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Abstract

Allogeneic hematopoietic stem cell transplantation is often the preferred treatment for patients with hematopoietic malignancies,
affording them the best chance for long-term disease-free survival. Because related donors are the preferred source of hematopoietic
stem/progenitor cells, consideration of familial predisposition to cancer should become standardized as part of pre-transplant
assessments. Based on numerous published cases of poor outcomes for both the donor and recipient when allogeneic donors with
deleterious germline variants in RUNX1 or CEBPA have been used for hematopoietic stem cell transplantation, such donors should
be avoided. However, data do not exist for many other genes, which presents challenges to providers who are counseling patients
and potential donors about risk. Hopefully, ongoing studies will fill these gaps and inform recommendations regarding suitability of

universal donor screening in the future.

Case Presentation

A 56-year-old Caucasian man was referred to an
academic medical center for consideration of allogeneic
hematopoietic stem cell transplantation (HSCT). One
year earlier, he had seen his primary care physician for
increased fatigue and decreased exercise tolerance, and a
complete blood cell count showed a total white blood cell
count of 2500/pL, hemoglobin of 7.2g/dL, and a platelet
count of 110,000/uL. The white blood cell differential
showed an absolute neutrophil count of 9oo/uL. The
patient was referred to a hematologist who performed
a bone marrow biopsy that showed a myelodysplastic
syndrome with del(5q). Molecular profiling showed a
deleterious DNMT3A variant at a variant allele frequency
(VAF) of 35%, and two DDX41 variants: p.Asp140Gfs*2
[hereafter abbreviated as D140fs] at VAF 49% and R525H
at 34%. The patient was treated with monthly cycles of
5-azacytidine with rapid improvement in his peripheral
blood cell counts, and a referral for allogeneic HSCT was
made. Because the DDX41 Di4o0fs allele is a recurring
germline variant in Caucasian populations, a skin biopsy
was performed, and the Di4ofs allele was observed in
DNA derived from cultured skin fibroblasts, confirming its

germline status. Cascade testing throughout the family was
initiated, and the allogeneic HSCT was performed using
an unrelated HSCT donor. The patient did well during
HSCT and was discharged with recovering hematopoiesis
at day +14. At day +30, a standard bone marrow biopsy
was performed. Microsatellite markers were used to test
donor chimerism, which was at >95%, and molecular
profiling was performed for measuring residual disease.
No variants in DNMT3A or DDX41 were observed, but a
BRCA1 185delAG, an Ashkenazi Jewish founder mutation,
was demonstrated at a VAF of 45%.

This case raises several important issues, each of which is
discussed in more detail below:

- When should transplant teams think about
germline predisposition to hematopoietic malignancies?

- How should molecular profiling data from the
patient’s hematopoietic malignancy be interpreted relative
to germline status of variants?

- Should hematopoietic stem cells from related
donors with deleterious germline variants be used for
allogeneic HSCT?
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- What should transplant teams do if a deleterious
variant that predisposes to cancer is found in donor cells
post-transplant?

- Should all allogeneic HSCT donors be screened for
deleterious germline predisposition variants?

- Should preemptive allogeneic stem cell
transplantation be considered for carriers of deleterious
germline variantsin genes that predispose to hematopoietic
malignancies?

When should transplant teams think about
germline predisposition to hematopoietic
malignancies?

Simply put, transplant teams should think about germline
predisposition to hematopoietic malignancies for every
patient being considered for transplant. The sheer number
of germline predisposition syndromes (Table 1) [1-8]
makes this a challenging task for most clinicians. During
transplantation, a relatively small number of hematopoietic
stem and progenitor cells (HSPCs) is implanted into the
recipient, regardless of whether the HSPCs are from the
recipient her-/himself (autologous) or from another
individual (allogeneic). These HSPCs are under replicative
stress to reconstitute a bone marrow in the recipient, and
they will contain any germline variants that were present
in the individual from whom they were collected. If those
germline variants are deleterious and in genes encoding
master transcription factors RUNX1 or CEBPA, several
poor outcomes have been noted: poor donor mobilization
[9,10], failure or delay in engraftment [9,11], poor immune

function post-transplant [9,11], early relapse [11], donor-
derived leukemias in transplant recipients [10,12,13], and
leukemia development in the related donor after stem cell
mobilization/collection [12,13], all suggesting that use of
related donors with deleterious germline mutations in
these two genes is ill-advised. We have much less data on
HSPCs with deleterious germline variants in other cancer-
predisposing genes, and additional data are needed to
determine if there are any germline variants that are
permissive to HSCT. When relatives are used as donors,
their personal and family histories are more accessible to
the transplant team. Unfortunately, much less information
about personal/family history is provided for unrelated
donors or umbilical cord units, but of course, these HSPC
sources will contain germline variants as well.

