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Abstract

Introduction Inflammatory bowel disease (IBD) affects approximately 1/3 of patients with chronic granulomatous disease
(CGD). Comprehensive investigation of the effect of allogeneic hematopoietic cell transplantation (HCT) on CGD IBD and
the impact of IBD on transplant outcomes is lacking.

Methods We collected data retrospectively from 145 patients with CGD who had received allogeneic HCT at 26 Primary
Immune Deficiency Treatment Consortium (PIDTC) centers between January 1, 2005 and June 30, 2016.

Results Forty-nine CGD patients with IBD and 96 patients without IBD underwent allogeneic HCT. Eighty-nine percent of
patients with IBD and 93% of patients without IBD engrafted (p = 0.476). Upper gastrointestinal acute GVHD occurred in 8.5%
of patients with IBD and 3.5% of patients without IBD (p = 0.246). Lower gastrointestinal acute GVHD occurred in 10.6% of
patients with IBD and 11.8% of patients without IBD (p = 0.845). The cumulative incidence of acute GVHD grades II-1V was
30% (CI 17-43%) in patients with IBD and 20% (CI 12-29%) in patients without IBD (p = 0.09). Five-year overall survival was
equivalent for patients with and without IBD: 80% [CI 66—-89%] and 83% [CI 72-90%], respectively (p =0.689). All 33
surviving evaluable patients with a history of IBD experienced resolution of IBD by 2 years following allogeneic HCT.

Rebecca A. Marsh, Jennifer W. Leiding, Brent R. Logan, Harry Malech,
Suhag Parikh, and Elizabeth M. Kang contributed equally to this work.

Key Points

* CGD-associated inflammatory bowel disease (IBD) resolves after allo-

geneic hematopoietic cell transplant (HCT).

« Five-year survival following allogeneic HCT was greater than 80% in
this PIDTC CGD cohort, and baseline IBD did not adversely affect
survival.
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Conclusions In this cohort, allogeneic HCT was curative for CGD-associated IBD. IBD should not contraindicate HCT, as it does

not lead to an increased risk of mortality.

This study is registered at clinicaltrials.gov NCT02082353.

Keywords Allogeneic hematopoietic cell transplantation -allogeneic bone marrow transplantation - allogeneic hematopoietic stem
cell transplantation - chronic granulomatous disease - primary immunodeficiency - inflammatory bowel disease

Introduction

Chronic granulomatous disease (CGD) is a primary immune
deficiency (PID) caused by pathogenic mutations in genes that
encode components of the NADPH oxidase complex. Defects in
the NADPH oxidase complex cripple normal neutrophil bacteri-
cidal and fungicidal function. Patients with CGD develop an
array of life-threatening infections with specific organisms in-
cluding Staphylococcus aureus, Burkholderia cepacia, Serratia
marcescens, and Nocardia and Aspergillus species.

In addition to increased susceptibility to infection, patients
with CGD exhibit a dysregulated inflammatory response to
infection and can develop hyperinflammatory reactions re-
quiring corticosteroids along with antimicrobial therapy.
They also are prone to other autoinflammatory disease includ-
ing colitis or inflammatory bowel disease (IBD), which affects
approximately 1/3 of CGD patients [1, 2]. IBD in CGD pa-
tients usually presents during childhood, can affect any part of
the gastrointestinal tract, and pathologically often resembles
Crohn’s disease [3]. Rectal involvement is almost always ob-
served [4]. Peri-rectal or intra-abdominal abscesses and fistu-
las can lead to significant morbidity.

IBD is often difficult to treat in patients with CGD.
Intermittent or chronic corticosteroid treatment is usually
employed as first-line therapy, but can result in significant
steroid-associated morbidity. There is no standardized ap-
proach to treatment of CGD in steroid-refractory or steroid-
dependent patients. Because tumor necrosis factor-alpha in-
hibitors can be associated with severe infectious complica-
tions in patients with CGD, they are often avoided [5]. Other
therapies have been used with mixed success [6—10].

Allogeneic hematopoietic cell transplantation (HCT) is a cu-
rative treatment option for CGD. Historically, allogeneic HCT
has been performed in CGD using myeloablative conditioning
regimens [11, 12]. More recently, reduced toxicity/reduced inten-
sity conditioning regimens have increased in use, and generally
are associated with survival rates of greater than 80% [13—-16].
The number of transplants performed for CGD has increased in
recent years. CGD was the third most common indication for
allogeneic HCT among patients with primary immunodefi-
ciencies reported to the Center for International Blood and
Marrow Transplant Research (CIBMTR) from 2010 to 2016,
behind only severe combined immune deficiency and
hemophagocytic lymphohistiocytosis disorders [17].
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It is known that successful allogeneic HCT eliminates the
risk of CGD-associated infections. Some reports have also
suggested that IBD is cured with allogeneic HCT [11-13,
18]. However, to date, no large-scale evaluations have been
undertaken to test the hypothesis that allogeneic HCT resolves
the IBD associated with CGD or to assess the impact of pre-
HCT IBD on survival and on the risk of developing gastroin-
testinal graft versus host disease (GVHD).

