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ABSTRACT

Background

Recovery of thymopoiesis after allogeneic hematopoietic stem cell transplantation is consid-
ered pivotal for full immune competence. However, it is still unclear to what extent insufficient
recovery of thymopoiesis predicts for subsequent opportunistic infections and non-relapse
mortality.

Design and Methods

A detailed survey of all post-engraftment infectious complications, non-relapse mortality and
overall survival during long-term follow-up was performed in 83 recipients of allogeneic stem
cell grafts after myeloablative conditioning. Recovery of thymopoiesis was assessed using
analysis of signal joint T-cell receptor rearrangement excision circles. The impact of recovery of
thymopoiesis at 2, 6, 9 and 12 months post-transplantation on clinical outcome beyond those
time points was evaluated by univariate and multivariate Cox regression analyses.

Results

The cumulative incidence of severe infections at 12 months after transplantation was 66 % with
a median number of 1.64 severe infectious episodes per patient. Patients in whom thy-
mopoiesis did not recover were at significantly higher risk of severe infections according to
multivariable analysis. Hazard ratios indicated 3- and 9-fold increases in severe infections at 6
and 12 months, respectively. Impaired recovery of thymopoiesis also translated into a higher
risk of non-relapse mortality and outweighed pre-transplant risk factors including age, donor
type, and disease risk-status.

Conclusions

These results indicate that patients who fail to recover thymopoiesis after allogeneic
hematopoietic stem cell transplantation are at very high risk of severe infections and adverse
clinical outcome.
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Impaired thymopoietic recovery and post-transplant opportunistic infections

Introduction

Immune reconstitution after allogeneic hematopoietic
stem cell transplantation (HSCT) is a complex process
involving various components of the innate and adaptive
immune system.”” While early reconstitution is mainly
characterized by restoration of mucosal barriers, neu-
trophil recovery and natural killer (NK)-cell recovery,
reconstitution in the later post-transplant period is domi-
nated by recovery of newly developed T cells. Two main
pathways of T-cell regeneration contribute to post-trans-
plant T-cell recovery: thymopoiesis and peripheral expan-
sion of mature T cells.** Thymopoiesis provides a de novo
pool of naive T cells which is essential for diverse T-cell
receptor (TCR) repertoire formation and sustained long-
term immunity. It has been shown that recovery of thy-
mopoiesis after allogeneic HSCT is compromised in older
patients, in recipients with reduced pre-transplant thymic
function, and in patients suffering from acute or chronic
graft-versus-host disease (GVHD).”"® However, it is unclear
to what extent lack of recovery of thymopoiesis itself pre-
dicts for subsequent opportunistic infections and overall
non-relapse mortality. We, therefore, prospectively moni-
tored recovery of thymopoiesis following allogeneic
HSCT, recording all post-engraftment opportunistic infec-
tions during follow-up, and addressed the question of
whether and, if so, to what extent patients without suffi-
cient thymic recovery are at higher risk of infections and
adverse outcome.

Design and Methods

Patients and grafts

Eighty-three patients undergoing myeloablative allogeneic
HSCT at the Erasmus MC/Daniel den Hoed Cancer Center from
either a matched related (n=50) or unrelated donor (n=33) were
included in this study. HLA-typing included high-resolution typing
for HLA-A, B, C, DRB1, DQB1 and DPB1. Patients and donors
were considered matched if an 8/8 match for A,B,C, DRB1 at the
allele level was obtained; according to this definition, 27 (82%)
unrelated donor-recipient pairs were considered allele-matched
(Table 1). Patients were considered “standard risk” in case of a
diagnosis of acute myeloid leukemia in first complete remission,
acute lymphoblastic leukemia in first complete remission, chronic
myeloid leukemia in first chronic phase, or untreated aplastic ane-
mia. All other diagnoses were considered “high risk.” The institu-
tional review board approved the protocols and all patients and
donors provided informed consent. Bone marrow or mobilized
peripheral blood progenitor cells were harvested as described else-
where."* T-cell depletion was performed predominantly by selec-
tion of CD34" cells. CD34" cells were positively selected using an
immunoadsorption biotin-avidin column (Ceprate SCsystem;
CellPro, Bothell, WA, USA) or by immunomagnetic cell selection
using the CliniMACS system (CliniMACS, Miltenyi Biotec,
Bergisch Gladbach, Germany). If the CD34"-selection procedure
resulted in less than 1x10° CD3" T cells/kg, the graft was supple-
mented to contain an intended minimum of 1-2x10° CD3* T
cells/kg.”” Transplantations were performed between January
1998 and December 2001.

