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A B S T R A C T
Lymphocyte reconstitution is pivotal for successful long-term outcome after allogeneic hematopoietic stem cell
transplantation (HSCT), and conditioning regimen and post-transplantation immunosuppression are risk factors
for prolonged immunodeficiency. Nevertheless, the effects of different immunosuppressive protocols on lympho-
cyte output and replicative capacity have not been investigated. Here we assessed T cell receptor excision circles
(TREC), kappa-deleting recombination excision circles (KREC), and T cell telomere length (TL) as proxy markers
for immune reconstitution in patients in a prospective randomized trial comparing graft-versus-host disease
(GVHD) prophylaxis after transplantation (cyclosporine/methotrexate versus tacrolimus/sirolimus; n = 200).
Results showed that medians of TREC, KREC, and TL were not significantly different between the prophylaxis
groups at any assessment time point during follow-up (24 months), but the kinetics of TREC, KREC, and TL were
significantly influenced by other transplantation-related factors. Older recipient age, the use of antithymocyte
globulin before graft infusion, and use of peripheral blood stem cell grafts were associated with lower TREC levels,
whereas acute GVHD transiently affected KREC levels. Patients with lymphocyte excision circle levels above the
median at �6 months post-transplantation had reduced transplantation-related mortality and superior 5-year
overall survival (P < .05). We noticed significant T cell telomere shortening in the patient population as a whole
during follow-up. Our results suggest that lymphocyte reconstitution after transplantation is not altered by differ-
ent immunosuppressive protocols. This study has been registered at ClinicalTrials.gov (identifier: NCT00993343).

© 2019 American Society for Blood and Marrow Transplantation. This is an open access article under the CC BY-
NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT)

can be curative for a broad spectrum of diseases, predominantly
high-risk hematologic malignancies [1]. Pretransplantation con-
ditioning regimens and subsequent immunosuppressive proto-
cols constitute risk factors for long-term humoral and cellular
immunodeficiency, contributing to morbidity and mortality by
post-transplantation infection, disease relapse, or secondary
malignancy [2,3]. To quantitatively and qualitatively restore
immune competence, T cell and B cell reconstitution from pri-
mary lymphoid organs in the host are pivotal. Previous reports
have shown that assessing recipient thymic and bone marrow
function can predict HSCT outcome [4,5]. A practical method for
monitoring thymopoiesis and B cell reconstitution after trans-
plantation is the quantification of T cell receptor excision circles
(TRECs) generated during T cell receptor gene rearrangement
and kappa-deleting recombination excision circles (KRECs) gen-
erated during Ig light chain rearrangement, respectively [6-8].

An additional requirement for effective immune reconstitu-
tion in the host is the capacity of hematopoietic cells to self-
renew, which entails telomere shortening at each round of
somatic cell division [9]. Shortened telomeres in all cell line-
ages (including T cells and B cells) have been observed in HSCT
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survivors compared with their donors, especially in the first
year after transplantation [10-12]. Short telomeres might limit
the cells’ replicative capacity, which in theory can lead to pre-
mature senescence of immune cells and related complications
[10,13]. Although the effects of different transplantation-
related factors on lymphocyte output and telomere length (TL)
have been studied, the impact of graft-versus-host disease
(GVHD) prophylaxis protocols on immune reconstitution has
not yet been described. In this study, we analyzed blood sam-
ples from a prospective randomized trial comparing cyclospor-
ine and methotrexate (CsA/Mtx) with tacrolimus and sirolimus
(Tac/Sir) as GVHD prophylaxis after HSCT, with the aim of
assessing TREC and KREC levels and TL between the treatment
arms and in relation to long-term outcomes. Clinical results
from the trial (ClinicalTrials.gov identifier 00993343), pub-
lished in 2016, showed clinically comparable transplantation-
related outcomes with the 2 GVHD prophylaxis regimens [14].
To the best of our knowledge, TRECs, KRECs, and TL have not
been assessed previously in any comparable prospective ran-
domized trial in the field of HSCT.

