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ABSTRACT

Immune reconstitution after allogeneic stem cell transplantation is a dynamic and complex process depending on
the recipient and donor characteristics, on the modalities of transplantation, and on the occurrence of graft-versus-
host disease. Multivariate methods widely used for gene expression profiling can simultaneously analyze the pat-
terns of a great number of biological variables on a heterogeneous set of patients. Here we use these methods on
flow cytometry assessment of up to 25 lymphocyte populations to analyze the global pattern of long-term
immune reconstitution after transplantation. Immune patterns were most distinct from healthy controls at six
months, and had not yet fully recovered as long as two years after transplant. The two principal determinants of
variability were linked to the balance of B and CD8" T cells and of natural killer and B cells, respectively.
Recipient’s cytomegalovirus serostatus, cytomegalovirus replication, and chronic graft-versus-host disease were the
main factors shaping the immune pattern one year after transplant. We identified a complex signature of under-
and over-representation of immune populations dictated by recipient’s cytomegalovirus seropositivity. Finally, we
identified dimensions of variance in immune patterns as significant predictors of long-term non-relapse mortality,

independently of chronic graft-versus-host disease.

Introduction

Restoration of quantitatively and functionally normal
immunity is mandatory to limit infectious risks and relapse
after allogeneic hematopoietic stem cell transplantation
(HSCT).! The kinetics of reconstitution of innate and adaptive
immune populations differ. The prompt recovery of neu-
trophil, monocyte and natural killer (NK) cells contrasts with
delayed recovery of B- and T-cell subsets that can persist
beyond the first year after transplantation.”

Several studies have pinpointed the role of transplant char-
acteristics, including conditioning regimen intensity, source of
stem cells and donor matching,*” and that of post-transplant
events including acute (aGvHD) and chronic (cGvHD) graft-
versus-host disease and infections such as cytomegalovirus
(CMV) replication on post-transplant immune reconstitu-
tion.”"

Other studies have focused on the study of a distinct subset
of immune cells, e.g. regulatory T cells (Tregs), CD5" B cells,
or NK cells."** However, complex and heterogeneous clinical
settings such as cGvHD often simultaneously affect several
immune cell populations.®

While molecular biology® and functional assays' can be
used to study immune reconstitution, flow cytometry
uniquely allows the simultaneous assessment of several
immune populations.’

Multivariate methods such as clustering algorithms, and
principal component analyses are widely used to analyze
multidimensional data such as gene expression profiles, but

these methods have also been successfully applied to other
types of data, such as clinical symptoms and murine
hematopoietic reconstitution.'™**

In the present study, we use these tools to analyze simulta-
neously the impact of several pre- and post-transplant vari-
ables on the immune reconstitution of a large number of
immune cell populations. Our results confirm that patterns of
immune populations remain abnormal even two years after
transplant, and uncover the crucial and independent role of
CMV serostatus and of CMV replication, and to a lesser
extent of cGvHD, in shaping long-term immune reconstitu-
tion following allogeneic HSCT.

