Original Article

Evidence for neo-generation of T cells by the thymus

after non-myeloablative conditioning

Emilie Castermans*,*? Frédéric Baron*,? Evelyne Willems,*? Nicole Schaaf-Lafontaine,®
Nathalie Meuris,*> André Gothot,>* Jean-Francois Vanbellighen,* Christian Herens,*

Laurence Seidel,® Vincent Geenen,* Remi Cheynier,” and Yves Beguin?

Department of Medicine, Division of Hematology, University of Liége, Lieége, Belgium; 2GIGA Research, University of
Liege, Liege, Belgium; Department of Laboratory Medicine, Division of Laboratory Hematology and *Immuno-
Hematology, University of Liége, Liege, Belgium; ‘Department of Genetics, University of Liége, Liége, Belgium;
*Department of statistics, University of Liége, Liege, Belgium; °Center of Immunology, University of Liége, Liége,

Belgium; ‘Department of Virology, Institut Pasteur, Paris, France

ABSTRACT

Background

Background and objective. We investigated immune recovery in 50 patients given either unma-
nipulated or CD8-depleted allogeneic peripheral blood stem cells after non-myeloablative con-
ditioning.

Design and Methods

Fifty patients were randomized to receive either CD8-depleted (n=22) or non-manipulated
(n=28) peripheral blood stem cells. The median patients age was 57 (range 36-69) years. The
conditioning regimen consisted of 2 Gy total body irradiation with or without added fludarabine.
Twenty patients received grafts from related donors, 14 from 10/10 HLA-allele matched unre-
lated donors, and 16 from HLA-mismatched unrelated donors. Graft-versus-host disease pro-
phylaxis consisted of mycophenolate mofetil and cyclosporine. Immune recovery during the first
year after hematopoietic cell transplantation was assessed by flow cytometry phenotyping,
analyses of the diversity of the TCRBV repertoire, and quantification of signal-joint T-cell recep-
tor excision circles (sjTREC).

Results

CD8-depletion of the graft reduced the recovery of CD8" T-cell counts in the first 6 months fol-
lowing transplantation (p<0.0001) but had no significant impact on the restoration of other T-
cell subsets. Both sjTREC concentration and CD3" T-cell counts increased significantly between
day 100 and 365 (p=0.010 and p=0.0488, respectively) demonstrating neo-production of T
cells by the thymus. Factors associated with high sjTREC concentration 1 year after transplan-
tation included an HLA-matched unrelated donor (p=0.029), a high content of T cells in the
graft (p=0.002), and the absence of chronic graft-versus-host disease (p<0.0001).

Conclusions

Our data suggest that while immune recovery is mainly driven by peripheral expansion of the
graft-contained mature T cells during the first months after non-myeloablative transplantation,
T-cell neo-generation by the thymus plays an important role in long term immune reconstitution
in transplanted patients.
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Introduction

Allogeneic hematopoietic cell transplantation (HCT) fol-
lowing non-myeloablative or reduced-intensity condition-
ing is being increasingly used in patients with hematologic
malignancies who are too old or too sick to tolerate a mye-
loablative allogeneic HCT," and in those who have failed an
autologous or allogeneic HCT following a myeloablative
regimen.” These regimens are nearly exclusively dedicated
to the treatment of tumors through immune-mediated
graft-versus-tumor effects.® Graft-versus-host disease
(GVHD) and infections are the most common complica-
tions leading to non-relapse mortality,"” underlying the
interest of analyzing immune reconstitution following
low-intensity conditioning.”'®

T-cell recovery after myeloablative allogeneic HCT
depends on both peripheral expansion of mature T cells
contained in the graft (thymus-independent pathway), and
T-cell neo-generation from donor hematopoietic stem cells
(thymus-dependent pathway).”* However, adequate
broadening of the T-cell repertoire is ensured primarily by
the latter.”” Following myeloablative allogeneic HCT, T-cell
neo-generation is considered as minimal in the early
months post-HCT, most circulating T cells being the prog-
eny of T cells infused with the graft during the first 6

Table 1. Patients.

Unmanipulated CD8-depleted  p-value
PBSC (n=28) PBSC (n=22)

Recipient age median (range), years
Donor age median (range), years
Donor type, no.

57 (41-65)
40 (18-70)

57(36-69) NS
45 (27-67) NS

HLA-identical sibling 11 8 NS
One antigen mismatched related donor 1 0 NS
10/10 HLA-allele matched unrelated donor 8 6 NS
HLA-mismatched unrelated donor 8 8 NS
Diagnoses, no. of patients
Acute myeloid leukemia 3 0
Myelodysplastic syndrome/
myeloproliferative disorder 7 9
Chronic myeloid leukemia 0 2
Lymphoma 8 6
Chronic lymphocytic leukemia 1 4
Multiple myeloma 7 1
Renal cell carcinoma 2 0
Conditioning regimen, no. of patients
2 Gy TBI 7 5
2 Gy TBI + fludarabine (90 mg/m?) 21 17
Median (range) no. of cells infused (x 10°/kg)
(D34 cells 42(0.8-20.2)3.7 (0.7-122) 0.21

CD3 T cells 319 (80-631) 110 (56-239) <0.0001

CD4* T cells 180 (38-406) 94 (57-220) 0.0003

CD8 T cells 130 (43-272)4.2 (0.4-33.7) <0.0001
Acute GVHD, no. of patients

Grade Il 7 7 NS

Grade Ill 1 1 NS

rade IV 4 0 0.06
Chronic GVHD, no. of patients 9 4 NS
Graft rejection, no. of patients 0 7 0.001

2-year overall survival (%) 59 53 NS

TBI, total body irradiation; GVHD, graft-versus-host disease
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months following HCT.* In contrast, thymic production is
thought to play an important role in immune reconstitution
beyond day 100 in younger patients able to tolerate mye-
loablative conditioning, as demonstrated by the quantifica-
tion of signal joint T-cell receptor excision circles
(SjTREC).*** However, following myeloablative HCT,
naive T-cell counts remain low for prolonged periods, as a
consequence of the reduced survival capacity of these
cells.”

