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Although most CD8+ T cells are geared toward the control of 
pathogen-infected or cancerous cells, there has been long-
standing evidence in mice that a small subset can also 
suppress autoimmune responses (1). This regulatory function 
of CD8+ T cells was first implicated by the depletion of CD8+ 
T cells in experimental autoimmune encephalomyelitis 
(EAE), a mouse model of human multiple sclerosis (MS) (2, 
3). In particular, disruption of Qa-1-CD8 coreceptor binding 
in B6.Qa-1-D227K mice leads to spontaneous autoimmune 
diseases (4). The Ly49 family of inhibitory C-type lectin-like 
receptors, which are ubiquitous on natural killer (NK) cells, 

were identified as unique surface markers for this regulatory 
CD8+ T cell subset (5). Moreover, the transcription factor 
Helios is an essential control element for their differentiation 
and function in mice (6). Recently, our group found that 
clonally expanded CD8+ T cells in EAE recognized peptides 
bound to H2-Db and that these peptides stimulate Ly49+CD8+ 
regulatory T cells and suppress disease (7). This extended the 
original observations beyond Qa-1 to encompass classical 
class I MHC interactions, suggesting a general mechanism of 
peripheral tolerance. Here, we identify CD8+ T cells 
expressing inhibitory killer cell immunoglobulin-like 
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Here we find that CD8+ T cells expressing inhibitory killer cell immunoglobulin-like receptors (KIRs) are the 
human equivalent of Ly49+CD8+ regulatory T cells in mice and are increased in the blood and inflamed 
tissues of patients with a variety of autoimmune diseases. Moreover, these CD8+ T cells efficiently 
eliminated pathogenic gliadin-specific CD4+ T cells from celiac disease patients’ leukocytes in vitro. We 
also find elevated levels of KIR+CD8+ T cells, but not CD4+ regulatory T cells, in COVID-19 patients, which 
correlated with disease severity and vasculitis. Selective ablation of Ly49+CD8+ T cells in virus-infected 
mice led to autoimmunity post infection. Our results indicate that in both species, these regulatory CD8+ T 
cells act uniquely to suppress pathogenic T cells in autoimmune and infectious diseases. 
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receptors (KIRs), the functional counterpart of the mouse 
Ly49 family in humans (8), as a regulatory CD8+ T cell subset 
in humans that suppresses pathogenic CD4+ T cells in celiac 
disease (CeD), and likely other autoimmune disorders and 
infectious diseases as well. 
 
Increased KIR+CD8+ T cells in human autoimmune dis-
eases 
Both mouse Ly49 and human KIR receptors are known to 
bind to class I MHC molecules (8). They typically have inhib-
itory tyrosine-based inhibition motifs (ITIMs) in their cyto-
plasmic tails and are ubiquitously expressed on NK cells, as 
well as a small subset (1 to 5%) of CD8+ T cells (5). Therefore, 
we analyzed CD8+ T cells expressing inhibitory KIRs (hereby 
designated as KIR+CD8+ T cells) (9, 10) in the peripheral 
blood of patients with autoimmune diseases and age- and 
gender-matched healthy controls (HC). KIR3DL1 and 
KIR2DL3 were the two major KIR subtypes expressed by hu-
man CD8+ T cells (fig. S1). The frequency of KIR+CD8+ T cells 
was significantly increased in the blood of patients with MS, 
systemic lupus erythematosus (SLE), or CeD, compared to 
healthy controls (Fig. 1A). 

Next, we investigated whether KIR+CD8+ T cells were also 
present in the inflamed tissues of patients with these dis-
eases. CeD patients with active disease had higher levels of 
KIR+CD8+ T cells in the gut than those in remission (on a glu-
ten-free diet) as well as the non-CeD controls (Fig. 1B), indi-
cating a strong correlation of KIR+CD8+ T cell levels with 
disease severity. In addition, the number of KIR+CD8+ T cells 
was markedly increased in the kidneys of patients with SLE 
compared to healthy kidneys (Fig. 1C), and in the synovial 
tissues of RA patients compared to those with osteoarthritis 
(OA) which is not thought to be an autoimmune disease. By 
contrast, the frequencies of synovial FOXP3+CD4+ regulatory 
T cells (Tregs) were similar between RA and OA (Fig. 1D). 
 
KIR+CD8+ T cells are the functional and phenotypic 
equivalent of mouse Ly49+CD8+ T cells 
We next asked whether KIR+CD8+ T cells are the functional 
counterpart of mouse Ly49+ regulatory CD8+ T cells. Previ-
ously we found that Ly49+CD8+ T cells suppress myelin oli-
godendrocyte glycoprotein (MOG)-specific pathogenic CD4+ 
T cells in a perforin-dependent manner (4, 7). Deamidated 
gliadin derived from dietary gluten is the antigen for CD4+ T 
cells that drives autoimmune enteropathy in human CeD (11, 
12). Therefore, we explored whether KIR+CD8+ T cells can 
suppress gliadin-specific CD4+ T cells from CeD patients. 
CD8– peripheral blood mononuclear cells (PBMCs) from 
HLA-DQ2.5+ CeD patients were cultured with preactivated 
KIR+ and KIR– CD8+ T cells supplemented with deamidated 
gluten (fig. S2A). In the absence of KIR+CD8+ T cells, deami-
dated gluten profoundly stimulated the expansion of gliadin-

specific CD4+ T cells. Importantly, stimulated KIR+CD8+ T 
cells, but not KIR–CD8+ T cells or KIR+NK cells, significantly 
reduced the number of gliadin-specific CD4+ T cells (Fig. 2A 
and fig. S2C) without affecting the number of total CD4+ T 
cells (fig. S2B). KIR+CD8+ T cells appeared to target only the 
pathogenic CD4+ T cells, since they had no discernible effect 
on hemagglutinin (HA)-specific CD4+ T cells induced by in-
fluenza A HA peptides (fig. S2D) or the proliferation of CD4+ 
T cells following anti-CD3 stimulation (fig. S2E). The suppres-
sion by KIR+CD8+ T cells was contact-dependent since their 
inhibitory effects on gliadin-specific CD4+ T cells were abro-
gated when they were separated from the CD8– PBMCs by a 
membrane insert (Fig. 2C). We also found increased Annexin 
V binding on gliadin-specific CD4+ T cells in the presence of 
KIR+CD8+ T cells (Fig. 2B), indicating these cells can induce 
apoptosis of the pathogenic CD4+ T cells. In the presence of 
high-dose IL-2, KIR+CD8+ T cells were still able to reduce the 
number of gliadin-specific CD4+ T cells (fig. S2F). Thus, 
KIR+CD8+ T cells suppress pathogenic CD4+ T cells through 
direct killing instead of a competition for IL-2, consistent 
with the perforin dependance of Ly49+CD8+ T cells in mice 
(4, 7). 

