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Streszczenie 

 

 Allogeniczne przeszczepienie komórek krwiotwórczych (ang. Allogeneic Hematopoietic Stem 

Cell Transplantation, HSCT) to procedura stosowana głównie w leczeniu chorób i dysfunkcji układu 

krwiotwórczego, w tym chorób rozrostowych. HSCT wykonywane jest z wykorzystaniem materiału 

pochodzącego od odpowiednio dobranego dawcy w głównym układzie zgodności tkankowej (ang. Major 

Histocompatibility Complex, MHC, u człowieka - Human Leukocyte Antigen, HLA). Pomimo wysokiego 

współczynnika sukcesu, wdrażania nowych strategii kondycjonowania biorców  

i profilaktyki, procedura ta obarczona jest ryzykiem wystąpienia groźnych komplikacji 

poprzeszczepowych. Wśród nich wyróżnia się m.in. infekcje bakteryjne, grzybicze i wirusowe, 

odrzucenie przeszczepienia czy wznowę choroby pierwotnej. Jednymi z najczęściej występujących 

komplikacji po allogenicznym HSCT są infekcja wirusem cytomegalii (CMV) a także, występująca  

w dwóch formach; ostrej i przewlekłej, choroba przeszczep przeciwko gospodarzowi (ang. Graft-

verus-Host Disease, acute/chronic GvHD). Ryzyko wystąpienia choroby GvH związane jest z wieloma 

czynnikami zarówno ze strony biorcy jak i dawcy, ale najbardziej istotnym jest stopień doboru  

w HLA pomiędzy parą dawca/biorca. Dla powodzenia allogenicznego przeszczepienia decydujący jest 

czas procesu pełnej odnowy układu immunologicznego w zakresie wszystkich populacji 

limfocytarnych. 

 Komórki NK (ang. Natural Killers) są populacją limfocytów, które jako jedne z pierwszych 

ulegają rekonstytucji w organizmie biorcy po allogenicznej transplantacji komórek krwiotwórczych. 

Wykazują one właściwości typowe zarówno dla wrodzonej jak i nabytej odporności, co czyni je 

niezwykle ciekawym przedmiotem badań. Prawidłowe funkcjonowanie komórek NK regulowane jest 

przez szereg aktywujących i hamujących receptorów zlokalizowanych na ich powierzchni. Wśród nich 

wyróżnia się receptory lektynopodobne należące do rodziny NKG2, w tym receptor hamujący NKG2A 

oraz receptory aktywujące NKG2C i NKG2D. Mają one zdolność do oddziaływania  

z komórkami docelowymi, na powierzchni których dochodzi do ekspresji HLA-E, MICA i MICB 

należących do nieklasycznych cząsteczek MHC klasy I.  

Geny kodujące zarówno klasyczne, jak i nieklasyczne cząsteczki MHC zlokalizowane są w regionie 

położonym na krótszym ramieniu chromosomu 6. Podobnie do klasycznych loci, geny kodujące 

nieklasyczne cząsteczki MHC klasy I cechują się znaczną zmiennością polimorficznością. Wyjątek 

stanowi HLA-E, którego allele *01:01 oraz *01:03 występują z częstością ok. 99% w ogólnej populacji, 

a ich rozkład jest niemal identyczny.  

HLA-E jest ligandem dla dwóch receptorów; hamującego NKG2A oraz aktywującego NKG2C 

(kodowanych, odpowiednio, przez geny KLRC1 oraz KLRC2). Pomimo strukturalnego podobieństwa 

obydwu receptorów, zdolność NKG2A do wiązania HLA-E jest ponad 6-krotnie większa, niż NKG2C, co 

spowodowane jest przez różnice reszt aminokwasowych w pozycjach 165–168 (dla NKG2C) oraz 167–

170 (dla NKG2A). Spośród nieklasycznych loci MHC klasy I, największą zmiennością polimorficzną 

cechuje się MICA, dla którego odkrytych zostało ponad 100 alleli. MICA oraz MICB są ligandami dla 

receptora aktywującego NKG2D, którego obecność powiązana jest z cytolitycznymi  

i cytotoksycznymi właściwościami komórkami NK. Cząsteczki MICA/MICB oraz HLA-E mogą występować 

zarówno w postaci białek transbłonowych, jak i w macierzy zewnątrzkomórkowej w postaci 

rozpuszczalnej (ang. soluble, s; sMICA, sMICB, sHLA-E).  

Wyniki uzyskane podczas przygotowania niniejszej rozprawy doktorskiej opisane zostały  

w trzech publikacjach oryginalnych. Omówione zostały w nich zagadnienia związane ze zmiennością 

polimorficzną genów kodujących receptory NKG2A (KLRC1), NKG2C (KLRC2) i NKG2D (KLRK1) oraz ich 

ligandy, cząsteczki HLA-E, MICA i MICB, jak również ekspresją powierzchniową omawianych 

receptorów na komórkach NK, a także poziomem rozpuszczalnych form ich ligandów w surowicy 

pacjentów. 



 

10  

Pierwsza z prac (Siemaszko i wsp. Frontiers In Immunology, 2023) skupia się na receptorach 

NKG2A oraz NKG2C oraz cząsteczce HLA-E, która jest ich wspólnym ligandem. Badania nad 

zmiennością genetyczną NKG2A/KLRC1, NKG2C/KLRC2 i HLA-E wykazały, że u biorców chorych na 

ostrą białaczkę szpikową (ang. Acute Myleoid Leukaemia, AML) allel NKG2A rs7301582 C występuje 

rzadziej w porównaniu do grupy dawców. Pacjenci, u których doszło do rozwinięcia ostrej postaci 

GvHD o bardziej nasilonym przebiegu II-IV stopnia częściej charakteryzowali się obecnością delecji 

zlokalizowanej w genie kodującym aktywujący receptor NKG2C, niż osoby u których nie wystąpiły 

objawy aGVHD lub rozwinęła się ona jedynie w łagodnym stopniu I.  

W przypadku polimorfizmu rs1264457 w genie kodującym cząsteczkę HLA-E zaobserwowano, 

że występowanie niezgodności między dawcą i biorcą przeszczepu w allelach HLA-E u par w pełni 

zgodnych w zakresie klasycznych loci HLA (10/10) skutkuje podwyższonym ryzykiem rozwinięcia 

cGvHD, a także wystąpieniem infekcji CMV po przeszczepieniu. Nie zauważono natomiast związku 

pomiędzy brakiem zgodności w allelach HLA-E, a rozwinięciem aGvHD. 

Kolejnym aspektem pracy było zbadanie czy stężenie rozpuszczalnej formy HLA-E  

w surowicy biorców, pobranej po HSCT, jest powiązane z wystąpieniem poprzeszczepowych powikłań. 

Wykazano, że zarówno biorcy, którzy rozwinęli przewlekłą, jak i ostrą chorobę GvH charakteryzują 

się zmniejszonym poziomem sHLA-E, w porównaniu do biorców, u których te komplikacje nie zostały 

zdiagnozowane. Dodatkowo, zauważono też znaczący wzrost poziomu sHLA-E w surowicy pobranej 90 

dni po przeszczepieniu, w porównaniu do stężenia tego białka 30 dni po transplantacji. 

Badania nad ekspresją receptora NKG2C na powierzchni komórek NK przeprowadzone zostały 

za pomocą cytometrii przepływowej. Wykazały one, że biorcy, u których rozwinęła się infekcji CMV 

charakteryzują się podwyższonym odsetkiem komórek NK NKG2C+ w dniu 60 oraz 90 po 

przeszczepieniu, w porównaniu do biorców, u których nie doszło do rozwinięcia infekcji. Podobne 

zależności zaobserwowano także w przypadku populacji komórek NK NKG2A-/NKG2C+. Dodatkowo, 

zaobserwowano pewne relacje pomiędzy wystąpieniem wariantów polimorficznych, a ekspresją 

powierzchniową receptora NKG2C. U pacjentów z obecnością co najmniej jednego allelu NKG2A 

rs7301582 T oraz z delecją NKG2C zaobserwowano zmniejszony odsetek komórek NK NKG2C+  

w porównaniu do pozostałych chorych po transplantacji.  

Kolejna publikacja (Siemaszko i wsp. Archivum Immunologiae et Therapiae Experimentalis, 
2024) dotyczy genetycznej charakterystyki cząsteczki MICB, która jest jednym z ligandów 

aktywującego komórki NK receptora NKG2D. Badania nad zmiennością polimorficzną MICB wykazały, 

że w przypadku obydwu badanych polimorfizmów (rs1065075 oraz rs3828903), allele G występują ze 

zmniejszoną częstością u dawców, których biorcy rozwinęli przewlekłą postać choroby GvH. 

Natomiast obecność allelu MICB rs1065075 G u dawcy lub biorcy przeszczepu związana była  

z obniżonym ryzykiem rozwoju infekcji CMV. Zależność pomiędzy występowaniem allelu G  

w polimorfizmie MICB rs1065075, a rzadszym rozwojem infekcji CMV została dodatkowo potwierdzona 

z wykorzystaniem analizy wieloczynnikowej, która uwzględniała zmienne takie jak wiek biorcy, czy 

obecność przeciwciał anty-CMV w klasie IgG u dawcy i biorcy przed transplantacją. Badania nad 

znaczeniem rozpuszczalnej formy MICB przeprowadzone zostało z wykorzystaniem surowicy biorców 

pobranej 30 dni od przeprowadzenia procedury transplantacji komórek krwiotwórczych. Stwierdzono, 

że pacjenci, u których doszło do infekcji CMV lub u których zdiagnozowano przewlekłą postać GvHD 

charakteryzowali się podwyższonym poziomem rozpuszczalnej formy MICB w porównaniu do 

pacjentów, u których nie doszło do rozwoju tych komplikacji. Ponadto zaobserwowano, iż stężenie 

sMICB może być związane z obecnością specyficznych wariantów genetycznych MICB. Wyższe poziomy 

rozpuszczalnej formy MICB w surowicy występowały u pacjentów z homozygotycznym genotypem AA 

zarówno w przypadku polimorfizmu rs1065075, jak i rs3828903. 

W ostatnim, nieopublikowanym manuskrypcie, wchodzącym w skład rozprawy, zostały 

omówione zagadnienia związane z cząsteczką MICA oraz receptorem aktywującym NKG2D. Badania 

nad rozpuszczalną formą MICA w surowicy pacjentów pobranej 30 i 90 dni po przeszczepieniu 

ujawniły, że stężenie sMICA wzrasta wraz z upływem czasu po HSCT. Podwyższony poziom 

rozpuszczalnej formy MICA został stwierdzony w surowicy biorców pobranej 30 dni po przeczepieniu, 

u których zdiagnozowano zarówno ostrą, jak i przewlekłą postać GvHD. Zaobserwowano również, iż 
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stężenie rozpuszczalnej formy MICA może być związane z genotypem MICA. Pacjenci, u których 

wykryto co najmniej jeden allel rs1065075 G (genotypy AG oraz GG), a także pacjenci, których dawcy 

posiadali allel rs1065075 G, charakteryzowali się podwyższonym stężeniem rozpuszczalnej formy MICA 

w surowicy w porównaniu do osób, u których wykryto homozygotyczny genotyp AA.  

U pacjentów ze zdiagnozowaną przewlekłą chorobą GvH ekspresja powierzchniowa receptora 

NKG2D na komórkach NK była podwyższona w dniu +60 i +90 od przeszczepienia w porównaniu do 

osób, u których nie wykryto tej choroby. Dodatkowo, odsetek komórek NKG2D+ NK różnił się u biorców 

w zależności od poziomu rozpuszczalnej formy MICA. Wyższe częstości komórek NKG2D+ NK w +30 

dniu po przeszczepieniu występowały u pacjentów, u których poziom rozpuszczalnej formy MICA  

w surowicy był niższy (sMICA< mediana). 

Ponadto, stwierdzono potencjalne znaczenie prognostyczne polimorfizmu NKG2D rs1049174  

w przypadku ryzyka rozwoju ostrej postaci choroby GvH. Rozkład genotypów polimorfizmu rs1049174 

w grupie biorców bez lub z łagodnym stopniem I aGvHD był zbliżony do rozkładu genotypów w grupie 

kontrolnej, którą stanowiły zdrowe niespokrewnione osoby, dawcy krwi z Regionalnego Centrum 

Krwiodawstwa i Krwiolecznictwa we Wrocławiu. Istotne różnice zaobserwowano porównując biorców 

z bardziej nasiloną chorobą aGvH II-IV stopnia i osoby zdrowe z grupy kontrolnej lub biorców bez 

ostrej choroby aGvH II-IV stopnia. 

Zwieńczeniem cyklu publikacji wchodzących w skład rozprawy doktorskiej jest praca 

przeglądowa dotycząca opisu biologicznych i klinicznych właściwości receptora aktywującego NKG2C, 

a także jego oddziaływaniu z cząsteczką HLA-E, będącej wspólnym ligandem dla receptorów NKG2C  

i NKG2A (Siemaszko i wsp. Archivum Immunologiae et Therapiae Experimentalis,2023). 

Wynik opisane w cyklu prac wchodzących w skład niniejszej rozprawy doktorskiej wskazują 

na istotną rolę zmienności genetycznej i ekspresji powierzchniowej receptorów komórek NK  

z rodziny NKG2 w przebiegu procesu odnowy układu immunologicznego u pacjentów poddanych 

allogenicznemu przeszczepieniu komórek krwiotwórczych. Występowanie określonych wariantów 

genetycznych, predysponujących do rozwinięcia omawianych poprzeszczepowych powikłań może 

mieć znaczenie prognostyczne. Z kolei rozpuszczalne formy ligandów receptorów komórek NK, 

należące do nieklasycznych cząsteczek MHC klasy I, mają potencjalne znaczenie jako biomarkery 

rozwoju poprzeszczepowych komplikacji, takich jak ostra i przewlekła choroba GvH oraz infekcja 

CMV. 
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Summary 

 

 Allogeneic Hematopoietic Stem Cell Transplantation (HSCT) is a curative procedure used 

as a treatment in haematological diseases or disorders, including blood cancers. In contrast to 

autologous, allogeneic HSCT is performed with the use of biologic material from donor specifically 

matched within the Major histocompatibility complex (MHC) with recipient. Despite high success 

rate, developing new conditioning and prophylaxis strategies, HSCT may still lead to development 

of some post-transplant complications. These complications include infections (bacterial, fungal 

and viral), graft rejection, relapse of the primary disease or Graft-verus-Host Disease(GvHD). One 

of the most common post-transplant complications is Cytomegalovirus (CMV) infection and GvHD, 

which can occur in two forms; acute and chronic. The proper reconstitution of immune system is 

critical for the success of HSCT.  

 Natural Killer (NK) cells are the first donor-derived lymphocytes, which are reconstituted 

in recipient organism after allogeneic HSCT. NK cells exhibit characteristics of both innate and 

adaptive immunity, making them a compelling subject of study. Proper functioning of NK cells is 

regulated by a set of activating and inhibitory receptors, which are located on their surface. One 

of the receptor groups is the C-type lectin-like NKG2 family members of which are inhibitory 

NKG2A and activating NKG2C and NKG2D. They can react with their target cells, which show 

surface expression of HLA-E, MICA and MICB, belonging to non-classical MHC class I molecules. 

Genes encoding for these molecules are localized within the MHC region on the short arm of 

chromosome 6. Similar to classical, non-classical MHC molecules are highly polymorphic. HLA-E 

molecule is an exception which polymorphism is mostly limited to two alleles (*01:01 and *01:03) 

present in the general population with almost 99% frequency and with a similar distribution. HLA-

E is a ligand for two receptors; inhibitory NKG2A and activating NKG2C (encoding by KLRC1 and 

KLRC2 genes, respectively). Despite the structural similarity of both receptors, the HLA-E binding 

affinity of NKG2A is 6-fold higher than of NKG2C, which is caused by amino acid differences at 

positions (for NKG2C) and 167–170 (for NKG2A). The most polymorphic molecule of non-classical 

MHC is MICA with over 100 alleles discovered. Both MICA and MICB are ligands for activating 

NKG2D receptor, which presence is associated with cytolytic and cytotoxic properties of NK cells. 

MICA/MICB and HLA-E molecules can be detected as transmembrane proteins as well as in their 

soluble forms (sMICA, sMICB, sHLA-E) in the extracellular matrix.  

 Results obtained for this doctoral dissertation are described in three publications (two 

published papers, one paper currently under review). These publications aimed to describe 

polymorphic diversity of genes encoding for NKG2A, NKG2C and NKG2D receptors as well as their 

ligands HLA-E, MICA and MICB molecules. They also examined the surface expression of NKG2 

receptors on NK cells and the concentration of soluble forms of their ligands in serum samples.  

 The first paper focused on NKG2A and NKG2C receptors and their ligand, the HLA-E 

molecule. Studies on genetic distribution of NKG2A/KLRC1, NKG2C/KLRC2 and HLA-E showed that 

HSCT recipients diagnosed with acute myeloid leukaemia (AML, which was the most common 

diagnosis in our study group) the NKG2A rs7301582 C allele was more frequently present when 

compared with the donor group. Recipients who developed acute GvHD in more severe II-IV grades 

were more frequently characterised with the presence of deletion localized within gene encoding 

for NKG2C activating receptor when compared with individuals without or diagnosed only with 

mild grade I aGvHD. As for the HLA-E molecule, its donor/recipient mismatch within the 

rs1264457 polymorphism was associated with a higher incidence of chronic GvHD and CMV 

infection when compared to fully HLA-matched (10/10) donor/recipient pairs. No association 

between HLA-E mismatch and acute GvHD development was observed. Next, the relationship 

between soluble HLA-E concentration in serum collected after HSCT and risk of development of 

post-transplant complications was checked. Measurements showed that recipients with chronic 

and acute GvHD are characterised with decreased sHLA-E level when compared with individuals 
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free of these complications. Additionally, increased serum sHLA-E was observed in samples 

collected 90 days after HSCT in comparison to samples collected at day +30 after transplantation. 

Analysis of surface expression of NKG2C receptor on the NK cells was performed with the use of 

flow cytometry. The results showed increased percentage of NKG2C+ NK cells in recipients 

diagnosed with post-transplant CMV infection at day +60 and +90 after HSCT in relation to 

individuals without infection. Similarly, the percentage of NKG2A-NKG2C+ NK cell population was 

increased in CMV-infected individuals. Furthermore, an association between genetic 

polymorphisms and surface expression of NKG2C receptor was observed. Among recipients 

carrying at least one NKG2A rs7301582 T and with the NKG2C deletion the percentage of 

NKG2C+NK cells was decreased as compared with other recipients.  

 Second publication presented results of the studies on MICB molecule, which is one of 

the activating NKG2D receptor’s ligands. Genetic variability studies showed that in both analysed 

polymorphisms (rs1065075 and rs3828903) the G allele was less frequently detected among donors 

for recipients who developed cGvHD. Additionally, the MICB rs1065075 G allele was less 

frequently present among donors for recipients with CMV infection. The same relationship was 

observed in the recipient group. This association was additionally confirmed by a multivariate 

analysis, which included recipient’s age and the CMV IgG serostatus of both the donor and 

recipient prior to transplantation. Studies on serum sMICB was performed on samples collected 

30 days after HSCT procedure. The obtained results showed that recipients who developed CMV 

infection or those who were diagnosed with cGvHD were characterised with increased level of 

serum sMICB, as compared to individuals free of these complications. Moreover, sMICB 

concentration could also be related with the presence of specific genetic variants. The 

homozygous AA genotype of both studied polymorphisms (rs1065075 and rs3828903) was 

associated with increased concentration of serum soluble MICB. 

In the third, unpublished manuscript, the issues related to the MICA molecule and the 

activating NKG2D receptor were discussed. Studies on soluble MICA in serum collected 30 and 90 

days after transplantation revealed that its concentration increased with time after HSCT. 

Increased level of sMICA was also detected at day +30 in recipients who were diagnosed with 

acute and chronic GvHD. A possible relationship between serum sMICA and MICA genetic variants 

was also observed. Recipients carrying at least one MICA1065075 G allele (genotypes AG and GG) 

as well as recipients whose donors were carriers of MICA1065075 G allele characterised with 

increased serum sMICA when compared to AA homozygous individuals. Among the recipients 

diagnosed with chronic GvHD, the NKG2D surface expression on NK cells was significantly 

increased at days +60 and +90 after HSCT. Furthermore, the percentage of NKG2D+ NK cells 

differed in recipients based on the sMICA concentration. Individuals with lower serum sMICA 

concentration (sMICA< median) were characterised with increased percentage of NKG2D+ NK cells 

30 days after transplantation. NKG2Drs1049174 polymorphism showed potential prognostic 

properties in development of aGvHD. Genetic distribution of this SNP in recipients without or 

with mild grade I of aGvHD was similar to distribution in the control group (unrelated healthy 

volunteers from the Regional Centre of Transfusion Medicine and Blood Bank in Wroclaw, Poland). 

Differences were observed when the healthy individuals and recipients without or only with mild 

grade I were compared with recipients who developed more severe grades II-IV of aGvHD. 

Additionally, this doctoral dissertation includes a review paper on the activating NKG2C 

receptor. The paper describes the biological and clinical functions of the receptor as well as its 

interactions with HLA-E molecule, which is a common ligand for both NKG2A and NKG2C 

receptors.  

The findings presented in this series of publications which are part of this doctoral 

dissertation highlight the significance of genetic variability and expression of NKG2 NK cell 

receptors in the reconstitution of immune system in recipients after allogeneic HSCT. Presence 

of specific genetic variants associated with development of post-transplant complications could 

be used as a prognostic factors. Soluble forms of NK cell receptors’ ligands could potentially be 

used as a biomarkers for development of post-transplant complications such as GvHD or CMV 

infection. 
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Transplantation of hematopoietic stem cells (HSCT) is a procedure commonly

used in treatment of various haematological disorders which is associated with

significantly improved survival rates. However, one of its drawbacks is the

possibility of development of post-transplant complications, including acute

and chronic graft-versus-host disease (GvHD) or CMV infection. Various

studies suggested that NK cells and their receptors may affect the transplant

outcome. In the present study, patients and donors were found to significantly

differ in the distribution of the NKG2A rs7301582 genetic variants – recipients

carried the C allele more often than their donors (0.975 vs 0.865, p<0.0001).

