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SUMMARY

Although natural killer (NK) cells are recognized for their modulation of immune responses, 

the mechanisms by which human NK cells mediate immune regulation are unclear. Here, we 

report that expression of human leukocyte antigen (HLA)-DP, a ligand for the activating NK cell 

receptor NKp44, is significantly upregulated on CD8+ effector T cells, in particular in human 

cytomegalovirus (HCMV)+ individuals. HLA-DP+ CD8+ T cells expressing NKp44-binding 

HLA-DP antigens activate NKp44+ NK cells, while HLA-DP+ CD8+ T cells not expressing 

NKp44-binding HLA-DP antigens do not. In line with this, frequencies of HLA-DP+ CD8+ T 

cells are increased in individuals not encoding for NKp44-binding HLA-DP haplotypes, and 

contain hyper-expanded CD8+ T cell clones, compared to individuals expressing NKp44-binding 

HLA-DP molecules. These findings identify a molecular interaction facilitating the HLA-DP 

haplotype-specific editing of HLA-DP+ CD8+ T cell effector populations by NKp44+ NK cells 

and preventing the generation of hyper-expanded T cell clones, which have been suggested to have 

increased potential for autoimmunity.

In brief

Padoan et al. show that HLA-DP expression on CD8+ T cells is upregulated upon HCMV 

infection, in particular on effector CD8+ T cells. NKp44+ NK cells can regulate HLA-DP+ CD8+ 

T cells in individuals expressing NKp44-binding HLA-DP haplotypes, with consequences for 

CD8+ T cell clonality.

Graphical Abstract
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INTRODUCTION

Natural killer (NK) cells are specialized effector lymphocytes of the innate immune system 

that are traditionally characterized by the ability to kill virus-infected and transformed 

cells.1–3 More recently, NK cells have also been implicated in the regulation of adaptive 

immunity. In viral infections, murine NK cells act as rheostats of adaptive immune 

responses by killing CD4+ T cells and consequently influencing CD8+ T cell responses4,5 

or by directly eliminating activated CD8+ T cells.6 NK cells can also reduce T cell 

responses in mice through functional restriction of antigen-presenting cells (APCs),7 

reducing immunopathology. Furthermore, stronger vaccine-induced B cell and antibody 

responses were observed in mice when NK cells were depleted at the time of vaccination.8,9 

While these studies demonstrate that NK cells can reduce adaptive immune responses 

to viral infections and vaccines, the absence of NK cells also enhanced the risk for the 

development of autoimmune diseases.10 NK cell-dependent elimination of activated T cells 

has been shown to restrict the expansion of autoreactive T cells in a model of autoimmune 

encephalomyelitis,11 and induction of tissue-resident NK cells in the salivary gland12 

reduced autoimmunity associated with murine cytomegalovirus infection.13

Given the emerging role of NK cells in regulating T cell immunity,14–16 identifying the 

receptor-ligand interactions involved in this immunoregulatory process is of fundamental 

importance. Several NK cell receptors have been implicated in the regulation of T cell 

function. Studies in mouse models have shown that the inhibitory NK cell receptors 

2B4 and NKG2A facilitate the development and expansion of memory T cells.11,17 In 
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contrast, the expression of the tumor necrosis factor (TNF)-related apoptosis-inducing 

ligand and/or the engagement of the activating NKG2D receptor on NK cells resulted in 

the killing of activated T cells.13,18 Type I interferons were shown to protect antiviral 

murine CD8+ T cells from NK cell-mediated lysis by downregulating the expression of 

ligands for the activating NK cell receptor NCR1.19,20 Studies in hepatitis B virus (HBV)-

infected individuals have furthermore demonstrated that differentiated antiviral CD8+ T 

cells upregulatePD1 expression and are restrictedby PD-L1-expressing NK cells.21,22 In line 

with these observations, the presence of inhibitory killer cell immunoglobulin-like receptors 

(iKIRs) expressed on NK cells has been associated with an extended lifespan of human 

CD8+ T cells in vivo23 and better CD8+ T cell-mediated control of HIV-1, HCV, and human 

T-lymphotropic virus 1 infection in humans.24 iKIRs bind to human leukocyte antigen 

class I (HLA-I) molecules,3 implicating HLA-I diversity in determining the strength of NK 

cell-mediated regulation of T cell immunity, and combined KIR/HLA-I genotypes have been 

associated with differential disease outcomes in several viral infections.25–28

Another family of highly polymorphic cell surface proteins are HLA-II antigens. HLA-II 

antigens (DR, DQ, and DP) are heterodimeric proteins, comprised of an α and a β chain 

encoded by an A and a B gene, respectively. HLA-DP is a heterodimer that includes the 

product of the HLA-DPA1 and the HLA-DPB1 genes, and genetic variations in HLA-II 

molecules have been associated with the outcome of autoimmune diseases.29–33 Recently, 

it was shown that some HLA-DP molecules can serve as ligands for the activating natural 

cytotoxicity receptor (NCR) NKp44 (e.g., NKp44-binding HLA-DP antigens), while others 

do not bind NKp44 (e.g., NKp44 non-binding HLA-DP antigens),34 providing a model 

to investigate the impact of NKp44/HLA-DP interactions on the regulation of CD8+ T 

cells. Here, we show that effector CD8+ T cells express HLA-DP, in particular in human 

cytomegalovirus (HCMV)+ individuals, and that NKp44+ NK cells are activated by HLA-

DP+ CD8+ T cell populations in an HLA-DP haplotype-dependent process. In line with 

HLA-DP haplotype-dependent regulation of CD8+ T cell populations by NKp44+ NK cells, 

frequencies of HLA-DP+ CD8+ T cells were increased in individuals encoding for NKp44 

non-binding HLA-DP antigens and contained hyper-expanded CD8+ T cell clones compared 

to individuals expressing NKp44-binding HLA-DP molecules.

RESULTS

HLA-DP, but not other HLA-II molecules, are significantly expressed by CD8+ T cells

HLA-II molecules are typically expressed on APCs, but expression can be upregulated on 

other parenchymal and immune cells upon activation.35 However, less is known regarding 

HLA-II expression on resting T cells. To investigate HLA-II expression on T cells, we 

analyzed freshly isolated human peripheral blood cells using flow cytometry. While CD3+ 

T cells expressed low levels of HLA-DQ and HLA-DR, HLA-DP surface expression levels 

were significantly higher, with a median of 26.8% of CD3+ T cells expressing HLA-DP. 

The frequencies of T cells expressing HLA-DP were particularly high within CD3+CD8+ 

T cells compared to CD3+CD4+ T cells, with medians of 36.2% and 8.3%, respectively, 

of T cells expressing HLA-DP (Figures 1A and 1B). Given the heterogeneity of HLA-DP 

expression on CD3+CD8+ T cells, HLA-DP expression was investigated at different stages 
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of CD8+ T cell differentiation.36–38 Following the exclusion of naive (CCR7+CD45RA+) 

T cells, KLRG1 and CD127 were used to identify CD127+ KLRG1− memory precursor 

cells (MPECs), CD127+ KLRG1+ double-positive effector cells (DPECs), and CD127− 

KLRG1−/+ effector cells/early effector cells (ECs/EECs) (Figure 1C). Naive CD8+ T cells 

contained the lowest frequencies of HLA-DP+ T cells. HLA-DP+ cells were increased 

within CD127+ MPEC and DPEC CD8+ T cell subsets, with medians of 17.4% and 25.7%, 

respectively, and the highest frequencies of HLA-DP+ cells were observed within CD127− 

EC/EEC T cell subsets, with a median of 85.8% (Figure 1D). The percentages of HLA-DP+ 

CD4+ T cells closely followed the differentiation status observed for CD8+ T cells, albeit at 

lower frequencies (Figure S1A). Taken together, these data demonstrate that HLA-DP, but 

not HLA-DQ or HLA-DR, can be significantly expressed on CD8+ T cells, in particular on 

memory and differentiated EC/EEC T cell subsets.

