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Summary

Graft-versus-host disease (GVHD) is a major cause of transplant-related

mortality (TRM) after allogeneic haematopoietic stem cell transplantation

(HSCT) and presents a challenge in haploidentical HSCT. GVHD may be

prevented by ex vivo graft T-cell depletion or in vivo depletion of proliferat-

ing lymphocytes. However, both approaches pose significant risks, particu-

larly infections and relapse, compromising survival. A photodepletion

strategy to eliminate alloreactive T cells from mismatched donor lympho-

cyte infusions (enabling administration without immunosuppression), was

used to develop ATIR101, an adjunctive therapy for use after haploidentical

HSCT. In this phase I dose-finding study, 19 adults (median age: 54 years)

with high-risk haematological malignancies were treated with T-cell-

depleted human leucocyte antigen-haploidentical myeloablative HSCT fol-

lowed by ATIR101 at doses of 1 9 104–5 9 106 CD3+ cells/kg (median

31 days post-transplant). No patient received post-transplant immunosup-

pression or developed grade III/IV acute GVHD, demonstrating the feasi-

bility of ATIR101 infusion for evaluation in two subsequent phase 2

studies. Additionally, we report long-term follow -up of patients treated

with ATIR101 in this study. At 1 year, all 9 patients receiving doses of 0�3–
2 9 106 CD3+ cells/kg ATIR101 remained free of serious infections and

after more than 8 years, TRM was 0%, relapse-related mortality was 33%

and overall survival was 67% in these patients.

Keywords: haematopoietic stem cell, stem cell transplantation, graft-versus-

host-disease, cell therapy and immunotherapy.

Haematopoietic stem cell transplantation (HSCT) using a

haploidentical family donor offers the potential for cure to

the approximate 20–55% of patients requiring transplant

who do not have a suitable human leucocyte antigen (HLA)-

matched related or unrelated donor (Barker et al, 2010;

Petersdorf, 2010; Ballen et al, 2012; Pidala et al, 2013;
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Ruggeri et al, 2015; Sureda et al, 2015). Although the feasi-

bility of haploidentical stem cell transplantation has been

questioned over the decades due to lethal graft-versus-host

disease (GVHD), developments have led to a rapid

increase in the use of haploidentical HSCT in recent years,

challenging even matched unrelated donor as standard of

care (Sureda et al, 2015; Passweg et al, 2018). Today’s hap-

loidentical transplants usually involve different ex vivo or

in vivo T-cell depletion strategies to avoid severe acute

GVHD (Locatelli et al, 2017; Zeiser & Blazar, 2017; Al

Malki et al, 2018), a major complication of T-replete allo-

geneic HSCT (Sureda et al, 2015). Importantly, early trials

of ex vivo T-cell depletion could achieve complete engraft-

ment without causing GVHD (Aversa et al, 1998; Martelli

& Aversa, 2016). However, the reduction of T cells results

in delayed immune reconstitution and may lead to lethal

opportunistic infections and disease relapse in a high num-

ber of patients (Aversa et al, 1998; Di Stasi et al, 2011).

Therefore, ex vivo strategies, such as selective graft deple-

tion of alpha-beta-T cells or insertion of suicide genes to

donor lymphocytes, have been developed to facilitate the

transfer of haploidentical lymphocytes while diminishing

the challenges of life-threatening infections, GVHD, and

relapse (Al Malki et al, 2018). In vivo T-cell depletion

using cyclophosphamide is an extremely simple and effec-

tive approach to facilitating haploidentical transplantation,

but it is also associated with the occurrence of graft fail-

ures and higher relapse rates after reduced-intensity condi-

tioning (Luznik et al, 2008; Brunstein et al, 2011; Ciurea

et al, 2015; Byrne & Savani, 2016; Bashey et al, 2017;

McCurdy et al, 2018). In addition, the long-term patient

outcomes following many of these strategies are currently

unknown (Byrne & Savani, 2016).

Donor T cells are a prerequisite of long-lasting immunity

to fight infections and relapse (Deol & Lum, 2010). Attempts

at prophylactic administration of untreated donor lympho-

cyte infusions at doses of 3 9 104 CD3+ cells/kg or greater

after T-cell-depleted haploidentical HSCT in the absence of

relapsing cells almost always resulted in GVHD (Lewalle

et al, 2003). Therefore, several groups have worked on devel-

oping selective donor lymphocyte depletion strategies to

remove host-reacting donor T cells (Garderet et al, 1999;

Andre-Schmutz et al, 2002; Guimond et al, 2002; Amrolia

et al, 2006; Mielke et al, 2007; Bleakley et al, 2015). We have

taken advantage of the biological alterations that occur in

donor cells upon exposure to patient cells, to selectively

eliminate patient-reactive T cells (Chen et al, 2002; Guimond

et al, 2002; Mielke et al, 2008). Indeed, T-cell activation is

associated with P-glycoprotein pump inhibition, which in

turn leads to intracellular accumulation of the rhodamine-

derived photosensitizer TH9402, a substrate of this pump.