Increased soluble HLA-E (sHLA-E) levels detected in recipients’ serum 30 days

after transplantation seemed to play a prognostic and protective role. It was

observed that recipients with higher sHLA-E levels were less prone to chronic

GvHD (11.65 vs 6.33 pg/mL, p=0.033) or more severe acute GvHD grades II-IV

(11.07 vs 8.04 pg/mL, p=0.081). Our results also showed an unfavourable role of

HLA-E donor-recipient genetic incompatibility in CMV infection development

after transplantation (OR=5.92, p=0.014). Frequencies of NK cells (both

CD56dim and CD56bright) expressing NKG2C were elevated in recipients who

developed CMV, especially 30 and 90 days post-transplantation (p<0.03).

Percentages of NKG2C+ NK cells lacking NKG2A expression were also

increased in these patients. Moreover, recipients carrying a NKG2C deletion
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characterized with decreased frequency of NKG2C+ NK cells (p<0.05). Our study

confirms the importance of NK cells in the development of post-transplant

complications and highlights the effect of HLA-E and NKG2C genetic variants,

sHLA-E serum concentration, as well as NKG2C surface expression on

transplant outcome.

KEYWORDS

HSCT, NK cells, NK cell receptors, NKG2A, NKG2C, HLA-E, sHLA-E, transplant outcome

Introduction

Allogeneic haematopoietic stem cell transplantation (HSCT) is

a standard form of treatment for patients diagnosed with

haematological disorders, including malignancies. Even though it

is a common procedure, it may lead to development of serious

complications, such as graft-versus-host disease (GvHD), which

may occur in an acute (aGvHD) or chronic (cGvHD) form. Acute

GvHD is initiated as a reaction of donor cells towards tissues of the

recipient. It affects skin, gut, lung and liver depending on the

severity of the disease, which is graded I to IV. Chronic GvHD

has a different pathogenesis and can affect more organs than

aGvHD (1, 2). Aside from GvHD, another type of post-transplant

complications is viral infections, particularly those caused by

Herpesviridae such as cytomegalovirus (CMV) or Epstein-Barr

virus (EBV). Asymptomatic, latent CMV infections are extremely

common, with as many as 50% of people being seropositive for

CMV (3). However, CMV reactivation may be life-threatening in

immunocompromised persons, such as post-HSCT patients (4).

Natural killer (NK) cells, as the first donor-delivered

lymphocytes to reconstitute after HSCT, have protective

properties against GvHD with a simultaneous ability to induce a

graft-versus-leukaemia (GvL) effect (5–7). NK cells are orchestrated

by a wide set of activating and inhibitory receptors, whose ligands

are classical and non-classical Major Histocompatibility Complex

(MHC) molecules, e.g. HLA-E. In contrast to other MHC

molecules, HLA-E is very conserved and its polymorphism is

mostly limited to two major alleles, *01:01 and *01:03, comprising

over 99% of allele frequency globally (8). Both of these alleles are

distributed with similar frequencies and differ in a single Arg/Gly

substitution in position 107. Other HLA-E alleles exist, although

they are extremely rare. Some of these alleles also characterize with

alternative substitutions in position 107 (e.g. HLA-E*01:48, with

allele frequency of 0.0007%) (9). HLA-E serves as a ligand for two

NKG2 receptors, inhibitory NKG2A and activating NKG2C

(encoded by the KLRC1 and KLR2C genes, respectively). It can

also be secreted in a soluble form (sHLA-E). This soluble form may

play a role in immune regulation (10), and sHLA-E levels are

increased in various cancers and autoimmune diseases (11–14).

HLA-E:NKG2A/C interactions are essential for balancing the NK

cell reactivity (15). Despite the molecular and structural similarities

of these two receptors, HLA-E binds NKG2A with 6-fold higher

affinity, what helps to monitor the expression of the MHC class I

molecules on normal cells (16). NKG2C expression is low in

immature NK cells, and then subsequently increases during

maturation, while NKG2A expression concurrently decreases

(17). A specific subset of NKG2C+ cells has been observed to

expand in response to cytomegalovirus (CMV) reactivation, but not

other viral infections such as EBV. These cells can function like

adaptive memory cells, and, if transplanted from CMV seropositive

donors, exhibit a heightened response to a secondary CMV event

(18–21). They persist for a long time after infection and lack

NKG2A expression (20). NKG2C+ NK cells were also observed to

interact with CMV-specific CD8+ T cells to combat CMV infection

(22). Both NKG2A and NKG2C are minimally polymorphic

compared to classical HLA genes. There are several rarely studied

single nucleotide polymorphisms (SNPs) in the NKG2C gene, some

of which are located in coding regions, associated with three alleles

designated as NKG2C*01, NKG2C*02 and NKG2C*03 (23, 24). In

contrast, a major NKG2C deletion resulting in a loss of expression

or reduced expression (in homo- and heterozygotes, respectively)

has been far better studied and is well known for its importance in

viral infections (25). As reported in many studies (26–28), patients

carrying at least one del variant are more susceptible for CMV

(especially reactivation after HSCT), and HIV infections,

nonetheless the studies are not always consisted (29). It has been

recently suggested that the NKG2C deletion may also increase risk

for SARS-CoV-2 infections, although this seems to require further

validation (30).

The selectedHLA-E rs1264457 SNP is localized in the third exon. It

results in a T (*01:01)/C (*01:03) nucleotide substitution associated

with Gly to Arg amino acid exchange. The selected polymorphism for

the NKG2A inhibiting receptor was rs7301582, an intronic C/T

substitution. Both SNPs (HLA-E rs1264457 and NKG2A rs7301582)

have also been studied in our recent study on post-transplant

complications in paediatric HSCT recipients (31), while in our

previous work on patients with inflammatory (rheumatoid) arthritis,

they were described to be associated with response to anti-TNF

treatment (32, 33). Another authors investigated these two SNPs in

their studies, as e.g. Kordelas et al., who proved a protective effect of

HLA-E*01:03 homozygosity in overall survival after HSCT (34, 35).

We hypothesize that HLA-E, NKG2A and NKG2C expression and

polymorphism play a role in the development of complications after

HSCT in a Polish population. Various studies previously described the
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role of HLA-E and NKG2A/C polymorphisms in different population

groups, although their results were not always consistent (28, 36–44).

In our present study, we aimed to determine the role ofHLA-E genetic

polymorphism and soluble HLA-E concentration, as well as NKG2A

and NKG2C gene polymorphisms and protein expression within the

NK cells in the development of post-transplant complications in

recipients of allogeneic hematopoietic stem cells.

Materials and methods

The study group consisted of 200 HSCT recipients (aged 19-73)

and 104 of their donors treated in five Polish transplantation centres.

Patients were assigned for allogeneic HSCT according to European

Society for Blood and Marrow Transplantation criteria. Exclusion

criteria were: age < 18 years old, high Haematopoietic Cell

Transplantation-specific Comorbidity Index (HCT CI), and

Karnofsky index < 80%. The most common haematological disease

was acute myeloid leukaemia (AML), diagnosed in 42.5%, followed by

acute lymphoblastic leukaemia (ALL), diagnosed in 13.5% of recipients.

The patients characteristics and transplant details are presented in

Table 1. Recipients and donors were genotyped at high resolution level

for at least 5 HLA loci (HLA-A, B, C, DRB1 and DQB1). This study

complies with the Declaration of Helsinki and was approved by the

Wroclaw Medical University Ethics Committee (identification code

KB-561/2019).

Soluble HLA-E measurement

Serum from 102 recipients was used for measurement of sHLA-

E concentration. Serum sHLA-E was measured with use of the

commercially available enzyme-linked immunosorbent assay

(ELISA) kit (ELK Biotechnology, USA, Cat.No. ELK2168).

Experiment was performed following the manufacturer’s protocol.

Absorbance was measured at l=450nm using Sunrise microplate

reader (Tecan, Switzerland).

SNP genotyping

For the genetic studies, whole blood of the HSCT recipients and

their donors was collected into ethylenediaminetetraacetic acid

(EDTA) tubes. Genomic DNA extraction was performed using

NucleoSpin Blood kit (MACHEREY-NAGEL, Germany, Cat.No.

TABLE 1 Patients’ characteristics and transplant details.

Clinical data Number of patients

N 200

Age median (range) 52 (19-73)

Recipient sex

M/F 117/83 (58.50%/41.50%)

Diagnosis

AML 85 (42.5%)

ALL 27 (13.5%)

MDS 24 (12%)

MPN 18 (9%)

NHL 17 (8.5%)

HL 9 (4.5%)

PCM 6 (3%)

Other 14 (7%)

Type of donor

MUD
MMUD

45 (22.5%)
13 (6.5%)

MSD 96 (48%)

(Continued)

TABLE 1 Continued

Clinical data Number of patients

haploidentical 56 (28%)

Donor/Recipient sex match

M/M 88 (44%)

M/F 47 (23.5%)

F/M 28 (14%)

F/F 33 (16.5%)

Donor/Recipient CMV status match

+/+ 130 (65%)

+/- 16 (8%)

-/+ 35 (17.5.%)

-/- 19 (9.5%)

Conditioning

MAC 107 (53.5%)

RIC 86 (43%)

NMA 3 (1.5%)

Post-transplant complications

aGvHD grades I-IV 81 (40.5%)

aGvHD grades II-IV 42 (21%)

cGvHD 42 (21%)

CMV infection 81 (40.5%)

Relapse 23 (11.5%)

Death 23 (11.5%)

AML, acute myeloid leukaemia; ALL, acute lymphoblastic leukaemia; MDS, Myelodysplastic
Syndrome; MPN, myeloproliferative neoplasm; PCM, plasma cell myeloma; HNL, non-
Hodgkin lymphoma; HL, non-Hodgkin lymphoma; Other (including Paroxysmal Nocturnal
Haemoglobinuria; Blastic Plasmacytoid Dendritic Cell Neoplasm); MUD, matched unrelated
donor; MMUD, mismatched unrelated donor; MSD, matched sibling donor; MAC,
myeloablative conditioning; RIC, reduced intensity conditioning; NMA, non-myeloablative
conditioning; CMV, cytomegalovirus.
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740951.50) following the manufacturer’s protocol. Two single

nucleotide polymorphisms were chosen based on literature

analysis and the online SNPinfo Web Server prediction tool (45).

SNPs detection was performed with the use of LightSNiP assays

(TibMOLBIOL, Switzerland) and carried out in a LightCycler 480 II

instrument (Roche Applied Science, Germany) with melting curves

analyses. A negative control using PCR-grade water instead of DNA

was included in all experiments.

NKG2C deletion

The NKG2C/KLRC2 wt/del variants were determined using PCR-

SSP with two pairs of oligonucleotides as previously described (46, 47).

First pair of primers (KLRdelF 5’-ACTCGGATTTCTATTTGATGC-

3’ and KLRdelR 5’-ACAAGTGATGTATAAGAAAAAG-3’) is specific

for NKG2C deletion while second pair (KLRFg669 5’-CAGTGTGGAT

CTTCAATG-3’ and KLRR+135 5’-TTTAGTAATTGTGTGCAT

CCTA-3’) amplifies in the presence of NKG2C gene. The PCR was

performed with the use of Multiplex Master Mix (EURx, Poland, Cat.

No. E2820-01) at following conditions: 10 min of initial denaturation at

95°C, then 40 cycles of 30s denaturation at 94°C, 90s annealing at 56°C

and 30s extension at 72°C, then 7min of final extension at 68°C. For

NKG2C wt/del detection 10 µl of final PCR products were

electrophoresed in 2% agarose gels with 1x TBE buffer stained with

SimplySafe™ (EURx, Poland, Cat.No. E0301-100, E0230-01 and

E4600-01) and then visualized by the UV exposure.

Flow cytometry analysis

For the flow cytometer analysis, 10 mL of peripheral blood,

collected in EDTA tubes (BD), was used. Recipients’ blood was

collected before HSCT and at four time points after transplantation;

+21, +30, +60 and +90 days. Cells were surface stained in one eight-

colour tube. The following mouse anti-humanmonoclonal antibodies,

all purchased from Becton Dickinson and Company (BD), San Jose,

CA, were used for analysis: CD94 (BD Pharmingen™ FITC, Clone

HP-3D9, Cat.No. 555888), NKG2C (CD159c, BDOptiBuild™ BB700,

Clone 134591, Cat.No. 748162), CD56 (BD Pharmingen™ APC,

Clone B159, Cat.No. 555518), CD3 (BD Pharmingen™ APC-H7,

Clone SK7, Cat.No. 560176), NKG2A (CD159a, BD OptiBuild™

BV421, Clone 131411, Cat.No. 747924), CD16 (BD Horizon™

V500, Clone 3G8, Cat.No. 561393 Lysing solution BD was used for

lysing (diluted 10 times). The evaluation of nucleated cells was carried

out on an 8-color FACS Canto II flow cytometer (BD).

The gating strategy for the assessment of NKG2 receptor on NK

cells is shown below (Figure 1).

Statistical analysis

Genotype and allele frequencies of studied SNP’s were

calculated using the Fisher’s exact test. For analyses related to

sHLA-E concentration, the nonparametric Mann–Whitney test

for continuous variables was used. Logistic regression model was

used for multivariate analysis of CMV infection risk. Programs used

for data visualisations were RStudio v.4.2 and GraphPad Prism

v.5.0. The flow cytometer data were analysed with the use of BD

FACSDiva software v8.0.ric. A p-value < 0.05 was considered

statistically significant. All alleles were in the Hardy Weinberg

equilibrium, both in recipients and in donors.

Results

Donor-recipient genotyping – differences
in NKG2A genotype distribution between
patients and donors

Frequency of recipient and donor genotypes and alleles are

shown in Table 2. Donors and HSCT recipients did not differ in

genotype or allele distribution of HLA-E rs1264457 polymorphism

and NKG2C wt/del variants. A significant difference was seen in

genotype distribution of NKG2A rs7301582 polymorphism between

recipients and donors. Recipients carried the CC genotype (65.5% vs

49.04%, OR=1.97; 95%CI 1.218 – 3.197, p<0.0001) and C allele

(97.50% vs 86.54%, OR=2.09, 95%CI 1.424-3.077, p<0.0001) more

frequently than their donors. The latter relationship was also seen

when the patients with AML and group of healthy donors were

considered. The patients diagnosed with AML (85 recipients, 42.5%

of all patients) characterized with decreased frequency of NKG2A

rs7301582 T allele when compared to donor group (35.29% vs

50.96%, p=0.039) (Figure 2).

Donor-recipient matching – role of HLA-E
mismatch

Interestingly, donor-recipient HLA-E matching seems to have

an impact on HSCT outcome. Among 60 10/10 HLA matched

donor/recipient pairs, 7 pairs were mismatched in regards to the

HLA-E rs1264457 SNP. We observed that the CMV infection

occurred more frequently among recipients transplanted with

HLA-E mismatched donors (5/7 cases, 71.43%) than after HLA-E

matched transplantation (11/53, 20.75%, p=0.013, Figure 3A). A

model using multivariate logistic regression including NKG2C

genotype, HLA mismatch, donor and recipient CMV status,

donor and recipient sex as well as age showed that HLA-E

mismatch is an independent marker of CMV infection (p=0.014,

OR=5.92, 95%CI 1.57 - 29.22). Furthermore, this analysis also

confirmed the prognostic value of recipient CMV status (p=0.003,

OR=35.90, 95%CI 4.89 - 812.49).

No associations were observed in analyses performed separately

for AML and ALL patients (p>0.05). Interestingly, symptoms of

chronic GvHD were observed among recipients with HLA-E

mismatched donors more frequently (3/7 cases, 42.86%) than

among matched pairs (11/53 cases, 20.75%), however, this

difference did not rich statistical significance (p=0.339,

Figure 3B). No associations between HLA-E compatibility and the

risk of acute GvHD were observed (Figure 3C).
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Serum sHLA-E concentration

For the soluble HLA-E level measurements, 102 samples of

serum collected 30 days after HSCT were used. Median serum

sHLA-E concentration in the recipient group was 9.92 pg/mL

(Table 3). The HSCT recipients diagnosed with cGvHD

characterized with significantly decreased sHLA-E level in

comparison to those without cGvHD symptoms (6.33 vs 11.65

pg/mL, p=0.033, Figure 4A). In recipients suffering from aGvHD

grades II-IV, median sHLA-E level was also decreased when

compared to the recipients without aGvHD symptoms or

diagnosed with mild grade I, but this difference was not

statistically significant (8.04 vs 11.07 pg/mL, p=0.081, Figure 4B).

An additional analysis of sHLA-E concentration was performed

on 40 serum samples collected from patients 90 days after

transplantation. The median serum sHLA-E concentration

equalled 29.20 pg/mL 90 days after transplantation. No

differences were found in sHLA-E levels measured in this time

point between patients having and lacking various post-transplant

complications (Table 3). This included 30 patients from whom the

samples were also collected 30 days after HSCT. In this group of

patients we observed a significant increase in sHLA-E level at day 90

after transplantation as compared to day 30 (9.93 vs 29.31 pg/mL,

p<0.001, Figure 5). Similar difference was seen when we compared

all the samples collected at 30 (n=102) and 90 (n=40) day after

HSCT (9.92 vs 29.20 pg/mL, p<0.001). No associations were seen

when sHLA-E serum concentration was compared to the results of

HLA-E rs1264457 genotyping.

NKG2C deletion and sHLA-E serum level

The NKG2C deletion analysis showed that patients diagnosed

with more severe aGvHD grades II-IV carried the del variant more

frequently. Recipients who did not develop aGvHD or were

diagnosed with grade I of the disease, characterised with

decreased frequency of the del variant which was detected more

often in patients with severe II-IV aGvHD (25.93% vs 51.61%,

p=0.003, Figure 6).

Interestingly, a potential relationship between the NKG2C

genotype and sHLA-E serum concentration was observed.

Recipients carrying at least one NKG2C del allele (wt/del or del/

del genotypes) seemed to characterize with increased sHLA-E levels.

Their median serum sHLA-E concentration was 15.248 pg/mL,

FIGURE 1

The gating strategy (A–G): grey - singlets; green - lymphocytes; blue - lymphocytes T CD3+; orange - NK cells. (A) - discrimination of doublets
(FSC-A vs. FSC-H); (B) - discrimination of debris and lymphocytes gating; (FSC-A vs. SSc-A); (C) - lymphocyte subpopulations: lymphocytes T CD3+
(blue) and NK cells (orange) - (CD3 vs. SSc-A); (D) - NK cells (CD56 vs. CD16); (E) - NK cells NKG2C positive (NKG2C vs. SSc-A); (F) - NK cells
NKG2A positive (NKG2A vs. SSc-A); (G) - NK cells double positive CD94+CD57+ (CD94 vs. CD57); (H) - NK cells double positive NKG2A+NKG2C+
(NKG2A vs. NKG2C); (I) - NK cells double positive CD314+NKG2A+ (CD314 vs. NKG2A).
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while in wt/wt homozygotes this value equalled 9.923 pg/

mL (p=0.332).

Expression of NKG2C on NK cells

Peripheral blood of 28 HSCT recipients was used for flow

cytometry analysis of NK cells expressing NKG2A and NKG2C.

The analysis focused on all NK cells as well as their subsets (NK

CD56dim and NK CD56bright cells), based on expression of CD3,

CD16 and CD56 markers. Differences in expression of NKG2

receptors were assessed and compared at various time points

before (day 0) and after (days +21, +30, +60 and +90)

transplantation and related with the transplant outcome. Some

statistically significant associations were detected with respect to

the development of CMV infection and the frequency of NK cells

expressing NKG2C. The average onset of CMV infection in this

cohort was 44 days after HSCT.

Recipients presented with a higher frequency of NK cells

directly after HSCT, which decreases over time with a

simultaneous increase of T cell percentage. As expected the

frequency of NK CD56bright cells was higher than that observed

of the NK CD65dim subpopulation (Figure 7).

The frequency of NKG2C+ NK cells was significantly higher in

recipients who developed CMV infection after HSCT (Figures 8A–C).

At days +60 and +90 day after HSCT, recipients with CMV infection

(n=13) characterized with increased frequency of NKG2C+ cells

compared to individuals without infection (n=15). This association

was observed in both CD56bright and CD56dim NK cell subsets

(p=0.006 and p=0.009 for the frequency of NK CD56bright cells

expressing NKG2C at day +60 and day +90, respectively, and

p=0.025 and p=0.003 for the frequency of NK CD56dim cells

expressing NKG2C at day +60 and day +90, respectively).

Moreover, a time-dependent increase in frequency of NKG2C+

NK cells after HSCT was observed in CMV patients (n=7). These

recipients characterized with the highest frequency of NKG2C+ NK

cells 90 days after transplantation, especially as compared to day

+30 post HSCT (Figures 8D–F). An additional analysis of the

NKG2A-/NKG2C+ NK cell subpopulation showed that it was

TABLE 2 Distribution of genetic variants in patients and HSCT donors.

Recipients (N=200) Donors (N=104) P value

NKG2A rs7301582

genotypes CC 131(65.50%) 51 (49.04%) < 0.00011

CT 64 (32.00%) 39 (37.50%)

TT 5 (2.50%) 14 (13.46%)

alleles C 326 (81.50%) 141 (67.79%)
< 0.0001

T 74 (18.50%) 67 (32.21%)

HLA-E rs1264457

genotypes CC 37 (18.5%) 21 (20.19%)

0.7592

0.9003
CT 92 (46%) 47 (45.19%)

TT 71 (35.5%) 36 (34.62%)

alleles C 166 (41.5%) 89 (42.79%)
0.795

T 234 (58.5%) 119 (57.21%)

NKG2C deletion

genotypes wt/wt 134 (67%) 72 (69.23%)

0.7014

15
wt/del 63 (31.5%) 29 (27.88%)

del/del 3 (1.5%) 3 (2.88%)

alleles wt 331 (82.75%) 173 (83.17%)
0.910

del 69 (17.25%) 35 (16.83%)

1CC/CT vs TT and CC vs CT/TT, 2CC vs CT/TT, 3CC/CT vs TT, 4wt/wt+wt/del vs del/del, 5wt/wt vs wt/del + del/del.

