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Clonal hematopoiesis of indeterminate potential (CHIP) refers to the
nonmalignant clonal expansion of blood stem cells that carry somatic
mutations in myeloid cancer-associated genes.! The main driver of CHIP
progression is age, but other factors like smoking or chemotherapy
exposure can also have significant effects.? CHIP has been associated
with an increased risk of hematological malignancies and a range of
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other age-related conditions, including severe infections and death.’®
The basis for this link is suggested to be an altered inflammatory
response, which could occur as a result of mutations that impair the
regulation of proinflammatory factor secretion from myeloid cells.**¢
Over 3 years have passed since the World Health Organization
declared the coronavirus disease 2019 (COVID-19) a global
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Clonal hematopoiesis and COVID-19 hospitalization in Danish adults

pandemic. Caused by the severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2), 773 million infections and 6.9 million
deaths have been reported worldwide as of January 2024.7 The
clinical presentation of SARS-CoV-2 infection varies widely, ranging
from asymptomatic to more severe responses that result in acute
respiratory distress syndrome, intensive care unit (ICU) admission,
or death.®2 The hyperinflammatory response that characterizes the
severe form of COVID-19,’ as well as the significantly higher risk of
older, more comorbid males to suffer from it,*° closely resembles
the CHIP phenotype and thus has raised the question of whether
CHIP might influence COVID-19 severity. Several studies have
addressed this,*"1” but their widely variable study designs, phe-
notype definitions, and patient cohorts have generated mostly
conflicting results.

The current matched case-control study included 470 Danish
individuals with a positive SARS-CoV-2 polymerase chain reaction
(PCR) test between March 1, 2020 and December 1, 2021. They
were selected to be over 60 years of age at the time of the PCR
test and to have no record of a hematological malignancy pre-
viously associated with CHIP (ICD10:C81-90/92-96) in the Danish
National Patient Registry (DNPR). Five individuals with chronic
lymphoid leukemia (ICD10:C91.1) were identified, but still included
in the selection, as this type of cancer has not been associated with
a higher CHIP prevalence.’® As part of the Danish COVID-19
Genetic Consortium,*? all participants had an available biobank
sample for genetic analysis. Scientific ethics permission for this
study was obtained from the Danish National and Capital Region
Ethics Committees (NVK-2003947 and H-20026501). Written
consent was required from all living individuals. Individuals who
died due to COVID-19 before January 6, 2021 were included
without consent, as approved by the regional Ethics Committee.
More information about the Consortium and the ethical approvals
can be found in Supporting Information S2: Methods.

We assessed the association between CHIP and COVID-19 se-
verity in our population using univariable and multivariable logistic
regressions. We adjusted the models by including a selection of
lifestyle and clinical covariates known to be associated with both
CHIP progression and severe COVID-19°: body mass index (BMI),
smoking status (active smoking vs. smoking in the past or never),
diabetes, cardiovascular disease, lung disease, cancer, and prior
chemo- and/or radiotherapy treatment. These data were extracted
from hospital-administered diagnoses and treatments in the DNPR,
self-reported questionnaires,*’ patient records from hospital admis-
sions, the national intensive care unit database, and the COVIMUN
study database. More details on participant information retrieval
and missing data handling are given in Supporting Information
S2: Methods and in Supporting Information S1: Figures 1-3. Statis-
tical analyses were performed using R.?° Covariate effects can be
found in Supporting Information S1: Figures 4 and 5.

To identify CHIP mutations, we performed deep targeted se-
guencing of peripheral whole blood for 31 genes recurrently mutated
in myeloid cancer, using a custom capture-based panel from Twist
Biosciences. We limited our analysis to variants with a variant allele
fraction (VAF) 2 2%. More details regarding CHIP typing are provided
in the Supporting Information S2: Methods.

