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Abstract

Background and Somatic mutations in the TET2 gene that lead to clonal haematopoiesis (CH) are associated with accelerated atherosclerosis

Aims development in mice and a higher risk of atherosclerotic disease in humans. Mechanistically, these observations have been
linked to exacerbated vascular inflammation. This study aimed to evaluate whether colchicine, a widely available and inex-
pensive anti-inflammatory drug, prevents the accelerated atherosclerosis associated with TET2-mutant CH.

Methods In mice, TET2-mutant CH was modelled using bone marrow transplantations in atherosclerosis-prone LdlIr—/— mice.
Haematopoietic chimeras carrying initially 10% Tet2—/— haematopoietic cells were fed a high-cholesterol diet and treated
with colchicine or placebo. In humans, whole-exome sequencing data and clinical data from 37 181 participants in the Mass
General Brigham Biobank and 437 236 participants in the UK Biobank were analysed to examine the potential modifying
effect of colchicine prescription on the relationship between CH and myocardial infarction.

Results Colchicine prevented accelerated atherosclerosis development in the mouse model of TET2-mutant CH, in parallel with
suppression of interleukin-1f3 overproduction in conditions of TET2 loss of function. In humans, patients who were pre-
scribed colchicine had attenuated associations between TET2 mutations and myocardial infarction. This interaction was
not observed for other mutated genes.

Conclusions These results highlight the potential value of colchicine to mitigate the higher cardiovascular risk of carriers of somatic TET2
mutations in blood cells. These observations set the basis for the development of clinical trials that evaluate the efficacy of
precision medicine approaches tailored to the effects of specific mutations linked to CH.
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Structured Graphical Abstract

Key Question

How can the increased risk of atherosclerotic cardiovascular disease in carriers of somatic TET2 mutations that lead to clonal

haematopoiesis be mitigated?

Key Finding

Colchicine, an inexpensive and widely accessible anti-inflammatory drug, suppressed accelerated atherosclerosis in a mouse model of
TET?2-deficient clonal haematopoiesis, and blunted the risk of myocardial infarction in human carriers of TET2 mutations.

Take Home Message

Colchicine treatment is a promising pharmacological intervention to mitigate the high risk of atherosclerotic cardiovascular disease in
carriers of somatic TET2 mutations. Future prospective clinical trials are needed to validate these findings.
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Clonal haematopoiesis (CH) driven by somatic mutations in the TET2 gene has been associated with heightened inflammation and an increased risk
of atherosclerotic cardiovascular disease. In mice, we found that colchicine treatment prevented the development of accelerated atherosclerosis in a
mouse model of TET2-deficient CH. In humans, analyses of sequencing data from two large biobanks showed that patients who were prescribed
colchicine had attenuated associations between TET2-mutant CH and myocardial infarction. MGBB, Mass General Brigham Biobank; UKB, UK

Biobank.
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Introduction

Clonal haematopoiesis (CH) driven by acquired mutations has emerged
as a new and independent risk factor for atherosclerotic cardiovascular
disease (CVD) that may pave the way for new personalized preventive
care s‘cra‘cegies.1'2 Clonal haematopoiesis is a condition whereby an
acquired somatic mutation provides a selective advantage to the haem-
atopoietic stem cell carrying it, leading to its progressive clonal expan-
sion and the propagation of the mutation among the progeny of
haematopoietic stem cells, including immune cells. When CH is driven
by single nucleotide variants or small insertions/deletions in known
haematological malignancy-related genes, such as DNMT3A, TET2 or

ASXL1, and more than 4% of cells harbour the mutation, the condition
is frequently referred to as CH of indeterminate potential (CHIP).
Analysis of whole-exome/genome sequencing datasets has revealed
that more than 10% of individuals older than 65 years have CHIP.>*
Genetic analyses and experiments in mice suggest that carrying certain
CHIP mutations is associated with a higher risk of developing athero-
sclerotic CVD and other cardiovascular conditions.”>>~"" TET2, which
encodes for an epigenetic regulator of gene transcription, is among the
most frequently mutated genes in CHIP,>* and loss-of-function muta-
tions in this gene have been associated with a ~two-fold higher risk of
coronary artery disease (CAD) and peripheral artery disease.>®®
Additionally, biallelic or monoallelic inactivation of Tet2 in mice leads to
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accelerated atherosclerosis development.®” Mechanistically, this pheno-
type is mainly driven by the pro-inflammatory actions of TET2-mutant
cells, characterized predominantly by an upregulation of the cytokine
interleukin (IL)-1p, a major contributor to vascular inflammation and ath-
erosclerosis.®”1#7"

The accumulating evidence linking somatic TET2 mutations to inflam-
mation and atherosclerotic CVD, together with the increasing know!-
edge about the mechanisms underlying this connection, has led to a
great interest in developing personalized preventive care approaches tai-
lored to the pro-infllammatory effects of these mutations. However,
demonstrably efficacious therapies remain unavailable. Here, we provide
evidence from mouse and human studies suggesting that the higher risk
of atherosclerotic disease associated with somatic TET2 mutations can be
specifically ameliorated by treatment with colchicine, a widely available
and inexpensive anti-inflammatory drug derived from the plant extract
of Colchicum autumnale, which showed promise in previous clinical trials
for the prevention of atherosclerotic CVD."*™"’

Methods

Mice

All mice were maintained on a 12-h light/dark schedule in a specific pathogen-
free animal facility in individually ventilated cages and given food and water
ad libitum. C57BI/6) Tet2—/— mice were obtained from the Jackson
Laboratory. Ldlr—/— mice carrying the CD45.1 isoform of the CD45 haem-
atopoietic antigen were generated at CNIC by crossing C57BI/6) LdIr—/—
mice from the Jackson Laboratory and B6.S)L-PtprcaPepcb/BoyCrl mice
from Charles River Laboratories.

