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Abstract:

Background: Mismatched stem cell transplantation is associaftié high risk of graft loss,
graft versus host disease (GvHD) and transplaate@lmortality (TRM). Alternative graft
manipulation strategies have been employed oveda#td 1l years to reduce these risks.

Objective: We investigated the outcome of using differentftgraanipulation strategies
among children with primary immunodeficiency (PID).

Methods. Between 2006-2017, 147 PID patients received WiSmatched grafts; 30
TCRop/CD19 depleted, 43 cords (72% with no serotherapy)-D34+ selection with T cell
add-back and 65 unmanipulated grafts.

Results: The estimated 8-year survival of the entire colwas 79%, TRM was 21.7% and
graft failure rate was 6.7%. Post-transplant viedctivation, aGvHD grades II-IV and
chronic GvHD complicated 49.6%, 35% and 15% traar#gl respectively. The use of TCR
af/CD19 depletion was associated with a significartdwer incidence of grade II-1V
aGvHD (11.5%) and cGvHD (0%) however with a higihesidence of viral reactivation
(70%) in comparison to other grafts. T cell immueeonstitution was robust among cord
transplants however with a high incidence of aGvgtde II-1V 56.7%. Stable full donor
engraftment was significantly higher at 80% amonGRdp/CD19depleted and cord
transplants versus 40-60% among the other groups.

Conclusions: Rapidly accessible cord and haploidentical grafts suitable alternatives for
patients with no HLA matched donor. Cord trans@#oh without serotherapy and
TCRop/CD19depleted grafts produced comparable survival ratesound 80% albeit with
a high rate of aGvHD with the former and high ragkviral reactivation with the latter that

need to be addressed.

Keywords: Mismatched stem cell transplantation, GvHD, Cof€GRap/CD19, Immune
reconstitution.

List of abbreviations:

GvHD: Graft versus host disease.

TRM: Transplant related mortality.

PID: primary immune deficiency.

CD34+/T cell add-back: CD34 positive selection witkell add-back.
HSCT: Haematopoietic stem cell transplantation.

SCETIDE: The European Registry for stem cell tréasgation in primary
immunodeficiency.



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

SCID: Severe combined immune deficiency.
OS: Overall survival.

PID: Primary immune deficiency.
RIC: Reduced intensity conditioning.
MAC: Myeloablative conditioning.
MIC: Minimal intensity conditioning.
Treo: Treosulfan.

Flu: Fludarabine.

TT: Thiotepa.

Bu: Busulphan.

Mel: Melphalan.

Cyc: Cyclophosphamide.

CB: Cord blood.

PBSCs: Peripheral blood stem cells.
BM: Bone marrow.

NPA: Nasopharyngeal aspirate.
TPN: Total parental nutrition.

rATG: rabbit anti-thymocyte globulin.
Alem: Alemtuzumab.

CSA: Ciclosporin A.

MMF: Mycophenolate mofetil.

MP: Methylprednisolone.
EBV_PTLD: EBV induced post-transplant lymphopraldégve disease.
ECP: Extracorporeal photopheresis.
VOD: Veno-occlusive disease.

TMA: Thrombotic microangiopathy.

Rag: Recombinase activating genes.



99  ADA: Adenosine deaminase.
100  PNP: Purine nucleoside phosphorylase.
101  CGD: chronic granulomatous disease.
102  CHH: cartilage hair hypoplasia.
103 LAD: leukocyte adhesion defect.
104  CID: combined immune deficiency
105  HLH: Haemophagocytic lymphohistiocytosis.
106  XLP: X-linked lymphoproliferative disease.
107  WAS: Wiskott Aldrich syndrome
108  TBI: Total body irradiation.

109 Figurelegends:

110  Figure 1: Overall survival among different graftmyaulations

111 1a) 8-year overall survival among all PID was 78.1%

112 1b) 8-year overall survival among SCID was 73.3%

113 1c) 8-year overall survival among Non-SCID was 806.3

114  Figure 2: Effect of conditioning on overall survivaanong unmanipulated grafts
115  Figure 3: Effect of post-transplant viraemia on TRM

116  Figure 4: Effect of aGvHD on TRM

117  Figure 5: T cell immune reconstitution across thiecent graft manipulations
118 5a) Robust CD3 recovery at 3 months post-transplanang Cord grafts

119  5b) CD4 recovery at 3 months post-transplant anabifigrent graft manipulations
120 5C) Naive CD4 counts at 6 months post-transplamtngndifferent graft manipulations
121 Table legends:

122 Table 1: Diagnoses (n=155)

123  Table 2: Patients’ characteristics

124  Table 3: Analysis of factors affecting outcome agn&iD receiving a mismatched graft.
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Table 4. Patients who required a second transplardn unconditioned stem cell boost
(n=10)

Table 5: Engraftment and immune recovery post-ptams across different graft
manipulations

Table E1: Cause of deaths among the different graftipulations (n=34)
Table E2: Characteristics of patients who devedop&A (n=7)

Table E3: Analysis of factors affecting outcome agm&CID

Capsule summary:

This study demonstrated improved overall survivabag mismatched grafts over the last 11
years; 22% TRM. cord transplant without serotherapg TCRi3/CD19 depleted grafts
produced comparable survival rates of 80% and éelilstable full donor engraftment.

K ey messages:

1. Improved overall survival among mismatched grafterothe last 11 years with a
TRM of 22% and a graft rejection rate of 6.5%.

2. Rapidly accessible cord and haploidentical graféssaiitable alternatives for patients
with no HLA matched donor.

3. Cord transplantation without serotherapy allowedyed cell recovery with high
level donor engraftment but high grades of aGvHD.

4. TCRop/CD19depleted grafts produced survival rates of 80% exiibited high
level donor chimerism together with a lower riskagtite and chronic GvHD but high
risks of viral reactivation.

5. Mismatched grafts can be an effective alternatime fatients with MHC class I,
CGD and WAS.
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I ntroduction:

Primary immunodeficiencies (PID) arise from genealefects that lead to qualitative or
guantitative abnormalities in cells involved in rethg immune function. Partial or

complete replacement of the defective cell linehgeallogenic haematopoietic stem cell
transplantation (HSCT) from HLA-matched relateduarelated donors remains the curative
treatment for most patients (1). However, dependmegthnicity, 30%-80% of patients lack a
10/10 HLA-matched donor (2,3). Although mismatclkeshsplantation (less than 10/10 HLA
matched) from related or unrelated stem cells od ddood donors can be used in this
scenario, such approaches are associated with herhigsk of morbidity and mortality

compared to HLA-matched transplantation, due tohilgher rates of graft rejection, severe
Graft versus Host Disease (GvHD) and delayed immrgeonstitution. The European
Registry for stem cell transplantation in primanymunodeficiency (SCETIDE) has shown
similar outcomes for severe combined immunodefye(SCID) using either a matched
sibling or a matched unrelated donor with a 10 yearall survival (OS) of 82%, however,
significantly inferior outcomes were achieved withismatched unrelated donors or
haploidentical grafts during the same period withQs of 62% and 58%, respectively ( 4).

Gennery et al (5) conducted a multicentre Euromtady analysing the outcome of patients
with SCID and non-SCID PID treated during 1968-28@%ween the year 2000-2005, 181
SCID patients and 267 non-SCID patients were iredudata revealed a poor outcome with
the use of mismatched related grafts for SCID (n=@@l non-SCID (n=47) patients with a 3-
year survival being 66% and 55%, respectively intkast to 83% and 76% with the use of a
matched related donor transplant.

In more recent years, several groups have develppaahising strategies to address the
problems of mismatched transplantation. Chiesa @04.2) (6) reported successful outcome
with the use of mismatched cord blood transplamator a group of non-malignant diseases
including PID, achieving full donor engraftment86% of the 30 patients studied. Omission
of serotherapy in the conditioning regimen in tbahort led to a very rapid CD4+ T-cell
immune reconstitution, with early control of viiafections, although there was an increased
incidence of aGvHD (6).

Multiple centres in the USA and some centres inoper have adopted the use of
unmanipulated haploidentical transplantation witthe t use of post-transplant
cyclophosphamide as GvHD prophylaxis (7,8,9). Despgncouraging reports in adult
patients with malignant disease, there are onlydases reported in children especially with
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non-malignant diseases including PID. One of theemital drawbacks of this approach in

children has been a high incidence of severe aGaHiong patients less than 10 years of
age, possibly reflecting the escape of alloreaciheells from post-HSCT cyclophosphamide

because of variable metabolism of the drug amahgstge group (9).

Different centres in Europe have moved from CD34sifve selection with a 3-4 log
depletion of T-cells (10,11) to a T-cell receptdiCR) alpha beta and B-cell depletion
strategy of haploidentical and mismatched unrelafeadts to alleviate the risk of GvHD
through depletion of GvHD causing T-cells while mating the transfer of natural killer
(NK) cells (12), gamma deltgg) T-cells and haematopoietic progenitor cells fatcilitate
engraftment and immune recovery. Overall survivad improved with this approach ranging
between 83.9% and 91.1% (13,14,15).

To address the impact of these different approachassmatched transplantation, we have
analysed the outcome of consecutive mismatched rdvaasplantation in PID patients
performed over the last 11 years in the 2 supreenadjcentres in the UK.