METHODS
Patients and Samples

All patients (n = 209) included in the prospective randomized trial compar-
ing CsA/Mtx and Tac/Sir as GVHD prophylaxis after HSCT were assessed for
inclusion in this subsequent study (Supplementary Figure S1). All patients
with at least 1 retrievable blood sample fit for analysis of TRECs, KRECs, and/or
telomere kinetics at standardized time points after HSCT (TRECs: 2, 3, 6, 12,
and 24 months; KRECs: 2, 3, 6, and 12 months; TL: 3, 12, and 24 months) were
included (n = 200). The study was approved by the regional Ethical Review
Board in Stockholm (DNR 2016/317-31/3), which previously approved the pro-
spective clinical trial of GVHD prophylaxis (DNR 2006/1430-31/3). A biobank
application to collect applicable study samples from the existing HSCT chime-
rism biobank at the hospital was approved by the Karolinska University bio-
bank unit (BbK-01501). Written informed consent to data retrieval and DNA
collection was obtained from each patient (or from parents/guardians of
patients age <18 years) before the start of HSCT conditioning. Patient, donor,
and transplantation characteristics are listed in Table 1.

Transplantation Procedures
All HSCT recipients and donors were typed for HLA class I and II antigens,

using molecular high-resolution typing by polymerase chain reaction (PCR)
Table 1
Patient, Donor, and Transplantation Characteristics by Treatment Arm

Variable CsA/Mtx

Number of patients 103
Age, yr, median (range) 53 (.6-71)
Age <18 yr, n (%) 12 (12)
Sex, male/female, n (%) 57/46 (55/45)
Follow-up, yr, median (range) 7.6 (3.9-10.3)
Diagnosis, n (%)

AML/ALL 27/19 (26/18)
CLL 7 (7)
Lymphoma 14 (14)
MDS 19 (18)
Other malignancies 7 (7)
Nonmalignant 10 (10)

Disease stage, early/late, n (%) 53/50 (51/48)
Conditioning regimen, n (%)

MAC/RIC 28/75 (27/73)
TBI-based 31 (30)

ATG, n (%) 78 (76)
Donor type, n (%)

Sibling/MUD 28/75 (27/73)
Donor age, yr, median (range) 28 (4-66)
Female donor to male recipient, n (%) 14 (14)
HSCT graft source, n (%)

BM/PBSCs 21/82 (20/80)
TNC dose,£ 108/kg, median (range) 9.3 (1.8-34.0)
CD34+ cell dose,£ 106/kg, median (range) 6.6 (1.2-22.8)

CsA, cyclosporine A; Mtx, methotrexate; Tac, tacrolimus; Sir, sirolimus; AML, acute myelog
kemia; MDS, myelodysplastic syndrome; MAC, myeloablative conditioning; RIC, reduced
MUD, matched unrelated donor; HSCT, allogeneic hematopoietic stem cell transplantation
sequence-specific primers [15]. The intensity and type of conditioning used
depended on patient age, diagnosis, and disease stage and was given as mye-
loablative conditioning (MAC) or reduced-intensity conditioning (RIC)
according to standard operating protocols at the center, as described in detail
previously [14]. In vivo T cell depletion by administration of antithymocyte
globulin (ATG) during conditioning was used in patients receiving grafts from
unrelated donors and patients with nonmalignant disorders. A total dose of 4
to 8 mg/kg was used; 4 mg/kg in patients with malignant diseases receiving
RIC, 6 mg/kg in patients with malignant diseases receiving MAC, and 8 mg/kg
in patients with nonmalignant diseases or receiving HLA-mismatched grafts
[16,17]. The graft source was bone marrow or peripheral blood stem cells
(PBSCs). Type of GVHD prophylaxis was assigned randomly and consisted of
CsA/Mtx or Tac/Sir according to the clinical study protocol [14]. Supportive
care followed institutional standards as described previously [18].

