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the diversity of the T cell pool through the restoration of 
de novo T cell formation in the thymus and discuss the 
implications for other cancer immunotherapies. While 
this Review primarily concentrates on T cell immunity, 
a brief summary of the B cell defects associated with 
immunological insults is provided in BOX 1.

Conditions leading to immune dysfunction
Infection. In the healthy state, homeostasis of the immune 
system relies on a fine balance between cell production 
and cell death. During an infection, this dynamic equi-
librium is altered to ensure pathogen clearance without 
unrestrained immune responses. Haematopoietic stem 
and progenitor cells (HSPCs) replenish immune cells by 
responding to infections either indirectly through sens-
ing a depletion of downstream cells (a process termed 
‘emergency haematopoiesis’) or directly through sensing 
pathogen-specific systemic inflammatory signals (such 
as cytokines or Toll-like receptor ligands)21. During acute 
inflammation, lineage commitment of HSPCs favours 
granulopoiesis over lymphopoiesis22. During sepsis, 
migration of thymic precursors from the BM to the thy-
mus is decreased, leading to a depletion of early thymic 
progenitors and contributing to lymphopenia23.

In addition, the thymus itself is a target organ of 
various pathogens, leading to thymic atrophy and lym-
phocyte depletion, which are both common features 
of infectious diseases24. Thymic haematopoietic and 

stromal compartments can both be directly targeted in 
viral and parasitic infections. CD4+CD8+ double-positive 
(DP) thymocytes and their immediate precursors 
CD24hiCD3lowCD8+ single-positive thymocytes are par-
ticularly vulnerable, whereas mature CD24mid/lowCD8+ 
SP cells are the most resistant thymic subsets during 
infection25,26. Although the precise mechanisms for 
infection-induced acute thymic involution remain to be 
further elucidated, stress-responsive hormones (such as  
glucocorticoids), pro-inflammatory mediators (such  
as interferon-γ (IFNγ) and tumour necrosis factor 
(TNF)) and apoptosis pathways (such as those medi-
ated by BAX, BCL-2, JUN amino-terminal kinase, p53, 
caspase 8 and caspase 9) have all been implicated27. DP 
thymocytes are particularly sensitive to the increased 
level of glucocorticoids occurring in infection, provid-
ing a potential mechanism by which infections induce 
depletion of this particular cell subset28.

Functional changes in the thymic microenviron-
ment are also observed following infection24. The 
thymic epithelium undergoes substantial phenotypic 
and functional changes after infection with the parasite 
Trypanosoma cruzi29 and viruses such as HIV30, measles 
virus31 and Zika virus32. For instance, localization of the 
TR5 and CK18 antigens restricted to medullary TECs 
(mTECs) and cortical TECs (cTECs), respectively, was 
altered in T. cruzi-infected mice along with increased 
extracellular matrix production by in vitro cultured 
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Graft-versus-host disease
(GVHD). Following allogeneic 
bone marrow transplantation, 
donor-derived T cells can  
be activated by residual 
host-derived antigen-presenting 
cells. The resulting T cell 
reactivity can escalate into  
the life-threatening condition 
known as GVHD, which targets 
mainly the skin, liver and 
intestines. Acute GVHD  
is a rapid response against 
recipient tissues that usually 
manifests itself within 100 days 
following haematopoietic cell 
transplantation, whereas 
chronic GVHD is reactions that 
occur after 100 days.

Sepsis
A severe, life-threatening  
form of infection characterized 
by systemic inflammatory 
response with resultant 
multi-organ failure followed  
by immunosuppression.

Glucocorticoids
A group of compounds that 
belong to the corticosteroid 
family. These compounds can 
be either naturally produced 
(hormones) or synthetic.  
They affect metabolism and 
have anti-inflammatory  
and immunosuppressive 
effects. Many synthetic 
glucocorticoids (for example, 
dexamethasone) are used  
in clinical medicine as 
anti-inflammatory drugs.
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patients on immunosuppression. With regard to concomitant
GVHD, we do not have the sense that the rate of GVHD was
higher in this cohort compared with comparably treated pa-
tients at our and other centers or rates reported in the literature.
Acute GVHD develops in 40% to 50% of these types of patients
and, therefore, finding acute GVHD in 7 of 13 patients seems
within this expectation. Chronic GVHD develops in 50% to
60% of patients; the diagnosis of chronic GVHD in 10 of 13
patients here may be higher than expected but given the small
numbers does not seem out of range.
These factors and many others play a role in the repopula-

tion of the T-cell compartment. In our study, patients had un-
dergone a variety of treatment regimens for transplantation
(Supplementary Table S1) and yet our observations of unre-
sponsive leukemia-specific CD8+ T cells were uniformly
observed. Nevertheless, it remains possible that variations in
treatment and other details of the HSCT may affect the function
observed for leukemia-specific CD8+ T cells in this setting. For

example, for a cohort of CML patients studied after myeloablative
allogeneic HSCT, investigators at the INSERM reported the induc-
tion of tetramer-positive but functionally hyporesponsive CD8+ T
cells, similar to our observations (5). In contrast, five out of six
CML patients studied at the NIH after HSCT exhibited CD8+ T
cells that generated IFN-γ mRNA after in vitro stimulation with
at least one leukemia antigen peptide (6). Interestingly, four of
the responding patients in theNIH study had received donor lym-
phocyte infusion, compared with one such patient in our study.
Our findings also suggest that the predominance of unre-

sponsive leukemia-specific CD8+ T cells with a senescent pheno-
type may be lost over time. For two CML patients in remission
73 and 120 months after HSCT, we observed CD8+ T cells with
normal levels of CD28 and CD57 expression. Neither of these
patients were HLA-A2 positive, limiting our ability to evaluate
T-cell responses, but a third CML patient, in remission 72
months after HSCT, displayed leukemia-associated antigen-
specific CD8+ T cells capable of peptide-induced proliferation,
unique among the HLA-A2 patients we evaluated. In each of
these three patients (but not others who were studied within
5 years of HSCT), a prominent population of CCR7+ CD45RA+

cells among the CD8+ population was observed (not shown),
suggesting recovery in the naïve CD8+ T-cell pool.
Finally, our findings have implications for the development of

