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ABSTRACT

T-cell functional avidity is a crucial determinant for efficient pathogen clearance. Although recombinant DNA priming coupled
with a vaccinia-vectored vaccine (VACV) boost has been widely used to mount robust CD8� T-cell responses, how VACV boost
shapes the properties of memory CD8� T cells remains poorly defined. Here, we characterize the memory CD8� T cells boosted
by VACV and demonstrate that the intrinsic expression of MyD88 is critical for their high functional avidity. Independent of
selection of clones with high-affinity T-cell receptor (TCR) or of enhanced proximal TCR signaling, the VACV boost significantly
increased T-cell functional avidity through a decrease in the activation threshold. VACV-induced inflammatory milieu is not
sufficient for this improvement, as simultaneous administration of the DNA vaccine and mock VACV had no effects on the func-
tional avidity of memory CD8� T cells. Furthermore, reciprocal adoptive transfer models revealed that the intrinsic MyD88
pathway is required for instructing the functional avidity of CD8� T cells boosted by VACV. Taking these results together, the
intrinsic MyD88 pathway is required for the high functional avidity of VACV-boosted CD8� T cells independent of TCR selec-
tion or the VACV infection-induced MyD88-mediated inflammatory milieu.

IMPORTANCE

Functional avidity is one of the crucial determinants of T-cell functionality. Interestingly, although it has been demonstrated
that a DNA prime-VACV boost regimen elicits high levels of T-cell functional avidity, how VACV changes the low avidity of
CD8� T cells primed by DNA into higher ones in vivo is less defined. Here, we proved that the enhancement of CD8� T cell avid-
ity induced by VACV boost is mediated by the intrinsic MyD88 pathway but not the MyD88-mediated inflammatory milieu,
which might provide prompts in vaccine design.

A regimen of priming with recombinant DNA and boosting
with a viral vector has been shown to elicit strong T-cell im-

mune responses (1–3); thus, it is becoming one of the most prev-
alent vaccine strategies (4). Several regimens have been widely
adopted, including the DNA prime-vaccinia vector vaccine boost
and the DNA prime-adenoviral vector vaccine boost (5). These
modalities are thought to combine the advantages of DNA vac-
cines to raise focused immune responses against the encoding
immunogens in the absence of interference from vector immuno-
genicity and the advantages of viral vector vaccines to greatly ex-
pand the immune responses due to an increased capacity to effi-
ciently express immunogens in vivo and to induce innate immune
responses (6). The viral vectors, however, may not only enhance
the immunogenicity of the vaccine but also alter the properties of
the T-cell responses (7).

Several attributes of CD8� T cells contribute to the contain-
ment of viral replication in vivo, and these include the magnitude
of the response, the diversity of the T-cell receptor (TCR), and the
functional avidity. Among those factors, the functional avidity,
which is also referred to as antigen sensitivity (8), is one of the
most critical properties for the determination of CD8� T-cell ef-
ficacy (9, 10). In principle, the strength of the stimulus required
for T-cell activation upon exposure to undefined densities of an-
tigen is determined by the functional avidity. T cells with higher
avidity are able to recognize virally infected cells with lower sur-

face antigen densities at earlier stages of infection and to elicit
stronger responses at a given antigen density compared to T cells
with lower avidity (8, 11). Thus, T cells with high avidities exert
rapid effector functions at low cognate antigen concentrations,
effectively eliminating the virally infected cells before mass viral
propagation and immune escape (12). As a result, the functional
avidity is a determinant for CD8� T cell-mediated virus control
during various infections (11, 13–15).

It has been reported that a DNA prime-vaccinia virus (VACV)
boost regimen could induce antigen-specific CD8� T cells with
higher functional avidity than DNA vaccination alone (16, 17). It
remains to be determined how the VACV boost tunes the avidity
of T cells induced by DNA prime. Recent studies indicate that
pathogen-specific inflammation provides the third signal that dy-
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namically tunes the functional avidity of CD8� T cells in combi-
nation with TCR ligation and costimulatory signaling stimulation
(18, 19). Interestingly, VACV could induce inflammatory cyto-
kines through the MyD88-mediated pathway (20, 21), and as
such, MyD88-deficient mice display a diminished antigen-specific
immune response to recombinant poxvirus-based vaccines (21).
Accordingly, a series of clinical trials showed that the poxvirus-
based vaccines are highly immunogenic in the context of vaccina-
tion regimen of DNA priming and poxvirus-vectored vaccine
boost (7, 22). To further characterize CD8� T cells elicited by this
regimen and to understand how the avidity of CD8� T cells are
tuned, we initiated the current study to define the role of the
MyD88-mediated pathway in shaping the functional avidity of
antigen-specific memory CD8� T cells induced by a DNA prime-
VACV boost vaccination strategy, which will be likely to enlighten
the understanding of the formulation mechanism of the func-
tional avidity in vivo.