Previous studies have suggested that the regulatory func-
tion of mouse Ly49+CD8+ T cells is mediated by recognition 
of both classical (7) and non-classical MHC I (4, 5, 13) on their 
target cells. Pre-activated KIR+CD8+ T cells showed more po-
tent suppression of gliadin-specific CD4+ T cells than the un-
treated KIR+CD8+ T cells (Fig. 2D), indicating TCR activation 
is required to fully elicit their suppressive functions. Moreo-
ver, anti-HLA-ABC and anti-HLA-E blockade could partially 
reverse the suppression by KIR+CD8+ T cells (Fig. 2E). Thus, 
KIR+CD8+ T cells specifically eliminate gliadin-specific CD4+ 
T cells from the leukocytes of CeD patients via the recognition 
of classical and/or non-classical MHC I molecules. 

To further investigate whether KIR+CD8+ T cells are the 
phenotypic equivalent of mouse Ly49+ T cells in humans, we 
performed RNA sequencing (RNA-seq) analysis on KIR+ ver-
sus KIR– CD8+ T cells from patients with MS to compare with 
mouse Ly49+CD8+ T cells in EAE, a mouse model of human 
MS. There were 778 differentially expressed genes (DEGs) be-
tween KIR+ and KIR–CD8+ T cells (table S1). Notably, 
KIR+CD8+ T cells showed a marked up-regulation of cytotoxic 
molecules, NK cell-associated genes, and cell-trafficking mol-
ecules, in addition to inhibitory KIR receptor genes (fig. S3A). 
Furthermore, KIR+CD8+ T cells expressed higher transcript 
levels for Helios (encoded by IKZF2), a transcription factor 
associated with regulatory functions of both CD4+ and CD8+ 
T cells (6). KIR+CD8+ T cells also down-regulated na-
ïve/memory T cell-associated molecules and the costimula-
tory receptor CD28 (fig. S3A), which is one of the key features 
for regulatory CD8+ T cell populations in mice and humans 
(14). Gene ontology enrichment analysis of these DEGs 
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showed enrichment for T cell activation, proliferation, migra-
tion, and differentiation (fig. S3B). Moreover, gene set enrich-
ment analysis (GSEA) (15, 16) revealed that approximately 
half of the top 200 genes up-regulated in Ly49+CD8+ T cells 
were also higher in KIR+CD8+ T cells (fig. S3C). Previously, we 
found Ly49+CD8+ T cells expressed 16 out of 60 of the genes 
conserved in CD4+ Tregs (7). These same Treg signature genes 
(17) were also enriched in KIR+CD8+ T cells (fig. S3D). Thus, 
human KIR+CD8+ T cells share many similarities with 
Ly49+CD8+ T cells from EAE mice. 

RNA-seq analysis of KIR+ versus KIR– CD8+ T cells from 
healthy subjects and patients with different autoimmune dis-
eases (including MS, SLE, and CeD) identified a set of 963 
DEGs. Many of them overlapped with the DEGs previously 
defined in MS (fig. S3E and table S2), but larger-fold changes 
were observed in patients with higher frequencies of 
KIR+CD8+ T cells (fig. S4A). Consistent with the transcrip-
tional profiles, KIR+CD8+ T cells had higher protein expres-
sion of granzyme B, perforin, CX3CR1, KLRG1, CD244, TIGIT, 
T-bet, and Helios and lower levels of CCR7, CD27, and CD28 
(fig. S4B). Similar to the circulating KIR+CD8+ T cells, both 
kidney and synovial KIR+CD8+ T cells up-regulated KLRG1, 
CD244, TIGIT, CX3CR1, PRF1, GZMB, and IKZF2, while down-
regulating CD28 and CCR7 (fig. S5). Thus, KIR+CD8+ T cells 
appear to be the functional and phenotypic equivalent of 
mouse Ly49+CD8+ T cells in humans, with many conserved 
features in both healthy subjects and those with autoimmune 
diseases. 

Since the KIR+CD8+ T cells we focused on in this study 
express inhibitory KIR receptors, which contain intracellular 
ITIMs, we asked how these KIR receptors contribute to the 
differentiation and/or functionality of KIR+CD8+ T cells. CD8+ 
T cells with low KIR3DL1 or KIR2DL3 expression displayed 
higher surface CX3CR1 and intracellular granzyme B and per-
forin compared to those with high KIR expression (fig. S6, A 
to B). RNA-seq followed by gene ontology enrichment analy-
sis confirmed that CD8+ T cells with low KIR expression dis-
played enhanced cytotoxicity and T cell activation (fig. S6, C 
to D). Thus, the high expression of inhibitory KIR receptors 
suppresses the activation and effector functions of the 
KIR+CD8+ T cells. This may allow for the precise control of 
their activity to avoid bystander suppression. 
 
Increased KIR+CD8+ T cells in SARS-CoV-2- and influ-
enza-infected patients 
Although it was previously accepted that most self-specific T 
cells were eliminated in the thymus, recent work has shown 
that many such cells survive and populate the periphery of 
both humans and mice (18, 19). We have hypothesized that 
this occurs because the threat of infectious diseases (20) ne-
cessitates a complete T cell repertoire (18, 21) such that even 
self-reactive T cells might be needed in the response to a 

particular pathogen. Consistent with this are classic experi-
ments showing that infectious diseases or treatments that 
mimic them can activate self-specific T cells (22). This led us 
to hypothesize that KIR+CD8+ T cells might be elevated dur-
ing an infection to control autoreactive T cells. We first ana-
lyzed 56 patients with coronavirus disease 2019 (COVID-19). 
We found that KIR+CD8+ T cells were substantially elevated 
in many of these patients and higher levels correlated with 
more severe disease (Fig. 3A). Moreover, the highest frequen-
cies of KIR+CD8+ T cells were found in patients with vasculitis 
or embolism and to a lesser extent in those with acute respir-
atory distress syndrome (ARDS) (Fig. 3B and fig. S7, C to D), 
which are common complications of this disease likely 
caused by excessive inflammation. Thus, increased levels of 
KIR+CD8+ T cells may be prognostic for autoimmune-related 
pathologies during a severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection. By contrast, we did not ob-
serve any difference in the levels of CD25hiCD127loCD4+ Tregs 
or KIR+ NK cells in COVID-19 patients compared to healthy 
donors or in COVID-19 patients with different disease severi-
ties or complications (fig. S7, A to D, and Fig. 3B). Utilizing 
publicly available single-cell RNA-seq data (23), we also 
found an increased frequency of KIR+CD8+ T cells in the 
bronchoalveolar lavage fluid of COVID-19 patients with mod-
erate or severe disease compared to that from healthy con-
trols (Fig. 3C). In addition, an increased frequency of 
KIR+CD8+ T cells but not CD4+ Tregs was observed in the pe-
ripheral blood of influenza-infected patients (Fig. 3D), sug-
gesting that KIR+CD8+ T cells are generally induced as part 
of an infectious disease response. 
 
Commonality and heterogeneity of KIR+CD8+ T cells 
We next performed single-cell RNA-seq analysis on periph-
eral blood CD8+ T cells from healthy subjects, MS patients 
and COVID-19 patients (24) using the 10X Genomics platform 
(25). KIR+CD8+ T cells from different conditions formed a dis-
tinct cluster with high expression of effector genes as well as 
KIR transcripts (Fig. 4, A to B, and table S3). Compared to 
KIR– effector CD8+ T cells, KIR+ effector CD8+ T cells ex-
pressed higher levels of IKZF2 and NK cell-associated genes 
(e.g., TYROBP, KLRC2, KLRC3, NCR1, and NCR3), while ex-
pressing lower levels of IL7R, CD27, and KLRB1 (table S3). 
Thus, these findings reveal the commonality of KIR+CD8+ T 
cells across physiological and diseased status as well as their 
uniqueness relative to other CD8+ T cells. 

