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Summary

Interferon-y secreting T lymphocytes against pox virus-derived synthetic
9-mer peptides were tested by enzyme-linked immunospot in peripheral
blood of individuals vaccinated with vaccinia virus more than 30 years ago.
The peptides were characterized biochemically as high-affinity human leuco-
cyte antigen (HLA) class I binders (Kp = 5 nM). However, five of the indi-
viduals tested did not show typical CD8" T cell-mediated HLA class
I-restricted responses. Instead, these donors showed CD4* T cell-dependent
responses against four of a total of eight antigenic 9-mer peptides discovered
recently by our group. These latter responses were blocked specifically in the
presence of anti-HLA class II antibody. We conclude that long-lived memory
responses against pox virus-derived 9-mer peptides, with high binding affinity
for HLA class I molecules, are mediated in some cases by CD4* T cells and
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Introduction

Identification of human leucocyte antigen (HLA) class I
binding peptides from infectious agents is of importance for
effective vaccine development. We have used a computer-
based program to predict HLA class I binding affinities of
9-mer peptides [1], followed by biochemical verification and
quantification of the binding using recombinant HLA class I
molecules [2,3]. Peptides with high to moderate binding
affinities were tested subsequently for antigenicity in healthy
individuals vaccinated with vaccinia virus more than 30
years ago [4]. Using these technologies, we have identified
previously a number of new antigenic flu-derived peptide
epitopes [5] and — more recently — a number (eight) of new
pox virus-derived peptide epitopes [4]. During subsequent
work on the pox-derived epitopes, we became aware that the
measured immune responses of peripheral blood mono-
nuclear cells (PBMC) in vitro by interferon (IFN)-y enzyme-
linked immunospot (ELISPOT) towards high-affinity HLA
class I binding peptides were not restricted solely by the HLA
class I molecules of the peptide-presenting cells. By the use of
blocking CD4 and CD8 antibodies and CD4" and CD8* T
cell depletion experiments, here we show data which, for the
first time, demonstrate clearly that T cells in the peripheral
blood of vaccinia virus-vaccinated and responding individu-
als mediate both the expected typical HLA class I-restricted,
CD8" T cell-dependent responses, as well as unexpected

apparently restricted by HLA class II molecules.
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responses which are mediated by CD4" T cells, and appear to
be HLA class II-restricted.

Materials and methods

Collection of blood samples

Buffy coats of 500 ml whole blood from 10 healthy Danish
donors (age range: 35-65 years with a sex ratio of 70%
female and 30% male; donors gave written informed
consent) were obtained from the Blood Bank at the Univer-
sity Hospital (Copenhagen, Denmark) and the blood
was used within 24 h to isolate PBMC. The donors were
selected according to high-resolution sequence-based typing
of HLA-A and -B alleles (Table 1) (Genome Diagnostics,
Utrecht, the Netherlands) and sequence-based typing of
HLA-DQ and HLA-DR B alleles (Table 3) (Tissue Typing
Laboratory, University Hospital, Copenhagen, Denmark).
These donors were vaccinated with vaccinia virus more than
30 years ago [4].

Isolation of PBMC

The PBMC were isolated from buffy coats by density gradi-
ent centrifugation using Lymphoprep (NycomedPharma AS,
Oslo, Norway). The freshly isolated PBMC were cryopre-
served for later use at 20 x 10° cells in 1 ml RPMI-1640
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Table 1. Blood donor gender, age and human leucocyte antigen (HLA) class I type for donors used in the present study.

Donor Sequence-based typing

# Sex Age (years) HLA-A HLA-B

M 40 *0101 *0101 *0801 *5201

F 43 *0301 *3201° *0702 *4402
13 M 60 *0201 *0201 *3901 *4402
19 F 46 *0101 *0201 *0801 *4001
21 M 54 *0101 *2402 *0702 *3901
23 F 58 *0101 *2402 *0702 *0801
24 F 36 *0206 *2601 *3801 *5801
28 F 62 *0301 *2601 *0702 *1401
30 F 49 *0201 *1101 *5201 *5201
31 F 63 *0201 *0301 *0701 *5601

*HLA-A*3201 belongs to the HLA-A1 supertype.

containing 20% fetal calf serum and 10% dimethylsulphox-
ide at —140°C.