Definitions and Outcome Assessment
During standard HSCT follow-up, acute GVHD (aGVHD) was diagnosed

and graded according to the Consensus Conference criteria [19], and chronic
GVHD (cGVHD) was graded using the National Institutes of Health consensus
criteria for clinical trials [20]. Peripheral T cell subset levels at studied time
points after HSCT were retrieved from medical records obtained during stan-
dardized follow-up. Transplantation-related mortality (TRM) was defined as
death from any cause without relapse. Survival time was calculated from the
day of transplantation until death or last follow-up. Relapse was defined as
recurrent disease after complete remission or disease progression after par-
tial remission or stable disease.

TREC, KREC, and Telomere Quantification
Genomic DNA was extracted from CD3+ and CD19+ beaded blood samples

(for TREC and KREC analyses, respectively) using a DNA extraction kit (Dia-
Sorin, Saluggia, Italy) and the NorDiag Arrow system (Isogen Life Science, De
Meern, The Netherlands) according to the manufacturers’ instructions. Sam-
ples were stored at -20 °C until analysis. The dRec-cJa signal joint TREC and
the joint recombination signal sequence intron k-deleting element (ie, KREC)
were quantified separately using a TaqMan real-time PCR. Levels were calcu-
lated by the ΔCt method, using the ratio between amplified TREC/KREC and
the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), as described previously [21]. Primer and probe sequences for all
reactions are listed in Supplementary Table 1. In brief, a PCR reaction was
developed for TREC/GAPDH in a final volume of 25 mL consisting of 12.5 mL of
TaqMan 2£ Universal PCR Master Mix (Applied Biosystems, Foster City, CA), a
final concentration of 300 nM TREC primers and 200 nM probe, and a final
concentration of 150 nM GAPDH primers and 100 nM probe. For KREC quan-
tification, KREC primers and probes were used in final concentrations of
900 nM and 200 nM, respectively [6]. To detect GAPDH, the same primer and
probe concentrations were used as for TREC reactions. The PCR amplification
Tac/Sir P Value

97
51 (2.8-68) .64
13 (13) .87
63/34 (65/35) .21
7.2 (3.9-10.3) .50

22/22 (23/23) .97
15 (15) .08
13 (13) .87
14 (14) .57
8 (8) .90
3 (3) .11
36/61 (37/63) .06

28/69 (29/71) .91
39 (40) .18
69 (71) .57

31/66 (32/68) .56
32 (7-66) .22
14 (14) .97

18/79 (19/81) .88
11.1 (1.8-42.8) .10
6.3 (1.3-19.7) .70

enous leukemia; ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leu-
-intensity conditioning; TBI, total body irradiation; ATG, anti-thymocyte globulin;
; BM, bonemarrow; PBSCs, peripheral blood stem cells; TNC, total nucleated cell.
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Figure 1. Kinetics of excision circles at different time points after HSCT. (A)
Median TREC levels with whiskers for upper/lower quartiles, according to
treatment arm. (B) Median KREC levels with whiskers for upper/lower quar-
tiles, according to treatment arm. (C) Median telomere levels with whiskers
for upper/lower quartiles, according to treatment arm. Datasets are inter-
leaved at each time point to improve readability. T, telomere amplification
product; S, single-copy gene (b-globulin).
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was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA). The PCR cycling program was as follows: 1£ (95 °C for 10
minutes), 40£ (95 °C for 15 seconds, 60 °C for 1 minute), followed by cooling.
Relative average TL was measured using a similar PCR-based telomere assay.
In brief, telomere DNA repeats were amplified by PCR, and the telomere
amplification product was set in relation to the single-copy gene b-globulin,
according to methods described previously [22].

Statistical Analysis
Patient characteristics are presented as absolute and relative frequencies.

