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Abstract
Background Ageing is a complex phenomenon that leads to decreased proliferative activity, loss of function of the 
cells, and cellular senescence. Senescence of the immune system exacerbates individual’s immune response, both 
humoral and cellular but increases the frequency of infections. We hypothesized that physiological ageing of adaptive 
immune system occurs in recipients of allogeneic hematopoietic cells transplant (allo-HCT) at faster rate when 
compared to their respective donors since the small number of donor cells undergo immense proliferative stress 
restoring recipients hematopoiesis. We compared molecular characterizations of ageing between recipients and 
donors of allo-HCT: telomeric length and immunophenotypic changes in main lymphocyte subsets – CD4+, CD8+, 
CD19+, CD56+.

Results Median telomeric length (TL) of CD8+ lymphocytes was significantly longer in donors compared to 
recipients (on average 2,1 kb and 1,7 kb respectively, p = 0,02). Similar trends were observed for CD4+ and CD19+ 
although the results did not reach statistical significance. We have also found trends in the immunophenotype 
between recipients and donors in the subpopulations of CD4+ (naïve and effector memory), CD8+ Eomes+ and 
B-lymphocytes (B1 and B2). Lower infection risk recipients had also a significantly greater percentage of NK cells 
(22,3%) than high-risk patients (9,3%) p = 0,04.

Conclusion Our data do not support the initial hypothesis of accelerated aging in the long term all-HCT recipients 
with the exception of the recipients lymphocytes (mainly CD8+) which present some molecular features, characteristic 
for physiological ageing (telomeric shortening, immunophenotype) when compared to their respective donors. 
However, a history of lower infection numbers in HCT recipients seems to be associated with increased percentage of 
NK cells. The history of GVHD seems not to affect the rate of ageing. Therefore, it is safe to conclude that the observed 
subtle differences between recipients’ and donors’ cells result mainly from the proliferative stress in the early period 
after allo-HCT and the difference between hosts’ and recipients’ microenvironments.
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Background
Ageing involves a series of biological processes that lead 
to gradual loss or change in the function of body cells. 
Although many questions remain unanswered, some 
molecular mechanisms of ageing have already been iden-
tified. They include telomeric shortening and age-associ-
ated changes in immunophenotype.

Telomeric shortening occurs with every cellular divi-
sion. After reaching the critical length of telomeres a cell 
enters the senescent phase or undergoes apoptosis [1]. 
The most pronounced telomeric shortening throughout 
a life happens in lymphocytes. At birth mean telomeric 
length for lymphocytes is ~ 11 kb and decreases to ~ 4 kb 
at the age of 100 years. With ageing, telomeric shorten-
ing gradually decelerates. The average annual rate of telo-
meric shortening for human lymphocytes is 1190  bp in 
the first year of life, than 126  bp/year in childhood and 
43 bp/year through the rest of adult life [2].

Immunophenotypic changes associated with ageing 
include, among others, an increase in the proportion of 
anergic CD8+ lymphocytes leading to a decreased ratio 
of CD4+/CD8+ lymphocytes, an increased proportion 
of Treg and Th2 lymphocytes, and loss of CD28. [3, 4]. 
CD28− T-cells are characterized by reduced replicative 
lifespan and decreased proliferative capacity, as well as by 
reduced response for antigen stimulation while exhibit-
ing increased cytotoxic activity [5].

The key aspect of allogeneic hematopoietic cells trans-
plantation (allo-HCT) is the restoration of the whole 
hematopoiesis in the recipient from the relatively small 
2–5 × 106/kg number of donor stem cells. Thus, the trans-
planted cells are exposed to immense proliferative stress 
compared to identical cells that remain in the donor sys-
tem. [6]. The immune part of the hematopoietic system 
is particularly exposed to the proliferative stress since it 
is also stimulated by the differences between recipient’s 
and donor’s minor histocompatibility antigens (MiHAs) 
leading to the graft versus host reaction which clini-
cally is manifested as graft versus host disease (GvHD) 
[7]. Moreover, recipients of allo-HCT are susceptible to 
infectious complications that cause additional prolifera-
tive stress to immune cells [8]. Consequently, we have 
hypothesized that progeny of the donor HSC in the recip-
ients of allo-HCT undergoes accelerated ageing, which 
may be responsible for those clinical consequences.

Thus, in our study we compared (1) the magnitude 
of telomeric shortening of the transplanted donor 
cells subpopulation to the same cells subpopulations 
that remained intact in the donor (2) immunopheno-
typic changes of respective lymphocyte subpopulations 
between donors and their respective recipients.

Methods
Patients
We enrolled 20 pairs of donors (D) and their related 
recipients (R) undergoing the allo-HCT at least more 
than 12 years ago (long-term survivors) at the University 
Clinical Center, Medical University of Gdańsk, Gdańsk, 
Poland (EBMT accredited center 799). The number of 
pairs [20] was limited by overall mortality related to the 
procedure and availability of long-term survivors. For 
every recipient-donor pair sample of 50ml of full venous 
blood were collected with anticoagulant (EDTA), at sin-
gle timepoint.

GvHD and infectious status assessment
Patients were stratified according to chronic GvHD sta-
tus (Yes versus No) and infectious complications accord-
ing to an infection risk status score (Table  1.) that was 
based on the number of infections in the last year and the 
need for antibiotic usage or hospitalization.

Peripheral blood mononuclear cells (PBMC) and 
lymphocyte isolation
PBMC was obtained from venous blood and centrifu-
gation over a Ficoll-Hypaque (Ficoll-Paque PLUS assay 
(GE Healthcare, USA) gradient. Lymphocytes were iso-
lated from PBMC by immunomagnetic positive separa-
tion technique with magnetic particles (EasySep Kit III 
from STEMCELL™ Technologies) recognizing respective 
CD4+, CD8+, CD19 + or CD56 + antigens. The purity of 
each cell population was > 90% (assessed by flow cytom-
etry), sufficient for further parts of the experiment. [4, 
9] Isolated lymphocyte subpopulations were pelleted by 
centrifugation and stored at -80oC for further processing.