Methods

Patients

Immune reconstitution was monitored as part of routine follow up
in all 410 patients undergoing allogeneic stem cell transplantation at
our center between June 2005 and November 2009. Blood samples
were collected prior to transplant and at three, six, 12 and 24 months
after transplant.**"? All patients provided written informed consent in
accordance with the Declaration of Helsinki. The present study focus-
es on patients with immune reconstitution profiling available at
twelve months from transplant, regardless of indication, conditioning
regimen, and stem cell source of HSCT; 190 patients met these crite-
ria. Kinetics of reconstitution was studied in a smaller cohort of 77
patients with data at all other study points. Characteristics of both
cohorts are shown in Table 1. Definition of clinical variables, including
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Table 1. Patient characteristics. ®
12-months cohort Longitudinal cohort
N % N %
N of patients 190 7
Recipient age
<45 years 117 62% 48 62%
> 45 years 73 38% 29 38%
Diagnosis
Acute leukemia (AML/ALL) 85 45% 40 52%
MDS or MPN 37 19% 16 21%
Bone marrow failure 22 12% 5 6%
Lymphoid or PC malignancy 46 24% 16 21%
Gender matching
Female to male 43 23% 14 18%
Other 129 68% 58 76%
NA 18 9% 5 6%
Donor age
<45 years 125 66% 56 3%
> 45 years 53 28% 21 21%
NA 12 6% 0 0%
Stem cell source
Bone Marrow 63 33% 26 34%
Peripheral blood 110 58% 46 60%
Cord Blood 17 9% 5 6%
Donor matching
Matched sibling 100 53% 46 60%
Matched unrelated donor 52 21% 19 25%
Mismatched unrelated donor 21 11% 7 9%
Cord blood 17 9% 5 6%
Conditioning regimen
Reduced intensity 99 52% 37 48%
Myeloablative 91 48% 40 52%
Total body irradiation
Yes 82 43% 28 36%
No 108 57% 49 64%
Antithymocyte globulins prophylaxis
Yes 46 24% 15 19%
No 144 76% 62 81%
CMV serostatus (donor/recipient)
Negative / negative 53 28% 25 32%
Positive / negative 46 24% 16 21%
Negative / positive 35 18% 15 20%
Positive / positive 53 28% 21 27%
NA 3 2% 0 0%
Acute GvHD
Grade 0 -1 101 53% 42 54%
Grade Il - IV 88 46% 35 45%
NA 1 1% 0 0%
Chronic GvHD in the first 12 months
No 66 35% 24 31%
Limited 87 46% 35 46%
Extensive 37 19% 18 23%
CMV reactivation in the first 12 months
No 133 70% 55 1%
Yes 57 30% 22 29%
Lymphocyte count at 12 months
< 10x10%L 83 44% 31 40%
=10 x107L 107 56% 46 60%
AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; PC: plasma cell; NA: not available.
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) Table 2. Immune subsets.
Group Population Phenotype Restricted panel
B cells CD5* B cells CD19*/CD5*
Memory B cells CD19+/CD27* X
Naive B cells CD19+/CD27- X
NK cells CD56"# CD16- NK cells CD3-/CD56"" / CD16- x1
CD56" CD16* NK cells CD3-/CD56" / CD16*
CD56 NK cells CD3-/CD56%™ X
NK/T cells NK/T cells CD3*/CD56*
CD4* T cells CD25* activated CD4* T cells CD3*/CD4*/CD25*
HLA-DR* activated CD4* T cells CD3+/CD4*/ HLA-DR*
Central memory CD4+ T cells CD3*/CD4+/ CD45RA- / CCRT+ X
Early differentiated CD4* T cells CD3*/CD4+/CD28* X
Effector memory CD4* T cells CD3*/CD4*/ CD45RA- / CCRT- X
Late effector memory CD4* T cells CD3*/CD4+/ CD45RA* / CCRT- X
Memory CD4* T cells CD3*/CD4* / CD45ROb*
Naive CD4* T cells CD3*/CD4+/ CD45RA*/ CCRT* X
Tregs Inducible Tregs CD3*/CD4+/CD25*/CD127/ CD45RA- X
Natural Tregs CD3*/CD4*/CD25* /CD127"/ CDA5RA* X
CD8* T cells CD25+ activated CD8* T cells CD3*/CD8*/CD25*
HLA-DR* activated CD8* T cells CD3*/CD8*/ HLA-DR*
Central memory CD8* T cells CD3*/CD8*/ CD45RA- / CCRT* X
Early differentiated CD8* T cells CD3*/CD8§*/CD28* X
Effector memory CD8* T cells CD3*/CD8*/ CD45RA- / CCRT- X
Late effector memory CD8* T cells CD3-/CD8*/CD45RA*/ CCRT- X
Memory CD8* T cells CD3*/CD8*/ CD45ROb*
Naive CD8* T cells CD3*/ CD8*/CD45RA* / CCRT* X
'CD56"" NK cells, irrespective of CD16, were grouped as a single population in the restricted panel.
A
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Figure 1A. Plots of the first 3 dimensions (DIM) from the correspondence analysis (CA)* of immune pattern, determined on a restricted panel
of 16 lymphocyte subsets (see Table 2) in 77 patients with longitudinal follow up prior to transplant, and after three, six, 12 and 24 months
from transplant (red dots) compared to the immune pattern of 32 healthy controls (blue dots). Percentages indicate the proportion of vari-
ance attributed to each dimension. Briefly, CA, like principal component analysis, allows the graphical representation of multidimensional
data by generating ‘dimensions’ that reflect the similarity between rows (patients) and columns (immune populations) without losing infor-
mation. The resulting dimensions are hierarchically organized, with the first dimension carrying the greater amount of information (percent-
age of variance). The distance between 2 patients in the first dimensions of CA reflects the global similarity of their immune profile.
Conversely, immune populations distant on CA dimensions have opposite representations in the patient population. (B) Similarity estimated
through RV coefficients®® between immune patterns of controls and transplant recipients at the same time points. RV coefficients (black
squares) closer to 1 denote greater similarity between immune patterns of patients and controls. Log-transformed P values of the test of sig-
nificance are indicated in gray bars.
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Table 3. Prognostic factors of non-relapse mortality.