For HSCT recipients found to have a deleterious germline
variant that predisposes to cancer, it is important to
remember that all non-germ cells contain that person’s
germline variants. Therefore, post-transplant, regardless
of which donor is used, the recipient’s germline variants
remain in the bone marrow within the non-hematopoietic
mesenchymal stromal cells as well as in other tissues.
Whether the presence of the germline variant within
these cells has an impact on the outcome of the HSCT is
not known for most cancer predisposition genes. To date,
the most data for outcomes of HSCT in patients with
deleterious germline variants are most robust for those
with disease-causing germline GATA2 variants.

Patients with deleterious germline GATA2 mutations
often have deficiencies in monocytes, B cells, natural killer
cells, and dendritic cells, leading to infections by fungal,

Risk for lymphoid
malignancies or
immunodeficiency

Risk for myeloid
malignancies

Risk for hematopoietic
and non-hematopoietic
malignancies

Risk for hematopoietic
malignancies

APOA1, APOA2,
ARID1A, BTK, CARD 11,
CASP10, CD27,
CD40LG, CD70, CST3,
CTLA4, CTPS1, DIS3,
DOCKS8, FGA, GSN,
IKZF1, ITK, KDM1A, LYZ,
MAGT1, MRTFA, PAXS,
PGM3, PIK3CD,
RASGRP1, STAT3, TTR,
UNC13D, USP45
TNFRSF9, ZNF431

ANKRD26, CBL, CEBPA,
DNAJC21, EFL1,
ERCC6L2, GATA2, JAK2,
MBD4, MECOM/EVI1,
MPL, NAF1, NPM1,
RBBP6, RBMSA, RTEL1,
SAMD9, SAMD9IL, SBDS,
SRP72

ATM, BLM, BRCAT1,
BRCA2, CHEK2, NBN,

CSF3R, DDX41, ETVS,
RUNX1, TET2, trisomy 21

NF1, PTEN, PTPN11,
RECQL4, SH2B3, TP53,
WAS, DKC*, FA*, HBOC*,

LS*

* DKC, dyskeratosis congenita; FA, Fanconi anemia; HBOC, hereditary breast and ovarian cancer; LS, Lynch

syndrome

Table 1: Cancer predisposition syndromes.
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viral, and bacterial species, especially non-tuberculous
Mycobacteria. Because of therecognized immunodeficiency
of these individuals and their life-long risk of infection,
investigators at the National Institutes of Health have
optimized allogeneic HSCT for these individuals [14-16].
With a median follow-up of two years, 19 of 22 patients
(86%) were alive with correction of phenotypes associated
with GATA2-deficiency, clearance of dysplasia, and
normalization of karyotypic abnormalities. Both acute and
chronic forms of graft versus host disease were the main
toxicities observed.

HSCT outcomes have also been assessed in pediatric
patients with GATA2 deficiency [17]. Investigators
compared the outcomes of young individuals with disease-
causing GATA2 variants who had developed bone marrow
failure (BMF), myelodysplastic syndrome (MDS), or acute
myeloid leukemia (AML) compared to those without such
variants in a retrospective case-control study. Although the
5-year overall and disease-free survival rates were similar
in the patient cohorts, the 5-year event-free survival rate
was lower in those with deleterious GATA2 variants:
7% + 6% versus 28-33% + 10% in controls. Treatment-
related toxicities, such as neurologic toxicities, infectious
complications, and thromboses post-transplant, were
responsible for this difference. Among four people with
neurologic toxicities, severe peripheral polyneuropathy
was observed in three individuals, noninfectious
encephalopathy in one, and unexplained mental status
changes/delirium in two. The investigators found no
differences in treatment related mortality or graft-versus-
host disease among the groups.