FIGURE 2

Differences in NKG2A rs7301582 T allele frequencies between AML
patients and donors.

Siemaszko et al. 10.3389/fimmu.2023.1227897

Frontiers in Immunology frontiersin.org06

https://doi.org/10.3389/fimmu.2023.1227897
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


more frequently detected in recipients who developed CMV

infection after HSCT (Figure 9).

Interestingly, we also observed an association between the

frequency of NKG2C+ NK cells and the presence of NKG2C

deletion in the recipients. In patients who suffered from CMV

infection and did not have NKG2C deletion, the frequency of NK

cells expressing NKG2C increased to approach its maximum at day

+90 after HSCT. Significant differences between recipients with and

without NKG2C del variant were observed for the whole population

of NK cells (p=0.048, Figure 10A), as well as for the two NK cell

subsets – the NK CD56bright cells (p=0.042, Figure 10B), and NK

CD56dim cells 90 days after HSCT (p=0.005, Figure 10C). Among

the recipients with CMV infection after HSCT (n=12), half of them

had the NKG2A CC/NKG2C wt/wt haplotype. Those recipients

B CA

FIGURE 3

Associations between HLA-E incompatibility and post-transplant complications development; CMV infection (A) and chronic GvHD (B) occurred
more often among patients after HLA-E mismatched HSCT. Acute GvHD was developed irrespective of HLA-E compatibility (C).

BA

FIGURE 4

Soluble HLA-E levels detected in recipients’ serum 30 days after transplantation were lower in recipients who developed chronic (A) or acute (B)
GvHD in comparison to recipients without these complications.

TABLE 3 Median (with IQR) serum sHLA-E concentration values in different post-transplant conditions.

n +30 days [pg/mL] P value n +90 days [pg/mL] P value

All recipients 102 9.92 (6.30-18.68) 40 29.20 (24.22-40.04)

No cGvHD 84 (82.35%) 11.65 (6.75-20.31) 0.033 20 (50%) 29.31 (17.82-36.26) 0.376

cGvHD 18 (17.65%) 6.33 (4.09-14.74) 20 (50%) 29.10 (24.28-44.87)

aGvHD 0-I 81 (79.41%) 11.07 (6.5-19.32) 0.081 33 (82.5%) 28.94 (22.33-39.78) 0.512

aGvHD II-IV 21 (20.59%) 8.04 (5.44-18.19) 7 (17.5%) 29.27 (24.63-42.14)

CMV 37 (36.27%) 9.01 (6.31-20.73) 0.645 26 (65%) 29.27 (19.79-43.86) 0.512

No CMV 65 (63.73%) 9.93 (5.67-16.14) 14 (35%) 28.94 (24.14-37.27)

Age <52 48 (47.06%) 10.55 (6.29-19.63) 0.134 20 (50%) 29.20 (21.91-39.25) 0.883

Age >52 54 (52.94%) 8.79 (5.65-18.1) 20 (50%) 29.01 (23.99-39.59)
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characterized with increased frequency of NKG2C+ NK cells,

especially 3 months after HSCT (Figure 10). These associations

were also seen when the patients positive for CMV IgG before

transplantation were considered. There were 21 out of 28 (75%)

seropositive recipients analysed.

Discussion

Since GvHD and viral infections remain the most common

HSCT complications, the need to develop new forms of treatment

and characterize new prognostic as well as risk factors is a high

priority. The HLA-E: NKG2A/C interaction may be a key element

of these processes.

A number of studies report that donor and recipient HLA-

E*01:03 homozygous genotype is related with better HSCT outcome

due to a lower risk of acute and chronic GvHD development and a

lower rate of relapse (48–53). However in contrast, in T-cell-replete

transplantations, donor HLA-E*01:01/*01:03 genotype was

associated with a higher transplant-related mortality and lower

disease-free survival (36). Also, a study on kidney transplant

patients showed that HLA-E*01:03 allele was correlated with a

higher incidence of CMV infection after transplantation (37). A

similar association was observed between HLA-E*01:03 and

hepatitis C viral infection (38). This shows that results of previous

studies on HLA-E polymorphism are somewhat inconsistent.

Interestingly, our present study did not show any association

between the presence of either HLA-E*01:03 or HLA-E*01:01

allele and a risk of post-transplant complications. However, we

observed that HLA-E mismatch between donor and recipient is

associated with a higher risk of CMV infection after HSCT.

Likewise, an earlier study observed that HLA-E mismatch affected

HSCT survival in patients with acute leukaemias, particularly in

patients with advanced disease (54). In our previous studies, we also

observed the unfavourable effect of HLA-E mismatching in patients

after HSCT, such as increased acute GvHD risk (55–57). This

suggests that HLA-E incompatibility, in addition to the presence

or absence of specific alleles, may be an important factor affecting

HSCT outcome.

Production of cell-free soluble HLA molecules is known to be

implicated in cancer immune escape (58). HLA-E can likewise be

present in a soluble form, resulting largely from proteolytic cleavage

of membrane-bound HLA-E by matrix metalloproteinases (59).

Increased soluble HLA-E concentration was associated with disease

susceptibility in various disorders, including chronic hepatitis B,

juvenile idiopathic arthritis, and gastric cancer (60–62). Soluble

HLA-E is also involved in endothelial cell activation and may have a

role in immunoregulatory functions of the endothelium (10).

Furthermore, increased sHLA-E was detected in various different

tumour cell culture supernatants and was proved to be upregulated

by various cytokines, such as IFN-g, IFN-a and TNF-a (11).

Conversely, we showed that recipients with GvHD characterized

with decreased serum sHLA-E levels 30 days after transplantation.

This association was especially seen in patients with chronic GvHD,

and to a lesser extent in patients with severe acute GvHD. Similarly,

a recent study by Kordelas et al. showed that HSCT recipients who

developed acute or chronic GvHD had lower sHLA-E levels up to

one year after transplantation (35). These results suggest that

decreased sHLA-E serum concentration may serve as prognostic

factor for the development of GvHD with lower levels being

associated rather with unfavourable prognosis. We also noticed

that sHLA-E concentrations increased over time after HSCT,

irrespective of the presence or absence of post-transplant

complications. This observation might suggest that higher sHLA-

E concentrations later on after transplantation may be related with

better transplant outcome. Obviously this hypothesis requires

further and more comprehensive studies.

Expression of the activating NKG2C NK cell receptor was

shown to decrease a year after HSCT, following development of

both acute and chronic GvHD in previous studies (39–41). This was

not observed in our study, although it may be possible that this

discrepancy was due to a shorter time of observation (3 months) of

our patients. Conversely, NKG2C expression on NK cells is known

to increase during CMV infection (19, 63), leading to emergence of

potent mature NKG2A-/NKG2C+ CD56dim NK cells a year after

transplantation (64). This is in accordance with our results showing

a notable increase in NKG2C expression on all NK cell subtypes at

the third month after transplantation as well as an increase of the

unique NKG2A-/NKG2C+ NK cell population. The presence of the

NKG2C deletion was previously reported to affect CMV reactivation

FIGURE 5

Serum sHLA-E concentration in HSCT recipients at day 30 and 90
after transplantation. A significant time-dependent increase has
been observed.

FIGURE 6

Recipients who developed severe acute GvHD grades II-IV carried
the NKG2C del variant more frequently.
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after haploidentical HSCT or lung transplantation (28, 42, 43). We

did not observe such an association. However, our study revealed

that in patients with post-transplant CMV infection who carried at

least one NKG2C del allele, the frequency of NKG2C+ NK cells was

decreased in comparison to wild type homozygotes. This

observation proves a functional association between the NKG2C

gene polymorphism and its expression in patients with CMV

infection. Interestingly, this finding seems to be confirmed in part

by an earlier study on NKG2C deletion in CMV seropositive

children (65). Although this association between NKG2C deletion

and decreased NKG2C+ NK may be expected, there are studies

indicating that it’s not always present (44).

BA

FIGURE 7

Changes in frequencies of T and NK cells (A) and NK cell subpopulations (B) during the observation period.

B C

D E F

A

FIGURE 8

Differences in expression of NKG2C on NK cells in HSCT recipients with CMV infection at various time points after transplantation. Frequency of
NKG2C+ cells was increased 60 (*p=0.005) and 90 (**p=0.007) days after HSCT in patients who developed CMV infection as compared to patients
without this complication (A). Frequency of NKG2C+ NK CD56bright cells was higher among recipients with CMV infection (day +60 *p=0.006 and
day +90 **p=0.009, (B). Similarly, frequency of NKG2C+ NK CD56dim cells was increased in recipients with CMV infection (day +60 *p=0.025 and
day +90 **p=0.003, (C). Patients with CMV infection characterized with a significant increase in frequency of NK cells expressing NKG2C cells
between days 30 and 90 after HSCT (*p=0.016, D). A significant difference between days 30 and 90 after HSCT was also observed for the
frequencies of NKG2C+ NK CD56bright cells (*p=0.008, E) as well as NKG2C+ NK 56dim cells (*p=0.030, in patients with CMV infection F).
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Little is known about the NKG2A rs7301582 polymorphism. The

C variant was reported to have a negative impact on response to anti-

TNF treatment in Polish patients with rheumatoid arthritis (33). The

present study is, to the best of our knowledge, the first to indicate the

potential significance of NKG2A rs7301582 polymorphism in HSCT.

It is uncertain how this SNP could exert its effect, since it is located in

anNKG2A gene intron (intron 6). It is possible that this variant could

affect splicing, although there is no evidence for it. Introns are known

to affect gene expression by various indirect means, e.g. changing

mRNA stability, influencing methylation/chromatin modifications,

or harbouring cryptic splice sites (66, 67). Furthermore, SNPs can

also act affect expression of other remote genes in a trans manner

(68). Here, we confirm the role of NKG2A rs7301582 C allele as a

negative factor since it occurred more frequently in recipients

diagnosed with AML than in donor group.

Our study has, however, some limitations, i.e. small sample size,

non-homogenous recipient group and lack of availability of all donor

samples. Being aware of these limitations, we still are assured that our

results make a strong contribution to the development of the field.

Taken together, the results obtained in this present study

imply that the donor/recipient HLA-E mismatch is associated

with a higher incidence of CMV infection after transplantation.

Decreased serum sHLA-E concentration is associated with

development of both chronic and acute GvHD in adult HSCT

recipients. We also observed significant differences in the

frequency of NKG2C expressing NK cells in the context of

CMV infection. Recipients who were diagnosed with this

complication were characterized by increased percentage of

NKG2C+ NK cells. Moreover, we proved that NKG2C deletion

was associated with expression level of the receptor, as patients

carrying the del allele had a decreased frequency of NKG2C+ NK

cells. Regarding the NKG2A polymorphism, the rs7301582 C allele

may be associated with higher AML susceptibility. In conclusion,

our results suggest that the sHLA-E level and expression of

NKG2C on NK cells may act as a potential markers of post-

transplant complications.
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repositories. The data can be found at: https://cloud.hirszfeld.pl/
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FIGURE 9

Differences in expression of NKG2A-/NKG2C+ NK cells in patients with CMV infection at various time points after transplantation. Increased
frequency of NKG2A-/NKG2C+ NK cells in recipients with CMV infection 90 days after HSCT (p=0.003, A). Frequency of NKG2A-/NKG2C+
CD56bright NK cells was significantly increased in CMV patients 30 and 90 days after transplantation (p=0.002 and p=0.002, respectively, B). Higher
frequency of NKG2A-/NKG2C+ population of CD56dim NK cells was observed in 90 days after HSCT (p=0.004, C).

B CA

FIGURE 10

Differences in frequencies of NKG2C+ NK cells in patients with CMV infection carrying various NKG2C genotypes. Decreased frequency of NK cells
expressing NKG2C receptor in recipients carrying NKG2C deletion (A *p=0.048, B *p=0.042 for NK cells and NK CD56bright subpopulation,
respectively). Significantly higher frequency of NKG2C+ NK CD56dim cells in recipients with NKG2A rs7301582 CC and NKG2C wt genotype at +90
day after HSCT (p=0.005, C).
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MICB Genetic Variants and Its Protein Soluble Level Are Associated with 
the Risk of Chronic GvHD and CMV Infection after Allogeneic HSCT

Jagoda Siemaszko1 · Marta Dratwa1 · Agnieszka Szeremet2 · Maciej Majcherek2 · Anna Czyż2 · Małgorzata Sobczyk-Kruszelnicka3 · 
Wojciech Fidyk3 · Iwona Solarska4 · Barbara Nasiłowska-Adamska4 · Patrycja Skowrońska5 · Maria Bieniaszewska6 · 
Agnieszka Tomaszewska7 · Grzegorz W. Basak7 · Sebastian Giebel3 · Tomasz Wróbel2 · Katarzyna Bogunia-Kubik1

Abstract
The aim of the present study was to determine the associations between the MICB genetic variability and the expression and the risk of development of post-
transplant complications after allogeneic hematopoietic stem cell transplantation (HSCT). HSCT recipients and their donors were genotyped for two MICB 
polymorphisms (rs1065075, rs3828903). Moreover, the expression of a soluble form of MICB was determined in the recipients’ serum samples after transplanta-
tion using the Luminex assay. Our results revealed a favorable role of the MICB rs1065075 G allele. Recipients with donors carrying this genetic variant were 
less prone to developing chronic graft-versus-host disease (cGvHD) when compared to recipients without any symptoms of this disease (41.41% vs. 65.38%, 
p = 0.046). Moreover, the MICB rs1065075 G allele was associated with a lower incidence of cytomegalovirus (CMV) reactivation, both as a donor (p = 0.015) and 
as a recipient allele (p = 0.039). The MICB rs1065075 G variant was also found to be associated with decreased serum soluble MICB (sMICB) levels, whereas 
serum sMICB levels were significantly higher in recipients diagnosed with CMV infection (p = 0.0386) and cGvHD (p = 0.0008) compared to recipients without 
those complications. A protective role of the G allele was also observed for the rs3828903 polymorphism, as it was more frequently detected among donors of 
recipients without cGvHD (89.90% vs. 69.23%; p = 0.013). MICB genetic variants, as well as serum levels of sMICB, may serve as prognostic factors for the risk 
of developing cGvHD and CMV infection after allogeneic HSCT.
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1.  Introduction

According to the European Society for Blood and Marrow 
Transplantation registry, a total of 47,412 hematopoietic stem 
cell transplantation (HSCT) procedures were performed in 
2021. Allogeneic HSCT constituted 42% of them (19,806) 
(Passweg et al. 2023). Although HSCT has a high success 
rate, it may still lead to some post-transplant complications, 
including graft-versus-host-disease (GvHD) and cytomegalo-
virus (CMV) infection (Eberhardt et al. 2023; González-Cruz 
et al. 2023; Holtick et al. 2024; Sulaiman et al. 2024).
Natural killer (NK) cells are the first cell subset to reconstitute 
after HSCT. They belong to the innate lymphoid cells family 

and are one of the most important parts of the human innate 
immunity (Peterson and Barry 2021; Blunt and Khakoo 
2023; Prokopeva et al. 2023). The NK cells are regulated 
by their activating and inhibitory receptors, i.e., killer Ig-like 
receptors, natural cytotoxicity receptors, or C-type lectin-like 
proteins, with the activating NKG2D being one of the most 
studied receptors (Patil and Schwarer 2009; Bogunia-Kubik 
and Łacina 2021; Siemaszko et al. 2023).
In humans, ligands for the NKG2D receptor are the MHC 
class I chain-related A and B molecules (MICA and MICB) 
and the UL-16 binding proteins (Siemaszko et al. 2021). 
These molecules serve as natural biomarkers, as they are 
typically not expressed on normal cells but are often overex-
pressed on stress-induced or transformed cells (Goulding et 
al. 2023; Sánchez-Cerrillo et al. 2023). Both MICA and MICB 
can be expressed in serum in their soluble forms (Nagai et al. 
2022). It was reported that the soluble MICA (sMICA) levels 
were decreased in healthy individuals compared with its ele-
vated levels in patients suffering from various diseases and 
malignancies, e.g., ankylosing spondylitis, non-small cell car-
cinoma, pancreatic cancer, breast cancer as well as SARS-
CoV-2 infection (Wang et al. 2015; Onyeaghala et al. 2017; 
Wang et al. 2021; Farzad et al. 2022; Kshersagar et al. 2022). 
The impact of the serum soluble MICB (sMICB) molecule has 
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been, however, less studied. A study conducted on cancer 
patients (individuals diagnosed with various malignancies, 
including prostate cancer, gastrointestinal cancers, breast 
cancer, or lung cancer) revealed that they had increased 
sMICB levels in the serum when compared with healthy indi-
viduals. A significant association was also observed between 
the sMICB level and metastasis (Holdenrieder et al. 2006b).
As MICA is the most polymorphic of all nonclassical MHC and 
MHC-like molecules, another frequently studied factor is its 
genetic variability. One of the most-frequently studied MICA 
single nucleotide polymorphisms (SNPs) is the methionine 
(Met)-to-valine (Val) amino acid exchange at position 129. 
Contrary to the Val isoform, the Met variant is associated 
with higher NKG2D receptor signaling, resulting in not only 
more efficient NK cell cytotoxicity but also with faster NKG2D 
downregulation on NK and T cells (Isernhagen et al. 2015). 
The impact of MICA Met129Val polymorphism was described 
in many studies, indicating the protective effects of the Met 
allele and describing the Val variant (and especially the Val/
Val genotype) as a risk factor (Ouni et al. 2017; Zingoni et 
al. 2018; Ouni et al. 2020). The other significant factor is 
MICA Met129Val compatibility between the recipient and the 
donor. It was reported that in unrelated transplantations, a 
MICA Met129Val mismatch is a risk factor for acute graft-ver-
sus-host disease (aGvHD) (Parmar et al. 2009; Fuerst et al. 
2016). MICB polymorphisms are less studied. It was reported 
that in acute myeloid leukemia patients receiving HSCT, the 
MICB-58 (Lys58Glu) polymorphism had a negative effect on 
relapse-free survival (Machuldova et al. 2021). The MICB 
rs1051788 polymorphism was associated with reduced risk 
of primary graft dysfunction after lung transplantation (Aguilar 
et al. 2024). The impact of MICB polymorphisms was also 
investigated in different diseases, e.g., leukemia, dengue 
fever, rheumatoid arthritis, or systemic lupus erythematosus 
(Yu et al. 2017; Baek et al. 2018; Wang et al. 2019; Faridah 
et al. 2023).

2.  Materials and Methods

2.1.  Study population

For this study, 232 allogeneic HSCT recipients from five 
Polish transplantation centers and their 124 donors were 
enrolled. Recipients were 18- to 73-years-old with the median 
age of 50. There were 135 males and 97 females. Patients 
approved for HSCT were diagnosed with various hematologi-
cal disorders, including blood cancers. The most common 
type of donor was matched sibling. Myeloablative condition-
ing was applied to 53.88% of all the recipients. After trans-
plantation, the most common complications were aGvHD and 
CMV infection (39.22% and 38.79%, respectively). Detailed 
characteristics of patients can be seen in Table 1. The study 
complied with the Declaration of Helsinki and was approved 

by the Wroclaw Medical University Ethics Committee (identi-
fication code KB-561/2019).

2.2.  Samples

Peripheral blood of HSCT recipients and donors was col-
lected on ethylenediaminetetraacetic acid (EDTA) tubes 
before transplantation. Genomic DNA extraction was per-
formed by a column method using the NucleoSpin Blood kit 
(MACHEREY-NAGEL, Germany), according to the manufac-
turer’s protocol. Briefly, 200  mL of whole blood was used. 
Isolated DNA was stored at –20°C for genetic studies. Serum 

Table 1. Patients’ characteristics

N = 232

Age (years, median, range) 50, 18–73

Sex (M/F) 135 (58.19%)/97 (41.81%)

Type of donor

 MSD 107 (46.12%)

 MUD 54 (23.28%)

Haploidentical 53 (22.84%)

MMSD 17 (7.33%)

Diagnosis

 AML 92 (39.66%)

 ALL 29 (14.50%)

 MDS 25 (12.50%)

 NHL 18 (9%)

 MPN 17 (8.50%)

 HL 10 (5%)

 PCM 8 (4%)

 Other 33 (16.50%)

Conditioning 

 RIC/MAC/NMA 104 (44.83%)/125 (53.88%)/ 
3 (1.29%)

Post-transplant complications

 aGvHD (I–IV) 91 (39.22%)

 aGvHD (II–IV) 48 (20.69%)

 cGvHD 46 (19.83%)

 �cGvHD de novo/progression of aGvHD 
to cGvHD/after aGvHD remission

17 (36.96%)/8 (17.39%)/ 
20 (43.48%)

 CMV 90 (38.79%)

 Relapse 31 (13.36%)

 Death 30 (12.93%)

No complicationsa 83 (35.78%)

aRecipients without GvHD and CMV infection.
aGvHD, acute graft-versus-host disease; cGvHD, chronic graft-versus-host 
disease; CMV, cytomegalovirus; GvHD; graft-versus-host disease; MMSD, 
mismatched sibling donor; MPN, myeloproliferative neoplasm; MSD, matched 
sibling donor; MUD, matched unrelated donor; PCM, plasma cell myeloma; RIC, 
reduced intensity conditioning; MAC, myeloablative conditioning.
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was isolated directly after blood collection and stored at 
–80°C for further use.

2.3.  SNP genotyping

Two SNPs associated with the MICB gene were selected. 
An SNP resulting in an amino acid change at position 
48 (Lys/Glu), rs1065075, is localized in exon 2, which 
encodes the alpha1 region of the MICB protein. Another 
SNP, rs3828903, is an intronic variant, localized between 
the leader sequence and the alfa1 region of MICB. Both 
polymorphisms were selected based on the on-line SNP 
Function Prediction tool (Xu and Taylor 2009), and the 
frequency of the minor allele was higher than 0.30 in the 
European populations. The SNPs were determined using 
LightSNiP (TIB MOLBIOL, Berlin, Germany) assays, and 
real-time PCR was performed on the LightCycler 480 II 
instrument (Roche Diagnostics, Rotkreuz, Switzerland).

