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Immune reconstitution after hematopoietic stem cell transplantation (HSCT) is a complex process. Impacts of the
reconstitution of different immune cells over time are complex and difficult to understand. New mathematical
models are needed to better understand this process. In this study, we used principal component analysis to better
analyze the process of immune reconstitution after HSCT. Forty-six consecutive patients receiving HSCT for malig-
nant and nonmalignant disorders were included in the study. All patients were followed for at least 24 months
after transplantation with regular blood sampling for analysis of lymphocyte subset numbers and function. Expo-
nentially transformed lymphocyte subset counts and lymphocyte functional markers were analyzed to identify

major trends in the reconstitution process. Using our multivariate model for mapping immune reconstitution after
HSCT, we showed that dysfunctional reconstitution patterns precede severe complications, such as chronic graft-

versus-host disease, relapse, and death.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.

INTRODUCTION

The speed and quality of immune reconstitution are impor-
tant factors in clinical outcomes after hematopoietic stem cell
transplantation (HSCT). Immune reconstitution in this setting
is a stepwise process in which the innate immune system
starts to recover before the adaptive system [1]. In particular,
the timing of T and B lymphocyte reconstitution has been asso-
ciated with increased risks of post-transplantation opportunis-
tic infections and transplantation-related mortality in various
studies [2—7]. Furthermore, the timing of reconstitution of the
various lymphocyte subtypes and their functions are related to
clinical outcomes after transplantation, in particular, the
occurrence of graft-versus-host disease (GVHD), relapse of
malignant disease, and infectious complications. The reconsti-
tution of adaptive immunity after HSCT can be influenced by
several factors, including recipient age, donor (related/unre-
lated, HLA-matched/mismatched), conditioning (myeloabla-
tive/reduced intensity, inclusion of radiation therapy), ex vivo
or in vivo T cell depletion of the graft, infections and their
treatment, type of GVHD prophylaxis, and occurrence and
treatment of GVHD [8].
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In clinical practice, there is a clear need for simple and reli-
able markers of immune reconstitution to allow clinicians to
identify patients at risk of transplantation-related complica-
tions. Various single markers have been proposed to be predic-
tive of outcome. For example, the recovery pace of absolute
lymphocyte count has been used as a proxy for the overall
recovery of immune function [9]. Slow recovery of specific
T cells reportedly has a significant impact on patient survival
[10—-12]. High levels of CD4" T cells and natural killer (NK) cells
are associated with protection against cytomegalovirus reacti-
vation [13]. Patients with low CD4" T cell counts on day 35
post-HSCT are at greater risk of dying of infection [6]. More-
over, the speed of reconstitution of cytotoxic CD8" T cells has
been correlated with survival [14]. In addition, B cell recovery
reportedly predicts the risk of infections after HSCT [7]. A study
focusing on the B cell compartment after HSCT showed that
this is not functionally mature for years after HSCT [15]. Partic-
ularly, the development of IgM*CD27" B cells, a cell type impli-
cated in protection against infections with encapsulated
bacteria, is delayed for years after HSCT. Previous studies on
predictive biomarkers for events have focused mainly on NK
and T cells [16], although B cells may play a role in the occur-
rence of relapse in adult patients [17]. Although B cell numbers
are normal within a year after transplantation, they still show
diminished in vitro responses to polyclonal activators 2 years
after transplantation [15].
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The problem with using a single marker for predicting out-
comes is that studies do not take into account the heterogene-
ity of patients in terms of such factors as conditioning, graft
type, and composition and type of donor, which may influence
the results. Furthermore, the normalization of B and T cell
numbers does not necessarily indicate reconstitution of their
function [16]. Therefore, there is a need for better understand-
ing of the correlation between immune system dysfunction
after HSCT and the occurrence of complications of treatment.
A more reliable model of immune reconstitution will enable
better identification of patients at risk for complications, which
may help guide treatment with available immune therapies.

Models describing immune function have been published
previously. Koenig et al [ 18] constructed a 3-component multi-
variate model with a reference domain of ellipsoidal shape
based on normal leukocyte subtype values from healthy chil-
dren and adolescents. This model was used to classify pediatric
patients as having high or low risk for a post-transplantation
event according to their immune reconstitution. Ek et al [19]
used a principal component analysis (PCA) model to predict
immune reconstitution after treatment for leukemia, and
Hunecke et al [20] used a continuous regression model to
reflect normal immune maturation in healthy young children.