Conditioning and supportive care

Conditioning and GvHD prophylaxis were performed as
described previously.'”” All patients received prophylactic
ciprofloxacin (500 mg orally twice daily) and prophylactic flucona-

zole (200 mg once daily) as infection prevention until neutrophil
recovery. Trimethoprim-sulfamethoxazole (480 mg once daily)
was administered for the prevention of infections with
Pueumocystis carinii from neutrophil recovery (> 0.5x10°/L) until at
least 6 months after transplantation or prolonged in the case of
chronic GvHD. All patients received prophylactic acyclovir from
transplantation until cessation of cyclosporine. GvHD was graded
and treated as described previously."

Infections

Allinfections diagnosed following transplantation were evaluat-
ed and scored by grade, localization, and causative micro-organ-
ism according to the NCI Common Toxicity Criteria (CTC) as
described previously."” CTC grade 3-4 infections were defined as
severe (CTC grade 3) to life-threatening (CTC grade 4) infections
with the need for admission and intravenous treatment. Culture-
documented bacteremia, viremia, or fungemia were considered
definite infections even without signs or symptoms of an infec-
tion. Clinical infection was defined as symptoms and signs consis-
tent with an infection, but without microbiological proof. A
chronic infection was scored as a single infection. A recurrent
infection was scored as multiple infections only if episodes were
clearly separated by an asymptomatic period of longer than 4
weeks. A polymicrobial infection of one organ or several adjacent
organs was considered as a single infection. Death associated with

Table 1. Characteristics of the patients and grafts (n=83).

Median age, years (range) 39 (16-56)
Sex, male/female (n) 52/31
Diagnosis (n)
Acute leukemia 34
Chronic leukemia 15
Lymphoma 21
Myelodysplastic syndrome 4
Multiple myeloma 9
Risk status, standard/high (n) 27/56
Conditioning regimen (n)
Cy/TBI 45
Cy/TBI/ATG 32
Cy/BU 3
Cy/BU/ATG 3
Cytomegalovirus serology (n)
R-/D- 39
R+D- 13
R-D+ 7
R+/D+ 24
Graft

Median cells infused (range)
CD34+ cellsx10%kg
CD3* T-cellsx10%kg

165 (053-11.1)
2.00 (0.01-4.00)

Donor type
Unrelated donor 8/8 matched 27
Unrelated donor <7/8 matched 6
Matched related donor 50
EBMT risk score
<2 24
3 21
4 22
=5 16

ATG: anti-thymocyte globulin; Bu: busulfan; CMV: cytomegalovirus; Cy: cyclofosfamide;
D: donor; MDS: myelodysplastic syndrome; R: recipient; TBI: total-body irradiation.
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a definite infection was defined as findings consistent with an
infection and detection of the pathogen in an autopsy specimen,
or death after a definite infection that was considered causative,
either directly (e.g., pneumonia) or indirectly (e.g., sepsis with sub-
sequent adult respiratory distress syndrome). Cytomegalovirus
(CMV) and Epstein-Barr virus (EBV) reactivation were diagnosed
and treated as described previously."

Immune monitoring

Peripheral blood absolute lymphocyte counts were calculated
using the clinical laboratory leukocyte count and percentage of
lymphocytes (leukocyte count x % lymphocytes) at 1, 2, 3, 6, 9,
12, 18 and 24 months following transplantation.

