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To define whether individual human leukocyte antigen (HLA) class | allotypes are used pre-
ferentially in human cytomegalovirus (CMV)-specific cytotoxic T lymphocyte responses,
CD8* T cell responses restricted by up to six HLA class | allotypes in an individual were
measured in parallel using K662-based artificial antigen-presenting cells expressing both
CMV pp65 antigen and one of 32 HLA class | allotypes (7 HLA-A, 14 HLA-B, and 11
HLA-C) present in 50 healthy Korean donors. The CD8* T cell responses to pp65 in the
HLA-C allotypes were lower than responses to those in HLA-A and -B allotypes and
there was no difference between the HLA-A and HLA-B loci. HLA-A*02:01, -B*07:02,
and -C*08:01 showed the highest magnitude and frequency of immune responses to
pp65 at each HLA class | locus. However, HLA-A*02:07, -B*59:01, -B*58:01, -B*15:11,
-C*03:02, and -C*02:02 did not show any immune responses. Although each indi-
vidual has up to six different HLA allotypes, 46% of the donors showed one allotype,
24% showed two allotypes, and 2% showed three allotypes that responded to pp65.
Interestingly, the frequencies of HLA-A alleles were significantly correlated with the posi-
tivity of specific allotypes. Our results demonstrate that specific HLA class | allotypes
are preferentially used in the CD8* T cell immune response to pp65 and that a hierarchy
among HLA class | allotypes is present in an individual.

Keywords: human leukocyte antigen class I, cytomegalovirus pp65, CD8" T cell, immunodominant pattern,
human leukocyte antigen restriction, preferential usage

INTRODUCTION

The fraction of a population infected with cytomegalovirus (CMV) depends on the socioeconomic
status of the population. CMV has a prevalence of 60-70% in industrialized countries, whereas in
emerging countries this rate is nearly 100% (1). After primary infection, which frequently occurs
during early childhood (1), CMV establishes lifelong latency under control of the immune system
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because of the numerous virus evasion strategies that interfere
with the hostimmune response at manylevels (2). Human leuko-
cyte antigen (HLA)-restricted cytotoxic T lymphocytes (CTLs)
are involved in the early immune response and are important
defense mechanism in CMV infections (3). Transplant-related
morbidity and mortality in CMV-seropositive patients are
increased despite highly effective prevention of CMV disease
after allogeneic T cell-depleted stem cell transplantation (4).
Furthermore, CMV is one of the common congenitally trans-
mitted viruses capable of causing severe illness in newborns (5).
Protection from CMYV disease in immune-compromised hosts
has been correlated with recovery of host virus-specific CD8*
T cell responses (6). Protective immunity can be successfully
transferred by infusion of donor-derived CMV-specific CD8*
CTL clones (7, 8). Assessment of clonal diversity of T cell
responses against human CMYV, a major cause of morbidity in
immune-depressed patients, provides important insights into
the molecular basis of T cell immunodominance and has clini-
cal implications for immune monitoring and immunotherapy
of CMV infections (9).

Identification of the CTL epitopes derived from CMV isvaluable
for monitoring antiviral immunity and for ex vivo generation of
antiviral CTLs for possible application in adaptive immunotherapy
(10). The lower matrix protein 65 (pp65), a structural protein that
is abundant throughout CMV infection, is an important subject
of CMV research. It is widely accepted as the immune-dominant
target of the CD8" T cell response against CMV (11). Analysis
of the fine specificity of pp65-specific CTL showed that some
donors have a highly focused response recognizing only a single
peptide, whereas others recognize multiple peptides throughout
the pp65 gene product (12). However, previously identified CTL
epitopes derived from pp65 protein were limited to traditionally
well-studied HLA class I allotypes such as HLA-B*07 (13). Thus,
relatively little is known about epitopes presented on infrequently
observed allotypes (14).

The high level of polymorphism within the HLA region may
provide an advantage in host defense against pathogen medi-
ated by T cells (15). Among the epitopes presented by HLA
allotypes, certain peptides known to have immunodominance
are more frequently recognized than others, which is suggested
to be related to peptide-binding repertoires of different sizes,
affinities, and immunogenicities (16, 17). Immunodominance
according to HLA allotypes is variably used to describe either
the most frequently detectable response among tested individu-
als or strongest response within a single individual. Although the
factors affecting immunodominance have been studied, immu-
nodominance of HLA allotypes to CMV remain unexplored.

Cytomegalovirus-specific CD8* T cell populations in humans
have been studied using ex vivo tools, such as major histocom-
patibility complex class I tetramers and interferon-y (IFN-y)-
based enzyme-linked immunospot (ELISPOT) assays (18).
There is a need for new strategies with improved efficiency
and feasibility to detect T cell mediated immune responses
on multiple epitopes presented on different HLA allotypes.
ELISPOT using pp65-transduced CD40-activated B cells has
been used for identifying CTL epitopes presented by various
HLA allotypes (10). Epstein-Barr virus (EBV)-specific CD8*

T cell responses can be evaluated using autologous dendritic
cells transfected with EBV latent membrane protein 1 and latent
membrane protein 2A mRNA (19). To comprehensively analyze
CD8* T cell responses against the CMV pp65 antigen restricted
by a single HLA class I allotype, we conducted ELISPOT assays
using an artificial antigen-presenting cell (aAPC) expressing
both the pp65 antigen and each HLA class I allotype present in
a donor. Our data showed that CD8* T cells responses differed
for each HLA allotype, and a specific HLA allotype showed a
dominant response, compared with the other HLA allotypes in
an individual.

MATERIALS AND METHODS

Donors and Cells

The use of human material was reviewed and approved by
Institutional Review Board of the Catholic University of Korea
(MC16SNSI0001). Informed consent was obtained according to
the Catholic University of Korea. Written informed consent was
obtained from all participants involved in this study. Peripheral
blood mononuclear cells were collected from 50 healthy Korean
donors, using Ficoll-Hypaque (GE Healthcare, Pittsburgh, PA,
USA). The average age of the participants was 29.56 + 3.83 years
and consisted of 5 femalesand 45 males. CD8* T cells wereisolated
positively using magnetic microbeads (MACS, Miltenyi Biotec,
Bergisch Gladbach, Germany) and were cryopreserved until use.
HLA typing was carried out at the Catholic Hematopoietic Stem
Cell Bank (Seoul, Korea; Table 1).

