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Heterologous prime-boost is a common vaccination strategy to elicit CD8™ T cells (T¢pg..), and vaccinia
virus (VACV) has been widely used as a boosting vector. Studies with other viruses have suggested that
priming may reduce responses to native epitopes in boosting vectors as well as improve responses to
primed epitopes. We explored this possibility with a VACV model in mice and find that irrespective of an
epitope’s dominance, prior priming was able to double T 5, responses. More surprisingly, and in
contrast to findings for other viruses, responses to remaining epitopes were undisturbed, leaving the

overall dominance hierarchy unchanged.

CD8" T cells (Tepg.) are important effectors in antiviral
immunity (4, 16), recognizing virus peptides presented on in-
fected cells by major histocompatibility complex class I (20).
Not all antigenic virus peptides are immunogenic, and for
those that are, the response sizes range widely. This phenom-
enon, known as immunodominance, is well recognized, but the
underlying mechanisms are complex (12, 17, 18). One potential
mechanism is immunodomination, where Tpg. that recog-
nize a dominant epitope reduce responses to epitopes lower in
the hierarchy.

Vaccination strategies that induce robust T¢pg, immunity
are being pursued for many pathogens and cancers (19), and a
variety of vectors, including vaccinia virus (VACV), have been
examined. However, where explored, antivector immunity to
these vaccines is vastly superior to the immunity induced to the
recombinant antigen (1, 3, 14). Immunodomination may con-
tribute to this problem if native epitopes in the vector are more
highly ranked in the dominance hierarchy than are epitopes in
the recombinant antigen. This might be especially so for large
vectors, such as poxviruses, that have many native epitopes
8, 9).

Heterologous prime-boost systems have been used in an-
imal models and humans to increase Tpg.. responses (6, 7,
13). It has also been suggested that memory Tpg. induced
by prime-boost immunization are of higher avidity than
those elicited by other strategies (2). Another potential ben-
efit is that priming with an antigen of choice might reduce
responses to vector antigens via immunodomination. Once
primed, Tcpg, recognizing the recombinant epitope will be
numerically superior and able to respond more rapidly upon
boosting than naive Ty, encountering vector epitopes for
the first time. Indeed, precedents for this have been estab-
lished with lymphocytic choriomeningitis virus (LCMV) and
influenza A virus (1, 10). In both cases, at least some
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epitopes that are subdominant after virus infection could be
shifted to the top of the hierarchy by prior priming. This
rearrangement of the hierarchy has been shown to result
from increases in responses to the subdominant epitope and
a concomitant decrease in responses to the usually dominant
epitope (1, 10).

Here, we report a series of experiments that answer two
questions for prime-boost strategies that use VACV as the
boosting vector. First, can any epitope benefit from priming
irrespective of its position in the overall immunodominance
hierarchy? Second, does prior priming reduce responses to
nonprimed epitopes in VACV, as was shown for LCMV and
influenza virus?

The main model system used was priming C57BL/6 mice
with peptides and a-galactosylceramide («a-GalCer) (13) and
boosting with VACV. Native VACV epitopes and VACV
strain WR were used rather than recombinant antigens in an
engineered VACYV (as is usual in prime-boost experiments) to
take advantage of an already-established immunodominance
hierarchy (15). The peptides examined were (from most to
least dominant): BSR,, ,, (BSR, TSYKFESV, H-2 K" re-
stricted), K3L,_,s (K3L, YSLDNAGDVI, H-2 D" restricted)
and A19L,, 55 (A19L, VSLDYINTM, H-2 K® restricted) (15).
All mice were at least 8 weeks old, and experiments done in
accordance with ethical requirements.

First, we determined the number of T, induced by pep-
tide/a-GalCer immunization compared with the number in-
duced by VACV infection. Mice were injected intraperitone-
ally (ip.) with 100 pg of B8R, K3L, or AI9L peptide
(Genscript, Piscataway, NJ) mixed with 1 pg aGalCer (Alexis
Biochemicals, Farmingdale, NY) in phosphate-buffered saline
(13) or with 1 X 10° PFU of VACV. Peptide-specific Tcepg., in
spleens were measured after 7 days using intracellular cytokine
staining (ICS) for gamma interferon (IFN-vy) after a 4-h ex vivo
culture with peptide in the presence of brefeldin A (15). All
peptides primed a measurable Tpg. response when used in
immunizations, and the hierarchy mirrored that seen after
VACYV infection, but responses were lower (approximately
one-fifth for B8R and K3L and one-half for AI19L) (Fig. 1A).
No peptide-specific Tpg, were found in naive mice. Next, we
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FIG. 1. T¢pg, responses after a single injection of peptide/aGalCer.
Groups of three C57BL/6 mice were injected i.p. with 100 pg peptide
(in panel A, same as used in ICS; in panel B, BSR) with 1 pg aGalCer
in 100 pl of phosphate-buffered saline/0.5% Tween 20 buffer, or with
1 X 10° PFU VACV (A, black bar) or 100 .l buffer (B, white bar). A
group of naive controls were included in panel A (Nil). Peptide-
specific T¢pg, in spleens were measured using ICS for IFN-y at 7 days
(A) and the indicated time points (B). (A) Data are percentages of
Teps: that produce IFN-y in ex vivo stimulations with relevant pep-
tides after subtraction of background (determined using mock stimu-
lation in ICS). (B) Data are raw values of percent T, that produce
IFN-v in ex vivo stimulations with BSR; means and standard errors of
the means (SEM) are plotted.

