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A B S T R A C T

Background aims: CD4 immune reconstitution (IR) after allogeneic hematopoietic cell transplant (allo-HCT)
correlates with lower non-relapse mortality (NRM), but its impact on leukemia relapse remains less clear,
especially in children. We studied the correlation between IR of lymphocyte subsets and HCT outcomes in a
large cohort of children/young adults with hematological malignancies.
Methods: We retrospectively analyzed CD4, CD8, B-cell and natural killer (NK) cell reconstitution in patients
after first allo-HCT for a hematological malignancy at three large academic institutions (n = 503; period
2008�2019). We used Cox proportional hazard and Fine�Gray competing risk models, martingale residual
plots and maximally selected log-rank statistics to assess the impact of IR on outcomes.
Results: Achieving CD4>50 and/or B cells>25 cells/mL before day 100 after allo-HCT was a predictor of lower
NRM (CD4 IR: hazard ratio [HR] 0.26, 95% confidence interval [CI] 0.11�0.62, P = 0.002; CD4 and B cell IR: HR
0.06, 95% CI 0.03�0.16, P < 0.001), acute graft-versus-host disease (GVHD) (CD4 and B cell IR: HR 0.02, 95%
CI 0.01�0.04, P < 0.001) and chronic GVHD (CD4 and B cell IR: HR 0.16, 95% CI 0.05�0.49, P = 0.001) in the
full cohort, and of lower risk of relapse (CD4 and B cell IR: HR 0.24, 95% CI 0.06�0.92, P = 0.038) in the acute
myeloid leukemia subgroup. No correlation between CD8 and NK-cell IR and relapse or NRM was found.
Conclusions: CD4 and B-cell IR was associated with clinically significant lower NRM, GVHD and, in patients
with acute myeloid leukemia, disease relapse. CD8 and NK-cell IR was neither associated with relapse nor
NRM. If confirmed in other cohorts, these results can be easily implemented for risk stratification and clinical
decision making.
© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT) is a cura-
tive treatment option for patients with high-risk hematological
malignant diseases. Outcomes after allo-HCT have significantly
improved in the last few decades, mainly due to improvement in the
use of alternative cell sources, patient and donor selection, support-
ive care measures as well as conditioning regimens [1]. Despite these
advances, complications after allo-HCT, such as opportunistic infec-
tions, graft-versus-host disease (GVHD) and disease relapse, remain
major causes of treatment failure and mortality. Early CD4 immune
reconstitution (IR), defined as a total CD4 count >50 cells/mL before
day 100 after allo-HCT (CD4 IR), has been found to be associated with
better overall survival (OS), event-free survival (EFS) and decreased
non-relapse�related mortality (NRM) in various transplant settings
[2,3]. NRM, largely secondary to infections and death due to acute
GVHD (aGVHD), is greater in patients who do not achieve CD4 IR
before 100 days after allo-HCT [4,5].
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The association between IR and risk of relapse has however been
less clear. In one study, cumulative incidence of relapse-related mor-
tality was shown to be significantly lower in patients achieving early
CD4 IR after allo-HCT for acute myeloid leukemia (AML; hazard ratio
[HR] 0.25, n = 63, P = 0.015) but not for acute lymphoblastic leukemia
(ALL) [2]. Another study found no association between CD4 IR and
relapse risk in patients after allo-HCT for malignant disease [3]. The
discrepancy in results might be due to differences in number of
patients included or because there is only a significant impact of CD4
IR on relapse in particular diagnoses.