In order to better understand the similarity and heteroge-
neity of KIR+CD8+ T cells under different circumstances, we 
performed single-cell RNA-seq on 4512 KIR+CD8+ T cells 
sorted from healthy subjects and patients with MS, SLE, or 
CeD using the Smart-seq2 protocol (26) and analyzed their T-
cell receptor (TCR) α and β sequences (27). Unsupervised 
clustering of these KIR+CD8+ T cells identified six clusters, 
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with Clusters 1 to 3 mostly containing expanded KIR+CD8+ T 
cells (≥2 cells expressing same TCR) and Clusters 5 and 6 con-
sisting of unexpanded cells expressing unique TCRs (Fig. 4C 
and fig. S8, A to B). Expanded KIR+ cells in Clusters 1 to 3 had 
higher transcripts for cytotoxic molecules (e.g., GZMH, 
GZMB, and PRF1) and genes associated with effector T cells 
(e.g., FCGR3A, FGFBP2, and CX3CR1). Cluster 2, which was 
more restricted to expanded KIR+ cells from MS patients, 
showed higher levels of type I IFN responding genes. Cluster 
3—specific to expanded KIR+ cells from a subset of HC and 
SLE patients—showed higher expression of genes involved in 
glycolysis (Fig. 4, D to F, and table S4). Cells in Cluster 4 were 
in a transitional state with a loss of memory-associated fea-
tures. Clusters 5 and 6 displayed memory and naïve signa-
tures, respectively (Fig. 4F and table S4), and accounted for a 
small proportion of total KIR+CD8+ T cells (fig. S8A). T cell 
clones expressing identical TCRs could be found in different 
clusters, indicating possible lineage relationships. In addi-
tion, clonally expanded KIR+CD8+ T cells in COVID-19 pa-
tients identified from the previous 10X Genomics scRNA-seq 
(24) displayed a higher expression of cytotoxic genes while 
downregulating naïve- or memory-associated genes com-
pared to unexpanded KIR+CD8+ T cells (fig. S8, C to D). In the 
assay with celiac PBMCs, CCR7– effector KIR+CD8+ T cells dis-
played stronger suppressive activity against gliadin-specific 
CD4+ T cells than CCR7+KIR+CD8+ T cells (fig. S2G), which 
was consistent with their up-regulated cytotoxic functions as 
revealed by the scRNA-seq. Thus, in parallel with clonal ex-
pansion, KIR+CD8+ T cells may lose their naïve or memory 
attributes, enter the differentiation program for effector T 
cells, and then suppress pathogenic CD4+ T cells via cytotox-
icity. There are common features shared by KIR+CD8+ T cells 
from healthy subjects and different diseases, yet there is also 
heterogeneity associated with different diseases or treat-
ments. 

We next compared the diversity of KIR+CD8+ TCRs to KIR–

CD8+ TCRs from the same individuals (N=26) and found that 
TCRs of KIR+CD8+ T cells had significantly lower Shannon–
Wiener index and Chao estimates than KIR–CD8+ T cells (Fig. 
5, A to B). Thus, TCR repertoire of KIR+CD8+ T cells is less 
diverse, consistent with a previous report that KIR+CD8+ T 
cells display a more restricted TCR Vβ chain usage (9). In or-
der to compare the antigen specificities of KIR+CD8+ T cells 
from different disease types, we also analyzed the TCR se-
quences using GLIPH2 (28), which is an algorithm to cluster 
TCRs that recognize the same antigen in most cases. TCRs of 
KIR+CD8+ T cells from healthy donors and different diseases 
could be grouped into the same GLIPH clusters, although 
with different extent of clonal expansion (Table 1), indicating 
they may recognize the same antigens that commonly exist 
under physiological and different pathological conditions. 
Thus, expanded KIR+CD8+ T cells have shared phenotypes 

and antigen specificity independent of disease types. Alt-
hough the analysis above shows that the TCR repertoire of 
KIR+CD8+ T cells is less diverse than KIR–CD8+ T cells gener-
ally, it is still considerably diverse, utilizing multiple classical 
HLAs and HLA-E, and probably many antigenic peptides as 
well. 
 
Regulatory CD8+ T cells suppress autoimmunity devel-
oped after virus infection 
We next studied the impact of selective ablation of Ly49+CD8+ 
T cells on virus-infected mice. Since Ly49F (encoded by 
Klra6) is expressed on 90% Ly49+CD8+ T cells but only a small 
fraction of NK cells (5, 29), we generated a Klra6cre mouse 
line. In Klra6creR26R-EYFP mice, all of the YFP+ cells ex-
pressed CD3 or NK1.1, indicating the Cre expression is re-
stricted to NK, T, and NKT cells (fig. S9, A to B). In 
Klra6creDTA mice, there was a 50 to 75% decrease of 
Ly49+CD8+ T cells in the spleen and lymph nodes, whereas 
Ly49+ NK cells did not show a significant reduction (fig. S9C), 
consistent with the preferential expression of Ly49F on CD8+ 
T cells. Klra6creDTA mice did not appear to spontaneously de-
velop any autoimmune disorders or exhibit changes in their 
frequencies of effector T cells, T follicular helper (Tfh) cells, 
or germinal center (GC) B cells for up to 8 months at age (fig. 
S9, D to E). When mice were infected with LCMV-Armstrong 
or influenza A/PR/8/34 H1N1 viruses, there was a surge of 
Ly49+CD8+ T cells in the blood of wild-type mice (Fig. 6, A 
and E), consistent with our previous observations of in-
creased KIR+CD8+ T cells in patients with acute SARS-CoV-2 
or influenza infection. However, the frequency of Ly49+CD8+ 
T cells in Klra6creDTA mice remained very low at all times 
after viral challenge, whereas Ly49+ NK cells in Klra6creDTA 
mice showed only minor reduction compared to DTA (wild-
type) mice (figs. S10A and S11A), indicating a selective and 
efficient ablation of Ly49+CD8+ T cells. 