In this study, we collected data on disease, graft type, con-
ditioning, and donor, as well as immunological data on lym-
phocyte subset numbers and function, and elaborated a
statistical model permitting the identification of different
immune reconstitution patterns for these patients. Our
results show that dysfunctional reconstitution patterns are
associated with, and even precede, complications such as
relapse and death.

METHODS
Patients

The study cohort comprised 46 consecutive patients (26 boys and 20
girls) who underwent transplantation at Queen Silvia’s Hospital for Children
and Adolescents in Gothenburg, Sweden for malignant (34 patients) and non-
malignant (12 patients) disorders. These patients underwent a total of 50
transplants; 4 patients underwent 2 transplantations. Informed consent was
obtained from guardians and, when appropriate, from the children. Studies
were conducted in accordance with the Declaration of Helsinki and approved
by the Ethical Committee in Gothenburg.

All patients were followed up for at least 48 months after transplantation
with regular blood sampling for analysis of lymphocyte subset numbers and
function. Peripheral blood was collected during the week before conditioning
began and at 3, 6, 9, 12, 18, and 24 months after transplantation. The clinical
characteristics of the 46 patients are summarized in Table 1.

The conditioning regimen was myeloablative in 43 transplantations and
nonmyeloablative in 6. One patient with severe combined immunodeficiency
received no conditioning, with only antithymocyte globulin (ATG) before
transplantation. Conditioning was busulfan-based in 23 transplantations,
was total body irradiation-based in 24 transplantations, and involved other
treatments in the remaining 3 transplantations (Table 1).

GVHD prophylaxis was given with cyclosporin A or tacrolimus (target
trough levels 150 to 220 ng/mL and 12 to 15 ng/mL, respectively) and main-
tained for a period of 3 to 6 months (shorter times for malignant diseases
with matched family donors) before tapering. In all cases where an unrelated
donor was used, as well as in most cases of HSCT for benign disorders, a short
course of methotrexate (10 mg/m? on days +1, +3, and +6) was added.

All patients but 1 with hematologic malignancy were in complete mor-
phologic remission at the time of HSCT. The patient who was not in remission
at the time of HSCT underwent transplantation for relapse of acute lympho-
blastic leukemia and had another relapse at day 21 post-transplantation.

Flow Cytometry of Peripheral Blood Lymphocytes

Flow cytometry was performed on a FACScan instrument (BD Bioscien-
ces, San Jose, CA). The monoclonal antibodies used were anti-CD3, -CD4,
-CD8, -CD19, -CD45RA, and -CD45RO (BD Biosciences). The absolute number
for each lymphocyte subset was calculated by multiplying the percentage of
marker-positive cells by the absolute lymphocyte count determined using a
hematologic cell counter (Sysmex-K1000 or K4500; TOA Medical Electronics,
Kobe, Japan) and expressed as the number of positive cells x 10°/L. The fol-
lowing subsets of B and T lymphocytes were explored: CD19" cells (B cells),

CD3"CD4*CD45RA" naive T helper cells (T4N), CD3*CD4*CD45R0" memory T
helper cells (T4M), CD3*CD8"CD45RA" naive cytotoxic T cells (T8N), and
CD3*CD8*CD45R0O* memory cytotoxic T cells (TSM) (See Table 2).

Functional Analysis

Proliferation of mononuclear cells after mitogen stimulation was
assessed after incubation with phytohemagglutinin (PHA; 10 mg/mL; Murex
Biotech, Dartford, Kent, UK), concanavalin A (50 mg/mL; Sigma-Aldrich, St
Louis, MO), or monoclonal anti-CD3 (125 ng/mL; Ortho Diagnostic Systems,
Raritan, NJ). Proliferation was measured as incorporation of 3H-thymidine as
described previously [21]. The results are expressed as a percentage in rela-
tion to that in healthy blood donors (obtained value/value from blood
donor x 100).

The number of immunoglobulin-producing cells was measured by
enzyme-linked immunospot assay after 6 days of incubation of lymphocytes
with pokeweed mitogen (PWM) or Epstein-Barr virus (EBV). The produced
immunoglobulins were linked to antigens in the incubation chamber and
visualized by enzyme-conjugated antibodies against IgG, IgA, or IgM. A spot
appears at the location of each immunoglobulin-producing cell, and the
result is expressed as spots per million cells.