MATERIALS AND METHODS
DNA vaccines and recombination vaccinia vaccines. The vector pDRVI
SV1.0 contains the cytomegalovirus (CMV) immediate-early promoter
and a 72-bp element of simian virus 40 (SV40) enhancer and was used as
the DNA vaccine vector (23). DNA vaccines were purified with Qiagen
columns (EndoFree plasmid giga kit) and eluted in pyrogen-free deion-
ized water. VACV used in this study was derived from the replication-
competent Tiantan vaccinia virus strain and propagated in Vero cells (24).
The HIV-1 B=/C recombinant CN54 gag or full-length chicken ovalbumin
(ova) was codon optimized and inserted into vaccine vectors. Mock
VACV refers to the vaccinia virus vector in the absence of immunogen
gene insertion, whereas Tiantan vaccinia viruses carrying the insertion of
HIV-1 Gag- and ovalbumin-encoding genes are designated VACV-gag
and VACV-ova, respectively.

Animals and immunization. This study was approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Shanghai Public
Health Clinical Center. Six-week-old female BALB/c (H-2Kd) mice were
primed with 3 doses of 100 �g DNA-gag 2 weeks apart and boosted with
either 100 �g DNA-gag or 107 PFU VACV-gag at 2 weeks postprime (Fig.
1A). In adoptive transfer experiments, 6-week-old female C57BL/6 mice
or MyD88�/� mice received 106 OT-I CD8� T cells and were inoculated
with vaccines expressing OVA as shown in Fig. 3A. All mice were immu-
nized in the quadriceps muscle with a total volume of 100 �l of either
DNA or VACV vaccine. Both OT-I and MyD88�/� mice used in this study
were derived from the C57BL/6 background.

Preparation of splenocytes and isolation of T cells. Spleens were me-
chanically disrupted, and splenocytes were filtered through mesh gauze.
Red blood cells (RBCs) were lysed with RBC lysis buffer. CD8� T cells
were positively purified by CD8a (Ly-2) microbeads from Miltenyi.
CD8�-depleted splenocytes (CD8� T cells) were enriched from the unla-
beled cells using the same kit. The purity of sorted cell populations was
greater than 95% as determined by flow cytometry (FACSAria; BD Bio-
sciences).

ELISpot and functional avidity assay. An enzyme-linked immu-
nosorbent spot (ELISpot) assay was performed according to the gamma
interferon (IFN-�) ELISpot kit instructions (BD Biosciences). A total of
2 � 105 splenocytes were added per well. The spot-forming cells (SFCs)
were counted with an immunospot reader (Champspot III; Beijing Sage
Creation Science). SFCs at each stimulating concentration of peptide were
normalized by maximal value (i.e., the maximum number of SFCs in-
duced by the saturating concentration of peptides), and variable-slope
sigmoid regression was used to infer the 50% effective concentration
(EC50), which is the peptide concentration required to generate 50% max-
imal cytokine production. The functional avidity assay in this study is
based on IFN-� production. Peptides were synthesized by GL Biochem
(Shanghai, China) with �95% purity. 15mers were used in ELISpot assay

for HIV-1 Gag-derived peptide Gag49 (AAMQMLKDTINEEAA) and
Gag64 (VPVGDIYKRWIILGL), which were reported as dominant and
subdominant epitopes, respectively, in a previous report (25). 8mers used
for the dominant epitope (SIINFEKL) were derived from OVA protein
(26).

Inflammatory cytokine production using a cytometric bead array.
The mouse inflammatory kit was used by following the manufacturer’s
instructions (BD Biosciences). For assessment of inflammatory cytokine
production, 2 � 105 splenocytes from naive mice were stimulated with
mock VACV or UV-inactivated mock VACV at a multiplicity of infection
(MOI) of 1 and DNA vaccine vector (5 �g/ml) for 20 h in a 96-well plate
at 37°C. Medium and lipopolysaccharide (LPS; 100 ng/ml) were used as
controls. The cytometric bead array (CBA) data were generated in graph-
ical and tabular forms using the BD CBA analysis software.

Antibodies, surface staining, and intracellular staining. For surface
staining, cells were incubated on ice with a mixture of antibodies for 30
min. For intracellular cytokine staining (ICS), 1 h after addition of pep-
tide, brefeldin A (eBioscience) and monensin (eBioscience) were added at
1 �g/ml and 1 �M, respectively. Cells were then incubated for an addi-
tional 5 h. The stimulated cells were stained with a cocktail of surface
antibodies on ice for 30 min and then subjected to fixation and perme-
ation with fix/perm buffer (BD Bioscience). Antibodies against intracel-
lular cytokines were added, and cells were incubated on ice for another 30
min. For intracellular phosphorylated protein analysis, BD Phosflow pro-
tocol II for mouse splenocytes or thymocytes was used. The cells were
stimulated with OVA peptide (5 �g/ml) at 37°C for 5 min, H2O2 (5 mM)
was used as a positive control, and medium was used as a negative control.