HLA-DP is transcribed in CD8+ T cells and co-localizes with markers of immune cell 
differentiation

To further characterize CD8+ T cell subpopulations that expressed HLA-DP, single-cell 

RNA sequencing (scRNA-seq) was performed. Given the differences in HLA-DP expression 

between CD127+ and CD127− T cells, CD8+ CD127+ HLA-DP−, CD8+ CD127+ HLA-DP+, 

and CD8+ CD127− HLA-DP+ cells were isolated from three healthy donors. In total, 

scRNA-seq data of 13,000 T cells from all three sorted CD8+ T cell populations were 

included and projected in two dimensions using uniform manifold approximation and 

projection (Figure 2A). Within these cells, unsupervised clustering identified 14 different 

CD8+ T cell clusters, numbered 0 to 13. Based on the most highly differentially expressed 

genes (DEGs) associated with T cell differentiation, clusters were manually annotated. Four 

clusters (2, 7, 9, and 11) were marked by the expression of CCR7, SELL (CD62L), LEF1, 

and TCF7 and therefore noted as naive T cell clusters. Cluster 10 was characterized by 

upregulation of T cell memory genes (KLF6, DUSP1, FOS, IL-7R), but did not present 

KLRG1 transcripts, and hence was noted as an MPEC T cell cluster. Two clusters (0 and 

1) expressed memory genes and showed transcription of cytotoxic markers; given these 

characteristics and the expression of IL-7R and KLRG1, these clusters were assigned to 

DPEC T cells. Four clusters (3, 4, 6, and 8) highly expressed effectors/cytotoxic genes such 

as PRF1, GNLY, and FGFBP2 and were annotated as EC/EEC T cells. One cluster (5) 

exhibited high expression of KLRB1, NCR3, RORC, and ZBTB16, which are characteristics 

of mucosal-associated invariant T cells (Figure 2B). Clusters 12 and 13 included less than 

100 cells and were therefore excluded from further analyses. In sum, five CD8+ T cell 

subpopulations were identified, four of which (naive, MPECs, DPECs, and ECs/EECs) were 

used for further analysis.

When assessing the expression of HLA-II genes, we observed only minor expression of 

HLA-DQA1 and HLA-DRA transcripts in the individual T cell subpopulations, while HLA-
DPA1 was highly transcribed in CD8+ T cells (Figures 2C, S2A, and S2B), consistent 

with the results from HLA-II protein expression analyses by flow cytometry. In line 

with this, HLA-DPA1 and HLA-DPB1 were furthermore significantly upregulated within 

the DPEC and EC/EEC clusters (Figure S2A). The scRNA-seq analyses also supported 

that HLA-DP was co-expressed with transcripts of markers observed upon repeated 
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immunological stimulation and immune cell differentiation, including CD57 (B3GAT1), 

CX3C-chemokine receptor 1 (CX3CR1), and the inhibitory receptor TIGIT. Furthermore, 

common transcriptional signatures found in HLA-DP+ CD8+ T cells were high levels 

of T-bet (T-box transcription factor TBX21) and Eomesodermin (Eomes) (Figure S2B). 

Consistent with the gene expression data, subsequent flow cytometry analyses showed 

that CD8+ HLA-DP+ T cells expressed significantly higher levels of CD57, CX3CR1, 

TIGIT, and the transcription factors T-bet and Eomes compared to HLA-DP− CD8+ T 

cells (Figure 2D). A DEG analysis comparing the transcriptional profiles of HLA-DP− vs. 

HLA-DP+ CD8+ T cells within the EC/EEC clusters further showed that HLA-DP+ CD8+ 

T cells express markers of T cell exhaustion (LAG3 and TOX) and T cell activation (CD2 
and ITGAL), as well as SLAMF7 that encodes for the NK cell receptor ligand CRACC 

(Figure S2C). Taken together, these data show that HLA-DPA1 and HLA-DPB1 mRNA is 

transcribed by CD8+ T cells of healthy individuals and that the expression of HLA-DP is 

correlated with markers linked to CD8+ T cell maturation and differentiation.

HCMV infection is associated with significant upregulation of HLA-DP expression on CD8+ 

T cells

The above data demonstrated preferential expression of HLA-DP on CD127− CD8+ T 

cells with features associated with T cell maturation and differentiation. As previous 

studies have described the ability of HCMV infection to drive CD8+ T cells toward a 

differentiated CD127− phenotype,39,40 we investigated whether HLA-DP expression on 

CD8+ T cells was associated with HCMV infection by stratifying results according to 

donors’ HCMV serostatus. Total CD8+ T cells from HCMV-seropositive donors exhibited 

high frequencies of HLA-DP+ cells, with a median of 59.3%, whereas CD8+ T cells 

from HCMV-seronegative donors had significantly lower values, with a median of 13% 

(Figure 3A). To determine temporal associations between HLA-DP expression and HCMV 

infection, we characterized longitudinally peripheral blood mononuclear cell samples 

acquired from renal transplant recipients experiencing primary HCMV infection.37 CD8+ 

T cells collected prior to transplantation (TX) from HCMV− individuals exhibited low 

levels of HLA-DP+ CD8+ T cells, but HLA-DP frequencies significantly increased on 

CD8+ T cells from samples collected ~1 month after HCMV seroconversion and ~18 

months after TX (Figure 3B). Frequencies of HLA-DP+ CD8+ T cells were highest in 

EC/EEC T cell populations from HCMV+ as well as HCMV− individuals. However, HLA-

DP+ CD8+ T cells were more frequent within all CD8+ effector T cell subpopulations in 

HCMV+ individuals, and significantly higher frequencies of HLA-DP+ CD8+ T cells were 

observed within MPEC and DPEC CD8+ T cell subsets in HCMV-seropositive compared 

to -seronegative individuals (Figures 3C and S3A). To further investigate associations 

between HCMV infection and HLA-DP expression, we assessed HLA-DP expression on 

HCMV-specific CD8+ T cells using an HLA-A*02:01-NLVPMVATV tetramer. In line with 

the increased HLA-DP expression upon primary HCMV infection, the majority of HCMV-

specific CD8+ T cells showed high HLA-DP frequencies (Figure 3D). Taken together, these 

data demonstrate that upon HCMV infection, HLA-DP expression on CD8+ T cells further 

increased, in particular on those CD8+ T cells transitioning from naive to fully differentiated 

effector populations.
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The activating NK cell receptor NKp44 binds to some, but not all, HLA-DP molecules 
expressed on CD8+ T cells

Some HLA-DP molecules can serve as ligands for the activating NK cell receptor NKp44, 

while others do not bind NKp44,34 providing a model to investigate the impact of 

NKp44/HLA-DP interactions on the regulation of CD8+ T cells. “HLA-DP201” (encoded 

by HLA-DPA1*01:03 and HLA-DPB1*02:01) and “HLA-DP401” (encoded by HLA-
DPA1*01:03 and HLA-DPB1*04:01), which is the most frequent HLA-DP haplotype in 