Previous studies analyzing immune recovery in (younger)
myeloablative recipients compared with (older) non-mye-
loablative recipients have suggested that, early after HCT,
patients undergoing non-myeloablative conditioning had
higher naive T-cell counts than those given a myeloablative
regimen.” This was attributed to the persistence of host-
derived naive T cells after non-myeloablative condition-
ing.”” However, 1 year after HCT, naive T-cell counts were
lower in non-myeloablative than in myeloablative recipi-
ents, suggesting that neo-generation of T cells might be low
in older recipients given non-myeloablative conditioning.’
This could be due to age-related thymic atrophy.” Indeed,
after autologous HCT a significant thymic rebound has
been demonstrated in approximately 80% of patients
younger than 40 years old, in 50% of those 40 to 50 years
old, but in less than 15% of patients 250 years old.” These
observations raise the question of whether successful
immune recovery through the thymic pathway can occur
in older patients given non-myeloablative conditioning, or
whether immune recovery in these patients can only occur
through peripheral expansion of transplanted T cells.

CDB8-depletion of the graft or of a donor lymphocyte
infusion has been proposed as a way to decrease the inci-
dence of GVHD without affecting graft-versus-tumor
effects.”® We recently performed a comparative study of
the impact of CD8-depletion of peripheral blood stem cells
(PBSC) on clinical outcomes in a group of 50 patients ran-
domly assigned to receive unmanipulated or CD8-depleted
PBSC following non-myeloablative conditioning.* The
results of this study are summarized in Table 1. Briefly,
CDB8-depletion of PBSC failed to reduce the incidence of
grade II-IV acute GVHD, but was associated with an
increased risk of graft rejection. Relapse/progression rate
and overall survival were similar in the two arms of the
study.®

Here we analyze, on the same groups of patients given
allogeneic PBSC after non-myeloablative conditioning, the
importance of both peripheral T-cell expansion and thymic
production on immune recovery.

Design and Methods

T-cell receptor excision circles assay

sjTRECs were quantified in each sample by nested real-
time polymerase chain reaction (PCR), as previously
described.*** Briefly, thawed peripheral blood mononu-
clear cells (PBMC) were lysed for 30 min at 56°C with
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Tween-20 (0.05%), NP-40 (0.05%) and proteinase K (100
pg/mL). Cell lysis was stopped by incubation for 15 min at
99°C. Multiplex PCR amplification was achieved for
siTREC together with the CD3y chain, used as a house-
keeping gene, with specific 3'/5” outer primers for each
amplicon. Cycle conditions and primers/probes sequences
have been reported elsewhere.”* PCR products were dilut-
ed 10-fold prior to PCR quantification using Lightcycler™
technology. The quantitative PCR conditions were: 1 min
initial denaturation at 95°C followed by 40 cycles of ampli-
fication (1 second at 95°C, 10 seconds at 60°C, 15 seconds
at 72°C). Fluorescence emissions were assessed after the
hybridization steps. Each PCR product was run for both
sfTREC and CD3y chains in two separate Lightcycler
experiments. Every sample was run in triplicate, in three
different experiments. The results were first calculated as
absolute number of sjTREC per 10° PBMC; because each
PBMC contains two CD3y chain copies, sjTREC/10° PBMC
= (sjyTREC/CD3y) x 2x10°. Because sjTREC are only present
in lymphocytes, and because the composition of PBMC is
variable, the concentration of sjTREC in peripheral blood
was computed using the formula: [(sjTREC / 10° PBMC x
PBMC/pL) /100 where PBMC/pL = (white blood cells /pL
X (%lymphocytes + %monocytes)]/100. Similar adjust-
ments for calculating absolute T-cell subset counts from
their frequencies in PBMC have been made previously by
other groups of investigators.” The nested character of this
quantitative PCR is endowed with a high sensitivity (detec-
tion of one copy of sjyTREC per PCR reaction).

Statistical analyses

The two-way analysis of variance (ANOVA) test with
graft manipulation and time as variables was used to com-
pare T-cell subset recovery and evolution of T-cell
chimerism in recipients of unmanipulated graft and those
receiving CD8-depleted PBSC. Logarithmic transforma-
tion of the data was used before ANOVA analyses. The
Mann-Whitney test was used to compare graft composi-
tion, TCRBV repertoire diversity and sjTREC levels in
recipients of unmanipulated grafts and those receiving
CDB8-depleted PBSC. Wilcoxon’s matched pair test was
used to compare TCRBV repertoire diversity, sfTREC con-
centration and CD3* T-cell counts at day 40 or 100 after
HCT with values obtained in the same patients on day
365 after HCT. Spearman’s correlation test was used to
analyze potential associations between graft composition
and counts of T-cell subsets and sjTREC levels after HCT,
as well as between donor’s and patient’s age and sjTREC
levels after HCT. The probabilities of disease progression
and severe infection (defined as sepsis, cytomegalovirus
disease or invasive fungal infection) from day 100 to day
365 according to immune recovery on day 100 after HCT
was assessed using the Kaplan-Meier method. Statistical
analyses were carried out with Graphpad Prism
(Graphpad Software, San Diego, CA, USA).