Experimental studies in mice

The murine experimental design is summarized in Figure 1A and detailed in
Supplementary data online, Figure S7. Clonal haematopoiesis was modelled
in mice through competitive bone marrow transplantations (BMT) in female
low-density lipoprotein receptor (LDLR)-deficient mice (Ldlr—/—) as in our
earlier studies (see Supplementary Methods).”'> CD45.1+ Ldlr—/— recipients
were transplanted with suspensions of bone marrow (BM) cells containing
10% CD45.2+ Tet2—/— cells and 90% CD45.1+ Tet2+/+ cells (TET2-KO
CH mice) or 10% CD45.2+ Tet2+/+ cells and 90% CD45.1+ Tet2+/+ cells
(wild-type controls, WT). Starting 4 weeks after BMT, mice were fed a high-
cholesterol Western diet (ENVIGO, TD.88137, Adjusted Calories Diet; 42%
from fat, 0.2% cholesterol) to promote hypercholesterolaemia and athero-
sclerosis development. Mice were maintained on a Western diet for 8 weeks,
while receiving daily subcutaneous injections of either colchicine (Sigma) or
phosphate-buffered saline (PBS) vehicle as placebo, from Monday to Friday.
Colchicine dosage was gradually increased to avoid toxicity, starting with
0.05 mg/kg/day for the first week, and transitioning to 0.1 mg/kg/day for
the second week, and 0.2 mg/kg/day for the remaining 6 weeks.

Quantification of aortic atherosclerosis burden in mice

Mice were euthanized, and aortas were removed after in situ perfusion
with PBS through the left ventricle of the heart. Tissue fixation was achieved
by immersion in 4% paraformaldehyde in PBS overnight at 4°C. Aortic tis-
sue was then dehydrated and embedded in paraffin for sectioning.
Histological sections comprising the aortic root were cut at a thickness
of 4 um. An operator who was blinded to genotype quantified plaque
size in aortic root sections by computer-assisted morphometric analysis
of microscopy images. For each mouse, atherosclerotic plaque size in aortic
root cross sections was calculated as the average of five independent sec-
tions separated by ~16 um. Atherosclerotic plaque composition was exam-
ined by histological and immunohistochemical techniques. Vascular smooth
muscle cells were identified with an alkaline phosphatase-conjugated mouse
anti-smooth muscle a-actin (SMA) monoclonal antibody (clone 1A4,Sigma)
and Vector Red Alkaline Phosphatase Substrate (Vector Laboratories).

Macrophages were detected with a rat anti-Mac2 monoclonal antibody
(Cedarlane Laboratories), a biotin-conjugated goat anti-rat secondary anti-
body, streptavidin-HRP, and DAB substrate (all from Vector Laboratories),
with haematoxylin counterstaining. Collagen content and necrotic core ex-
tension were determined in histological sections after a modified Masson’s
trichrome staining. Conventional microscopy images were analysed
using Fiji software and the colour deconvolution plugin. Additional informa-
tion on the characterization of atherosclerotic plaques is given in
Supplementary Methods. Plasma cholesterol levels were determined using
an enzymatic assay (Enzymatic-Colorimetric Cholesterol Kit, Insulab).

Flow cytometry analyses

Immunofluorescence staining and flow cytometry were used to investigate
the expansion of TET2-deficient cells among different lineages in BM, aorta,
and blood, as in our earlier work.” In brief, ascending aorta and aortic arches
were digested for 45 min at 37°C in RPMI-1640 medium containing 10%
foetal bovine serum and 0.25 mg/mL Liberase TM (Roche Life Science).
Blood was obtained from the facial vein. Bone marrow cells were flushed
out from one femur per mouse. Samples were stained with combinations
of biotinylated and/or fluorescently labelled antibodies (see
Supplementary Methods) in PBS with 0.5% bovine serum albumin (BSA)
and 2 mM ethylenediaminetetraacetic acid (EDTA) for 30 min on ice.
Dead cells were excluded from analysis by 4',6-diamidino-2-phenylindole
(DAPI) staining in unfixed samples. Data were acquired in a BD
FACSymphony cytometer (BD Bioscience) and analysed with Flow]o soft-
ware. Gating strategies can be found in our previous publications.”#?

Cell culture studies

Thioglycolate-elicited peritoneal macrophages were obtained as previously
described.”"? Pro-inflammatory activation of macrophages was achieved by
treatment with 10 ng/mL bacterial lipopolysaccharide (LPS, InvivoGen) and
2 ng/mL interferon-y (IFN-y, Sigma) for 4 h. For NLRP3 inflammasome ac-
tivation and IL-1P secretion, LPS/IFN-y-primed macrophages were treated
with  5mM adenosine 5'-triphosphate (ATP) (Sigma) for 25 min.
Macrophages were treated with colchicine (1 uM) or vehicle, as indicated
in figures and figure legends. Quantitative real-time PCR (qPCR) was
used to evaluate transcript expression of IL-1f and IL-6. 36B4 and B-actin
were used as reference genes for normalization. IL-1f secretion by cultured
macrophages was quantified using a commercial enzyme-linked immuno-
sorbent assay (ELISA) (R&D Systems). Western blot analyses of IL-1f3 levels
in cell culture supernatants were performed as previously described”'?
using a rabbit polyclonal anti-IL-1p antibody (GeneTex).

Statistical analysis of data in experimental studies

Data are shown as mean + SEM unless otherwise indicated. Statistical signifi-
cance was evaluated by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison tests in experiments with one independent variable and
by two-way ANOVA with Tukey’s or Sidak’s multiple comparison tests in ex-
periments with more than one independent variable. All statistical tests were
conducted using GraphPad Prism software (GraphPad Software Inc.).

