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Abstract

To evaluate the relationship between knowledge of genetic diagnosis before HSCT and outcome, we reviewed all HSCTs
for primary immune deficiencies (PID) performed at UCSF from 2007 through 2018. SCID, a distinct entity identified since
2010 in California by newborn screening and treated early, was considered separately. The underlying genetic condition was
known at the time of HSCT in 85% of cases. Graft failure was less frequent in patients with a genetic diagnosis (19% with a
genetic diagnosis versus 47% without, p=0.020). Furthermore, event-free survival and overall survival (OS) at 5 years were
better for those with a genetic diagnosis (78% with versus 44% without, p =0.006; and 93% versus 60% without, p =0.0002,
respectively). OS at 5 years was superior for known-genotype patients with both SCID (p=0.010) and non-SCID PID
(p=0.010). There was no difference in OS between HSCT done in 2007-2010 compared to more recently (p=0.19). These
data suggest that outcomes of HSCT for PID with known genotype may reflect specific experience and literature, or that a
substantial proportion of patients with PID of undetermined genotype may have had underlying conditions for which HSCT
may carry greater risk. The higher rate of graft failure in PID with unknown genotype may be in part explained by insuf-
ficient conditioning, which in turn could be dictated by compromised organ function in patients undergoing HSCT late in
the course. Widespread availability of PID gene sequencing as standard care can provide genetic diagnoses for most patients
with PID prior to HSCT, permitting optimization of transplant approach.

Keywords Primary immunodeficiency - genotype - transplant - outcome

Introduction

Primary immunodeficiency (PID) disorders involve a vari-
ety of rare genetic defects both intrinsic and extrinsic (e.g.,
defects in the thymus or stromal cells) to hematopoietic stem
cells (HSCs) and their differentiating lineages. More than
400 disorders with 430 different gene defects have been
identified by the International Union of Immunological Soci-
eties (IUIS) in the last update of human inborn errors of
immunity [1]. The recently introduced category of Primary
Immune Regulatory Disorders (PIRD) includes disorders
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with prominent immune-mediated pathology requiring
immunosuppression. Management of PID is often complex
and may require treatment with hematopoietic stem cell
transplant (HSCT) [2].

Over time, advances in genetics, immunology, and public
health, including increased availability of genetic sequencing
and the introduction of newborn screening (NBS) for severe
combined immunodeficiency (SCID), have made possible
the identification of new PIDs as well as a deeper knowledge
of their molecular pathophysiology [3, 4]. Genetic testing
has become an essential part of diagnostic evaluation and
management of PID [5]. PIDs caused by genetic defects that
result in dysfunction in non-HSC tissue may not benefit from
HSCT. Identification of a genetic underpinning is essential
to understand utility of HSCT, donor selection, and optimal
conditioning regimen [6]. The identification of a genetic
defect is indeed critical when considering siblings or parents
as potential donors: testing of family members is necessary
prior to donor selection to avoid selecting an affected one,
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or in some situations, a carrier [7]. Early HSCT performed
at a young age decreases infectious complications and other
comorbidities in most PIDs and therefore remains important
for optimal outcomes and long-term survival. [8—11]

We hypothesized an unknown genotype at time of HSCT
is associated with a worse outcome. This could be due to a
compromised clinical condition of patients who have expe-
rienced delays in proceeding to HSCT in the absence of a
definitive diagnosis due to hesitation on the part of phy-
sicians, parents, and/or 3rd-party payors. Furthermore,
the absence of a genetic diagnosis may make it difficult to
plan the best approach to HSCT, including conditioning
and donor selection [12, 13]. Alternatively, it is possible
that well-defined PIDs are diagnosed more readily due to
a broader awareness of them, and that available experience
and literature contributes to better HSCT outcomes. There-
fore, we retrospectively evaluated the relationship between
known causative PID genetic mutation before HSCT, and
the outcome following HSCT.

Methods

We conducted a retrospective analysis of all PID HSCTs per-
formed at UCSF Benioff Children’s Hospital for the entire
years 2007 through 2018. Data were recorded by individual
chart review. This study was approved by the UCSF Insti-
tutional Review Board in accordance with the Declaration
of Helsinki.