The following antibodies were used in this study: CD3-peridinin chlo-
rophyll protein (PerCP) (clone 145-2C11), CD8-Pacific Blue (PB) (clone
53-6.7), CD8-allophycocyanin (APC) (clone 53-6.7), CD44-fluorescein
isothiocyanate (FITC) (clone 1M7), CD62L-phycoerythrin (PE)-Cy7
(clone MEL-14), tumor necrosis factor alpha (TNF-�)-PE-Cy7 (clone
MP6-XT22), interleukin-2 (IL-2)-allophycocyanin (clone JES6-5H4),
IFN-�-PE (clone XMG1.2), Lck(pY505)-PE (clone 4/LCK-Y505), and
ZAP70(pY319)/Syk(Y352)-PE-Cy7 (clone 17A/P-ZAP70), all from BD
Biosciences, and CD11c-PE-Cy7 (clone N418), CD14-PerCP-Cy5.5
(clone Sa14-2), CD45.1-FITC (clone A20), CD80-FITC (clone 16-10A1),
and CD86-allophycocyanin (clone GL1), all from eBioscience.

Tetramer staining. PE-conjugated-H2Kd-AMQILKDTI tetramers
were provided by the National Institutes of Health Tetramer Facility (Em-
ory University). Splenocytes were coincubated for 30 min at 4°C with
dilutions of tetramer at concentrations of 0.005 �g/ml to 2 �g/ml in
combination with CD8-allophycocyanin antibody, and then the cells were
washed with phosphate-buffered saline (PBS) containing 2% newborn
calf serum (NCS) and fixed in 2% paraformaldehyde.

TCR V� usage analysis. Splenocytes were stimulated with 4 �g/ml
peptide and then were incubated at 37°C for 18 h. Brefeldin A (10 �g/ml)
was added during the final 6 h of incubation. Fixed and permeated cells
were stained with IFN-�-PE, CD3-PerCP, CD8-allophycocyanin, or a
panel of TCR V	-FITC antibodies (BD Biosciences) for 15 min.

Calcium influx. CD8� T cells were loaded with Fluo-3 AM (Biotium)
at 37°C, washed with cold PBS, and then incubated on ice with CD8-
allophycocyanin antibodies and tetramers for 30 min. The cells were then
washed, resuspended into prewarmed medium at 37°C, and analyzed im-
mediately using a FACSCalibur instrument. After establishing a baseline
for 30 s, purified anti-CD3 antibody was added at various concentrations
(10�5 to 1 �g/ml). Cells were quickly mixed and analyzed by flow cytom-
etry for an additional 5 min. Since the cross-linking of TCR with tetramers
could induce a Ca2� influx, we performed the staining process on ice to
minimize this effect (27).

Statistical analysis. Statistical analysis was performed by t test using
SPSS16.0 software.

GEO sequence accession number. Sequence data determined during
this work were deposited in the Gene Expression Omnibus (GEO) data-
base under accession number GSE51849.
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RESULTS
Increased antigen-specific memory CD8� T cells with enhanced
functional avidity following VACV boost. To evaluate the effect
of VACV boost on antigen-specific CD8� T-cell responses that
were primed by DNA vaccine, we immunized BALB/c mice with
vaccines expressing HIV-Gag (Fig. 1A). Three doses of DNA vac-
cine were used for priming to induce sufficient responses, since
one or two inoculations were unable to reproducibly elicit signif-
icant antigen-specific T cells for characterization in our system. A
DNA boost group of mice (DNA prime-DNA boost) was included
to control for the effect of inoculation time. All subsequent assays
were performed with memory-phase cells that were obtained 4
weeks after the final vaccine inoculation. First, we employed te-
tramer staining to directly enumerate CD8� T cells that recognize
the dominant epitope of HIV-Gag (Gag49). Approximately 6%
(6.75% 
 1.23%) of CD8� T cells from animals that received the
VACV boost were tetramer positive, and this percentage was sig-
nificantly greater than those from animals that received DNA
prime alone (1.52% 
 0.32%; P � 0.0002) and animals that re-
ceived a DNA boost following the DNA priming (2.34% 
 0.53%;
P � 0.0006) (Fig. 1B). IFN-�-based ICS (Fig. 1C) and ELISpot
assay (Fig. 1D) confirmed the results of tetramer staining. These
data demonstrated that VACV boost mounts higher levels of an-
tigen-specific CD8� T cells primed by DNA vaccine compared to
the levels induced by DNA priming alone or a DNA boost follow-
ing DNA priming.

We then compared the functional avidity induced by different
immunization regimens. We measured the peptide concentration
required to generate 50% of the maximum IFN-� SFUs using
ELISpot assay. The VACV boost increased the antigen sensitivity
of the responding CD8� T cells (7.60 � 10�8 
 1.25 � 10�8

mg/ml) approximately 100-fold compared to that of DNA prime
alone (6.39 � 10�6 
 2.01 � 10�6 mg/ml) and 10-fold compared
to that of DNA boost (7.27 � 10�7 
 9.88 � 10�8 mg/ml), and
these findings were consistent with previous reports (16, 17) (Fig.
1E and G). Similar patterns were also observed for a subdominant
epitope (Gag64) of HIV-Gag (Fig. 1F and G). This observation
was further validated through analysis of CD8� T-cell responses
to epitopes from additional antigens, including HIV-Env and
OVA, and in mice with a distinct genetic background (data not
shown). Thus, the enhanced functional avidity of antigen-specific
CD8� T cells boosted by VACV is not restricted to a particular
model. Collectively, our data demonstrate that antigen-specific
CD8� T cells from mice boosted with VACV were much more
sensitive to antigen stimulation than those from mice treated with
DNA prime alone or with a DNA boost.