Establishment of aAPCs

The cDNA of costimulatory molecules (CD83, 4-1BBL, and
CD80) was individually cloned into the pCDH lentivirus
vector (#CD523A-1; SBI, Palo Alto, CA, USA) and CMV
pp65-GFP was cloned into a PiggyBac vector (#PB511B-1; SBI,
Palo Alto, CA, USA). For production of lentivirus, 10 pug of a
cloned pCDH plasmid and lentivirus packaging plasmids (5 ug
pMD2.G and 5 ug psPAX2, cat nos. #12259, #12260; Addgene,
Cambridge, MA, USA) were cotransfected into HEK293 cells
using lipofectamine reagent (Invitrogen, Carlsbad, CA, USA).
Titration of lentivirus was measured by serial dilution and
finally transduction was performed with MOI = 1. K562 were
cultured in RPMI supplemented with penicillin (100 U/mL),
streptomycin (100 U/mL), L-glutamine (2 mM; all from
Lonza, Basel, Switzerland), and 10% fetal bovine serum (Life
Technologies, Carlsbad, CA, USA). For transduction of
costimulatory molecules, 5 X 10> K562 cells/mL were seeded
in a 24-well plate. After 24 h, 500 pL lentiviral supernatant
and 8 ug/mL polybrene were added to the K562 cell culture.
After 48 h, K562 cell were analyzed by flow cytometry (FACS
Canto II, BD Biosciences, San Diego, CA, USA). Subsequently,
the aAPCs were transfected with PiggyBac-CMV pp65-GFP to
produce aAPC-pp65 by the Amaxa Nucleofector™ I (Lonza,
Basel, Switzerland) using Amaxa® Cell Line Nucleofector® Kit V
(program number T-16), according to the manufacturer’s
instructions. Untransfected K562 cells were used as controls.
The stable transfectants were positively selected by sorting on a
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TABLE 1 | Genotypes of HLA class | alleles in 50 healthy Korean donors.

Donor Age Sex HLA-A* HLA-B* HLA-C*

HDO1 28 M 02:01/33:03 35:01/44:03 04:01/14:03
HDO2 30 M 33:03/33:03 44:03/44:03 07:06/14:03
HDO3 30 M 02:01/33:03 44:03/54:01 01:02/14:03
HDO4 25 M 33:03/33:03 35:01/44:03 04:01/14:03
HDO5 30 M 24:02/33:03 07:02/35:01 07:02/08:01
HDO6 24 M 02:01/24:02 15:01/59:01 01:02/04:01
HDO7 31 M 02:01/11:01 15:01/40:01 03:04/04:01
HDO08 35 M 02:01/11:01 15:11/54:01 01:02/03:03
HDO9 21 M 24:02/33:03 44:03/51:01 14:02/14:03
HD10 26 M 02:01/24:02 07:02/51:01 07:02/14:02
HD11 34 M 24:02/33:03 07:02/44:03 07:02/14:03
HD12 27 M 11:01/33:03 15:01/44:03 04:01/14:03
HD13 34 F 02:01/33:03 15:01/44:03 04:01/14:03
HD14 33 M 02:01/11:01 15:01/51:01 04:01/14:02
HD15 24 F 02:01/24:02 35:01/54:01 01:02/08:01
HD16 22 M 02:01/24:02 07:02/15:01 01:02/07:02
HD17 29 M 11:01/11:01 15:01/40:01 03:04/04:01
HD18 29 M 02:01/11:01 15:01/15:01 04:01/08:01
HD19 29 M 02:01/11:01 40:01/54:01 01:02/03:04
HD20 29 M 02:01/31:01 35:01/54:01 01:02/03:03
HD21 36 M 31:01/33:03 40:06/44:03 07:06/08:01
HD22 29 F 02:01/33:03 40:06/44:03 03:04/07:06
HD23 31 M 31:01/33:03 35:01/44:03 03:03/14:03
HD24 34 M 02:01/02:01 48:01/54:01 03:04/08:01
HD25 28 M 02:01/02:06 46:01/54:01 01:02/01:02
HD26 28 M 02:01/02:07 27:05/46:01 01:02/01:02
HD27 31 M 02:01/02:06 15:01/15:11 03:03/07:02
HD28 29 M 02:01/02:07 15:11/46:01 01:02/03:03
HD29 31 M 11:01/24:02 15:01/40:01 03:04/04:01
HD30 25 M 11:01/24:02 15:01/59:01 01:02/04:01
HD31 30 M 24:02/24:02 35:01/51:01 03:04/14:02
HD32 27 M 24:02/24:02 40:06/51:01 08:01/14:02
HD33 27 M 02:07/24:02 07:02/46:01 01:02/07:02
HD34 29 M 02:07/11:01 27:05/46:01 01:02/02:02
HD35 28 M 24:02/31:01 07:02/48:01 07:02/08:01
HD36 33 M 24:02/33:03 15:01/58:01 07:02/14:02
HD37 29 M 24:02/33:03 40:01/58:01 03:02/03:04
HD38 34 M 24:02/33:03 40:01/44:03 03:04/14:03
HD39 33 M 24:02/31:01 40:01/51:01 07:02/14:02
HD40 34 M 02:01/11:01 27:05/40:06 01:02/08:01
HD41 37 M 11:01/24:02 27:05/54:01 01:02/02:02
HD42 38 M 11:01/24:02 40:06/48:01 08:01/08:01
HD43 33 M 02:01/24:02 46:01/51:01 01:02/14:02
HD44 29 M 02:06/02:06 48:01/51:01 08:01/14:02
HD45 30 M 02:06/33:03 44:03/48:01 07:06/08:01
HD46 32 M 02:06/33:03 44:03/54:01 01:02/14:03
HD47 29 M 02:06/31:01 15:01/46:01 01:02/03:03
HD48 23 F 31:01/31:01 15:01/51:01 04:01/14:02
HD49 24 F 02:07/24:02 07:02/46:01 01:02/07:02
HD50 27 M 02:07/31:01 07:02/27:05 01:02/07:02

MoFlo Astrios flow cytometer (Beckman Coulter, Indianapolis,
IN, USA), using antibody staining.

Establishment of Transient HLA Class |

Expression on aAPCs

Human leukocyte antigen class I (HLA-A; 7, -B; 14, -C; 11)
c¢DNA was individually cloned into the pcDNA 3.1 vector
(#V79020; Invitrogen, Carlsbad, CA, USA) and transfected into
aAPC and aAPC-pp65 using Amaxa® Cell Line Nucleofector®
Kit V (program number T-16), according to the manufacturer’s

instructions. To increase the HLA gene expression efficiency,
DNA concentrations ranging from 0.1 to 8 ug were tested. HLA
class I expression was maintained for 3 days and confirmed by
flow cytometry. aAPC and aAPC-pp65 were transfected with
six HLA class I allotypes corresponding to the donor HLA
type, and immunogenicity was investigated by IFN-y ELISPOT
assay.