2.4.  Serum sMICB concentration

The serum level of sMICB was determined using the Luminex 
Discovery Assay premixed kit (R&D Systems, bio-techne, 
Minneapolis, Minnesota, USA) according to the manufac-
turer’s protocol. In total, serum from 82 HSCT recipients 
that represents the patients having and lacking various 
post-transplant complications (aged 20–73  years, 28.57% 
diagnosed with chronic graft-versus-host disease (cGvHD), 
36.59% diagnosed with aGvHD, and 43.90% diagnosed with 
CMV) collected 30 days after transplantation was used. For 
each experiment, a series of three-fold diluted standards 
was prepared to create the standard curve. All samples were 
prepared in two-fold dilution and measured in duplicates in 

a Luminex 200 instrument (Luminex Corp., Austin, Texas, 
USA). The median fluorescence intensity was calculated 
using the xPonent 4.2 software (Diasorin, Saluggia, Italy).

2.5.  Statistical analysis

The Fisher exact test and the Mann–Whitney U test were used 
for the statistical analysis of the obtained results. The concen-
tration of serum sMICB was calculated as a mean value with 
standard deviation (SD). For data visualization and calcula-
tions, GraphPad Prism (Dotmatics, Boston, Massachusetts, 
USA) was used. Multivariate logistic regression analysis was 
performed using the RStudio software (v. 2022.12.0, posit, 
Boston, Massachusetts) to determine the risk factors for post-
transplant CMV infection. In this analysis, we used a number 
of factors (recipients’ age, donor–recipient HLA compatibility, 
donors’ and recipients’ CMV IgG sero-status, donors’ sex and 
the occurrence of MICB rs1065057 G allele) to point out those 
that are of major significance. P value at 0.05 was considered 
as statistically significant.

3.  Results

3.1. � Donor MICB polymorphisms and the risk of cGvHD 
incidence

The SNPs genotyping revealed that the presence of the donor 
MICB rs1065075 G allele was less common among patients 
who had developed cGvHD after HSCT. This genetic variant 
was detected in 34.62% of the donors whose recipients devel-
oped cGvHD and in 58.59% of the donors of the remaining 
recipients (p = 0.046, Figure 1a). Similarly, the donor MICB 
rs3828903 G allele was less prevalent among patients who 

(a)  (b)  
Fig 1.  MICB genetic variants and development of cGvHD. (a) Donor rs1065056 G allele was less common among patients who developed 

cGvHD. (b) Donor rs3828903 G allele was more prevalent among recipients lacking cGvHD post-transplantation. cGvHD, chronic 
graft-versus-host disease; HSCT, hematopoietic stem cell transplantation.
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developed cGvHD when compared to patients free of that 
disease (69.23% vs. 89.90%, p = 0.013, Figure 1b).
These relationships were also apparent when the patients 
who developed cGvHD de novo, as progression of aGvHD 
or after remission of aGvHD was considered separately in 
relation to the donor MICB rs1065057 genotype. However, 
they did not reach statistical significance. As compared to 
patients without cGvHD symptoms transplanted from donors 
carrying the MICB rs1065075 G allele (58.9%), there were 
50.00% of the patients with de novo cGvHD and 33.33% with 
cGvHD after aGvHD remission received HSC from donors 
with the MICB rs1065075 G allele. None of the patients who 
developed cGvHD as a progression from aGvHD were trans-
planted from the MICB rs1065075 G positive donor.

3.2.  MICB polymorphism and risk of CMV infection

CMV infection was detected in 38.79% (90/232) of the HSCT 
recipients after transplantation. It was observed that the pres-
ence of the MICB rs1065075 G allele in either the donor or 
recipient may be associated with a decreased risk of infec-
tion. This genetic variant was detected among 41.57% of the 
recipients who developed CMV infection after HSCT (Figure 
2a). Similarly, the donor MICB rs1065075 G allele was more 
commonly detected among patients who did not develop 
CMV infection (Figure 2b). This favorable role of the MICB 
rs1065075 G variant was confirmed in a multivariate analy-
sis. Multivariate logistic regression analysis showed that the 
recipient IgG status constitutes an independent risk factor for 
CMV infection, while the HLA compatibility and presence of 
the MICB rs1065057 G allele in recipients significantly protect 

from CMV infection (p = 0.0142 and p = 0.0238, respectively; 
Table 2).

3.3.  Serum sMICB concentrations

Concentration of sMICB was measured in serum collected 
30 days after HSCT. The mean level of serum sMICB was 
78.79 pg/mL in all samples. Recipients with CMV infection 
after HSCT were characterized as having an increased level 
of serum sMICB when compared to recipients without post-
transplant CMV infection. The mean value of sMICB was 
67.13 pg/mL in individuals without CMV infection and 96.85 
pg/mL in recipients diagnosed with CMV infection (p = 0.0386; 
Figure 3a). The sMICB serum concentration was also found 
to be associated with cGvHD incidence. Recipients who 
developed cGvHD characterized with increased sMICB lev-
els when compared with patients without cGvHD (62.47 pg/
mL in recipients without cGvHD vs. 116.2 pg/mL in recipients 
with cGvHD, p = 0.0008; Figure 3b). Detailed results of serum 
sMICB concentration measurements are shown in Table 3.

3.4. � Serum sMICB concentration in relation to MICB 
polymorphisms

The sMICB level in the recipients’ serum seems to be 
associated with the MICB genetic variants (Table 4). MICB 
rs1065057 GG carriers were observed to have the lowest 
sMICB levels. Homozygous patients with MICB rs1065057 
GG genotype had decreased sMICB concentration compared 
with both the AG heterozygous (p = 0.0215) and AA homozy-
gous patients (p = 0.0155; Figure 4a). A similar association, 

(a)  (b)  
Fig 2.  Associations between the MICB genotype and the risk of CMV infection development. (a) CMV infection was less frequent in recipients 

carrying the rs1065075 G allele. (b) Lower incidence of CMV infection in patients transplanted from donors with rs1065075 G allele. 
CMV, cytomegalovirus; HSCT, hematopoietic stem cell transplantation.
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although not statistically significant, was observed for MICB 
rs3828903 polymorphism. Recipients carrying the GG geno-
type had lower sMICB concentration when compared with the 
A allele carriers (63.49 pg/mL vs. 90.45 pg/mL, p = 0.0730; 
Figure 4b).

4.  Discussion

In our present study, HSCT recipients and donors were geno-
typed for two MICB SNPs (rs1065075; G to A substitution 
resulting in Lys48Glu amino acid exchange and rs3828903; 
G to A nucleotide substitution within intronic sequence). In 
addition, serum sMICB levels were determined in patients’ 
sera 30 days after transplantation. Our findings showed sig-
nificant associations between the MICB polymorphisms and 
sMICB serum levels and risk for development of CMV infec-
tion or cGvHD.

The MICA molecule is the most polymorphic of all non-clas-
sical HLA and HLA-like molecules, whereas MICB is char-
acterized by more limited genetic variability. Its polymorphic 
variants were reported to have an impact on relapse-free 
survival or mortality in HSCT recipients, dengue severity, 
and immunosurveillance in oral squamous cell carcinoma 
(Ivanova et al. 2021; Machuldova et al. 2021; Faridah et al. 
2023; Petersdorf et al. 2023). An interesting MICB polymor-
phism is the Ile/Met amino acid exchange at position 98. 
Carapito et al. (2020) reported that the donor/recipient mis-
match for Ile98Met was associated with an increased risk of 
developing severe aGvHD grades II–IV or cGvHD. Here we 
focused on two other SNPs, not previously investigated in 
the context of HSCT, to study their potential associations with 
the risk of post-transplant complications. Both SNPs chosen 
for this study might be related to the ligand–receptor interac-
tions and are located in a similar region of the MICB gene. 
The rs1065057 polymorphism (exon 2) is localized within the 
region responsible for encoding of the α1 domain of MICB 
protein, which is exposed to the corresponding NKG2D 
receptor. The other polymorphism (rs3828903) is localized in 
intron 1, which is placed between the leader sequence and 
exon 1.
Our results on the genetic distribution of two MICB poly-
morphisms revealed that in both rs1065057 (Lys48Glu) and 
rs3828903 (intronic substitution) SNPs, the G allele plays a 
favorable role as it was associated with a decreased inci-
dence of cGvHD development after HSCT. Additionally, we 
showed that the presence of the MICB rs1065075 G allele 
in recipients and donors may play a protective role against 
CMV infection after HSCT. The effect of recipient genotype 

Table 2. Results of the multivariate analysis for CMV risk factors

Variables P value OR 95% CI

Age 0.5988 0.9937 0.9702–1.0176

D/R HLA compatibility 0.0142 0.4276 0.2144–0.8385

Recipient CMV IgG status <0.0001 16.2592 4.8663–76.9165

Donor CMV IgG status 0.1884 0.5834 0.2570–1.2944

Donor sex 0.1606 1.6562 0.8250–3.3949

MICB rs1065057 G allele 0.0238 0.4701 0.2417–0.8988

CI, confidence interval; CMV, cytomegalovirus; D, donor; HLA compatibility, 
HLA-A, B, C, DRB1 and DQB1 match at a high resolution level; OR, odds ratio; 
R, recipient.

(a)   (b)  
Fig 3.  Serum sMICB levels in recipients diagnosed with various post-transplant complications. (a) Increased sMICB concentration in recipi-

ents with CMV infection. (b) Higher sMICB level in patients who developed chronic form of GvHD. cGvHD, chronic graft-versus-host 
disease; CMV, cytomegalovirus; GvHD, graft-versus-host-disease; sMICB, soluble MICB.
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was confirmed in a multivariate analyses together with HLA 
compatibility and lack of pre-transplant anti-CMV IgG anti-
bodies as protective factors.
Both MICA and MICB molecules can be shed in their soluble 
forms from the cell surface, indicating immune evasion and 
escape from detection by NK cells (Chitadze et al. 2013; 
Suresh 2016). Being one of the most characteristic tumor 
immune escape mechanisms, shedding of these two mol-
ecules is possible due to metalloproteinases (ADAMs and 

MMPs families) and disintegrins (Zocchi et al. 2015). When 
expressed on the surface of target cells, MICA and MICB 
serve as ligands for NKG2D activating receptor, allowing 
their recognition by NK cells. Blocking this ligand–recep-
tor interaction compromises cytotoxic properties of the NK 
cells. Increased levels of soluble NK cell ligands (sMICA, 
sMICB, and sULBPs) had been associated with poor prog-
nosis in cancer patients (Groh et al. 2002; Doubrovina et 
al. 2003; Wu et al. 2004; Holdenrieder et al. 2006a; Nuckel 
et al. 2010; Vela-Ojeda et al. 2021). Interestingly, the MICB 
molecule can be found in its soluble form in the tumor 
microenvironment but is not expressed directly on the sur-
face of tumor cells (Raffaghello et al. 2004; Holdenrieder et 
al. 2006b; Boutet et al. 2009; Kaidun et al. 2023). NKG2D 
ligands are overexpressed during CMV infection, which 
helps with the recognition and clearance of the infected 
cells. It was reported that the human CMV-encoded UL16 
protein binds specifically to MICB, competing with NKG2D. 
This leads to decreased binding to the activating receptor 
and, as a result, decreased NK cell activity (Spreu et al. 
2006).
In accordance with these observations, we detected higher 
sMICB serum concentrations in patients who developed 
CMV after HSCT. Moreover, increased sMICB serum levels 
were found in patients who suffered from cGvHD. This is a 
novel observation that has not been previously described. 
Furthermore, our study has also revealed associations 
between the MICB polymorphism and sMICB concentrations 
in patients’ sera. Patients homozygous for rs1065057 AA and 
rs3828903 AA were characterized with higher sMICB levels 
compared to recipients carrying at least one G allele, further 
confirming the protective role of those genetic variants. Since 
soluble forms of non-classical HLA and HLA-like molecules 

(a)   (b)  
Fig 4.  Relationships between serum sMICB and two MICB SNPs. (a) Lower sMICB level in serum samples of MICB rs1065057 GG homo-

zygous patients. (b) Differences in sMICB concentration between recipients carrying various MICB rs3828903 genotypes. sMICB, 
soluble MICB; SNPs, single nucleotide polymorphism.

Table 3. Serum sMICB concentrations in HSCT recipients

No CMV  
(pg/mL)

CMV  
[pg/mL]

No cGvHD 
(pg/mL)

cGvHD  
(pg/mL)

Mean 67.13 96.85 62.47 116.2

SD 54.23 72.04 49.88 77.03

Std. Error 8.47 12.18 6.73 15.72

25–75% 
percentile

25.38–94.86 39.42–129.8 26.53–88.25 71.60–145.2

95% CI 50.01–84.25 72.10–121.6 48.98–75.95 83.69–148.7

cGvHD, chronic graft-versus-host disease; CI, confidence interval; CMV, 
cytomegalovirus; HSCT, hematopoietic stem cell transplantation; SD, standard 
deviation; sMICB, soluble MICB.

Table 4. �Mean serum sMICB concentrations of patients with various 
MICB genotypes

MICB SNP

Variant rs1065057 rs3828903

AA 91.47 pg/mL 90.45 pg/mL

AG 74.95 pg/mL 90.48 pg/mL

GG 39.78 pg/mL 63.49 pg/mL

sMICB, soluble MICB; SNP, single nucleotide polymorphism.
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may serve as decoy ligands for NK cell receptors, blocking 
cytotoxic properties, their increased levels are considered 
as a negative factor for disease development and worse 
outcome (Salih et al. 2006; Ribeiro et al. 2016; Siemaszko 
et al. 2021). Results obtained in this study support these 
findings. Nevertheless, it should be noted that the number 
of tested samples is relatively small and a study on a larger 
cohort could be needed to confirm our findings. Furthermore, 
the biological material was not available for some of the 
donors, limiting our observations of the immunogenetic 
donor–recipient associations.
Taken together, in the present study, we showed significant 
associations of the MICB genetic variants and sMICB serum 
levels with the development of post-transplant complications 
in recipients undergoing allogeneic HSCT. We found that the 
increased serum sMICB concentration is a negative factor 
for CMV infection and cGvHD development. We showed that 
both donor and recipient MICB variants could be potential 
prognostic markers of CMV and cGvHD. Our results indicate 
the emerging role of MICB molecule in the context of HSCT 
outcome.
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Abstract 

Despite new treatment strategies, graft-versus-host disease (GvHD) remains a formidable 

complication after allogeneic hematopoietic stem cell transplantation (HSCT). This study aimed to 

investigate the impact of polymorphisms and expression of MICA and NKG2D receptor on the 

development of GvHD in allogeneic HSCT recipients. Soluble MICA (sMICA) concentration was 

measured in serum collected 30 days after transplantation and the genetic variability of MICA and 

NKG2D genes was evaluated. The frequency of NKG2D+ NK cells was determined by flow cytometry 

before and (21, 30, 60 and 90 days) after transplantation. Recipients with acute GvHD grades II-IV 

carried the NKG2D rs1049174 C allele more frequently than controls or patients with no or mild 

disease. Patients with chronic GvHD had higher frequency of NKG2D expressing NK cells 

posttransplant, reflecting increased activity of their NK cells. Although no direct relationship between 

MICA SNPs and GvHD were observed, the presence of MICA rs1051792 GG genotype correlated with 

elevated sMICA levels and increased serum level of sMICA was associated with higher risk of chronic 

GvHD. Our findings suggest that sMICA concentration may serve as a potential biomarker for chronic 

GvHD and emphasize the impact of genetic variability of NKG2D and its surface expression on the HSCT 

outcome. 

Keywords: NK cells, MICA, NKG2D, HSCT, GvHD 

Abbreviations: hematopoietic stem cell transplantation (HSCT), graft-versus-host disease (GvHD), 

Natural killer (NK), Single Nucleotide Polymorphisms (SNPs), MSD – matched sibling donor, MUD – 

matched unrelated donor, MMUD – mismatched unrelated donor, MAC – myeloablative conditioning, 



RIC – reduced intensity conditioning, NMA – non- myeloablative conditioning, M – male, F – female,  

R – recipient, D – donor, AML - acute myeloid leukemia, ALL - acute lymphoblastic leukemia, MDS - 

myelodysplastic syndrome, MPN - myeloproliferative neoplasms , PCM - plasma cell myeloma, NHL - 

Non-Hodgkin lymphomas, HL - Hodgkin lymphomas, CSA - Cyclosporine A, PTCy - posttransplantation 

cyclophosphamide, MTX – methotrexate, MMF - mycophenolate mofetil, CMV - cytomegalovirus, EBV 

- Epstein-Barr virus. 

 

Introduction 

Allogeneic Hematopoietic Stem Cell Transplantation (HSCT) is a medical procedure in which 

hematopoietic stem cells, being the precursors to all blood cells, are transplanted from a donor to  

a recipient [1]. It is used to treat certain types of blood cancers as well as some non-malignant disorders 

like severe aplastic anaemia or diseases affecting the blood and immune system [2]. The success of 

allogeneic transplantation largely depends on the histocompatibility between the donor and the HSCT 

recipient that significantly decreases the risk of graft failure [3]. However, there are still some factors 

affecting the HSCT outcome, such as graft-versus-host disease (GvHD) manifestation or patients’ 

survival [4]. Hence the importance of identifying new biomarkers that have potential impact on the 

development of posttransplant complications is critical, therefore identification of novel biomarker 

candidates could lead to more personalized treatment approaches and better risk stratification [5].  

Natural killer (NK) cells are a unique component of human immune system having the properties of 
both innate and adaptive immunity. Reconstitution of NK cells occurs the earliest and is the most rapid 
of all lymphocytes, especially during the first three months after haematopoietic stem cell 
transplantation, which was also observed and confirmed in in vitro studies [6,7,8]. Additionally, it has 
been proved that the reconstituting NK cells are of donor origin [9]. Although HSCT is a life-saving form 
of treatment, it still can lead to development of posttransplant complications, with graft-versus-host 
disease being one of the most common [10]. GvHD can occur in an acute (aGvHD) or chronic (cGvHD) 
form and their pathomechanisms are somewhat different. Typically, aGvHD is manifested earlier after 
HSCT and affects mostly skin, gut or liver, while cGvHD can cause multi-organ failure and is usually 
established later [11,12,13]. NK cells possess a dual role  in the context of graft-versus-host disease 
development. The NK cell GvHD-promoting effect is mostly caused by production of IFN-γ and TNF-α, 
which are major pro-inflammatory factors. Conversely, NK cells can also cause lysis of alloreactive T 
cells, responsible for GvHD, leading to its suppression [9, 14,15,16]. 

Functioning of the NK cells is driven by a wide set of activating and inhibitory receptors, localized on 
their surface, which are responsible for recognition of the target cells. One of the most important NK 
cell receptors is activating NKG2D, belonging to the C-type lectin-like NKG2 receptor family.  It is 
expressed on the surface of NK and some subsets of T cells e.g. γδ T cells.  Its presence is associated 
with the activation of NK cells, which leads to release of cytokines and granzymes responsible for 
destruction of target cells [17]. The non-classical MHC class I chain-related A and B (MICA/MICB) 
molecules both act as ligands for this receptor, monitoring its functionality [18]. MICA can be expressed 
by a variety of cells (e.g. epithelial cells, endothelial cells or fibroblasts) but is usually upregulated in 
stressed cells as a response to infection, heat shock or malignant transformation. Thanks to this 
mechanism, the MICA-expressing cells are prone to immune surveillance and play a vital role in 
activating and regulating NK cells [19,20,21,22]. MICA is considered to be the most polymorphic of all 
non-classical class I MHC molecules with over 100 reported alleles (making it possible to encode over 
100 protein variants) [23]. Most of MICA polymorphisms are located within the α2 and α3 domains, 
with the α2 domain being responsible for binding the NKG2D receptor [16]. When in its membrane-
bound form, the MICA protein operates like a functional ligand for the NKG2D receptor, enhancing 



cytotoxic properties of NK cells [17]. However, MICA can also appear in a soluble form (sMICA) in an 
extracellular environment. Such soluble forms can be released by cancer cells and act as decoys for 
NKG2D, preventing the receptor binding with its target cell and downregulating the NK cells 
functionality [24,25]. Clinical studies showed that elevated serum sMICA concentration can be 
associated with cancer (such as breast cancer or cervical cancer), poor survival or severity of viral 
infection (SARS-CoV-2) [26,27,28,29]. 

Due to its highly polymorphic nature, the Single Nucleotide Polymorphisms (SNPs) of the MICA 
encoding gene are the focus of many studies [23, 30,31,32]. The most notable MICA SNP is rs1051792, 
resulting in an amino acid substitution at position 129 (Met/Val) [33]. The MICA 129-Val variant, 
associated with lower NKG2D binding affinity and, as a result, reduced immune surveillance, is 
associated with increased risk of breast cancer. On the other hand, the 129-Met variant, linked with 
stronger NKG2D binding, is correlated with increased immune response, resulting in development of 
some autoimmune diseases [34,35,36]. In the transplantation setting, the 129-Met allele was related 
with increased overall survival and lower risk of acute [37] or chronic [38] graft-versus-host disease 
(GvHD) development [reviewed in 39]. 

NKG2D SNPs have also been widely studied in various clinical situations, for example, rheumatic 
diseases and many types of cancer, including hematological malignancies [16, 40,41]. The most 
significant one seems to be a 3’ UTR SNP NKG2D rs1049174, described to be located within a potential 
micro-RNA binding site [42,43,44,45]. This SNP is localized in the eighth exon and results in a C (LNK1) 
/ G (HNK1) nucleotide substitution. The HNK1 haplotype, represented by G allele, is associated with 
high NK cell activity and was described as a protective factor in other studies [46].  

In this present study we aimed to investigate the role of genetic variability and expression of NKG2D 

receptor and its ligand, the MICA molecule, in the context of the development of posttransplant 

complications in adult recipients of allogeneic haematopoietic stem cell transplantation. For this 

purpose, four SNPs were assessed in patients and their donors, and NKG2D surface expression and 

sMICA serum concentration were measured after transplantation. 

