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HLA-B*57 is strongly associated with immune control of HIV and delayed AIDS progression. The closely related, but less protec-
tive, HLA-B*58:01 presents similar epitopes, but HLA-B*58:01* individuals do not generate CD8" T cells targeting the KF11-
Gag epitope, which has been linked to low viremia. Here we show that HLA-B*58:01 binds and presents KF11 peptide, but HIV-
infected HLA-B*58:01* cells fail to process KF11. This unexpected finding demonstrates that immunodominance patterns can
be influenced by intracellular events independent of HLA binding motifs.

Intracellular processing events critically influence the epitopes
presented by HLA class I molecules on the surfaces of virus-
infected cells to specific CD8" T cells (21). HIV-specific CD8™"
T-cell responses and their HLA restriction element together have a
substantial impact on HIV disease progression (4, 5, 7, 18, 22).
Recent analyses of three closely related HLA molecules, HLA-
B*57:02, HLA-B*57:03, and HLA-B*58:01, suggested that the na-
ture of responses to four immunodominant p24-Gag epitopes has
a significant impact on viral load set point (13). Response to the
KF11 (KAFSPEVIPMF) Gag epitope (6) is associated with im-
proved HIV immune control (10) and was observed in HLA-B*57:
03- but not in HLA-B*58:01-positive individuals, despite these
HLA-B alleles’ having apparently similar peptide binding motifs
(13, 17, 19). Virus sequencing data show that this is not due to
selection of viral escape in HLA-B*58:01-positive individuals (1,
13). To better understand the basis for this difference, we exam-
ined the presentation of KF11 by HLA-B*57:03 and the closely
related HLA-B*57:01 and HLA-B*58:01 molecules. In this study,
we identified an unexpected effect of the HLA molecule on intra-
cellular processing of viral epitopes, overriding the capacity of that
HLA molecule to bind and present particular peptides that is ul-
timately important for HIV immune control.

KF11 Gag is presented by HLA-B*57:01 and B*57:03, not by
HLA-B*58:01. We showed previously that KF11 Gag is domi-
nantly targeted by HLA-B*57:03 in a large C-clade-infected co-
hort, with strong selection of A163X and S165X escape mutations
(1, 3, 13). To further examine presentation of this epitope by
closely related HLA-B molecules, we extended this analysis to in-
clude HLA-B*57:01, the HLA-B*57 allele most frequently ex-
pressed in Caucasians with B-clade infection together with HLA-
B*58:01, expressed in 12% of C-clade-infected individuals (13,
16). HLA-B*57:01 differs from HLA-B*57:03 at only two HLA
residues (residues 114 and 116) and from HLA-B*58:01 at three
residues (HLA residues 45, 46, and 97) involved in forming the B
and F pockets, respectively (Table 1).
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Strong cytotoxic-T-lymphocyte (CTL) responses by HLA-
B*58:01-positive individuals are made only to the HIV p24-Gag
epitopes TW10 and QW9, whereas HLA-B*57:03- and HLA-
B*57:01-positive individuals also recognize the ISW9 and KF11
epitopes (13). A response to KF11 p24-Gag is specifically detected
in 73% and 59% of HIV-infected subjects expressing HLA-
B*57:01 and -B*57:03, respectively (P =2 X 10" '°and 2 X 10~ '%)
(Fig. 1) and not in subjects expressing HLA-B*58:01. In a previous
study, 9 HIV-specific epitopes, out of 16 that were seen to be
recognized in subjects expressing HLA-B*57:03, were also recog-
nized in subjects expressing HLA-B*58:01, and two additional
epitopes were recognized by subjects expressing HLA-B*58:01
that were not also recognized by subjects expressing HLA-B*57:03
(13). Thus, residues at positions 45, 46, and 97 of the HLA-B
molecule affect immunogenicity of a number HIV-specific
epitopes, including the KF11 Gag epitope, which is believed to
contribute to immune control of HIV mediated by HLA-B*57:03
(10).