Telomeric length measurement
Determination of the average telomeric length was per-
formed using quantitative polymerase chain reaction 
(qPCR) applying the commercially available Absolute 
Human Telomere Length Quantification qPCR Assay Kit 

Table 1 Infection risk status
Infection risk 
status

No of episodes of 
infections (during 
last year)

SCORE

Without 
antibiotic

With antibiotic Hospital-
ization

0 0 0 0

1 1 2 3

2 2 4 6

≥3 3 6 9

TOTAL
Low risk < 3

High risk >=3
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(from ScienCell Research Laboratories). The single-copy 
reference primers (included in the kit), recognizing and 
amplifying a 100  bp sequence of chromosome 17 were 
used as a reference for data normalization. The refer-
ence DNA sample with established telomere length (also 
included in the kit) served as a reference for the assess-
ment of the telomeric length. Acquired results for every 
sample were then computed according to the manufac-
turer’s instructions. The total length of all telomere ends 
in a single cell was divided by the number of telomeric 
ends (92) which is the final result shown in the Fig.  1. 
The final result is a median of two independent measure-
ments per individual sample.

Immunophenotyping
Stored lymphocytes obtained as above were thawed and 
their viability was checked with trypan blue assay using 
TC20 Automated Cell Counter (Bio-Rad Laboratories, 
USA. The viability cut-off was set to 80%. Next, samples 
of 2 × 105 cells were stained with anti-CD45 (clone HI30), 
anti-CD3 (clone OKT3), anti-CD4 (clone MEM-241), 
anti-CD19 (clone HIB19), anti-CD5 (clone UCHT2), (all 
from Thermo Fisher Scientific, USA) and anti-CD8 (clone 
RPA-T8), anti-CD56 (clone NCAM16.2) (all from BD 
Bioscience, USA). For intracellular staining anti-Foxp3 
(clone PCH101), and anti-Helios (clone 22F6) were used 
with Foxp3 / Transcription Factor Staining Buffer Set (all 
from Thermo Fisher Scientific, USA). Samples were read 
out with LSRFortessa flow cytometer (BD Bioscience, 
USA) and for every sample, a minimum of 75.000 events 
was recorded.

Flow cytometry data were analyzed with Kaluza 
1.2 software (Beckman Coulter, USA). First, dou-
blets were excluded by FSC area (FSC-A) and FSC 
height (FSC-H) discrimination, and then lympho-
cytes were identified upon SSC/CD45+ gating. Major 
lymphocytes subsets were identified as: lympho-
cytes T, both CD3+/CD4+, and CD3+/CD8+, lympho-
cytes B, CD19+, NK cells CD3−/CD56+, B1 B cells, 
CD5+/CD19+, B2 B cells, CD5−/CD19+, and regulatory T 
cells, Foxp3+/CD4+/CD3+. Gating was done upon FMO 
(fluorescence minus one) approach. The absolute count 
of CD4+ and CD8+ was calculated using a percentage of 
CD4+ and CD8+ from immunophenotyping and absolute 
lymphocyte count (ALC) obtained from Sysmex hema-
tology analyzer.

Statistical analysis
All statistical calculations were performed using the 
StatSoft Inc. 2014 – STATISTICA version 12.0 (www.
statsoft.com) and Microsoft Excel spreadsheet. Quantita-
tive variables were characterized by the arithmetic mean, 
standard deviation, median, minimum and maximum 
(range), and 95%CI (confidence interval). Qualitative 

variables were displayed by number and percentage 
unless noted otherwise. For testing, if the quantitative 
variable was derived from the population with the nor-
mal distribution, the W Shapiro-Wilk test was selected. 
For testing the hypothesis of equal variances, the Leven’s 
(Brown-Forsythe) test was used. Significance of differ-
ences between two groups (independent samples model) 
was tested by Student’s t-test (in case of lack of homoge-
neity of variance – Welch t-test) or by U Mann-Whitney 
test (in case of not fulfilling the conditions to use the Stu-
dent’s t-test or for ordinal variables). The significance of 
differences between more than two groups was verified 
using Kruskal-Wallis test. In the case of receiving sta-
tistically significant differences between groups, Dunn 
test was performed. Data were visualized using box and 
whiskers plot displays. The confidence interval (CI) of 
95% was preconceived, p value < 0.05 was considered 
significant.

Results
Patient characteristics is summarized in Table  2. The 
median time from HCT was 17,4 (range 12 to 25) years. 
Twelve male and 8 female recipients received allo-HCT 
due to a variety of hematological disorders (Table  2). 
Eight (40%) recipients had a history of chronic GvHD. 
None of those recipients required active immunosup-
pressive treatment at the time of study enrollment. Infec-
tious status was low in 12 recipients whereas the rest had 
high risk [8] infectious status according to our infectious 
risk stratification model (Table 1).

Results
Pairwise (recipients vs. donors) comparison of telomeric 
length
Median of telomeric length, expressed in kb per chromo-
some end) in CD8+ lymphocytes was significantly greater 
in D (2,1  kb [95%CI 1,8;2,7]) compared to R (1,7  kb 
[95%CI 1,4;1,9]) (p = 0,02; n = 40). There were also similar 
tendencies in CD4+ and CD19+ lymphocyte subpopula-
tions, respectively D – 2,2 kb [95%CI 1,8;3,8], R – 1,6 kb 
[95%CI 1,4;2,4] (p = 0,1; n = 40) and D – 2,3  kb [95%CI 
2,1;2,9], R- 2,1  kb [95%CI 1,7;2,4] (p = 0,076; n = 40), 
although they have not reached statistical significance. 
We have not found differences in the CD56+ popula-
tion (D – 2 kb [95%CI 1,8;2,3], R – 2 kb [95%CI 1,5;2,3] 
(p = 0,53) (n = 40)) (Fig. 1.). We have checked the influence 
of gender and age of the donors on the mean telomere 
length in recipients and have found no correlation. In the 
CD8+ cells population the age of donors was inversely 
correlated with mean telomere length of the donors (Cor-
relation coefficient − 0.59; p = 0.007; Spearman). Also, 
the number of CD34+ cells infused was inversely cor-
related with mean telomeric length of the CD8+ cells of 

http://www.statsoft.com
http://www.statsoft.com
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recipients (Correlation coefficient − 0.55; p = 0.05; Spear-
man) (Table Suppl 9–18).