Alloreactive T cells with GVHD-causing properties can then

be eliminated from the donor T-cell repertoire following

exposure to visible light, whereas resting T lymphocytes cap-

able of anti-infection and anti-tumour reactivity are

preserved (Chen et al, 2002; Guimond et al, 2002; Mielke

et al, 2008; Perruccio et al, 2008). This is a phase I clinical

study to determine the maximum tolerated dose (MTD) and

evaluate the safety of allodepleted T-cell immunotherapy

(ATIR101), administered without GVHD prophylaxis, in the

context of CD34+-selected haploidentical HSCT. Our data

informed two phase 2 studies evaluating ATIR101 as an

adjunctive infusion following T-cell-depleted haploidentical

HSCT (Roy et al, 2018a,b). A phase 3, randomized

trial has also been initiated, comparing haploidentical

HSCT + ATIR101 versus T-cell replete haploidentical

HSCT + post-transplant cyclophosphamide. Herein, we also

report the long-term follow-up (more than 8 years) of patients

enrolled in this phase 1 study to show potential of ATIR101 to

impact favourably on transplant-related mortality (TRM),

relapse and survival in the long-term.

Materials and methods

Patients and donors

Adults with high-risk haematological malignancies without

possibility of transplant from an HLA-matched sibling

donor, and lacking an 6/6 HLA-A, B and DRB1 matched

unrelated donor within 2–3 months, were enrolled into this

phase I, single-centre, dose-ranging, open-label study

(NCT00993486; see Appendix S1 for inclusion criteria). The

objective was to determine the MTD and safety of ATIR101

in patients undergoing haploidentical peripheral blood HSCT

with CD34+ cell selection. This study was conducted in

accordance with the ethical principles of the Declaration of

Helsinki and approved by the ethics committee of Hôpital

Maisonneuve-Rosemont. All patients and donors gave writ-

ten informed consent. Patients meeting eligibility criteria

were treated between January 2005 and August 2008 with an

8-year median follow-up of survivors.

Patient conditioning and transplant

Patients received myeloablative conditioning including total

body irradiation (TBI) at a dose of 12 Gy, in six fractions of

2 Gy given twice daily over 3 days (starting 10 days prior to

HSCT). The lungs were shielded to receive a maximum of

9 Gy. Thiotepa (5 mg/kg) was administered at 12-h intervals

on the day following TBI. Starting the next day (2 days after

TBI), rabbit antithymocyte globulin 2�5 mg/kg/day (Thy-

moglobulin; Genzyme, Mississauga, Ontario, Canada) was

infused over at least a 6-h period for 5 days. Patients

received methylprednisolone (1 mg/kg) intravenously twice

daily on the antithymocyte globulin-infusion days. Fludara-

bine was given at a dose of 40 mg/m2/day for 4 days starting

7 days prior to transplant. No immune suppressors were

used after transplant. All donor peripheral blood CD34+ cells

collected and isolated were infused on Day 0. Donor chimer-

ism in lymphoid and myeloid compartments was measured
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at regular intervals before and after ATIR101 infusion

(Appendix S1).

Manufacture of ATIR101 under good manufacturing
practice conditions

See Appendix S1 for details of ATIR101 manufacturing. Pho-

todepletion of host-activated T cells in ATIR101 was evalu-

ated immunophenotypically (CD25+ CD44+), and limiting

dilution assays were used to calculate the frequencies of anti-

host and anti-third party responding cytotoxic T-lymphocyte

precursors (CTLp), using previously described methods

(Appendix S1) (Guimond et al, 2002). Cells were cryopre-

served until infusion 28–42 days after HSCT.

Determination of MTD

Seven doses of ATIR101 were evaluated: 1 9 104 (L1);

5 9 104 (L2); 1�3 9 105 (L3); 3�2 9 105 (L4); 7�9 9 105

(L5); 2 9 106 (L6) and 5 9 106 (L7) T cells/kg. MTD was

defined a priori as the dose of T cells whereby dose-limiting

toxicity (DLT: grade III or IV acute GVHD within 30 days

of ATIR101) would occur in 33% of patients. If the first L1

patient did not experience a DLT, the following 3 patients

received the L2 dose; the study would be terminated if 2

patients at the L1 dose level were to experience a DLT

(Appendix S1). After L1, 18 patients were to be treated at

L2–L7 (in cohorts of 3) until MTD was determined. Acute

GVHD and chronic GVHD (National Institutes of Health

classification) were histologically graded as published

(Glucksberg et al, 1974; Filipovich et al, 2005).

