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Abstract

The activating NK-cell receptor KIR3DS1 has been implicated in the outcome of various human 

diseases, including delayed HIV-1 disease progression, yet a ligand that accounts for its biological 

effects remained unknown. We screened 100 HLA-I proteins and found that KIR3DS1 binds 

HLA-F, which was validated biochemically and functionally. Primary human KIR3DS1+ NK cells 

degranulated and produced antiviral cytokines upon encountering HLA-F, and inhibited HIV-1 

replication in vitro. CD4+ T-cell activation triggered HLA-F transcription and expression and 

induced KIR3DS1 ligand expression. HIV-1 infection further increased HLA-F transcription, but 

decreased KIR3DS1 ligand expression, indicating an immune-evasion mechanism. Altogether, we 

established HLA-F as a ligand of KIR3DS1, and demonstrated cell-context-dependent expression 

of HLA-F that may explain the widespread influence of KIR3DS1 in human diseases.
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INTRODUCTION

Killer-cell immunoglobulin-like receptors (KIRs) are a family of HLA class I-binding 

receptors expressed on natural killer (NK) cells that are implicated in various areas of human 

health and disease. The KIR locus contains some of the most highly polymorphic human 

genes, a diversity comparable to HLA genes in the major histocompatibility complex (MHC) 

locus1. This highlights a deep-seated evolutionary interplay of receptor-ligand pairs driven 

mainly by forces of reproduction and infectious disease survival1. Through variegated 

expression of KIRs and other highly diverse germline-encoded receptors, NK cells are able 

to discriminate between healthy “self” and a variety of pathological cell states2. As such, it 

is unsurprising that NK cells and KIRs have a broad involvement in human disease3, 

especially in light of their increasingly recognized roles in innate and adaptive immune 

responses4,5.

KIR family receptors are categorized by the number of immunoglobulin-like extracellular 

domains they contain (2D or 3D) and by whether they have a long (L) or short (S) 

cytoplasmic tail. KIR-L receptors are inhibitory, as they have immune tyrosine inhibitory 

motif (ITIM)-bearing cytoplasmic tails, while KIR-S receptors have truncated cytoplasmic 

tails and possess a transmembrane positive charge that allows association to immune 

tyrosine activating motif (ITAM)-bearing adaptor molecules such as DAP12. In general, 

KIR2D receptors bind HLA-C ligands, while KIR3D receptors bind HLA-A and -B ligands. 

Nevertheless, while many HLA class I (HLA-I) ligands have been identified for multiple 

KIRs, several have remained more elusive, particularly for activating KIRs.

KIR3DS1 was the first KIR to be associated with the outcome of a viral infection, namely, 

delayed human immunodeficiency virus (HIV)-1 disease progression in patients with certain 

HLA-B alleles6. Since then, it has been extensively linked to other viral infections6–9, 

autoimmune disorders10, cancer development/clearance11–13, and transplantation 

outcomes14,15, and therefore has become one of the most studied KIRs. KIR3DS1 is an 

activating receptor that stimulates cytotoxicity and IFN-γ production in NK cells16. It is 

encoded in the KIR3DL1-KIR3DS1 gene locus, a unique KIR locus because it encodes for 

functionally divergent alleles1. Remarkably, while sharing >95% homology in their 

extracellular domain, KIR3DS1 and its inhibitory counterpart KIR3DL1 have different 

ligand binding profiles. KIR3DL1 has conclusively been shown to bind HLA-A and -B 

proteins with a Bw4 motif, with variable sensitivity to C-terminal residues of HLA-Bw4–

bound peptides and to residues at position 80 of HLA-I17. However, attempts to identify a 

KIR3DS1 ligand by various groups have repeatedly failed18,19, save for a single recent study 

demonstrating peptide-dependent binding of KIR3DS1 to HLA-B*57:01 in vitro20. Disease 

association studies have found both KIR3DL1 and KIR3DS1 to be influential in disease 

outcomes when co-present with HLA-Bw4, including HIV-1 pathogenesis6,21, but direct 

KIR3DS1–HLA-Bw4 interactions are a major point of controversy. Indeed, some studies 

report an independence between KIR3DS1 and HLA-Bw422,23. Furthermore, even in studies 

linking KIR3DS1 and HLA-Bw4, the vast majority of subjects possessing KIR3DS1 also 

possessed KIR3DL1, which imposes a confounding variable since HLA-Bw4 is a well-

documented ligand for KIR3DL1. Of note, while KIR3DL1 exhibits significant sequence 
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polymorphisms that have been shown to alter surface expression level24 and ligand 

binding25,26, KIR3DS1 is remarkably conserved and virtually monomorphic. This is despite 

KIR3DS1 having arisen in the human genome >3 million years ago along with various 

alleles of KIR3DL1, and being present in almost all human populations worldwide1.

The goal of the present study was to identify ligands of KIR3DS1 and thus uncover the 

mechanistic basis for its influence in various human diseases. To this end, we employed 

soluble receptor binding assays and cell-based functional assays to comprehensively screen 

HLA-I proteins in two biologically relevant conformation states: as HLA-I complexes, 

which are folded heavy chains bound to β2-microglobulin (β2m) and peptide, and as HLA-I 

open conformers (OCs), which are HLA-I heavy chains without bound β2m or peptide 

(reviewed in 27). We identified that HLA-F OCs are high-affinity ligands of KIR3DS1, and 

also lower affinity ligands of the inhibitory receptors KIR3DL1 and KIR3DL2. We also 

demonstrated that this interaction is of functional relevance using reporter cell lines, primary 

KIR3DS1+ NK cells, and primary CD4+ T cells, providing an explanation for the 

widespread influence of KIR3DS1 in human disease.

RESULTS

HLA-I screen shows KIR3DS1 binds HLA-F

We aimed to systematically assess KIR3DS1 binding to multiple HLA-I allotypes in two 

conformational states: as HLA-I complexes and as HLA-I OCs. To accomplish this, we 

tested binding of soluble KIR3DS1-Fc and other KIR-Fc fusion constructs to HLA-I-coated 

beads individually bearing 97 allotypes of classical HLA-I (i.e. HLA-A, -B, and -C) that 

were either untreated or acid pulsed. Acid pulsing is a well-established method of stripping 

away β2m and HLA-I-bound peptides to rapidly generate HLA-I OCs. KIR3DS1-Fc did not 

bind appreciably to any classical HLA-I allotypes tested either as complexes (untreated) or 

OCs (acid pulsed) (Fig. 1a). However, KIR3DL1-Fc bound preferentially to HLA-Bw4 

complexes, and KIR2DL3-Fc and KIR2DS4-Fc bound to HLA-C complexes (Fig. 1a and 

Supplementary Fig. 1a), as expected. KIR3DL2-Fc did not have any preferential binding to 

specific HLA-I proteins. Of note, HLA-I complexes on these beads presented a diverse 

repertoire of peptides derived from the human cell line the HLA-I proteins were produced 

in, which precludes any peptide specificity analysis. Thus, KIR3DS1 does not bind to 

classical HLA-I complexes (presenting a diverse immunopeptidome) or HLA-I OCs.

