Clonal Hematopoiesis in Liquid Biopsy

Subjects: Oncology
Contributor: Hiu Ting Chan

Clonal hematopoiesis (CH), a process that involves the accumulation of somatic mutations in hematopoietic stem
cells which leads to clonal expansion of mutations in blood cells, may account for the non-tumor derived mutations
detected from plasma. These CH mutations may act as a biological noise to cfDNA analysis and complicate the
interpretation of mutations detected from liquid biopsy.
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| 1. Background

In recent years, liquid biopsy, which involves genomic profiling of tumors using circulating biomarkers in the bodily
fluid, has attracted tremendous interest in the field of cancer diagnosis and management [X. The accessibility and low
invasiveness of blood sampling compared to tumor tissue biopsy received great interest for their potential uses in various
clinical applications. Liquid biopsy comprises several circulating tumor circulomes, including, circulating tumor proteins,
circulating tumor cells, circulating tumor nucleic acid (DNA and RNA), extracellular vesicles, and tumor-educated platelets
(2. Recent advancement in sequencing technology and bioinformatics allowed accurate detection of genetic alterations in
circulating tumor DNA (ctDNA) from the blood. ctDNA is highly degraded DNA fragments released from tumor cells and
they recapitulate the tumor’s molecular alterations . However, there are also limitations to this approach. Owing to the
complex nature of blood plasma, alterations detected from cell-free DNA (cfDNA) could be tumor-derived or non-tumor
derived. Maintaining the sensitivity and specificity to detect true tumor-derived cfDNA from plasma remains the biggest
challenge for its routine use in clinical practice. The majority of cfDNA present in the blood are derived from hematopoietic
cells 4,

Clonal hematopoiesis (CH), a process that involves the accumulation of somatic mutations in hematopoietic stem
cells which leads to clonal expansion of mutations in blood cells, may account for the non-tumor derived mutations
detected from plasma. CH is part of the normal process of aging, and they are highly prevalent in the general population
(B8], These mutations from hematopoietic cells which could disguise as tumor-derived, often present as a source of
biological background noise to cfDNA analysis. Incorrect classification of mutations detected in cfDNA analysis as tumor-
associated mutations could lead to inappropriate therapeutic decisions for patient management. Furthermore, CH
mutations have been reported with several points of clinical significance. Healthy individuals who are carriers of CH have
shown an increased risk for developing cardiovascular diseases and hematological malignancies while cancer patients
with CH mutations are more likely to develop therapy-related myeloid neoplasms several years after the completion of
chemotherapy B, These observed pathological associations highlight the potential clinical importance of CH detected
from liquid biopsy, therefore, CH should not be merely perceived as a source of biological background noise to cfDNA
analysis.

| 2. Clonal Hematopoiesis
2.1. Definition of Clonal Hematopoiesis (CH)

Studies of X-chromosome inactivation in the early 1990s led to the discovery that clonal expansion of blood cells was
not only occurring in hematological malignancies but also in healthy individuals as a result of aging B9, It has been
estimated that each hematopoietic stem cell acquires one exonic mutation per decade of a normal healthy individual’s life.
Based on the estimation that an adult human has an approximately 50,000 to 200,000 stem cells 1%, an average person
would potentially harbor up to 1.2 million exonic mutations by the age of 70 (€. The hematopoietic cells with naturally
occurring mutations may have the advantage of expanding more rapidly than non-mutated cells; this process is also
known as CH [ Many reputable studies have been conducted in the past decade to explore CH and different
terminologies and definitions were used. It is now generally accepted that the term “CH” refers to any clonal outgrowth of
hematopoietic cells, regardless of cause or disease state, while clonal hematopoiesis of indeterminate potential or CHIP



usually refers to mutations in driver genes known to be associated with hematological malignancies. CHIP is detected in
the DNA of white blood cells from individuals without any symptoms or clinical presentations of malignancy 1. These
mutations will also need to be detected with a minimum variant allele frequency (VAF) of 2% to be classified as CHIP 14,
The terms CH and CHIP will also be used with the definitions mentioned above throughout this review.