Human study participants

We used data from the Mass General Brigham Biobank (MGBB) and the UK
Biobank (UKB). The MGBB is an ongoing hospital-based cohort study of pa-
tients across the Mass General Brigham system. It is enriched with longitu-
dinal electronic medical record (EMR), genomic, and health and lifestyle
data.'® We analysed data from 37181 unrelated MGBB participants,
all over 40 years of age and free from leukaemia, with blood-based whole-
exome sequencing (WES) data. Relatedness was defined as third-degree re-
latives identified using the kinship coefficients derived from the
Kinship-based Inference for Genome-wide association studies (KING)
tool.’® We restricted the study population to MGBB participants older
than 40 years to be consistent with the age range of the UKB. All partici-
pants provided written, informed consent per the MGBB primary protocol.
The UKB is a prospective cohort consisting of ~500 000 adult participants
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Figure 1 A mouse model of TET2-mutant clonal haematopoiesis and chronic colchicine treatment. (A) Summary of experimental design. (B) Mouse
body weight throughout the duration of the experiment. (C) Serum cholesterol levels at endpoint. (D) Percentage of CD45.2+ cells in the white blood
cell population at multiple timepoints, evaluated by flow cytometry. (E) Representative dot plots of the endpoint flow cytometry analysis of CD45.2+
white blood cells in TET2-KO clonal haematopoiesis mice treated with colchicine or placebo. (F) Expansion of CD45.2+ white blood cells relative to
baseline chimerism. (G) Percentage of CD45.2+ cells in the main white blood cell populations in peripheral blood 12 weeks after the bone marrow
transplantations, determined by flow cytometry. (H) Percentage of CD45.2+ cells in the bone marrow lineage-Scal + cKit + cell population at endpoint,
determined by flow cytometry. (/) Percentage of CD45.2+ cells in aortic macrophages at endpoint, determined by flow cytometry (n = 5-6 pools of
two aortae per genotype, as shown in the figure). All results are expressed as mean + SEM (n = 17 placebo-treated WT mice; n = 16 placebo-treated
TET2-KO clonal haematopoiesis mice; n =13 colchicine-treated WT mice; n= 10 colchicine-treated TET2-KO clonal haematopoiesis mice unless
otherwise indicated). Statistical significance was evaluated by repeated measures two-way analysis of variance with Tukey’s multiple comparisons tests
in (D) and (F) and two-way analysis of variance with Sidak’s multiple comparison tests in (G), (H), and (I) (**P < .01, ***P < 001 for the comparison to

each corresponding WT control). The error bars indicate SEM

aged 40—69 years who were recruited between 2006 and 2010 from 22
assessment centres across the UK. Our analysis of the UKB included
437236 unrelated individuals with blood-based WES data who were
leukaemia-free and myocardial infarction (Ml)-free at baseline. Details about
filtering invalid genotype data can be found elsewhere,”® and relatedness
was defined as in the MGBB.

Ascertainment of human study outcomes

Disease outcomes were derived based on the International Classification of
Diseases (ICD) ICD-9/ICD-10 codes from EMRs in the MGBB, and by a
combination of self-report, inpatient hospital billing ICD codes and death
registries in the UKB. We selected a hard outcome, M, as the primary

atherosclerotic CVD outcome to reduce the potential inaccuracy in using
billing codes for ascertaining disease status (see Supplementary data
online, Tables ST and S2). In sensitivity analyses, we evaluated five additional
CVD-related outcomes: heart failure, CAD, ischaemic stroke, all-cause
mortality, and a composite CVD outcome (defined as any combination of
CAD, M|, ischaemic stroke, and all-cause mortality). Additional details on
the definitions of these outcomes are given in Supplementary data online,
Tables S1 and S2 for both the MGBB and UKB. Biomarker data from com-
plete blood count and lipid panels used in the MGBB were also extracted
from EMRs. Blood sample collections and biomarker measurements were
performed following the clinical standards at each participating hospital in
the MGBB system."®
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Identification of CHIP mutations

Blood WES datasets from MGBB and UKB participants and a previously re-
ported pipeline* were used to identify putative CHIP mutations in a prede-
fined list of genes (see Supplementary data online, Table S3). CHIP was
defined as variant allele fraction (VAF) >2%. Additional details are given
in Supplementary Methods.

Assessment of human study covariates

In the MGBB, demographic information, lifestyle factors, medication use, and
comorbidities were curated from EMRs. Patients were defined as colchicine
users if they were prescribed this medication anywhere in the medical record.
As gout is the primary indication for colchicine and type 2 diabetes has well-
established separate associations with CHIP and MI,'>*"?? we adjusted for
these two diseases as covariates in our models. The ICD codes used for de-
fining gout and type 2 diabetes are listed in Supplementary data online,
Table S1.

In the UKB, participants provided sociodemographic, health, behaviour,
and medical history information through baseline questionnaires and inter-
views conducted by nurses. This served as the source for demographic infor-
mation, lifestyle factors, and medication usage, with the exception of
colchicine. To ensure a comprehensive capture of colchicine usage, we aug-
mented self-reported data with prescription records from the UKB Primary
Care database. Participants were classified as colchicine users if they reported
usage at baseline or if there was a record of colchicine prescription. Similar to
the MGBB, we adjusted for gout and type 2 diabetes in our models using self-
reported information and diagnostic codes specified in Supplementary data
online, Table S2 to define these conditions.

Statistical analysis of human data

We evaluated the associations between CHIP mutations and Ml, and their
modification by colchicine prescription status, in the MGBB and UKB.
Given the nature of the MGBB as a tertiary hospital-based population, where
patients typically present with pre-existing conditions, we employed a cross-
sectional analytical design. In contrast, the UKB, characterized by its prospect-
ive cohort design, consists predominantly of participants who were healthy at
baseline and accrued various conditions during the follow-up of the study.
Hence, we utilized survival analysis to evaluate associations in the UKB. In
addition to TET2, we examined the two other most frequently mutated
CHIP driver genes, DNMT3A and ASXL1, as well as overall CHIP, defined
as carrying somatic mutations on any CHIP driver genes, for comparison.

In MGBB analyses, using logistic regression, we first estimated the odd ra-
tios (ORs) and associated 95% confidence intervals (Cls) of the relationship
between CHIP mutations and Ml (prevalent or incident). Then, we per-
formed stratified analyses by examining the associations among colchicine
users and non-users separately and tested the interactions between colchi-
cine and CHIP mutations on MI. Models were adjusted for age at the time of
sequencing, sex, white race, current smoking status, type 2 diabetes status,
gout status, batches, and the first 10 principal components of genetic ances-
try. For the tested interactions between colchicine and CHIP mutations, we
evaluated their associations with haematopoietic and circulating lipid traits
using linear regression models with adjusting for the same sets of covariates.
All haematological and lipid traits were log-transformed, standardized to
zero mean and unit variance, and approximately normally distributed in
the population.