We next determined the activation threshold of antigen-spe-
cific T cells by stimulation with serially diluted anti-CD3 antibod-

ies followed immediately by fluorescence-activated cell sorting
(FACS) analysis to assess Ca2� mobilization, which represents an
early activation event that could be measured by flow cytometry.
Stimulation with anti-CD3 antibodies immediately initiated Ca2�

flux in epitope-specific CD8� T cells, and the levels of Ca2� flux
did not return to baseline levels during the next �4 min (Fig. 1H,
left). Interestingly, the epitope-specific CD8� T cells from animals
that received the VACV boost could respond to anti-CD3 anti-
bodies at lower concentrations, from 10�5 �g/ml to 10�4 �g/ml,
whereas those from animals that received DNA prime alone or a
DNA boost responded to 10�4 �g/ml to 10�2 �g/ml anti-CD3
antibodies (Fig. 1H, right). Thus, epitope-specific CD8� T cells
induced by VACV boost were 10 to 100 times more sensitive than
those induced by DNA prime alone or DNA boost (P  0.05).
These data support the in vitro findings that T cells with higher
functional avidity require a lesser amount of anti-CD3 antibodies
to initiate intracellular signal transduction than low-avidity T cells
(28). Altogether, these data demonstrate that VACV boost elicits
greater numbers of antigen-specific CD8� T cells primed by DNA
vaccine and increases functional avidity through markedly de-
creasing the activation threshold.

Characterization of VACV boost-induced antigen-specific
CD8� T cells with high functional avidity. We then evaluated the
TCR affinity, as defined by the binding of TCR to the peptide-
major histocompatibility (MHC) complex, which is the physical
determinant of functional avidity of antigen-specific CD8� T
cells, using the tetramer decay assay (9, 29). As shown in Fig. 2A,
the mean fluorescence intensity (MFI) of tetramer on antigen-
specific CD8� T cells from mice that received DNA prime alone
decreased much faster than from those that received a boost for all
dilutions of the tetramer, whereas no significant difference was
observed between cells from DNA-boosted and VACV-boosted
mice. These data suggest that enhanced TCR affinity is related to
the time of inoculation rather than the vaccination regimen. To
determine whether the enhanced TCR affinity during the in-
creased time of inoculation was related to clonal selection, we
examined TCR V	 utilization of the epitope-specific CD8� T
cells. Although V	 profiles varied among individual mice even
within the same group (Fig. 2B), several observations were made.
First, a substantial proportion of epitope-specific CD8� T cells
bearing V	2, V	3, V	8.1/8.2, V	8.3, V	10, V	14, and V	17
were detected in the majority of mice, whereas other V	s were
used only occasionally (Fig. 2C). After boost with VACV or DNA,
the TCR V	 repertoire became more restricted to V	8.1/8.2,
V	8.3, and V	17 with a concomitant profound decrease in the use
of V	2, V	10, and V	14, suggesting that both the VACV boost
and the DNA boost increase the functional avidity of CD8� T cells
via the selection of the TCR V	 repertoire (Fig. 2C). Taken to-

FIG 1 VACV boosts CD8� T-cell functional avidity by decreasing the CD8� T-cell activation threshold. (A) Vaccination schedule. Three vaccination regimens
were included in these studies. Vaccine was administered intramuscularly (i.m.) to BALB/c mice at weeks 0, 2, 4, and 6. All assays for characterization of T-cell
immunity were carried out 4 weeks after the final inoculation. The vaccines express HIV-1 CN54-Gag. (B to D) Magnitude of Gag-specific CD8� T-cell responses
induced by different regimens. Representative flow-cytometric plots of tetramer (tet) staining (B) and intracellular staining (C) are shown on the left. Summary
data are shown on the right. The ELISpot data are shown in panel D. SFCs were counted for 106 cells. (E to G) CD8� T-cell functional avidity was enhanced by
VACV boost. The functional avidity of a dominant epitope (E) and a subdominant epitope (F) are shown. The EC50 data are shown in panel G. (H) The T-cell
activation threshold was determined as the sensitivity of CD8� T cells to anti-CD3� antibody stimulation. The immediate responses after stimulation were
monitored by Ca2� influx in antigen-specific CD8� T cells by flow cytometry for 5 min. Examples of flow-cytometric plots are on the left, and the concentrations
of anti-CD3� antibodies for activation of Ca2� influx in tetramer-positive CD8� T cells from each mouse are displayed on the right. Data are representative of
at least three independent experiments with at least 4 mice per group. Statistical analysis was performed by t test using SPSS16.0 software, and the P values of the
comparisons between any two groups are labeled.
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gether, these data demonstrate that increased time of antigen ex-
posure drives the selection of the TCR repertoire to a high-affinity
TCR but that TCR affinity and clonal selection were not major
contributors to the difference in functional avidity observed be-

tween cells from animals receiving the DNA boost and those re-
ceiving the VACV boost.