The KF11 peptide can be presented by HLA-B*57:01, -B*57:
03, and -B*58:01 to KF11-specific CD8" T cells. A potential ex-
planation for this failure of KF11 to be recognized by subjects
expressing HLA-B*58:01 would be reduced binding affinity of
KF11 for HLA-B*58:01 compared to HLA-B*57:01 and HLA-
B*57:03. Similar HLA-B molecules with apparently identical pep-
tide binding motifs can exhibit very different peptide binding af-
finities and stability off-rates to several HIV epitopes (11, 13). To
examine whether this could explain the differential KF11 epitope
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TABLE 1 HLA-B*57:01, -B*57:03, and -B*58:01 amino acid sequence differences

Residue at position”

Preferred residue at®:

Residue type? Antigen 9 24 45 46 63 66 67 99 P2
Residues determing B pocket HLA-B*57:01 Y A M A E N M Y SITIA
HLA-B*57:03 — —_ — — — — —_ —_ SITIA
HLA-B*58:01 — — T E — — — — S/ITIA
77 80 81 94 95 97 114 116 PC
Residues determining F pocket HLA-B*57:01 N I A I I A% D S F/W
HLA-B*57:03 — — — — — — N Y F/W
HLA-B*58:01 — — — — — R — — F/W
103 156 194 282 305 325
Residues not in direct contact with B or F pockets HLA-B*57:01 A% L I v A C
HLA-B*57:03 — — — — — —
HLA-B*58:01 L — \Y% 1 T S

“ Based on reference 17.
b, conservation of the residue shown according to the HLA-B*57:01 reference.
¢ Peptide residue at position 2 or the C terminus (13, 19).

immunogenicity observed between HLA-B*57:01/03 and HLA-
B*58:01, we tested the KF11 peptide binding affinity and binding
half-life (stability) using previously published approaches based
on refolding (8) or dissociation (9) of peptide, HLA, and 8, mi-
croglobulin (B,m) complexes, respectively, in a recombinant in
vitro system. Unexpectedly KF11 has a very similar or even some-
what higher affinity, and a longer binding half-life, for HLA-
B*58:01 than for HLA-B*57:01 (Fig. 2A to D). For comparison,
when we assessed the TW10 peptide that is presented by HLA-
B*57:01, HLA-B*57:03, and HLA-B*58:01, we also observed
strong binding to all three HLA molecules (half-maximal inhibi-
tory concentrations [ICs,] [equilibrium dissociation {K}], 185
nM, 6 nM, and 19 nM, respectively).

To explore this further, we pulsed B cells expressing HLA-
B*57:01, -B*57:03, and -B*58:01 (Table 2) with KF11 peptide and
found equally strong recognition by HLA-B*57:01-restricted
KF11-specific CD8™ T cells derived from a chronically HIV-in-
fected HLA-B*57:01-positive individual (viremic controller) (Ta-
ble 3 and Fig. 2). Peptide titration studies revealed equal peptide
affinities to the T-cell receptor irrespective of the presenting HLA
molecule (Fig. 2E and F), which was confirmed by HLA-B*57:01,
-B*57:03, and -B*58:01 KF11 tetramer staining (15) of specific

W B*57:01 (n=15)
I B*57:03 (n=56)
I B*58:01 (n=100)

P=2x10"10
P=2x1015

% Recognition

WVKVIEEKAFSPEVIPME
Peptide used for stimulation

FIG 1 KF11 Gagis targeted significantly more by individuals expressing HLA-
B*57:01 or HLA-B*57:03 than by those expressing HLA-B*58:01. Data were
extracted from a large C-clade cohort of 1,010 chronically HIV-infected indi-
viduals from Durban, South Africa, and a B-clade cohort from Oxford, United
Kingdom. HLA-B*57:01-, HLA-B*57:03-, and HLA-B*58:01-expressing indi-
viduals were mutually excluded from groups expressing the other two HLA-B
alleles. The 18-mer overlapping peptide containing KF11 (underlined),
WVKVIEEKAFSPEVIPME, was used to identify ex vivo IFN-y ELISpot re-
sponses. P values were determined by Fisher’s exact test.
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CD8™ T cells (Fig. 2G). Thus, a difference in peptide binding does
not explain the differential targeting of KF11 by HLA-B*57:01,
-B*57:03, and -B*58:01.