Immunophenotype analysis
Median percentage of T CD4 + was significantly greater 
in D than in R: 44,3% (95%CI 37,2;48,3) and 40,1% 
(95%CI 31,9;40,8) respectively (p = 0,05; n = 34). In con-
trast CD19+ percentage was greater in R than in D: mean 
11,3% (95%CI 9,8;13,5) and 8,5% (95%CI 7,8;11,9) respec-
tively (p = 0,03; n = 34). (Table  3) Moreover we observed 
difference trends in few others lymphocyte subpopula-
tions (p value approaching 0.05, Table  3). Among the 
population of CD4+ there was greater percentage of 
effector memory (CD4+ EM) cells in R than D: 28,8% 
(95%CI 23,4;37,5) and 19,8% (95%CI 16,5;27,8) (p = 0,07; 
n = 34) respectively and lower percentage of CD4+ naïve 
cells in R than D: 24,5% (95%CI 16,9;33,8) and 38% 
(95%CI 28,8;43,5) (p = 0,06 n = 34) respectively. Among 
the CD8+ subpopulation there was greater percent-
age of CD8+ expressing eomesodermin (CD8+ Eomes) 
in R – 39,4% (95%CI 29,7;47,7) than D – 31,5% (95%CI 
24,2;36,7) (p = 0,07; n = 34). Among the CD19 + popula-
tion there was greater percentage of B1 lymphocytes 
in D – 21,7% (95%CI 17;27,5) than R – 17,2% (95%CI 
12,8;24,3) (p = 0,08; n = 34) and greater percentage of B2 

lymphocytes in R – 81,6% (95%CI 74,4;86,4) than D – 
77% (95%CI 71,1;82) ( p = 0,07; n = 34) ) (Table 3).

CD4+/CD8+ ratio
Median CD4+/CD8+ ratio was higher in donors than 
in recipients of allo-HCT – 2,1 (95%CI 1,3;2,1) and 1,5 
(95%CI 1,8;2,6) respectively (p = 0,0396) (n = 38) (Table 4).

Analysis of the recipients of allo-HCT depending on 
the infection status
Immunophenotype analysis
Differences in immunophenotype were also tested in 
recipients divided again into two groups: low risk and 
high risk of infection. We have found significant differ-
ences in the percentage of NK cells (CD56+), which was 
higher in low risk recipients’ group (p = 0,0344). Further-
more, among the NK cells population we have found 
differences in the NK cells with the expression of per-
forin (NK Perforin) and CD28. NK Perforin percentage 
was higher in low risk recipients group (p = 0,0079) and 
NK CD28+ percentage was higher in high risk patients 
group. There was also a difference in the percentage of 
NK dim cells – it was higher in low risk recipients group 
(p = 0,0344) (Table 5).

Table 2 Patients’ characteristics
Patient no. Diagnosis Sex (R/D) Time since 

allo-HCT 
(years)

Age at allo-
HCT (years)
R/D

Conditioning 
regimen

Chronic 
GvHD *

Infection risk 
status (low, 
high) **

Number of 
CD34+cells 
infused (x 
10^6/kg)

1 CML M/F 25 33/27 BuCy - Low -

2 ALL F/M 18 20/15 TBI - High 7,78

3 AML M/M 15 23/25 BuCy - Low 6,3

4 AML F/M 20 36/46 BuCy Yes Low 11,6

5 HES M/F 19 32/33 BuCy - Low 1,56

6 CML M/M 18 46/43 BuCy - Low 5,6

7 CML F/F 17 22/10 BuCy Yes Low -

8 PNH M/M 18 27/20 BuCy - Low 1,31

9 CML M/F 23 39/41 BuCy Yes High -

10 AML M/F 14 43/39 BuCy Yes High -

11 AML F/F 17 47/43 BuCy Yes High -

12 CML M/M 19 36/18 BuCy - High 3,4

13 ALL F/M 24 28/24 BuCy - Low -

14 AML M/F 15 31/28 BuCy - Low 3,9

15 CML M/M 20 44/43 BuCy - Low 8

16 MDS F/F 12 42/43 BuCy Yes High 1,94

17 CML F/M 17 38/43 BuCy - High 1,35

18 AML F/M 12 38/38 BuCy Yes Low 6,06

19 CML M/M 13 33/22 BuCy Yes High -

20 AML M/F 12 41/54 BuCy - Low 0,88
* History of chronic cGvHD

** Status assessment according to Table 1

(CML – chronic myelogenous leukemia, ALL – acute lymphoblastic leukemia, AML – acute myelogenous leukemia, HES – hypereosinophilic syndrome, PNH – 
paroxysmal nocturnal hemoglobinuria, MDS – myelodysplastic syndrome, R – recipient, D – donor, MRD – matched related donor, MUD – matched unrelated donor, 
BuCy – busulfan & cyclophosphamide, TBI – total body irradiation)
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Discussion
In our work, we assumed that studying long-term sur-
viving donor-recipient allo-HCT pairs would allow us to 
find differences between the donors’ transplanted cells 
exposed to immense proliferative and environmental 
stress which accelerated their ageing and the donor cells 
that remained intact in the donor and were ageing natu-
rally. Such a scenario limits the number of major factors 
affecting the differences in ageing between donors and 
recipients’ lymphocyte populations to just two: allogeneic 
transplantation itself and the different host’s microenvi-
ronments. We have tested TL in four main lymphocyte 
subpopulations and found that the telomeres were sig-
nificantly shorter (0,4  kb) in the T CD8+ lymphocyte 
subpopulation of the recipients. The similar tendencies 
have been found for T CD4+ and B (CD19+) lymphocytes 
– telomeres were shorter in recipients by 0,6 kb (p = 0,1) 
and 0,2 kb (p = 0,076) respectively. The strong difference 
between recipients and donors in CD8+ population may 
result from faster reconstitution of CD8+ lymphocytes 
population in the recipient compared to CD4+ popula-
tion after allo-HCT [10–12]. Moreover, the increased 
proliferation of CD8+ corresponds well with the inverted 
CD4+/CD8+ ratio in recipients of allo-HCT which is 
observed at least in the first 2 years after transplanta-
tion [12, 13]. The lack of any difference nor any trend 

