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Abstract

DiGeorge syndrome (DGS) is commonly associated with both congenital heart disease (CHD) and immunologic abnormali-
ties. While CHD may prompt consideration for heart transplantation (HTx), little is known about HTx management or out-
comes in this group. The aim of this study was to describe the spectrum of patients with DGS who undergo HTx and report
post-HTx outcomes. All pediatric HTx recipients (2002-2016) with DGS were identified using ICD codes from a linked
billing and clinical registry database. Patient characteristics and outcomes were described and compared to non-DGS HTx
recipients with CHD. Kaplan—-Meier methods were used to assess overall survival, freedom from infection, and freedom from
rejection. A total of 17 patients with DGS who underwent HTx at 12 different centers were included. Median age at HTx
was 5 years (IQR 0-13 years). Steroids were used for induction in all patients in addition to thymoglobulin in 13/17 (76%)
and IL2R antagonists in 3/17 (18%). Maintenance immunosuppression was a combination of tacrolimus or cyclosporine
and mycophenolate or azathioprine in 16/17 (94%). Half received steroids at the time of discharge. There were six deaths
(35%). The median post-HTx survival was 5.4 years with no difference in freedom from rejection, infection, or overall sur-
vival between patients with and without DGS. Patients with DGS undergoing HTx received standard immunosuppression.
We found no difference in freedom from infection, rejection, or overall post-HTx survival compared to non-DGS patients,
although the small size of our study resulted in limited statistical power. Given the potential for favorable outcomes, patients
with DGS may be considered for HTX in the appropriate clinical setting.
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Introduction which congenital heart disease (CHD) is prevalent. It is esti-

mated that 77% of all patients with DGS have abnormalities

DiGeorge syndrome (DGS), also known as 22q11.2 deletion
syndrome, is a common genetic condition affecting approxi-
mately 1 in 4000 live births [1-3]. The chromosomal dele-
tion in DGS impacts the development of the third and fourth
pharyngeal pouches causing a variety of abnormalities, of
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of cardiac development [2], and it is one of the most com-
mon chromosomal causes of CHD, second only to trisomy
21 [4]. Patients with DGS may also manifest with hypocal-
cemia, palate deformities, developmental delay, and immune
abnormalities [2, 5, 6]. The spectrum of immunologic defi-
ciency in DGS is highly variable. Patients may have mild
lymphopenia with minimal immunologic abnormality, but
can also present with thymic aplasia and profound immuno-
logic alterations [6].

Hemodynamically significant CHD may prompt con-
sideration of heart transplantation (HTx) in patients with
DGS. However, outcomes in this population are unknown.
Additionally, management of immunosuppression in the
post-HTx period may be complicated by the presence of
immunodeficiency. The aim of this study was to describe
the population of patients with DGS who have undergone
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HTx at pediatric hospitals in the United States, focusing on
patient outcomes, management of immunosuppression, and
the incidence of post-HTx infection and rejection.

Methods

This study utilized data from the Scientific Registry of
Transplant Recipients (SRTR, Hennepin Healthcare
Research Institute, Minneapolis, MN) and the Pediatric
Health Information System (PHIS, Children’s Hospital
Association, Lenexa, KS) administrative billing database.
The SRTR data system includes data from all donors, wait-
listed candidates, and transplant recipients in the U.S.,
submitted by the members of the Organ Procurement and
Transplantation Network (OPTN). The Health Resources
and Services Administration, U.S. Department of Health and
Human Services provides oversight to the activities of the
OPTN and SRTR contractors. The SRTR database includes
data from every organ transplant and waitlist addition within
the U.S. since October 1987. The PHIS database collects
clinical and resource utilization data for hospital encounters
from over 50 large children’s hospitals. Data captured by
PHIS include inpatient hospitalizations, observation, ambu-
latory surgery, and emergency department encounters. The
SRTR and PHIS databases were linked at the patient level
using indirect identifiers, the results of which have been pre-
viously described [7].