M ethods
Patients

Records of patients with PID who underwent mismadchelated or unrelated donor
transplantation at the two supra-regional UK centé&reat Ormond Street Hospital for
Children, London and The Great North Children’s pltad, Newcastle between January
2006— May 2017 were analyzed. Pre-HSCT data indigpadgient demographics, type of PID,
presence of infection and/or autoimmunity, donaip®nt HLA matching, conditioning

regimen and graft manipulation. Post-transplanta datcluded count recovery, immune
reconstitution, lineage specific chimerism, and uscence of GvHD, infection and

autoimmunity. Informed consent was obtained fromghrents of all children.

Donor source, HL A typing, conditioning protocol and graft manipulation.

Bone marrow (BM), peripheral blood stem cells (PBB&nd cord blood were used as stem
cell sources. High resolution typing was perfornbydmolecular typing (at allele level) for
HLA-A, -B-C, -DR, -DQ loci. Unrelated donors (inaing cord blood) were matched for
between 5/10 and 9/10 HLA antigens. Preparativemegs were defined as: reduced
intensity conditioning (RIC) protocols including élosulfan/Fludarabine (Treo/Flu) or
Fludarabine/Melphalan (Flu/Mel) or RIC Busulphandfrabine (Bu/Flu) targeting Bu
AUCA45-65mg*hr/L. Myeloablative protocols includedyetoablative Bu/Flu (Targeted Bu
AUC>70 mg*hr/L) or Treo/Flu/Thiotepa (Treo/Flu/TT)Graft manipulation strategies
employed:1) CD34+ selection (16) with add-back & X 10*8/Kg CD3+ T-cells [CD34+/T
cell add-back], 2) TCR alpha beta and B-cell dephet(17) [TCRu/B depletion], 3)
unmanipulated cord blood [CBJ]and 4) unmanipulatedeomarrow [BM]or peripheral blood
stem cells [PBSC]. Details on the selection of¢beditioning regimen , graft manipulation
strategy and T cell add-back dose among CD34+ teelegrafts are shown in the online
repository.
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Supportive car &

All patients were nursed in single rooms with laamirilow. Supportive therapy included
antimicrobial prophylaxis as per institutional pree (co-trimoxazole prophylaxis was given
in both centers in addition to ciprofloxacin in ldom). Co-trimoxazole was given throughout
the transplant in Newcastle while discontinued i [ London to be restarted once absolute
neutrophil counts werel000 cells/ul (usually around D+28). In both cesten-trimoxazole
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was completely stopped once the patient was offidSporine and had a CD4 count >300
cells/ul. In London, ciprofloxacin in a dose of 1§kg was given twice daily until absolute
neutrophil counts were 1000 cells/ul. Based on the primary diagnosisiep&t received
immunoglobulin replacement until B-cell functioncozery and ursodeoxycholic acid until
D+28. All patients received acyclovir prophylaxmat was discontinued once the patient was
off cyclosporine with a CD4300 cells/ul (until at least 1-year post-HSCT). Tinesence of
virus detected by PCR in blood (CMV, EBV, Adenowirin both centres and HHV-6 in
Newcastle), nasopharyngeal aspirate (NPA) and st@ok recorded weekly from D-10
onwards. Cord transplant patients in London hadiecap gut rest and received total
parenteral nutrition (TPN) from day -10 until enfgnrezent, to prevent engraftment syndrome,
cord colitis and gut GvHD. In addition, they reamivwancomycin prophylaxis (400 mg/mz2)
twice daily from day +1, until neutrophil count0.2 x 16/1) (18).

GvHD

Grading of acute GvHD (aGvHD) was performed accaydb Seattle criteria (19). Chronic
GVHD (cGvHD) was assessed and scored accordirfgetdlational Institute of Health (NIH)
criteria (20).

Engraftment, graft failure and chimerism:

Engraftment was defined as the first of 3 consgeutiays with ANEG500 cells/pL. Primary
graft failure was defined as failure to achieve ANGOO/pL after 28 days of transplant and
absence of donor engraftment. Lineage specific ensm was assessed by polymerase chain
reaction amplification of specific polymorphic DN#equences (short tandem repeats) in
circulating lymphoid and myeloid cells.

| mmune r econstitution :

T-, B-, NK-cell enumeration used standard flow ey&dry markers; CD3, CD4, CD8, CD19,
CD56+CD16+. T cell proliferation to mitogen and @egical vaccine response to tetanus
and pneumococcal antigen were assessed wheretgettlica

Statistical Analysis:

Statistical analysis was performed using SPSS aerd4. Descriptive analyses were
performed using the median, mean, minimum and maxinParametric data were analyzed
using one-way ANOVA and post hoc test. Survival amhsplant related mortality (TRM)
were analyzed using Kaplan Meier estimates anddaof test. A comparison with 2-sided P
< .05 was statistically significant. Variables reisg P < .10 in univariate analysis for overall
survival estimations were included in Cox proporébhazard regression models using a
backward stepwise selection. GraphPad Prism 7 wad for plotting of T-cell immune
reconstitution amongst different methods of grafinfpulation. The threshold for statistical
significance for all tests was set to P values<0.05

Results:
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Patient characteristics:

There were 147 patients with PID who underwent @dSmatched related or mismatched
unrelated donor transplants at the two centresnguiliis 11lyears and 4 months period:
London (n=91), Newcastle (n=64). 34 patients hasenbpreviously reported (15, 21, 22).
Among the 155 grafts, 38 had SCID and 117 had o 3ID. Table 1 shows a full list of
patients’ diagnoses. Median age at transplantHereantire cohort was 23 months (range:
1.13-202.9 m) with the median time from diagnosisransplant being 8 months (range: 0.5-
156). Younger age at transplant was seen amongnpsiivho either received a CB or a TCR
ap/CD19 depleted graft; worth mentioning that 30/38.9%) SCID patients had received
either one of these grafts.

Conditioning & GvHD prophylaxis (table 2)

Reduced intensity conditioning approach [Treo/FIn=g7) or Flu/Mel (n=26), or

Fludarabine/Cyclophosphamide (Flu/Cyc) 120mg/Kgljnar RIC Bu/Flu (n=12)] were

mainly used in 106/155 transplants (68.3%). In vikaell depletion using rabbit anti-
thymocyte globulin (rATG):6 to 15 mg/kg or Alemtunab (Alem):0.3 to 1 mg/kg was
employed in the conditioning regimen of 120 HSCTlse majority (72%) of CB transplants
were performed without serotherapy. Five SCID cage$ chain, 1 Rag2, 1ADA, 1

unidentified T-B+NK+ SCID) received an unconditiohé&ransplant including three TCR
af/CD19 depleted haploidentical infusions and 2 Caftgr(both CB were matched for 9/10
HLA antigens).

Acute (a)GvHD prophylaxis was used in 149/155 tpdansts [cyclosporine A (CSA) (n=12),
CSA+ mycophenolate mofetil (MMF) (n= 126), CSA+ mdprednisolone (MP) (n= 4), or
MMF+ steroids (n=4), methotrexate/CSA (n=1), MMHRAreBmus or tacrolimus (n=2)]. Six
did not receive any GvHD prophylaxis and were adlipients of the TC&3/CD19 depleted
grafts as shown in table 2.

Graft Manipulation and HL A matching

Among the 155 grafts, CD34 selection/T-cell addbaels employed in 17 transplants (82%
were 9/10 HLA matched), TCE3/B cell depletion in 30 transplants (90% 5/10 mathhand
unmanipulated grafts in 65 (89% were 9/10 HLA mathhand CB in 43 transplants (53%
were <8/10 HLA matched; a single mismatch at DQ locus@eiecorded in only 2 cases
among CB grafts).

Most of the SCID patients received either a CB ()=@r a TCRop/CD19 depleted graft
(n=10) with a median age at transplant of 8.7 ai®n8onths, respectively. The non-SCID
cohort received either an unmanipulated BM/PBS@ gnx61), CB graft (n=23), TCRp/B
cell depleted graft (n=20) or CD34+/T cell add-bagk=13). Table 2 summarizes the
patients’ characteristics across different grafbipalations.

Transplant related toxicities
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Mucositis grade I-Ill was recorded among 79 traas{d with significantly higher rates of
mucositis among unmanipulated grafts: 46/65 (70.%#sus 17/43 (39.5%) CB, 5/17
(29.4%) CD34+/T-cell add-back and 11/30 (36.6%®rafitCRap/B-cell depletion(p<0.001).

CSA induced posterior reversible encephalopathyleyne (PRES) complicated 2 cords, 2
TCR ap/CD19 depleted grafts and 1 unmanipulated graft.had CSA discontinued with
subsequent resolution of PRES.

Survival:

The median follow-up for the whole group was 42 then(m) post-HSCT (0.96-139.5m).
OS at 8 years was 78.1%:73.3% amongst the SCIDrcahd 80.3% amongst the non-SCID
cohort. Different graft manipulations did not irgluce survival: 76.7%, 74.4%, 70.6% and
83.1% among TCRouf/CD19 depleted grafts, CB grafts, CD34+/T-cell &dadk and
unmanipulated grafts, respectively (p=0.579) (t&hlegure 1).