for the difference in TL in NK cells (CD56+) is difficult 
to explain. Our observation might be partially explained 
by the fact that NK cells are the first to proliferate dur-
ing the reconstitution period and may reach the normal 
values even within a month after allo - HCT [14, 15]. 
This could lead to relatively small proliferative stress and 
in consequence, would be reflected by lack of significant 
telomeric length shortening. Moreover, it is unlikely that 
increased endogenous telomerase activity is respon-
sible for this observation because of the low telomerase 
activity in aged NK cells [16]. The telomere length did 
not differ between recipients and donors respectively 
depending on the age of the recipients or gender. We also 
have not found differences in the mean telomere length 
of the recipients in any lymphocyte subpopulation tested 
depending on the donor’s age (Table Suppl 17.). Interest-
ingly, the analysis has shown inverse correlation of mean 
telomere length of donors and age of donors but only in 
CD8+ lymphocyte subpopulation. Those findings seem 
to confirm crucial impact of allo-HCT on telomeric 
shortening since the inverse correlation of age of donor 
and donor’s mean telomeric length was not observed in 
recipient’s mean telomeric length in the same lympho-
cyte subpopulation tested (CD 8+). Strangely, the mean 
telomere length of the recipients was also inversely corre-
lated with the number of cells transplanted and also only 

Fig. 1 Box plots of mean telomeric length (median kb) in recipients (R) of allo-HCT and their donors (D) in main lymphocyte subpopulations CD4+, CD8+, 
CD19+ and CD56+. The box and whiskers plots are corresponding to median, 25th and 75th quartile and outlayers. Means are marked as X
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in CD8+ lymphocyte subpopulation (Tables 16 and 17 in 
Supplementary Material). However, interpretation of this 
result is challenging since stem cells only consist of some 
percentage (different in each donor) of CD34+ cells. The 

other conceivable factor (not studied in the work) that 
may influence the results may be the telomerase activity 
of the stem cells.

We have found differences in the median percentage 
of CD4+ lymphocytes – it was higher in donors (44,3%) 
than in recipients (40,1%). Among CD4+ population 
there were also similar tendencies in CD4+ naïve cells 
and CD4+ EM (Effector Memory) cells. CD4+ naïve cells 
accounted for 24,5% in recipients and 38% in donors 
(p = 0,06). On the other hand CD4+ EM comprised of 
28,8% in recipients and 19,8% in donors (p = 0,07). Inter-
estingly, such changes are typical for physiological age-
ing. Physiologically, the decrement of naïve cells during 
the ageing process is caused mainly due to thymic invo-
lution, as well as expansion of memory cells [17]. In the 
allo-HCT long-term survivors, the mechanism could be 
similar as thymus suffers considerable injury after con-
ditioning [18]. Though the decrement of the percent-
age of naïve cells is not limited to CD4+ naïve cells, we 
did not find differences nor any trends in CD8+ naïve 
cells. Moreover, with age the percentage of differenti-
ated CD4+ and CD8+ memory and central memory cells 
increases [19]. Though we have found such tendency in 
CD4+ EM, strangely there were no trends in CD8+ EM. 
The increased proliferation of CD8+ lymphocytes was 
already mentioned above. We did not find differences 
or trends in CD8+ percentages with the exception found 
in the subpopulation expressing Eomesodermin (CD8+ 
Eomes+). In recipients it was greater than in donors – 
39,4% and 31,5% respectively (p = 0,07). Eomesodermin is 
a transcription factor expression of which in CD4+ and 

Table 3 Immunophenotypic differences between recipients and 
donors of allo-HCT

R
(n = 17)

D
(n = 17)

P-value

CD4+ 0.05
mean (SD) 36,4 (8,4) 42,8 (10,4)

range 19,9–49,5 16,8–58,4

median 40,1 44,3

95%CI [31,9;40,8] [37,2;48,3]

CD4+Effector Memory 0.07

mean (SD) 30,4 (13,2) 22,2 (10,7)

range 13,0–59,0 9,0–54,1

median 28,8 19,8

95%CI [23,4;37,5] [16,5;27,8]

CD4+Naive 0.06

mean (SD) 25,3 (15,9) 36,1 (13,8)

range 4,6–55,3 2,4–52,9

median 24,5 38,0

95%CI [16,9;33,8] [28,8;43,5]

CD8+Eomes 0.07

mean (SD) 38,7 (16,3) 30,4 (11,2)

range 1,3–66,9 11,1–49,5

median 39,4 31,5

95%CI [29,7;47,7] [24,2;36,7]

CD19+ 0.03
mean (SD) 11,7 (3,4) 9,8 (3,9)

range 7,4–20,0 5,9–19,5

median 11,3 8,5

95%CI [9,8;13,5] [7,8;11,9]

B1 0.08

mean (SD) 18,5 (10,8) 22,2 (9,8)

range 2,6–49,8 5,7–47,4

median 17,2 21,7

95%CI [12,8;24,3] [17,0;27,5]

B2 0.07

mean (SD) 80,4 (11,2) 76,5 (10,2)

range 48,1–97,2 50,4–93,7

median 81,6 77,0

95%CI [74,4;86,4] [71,1;82,0]

Table 4 CD4+/CD8+ ratio in recipients of allo-HCT and their 
donors

R
(n = 19)

