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Traditionalweight-baseddosing results invariable rabbit antithymocyteglobulin (rATG) clearance

that candelayCD41 T-cell immunereconstitution (CD41 IR) leading tohighermortality. In a

retrospectivepharmacokinetic/pharmacodynamic (PK/PD) analysis of patientsundergoing their

first CD341 T-cell–depleted (TCD) allogeneichematopoietic cell transplantation (HCT) after

myeloablative conditioningwith rATG,weestimatedpost-HCT rATGexposure as areaunder the

curve (arbitraryunit perday/milliliter [AU3 day/mL]) usingavalidatedpopulationPKmodel.

Werelated rATGexposure tononrelapsemortality (NRM), CD41 IR (CD41$50cells permLat 2

consecutivemeasureswithin 100days afterHCT), overall survival, relapse, andacute

graft-versus-host disease (aGVHD) todefineanoptimal rATGexposure.WeusedCoxproportional

hazardmodels andmultistate competing riskmodels for analysis. Inall, 554patientswere

included (age range, 0.1-73years).Medianpost-HCT rATGexposurewas47AU3 day/mL (range,

0-101AU3 day/mL). Lowpost-HCTareaunder the curve (,30AU3 day/mL)wasassociatedwith

lower riskofNRM(P, .01) andhigherprobability of achievingCD41 IR (P, .001). Patientswho

attainedCD41 IRhada sevenfold lower5-yearNRM(P, .0001). Theprobability of achievingCD41

IRwas2.5-foldhigher in the,30AU3 day/mLgroup comparedwith30-55AU3 day/mLand

threefoldhigher in the,30AU3 day/mLgroupcomparedwith the$55AU3 day/mLgroup. In

multivariable analyses, post-HCTrATGexposure$55AU3 day/mLwasassociatedwithan

increased riskofNRM(hazard ratio, 3.42; 95% confidence interval, 1.26-9.30). In themalignancy

subgroup (n5 515), a tenfold increasedNRMwasobserved in the$55AU3 day/mLgroup, anda

sevenfold increasedNRMwasobserved in the30-55AU3 day/mLgroupcomparedwith the,30

AU3 day/mLgroup.Post-HCTrATGexposure$55AU3 day/mLwasassociatedwithhigher risk

of aGVHD(hazard ratio, 2.28; 95% confidence interval, 1.01-5.16).Highpost-HCT rATGexposure is

associatedwithhigherNRMsecondary topoorCD41 IRafterTCDHCT.Usingpersonalized

PK-directed rATGdosing toachieveoptimal exposuremay improve survival afterHCT.
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Key Points

� In CD341 TCD
allogeneic-HCT, opti-
mum post-HCT rATG
exposure decreases
NRM driven by faster
CD41 IR and
improves survival.

� Personalized rATG
exposure using a
PK-directed strategy
may improve survival
after allogeneic
CD341 TCD HCT.
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Introduction

There have been consistent improvements in outcomes after alloge-
neic hematopoietic cell transplantation (allo-HCT) over several deca-
des, yet disease relapse and nonrelapse mortality (NRM) remain
major causes of treatment failure.1 Some of the key factors in pre-
venting these complications are robust and timely CD41 immune
reconstitution (CD41IR) and prevention of graft-versus-host disease
(GVHD).2 Early attainment of CD41 IR has been recently identified
as a reliable predictor for outcomes such as viral reactivation, NRM,
GVHD, and overall survival (OS).3-6 The addition of antithymocyte
globulin (ATG) or antilymphocyte globulin to standard calcineurin
inhibitor–based prophylaxis helps prevent graft rejection and GVHD
across several allo-HCT settings.7 However, in cord blood trans-
plantation, the use of ATG has been associated with high rates of
infections, subsequently leading to higher rates of NRM and a
potentially increased risk of disease relapse because of the negative
effect ATG on CD41 IR.8 An important analysis by Admiraal et al4

demonstrated that higher exposure to ATG before HCT was not
only associated with lower rates of graft failure but was also associ-
ated with lower rates of GVHD in the T-cell replete HCT setting.