100-day TRM was 15% (24/155) and overall TRM was92d (34/155). Median time to
death was1.8m (range: 0.06-60.3 m). Most death® \@esociated with infection and /or
GvHD. Table E1 online repository summarizes theseanf deaths among the different graft
manipulations. Of note aGvHD with or without virafection contributed to 4 out of 11
deaths among unmanipulated BM/PBSC grafts. Andthaaitients died of EBV-driven post-
transplant lymphoproliferative disease. Viral pneumitis was the main cause of death among
CB grafts: 7 out of 11 deaths. Five had positivepratory virus detection in NPA at DO.
Respiratory failure with or without pulmonary hyfrsion was the main cause of death
among patients who received TGR/CD19 depleted grafts; 5/7 deaths. Interestingl$, 4
cases had active co-morbid condition at the timetrafhsplant (on methylprednisolone
therapy for Omenn syndrome (P29, P31) and actieaimonitis (P30, P32).

Disseminated viral infection contributed to 2/5 tihsaamong recipients of CD34+ /T-cell
add-back grafts. One patient died from veno-ocekiglisease (VOD) post-Flu/Mel/Alem
conditioning for Artemis SCID (P27). Severe pertiar effusion with respiratory
compromise as a complication of GVvHD was respoadii the death of one patient (P23).
The fifth case died out of respiratory failure gmaimonary hypertension at 1-month post-
transplant. This case developed active shingldseaime of conditioning (P25).

Late death beyond 100 days post-transplant wasdedamong 10 patients. Median time to
late death was 14.6m (range:8-60.3m).; 6 receivedanmipulated BM/PBSC grafts (P1, P2,
P3, P8, P19, and P21). Three died from active GwHD or without viral infection (P1, P2,

P3) and 2 died from EBV PTLD (P8, P19). Anotheraignts died at 8m and 9m post-TCR
af/CD19 depleted transplant from disseminated Aspasginfection (P28) and GvHD/TMA

induced Multisystem organ failure (MOF) (P34). Réddfrom MOF and sepsis in the context
of prolonged immune suppression 5years post CBptant and P23 died at 42 months post-
CD34+ /T cell add-back from aGvHD. Detailed desioip on the cause of death and factors
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influencing survival among mismatched grafts ascaésed in detail below and shown in
table E1 online repository and table 3.

Effect of conditioning on overall survival:

The use of MAC versus RIC conditioning did not urgthce OS as shown in table 3. There
was however an effect of conditioning within di#et grafts manipulations. The use of MAC
conditioning with unmanipulated BM/PBSC grafts wasnd to have a negative impact on
survival; OS of 66.7% compared to 86.2%; (p=0.0ibhwhe use of RIC conditioning
protocols (figure 2).

Post-transplant infectionsand TRM:

Viral reactivation- mainly occurred in the first A@ays post-transplant- including one or
more of CMV, HHV6, EBV, adenovirus, or enterovinalection were reported among 49.6%
(77/155),with a trend to a higher frequency of goshsplant viraemia among TGR/CD19
depleted grafts 70% (21/30) versus other graft2®716/43) CB, 47% (8/17) CD34+/T cell
add-back, 49.5% (32/65) unmanipulated grafts (p5)0.25/155 (16%) of the patients had
active viraemia at time of transplant (D-10-D-1da22 of them developed post-transplant
viral reactivation.

EBV reactivation was recorded among 14 cases; whi¢h developed EBV-PTLD. All 4
received Alem 1mg/kg in the conditioning regimenpf3the 4 died (P8, P19, P21), EBV
PTLD being responsible for the death in two. Naldg, all 4 patients had received
prolonged immune suppression for treatment of aGyhtE3) or cGvHD (n=1).

Viral reactivation had a negative impact on thecoate. Presence of viraemia between D-10
to D-1 had a negative impact on the outcome witise& of TRM from 17.6% in absence of

viraemia to 44% in the presence of active infect{jpr0.004). Moreover, post-transplant

viraemia was associated with a rise in TRM from9%.in absence of post-transplant

viraemia to 26% in presence of post-transplant ewiria however this rise was not

statistically significant (table 3, figure 3).

Post-transplant aGvHD/cGvHD and TRM

The cumulative incidence of aGvHD grade I-1V anddg Il —IV by 180 days post-transplant
was 62.5% (85/136 evaluable cases) and 35.2% (@82%a@luable patients) respectively.
aGvHD grades II-IV was significantly more frequemwhong CB grafts (56.7%), CD34+/T
cell add-back (40%), and unmanipulated grafts (3Mblle only few recipients of
TCRop/CD19 depleted grafts experienced significant aGuD.5%); p=0.002. Liver and
gut GvHD were noticeably low among TGIR/CD19 depleted grafts (3.4%) in comparison
to other grafts; 18.9 % among unmanipulated grafi among CD34+/T cell add-back and
29.7% among CB grafts (p=0.06).
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Patients were treated with steroids either aloneinorcombination with monoclonal
antibodies; daclizumabl/infliximab (n=18), Alem (N=Extracorporeal photopheresis (ECP)
(n=4) or mesenchymal stem cells (MSC) (n=2).

aGvHD grade II-1IV was associated with a significeasé of TRM from 2.3% in patients with
grade 0-1 to 31.4% among patients with grades |1{¥0.001. Data are shown in table 3 and
figure 4.

One-year cumulative incidence of cGvHD was 15.9% ¢t of 113 evaluable patients).
cGvHD was not recorded among any recipient of T{PRCD depleted grafts (0/18) versus
21.8% (7/32), 12% (6/50) and 38.4% (5/13) amond3t @hmanipulated BM/PBSC grafts
and CD34+/T cell add-back respectively (p<0.001/187patients did not receive any
serotherapy; all 7 received CB grafts.

Extensive cGvHD was recorded among 8 out of thgd@ents including lung(n=2), gut
(n=4), pericardial (n=1) or extensive polyarticubathritis (n=1). Only 2 out of the eight
cases are still on immunosuppressive medicatiom®drol either lung or gut/skin cGvHD-
both are recipients of CB graft with no serotherallye remaining 10 cases had limited skin
cGVHD that is currently under control.

Post-transplant autoimmunity :

Data on post-transplant autoimmunity (Al) was aalalé for 126 grafts who survived at least
6 months post-transplant. Nineteen grafts wereceestsal with post-transplant Al; occurring
at a median of 7 months post-transplant (range4)1-26 developed either autoimmune
haemolytic anaemia (AIHA), autoimmune thrombocytdpe (ITP) or autoimmune
neutropenia (AIN) that responded to either one oombination of prednisolone, rituximab
and high dose intravenous immunoglobulin (IVIG)h@tforms of Al included oligoarticular
juvenile idiopathic arthritis at 30 months post-onditioned CB transplant for ADA SCID,
SLE-like picture with the nephrotic syndrome at &.3nonths post-Treo/Flu/Alem
unmanipulated BM for IFKB GOF mutation and Guilli@arre syndrome (GBS) at 16
months post RIC Bu/Flu/Alem unmanipulated BM for-XiGD.

Pre-transplant autoimmunity was recorded in 2/18epts who developed an autoimmune
process post-transplant. One had IPEX syndrome lcatgad with autoimmune enteropathy
and insulin dependent diabetes mellitus (with pasianti-enterocyte antibodies and anti-
insulin antibodies) whose enteropathy settled minfths post-HSCT however, he developed
AIHA and AIN at 5 months post-HSCT that required@nmbination of prednisolone and
rituximab therapy. The second patient was a WASpatvho had autoimmune neutropenia
and developed post-transplant autoimmune thrombpeyiia requiring prolonged
immunosuppression. All patients were in remissibtha time of last follow-up. Diagnosis
(SCID versus non-SCID), conditioning (MAC versusCRI use of serotherapy, graft
manipulation, presence or absence of aGvHD gradié, [pbresence or absence of cGvHD,
post-transplant viral infection, donor engraftméiotil versus mixed) did not influence the
occurrence of post-transplant Al;, p=0.46, p=0.5%£0,89,p=0.24, p=0.9 and p=0.5, p=0.75
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respectively. Post-transplant autoimmunity did mdluence overall survival as shown in
table 3.

Endothelial toxicities

Veno-occlusive disease (VOD) was seen followingréftg between D+6 and D+90. All
patients received CSA based GvHD prophylaxis. N@weived a Bu- based conditioning.
Three received Treo/Flu, two Flu/Mel and one hadreo/FIu/TT conditioned transplant.
Three of the six patients died; VOD was the cadgskeath in only one of them (P27).

TMA was seen among 7 cases. All received a T8/ D19 depleted haploidentical (n=5) or
8/10 mMUD (n=2) transplant. All patients had aGvigiade I-1ll and 6/7 had concurrent
systemic viral infections/reactivations. In threases TMA developed after a second
conditioned mismatched transplant procedure. Actbeemorbid condition at time of
transplant was also present in 3/7 cases; activeiBGat time of transplant (P35) and lung
disease (P32, P34). 4/7 patients died but onlydineetly due to TMA (TMA involving lung,
with adenoviraemia and MOF (P32). Table E2 onlirepository summarizes the
characteristics of patients who developed TMA. ©Ofen P35 had a confirmed mutation in
CD46 gene that codes for type | membrane proteowknto play a regulatory role in the
complement system.

Factor s affecting overall survival among mismatched gr afts:

Based on data from both univariate and multivariatalysis (detailed in table 3), the
occurrence of aGvHDII (HR:14.9; p<0.001) occurrence of TMA (HR:8.2,0001) were
the main factors associated with poor outcome ammoisghatched grafts while other factors
including diagnosis (SCID versus non-SCID), HLApityg (9/10 versus 5/10-8/10 HLA
matched donor), stem cell source (BM versus PBSGCarsug CB), graft
manipulation ,conditioning (MAC versus RIC) , theeuof serotherapy (yes versus no), type
of serotherapy (rATG versus Alem), the use of aGwitDphylaxis agents (yes versus no),
Pre-transplant viremia (D-10-D-1 (yes versus nddoth viral reactivation infection (yes
versus no), post-transplant respiratory viral itilec (yes versus no), post-transplant
autoimmunity (yes versus no) and donor engraftnfiemtit versus mixed) did not influence
overall survival (table 3).