In this study, we describe our analysis on a large cohort of
pediatric and young adult patients who received their first allo-
HCT for a hematological malignancy, by combining data from
three large academic institutions. Due to the large size of this
cohort, we were able to use unique statistical models, such as
martingale residual plots and maximally selected log-rank statis-
tics, to explore whether there was an association between recon-
stitution of specific lymphocyte subsets and post allo-HCT
outcomes, mainly NRM and relapse incidence. Thus, using these
various statistical models, we wanted to (re)analyze associated
immune cell markers with outcomes, including the optimal cell
marker cut off to predict these outcomes. We focused these anal-
yses on markers that are available at most transplant centers as
Clinical Laboratory Improvement Amendments�approved assays,
e.g., CD4, CD8, B and natural killer (NK) cell IR. Hence, they can
potentially be used for clinical decision-making.

Materials and Methods

Methods

All consecutive patients undergoing their first allo-HCT for any
hematological malignancy at Memorial Sloan Kettering Cancer Center
(New York, NY, USA), University Medical Center Utrecht/Princess
M�axima Center for Pediatric Oncology (Utrecht, the Netherlands) and
St. Jude Children’s Research Hospital (Memphis, TN, USA) between
January 1, 2008, and December 31, 2019, were included in this
study. Clinical and IR data were prospectively collected. Immune
monitoring was not a standard procedure from the start of this inclu-
sion period but was implemented at different time points in the dif-
ferent centers or was part of certain protocols. For the analyses
studying linearity between variables and outcomes, patients without
lymphocyte subset measurements before day 100 were excluded. For
multivariable (MV) analyses, CD4 IR was defined as HCT recipients
achieving a CD4 count of >50 cells/mL on two consecutive measures
within 100 days of HCT [2,4,5]. If there was one measurement >50
cells/mL within 2 months of the first measurement, we considered
the first time point the time of achieving CD4 IR. If there was only
one measurement or no second measurement >50 cells/mL, we con-
sidered that CD4 IR was not achieved. Patients without CD4 measure-
ments or no second measurement within 2 months of the first and
those who died before the median time of CD4 IR were excluded
from multivariable analyses. Any new immune cell marker we found
to impact outcomes we would define similarly as we did CD4 IR,
based on the found threshold. In this case, we would also adjust
exclusion criteria by excluding patients who died before the median
time to IR of the marker that would reconstitute the latest. Stem cell
donors were defined as matched donors (human leukocyte antigen
[HLA] match 10/10, 8/8 [bone marrow {BM} and peripheral blood
stem cells {PBSCs}] or 6/6, cord blood [CB]), including matched
related donors and matched unrelated donors; or mismatched
donors (HLA match �9/10, or �5/6 for CB). Patients with Fanconi ane-
mia were excluded from these analyses. The study was approved by
the institutional review boards or Biobank of all three institutions.
For these analyses, the need for a specific informed consent was
waived.
Outcomes

Main outcomes of interest were incidence of relapse and NRM.
NRM was defined as death due to any cause other than relapse and
patients were censored at time of relapse. Other outcomes of interest
were OS, EFS and GVHD. OS was defined as time from allo-HCT to
death from any cause or last follow-up for survivors, and EFS was
defined as time from allo-HCT to graft failure, relapse, death or last
follow-up for patients who did not experience an event. We classified
aGVHD as defined by Center for International Blood and Marrow
Transplant Research criteria [6] and extensive chronic GVHD as
defined by the National Institutes of Health [7].

Statistical analysis

Continuous variables are displayed as median and range or
interquartile range. Discrete variables are described as counts and
proportions. A univariable Cox proportional hazard (PH) model
was used to explore the association between continuous variables
and outcomes. These models assume linearity between variables
and outcomes. To test whether the linearity assumption held up
for our lymphocyte IR data, we fitted Cox PH models with maxi-
mum total CD4, CD8, B or NK-cell count within 100 days after
allo-HCT as single continuous markers and NRM or relapse as
outcomes, followed by computing the martingale residuals to
visually check for linearity [8]. If linearity was confirmed, we
trusted the HRs we got from the Cox PH models. If the martingale
plots indicated there was no linearity between subset numbers
and outcomes, we used maximally selected log-rank statistics to
determine whether there was a specific cut point of subset count,
above which the risk of an outcome would change. This outcome-
oriented method could provide a cut point value that corresponds
to the most significant relationship with the outcome [9].