Data analyzed included HSCT characteristics, donor
characteristics (matched sibling donors, haploidentical
donors, and unrelated donors), genotype, conditioning,
Hematopoietic Cell Transplantation-Comorbidity Index
(HCT-CI), graft-versus-host disease (GVHD), use of intrave-
nous immunoglobulin infusion (IVIg) before HSCT as well
as dependence after HSCT, chimerism, immune reconstitu-
tion, all therapy and disease-induced organ toxicities, event-
free survival (EFS), and overall survival (OS). In the case
of haploidentical-related donors, CD34-selected peripheral
blood stem cells (PBSC) were used [14]. Regarding con-
ditioning, all myeloablative regimens consisted of myeloa-
blative targeted doses of busulfan (cAUC of > 60 mg h/L)
or > 1200 cGy total body irradiation (TBI); reduced inten-
sity conditioning (RIC) consisted of all other regimens with
non-myeloablative targeted busulfan or melphalan. HCT-CI
was dichotomized into two categories: “low risk” if HCT-
CI=0 or “intermediate-high risk” if HCT-CI > 1. Second
transplants were defined as transplants occurring from a
new donor or utilizing a conditioning regimen, and therefore
excluded “boost” infusions of HSCs.

PIDs were grouped according to the IUIS phenotypical
classification [2, 15]. When patients required > 1 HSCT,
the first one was evaluated. SCID NBS in California,

implemented in 2010, enabled early diagnosis and treat-
ment of typical and leaky SCID. Therefore, we analyzed
this group of patients separately from non-SCID patients.
We also divided the population into two time periods,
HSCT performed between 2007 and August 2010, and
HSCT between September 2010 through 2018, to attempt
to address differences in outcomes due to advances in HSCT
technique and supportive care, and to consider pre-NBS and
post-NBS impact for the SCID patients [16, 17].

We defined a patient as a “known” genotype when the
underlying immune defect was diagnosed during pre-HSCT
evaluation, and an “unknown” genotype when the genetic
defect was not identified before HSCT. We looked for those
genes identified as being associated with a PID and path-
ogenic cause based on the American College of Medical
Genetics and Genomics and the Association for Molecu-
lar Pathology guidelines [17]. All the genotypes diagnosed
in the first time period were reported by the TUIS pheno-
typical classification of human inborn errors of immunity
present at the time [18]. To evaluate if there would have
been a difference in outcome if the patient’s diagnosis had
been known in the later time period, but not in the earlier
one, we looked at patients who received a genetic diagno-
sis after HSCT. Five patients, for whom the genetic muta-
tion was diagnosed after the transplant, were classified as
“unknown” at the time of their first transplant. Genotypes
identified after the first transplant were reported by subse-
quent versions of the IUIS phenotypical classification of
human inborn errors of immunity [19, 20]. A patient with
Chediak-Higashi syndrome was classified as “known,” even
though lacking mutations in the LYST disease-causing gene,
because the diagnosis was made by the presence of pathog-
nomonic, abnormally large intracytoplasmic granules in neu-
trophils and consistent clinical findings [21]. Furthermore,
we evaluated whether the outcome was different between
conditions for which HSCT would be expected to correct
the immune dysfunction (e.g., RAG1/2 deficiency) versus
immune defects that also involve non-hematopoietic tissues
and therefore would not be considered “cured” by HSCT
alone (e.g., deficiency of IkBa or adenosine deaminase), and
would have a significant effect on survival, morbidity, and a
sensitive increase in the complications of high-dose chemo-
therapy. Lymphocyte subsets and chimerism were followed
at 100 days, 6 months, 12 months, and 5 years or at the last
encounter post-HSCT. Lymphocyte subsets were assessed
by flow cytometry. Normal T cell reconstitution was defined
as absolute CD4 + count > 500 x 10°/L and CD4/CD45RA
count > 200 x 10°/L, in addition to the internal UCSF use
of >50% lower limit of reference range response of PBMC
or CD45 4+ cells to phytohemagglutinin. B cell reconstitu-
tion criteria included IgM within normal range for age,
IgM isohemagglutinin titer > 1:8 dilution, absolute B cell
count (CD19+) > 50/uL, and response to vaccination after
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discontinuing IVIg. IVIg was restarted if protective antibody
titers did not develop following vaccination or if patients
experienced recurrent infections.

Demographic, disease-related, and transplant-related
variables were evaluated using a y? test or a Fisher exact
test for categorical variables, and an ANOVA test or a Wil-
coxon Rank Sum Test for continuous variables. Quantita-
tive data were described as median values and interquartile
range (IQR), due to their non-Gaussian distribution. The
cumulative OS was assessed by the Kaplan-Meyer estimate.
For differences between groups, we used the log-rank test.
The cumulative EFS probability (considering both deaths
and second HSCTs as events) was estimated with life table
product limit estimates. Incidence of post-transplant com-
plications, such as GVHD, was estimated by cumulative
incidence function for competing risk events. Ninety-five
percent confidence intervals (CI) were calculated with the
exact Clopper-Pearson test. Statistical significance was set
at p <0.05. Statistical analysis was performed with STATA
16 (StataCorp, College Station, TX).