Analysis of aAPCs Phenotype by Flow
Cytometry

The expression of HLA class I, costimulatory molecules, and
CMV pp65-GFP on aAPCs and aAPC-pp65 was analyzed by
flow cytometry. The following antibodies were used in this study:
anti-HLA class I (APC; G46-2.6), anti-CD83 (PE; HB15e¢), and
anti-CD80 (PE; L307.4) purchased from BD Biosciences and
anti-4-1BBL (PE; 5F4) purchased from BioLegend. Approximately
more than 10,000 cells were acquired and the data were analyzed
using FLOW]JO software (Tree Star, USA).

IFN-y ELISPOT Assay

The IFN-y ELISPOT assay was performed as described previously
in literature, with modifications (19). Briefly, autologous CD8*
T cells (10° cells) were serially diluted in complete RPMI and
100 uL of each cell suspension was then transferred into the wells,
followed by the addition of 200 uL of aAPC and aAPC-pp65 (10°
cells) untransfected or transfected with individual HLA-matched
single HLA allotype. We performed the experiments only when
the expression of each HLA allotype was confirmed by FACS in
all tests and more than 50% positive by K562 control (Figure
S1 in Supplementary Material). The spot number was counted
using an AID ELISPOT Reader System (AID Diagnostika GmbH,
Strassberg, Germany).

Statistical Analysis

For data analysis and visualization, Prism 7.0 software (GraphPad,
San Diego, CA, USA) was used. Statistical significance was deter-
mined by one-way ANOVA and Pearson’s correlation analysis.
The results were obtained from a single experiment on 50 donors.
P-value < 0.05 was considered significant, as described in figure
legends.

RESULTS

Optimal Conditions to Detect
pp65-Specific CD8* T Cell Responses

Restricted by Single HLA Class | Allotype

K562-derived aAPCs expressing CMV pp65 (aAPC-pp65) were
established by transfection with PiggyBac vector expressing
CMV pp65 and GFP to detect CMV pp65-specific CD8* T cell
responses (Figure S2 in Supplementary Material). The costimula-
tory molecules CD80, CD83, and 4-1BBL were expressed at
similar levels between the aAPCs and aAPC-pp65 coexpressing
pp65 and GFP (Figure 1A). To measure CD8* T cell responses
restricted to a single allotype among various HLA class I allo-
types, it is considered more efficient to transiently express a single
HLA gene in aAPCs rather than to establish a stable cell line.
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FIGURE 1 | Establishment of an artificial antigen-presenting cell (RAPC) system to detect cytomegalovirus (CMV) pp65-specific CD8* T cell responses restricted by
a single human leukocyte antigen (HLA) class | allotype. (A) Establishment of aAPCs expressing CD83, 4-1BBL, and CD80, and aAPC-pp65 expressing CMV pp65
from the K562 cell line. To detect the CD8* T cell response to CMV pp65, aAPC-pp65 were transfected with HLA-A*02:01 plasmid DNA. The expression of
transferred genes was assessed by flow cytometry. (B) Optimization of HLA class | gene transfection to detect CD8* T cell responses. HLA-A*0201 plasmid DNA
concentrations ranging from 0.1 to 8 pg were used for transfection in 1 x 10° aAPC-pp65. CD8* T cells showing strong responses to pp65 (HDO1) were cocultured
with aAPC-pp65 for the interferon-y (IFN-y) enzyme-linked immunospot (ELISPOT) assay. (C) Comparison of transient transfection with 4 ug of plasmid DNA (T) and
stable expression with lentivirus vector (S) of HLA-A*02:01 in stimulating CD8* T cells. CD8* T cells (HDO1) were cocultured with aAPC (—) and aAPC-pp65 (+) for
IFN-y ELISPOT assay. Results represent the mean percentage of expression from three independent experiments with SD (bars). P values were calculated by 1-way
ANOVA (P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001; N.S., not significant).

The optimal concentration of the HLA-A*02:01 plasmid DNA
for transfecting into aAPC-pp65 was determined as 4 pg plas-
mid DNA per 10° aAPC-pp65 based on the expression of HLA
class I molecules and IFN-y ELISPOT assay using CD8" T cells
isolated from the HLA-A*02:01-positive donor HDO1, with a
strong response to pp65 (Figure 1B). This optimized transfec-
tion condition showed T cell stimulation efficiency similar to
that in aAPC-pp65 stably expressing HLA-A*02:01 (Figure 1C).
Subsequent analysis of various HLA class I genes was performed

similarly using appropriate conditions for transient expression
(Figure S3 in Supplementary Material).

Figure 2 shows representative ELISPOT results for measur-
ing pp65-specific CD8" T cell responses presented by six HLA
class I allotypes in an individual. aAPCs that express a single
HLA allotype (aAPC-HLA) and do not express pp65 were used
as controls to obtain a background value. Most of the results
were obtained with 1 x 10° CD8* T cells per well, with 5 X 10°
cells per well used for a low response. In the case of HD50, the
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frequency of CMV pp65-specific CD8* T cells secreting IFN-y
was high only in HLA-B*07:02, whereas the other allotypes did
not differ from controls (Figure 2A). In HD30, HLA-A*24:02
and -B*15:01 showed positive responses with more than 100
IEN-y spots per 5 X 10° CD8" T cells in both aAPC-pp65
and aAPCs. In general, these HLA-restricted responses were
only observed in the presence of pp65, whereas some HLA
allotypes showed a positive response even in the absence of the
pp65 antigen (aAPC) (Figure 2B). Therefore, the frequency of
pp65-specific T cells restricted by each self-HLA allotype was
determined as [(aAPC-pp65-HLA) — (aAPC-pp65)] — [(aAPC-
HLA) — (aAPC)]. After compensation for background responses
by each self-HLA allotype, pp65-specific responses by HLA-
C*01:02 and -C*04:01 were higher than that by HLA-A*24:02.
In addition, non-specific responses to the self-HLA allotype in
the absence of pp65 are frequently observed in certain allotypes

and are thought to be responses against K562 minor antigens
(Figure S4 in Supplementary Material).