The KF11 epitope is not intracellularly processed by HLA-
B*58:01-expressing target cells. To determine whether KF11 Gag
presentation is influenced upstream of peptide HLA loading, we
synchronously infected primary CD4" T cells derived from
healthy individuals expressing either HLA-B*57:01, -B*57:03,
-B*58:01, orirrelevant alleles (Table 2) with wild-type HIV ;4.5 to
similar levels (Fig. 3A) (12). Endogenous processing and presen-
tation of KF11 were then assessed by measuring activation
(CD107a™/MIP1B™) of cocultured HLA-B*57:01-restricted
KF11-specific CD8™ T cells, shown to recognize KF11 in the con-
text of all three alleles (Fig. 2E), for the duration of 6 h at 48 h
postinfection (Fig. 3B). From these data, it is clear that KF11 is well
processed intracellularly and presented on the surfaces of HLA-
B*57:01- and -B*57:03-positive but not HLA-B*58:01-positive
cells. However, this was not a result of a general epitope processing
failure by the HLA-B*58:01-positive target cells used here, illus-
trated by recognition of the IAW9-RT epitope following wild-type
HIV 4.5 infection (Fig. 3C).

To confirm these findings, we repeated the experiment
setup by infecting 6 different B-cell lines (Table 2) with vesicular
stomatitis virus G (VSV-G)-pseudotype-like particles (12) (Table
4) encoding all of the HIV proteins except envelope (VLP
pCMVARS.2) (24). Again, only target cells expressing HLA-
B*57:01 and B*57:03 were able to endogenously process and pres-
ent KF11 on the cell surface (Fig. 3D). Thus, KF11 Gag presenta-
tion is abrogated by target cells expressing HLA-B*58:01,
suggesting an upstream restriction prior to HLA loading and ex-
tracellular export. These data are consistent with the pattern of
KF11 recognition summarized in Fig. 1.

HLA-B*58:01 does not exclude endogenous KF11 processing
in the presence of HLA-B*57. Having established that KF11 is
satisfactorily presented by HLA-B*58:01 after peptide pulsing, but
not following intracellular processing of HIV Gag after infection
of target cells, we addressed the question of whether HLA-B*58:01
abrogates KF11 processing in vivo. To test this, we identified 4
chronic HIV infected individuals expressing both HLA-B*57:03
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FIG 2 The KF11 Gag peptide is equally presented by HLA-B*57:01, -B*57:03, and -B*58:01. The affinity (A and B) and half-life (stability) (C and D) of binding
of KF11 (KAFSPEVIPMEF) to all three indicated HLA-B molecules was measured using a novel binding assay (8) and a novel peptide HLA dissociation assay (9);
the numbers above the bars represent binding affinities (K},) (B) and peptide binding half-lives (D). (E and F) KF11 Gag peptide pulsing on four different B cell
lines derived from 4 individuals (B*57:01 subject R039, B¥57:03 subject R059, B*58:01 subject R007, and mismatch HLA subject N056) (data not shown) at a final
concentration of 3 nM for 1 h (E) and titrated across 7 log;, concentrations of KF11 peptide (F) and cocultured with a KF11 Gag-specific CD8 " T-cell line (data
not shown) for 6 h after thorough washing of the B cell lines. (G) HLA-B*57:01, -B*57:03, and -B*5801 tetramers loaded with KF11 was used to stain the
KF11-specific CD8" T-cell line and controlled using the HLA-B*44:02 mismatch tetramer.

and -B*58:01, each of whom had been tested for recognition of the
18-mer WVWVIEEKAFSPEVIPMF or the 15-mer EEKAFSPEVI
PMFTA, both containing the optimal KF11 epitope, and/or of the
optimal KF11 itself. We observed strong KF11 Gag-specific CD8™

TABLE 2 HLA-A, -B, and -C genotypes of cells used for KF11 peptide
presentation

T-cell responses ex vivo in all 4 individuals (Table 5). Thus, the
presence of HLA-B*58:01 does not abrogate the processing of
the optimal KF11 epitope in infected cells if HLA-B*57:03 is
also present.