Serum immunoglobulin levels (IgG, IgA, and IgM) and subclasses of IgG
(IgG1, 1gG2, 1gG3, and IgG4) were measured by radial immunodiffusion, and
the results are expressed in g/L. IgE was measured using antibodies cova-
lently bound to a specific, large surface (an ImmunoCAP) by fluorescence
enzyme immunoassay, and the results are expressed as kU/L.

Quantification of T cell receptor rearrangement excision circles (TRECs)
was performed after DNA extraction and PCR analysis. The results are
expressed as number of TREC molecules/1,000,000 cells (See Table 2).

Statistical Analysis

Blood samples were drawn at 0, 3, 6, 12, 18, and 24 months after HSCT,
resulting in a total of 276 measurements. For multivariate analysis, the 204
measurements with fewer than 12 missing values were selected, and 72
measurements with 12 or more missing values were excluded. Furthermore,
all data obtained after the occurrence of an event—defined as death, graft
rejection, or relapse of malignant disease—were omitted, leaving a total of
195 measurements of 24 immune variables.

Transplantation characteristics included malignant/benign disease, total
body irradiation-based conditioning or other, reduced-intensity conditioning
or myeloablative conditioning, matched family donor or matched unrelated
donor, and bone marrow, peripheral blood, or cord blood stem cell source.

Outcome parameters included presence or absence of chronic GVHD
(cGVHD); presence or absence of graft rejection; relapse of malignant disease
after HSCT; presence of an event, defined as graft rejection, relapse, or trans-
plantation-related mortality; and alive or dead at last follow-up.

PCA

Using the measured immune variables, an unsupervised immune recon-
stitution model for patients without events was computed with a PCA per-
formed on 24 exponentially transformed immune variables. The data were
preprocessed in 3 steps: First, PWM and EBV variables were adjusted by set-
ting all negative values to 0. Second, all immune were transformed by fitting
the measurement values, x, of the patients with an exponential cumulative
distribution function with 1 parameter, expCDF(x, mu)=1 — e /™ If the min-
imum value of a variable was tied, all repeated minimum values were omit-
ted, leaving only 1 minimum value for use in the fitting procedure. Third, the
model was constructed so that each variable was mathematically trans-
formed to have the same chance of influencing the PCA solution. Thus, in the
initial data handling, the variables were transformed to give each variable a
unit variance, all exponentially transformed variables were mean-centered
and standardized to unit variance, and missing data were set to 0. The PCA
component scores were scaled to unit variance.

Reducing the Number of Immune Variables in the Inmune Reconstitution Model
We aimed to approximate the first 2 components of the PCA model for
patients without events, which included all 24 immune variables, with fewer
variables using a modification of reflected discriminant analysis (RefDA). This
model can be described as a mixture between discriminant analysis (also
called canonical variate analysis) and PCA [21,22]. The orthonormal group
mirror space in RefDA [22] was replaced by the orthonormal principal com-
ponent (PC) 1-2(24vars) mirror space of the first 2 components of the PCA
with 24 variables. This modification of RefDA is referred to as reflected com-
ponent analysis (RefCA) and includes a more general mirror space. In a step-
wise forward approach, the number of selected variables was increased by
adding the variable that most increased the geometric mean of the reflected
variances. In general, as more variables are selected, the squared canonical
correlations of the reflected components with the first 2 components of the
PCA increase, giving an impression of how well the PCA components are
approximated by the reflected components. In contrast, the percentage of
explained variance of the selected variables decreases, giving an impression