tumor antigen–specific therapies for patientswithmyeloid leuke-
mia. The efficacy of T-cell vaccines requires not only the presence
of targetable leukemia-associated antigens but also the availabil-
ity of functional and responsive antigen-specific T-cell precursors.
Although the early posttransplant period may be an ideal setting
for immunotherapy given the reduction of tumor burden and
the induction of homeostatic proliferation, antigen-specific
CD8+ T cells during this time pointmay be at risk for rapid induc-
tion of senescence. Clinical methods to preserve and maintain a
competent pool of CD8+ T-cell precursors after allogeneic HSCT,
potentially such as donor lymphocyte infusion, represent impor-
tant areas of ongoing and future studies.
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Fig. 5. Telomere shortening in CD8+ T cells following allogeneic HSCT.
Whole genomic DNA from purified CD8+ T cells obtained from the
peripheral blood of patients (□; 002, 004, 005, 012) and normal donors (○;
20-40 y old and 40-65 y old) was analyzed by Southern blot for mean
telomere length. The donor age for each patient was as follows: 002 (65 y),
004 (51 y), 005 (32 y), and 012 (62 y). Each symbol indicates an individual
patient or normal donor. •, normal donor (62 y, female) for patient 012 (▪).Solid lines, mean for each group. P values for the comparisons indicated
were calculated using Student's t test.
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standard conditioning (120 mg/kg cyclophospamide and 12 Gy
total body irradiation). The patients selected had received only a
mild immune suppression regimen (1-2 months of cyclosporin A
with a trough at 200 ng/mL [approximately 3mg/kg]), were free of
major complications (acute or chronic graft-versus-host disease or
relapse), and did not have a significant hematological chimerism
(# 10%).
Figure 1 shows the telomere loss in monocytes and lympho-

cytes in the patients as well as in their donors.Already starting from
the second year after transplantation, the telomeres in the patients
shortened at a rate comparable to that of their donor, which was
similar to the gradual loss found in healthy controls (varying
between 27-59 bp/y from one report to another).4-6,13,15 Therefore, it
is likely that the high rate of telomere loss during the first year is
entirely responsible for the difference of 1-2 kb that was apparent
through the entire transplantation period. It should be noted that
although the initial accelerated telomere loss in monocytes may
look quite similar to the loss in lymphocytes, it is unlikely that the
mechanism of loss is the same for both cells. Whereas the telomere
loss in monocytes is probably owed directly to the loss of telomeres
in stem cells, the accelerated loss in lymphocytes may be caused
primarily by the numerous divisions that mature T cells undergo
when they repopulate the T-cell compartment.16,17 It is evident that
during this phase, the effect of telomere shortening in stem cells
contributes little, while in these patients the thymus does not
produce T cells before the sixth month following transplantation.18
Figure 2 shows that the telomere loss induced by this initial

peripheral expansion of memory T cells could be as high as several
kb/y (patient C, 3.4 kb/y; patient D, 2.1 kb/y).
With the emergence (6-12 months after transplantation) of

CD41CD45RA1RO2 naive T cells with significantly longer telo-
meres, the interpretation of the changes in telomere length in the
memory pool became more complex. During some periods the
average telomere length even increased; this was probably due to
the recruitment of naive cells into the memory pool. Regarding the
telomere length in the naive cells, several other points are
noteworthy. First, telomere shortening was not different from that
of naive cells in their donors or in the much larger control group.13
Second, the telomeres of the naive cells were longer than in the
monocytes in the same patient. This was in concordance with our
previous finding that telomeres in naive T cells are significantly
longer than in granulocytes and that this difference remains
constant over an age range of 0-90 years.13 Then we reasoned that
the number of cell divisions between granulocytes and stem cells
must be higher than the number between naive T cells and stem
cells. Alternatively, one could argue that during the maturation of T
cells in the thymus, telomeres are elongated by the telomerase that
is expressed in thymocytes.19
A completely different hypothesis would be that after SCT, the

genuine pluripotent stem cell divides only at a low rate without a
significant telomere shortening. In the mean time, the recipient is
repopulated by more mature hematopoietic precursors that produce
predominantly myeloid cells and erythrocytes. This would fit into
the finding that during the first 6 months after SCT, only very few B
and T cells are produced. Then, lymphocyte production manifests
only when the number of stem cells is adequate, but most of the
myeloid cells might still be produced by the precursors having
repopulated the recipient during the first months. Although this is
pure speculation, our data comprise some indications that this
might be true. First, in patients C and D, the average length of
telomeres in monocytes increased slightly after the first year

Figure 1. Accelerated telomere loss after SCT is limited in time. Analysis of
telomere fluorescence of monocytes (shaded circles) and lymphocytes (black
squares) isolated from blood samples from patients A-D at different time points after
transplantation. Telomere loss (bp/y) was calculated by linear regression analysis
(solid line) of the data after the first year following SCT only. Telomere fluorescence of
monocytes (open circles) and lymphocytes (open squares) of the respective donors
is shown both at the time of transplantation and at the time indicated (dotted line).

Figure 2. Telomere fluorescence in CD41 naive T cells and memory T cells from
patients A-D. CD41 naive T cells are indicated by shaded circles, and memory T cells
are indicated by solid squares. Telomere loss (bp/y) was calculated by linear
regression analysis only for the naive cells of the patient. Telomere fluorescence of
naive (open circles) and memory (open squares) cells from their respective donors is
shown at the time of transplantation and at the time indicated (dotted line).
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TCRb spectratyping

tested used TCRs in a random fashion. The data show that in the
patient samples, very few BV families showed this diversity.
Furthermore, the complexity of the repertoire seemed to reflect
the extent of expansion: TCR diversity was lower in CD81 T
cells than in CD41 cells while the repertoire of patients 1 and 2,
in whom T-cell expansion had been more extensive, seemed to
be more restricted than that of patients 3 through 5.

The T-cell repertoire is restored by CD41CD45RA1thymic
emigrants. After transplantation, mature T cells expand and
reconstitute the peripheral T-cell pool. During this expansion,
these cells express a number of activation markers10,13,14 and
acquire the CD45RO1-phenotype of memory cells. Because not
all T cells expand, the number of T cells that express a
CD45RA1-phenotype, ie, the cells that have remained quies-
cent, will be proportional to the number of T cells present before
expansion. Therefore, the percentage of CD45RA1 T cells is
relatively high after peripheral blood stem cell (PBSC) transplan-
tation,38,39 low after BMT,14,39 and zero when the initial number
of T cells has been reduced by T-cell depletion. During the first
200 days after transplantation, no CD41CD45RA1RO2 T cells
were detected in any of the five patients (Fig 4). Although the
number of T cells gradually increased, all T cells expressed

memory markers, indicating that peripheral expansion was still
the only pathway through which the peripheral T-cell pool was
repopulated. As a result, no changes in the T-cell repertoire were
observed during this period. Spectratypes remained remarkably
constant with the same bands dominating the respective BV
families and without any noticeable diversification (data not
shown).

After approximately 200 days, the first CD41CD45RA1RO2

T cells appeared. In patient 1 (age 13), these cells rapidly
accumulated, while in the adults (patients 2 through 5, age 25 6
5), the increase was much slower. At the same time the T-cell
repertoire diversified. The diversification was due to the high
complexity of the T-cell repertoire of the CD41CD45RA1RO2

T cells (Fig 5). In all patients, T cells sorted on basis of their
CD41CD45RA1RO2 phenotype generated significantly more
bands than their CD41CD45RA2RO1 counterparts (Table 3).
Clearly, the diversity of the T-cell repertoire of the emerging T
cells with a naive phenotype was comparable to that of normal
controls, while the repertoire of the CD41CD45RO1 T cells
remained very limited.