Secondary variables

The secondary objective was to determine the safety of

ATIR101. All adverse events (AEs) were monitored from

HSCT until 30 days after ATIR101 infusion; serious adverse

events (SAEs) were monitored throughout the study. Prophy-

laxis and monitoring for infections is described in

Appendix S1.

Efficacy evaluations included immune reconstitution

and relapse rate and, in addition to the pre-planned anal-

ysis of overall survival (OS), TRM and relapse-related

mortality (RRM) have been exploratively analysed. TRM

was defined as death due to causes other than disease

relapse or progression. RRM was defined as death due to

disease relapse or disease progression. Patient mononu-

clear cell populations pre and post transplantation were

evaluated using flow cytometry (Appendix S1). See

Appendix S1 for a description of statistical analyses. Due

to the small numbers of patients in each dose group, sta-

tistical comparisons of clinical outcomes between doses

were not carried out.

Results

Patient characteristics

Nineteen adult patients (median age: 54 years; range: 20–62)
with high-risk haematological malignancies underwent hap-

loidentical HSCT followed by infusion of a single dose of

ATIR101 at a median of 31 days after transplant (range 28–
40; patient and disease characteristics are provided in

Table I). At each dose level except for L1 (which included 1

patient as planned), 3 patients were given ATIR101. All

patients except 1 at L7 received the planned ATIR101 dose.

The majority of patients had high-risk acute leukaemia or

myelodysplastic syndrome (MDS). Importantly, 14 patients

(74%) had active disease (including early relapse, partial

remission or refractory disease) at time of HSCT and 10

patients (53%) had a disease history with ≥1 relapse. All

donors were HLA-A, -B, and -DR mismatched at 2–3/6 loci,

except for 1 patient who received a single HLA-DR mis-

matched graft.

HSCT and engraftment

After their conditioning regimen, patients received a median

of 10�5 9 106 immunomagnetically isolated CD34+ cells/kg

(range: 5�9–15�2 9 106) on Day 0, with a median graft T-cell

content of 1�4 9 104 CD3+ cells/kg (range: 0�4–2�0 9 104).

Neutrophil (≥0�5 9 109/l) and platelet (≥20 9 109/l) engraft-

ment were achieved rapidly at a median of 10 (range: 8–21)
and 11 (range: 6–158) days, respectively. Complete (100%)

and sustained donor chimerism in both myeloid and lym-

phoid lineages occurred in all patients within 3 weeks of

transplantation, except for the L1 patient who showed 66%

donor chimerism at Week 3 and died 1 month after the

ATIR101 infusion due to multiple organ failure, secondary to

post-transplant lymphoproliferative disorder (Epstein–Barr
virus [EBV] infection present at time of transplant). No

patient experienced late graft rejection or failure.

Photodepletion of host-reactive cells preserves functional
T cells

The ATIR101 product was successfully generated for all

patients. Photodepletion of activated T cells and preservation

of resting T cells in the ATIR101 product were confirmed

immunophenotypically for all products (Fig 1A,B). Indeed,

activated CD4+ and CD8+ T cells (CD25+ CD44+) were drasti-

cally reduced, whereas the majority of resting CD4+ and CD8+

T cells were preserved. In addition, photodepletion decreased

donor CTLp directed against recipient cells by a mean of 1�14
log (93% elimination; Fig 1C). In contrast, anti-third party

CTLp were preserved, indicating that ATIR101 T cells

remained immunoreactive against other targets (P = 0�0008).
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Among CD4+ cells, photodepletion decreased the number

of terminally differentiated effector memory cells (TEMRA:phe-

notype; Fig 2D; P = 0�02), with a corresponding increase in

central memory (TCM) cells (Fig 2B; P = 0�009). In contrast,

in CD8+ cells, a similar decrease in TEMRA led to a relative

increase in na€ıve cells (Fig 2H,E, respectively; both P = 0�02).

Safety and GVHD

Treatment-emergent AEs in the first 30 days after ATIR101

infusion occurred in 17 patients, the most frequent being

constipation (n = 6), pancytopenia (n = 4), pyrexia (n = 4),

nausea (n = 3) and diarrhoea (n = 3). Besides GVHD, no

treatment-emergent AEs in this period were considered to be

ATIR101 related. Overall, SAEs occurred in 17 patients, the

most frequent being pyrexia (n = 10), multiple organ failure

(n = 6), pancytopenia, pneumonia and recurrent leukaemia

(all n = 4), and disease progression and sinusitis (both

n = 3). None of the SAEs were considered to be related to

the ATIR101 infusion.