Taken together, these data show that, in HLA-B*58:01-positive
individuals, the targeting of the protective KF11 Gag epitope is
prevented by events upstream of peptide HLA loading during in-
tracellular processing, which may ultimately impact HIV control
(10, 13), resulting either from efficient killing of virus-infected
targets (12) or through reduced viral replicative capacity from
HLA-B*57-driven escape mutants within KF11-Gag (2, 3). This
example also applies to HLA-B*57:02, which differs from HLA-

TABLE 3 Clinical data and ex vivo enzyme-linked immunosorbent spot
assay (ELISpot) responses for study subject R039, used to generate the
KF11-specific CD8™ T cell line

Patient and cell type® HLA genotypes”

R039, BCL A*01:01/31:01, B*27:05/57:01,
C*02:02/06:02

R059, BCL A*01:03/68:02, B*35:01/57:03,
C*05:01/07:01

RO14, BCL A*30:01/33:01, B*42:01/57:03,
C*17:01/18:01

R007, BCL A*24:02/80:01, B*07:02/58:01,
C*02:02/03:02

R036, BCL A*02:01/68:02, B*14:01/58:01,

NO056, BCL (mismatch)

Donor A, primary CD4™ T cells

C*03:02/08:02
A*02:01/02:14, B*15:03/18:01,
C*02:10/04:01
ND/ND, B*15:03/57:01,

ND/ND

A*02:01/02:01, B*39:10/57:03,
C*07:02/12:03

A*02:01/32:01, B*18:01/58:01,
C*05:01/07:01

Donor D, primary CD4™" T cells (mismatch) A*01/24, B*07/44, C*05/07

“ BCL, B-cell line.

b Bold type indicates relevant HLA-B*57/58:01 expression. ND, not done.

Donor B, primary CD4 " T cells

Donor C, primary CD4™ T cells

October 2013 Volume 87 Number 19

SFU/10° Optimal SFU/10°
OLP? PBMCs* epitope PBMCs®
22 535 KAFSPEVIPME 520
36 615 KRWIILGLNK 320
82 235 KRKGGIGGY 1,180
265 615

@ Subject R039 was antiretroviral treatment naive at the time of sampling and classified
as a viremic controller. The HLA genotype was A*01:01/31:01, B*27:05/57:01, C*02:02/
06:02. Infection occurred in October 2006. On 5 July 2007, the viral load was 204 RNA
copies/ml of plasma, and the CD4 T cell count was 650 on 5 October 2007.

Y OLP, overlapping peptide (includes the corresponding optimal epitope).

¢ SFU, spot-forming units; PBMCs, peripheral blood mononuclear cells.

jviasm.org 10891


http://jvi.asm.org

Klgverpris et al.

A Primary CD4 T cells (CD3+ gated) B KF11 specific CD8+ T cells
B*57:01 B*57:03 B*58:01 mismatch B*57:01 B*57:03 B*58:01  mismatch
A 269 28.119.7 | 23.7|[39.3 16.8|[67.8 18.0| A 16.2, 0.7 ‘ oz
HIV WT NL4-3 % . ‘
infected primary G @
< CD4Tecels % Q}?
5 ?
8 8 91.1 o7
£
KF11 peptide © ;
pulsed primary ¥
CD4T cells
MIP1B
C D KF11 specific CD8+ T cells
B*57:01 B*57:03 B*57:03 B*58:01 B*58:01 mismatch
IAMESIVIW ol - o i
s IAW9-RT 1 < [ ]
o 30 M HIV VLP .
&g 2 - CMV AR8.2 X
ST 10 P ; o
=2 8 infected BCL @ Lr
S8 6 =
=N3) h 92.8- 843 0.2
oo 4 .8 - 5 ]
8% 2 KF11 peptide © 7
B 0 pulsed BCL 2 T
HIV NL4-3 Peptide @
Il B*57:03 donor =