To determine factors affecting the counts of CD3* T
cells, naive CD4* T cells, and CD8" T cells on days 100,
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180 and 365 after HCT, as well as sjTREC concentration
on days 100 and 365 after HCT, multivariate linear
regression models for the different T-cell subset counts
and sjTREC concentrations at each time point were fitted
with the SAS Reg procedure (SAS Institute, Cary, NC,
USA) using forward stepwise selection. Selected models
were refitted for all patients since some patients were
excluded in the stepwise selection because of missing
values for variables not retained in the final model.
Potential factors examined were donor type (HLA-identi-
cal sibling vs. 10/10 HLA-allele-matched unrelated donor
vs. HLA-mismatched unrelated donor), recipient age,
donor age, graft content of CD3* T cells (CD8" T cells for
CD8* T-cell counts, and CD34" cells for sjyTREC concen-
tration), acute GVHD and chronic GVHD. Logarithmic
transformation of the responses was used for all models.
The threshold level of statistical significance was 0.05.

Results

T-cell chimerism

Median donor CD3* T-cell chimerism levels in unma-
nipulated and CD8-depleted recipients were, respective-
ly, 71 and 51% (p=0.1), 73 and 65% (p=0.5), 75 and 70%
(»=0.28), 75 and 70% (p=0.3), and 89 and 81% (p=0.4) on
days 28, 42, 100, 180 and 365. When analyzed together
with the two-way ANOVA test, recipients of unmanipu-
lated PBSC had higher levels of donor T-cell chimerism
than had recipients of CD8-depleted PBSC (p=0.01)
(Online supplementary Figure 1A).

Reconstitution of peripheral lymphocyte subsets

Peripheral lymphocyte subset reconstitution was ana-
lyzed in both groups of patients (Online supplementary
Figure 1). Following transplantation, paralleling the increase
in CD3" T cells of donor origin (Online supplementary Figure
1B), CD4*, CD8', naive CD4* (CD4*CD45RA") and memo-
ry CD4* (CD4'CD45RO") T cells were almost completely
reconstituted over the first year of follow-up (Online sup-
plementary Figure 1C to G).

CD8-depletion of PBSC did not significantly affect CD3",
CD4, CD4'CD45RA", and CD4'CD45RO* lymphocyte
recovery. In contrast, it significantly reduced the reconstitu-
tion efficiency of the CD8* compartment (»<0.0001) as
well as that of the CD56" lymphocyte population (p=0.01).
Furthermore, the expansion of CD3" T lymphocytes of
donor origin was slowed down following CD8-depletion
of PBSC (p=0.06). Interestingly, we observed a correlation
between the number of CD3" T cells present in the graft
and CD3" T-cell counts on days 28 (Spearman’s R=0.39,
p=0.02) and 100 (Spearman’s R=0.39, p=0.04) after HCT,
but neither at 180 nor at 365 days after HCT.

T-cell repertoire reconstitution
In order to evaluate T-cell repertoire diversity in trans-
planted patients, we performed a spectratype analysis in



both groups of patients at 40, 100, 180 days and 1 year
post-transplant. The overall T-cell repertoire complexity
was evaluated by scoring the number of peaks identified in
the 24 TCRBV families as described previously” and com-
paring the results from five volunteer donors. At 40 days
post-transplantation, TCRBV diversity was slightly
reduced in both unmanipulated and CD8-depleted PBSC
recipients, as compared to healthy control individuals
(mean+SD TCRBV scores were 186+5 peaks in controls,
versus 166+31 peaks in the patients (y=0.09)). Moreover,
despite a subsequent increase in circulating T-cell numbers
during the first year post-transplantation, TCR diversity
continued to decrease in both groups of patients (mean +
SD TCRBYV scores in all patients: 158+40 peaks (p=0.04 in
comparison to the volunteer donors) and 151+40 peaks
(»=0.02 in comparison to the volunteer donors) on days
100 and 365, respectively) (Figure 1A). Despite marked dif-
ferences in the number of transplanted CD8" T cells,
TCRBV diversity was similar in unmanipulated PBSC and
CD8-depleted PBSC recipients at all time points (p=0.68,
p=0.93, and p=0.34 at 40, 100 and 365 days post-transplant,
respectively). Furthermore, at day 180 after HCT, TCRBV
scores in both CD8" (134+56 vs. 112+73 peaks, p=0.4) and
CD4* (152+65 vs. 157+35 peaks, p=0.8) T cells did not dif-
fer significantly between unmanipulated and CD8-deplet-
ed PBSC recipients. Finally, as shown in Figure 1B-C, graft
manipulation, patient-donor relationship and occurrence of
chronic GVHD did not significantly affect TCRBV scores.
The observation of a time-dependent reduction of the
TCRBV diversity suggests that while the initial reconstitu-
tion phase is principally dependent on peripheral expan-
sion of transplanted mature T cells, these cells are then
depleted over the first year, leading to a reduced T-cell
receptor repertoire. However, this reduction of peripheral
T-cell repertoire is accompanied by an increased number of
circulating T cells, suggesting another source of these cells.