Peptides

The 9-mer peptides were synthesized by standard 9-
fluorenylmethyloxycarbonyl chemistry, purified by reverse-
phase high-performance liquid chromatography (at least
80%, usually > 95% purity) and validated by mass spectro-
metry (Shafer-N, Copenhagen, Denmark). Peptides were
distributed at 20 ug/vial and stored lyophilized at —20°C
until use. Peptides were dissolved just before use.

Biochemical peptide-HLA class I binding assay

The biochemical assay for peptide—major histocompatibility
complex (MHC)-I binding was performed as described pre-
viously [2,3]. Briefly, denatured and purified recombinant
HLA heavy chains were diluted into a renaturation buffer
containing HLA heavy chain, B2-microglobulin, graded con-
centrations of the test peptide and incubated at 18°C for 48 h
allowing equilibrium to be reached. We have demonstrated
previously that denatured HLA molecules can fold effi-
ciently, however, only in the presence of appropriate peptide
[6]. The concentration of peptide-HLA complexes gener-
ated was measured in a quantitative enzyme-linked immu-
nosorbent assay and plotted against the concentration of
peptide offered [2]. Because the effective concentration of
HLA (3-5 nM) used in these assays is below the equilibrium
dissociation constant (Kp) of most high-affinity peptide—
HLA interactions, the peptide concentration leading to half-
saturation of the HLA is a reasonable approximation of the
affinity of the interaction. An initial screening procedure was
employed whereby a single high concentration (20 000 nM)
of peptide was tested. If no complex formation was found,
the peptide was assigned as a non-binder to the HLA mol-
ecule in question; conversely, if complex formation was
found in the initial screening, full titration of the peptide was
performed to determine the binding affinity.

Depletion of CD4* or CD8" T cells from PBMC

CD4" T cells or CD8" T cells were positively depleted from
PBMC according to the manufacturer’s instruction using
monoclonal anti-CD4-coated or monoclonal anti-CD8-
coated Dynabeads from Dynal Biotech ASA (Oslo, Norway).
PBMC depleted of CD4" T or CD8" T cells were verified by
flow cytometry.

IFN-y ELISPOT assay

The PBMC were thawed, washed and then used for CD4" or
CD8* T cell depletion (see Materials and methods) or cul-
tured directly in RPMI-1640 supplemented with 5% heat-
inactivated AB serum (Valley Biomedical, Winchester, VA,
USA), 2mM I-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin. PBMC (4-6 x 10°) or depleted PBMC were
cultured in 1 ml culture medium in 24-well plates (Nunc,
Roskilde, Denmark). Individual peptides were added to a
final concentration of 20 pg/ml per well, a concentration
generally used for this assay [4,5,7-9], and incubated for
10 days at 37°C, 5% CO, in humidified air. Recombinant
human (rh)IL-2 (Proleukin; Chiron, Amsterdam, the Neth-
erlands) 20 U/ml was added on day 1. Cells were harvested
on day 10, washed twice in RPMI-1640 and resuspended in
complete medium to a final concentration of 1x 10° cells/
ml. The IEN-y ELISPOT assay was performed as described
previously [5] to quantify peptide-specific T cells after in
vitro expansion. Briefly, peptides were added at a final con-
centration of 10 ug/ml in the absence or presence of
10 pug/ml anti-human CD4 monoclonal antibodies (mAb),
10 pg/ml anti-human CD8 mAb or 10 pg/ml isotype control
immunoglobulin G1 (all antibodies from BD Pharmingen,
San Diego, CA, USA). For PBMC depleted of CD4* or CD8"
T cells, cells were cultured in the presence or absence of
indicated peptides in ELISPOT plates. In order to block
MHC-II-restricted responses, 10 pg/ml anti-pan HLA class
II monoclonal antibody IVA12 (ATCC, Rockville, MD, USA)
was added, and to block MHC-I-restricted responses anti-
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Table 2. Enzyme-linked immunospot (ELISPOT) responses [spot-forming cell (SFC)] of five donors against seven antigenic pox-peptides in the

absence or presence of antibodies blocking either human leucocyte antigen (HLA) class II/CD4 or HLA class I/CD8 ligation.

