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A B S T R A C T
Effective therapies for treating patients with steroid-refractory acute graft-versus-host-disease (SR-aGVHD), par-
ticularly strategies that reduce the duration of immunosuppression following remission, are urgently needed. The
investigated immunotoxin combination consists of a mixture of anti-CD3 and anti-CD7 antibodies separately con-
jugated to recombinant ricin A (CD3/CD7-IT), which induces in vivo depletion of T cells and natural killer (NK)
cells and suppresses T cell receptor activation. We conducted a phase I/II trial to examine the safety and efficacy
of CD3/CD7-IT in 20 patients with SR-aGVHD; 17 of these patients (85%) had severe SR-aGVHD, and all 20 patients
had visceral organ involvement, including 18 (90%) with gastrointestinal (GI) involvement and 5 (25%) with liver
involvement. A validated 2-biomarker algorithm classified the majority of patients (11 of 20) as high risk. On day
28 after the start of CD3/CD7-IT therapy, the overall response rate was 60% (12 of 20), with 10 patients (50%)
achieving a complete response. The 6-month overall survival rate was 60% (12 of 20), including 64% (7 of 11) clas-
sified as high risk by biomarkers. The 1-week course of treatment with CD3/CD7-IT caused profound but transient
depletion of T cells and NK cells, followed by rapid recovery of the immune system with a diverse TCR Vb reper-
toire, and preservation of Epstein-Barr virus- and cytomegalovirus-specific T cell clones. Furthermore, our results
indicate that CD3/CD7-IT appeared to be safe and well tolerated, with a relatively low prevalence of manageable
and reversible adverse events, primarily worsening of hypoalbuminemia, microangiopathy, and thrombocytope-
nia. These encouraging results suggest that CD3/CD7-IT may improve patient outcomes in patients with
SR-aGVHD.
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INTRODUCTION
Acute graft-versus-host disease (aGVHD) is a major compli-

cation that can occur following allogenic hematopoietic stem
cell transplantation (HSCT). The prognosis for patients who
develop aGVHD is poor, particularly in cases of severe steroid-
refractory aGVHD (SR-aGVHD) with gastrointestinal (GI)
and/or liver involvement [1,2]. At present, no standard second-
line therapy is approved for SR-aGVHD, and none of the avail-
able treatment options seems to provide convincingly superior
results with on average only 30% complete responders [1,3,4].
Six-month survival approximates 50%, but long-term survival
is achieved in only 1 out of 5 patients [2].

The underlying core of a graft-versus-host immune reaction
is the proliferation and differentiation of alloreactive donor
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T cells in response to the host's antigen-presenting cells, which
induce tissue damage and the propagation of inflammation
during the effector phase [5�7]. Therefore, many of the cur-
rently used therapies consist of antibodies that cause the
depletion of T cells or either biologicals or small-molecule
inhibitors designed to suppress T cell function [1,3,6,8].
The obvious challenge of such approaches is that the induced
immunosuppression should be as selective and as brief as pos-
sible, to avoid infectious complications and relapse of the
underlying hematologic malignancy, which otherwise could
counterbalance the immediate benefit of controlling the
aGVHD reaction [9�12].

As a novel approach to achieving this goal, we developed a
combination of 2 anti-T cell immunotoxins designed to induce a
synergistic in vivo depletion and suppression of T cells while
allowing for rapid post-treatment reconstitution of the immune
system [13,14]. This combination product consists of a 1:1 mix-
ture of 2 murine monoclonal antibodies against CD3 and CD7,
each of which is separately conjugated to a recombinant ricin
toxin A chain [15] (T-Guard, designated CD3/CD7-IT hereinafter)
[16,17]. Preclinical studies have shown that CD3/CD7-IT induces
apoptosis of both T cells—particularly activated T cells—and nat-
ural killer (NK) cells by inhibiting protein synthesis, and also
reduces T cell activation by blocking and modulating the TCR/
CD3 complex (supplementary 1 etcetera; Figure 1) [17]. In a
dose-escalation study, 5 out of 7 patients with SR-aGVHD
responded to CD3/CD7-IT as third-line therapy [17]. The prom-
ising outcome of that study led to the phase I/II study of CD3/
CD7-IT for the treatment of SR-aGVHD reported here.