2.2. Clinical Implications of CH

2.2.1. Hematological Cancer

The presence of CH does not necessarily indicate hematological malignancies or any alterations in the blood cell
counts that reflect the clinical presentation of malignancy. However, the association between CHIP and the risk of
developing hematological malignancies has been well documented in previous studies BIL2I3I4ILS] | population-based
studies that were followed up for several years, there was a 2-13 fold increase in the relative risk of developing
hematological malignancies in individuals that harbored CHIP [BI1213I14] * Although the relative risk of developing
hematological malignancies in individuals with CHIP is significant, the absolute risk remained low. It is estimated that
approximately 0.5-1% of CHIP cases would progress to malignancy per year B2 However, individuals having CH
mutations with higher frequencies (VAF > 10%) were fivefold more likely to develop hematological malignancies compared
to those having mutations with lower VAF B8] | arge population case-control studies with 10 years of follow-up improved
the understanding of the association between CHIP and AML [141115]:  mytations in genes such as TP53, IDH1,
and IDH2 demonstrated increased specificity and penetrance for the development of AML. However, many of the
individuals who carried mutations in these genes also harbored mutations in other driver genes, such as NPM1 and FLT3
[BIL214] The mutations in these two driver genes are often absent before the development of AML EIR24] These
observations suggest that CH itself is likely to be insufficient to induce malignancy and mutations in additional driver
genes are required for the development of hematologic malignancy. Further studies are required to evaluate the potential
use of CH mutations for risk assessment of hematological malignancies. Since CH mutations originate mostly from
hematopoietic stem cells which differentiate to the full spectrum of hematopoietic cells, it is theoretically possible that CH
could predispose to any type of hematological malignancies. However, most conducted studies have only observed the
association of CH with myeloid malignancies. Future studies with large cohorts should investigate the association of
lymphoid neoplasms and CH 28],

2.2.2. Therapy-Related Myeloid Neoplasms (t-MN)

Several studies have suggested that cancer patients who carry CHIP mutations before the initiation of chemotherapy
are more likely to develop t-MN compared to those with no CHIP (24, |t is believed that exposure to chemotherapy acts as
an external pressure to favor the survival of hematopoietic stem cells with CHIP and has the advantage of outgrowing
those cells without CHIP. Notably, an increasing number of CHIP mutations with high VAF are associated with an
increased risk of developing t-MN. The mutational spectrum in patients who developed t-MN had a higher prevalence of
mutations in DNA damage response genes such as TP53 25, The early acquisition of TP53 mutations in CH contributes
to the poor responses to chemotherapy seen in patients with t-AML/t-MDS. The clones with CH TP53 mutations are most
likely to be resistant to chemotherapy and expand as a result of selective pressure 22, Future large populational studies
are required to expand our current understanding of CH and therapy-related hematological malignancies to accurately
predict which individual with CHIP would proceed to develop malignancies.

2.2.3. Cardiovascular Disease (CVD)

The association between CH and human disease is not limited to cancer. Several studies have found that CHIP
carriers were 2—4 times more prone to developing coronary heart diseases including myocardial infarction and ischemic
stroke than those without CHIP BI28IZ7] | particular, one recent study (the largest so far) conducted exome sequencing
of over 35,000 individuals without previous cardiovascular diseasesi2d. The study identified individuals
with DNMT3A and TET2 CHIP had an increased risk of cardiovascular disease compared to non-carriers after nearly 7
years of follow-up &, Furthermore, the authors of this study observed that CHIP carriers with genotypes of reduced IL-6
signaling abrogated the risk of CVD. Similar to hematological malignancies, the greater risk was also observed in
individuals who harbor CHIP with VAF greater than 10% 4. TET2, ASXL1, JAK2, and DNMT3A are the most commonly
detected CH mutations in CVD patients 28128, particularly, in individuals bearing JAK2-V617F, the relative risk of coronary
heart disease was 12 times higher compared to non-carriers, which was also much higher compared to mutations in other
genes 281, CHIP carriers with pre-existing CVD have also been shown to have worse survival outcomes and increased
disease progression than those without CHIP [28], The profound effect of CH mutations on the prognosis of CVD was also
observed in patients with severe calcified aortic valve stenosis who underwent transcatheter aortic valve implantation 22,
The mortality rate in patients with CH mutations was nearly three times higher compared to the non-carriers 22,