Engraftment (data given in tables 4 and 5):

Seven patients died early before D+28; thus, wentuded from the analysis. 10 patients
(10/148; 6.7%) had either primary graft loss (feéluo achieve a neutrophil courb00
cells/ul within 28 days of HSCT) or low-level dondmimerism requiring intervention with a
second mismatched graft or an unconditioned stéhbaest. Eight of 10 had received a RIC
conditioned graft either Flu/Mel (n=1), Treo/FIu=6), RIC Bu Flu (n=2). Two patients died
post-intervention, one developed hyperacute GvHEI-PBSC stem cell boost for combined
immune deficiency and another developed idiopagiieumonitis post- " transplant for
CGD.
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More rapid neutrophil and platelet engraftment warkieved in recipients of TC&B3/CD19
depleted grafts without using G-CSF versus othaftgi(table 2). Among individual groups;
the rate of neutrophil recovery was significantlyiaker among TCRB/CD19 versus CB,;
(p=0.001) and versus CD34+/T cell add-back (p=0w8)le no difference was seen in
relation to unmanipulated grafts (p=1). Plateletokeery was significantly quicker among
TCRop/CD19 depleted grafts versus all other grafts; GEnanipulated and CD34+/T cell
add-back; p=0.001, p=0.007, p=0.03. There was fierence recorded in the rate of platelet
and neutrophil recovery between unmanipulated and843 selection/T cell add-back; p=1,
p=1 respectively.

Data on donor engraftment were available for 140tgr Full donor chimerism was achieved
more readily among recipients of either TGRCD19 depleted or CB grafts compared to
CD34+ /T cell add-back and unmanipulated BM/PBS@ftgr 78.5%, 81.5% vs 41.1%,
47.3%, respectively (p=0.028). Full donor engrafim&as more frequently achieved among
recipients of MAC conditioning (83%; 31.37) versither RIC or MIC conditioning (66.6%;
66/99); p=0.013. Five patients received an uncamkd graft; data were available for 4
patients, all had mixed donor engraftment. The elegyf donor engraftment (full versus
mixed) did not influence OS as shown in table 3.

| mmune r econstitution :

At one-year post-transplant (data available for @afts), CD31000 cells/ul, CD#
300cells/ul and CD&00 cells/ul was achieved by 68/97 (70%), 78/97%4B@nd 56/97
(57.7%) of the survivors.

Robust CD3+T-cell recovery was observed as earl$ asnths amongst recipients of CB
grafts, significantly faster than other groups (j966@1). CD4+ T-cell counts 300cells/ul
was achieved amongst 109 (70.3%) recipients of atisined grafts: at a median of 2.5 m for
CB grafts versus 5 months for TGE/CD19 depleted grafts and 7 months for both the
CD34+/T cell add-back and unmanipulated BM/PBSGtgi@=0.007); Table 5 and figure 5.
This difference in the speed of CD4 recovery wagnificant between CB versus
unmanipulated and CD34+/T cell add-back; p=0.06®.@5 while non-significant between
CB versus TCRB/CD19 grafts (p=0.4) and between unmanipulatedugesD34+/T cell
add-back grafts (p=1).

At one-year post-transplant, 71/82 (86.5%) sunsv@who were on regular IVIG pre-
transplant) were able to discontinue immunoglobukplacement therapy; 14/17 (82%)
TCRop/CD19 depleted graft, 22/28 (78.5%) for CB, 7/8.898) for CD34+/T cell add-back
grafts and 29/30 (96.6%) for unmanipulated BM/PB§(@dts (p=0.206).

Outcome of mismatched transplantation amonq patients with SClI D/Omenn phenotype:

Thirty-eight patients with SCID/Omenn syndrome reed 38 mismatched grafts. Details on
diagnoses was shown in table 1; 68% had T- B- S@iBRinly with either RAG 1, RAG 2
mutation or combined RAG1 and RAG2) while 32% had-B+ SCID (mainly commory
chain and IL7 recepton defect). 27/38 (71%) patients had developed atleae severe
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infectious episode before going for HSCT, 7/38 () §tients had active viraemia at D-10-
D-1. 49% of the patients were transplanted betloeeage of 6 months while 38% had their
transplant after their first birthday with a medege at transplant of 8.5 months. 30 patients
received either a mismatched CB (n=20; 60% are #1lLA matched) or a TC&3/CD19
depleted grafts (n=10; all 5/10 HLA matched relatahors). Treo/Flu was the main
conditioning protocol among CB (13/20; 65%) whikxipients of TCRB/CD19 depleted
grafts mainly received Treo/Flu/TT (6/10; 60%). &@bkerapy was included in the
conditioning protocol of 5/20 CB; 25% (rATG (n=Blem (0.3-1mg/kg (n=4)) while 80% of
recipients of TCRB/CD19 depleted grafts received serotherapy in trenfof rATG 15
mg/kg; n=5 or Alem 1mg/kg; n=3.

Overall survival was 71 %. Previous severe infecand T+B- SCID were associated with
unfavourable outcome with OS of 66.6%, 65% versB8% and 83% in absence of any
reported infection and B+SCID, respectively; howevbe difference was not statistically
significant; p=0.09, p=0.21. Possibility reflectitige small sample size.

Post-transplant viral reactivation, aGvHD grad#, cGvHD, graft loss was reported among
39% 40%, 18.5% and 0% among evaluable cases @&bbmline repository).

Based on data from both univariate and multivaretalysis (detailed in table E3 online
repository), the occurrence of aGvHBIl (HR: 20.3 p<0.001) was the main factor
associated with poor outcome among mismatchedsgvditle HLA typing (9/10 versus 5-
8/10 HLA matched donor), stem cell source (PBSCsrsuge CB), graft
manipulation ,conditioning (MAC versus RIC) , theeuof serotherapy (yes versus no), type
of serotherapy (rATG versus Alem), pre-transplardemia (D-10-D-1 (yes versus no), post-
transplant viral reactivation (yes versus no), ficstsplant respiratory viral infection (yes
versus no), post-transplant Al (yes versus no)dorbr engraftment (full versus mixed) did
not influence OS (table E 3).

Five patients had unconditioned stem cell trangplanof them had an active respiratory
infection at time of transplant. Unfortunately, Ptbe patients died; P14 and P31 (table E1
online repository). The remaining 3 patients (AD&IB, T-B+ SCID and a commonchain
SCIDare alive and well with stable high- level donocdll engraftment at last follow-up.

Outcome of mismatched transplantation within specific non-SCI D diseases:

CGD

17 patients with chronic granulomatous disease (LCGe&ceived 19 transplants:15
unmanipulated BM/PBSC grafts, 1 CB graft, 1 CD3%€¢ll add-back and, 2 TC&3/CD19
depleted grafts. Eight (50%) received RIC Bu/Fliaitoning, 1 had MAC Bu based
conditioning while the remainder received a Treedshconditioning. Overall survival was
94.7% with a median time to neutrophil recovery ¥ days and high- level donor
engraftment above 85% amongst all survivors at @dianefollow-up of 31.7 months.

MHC class ||
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Ten patients received 10 HSCT transplant for MH@ssl II; 4 Treo/Flu/Alem 9/10
unmanipulated grafts, 4 Treo/Flu CB grafts with seyotherapy and 2 Treo/FIu/TT/ATG
conditioned TCRyp3/CD19 depleted grafts. All were alive at a medialiofv-up of 16.28 (6-
64.8m).9 /10 patients achieved CD4 counts abovecB0§/ul at a median of 4m post-HSCT
(range: 3-12m).

Wiskott Aldrich syndrome (WAS)

Ten patients received 10 mismatched transplantsXiof (n=1) and WAS (n=9); 3
Treo/Flu/Alem unmanipulated grafts, 3 Treo/Flu Cfts with no serotherapy and 4 TCR
apf/CD19 depleted grafts conditioned with Treo/FIUfAITG conditioning (n=3) or Bu
(MAC)/FIU/TT/rATG. All patients were alive at a miad follow-up of 52.3m post-HSCT
with platelet counts above 100 X0 and a median time to CD4 recovery of 6m. 9/10ewve
off immunoglobulin replacement at last follow-up.

Primary Haemophagocytic L ymphohistiocytosis (HL H)

Twenty-two cases received 23 transplants; Qunméatgul grafts, 7CB, 4 CD34+ /Tcell add-
back and 3 TCRB/CD19 depleted grafts. Overall survival was 69.9% enedian follow up
of 33 m (range: 0.23-120.3m); being lowest amorggsavith non-genetically defined HLH
(57%; 4/7) versus 83.3% (5/6) with Perforin mutagp80% (4/5) with XLP, 75% (3/4) with
Munc 13-4 or Syntaxin mutations (p=0.43). 15 pdtesurvived transplant with disease
amelioration at 56m post-transplant (6-120.36m).