White populations,41 serve as functional ligands for NKp44, while “HLA-DP301” (encoded 

by HLA-DPA1*01:03 and HLA-DPB1*03:01) and “HLA-DP501” (encoded by HLA-
DPA1*02:02 and HLA-DPB1*05:01), two less frequent haplotypes, do not bind NKp44.34 

We initially investigated whether NKp44 can bind to HLA-DP molecules expressed on 

CD8+ T cells from HCMV+ individuals. Using a recombinant human NKp44-Fc construct, 

we observed that HLA-DP+ CD8+ T cells showed significant NKp44-Fc binding, whereas 

HLA-DP CD8+ T cells did not (Figure 4A). Next, we investigated functional consequences 

by co-incubating NKp44+ NK cells with HLA-DP+ CD8+ T cells. NKp44 expression 

on peripheral-blood-derived NK cells was induced upon culture with interleukin (IL)-2 

and IL-15 (Figures S4A and S4C). Co-culture of NKp44+ NK cells with CD8+ T cells 

expressing NKp44-binding HLA-DP molecules (i.e., HLA-DP401) resulted in NK cell 

activation, quantified by CD107a42 expression and TNF production, whereas co-culture with 

CD8+ T cells derived from individuals carrying exclusively NKp44 non-binding HLA-DP 

haplotypes, such as HLA-DP301, resulted in significantly lower NK cell activation (Figures 

4B, 4C, and S4B). Furthermore, blocking of the interaction between NKp44+ NK cells and 

CD8+ T cells expressing NKp44-binding HLA-DP heterodimers using an NKp44 blocking 

antibody resulted in significantly decreased CD107a expression by NKp44+ NK cells 

(Figure 4D). Given the observed degranulation of NK cells upon interaction between NKp44 

and NKp44-binding HLA-DP molecules, we investigated the consequences for CD8+ T 

cells using lactate dehydrogenase release as a measure of NK cell-mediated cytotoxicity. 

Co-incubation of NK cells and CD8+ T cells resulted in significantly higher CD8+ T cell 

lysis when CD8+ T cells were enriched for HLA-DP (Figure 4E). Taken together, these in 
vitro data show that NKp44+ NK cells can functionally respond to HLA-DP+ CD8+ T cells 

from donors encoding NKp44-binding HLA-DP haplotypes.

Hyper-expansion of CD8+ T cell clones in individuals encoding NKp44 non-binding HLA-
DP antigens

To investigate in vivo consequences of interactions between NKp44+ NK cells and HLA-

DP-expressing CD8+ T cells, we compared HLA-DP expression on CD8+ T cells in HCMV-

seropositive individuals encoding either only NKp44-binding HLA-DP haplotypes (e.g., 

HLA-DP201 and HLA-DP401) or exclusively NKp44 non-binding HLA-DP haplotypes 

(e.g., HLA-DP301 and HLA-DP501). Frequencies of HLA-DP+ cells within the total CD8+ 

T cell population were significantly lower in individuals carrying two NKp44-binding HLA-

DP haplotypes (median: 52.1%, range: 26.5%–67.2%) compared to individuals carrying 

two NKp44 non-binding HLA-DP haplotypes (median: 81.7%, range: 70.9%–93.6%, p = 

0.0095) (Figure 5A). To further investigate potential differences in the T cell receptor (TCR) 

Vβ usage and expansion of CD8+ HLA-DP+ T cells between individuals encoding NKp44-

binding and NKp44 non-binding HLA-DP antigens, we employed a panel of 24 TCR 
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Vβ antibodies. Notably, individuals exclusively encoding NKp44 non-binding HLA-DP 

heterodimers exhibited significantly more hyper-expanded (relative TCR Vβ contribution 

>10%) chains ranging from 11% to 43.6% of all CD8+ HLA-DP+ T cells than individuals 

encoding for NKp44-binding HLA-DP antigens (p = 0.0476) (Figures 5B; Table 1; Table 

S1). Furthermore, within individuals expressing only NKp44-binding HLA-DP haplotypes, 

more frequent TCR Vβ hyper-expansion in HLA-DP− compared to HLA-DP+ EC/EEC 

CD8+ T cells was observed (Figure S5A), indicating that TCR Vβ chain expansion of CD8+ 

T cells was more restricted in individuals encoding HLA-DP molecules that enabled binding 

of NKp44.

To confirm the observed differences in TCR Vβ chain expansion on the level of CD8+ T cell 

clones, TCR sequencing from sorted HLA-DP+ CD8+ T cells of individuals carrying two 

HLA-DP-NKp44 binder vs. two HLA-DP-NKp44 non-binder haplotypes was performed. 

TCR sequencing analyses revealed highly clonal T cell repertoires and lower Shannon 

indexes (Figure S5B) in individuals exclusively carrying NKp44 non-binding HLA-DP 

haplotypes compared to individuals carrying NKp44-binding HLA-DP haplotypes. In line 

with the lower HLA-DP expression by naive cells, no significant differences in T cell 

clonality (size of 10 most frequent T cell clones) were observed in naive CD8+ T cells 

between individuals encoding two NKp44-binding vs. two NKp44 non-binding HLA-DP 

antigens (Figure 5C). In contrast, both CD127+ (MPEC/DPEC) and CD127− (EC/EEC) 

CD8+ T cells from individuals with two NKp44 non-binding HLA-DP antigens showed 

significantly larger expansion of CD8+ T clones (size of the top 10 clones) compared to 

individuals carrying two NKp44-binding HLA-DP haplotypes (Figure 5C). Taken together, 

these data demonstrate that effector CD8+ T cells in HCMV+ individuals exclusively 

carrying NKp44 non-binding HLA-DP haplotypes exhibit more frequent clonal hyper-

expansion of CD8+ T cells than do CD8+ T cells in individuals carrying NKp44-binding 

HLA-DP haplotypes, consistent with NKp44+ NK cell-mediated regulation of CD8+ T cell 

expansion and clonality.

DISCUSSION

Regulation of T cell responses is critical to secure protection from viral infections 

while preventing excessive T cell expansion that can cause immunopathology, including 

autoimmune diseases.43 The precise mechanisms involved in regulation of CD8+ T cell 

expansion and in limiting hyper-expansion of clonal CD8+ effector T cells are insufficiently 

understood, but recent studies, predominantly using mouse models, have revealed a role for 

NK cells in limiting T cell expansion and preventing T cell-mediated autoimmunity.11,13 

In this study, we show that human CD8+ T ECs express HLA-DP molecules and report a 

functional HLA-DP-dependent interaction between NKp44+ NK cells and HLA-DP+ CD8+ 

T cells that was associated with clonal expansion of CD8+ T cells in vivo in HCMV+ 

individuals exclusively carrying NKp44 non-binding HLA-DP haplotypes. These studies 

provide a molecular mechanism for NK cell-mediated regulation of HLA-DP+ CD8+ T cells 

in humans with implications for T cell-mediated autoimmune diseases that are associated 

with HLA-DP haplotypes encoding antigens that are unable to bind NKp44.
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Under physiological conditions, constitutive expression of HLA-II molecules is observed on 

B cells and APCs; however, HLA-II molecules can be upregulated on other immune cells 

upon cytokine exposure and activation.35 While HLA-DR serves as a well-characterized 