Based on these significant differences in T-cell repertoire, we
believe strongly that the CD41CD45RA1RO2 T cells are a

Fig 2. Comparison of spectra-
types of a normal control and
two patients 229 and 47 days
after transplantation. *The re-
spective lanes show the bands
generated by 500, 2,000, and
8,000 (CD31) T cells after PCR
amplification with the BV-spe-
cific primers.

Fig 3. The dominant bands represent single CD41 or CD81 T-cell
clones. The data represent the number of bands generated by either
2,000 or 8,000 cells FACS-sorted on the basis of the expression of CD3,
CD4, or CD8.

Table 2. Low TCR Diversity During the First Months
After Transplantation

2,000* 8,000

Controls (n 5 6) 6.2 6 3.1† 16.0 6 5.3
Patient 1

CD41 2 5
CD81 0 1

Patient 2
CD41 2 5
CD81 1 2

Patient 3
CD41 4 9
CD81 1 2

Patient 4
CD31 4 6

Patient 5
CD41 2 11
CD81 1 3

*Number of T cells tested.
†Expressed as number of BV families (of 21) of which at least the 7

most central bands were present in the cell-sorted fraction.

RECONSTITUTION OF THE T-CELL COMPARTMENT AFTER BMT 4467
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peripheral expansion of memory CD4+ and CD8+ T cells at the
expense of naïve T cells during the first year post-HSCT was
observed. It could be due to a reduced naïve pool linked to a
reduced thymic output or the lymphopenic environment at the
periphery [9]. Patients at risk for CMV reactivation were almost

deprived of CD8+ Tnaive cells, similar to a previous report [10]. The
CD8+ T cells exhibited the most skewed TCR profile, which might
be driven by Tem or Temra subsets [10].
In summary, the diversity of the TCR repertoire post-HSCT

established at 1 year remains stable over time. Furthermore, the
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TCRb sequencingTCRb spectratyping

tested used TCRs in a random fashion. The data show that in the
patient samples, very few BV families showed this diversity.
Furthermore, the complexity of the repertoire seemed to reflect
the extent of expansion: TCR diversity was lower in CD81 T
cells than in CD41 cells while the repertoire of patients 1 and 2,
in whom T-cell expansion had been more extensive, seemed to
be more restricted than that of patients 3 through 5.

The T-cell repertoire is restored by CD41CD45RA1thymic
emigrants. After transplantation, mature T cells expand and
reconstitute the peripheral T-cell pool. During this expansion,
these cells express a number of activation markers10,13,14 and
acquire the CD45RO1-phenotype of memory cells. Because not
all T cells expand, the number of T cells that express a
CD45RA1-phenotype, ie, the cells that have remained quies-
cent, will be proportional to the number of T cells present before
expansion. Therefore, the percentage of CD45RA1 T cells is
relatively high after peripheral blood stem cell (PBSC) transplan-
tation,38,39 low after BMT,14,39 and zero when the initial number
of T cells has been reduced by T-cell depletion. During the first
200 days after transplantation, no CD41CD45RA1RO2 T cells
were detected in any of the five patients (Fig 4). Although the
number of T cells gradually increased, all T cells expressed

memory markers, indicating that peripheral expansion was still
the only pathway through which the peripheral T-cell pool was
repopulated. As a result, no changes in the T-cell repertoire were
observed during this period. Spectratypes remained remarkably
constant with the same bands dominating the respective BV
families and without any noticeable diversification (data not
shown).

After approximately 200 days, the first CD41CD45RA1RO2

T cells appeared. In patient 1 (age 13), these cells rapidly
accumulated, while in the adults (patients 2 through 5, age 25 6
5), the increase was much slower. At the same time the T-cell
repertoire diversified. The diversification was due to the high
complexity of the T-cell repertoire of the CD41CD45RA1RO2

T cells (Fig 5). In all patients, T cells sorted on basis of their
CD41CD45RA1RO2 phenotype generated significantly more
bands than their CD41CD45RA2RO1 counterparts (Table 3).
Clearly, the diversity of the T-cell repertoire of the emerging T
cells with a naive phenotype was comparable to that of normal
controls, while the repertoire of the CD41CD45RO1 T cells
remained very limited.

Based on these significant differences in T-cell repertoire, we
believe strongly that the CD41CD45RA1RO2 T cells are a

Fig 2. Comparison of spectra-
types of a normal control and
two patients 229 and 47 days
after transplantation. *The re-
spective lanes show the bands
generated by 500, 2,000, and
8,000 (CD31) T cells after PCR
amplification with the BV-spe-
cific primers.

Fig 3. The dominant bands represent single CD41 or CD81 T-cell
clones. The data represent the number of bands generated by either
2,000 or 8,000 cells FACS-sorted on the basis of the expression of CD3,
CD4, or CD8.

Table 2. Low TCR Diversity During the First Months
After Transplantation

2,000* 8,000

Controls (n 5 6) 6.2 6 3.1† 16.0 6 5.3
Patient 1

CD41 2 5
CD81 0 1

Patient 2
CD41 2 5
CD81 1 2

Patient 3
CD41 4 9
CD81 1 2

Patient 4
CD31 4 6

Patient 5
CD41 2 11
CD81 1 3

*Number of T cells tested.
†Expressed as number of BV families (of 21) of which at least the 7

most central bands were present in the cell-sorted fraction.

RECONSTITUTION OF THE T-CELL COMPARTMENT AFTER BMT 4467

Dumont-Girard et al., Blood 1998 5

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(13):e149080  https://doi.org/10.1172/jci.insight.149080

TCR repertoire restriction after allogeneic HSCT



9

R E S E A R C H  A R T I C L E

JCI Insight 2021;6(13):e149080  https://doi.org/10.1172/jci.insight.149080

associated with a lower diversity in recipients (P = 0.011, lower number of  unique clonotypes [P = 0.028] 
and a higher mean of  pathological expansion [P = 0.031]; Figure 6, A–D). Specifically, when we studied 
donor/recipient serologic configurations, this difference was evident between double-negative (D–/R–) 
and double-positive (D+/R+) CMV subgroups (Figure 6, E–H). Overall, each sample contained an aver-
age number of  118 unique CMV-associated specificities. The number of  those clonotypes at day +100 
was significantly lower in all posttransplant samples compared with donors or pre-HCT specimens (Fig-
ure 6, I and J), possibly as a consequence of  the dramatic decrease of  post–allo-HCT diversity. Of  note, 
although the distribution of  those specificities was similar across recipient and donor groups based on 
CMV serological status (Supplemental Figure 7A), patients receiving a graft from CMV-negative donors 
had a significantly higher anti-CMV TCR expansion (Supplemental Figure 7B). Also, no difference in 
distribution of  CMV-associated clonotypes at day +100 was seen in patients developing CMV infection/
reactivation (Supplemental Figure 7C). As an example, the impact of  global diversity and the kinetics of  
CMV-associated specificities in case of  CMV reactivation is studied in an index case represented by a 
recipient diagnosed with AML and receiving a bone marrow transplant from an HLA-matched unrelated 
donor (CMV status: D–/R+) (Supplemental Figure 7D).

