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Key Points

• Patients with
deleterious germ line
DDX41 variants
experience higher rates
of severe acute GVHD
after allogeneic stem
cell transplant.

• Posttransplant
cyclophosphamide
reduces GVHD rates in
patients with
deleterious germ line
DDX41 variants.
There is increasing recognition that pathogenic germ line variants drive the development of

hematopoietic cancers in many individuals. Currently, patients with hereditary

hematologic malignancies (HHMs) receive similar standard therapies and hematopoietic

stem cell transplant (HSCT) approaches as those with sporadic disease. We hypothesize that

patients with myeloid malignancies and deleterious germ line predisposition variants have

different posttransplant outcomes than those without such alleles. We studied 472 patients

with myeloid neoplasms, of whom 26% had deleterious germ line variants and 34%

underwent HSCT. Deleterious germ line variants in CHEK2 and DDX41 were most

commonly seen in American and Australian cohorts, respectively. Patients with deleterious

germ line DDX41 variants had a higher incidence of severe (stage 3-4) acute graft-

versus-host disease (GVHD) (38%) than recipients with deleterious CHEK2 variants (0%),

other HHM variants (12%), or patients without such germ line variants (9%) (P = .002).

Importantly, the use of posttransplant cyclophosphamide reduced the risk of severe acute

GVHD in patients receiving HSCT for deleterious germ line DDX41-associated myeloid

neoplasms (0% vs 53%, P = .03). Based on these results, we advocate the use of

posttransplant cyclophosphamide when individuals with deleterious germ line DDX41

variants undergo allogeneic HSCT for myeloid malignancies, even when transplantation has

been performed using wild-type donors.
Introduction

Recognition of hereditary hematopoietic malignancies (HHMs) has accelerated recently,1 with dele-
terious variants in >20 genes identified as myeloid and lymphoid malignancy drivers.2-4 In those with
myelodysplastic syndrome, pathogenic/likely pathogenic (P/LP) germ line variants are found in 25% of
pediatric patients5 and in 19% of those aged between 18 and 40 years.6 Moreover, 20% of individuals
with ≥2 cancers, 1 being an HM, have a P/LP germ line variant.7 Causative genes vary across the age
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Table 1. Characteristics of patients who underwent allogeneic hematopoietic cell transplant

Germ line DDX41 (n = 21) Germ line CHEK2 (n = 7) Other HHM (n = 26) No HHM (n = 107)

Age at HSCT, y, median (range) 65 (51-73) 57 (44-69) 48 (19-71) 57 (18-74)

Female, n (%) 6 (28.5) 5 (71.4) 8 (30.8) 47 (43.9)

Year of HSCT

2017-2021 16 (76.2) 5 (71.4) 13 (50) 83 (77.6)

2012-2016 3 (14.3) 2 (28.6) 6 (23.1) 20 (18.7)

Before 2011 2 (9.5) 0 7 (26.9) 4 (3.7)

DRI group, n (%)

Low 0 0 2 (7.8) 23 (21.5)

Intermediate 10 (47.6) 2 (28.5) 5 (19.2) 24 (22.4)

High 9 (42.9) 3 (42.9) 13 (50) 41 (38.3)

Very high 0 1 (14.3) 1 (3.8) 4 (3.7)

Unknown 2 (9.5) 1 (14.3) 5 (19.2) 15 (14.1)

Diagnosis, n (%)

AML 14 (66.7) 5 (71.4) 13 (50) 64 (59.8)

MDS 6 (28.5) 1 (14.3) 12 (46.2) 34 (31.8)

MDS/MPN 0 0 1 (3.8) 9 (8.4)

MPN 1 (4.8) 1 (14.3) 0 0

Donor type, n (%)

MUD 13 (62) 7 (100) 12 (46.2) 60 (56.1)

MRD 4 (19) 0 9 (34.6) 23 (21.5)

Haplo/cord 2 (9.5) 0 2 (7.7) 12 (11.2)

Haploidentical 2 (9.5) 0 0 1 (0.9)

Cord 0 0 2 (7.7) 4 (3.7)

Unknown 0 0 1 (3.8) 7 (6.6)