Lymphocyte subsets

Absolute numbers of peripheral blood CD3', CD4" and CD8' T
lymphocytes and CD3" CD16/56" NK cells were determined by a
four-color single platform flow cytometric assay using a “dual-
anchor” gating strategy at serial time-points (months 2, 3, 6, 9, 12,
18, and 24) following transplantation. By inclusion of a calibrated
number of fluorescent beads (Flow-Count beads; Beckman-
Coulter, Miami, USA) in a lyse-no-wash technique, the assay
allows for direct calculation of absolute numbers of labeled cells
per microliter of blood according to the ratio between beads and
labeled cells. The monoclonal antibodies used for flow cytometric
analysis were fluorescein isothiocyanate (FITC)-labeled CD3, phy-
coerythrin (PE)-labeled CD8, PE-labeled CD16/CD56, peridinyl
cholorophyllin (PerCP)-labeled CD45, and allophycocyanin
(APC)-labeled CD4 (BD Biosciences). Flow cytometric analysis
was performed using a FACSCalibur (BD Biosciences). List mode
data were collected and analyzed using CELLQuest software (BD
Biosciences). At some time-points only mononuclear cells were
available for FACS analysis. Absolute blood counts of lymphocyte
subsets were then calculated using clinical laboratory leukocyte
count + differential as: Abswuse: = (ALC + AMC) x %suse: /100,
where ALC = absolute lymphocyte count, AMC = absolute
monocyte count, and Ysss = percent subset cells among all
mononuclear cells.

Quantification of signal joint T-cell receptor
rearrangment excision circles

The frequency of signal joint T-cell receptor rearrangment exci-
sion circle (sjyTREC)-positive cells per 10° CD3* T cells (sjTREC/10°
CD3' T cells) was determined in patients at 2, 3, 6, 9, 12, 18 and
24 months after allogeneic HSCT and in healthy volunteers [n=22;
median age, 39 years (range, 20-54 years)]. Peripheral blood
mononuclear cells were isolated by Ficol/Hypaque density gradi-
ent centrifugation, cryopreserved with 10% dimethyl sulfoxide
and stored until testing. Following thawing, DNA was purified
from the cells using the QlAamp DNA mini kit (Qiagen, Hilden,
Germany) according to manufacturer’s instructions. sjTREC were
quantified by a previously described 5’ nuclease based real-time
quantitative polymerase chain reaction (RQ-PCR) assay using the
ABI PRISM 7700 sequence detector (Applied Biosystems, Foster
City, CA, USA)'® modified for human samples. Sequences of the
primers and probe were used as described previously" for the
detection of sjTREC: forward primer 5’- CCATGCTGACAC-
CTCTGGTT -3/, reverse primer 8- TCGTGAGAACGGTGAAT-
GAAG -3" and probe FAM-5'-CACGGTGATGCATAGGCA
CCTGC -3'-TAMRA. To compensate for variations in input DNA
we used the constant gene segment of the TCRA gene (Ca) as an
endogenous reference gene. Sequences for the detection of the
TCRA gene (Ca) were: forward primer 5- CCTGATC-
CTCTTGTCCCACAG -3’ reverse primer 5'- GGATTTA-
GAGTCTCTCAGCTGGTACA -3" and probe JOE-5'- ATCCA-

GAACCCTGACCCTGCCG -3'-TAMRA. The frequency of
sjTREC in CD3* T lymphocytes could be calculated by normaliz-
ing the sjTREC RQ-PCR to the Cae RQ-PCR, on the assumption
that the total number of nucleated cells in the peripheral blood is
represented by the CD45" cell subset. The ratio of CD45/CD3
cells in peripheral blood mononuclear cells was determined by
flow cytometry. The frequency of peripheral blood sjTREC is not
only influenced by thymic output, but also by post-rearrangement
expansion.” S;TREC content (sTREC/mL blood) is not influenced
by peripheral expansion and may, therefore, be a better estimate
of thymic output.’® si5TREC content (s TREC/mL blood) was calcu-
lated by multiplying the sjTREC frequency (sjTREC/10° CD3* T
cells) by the absolute numbers of CD3" T cells/mL blood.