In the primary analysis, we compared 235 individuals who had
been hospitalized within 14 days of the positive SARS-CoV-2 PCR
test, to 235 with no hospitalization. Hospitalized cases and non-
hospitalized controls were matched one-to-one on sex, age at the
time of the positive SARS-CoV-2 PCR test (+12 months), and sample
age (+14 months), defined as the number of months between the
blood sample collection and the positive SARS-CoV-2 PCR test
(Figure 1A and Supporting Information S2: Methods). The matching

by age and sex was performed due to the known strong associations
with both CHIP prevalence and COVID-19 severity. The matching by
blood sample age aimed at eliminating any bias that could have arisen
from the expansion of CHIP over time, as blood samples were col-
lected over several years at the biobanks. We chose to further adjust
the regressions for blood sample age to account for any residual
effects of the variable; sex and age were considered sufficiently
matched for additional adjustments to be necessary (Supporting
Information S1: Figures 6 and 7).

We identified a total of 187 mutations in 143 out of 470 study
participants (30.4%). The most frequently mutated genes were
DNMT3A, TET2, ASXL1, PPM1D, and TP53 (Figure 1B). CHIP was
observed in 81 (34.5%) of the 235 hospitalized cases, and 62 (26.4%)
of the 235 nonhospitalized controls. Multiple mutations were found
in 22 (9.4%) cases and eight (3.4%) controls. Clones with a VAF > 10%
were detected in 32 (13.6%) cases and 18 (7.7%) controls. CHIP
mutations within DNA repair genes (PPM1D and/or TP53) were seen
in 13 (5.5%) cases and eight (3.4%) controls. Mutations within
PPM1D, previously found to be associated with severe COVID-19 in
the large study by Kessler et al.,'* were present in 10 (4.3%) cases
and three (1.3%) controls. In the covariate-adjusted model
(Figure 1C), presenting multiple CHIP clones—compared to one or
none—or large (VAF 2 10%) mutation(s)—compared to small (VAF <
10%) or none—was statistically significantly associated with COVID-
19 hospitalization. The effects of carrying any CHIP clone, having
mutations in DNA repair genes (PPM1D and/or TP53), or in PPM1D
specifically were not statistically significant. However, all effect size
estimates were positive, suggestive of an overrepresentation of the
different CHIP phenotypes among hospitalized COVID-19 patients.

We also performed a secondary analysis on the subset of
hospitalized participants, where we compared 123 patients
who had received a general admission to 112 who had been
further admitted into the ICU within 14 days of the positive test
(28 patients) or had died at the hospital within 30 days of the test
(84 patients; Figure 2A,B). Importantly, participants' sex, age at the
time of the positive SARS-CoV-2 PCR test, and sample age were no
longer matched between the two outcome groups in this modified
setup, so we included them as covariates in the adjusted regres-
sions. We did not find any statistically significant associations be-
tween carrying CHIP, multiple clones, large (VAF 2 10%) mutation
(s), or mutation(s) in a DNA repair gene, and an ICU admission or in-
hospital death, compared to a general admission (Figure 2C). There
was only a borderline significant overrepresentation of mutations in
PPM1D among participants with an ICU admission or an in-hospital
death.

In summary, we observed that the risk of COVID-19 hospitali-
zation increased with the presence of multiple or large (VAF = 10%)
CHIP clone(s) in this study of 470 Danish individuals, PCR-
confirmed positive for SARS-CoV-2 while 60-89 years old. These
results are consistent with those of the large study by Kessler
et al.,** but not of the smaller one by Zhou et al.*® In the subset of
235 COVID-19 hospitalized cases, we did not find CHIP to be a risk
factor for ICU admission or in-hospital death, in contrast to general
admission, which is also consistent with findings by Duployez
et al.,'* Hameister et al.,>> Petzer et al.,*® Miller et al.,*? and Del
Pozo-Valero et al.'” However, these results should be interpreted
with caution as our study was designed as a matched case-control
study between hospitalized and nonhospitalized COVID-19. The
previously observed association between PPM1D CHIP and severe
COVID-19 by Kessler et al.1* was only suggestively replicated in our
data and may grant further investigation. The main limitations of our
study include the collection of blood samples across several years,
which could bias our measurement of CHIP but is mitigated through
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(A)
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TET2
ASXL1 |
PPM1D |
TP53
SF3B1 ||
RUNX1