Because the kinetics of lymphocyte excision circles and telomeres can vary
substantially among patients, results are presented and statistically analyzed
in 10-log values if applicable. Categorical variables were compared using the
chi-square test, and continuous variables were compared using the Mann-
Whitney U test. Relationships between given variables were investigated
using the nonparametric test of Spearman's rank correlation coefficient. The
cumulative proportion surviving was calculated using the Kaplan-Meier
method and compared using the log-rank test. The incidence of TRM was
investigated using an estimator of cumulative incidence curves. Patients
were censored at the time of death or last follow-up. For multivariate analy-
sis, logistic regression was used to evaluate factors affecting TREC, KREC, and
telomeres. Levels of TREC and KRECs and TL at the different time points were
dichotomized at median values. Levels over the median were considered
high. Factors with a P value <.10 in the univariate analysis were included in
the backward elimination multivariate analysis; factors analyzed included
patient age, sex, diagnosis, disease stage, donor type, sex match, year of
HSCT, ATG use, GVHD prophylaxis, stem cell source, total nucleated cell dose,
and CD34+ cell dose. A 2-sided P value <.05 was considered statistically sig-
nificant for all tests. All analyses were performed using Statistica software
(StatSoft, Tulsa, OK) and SPSS Statistics (IBM, Armonk, NY).

RESULTS
Patient Characteristics

Clinical results from the prospective randomized trial have
been published previously [14]. At least 1 analyzable blood
sample from set time points during HSCT follow-up could be
retrieved for 103 patients in the CsA/Mtx arm and for 97
patients in the Tac/Sir arm (Supplementary Table 2). No statis-
tically significant differences were detected between the pro-
phylaxis groups for important patient or donor characteristics
(Table 1). Median follow-up of the GVHD prophylaxis cohorts
was 7.6 years in the CsA/Mtx arm and 7.2 years in the Tac/Sir
arm at the time of statistical analyses.

Impact of GVHD Prophylaxis on TREC and KREC Levels and TL
The median TREC and KREC levels and TL were similar in

the 2 GVHD prophylaxis groups at all assessed time points after
HSCT (Figure 1A-C). In addition, there were no differences in
levels of any of the major T cell subsets (CD3+, CD4+, or CD8+)
in peripheral blood between the 2 GVHD prophylaxis groups
at 3, 6, 12, or 24 months after HSCT (Supplementary Table 3).

TREC Kinetics Post-HSCT
Overall, there was a gradual increase in TREC frequency in

the study population during the duration of the trial, with sta-
tistically significant differences between medians at 6 and 12
months after HSCT (P < .001) (Supplementary Figure S2A).
Younger recipient age, defined as �40 years at the time of
HSCT, correlated significantly with higher TREC levels at all
time points (P < .005) (Figure 2A). Multivariate analysis
showed significant correlations between higher TREC levels at
12 months (odds ratio [OR], .96, 95% confidence interval [CI],
.94 to .98; P < .001), and 24 months (OR, .92; 95% CI, .89 to .96;
P < .0001) post-HSCT with younger recipient age (Table 2).
Other factors with a significant impact on TREC levels after
HSCT was ATG-treatment and stem cell source (Figure 2B and
C). The use of ATG-containing conditioning regimens was asso-
ciated with significantly lower TREC levels at early time points
post-HSCT (OR at 2 months, .24 [P < .001]; OR at 3 months, .13
[P < .0001]; OR at 6 months, .34 [P < .01]), with differences
disappearing at 12 months post-HSCT. There was no significant
difference in TREC levels between the GVHD prophylactic
groups during follow-up, irrespective of the use of ATG in con-
ditioning (Supplementary Figure S3). Compared with recipi-
ents of PBSC grafts, recipients of bone marrow grafts had
higher TREC levels at 12 months (P < .05) and 24 months
(P < .01) post-HSCT. Regarding conditioning regimen intensity,



Figure 2. Impacts of transplantation factors on TREC levels after HSCT. (A) Impact
of patient age. (B) Impact of ATG treatment. (C) Impact of graft source. Datasets
are interleaved at each time point to improve readability. BM, bonemarrow.
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significantly higher TREC levels were seen in patients receiving
MAC compared with those receiving RIC (P < .05 at all time
points) (Supplementary Figure S4). Acute GVHD did not affect
TREC levels, but patients diagnosed with moderate/severe
cGVHD had lower TREC levels at 12 months post-HSCT
compared with patients without cGVHD or with mild cGVHD
(P < .05, data not shown).