Discussion:

This study directly compared the outcome of misimedcHSCT in PID using different graft

sources and different types of graft manipulatiime data clearly showed an improvement in
outcomes among both SCID and non-SCID PID patierits received mismatched grafts
during this recent period, with a drop in TRM frei®-50% (4,5) to 22% in the current study.
While it can be argued that more than half of theftg were 9/10 HLA matched (59%) and
this might have influenced the outcome, it is cligam the current data that single antigen
mismatches (9/10) was not associated with a bstierival in comparison to 5/10-8/10

mismatches (73%.9% vs 84.1%, respectively); p=0.131

Comparable rates of survival were recorded amoffgrent graft manipulation strategies.,
however there were differing advantages and dis#dgas between the different
approaches. In SCID, the use of rapidly availahiaftgsources namely TCRB/CD19
depleted haploidentical grafts or CB grafts waoeissed with an overall survival of 73%
which is better than previous reports (from Europe) still suboptimal in comparison to
matched sibling donor transplantation. Howeveis important to highlight that the median
age of transplant of these patients, was aroundr@hs, with some patients being diagnosed
relatively late in the absence of neonatal scregngome waiting for unrelated matched
donor search results and 24/30 (80%) patients maddy acquired significant pre-transplant
infections. All these factors have negatively iefhiged the success rate. The Primary Immune
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Deficiency Treatment Consortium (PIDTC) recenthblished data on a prospective study
including 100 SCID patients where the 2-year OS 9G%. Most patients in this study were
in US centres and many diagnosed by neonatal sngeéivhile this study clearly illustrated
that the type of donor did not influence survivBRM was increased in those patients with
infection at the time of transplant: OS was 95%thwse infection-free at HSCT vs. 81% for
those with active infectionpg0.009) (23). Both studies therefore advocate moicg to
HSCT prior to the development of infection. Prajed waits for the outcome of unrelated
donor searches may be counterproductive partigulai$CID patients.

T-B-SCID constituted 70% of our studied SCID cohand was associated with a dismal
outcome versus T-B+SCID with survival rates of 6688683%; respectively. Our results are
equivalent to previous report from Gennery et &1® who reported a reduced 10-year
overall survival of 50% among T-B-_SCID versus 7@4rvival among T-B+ SCID.

Consequently, our results clearly demonstrated ongat overall survival with the use of
mismatched grafts amongst SCID patients, includmoge challenging SCID subtypes, using
new modalities of graft manipulation: TGRCD19 depletion and CB with no serotherapy.

The use of TCRyp/CD19 depletion was associated with low rates okse (grade II-1V)
aGvHD (11.5%) and absence of cGvHD. One drawbackGR ap/CD19 depleted HSCT
was the increased incidence of post-transplantemra reaching 70% versus 37%-49%
among other graft manipulationgdT cells and NK cells in TCRif/CD19 grafts were
thought to provide some protection against viractivation, however, it seems that the
degree of TCRi3 depletion that abrogated the incidence of aGvH® @&vHD might have
limited the capacity of the graft in managing eaplyst-transplant viral infection. Further
strategies are therefore required to promote imnranevery after TCRi/CD19 depleted
grafts. In this respect, Algeri et al, recentlyogdpd data on 46 patients with PID given TCR
af/CD19 depleted grafts followed by the adoptive $fan of genetically modified donor T-
cells transduced with inducible caspase 9 suiceteedicas9). Two-year overall survival was
95% with improved T cell recovery; the mean numbeCD3+ cells at 1, 3, 6, 12 and 24
months after HSCT was 377, 690, 1563, 3096 and /BBOM@ith few patients having
significant problems with post-transplant viraer{#4).

Another recognised complication of mismatched graftas TMA. This was recorded
amongst 7 cases in our study, all of whom recei€® ofy/CD19 depleted grafts (7/30 =
24%). Though this incidence is equivalent to tteggorted in the literature among matched
related and unrelated grafts 20-30% (25), it ieredting to understand why TMA was not
seen among the other graft manipulation strate@® possible explanation is that TMA
might have been missed or misdiagnosed as aGvHBcedly in transplants performed
before 2014 when Jodele et al (26) published thestiadiagnostic criteria for post-HSCT
TMA. In a larger cohort of 57 TCRB/CD19 depleted grafts (including patients who reeéi
adoptive transfer of genetically modified T cellghwicas9) performed in patients at both
centres for PID (n=48) or malignant disease (n49),% of patients developed TMA. In
multivariate analysis, the only 2 risk factors tbe development of TMA were the presence
of aGvHD grade II-IV (OR: 10.4; p=0.01) and actiecemorbid condition at time of
transplant (OR: 6.5; p=0.06) (personal communicatioLooking at the 7 cases that
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developed TMA in this paper, 4 had active comodaddition at transplant, 3 had developed
TMA after a second conditioned graft and all exgeced aGvHD. All these factors might
have contributed to endothelial stress and theldpreent of TMA in our studied cohort.

Another readily accessible stem cell source is @Bfthe expanding number of CB banks
worldwide. The London group have previously repdbr@couraging results in children who
underwent mismatched CB transplant without seraghefor malignant and non-malignant
diseases with a TRM of 3.5% and early T cell recpweith a median time to achieve
CD4+T cells> 300 of 30 days due to the peripheral expansiadoptively transferred naive
T cells (6). The same results were extrapolatedngmo 6 patients with MHC class |l
deficiency who received a cord graft without seeo#ipy where all patients were alive at a
median follow-up of 25 months post-HSCT. Thoughs thpproach secured high rates of
donor engraftment and rapid immune reconstitutibere was an increased risk of significant
acute and chronic GvHD (16). In the whole cohorC& transplants, 72% received a T cell
replete graft and despite the low incidence oflvinfections associated with early CD4
recovery, there was a high incidence of aGvHD git&atié and visceral (gut) aGvHD: 56.7%
and 29.7% respectively. These patients requiredopged immunosuppressive therapy
beyond 1-year post-HSCT until their GvHD resolvediestigators are now looking at the
use of targeted ATG based on patient weight anghguyte count to alleviate the risk of
GVvHD while preserving prompt immune reconstituti@T). The Newcastle group has also
published promising data using low dose Alem 08+fg/Kg with matched and mismatched
cord transplants. Interestingly, low dose Alem\akd rapid T cell reconstitution as early as
4 months post-transplant with comparable ratesGofHD and cGvHD between recipients of
low versus high dose Alem (21).

One of the main problems with mismatched grafts legh rate of graft rejection. Here, we
observed a significantly low rate of graft rejeatiof 6.5%. Though, there was no difference
in engraftment among the different graft manipwolasi, both TCR3/CD19 depleted and CB
grafts showed superiority over other graft manipake in achieving full donor chimerism:
80% of the patients versus 40% among unmanipulBMPBSC grafts and CD34+/T cell
add-back grafts. While omission of serotherapy rabably allowed high levels of donor
engraftment among CB gratfts, it is not clear whyRT&€3/CD19 depleted grafts showed the
same finding. One possible explanation might beube of a myeloablative conditioning
among recipients of this type of graft while RICnddioning was given to most of the
recipients of unmanipulated BM/PBSC or CD34+ sébexT cell add-back grafts. Another
possibility might be related to the constituentsha graft with the infusion of mega dose of
CD34+ cells accompanied hyT-cells, dendritic cells and NK cells acting as rfignent
facilitators (12).

There was a centre preference in the selectioneobést mismatched graft. The London team
preferred to use mismatched cords with no sergplyesdnile the Newcastle team preferred to
use a TCRpB/CD19 parental haploidentical transplant in theealss of a 9/10 or 10/10 HLA
matched donor. Currently, the Newcastle team usRapCD19 depletion for any 9/10
matches instead of using an unmanipulated boneomanr peripheral blood stem cell graft.
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In conclusion, this study presented a detailedyaisabf the outcomes of HLA-mismatched
HSCT in 147 PID patients at 2 supra-regional UKduaeic centres. Importantly, these are
the patients that have frequently been most chgihgnto manage, and some developing
comorbidities while waiting for HSCT with some ces# electing to delay transplantation or
pursue gene therapy, if available. OS of the dolwas 79%, which is markedly better than
the survival in some of the large historical cobotimpressively, there was only a 6.7%
incidence of graft failure. Disappointingly, a higercentage of viral reactivation (70% with
TCR ap/CD19 depletion) and grade II-IV aGvHD (56.7% witbB HSCT without
serotherapy) was observed. Stable full donor ehgeaft was >80% in TC&/CD19
depletion and CB compared to only 40-60% in othesugs, probably reflecting the
differential conditioning regimens.

This study described in detail the pattern of immweconstitution after mismatched grafts
where immune reconstitution was most rapid after foBowed by TCRaf/CD19 depletion,
while reconstitution for CD34+ selection/T cell addck and unmanipulated grafts was
slower.

Finally, one of the important findings in this aysk is the excellent outcome of mismatched
grafts among specific diseases, in particular MH&s< Il deficiency, CGD and WAS.
Although the numbers are relatively small, thesécames are equivalent to that from
matched donor sources and this offers significamehof cure in these patients who do not
have matched donors available. Unfortunately, autean HLH remains poor and requires
further improvement.