To further confirm that the high avidity of the CD8� T cells
boosted by VACV was not due to the selection of high-affinity T

FIG 2 Both VACV boost and DNA boost increase the functional avidity of CD8� T cells by selecting a higher-affinity TCR V	 repertoire. (A) T-cell affinity was
determined with the tetramer dissociation assay. The percentages of MFI of T cells stained with diluted tetramer in the maximal MFI were calculated and graphed.
(B and C) TCR V	 preferential usages were determined with a panel of 15 anti-V	 antibodies and are displayed for each mouse (B) and as grouped data (C). These
experiments were performed as described in the legend to Fig. 1.

Hu et al.
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FIG 3 Enhanced functional avidity induced by VACV boost is independent of TCR selection and enhanced TCR proximal signaling. (A) Wild-type C57BL/6
mice were adoptively transferred with purified monoclonal TCR OT-I CD8� T cells and immunized with vaccines that expressed OVA. Two vaccination
regimens were administered at weeks 0 and 2, and assays were carried out 4 weeks after the last inoculation. (B) Numbers of antigen-specific CD8� T cells from
mice receiving a DNA boost and from mice receiving a VACV boost. (C) Functional avidity as measured by response to decreasing amounts of peptide antigen
was assessed in CD8� T cells from animals receiving either the VACV boost or the DNA boost. (D) EC50 data were calculated for peptide concentrations in cells
from animals receiving the VACV boost or the DNA boost. (E) The difference in the functional avidity was confirmed by using 2-fold dilutions of peptides. (F
to H) The activation of proximal TCR signaling in the OVA-specific OT-I CD8� T cells following DNA boost and VACV boost was assessed. (F) Splenocytes were
stained for surface markers and stimulated with OVA peptide at 5 �g/ml, and then the levels of phospho-ZAP-70 and phospho-Lck were assessed by intracellular
staining. Representative plots of gated CD8� CD45.1� cells stained with Phosflow antibodies are shown for the MFI of the activated forms of ZAP-70 (G) and
Lck (H). Data are representative of three independent experiments with at least three mice per group. Statistical analysis was performed by t test using SPSS16.0
software, and the P values for the comparisons between any two groups are labeled. ns, not significant.
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cells, we adoptively transferred the purified CD8� CD45.1� T cells
from OVA-specific monoclonal TCR transgenic OT-I mice into
background-compatible CD45.2� C57BL/6 mice and compared
the functional avidity between the OVA-specific CD8� T cells

from animals receiving the DNA boost and those receiving the
VACV boost (Fig. 3A). The differences in both the magnitude
(Fig. 3B) and the functional avidity (Fig. 3C, D, and E) of the
antigen-specific CD8� T cells remained apparent between these

FIG 4 Boost in avidity in CD8� T cells following VACV vaccination is independent of the inflammatory milieu. The bulk of CD8� T cells from each immunized
mouse group was mixed with equivalent amounts of splenocytes from naive mice (A) or mock VACV-infected mice (B). The functional avidity of CD8� T cells
was measured in response to decreasing peptide concentration. (C) CD8� and CD8� T cells from DNA vaccine (DNA-prime and DNA-boost) and VACV boost
groups were cross-mixed before assessment of functional avidity of the CD8� T cells. (D to F) Mixed mock VACV and DNA vaccines were administered to
concurrently induce the inflammatory milieu with a DNA boost. The magnitude (D) and functional avidity (E and F) were measured. These experiments were
performed as described in the legend to Fig. 1, and the dominant epitope, Gag49, was employed for stimulation. Data represent three independent experiments
with at least three mice per group. Statistical analysis was performed by t test using SPSS16.0 software, and the P values of comparisons between any two groups
are labeled.

Hu et al.

5362 jvi.asm.org Journal of Virology

http://jvi.asm.org


two vaccination regimens, indicating that the increased avidity
induced by the VACV boost is independent of TCR clonal selec-
tion, as the TCRs in this experiment were monoclonal and, there-
fore, identical.

The recipients of congenic CD45.1� OT-I CD8� T cells pro-
vided sufficient cells for further characterization of antigen-re-
sponding CD8� T cells. Proximal TCR signal transduction is me-
diated by multiple molecules, including CD3�, Lck, and ZAP-70
(30, 31). Recent reports suggested that higher functional avidity of
CD8� T cells is associated with increased amounts of activated
forms of ZAP-70 and Lck (28, 32). To test whether the increased
avidity of CD8� T cells boosted by VACV was mediated by en-
hanced TCR signal transduction capabilities, we assessed the levels
of phosphorylation of ZAP-70 and Lck in CD45.1� OT-I CD8� T
cells 4 weeks after the final inoculation. The levels of phosphor-
ZAP-70 and phosphor-Lck following OVA peptide stimulation
were similar between CD45.1� OT-I CD8� T cells from mice that
received a DNA boost and those that received a VACV boost (Fig.
3E, G, and H). We further determined the global gene expression
profiles of CD45.1� OT-I CD8� T cells using cDNA microarray
analysis. The CD45.1� OT-I CD8� T cells from each vaccination
regimen exhibited a unique signature. Specifically, cells from an-
imals receiving the VACV boost selectively activated pathways
that are involved in cell proliferation and Wnt signaling, while no
significant changes were found in mRNA expression of proximal
TCR pathway-related genes (GEO no. GSE51849 and data not
shown). Taken together, these data suggest that the VACV boost
does not enhance the signal transduction capacity of key TCR
proximal molecules compared to that of the DNA boost; instead,
the VACV boost may have an impact on other signals for T-cell
activation, such as inflammatory cytokine pathways.