All pediatric (age < 18) HTx recipients with a diagnosis
of CHD were identified from the linked database for inclu-
sion. The presence of DGS was determined by the pres-
ence of ICD-9 or ICD-10 codes for DGS (279.11 or D82.1)
or velo-cardio-facial syndrome (758.32 or Q93.81) at any
encounter. The characteristics of HTx recipients with DGS
were assessed using standard descriptive statistics. A com-
parison group was constructed and consisted of all pediatric
patients with a diagnosis of CHD, excluding patients known
to have other common genetic syndromes including Turner
syndrome (758.6) and Down syndrome (758.0). Demograph-
ics were compared between patients with DGS and non-
DGS patients with CHD. The Fisher’s exact test was used
for categorical variables and the Wilcoxon rank sum test was
used for continuous variables. The Kaplan—-Meier method
was used to assess post-HTx survival, censoring at death
or last known follow-up, and compared using the log-rank
test. Given the potential for age to significantly impact the
analysis, a secondary analysis was performed using an age
and gender-matched control group (five controls for each
subject with DGS) for the non-DGS comparison population.

Immunosuppression in the immediate post-HTx period
(induction immunosuppression) and at the time of hospital
discharge (maintenance immunosuppression) were extracted
from the PHIS database and assessed for the population

with DGS. Hospitalization for infection in the post-HTx
period was assessed using SRTR patient follow-up data,
with details supplemented by PHIS ICD coding. Similarly,
treatment for rejection was identified using SRTR follow-up
data. The Kaplan—-Meier method was used to assess freedom
from hospitalization for infection and freedom from rejec-
tion. Comparisons between patients with and without DGS
were done using the log-rank test.

All statistical analyses were performed in SAS version 9.4
(SAS Institute; Cary, NC) or STATA version 15 (StataCorp
LLC; College Station, TX) with two-sided p <0.05 consid-
ered statistically significant. This project was approved by
the Vanderbilt University Institutional Review Board, SRTR,
and PHIS.

Results

A total of 17 unique HTx recipients with DGS were iden-
tified from 12 different centers (Table 1). Patients with
DGS undergoing HTx were most commonly < 1 year of
age (47%) and were predominantly Caucasian (65%). The
underlying cardiac abnormalities in patients with DGS var-
ied, but conotruncal defects were common including trun-
cus arteriosus in 3/17 (18%), left-sided obstructive lesions
(i.e., interrupted aortic arch, coarctation) in 4/17 (24%),
and double outlet right ventricle/tetralogy of fallot in 3/17
(18%). In addition to this, 4/17 (24%) patients had hypoplas-
tic left heart/common ventricle as their underlying cardiac
diagnosis.

A total of 1306 HTx recipients with CHD without DGS
were identified as a comparison group. Demographics
of patients with and without DGS are shown in Table 2.
Mechanical support pre-HTx was uncommon in patients
with DGS, with two patients (12%) supported with a ven-
tricular assist device and none supported with ECMO at the
time of HTx. There were no significant differences in pre-
HTx characteristics between patients with and without DGS
undergoing HTx. Similarly, there were no significant differ-
ences in post-HTx complications between groups including
the need for post-HTx ECMO, dialysis, re-operation (cardiac
or extra-cardiac), and the incidence of stroke, rejection, or
chest tube drainage > 2 weeks. Total, pre-, and post-HTx
length of stay were not significantly different between
groups.

