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KEY PO INT S

l Clonal hematopoiesis
is enriched in cases of
adult-onset HLH.

l Tet2 loss in
hematopoietic cells
amplifies the
inflammatory
response to TLR9
stimulation and
phenotype in a mouse
model of adult-
onset HLH.

Adult-onset hemophagocytic lymphohistiocytosis (HLH) is a rare, life-threatening disease
of immune hyperactivation. Unlike pediatric HLH, adult HLH is rarely driven by germline
genetic variants. Although numerous precipitating etiologies have been identified, the
reason that HLH occurs in only a subset of individuals and how other factors contribute to
the disease remains unknown. We hypothesized that clonal hematopoiesis (CH), a state in
which somatic mutations in blood cells cause an expanded population of mutant hema-
topoietic cells and drive an aberrant inflammatory state, could contribute to adult-onset
HLH. In a highly annotated cohort of older adults with HLH we found that CH was more
prevalent than in control cohorts. Using the adult-onset HLH mouse model in which re-
peated treatments of the TLR9 agonist, ODN1826, was delivered to the mouse, we ob-
served that macrophages carrying mutations in Tet2, one of the most commonly mutated
genes in CH, have an enhanced inflammatory response to TLR9 agonism. Finally, mice
carrying Tet2 mutations in the hematopoietic compartment (a common model for CH)

displayed an exaggerated response to TLR9 agonism, includingworse splenomegaly and anemia. Our data suggest that
CH is more common in individuals with adult-onset HLH and can contribute to the pathophysiology of this disease.
(Blood. 2020;136(26):3051-3055)

Introduction
Hemophagocytic lymphohistiocytosis (HLH) is a rare, life-threatening
disease of aberrant immune activation.1 In contrast to familial
(or primary) HLH, which is associated with pathogenic
germline variants, adult-onset HLH is rarely associated with
germline variants and often occurs in the context of a pre-
cipitating etiology, such as malignancy, infection, or auto-
immune disease, that leads to chronic immune stimulation
with dysregulated regulatory feedback loops.2,3 Because
hematologic malignancies are strongly associated with HLH,
we hypothesized that premalignant hematopoietic states
would also predispose to HLH. Clonal hematopoiesis of in-
determinate potential (CHIP) is an age-associated phenom-
enon in which individuals without a hematologic malignancy
have a clonal population of blood cells bearing a leukemia-
associated somatic mutation at a variant allele fraction (VAF) of
at least 2%.4 In addition to increasing the risk of developing a
myeloid neoplasm, CHIP increases the risk of cardiovascular
disease via aberrant inflammatory signaling in mutant immune

cells.5,6 We therefore examined whether clonal hematopoiesis
is more common in patients with HLH than in those without
and could contribute to inflammatory pathologies in experi-
mental models of adult-onset HLH.

Methods
The study was approved by the Dana-Farber/Harvard Cancer
Center Institutional Review Board and was conducted in ac-
cordance with the Declaration of Helsinki. Genomic DNA was
isolated from peripheral blood and bone marrow aspirate
samples (DNeasy Kit; Qiagen, Hilden, Germany) of patients who
met HLH-2004 diagnostic criteria treated at 5 clinical institutions
between 2001 and 2018.2 In the 2016 revised classification,
analysis of histiocytoses and neoplasms of the macrophage-
dendritic cell lineages, secondary HLH, or HLH of unknown
origin were assigned to group H.7 Hybrid capture of exons from
98 genes was performed on the genomic DNA samples with a
custom SureSelect system (Agilent Technologies, Santa Clara,
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CA; supplemental Table 1, available on the Blood Web site)
followed by library preparation and sequencing on the Illumina
platform (San Diego, CA). Mutations were identified with Varscan
2.2.3 and annotated using ANNOVAR.8 Mutations were scored
based on the allele fraction, strand bias differential, local noise,
mapping quality, and frequency in germline polymorphism da-
tabases. These variants were visually inspected in the Integrated
Genome Viewer (Broad Institute, Cambridge, MA).

Bone marrow–derived macrophages were cultured in Iscove’s
modifiedDulbecco’smedium (IMDM), supplementedwithmouse
macrophage colony-stimulating factor, as previously described
and treated with phosphate-buffered saline vehicle or ODN1826
(Invivogen, San Diego, CA), and the conditioned medium was
collected and analyzed by using a 44-plex mouse cytokine assay
(MD44; Eve Technologies, Calgary, AB, Canada).5 Bone marrow
transplantation using the Tet2fl/fl;Vav-Cre and Tet21/1;Vav-Cre
mouse models, treatment of the recipients with ODN1826 and
anti-IL10R antibody or control IgG, and analysis of the bone
marrow were performed as previously described.5,9,10

Statistical comparisons were performed with the Holm-Sidak
method for the cytokine analyses, and a 2-tailed Mann-Whitney
U test or a 2-tailed Student t test for the mouse experiments. All
analyses were performed with Prism (v8.4.3; GraphPad, San
Diego, CA).