METHODS
This prospective single-arm phase I/II study was approved by the Ethics

Committees and Institutional Review Boards at the Radboud University Medi-
cal Center Nijmegen and the University Medical Center Muenster. Informed
consent was obtained from all patients. This trial has been registered at
www.ClinicalTrials.gov (NCT02027805).

The 4 mg/m2 T-Guard starting dose of the phase I/II study was selected on
basis of the outcome of the dose escalation study [17]. A Bryant-Day 2-stage
design was applied [18], with a prescheduled interim analysis after 8 patients,
to protect patients from unnecessary exposure to an ineffective or toxic treat-
ment. If after the first 8 patients, 2 or fewer (�25%) day 28 responders and/or
4 or more (�50%) dose-limiting toxicities (ie, adverse drug reactions of grade
3 or higher) were observed (phase I), the trial would be terminated for futility
and/or toxicity; otherwise, the trial would be extended to a total of
20 patients (phase II) (sample size estimation, S2).

Adult patients (age �18 years) who developed grade II-IV aGVHD follow-
ing HSCT or following post-transplantation donor lymphocyte infusion [19]
were eligible for participation; aGVHD grade was defined according to the
criteria established by Harris et al. [20]. Diagnosis of aGVHD was confirmed
with a tissue biopsy. SR-aGVHD was defined as aGVHD that progressed after
3 days or did not improve after 7 days on systemic corticosteroid therapy
(�2 mg/kg/day prednisolone or equivalent) [3,4]. Patients who had already
received additional therapy for SR-aGVHD were excluded, as were patients
with manifestations of moderate or severe chronic GVHD (cGVHD), severe
organ dysfunction, uncontrolled infection, serum creatinine level >266
mmol/L (1.87mg/dL), and/or serum albumin level �1.5 g/dL.

The treatment schedule for CD3/CD7-IT (S3) consisted of four 4-hour i.v.
infusions of 4 mg/m2 administered at 48-hour intervals. GVHD prophylaxis,
which consisted primarily of cyclosporine A either alone or in combination
with mycophenolate mofetil, was continued during with CD3/CD7-IT ther-
apy. The recommended taper for systemic corticosteroids in patients
responding to CD3/CD7-IT was 10% of the starting dose at 3- to 5-day inter-
vals. After study day 28, the rate of steroid tapering was left to local protocols.
The use of antimicrobial prophylaxis, preemptive and/or empirical treatment
for infection, and clemastine pretreatment (2 mg i.v.) was left to the discre-
tion of the physician and established local protocols.

Patients were included in the analysis of toxicity and efficacy if they
received at least 1 dose of CD3/CD7-IT. The primary endpoints were the over-
all response rate (ORR; defined as the sum of partial response [PR] and
complete response [CR] rates) on day 28 and the occurrence of possible drug-
related adverse events (AEs) up to 6 months following treatment with
CD3/CD7-IT. The secondary endpoints were the day 28 CR rate, 6-month
overall survival (OS), and the incidence of cGVHD. ORR, CR on day 28, and
6-month OS were compared with data recorded for our institutions’ historical
controls who received either inolimomab-etanercept (n = 21) or infliximab
(n = 21) (S4; Table 1) [21]. CR was defined as the resolution of all signs and
symptoms associated with aGVHD. PR was defined as an improvement in
GVHD stage in all initial GVHD target organs, without complete resolution or
emergence of GVHD in any new organ. No response was defined as no
change, a mixed response, progressive disease, or the need for salvage ther-
apy before day 28 [22]. The 2014 National Institutes of Health diagnostic cri-
teria were used to assess and score cGVHD [23]. Hematologic and
nonhematologic AEs, including cytokine release syndrome (CRS), were
graded based on the Common Terminology Criteria for AEs, version 4.0. Capil-
lary leak syndrome was graded as follows using previously defined criteria
[24]: grade 1, asymptomatic, not requiring therapy; grade 2, symptomatic
but not requiring fluid support; grade 3, respiratory compromise or requiring
fluids; grade 4, life-threatening, requiring vasopressor support and/or
mechanical ventilation. In the event of a grade 3 AE, subsequent doses with
CD3/CD7-IT were to be given only if the patient's toxicity parameters
improved or when judged to be in the patient's interest, at the investigator's
discretion. Invasive fungal disease (IFD), Epstein-Barr virus (EBV) infection,
and cytomegalovirus (CMV) infection were defined in accordance with estab-
lished guidelines [25�27].

