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Heterologous immunity of virus-specific T cells poses a potential barrier to transplantation

tolerance. Cross-reactivity to HLA-A and -B molecules has broadly been described,

whereas responses to allo-HLA-C have remained ill defined. In contrast to the transplant

setting, HLA-C is the only polymorphic HLA molecule expressed by extravillous

trophoblasts at the maternal-fetal interface during pregnancy. Uncontrolled placental viral

infections, accompanied by a pro-inflammatory milieu, can alter the activation status

and stability of effector T cells. Potential cross-reactivity of maternal decidual virus-

specific T cells to fetal allo-HLA-C may thereby have detrimental consequences for the

success of pregnancy. To explore the presence of cross-reactivity to HLA-C and the

other non-classical HLA antigens expressed by trophoblasts, HLA-A and -B-restricted

CD8+ T cells specific for Epstein-Barr virus, Cytomegalovirus, Varicella-Zoster virus, and

Influenza virus were tested against target cells expressing HLA-C, -E, and -G molecules.

An HLA-B∗08:01-restricted EBV-specific T cell clone displayed cross-reactivity against

HLA-C∗01:02. Furthermore, cross-reactivity of HLA-C-restricted virus-specific CD8+ T

cells was observed for HCMV HLA-C∗06:02/TRA CD8+ T cell lines and clones against

HLA-C∗03:02. Collectively, these results demonstrate that cross-reactivity against HLA-C

can occur and thereby may affect pregnancy outcome.

Keywords: heterologous immunity, virus-specific T cells, allogeneic HLA, HLA-C, pregnancy

1. INTRODUCTION

High frequencies of memory T cells against several viruses such as Influenza virus (FLU), Epstein-
Barr virus (EBV), Human Cytomegalovirus (HCMV), and Varicella-Zoster virus (VZV) have been
described in healthy individuals (1–3). Primary infection or reactivation of these viruses can
compromise graft survival after transplantation and during pregnancy result in fetal malformation
and pregnancy complications such as preterm birth and intrauterine growth restriction (4–
7). A significant proportion of virus-specific CD8+ T cells in healthy (non-HLA sensitized)
individuals display alloreactivity against allogeneic human leukocyte antigens (allo-HLA) (8, 9).
This phenomenon, referred to as heterologous immunity, enables the same T-cell receptor (TCR)
to recognize its autologous virus-peptide presenting HLA allele as well as allo-HLA. The avidity of
these cross-reactive T cells for their viral and allogeneic targets depends on the levels of peptide
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presentation (10). Within an individual, an HLA-restricted virus-
specific T cell response can generate several clonotypes that have
different patterns of allo-HLA cross-reactivity (11). Both naïve
and memory T cells show alloreactive potential, though memory
T cells pose a superior threat (12, 13). Their activation threshold
is significantly lower as they have less need for co-stimulation
while their cytotoxic function is enhanced (14, 15). To ensure a
comprehensive immune response to foreign antigens, this high
degree of cross-reactivity is an intrinsic and essential feature of
antigen recognition by T cells, of which allo-HLA cross-reactivity
is an inherent consequence (16).

In the pregnancy setting T cells have a dual role in mediating
tolerance toward the allogeneic fetus and at the same time
responding to infections. During gestation, fetal extravillous
trophoblasts (EVT) deeply invade the maternal tissues (decidua)
where they establish direct contact with the maternal immune
cells. EVT do not express the highly polymorphic HLA-A and -B,
but do express HLA-C, -E, and -G (17, 18). CD8+ T cells present
in the decidua demonstrate a mixed transcriptional profile of T
cell dysfunction, activation and effector function. They are not
permanently suppressed, but maintain the capacity to respond to
proinflammatory occurrences, such as infections (19). Significant
numbers of HLA-A and -B-restricted virus-specific CD8+ T cells
are found in decidual tissue of term pregnancy (20). Furthermore,
in the maternal peripheral blood, cytotoxic T lymphocyte
(CTL) responses to paternal allo-HLA (HLA-A/B) and minor
histocompatibility antigens (mHag) have been detected during
pregnancy (21–23). Thus, maternal CD8+ T cells can respond
to viral, fetal and placental antigens during pregnancy but so
far no evidence exists on the presence of HLA-C-restricted viral
and mHag-specific CD8+ T cells and whether maternal HLA-A
and -B-restricted virus-specific CD8+T cells can cross-react with
fetal HLA antigens, leading to possible pregnancy complications.
Recognition of fetal HLA-C by both B cells and helper T cells
is suggested by the presence of specific HLA-C IgG antibodies
in women with recurrent miscarriages (24). Furthermore, HLA-
C incompatibility is significantly increased in couples with
unexplained recurrent miscarriages when compared to control
subjects (25). In addition, certain combinations of maternal killer
cell immunoglobulin-like receptor (KIR) genotypes, expressed by
decidual NK cells, and fetal HLA-C are associated with pregnancy
complications such as preeclampsia (26). These data indicate
that fetal HLA-C could play a vital role in guiding the maternal
immune response during pregnancy.

Studies on heterologous immunity in transplantation have
focused on the cross-reactivity of HLA-A and -B-restricted virus-
specific CD8+ T cells with allogeneic HLA-A and -B, with less
attention for HLA-C considering its lower cell surface expression
levels when compared to HLA-A and -B (27). In the context of
pregnancy HLA-C is the only polymorphic antigen expressed
on EVT and alloreactivity to HLA-C (and HLA-E and -G) is
therefore unique and highly significant. The importance of HLA-
C incompatibility in pregnancy complications coupled to the
presence of virus-specific CD8+ T cells at the maternal-fetal
interface, led us to investigate whether cross-reactivity of virus-
specific CD8+ T cells against HLA-C, -E and -G is a common
phenomenon in healthy individuals.

2. RESULTS

2.1. Alloreactivity of an EBV B8/FLR CD8+

T Cell Clone 4D5 Against HLA-C∗01:02
To investigate the ability of virus-specific CD8+ T cells to cross-
react with HLA-C, -E, and -G, 29 HLA-A and -B-restricted
human CMV, FLU, VZV, and EBV-specific CD8+ T cell lines
and clones (28) were tested against a panel of single antigen
expressing lines (SALs) expressing HLA-C, -E, and -G alleles
(n = 11) (29, 30). An HLA-A2-restricted EBV-specific CD8+
T cell clone isolated from placental decidua parietalis was also
included (20). The specificities of the isolated virus-specific
CD8+ T cell lines and clones are listed in Table 1. Lack of
IFNγ production revealed that alloreactivity against HLA-C, -E,
and -G is not common Table 2. Nonetheless, one HLA-B∗08:01-
restricted EBV-specific (EBV B8/FLR) T cell clone, 4D5, showed
significant alloreactivity against HLA-C∗01:02 Figure 1A. This T
cell clone was isolated from an HLA-C∗01:02 negative donor.

