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The innate immune pathways that contribute to the potent immunogenicity of recombinant adenovirus (rAd)
vaccine vectors remain largely undefined. Previous studies assessing innate immunity triggered by vaccine
vectors have largely focused on in vitro studies involving antigen-presenting cells and on early in vivo inflam-
matory responses. Here, we systematically explore the Toll-like receptor (TLR) signaling requirements for the
generation of cellular immune responses by intramuscular immunization with common and alternative sero-
type rAd vectors in mice. Antigen-specific CD8* T-lymphocyte responses elicited by these rAd vectors were
significantly diminished in MyD88~'~ mice but not in TRIF~/~ or TLR3 ™/~ mice, suggesting the importance
of MyD88-dependent TLR signaling. However, the absence of each individual TLR resulted in minimal to no
effect on vaccine-elicited cellular immune responses. Moreover, responses were not diminished in IL-IR™/~ or
IL-18R~/~ mice. These data suggest that rAd vectors engage multiple MyD88-dependent signaling pathways,
none of which are individually critical; rather, they are integrated to contribute to the potent immunogenicity
of rAd vectors. Stimulation of multiple innate immune mechanisms may prove a generalizable property of
potent vaccines, and this strategy could be harnessed in the development of next-generation vaccine vectors and

adjuvants.

The discovery of pattern recognition receptors (PRRs) as
front-line sensors for microbial pathogens has shed new light
on the interface between innate and adaptive immunity. The
ability of PRRs to recognize pathogens, facilitate maturation
of antigen-presenting cells (APCs), and trigger cytokine cas-
cades is critical for shaping subsequent adaptive immunity (3).
Given the significance of innate immune sensors in initiating
and determining long-lived immunity, there has been intense
recent interest in defining the innate signaling requirements of
both licensed and experimental vaccines. These insights may
enable the design of optimized vaccine vectors and adjuvants
against emerging infectious diseases.

Recent studies have demonstrated that the yellow fever vac-
cine and a modified poxvirus vector can activate multiple
PRRs, including several Toll-like receptors (TLRs), suggesting
that these vaccines initiate innate immunity by triggering mul-
tiple signaling pathways (9, 27, 28). These studies focused on in
vitro stimulation of APCs to assess innate responses, and thus,
the extent to which these innate responses influence adaptive
immunity in vivo remains largely unknown. In this study, we
systematically explore the impact of TLR signaling on the
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immunogenicity of common and alternative serotype replica-
tion-incompetent recombinant adenovirus (rAd) vaccine vec-
tors (1, 32) in mice.

Engagement of TLRs initiates signaling cascades that prox-
imally involve the intracellular adaptor protein MyD88 or
TRIF (17). All of the known mammalian TLRs recruit MyD88,
with the exception of TLR3, which recruits TRIF, and TLR4,
which recruits both adaptor proteins. Initiation of downstream
signaling cascades leads to activation of transcription factors
and secretion of proinflammatory and antiviral cytokines (3,
33). TLR activation on APCs also provides a key signal for
dendritic cell (DC) activation and maturation, enabling DCs to
prime naive T lymphocytes and providing a key link between
innate and adaptive immunity (14).

Activation of innate immunity by adenoviruses has been
reported to occur through both TLR-dependent and TLR-
independent pathways (5, 8, 11-13, 25, 35, 38). The importance
of TLR activation depends on the specific APC subsets stud-
ied, with a critical role reported for TLR9 as an adenovirus
sensor in plasmacytoid DCs (pDCs) (8, 38). TLR-independent
sensors also appear to contribute to the activation of other
APCs by rAds, including DC subsets (11, 25), Kupffer cells,
and macrophages (23, 38). In these studies, innate immune
activation by rAds was elucidated through in vitro studies of
APC subsets and by in vivo assessment of early cytokine ex-
pression after high-dose intravenous (i.v.) or intraperitoneal
(i.p.) rAd administration. However, the impact of innate im-
mune responses on adaptive cellular immune responses elic-
ited by rAd vector vaccination has remained largely unex-
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plored, and a comprehensive evaluation of TLR signaling
requirements in vivo has not previously been conducted. This is
true for the common serotype vector rAd type 5 (rAd5) (spe-
cies C), as well as for the alternative serotype vectors rAd26
(species D) and rAd35 (species B), which are currently being
evaluated as potential vaccine candidates in mice (1) and non-
human primates (21) and in clinical trials. We also included a
chimeric rAdSHVR48 vector in which the hexon hypervariable
regions (HVRs) of Ad5 were exchanged with those from Ad48
(29).