wanted to see how rapidly Tpg, declined after immunization
with peptide/a-GalCer to choose the best time for boosting
with VACV. This was done using the same method as that
described above, but only BSR was examined. The magnitude
of the anti-B8R response was highest after 7 days, at over 2%
of Tepg, in the spleen, and waned over the following 2 weeks
(Fig. 1B), and so we chose to boost at 7 days for the next set of
experiments.

To examine our main question, groups of three mice were
primed with VACYV peptides in aGalCer and boosted after
7 days by i.p. injection of 1 X 10° PFU of VACV. After 7
days, splenic Tcpg, responses to the three peptides were
determined by ICS (Fig. 2). This experiment was repeated
twice, and because data across these experiments were
highly consistent, they were pooled for analysis. In the ab-
sence of peptide priming, Tcpg, responses were similar to
those in published data and in Fig. 1A (15). In all mice
primed with a VACV peptide, the Tpg, response to that
peptide was increased nearly twofold. Strikingly, however,
preimmunization with a single peptide had no effect on
responses to any other peptides; even a near doubling of the
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FIG. 2. T¢pg, responses after peptide priming and a VACV boost.
Groups of C57BL/6 mice were primed with 100 g of peptide (shown
across the top of panel A and in the legends of panels B and C) in 1
pe aGalCer and boosted with 1 X 10° PFU VACV-WR (both i.p.)
after 7 days. Peptide-specific T¢pg, in spleens were measured by ICS
7 days after the boost. (A) Representative flow cytometry analysis
showing lymphocyte gated events on a plot of IFN-y" cells versus
CD8" events. The bold number in each plot is the number of IFN-y™,
CD8" events as a percent of CD8" events. (B) Percent of T that
produce IFN-y in ex vivo stimulations with the peptides shown after
subtraction of background (determined using mock stimulation in
ICS). Data are from three independent experiments, each with groups
of three mice (n = 9), and means and SEM are plotted. (C) Data are
from the same mice as in panel B, but total numbers of peptide-specific
Teps. in the spleen are shown. *, P < 0.05; **, P < 0.01 compared to
any other group.

B8R-specific response had no impact on responses to the
much weaker K3L and A19L peptides. This result held,
irrespective of whether responses were analyzed as percent
Tepsy (Fig. 2B) or total number of peptide-specific cells
(Fig. 2C) in the spleen.

To explore this result further, we asked whether the time
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FIG. 3. T¢pg, responses when boosting is delayed after priming or
responses are measured 6 weeks after boosting. Mice were primed with
peptides/aGalCer as in previous experiments and boosted with 1 X 10°
PFU VACV 42 (A) or 7 (B) days later. Peptide-specific Tcpg, in
spleens were measured by ICS 7 (A) or 42 (B) days after boosting and
are shown as a percentage of CD8™ cells in the spleen (after subtrac-
tion of background). Data plotted are means and SEM from six mice,
derived from two independent experiments, each using groups of three
mice. **, P < 0.01 compared to any other group.

between prime and boost was important in increasing Tepg
responses to selected epitopes by boosting with VACV 42
days after peptide priming (Fig. 3A). At this time, there
should be no residual effect of a-GalCer, and primed Tepg
should have a memory phenotype. In these experiments,
only responses to B8R, the most dominant peptide, were
consistently improved by peptide priming (Fig. 3A). How-
ever, even when B8R responses were significantly increased,
there was no impact on responses to K3L and A19L. This
general picture remained when Tpg, responses were ana-
lyzed as total numbers of peptide-specific cells per spleen,
although there was some evidence of a boost for K3L after
priming (not shown). We speculated that the number of
K3L- and A19L-specific T¢pg,. may have fallen below a
functional threshold by 6 weeks after priming. In support of
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this idea, further experiments showed that only B8R re-
sponses were measurable 4 and 6 weeks after peptide prim-
ing (means of 0.3% and 0.17% of T.ps,, respectively).
K3L-specific responses were just above 0.1% of T¢pg, at 4
weeks and at background levels after 6 weeks (~0.05%
Tepsy), as were A19L-specific Tpg, at both times. It re-
mains possible that functional characteristics of K3L- and
A19L-specific Tepg, were also compromised, but this was
not pursued.