The Primary Immune Deficiency Treatment Consortium
(PIDTC) consists of 44 centers in the USA and Canada fo-
cused on treatment approaches and outcomes for patients with
PID disorders including severe-combined immunodeficiency
(SCID), Wiskott-Aldrich syndrome (WAS), and CGD. The
PIDTC has been funded continuously by the NIH since
2009 [19]. We collected detailed information on the PIDTC
CGD cohort regarding demographics, disease manifestations
(including IBD and infections before and after transplant), and
details of HCT treatment. We report here the long-term effect
of allogeneic HCT on manifestations of CGD-associated IBD
and the effect of IBD on post-HCT survival and other
outcomes.

Methods

The study was conducted by the PIDTC, a member of the Rare
Diseases Clinical Research Network (RDCRN), in the Office
of Rare Diseases Research (ORDR), National Center for
Advancing Translational Sciences (NCATS). The PIDTC
Protocol 6903 is an observational study registered at www.
clinicaltrials.gov, NCT02082353. The data presented here
were collected retrospectively and include 145 patients who
underwent allogeneic HCT at 26 centers between January 1,
2005 through June 30, 2016 (Supplemental Table 1). The
protocol was approved by the Institutional Review Boards of
each participating center. Patient consent was not required as
all data was collected using chart review and was deidentified.

Patients

A review panel consisting of immunology and HCT physi-
cians confirmed eligibility for each CGD patient enrolled in
PIDTC Protocol 6903. To be eligible, patients were required
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to have defective neutrophil function as assessed by either the
dihydrorhodamine assay (DHR) or nitroblue tetrazolium
oxidation test, plus a clinical history or family history
consistent with CGD. In cases where either functional test
results or patient or family history were equivocal, abnor-
mal western or northern blot data, and/or pathogenic mu-
tations identified by gene sequencing confirmed a diagno-
sis of CGD. Patient neutrophil function was classified as
oxidase-null or oxidase-positive. Oxidase-null was de-
fined as having a DHR assay Stimulation Index <2.5 or
ferricytochrome C reduction assay with O, < 2.3 nmoles/
10° cells/h. Oxidase positive was defined as having results
above these cut-offs. For patients who did not have a
functional assay performed, those with no detectable pro-
tein or a genetic mutation very likely to be associated with
absent oxidase production (e.g., null mutations) were also
classified as oxidase-null [20].

Patients were diagnosed with IBD clinically by their
treating physician. No formal PIDTC definition for IBD was
used. For patients with a history of IBD that was active or
controlled with medications during the year prior to allogeneic
HCT, information was collected regarding IBD treatment,
physician-reported disease activity prior to allogeneic HCT,
and presence or absence of IBD 2 years following allogeneic
HCT. Data regarding serum albumin level, height, and weight
prior to allogeneic HCT were also recorded. Infections that
occurred within the year prior to allogeneic HCT were record-
ed, and any occurrence of surgical resections including lung,
bowel, or liver was noted.

Transplant Procedures, Definitions, and Outcomes

Routine data regarding the first or only allogeneic HCT were
collected including donor and recipient human leukocyte an-
tigen (HLA) match, donor relation, graft source, conditioning
regimen, and acute graft versus host disease (GVHD) prophy-
laxis. Patients who received a second allogeneic HCT were
censored at the time of the second transplant.

HLA match was confirmed by the CGD protocol team
based on review of HLA typing. HLA match was classified
based on allele-level typing for 8 HLA alleles (HLA-A, B, C,
and DR) for patients who received a bone marrow (BM) or
peripheral blood stem cell (PBSC) graft, and based on allele
level or antigen level typing for 6 (HLA-A, B, and DR) or 8
HLA (HLA-A, B, C, and DR) alleles for patients who re-
ceived a cord blood graft, with the exception of five patients
who received an unrelated donor PBSC or BM graft and had
only antigen level typing. HLA match and relationship cate-
gories used for this study included matched sibling donor
(MSD), matched other related donor (MORD), mismatched
related donor (MMRD), matched unrelated donor (MUD),
and mismatched unrelated donor (MMUD).