Manufacturing of CD3/CD7-IT
CD3/CD7-IT consists of the murine monoclonal antibodies SPV-T3a (anti-

CD3) and WT1 (anti-CD7), each of which is conjugated to recombinant ricin
toxin A (RTA). CD3/CD7-IT was manufactured following Good Manufacturing
Practices as described previously [15], with the addition of a step to block
residual linkers with cysteine and the replacement of deglycosylated plant-
derived RTA with recombinant RTA [17,28]. The immunotoxins were formu-
lated at a concentration of 0.2 mg/mL in an isotonic buffered solution
(pH 6.5) and stored frozen at -20°C or below.

In Vitro Laboratory Analyses
Peripheral blood samples were collected before and after treatment to

analyze predictive GVHD biomarkers, cytokine levels, immune reconstitution,
pharmacokinetics, and the development of human anti-drug antibodies
(ADAs).

Levels of the biomarkers ST2 (suppression of tumorigenicity 2) and Reg3a
(regenerating islet-derived protein 3-a) were measured at the Icahn School of
Medicine at Mount Sinai, New York. A probability score was determined for
each patient based on a validated algorithm [29] used to predict the risk for
treatment failure and nonrelapse mortality among patients with aGVHD.
Patients were considered at high risk at p̂> .291 after 1 week § 3 days of
treatment with systemic corticosteroids.

Serum cytokine levels were measured at Myriad RBM (Austin, TX) using
quantitative, multiplexed immunoassays (S5).

Lymphocytes were analyzed by immunophenotyping using flow cytome-
try. Lymphocytes were gated on CD45+ and low side-scatter cells, and enu-
meration of helper T cells (CD5+ and CD4+), cytotoxic T cells (CD5+ and CD8+),
NK cells (CD56+ and CD5-), and B cells (CD19+) was recorded for each pheno-
type per microliter of blood. CD5 was used instead of CD3 to identify and
quantify T cells because of potential CD3 modulation by the CD3/CD7-IT
treatment. For TCR sequencing, DNA was isolated from whole blood collected
in PAXgene tubes (PreAnalytiX, Hombrechtikon, Switzerland). The TCRb
CDR3 region was then amplified and sequenced using ImmunoSEQ (Adaptive
Biotechnologies, Seattle, WA). Bias-controlled V and J gene primers were
used to amplify the rearranged V(D)J segments for high-throughput sequenc-
ing (HTS) analysis at approximately 20x coverage [30]. After correcting for
sequencing errors using a clustering algorithm, CDR3 segments were anno-
tated using the International ImMunoGeneTics information system, thereby
identifying which V, D, and J genes contributed to each rearrangement [31].
The absolute numbers of EBV-associated and CMV-associated T cells were
determined by comparing the patients’ TCRb data with TCRb sequences
reported to be specific for EBV and CMV antigens [32].

The serum concentrations of SPV-T3a-RTA and WT1-RTA, as well as the
presence of ADAs against either of these immunotoxins, were measured at
Celonic AG (Basel, Switzerland) using validated bioluminescence assays.
Pharmacokinetics analyses were performed as described previously (S6 and
S7) [17].

Statistical Analysis
Patient characteristics were analyzed using descriptive statistics. The

estimated aGVHD response rates along with the 95% Clopper-Pearson exact
confidence interval (CI) are presented. Toxicity was analyzed by tabulating
the incidence of AEs and/or infections with a Common Terminology Criteria
for AEs grade �2. Kaplan-Meier curves were used to analyze OS. The chi-
square test was used to compare the ORR and the rates of CR and PR on day
28 after initiation of CD3/CD7-IT therapy, with the corresponding results
obtained from institutional historical controls who received either

http://www.ClinicalTrials.gov


Table 1
Patient Characteristics and HSCT and GVHD Features

Characteristic Value

Number of patients 20
Age, yr, median (range) 53 (18-74)
Sex, male/female, n (%) 9 (45)/11 (55)
Diagnosis, n (%)
Myeloid malignancy 15 (75)
Lymphoid malignancy 5 (25)

Donor type, n (%)
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inolimomab-etanercept (n = 21) or infliximab (n = 21) [21]. The 6-month OS
rate was compared using the log-rank test.