Dominance According to HLA

Class | Allotypes

The results of the ELISPOT assay for 50 healthy donors were
presented as the frequency of CMV pp65-specific CD8* T cells
secreting IFN-y and the proportion by strength of responsive-
ness (IFN-y spot numbers per 5 X 10° = 0, 1-50, 51-100, and
>100) based on the all allotypes in HLA class I and allotypes
in each HLA class I locus (Figure 3A). The distribution of total
responses for all allotypes in HLA class I in an individual showed
amean and SD 0f 564.0 and 559.9, respectively. The proportion of
positive responses showing more than 100 IFN-y spots was 78%,
whereas absence of a specific response (spot = 0) was 6%. HLA-A
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FIGURE 3 | Distribution of cytomegalovirus (CMV) pp65-specific CD8* T cells according to individual human leukocyte antigen (HLA) class | loci and allotypes.
Distribution of pp65-specific CD8* T cell responses restricted by total HLA class |, HLA-A, HLA-B, and HLA-C loci (A) and distributions of those by each allotype of
the HLA-A (B), HLA-B (C), and HLA-C (D) loci in healthy Korean donors (n = 50). The frequencies of CD8* T cells by interferon-y (IFN-y) enzyme-linked immunospot
(ELISPQOT) assay (upper). CD8* T cell frequencies by HLA class | and by HLA-A, -B, or -C loci is the sum of those by the six allotypes present in an individual and the
sum of those by the two allotypes present in each locus, respectively. The relative proportion of donors according to the strengths of CD8* T cell responses (lower).
Parenthesis in lower figure indicates the number of donors. P values were calculated by one-way ANOVA (*P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001).
Horizontal bars indicate mean and vertical bars indicate SD. Because negative numbers cannot be shown on a logarithmic Y axis, O or negative values and some
down vertical bars are not displayed.
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allotypes showed a mean of 338.3 (SD 556.2). The proportion
of positive responses showing more than 100 IFN-y spots was
38%, whereas absence of a specific response was 24%. HLA-B
allotypes showed a mean of 193.1 (SD 275.7). The proportion
of positive responses showing more than 100 IFN-y spots was
46%, whereas absence of a specific response was 36%. HLA-C
allotypes showed a mean of 32.68 (SD 43.37). The proportion of
positive responses showing more than 100 IEN-y spots was 12%,
whereas absence of a specific response was 36%. In the analysis
based on each HLA class I locus, the IEN-y spot numbers in
the HLA-A and -B allotypes were significantly higher compared
to those in the HLA-C allotypes. The proportion of positive
response with more than 100 IFN-y spots per well was higher in
HLA-B than in HLA-A.

In the analysis based on each allotype in the HLA-A locus,
the IFN-y spot number was high in the order HLA-A*02:01 >
-A*02:06 > -A*33:03 > -A*24:02 > -A*11:01 (Figure 3B). HLA-
A*02:01 allotypes showed a mean of 486.5 (SD 479.8), which
was significantly higher compared than those of HLA-A*24:02,
-A*11:01, -A*31:01, and -A*02:07. HLA-A*02:01, -A*02:06, and
-A*33:03 showed 66.7, 50.0, and 23.5% positive responses with
more than 100 IFN-y spots per well, respectively. In the analysis
based on each allotype in the HLA-B locus, the IFN-y spot num-
ber was high in the order HLA-B*07:02 > -B*40:06 > -B*51:01
> -B*35:01 > -B*44:03 > -B*27:05 > -B*15:01 > -B*40:01
(Figure 3C). HLA-B*07:02 showed a mean of 521.9 (SD 358.3),
which was significantly higher than those of HLA-B*54:01 and
-B*46:01. HLA-B*07:02, -B*40:06, -B*51:01, -B*35:01, -B*15:01,
-B*27:05, -B*44:03, and-B*40:01 showed 87.5, 60.0, 44.4, 42.9,
21.4, 20.0, 14.3, and 14.3% positive responses with more than
100 IFN-y spots per well, respectively. Particularly, HLA-B*07:02
showed the highest proportion of positive responses of donors in
all allotypes (7/8, 87.5%), demonstrating more than 100 IFN-y
spots per well in all positive responses. In an analysis based
on each allotype in the HLA-C locus, the IFN-y spot number
was high in the order HLA-C*08:01 > -C*01:02 > -C*14:03 >
-C*14:02 (Figure 3D). HLA-C*08:01, -C*14:03, and -C*01:02
showed 18.2, 9.1, and 5% positive responses with more than 100
IEN-y spots per well, respectively. Six allotypes (HLA-A*02:07,

-B*59:01, -B*58:01, -B*15:11, -C*03:02, and -C*02:02) showed
no positive response.

Correlation between Positive Reactions
of Specific HLA Class | Allotypes and

Allele Frequencies

Human leukocyte antigen alleles increased in diversity in response
to infectious diseases, and people with allotypes responsive to
certain infectious agents are known to have better survival and
are likely to be evolutionarily selected (20, 21). Therefore, we
analyzed whether the allotype restricting CD8* T cell reactivity
to pp65, the major antigen of CMYV, is related to the frequency
of its allele (Figure 4). Interestingly, the ratio of positive CD8"
T cell responses in a specific allotype was significantly correlated
with the frequency of HLA-A alleles (P = 0.0459, R = 0.7632).
However, HLA-B and HLA-C showed no significant correla-
tion. It is thought that the allele frequency is relatively evenly
distributed in HLA-B allotypes and that reactivity to pp65 is low
in HLA-C allotypes.

Intraindividual Dominance and HLA
Allotype Hierarchy

Because different CD8* T cell responses to pp65 antigen accord-
ing to HLA allotypes were observed in the population, we
comparatively analyzed the effects of each HLA allotype on CD8*
T cell responses within an individual to further interpret the
population results in terms of the intraindividual dominance and
HLA allotype hierarchy. The 50 donors were classified into four
groups according to the number of dominant allotypes showing
positive responses with more than 100 IFN-y spots per well in an
individual (Figure 5A). There was 1 donor in the three dominant
allotype group (2%), 12 donors in the two dominant allotype group
(24%), 23 donors in the one dominant allotype group (46%), and
14 donors in the group without a dominant allotype (28%). The
one dominant allotype group showed specific responses restricted
by 11 allotypes (HLA-B*07:02, -A*02:01, -B*40:06, -A*02:06,
-B*51:01, -B*35:01, -A*33:03, -B¥15:01, -B*27:05, -C*08:01, and
-B*44:03). The two dominant allotype group showed specific

HLA allele frequency (%)