Discussion
A delayed and/or functionally impaired T cell immune reconstitution is a crucial determinant of  clinical 
outcomes following HCT (10, 27). Despite the progress achieved in the last decades in deciphering the 
dynamics of  T cell reorganization after HCT (17, 11, 28), critical aspects of  TCR repertoire recovery have 
not been sufficiently clarified due to the complexity of  the clinical course, the logistics needed to capture clin-
ical events and samples in a systematic fashion, and the technological limitations of  bioanalytic pipelines. 
To this end, deep next-generation sequencing (NGS) has rendered TCR CDR3 molecular characterization 
a powerful tool to study adaptive immune systems. The capability of  this technology can be fully exploited 

Table 2. Univariable analysis of the impact of diversity and overlap metrics on clinical outcomes

OS
HR (95% CI lower-upper)

Day +30 P value Day +100 P value Day +180 P value
ISI 0.99 (0.99–1) 0.523 0.99 (0.99–1) 0.169 0.99 (0.99–1) 0.453
Overlap coefficient 0.97 (0.81–1.15) 0.729 1.06 (0.88–1.27) 0.525 0.88 (0.56–1.38) 0.605
# of unique clonotypes 0.99 (0.998–0.999) 0.043 0.99 (0.99–1) 0.102 0.99 (0.99–1) 0.134
# of pathologically expanded clonotypes 1.01 (1–1.02) 0.043 1.01 (0.99–1.03) 0.128 1.04 (1.00–1.09) 0.047
Median size of pathological expansion 1.17 (1.03–1.32) 0.009 1.00 (0.97–1.03) 0.817 1.02 (0.89–1.11) 0.987

CIF relapse
ISI 0.99 (0.99–1) 0.119 0.99 (0.99–1) 0.123 0.98 (0.96–1) 0.042
Overlap coefficient 1.07 (0.97–1.18) 0.173 1.01 (0.87–1.13) 0.938 0.91 (0.71–1.13) 0.374
# of unique clonotypes 0.98 (0.97–0.99) 0.035 0.98 (0.97–0.99) 0.022 0.98 (0.96–0.99) 0.005
# of pathologically expanded clonotypes 1.02 (1–1.04) 0.023 1.01 (0.99–1.02) 0.442 1.01 (0.99–1.03) 0.231
Median size of pathological expansion 1.02 (0.94–1.11) 0.541 1.04 (1.01–1.06) 0.001 1.1 (0.90–1.21) 0.043

CIF acute GVHD
ISI 1 (0.99–1) 0.849 0.99 (0.99–1) 0.053 1 (0.99–1) 0.721
Overlap coefficient 0.89 (0.78–1.03) 0.112 1.03 (0.89–1.17) 0.724 0.99 (0.87–1.12) 0.881
# of unique clonotypes 1 (0.99–1) 0.889 1 (0.99–1) 0.345 1 (0.99–1) 0.672
# of pathologically expanded clonotypes 1 (0.99–1.02) 0.432 1.01 (0.99–1.02) 0.163 1 (0.98–1.01) 0.892
Median size of pathological expansion 0.99 (0.89–1.11) 0.951 0.98 (0.96–1.01) 0.324 1.02 (0.95–1.08) 0.612

CIF chronic GVHD
ISI 0.99 (0.99–1) 0.752 0.99 (0.99–1) 0.643 0.99 (0.99–1) 0.842
Overlap coefficient 1.06 (1–1.12) 0.047 0.96 (0.87–1.08) 0.571 0.93 (0.93–1.1) 0.812
# of unique clonotypes 0.99 (0.99–1) 0.422 0.99 (0.99–1) 0.983 0.99 (0.99–1) 0.154
# of pathologically expanded clonotypes 1.01 (0.99–1.02) 0.263 0.99 (0.99–1) 0.714 0.99 (0.97–1.01) 0.213
Median size of pathological expansion 0.98 (1.01–0.89) 0.851 1.03 (1.01–1.03) 0.014 1.05 (0.99–1.11) 0.082

Statistically significant values are bolded. OS, overall survival; CI, confidence interval; CIF, cumulative incidence function.
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Figure 1. Reduced SARS-CoV2-specific T-cell clonotypes after COVID-19 infection and vaccination in allogeneic HSCT recipients. (A, C) SARS-CoV-2-specific T-cell
clonotypes visualized based on the putative sequence of the SARS-CoV-2 genome recognized. (B, D) Scatter plots and marginal bar plots correlating and comparing the
number of different SARS-CoV-2-specific T-cell clonotypes/1000 T cells, the anti-S IFN-g SFU, the anti-S IgG titers and the Simpson clonality index in HC and HSCT.
Differences between groups were assessed using the ManneWhitney U test. Correlations were evaluated using a Spearman rank correlation coefficient test.
GP, glycoprotein; HC, healthy controls; HSCT, hematopoietic stem cell transplantation; IFN, interferon; IgG, immunoglobulin G; NTD, N-terminal domain; PP, phos-
phoprotein; RBD, receptor binding domain; SFU, spot forming units.
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Figure 1. Reduced SARS-CoV2-specific T-cell clonotypes after COVID-19 infection and vaccination in allogeneic HSCT recipients. (A, C) SARS-CoV-2-specific T-cell
clonotypes visualized based on the putative sequence of the SARS-CoV-2 genome recognized. (B, D) Scatter plots and marginal bar plots correlating and comparing the
number of different SARS-CoV-2-specific T-cell clonotypes/1000 T cells, the anti-S IFN-g SFU, the anti-S IgG titers and the Simpson clonality index in HC and HSCT.
Differences between groups were assessed using the ManneWhitney U test. Correlations were evaluated using a Spearman rank correlation coefficient test.
GP, glycoprotein; HC, healthy controls; HSCT, hematopoietic stem cell transplantation; IFN, interferon; IgG, immunoglobulin G; NTD, N-terminal domain; PP, phos-
phoprotein; RBD, receptor binding domain; SFU, spot forming units.