Thymic function

In order to analyze the contribution of de novo T-cell pro-
duction by the thymus to the overall T-cell reconstitution,
we quantified sjTREC frequencies (sjTREC/10° cells) and
sjTREC concentrations (sjTREC/mL) in the two groups of
patients on days 100 and 365 after HCT (Online supplemen-
tary Figure 2). At day 100 post-HCT, sjTREC frequencies
and concentrations were significantly higher in patients
receiving unmanipulated PBSC than in those who received
CDB8-depleted cells (median sjTREC frequency = 67 [1-580]
and 10 [1-120] sjTREC/10° cells in the unmanipulated and
CD8-depleted groups, respectively (p=0.003); median
sJ/TREC concentration = 391 [9-5614] and 149 [5-1493]
sfTREC/mL, respectively (p=0.008, Online supplementary
Figure 2A). In contrast, the two groups had similar sjyTREC
frequencies and concentrations at 1 year post-transplant
(median sjTREC frequency = 107 [3-492] and 47 [1-167]
sJTREC/10° cells; median sjTREC concentrations = 697 [25-
2136] and 1022 [129-22927] sjyTREC/mL in the untreated
and CD8-depleted groups respectively). Whether or not

Immunity after non-myeloablative HCT

these levels of thymic output are sufficient to provide suc-
cessful long-term immune recovery with broad diverse T-
cell repertoires several years after HCT is the focus of
ongoing studies.

Interestingly, the sjTREC concentration was inversely
correlated with age in both groups of patients at 1 year
post-transplant (r=-0.64, p=0.0187 and r=-0.57; p=0.2 for
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Figure 1. (A) TCRBV repertoire in five volunteer healthy blood
donors, and in patients on days 40, 100 and 365 after HCT. (B)
TCRBYV repertoire on day 100 after HCT in patients given unma-
nipulated or CD8-depleted (CD8-) PBSC, as well as in patients
receiving grafts from HLA-matched related (MRD), HLA-identical
unrelated (HLA-id-URD), or HLA-mismatched unrelated (MM-URD)
donors. (C) TCRBV repertoire on day 365 after HCT in patients
with or without chronic GVHD.
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the recipients of unmanipulated grafts and CD8-depleted
grafts, respectively (Online supplementary Figure 2C); r=-
0.57 and p=0.008 when all patients were analyzed togeth-
er). Such a correlation, which did not exist at 100 days,
suggests that de novo T-cell production by the thymus is an
important parameter for the production of recent thymic
emigrants (RTE) in transplanted patients at 1 year post-
transplantation. In order to assess directly whether neo-
generation of T cells through the thymic pathway
occurred between days 100 and 365 after HCT, we com-
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Figure 2. (A) Median sjTREC concentrations and CD3" T-cell counts
on days 100 and 365 after HCT in a group of 16 patients for
whom we had sjTREC data on both day 100 and day 365 after
HCT. The median age of the patients in this cohort was 54 (range,
36-64) years. Error bars indicate interquartile ranges. (B) sjTREC
concentrations 1 year after HCT in patients given grafts from relat-
ed (MRD), HLA-identical unrelated (HLA-id-URD) or HLA-mis-
matched unrelated (MM-URD) donors. (C) sjTREC concentrations 1
year after HCT in patients with or without chronic GVHD.
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pared sjTREC concentrations and CD3* T-cell counts on
days 100 and 365 after HCT in a group of 16 patients for
whom we had sjTREC data on both day 100 and day 365
after HCT. The median age of the patients in this cohort
was 54 (range, 36-64) years. Both sjTREC concentrations
and CD3" T-cell counts increased significantly between
days 100 and 365 (p=0.010 and p=0.0488, respectively)
(Figure 2A). Moreover, there was a suggestion of a nega-
tive correlation between higher patient’s age and lower
sjTREC increment from day 100 to 365 (Spearman’s R=-
0.45, p=0.078). Furthermore, at both time points, the
siTREC frequency strongly correlated with the sjTREC
concentration [r=0.93, p<0.001, and r=0.93, p=0.007,
respectively (Online supplementary Figure 2D)], demonstrat-
ing that peripheral proliferation does not have a major
impact on the number of circulating T cells, at least in the
compartment of recent thymic emigrants.

Multivariate analysis of factors affecting immunologic
recovery (Table 2)

Recipient age. High recipient age was associated with low
naive CD4* T-cell counts on day 365 after HCT (p=0.02).

Donor age and type. High donor age was associated with
lower counts of both CD3* T cells (»=0.02) and CD8" T
cells (»=0.02) on day 365 after HCT. Having a HLA-
matched unrelated donor was associated with high sjyTREC
concentrations on day 365 after HCT (p=0.03) (Figure 2B).

Graft composition. High numbers of transplanted CD3* T
cells were associated with high CD3* T-cell counts on day
100 after HCT (p=0.01). This association was not present
on day 180 or 365 after HCT. High numbers of transplant-
ed CD3* T cells were also associated with high sjTREC
concentrations after HCT (p=0.002). High numbers of
transplanted CD8" T cells were associated with high CD8"
T-cell counts on days 100 (»=0.001) and 180 (p=0.04) after
HCT. This association was not present on day 365 after
HCT. There was no association between numbers of trans-
planted CD34" cells and siTREC concentrations on day 100
or 365 after HCT.

GVHD. The occurrence of grade II-IV acute GVHD was
associated with lower counts of both CD3* T cells (»=0.02)
and CD8" T cells (»=0.049) after HCT. The occurrence of
chronic GVHD was associated with a low sjTREC concen-
tration on day 365 after HCT (p<0.001) (Figure 2C).

Associations between immune recovery and disease pro-
gression/infections

There was no significant association between the occur-
rence of severe infections (defined as sepsis, cyto-
megalovirus disease or invasive fungal disease) on days 100
and 365 after HCT in patients with sjTREC concentrations,
CD3* cell counts or CD4*CD45RA" cell counts below or
above the median. Similarly, there was no significant asso-
ciation between the incidence of disease progression on
days 100 and 365 after HCT in patients with sjTREC con-
centrations, CD3* cell counts or CD4*CD45RA" cell counts
below or above the median.