ELISPOT assay: +Peptide®

Predicted Assayed

Peptide no. Peptide Sequence HLA supertype Kp (nM) Donors +Isotype +Anti-CD4 +Anti-CD8
Pox8 A18Rys5 LSDLKKTIY Al 35 Donor 9 113 89 4*
Pox113 E1L,15 FLIDLAFLI A2 3-0 Donor 19 50 29° 52
Pox114 A47Ry, LMDENTYAM A2 1-0 Donor 19 89 35% 83
Pox116 P1L;, RMIAISAKV A2 3-4 Donor 13 16 4* 11

Donor 19 80 317 70
Pox57 A21R 44 KYQSPVNIF A24 22 Donor 21 10 5 3
Pox17 A10Lg37 DTRGIFSAY A26 11 Donor 28 93 82 51*
Pox131 T1L4s SEVKFKYVL B44 40 Donor 19 95 19° 93

Each value represents the mean SFC of four individual ELISPOT cultures. Each individual experiment was repeated for two to three times.
*SFC numbers lower than the isotype control, P < 0-05 (Wilcoxon’s rank-sum test). "Number of SFC/10° cells.

MHC-I antibody W6/32 ascites (ATCC) was added at a final
dilution of 1:40 for 30 min before adding peptides in
ELISPOT assays. As positive controls, cells were stimulated
with 10 ug/ml phytohaemagglutinin (Sigma-Aldrich, Poole,
Dorset, UK). Results are expressed as mean number of spot-
forming cells per 10° PBMC.

Statistics

Wilcoxon’s rank-sum test was used to analyse the quantita-
tive differences between the experimental wells and control
in ELISPOT assays. A P-value below 0-05 was considered
significant.

Results

Responding donors and the effect of anti-CD4 and
CDS8 antibodies

The PBMC were obtained from donors with reactivity against
9-mer pox virus-derived peptides [4]. Table2 shows
responses in ELISPOT cultures of PBMC from five individual
immune donors exposed to seven recently discovered anti-
genic pox-derived 9-mer peptides with binding affinities for
HLA class I at Kp = 5 nM [4]. The identification of immune
donors and the prediction of immunogenic pox-derived pep-
tides have been reported recently [4]. Table 2 includes data
showing the effect on the responses in the presence of block-
ing anti-CD4 and -CD8 antibodies. As shown in the table, the

IFN-yspot responses were either inhibited significantly in the
presence of anti-CD4 antibody (pox peptides 113, 114, 116,
131) or in the presence of anti-CD8 antibody (pox peptides 8,
17, 57) in the ELISPOT culture. Further studies (see below)
suggested strongly that the CD4" and CD8" T cell responses
are mutually independent.

Depletion of CD4* and CD8* T cells from PBMC

To obtain direct evidence on the phenotype of the respond-
ing cells depicted in Table 2, PBMC were depleted for either
CD4* or CD8" T cells prior to incubation with peptides for
ELISPOT development. Figure 1 shows the results obtained
from PBMC of donor 19, which according to the data in
Table 2 reacts with four pox peptides 113, 114, 116 and 131.
It is evident that only PBMC depleted of CD8* T but not
CD4* T cells respond in ELISPOT culture, whereas the CD4*
T cell-depleted PBMC do not respond at all. These data
support the data in Table 2, that the responses by this donor
(and four other donors, included in Tables 2 and 3) are
mediated by CD4" T cells. In addition, responses were inhib-
ited significantly in the presence of the anti-pan HLA class II
antibody IVA12 and anti-CD4 antibody but not in the pres-
ence of anti-CD8 antibody. Also, anti-HLA class I antibody
W6/32 had no effect (data not included). These data suggest
strongly that the responses observed are restricted by HLA
class II molecules.