Table 1
Patient Characteristics

Patient Age (Years) Disease Conditioning Donor Source TCD GVHD Prophylaxis aGVHD cGVHD Rejection Relapse Outcome Follow-Up, mo
196 18.5 CML, CP2 BU/FLU/ATG (RIC) MUD PBSC No FK/MTX No No No No Alive 63
221 4 Osteopetrosis BU/CY/ATG MUD PBSC No CYA/MTX No No No N/A Dead, TRM 2
222-1 .7 SCID BU/FLU/ATG (RIC) MMFD PBSC Yes CYA No No Yes N/A Alive 98
222-2 9 SCID ATG (No) MUD PBSC Yes CYA/MTX Grade II No No N/A Alive 96
225 5.5 ALL, CR3 TBI/CY MFD BM No CYA Grade Il Extensive No No Alive 96
226 7 Osteopetrosis BU/CY/ATG MFD PBSC No CYA No No No N/A Dead, TRM 9
230 2.1 ALL, CR1 BU/CY/ATG MUD BM No FK/MTX No No No No Alive 92
231 8.0 AML, CR1 BU/CY MFD BM No FK No No No Yes Dead 8
236 7.0 ALL, CR2 TBI/CY/ATG MUD PBSC No CYA/MTX Grade | Extensive No No Alive 85
238 133 ALL, CR2 TBI/CY MFD BM No FK No No No No Alive 82
239 16.9 ALL, CR1 TBI/CY MFD BM No FK Grade Il Extensive No No Dead, TRM 28
241 1.1 AML, CR2 BU/CY/ATG MUD BM No FK/MTX No No No No Alive 80
245 1.6 AML, CR1 BU/CY/ATG MUD BM No FK/MTX No No No No Alive 77
246 46 ALL, Ph*, CR1 TBI/CY/ATG MUD BM No FK/MTX No Limited No Yes Alive 75
249 6.6 ALL, CR2 TBI/CY MFD BM No FK Gradel Limited No No Alive 63
251 9 WAS BU/CY/ATG MUD Cord No FK/MTX No Extensive No N/A Alive 72
253 7.7 ALL, CR2 TBI/CY MUD PBSC No FK/MTX No No No No Alive 72
256 1.5 AML, CR1 BU/CY MFD PBSC No FK/MTX No No No No Alive 70
257 1.6 AML, CR2 BU/CY MFD PBSC No FK/MTX No Extensive No Yes Dead 22
258 11.9 SAA CY/ATG (RIC) MFD BM No FK/MTX No No No N/A Alive 68
259-1 1.1 CML, CP1 BU/CY MFD PBSC No FK/MTX No No no Yes Alive 67
259-2 1.9 CML, CP2 TBI/VP/CY MUD PBSC No FK/MTX No Extensive No No Alive 58
260-1 49 CGD BU/CY/ATG MUD PBSC No FK/MTX No No Yes N/A Alive 66
260-2 5.3 CGD FLU/MEL/C1H MUD PBSC No FK No No No N/A Alive 61
261 9 Hyper-IGM syndrome BU/CY MUD BM No FK/MTX No No No N/A Alive 65
263 104 ALL, CR2 TBI/CY/ATG MUD BM No FK/MTX Gradel No No No Alive 61
264 11.0 CML, CP1 BU/CY MFD BM No FK/MTX Grade Il No No Yes Alive 60
265 1.7 JMML BU/CY/MEL/ATG MUD BM No FK/MTX Grade | No No No Alive 58
266 2.7 Osteopetrosis BU/CY/ATG MUD BM No FK/MTX No No No N/A Alive 56
267 14.8 ALL, Ph*, CR1 TBI/CY MFD BM No FK/MTX Grade IIl Limited No No Alive 56
268 134 ALL, CR3 TBI/CY MFD PBSC No FK/MTX No Limited No Yes Dead 16
270 9.2 CID TBI/ FLU (RIC) MFD BM No FK/MMF Grade | No Yes N/A Alive 54
271 4.4 ALL, CR1 TBI/CY MFD BM No FK Grade IV No No No Dead, TRM 5
273 4.0 NHL, CR2 TBI/CY MFD BM No FK Grade | Limited No Yes Dead 7
274 6.7 ALL, CR2 TBI/CY MUD BM No FK/MTX No No No Yes Dead 29
275 3.0 ALL, CR2 TBI/CY/ATG MUD BM No FK/MTX No No No Yes Dead 2
276 143 ALL, CR1 TBI/CY/ATG MUD PBSC No FK/MTX No Limited No No Alive 48
277 13.7 CGD BU/CY/C1H MUD PBSC No FK/MTX Grade | Limited No N/A Alive 47
278-1 12.9 Thalassemia BU/CY/ATG MFD PBSC No FK/MMF No No Yes N/A Alive 46

(continued)
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Table 2
Immune Variables Included in the Study
Short Name Specification Abbreviation Explanation Unit
Cell number Number of B lymphocytes B cells CD19" cells Number of cells x 10°/L
Cell number Number of T lymphocyte T4N CD3"4%45RA" naive T helper Number of cells x 10°/L
subsets cells
T4M CD3*4*45R0* memory T
helper cells
T8N CD3*8%45RA" naive cyto-
toxic T cells
T8M CD3*8"45R0* memory cyto-
toxic T cells
Immunoglobulin levels Immunoglobulin levels IgG, IgA, IgM, IgE Levels of IgG, IgA, IgM, IgE, kU/L (IgE) or g/L