Discussion

Whether or not successful immune recovery through
the thymic pathway can occur in older patients given
non-myeloablative conditioning has remained an impor-
tant unsolved question. In this study, we evaluated
immune recovery in patients receiving allogeneic PBSC
transplantation after non-myeloablative conditioning.
This study was part of a prospective randomized trial
aimed at assessing the impact of CD8-depletion of PBSC
on the risk of development of GVHD in patients who
cannot undergopre-transplant myeloablative treatment.
We show that the immune recovery period can be divid-
ed into two major phases. During the first 3 months post-
transplantation, most of the immune reconstitution is
principally a consequence of the expansion of the mature
T cells present in the graft. However, de novo production
by the thymus cannot be excluded during this period. In
contrast, following this early phase, the thymus seems to
be a major source of circulating T cells in the patients.

There was a strong correlation between graft composi-
tion and both CD3* T-cell counts and CD8" T-cell counts
in the first 100 days after HCT, suggesting that immune
recovery was mainly driven by peripheral expansion of
mature T cells present in the graft early after HCT. These
observations are in agreement with the results of previous
studies performed in younger patients undergoing mye-
loablative allogeneic HCT.* Indeed, Hochberg et al. found
that TREC levels remained low in the first 3 months fol-
lowing myeloblative allogeneic bone marrow transplanta-
tion in adults.” In addition, patients given T cell-depleted
grafts had lower levels of both naive T cells” and sjTREC*
in the first months following myeloablative conditioning,
in comparison to those given unmanipulated grafts.
Furthermore, naive T-cell counts 100 days after myeloab-
lative HCT were strongly correlated with the number of
naive T cells in the graft.* Similarly, after non-myeloabla-
tive conditioning, the number of TREC-positive cells was
shown to decrease gradually in the first 6 months follow-
ing HCT, suggesting that the main mechanism of T-cell
reconstitution early after non-myeloablative conditioning
is thymus-independent.” Finally, another study suggested
that graft composition was the main factor affecting
immune recovery during the first 6 months following
non-myeloablative HCT.

Importantly, our data demonstrated that neo-genera-
tion of T cells through the thymic pathway was a major
source of circulating T cells 1 year after HCT. The impor-
tant role of neo-generation of T cells by the thymus after
non-myeloablative conditioning was rather surprising,
given the fact that this strategy is mainly proposed for
older patients. Indeed, in the current study, 50% of the
patients were older than 57 years, and 25% older than 63.
While TREC concentrations 1 year after HCT were
inversely correlated with the patients’ age in univariate
analysis, absence of chronic GVHD, a high number of
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CD3* T cells in the graft and HLA-matched unrelated
donor were the three main factors affecting this concen-
tration. These findings are in agreement with previous
observations in younger patients given allogeneic grafts
following myeloablative conditioning, which showed
that graft composition,* recipient age** and absence of
chronic GVHD**** were the main factors affecting
thymic function the first year following HCT.**** While
the negative impact of chronic GVHD on thymic function
could be due to both direct destruction of host thymic
epithelium by chronic GVHD and the negative impact of
immunosuppressive drugs,”” the association between
high numbers of CD3* T cells in the graft and high
sjTREC concentrations could be due to both a higher
sjTREC content in the graft and a lower need for periph-
eral T-cell expansion (and thus less dilution of sjTREC) in
patients whose grafts contained more T cells. The associ-
ation between high sjTREC levels and HLA-matched
unrelated donors could be due to both impaired thymic
function (maybe through subclinical alloreactivity of
donor T cells towards recipient thymic epithelium) in
patients given grafts from HLA-mismatched unrelated
donors,” and older donors’ age (and thus lower frequen-
cy of prethymic T-cell progenitors) in patients given grafts
from HLA-identical siblings."* Although we did not per-
form computed tomography scans of the thoracic inlet to
demonstrate newly emerging thymic shadows, previous
studies found a strong correlation between thymic size
increment and sjTREC levels after HCT,” suggesting that
sjTREC-positive cells are mainly generated by the thymus
also in the HCT setting.

Finally, our study showed that the T-cell repertoire
remained relatively diversified early after HCT, but was
more restricted 1 year after HCT. While the relatively
complex T-cell repertoire early after HCT could be partly

Table 2. Multivariate analyses of factors affecting immune recov-
ery after non-myeloablative conditioning*.

Cell subset Day Factor(s) associated with higher
after HCT ~ cell subset counts
CD3' T cells 100 High no. of CD3" T cells transplanted (p=0.010)

Absence of grade II-IV acute GVHD (p=0.021)
365 Low donor age' (p=0.017)
Naive CD4"T cells 365 Low recipient age' (p=0.021)
CD8" T cells 100 High no. of CD8' T cells transplanted! (p=0.001)
Absence of grade II-IV acute GVHD (p=0.049)
180 High no. of CD8" T cells transplanted® (p=0.036)
365 Low donor age' (p=0.015)
SjTREC 365 10/10 HLA-allele-matched unrelated donor (p=0.029)
Absence of chronic GVHD (p<0.0001)
High no. of CD3" T cells transplanted! (p=0.002)

*Potential factors examined were donor type (HLA-identical sibling vs. 10/10
HLA allele-identical unrelated donor vs. HLA-mismatched unrelated donor),
recipient age, donor age, graft content of CD3* T cells (CD8* T cells for CD8*
T=cell counts, and CD34" cells for s;TREC concentration), acute GVHD and
chronic GVHD. tcontinuous linear variable; No., number; CMV,
cytomegalovirus; TBI, total body irradiation; CSP, l?/dasmrme; MME
mycophenolate mofetil; GVHD, graft-versus-host disease.
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due to the persistence of host-derived T cells,”” the more
restricted T-cell repertoire seen at 1 year could be the con-
sequence of gradual eradication of residual host-derived T
cells by donor-derived T cells,”” or death of mature T cells
contained in the graft following their massive expansion.
Alternatively, since analysis of the T-cell repertoire cannot
definitively distinguish between T-cell loss and T-cell
expansion, the more restricted T-cell repertoire observed
at 1 year could be due to massive clonal expansion of spe-
cific memory T-cell clones, such as cytomegalovirus-spe-
cific clones, or clones causing GVHD.”

