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SUMMARY 
 
 

Ageing is a biological phenomenon common for almost all living organisms which leads 

to gradual deterioration of the function of the cells and ends with entering cellular 

senescence or apoptosis. It applies also to the immune system, and its consequence may 

be the impaired cellular and humoral response against pathogens and autoimmune 

diseases. The allo-HCT procedure leads to immense proliferative stress on the recipient’s 

hematopoietic cells, lymphocytes included. Theoretically, it may lead to accelerated 

ageing of the immune cells of the allo-HCT long-term survivors. The main purpose of 

this doctoral dissertation was to answer the question of whether the recipients of allo-

HCT present with molecular features of ageing compared to their respective donors, 

namely features of immunosenescence and inflammageing. The population studied 

consisted of 20 recipient-donor pairs at least 10 years after transplantation. The molecular 

features of ageing tested were: telomeric length of main lymphocyte subpopulations 

(TCD4+, TCD8+, B lymphocytes and NK cells), immunophenotype, and proinflammatory 

cytokines concentrations (Il-1b, Il-2, Il-4, Il-6, Il-10, TNF-a and Il-17F). The 

aforementioned parameters were then correlated with chronic GvHD occurrence and 

infection risk status (assessed based on number of infections in the anamnesis). We have 

found significant telomeric shortening but only in TCD8+ lymphocyte subpopulation, and 

some features of ageing-resembling immunophenotype in recipients of allo-HCT 

compared to their donors. The age, gender, infection risk status, and chronic GvHD seem 

to have no impact on the telomeric length of the recipients. No differences were found in 

proinflammatory cytokines concentrations, neither between recipients and donors nor 

between recipients grouped according to infection risk status and cGvHD in the 

anamnesis. Therefore, we did not observe inflammageing-resembling phenomenon in 

recipients of allo-HCT. Moreover, low infection risk recipients had a higher percentage 

of NK cells when compared with high infection risk recipients, which highlights the 
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crucial role of the innate immune system in protection against infections in this group of 

patients. The observed differences between recipient’s and donor’s lymphocytes most 

likely result from the immense proliferative stress in the early period after allo-HCT and, 

to some extent, the difference between the donor’s and recipient’s marrow 

microenvironment, which is the only other variable that may influence the identical cells 

originating from the same progenitors obtained from the donor. The demand for increased 

proliferation of hematopoietic progenitors seems to stabilize after initial acceleration in 

the early period after transplantation. 
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STRESZCZENIE 
 
 
 

Starzenie jest procesem wspólnym dla niemal wszystkich organizmów żywych, 

prowadzącym do stopniowego pogarszania funkcji komórek, a ostatecznie ich 

samobójczej śmierci na drodze apoptozy lub przejścia w stan senescencji. Zjawisko to 

dotyczy również układu immunologicznego, a jego konsekwencją może być upośledzona 

odpowiedź komórkowa i humoralna oraz choroby autoimmunologiczne. Po 

allogenicznym przeszczepieniu krwiotwórczych komórek progenitorowych (allo-HCT), 

komórki hematopoetyczne dawcy (w tym limfocyty) w organizmie biorcy poddane są 

nasilonemu stresowi proliferacyjnemu. Teoretycznie, może to skutkować 

przyspieszonym starzeniem komórek układu immunologicznego długoletnich biorców 

allo-HCT. Głównym celem pracy doktorskiej była próba odpowiedzi na pytanie – czy 

biorcy allo-HCT w porównaniu z ich dawcami prezentują molekularne wykładniki 

starzenia układu immunologicznego, mianowicie cechy „inflammageingu” oraz 

immunosenescencji. Populacja badana liczyła 20 par biorca-dawca, po co najmniej 10 

latach od procedury allo-HCT. U wszystkich pacjentów zbadano molekularne wykładniki 

procesu starzenia, tj. długość telomerów głównych subpopulacji limfocytów (TCD4+, 

TCD8+, limfocytów B oraz komórek NK), immunofenotyp oraz stężenia cytokin 

prozapalnych (Il-1b, Il-2, Il-4, Il-6, Il-10, TNF-a i Il-17F). Następnie powyższe 

parametry zostały skorelowane z występowaniem przewlekłej choroby GvH oraz 

ryzykiem infekcji (ocenionym na podstawie liczby przebytych infekcji). 

Stwierdziliśmy krótsze telomery, jednak wyłącznie w subpopulacji limfocytów TCD8+ 

oraz pewne wykładniki fenotypu przypominającego fenotyp senescentny u biorców allo-

HCT w porównaniu z ich dawcami. Wiek, płeć, ryzyko infekcji oraz występowanie 

GvHD nie miały wpływu na długość telomerów u biorców. Nie znaleźliśmy również 

różnic w stężeniach cytokin prozapalnych, zarówno pomiędzy dawcami i biorcami, jak i 

pomiędzy biorcami podzielonymi pod względem ryzyka infekcyjnego oraz 



 10 

występowania GvHD. Biorąc pod uwagę powyższe, nie stwierdziliśmy cech 

inflammageingu u biorców allo-HCT. Ponadto, biorcy o niskim ryzyku infekcyjnym 

mieli wyższy odsetek komórek NK w porównaniu z biorcami wysokiego ryzyka, co 

podkreśla kluczową rolę wrodzonej odpowiedzi immunologicznej w zwalczaniu infekcji 

w tej grupie chorych. Obserwowane różnice pomiędzy limfocytami biorców i dawców 

allo-HCT najprawdopodobniej wynikają z wpływu nasilonego stresu proliferacyjnego we 

wczesnym okresie po transplantacji i w pewnym stopniu z różnic pomiędzy 

mikrośrodowiskiem szpiku biorców i dawców – jedynym innym czynnikiem mogącym 

wpływać na identyczne komórki biorców i dawców, będące potomstwem komórek 

progenitorowych, pochodzących od dawcy. Zapotrzebowanie na nasiloną proliferację 

krwiotwórczych komórek progenitorowych wydaje się stabilizować po przejściowej 

akceleracji we wczesnym okresie potransplantacyjnym. 
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INTRODUCTION 
 

 
        Ageing is a universal biological phenomenon that affects almost all cells in the 

majority of living organisms. However, no universal definition of ageing exists due to its 

complexity. It can be described as a highly heterogeneous process that affects all tissues 

and systems, leading to a gradual loss of function. In the context of cellular ageing, it is 

characterized by dysregulation of the mitochondria, following increased reactive oxygen 

species (ROS) production, DNA damage, and telomeric shortening. Nowadays, there is a 

growing tendency to perceive ageing not only as a detrimental process but also as a 

constant adaptation to changing internal environment of the organism (“adaptage theory”) 

(1). The notion of “adaptage theory” was developed by prof. Tamas Fulop and 

encompasses all age-associated changes of the immune system which serve as an 

adaptation to changing internal conditions of the organism in contrast to the traditional 

conception of those changes, perceived as mainly detrimental (2)(1).  

 

To better understand that concept, we need to go back to the first studies that 

originated the field of ageing on a molecular level. Since the 1960’s we know that cells 

divide until they reach the so-called Hayflick limit which is a certain, finite number of 

cellular divisions, before entering senescence. It is due to telomeric shortening, occurring 

with each cellular division (3)(4). After reaching the critical length of telomeres, a cell 

enters the senescent phase or undergoes apoptosis (5). The most pronounced telomeric 

shortening throughout life happens in lymphocytes. At birth, telomeric length for 

lymphocytes is ~ 11 kb and decreases to ~ 4 kb at 100 years of age. With ageing, telomeric 

shortening gradually decelerates. The average annual rate of telomeric shortening for 

human lymphocytes is 1190 bp in the first year of life, then 126 bp/year in childhood and 

43 bp/year through the rest of adult life (6). 
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When telomeres shorten to a certain length, measured in base pairs (bp), further divisions 

are impossible without damaging the cell’s coding DNA sequence. Therefore, reaching 

the Hayflick limit is considered parallel with entering cellular senescence or apoptosis 

(7). One of the well-established explanations of this phenomenon may be impaired repair 

of telomeric DNA, due to high demand on the repair machinery, caused by damage to 

DNA by ROS, according to A.M. Olovnikov (8) who proposed the “theory of 

marginotomy" which postulates shortening of the replica in comparison to the DNA 

template. It has directly led to the discovery of telomeres. Those two studies gave a 

molecular basis for discovering the cellular senescence phenomenon. 

The ageing of the immune system consists of two, mutually interconnected 

phenomena, namely - immunosenescence and inflammageing. The immunosenescence is 

a plain decline in many immune parameters, predominantly concerning the adaptive 

immunity. 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 (9)(10). CD28− T-cells are characterized by reduced replicative lifespan, 

decreased proliferative capacity, and reduced response for antigen stimulation while 

exhibiting increased cytotoxic activity (11). Inflammageing is a chronic, sterile, non-

infectious, low-grade inflammation found in the elderly (12). It is caused by the 

accumulation of proinflammatory factors and the change of the cell's (T-cells included) 

phenotype to proinflammatory one which occurs with ageing (13). We observe moderate 

rise in proinflammatory cytokines concentrations (e.g. Il-b, Il-2, Il-4, Il-6, Il-10, TNF-a, 

Il-17). Both inflammageing and immunosenescence play a major role in the development 

of age-related diseases (14), however, recent findings suggest that they may also serve as 

an adaptation process in the course of life of an individual. Moreover, it remains unclear 

whether quantitative and qualitative changes in the immune cells result from the ageing 

process or are an adaptation to life-long exposure to pathogens (15). Until recently, it was 
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assumed that ageing leads to age-related diseases (ARD’s), such as cardiovascular and 

neurodegenerative diseases. Their occurrence correlated with age-related immune system 

changes (immunosenescence). Vaccine response in the elderly remains adequate when 

compared with young subjects (16) as well as response for immune checkpoint inhibitors, 

even in old age (17). Therefore, age-related changes in the immune system reflect rather 

its adaptation (12) to the pressure of environmental factors. 

 Almost all aforementioned changes in the immune parameters seem to have one 

common denominator which is the proliferative stress. It can be simply described as an 

increased demand for cellular replication due to the need to fight pathogens, autoimmune 

processes, wound healing, growth, replacement of senescent cells and finally regeneration 

of hematopoiesis in case of allogeneic hematopoietic cell transplantation (allo-HCT). 

 

The introduction of allogeneic hematopoietic cell transplantation (allo-HCT) as a 

standard method of treatment for several malignant and non-malignant hematological 

diseases has created an excellent platform to study human immunology and cellular 

senescence. The key aspect of allogeneic hematopoietic cell transplantation (allo-HCT) 

is the restoration of the whole hematopoiesis in the recipient from the relatively small (2–

5 × 10^6/kg) number of donor stem cells. Thus, the transplanted cells are exposed to 

immense proliferative stress, compared to identical cells that remain in the donor’s system 

(18). 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 is clinically manifested as graft versus host disease (19). Partially, in 

patients with malignant diseases, this reaction is responsible for HCT’s success in 

eradicating the residual malignant cells (graft-versus-leukemia reaction). However, it 

may also lead to undesirable complications such as graft-versus-host disease (GvHD), 

resembling autoimmune diseases affecting several host organs. To prevent and control 
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symptoms of graft versus host reaction, immunosuppressive agents disrupting 

lymphocyte proliferation (such as methotrexate and calcineurin inhibitors) are routinely 

administered after transplantation. Donor’s T lymphocytes play a key role in GvHD, 

however, B-lymphocytes are also important for the development of GvHD, especially 

chronic (20)(21). Involved donor’s lymphocytes undergo an additional extensive 

proliferation which may contribute to the accelerated telomeric shortening. Moreover, 

recipients of allo-HCT are susceptible to infectious complications that cause additional 

proliferative stress to immune cells (22).  

Consequently, we have hypothesized that progeny of the donor HSC in the recipients of 

allo-HCT undergoes accelerated ageing. 

 

In this dissertation we aimed at answering whether long-term recipients of allo-HCT are 

older on molecular level than their respective matched-related donors. To answer that 

question, we compared the magnitude of telomeric shortening of the transplanted donor 

cells to the same cells that remained intact in the donor, immunophenotypic changes of 

respective lymphocyte subpopulations between donors and their respective recipients and 

proinflammatory cytokine profile of the same population of patients, i.e. long-term 

recipients of allo-HCT and their respective donors, to determine whether allo-HCT has 

led to ageing-resembling changes. Moreover, we compared the telomeric length, 

immunophenotype and proinflammatory cytokines concentrations of the recipients 

grouped according to their infection and cGvHD status. 