Results
Overall Cohort Description and HSCT Characteristics

Ninety-eight patients were included in this study, of whom
66 (67%) were male and 32 (33%) female. Patient character-
istics are summarized in Table 1. Transplants were done in
the period 2007-2010 for 29 (30%) patients, while 69 (70%)
patients were transplanted in the period 2011-2018. The
median age at HSCT was 10 months (IQR 3-44). Median
follow-up was 6 years (IQR 4-9). Donors included 46 (47%)
matched unrelated donors and 52 (53%) related donors (16%
matched sibling donors and 36% haploidentical donors).
Stem cell sources were bone marrow (BM) in 47 (48%),
umbilical cord blood in 6 (6%), and peripheral blood stem
cells (PBSC) in 45 (46%) HSCTs. A busulfan-based myeloa-
blative conditioning regimen was used for 41% of HSCTs.

Genetic Identification

Phenotypes with associated genotypes are listed in Table 2.
The most represented diagnoses were in the categories of
SCID and PIRD, with 43 (44%) and 25 (26%) patients,
respectively. The underlying genetic condition was known
at the time of the transplant in 85% of cases. There was
a statistically significant difference between the two time
periods of HSCT (p =0.005): from 2007 to 2010, we catego-
rized the specific molecular defect prior to HSCT in 20/29
(69%) patients, while from 2011 to 2018 in 63/69 (91%),
likely reflecting increased genetic testing availability over
time. Of the 15 patients without a genetic diagnosis at the
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time of the first transplant, as noted in Table 2, we identi-
fied the underlying molecular defect after the transplant for
5 of them, with a median time of 14 months (IQR 10-45).
There were no differences in age at HSCT between the two
eras (p=0.19). There were no correlations in both univari-
ate and multivariate analysis between the identification of
the genetic mutation and gender (p =0.20; OR=0.46, 95%
confidence interval (CI), 0.14-1.50, p=0.2), age at HSCT
(»p=0.79; OR=0.99, 95% CI, 0.99-1.00, p=0.97), donor
relation (p=0.98; unrelated: OR=1.27,95% CI, 0.12-13 .4,
p=0.84), donor category (p =0.92; matched sibling donor:
OR 1.82, 95% CI, 0.11-30.8, p=0.67), stem cell source
(p=0.99; peripheral blood stem cells: OR=1.3, 95% ClI,
0.15-11.4, p=0.80), HCT-CI score (p=; HCT-CI > 1:
OR 1.10, 95% CI, 0.38-71.6, p=0.22), and conditioning
regimen (p =0.96; non-myeloablative, OR=1.16, 95% CI,
0.28-4.85, p=0.83) (Table S1).

Overall Survival and Genetic Identification

The OS at 5 years post-HSCT was 87% (95% CI, 0.78-0.92).
Twelve (12%) patients died, at a median of 185 days after
transplant (IQR 75-472). There was a correlation between
the identification of the genetic condition before trans-
plant and OS at 5 years or at the last follow-up post-HSCT
(p=0.0002), with 58% (95% CI, 0.30-0.79) of patients alive
in the group of unknown genetic defect versus 93% (95% ClI,
0.84-0.97) in the group with known genetic defect (Fig. 1).

Between the two time periods of HSCT: 79% (95% CI,
0.60-0.90) of patients in the first-period group (2007-2010)
vs 91% (95% CI, 0.82-0.96) in the second-period group
(2011-2018) survived (p=0.15). A statistical difference in
OS by known versus unknown genetic defects was present
in both periods. In the first timeframe, 5-year OS was 55%
(95% CI, 0.20-0.80) for patients who did not have a known
genetic defect versus 90% (95% CI, 0.65-0.97) with a known
genetic defect (p =0.032), while in the second time period,
67% (95% CI, 0.20-0.90) of patients who did not have a
known genetic defect versus 94% (95% CI, 0.84-0.98) with
known genetic defect (p =0.013) were alive, suggesting
that knowledge of genetic mutation, rather than advances
in HSCT technique or supportive care, is driving the differ-
ences in survival.