EZH2 I

Total Hospitalized cases Non-hospitalized Missing &
(n=470) (n=235) controls (n=235) imputed (%)
Female participants, n (%) 254 (54) 127 (54) 127 (54) -
Age a_t tlme> of positive SARS-CoV-2 PCR test, median 70.6 (65.5— 74.9) 70.7 (655 75.0) 70.6 (65.4—74.8) -
(quartiles), in years
Blood sample age , median (quartiles), in months -5.7(-30.3-0.3) -0.3(-27.5-0.3) -7.1(-343-0.2) -
BMI, median (quartiles) 26.3(23.2-29.8) 27.3(23.8-32.3) 25.3 (22.8-28.4) 25 (5.3)
Active smoking, n (%) 26 (5.5) 13 (5.5) 13 (5.5) 50 (10.6)
Diabetes 90 (19.1) 24 (10.2) 66 (28.1) -
Car']di"":sc”!ar disease 303 (64.5) 143 (60.9) 160 (68.1) -
Comorbidity, n (%) or hypertension
Lung disease 125 (26) 49 (20.9) 76 (32.3) -
Cancer 97 (20.6) 35 (14.9) 62 (26.4) -
Prior chemo- or radiotherapy, n (%) 54 (11.5) 38 (16.2) 16 (6.8) -
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Predictor Hospitali Non-t OR (95% CI) p-value
1.47 (0.99-2.2) E 0.058
CHIP 81(34.5%) 62 (26.4%) '
1.48 (0.97-2.3) — 0.072
) 2.93 (1.28-6.7) : 0.011
Multiple clones 22 (9.4%) 8 (3.4%) i
2.79 (115-6.8) ! 0.024
1.9 (1.03-3.5) H 0.039
VAFz10% 32 (13.6%) 18 (7.7%) H
214 (112-4.1) o 0.022
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FIGURE 1 Clonal hematopoiesis of indeterminate potential (CHIP) and coronavirus disease 2019 (COVID-19) hospitalization. (A) Characteristics of the matched
case-control severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-positive study participants. Cases and controls were matched by sex, age at the time
of the SARS-CoV-2 polymerase chain reaction (PCR) test, and blood sample age. Blood sample age was calculated as the number of months between the blood
sample collection and the PCR test. Negative values indicate that the blood sample was taken before the PCR test, and vice versa. (B) Oncoplot of co-mutation
patterns and bar plot of mutation prevalence in each CHIP gene. Only genes with a mutation prevalence 20.5% are shown. Mutations in the oncoplot are colored by
variant type, as displayed in the legend. COVID-19 hospitalizations and nonhospitalizations are represented in dark and light gray, respectively. (C) Associations
between CHIP and COVID-19 hospitalizations. CHIP status was evaluated based on the presence of: (1) any CHIP versus no CHIP, (2) multiple mutations versus no
CHIP or a single mutation, (3) large (variant allele frequency [VAF] = 10%) clone(s) versus no CHIP or small (VAF < 10%) clones, (4) mutation(s) in a DNA repair gene
(PPM1D and/or TP53) versus no CHIP or mutation(s) elsewhere, and (5) mutation(s) in PPM1D versus no CHIP or mutation(s) elsewhere. In gray, the results of

the univariable analysis are shown; in black, those of the multivariable analysis adjusted for blood sample age, body mass index, active smoking, diabetes,

cardiovascular disease, lung disease, cancer, and prior chemo- and/or radiotherapy treatment. BMI, body mass index; Cl, confidence interval; ICU, intensive care unit;