Rabbit ATG (rATG) is currently dosed by patient weight, yet a
recently validated rATG population pharmacokinetic (PK) model
demonstrated that weight is a factor in predicting exposure only in
patients who weight ,40 kg. The most important factor in rATG
clearance is a patient’s absolute lymphocyte count (ALC) when
rATG is administered.9,10 By using these essential variables, an
optimal PK-directed dose of rATG can be calculated that maintains
its favorable properties while minimizing its negative effects on
CD41 IR.9,11

Several studies have demonstrated favorable outcomes using
various ex vivo T-cell–depleted (TCD) techniques, including
CD34 selection with low rates of GVHD after HCT (for malignant
and nonmalignant hematologic diseases).12-16 However, a main
limitation when compared with T-cell–replete allo-HCT is delayed
CD41 IR.17 In patients undergoing ex vivo CD34 selection, rATG
is primarily used in conditioning regimens and has been proven
to be effective in preventing graft rejection. We recently showed
that standard weight-based dosing in adults undergoing ex vivo
CD34-selected allo-HCT results in heavier patients receiving
higher total doses of rATG, which consequently leads to mark-
edly inferior OS driven by NRM.18 This analysis suggested that
there is an optimal post-HCT rATG exposure for patients under-
going TCD allo-HCT. In this analysis, we used the validated pop-
ulation PK model (Admiraal et al)9 to estimate post-HCT rATG
exposure and related the estimated rATG exposures to out-
comes, such as NRM, CD41 IR, OS, acute GVHD (aGVHD),
and relapse. The goal was to identify the optimal post-TCD HCT
exposure that is associated with optimal CD41 IR and clinical
outcomes. We hypothesized that lower exposure to rATG after
HCT would result in lower NRM driven by improved CD41 IR.

Methodology

Patients

We performed a retrospective PK and pharmacodynamic (PK/PD)
analysis of data from pediatric and adult patients with malignant
or nonmalignant hematologic diseases who underwent their first

allo-HCT with ex vivo TCD allografts using the CliniMACS CD34
Reagent System (Miltenyi Biotech, Gladbach, Germany) as calci-
neurin inhibitor–free GVHD prophylaxis at Memorial Sloan Kettering
Cancer Center (MSKCC) between 2008 and 2018. Patients
received supportive care, growth factors, and antimicrobial prophy-
laxis according to MSKCC institutional protocols (which were similar
between the pediatric and adult services). Patients with hematologic
malignancies and nonmalignant hematologic diseases received
either chemotherapy-based or high-dose total body irradiation
(TBI)–based myeloablative conditioning.19 Patients received rATG
(thymoglobulin; Sanofi, Paris, France) as part of a conditioning regi-
men at a dose of 2.5 mg/kg intravenously once per day beginning
on days 24 to 22 in the pediatric service and days 23 to 21 in
the adult service. Patients who got an HLA-mismatched allograft
received rATG for 3 days (cumulative dose, 7.5 mg/kg), whereas
recipients of HLA-matched allografts received rATG for 2 days
(cumulative dose, 5 mg/kg). We excluded patients who switched to
equine ATG or alemtuzumab because of adverse reactions to rATG.
The study protocol was approved by the institutional review board
at MSKCC and was conducted in accordance with the Declaration
of Helsinki.

Methods

We estimated the exposure of rATG after day 0 (post-HCT) as the
area under the curve (arbitrary unit per day/milliliter [AU 3 day/mL])
based on an established PK model (Admiraal et al9) assessable via
the InsightRx platform (San Francisco, CA). This model was devel-
oped and validated in a large cohort of patients and included all cell
sources, T-cell–replete and TCD transplants in which T-cell lympho-
cytes in the graft were found not to be a predictor for clearance. The
following parameters were used to estimate rATG exposure using
the population PK model: date of HCT, weight, date of first dose of
rATG, actual daily dose of rATG administered, length of rATG infu-
sion, number of days of infusion, and ALC on the first day of rATG.
For patients in whom the ALC was not available on the day of
administration of rATG, the ALC closest to the previous day of rATG
infusion was considered (supplemental Figure 1). Exposure for the
patients who did not receive rATG was considered 0 AU 3 day/mL.

Outcomes

Themain outcome of interest was NRM, defined as the time fromHCT
to death as a result of causes other than relapse of hematologic malig-
nancies. Patients who were still alive were censored at their date of
last follow-up, and relapse was treated as a competing event. CD41

IR was defined as described previously3,5: CD41 count$50 cells per
mL at 2 consecutive measures within 100 days after HCT. Time to
CD41 IR was defined as the time from HCT to the time of first day
that CD41 level reached$50 cells per mL. Patients who did not reach
CD41 IR were censored at 100 days, whereas deaths without reach-
ing CD41 IR (including missing CD41 IR) occurring in the first 100
dayswere treated as competing events.