With either LCMV or influenza infection, Klra6creDTA 
mice showed no difference in viral clearance (figs. S10B and 
S11B) or levels of effector and virus-specific CD4+ and CD8+ T 
cell responses (figs. S10C and S11C) compared to controls. 
However, Klra6creDTA mice but not DTA mice developed au-
toimmune pathology characterized by increased numbers of 
Tfh and GC B cells in the spleen (Fig. 6B) as well as glomeru-
lar nephritis (Fig. 6C) and IgG deposition (Fig. 6D) in the kid-
ney 30 days post LCMV-Armstrong infection. Similarly, 
influenza-infected Klra6creDTA mice displayed more severe 
inflammation and pathology characterized by peribronchial 
and interstitial accumulation of inflammatory cells, pulmo-
nary consolidation, and fibrous tissue hyperplasia in the lung 
60 days post influenza infection (Fig. 6E). Thus, this popula-
tion of regulatory CD8+ T cells appears to suppress autoim-
munity that can develop after viral infection rather than 
having any discernable role in viral clearance. 
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Discussion 
Here we identify KIR+CD8+ T cells as an important regulatory 
CD8+ T cell subset in humans. Previous studies have shown 
that KIR+CD8+ T cells are terminally differentiated cells and 
display a restricted TCR repertoire (9, 30), which is consistent 
with our findings here. Correlations between KIR+CD8+ T 
cells and tumor immune surveillance (31, 32) or chronic viral 
infections (33, 34) have been reported, but the suppressive 
functions of this population have not been clearly defined 
previously. Here we demonstrate the regulatory function of 
KIR+CD8+ T cells toward pathogenic CD4+ T cells via an in 
vitro functional assay using PBMCs from celiac patients. This 
effect of KIR+CD8+ T cells seems specific to self-reactive or 
otherwise pathogenic T cells, but not CD4+ T cells recognizing 
foreign antigens. Similar to the perforin- or Fas–FasL-de-
pendent suppression of self-reactive CD4+ T cells by murine 
Ly49+CD8+ T cells (4, 7, 35), human KIR+CD8+ T cells likely 
target pathogenic CD4+ T cells via direct killing, since 
KIR+CD8+ T cells significantly up-regulate cytotoxic mole-
cules and suppress gliadin-specific CD4+ T cells in a contact-
dependent manner by inducing apoptosis. In addition, the 
destruction of pathogenic CD4+ T cells by KIR+CD8+ T cells 
appears to depend on recognition of both classical and non-
classical MHC I molecules, since the blockade of either HLA-
ABC or HLA-E can reverse the suppression by KIR+CD8+ T 
cells. The MHC restrictions of the KIR+ regulatory CD8+ T 
cells at work vary between individuals, though. Since KIR re-
ceptors deliver inhibitory signals through their ITIMs to sup-
press the activation and functions of KIR+CD8+ T cells, 
antibody-dependent blockade of KIR3DL1 or KIR2DL3 may 
further enhance the suppressive activity of KIR+CD8+ T cells 
toward pathogenic CD4+ T cells. 

We frequently observed an increased frequency of 
KIR+CD8+ T cells in the blood as well as in the inflamed tis-
sues of patients with autoimmune disease. This increase pos-
itively correlated with disease activity in CeD intestinal 
biopsies. The expansion of KIR+CD8+ T cells in the context of 
autoimmune diseases may act as a negative feedback mecha-
nism to ameliorate pathogenesis by killing autoreactive T 
cells. Moreover, increased KIR+CD8+ T cells were found in 
SARS-CoV-2- or influenza-infected patients and were associ-
ated with autoimmune-related complications in COVID-19 
patients. This suggests that increase of KIR+CD8+ T cells is a 
general mechanism induced during an infection, which in 
classical murine studies has been seen to “break tolerance”, 
that is, allow the activation of self-reactive T cells that nor-
mally require innate immune signals in addition to their cog-
nate antigens (36). In mice, there was also a surge of 
circulating Ly49+CD8+ T cells following LCMV-Armstrong or 
influenza A/PR/8/34 H1N1 infection. Selective ablation of 
Ly49+CD8+ T cells did not interfere with antiviral immune re-
sponses but led to exacerbated autoimmunity subsequent to 

virus infection. This is in line with the autoimmune pheno-
types secondary to LCMV infection in Helios–/– mice in which 
both CD8+ and CD4+ regulatory T cells are defective (6). 
Therefore, we hypothesize that a major role of these CD8+ 
regulatory T cells is to control autoreactive T cells that are 
activated during an infection, likely because they are cross-
reactive to foreign antigens. This would allow an organism to 
have the benefit of a complete T cell repertoire, while limiting 
damage from the autoreactive clones. This type of peripheral 
tolerance is distinct from and likely complementary to the 
one mediated by CD4+ Tregs, which represent a separate lin-
eage of T cells and does not appear to be generally active in 
the human infectious diseases analyzed here or in murine in-
fections (37, 38). 

Thus, although there is still much more to learn about 
KIR+CD8+ T cells, and their murine equivalents, the data pre-
sented here and in previous reports indicate that they repre-
sent an important element in peripheral tolerance and in our 
understanding of the relationship between autoimmunity 
and infectious diseases. Further characterization of this path-
way and how it may break down in autoimmune diseases and 
severe infections like COVID-19, will be important challenges 
for the future. Likewise, our findings on the KIR+CD8+ T cells 
and their properties described here may be useful in under-
standing key cellular dynamics in immune dysregulation and 
in potential therapeutic approaches to suppress undesirable 
self-reactivity in autoimmune or infectious diseases. 
 
Materials and methods 
Human samples 
Our study cohort of patients with autoimmune disorders met 
classification criteria for systemic lupus erythematosus (SLE) 
(39), celiac disease (CeD) (40), or multiple sclerosis (MS) (41), 
respectively. Collection of blood or biopsies from patients 
with SLE, CeD, or MS was covered by IRB-14734, IRB-20362, 
and IRB-36061. Blood samples from patients during influ-
enza virus infection were obtained from patients who had in-
fluenza-like symptoms and were tested positive for influenza 
A virus at the Emergency Department or the Express Outpa-
tient Clinic at Stanford Hospital, which is covered by IRB-
22442. Blood from healthy subjects was requested from Stan-
ford Blood Center or drawn from healthy volunteers under 
IRB-40146. The protocols listed above have been approved by 
the Research Compliance Office of Stanford University. 
PBMCs from MS patients were also obtained from the Multi-
ple Sclerosis Center at the University of California, San Fran-
cisco (UCSF) with the protocol approved by the committee on 
Human Research at UCSF. Informed written consent was ob-
tained from all participants. Detailed information of the 
healthy controls and patients with autoimmune diseases in-
cluded in the study is provided as table S5. PBMCs were iso-
lated from the blood through density gradient centrifugation 
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(Ficoll-Paque, GE Healthcare). Duodenal biopsies from CeD 
patients were treated twice with 6 mM EDTA in cal-
cium/magnesium-free HBSS for 30 min at 37°C. Superna-
tants containing the epithelial fractions were combined, 
washed, and kept on ice until staining. The remaining tissues 
were minced and incubated with 200 μg/ml of Liberase TL 
and 20 U/ml of DNase I in IMDM for 30 min at 37°C. Di-
gested cell suspensions were passed through 100-μm cell 
strainer, washed with complete media, and combined with 
the epithelial fraction for staining. 

For sample collection of COVID-19 patients, enrollment 
included any adult with RT-PCR-positive COVID-19. In-
formed consent was obtained from each patient or from the 
patient’s legally authorized representative if the patient was 
unable to provide consent. Participants were excluded if they 
were taking any experimental medications (i.e., those medi-
cations not approved by a regulatory agency for use in 
COVID-19). COVID-19 severity of illness was defined as de-
scribed in the literature (42). Collection of blood from 
COVID-19 patients was covered by IRB-55689 and 
NCT04373148. Handling of COVID-19 PBMCs for flow cy-
tometric analysis was covered under APB-3343-MD0620. The 
IRB and APB protocols mentioned above have been approved 
by the Research Compliance Office of Stanford University. 
Clinical metadata was obtained from Stanford clinical data 
electronic medical record system as per consented partici-
pant permission and definitions and diagnoses of disease 
were used according to Harrison's Principles of Internal Med-
icine, 20e. Clinical metadata for the COVID-19 patients in this 
study is presented in table S6. 
 