T cell activation marker,44 our data show that HLA-DP is expressed on the surface of 

resting T cells, particularly on differentiated CD8+ T cells, and to a lesser extent on 

CD4+ T cells. HLA-DP expression on T cells was transcriptionally regulated and not 

a consequence of cell-to-cell transfer during trogocytosis,45 as scRNA-seq data analysis 

revealed that HLA-DP was highly transcribed in CD8+ T ECs, while HLA-DR and HLA-
DQ mRNA transcription was low. In line with the expression of HLA-DP on differentiated 

CD8+ T cells, HLA-DP expression on CD8+ T cells was significantly higher in HCMV+ 

individuals and induced after HCMV infection, as higher frequencies of HLA-DP+ CD8+ 

T cells were observed in individuals early following HCMV seroconversion. Currently it 

remains unknown whether other viral infections might also lead to HLA-DP upregulation 

on CD8+ T cells. However, previous studies have shown that viral infections can induce 

phenotypical and epigenetic modification to immune cells46–49 and, in particular, that 

HCMV infection confers a characteristic transcriptional and protein expression phenotype 

to CD8+ T cells,39,40 as well as NK cells.49,50 Hallmarks of terminally differentiated 

effector memory T cells induced by HCMV are high expression of CD57, KLRG1, and 

CX3CR1 and transcription of T-bet and Eomes, as well as downregulation of CD127,51 

and the expansion of these terminally differentiated T cells has been associated with 

immunosenescence in older age.40 Using scRNA-seq and phenotypic characterization of 

CD8+ T cell populations, we observed that HLA-DP was co-expressed with other markers of 

T cell differentiation, including T-bet, Eomes, CD57, and CX3CR1, identifying HLA-DP as 

a marker of highly differentiated CD8+ T cells that is induced by HCMV infection.

Studies in mice have shown that NK cells can control the expansion of T cells in 

a contact-dependent, receptor/ligand-mediated process, with important consequences for 

the outcome of T cell-mediated diseases, including autoimmune diseases.11,13,52 For 

example, enhanced NK cell-mediated elimination of T cells was beneficial in a model of 

experimental autoimmune encephalomyelitis11 and reduced virus-induced autoimmunity.13 

Furthermore, NK cells expressing the activating NCR NCR1 have been shown to suppress 

CD8+ T cell expansion upon lymphocytic choriomeningitis virus infection,53 preventing 

the induction of diabetes in mice.52 Here, we show that human NK cells, through the 

activating NCR NKp44 (NCR2, which is not expressed in mice), can regulate the expansion 

of HLA-DP+ CD8+ T cells in an HLA-DP antigen-dependent process. Previous studies 

have demonstrated that NKp44 can bind to a subset of HLA-DP molecules,34 including 

molecules encoded by the common HLA-DP haplotypes HLA-DPA1*01:03~DPB1*04:01 
(HLA-DP401) and HLA-DPA1*01:03~DPB1*02:01 (HLA-DP201) (with allele frequencies 

in White people of 40% and 10%, respectively),41 while no binding of NKp44 was observed 

to HLA-DPA1*01:03~DPB1*03:01 (HLA-DP301) and HLA-DPA1*02:02~DPB1*05:01 

(HLA-DP501), which are much less frequent in White populations with allele frequencies 

of 4.2% and 0.8%, respectively.41 Here, we show that NKp44+ NK cells are more 

strongly activated when co-incubated with CD8+ T cells from donors that carry NKp44-

binding HLA-DP haplotypes than with donors that carry NKp44 non-binding HLA-DP 

haplotypes. This interaction was dependent on NKp44, as NKp44 blocking decreases NK 
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cell degranulation. Interestingly, CD8+ T cells from those rare individuals that encode 

exclusively NKp44 non-binding HLA-DP antigens included significantly more HLA-DP+ 

cells and exhibited significantly stronger clonal CD8+ T cell expansion than CD8+ T cells 

from individuals encoding NKp44-binding HLA-DP antigens, suggesting a regulation of 

NKp44+ NK cells on CD8+ T cells. Future studies on larger populations of individuals 

encoding NKp44-binding and NKp44 non-binding HLA-DP antigens will be required to 

investigate the impact of additional variables affecting CD8+ T cell expansion, including 

HLA-I genotypes, expression of ligands for other NK cell receptors, such as PD-1/PD-L1,22 

age, and other viral co-infections.

HLA-DP haplotype diversity is linked to the genetic predisposition for several autoimmune 

diseases,54,55 including autoimmune hepatitis (AIH)56 and type 1 diabetes (T1D),31,32 two 

autoimmune diseases with a well-established role of T cells in their pathogenesis.57,58 

HCMV infection represents an important risk factor for the development of T1D.59 

Importantly, HLA-DPB1*03:01, which encodes the β-chain of the NKp44 non-binding 

HLA-DP molecule, represents a risk allele for T1D,32 while HLA-DPB1*04:01, which 

encodes the β-chain of the NKp44-binding HLA-DP molecule HLA-DP401, has been 

reported to be protective.31 Similarly, the rs9277534G SNP in the 3′ untranslated region 

of the HLA-DP β-chain, which is associated with the expression of HLA-DPB1*03:01 and 

HLA-DPB1*05:01,58 represents a significant risk SNP for AIH, while the rs9277534A SNP, 

associated with the expression of HLA-DPB1*04:01 and HLA-DPB1*02:01, is protective in 

AIH.56 Failure to restrict clonal CD8+ T cell expansion by NKp44/HLA-DP interactions in 

individuals who have only NKp44 non-binding HLA-DP risk haplotypes might therefore 

contribute to T cell-mediated autoimmune responses, providing a potential molecular 

mechanism for the described HLA-DP allele disease associations. While circulating 

peripheral blood NK cells do not express NKp44 ex vivo, it was reported that hepatic NK 

cells exhibit high frequencies of NKp44+ NK cells,54 and liver tissues have been proposed 

as a site for the removal of apoptotic T cells.60 In conclusion, we identified a functional 

interaction between human NKp44+ NK cells and HLA-DP+ CD8+ T cells that depended 

on the haplotype-encoding HLA-DP, associated with an HLA-DP-dependent restriction of 

clonal CD8+ T cell expansion. The NKp44/HLA-DP pathway might therefore represent a 

target to modulate the expansion of CD8+ T ECs by immune-therapeutic interventions.

Limitation of the study

A limitation of this study is related to the sample size, as individuals carrying exclusively 

NKp44 non-binding HLA-DP haplotypes are rare in White populations. Future studies on 

larger populations of individuals encoding NKp44-binding and NKp44 non-binding HLA-

DP antigens will be required to investigate the impact of additional variables impacting 

CD8+ T cell expansion.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and request for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Marcus Altfeld (marcus.altfeld@leibniz-

liv.de).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data are available in the main text, supplemental 

figures/tables, or data repositories, as of the date of publication. The RNA-seq data used 

in Figure 2 are available at ArrayExpress: accession number is available in the key resources 

table. The CD8+ T cells TCR sequencing data used in Figure 5 are available at ENA: 

accession number is available in the key resources table. This paper does not report original 

code. Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Peripheral blood samples were obtained from healthy human donors (healthy Hamburg 

cohort). All donors gave written informed consent. The study (PV4780) was approved by 

the ethical commission “Ärztekammer” Hamburg. In addition, peripheral blood from renal 

transplant recipients (n = 6) were obtained from the Academic Medical Center, Amsterdam. 