Other outcomes of interest were relapse (in patients with hematologic
malignancies), aGVHD at day1180, and OS. OSwas defined as the
time from HCT to death as a result of any cause. Surviving patients
were censored at their date of last contact. Time-to-relapse was
defined as the time from HCT to disease relapse. Patients without
relapses were censored at their date of last follow-up, whereas deaths
before relapse were treated as competing events. aGVHD was
graded and staged according to national and international guidelines
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(staging by Center for International Blood and Marrow Transplant
Research (CIBMTR) guidelines with grading by modified Keystone
criteria).20,21 Primary graft failure was defined as failure to achieve
neutrophil engraftment by day 30 after allo-HCT.

Statistical analyses

Time-to-event end points were as defined above. Survival rates
were estimated by using a Kaplan-Meier estimator or by using an
Aalen-Johansen estimator when competing risks were present.22

The impact of ATG exposure and other factors (sex, malignant dis-
ease, donor type, receipt of TBI-based conditioning regimen, patient
and donor cytomegalovirus [CMV] serostatus, Hematopoietic Cell
Transplantation-Specific Comorbidity Index [HCT Comorbidity
Index]) in all patients and Disease Risk Index (DRI) in patients with
hematologic malignancies only were assessed by using Cox propor-
tional models.23-26 A multistate approach was used (impact on
cause-specific hazards) when competing risks were present. Models
were stratified by pediatric service vs adult service and were further
adjusted on age. The results are presented as hazard ratios (HRs),
95% confidence intervals (95% CIs), and log-likelihood test
P values. Factors were assessed in univariable models first and
entered into multivariable models if P # .10. A backward variable
selection was performed, and variables with P # .05 were kept in
the final model. For variables entered into the multivariable model
but not kept in the final model, HRs of the variables were added
one by one to the final model to ensure that no effect was missed.
To define the optimal post-HCT estimated rATG exposure, univari-
able models stratified on pediatric service vs adult service and donor
type were used with P splines. HR plots were drawn and thresholds
were found graphically as the point where the CI crosses 1.27

Thereafter, the impact of estimated rATG exposure as a categorical
variable (using the previously defined thresholds) was assessed.

Results

Patient characteristics

We identified 569 patients who underwent first allo-HCT with ex
vivo TCD (by CD341 selection using the CliniMacs CD34 Reagent
System (Miltenyi Biotech, Gladbach, Germany) between 2008 and
2018 at MSKCC. Of these 569 patients, 15 were excluded
because they received equine ATG alone or because rATG was
switched to equine ATG or alemtuzumab because of adverse reac-
tions to rATG (supplemental Figure 1). Therefore, 554 patients
(pediatric, n 5 139; adult, n 5 415) were included in the analyses.
The ALC values on day of ATG dosing were 0 to 0.1 in 92% of the
patients (irrespective of conditioning). Table 1 provides details
regarding patient and HCT characteristics.

Outcomes

Among all patients, 540 (97%) engrafted, with similar engraftment
rates in both pediatric and adult patients. Median follow-up among
survivors was 4 years (range, 1 day-11.5 years). Median post-HCT
rATG exposure among all patients was 47 AU 3 day/mL (range,
0-101 AU 3 day/mL), with median post-HCT rATG exposure being
lower in the pediatric group (35 AU 3 d/L; range, 0-87 AU 3
day/mL) than in the adult group (48 AU 3 day/mL; range, 17-101
AU 3 day/mL). Among the 14 (2.5%) who failed to engraft, there
was no correlation between estimated rATG exposure and rejection,
although this was limited by low numbers of patients. Among the

515 patients who underwent allo-HCT for hematologic malignan-
cies, median rATG exposure post-HCT was 47 AU 3 day/mL
(range, 0-101 AU 3 day/mL).

We evaluated the association of post-HCT rATG exposures by relat-
ing them with log-HRs for NRM, CD41 IR, and OS. Post-HCT rATG
exposure ,30 AU 3 day/mL was associated with lower risk of NRM
(P 5 .03; Figure 1A), higher probability of CD41 IR (P , .0001;
Figure 1B), and increased probability of OS (P 5 .05; Figure 1C).
For the 3 outcomes, the threshold found graphically was ,30 AU 3

day/mL. For subsequent analyses, we stratified post-HCT rATG
exposure into 3 groups (,30 AU 3 day/mL, 30-55 AU 3 day/mL,
and $55 AU 3 day/mL) to relate to the outcomes of interest.