FIGURE 4 | Correlation analysis of the proportion showing positive pp65-specific CD8* T cell responses in each human leukocyte antigen (HLA) allotype with the
frequencies of HLA class | alleles known in the Korean population. In the 50 donors included in this study (Table 1), in total 32 allotypes of HLA class | (7 HLA-A, 14
HLA-B, and 11 HLA-C) found. The proportions showing positive CD8* T cell responses in donors with a specific allotype are presented in Figure 3. HLA allele
frequencies in the Korean population have been quoted (22). P and R values calculated by Pearson’s correlation analysis.
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FIGURE 5 | Distributions of CD8* T cell responses according to the intraindividual dominance of human leukocyte antigen (HLA) class | allotypes and the probability
of intraindividual dominance in each HLA class | allotype. (A) The intraindividual dominant patterns in 50 donors could be classified into four groups by the number
of allotypes showing more than 100 interferon-y (IFN-y) positive spots per 5 x 10° CD8* T cells in an individual on the x-axis, the frequencies of pp65 antigen-
specific CD8* T cells by enzyme-linked immunospot (ELISPOT) on the y-axis, and displacing the HLA class | allotypes on the z-axis. (B) When CD8* T cell
responses by each HLA class | allotype in an individual were measured by ELISPOT, the first, second, third, and fourth intraindividual dominance was defined in the
order of highest response. The distributions of CD8* T cell responses in 50 donors were analyzed according to the intraindividual dominance and (C) the probability
of intraindividual dominance in each HLA class | allotype was defined in 50 donors with allotypes showing IFN-y more than 100 positive spots per 5 x 10° CD8*

T cells. P values were calculated by one-way ANOVA (“P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Horizontal bars indicate mean and vertical bars indicate
SD. Because negative numbers cannot be shown on a logarithmic Y axis, O or negative values and some down vertical bars are not displayed.

responses restricted by 13 allotypes (HLA-B*07:02, -A*02:01,
-B*40:06, -A*02:06, -B*51:01, -B*35:01, -A*33:03, -B*15:01,
-C*08:01, -B*40:01, -C*14:03, -C*01:02, and -A*24:02). The three

We classified the dominance of HLA allotypes into groups 1-4
in the order of the pp65-specific CD8* T cell response in an indi-
vidual and analyzed the distribution of pp65-specific CD8* T cell

dominant allotype group showed specific responses restricted by
3 allotypes (HLA-A*02:01, -B*35:01, and -A*33:03).

responses according to dominance in 50 donors (Figure 5B). The
first dominant group (mean of 435.5, SD of 420.6) showed strong
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FIGURE 6 | Prediction of pp65-specific CD8* T cell responses in a certain individual based on the database of pp65-specific CD8* T cell responses in each human
leukocyte antigen (HLA) class | allotype. Based on the mean frequency of pp65-specific CD8* T cells in each HLA class | allotypes obtained from 50 healthy donors,
the sum of CD8* T cell responses in each HLA class | allotype present in an individual was calculated as the predicted CD8* T cell response, which was compared
with the observed CD8* T cell response. The predicted CD8* T cell response was the most significant when the response was below 600. P and R values were

significance compared to the second dominant group (mean of
103.7, SD of 214.3, and P = 0.0010), which was also significantly
higher compared to in the third (mean of 18.78, SD of 29.22, and
P < 0.0001) and fourth dominant groups (mean of 5.36, SD of
11.1, and P < 0.0001).

To define the hierarchy among HLA class I allotypes, the prob-
ability of intraindividual dominance was estimated by counting
those who showed the first or second dominance in donors with a
specific allotype (Figure 5C). HLA-B*07:02, -A*02:01, -B*51:01,
-B*40:06, and -A*02:06 exhibited first dominance at 87.5, 57.1,
44.4, 40.0, and 33.3%, respectively. HLA-B*40:06, -A*02:06,
-B*35:01, -B*40:01, and -A*33:03 exhibited second dominance at
20.0, 16.7, 14.3, 14.3, and 11.8%, respectively.

Prediction of Low-Responder to pp65 by
HLA Class | Genotype

Because a low immune response to CMV in donors is associ-
ated with the onset of CMV infection in hematopoietic stem cell
transplantation, predicting the immune responsiveness to CMV,
particularly low immune responsiveness, may be helpful for
selecting a suitable donor. Therefore, we estimated the predicted
CD8" T cell responsiveness in an individual using the mean
frequency of pp65-specific CD8* T cell responses defined in each
HLA allotype and compared this value with the observed CD8*
T cell response (Figure 6). The correlation between observed
and predicted responses for all 50 individuals showed a distinct
quantitative linear relationship (P = 0.0130, R = 0.3491). Because
there were some dominant allotypes, the predicted response
from all 50 individuals showed a less significant correlation with
observed response, and thus we analyzed whether there were more
significant correlations in the groups with various low predicted
responses. We found a more significant correlation in the group
with a predicted value of less than 600 spots/5 X 10° (P = 0.0002,

TABLE 2 | Correlation between the observed responses and the predicted
responses according to the prediction ranges.

Prediction Predicted R P
range (spots) donor (n)

0-1,200 50 0.3491 0.0130
0-1,100 49 0.3410 0.0165
0-1,000 47 0.2548 0.0839
0-900 44 0.3674 0.0142
0-800 38 0.3793 0.0189
0-700 34 0.4985 0.0027
0-600 31 0.6257 0.0002
0-500 18 0.3174 0.1994
0-400 14 0.1023 0.7279
0-300 11 0.4405 0.1751
0-200 5 0.1387 0.8239
0-100 4 0.3722 0.6278

R = 0.6257; Table 2). These results suggest that donors with low
CMVpp65-specific CD8* T cell responses can be predicted by
HLA type alone.

DISCUSSION

To determine whether individual HLA class I allotypes are used
preferentially or equally in human virus-specific CTL responses,
we established a platform for measuring the CD8" T cell response
by presenting the pp65 peptide intrinsically to various HLA
allotypes using K562-based aAPCs (Figure 1). The coverage of
32 HLA class I allotypes (7 HLA-A, 14 HLA-B, and 11 HLA-C)
observed in 50 healthy Korean donors was 85.82% for the HLA-A
locus, 75.69% for the HLA-B locus, and 83.04% for the HLA-C
locus in the Korean population analyzed in our laboratory data
from over 10,000 donors (data not shown). The mean frequency
of pp65-specific CD8* T cells was 0.11%. The frequency of CTLs
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in healthy CMV-seropositive individuals ranged from approxi-
mately 0.1 to 3.3% of all CD8* T cells (23).