Conditioning regimen intensity was classified using
CIBMTR workshop definitions with some exceptions [21].
Exceptions included those patients who received a regimen
based on reduced toxicity busulfan and fludarabine and pa-
tients who received 10 mg/kg busulfan without an additional
chemotherapeutic agent; these were classified together with
patients who received reduced intensity conditioning regi-
mens in a “reduced intensity/reduced toxicity” (RIC/RTC)
conditioning regimen category. RIC/RTC regimens received
by 107 patients included busulfan plus fludarabine (n =42);
busulfan plus low-dose total body irradiation (300 cGy) (n=
26); fludarabine plus melphalan, with or without additional
chemotherapeutic agents (n=22); or other regimens (n=
17). MAC regimens consisted of busulfan and cyclophospha-
mide with or without additional chemotherapeutic agents (n =
38). One patient who received 7 mg/kg busulfan, but main-
tained a myeloablative exposure and also received cyclophos-
phamide, was classified as having received a myeloablative
conditioning (MAC) regimen.

Neutrophil recovery following allogeneic HCT was de-
fined as the first instance of three consecutive measurements
with an absolute neutrophil count above 500 cells/pL. Results
of chimerism studies were collected. Graft failure was origi-
nally defined in the 6903 protocol as failure to achieve > 5%
donor cells in all lineages or in whole blood by 100 days post-
HCT, or receipt of a second allogeneic HCT by day + 100, and
9 patients met this definition of graft failure. Based on very
recent data in a large number of female carriers of X-linked
CGD, in whom a significant risk of infections was associated
with < 10% oxidase positive neutrophils [22], we amended the
graft failure definition to include failure to achieve >10%
donor cells in the myeloid lineage (as evidenced by chimerism
analysis or by neutrophil oxidative burst testing); three addi-
tional patients were classified as graft failure. Two additional
patients were included as having graft failure as each received
a second allogeneic HCT at 112 and 117 days following the
initial HCT.

Data regarding allogeneic HCT complications and survival
were also collected. Acute GVHD was graded according to
consensus criteria [23], and centers additionally clarified
whether or not there were upper intestinal tract symptoms of
persistent nausea or vomiting. Chronic GVHD was graded as
limited or extensive [24].

Statistics

Data are presented with medians and ranges or with categories
and percentages where applicable. Numerical data were com-
pared between patients with and without IBD using the
Kruskal-Wallis test. For height and weight percentile Z-
scores, data were compared using the Wilcoxon rank-sum test.
Categorical data were compared between patients with and
without IBD using the Chi-squared test. Cumulative incidence

@ Springer



656

J Clin Immunol (2019) 39:653-667

curves were generated for acute GVHD grades I-1V, grades
-1V, and grades III-1V, and for chronic GVHD, treating
death as a competing risk; cumulative incidence estimates
were compared between patients with vs. without IBD prior
to allogeneic HCT using Gray’s test. Kaplan-Meier survival
curves were generated, and groups were compared using the
log-rank test. Patients who underwent a second transplant
were censored at the time of second transplant. Multivariate
analyses were performed using Cox proportional hazards re-
gression modeling. Covariates were selected using step-wise
variable selection; the main effect of IBD was forced into all
models. The following variables were considered in the vari-
able selection: age at HCT, year of HCT, oxidase stratum,
Karnofsky or Lansky performance score, donor type, HLA

matching, conditioning intensity, and history of Aspergillus.
The multivariate analysis of acute GVHD risk also included
GVHD prophylaxis category. The proportional hazards as-
sumption was assessed for all variables using graphical
methods and time-dependent covariates. A p value of < 0.05
was considered statistically significant.

Results

Patients

Of a total of 145 patients, 49 (34%) with IBD and 96 (66%)
without IBD underwent allogeneic HCT. Basic demographic

Table 1 Demographics and

co-morbidities in patients IBD N=49 NoIBDN=96 P
with and without IBD

Median age (years) at CGD diagnosis (range) 1.5 (< 1-16) 1* (< 1-18) 0.452

Median age (years) at allogeneic HCT (range) 11 (1-26) 5 (<121 <0.001

Genetic mutation (protein deficiency)

CYBA (p22°™°%) 2 (4.1%) 6 (6.3%) 0.172
NCF4 (p40P™o¥) 1(2.0%)

NCFI (p47°"%) 2 (4.1%) 15 (15.6%)

NCF2 (p67°'%) 1 2.0%) 3(3.1%)

CYBB (gp91P"%) 40 (81.6%) 66 (68.8%)

Unknown 3(6.1%) 6 (6.2%)

Oxidase function
Unable to be determined 6 (12.2%) 16 (16.7%) 0.718
Oxidase null 28 (57.1%) 55 (57.3%)