Within-patient differences in immunoreconstitution were analyzed in
the pretreatment, 1-month, 3-month, and 6-month samples using the Wil-
coxon matched-pairs signed-rank test. A 2-sided P value<.05 was considered
statistically significant. Expanded and enriched T cell clones were identified
using differential abundance analysis as described by DeWitt et al. [33].
A given clone was determined to be significantly expanded or contracted in
2 samples based on its proportion in each repertoire or time point and was
analyzed using the Fisher exact test with Benjamini-Hochberg correction at
the 5% level.
Matched unrelated donor 13 (65)
Matched related donor 5 (25)
MMUD 1 (5)
Haploidentical related 1 (5)

Stem cell source
Peripheral blood stem cells 19 (95)
Bone marrow 1 (5)

Disease Risk Index, n (%)
Low 0
Intermediate 5 (25)
High 15 (75)

Conditioning regimen, n (%)*
MAC 6 (30)
RIC 5 (25)
NMA 9 (45)

GVHD prophylaxis, n (%)
CyA 5 (25)
CyA/MTX 1 (5)
CyA/MMF (post-CyA) 13 (1) (65)

aGVHD, n (%)
Post-HSCT 19 (95)
Post-donor lymphocyte infusion 1 (5)

aGVHD grade at enrollment, n (%)
RESULTS
Patient and GVHD Characteristics

Twenty patients were enrolled in the study between June
2014 and September 2016. Patient, donor, and GVHD charac-
teristics are presented in Table 1. At the time of enrollment, 3
patients (15%) had grade II aGVHD and 17 had grade III or IV
aGVHD (85%). Sixteen patients (80%) had involvement of 2
organs, with the GI tract and liver involved in 18 (90%) and 5
(25%) cases, respectively. Baseline albumin levels were low,
particularly in the patients with GI GVHD (median, 2.3 g/dL;
range, 1.6 to 3.4 g/dL; normal range, 3.5 to 5.0 g/dL). A vali-
dated algorithm using serum concentrations of ST2 and Reg3a
demonstrated a significant risk for all patients with a mean
p̂>value of .345; the majority of patients (11 of 20) were clas-
sified as high risk for treatment failure and nonrelapse mortal-
ity [29]. Treatment with CD3/CD7-IT was initiated after a
median interval of 8 days (range, 5 to 16 days) after the initial
corticosteroid treatment.
II 3 (15)
III 11 (55)
IV 6 (30)

Organ involvement, n (%)
Skin 15 (75)
Liver 5 (25)
Intestinal 18 (90)
2 organs involved 16 (80)

Biomarker score at start of CD3/CD7-IT therapy,
high risk (p̂ > .291), n (%)

11 (55)

Time to aGVHD, d, median (range) 40 (10-308)
Time to treatment with CD3/CD7-IT, d, median (range)y 8 (5-16)

MAC, myeloablative conditioning; NMA, nonmyeloablative conditioning; RIC,
reduced-intensity conditioning; CyA, cyclosporin A; MTX, methotrexate;
MMF, mycophenolate mofetil.
* NMA conditioning consisted of fludarabine (Flu)-total body irradiation

(TBI), RIC regimens were Flu-busulfan (Bu)- and Flu-melphalan (Mel)-based,
andMAC regimens were Cy-TBI-, Flu-Mel-TBI-, or Flu-AraC-Amsa/Cy-TBI-based.

y Relative to the initial corticosteroid treatment.
GVHD Response and Patient Outcomes
The median duration of follow-up after therapy with CD3/