1334 Volume 33 - Issue 12 - 2022

Annals of Oncology Letters to the editor



Hallmarks of T cell senescence

TCR repertoire
restriction

Telomere shortening



Hallmarks of T cell senescence

CD57

KLRG1

PhenotypeTCR repertoire
restriction

Telomere shortening



results indicate that the CD57!CD8! T-cell population, as a whole,
had undergone more cell divisions than the CD57"CD8! T-cell
population. However, the observed differences in telomere length
between each subset, although consistent from subject to subject,
were small and did not reach statistical significance.
In order to quantify proliferation differences between CD57!

and memory CD57"CD8! T cells more accurately, we used flow
cytometry to sort HIV-specific CD57!CD8! T cells that produced
IFN-# in response to stimulation with antigen, bulk CD57!CD8! T
cells, and CD57"CD45RO! central memory CD8! T cells. We
then used TREC levels as a measure of proliferative history.49,57
The CD57! memory CD8! T-cell subset from healthy and
HIV-infected individuals contained statistically significantly fewer
TREC compared with the CD57" population (P $ .002) (Figure
6B), indicating that the CD57! population had undergone more
rounds of proliferation. In all 4 individuals where we were able to
sort HIV-specific CD8! T cells, the CD57! HIV-specific CD8! T
cells contained low TREC compared with either CD57" HIV-
specific CD8! T cells or bulk memory CD57"CD8! T cells (Figure
6B, bold numbers), indicating that HIV-specific CD8! T cells do
not prematurely express CD57.
Previous data have suggested that replicatively senescent T cells

can be defined by loss of CD28 expression.19,56,58 Because we
found discordance in proliferative ability within populations de-
fined by CD57 and CD28, we sought to determine the proliferative
history of each population defined in Figure 4. Hence, we sorted by
flow cytometry CD8! T cells that were naive CD45RO"CD28!,
memory CD57!CD28!, memory CD28"CD57", memory
CD28!CD57", or memory CD28"CD57!, and examined the TREC
levels within each population. We found that the TREC levels within
these different CD8! T-cell subsets were as follows: naive T cells %
CD28"CD57" memory T cells! CD28!CD57" % CD28!CD57! &
CD28"CD57!. Sample TREC levels from 1 of 4 healthy subjects are
as follows: naive CD8! T cells 641 TREC/105 cells, memory
CD28"CD57"CD8! T cells 281 TREC/105 cells, memory
CD28!CD57"CD8! T cells 192 TREC/105 cells, memory
CD28!CD57!CD8! T cells 15 TREC/105 cells, and
CD28"CD57!CD8! T cells 2 TREC/105 cells. These data
indicate that CD28!CD57! T cells have undergone as many cell
divisions as CD28"CD57! T cells and that CD28"CD57" T cells
have undergone fewer cell divisions than CD57! T cells irrespec-

tive of CD28 expression. Hence, CD57 alone predicts replicative
senescence of CD8! T cells.

CD57! CD8! T cells are sensitive to induction of apoptosis

The observation that CD57! HIV-specific CD8! T cells fail to
proliferate and can no longer be detected by IFN-# after 48 hours in
vitro stimulation suggests that these T cells might be undergoing
activation-induced cell death. Alternatively, they may remain in
culture but fail to produce IFN-# at 48 hours. To address these
possibilities, we used an HLA-A2 tetramer complexed with an
HLA-A2–restricted HIV gag peptide (amino acid sequence SLYN-
TVATL) in an HLA-A2! subject (subject 8) with a response to this
epitope and found that 51% of tetramer-binding CD8! T cells were
CD57!. After stimulation with SLYNTVATL peptide followed by a
48-hour incubation, only 11% of the tetramer-binding CD8! T cells
were CD57! (data not shown), suggesting that the CD57! tetramer
binding CD8! T cells were no longer present in the culture.
To determine if CD57!CD8! T cells were more prone to

undergo activation-induced cell death, we sorted CD57! and
CD57"CD8! T cells and stimulated them with mitogen. After 48
hours these cells were assayed for membrane permeability using
propidium iodide. Approximately twice as many CD57! T cells
were positive for propidium iodide compared with CD57" T cells,
confirming their increased susceptibility to activation-induced cell
death (Figure 7A). Uptake of propidium iodide by stimulated
CD57! T cells supports activation-induced cell death of this
population but does not determine the mechanism for cell death.
Therefore, we stimulated PBMCs from a healthy donor with PHA
in the presence of a biotinylated activated caspase 3-binding
peptide for 24 hours. Comparing stimulated (CD69!) CD8! T cells
that express CD57 with those that do not, we were able to show that
25 times more CD57!CD8! T cells bound the activated caspase
substrate, indicating that they were, indeed, undergoing apoptosis
(Figure 7B).
The cytokine IL-15 has been shown to reduce apoptosis59,60 and

promote proliferation of HIV-specific CD8! T cells.61 However, we
found that although IL-15 dramatically increased the percentage of
proliferating CD57"CD8! T cells after SEB or HIV stimulation,
there was no increased proliferation of the CD57! population even
at IL-15 concentrations up to 100 ng/mL (data not shown).

Figure 6. Replicative history of CD57! and CD57" memory and HIV-specific CD8! T cells. PBMCs were collected from healthy subjects, and 1 million CD57! and
CD57"CD45RO!CD8! T cells and CD45RA!CD62L! naive CD8! T cells were sorted by flow cytometry. Sorted populations were used for telomere measurements using
telomere-specific peptide nucleic acid (PNA) followed by flow cytometry. Data were gate-based such that DNA content was consistent between naive and memory CD8! T
cells. Histograms of telomere channel fluorescence are depicted (A). The solid line corresponds to CD57! memory CD8! T cells (mean fluorescent intensity, 10.1), the dotted
line depicts CD57" memory CD8! T cells (MFI 14.2), and the dashed line represents naive CD8! T cells (MFI 18.3); MFI of the negative control was 7.6. This experiment was
repeated on PBMCs from a total of 3 additional healthy volunteers to ensure reproducibility. Telomere length trends were identical in all 3 subjects. PBMCs then were collected
from HIV"1-12 and HIV! subjects13-16 and sorted by flow cytometry for CD57!CD8! T cells (E) and CD57"CD45RO!CD8! T cells (F) (B). HIV-specific CD57! (E, bold
numbers) or, when possible, CD57" (F, bold numbers) CD8! T cells were additionally sorted from the 4 HIV! individuals based on production of IFN-# following stimulation with
HIV peptides13-16 (panel B, left). At least 10 000 sorted cells of interest were then assayed for TREC using quantitative real-time PCR. Ten is the lower limit of detection for the
assay. CD57" memory CD8! T cells have undergone statistically significantly fewer rounds of proliferation compared with CD57!CD8! T cells (B, right panel). Vertical bars
represent 25th to 75th percentiles.
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proportional to the percentage of gag-specific CD8! T cells that
had divided after 48 hours (R2 " 0.90, P # .0001) (Table 2). These
data confirm that CD57 expression on HIV-specific CD8! T cells
defines an inability to divide in response to cognate antigen
stimulation.
The presence of nondividing CD57!CD8! T cells specific for

HIV gag correlated with that of CD57!CD8! T cells specific for
HIV pol, env, and nef (R" 0.95, P # .0001), suggesting that the
generation of such nondividing cells is related to the response to the
whole pathogen rather than to individual antigens (Figure 3A). In
addition, the fraction of HIV-specific CD8! T cells that are CD57!

remained constant (the absolute number of CD57! HIV-specific
CD8! T cells decreased) following highly active antiretroviral
therapy (data not shown). Figure 3B demonstrates that CD57
expression by CD8! T cells specific for antigens other than HIV is
only marginally correlated with expression of CD57 by HIV-
specific CD8! T cells (R" 0.58, P " .003). Whether this disparity
is a result of differential cytokine expression by a significant
proportion of HIV-specific CD8! T cells or an underestimation of
responses due to sequence differences or HIV accessory gene–
specific CD8! T cells remains unclear. However, it is clear that
HIV-specific CD8! T cells can contribute substantially (up to 80%)
to the total CD57!CD8!T-cell population in HIV-infected individu-
als.
We also investigated the effect of CD57 expression on all T-cell

subsets by stimulating CFSE-labeled PBMCs from 2 HIV-infected
individuals and 5 HIV-uninfected subjects with superantigen. No

proliferation was observed within the CD57!CD8! or CD57!CD4!