MV Cox PH models were then used to evaluate the impact of
various variables on the outcomes of interest, including cut points
of lymphocyte IR determined in our linearity analyses. In addition
to IR data, other variables considered based on clinical relevance
were age, primary diagnosis, disease status (for AML and ALL),
graft source, HLA match, conditioning regimen (total body irradia-
tion�based versus chemotherapy-containing only), use of anti-
thymocyte serotherapy, ex vivo graft manipulation and transplant
before or after the median year of transplant (2015). To avoid
overfitting with too many covariates, we also analyzed MV mod-
els including different subsets with smaller number of covariates
based on the number of events for each outcome studied. The
results are presented as HR, 95% confidence intervals (95% CIs)
and log-likelihood test P values. For analysis of cumulative inci-
dences of our main outcomes of interest relapse and NRM, as
well as other outcomes of interest aGVHD and cGVHD Fine�Gray
models for competing risk were used. Kaplan�Meier plots were
used to compare the other outcomes of interest OS and EFS.

All statistical analyses were done using R statistical software, ver-
sion 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria),
packages: tidyverse, survival, survminer, prodlim, cmprsk, riskRegres-
sion, forestmodel.

Results

Patient and transplant characteristics

We identified a total of 890 consecutive patients who had
their first allo-HCT for a hematological malignancy between 2008
and 2019. Based on IR data availability per lymphocyte subset,
503 patients with CD4, 491 with CD8, 499 with B cell and 481
with NK cell data before day 100 after allo-HCT were included for
the exploration of linearity between lymphocyte subsets and



Figure 1. Retrospective selection of patients for the analyses. This diagram depicts that from the 890 patients who underwent first allo-HCT for a hematologic malignancy, 387
(CD4), 391 (B cell), 399 (CD8) and 409 (NK cells) were excluded from linearity analyses, due to lack of immune reconstitution data before day 100 after allo-HCT. Moreover, from
the 503 patients with CD4 data and 499 with B-cell data, 21 and 29 patients were excluded from the multivariable analyses, respectively, due to having fewer than two datapoints
before day 100. Combining only patients who had both CD4 and B-cell data for the multivariable analyses, left us with a total of 463 patients.
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outcomes (Figure 1). In total, 463 patients had sufficient CD4 and
B-cell lymphocyte subset measurements to use in MV models
analyzing cut points found in the maximally selected log-rank
methods as described in the results below. Subsets of patients
have been reported previously; from the Princess M�axima Center,
109 patients by Admiraal et al. [4], and 139 (overlapping the 109
described in Admiraal et al.) by de Koning et al. [5], while from
Memorial Sloan Kettering, 220 patients by van Roessel et al. [3]
and de Koning et al. [5]. After we excluded patients who died
before the median time to CD4 and B-cell IR, patients who were
excluded due to insufficient IR data had no significantly different
cumulative incidence of NRM in MV Fine�Gray analysis (P = 0.23,
supplementary Figure 1 and supplementary Table 1). Patient and
HCT characteristics for the entire cohort included for MV analyses
are summarized in Table 1. Median age at transplant was 12.1
(interquartile range 5.6�16) years. Most of the patients included
were transplanted for ALL (n = 202 [43.6%]) or AML (n = 171
[36.9%]).

Testing for linearity between absolute lymphocyte numbers and
outcomes

The martingale residual plots depicting excess risk of NRM related
to the greatest obtained absolute CD4 count before day 100 after
HCT, suggested that there was no linear association between CD4
count and risk of NRM (Figure 2a). Maximally selected log-rank sta-
tistics indicated that there might be a transition point around the
CD4 count of 57 cells/mL (range 20�80 cells/mL), demonstrating that
achieving a CD4 count above this within 100 days was associated
with decreased risk of NRM (Figure 2b,c). Competing risk analyses
separating patients who achieved CD4 count of 57 or more, compared
with the patients who did not, confirmed increased cumulative
incidence of NRM in the latter (HR 0.27, 95% CI 0.17�0.44, P < 0.001;
Figure 2d).