Oxidase positive 15 (30.6%) 25 (26.0%)

History of infection(s) within 1 year prior to allogeneic HCT 38 (77.6%) 64 (66.7%) 0.175
Staphylococcus aureus 1 (2.0%) 8 (8.3%) 0.137
Nocardia species infection 1 (2.0%) 4 (4.2%) 0.507
Aspergillus species infection 7 (14.3%) 17 (17.7%) 0.600

History of pneumonia within 1 year prior to allogeneic HCT =~ 23 (46.9%) 37 (38.5%) 0.332

History of lung resection 3(6.1%) 8 (8.4%) 0.623

History of liver resection 1 (2.0%) 0 (0%) 0.162

History of gastrointestinal resection 0 0 N/A

Median albumin g/dL (range) 35°(1.7-44)  3.8°(2.5-5.0) <0.001

Weight < 5th percentile for age 17° (35.4%) 14 (14.6%) 0.004

Height < 5th percentile for age 244 (51.1%) 25 (26.0%) 0.003

Lansky or Kamofsky score < 90 prior to allogeneic HCT 10° (20.4%) 5%(5.2%) 0.007

Received IBD Therapy 47"(97.9%)

IBD controlled prior to allogeneic HCT 328 (65%)

 Age at diagnosis was reported for 24 IBD patients and 71 patients without IBD

® Albumin data was reported for 48 IBD patients and 92 patients without IBD

€ Weight data was reported for 48 IBD patients

9 Height data was reported for 47 IBD patients

¢ Lansky or Karnofsky was unknown for one IBD patient and nine patients without IBD
"IBD therapy was reported for 48 IBD patients

£IBD status was reported for 48 IBD patients (and reported as unknown for 1 IBD patient)
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Table 2 Transplant procedures in
patients with and without IBD IBD N=49 No IBD N=96 P
Conditioning regimen intensity
Myeloablative 9 (18.4%) 28 (29.2%) 0.158
Reduced toxicity/reduced intensity 40 (81.6%) 68 (70.8%)
Conditioning regimen serotherapy
Anti-thymocyte globulin 19 (38.8%) 40% (42.6%) 0.908
Alemtuzumab 26 (53.1%) 47% (50.0%)
None 4 (8.2%) 7* (7.4%)
Donor and recipient relation and HLA match 0.689
Matched sibling donor 8 (16.3%) 22 (22.9%)
Matched other related donor 4 (8.2%) 4 (4.2%)
Mismatched related donor® 2 (4.1%) 5(5.2%)
Matched unrelated donor 29 (59.2%) 50 (52.1%)
Mismatched unrelated donor® 6 (12.2%) 15 (15.6%)
Graft source <0.001
Bone marrow 20 (40.8%) 61 (63.5%)
Peripheral blood stem cell 23 (46.9%) 15 (15.6%)
Cord blood 6 (12.2%) 17 (17.7%)
Bone marrow and cord blood 0 3(3.1%)
Graft manipulation to achieve T cell depletion 0 24 (2.1%) 0.454
Acute GVHD prophylaxis 0.003
Calcineurin inhibitor + 1 or more additional agents 29 (59.2%) 79 (82.3%)
Other 20 (40.8%) 15 (15.6%)
None 0 2 (2.1%)

* Serotherapy was reported for 94 patients without IBD

® Three patients received a 7/8 HLA matched graft, 1 patient received a 6/8 HLA matched graft, 1 patient received
a 5/8 HLA matched graft, and 2 patients received haploidentical grafts

¢ Two patients received a 4/6 HLA matched graft, 3 patients received a 5/8 HLA matched graft, 5 patients received
a 6/8 HLA matched graft, 11 patients received a 7/8 HLA matched graft

4 Graft manipulation was reported for 95 patients without IBD

data and pre-HCT complications are presented in Table 1.
Patient age at the time of CGD diagnosis was similar between
patients with and without IBD, with median ages of 1.5 years
and 1 year, respectively (p = 0.452). The distribution of genet-
ic causes of CGD was similar between groups (p = 0.172) with
the majority of patients having X-linked CGD. Oxidase func-
tion, as defined above, was also comparable between groups
(p=0.718). Stratifying for oxidase function, we found that
approximately 35% percent of either oxidase-positive or
oxidase-null patients had IBD. Patients with IBD were
more likely to have received steroids within 1 year of
HCT (p <0.001) and to have received immunosuppressive
treatments other than steroids (p <0.001). Despite this, in-
fection rates during the year prior to allogeneic HCT were
similar in patients with and without IBD, and the percent-
ages of patients who had undergone a previous lung or
liver resection were also similar. As expected, patients
with IBD had lower serum albumin levels than patients
without IBD, and more patients with IBD had heights

and weights below the 5th percentile for age (all
p<0.05). A greater percentage of patients within the
IBD group had Lansky or Karnofsky scores below 90
(p =0.007). Thirty-two (65%) of the patients with IBD
had physician-reported control of their IBD prior to allo-
geneic HCT.