Immunoglobulin G subsets

18G1, 18Go, 18G3, 18Ga,

Levels of IgGy, IgG,, 1gGs,
18G4,

T-cell receptor excision T-cell Receptor Excision TREC Number of TREC molecules Number of TRECs per
circuits Circuits 1,000,000 cells.
Cell function B-lymphocyte response to EBVIgG 1gG,A,M production after % in relation to healthy
stimulation EBVIgA stimulation with EBV blood donors
EBVIgM
PWMIgG IgG,AM production after
PWMIgA stimulation with PWM
PWMIgM
Cell function T-lymphocyte response to Unstim Incorporation of radioactive % in relation to healthy
stimulation thymidine into DNA without blood donors
stimulation
PHAstim Incorporation of radioactive
ConAstim thymidine into DNA after

stimulation with PHA, ConA,
or CD3

ConA indicates concanavalin A.

54.245. As an example, for IgG, the corresponding formula of the
exponential transformation is IgGansformed = 1 — e~(8C valuey8.8337,

Multivariate Immune Reconstitution Model

In Figure 1, the results of PCA on the 24 exponentially
transformed immune variables (PCA24vars) are presented
graphically in a combined plot with scores and vectors show-
ing the correlations of these scores with the immune variables
and background characteristics. Some background characteris-
tics have such low correlations with the PCA scores that they
are not shown in the plot. As indicated in Figure 1 by “number
of cells” and “function,” both absolute numbers of lymphocyte
subsets and lymphocyte function are important for the model
of total immune reconstitution.

We also studied whether the first 2 components of the
PCA24vars solution could be approximated with fewer variables
and found that 7 variables were sufficient to give a good approxi-
mation: the numbers of T4N cells, T4M cells, and T8M cells; level
of IgG1; T cell stimulation by PHA; and IgG and IgA production
after stimulation of B cells by PWM (Figure 2, RefCA7vars).

Time Plots of Function and Number of Cells

To facilitate a more detailed clinical interpretation of the
“function of cells” and “number of cells” in Figure 2, in Figure 3
we plotted the mean + SEM reconstitution curves for different
subgroups of patients vs. months post-HSCT. The numbers of
lymphocyte subsets (number of cells), as well as B and T lym-
phocyte response to stimulation (function of cells), reached a
nadir at 3 months after HSCT and increased over time thereafter
(Figure 3A). As expected, patients with cGVHD had a slower
reconstitution pattern than patients without cGVHD
(Figure 3B). This difference was most pronounced at 12 months
after transplantation (P=.039), and the differences in cell

numbers as well as in cell function remained until 24 months
after transplantation. As shown in Figure 3C, patients with
malignant and benign disease showed similar reconstitution
patterns. The reconstitution pattern in patients receiving a
transplant from a family donor was largely similar to that in
patients receiving transplants from a matched unrelated donor
(Figure 3D).

The reconstitution pattern for patients receiving ATG
before transplantation was very similar to that for matched
unrelated donors and matched family donors, as shown in
Figure 1 (phi coefficient comparing ATG with donor type, .93).
In our study, all patients who underwent HSCT with an unre-
lated donor graft received ATG or MabCampath (alemtuzu-
mab) as part of the conditioning regimen, whereas only 3
patients who received a graft from a family donor received
ATG in conditioning (Table 1).

When analyzing patients undergoing HSCT for a malignant
disease, we observed that those who developed a subsequent
event (defined as relapse of malignant disease or transplanta-
tion-related mortality) had slower reconstitution patterns
than those without an event (Figure 4). Patients with a subse-
quent event had lower numbers of lymphocyte subsets and
reduced B and T lymphocyte responses to stimulation from 3
to 12 months after transplantation.

DISCUSSION

In this study of 46 pediatric HSCT recipients, we elaborated
a PCA model describing immune reconstitution patterns in dif-
ferent groups of patients. The model takes into account the
absolute numbers of different subsets of T and B cells, as
well as of functional tests on B and T cells, at different
time points in children after allogeneic HSCT. An important
finding is that 7 of the variables were sufficient to
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Figure 1. PCA24vars, the PCA model including all 24 immune variables for patients without events, defined as transplantation-related mortality, graft rejection, or
relapse of malignant disease. The origin represents the mean score for all measurements (red dots) in the PCA and also can be interpreted as mean immune reconsti-
tution at each measurement. The blue vectors represent the contribution of the individual variables to the PCA components. Thus, measurements to the right in the
plot (positive score on PC1) have higher mean scores for the variables representing immune reconstitution. PC2 further separates measurements into those with
higher number of cells (upper right quadrant, positive PC2 values) and higher levels of variables representing function (lower right quadrant, negative PC2 values).