The 5-year NRM was 10% (95% CI, 1%-19%) for the ,30 AU 3

day/mL exposure group, 23% (95% CI, 18% to 27%) for the
30-55 AU 3 day/mL exposure group, and 44% (95% CI, 34%-
54%) for the $55 AU 3 day/mL exposure group (Figure 2A). The
trend for higher NRM in rATG groups with high exposure was also
seen when stratifying by matched and mismatched donor groups
(supplemental Figure 2A-B). In multivariable analyses, the risk of
NRM was 3.4 times higher in the $55 AU 3 day/mL exposure
group compared with the ,30 AU 3 day/mL group (HR, 3.42;
95% CI, 1.26-9.30) (Table 2). In patients who underwent allo-HCT
for malignant indications, the probability for risk of developing NRM
was tenfold higher (HR, 9.88; 95% CI, 1.31-74.70) in the $55
AU 3 day/mL exposure group and was already sevenfold higher in
the 30-55 AU 3 day/mL exposure group compared with the ,30
AU 3 day/mL group (Table 2; Figure 2B). In addition, in multivari-
able analysis, other variables such as donor- or recipient-positive
CMV serostatus, receiving an HLA-mismatched allograft, and HCT
Comorbidity Index $2 were associated with a higher risk of NRM.

Among all 554 patients, 160 were excluded from the analysis
of time to CD41 IR because of missing CD41 IR status. The
cumulative incidence of CD41 IR at 100 days was 66% (95% CI,
53%-78%) for the ,30 AU 3 day/mL exposure group, 27% (95%
CI, 21%-32%) for the 30-55 AU xday/mL exposure group, and
17% (95% CI, 8%-25%) for the $55 AU 3 day/mL exposure
group. Lower post-HCT rATG exposure (,30 AU 3 day/mL) was
associated with a cumulative incidence �3 times higher (HRs,
0.35 and 0.41) of CD41 IR (P , .0001; Figure 2C; Table 2), with
similar patterns noted in matched and mismatched donor groups
(supplemental Figure 3A-B) and in patients who underwent allo-
HCT for hematologic malignancies (P , .001). In multivariable
analyses, in addition to post-HCT rATG exposure, having a mis-
matched unrelated donor or a matched unrelated donor was
associated with lower probability of attaining CD41 IR (Table 2).
Incidence of NRM at 5 years in patients who attained CD41 IR
100 days after HCT was 5% (range, 1%-10%) compared with
36% (range, 29%-43%) in patients who did not attain CD41 IR
at 100 days after HCT (P , .0001; Figure 2D). In patients who
underwent allo-HCT for a hematologic malignancy, NRM was
sevenfold lower in patients who attained CD41 IR (supplemental
Figure 3C).

The 5-year OS rate was 76% (95% CI, 64%-88%) for the,30 AU3

day/mL exposure group, 62% (95% CI, 57%-67%) for the 30-55 AU
3 day/mL exposure group, and 42% (95%CI, 32%-53%) for the$55
AU 3 day/mL exposure group (Figure 2E). The trend toward poorer
OS with higher exposure to rATG was similar when stratifying by
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matched and mismatched donor group (supplemental Figure 4A-B).
In multivariable analyses, donor- and recipient-positive CMV serostatus,
donor matching (receiving mismatched donor allograft), and HCT
Comorbidity Index .2 were associated with higher all-cause mortality

(supplemental Table 1). High DRI was also a risk factor for OS in 515
patients who underwent allo-HCT for hematologic malignancies.
Among those 515 patients, 111 had disease relapse, and rATG expo-
sure after HCT was not associated with the risk of disease relapse

Table 1. Patient characteristics

Characteristic

Adult program

(n 5 415)

Pediatric program

(n 5 139)

Overall

(N 5 554)

Median age at transplant, years 56 (45-64; 20-73) 12 (7-19; 0-44) 49 (25-62; 0-73)

Age group, years

,20 1 (0.2) 105 (76) 106 (19)

20-40 77 (19) 33 (24) 110 (20)