The donors provided written informed consent and the medical ethics committee of the 

Academic Medical Center, Amsterdam, The Netherlands approved the study. Sample sizes 

are reported in the respective figure legends. Information regarding age, sex and gender of 

the study participants were not fully available.

METHOD DETAILS

Isolation and freezing of PBMCs—Peripheral blood mononuclear cells (PBMCs) 

were isolated from healthy individuals′ blood using density gradient centrifugation 

(Capricorn Scientific). Freshly isolated PBMCs were immediately used for experiments 

or cryopreserved for subsequent analysis in heat inactivated fetal bovine serum (FBS) 

(Capricorn Scientific) supplemented with 10% (v/v) dimethyl sulfoxide (DMSO) (Sigma-

Aldrich) and stored in liquid nitrogen.

HCMV serostatus determination—Plasma levels of anti-cytomegalovirus IgG were 

determined using a commercially available enzyme-linked immunosorbent assay (human 

anti-cytomegalovirus IgG ELISA kit, Abcam) following manufacturer′s instruction. 

Absorbance was measured at 450 nm at a Safire2 microplate reader (Tecan, Männedorf, 

Switzerland) using the Magellan software version 6.1.

Cell staining, flow cytometry, cell sorting—Prior to staining PBMCs were washed in 

PBS (Sigma-Aldrich). Where reported, cells were stained with a major histocompatibility 

complex (MHC) class I labeled tetramer for 15 min at 37°C/Dark or with Beta Mark TCR 

Vbeta Repertoire Kit (Beckman Coulter). LIVE/DEAD fixable Near-IR Dead cells staining 
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kit (Invitrogen) and an optimized panel of directly conjugated antibodies were used to 

identify surface markers and to exclude dead cells. Staining was performed for 20 min at 

RT/Dark. Cells were then fixed with 4% paraformaldehyde (PFA) for 30 min at 4°C or fixed/

permeabilized using BD Cytofix/Cytoperm Fixation and Permeabilization Solution (BD 

Biosciences) or FoxP3/Transcription Factor Staining Buffer Set (eBioscience). Transcription 

factors antibodies were incubated for 1h at RT/Dark. Cells were then washed and measured 

with a Cytex Aurora 5 Laser and analyzed using FlowJo 10.8 software (BD Biosciences). 

For cell sorting, PBMCs were stained with the indicated antibodies, left unfixed, stored 

on ice and sorted using a FACSAria Fusion (BD Biosciences) device in the core facility 

Fluorescence Cytometry at the Leibniz Institute of Virology, Hamburg. The antibodies used 

for staining are shown in key resources table.

Single-cell RNA sequencing

Preparation of scRNA-Seq, CITE-Seq libraries: Freshly isolated PBMCs from three 

healthy individuals were stained using surface markers antibodies and CITE-Seq antibodies 

either barcoded using in-house (CD45 (BioLegend, USA) conjugated with the barcoding 

oligonucleotides CAGGCG – CACTCA) as previously described61 or using TotalSeq A 

antibodies. (BioLegend, USA). (key resources table). CD8+ IL-7R+ HLA-DP−, IL-7R+ 

HLA-DP+, IL-7R− HLA-DP+ cells were FACS-sorted, using a FACSAria fusion (BD 

Biosciences). FACS-sorted cells were washed once with autoMACS Running Buffer 

(Miltenyi Biotec) and resuspended in PBS. 25.000 cells were used for GEM generation 

through the 10X Chromium Controller using the 10x V3 B Chip GEM generation kit (10x 

Genomics, USA).

Sequencing: The scRNA libraries were sequenced on an Illumina NextSeq or HiSeq 4000 to 

a minimum sequencing depth of 25,000 reads per cell using read lengths of 26 bp read 1, 8 

bp i7 index, 98 bp read 2.

Single-cell raw data processing: The sequencing reads were process by cellranger (version 

4.0.0, 10x Genomics, USA) and aligned against the reference genome provided by 10X 

(refdata-gex-GRCh38–2020-A). Further analysis steps were performed in R (version 4.2.0; 

The R Foundation for Statistical Computing, Vienna, Austria).

First, the cells from the 3 donors were demultiplexed into the CD8+ CD127+ HLA-DP−, 

CD8+ CD127+ HLA-DP+, and CD8+ CD127-HLA-DP + populations based on their cell 

hashing hash tag oligo (HTO) data with HTODemux implemented in the Seurat62 package 

(version 4.2.0). The HTODemux function first performs K-medoid clustering (K = #samples 

+1) on the normalized HTO expression data. Then for each CD45-tag the cluster with the 

lowest average expression was determined and a negative binomial distribution was fit to 

this cluster. Based on these distributions and a quantile of 0.99 each cell was classified into 

being positive or negative for each CD45-tag. Cells positive for more than one tag were 

classified as doublets and discarded.

The following filters were then applied to the cells of each demultiplexed sample 

individually Genes not observed in at least 1% of all cells were dropped. Low quality 

or damaged cells were excluded using a combination of multiple sample dependent 
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quality measures: minimum UMI count, minimum and maximum number of expressed 

genes and mitochondrial transcript percentage. Additionally, we filtered out doublet cell 

candidates using Scrublet63 (version 0.2.3). To normalize the UMI counts we used Seurat’s 

logNormalize method and identified the 2000 most highly variable genes (HVG) based on 

variance stabilizing transformation.

To perform joint analysis on all samples we applied Seurat’s canonical correlation analysis 

data integration approach using 2,000 genes that appear in the HVG set of the maximum 

number of samples as anchors.

The batched corrected counts for all integration anchors were used as input for PCA. For 

UMAP embedding and graph-based shared nearest neighbor clustering we used the first 20 

principal components. For the Louvain clustering algorithm we used a resolution of 0.4. 

Cluster marker detection was performed by differential gene expression analysis for each 

cluster against all remaining cells using logistic regression on the sample-wise normalized 

RNA matrices. We included the donor variable as covariate in the regression model and 

tested for significant differential expression against a null model with likelihood ratio test.

For differential expression analysis within clusters between groups we used Libra64 in 

pseudobulk mode. Genes were deemed differentially expressed, if an adjusted p value below 

0.05 and an average absolute log2 fold change above 0.25 was observed.

Isolation of human CD8 T and NK cells—Primary human CD8 T cells and NK 

cells were enriched from PBMCs using magnetic labeling and negative selection using the 

EasySep Human CD8+ T cell enrichment kit (StemCell Technologies) and EasySep Human 

NK cell entichment kit (StemCell Technologies), respectively. Isolated CD8 T cells were 

directly used for experimental procedures. NK cells were cultured for 4–5 d at 37°C/5% 

CO2 in RPMI-1640 supplemented with 10% FBS 10 ng mL−1 IL-15 and 250 U ml−1 IL-2 

(PeproTech) at a concentration of 1×106 cells ml−1 to induce NKp44 expression.

NKp44-Fc construct staining of CD8+ T cells—CD8+ T cells were loaded with 

100μM B2M peptide (sequence: FYLLYYTEFTPT65) for 2h at 37°C/5% CO. Cells were 

washed and stained with NKp44/Fc chimera (R&D) at a final concentration of 25 μg/ml for 

30 min at 37°C/DARK. Cells were then washed with PBS and incubated F(ab)2-goat-anti-
human-Fc R-PE (Life Technologies) antibody for 20 min at RT. Cells were washed twice 

with PBS and stained with surface antibodies for 20 min at RT and subsequently fixed with 

PBS/4% PFA for 30 min at 4°C.