The high avidity of antigen-specific memory CD8� T cells
induced by the VACV boost is a cell-intrinsic attribute. The in-
creased avidity of VACV-boosted CD8� T cells may stem from the
improved antigen presentation by residual VACV replication in
autologous splenocytes during ex vivo stimulation in the ELISpot
assay, since the replication-competent Tiantan strain persists in
vivo for a limited time (�1 week) (33). Thus, we employed several
strategies to exclude this possibility. First, purified CD8� T cells
from each group were mixed with the same number of splenocytes
from naive mice, and the order of the avidities among the groups
was not altered, although immunoaffinity magnet separation
modestly reduced the overall avidity (Fig. 4A). Second, we mixed
purified CD8� T cells with splenocytes derived from mock
VACV-infected mice to determine whether the introduction of
VACV-sensitized antigen-presenting cells (APCs) enhanced the
avidity of CD8� T cells. The order of the functional avidities
among the groups remained unchanged, suggesting that VACV-
sensitized APCs do not increase the avidity of CD8� T cells (Fig.
4B). Third, we mixed isolated CD8� cells from mice in the DNA-
prime and DNA-boost group with the CD8� cells from animals in
the VACV-boost group and vice versa. The interchange of CD8�

cells did not significantly influence the functional avidity of CD8�

T cells (Fig. 4C). Thus, based on these findings, the functional
avidity of CD8� T cells is unlikely to be affected by the cytokine
milieu provided by VACV-sensitized APCs in the ELISpot assay.

We also determined whether other parameters, such as the
cytokines produced by CD4� T helper cells (34), memory pheno-
types, or polyfunctionality of antigen-specific CD8� T cells (11),
were related to the functional avidity of the CD8� T cells. No
significant differences in these parameters, however, were ob-
served between the different regimens (data not shown). Taken

FIG 5 MyD88 is essential for eliciting high-avidity CD8� T cells. (A) MyD88�/� mice were immunized i.m. with vaccines that express OVA. Two vaccination
regimens were performed. The magnitude (B) and the functional avidity (C and D) of OVA-specific CD8� T cells from MyD88�/� and wild-type mice that were
immunized were quantified by ELISpot assay. Statistical analysis was performed by t test using SPSS16.0 software, and the P values of comparisons between any
two groups are labeled.
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together, we demonstrated that the enhanced functional avidity
following VACV boost is an intrinsic attribute of memory CD8� T
cells.

The inflammatory milieu induced by mock VACV does not
enhance the functional avidity of antigen-specific memory
CD8� T cells elicited by DNA boost. Recent reports indicated
that administration of mature dendritic cells (DCs) loaded with
peptide concurrently with infection increased the functional avid-
ity of CD8� T cells as a result of the pathogen-induced inflamma-
tory milieu (18). To determine whether VACV-induced inflam-
mation tunes the functional avidity of CD8� T cells, we boosted
mice with a mixture of DNA vaccine and mock VACV. Unexpect-
edly, the additional introduction of mock VACV into the DNA
boost failed to increase the magnitude (Fig. 4D) or the functional
avidity (Fig. 4E and F) of the antigen-specific CD8� T cells, indi-
cating that the VACV-induced inflammatory milieu is insufficient
for generating high-avidity antigen-specific memory CD8� T cells
and that the cis expression of antigen from VACV is required for
the enhanced CD8� T-cell response induced by the VACV boost.

T cell-intrinsic MyD88 is essential for eliciting high-avidity
memory CD8� T cells. The MyD88 pathway is vital for innate
immunity to recognize VACV and to subsequently initiate adap-
tive immune responses (6, 20, 21). To test whether the MyD88
pathway is engaged in shaping the functional avidity of antigen-
specific memory CD8� cells, we boosted MyD88�/� mice with
DNA vaccine or VACV vaccine and then determined the func-
tional avidity of CD8� T cells (Fig. 5A). The MyD88�/� mice
displayed a significant reduction in both the magnitude and the
functional avidity of antigen-specific CD8� T cells following
VACV boost, whereas no obvious impact on the immune re-
sponses boosted by the DNA vaccine were observed (Fig. 5B, C,
and D). As a consequence, the difference in the functional avidities
of the cells from animals receiving the DNA boost and those re-
ceiving the VACV boost was abrogated in MyD88�/� mice (Fig.
5C and D), demonstrating that the MyD88 pathway is essential for
inducing high-avidity memory CD8� cells with the VACV boost.