The green vectors show the correlation with background characteristics.

construct a reliable model: numbers of CD3*CD4*CD45RA*
naive T helper cells, CD3"CD4*CD45RO" memory T helper
cells, and CD3"CD8'CD45RO* memory cytotoxic T cells;
IgG1 level; T cell stimulation by PHA; and IgG and IgA pro-
duction after stimulation of B cells by PWM. Another
important finding is that in the group of patients with malig-
nant disease, the occurrence of relapse or transplantation-
related death was characterized by a slower immune reconsti-
tution pattern, as well as reduced T lymphocyte subset num-
bers and lymphocyte response to in vitro stimulation, which
could be observed months before the event occurred.

The identification of immune biomarkers predictive of
transplantation-related  complications  associated  with
immune reconstitution is of great interest for clinical practice.
Such markers would allow clinicians to individualize immune
suppression [16]. Several studies have investigated the predic-
tive value of 1 or more lymphocyte subsets and their associa-
tion with events [9—14], but all were limited by such factors as
a small number of patients and heterogeneity in disease, con-
ditioning regimen, graft type, and other transplantation char-
acteristics. The process of immune reconstitution after HSCT is
complex, with various interactions between different compo-
nents of the immune system [16], and reconstitution of lym-
phocyte subsets, in both numbers and function, follows
different timelines [17]. Therefore, the quality of the immune
response is influenced by the quality of immune function of
the different cell types, rather than by the absolute numbers of
cells. Recent studies have emphasized the relationship
between low T cell responses to mitogen stimulation early

after transplantation and poor survival [23]. Other studies
have highlighted the relationship between slow immune
reconstitution, in particular low CD4" cell numbers early after
HSCT, and viral infections [6].

The use of conventional statistical methods places difficult
constraints on raw data, particularly in large datasets, in which
problems with mass significance can easily occur. According to
the American Statistical Association, “conducting multiple
analyses of the data and reporting only those with certain
p values renders the reported p values essentially unpredict-
able” [24]. Indeed, a multivariate model gives a more complete
picture of the immune reconstitution pattern [18—20,25].

Using our model, we were able to comprehensively visual-
ize immune reconstitution and to observe different reconstitu-
tion patterns in different situations. As expected, patients with
c¢GVHD had a delayed reconstitution pattern compared with
those without cGVHD, consistent with an earlier report of lym-
phocyte reconstitution in adult patients that used multivariate
methods [17]. It has been suggested that differences in
immune reconstitution of B and T cells might be present even
before the onset of clinical symptoms of cGVHD [26]. Our study
cohort was not large enough to allow us to test whether
immune reconstitution can be used as a predictive marker for
cGVHD, but we can confirm that immune reconstitution in
terms of cell numbers and cell function is impaired in patients
with cGVHD.

Recent studies have suggested that the host immune
microenvironment before transplantation may have an impact
on the occurrence of GVHD and relapse in patients with
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Figure 2. RefCA7vars. The 7 variables most important for the immune reconstitution model were computed using reflected component analysis, and the approxima-
tion is shown after a function-number transformation, rotating the reflected components 45 degrees counterclockwise. The squared canonical correlations of “func-
tion of cells” and “number of cells” with the planes of the first 2 components of PCA24vars in Figure 1 are .93 and .89, respectively. The origin represents the mean
score for all measurements (red dots) in the PCA and also can be interpreted as mean immune reconstitution at each measurement. The blue vectors represent the
contribution of the individual variables to the PCA components. Thus, measurements with higher scores on the x-axis have higher mean levels for the variables repre-
senting cell function, and those with higher scores on the y-axis have higher mean levels for variables representing cell numbers. The green vectors show the correla-

tion with background characteristics.

malignant disease [17]. In our study, we observed a slight dif-
ference in lymphocyte numbers before transplantation in
patients who subsequently developed cGVHD. Interestingly,
we also observed reduced lymphocyte function in patients
undergoing HSCT for a nonmalignant disease who subse-
quently died from a transplantation-related cause or devel-
oped graft rejection. These data could support the hypothesis
that the host immune microenvironment before transplanta-
tion influences the immune reconstitution pattern and proba-
bility of an event; however, larger studies in a prospective
setting are needed to confirm this hypothesis.