Mice 
R26R-EYFP mice (Stock No: 006148) and ROSA-DTA mice 
(Stock No: 009669) were obtained from the Jackson Labora-
tory. Klra6cre mice were generated by Stanford Transgenic, 
Knockout and Tumor model Center (TKTC). Klra6 reporter 
mice were generated by crossing Klra6cre mice to R26R-EYFP 
mice. Klra6creDTA mice were generated by crossing Klra6cre 
mice to ROSA-DTA mice. ROSA-DTA (wild-type) littermates 
were used as controls in the experiments described here. All 
mice were housed in the specific pathogen-free animal facili-
ties at Stanford University. Experiments in this study were 
covered by the following animal protocols approved by the 
Animal Care and Use Committee of Stanford University: 
APLAC-10081, APLAC-34021 and APLAC-32763. 
 
Flow cytometric analysis 
The fluorescent dye-conjugated antibodies used for staining 
were listed in table S7. Frozen cell samples were thawed and 
washed in 10% FBS with benzonase (Sigma-Aldrich, 25 U/ml) 
in RPMI. After 450g centrifugation, cells were treated with 
FcR block (Biolegend, 10 μg/ml) in FACS buffer (0.5% BSA, 2 

mM EDTA in PBS) for 10 min followed by staining with anti-
bodies against surface molecules (30 min, 4°C). For intracel-
lular staining, cells were fixed and permeabilized with the 
Intracellular Fixation & Permeabilization Buffer Set (eBiosci-
ence), followed by staining with antibodies against intracel-
lular antigens (30 min, 4°C). Cells were acquired on an LSR 
II flow cytometer (BD), and data was analyzed using FlowJo 
X. Dead cells were excluded based on viability dye staining 
(LIVE/DEAD Fixable Near-IR Dead Cell Stain, Ther-
moFisher). 
 
Functional assay 
Chymotryptic gluten digests were deamidated with recombi-
nant human transglutaminase 2, as described previously (43). 
PBMCs were isolated from blood of HLA-DQ2.5+ CeD patients 
on Day 0. CD8+ T cells were purified from PBMCs using CD8 
microbeads (Miltenyi) per manufacturer's instructions, 
stained with flow antibodies, and live CD3+CD56–CD8+KIR+ 
or KIR– T cells were sorted out by FACSAria Fusion flow cy-
tometer (BD). The sorted KIR+ and KIR– CD8+ T cells were 
stimulated with anti-CD3/CD28 beads (Gibco) at 1:1 ratio (1 
μl of beads per 4×104 cells) supplemented with 50 U/ml of IL-
2 in 96-well plates for 18 hours. KIR+ and KIR− NK cells were 
sorted for PBMCs and rested overnight. The CD8– PBMCs 
were stimulated with 250 μg/ml of deamidated gluten or 10 
μg/ml of Influenza A HA 306-318 peptide 
(PKYVKQNTLKLAT) or left unstimulated at 3×105 to 1×106 
cells/100 μl per well supplemented with 50 U/ml or 300 U/ml 
of IL-2. X-VIVO 15 with Gentamicin L-Gln (Lonza) supple-
mented with 10% human AB serum (Sigma-Aldrich) was used 
as culture medium. After 18 hours, anti-CD3/CD28 beads 
were removed from CD8+ T cells by a magnet and KIR+ or 
KIR– CD8+ T cells or NK cells were added to the culture of 
CD8– PBMCs at a 1:30 ratio. In the MHC I blockade experi-
ments, 10 μg/ml of anti-HLA-ABC (W6/32, Biolegend), anti-
HLA-E (3D12, eBioscience), or isotype controls were added to 
the culture. In the transwell assay, CD8– PBMCs were cul-
tured with 250 μg/ml of deamidated gluten and 50 U/ml of 
IL-2 in the lower chamber, while pre-activated KIR+CD8+ T 
cells were added to the upper chamber of the Millicell-96 Cell 
Culture Insert Plate (Millipore Sigma, Cat# PSHT004R1). On 
Day 3, 50 U/ml of IL-2 was added to the cultures. Cells were 
harvested on Day 6 and stained with 10 μg/ml of HLA-DQ2.5 
tetramers (44) complexed with four disease-relevant and im-
munodominant gliadin T cell epitopes (DQ2.5-glia-α1a, 
QLQPFPQPELPY; DQ2.5-glia-α2, PQPELPYPQPE; DQ2.5-
glia-ω1, QQPFPQPEQPFP; DQ2.5-glia-ω2, FPQPEQPFPWQP) 
(45), or 10 μg/ml of HLA-DR4 tetramers complexed with In-
fluenza A HA 306-318 peptide for 45 min at room tempera-
ture. Magnetic bead enrichment of tetramer+ CD4+ T cells was 
performed as previously described (46). Cells were washed 
with FACS buffer and then stained with antibodies against 
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surface molecules for 30 min at 4°C. After two washes with 
FACS buffer, 10% of the cells were reserved for FACS analysis 
while 90% were labeled with anti-PE microbeads and sub-
jected to magnetic bead enrichment of PE-conjugated te-
tramer-positive cells using a single MACS column according 
to the manufacturer’s protocol (Miltenyi). Cells were also har-
vested on Day 3 to measure Annexin V binding (BD) on glia-
din-specific CD4+ T cells. All cells were acquired on an LSR II 
flow cytometer (BD), gated on live CD3+CD4+CD8–TCRαβ+ 
cells, and analyzed using FlowJo X software. The frequency 
of tetramer-positive cells was calculated by dividing the num-
ber of post-enrichment tetramer+ CD4+ T cells by the number 
of CD4+ T cells in the pre-enrichment sample multiplied by 9 
(to account for the fact that 90% of the cells were used for the 
enrichment). 
 
Bulk RNA-seq gene-expression quantification and data 
analysis 
Live KIR+ or KIR− CD8+ T cells were bulk sorted directly into 
500 μl of TRIzol (ThermoFisher, Cat. #15596026) by FACSAria 
Fusion flow cytometer (BD). Total RNA was extracted from 
TRIzol samples using chloroform separation and isopropanol 
precipitation and then RNAeasy Plus Mini kit (Qiagen) for 
clean-up. After analysis on the 2100 Bioanalyzer, the sequenc-
ing libraries were prepared using the SMARTer Stranded 
RNA-seq Kit (Clontech). The resulting library was sequenced 
on the HiSeq 4000 platform (Illumina) in Stanford Func-
tional Genomics Facility. For each sample in the bulk RNA 
sequencing library, 75-base-pair paired-end reads were ac-
quired from the sequencer. We aligned the reads to the hu-
man reference genome (NCBI GRCh38) using STAR v2.7.0e 
(47). Gene counts were quantified and normalized (TPM) 
with Salmon (48). Differentially expressed genes were deter-
mined via the DESeq function (adjusted P<0.05, fold change 
>2) in the DESeq2 R package (49). Heatmaps were generated 
with seaborn.clustermap in python. Gene Ontology analysis 
plots were generated with the R package ‘clusterProfiler’. To 
generate gene sets for gene set enrichment analysis (GSEA), 
we selected the top 200 genes up-regulated in Ly49+ CD8+ T 
cells compared to Ly49– CD8+ T cells in EAE mice (7), and the 
previously reported CD4+ Treg signature genes identified in 
mice (17). These mouse genes were converted to homolog 
genes in humans and constituted as gene sets for the subse-
quent GSEA analysis (15, 16) in human KIR+ versus KIR– CD8+ 
T cells. 
 