Because non-classical HLA-I proteins (i.e. HLA-E, -F, and -G) were not included in the 

original HLA-I-coated bead panel, we separately produced these. Streptavidin-beads were 

coated with biotinylated HLA-E, -F, or -G monomers refolded around β2m and peptide (no 

peptide in the case of HLA-F given that it does not present peptide28; details in on-line 

Methods). To confirm that HLA-I proteins were in complex conformation after loading them 

onto beads, we assessed anti-pan-HLA-I complex antibody binding to HLA-I-coated beads 

before and after acid pulsing by flow cytometry; this antibody can recognize all HLA-A, -B, 

-C, -E, -F, and -G proteins but only when they are bound to β2m. As expected, all acid-

pulsed beads did not bind anti-pan-HLA-I complex antibody due to stripping of β2m 

(Supplementary Fig. 1c). However, we found that for untreated beads, while HLA-E and -G 

readily bound anti-pan-HLA-I complex antibody, HLA-F did not (Supplementary Fig. 1c). 
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We assessed β2m content on the untreated HLA-I-coated beads by anti-β2m antibody 

staining, and found that HLA-F-coated beads had ~60% less β2m content than HLA-E- and 

HLA-G-coated beads (Supplementary Fig. 1c). This indicated that unlike other HLA-I 

proteins, HLA-F readily dissociates from β2m and spontaneously forms HLA-F OCs on 

artificial surfaces, which is consistent with its unique property of being stable as an open 

conformer29.

Upon testing KIR-Fc binding to non-classical HLA-I-coated beads, we found that 

KIR3DS1-Fc strongly bound to HLA-F-coated beads; this was independent of acid 

treatment, consistent with the fact that both untreated and acid-pulsed beads contained HLA-

F OCs (Fig. 1b and Fig. 1c). KIR3DL1-Fc and KIR3DL2-Fc were similarly able to bind 

HLA-F-coated beads (both acid pulsed and untreated); however, KIR2DL3-Fc and 

KIR2DS4-Fc did not bind to any non-classical HLA-I-coated beads (Fig. 1b and 

Supplementary Fig. 1b). Consequently, we determined from this assay that KIR3DS1, along 

with the functional divergent KIR3DL1 and the phylogenetically related KIR3DL21, bind 

HLA-F OCs.

Surface plasmon resonance confirms KIR3DS1–HLA-F binding

To confirm our findings, we performed surface plasmon resonance to quantitatively assess 

the affinities between HLA-F OCs and various KIRs. KIR3DS1 had the highest affinity to 

HLA-F OCs of the tested KIRs (KD = (25 ± 1) nM), followed by KIR3DL2 (KD = (118 ± 1) 

nM) and KIR3DL1 (KD = (157 ± 2) nM), while KIR2DS4 and KIR2DL3-Fc did not exhibit 

any binding even at the highest tested concentrations (Fig. 2a and Table 1). The kinetic data 

showed that the affinity of KIR3DS1 to HLA-F OCs is mainly driven by a relatively small 

dissociation rate (kd = (7.0 ± 0.3) × 10−4 s−1) as compared to KIR3DL1 (kd = (6.91 ± 0.09) 

× 10−3 s−1) and KIR3DL2 (kd = (5.08 ± 0.04) × 10−3 s−1), reflecting a higher stability of the 

interaction once formed. Together, these data demonstrated that all ‘lineage II KIRs’ (i.e. 

KIR3DL1, KIR3DS1, and KIR3DL2) can bind HLA-F OCs, although with varying affinities 

and in a manner that is opposite to that involving binding to classical HLA-I molecules, 

where inhibitory KIRs normally bind with significantly higher affinity.

HLA-F activates KIR3DS1ζ Jurkat reporter cells

To determine whether cell-expressed KIR3DS1 can bind to and be activated by HLA-F OC-

expressing target cells, we developed a reporter cell assay using Jurkat cells, which are 

HLA-F- and -G-deficient and do not have HLA-Bw4. We performed CRISPR/Cas9-

mediated knockout of β2m in Jurkat cells to eliminate surface HLA-I expression 

(Supplementary Fig. 2a) and prevent potential self-activation. Jurkat cells were then stably 

transduced with chimeric receptors containing the extracellular and transmembrane domain 

of the KIR of interest and the cytoplasmic domain of CD3ζ, (herein called ‘KIRζ’) 

(Supplementary Fig. 2b). For KIR3DS1, the transmembrane domain of KIR3DL1 was used 

instead to ensure cell surface expression in the absence of its adaptor DAP12, as has been 

previously shown30; we have called this construct ‘KIR3DS1hiζ’. Surface expression of 

KIRζ on Jurkat cells was confirmed by staining with the relevant anti-KIR antibodies 

(Supplementary Fig. 2c), and CD69 expression was used as a reporter cell output, which was 

validated by anti-KIR antibody-mediated crosslinking (Supplementary Fig. 2d).
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Initially, the ability of KIRζ-Jurkat reporter cells to bind to and be triggered by HLA-I-

coated cell-sized beads was tested, and this assay showed that KIR3DS1ζ-Jurkat reporter 

cells avidly bound to and were potently triggered by HLA-F-coated beads, as were 

KIR3DL2ζ-Jurkat cells and KIR3DL1ζ-Jurkat cells to a much lesser extent (Supplementary 

Fig. 2e). As expected, no binding or triggering by HLA-F-coated beads was observed for 

KIR2DL3ζ-expressing or untransduced Jurkat reporter cells. Next, KIRζ-Jurkat reporter cell 

activity was tested against cell lines that were untreated or acid pulsed to generate HLA-I 

OCs at the cell-surface, which was confirmed by anti-HLA-I OC antibody staining 

(Supplementary Fig. 2f). 721.221 cells are a highly-mutated EBV-transformed B-cell line 

commonly used as NK-cell targets that are deficient in classical HLA-I genes and only 

express HLA-E and -F (i.e. HLA-A−B−C−E+F+G−). KIRζ-Jurkat reporter activity against 

721.221 cells revealed that acid-pulsed 721.221 cells potently stimulated KIR3DS1hiζ-

Jurkat cells (Fig. 2b), a finding that occurred independent of other expressed HLA-I 

allotypes (Supplementary Fig. 3a). KIR3DL2ζ- and KIR3DL1ζ-Jurkat cells, but not 

KIR2DL3ζ-Jurkat cells, were also triggered by acid-pulsed 721.221 cells, but less potently, 

especially in the case of KIR3DL1ζ-Jurkat cells, in line with the binding data (Fig. 2b). 

These data indicated that KIR3DS1 (as well as KIR3DL2 and to a lesser extent KIR3DL1) 

binds HLA-F OCs independent of classical HLA-I.

In assessing KIRζ-Jurkat reporter activity to other cell lines, we found that acid-pulsed 

EBV-transformed B cell lines (BCLs) derived from HLA-typed patients also stimulated 

KIR3DS1hiζ-Jurkat cells, while other cell lines not encoding HLA-F did not (i.e. Jurkat, 

EL-4, K562, and THP-1 cells) (Fig. 2b and Supplementary Fig. 3b). In a separate 

experiment where KIRζ surface expression was accounted for, triggering of KIRζ Jurkat 

reporter cells by acid-pulsed BCLs revealed the highest level of reporter activity by 

KIR3DS1hiζ, followed by KIR3DL2ζ and then KIR3DL1ζ (Fig. 2c), which correlated to 

SPR-determined affinities. These data showed that compared to other lineage II KIRs, 

KIR3DS1 exhibits the most potent functional signaling capacity upon engagement of HLA-

F OCs on target cells.