40-60 173 (42) 1 (0.7) 174 (31)

and $ 60 164 (40) 0 (0) 164 (30)

Sex

Female 187 (45) 52 (37) 239 (43)

Male 228 (55) 87 (63) 315 (57)

Disease

Leukemia 274 (66) 80 (58) 354 (64)

Leukemia (second primary) 1 (0.2) 2 (1.3) 3 (0.5)

Myelodysplastic syndrome 112 (27) 17 (12) 129 (23.3)

Myeloproliferative disorder 23 (5.5) 0 (0) 23 (4.2)

Non-Hodgkin lymphoma 5 (1.2) 1 (0.7) 6 (1.1)

Nonmalignant hematologic disorders 0 (0) 39 (28) 39 (7)

Malignancy

Malignant 415 (100) 100 (72) 515 (93)

Nonmalignant 0 (0) 39 (28) 39 (7.0)

TBI-based conditioning regimen 136 (33) 41 (41) 177 (34)

Donor type

MMRD 2 (0.5) 15 (11) 17 (3.1)

MMUD 61 (15) 51 (37) 112 (20)

MRD 150 (36) 24 (17) 174 (31)

MUD 202 (49) 49 (35) 251 (45)

CMV match

R–/D– 118 (29) 40 (29) 158 (29)

R–/D1 43 (11) 19 (14) 62 (11)

R1/D– 101 (25) 25 (18) 126 (23)

R1/D1 142 (35) 55 (40) 197 (36)

Unknown 11 0 11

HCT Comorbidity Index score

0-1 162 (39) 74 (53) 236 (43)

2-3 160 (39) 45 (32) 205 (37)

4-10 93 (22) 20 (14) 113 (20)

DRI

High 47 (13) 16 (18) 63 (14)

Intermediate 284 (80) 57 (63) 341 (77)

Low 22 (6) 18 (20) 40 (9)

Unknown 62 48 110

Post-HCT rATG exposure 48 (43-53; 17-101) 35 (21-48; 0-87) 47 (40-52; 0-101)

Statistics presented are No. (%) for categorical variables, and median (interquartile range, range) for the continuous variables.
D, donor; MMRD, mismatched related donor; MMUD, mismatched unrelated donor; MRD, matched related donor; MUD, matched unrelated donor; R, recipient; DRI, Disease Related

Index; CMV, Cytomegalovirus; rATG, rabbit antithymocyte globulin.
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(Figure 2F). Inmultivariable analysis for patients with hematologicmalig-
nancies, high DRI, male sex, and TBI-based conditioning were predic-
tors for a higher risk of relapse (supplemental Table 2).

The post-HCT high rATG exposure group ($55 AU 3 day/mL) was
associated with up to double the incidence of grade $2 aGVHD
(HR, 2.28; 95% CI, 1.01-5.16 after adjustment on donor type) com-
pared with the low rATG exposure group (,30 AU 3 day/mL;
Figure 3A) and was similar in matched and mismatched donor
groups (supplemental Figure 5A-B). Attainment of CD41 IR (as a
time-dependent variable) was associated with lower risk of aGVHD,
even after adjusting for the effect of rATG exposure (HR, 0.29;
95% CI, 0.14-0.61; P , .001). The results were adjusted on donor
type, and matching was found not to be a predictor in multivariable
analyses (P 5 .70). Chronic GVHD (cGVHD) rate in these analyses
was relatively low: �8% only (all grades). We did not find an associ-
ation between ATG exposure and cGVHD (P 5 .4).

Among all patients, 204 died as a result of disease relapse or dis-
ease progression (n 5 73; 36%), GVHD (n 5 40; 20%), infection
(n 5 51; 25%), toxicity or organ failure (n 5 29; 14%), or other
causes (n 5 11; 5%). The proportion of deaths attributed to
aGVHD and infection increased with higher post-HCT rATG expo-
sures (Figure 3B-D).