CD7-IT was 292 days (range, 3 to 889 days). Two patients died
due to progressive SR-aGVHD before completing the treatment
schedule. The remaining 18 patients (90%) received all 4 sched-
uled doses at 48-hour intervals. On day 28, ORR was 60% (12 of
20 patients), with a 95% CI of 36% to 81%; 10 patients (50%; 95%
CI, 27% to 73%) achieved CR (Figure 1). In the 12 responding
patients, corticosteroids could be tapered according to protocol
(S8; Figure 7). ORR was 55% (6 of 11) in patients with a high-
risk biomarker profile. At the 6-month time point, 12 patients
had survived, corresponding to an OS of 60% (95% CI, 36% to
78%) (Figure 1); survival was 64% (7 of 11) in patients with a
high-risk biomarker profile (S9; Figure 8). Ten of the 12 surviv-
ing patients had achieved a PR or CR. Causes of death for the 8
patients who died during the trial were refractory aGVHD in 4
patients, refractory GVHD with infection in 3 patients, and
pseudomembranous colitis in 1 patient.

The outcomes achieved with CD3/CD7-IT were favorable
compared with the outcomes reported for the cohort of 42
patients included immediately adjacent to the start of the trial.
Specifically, the CR rate was 50% versus 19% (P = .012), and the
6-month OS was 60% versus 29% (P = .021). To compensate for
differences in aGVHD severity at the start of treatment, the
foregoing analysis was repeated after adjustment for overall
aGVHD grading. After adjustment for aGVHD grade [20], the
CR and OS rates remained significant (P = .032 and .034,
respectively) (S10). At the 2-year follow-up, OS was still better
in the study cohort compared with the historical controls (35%
versus 16.7%; P = .047 and .09, respectively). Three of the 12
patients (25%) who survived to the 6-month time point devel-
oped cGVHD, which was mild in 2 patients and severe in 1
patient. Relapse occurred in 3 patients who underwent trans-
plantation for acute myelogenous leukemia with adverse risk
features at a median of 4 months after CD3/CD7-IT therapy.
Safety
The Data and Safety Monitoring Board reviewed the pre-

planned interim analysis of the first 8 patients, based on which
they concluded that no major safety concerns had arisen and
that the observed risk-benefit balance warranted continuation
of the study. In general, CD3/CD7-IT was well tolerated and
found to be safe, with no suspected unexpected serious
adverse reactions or serious AEs related to the study drug
reported. Although no clinically significant infusion-related
reactions were recorded, 2 patients who had not received pre-
treatment experienced chills that resolved quickly after clem-
astine treatment (grade 2 AE). Most of the patients had
elevated levels of markers of macrophage activation/recruit-
ment (MCP-1 and MIP-1b), and this increase was most promi-
nent after the first infusion; however, only the 2
aforementioned patients who experienced chills also had an
increase in IL-6 levels [34,35]. The remaining patients had no
increase in IL-6, IL-8, IL-10, or IFN-g concentrations, nor did
they develop clinical signs corresponding to CRS (S5).



Figure 1. Overview of the response rate at day 28 (top) and OS after treatment with CD3/CD7-IT (bottom) compared with historical controls. The difference between
patients who received CD3/CD7-IT and the historical controls was statistically significant, with improvements in both the CR rate (P = .012) and 6-month
OS (P = .021). All survivors reached the 24 month milestone.
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Several of the 20 patients developed a limited number of
possible treatment-related AEs, including hypoalbuminemia,
microangiopathy, and/or thrombocytopenia (Table 2). Hypoal-
buminemia was present in all 20 patients at baseline (grade 2
or 3 in 80% of the patients) and may have worsened in
8 patients due to treatment with CD3/CD7-IT. These 8 patients
developed mild peripheral edema, which could be easily man-
aged with diuretics in all but 1 patient. One patient required
treatment with an albumin infusion and diuretics for general-
ized edema and marked weight gain; thus, this patient was
classified as having grade 2 capillary leak syndrome. Fifteen
patients (75%) had a preexisting low platelet count (grade 3 or
4 in 25% of cases), and thrombocytopenia either occurred or
worsened in 14 patients (70%). Although various other causes
might have contributed to the development of thrombocyto-
penia, the time course was at least suggestive of a possible
relationship with CD3/CD7-IT in 9 patients. Nevertheless, the
thrombocytopenia was transient, did not result in a bleeding
event, and rarely required platelet transfusion. Early EBV and
CMV infections (within 3 months) were observed in 3 patients
each (with 2 patients positive for both EBV and CMV); how-
ever, no EBV or CMV disease occurred. Although only 40% of
patients received mold-active antifungal prophylaxis, IFD was
not observed in any of the patients. Nevertheless, as expected
in this setting, the number of infections and AEs was relatively
Table 2
Summary of AEs Potentially Related to Treatment