During the immediate post-HTx period, all patients
received intravenous steroids. Thymoglobulin was the most
common induction agent, used in 13/17 (77%) patients.
Three patients received interleukin-2 receptor antagonists
(18%). Two received basiliximab alone and one received
daclizumab in conjunction with thymoglobulin. Two patients
received no additional induction therapies aside from IV
steroids (12%). Maintenance immunosuppression consisted
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Ta.ble 2 Cqmparisop of patients Total Non-DiGeorge DiGeorge p value®
with and without DiGeorge
syndrome undergoing heart N=1323 N=1306 N=17
transplantation Age group (years)
<1 574 (43.4%) 566 (43.3%) 8 (47.1%) 0.164
1-5 325 (24.6%) 324 (24.8%) 1(5.9%)
6-10 161 (12.2%) 159 (12.2%) 2 (11.8%)
11-17 263 (19.9%) 257 (19.7%) 6 (35.3%)
Race
Caucasian 852 (64.4%) 841 (64.4%) 11 (64.7%) 0.842
African-American 189 (14.3%) 186 (14.2%) 3 (17.6%)
Hispanic 218 (16.5%) 216 (16.5%) 2 (11.8%)
Other 64 (4.8%) 63 (4.8%) 1(5.9%)
Male sex 789 (59.6%) 782 (59.9%) 7 (41.2%) 0.138
Blood type
0} 566 (42.8%) 562 (43%) 4(23.5%) 0.299
A 520 (39.3%) 511 (39.1%) 9 (52.9%)
B 168 (12.7%) 165 (12.6%) 3 (17.6%)
AB 69 (5.2%) 68 (5.2%) 1(5.9%)
Listing status
1A 1084 (81.9%) 1070 (81.9%) 14 (82.4%) 0.599
1B 166 (12.5%) 163 (12.5%) 3 (17.6%)
2 73 (5.5%) 73 (5.6%) 0 (0%)
ECMO at transplant 93 (7%) 93 (7.1%) 0 (0%) 0.626
VAD at transplant 89 (6.7%) 87 (6.7%) 2 (11.8%) 0.319
Ventilator at transplant 289 (21.8%) 284 (21.7%) 5(29.4%) 0.553
Inotropes at transplant 670 (50.6%) 662 (50.7%) 8 (47.1%) 0.811
Post-transplant complication
ECMO 184 (13.9%) 183 (14%) 1(5.9%) 0.494
Dialysis 92 (7%) 91 (7%) 1(5.9%) 1
Rejection 200 (16.5%) 198 (16.6%) 2 (12.5%) 1
Stroke 50 (3.8%) 50 (3.9%) 0 (0%) 1
Cardiac re-operation 112 (10.9%) 111 (10.9%) 1(6.7%) 1
Other re-operation 217 (21.3%) 214 (21.3%) 3 (20%) 1
Chest tubes > 2 weeks 130 (14.3%) 129 (14.4%) 1(7.1%) 0.706
Total length of stay 58 (26-111) 59 26-111) 40 (12-130) 0.315
Pre-transplant length of stay 24 (1-67) 24 (1-67) 3 (1-55) 0.21
Post-transplant length of stay 24 (14-43) 24 (14-43) 19 (11-57) 0.993
Post-transplant ICU days 13 (6-31) 13 (6-31) 11 (5-35) 0.848
Post-transplant ventilation days 4 (1-16) 4 (1-16) 4 (2-13) 0.866

Data reported as N (%) for categorical and median (25-75%) for continuous data

ECMO extracorporeal membrane oxygenation, /CU intensive care unit, VAD ventricular assist device

p values from the Fishers exact test for categorical and Wilcoxon rank sum test for continuous variables

of a calcineurin inhibitor (tacrolimus or cyclosporine) paired
with a purine synthesis inhibitor (mycophenolate or aza-
thioprine) in 16/17 (94.1%) patients (Table 1). One patient
received tacrolimus monotherapy. Nearly half of all patients
with DGS (8/17) received maintenance steroids.

All but one patient with DGS (94%) survived to hos-
pital discharge following HTx. There were five additional
deaths in the DGS cohort following hospital discharge.

Causes of death varied including one each with respiratory
failure, cerebral hemorrhage, and coronary vasculopathy,
and two deaths related to infection. The lone patient who
did not survive the transplant hospitalization died from
sepsis and multi-organ failure 154 days post-HTx. The
other patient whose death was related to infection died
3.8 years post-HTx from a viral infection and acute respir-
atory distress syndrome. Overall post-transplant survival
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Fig. 1 Post-transplant survival in patients with and without DiGeorge
syndrome
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Fig.2 Post-transplant survival in patients with and without DiGeorge
syndrome using age and gender-matched controls

is shown in Fig. 1. The median survival for patients with
DGS was 5.4 years, compared to a median survival for the
non-DGS CHD cohort of > 15 years (log rank p =0.473).