Based on our results, we would recommend 1) theotisemismatched grafts without delay
in patients with PID lacking a matched donor or wren urgent HSCT is indicated, 2)
consider using a targeted ATG dose or low dose AMth mismatched CB grafts, and 3)
investigating the possibility of increasing the TéPRdose given in TC&3/CD19 depleted
parental grafts or the adoptive transfer of geaéitianodified T cells with a suicide gene to
allow earlier immune recovery with better contrdi oviral reactivation and without
increasing the risks of aGvHD or cGvHD.
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Table 1: Diagnoses (n=155)

DIAGNOSIS NUMBER
SCID 38
T-B+SCID Total:12
IL7R defect 3
Jak3 1
Commord chain 4
LAT SCID 1
Non-genetically identified 3
T-B-SCID Total:26
ADA 4
PNP 1
RAG 1 7
RAG2 2
Combined RAG1 and RAG2 2
Artemis 3
DNA ligase IV 1
Non-genetically identified 6
CGD 19
AR CGD 3
XL CGD 6
Not mentioned 10
DOCKS8 5
CD40L 4
NEMO 2
CHH 5
Cernunnos 1
ICF 1




PI3Kinase 1
DNA repair defect 1
Other CID 10
MHC CLASS i 10
WAS 10
HLH 23
Perforin HLH 6
XLP 4
XIAP 1
Munc 13-4 3
Syntaxin 1
Non-genetically identified 7
IPEX 3
Crohn’s like IBD 1
STAT3 GOF 1
LAD | 2
Severe Congenital neutropenia 5
CINCA like syndrome 1
Chediak Higashi 1
LAD Il 1
GATA2 mutation 1
IFKB GOF mutation 2

Abbreviations: SCID: severe combined immune deficiecy, IL7R: IL7 receptor defect, RAG:
recombinase activating gene, ADA: adenosine deamis®, PNP: purine nucleoside
phosphorylase CGD: chronic granulomatous disease,2I0L: CD40 Ligand, CHH: Cartilage
hair hypoplasia, ICF: immune deficiency centromerc instability facial dysmorhism syndrome,
CID: combined immune deficiency, WAS: Wiskott Aldrich syndrome, HLH: Haemophagocytic
lymphohistiocytosis, XLP: X-linked lymphoproliferative disease, XIAP: X-linked inhibitor of
apoptosis, IPEX: immune dysregulation polyendocrinpathy X-linked disease, GOF: gain of



function, LAD: leukocyte infusion defect, CINCA: chronic infantile neurological cutaneous
articular syndrome, IFKB: interferon kappa beta.



Table 2: Patients’ characteristics

Type of graft

TCR

afp/CD19 dep

CD34+selection/

Tcell addback

Unmanipulated

BM/PBSC graft

N=30 N=17 N=65
Diagnosis
SCID (n=38) 10/30 20/43 4/17 4/65
Non-SCID (n=117)  20/30 23/43 13/17 61/65
Age at HSCT 204 11.76 42.4 53.6
Median (range) (3.36-146) (1.13-93.5) (5.76-180.5) (5-202.7)
(m)
Time from 4 5.5 8 14
Diagnosis to HSCT (0.5-16) (1-48) (3-84) (2-156)
Median (range)
(m)
HLA typing
9/10 0/30 20/43 14/17 58/65
8/10 3/30 14/43 3/17 7165
5/10 to 7/10 27/30 9/43 0/17 0/65
Graft
BM 0/30 0/43 1/17 33/65
Cord 0/65
0/30 43/43 16/17
PBSC 32/65
30/30 0/43 0/17
Conditioning
MAC 25/30 10 /43 0/17 6/65
Given protocol Treo/Flu/TT(n=24) Treo/Flu/TT(n=2) NA Treo/FIu/TT (n=2)
Bu/Flu /TT(n=1) Treo/Cyc200(n=7) Treo/Cyc200 (n=2)
Bu(MAC)/Flu(n=1) Bu/Cyc (n=2)
RIC 1/30 31/43 16/17 58/65
Given protocol Treo/Flu Treo/Flu Treo/Flu (n=6) Treo/Flu (n=29)




Flu/Mel (n=10)

Bu/Flu (n=11)

Bu/Mel/Cyc (n=1)
Flu/Mel (n=16)

Flu/Cyc20mg/kg (n=1)

MIC 1/30 0/43 1/17 1/65

Given protocol Cyc/TBI NA Cyc1500mg/rIFlu Cyc/TBI
3Gy/Flu 150/antiCD45 1600ug/kg  3Gy/Flu
3/30 0/65

ucC 2/43 0/17

Serotherapy

(N, %) 27/30; 12/43; 17/17; 64/65;
90% 27.9% 100% 98.4%

Serotherapy used

rATG n=22 n=4 n=0 n=0

Alem n=5 n=8 n=17 n=64

(N)

GvHD prophylaxis

(N, %) 24/30 43/43 17/17 65/65
(80%) 100% 100% 100%

CSA only (N) 12/30 0/43 0/17 0/65

2 agents (N) 12/30 43/43 17/17 65/65

CD34 Cell dose

(X10%kg) 17.6 0.37 18.5 6

Median range (4-50.9) (0.1-1.53) (3.55-63.85) (0.75-50.19)

CD3 Cell dose

(X10%kg) 17 6.4 300 89

Median range (2-45) (0.68-100) (45-636) (1.22-2047)

Included HSCT (N) 16/308 41/43% 17/17 59/656




Abbreviations: MAC: myeloablative conditioning, RIC: reduced intensity conditioning, MIC:
minimal intensity conditioning, Treo: Treosulfan, Hu: Fludarabine, TT: Thiotepa, Cyc:
Cyclophosphamide, Cyc 200: Cyclophosphamide 200mggKTBI: total body irradiation, UC:
unconditioned, rATG: rabbit anti-thymocyte globulin, Alem: Alemtuzumab, m: months. N:
number, %: percentage, NA: not applicable.

6 data on CD3+ cell dose was only available for 16CRaf/CD19 grafts, 41 CB and 56
unmanipulated grafts.

For TCRap/CD19 depletion, TCRup dose was calculated in all grafts with a median &.9
x10%Kg (range: 0.08-5.2 x16Kg).




Table 3 : Analysis of independent factors affeatig overall survival among mismatched grafts

Univariate analysis Multivariate analysisQ

Outcome factors Absolute Absolute 2  year P-value Hazard ratio  P-value
number  number overall (95% CI)
of of deaths survival
patients

Diagnosis

SCID 38 11 71% 0.229

Non-SCID 117 23 80.3%

HLA

9/10 92 24 73.9% 0.131

5-8/10 63 10 84.1%

Stem cell source

BM 34 5 85.2% 0.489
PBSCs 78 18 76.9%
Cords 43 11 74.4%
Graft
manipulation
30 7 76.7% 0.579
TCRap/CD19 43 11 74.4%
dep 17 5 70.6%
Cord 65 11 83.1%
CD34+/T cell
add-back
Unmanipulated
grafts
Conditioning
MAC 41 9 78% 0.607
Others 109 23 78.8%
No conditioning 5 2 60%
Serotherapy
included
Yes 120 26 78.3% 0.881
No 35 8 77.1%
Type of
serotherapy used
rATG 26 6 76.9% 0.844
Alemtuzumab 94 20 78.7%
Use of GvHD
prophylaxis
Yes 149 31 79.1% 0.09 1.9 (0.4-10) 0.6
No 6 3 50% 1
Presence of pre-
transplant

viraemia




(D-10-D-1)

Yes 25 11 56% 0.004 2.24 (0.76-6.5) 0.14
No 130 23 82.3% 1
Post-transplant
viraemia
Yes 77 20 74% 0.25
No 78 14 82%
Post-transplant
respiratory
infection
Yes 28 10 64.2% 0.052 3(0.9-9.9) 0.065
No 127 24 81.8% 1
aGvHD
48 14.9(3.4-66.1)
88 1
Grade lI-IV 15 68.7% 0.001 <0.001
Grade 0-1 2 97.7%
TMA
Yes 7 4 42.8% 0.021 8.2 (2.3-29.5) 0.001
No 148 30 79.7% 1
cGvHD
Yes 18 2 88.8% 0.231
No 95 4 95.7%
Post-transplant
autoimmunity
Yes 19 0 100% 0.139
No 105 11 89.5%
Donor
chimerism
97 22 77.3% 0.106
Full donor 43 6 86%
(=90%)
Mixed donor

Abbreviations: SCID: severe combined immune deficiecy, BM: bone marrow, PBSCs:
peripheral blood stem cells, rATG: rabbit anti-thymocyte globulin, TMA: thrombotic
microangiopathy, aGvHD: acute GvHD, cGvHD: chronicGvHD, CI: confidence interval.

Q Variables reaching a P value < .10 in univariat@ysis for overall survival estimations were
included in Cox proportional hazard regression rgdsing a backward stepwise selection
(multivariate analysis)
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Table 4: Patients who required a second transplantr an unconditioned stem cell boost
(n=10):.

Diagnosis £ graft Time  Cause 29 graft Outcome/Last-
to follow-up or time
Graft to death (m)
loss
Bu(RIC)/Flu/ Primary graft loss Treo/Flu/
Alem Alem1mg/kg 100% engrafted
0.5mg/kg
Off Ig
9/10 1A 9/101A
UM BM UM PBSCs 89.9m

IFK GOF mutation  Treo/Flu/ 8m Mixed engraftment Treo/Flu/TT/
Alem rATG
1mg/Kg Donor 15mg/Kg 100%
T=38%, M=0%
9/10 1A UM BM 5/10 6m
TCRoff /CD19
dep

Treo/Flu 7years  Progressive loss ofFlu/Mel/ AW
rATG 10mg/Kg donor engraftment Alem 1mg/Kg
(3% WB) On lg  (post-

7/101A,1C,1DQ 8/101C, 1DQ  Rituximab for AIN
Cord at 24m)

CD34+/T cell

addback 72% WB

PBSCs (84%CD3, 66%

CD15).