Statistical considerations

Endpoints of the study included hematologic recovery, acute
GvHD grades 2-4, chronic GvHD (limited + extensive as well as
extensive alone), infections of CTC grade 3 or more or grade 4
alone, overall survival, and non-relapse mortality. Time to hema-
tologic recovery (neutrophils >0.5x10%/L and platelets >50x10°/L)
was measured from the date of transplantation. Time to develop
acute GvHD grades 2-4 was calculated from transplantation until
occurrence of acute GVHD (by definition until day 100). Time to
develop chronic GVHD was only calculated for patients who sur-
vived at least 100 days after transplantation. Death without having
suffered from chronic GvHD was considered a competing risk.
Patients without having suffered from chronic GvHD and still
alive at the date of last contact were then censored. Time to infec-
tions of CTC grade 3 or more, or grade 4 alone, was determined
from the date of transplantation, and relapse before or death with-
out such infections were considered competing risks. Overall sur-
vival was calculated from the date of transplantation until death.
Patients still alive at the date of last contact were then censored.
Causes of death were classified as relapse-related mortality or
non-relapse mortality, and these were considered competing risks.
Distribution of EBMT risk score, taking age, stage of disease,
donor type, gender and time to transplantation into account, was
determined as described elsewhere" and presented as categories
0f 0-2, 3, 4 and 5-7. Overall survival was calculated using the actu-
arial method of Kaplan and Meier, and a Kaplan-Meier curve was
generated to illustrate survival. For all other time-to-event end-
points, cumulative incidences were calculated taking into account
the competing risks, and cumulative incidence curves were gener-
ated. Univariate and multivariate Cox regression analyses were
performed to evaluate the impact of lymphocyte (subset) recovery
and sjTREC content or frequency at 2, 6, 9 and 12 months on clin-
ical outcome beyond those time points. Hazard ratios (HR) and
corresponding 95% confidence intervals (95% CI) were deter-
mined, and P values were calculated using the likelihood ratio test.
Patients with a failure due to a competing risks were censored in
the Cox regression analyses. The immunological and sjTREC data
at those time points were also compared to those from 22 healthy
donors, using the Wilcoxon rank-sum test. All reported P values
are two-sided, and a significance level o = 0.05 was used.

Results

The patients’ characteristics are presented in Table 1.
The median age of the patients was 39 years (range, 16-56
years). Fifty-six of 83 patients (67 %) were classified as
having high-risk disease. Bone marrow or mobilized
peripheral blood was used as the stem cell source in 67
and 16 patients, respectively. Fifty patients (60%) received
a stem cell graft from a matched related donor and 33
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(40%) from an unrelated donor. All grafts were partially
depleted of T cells, predominantly by CD34" selection.
The median number of CD34* cells infused was
1.65x10%kg (range, 0.53-11.1) while the median number
of CD3" T cells infused was 2.00x107kg (range, 0.01-4.00).
After a median follow-up of 118 months (range, 24-139
months), 43 of 83 patients were still alive (Figure 1A). A
decrease in overall survival was observed with an increas-
ing EBMT risk score (Figure 1B). Death was due to causes
other than relapse in 21 (25%) patients and to relapse in 19
(23%) patients (Figure 1A). Infectious complications were
the cause of 17 out of the 21 deaths (81%) and GvHD con-
tributed to 11 out of these 21 deaths (53%). By day 100
post-transplant, 48 of 83 patients (58%) had developed
grade II-IV acute GVvHD and 12% had developed grade III-
IV acute GvHD. At 1 year after transplantation 27 patients
(33%) had experienced limited (n=13) or extensive (n=14)
chronic GvHD. At 2 years after transplantation 35% of
recipients had experienced limited (n=14) or extensive
(n=14) chronic GvHD.

Infections

The total number of severe (CTC grade 3 or 4) infec-
tions were recorded in detail in surviving recipients up to
4 years after allogeneic HSCT. Between days 30 and 369,
the rate of infections was 0.64 per 100 patient-days, 66%
of patients had experienced at least one severe infection
during that time period and an average of 1.64 episodes of
severe infections occurred per patient (range, 0-7).
Between 12 and 24 months post-transplantation, the rate
of severe infections was 0.16 infections per 100 patient-
days. Only three severe bacterial infections were reported
between 2 and 4 years after transplantation (rate: 0.01
infections/100 patient-days). One or more causative
micro-organisms were identified in 69% of reported infec-
tions. The most important infectious agents were viruses
followed by bacteria and fungi (data not shown). The cumu-
lative incidence of severe infections (CTC grade 3 or 4)
was comparable between recipients who did or did not
receive antithymocyte globulin as part of the conditioning
regimen.