The secondary analysis included 85 controls matched
5:1 by age and gender to the cohort with DGS. Post-trans-
plant survival for this group compared to patients with
DGS is shown in Fig. 2. There was no difference in overall
post-HTx survival between groups (log rank p =0.869).

Eight (47%) patients with DGS were hospitalized for
infection post-HTx, compared to 557 (42%) in the non-
DGS cohort (p =0.806). Most hospitalizations for infec-
tion occurred remote from HTx with the median time
to infection of 1.1 years (IQR 1-2 years) (excluding the
patient who died 154 days post-HTx). Freedom from hos-
pitalization for infection is shown in Fig. 3. There was no
significant difference between patients with and without
DGS (log rank p =0.834).
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Fig. 3 Freedom from hospitalization for infection in patients with and
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Fig.4 Freedom from rejection in patients with and without DiGeorge
syndrome

At least one episode of treated rejection occurred in 6
DGS (35.3%) and 428 (32.4%) non-DGS patients dur-
ing follow-up (p=0.797). The median time to the first
rejection episode in the DGS cohort was 381 days (IQR
154-395 days). The earliest episode of rejection occurred 39
days post-HTx (N=1). Freedom from rejection is shown in
Fig. 4. There was no significant difference between patients
with and without DGS (log rank p=0.892).

Discussion

This analysis provides novel data about HTx in children with
DGS, in whom immunodeficiency is a common part of the
underlying syndrome. We found that overall survival after
HTx and freedom from rejection or infection were not differ-
ent between HTx recipients with and without DGS. Though
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the small cohort size limits our power to detect differences,
no prior report has specifically examined HTx outcomes for
children with DGS. While median survival in the DGS pop-
ulation of 5.4 years appears suboptimal, this may be due to
small patient numbers with more limited follow-up. Impor-
tantly, we demonstrate the potential for favorable outcomes
with follow-up of > 10 years in select patients. Therefore,
the presence of DGS alone should not serve as an absolute
contraindication to HTx.

Immunologic abnormalities vary considerably in DGS,
ranging from minimal to profound immunodeficiency.
Fortunately, severe immunodeficiency is rare, occurring
in approximately 0.5-1% of patients with DGS [1, 6]. It
is important to recognize that there is likely a significant
selection bias in our cohort, with more significantly immu-
nocompromised patients being excluded from transplant
consideration. Therefore, the results of our analysis may not
be generalizable to all patients with DGS and careful evalu-
ation of each patient on an individual basis is warranted.
Despite the clear advantages of utilizing a linked database,
the available data do not provide enough data granularity to
further characterize the immune status or the immunologic
evaluation performed prior to listing for included patients.
Additionally, it is impossible to know if deaths related to
infections in patients with DGS were associated with an
inherent immunodeficiency.

Our analysis demonstrates that patients with DGS, despite
possible baseline immunodeficiency, receive routine immu-
nosuppression with trends in induction and maintenance
immunosuppression mirroring current practice variation
[8]. However, the long-term impact of immunosuppres-
sive therapy in patients with potential immunodeficiencies
is unknown. Both patients who died from infectious com-
plications received induction therapy with thymoglobulin.
However, the small number of included patients with few
infectious events in our study preclude assessment of the
associations between immunosuppression and post-trans-
plant complications.

It is also important to recognize that the immune abnor-
malities in DGS may vary over time [9, 10]. While impaired
T cell function is prominent in infancy, older patients with
DGS also demonstrate impaired B cell function and result-
ing deficiency in humoral immunity [11]. Additionally, T
cell counts decline over time in healthy individuals, a phe-
nomenon also found in patients with DGS [10]. Therefore,
continued immunologic surveillance for this population is
important, and likely becomes even more critical in the set-
ting of systemic immunosuppression following HTx.

Immune dysregulation is a prominent feature of DGS,
as evidenced by the increasing recognition of autoimmune
diseases in this population [6]. The etiology of autoim-
mune diseases in this group is unclear, but evidence sug-
gests that imbalance of T cell subsets with resulting B cell

dysregulation may play a role [6, 12]. The impact of altered
T cell responses in the presence of a transplanted organ is
unclear. Our study demonstrated no difference in freedom
from rejection between patients with and without DGS, sug-
gesting that the risk of rejection is not higher in this group.
Autoimmune disease can also occur post-HTx in the absence
of DGS [13]. It remains unclear if routine immunosuppres-
sion may exacerbate or increase the frequency which auto-
immune disease occurs in patients with DGS.