For vaccination protocols, it is important to establish that
immunity is durable. To examine this, peptide priming and
boosting were done within 7 days, but the final readout of
Teps. responses was done 42 days after boosting (Fig. 3B). As
was seen at 7 days after infection, peptide priming increased
the number of T, responding to the relevant epitope with-
out altering responses to other specificities (Fig. 3B). In this
experiment, it appears that less-dominant epitopes are boosted
to a greater extent than more-dominant epitopes, with A19L
responses being increased 3-fold while BSR responses were
improved 1.5-fold. This leads to more A19L-specific Tcpg.,
than K3L-specific T¢pg, in mice primed with A19L peptide,
but no specificity ever comes close to that of B8R in terms of
dominance. These data demonstrate that the advantage con-
ferred by prior priming is retained in long-term memory re-
sponses.

Finally, given the disparity between our results and those
published previously for LCMV and influenza A virus (1, 10),
we wanted to increase the chance of shifting VACV immu-
nodominance hierarchies by stronger priming. Two experi-
ments were done. First, mice were primed twice with peptide
before boosting with VACV. Second, mice were primed by i.p.
injection with influenza A virus and boosted with a recombi-
nant VACV expressing the PA,,,-,5; epitope (VACV-PA,,,)
(5). In each case, the size of peptide-specific responses was
determined a week after VACV boosting (Fig. 4). The first
experiment, in which mice were primed twice with peptide,
gave a result that was almost identical to that obtained by a
single peptide prime (Fig. 4a). In the second experiment, in-
fluenza A virus injection primed a substantial PA,,,-specific
response, which exceeded that induced by VACV-PA,,, (Fig.
4B). Priming with influenza virus before immunizing with
VACV-PA,,, increased PA,,,-specific responses approxi-
mately 2.5 times. This boost is similar to that seen for K3L
(which ranks with PA,,,) after peptide/a-GalCer priming (Fig.
2 and 4B). This experiment also confirmed that priming for a
recombinant epitope does not alter Tg, responses to native
VACYV peptides. We speculate that even stronger priming may
boost responses to an epitope more than twofold. However, it
seems unlikely that this will disturb responses to unprimed
epitopes, as the experiments described in the present study
already represent an advantage in the order of 1,000-fold for
primed Tpg, over the naive precursor frequency of those not
primed. It is not clear why VACYV should behave so differently
in these kinds of experiments compared with influenza virus
and LCMV. We propose the most likely reason is the >10-
fold-larger genome size and, thus, the increase in epitope di-
versity.

In conclusion, data presented here demonstrate three points
of relevance to vaccination with recombinant VACV. (i) Irre-
spective of an epitope’s position in the VACV dominance
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FIG. 4. Tepg, responses after repeated peptide or influenza A
priming followed by a VACV boost. (A) Mice were primed with
peptides/aGalCer i.p. twice and boosted with 1 X 10° PFU VACV i.p
with 7 days between each injection. (B) Mice were infected with 500
hemagglutination units of influenza virus strain A/PR/8/34 (Flu), 1 X
10° PFU VACV-PA,,,, (which encodes the influenza PA,,, peptide as
an ER-targeted minigene; VACV-PA,,,), or A/PR/8/34 followed by a
VACV-PA,,, boost 7 days later (Flu+VACV-PA,,,). Peptide-specific
Teps+ in spleens were measured by ICS 7 days after the last immuni-
zation and are shown as a percentge of CD8™ cells in the spleen (after
subtraction of background). (A) Data are means and SEM from six
mice derived from two independent experiments, each using groups of
three mice. *, P < 0.05; **, P < 0.01 compared to any other group.
(B) Data are the mean from groups of three mice.
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hierarchy, peptide-specific Tcpg, can always be increased by
prior priming. (ii) This increase approaches twofold but is in
the context of a dominance hierarchy that spans at least 100-
fold. Simply priming before boosting with VACV is then un-
likely to produce the very large numbers of T, that may be
required for protection against some pathogens (11). (iii) The
immunodominance hierarchy of VACV is exceptionally stable,
and even large numbers of extra Tpg, with a dominant spec-
ificity do not reduce responses to other, less-dominant pep-
tides. Therefore, immunodomination is unlikely to be a major
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problem for VACV vaccines despite the apparently over-
whelming size of anti-VACV T, responses.
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