Il B*58:01 donor MIP1B
FIG 3 Lack of intracellular KF11 epitope processing within HLA-B*58:01-expressing target cells. (A) Primary CD4 T cells derived from healthy uninfected
individuals expressing the indicated HLA-B molecule (B*57:01, donor A; B*57:03, donor B; B*58:01, donor C; HLA mismatch, donor D) (data not shown) were
activated for 7 days and synchronously infected with wild-type HIV, 5 (data not shown). (B) After 48 h of infection, the cells were cocultured with the
KF11-specific CD8™ T-cell line for 6 h in the presence of brefeldin A, stained for CD107a/MIP1 expression to measure KF11 epitope presentation on the surfaces
of infected cells, and controlled by KF11 peptide pulsing of uninfected target cells at 3 nM. Representative results from one of two experiments are shown. (C)
As described for panel B but using CD8™ T cells recognizing the Pol-RT epitope IAMESIVIW (AW9-RT) after HIV  , 5 infection and shown with HLA mismatch
background subtraction (8%). (D) B cell lines derived from 6 individuals expressing the relevant HLA-B molecule shown above each dot plot were infected with
the HIV virus-like particle (HIV VLP pCMVARS.2) (data not shown) for 24 h, cocultured with the KF11-specific CD8* T-cellline for 6 h, and controlled byKF11

peptide pulsing of uninfected B cell lines as described for panel B. Results from one of two independent experiments are shown.

B*57:03 by one amino acid only (Leul56 in HLA-B*57:03, Arg-
156R in HLA-B*57:02), and binds the KF11 peptide with very
acceptable affinity (ICs,, 87 nM; also data not shown), yet no
responses to KF11 restricted by HLA-B*57:02 are detectable and
no KF11 escape mutations are evident in HLA-B*57:02-positive
subjects (13). In addition, we have observed multiple examples of
other peptides which exhibited strong binding affinities for the
relevant HLA molecule yet which were nonimmunogenic when
peptide recognition was tested in a cohort of >1,000 HIV-infected
study subjects (data not shown). This strongly suggests that the
observation described here of KF11 binding to HLA-B*58:01, but

TABLE 4 Characteristics of HIV-specific CD8™ T cells obtained from
subject R039 and viral vectors used for HIV infection of target cells

Characteristic Result

HLA restriction type HLA-B*57:01

Epitope KF11

Protein Gag

HXB2 position 162-172

Viral vectors in NL4-3 and VLP p83-2 and pCMVR8.2¢
HIV clade B and C sequence KAFSPEVIPMF

% CD8" T-cell specificity” 98.4

“ Both vectors contain the KF11 Gag epitope as listed in the Los Alamos database (www
‘hiv.lanl.gov).
b Tetramer-positive CD3" CD8™" gated T cells.
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lack of immunogenicity, is an example of a phenomenon that
exists more widely.

Potential explanations for this novel phenomenon include the
following. First, it is possible that the HLA-B*58:01-KF11 com-
plex has alower binding affinity for the T-cell receptor (TCR) than
do the HLA-B*57:01-KF11 and HLA-B*57:03-KF11 complexes.
Second, we cannot rule out the possibility that the absence of
KF11-specific CD8™" T cell responses in HLA-B*58:01-positive in-
dividuals may result from a “gap” in the TCR repertoire. Third,
lack of intracellular processing of KF11 after HIV infection sug-
gests that HLA-B*58:01 interferes with processing events prior to
peptide transport into the endoplasmic reticulum (ER), although
this seems unlikely, as similar degradation patterns for Gag pep-
tides have been observed for multiple donors with different HLA
expression (14). The most likely explanation may be abrogation of
actual peptide loading within the peptide loading complex (PLC)
in the ER, resulting in failure of the normal downstream egress
from the ER, exit, and Golgi transport to the cell surface (21).