When the relative contributions of the HLA-A, -B, and -C
allotypes were evaluated, immune responses to pp65 in the
HLA-C allotypes were lower than the responses to those in the
HLA-A and -B loci (Figure 3A). However, there was no difference
between the HLA-A and -B allotypes in this study. In general,
HLA-C allotypes are expressed on the cell surface at levels much
lower than either HLA-A or -B allotypes (24). In this study, the
expression of an HLA-C gene was confirmed to be lower than that
of HLA-A and -B, although the gene was transferred to the same
vector (data not shown). The major role of HLA-C is predicted to
be as a ligand for killer immunoglobulin receptors expressed on
naturalkiller cells (25). In human immunodeficiency virus (HIV)-
1-infected study subjects from southern Africa, a significantly
greater number of CD8" T cell responses are HLA-B-restricted
compared to HLA-A (26). This dominant influence of HLA-B
may mediate the potential coevolution of HIV and HLA. In a
study of EBV-derived epitopes, HLA-B-restricted epitopes were
more frequently recognized than HLA-A- or HLA-C-restricted
epitopes (14). One possible mechanism underlying the dominant
HLA-B allotype effect is the greater diversity of peptides bound
by HLA-B allotypes (27).

Human leukocyte antigen-A*02:01, -B*07:02, and -C*08:01
showed the highest magnitude and frequency ofimmune response
to pp65 at each locus (Figures 3B-D). However, HLA-A*02:07,
-B*59:01, -B*58:01, -B*15:11, -C*03:02, and -C*02:02 did not
show immunoreactivity to pp65. In a study of the contribution
of individual HLA-A and -B allotypes to the human influenza
virus-specific CTL response, HLA-B*27:05- and HLA-B*35:01-
allotypes were preferentially used in the influenza A virus-specific
CTL response, whereas the contribution of HLA-B*08:01 and
HLA-A*01:01 was minor (28). In contrast, the CTL response
to influenza B virus was mainly directed toward HLA-B*08:01-
restricted epitopes. Immunodominant HIV-1-specific CD8*
T cell responses were defined in both acute and early infection for
HLA-A*1, -A*2, -A*24, -B*8, -B*15, -B*40, -B*44, -B*53, -B*57,
and -Cw*8 (29). These studies also suggest the preferential use of
HLA allotypes according to the virus studied.

Although one individual has up to six different HLA allo-
types, 46% of all donors had one dominant allotype, 24% had
two dominant allotypes, and 2% had three dominant allotypes
presenting pp65 to activate CD8* T cells (Figure 5A). We
found that one or two allotypes showed immunodominance,
despite the presence of multiple immunodominant allotypes
in one individual. CMV-specific cellular immune responses
restricted by HLA-B*07 dominate those restricted by HLA-
A*02 both in immune-competent and immune-compromised
individuals (13). Similar results were observed in HD10 and
HD16 in this study. HD10 exhibited an immune response only
against HLA-B*07:02, whereas HD16 showed 5.24-fold higher
immune response than that of HLA-A*02:01 in HLA-B*07:02.
In another case, HLA-B*15:01 showed no dominant response
when HLA-A*02:01 was present. HIV-1-specific CD8* T cell
responses directed against HLA-A1-, -A2-, and -A24-restricted
CD8* T cell epitopes were significantly lower in participants
coexpressing HLA-B*57 or HLA-B*27 (29). Certain HLA

allotypes consistently contributed more than others to the total
virus-specific CD8* T cell response during primary infection
and reduced the absolute magnitude of responses restricted by
other allotypes if coexpressed in the same individual, which is
consistent with immunodominance.

Interestingly, thefrequenciesof HLA- A allelesweresignificantly
correlated with the positivity of a specific allotype (Figure 4). The
significance of HLA class I polymorphisms is that the differences
among various HLA molecules and peptides that they present are
of sufficient functional importance to be subject to Darwinian
natural selection (20). Given the frequency-dependent conserva-
tion of HLA, populations in which specific HLA allotypes are very
common (e.g., HLA-A*23:01 in West Africa) may be identified as
hot spots for severe disease, endemic persistence, or pathogen
emergence (21, 30). Thus, a proper understanding of virus-HLA
coevolution is instrumental for making informed treatment and
vaccine design decisions for a range of major chronic and acute
infections (21). Based on our basic data showing the existence
of dominance according to HLA allotype, we predicted immune
responses to pp65 according to the donor HLA allotype. The
observed low responses to pp65 in donors with more than one
dominant allotype such as HLA-A*02:01 and/or -B*07:02, who
showed nearly the highest predicted responses, reduced the
predictive power because of the broad distributions of predicted
responses. However, donors without dominant allotype such as
HLA-A*02:07, -B*59:01, -B*58:01, -B*15:11, -C*03:02, and/or
-C*02:02, showed more accurate prediction because of the nar-
row distributions of the predicted responses. As a result, more
significance was obtained in subjects who had less than a total of
600 counts (Figure 6). Therefore, our results suggest that the HLA
allotype as well as direct measurement of T cell responses to CMV
may help predict the immune responsiveness to CMV.

Adoptive transfer of partially HLA-matched virus-specific
T cells from healthy third-party donors has also shown prom-
ise for the treatment of these conditions and strikingly low
incidences of toxicity or graft-versus-host disease have been
recorded in initial trials (31-33). In this third-party CTL therapy,
measurement of T cell responses by specific HLA allotypes may
be informative and helpful for partially matched recipient-
donors. In addition to the CD8" T cell response against pp65,
the CD4 T cell response by a single HLA class II allotype should
be further investigated.

In conclusion, our results demonstrate that specific HLA class
I allotypes are preferentially used in the CD8" T cell immune
response to pp65 and that hierarchy among HLA class I allotypes
is present in an individual. This immunodominance improves
the understanding of coevolution between CMV infection and
HLA diversity. Our strategy of measuring the immune response
restricted by a single HLA allotype may predict T cell responsive-
ness in an individual with known HLA genotypes and provide
useful information for vaccine development and third-party CTL
therapy for partially matched recipient-donors.

ETHICS STATEMENT

This study was carried out in accordance with the recom-
mendations of institutional guidelines and was approved by

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1591


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Hyun et al.

HLA Dominancy in T-Cell Response

Institutional Review Board of the Catholic University of Korea
(MC16SNSI0001). Informed consent was obtained according to
the Catholic University of Korea. Written informed consent was
obtained from all participants involved in this study.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: S-JH, H-JS, and T-GK.
Performed the experiments: S-JH and H-JS. Analyzed the data:
S-JH, H-JS, and T-GK. Contributed reagents/materials/analysis
tools: H-JL, S-DL, SK, D-HS, C-HH, HC, and H-IC. Wrote the
article: S-JH, H-JS, and T-GK.