 

Materials and Methods 

Patients’ demographics  

In this study, 293 adult allogeneic haematopoietic stem cell transplantation recipients were included. 

Additionally, samples from 128 donors were also gathered. The samples of HSCT recipients and their 

donors are of Polish origin and were collected by five Polish transplantation centres. All recipients were 

approved for HSCT procedure according to the European Society for Blood and Marrow 

Transplantation criteria and the exclusion criteria were as follows: age below 18 years old; Karnofsky 

index below 80% and high Haematopoietic Cell Transplantation-specific Comorbidity Index. The 

median recipient age in the analysed study group was 51 years. 58.36% of recipients were male. The 

most common types of donors were sibling (MSD, 40.27%) and unrelated (MUD, 32.42%). Detailed 

information and patients characteristics are presented below (Table 1). The study was approved by 

the Wroclaw Medical University Ethics Committee (identification code: KB-561/2019) and conducted 

in compliance with the ethical standards of the Declaration of Helsinki. Written informed consent was 

obtained from all participants prior to their inclusion in the study. 

 

 



Table 1. Demographic data of the patients. 

HSCT recipients N=293 (100%) 

Age (y/o) 19-73 (median=51) 

M/F 171/122 
(58.36/41.64 %) 

Type of donor 
MSD/ MUD/haploidentical/MMUD 

 
118/95/64/16 (40.27/32.42/21.84/8.87 %) 

Conditioning 
MAC/RIC/NMA 

 
151/138/3 (51.54/47.1/1.02 %) 

Donor/Recipient sex  
M to M 
F to F 
M to F 
F to M 

 
128 (43.69 %) 
48 (16.38 %) 
71 (24.23 %) 

42 (14.33) 

Diagnosis 
AML 
ALL 
MDS 
MPN 
PCM 
NHL 
HL 
Other 

 

 
117 (39.93 %) 
36 (12.29 %) 
30 (10.24 %) 

29 (9.9 %) 
10 (3.41 %) 

31 (10.58 %) 
14 (4.78 %) 
26 (8.87 %) 

 

GvHD prophylaxis 
CSA+MTX   
PTCy+TAC+MMF 
CSA+MMF 
TAC+MTX   
TAC+MMF 
Other 

 
189 (64.51 %) 
52 (17.75 %) 

8 (2.73 %) 
3 (1.02 %) 
3 (1.02 %) 

38 (12.97 %) 

Posttransplant complications  
aGvHD (with grades) 

0-I 
II-IV 

 
232 (79.18 %) 
61 (20.82 %) 

cGvHD 61 (20.82 %) 
CMV infection 
EBV infection 
Relapse 
Death 

105 (35.84 %) 
24 (8.19 %) 

48 (16.38 %) 
51 (17.41 %) 

MSD – matched sibling donor, MUD – matched unrelated donor, MMUD – mismatched unrelated donor, MAC – myeloablative 

conditioning, RIC – reduced intensity conditioning, NMA – non- myeloablative conditioning, M – male, F – female, R – 

recipient, D – donor, AML - acute myeloid leukemia, ALL - acute lymphoblastic leukemia, MDS - myelodysplastic syndrome, 

MPN - myeloproliferative neoplasms , PCM - plasma cell myeloma, NHL - Non-Hodgkin lymphomas, HL - Hodgkin lymphomas, 

CSA+MTX - Cyclosporine A + methotrexate, PTCy+TAC+MMF - posttransplantation cyclophosphamide + tacrolimus +  

mycophenolate mofetil, CSA+MMF - Cyclosporine A + mycophenolate mofetil, TAC+MTX - tacrolimus + methotrexate, 

TAC+MMF – tacrolimus + mycophenolate mofetil, CMV - cytomegalovirus, EBV - Epstein-Barr virus.  

 

 

 



DNA isolation 

DNA was isolated from whole blood collected before transplantation on ethylenediaminetetraacetic 

acid (EDTA) tubes from 293 HSCT recipients and 128 donors. Isolation was performed by a standard 

column method using commercially available NucleoSpin Blood kit (MACHEREY-NAGEL, Germany), 

according to the manufacturer’s protocol. Briefly, 200 mL of whole blood was transferred onto the 

column and the lysis was performed. Next, samples were incubated in 70OC, followed by a series of 

washes. After the final elution, DNA samples were stored in -20OC for further use. 

Single nucleotide polymorphisms genotyping 

For the analysis of distribution of genetic variants of MICA and NKG2D, four SNPs were selected. 

Genotyping was performed by real-time PCR using Light SNiP assays (TibMOLBIOL, Germany) according 

to the manufacturer’s protocol. Before experiments all reagents and DNA samples were brought to 

room temperature. The reaction mix for PCRs contained PCR-grade water, FastStart DNA Master 

HybProbe (Roche, Switzerland), MgCl2 and Reagent Mix with LighSNiP for each specific polymorphism. 

Reactions were performed in LightCycler 480 II (Roche, Switzerland) instrument. Detailed information 

on selected SNPs can be seen in the table below (Table 2). For all experiments the negative control 

was included for the validation of the obtained results. Genotyping was performed on the whole group 

of recipients (N=293) and donors (N=128), including individuals used for serum sMICA concentration 

and cytometry analyses. 

Table 2. Detailed SNP’s characterization. 

Gene SNP ID SNP location Effect 

NKG2D rs1049174 

 

exon 8 encoding 
ligand-binding 
ectodomain   

G>C substitution associated with activity levels of NK 
cells; G allele and C allele haplotypes are associated 
with high (HNK1) and low (LNK1) activity, respectively  

 rs1154831 intron, a potential 
transcription factor 
binding site 

possible impact on NKG2D expression 

MICA rs1051792 

 

exon 3 G>A substitution resulting in Val129Met amino acid 
exchange affecting the binding affinity of NKG2D 

 rs1063635 exon 8, 3’UTR,  
a potential miRNA 
binding site  

G>A substitution resulting in Gln274Arg amino acid 
exchange with a possible role in regulation of the 
MICA gene expression 

 

Serum sMICA concentration 

Serum was isolated from freshly collected whole blood at two time points (30 and 90 days) after HSCT 

and stored in -80°C. To determine serum concentration of soluble form of the MICA molecule the 

Luminex assay was performed using the Luminex Discovery Assay premixed kits (R&D Systems, 

biotechne, USA), as described before [47]. Briefly, a series of 3-fold diluted Standard was used for each 

experiment. Samples were diluted in a Calibrator Diluent (provided my manufacturer) to create 2-fold 

dilutions. All samples were measured in duplicates using the Luminex 200 instrument (Luminex Corp., 

USA). A total number of analysed samples was 278 (158 samples collected at day +30 and 120 samples 

at day +90 after transplantation). The changes in serum sMICA concentration between two time-points 

were measured using samples from the same individuals. All samples and reagents were brought to 



room temperature before performing the experiments. The xPonent 4.2 software was used to 

calculate the median fluorescence intensity (MFI) of all samples.  

 

Surface expression of NKG2D receptor 

The surface expression of NKG2D receptor on the NK cells was determined by flow cytometry. 

Peripheral blood of 47 HSCT recipients was collected on EDTA tubes (Becton Dickinson and Company; 

BD, USA) in five time points; before transplantation and 21, 30, 60 and 90 days after transplantation. 

The evaluation of nucleated cells was carried out on an 8-color FACS Canto II flow cytometer (BD). The 

following antibodies were used for NK cells surface staining: CD94 FITC, CD57 PE, NKG2C (CD159c) 

PerCP-Cy5.5, CD56 PC-7, NKG2D (CD314) APC, CD3 APC-H7, NKG2A (CD159a) V450, CD16 V500 (BD). 

The gating strategy included discrimination of doublets and debris, evaluating the lymphocytes and 

their subpopulations defined as CD3+ T cells and NK cells, as previously described [48]. For the purpose 

of this study that aimed to assess the NKG2D expression on NK cells the gating strategy showed in 

Figure 1 was employed. The NKG2D+ NK cells were gated based on the surface expression of CD314 

marker (see below).  



 

Fig. 1. The gating strategy  A - E: grey - singlets; green - lymphocytes; blue - lymphocytes T CD3+; 

orange - NK cells. A - discrimination of doublets (FSC-A vs. FSC-H); B - discrimination of debris and  

lymphocytes gating; (FSC-A vs. SSc-A); C - lymphocyte subpopulations: lymphocytes T CD3+ (blue) and 

NK cells (orange) - (CD3 vs. SSc-A); D - NK cells  (CD56 vs. CD16); E - NK cells NKG2D positive (NKG2D 

vs. SSc-A).  

 

Statistical analysis 

Frequencies of allelic distribution in the studied groups were tested for the Hardy–Weinberg 

equilibrium. For comparison of serum sMICA concentration data, the Mann–Whitney test for 

nonparametric data was performed. Data from the flow cytometry experiments were analysed by the 



BD FACSDiva software v8.0.ric (BD Biosciences, USA). The differences in genetic distribution of MICA 

and NKG2D SNPs were compared using Fisher's exact test with two-tailed p value. P value at <0.05 was 

considered statistically significant. Data visualisation and all calculations were performed using the 

RStudio v.4.2 and GraphPad Prism v.10.0 (Dotmatics) software. For multivariate analysis the logistic 

regression model was used.  

 

Results 

Genetic distribution of MICA and NKG2D variants 

Genotyping for two MICA and two NKG2D SNPs was performed on DNA samples from HSCT recipients 

and their donors. Distributions of genetic variants were similar in both analysed groups. Additionally, 

the results of recipients’ genotyping were compared with genetic distribution of unrelated healthy 

individuals of Polish origin (Table 4). The unrelated healthy individuals (N=234) were volunteers from 

the Regional Centre of Transfusion Medicine and Blood Bank in Wroclaw, Poland.  

Table 4. Distribution of MICA and NKG2D genetic variants. 

SNP Recipients 
N=293 

Donors 
N=128 

Controls  
N=234* 

MICA  rs1051792    

   GG (Val/Val) 123 (41.98%) 53 (41.41%) 102 (43.60%) 

   GA 134 (45.73%) 59 (46.09%) 111 (47.40%) 

   AA (Met/Met) 36 (12.29%) 16 (12.50%) 21 (8.97%) 

MICA  rs1063635    

   AA 75 (25.6%) 36 (28.12%) na 

   AG 149 (50.85%) 66 (51.56%) na 

   GG 69 (23.55%) 26 (20.32%) na 

NKG2D  rs1049174    

   GG (HNK1/HNK1) 136 (46.42%) 58 (45.31%) 118 (50.40%) 

   GC 128 (43.69%) 56 (43.75%) 84 (35.90%) 

   CC (LNK1/LNK1) 29 (9.8%) 14 (10.94%) 32 (13.70%) 

NKG2D rs1154831    

   CC 192 (65.53%) 82 (64.06%) 158 (67.50%) 

   CA 85 (29.01%) 42 (32.81%) 70 (29.90%) 

   AA 16 (5.46%) 4 (3.13%) 6 (2.56%) 

 * unrelated healthy Poles [35] 

 

Results of genotyping were then related to the clinical data available for the study group.  

We did not observe any significant relationship between differences in Donor/Recipient MICA genetic 

distributions of any  investigated SNPs and the risk of the development of acute or chronic GvHD, viral 

infections, disease relapse or survival. However, our analyses revealed that the NKG2D rs1049174 C 

(LNK1) allele was present more frequently among recipients with grade II-IV aGvHD as compared to 

patients who did not develop aGvHD or presented with mild grade I disease (66.67% vs 50.66%, 

p=0.0294, OR=1.96 with 95% CI from 0.28 to 0.93) (Fig. 2) and healthy controls (66.67% vs 49.60%, 

p=0.0204, OR=2.04 with 95% CI from 0.27 to 0.89). 

 



 

Fig. 2. Effect of NKG2D rs1049174 SNP on aGvHD. Recipients with more severe aGvHD grades II-IV 

carried C allele more frequently than recipients with no or with mild grade I aGvHD (p=0.0294) or when 

compared to the healthy controls (p=0.0204).  

The NKG2D rs1049174 SNP did not affect risks of development other posttransplant complications, 

including survival. However, distribution of the genetic variants of other NKG2D polymorphism, the 

rs1154831 SNP, indicated its potential role in recipients survival as none of the recipients with fatal 

outcome of HSCT carried the AA homozygous genotype. This finding did not reach the statistical 

significance (p=0.0664) but a trend in the impact of NKG2D rs1154831 polymorphism on the survival 

was observed. 

 

Serum sMICA concentration 

Next, we checked whether the serum sMICA levels differed between patients having and lacking acute 

and chronic GvHD and thus whether sMICA concentration can be used as a prognostic marker of their 

development. For this purpose, we measured sMICA concentration in 158 available samples collected 

30 days after transplantation (Detailed patients characteristics is given in Supplementary Table 3).  

Subsequently we compared the results obtained for recipients lacking acute GvHD (n=95) and those 

presenting with any aGvHD grade (n=63). We observed a trend in relationship between lower sMICA 

levels and aGvHD manifestation (54.19 vs 74.26 pg/mL, p=0.0872, Fig. 3A). Next, we compared results 

of recipients without any symptoms of cGvHD (N=114) and those diagnosed with cGvHD (N=42). 

Recipients who did not develop cGvHD characterized with significantly decreased sMICA concentration 

when compared to individuals later diagnosed with cGvHD (54.50 vs 86.79 pg/mL, p=0.0034, Fig. 3B). 

Subsequently, we constructed a logistic regression model that included, alongside sMICA 

concentration, recipient age, previous aGvHD manifestation, GvHD prophylaxis and donor-recipient 

gender relation (female to male transplantation). It confirmed that high sMICA serum concentration is 

an independent marker for cGvHD (p=0.0017, OR=3.45, 95% CI 1.62 - 7.72).  



A    B  

Fig. 3. Serum sMICA concentration in relation to graft-versus-host disease development. A - Higher 

serum sMICA concentration is observed in recipients with more severe acute GvHD grades II-IV. B – 

Recipients who were diagnosed with chronic GvHD were characterized by increased serum sMICA at 

day +30 after transplantation than those without its symptoms.  

 

To evaluate time-dependent changes of sMICA levels, we used samples from 120 recipients collected 

30 and 90 days after transplantation. We found that serum concentration of sMICA was increasing 

with time after transplantation. Comparison between two time points after HSCT showed that at day 

+30 after transplantation the median value of serum sMICA was 64.76 pg/mL, while at day +90 it was 

80.46 pg/mL (p=0.0694).  

 

Additionally, in samples collected 90 days after transplantation, we observed some interesting 

although not statistically significant differences in serum sMICA levels in recipients who developed 

chronic GvHD in relation to the type of the diagnosis. Recipients who developed cGvHD after remission 

of aGvHD characterized with the highest sMICA concentration among all patients with cGvHD (median 

sMICA = 106.10 pg/mL) while patients who were diagnosed with cGvHD de novo had the lowest serum 

sMICA levels (median sMICA = 63.35 pg/mL), although this relationship was not statistically significant 

(p=0.1584). Median sMICA levels for recipients with GvHD overlap syndrome equaled 85.52 pg/mL. 

 

Serum sMICA concentration in relation to donor/recipient MICA rs1051792 genotype 

Interestingly, we observed a significant relationship between MICA rs1051792 Met129Val 

polymorphism and sMICA concentration at day +30 after transplantation. The median value of serum 

sMICA was the lowest among recipients with MICA rs1051792 AA homozygous donors (N=11, 39.17 

pg/mL), while the highest concentration was measured in recipients with GG homozygous donors 

(N=46, 72.39 pg/mL) (Fig. 4A). Similar observations were made in the context of recipients’ genetic 

variants. Here we noted that the highest serum sMICA concentration was linked with the recipients’ 

GG genotype (Fig. 4B). 



A   B  

Fig. 4. Relationships between serum sMICA concentration and MICA rs1051792 genotypes. A – The 

highest sMICA levels were detected in recipients whose donors were GG homozygotes. B – Similarly, 

recipients with GG genotype characterized with increased sMICA concentration, when compared with 

other genetic variants.  

 

Expression of NKG2D receptor on NK cells 

Surface expression of NKG2D receptor was determined by flow cytometry of the whole population of 

NK cells in 47 HSCT recipients in various time points after transplantation (detailed patients 

characteristics is presented in Supplementary Table 3). The results showed that the frequencies of NK 

cells expressing NKG2D receptor were similar in patients independently of the presence or absence of 

grade II-IV acute GvHD complications, with only a slight difference at day +60 (Fig. 5A). However, we 

observed that the percentage of NKG2D+ NK cells was increased among recipients who were 

diagnosed with chronic GvHD, which is especially noticeable at day +60 and +90 after transplantation, 

suggesting increased NK cell activity among those patients (p=0.0854 and p=0.0136, respectively) (Fig. 

5B).  

 

A   B  



Fig. 5. Changes in surface expression of NKG2D receptor on NK cells in HSCT recipients with acute and 

chronic GvHD. A – Comparison of NKG2D+ NK cell frequency between recipients diagnosed with no 

aGvHD or with grade I aGvHD versus those with aGvHD grades II-IV. B - Comparison of NKG2D+ NK cell 

frequency between recipients with and without cGvHD manifestation. 

Serum sMICA concentration and surface expression of NKG2D receptor 

To assess the potential impact of sMICA level on NKG2D expression, the surface expression of NKG2D 

receptor on NK cells was compared with serum sMICA concentration at day +30 after transplantation. 

Among the 47 recipients subject to flow cytometry analysis of NKG2D surface expression on NK cells, 

median serum sMICA concentration was 60 pg/mL 30 days after transplantation, while at day +90 it 

equalled 77 pg/mL. At day +30, recipients with sMICA value higher than the median characterized with 

a decreased percentage of NK cells expressing NKG2D receptor, as compared with recipients with 

sMICA serum concentration below the median value (p=0.0562) (Fig. 6). We did not observe a similar 

relationship between frequency of NKG2D+ NK cells and sMICA concentration measured in other time 

points.  

 

Fig. 6. Relationships between serum sMICA concentration and surface expression of NKG2D receptor 

by NK cells. Comparison between frequency of NKG2D+ NK cells measured at day +30 after 

transplantation and serum sMICA level measured at the same time point.  

 

Discussion 

High sMICA levels can lead to downregulation of the NKG2D receptor to prevent overactivation of 

immune cells and potential tissue damage [49]. Conversely, when serum sMICA concentrations are 

low, this downregulation is alleviated, leading to an increased expression of the NKG2D receptor on 

immune cells [50,51,52], which was confirmed by our observations. Soluble MICA can bind to NKG2D 

as a decoy and block its interaction with membrane-bound MICA, which is usually expressed on 

stressed cells, including tumour cells [24]. High levels of sMICA can lead to receptor desensitization 

and reduced immune cell activation. When sMICA levels decrease, there is less competition for NKG2D 

binding, allowing more NKG2D receptors to engage with membrane-bound MICA, resulting in 

enhanced immune activation and increased receptor expression. The increased expression of NKG2D 

in the context of low sMICA levels enhances the ability of NK cells and T cells to recognize and kill 



stressed or transformed cells, such as tumour cells. This mechanism is part of the body's natural 

immune surveillance system, where lower sMICA levels contribute to a more vigilant and responsive 

immune environment [26,53,54].  

This negative role of increased serum sMICA concentrations was observed in our present study. 

Recipients who were diagnosed with cGvHD had significantly higher sMICA level at day +30 after 

transplantation in comparison to individuals without this complication. This suggests a potential 

prognostic significance of sMICA serum concentration and confirms results of an earlier study, which 

described a link between sMICA and cGvHD cumulative incidence [38]. However, we did not observe 

any associations between serum sMICA concentration and other posttransplant complications (data 

not shown). Interestingly, we found serum sMICA to be associated with certain MICA genetic variants 

While, most of sMICA expression would be derived from recipient cells (e.g. epithelial cells), sMICA 

could also be produced by donor-derived blood cells [33,55]. Accordingly, we observed that high sMICA 

levels after transplantation were associated with the presence of MICA rs1051792 GG genotype in the 

recipient, as well as in the transplant donor. A similar relationship between sMICA concentration and 

MICA rs1051792 genotype was previously reported by our group regarding rheumatoid arthritis [56] 

and psoriatic arthritis patients [57]. We also observed that serum sMICA concentration differs between 

recipients diagnosed with chronic GvHD based on the type of the disease; recipients with cGvHD 

developed de novo characterized with the lowest  value of sMICA in their sera (median sMICA = 63.35 

pg/mL) when compared to recipients with cGvHD developed after remission of aGvHD (median sMICA 

= 106.10 pg/mL) or with overlap cGvHD (median sMICA = 85.52 pg/mL). However this was not 

statistically significant, and is at odds with the results of our multivariate analysis, which showed that 

sMICA concentration predicted cGvHD development independently of factors such as pre-existing 

aGvHD history – a similar relation has been observed in an earlier study by Boukouaci et al [38]. A 

proposed explanation for this phenomenon is that individuals with aGvHD diagnosed before cGvHD 

manifestation are exposed to alloreactive T cells earlier than those with cGvHD developed de novo, 

hence the increase of sMICA level. 

As for the results of genetic studies, we observed that recipients who were diagnosed with more severe 

acute GvHD grades II-IV more frequently carried the NKG2D rs1049174 C allele, which is associated 

with lower NK cell activity. This genetic variant can be linked not only to reduced NK cell cytotoxicity 

(compared to the G allele) but also to impaired immune surveillance, resulting in inefficient elimination 

of T cells, contributing to the development of GvHD. Thus, the presence of rs1049174 C allele might be 

considered as a prognostic marker for the acute GvHD development in HSCT recipients. We also 

showed that the other NKG2D polymorphism, rs1154831, could be associated with survival. The AA 

homozygous genotype was not detected in any of the recipients with fatal outcome of HSCT during 

the observation period of 3 years. Although this finding did not reach the statistical significance and 

only a trend was noted (p=0.0664, data not shown), we made a similar observation regarding the 

impact of NKG2D rs1154831 SNP in earlier study on a paediatric cohort of HSCT recipients [58]. 

Additionally, we also observed that MICA rs1051792 A allele was associated with better one-year 

overall survival in recipients, although this observation was not statistically significant (data not 

shown). 



