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ABSTRACT 

 

MHC-E, a non-classical MHC molecule, restricted CD8 T-cell responses have been associated with protection in 

an SIV/rhesus macaque model. The biological relevance of HLA-E restricted CD8 T-cell responses in HIV 

infection however remains unknown. In this study, CD8 T cells responding to HIV-1 Gag peptides presented by 

HLA-E were analyzed. Using in-vitro assays, we observed HLA-E restricted T-cell responses to what we believe 

to be a newly identified subdominant Gag-KL9 as well as a well-described immuno-dominant Gag-KF11 epitope 

in T-cell lines derived from chronically HIV-infected patients and also primed from healthy donors. Blocking of 

the HLA-E/KF11 binding by the B7 signal peptide resulted in decreased CD8 T-cell responses. KF11 presented 

via HLA-E in HIV infected cells was recognized by antigen specific CD8 T cells. Importantly, bulk CD8 T cells 

obtained from HIV infected individuals recognized infected cells via HLA-E presentation. Ex-vivo analyses at 

the epitope level showed a higher responder frequency of HLA-E restricted responses to KF11 compared to KL9. 

Taken together, our findings of HLA-E restricted HIV specific immune responses offer intriguing and possibly 

paradigm shifting insights into factors that contribute to the immuno-dominance of CD8 T-cell responses in HIV 

infection. 

 

 

 

 

 

  



INTRODUCTION: 

There is compelling evidence that effector CD8 cytotoxic T lymphocytes (CTLs) play a pivotal role in the control 

of HIV infection (1-3). The paradigm for CTL recognition is via pathogen derived peptides presented by classical 

major histocompatibility complex class I (MHC-Ia in general or human leukocyte antigen class I (HLA-Ia) in 

humans) on the surface of infected cells. The extreme polymorphism of the HLA-Ia genes (4), the propensity of 

HIV to mutate to escape immune responses and a remarkably diverse viral peptidome of infected cells together 

pose a significant hurdle for the design of a universally efficacious HIV vaccine. In contrast, HLA-E, a non-

classical MHC class Ib allele with only two major subtypes i.e. 01:01 and 01:03 has a strong preference for 

monomorphic HLA-I leader sequence peptides (5). HLA-E is ubiquitously expressed at high levels on immune 

cells in various tissue compartments (5, 6)  and plays a dual role in regulating lymphocyte activity due to its 

potential of inhibiting nature killer (NK) and activating αβ CD8 T-cell responses (7). In fact, this allele was first 

described as the ligand of CD94/NKG2 receptors on NK cells and through interaction with the inhibitory NKG2A 

receptor, induced NK-mediated immune tolerance (8).  

Although HLA-E is known to be stabilized on the surface of cells by the leader/signal sequences of HLA-Ia alleles 

(9), under conditions of stress, such as a pathogenic infection (viral and bacterial), it presents a broad array of 

pathogen derived peptides that can activate αβ CD8 T cells (5). Peptide loading onto HLA-Ib molecules, i.e. 

HLA-E utilizes TAP-dependent and independent mechanisms (10). In a TAP deficient environment (viral 

infection/tumor), loading of the canonical leader peptide sequence is hindered (11) leading to a large (>500) HLA-

E bound peptide repertoire. Identification of HLA-E restricted CD8 effector T-cell responses against 

cytomegalovirus (CMV) (12-17), hepatitis C virus (HCV) (18), Epstein-Barr virus (EBV) (19), and recently 

hepatitis B virus (HBV) (20) points to the existence of a subset of human CD8 T cells that can sense pathogen 

with their TCRs in the context of HLA-E. Recognition of TCR by peptide (CMV-UL40) presented via HLA-E 

was first recognized in studies using NK-CTL clones (21, 22). In these instances, HLA-E presented a viral 

immunogen with homology to leader sequence peptide. Peptides presented through this allele can also stimulate 

αβ TCR of CD8 T cells in response to a variety of bacterial pathogens, including Salmonella typhii, and M. 



tuberculosis (Mtb) (5, 23-25). Salmonella specific responses (26) were long lasting suggesting HLA-E restricted 

CD8 T cells can develop into memory and protect against typhoid fever (27). Recognition of CMV and Salmonella 

typhi induced production of IFN- and lysis of target cells by granule-dependent pathways (15, 26) whereas CD8 

T cells stimulated in-vitro by several Mtb peptides presented by HLA-E may have regulatory roles (25, 28). Thus 

HLA-E restricted CD8 T cells can exert important immunoregulatory functions.  

In the context of simian immunodeficiency virus (SIV), work from the Louis Picker’s group highlighted 

unrecognized flexibility in CD8 T-cell responses and suggested that the current paradigms about immune-

dominance and epitope selections are not absolute (29, 30). This group showed that vaccinating rhesus macaques 

with strain 68-1 based RhCMV/SIV vector resulted in stringent control and clearance of a highly pathogenic 

SIVmac239 challenge in about 50% of the animals (31, 32).  This protection correlated with unconventional, 

broadly targeted Mamu-E restricted SIV specific CD8 T-cell responses (30) that largely non-overlapped with 

conventional MHC-Ia restricted CD8 T cells. Thus, attenuated CMV strain 68-1 vector inducing HLA-E restricted 

SIV specific CD8 T cells brings additional effector mechanisms to consider for eliminating virus-infected CD4 T 

cells in HIV infection.  

The unprecedented protection in macaques vaccinated by persistent RhCMV vectors (33) has prompted interest 

in whether HIV-1 can be recognized by human CD8 T cells in the context of HLA-E. Mamu-E and HLA-E are 

related proteins. Since the Mamu-E gene is highly conserved in both New and Old World primates, it is possible 

that HLA-E retains the structural and functional potential to be targeted by substantial adaptive T-cell responses 

after HIV-1 infection (34). Furthermore, recent data on surface upregulation of HLA-E in viral infections (20, 30, 

35) suggests that HLA-E restricted HIV specific CD8 T-cell responses may play an important role in CD8 T-cell 

surveillance. Despite these potential benefits, targeting of HLA-E restricted HIV specific CD8 T cells in HIV 

infection and characterizing their functionality has not been addressed before. Furthermore, how such responses 

compare with those elicited towards HLA-Ia restricted epitopes remains unknown. 

Recent studies aimed to identify potential HLA-E restricted epitopes in a conserved HIV-1 vaccine immunogen 

based on binding predictions and assays (36, 37) but HLA-E restricted HIV specific CD8 T cells have not yet 



been reported. In this study, we sought to determine the extent of targeting and functionality of HLA-E restricted 

CD8 T cells during HIV infection and how these responses compare to classic HLA-Ia allele restricted CD8 T 

cells. Both ex-vivo and in-vitro assays demonstrated that HLA-E restricted CD8 T cells have poly-functional 

effector profiles including secretion of cytotoxic molecules and an ability to inhibit NL4.3 replication in-vitro. 

HLA-E restricted CD8 T cells almost invariably recognize peptides presented by HLA-Ia alleles and exclusive 

HLA-E restricted CD8 T-cell responses were infrequently observed. Thus, HLA-E restricted CD8 T cells most 

likely represent a subpopulation of polyclonal HLA-Ia-restricted cells and highlight a previously unexplored 

source of adaptive immune responses. 