To further confirm the interaction between KIR3DS1 and HLA-F OCs, antibody blockade 

experiments were performed. Of note, we did not have a specific anti-HLA-F OC blocking 

antibody at our disposal. Instead, two anti-HLA-I OC antibodies were used: HC10, which 

binds HLA-B, -C, and -E OCs but has been shown to indirectly down-regulate HLA-F OCs 

from the cell surface of target cells via endocytosis29, and HCA2, which binds HLA-A and -

G OCs but we determined exhibits reactivity to HLA-F OCs (Supplementary Fig. 1c). 

Accordingly, KIR3DS1hiζ Jurkat reporter cell activity induced by acid-pulsed BCLs could 

be blocked by anti-KIR3DS1/L1 and both anti-HLA-I OC antibodies, but not by anti-

KIR3DL1 or anti-pan-HLA-I complex antibodies (Fig. 2d). In addition, adding soluble 

KIR3DS1-Fc to block ligands on target cells also abrogated KIR3DS1hiζ Jurkat reporter cell 

activity induced by acid-pulsed BCLs (Supplementary Fig. 3c). These antibody blockade 

experiments validated that KIR3DS1 interacts with HLA-F OCs. On the other hand, 

KIR3DL1ζ Jurkat reporter cell activity triggered by BCLs expressing HLA-Bw4 could be 

blocked by both anti-KIR3DL1 and anti-pan-HLA-I complex antibodies, but not by either 

anti-HLA-I open conformer antibody (Supplementary Fig. 3d). This confirms the well-

documented interaction between KIR3DL1 and HLA-Bw4 complexes. Of note, the weak 
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reporter cell activity of KIR3DL1ζ-Jurkat cells stimulated by acid-pulsed BCLs without 

HLA-Bw4 could be blocked by both anti-KIR3DL1 and anti-HLA-I open conformer 

antibodies, but not the anti-pan-HLA-I complex antibody (Fig. 2d). This further showed a 

low-level interaction between KIR3DL1 and HLA-F OCs that is functionally much weaker 

as compared to KIR3DS1, which is remarkable in light of their high homology.

HLA-F triggers polyfunctional response in KIR3DS1+ NK cells

To assess the functional impact of HLA-F OC binding to KIR3DS1 in primary human NK 

cells, KIR3DS1+ and KIR3DS1− NK-cell clones (NKCLs) were generated via limiting 

dilution cloning from healthy donor peripheral blood NK cells. NKCLs were confirmed to 

be CD56+KIR3DL1−LILRB1− to ensure proper functionality, and had variable expression of 

KIR2Ds (Supplementary Fig. 4a). These NKCLs were seeded into individual well plates 

coated with human IgG (for CD16 crosslinking), anti-KIR3DS1/L1 antibody (for KIR3DS1 

crosslinking), or monomers of HLA-E, -F, or -G. To assess NKCL responses to plate-bound 

ligands, we measured cytotoxic granule exocytosis (i.e. degranulation), as determined by 

surface expression of CD107a, and production of antiviral cytokines IFN-γ, TNF, and 

MIP-1β by intracellular staining. Plate-bound HLA-F strongly and significantly triggered 

degranulation in KIR3DS1+ NKCLs but not KIR3DS1− NKCLs (Fig. 3a and Supplementary 

Fig. 4c). The magnitude of this response was comparable to crosslinking of KIR3DS1 and 

CD16, and was significantly reduced by the addition of soluble anti-KIR3DS1/L1 antibody 

(Fig. 3a). Plate-bound HLA-E and HLA-G produced a weak response by some but not all 

NKCLs, and this activation could not be blocked with soluble anti-KIR3DS1/L1 antibody. 

The observed effects were not due to intrinsic differences in response capacity, as all NKCLs 

(except for one that was CD16−) were similarly triggered by CD16 crosslinking. In addition, 

HLA-F induced production of the antiviral cytokines IFN-γ, TNF and MIP-1β in KIR3DS1+ 

(but not KIR3DS1−) NKCLs, and these responses could be blocked with soluble anti-

KIR3DS1/L1 antibody (Fig. 3b and Supplementary Fig. 4c). Interestingly, KIR3DS1+ 

NKCLs had an intrinsic superior capacity to produce antiviral cytokines when compared to 

KIR3DS1− NKCLs when encountering the same stimuli (Supplementary Fig. 4d). 

Altogether, these data demonstrate that HLA-F can trigger a potent activating signal via 

KIR3DS1 that results in a polyfunctional response by primary NK cells.

CD4+ T-cell activation induces KIR3DS1 ligand expression

HLA-F can be expressed on the surface of activated lymphocytes31. To study KIR3DS1 

ligand expression in a biologically relevant context, HLA-F expression and KIR3DS1-Fc 

binding to primary resting CD4+ T cells and CD4+ T cells stimulated with IL-2 and CD3/28 

beads was assessed. An immunoblot-compatible anti-HLA-F antibody (validated in 

Supplementary Fig. 5a) was used to assess protein expression, and resistance to 

endoglycosidase H (Endo H) digestion served as a measure of cell-surface expression. Endo 

H is a glycosidase that removes immature N-glycans from glycoproteins that have not 

undergone Golgi processing; thus, glycoproteins shuttled to the cell surface through the 

Golgi are rendered Endo H-resistant (i.e. there is no band shift on protein gel 

electrophoresis). Results showed that while unstimulated CD4+ T cells do not have any 

detectable levels of HLA-F protein, stimulated CD4+ T cells express HLA-F protein in a 

predominantly Endo H-resistant form, indicating cell-surface expression (Fig. 4a); similar 
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results were obtained using different stimulation conditions (48 h treatment with 12.5 ng/mL 

phorbol 12-myristate 13-acetate and 0.335 μM ionomycin; data not shown).

To determine if HLA-F upregulation in activated CD4+ T cells was transcriptionally 

induced, HLA-F mRNA levels were assessed via flow cytometry-based fluorescent in situ 

hybridization (FISH) (details in the On-line Methods). HLA-F mRNA-specific probes were 

used after testing their sensitivity and specificity in HLA-F+ and HLA-F− cell lines 

(Supplementary Fig. 5b). Activation of CD4+ T cells increased the levels of HLA-F mRNA 

transcripts (Fig. 4b), indicating that HLA-F is transcriptionally induced in CD4+ T cells 

upon activation. Furthermore, KIR3DS1-Fc bound significantly to stimulated CD4+ T cells, 

but not to unstimulated CD4+ T cells (Fig. 4c and Fig. 4d, p < 0.001). These results were 

consistent across patients with and without HLA-Bw4, demonstrating that KIR3DS1 ligands 

are expressed on activated CD4+ T cells regardless of their HLA-I genotype, and strongly 

suggesting KIR3DS1 binding to HLA-F expressed on activated CD4+ T cells.