Grade 2* Grade 3

Anemia (1) Thrombocyt
Abdominal pain (1) Neutropenia
Thrombocytopenia (1) Elevated bili
Neutropenia (1) Myopathy (1
Microangiopathy (1) Microangiop
Chills (2) Hypoalbumi
Capillary leak syndrome (1)
Hypoalbuminemia (1)

The numbers in parentheses refer to the number of patients who experienced the indi
* Grading of each AE is based on version 4.0 of the Common Terminology Criteria f

the system described by Messmann et al. [24].
high. Two patients developed a Clostridium difficile infection,
and 1 of them died due to pseudomembranous colitis. More-
over, although 5 patients developed bacteremia (with infection
by enterococci in 2 patients, staphylococci in 2 patients, and
Klebsiella oxytoca in 1 patient), the incidence rate (25%) was
not higher than that reported in historical controls [21].

After treatment with CD3/CD7-IT, ADAs against SPV-
T3a-RTA and/or WT1-RTA were detected in 10 out of
20 patients (50%). In 4 of these 10 patients, the titers were
�20,000 at any given point (S7); nonetheless, no cases of
serum sickness were reported. The emergence of ADAs was
considered of little clinical relevance, because ADAs typically
form after 9 to 10 days, whereas CD3/CD7-IT is currently
offered as a 1-week treatment option only, and its serum half-
life is only 9 hours.

Pharmacokinetics
Pharmacokinetics analysis revealed a mean serum half-life

and mean maximum concentration of CD3/CD7-IT of 8.59 §
3.04 hours and 1231 § 671 mg/L, respectively (S6), which is
consistent with previously published data [17].

Immune Reconstitution and Antiviral Immunity
Consistent with its intended effect, treatment with CD3/

CD7-IT led to a profound depletion of T cells and NK cells, with
Grade 4

openia (3) Thrombocytopenia (5)
(1)
rubin (2)
)
athy (1)
nemia (1)

cated AE.
or AEs, with the exception of capillary leak syndrome, which was graded using
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rapid recovery starting as early as the second week after treat-
ment (Figure 2A and B). Importantly, no significant effect on
the absolute B cell count was observed (Figure 2C). No appar-
ent patterns were seen in terms of treatment-induced changes
in the relative proportions of na€ıve, memory, effector, and
effector memory T cells before and after treatment start, as
Figure 2. CD3/CD7-IT induces rapid immune reconstitution with a diverse T cell repe
(B), and median B cell count (C) for all patients. In each plot, the blue line represents t
and 75th percentiles, respectively. (D) Summary of the absolute number of unique T c
after treatment. The number of unique T cell clones was measured using the total
matched-pairs signed-rank test. The significant increase in unique T cell clones at 6 mo
T cells. (E-H) Representative histograms showing the T cell repertoires in a single p
6 months (H) after therapy.
well as no decrease in or reversal of the CD4:CD8 ratio. In addi-
tion, the absolute count of regulatory T cells (Tregs) and the
percentage of Tregs in the CD4+ cell population showed normal
variation, with no obvious upward or downward trends
observed at 28 days after initiation of treatment or during the
remainder of the follow-up period.
rtoire. (A-C) Time course of the median T cell count (A), median NK cell count
he median value, and the lower and upper gray dotted lines represent the 25th
ell clones before administration of CD3/CD7-IT (Pre) and at 1, 3, and 6 months
number of unique CDR3 sequences. The P values are based on the Wilcoxon
nths after CD3/CD7-IT therapy reflects an increase in the diversity of expanded
atient before CD3/CD7-IT therapy (E) and at 1 month (F), 3 months (G), and
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HTS was performed on the CDR3 region of the TCRb genes
in PBMCs before and, when possible, at 1, 3, and 6 months after
treatment with CD3/CD7-IT. HTS can determine the total T cell
count, the diversity of the T cell repertoire, and the sequences
of the TCR CDR3 regions in all T cells in a given sample. The
T cell diversity in a sample is characterized by the number of
unique T cell clones present in the sample, which is reflected
by the number of unique CDR3 sequences identified using HTS.
Before the start of treatment with CD3/CD7-IT, the patients
had low T cell diversity that further decreased after the first
month, most likely due to a reduction in the absolute number
of T cells. T cell diversity rebounded steadily by 6 months post-
treatment, with a diverse T cell repertoire that included several
new polyclonal T cell populations (Figure 2D-H).