7/10 2A, 1B Paternal haplo- Off Ig
Cord TCR of/CD19
dep PBSCs 12m

XLP Bu (MAC)/Cyc 6m Primary graft loss Flu/Mel/ AW
Alem1mg/Kg 100% WB
Combined mMUD+MSD

(brother who had the 9/10 1C Off Ig
same donor before) 1C UM PBSCs
BM. (same donor)  63m
CGD Bu (RIC)/Flu/ 2m 100% engraftmeni Cyc/TBI Deceased
Alem 0.6mg/Kg followed by 3Gy/Flu/ 100% WB
(P22) ¥ immune mediatec Alem 1mg/kg
1A BM rejection; Idiopathic
Donor WB :0% at 9/10 pneumonia
D+25 UM BM syndrome
3m
ELANE Congenital Treo/FIu/TT/rATG Im Primary graft loss TBI 3Gy/Flu/ AW
neutropenia/MDS with recorded HLA TT/ 100%
5/10 antibodies rATG 6mg/Kg
TCR o /CD19 dep Off Ig
PBSCs 8/10 1DRBL1,
1DQB1
TCR ap/CD19 36 m
dep PBSCs

Abbreviation: Ig: immunoglobulin, A/W: alive and well, XLP: X linked lymphoproliferative
disease, CGD: chronic granulomatous disease, CHHaudilage hair hypoplasia, LAD: leukocyte
adhesion defect, CID: combined immune deficiency MAC: myeloablative conditioning, RIC:
reduced intensity conditioning, Bu: Busulphan, Treo Treosulfan, TT: Thiotepa, Flu:
Fludarabine, TBI: Total body irradiation, rATG: rab bit anti-thymocyte globulin,Mel:
Melphalan,Alem: Alemtuzumab, Cyc: Cyclophosphamide, mMUD: mismatched unrelated
donor, MSD: matched sibling donor, WB: whole blood,T: T cell, M: myeloid, unmanipulated:
unmanipulated, BM: bone marrow, PBSCs: peripheral tood stem cells, m: months,
IPEX:immune dysregulation polyendrinopathy enteropahy X-linked disease, MDS:
myelodysplasia, ICU: intensive care unit admissiagn

9/10 1C represents 1 mismatch being at the C locu&10 1A means 1 mismatch being at the A
locus, etc.

¥: For P2 and P22, please refer to table E1 onlirepository.
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Table 5: Engraftment and immune recovery post-tranplant across different graft
manipulations

Type of graft TCRap/ CB CD34+/ UM P value
CD19 dep T cell grafts
addback

Median days to

PLT recovery 8 29 11 14 P<0.001

Median

CD4 counts at 6 m 494 690 455 276 P<0.001

Median Time to

CD4 > 300 cells/ul 5 2.5 7 7 P=0.006

Abbreviations: NT: neutrophil, PLT: platelet , CB: cord blood, UM: unmanipulated grafts.

¥ Molecular assessment for donor engraftment waavailable for 15 grafts.



Figure 1: Overall survival among different graft manipulations:

1a) 8- year overall survival among all PID was 78.1%
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1c) 8-year overall survival among Non-SCID was 80.3%
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Figure 2: Effect of conditioning on overall survival among unmanipulated grafts
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Figure 3: Effect of post-transplant viraemia on TRM
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Figure 4: Effect of aGvHD on TRM
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Figure 5: T cell immune reconstitution across the different graft manipulations

5a) Robust CD3 recovery at 3 months post-transplant among Cord grafts
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5b) CD4 recovery at 3 months post-transplant among different graft manipulations
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5C) Naive CD4 counts at 6 months post-transplant among different graft manipulations
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Table E1: Cause of deaths among the different graft manipulations (n=34)

P Diagnosis Mor bidities Infection at Age at HLA Graft Conditioning/ Post-transplant Cause of
time of HSCT match manipulation serother apy complications death/Timing
transplant (m) Viral
D-10-DO Stem cell VOD/TMA

Year of sour ce GvHD
HSCT

P2 CID-Immune Cryptosporidium Unmanipulated  Fu/Mel/ CMV
osteodysplasia enteropathy. Alem(1mg/kg)
1C aGvHD 111
PCP pneumonitis 2008 PBSC (skin, gut)
Top-up a 8m
post-HSCT 12.1m

P4 CHH CID Chronic lung Disseminated  43.2m Unmanipulated  Flu/Cyc Adeno/CMV Capillary

disease. CMV/EBV 200mg/kg syndrome
2009 1A BM




P8

P19

DNA repair defect

ACCEPTED MANUSCRIPT

Wide spread None
bronchiectasis

Congenital
myopathy.

FTT.

HSV duedenitis/
pancolitis/
mucosal prolapse
refractory to
steroids/CSA/ma
bs).

Multiple bacterial
and fungal blood
infection.

2013

2010

9/10

1DQ

9/10

1A

Unmanipulated

BM

Unmanipulated

PBSC

Treo/Fu/
Alem(1mg/kg)

Treo/Flu/
Alem(1mg/kg)

HHV 6/adeno EBV PTLD
viraemia with respiratory
failure
EBV PTLD
4.7m
Gradelll
(skin)

CMV  vireemia, MOF due to
and retinitis EBV PTLD.
Adenovira

conjunctivitis

EBV PTLD

Extensive cGvHD;
skin/gut
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Piperacillin/
Tazobactam
anaphylaxis

11m

CINCA-like

Chronic lung None 9/10 Unmanipulated  Fu/Mel/ EBV PTLD Chronic  lung

disease Alem(1mg/kg) disease/Rendl
PBSC aGvHD IV failure/

Several PICU for 2007 1A (skin/liver/gut) pseudomonas

respiratory septicaemia

support.

Hypertension

FTT and GORD.

Recurrent

aspiration

pneumonia.

Globa 12m

development

delay.
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T low B-NK- SCID Disseminated Disseminated  2.9m 9/10 Treo/Flu Adeno Bacterial
adenoviraemia adenoviraemia infection
2010 1A aGvHD I secondary  to
(skin) prolonged
immune
suppression due
to gut
dysregulation

60.3m

Unidentified HLH CNSHLH None 7/10 Treo/Flu/ None Unidentified
Alem (1Img/kg) respiratory
2010 1DRB1 failure
1DQB1
1B 2m
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P12  Unidentified HLH CNSHLH Paraflu 3 NPA 219 9/10 Cord Treo/Flu/ Paraflu 3 Respiratory
(no Alem(1mg/kg) pneumonitis failure due to
pneumonitis) 2010 1B paraflu3
pneumonitis.
D+7

Common gammachain  PCP, Influenza B None . aGvHD Il1 Meningitis
SCID pneumonitis. (skin/gut) (PM brain
Rota enteropathy. GVH biopsy: T cdl
2011 1A (506, infiltration-no
FTT. 9/10); viral particles)
Encephalitis (no
known Hle
pathogens). 1DbBl
(5/6,

8/10) 0.33m
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P16  Unidentified Primary HLH. Paraflu 3NPA  19.46 9/10 Cord Treo/Flu Paraflu 3  Paraflu 3
HLH (no pneumonitis pneumonitis.
Paraflu 3 pneumonitis) 2010 1A
pneumonitis.
Pneumatosis
Intestinalis.
RAG 1-Omenn Omenn CMV viraemia 16.5 9/10 Treo/Flu CMV reactivation. Paraflu 3/CMV
syndrome. (low Paraflu  3/CMV  pneumonitis.
copies)/NPA 2012 1A pneumonitis
Rhino/Paraflu 3
NPA no Engraftment
pneumonitis. syndrome.
CMV viraemia. aGvHD I
(skin)




ACCEPTED MANUSCRIPT

P24  DOCKS8-CID Bronchiectasis. CMV/Rubella  180.56 9/10 CD34+/T  cel FHu/Mel/ Rubella  /CMV  RubelladfCMV
encephalitis add back Alem (Img/kg)  encephalitis. encephalitis
Sort stature 2014
(GH deficiency). 1A aGvHD 1I-I11
(gut)
Cryptosporidium
sclerosing
cholangitis.

Aortic dilatation.

CMYV viraemia

P26 RAG1/RAG2 SCID Adenoviraemia . CD34+/T cel Flu/Mel/ Adeno Adeno LCF
add back Alem (1mg/kg)  reactivation. with
2015 intracranial

HSV stomatitis. haemorrhage.

RSV pneumonitis.