Results and discussion
We analyzed a cohort of 88 adult patients who met HLH-2004
diagnostic criteria, as described previously.2 The average age of
the cohort was 54 years (range, 18-81), and the majority were
male (55%). A precipitating etiology was identified in most cases
(77%), with some having multiple etiologies (16%), including
malignancy (44% lymphoid, 9%myeloid, and 3% solid), infection

(30%), and autoimmune disease (17%). Three patients had both a
myeloid malignancy and lymphoid malignancy. Because CHIP is
defined by the absence of any hematologic malignancy and
some patients had lymphoid malignancies, we use the term
clonal hematopoiesis (CH) in this report, with the same definition
of somatic mutations and allele fraction, as in CHIP.11 Although
excluded from further CH analysis, myeloid neoplasms were
highly enriched in the cohort, relative to the prevalence in the
general population, occurring in 8 of the 88 patients with HLH,
suggesting a potential relationship between somatic myeloid
hematopoietic mutations and HLH.

CHwith a VAF.0.02was identified in 21 of the 80 patients (26%)
without a known myeloid malignancy (Table 1; supplemental
Tables 2 and 3). As expected, patients with CH were significantly
older (median, 58 vs 48 years of age; P 5 .025). DNMT3A and
TET2 were the most commonly mutated genes (supplemental
Figure 1A-C). The prevalence of CH was not significantly dif-
ferent between those who had or had not been previously
treated with chemotherapy or radiation (30% vs 25%; P 5 .77).
We compared cases with (n5 35) and without (n5 45) lymphoid
malignancies. Patients with a lymphoid malignancy were older

Table 1. Characteristics of CH in adults with HLH

Characteristics Total cohort CHIP No CHIP
P (CHIP vs
no CHIP)

Patients without myeloid malignancy, n 80 21 59

Median age (IQR) 52 (36.3-62.5) 58 (50.5-69.5) 48 (32-60) .025*

Gender, n (%) ..99
Male 43 (54) 11 (52) 32 (54)
Female 37 (46) 10 (48) 27 (46)

Prior cytotoxic therapy, n (%) .77
Received 20 (25) 6 (29) 14 (24)
Never received 60 (75) 15 (71) 45 (76)

Specimen source, n (%) .75
Bone marrow 64 (80) 16 (76) 48 (81)
Peripheral blood 16 (20) 5 (24) 11 (19)

Lymphoid malignancy, n (%) .20
Present 35 (44) 12 (57) 23 (39)
Absent 45 (56) 9 (43) 36 (61)

Characteristics of patients in the cohort withoutmyeloidmalignancy, stratified by the presence or absence of CH. Cytotoxic therapy refers to the receipt of treatment directed at themalignancy
associated with the HLH diagnosis.

*Fisher’s exact test.

Table 2. Frequency of CH in adults with HLH

Cohort All (%) <60 y (%) >60 y (%)

Adult HLH 26 22 36

Acuna-Hidalgo et al11 2 1 5

Abelson et al12 11 7 14

Frequency of CH with a VAF .0.02 identified in the HLH cohort and healthy adults from
published cohorts, determined by targeted sequencing of 71 genes11 or 111 genes.12
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(median, 60 vs 43 years of age; P , .01) but had similar prev-
alence of CH (34% vs 20%; P 5 .20).

To examine whether CH is more common in individuals with HLH
than in healthy, age-matched controls, we compared our cohort
to those in 3 published reports of CH, 2 of which used targeted
panels in a large number of healthy controls and 1 that used
whole-genome sequencing in the Trans-Omics for Precision
Medicine cohort (TOPMed).12-14 In the targeted sequencing
cohorts, the prevalence of CH with a VAF .0.02 was ;2- to
15-fold higher in the HLH cohort (Table 2). Similarly, using a VAF
.0.1 cutoff in TOPMed (required, given the lower sequencing
depth) and VAF.0.1 cutoff in our cohort, CH was approximately
threefold more prevalent in the patients with HLH (supplemental
Figure 1D). Taken together, these data indicate that the prev-
alence of CH in patients with HLH is higher than in the general
population and is not driven merely by the age of the cohort.