Overall, 10 patients (53%) developed acute (grade I/II;

n = 5) or chronic (extensive; n = 5) GVHD during the

study. Five of the 10 patients with GVHD were in the 2

highest dose groups (L6 and L7), suggesting a higher proba-

bility of GVHD at higher ATIR101 doses. None of the cases

of GVHD were considered to be an SAE.

The patient at ATIR101 dose L1 had grade I acute GVHD

of the skin before ATIR101 infusion but no GVHD after

ATIR101 administration. Therefore only 4 patients (1 each in

L2 and L6; 2 in L7) developed acute GVHD post ATIR101

infusion; in these patients, this occurred late following treat-

ment (21%; all grade II; median 102 days post HSCT). The

clinical features and treatment of acute GVHD post ATIR101

are described in Table SI. Overall, 5 patients developed de

novo chronic GVHD (highest severity, score 3, for skin rash

in all 5 patients but without scleroderma) at a median of

Table I. Patient characteristics

Dose

level

Patient

number

Patient

sex

(age,

years)

Donor: sex,

age (years),

relationship

to patient Diagnosis

Disease

status

at HSCT

HLA

matches

(A, B, DR),

(n/6)

CD34+

cell dose,

9106

cells/kg

CD3+

cell dose,

9104

cells/kg

Days from

HSCT to

ATIR101

infusion

ATIR101

dose,

T cells/kg

L1 1 M (54) M, 50, brother CLL Refractory 4 8�27 1�09 32 1�0 9 104

L2 2 F (57) F, 31, daughter AML Relapse 2 3 12�80 1�60 31 5�0 9 104

L2 3 F (58) M, 27, son AML transformed

from MDS

CR1 4 12�40 2�00 33 5�0 9 104

L2 4 M (59) M, 33, son MDS (RA) Refractory 3 7�40 0�97 28 5�0 9 104

L3 5 M (40) F, 34, sister NHL relapsed

post transplant

CR3 5 5�93 1�12 34 1�3 9 105

L3 6 M (58) M, 32, son AML transformed

from MDS

PR 3 13�70 0�65 28/312† 1�3 9 105

L3 7 F (52) F, 28, daughter AML Relapse 1 4 8�70 0�78 31 1�3 9 105

L4 8 M (55) M, 58, brother Acute myelofibrosis Relapse 3 7�00 1�04 28/1294† 3�2 9 105

L4 9 M (21) M, 56, father AML Ref-Rel 3 10�35 1�76 31 3�2 9 105

L4 10 F (61) F, 35, daughter AML CR3 4 13�00 1�96 28 3�2 9 105

L5 11 M (59) M, 22, son AML Relapse 1 3 13�90 1�43 40 7�9 9 105

L5 12 F (20) M, 45, uncle Acute biphenotypic

leukaemia

Ref-Rel 3 11�20 1�30 28 7�9 9 105

L5 13 M (60) M, 34, son MDS: RAEB Untreated 4 12�35 1�40 28 7�9 9 105

L6 14 F (38) M, 41, brother MDS: RAEB Refractory 3 15�19 0�42 28 2�0 9 106

L6 15 M (37) M, 45, brother CML PR‡ 4 6�50 1�41 32 2�0 9 106

L6 16 F (43) M, 39, brother AML CR1§ 3 9�59 0�75 28 2�0 9 106

L7 17 F (54) F, 61, sister AML transformed

from MDS

CR1 4 8�11 1�75 34 2�6 9 106

L7 18 M (44) M, 46, brother AML transformed

from MDS

Relapse 4 13�07 1�52 33 5�0 9 106

L7 19 M (62) F, 38, daughter CLL PR 3 10�52 1�95 28 5�0 9 106

AML, acute myeloid leukaemia; CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; CR, complete remission; F, female; HLA,

human leucocyte antigen; HSCT, haematopoietic stem cell transplantation; M, male; MDS, myelodysplastic syndrome; NHL, non-Hodgkin lym-

phoma relapsed after autologous stem cell transplantation; PR, partial remission; RA, refractory anaemia; RAEB, refractory anaemia with excess

blasts; Ref-Rel, refractory relapse.

†Patient received a second ATIR101 infusion (same dose as first infusion).

‡After exposure to 3 tyrosine kinase inhibitors.

§Molecular relapse.
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144 days post HSCT (1 patient each at the L2, L4, L5, L6

and L7 doses).

Eight of the 10 patients developing GVHD responded well

and rapidly to oral immunosuppressive treatment (median

duration of immune suppressors was 6 months). Although 5

patients who died had GVHD at the time of death, GVHD

was steroid-sensitive in all patients, and has not been

reported as the main cause of any deaths.

