaluable patients had
clonal evolution at the time of transformation, similar
to our observations.?* Another group of researchers con-
ducted a multicenter CCUS data registry study evalu-
ating those with a history of cancer, previous cytotoxic
therapies, and all others.”> Though rates of transforma-
tion to myeloid neoplasms were not reported, patients
who had received cytotoxic therapies had inferior mOS
to those who did not. Our CCUS-T group only incor-
porated those on active antineoplastic treatments but
showed similar survival patterns. Interestingly, their
study had an extremely low incidence of mutations in
TP53, which was third-most mutated in our patient co-
hort. Further identification of the cause of cytopenia in
patients with CCUS, such as with CCUS-T vs. CCUS-O,
are warranted for risk stratification.

Several studies have shown correlations of CH to co-
morbidities, including cardiac disease and autoimmune
disorders.*>*® CH is associated with a high risk of athero-
sclerotic cardiovascular disease.>** Anti-inflammatory
agents, such as canakinumab in TET2-mutated CH
patients in the Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study (CANTOS), may reduce CH-
related cardiovascular risk.””*® Other studies indicate that
some types of CH may contribute to inflammatory con-
ditions via T-cell dysregulation and VEXAS syndrome,
a potentially fatal autoimmune disorder with relapsing
polychondritis.”**** As 20% of deaths in our cohort were
attributed to comorbidities, close monitoring of CH pa-
tients for extra-hematologic manifestations is paramount.

The identification of CH patients who are at high risk
of experiencing transformation to a myeloid neoplasm is
another area of critical focus. In addition to the publica-
tion discussing VAF >0.2 and the presence of non-DTA
mutations,” the CHRS was recently developed to identify
individuals at risk of myeloid malignancies from CH.*
Prognostic variables include number of mutations, high
risk mutations, VAF >0.2, age, cytopenia, and increased
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red blood cell indices by red cell distribution width and
mean corpuscular volume. In our study investigating pre-
dominantly cancer patients, the CHRS was able to discern
patients at low- versus intermediate-risk and high-risk of
transformation (p=0.098 and 0.05, respectively) but was
less able to distinguish between intermediate- and high-
risk patients (p=0.60). By multivariate analysis, only VAF
>0.2 and hemoglobin <10g/dL correlated with an elevated
risk of transformation to myeloid malignancies. This find-
ing highlights the need for further exploration to identify
risk factors for progression to myeloid neoplasms in cancer
patients. Specific antineoplastic agents, such as alkylating
agents, topoisomerase inhibitors, and poly(ADP-ribose)
polymerase (PARP) inhibitors, have been implicated in
the development of therapy-related MDS/AML in some
patients with CH.'®*~**In our cohort, no low-risk individ-
ual received topoisomerase inhibitors though there were
no statistically significant differences in CHRS risk group
by therapeutic subtypes. In those who eventually devel-
oped therapy-related MDS/AML, CH has been discovered
at the time of their primary cancer diagnosis, before they
began antineoplastic therapy.®’ It is important that such
patients be identified and engaged in discussions about
the potential benefits and risks of anticancer treatments
as well as possible modifications to therapy.

There are several limitations to our study. First, the fol-
low-up time is short at over 2years. A prospective study
with longer follow-up times is needed to further explore
these observations. Second, the number of patients in-
cluded is small at 78 with much variability in baseline
characteristics, and only 12 patients transformed to MDS
or AML. Therefore, the statistical analysis has limited
power in this situation. Moreover, the recently-published
World Health Organization (WHO) and International
Consensus Classifications (ICC) of myeloid neoplasms
require VAF >0.02 and higher cutoffs for cytopenia to
distinguish between CHIP and CCUS.*>*® We included
the few patients with VAF <0.02 as many were diagnosed
during the initial development of NGS; with the improve-
ment of high-throughput sequencing techniques, these
individuals would likely have WHO/ICC-defined CH with
current technologies. We also used diagnostic criteria in
MDS for cytopenia as this study was conducted prior to
the development of WHO and ICC guidelines for CHIP
and CCUS, and our patient population was sicker than
that of healthy individuals on which most CH studies are
based.'™!? There were five patients who were recatego-
rized from CHIP-O to CCUS-O by the new criteria with
no difference in results. Additionally, we grouped patients
into four cohorts based on cytopenia and the presence of
an additional variable that could account for cytopenia,
such as active non-myeloid hematologic malignancies
(multiple myeloma and chronic lymphocytic leukemia) or

concurrent antineoplastic therapy. Due to paucity of labo-
ratory values in treatment-free intervals, we are unable to
determine the fluctuation of blood counts and definitively
associate cytotoxic therapy with cytopenia. Lastly, CH
with PPM1D mutations has been implicated in therapy-
related myeloid neoplasms, but our myeloid NGS panel
did not capture this mutation.

In conclusion, the mOS is not reached in cancer pa-
tients with CH after over 2years of follow-up. Progression
to MDS/AML occurred in 15% of patients, but the primary
causes of death were more frequently the primary malig-
nancy and complication from another comorbid condition
rather than transformation to MDS/AML. Patients with
higher mutational burdens, represented by VAF >0.2, and
anemia were at higher risk of transformation to a myeloid
neoplasm. Both close monitoring of extra-hematologic
manifestations crucial and further investigation into iden-
tifying individuals at high risk of myeloid transformation
and developing early therapeutic interventions for these
patients are warranted.
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