Prognostic factors of NRM1 Univariate analysis Multivariate analysis
Relative risk [95% CI] P Relative risk [95% CI] P
DIMI 0.26 [11-0.63] 0.003
DIM2 0.05 [01-0.19] <0.0001 0.01 [5.89x10 - 0.28] 0.006
Female to male matching 1.46 [56 - 3.81] 0.016
Acute GvHD (grade II-IV) 4.83 [1.62 - 14.38] 0.005
Chronic GvHD in the first year 3.65 [1.90 - 7.02] 0.0001 2.23 [1.11 - 4.46] 0.001
Lymphocyte count at 12 months 4.04 [1.48 - 11.03] 0.006
Proportion of lymphocytes
CD4* T cells 0.06 [9.45x10-4 - 4.21] 0.2
CD8* T cells 64.46 [6.61 - 628.62] 0.0003 1.02 [1.00 - 1.04] 0.012
B cells 310 [9.x10% - 13x10%] 0.12
NK cells 4.30 [27 - 68.08] 0.3

NRM: non-relapse mortality.'Other clinical variables considered in univariate analysis (P>0.05): recipient and donor age, diagnosis, stem cell source, donor matching, conditioning

regimen, CMV serostatus and CMV reactivation.

conditioning regimen intensity, GvHD grading and CMV replica-
tion, is described in the Online Supplementary Methods.

Controls

Blood samples from 32 healthy donors were collected after
informed consent from the local blood donor center (Hépital
Saint-Louis, Paris, France).

Flow cytometry

Flow cytometry analysis is detailed in Online Supplementary
Methods. Lymphocyte populations are summarized in Table 2.
Only the restricted panel was assessed in the control samples,
whereas the extended panel was used for patient samples.

Statistical analysis

Statistical analyses are detailed in the Omnline Supplementary
Methods. All lymphocyte subsets were studied as proportions of
the patient’s total lymphocyte count at the time of sampling.

Multivariate analysis was performed by correspondence analy-
sis (CA), which is conceptually analogous to principal component
analysis."”

Similarity between patients’ and controls’ datasets was evaluat-
ed with the ‘RV’ coefficient, which measures the relationship of
two sets of variables defined for the same individuals.™

One-way analysis of variance according to categorical variables
was performed with the Kruskall-Wallis test. When two variables
were each significantly impacting a single dimension, two-way
analysis of variance (ANOVA) accounting for interaction were per-
formed.