Transplant Procedures

Patients with IBD who underwent allogeneic HCT were
older (median 11 years (range 1 year to 26 years)), as
compared to those without IBD (median 5 years (range
<1 year to 21 years)) (»p <0.001) (Table 1). Patients un-
dergoing allogeneic HCT received either RIC/RTC (n=
108) or MAC (n=37) (Table 2) regimens. Over 90% of
patients received serotherapy with either alemtuzumab or
anti-thymocyte globulin. Bone marrow was the most com-
mon graft source in patients without IBD (63.5%), while
mobilized peripheral blood stem cell (PBSC) grafts were
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the most common in patients with IBD (46.9%)
(p<0.001). Just over half of patients in both groups re-
ceived grafts from MUDs. GVHD prophylaxis varied
greatly among patients (Supplemental Table 2). The most
commonly used GVHD prophylaxis regimens were a cal-
cineurin inhibitor plus mycophenolate mofetil (n=47),
sirolimus monotherapy (n=28), a calcineurin inhibitor
plus methotrexate (n=27), and a calcineurin inhibitor
plus steroids (n=23); others (n=18) received different
prophylactic regimens. There was a higher use of calcine-
urin inhibitors in combination with various other agents
among patients without IBD (82% versus 59%) and a
higher use of other therapies, predominantly sirolimus
monotherapy, among patients with IBD (41% versus
16%) (p =0.003) (Table 2 and Supplemental Table 2).
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Neutrophil Recovery and Donor Chimerism

Neutrophil recovery occurred before day + 100 in 89% of
patients with IBD and 93% of patients without IBD (p =
0.476). Fourteen patients (10%) developed graft failure by
day + 100 (including patients who underwent a second allo-
geneic HCT within 4 months of the initial HCT). Ten of these
patients underwent a second allogeneic HCT at a median of
112 days following the first HCT (range 39-134 days). The
median myeloid donor chimerism through 5 years post-HCT
was 100% in patients with and without IBD (range 0-100%)
(Fig. 1a). The majority of patients maintained stable donor
myeloid chimerism of greater than 90% over time (Fig. 1a).
Median T cell donor chimerism increased over time and
ranged from 62 to 82% for the IBD group whereas it was
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Table 3  Incidence of upper and lower gastrointestinal acute GVHD in
evaluable patients with and without IBD prior to allogeneic HCT (a) and
in patients with controlled or uncontrolled IBD at the time of allogeneic
HCT (b)

a) baseline IBD
Variables Total N (%) No N (%) Yes N (%) P value
Acute GVHD upper intestinal tract (nausea/vomiting)
No 125 (94.7) 82 (96.5) 43 (91.5)
Yes 7 (5.3) 3(3.5) 4 (8.5) 0.246
Acute GVHD lower intestinal tract (stages 1-4)
No 117 (88.6) 75 (88.2) 42 (89.4)
Yes 15(11.4) 10 (11.8) 5(10.6) 0.845

b) IBD status (controlled or not)

Variables  Total N IBD IBD not No IBD P value
(%) controlled controlled N (%)
with with Meds
Meds N* N (%)
(%)
Acute GVHD upper intestinal tract (nausea/vomiting)
No 124 (94.7) 29 (93.5) 13 (86.7) 82 (96.5)
Yes 7(.3) 2(6.5) 2 (13.3) 3(3.5) 0220

Acute GVHD lower intestinal tract (stages 1—4)
No 117 (89.3) 27 (87.1) 15 (100.0) 75 (88.2)
Yes 14 (10.7) 4(12.9) 0(0.0) 10 (11.8) 0.405

#One IBD patient was reported to have unknown status of control at the
time of allogeneic HCT, and so was excluded from analyses

greater than 80-100% at all time points for patients without
IBD (Fig. 1b). The observed differences were statistically sig-
nificant only at the 1-year timepoint.