Figure 2 shows the results obtained from PBMC of three
donors (9, 21, 28) measured against pox peptides 8, 57 and

Table 3. Human leucocyte antigen (HLA) class II type for donors responding to the peptides depicted in Fig. 1.

HLA class 1T

CD4" T cell epitope in responding donors

HLA-DRB1* HLA-DQB1* Donor no. Pox113 Pox114 Pox116 Pox131
07,15 03, 06 Donor 13 — — + +
15,51 06, 06 Donor 30 — — + —
04, 15 03, 06 Donor 31 - — + -
03,13 02, 06 Donor 19 —+ —+ + +
03, 04 02, 03 Donor 24 — + — —

Shared HLA class II 3 chains between donors are shown in bold type.
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cell-dependent responses. Peripheral blood 2 10 F P 40r
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depleted of CD4" T cells or CD" T cells and CD4*Tcells CD8* T cells CD4*Tcells  CD8* T cells
incubated with pox113 (a), pox114 (b), pox116

) . . depleted depleted depleted depleted

(c) and pox131 (d) respectively. Prior to testing,
cells were harvested, washed and exposed to the ©) (d)
indicated peptides in enzyme- ~
?inked immunospot (ELISPOT) plateé for 20 h o 22 | g:ﬁgi“g . o gg N E:E’ZEZ
in the absence or presence of pan anti-human % l+gox1 12 + an?:ggg S 30 | m+Pox13i + anti-CD4
leucocyte antigen class II monoclonal antibody o 20 EIP% 16 : ﬁ?p{m E 25 - m+Pox131 + anti-CD8
IVA12, anti-CD4 or anti-CD8 antibody. Results ‘& 15 S 20 | ©+Pox131 + IVA12
are expressed as the mean spot-forming cell E 10 F E 15 |
values (*standard deviation) of four replicate 9 5L 9 10
ELISPOT microcultures, each containing 2] 0 = ) . @ 5T o ) )
1% 10° CD4" or CD8" T cell-depleted PBMC. 0
Bars represent standard deviation; *significant CD4*Tcells CD8*T cells CD4*Tcells CD8*T cells
inhibition, P < 0-05 (Wilcoxon’s rank-sum test). depleted depleted depleted depleted

17 respectively. In these cases, depletion of CD4" T cells did
not inhibit responses in the ELISPOT culture, whereas deple-
tion of CD8" T cells totally removed the responses, support-
ing the data in Table 2 that these responses are mediated by
CD8* T cells. Also, these latter responses were inhibited fully
by both anti-CD8 (Table2) and anti-MHC-I antibody
W6/32 (Fig. 2), but not by anti-CD4 antibody. Also, the anti-

pan HLA class II antibody IVA12 had no effect (data not
included). These data show that the responses in Fig. 2 are
restricted by HLA class I molecules. The data in Figs 1 and 2
also indicate that the anti-CD4 and -CD8 antibodies used are
not cytotoxic, but specifically blocking CD4* T and CD8" T
cell responses respectively. In addition, the data in Figs 1 and
2 show that the same peptide epitope results in either a CD4*