HIV-1 infection alters KIR3DS1 ligand expression

To assess the influence of HIV-1 infection on expression of KIR3DS1 ligands in CD4+ T 

cells, HLA-F mRNA levels and KIR3DS1-Fc binding were assessed using activated CD4+ T 

cells that were uninfected or infected with HIV-1 NL4-3. HLA-F mRNA levels were up-

regulated in HIV-1–infected activated CD4+ T cells when compared to uninfected activated 

CD4+ T cells (Fig. 5c), indicating that HIV-1 infection further stimulated HLA-F mRNA 

transcription. In contrast, KIR3DS1-Fc binding was significantly decreased upon HIV-1 

infection (Fig. 5a and Fig. 5b). The decrease in KIR3DS1-Fc binding was already observed 

in ‘early’ infected cells (defined as p24loCD4+HLA-I+tetherin+), but was more pronounced 

in ‘late’ infected cells (defined as p24hiCD4loHLA-Ilotetherinlo), indicating an as-yet-

unknown mechanism by which HIV-1 might reduce KIR3DS1 ligand expression. This may 

be due to direct downregulation of HLA-F protein by HIV-1; however, due to the absence of 

an available flow cytometry-suitable antibody against HLA-F, it was not possible to directly 

quantify HLA-F surface expression on HIV-1–infected cells.

KIR3DS1+ NK cells suppress HIV-1 replication

To evaluate the antiviral capacity of KIR3DS1+ NK cells, HIV-1–infected autologous CD4+ 

T cells were co-cultured for seven days with KIR3DS1+ and KIR3DS1− NK-cell clones 

derived from a KIR3DS1 homozygous donor (for NK-cell receptor phenotypes, see 

Supplementary Fig. 4b). Intracellular staining for HIV-1 p24 was performed to quantify the 

percentage of infected cells. Only KIR3DS1+ NK-cell clones were effective at suppressing 

HIV-1 replication in autologous CD4+ T cells, as seen by significantly less HIV-1 p24+ 

CD4+ T cells in the presence of KIR3DS1+ NK cells (5.48 % ± 1.60 %), relative to 

KIR3DS1− NK-cell clones (16.9 % ± 2.32 %; p < 0.01) or no NK cells added (mean 16.0 % 

± 2.62 %, p < 0.01) (Fig. 5d and Fig. 5e). Thus, KIR3DS1+ NK cells have superior antiviral 

capacity towards HIV-1–infected autologous CD4+ T cells, as previously shown32, and 

HIV-1–mediated downregulation of KIR3DS1 ligands on infected cells is not sufficient to 

enable complete immune evasion.
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DISCUSSION

The expression of the activating NK-cell receptor KIR3DS1 is correlated with the outcome 

of multiple human diseases; however the precise nature of a ligand that can account for such 

broad biological effects has remained—although extensively studied—unknown. Here, we 

identified HLA-F OCs as ligands for KIR3DS1 and showed that HLA-F OCs trigger 

polyfunctional responses in primary human NK cells through KIR3DS1. It was further 

demonstrated that KIR3DS1 ligands, in particular HLA-F, are expressed on the surface of 

activated CD4+ T cells. However, upon HIV-1 infection of activated CD4+ T cells, KIR3DS1 

ligand surface expression was downregulated, yet this did not abrogate efficient suppression 

of viral replication by co-cultured KIR3DS1+ NK cells in vitro. Our findings provide novel 

and significant insight into the protective effect of KIR3DS1 in HIV-1 infection, and provide 

an explanation for the widespread influence of KIR3DS1 in human disease.

Differential binding of KIR3DS1 and the other lineage II KIRs1 to HLA-F is remarkable 

from a structural homology perspective, and is shared with other related receptors. The 

leukocyte immunoglobulin-like receptor (LILR) family is another group of HLA-I-binding 

receptors found near the KIR locus in the leukocyte receptor complex (LRC)33. The LILR 

family has inhibitory members (i.e. LILRBs) that bind HLA-I complexes and activating 

members (i.e. LILRAs) that bind HLA-I OCs27,34, a property that our data suggests is 

partially shared with KIRs; two members in particular, LILRB1 and LILRB2, exhibit robust 

binding to HLA-F35. From this present study, we find that all lineage II KIRs bind HLA-F 

OCs, with KIR3DS1 exhibiting the highest affinity binding to and the most potent functional 

signaling capacity upon engagement of HLA-F OCs on target cells. KIR3DL2, which we 

find also binds to HLA-F OCs as has been previously shown36, shares ~86% extracellular 

domain sequence identity with KIR3DS1, which readily explains differences in binding 

affinity. However, it is remarkable that despite >97% extracellular domain sequence identity 

between KIR3DS1 and KIR3DL1, KIR3DS1 exhibits significantly higher-affinity binding to 

HLA-F OCs than KIR3DL1, while KIR3DL1 (but not KIR3DS1) bears high-affinity binding 

to HLA-Bw4 ligands. Structural studies indicate that the few amino acid differences between 

KIR3DS1 and KIR3DL1 occur at sites critical for HLA-I binding37, which may explain the 

differences in ligands. From an evolutionary standpoint, these different ligand-binding 

profiles of KIR3DL1 towards various HLA-Bw4 allotypes and KIR3DS1 towards HLA-F 

(which is highly conserved and has one predominant *01:01 allele at a frequency >95%38) 

provide an explanation for the high polymorphicity of KIR3DL1 and the relative 

monomorphicity of KIR3DS1.

This newly identified KIR3DS1-HLA-F axis has many similarities to the well-known stress-

induced NKG2D–MIC-A/B axis, even in the context of HIV-1 infection. Although it is less 

well-studied, HLA-F bears unique and distinguishing characteristics that separates it from 

all other HLA-I genes. According to a study examining the genesis and architectural 

evolution of the MHC locus, HLA-F acted as the ancestral progenitor to today’s HLA-I and 

MIC-A/B genes39. HLA-F retains features that are similar to MIC-A/B genes, including 

being peptide-devoid and being able to refold in vitro with and without β2m, indicating its 

unique ability to be stable as an OC29, in line with data presented here. In agreement with 

previous studies31,40, our data show that HLA-F OCs are expressed on the surface of 
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activated CD4+ T cells. Also, although only partially assessed in this study with B-cell lines, 

several studies have indicated that cancers of various tissue origins aberrantly express HLA-

F40,41. Additionally, HIV-1 infection of CD4+ T cells increased transcription of HLA-F but 

reduced KIR3DS1 ligand expression, particularly in late-infected cells, which might suggest 

the employment of an immune-evasion strategy, potentially through the downregulation of 

HLA-F by HIV-1 accessory proteins, similar to what has been described for HIV-1 Nef for 

HLA-A and HLA-B42–44 and NKG2D ligands including MIC-A45, but also HIV-1 Vpu for 

HLA-G46. Our findings are therefore reminiscent of the up-regulation of the NKG2D 

ligands MIC-A and MIC-B on the surface of activated T cells, virally infected cells, and 

transformed cells, which are downregulated in the context of HIV-1 by the actions of the 

accessory protein Nef45.

HLA-F expression is tightly regulated47, with restricted tissue expression35,40 and is 

predominantly localized to the endoplasmic reticulum. This indicates that HLA-F expression 

might serve as a marker for specific kinds of cell stress, such as endoplasmic reticulum 

stress. Similar to the phenomenon seen for MIC-A48,49, HLA-F can be a target for humoral 

immune responses, as was shown in one study that reported the presence of anti-HLA-F 

antibodies in the sera of cancer patients but not healthy controls41. Collectively, these studies 

underscore a critical role of HLA-F expression in human diseases, and our data 

demonstrating that KIR3DS1 recognizes HLA-F OCs uncovers a previously unknown 

mechanism of innate immune surveillance of stressed cells.