Non-relapse mortality (NRM) and cumulative incidence of
relapse (CIR) were defined with a landmark at 12 months consid-
ering relapse and death as competing events. Fine & Gray models
were established after limited backward selection.”” All analyses
were carried with R 8.0.2 (wwsw.cran.r-project.org).

Results

Kinetics of global patterns of immune reconstitution

In order to analyze the kinetics of global immune
reconstitution, we first selected a subset of 77 patients
(median age 40 years) for whom immune profiling had
been performed prior to transplant and at three, six, 12
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and 24 months after transplant. (See Table 1 for patients’
characteristics.) There was no significant difference in
base-line characteristics between this longitudinal cohort
and the global population of 410 patients transplanted at
our center over the same period (Online Supplementary
Table S1). The proportion of 16 lymphocyte subpopula-
tions (‘restricted panel’, Table 2) at each time point in
those 77 patients was compared to that of 32 healthy con-
trols (median age 43 years; P=0.11 vs. patients) through
correspondence analysis (CA). The two populations were
comparable with respect to CMV seropositivity (47 % in
both groups; P=1.0). CA is a method analogous to princi-
pal component analysis that allows the visualization of
multidimensional categorical data (Figure 1A). Briefly, CA
generates new variables for each patient, called ‘dimen-
sions’, that combine and summarize the information con-
tained in the many variables assessed (here, lymphocyte
subsets). The resulting dimensions are hierarchically
organized, with the first dimension carrying the greater
amount of information (percentage of variance). These
first dimensions thus fairly reflect the heterogeneity of
patients with respect to immune populations, with limit-
ed loss of information: in the present analysis, the 3-
dimensional depiction of the first three dimensions
(DIM1, DIM2, and DIM3) captured a significant propor-
tion of the panel’s variability (cumulative proportion of
variance 66.5%). Consequently, the distance between 2
patients in the first dimensions of CA reflects the global
similarity of their immune profile. Whereas the pattern of
immune populations in patients seemed close to that of
healthy controls prior to transplant, this pattern became
more heterogeneous and distant from controls, especially
at six and 12 months from transplant. We next used ‘RV’
coefficients, which range from 0 (complete decorrelation)
to 1 (complete correlation) to analyze the similarity
between immune profiles of patients and controls.”
Immune profiles of patients were significantly different
from controls at all times, including prior to transplant (—
logio(P) >2, i.e. P<0.01 in all instances). However, the sim-
ilarity was close to 90% (RV coefficient=0.907) prior to
transplant then decreased to reach a nadir close to 50%
six months after transplant, before beginning to become
close to normal. Immune populations were still overall




significantly different from controls at two years after
transplant (Figure 1B).

Clustering of immune populations

We next focused on the 190 patients alive at twelve
months after transplant with available information on 25
lymphocyte subsets, including naive, activated and mem-
ory CD4* and CD8" T cells, resting and activated regulato-
ry T cells (Tregs), CD56" and CD56™#" NK cells, and
naive, and memory B cells (‘extended panel’, Table 2). The
relative proportion of each immune subset is plotted in
Ounline Supplementary Figure S1. Although this cohort rep-
resents a selected patient population having survived the
first year after HSCT, there was no additional inclusion
criterion, and the resulting cohort is thus heterogeneous in
terms of indication for HSCT, source of stem cells, condi-
tioning regimen and donor matching, as summarized in
Table 1. Comparison with the global transplant popula-
tion is provided in Online Supplementary Table S1. There
was no significant difference, except for a greater propor-
tion of CMV seronegative recipients in the 12-month
study population (P=0.02). We performed CA on this
global dataset. The first 5 dimensions accounted for a
cumulative 75.5% of the total variance of the dataset
[dimension (DIM) 1: 33.2%; DIM2: 15.5%]. Dimensions
resulting from CA display the similarity between patients
(‘rows’ in our dataset), but can also be used to analyze the
similarity between immune populations (‘columns’) across
the patient populations. We performed a supervised
‘between-group’ clustering of immune populations, which
uncovered the distinct reconstitution of B and NK cell pop-
ulations, and to a lesser extent of CD4* and CD8" T-cell
subsets. Expectedly, Tregs were closer to CD4" T cells
(Figure 2). We also performed unsupervised clustering
analysis on the resulting dataset. This analysis uncovered
6 statistically significant clusters (P<0.05 by approximately
unbiased tests) (Online Supplementary Figure S2): B-cell sub-
populations (naive, memory and CD5* B cells) formed a
cluster, as did NK-cell subpopulations. As further valida-
tion, naive (CD45RA*/ CCR7") and ‘early differentiated’
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(CD28") CD8" T cells were found to significantly cluster.
Interestingly, within the CD8" T-cell compartment, HLA-
DR activated cells clustered with ‘late effector memory’
(CD45RA" / CCRY") cells, whereas activated T cells char-
acterized by CD25 expression instead clustered with ‘cen-
tral memory’ (CD45RA"/ CCR7") cells. Of note, such dis-
tinct clustering of CD25" and HLA-DR" activated CD8* T
cells was also noted in patients studied at six months after
transplant (data not shown).