Martignale residual plots for the excess risk or NRM related to
maximum absolute B-cell count before day 100 after HCT also indi-
cated non-linearity between early B-cell reconstitution and NRM
(Figure 3a). Here maximally selected log-rank statistics indicated that
there might be a transition point around the B-cell count of 25 cells/
mL, demonstrating that achieving a B-cell count above this within
100 days was associated with decreased risk of NRM (Figure 3b,c).
Competing risk analyses separating patients who achieved B cell
count of 25 or more, compared with the patients who did not, con-
firmed increased NRM in the latter (HR 0.26, 95% CI 0.16�0.43, P <

0.001; Figure 3d).
The martingale plots depicting excess risk of NRM related to max-

imum absolute CD8 and NK cell counts in the first 100 days after
transplant showed a linear association between variables and out-
come (Figure 4a,b). Univariable Cox PH models with these lympho-
cyte values as continuous variable and NRM as outcome, showed no
statistically significant association (CD8: HR 0.999, 95% CI 0.998�1,
P = 0.046; NK: HR 0.9997, 95% CI 0.999�1, P = 0.381), indicating that
IR of these cell subsets within 100 days after allo-HCT was not associ-
ated with NRM.

Excess risk of relapse related to maximum absolute CD4, CD8, B
and NK cells in the first 100 days after transplant showed a linear
association between variables and outcome in the martingale plots
(Figure 5a-d). Cox PH models with these lymphocyte counts as con-
tinuous variable and relapse as outcome, showed no statistical corre-
lation (CD4: HR 1, 95% CI 0.9996�1.001, P = 0.407; CD8: HR 1, 95% CI
0.9997�1, P = 0.943; B cell: HR 0.998, 95% CI 0.997-0.999, P = 0.003,
NK cell: HR 1, 95% CI 0.9996�1, P = 0.926), indicating that IR of these
cell subsets within 100 days after allo-HCT was not associated with
relapse.



Table 1
Patient and HCT characteristics for the entire cohort included
for MV analyses.

Included patients
(N = 463)

Age, y
Median [IQR] 12.1 [5.6, 16]

Treatment center
MSKCC 227 (49.0%)
PMC 149 (32.2%)
SJCRH 87 (18.8%)

Sex
Male 274 (59.2%)
Female 189 (40.8%)

Diagnosis
ALL 202 (43.6%)
AML 171 (36.9%)
MDS 41 (8.9%)
NHL 17 (3.7%)
Othera 32 (6.9%)

Cell source
BM 155 (33.5%)
Cord 120 (25.9%)
PBSC 188 (40.6%)

HLA matching
Matched 245 (52.9%)
Mismatched 214 (46.2%)
Missing 4 (0.9%)

Conditioning regimen
Only chemotherapy 282 (60.9%)
Chemotherapy and TBI 181 (39.1%)

Ex vivo TCD
No 271 (58.5%)
Yes 192 (41.5%)

Serotherapy
No 212 (45.8%)
Yes 251 (54.2%)

Year of HCT
Median [min, max] 2015 [2008, 2019]

ALL, acute lymphoblastic leukemia; AML, acute myeloid leuke-
mia; BM, bone marrow; HCT, hematopoietic cell transplant;
HLA, human leukocyte antigen; IQR, interquartile range; MDS,
myelodysplastic syndrome; MSKCC, Memorial Sloan Kettering
Cancer Center; MV, multivariable; NHL, non-Hodgkin
lymphoma; PBSC, peripheral blood stem cells; PMC, Princess
Maxima Center for Pediatric Oncology; SJCRH, St. Jude Child-
ren’s Research Hospital; TBI, total body irradiation; TCD, T-cell
depletion.