To corroborate alloreactivity against HLA-C∗01:02, one EBV
B8/FLR T cell line and four T cell clones were stimulated with
a panel of SALs and EBV lymphoblastoid cell lines (EBV-LCLs)
expressing HLA-C∗01:02 and HLA-B∗44:02 alleles for 24 h after
which IFNγ production was measured. Alloreactivity of EBV
B8/FLR T cells against HLA-B∗44:02 is a commonly described
occurrence (31). T cell clone 4D5 reacted against its virus-specific
restriction allele HLA-B∗08:01 loaded with FLR peptide as well
as HLA-C∗01:02 expressed by SALs and EBV-LCLs. Its lower
alloreactivity against the second EBV-LCL donor expressing
heterozygous HLA-C∗01:02 may have been a result of low HLA-
C expression. T cell clone 4D5 did not show alloreactivity against
HLA-B∗44:02 Figure 1B. T cell clone 4B8 (here shown as a
representative example), comprising a different TCR Vα and
Vβ usage than 4D5 Table 3, displayed no alloreactivity against
HLA-C∗01:02 and only cross-reacted with HLA-B∗44:02 when
loaded with the appropriate self-peptide (EEY). The other EBV
B8/FLR CD8+ T cells tested also did not cross-react with HLA-
C∗01:02, but displayed cross-reactivity against HLA-B∗44:02. No
alloreactivity against HLA-E and -G was discerned Figure S1.

Alloreactivity of virus-specific CD8+ T cells can be cell
type or tissue-specific (9, 32). Therefore, to further functionally

TABLE 1 | Specificities of isolated virus-specific CD8+ T cell lines and clones.

Virus HLA Antigen Epitope

HCMV HLA-A*02:01 pp65 (495-503) NLVPMVATV

HCMV HLA-B*35:01 pp65 (123-131) IPSINVHHY

HCMV HLA-C*06:02 pp65 (201-209) TRATKMQVI

HCMV HLA-C*07:02 IE-1 (309-317) CRVLCCYVL

EBV HLA-A*02:01 BMLF1 (280-288) GLCTLVAML

EBV HLA-B*08:01 EBNA-3A (325-333) FLRGRAYGL

EBV HLA-B*35:01 EBNA-3A (458-466) YPLHEQHGM

FLU HLA-A*02:01 IMP (58-66) GILGFVFTL

VZV HLA-A*02:01 IE-62 (593-601) ALWALPHAA

HCMV, human Cytomegalovirus; EBV, Epstein-Barr virus; FLU, Influenza virus; VZV,

Varicella-Zoster virus.
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TABLE 2 | Alloreactivity of virus-specific CD8+ T cell lines and clones against HLA-C, -E, and -G.

Donor Specificity TCR Vβ # T cell

lines/clones

tested

Allo-HLA-C Allo-HLA-E, -G Target

cell (s)

Allo-HLA-C, -E,

-G cross-reactivity

A HCMV A2/NLV 2 2 2 2 SALs No

HCMV A2/NLV 8 3 2 3 SALs No

HCMV A2/NLV 13.1 1 0 1 SALs No

HCMV A2/NLV 5.2 1 0 1 SALs No

HCMV A2/NLV # 9 0 9 SALs No

A HCMV B35/IPS 2 1 0 1 SALs No

HCMV B35/IPS 3 2 2 2 SALs No

HCMV B35/IPS 13.2 2 1 2 SALs No

HCMV B35/IPS 22 1 1 1 SALs No

HCMV B35/IPS * 2 2 2 SALs No

B HCMV B35/IPS 3 3 2 3 SALs No

C HCMV B35/IPS 3 4 2 4 SALs No

A FLU A2/GIL 17 3 2 3 SALs No

FLU A2/GIL 17+18 1 0 1 SALs No

D FLU A2/GIL 17 4 1 4 SALs No

B FLU A2/GIL # 3 2 3 SALs No

E FLU A2/GIL # 2 1 2 SALs No

F FLU A2/GIL # 1 0 1 SALs No

F VZV A2/ALW # 1 1 1 SALs No

G VZV A2/ALW # 1 1 1 SALs No

H EBV B35/YPL 14 1 1 1 SALs No

EBV B35/YPL 21.3 2 2 2 SALs No

EBV B35/YPL * 1 1 1 SALs No

I EBV A2/GLC

(decidua parietalis)

# 1 1 1 SALs No

J EBV B8/FLR 7 2 2 2 SALs, EBV-LCLs No

K EBV B8/FLR (4D5) 3 1 1 1 SALs, EBV-LCLs,

PHA

blasts

HLA-C*01:02

EBV B8/FLR 4 2 2 2 SALs, EBV-LCLs No

L HCMV

C*0702/CRV

6 1 1 1 721.221,

EBV-LCLs

No

M HCMV

C*0602/TRA

13 2 2 2 SALs, EBV-LCLs No

HCMV

C*0602/TRA (1A3,

7A12, 10C1)

28 2 2 2 SALs, EBV-LCLs,

PHA blasts

HLA-C*03:02

Summary

* The TCR Vβ could not be determined with the TCR Vβ kit used. Specificities 9

# Not tested. Donors 13

TCR tested 21

T cell lines/clones

tested against

HLA-C, -E, -G

34
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FIGURE 1 | Alloreactivity of EBV B8/FLR T cell clone 4D5 against

HLA-C*01:02. (A) EBV B8/FLR T cell lines (n = 9; 1A11 shown) and T cell

clones (n = 6; 4D5, clone 1, and clone 19 shown) were stimulated with a panel

of HLA-C expressing SALs after which IFNγ production was measured. EBV

B8/FLR T cell clone 4D5 showed alloreactivity against HLA-C*01:02. (B) One

EBV B8/FLR T cell line and four EBV B8/FLR T cell clones (4B8 and 4D5

shown) were stimulated with a panel of SALs and EBV-LCLs expressing

HLA-B*08:01, HLA-C*01:02, and HLA-B*44:02 alleles after which IFNγ

production was measured. The range of the ELISA standard curve: 5–5120

pg/ml; Ho, homozygous; He, heterozygous. Bars represent duplicate values

with standard deviation of the mean.

validate our results, cytotoxicity of the T cell clones 4D5 and
4B8 was investigated against 51Chromium (51Cr) -labeled human
umbilical vein endothelial cells (HUVECs), SALs (myeloid
origin), EBV-LCLs (B cells) and PHA blasts (T cells) expressing
the recognized allo-HLA-C∗01:02 allele and the virus-specific
restriction allele HLA-B∗08:01 loaded with viral peptide as a
positive control. Target cells expressing no HLA-B∗08:01 and
HLA-C∗01:02 were included as a negative control. The T cell
clones were added to their targets in four effector: target ratios.
Specific lysis of HLA-C∗01:02 expressing SALs, EBV-LCLs and
PHA blasts by T cell clone 4D5 was observed in a ratio-dependent
manner. T cell clone 4D5 was however not lytic against HUVECs
expressing HLA-C∗01:02, presumably the result of the relevant

self-peptide not being expressed by this cell type (33) Figure 2A.
The robust cytolytic response of T cell clone 4D5 against EBV-
LCLs expressing HLA-C∗01:02 was substantially decreased by
addition of an anti-CD8 blocking antibody, while lysis of target
cells expressing the virus-specific restriction allele HLA-B∗08:01
loaded with FLR peptide was not affected, indicating distinct
TCR affinities Figure 2B. No specific lysis by T cell clone 4B8
was observed Figure 2C. Together, these results demonstrate that
alloreactivity of HLA-A and -B-restricted virus-specific CD8+ T
cells against HLA-C can occur and is dependent on CD8.