 

The dissertation includes also a review article describing current state of knowledge about 

the ageing of the immune system and its two main features, namely – inflammageing and 

immunosenescence and the impact of proliferative stress on both. 
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OBJECTIVES 
 

The biology of allo-HCT and its impact on the human’s immune system is still not quite 

well understood. Due to the immense proliferative stress that is the transplantation 

procedure, the transplanted donor’s cells in the recipient undergo a considerable number 

of cellular divisions which must affect their phenotype. Therefore, we aimed at 

comparative characterization of the molecular and phenotypical changes of the immune 

cells (specifically in lymphocyte subpopulations) of both recipients and donors of allo-

HCT which originated from the same progenitor cells, to determine whether recipients' 

lymphocytes present with features of ageing in comparison to their respective donors. 

The main goals of the doctoral dissertation were: 

 
1. Comparison of telomeric length of four main lymphocyte subpopulations (TCD4+, 

TCD8+, B lymphocytes and NK cells) of long-term recipients and donors of allo-HCT. 

 

2. Comparison of immunophenotype of long-term recipients and donors of allo-HCT. 

 

3. Comparison of proinflammatory cytokines concentrations of long-term recipients and 

donors of allo-HCT. 

 
4. Assessment whether aforementioned parameters differ between recipients grouped 

according to cGvHD and infection risk status. 
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RESULTS 
 
 

The doctoral dissertation consists of two original articles, presenting the results obtained 

during the study and one review article. The original articles describe the changes in 

telomeric length, immunophenotype, and proinflammatory cytokines concentrations in 

recipients of allo-HCT compared to their donors and changes in molecular features of 

ageing and the differences in those parameters between recipients when grouped 

according to their infection risk status and cGvHD status. The review article summarizes 

the current state of knowledge of the impact of proliferative stress, both physiological and 

iatrogenic, on the ageing of the immune system, reflected by immunosenescence and 

inflammageing. 

 

 

Article 1 

Article entitled “Ageing-resembling phenotype of long-term allogeneic hematopoietic 

cells recipients compared to their donors”, published in Immunity & Ageing BMC, 

presents the results of a comparative analysis of telomeric length in main lymphocyte 

subpopulations and immunophenotype of recipients and donors of allo-HCT and the 

differences between the recipients when grouped according to cGvHD status (GvHD (+) 

and GvHD (-)) and infection risk status (low-risk and high-risk recipients). The telomeric 

length comparable determination was performed with qPCR technique on four main 

lymphocyte subpopulations (TCD4+, TCD8+, B cells, and NK cells), isolated by 

immunomagnetic separation technique. The immunophenotype was assessed by flow 

cytometry. 

We have found that recipients present with some features of ageing compared to their 

respective donors, that is, shortened telomeres, but only in CD8+ lymphocytes. We have 

checked the influence of gender and age of the donors on the mean telomere length in 
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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. Also, the number of 

CD34+ cells infused was inversely correlated with the mean telomeric length of the CD8+ 

cells of the recipients. We have also found that recipient’s lymphocytes have ageing 

resembling phenotype, that is, lesser percentages of TCD4+ and naïve TCD4+ 

lymphocytes as well as B1 lymphocytes and greater percentages of TCD4+ effector 

memory cells, CD8+ Eomes lymphocytes, CD19+ cells, and B2 lymphocytes in 

comparison to their respective donors. Median CD4+/CD8+ ratio was higher in donors 

than in recipients of allo-HCT. Differences in immunophenotype were also tested in 

recipients divided again into two groups: low-risk and high-risk of infection. We have 

found significant differences in the percentage of NK cells (CD56+), which was higher 

in the low infection risk recipients. 

The results obtained in the article suggest that the recipient’s lymphocytes present with 

some features of ageing when compared to the donor’s lymphocytes (shortened telomeres 

in CD8+ lymphocytes and quantitative changes in lymphocyte subpopulations). 

The history of lower infection numbers in allo-HCT recipients seems to be associated 

with increased percentage of NK cells which underlines the role of innate immune 

response as a primary defensive mechanism against pathogens in this group of patients. 

The history of GvHD does not affect the rate of ageing. Therefore, the observed 

differences between the recipients’ and donors’ lymphocytes most likely result from the 

immense proliferative stress in the early period after allo-HCT and, to some extent, the 

difference between the donors’ and recipients’ microenvironment which is the only other 

variable that may influence the identical cells, originating from the same progenitors 

obtained from the donor. 
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Article 2 

Article entitled “Long-term allogeneic hematopoietic cells transplantation survivors’ 

proinflammatory cytokine profile compared to their respective donors and 

immunophenotype differences depending on GvHD history and infection status,” 

published in Acta Haematologica Polonica, Via Medica, presents the results of 

proinflammatory cytokines profile analysis of long-term recipients of allo-HCT when 

compared to their respective donors, immunophenotype and proinflammatory cytokine 

concentrations differences between recipients grouped according to their infection risk 

and GvHD status. The proinflammatory cytokines concentrations (Il-1b, Il-4, Il-6, Il-10, 

TNF-a and Il-17F) of recipients and donors of allo-HCT were assessed using 

commercially available FlexSets with flow cytometry technique as well as 

immunophenotype assessment. We have not found any significant differences in 

proinflammatory cytokines concentrations, neither between recipients and donors in 

general, nor between recipients grouped according to infection risk status. Therefore, our 

data does not confirm our initial hypothesis that allo-HCT leads to inflammageing-

resembling process in recipients of allo-HCT. The lack of differences in long-term 

recipients of allo-HCT, when grouped according to cGVHD history, may suggest that the 

immune system tends to stabilize within years after transplantation. 

 
 

Article 3 

Review article entitled “Impact of proliferative stress on both adaptive and innate immune 

response “, published in Journal of Transfusion Medicine, Via Medica, summarized the 

current state of knowledge about the impact of proliferative stress, both physiological and 

iatrogenic, on innate and adaptive immune response, influencing two major features of 

the ageing of the immune system, namely - inflammageing and immunosenescence.  
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CONCLUSIONS 
 

1. We have partially confirmed our initial hypothesis on greater telomeric shortening in 

recipients of allo-HCT compared to their respective donors in TCD8+, TCD4+ and B 

lymphocyte subpopulations. Although, only in TCD8+ have our results reached 

statistical significance. No difference was found in NK cells. The strong difference 

between recipients and donors in CD8+ subpopulation may result from faster 

reconstitution of CD8+ lymphocytes in the early period after transplantation. The lack 

of differences in telomeric length between recipients and donors in NK cells may be 

due to the fact that they are the first cells to proliferate during the hematopoietic 

reconstitution period and may reach the normal values within a month after allo-HCT.  

The age, gender, infection risk status and chronic GvHD seem to have no impact on 

the telomeric length of the recipients. Therefore, we conclude that the increased 

telomeric shortening in recipients of allo-HCT occurs due to the increased demand 

for hematopoietic cells proliferation in the reconstitution period and stabilizes early 

after initial acceleration after transplantation and is not affected by post-transplant 

complications.  

2. The immunophenotype of recipients of allo-HCT compared to their respective related 

donors has some similarities with immunophenotype of physiologically aged 

individuals and, therefore may be referred to as ageing-resembling. The differences 

included the increased percentage of TCD4+ Effector Memory cells, TCD8+ Eomes 

cells, CD19 + cells and B2 lymphocytes, and decreased percentage of TCD4+ 

lymphocytes, TCD4+ naïve cells and B1 lymphocytes. Moreover, we have found that 

even after more than a decade after transplantation, the recipients of allo-HCT have 

decreased CD4+/CD8+ ratio which is commonly found in the elderly. We have found 

that chronic GvHD does not significantly impact the phenotype of the recipients when 

compared to their respective donors. Although, when grouped according to infection 
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risk status, we have found that recipients with low infection risk status had higher 

percentages of NK cells when compared to high infection risk recipients. It may imply 

the pivotal role of the innate immune system in protection against infections in 

recipients of allo-HCT.  

3. Surprisingly, we have found no differences in proinflammatory cytokines 

concentrations between long-term survivors of allo-HCT and their respective 

matched-related donors. Furthermore, there were no differences in proinflammatory 

cytokines concentrations between recipients grouped according to infection risk 

status. It contradicts our initial hypothesis that allo-HCT induces an inflammageing-

resembling process and implies that transplantation does not lead to chronic low-

grade, sterile inflammation. Strangely, the proinflammatory cytokines concentrations 

of the recipients who had a history of GvHD, which consist of chronic inflammation, 

also did not differ from the recipient who did not develop GvHD. This suggests that 

the allo-HCT per se does not influence the inflammatory response, induced most 

likely by chronic antigenic stimulation throughout the life of an individual. 
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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. !ey 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]. 
!e 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. !e 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 !2 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].

!e 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. !us, the trans-
planted cells are exposed to immense proliferative stress 
compared to identical cells that remain in the donor sys-
tem. [6]. !e 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.

!us, 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). !e 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. !e 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). !e 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. !e 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. !e 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. 
!e 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. !e 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 !ermo 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 !ermo 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. !e 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). !e 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. !e confidence interval (CI) of 
95% was preconceived, p value < 0.05 was considered 
significant.

Results
Patient characteristics is summarized in Table  2. !e 
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). !ere 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


Page 4 of 10Czarnogórski et al. Immunity & Ageing           (2022) 19:51 

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. !ere 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. !e 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. !e 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]. !e 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]. 
!is 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]. !e 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. !ose 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. !e 

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]. !ough 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]. !ough we have found such tendency in 
CD4+ EM, strangely there were no trends in CD8+ EM. 
!e 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+E"ector 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. 
!is 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 in!uence
We were not able to confirm our initial hypothesis 
of greater telomeric shortening in individuals with 
high infectious risk status. !is 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.

!ere 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. !e history of GVHD does not 
affect the rate of ageing. !erefore, 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.
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Long-term allogeneic hematopoietic cells transplantation 
VXUYLYRUV·�SURLQÁDPPDWRU\�F\WRNLQH�SURÀOHV� 

compared to their respective donors  
and immunophenotype differences depending  

on GvHD history and infection status
0LFKDâ�&��&]DUQRJyUVNL1* iD  ��0DWHXV]�0D]LHZVNL2��.DWDU]\QD�5XFNHPDQQ�']LXUG]LĽVND2,  

-XVW\QD�6DNRZVND3��0DFLHM�=LHOLĽVNL3��-DFHN�0��:LWNRZVNL2��3LRWU�7U]RQNRZVNL3,  
0DJGDOHQD�'XWND1��$JQLHV]ND�3LHNDUVND1��,JRU�2EXFKRZVNL4��0LNRâDM�0â\ĽVNL1,  

$OLFMD�6DGRZVND�.ODVD1��(ZD�=DU]\FND1��0DULD�%LHQLDV]HZVND1��$QGU]HM�+HOOPDQQ1,  
-DQ�0DFLHM�=DXFKD1

1'HSDUWPHQW�RI�+HPDWRORJ\�DQG�7UDQVSODQWRORJ\��0HGLFDO�8QLYHUVLW\�RI�*GDĽVN��*GDĽVN��3RODQG 
2'HSDUWPHQW�RI�3K\VLRSDWKRORJ\��0HGLFDO�8QLYHUVLW\�RI�*GDĽVN��*GDĽVN��3RODQG 

3'HSDUWPHQW�RI�0HGLFDO�,PPXQRORJ\��0HGLFDO�8QLYHUVLW\�RI�*GDĽVN��*GDĽVN��3RODQG 
4,QWHUFROOHJLDWH�)DFXOW\�RI�%LRWHFKQRORJ\��0HGLFDO�8QLYHUVLW\�RI�*GDĽVN�DQG�8QLYHUVLW\�RI�*GDĽVN��3RODQG