 

 

 

 

 

 

  



RESULTS:  

a) Determining HLA-Ia and HLA-E restriction of two HIV-1 Gag epitopes. In-vitro priming of HIV specific 

CD8 T cell responses from HIV naive individuals is commonly used to identify subdominant responses. By in-

vitro priming of CD8 T cells obtained from two HIV seronegative donors with HIV-1 Gag overlapping peptides 

or (OLP) in long-term cultures, we identified a subdominant effector response for OLP 7954/7955 

(Supplementary Table 1). Gag OLP 7954/7955 encompass DCKTILKALGPAATL (aa 329-

343)/ILKALGPAATLEEMM (aa 333-347), respectively. Using PBMCs and nested peptides (10 µg/ml) 

progressively truncated by a single amino acid (AA) from the N- or C- termini of the OLP-7954 in an IFN- 

ELISpot assay, we identified a 9 mer KL9, in individuals who express HLA-A*02 or HLA-B*57. Based on 

NetMHC predictions of peptide-HLA binding (http://www.cbs.dtu.dk/services/NetMHC/), IC50 for KL9 binding 

HLA-B*57:01 and A*02:01 were 226 nM and 4684 nM respectively indicating that KL9 could be restricted by 

more than one class Ia allele.  

We next determined whether KL9 specific CD8 T cells can be elicited in chronic HIV infection and whether these 

are  HLA-B*57:01 and A*02:01 restricted. Antigen specific CD8 T cells were preferentially expanded by long-

term culture (7 to 12 days) using 10 µg/ml KL9-pulsed autologous adherent monocytes. While doing HLA-I 

restriction studies using parental 721.221 cells (HLA-Ia null) and its derivative single HLA-B*57:01 and A*02:01 

allele expressing transductants, we were surprised to find peptide-specific reactivities from the 721.221 which 

suggested an alternative HIV antigen presentation mechanism, perhaps one that is mediated by non-classical 

HLA-Ib molecules. We, therefore, performed peptide binding stabilization assays of HLA-E and KL9 and our 

data showed that KL9 could bind to HLA-E*01:01 (Supplementary Figure 1A), although not as strong of a 

binder as B7 signal peptide (B7sp). 

Therefore, to determine HLA-Ia/b restriction, the functionality of KL9 specific CD8 T cell lines was assessed 

after stimulating these cells for 6 hrs. with 10 µg/ml peptide pulsed target APC lines (221.B*57:01 or 221.AEH) 

that expressed HLA-B*57:01 or HLA-E*01:01, respectively. Representative data are shown for KL9 response 

restricted by HLA-B*57 and HLA-E (Figure 1A). CHI-7 exhibited a higher CD107a/IFN- expression in 



response to KL9 presented by HLA-E expressing antigen presenting cells (221.AEH), compared to when KL9 

was presented in the context of HLA-B*57 to CD8 T cells. These data suggested that KL9 can be dually restricted 

by HLA class Ia/b alleles.  

Since KL9, a subdominant epitope could be presented in the context of both HLA-E and HLA-B*57 allele, we 

next sought to determine whether a well-described B*57 restricted epitope could also be presented by HLA-E. 

We selected KF-11 as a model epitope due to its high immunogenicity in chronic HIV infection and its ability to 

bind to HLA-E*01:01 (Supplementary Figure 1B). We analyzed the functionality of CD8 T-cell responses 

specific for KL9 and KF11 presented by HLA-Ia/1b alleles in 20 PBMC samples from chronically HIV infected 

individuals (CHI). HLA-Ia/b genotype and clinical characteristics of the study cohort are shown in 

Supplementary Table 2. Representative data are shown for KF11 response restricted by HLA-B*57 and HLA-

E (Figure 1B). In this individual, KF11 response restricted by both HLA-Ia (B*57:01) and Ib (HLA-E*01:01) 

alleles showed CD107a /IFN- production as a functional response. Summary of data from all 20 CHI tested 

indicating %CD8 T cells in response to both KL9 and KF11 peptides when presented by either B*57 or HLA-E 

allele is shown in Figure 1C. These data show that both KL9 and KF11 peptides can be dually presented by HLA 

Ia and Ib alleles. For either epitope, the frequency of positive responders was similar regardless of HLA-I allele 

restriction. However, a higher frequency was observed when a KF11 was presented by HLA-B*57 compared to 

HLA-E presentation (p=0.009, Figure 1C). When responses that were positive to both HLA-E/B*57 mediated 

presentation of KF11 were compared in a pairwise manner within each individual, B*57 restricted responses were 

still higher than those specific for HLA-E (p= 0.02, Figure 1D). 

Details of responder frequency and magnitude of both epitope specific responses are shown in Supplementary 

Table 3. For KL9, we observed very few responses. They were either unique to B*57 allele (CHI-2 and 21) or 

HLA-E*01 (CHI-7) except for one dually restricted response was seen in CHI-10. In contrast, B*57-KF11 

responses were observed in 11/19 (58%) samples tested and nearly two thirds of these were dual HLA-I a/b 

restricted (7/11, 64%, Supplementary Table 3). Overall, unique HLA-E restricted CD8 T-cell responses were 



observed in only CHI-17 and 18.  In summary, unique HLA-E restricted responses were only seen in 3/20 (15%) 

whereas dually restricted responses were observed in 8/20 (40%) individuals tested.  

PBMCs stimulated with KL9 or KF11 (10 µg/ml) elicited CD8 T cells with multi-functional profile as manifested 

by dual production of CD107a/b with IFN-, IL-2, TNF-α, and MIP-1β (Supplementary Figure 2). As compared 

to the KF-11 stimulation, KL9 responses were either lower (Supplementary Figure 2A and B) or similar in 

frequency (Supplementary Figure 2C).  

b) Generation of a panel of cell lines to discriminate between classical HLA class 1a- and E-restricted CD8 

T-cell responses. A prior study showed that monomorphic leader peptides from HLA class I molecules are 

perfectly suited for tight and deep binding into the HLA-E groove (11). In contrast, pathogen-derived antigens 

presented by HLA-E under a TAP-deficient environment adopt different conformation, docking more 

superficially into the groove. Our data from binding stabilization assays show that both KL9 and KF11 can bind 

HLA-E*01:01 (Supplementary Figure 1). However, due to the low HLA binding affinities of the KL9 or KF11 

peptides for HLA-E and/or peptide stabilization, we were unable to construct stable HIV-1 peptide specific HLA-

E tetramers for either peptide. To circumvent this issue and to discriminate between classical HLA class Ia- and 

HLA-E restricted T cells, we first disrupted HLA-E expression in 721.221 cell line using CRISPR/Cas9 system. 

We obtained seven HLA-E knock out (KO) clones that were verified by genotyping and based on these data, clone 

41A3 was used in follow up studies. A heterozygous deletion in the HLA-E allele in this clone resulted in a loss 

of function, which was confirmed by a lack of surface HLA-E expression as assessed by staining with HLA-E 

mAbs 3D12 and 4D12 (which binds to empty HLA-E). Next, individual class Ia (HLA-A*02:01, HLA-B*57:01, 

HLA-B*57:03), HLA-E*01:01, or HLA-E*01:03 were singly transduced into 41A3 clone generating a total of 5 

target cell lines, each expressing only a single aforementioned HLA class I allele. This approach facilitated the 

discrimination between classical or non-classical class I-restricted responses. Supplementary Figure 3 shows 

the surface expression of HLA -Ia (A*02:01 and B*57) or HLA-Ib (E*01 and F) transductants in the 41A3 clone.  

c) HLA-E*01 restricted KF11 specific responses are mediated by CD94‒ CD8+ T cells. It is well known that 

NK/NKT cells recognize HLA-E bound peptide via their CD94/NKG2 receptors (38). To confirm that the 



responses observed in our assays are due to CD8 T cells, we performed the following assay. In-vitro cultured 

CD8 T cells from four HIV infected individuals (CHI-2, CHI-4, CHI-12, and CHI-24) were tested for KF11-

specific responses with 10 µg/ml peptide-pulsed 221ΔE.E*01:01, 221ΔE.E*01:03 and 221ΔE.B*57:03 target cells. 