REFERENCES

1. Filop T, Larbi A, Pawelec G. Human T cell aging and the impact of per-
sistent viral infections. Front Immunol (2013) 4:271. doi:10.3389/fimmu.
2013.00271

2. Chiu YL, Lin CH, Sung BY, Chuang YE Schneck JP, Kern F, et al. Cytotoxic
polyfunctionality maturation of cytomegalovirus-pp65-specific CD4+ and
CD8+ T-cell responses in older adults positively correlates with response size.
Sci Rep (2016) 6:1. doi:10.1038/srep19227

3. Quinnan GV Jr, Burns WH, Kirmani N, Rook AH, Manischewitz J, Jackson L,
et al. HLA-restricted cytotoxic T lymphocytes are an early immune response
and important defense mechanism in cytomegalovirus infections. Rev Infect
Dis (1984) 6(2):156-63. doi:10.1093/clinids/6.2.156

4. Broers AE, van der Holt R, van Esser JW, Gratama JW, Henzen-Logmans S,
Kuenen-Boumeester V, et al. Increased transplant-related morbidity and
mortality in CMV-seropositive patients despite highly effective prevention of
CMV disease after allogeneic T-cell-depleted stem cell transplantation. Blood
(2000) 95(7):2240-5.

5. Heine A, Griinebach F, Holderried T, Appel S, Weck MM, Dérfel D, et al.
Transfection of dendritic cells with in vitro-transcribed CMV RNA induces
polyclonal CD8+- and CD4+-mediated CMV-specific T cell responses. Mol
Ther (2006) 13(2):280-8. d0i:10.1016/j.ymthe.2005.08.019

6. Li CR, Greenberg PD, Gilbert MJ, Goodrich JM, Riddell SR. Recovery of
HLA-restricted cytomegalovirus (CMV)-specific T-cell responses after allo-
geneic bone marrow transplant: correlation with CMV disease and effect of
ganciclovir prophylaxis. Blood (1994) 83(7):1971-9.

7. Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha ME, Greenberg PD.
Restoration of viral immunity in immunodeficient humans by the adoptive
transfer of T cell clones. Science (1992) 257(5067):238-41. doi:10.1126/
science.1352912

8. Walter EA, Greenberg PD, Gilbert MJ, Finch R], Watanabe KS, Thomas ED,
et al. Reconstitution of cellular immunity against cytomegalovirus in recipi-
ents of allogeneic bone marrow by transfer of T-cell clones from the donor.
N Engl ] Med (1995) 333(16):1038-44. doi:10.1056/NEJM199510193331603

9. Trautmann L, Rimbert M, Echasserieau K, Saulquin X, Neveu B, Dechanet J,
et al. Selection of T cell clones expressing high-affinity public TCRs within
human cytomegalovirus-specific CD8 T cell responses. J Immunol (2005)
175(9):6123-32. doi:10.4049/jimmunol.175.9.6123

10. Kondo E, Akatsuka Y, Kuzushima K, Tsujimura K, Asakura S, Tajima K, et al.
Identification of novel CTL epitopes of CMV-pp65 presented by a variety of
HLA alleles. Blood (2004) 103(2):630-8. doi:10.1182/blood-2003-03-0824

11. Kern E Bunde T, Faulhaber N, Kiecker F, Khatamzas E, Rudawski IM, et al.
Cytomegalovirus (CMV) phosphoprotein 65 makes a large contribution to
shaping the T cell repertoire in CMV-exposed individuals. ] Infect Dis (2002)
185(12):1709-16. doi:10.1086/340637

12. Wills MR, Carmichael AJ, Mynard K, Jin X, Weekes MP, Plachter B, et al. The
human cytotoxic T-lymphocyte (CTL) response to cytomegalovirus is dom-
inated by structural protein pp65: frequency, specificity, and T-cell receptor
usage of pp65-specific CTL. ] Virol (1996) 70(11):7569-79.

13. Lacey SE Villacres MC, La Rosa C, Wang Z, Longmate ], Martinez J, et al.
Relative dominance of HLA-B*07 restricted CD8+ T-lymphocyte immune
responses to human cytomegalovirus pp65 in persons sharing HLA-A*02

FUNDING

This research was supported by the Bio & Medical
Technology Development Program of the National Research
Foundation (NRF) funded by the Ministry of Science & ICT
(2015M3A9D9074278).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://www.frontiersin.org/article/10.3389/fimmu.2017.01591/
full#supplementary-material.

and HLA-B*07 alleles. Hum Immunol (2003) 64(4):440-52. doi:10.1016/
S0198-8859(03)00028-4

14. Bihl F, Frahm N, Di Giammarino L, Sidney J, John M, Yusim K, et al. Impact
of HLA-B alleles, epitope binding affinity, functional avidity, and viral coin-
fection on the immunodominance of virus-specific CTL responses. ] Immunol
(2006) 176(7):4094-101. doi:10.4049/jimmunol.176.7.4094

15. Jeffery KJ, Bangham CR. Do infectious diseases drive MHC diversity? Microbes
Infect (2000) 2(11):1335-41. doi:10.1016/S1286-4579(00)01287-9

16. Yewdell JW, Bennink JR. Immunodominance in major histocompatibility
complex class I-restricted T lymphocyte responses. Annu Rev Immunol (1999)
17(1):51-88. doi:10.1146/annurev.immunol.17.1.51

17. Paul S, Weiskopf D, Angelo MA, Sidney J, Peters B, Sette A. HLA class I
alleles are associated with peptide-binding repertoires of different size,
affinity, and immunogenicity. ] Immunol (2013) 191(12):5831-9. doi:10.4049/
jimmunol.1302101

18. Lacey SE Diamond DJ, Zaia JA. Assessment of cellular immunity to human
cytomegalovirus in recipients of allogeneic stem cell transplants. Biol
Blood Marrow Transplant (2004) 10(7):433-47. doi:10.1016/j.bbmt.2003.
12.004

19. Sohn DH, Sohn HJ, Lee HJ, Lee SD, Kim S, Hyun §J, et al. Measurement
of CD8+ and CD4+ T cell frequencies specific for EBV LMP1 and LMP2a
using mRNA-transfected DCs. PLoS One (2015) 10(5):e0127899. doi:10.1371/
journal.pone.0127899

20. Goulder PJ, Watkins DI. Impact of MHC class I diversity on immune control
of immunodeficiency virus replication. Nat Rev Immunol (2008) 8(8):619-30.
doi:10.1038/nri2357

21. Markov PV, Pybus OG. Evolution and diversity of the human leukocyte
antigen (HLA). Evol Med Public Health (2015) 1:1. doi:10.1093/emph/eou033

22. Hwang SH, Oh HB, Yang JH, Kwon O], Shin ES. Distribution of HLA-A,
B, C allele and haplotype frequencies in Koreans. Korean ] Lab Med (2004)
24(6):396-404.