Multi-drug CMYV viraemia Haplo- TCR of/CD19 Treo/HUTT Prolonged

resistant HSCT IS/Aspergillosis
CMV .Renal 2013 P) CMV viraemia
Tubulopathy

aGvHD I

(skin)
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9.36m

HLH Respiratory CMV viraemia 3.96 Haplo- TCR of/CD19 Treo/FlW/TT/ CMV viraemia
MUNC13-4; distress HSCT rATG 15mg/Kg
€817c>tpR273x) 2014 P
RR at DO ranges
between  60-90 0.36m
breaths/min

P32 DNA LigaselV SCID  Mild pneumonitis None Haplo- TCRop/CD19  Treo/FIWTT/ Adenoviraemia. Adenoviraemia
(oxygen therapy HSCT rATG 15mg/Kg with MOF
at DO) 2017 P aGvHD I

(skin)




infection.

aGvHD |
Food allergy. 3.3m
TMA
P34  XLP CNSHLH. None 18m mMUD  TCRaf/CD19  Treo/FIW/TT/ aGvHD I1-11 MOF
1A, rATG 15mg/Kg  (gut) XLP
Previous paraflu2 2017 1DQ (HLH/TMA/
pneumonitis. GvHD)
TMA
Persistent  lung
nodules at DO 8m

Abbreviations:, FH: family history, HLH: Haemophagocytic lymphohistiocytosis, CNS: cerebral nervous system, NPA: nasopharyngeal
aspirate, Alem: Alemtuzumab, rATG: rabbit anti-thymocyte globulin, Treo: Treosulfan, Flu: Fludarabine, TT: Thiotepa, Md:
Melphalan, Cyc: cyclophosphamide, SCID: severe combined immune deficiency, RAG: recombinase activating gene , PCP:
Pneumocystis pneumonia, PM: post-mortem, HvG: host versus graft, GvH: graft versus host, MV: mechanical ventilation, P++:
pulmonary hypertension, AIHA: auto-immune haemolytic anaemia, Al I TP: auto immune idiopathic thrombocytopenic purpura, mabs:
monoclonal antibodies, AIN: autoimmune neutropenia, GH: growth hormone, LFT: liver cell failure, Adeno: adenovirus, EBV: Ebstein
Barr virus, CMV: cytomegalovirus, HSV: herpes simplex virus, CID:combined immune deficiency, ADA: adenosine deaminase, Rag:
recombinase activation gene, MOF: multisystem organ failure, | S: immune suppressed, haplo: haploidentical, P: paternal, m: maternal,
TMA: Thrombotic microangiopathy, HFO: high frequency oscillation, GvHD: graft versus host disease, VOD: veno-occlusive disease,
PTLD: post-transplant lymphoproliferative disease, m: months.

TableE2: Characteristicsof patientswho developed TMA (n=7)

Diagnosis Ethnicity Conditioning/timing of TMA GvHD prophylaxis Viral reactivation Outcome/last follow-up or time to
death (m)

Artemis SCID Caucasian Treo/Flu/TT/Alem CSA/MMF Gradell skin Adeno A/W

2" Transplant for

aGvHD Im 39.6m

CID Portuguese Treo/FIU/TT CSA/MMF Gradell skin  CMV Deceased Aspergillus sepsis due to
prolonged IS

(P28) ¥ 2.9m




9.36m

IPEX Middle East Treo/FIWTT/FATG None Grade| skin Late onset EBV A/W
2" transplant for
graft loss 9m 12m
Congenital Caucasian TBI 3Gy/Flu/TT/ CSA/MMF Gradell skin  CMV A/W
neutropenia rATG
36m
2" transplant for
graft loss
13m
DNA Ligase |V Caucasian Treo/FIWTT/FATG None Gradell skin  Adeno Deceased
Defect Adeno/M SOF
0.96m
(P32) ¥ 3m
DOCK38 Middle East Treo/FIWTT/FATG None Gradell skin  Adeno Deceased
Sepsis’M SOF
(P33) 0.93m
3.3m
XLP Middle East Treo/FIWTT/FATG CSA Grade I1I;  None Deceased M SOF
skin/gut (HLH/GvVHDI/TMA)
(P34) ¥ 5m
8m

Abbreviations: A/W: alive and well, XL P: X-linked lymphoproliferative disease. Treo: Treosulfan, Flu: Fludarabine, TT: Thiotepa, TBI: Total body
irradiation, CSA: Cyclosporine A, MMF: Mycophenolate mofetil, MSOF: multi-system organ failure, GvHD: graft versus host disease, TMA:
thrombotic microangiopathy 1S: immunosuppressive therapy, m: months. ¥: For P28, P32, P34, pleaserefer to table E1 online repository

Table E3: Analysisof independent factors affecting overall survival among the SCID cohort

Univariate analysis Multivariate analysisQ
Outcome factors Absolute Absolute 3-year overall survival P-value Hazard ratio (95% Cl) P-value
number of number of
patients deaths

Type of SCID
B+ 12 2 83% 0.25
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B- 26 9 65%

Age at HSCT

<6m 13 3 76.9% 0.774
6-12 11 4 63.6%

>12m 14 4 71.4%

Pre-transplant
respiratory infection D-

10-D-1
Yes 5 3 40% 0.1
No 33 8 75.7%
HLA

0.113
9/10 20 8 60%
5-8/10 18 3 83.3%

Graft manipulation
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TCRaB/CD19 dep 10 3 70%

Cord 20 5 75% 0.116
CD34+/T cell add-back 4 3 25%

Unmanipulated grafts 0 100%

Serotherapy included

66.6%
76.4%
Use of GvHD prophylaxis
Yes 0.12

1 72.9%
0%

Post-transplant
respiratory infection

Yes 8 4 50% 0.139



No 30 7 76.6%

aGvHD € 20.3 (3.7-110.9)
1

Grade lI-IV

Grade O-1 13 5 61.5% 0.003 0.001
19 0 100%

TMA

Yes 2 1 50% 0.5

No 36 10 72.2%

cGvHD ¥

Yes 5 1 80% 0.23

No 22 1 95.4%

Post-transplant
autoimmunity©

0.54
Yes 3 0 100%
No 27 3 88.8%
Donor chimerism
Full donor (290%) 27 8 77.7% 0.1

Mixed donor 9 1 88.8%
Abbreviations: SCID: severe combined immune deficiency, BM: bone marrow, PBSCs: peripheral blood stem cells, rATG: rabbit anti-thymocyte globulin,

TMA: thrombotic microangiopathy, aGvHD: acute GvHD, cGvHD: chronic GvHD, Cl: confidence interval.

Q Variables reaching P < .10 in univariate analysis for overall survival estimations were included in Cox proportional hazard regression models using a
backward stepwise selection (multivariate analysis).

6: means occurrence of at least one episode of severe infection pre-HSCT.

€: Data on aGvHD were available for 32 transplants.



¥: Data on cGvHD were available for 27 transplants.

©: Data on post-transplant autoimmunity were available for 30 transplants.



Selection of conditioning protocol

The transplant experience in this cohort extends over 11 years. After reports of mixed
chimerism especially with Flu/Mel conditioning, and since 2008, both UK centres
moved from using Flu/Mel or Flu/Cyc to the use of Treo/Flu which is considered a
reduced toxicity but a more myeloablative conditioning than Flu/Mel and thus can
allow high level donor engraftment. Since 2014, Thiotepa was added to Treo/Flu for
the conditioning of PID patients who receive a TCR afy/CD19 MMUD/haploidentical
transplant has been described by Bertaina et al; Blood. 2014 Jul 31; 124(5):822-6) and
again to support better engraftment.

There was a discrepancy in the conditioning protocol used for CGD cases where
London centre mainly used targeted Bu (AUC=45-65 mg*hr/L))/Flu as been
described by Giingor T et al; Lancet. 2014 Feb 1; 383(9915):436-48) while the
Newcastle team preferred to use Treo/Flu conditioning as they have previously
published by Morillo-Gutierrez; Blood. 2016 Jul 21; 128(3):440-8. Currently, both
centres are looking retrospectively on the differences between both conditioning
protocols on the final outcome in patients with CGD. Preliminary results showed a
high incidence of post-transplant autoimmunity post- targeted Bu/Flu conditioning in
contrast to Treo/Flu. Final results should be available soon.

Selection of graft manipulation strategies:

In both centres, BM was the preferred stem cell source for an unmanipulated 9/10 or
8/10 HLA matched grafts. However, if the donor preferred to donate PBSCs then a
graft manipulation was sought. Due to the promising results of TCRaf/CD19
depletion in terms of engraftment and low risk of GVHD, both centres moved from the
usage of a CD34+/T cell add-back to a TCRap/CD19 depletion with any < 8/10 HLA
matched graft and currently Newcastle are using a TCRaf/CD19 depletion even for
9/10 matched donors.

In addition, there was a centre preference in selection of a mismatched graft where
London team preferred to use more mismatched cords with no serotherapy while
Newcastle team preferred to use a TCRaf3/CD19 paternal haploidentical transplant in
the absence of a 9/10 or 10/10 HLA matched donor. Nowadays, Newcastle team even
uses TCRap/CD19 depletion with any 9/10 instead of using an unmanipulated bone
marrow with very promising results. Both approaches have been discussed in details
and both had comparable outcome.

CD34 positive selection followed by T cell add-back

The dose of T cell add-back that was given here was 2-3 log higher than what others
have used (1,2).



In haplo-HSCT, a CD3 dose of 5X10*4/Kg in combination with CD34 positive
selection was our rationale as been reported by Veys et al, 1998 (3). In patients who
had either 1 or 2 antigen HLA mismatched donor (8-9/10 HLA match), the London
group proposed the usage with a high T cell add-back of 1-3X10*8/kg with CD34+
selected PBSCs in combination with reduced intensity conditioning to improve
competition for the stem cell niche and thus boost high level donor engraftment with
limited toxicity. In our current study, 17 cases had a CD34+ selection with T cell add-
back 1-3X10*8/Kg. These patients were either 8/10 (3/17 patients) or 9/10 (14/17
patients) HLA matched. None had a haplo-HSCT. Though toxicity was limited post-
RIC conditioning, however high rates of aGvHD (40%) and cGvHD (38%)
complicated the use of this high dose of T cell add-back.
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