KREC Kinetics Post-HSCT
Median KREC levels increased significantly during follow-

up, with higher frequencies in samples taken at 12 months
compared with those taken at 2 months post-HSCT (P = .035)
(Supplementary Figure S2B). The sole factor with a significant
impact on KREC levels was aGVHD grade II-IV (Figure 3), which
was associated with lower levels �6 months post-HSCT in
affected patients (P< .05). This decrease persisted in multivari-
ate analysis at 2 months (OR, .46; 95% CI, .23 to .92; P = .03) and
3 months (OR, .44; 95% CI, .20 to .94; P = .03) post-HSCT
(Table 2). Chronic GVHD of any severity did not affect KREC
kinetics during follow-up. Conditioning intensity (MAC versus
RIC) and ATG treatment before HSCT did not have a significant
impact on KREC levels at any assessed time point (data not
shown).

TL Post-HSCT
In the study population as a whole, there was a significant

decrease in median TL between 3 months and 24 months post-
HSCT (P = .002) (Figure 4). Patient age did not affect TL, but
multivariate analysis showed a correlation between female sex
and lower TL (OR, .43; 95% CI, .20 to .94; P < .05) and a correla-
tion between RIC and higher TL (OR, 2.82; 95% CI, 1.19 to 6.65;
P < .05) at 12 months post-HSCT (Table 2). Treatment with
ATG, graft source (bone marrow versus PBSCs), aGVHD or
cGVHD, or subsequent relapse after HSCT had no significant
impact on TL at any assessed time point (data not shown).

TREC and KREC Levels and HSCT Outcome
To test whether TREC or KREC levels could predict clinical

outcome after HSCT, we investigated how levels at different
time points correlated with 5-year TRM and overall survival
(OS). Patients were divided into 2 groups for each assessed
time point, with TREC (or KREC) levels either above or below
the calculated median at each time point. For TRECs, patients
with levels above the median at 6 months post-HSCT had a sig-
nificantly lower TRM compared with patients with levels
below the median (3.1% versus 15.4%; P = .04) (Figure 5A). This
effect persisted in survival analysis, with superior 5-year OS in
patients with TREC levels above the median compared with
patients with levels below the median at 6 months (84% versus
68%; P = .04) (Figure 5B). Patients with TREC levels above the
median also had significantly less use of ATG (P < .01) and
greater us of sibling donors (P = .02) (Supplementary Table 4).
Six patients with TREC levels below the median died of infec-
tion during follow-up, compared with no patients with levels
above the median (P = .03) (Supplementary Table 4).

For KRECs, long-term TRM was significantly lower in
patients with levels above the median patients compared with
patients with levels below the median at 3 months post-HSCT
(8.5% versus 21.7%; P = .035) (Figure 5C). There was also a signif-
icant difference in 5-year OS between the 2 groups, with supe-
rior OS at 3 months post-HSCT in the patients with KREC levels
above the median (81% versus 60%; P = .01) (Figure 5D). Patients
with KREC levels above the median at 3months hadmore favor-
able disease stages at time of HSCT (P = .02), and fewer received
conditioning protocols containing total body irradiation (P = .04)
(Supplementary Table 5). Nine patients with KREC levels below
the median died of infection during follow-up, compared with 2
patients with levels above the median (P = .05) (Supplementary



Table 2
Multivariate Analyses of Study Outcomes

Outcome/Factor OR/HR* 95% CI P Value

TREC level
2 mo
ATG .24 .10-.53 <.001
RIC .33 .15-.72 <.01

3 mo
ATG .13 .05-.33 <.001

6 mo
ATG .34 .16-.76 <.01

12 mo
Age �40 yr .96 .94-.98 <.001

24 mo
Age �40 yr .92 .89-.96 <.0001

KREC level
2 mo
aGVHD grade II-IV .46 .23-.92 <.05

3 mo
aGVHD grade II-IV .44 .20-.94 <.05

6 mo No significant factors in multivariate analysis
12 mo No significant factors in multivariate analysis