There are other significant comorbidities that occur in
patients with DGS, which may have implications in the post-
HTx period. Cognitive dysfunction and learning disabilities
are commonly encountered in patients with DGS [14, 15],
occurring in >90% of patients [1]. Recent data suggest that
the presence of cognitive delay should not serve as a con-
traindication to solid organ transplantation, as long-term
patient outcomes are similar to those without evidence of
cognitive delay [16-20]. However, these studies also high-
light the importance of an adequate social support structure
following transplantation in patients with cognitive impair-
ment. Psychiatric disorders are also frequently encountered
(60% of adults with DGS [1]) and may complicate the post-
HTx course. Other potentially important factors which may
complicate post-HTx management include hypocalcemia,
hypothyroidism, urinary tract abnormalities, renal abnormal-
ities, thrombocytopenia, failure to thrive, and a greater risk
of malignancy [1, 21]. All of these factors have the potential
to impact post-HTx outcomes in patients with DGS. There-
fore, involvement of a multidisciplinary care team is likely
a critical step both pre- and post-HTx in patients with DGS.

There are limited data describing the outcomes of patients
with DGS following HTx. To our knowledge, there is only
one prior report which also utilized the PHIS database.
Broda and colleagues reported the outcomes of 64 patients
with chromosomal anomalies (12 with DGS) following
HTx [22]. They demonstrated similar 1-year post-HTx sur-
vival between patients with and without a chromosomal
anomaly. In contrast to our study, the study by Broda et al.
documented that patients with chromosomal anomalies have
significantly longer post-HTx length of stay. This suggests
that the post-HTx course in patients with DGS may be less
complicated compared to other chromosomal abnormalities.
Therefore, it is important to assess the risk of each genetic
comorbidity in isolation when considering patients for HTx,
as grouping chromosomal anomalies may be misleading.

Our study has inherent limitations. The small number of
included patients with DGS limits our ability to perform a
multivariable analysis. Therefore, there may be confounding
factors not adjusted for in the analysis that may impact the
outcomes observed. The PHIS database does not include all
U.S. centers performing HTx in children. Therefore, some
patients with DGS who have undergone HTX may have
been missed. However, the PHIS database includes many of
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the highest volume pediatric HTx centers and therefore we
suspect the population included is representative. As with
all databases, erroneous data are possible, and thus some
patients identified as having DGS may have been misclas-
sified. However, the prominence of conotruncal defects in
our cohort suggests that our analysis accurately identified
the population of interest. The higher than expected preva-
lence of hypoplastic left heart may be explained by success-
ful surgical repair of CHD more commonly associated with
DGS, precluding the need for HTx. As previously discussed,
there is almost certainly a selection bias in our cohort with
only patients with DGS and few comorbidities being listed
for HTx. There is insufficient data granularity in the linked
PHIS-SRTR database to assess the degree of immunode-
ficiency in patients with DGS. Because of this, it is also
impossible to assess if underlying immunodeficiency con-
tributed to post-HTx deaths related to infection in patients
with DGS. Lastly, while the linkage between the PHIS and
SRTR databases allowed assessment of immunosuppres-
sion, dosages were unable to be assessed. Therefore, we are
unable to account for any dosage adjustments that may have
been made to account for any potential immunodeficiencies
in this population.

Conclusion

Children with DGS demonstrate overall post-HTx survival
that is not statistically different compared to patients without
DGS. Despite receiving standard induction and maintenance
immunosuppression, patients with DGS did not demonstrate
differences in freedom from infection or rejection. While
our study may be underpowered to detect a difference, these
results suggest that patients with DGS may be considered
for HTx in the appropriate clinical setting. However, care-
ful evaluation of each patient on an individual basis is war-
ranted. Further research is needed to delineate the optimal
immunosuppression strategy and long-term post-HTx risks
in this group.
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