In these 4 separate patients, KF11 was recognized in the context of HLA-E*01:01 or HLA-B*57:03 by CD94
-
 

non-NK/NKT CD8+ T cells (Figure 2A). HLA-E restriction was validated in one patient (CHI-24) by using two 

different blocking strategies (Figure 2B) i.e. by using B7sp and the anti-HLA-E monoclonal antibody 3D12. 

KF11-specific activation (IFN- production) in the context of HLA-E*01:03 but not HLA-B*57:03 was blocked 

using both approaches.  

d) HLA-E mediated KF11 peptide presentation in NL4.3-infected cells. Although data from the prior 

experiments demonstrated that HIV peptides could be presented exogenously by HLA-E, the question remained 

whether this peptide could be loaded onto nascent HLA-E within an infected cell. To address this question, we 

first transduced CD4 co-receptor into each of the six cell lines generated (Supplementary Figure 3) to render 

them HIV-permissive. The surface expression of CD4 was confirmed on 221ΔE.CD4, 221ΔE.E*01:01.CD4, 

221ΔE.E*01:03.CD4, and 221ΔE.B*57:01.CD4 cell lines (Figure 3A). We next determined whether these cell lines 

support permissive HIV-1 infection. We observed an increased frequency of intracellular Gag-p24 staining in a 

representative NL4-3-infected cell line (221ΔE.CD4) over 96 hrs. post infection (Figure 3B). We then determined 

whether CD8 T cells could recognize the KF11 peptide presented by infecting target cells with NL4-3 virus for 

48 hrs. and coculturing them with CD8 T cells at 1:1 effector: target cell (E:T) ratio. KF11 (10 µg/ml) pulsed 

target cells were used as positive controls while 221ΔE.CD4 cells (no KF11-pulse or NL4-3-infected) alone served 

as negative controls. Cultured CD8 T cells from two HIV infected individuals degranulated after incubation with 

NL4-3-infected 221ΔE.E*01:01.CD4, 221ΔE.E*01:03.CD4, or 221ΔE.B*57:01.CD4 target cells over the negative 

control (221ΔE.CD4 target cells) (Figure 3C). These data demonstrate that KF11 could be processed 

endogenously and loaded onto HLA-E.  

e) HLA-E restricted responses are readily detected using PBMCs taken ex vivo from HIV infected 

individuals. In-vitro assays indicated that HLA-E specific responses can be detected after long-term enrichment 



or expansion of antigen specific CD8 T cells. However as long-term culturing can impact T-cell phenotype and 

function (39), we wanted to more closely mimic an in-vivo setting. Thus, we performed ex-vivo assays to 

determine whether HLA-E responses can be readily identified.  

To identify KL9 and KF11 responders, we used PBMCs from HIV infected individuals who expressed HLA-

A*02 (N=36), B*57 (N=13), or both alleles (N=7) and stimulated them with 10 µg/ml KL9 and KF11 peptides 

in an overnight IFN- ELIspot assay. Individuals who were either A*02, B*57, or both responded to the KL9 

peptide with a frequency of 11%, 69%, and 57%, respectively. KL9 responses are more frequently targeted by 

individuals expressing HLA-B*57 than A*02 allele. In comparison, the immunodominant B*57 restricted KF11 

elicited 92% and 71% responder frequency in individuals with B*57 or both A*02/B*57 allele carriage, 

respectively. Among B*57 expressing individuals who mounted both KL9 and KF11 responses, we observed a 

higher response magnitude of KF11 (Figure 4A).  

To determine HLA-I restriction of these 2 epitopes, we then performed ICS assays where APCs expressing either 

B*57 (K562-B57 cell line) or HLA-E allele (721.221-AEH cell line) and pulsed with 10 µg/ml peptide were used 

as targets. Representative data are shown in Supplementary Figure 4. At an inter-epitope level a similar 

magnitude of response is elicited when KF11/KL9 are presented by HLA-B*57 as assessed by dual expression 

of CD107a with IFN-, IL2, TNF-α, perforin, and granzyme B (Figure 4B). However, the functional and 

polyfunctional scores of KF11 were higher than KL9 as calculated by COMPASS analysis (Figure 4C). In 

context of peptide presentation by HLA-E expressing APC, we observed a higher responder rate for KF11 

compared to KL9 (Figure 4D). In addition, CD8 T-cell responses for KF11 were higher when dual expression of 

CD107a with IFN-, TNF-α, perforin and granzyme B were assessed (Figure 4E) and when the functional and 

polyfunctional score were compared to KL9 (Figure 4F). These data suggest that the observed immuno-

dominance of KF11 over KL9 responses in the ex-vivo assays, could be attributed due to HLA-E restriction. 

Next, we determined whether, at an intra-epitope level, the functionality of CD8 T cells responding to the same 

peptide but presented by APC expressing HLA B*57 or HLA-E differed. Cumulative data shows that KF11 elicits 

robust CD8 T-cell responses with comparable responder frequencies when presented by both APC (N=9, Figure 



5A). However, the magnitude of  HLA-E restricted responses was higher when assessed for dual function 

(CD107a plus other markers, Figure 5B) and when the functional and polyfunctional scores were determined 

using COMPASS (40) analysis (Figure 5C-E). In contrast, ex-vivo KL9 specific CD8 T-cell responses were 

largely restricted by B*57 and polyfunctional in nature (Supplementary Figure 5).  

We next determined the antigen sensitivity of HLA-E restricted KF11 CD8 T cell responses compared to the same 

peptide presented by HLA-B*57. Using log fold KF11 peptide dilutions (10-0.1 µg/ml), our data showed a dose 

dependent response for HLA-E restricted KF11 CD8 T cells while no significant decrease in responses was seen 

for HLA-B*57 restricted CD8 T cells (N=5, Supplementary Figure 6). These results were expected considering 

that HLA-E has a lower predicted peptide binding affinity for KF11 compared to B*57. Nevertheless, in two of 

the five individuals tested, responses were still detectable at 0.1 µg/ml. 

CD8 T cells are known to cross-present antigens, so it is possible that epitopes are presented via the HLA-Ia of 

these cells. To rule out that cross-presentation plays a role in the observed antigen specific CD8 T-cell response, 

we cultured CD8 T cells in presence of 10 µg/ml peptide without APCs. No significant CD8 T-cell response was 

detected in CD8 T cell only control as compared with those co-cultured with peptide pulsed AEH cells, 

demonstrating that cross presentation did not account for the observed findings and indicating that the majority 

of the HLA-E restricted specific CD8 T-cell responses aforementioned were stimulated by peptide presentation 

via single allele expressing APCs (Supplementary Figure 7). HLA-E restriction was further validated in one 

patient by using B7sp blocking strategy ex-vivo (Supplementary Figure 8). KF11-specific CD8 T-cell responses 

(CD107a/IFN- and CD107a/perforin) in the context of HLA-E but not HLA-B*57 were significantly diminished. 

f) HIV infected target cells expressing HLA-E and CD4 activate bulk CD8 T cells ex vivo. To determine 

whether HIV infected targets expressing HLA-E only were capable of activating ex-vivo derived CD8 T cells, 

we performed similar infectivity assays (Figure 3) using bulk CD8 T cells rather than in-vitro expanded effector 

cell lines. In this assay, CD8 T cells were activated as measured by upregulation of CD107a with the IFN-, 

perforin and granzyme B (N=7, Figure 6A and B). Although the frequency of activated T cells induced by HLA-

E*01 expressing targets (E*03 induced responses did not achive statistical significance as compared to the 



uninfected background) was lower compared to those responding to HLA-B57 expressing targets, these data are 

in line with our findings using expanded CD8 T cells that HLA-E bound HIV peptides, loaded endogenously, 

induce T cell activation in ex-vivo CD8 T cells obtained from HIV-infected patients (Figure 6 C).  