a Other diagnoses included were acute undifferentiated leu-
kemia, chronic myelogenous leukemia, chronic neutrophilic
leukemia, Hodgkin lymphoma, juvenile myelomonocytic leuke-
mia, mixed phenotype acute leukemia and myeloid sarcoma.
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CD4 and B-cell IR and outcomes

Based on the aforementioned results, we continued using the pre-
viously described definition for CD4 IR as a total CD4 count >50 cells/
mL before day 100 after HCT. In addition, we also defined B-cell IR as
a total B-cell count >25 cells/mL before day 100 after HCT. For the
aGVHD work, we analyzed patients who achieved CD4 and/or B-cell
IR after developing aGVHD as if they had not achieved IR. For the
overall cohort, the cumulative incidence of CD4 IR at day 100 after
transplant was 77.4% (95% CI 73.6�81.2%). On MV analyses with the
age 0�3 years group as reference, ages between 10 and 18 years (HR
0.47, 95% CI 0.34�0.65, P < 0.001) and >18 years (HR 0.47, 95% CI
0.31�0.73, P < 0.001) were associated with a lower cumulative inci-
dence of CD4 IR (Figure 6a). The 100-day cumulative incidence of B
cell IR was 74.4% (95% CI 70.4�78.4%). Compared with age group
0�3 years, age groups 3�10 (HR 0.7, 95% CI 0.50�0.98, P = 0.04),
10�18 (HR 0.54, 95% CI 0.39�0.75, P < 0.001) and >18 years (HR
0.62, 95% CI 0.41�0.94, P = 0.02) were all associated with a lower
cumulative incidence of B-cell IR (Figure 6b).The 2-year cumulative
incidence of NRM was 3.7% (95% CI 1.5�6.0%) for patients who
achieved both CD4 and B-cell IR, 14.2% (95% CI 6.7�21.7%) for only
CD4 IR, 22.3% (95% CI 12.6�32%) for only B-cell IR and 34.4% (95% CI
17.6�51.2%) for no IR at all (Figure 7a). In MV analyses, compared
with no IR at all, CD4 IR (HR 0.26, 95% CI 0.11�0.62, P = 0.002) and
CD4 and B-cell IR together (HR 0.06, 95% CI 0.03�0.16, P < 0.001)
were significant predictors for decreased incidence of NRM (supple-
mentary Table 2). For relapse, no statistically significant difference
was seen based on CD4 and/or B-cell IR in the full cohort (Figure 7b
and supplementary Table 3). Age >18 years (HR 0.32, 95% CI
0.13�0.81, P = 0.02) and transplant after 2015 (HR 0.63, 95% CI
0.41�0.97, P = 0.03) were found to be the only predictors for a
decreased relapse risk (supplementary Table 3).

In the subgroups of patients with AML achieving CD4 and B-cell IR
together was found to be a significant predictor of decreased inci-
dence of relapse (HR 0.24, 95% CI 0.06�0.92, P = 0.038; supplemen-
tary Table 4). In the group of patients with ALL, CD4 and/or B-cell IR
was not found to be a predictor of relapse (supplementary Table 5).
For the AML subgroup, active disease (HR 3.58, 95% CI 1.46-8.78,
P = 0.005) and use of serotherapy alone (HR 2.48, 95% CI 1.02�6,
P = 0.045) were predictive of increased risk of relapse, whereas trans-
plant after the year 2015 (HR 0.35, 95% CI 0.16�0.78, P = 0.011) was
predictive for decreased incidence of relapse (supplementary Table
4). For ALL only, disease status of complete remission 2 or greater
(HR 3.21, 95% CI 1.51�6.83, P = 0.002) was predictive of greater risk
of relapse (supplementary Table 5). Patients who achieved CD4 IR
(HR 0.17, 95% CI 0.11-0.27, P < 0.001), B-cell IR (HR 0.10, 95% CI
0.05�0.19, P < 0.001) or both (HR 0.02, 95% CI 0.01�0.04, P < 0.001)
had lower risk of aGVHD grade II-IV (Figure 7c and supplementary
Table 6). Graft source PBSC and serotherapy with or without ex vivo
TCD were also predictive of lower incidence of aGVHD grade II-IV
(supplementary Table 6). For patients who achieved CD4 IR or B-cell
IR, there appeared to be a lower cumulative incidence of extensive
cGVHD, compared with patients who did not, but this did not reach
statistical significance at a 0.05 threshold, whereas patients who
achieved CD4 and B-cell IR together did have a statistically significant
decreased risk of extensive cGVHD (HR 0.16, 95% CI 0.05�0.49,
P = 0.001; Figure 7d and supplementary Table 7). None of the other
variables analyzed were found to be predictors of extensive cGvHD
(supplementary Table 7).

