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Expedited evaluation of hereditary hematopoietic

malignancies in the setting of stem cell transplantation

It is being increasingly recognized that many patients with
blood cancers harbor germline variants that increase cancer
risk! For example, 14% of patients with acute myeloid leuke-
mia in the BEAT AML study had germline variants associated
with a hereditary hematopoietic malignancy (HHM) despite
an older age at diagnosis (median, 72 years).2 Moreover, 7%
of patients with a myelodysplastic syndrome shared dele-
terious germline variants with their matched-related stem
cell donors (MRD).2 Clinical complications, particularly graft
failure and donor-derived malignancies, can occur when an
MRD with an HHM-related germline variant is unknowingly
used.* Accurately and promptly diagnosing an HHM reduces
the risk of these complications.®>®

There are several obstacles to efficiently diagnosing HHM
in the transplant setting.® First, physicians must recog-
nize patients at risk of an HHM. Clinical suspicion may be
obscured by the adult age of onset of some HHM, which
mimics many sporadic malignancies. Contemporary family
structures are also smaller, which may reduce the family
history “signal” of an HHM.® The diagnosis of an HHM also
typically necessitates the sequencing of germline DNA free
of hematopoietic tissue. One common approach is to se-
quence DNA from cultured skin fibroblasts. This approach,
however, may take 2-3 months!" Particularly for patients
evaluated late in the transplant planning course, this time-
line presents challenges that may delay transplantation,
putting patients at risk of relapse. For patients with bone
marrow failure, we have historically been hesitant to delay
transplants for an HHM evaluationgiven the risks of clinical
deterioration from infectious or hemorrhagic complications.
Finally, we have cared for patients who received care in the
community before completing pre-transplant evaluations
at our center. For these patients, the initial suspicion of an
HHM occurred in the weeks before transplantation, raising
concerns that delaying the transplant in order to carry out
an evaluation for an HHM could worsen outcomes and cause
geographic disparities in transplant availability.”?

These tensions led us to develop novel techniques for HHM
evaluation in the transplant setting. Our approaches facil-
itated timely transplantation with ideal outcomes, as no
patients have experienced graft failure, HHM-related trans-
plant complications, or donor-derived malignancies after
more than a year of follow-up. To inform the development
of similar programs at other centers, we provide examples
in which HHM risk was promptly recognized and mitigated.
We reviewed all patients undergoing stem cell transplan-
tation at the University of Chicago since we implemented
clinical HHM testing in 2014. We extracted data from trans-
plant patients who underwent expedited HHM evaluations.

We grouped these approaches into four categories (Online
Supplementary Figure ST).

Transplant recipients in group 1 had potentially incidental
germline variants detected via tumor-only genomic profil-
ing. These patients (N=3) did not have personal or family
histories that raised concerns of an HHM, so we quickly
determined whether potentially incidental variants were of
germline origin® We performed tumor-only sequencing in
these patients during a morphological remission and did
not perform dedicated germline testing. This diagnostic
maneuver differed from our standard procedure, as we typ-
ically do not perform tumor-only sequencing in remission.
These patients are shown in the blue “variant-informed”
box in Online Supplementary Figure S1.

Group 2 had striking personal and family histories but were
negative in HHM testing. Given our concern about an HHM
not detected by contemporary techniques, for these pa-
tients we prioritized matched unrelated donors (MUD) to
avoid using cells from MRD with undiagnosed HHM. These
patients (N=5) are shown within the yellow “high-risk” box
in Online Supplementary Figure S1.

Group 3 had been diagnosed as having an HHM early in their
clinical course and had not yet proceeded to transplant,
but were undergoing HHM-focused donor evaluation. These
patients (N=2) are in the gray “personalized” box in Online
Supplementary Figure ST.

Group 4 had personal or family histories that raised concerns
about an HHM, but their anticipated transplant dates would
not allow for skin fibroblast testing. We instead performed
“donor-focused” HHM evaluations by sequencing DNA from
each donor’s saliva, peripheral blood, or DNA previously
provided for human leukocyte antigen (HLA) testing. This
approach, particularly using DNA collected for HLA testing,
enabled rapid turnaround times by avoiding additional visits
for donor DNA collection. For this group, HHM evaluation
on the index patient (transplant recipient) was not com-
pleted before the transplantation. This group also included
patients who received MUD transplants because a MRD
without the variant in question was not available. These
patients (N=12) are in the green “donor-focused” box in
Online Supplementary Figure S1.