g) Single cell TCR sequencing shows distinct TCR-αβ clones restricted by HLA-E and HLA-B*57. To 

determine whether the same CD8 T cell responds to KF11 presented by either HLA-E or B*57, we evaluated the 

TCR usage from activated CD8 T cells in the context of KF11 10 µg/ml pulsed AEH or K562.B*57 cells using 

CD8 T cells isolated from a chronically infected individual. Epitope specific CD8 T cells were single cell sorted 

based on the expression of T cell specific activation-induced markers (AIM), CD69 and CD137 (41), in an ex-

vivo assay. We next performed single-cell RNA sequencing to obtain paired TCR-αβ profiles. Our TCR 

sequencing results identified 79 TCR-αβ clones from CD8 T cells activated by B*57 and AEH cells but with 

different frequencies (Figure 7A). Interestingly, only a small proportion (8 out of 79) of TCR clones was shared 

between these two groups. To investigate differences in TCR repertoire between HLA-E and B57 restricted CD8 

T cells further, we examined similarity in TCR-αβ CDR3 sequences obtained from KF11-specific T cells using a 

bioinformatics tool, TCRdist2 (42), and visualized the results as a network graph (Figure 7B). Of 151 TCR-αβ 

sequences analyzed, 120 clones (79%) were linked with at least one partner in our dataset, generating a total of 

329 edges. TCR nodes were color-coded according to their observed HLA restriction (HLA-E, black; B57, red) 

and the three largest TCR clusters containing a total of 77 clones are presented. These included one HLA-E 

restricted cluster (I; n=6 clones), one B57 restricted cluster (II; n=10 clones), and one extended cluster displaying 

a mixture of both HLA-E and B57 restriction (III; n=61 clones). Seventeen additional clusters containing 4 or 

fewer clones were not assessed further. Notably, clusters I and II were enriched for TCR Variable genes identified 

as being mono-HLA restricted in Figure 7A, including TRAV17-containing pairs for HLA-E and TRAV41-

containing pairs for B*57. Cluster III formed a more extended network architecture, with two distinct sub-clusters 

displaying either a mixture of HLA-E and B*57 restricted clones (IIIa) or predominantly B*57 restricted clones 

(IIIb), which were linked by edges between a relatively small number of clones (referred to as Intersect in Figure 

7B). Each sub-cluster encoded distinct TCR Variable genes, with IIIa dominated by TRAV15-containing clones 

and IIIb dominated by TRAV1-2 or TRAV12-2 and TRBV2 or TRBV12 containing clones.  Intersect clones 



encoded a mixture of these genetic features, but often contained alternative ab Variable gene pairings or distinct 

CDR3s. The genetic similarity of TCR sequences located in sub-cluster IIIa suggests that most of these clones 

may be cross-reactive for HLA-E and B*57; indeed, one identical TCR αβ sequence that was found in both HLA-

E and B*57 stimulated T cells is located in subcluster IIIa, while a second identical sequence is located in the 

Intersect of IIIa and IIIb. Taken together, our data suggest distinct TCR-αβ profiles as restricted by HLA-E and 

B*57 with a subset of clones that harbor the potential to cross-recognize KF11 presented by both HLA-I alleles. 

h) HLA-E restricted KL9 and KF11 specific responses can be generated by in-vitro priming of CD8 T cells 

obtained from HIV seronegative donors. Finally, as HLA-E restricted CD8 T cells may have important 

implications for HIV-1 vaccines (30, 43-45), we next determined whether such responses can be primed in HIV 

seronegative donors as shown in a recent study (44). We generated HLA-E restricted KF11 specific CD8 T-cell 

lines by in-vitro priming using PBMCs obtained from three HIV seronegative healthy donors.  HLA-E*01-

restricted responses were detected in one of three donors. Data in Figure 8A shows functional characterization 

of KF11 specific polyfunctional responses of CD8 T-cell line that was restricted by peptide (10 µg/ml) presented 

by both HLA-Ia and Ib allomorphs.  Similarly, HLA-E*01 restricted KL9 specific CD8 T-cell lines were 

successfully generated from two HIV seronegative donors (Figure 8B). HLA-A*02:01 and HLA-E*01:01 

restricted KL9 specific responses demonstrated degranulation and IFN- production in A*02.KL9.1 and 

A*02.KL9.4 CD8 T-cell lines. KL9-specific lysis of cognate peptide pulsed C1R-A*02 and 221.AEH target cells 

by A*02-KL9.1 T cells at multiple E: T ratios were observed as determined by the chromium release assay 

(Figure 8C). Co-culture of peptide-pulsed 221ΔE, 221ΔE.E*01:01, 221ΔE.E*01:03 or 221ΔE.A*02  with A*02 

restricted KL9 specific CD8 T cells resulted in upregulation of surface CD107a/b expression and intracellular 

IFN- production (Figure 8D).  

DISCUSSION:   

The role of HLA-E restricted CD8 T-cell responses has not been explored despite the potential advantages that 

this arm of adaptive immunity can offer in the setting of HIV infection and vaccination. For example, HLA-E 

restricted CD8 T-cell responses can enhance response breadth, a qualitative feature which has been associated 



with HIV control (46, 47), circumvent inter-individual heterogeneity of CD8 T-cell responses associated with the 

highly polymorphic HLA-Ia alleles (36, 48) and mitigate immune evasion strategies commonly associated with 

HLA-Ia restricted T-cell responses. Thus, targeting HLA-E restricted CD8 T cells could be beneficial for the 

development of a globally effective HIV vaccine as the dimorphic HLA-E allele can perhaps induce similar 

antigenic responses across most vaccinees regardless of their HLA-Ia genotype.  

In this study, we describe HLA-E restricted HIV specific CD8 T-cell responses towards 2 Gag epitopes i.e. a 

subdominant KL9 and an immunodominant KF11 epitope that can be detected in chronic HIV infected individuals 

(both ex-vivo and in-vitro) and also be in-vitro primed from HIV seronegative individuals. The latter has 

important implications for the induction of HLA-E restricted CD8 T cells in HIV vaccines. The HLA-E restricted 

CD8-T-cell responses observed in our study are non-NKT CD8 T-cell responses that are multifunctional with 

effector characteristics. In addition, HLA-E restricted CD8 T cells can recognize KF11 not only when presented 

exogenously but also when loaded endogenously within an infected cell.  Prior work showed that eluted HLA-E 

peptidome encompassed a large assortment of peptides, ranging from short (8-10 mer) to longer peptides (11-17 

mer) (5, 11, 23, 49). Moreover, eluted peptides had hydrophobic amino-acids on p2 and p9 consistent with a 

binding motif that is similar to HLA-A*02 (11) and prior work showed that structural recognition of HLA-E 

overlaps with that of HLA-Ia (50). Based on the above, it is not surprising that KL9 and KF11 can bind both 

HLA-E and HLA-Ia molecules. Although we only examined 2 Gag epitopes for HLA-E restricted responses, 

based on findings from other infectious pathogens, it is likely that HLA-E allele presents a yet to be characterized 

broad repertoire of epitopes in Gag as well as other HIV-1 protein derived epitopes in HIV infection. Recent work 

by Hannoun et al (36) identified 2 subdominant epitopes, derived from Vif and Pol, encoded in the conserved 

HIV vaccine immunogen with an inferred HLA-E restriction in addition to its documented presentation via HLA-

Ia allele although the former was not validated experimentally. HLA-E specific reagents, as described here, will 

be key for such future studies to evaluate the protein specific targeting of HLA-E restricted responses and 

determine their biological role. 