Related donor carrying germ line mutation, n (%) 1 (4.8) 0 1 (3.8) 0

Graft type, n (%)

Peripheral blood 21 (100) 7 (100) 26 (100) 107 (100)

Disease status, n (%)

CR1 12 (57.1) 3 (42.9) 11 (42.4) 55 (51.4)

CR2 4 (19) 4 (57.1) 4 (15.3) 16 (14.9)

Active disease 3 (14.4) 0 8 (30.8) 28 (26.2)

Unknown 2 (9.5) 0 3 (11.5) 8 (7.5)

Conditioning regimen, n (%)

Flu/Mel 6 (28.5) 4 (57.1) 11 (42.4) 47 (43.9)

Flu/Bu 8 (38.2) 2 (28.6) 6 (23.1) 32 (29.9)

Bu/Cy 0 1 (14.3) 1 (3.8) 9 (8.4)

Flu/Cy/TBI 4 (19) 0 2 (7.7) 4 (3.7)

Flu/Mel/TBI 2 (9.5) 0 0 7 (6.6)

Cy/TBI 0 0 2 (7.7) 0

Flu/Cy 0 0 0 1 (0.9)

Clo/Mel 0 0 1 (3.8) 0

Unknown 1 (4.8) 0 3 (11.5) 7 (6.6)

Conditioning intensity

Myeloablative 6 (28.5) 3 (42.9) 11 (42.4) 46 (43)

Reduced intensity 14 (66.7) 4 (57.1) 12 (46.1) 54 (50.5)

Unknown 1 (4.8) 0 3 (11.5) 7 (6.5)

AML, acute myeloid leukemia; ATG, antithymocyte globulin; Bu, busulfan; Clo, clofarabine; CNI, calcineurin inhibitor; CR, complete remission; Cy, cyclophosphamide; DRI, disease related
index; Flu, fludarabine; GI, gastrointestinal; GVHD, graft-versus-host disease; haplo/cord, haplo-identical/umbilical cord hematopoietic cell transplant; MDS, myelodysplastic syndrome; Mel,
melphalan; MMF, mycophenolate mofetil; MPN, myeloproliferative neoplasm; MRD, matched related donor; MUD, matched unrelated donor; TBI, total body irradiation; Tregs, T-regulatory cells.
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Table 1 (continued)

Germ line DDX41 (n = 21) Germ line CHEK2 (n = 7) Other HHM (n = 26) No HHM (n = 107)

GVHD prophylaxis, n (%)

CNI + methotrexate 7 (33.3) 3 (42.9) 4 (15.3) 26 (24.3)

CNI + alemtuzumab 5 (23.8) 3 (42.9) 9 (34.7) 23 (21.5)

CNI + methotrexate + ATG 0 1 (14.2) 6 (23.1) 22 (20.6)

CNI + ATG 2 (9.5) 0 2 (7.7) 17 (15.9)

CNI + post-HSCT Cy 5 (23.8) 0 0 6 (5.6)

CNI + MMF 0 0 2 (7.7) 4 (3.7)

CNI + Tregs 1 (4.8) 0 0 0

Unknown 1 (4.8) 0 3 (11.5) 9 (8.4)

Day of engraftment, median (range) 15.5 (10-23) 11 (10-20) 14 (8-16) 12 (9-19)

AML, acute myeloid leukemia; ATG, antithymocyte globulin; Bu, busulfan; Clo, clofarabine; CNI, calcineurin inhibitor; CR, complete remission; Cy, cyclophosphamide; DRI, disease related
index; Flu, fludarabine; GI, gastrointestinal; GVHD, graft-versus-host disease; haplo/cord, haplo-identical/umbilical cord hematopoietic cell transplant; MDS, myelodysplastic syndrome; Mel,
melphalan; MMF, mycophenolate mofetil; MPN, myeloproliferative neoplasm; MRD, matched related donor; MUD, matched unrelated donor; TBI, total body irradiation; Tregs, T-regulatory cells.
spectrum, with older adults commonly having such alleles in
DDX41, challenging the prevailing ideology that individuals with
germ line predisposition always present young.8,9