The fact that VACV did not boost CD8� T cells with high
functional avidity in MyD88�/� mice suggests that loss of MyD88
affects APC response to VACV infection. Therefore, we then ex-
amined inflammatory cytokine production and DC maturation
after MyD88�/� splenocytes were exposed to VACV infection.
VACV induced high levels of inflammatory cytokines in spleno-
cytes from WT mice (Fig. 6A). In contrast, the production of
cytokines was significantly reduced in MyD88�/� cells (Fig. 6B),
whereas MyD88�/� DCs matured normally following in vitro ex-
posure to VACV (Fig. 6C). In agreement with previous reports
(20, 21, 35), these data demonstrate that the inflammatory cyto-
kines induced by VACV infection are decreased and that the abil-
ity to induce a CD8� T-cell response is retained in MyD88�/�

mice.
To determine whether the reduction in inflammatory cytokine

production in MyD88�/� mice accounts for the decrease in the
observed functional avidity of the CD8� T cells, we adoptively
transferred OT-I CD8� T cells, which express MyD88 and recog-

FIG 6 Attenuated cytokine production and normal maturation of MyD88�/�

DCs in response to VACV infection. (A) Secretion of inflammatory cytokines
by splenocytes from WT mice or MyD88�/� mice stimulated with DNA, mock
VACV, and UV-inactivated mock VACV (UV-VACV) for 20 h in 96-well
plates at 37°C. Medium was included as a negative control, and LPS was used as
a positive control. (B) Comparison of the production of cytokines following
treatment with mock VACV and UV-VACV in cells from MyD88�/� and WT
mice. LPS was used as a positive control. (C) Splenocytes from MyD88�/� or
C57BL/6 mice were harvested and incubated with mock VACV (MOI of 1),

LPS (100 ng/ml), or medium in 96-well plates for 9 h and 20 h and then stained
with the indicated antibodies. DCs were gated on CD11c� CD14� cells. The
levels of CD80 and CD86 are presented as histograms. Data are representative
of three independent experiments with at least three mice per group.
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nize the OVA epitope, into MyD88�/� recipients (Fig. 7A) and
then immunized the mice with OVA-expressing DNA, followed
by either a DNA or a VACV boost. Interestingly, the VACV boost
restored the ability of these cells to boost high-avidity OVA-spe-
cific CD8� T cells, indicating that intrinsic MyD88 signaling in
CD8� T cells dictates the avidity-shaping process following VACV
boost (Fig. 7B, C, and D).

To verify that the functional avidity of CD8� T cells is deter-
mined by the intrinsic MyD88 pathway in CD8� T cells, we
crossed the MyD88�/� mice with OT-I mice to generate MyD88-
deficient CD8� T cells carrying a monoclonal TCR that recognizes
OVA (MyD88�/� OT-I). When MyD88�/� OT-I CD8� T cells
were transferred to WT mice, which were then boosted by DNA
vaccine or VACV vaccine (Fig. 8A), both the magnitude (Fig. 8B)
and the functional avidity (Fig. 8C and D) of the OVA-specific
CD8� T cells induced by VACV boost were significantly impaired,
whereas no significant impact was observed on these parameters
following DNA boost, demonstrating that the functional avidity
of CD8� T cells is largely determined by the intrinsic MyD88
pathway in CD8� T cells.

Overall, these data demonstrate that the high functional avidity
of memory CD8� T cells boosted by VACV is independent of the
inflammatory milieu, and that the intrinsic MyD88-mediated
pathway in CD8� T cells is essential in shaping the functional
avidity in response to VACV boost.

DISCUSSION

Understanding how the components of a vaccine regimen shape
the properties of T-cell responses is crucial for optimizing strate-
gies for a better T cell-based vaccine. Previously, multiple proper-

ties of antigen-specific T cells have been characterized, including
the magnitude of T-cell responses, functionality, and the capacity
for proliferation, as well as the functional avidity (9, 10). T cells
with high functional avidity not only are able to respond to stim-
ulation with a lower antigen density, thereby attacking virus-in-
fected cells at an earlier stage during infection (9, 10), but also are
associated with greatly improved recognition of mutant epitopes
(36, 37). Based on these earlier reports, this study aimed at gaining
a better understanding of how VACV tunes the functional avidity
of CD8� T cells primed with a DNA vaccine. These findings have
important implications for T-cell vaccine development.

A recent study demonstrated that the functional avidity of
CD8� T cells is determined by the regulated control of TCR sig-
naling initiation (28). Here, we showed that the VACV boost in
vivo enhanced the functional avidity of CD8� T cells primed by a
DNA vaccine by decreasing the activation threshold. Using con-
genically marked OT-I transgenic mice and MyD88 knockout
mice, we provided evidence that increased functional avidity was
not determined by selection of high-affinity TCR or by enhance-
ment of proximal TCR signaling transduction. Furthermore, we
demonstrated that intrinsic MyD88 expression is essential in
shaping functional avidity in response to the VACV boost. Thus,
our data indicate that the increased avidity of CD8� T cells fol-
lowing DNA vaccine priming and VACV boost does not depend
mainly on VACV-induced and MyD88-mediated inflammation,
and intrinsic MyD88 in CD8� T cells is indeed indispensable for
this increase. However, the inflammatory cytokines mediated by
other pathways beyond MyD88 may also play a role in shaping the
antigen-specific immunity induced by VACV immunization.