2.2. Characterization of
HLA-C∗06:02-Restricted HCMV-Specific T
Cell Lines and Clones
HLA-C-restricted virus-specific CD8+ T cells have been
described in the context of HIV infection where they recognize
a highly conserved epitope and in HCMV infection where HLA-
C∗07:02-restricted CD8+ T cells dominate the T cell response
to the immediate-early 1 (IE-1) viral antigen and their levels
increase with age (34–36). Given their high allele frequency
in the population, we set out to isolate HLA-C∗06:02- and
HLA-C∗07:02-restricted HCMV-specific CD8+ T cells (37, 38)
and explore their alloreactivity against HLA-C, -E, and -G.
PBMC of HLA-C∗06:02+HCMV+ donors (n = 10) were stained
with an HLA-C∗06:02 tetramer containing the HCMV TRA
peptide (39) Table 1. From a donor with 15% positivity for
the HLA-C∗06:02/TRA tetramer, CD8+ T cell lines and clones
were generated by sorting tetramer positive CD8+ T cells and
expanding them in vitro Figure 3A; Figure S2. An established
HLA-C∗07:02-restricted HCMV-specific CD8+ T cell clone (LH)
was included in the analysis (35). To examine the functionality
of these HLA-C∗06:02/TRA-restricted HCMV-specific T cell
lines and clones, as well as the HLA-C∗07:02/CRV-restricted
HCMV-specific T cell clone LH, IFNγ production was measured
after 24 h of co-culture with SALs and EBV-LCLs expressing
HLA-C∗06:02 or C∗07:02 loaded with the appropriate viral
peptide. All HLA-C∗06:02-restricted T cell lines and clones, and
the HLA-C∗07:02-restricted clone LH responded against their
virus-specific restriction HLA-allele loaded with viral peptide
Figure 3B. In addition, specific lysis in a ratio-dependent manner
of 51Cr-labeled SALs, 721.221 cells expressing HLA-C∗07:02,
and EBV-LCLs was detected Figure 3C. These results confirmed
functionality of the generatedHLA-C∗06:02-restricted T cell lines
and clones (HCMV C∗06:02/TRA), and the established HLA-
C∗07:02-restricted T cell clone LH (HCMV C∗07:02/CRV).

2.3. Alloreactivity and Cytotoxicity of
HCMV C∗06:02/TRA T Cell Lines Against
HLA-C∗03:02
Next, the HCMVC∗06:02/TRACD8+ T lines and clones (n= 4),
and HCMV C∗07:02/CRV CD8+ T cell clone LH were tested
against a panel of SALs expressing HLA-C, -E, and -G, in
a co-culture system where IFNγ production was assessed.
No alloreactivity was observed in this setting Figures S3A,B.
Subsequently, in a similar manner, alloreactivity against a panel
of EBV-LCLs covering the most common HLA alleles was
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investigated Table 4. Interestingly, two HCMV C∗06:02/TRA T
cell lines cross-reacted with EBV-LCL donor 12 of which T
cell line 1A3 is shown as a representative example Figure 4A.
When comparing the HLA typing of all 20 EBV-LCL donors
in the panel, HLA-C∗03:02 expressed by donor 12 was the only
non-overlapping HLA allele candidate. A SAL expressing HLA-
C∗03:02 is not present in the panel and therefore cross-reactivity
against this allele was not picked up in the initial screening
Figures 3SA,B. A role for HLA class II was ruled out. CD8+ T
cell lines and clones cross-reacting against donor 12 disclosed a
distinct TCR Vα and Vβ usage when compared to CD8+ T cells
showing no alloreactivity Table 3. No alloreactivity of the HCMV
C∗07:02/CRV clone LH was observed Figure 4A.

To further gauge the alloreactivity against HLA-C∗03:02,
HCMV C∗06:02/TRA T cell lines (n= 2) and clones (n= 5) with
the same TCR Vβ usage as the two CD8+ T cell lines that cross-
reacted with cells from donor 12 (and all isolated from an HLA-
C∗03:02 negative donor) were stimulated with EBV-LCLs and
PHA blasts expressing the recognized allo-HLA-C∗03:02 allele.
Target cells expressing the virus-specific restriction allele HLA-
C∗06:02 loaded with viral peptide were included as a positive
control. Alloreactivity against HLA-C∗03:02 was detected for all
HCMV C∗06:02 T cells tested, with substantially more IFNγ

production against EBV-LCLs than against PHA blasts 1 and
2, obtained from two different donors Figure 4B. Differential
HLA expression levels on the cell surface may explain increased
alloreactivity against PHA blast 3 expressing HLA-C∗03:02,
obtained from a third donor Figure S4.

Having identified IFNγ production against allo-HLA-C∗03:02,
HCMV C∗06:02/TRA T cell lines and clones were tested for
cytotoxicity against 51Cr-labeled SALs, EBV-LCLs, and PHA
blasts expressing HLA-C∗03:02. Target cells expressing the virus-
specific restriction allele HLA-C∗06:02 loaded with viral peptide
were included as a positive control. The CD8+ T cell lines
and clone were added to their targets in four effector: target
ratios. Specific lysis of HLA-C∗03:02 expressing target cells was
observed in a ratio-dependent manner Figure 5A. Subsequently,
the T cell lines and clone were incubated with an anti-CD8
blocking antibody prior to co-culture with the 51Cr-labeled target
cells resulting in substantially decreased lysis of target cells
expressing HLA-C∗03:02. A decrease in lysis was not observed
for target cells expressing the virus-specific restriction allele
HLA-C∗06:02 loaded with viral peptide, indicating distinct TCR
affinities Figure 5B. These findings highlight the functionality of
the isolated HCMV C∗06:02/TRA T cell lines and clones and
provide evidence that alloreactivity of HLA-C-restricted virus-
specific CD8+ T cells against HLA-C is a phenomenon that
occurs.

3. DISCUSSION

Alloreactivity of HLA-A and -B-restricted virus-specific CD8+
T cells against HLA-A and -B is common. Eighty percent of
virus-specific T cell lines and 45% of virus-specific T cell clones
disclosed cross-reactivity against allo-HLA molecules (9). Here,
we have shown that alloreactivity of HLA-A and -B-restricted
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FIGURE 2 | EBV B8/FLR T cell clone 4D5 is cytotoxic against HLA-C*01:02. Cytotoxicity of T cell clones 4D5 (A) and 4B8 (C) was tested against 51Cr-labeled

HUVECs, SALs, EBV-LCLs, and PHA blasts expressing the recognized allo-HLA-C*01:02 allele and the virus-specific restriction HLA allele loaded with viral peptide as

a positive control. As a negative control, target cells expressing no HLA-B*0801 and HLA-C*0102 were included. (B) T cell clone 4D5 was incubated with an anti-CD8

blocking antibody prior to co-culture with 51Cr-labeled EBV-LCLs and specific lysis was measured. Bars represent triplicate values with standard deviation of the

mean.