 

Fig. 7. Graphical representation of the relationship between serum sMICA and NKG2D+ NK cell levels. 

A - when recipient MICA-expressing cells shed sMICA at high levels, NK cell activity through NKG2D 

receptor is impaired, which leads to suppression of alloreactive T cell clearance, increasing the risk of 

GvHD incidence. This effect is even stronger when MICA rs1051792 Val and NKG2D 1049174 LNK1 

variants are presented. B - NKG2D overexpression, and therefore increased NK cell cytotoxicity, related 

to the NKG2D 1049174 HNK1 haplotype, can also contribute to a higher risk of GvHD development.  

 

The surface expression of the NKG2D activating receptor is another factor critical for correct NK cells 

functionality, although it is a double-edged sword. On the one hand, high frequencies of NKG2D+ NK 

cells have been associated with anti-tumour activity [59] and improved viral clearance [60,61] but on 

the other hand, overexpression of NKG2D can be connected with increased autoimmunity and, as a 

result, with increased risk of GvHD effect [62,63], which was observed by our group. Recipients with 

diagnosed chronic form of GvHD were characterized by increased percentage of NKG2D+ NK cells at 



day +60 and +90 after transplantation (p=0.0854 and p=0.0136, respectively) in comparison to patients 

who did not develop chronic GvHD symptoms. These results suggest elevated NK cell cytotoxicity in 

individuals with chronic GvHD manifestation. The relationship between NKG2D surface expression and 

serum sMICA levels in another interesting topic. We compared the frequency of NKG2D+ NK cells at 

day +30 after transplantation with the concentration of serum sMICA at the same time point. 

Individuals with sMICA levels below the median value (which in our case was 60 pg/mL) had increased 

frequency of NKG2D+ NK cells as compared to individuals with higher sMICA concentration (p=0.0562). 

Similar observations were made in the context of leukaemia [64] and pancreatic cancer [65] patients 

but, to the best of our knowledge, there is no study describing such a relationship in allogeneic HSCT 

recipients.  

In summary, our present study focused on the possible relationships between serum sMICA 

concentration and posttransplant GvHD development. We observed that HSCT recipients who 

developed acute or chronic GvHD characterized with elevated serum sMICA levels compared to 

individuals without GvHD. Measurement of the frequency of NKG2D+ NK cells, determined by flow 

cytometry, revealed that the surface expression of NKG2D activating receptor was also higher among 

recipients diagnosed with acute or chronic GvHD. Additionally, we showed that the NKG2D rs1049174 

C genetic variant, which is associated with LNK1 haplotype and impaired NK cell activity, is more 

prevalent among individuals diagnosed with more severe acute GvHD grades II-IV. Furthermore, we 

compared the presence of the analysed MICA genotypes with the serum sMICA levels and found that 

MICA rs1051792 GG homozygosity was correlated with higher sMICA concentration.  

In conclusion, serum sMICA expression at day +30 after HSCT, as well as NKG2D genetic variability 

could potentially be used as prognostic biomarkers of GvHD. The elevated frequency of NKG2D+ NK 

cells in recipients who were diagnosed with acute or chronic GvHD and the more common presence 

of NKG2D rs1049174 C allele in recipients with more severe acute GvHD show the dual role of NKG2D 

receptor. Further studies on larger cohorts could provide a stronger evidence for these conclusions. 

Our findings shed some new light on the MICA/NKG2D axis and its importance in the context of graft-

versus-host disease development after allogeneic haematopoietic stem cell transplantation.  
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Supplementary materials 

 

Table 1. Detailed genotyping results of the recipient group with incidence of development of post-transplant 

complications. 

 

 

 

 

  

MICA 
rs1051792 

aGvHD 
0-I 

aGvHD  
II-IV 

 
No cGvHD cGvHD 

  
No CMV CMV  

CC  27 8 
 

29 6 
 

26 9   

CG/GG  200 52 p=0.8245 199 53 P=0.6633 160 92 p=0.2587  

CC/CG  132 35 
 

133 34 
 

109 58   

GG  95 25 p=1 95 25 p=1 77 43 p=0.9005  
        

    

MICA 
rs1063635 

       
   

CC  57 14 
 

57 14 
 

50 21   

CG/GG  169 46 p=0.8670 170 45 P=0.8676 136 79 p=0.3160  

CC/CG  172 46 
 

175 43 
 

140 78   

GG  54 14 p=1 52 16 p=0.6069 46 22 p=0.6635  
        

    

NKG2D 
rs1049174 

       
   

CC  20 9 
 

25 4 
 

17 12   

CG/GG  207 51 p=0.2258 203 55 P=0.4689 169 89 P=0.5391  

CC/CG  115 40 
 

124 31 
 

104 51   

GG  112 20 p=0.0294 104 28 p=0.8837 82 50 p=0.3883  
        

    

NKG2D 
rs1154831 

       
   

AA  11 4 
 

11 4 
 

7 8   

AC/CC  216 56 p=0.9999 217 55 P=0.7436 179 93 p=0.1654  

AA/AC  75 23 
 

82 16 
 

58 40   

CC  152 37 p=0.4478 146 43 p=0.2210 128 61 p=0.1545  



Table 2. Detailed genotyping results of the donor group with incidence of development of post-transplant 

complications by recipients. 

 

 

 

 

  

MICA 
rs1051792 

aGvHD 
0-I 

aGvHD 
II-IV 

 
No cGvHD cGvHD  No CMV CMV  

CC  16 3 
 

4 15 
 

13 6   

CG/GG  110 29 p=0.7665 35           104 P=0.7851 91 48 p=1  

CC/CG  74 17 
 

22 69 
 

63 28   

GG  52 15 p=0.6892 17 50 p=1 41 26 p=0.3126  
        

    

MICA 
rs1063635 

     
    

CC  32 9 
 

11 30 
 

27 14   

CG/GG  95 25 p=1 27 93 P=0.6704 78 42 p=1  

CC/CG  96 29 
 

28 97 
 

83 42   

GG  31 5 p=0.2574 10 26 p=0.5097 22 14 p=0.6917  
        

    

NKG2D 
rs1049174 

     
    

CC  13 4 
 

4 13 
 

13 4   

CG/GG  113 28 p=0.7509 35 106 P=1 91 50 p=0.4226  

CC/CG  71 16 
 

21 66 
 

57 30   

GG  55 16 p=0.5549 18 53 p=1 47 24 p=1  
        

    

NKG2D 
rs1154831 

     
    

AA  5 4 
 

2 3 
 

3 2   

AC/CC  121 28 p=0.0829 37 116 P=0.5976 101 52 p=1  

AA/AC  41 10 
 

10 41 
 

35 16   

CC  85 22 p=1 29 78 p=0.3320 69 38 p=0.7203  



Table 3. Detailed characteristics of patients subjected to flow cytometry and sMICA concentration studies.  

 Recipients used for 
cytometry studies 

Recipients used for serum sMICA 
concentration analysis 

 N=47 N=158 

Age (y/o) 19-71 (median=50) 19-73 (median=51) 

M/F 34/13 (72.34/27.66 %) 99/59 (62.66/37.34 %) 

Type of donor 
MSD/ MUD/haploidentical/MMUD 

 
6/30/11 

(12.77/63.83/23.40 %) 

 
74/44/30/7 

(46.83/27.85/18.99/4.43 %) 

Conditioning 
MAC/RIC/NMA 

 
25/22/0 

(53.19/46.81/0 %) 

 
81/75/2 

(51.27/47.47/1.27 %) 

Donor/Recipient sex  
M to M 
F to F 
M to F 
F to M 

 
23 (48.94 %) 

2 (4.26 %) 
6 (12.77 %) 
5 (10.64 %) 

 
72 (45.57 %) 
24 (15.19 %) 
29 (18.35 %) 
26 (16.46 %) 

Diagnosis 
AML 
ALL 
MDS 
MPN 
PCM 
NHL 
HL 
Other 

 

 
21 (44.68 %) 
7 (14.89 %) 
6 (12.77 %) 
3 (6.38 %) 

0 (0 %) 
3 (6.38 %) 

1 (2.13 %) %) 
6 (12.77 %) 

 
65 (41.14 %) 
18 (11.39 %) 
17 (10.76 %) 
11 (6.96 %) 
5 (3.16 %) 

15 (9.49 %) 
3 (1.9 %) 

24 (15.19 %) 

GvHD prophylaxis 
CSA+MTX   
PTCy+TAC+MMF 
CSA+MMF 
TAC+MTX   
TAC+MMF 
Other 

 
37 (78.72 %) 
10 (21.28 %) 

0 (0 %) 
0 (0 %) 
0 (0 %) 
0 (0 %) 

 
110 (69.62 %) 
32 (20.25 %) 

4 (2.53 %) 
1 (0.63 %) 
2 (1.27 %) 
9 (5.7 %) 

Post-transplant complications   
aGvHD (with grades %) 

0-I 
II-IV 

 
33 (70.21 %) 
14 (29.79 %) 

 
120 (75.95 %) 
35 (22.15 %) 

cGvHD 15 (31.91 %) 42 (26.58 %) 
CMV infection 
EBV infection 
Relapse 
Death 

17 (36.17 %) 
6 (12.77 %) 

13 (27.66 %) 
10 (21.28 %) 

61 (38.61 %) 
16 (10.13 %) 
30 (18.99 %) 
20 (12.66 %) 

 

MSD – matched sibling donor, MUD – matched unrelated donor, MMUD – mismatched unrelated donor, MAC – myeloablative conditioning, RIC 

– reduced intensity conditioning, NMA – non- myeloablative conditioning, M – male, F – female, R – recipient, D – donor, AML - acute myeloid 

leukemia, ALL - acute lymphoblastic leukemia, MDS - myelodysplastic syndrome, MPN - myeloproliferative neoplasms , PCM - plasma cell 

myeloma, NHL - Non-Hodgkin lymphomas, HL - Hodgkin lymphomas, CSA+MTX - Cyclosporine A + methotrexate, PTCy+TAC+MMF - post-

transplantation cyclophosphamide + tacrolimus +  mycophenolate mofetil, CSA+MMF - Cyclosporine A + mycophenolate mofetil, TAC+MTX - 

tacrolimus + methotrexate, TAC+MMF – tacrolimus + mycophenolate mofetil, CMV - cytomegalovirus, EBV - Epstein-Barr virus.  
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Abstract
The interest in NK cells and their cytotoxic activity against tumour, infected or transformed cells continuously increases as 
they become a new efficient and off-the-shelf agents in immunotherapies. Their actions are balanced by a wide set of activat-
ing and inhibitory receptors, recognizing their complementary ligands on target cells. One of the most studied receptors is 
the activating CD94/NKG2C molecule, which is a member of the C-type lectin-like family. This review is intended to sum-
marise latest research findings on the clinical relevance of NKG2C receptor and to examine its contribution to current and 
potential therapeutic strategies. It outlines functional characteristics and molecular features of CD94/NKG2C, its interactions 
with HLA-E molecule and presented antigens, pointing out a key role of this receptor in immunosurveillance, especially in 
the human cytomegalovirus infection. Additionally, the authors attempt to shed some light on receptor’s unique interaction 
with its ligand which is shared with another receptor (CD94/NKG2A) with rather opposite properties.

Keywords  NKG2C · NK cell receptors · NK cells · HLA-E

NKG2C: An Activating Receptor of NK Cells

Natural killer (NK) cells, also known as large granular lym-
phocytes, constitute a subgroup of recently discovered innate 
lymphoid cells (ILCs), and together with the ILC1 subpopu-
lation are responsible for type 1 immunity functions, e.g. nat-
ural cytotoxicity. Originally considered as components only 
of the innate immunity, the NK cells have also developed 
characteristics restrained for adaptive immunity (Pende et al. 
2019; Vivier et al. 2011, 2018). The NK cells functions are 
regulated and properly balanced by a wide set of activating 
and inhibitory receptors (Quatrini et al. 2021). Among the 

activating receptors, the CD94/NKG2C remains to belong to 
the ones of considerable influence on NK functioning. The 
CD94/NKG2C is a heterodimeric receptor, consisted of two 
type II proteins and is a member of the C-type lectin-like 
family. Similar to the other activating NKG2 receptors, the 
NKG2C has a negatively charged residue (either a lysine or 
an arginine) in its transmembrane domain. Activation signal 
is transduced through the DAP-12 adaptor molecule, which 
contains immunoreceptor tyrosine-based activation motifs. 
The ligand for CD94/NKG2C is a non-classical HLA-E mol-
ecule of major histocompatibility (MHC) class I proteins. Its 
recognition is crucial for triggering the NK cell cytotoxicity 
and cytokine production (Glienke et al. 1998; Lanier et al. 
1998; Miyashita et al. 2004). NK cell receptors can also be 
found on some T cells, such as CD8+ T lymphocytes, which 
express NKG2 receptors of activating (NKG2C, NKG2D) 
and inhibiting (NKG2A) properties (Patel et al. 2013). The 
CD94/NKG2C receptor may even operate like an alternative 
pathway to the T cell receptor in subset of NKG2C+ CD8+ T 
cells, triggering proliferation and effector functions of those 
cells (Gumá et al. 2005).

The CD94/NKG2C receptor is encoded by the 6 kpb 
length NKG2C gene, also referred as KLRC2, located within 
the NK complex on chromosome 12p12.3–13.2 (Fig. 1). 
It consists of six exons and five introns. Protein product 
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has 231 amino acids in length and a molecular mass of 
26,159 Da. The two homologous proteins of NKG2C are 
NKG2E and alternatively spliced NKG2H. Both NKG2C and 
NKG2E genes are highly identical (92.1%) at the genomic 
level, have duplicated 255-bp length DNA containing a sec-
ond version of exon III (termed IIIB). The differences in 
gene sequence were found at the 3’ end of NKG2E, resulting 
in additional Alu amino acid. The 3’ region of NKG2-A, -E 
and -F receptor, rich in Alu repeats, is known as coding for 
the extracellular domain of the NKG2 receptors and may 
affect ligand specificity (Glienke et al. 1998). It is known 
that Alu sequences occur with a frequency of approximately 
one element per 4 kb in the human genome, and could cause 
abrogation of transcriptional activity (Brostjan et al. 2000).

It has been assumed that the NKG2 family is rather 
non-polymorphic although some variabilities in genomic 
sequences have been described. In our previous report on 
NKG2D (Siemaszko et al. 2021) we provided a compre-
hensive summary of the clinically associated genetic varia-
tions of its gene. As for the NKG2C gene, two single-nucle-
otide polymorphisms (SNPs): rs10587111 and rs10588530 

have been identified recently in a set of genetic mutations 
occurred at higher frequency in patients infected with influ-
enza A (H7N9) (Chen et al. 2016). There are three reported 
alleles of NKG2C. Two of them, named, respectively, *01 
and *02 by Shum et al. (2002), were found in individuals 
of different ethnicities. They differ in two single-nucleotide 
non-synonymous polymorphisms (c.5G > A, Ser2Asn, and 
c.305C > T, Ser102Phe). The first one affects the cytoplas-
mic tail, while the second one is located in the stem con-
necting the transmembrane region with the ligand-binding 
domain. Third novel *03 allele, encoding asparagine 2, like 
NKG2C*02 and serine 102, like NKG2C*01, was recently 
discovered in two unrelated Caucasoids (Asenjo et al. 2021).

One of the most characteristic features of the NKG2C 
is its genomic mutation resulting in deletion of a ~ 16-kb 
region encompassing the gene, first observed in a Japanese 
population (Hikami et al. 2003; Miyashita et al. 2004). The 
evidence for NKG2C deletion was found due to the poly-
morphism screening (Hikami et al. 2003) and the break-
point was detected within the 292‐bp region 1.5–1.8 kb 
telomeric from the 3’ untranslated region of the NKG2A. 

Fig. 1   Genomic organization of the CD94/NKG2 region on chromo-
some 12. In the natural killer gene complex, the genes encoding for 
NKG2A, NKG2C, NKG2E, NKG2F and NKG2D receptors as well as 

for the CD94 molecule, are located on the short arm of chromosome. 
The most important single-nucleotide polymorphisms of major recep-
tors are detailed
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Deletion haplotype comes with a unique set of nucleotides 
around the breakpoint with several Alu repeats presented. 
Although the NKG2C deletion breakpoint is not located in 
the Alu sequence, the Alu repeats are usually involved in 
gene recombinations (Miyashita et al. 2004). The NKG2C 
gene homozygous ~ 16 kb deletion is distributed with fre-
quency not exceeding 5% of studied populations (Hikami 
et al. 2003; Li et al. 2015; López-Botet et al. 2014; Miyash-
ita et al. 2004; Moraru et al. 2012; Muntasell et al. 2013; 
Thomas et al. 2012; Toson et al. 2022). However, studies on 
West African populations from Gambia and Guinea-Bissau 
revealed that NKG2C deletion homozygosity occurred with 
almost 14% frequency (Goncalves et al. 2016; Goodier et al. 
2014). This indicates that the NKG2C gene is not essential 
for survival and reproduction. Its deletion may be compen-
sated possibly by the NKG2E gene (Hikami et al. 2003; 
Miyashita et al. 2004). The consequence of NKG2C deletion 
has been investigated in many studies, reviewed in the next 
paragraphs. The NKG2C wild-type (wt) allele has a protec-
tive effect for human cytomegalovirus (HCMV) viremia and 
the deletion (del) variant was associated with higher risk of 
HCMV viremia and disease development (Rangel-Ramírez 
et al. 2014). The high frequency of viremia and HCMV-dis-
ease was also observed after lung transplantation in patients 
with del/del homozygous genotype (Goodier et al. 2014; 
Vietzen et al. 2018). It was reported that patients carrying 
del/del genotype lacked NKG2C expression, while in wt/del 
heterozygotes the expression was intermediate (Muntasell 
et al. 2013). Furthermore, as reported by Muntasell et al. 
(2013), in NKG2C wt/wt HCMV+ individuals the receptor’s 
expression affects the NKG2Cbright NK cells by increasing 
their number. The NKG2C genotype also modulates HCMV-
induced expansion of NKG2C+ cells. HCMV-seropositive 
NKG2C wt/wt children and adults express higher numbers of 
NKG2Cbright cells than hemizygous NKG2C wt/del subjects. 
Moreover, the quantitative differences in surface expression 
of NKG2C as well as in the response to receptor engagement 
were also noticed (López-Botet et al. 2014).

Significance of Interaction Between HLA‑E 
Molecule and its NKG2A and NKG2C 
Receptors

Being a member of class Ib non-classical human leuko-
cyte antigens (HLA) molecules, HLA-E is expressed con-
stitutively on B and T lymphocytes, NK cells, monocytes, 
trophoblasts, and also in tumour cells (Coupel et al. 2007). 
The HLA-E-encoding gene is located in chromosome 6. It is 
well known that HLA-E is not as polymorphic as the other 
HLA molecules and it has just two dominant alleles (*01:01 
and *01:03) distributed with almost identical frequencies 
(Iwaszko and Bogunia-Kubik 2011). HLA-E maintains a 

specific and unique role in modulating immune response: it 
can interact either with the activating CD94/NKG2C or the 
inhibitory CD94/NKG2A receptor. Structural studies have 
revealed that both human inhibitory NKG2A and activat-
ing NKG2C receptors possess sequences identical in over 
75%, however, inhibitory CD94/NKG2A receptor binds 
to the HLA-E with approximately six-times higher affin-
ity than CD94/NKG2C (Dissociation constant, KDs rang-
ing from 0.7 μM to ∼20 μM for NKG2A and KDs ranging 
from ∼4 μM to > 0.1 mM for NKG2C) (Kaiser et al. 2005; 
Valés-Gómez et al. 1999). Variations in the residues form-
ing part of heterodimer interface (165–168 in NKG2C and 
167–170 in NKG2A) were found to be responsible for this 
affinity disparity (Kaiser et al. 2008). Both CD94/NKG2A 
and CD94/NKG2C bind to the HLA-E α1/α2 domain by 
recognizing different, but partially overlapping HLA-E 
epitopes (Wada et al. 2004). A study investigating the effect 
of HLA-E, expressed by target cells, on a NKG2A+ and 
NKG2C+/NKG2A– NK cell subsets, revealed that basal 
levels of HLA-E activate NKG2A+ cells without impact on 
activation of NKG2C+ NK cells (Kaiser et al. 2005; Valés-
Gómez et al. 1999). Additionally, the relationship between 
NKG2C copy number and the NK-cell compartment was 
not dependent on the HLA-E dimorphism (Muntasell et al. 
2013). Though NKG2A and NKG2C receptors are not 
simultaneously expressed on peripheral CD56dim NK cells, 
however, almost all decidual CD56bright NK cells and periph-
eral CD56bright NK cells with active NKG2C simultaneously 
expressed NKG2A and inhibitory receptor prevails (Kusumi 
et al. 2006; Sáez-Borderías et al. 2009).

Summarizing the above, HLA-E upholds the balance of 
NK cell reactivity, following the principle that if both recep-
tors compete in binding to a specific HLA-E molecule, the 
inhibitory receptor is the preferable one (Lauterbach et al. 
2015). The favoured binding to inhibiting CD94/NKG2A is 
a crucial feature of monitoring the MHC class I expression 
on normal cells (Joyce and Sun 2011).