In summary, our results suggest that while immune
recovery was mainly driven by peripheral expansion of
mature T cells contained in the graft during the first 3
months after non-myeloablative transplantation, T-cell
neo-generation by the thymus plays an important role in
long-term immune reconstitution in transplanted
patients.

Authorship and Disclosures

EC performed the sTREC analyses, analyzed the
data, and edited the paper; FB designed the study, ana-
lyzed the data, and wrote the paper; EW took care of
the patients, and analyzed the data; NS-L and AG per-
formed the flow cytometry analyses and edited the
paper; NM performed the TCRVB analyses; J-FV and
CH performed the chimerism analyses; LS performed
the multivariate statistical analyses and edited the
paper; VG helped with sjTREC analyses and edited the
paper; RC helped with sjTREC analyses, helped with
the analyses of the data and with the writing of the
paper; YB designed the study, took care of the patients,
analyzed the data, and edited the paper. All authors
approved the final (revised) version of the manuscript.
The authors reported no potential conflicts of interest.

References

1.

Sorror ML, Maris MB, Storer B,

in recipients conditioned by low
intensity vs myeloablative regimen.
Bone Marrow Transplant 2001;28:
243-9.

. Baron E Schaaf-Lafontaine N, Hum-

Transplantation

atts M, et al.

condition-
y escalated

, Childs RC, Barrett AJ.

Sandmaier BM, Diaconescu R, 7 ¢

Flowers C, et al. Comparing morbid- blet-Baron 5, Meuris N, Castermans
ity and mortality of HLA-matched E, Baudoux E, et al. T-cell reconstitu-
unrelated donor hematopoietic cell tion after unmanipulated, CD8-
transplantation after nonmyeloabla- depleted or CD34-selected nonmye-
tive and myeloablative conditioning: loablative peripheral blood stem-cell
influence of pretransplant comor- transplantation.

bidities. Blood 2004;104:961-8. 2008;76:1705-13.

2. Baron E Storb R, Storer BE, Maris 8. D’Sa §, Peggs K, Pizzey A, Verfuerth
MB, Niederwieser D, Shizuru JA, et S, Thuralsund_aram D, A, et
al. Factors associated with outcomes T- and B-cell immune reconstitution
in allogeneic hematopoietic cell and clinical outcome in patients with
transplantation with nonmyeloabla- multiple myeloma receiving T-cell-
tive conditioning after failed mye- depleted, reduced-intensity allogene-
loablative hematopoietic cell trans- ic stem cell transplqn;atmn with an
plantation. ] Clin Oncol 2006;24: gilemtu;umab—contamm
4150-7. ing regimen followed

3. Baron E Maris MB, Sandmaier BM, donor lymphocyte infusions. Br ]
Storer BE, Sorror M, Diaconescu R, Haematol 2003;123:309-22.
et al. Graft-versus-tumor effects after 9. Maris M, Boegkh M, Storer B,
allogeneic hematopoietic cell trans- Dawson M, White K, Keng M, et al.
plantation with nonmyeloablative Immunologic recovery after hemato-
conditioning. J Clin Oncol 2005;23: poietic cell transplantation with non-
1993-2003. myeloablative conditioning. Exp

4. Sorror ML, Maris MB, Storb R, Baron Hernatpl 2003;31:941-52.

E Sandmaier BM, Maloney DG, etal.  10. Bahceci E, Eﬁ)person D, Douek DC,
Hematopoietic  cell  transplants Melenhorst JJ, Chi

(HCT) from HLA-matched related Early reconstitution of the T-cell
(MRD) and unrelated (URD) donors repertoire after non-myeloablative
for patients with hematologic malig- peripheral blood stem cell transplan-
nancies using low-dose TBI condi- tation is from post-thymic T-cell
tioning. Blood 106 (Part 1)[11], 194a, expansion and' 1s unaffected by grafF-
#655. 11-16-2005. versus-host disease or mixed chi-

5. Maris MB, Sandmaier BM, Storer BE, maerism. Br ] Haematol 2003;122:
Maloney DG, Shizuru JA, Agura E, et 934-43. .
al. Unrelated donor granulocyte 11. Mohty M, Mohty AM, Blaise D,
colony-stimulating factor-mobilized Faucher C, Bﬂge? K, Isna'rd.on. D, et
peripheral blood mononuclear cell al. Cytomegalovirus-specific immu-
transplantation after nonmyeloabla- ne recovery following allogeneic
tive conditioning: the effect of post- HLA-identical sibling transplantation
grafting mycophenolate mofetil dos- with reduced-intensity preparative
ing. Biol Blood Marrow Transplant regimen. Bone Marrow Transplant
2006;12:454-65. 2004;33:839-46.

6. Morecki S, Gelfand Y, Nagler A, Or 12. Dodero A, Carrabba M, Milani R,

R, Naparstek E, Varadi G, et al.
Immune reconstitution following
allogeneic stem cell transplantation

| 246 | haematologica | 2008; 93(2)

Rizzo E, Raganato A, Montefusco V,
et al. Reduced-intensity conditionin,
containing low-dose alemtuzuma
before al%ogeneic peripheral blood

18.

14.

15.

16.

17.

18.