Acute GVHD

The frequency and staging of gastrointestinal acute GVHD
were similar between patients with and without IBD
(Table 3a). The day + 180 cumulative incidences of acute
GVHD grades I-1V were also similar, 38% (95% confidence
interval [CI] 24-52%) in patients with IBD and 33% in pa-
tients without IBD (CI 23-43%) (p = 0.372) (Fig. 2a). A trend
toward increased grades II-IV acute GVHD in patients with
IBD was suggested: the cumulative incidence of acute GVHD
grades II-1V was 30% (CI 17-43%) in patients with IBD and
20% (CI 12-29%) in patients without IBD (p =0.09) (Fig.
2b). The cumulative incidence of acute GVHD grades I1I—
IV was 11% (CI 4-21%) in patients with IBD and 5% (CI
2—-11%) in patients without IBD (p =0.19) (Fig. 2¢). The oc-
currence of acute GVHD was similar between patients report-
ed to have controlled or uncontrolled IBD (Table 3b and
Fig. 3a—c).

We performed multivariate analyses to assess the risks for
acute GVHD grades II-1V. As expected, donor and patient
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Fig. 2 Cumulative incidence of acute GVHD grades I-1V (a), grades II-
IV (b), and grades III-1V (¢) in patients with and without IBD prior to
allogeneic HCT
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Fig. 3 Cumulative incidence of acute GVHD grades -1V (a), grades 1I-
IV (b), and grades III-1V (c¢) in patients without IBD, in patients with IBD
that was reported to be controlled, and patients with IBD that was
reported to be uncontrolled prior to allogeneic HCT

HLA mismatch conferred a highly significant increased risk of
grades II-IV acute GVHD (hazard ratio (HR) 4.03 (1.99—
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8.17), p=10.0001)) (Table 4a). IBD may have also influenced
the risk of acute GVHD grades [I-1V (HR 1.98 (1.00-3.94))
but the effect did not quite reach statistical significance (p =
0.051) (Table 4a). The risk of acute GVHD grades II-IV was
similar between patients reported to have controlled or uncon-
trolled IBD (HR 1.89 and 1.86, respectively, Table 4b).

Chronic GVHD

The 3-year cumulative incidence of chronic GVHD was 18%
(8-31%) in patients with IBD. The 3-year cumulative inci-
dence of chronic GVHD was 27% (17-37%) in patients with-
out IBD (p=0.285).

Survival

Twenty-three patients died, with the primary causes of
death reported to be related to organ toxicities (n = 10),
infections (n=8), GVHD (n = 3), graft failure (n=1), and
unknown (n=1). The probability of overall survival for
all patients was 84% (CI 76-89%) at 2 years and 82% (CI
74-88%) at 5 years, with a median follow-up of 3.5 years
in surviving patients.

Survival was similar for patients with and without IBD.
The probability of 5-year overall survival was 80% (CI
66—89%) for patients with IBD and 83% (CI 72-90%) for
patients without IBD (p =0.689) (Fig. 4a). There was no
difference in survival between patients reported to have
controlled or uncontrolled IBD (Fig. 4b). The probability
of 5-year overall survival for patients who received MAC
was 75% (CI 57-86%) and for patients who received RIC/
RTC 84% (CI 75-91%) (Fig. 4c) (p=0.130). Survival
was equivalent for patients transplanted with HLA
matched and mismatched donors in this study (Fig. 4d).
In multivariate analyses, no covariates were associated
with a statistically significant adverse impact on survival,
including IBD (p =0.689) (Table 5).

Resolution of IBD Following Allogeneic HCT

Of 49 patients who had suffered from IBD at baseline, 33
were alive and available for evaluation of IBD status
2 years after allogeneic HCT. All (100%) surviving and
available patients experienced resolution of IBD (CI 89—
100%). Sixteen of these patients (49%) were reported to
have resolution by 100 days following HCT, and 10 ad-
ditional patients (30%) were reported to have resolution at
1 year.

We examined the available 2-year neutrophil oxidative
burst results and/or chimerism studies for these patients that
were known to have resolution of IBD. All patients who had
an oxidative burst reported at 2 years (N =20) had normal
function in 83—-100% of neutrophils except for one patient
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who had normal burst function in 12% of neutrophils. Seven
patients who did not have an oxidative burst reported had
engraftment studies performed on myeloid lineage cells which
revealed 92% or greater donor chimerism. An additional six
patients had engraftment studies performed on whole blood,
peripheral blood mononuclear cell, or other sample which
revealed 97% or greater donor chimerism. T cell donor chi-
merism at 2 years was reported for 25 patients and ranged
from 27 to 100%, with a median T cell chimerism of 80%.

Growth Following Allogeneic HCT

Prior to transplant, more patients in the IBD group had heights
and weights below the 5th percentile for age, and the median
Z-score for height in patients with IBD was lower (—1.7)
compared to patients without IBD (= 1.0) (»p=0.032)
(Fig. 5a). The median Z-score for weight also trended to be
lower prior to transplant in patients with IBD compared to
patients without IBD (— 1.0 versus — 0.5, p=0.059) (Fig.
5b). By 3-5 years following allogeneic HCT, both groups
had experienced increases in height and weight and made
gains in Z-scores, but patients with IBD maintained smaller
heights and lower weights over time compared to patients
without IBD (p <0.05) (Fig. 5).