Several in-silico HLA-I binding prediction tools have been commonly used to identify potential peptides capable 

of eliciting immune responses. Experimental validation is important as binding does not always equate with 

immunogenicity. In fact, prior macaque studies showed that only a minor fraction of MHC-E restricted peptides 

exhibited canonical MHC-E binding motifs (30). For HIV, 5 peptides (3 Gag and 1 each in Pol and Vif) have 

been reported to bind HLA-E (35, 36, 51). However, no study has determined the recognition of such 

peptide/HLA-E complexes by anti-viral CD8 T cells. One possible reason for this lack of immune data could be 

the use of PBMC rather than enriched CD8 T cells in co-culture assays. Intriguingly, recent work showed that 

epitopes against which HLA-E restricted CD8 T-cell responses were identified, did not however exhibit HLA-E 

binding or showed lower binding affinity (37, 52, 53). This was observed for Mtb and SIV and in the latter case, 

these responses were surprisingly those associated with protection. Thus binding of peptides to HLA-E may not 

be the sole determinant for the elicitation as well as dictating the strength of an HLA-E restricted response. In our 

study, we show that KL9 and KF11 peptides bind HLA-E at levels similar to or slightly lower than B7signal 

peptide (Supplementary Figure 1). Future work will delineate the mechanisms that facilitate the binding and 

stabilization of low-medium affinity HIV-1 peptides to HLA-E to induce a CD8 T-cell response. 

Studies in CMV (12) showed the presence of CMV-UL40 derived HLA-E restricted CD8 T-cell responses some 

of which could be as frequently targeted as those restricted by HLA-Ia alleles. In our ex-vivo analyses, KF11 

specific exhibited higher magnitude and functional scores than those specific for KL9. Among KF11 specific 

responses, those restricted by HLA-E, were higher in magnitude and showed enhanced functionality 

/polyfunctionality than those restricted by HLA-B*57. On the contrary, KL9, although recognized by HLA-E, 

was mainly presented by B*57 allele. These intriguing data suggest that immunodominance of KF11 specific 

CD8 T-cell responses could perhaps be due to a synergistic contribution of both HLA-Ia and Ib mediated peptide 

presentations. Interestingly, even though ex-vivo HLA-E restricted KF11 specific responses were higher than 

those restricted by HLA-B*57 (at 10 µg/ml peptide concentration),  an opposite trend was seen in in-vitro assays. 

This data suggest that although effector HLA-E restricted CD8 T cells are readily detected and could play a role 

in viral control,  they don’t appear to proliferate to the same extent as those specific for HLA-Ia. One plausible 

reason for this observation may be due to the relatively shallow versus tight binding of KF11 in the peptide 



binding groove of HLA-E and B*57 respectively. Nevertheless, HLA-E restricted CD8 T cells can serve as an 

additional source of anti-viral effectors against a pliable pathogen that readily escapes innate and adaptive immune 

recognition. A caveat with our ex-vivo and in-vitro assays is the use of 10 µg/ml peptide for presentation by both 

HLA-E and B*57 expressing targets. Although this peptide or even higher concentration is commonly used (44, 

54-57) , a prior study indicated that even 1 µg/ml peptide is super physiological (58) . Nevertheless, our data from 

this assay shows that HLA-E restricted T cell responses were detectable at peptide concentration as low as 0.1 

µg/ml. Our observation of CD8 activation induced by HLA-E expressing HIV infected targets overcomes the 

biases associated with exogenous peptide loading and provides compelling evidence that HLA-E restricted CD8 

T cells are induced during HIV infection. Specifically, our data shows that endogenously HLA-E loaded HIV-1 

peptides can activate antigen specific and bulk CD8 T cells to induce multiple effector molecules. 

Prior work from Hansen et al in a non-human primate model suggested that MHC-E restricted CD8 T-cell 

responses are poorly primed in SIV infection. Based on our data on 2 Gag epitopes in HIV, we detected very few 

CD8 T-cell responses only restricted by HLA-E whereas most responses were also restricted by HLA-Ia alleles. 

In contrast to KF11, KL9 responses were more readily detected after in-vitro expansion perhaps due to the 

subdominant nature of the epitope and also due to their low frequency ex-vivo. In support of the latter, Hannoun 

et al reported infrequent and low magnitude response to an in-vitro expanded culture specific for a subdominant 

epitope with a possible HLA-E restriction which was not unequivocally established. In comparison to HIV, data 

from SIV/macaque studies (30) showed low dual recognition (25%) i.e. both MHC-Ia and MHC-E restricted CD8 

T-cell responses i.e. the ability of these MHC-Ia allomorphs to bind the same peptide as MHC-E and present this 

to CD8 T cells that were initially primed with peptide in the context of MHC-E. 

Based on prior work, mainly in Mtb, HLA-E restricted CD8 T-cell responses are likely to be pleiotropic (helper, 

cytotoxic, and/or regulatory) in nature with functional features that are unique and/or shared with responses 

restricted by HLA-Ia alleles. Specifically, Mtb infected individuals showed that HLA-E restricted CD8 T cells 

displayed a unique functional profile compared to HLA-A*02 restricted CD8 T cells (25). However, functional 

and phenotypic characterization of HLA-E restricted CD8 T cells in other infectious diseases is largely limited 



(5, 14). In the current study, in both ex-vivo/in-vitro assays, we found that HLA-B*57 and HLA-E restricted 

KF11 responses elicited similar response rate of effector functions such as IFN-, IL-2, TNF-α, perforin, 

granzyme B, and CD107a but the magnitude of such responses and the polyfunctional profile varied. Future work 

to comprehensively study the characteristics of HIV specific CD8 T-cell response induced by HLA-E would 

provide important insights into the biological relevance of this cell subset and be useful for T cell based vaccine 

as well as therapeutic strategies.  

While Mtb specific HLA-E tetramers were used in two prior studies (23, 25), our attempts to synthesize HIV 

specific HLA-E tetramers in this work was failed due to instability issues. Nevertheless, we used a CRISPR 

knockout approach to discriminate between HLA-Ia versus Ib restricted responses. In both ex-vivo and in-vitro 

assays, enriched CD8 T cells were stimulated with peptide-pulsed target cells overexpressing HLA-E i.e. 

721.221.AEH. It should be noted, however, that 721.221.AEH cells also express a variety of other non-classical 

MHC class I antigens such as HLA-F and G (59, 60), which can present peptides and stimulate CD8 T cells. 

While most cultured tumor cell lines express HLA-E, including the parental 721.221 cell line, our HLA-E knock 

out and single allele transductant cell lines mitigated this caveat and will pave the way for the future conduct of 

comprehensive studies to determine the full extent of HLA-E restricted HIV specific CD8 T cell repertoire 

targeting.  

In summary, dually HLA class Ia and Ib i.e. HLA-E restricted responses elicited against two HIV-1 derived Gag 

epitopes were frequently observed both ex-vivo and in-vitro. The HLA-E restricted responses were non-NK/NKT 

CD8 T-cell mediated and polyfunctional. Importantly, these cells were capable of recognizing endogenously 

loaded HIV-1 peptide and were activated by the latter targets to produce multiple effector molecules. Future 

studies should examine the extent of HLA-E targeting across HIV proteome and focus on mechanisms involved 

in their elicitation in the context of HIV infection. Furthermore, it is important to understand what role HLA-E 

restricted CD8 T cells are playing in preventing and controlling HIV infection and whether HIV-I vaccines, 

including the CMV vector based vaccine can induce these responses. Further development of HLA-E specific 



reagents promises to enhance our understanding of the biological relevance of HLA-E restricted CD8 T cells in 

infection and vaccination. 