Clinical determinants of immune reconstitution
patterns

To determine which are the pre-transplant characteris-
tics and post-transplant clinical events that have the great-
est influence on the pattern of immune reconstitution, we
performed non-parametric analysis of variance (Kruskall-

-

£D8+ 1.

DIM2

DIM1

Figure 2. Supervised clustering of the 25 immune populations in 190
patients at 12 months from transplant. Ellipses denote centroids of
clusters of immune populations. DIM1 and DIM2 are the first two
dimensions of correspondence analysis.

Figure 3. Matrix of log-transformed
P values of Kruskall-Wallis tests for
one-way analysis of variance

DIV ! i h
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plant, and the following variables,
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Pvalue from transplant. The variables are
<5x10°? ordered according to a dendrogram
<Ix102 resulting from unsupervised cluster-
<1x10? ing of explanatory variables. The pro-
<1x10* portion of variance contributed by
<1x10° each dimension is provided in the
Ax10° adjacent histogram.

- 118 haematologica | 2015; 100(1)



Wallis) between each clinical variable and each of the first
five dimensions of correspondence analysis. The pre-
transplant variables included disease category, recipient
and donor age, gender matching, donor matching, and
source of stem cells, conditioning regimen intensity, total
body irradiation (TBI) as part of the conditioning, antithy-
mocyte globulin (ATG) as part of GvHD prophylaxis, and
donor/recipient CMV serostatus. We also analyzed the
impact of clinical events that occurred in the first 12
months after transplantation, including grade II-IV acute
GvHD, chronic GvHD (limited or extensive), and CMV
replication. Relapse in the first year of transplant occurred
in only 10 (5%) patients and was thus too infrequent to be
analyzed. Lymphopenia (<1.0x10°/L) at the time of
immunophenotyping, a potential confounder, was also
included in this analysis. All these parameters were ana-
lyzed as ordinal variables, using stratifications from Table
1. CMV serostatus was considered as an ordinal variable
in the following order: Donor[D]-/Recipient[R]-, D+/R-,
D+/R+, D-/R+. After correcting for multiple testing, few
clinical variables were found to significantly affect the
principal dimensions of immune patterns’ heterogeneity.
Most notably, both CMV serostatus prior to transplant,
and CMV replication after transplant, strongly (both
P<10°) affected the 1* dimension of wvariance.
Lymphopenia, and to a lesser extent chronic GvHD affect-
ed the 2™ dimension, whereas the source of stem cells and