(A) (B)

(C)

Fig 1. Specific elimination of alloreactive T cells and preservation of functional immune response after TH9402 photodepletion. (A) immunophe-

notypic analysis of resting (CD25�CD44�) and activated (CD25+CD44+) CD4+ and CD8+ T-cell populations in ATIR101 cell products 3 days

after photodepletion (illustrative example from 1 patient). (B) compilation of cell eradication of resting (grey bar) and activated (black bar)

CD4+ and CD8+ T cells after photodepletion (11 independent patient samples). Results are expressed as mean � standard error of the mean

(SEM) in logs of cell eradication relative to pre-photodepletion samples. (C) The impact of photodepletion on the frequency of the cytotoxic T-

lymphocyte precursors (CTLp) directed against recipient (black) and third party (white) cells. Logs of eradication are shown for each evaluable

patient. Last bars represent cumulative response of all patients (mean � SEM). P-value corresponds to paired t-test.
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T-cell recovery

Populations of T cells (CD3+, CD4+, CD8+) were measured

by multiparameter flow cytometry in peripheral blood from

ATIR101 infusion to 1 year post-HSCT. Although T cells

were low in the first months after HSCT, they started to

recover 3–6 months after ATIR101 infusion (Fig 3A). As

expected, the recovery of CD4+ (helper T cells) and CD8+

(cytotoxic T cells) T-cell subsets was comparable to that of

CD3+ cells, interestingly with higher levels of CD4+ than

CD8+ cells present at 12 months (Fig 3B, C). Interestingly,

patients also recovered B lymphocytes and NK cells rapidly

after HSCT (Figure S1).

Infections

The proportion of patients with clinically significant infec-

tions and infections reported as SAEs, from the ATIR101

infusion until 1 year post-HSCT, are shown in Fig 4. The

figure shows patients grouped according to dose cohorts: L1–

L3 (n = 7), L4–L6 (n = 9), and L7 (n = 3). All of the

patients in the lower-dose cohorts (L1–L3) and the highest-

dose cohort (L7) had at least 1 clinically significant infection.

Six of the 7 patients in cohorts L1–L3 had an infection

reported as an SAE (85�7%; including an EBV infection in

the patient receiving the L1 dose that was active at the time

of transplantation and reported as an SAE post-transplant).

The high incidence of serious infections at these lower doses

of ATIR101 is probably due to having insufficient levels of T

cells. All 3 patients in the L7 cohort also had infections

reported as SAEs in the first year post-HSCT. Although 8 of

the 9 patients (88.9%) in cohorts L4–L6 developed at least 1

clinically significant infection (Patient 16 in L6 had no clini-

cally significant infections after ATIR101 infusion), no infec-

tions were reported as SAEs in this group.

Eight patients were at risk for cytomegalovirus (CMV)

infection, but only 3 developed CMV viraemia, which led to

CMV disease in 2 cases. In 1 case, the patient had received a

low ATIR101 dose (L2) and died of CMV disease. In con-

trast, the other patient with CMV reactivation had received a
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Fig 2. Distribution of memory T-cell subsets

in ATIR101 cells before and after photodeple-

tion. Memory T-cells were analysed pre- and

post-photodepletion (PD) by flow cytometry

for CD62L, CD45RA and CD45RO expression

and gated on CD4 (A–D) or CD8 (E–H) cells.

CD45RO�CD45RA+CD62L+ defined TNAIVE;

CD45RO+CD45RA�CD62L�, effector memory

(TEM) cells; CD45RO
+CD45RA�CD62L+,

central memory (TCM); and CD45RO�

CD45RA+CD62L�, terminally differentiated

effector (TEMRA) cells. Bars represent mean val-

ues (n = 7) and P values correspond to paired

t-tests between pre- and post-photodepletion

results.
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higher ATIR101 dose (L7) and responded to ganciclovir.

Despite more than 90% of patients having a positive EBV

serology at the time of transplant (data not shown), increas-

ing EBV polymerase chain reaction (PCR) titres were noted

in only 5 patients (26%). The first patient had received the

lowest ATIR101 dose (1 9 104 CD3+ cells/kg) and died

shortly thereafter. Rising EBV titres were observed in 2

patients receiving ATIR101 as the only treatment for their

EBV infection. In both patients, ATIR101 infusion at doses

of 3 9 105 or 2 9 106 CD3+ cells/kg resulted in a sustained

complete disappearance of EBV without the addition of any

rituximab (Fig 5A,B). The other 2 patients with EBV titres

rising above 250 000 copies/ml received rituximab (Fig 5C,

D) (Reddy et al, 2011). A single dose of rituximab was suffi-

cient to control the viremia; in 1 of these 2 patients the ele-

vated EBV PCR titre had already subsided at the time of

rituximab administration (Fig 5D). Although T cell levels

were low in all of these patients’ peripheral blood, CD3+,

CD4+, and CD8+ cell levels increased in response to increas-

ing EBV titres, suggesting a role for T-cell expansion in the

clearance of EBV infection.