 



MATERIALS AND METHODS: 

Study cohort and HLA-I genotyping: Peripheral blood mononuclear cells (PBMCs) were collected from 8 HIV 

seronegative volunteers (UTEP and UAB) and 20 chronically HIV-1 infected individuals (UAB). HLA class I 

alleles were resolved by bidirectional sequencing of exons 2-4 at each locus. Supplementary Table 2 lists the 

clinical parameters and HLA class Ia and Ib alleles of the HIV infected individuals. 

Cell lines: Human B lymphoblastoid cell line 721.221 (abbreviated here as 221) is devoid of functional classical 

HLA class Ia genes due to mutations in the HLA complex. 221 cell lines can, however, be readily transfected to 

induce cell surface HLA-A/B/C expression (61). HLA-E is expressed at mRNA level, but the surface expression 

is lacking and the latter was induced by transfecting a DNA construct (HLA-E*0101 fused to the HLA-A*0201 

leader peptide) with resulting cell line termed 721.221.AEH or AEH (9). Both 221 and AEH cell lines were 

generously provided by Dr. Dan Geraghty (Fred Hutchinson Cancer Research Center, Seattle, WA). For HLA-E 

studies, in addition to 221 derived AEH, other HLA-Ia null cell lines such as K562 (62) are used in which selective 

HLA-Ia/b (63) have been transfected. 221 cells were cultured in R20, whereas 221.AEH cells and K562 cells 

were cultured in R20 supplemented with 200 mU/ml hygromycin B (Sigma-Aldrich) and 0.2mg/ml Geneticin 

(Corning). Other cell lines used in this study for assessing T cell specificity included peptide-pulsed T2 cells 

(ATCC CRL-1992) and C1R cells expressing a full-length HLA-A*02:01 (C1R-A2) (64) maintained in RPMI 

1640 medium supplemented with10% heat-inactivated fetal bovine serum (R10). 

Peptides: The peptides KF11 (KAFSPEVIPMF, Gag (162-172)), KL9 (KALGPAATL, Gag(335-343)), IW9 

(ISPRTLNAW Gag (147-155), HLA-B*57-binding NS1 (HTWTEQYKF, Dengue Virus NS1 (26-34)(65), HLA-

A*02:01-binding VT9 (VLSEWLPVT, Rift Valley Fever Virus nucleocapsid protein N (121–129)(64), and B7SP 

(VMAPRTVLL, HLA-B*07:01 (3-11) (63, 66) were purchased from Genemed Synthesis (San Antonio, TX). 

HIV-1 consensus B Gag peptide set was obtained from NIH AIDS reagent program (#8117, lot # 130047). All 

single peptides were used at 10 µg/ml unless otherwise specified. 

In-vitro expansion of KL9 and KF11 specific CD8 T cells from chronically HIV infected individuals: CD8 

T cells were positively-selected from freshly thawed PBMCs obtained from HIV infected individuals (Dynabeads 



CD8TM Positive Isolation Kit, ThermoFisher). The CD8 negative fraction, used as a source for autologous APCs, 

was irradiated (3000 cGy), plated at 1.25 x 106 cells per well of 48-well cluster plates, and pulsed for 3 hrs. at 

37°C in serum-free RPMI containing 10 µg/ml of the KL9 and/or KF11 peptide, 3 µg/ml of human β2-

microglobulin (MP Biomedicals) and 1% human albumin (Sigma). Exogenous β2-microglobulin (β2m) was added 

as it governs the stability of the MHC complex (67, 68) to impact T cell response. After removal of non-adherent 

cells, half million purified CD8 T cells were added to each well in complete medium (RPMI 1640 with 10% 

autologous serum, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 2 mM L-glutamine, 100 U/ml 

penicillin, and 100 µg/ml streptomycin) supplemented with IL-7 (10 ng/ml, Genzyme), IL-2 (20 U/ml, Proleukin, 

Prometheus Laboratories Inc) and IL-4 (250 U/ml) were added one, four, seven and ten days later. CD8+ T cells 

were assessed for antigen specificity on days 7-12 post expansion. 

In-vitro priming of KL9 and KF11 specific CD8 T cells from HIV-1 seronegative donors: Using PBMCs, 

peptide-specific CD8 T cells were primed as described previously (64, 69). Briefly, monocyte-derived dendritic 

cells (MoDCs) were cultured for seven days in a complete medium supplemented with GM-CSF (1000 U/ml, 

Leukine (Sargramostim), Bayer HealthCare Pharmaceuticals) and IL-4 (500 U/ml, Peprotech).  Irradiated DCs 

(3000 cGy) were pulsed with 10 µg/ml peptide in RPMI containing β2-microglobulin at 100 µg/ml and 1% human 

albumin for 3 hrs. and used to prime positively-selected autologous CD8 T cells (purity >98%, Dynabeads, 

Invitrogen) at a T cell: DC ratio of 5:1. CD8+ T cells were re-stimulated every seven days thereafter with cognate 

peptide-pulsed autologous monocytes and IL-7 (10 ng/ml) was added on the day of priming and re-stimulation; 

IL-2 (20 U/ml) was added on day 1 and every 3-4 days later. 

Ex-vivo IFN-γ ELISpot: ELISpot assay was performed as previously described (70). Nitrocellulose plates 

(Millipore) coated overnight with anti-IFNγ antibody were blocked with R-10 media for 2 hrs. PBMCs were 

washed and rested overnight at 37⁰C/5% CO2. Cells (105 cells/well) were plated in triplicate and stimulated with 

peptide (10 µg/ml) for 22-24 hrs. Cells cultured in media without peptide and in media with PHA (5 µg/ml) were 

used as negative and positive controls, respectively. Plates were washed and treated with biotinylated anti-IFN-γ 

antibody for 2 hrs. followed by streptavidin-alkaline phosphatase for 1 hr., and finally developed with the 



NBT/BCIP substrate for 5-10 minutes. Counts were determined by CTL ImmunoSpot analyzer (version 5). Data 

were normalized to SFU (spot forming units) per 106 cells (SFU/106). A positive response (71, 72) was defined 

as ≥ 55 SFU/106 cells and ≥ four times background (negative control). 

Detection of HLA-Ia/Ib restricted CD8 T-cell responses:  

In-vitro ICS: Briefly, expanded CD8 T cell effector function was assessed by co-culturing these cells with peptide 

pulsed (10 µg/ml) single HLA-I allele expressing target cells for 6 hrs. in presence of costimulatory molecules, 

anti-CD107a-FITC as well as Monensin and Brefeldin-A. For in-vitro HLA-E blocking assay, APCs were pre-

treated with either HLA-E specific (mAb 3D12, 10 µg/ml) or B7sp peptide (20 µg/ml) for 2 hrs. before peptide 

pulse as aforementioned. Cells were surface stained at 4oC for 30 min and washed prior to fixing and 

permeabilizing using Cytofix/Cytoperm. Cells were stained intracellularly with anti-IFNγ, IL2, TNFαand MIP-

1β at 4oC for 30 min. Cells were acquired on an LSR II flow cytometer and data analyzed by FlowJo. Gating for 

CD8+ T cells was performed on small lymphocytes, singlets, and viable CD8+ T cells.  Between 50,000 to 100,000 

and 40,000 to 60,000 live CD8+ events were collected per sample of cell lines and cultured T cells from infected 

donors, respectively. Criteria for a positive response using in ICS assay was determined by using Chi-square with 

Yates’ correction p<0.0001. 