The mortality rate was 40% (95% CI, 0.16-0.68) in
the group without genetic diagnosis versus 7% (95% CI,
0.02-0.15) in the group with genetic diagnosis (p <0.001).
In the unknown genotype group, death was attributed to
infection in 50% of cases, organ toxicity in 33%, and pro-
gressive underlying disease (i.e., HLH reactivation) in the
remaining 17%; while in the known group, death was due
to infection in 83% of cases and organ toxicity in 17%.
There was a significant difference in the 1-year cumulative
incidence of organ-toxicity-related death between the two
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Table 1 Patients/HSCT characteristics and genetic identification

Categories Number of patients Unknown genotype Known genotype p-value
(%) (%) (%)

N 98 15 83

Age at HSCT, median years (IQR) 10 (3-47) 10 (4-47) 10 (3-44) 0.79

Biological gender Male 66 (67%) 8 (53%) 58 (70%) 0.21
Female 32 (33%) 7 (47%) 25 (30%)

Diagnosis® Bone marrow failure® 1 (1%) 0 (0%) 1 (1%) 0.44
CID 10 (10%) 3 (20%) 7 (8%)
CID with syndromic features 16 (16%) 0 (0%) 16 (19%)
Congenital defects of phagocyte 3 (3%) 0 (0%) 3 (4%)
PIRD 25 (26%) 4 (27%) 21 (25%)
SCID 43 (44%) 8 (53%) 35 (43%)

Donor relation Related 52 (53%) 8 (53%) 44 (53%) 0.98
Unrelated 47 (47%) 7 (47%) 40 (48%)

Source of cells BM 47 (48%) 7 (47%) 40 (48%) 0.99
Cord blood 6 (6%) 1 (7%) 5 (6%)
PBSC 45 (46%) 7 (47%) 38 (46%)

ABO incompatibility No 59 (60%) 7 (47%) 52 (63%) 0.55
Major 17 (17%) 4(27%) 13 (15%)
Bidirectional 2 (2%) 0(0%) 2 (2%)
Minor 20 (20%) 4(27%) 16 (19%)

Conditioning None 18 (17%) 2 (13%) 16 (19%) 0.95
Serotherapy only® 16 (16%) 2 (13%) 14 (17%)
Immunosuppression’ 2 (2%) 0 (0%) 2 (2%)
RIC-busulfan-based (AUC~30) 6 (6%) 1 (7%) 5 (6%)
RIC-melphalan-based © 13 (13%) 2 (13%) 11 (13%)
MAC-busulfan-based (AUC>60) 40 (41%) 7 (47%) 33 (40%)
MAC-1200TBI-based 3(3%) 1 (7%) 2 (2%)

Serotherapy None 19 (19%) 2 (13%) 17 21%) 0.52
ATG 27 (28%) 3 (20%) 24 (29%)
Alemtuzumab 52 (53%) 10 (67%) 42 (51%)

GVHD drug prophylaxis None 33 (33%) 6 (40%) 27 (33%) 0.60
MTX+CI 41 (42%) 7 (47%) 34 (41%)
MMF + CI 8 (8%) 0 (0%) 8 (10%)
Others CI 16 (16%) 2 (13%) 14 (17%)

CD34 +cell dose (x 1076/kg), median (IQR)" 12.4 (5.6-20) 15.6 (7.2-20) 12.4 (5.4-20) 0.73

Ex vivo T cell depletion 38 (39%) 6 (40%) 32 (39%) 0.92

Overall column with characteristics of all 90 patients
#As per the current IUIS phenotypical classification
®Dyskeratosis congenita (TINF2)

¢ATG, n=7; alemtuzumab, n=9

4Flu, n=1; Flu/Cy, n=1

°with TT, n=10

For 21 patients, of whom 4 without a genetic diagnosis, we marked the CD34 dose as “not done” as there was a period when for BM products
only the total nucleated cell count was performed

Abbreviations: ATG, anti-thymocyte globulin; AUC, area under curve; BM, bone marrow; CI, calcineurin inhibitors; CID, combined immuno-
deficiency; CMV, cytomegalovirus; CsA, cyclosporin; Cy, cyclophosphamide; IQR, interquartile range; Flu, fludarabine; MAC, myeloablative
conditioning; MMF, mycophenolate mofetil; MTX, methotrexate; NMA, non-myeloablative conditioning; PBSC, peripheral blood stem cells;
PIRD, primary immune regulatory disorder; RIC, reduced intensity conditioning; SCID, severe combined immunodeficiency; TBI, total body
irradiation; 77, thiotepa
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Table 2 Genotype identified

Diagnosis Unknown Known Gene
pre-HSCT, and 5 genes
identified post-HSCT CID 3 7 ZAP70, CD40L, IL2RG
CID with syndromic features 0 16 WASP, RMRP, NFKBIA
SCID T-B +° 4¢ 14 IL7R, IL2RG, JAK3
SCID T-B- 44 21 RAGI, RAG2, ADA, DCLREIC
Congenital defects in phagocytes 0 3 ELANE, CYBB
PIRD 4 21 FOXP3, SH2DIA, PRFI1, UNCI3D,
RAB27A, ILI0RA, PI3KCD, STAT3,
XIAP, CI10B
Dyskeratosis congenita 0 1 TINF?2
Total 15 83