| 3. CH in Liquid Biopsy
3.1. Detection of CH from Plasma

A handful of studies have been conducted in the past few years to assess the detection of CH mutations in plasma
and their impact on the interpretation of blood liquid biopsy results (Table 1). The hypothesis of the detection of CH

mutations in plasma cfDNA was first suggested in two exploratory studies in small-cell lung cancer (SCLC) and NSCLC
patients [22BY A total of 5-15% of TP53 mutations detected in the plasma cfDNA of lung cancer patients were also
detected in white blood cells, suggesting their CH origin. These early observations were validated in a recent prospective
study that performed deep sequencing of cfDNA and matched white blood cells over 124 patients with metastatic cancer
using a large gene panel (508 genes) (1. Close to 50% of the mutations detected in plasma cfDNA were also detected in
patient-matched white blood cells. Similar detection rates of CH mutation from plasma cfDNA was also reported in early-
stage NSCLC patients 32, In addition, paired sequencing of plasma cfDNA and white blood cells from healthy individuals
showed that the vast majority of mutations (66—90%) detected in plasma cfDNA were originated from CH [24B0[31(32] The
sequencing gene panel, sequencing depth, and the resulting limit of detection varied among these studies, therefore, it is
difficult to directly compare the results among the studies. However, the key message is that CH mutations can contribute
greatly to the mutations detected from liquid biopsy and clear assessment should be made to identify tumor-derived
cfDNA from plasma samples.

Table 1. Summary of published studies on the detection of CH mutations from plasma cell-free DNA (cfDNA) analysis.

Prevalence of
CH Detection

Cancer . Reported
Stage Study Size Gene Panel Depth * from Plasma Study
Type LOD (%)
cfDNA
Analysis
SCLC: 51
Fernandez-
Healthy SCLC: 5.3%
SCLC -1V TP53 NR NR Cuesta et al.,
controls: Controls: 15%
2016 120
123
Cancer- .
- 821 50 genes 40,000x  0.10% 89% >§[_]'3‘"" etal, 2017
free
Focused
NSCLC  l-V 122 _NR NR 15% Huetal,, 2018
on TP53 analysis 22]
Mayrhofer et al.,
Prostate v 217 305 genes 814x 1% 15% 26
2018 8
cfDNA:
Cancer 6200x i
- 259 599 genes white 0.25%  66% Livetal. 2019
free (18]
blood
cells: 406x
Various Cancer:124 60,000x .
lid v Health 508 genes (collapsed:  0.1% Cancer: 53% Razavi etal.,
soli : .
y g P ’ Controls: 82% 2019 [l
tumors controls: 47 4500x)

Gastric I-Iv 788 58 genes 30,000x 0.1% 44% ['ggm etal., 2020



Prevalence of
CH Detection

Cancer . Reported
Stage Study Size Gene Panel Depth * from Plasma Study
Type LOD (%)
cfDNA
Analysis
Renal cell Collapsed: Bacon et al.,
. \% 55 981 genes 1% 20%
carcinoma 938x 2020 [49]
NSCLC:
Collapsed:
104 NSCLC: 58% Chabon et al.,
NSCLC 1111 255 genes 4000- 0.01%
Healthy Controls: 90% 2020 24
5000x
controls: 98
48,000x
2 llapsed:  0.1% 17% Chan et al,
CRC -1V 38 52 genes (collapsed: 1% () 2020 134
4000x)

* Refers to raw sequencing depth unless otherwise stated; NR: not reported, SCLC- small cell lung cancer; NSCLC- non-
small cell lung cancer; CRC- colorectal cancer; LOD- limit of detection.

CH mutations detected from plasma are similar to the mutations detected from white blood cells, involved both
canonical CH genes, DNMT3A, TET2, ASXL1 and JAK2, and actionable mutations in genes related to solid
tumors, KRAS, PIK3CA and EGFR 18l2231133] Majority of these identified CH variants have been previously reported as
tumor-associated somatic mutations which complicate the curation of the variants detected in cfDNA analysis (34135,
Further stratification to focus on the most frequently mutated TP53 variants in CH showed these hotspot variants coincide
with the most frequently mutated TP53 variants in solid tumors (Figure 1). VAF of CH mutations detected from plasma are
highly correlated and indifferent to the VAF detected in white blood cells BUI33] which highlights the importance of
sequencing white blood cells to at least the same depth as cfDNA to correctly exclude the CH mutations and avoid
misinterpretation. Furthermore, our group has recently shown there are no significant differences between the VAF of CH-
related and tumor-derived ctDNA detected in plasma samples B2, The indifferences in the type of variant and VAF
between CH and ctDNA mutations reinforce the difficulties to differentiate them without performing paired deep
sequencing of plasma cfDNA and DNA from white blood cells.