Immune recovery

Neutrophil recovery (absolute neutrophil count
>0.5x10”/L) occurred at a median of 18 days after trans-
plantation. Lymphocyte recovery was assessed at 2, 3, 6,
9, 12, 18 and 24 months post-transplantation and com-
pared to pre-transplantation values in healthy sibling
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donors. NK cell numbers recovered rapidly and returned
to within the normal range between 2 and 3 months post-
transplantation. CD8" T-cell numbers normalized between
12 and 18 months post-transplantation. In contrast, CD4*
T-cell recovery was extremely slow (Figure 2A). The medi-
an CD4" T-cell numbers exceeded 200/uL blood only by
12 months post-transplantation.

The frequency of sjTREC* T cells as well as the total
sjTREC" cell content were measured in patients at succes-
sive time-points following transplantation and in healthy
donors. In healthy donors, the median frequency of
sfTREC* T cells was 1.205/10° CD3* T cells (range, 147-
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Figure 1. Outcome. (A) Cumulative percentage of overall survival
(0S), non-relapse mortality (NRM), and relapse mortality (REL) in
months following allogeneic HSCT; OS, NRM and REL (which are
competing risks) sum up to 100% at all time points. (B) Cumulative
percentage of OS stratified by EBMT risk score in months following
allogeneic HSCT (log rank: P=0.01).
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8.962) and the median sjTREC" cell content measured
19.044/mL blood (range, 1.873-77.952). Both sjTREC fre-
quency and sjTREC content showed an aged-dependent
decrease in healthy donors (Spearman’s rank correlation:
r=-0.66, P<0.001), as has been described previously.
Although the percentage of patients with detectable
sjTREC* T cells increased over time following transplanta-
tion, sjfIREC* T cells were only detected in 17% of
patients at 2 months, in 61% at 9 months and in 83% at
24 months post-transplantation. The median sjTREC* cell
content measured was 0 (range, 0-1,392) at 2 months, 208
(range: 0-3,991) at 9 months and 5,629 (range: O-
44 664)/mL blood at 24 months post-transplantation
(Figure 2B). Even at 24 months post-transplantation, the
sjTREC* cell content had not recovered to normal values
(P=0.001). Of note, sjyTREC values did not correlate with
CD4* or CD3* T-cell numbers at any time point evaluated
(data not shown). sjfTREC* T-cell frequencies and content
were strongly associated both in healthy donors and in
patients at all time-points evaluated (r=0.93-1.00).

We evaluated whether pre-transplant variables would
affect sjTREC* T-cell recovery. Higher recipient age was
associated with impaired recovery of sjTREC* T cells,
either estimated by sjTREC® T-cell frequency or by
sjTREC" content. In addition, donor age was also related
with post-transplant recovery. Donor and recipient age
were highly correlated (r=0.64, P<0.0001). No differences
were observed in sjTREC* T-cell recovery between recipi-
ents of grafts from matched related or unrelated donors,
peripheral blood versus bone marrow as the stem cell
source, high versus low CD34* cell dosage or high-risk ver-
sus standard-risk disease. In addition, CMV serostatus,
preceding receipt of antithymocyte globulin, and prior his-

tory of acute GVHD were not different between patients
who did or did not have sjTREC* T-cell recovery at 6 or 12
months post-transplantation. More specifically, CMV-
seropositive recipients who received grafts from CMV-
seronegative donors were not at higher risk of insufficient
recovery of siyTREC* T cells as compared to recipients with
a more favorable constellation of CMV serostatus.
However, more recipients who had experienced extensive
chronic GVHD at any time during the first year post-trans-
plantation failed to recover thymopoiesis at 12 months as
compared to patients without that history (5/10 versus
2/23, P=0.02).