virus-specific CD8+ T cells against HLA-C can also occur.
Amongst the 29 HLA-A and -B-restricted virus-specific T cells
tested, one EBV B8/FLR CD8+ T cell clone 4D5 with distinct
TCR Vα and Vβ usage displayed cross-reactivity and cytotoxicity
against target cells expressing HLA-C∗01:02, indicative of a
more than 10 times lower frequency within the pool of HLA-
A and -B-restricted virus-specific CD8+ T cells tested. This T
cell clone did not reveal the classical described cross-reaction
against HLA-B∗44:02. Our preliminary data suggests that HLA-
C cross-reactivity in HLA-C-restricted virus-specific T cells is
more common. HLA-C∗06:02-restricted HCMV-specific CD8+
T cells were successfully isolated from an HCMV+ donor by
means of HLA-C tetramers and deemed fully functional in
vitro. Alloreactivity of these HCMV C∗06:02/CRV T cell lines
and clones, with distinct TCR Vα and Vβ usage, was observed
against HLA-C∗03:02. This alloreactivity was mediated by IFNγ

production and cytotoxicity. Viral specificity and alloreactivity

are thought to be mediated by the same TCR (9), where in
our setting anti-viral reactivity occurred independent of CD8,
while allo-HLA-C reactivity was CD8 dependent. Differential
recognition of HLA-C on SALs, EBV-LCLs, PHA blasts, and
HUVECs, that did not provoke any alloreactivity, is an indication
that cross-reactivity is determined by endogenous peptide (11)
and supports the anticipation that tissue-specific peptides are
presented and recognized. The nature of the endogenous peptide
presented in HLA-C∗01:02 and HLA-C∗03:02, provoking the
allo-response, is however unknown. Alternatively, expression of
costimulatory and coinhibitorymolecules by virus-specific T cells
may have an influence on T cell signaling and thereby the extent
of the allo-response (40). No alloreactivity against HLA-E and
-G was observed. Our initial screening was against a panel of
SALs expressing most, but not all HLA-C, -E, and -G molecules
and we therefore may have underestimated the allo-response of
virus-specific CD8+ T cells against these HLA alleles.
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FIGURE 3 | Generated HCMV HLA-C*06:02/TRA T cell lines and clones, and the HCMV HLA-C*07:02/CRV T cell clone are cytolytic against their target cells. (A)

FACS plots of HLA-C*06:02/TRA tetramer staining at time of sorting and 2 weeks after expansion of the tetramer-positive CD8+ T cells. (B) Two HCMV C*06:02/TRA

T cell lines (1A3 shown) and two T cell clones, and HCMV C*07:02/CRV T cell clone LH were stimulated with SALs and EBV-LCLs expressing HLA-C*06:02 or

C*07:02 loaded with viral peptide. (C) Cytotoxicity of one HCMV C*06:02/TRA T cell line (1A3 shown) and two T cell clones, and HCMV C*07:02/CRV T cell clone LH

was tested against 51Cr-labeled SALs, 721.221 cells and EBV-LCLs expressing the virus-specific restriction HLA allele alone or loaded with viral peptide. The range of

the ELISA standard curve: 5–5120 pg/ml. Ho, homozygous; He, heterozygous. Bars represent triplicate values with standard deviation of the mean.

Variation of HLA-C expression at the cell surface can be a
result of microRNA binding and discrepancies in exons that
influence the structure of the peptide-binding cleft and the
diversity of peptides bound by HLA-C molecules (27, 41).
Differential expression of HLA-C has an influence on the
ability of CD8+ T cells to mount an immune response. High

expression of HLA-C has been associated with protection against
infections, yet at the same time correlates with autoimmune
disease (42). Nevertheless, when viral peptides are presented
in the HLA-C locus, immune responses are still lower than
to those presented in the HLA-A and -B loci (43). The lower
expression of HLA-C at the cell surface and the differential
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TABLE 4 | HLA class I typing of the EBV-LCL panel.

HLA class I

Panel ID A B C

1 02:01, 32:01 08:01, 44:05 02:02, 07:01/06/18

2 24:02, 33:01 14:02 02:02/32, 08:02/29

3 03:01/22, 29:02/09 07:02/61/114,

44:03/105

07:02, 16:01

4 11:01/43, 33:03/51 18:01/17N, 52:01 07:02, 07:04

5 11:01/33, 30:01/54 13:02, 35:01/42 04:01, 06:02

6 01:01, 26:01 08:01, 49:01 07:01

7 11:01, 31:01 15:01, 57:01 03:03, 06:02/55

8 02:03, 24:02 38:02, 40:01 03:04, 07:02

9 29:02, 31:01 18:01/17N, 58:01 05:01, 07:18/01

10 24:03 51:01 15:02

11 26:01 38:01 12:03

12 24:02, 30:01 51:01, 58:01 01:02, 03:02

13 02:01, 03:01 15:01 03:03

14 68:01, 68:02 44:02/19N, 55:01 03:03, 07:04

15 24:02, 31:01 39:01, 55:01 03:03, 12:03

16 30:01, 68:02 42:01 17:01

17 01:01 41:01 17:01

18 02:01, 11:01 35:01, 44:03 04:01, 16:01

19 02:01, 25:01 18:01/17N/43,

44:02/19N/55

05:01, 12:03

20 24:02, 31:01/119 07:02/294/298,

07:05

07:02, 15:05

immune responses that it triggers when compared to HLA-A
and -B (44) may be an explanation for less frequent alloreactivity
against HLA-C.

We speculate that alloreactivity of virus-specific CD8+ T
cells against HLA-C may play a role in pregnancy complications
where HLA-C is the only polymorphic HLA allele expressed
by EVT. Viral infections of the fetus or the placenta can
lead to severe birth defects or pregnancy loss (5). Viruses are
capable of downregulating surface HLA-A and -B expression
upon infection, while HLA-C expression is spared (45). EVT
also persistently express HLA-C when infected with HCMV
(46). HLA-A and -B-restricted virus-specific CD8+ T cells
are present at the maternal-fetal interface (20) and may be
capable of cross-reacting with HLA-C under certain pro-
inflammatory environmental circumstances and depending on
(allo) peptide expression, thereby jeopardizing the success
of pregnancy. It is yet to be established whether HLA-C-
restricted virus-specific CD8+ T cells are present at the
maternal-fetal interface and if so, whether they are capable of
mounting an immune response. While the presence of anti-
HLA-C IgG antibodies has been described in women with
recurrent miscarriages, the competency of virus-specific CD8+
T cells to cross-react with HLA-C raises the question whether
allo-HLA-C IgG antibodies are the only player in recurrent
miscarriages or whether decidual virus-specific CD8+ T cells
with cross-reactive potential also play their part in pregnancy
complications.

Cross-reactivity of virus-specific CD8+ T cells against HLA-C
can occur and consequently our results lay the foundation for
further investigation into this cross-reactivity in the context
of pregnancy. Future research will focus on isolating virus-
specific CD8+ T cells from the peripheral blood of women
with either a healthy pregnancy or recurrent miscarriage.
Alloreactivity and differences thereof by these virus-specific
CD8+ T cells, obtained after normal pregnancy and miscarriage
cases, against target cells expressing allo-HLA-C, -E, and -G
molecules can then be investigated. Isolating viable HLA-G+
EVT from first trimester and term placentas that express the
correct HLA typing is challenging. Yet, it is important that
allo-HLA reactive CD8+ T cells are tested against primary
EVT expressing allo-HLA-C, as EVT may have protective
mechanisms in place that prevent allo-HLA responses to
ensure a successful pregnancy. A recent study described
aberrant expression of HLA-DR in syncytiotrophoblasts and
syncytiotrophoblast-derived extracellular vesicles (STEVs)
in pre-eclampsia but not control placentae, addressing the
importance of further examining heterologous immunity of not
only decidual CD8+ T cells, but also decidual CD4+ T cells
(47).

Not only in the pregnancy setting has HLA-C disparity been
described as a possible cause of complication. In transplantation,
HLA-C incompatibility has been associated with graft failure
after bone marrow transplantation (48). Furthermore, HLA-C
mismatches were significantly correlated with acute transplant
rejection and increased chronic graft-vs.-host disease (GvHD)
after hematopoietic stem cell transplantation (49, 50). Graft loss
after solid organ transplantation and GvHD after hematopoietic
stem cell transplantation (51) have been associated with
heterologous immunity against allo-HLA-A and -B. The
proven alloreactivity of virus-specific CD8+ T cells against
HLA-C could lead to allo-immune responses and add an
additional barrier to tolerance that requires further assessment
in transplantation.