While KIR3DS1 binding to HLA-F expounds its widespread influence on human diseases, it 

does not fully explain the well-known association of KIR3DS1 to HIV-1 disease control 

described only for HLA-Bw4+ patients. Several studies have confirmed, however, that in the 

context of HIV-1 infection, presence of KIR3DS1 and KIR3DL1 together associate with 

decreased viremia, delayed progression to AIDS, and better in-vitro viral inhibition by NK 

cells in patient bearing HLA-B alleles with a Bw4 motif and an isoleucine at position 807,50. 

This protective compound genotype can be explained by independent but functionally 

synergistic effects of KIR3DS1–HLA-F and KIR3DL1–HLA-Bw4 interactions, the latter of 

which has independently been linked to delayed HIV-1 disease progression21. Of note, a 

single recent study demonstrated KIR3DS1 binding to HLA-B*57:01 presenting two HIV-1 

peptides that arose from an exhaustive screen of various viral peptide databases20. However, 

it is not clear whether this interaction has real functional consequences, or represents an 

exceptional case where a peptide can overcome KIR3DS1 mutations that normally abrogate 

HLA-Bw4 binding. Indeed, KIR3DS1 has been linked to many other human diseases 

without association to HLA-Bw49,12,15, suggesting that KIR3DS1 exerts disease modulatory 

effects independent of HLA-Bw4. KIR3DS1–HLA-F interactions between NK cells and 

pathologically altered target cells would incur the well-known innate function of NK cells to 

recognize and eliminate target cells expressing “stressed self” ligands. This is supported by 

our in vitro co-culture assay, which showed that NK cells singly expressing KIR3DS1 are 

more effective at suppressing HIV-1 replication in autologous CD4+ T cells as compared to 

KIR3DS1− NK cells. In addition, our data show that KIR3DS1–HLA-F interactions elicit 

NK-cell production of antiviral and pro-inflammatory cytokines such as IFN-γ, TNF, and 

MIP-1β, which would have pleiotropic effects on immune responses. Furthermore, 

KIR3DS1–HLA-F interactions between NK cells and activated CD4+ T cells would also 
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suggest a means of NK cell-mediated adaptive immune regulation. This notion is warranted 

by previous work in LCMV infection mouse models, which show that NK cells regulate 

adaptive immunity by killing activated CD4+ T cells, resulting in decreased 

immunopathology5. Thus, KIR3DS1 recognition of HLA-F OCs expressed on activated 

immune cells and/or infected target cells provides a mechanistic link between KIR3DS1 and 

HIV-1 disease progression, and will also have relevance for the pathogenesis of other 

infectious diseases, autoimmune disorders, and tumor immune-surveillance.

In conclusion, the novel interaction between the activating NK-cell receptor KIR3DS1 and 

HLA-F OCs described here uncovers a previously unknown mechanism of target cell 

recognition by NK cells. Further studies will be required to determine how KIR3DS1–HLA-

F interactions play a role in NK cell-mediated regulation of immunity and/or elimination of 

pathologically altered target cells. Each of the clinical diseases KIR3DS1 has been 

implicated in, including autoimmune disorders10, transplantation outcomes14,15, cancer 

development/clearance11–13, and viral infections6–9, offers a variety of prospects to exploit 

KIR3DS1 interactions with HLA-F therapeutically.

ON-LINE METHODS

Cell lines and antibodies

721.221 and Jurkat (clone E6.1; ATCC) cell lines (including transductants) were grown in 

RPMI-1640 supplemented with 10% fetal bovine serum (Sigma-Aldrich), 2 mM L-

glutamine (Gibco), 100 U/mL penicillin (Gibco), and 100 U/mL streptomycin (Gibco) at 

37°C/5% CO2. EBV-transformed B-cell lines (BCLs) were generated from peripheral blood 

mononuclear cells from donors bearing specific HLA genotypes; BCLs were also grown in 

the same media and conditions as 721.221 and Jurkat cells. All antibodies used for flow 

cytometry staining, blocking assays, and immunoblotting are tabulated in Supplementary 

Table 1.

KIR-Fc binding to HLA-I-coated beads

Classical HLA-I-coated beads used were LABScreen single HLA-I beads (One Lambda). 

This bead set contains 97 different classical HLA-I allotypes individually coated onto 

fluorescently barcoded beads. Classical HLA-I allotypes were grouped into the following 

categories: (i) HLA-A allotypes without a Bw4 motif (HLA-A), (ii) HLA-A and -B 

allotypes with a Bw4 motif and an isoleucine at position 80 (HLA-Bw4-I80), (iii) HLA-B 

allotypes with a Bw4 motif and a threonine at position 80 (HLA-Bw4-T80), (iv) HLA-B 

allotypes with a Bw6 motif (HLA-Bw6), (v) HLA-C alleles with a serine at position 77 and 

an asparagine at position 80 (HLA-C1), and (vi) HLA-C alleles with an asparagine at 

position 77 and a lysine at position 80 (HLA-C2). Acid pulsing of HLA-I-coated beads was 

performed by resuspending beads in 50 μL of 300 mM glycine (pH 2.4), incubating at room 

temperature for exactly 2 min, and washing three times with 1 mL of HBSS. Untreated and 

acid-pulsed beads were stained according to the manufacturer’s instructions with KIR-Fc 

constructs (R&D Systems) diluted in PBS to 200 μg/mL. Binding to beads was measured on 

a Bio-Plex 3D Suspension Array system using Luminex xMAP technology (Bio-Rad). To 

generate non-classical HLA-I-coated beads, biotinylated monomers of HLA-E+β2m
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+VMAPRTLVL, HLA-F+β2m, and HLA-G+β2m+KGPPAALTL were purchased from 

Immune Monitoring Lab at Fred Hutchinson Cancer Research Center, Seattle, WA, and 

loaded onto streptavidin-coated beads (Life Technologies). Acid pulsing was performed as 

before. Staining of KIR-Fc constructs (25 μg/mL) was performed for 45 min at 4°C while 

shaking. Beads were then washed and stained with goat anti-human IgG(Fc) F(ab’)2 

antibody for 30 min at 4°C while shaking (for antibody details, see Supplementary Table 1). 

Beads were subsequently washed and fixed with 4% paraformaldehyde in PBS (Affymetrix) 

before flow cytometric analysis.

Lentiviral transduction/transfection

Jurkat cells stably expressing genes of interest were generated via lentiviral transduction. 

Gene constructs were designed accordingly and ordered from GeneArt (Life Technologies). 

Constructs were cloned into a lentiviral transfer vector containing an SFFV promoter and 

IRES-driven puromycin resistance. This backbone vector was generated by cloning the 

SFFV promoter from pAPM51 into pLVX-EF1α-IRES-Puro (Clontech). HEK293T cells 

(ATCC) were transfected with a VSV-G envelope vector (pHEF-VSVG, obtained from NIH 

AIDS Reagent Program), HIV-1 gag-pol packaging vector (psPAX2, obtained from NIH 

AIDS Reagent Program), and the transfer vector of interest. Lentivirus-containing 

supernatants were harvested 3 d after transfection and used to transduce Jurkat cells, which 

were subsequently selected in 1 μg/mL puromycin and sorted for gene expression by 

fluorescence-activated cell sorting (FACS). 721.221 HLA transductants were previously 

generated by retroviral transduction or generated via lentiviral transduction for this study, 

with the exception of HLA-G-expressing 721.221 cells. β2m-knockout (β2m-KO) Jurkat 

cells were generated KIRζ Jurkat reporter cell lines. For this, Jurkat cells were stably 

transduced with S. pyogenes Cas9 (published in 52; Addgene plasmid # 52962) and selected 

in 5 μg/mL blasticidin S (Gibco). Jurkat-Cas9 cells were electroporated with a β2m-targeting 

gRNA CRISPR vector (published in 53) and sorted for loss of HLA expression. Jurkat-β2m-

KO cells were subsequently transduced with KIRζ chimeric constructs. KIRζ expression 

was confirmed by staining with anti-KIR3DS1/L1, anti-KIR3DL1, anti-KIR3DL2, and anti-

KIR2DL2/L3 antibodies.