Ex-vivo ICS: Untouched CD8 T cells were isolated from PBMCs of chronically HIV infected individuals with 

detectable antigen-specific CD8 T-cell response as measured by ex-vivo ELIspot assay. Cell lines, 721.221-AEH 

(HLA-E) and K562-B*57:01 (HLA-B57) were used as antigen presenting cells (APCs). For ex-vivo HLA-E 

blocking assay, APCs were pre-treated with B7sp peptide (10, 20, 50 µg/ml) for 2 hrs. APCs were pulsed with 

peptide (10 µg/ml) for 2 hrs. and washed three times before adding to the CD8 T cells at 1:1 ratio. Costimulatory 

molecules (anti-CD28 and CD49d), anti-CD107a-FITC antibodies and Monensin and Brefeldin-A (5 μg/ml, 

eBioscience) were added and the cells co-cultured for 12 hrs. Cell surface and intracellular cytokine/effector 

molecule production were assessed as described under ex-vivo antigen sensitivity assays (supplementary 

material).  



HIV-1 infectivity assay: These assays were conducted using in-vitro generated antigen specific CD8 T cell lines 

and bulk ex-vivo isolated CD8 T cells. In-vitro cultured CD8 T cells were stimulated with peptide-pulsed 

(10 g/mL) or NL4-3-infected target cells at a T cell:target cell ratio of 1:1 in the presence of Brefeldin A (5 

μg/ml) solution for 6 hrs.  Target cells were spinoculated (1,065 x g for 2hrs. at 32⁰C) with NL4-3 virus containing 

supernatants using a volume that infected 90% of T1 cells in 24 hrs. T1 (174 x CEM.T1) (ATCC ® CRL-1991™ 

Homo sapiens) is the parental line for the T2 line (174 x CEM. T2) (ATCC CRL-1992) Cells were washed twice 

12 hrs. later and cultured for up to 4 days. Productive infection was monitored by intracellular p24 staining with 

the mAb PE-Kc57 (Beckman Coulter).  

For the ex-vivo based assay, each target cell was resuspended in 10% R-10 media (RPMI plus 10% FBS) and 

200,000 cells/tube in a total volume of 100ul were spinfected, washed twice 12 hrs later, transferred to a 96 well 

V-bottom plate and cultured for an additional 48 hrs. Freshly isolated CD8 T cells were added to washed targets 

at an E:T ratio of 1:1 and co-cultures incubated for 12 hrs at 370C, 5% CO2 in presence of anti-CD28, anti-CD49d, 

CD107-a (FITC), golgi stop and golgi plug. Cells were washed two times with FACS wash (PBS+2% FBS).  

Surface staining (anti-CD3, CD8, CD19 and dead cell dye) for 30 min at 40C was performed. After washing once 

with FACS wash buffer, cells were permeabilized with cytofix/cytoperm. Next, cells were washed two times with 

perm wash buffer and intracellular cytokine staining was performed using anti-IFN, TNFα, perforin and 

granzyme B antibodies. Cells were fixed in 4% formalin, analyzed on BD symphony and at least 300,000 events 

were acquired. 

Cytotoxicity assay: Target cells were labeled with sodium chromate (51Cr, PerkinElmer) and pulsed with KL9 

(10 μg/ml) for 1 hr. at 37°C, washed and admixed with cultured T cells at various E: T ratios for 4 hrs.  Released 

51Cr in the supernatants were determined with a MicroBeta counter (PerkinElmer-Wallac). An irrelevant peptide 

was used as the control for spontaneous release. Specific percent lysis was calculated as ((cpm experimental – 

cpm spontaneous)/(cpm total – cpm spontaneous)) x 100. 

Ex-vivo Activation Induced Marker (AIM) based single-cell sorting and TCR sequencing: AIM based single 

cell TCR sequencing was performed as previously described (73). PBMC were peptide pulsed (KF11, 10 μg/ml) 



in the presence of anti-CD28 and anti-CD49d for 18 h. Cells were surface stained for 30min at 4⁰C with 

LIVE/DEAD Aqua stain, anti-CD3-Alexa 780, anti-CD8-FITC, anti-CD19-Percp/CY5.5, anti-CD137-PE, and 

anti-CD69-APC. CD69+/CD137+ CD8 T cells were identified as activated CD8 T cells (41) and single cells were 

sorted directly into 96-well plates containing 3ul lysis buffer (RNAseOUT, dNTPs, and X-100) using a FACS 

sorter (BD Immunocytometry Systems).  

TCR sequencing was performed at the Institute for Immunology and Infectious Diseases in Perth, Australia. 

Single cell lysates underwent oligo-dT-primed reverse transcription. The assay utilizes uniquely tagged primers 

for reverse transcription and template switching with a pre-amplification step to increase the yield and transcript 

length of the single cell cDNA library. Samples were sequenced on an Illumina MiSeq using a 2×300bp paired-

end chemistry kit (Illumina Inc., CA, USA). Reads were quality-filtered and passed through a demultiplexing tool 

to assign reads to individual wells and mapped to the TCRB and TCRA loci. TCR clonotypes were assigned using 

the MIXCR software prior to analysis. 

TCR clustering analysis. TCR-αβ sequences were examined using the bioinformatics tool, TCRdist2 

(https://github.com/kmayerb/tcrdist2) (42), implemented in Python v3.9.  TCRdist calculates a Hamming distance 

between pairs of TCR sequences based on amino acid similarity in the Complement Determining Regions (CDR) 

1, 2, 2a and 3 of the α and β chains, with penalties for gaps and additional weight given to both CDR3 motifs. 

The resulting matrix of pairwise TCR distance values was imported into Cytoscape v3.8 (74) using the 

aMatReader plug-in and visualized as a network graph (yFiles Organic Layout, default parameters) with edges 

filtered at an upper threshold of 150 distance units.   

Statistical analysis: Data were analyzed using Fisher’s exact test, Chi-square with Yates’ correction and 

Wilcoxon ranked test (two-tailed) for paired comparison. GraphPad Prism version 8.0 software was used to 

perform these analyses. Significance was determined as p-value < 0.05 unless otherwise stated. 

Study approval: All subjects enrolled for this study provided written informed consent and the study procedures 

were approved by the Institutional Review Boards at The University of Texas at El Paso (UTEP) and The 

University of Alabama at Birmingham (UAB). 

https://github.com/kmayerb/tcrdist2
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Figure 1. In-vitro detection of KL9 and KF11 specific CD8 T-cell responses restricted by HLA-B*57 and 

HLA-E in chronically HIV infected individuals. Positively isolated CD8 T cells were cultured with KL9 or 

KF11-pulsed (10 µg/ml) autologous adherent monocytes for 7 to 12d. Polyfunctional activation was assessed 

after 5 hrs. stimulation with target cells (221.B57 or 221.AEH) pulsed with the peptide of interest. No peptide 

pulse was used as a negative control. 221.B57 and 221.AEH are antigen presenting 721.221 cell lines expressing 

single HLA-B*57:01 and E*01:01 alleles respectively. Representative data from two HIV infected individuals is 

shown in panels (A) and (B) where KL9-specific reactivity restricted by B*57:01 or E*01:01 in patient CHI-7 

(A) and KF11 specific reactivity restricted by B*57:01 or E*01:01 in patient CHI-6. (B) are shown. (C) Summary 

of KL9 and KF11-specific reactivity in HIV infected individuals (N=20) based on CD107a/IFN- expression. 

Red dots are positive responses. (D) Net frequency (CD107a/IFN-) of paired HLA-E and B*57 responses 

specific for KF11 is shown for HIV infected individuals (N=13) tested who mounted an HLA-E restricted CD8 

T-cell response. Black and red dots are negative and positive responses respectively. Error bars represent median 

value. Wilcoxon matched-pairs signed rank test was used in (C) and (D) to determine statistical significance. 