Recently, two studies have examined the HSCT outcomes
of children with deleterious germline SAMD9/SAMD9L
variants. Sarthy et al. published a small series of two cases
of patients with pathogenic germline SAMDg variants and
MIRAGE syndrome, a constellation of problems including
infection, growth restriction, adrenal hypoplasia, genital
abnormalities, enteropathy, and high risk for development
of MDS, who underwent HSCT, one using an HLA-
mismatched unrelated donor and the other using a
matched related donor [18]. Both of these patients died
shortly after transplant due to complications stemming
from their co-morbid conditions, including temperature
instability, enteropathy, adrenal insufficiency, electrolyte
disorders, susceptibility to infection, and lung disease.

Better outcomes were seen in more recent experience with
a 12-patient cohort of patients with deleterious germline
variants in either SAMD9 or SAMD9L all of whom
underwent allogeneic HSCT for MDS (ten individuals),
congenital amegakaryocytic thrombocytopenia (one
patient), and dyskeratosis congenita (one patient) [19].
The median age at HCT was 2.8 years (range, 1.2 to
12.8 years), and myeloablative conditioning was used in

nine children, with reduced intensity conditioning used
in the others. One patient with a pathogenic SAMD9L
variants failed to engraft and died of refractory myeloid
malignancy, and another who engrafted died of diffuse
alveolar hemorrhage. Among the other ten patients who
engrafted successfully, the immediate post-transplant
course was complicated by underlying co-morbidities
for those with MIRAGE syndrome, but had resolution of
their hematopoietic malignancies and achieved sustained
donor engraftment. Overall, 10/12 patients were alive with
a median follow-up of 3.1 years (range, 0.1 to 14.7 years).
Taken together, these publications suggest that specific
protocols may need to be developed to optimize HSCTs
in these individuals with very specific co-morbidities that
arise from the germline syndrome.

How should molecular profiling data from the
patient’s hematopoietic malignancy be interpreted
relative to germline status of variants?

Because germline variants are present in all non-germ
cells of an individual’s body, malignant cells will have that
person’s germline variants. Therefore, when molecular
profiling is performed on DNA derived from malignant
cells, observed variants can be somatic or germlinein nature
[20]. When such molecular profiling is done sequentially
over time as a patient’s disease status changes, variants
that remain at a consistently high VAF are often of germline
origin, especially when there has been a change in the
patient’s disease status, for example from leukemia present
to remission. In some situations when eradication of the
somatic mutation is not expected, for example for a patient
with a chronic myeloproliferative disease, persistence of a
JAK2 V617F variant most likely represents the underlying
malignancy, rather than a germline allele. However, in
many cases, persistence of a deleterious variant can be
used to prioritize an individual for germline testing. This
approach should not be used in place of proper germline
testing, since most panels used for prognostication do not
contain all of the genes that confer germline risk for cancer
and/or are often not capable of detecting deletions or other
copy number variants that commonly cause germline
predisposition. Therefore, if the personal or family
history suggest germline predisposition, proper germline
testing using true germline DNA and a testing platform
comprehensive for the relevant genes/mutation types
should be undertaken. Elements of the personal history
that should raise concern for germline predisposition
include: diagnosis of a malignancy at a unusually early
age compared to the general population, e.g., MDS at
<40 years old; history of multiple malignancies; and/or a
physical examination that reveals features consistent with
a germline predisposition syndrome [21]. Elements of the
family history that signal the need for germline genetic
risk testing include: history of bleeding, cytopenias, and/
or the presence of a hematopoietic or young-onset (<50
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years) solid tumor within two generations of the proband.
As noted above, review of molecular profiling of the
patient’s malignant cells is another means of identifying
individuals who may have germline cancer predisposition
alleles. As the opening case shows, when these data are
available, they can alert astute clinicians to patients with
germline variants. It is important to note that not all
germline variants are deleterious, and classification of
germline variants should be done in accordance with the
recommendations of the American College of Medical
Genetics and Genomics [22].

Should hematopoietic stem cells from related
donors with deleterious germline variants be used
for allogeneic HSCT?

Unfortunately, published standards for the evaluation
of related donors do not include evaluation of germline
cancer predisposition syndromes [23,24]. Phenotypes
observed in donors that should signal concern for
germline predisposition and prompt a thorough work-
up include baseline thrombocytopenia [25] and/or poor
donor mobilization [10]. Although clonal hematopoiesis
(CH) represents somatic mutation within HSPCs and is
therefore outside the scope of this discussion, many now
advocate avoiding using donors with this condition [10,26-
28]. Although studies to date have not seen an effect on
overall survival of HSCT recipients when donors with CH
have been used, a higher incidence of graft-versus-host
disease has been noted, with one study showing more
acute GVHD [29], and another more chronic GVHD [30].
Even rare clones in donor cell collections can expand in
HSCT recipients [31]. Many studies acknowledge the risk
of donor-derived leukemias arising in HSCT recipients
who have received donors’ cells with CH [10,26-28,30,32-

34].