KIRζ Jurkat reporter cell assay

KIRζ-Jurkat reporter cells were incubated with target cells at a reporter-target cell ratio of 

1:10 at 37°C/5% CO2 for 2–2.5 h for acid-pulse experiments or for 8 h for experiments 

where beads were used or acid pulsing was not a condition. For antibody blockade 

experiments, blocking antibodies used were pre-incubated with relevant cells (reporters or 

targets) for 30 min at 4°C before co-incubation of reporter and target cells; the antibodies 

remained during the co-incubation. After the co-incubation, cells were stained with anti-

CD3 and anti-CD69 antibodies (and in certain experiments with the corresponding anti-KIR 

antibodies) and CD69 expression of reporter cells relative to negative and positive controls 

was assessed and used as a measure of reporter activity.
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Primary human CD4+ T-cell isolation, stimulation, infection, and staining with KIR-Fc and 

HLA-F mRNA probes

CD4+ T cells were isolated from donor PBMCs by indirect magnetic labeling and negative 

selection, using the CD4+ T cell isolation kit II (Miltenyi) according to the manufacturer’s 

protocol. Stimulations were done differently depending on the experiment. Stimulations for 

immunoblot analyses were done with CD3/28 beads (Life Technologies) at a bead-to-cell 

ratio of 2:1 and culturing in supplemented RPMI with high-dose IL-2 (100 U/mL) for the 

indicated amounts of time. Stimulations for flow cytometry-based fluorescent in situ 

hybridization were done with phorbol 12-myristate 13-acetate (12.5 ng/mL) and ionocymin 

(0.335 μM) (Cell Stimulation Cocktail used at 0.25X; eBioscience) for the indicated 

amounts of time. Stimulations for KIR-Fc staining and HIV-1 infection were done for the 

indicated amounts of time in supplemented RPMI with high-dose IL-2 (100 U/mL) on non-

tissue culture-treated flat-bottom 48-well plates previously pre-coated with anti-CD3 

(OKT3) and anti-CD28 antibodies each at 10 μg/mL. HIV-1 infection was done by 

resuspending ~1 × 106 activated CD4+ T cells in 1 mL of supplemented RPMI containing 

100 U/mL of IL-2 and adding 1 × 105 TCID50 of replication-competent HIV-1 NL4-3. Cell 

were immediately spinfected (centrifuging for 2 h at 1,500 × g at 37°C) and incubated at 

37°C/5% CO2 for 72 h to allow for viral replication, at which time cells were stained and 

analyzed by flow cytometry. For KIR-Fc staining of cells, cells were first stained with LIVE/

DEAD® Fixable Blue Dead Cell Staining Kit (Life Technologies) following manufacturer’s 

instructions, and then stained with 25 μg/mL of KIR3DS1-Fc for 45 min at 4°C while 

shaking, after which the cells were washed and stained with anti-CD3, anti-CD4, anti-pan-

HLA-I complex, anti-tetherin, and goat anti-human IgG(Fc) F(ab’)2 antibodies for 30 min at 

4°C while shaking. Cells were subsequently washed and subjected to fixation and 

permeabilization with the FIX & PERM ® Cell Fixation and Cell Permeabilization Kit (Life 

Technologies) to stain with anti-HIV-1 p24 antibody. Cells were subsequently washed and 

resuspended in PBS, except in assays where fixation and permeabilizationn was not done, in 

which case cells were fixed with 4% paraformaldehyde in PBS (Affymetrix) before flow 

cytometric analysis. Fluorescent in situ hybdridization was done with the PrimeFlow™ RNA 

Assay from Affymetrix with custom designed HLA-F mRNA specific probes following 

manufacturer’s intructions. Flow cytometric analyses of samples were performed on a BD 

LSRFortessa.

Immunoblot analysis

2 × 106 Cells were lysed in 100 μL of lysis buffer (20 mM Tris·HCl, 100 mM NaCl, 1 mM 

EDTA, 0.5% Triton X-100, pH 8.0, all reagents from Sigma-Aldrich) containing 1X Halt™ 

protease and phosphatase inhibitor cocktail (Life Technologies). Nuclei were pelleted 

supernatants containing cytoplasmic and plasma membrane proteins were collected. Lysates 

were treated with Endo Hf (New England Biolabs), PNGase F (New England Biolabs), or 

mock treated according to manufacturer’s instructions. Reaction products were denatured 

and reduced, and run on NuPAGE Novex 4–12% Bis-Tris protein gels (Life Technologies). 

Gel products were transferred over to a PVDF membrane, and dual immunoblotting was 

done with mouse anti-β-actin and rabbit anti-HLA-F primary antibodies and IRDye 800CW 

goat anti-mouse IgG(H+L) and IRDye 680RD goat anti-rabbit IgG(H+L) secondary 
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antibodies. The blots were visualized using an Odyssey imaging system (LI-COR) and 

images were analyzed using Image Studio 3.1 software (LI-COR).

Surface Plasmon Resonance (SPR)

SPR measurements were conducted in HBS-EP buffer using a Biacore 3000 system (Biacore 

AB). To assess binding of various KIR-Fc constructs to HLA-F open conformers, 

biotinylated HLA-F monomers were immobilized onto a SA (streptavidin) sensor chip (GE 

Healthcare) to approximately 1000 response units (RU). A blank flow cell with no 

immobilized ligand was used as a reference flow cell. Injections of 60 μL of KIR-Fc 

constructs diluted in PBS to the indicated concentrations were performed at a flow rate of 20 

μL/min, with a subsequent 10 min run of buffer to allow sufficient dissociation. 

Regeneration after each injection was done with two pulses of 100 μL of 10 mM 

glycine·HCl, pH 2.5, at a flow rate of 100 μL/min. Raw sensograms were corrected by 

double referencing (subtracting from the reference flow cell response and from PBS 

injection response). All experiments were done at standard temperature (25°C).