In UKB analyses, we used Cox proportional hazards models to estimate
hazard ratios (HRs) and associated 95% Cls of the relationship between
CHIP mutations and the incidence of Ml over ~14 years of follow-up.
Then, we performed stratified analyses by colchicine use status within
this prospective context. Participants with prevalent cases of Ml at enrol-
ment were excluded. Statistical models were adjusted for the same covari-
ates as in the MGBB. In parallel with the MGBB, we performed sensitivity
analyses examining the associations of CHIP variables with incidences of
other cardiovascular outcomes. Analyses used R version 4.0.0 software.
Two-tailed P < .05 indicates statistical significance.

Results

Development of an atherosclerosis-prone
mouse model of chronic colchicine
treatment and TET2-mutant clonal

haematopoiesis

To mimic TET2-mutant CHIP, we used a competitive BMT approach in
atherosclerosis-prone Ldlr—/— mice, generating haematopoietic chimeras
carrying initially 10% Tet2 —/— haematopoietic cells (TET2-KO CH mice),
as in our previous work.” To distinguish Tet2—/— and Tet2+/+ haemato-
poietic cells in chimeric mice, Tet2+/+ donor cells were obtained from
mice carrying the CD45.1 variant of the CD45 cell surface marker, where-
as Tet2—/— cells were obtained from mice carrying the CD45.2 variant of
this marker. Control mice (WT) were transplanted with 10% CD45.2+
Tet2+/+ cells and 90% CD45.1+ Tet2+/+ cells. Transplanted mice were
fed a high-cholesterol Western diet for 8 weeks to induce hypercholes-
terolaemia and atherosclerosis, while being treated with progressively in-
creasing doses of colchicine, up to 0.2 mg/Kg/day, or PBS as placebo
(Figure 1A, Supplementary data online, Figure S7). Neither BM genotype
nor colchicine treatment affected body weight (Figure 1B) or circulating
cholesterol levels (Figure 1C). Tet2—/— cells expanded among the different
white blood cell lineages, to a comparable extent in mice treated with col-
chicine or placebo (Figure 1D-G and Supplementary data online,
Figure S2A). A similar expansion was observed in the population of BM
haematopoietic stem and progenitor cells (LSK cells, defined as
lineage-cKit + Scal+), which was also unaffected by colchicine treatment
(Figure 1H). Circulating white blood cell counts were similar in the differ-
ent experimental groups (see Supplementary data online, Figure S2B).
TET?2-deficient cells were also enriched among macrophages within the
aortic wall, regardless of colchicine treatment (Figure 11).

Colchicine prevents the accelerated
development of atherosclerosis associated
with TET2-mutant clonal haematopoiesis
in mice

Having characterized our experimental model of TET2-mutant CHIP
and chronic colchicine treatment, we next evaluated the size and char-
acteristics of atherosclerotic plaques in the aortic root. Consistent with
our previous findings,%” plaque size was significantly increased in chimer-
ic TET2-KO CH mice compared with WT controls in the placebo group
(Figure 2A). Colchicine treatment prevented this effect, suppressing the
differences in plaque size between both BM genotypes (Figure 2A).
Colchicine had a clear atheroprotective effect in TET2-KO CH mice, de-
creasing plaque size by ~27% (P =.003), whereas it had no impact on
atherosclerosis development in WT controls (P=.693; Pieraction =
.049). The lack of effect of colchicine in LDLR-KO controls contrasts
with recent studies in apoE-KO mice,”>** which probably reflects dif-
ferences in the inflammatory milieu in these mouse models of athero-
sclerosis. Similar seemingly conflicting findings have been observed for
other anti-inflammatory interventions.”*>’ The extension of plaque
necrotic cores was greater in TET2-KO CH mice than in the WT
group, which was also prevented by colchicine treatment (Figure 2B
and C). No significant differences were observed in the content of other
plague components, such as macrophages, vascular smooth muscle
cells, or collagen (Figure 2B—E). Similarly, no significant differences
were observed in the proportion of proliferating or apoptotic cells in
atherosclerotic plaques (see Supplementary data online, Figure S3).
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in Masson’s trichrome-stained sections). (C) Representative images of Masson’s trichrome-stained sections; atherosclerotic plaques and necrotic areas
are delineated. (D) Representative images of Mac2 antigen immunostaining. (E) Representative images of smooth muscle a-actin immunostaining. All
results are expressed as mean + SEM (n=17 placebo-treated WT mice; n=16 placebo-treated TET2-KO clonal haematopoiesis mice; n=13
colchicine-treated WT mice; n = 10 colchicine-treated TET2-KO clonal haematopoiesis mice). Statistical significance was evaluated by two-way analysis
of variance with Sidak’s multiple comparisons tests (*P < .05, #**P <.01). The error bars indicate SEM

Colchicine suppresses interleukin-1p
overproduction in conditions of

TET2-mutant clonal haematopoiesis

We and others have previously shown that accelerated atherosclerosis in
conditions of TET2-KO CH is related to the overproduction by
TET2-mutant macrophages of IL-1B, a potent pro-inflammatory and
pro-atherogenic cytokine.®”*® On this basis, we evaluated whether colchi-
cine modulates the effect of TET2 deficiency on IL-1p production. We
first examined the effects of colchicine on IL-1B transcript levels in
TET2-KO peritoneal macrophages and WT controls undergoing
pro-inflammatory activation induced by treatment with bacterial LPS
and IFN-y. Consistent with previous findings,7'12 gPCR analyses revealed
higher IL-1p transcript levels in TET2-KO macrophages than in WT con-
trols (Figure 3A). Colchicine treatment led to a significant reduction in IL-13
transcript levels, and this inhibitory effect was ~three-fold greater in
TET2-deficient macrophages than in WT controls (48% decrease vs.
16% decrease, respectively, P =.005). Accordingly, colchicine treatment
resulted in a marked attenuation of the increased expression of IL-1f in
TET2-deficient macrophages compared with WT controls (1.6-fold
change in the presence of colchicine; 2.4-fold change in the presence of

placebo vehicle, Figure 3A). In contrast, the inhibitory effect of colchicine
on the transcript levels of IL-6, another pro-inflammatory cytokine upre-
gulated in TET2-KO macrophages compared with WT controls, was simi-
lar in both genotypes (~70% relative reduction of IL-6 transcript levels,
regardless of TET2 genotype, Supplementary data online, Figure S$4).
Consequently, despite a substantial decrease in absolute IL-6 transcript
levels, the relative increase in the expression of IL-6 observed in
TET2-KO macrophages remained unaltered by colchicine treatment
(~3.5-fold higher mRNA levels in TET2-KO macrophages, regardless
of colchicine treatment, Supplementary data online, Figure $4).