Under normal conditions, HLA-E presents conserved 
peptides derived from HLA-I leader sequences (Fig. 2A). 
HCMV, like other viruses, evolved a strategy to avoid NK 
cell killing in HLA I class down-regulated conditions. 
Virus protein gpUL40 delivers a peptide that mimics leader 
sequences and binds efficiently to HLA-E molecule inducing 
its expression (Prod'homme et al. 2012; Tomasec et al. 2000; 
Ulbrecht et al. 2000). Sequencing of viral UL40 DNA from 
HCMV isolates provided data about heterogeneity in the 
repertoire of UL40 peptides (Hammer et al. 2018; Heatley 
et al. 2013). Mutations in UL40 have an impact on NK cell 
activation, and remain under host immunological pressure. 
Most frequently occurring strains expressed VMAPRTLIL, 
VMAPRTLLL and VMAPRTLVL sequences. The HLA-E/
VMAPRTLIL complex is recognized by both NKG2A and 
NKG2C, however, binding affinity for NKG2C is six-fold 
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Fig. 2   Impact of the peptide presented by HLA-E on balance between 
NKG2C and NKG2A contradictory signals. Under normal condi-
tions, with basal levels of HLA-E, the NKG2A/CD94 complex is 
activated by a broad set of peptides derived from the HLA-I leader 
sequences. This represents a monitoring mechanism for controlling 
MHC class I expression on normal cells (A). When HLA-E is loaded 
with VMAPRTLFL peptide from the HLA-G leader sequence, the 
binding affinity of such complex is higher for the activating CD94/
NKG2C than for the CD94/NKG2A. Activation signal might cause 

internalization and degradation of the receptor, preventing exces-
sive NK cell reactivity (B). During HCMV infection, HLA-E pre-
sents peptides derived from viral gpUL40 which mimic HLA I leader 
sequences and induce HLA-E expression. Most frequently occurring 
strains expressed VMARPRTLIL, VMARPRTLLL and VMAR-
PRTLVL with higher affinity for NKG2A, avoiding therefore NK cell 
attack (C). VMAPRTLFL peptide from rare HCMV strain is identical 
to HLA-G peptide and is sufficient for inducing effector functions in 
NKG2C+ NK cells without co-stimulatory signals (D)
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lower than for NKG2A (Heatley et al. 2013). In vitro anal-
ysis revealed a gradient in activating properties of UL40 
peptides on a subset of NKG2+C NK cells (Hammer et al. 
2018). The most frequently occurred peptides have low 
affinity for NKG2C, while the rare VMAPRTLFL peptide 
(identical to HLA-G derived signal peptide) is sufficient for 
inducing effector functions in NKG2C+ NK cells without 
co-stimulatory signals like interleukin (IL)-12 and IL-18. 
Viral infections also hamper transporter associated with anti-
gen processing (TAP)-mediated peptide transport. HLA-E 
can be, therefore, loaded with broad set of unusual peptides 
with binding motif similar to that of HLA-A*02:01 (Lampen 
et al. 2013), up to 15 amino acids in length (Hò et al. 2020).

More detailed research have demonstrated further impact 
of the peptide presented by HLA-E on the balance between 
NKG2C and NKG2A contradictory signals. The CD94/
NKG2A complex has a wide range of interacting pep-
tides resulting in inhibition of NK cells (Lauterbach et al. 
2015). In contrast, CD94/NKG2C is regulated by HLA-E 
loaded with restricted peptide repertoire (Fig. 2B). One 
of best studied is the nonameric peptide (VMAPRTLFL) 
derived from the signal sequence of HLA-G. Other pep-
tides that have higher binding affinity for NKG2C than for 
NKG2A, but to a lesser extent are: HLA-B27 leader pep-
tide (Prašnikar et  al. 2021), A80 (VMPPRTLLL), B13 
(VTAPRTLLL) (Lauterbach et al. 2015), B7 (VMAPRT-
VLL), B58 (VTAPRTVLL), Cw3 (VMAPRTLIL), Cw4 
(VMEPRTLIL), Cw7 (VMAPRALLL) (Valés-Gómez 
et  al. 1999). However, the in vitro studies showed that 
HLA-B2705 and HLA-Cw0702 proteins cannot be consid-
ered as efficient (Llano et al. 1998; Navarro et al. 1999). 
UL40 induces surface expression not only of the HLA-E, but 
also of the gpUL18, a HCMV-encoded HLA-I homologue 
(Prod'homme et al. 2012). This protein is capable of form-
ing complexes with β2-microglobulin (Browne et al. 1990) 
and endogenous peptides (Fahnestock et al. 1995), including 
UL40-derived sequences. The surface plasmon resonance-
binding studies demonstrated that the gpUL18 weakly binds 
to the CD94/NKG2C but shows no interaction with CD94/
NKG2A receptor in vitro (Kaiser et al. 2008). This finding 
highlighted a potential role of the CD94/NKG2 receptors in 
direct responses to the virally encoded proteins, like HCMV 
gpUL18.

HLA-E presenting HLA-G nonamer binds to the NKG2 
receptors with the highest affinity of any others combina-
tion tested (Kaiser et al. 2005, 2008; Lauterbach et al. 2015; 
Llano et al. 1998; Valés-Gómez et al. 1999). The HLA-G-
derived HLA-E ligand appears to interact preferentially 
with the activating CD94/NKG2C receptor (Heatley et al. 
2013; Llano et al. 1998). HLA-G is expressed in immune-
privileged tissues and in virally (e.g. HCMV) infected cells 
(Onno et al. 2000; Yan et al. 2009), and, as report by Hò 
et al. (2020), it is recognized by the NKG2A, as well as 

ILT2 and KIR2DL4. It plays an important role in preg-
nancy, transplantations and malignancies (Hò et al. 2020), 
locally inducing immunological tolerance. The HLA-G level 
increases when exposed to cytokines (such as interferon 
(IFN)-γ, IL-10 or transforming growth factor-β), hypoxia or 
heat stress (Jasinski-Bergner et al. 2022). On the other hand, 
interaction of HLA-G with NKG2C might cause internaliza-
tion and degradation of the receptor (Lauterbach et al. 2015). 
This downregulating mechanism might be another one that 
prevents excessive NK cell reactivity.

Peptides with activating potential on NK cells should 
cause a destabilization CD94/NKG2C heterodimer with 
simultaneous NKG2C and DAP12 communication adjust-
ment (Prašnikar et al. 2021). Molecular dynamics studies 
revealed that the influential peptide maintains a unique 
hydrogen bonding network among receptor-ligand “lock 
and key”-like complex, appropriate for NK cell activation 
(Prašnikar et al. 2021). Recently, it has been shown that 
the peptide derived from the non-structural protein 13 of 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) prevents binding of HLA-E to NKG2A inhibitory 
receptor, leading target cell to be more susceptible to NK 
cell attack (Hammer et al. 2022). Therefore, high frequen-
cies of NKG2A+ NK cells are found in patients diagnosed 
with coronavirus disease 2019 (COVID-19), which limits 
replication of SARS-CoV-2 in lung epithelial cells in vitro. 
Partially similar mechanism occurs when HLA-E presents 
peptides derived from hsp60. However, such complex inter-
feres with binding with either NKG2A or NKG2C, making 
itself unrecognizable to both receptors. This indicates that 
NKG2 receptors are peptide selective (Michaëlsson et al. 
2002).

NKG2C in Viral Infections

Human Cytomegalovirus

The NKG2C receptor is well known for its role in many 
viral infections, especially in HCMV infection. An in vitro 
study conducted on peripheral blood lymphocytes cocul-
tured with HCMV-infected fibroblasts resulting in expansion 
of NKG2C+ NK cells was the very first evidence of expan-
sion of these cells in response to HCMV infection (Gumá 
et al. 2006a). This effect was confirmed in many subsequent 
reports (Gumá et al. 2004; Heatley et al. 2013; Hendricks 
et al. 2014; López-Botet et al. 2014; Lopez-Vergès et al. 
2011; Muntasell et al. 2013), highlighting the critical role of 
NKG2C in HCMV infection, but from the other side uncov-
ered the impact of HCMV on NK cell subsets composition.

NKG2C+C NK cells belong to separated NK cell cluster 
named adaptive NK cells. Transcriptomic profile of adaptive 
NK cells derived from bone marrow revealed that not every 
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adaptive NK cell has high NKG2C expression (Yang et al. 
2019). When compared to the conventional NK cell subsets, 
adaptive NK cells displayed a very distinct profile marked 
by upregulation of NKG2C, CD3E, PATL2 transcription, 
downregulation of CD7, KLRB1 and FCER1G, low NKp30, 
CD161, NKG2A surface expression (Rückert et al. 2022). 
In HCMV+ individuals, adaptive NK cells are characterized 
by reduction in the expression of FCER1G, ZBTB16, SYK, 
and EAT-2 compared to other NK subsets (Schlums et al. 
2015). Differences in FCER1G, ZBTB16 expression were 
found between NKG2C+ and NKG2C– NK cells subset of 
HCMV-seropositive patients (Rückert et al. 2022). Epige-
netic characteristics of adaptive NK cells depict unique chro-
matin remodelling within the NKG2 region, which results in 
NKG2C upregulation and NKG2A downregulation. Analysis 
of cis-regulatory elements revealed that adaptive NK cells 
exhibit increased activity of AP1 motifs, which encode tran-
scription factors involved in defining inflammatory memory 
in different immune cell types (Larsen et al. 2021).

While the expansion of NKG2C+ NK cells in the con-
dition of CMV infection seems to be well proven, little 
is known about the mechanism behind this phenomenon 
(Fig. 3). There are some examples supporting the idea of 
NKG2C/CD94 being directly involved in NK cell expan-
sion. In a presence of blocking anti-CD94 monoantibod-
ies, the stimulation of HCMV+ donor peripheral blood 
mononuclear cells (PBMCs) with virus-infected fibroblasts 

promoted expansion of NKG2C+ NK cells and the NKG2C 
deletion also has influence on this effect (López-Botet et al. 
2014). Furthermore, the engagement of proinflammatory 
IL-12 produced by CD14+ monocytes has been regarded as a 
potential motor agent in NKG2C+ NK cells expansion (Rölle 
et al. 2014). Despite the fact that some clinical observations 
indirectly suggest that NKG2C+ cells contribute to control 
HCMV replication in vivo, their in vitro response to HCMV-
infected cells appears unexpectedly modest and there is no 
evidence for a triggering role of NKG2C in this system. On 
the other hand, recent results support that NKG2Cbright NK 
cells are potent effectors of antibody-dependent cellular 
cytotoxicity (ADCC), and that HCMV-specific antibod-
ies specifically trigger cytotoxicity and cytokine produc-
tion against infected cells. Remarkably, little information 
is available regarding the involvement of ADCC in the 
immune response to HCMV (López-Botet et al. 2014). As 
they become more mature, the NK cells express more CD57, 
known as their maturation marker, which is associated with 
increased cytokine production and ADCC properties (Lopez-
Vergès et al. 2010). The CD57+NKG2C+ NK adaptive cell 
subset characterises with endurance and resistance to apop-
tosis. These features correlate with transcriptional changes 
and epigenetic remodelling, e.g. demethylation of noncoding 
sequence 1 in the IFN-γ gene locus (Tarantino et al. 2021). 
The presence of HCMV alters the expression of the CD94/
NKG2 receptors. It has been proved that HCMV-seropositive 

Fig. 3   Expansion of adaptive CD56dim NKG2C + NK cells driven by HCMV infection. As a subset of adaptive NK cells, the NKG2C + NK cells 
display distinct expression profiles when compared to conventional NK clusters
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adults and children characterise with increased number of 
NKG2C+ cells (Béziat et al. 2013; Heatley et al. 2013; 
Monsiváis-Urenda et al. 2010). Acute CMV infection pro-
motes high NKG2C+ NK cells proliferation, often called 
NKG2C(hi) NK cells, which eventually leads them to acquire 
CD57. Such a unique NKG2C(hi) CD57+ NK cell subset may 
be responsible for a specific NK cell memory (Lopez-Vergès 
et al. 2011). Interestingly, these cells were found to respond 
specifically to HCMV, but not to Epstein-Barr virus (EBV) 
infection (Hendricks et al. 2014). NK cells are believed to 
control the viral infection in the absence of T cells. The 
NKG2C+ lymphocytosis in a patient suffering from acute 
HCMV infection coincided with a significant reduction of 
viremia, when the T cells were absent (Kuijpers et al. 2008). 
The HCMV seropositivity status increases the numbers of 
both NKG2C+ NK and T cells (Muntasell et al. 2013). The 
NKG2C+ NK cells may also regulate the CMV-specific CD8 
T cells, which express the HLA-E ligand. In the CMV sero-
positive individuals, the expansion of CMV-specific CD8 
T cells is negatively regulated upon cell activation (Grutza 
et al. 2020). An in vitro study confirmed that, interestingly, 
in HCMV-infected monocyte-derived dendritic cells cul-
tures, the endogenous IL-12 secretion affected the NKG2A 
expression in NKG2C+ cells and, therefore, it may be 
responsible for modulation of the response against HCMV-
infected cells. This effect is beneficial for the virus, as the 
induced expression of CD94/NKG2A strengthens the viral 
immune evasion mechanisms (Sáez-Borderías et al. 2009). 
Lack of FcεRγ (FcRγ) expression is another adaptive NK 
cells marker in response to HCMV. The NKG2Cbright and 
FcRγ− NK cell population was found in HCMV+ subjects. 
Moreover, the loss of FcRγ was accumulated within the 
NKG2Cbright NK cell subset in the NKG2C wt/wt individuals, 
and the NKG2C−FcRγ− cell population was more frequent 
in NKG2C wt/del and NKG2C del/del individuals (Muntasell 
et al. 2016).

Controversially, the recent data suggest that individu-
als who lack expression of NKG2C show an undisturbed 
immune response to HCMV infection and the NK cell matu-
ration is not altered by the absence of CD94/NKG2C recep-
tor. This suggests that there are some alternative pathways, 
which provide similar NK cells activity in case of lacking 
this receptor (Toson et al. 2022). Besides that, many reports 
reviewed in the next chapters highlight the key role of the 
HCMV-induced NKG2C+ NK cell expansion observed in 
other viral infections and inflammatory conditions.

Hepatitis B and Hepatitis C Virus

The expansion of NKG2C+ NK cells in chronic hepatitis 
patients is associated with an underlying HCMV infec-
tion, pointing out the key role of this pathogen in the 
NK cell activity (Béziat et al. 2012; Malone et al. 2017). 

Interestingly, there are phenotypic and functional differences 
in the NK cell repertoire in chronic hepatitis B virus (HBV) 
infection versus hepatitis C virus (HCV). In case of the HCV 
infection, the proportion of activated, but more dysfunctional 
NK cells was higher compared to the HBV-infected individ-
uals. On the other hand, expression of CD94/NKG2C was 
higher in HBV-infected when compared to HCV-infected 
and healthy individuals. Additionally, number of circulating 
NK cells was also lower in HBV and HCV-infected than in 
control (Oliviero et al. 2009). The NKG2C+ NK cell levels 
can be considered as a prognostic marker of HBV improved 
treatment responses. The pegylated interferon (PEG-IFN)-α 
and entecavir are well-known antiviral drugs for HBV treat-
ment. The clinical study conducted on patients suffering 
from chronic HBV showed that PEG-IFN-α responders 
have a significantly higher expression of NKG2C+ NK cells 
than non-responders, which suggests the reconditioning and 
activation of innate immune response during IFN treatment 
(Yan et al. 2015).

Human Immunodeficiency Virus

The presence of largely controversial reports obscures under-
standing the role of CD94/NKG2C receptor in HIV suscep-
tibility, infection and progression. The presence of at least 
one NKG2C delvariant was previously indicated as a risk 
factor of HIV infection (Thomas et al. 2012). The NKG2C 
wt/wt and HLA-E*01:01/*01:01 genotypes were found to 
be involved in faster and more effective recognition of HIV-
infected cells and were found less frequently in long-term 
non-progressors as well as in HIV-infected patients when 
compared to controls. Recently published results specify that 
the NKG2C del/del genotype is associated with HIV suscep-
tibility, but only in people living with HIV and not in con-
trols unexposed to HIV or HIV-exposed seronegative sub-
jects (Alsulami et al. 2021; Guzmán-Fulgencio et al. 2013). 
Unexpectedly, findings from the latest study on HIV-infected 
Brazilians have questioned any impact of NKG2C genotype 
on HIV susceptibility (Toson et al. 2022). No association of 
NKG2C deletion with HIV-1 susceptibility or influence on 
clinical features was observed in the evaluated cohort. The 
NKG2C copy number did not correlate with HIV viral load 
(Alsulami et al. 2021). Therefore, more genetic studies on 
larger populations are necessary to better understand this 
phenomenon.

Unlike other NK cell receptors, the expression of CD94/
NKG2C and its ligands is upregulated in HIV patients, 
thus, the NKG2C may be involved in regulating the infec-
tion progress. Many studies indicate that changes in NK 
receptors repertoire in HIV-1 positive patients are derived 
from an underlying HCMV coinfection. Advanced stages 
of HIV-1 disease in patients coinfected with HCMV are 
characterized by downregulation of CD94/NKG2A and 
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increased expression of CD94/NKG2C (Brunetta et  al. 
2010; Gumá et al. 2006b; Zhou et al. 2015). This reversed 
NKG2A/NKG2C ratio is unique for NK cells, but not for 
CD8+ NKG2C+ T cells (Zeddou et al. 2007). In a Hispanic 
case study, high level of memory-like NKG2C+ NK cells 
was associated with the control of HIV-1 viral replication 
(Climent et al. 2023). However, the high level of NKG2C+ 
NK cells increases the risk of Kaposi sarcoma in patients 
with HIV-1 infection (Goodier et al. 2007). In summary, 
the current knowledge of NKG2C+ NK cells at mucosal 
genital/anal sites is still limited, and the NK receptor profile 
of circulating NK cells may differ from the tissue-resident 
NK which interact with HIV-infected cells (Alsulami et al. 
2021).

SARS‑CoV‑2 and COVID‑19

There are studies conducted on COVID-19 patients (Jaiswal 
et al. 2022a; Vietzen et al. 2021a) indicating that NKG2C 
deletion is a risk factor for more severe disease outcome. 
One of those studies showed that both HLA-E*01:01 and 
NKG2C del variants are more frequently present in hospital-
ized Austrian COVID-19 patients, and both genotypes are 
independent risk factors for severe COVID-19 (Vietzen et al. 
2021a).

The CD94/NKG2C expression may also be related to 
the severity of infection. Increased number of circulating 
NKG2C+ NK cells observed in patients suffering from 
severe COVID-19 was independent of HCMV reactivation 
and did not correlate with serum levels of anti-CMV IgG. 
Authors identified upregulated HLA-E in bronchoalveolar 
lavage (BAL) fluid of COVID-19 patients, and suggested, 
therefore, a receptor-ligand-driven expansion of adaptive 
NK cells (Maucourant et al. 2020). Interestingly, even after 
clearance of SARS-CoV-2, patients with lower recovery of 
NKG2C+ adaptive NK cells were characterized by HCMV 
reactivation and increased mortality (Jaiswal et al. 2022a). 
Interesting results were obtained in a study on Mycobac-
terium w (Mw), which is used as an immunomodulator in 
India. The prophylaxis with Mw used in HCMV-seroposi-
tive high-risk cohort resulted in six-fold reduction in inci-
dence of symptomatic COVID-19 over a 6-month period. 
In a response to Mw, the number of NKG2C+ adaptive NK 
cells increased between 30 and 60 days following treatment. 
Moreover, the lower baseline of NKG2C+ NK cells predis-
posed to the disease (Jaiswal et al. 2022b). These findings 
suggest that a higher number of NKG2C+ cells is beneficial 
and provides a protective effect in SARS-CoV-2 infection, 
whereas a decreased number of these cells, together with the 
NKG2C del variant, weakens it. Interestingly, the NK cell 
subsets differ in mammalian target of rapamycin activity. 
Study on rapamycin treatment showed that the percentage of 

mature NKG2A−CD16+ CD57+ cells significantly increased 
during treatment and that the level of FcRγ was lower in all 
NK cell subsets (Shemesh et al. 2022).

Other Viral Infections

The NKG2C deletion did not seem to influence the clinical 
course of herpetic (herpes simplex type 1 virus) (Moraru 
et al. 2012), and papillomavirus infection (Vilchez et al. 
2013), but predispose to the development of nephropathia 
epidemica in severe Puumala orthohantavirus cases (Vietzen 
et al. 2021b). No expansions of circulating NKG2C+ NK 
cells have been observed in studies of patients with recurrent 
genital herpes simplex virus type 2 infections (Björkström 
et al. 2011b), likewise in EBV infection in adults (Hendricks 
et al. 2014). HCMV+ EBV+ coinfected children had signifi-
cantly higher proportions of peripheral-blood NKG2C+ NK 
cells than HCMV+ EBV− children. These results provide 
further evidence that the expansion of NKG2C+ NK cells is 
a consequence of CMV-driven immune maturation (Sagha-
fian-Hedengren et al. 2013). NKG2C+ NK cell increased 
expansion was observed in HCMV coinfection with other 
acute and chronic viral infections: Hantavirus (Björkström 
et al. 2011a), Chikungunya (Petitdemange et al. 2011), den-
gue virus-2 (Petitdemange et al. 2016). But on the contrary, 
results from the latest study on Puumala orthohantavirus 
indicate that NKG2C+ NK cell proliferation and effector 
functions during virus infections can be also induced inde-
pendent of prior HCMV infection, for example by the cel-
lular stress response (Vietzen et al. 2021b).

Pregnancy and Related Complications 
Affected by NKG2C

Uterine NK cells, accumulated during early pregnancy 
at the maternal–fetal interface, are engaged in placenta-
tion, angiogenesis and regulation of trophoblast invasion 
(Hanna et al. 2006). It is believed that their dysfunction 
is a major factor in pathological pregnancies, including 
pre-eclampsia. The expression of both CD94/NKG2A and 
CD94/NKG2C receptors is increased on peripheral NK 
cells from women diagnosed with pre-eclampsia. It might 
be explained by the scenario in which NK cells try to bal-
ance the proper inhibitory/activating receptors’ expression 
during ongoing systemic inflammation, characterized by 
high levels of IL-12 and IL-15 (Bachmayer et al. 2009). In 
accordance, another study revealed expansion of NKG2C+ 
NK cells in pre-eclampsia women. Furthermore, both 
CD56– and CD56+ cell subsets were characterized with 
increased expression of NKG2A receptor. Women suffering 
from severe pre-eclampsia had an increased percentage of 
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CD56bright NKG2C+ NK cells (Bueno-Sánchez et al. 2013). 
The role of NKG2C deletion in pre-eclampsia susceptibility 
has been excluded in a Brazilian cohort study (Kaminski 
et al. 2019).