Long-term patient outcomes

Twelve of the 19 patients in this very high-risk population

died during this long-term follow-up (8-year OS 37%;

Fig 6A): 7 due to TRM (infections and other causes) and 5

due to relapse. In total, 8 patients relapsed after a median of

10�8 months following HSCT, with no cases of relapse occur-

ring after 39�5 months through to more than 8 years of fol-

low-up. Only 1 of the patients with relapse was in complete

remission (CR) at baseline (RRM at 30�8 months). Kaplan–
Meier curves for OS, TRM, and RRM are shown in Fig 6A,

C,E.

There was no case of TRM in the 9 patients of the L4–
L6 cohorts; in contrast, all 3 patients in the L7 cohort died

due to TRM. The lack of TRM in the L4–L6 cohort is in

line with the trend for decreased infectious episodes in

cohorts L4–L6, compared with L1–L3 and L7 (Fig 4). To

further explore any potential dose dependency, separate

Kaplan–Meier curves for OS, TRM, and RRM were pro-

duced for the L1–L3 (n = 7), L4–L6 (n = 9) and the L7

(n = 3) cohorts (Fig 6B,D,F). There was a markedly lower

TRM and higher OS in the combined L4–L6 group com-

pared with the L1–L3 and L7 groups from 12 months after

HSCT onwards. Finally, estimated 8-year RRM was 33% in

L4–L6 compared with 58% in the L1–L3 group, and was

lowest in the L7 dose group (0%). Overall, long-term fol-

low-up demonstrated that 67% of patients in the L4–L6
dose range survived 8 years post-transplant, compared with

14% in L1–L3 and 0% in L7.
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MTD and determination of phase 2 dose

Although ATIR101 doses of up to 5 9 106 CD3+ T cells/kg

were administered in this study, MTD was not reached and

no patient developed grade III/IV acute GVHD, despite the

complete absence of GVHD immunoprophylaxis post-trans-

plant. As MTD was not reached, protocol Stage 3 to treat an

additional 3 patients at the MTD was not completed

(Appendix S1), and the appropriate dose for phase 2 was

selected based on assessment of the doses evaluated.

Although RRM was lowest in the L7 dose group, all 3 of

the patients in the L7 cohort experienced GVHD (2 grade II

acute GVHD; 1 chronic GVHD), suggesting that increasing

ATIR101 doses to 5�0 9 106 CD3+ cells/kg potentially led to

clinically significant GVHD and a poor outcome. Indeed

these patients required immunosuppressive agents and devel-

oped serious infections (Fig 4). Therefore, in light of the

absence of serious infections, lower TRM and longer OS in

the L4–L6 dose group, the L6 dose (2 9 106 cells/kg) was

selected for subsequent phase 2 studies.

Discussion

This study evaluates a highly promising, well-tolerated

immunotherapeutic strategy allowing the delivery of high

doses of ex vivo alloreactive-depleted lymphocytes (ATIR101)

from haploidentical donors early after T-cell-depleted trans-

plant, in patients that did not receive post-transplant

immunosuppression as GVHD prophlaxis. Despite 5 9 106

allodepleted cells/kg being infused, none of the patients in

this study developed grade III/IV acute GVHD. There were

no deaths due to GVHD or GVHD cases that were classified

as an SAE, and most GVHD cases responded rapidly to treat-

ment. No other ATIR101-related serious or non-serious AEs

were reported. As well as demonstrating the feasibility of this

approach, our data also highlight the potential for long-term

disease-free survival (more than 8 years) following hap-

loidentical HSCT with ATIR101.

The absence of grade III/IV acute GVHD is particularly

compelling in view of the major histocompatibility complex

(MHC) disparity between donor and recipient, the complete

absence of post-transplant immune prophylaxis for GVHD,

and the administration of T-cell doses more than 100-fold

higher than those previously reported to cause lethal GVHD

with unmanipulated T cells (Aversa et al, 1998). We believe

that 3 factors contributed to the absence of grade III/IV

(A)

(B)

(C)

(D)