The high prevalence of CH in HLH could be causally related, with
somatically mutated myeloid cells contributing directly to the
dysregulated inflammatory response in HLH. Alternatively, or in
addition, the immunologic state of HLH could contribute to ex-
pansion of mutant hematopoietic cells. To address this question, we
examined whether macrophages bearing Tet2 mutations have a
hyperinflammatory response to Toll-like receptor (TLR) signaling. We

focused on TLR9, the receptor for the DNA-encoded Epstein-Barr
virus, which has been implicated in adult-onset HLH.1,15 We gener-
ated bone marrow–derived macrophages (BMDMs) from mice with
or without hematopoietic deletion of Tet2, by using Vav1-Cre
recombinase (Tet2-null and Tet2–wild-type, respectively). After
treatment with the mouse TLR9 agonist ODN1826, we observed a
dose-dependent increase in interleukin-6 (Il6), a previously estab-
lished mediator of the aberrant immune response in CH, by quan-
titative polymerase chain reaction.16,17 Expression of the Il6 gene was
significantly higher at every ODN1826 dose in the Tet2-null BMDMs
(Figure 1A). After 24 hours ofODN1826 stimulation, 6 inflammatory
cytokines had significantly higher expression in conditioned cell
culture supernatant of Tet2-null BMDMs (Il6, Ccl5, Ccl12, Cxcl10,
Cxcl2, and G-CSF), whereas no cytokines had significantly higher
levels in the Tet2–wild-type BMDMs (Figure 1B; supplemental
Figure 2). These findings suggest that loss of Tet2 in macrophages
causes an exaggerated inflammatory response to TLR9 stimulation.

To investigate whether CH can contribute to HLH phenotypes
in vivo, we adopted an established model of adult-HLH that
uses repeated injections of the mouse TLR9 agonist, ODN1826, in
combination with an interleukin-10 receptor (IL-10R) antibody.8,18

Within 6 to 10 days of this treatment, mice developed an HLH-like
phenotype including cytopenias, splenomegaly, weight loss, and
hemophagocytosis. To examine the impact of Tet2 loss on this
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Figure 1. Tet2 deletion in hematopoietic cells augments inflammatory phenotype in mouse models of adult HLH. (A) Il-6 transcript levels in Tet2-null (gray) or Tet2–wild-
type (black) BMDMs 6 hours after stimulation with ODN1826 (expressed as standard error of the mean [SEM] of 3 replicates). Values were normalized to vehicle control. (B)
Cytokine levels in supernatants of Tet2–wild-type (WT) or Tet2-null BMDMs 24 hours after stimulation with vehicle (phosphate-buffered saline) or ODN1826 (ODN), expressed as
SEM of 3 replicates. (C) Schematic of the experimental setup. Spleen-to-body weight ratio (D) and hematocrit (Hct) (E) in each group. *P , .05; **P , .01.
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phenotype, we transplanted bone marrow from CD45.21 Tet2-null
or Tet2–wild-type donor mice into lethally irradiated CD45.11–wild-
type recipients (Figure 1C). Greater than 90% chimerism was
achieved at 8 weeks. Starting at 20 weeks after transplantation,
ODN1826 (12.5 mg) and IL-10R antibody (0.2 mg) or vehicle
and IgG control antibody (0.2 mg) were administered by in-
traperitoneal injection every 2 days, for a total of 4 doses.

All treated animals had weight loss, splenomegaly, and anemia,
but mouse recipients of Tet2-null cells had significantly worse
splenomegaly, as measured by total spleen weight, spleen-to-
body weight ratios, and more severe anemia (Figure 1D-E).
Peripheral blood counts and cellular composition of blood were
not significantly different between the groups (supplemental
Figure 3A). Treatment of both genotypes caused similar changes
in the bone marrow hematopoietic stem cell (HSC) and pro-
genitor compartments, including expansion of LinloSca11c-Kit1

cells and an increase in the multipotent population 3 (MPP3) at
the cost of short-term HSCs, long-term HSCs, and MPP2 and
MPP4 cells. (supplemental Figure 3B-C).

The pathophysiology of adult-onset HLH remains obscure, with
increasing evidence suggesting that the disease may be influ-
enced by multiple inputs with complicated interplay between
myeloid and lymphoid cells.3,19 The rarity of HLH suggests that
neither myeloid malignancies nor CH alone causes HLH, but
instead that both may increase hyperinflammatory effects of
other sources of immune activation. In our cohort of 88, myeloid
malignancies were present in ;10% of cases, and CH was
present in an additional 26%.

Functionally, CH has been associated with increased expression
of inflammatory cytokines.5,14,20,21 We found that Tet2-mutant
macrophages have an exaggerated inflammatory response to
TLR9 stimulation in vitro and that Tet2 loss exacerbates the HLH
phenotype in a TLR9-mediated mouse model in vivo. Taken
together, our human genetic and experimental results support a
multiple-hit model in which CH can enhance the hyperimmune
activation seen in adult-onset HLH.
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