Although the HCMV causes the majority of intrauter-
ine viral infections, in the first trimester of pregnancy the 
congenital infection rate is considered to be low. The first 
trimester is usually the time when the uterus is infiltrated 
by decidual NK (dNK) cells, which are propitious for pla-
centation. When exposed to HCMV, these dNK cells, nor-
mally responsible for chemokines and cytokines produc-
tion, become cytotoxic for infected autologous decidual 
fibroblasts. The dNK cells may be involved in controlling 
the HCMV intrauterine infection and in limiting the viral 
spreading into fetal tissues. Over 80% of these dNK cells 
become NKG2C+ NK cells (Siewiera et al. 2013). Simul-
taneously, only a minor decrease of NKG2A+ cells was 
observed. An interesting observation was made in rela-
tion to multiple pregnancies. Repeated pregnancies are 
often related to improved placentation, possibly provided 
by pregnancy trained decidual NK cells. These cells, 
involved in vascular remodelling and angiogenesis, are 
characterized by high expression of NKG2C receptor in 
HCMV-seropositive women (Gamliel et al. 2018). This 
observation may lead to question, whether the HCMV 
serostatus is involved in this NK cells augmentation. 
Study on endometrium samples from HCMV-seroposi-
tive and HCMV-seronegative women showed that endo-
metrial NK cells have an increased pregnancy-induced 
LILRB1 expression on NKG2C+ cells in HCMV-seropos-
itive women. The HCMV serostatus may be, therefore, 
involved in the induction of pregnancy-induced memory 
endometrial NK cells, providing effective placentation 
(Feyaerts et al. 2019).

The NK cell receptors’ distribution is also altered by 
the postnatal symptomatic HCMV infection in preterm 
infants, which is characterized by an early increase of total 
NK cells, as well as NKG2C+ and KIR+ NK cell subsets 
with a simultaneous decrease of the cells expressing CD94/
NKG2A receptor (Noyola et al. 2015). Furthermore, in chil-
dren who had symptomatic congenital HCMV infection, the 
increased number of NKG2C+ NK cells, and lower number 
of NKG2A+ NK cells was found when compared to asymp-
tomatic or non-infected individuals. What is more interest-
ing, this NKG2C+ cell increase was associated with NKG2C 
wt genetic variant, and the wt/wt homozygotes had a higher 
number of circulating NKG2C+ cells than heterozygotes 
(Noyola et al. 2012).

Clinical Outcome of Allogeneic 
Transplantation of Hematopoietic Stem Cells 
and NKG2C

Hematopoietic stem cell transplantation (HSCT) is a cura-
tive treatment for patients whose bone marrow or immune 
system is damaged or defective. The commonly used clinical 
practice in allogeneic setting is donor and recipient HLA-
typing and determination of the relationship between various 
alleles and HSCT outcome. Studies show that the relation-
ship between NK cell receptors and their ligands may play 
a crucial role in the prediction of HSCT outcome (Bogu-
nia-Kubik and Łacina 2021; Isernhagen et al. 2015; Tsa-
madou et al. 2017, 2019; Yu et al. 2022). The reactivation 
of HCMV infection remains to be one of the most common 
post-transplant complications. It is especially threatening to 
immunodeficient and immunosuppressed patients (López-
Botet et al. 2014). NK cells are the first lymphoid subset 
that can be detected in recipients’ peripheral blood after 
HSC or cord blood transplantations, however, differences 
between NK cell development patterns may occur. Patients 
who experienced the reactivation of HCMV infection after 
cord blood transplantation characterized with a more rapid 
NK cell maturation, and expression of NKG2C+ NK cells 
was increased in comparison to patients without reactivation 
(Della Chiesa et al. 2012).

Interestingly, the early reactivation of HCMV infection is 
related with lower risk of relapse in acute myeloid leukae-
mia (AML) patients, unleashing the graft-versus-leukaemia 
properties. This therapeutic effect was observed similarly in 
patients diagnosed with chronic myeloid leukaemia, under 
Dasatinib treatment, where the expansion of NK cells is 
related to HMCV reactivation (López-Botet et al. 2014). 
Reduced risk of leukaemia relapse may also be associated 
with expansion of CD56dimCD57+NKG2C+ NK cells. HSCT 
recipients treated with reduced-intensity conditioning, who 
developed HCMV reactivation, were characterized with 
low relapse rate and better disease-free survival when com-
pared to recipients typed as HCMV-seronegative, suggesting 
the major role of adaptive NK cell in response to infection 
(Cichocki et al. 2016; Muñoz-Cobo et al. 2014). Devel-
opment of HCMV replication after allogeneic HSCT was 
proven to be a strong and independent predictor of a reduced 
leukemic relapse risk, and increased long-term survival in 
early and advanced stages of AML (Elmaagacli et al. 2011).

Besides the altered expression, the CDD94/NKG2C phe-
notype is also a major factor in the development of post-
transplant complications. The NKG2C del variant in cord 
blood transplant recipients increases the risk of HCMV 
reactivation. In recipients without HCMV reactivation, the 
wild-type variant was dominant (Mehta et al. 2016). NKG2C 
wt/wt homozygosity was beneficial to the reconstitution and 
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anti-HCMV function of adaptive NKG2C+ NK cells. By 
promoting the quantitative and qualitative reconstitution of 
adaptive NKG2C+ NK cells, donor NKG2C wt/wt homozy-
gosity contributes to the clearance of HCMV infection after 
haploidentical allogeneic HSCT. Thus, considering HCMV 
infection risk in haploidentical HSCT, NKG2C wild-type 
homozygous donors may be preferable for hematopoietic 
transplantation (Yu et al. 2022). The donor’s NKG2C copy 
number may be also used as a prediction tool for reactivation 
of HCMV in double umbilical cord blood transplantation. 
In recipients receiving two grafts, whose donors carried the 
deletion variant, risk of reactivation was significantly higher 
and the reactivation usually occurs within first 3 months 
after transplantation (Cao et al. 2018).

In HCMV-positive HSCT recipients, the upregulation 
of NKG2C receptor was observed despite the serostatus 
of their donors. However, there was a relationship between 
the HCMV donor status and functionality of NKG2C+ NK 
cells, suggesting that cells transplanted from seropositive 
donors were more reactive in response to HCMV reactiva-
tion, thanks to their previous exposure to HCMV antigens. 
This indicates the possibility of NKG2C+ memory-like NK 
cells being transplantable (Foley et al. 2012b). In recipi-
ents undergoing allogeneic HSCT, reactivation of HCMV 
infection may induce a graft-versus-leukaemia effect as the 
donor-derived NK cells eliminate residual leukemic cells. 
The infection results in increased expression of activating 
CD8+ T cells and NK cells ligands (Foley et al. 2012a). Chil-
dren undergoing allogeneic HSCT who are diagnosed with 
acute leukaemia were characterized with reduced risk of 
relapse and extremely high relapse free survival when both 
recipient and donor was HCMV-seropositive before trans-
plantation (Behrendt et al. 2009). In contrast to the T cells, 
NK cells are proven to mediate limited graft-versus-host 
reactions which gives an opportunity to use a ligand–recep-
tor mismatch between recipients’ residual tumour cells and 
the NK cell-repleted grafts (Picardi et al. 2015).

A graft-versus-host disease (GvHD) is another common 
post-transplant complication. In compliance with the natu-
ral NK cell maturation, expression of the CD94/NKG2A 
continuously decreases, whereas expression of CD94/
NKG2C increases. A simultaneous increase in NKG2A+ 
and decrease in NKG2C+ subsets of CD56dim NK cells was 
observed in recipients diagnosed with chronic GvHD and in 
patients with EBV reactivation. A reverse effect occurred in 
patients without chronic GvHD (Jaiswal et al. 2020; Korde-
las et al. 2016). The EBV infection promotes the expres-
sion of NKG2A+ cells, in contrast to HCMV infection 
(Hendricks et al. 2014). It has been recently shown that the 
number of NKG2A+ NKdim cells increased with simultane-
ous decrease of NKG2C+ NKdim cells in patients with EBV 
reactivation and incidence of chronic GvHD after HSCT 
(Jaiswal et al. 2020). Such alterations in NK cell subsets may 

increase the risk of chronic GvHD occurrence among HSCT 
recipients. The activating NKG2C and NKG2D receptors 
may overcome the impact of highly expressed NKG2A pro-
viding a beneficial role in monitoring infections in immu-
nosuppressed patients. Both NKG2 activating receptors 
were simultaneously upregulated in HSCT recipients 30 
and 90 days after transplantation (Picardi et al. 2015). An 
intriguing case study suggested that the HCMV reactivation 
may increase the number of NK cells expressing NKG2C 
receptor. It was observed that in a female recipient of umbili-
cal cord blood transplantation the NKG2C+ NK cells con-
stituted one-third of the total lymphocytes for 22 months, 
after the reactivation of HCMV infection (Muta et al. 2018).

NKG2C in Organ Transplantation

The HCMV infection and reactivation is a significant clinical 
problem in lung transplantation, observed in approximately 
50% of recipients. Controversially, it was proposed that the 
increased number of NKG2C expressing NK cells did not pro-
vide protection from HCMV reactivation, but increased a risk 
of viremia. A high proportion of these cells coincided with 
actively replicating HCMV in lung allograft. Level of the BAL 
NKG2C+ NK cells increased compared to peripheral NKG2C+ 
NK cells, suggests that the CMV infection may drive local 
changes in the phenotype as well as recruitment of those cells 
to the transplanted tissue (Harpur et al. 2019). Another study 
highlights that NKG2C+ NK cells prevailed in BAL fluid and 
were more mature than NKG2C− NK cells. However, in com-
parison to PBMC NKG2C+ NK cells, the BAL NKG2C+ NK 
cells were less mature and proliferative. These findings imply 
the potential role of the CD94/NKG2C receptor and NKG2C+ 
as biomarkers of HCMV allograft replication and immune 
activation (Calabrese et al. 2019). In immunosuppressed kid-
ney transplant recipients, highly prone to severe post-transplant 
complications, the increased level of NKG2C+ NK cells before 
transplantation lowers risk of HCMV reactivation, especially 
in wild-type homozygous patients (López-Botet et al. 2017). In 
renal transplantation, recipients with NKG2C wt/wt genotype 
were characterized with higher carotid intimal media thick-
ness and lower humoral and T cell responses to HCMV, com-
paring to wt/del heterozygotes. This implies that the NKG2C 
gene deletion, manifested as decreased receptor expression, 
improved the cardiovascular health of recipients (Waters et al. 
2017). Additionally, the pre-transplant NKG2C+ NK cells 
level was associated with post-transplant HCMV viremia. 
In recipients with high number of NKG2C+ NK cells before 
transplantation, the risk of post-transplant viremia was lower. 
Thus, it is possible that adaptive NK cells might provide a 
protection against reactivation of HCMV infection (Redondo-
Pachón et al. 2017). From a practical standpoint, monitoring 
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basal and post-transplant levels of adaptive NK cells may pro-
vide biomarkers to evaluate the control of HCMV, with viable 
implications in the clinical management of the viral infection.

Role of NKG2C in Autoimmune and Other 
Diseases

Given that CD94/NKG2C is an activating receptor that 
increase NK cytotoxicity, secretion of proinflammatory 
cytokines, recruitment of macrophages and other inflam-
matory cells, it is reasonable to investigate the impact of 
CD94/NKG2C in autoimmune diseases. The proper control 
and balance between activating and inhibiting signals seems 
to be pivotal in autoimmunity development. Experiments 
conducted on murine models showed, that dysfunction in 
NK activation (e.g. NKG2C deletion) may lead to inability 
to eliminate autoreactive T cells.

Rheumatoid Diseases

In rheumatoid arthritis (RA), NK and T cells are responsible 
for cytotoxicity and cytokine production. NK and T cell acti-
vating receptors, including NKG2C, may play an important 
role in the pathogenesis of this disease. Synovial NK cells 
characteristic is similar to peripheral blood NK cells, but 
they express higher number of activation markers. However, 
considering only the NKG2C expression level, there are no 
significant differences between synovial and peripheral 
blood NK cells obtained from patients with chronic joint 
inflammation, suffered from arthritis of the knee (de Matos 
et al. 2007). Lower number of NK cells expressing CD94/
NKG2C when compared to cells expressing NKG2A was 
observed in ankylosing spondylitis (Cauli et al. 2018). In 
autoimmune diseases, the number of specific peripheral 
lymphocytes, the γδ T cells, is frequently increased (Paul 
et al. 2015). Detailed expression analysis showed that the 
NKG2C receptor was more frequently expressed on γδ1 
T than on γδ2 T cells in RA patients (Iwaszko et al., sub-
mitted). No significant association was observed between 
homozygous NKG2C deletion and RA and systemic lupus 
erythematosus in Dutch and Japanese patients (Hikami et al. 
2003). Conversely, one of the SNPs, the NKG2C c.305C > T 
(Ser102Phe) was shown to be associated with risk of RA in 
Korean population study (Park et al. 2008). NKG2C c.305*T 
allele was associated with Behcet’s disease evidencing ocu-
lar lesions and Behcet’s disease with arthritis (Seo et al. 
2007).

Psoriasis

To explain the possible association between CD94/NKG2C 
and HLA-E in psoriasis, two models have been proposed. 

First, the NKG2C deletion together with HLA-E*01:01 
genotype is responsible for inhibition of NK cells ability 
to regulate the autoreactive T cells, which are predisposing 
to this disease. The NKG2C del/del genotype was found to 
be a risk factor in psoriasis susceptibility, which stays in 
line with the hypothesised model (Zeng et al. 2013). The 
other explanation considers the impact of HLA-E*01:03 
genetic variant. The *01:03 allele alters the presentation of 
the psoriasis-inducing self-determinant by HLA-C, which 
provides the protection against psoriasis. This protection can 
also be provided by the high number of NKG2C+ NK cells. 
Cells expressing this receptor may be able to recognize and 
then kill autoreactive T cells, however, psoriasis patients 
characterise with overall decreased number of NKG2C+ 
NK cells, in favour to NKG2A+ NK cells. This results in 
limited regulatory functions of the NK cells which leads to 
unregulated autoreactivation of T cells (Batista et al. 2013; 
Patel et al. 2013).

Other Autoimmune Diseases

The CD94/NKG2C might be considered as a marker for NK 
reprogramming in autoinflammatory disorders. In celiac 
disease, intraepithelial cytotoxic T lymphocytes (CTLs) 
undergo genetic reprogramming that results in acquiring 
NK cytolytic functions, such as expressing C94/NKG2C 
receptor. The NKG2C expression by celiac intraepithelial 
CTLs appeared to be a marker for a general NK reprogram-
ming (Meresse et al. 2006). Patients suffering from mul-
tiple sclerosis (MS) display HLA-E+ oligodendrocytes 
and NKG2C+CD4+ T cells, therefore, targeting the CD94/
NKG2C receptor may be considered in future development 
of MS therapies (Zaguia et al. 2013).

Other Various Disorders

According to some reports, HCMV-driven NKG2C+ NK cell 
expansion may be a potential predictor for the development 
of high-risk carotid atherosclerotic plaques (Martínez-Rod-
ríguez et al. 2013). This strands in line with the assump-
tions that infections may be involved in immunopathology of 
atherosclerosis. HCMV replicates and remains latent in the 
endothelial cells, which are constantly exposed to circulating 
NK cells, triggering NKG2C+ NK cell degranulation ex vivo 
(Djaoud et al. 2016).

Increased proportion of NKG2C+ NK cells was also 
observed in patients suffered from chronic obstructive pul-
monary disease (Pascual-Guardia et al. 2020), autism spec-
trum disorders (Bennabi et al. 2019), schizophrenia and 
bipolar disorder (Tarantino et al. 2021). The common thread 
of these findings is lack of association between NKG2C 
expression level and HCMV status in patients. Despite 
the limited number of studies, it emphasizes the need to 
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investigate thoroughly the mechanisms of NKG2C+ NK cell 
expansion.

Current Strategies of NKG2C Clinical 
Applications in Immunotherapies Against 
Cancer and Virus‑Infected Cells

Increasing activity of the CD94/NKG2C receptor remains 
to be one of the major directions towards enhancing the 
expansion of adaptive NK cells. Inhibition of CD94/
NKG2A expression is an essential element for the expan-
sion of NKG2C+ NK cells with more cytolytic activity 
(Zuo and Zhao 2021). It was also suggested that inhibition 
of glycogen synthase kinase-3 promotes the expansion of 
adaptive NK cells. Their expansion increased the survival 
in a model of ovarian cancer. Clinical trials conducted 
on different types of cancers combined with monoclonal 
antibody therapy are currently in progress (Cichocki et al. 
2017).

Activating CD94/NKG2C receptor may be used in 
NK cell immunotherapy for various tumours. It has 
been reported by Marin et  al. (2003) that haemato-
logical malignancies and tumour cell lines characterise 
with higher expression of HLA-E. Moreover, the latent 
HCMV infection causes an increase of NKG2C-dependent 
NK cell cytotoxicity in vitro, which was more effective 
against target cell lines in HCMV-seropositive donors 
than in HCMV-seronegative donors (Bigley et al. 2016). 
Such latent HCMV infection results in accumulation of 
NKG2C+ NK cells, which is a beneficial effect and pro-
vides efficient NK cell cytotoxicity against tumour cells. 
These findings were recently confirmed in vivo in COVID-
19 patients (Guo et al. 2022). A NKG2C+CD122low cells 
were identified as memory-like NK cells positively cor-
related with disease severity and accumulated with age. 
Their presence depends on patients’ CMV serostatus. This 
cell subset possesses an expression profile characteristic 
for adaptive NK cells: upregulation of NKG2C and down-
regulation of PLZF, FCER1G, EAT-2, SYK. In vitro IFN-α 
stimulation in peripheral blood samples led to increased 
IFN-γ and CD107a levels in elderly patients compared to 
young individuals.

The HCMV serostatus also has an impact on develop-
ment of de novo tumours in patients after orthotopic liver 
transplantation. In HCMV-positive patients the expansion of 
NKG2C+ NK cells is disturbed and the production of intra-
cellular tumour necrosis factor-α is increased. In contrast, 
immature NK cells with high expression of CD94/NKG2A 
inhibiting receptor and undisturbed production of IFN-γ 
were detected in patients diagnosed with genitourinary 

tumours (Achour et al. 2014). In patients diagnosed with 
myeloid leukaemia, who have exhausted immunity and natu-
rally lack NKG2C+ NK cells, the NKG2C “engager” has 
the potential to generate a strong antitumor response against 
acute myeloid leukaemia blasts. Such killer engager provides 
more efficient NK cell cytotoxicity, however, the frequency 
of NKG2C+ NK cells need to be high to accomplish this 
effect. Use of the CD94/NKG2C will also result in enhanced 
NK cell responses in comparison to CD16 (Chiu et al. 2021). 
The cytotoxic profile of NKG2C+ NK cells was upregulated 
against glioblastoma multiforme cells and altering these 
cells by the HLA-E*spG feeder cells only enhanced this 
effect (Murad et al. 2022). It was noted that in glioblastoma 
cell line modified with HLA-E*spG, the NKG2C+ NK cells 
showed significantly increased cytotoxicity towards them, 
compared to the parental cells.

A chronic adaptive NK cells stimulation through CD94/
NKG2C receptor enhanced proliferation and activation of 
CD3–CD56dimCD57+NKG2C+ NK cells with simultane-
ously increasing expression of the checkpoint inhibitory 
receptors namely, lymphocyte activation gene-3 and pro-
grammed death receptor 1. These stimulated NK cells were 
dysfunctional towards tumour cells. This proves that NK 
cells, similarly to CD8+ T cells, show exhaustion when 
exposed to a chronic activation (Merino et al. 2019).

NK cells are known for interacting with adaptive immune 
cells directly and indirectly, thus they may be used as indica-
tors of adaptive immunity. The NK cell receptors, includ-
ing CD94/NKG2C molecule may be crucial in this process. 
A novel role of the NKG2C as a biomarker in predicting 
the response to influenza vaccination was suggested in a 
study conducted on healthy volunteers (Riese et al. 2020). 
Increased CD56dimCD16+NKG2C+ NK cells frequency was 
observed in the group of vaccine responders when compared 
to the group of low responders. Furthermore, the relation-
ship between NKG2C+ NK cells and outcome of the vac-
cination was independent of the patients HCMV serostatus. 
The CD94/NKG2C receptor acquisition might be used as a 
marker to distinguish potential low responders from vaccine 
responders, and promotes efficacious adaptive responses 
post-vaccination. An interesting approach has been made 
in studies on HIV vaccine (Gyurova et al. 2020). The non-
neutralizing antibodies is a new strategy in vaccine develop-
ment. The engagement of Fc-binding receptors on NK cells 
induces release of cytolytic cell compartments and results 
in death of infected cell. Such cytolytic functions of NK 
cell together with antibody producing B cells may have a 
very powerful impact on virus replication. Major areas of 
the CD94/NKG2C clinical applications are summarised in 
Fig. 4.
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Conclusions and Further Perspectives

In this review, we investigated biological functions and 
potential clinical applications of one of the major NK cell 
receptors, the activating C94/NKG2C molecule. Belonging 
to the NKG2 receptor family, the CD94/NKG2C remains to 
be one of the most studied because of its remarkable abil-
ity to bind with MHC class I HLA-E molecule, which is a 
shared ligand for both activating CD94/NKG2C and inhib-
iting CD94/NKG2A receptors. One of the most common 
mutations of this receptor results in deletion of its encoding 
gene, which is not life-threatening but impacting on viral 
infection, autoimmune diseases, pregnancy, HSCT outcome. 

In response to exposure to the HCMV viral particles, the 
expansion of NKG2C+ NK cells is increased but detailed 
mechanism behind this phenomenon remains still not well 
understood. Thanks to the latest studies, today, we know 
that these adaptive NK cells undergo phenotypic remodel-
ling (including epigenetic remodelling), acquiring valuable 
properties for clinical applications. Memory-like NKG2C+ 
NK cells are transplantable, have increased longevity, accu-
mulate with age, possess augmented cytokine release and 
antibody-dependent cellular cytotoxicity, which all undoubt-
edly make them inestimable tool for the immunotherapy. The 
need for further more in-depth research investigating biology 
of NKG2C+ NK cells.is warranted.

Fig. 4   Therapeutic and clinical applications of NKG2C-activating receptor
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