D
(n = 19)

P-value (U Mann-Whitney)

CD4+to CD8+ 0,0396
mean (SD) 1,7 (0,9) 2,2 (0,9)

range 0,7 − 4,6 1,0–4,6

median 1,5 2,1

95%CI [1,3;2,1] [1,8;2,6]
1U Mann-Whitney

Table 5 Immunophenotype comparison between recipients of 
allo-HCT grouped according to infection risk status
Parameter Low risk High Risk P-value
%NK Perforin+ 0,0079
mean (SD) 86.4 (29.8) 57.9 (44.0)

range 2.2–99.8 1.4–92.3

median 95.2 82.0

95%CI [65.1;107.7] [11.7;104.1]

%NK CD28+ 0,0344
mean (SD) 6.5 (8.7) 14.3 (9.5)

range 1.8–30.8 3.6–27.5

median 3.8 11.1

95%CI [0.3;12.7] [4.4;24.3]

%NK CD56dim 0,0433
mean (SD) 18.5 (12.6) 6.5 (5.8)

range 0.1–45.9 0.1–15.4

median 20.0 6.9

95%CI [9.5;27.5] [0.4;12.6]

%NK 0,0448
mean (SD) 22.1 (13.0) 10.5 (3.1)

range 9.3–52.0 7.1–15.3

median 22.3 9.6

95%CI [12.8;31.4] [6.6;14.3]
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CD8+ seems to be essential for development of effector 
memory cells [20] and therefore increased percentage of 
CD4+ and CD8+ with expression of this transcription fac-
tor may be one of the indicators of aged immune system.

In our study, we have found a significant decrease in 
CD4+/CD8+ ratio in recipients [1, 5] compared to their 
donors [1, 2] who retained normal CD4+/CD8+ ratio [21] 
(Table 4). Interestingly, in physiological ageing, inverted 
CD4+/CD8+ is common. It affects about 16% of people 
between 60 and 94 years of age [22] and is one of the fea-
tures of immunosenescence [23, 24]. Our observation 
may suggest that decreased CD4+/CD8+ ratio in allo-
HCT recipients is a sign of T cell exhaustion and/or acce-
lareted ageing induced by allo-HCT.

We have found that B-cell percentage of the total lym-
phocyte population significantly differs between recipi-
ents and donors – 11,3% and 8,5% respectively (p = 0,03). 
In physiological ageing, we observe a decrement of both 
percentage and absolute count of CD19+ cells [25, 26]. 
Strangely, we have found an increased percentage of 
B-lymphocytes in recipients compared to their donors. 
This might result from the increased incidence of auto-
immune diseases in all-HCT recipients compared to 
their respective donors as an example of “alloimmuniza-
tion” [27]. We also observed some interesting trends in 
the percentages of B1 and B2 lymphocytes. Recipients 
tended to show lower percentage of B1 lymphocytes – 
17,2% compared to donors 21,7% (p = 0,08) and greater 
percentage of B2 lymphocytes 81,6% in recipients com-
pared to 77% in donors (p = 0,07). In physiological age-
ing, the proportion of B1 cells which produce antibodies 
without antigen stimulation and are the part of innate 
immunity [28] decreases with age which may be con-
nected with increased incidence of infections in older age 
[29]. As a consequence, the proportion of B2 cells which 
make up the majority of B-cells is increased though the 
absolute count decreases [26]. It seems that changes in 
B-cells in recipients of allo-HCT tend to mimic those 
observed in physiological ageing process.

Infectious risk status influence
We were not able to confirm our initial hypothesis 
of greater telomeric shortening in individuals with 
high infectious risk status. This observation supports 
Mathioudakis et al. suggestion that demand for increased 
proliferation of hematopoietic stem cells stabilizes early 
after the period of initial post-transplant acceleration [30] 
and maybe limited only to the reconstitution period and 
is not affected by other post-transplant complications.

Immunophenotypic differences between recipients 
stratified according to infection risk status revealed 
that in recipients with low risk status there were higher 
percentages of NK cells (p = 0,0344). Among NK cells 
there were also higher percentage of NK dim population 

(p = 0,0344) and NK with the expression of perforin NK 
Perforin (p = 0,0079) in recipients with low risk status. 
In physiological ageing process there is an increase in 
NK cells percentage and among them most pronounced 
in NKdim population [31, 32]. Interestingly, the perforin 
(that is an effector of the cytotoxic activity of those cells) 
expression declines with age [32]. It would suggest that 
about 60% of recipients with lower incidence of infec-
tions (Table 1.) present both features of the aged innate 
immune system (NK cells specifically) and increased 
cytotoxic activity (increased Perforin expression) which 
results in decreased incidence of infections. We did not 
find any differences or even trends in Treg or NK cells 
populations though in physiological ageing process the 
number of Tregs decreases [33] and NK cells, especially 
dim population increases [31]. However, our sample 
could have been too small to identify them. Interest-
ingly, changes in NK cells in low-risk status recipients 
may imply the pivotal role of the innate immune system 
in protection against infections in recipients of allo-HCT.

To our surprise, the history of GVHD did not affect any 
studied outcomes It may be due to multiple factors – his-
tory of pharmacological immune suppression, resolution 
of all GVHD symptoms at the time of entering our study, 
the presence of age-related diseases, and finally small 
sample size.

There are some limitations of our study- the most 
important is a bias regarding donor-recipient pair selec-
tion based on the long-term survival of the whole pair. 
An additional important limitation is the lack of informa-
tion on the aging status of the hematopoietic system of 
the donors at the time of donation which obviously is not 
accessible anymore.