Predictive impact of recovery of thymopoiesis

We next determined whether recovery of sjTREC* T
cells and recovery of absolute lymphocyte count and lym-
phocyte subsets (CD3*, CD3*CD4*, CD3*CD8* and CD3
CD1656* NK cells) could predict for severe infections,
non-relapse mortality and overall survival. The cumulative
incidence of severe infections (CTC grade 3 or 4) occurring
after a specific time-point was assessed and compared
between patients with adequate or insufficient recovery,
taking relapse and death as competing risks into account.
The overall lymphocyte count as well as the NK-cell and
T-cell subsets (CD3*, CD4*, CD8" T cells) did not consis-
tently predict for severe infections. However, the overall
lymphocyte count at day 30 appeared moderately associ-
ated with CTC grade 4 infections (HR 0.44, 95% CI: 0.18-
1.08; P=0.07). Similar results were obtained when lym-
phocyte recovery was analyzed as a continuous variable
or when the median value was used as the cut-off to com-
pare groups of patients (data not shown). Patients in whom
sjTREC* T-cell recovery failed (defined as absent sjyTREC*

Figure 3. CTC grade =
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T cells in blood) were, however, at significantly higher risk
of a severe infection compared to patients who did show
sjTREC" T-cell recovery, as illustrated in Figure 3. In multi-
variable analysis, the predictive impact of sjTREC* cell
recovery was estimated and weighed against the risk fac-
tors age, risk-status and type of donor, as these three fac-
tors were associated with overall survival in univariate
analysis. The results of this analysis are presented in Table
2. A more than 3-fold lower risk of developing severe
infections was observed for those patients who had effec-
tive sjfTREC* T-cell recovery at 6 months (HR 0.30;
95%CI: 0.09-1.02; P=0.04), a 4-fold lower risk at 9 months
(HR 0.26, 95%CI: 0.03-2.31; P=0.2) , and even a 9-fold
lower risk at 12 months (HR 0.11, 95% CI: 0.01-0.93;

P=0.02). The predictive impact of sjTREC" T-cell recovery
outweighed the other risk factors, including age (Table 2).
While the overall lymphocyte count as well as counts of
the individual subsets showed weak and inconsistent
associations in univariate analysis at the 2, 6, 9, or 12-
month time-points, their predictive power disappeared
when weighed against the recovery of sjTREC-positive T
cells in multivariable analysis (data not shown). We also
tested sjTREC* T-cell recovery as a continuous variable in
both univariate and multivariate analyses. Again, the risk
of severe infections was lower among patients with ade-
quate sjTREC* T-cell recovery as compared to patients
with insufficient sjTREC* T-cell recovery at 6 months (HR
0.05, 95% CI: 0.00-0.76; P=0.02), 9 months (HR: 0.02;

Table 2. sjTREC* T-cell recovery predicts for infectious outcome. Results of multivariate analysis.

Parameter = CTC-3 infections NRM 0S

HR (95% Cl) HR (95% Cl) P= HR (95% CI)
sjTREC recovery 0.30 (0.09-1.02) 0.04 0.06 (0.01-0.47) 0.008 0.35 (0.12-1.00) 0.05
at 6 months
Risk status 0.79 (0.27-2.33) 0.67 2.49 (0.47-13.3) 0.29 4.77 (1.16-19.6) 0.03
Matched unrelated donor  1.11 (0.26-4.74) 0.88 4.03 (0.51-31.2) 0.19 2.04 (0.47-8.67) 0.34
Age 0.99 (0.93-1.05) 0.76 1.08 (0.99-1.17) 0.08 1.05 (0.98-1.11) 0.16
sjTREC recovery 0.11 (0.01-0.93) 0.02 0.00 (0.00-1.42) 0.0005 1.59 (0.37-6.82) 0.53
at 12 months
Risk status 1.99 (0.34-11.7) 0.45 0.33 (0.02-4.52) 041 2.54 (0.44-14.5) 0.29
Matched unrelated donor  0.79 (0.08-7.86) 0.84 5.26 (0.34-82.4) 0.24 243 (0.46-12.9) 0.30
Age 0.95 (0.88-1.03) 0.25 1.06 (0.96-1.16) 0.26 1.04 (0.98-1.12) 0.21

HR: hazard ratio; CI: confidence interval; CTC: Common Toxicity Criteria; NRM: non-relapse mortality; OS: overall survival; P=: P value; siTREC: signal joint Tcell receptor excision cir-

cle.
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95% CI: 0.00-0.75; P=0.02) and 12 months (HR: 0.12,
95%CI: 0.03-0.56; P<0.01).