T cells. Furthermore, we studied proliferation of natural killer (NK)
cells following stimulation with IL-2 and similarly found no
proliferation within the NK cells, which expressed CD57 (data not
shown). Hence, lack of proliferation by cells expressing CD57 is
not restricted to HIV-specific CD57!CD8! T cells but is a property
of all T cells and NK cells.
It has been described that CD57 and CD28 expression by CD8!

T cells are mutually exclusive.7,33,36,53 However, by multiparameter
flow cytometric analysis of memory CD8! T cells from 6 healthy
subjects, we found that 4 populations of CD8! T cells were evident
by CD28 and CD57 expression (Figure 4). In all subjects there
were considerable levels of CD8! T cells that were either
CD57!CD28! or CD57$CD28$. Indeed, up to 20% (mean, 14%)
of the memory CD8! T cells from a cohort of 6 healthy individuals
were either CD57!CD28! or CD57$CD28$ (Figure 4, upper left).
Furthermore, by stimulating CFSE-labeled PBMCs with the super-
antigen SEB, we found that virtually no cell division occurred in
the CD57! population regardless of CD28 expression (Figure 4,
right histograms). Thus, CD28! T cells that express CD57 are not
capable of proliferation, whereas the CD28$CD57$ population
contained proliferation-competent T cells (Figure 4, left histo-
grams). These data were confirmed in a total of 6 individuals by
stimulating PBMCs with anti-CD3, SEB, or phytohemagglutinin
(PHA) and the CD57$ subset (regardless of CD28 expression) had
statistically significantly more proliferation-competent CD8! T
cells than either CD57! subset (Figure 4, bottom panel). These

Figure 3. Antigen-induced expression of CD57.
(A) Percentage of gag-specific CD8! T cells that express
CD57 was correlated with percentage nef, pol, or env-
specific CD8! T cells that express CD57, R " 0.95,
P # .0001. (B). The percentage of gag-specific CD8! T
cells that express CD57 was correlated with the percent-
age of CD8! T cells (specific for antigens other than HIV)
that express CD57, R " 0.58, P " .003.

Figure 4. Division of T-cell populations defined by
their CD57 and CD28 expression patterns. PBMCs
from a healthy individual were stained with anti–CD57
FITC, anti–CD28 PE, anti–CD8 PerCp, and anti–
CD45RA APC. Panel A shows the CD57 (x-axis) versus
CD28 (y-axis) staining pattern of memory CD8! T cells
with CD45RA!CD28! events removed to examine the
memory CD8! T cells. The numbers represent the percent-
ages of CD28!CD57$, CD28!CD57!, CD28$CD57!, and
CD28$CD57$ populations. (B) PBMCs were CFSE la-
beled and stimulated with SEB for 4 days. Following
stimulation, PBMCs were stained with CD57 PE, CD8
PerCP, and CD28 APC. CFSE histograms are demon-
strated representing the CD28!CD57$ population (upper
left histogram), CD28!CD57! population (upper right
histogram), CD28$CD57$ population (lower left histo-
gram), and CD28$CD57! population (lower right histo-
gram). The numbers indicate the percentages of each
population that had divided (calculated using the prolifera-
tion platform of FlowJo). These data are representative of
experiments conducted on PBMCs from 6 separate
individuals and using SEB, anti-CD3, or phytohemagglu-
tinin as the stimulus (C). Wilcoxon matched pairs test
demonstrated that the CD28$CD57$ CD8! T-cell popula-
tions contain significantly more proliferation-competent T
cells compared with either CD57!CD8! T-cell population
(P " .004). Vertical bars represent the 25th to 75th
percentiles.
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Discussion

We have shown that HIV-specific CD8! T cells that express the
surface molecule CD57 are incapable of proliferating after antigen-
specific stimulation in vitro and undergo activation-induced apopto-
sis. Furthermore, this behavior is not associated with loss of CD28
expression. Some studies have suggested that CD57 and CD28
expression are mutually exclusive in memory T-cell popula-
tions.7,35,53,56 However, we found that CD57!CD28! and
CD57"CD28" T-cell subsets are clearly identifiable in peripheral
blood. By measuring TREC content within different T-cell subsets
based on CD57 and CD28 expression, we showed that both
proliferative history and proliferative ability are better defined by
expression of CD57 than CD28. Taken together, our data show that
expression of CD57 rather than lack of CD28 expression defines
replicative senescence. Previous interpretations suggesting that
proliferative defects are caused by lack of appropriate CD28
costimulation are due to the relatively high (80%) but incomplete
association between CD57 expression and loss of CD28.62,63
CD57 expression is not limited to HIV-specific CD8! T cells

but is associated with the same properties among all T cells and NK
cells. These data indicate that cells of both the adaptive arm as well
as the innate arm of the immune system are capable of reaching a
state of replicative senescence.
From the very low TREC levels and the shortened telomere

lengths in CD57!CD8! T cells, it is clear that this population has
undergone more rounds of replication in vivo than CD57" T cells,
consistent with observations of others.7,19,36 We additionally show
that HIV-specific CD57!CD8! T cells contain very low TREC
levels. Therefore, these T cells have undergone many rounds of cell
division, and their inability to divide in response to HIV antigens is
not a result of premature expression of CD57. Thus, the lack of
proliferative response to HIV does not reflect a defect particular to
the HIV-specific CD8! T-cell population per se, but rather reflects
the consequence of an extended replicative history.

While previous studies have suggested an inability of HIV-
specific CD8! T cells to mature to CD45RA!CCR7" pheno-
types,30 we found that although most CD57!CD8! T cells are
CCR7", CCR7 expression alone does not determine the ability to
proliferate. Using antigen-specific proliferation assays, we showed
that CCR7"CD8! T cells in a single HIV-infected individual are
capable of replicating in response to antigenic stimulation.
Furthermore, CD8! T cells belonging to the effector memory

population are defined as CD45RA!CCR7"CD62L"CD27".30,54,55
Although all effector memory CD8! T cells express CD57, only a
subset of the CD57!CD8! T cells are of the effector memory
phenotype. The CD57!CD8! T cells include all effector memory
as well as CD8! T cells of other phenotypes. In addition, all
CD57!CD8! T cells (either effector memory or otherwise) (1) are
capable of rapid secretion of effector cytokine following antigenic
stimulation; (2) cannot proliferate in response to antigen; (3) apop-
tose following stimulation; and (4) have reached replicative
senescence. Hence, the effector memory CD8! T-cell population
may be better defined by CD57 alone rather than by various
combinations of CD45RA, CCR7, CD28, CD27, and/or CD62L.
HIV-specific CD8! T cells can contribute a large proportion (up