Next, we examined the effects of colchicine on IL-1f secretion after
LPS/IFN-y priming and treatment with ATP to activate the NLRP3 in-
flammasome, a macromolecular complex that catalyses IL-1f proteolytic
processing and secretion. Consistent with previous work,”'%?® ELISA
analyses of cell culture supernatants revealed that the secreted levels
of IL-1B levels were 1.9-fold higher in TET2-KO macrophages than in
WT controls (Figure 3B). Similar to previous reports,”>**2° colchicine
treatment led to a significant reduction in IL-1B secretion, assessed by
ELISA (Figure 3B). However, this inhibitory effect of colchicine was
>1.3-fold greater in TET2-deficient macrophages than in WT controls
(71% decrease vs. 53% decrease, P = .049). Overall, colchicine treatment
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Figure 3 Colchicine inhibits elevated interleukin-1B production in conditions of TET2-mutant clonal haematopoiesis. (A) Quantitative real-time PCR
analysis of interleukin-1f transcript expression in peritoneal macrophages isolated from Tet2—/— or +/+ mice (n = 10 WT, 6 KO, from two independent
experiments) and stimulated for 4 h with 10 ng/mL lipopolysaccharide and 2 ng/mL interferon-y in the presence of 1 UM colchicine or phosphate-
buffered saline vehicle. mRNA levels are shown relative to the WT untreated group. (B) Enzyme-linked immunosorbent assay analysis of
interleukin-1p protein levels in the supernatant of Tet2—/— and Tet2+/+ peritoneal macrophages (n =4 mice) stimulated for 4 h with 10 ng/mL lipo-
polysaccharide and 2 ng/mL interferon-y in the presence of 1 uM colchicine or phosphate-buffered saline vehicle, combined with a final 25 min incu-
bation with 5 mM adenosine 5'-triphosphate. (C) Representative western blot analysis of pro-interleukin-1f and mature interleukin-1p protein levels in
the culture supernatant of Tet2—/— and Tet2+/+ peritoneal macrophages. Numbers indicate mature interleukin-1f levels relative to vehicle-treated WT
macrophages. (D) Immunofluorescence analysis of interleukin-1f protein levels in aortic root plaques of the different in vivo experimental groups (n =7
mice per group), quantified as relative integrated fluorescence intensity normalized to plaque area. Statistical significance was evaluated by two-way
analysis of variance with Sidak’s multiple comparisons tests (*P < .05, **P < .01, ***P < 001). The error bars indicate SEM

completely suppressed the increased secretion of IL-1f in TET2-deficient
macrophages compared with WT controls (Figure 3B). This observation
was confirmed by western blot analysis of the levels of the mature
cleaved form of IL-1f in cell culture supernatants (Figure 3C).

Consistent with our findings in cell culture experiments, immunos-
taining and confocal microscopy analyses demonstrated that colchicine
suppresses the increased IL-1B protein levels observed in atheroscler-
otic plaques of TET2-KO CH mice (Figure 3D).

Baseline characteristics of the human
study populations

Among the 37 181 unrelated leukaemia-free patients over 40 years old
in the MGBB who underwent exome sequencing, the mean (SD) age at
sequencing was 61.7 (11.3) years, and 17 800 (47.9%) were men. We
identified 5171 (13.9%) individuals with CHIP mutations, of whom
1168 (22.6%) had mutations in TET2, 2443 (47.2%) in DNMT3A, and

457 (8.8%) in ASXL1. A total of 2479 participants were prescribed col-
chicine. Colchicine users were, on average, older, more likely to be
male, more likely to have gout, type 2 diabetes and other conditions,
and more likely to be using other medications, when compared with
non-users (Table 7). The prevalence of CHIP was higher among patients
who were prescribed colchicine. The variant allelic fraction (VAF) of
DNMT3A mutations was slightly higher in colchicine users, whereas
there was no difference in the VAF of TET2 and ASXL1 mutations be-
tween colchicine users and non-users (Table 1). The characteristics of
patients with specific mutated genes or overall CHIP, stratified by col-
chicine treatment status, are shown in Supplementary data online,
Tables S4-S7.

In the UKB, among 437 236 unrelated individuals free of leukaemia
and Ml at baseline, the mean (SD) age at sequencing was 56.5 (8.1)
years, and 199 518 (45.6%) were men. A total of 29 684 participants
(6.8%) were found to have CHIP mutations. Of them, 5713 (19.2%)
had mutations in TET2, 16 461 (55.5%) in DNMT3A, and 2830 (9.5%)

$20Z Jaquieoa( /| U0 Jasn [euoioeN 0J1ua) uoepund Aq 8762122/ 09v/St/Sy/e1onie/lueayina/woo dno-olwspese//:sdny wolj papeojumoq



4608

Zuriaga et al.

Table 1 Characteristics
(n=37181)

of the study population according to colchicine use in the Mass General Brigham Biobank

Metric®

Non-colchicine users

(N=34702)

Colchicine users

(N =2479)

Age at sequencing (years)
Male

White race

Current smokers

BMI

Gout

Type 2 diabetes
Cancer

Hypertension

Chronic kidney disease
Family history of CVD
Prescription of aspirin
Prescription of insulin

Prescription of DMARD

Prescription of lipid-lowering medication

CHIP
TET2
VAF®
Mean (SD)
Median (IQR)
DNMT3A
VAF®
Mean (SD)
Median (IQR)
ASXL1
VAF®
Mean (SD)
Median (IQR)
Disease outcome
Myocardial infarction
Coronary artery disease
Ischaemic stroke
Haematopoietic and lipid traits
HCT
MCV
RDW
MCHC
PLT

614 (113)
16 098 (46.4)
30674 (88.4)
946 (2.7)
315 (7.3)
1749 (5.0)
8201 (23.6)
8681 (25.0)
11026 (31.8)
5748 (16.6)
16019 (46.2)
6936 (20.1)
1933 (5.6)
4087 (11.8)
21512 (62.0)
4737 (13.7)
1054 (3.0)