In conclusion, alloreactivity against HLA-C occurs and may
have pronounced clinical implications in pregnancy, where the
only polymorphic allo-HLA antigen expressed by EVT is HLA-
C. It remains to be established how often this alloreactivity could
lead to the development of pregnancy complications, such as
recurrent miscarriages.

4. MATERIALS AND METHODS

4.1. Preparation of Responder and Target
Cells
Peripheral blood leukocytes were isolated from buffy coats
obtained from healthy blood donors after informed consent,
at Sanquin Blood Supply, the Netherlands. PBMC were
isolated by standard density gradient centrifugation and
cryopreserved until use. Single HLA antigen–transfected K562
cells (SALs) were generated as described previously (52). HLA
typing was performed by sequence-specific oligonucleotide
or sequence-specific primer genotyping at the Department
of Immunohematology and Blood Transfusion, LUMC, the
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FIGURE 4 | Alloreactivity of HCMV C*06:02/TRA T cell lines against HLA-C*03:02. (A) Two HCMV C*06:02/TRA T cell lines (1A3 shown) and two T cell clones (1F12

shown), and HCMV C*07:02/CRV T cell clone LH were stimulated with a panel of EBV-LCLs after which IFNγ production was measured. (B) Three HCMV

C*06:02/TRA T cell lines (1A3 shown) and five T cell clones (10C1 shown) were stimulated with EBV-LCLs and PHA blasts, obtained from two different donors,

expressing the recognized allo-HLA-C*03:02 allele and the virus-specific restriction allele HLA-C*06:02 loaded with viral peptide as a positive control. SALs expressing

HLA-C*06:02 loaded with viral peptide were also included as a positive control. The range of the ELISA standard curve: 5–5120 pg/ml. Bars represent duplicate

values with standard deviation of the mean.

Netherlands. Epstein-Barr virus transformed lymphoblastoid
cell lines (EBV-LCLs) were generated by incubating PBMC
with the supernatant of the EBV-producing marmoset cell
line B95.8 for 1.5 h at 37◦C, and additional culture in
RPMI 1640 Medium (Gibco Life Technologies, Carlsbad, CA)
supplemented with 10% Fetal Calf Serum (FCS; Sigma Aldrich,
St. Louis, Missouri), Penicillin/Streptavidin (Pen/Strep) and L-
glutamine (all from Gibco). The 721.221 cell line expressing
HLA-C∗07:02 was kindly obtained from Professor Anthony
W. Purcell (Monash University; cell line originally made by
the laboratory of Prof. Andrew Brooks at the University of
Melbourne).

Phytohaemagglutinin (PHA) blasts were generated by
incubating PBMC for 8 days in RPMI 1640 Medium, Pen/Strep,
L-glutamine, 15% human serum (HS, Sanquin, Amsterdam,
the Netherlands), IL-2 (60 IU/ml; Novartis, Novartis, Horsham,
UK) and PHA (4 µg/ml; Murex Biotech Ltd, Dartford, UK).
Human umbilical vein endothelial cells (HUVECs) were
cultured in M199 medium supplemented with 10% Newborn
calf Serum (NCS), 1% sodium pyruvate, Pen/Strep (all from
Gibco), 0,1% β-mercaptoethanol (0.05M, Sigma Aldrich), 1%
sodium heparin (400 IE/ml; LUMC, Leiden, the Netherlands),

and bovine purine extract (BPE; 100 µl in 20 ml; Invitrogen,
Carlsbad, CA).

4.2. Generation of Virus-Specific CD8+ T
Cell Lines and Clones
PBMC from EBV+, HCMV+, FLU+, and VZV+ blood donors
were stained with phycoerythrin (PE)-labeled viral tetramers
HCMV HLA-A∗02:01/NLV, HCMV HLA-B∗35:01/IPS, EBV
HLA-A∗02:01/GLC, EBV HLA-B∗08:01/FLR, EBV HLA-
B∗35:01/YPL, FLUHLA-A∗02:01/GIL, VZVHLA-A∗02:01/ALW
(Protein facility, Department of Immunohematology and Blood
Transfusion, LUMC, Leiden, the Netherlands), and an Alexa-
647-labeled viral tetramer HCMV pp65 HLA-C∗06:02/TRA
(NIH Tetramer Core Facility, Emory University, Atlanta, GA)
Table 1. The HCMV HLA-C∗07:02/CRV-specific CD8+ T cell
clone was generated by CRV peptide stimulation of PBMC from
an HCMV+ HLA-C∗07:02+ donor. Additional staining with
conjugated mouse anti-human monoclonal antibodies CD56,
CD14, CD4, CD19 (FITC; BD Biosciences, San Jose, CA), CD45
(PE-Cy5; eBioscience, San Diego, CA), and CD8 (Pacific Orange;
ThermoFisher, Waltham, MA) was performed. When staining
with the HCMV pp65 HLA-C∗06:02/TRA tetramer, CD158
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FIGURE 5 | HCMV C*06:02/TRA T cell lines and clones are cytotoxic against HLA-C*03:02. (A) Cytotoxicity of two HCMV C*06:02/TRA CD8+ T cell lines (1A3

shown) and one CD8+ T cell clone (10C1) was tested against 51Cr-labeled EBV-LCLs and PHA blasts, obtained from three different donors, expressing the

recognized allo-HLA-C*03:02 allele and the virus-specific restriction HLA allele loaded with viral peptide as a positive control. SALs expressing HLA-C*06:02 loaded

with viral peptide were also included as a positive control. (B) The CD8+ T cell lines and clone were incubated with an anti-CD8 blocking antibody prior to co-culture

with target cells and specific lysis was measured. Bars represent triplicate values with standard deviation of the mean.

(KIR2DL1/S1/S3/S5) and CD158b (KIR2DL2/L3) (PE-Cy7;
Biolegend, San Diego, CA) were included in the panel to exclude
binding of CD8+ T cells to the tetramer through KIR (38).
Tetramer-positive CD8+ T cells were purified with FACS sort
based on the expression of CD45+CD8+CD19-CD14-CD56-
CD4-KIR- tetramer+ cells. CD8+ T cell lines were generated
by sorting 10 tetramer-positive cells per round-bottom 96-well
and CD8+ T cell clones by sorting 1 tetramer-positive cell per
round-bottom 96-well, respectively. After sorting, tetramer-
positive CD8+ T cells were expanded in 96-well plates with
irradiated PBMC (4,000 Rad) isolated from buffy coats in
Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza, Basel,
Switzerland) supplemented with Pen/Strep, L-Glutamine, 5%
HS, 5% FCS, PHA (2 µl/ml; Remel, Lenexa, KS), and IL2
(60 IU/ml). TCR Vα and Vβ usage was determined by DNA
sequencing using TCR-specific polymerase chain reaction
primers (53) followed by use of the BigDye R© Terminator
V3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA).

4.3. Cytokine Production Assay
After 8 days of expansion with allogeneic irradiated PBMC,
CD8+ T cell lines and clones (5 x 103) were incubated with
EBV-LCLs and PHA blasts (5 x 104) expressing either self-
HLA, self-HLA loaded with viral peptide (incubation 30 min
at 37◦C; washed thrice), or allo-HLA molecules (duplicate; 96-
wells) in IMDM supplemented with Pen/Strep, L-Glutamine,
5% HS, 5% FCS, and IL-2 (60 IU /ml). PHA blasts were

irradiated (5,000 Rad) before co-culture with T cells. After 24
h at 37◦C, supernatants were collected and frozen until further
use. IFNγ levels were measured in a standard enzyme-linked
immunosorbent assay (ELISA), according to manufacturer’s
protocol (U-Cytech, Utrecht, the Netherlands). The range of the
ELISA standard curve was 5–5120 pg/ml.