Single-cell RNA-seq analysis of kidneys and synovial 
tissues 
The unique molecular identifier (UMI) count matrixes of cells 
in kidneys (accession code SDY997) (50) or synovial tissues 
(accession code SDY998) (51) generated by CEL-Seq2 were 
downloaded from the ImmPort repository and downstream 

analysis was performed using the Seurat 3.0 package (52). 
Cells with fewer than 1000 detected genes, more than 5000 
detected genes or more than 25% mitochondrial genes were 
discarded. CD8+ T cells (expressing CD3D, CD3E, CD8A, and 
CD8B transcripts) and CD4+ T cells (expressing CD3D, CD3E, 
and CD4 transcripts) were selected for standard downstream 
procedures of log-normalization, variable gene selection, and 
data scaling. 
 
Single-cell RNA-seq analysis of bronchoalveolar im-
mune cells 
Filtered expression matrix of single-cell RNA-seq of immune 
cells from the bronchoalveolar lavage fluid of six severe and 
three moderate COVID-19 patients and three healthy controls 
generated by 10X Genomics (23) were downloaded from Gene 
Expression Omnibus under the accession number 
GSE145926. CD8+ T cells were identified for downstream 
analysis using the Seurat 3.0 package (52). 
 
Single-cell RNA-seq analysis of blood CD8+ T cells by 
10X Genomics 
Single cell RNA-seq of T cells from the blood of healthy sub-
jects (N=10), MS patients (N=6), and COVID-19 patients 
(N=25, ArrayExpress: E-MTAB-9357) (24) from the microflu-
idic droplet platform (10X Genomics Chromium Single Cell 
5′-paired-end chemistry) were de-multiplexed, aligned to the 
GRCh38 reference genome, and converted into gene counts 
matrices using CellRanger 3.1.0. Downstream analysis was 
performed using the Seurat 3.0 package (52). Cells with fewer 
than 800 detected genes, more than 3000 detected genes or 
more than 10% mitochondrial genes were discarded. CD8+ T 
cells (expressing CD8A and CD8B but not TRDC transcripts) 
were selected for further analysis. To make counts compara-
ble among cells, gene counts were normalized to 10,000 reads 
per cell, then log-transformed. We identified highly variable 
genes for each individual, then integrated gene expression 
data from all individuals using Seurat’s integration anchor 
discovery algorithm (53). We performed PCA dimensionality 
reduction on the integrated data, then clustered cells with the 
Louvain algorithm and visualized the data using UMAP. We 
identified canonical cell type marker genes that were con-
served across conditions using the Wilcoxon rank-sum test 
implemented in the Seurat package’s ‘FindConservedMark-
ers’ function. 
 
Quantification of single-cell RNA-seq gene expression 
by Smart-seq2 and data analysis 
Blood KIR+ CD8+ T cells (Live CD3+CD56–CD8+TCRαβ+KIR+ 
cells) were sorted into 96-well plates and cDNA synthesis was 
performed using the Smart-seq2 protocol (26) with minor 
modifications described previously (54). cDNA products were 
purified with 0.65X AMPure XP beads (Beckman Coulter) on 
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the Biomek FXᴾ Automated Workstation (Beckman Coulter) 
and eluted with 25 μl of water. Then 2 μl of the purified prod-
ucts were subjected to quality control using capillary electro-
phoresis on a Fragment Analyzer (Agilent Technologies) by 
Stanford Protein and Nucleic Acid Facility. 

cDNA in 96-well plates was transferred into 384-well Low 
Volume Serial Dil. (LVSD) plates (TTP Labtech) and diluted 
to 160 ng/ml using a Mosquito X1 liquid handler (TTP Lab-
tech). Illumina sequencing libraries were prepared as de-
scribed previously (55) using a Mosquito HTS liquid handler 
(TTP Labtech). After library preparation, wells of each library 
plate were pooled using a Mosquito HTS liquid handler (TTP 
labtech). Pooling was followed by two purifications using 
0.65X and 1X AMPure XP beads (Beckman Coulter), respec-
tively. Library quality was assessed by Agilent 2100 Bioana-
lyzer and normalized to 5 nM. Libraries were sequenced on 
the Hiseq4000 Sequencing System (Illumina) in Stanford 
Functional Genomics Facility, acquiring 150-bp paired-end 
reads. FASTQ files for each cell were extracted and generated, 
distinguished by the unique dual index adaptors. Reads were 
aligned to the GRCh38 genome using STAR v2.6.1d. Tran-
script abundance was quantified using HTSeq v0.5.4p5. 

Standard procedures for filtering, log-normalization, var-
iable gene selection, dimensionality reduction and clustering 
were performed using the Seurat 3.0 package (52). Briefly, 
cells with fewer than 800 detected genes, more than 5000 de-
tected genes or more than 15% mitochondrial genes were dis-
carded. To make counts comparable among cells, gene counts 
were normalized to 10,000 reads per cell, then log-trans-
formed. Following PCA dimensionality reduction, cells were 
clustered by running the Louvain algorithm and visualized 
using UMAP. Differential expression analysis was performed 
using the Wilcoxon rank-sum test implemented in the Seurat 
package’s ‘FindAllMarkers’ function. Significantly differen-
tially expressed genes were defined as those with log fold 
change >0.5 and Bonferroni-corrected P-value<0.05. 
 
Single-cell TCR-seq 
TCR-seq was performed using our previously developed sin-
gle-cell paired TCR sequencing method (27). For the first TCR 
reaction, 1 μl of the cDNA products of Smart-seq2 was pre-
amplified with HotStarTaq DNA polymerase (Qiagen) using 
multiplex PCR with multiple Vα and Vβ region primers, Cα 
and Cβ region primers. Three steps of PCR were performed 
followed by purification of 350-380 bp products using a Qi-
aquick gel extraction kit (Qiagen). The purified product was 
then sequenced on a Miseq platform (Illumina) acquiring 
2×250 bp reads. 
 
Bulk TCRβ sequencing 
KIR+CD8+ T cells were sorted from PBMCs of nine healthy 
subjects, and DNA was extracted using QIAamp DNA Micro 

Kit (Qiagen). Sequencing of the CDR3 regions of human 
TCRβ chains was performed using the immunoSEQ Assay by 
Adaptive Biotechnologies. 
 