Abstract
Introduction:�,Q�WKH�FRXUVH�RI�DOORJHQHLF�KHPDWRSRLHWLF�FHOO�WUDQVSODQWDWLRQ��DOOR�+&7��WKH�GRQRU·V�KHPDWRSRLHWLF�SUR-
genitor cells are exposed to immense proliferative stress to reconstitute in the recipient the functional hematopoiesis. 
0RUHRYHU�� UHFLSLHQWV�ZKR� GHYHORS� LQIHFWLRQV� RU� FKURQLF� JUDIW�YHUVXV�KRVW� GLVHDVH� �*Y+'�� DUH� VXEMHFWHG� WR� IXUWKHU�
SUROLIHUDWLYH�VWUHVV��HVSHFLDOO\�LQ�WKH�O\PSKRF\WH�VXEVHW��:H�K\SRWKHVL]HG�WKDW�DOOR�+&7�PD\�LQGXFH�FKDQJHV�LQ�SUR-
LQÁDPPDWRU\�F\WRNLQHV�SURÀOH�DQG�LPPXQRSKHQRW\SH�LQ�WKH�DOOR�+&7�UHFLSLHQWV��HVSHFLDOO\�LQ�SDWLHQWV�ZLWK�D�FKURQLF�
GvHD history.
Material and methods:�:H�FRPSDUHG�WKH�F\WRNLQH�SURÀOH�>LQWHUOHXNLQ��,/�����,/�����DQG�WXPRU�QHFURVLV�IDFWRU�D (TNF-D�@�
EHWZHHQ�ORQJ�WHUP�DOOR�+&7�UHFLSLHQWV�DQG�WKHLU�UHVSHFWLYH�GRQRUV�DQG�ZH�DQDO\]HG�F\WRNLQH�SURÀOHV�DQG�WKH�LPPXQR-
phenotype of lymphocytes in long-term recipients grouped according to their infection and GvHD history.
Results: :H�IRXQG�QR�GLIIHUHQFHV�LQ�WKH�SURLQÁDPPDWRU\�F\WRNLQHV�EHWZHHQ�DOOR�+&7�UHFLSLHQWV�DQG�WKHLU�UHVSHFWLYH�
GRQRUV�� RU� EHWZHHQ� UHFLSLHQWV� JURXSHG� DFFRUGLQJ� WR� WKHLU� LQIHFWLRXV� ULVN� VWDWXV�� ,PPXQRSKHQRW\SLQJ� RI� UHFLSLHQWV�
grouped according to their GvHD status revealed an increased percentage of B-cell presenting programmed death-1 in 
UHFLSLHQWV�ZLWKRXW�D�KLVWRU\�RI�*Y+'�
Conclusions:� $� ODFN� RI� GLIIHUHQFHV� LQ� SURLQÁDPPDWRU\� F\WRNLQHV� FRQFHQWUDWLRQV� EHWZHHQ� UHFLSLHQWV� DQG� GRQRUV� RI�
DOOR�+&7�ZRXOG�VXJJHVW� WKDW�DOOR�+&7�GRHV�QRW� LQGXFH�DFFHOHUDWLRQ�RI� WKH� ¶LQÁDPPDJLQJ·�UHVHPEOLQJ�SKHQRPHQRQ��
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Introduction

The introduction of allogeneic hematopoietic cell trans-
plantation (DOOR�+&7��DV�D standard method of treatment 
for several malignant and non-malignant hematological 
GLVHDVHV�KDV�FUHDWHG�DQ�H[FHOOHQW�SODWIRUP�XSRQ�ZKLFK�
to study human immunology and cell senescence. Since 
only a small percentage of the donor stem cells pool is 
collected and infused into the donor to engraft and recon-
stitute hematopoiesis, the cells are exposed to immense 
proliferative stress.

+RZHYHU��VXFFHVVIXO�DOOR�+&7� UHTXLUHV�DOVR� WKDW� WZR�
important immunological barriers be overcome: host ver-
sus graft and graft versus host. Graft-versus-host reaction 
results from the exposure of lymphoid donor cells to the 
UHFLSLHQW�DQWLJHQV�ZKLFK�LQGXFH�GRQRU�O\PSKRF\WH�DFWLYD-
WLRQ�DQG�SUROLIHUDWLRQ��3DUWLDOO\�LQ�SDWLHQWV�ZLWK�PDOLJQDQW�
GLVHDVHV��WKLV�UHDFWLRQ�LV�UHVSRQVLEOH�IRU�+&7·V�VXFFHVV�LQ�
eradicating the residual malignant cells (graft-versus-leu-
NHPLD�UHDFWLRQ���+RZHYHU��LW�PD\�DOVR�OHDG�WR�XQGHVLUDEOH�
FRPSOLFDWLRQV�VXFK�DV�JUDIW�YHUVXV�KRVW�GLVHDVH��*Y+'��UH-
sembling autoimmune diseases affecting several host or-
gans. To prevent and control symptoms of graft versus host 
reaction, immunosuppressive agents disrupting lymphocyte 
proliferation (such as methotrexate and calcineurin inhibi-
WRUV��DUH�URXWLQHO\�DGPLQLVWHUHG�DIWHU�WUDQVSODQWDWLRQ��$�NH\�
role in GvHD is played by donor T cell lymphocytes but also 
%�O\PSKRF\WHV�>����@��,QYROYHG�GRQRU�O\PSKRF\WHV�XQGHUJR�
DQ�DGGLWLRQDO�LQWHQVLYH�SUROLIHUDWLRQ�ZKLFK�PD\�FRQWULEXWH�WR�
the accelerated telomere shortening in donor lymphocytes.

All of the above lead to the immense proliferative activi-
W\�RI�WKH�FHOOV��LQFOXGLQJ�O\PSKRF\WHV�LQ�DOOR�+&7�UHFLSLHQWV��
:H�K\SRWKHVL]HG�WKDW�WKLV�FRXOG�OHDG�QRW�RQO\�WR�DFFHOHUDWHG�
telomeric shortening but also to immunophenotypic chang-
es characteristic of natural aging. Healthy human ageing 
process includes in its characteristics the phenomenon of 
¶LQÁDPPDJLQJ·��,W�PD\�EH�GHÀQHG�DV�FKURQLF��ORZ�JUDGH�LQ-
ÁDPPDWLRQ��ZLWKRXW�WKH�SUHVHQFH�RI�LQIHFWLRQ��,Q�ELRFKHP-
LFDO�HYDOXDWLRQ�LW�SUHVHQWV�ZLWK�LQFUHDVHG�FRQFHQWUDWLRQV�
RI�SURLQÁDPPDWRU\�F\WRNLQHV�GXH�WR�DQWLJHQLF�VWLPXODWLRQ�
over a lifespan of an individual >�@�

,W�LV�DOVR�ZHOO�NQRZQ�WKDW�WKH�FRQFHQWUDWLRQ�RI�VRPH�SUR-
LQIODPPDWRU\�F\WRNLQHV�>VXFK�DV�tumor necrosis fac tor D  

(TNF�Ơ��� LQWHUOHXNLQ� �,/���@� LQFUHDVHV��ZKHUHDV�RWKHUV� 
GHFUHDVH� �VXFK�DV� ,/�����GXULQJ� WKH�FRXUVH�RI� FKURQLF�
*Y+'�>�²�@�

:H�UHSRUWHG�UHFHQWO\�RXU�REVHUYDWLRQV�UHJDUGLQJ� WKH�
changes in immunophenotype and shortened telomeres 
LQ�&'���O\PSKRF\WH�VXESRSXODWLRQ�LQ�ORQJ�WHUP�DOOR�+&7�
UHFLSLHQWV�FRPSDUHG�WR�WKHLU�UHVSHFWLYH�GRQRUV�>�@��+HUH��
ZH�SUHVHQW�GDWD�RQ�WKH�SURLQÁDPPDWRU\�F\WRNLQH�SURÀOH�
of the same population of patients, i.e. long-term recipi-
HQWV�RI�DOOR�+&7�DQG�WKHLU�UHVSHFWLYH�GRQRUV��WR�GHWHUPLQH�
ZKHWKHU�DOOR�+&7�OHG�WR�WKH�FKDQJHV�LQ�WKH�SURLQÁDPPDWR-
U\�F\WRNLQHV��0RUHRYHU��ZH�FRPSDUHG�WKH�LPPXQRSKHQR-
type of the recipients grouped according to their infection 
and cGvHD status.

Material and methods

7KH�FRQWHQW�RI� WKH�PDWHULDOV�DQG�PHWKRGV�VHFWLRQ�ZHUH�
DGDSWHG�IURP�&]DUQRJyUVNL�HW�DO�������>�@�

Patients
7KH�VWXG\�FRQVLVW�RI����DOOR�+&7�UHFLSLHQW�GRQRU�SDLUV��7KH�
VSDQ� IURP�WKH� WUDQVSODQWDWLRQ�ZDV�PRUH� WKDQ����\HDUV�
DJR��7KH�VWXG\�ZDV�FRQGXFWHG�DW�8QLYHUVLW\�&OLQLFDO�&HQWHU��
0HGLFDO�8QLYHUVLW\�RI�*GDQVN��)URP�DOO�SDUWLFLSDQWV� IXOO�
YHQRXV�EORRG�VDPSOH�ZDV�FROOHFWHG�����P/��

GvHD and infectious status assessment
3DWLHQWV�ZHUH�VWUDWLÀHG�DFFRUGLQJ�WR�WKHLU�KLVWRU\�RI�FKURQ-
LF�*Y+'�VWDWXV��\HV�YV��QR��DQG�LQIHFWLRXV�FRPSOLFDWLRQV�
DFFRUGLQJ�WR�DQ�LQIHFWLRQ�ULVN�VWDWXV�VFRUH�GHYHORSHG�IRU�
WKH�SXUSRVH�RI�WKLV�VWXG\�>�@�

Peripheral blood mononuclear cells  
and lymphocyte isolation
3HUSKHUDO�EORRG�PRQRQXFOHDU�FHOOV� FROOHFWLRQ�ZDV�SHU-
IRUPHG� IURP� IXOO� YHQRXV� EORRG� ZLWK� )LFROO�+\SDTXH�
FHQWULIXJDWLRQ�WHFKQLTXH��)ROORZLQJ�O\PSKRF\WH�LVRODWLRQ�
ZDV� SHUIRUPHG�E\� LPPXQRPDJQHWLF� VHSDUDWLRQ�� 7KH�
O\PSKRF\WH�VXESRSXODWLRQV�ZHUH�7&'����7&'����%�O\P-
SKRF\WHV�DQG�QDWXUDO� NLOOHUV� �1.�� FHOOV�� 7KH�TXDOLW\� RI�
FROOHFWHG�PDWHULDO�ZDV�DVVHVVHG�DFFRUGLQJ�WR�YDOLGDWHG�
SURWRFROV�>����@�
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3URLQÁDPPDWRU\�F\WRNLQH�FRQFHQWUDWLRQV
3URLQIODPPDWRU\� F\WRNLQHV�FRQFHQWUDWLRQV� �,/��%�� ,/���� 
IL-4, IL-6, IL-10, TNF-D�DQG�,/���)��ZHUH�DVVHVVHG�ZLWK�ÁRZ�
F\WRPHWU\��7KH�UHVXOWV�ZKLFK�GLG�QRW�UHDFK�WKH�UHIHUHQFH�
ZHUH�H[FOXGHG�IURP�WKH�VWXG\�

Immunophenotyping
,PPXQRSKHQRW\SLQJ�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�SURWRFRO�
XVHG�E\�&]DUQRJyUVNL�HW�DO��>�@�

Statistical analysis
7KH�VWDWLVWLFDO�DQDO\VLV�ZDV�SHUIRUPHG�E\�67$7,67,&$������
DQG�ZLWK�0LFURVRIW�([HO��GHWDLOHG�DQDO\VLV�ZDV�GHVFULEHG�
DFFRUGLQJ� WR�&]DUQRJyUVNL�HW�DO�� >�@��7KH�:�6KDSLUR�:LON�
WHVW��DQG�WKH�/HYHQ·V��%URZQ�)RUV\WKH��WHVW�ZHUH�XVHG��7KH�
VLJQLÀFDQFH�RI�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�JURXSV��LQGH-
SHQGHQW�VDPSOHV�PRGHO��ZDV�WHVWHG�E\�6WXGHQW·V�t-test or 
E\�8�0DQQ�:KLWQH\��7KH�VLJQLÀFDQFH�RI�GLIIHUHQFHV�EHWZHHQ�
PRUH�WKDQ�WZR�JURXSV�ZDV�YHULÀHG�XVLQJ�WKH�.UXVNDO�:DOOLV�
WHVW�� ,Q� WKH�FDVH�RI� UHFHLYLQJ�VWDWLVWLFDOO\�VLJQLÀFDQW�GLI-
IHUHQFHV�EHWZHHQ�JURXSV��WKH�'XQQ�WHVW�ZDV�SHUIRUPHG�� 
A p�YDOXH�������ZDV�FRQVLGHUHG�VLJQLÀFDQW�

Results

Patient characteristics
The time from Tx to full venous blood cytometric analysis 
ZDV�DW� OHDVW����\HDUV�ZLWK� UDQJH���²���\HDUV� �PHGLDQ�
�����\HDUV���7KH�SRSXODWLRQ�VWXGLHG�FRQVLVWHG�RI����PDOHV�
and 8 females. The prevalence of chronic graft versus host 
GLVHDVH�DPRQJ�UHFLSLHQWV�ZDV������,QIHFWLRQ�ULVN�VWDWXV�
ZDV�DVVHVVHG�DFFRUGLQJ�WR�&]DUQRJyUVNL�HW�DO��>�@�����ORZ�
ULVN�UHFLSLHQWV�DQG���KLJK�ULVN�UHFLSLHQWV�

3URLQÁDPPDWRU\�F\WRNLQH�FRQFHQWUDWLRQV
6XUSULVLQJO\��ZH�KDYH�IRXQG�QR�VWDWLVWLFDOO\�VLJQLÀFDQW�GLI-
IHUHQFHV�LQ�WKH�FRQFHQWUDWLRQV�RI�WKH�F\WRNLQHV��71)�D, IL-6, 
,/�����7DEOH�,���7KH�UHVXOWV�RI�DVVHVVPHQW�RI�,/���)��,/��E, 
,/����,/���FRQFHQWUDWLRQV�ZHUH�RXW�RI�UDQJH��WKHUHIRUH�WKH\�
could not be included into analysis.