(a) (b)
140 0O -Pox8 80 O-Pox17
o 120 - @ +Pox8 o 70 r @ +Pox17
% 100 - W +Pox8 + anti-CD4 % 60 r W +Pox17 + anti-CD4
S— 80 +Pox8 + anti-CD8 S- 50 r g +Pox17 + anti-CD8
=4 & +Pox8 + W6/32 S 40 r " @ +Pox17 + W6/32
X 60r = 30
Fig. 2. 9-mer peptide-induced CD8" T 9 40 E 20
cell-dependent responses. Peripheral blood @O o0 | 2 10 +
mononuclear cells (PBMC) from donors 9, 28 o L= — . 0 T ,
and 21 were depleted of CD4" T cells or CD8* CD4*Tcells CD8* T cells CD4*Tcells  CD8* T cells
T cells and incubated with pox8 (a), pox17 (b) depleted depleted depleted depleted
and pox57 (c) respectively. Prior to testing,
cells were harvested, washed and exposed to (©)
the indicated peptides in enzyme-linked 20 O —Pox57
immunospot (ELISPOT) plates for 20 h in the 18
absence or presence of pan anti-human g ]2 i B +Pox57 .
leucocyte antigen class I antibody W6/32, E 12 i W +PoX57 + ant!-CD4
anti-CD4 or anti-CD8 antibody. Results are 2 10 + © +Pox57 + anti-CD8
expressed as the mean spot-forming cell values % 8r @ +Pox57 + W6/32
(*standard deviation) of four replicate 8 6 i
ELISPOT microcultures each containing 1 x 10° 7 g L %k
CD4" or CD8" T cell-depleted PBMC. Bars 0 SEE )
represent standard deviation; *significant CD4+Tcells CD8*T cells
inhibition, P < 0-05 (Wilcoxon’s rank-sum test). depleted depleted
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or a CD8" T cell response. Thus, the two set of responses
appear to be mutually independent.

Discussion

In our previous work [4], a total of 45 pox virus-derived
9-mer peptides were tested for antigenicity in healthy indi-
viduals vaccinated with vaccinia virus more than 30 years
ago. These peptides were predicted in silico to have high
binding-affinities for HLA class I molecules and shown to
bind to recombinant HLA class I molecules with an affinity
of Kp = 5 nM. Eight peptides were found to be antigenic in
IFN-y ELISPOT assay, using peripheral blood T lymphocytes
from vaccinated donors as responder cells. Seven of the
antigenic peptides are included in the present study. It is
assumed generally that about 20% of the possible peptides,
which can be generated from a given protein, survive antigen
processing and that only half the presented HLA class I
binding peptides have a cognate T cell receptor [10,11].
Thus, offering high-affinity 9-mer peptides to the system
should result in 0-2 X 0-5=10% reactivity. This number is
close to the present observation of three HLA class
I-restricted, immunogenic peptides of 45 peptides tested.

The major observation of the present study is that four of
these seven immunogenic pox virus-derived 9-mer peptides
elicit a CD4" T cell-dependent, apparently class II-restricted
response without traces of class I-restricted reactivity.
This observation should not be confused with so-called
co-receptor mismatched T cells being restricted by HLA class
I molecules, but dependent on CD4 binding to HLA class II
molecules of the antigen-presenting cells, a phenomenon
which has been observed in various experimental settings
[12-17].

It is generally accepted that HLA class I binding peptides
are composed of eight to 10 amino acids, whereas HLA class
II binding peptides consist of 15-20 amino acids being rec-
ognized by CD8" and CD4" T cells respectively [18—20]. Thus
our ELISPOT data, combined with T cell subset depletion
experiments, appear to contradict this view by showing that
peripheral blood CD4" T cells from vaccinia virus immune
donors react with 9-mer peptides in a seemingly HLA class
[I-restricted manner, as these responses were blocked by an
anti-pan HLA class II and anti-CD4 antibodies. We have no
direct proof that the immunogenic 9-mer peptides with high
binding affinity for HLA class I molecules also bind to HLA
class II molecules. However, we observed that donors with
CD4* T cell responses share certain common HLA class II
chains, as illustrated in Table 3. Thus, the four donors
(13,19, 30 and 31) who showed reactivity against the HLA-
A2-binding pox peptide 116 (RMIAISAKV) all expressed the
same HLA-DQBI1-06 subtype, whereas two donors (19 and
24) who showed reactivity against the HLA-A2-binding pox
peptide 114 (LMDENTYAM) both expressed the same HLA-
DRB1-03 subtype. The data in Table 3 might suggest that the
immunogenic 9-mer pox virus-derived peptides bind to

HLA-I binding peptides induce CD4* T cell responses

HLA class II molecules expressing the same DR 8 or DQ 8
chains, a view supported by the high degree of linkage dis-
equilibrium between DR and DQ o and 3 chains. However,
until our laboratory masters the production of recombinant
HLA class II molecules for binding studies we will not have
direct proof for HLA class II binding of these peptides.