#Two are now known to be defects in CD40L and MALTI

®It includes both typical SCID and leaky SCID

“One is now known to be a non-coding defect in IL7R

4Two are now known to be defects in RAGI, BCLI1B

Abbreviations: CID, combined immunodeficiency; PIRD, primary immune regulatory disorder; SCID,

severe combined immunodeficiency

Fig.1 Overall survival at last
follow-up by the identification

Overall survival at 5 years post-HSCT

status of the genetic defect 100 tT_‘_‘_L._,
! 93%
L— YL
75- e e :
T e o e ST o i e e e S
|
£ 58%
. 50
o
25+
0 p=0.0002
0 5

Years

95% CI
————— Genetic defect unknown

95% CI
Genetic defect known

groups, 13% (95% CI, 0.02-0.40) in the unknown versus
1% (95% CI, 0.00-0.06) in the known (p =0.012). Detailed
characteristics of deceased patients are provided in supple-
mentary Table S2.

Event-Free Survival and Genetic Identification

Twenty patients (20%) required a second HSCT, mostly due
to graft failure (95%), at a median time of 177 days after the
first one (IQR 77-583), and of these 15 (75%) were alive
at the last follow-up. The EFS at the last follow-up post-
HSCT was 74% (95% CI, 0.64-0.82). As shown in Fig. 2,

@ Springer

comparing the two groups with and without a genetic diag-
nosis, EFS at 5 years post-HSCT was influenced by the
identification of the underlying molecular defect (p =0.006):
EFS for the group without a genetic diagnosis was 44% (95%
CI, 0.18-0.68), while for the group with a genetic diagnosis
was 76% (95% CI, 0.64-0.84).

There was no difference in EFS at 5 years post-
HSCT (p=0.62) by era of transplant: in the first period
(2007-2010), the EFS was 66% (95% CI, 0.45-0.80),
while in the second period (2011-2018) was 73% (95%
CI, 0.60-0.82). In the first period, for the group without a
genetic diagnosis, the EFS at 5 years post-HSCT was 44%
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Fig.2 Event-free survival by
the identification status of the

Event-free survival by identification of the genetic defect

genetic defect. Events are deaths 100+
and second HSCT 1
b
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Lam 76%
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= e e
o 950 :
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0 5
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95% CI 95% CI

————— Genetic defect unknown

Genetic defect known

(95% CI, 0.14-0.72) versus 75% (95% CI, 0.50-0.88) for
the group with (p=0.12); in the second period, the EFS at
5 years post-HSCT was 50% (95% CI, 0.11-0.80) for the
group without a genetic diagnosis versus 75% (95% CI,
0.61-0.85) for the group with (p=0.03).

Genetic Identification and Complications Post-HSCT

There was a correlation between the identification of the
genetic mutation and graft failure/rejection, seen in 47%

Fig. 3 Clinical outcome by 83
the identification status of the
genetic defect after 1st and 2nd
HSCT

known genotype
1L HSCT

(95% CI, 0.21-0.73) of patients without genetic diagnosis
versus 19% (95% CI, 0.12-0.29) with (p=0.021). Graft fail-
ure was primary in 71% of patients with unknown genetic
defects compared with 56% in patients with (p=0.5). Fur-
thermore, we found no significant difference in the propor-
tion with persistent poor graft function requiring IVIg: 6
(86%) patients with unknown genetic defect versus 8 (50%)
with (p=0.10).

As shown in Fig. 3, five patients (33%) with unknown
genetic defects received a second transplant, at a median

15
unknown genotype
1L HSCT

64 (77%)

4(5%) 7 (80%)

3(20%)
N

4(100%)
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\

Infection
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time of 57 days after the first one (IQR 50-361). Regarding
patients with a genetic diagnosis, 15 (18%) received a sec-
ond transplant, at a median time of 175 days after the first
one (IQR 112-489).

After the first HSCT, mortality was 5% (95% CI,
0.01-0.12) for the known genetic group vs 20% (95% CI,
0.4-0.48) for the unknown group (p =0.022); while, after
the second HSCT, mortality was 13% (95% CI, 0.16-0.40)
for the known genetic group vs 60% (95% CI, 0.15-0.95)
for the unknown group (p =0.048). There was no difference
between the two time periods for graft failure/rejection
(p=0.25).