Discussion

Our data suggest that allogeneic HCT offers an attractive op-
tion for cure of CGD-associated IBD. Allogeneic HCT has
been reported to result in resolution of colitis in small numbers
of patients [11, 12, 25], but systematic study of the impact of
allogeneic HCT on the clinical course of colitis in a large
group of patients has previously been lacking. To the best of
our knowledge, this is the first such report in a large cohort of
CGD patients. We show that successful allogeneic HCT in-
deed resulted in resolution of colitis in patients with CGD-
related IBD. All evaluable patients were reported to experi-
ence resolution by 2 years following HCT. There are often
confounding factors that make evaluation of IBD resolution
difficult following transplant, including acute GVHD of the
GI tract and possible effects from conditioning regimens and
GVHD prophylaxis. Nevertheless, half of patients with IBD
were reported to experience resolution of their IBD by day +
100, and three quarters of patients experienced resolution by
1 year.

We observed high levels of myeloid engraftment in all
patients with IBD who were surviving at 2 years. A recent
analysis of X-linked CGD carriers suggested that a %DHR+
value of < 10% is strongly associated with risk of infections,

Table4 Multivariate analysis of risk of acute GVHD grades II-1V including patients with or without IBD (a, N = 132 evaluable patients) or including

patients stratified by control or not of IBD (b, N= 131 evaluable patients)

a) Baseline IBD
Parameter

Baseline IBD status
No (reference)
Yes

Donor type (combined)
Matched donor (MUD, MORD or MSD) (reference)
Mismatched donor (MMUD or MMRD)

b) IBD status (controlled or not)
Parameter

IBD status at treatment
No (reference)
IBD controlled
IBD uncontrolled

Donor type (combined)
Matched donor (MUD, MORD, or MSD) (reference)
Mismatched donor (MMUD or MMRD)

N (N event) HR (%95 CI) P value
85(17) 1.00

47 (16) 1.98 (1.00, 3.94) 0.051
108 (20) 1.00

24 (13) 4.03 (1.99, 8.17) 0.0001
N (N event) HR (%95 CI) P value
85(17) 1.00

31% (10) 1.89 (0.86, 4.15) 0.112
15 (5) 1.86 (0.69, 5.05) 0.223
107 (19) 1.00

24 (13) 4.16 (2.04, 8.51) <0.0001

# One patient with IBD was reported to have unknown control at the time of HCT and was excluded
MUD matched unrelated donor, MORD matched other related donor, MSD matched sibling donor, MMUD mismatched unrelated donor, MMRD

mismatched related donor

“N” is the number of subjects in the category of the variable; the “N event” is defined by acute GVHD grades II-IV

The “HR” is for the estimate of acute GVHD grades 1I-1V

For each “parameter”, the alternative category is compared with the reference group

“P value” provides the overall significance of the variable in the model
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Fig. 4 Five-year overall survival in patients with and without IBD (a), further divided into controlled or uncontrolled IBD (b), in patients who received
myeloablative versus reduced intensity/reduced toxicity conditioning regimens (c¢), and in patients stratified by donor HLA match (d)

suggesting that values of > 10% myeloid chimerism are need-
ed for protection against infection [22]. However, such a
threshold was not observed in two studies of patients or car-
riers with autoimmunity or inflammatory complications [22,
26]. It is concerning that levels of myeloid chimerism > 10%
may still be permissive for ongoing inflammatory or autoim-
mune manifestations despite being protective against infec-
tions. Because all but one IBD patient had greater than 80%
donor myeloid chimerism at 2 years following allogeneic
HCT, we were unable to estimate a minimum donor neutrophil
chimerism threshold needed for resolution of IBD. However,
it is notable that IBD resolved in a patient with normal oxida-
tive burst activity in 12% of neutrophils at 2 years following
HCT, suggesting that this level of donor neutrophil chimerism
can be curative.

Interestingly, in the T cell compartment, substantial levels
of mixed chimerism were observed for a majority of patients
in this study. Approximately half of patients possessed donor
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chimerism within the T cell compartment of < 80%. These
findings suggest that robust T cell donor chimerism is not
needed for resolution of CGD-associated IBD and should
not be a goal of therapy for allogeneic HCT.