Both the CD4* and CD8" T cell responses generated in the
ELISPOT culture system most probably represent true
immunological memory achieved in vivo following vaccinia
virus vaccination more than 30 years ago, and not primary
immune responses generated from naive T cells in the in
vitro culture. Thus, assuming that T cells represent approxi-
mately 50% of the mononuclear cells in peripheral blood,
the present T cell subset depletion experiments indicate that
the level of responding cells per ELISPOT culture is approxi-
mately 100-300/10° T cells. With four to six cell divisions
during the period of in vitro expansion, it follows that five to
20 virus-specific T cells/10° T cells are circulating in the
peripheral blood of vaccinia virus immune individuals, a cell
number which is far above the assumed frequency of naive T
cells (1:10°-1:10°) of any particular specificity [21].

In previous work we demonstrated immunological
memory for only those pox peptides with very high binding
affinity for class I molecules (Kp = 5 nM), but not peptides
of lower affinities [4]. The present observation, that CD4" T
cells have memory for pox virus-derived 9-mer peptides,
might reflect the inherent cross-reactivity in the CD4" T cell
population; thus, estimates suggest that one single T cell
clone can react productively (i.e. secrete IFN-y) with
approximately 1 million different MHC-associated peptide
ligands [22,23]. Accordingly, the CD4" T cell reactivity
observed in the present study might reflect this high degree
of cross-reactivity, and the peptide specificity observed
might not reflect reactivity against pox virus-derived pep-
tides per se. If, however, our data reflect specific vaccine-
induced memory for pox virus-derived 9-mer peptides,
CD4-dependent, class II-restricted immune responses are
probably induced by viral antigens in dying vaccinia virus-
infected cells which, during the process of vaccination, are
taken up by dendritic cells, and even 9-mer peptides might
be presented by class II molecules. Alternatively, vaccinia
virus might infect viable dendritic cells and some viral pep-
tides might reach the class II compartment by an endo-
genous route. Whatever the mechanism, the same peptide
might be presented by both HLA class I and class II
molecules. In donors for whom only peptide-specific CD4" T
cell responses are observed, the peptide might not be immu-
nogenic when presented by the MHC class I and thereby
spare the dendritic cell for CTL-mediated killing. The
vaccine responses, as observed here, lead to initiation of a
sustained CD4" T cell-dependent, apparently HLA class
II-restricted memory response favouring vaccine-induced
long-lived memory responses. The advantages of CD4" T cell
triggering are obvious: the virus-infected dendritic cells are
not killed by anti-viral CD8" T cells, and the responding
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CD4" T cells benefit from the supportive environment pro-
vided by class II/peptide-expressing dendritic cells.

In the majority of studies which employ IFN-y ELISPOT
technology to monitor HLA class I responses against class I
binding peptides, the investigators should also take into
account potential CD4-dependent class II responses. Our
present data show that high-affinity class I binding peptides
(as we found no immunity against intermediate affinity pep-
tides [4]) might end up as immunogenic peptides in the
HLA class II complex. Thus, ELISPOT-based analyses of
reactivity against 9-mer class 1 binding peptides should
include either anti-CD4/CD8 blocking or CD4/CD8 T cell
subset depletion experiments or, alternatively, perforin- or
granzyme B-ELISPOT analyses to obtain the true phenotype
of the antigen-specific T cells.

In conclusion, long-lived memory responses against
vaccinia virus-derived peptides with high affinity-binding
for HLA class I are, in some cases, mediated by CD4" T cells
and apparently restricted by HLA class II molecules.
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