NK cell degranulation assay and NKp44 blocking—On the day of the degranulation 

CD8 T cells were enriched from PBMCs (as described above), washed twice with 

RPMI-1640 supplemented with 10% FBS. Isolated NK cells (5×104 cells per well) were 

co-incubated at an effector/target ratio of 1:5 with CD8 T cells O.N at 37°C in RPMI 

1640 supplemented with 10% FBS 10 ng mL−1 IL-15 and 250 U ml−1 IL-2 (PeproTech) 

in presence of anti-CD107a BV421 (BioLegend) and 2.5 μg/ml of Brefeldin A (BFA). For 

blocking experiments, isolated NK cells were pre-incubated with 25 μg/ml of Ultra-LEAF 

Purified anti-human CD336 (NKp44) Antibody (BioLegend) or 25 μg/ml of Ultra-LEAF 
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Purified Mouse IgG1, κ Isotype Ctrl Antibody (BioLegend) for 15 min at RT in RPMI 1640 

supplemented with 10% FBS 10 ng mL−1 IL-15 and 250 U ml−1 IL-2 (PeproTech). After 

pre-incubation, NK cells were incubated with CD8+ T at an effector/target ratio of 1:5 for 5h 

at 37°C in complete medium and in presence of blocking antibodies, anti-CD107a BV421 

(BioLegend) and 2.5 μg/ml of Brefeldin A (BFA).

HLA-DP+ CD8+ T cell enrichment and NK cell killing—On the day of the 

experiment, CD8+ T cells were enriched from PBMCs (as described above). Subsequently, 

CD8+ T cells were stained with HLA-DP-PE conjugated antibody (BD Biosciences) and 

incubated for 15 min, in the dark at RT. Cells were then washed and resuspended with Anti-

PE MicroBeads (Miltenyi Biotec) following the manufacturer’s recommendations. Cells 

were subsequently washed and HLA-DP depleted/enriched with two rounds of magnetic 

separation using MS Columns and a OctoMACS Separator (Miltenyi Biotec) following the 

manufacturer’s recommendations. CD8+ depleted/enriched for HLA-DP were successively 

washed, counted and resuspended at ratio of 1:1 with NK cells for 1 day at 37°C in RPMI 

1640 supplemented with 10% FBS 10 ng mL−1 IL-15 and 250 U ml−1 IL-2 (PeproTech). At 

the end of the co-incubation, NK cell mediated-cytotoxicity was measured directly analyzing 

the supernatants using CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen).

TCR sequencing of CD8+ T cells

Cell sorting: Freshly isolated PBMCs from three healthy individuals were stained with 

surface markers antibodies. CD8+ T cells were sorted as Naive, IL-7R+ and IL-7R− CD8+ T 

cells using a FACSAria fusion (BD Biosciences).

gDNA isolation: Genomic DNA from sorted CD8+ T cells was isolated using the QIAmp 

DNA Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer′s instructions.

TCR immunosequencing and data analysis: We identified CD8+ T cell clonotypes using 

next-generation immunosequencing.66,67 In brief, we amplified the V(D)J rearranged TRB 

loci from 250 to 500 ng gDNA of sorted CD8+ T cells in a two-step multiplex PCR using the 

BIOMED2-TRB primer pool.68,69 Illumina-tagged and barcoded amplicons were purified 

using the NucleoSpinGel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany), 

quantified on the Qubit platform (QIAGEN, Hilden, Germany), pooled to a final library 

concentration of 4 nM and quality controlled on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Böblingen, Germany). Sequencing was performed on an Illumina MiSeq 

(paired-end, 2 9301-cycles) at an average sequencing depth of 56,000 reads. Rearranged 

TRB loci were annotated from raw reads using the MiXCR frame-work 3.0.1370 and the 

default MiXCR library as reference for sequence alignment. Non-productive reads and 

sequences with less than 2 read counts were not considered for further analysis. Each unique 

complementarity-determining region 3 (CDR3) nucleotide sequence was defined as one 

clone. All Samples were normalized to a read depth of 30,000. Broad repertoire metrics 

(clonality, diversity, richness) were analyzed as previously described.71,72 All analyses and 

data plotting of TCR sequencing data were performed using R version 4.1.12.
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HLA genotyping—HLA typing was performed using a targeted next generation 

sequencing (NGS) method. Briefly, locus-specific primers were used to amplify a total of 

26 polymorphic exons of HLA-A & B (exons 1 to 4), C (exons 1 to 5), E (exon 3), DPA1 

(exon 2), DPB1 (exons 2 to 4), DQA1 (exon 1 to 3), DQB1 (exons 2 & 3), DRB1 (exons 

2 & 3), and DRB3/4/5 (exon 2) genes with Fluidigm Access Array (Fluidigm Corporation, 

South San Francisco, CA 94080 USA). The 26 Fluidigm PCR amplicons were pooled and 

subjected to sequencing on an Illumina MiSeq sequencer (Illumina, San Diego, CA 92122 

USA). HLA alleles and genotypes were called using the Omixon HLA Explore (version 

2.0.0) software (Omixon Biocomputing Ltd., Budapest, Hungary).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis were performed using GraphPad Prism 9 (GraphPad Software). The 

non-parametric two-tailed Wilcoxon matched pairs signed rank test and two-tailed Friedman 

test with post-hoc Dunn′s multiple comparison were used to compare differences between 

paired conditions. The non-parametric Mann-Whitney test was applied to compare 

differences between unpaired conditions. A two-tailed Fisher′s Exact Test was used to 

calculate the statistical significance for the TCRvβ expansion, while Ordinary 1-way 

ANOVA was used to compare differences between TCR clones. Values of p < 0.5 were 

considered significant. The statistical details and exact p values can be found in the figure 

legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Effector CD8+ T cells express on their surface the HLA class II heterodimer 

HLA-DP

• Expression of HLA-DP on effector CD8+ T cells is upregulated upon HCMV 

infection

• NKp44+ NK cells interact with CD8+ T cells carrying NKp44-binding HLA-

DP molecules

• CD8+ T cells expressing NKp44-binding HLA-DPs show reduced clonal 

expansion

Padoan et al. Page 21

Cell Rep. Author manuscript; available in PMC 2024 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. HLA-DP is expressed ex vivo on CD8+ T cells
(A) Representative flow cytometric plots showing the applied gating strategy used to identify 

HLA-II molecules (HLA-DQ, HLA-DR, HLA-DP) in viable CD3+, CD3+ CD4+, and CD3+ 

CD8+ T cells.

(B). Median percentage (± interquartile range [IQR]) of HLA-DQ, HLA-DR, and HLA-DP 

on T cells (CD3+, CD3+ CD4+, and CD3+ CD8+ T cells). Shown are n = 24 samples, and 

each dot represents one biological replicate. Statistical significance was determined using 

the two-tailed Friedman test with post hoc Dunn’s correction. **p = 0.0016 and ****p < 

0.0001.

(C) (Left) Representative flow cytometric plot of CD45RA and CCR7 expression on CD8+ 

T cells used to define naive (CD45RA+ CCR7+) and memory T cells. (Right) The memory 

subset was further analyzed using KLRG1 and CD127 expression, defining MPEC (CD127+ 
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KLRG1−), DPEC (CD127+ KLRG1+), and EC/EEC (CD127− KLRG1−/+) CD8+ T cell 

populations.