Discussion

In our large tri-institutional cohort, we confirmed, using various
refined statistical models, the strong association between CD4 IR and
risk of NRM in pediatric/young adult patients with hematological
malignancies. To that knowledge, we added that early B-cell reconsti-
tution, defined as a total B-cell count of >25 cells/mL before day 100
after allo-HCT is associated with decreased NRM, and that achieving
both CD4 and B-cell IR correlates with even better outcomes with
very low cumulative incidence of NRM (at 2 years 3.7%, 95% CI
1.5�6%), which is around a 15- to 20-fold lower risk compared with
patients with no CD4 and B cell IR at all and 4- to 5-fold lower risk
compared with patients with only CD4 or B-cell IR seperately. In the
AML subgroup, we found that having patients reconstitute both CD4
and B cells correlated to a 4-fold decrease in risk of relapse. We also
found that patients who achieved CD4 or B-cell IR had a more than 5-
fold decreased risk of aGVHD grade II-IV, and that this risk becomes
even lower in patient who reconstitute both. IR of both CD4 and B
cells together was also correlated to more than 5-fold lower risk of
extensive cGVHD. No correlation between CD8 or NK cell IR and NRM
or relapse was found.

The results we report are of significance for the field. However,
our analyses are limited by their retrospective nature, with a high
number of patients excluded from analyses due to the lack of IR data
points. We did show that the cumulative incidence of NRM was not
different between the group of included versus excluded patients. A



Figure 2. Linearity and maximally selected log-rank statistics analyses on the correlation between CD4 immune reconstitution and NRM. (a) Martingale residual plot demonstrating
excess risk of NRM by highest achieved absolute CD4 count in the first 100 days after allo-HCT. The non-linear trajectory of the curve indicates there is no linear correlation between
CD4 cell count and non-relapse mortality, (b) distribution of the CD4 values, (c) maximally selected log-rank statistics determining an absolute CD4 count of 57 as the cut off for
NRM, (d) cumulative incidence curves of NRM comparing patients who achieved a maximum CD4 count >57 (dotted line) and those who did not (solid line), confirming a significant
difference between the two groups. P value depicts significance of CD4 IR >57 as predictor in univariable competing risk analyses by the Fine�Gray method.
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limitation of MV analyses is that including many covariates might
lead to overfitting, when analyzing endpoints with limited number of
events. However, by analyzing the MV analyses with smaller num-
bers of covariates for the outcomes with lower number of events, we
confirmed that our overall results did not change because of having
too many covariates (supplementary data). For this reason, and
because of the clinical relevance of the covariates we included, we
decided to report on the variables mentioned in the Materials and
Methods. The strength of our work is that it is representative of a het-
erogenous large cohort of pediatric and young adult patients from
three independent pediatric transplant centers with very diverse
patient bases as well as clinical practices. Due to the size of the
cohort, we have been able to use more refined statistical analyses
as described above, to support our conclusions related to IR and out-
comes.