to 80%) of the total CD57! T cells, and there is a statistically
significant correlation between the percentage of CD57! HIV
gag-specific CD8! T cells and CD57!CD8! T cells specific for
other HIV antigens. Others have reported increased CD57 expres-
sion in persons with chronic CMV infection,9,36,64 even suggesting
that all CD57!CD8! T cells are specific for CMV antigens.65 Thus,
the generation of replicative senescence of CD8! T cells may occur
as a result of repetitive antigenic stimulation in vivo by chronic
persistent viruses such as CMV and HIV.
Studies aimed at correlating HIV-specific CD8! T-cell re-

sponses with markers of HIV disease have resulted in different
conclusions.27,45,66-68 Whereas there is a negative correlation be-
tween viral load and specific populations of bulk CD57!CD8! and
CD28"CD8! T cells,69 we did not observe this correlation when
measuring expression of CD57 by HIV-specific CD8! T cells.
Since our data support the hypothesis that generation of CD57!

HIV-specific CD8! T cells is dependent on antigenic stimulation,
one might expect to find a positive correlation between viral load
and percentage of CD57! HIV-specific CD8! T cells. However,
our observation that these cells are exquisitely sensitive to activation-
induced apoptosis would likely mask a positive correlation at
steady state. Furthermore, we do not know the lifespan of this
population in vivo in absence of antigenic stimulation. Thus, during
persistent antigenic stimulation we propose that HIV-specific
CD57! T cells are constantly being generated and subsequently
induced to apoptose after further stimulation.
While the mechanism by which CD57 expression exerts these

described phenotypes upon lymphocytes is unknown, and if CD57 is
even, itself, involved in apoptosis and lackof proliferation is unknown, the
proliferative defects and apoptotic nature observed within HIV-specific
CD8! T cells can be predicted by expression of CD57 on cells that have
previously undergone multiple rounds of cell division. The presence of
these cells, however, does not reflect a defect particular to the immune
response to HIV or an effect limited to any particular virus, but simply
reflects the normal consequence of persistent immune activation. Taken
together, our data shed light on the functionality and provenance of
CD57! lymphocytes.Hence, inHIVdisease, thepresenceofproliferation-
incompetent HIV-specific CD8! T cells is the result, not the cause, of
uncontrolled viral replication. Although several conditions characterized
by chronic antigenic stimulation may result in such an immune state, this
underlying pathogenesis is a hallmark of untreatedHIV infection.

Figure 7. Apoptosis of CD57!CD8! T cells. (A) CD8!CD57! T cells, CD8!CD57" T
cells, and CD8"CD57" lymphocytes were sorted by flow cytometry followed by PHA
stimulation (5 #g/mL). Cells were stained for propidium iodide and analyzed 48 hours
following stimulation. (B) PBMCs were stimulated for 12 hours using PHA (5 #g/mL)
followed by addition of biotinylated substrate for caspase 3 (Z-VK [Biotin]
D(OMe)-FMK, 43 #g/mL) for an additional 12 hours. PBMCs then were stained with
anti–CD57 FITC, anti–CD69 APC, anti–CD8 PerCP, and strepavidin PE. Plots shown are
gated on live CD8!CD69! then discriminated based on CD57 expression. This experiment
was performed on 3 individuals, and the data trends were identical. Percentages indicate
fraction positive for propidium iodide or activated caspase inhibitor.
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Various other clinical factors may also be involved in the
process of T-cell unresponsiveness and senescence after HSCT.
Population dynamics of the T-cell pool after transplant may
be influenced by the intensity of the conditioning regimen be-
fore transplant, T-cell dose within the graft, immunosuppressive
therapy, and the use of donor lymphocyte infusions. For

example, 10 of the 13 patients we studied were on some type
of immunosuppression at the time of sampling (Supplementary
Table S1); interestingly, one HLA-A2+ patient (patient 006) was
not on any immunosuppressive but, nevertheless, still exhibited
leukemia antigen–specific CD8+ T cells with functional unre-
sponsiveness and a senescence phenotype shown for HLA-A2+

Fig. 4. Phenotype characterization of leukemia-associated antigen-specific CD8+ T cells. PBMC were labeled with anti-CD8, anti-CD14, anti-CD4, and HLA-A2
tetramers and analyzed for expression of CD28 and CD57. A, CD28 and CD57 expression on bulk CD8+ T cells is shown separately for each of the 13 patients
(one symbol per patient) and plotted versus the duration since HSCT. Mean frequency and SD of CD28 and CD57 expression on bulk CD8+ T cells from
20 normal donors is presented on the right for comparison (filled square is shown as mean ± 1 SD). B, representative examples of the expression of CD28
and CD57 on leukemia-associated antigen-specific CD8+ T cells from two patients following allogeneic HSCT, shown compared with viral-specific CD8+

T cells from three normal donors. Plots are shown after gating on tetramer-positive CD8+ CD4- CD14- lymphocytes.
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age  of the sum of the signals obtained with  all the Vj3-specific 
primers. 

PCR amplifications qf TCRy gene  rearrangements. One micro- 
gram  of  high  molecular  weight  DNA  prepared  from mononuclear 
cells  according to standard methods was  used as a template for PCR 
with a mixture of oligonucleotides complementary to all Vy and Jy 
segments.  Oligonucleotides  were used as previously  described.2’.22 
Ten percent of the reaction was electrophoresed  through an 8% 
polyacrylamide gel and visualized  under UV light. The expected 
size  of the TCR-amplified products ranged  from 180 to 250 bp. 
Bands corresponding to higher  molecular  weight  DNA  were not 
taken into account. Such products presumably  correspond to het- 
eroduplexes of two nonhomologous DNA strands, which under 
nondenaturating conditions run slower than homod~plexes.~~~~’ 

Direcl  sequencing ofPCR products. After an initial step of puri- 
fication by phenollchloroform extraction, primers were  removed 
and DNA  purified from 80 pL of a PCR  mix  with a Qiagen Tip 
column (Qiagen  Inc, Studio City,  CA)  following the manufacturer’s 
protocol. The purified product was then used as a template for  lin- 
ear amplification DNA sequencing by using a dsDNA  cycle se- 
quencing kit  according to the manufacturer’s instructions (GIBCO, 
Cergy-Pontoise,  France). The oligonucleotide used ( S  TGCTTC- 

Fig 2. Southern  blot  analy- 
sis  of the PCR  products  ob- 
tained from patient no. 6. 
CD57- cells (A) and CD8+57+ 
cells (B), using  a  [PJ2]-labeled 
C8  internal  probe.  Specific VS 
products  are  ranging  in  size 
from 250 to 350 bp.  Predomi- 
nance of the VD1 6 and V82 spe- 
cific  products  in the CD57+ 
fraction. 