Generation of primary NK-cell clones

Primary human NK cells isolated from peripheral blood mononuclear cells (PBMCs) of 

healthy human donors were subcloned by limiting dilution in two manners. For the HIV-1 

replication inhibition assay, NK cells were subcloned in the presence of feeders and 

maintained in NK-cell cloning medium consisting of supplement RPMI additionally 

supplemented with 5% human serum (Sigma-Aldrich), 1X MEM-NEAA (Gibco), 1X 

sodium pyruvate (Gibco), 100 μg/mL kanamycin, 450 U/mL IL-2 (AIDS Reagent Program, 

NIH) using a protocol adapted from a previously reported method54. Briefly, NK cells were 

isolated from peripheral blood mononuclear cells (PBMCs) from a 

KIR3DS1+/+(homozygous) donor via magnetic negative selection (NK-cell isolation kit 

from Miltenyi), added to a mix of irradiated feeders consisting of freshly isolated allogeneic 

(PBMCs) combined with log-phase-growth RPMI 8866 cells (Sigma-Aldrich) at a 10:1 ratio 

in cloning medium containing 1 μg/mL phytohaemagglutinin (PHA; Fisher) and mixed 

thoroughly before plating at 100 μL/well (1 NK cell/well) in 96-well plates and incubated 

for 14 days at 37°C/5% CO2. After 14 days, wells that had outgrowth of cells were 

transferred to 48-well plates and maintained in NK-cell medium with frequent media 

exchange (approximately every 3 days). For plate-bound ligand assays, NK cells were 

subcloned in the presence of irradiated K562 cells expressing mbIL-15 and CD137L (kind 

gift from Dario Campana, published in 55) and modified NK-cell cloning media consisting 

of RPMI supplemented with 15% fetal bovine serum (Sigma-Aldrich), 5% human serum 

(Sigma-Aldrich), 2 mM L-glutamine (Gibco), 1X MEM-NEAA (Gibco), 1X sodium 

pyruvate (Gibco), 100 μg/mL Primocin™ (Invivogen), 500 U/mL IL-2 (AIDS Reagent 

Program, NIH), with the addition of the following four cytokines to supplant the need for 

PBMC feeders: 5 ng/mL IL-15 (Peprotech), 10 ng/mL IL-12 (Peprotech), 40 ng/mL IL-18 

(Peprotech), and 20 ng/mL IL-21 (Peprotech). NK-cell clones that grew out were continually 

cultured in modified NK-cell cloning media without additional cytokines. Cells were stained 

with the following antibodies for flow cytometric phenotyping: anti-CD3, anti-CD56, anti-

CD16, anti-NKG2A, anti-LILRB1, anti-KIR3DS1/L1, anti-KIR2D1/S1, and anti-
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KIR2DL2/L3. Only NK-cell clones that were CD3−CD56+LILRB1− were used for 

subsequent assays to ensure proper functionality.

NK-cell degranulation and intracellular cytokine staining assay

Non-tissue culture-treated flat-bottom 96-well plates were coated overnight at 4°C with 50 

μL the following ligands diluted in PBS: 1 mg/mL human γ-globulins (Thermo Scientific), 1 

μg/mL of anti-KIR3DS1/L1, 10 μg/mL of HLA-E, -F, or -G monomer, or 0.5% bovine 

serum albumin (Miltenyi). ~1 × 104 NK cells in 100 μL of supplemented RPMI containing 

1.5 μL of anti-CD107a antibody and 5 μg/mL brefeldin A (Biolegend) and in the presence of 

anti-KIR3DS1/L1 antibody or isotype control (mIgG1) antibodies (25 μg/mL each) were 

seeded onto ligand-coated plate wells. After a 5-h incubation at 37°C/5% CO2, cells were 

first stained with LIVE/DEAD® Fixable Blue Dead Cell Staining Kit (Life Technologies) 

following manufacturer’s instructions, and then stained with anti-CD56 and anti-CD16 

antibodies for 15 min at 4°C. Cells were then fixed with BD Cytofix/Cytoperm solution (BD 

Biosciences) and permeabilized with BD Perm/Wash solution (BD Biosciences), after which 

intracellular cytokine staining was carried out using the following antibodies: anti-IFN-γ, 

anti-TNF-α, and anti-MIP-1β. After washing, flow cytometric analysis was performed on a 

BD LSRFortessa.

NK-cell co-incubation with HIV-1–infected autologous CD4+ T cells

PBMCs from the same donor from which NK-cell clones were generated were thawed and 

CD4+ T cells were enriched via magnetic negative selection with the EasySep™ Human 

CD4+ T Cell Enrichment Kit (StemCell). CD4+ T cells were cultured overnight in 

supplemented RPMI containing 50 U/mL of IL-2 and 1 μg/mL PHA. The next day, cells 

were washed and resuspended at 1 × 106 cells/mL in supplemented RPMI containing 50 

U/mL of IL-2. HIV-1 JR-CSF was added to a final concentration of 1 × 104 TCID50/mL, and 

cells were incubated for 4 h at 37°C/5% CO2. Afterwards, infected CD4+ T cells were 

washed, resuspended in NK cell medium, and plated in a round-bottom 96-well plate at 5 × 

104 cells/well. NK-cell clones from the same donor were added to individuals wells at 1.25 

× 105 cells/well (NK-to-CD4+ T cell ratio = 2.5:1). Cells were co-cultured for 7 days, after 

which surface staining with anti-CD3 and anti-CD4 and intracellular staining with anti-

HIV-1 p24 was performed for flow cytometric assessment.

Human Samples and Viruses

Frozen peripheral blood mononuclear cells (PBMCs) from healthy donors, which gave 

informed consent, were used in this study in accordance to protocols approved by Partners 

Human Research Committee and Institutional Review Board of Massachusetts General 

Hospital. HLA/KIR genotypes of selected human samples were determined prior to this 

study by high-resolution HLA typing performed at the HLA-typing laboratory of the 

National Cancer Institute, National Institutes of Health, and Sanger Sequencing-based KIR 

genotyping performed by Mary Carrington’s laboratory. Human donor samples were either 

completely anonymous or chosen based solely on KIR/HLA genotype. HIV-1 NL4-3 and 

HIV-1 JR-CSF were purchased from the Virology Core of the Ragon Institute of MGH, 

MIT, and Harvard, and are quality controlled for infectivity and titered on stimulated human 

PBMCs by standard endpoint TCID50 assay.
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Data Acquisition and Analysis

Flow cytometry data were analyzed using FlowJo software version 7.6 (Tree Star) and 

statistical analyses were performed using GraphPad Prism 6 (GraphPad Software). KIR-Fc 

binding and CD69 reporter cell expression values are shown as mean values with error bars 

representing one standard deviation (SD). SPR data was analyzed using BIAevaluation 

Software (GE Healthcare); given the dimeric nature of the KIR-Fc analyte, the bivalent 

analyte model was used to obtain proper fit of kinetic curves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

KIR-Fc binding to beads coated with classical and non-classical HLA-I proteins. (a, b) 

Binding of KIR-Fc constructs to untreated (complex) versus acid-pulsed (open conformer; 

OC) beads coated with classical HLA-I allotypes (in a); HLA-E, -F, or -G (in b); or nothing 

(negative control beads; red star) was measured and reported as median fluorescence 

intensity (MdFI). Each dot indicates a single HLA-I allotype, and color coding is used in a 

to indicate HLA-I allotype grouping (see legend and On-line Methods for further details). (c) 

Flow cytometry histograms showing KIR3DS1-Fc (25 μg/mL) binding to untreated HLA-E, 

-F-, and -G-coated beads as plotted in b; NC denotes negative control beads. Data in a are 

representative of three technical replicates and two independent experiments; b is 

representative of two independent experiments.
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Figure 2. 