Intramuscular (i.m.) administration of rAdS, rAdSHVRA4S,
rAd26, and rAd35 vectors in mice resulted in antigen-specific
CD8" T-lymphocyte responses that were significantly depen-
dent on MyDS8S signaling but were not dependent on TRIF
signaling. Furthermore, we conducted a systematic assessment
of individual TLRs and interleukin 1 receptor (IL-1R) family
members and demonstrated that no single MyD88-dependent
TLR signaling pathway was individually critical, suggesting that
rAd vectors interact with multiple TLRs and that the inte-
grated innate immune signals induced by rAd vectors likely
contribute to their potent immunogenicity.

MATERIALS AND METHODS

Vector production. Replication-incompetent rAdS, rAd35, rAd26, and
rAd5HVR4S vectors with E1/E3 deleted expressing SIVmac239 Gag were pre-
pared as previously described (1, 7, 24, 29, 34). Briefly, adaptor plasmids con-
taining the left end of the Ad genome in which the E1 region was replaced by the
SIVmac239 Gag gene cassette under transcriptional control of the human full-
length immediate-early cytomegalovirus (CMV) promoter, and cosmids contain-
ing the majority of the Ad genome with a deletion of the E3 region were
linearized prior to cotransfection of PER.55K cells with Lipofectamine in T25
flasks. The cells were passaged into T75 flasks after 48 h and maintained until
virus cytopathic effect was observed. The vectors were plaque purified, analyzed
for transgene expression, amplified in 24 triple-layer T175 flasks, purified by
double CsCl gradient ultracentrifugation, and dialyzed into phosphate-buffered
saline (PBS) containing 5% sucrose. The purified rAd vectors were stored at
—80°C. Virus particle (vp) titers were determined by spectrophotometry. Specific
infectivity was assessed by PFU assays.

Mice and immunizations. Six- to 12-week-old C57BL/6 mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). Transgenic mice deficient in
TRIF, IL-1R1, or IL-18R were also obtained from the Jackson Laboratory (Bar
Harbor, ME). MyD88- and TLRY-deficient mice were kindly provided by S.
Akira to B. Pulendran. TLR2-, TLR3-, TLR4-, TLR5-, TLR6-, and TLR7-
deficient mice were kindly provided by S. Akira to P. Greenberg. All knockout
mice were bred on a C57BL/6 background. In all experiments, internal wild-type
controls were included to account for variability among laboratories and
shipping conditions. The mice were injected i.m. with various amounts of
replication-incompetent rAd vectors expressing simian immunodeficiency vi-
rus (SIVmac239) Gag in 100 pl sterile PBS in both quadriceps muscles.

Tetramer binding assays. Tetrameric H-2D" complexes folded around the
immunodominant SIV Gag ALI11 epitope (AAVKNWMTQTL) (7) were pre-
pared and utilized to stain peptide-specific CD8"* T lymphocytes from mice as
previously described (4, 7, 16). For the assessment of peripheral responses,
mouse blood was collected in RPMI 1640 containing 40 U/ml heparin. Following
lysis of red blood cells, 0.1 ug of phycoerythrin (PE)-labeled DY/ALI1 tetramer
in conjunction with anti-CD8a-allophycocyanin (Ly-2; Caltag, San Francisco,
CA) was utilized to stain AL11-specific CD8" T lymphocytes. The cells were
washed in PBS containing 2% fetal bovine serum (FBS) and fixed in 0.15 ml PBS
containing 1.5% paraformaldehyde. Samples were analyzed by two-color flow
cytometry on a FACS Array (BD Biosciences, San Diego, CA). Gated CD8" T
lymphocytes were examined for staining with the DY/AL11 tetramer. For the
assessment of tissue-specific tetramer-positive responses, lymphocytes were iso-
lated from tissues as described below and stained for multiparametric flow
analysis as previously described (16). CD8* T lymphocytes from naive mice were
utilized as negative controls and exhibited <0.1% background tetramer staining.