Individuals with HHMs receive similar treatments as those with de
novo disease, often because the hereditary nature of the malig-
nancy is not recognized until after treatment initiation. Hemato-
poietic stem cell transplantation (HSCT) is often used as a curative
approach for myeloid malignancies, and in those with germ line
P/LP predisposition variants, related donors who lack the familial
variant are preferred. However, there are limited data on the out-
comes of patients with HHMs after HSCT. We used comprehen-
sive clinical and genomic data to investigate the allogeneic
transplant–related outcomes in a large international myeloid HHM
cohort.
Methods

We performed a retrospective analysis of all patients with myeloid
malignancies who underwent germ line predisposition testing at
The University of Chicago (U of C) or the Central Adelaide Health
Network between 2010 and 2021 or who were known to have
deleterious germ line DDX41 variants from the University of
Pennsylvania and Moffitt Cancer Center. Detailed information on
methods regarding the identification of germ line predisposition
alleles and statistical analysis is provided in supplemental
Methods.7,10,11

Results

Among 472 patients with myeloid malignancies who underwent
germ line testing, 28% (80 of 289) in the U of C cohort and 20%
(35 of 175) in the Adelaide cohort had a deleterious germ line
variant (supplemental Table 1), with P/LP CHEK2 variants most
common in the U of C cohort and P/LP DDX41 variants in the
Adelaide cohort (supplemental Figures 2 and 3). Patients with
P/LP germ line DDX41 variants presented at an older age than
patients with P/LP germ line CHEK2 variants, other P/LP germ line
variants, or those without such variants (median, 67 vs 62, 61, and
66 years, respectively; P = .002), as expected (supplemental
Table 2).9,12 Of the patients with P/LP germ line DDX41 variants,
28 FEBRUARY 2023 • VOLUME 7, NUMBER 4
53% had a first-degree relative with an HM, which was higher than
those of other groups (41%, 16%, 19%, respectively; P = .001)
(supplemental Table 2).

A total of 161 patients (34% of the entire cohort) underwent
allogeneic HSCT: 21 of 35 patients (60%) with P/LP germ line
DDX41 variants, 7 of 22 patients (32%) with germ line P/LP
CHEK2 variants, 26 of 63 patients (41%) with other P/LP germ
line variants, and 107 of 351 patients (31%) without a P/LP germ
line variant. The distribution of diagnoses, donor types, disease
status at the time of HSCT (remission vs active disease), condi-
tioning regimens, and conditioning intensity are summarized in
Table 1. All donor cells were mobilized from peripheral blood. Only
1 donor shared a deleterious familial variant (in DDX41) with the
HSCT recipient. We did not observe delayed engraftment in HHM
vs non-HHM groups (Table 1).

When we compared the rates of acute GVHD (aGVHD) globally
among the 4 groups, patients with P/LP germ line DDX41 variants
had higher rates of severe (stage 3-4) aGVHD than patients with
P/LP CHEK2 variants, those with other germ line variants, or those
without such variants (38% vs 0%, 12%, and 9%, respectively;
P = .002, Figure 1A-C). Notably, severe gastrointestinal GVHD
was seen in one-third of patients with P/LP germ line DDX41
variants vs <10% in other groups (P < .001, Figure 1D). Similarly,
33% of patients with P/LP germ line DDX41 variants experienced
moderate to severe chronic GVHD (cGVHD), in contrast to 29% of
patients with P/LP germ line CHEK2 variants, 4% of patients with
other P/LP germ line variants, and 10% of patients without such
variants (P = .008; Figure 1E-F, supplemental Figure 4).

GVHD prophylaxis varied according to standard institutional
practices (Table 1). Among patients with P/LP germ line DDX41
variants, none of the 5 patients who received post-HSCT cyclo-
phosphamide had severe aGVHD, whereas 53% (8 of 15) of
those who received other GVHD prophylaxis regimens had severe
aGVHD (P = .03). To adjust for the effects of known GVHD risk
factors, we performed multivariable logistic regression analysis
(Figure 1G-H). Germ line DDX41 status remained an independent
predictor of aGVHD of all stages (OR: 4.76, range: 1.27-17.9;
P = .01) and stage II-IV aGVHD (OR: 4.84, range: 1.54-15.1;
P = .006). Importantly, post-HSCT cyclophosphamide use was
TRANSPLANT OUTCOMES IN INHERITED MYELOID NEOPLASMS 551
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Figure 1. Rates of aGVHD and cGVHD among patients with or without HHMs. (A-F) The rates of GVHD are given for (A) aGVHD of all stages, (B) severe aGVHD, (C)

aGVHD grades, (D) severe acute gastrointestinal (GI) GVHD, (E) cGVHD of all stages, and (F) moderate to severe cGVHD. Severe acute GVHD is defined as GVHD stage 3 to