ATG only had weak influences (adjusted P=0.020 and
P=0.014, respectively) on dimension 5, which accounts for
only 6.2% of the total variance of immune profiles. In par-
ticular, donor or recipient age gender matching condition-
ing intensity, TBI, donor matching, or antecedent acute
GvHD did not affect the global pattern of immune recon-
stitution (Figure 3). Of note, comparable results were
found in an analysis carried on 223 patients analyzed six
months after transplant (data not shown), or when analyz-
ing absolute instead of relative lymphocyte population
counts (Online Supplementary Figure S3). Importantly,
because dimensions in correspondence analysis are
orthogonal (i.e. they carry independent information),
these results also indicate that CMV status and chronic
GvHD independently shape the pattern of immune recon-
stitution after transplantation. We performed two-way
ANOVA to dissect the impact of each variable significant-
ly determining DIM1 and DIM2. We found the impact of
c¢GvHD on DIM2 to remain significant (P=0.004), inde-
pendently of lymphopenia. A similar analysis showed the
predominant role of CMV serostatus (P<10") over CMV
replication (P<10*) on the principal dimension of variance
DIMI1, with significant interaction between both explana-
tory variables (P=0.04) (Online Supplementary Table S3). Of
note, the number of CMV replication episodes was linear-
ly associated with DIM1 (R2=0.27; P<0.0001) (Online
Supplementary Figure S4).
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Figure 4. (A) Plots of the first 3 dimensions (DIM1-3) from the correspondence analysis of immune pattern, determined on a panel of 25 lym-
phocyte subsets (see Table 2) in 190 patients with 12 months after transplant, according to recipient’'s CMV serostatus (negative: red dots;
positive: blue dots). (B) Heatmap of immune subset proportions (after quantile normalization) according to recipient CMV serostatus (blue:
lower proportion; orange: higher proportion; dendrogram: unsupervised clustering of populations). (C) Volcano plot for immune subsets
according to recipient CMV serostatus, representing fold changes in the proportion of immune subsets in CMV seropositive recipients com-
pared to seronegative recipients, and the log-transformed P value of corresponding Kruskall-Wallis tests.
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Reconstitution pattern in recipients seropositive
for CMV

We next focused on the different balance of immune
populations according to CMV serostatus because this
variable was the strongest determinant of the principal
dimension of variance in the previous analysis. We first
sought to determine which groups of donor/recipient
serostatus are associated to greater variability of immune
profiles. To do so, we compared in the principal dimen-
sion of variance (DIM1) various ways to dichotomize
patients according to Donor/Recipient (D/R) CMV
serostatus. The y* value was 33.87 for D-/R- versus all
other D/R statuses, compared to 8.96 for donor seroposi-
tivity and 59.47 for recipient CMV seropositivity.
Therefore, recipient seropositivity for CMV seemed the
best way to dichotomize patients on the basis of principal
dimension of variance of immune reconstitution patterns
(Kruskall-Wallis P<10*). This was also apparent on the
correspondence plot (Figure 4A and Online Supplementary
Figure S5). We performed two different approaches to
uncover the differences of twelve-month reconstitution
patterns in recipients seropositive and seronegative for
CMV. First, we plotted the heatmap of immune popula-
tions according to recipient CMV serostatus (Figure 4B)
revealing complex differences in the immune patterns of
recipients according to their CMV serostatus. The most
apparent changes were increased proportions of HLA-DR*
activated and of late effector memory CD8" T cells, con-
trasting with decreased proportions of B-cell subsets in
seropositive recipients. We next performed a volcano plot
displaying fold changes in mean proportion of immune
subsets according to recipient CMV serostatus, and the
corresponding Student’s t-test P values (after adjusting for
multiple comparison). This revealed that statistically sig-
nificant changes [adjusted P<0.05, corresponding to —log
(adjusted P) >1.23] in 14 of the 25 immune populations
studied, with four being over-represented and ten under-
represented at 12 months after transplant. As previously
noted, under-represented populations included B-cell sub-

36 48 60 72 84
Months

sets (naive, memory, and CD5" B cells), whereas over-rep-
resented subsets included HLA-DR" activated CD8"* T cells
and memory CD8* T-cell populations. Of note, most of
these statistically significant changes were of moderate
magnitude, with fold changes inferior to 1 (in absolute
value), corresponding to less than doubling or fewer than
halving of the mean proportion of the immune cells in the
corresponding compartment (Figure 4C). The dominant
role of the balance between B-cell and CD8" T-cell subsets
dictated by CMV serostatus is in keeping with the results
of the previous between-group analysis, showing that B
cells and CD8*T cells are on opposite poles on the princi-
pal dimension of variance of immune patterns (Figure 2).