Figure 1. Most frequently detected TP53 variants from solid tumors and white blood cells. Positions and frequencies of
most frequently detected TP53 mutations in solid tumors from COSMIC database (top plot) and in white blood cells from
14 published studies (bottom plot). All reported variants of TP53 from the COSMIC database were gathered and variants
detected from hematopoietic and lymphoid neoplasms were filtered leaving only the variants detected from solid
tumors. Variants without genomic positions documented were further removed from the analysis leaving a total of 801 CH
mutations across 657 different variants. All variants that were reported more than once across the 14 studies were used
for the analysis and compared with the top 85 most frequently detected TP53 variants from solid tumors. Lollipop plots
were generated using the MutationMapper from cBioPortal [211142],

Recent studies have focused on increasing the understanding of biophysical and genomic features of CH and ctDNA
to assist the classification of cfDNA mutations. Several proof-of-concept studies indicated that ctDNA presents as shorter
fragment size distribution than CH or non-mutated cfDNA fragments B2B3E7 The unique shorter fragment size of ctDNA



could help to identify tumor-derived cfDNA mutations. Furthermore, the majority of point mutations observed in CH are
C>T transitions, which are derived from the spontaneous deamination of methylated cytosine into thymine, also consistent
with the aging-related mutational signature (signature 1) EILSIISIEEIEY  Recent studies have found this age-related
mutational signature to be enriched in CH cfDNA fragments and absent in ctDNA fragments 181321 |n contrast, smoking
mutational signature (signature 4) was exclusive to tumor-derived fragments and absent in CH cfDNA in NSCLC patients
32l These observations suggest that biophysical and genomic features of cfDNA variants might be useful for
distinguishing tumor-derived mutations from CH.

3.2. Detection of CH from Tumor Tissues

Tumor-informed liquid biopsy analysis has become one of the common approaches used by research groups to
overcome the problem of somatic mosaicism in plasma 224314411451 |t jnyolves sequencing the tumor tissue (surgically
resected or tissue biopsy) to identify and select tumor-specific mutations that are to be further monitored using plasma
cfDNA for various clinical applications. The theory that underlies this approach is that all mutations detected from tumor
tissues would be specific to the malignancy. However, such an approach should also be carefully considered as CH
mutations may also be present in tumor tissues due to tumor-infiltrating blood cells L32UE4 Two large retrospective
studies analyzed existing NGS data of paired tumor tissues and white blood cells from thousands of cancer patients with
various solid tumors to assess the prevalence of CH mutations in tumor tissues 13I[211 A total of 14—77% of CH mutations
detected in white blood cells were detected in tumor tissues. The VAF of CH mutations detected in tumor tissues ranged
from 0.5 to 21% 13122l The limit of detection for an NGS assay is directly correlated to the sequencing depth. The VAF of
CH in tumor tissues could go below 0.5% with increasing sequencing depth and their prevalence could be higher than
previously reported B4l These results highlight the importance of white blood cell sequencing even for tumor-informed
analysis to exclude the possibility of CH. The clinical implications of these findings are not limited to liquid biopsy, CH
mutations should also be considered when performing tumor profiling using tumor tissues to prevent incorrect
identification of targetable alterations.

3.3. Clinical Impact of CH Mutations on the Interpretation of Liquid Biopsy Results

The presence of CH in cfDNA of the general population has now been well established, however, limited studies have
been conducted to directly examine the impact of CH on the clinical interpretation of blood liquid biopsy results. cfDNA
analysis has been suggested as a promising tool for cancer screening. As mentioned in previous studies, a large
proportion of mutations detected in plasma cfDNA of healthy individuals could be originated from CH [&lELIS3]
Misinterpretation of these CH-related mutations as ctDNA mutations may lead to unreliable diagnosis.