Accordingly, we evaluated whether the presence or
absence of sjTREC* T cells would predict for less non-
relapse mortality. Again, the actual recovery of sjyTREC* T
cells at both the 6 and 12 month time-points appeared to
predict for subsequent reduced non-relapse mortality
(Figure 4). In multivariable analysis, recovery of siyTREC* T
cells at a particular time-point outweighed the risk factors
age, risk-status and donor type for subsequent non-relapse
mortality (Table 2) with hazard ratios below 0.1 (P<0.01).
Lastly, the predictive impact of sjyTREC* T-cell recovery on
overall survival was assessed. Both risk-status and
sjTREC* T-cell recovery influenced subsequent overall sur-
vival (Table 2) taking the 6-month assessment into
account, whereas sjTREC* T-cell recovery at 12 months
did not predict for subsequent overall survival. The overall
lymphocyte count as well as counts of the various lym-
phocyte subsets did not predict for overall survival in mul-
tivariate analysis (data not shown).

Discussion

Recovery of thymopoiesis after allogeneic HSCT may
be severely protracted but plays an important role in
restoration of post-transplant immune competence.'””
While different parameters affecting thymic function
have been identified, it was still unclear to what extent
insufficient recovery of thymopoiesis as such could pre-
dict for severe opportunistic infections and non-relapse
mortality in time. In the present study we show that
recipients of T-cell-depleted allogeneic stem cell grafts
from matched related or unrelated donors show an age-
related protracted recovery of thymopoiesis, which was
still significantly below the values observed in healthy
stem cell donors by 24 months after allogeneic HSCT.
Despite intensive follow-up and prophylactic measures,
the incidence of severe CTC grade 3 and 4 post-engraft-
ment infections was high and contributed significantly to
non-relapse mortality. The predictive impact of insuffi-
cient thymopoiesis was assessed and quantified: patients
with failed recovery of thymopoiesis had 3- and 9-fold
higher risks for severe infections and non-relapse mortal-
ity beyond the 6- and 12-month time points, respective-
ly. While well-known pre-transplant risk factors, such as
those incorporated in the EBMT risk-score, also predict-
ed for outcome, failed thymic recovery outweighed
these risk factors, thereby highlighting the importance of
adequate thymopoiesis after allogeneic HSCT. Hazard
ratios referring to the risk of subsequent infections were
very high in the present study, which may be explained
by the predominant role of thymic function in our study
population of T-cell recovery. Recipients of T-cell-replete
grafts, as well as recipients of non-myeloablative grafts”
may benefit from the immune effector cells infused with
the graft and depend less stringently on thymopoiesis. In
addition, given the adverse effect of high-dose radiother-
apy”® on thymic epithelium, both the myeloablative
conditioning regimen and T-cell-depletion strategy may
have acted in concert by impairing thymopoiesis without
providing compensation by peripheral donor T-cell
recovery.

Thymopoiesis is a finely-tuned selection process of thy-
mocytes resulting in production of naive T cells with a

broad TCR repertoire which selectively recognize non-self
antigens and allow the development of an adequate
immune response to a broad range of infectious
pathogens.” Thymopoiesis in healthy humans gradually
declines with age although the ability to generate new
naive T cells is preserved in adulthood.” Immune reconsti-
tution and especially restoration of the TCR repertoire in
the later post-transplant period is a protracted process,
which usually takes many months or years to be complet-
ed,”*” as was evident in our study of older high-risk allo-
geneic HSCT recipients. Regeneration of a broad and func-
tionally competent TCR repertoire after allogeneic HSCT
requires intact thymic function, which is, however, com-
promised by pre-transplant conditioning, by an age-relat-
ed involution of the thymus, and by the donor-derived
allo-reactive immune response to recipient tissues.”
1012132122 Apart from age, most pre-transplant variables did
not affect post-transplant thymic function in our study.
Age was also the only pre-transplant variable consistently
associated with impaired post-transplantation thy-
mopoiesis in previous studies.”***'%?!