Fig 5. Ability of ATIR101 to control EBV reactivation. (A–D)
Epstein–Barr virus (EBV) titres (red triangles) and absolute numbers

of CD3+ (blue squares), CD4+ (grey circles) and CD8+ (green dia-

monds) cells according to the number of weeks after ATIR101 injec-

tion, each of the 4 panels depicting an individual patient. Patients in

panels (A) and (B) received ATIR101 and no rituximab, whereas

only patients in panels (C) and (D) received rituximab at the indi-

cated timepoints.
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acute GVHD or protracted chronic GVHD. First, our pho-

todepletion process specifically eliminated more than 90% of

both anti-host activated cytotoxic precursors and CD4+ and

CD8+ T cells. Second, photodepletion was previously shown

to spare regulatory T cells, which may have a protective

effect against GVHD (Mielke et al, 2008; Bastien et al, 2010,

2012; Koreth et al, 2011; Matsuoka et al, 2013; Martelli et al,

2014). Third, we speculate that our approach depletes both T

cells reactive to HLAs encoded by the non-shared haplotypes

and T cells specific for the most immunogenic host minor

histocompatibility antigens (MiHAs) presented by HLAs

encoded by the shared haplotype (Perreault et al, 1998).

Unlike infusions containing T lymphocytes genetically modi-

fied to alter their function, such as cells engineered with the

herpes simplex thymidine kinase or caspase 9 inducible sui-

cide genes (Ciceri et al, 2009; Zhou et al, 2015), ATIR101

cells are not genetically modified. Use of suicide gene-trans-

duced T cells does not prevent the occurrence of GVHD and

can result in lymphodepletion upon activation of the molec-

ular switch in patients developing GVHD. By preventing the

occurrence of severe GVHD, ATIR101 may preserve lympho-

cytes with beneficial graft-versu-leukaemia (GVL) and graft-

versus-infection effects.

Importantly, patients engrafted rapidly (median 10–
11 days) and demonstrated complete donor chimerism with-

out any late graft failure or rejection, which represents a

favourable engraftment profile in comparison to most umbil-

ical cord blood and T-replete haploidentical HSCT strategies

(Luznik et al, 2008; Brunstein et al, 2011; Scaradavou et al,

2013). All patients in cohorts L4–L6 remained free of serious

infections at 1 year and the 8-year TRM was 0% across these

cohorts. For 3 of the 5 patients with rising EBV titres, EBV

subsided following ATIR101 infusion as CD3+, CD4+ and

CD8+ levels increased in response to infection. In general,

post-transplant T-cell counts were initially low and started to

increase 3–6 months after ATIR101 infusion. It has been

reported that, in the absence of ATIR101, CD4+ T-cell counts

remain below 0�1 9 109/l for as long as 10 months following

CD34+ selected grafts (Aversa et al, 1998). In addition,

although CD4+ T-cell counts usually reconstitute much later
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than CD8+ (Ogonek et al, 2016), it was observed that CD4+

levels were higher than CD8+ levels at 12 months, possibly

accounting for potential benefits of ATIR101 infusion. Inter-

estingly, most CD4+ and CD8+ na€ıve T-cells were preserved

in ATIR101 and in patients post-transplant (Fig 2 and Fig-

ure S2) without causing severe GVHD, suggesting that anti-

host reactive T cells within this cell subset form a minority

of cells and were eliminated (Anderson et al, 2003). The

naive T-cell repertoire, being approximately 100-fold more

diversified than the repertoire of memory T-cells, (Arstila

et al, 1999) is positioned to respond to a wider range of

pathogens than memory T cells (Yager et al, 2008; Cicin-Sain

et al, 2010).

Though this study was not aimed at assessing survival, it

is noteworthy that the included patients had particularly

advanced haematological malignancies and consisted pre-

dominantly of refractory or relapsed adult leukaemia

patients. Ten of the 14 patients with acute leukaemia or

MDS were not in CR at time of transplant (1 of the 4

patients in CR was in molecular relapse) and 1 patient had

relapsed acute myelofibrosis. Relapse occurred in 8 patients

during the study (median of 10�8 months following HSCT);

however, only 1 of these patients was in CR at the time of

transplant. In fact, ATIR101 afforded the 9 patients in the

L4–L6 cohorts an 8-year survival rate of 67%, despite 7 of

these patients having active disease at baseline. Any GVL

effect related to ATIR101 most probably reflects the fact that

host lymphohaematopoietic cells are highly susceptible to

immune elimination by donor cells (Mori et al, 1998; Kolb

et al, 2004). Thus, it is most likely that ex vivo photodeple-

tion of ATIR101 eliminates enough host-reactive cells to

reduce the risk of grade III/IV GVHD, while potentially pre-

serving sufficient T-cell numbers to trigger anti-host lympho-

haematopoietic cells’ reaction and cause GVL. The fact that

the in vivo milieu is a better immune-stimulatory environ-

ment than our ex vivo culture system may thereby explain

why, following T-replete haploidentical HSCT, cyclophos-

phamide administered early post-transplant may not only

eliminate activated alloreactive T cells with the ability to

cause GVHD but also deplete cells with GVL activity (Brun-

stein et al, 2011; Grosso et al, 2011; Ballen et al, 2012). This

factor, along with the requirement of post-transplant

immune suppression to prevent the development of lethal

GVHD, may compromise GVL effects needed to control

malignant disease (Luznik et al, 2008; Brunstein et al, 2011;

Ciurea et al, 2015; Rubio et al, 2015). Thus, ex vivo cell pro-

cessing may provide a uniquely favourable and controlled

environment to generate ‘selective’ depletion of alloreactive

cells and preserve cells mediating GVL.