Conclusion
To conclude, our findings would suggest that recipients’ 
lymphocytes seem to have some features of physiologi-
cal ageing when compared to their respective donors 
which is reflected by the difference in the telomere length 
(mainly CD8 subset) and immunophenotypic quantita-
tive changes of transplanted cells, characteristic for age-
ing. However, a history of lower infection numbers in 
HCT recipients seems to be associated with an increased 
percentage of NK cells. The history of GVHD does not 
affect the rate of ageing. Therefore, the observed differ-
ences between transplanted and not transplanted cells 
most likely result from the huge proliferative stress in the 
early period after allo-HCT and to some extent the dif-
ference between host and recipients’ microenvironments 
which is the only other variable that may influence the 
identical cells originating from donor hematopoiesis.



Page 8 of 10Czarnogórski et al. Immunity & Ageing           (2022) 19:51 

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/s12979-022-00308-6.

Supplementary Material 1

Acknowledgements
We would like to thank all patients and their respective donors who 
volunteered to participate in the study. We also would like to thank Dariusz 
Świetlik MD, PhD for support with the statistical analyses.

Author contribution
All authors revised the manuscript. The authors read and approved the final 
manuscript. M.C.C. and J.M.Z. wrote the manuscript. M.C.C., P.T., J.M.W., M.D., 
J.M.Z. were responsible for study design. M.C.C., A.P., A.S., J.M.Z., E.Z., M.B., M.D., 
A.H. have taken part in patient’s recruitment and clinical data acquisition. 
M.C.C., I.O., J.M.W., J.M.Z. M.M. and K.R-D. performed the laboratory and clinical 
data analysis. M.C., J.S., M.M., M.Z., J.M.W. and P.T. performed the laboratory 
work.

Funding
This research was funded by the grants from the National Science Centre, 
Poland (No. 2018/31/N/NZ3/01035 awarded to M. C. C. and 2019/03/X/
NZ3/01848 awarded to M. D.).

Data availability
The dataset supporting the conclusions of this article are included within the 
article and supplementary material.

Declarations

Ethics approval and consent to participate
Each participant gave informed consent to participate in the study; the study 
was approved by the Ethic Committee at the Medical University of Gdańsk – 
NKBBN/394–594/2019 and NKBBN/394 − 45/2020.

Consent for publication
Not applicable.

Competing interests
The authors declared no conflicts of interest.

Author details
1Department of Hematology and Transplantology, Medical University of 
Gdańsk, Gdańsk, Poland
2Department of Physiopathology, Medical University of Gdańsk, Gdańsk, 
Poland
3Department of Medical Immunology, Medical University of Gdańsk, 
Gdańsk, Poland
4Intercollegiate Faculty of Biotechnology, Medical University of Gdańsk, 
University of Gdańsk, Gdańsk, Poland
5Department of Pathology and Experimental Rheumatology, Medical 
University of Gdańsk, Gdańsk, Poland

Received: 12 April 2022 / Accepted: 14 October 2022

References
1. Verdun RE, Karlseder J. Replication and protection of telomeres. Nature. 

2007;447(7147):924–31. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/17581575.

2. Aubert G, Baerlocher GM, Vulto I, Poon SS, Lansdorp PM. Collapse of telomere 
homeostasis in hematopoietic cells caused by heterozygous mutations in 
telomerase genes. PLoS Genet. 2012;8(5):e1002696–e1002696. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/22661914.

3. Fulop T, Witkowski JM, Pawelec G, Alan C, Larbi A. On the Immunological The-
ory of Aging. In: Interdisciplinary Topics in Gerontology and Geriatrics. 2014. 
p. 163–76. Available from: https://www.karger.com/DOI/10.1159/000358904.

4. Zielinski M, Tarasewicz A, Zielinska H, Jankowska M, Moszkowska G, Debska-
Slizien A, et al. Impact of donor and recipient human cytomegalovirus status 
on kidney transplantation. Int Immunol. 2017;29(12):541–9. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/29121254.

5. Weng N-P, Akbar AN, Goronzy J. CD28(-) T cells: their role in the age-asso-
ciated decline of immune function. Trends Immunol. 2009;30(7):306–12. 
Available from: https://pubmed.ncbi.nlm.nih.gov/19540809.

6. Heimfeld S. Bone marrow transplantation: how important is CD34 cell dose 
in HLA-identical stem cell transplantation? Leukemia. 2003;17(5):856–8. Avail-
able from: https://doi.org/10.1038/sj.leu.2402893.

7. MacDonald KPA, Hill GR, Blazar BR. Chronic graft-versus-host disease: biologi-
cal insights from preclinical and clinical studies. Blood. 2017;129(1):13–21. 
Available from: https://doi.org/10.1182/blood-2016-06-686618.

8. Sahin U, Toprak SK, Atilla PA, Atilla E, Demirer T. An overview of infectious 
complications after allogeneic hematopoietic stem cell transplanta-
tion. J Infect Chemother. 2016;22(8):505–14. Available from: https://doi.
org/10.1016/j.jiac.2016.05.006.

9. Trzonkowski P, Debska-Slizień A, Jankowska M, Wardowska A, Carvalho-
Gaspar M, Hak Ł, et al. Immunosenescence increases the rate of acceptance 
of kidney allotransplants in elderly recipients through exhaustion of CD4 + 
T-cells. Mech Ageing Dev. 2010;131(2):96–104. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/20060852.

10. Bosch M, Dhadda M, Hoegh-Petersen M, Liu Y, Hagel LM, Podgorny P, et al. 
Immune Reconstitution After Antithymocyte Globulin (ATG)-Conditioned 
Hematopoietic Cell Transplantation (HCT). Blood. 2011;118(21):1981. Avail-
able from: https://doi.org/10.1182/blood.V118.21.1981.1981.

11. Bae KW, Kim BE, Koh KN, Im HJ, Seo JJ. Factors influencing lymphocyte recon-
stitution after allogeneic hematopoietic stem cell transplantation in children. 
Korean J Hematol. 2012;47(1):44–52. Available from: https://pubmed.ncbi.
nlm.nih.gov/22479277.

12. Alho AC, Kim HT, Chammas MJ, Reynolds CG, Matos TR, Forcade E, et al. 
Unbalanced recovery of regulatory and effector T cells after allogeneic stem 
cell transplantation contributes to chronic GVHD. Blood. 2016;127(5):646–57. 
Available from: https://pubmed.ncbi.nlm.nih.gov/26670634.