0.14 (0.13)
0.09 (0.05, 0.18)
2281 (6.6)

0.14 (0.10)
0.10 (0.07, 0.17)
408 (12)

0.15 (0.12)
0.11 (0.06, 0.22)

1800 (5.2)
4465 (12.9)
1208 (3.5)

443 (38)
949 (6.4)
155 3.1)
351 (12)

355.5 (143.5)

65.3 (11.1)
1702 (68.7)
2148 (86.6)
58 (2.3)
348 (8.1)
1709 (68.9)
1153 (46.5)
658 (26.5)
1365 (55.1)
1280 (51.6)
968 (39.0)
962 (39.1)
357 (14.5)
459 (18.5)
2128 (85.8)
434 (17.5)
114 (4.6)

0.12 (0.12)
007 (0.05, 0.14)
162 (6.5)

0.16 (0.11)
0.12 (0.07, 0.20)
49 (2.0)

0.15 (0.12)
0.10 (0.06, 0.22)

414 (16.7)
868 (35.0)
175 (7.1)

459 (4.1)
972 (72)
17.1 (3.5)
356 (1.1)

399.0 (166.0)

A2¢
144
97¢

02°
024
<.01°¢

80°
759

<.01°¢
<.01°¢
<.01°¢

<.01¢
<.01¢
<.01°
<.01°
<.01°

Continued
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Table 1 Continued
Metric® Non-colchicine users Colchicine users P-value
(N=34702) (N =2479)

‘REC 4908 108 <01
WBC 13.7 (7.3) 16.7 (8.1) <.01¢
HGB 14.8 (1.4) 154 (1.4) <.01¢
Cholesterol 226.7 (53.1) 231.7 (57.3) <.01°
Triglycerides 2214 (239.6) 310.2 (275.2) <.01¢
HDL cholesterol 69.1 (22.5) 63.7 (20.9) <.01¢
LDL cholesterol 138.5 (45.5) 142.0 (44.0) <.01¢

The study population includes unrelated patients who do not have leukaemia, are older than 40 years, and have blood-based whole-exome sequencing data; relatedness is defined as

third-degree relatives identified using kinship coefficients.

CHIP, clonal haematopoiesis of indeterminate potential; DMARD, disease-modifying anti-rheumatic drugs; HDL, high-density lipoprotein; HCT, haematocrit; HGB, haemoglobin; LDL,
low-density lipoprotein; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; PLT, platelet; RBC, red blood cell; RDWV, red cell distribution width; VAF,

variant allele fraction; WBC, white blood cell.

Metrics are represented as mean (standard deviation) for continuous variables and % (n) for categorical variables unless otherwise specified.

®VAF was only limited to participants with corresponding CHIP mutations.

“P-values were calculated by t-test for continuous variables and y? test for categorical variables.
9P-values were calculated by the Mann—Whitney U test without assuming that the continuous variables follow normal distributions.

in ASXL1. Colchicine was used by, or prescribed to, 3849 participants.
Similar to the MGBB, colchicine users in the UKB were typically older
and more predominantly male. They also exhibited a higher preva-
lence of gout, type 2 diabetes, other conditions, and medication use
compared with non-users (Table 2). The characteristics of UKB parti-
cipants with specific mutated genes or overall CHIP, stratified by col-
chicine treatment status, are shown in Supplementary data online,
Tables S8-S11.

Colchicine blunts the effect of
TET2-mutant clonal haematopoiesis on
myocardial infarction in humans

In MGBB analyses, adjusted for potential confounders in the present da-
taset, carrying TET2, ASXL1, or overall CHIP was significantly associated
with higher odds of the composite CVD outcome at P=.05 level, al-
though carrying mutations in any of the three examined CHIP genes
was not significantly associated with Ml odds in the present dataset.
The ORs of the cross-sectional associations of TET2, DNMT3A, and
ASXL1-mutant CHIP, or overall CHIP, with the composite CVD outcome
were 1.14 (95% Cl: 1.00-1.31, P =05), 1.06 (95% CI: 0.96-1.17, P = .28),
151 (95% CI: 1.23-1.86, P=8.5E-05), and 1.14 (95% ClI: 1.06-1.22,
P =5.0E—04), respectively (see Supplementary data online, Table $12),
and the associations of TET2, DNMT3A, and ASXL1-mutant CHIP and
overall CHIP with Ml were 1.15 (95% ClI: 0.92-1.42, P=21), 0.90 (95%
Cl: 0.75-1.07, P= .24), 1.12 (95% Cl: 0.80-1.55, P =.52), and 1.06 (95%
Cl: 0.94-1.20, P=.35), respectively (see Supplementary data online,
Table $13). In the UKB, consistent with previous reports,”® survival ana-
lysis revealed significant associations between all examined CHIP variables
and incidence of the composite CVD outcome over an average follow-up
of 13.1 (SD: 2.5) years (see Supplementary data online, Table S14), as well
as of ASXLT mutations and overall CHIP with Ml incidence over an aver-
age follow-up of 13.3 (SD: 2.3) years (see Supplementary data online,
Table S15).

When stratifying by colchicine use, we observed blunting of the
effect of TET2-mutant CHIP on MI by colchicine in both the cross-
sectional analysis of MGBB and the survival analysis of the UKB, consist-
ent with our murine findings. In MGBB, the relationship between
TET2-mutant CHIP and MI was significantly modified by colchicine
use [ORcoichicine (95% Cl): 0.76 (0.43-1.34); OR s colchicine (95% CI):
1.23 (0.98-1.56); Pinteraction = -04]. In contrast, the modification effect
of colchicine on Ml risk was not observed for DNMT3A or
ASXL1-mutant CHIP (Table 3). Stratifying the associations between
colchicine and Ml by CHIP mutations yielded consistent modification
effects (see Supplementary data online, Table $16). The modification
effect by colchicine was also observed for the relationship between
CAD and TET2 mutations, but not with other CHIP mutations (see
Supplementary data online, Table S17). Adjusting for medication or
additional comorbidities did not change substantially the modification
effect of colchicine (see Supplementary data online, Tables $18 and
$19). Similar to our findings in the MGBB, in the UKB, colchicine modi-
fied the relationship between TET2-mutant CHIP and the incidence
of Mi [HRcolchicine (95% Cl) 0.30 (008_122)1 HRno colchicine (95% Cl)
1.08 (0.95-1.24); Pirteraction=-05], and no such modification effect
was seen with DNMT3A or ASXL1-mutant CHIP (Table 4). Additional
sensitivity analyses showed findings similar to those of the MGBB
(see Supplementary data online, Tables S20-5S22). However, we did
not observe any significant modification effects of colchicine on the re-
lationship between TET2-mutant CHIP and haematopoietic or lipid
traits (Table 5), consistent with our murine findings.