Outcome according to immune patterns revealed
by correspondence analysis

We finally sought to determine whether the global pat-
tern of immune population, as captured by the principal
dimensions resulting from CA, can determine the long-
term outcome of patients. We thus studied the prognostic
impact of DIM1 and DIM2, the first two dimensions of
variance in our previous CA, on non-relapse mortality
(NRM) and, with a landmark at twelve months after trans-
plant, (corresponding to the timing of immune reconstitu-
tion assessment in our cohort of 190 patients) (Table 1).
Median follow up after landmark was 52 months. There
were 41 deaths and 33 relapses after landmark. Principal
cause of death was relapse in 20 cases, GVHD in 15 cases,
infection in one case, and other causes in the 5 remaining
cases (including one case of multi-organ failure and one
case of respiratory failure, possibly related to undocu-
mented infections, and suicide in the remaining 2 cases).
At 24 months from landmark (36 from transplant), NRM
was 9.1% (95% Confidence Interval [CI]: 5.0%-13.2%)
and CIR was 13.2% (95%CI: 8.4%-18.1%). In univariate
analysis, neither DIM1 nor DIM2 (as continuous variable)
had significant impact on Cumulative Incidence of Relase
(CIR; P=0.66 and P=0.72, respectively). The corresponding
CIRs are displayed in Figure 5A and B, with a cut off at




median value of DIM1 or DIM2, for the convenience of
graphical display. Conversely, higher DIM1 and higher
DIM2 values were significantly associated with lower
NRM (P=0.003 and P<0.0001, respectively) in univariate
analysis (Fine & Gray model) (Table 3 and Figure 5C and
D). Among clinical variables, female-to-male sex mis-
match (P=0.016), antecedent grade II-IV aGvHD
(P=0.005), cGvHD in the first twelve months (P=0.0001),
and lymphocyte count less than 1x10°/L at twelve months
(P=0.006) were also significantly associated to higher rates
of NRM in univariate analysis, whereas recipient and
donor age, diagnosis, stem cell source, donor matching,
conditioning regimen, CMV serostatus or replication had
no significant impact. In multivariate analysis, after back-
ward regression, DIM2 and chronic GvHD were found to
be the only variables with significant and independent
impact on NRM (Table 3).

DIM2 integrates information on the proportion of all 25
immune subsets, but particularly reflects the balance of B
and NK cells, which are on opposite poles of this axis
(Figure 2). Thus, higher DIM2 values, corresponding to
higher proportion of NK cells and lower proportion of B
cells, have a significant detrimental influence on late
NRM. In univariate analysis, a higher proportion of CD8*
T cells was also significantly associated to higher NRM
(P=0.0008), whereas neither the proportion of B cells nor
that of NK cells had any significant impact. Adding the
CD8* T-cell proportion to the previous multivariate model
did not modify the significant role of DIM2 as a prognostic
factor for NRM (P=0.006) (Table 3).

Discussion

Immune reconstitution after allogeneic stem cell trans-
plantation is a dynamic and complex process. We® and
others’** have reported a delayed recovery of the
immune system post allogeneic HSCT mostly influenced
by age and GvHD. Determination of lymphocyte popula-
tion numbers through flow cytometry provides robust
information on immune reconstitution after transplant.
Most studies have focused on the role of a given lympho-
cyte subpopulation, or of a precise modality of transplan-
tation. Multivariate methods, such as those widely used
for gene expression profiling, can simultaneously analyze
the patterns of a great number of biological variables on a
heterogeneous set of patients. Here we use correspon-
dence analysis to analyze the global pattern of long-term
immune reconstitution.