Our model shows a similar immune reconstitution pattern
in patients undergoing HSCT for benign disease and those
doing so for malignant disease. Studies performed in adult
patients with malignant disease found no differences in lym-
phocyte sequential patterns according to disease or condition-
ing but did identify differences based on the type of HSCT,
with a different reconstitution pattern in patients receiving a
haploidentical graft [27]. Lymphocyte numbers and function
were low even before the start of transplantation in patients
with malignant disease, probably reflecting the effect of inten-
sive pre-HSCT chemotherapy, as described previously [19]. In
our study, immune patterns differed significantly before trans-
plantation between patients receiving stem cells from a
matched family donor and those receiving cells from a
matched unrelated donor.

The role of ATG in conditioning regimens has been
highlighted in recent studies in which the reconstitution rate

was impaired after the use of ATG, influenced by ATG dose and
type [28,29]. Slow reconstitution of CD4" T cells is reportedly
associated with an increased risk of viral infection. [30]. In our
study, all patients receiving stem cells from an unrelated donor
received ATG as part of the conditioning regimen, as did 3
patients with benign disease receiving stem cells from a family
donor. Accordingly, the different immune reconstitution pat-
terns in patients receiving ATG and those receiving transplants
from an unrelated donor overlapped, and thus the differences
observed between patients receiving stem cells from a family
donor and from a matched unrelated donor might be
explained by the use of ATG in the conditioning regimen.

Another limitation of the present study is the lack of data
on viral infections and its influence on immune reconstitution.

Interestingly, our model allowed us to observe a specific
immune reconstitution pattern in the group of 34 patients
who underwent HSCT for malignant disease, in which patients
with subsequent relapse or death due to transplantation-
related causes showed slower immune reconstitution, with
smaller numbers of lymphocyte subsets and reduced B and T
lymphocyte responses to stimulation, compared with patients
without an event. Because the data were censored at the time
of the event, this immune pattern does indeed indicate differ-
ences in cell function before event occurrence.

In this study, we reported a cohort of patients analyzed as a
test set, and a validation set is needed to determine whether
our model of immune reconstitution could function as a pre-
dictive tool. We have shown that our multivariate model for
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Figure 3. Mean reconstitution curves over time for different subgroups of patients, with error bars showing the standard error of the mean (SEM). Time plots of
“function of cells” and “number of cells” were computed with 7 immune variables. (A) Reconstitution curve for patients without events. (B) Reconstitution curves for
patients with cGVHD (blue) and without cGVHD (black). (C) Reconstitution curves for patients undergoing HSCT for nonmalignant disease (green) and for malignant
disease (blue). (D) Reconstitution curves for patients receiving a graft from an unrelated donor (green) and a from a family donor (blue). Significant differences
(P < .05) between the 2 subgroups in (B), (C), and (D) were tested at each time point. In (B), a significant difference in immune reconstitution between patients with
GVHD and those without GVHD was found at 12 months (P =.039), indicated by a asterisk (*).
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Figure 4. Reconstitution curves for patients with malignant disease only. Red
lines show the predicted reconstitution pattern for patients with a subsequent
event (censored at the time of the event), and blue lines show the modeled curve
for patients who did not experience any event. Significant differences (P < .05)
between the 2 groups are indicated for “number of cells” and “function of cells”
by a asterisk (*), and for ReflComp1= (“number of cells” +“function of cells”)/2'/?
by a diamond (). Significant differences between the 2 groups of patients were
found for “number of cells” at 18 months (P = .049), indicated by a asterisk (*),
and for ReflComp1 = (“number of cells” +“function of cells”)/2"? at 6 months
(P=.024) and at 12 months (P =.001) indicated by a diamond (e ).

characterizing immune reconstitution after HSCT is valuable
for the simultaneous interpretation of different parameters at
multiple time points to describe the pattern of immune recon-
stitution in detail. We found that 7 variables were sufficient
for constructing a model that is clearly superior to those devel-
oped using univariate statistics. The use of single factors at

specific time points for predicting patients at risk is tempting
in clinical practice, but a more elaborate statistical model is
needed to understand the interactions between different vari-
ables that are important for the reconstitution of immune
function in patients after HSCT.
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