A 
vp:  1 2 3  

603 bp - 
310 bp - 

B 
vp:  

603 bp - 
310 bp - 

’ v (upper  panel)  and  by CD8+CD57+ cells  (lower 
Fig 1. VS repertoire  expressed  by CD57- cells 

panel)  from patient no. 9. PCR  products  are  ana- 1 c lyzed on an  agarose  gel  containing  Ethidium Bro- 

I 
mide.  C,  expected  size  for  Ca  bands; V, expected 

I size  for VD bands. No apparent  restriction  of VS us- 
I age in the  CD57+ fraction. 

TGATGGCTCAAACAC 3’) is internal to the C@ primer that was 
used  for  PCR amplification  of the cDNA  (Table 2). Reactions  were 
overlayed  with IO pL of  mineral oil and incubations performed  in a 
thermal cycler (Perkin-Elmer Cetus.  Norwalk, C T )  for 20 cycles  of 
I minute at 95°C. I minute at 45T, 1 minute at 70°C.  followed  by 
IO cycles  of 1 minute at 95’C and 1 minute at 70°C.  Each reaction 
was terminated by the addition of 5 pL of  formamide  dye solution, 
the sample heated  for 5 minutes at 9YC, and 3 pL of the aqueous 
phase was immediately loaded on a sequencing gel  for electropho- 
resis. Gels were  fixed  with 10% acetic acid and 10% methanol and 
dried  before  overnight autoradiography at room temperature. Se- 
quences derived  from products obtained in at least  two separate 
experiments were  systematically compared. 

RESULTS 

Utilization of the VP repertoire by CD8’5 7+ cells in BMT 
recipients. In a previous study we reported an expansion 
ofthe CD8+CD57+ T-cell subset in 13 of 25 (52%) recipients 
of allogeneic BMT. We were interested in  determining 
whether the CD8+57+ T cells expanded in BMT recipients 
differed among patients in terms of VP segment repertoire 

4  5  6 7 8 9 l 0  11  12  13  14 15 16 17 18 19  20 
.. . ,. . -~ - . - -  

l 2 3  
W 7  

4  5  6 7 8 9  10  11 12 13 1415 16 17 1819 20 

Gorochov et al., Blood 1994

CD57+ CD8 cells after allogeneic HSCT display a 
restricted TCR repertoire

CD8+ CD57-

CD8+ CD57+



Expression of CD57 on CD8 T cells after allogeneic HSCT

CD57+ CD8 T cells are expanded after allogeneic HSCT

HC, n=21

HSCT, n=115

Morin*, Pradier*, et al., EBMT Meeting 2022
A. PradierS. Morin



Phenotypic characterization of CD57+ CD8 T cells 
after allogeneic HSCTFIGURE 2
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CD57+ CD8 T cells from allogeneic HSCT recipients display a senescent phenotype



TCRb-sequencing analysis of CD57+ CD8 T cells
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TCRb-sequencing reveals high pathogen-specific clonotypes enrichment in CD57+ CD8 T cells 
from allo-HSCT recipients
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Virus-specific CD8 T cells from allo-HSCT 
recipients are enriched in CD57+ cells
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CD57 expression and COVID19-specific T cell responses 
after vaccination in allogeneic HSCT recipients
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Correlation between proportions of CD57+ CD8 
T cells and TTV titers in allo-HSCT recipients
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Proportion of CD57-expressing cells among non-naive CD8 T cells positively correlates with TTV 
titers in allo-HSCT recipients
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Where do CD57+ senescent cells come from?

Ahmed et al., Cell Reports 2020

Report

CD57+ Memory T Cells Proliferate In Vivo
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CD45RA-depleted DLI
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Table 1. Comparison of exhausted and senescent T-cell characteristics.

Category Exhaustion Senescence References

Cause Continuous antigenic stimulation Repetitive stimulation; DNA damage agents; stress signals 13, 14, 38, 61

Typical feature Proliferative activity ↓
Cell cycle arrest: p27, p15 ↑; cyclin E-Cdk2, Cdc25A ↓

Proliferative activity ↓
Cell cycle arrest: p16, p21, p53 ↑
DNA damage-associated molecules ↑
Telomere length, telomerase activity ↓
SA-β-gal activity ↑

13, 37, 95

Surface marker PD-1, CTLA-4, Tim-3, LAG-3, BTLA, TIGIT, CD244, CD160, CD39, 4-1BB ↑ CD27, CD28 ↓
CD57, KLRG1, Tim-3, TIGIT, CD45RA ↑

14, 20, 30, 38–45, 65, 67, 135, 136

TCR signaling machinery Lck, ZAP70 ↓ Lck, ZAP70, DLG1, Lat, SLP-76 ↓ 47, 72

Cytokine profile Early stage: IL-2 ↓
Intermediate stage: TNF ↓
Terminal stage: IFN-γ, β-chemokines ↓

SASP, Proinflammatory cytokines: IL-6, IL-8, IFN-γ, TNF ↑
Inhibitory factors: IL-10, TGF-β ↑

14, 15, 21, 32, 70

Transcriptional profile NFAT, Nr4a, Blimp-1, BATF, FoxP3 ↑
Progenitor subset: T-bethigh Eomeslow PD-1int

Terminal subset: T-betlow Eomeshigh PD-1high

FoxP3 ↑ 26, 48, 54, 55, 58, 59

Epigenetic change Exhaustion-associated DNA methylation programs SAHF ↑ 56, 57, 137

Metabolic alternation Glycolysis ↓
Mitochondrial biogenesis ↓
Reactive oxygen species ↑

Glycolysis ↑
Mitochondrial biogenesis ↓
Reactive oxygen species ↑

112, 126

Functional alteration Cytotoxic activity ↓
Effector molecule: GzmB ↓

Cytotoxic activity ↓
Suppressive functions ↑
Effector molecules: perforin, GzmB ↓

8, 33, 37, 71

SA-β-gal senescence-associated β-galactosidase, SAHF senescence-associated heterochromatin foci, SASP senescence-associated secretory phenotype, PD-1 programmed cell death protein 1, CTLA-4 cytotoxic T-
lymphocyte antigen-4, Tim-3 T-cell immunoglobulin and mucin domain containing-3, LAG-3 lymphocyte activation gene 3, BTLA B- and T-lymphocyte attenuator, TIGIT T-cell immunoreceptor with Ig and ITIM
domains, KLRG1 killer cell lectin-like receptor G1, Lck lymphocyte-specific protein tyrosine kinase, ZAP70 zeta-chain-associated protein kinase 70, DLG1 disks large homolog 1, Lat linker for activation of T cells, SLP-
76 SH2 domain-containing leukocyte protein of 76 kD, GzmB granzyme B, NFAT nuclear factor of activated T cell, BATF basic leucine transcription factor, Blimp-1 B lymphocyte-induced maturation protein-1, T-bet
T-box transcription factor, Eomes eomesodermin, FoxP3 forkhead box P3, Cdk2 cyclin-dependent kinase 2
Symbols: ↑, increased; ↓, decreased; int, intermediate
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