1HLWKHU�ZH�KDYH�IRXQG�DQ\�GLIIHUHQFHV�EHWZHHQ�UHFLSLHQWV�
ZKHQ�JURXSHG�DFFRUGLQJ�WR�LQIHFWLRQ�ULVN�VWDWXV��7DEOH�,,��

Immunophenotype of allo-HCT recpients 
grouped according to chronic GvHD history
7KH�DQDO\VLV�RI�LPPXQRSKHQRW\SH�RI�WKH�DOOR�+&7�UHFLSLHQWV�
JURXSHG�DFFRUGLQJ�WR�F*Y+'�KLVWRU\�VKRZHG�QR�VLJQLÀFDQW�
differences (see�6XSSOHPHQWDU\�7DEOH�����ZLWK�WKH�H[FHSWLRQ�
RI�D�IHZ�SDUDPHWHUV�VXFK�DV�7UHJ�+HOLRV�(RPHV���%��3'����
%��3'���DQG�&���3'����/\PSKRF\WHV�%�LQ�UHFLSLHQWV�RI�
DOOR�+&7�ZKR�GLG�QRW�GHYHORS�F*Y+'�KDG�JUHDWHU�H[SUHVVLRQ�
RI�3'����7DEOH�,,,��

Table I. 5HFLSLHQWV�DQG�GRQRUV�RI�KHPDWRSRLHWLF�FHOO�WUDQVSODQWD-
WLRQ�³�F\WRNLQHV�FRQFHQWUDWLRQV

Parameter R D p value

,/���>QJ�/@� N = 20 N = 20 0.5792*

• avr (standard 
GHYLDWLRQ�

����������� �����������

• range 0.38–5.42 0.07–9.53

• median 0.58 0.72

• ����&, 0.44–1.54 0.50–2.72

,/����>QJ�/@� N = 19 N = 18 0.5333*

• avr (standard 
GHYLDWLRQ�

����������� �����������

• range 0.01–3.20 0.15–3.04

• median 0.42 0.52

• ����&, 0.25–0.91 0.36–1.07

TNF-D�>QJ�/@� N = 18 N = 19 0.3234*

• avr (standard 
GHYLDWLRQ�

����������� �����������

• range 0.01–6.78 0.02–8.51

• median 0.33 0.22

• ����&, 0.01–1.54 –0.09–1.75

8�0DQQ�:KLWQH\�WHVW��,/�³�LQWHUOHXNLQ��&,�³�FRQÀGHQFH�LQWHUYDO��71)�D — tumor necrosis factor D

Table II. 5HFLSLHQWV�JURXSHG�DFFRUGLQJ�WR�LQIHFWLRQ�ULVN�VWDWXV�³�
F\WRNLQHV�FRQFHQWUDWLRQV

Parameter /RZ�ULVN Intermediate/ 
�KLJK�ULVN

p value

,/���>QJ�/@� N = 12 N = 8 0.3159*

• avr (standard 
GHYLDWLRQ�

����������� �����������

• range 0.38–5.42 0.48–1.10

• median 0.52 0.61

• ����&, 0.24–2.14 0.52–0.86

,/����>QJ�/@� N = 11 N = 8 0.9671*

• avr (standard 
GHYLDWLRQ�

����������� �����������

• range 0.01–3.20 0.11–0.87

• median 0.48 0.39

• ����&, 0.09–1.27 0.23–0.67

TNF-D�>QJ�/@� N = 12 N = 6 0.1898*

• avr (standard 
GHYLDWLRQ�

����������� �����������

• range 0.09–6.78 0.01–0.62

• median 0.37 0.28

• ����&, –0.15–2.19 0.07–0.49

8�0DQQ�:KLWQH\�WHVW��,/�³�LQWHUOHXNLQ��&,�³�FRQÀGHQFH�LQWHUYDO��71)�D — tumor necrosis factor D
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Discussion

,Q�WKLV�VWXG\��ZH�WULHG�WR�DQVZHU�WKH�TXHVWLRQ�RI�ZKHWKHU�
DOOR�+&7�DFFHOHUDWHV�WKH�DJLQJ�RI�WKH�KHPDWRSRLHWLF�V\VWHP�
E\�GHWHUPLQLQJ�WKH�GLIIHUHQFHV�LQ�F\WRNLQH�SURÀOH�EHWZHHQ�
ORQJ�WHUP�DOOR�+&7�VXUYLYRUV�DQG�WKHLU� UHVSHFWLYH�GRQRUV�
RI�DOOR�+&7�

6WXG\LQJ�GRQRU�UHFLSLHQW�SDLUV�FUHDWHV�D�XQLTXH�PRGHO�
LQ�ZKLFK�GRQRU�FHOOV�UHPDLQLQJ�LQ�WKH�GRQRU�FRXOG�EH�FRP-
pared to the donor cells infused into respective recipients. 
:H�ZHUH�SDUWLFXODUO\�LQWHUHVWHG�LQ�WKH�IHDWXUHV�RI�SRVWXODW-
HG�¶LQÁDPPDJLQJ·��:H�DOVR�FRPSDUHG�WKH�VDPH�F\WRNLQH�
SURÀOH�RI�WKH�UHFLSLHQWV�ZKHQ�JURXSHG�DFFRUGLQJ�WR�LQIHF-
WLRXV�VWDWXV��ORZ�YV�LQWHUPHGLDWH�KLJK���see�&]DUQRJyUVNL�
HW�DO��>�@���:H�K\SRWKHVL]HG�WKDW�DOOR�+&7�UHFLSLHQWV�VKRXOG�
KDYH�KLJKHU�FRQFHQWUDWLRQV�RI�SURLQÁDPPDWRU\�F\WRNLQHV�
DV�D�UREXVW�LQGLFDWRU�RI�DJLQJ��:H�DOVR�K\SRWKHVL]HG�WKDW�
ORZ�ULVN�UHFLSLHQWV�DFFRUGLQJ�WR�WKHLU�LQIHFWLRQ�VWDWXV�ZRXOG�
KDYH�LQFUHDVHG�FRQFHQWUDWLRQV�RI�WKH�VDPH�F\WRNLQHV�DV�
DQ�DGDSWDWLRQ�IRU�ÀJKWLQJ�WKH�LQIHFWLRQV�

3K\VLRORJLFDOO\��WKH�SURLQÁDPPDWRU\�F\WRNLQH�SURÀOH�RI�
ROGHU�SHRSOH�LV�FKDUDFWHUL]HG�E\�LQFUHDVHG�FRQFHQWUDWLRQV�

RI�WKH�DIRUHPHQWLRQHG�F\WRNLQHV��,/��%�� ,/���� ,/����71)�D, 
,/����,/�����,/�����,/�����,/������7KHVH�FRQFHQWUDWLRQV�KRZ-
ever do not exceed the upper reference range. Hence, in-
ÁDPPDJLQJ� LV�GHÀQHG�DV�WKH�SURFHVV�RI�FKURQLF��VWHULOH��
ORZ�JUDGH�LQÁDPPDWLRQ�

7KHUH� LV�QR�GDWD�RQ� LQÁDPPDJLQJ� LQ�D�SRSXODWLRQ�RI�
DOOR�+&7�VXUYLYRUV�FRPSDUHG�WR�WKHLU�UHVSHFWLYH�UHFLSLHQWV�
VHUYLQJ�DV�FRQWUROV��:H�GLG�QRW�ÀQG�DQ\�VWDWLVWLFDOO\�VLJQLI-
icant differences in IL-6, IL-10 and TNF-D concentrations, 
HLWKHU�EHWZHHQ�PDLQ�JURXSV��UHFLSLHQWV�YV��GRQRUV��QRU�EH-
WZHHQ�UHFLSLHQWV�JURXSHG�DFFRUGLQJ�WR� LQIHFWLRQ�ULVN�VWD-
WXV��2XU�GDWD�GLG�QRW�FRQÀUP�RXU�LQLWLDO�K\SRWKHVLV�WKDW�DO-
OR�+&7�DFFHOHUDWHV�WKH�LQÁDPPDJLQJ�UHVHPEOLQJ�SURFHVV�

:H�DOVR�GLG�QRW� ILQG�DQ\�GLIIHUHQFHV�EHWZHHQ� ORZ�
DQG� LQWHUPHGLDWH�KLJK�ULVN�UHFLSLHQWV�VWUDWLILHG�E\� WKHLU�
LQIHFWLRQ�VWDWXV��ZKLFK�FRXOG� LPSO\� WKDW� LQIHFWLRXV� ULVN�
is not directly connected to the efficacy of one’s innate 
LPPXQH�UHVSRQVH��,W�ZRXOG�LPSO\�WKDW�DOORJHQHLF�KHPD-
topoietic cells transplantation by itself does not impact 
WKH�LQIODPPDJLQJ�>�@��+RZHYHU��WKH�LVVXH�UHPDLQV�FRQWUR-
YHUVLDO�VLQFH�FKURQLF�ORZ�JUDGH�LQIODPPDWLRQ��LQIODPPDJ-
LQJ��LV�D�ZHOO�HVWDEOLVKHG�ULVN�IDFWRU�IRU�GHYHORSLQJ�QHR-
SODVLD�>������@�ZKLFK�FRXOG�EH�GHEDWDEOH�LQ�WKH�SRSXOD-
WLRQ�RI�RXU�DOOR�+&7�VXUYLYRUV�VLQFH�WKH\�ZHUH�GLDJQRVHG�
ZLWK�KHPDWRORJLFDO�PDOLJQDQFLHV�LQ�WKHLU����V�DQG����V��
On the other hand, there is ample data on the reduction 
RI�UHODSVH�ULVN�DIWHU�DOOR�+&7�LQ�SDWLHQWV�ZKR�GHYHORSHG�
FKURQLF�*Y+'�WKDW�LV�LQ�IDFW�D�FKURQLF�LQIODPPDWLRQ�>��@��
Moreover, it is difficult to differentiate if heightened con-
FHQWUDWLRQV�RI�SURLQIODPPDWRU\�F\WRNLQHV�DIWHU�DOOR�+&7�UH-
VXOW�IURP�FKURQLF�*Y+'�>��@�RU�SRVVLEO\�DUH�DQ�DGDSWDWLRQ�
for fighting the infection. There is some data correlating 
the occurrence of inflammaging and immune exhaustion 
in some hematological malignancies, such as plasmo-
F\WLF�P\HORPD�>��@��7KXV��LW�LV�FKDOOHQJLQJ�WR�GHWHUPLQH�
ZKHWKHU�WKH�LQIODPPDJLQJ�IHDWXUHV�DUH�GXH�WR�ROGHU�DJH�
or to the neoplasia itself.