Using several orthogonal statistical models, we consistently dem-
onstrated that CD4 IR is associated with NRM. The previously
described CD4 >50 cells/mL before day 100 is in line with what we
found (CD4 >57 cells/mL) in the present analyses using different sta-
tistical methods. In contrast to CD4 IR, B-cell IR after allo-HCT has not
been found to be predictive of outcomes in the context of viral reacti-
vations [4], reason for which the focus previously has been more on
CD4 IR. Ando et al. [10] described the impact of IR on survival out-
comes in a cohort of 358 adult patients who underwent allo-HCT for
hematological malignancies and also found that CD20+ B-cell counts
correlated with lower NRM. However, they did not describe a thresh-
old. In that study subset analyses were done on samples from day 28,
day 100 and beyond. We confirmed that achieving a CD4 count of 50
cells/mL or greater and B-cell count of 25 cells/mL or greater within
100 days after transplant is a good and easy to use predictor for NRM.
The lower incidence of NRM is in part due to less deaths secondary to
viral reactivations but is also associated with a decreased risk of
aGVHD grade II-IV and extensive cGVHD. Interestingly, we showed
combined CD4 and B-cell IR to be a very strong predictor of decreased
incidence of aGVHD grade II-IV in our cohort, suggesting that IR of
these subsets (inter)plays an important role in preventing aGVHD.
Also, combined CD4 and B cell IR was a statistically significant predic-
tor of decreased incidence of extensive cGVHD, and CD4 and B-cell IR
individually had P values close to significance at a threshold of 0.05,
with an HR with broad CI, not centered around 1, suggesting a lack of
power, rather than effect.

It has been previously shown that pediatric patients who devel-
oped grade II-IV, even grade III-IV aGVHD, and had >50 CD4 cells/mL
within 100 days after allo-HCT or before aGVHD onset had signifi-
cantly decreased cumulative incidence of NRM (similar to patients
who did not develop GVHD) [5]. The found association between CD4
IR and reduced probability of aGVHD was also recently described in a
large T-cell�depleted cohort [11]. This may be explained by (i) fewer
infections, which can be a trigger for aGVHD and/or (ii) better
immune regulation secondary to the early IR, possibly with the
involvement of T-regulatory cells in the CD4 population. This high-
lights the importance to further study the role of specific immune
cell subsets on risk of developing and regulating GVHD.

The anti-leukemic effect of allo-HCT has been of interest to inves-
tigators for decades. Although this has been clearly demonstrated in
patients with chronic myeloid leukemia, there is no strong convinc-
ing data for AML and ALL [12,13]. Moreover, no early cellular immune
marker has been described yet. In these analyses as well, we were not
able to find an association between any of the early immune cell
markers (CD4, CD8, B and NK-cell reconstitution) and relapse,
except for the subgroup of patients with AML who achieved both
CD4 and B-cell IR. These results highlight the importance to



Figure 3. Linearity and maximally selected log-rank statistics analyses on the correlation between B-cell immune reconstitution and NRM. (a) Martingale residual plot demonstrat-
ing excess risk of NRM by highest achieved absolute B cell count in the first 100 days after allo-HCT. The non-linear trajectory of the curve indicates there is no linear correlation
between B-cell count and NRM, (b) distribution of the B-cell values, (c) maximally selected log-rank statistics determining an absolute B-cell count of 25 as the cut off for NRM, and
(d) cumulative incidence curves of NRM comparing patients who achieved a maximum B cell count >25 cells/ml (dotted line) and those who did not (solid line), confirming a signif-
icant difference between the two groups. P value depicts significance of B cell IR > 25 cells/ml as predictor in univariable competing risk analyses by the Fine�Gray method.
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confirm our findings in other cohorts of patients with AML and to
further analyze more rare lymphocyte subsets within the CD4
and B-cell populations, to have a better understanding of a possi-
ble mechanism behind prevention of relapse. Others have found
(in a relatively small cohort) that higher IR of gamma/delta T
cells, which, in contrast to CD4, CD8 T cells and NK cells, don’t
make use of MHC class molecules for cell recognition and
destruction, has been associated with decreased cumulative inci-
dence of relapse of malignant disease [14]. To decipher the role
of more specific subsets, future studies should include big
Figure 4. Martingale residual plots depicting linearity between CD8 and NK cell immune rec
highest achieved absolute CD8 and (b) NK-cell count in the first 100 days after allo-HCT. Al
curves has a wide confidence interval due to small number of measurements. When looking
continues to be within the confidence interval, indicating a linear correlation.
discovery panels (30+ color flow cytometry, including functional
markers), in large cohorts of patients.