The strong KF11-specific CD8" T-cell responses within indi-
viduals heterozygous for the presenting and nonpresenting alleles
HLA-B*57:03 and -B*58:01, respectively, might indicate that the
critical event occurs after proteosomal cleavage of the Gag-p24
protein, transporter associated with antigen processing (TAP)
transport to the ER lumen, and ERAP-1 N-terminal trimming of
the KF11 precursor peptide but prior to tapasin-ERp57 conjugate
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TABLE 5 HLA-B*57:03/B*58:01 heterozygous HIV-infected, treatment-naive individuals with an IFN-y enzyme-linked immunosorbent spot assay

(ELISpot) response to the KF11 peptide

15- or 18-mer peptide sequence SFU/10° Optimal KF11 SFU/10°
Subject HLA genotype” tested” PBMCs* epitope tested PBMCs*
N087 (adult) A*03:01/30:01, B¥57:03/58:01, C*06:02/18:01 WVKVIEEKAFSPEVIPMF 820 KAFSPEVIPMF 820
K140 (adult) A*03:01/68:01, B*57:03/58:01, C*03:02/07:01 EEKAFSPEVIPMETA 2,020
K061 (child) A*03:01/66:01, B*57:03/58:01, C*03:02/18:01 EEKAFSPEVIPMETA 280
468 (child) A*02:02/68:01, B¥57:03/58:01, C*06:02/07:01 KAFSPEVIPMF 1,200

“ Boldface type indicates relevant HLA-B*57:03/58:01 expression.
b The KF11 optimal epitope is underlined.
¢ SFU, spot-forming units; PBMCs, peripheral blood mononuclear cells.

loading onto the HLA molecule. Peptide loading onto HLA class I
molecules within the ER happens in the PLC, in which the exact
regulation of HLA maturation and interaction with PLC proteins
is still debated. The core of the PLC is composed of the TAP het-
erodimer in conjunction with the ERp57/tapasin conjugate, and
multiple weak interactions within the PLC are necessary for opti-
mal peptide loading, which is severely impaired for most HLA
alleles after prevention of the interaction with tapasin (21). Tapa-
sin interacts only with alpha domain 2 of the HLA heavy chain,
and in particular, residues 114 and 116 play an important role (20,
23). Interestingly, while HLA-B*57:03 differs at these residues
from HLA-B*57:01, HLA-B*57:01 and -B*58:01 do not, suggest-
ing that tapasin dependence does not play a role here (21). Fur-
thermore, in this study we used wild-type primary CD4™ T cells
and wild-type B cell lines derived from multiple different human
donors to study the intracellular processing of KF11 and therefore
assume that these cells are equipped with fully functional tapasin
along with a complete set of PLC proteins to ensure optimal reg-
ulation and processing of epitopes. Finally, another potential
mechanism for the absence of KF11 epitope presentation on the
surface of HLA-B*58:01 target cells may be that KF11 is outcom-
peted by other HLA-B*57/58:01-binding peptides, such as TW10,
which has very strong binding affinity for both HLA-B*57:03 and
-B*58:01 (IC5, [Kp], 6 nM and 19 nM, respectively). However,
while HLA-B*57:03-restricted KF11 responses dominate in
chronic infection, HLA-B*58:01-restricted KF11 responses are
not detectable, suggesting that outcompetition by high-avidity
peptides such as TW10 is not the explanation.

This novel example shows how peptide presentation, immu-
nogenicity, and ultimately clinical disease outcome can be gov-
erned at the level of intracellular processing, which is unrelated to
optimal peptide binding affinity. Furthermore, it strongly implies
the existence of yet-unknown events or mechanisms located
within the PLC that influence peptide presentation by HLA class I
alleles and raises the question of exactly how peptides are loaded
onto HLA class I molecules by the PLC. Future studies are needed
to determine how widespread this phenomenon is and to what
extent it explains the observed difference in epitope repertoire of
closely related HLA alleles.
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