(D) (Left) Representative histogram and (right) median percentage (±IQR) of HLA-DP 

expression on gated naive, MPEC, DPEC, and EC/EEC CD8+ T cells. Shown are n = 

24 samples, and each dot represents one biological replicate. Statistical significance was 

determined using the two-tailed Friedman test with post hoc Dunn’s correction. **p = 

0.0071 and ****p < 0.0001.
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Figure 2. HLA-DP mRNA is transcribed in CD8+ T cells
(A) Uniform manifold approximation and projection (UMAP) of merged scRNA-seq 

profiles of sorted CD8+ T cells. The different clusters are grouped in subsets based on 

manual annotation. Two subsets were too sparse for analysis and were excluded (12–13). n = 

12.946 cells are plotted from n = 3 combined samples.

(B) Cluster heatmap highlighting differentially expressed genes (DEGs) signatures for 

manually annotated subsets.
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(C) UMAP representation of HLA-II α-chain transcript average expression (HLA-DQA1, 
HLA-DRA, HLA-DPA1).

(D) UMAP representation (left) and representative flow cytometric plot (right) of median 

percentage (±IQR) of CD57, CX3CR1, TIGIT, T-bet, and Eomes. Shown are n = 17 

samples, and each dot represents one biological replicate. Statistical significance was 

determined using two-tailed Wilcoxon matched-pairs signed-rank test. ****p < 0.0001.
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Figure 3. HLA-DP is upregulated in HCMV-seropositive individuals
(A) (Left) Representative flow cytometric plots showing the applied gating strategy; (right) 

median percentage (±IQR) of HLA-DP+ CD8+ T cells from HCMV-seronegative and 

-seropositive individuals. Shown are n = 19 different samples (HCMVneg = 7; HCMVpos = 

12), and each dot represents one biological replicate. Statistical significance was determined 

using Mann-Whitney test. ***p = 0.0003.

(B) Median percentage (±IQR) of HLA-DP+ CD8+ T cells. Shown are n = 6 different 

samples from three different time points. One sample from Pre TX was collected 1 week 

post-transplantation (TX). Statistical significance was determined using two-tailed Friedman 

test with post hoc Dunn’s correction. *p = 0.03.

(C) Percentage of HLA-DP+ CD8+ T cells within gated naive, MPEC, DPEC, and EC/EEC 

CD8+ T cells from HCMV-seronegative and -seropositive individuals. Shown are n = 19 

different samples (HCMVneg = 7; HCMVpos = 12), and each dot represents one biological 

replicate. Gray lines connect the same biological replicate. Statistical significance was 

determined using Mann-Whitney test. *p = 0.01 and **p = 0.002. See also Figure S3A.

(D) (Left) Representative flow cytometric plot showing the applied gating strategy used 

to identify HLA-A*02:01-NLVPMVATV tetramer−/+ CD8+ T cells. Only individuals 

with >150 events within the NLV+ gate were considered for subsequent analysis. 

(Middle) Representative flow cytometric plot showing the applied gating strategy used to 

identify HLA-DP−/+ HLA-A*02:01–NLVPMVATV tetramer+ CD8+ T cells. (Right) Median 

percentage (±IQR) of HLA-DP− and HLA-DP+ HLA-A*02:01-NLVPMVATV tetramer+ 

CD8+ T cells. Shown are results from n = 4 individuals, and each dot represents one 
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biological replicate. Statistical significance was determined using Wilcoxon matched-pairs 

signed-rank test.
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Figure 4. NKp44 binds HLA-DP+ CD8+ T cells in a haplotype-dependent process
(A) (Left) Representative flow cytometric plot showing NKp44-Fc construct binding to 

HLA-DP−/+ CD8+ T cells. (Right) Median percentage (±IQR) of NKp44-Fc binding to 

CD8+ HLA-DP−/+ T cells. Dots represent four donors in technical duplicates (n = 8). 

Statistical significance was determined using Wilcoxon matched-pairs signed-rank test. **p 
= 0.008.

(B) (Left) Representative flow cytometric plots showing the applied gating strategy used to 

identify CD107a+ CD56bright NK cells after co-incubation with autologous CD8+ T cells 
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from individuals with NKp44 non-binding (NB) and -binding (B) HLA-DP antigens. (Right) 

Median (±IQR) of normalized CD107a expression of CD56bright NK cells based on negative 

control NK cells only. NB dots represent three technical replicates from 2 individuals (n = 

6). B dots represent three technical replicates from 3 individuals and one replicate from one 

individual (n = 10). Statistical significance was determined using Mann-Whitney test. *p = 

0.02.

(C) (Left) Representative flow cytometric plots showing the applied gating strategy to 

identify TNF+ CD56bright NK cells after co-incubation with autologous CD8+ T cells 

from individuals with NKp44 NB and -B HLA-DP antigens. (Right) Median (±IQR) of 

normalized TNF expression of CD56bright NK cells based on negative control NK cells only. 

NB dots represent three technical replicates from 2 individuals (n = 6). B dots represent 

three technical replicates from 3 individuals and one replicate from one individual (n = 10). 

Statistical significance was determined using Mann-Whitney test. *p = 0.03.

(D) Plot shows fold change in degranulation (CD107a expression) of CD56bright NK cells 

after coincubation with autologous CD8+ T cells from individuals with NKp44-B HLA-DP 

antigens in the presence of an isotype or anti-NKp44 blocking antibody. Dots represent 4 

donors (one of them twice) in technical duplicates (n = 10). Statistical significance was 

determined using Wilcoxon matched-pairs signed-rank test. **p = 0.006.

(E) Plot shows the median of NK cell-mediated cytotoxicity after co-incubation with 

autologous CD8+ T cells from individuals with NKp44-B HLA-DP antigens. Data are 

presented as relative CD8+ T cell lysis calculated by dividing the lactate dehydrogenase 

(LDH) release of NK cell and CD8+ T cell cocultures with spontaneous LDH release 

of CD8+ T cells cultured alone without NK cells. Dots represent data from 4 donors in 

technical quadruplicates from the same experiment (n = 16). Statistical significance was 

determined using Wilcoxon matched-pairs signed-rank test. *p = 0.02.
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Figure 5. CD8+ T cells hyper-expand in individuals with HLA-DP haplotypes not recognized by 
NKp44
(A) Median percentage (±IQR) of HLA-DP+ CD8+ T cells from individuals with two 

NKp44-NB (n = 4) compared to two NKp44-B (n = 6) HLA-DP haplotypes. Statistical 

significance was determined using Mann-Whitney test. **p = 0.0095. Each dot represents 

one biological replicate.

(B) Heatmap displaying percentages of CD8+ HLA-DP+ T cells with hyper-expanded TCR 

Vβ chains from individuals with two NKp44 NB (n = 4) compared to two NKp44-B (n = 

5) HLA-DP haplotypes. Threshold for hyper-expansion = 10%. Statistical significance was 

determined using Fisher’s exact test. *p = 0.0476 (n = 9). Each line divides one biological 

replicate.