Discussion

Our study combining experiments in mice and genetic analyses in hu-
mans provides evidence suggesting that colchicine treatment can miti-
gate the increased risk of atherosclerotic CVD associated with CH
driven by somatic TET2 mutations (Structured Graphical Abstract).
These results provide important new insights that should help translate
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Table 2 Characteristics of the study population in the
UK Biobank (n =437 236)

Metric? Non-colchicine Colchicine  P-value
users users
(N=433387) (N = 3849)
. Ageatsequencmg e 565 (81) ............. 599(71) ........ < 01b ..
(years)
Male 196 426 (45.3) 3092 (80.3) <01°
White British 362961 (83.7) 3294 (85.6) 01°
ancestry

Ever smokers 194101 (44.8) 2204 (57.3) 28°

BMI 27.4 (4.7) 302 (4.9) <01
Gout 5961 (1.4) 994 (25.8) <01°
Type 2 diabetes 10184 (2.3) 245 (6.4) <01°
Cancer 39442 (9.1) 362 (9.4) 53°
Hypertension 124961 (28.8) 2262 (588)  <01°
Chronic kidney 1293 (0.3) 95 (2.5) <01°

disease

Family history of 157 388 (43.5) 1569 (47.8) <01°

CVD

CHIP 29 341 (6.8) 343 (89) <01°
TET2 5632 (1.3) 81 (2.1) <01°
DNMT3A 16294 (3.8) 167 (4.3) 07°
ASXL1 2790 (0.6) 40 (1.0) <01°

Disease outcome

Incident 13453 (3.1) 298 (7.7) <01°
myocardial
infarction

The study population includes unrelated individuals who do not have myocardial
infarction or leukaemia at baseline and have blood-based whole-exome sequencing
data; relatedness is defined as third-degree relatives identified using kinship coefficients.
CHIP, clonal haematopoiesis of indeterminate potential.

?Metrics are represented as mean (standard deviation) for continuous variables and %
(n) for categorical variables unless otherwise specified.

®P-values were calculated by t-test for continuous variables and x* test for categorical
variables.

our growing knowledge of CHIP into personalized strategies for the
management of CVD risk in carriers of somatic TET2 mutations.

The identification of colchicine as an effective means to prevent accel-
erated atherosclerosis in conditions of TET2-mutant CHIP paves the way
for the development and application of precision medicine approaches
guided by sequencing CHIP genes, specifically TET2. It also provides
the prospect of a widely available low-cost therapeutic option. Clonal
haematopoiesis of indeterminate potential has emerged as a new CVD
risk factor, and several institutions have created specialized clinics for
counselling patients with CH-related mutations.>™3 Furthermore, pa-
tients with established atherosclerotic CVD and TET2 mutations have
significant residual risk of recurrent events.>* However, CHIP screening
is not yet recommended in the context of CVD, as there is a lack of
evidence-based interventions to prevent the heightened CVD risk asso-
ciated with carrying these mutations. Previous experiments in mice and

Table 3 Differential association of clonal
haematopoiesis of indeterminate potential and
myocardial infarction by colchicine prescription status in
the Mass General Brigham Biobank (n =37 181)

OR (95% Cl)

Pinteraction

CHIP Colchicine 0.99 (0.74, 1.33) .06
No colchicine 1.08 (0.95, 1.23)

TET2 Colchicine 0.76 (0.43, 1.34) 04
No colchicine 123 (0.98, 1.56)

DNMT3A Colchicine 0.82 (0.53, 1.29) 32
No colchicine 0.92 (0.76, 1.11)

ASXL1 Colchicine 1.58 (0.79, 3.19) 73

No colchicine 1.03 (0.71, 1.51)

Logistic regression models adjusted for age at the time of sequencing, sex, White race,
current smoking status (yes/no), type 2 diabetes status, gout status, batches (111/112/
113), and the first 10 principal components of genetic ancestry. The study population
was restricted to unrelated patients in the Mass General Brigham Biobank who do not
have leukaemia, are older than 40 years, and have blood-based whole-exome
sequencing data; relatedness is defined as third-degree relatives identified using the
kinship coefficients.

CHIP, clonal haematopoiesis of indeterminate potential; OR: odds ratio.

Table 4 Differential association of clonal
haematopoiesis of indeterminate potential and incident
myocardial infarction by colchicine prescription status in
the UK Biobank (n =437 236)

HR (95% CI)

Pinteraction

CHIP Colchicine 0.72 (0.46, 1.12) .03
No colchicine 1.09 (1.02, 1.16)

TET2 Colchicine 0.30 (0.08, 1.22) .05
No colchicine 1.08 (0.95, 1.24)

DNMT3A Colchicine 0.62 (0.32, 1.22) A2
No colchicine 1.01 (0.93, 1.10)

ASXL1 Colchicine 0.59 (0.15, 2.39) 22

No colchicine 1.32 (1.13, 1.55)

Cox proportional model adjusted for age at the time of sequencing, sex, White British
ancestry, ever smoking status (yes/no), type 2 diabetes status at baseline, gout status at
baseline, and the first 10 principal components of genetic ancestry. The study
population was restricted to unrelated participants in the UK Biobank who do not
have diagnoses of leukaemia or myocardial infarction at baseline; relatedness is
defined as third-degree relatives identified using kinship coefficients.