All patients underwent genetic counseling before germline
testing and provided informed consent to Institutional Re-
view Board-approved research protocols at the University
of Chicago. All research was conducted according to the
Declaration of Helsinki. R Studio version 2023.09.0 and
GraphPad Prism version 8.0 were used for data analysis
and visualization. All variants of interest are listed in Online
Supplementary Table S2.
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We classified the patients into four groups (Tables 1 and disorders, potentially incidental HHM-related germline
2, Online Supplementary Figure S7). In the first group of variants in CEBPA, RECQL4, and TERT were identified on
patients (N=3) without family histories of cancer or blood tumor-only sequencing. We analyzed variant allele fre-

Table 1. Overview of patients and matched related donor candidates undergoing testing for hereditary hematopoietic malignancy
syndromes in the setting of stem cell transplantation.

Pt #, disease MRD candidate HHM HHM HHM Final HHM
(age in years) (age in years) gene testing method result donor evaluation
GROUP 1
Pt 1, . VAF dynamics .
AML (18) Sibling (14) TERT tumor NGS Negative MRD 64 days
Pt 2 HHM panel NGS
’ Sibling (21) CEBPA on cultured SF Negative MRD 40 days
AML (24) . :
from index patient
HHM/
immunodeficiency .
EEA?A (22) Sibling (24) (ungftgrct?ach‘lSF) panel on cultured I?I'I\:-e fgéj Vzgfsr)]t MRD 53 days
SF from index yo
patient
GROUP 2
HHM/
immunodeficiency
SI:/I‘ILVIL (7) NA (sor:?[é:szanel) NGS panel on p Iﬁ,/gést€11 MMUD 121 days
cultured SF from '
index patient
. L Unknown
Pt 2, Sibling with history HHM panel on ,
AML (24) of AA (general HHM cultured SF Negative MUD 41 days
phenotype)
HHM panel on
Pt 6, TP53 ,
t-MN (69) NA (somatic panel) cultured SF Negative MUD 68 days
Pt 7, . o HHM panel on .
ALL (22) NA Unidentified cultured SF Negative MUD 71 days
Pt 8, Sibling with history . - HHM panel on , :
t-MN (68) of DLBCL, t-MN Unidentified cultured SE Negative SCT pending 65 days
GROUP 3
Pt 9, DDX41 (somatic HHM panel on DDX41 .
AML (73) NA panel) cultured SF p.Ala191Thr SCT pending 72 days
Prior commercial
Pt 10, . BRCA1 .
t-MN (65) NA BRCAT1 testing for HBOC 0.Q1777P*s SCT pending NA

syndrome

Suspected hereditary hematopoietic malignancy (HHM)-related genes are frequently first identified via standard-of-care somatic tumor se-
quencing. HHM workup is further clarified by personal and/or family history. Results of germline testing and the methodology used to identi-
fy HHM-associated genes are shown. Group 1 comprises patients for whom HHM evaluation was triggered by the potentially incidental iden-
tification of a pathogenic/likely pathogenic germline variant on tumor genomic profiling, but an expedited HHM evaluation was pursued
without culturing skin fibroblasts due to transplant time constraints. Group 2 contains patients and MRD who are suspected of having an
HHM based on a strong personal and/or family history, but with negative germline testing. These patients received stem cells from matched
unrelated donors. Group 3 consists of patients in whom an HHM was identified identified early in the clinical course but have not yet pro-
ceeded to transplantation; they represent “ideal” timelines for HHM evaluation and are used as examples of “control” timelines. Pt #: patient
number; MRD: matched related donor; AML: acute myeloid leukemia; VAF: variant allele frequency; NGS: next-generation sequencing; SF: skin
fibroblasts; SAA: severe aplastic anemia; JMML: juvenile myelomonocytic leukemia; NA: not applicable; MMUD: mismatched unrelated donor;
AA: aplastic anemia; MUD: matched unrelated donor; t-MN: therapy-related myeloid neoplasm; ALL: acute lymphoblastic leukemia; DLBCL:
diffuse large B-cell lymphoma; SCT: stem cell transplantation; HBOC: hereditary breast and ovarian cancer.
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quency changes during induction therapy™®™ In each patient,
the potential germline variants disappeared at remission,
confirming their somatic origins (Table 1, Online Supple-
mentary Figure ST7).