Liquid biopsy was recently approved to identify actionable alterations in specific genes that could assist in treatment
selection when tumor tissue is unavailable. CH mutations should be carefully considered for these assays as recent
studies have shown that a substantial number of CH variants are considered to be oncogenic and are indicated for
molecular-targeted therapies 24B1IS5] | the study conducted by Razavi et al., up to 10% of the CH mutations detected in
plasma were listed as oncogenic in OncoKb database and 13% of these mutations were indicated for either an approved
targeted therapy or a treatment under clinical trial. Incorrect identification of actionable alteration would lead to
inappropriate treatment.

The minimal invasiveness of liquid biopsy and the ability for serial sampling highlight its usefulness for the detection
of minimal residual disease and monitoring of treatment response for solid tumor patients 48471481 However, most of the
studies conducted earlier did not exclude CH mutations in the analysis. We evaluated the impact of misclassification of
CH as ctDNA on the clinical interpretation of cfDNA results in one of our recent studies 4. In our colorectal cancer
patients study cohort, 17% of the pre-operative cfDNA mutations were identified to be CH-related. The recruited patients
were followed post-operatively and the identified CH mutations were recurrently detected after surgery or completion of
adjuvant chemotherapy. Under unpaired sequencing of cfDNA, the consistent detection of CH could be incorrectly
interpreted as the presence of residual disease after tumor resection or inappropriately inferred as disease progression or
treatment ineffectiveness.

4.4, Other Potential Sources of Non-Tumoral Somatic Mutations

Results from others and our study have shown that, besides CH from white blood cells and tumor-derived mutations,
there are still other cfDNA mutations detected in the plasma with an unknown origin BHB4l Future studies are needed to
investigate whether hepatocytes and endothelial cells may also contribute to cfDNA mutations detected in plasma.
Furthermore, in healthy subjects, DNA from the erythroid lineage may contribute up to 30% of plasma cfDNA . It has been
suggested that CH may also affect the erythroid lineage and carries unique somatic mutations that are different from white
blood cells 42, Although mature red blood cells do not have a nucleus, erythroblasts lose their nuclei and are matured into



reticulocytes in the bone marrow during the enucleation step. The nuclear material of the erythroblasts gets degraded and
may be released into the circulation as a form of cfDNA, therefore, it is of great interest to investigate whether cells in the
erythroid lineage are another contributor to the cfDNA mutations detected in plasma.

| 4. Future Directions: Clinical Interpretation of CH

The rapid development and validation of ctDNA-based liquid biopsy in observational studies and clinical trials has
allowed several ctDNA-guided therapies to be approved for their use in cancer patients. Furthermore, the full clinical
utilities of ctDNA in oncological management are also currently being explored through large-scale interventional clinical
trials Y, However, cfDNA analysis should be further optimized to support the use of blood liquid biopsy as a routine
practice with a clinically affordable cost in cancer management.

The current approach of performing paired cfDNA-white blood cells DNA sequencing to differentiate CH mutations
doubles the costs involved which may reduce the cost-effectiveness of ctDNA analysis. In the study conducted by Chabon
et al., the authors utilized machine learning to incorporate molecular and genomic features of CH and tumor-derived
cfDNA fragments to identify the sources of cfDNA mutations 2. Integration of biophysical, genomic, and molecular
features of CH and ctDNA together with large datasets of CH mutations and tumor mutation profile may refine the
machine learning model to assist the identification of ctDNA mutations.

Our understanding of the contribution of CH to the mutations detected by cfDNA analysis has improved tremendously
in the past decade. However, there are still many unknowns and unanswered questions that need to be addressed to
maximize the potential utilities of blood liquid biopsy. CH-related mutations detected from liquid biopsy may provide
important information for assessing hematologic malignancy and CVD risks in healthy individuals. Although the
association of CH and its clinical implications has been well documented, a clear VAF cut-off to determine the relative or
absolute risk of developing diseases should be further investigated. Current detection of CH mutations is often
unintentional; further investigation is needed to assess whether monitoring healthy individuals who are CHIP carriers
would bring any clinical benefits by allowing earlier detection of hematological malignancy or CVD. Similarly, in the field of
oncology, cancer patients who are CHIP carriers are more prone to develop t-MN after chemotherapy. Future studies
should assess the overall clinical benefits of chemotherapy in CHIP carriers with long-term monitoring.
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