GLIPH2 analysis 
Single-cell TCR sequences of sorted KIR+ (6815 unique TCRs) 
and KIR– CD8+ T cells (1630 unique TCRs) from healthy con-
trols (N=10), MS (N=2), SLE (N=20), CeD (N=5), T1D (N=5), 
and COVID-19 (N=5) patients and bulk TCRβ sequences of 
sorted KIR+CD8+ T cells from nine healthy controls (5607 
unique TCRβ) along with their class I HLA alleles were used 
as inputs. The GLIPH2 analysis generated 982 clusters and 
668 of them were shared between any two sources. We fur-
ther filtered the resulting GLIPH clusters to 62 specificity 
groups that contained TCRs from three or more individuals 
and exhibited significant bias of V-gene usage (P<0.05) and 
some of them are shown in Table 1. 
 
In vitro cell proliferation assay 
CD8+ T cells were purified from PBMCs of healthy donors us-
ing CD8 microbeads (Miltenyi) per manufacturer's instruc-
tions, stained with flow antibodies, and live CD3+CD56–

CD8+KIR+ or KIR– T cells were sorted out by FACSAria Fusion 
flow cytometer (BD). The sorted KIR+ or KIR– CD8+ T cells 
were stimulated with anti-CD3/CD28 beads (Gibco) at 1:1 ra-
tio (1 μl beads per 4×104 cells) supplemented with 50 U/ml of 
IL-2 in 96-well plates for 18 hours. The CD8– PBMCs were la-
beled with CellTrace Violet (CTV, ThermoFisher) per manu-
facturer’s instruction. 1 μg/ml of anti-CD3 (UCHT-1) was 
coated on 96-well plate in 50 μl of PBS per well at 4°C over-
night. After removal of anti-CD3/CD28 microbeads, KIR+ and 
KIR− CD8+ T cells were mixed with CTV-labeled CD8− PBMCs 
at 1:30, 1:15, or 1:10 ratios and cultured in 96-well plate pre-
coated with anti-CD3. After 3 days, cells were harvested and 
dilution of CTV in CD4+ T cells was analyzed by flow cytome-
try. 
 
LCMV-Armstrong infection 
Two-month-old female Klra6creDTA mice and ROSA-DTA 
(wild-type) littermates were infected with 2×105 PFU LCMV-
Armstrong via intraperitoneal injection. On day 30, mice 
were sacrificed and spleen lymphocytes were subjected to 
flow cytometric analysis. After kidneys were harvested, one 
of them was fixed with formalin and embedded in paraffin, 
while the other was embedded in OCT and flash frozen. 
 
Murine influenza virus infection 
Influenza A/PR/8/34 H1N1 was obtained from Charles River 
(Cat# 10100374, Lot# 4XP201023), aliquoted and stored in –
80°C. A new aliquot was thawed and diluted with sterile PBS 
for infection each time. Twenty-week-old male Klra6creDTA 
mice and ROSA-DTA littermates were anesthetized and 
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intratracheally infected with a sublethal dose of influenza 
A/PR/8/34 H1N1 in 20 μl of PBS. Mice were sacrificed on Day 
60 and lungs were harvested, fixed with formalin, and em-
bedded in paraffin. 
 
Immunohistochemistry 
To evaluate the glomerular nephritis in the kidneys of LCMV-
infected mice, tissue sections were generated from FFPE kid-
neys and Periodic acid-Schiff (PAS) stain was performed by 
Stanford Animal Histology Services. For analysis of IgG dep-
osition in kidney, frozen sections from mouse kidneys were 
stained with Alexa Fluor 488 Goat anti-Mouse IgG (H+L) 
(Invitrogen) and images were acquired using Leica SP8. 
Quantification of fluorescence intensity was performed using 
the ImageJ software. To assess immunopathology in the 
lungs of influenza-infected mice, tissue sections were gener-
ated from FFPE lung tissues and stained with hematoxylin 
and eosin (H&E). 
 
Quantification of viral load by RT-qPCR 
RNA was extracted from the blood of LCMV-infected mice or 
the lung of influenza-infected mice using RNeasy Mini Kit 
(Qiagen) and converted to cDNA using Applied Biosystems 
High-Capacity cDNA Reverse Transcription Kit (Cat no. 43-
688-14). The generated cDNA was then amplified by quanti-
tative PCR using Platinum SYBR Green qPCR SuperMix-UDG 
w/ROX (Cat no. 11744100) per manufacturer’s instructions 
with the following primers: Beta Actin primer 1: 5′-CGA GGC 
CCA GAG CAA GAG AG-3′, Beta Actin primer 2: 5′-CGG TTG 
GCC TTA GGG TTC AG-3′, LCMV GP forward primer: 5′-
TGC CTG ACC AAA TGG ATG ATT-3′, LCMV GP reverse pri-
mer: 5′-CTG CTG TGT TCC CGA AAC ACT-3′, NS1 forward 
primer: 5′-TGT CAA GCT TTC AGG TAG ATT G-3′, NS-1 re-
verse primer: 5′-CTC TTA GGG ATT TCT GAT CTC-3′, M1 
forward primer: 5′-AAG ACC AAT CCT GTC ACC TCT GA-3′, 
M1 reverse primer: 5′-CAA AGC GTC TAC GCT GCA GTC C-
3′. 
 