CHIP, clonal haematopoiesis of indeterminate potential; HR: hazard ratio.

analyses of human specimens linked TET2-mutant CHIP to exacerbated
inflammatory responses, mainly driven by an overproduction of IL-1p,®”
which provided rationale for the clinical exploration of IL-1f as a target
for the prevention of the increased CVD risk associated with somatic
TET2 mutations.®> Supporting this possibility, an exploratory post hoc
analysis of the CANTOS randomized clinical trial showed that high-risk
patients with CVD with haematopoietic TET2 mutations exhibited
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greater protective response to treatment with canakinumab—an
IL-1pB-neutralizing antibody—than those without CHIP mutations.®
However, the use of canakinumab as a precision strategy to prevent
CVD in TET2 mutation carriers faces likely insurmountable challenges,
considering its high cost®” and the rejection by regulatory agencies of
applications to extend its use for the secondary prevention of athero-
sclerotic CVD.*33? In contrast, colchicine may provide a more feasible
anti-inflammatory approach in this setting, as (i) it is widely available
and inexpensive and (ii) it is already recommended by European and
Latin American guidelines for the prevention of CVD in selected, high-
risk patients with atherosclerosis,“**" and has been approved for this
purpose by North American regulatory agencies."z'43 Colchicine has
broader anti-inflammatory effects than direct IL-1p blockade with ca-
nakinumab, but it is known to inhibit IL-1B/NLRP3-driven inflamma-
tion,”*3® the primary mechanism driving atherosclerosis
development in experimental models of TET2-mutant CHIP.®72®
Accordingly, our experiments in mice and cultured macrophages
show that colchicine suppresses the overproduction of IL-1f in con-
ditions of TET2 loss of function. However, we cannot rule out that
additional anti-inflammatory actions of colchicine?*2*+#+*¢
tribute to its atheroprotective effects in this context. Although there
may be shared pro-atherogenic mechanisms among mutations in dif-
ferent CHIP genes, the link to IL-1B/NLRP3-driven inflammation is
notably robust for TET2 mutations,*¢7:12~ 1428364748 \yhich may ex-
plain the results of our human studies, wherein colchicine modifies
specifically the effect of TET2 mutations, and not that of other mu-
tated genes. Consistent with this observation, several CHIP mutations
not affecting TET2 seem to modulate inflammatory responses and
atherosclerosis at least in part through mechanisms not known to
be targeted by colchicine, such as impaired apoptotic cell uptake*”
or exacerbated macrophage proliferation.?

Our results may also facilitate the use of colchicine for atheroscler-
otic CVD prevention by providing a specific clinical niche for this drugin
the context of precision medicine. Several prospective randomized
placebo-controlled trials, totalling over 10 000 patients with coronary
heart disease, have demonstrated cardiovascular benefits of colchicine
in a wide range of patients with atherosclerosis.">~'” However, similar
to other anti-inflammatory approaches, the broad use of colchicine may
not be justified, given the potential side effects of chronic suppression
of inflammation. Indeed, colchicine-treated patients exhibited a numer-
ically greater incidence of non-cardiovascular death in clinical trials, al-
beit without a clear pattern or evident mechanism."” In this context,
the benefit/risk ratio of colchicine could be improved by using it select-
ively in individuals predicted to get a particular benefit from treatment
with this anti-inflammatory drug, such as TET2 mutation carriers.
Although further research is required, these selective benefits of colchi-
cine could be extensive to other cardiovascular conditions, beyond ath-
erosclerosis, that have been linked to TET2-mutant CHIP in earlier
studies, such as heart failure development and progressior'u.48‘5°’52

Several limitations must be considered when interpreting these find-
ings. First, the regime of colchicine treatment in our mouse experi-
ments is difficult to extrapolate to the clinical scenario, with most
clinical trials using a dose regimen of 0.5 mg colchicine administered or-
ally once daily. However, the dose of colchicine used in our experi-
ments is lower than that used in most previous studies in mouse
models of CVD,***3>¢ which supports the potent effects of colchicine
in the setting of TET2-mutant CHIP. Second, experimental atheroscler-
osis studies were conducted exclusively in female mice, so we cannot
rule out the possibility of sex-related differences on the effects of
TET2 mutations or colchicine. However, it must be noted that the
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CHIP, clonal haematopoiesis of indeterminate potential; HDL, high-density lipoprotein; HCT, haematocrit; HGB, haemoglobin; LDL, low-density lipoprotein; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume;

PLT, platelet; RBC, red blood cell; RDW, red cell distribution width; WBC, white blood cell.

The study population was restricted to unrelated patients in the Mass General Brigham Biobank who do not have leukaemia, are older than 40 years, have blood-based whole-exome sequencing data, and have available biomarker measurements

close to blood draw for sequencing.

Table 5 Continued
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effects of TET2 mutations on atherosclerosis have been independently
demonstrated in both male®” and female mice®’ in prior studies. Third,
our analysis of the MGBB population used data from EMRs, where as-
certainment of disease was based on the billing codes, which may not
always be able to capture the true underlying condition and exact start-
ing time of disease. To overcome this limitation, we used a hard out-
come, M,
examined its cross-sectional association with CHIP in this population.
Fourth, as pharmacy data were unavailable in both the MGBB and
UKB, and to maximize power, we stratified by colchicine ever-
prescription (or any prior exposure to colchicine). This may have atte-
nuated the effect of colchicine on the association between CHIP and Ml
in our study, as many patients were likely treated with colchicine for
short periods of time, in contrast to clinical trials during which colchi-
cine is administered longer term.'>"7 Fifth, the allocation of colchicine

as the atherosclerotic cardiovascular outcome and

in humans in both the MGBB and UKB was non-random and, while
known confounders were considered, we cannot rule out the possibil-
ity of residual confounding introduced by the clinical heterogeneity of
patients and additional factors. However, the interaction observed
for TET2-mutant CHIP and colchicine was not observed for other
genes and was highly consistent in two human populations and in
mice, supporting the reliability of our findings.

Conclusions

In summary, the current study highlights the potential of colchicine as a
personalized preventive care strategy to mitigate the increased cardio-
vascular risk of TET2 mutation carriers, on top of the current standard
of care. Future prospective clinical trials are needed to validate these
findings. In the meantime, our results provide preliminary evidence
and a strong first step to pursue such financially demanding endeavours.
Overall, this research illustrates how a deep understanding of the ef-
fects of the different somatic mutations linked to CH may facilitate
the development of genomically informed precision medicine ap-
proaches against atherosclerotic CVD.

Supplementary data

Supplementary data are available at European Heart Journal online.
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