Other considerations, outside the scope of this study,
include the potential for related donors to be carriers of
unknown genotype at the time of transplant, thereby lead-
ing to unsuccessful HSCT due to potential functional insuf-
ficiency of donor cells, although in our cohort we found no
significant differences in either OS at 5 years post-HSCT,

graft failure or EFS for patients with unknown genotype
among those who received a matched sibling donor (possible
carriers) versus a matched unrelated donor (not carrier) ver-
sus a haploidentical donor (probable carrier for autosomal
recessive disorders; possible carrier for female donors to
patients with X-linked disorders).

Genetic Identification and GVHD

As shown in Table 3, of the patients with GVHD, 18 devel-
oped acute grades II-IV, at a median of 22 days post-HSCT
(IQR 16-63) for a 100-day cumulative incidence of 18%
(95% CI1 0.11-0.26). Of five patients with chronic GVHD
(cGVHD), 2 were extensive in nature, for a 3-year cumula-
tive incidence of 15% (95% CI 0.01-0.46). No differences
were observed between the two time periods for either acute
GVHD (aGVHD) (p=0.43) or cGVHD (p=0.60). No dif-
ferences between the two groups, with a genetic diagnosis

Table 3 Genetic identification and outcome and complications post-HSCT

Variables Overall Unknown Known p-value
N 98 15 83
OS at 5 years or last FU 86 (88%) 9 (60%) 77 (93%) <0.001
Death, median days (IQR) 185 (75.5-472.5) 127 (69-980) 304.5 (134-429) 0.87
EFS at 5 years %, 95% CI 74% (0.64-0.82)  44% (0.18-0.68)  76% (0.64-0.84)  0.006
Graft failure Total 23 (23%) 7 (47%) 16 (19%) 0.021
Primary 14 (61%)* 5 (71%)* 9 (56%)* 0.50
Second- 9 (39%)* 2 (29%)* 7(44%)*
ary
aGVHD aGVHD CI grades II-1V, 95% CI 18 (18%, 2 (14%, 0.02— 16 (19%, 0.30
0.11-0.26) 0.36) 0.11-0.28)
aGVHD CI grades III-1V, 95% CI 7 (7%, 0.3-0.13)  1(7%,0.00-0.29) 6 (7%, 0.03-0.15)
aGVHD, median days (IQR) 22 (16-63) 22 (19-2351) 22 (14-63) 0.53
cGVHD CI of any cGVHD 5 (18%, 0.02— 1(52%, 0.25— 4(5%,0.02-0.12) 091
0.46) 0.74)
CI of severe cGVHD 2 (15%, 0.01- 1(52%. 0.25— 1 (1%. 0.00-0.06)
0.46) 0.74)
c¢GVHD, median days (IQR) 203 (167-1194) 2650 (2650-2650) 185 (108-698) 0.14
Infection CMV 27 (28%) 6 (40%) 21 (25%) 0.24
EBV 6 (6%) 0 (0%) 6 (7%) 0.28
HHV6 14 (14%) 1 (7%) 13 (16%) 0.40
ADV 11 (11%) 1 (7%) 10 (12%) 0.54
HSV1 3 (3%) 0 (0%) 3 (4%) 0.45
BKV 7 (7%) 1 (7%) 6 (7%) 0.94
\VAY 1 (1%) 0 (0%) 1 (1%) 0.67
Other Viral 49 (50%) 6 (40%) 43 (52%) 0.40
Bacterial 55 (56%) 7 (47%) 48 (58%) 0.42
Fungal 18 (18%) 3 (20%) 15 (18%) 0.86

“These percentages are referring to the total number of graft failure (N =23)

Overall column with characteristics of all 99 patients. Abbreviations: ADV, adenovirus; aGVHD, acute graft-versus-host disease; BKV, BK poly-
omavirus; CI, cumulative incidence; CMV, cytomegalovirus; cGVHD, chronic graft-versus-host disease; EBV, Epstein-Barr virus; FU, follow-
up; HSCT, hematopoietic stem cells transplant; HHV6, human herpesvirus 6; HSV1, herpes simplex 1; IQR, interquartile range
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and without, were observed regarding aGVHD (p =0.30) or
cGVHD (p=0.91).

Immune Reconstitution

In our cohort, we analyzed cell reconstitution when all
criteria were available and satisfied. We observed a T cell
reconstitution in 19/54 (35%) at 6 months, in 48/69 (69%)
at 12 months, and in 66/80 (83%) at the last follow-up. The
median time for T cell reconstitution was 245 days (IQR
160-538). There were no correlations between the iden-
tification of the genetic mutation and the incidence of T
cell reconstitution at 6 months post-HSCT (p =0.15), at
12 months post-HSCT (p =0.72), or at the last follow-up
(»=0.14).