Formally, the MTD for ATIR101 was not reached in this

dose-escalation study; however, doses above 2 9 106 cells/kg

might increase the risk of inducing GVHD, given that grade II

acute GVHD was observed in 2 of the 3 patients in the highest

dose cohort. As a result, the 2 9 106 cells/kg (L6) dose was

selected for evaluation in two phase II clinical trials of

haploidentical HSCT with ATIR101 administration post trans-

plant (NCT01794299; NCT02500550) (Roy et al, 2018a,b).

Importantly, results of the first phase II study in patients with

acute lymphoblastic and myeloid leukaemia in remission (un-

published observations) are in line with the present study, with

absence of grade III/IV acute GVHD in the first year following

ATIR101 infusion (2 9 106 cells/kg) in 23 patients and a 61%

OS probability at 12 months post transplant (Roy et al,

2018a). The 12-month OS probability in a pooled analysis of

37 patients receiving a single dose of ATIR101 in the two phase

2 studies was 58% (Roy et al, 2018b). The extensive duration

of follow-up for the present phase 1 study also highlights the

potential for a durable benefit of ATIR101 treatment. In the

absence of a clear standard between in vivo versus ex vivo T-cell

depletion methods, a large, phase III, randomized trial has also

been initiated, comparing T-cell-depleted haploidentical

HSCT + ATIR101 versus T-cell replete haploidentical

HSCT + post-transplant cyclophosphamide (NCT02999854).

We demonstrate herein that photodepletion of anti-host

reactivity in the context of MHC-mismatched cells offers a

potential adjunctive treatment option allowing both anti-in-

fection and anti-leukemia activity without promoting grade

III/IV acute GVHD. Such an adjunct could be tested after

in vivo allodepletion or other forms of haploidentical HSCT.

The decreased toxicity afforded by the removal of post-trans-

plant immune suppression also has the potential to extend the

upper age limit for transplantation and overcome comorbidi-

ties, further enabling potentially curative transplantation to

more of the 20–55% of patients who do not currently have a

suitable matched donor (Barker et al, 2010; Petersdorf, 2010;

Ballen et al, 2012; Pidala et al, 2013; Sureda et al, 2015).
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Montr�eal and Hôpital Maisonneuve-Rosemont and has

received research support from Kiadis Pharma. He has

attended advisory boards by Novartis, BMS, Paladin and Fate

Therapeutics. K.R. reports consulting fees during the conduct

of the study. SM discloses consultancy outside the submitted

work with Novartis and MSD (personal); speaker fees from

Kiadis Pharma and Miltenyi Biotec (via institution), Jazz

Pharma and Cellex (personal), and Celgene (personal and via

institution); travel support from Kiadis Pharma and Miltenyi

Biotec (via institution) and Celgene, MSD, Gilead, Cellex,

DGHO and ISCT (other); research funding from Kiadis

Pharma (other); EHA registration as a speaker (other). Out-

side the submitted work, L.B. has attended advisory boards

for Novartis, Pfizer and BMS. Outside the submitted work,

J.R. has received research grants from Celgene, Janssen and

Sanofi Canada in the past 36 months and honoraria for con-

ferences by Amgen, Sanofi, Celgene and Janssen Canada in

the past 36 months. S.C. and J.R. declare royalties from

ExCellThera outside the submitted work. The other authors

declare no competing interests.

Supporting Information

Additional supporting information may be found online in

the Supporting Information section at the end of the article.

Fig S1. Immune reconstitution of B and NK cells.

Box and whisker plots of B lymphocytes and NK cells (A:

CD19+; B: CD56+) from patients’ peripheral blood after

ATIR101 infusion and through to 1 year post-HSCT.

Fig S2. Memory T cell recovery post-transplant. Memory

T cell subtypes: central memory (TCM, dark blue), effector

memory (TEM, green), terminally differentiated effector

(TEMRA, red) and TNAIVE (pale blue) were evaluated within

CD4 (left panels) and CD8 (right panels) T-cells for patients

administered ATIR101 at dose levels L2–L3, L4–L5 and L6–
L7 over the first 36 weeks post-ATIR101 infusion.

Table SI. Overview of acute GVHD occurring following

administration of ATIR101.

Appendix S1. Supplementary methods.
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