We next examined whether CD3/CD7-IT treatment affects
antivirus T cell clones. To do so, we analyzed the development
of EBV- and/or CMV-specific T cell clones in patients following
treatment with CD3/CD7-IT. Antiviral T cell clones were identi-
fied by screening for a validated list of 164 and 854 TCRb
sequences encoding receptors that recognize CMV- and EBV-
specific antigens, respectively (S11) [32].

Serology was positive for EBV in 95% of patients and 85% of
donors and for CMV in 40% of patients and 35% of donors.
Infections occurred only in those patients with positive serol-
ogy. Four patients experienced EBV and/or CMV infection after
treatment with CD3/CD7-IT, including 2 patients with either
EBV or CMV infection and 2 patients with both EBV and CMV
infections) (Figure 3A and C). All these patients demonstrated
increased numbers of postinfection EBV- and CMV-associated
clones, suggesting that the antiviral T cell response was not
negatively affected by treatment with CD3/CD7-IT.

Finally, we performed a differential analysis of unique anti-
viral T cell clones by performing pairwise comparisons
Figure 3. CD3/CD7-IT does not affect the fraction of anti-virus EBV- and CMV-associate
anti-CMV (C) T cells in patients who tested positive for viral infection after treatmen
before and after treatment. (B and D) Plots showing the differential abundance analys
tive graphs of 2 patients who tested positive for the respective viral infection before tr
and 3 months after therapy with CD3/CD7-IT. This pairwise comparison confirms
expanded nor contracted as a result of therapy. In each plot, the solid gray diagonal lin
tioned between the dotted gray lines and the respective x- or y-axis were not present i
between samples taken directly before treatment with
CD3/CD7-IT and samples obtained at 1 month and 3 months
after treatment in patients who tested positive for a viral infec-
tion before the start of treatment. This analysis revealed that at
the start of treatment, the EBV- and CMV-associated T cell
clones were distributed equally throughout the entire T cell
population in terms of clonal abundance; moreover, these
clones did not expand or contract as a result of therapy with
CD3/CD7-IT (Figure 3B-D). Similar results were obtained when
we analyzed samples from patients who had antiviral T cells at
the start of treatment but did not develop a viral infection; our
data (not shown) suggest that these patients may have
acquired these antivirus clones from a seropositive donor.
Taken together, these results indicate that CD3/CD7-IT does
not negatively affect the proportions of anti-EBV or anti-CMV
T cell clones, suggesting that this treatment does not appear to
put these patients at greater risk of acquiring an infection with
these opportunistic viruses.

DISCUSSION
Here we report the results of a multicenter phase I/II trial to

study the in vivo safety and efficacy of using CD3/CD7-IT ther-
apy in patients with SR-aGVHD. Our results show that
CD3/CD7-IT has promising efficacy, with an ORR of 60% on day
28; specifically, 50% of our patients achieved a CR, and the
6-month OS rate was 60%. These results are superior to the out-
comes reported for our institutional historical controls (Figure 1)
and are notable given the patients’ high-risk profile: 85% with
severe SR-aGVHD, 90% with GI involvement, and 55% with a
high-risk biomarker profile. A pooled analysis of second-line
therapies showed that only 32% of patients achieve CR, with a
corresponding 6-month survival rate of 49% [1]. In addition, our
phase II results closely match those reported for other drugs
d T cell clones. (A and C) Summary of the absolute numbers of anti-EBV (A) and
t. In each patient group, the number of virus-associated T cells was measured
is of unique anti-EBV (B) and anti-CMV (D) T cell clones. Shown are representa-
eatment. Screening samples were compared with samples obtained at 1 month
that the majority of the respective CMV- and EBV-associated clones neither
e indicates equal numbers of clones in both samples (no change). Clones posi-
n other samples (eg, present before therapy but not after therapy).
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currently under investigation for SR-aGVHD, including brentux-
imab vedotin and ruxolitinib, which have been shown to
achieve CR in approximately 30% of patients [36].