OR, odds ratio.
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(A) Total (n=235) General admission ICU admission/In- Missing &
(n=123) hospital death (n=112) imputed (%)
Female participants, n (%) 127 (54) 69 (56.1) 58 (51.8) -
Age a? time'of positive SARS-CoV-2 PCR test, median 70.7 (65.5-75.0) 69.6 (64.5—73.6) 71.9 (67.0— 75.5) _
(quartiles), in years
Sample age , median (quartiles), in months -0.3(-27.5-0.3) 0.1(-27.9-04) -3.1(-27.3-0.2) -
BMI, median (quartiles) 27.3(23.8-32.3) | 26.8(23.8-30.9) 28.4(23.9-33.2) 18 (7.7)
Active smoking, n (%) 13 (56.5) 6 (4.9) 7 (6.3) 44 (18.7)
Diabetes 66 (28.1) 24 (18.5) 42 (40) -
Cardiovasouiar disease 160 (68.1) 99 (76.2) 61(58.1) -
Comorbidity, n (%) or hypertension
Lung disease 76 (32.3) 43 (33.1) 33 (31.4) -
Cancer 62 (26.4) 34 (26.2) 28 (26.7) -
Prior chemo- or radiotherapy, n (%) 38 (16.2) 22 (17.9) 16 (14.3) -
|
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In-hospital death  admission

139 (0.81-2.4) 0.229

CHIP 43 (38.4%) 38 (30.9%) '
1.34 (0.71-2.5) T 0.365
111 (0.46-2.7) H 0.818

Multiple clones 11(9.8%) 11(8.9%) 1
0.71(0.26-1.9) — 0.511
111 (0.53-2.3) | 0.776
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4.65 (0.97-22.4) 0.056

PPM1D mutation 8 (71%) 2 (1.6%) 1
4.9 (0.92-26.1) T = 0.064

1 2 4 6
OR
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FIGURE 2 Clonal hematopoiesis of indeterminate potential (CHIP) and intensive care unit (ICU) admission or in-hospital death, in coronavirus disease 2019
(COVID-19) hospitalized study participants. (A) Characteristics of the COVID-19 hospitalized study participants, by type of admission. Blood sample age was
calculated as the number of months between the blood sample collection and the polymerase chain reaction (PCR) test. Negative values indicate that the blood
sample was taken before the PCR test, and vice versa. (B) Oncoplot of co-mutation patterns and bar plot of mutation prevalence in each CHIP gene. Only genes with
a mutation prevalence 20.5% are shown. Mutations in the oncoplot are colored by variant type, as displayed in the legend. ICU admissions/in-hospital deaths and
general admissions are represented in dark and light gray, respectively. (C) Associations between CHIP and ICU admissions/in-hospital deaths. CHIP status was
evaluated based on the presence of: (1) any CHIP versus no CHIP, (2) multiple mutations versus no CHIP or a single mutation, (3) large (variant allele frequency
[VAF] = 10%) clone(s) versus no CHIP or small (VAF < 10%) clones, (4) mutation(s) in a DNA repair gene (PPM1D and/or TP53) versus no CHIP or mutation(s)
elsewhere, and (5) mutation(s) in PPM1D versus no CHIP or mutation(s) elsewhere. In gray, the results of the univariable analysis are shown; in black, those of the
multivariable analysis adjusted for sex, age at the time of the positive severe acute respiratory syndrome coronavirus 2 PCR test, blood sample age, body mass index,
active smoking, diabetes, cardiovascular disease, lung disease, cancer, and prior chemo- and/or radiotherapy treatment. BMI, body mass index; Cl, confidence
interval; OR, odds ratio.
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matching; the use of self-reported and hospital-recorded lifestyle
and clinical information, which can have different accuracies; and
our inability to differentiate individuals with past smoking habits
from those who have never smoked. Overall, the findings presented
add to our understanding of the effect of CHIP on inflammation and
infectious diseases, and emphasize the importance of disease pro-
phylaxis such as vaccinations in CHIP carriers.
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