23. Hebart H, Daginik S, Stevanovic S, Grigoleit U, Dobler A, Baur M, et al.
Sensitive detection of human cytomegalovirus peptide-specific cytotoxic
T-lymphocyte responses by interferon-y-enzyme-linked immunospot assay
and flow cytometry in healthy individuals and in patients after allogeneic
stem cell transplantation. Blood (2002) 99(10):3830-7. doi:10.1182/blood.
V99.10.3830

24. Snary D, Barnstable CJ, Bodmer WE, Crumpton MJ. Molecular structure of
human histocompatibility antigens: the HLA-C series. Eur ] Immunol (1977)
7(8):580-5. doi:10.1002/¢ji.1830070816

25. Blais ME, Dong T, Rowland-Jones S. HLA-C as a mediator of natural killer
and T-cell activation: spectator or key player? Immunology (2011) 133(1):1-7.
doi:10.1111/j.1365-2567.2011.03422.x

26. Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, Chetty S, et al.
Dominant influence of HLA-B in mediating the potential co-evolution of HIV
and HLA. Nature (2004) 432(7018):769-75. doi:10.1038/nature03113

27. Marsh SGE, Parham P, Barber LD. The HLA Facts Book. London: Academic
(2000).

28. Boon AC, De Mutsert G, Fouchier RA, Sintnicolaas K, Osterhaus AD,
Rimmelzwaan GF. Preferential HLA usage in the influenza virus-specific CTL
response. J Immunol (2004) 172(7):4435-43. doi:10.4049/jimmunol.172.7.
4435

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1591


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01591/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01591/full#supplementary-material
https://doi.org/10.3389/fimmu.
2013.00271
https://doi.org/10.3389/fimmu.
2013.00271
https://doi.org/10.1038/srep19227
https://doi.org/10.1093/clinids/6.2.156
https://doi.org/10.1016/j.ymthe.2005.08.019
https://doi.org/10.1126/science.1352912
https://doi.org/10.1126/science.1352912
https://doi.org/10.1056/NEJM199510193331603
https://doi.org/10.4049/jimmunol.175.9.6123
https://doi.org/10.1182/blood-2003-03-0824
https://doi.org/10.1086/340637
https://doi.org/10.1016/S0198-8859(03)00028-4
https://doi.org/10.1016/S0198-8859(03)00028-4
https://doi.org/10.4049/jimmunol.176.7.4094
https://doi.org/10.1016/S1286-4579(00)01287-9
https://doi.org/10.1146/annurev.immunol.17.1.51
https://doi.org/10.4049/jimmunol.1302101
https://doi.org/10.4049/jimmunol.1302101
https://doi.org/10.1016/j.bbmt.2003.12.004
https://doi.org/10.1016/j.bbmt.2003.12.004
https://doi.org/10.1371/journal.pone.0127899
https://doi.org/10.1371/journal.pone.0127899
https://doi.org/10.1038/nri2357
https://doi.org/10.1093/emph/eou033
https://doi.org/10.1182/blood.V99.10.3830
https://doi.org/10.1182/blood.V99.10.3830
https://doi.org/10.1002/eji.1830070816
https://doi.org/10.1111/j.1365-2567.2011.03422.x
https://doi.org/10.1038/nature03113
https://doi.org/10.4049/jimmunol.172.7.4435
https://doi.org/10.4049/jimmunol.172.7.4435

Hyun et al.

HLA Dominancy in T-Cell Response

29.

30.

31.

32.

Altfeld M, Kalife ET, Qi Y, Streeck H, Lichterfeld M, Johnston MN, et al. HLA
alleles associated with delayed progression to AIDS contribute strongly to
the initial CD8+ T cell response against HIV-1. PLoS Med (2006) 3(10):e403.
doi:10.1371/journal.pmed.0030403

Kawashima Y, Pfafferott K, Frater J, Matthews P, Payne R, Addo M, et al.
Adaptation of HIV-1 to human leukocyte antigen class 1. Nature (2009)
458(7238):641-5. doi:10.1038/nature07746
ScheinbergP,Melenhorst]J,BrenchleyJM, HillBJ,Hensel NF, ChattopadhyayPK,
et al. The transfer of adaptive immunity to CMV during hematopoietic stem
cell transplantation is dependent on the specificity and phenotype of CMV-
specific T cells in the donor. Blood (2009) 114(24):5071-80. doi:10.1182/
blood-2009-04-214684

Leen AM, Bollard CM, Mendizabal AM, Shpall EJ, Szabolcs P, Antin JH, et al.
Multicenter study of banked third party virus-specific T-cells to treat severe
viral infections after hematopoietic stem cell transplantation. Blood (2013)
121(26):5113-23. doi:10.1182/blood-2013-02-486324

33. O'Reilly RJ, Prockop S, Hasan AN, Koehne G, Doubrovina E. Virus-specific
T-cell banks for ff the shelf” adoptive therapy of refractory infections. Bone
Marrow Transplant (2016) 51(9):1163-72. doi:10.1038/bmt.2016.17

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Hyun, Sohn, Lee, Lee, Kim, Sohn, Hong, Choi, Cho and Kim.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

12

November 2017 | Volume 8 | Article 1591


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pmed.0030403
https://doi.org/10.1038/nature07746
https://doi.org/10.1182/blood-2009-04-214684
https://doi.org/10.1182/blood-2009-04-214684
https://doi.org/10.1182/blood-2013-02-486324
https://doi.org/10.1038/bmt.2016.17
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Comprehensive Analysis of Cytomegalovirus pp65 Antigen-Specific CD8+ T Cell Responses According to Human Leukocyte Antigen Class I Allotypes and Intraindividual Dominance
	Introduction
	Materials and Methods
	Donors and Cells
	Establishment of aAPCs
	Establishment of Transient HLA Class I Expression on aAPCs
	Analysis of aAPCs Phenotype by Flow Cytometry
	IFN-γ ELISPOT Assay
	Statistical Analysis

	Results
	Optimal Conditions to Detect 
pp65-Specific CD8+ T Cell Responses Restricted by Single HLA Class I Allotype
	Dominance According to HLA 
Class I Allotypes
	Correlation between Positive Reactions 
of Specific HLA Class I Allotypes and Allele Frequencies
	Intraindividual Dominance and HLA Allotype Hierarchy
	Prediction of Low-Responder to pp65 by HLA Class I Genotype

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