Retrospectively, we did not find an association between
acute GvHD and impaired thymopoiesis, but more
patients in whom thymopoiesis failed to recover at 12
months had a history of extensive chronic GVHD, which
had occurred during the first year post-transplant. Several
clinical and experimental studies have highlighted that
GvHD severely impairs thymopoiesis, although recapitu-
lation of thymic function after a history of acute GvHD is
still possible.”"***"**'** While it has been difficult to sepa-
rate the adverse effects of immunosuppressive drugs and
GvHD itself in clinical studies, experimental studies have
suggested that epithelial destruction rather than the apop-
totic effects of corticosteroids may account for thymic
lymphoid depletion.* Preservation of the thymic epitheli-
um by new therapeutic approaches has, therefore, lately
received more attention.””

We evaluated thymic function by both the frequency of
sJTREC* T cells and the sjTREC content per milliliter of
peripheral blood. The latter estimate was added in order
to correct for peripheral homeostatic T-cell expansion,
which may result in dilution of sjTREC and subsequent
underestimation of thymic function.”® However, sjTREC
frequencies and contents measured in the present study
were highly correlated and the predictive impact of either
estimate did not differ, as observed previously.”® This
observation suggests that both estimates reliably reflect
recovery of thymopoiesis in the setting of allogeneic
HSCT in high-risk recipients, such as those included in the
present study. While allogeneic HSCT is increasingly
applied as a treatment modality in patients with acute
leukemia,” opportunistic infections and non-relapse mor-
tality remain major drawbacks of this powerful treatment.
A number of risk factors predisposing to non-relapse mor-
tality have been reported, including pre-transplant charac-
teristics and time-dependent post-transplant risk factors.
Pre-transplant risk factors include patient and donor char-
acteristics that were derived from large retrospective stud-
ies performed by cooperative groups or large centers. Two
powerful risk scores have emerged in recent years: the
Seattle hematopoietic stem cell transplantation co-mor-
bidity index (HCT-CI)* and the EBMT-risk score.” The
HCT-CI score selectively takes the number of co-morbidi-
ties into account and has been validated prospectively in a
number of centers and transplant modalities.”* The
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EBMT risk score is based on five criteria: disease stage,
patient’s age, donor type, time interval from diagnosis to
transplantation, and donor-recipient sex combination.”
The score was validated in several independent cohorts of
patients, confirmed over time, and recently also validated
in acute leukemia patients.** The EBMT risk score also sig-
nificantly predicted overall outcome in the current study,
with percentages in the range of earlier studies. In addition
to pre-transplant risk factors, several time-dependent post-
transplant risk factors have been reported as possibly indi-
cating failure to recover essential parts of the immune sys-
tem.” Among different parameters reported, early lym-
phocyte recovery and also an insufficient late recovery of
(naive) CD4* T helper cells were correlated with outcome
in a number of studies.** More specifically, low numbers
and/or reduced function of antigen-specific T cells were
shown to predict for opportunistic viral infections in gen-
eral and CMV and EBV in particular.*¥ The latter assays
do, however, only cover part of the repertoire needed.
Recovery of sfTREC* T cells may be a more general
parameter reflecting restoration of the adaptive immune
system, needed to combat a range of opportunistic
pathogens, including bacteria, fungi and viruses. Apart
from the well-established role of a broad T-cell repertoire
in viral complications our results suggest that failure to
recover thymopoiesis also affects anti-bacterial and anti-
fungal immunity. The latter observation may be support-
ed by the recently acknowledged role of T cells in innate
and mucosal immunity as well as the role of these cells in
specific fungal and bacterial infections.”* While pre-trans-
plant risk factors may be used for deciding whether or not

hematopoietic
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