Surprisingly, the incidence of chronic GvHD also did not 
impact any studied parameters, especially immunopheno-
W\SH�ZLWK�WKH�H[FHSWLRQ�RI�%�FHOOV�H[SUHVVLQJ�3'���ZKLFK�
VHUYHV�DV�WKH�SURJUDPPHG�GHDWK�OLJDQG����3'�/���UHFHSWRU�
DQG�SOD\V�D�UROH�LQ�PRGXODWLQJ�LPPXQH�UHVSRQVH�>��@��:H�
also found no differences in T-cells expressing PD-1. An in-
creased percentage of B-cells presenting PD-1 in recipients 
ZLWKRXW�FKURQLF�*Y+'�LQ�DQDPQHVLV�LV�GLIÀFXOW�WR�LQWHUSUHW��
Those differences in receptor expression in antigen-pre-
VHQWLQJ�FHOOV� �$3&V��VXFK�DV�%�FHOOV�VHHP�WR�EH� LQVLJQLI-
LFDQW�RU�DFFLGHQWDO��7KH� ODFN�RI�GLIIHUHQFHV� LQ� ORQJ�WHUP�
����\HDUV��IURP�7[��UHFLSLHQWV�RI�DOOR�+&7�ZKHQ�JURXSHG�
according to cGvHD history may suggest that the immune 
V\VWHP�WHQGV�WR�VWDELOL]H�LQ�WKH�\HDUV�IROORZLQJ�7[��0DQ\�
factors might explain such notion, that is immune suppres-
sion used, history of chronic degenerative diseases, GvHD 
resolution and small number of participants. Our study has 

Table III. 5HFLSLHQWV�JURXSHG�DFFRUGLQJ�WR�FKURQLF�JUDIW�YHUVXV-
�KRVW�GLVHDVH��F*Y+'��VWDWXV�³�LPPXQRSKHQRW\SH

Parameter cGvHD Without 
cGvHD p value

Treg Helios–Eomes: 0.0227

• avr (standard devia-
WLRQ�

��������� ���������

• range 2.4–5.4 4.2–19.1

• median 4.6 7.2

• ����&, 2.7–5.5 5.2–12.1

B1 PD1: 0.0147

• avr (standard devia-
WLRQ�

��������� ����������

• range 0.2–8.7 3.6–18.7

• median 3.7 9.7

• ����&, 1.2–6.9 6.4–14.3

B2 PD1: 0.0448

• avr (standard devia-
WLRQ�

��������� ���������

• range 0.1–2.1 0.6–6.2

• median 0.5 1.1

&'���3'�� 0.0147

• avr (standard devia-
WLRQ�

��������� ���������

• range 0.2–2.9 1.2–8.9

• median 0.9 3.0

• ����&, 0.2–2.2 1.6–4.9
6'�³�VWDQGDUG�GHYLDWLRQ��&,�³�FRQÀGHQFH�LQWHUYDO
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VHYHUDO� OLPLWDWLRQV��)LUVWO\�� LW�ZDV�SHUIRUPHG�LQ� ORQJ�WHUP�
VXUYLYRUV�ZKR�ZHUH�DEOH�WR�ÀJKW�LQIHFWLRQV�VXFFHVVIXOO\�DQG�
ZKRVH�F*Y+'�VWDWXV�EHFDPH�VWDEOH��6HFRQGO\��WKH�UHVXOWV�
DUH�DIIHFWHG�E\�WKH�VPDOO�SRSXODWLRQ�����SDLUV��DQG�XQIRU-
WXQDWHO\�WKH�UHVXOWV�RI�VRPH�F\WRNLQHV�DVVD\V�ZHUH�RXW�RI�
UDQJH��ZKLFK�PLJKW�EH�UHODWHG�WR�ODERUDWRU\�HUURUV��8QIRU-
WXQDWHO\��ZH�ZHUH�XQDEOH�WR�UHSHDW�WHVWV�ZLWK�RXW�RI�UDQJH�
results due to sample destruction during an electricity out-
DJH��1HYHUWKHOHVV��RXU�UHVXOWV�PD\�VXJJHVW�WKDW�DOOR�+&7�
does not accelerate the aging of the hematopoietic system 
GHVSLWH�D�FOHDU�UHGXFWLRQ�RI�WHORPHUH�VKRUWHQLQJ�LQ�VSHFLÀF�
cell populations and some immunophenotypic differences 
UHSRUWHG�E\�XV�>�@�
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Supplementary Table 1.�&RPSDUDWLYH�FKDUDFWHULVWLFV�RI�DOORJHQHLF�KHPDWRSRLHWLF�FHOO�WUDQVSODQWDWLRQ�UHFLSLHQWV�LPPXQRSKHQRW\SH�ZKHQ�
grouped according to graft-versus-host disease status

Parameter p value Parameter p value Parameter p value

B1 0.1193 1.�&'�� 0.5508 B1 PD1 0.0147

B2 0.0973 1.�&'���GLP 0.2548 B2 0.2123

&'�� 0.6511 1.�&'���KLJK 0.2548 B2 Fas 0.9567

&'� 0.9599 NK Eomes 0.9567 B2 PD1 0.0448

DNT 0.4808 NK Perforin 0.7042 &'�� 0.9567

NK 0.7595 1.7�OLNH 1.00 &'���)DV 0.9567

1.�&'���GLP 0.9512 Q1 0.5508 &'���3'� 0.0147

1.�&'���KLJK 0.4624 4��&'�� 0.8708 &'��&'���&'��² 0.3290

1.7�OLNH 0.0662 Q1 Eomes 0.3566 &'��&'���&'��� 0.2123

7�&'� 0.7250 Q1 IL10 0.5508 &'��&'��²&'��² 0.4808

7�&'� 0.9567 Q1 Perforin 0.0827 &'��&'��²&'��� 0.7042

B1 0.0927 Q2 0.9567 &'��&'�� 0.3566

%��&'�� 0.4159 4��&'�� 0.3028 &'��&'�� 0.3028

B1 Eomes 0.3566 Q2 Eomes 0.7863 &'��)DV/ 0.8283

B1 IL10 0.1752 Q2 IL10 0.1585 &'��3'�� 0.6255

B2 0.0927 Q2 Perforin 0.1752 &'��&'���&'��² 0.7683

%��&'�� 0.7449 Q3 0.3290 &'��&'���&'��� 0.1949

B2 Eomes 0.0577 4��&'�� 0.7042 &'��&'��²&'��² 0.6800

B2 IL10 0.6255 Q3 Eomes 0.2123 &'��&'��²&'��� 0.5959

&'�� 0.4808 Q3 IL10 0.1931 &'��&'�� 0.7683

&'���&'�� 0.4159 Q3 Perforin 0.8708 &'��&'�� 0.6800

&'���(RPHV 0.0448 57( 0.1158 &'��3'�� 0.3165

&'���,/�� 0.4477 7�&'� 0.7863 DNT 0.3566

&'� 0.6255 7�&'� 0.7863 Memory B 0.0735

&'��&'�� 0.4808 Treg FoxP3 0.9567 NK 0.2123

&'��&0 0.3028 7UHJ�)R[3��&'�� 0.6255 1.�&'�� 0.7449
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0LFKDâ�&��&]DUQRJyUVNL�HW�DO���/RQJ�WHUP�DOOR�+&7�VXUYLYRUV�SURLQÁDPPDWRU\�SURÀOH�GHSHQGLQJ�RQ�*Y+'�DQG�LQIHFWLRQ�VWDWXV

Parameter p value Parameter p value Parameter p value

&'��(0 0.7042 Treg FoxP3 Eomes 0.9136 1.�&'�� 0.8708

&'��(RPHV 1.00 Treg FoxP3 IL10 0.0735 1.�&'���GLP 0.2123

&'��,/�� 0.5508 Treg FoxP3 Perforin 0.2548 1.�&'���KLJK 0.5508

&'��1DLYH 0.9567 Treg Helios– 0.6255 1.�&'�� 0.3566

&'��3HUIRULQ 0.0577 7UHJ�+HOLRV²�&'�� 0.3566 NK PD-1 0.6255

&'��7HPUD 0.7863 Treg Helios– Eomes 0.0227 1.7�OLNH 0.9567

&'��&'�� 0.8137 Treg Helios– IL10 0.1752 Q1 0.8708

&'��&0 0.3768 Treg Helios– Perforin 0.2548 4��&'�� 0.9567

&'��(0 0.0875 7UHJ�+HOLRV� 0.7042 4��&'�� 0.1431

&'��(RPHV 0.2159 7UHJ�+HOLRV��&'�� 0.7042 4��&'�� 0.2123

&'��1DLYH 0.2629 7UHJ�+HOLRV��(RPHV 0.0577 Q1 FasL 0.7863

&'��3HUIRULQ 0.3768 7UHJ�+HOLRV��,/�� 0.0927 Q1 PD-1 0.3566

&'��7HPUD 0.953 7UHJ�+HOLRV��3HUIRULQ 0.6255 Q2 0.9567

DNT 0.4159 B1 0.2123 4��&'�� 0.7449

NK 0.2123 B1 Fas 0.8708 4��&'�� 0.5508

4��&'�� 0.0735 &'� 0.9567 7UHJ�)R[3��&;&5� 0.1431

Q2 FasL 0.4159 &'��&'��� 0.6255 Treg FoxP3 TIGIT 0.7863

Q2 PD-1 0.9567 &'��&;&5� 0.7042 Treg Helios– 0.4808

Q3 0.1158 &'��&;&5� 0.1431 7UHJ�+HOLRV²�&&5� 0.5508

4��&'�� 0.3566 &'��7,*,7 0.4477 7UHJ�+HOLRV²�&'��� 0.7042

4��&'�� 0.7449 &'��&;&5� 0.7683 7UHJ�+HOLRV²�&;&5� 0.4159

4��&'�� 0.0057 &'��&;&5� 0.1116 7UHJ�+HOLRV²�&;&5� 0.6255

Q3 FasL 0.1431 &'��7,*,7 0.5169 Treg Helios– TIGIT 0.7042

Q3 PD-1 0.0577 DNT 0.4159 7UHJ�+HOLRV� 0.5508

7�&'� 0.7042 NK 0.2123 7UHJ�+HOLRV��&&5� 0.8708

7�&'� 0.6255 1.�&&5� 0.4477 7UHJ�+HOLRV��&'��� 0.7042

Treg FoxP3 0.9567 1.�&'���GLP 0.2123 7UHJ�+HOLRV��&;&5� 0.6255

7UHJ�)R[3��&'�� 0.1037 1.�&'���KLJK 0.4159 7UHJ�+HOLRV��&;&5� 0.4808

7UHJ�)R[3��&'�� 0.7042 1.�&;&5� 0.2548 7UHJ�+HOLRV��7,*,7 0.8708

7UHJ�)R[3��&'�� 0.0735 1.�&;&5� 0.3566

Treg FoxP3 FasL 0.1931 NK TIGIT 0.4808

Treg FoxP3 PD-1 0.4808 1.7�OLNH 0.9567

Treg Helios– 0.0735 Q1 0.5508

7UHJ�+HOLRV²�&'�� 0.9567 4��&&5� 0.4159

7UHJ�+HOLRV²�&'�� 0.3028 4��&'��� 0.5876

7UHJ�+HOLRV²�&'�� 0.0577 4��&;&5� 0.8708

Treg Helios– FasL 0.2781 4��&;&5� 0.1431

Treg Helios– PD-1 0.4808 Q1 TIGIT 0.3028

7UHJ�+HOLRV� 0.7863 Q2 0.8708

7UHJ�+HOLRV��&'�� 0.1585 4��&&5� 0.9567

7UHJ�+HOLRV��&'�� 0.8708 4��&'��� 0.3028

7UHJ�+HOLRV��&'�� 0.0079 4��&;&5� 0.4477

Supplementary Table 1 (cont.).�&RPSDUDWLYH�FKDUDFWHULVWLFV�RI�DOORJHQHLF�KHPDWRSRLHWLF�FHOO�WUDQVSODQWDWLRQ�UHFLSLHQWV�LPPXQRSKHQRW\SH�
ZKHQ�JURXSHG�DFFRUGLQJ�WR�JUDIW�YHUVXV�KRVW�GLVHDVH�VWDWXV
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Parameter p value Parameter p value Parameter p value

7UHJ�+HOLRV��)DV/ 0.3028 4��&;&5� 0.9567

7UHJ�+HOLRV��3'�� 0.7863 Q2 TIGIT 0.2548

B1 0.0927 Q3 0.4159

%��&&5� 0.3566 4��&&5� 0.7863

%��&'��� 0.0735 4��&'��� 0.6255

%��&;&5� 0.2548 4��&;&5� 0.7042

B2 0.0577 4��&;&5� 0.4808

%��&&5� 0.7449 Q3 TIGIT 0.6644

%��&'��� 0.3028 7�&'� 0.8708

%��&;&5� 0.4477 7�&'� 0.8708

&'�� 0.4159 Treg FoxP3 0.9567

&'���&&5� 0.4159 7UHJ�)R[3��&&5� 0.7042

&'���&'��� 0.1752 7UHJ�)R[3��&'��� 0.7042

&'���&;&5� 0.7042 7UHJ�)R[3��&;&5� 1.00

8�0DQQ�:KLWQH\

Supplementary Table 1 (cont.).�&RPSDUDWLYH�FKDUDFWHULVWLFV�RI�DOORJHQHLF�KHPDWRSRLHWLF�FHOO�WUDQVSODQWDWLRQ�UHFLSLHQWV�LPPXQRSKHQRW\SH�
ZKHQ�JURXSHG�DFFRUGLQJ�WR�JUDIW�YHUVXV�KRVW�GLVHDVH�VWDWXV
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Summary
Human ageing is by far one of the most complex biological phenomena which affects all cells 
and tissues, leading to gradual loss of function, decrement in proliferative activity, and im-
paired cellular response. One of the key mechanisms of cellular ageing is proliferative stress 
which results in telomeric attrition, DNA damage, and deposition of senescence-associated 
proteins. Allogeneic hematopoietic cells transplantation (allo-HCT) serves as a good model for 
cellular ageing. Here we review the ageing of the immune system and the impact of proliferative 
VWUHVV�RQ�ERWK�LQQDWH�DQG�DGDSWLYH�LPPXQH�UHVSRQVH��UHĠHFWHG�E\�LPPXQRVHQHVFHQFH�DQG�LQ-
IODPPDJHLQJ�SKHQRPHQD��LQ�WKH�FRQWH[W�RI�LDWURJHQLF�SUROLIHUDWLYH�VWUHVV�LQGXFHG�E\�DOOR�+&7�
.H\�ZRUGV��LPPXQRVHQHVFHQFH��LQIODPPDJHLQJ��DOOR�+&7��SUROLIHUDWLYH�VWUHVV�

J. Transf. Med.

Introduction

$JHLQJ�LV�D�XQLYHUVDO�ELRORJLFDO�SKHQRPHQRQ�
WKDW�DIIHFWV�DOPRVW�DOO� FHOOV� LQ�PRVW� OLYLQJ�RUJD-
QLVPV��+RZHYHU��QR�XQLYHUVDO�GHğQLWLRQ�RI�DJHLQJ�
H[LVWV�GXH�WR� LWV�FRPSOH[LW\�� ,W�FDQ�EH�GHVFULEHG�
DV� D�KLJKO\�KHWHURJHQHRXV�SURFHVV� WKDW� DIIHFWV�
DOO�WLVVXHV�DQG�V\VWHPV��OHDGLQJ�WR�D�JUDGXDO�ORVV�
RI�IXQFWLRQ��,Q�WKH�FRQWH[W�RI�FHOOXODU�DJHLQJ��LW�LV�
FKDUDFWHUL]HG�E\�G\VUHJXODWLRQ�RI� WKH�PLWRFKRQ-
GULD��IROORZLQJ�LQFUHDVHG�UHDFWLYH�R[\JHQ�VSHFLHV�
�526��SURGXFWLRQ��'1$�GDPDJH�� DQG� WHORPHULF�
VKRUWHQLQJ��1RZDGD\V��WKHUH�LV�D�JURZLQJ�WHQGHQF\�
WR�SHUFHLYH�DJHLQJ�QRW�RQO\�DV�D�GHWULPHQWDO�SUR-
FHVV�EXW�DOVR�DV�D�FRQVWDQW�DGDSWDWLRQ�WR�FKDQJLQJ�
LQWHUQDO�HQYLURQPHQW�RI�WKH�RUJDQLVP��ĴDGDSWDJH�
WKHRU\ĵ��>�@��7KH�QRWLRQ�RI�ĴDGDSWDJH�WKHRU\ĵ�ZDV�
GHYHORSHG�E\�SURI��7DPDV�)XORS�DQG�HQFRPSDVVHV�

DOO�DJH�DVVRFLDWHG�FKDQJHV�RI�WKH�LPPXQH�V\VWHP�
ZKLFK�VHUYHV�DV�DQ�DGDSWDWLRQ�WR�FKDQJLQJ�LQWHUQDO�
FRQGLWLRQV�RI�WKH�RUJDQLVP�LQ�FRQWUDVW�WR�WUDGLWLRQDO�
FRQFHSWLRQ�RI�WKRVH�FKDQJHV��SHUFHLYHG�DV�PDLQO\�
GHWULPHQWDO�>����@�

7R�EHWWHU�XQGHUVWDQG�WKDW�FRQFHSW�ZH�QHHG�WR�
JR�EDFN�WR�WKH�ğUVW�VWXGLHV�WKDW�RULJLQDWHG�WKH�ğHOG�
RI�DJHLQJ�RQ�D�PROHFXODU�OHYHO��6LQFH�WKH�����ĳV�ZH�
NQRZ�WKDW�FHOOV�GLYLGH�XQWLO� WKH\�UHDFK�VR�FDOOHG�
+D\ĠLFN�OLPLW��ZKLFK�LV�D�FHUWDLQ��ğQLWH�QXPEHU�RI�
FHOOXODU�GLYLVLRQV��EHIRUH�HQWHULQJ�VHQHVFHQFH��,W�
LV�GXH�WR�WHORPHULF�VKRUWHQLQJ�RFFXUULQJ�ZLWK�HDFK�
FHOOXODU�GLYLVLRQ�>����@��:KHQ�WHORPHUHV�VKRUWHQ�
WR�D�FHUWDLQ� OHQJWK��PHDVXUHG� LQ�EDVH�SDLUV� �ES���
IXUWKHU�GLYLVLRQV�DUH�LPSRVVLEOH�ZLWKRXW�GDPDJLQJ�
WKH�FHOOĳV�FRGLQJ�'1$��5HDFKLQJ�WKH�+D\ĠLFN�OLPLW�
LV� WKHUHIRUH� FRQVLGHUHG� SDUDOOHO�ZLWK� HQWHULQJ�
FHOOXODU�VHQHVFHQFH�RU�DSRSWRVLV� >�@��2QH�RI� WKH�

&RUUHVSRQGHQFH�DGGUHVV��SURI��GU�KDE��Q��PHG��-DQ�0��=DXFKD��&HQWHU�RI�1RQ�LQYDVLYH�0HGLFLQH���
XO��6PROXFKRZVNLHJR�������ļ����*GDñVN��3RODQG��SKRQH����������������IDNV����������������H�PDLO��M]DXFKD#JXPHG�HGX�SO
5HFHLYHG����������������������$FFHSWHG����������������������(DUO\�SXEOLFDWLRQ�GDWH������������
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ORDG�DUWLFOHV�DQG�VKDUH�WKHP�ZLWK�RWKHUV�DV�ORQJ�DV�WKH\�FUHGLW�WKH�DXWKRUV�DQG�WKH�SXEOLVKHU��EXW�ZLWKRXW�SHUPLVVLRQ�WR�FKDQJH�WKHP�LQ�DQ\�ZD\�RU�XVH�WKHP�FRPPHUFLDOO\�
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ZHOO�HVWDEOLVKHG�H[SODQDWLRQV�RI�WKLV�SKHQRPHQRQ�
PD\�EH�LPSDLUHG�UHSDLU�RI�WHORPHULF�'1$��GXH�WR�
KLJK�GHPDQG�RQ�WKH�UHSDLU�PDFKLQHU\��FDXVHG�E\�
GDPDJH�WR�'1$�E\�526��DFFRUGLQJ�WR�2ORYQLNRY�>�@��
ZKR�SURSRVHG�WKH�ĴWKHRU\�RI�PDUJLQRWRP\ĵ�ZKLFK�
SRVWXODWHV�VKRUWHQLQJ�RI�WKH�UHSOLFD�LQ�FRPSDULVRQ�
WR� WKH�'1$�WHPSODWH�� ,W�KDV�GLUHFWO\� OHG� WR� WKH�
GLVFRYHU\�RI� WHORPHUHV��7KRVH�WZR�VWXGLHV�JDYH�
D�PROHFXODU�EDVLV�IRU�WKH�GLVFRYHU\�RI�WKH�FHOOXODU�
VHQHVFHQFH�SKHQRPHQRQ��

,Q�WKLV�UHYLHZ��ZH�ZRXOG�OLNH�WR�IRFXV�RQ�WKH�
DJHLQJ�RI�RQH�RI� WKH�FUXFLDO� UHJXODWRU\�V\VWHPV��
QDPHO\�WKH�LPPXQH�V\VWHP��$�WKRURXJK�XQGHUVWDQ-
GLQJ�RI�WKH�DJHLQJ�RI�WKH�LPPXQH�V\VWHP�LV�FUXFLDO�
WR�DGMXVW�WKH�WUHDWPHQW�IRU�DJHG�LQGLYLGXDOV�LQ�WKH�
IXWXUH�DQG� IXUWKHU�GHYHORSPHQW�RI�SHUVRQDOL]HG�
WUHDWPHQW� WKDW� WDNHV� LQWR�FRQVLGHUDWLRQ�QRW�RQO\�
JHQRPLFV�EXW�DOVR�WKH�LPPXQH�SURğOH��+RZHYHU��
WKH�PDLQ�SXUSRVH�RI�RXU�UHYLHZ�LV�QRW�WR�ğQG�WKH�
SRWHQWLDO� WKHUDSHXWLF�PROHFXODU� WDUJHWV� EXW� WR�
EHWWHU�XQGHUVWDQG�KRZ�SUROLIHUDWLYH�VWUHVV��ZKLFK�
LV� WKH�FRPPRQ�GHQRPLQDWRU�RI�PDQ\�VWUHVVRUV��
LQĠXHQFHV�WKH�LPPXQH�V\VWHP��OHDGLQJ�WR�DJHLQJ�
DQG�DJH�UHODWHG�FKDQJHV��

7KH�DJHLQJ�RI� WKH� LPPXQH�V\VWHP�FRQVLVWV�
RI� WZR�SKHQRPHQD��PXWXDOO\�FRQQHFWHG��QDPHO\�
LPPXQRVHQHVFHQFH�DQG� LQĠDPPDJHLQJ��7KH�LP-
PXQRVHQHVFHQFH� LV�D�SODLQ�GHFOLQH� LQ�PDQ\� LP-
PXQH�SDUDPHWHUV�SUHGRPLQDQWO\�FRQFHUQLQJ�WKH�
DGDSWLYH�LPPXQLW\��DPRQJ�RWKHUV��WKH�QXPEHU�RI�
7&'�+��H[SUHVVLRQ�RI�&'����DQG�QDçYH�7&'�+�
FHOOV��ZKHUHDV�LQĠDPPDJHLQJ�LV�D�FKURQLF��VWHULOH��
QRQ�LQIHFWLRXV�� ORZ�JUDGH� LQĠDPPDWLRQ�IRXQG� LQ�
WKH�HOGHUO\�>�@��,W�LV�FDXVHG�E\�WKH�DFFXPXODWLRQ�RI�
SURLQĠDPPDWRU\�IDFWRUV�DQG�WKH�FKDQJH�RI�WKH�FHOOĳV�
�7�FHOOV� LQFOXGHG��SKHQRW\SH�WR�SURLQĠDPPDWRU\�
RQH��ZKLFK�RFFXUV�ZLWK�DJHLQJ�>�@��%RWK�LQĠDPPD-
JHLQJ�DQG�LPPXQRVHQHVFHQFH�SOD\�PDMRU�UROH�LQ�WKH�
GHYHORSPHQW�RI�DJH�UHODWHG�GLVHDVHV�>�@��KRZHYHU��
UHFHQW�ğQGLQJV�VXJJHVW�WKDW�WKH\�PD\�DOVR�VHUYH�
DV�DQ�DGDSWDWLRQ�SURFHVV�LQ�WKH�FRXUVH�RI�OLIH�RI�DQ�
LQGLYLGXDO��0RUHRYHU��LW�UHPDLQV�XQFOHDU�ZKHWKHU�
TXDQWLWDWLYH�DQG�TXDOLWDWLYH�FKDQJHV�LQ�WKH�LPPXQH�
FHOOV�DUH�WKH�UHVXOW�RI�WKH�DJHLQJ�SURFHVV�RU�DQ�DGDS-
WDWLRQ�WR�OLIH�ORQJ�H[SRVXUH�WR�SDWKRJHQV�>��@��8QWLO�
UHFHQWO\��LW�ZDV�DVVXPHG�WKDW�DJHLQJ�OHDGV�WR�DJH-
�UHODWHG�GLVHDVHV��$5'ĳV���VXFK�DV�FDUGLRYDVFXODU�
DQG�QHXURGHJHQHUDWLYH�GLVHDVHV��7KHLU�RFFXUUHQFH�
ZDV�FRUUHODWHG�ZLWK�DJH�UHODWHG�FKDQJHV� LQ� WKH�
LPPXQH�V\VWHP��LPPXQRVHQHVFHQFH��

9DFFLQH�UHVSRQVH�LQ�WKH�HOGHUO\�UHPDLQV�DGH-
TXDWH�ZKHQ�FRPSDUHG�ZLWK�\RXQJ�VXEMHFWV�>��@�DV�
ZHOO�DV�UHVSRQVH�IRU�LPPXQH�FKHFNSRLQW�LQKLELWRUV�
HYHQ�LQ�ROG�DJH�>��@��7KHUHIRUH��DJH�UHODWHG�FKDQ-