19.

stem cell transplantation: graft-ver-
sus-host disease is decreased but T-
cell reconstitution is delayed. Exp
Hematol 2005;33:920-7.
Lamba R, Carrum G, Myers GD,
Bollard CM, Krance RA, Heslop HE,
et al. Cytomegalovirus (CMV) infec-
tions and CMV-specific cellular
immune reconstitution following
reduced intensity conditioning allo-
geneic stem cell transplantation with
alemtuzumab. Bone Marrow Trans-

lant 2005;36:797-802.

aron E Storer B, Maris MB, Storek ],
Piette F Metcalf M, et al. Unrelated
donor status and high donor age
independently affect immunologic
recovery after nonmyeloablative
conditioning. Biol Blood Marrow
Transplant 2006;12:1176-87.
Rizzieri DA, Koh LP, Long GD,
Gasparetto C, Sullivan KM, Horwitz
M, et al. Partially matched, nonmye-
loablative allogeneic transplantation:
clinical outcomes and immune
reconstitution. ] Clin Oncol 2007;25:
690-7.
Chao NJ, Liu CX, Rooney B, Chen
BJ, Long GD, Vredenburgh JJ, et al.
Nonmyeloablative regimen pre-
serves "niches" allowing for periph-
eral expansion of donor T-cells. Biol
Blood Marrow Transplant 2002;8:
249-56.
Storek ], Witherspoon RP. Immu-
nological reconstitution after hemo-
poietic stem cell transplantation. In:
Atkinson K, Champlin R, Ritz J,
Fibbe WE, Ljungman P, Brenner MK,
editors. Clinical Bone Marrow and
Blood Stem Cell Transplantation.
Cambridge, UK: Cambridge Uni-
versity Press, 2004:194-226.
Crooks GM, Weinberg K, Mackall C.
Immune reconstitution: from stem
cells to lymphocytes. Biol Blood
Marrow Transplant 2006;12 [1 Suppl
1]:42-6.
Peggs KS. Reconstitution of adaptive
and innate immunity following allo-
geneic hematopoietic stem cell trans-
plantation in humans. Cytotherapy



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

2006;8:427-36.

Douek DC, Vescio RA, Betts MR,
Brenchley JM, Hill B], Zhang L, et al.
Assessment of thymic output in
adults after haematopoietic stem-cell
transplantation and prediction of T-
cell reconstitution. Lancet 2000;355:
1875-81.

Storek J, Dawson MA, Maloney DG.
Correlation between the numbers of
naive T cells infused with blood
stem cell allografts and the counts of
naive T cells after transplantation.
Biol Blood Marrow Transplant 2003;
9:781-4.

Weinberg K, Blazar BR, Wagner JE,
Agura E, Hill B], Smogorzewska M,
et al. Factors affecting thymic func-
tion after allogeneic hematopoietic
stem cell transplantation. Blood
2001;97:1458-66.

Hochberg EP, Chillemi AC, Wu CJ,
Neuberg D, Canning C, Hartman K,
et al. Quantitation of T-cell neogene-
sis in vivo after allogeneic bone mar-
row transplantation in adults. Blood
2001; 98:1116-21.

Lewin SR, Heller G, Zhang L,
Rodrigues E, Skulsky E, van den
Brink MR, et al. Direct evidence for
new T-cell generation by patients
after either T-cell-depleted or un-
modified allogeneic hematopoietic
stem cell transplantations. Blood
2002;100: 2235-42.

Jiménez M, Martinez C, Ercilla G,
Carreras  E, Urbano-Ispizua A,
Aymerich M, et al. Clinical factors
influencing T-cell receptor excision
circle (T RECS) counts following allo-
geneic stem cell transplantation in
adults. Transpl Immunol 2006;16:
52-9.

Poulin JE Sylvestre M, Champagne P,
Dion ML, Kettaf N, Dumont A, et al.
Evidence for adequate thymic func-
tion but impaireg naive T-cell sur-
vival following allogeneic hemato-
poietic stem cell transplantation in
the absence of chronic graft-versus-
host disease. Blood 2003;102: 4600-
7

Baron E Baker JE, Storb R, Gooley
TA, Sandmaier BM, Maris MB, et al.
Kinetics of engraftment in patients
with  hematologic  malignancies
given allogeneic hematopoietic cell
transplantation after nonmyeloabla-
tive conditioning. Blood 2004;104:
2254-62.

Naylor K, Li G, Vallejo AN, Lee WW,
Koetz K, Bryl E, et al. The influence
of age on T cell generation and TCR
diversity. ] Immunol 2005; 174:7446-
52

Hakim FT, Memon SA, Cepeda R,
Jones EC, Chow CK, Kasten-Sportes
C, et al. Age-dependent incidence,
time course, and consequences of
thymic renewal in adults. J Clin
Invest 2005;115:930-9.

Nimer SD, Giorgi J, Gajewski JL, Ku
N;, Schiller GJ, Lee K, et al. Selective
depletion of CD8+ cells for preven-
tion of graft-versus-host disease after
bone marrow transplantation.
Transplantation 1994;57:82-7.

Giralt S, Hester J, Huh Y, Hirsch-

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ginsberg C, Rondén G, Seong D, et
al. CD8-depleted donor lymphocyte
infusion as treatment for relapsed
chronic myelogenous leukemia after
allogeneic bone marrow transplanta-
tion. Blood 1995;86:4337-43.