In conclusion, in this large tri-institutional cohort we confirmed
the strong association between CD4 IR and NRM, but also showed
that B-cell IR, in combination with CD4 IR, leads to even lower NRM.
In patients with AML, we showed a 4-fold decreased incidence of
relapse with combined CD4 and B cell IR. There was no association
between CD8 or NK cell IR and NRM. We also showed a significant
decrease in probability of aGVHD grade II-IV, with combined CD4 and
B-cell IR having the greatest impact. For extensive cGVHDwe showed
onstitution and NRM. Martingale residual plots demonstrating excess risk of NRM by (a)
though both curves seem to indicate non-linearity, the initial slope downwards of the
at the confidence interval in the area with most measurements, the 0.0 excess risk line



Figure 5. Linearity analyses on the correlation between CD4, CD8, NK and B-cell immune reconstitution and relapse. Martingale residual plots demonstrating excess risk of relapse
by highest achieved absolute (a) CD4, (b) CD8, (c) NK and (d) B-cell count in the first 100 days after allo-HCT. The curves in (a-c) show the 0.0 excess risk line falls within the confi-
dence interval throughout, indicating linearity between variables and relapse. Although in panel d the curve seems to have an upward slope, that is due to two outliers. In the area
of most datapoints, the 0.0 excess risk line falls within the confidence interval, indicating linearity.
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a more than 5-fold decreased incidence when patients had both CD4
and B cell IR. No associations between CD4, CD8, B or NK cell IR and
relapse were found in our full cohort or patients with ALL. Given the
huge impact on NRM, strategies that promote early IR must be priori-
tized to make HCT safer by reducing NRM (better infectious control
and less GVHD). The newly reported impact of B-cell IR in this work
Figure 6. Cumulative incidences of CD4 and B-cell IR by age groups. CD4 IR was defined as a
as absolute B-cell count >25 cells/mL before day 100 after allo-HCT. Ages between 10�18 an
IR compared with age 0�3 years in multivariable Cox PH models. For B-cell IR age groups 3�
dence of IR, compared with age groups 0�3 years, in multivariable Cox PH models.
should be confirmed in other cohorts, to potentially serve as an easily
applicable prediction tool for clinical practice. Prospective validation
studies and detailed evaluation of specific, less common/rare lym-
phocyte subsets during the early and later post-transplant period,
may help decipher the mechanisms of leukemia control after allo-
HCT.
bsolute CD4 count >50 cells/mL before day 100 after allo-HCT and B-cell IR was defined
d >18 years were found to be associated with decreased cumulative incidence of CD4
10, 10�18 and >18 years were all found to be associated with lower cumulative inci-



Figure 7. Cumulative incidences of (a) NRM, (b) relapse (c) acute GVHD grade II-IV and (d) extensive chronic GVHD by CD4 and B-cell IR. CD4 and B-cell IR were associated with sig-
nificantly lower cumulative incidence of NRM, aGVHD and cGVHD but not relapse. CD4 IR was defined as CD4 >50 cells/mL before day 100 after allo-HCT and B-cell IR was defined
as B cells >25 cells/mL before 100 days after allo-HCT. P values were obtained by univariable Fine�Gray method.
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