B cell reconstitution was documented in 55 patients
(56%), at a median time of 365 days post-HSCT (IQR
219-730), and it was obtained for 4 (27%) patients with
unknown genetic defect versus 51 (61%) with known genetic
defect (p=0.012). As shown in Table 3, no significant cor-
relations were detected between the identification of the
genetic diagnosis or lack thereof and the development of
post-HSCT infections, including viral (p =0.40), bacterial
(p=0.42), or fungal (p =0.86).

SCID Versus Non-SCID

OS at 5 years or at the last follow-up post-HSCT was cor-
related with identified genetic causes in both SCID and
non-SCID disorders (p =0.002), in both time periods. In the
SCID group, 5-year survival was 56% (95% CI, 0.15-0.84)

Fig.4 Overall survival at last
follow-up in patients with

of patients without a genetic diagnosis, versus 94% (95% ClI,
0.80-0.98) with genetic diagnosis; in the non-SCID group,
57% (95% CI, 0.17-0.84) of patients without a genetic diag-
nosis versus 91% (95% CI, 0.79-0.97) with a genetic diag-
nosis were alive after 5 years. We did not find any SCID ver-
sus non-SCID influence on the identification of the genetic
mutation prior to transplant: incidence of aGVHD (non-
SCID p=0.27; SCID p=0.82) versus cGVHD (non-SCID
p=N.A.; SCID p=0.91). However, there was a significant
correlation between the identification of the genetic defect
and graft failure for non-SCID patients (p =0.025), with 43%
(95% CI, 0.10-0.81) of patients with unknown genetic defect
versus 11% (95% CI, 0.03-0.23) of patients with genetic
diagnosis; in contrast, no such correlation was found for
SCID patients (p =0.29) (supplementary Table S3).

Predominant Hematopoietic Cell (HC) vs Combined
HC and Non-HC Immune Dysfunction

In patients with a known genetic defect at the time of the
transplant, 57 (69%) had a genetic defect predominantly
affecting the HC compartment (supplementary Table S4).
As shown in Fig. 4, there was no significant difference in
OS at 5 years or at the last follow-up post-HSCT based on
the function of the genes affected in this cohort (p =0.5): 25
(90%; 95% CI, 0.70-0.96) patients with genetic diagnoses
affecting HC and non-HC immune function versus 57 (92%;
95% CI, 0.81-0.97) patients with genetic diagnoses affecting
predominantly HC cells survived. EFS was not influenced by
the function of the genes affected in this cohort (p =0.18):
EFS was 63% (95% CI, 0.40-0.80) for the combined HC

Predominant HC vs Combined HC and non-HC

genetic defect in predominant 100 p—— 92%
hematopoietic cell (HC) vs -
combined HC and non-HC 90%
immune dysfunction phenotype
75
3
o 50-
O
25
0- p=05
T T
0 5

Years

95% ClI
Combined HC and non-HC

95% ClI
Predominant HC
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and non-HC group versus 78% (95% CI, 0.63-0.87) for HC
predominant group.

Discussion

This study focuses on the impact of identifying the underly-
ing molecular defect for a primary immunodeficiency dis-
order prior to HSCT. Considering the genetic heterogeneity
of PIDs, finding potential predictors of outcome and suc-
cess with immune reconstitution is essential [22]. Identi-
fication of the molecular defect may facilitate rapid recog-
nition of HSCT candidates, and may inform decisions on
donor choice and type of conditioning regimen [9]. Recent
SCID studies have highlighted the importance of obtaining
a genetic diagnosis and consequently moving towards a clas-
sification that allows tailoring of the treatment strategy for
each specific genotype [23, 24].

Overall, in this cohort, the underlying genetic condition
was known at the time of the transplant in 85% of cases, and
we observed an increase in genetic diagnoses over time, with
69% of patients having a genetic diagnosis made between
2007 and 2010, compared to 91% between 2011 and 2018
[6]. This study demonstrated a strong association between
known genetic diagnosis and 5-year OS (p =0.0002) in PID
recipients of HSCT, and it remained significant regardless
of SCID vs. non-SCID diagnosis. These data are consist-
ent with previous studies about PIDs that reported patients
with “other T cell deficiencies” having a worse outcome
than patients with well-defined SCID [25, 26]. Other authors
have emphasized poor survival for patients with undefined
PIDs, due to incomplete knowledge of pathophysiology and
molecular mechanisms [27, 28]. We did not observe a sig-
nificant difference between the two time periods of HSCTs
despite improvements in the HSCT approach and supportive
care. This result may be due to our restricted sample size,
as it is in contrast with what Parikh et al. [29] reported in a
multicenter cohort study on both primary immunodeficiency
and malignancies undergoing HSCT, as well as with another
study by Marsh et al. [30] on primary immunodeficiencies.