Statistical analysis 
No specific statistical methods were used to predetermine 
sample size. No samples or data points were excluded from 
the analysis. All results are presented as the mean ± SEM. The 
significance of the difference between groups was analyzed 
as described in the figure legends. P-values<0.05 were con-
sidered statistically significant. All statistical analyses were 
performed using GraphPad Prism Software version 9.1.0. 
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Fig. 1. Increased KIR+CD8+ T cells in patients with autoimmune diseases. (A) 
Representative contour plots and a summary histogram showing the frequency of KIR+CD8+ 
T cells in the peripheral blood of healthy controls (HC, N=16) and patients with systemic 
lupus erythematous (SLE, N=22), multiple sclerosis (MS, N=10) or celiac disease (CeD, 
N=21) analyzed by flow cytometry. KIR+ cells were detected by PE-conjugated antibodies 
against KIR2DL1 (clone#143211), KIR2DL2/L3 (Dx27), KIR2DL5 (UP-R1), KIR3DL1 (Dx9), 
and KIR3DL2 (clone#539304). *P<0.05, **P<0.01, Kruskal–Wallis test followed by multiple 
comparisons test. (B) Representative contour plots and a summary histogram showing the 
frequency of KIR+CD8+ T cells in the duodenum of normal controls (N=4), CeD in remission 
(N=5), and active CeD (N=5) analyzed by flow cytometry. *P<0.05, ***P<0.001, Kruskal–
Wallis test followed by multiple comparisons test. (C) Expression of KIR transcripts 
(KIR3DL1, KIR2DL3 and KIR2DL2) in CD8+ T cells from healthy kidneys (control, N=6) versus 
SLE nephritis kidneys (N=20) is shown. (D) Expression of KIR transcripts (KIR3DL1, KIR2DL3 
and KIR2DL2) in synovial CD8+ T cells and expression of FOXP3 in synovial CD4+ T cells from 
rheumatoid arthritis (RA, N=18) and osteoarthritis (OA, N=3) are shown. 
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Fig. 2. Elimination of gliadin-specific CD4+ T cells by KIR+CD8+ T cells. (A) Representative contour plots 
showing tetramer bound CD4+ T cells after enrichment and summary of the number of gliadin-specific 
CD4+ T cells per 1×106 CD4+ T cells on Day 6. Experiments were repeated using PBMCs from 11 CeD 
patients. **P<0.01, ***P<0.001, Friedman test followed by multiple comparisons test. (B) 
Representative contour plots and a summary graph displaying Annexin V binding of gliadin-specific CD4+ 
T cells from the culture harvested on Day 3 (N=6). *P<0.05, **P<0.01, Friedman test followed by multiple 
comparisons test. (C) Frequency of gliadin-specific CD4+ T cells from the cell cultures in the presence or 
absence of KIR– or KIR+CD8+ T cells or with KIR+CD8+ T cells separated by a 4-μm insert in a transwell 
plate (N=6). *P<0.05, **P<0.01, Friedman test followed by multiple comparisons test. (D) Frequency of 
gliadin-specific CD4+ T cells from the PBMC cultures in the presence or absence of KIR– or KIR+CD8+ T 
cells with or without pre-activation (N=8). **P<0.01, ***P<0.001, Friedman test followed by multiple 
comparisons test. (E) Frequency of gliadin-specific CD4+ T cells from the PBMC cultures in the presence 
or absence of pre-activated KIR– or KIR+ CD8+ T cells with isotype control, anti-HLA-ABC, or anti-HLA-E 
blockade (N=9). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, Friedman test followed by multiple 
comparisons test. 
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Fig. 3. Increased KIR+CD8+ T cells in infectious diseases. (A) Representative contour plots 
and summary scatter plots showing the percentage of KIR+ cells in CD8+ T cells from the 
blood of 17 healthy controls and 53 COVID-19 patients with varying disease severity (mild: 
N=23, moderate: N=17, severe: N=13). left: ****P<0.0001, Mann–Whitney test; right: 
**P<0.01, ***P<0.001, ****P<0.0001, Kruskal–Wallis test followed by multiple 
comparisons test. (B) Frequency of KIR+CD8+ T cells, CD4+ Tregs (CD25hiCD127lo), and KIR+ 
NK cells in the blood of COVID-19 patients with or without vasculitis. **P<0.01, Mann–
Whitney test. (C) Frequency of CD8+ T cells expressing KIR transcripts (KIR3DL1, KIR3DL2, 
KIR2DL3, or KIR2DL1) in the bronchoalveolar lavage fluid of healthy controls (N=4) versus 
COVID-19 patients (N=9) (left, **P<0.01, Mann–Whitney test) and healthy controls versus 
COVID-19 patients with moderate (N=3) or severe (N=6) disease (right, *P<0.05, Kruskal–
Wallis test followed by multiple comparisons test). (D) Frequency of KIR+CD8+ T cells and 
CD4+ Tregs (CD25hiCD127low) in the blood of healthy controls (N=17) versus influenza-
infected patients (N=7). **P<0.01, Mann–Whitney test. 
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  Fig. 4. Single-cell RNA-seq analysis of KIR+CD8+ T cells in the blood. (A and B) 
Single-cell RNA-seq analysis of total CD8+ T cells from the blood of healthy subjects 
(N=10), MS patients (N=6), and COVID-19 patients (N=25) by 10X Genomics. (A) 
UMAP plot of the eight subpopulations identified by unsupervised clustering. (B) 
UMAP plots showing the distribution of KIR+CD8+ T cells (expressing KIR3DL1, 
KIR3DL2, KIR2DL1, or KIR2DL3 transcripts) and KIR–CD8+ T cells from healthy 
controls (HC), MS patients and COVID-19 patients. (C to F) KIR+CD8+ T cells in the 
blood of HC (N=10) and patients with MS (N=2), SLE (N=6), and CeD (N=5) were 
sorted for single-cell RNA-seq using the Smart-seq2 protocol and analyzed using the 
R package ‘Seurat’. (C) UMAP plots showing KIR+CD8+ T cells segregated into six 
clusters (upper) and the distribution of expanded (≥2 cells expressing same TCR) and 
unexpanded (cell expressing unique TCR) cells (lower). (D) UMAP plots of KIR+CD8+ T 
cells from MS, SLE, CeD, and HC are shown, with expanded and unexpanded cells 
annotated with different colors (expanded: red; unexpanded: blue; other diseases: 
gray). (E) Cluster compositions of expanded KIR+CD8+ T cells from each individual. (F) 
Heatmap showing expression of the top-10 genes differentially expressed in each 
cluster, with the categories of each group of genes annotated on the left. 
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Fig. 5. Analysis of T cell receptor sequences of 
KIR+CD8+ T cells. (A and B) Summary histograms 
showing Shannon–Wiener Index (A) and Chao 
estimates (B) of TCRs of KIR– versus KIR+ CD8+ T cells 
from 26 subjects including 11 healthy donors, two MS, 
five SLE, three CeD, and five T1D patients as evaluated 
by VDJtools. ****P<0.0001, Wilcoxon matched-pairs 
signed-rank test. 
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  Fig. 6. Exacerbated autoimmunity in Klra6creDTA mice after viral infection. (A) 
Frequency of Ly49+CD8+ T cells in the blood of DTA mice (N=8) and Klra6creDTA mice 
(N=5) 0, 5, 8, and 12 days post LCMV-Armstrong infection. **P<0.01, ***P<0.001, 
RM two-way ANOVA followed by multiple comparisons test. (B) Representative 
contour plots and summarized scatter plots displaying frequency and absolute 
number of PD1+CXCR5+CD4+ T cells (Tfh) and CD38–CD95+ germinal center (GC) B 
cells in the spleen of DTA mice (N=8) and Klra6creDTA mice (N=5) 30 days after 
LCMV-Armstrong infection. *P<0.05, **P<0.01, Mann–Whitney test. (C) 
Representative kidney pathology of day 30 LCMV-infected DTA mice and 
Klra6creDTA mice assessed by PAS staining (630X, scale bar: 20 μm). (D) IgG 
deposition in glomeruli of the kidneys of DTA mice (N=8) and Klra6creDTA mice (N=5) 
30 days post LCMV infection accessed by immunofluorescence staining (400X, 
scale bar: 20 μm) and quantified by ImageJ. *P<0.05, Mann–Whitney test. (E) 
Frequency of Ly49+CD8+ T cells in the blood of DTA mice (N=6) and Klra6creDTA mice 
(N=5) after influenza A/PR/8/34 H1N1 infection. *P<0.05, **P<0.01, 
****P<0.0001, RM two-way ANOVA followed by multiple comparisons test. (F) 
Microscopy of representative hematoxylin and eosin staining of lung sections from 
DTA mice and Klra6creDTA mice 60 days post influenza infection (upper panel: 20X, 
scale bar, 2 mm; lower panel: 630X, scale bar, 50 μm). Representative data from two 
independent experiments are shown. The mean ± SEM is indicated. 
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Table 1. Selected specificity groups from the GLIPH2 analysis that contained TCRβ sequences from three or more individuals and 
exhibited significant bias of V-gene usage (P<0.05). Significant motif residues are highlighted in red in CDR3 alignments. 
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