4.13 Chronic GVHD is staged based on 2014 NIH criteria.14 (G-H) Multivariable logistic regression analysis of predictors for (G) aGVHD of all stages, and (H) for stages II-IV. CR,

complete remission; haplo/cord: haplo-identical/umbilical cord HCT; HCT, hematopoietic cell transplant; LP, likely pathogenic; MAC, myeloablative conditioning; MRD, matched

related donor; MUD, matched unrelated donor; OR, odds ratio; RIC, reduced-intensity conditioning.
associated with less aGHVD when adjusted for other variables.
Among 15 patients with P/LP germ line DDX41 variants who
underwent HSCT but did not receive post-HSCT cyclophospha-
mide, 7 deaths occurred, 4 of which were due to severe GVHD,
and 1 was due to sepsis (transplant-related mortality of 33%).
All 5 patients with P/LP germ line DDX41 variants who received
post-HSCT cyclophosphamide were alive and free of GVHD
(transplant-related mortality of 0%). One patient relapsed after
552 SAYGIN et al
transplant. The median follow-up time for patients with and
without P/LP germ line DDX41 variants was 30 and 18 months,
respectively.

Discussion

Inherited myeloid malignancies have historically been considered
uncommon. However, recognition of HHMs has increased with
28 FEBRUARY 2023 • VOLUME 7, NUMBER 4



new classification schemes and more testing.15,16 In this interna-
tional cohort, we observed a lower frequency of P/LP germ line
CHEK2 variants in the Adelaide cohort, likely underscoring the
influence of genetic isolation within that group, and the docu-
mented enrichment of CHEK2 variants in those of Eastern Euro-
pean descent.17 When compared with a recently published cohort
of 391 unselected patients with AML where P/LP CHEK2 and
DDX41 variants were discovered in 8 of 391 (2.0%) and 7 of
391 (1.8%) individuals, respectively, our germ line variant positivity
rate was enriched by the clinical suspicion of providers and a low
threshold for pursuing germ line workup.18

With data available from 54 patients with HHM who received HSCT,
to our knowledge, our analysis is the largest to date to describe
allogeneic transplant outcomes in patients with HHM, revealing an
increased risk for severe aGVHD and cGVHD after transplant in
patients with P/LP germ line DDX41 variants, which can potentially
be alleviated by using posttransplant cyclophosphamide for GVHD
prophylaxis. Given the role of DDX41 in immune activation through
STING signaling, these results suggest that recipient cells with the
germ line DDX41 variant may present an inflammatory milieu that
causes aberrant immune activation after transplant.19-21

A limitation of this study is the lack of uniform conditioning and
GVHD prophylaxis regimens used in patients undergoing HSCT.
However, the uniformity in diagnosis and stem cell source reduced
other confounders in our retrospective HSCT analyses.

Clinical equipoise currently surrounds treatment decisions for
HHMs, as morbidity associated with curative-intent HSCT is
weighed against the risk of recurrent leukemic episodes if an HSC
pool harboring pathogenic germ line variants is not replaced.22,23

Our data establish severe GVHD as a relevant posttransplant
outcome after HSCT for germ line DDX41–associated HHMs.
Post-HSCT cyclophosphamide was associated with a lower
28 FEBRUARY 2023 • VOLUME 7, NUMBER 4
incidence of severe GVHD in these patients, similar to its GVHD
protective effects in allogeneic HSCT recipients without HHM.
Broader confirmation of these results in other cohorts will expand
the spectrum of known pathogenic variants causing HHMs and
support the development of targeted interventions. Further mech-
anistic studies may reveal the molecular pathways underlying our
observations.
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