13. Sanchez-Guijo FM, Sanchez-Abarca L-I, Bueno C, Villaron E, Lopez-Holgado N, 
Vazquez L, et al. Long-term Immune Recovery of Patients Undergoing Alloge-
neic Stem Cell Transplantation: A Comparison with Their Respective Sibling 
Donors. Biol Blood Marrow Transplant. 2005;11(5):354–61. Available from: 
https://www.sciencedirect.com/science/article/pii/S1083879105001448.

14. Servais S, Menten-Dedoyart C, Beguin Y, Seidel L, Gothot A, Daulne C, et al. 
Impact of Pre-Transplant Anti-T Cell Globulin (ATG) on Immune Recovery 
after Myeloablative Allogeneic Peripheral Blood Stem Cell Transplantation. 
PLoS One. 2015;10(6):e0130026. Available from: https://doi.org/10.1371/jour-
nal.pone.0130026.

15. Beziat V, Nguyen S, Exley M, Achour A, Simon T, Chevallier P, et al. Shaping of 
iNKT cell repertoire after unrelated cord blood transplantation. Clin Immunol. 
2010;135(3):364–73. Available from: https://www.sciencedirect.com/science/
article/pii/S1521661610000124.

16. BE H, Jue SEE. L. Human telomere biology: A contributory and interactive fac-
tor in aging, disease risks, and protection. Science (80-). 2015;350(6265):1193–
8. Available from: https://doi.org/10.1126/science.aab3389.

17. Gui J, Mustachio LM, Su D-M, Craig RW. Thymus Size and Age-related Thymic 
Involution: Early Programming, Sexual Dimorphism, Progenitors and Stroma. 
Aging Dis. 2012;3(3):280–90. Available from: https://pubmed.ncbi.nlm.nih.
gov/22724086.

18. Gaballa A, Clave E, Uhlin M, Toubert A, Arruda LCM. Evaluating Thymic 
Function After Human Hematopoietic Stem Cell Transplantation in the 
Personalized Medicine Era. Vol. 11, Frontiers in Immunology. 2020. p. 1341. 
Available from: https://www.frontiersin.org/article/https://doi.org/10.3389/
fimmu.2020.01341.

19. Saule P, Trauet J, Dutriez V, Lekeux V, Dessaint J-P, Labalette M. Accumula-
tion of memory T cells from childhood to old age: Central and effector 
memory cells in CD4 + versus effector memory and terminally differentiated 
memory cells in CD8 + compartment. Mech Ageing Dev. 2006;127(3):274–
81. Available from: https://www.sciencedirect.com/science/article/pii/
S0047637405002757.

20. Hassouneh F, Lopez-Sejas N, Campos C, Sanchez-Correa B, Tarazona R, Pera 
A, et al. Effect of Cytomegalovirus (CMV) and Ageing on T-Bet and Eomes 

http://dx.doi.org/10.1186/s12979-022-00308-6
http://dx.doi.org/10.1186/s12979-022-00308-6
https://www.ncbi.nlm.nih.gov/pubmed/17581575
https://www.ncbi.nlm.nih.gov/pubmed/17581575
https://www.ncbi.nlm.nih.gov/pubmed/22661914
https://www.karger.com/DOI/10.1159/000358904
https://www.ncbi.nlm.nih.gov/pubmed/29121254
https://pubmed.ncbi.nlm.nih.gov/19540809
http://dx.doi.org/10.1038/sj.leu.2402893
http://dx.doi.org/10.1182/blood-2016-06-686618
http://dx.doi.org/10.1016/j.jiac.2016.05.006
http://dx.doi.org/10.1016/j.jiac.2016.05.006
https://www.ncbi.nlm.nih.gov/pubmed/20060852
https://www.ncbi.nlm.nih.gov/pubmed/20060852
http://dx.doi.org/10.1182/blood.V118.21.1981.1981
https://pubmed.ncbi.nlm.nih.gov/22479277
https://pubmed.ncbi.nlm.nih.gov/22479277
https://pubmed.ncbi.nlm.nih.gov/26670634
https://www.sciencedirect.com/science/article/pii/S1083879105001448
http://dx.doi.org/10.1371/journal.pone.0130026
http://dx.doi.org/10.1371/journal.pone.0130026
https://www.sciencedirect.com/science/article/pii/S1521661610000124
https://www.sciencedirect.com/science/article/pii/S1521661610000124
http://dx.doi.org/10.1126/science.aab3389
https://pubmed.ncbi.nlm.nih.gov/22724086
https://pubmed.ncbi.nlm.nih.gov/22724086
https://www.frontiersin.org/article/
http://dx.doi.org/10.3389/fimmu.2020.01341
http://dx.doi.org/10.3389/fimmu.2020.01341
https://www.sciencedirect.com/science/article/pii/S0047637405002757
https://www.sciencedirect.com/science/article/pii/S0047637405002757


Page 9 of 10Czarnogórski et al. Immunity & Ageing           (2022) 19:51 

Expression on T-Cell Subsets. Vol. 18, International Journal of Molecular Sci-
ences. 2017.

21. Muller GC, Gottlieb MGV, Luz Correa B, Filho IG, Moresco RN, Bauer ME. The 
inverted CD4:CD8 ratio is associated with gender-related changes in oxida-
tive stress during aging. Cell Immunol. 2015;296(2):149–54. Available from: 
https://www.sciencedirect.com/science/article/pii/S0008874915001094.

22. Strindhall J, Skog M, Ernerudh J, Bengner M, Löfgren S, Matussek A, et al. The 
inverted CD4/CD8 ratio and associated parameters in 66-year-old individuals: 
the Swedish HEXA immune study. Age (Dordr). 2013;35(3):985–91. Available 
from: https://pubmed.ncbi.nlm.nih.gov/22415616.