This study has several limitations that should be acknowl-
edged. First, the sample size was relatively small, and we did
not include a randomized comparator arm. In addition, the
study population was heterogeneous with respect to age, con-
ditioning regimen, donor type, and GVHD prophylaxis regi-
mens used. Nonetheless, the study population is
representative of patients with SR-aGVHD treated at our insti-
tutions and consisted primarily of patients with underlying
high-risk features.

CD3/CD7-IT therapy appears to be safe. Despite the pres-
ence of the anti-CD3 mAb SPV-T3a, CD3/CD7-IT induced a mild
infusion reaction in 2 patients, neither of whom had received
preinfusion clemastine. In addition, we observed no toxicity
related to CRS or rhabdomyolysis as has been reported with
other RTA-based immunotoxins [37,38]. We did consider
hypoalbuminemia, microangiopathy, and thrombocytopenia
as possibly related to CD3/CD7-IT; however, these AEs primar-
ily involved worsening of preexisting conditions, and we con-
sidered these events as likely related to the underlying
SR-GVHD and/or the concomitant use of a calcineurin inhibi-
tor. Nonetheless, given the potential toxic effects of immuno-
toxins, it remains possible that CD3/CD7-IT may have
contributed to these events, and this possibility merits consid-
eration in future studies.

As expected in the clinical setting of this study, infections
were relatively common; however, the incidence of infection
did not differ substantially from that in previous reports or in
our institutional controls [21,39,40]. The multifaceted immune
defects due to the presence—and treatment—of GVHD itself,
the disruption in the mucosal barrier due to GI GVHD, and/or
dysbiosis can explain the majority of these infections, particu-
larly the C difficile infections and enterococcal bacteremia [41].
Although only one-half of our patients received mold-active
antifungal prophylaxis, we observed no cases of IFD. More
importantly, despite the profound depletion of T cells and NK
cells, the incidence of EBV/CMV infections was relatively low
(15%) [21,39], and no cases of post-transplantation lymphopro-
liferative disorder or CMV disease occurred in our patients.
This may be explained by the fact that virus-specific T cells
were relatively spared by the treatment, and that immune
reconstitution occurred within 6 months after the start of
treatment. In the second week of treatment, the T cell and NK
cell counts began to rise, particularly in patients who achieved
remission of SR-aGVHD; at 3 months, these cell counts were
similar to those normally seen following HSCT [42]. This
increase in cell numbers was also accompanied by a simulta-
neous and significant increase in the diversity of T cell clones.
Thus, therapy with CD3/CD7-IT allows the patient's immune
system to recover after remission is achieved, and the immune
reconstitution after therapy seems favorable compared with
other treatment modalities that rely on in vivo T cell depletion,
such as antithymocyte globulin and alemtuzumab [43,44].

Other immunotoxin-based treatments, such as H65-RTA
(anti-CD5, ricin A chain) and denileukin diftitox (CD25, diph-
theria toxin), have been clinically evaluated for treating aGVHD
[13,45]. CD3/CD7-IT may offer advantages compared with
these previous therapies. First, the combination targets multi-
ple antigens on the same target cell, a strategy that tends to be
more efficacious than the use of single immunotoxins [46�53].
In addition, CD3/CD7-IT has a clear preference for recently acti-
vated T cells, as well as the NK cells that may play a role in the
efferent phase of aGVHD [17]. Finally, CD3/CD7-IT has a dual
mechanism of action, in that the anti-CD3 mAb SPV-T3a pro-
vides added immunosuppression by binding to the CD3/TCR
complex via a mechanism independent of RTA-induced cell
killing (S1; Figure 1) [17].

In conclusion, the results of our phase I/II study involving
patients with high-risk SR-aGVHD show that CD3/CD7-IT pro-
vides a high rate of clinical remission and rapid immune recon-
stitution following treatment. Based on these results, a phase
III study is currently being designed to examine the potential
value of including CD3/CD7-IT in the treatment of SR-aGVHD.
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