Telomere level
3 mo No significant factors in multivariate analysis
12 mo
Female sex .43 .20-.94 <.05
RIC 2.82 1.19-6.65 <.05

24 mo No significant factors in multivariate analysis

Mortality
TREC >median, 6 mo .53 .26-1.12 .10
KREC >median, 3 mo .42 .21-.86 .017

TRM
TREC >median, 6 mo .30 .08-1.18 .08
KREC >median, 3 mo .37 .13-1.03 .056

HR indicates hazard ratio.
* OR for TREC level, KREC level, and telomere level; HR for mortality and TRM.
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Table 5). Relapse incidence was similar in the 2 patient groups
dichotomized bymedian TREC or KREC levels, but patients diag-
nosed with relapse during the trial had significantly lower TREC
levels at 2 months (P = .02) and lower KREC levels at 6 months
post-HSCT (P < .05) compared with relapse-free patients (data
not shown).
DISCUSSION
In this study, based on a prospective randomized trial

comparing CsA/Mtx and Tac/Sir as GVHD prophylaxis after
Figure 3. Impact of aGVHD on KREC kinetics at different time points after
HSCT. Datasets are interleaved at each time point to improve readability.
HSCT, we assessed TREC and KREC levels as well as TL to
determine how their respective kinetics are affected by
transplantation-related factors and how they influence
long-term outcomes.

The type of GVHD prophylaxis did not affect TREC or KREC
levels at any studied post-HSCT time point. Calcineurin inhibi-
tors (CsA and Tac) achieve their immunosuppressive action
primarily by preventing dephosphorylation of the nuclear fac-
tor of activated T cells, reducing activity of IL-2 coding genes
and related cytokines [23]. Sirolimus exerts lymphocyte sup-
pression by receptor-dependent signal transduction mecha-
nisms through the mTOR complex, blocking activation of T and
B cells [24]. According to our data, none of the studied immu-
nosuppressive protocols specifically affected (or differed in
their eventual effect on) excision circle levels after HSCT, sug-
gesting that similar outcomes of lymphocyte output can be
expected irrespective of the GVHD prophylaxis administered
after transplantation. Any unforeseen difference between the
regimens might require a prolonged pharmacologic exposure
to be detectable, but none of the participants remained on Sir
treatment for >6 months (median, 68 days of treatment),
which we note as a relative study limitation.

When evaluating TREC levels in the whole study cohort, we
identified significantly increased levels after 6 months post-
HSCT, in agreement with previous publications [7,21]. The
adaptive, lymphoid compartment of the immune system
reconstitutes slowly after HSCT with risks of long-standing def-
icits in global immunity [25]. Early expansion of mature T cells
in the graft is believed to form a limited repertoire during the
first year post-HSCT. This is followed by increased thymus-
dependent development of na€ıve T cells, a process naturally
affected by older age, and other factors impairing thymopoiesis



Figure 4. Kinetics of telomeres at different time points after HSCT (all
patients).
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[21,26]. In this study, recipient age was the strongest determi-
nant for TREC recovery after HSCT, confirming previous studies
[21,27,28]. The dominant age factor may explain the higher
TREC levels in recipients of MAC compared with recipients of
RIC in our study, reflecting the inherent age bias present in the
Figure 5. Impact of median excision circle levels on transplantation outcomes. (A) TRE
(C) TREC levels above/below median, OS. (D) KREC levels above/below median, OS.
analyses of conditioning intensity groups. This was verified in
a subgroup analysis in which conditioning intensity did not
remain significant when adjusted for age, because RIC was
used primarily in older patients in the trial according to HSCT
standards [17,29].

During conditioning, more than 70% of the patients
received ATG, to reduce GVHD and the risk of rejection, by in
vivo T cell depletion [30]. ATG can be measured in recipients’
blood up to 5 weeks after infusion, despite a half-life of only 2
to 3 days [31]. Patients receiving ATG had significantly lower
TREC levels up to 6 months post-HSCT, implying a risk for
impaired T cell development and slower adaptive immune
reconstitution for a considerable period after transplantation.
Accordingly, it is recommended that factors related to immune
reconstitution be considered in weighing the use (and dose) of
ATG in individualized HSCT conditioning protocols.