23. Li M, Yao D, Zeng X, Kasakovski D, Zhang Y, Chen S, et al. Age related human 
T cell subset evolution and senescence. Immun Ageing. 2019;16(1):24. Avail-
able from: https://doi.org/10.1186/s12979-019-0165-8.

24. Sainz T, Serrano-Villar S, Díaz L, Tomé MIG, Gurbindo MD, de José MI, et al. 
The CD4/CD8 ratio as a marker T-cell activation, senescence and activa-
tion/exhaustion in treated HIV-infected children and young adults. AIDS. 
2013;27(9). Available from: https://journals.lww.com/aidsonline/Full-
text/2013/06010/The_CD4_CD8_ratio_as_a_marker_T_cell_activation,.18.
aspx.

25. Kogut I, Scholz JL, Cancro MP, Cambier JC. B cell maintenance and function 
in aging. Semin Immunol. 2012;24(5):342–9. Available from: https://www.
sciencedirect.com/science/article/pii/S1044532312000437.

26. Scholz JL, Diaz A, Riley RL, Cancro MP, Frasca D. A comparative review 
of aging and B cell function in mice and humans. Curr Opin Immunol. 
2013;25(4):504–10. Available from: https://www.sciencedirect.com/science/
article/pii/S0952791513001106.

27. Daikeler T, Labopin M, Di Gioia M, Abinun M, Alexander T, Miniati I, et al. 
Secondary autoimmune diseases occurring after HSCT for an autoimmune 
disease: a retrospective study of the EBMT Autoimmune Disease Working 
Party. Blood. 2011;118(6):1693–8. Available from: https://doi.org/10.1182/
blood-2011-02-336156.

28. Laule CF, Odean EJ, Wing CR, Root KM, Towner KJ, Hamm CM, et al. Role 
of B1 and B2 lymphocytes in placental ischemia-induced hypertension. 
Am J Physiol Circ Physiol. 2019;317(4):H732–42. Available from: https://doi.
org/10.1152/ajpheart.00132.2019.

29. Griffin DO, Holodick NE, Rothstein TL. Human B1 cells in umbilical cord 
and adult peripheral blood express the novel phenotype CD20 + CD27 + 
CD43 + CD70–. J Exp Med. 2011;208(1):67–80. Available from: https://doi.
org/10.1084/jem.20101499.

30. Mathioudakis G, Storb R, McSweeney PA, Torok-Storb B, Lansdorp PM, 
Brümmendorf TH, et al. Polyclonal hematopoiesis with variable telomere 
shortening in human long-term allogeneic marrow graft recipients. 
Blood. 2000;96(12):3991–4. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/11090091.

31. Camous X, Pera A, Solana R, Larbi A. NK cells in healthy aging and age-
associated diseases. J Biomed Biotechnol. 2012;2012:195956. Available from: 
https://pubmed.ncbi.nlm.nih.gov/23251076.

32. Rukavina D, Laskarin G, Rubesa G, Strbo N, Bedenicki I, Manestar D, et al. Age-
Related Decline of Perforin Expression in Human Cytotoxic T Lymphocytes 
and Natural Killer Cells. Blood. 1998;92(7):2410–20. Available from: https://doi.
org/10.1182/blood.V92.7.2410.

33. Jagger A, Shimojima Y, Goronzy JJ, Weyand CM. Regulatory T cells and the 
immune aging process: a mini-review. Gerontology. 2014;60(2):130–7. Avail-
able from: https://pubmed.ncbi.nlm.nih.gov/24296590.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://www.sciencedirect.com/science/article/pii/S0008874915001094
https://pubmed.ncbi.nlm.nih.gov/22415616
http://dx.doi.org/10.1186/s12979-019-0165-8
https://journals.lww.com/aidsonline/Fulltext/2013/06010/The_CD4_CD8_ratio_as_a_marker_T_cell_activation,.18.aspx
https://journals.lww.com/aidsonline/Fulltext/2013/06010/The_CD4_CD8_ratio_as_a_marker_T_cell_activation,.18.aspx
https://journals.lww.com/aidsonline/Fulltext/2013/06010/The_CD4_CD8_ratio_as_a_marker_T_cell_activation,.18.aspx
https://www.sciencedirect.com/science/article/pii/S1044532312000437
https://www.sciencedirect.com/science/article/pii/S1044532312000437
https://www.sciencedirect.com/science/article/pii/S0952791513001106
https://www.sciencedirect.com/science/article/pii/S0952791513001106
http://dx.doi.org/10.1182/blood-2011-02-336156
http://dx.doi.org/10.1182/blood-2011-02-336156
http://dx.doi.org/10.1152/ajpheart.00132.2019
http://dx.doi.org/10.1152/ajpheart.00132.2019
http://dx.doi.org/10.1084/jem.20101499
http://dx.doi.org/10.1084/jem.20101499
https://www.ncbi.nlm.nih.gov/pubmed/11090091
https://www.ncbi.nlm.nih.gov/pubmed/11090091
https://pubmed.ncbi.nlm.nih.gov/23251076
http://dx.doi.org/10.1182/blood.V92.7.2410
http://dx.doi.org/10.1182/blood.V92.7.2410
https://pubmed.ncbi.nlm.nih.gov/24296590


Page 10 of 10Czarnogórski et al. Immunity & Ageing           (2022) 19:51 

Keywords allo-HCT, Ageing, Immunosenescence, 
Telomeric shortening


	Ageing-resembling phenotype of long-term allogeneic hematopoietic cells recipients compared to their donors
	Abstract
	Background
	Methods
	Patients
	GvHD and infectious status assessment
	Peripheral blood mononuclear cells (PBMC) and lymphocyte isolation
	Telomeric length measurement
	Immunophenotyping
	Statistical analysis

	Results
	Pairwise (recipients vs. donors) comparison of telomeric length
	Immunophenotype analysis

	CD4+/CD8+ ratio
	Analysis of the recipients of allo-HCT depending on the infection status
	Discussion
	Infectious risk status influence
	Conclusion
	References