Unfortunately, data do not exist on the outcomes of
donors with deleterious germline variants who underwent
growth-factor mobilization and HSCT recipients who
were transplanted with HSPCs containing such variants.
However as noted above, retrospective studies of the
outcomes of HSCTs that have used donor cells with
deleterious variants in RUNX1 and CEBPA demonstrate
devastating consequences: poor HSC mobilization by the
donor [9,10], failure or delay in engraftment [9,11], poor
immune function post-transplant [9,11], early relapse
[11], donor-derived leukemias in transplant recipients
[10,12,13], and leukemia development in the related donor
after stem cell mobilization/collection [12,13].

For these reasons, the author advocates a careful review
of personal and family histories and molecular testing
performed to characterize hematopoietic malignancies at
the time of consideration of allogeneic HSCT using related
donors. Cascade testing of potential related donors is
best performed at the presentation of the hematopoietic

malignancy since germline genetic testing takes time,
and this allows maximal discussion with the patient and
potential donor(s). Whenever possible, we avoid using
related donors with known deleterious germline variants
to decrease the risk of poor engraftment, graft dysfunction/
failure, or subsequent donor-derived leukemias, although
we recognize that data are limited outside of RUNX1 and
CEBPA. These discussions require delicacy in balancing
protection of health information and patient confidentiality
with informing individuals adequately of their risks.

What should transplant teams do if a deleterious
variant that predisposes to cancer is found in
donor cells post-transplant?

As molecular profiling is being used for measuring
residual disease post-transplant, germline variants are
being detected in unrelated donor cells, as the opening
case demonstrates. These situations present very difficult
ethical scenarios both in terms of how to discuss such
findings and their implications with the HSCT recipient
as well as whether it is appropriate to disclose such
information back to the donor center and eventually to
the donor. The author anticipates that this scenario will be
recognized increasingly as molecular profiling is instituted
broadly and expands to include all of the known cancer-
predisposing genes. At the moment, the author advocates
offering disclosure of this information to HSCT recipients
with appropriate genetic counseling as well as to the donor
center that provided the HSPCs.

Should all allogeneic HSCT donors be screened
for deleterious germline predisposition variants?

All people have several deleterious germline variants in
their genomes, most of which are recessive. Therefore,
it should be no surprise that all donor cells have such
variants, whether the cells come from relatives or from
more anonymous sources. As the number of cancer-
predisposing genes expands, with many of these
syndromes recognized as dominant, we may soon come
to the point of recommending that all donor sources are
screened for deleterious germline predisposition variants.
We are likely to need more data as to which variants are
permissive to HSCT and which, like those in RUNX1 and
CEBPA, present barriers to successful HSCT. Once these
data are available and confident predictions can be made
regarding the impact of particular germline variants, then
it may be advantageous to do universal germline genetic
screening of all donors.

Should preemptive allogeneic stem cell
transplantation be considered for carriers of
deleterious germline variants in genes that
predispose to hematopoietic malignancies?

There may be some scenarios when physicians should
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consider preemptive allogeneic HSCT prior to the
development of malignancy. Two that are worth discussion
are: (i) for highly penetrant germline genetic syndromes.
For example, individuals with deleterious variants at the
5" end of CEBPA are virtually guaranteed of developing a
myeloid malignancy in their lifetime. As such, some have
argued that the risk of allogeneic HSCT is less than that of
developing malignancy, and preemptive allogeneic HSCT
is reasonable [35]. (ii) for those with GATA2-deficiency
and a life-long risk of immunodeficiency and infection
[36].

Final Thoughts

The increased recognition of the importance of germline
cancer-predisposing syndromes and the use of next-
generation sequencing platforms to diagnose these
conditions and to profile hematopoietic malignancies
presents challenges to consideration of HSCT. Much of
the uncertainty surrounding issues of HSCT recipient/
donor evaluations and counseling derive from a lack of
data. The author hopes that the coming years will provide
clarity regarding the frequency of germline predisposition
in certain diagnoses; the impact of deleterious germline
variants in HSCT recipients and donors; and the potential
for universal donor screening for these conditions as a way
to improve outcomes for patients, their family members,
and people generous enough to donate HSPCs.
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