The second group of five patients had a negative HHM
evaluation, but we used MUD based on a strong suspicion
of an undiagnosed HHM. For these patients, the median
time from skin biopsy to HHM result was 68 days (range,
41-121 days) (Figure 1A). One patient (patient #4) carried a
germline PALB2 pathogenic variant. This variant was dis-
cordant with the patient’s phenotype, and we continued to
have a strong suspicion of an HHM with an undetectable
germline driver. This patient received a MUD transplant and
continues to do well 97 days after transplantation.

The fourth group (n=12) received expedited transplant clear-
ance via sequencing of DNA from donor HLA samples (N=5),
saliva (N=1), or blood (N=4). Two patients did not have a MRD
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without the HHM-related variant in question. For these pa-
tients, we used MUD. Patient #9 carried a germline PALB2
variant associated with hereditary solid tumors, but without
association with an HHM. This variant was identified in a
potential MRD. There are theoretical risks of stem cell mobi-
lization in donors with germline variants in genes related to
DNA repair, but these remain unproven!* Since no unrelated or
alternative donor was available for the patient, this MRD was
used. The patient engrafted as expected and remains free of
donor-derived complications 4.2 years after transplantation.
For MRD in whom we sequenced a known variant iden-
tified in the index patient, the median time from sample
collection to test result was 12 days (range, 3-64) (Figure
1A). For index patients with a concerning personal and/or
family history, but for whom sequencing of cultured skin
fibroblast DNA was not feasible due to time constraints, we
performed next-generation sequencing on donor DNA with
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Figure 1. Turnaround time for hereditary hematopoietic malignancy (HHM) test results using cultured skin fibroblasts, an expe-
dited HHM evaluation approach, or a variant-informed HHM evaluation approach. (A) Turnaround times for HHM testing are shown
for patients evaluated using the “classic” approach of sequencing DNA from cultured skin fibroblasts, an “expedited” HHM eval-
uation approach, or a “variant-informed” HHM evaluation approach. Expedited approaches included any non-cultured skin fibro-
blast-based testing approaches, such as using a donor-directed HHM evaluation. “Variant-informed” approaches used changes
in the fraction of a potentially incidental germline variant allele during induction therapy to clear the index patient of an HHM. Of
note, these patients did not otherwise have concerning family histories. (B) Bar graph demonstrating the duration of HHM eval-
uation and time to transplantation for patients in the cohort. Of note, patients #8 and #9 had not undergone stem cell trans-
plantation prior to publication. In one patient (patient #4), HHM results returned after a matched unrelated donor stem cell

transplant was pursued. SCT: stem cell transplantation.
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Table 2. Donor-focused expedited evaluation for hereditary hematopoietic malignancies.

Pt #, disease, MRD candidate HHM HHM HHM
(age in years) (age in years) gene testing method result
BRCAZ2 single
Pt 11, o gene testing of BRCA2
AML (48) Sibling (37) BRCAZ potential MRD 0.Arg2520X
saliva sample
Pt 12 BRCAT1 single
AML i46) Sibling (49) BRCA1 gene testing of BRCA1p.C61G
potential MRD PB
Unknown Comprehensive
Pt 13, Sibling 1 (53) (general HHM BMF panel on HLA Negative
SAA (50) Sibling 2 (55) 9 henotype) samples from 9
Phenotyp potential MRD
CEBPA single gene
ZJ:VI‘IL“ i50) Sibling (49) (sorTCl:Sipinel) testing of potential Negative
P MRD PB sample
. DDX41 single gene  DDX412.4 kb
||:>/|t[;|357(71) 82::3 ; gjg; (sorT?aDti)cf4 1anel) testing of MRD  deletion in patient
P buccal swab and Child 2
MRD known
PALB2 PGV
Pt 16, . : ) PALB2
AML (34) Sibling (38) PALB2 carrier, ponflrmed 0.Ser254llefs™3
on PB single gene
NGS
BMF panel on
Pti17, Parent FANCA Clg::ireeri'ili:ng?em FANCA
SAA (8) (somatic panel) blood PB testing p.His913Pro
from MRD
Pt with known
(%L()I\_/IVL) Lynch syndrome, MLH1
Pt 18, NA HHM panel on SF p.Val612del;
AML (70) revealed Li 1258
TP53 . .
. Fraumeni exon 1 deletion
(somatic panel)
syndrome
Confirmation of
PGV via SF HHM
PL19, NA CHEK2 testing after ~ CHEK2 p.1200T
AML (46) (somatic panel) - .
incidental finding
on somatic NGS
Comprehensive
Pt 20, . IKZF1 BMF panel on HLA .
ALL (57) ST (£ (somatic panel) sample from NI
potential MRD
Pt 21 Hereditary myeloid FANCE
’ Child (25) FANCE malignancy panel heterozygous
AML (50) :
on PB carrier
HAVCR2
p.Tyr82Cys
Prior commercial Tl Aol
Pt 22, Child 1 HAVCR2 testing: HLH panel (patient); Child 1
SPTCL (52) Child 2 (homozygous) 9 P confirmed