Alyea EP, Soiffer RJ, Canning C,
Neuberg D, Schlossman R, Pickett C,
et al. Toxicity and efficacy of defined
doses of CD+ donor lymphocytes
for treatment of relapse after allo-
geneic bone marrow transplant.
Blood 1998; 91:3671-80.
Andersen MK, Larson RA,
Mauritzson N, Schnittger S, Jhanwar
SC, Pedersen-Bjergaard J. Balanced
chromosome abnormalities inv(16)
and t(15;17) in therapy-related mye-
lodysplastic syndromes and acute
Ieuﬁ/emia: report from an interna-
tional works]flop. Genes, Chromo-
somes Cancer 2002;33: 395-400.
Baron F, Frere P, Baudoux E, Schaaf-
Lafontaine N, Fillet G, Beguin Y. Low
incidence of acute graft-versus-host
disease after non-myeloablative
stem cell transplantation with CD8-
depleted peripheral blood stem cells:

an update. Haematologica 2003;88:
835-7.
Baron F Siquet ], Schaaf-Lafontaine

N, Baudoux E, Hermanne JF, Fillet G,
et al. Pre-emptive immunotherapy
with CD8-depleted donor lympho-
cytes after CD34-selected allogeneic
peripheral blood stem cell transplan-
tation. Haematologica 2002; 87:78-
88.
Willems E, Castermans E, Baron F et
al. Nonmyeloablative stem cell trans-
plantation with CD8-depleted or
unmanipulated peripheral blood
stem cel?s: a prospective randomized
trial. ASH Annual Meeting Abstracts
2005; 106:1075.
Sullivan KM. Graft-vs-host disease.
In: Blume KG, Forman S], Appel-
baum FR, eds. Thomas' Hemato-
oietic Cell Transplantation. Oxford,
ETK: Blackwell Pu%lishing Ltd. 2004;
635-64.
Frere P, Baron E Bonnet C, Hafraoui
K, Pereira M, Willems E, et al.
Infections after allogeneic hemato-
poietic stem cell transplantation with
a nonmyeloablative conditioning
regimen. Bone Marrow Transplant
2006; 37:411-8.
McSweeney PA, Niederwieser D,
Shizuru JA, Sandmaier BM, Molina
AJ,  Maloney DG, et al
Hematopoietic cell transplantation in
older patients with hematologic
malignancies: replacing high-dose
cytotoxic therapy with graft-versus-
tumor effects. Blood 2001;97:3390-
400.
Baron E Maris MB, Storer BE, Sand-
maier BM, Panse JP, Chauncey TR, et
al. High doses of transplanted
CD34+ cells are associated with
rapid T-cell engraftment and less-
ened risk of graft rejection, but not
more graft-versus-host disease after
nonmyeloablative conditioning and
unrelated hematopoietic cell trans-
lantation. Leukemia 2005; 19:822-8.

aron F Sandmaier BM. Chimerism

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Immunity after non-myeloablative HCT

and outcomes after allogeneic hema-
topoietic cell transplantation follow-
ing nonmyeloablative conditioning.
Leukemia 2006;20:1690-700.
Genevée C, Diu A, Nierat ], Cai-
gnard A, Dietrich PY, Ferradini L, et
al. An experimentally validated panel
of subfamily-specific oligonucleotide
primers (V alpha 1-w29/V beta 1-
w24) for the study of human T cell
receptor variable V gene segment
usage by polymerase chain reaction.
Eur ] Immunol 1992; 22:1261-9.
Dion ML, Poulin JE Bordi R,
Sylvestre M, Corsini R, Kettaf N, et
al. HIV infection rapidly induces and
maintains a substantial suppression
of thymocyte proliferation. Immu-
nity 2004;21:757-68.

Dion ML, Bordi R, Zeidan ], Asaad R,
Boulassel MR, Routy JP, et al. Slow
disease progression and robust thera-
py-mediated CD4+ T-cell recovery
are associated with efficient thy-
mopoiesis during HIV-1 infection.
Blood 2007;109:2912-20.

Storek J, Dawson MA, Storer B,
Stevens-Ayers T, Maloney DG, Marr
KA, et al. Immune reconstitution
after allogeneic marrow transplanta-
tion compared with blood stem cell

transplantation. Blood 2001;97:3380-

Storek J, Witherspoon RP. Immuno-
logic reconstitution after hematopoi-
etic stem cell transplantation. In:
Atkinson K, editor. Clinical Bone
Marrow and Blood Stem Cell
Transplantation. Cambridge, UK:
Cambridge University Press, 2000:
111-46.

Martinez C, Urbano-Ispizua A,
Rozman C, Marin P, Rovira M, Sierra
], et al. Immune reconstitution fol-
lowing allogeneic peripheral blood
progenitor cell transplantation:
Comparison of recipients of positive
CD34+ selected grafts with recipi-
ents of unmanipulated grafts. Exp
Hematol 1999;27:561-8.

Storek J, Joseph A, Dawson MA,
Douek DC, Storer B, Maloney DG.
Factors influencing T-lymphopoiesis
after allogeneic hematopoietic cell
transplantation.  Transplantation
2002; 73:1154-8.

Dulude G, Roy DC, Perreault C. The
effect of graft-versus-host disease on
T cell production and homeostasis. |
Exp Med 1999;189:1329-42.
Hauri-Hohl MM, Keller MP, Gill ],
Hafen K, Pachlatko E, Boulay T, et al.
Donor T-cell alloreactivity against
host thymic epithelium limits T-cell
development after bone marrow
transplantation. Blood 2007;109:
4080-8.

Hakki M, Riddell SR, Storek J, Carter
RA, Stevens-Ayers T, Sudour P, et al.
Immune reconstitution to cyto-
megalovirus  after  allogeneic
hematopoietic stem cell transplanta-
tion: impact of host factors, drug
therapy, and subclinical reactivation.
Blood 2003;102:3060-7.

haematologica | 2008; 93(2) | 247 |