Our data demonstrate that the functional avidity of CD8� T

FIG 7 Transferring of WT CD8� T cells into MyD88�/� mice rescues the enhanced functional avidity of OVA-specific CD8� T cells boosted by VACV. Purified
OT-I CD8� T cells were adoptively transferred into MyD88�/� mice. The recipients were then immunized according to the schedule shown in panel A. The
magnitude (B) and the functional avidity (C and D) of OVA-specific CD8� T cells were quantified by ELISpot assay. Statistical analysis was performed by t test
using SPSS16.0 software, and the P values of comparisons between any two groups are labeled.
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cells is orchestrated by at least two signaling pathways, the pMHC-
TCR pathway and the MyD88-mediated pathway, and the simul-
taneous engagement of both pathways was required for genera-
tion of high-avidity CD8� T cells in this system. As shown in
previous reports, innate immunity against vaccinia virus is medi-
ated by MyD88 (20), and the MyD88-mediated pathway in CD8�

T cells represents a readily available pathway for responding to
vaccinia virus infection and shapes the development of T-cell
functionality and the formation of memory T cells (38, 39). Thus,
we speculated that this pathway also played a critical role in tuning
the functional avidity following VACV boost. As MyD88 func-
tions in multiple innate receptor signaling pathways in CD8� T
cells (40), identification of the innate receptors that are involved in
shaping the functional avidity during VACV boosting is a priority.
Indeed, MyD88�/� CD8� T cells were less efficient in pathogen
clearance than TLR2�/� CD8� T cells (39), indicating that
MyD88�/� CD8� T cells are more severely functionally damaged
than TLR2�/� CD8� T cells; thus, MyD88 is involved in more
pathways of the innate immune response than TLR2. The MyD88
pathway appears to be triggered by products derived from VACV
or VACV-infected host cells. However, further experiments to test
this hypothesis are needed.

Importantly, our data reveal that the functional avidity of
memory CD8� T cells may be sequentially tuned by a DNA vac-
cine followed by a VACV vaccine; thus, these studies provide ev-
idence that this critical property of CD8� T cells can be modulated
by immunization. In this regard, the composition of vaccines in a
given protocol will be pivotal for shaping the functional avidity of
antigen-specific CD8� T cells, and these findings have important

implications for vaccine development. In particular, different vac-
cine formulations, such as a DNA-, protein-, or peptide-based
vaccines, different viral or bacterial vectors, and different vaccine
combinations may generate varied functional avidities of antigen-
specific CD8� T cells, resulting in very different protective effica-
cies (41, 42).

It remains unknown whether the functional avidity can be
both positively and negatively regulated and whether a ceiling ca-
pacity for the enhancement of functional avidity exists as well.
Interestingly, the addition of mock VACV to the DNA vaccine
fails to increase the functional avidity of CD8� T cells, suggesting
that the cis expression of the immunogen from VACV is necessary
for this effect and that the inflammatory milieu induced by VACV
infection is unlikely to be sufficient for boosting functional avid-
ity. One possible explanation is that VACV infection results in
upregulation of costimulatory molecules during APC activation
and thereby concomitantly promotes T cell-APC interactions.
DNA vaccine mainly enters muscle cells, whereas the VACV vac-
cine more efficiently infects the epithelial or professional APCs
(43–45). Therefore, concurrent inoculation of DNA vaccine and
VACV vaccine may not result in ligation of the pMHC-TCR and
upregulation of costimulatory molecules into the same synapse.
As a result, this vaccination strategy may not boost the functional
avidity. In addition, our data demonstrate that the functional
avidity of antigen-specific CD8� T cells is an intrinsic feature of
CD8� T cells and is likely to be forged in vivo during activation
and differentiation, as the avidity was not enhanced by cocultur-
ing with splenocytes in vitro.

In summary, our data demonstrate that VACV boosts the

FIG 8 T-cell-intrinsic MyD88 pathway is required for eliciting high-avidity CD8� T cells following VACV boost. The OT-I mice were crossed with MyD88�/�

mice to generate MyD88-deficient T cells carrying TCR recognizing OVA (MyD88�/� OT-I). Purified CD8� T cells from MyD88�/� OT-I mice were adoptively
transferred into WT mice, which were immunized as depicted in panel A. The magnitude (B) and the functional avidity (C and D) of OVA-specific CD8� T cells
induced by VACV boost or DNA boost in both MyD88�/� and WT transferred cells was analyzed. Statistical analysis was performed by t test using SPSS16.0
software, and the P values of comparisons between any two groups are labeled.
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functional avidity of CD8� T cells primed by DNA vaccine
through the intrinsic MyD88 pathway and that cis expression of
immunogen from VACV is required for this enhancement. There-
fore, sequential tuning of functional avidity is possible through a
structured vaccination protocol. These data shed light on vaccine
design and stress the importance of the composition of vaccine
strategies.
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