The kinetics of global immune reconstitution was first
studied sequentially until two years. The profile of 16
lymphocyte subpopulations as compared to healthy con-
trols was significantly abnormal at all times, including
before transplant, possibly because of underlying malig-
nancy and previous treatments, and reached a nadir six
months after transplant, before beginning to become near
to normal. However, immune populations were still over-
all significantly different from controls at two years after
transplant. The global view we provide of such an evolu-
tion is in keeping with previous findings focusing on
defined immune subsets.””””* We next focused on
patients alive at one year and analyzed global immune
reconstitution of 25 lymphocyte subsets, and performed a
correspondence analysis on this global dataset. This late
time point was chosen to allow sufficient lymphocyte

count recovery and significant cumulative incidence of
cGvHD for analysis. Both study populations were defined
on the basis of prolonged survival and thus include select-
ed patients. However, their base-line characteristics were
comparable to that of the global population transplanted
at our center during the same period, except for an over-
representation of CMV seronegative recipients, which is
in keeping with the role of CMV replication on NRM after
HSCT.* The first 5 dimensions accounted for two-thirds
of the total variance of the dataset. Analyses uncovered
the distinct reconstitution of B~ and NK-cell populations,
and to a lesser extent of CD4" and CD8" T-cell subsets.
Tregs were closer to CD4* and CD8" T cells. Within the
CD8* DR* T-cell clustered with late effector memory,
whereas CD8" CD25* T cells clustered with central mem-
ory cells.

To determine which factors influence the pattern of
immune reconstitution we performed non-parametric
analysis of variance. Both CMV serostatus, and CMV
replication strongly (P<10°) affected the 1* (and thus main)
dimension of variance. Lymphopenia, and to a lesser
extent chronic GvHD, affected the 2* dimension, whereas
the source of stem cells and use of ATG had a weak influ-
ence accounting for less than 10% of the total variance of
immune profiles. Though older age as a dichotomic vari-
able did not impact immune patterns, further analysis of
the complex relationship between donor and recipient age
and immune recovery is required. Heatmapping of
immune populations according to recipient CMV serosta-
tus revealed complex differences in the immune patterns
of recipients according to their CMV serostatus. The most
apparent changes were increased proportions of HLA-
DR+ activated and of late effector memory CD8" T cells,
contrasting with decreased proportions of B-cell subsets in
seropositive recipients. This likely reflects the expansion
of absolute numbers of activated and memory T cells after
CMV reactivation (see Lugthart er al.®; other data not
shown). The redistribution of T-cell phenotypes from naive
predominant to memory-enriched after CMV infection
occurs rapidly.” Viral latency drives inflation of memory
cells, and is considered a hallmark of CMV infection.”
Numerous data have pinpointed the requirement for the
host to maintain control of latent CMV infection through-
out life.* In the setting of HSCT, several studies have
addressed the role of CMV on immune recovery.®**
However, none of these have provided multivariate evi-
dence of the dominant role of CMV in shaping immune
reconstitution, compared to pre-transplant characteristics,
and to occurrence of GvHD. Further studies on a larger set
of healthy controls are required to compare this pattern to
that associated to CMV seropositivity in immunocompe-
tent hosts. Chronic GVHD was, as expected, the second
major event to shape long-term immune reconstitution.
Chronic GvHD has already been reported to influence B-
and T-cell reconstitution®®***"** but none of these stud-
ies provided a broad overview as allowed here by CA. It
is interesting to note that CMV-specific memory T cells
cross react with alloantigens®* and have long been sus-
pected to be involved in the pathogenesis of GvHD
through molecular mimicry. Finally, although ATG has
been reported to influence early immune reconstitu-
tion,”?"*** its role in influencing long-term reconstitution
was weak in the present study, possibly because of the
late time point considered.

Finally, we sought to determine whether the global pat-
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