Numerous studies have compared the use of bone marrow
and PBSC grafts and their correlation with HSCT outcomes. In
general, PBSC grafts result in higher cell doses and faster
engraftment [32]. PBSC grafts are also associated with higher
rates of cGVHD compared with bone marrow grafts, and thus
PBSCs may be preferred in patients with malignant diseases to
decrease the risk of relapse by a graft-versus-leukemia effect
[33,34]. In this study, patients receiving bone marrow had sig-
nificantly higher TREC levels at 12 and 24 months post-HSCT
compared with PBSC recipients, suggesting that the graft
C levels above/below median, TRM. (B) KREC levels above/below median, TRM.
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source may affect late adaptive immune reconstitution. After
1 year, TREC levels also correlated significantly with higher
numbers of CD4+ T cells, which are crucial for instigating and
shaping adaptive immune responses in the host. The differen-
ces in TREC kinetics at later time points could be related to a
more diverse and supportive cell population in bone marrow
grafts, which contain mesenchymal stromal cells and dendritic
cells that can possibly engraft in the host after HSCT [35]. A
diverse graft may aid restoration of an advantageous thymic
microenvironment in the host and enhance proper T cell selec-
tion and output. This effect possibly may be reinforced at later
time points after transplantation when immunosuppression is
tapered and/or discontinued in patients without GVHD, a con-
dition that can impair immune reconstitution [3]. Regarding
the impact of graft source in the analyses, another potential
explanation (ie, confounding factor) for higher TREC numbers
in patients receiving bone marrow compared with those
receiving PBSC could be a younger recipient age in the former
group. In general, pediatric patients are more likely to receive
bone marrow grafts, and in our study population only 3
patients age <20 years received PBSC grafts. Because younger
patients are expected to have better thymic function compared
with older patients, graft source may be a surrogate marker of
age in this analysis. No cord blood graft recipients were
included in our study, but a retrospective study of TREC and
KREC levels in HSCT recipients by Nakatani et al [36] suggested
that cord blood provided more rapid B cell recovery compared
with bone marrow or PBSC grafts.

The only factor significantly affecting KREC kinetics in this
study (resulting in lower levels) was aGVHD grade II-IV, consis-
tently found in multivariate analyses at 2 months and 3 months
post-HSCT. This finding aligns with published data showing
significantly decreased KREC and B cell numbers in HSCT recip-
ients before the development of both aGVHD and cGVHD [7],
and may indicate a transient effect of aGVHD on KREC levels.
aGVHD did not affect TREC kinetics in our study, but patients
diagnosed with moderate/severe cGVHD had lower TREC levels
at 12 months post-HSCT. Thus, lower KREC levels coincided
with the onset period of classic aGVHD, whereas lower TREC
levels were associated with a period of increased incidence of
cGVHD. It was previously shown that hematopoietic dysfunc-
tion can be exacerbated during GVHD [37-39], and hematopoi-
etic cells express both class I and class II HLA proteins, which
represent potential targets for direct immunocompetent cell
responses. Mensen et al [40] reported that T cell bone marrow
infiltration during aGVHD may be associated with delayed B
cell recovery and function after HSCT, and a toxic bone marrow
microenvironment impairing donor-derived hematopoiesis
(eg, B cell output) also could result from GVHD-related cyto-
kine release [41]. The finding of an association between mod-
erate/severe cGVHD and lower TREC levels in our study likely
reflects the thymus itself as a target of cGVHD, resulting in
impaired function and T cell production in affected patients
[42]. The literature also shows that dynamic imbalances in
recovery of T cell subsets after HSCT favor the production of
effector T cells over CD4+ regulatory T cells, which can contrib-
ute to the development of cGVHD [43].