Discussion

Previous PK/PD analyses have demonstrated that weight-based
dosing results in highly variable post-HCT rATG exposure, leading
to unpredictable CD41 IR and thus higher NRM and worse OS in
patients undergoing T-cell–replete allo-HCT. Here, using a validated
population PK model, we found that rATG exposure is also a major
driver of outcomes in the ex vivo TCD HCT setting.9 To our knowl-
edge, this is the first study to define an optimal post-HCT rATG
exposure in this setting. Optimal rATG exposure after HCT was
found to be ,30 AU 3 day/mL, which was associated with a lower
NRM, higher probability of CD41 IR, and superior OS. We also
confirmed that attainment of CD41 IR is a sensitive and powerful
early predictor for outcomes, specifically NRM and OS, although it
was not a predictor for risk of relapse. Our findings suggest that
individualized rATG dosing to target optimal post-HCT exposures
may enhance IR and subsequently improve survival, and they sup-
port the results of the PARACHUTE trial NL4836 (NTR4960), a
prospective validation trial in pediatric patients undergoing
T-cell–replete allo-HCT.28

Interestingly, overall rates of GVHD were low in our analysis, but we
observed that patients with the highest post-HCT rATG exposures
($55 AU 3 day/mL) had an increased incidence of aGVHD and
GHVD-related mortality. Many studies have demonstrated low rates
of acute and chronic GVHD when rATG is incorporated into the
conditioning regimen. Although our study was not designed to spe-
cifically evaluate this finding, we offer 2 potential hypotheses that
will be evaluated in future analyses: post-HCT overexposure to
rATG leads to a higher risk of infections, including viral reactivations
that may trigger GVHD. This is supported, in part, by CMV seropos-
itivity being a significant risk factor for NRM and all-cause mortality
and by the finding that infections and GVHD accounted for most
causes of death in the highest rATG exposure group. Others have
also shown that viral reactivations are associated with increased
rates of GVHD.3,29,30 Alternatively (or additionally), post-HCT over-
exposure to rATG leads to delayed CD41 IR, which includes deple-
tion of regulatory CD41 T cells that are considered important in
preventing and/or mitigating severe GVHD.31-33 Unfortunately, we
were not able to analyze this with the IR data currently available. In
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Figure 1. Post-HCT rATG exposure <30 AU 3 day/mL was associated with

lower NRM, faster CD4
1 IR, and lower overall all-cause mortality and thus

higher OS. The correlation between post-HCT rATG exposure and NRM (A) and

CD41 IR (B). CD4 1 IR was defined as CD41 levels twice above 50 cells per mL

at 2 consecutive measures within 100 days. (C) The correlation between post-HCT

rATG exposure and all-cause mortality and OS.
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Figure 2. Post-HCT rATG exposure <30 AU 3 day/mL was associated with lower NRM (overall and in patients who underwent HCT for malignant

disorders), faster CD4
1 IR, and higher OS rates. Post-HCT rATG exposure was not associated with risk of relapse in patients who underwent HCT for

malignant disorders. The correlation between different levels of post-HCT rATG exposure and NRM in all patients (A), NRM in patients who underwent HCT for

malignant disorders (B), and CD41 IR (C). CD41 IR was defined as CD41 levels twice above 50 cells per mL at 2 consecutive measures within 100 days. (D) Correlation

between CD41 IR and NRM in all patients, demonstrating that patients who reconstitute CD41 earlier have lower NRM. Note that this figure represents a landmark analysis

starting 100 days after HCT. Therefore, only patients alive at 100 days after HCT were included in this specific analysis, which is 359 patients alive with known CD41 IR

status. (E-F) Correlation between different levels of post-HCT rATG exposure and OS (E) and relapse rates (F) in patients who underwent HCT for malignant disorders.
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addition, the very low T-cell counts (median CD41 cell count, 0) in
the 2 higher ATG exposure groups complicates these analyses.

The primary limitation of this analysis is its retrospective nature. In
addition, for the CD41 IR outcome, we had insufficient data in 160
patients (29%), mainly because early lympho-phenotyping was not
included in standard monitoring for all patients. Furthermore,
patients receiving mismatched donor allo-HCT received 3 rather
than 2 doses of rATG; thus, it is difficult to determine with certainty
whether poorer outcomes in this group were related to HLA mis-
match or rATG overexposure. However, in multivariable analyses,
both variables were found to be independent predictors of out-
comes, and we found similar trends for the various outcomes
between the HLA-matched and -mismatched groups with favorable
overall outcomes in the low rATG exposure group. Moreover, rATG
exposure, and not HLA-mismatch, was associated with an increased
risk of aGVHD, suggesting that the effect is mainly driven by rATG
exposure and not the HLA mismatch. In addition, the original HCT
Comorbidity Index score was used for all patients, although a newly

Table 2. Multivariable models for prognostic analyses

Prognostic analysis HR 95% CI P

NRM*

Age group, y .13

,20 Ref.