We observed that the age at HCT was higher in the IBD
group. Older age at time of HCT suggests that patients being
transplanted with IBD were referred later either due to an attempt
to manage the disease with other modalities first, or due to a
hesitation to consider HCT in a patient experiencing colitis.
Later, HCT may also reflect the evolution of colitis in CGD,
i.e., patients with CGD often experience presentation of IBD at
older ages. Despite older age at HCT, outcomes were not worse
in this group.

Earlier reports suggested that CGD patients with active
infection, inflammation, or end organ damage had an in-
creased risk of post-HCT complications, such as severe
acute GVHD and decreased survival [11, 12, 25]. We
did not observe any clearly significant increased risk of
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Table 5 Multivariate analysis of
risk of death (V= 145)

Fig. 5 Height Z-score (a) and
weight Z-score (b) in patients
with and without IBD. * p <0.05

Parameter N (N event) HR (%95 CI) P value
Baseline IBD status

No (reference) 96 (14) 1.00

Yes 49 (9) 1.25 (0.54, 2.90) 0.604
Conditioning intensity

RIC/RTC (reference) 108 (14) 1.00

MAC 37(9) 1.94 (0.82, 4.61) 0.132
Donor type (combined)

Matched donor (MUD, MORD, or MSD) (reference) 117 (18) 1.00

Mismatched donor (MMUD or MMRD) 28 (5) 0.96 (0.35, 2.67) 0.942

Note: No other predictors were significant in either stepwise selection or backward elimination. IBD, donor HLA
match and relation, and conditioning intensity were forced into the model included here

“N” is the number of subjects in the category of the variable; the “N event” is defined by death
The “HR” is for the estimate of death

For each “parameter”, the categories are compared with the reference group
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acute GVHD in our cohort, although the analysis of the
effect of IBD on grades II-IV acute GVHD may have
been limited by the small sample size. Notably, we did
not find an increased incidence of gastrointestinal acute
GVHD. We speculate that a lack of T cell involvement in
the pathophysiology of CGD-associated IBD may account
for the lack of the overtly increased risk of GVHD one
would expect in the presence of active inflammation in
the GI tract. Another explanation may be the fact that
most patients were treated with serotherapy, which may
have helped to attenuate active inflammation pre-HCT. In
addition, most of the patients were reported to have their
IBD under control at the time of HCT. However, the eval-
uation of the impact of IBD control was limited in our
current study because no systematic assessment of IBD
severity was performed; the assessment of IBD control
or not at the time of allogeneic HCT was made on a
clinical basis. Additional experience and study will be
required to definitively determine if IBD has an impact
on risk for acute GVHD. Importantly, the presence of IBD
did not affect mortality. This is a reassuring finding for
clinicians and patients as they weigh the risks and benefits
of allogeneic HCT in the presence of IBD, and may en-
courage patients to proceed with HCT earlier even when
colitis is present. Additional prospective studies in larger
numbers of patients that can uniformly assess IBD sever-
ity at the time of allogeneic HCT are needed to more
completely assess the risk of severe active IBD on trans-
plant survival.

It is notable that patients with a history of IBD were smaller
at the time of allogeneic HCT and maintained smaller heights
and weights following transplant. Moving earlier to allogeneic
HCT in patients with CGD IBD before significant declines in
growth have occurred may have a beneficial effect on ultimate
height achievement and should be taken in to consideration.

In conclusion, the PIDTC Protocol 6903 transplant cohort
is the largest described within the North American CGD pop-
ulation to date. Our results confirm that allogeneic HCT is
curative for CGD colitis, and importantly, that colitis itself is
not a contraindication to HCT as it does not lead to an in-
creased risk of mortality. Although in this observational study
we did show benefit of HCT, with resolution of CGD IBD, a
comparable analysis of patients who were managed medically
would be desirable, to more fully evaluate the benefits of HCT
as compared to other treatments. For this purpose, the PIDTC
is continuing to collect data on the outcomes of recipients of
HCT and of non-HCT treatments for CGD on Protocol 6903.
This report and our future evaluations should facilitate
counseling of patients with CGD and their families and foster
an improved understanding of treatment options for individual
patients. Additionally, we believe that prospective multicenter
studies evaluating novel reduced intensity/reduced toxicity
allogenic HCT approaches for CGD patients with therapy-
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dependent/refractory IBD are warranted. Prospective studies
would allow detailed uniform IBD assessments to be per-
formed prior to allogeneic HCT to characterize the extent
and activity of IBD immediately before transplant.
Meaningful examinations of the impact of predetermined
IBD severity status groupings and exploratory biomarker
levels on outcomes can then be performed. Future efforts by
the PIDTC and other groups to accomplish such trials will
help optimize care for patients with CGD-associated IBD.
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