We identified cutoffs in median TREC and KREC levels that
had a significant impact on TRM and 5-year OS after HSCT.
These findings indicate that assessment of lymphocyte exci-
sion circles is valuable for monitoring immune reconstitution
after transplantation, but these findings must be considered in
relation to other HSCT parameters affecting TRM and survival
outcomes. Impaired T cell and B cell reconstitution are risk fac-
tors for viral and fungal infections, and patients with
lymphocyte excision circles below the median in our study
population succumbed more often to infection complications
during follow-up. Thus, prolonged or enhanced infection pro-
phylaxis, faster taper of immunosuppression (in the absence of
GVHD), or booster infusion of donor cells to enhance immune
reconstitution in select patient groups may be justified if our
findings can be confirmed in additional studies. Data to sup-
port this reasoning is lacking in the literature, but some
studies have demonstrated patterns of late-onset infections in
HSCT recipients and have suggested that differences in
immune reconstitution cannot be ruled out as a contributing
factor [44].

TL over time was similar in our 2 GVHD prophylaxis groups.
To our knowledge, similar assessments have not been published
previously; However, a relevant study of the effect of different
immunosuppressive drugs on lymphocyte TL in healthy individ-
uals was published by Welzl et al in 2014 [45]. Their in vitro
results showed that CsA and Tac had a more pronounced pros-
enescence effect compared with rapamycin after short-term
immunosuppressive treatment, with significantly less reduction
of TL in peripheral bloodmononuclear cells cultured in the pres-
ence of rapamycin. If these results of mTOR inhibition are
extrapolated to our patient cohort, such effects likely can be
ruled out, because the patients randomized to rapamycin treat-
ment also received a calcineurin inhibitor (Tac/Sir).

In accordance with other studies, we found a significant
decrease in TL over time in our HSCT recipients. Owing to study
limitations, we were unable to investigate this finding in rela-
tion to TL in the patients’ respective donors. Nevertheless, pre-
vious studies have shown that allogeneic HSCT recipients
experience severe erosion of blood cell TL after transplanta-
tion, possibly due to massive differentiation pressure on cells
during repopulation of the host [10-12]. We also report a more
prominent reduction of TL in females at 12 months post-HSCT
that diminished after 24 months. Chemotherapy-induced
injury to granulosa cells can lead to insufficient estrogen pro-
duction after HSCT [46]. Thus, the shorter TL in females might
be a consequence of insufficient telomerase activity in the first
year post-HSCT owing to deficient estrogen up-regulation [47],
a function feasibly recovered by homeostasis (or estrogen
treatment) at later time points after HSCT. This suggested
hypothesis is not supported by our present data and should be
addressed in future work. We did not measure estrogen levels
or telomerase activity in this study, which we identify as a lim-
itation. Studies involving androgenic blockade to improve
immune reconstitution (and thymic output) post HSCT are cur-
rently ongoing, supported by previous observations that onset
of puberty initiates thymic involution [48].

We acknowledge some design limitations of this study,
including the use of PCR as the sole method of assessing
TREC and KREC levels and telomere kinetics. In addition, the
study was performed in a relatively small patient cohort with
notable patient- and transplantation-related variations, which
might impair or promote differences between study groups.
Consequently, these results need to be verified in additional
prospective trials and should be viewed primarily as hypothesis-
generating when designing future multicenter trials with larger
patient populations.

In summary, our results support the use of TREC and KREC
assessment as valid parameters to consider during post-HSCT
follow-up. Considering this as a proxy marker for qualitative
adaptive immune reconstitution, prolonged infection prophy-
laxis may be warranted in patients with low TREC/KREC levels.
Currently available standardized assays for simultaneous TREC
and KREC quantification can be readily adapted for clinical use,
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complementing analyses performed during follow-up after
HSCT. Their usefulness as tools for immunologic monitoring
after HSCT may be enhanced in combination with additional
immunologic and clinical parameters. Further research is
needed to validate and optimize the use and interpretation of
lymphocyte excision circles and telomere kinetics after HSCT.
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