Sl heterozygote on

PB single gene
testing
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Patients for whom hereditary hematologic malignancy (HHM) testing was performed on samples from potential matched related donors (MRD)
without the HHM evaluation having been completed on the index patient (stem cell recipient) before transplant are shown. The potential MRD
for patient #11 carried the pathogenic familial BRCA2 variant, and a haplo-cord cell source was chosen to reduce the theoretical risks of donor
mobilization in a patient with a BRCA2 variant. The donor candidate for patient #15 was negative for the DDX417 variant in question and was
used as an MRD. For patient #17, a haploidentical transplant from an MRD was used as no alternative sources were available. For patient #21,
a haploidentical transplant from an MRD was used as the MRD was a heterozygous carrier for the FANCE variant in question. For patient #15,
the transplant was canceled after the patient experienced an exceptional clinical response to induction therapy, and the risks/benefits were
felt to favor deferring the transplant. Pt #: patient number; AML: acute myeloid leukemia; PB: peripheral blood; MUD: matched unrelated do-
nor; SAA: severe aplastic anemia; BMF: bone marrow failure; HLA: human leukocyte antigen; MDS: myelodysplastic syndrome; PGV: pathogen-
ic germline variant; NGS: next-generation sequencing; SF: skin fibroblasts; NA: not applicable; MMUD: mismatched unrelated donor; ALL: acute
lymphoblastic leukemia; SPTCL: subcutaneous panniculitis-like T-cell lymphoma; HLH: hemophagocytic lymphohistiocytosis; SCT: stem cell

transplantation.

a median turnaround time of 26 days (range, 12-39 days)
(Figure 1A). Details of this sequencing panel are shown in
Online Supplementary Table S1.

Our donor-focused HHM screening approach enabled us
to significantly reduce turnaround time for HHM evalua-
tions. While the median turnaround of an HHM evaluation
with cultured skin fibroblasts was 64 days, the median
turnaround with donor-focused sequencing was 14 days
(P<0.05). Expedited HHM evaluation enabled us to se-
quence donors before results from recipients’ cultured skin
fibroblasts returned (Figure 1A). This approach was partic-
ularly helpful for patients with bone marrow failure who
were at high risk of clinical deterioration from infectious
or hemorrhagic complications (patients #13 and #17). For
these patients, our HHM evaluations took 12 and 24 days,
respectively (Table 2).

Importantly, we observed highly variable timelines to trans-
plantation after HHM results returned. This post-HHM
evaluation/pre-transplant period was often longer than
the turnaround time of our HHM evaluations. This delay
reflects the many variables that stall stem cell transplan-
tation (Figure 1B), but our expedited approaches removed
HHM evaluations as a source of delays.

At a median follow-up of 451 days after transplantation,
none of our patients experienced graft failure, transplant-re-
lated morbidity, or donor-derived malignancies. Patient #14
died 197 days after transplantation from non-relapse-related
respiratory failure secondary to pneumonia.

Here, we describe methods for expediting HHM evaluations
in urgent transplant situations that prohibited sequencing
DNA from cultured skin fibroblasts. Using a combination
of tumor mutation dynamics, donor-focused HHM screen-
ing, rigorous donor selection, and clinical inference, we
screened each patient for an HHM and cleared them for
transplantation. While ongoing research seeks to further
characterize a growing spectrum of HHM phenotypes, we
caution against the reflexive exclusion of donors harboring
pathogenic variants that have not been clearly implicated
in HHM, which in our series included BRCA1/2, PALB2, and a
FANCE heterozygous carrier. The field currently lacks clear
consensus surrounding the use of known carriers of patho-
genic or likely pathogenic mutations as stem cell donors,
especially for BRCA1/25 and decision-making surrounding
these donor candidates varied among physicians at our

center. Nevertheless, in our study, after a median follow-up
of more than 1 year, all patients in this study have been
free of graft failure, HHM-related transplant morbidity, and
donor-derived malignancies. Our approaches to performing
expedited HHM evaluations may benefit other physicians
involved in caring for patients at risk of an HHM who are
being considered for stem cell transplantation.
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