20-40 1.20 0.54-2.67

40-60 1.07 0.39-2.94

$60 1.76 0.65-4.77

Sex .02†

Female Ref.

Male 0.64 0.44-0.92

Donor type .007†

MRD Ref.

MUD 0.98 0.62-1.53

MMD 2.14 1.23-3.72

rATG exposure groups, AU 3 day/mL .01†

,30 Ref.

30-55 1.93 0.72-5.17

$55 AU 3 day/ml 3.42 1.26-9.30

CMV match .03†

R–/D– Ref.

R–/D1 1.70 0.92-3.15

R1/D– 1.39 0.81-2.38

R1/D1 1.94 1.22-3.08

HCT Comorbidity Index score ,.001†

0-1 Ref.

2-3 2.16 1.40-3.33

4-10 2.79 1.72-4.53

TBI-based conditioning regimen‡ .47

No Ref.

Yes 0.83 0.50-1.38

NRM in patients with hematologic malignant disorders§

Age group, y .18

,20 Ref.

20-40 1.17 0.48-2.87

40-60 1.10 0.37-3.25

$60 1.72 0.59-5.02

Donor type .002†

MRD Ref.

MUD 0.90 0.57-1.41

MMD 2.29 1.30-4.02

rATG exposure groups, AU 3 day/mL .007†

,30 Ref.

30-55 7.11 0.96-52.6

$55 9.88 1.31-74.70

HCT Comorbidity Index score ,.001†

0-1 Ref.

2-3 2.07 1.33-3.21

4-10 2.43 1.49-3.94

Table 2. (continued)

Prognostic analysis HR 95% CI P

CMV match‡ .08

R–/D– Ref.

R–/D1 1.68 0.91-3.14

R1/D– 1.42 0.82-2.45

R1/D1 1.84 1.14-2.97

TBI-based conditioning regimen‡ .58

No Ref.

Yes 0.86 0.52-1.45

CD41IR

Age groups, y .19

,20 Ref.

20-40 0.83 0.44-1.57

40-60 1.98 0.67-5.80

$60 1.68 0.55-5.10

Donor type .003†

MRD Ref.

MUD 0.59 0.38-0.91

MMD 0.39 0.22-0.67

rATG exposure groups, AU 3 day/mL ,.001†

,30 Ref.

30-55 0.41 0.25-0.66

$55 0.35 0.17-0.71

HR, Hazard Ratio, CI, Confidence Interval, MUD, matched unrelated donor, CMV,
cytomegalovirus, TBI, total body irradiation, NRM, Non- Relapse Mortality, CD41IR,
CD41immune reconstitution, rATG , rabbit antithymocyte globulin
*Variables with P , .05 were kept in the final model (with age as an adjustment

factor); results of the other variables (at the bottom in italic) are results of the variables
added one by one in the final model.
†Indicates significance.
‡Results of the variables are added one by one in the final model.
§Multivariable Cox model is adjusted on age; variables with P , .05 are kept in the

final model (with age as an adjustment factor); results of the other variables (at the
bottom in italic) are results of the variables added one by one in the final model.
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updated and validated version that reduces the score for pediatric
and young adult patients is underway.

These findings are relevant considering the early reported results of
the PROGRESS II trial, which showed inferior survival with ex vivo
TCD (using weight-based dosing of rATG) because of increased
NRM. We hypothesize that one of the potential reasons for this find-
ing may be related to post-HCT overexposure to rATG and poorer
CD41 IR, and we believe that our current analyses provide a path
forward by using personalized PK-directed rATG dosing to reduce
NRM and improve survival with low rates of GVHD.

In conclusion, in an ex vivo TCD setting, rATG exposure after HCT is
an important predictor for CD41 IR and clinical outcomes such as
NRM andOS. Individualizing rATG dosing to an optimal exposure may
lead to enhanced and more predictable CD41 IR that will subse-
quently improve survival chances. These findings and the strategy to
target the rATG to lower exposure after HCT, while preserving the
cumulative rATG to maintain high engraftment rates (starting rATG
earlier), need to be confirmed in a prospective clinical trial. If success-
ful, this personalized rATG ex vivo TCD allo-HCT can be used as a low

toxicity, predictable HCT platform to study novel post-HCT mainte-
nance and cellular therapies to prevent disease relapse.
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