JHV�LQ�WKH�LPPXQH�V\VWHP�UHĠHFW�UDWKHU�LWV�DGDS-
WDWLRQ�>�@�WR�WKH�SUHVVXUH�RI�HQYLURQPHQWDO�IDFWRUV�

$OPRVW� DOO� DIRUHPHQWLRQHG� FKDQJHV� LQ� WKH�
LPPXQH�SDUDPHWHUV�VHHP�WR�KDYH�RQH�FRPPRQ�
GHQRPLQDWRU��ZKLFK� LV� WKH�SUROLIHUDWLYH�VWUHVV�� ,W�
FDQ�EH�VLPSO\�GHVFULEHG�DV�WKH�LQFUHDVHG�GHPDQG�
IRU� FHOOXODU� UHSOLFDWLRQ�GXH� WR� WKH�QHHG� WR�ğJKW�
SDWKRJHQV�� DXWRLPPXQH�SURFHVVHV��ZRXQG�KHD-
OLQJ��JURZWK��UHSODFHPHQW�RI�VHQHVFHQW�FHOOV�DQG�
UHJHQHUDWLRQ�RI�KHPDWRSRLHVLV�LQ�FDVH�RI�DOORJHQHLF�
KHPDWRSRLHWLF�FHOO�WUDQVSODQWDWLRQ��DOOR�+&7��

7KH�DOOR�+&7�FUHDWHV�DQ�LPPHQVH�GHPDQG�IRU�
FHOOXODU�UHSOLFDWLRQ�VLQFH�D�YHU\�VPDOO�SRSXODWLRQ�
RI�KHPDWRSRLHWLF�SURJHQLWRUV�PXVW� UHFRQVWLWXWH�
IXQFWLRQDO�KHPDWRSRLHVLV� LQ� WKH� WUDQVSODQW� UHFL-
SLHQW�� ,W� LPSOLFDWHV� LPPHQVH�SUROLIHUDWLYH�VWUHVV�
WR�KHPDWRSRLHWLF�FHOOV�LQ�JHQHUDO�DQG�VSHFLğFDOO\�
WR� O\PSKRF\WHV��7KHUHIRUH�� LQ� WKHRU\�� LW�PXVW�
OHDG�WR�WHORPHULF�VKRUWHQLQJ�DQG�VKRXOG�LQFUHDVH�
VHQHVFHQFH��

Innate immune response 
DQG�LQĠDPPDJHLQJ

,QĠDPPDJHLQJ� LV�FRQVLGHUHG� WR�EH� WKH�SK\-
VLRORJLFDO� UHVSRQVH� WR�DQWLJHQLF�VWUHVV�RYHU� WKH�
OLIHVSDQ�RI�DQ�LQGLYLGXDO�DQG�PLJKW�EH�FRQVLGHUHG�
EHQHğFLDO�DV�ORQJ�DV�LW�UHPDLQV�EDODQFHG�E\�DQWL-
�LQĠDPPDWRU\�PHFKDQLVPV� �VXFK�DV� OLSR[LQ�$��
SURVWDQRLGV��DGHQRVLQH��QLWULF�R[LGH�DQG�DQQH[LQ��DV
VKRZQ�LQ�VRPH�UHFHQW�VWXGLHV�>������@��/RZ�JUDGH
SURLQĠDPPDWRU\�VWDWH�LV�QRW�RQO\�FRPPRQO\�IRXQG
LQ�FHQWHQDULDQV�EXW�DOVR�FRUUHODWHV�VWURQJO\�ZLWK
ORQJHYLW\�DV�VKRZQ�E\�$UUDL�HW�DO��>��@��:LWNRZVNL
HW�DO��>��@�DQG�)XORS�HW�DO��>��@��,W�LV�VXJJHVWHG�WKDW
LW�LV�HSLJHQHWLFDOO\�UHJXODWHG�>��@��7KH�FRQVHTXHQFH
RI�FKURQLF�ORZ�JUDGH�LQĠDPPDWLRQ�LV�D�GHFUHDVH�LQ
WKH�IXQFWLRQ�RI�WKH�LQQDWH�LPPXQH�V\VWHP�FDOOHG
LPPXQH�SDUDO\VLV� >��@��ZKLFK� OHDGV�WR� LQFUHDVHG
SURWHFWLRQ�DJDLQVW�VHOI�LQĠLFWHG�GDPDJH��H�J��DX-
WRLPPXQH�GLVHDVHV��DW�WKH�H[SHQVH�RI�GHFUHDVHG
SURWHFWLRQ�DJDLQVW�3$03V� �SDWKRJHQ�DVVRFLDWHG
PROHFXODU�SDWWHUQV��DQG�'$03V��GDQJHU�DVVRFLD-
WHG�PROHFXODU�SDWWHUQV��

:LWK�DJHLQJ� WKH�QHHG� IRU�PRUH�HFRQRPLFDO�
HQHUJ\�H[SHQGLWXUH�LQFUHDVHV��ZKLFK�LV�UHĠHFWHG�
E\�FKDQJHV�LQ�WKH�LQQDWH�LPPXQH�V\VWHP��ZKLFK�
JUDGXDOO\�EHFRPHV�PRUH�LPSRUWDQW�WKDQ�VHQHVFLQJ�
DGDSWLYH�LPPXQLW\��,Q�DJHG�LQGLYLGXDOV��WKLV�FDQ�EH�
UHĠHFWHG�E\�WKH�SKHQRW\SH�VKLIW� IURP�PDFURSKD-
JHV�0�b�SURLQĠDPPDWRU\��WR�0���ZKLFK�SURPRWHV�
DQJLRJHQHVLV�DQG�FDQFHU�JURZWK� >��@��$�JUDGXDO�
GHFUHPHQW�LQ�DQWLJHQ�SUHVHQWLQJ�FHOOV��$3&ĳV��LQ�
DJHG�LQGLYLGXDOV�LV�REVHUYHG��ZKLFK�LQ�DGGLWLRQ�DUH�
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FKDUDFWHUL]HG�E\� LPSDLUHG�DQWLJHQ�SUHVHQWDWLRQ�
DQG�7&'�+�DFWLYDWLRQ�>��@��7KHUH�LV�HYLGHQFH�WKDW�
WKRVH�LQQDWH�LPPXQLW\�FHOOV��HYHQ�LQ�WKH�TXLHVFHQW�
VWDWH��DUH�DEOH�WR�SURGXFH�SURLQĠDPPDWRU\�F\WRNL-
QHV��ZKLFK�ZRXOG�FRQWULEXWH�WR�LQFUHDVHG�LQĠDP-
PDJHLQJ��SRUWUD\LQJ�WKH�PXWXDO�LQWHUSOD\�EHWZHHQ�
LQQDWH�DQG�DGDSWLYH�LPPXQH�V\VWHPV��0RUHRYHU��LW�
ZRXOG�LQGLUHFWO\�DFFRXQW�IRU�VLJQLğFDQW�EDVDO�DFWL-
YDWLRQ�RI�$3&ĳV�LQ�ROGHU�LQGLYLGXDOV�>��@��7KHUH�LV�
DOVR�VRPH�GDWD�RQ�WKH�LPSDFW�RI�WKH�LQQDWH�UHVSRQVH�
RQ�DGDSWLYH�LPPXQH�UHVSRQVH�ZLWK�DJHLQJ�ZKLFK�
FRXOG�EH�ZHOO�H[HPSOLğHG�E\�WKH�GRZQ�UHJXODWLRQ�
RI�&'��bH[SUHVVLRQ�LQ�&'�+7�FHOOV��ZKLFK�UHVXOWV�
LQ�GHFUHDVHG�FORQDO�H[SDQVLRQ�RI�WKRVH�FHOOV�>��@�

7KHUHIRUH��LQĠDPPDJHLQJ�PD\�EH�LQWHUSUHWHG�
QRW�RQO\�DV�LQFUHDVHG�FRQFHQWUDWLRQV�RI�SURLQĠDP-
PDWRU\�F\WRNLQHV� �,O���� ,O���� ,O����71)�_�� ,O���)�
DQG�RWKHUV��EXW�DV�D�FRPSOH[� LQWHUSOD\�EHWZHHQ�
SURLQĠDPPDWRU\�DQG�DQWL�LQĠDPPDWRU\�SURWHLQV�
DQG�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�FKDQJHV�LQ�LQQDWH�
LPPXQH�FHOOV�SKHQRW\SH�

Adaptive immune system 
and immunosenescence

,PPXQRVHQHVFHQFH�LV�D�GHFOLQH�LQ�PDQ\�LP-
PXQH�SDUDPHWHUV�RI�DJHG�LQGLYLGXDOV�ZKHQ�FRP-
SDUHG�WR�\RXQJ�KHDOWK\�VXEMHFWV��,W�LV�FRQVLGHUHG�
GHWULPHQWDO�GXH�WR�WKH�DFFXPXODWLRQ�RI�SURLQĠDP-
PDWRU\� IDFWRUV� DV�ZHOO� DV� WKH� GHYHORSPHQW� RI�
LQĠDPPDJHLQJ�>�@��+RZHYHU��IURP�WKH�HYROXWLRQDU\�
SHUVSHFWLYH��WKRVH�FKDQJHV�FDQ�EH�FRQVLGHUHG�DGDS-
WLYH��DPRQJ�RWKHUV��LQFUHPHQW�LQ�FHQWUDO�PHPRU\�
DQG�HIIHFWRU�PHPRU\�7�FHOOV�FRXQWV�DQG�LQFUHDVHG�
SHUFHQWDJH�RI�7�F\WRWR[LF�FHOOV���7KH�PRVW�LPSRU-
WDQW�FKDQJHV�LQ�DGDSWLYH�LPPXQLW\�RFFXUULQJ�ZLWK�
DJHLQJ�DUH�GHFUHPHQW� LQ� WKH�SURSRUWLRQ�RI�QDçYH�
7&'�+�DQG�7&'�+�GXH�WR�WK\PLF�LQYROXWLRQ��ORVV�
RI�&'��bDQWLJHQ��DQG�DQ�LQFUHDVH�RI�WKH�QXPEHU�RI�
7�FHQWUDO�PHPRU\��7FP��DQG�7�HIIHFWRU�PHPRU\�
�7HP��H[SUHVVLQJ�HLWKHU�&'�bRU�&'�bDQWLJHQV�>����
��@��(VSHFLDOO\� WHUPLQDOO\�GLIIHUHQWLDWHG�HIIHFWRU�
PHPRU\� �7(05$��&'�+� 7� FHOOV� LQFUHDVH� LQ�
QXPEHU�DQG�SHUFHQWDJH��7KDW�VKLIW� LV�FRPPRQO\�
H[SODLQHG�DV�D�UHVXOW�RI�FKURQLF�DQWLJHQLF�VWLPXOD-
WLRQ�WKURXJKRXW�WKH�OLIHVSDQ�RI�DQ�LQGLYLGXDO��ZLWK�
WKH�SLYRWDO� UROH�RI�&09�LQIHFWLRQ� >��@�� ,QYHUWHG�
&'�+�&'�+�UDWLR�LV�DOVR�D�FRPPRQ�ğQGLQJ�LQ�WKH�
HOGHUO\�>������@�

$JHLQJ�RI� WKH� LPPXQH�V\VWHP� LV�DVVRFLDWHG�
ZLWK�JUDGXDO�LQYROXWLRQ�RI�WKH�WK\PXV�>������@��7K\-
PLF�LQYROXWLRQ�LV�DQ�HYROXWLRQDU\�DGDSWDWLRQ�VLQFH�
LWV�KLJK�PHWDEROLF�DFWLYLW\� LV�HQHUJ\�FRQVXPLQJ��
+RZHYHU��LW�OHDGV�WR�D�GHFUHDVH�LQ�WKH�SURGXFWLRQ�RI�

QDçYH�7�FHOOV�>��@�DQG��WKHUHIRUH��D�GHFUHDVH�LQ�7&5�
UHSHUWRLUH��$OWKRXJK��GHFUHDVH�LQ�7&5�UHSHUWRLUH�
LV�DOVR�DIIHFWHG�E\�FORQDO�VHOHFWLRQ�RI�WKH�7�FHOOV��
5HFHQW�ğQGLQJV��KRZHYHU��DUH�FRQWUDGLFWRU\�>��@��
,W�KDV�EHHQ�SRVWXODWHG�WKDW�DJHG�RUJDQLVP�LV�ZHOO�
DGDSWHG� WR�ğJKW�PDLQO\�NQRZQ�SDWKRJHQV�ZKLFK�
LW�KDG�HQFRXQWHUHG�RYHU� WKH�\HDUV��ZKHUHDV� WKH�
GHPDQG�IRU�QHZ�SDWKRJHQV�UHFRJQLWLRQ�LV�VFDUFH��
)XUWKHUPRUH�� DQ� LQFUHDVHG�SHUFHQWDJH�RI�7FP�
DQG�7HP�FHOOV�VHUYH�WKH�SXUSRVH�RI�DPHOLRUDWLQJ�
DQWLSDWKRJHQLF�UHVSRQVH�>��@��

$V�PHQWLRQHG�DERYH��ZLWK�DJHLQJ�� WKH�SHU-
FHQWDJH�RI�7&'�+� FHOOV� LQFUHDVHV� �WKRXJK�WKHLU�
FRXQW�GHFUHDVHV���7KRVH�FHOOV�SOD\�D�SLYRWDO�UROH�LQ�
GLUHFW�UHVSRQVH�DJDLQVW�SDWKRJHQV�E\�HOLPLQDWLRQ�RI�
YLUDOO\�LQIHFWHG�DQG�FDQFHU�FHOOV�LQ�WKH�HOGHUO\��6XU-
SULVLQJO\��UHFHQW�GDWD�VXJJHVW�WKDW�WKH�LQFUHPHQW�
RI�QDçYH�7&'�+�SHUFHQWDJH�LV�QRW�DVVRFLDWHG�ZLWK�
SURORQJHG�OLIHVSDQ�>��@��

$QRWKHU�IDFWRU�WKDW�LQĠXHQFHV�WKH�LPPXQRS-
KHQRW\SH�RI�DJHG� LQGLYLGXDOV� LV�F\WRPHJDORYLUXV�
�&09� LQIHFWLRQ��&09�LV�QRW�RQO\�GHWULPHQWDO��DV
LW�ZDV�WKRXJKW�WR�EH�WKH�PDLQ�FDXVH�RI�DJH�UHODWHG
LPPXQH�FKDQJHV��EXW�DFFRUGLQJ�WR�QRYHO�VWXGLHV�
LW�PD\�EH�WKH�PDLQ�VWLPXODWRU\�IDFWRU�WKDW�VXVWDLQV
LPPXQH�UHVSRQVH�IRU�H�J��YDFFLQDWLRQ�>��@��+RZH-
YHU��LW�KDV�EHHQ�SURYHQ�WKDW�&09�LQIHFWLRQ�GRHV�QRW
LQĠXHQFH�WKH�ORQJHYLW\�RI�WKH�DJHG�LQGLYLGXDOV�>��@�

:LWK�DJHLQJ�FRQVLGHUDEOH�FKDQJH�LQ�WKH�VHFUH-
WRU\�SKHQRW\SH�RI� WKH�7�FHOOV�RFFXUV�� ,W� LV� FKD-
UDFWHUL]HG�E\� WKH�VHFUHWLRQ�RI�SUR�LQĠDPPDWRU\�
PROHFXOHV��ZKLFK�VWLPXODWHV�LQĠDPPDJHLQJ�>��@��
6HQHVFHQW�7�FHOO�SUHVHQWLQJ�ZLWK�WKH�DERYH�PHQ-
WLRQHG�6$63� �VHQHVFHQFH�DVVRFLDWHG�VHFUHWRU\�
SKHQRW\SH��>��@�FRXOG�DOVR�EH�GHWULPHQWDO�GXH�WR�
WKHLU�GHFUHDVHG�DELOLW\� WR�SUROLIHUDWH�DV�ZHOO� DV�
LPSDLUHG� UHVSRQVH� WR� DQWLJHQ�VWLPXODWLRQ� >��@��
7&'�+�&09�VSHFLğF�PHPRU\�FHOOV��ZKLFK�ZHUH�
SUHYLRXVO\� FRQVLGHUHG� WR�EH� LQDFWLYH��KDYH� WKH�
6$63�DQG�FRQWULEXWH�WR�WKH�GHYHORSPHQW�RI�LQĠDP-
PDJHLQJ�>��@�ZKLFK�XQGHUOLQHV�EHIRUHPHQWLRQHG�
SDUDOOHO�RI�LPPXQRVHQHVFHQFH�DQG�LQĠDPPDJHLQJ�

Hematopoietic stem-cell transplantation 
DV�D�PRGHO�IRU�VWXG\LQJ�VHQHVFHQFH�RI�WKH�

immune system 

&KURQLF�VWUHVV��OLNH�VHULDO�ERQH�PDUURZ�WUDQV-
SODQWDWLRQV� �%07ĳV���PD\� OHDG� WR� WKH�GHFOLQH�RI�
IXQFWLRQ�RI�KHPDWRSRLHWLF�VWHP�FHOOV��+6&ĳV��DQG�
OHDG� WR� WKHLU�H[KDXVWLRQ� LQ�KXPDQV� >��@�� ,Q� WKH�
PXULQH�PRGHO�� WKH�XVDJH�RI� FKHPRWKHUDS\� OLNH�
��ĠXRURXUDFLO� ���)8��SURPRWHV�TXLHVFHQW�+6&ĳV
SUROLIHUDWLRQ�UHVHPEOLQJ�WKDW�IRXQG�LQ�WKH�DJHLQJ
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SURFHVV� >��@��3UROLIHUDWLYH� VWUHVV�PD\� DOVR� EH�
WULJJHUHG�E\�LQIHFWLRQV��EDFWHULDO��YLUDO�RU�IXQJDO��
WKURXJK�VWLPXODWLRQ�RI�7ROO�OLNH�UHFHSWRUV� �7/5��
RQ�+6&ĳV� RU� UHVSHFWLYH� UHFHSWRUV� IRU� FHUWDLQ�
SURLQĠDPPDWRU\�F\WRNLQHV�>��@�EXW�WKLV�LV�UDWKHU�
DFXWH�VWUHVV�DQG�XVXDOO\�LV�SURPSWO\�UHVROYHG�DQG�
GRHV�QRW�OHDG�WR�+6&�H[KDXVWLRQ�>��@��2QH�RI�WKH�
SUREDEOH�UHDVRQV�WKDW�DFXWH�VWUHVV�PD\�EH�UHVROYHG�
ZLWK�OLWWOH�ORVV�GDPDJH�RI�+6&ĳV��PD\�EH�WKH�LQQDWH�
LPPXQH�V\VWHPĳV�GRPLQDQW� UROH� LQ� UHVSRQVH� WR�
DFXWH�VWLPXOL�>��@��

7KHUHIRUH��+6&7��ZKLFK� LQGXFHV�SURORQJHG�
SUROLIHUDWLYH�VWUHVV��PLJKW�EH�D�JRRG�PRGHO�IRU�VWX-
G\LQJ�KHPDWRSRLHWLF�FHOO�VHQHVFHQFH��7UDQVSODQWHG�
+6&ĳV�XQGHUJR�H[WHQVLYH�SUROLIHUDWLYH�VWUHVV�IRU�
D�VSDQ�RI�D�IHZ�PRQWKV�DIWHU�WUDQVSODQWDWLRQ��7[��
>��@��,Q�DGGLWLRQ��WUDQVSODQW�UHFLSLHQWV�XQGHUZHQW�
FKURQLF�*Y+'�DQG�H[SHULHQFHG�LQFUHDVHG�LQFLGHQFH�
RI�LQIHFWLRQV��ZKHQ�FRPSDUHG�WR�KHDOWK\�SRSXODWLRQ��
GXH�WR�LPPXQH�VXSSUHVVLRQ�DIWHU�WUDQVSODQWDWLRQ��
,W�LV�D�ZHOO�HVWDEOLVKHG�IDFW�WKDW�DOOR�+&7�OHDGV�WR�
WHORPHULF�VKRUWHQLQJ� LQ� UHFLSLHQWV�FRPSDUHG� WR�
WKHLU�GRQRUV�DQG� WKDW� WKLV�SKHQRPHQRQ�SHUVLVWV�
HYHQ�DIWHU�GHFDGHV�DIWHU�WUDQVSODQWDWLRQ��DV�SURYHQ�
LQ�KXPDQV�E\�0DWKLRXGDNLV�HW�DO���GH�3DXZ�HW�DO��
DQG�:\QQ�HW�DO��>��ļ��@�DQG�LQ�FDQLQHV�E\�=DXFKD�
HW�DO�� >��@�� ,Q� WXUQ�� WHORPHULF�DWWULWLRQ�UHVXOWV� LQ�
D�VLPLODU�SKHQRW\SH�WR�WKDW�RFFXULQJ�LQ�WKH�FHOOXODU�
VHQHVFHQFH� >��@��:H�UHFHQWO\�DVNHG�D�TXHVWLRQ�
ZKHWKHU� WKH�VHQHVFHQFH�RI� WKH� LPPXQH�V\VWHP�
LQ�DOOR�+&7�UHFLSLHQWV� LV� LQFUHDVHG�FRPSDUHG�WR�
WKH�VHQHVFHQFH�RI�WKHLU�UHVSHFWLYH�IDPLO\�GRQRUV��
:H�KDYH�FRPSDUHG�WKH�LPPXQH�SDUDPHWHUV�VXFK�
DV�WHORPHULF�OHQJWK�LQ�PDLQ�O\PSKRF\WH�VXEVHWV��
LPPXQRSKHQRW\SH��DQG�SURLQĠDPPDWRU\�F\WRNLQHV�
FRQFHQWUDWLRQV�EHWZHHQ�UHFLSLHQWV�DQG�GRQRUV�RI�
DOOR�+&7�DIWHU�PRUH�WKDQ�D�GHFDGH�DIWHU�WUDQVSODQ-
WDWLRQ��2XU�UHVXOWV�ZHUH�QRW�FOHDUO\�FRQFOXVLYH�WR�
VXSSRUW� WKH�K\SRWKHVLV�RI� IDVWHU�VHQHVFHQFH�RI�
WKH� LPPXQH�V\VWHP�LQ� WUDQVSODQW�UHFLSLHQWV��:H�
IRXQG�VKRUWHU� WHORPHUHV� LQ� UHFLSLHQWV�EXW�RQO\�
LQ�7&'�+� VXESRSXODWLRQ�DQG�VXEWOH�FKDQJHV� LQ�
WKH�QXPEHUV�RI�FHUWDLQ�LPPXQH�FHOOV�Ľ�7&'�+��
%�FHOOV��DQG�7&'�+�7&'�+�UDWLR�>��@��$OO�WKRVH
FKDQJHV�UHVHPEOHG�DQ�DJHLQJ�LPPXQH�SKHQRW\SH
EXW�GR�QRW�FOHDUO\�LQGLFDWH�WKDW�WKH�LPPXQH�V\VWHP
RI�DOOR�+&7�UHFLSLHQWV�DJHV� IDVWHU�FRPSDUHG� WR
WKHLU�UHVSHFWLYH�GRQRUV�>��@�

Summary

6XFFHVVIXO� DJHLQJ� LV� FRPSOH[� DQG� VWLOO� QRW�
D�ZHOO�XQGHUVWRRG�SKHQRPHQRQ��$JHLQJ�RI� WKH�
LPPXQH�V\VWHP�LQFOXGHV�WZR�PXWXDOO\� LQWHUFRQ-

QHFWHG�SKHQRPHQD��LQĠDPPDJHLQJ�DQG�LPPXQRVH-
QHVFHQFH��7KH�FRPPRQ�GHQRPLQDWRU�RI�WKH�DJHLQJ�
RI� WKH� LPPXQH� V\VWHP� LV� FKURQLF� SUROLIHUDWLYH�
VWUHVV�ZKLFK�UHVXOWV�LQ�WKH�VKRUWHQLQJ�RI�WHORPHUHV��
TXDOLWDWLYH�DQG�TXDQWLWDWLYH�FKDQJHV�LQ�WKH�LPPXQH�
FHOOV��DQG�VKLIW�WR�WKH�SURLQĠDPPDWRU\�SKHQRW\SH�
RI�WKH�LPPXQH�FHOOV��7KH�DOOR�+&7�ZDV�WKRXJKW�WR�
EH�DQ�H[FHOOHQW�SODWIRUP�IRU�VWXG\LQJ�WKH�DJHLQJ�RI�
WKH�LPPXQH�V\VWHP��+RZHYHU��RXU�UHFHQWO\�SXE-
OLVKHG�ğQGLQJV�LQGLFDWH�WKH�SUHVHQFH�RI�RQO\�IHZ�
TXDQWLWDWLYH�FKDQJHV�LQ�O\PSKRF\WH�VXESRSXODWLRQV�
LQ�ORQJ�WHUP�DOOR�+&7�VXUYLYRUV�ZKHQ�FRPSDUHG�
WR� WKHLU�GRQRUV��ZKLFK�UHVHPEOH� WKRVH� IRXQG� LQ�
DJHG� LQGLYLGXDOV��7KLV� LQGLUHFWO\� LQGLFDWHV� WKDW�
WKH�HODVWLFLW\�RI� WKH� LPPXQH�V\VWHP�H[SRVHG�WR�
WKH� LPPHQVH�SUROLIHUDWLYH�VWUHVV�DW� WKH� WLPH�RI�
DOOR�+&7�LV�ELJ�HQRXJK�WR�SUHYHQW�WKH�VLJQLğFDQW�
DQG�FOLQLFDOO\�UHOHYDQW�DFFHOHUDWLRQ�RI�WKH�LPPXQH�
V\VWHPĳV�DJHLQJ�

&RQĠLFW�RI�LQWHUHVW��QRQH�GHFODUHG
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