Furthermore, we observed a higher trend of organ-
toxicity-related death in the unknown group: 13% (95%
CI, 0.02-0.40) versus 1%. This could potentially be due
to underlying DNA-repair defects in some patients with
genetically undefined PID. In addition to this, we looked at
other possible factors, such as age, gender, donor type, HLA
matching, stem cell source, types of infection, and HCT-
CI score; however, there were no differences between the
groups without and with a genetic diagnosis. Instead, we
observed a significant correlation between genotype iden-
tification and EFS, with poorer EFS in the undefined geno-
type: 44% versus 76%. Furthermore, our most interesting
finding was the incidence of graft failure in the two groups,
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unknown (47%) versus known (19%), and a high rate of
transplant-related mortality following the second compared
to the first HSCT (60% vs 20% in the unknown group; 13%
vs 5% in the known). This was responsible for much of the
difference in survival between the “unknown” and “known”
genotype groups, even if the higher rate of graft failure in
PID with unknown genotype was also in part explained by
insufficient conditioning. However, we must consider that
insufficient conditioning may have been a consequence of
the poor health status of the patients since delay in treat-
ment is apt to occur in PID without a genetic diagnosis.
Regarding graft failure in the two groups, we found that
non-SCID patients were affected the most, with 43% in the
unknown group versus 11% in the known group affected.
This is potentially because in non-SCID patients the lack of
genetic diagnosis makes it difficult to target the best HSCT
approach. In some non-SCID PID, the phenotype may be
more ambiguous than in typical SCID; therefore, genetic
confirmation of the diagnosis is particularly helpful to opti-
mize the management of these patients.

All these findings reinforce our hypothesis that identi-
fying the genetic condition may facilitate the optimization
of the transplant approach in terms of donor selection and
choice of the conditioning regimen. Known gene diagnosis
may help avoid complications from graft failure, thereby
resulting in better overall outcomes. Finally, it is important
to consider how the identification of a genetic defect might
influence the timing of the transplant, as both families and
physicians may be apt to pursue HSCT more promptly if a
genotype can be identified [7, 31].

This study has some limitations: it is retrospective and
includes HSCT with different conditioning regimens. In
addition, alternative hypotheses should be considered with
respect to the fact that the lack of identification of the geno-
type has an influence on the post-HSCT outcomes for PID.
It is possible that the unknown defects are less treatable
with HSCT, since the defects may not be associated with
or limited to hematopoietic cells. Thymic defects, including
FOXNI haploinsufficiency, 22q11.2 deletion, and TTC7A
deficiency, share many phenotypic features with T lympho-
penic HC defects; however, HSCT is not a curative treatment
for these patients because HSCs cannot mature without a
functional thymus [3, 32-35]. In the setting of most non-HC
defects, an HSCT would not be anticipated to benefit the
patient, since non-HC immune dysfunctions do not undergo
correction with HSCT, and the procedure may induce mor-
bidity and mortality. Nevertheless, five of our patients with
unknown genotypes at the time of the transplant eventually
had a confirmed genetic diagnosis. This group was too small
to manifest a significant difference in either OS or EFS for
patients with predominant HC vs combined HC and non-
HC immune dysfunction [36]. Another factor to consider
is the wealth of experience and literature concerning the
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treatment of well-characterized PID diagnoses; outcomes
may be more likely to be achieved for these, while rarer or
still unknown cases of PID will have a higher inherent risk
of HSCT. Finally, we need to consider that patients without
a genetic diagnosis may have been suboptimally managed for
a prolonged period during which infections and/or immune
dysregulation have led to chronic organ damage, leading to
less successful outcomes. Patients with poor health status
may be ineligible for high-dose chemotherapy, which could
be the reason for using a suboptimal conditioning regimen
and consequent graft failure.

Conclusion

These data suggest that the lack of an identified underly-
ing genotype impacts post-HSCT outcomes for PID patients
which may lead to the need for a second transplant that
many patients do not survive. Thus, whole-exome or whole-
genome sequencing may be helpful if targeted gene sequenc-
ing is unrevealing [37, 38]. Furthermore, novel approaches
to testing of intrinsic thymic function are needed [39]. In the
era of advanced genetic sequencing, collaborative research
and multicenter studies are needed to evaluate PIDs under-
going HSCT and to determine how factors such as donor
selection, conditioning regimen, patient health status, and
timing of transplant are impacted by the identification of the
underlying molecular defect.
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