4.4. Cytotoxicity Assays
After 8 days of expansion with allogeneic irradiated PBMC,
serial dilutions of responder CD8+ T cell lines and clones
were incubated with 51Chromium-labeled EBV-LCLs, SALs
and/or 721.221 target cells, PHA blasts and HUVECs
(responder/stimulator ratio 30:1; 10:1; 1:1; 0.1:1) in round-
bottom 96-wells plates for 4 or 20 h at 37◦C in IMDM
supplemented with Pen/Strep, L-Glutamine, 5% HS, 5% FCS,
and IL-2 (60 IU/ml). Where applicable, viral peptide was loaded
onto the target cells for 60 min at 37◦C, simultaneously with
chromium incubation, and washed thrice. In addition, CD8+ T
cell lines and clones were incubated with the anti-CD8 blocking
antibody FK18 (4.3 µl/ml) for 60 min at 37◦C, where after cells
were washed twice. Supernatants were harvested for analysis
on a gamma-counter (PerkinElmer 2470 Wizard2, Waltham,
MA), counts from triplicate wells were averaged, and specific
lysis was calculated as follows: (Condition of interest 51Cr
release − Spontaneous 51Cr release)/(Maximum 51Cr release
− Spontaneous 51Cr release) x 100. Maximum 51Cr release of
the target cells was determined in PBS 1% Triton X-100 and
spontaneous 51Cr release in medium.

Frontiers in Immunology | www.frontiersin.org 10 December 2018 | Volume 9 | Article 2880

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


van der Zwan et al. Allo-HLA-C Cross-Reactivity of Virus-Specific CD8+ T Cells

ETHICS STATEMENT

This study was carried out in accordance with the guidelines
issued by the Medical Ethics Committee of the Leiden University
Medical Center. All subjects gave written informed consent in
accordance with the Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

AvdZ, EvdM-P, FC, and SH designed the research and wrote
the manuscript. AvdZ, EvdM-P and PvM performed the
experiments. HvdH and EvdM-P generated the HLA-A and
-B-restricted virus-specific T cell lines and clones. JA performed
TCR sequencing analyses and DR provided extensive HLA
typing.

FUNDING

This work was supported by the National Reference Center for
Histocompatibility testing, the Netherlands.

ACKNOWLEDGMENTS

We thank professor Paul Moss and Louise Hosie from the
University of Birmingham for providing us with the HCMV
HLA-C∗07:02/CRV CD8+ T cell clone, Professor Anthony
Purcell from Monash University for providing us with the
721.221 cell line expressing HLA-C∗07:02, the NIH tetramer
core facility (Emory University) for providing the HCMV
HLA-C∗06:02/TRA tetramer, Jan-Wouter Drijfhout and Kees
Franken for providing tetramers and giving technical advice,
the LUMC HLA typing laboratory for performing HLA
typing, professor Frits Koning for critical review of the
manuscript and Tamara Tilburgs for helpful discussions on the
topic.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02880/full#supplementary-material

REFERENCES

1. Benninger-Döring G, Pepperl S, Deml L, Modrow S, Wolf H, Jilg W.
Frequency of CD8+ T lymphocytes specific for lytic and latent antigens
of Epstein–Barr virus in healthy virus carriers. Virology (1999) 264:289–97.
doi: 10.1006/viro.1999.9996

2. Asanuma H, Sharp M, Maecker HT, Maino VC, Arvin AM. Frequencies of
memory T cells specific for varicella-zoster virus, herpes simplex virus, and
cytomegalovirus by intracellular detection of cytokine expression. J Infect Dis.
(2000) 181:859–66. doi: 10.1086/315347

3. Boon A, Fringuelli E, Graus Y, Fouchier R, Sintnicolaas K, Iorio A, et al.
Influenza A virus specific T cell immunity in humans during aging. Virology
(2002) 299:100–8. doi: 10.1006/viro.2002.1491

4. León-Juárez M, Martínez-Castillo M, González-García LD, Helguera-
Repetto AC, Zaga-Clavellina V, García-Cordero J, et al. Cellular and
molecular mechanisms of viral infection in the human placenta. Pathog Dis.
(2017) 75:ftx093. doi: 10.1093/femspd/ftx093

5. Racicot K, Mor G. Risks associated with viral infections during pregnancy. J

Clin Invest. (2017) 127:1591–9. doi: 10.1172/JCI87490
6. Fishman J. Infection in organ transplantation. Am J Transplant. (2017)

17:856–79. doi: 10.1111/ajt.14208
7. Lin R, Liu Q. Diagnosis and treatment of viral diseases in recipients of

allogeneic hematopoietic stem cell transplantation. J Hematol Oncol. (2013)
6:94. doi: 10.1186/1756-8722-6-94

8. Gaston J, Rickinson A, Epstein M. Cross-reactivity of self-HLA-restricted
Epstein-Barr virus-specific cytotoxic T lymphocytes for allo-HLA
determinants. J Exp Med. (1983) 158:1804–21. doi: 10.1084/jem.158.
6.1804

9. Amir AL, D’Orsogna LJ, Roelen DL, van LoenenMM, Hagedoorn RS, de Boer
R, et al. Allo-HLA reactivity of virus-specific memory T-cells is common.
Blood (2010) 115:3146–57. doi: 10.1182/blood-2009-07-234906

10. van den Heuvel H, Heutinck KM, van der Meer-Prins EM, Franke-van
Dijk ME, van Miert PP, Zhang X, et al. The avidity of cross-reactive
virus-specific T cells for their viral and allogeneic epitopes is variable
and depends on epitope expression. Hum Immunol. (2018) 79:39–50.
doi: 10.1016/j.humimm.2017.10.019

11. Felix NJ, Donermeyer DL, Horvath S, Walters JJ, Gross ML, Suri A, et al.
Alloreactive T cells respond specifically to multiple distinct peptide-MHC
complexes. Nat. Immunol. (2007) 8:388. doi: 10.1038/ni1446

12. Brook MO, Wood KJ, Jones ND. The impact of memory T cells on
rejection and the induction of tolerance. Transplantation (2006) 82:1–9.
doi: 10.1097/01.tp.0000226082.17507.da

13. D’Orsogna LJ, Roelen DL, Doxiadis II, Claas FH. Alloreactivity from
human viral specific memory T-cells. Transplant Immunol. (2010) 23:149–55.
doi: 10.1016/j.trim.2010.06.008

14. Byrne J, Butler J, CooperM. Differential activation requirements for virgin and
memory T cells. J Immunol. (1988) 141:3249–57.