Figure 2. Recognition of KF11 in the context of HLA-E*01 by non-NK/NKT CD8 T cells from HIV infected 

individuals by using the 221ΔE cell panel and in-vitro generated CD8 T cell lines. (A) In-vitro cultured CD8+ 

T cells from four chronically HIV infected individuals (CHI-12, CHI-2, CHI-4 and CHI-24) were tested for 

upregulation of CD107a/b in CD94 expressing CD8 T-cells in response to KF11 (10 µg/ml). Antigen presenting 

cells (APC) or target cells included 221ΔE.E01, 221ΔE.B57 and 221ΔE, the latter serving as a negative control. In 

addition, within each APC, KF11 stimulation was assessed in comparison to no peptide pulse control (red 

boxes). (B) Two different blocking strategies in CHI-24 were used to confirm that KF11 was presented in the 

context of HLA-E. KF11 specific activation of CD8 T cells (IFN- production) in the context of HLA-E*01:03 

but not HLA-B*57:03 was blocked by excess leader sequence B7sp peptide or by the HLA-E specific 3D12 mAb, 

both at 10 μg/ml.





Figure 3. Activation of KF11specific CD8 T cells by HIV-1 infected target cells expressing HLA-E and 

CD4. (A) Confirmation of surface expression of CD4 by 221ΔE.CD4, 221ΔE.E01.CD4, 221ΔE.E03.CD4, and 

221ΔE.B57.CD4 cell lines. Staining by isotype-matched negative control mAbs is also depicted in each case. (B) 

The percentages of p24+ cells and increasing intensity of cytoplasmic p24 staining (mAb Kc57) in a representative 

NL4-3-infected cell line (221ΔE.CD4) over 96 hrs. is shown. (C) Degranulation of CD94- CD8high T cells from 

CHI-4 and CHI-24 after incubation with NL4-3-infected 221ΔE.CD4, 221ΔE.E01.CD4, 221ΔE.E03.CD4, or 

221ΔE.B57.CD4 target cells are shown. Effector cells were generated by in-vitro stimulation with 10 µg/ml KF11 

peptide. Target cells were assessed 48 hrs. post infection with 18% of the cells staining for p24. KF11-pulsed 

target cells were included as positive controls while 221ΔE.CD4 cells (KF11-pulsed or NL4-3-infected) served as 

negative controls. 





Figure 4. Ex-vivo detection of KL9 and KF11 specific CD8 T-cell responses restricted by either HLA-B*57 

or HLA-E in chronically HIV infected individuals. Positive isolated CD8 T cells from PBMCs were cultured 

with 10 µg/ml peptide pulsed target cells without long-term expansion. (A) The comparison between KF11 and 

KL9 induced IFN- response using ex-vivo ELISpot is shown (N=9). The dotted line represents the positive cut-

off value of 55 SFU/106 PBMCs. (B-C) The net frequency of cytokine/effector molecules production by CD8 T 

cells responding to KF11/KL9 presentation by HLA-B*57 using K562.B57 cell line as APC and the functional 

score (FS) and polyfunctional score (PFS) are shown (N=8). Net frequency was calculated by subtracting the no 

peptide pulsed control of the identical APC. (D) Comparison of responder rates between KF11 (N=9) and KL9 

(N=8) induced CD8 T-cell response using HLA-E expressing AEH cell line as APC. (E-F) Similar data as B-C 

but for HLA-E restricted responses is shown i.e. net frequency of cytokine/effector as well as the functional score 

(FS) and polyfunctional score (PFS) are shown (N=8). Error bars represent mean ± SEM. Wilcoxon matched-

pairs signed rank test was used in (A, B, C, E and F) and Fisher’s exact test was used in D to determine statistical 

significance. 

  



  



Figure 5. Ex-vivo ICS based polyfunctional profile comparison of KF11 specific responses restricted by 

HLA-B*57 versus HLA-E in chronically HIV infected individuals. (A) Heatmap showing the KF11 response 

restricted by HLA-E or B57 in each of the nine individuals tested (positive response was assigned with a value of 

1 and negative response was assigned with a value of 0). (B) The net frequency of cytokine/effector molecules 

production by CD8 T cells responding to KF11 presented by AEH cell line and K562.B57 cell line is shown. Net 

frequency was calculated by subtracting the no peptide pulsed control of the identical APC. (C) Heatmap of 

COMPASS functional analysis is shown. Data for functional score (FS) and polyfunctional score (PFS) are shown 

in panels (D) and (E). Error bars represent mean ± SEM. Wilcoxon matched-pairs signed rank test was used in 

B, D and E to determine statistical significance.  





Figure 6. Ex-vivo based bulk CD8 T cell activation by HIV-1 infected target cells expressing HLA-E and 

CD4. 721.221ΔE cell lines expressing CD4 and either HLA-E*01:01, HLA-E*03:01, or HLA-B*57:01 were 

infected with NL4-3 virus (MOI=0.5) for 12 hours, cultured for 48 hours, then co-cultured with freshly isolated 

bulk CD8 T cells from HIV infected individuals (N=7). CD8 T cell production of IFN-γ alone or CD107a in 

combination with granzyme B, perforin, or IFN-γ was assessed after 12 hours of coculture with antigen presenting 

cells. HLA-E*01:01, HLA-E*03:01, and HLA-B*57:01 restricted CD8 T cell responses from two representative 

individuals are shown in panels (A) and (B) (P5 and P9, respectively), red boxes indicate positive responses 

compared to uninfected controls. Panel (C) shows cumulative data from 7 individuals with both HLA-E*01:01 

and HLA-E*B57:01 restricted responses. Median values are shown and error bars represent interquartile range. 

Data within groups were compared using Wilcoxon signed-rank test. 

  



  



Figure 7. Ex-vivo single cell based TCR-αβ profiles of CD8+ T cells activated by KF11 pulsed AEH or B57 

target cells. (A) The frequencies of TCR-αβ Variable gene pairs used to recognize KF11 presented by either 

HLA-E or B57 are shown. Arrows indicate cases where the same Variable gene pair was isolated from both HLA-

E and B57 restricted T cells. (B) Network graphs depict clusters of similar KF11-specific TCR-αβ sequences 

restricted by HLA-E only (black nodes; cluster I, top), B57 only (red nodes; cluster II, middle), or both HLAs 

(cluster III, bottom), identified using TCRdist with a Hamming distance threshold of 150. Cluster III included 

subclusters of TCR restricted by both HLAs (Mixed, IIIa) or B57 only (IIIb), and a small number of clones that 

linked these subclusters (labeled Intersect).  The predominant Variable gene pairs present within each cluster and 

subcluster are indicated. 

  



  



Figure 8. In–vitro priming and functional characterization of HLA-E*01 restricted KF11 and KL9 specific 

CD8 T cells obtained from two HIV seronegative donors. (A) KF11 specific polyfunctional responses of CD8 

T-cell line from two donors that are restricted by both HLA-Ia (221.B5701) and Ib (221.AEH) allomorphs are 

shown. (B) HLA-A*02:01 (C1R-A*02 used as APC) and HLA-E (221.AEH used as APC) restricted KL9 specific 

degranulation and IFN- production by A*02:01 restricted KL9 specific CD8+ T cell clones (A2.KL9.1 and 

A2.KL9.4.) from different donors. (C) KL9 specific lysis of cognate peptide (10 µg/ml) pulsed C1R-A2 and 

221.AEH target cells by A2-KL9.1 T cells as determined by the chromium release assay. Error bars represent 

mean ± SEM. (D) Upregulation of surface CD107a/b expression and intracellular IFN- production in the A*02 

restricted KL9 specific CD8+ T cells after stimulation by peptide-pulsed 221ΔE, 221ΔE.E01, 221ΔE.E03 or 

221ΔE.A2 APC. None to low level responses were observed with the no peptide used as a negative control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