(C) Median (±IQR) of clone fraction percentage of the top 10 expanded clones from CD8+ 

naive, CD127+, and CD127− T cells of individuals with two NKp44 NB (n = 2) compared 

to two NKp44-B (n = 5) HLA-DP haplotypes. Statistical significance was determined using 

Mann-Whitney test. CD127+ *p = 0.0296; CD127− *p = 0.0421.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 – BUV395 (UCHT-1) BD Biosciences Cat#563546; RRID:AB_2744387

CD3 – BUV496 (UCHT-1) BD Biosciences Cat# 612940; RRID:AB_2870222

CD127 – BV421 (A019D5) BioLegend Cat#351310; RRID:AB_10960140

CD19 – BV510 (HIB19) BioLegend Cat#302242; RRID:AB_2561668

CD4 – BV570 (RPA-T4) BioLegend Cat#300534; RRID:AB_2563791

CD4 – BV711 (RPA-T4) BioLegend Cat# 300558; RRID:AB_2564393

CD4 – BUV747 (SK3) BD Biosciences Cat# 612748; RRID:AB_2870079

CD45RA – BV650 (HI100) BD Biosciences Cat#563963; RRID:AB_2738514

HLA-DR – BV711 (L243) BioLegend Cat#307644; RRID:AB_2562913

CD8 – BV785 (RPA-T8) BioLegend Cat#301046; RRID:AB_2563264

CD8 – FITC (RPA-T8) BioLegend Cat# 301006; RRID:AB_314124

CD8 – FITC (SK1) BioLegend Cat# 344704; RRID:AB_1877178

CD27 – FITC (O323) BioLegend Cat#302806; RRID:AB_314298

CD27 – BV605 (O323) BioLegend Cat# 302830; RRID:AB_2561450

CX3CR1 – PerCP-Cy5.5 (2a9-1) BioLegend Cat#341614; RRID:AB_11219203

CX3CR1 – PE/Cyanine7 (2A9-1) BioLegend Cat# 341612; RRID:AB_10900816

HLA-DP – PE (B7/21) BD Biosciences Cat#566825; RRID:AB_2869887

HLA-DP – BUV737 (B7/21) BD Biosciences Cat# 750942; RRID:AB_2875023

KLRG1 – PE-Dazzle594 (SA231A2) BioLegend Cat#367710; RRID:AB_2572155

CCR7 – PE/Cyanine5 (G043H7) BioLegend Cat# 353271; RRID:AB_2904373

HLA-DQ – APC (1a3) Leinco Technologies Cat# H242; RRID:AB_2893760

CD14 – Alexa Fluor 700 (63D3) BioLegend Cat# 367114; RRID:AB_2566716

CD14 – Alexa Fluor 700 (M5E2) BioLegend Cat# 301822; RRID:AB_493747

CD20 – Alexa Fluor 700 (2H7) BioLegend Cat# 302322; RRID:AB_493753

CD57 – BV510 (QA17A04) BioLegend Cat# 393314; RRID:AB_2750342

CD56 – BV605 (HCD56) BioLegend Cat# 318334; RRID:AB_2561912

CD16 – PerCP-Cy5.5 (3G8) BioLegend Cat# 302027; RRID:AB_893263

CD16 – FITC (3G8) BioLegend Cat# 302006; RRID:AB_314206

CD107a – BV421 (H4A3) BioLegend Cat# 328626; RRID:AB_11203537

TNF-α – PE (MAb11) BioLegend Cat# 502909; RRID:AB_315261

NKp44 – Alexa Fluor 647 (P44-8) BioLegend Cat# 325112; RRID:AB_2149431

TIGIT – BV605 (A15153G) BioLegend Cat# 372712; RRID:AB_2632927

T-bet – BV711 (4B10) BioLegend Cat# 644820; RRID:AB_2715766

EOMES Monoclonal Antibody – PerCP-eFluor™ 710 
(WD1928), eBioscience

Thermo Fisher Scientific Cat# 46-4877-42; RRID:AB_2573759

F(ab’)2-Goat anti-Human IgG Fc Secondary Antibody – PE Thermo Fisher Scientific Cat# H10104; RRID:AB_2536546

Ultra-LEAF™ Purified Mouse IgG1, κ Isotype Ctrl Antibody BioLegend Cat#400166; RRID:AB_2927801

Ultra-LEAF(TM) Purified anti-human CD336 (NKp44) BioLegend Cat#325122; RRID:AB_2819954

TotalSeq™-A0048 Anti-Human CD45 (2D1) BioLegend Cat# 368543; RRID:AB_2734418
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REAGENT or RESOURCE SOURCE IDENTIFIER

TotalSeq™-A0063 anti-human CD45RA BioLegend Cat# 304157; RRID:AB_2734267

TotalSeq™-A0148 anti-human CCR7 BioLegend Cat# 353247; RRID:AB_2750357

Purified Anti-Human CD45 (2D1) BioLegend Cat# 368502; RRID:AB_2566240

Biological samples

Human blood Healthy Hamburg cohort N/A

Human PBMCs Academic Medical Center, 
Amsterdam

N/A

Chemicals, peptides, and recombinant proteins

Recombinant Human NKp44 Fc Chimera Protein, CF R&D Systems Cat#2249-NK-050

B2M Peptide: FYLLYYTEFTPT GenScript Biotech N/A

HLA-A*02:01 NLVPMVATC – APC Tetramer Shop Cat#HLA02-010

Lymphocyte Separation Medium, Density 1.077 g/mL Capricorn Scientific Cat#LSM-A

Fetal Bovine Serum Advanced (FBS Advanced) Capricorn Scientific Cat#FBS-11A

Dymethyl sulfoxide (DMSO) Sigma-Aldrich Cat#D5879-100ML

Dulbecco’s phosphate buffered saline (PBS) Sigma-Aldrich Cat#D8537

Paraformaldehyde Sigma-Aldrich Cat#P6148

BD Cytofix/Cytoperm Fixation and Permeabilization Solution BD Biosciences Cat#554722

eBioscience™ Foxp3/Transcription Factor Staining Buffer Set Invitrogen™ Cat#00-5523-00

autoMACS Running Buffer Miltenyi Biotec Cat#130-091-221

Recombinant Human IL-2 PeproTech Cat#200-02

Recombinant Human IL-15 PeproTech Cat#200-15

Gibco™ RPMI 1640 Medium Thermo Fisher Scientific Cat#12004997

Brefeldin A Sigma-Aldrich Cat#B7651-5MG

Critical commercial assays

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit, for 633 
or 635 nm excitation

Invitrogen™ Cat#L34976

10x V3 B Chip GEM generation kit 10x Genomics N/A

Beta Mark TCR Vbeta Repertoire Kit, 25 Tests, RUO Beckman Coulter Cat#IM3497

Human Anti-Cytomegalovirus IgG ELISA Kit (CMV) Abcam Cat#ab108724

EasySep™ Human CD8+ T cell Enrichment Kit StemCell Technologies Cat#19053

EasySep™ Human NKCell Enrichment Kit StemCell Technologies Cat#19055

Anti-PE MicroBeads Miltenyi Biotec Cat#130-048-801

MS Columns Miltenyi Biotec Cat#130-042-201

OctoMACS™ Separator Miltenyi Biotec Cat#130-042-109

CyQUANT™ LDH Cytotoxicity Assay Invitrogen Cat#C20300

Deposited data

RNAseq - Figure 2 This paper Array Express: E-MTAB-13405

TCR – Figure 5C This paper ENA: PRJEB66421
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Magellan software version 6.1 TECAN https://lifesciences.tecan.com/software-
magellan

FlowJo 10.8 software BD Biosciences https://www.flowjo.com/

CellRanger 10x Genomics https://support.10xgenomics.com/

R Studio R Project https://www.r-project.org/
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