15. Flynn K, Müllbacher A. Memory alloreactive cytotoxic T cells do not require
costimulation for activation in vitro. Immunol Cell Biol. (1996) 74:413–20.
doi: 10.1038/icb.1996.71

16. Mason D. A very high level of crossreactivity is an essential
feature of the T-cell receptor. Immunol Today (1998) 19:395–404.
doi: 10.1016/S0167-5699(98)01299-7

17. Apps R, Murphy SP, Fernando R, Gardner L, Ahad T, Moffett A. Human
leucocyte antigen (HLA) expression of primary trophoblast cells and
placental cell lines, determined using single antigen beads to characterize
allotype specificities of anti-HLA antibodies. Immunology (2009) 127:26–39.
doi: 10.1111/j.1365-2567.2008.03019.x

18. Hammer A, Hutter H, Dohr G. HLA class I expression on the
materno-fetal interface. Am J Reprod Immunol. (1997) 38:150–7.
doi: 10.1111/j.1600-0897.1997.tb00291.x

19. van der Zwan A, Bi K, Norwitz ER, Crespo ÂC, Claas FH, Strominger JL,
et al. Mixed signature of activation and dysfunction allows human decidual
CD8+ T cells to provide both tolerance and immunity. Proc Natl Acad Sci

USA. (2018) 115:385–90. doi: 10.1073/pnas.1713957115
20. Van Egmond A, Van Der Keur C, Swings G, Scherjon S, Claas F. The possible

role of virus-specific CD8+ memory T cells in decidual tissue. J Reprod

Immunol. (2016) 113:1–8. doi: 10.1016/j.jri.2015.09.073
21. van Kampen CA, Versteeg-van der Voort MF, Langerak-Langerak J, van

Beelen E, Roelen DL, Claas FH, et al. Pregnancy can induce long-persisting
primed CTLs specific for inherited paternal HLA antigens. Hum Immunol.
(2001) 62:201–7. doi: 10.1016/S0198-8859(01)00209-9

22. Verdijk RM, Kloosterman A, Pool J, van de Keur M, Naipal AM, van
Halteren AG, et al. Pregnancy induces minor histocompatibility antigen–
specific cytotoxic T cells: implications for stem cell transplantation and
immunotherapy. Blood (2004) 103:1961–4. doi: 10.1182/blood-2003-05-1625

23. Lissauer D, Piper K, Goodyear O, Kilby MD, Moss PA. Fetal-specific
CD8+ cytotoxic T cell responses develop during normal human pregnancy
and exhibit broad functional capacity. J Immunol. (2012) 189:1072–80.
doi: 10.4049/jimmunol.1200544

24. Meuleman T, van Beelen E, Kaaja R, van Lith J, Claas F, BloemenkampK.HLA-
C antibodies in women with recurrent miscarriage suggests that antibody
mediated rejection is one of the mechanisms leading to recurrent miscarriage.
J Reprod Immunol. (2016) 116:28–34. doi: 10.1016/j.jri.2016.03.003

Frontiers in Immunology | www.frontiersin.org 11 December 2018 | Volume 9 | Article 2880

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02880/full#supplementary-material
https://doi.org/10.1006/viro.1999.9996
https://doi.org/10.1086/315347
https://doi.org/10.1006/viro.2002.1491
https://doi.org/10.1093/femspd/ftx093
https://doi.org/10.1172/JCI87490
https://doi.org/10.1111/ajt.14208
https://doi.org/10.1186/1756-8722-6-94
https://doi.org/10.1084/jem.158.6.1804
https://doi.org/10.1182/blood-2009-07-234906
https://doi.org/10.1016/j.humimm.2017.10.019
https://doi.org/10.1038/ni1446
https://doi.org/10.1097/01.tp.0000226082.17507.da
https://doi.org/10.1016/j.trim.2010.06.008
https://doi.org/10.1038/icb.1996.71
https://doi.org/10.1016/S0167-5699(98)01299-7
https://doi.org/10.1111/j.1365-2567.2008.03019.x
https://doi.org/10.1111/j.1600-0897.1997.tb00291.x
https://doi.org/10.1073/pnas.1713957115
https://doi.org/10.1016/j.jri.2015.09.073
https://doi.org/10.1016/S0198-8859(01)00209-9
https://doi.org/10.1182/blood-2003-05-1625
https://doi.org/10.4049/jimmunol.1200544
https://doi.org/10.1016/j.jri.2016.03.003
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


van der Zwan et al. Allo-HLA-C Cross-Reactivity of Virus-Specific CD8+ T Cells

25. Meuleman T, Haasnoot GW, van Lith JM, Verduijn W, Bloemenkamp
KW, Claas FH. Paternal HLA-C is a risk factor in unexplained recurrent
miscarriage. Am J Reprod Immunol. (2018) 79:e12797. doi: 10.1111/aji.12797

26. Colucci F. The role of KIR and HLA interactions in pregnancy complications.
Immunogenetics (2017) 69:557–65. doi: 10.1007/s00251-017-1003-9

27. Kaur G, Gras S, Mobbs JI, Vivian JP, Cortes A, Barber T, et al. Structural and
regulatory diversity shape HLA-C protein expression levels. Nat Commun.
(2017) 8:15924. doi: 10.1038/ncomms15924

28. Van den Heuvel H, Heutinck K, van der Meer-prins E, Yong S, van
Miert P, Anholts J, et al. Allo-HLA cross-reactivities of cytomegalovirus-,
influenza-, and varicella zoster virus–specific memory T cells are shared
by different healthy individuals. Am J Transplant. (2017) 17:2033–44.
doi: 10.1111/ajt.14279

29. D’orsogna L, Amir AL, Zoet YM, Van Der Meer-Prins P, Van Der Slik
AR, Kester MG, et al. New tools to monitor the impact of viral infection
on the alloreactive T-cell repertoire. Tissue Antigens (2009) 74:290–7.
doi: 10.1111/j.1399-0039.2009.01311.x

30. Zoet YM, Eijsink C, Kardol MJ, Franke-van Dijk ME, Wilson GL, de Paus
R, et al. The single antigen expressing lines (SALs) concept: an excellent tool
for screening for HLA-specific antibodies. Hum Immunol. (2005) 66:519–25.
doi: 10.1016/j.humimm.2005.01.007

31. Burrows S, Silins S, Moss D, Khanna R, Misko I, Argaet V. T cell receptor
repertoire for a viral epitope in humans is diversified by tolerance to a
background major histocompatibility complex antigen. J Exp Med. (1995)
182:1703–15. doi: 10.1084/jem.182.6.1703

32. van der Woude FJ, Daha MR, Andr’e M, Meyer-Paape ME, Bruyn JA, van
Bockel HJ, et al. Renal allograft-infiltrated lymphocytes and proximal tubular
cells: further analysis of donor specific lysis. Hum Immunol. (1990) 28:186–92.
doi: 10.1016/0198-8859(90)90018-K

33. D’orsogna LJ, Roelen DL, van der Meer-Prins EM, van der Pol P, Franke-
van Dijk ME, Eikmans M, et al. Tissue specificity of cross-reactive allogeneic
responses by EBV EBNA3A-specific memory T cells. Transplantation (2011)
91:494–500. doi: 10.1097/TP.0b013e318207944c

34. Honeyborne I, Codoñer FM, Leslie A, Tudor-Williams G, Luzzi G, Ndung’u
T, et al. HLA-Cw* 03-restricted CD8+ T-cell responses targeting the HIV-1
gag major homology region drive virus immune escape and fitness constraints
compensated for by intracodon variation. J Virol. (2010) 84:11279–88.
doi: 10.1128/JVI.01144-10

35. Hosie L, Pachnio A, Zuo J, Pearce H, Riddell S, Moss P. Cytomegalovirus-
Specific T Cells Restricted by HLA-Cw* 0702 Increase Markedly with Age
and Dominate the CD8+ T-Cell Repertoire in Older People. Front Immunol.
(2017) 8:1776. doi: 10.3389/fimmu.2017.01776

36. Ameres S, Mautner J, Schlott F, Neuenhahn M, Busch DH, Plachter
B, et al. Presentation of an immunodominant immediate-early
CD8+ T cell epitope resists human cytomegalovirus immunoevasion.
PLoS Pathog. (2013) 9:e1003383. doi: 10.1371/journal.ppat.
1003383