Surface plasmon resonance of KIR binding to HLA-F OCs and functional triggering of 

KIR3DS1 on reporter cell lines by HLA-F OCs. (a) Each panel represents sensograms of the 

indicated KIR-Fc constructs at the indicated concentrations flowed over immobilized HLA-

F OCs. Legend on left applies to first panel, while legend on right applies to three right 

panels. (b) Reporter activity of untransduced, KIR3DL1ζ, KIR3DS1hiζ, and KIR3DL2ζ 
Jurkat cells co-incubated with untreated (black bars) or acid-pulsed (gray bars) cell lines was 

measured as percentage of CD69hi Jurkat cells. Target cell lines were HLA-Bw4− BCL, 

721.221 cells, and Jurkat cells; NT signifies no targets. (c) Reporter activity of untransduced 

(UT), KIR3DL1ζ, KIR3DS1hiζ, and KIR3DL2ζ Jurkat cells co-incubated with untreated or 

acid-pulsed HLA-Bw4− BCL was measured as percentage of CD69hi Jurkat cells after 

controlling for KIRζ expression by flow cytometry; NT signifies no targets. (d) Reporter 

activity of untransduced (UT), KIR3DL1ζ, and KIR3DS1hiζ Jurkat cells co-incubated with 

acid-pulsed HLA-Bw4− BCLs in the presence of the indicated anti-KIR or anti-HLA-I 

antibodies (25 μg/mL each) was measured as percentage of CD69hi Jurkat cells. Blocking 

antibodies used (clone and specificity) are the following: Z27, anti-KIR3DS1/L1 antibody; 

DX9, anti-KIR3DL1 antibody; HC10, anti-HLA-I OC antibody; HCA2, anti-HLA-I OC 

antibody; W6/32, anti-pan-HLA-I complex antibody. Data in a shows three technical 
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replicates and is representative of two independent experiments; b shows pooled data from 

three independent experiments; c shows three technical replicates; d shows technical 

duplicates and is representative of three independent experiments; b, c, and d show mean ± 

s.d.
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Figure 3. 

HLA-F OCs trigger degranulation and antiviral cytokine production in primary NK cells via 

KIR3DS1. (a, b) NK-cell degranulation and cytokine production in KIR3DS1+ (red dots and 

lines) and KIR3DS1− NKCLs (black dots and lines) seeded onto well plates coated with 

irrelevant protein (negative control; NC), human IgG (hIgG), anti-KIR3DS1/L1 antibody 

(anti-KIR3DS1), or monomers of HLA-E, -F, or –G was measured as percentage of 

CD107a+ cells (in a) and percentages of IFN-γ+, TNF-α+, and MIP-1β+ cells (in b). For 

each plate-bound ligand condition, antibody-mediated blockade was performed by 

incubating NKCLs in the presence of mouse IgG1 isotype control antibody (iso) or soluble 

anti-KIR3DS1/L1 antibody (+α-3DS1) (25 μg/mL each); each line connects a single NKCL 

in each blocking condition. For each plate-bound ligand and marker in a and b, a one-way 

ANOVA with Bonferroni multiple comparisons test comparing select columns was 

performed, and all statistically significant differences are presented (*, **, ***, and **** 

denotes, p < 0.05, < 0.01, < 0.001, and < 0.0001, respectively). Each graph in a and b show 

four biological replicated for KIR3DS1+ and KIR3DS1− for each condition, and is 

representative of two independent experiments.
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Figure 4. 

Activated CD4+ T cells express HLA-F on the cell surface and bind KIR3DS1-Fc. (a) 

Reducing-denaturing SDS-PAGE and immunoblotting (IB) for HLA-F and β-actin (loading 

control) was performed on cell lysates of purified CD4+ T cells unstimulated (Unstim) or 

stimulated (Stim) that underwent Endo H, PNGase F, or mock digestion. Stimulation 

consisted of high-dose IL-2 and CD3/28 beads for 14 d. (b) Fluorescent in situ hybridization 

and flow cytometric assessment of HLA-F mRNA levels in unstimulated (Unstim) or 

stimulated (Stim) CD4+ T cells. Stimulation consisted of 24-h treatment with PMA and 

ionomycin. (c, d) KIR3DS1-Fc staining of purified CD4+ T cells from four donors 

unstimulated (Unstim) or stimulated (Stim) with high-dose IL-2 and CD3/28 beads for 6 d. 

Staining with secondary antibody alone (2° only) was done as a control. Flow histograms 

from a representative donor are shown in c, and aggregate data are plotted in d. HLA-B 

types of four donors were the following: B*08:01/B*18:01, B*08:01/B*14:02, B*44:02/

B*44:02, and B*27:05/B*57:01. Paired t test was performed for unstimulated versus 

stimulated CD4+ T cells (* denotes p < 0.001). Data in a are representative of two 

independent experiments; b is representative of four independent experiments; d shows four 

donors.
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Figure 5. 

Effect of HIV-1 infection on HLA-F expression, KIR3DS1-Fc binding, and suppression of 

HIV-1 replication in infected CD4+ T cells by KIR3DS1+ NK cells. (a, b) Staining of 

KIR3DS1-Fc (25 μg/mL) was measured on CD4+ T cells that were treated with high-dose 

IL-2 (+IL-2), stimulated with high-dose IL-2 + anti-CD3 + anti-CD28 (Stim), or stimulated 

and infected with HIV-1. HIV-1-infected CD4+ T cells that were p24loCD4+HLA-I+tetherin+ 

and p24hiCD4loHLA-Ilotetherinlo were classified as ‘early’ HIV-1 infected (early HIV-1) and 

‘late’ HIV-1 infected (late HIV-1), respectively. Staining with secondary antibody alone (2° 

only) was done as a control. Representative donor staining is shown in a, and aggregate data 

showing background-subtracted median fluorescence intensity (bsMdFI) is shown in b. (c) 

HLA-F mRNA levels in CD4+ T cells that were stimulated with high-dose IL-2 and CD3/28 

beads (Stim) or stimulated and infected with HIV-1 (HIV-1) were measured by fluorescent 

in situ hybridization; NC indicates negative control probe. (d, e) Percentage of HIV-1 p24+ 

CD4+ T cells was measured in wells with HIV-1-infected CD4+ T cell alone or co-cultured 

with autologous KIR3DS1+ or KIR3DS1− NKCLs for 7 d. Representative flow cytometry 

plots are presented in e and aggregate results are presented d. For b and d, one-way ANOVA 

with Tukey multiple comparisons test comparing all columns was performed (* and ** 

denote p < 0.05 and p < 0.01, respectively). Data in b show five donors; c is representative of 

two independent experiments.
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Table 1

Kinetic values of KIR binding to HLA-F OCs as determined by surface plasmon resonance. All values 

represent monomeric interaction kinetic values calculated from the ‘bivalent analyte’ fitting model on 

BIAevaluation software and are presented as mean ± s.e.m. Asterisk (*) indicates there was no binding 

detected at highest tested concentration (0.5 μM) of KIR-Fc. Kinetic constants: ka, association rate constant 

(a.k.a. on-rate); kd, dissociation rate constant (a.k.a. off-rate); KD, equilibrium dissociation constant.

Constant ka (M−1s−1) (×104) kd (s−1) (×10−4) KD (nM)

KIR3DL1 4.40 ± 0.04 69.1 ± 0.9 157 ± 2

KIR3DS1 2.84 ± 0.02 7.0 ± 0.3 25 ± 1

KIR3DL2 4.30 ± 0.02 50.8 ± 0.4 118 ± 1

KIR2DL3 –* –* –*

KIR2DS4 –* –* –*
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