37. Mack SJ, Tu B, Lazaro A, Yang R, Lancaster AK, Cao K, et al.
HLA-A,-B,-C, and-DRB1 allele and haplotype frequencies distinguish
Eastern European Americans from the general European American
population. Tissue Antigens (2009) 73:17–32. doi: 10.1111/j.1399-0039.2008.0
1151.x

38. Schlott F, Steubl D, Ameres S, Moosmann A, Dreher S, Heemann U,
et al. Characterization and clinical enrichment of HLA-C∗ 07: 02-restricted
Cytomegalovirus-specific CD8+ T cells. PLoS ONE (2018) 13:e0193554.
doi: 10.1371/journal.pone.0193554

39. Crough T, Beagley L, Smith C, Jones L, Walker DG, Khanna R. Ex vivo

functional analysis, expansion and adoptive transfer of cytomegalovirus-
specific T-cells in patients with glioblastoma multiforme. Immunol Cell Biol.
(2012) 90:872–80. doi: 10.1038/icb.2012.19

40. Attanasio J, Wherry EJ. Costimulatory and coinhibitory receptor
pathways in infectious disease. Immunity (2016) 44:1052–68.
doi: 10.1016/j.immuni.2016.04.022

41. Kulkarni S, Savan R, Qi Y, Gao X, Yuki Y, Bass SE, et al. Differential microRNA
regulation of HLA-C expression and its association with HIV control. Nature
(2011) 472:495. doi: 10.1038/nature09914

42. Apps R, Qi Y, Carlson JM, Chen H, Gao X, Thomas R, et al. Influence
of HLA-C expression level on HIV control. Science (2013) 340:87–91.
doi: 10.1126/science.1232685

43. Hyun SJ, Sohn HJ, Lee HJ, Lee SD, Kim S, Sohn DH, et al. Comprehensive
analysis of cytomegalovirus pp65 antigen-specific CD8+ T cell responses
according to human leukocyte antigen class I allotypes and intraindividual
dominance. Front Immunol. (2017) 8:1591. doi: 10.3389/fimmu.2017.01591

44. McCutcheon JA, Gumperz J, Smith KD, Lutz CT, Parham P. Low HLA-C
expression at cell surfaces correlates with increased turnover of heavy chain
mRNA. J Exp Med. (1995) 181:2085–95. doi: 10.1084/jem.181.6.2085

45. Keib A, Günther PS, Faist B, Halenius A, Busch DH, Neuenhahn M, et al.
Presentation of a conserved adenoviral epitope on HLA-C∗ 0702 allows
evasion of natural killer but not T cell responses. Viral Immunol. (2017)
30:149–56. doi: 10.1089/vim.2016.0145

46. Terauchi M, Koi H, Hayano C, Toyama-Sorimachi N, Karasuyama
H, Yamanashi Y, et al. Placental extravillous cytotrophoblasts
persistently express class I major histocompatibility complex molecules
after human cytomegalovirus infection. J Virol. (2003) 77:8187–95.
doi: 10.1128/JVI.77.15.8187-8195.2003

47. Tersigni C, RedmanC, Dragovic R, Tannetta D, Scambia G, Di SimoneN, et al.
HLA-DR is aberrantly expressed at feto-maternal interface in pre-eclampsia. J
Reprod Immunol. (2018) 129:48–52. doi: 10.1016/j.jri.2018.06.024

48. Petersdorf EW, Longton GM, Anasetti C, Mickelson EM, McKinney SK,
Smith AG, et al. Association of HLA-C disparity with graft failure after
marrow transplantation from unrelated donors. Blood (1997) 89:1818–23.

49. Frohn C, Fricke L, Puchta JC, Kirchner H. The effect of HLA-C matching on
acute renal transplant rejection. Nephrol Dial Transplant. (2001) 16:355–60.
doi: 10.1093/ndt/16.2.355

50. Morishima Y, Kashiwase K, Matsuo K, Azuma F, Morishima S, Onizuka
M, et al. Biological significance of HLA locus matching in unrelated
donor bone marrow transplantation. Blood (2014) 125:1189–97.
doi: 10.1182/blood-2014-10-604785

51. Ingulli E. Mechanism of cellular rejection in transplantation. Pediatr Nephrol.
(2010) 25:61. doi: 10.1007/s00467-008-1020-x

52. D’Orsogna LJ, van der Meer-Prins EM, Zoet YM, Roelen DL, Doxiadis II,
Claas FH. Detection of allo-HLA cross-reactivity by virus-specific memory
T-cell clones using single HLA-transfected K562 cells. In: Christiansen F,
Tait B. Editors. Immunogenetics. Methods in Molecular Biology (Methods and

Protocols), vol 882. Totowa, NJ: Humana Press (2012). p. 339–49.
53. Wei S, Charmley P, Robinson MA, Concannon P. The extent of the human

germline T-cell receptor V beta gene segment repertoire. Immunogenetics

(1994) 40:27–36. doi: 10.1007/BF00163961

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

Copyright © 2018 van der Zwan, van der Meer-Prins, van Miert, van den Heuvel,

Anholts, Roelen, Claas and Heidt. 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) and

the copyright owner(s) 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 December 2018 | Volume 9 | Article 2880

https://doi.org/10.1111/aji.12797
https://doi.org/10.1007/s00251-017-1003-9
https://doi.org/10.1038/ncomms15924
https://doi.org/10.1111/ajt.14279
https://doi.org/10.1111/j.1399-0039.2009.01311.x
https://doi.org/10.1016/j.humimm.2005.01.007
https://doi.org/10.1084/jem.182.6.1703
https://doi.org/10.1016/0198-8859(90)90018-K
https://doi.org/10.1097/TP.0b013e318207944c
https://doi.org/10.1128/JVI.01144-10
https://doi.org/10.3389/fimmu.2017.01776
https://doi.org/10.1371/journal.ppat.1003383
https://doi.org/10.1111/j.1399-0039.2008.01151.x
https://doi.org/10.1371/journal.pone.0193554
https://doi.org/10.1038/icb.2012.19
https://doi.org/10.1016/j.immuni.2016.04.022
https://doi.org/10.1038/nature09914
https://doi.org/10.1126/science.1232685
https://doi.org/10.3389/fimmu.2017.01591
https://doi.org/10.1084/jem.181.6.2085
https://doi.org/10.1089/vim.2016.0145
https://doi.org/10.1128/JVI.77.15.8187-8195.2003
https://doi.org/10.1016/j.jri.2018.06.024
https://doi.org/10.1093/ndt/16.2.355
https://doi.org/10.1182/blood-2014-10-604785
https://doi.org/10.1007/s00467-008-1020-x
https://doi.org/10.1007/BF00163961
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Cross-Reactivity of Virus-Specific CD8+ T Cells Against Allogeneic HLA-C: Possible Implications for Pregnancy Outcome
	1. Introduction
	2. Results
	2.1. Alloreactivity of an EBV B8/FLR CD8+ T Cell Clone 4D5 Against HLA-C01:02
	2.2. Characterization of HLA-C06:02-Restricted HCMV-Specific T Cell Lines and Clones
	2.3. Alloreactivity and Cytotoxicity of HCMV C06:02/TRA T Cell Lines Against HLA-C03:02

	3. Discussion
	4. Materials and Methods
	4.1. Preparation of Responder and Target Cells
	4.2. Generation of Virus-Specific CD8+ T Cell Lines and Clones
	4.3. Cytokine Production Assay
	4.4. Cytotoxicity Assays

	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