ELISPOT assays. Gag-specific cellular immune responses in vaccinated mice
were assessed with gamma interferon (IFN-y) enzyme-linked immunospot
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(ELISPOT) assays as described previously (7, 24). Overlapping 15-amino-acid
peptides spanning the SIVmac239 Gag protein were obtained from the NIH
AIDS Research and Reference Reagent Program. Ninety-six-well multiscreen
plates (Millipore, Bedford, MA) were coated overnight with 100 pl/well of 10
pg/ml anti-mouse or anti-human IFN-y (BD Biosciences, San Diego, CA) in
endotoxin-free Dulbecco’s PBS (D-PBS). The plates were then washed three
times with D-PBS containing 0.25% Tween 20 (D-PBS-Tween), blocked for 2 h
with RPMI 1640 containing 10% FBS at 37°C, washed three times with D-PBS—
Tween, and incubated with 2 wg/ml of pooled Gag peptides or AL11, KV9, or
DD13 epitope peptides and 5 X 10° murine splenocytes in triplicate in 100-p.l
reaction mixture volumes. Following 18 h of incubation at 37°C, the plates were
washed nine times with PBS-Tween and once with distilled water. The plates
were then incubated with 2 pg/ml biotinylated anti-mouse IFN-y (BD Bio-
sciences, San Diego, CA) for 2 h at room temperature, washed six times with
PBS-Tween, and incubated for 2 h with a 1:500 dilution of streptavidin-alkaline
phosphatase (Southern Biotechnology Associates, Birmingham, AL). Following
five washes with PBS-Tween and one with PBS, the plates were developed with
nitroblue tetrazolium—5-bromo-4-chloro-3-indolylphosphate chromogen (Pierce,
Rockford, IL), stopped by being washed with tap water, air dried, and read using
an ELISPOT reader (Cellular Technology Ltd., Cleveland, OH). The numbers of
spot-forming cells (SFC) per 10° cells were calculated. The medium background
levels were typically <10 SFC per 10° cells.

Intracellular cytokine staining (ICS) assays. The magnitudes and phenotypes
of Gag-specific cellular immune responses in vaccinated mice were assessed by
multiparameter ICS assays (20). Splenocytes (10°) were incubated for 6 h at 37°C
with RPMI 1640 containing 10% FBS and 2% penicillin-streptomycin, the
SIVmac239 Gag peptide pool consisting of 2 pwg/ml of each peptide or 10 pg/ml
phorbol myristate acetate and 1 pg/ml ionomycin (Sigma-Aldrich, St. Louis,
MO). Monensin (GolgiStop; BD Biosciences, San Diego, CA) and brefeldin A
(GolgiPlug; BD Biosciences, San Diego, CA) were added to the cultures after
2 h. The cells were stained with fluorescein isothiocyanate (FITC)-conjugated
anti-CD3 (145-2C11) and PerCPCy5.5-conjugated anti-CD8 (53-6.7) (BD Bio-
sciences), fixed, and permeabilized with Cytofix/Cytoperm (BD Biosciences).
The cells were then stained intracellularly with allophycocyanin-conjugated anti-
IFN-y (XMG1.2; BD Biosciences) and PE-conjugated anti-IL-2 (JES6-5H4; BD
Biosciences). For some experiments, further functionality was assessed with
FITC-conjugated antibodies to anti-CD107a and -b (1D4B and ABL-93; BD
Biosciences) and PE-Cy7-conjugated anti-tumor necrosis factor alpha (TNF-a)
(MP6-X22; BD Biosciences) as described previously (15). The cells were washed
and fixed with 1.5% paraformaldehyde. Samples were analyzed with an LSRII
Flow Cytometer (BD Biosciences) and analyzed using FlowJo software (Tree-
Star, Ashland, OR). Approximately 500,000 events were collected per sample.
Medium control background staining was typically <0.04% of gated CD8* T
lymphocytes.

Mucosal-lymphocyte isolation. Mucosal-lymphocyte populations were isolated
as previously described (16). Briefly, the small and large bowels, vaginal tract,
and respiratory tract were dissected free of associated connective tissue and cut
into small pieces. Bowel specimens were incubated with Hanks balanced salt
solution supplemented with 0.2 mM EDTA and 10% FBS at 37°C for 30 min with
vigorous shaking to release the intraepithelial lymphocyte (IEL) population.
Cells from the supernatant were resuspended in 40% Percoll (Sigma) and lay-
ered over 67% Percoll; samples were centrifuged at 1,000 X g for 20 min, and
lymphocytes were isolated from the interface. After IEL removal, the bowel
specimens were washed three times with RPMI 1640 containing 5% FBS sup-
plemented with type II collagenase (Sigma) at 300 U/ml with vigorous shaking.
The supernatants from two serial incubations were then pooled and purified on
a Percoll gradient as described above. Lymphoid tissues were isolated as previ-
ously described (16).

Statistical analysis. Statistical analysis was performed with GraphPad Prism
version 4.01 (GraphPad Software, Inc.; 2004). In all studies, immune responses
were determined in individual mice, and the results are presented as means with
standard errors. Comparisons among groups were performed by Wilcoxon two-
sample tests. For the composite analysis of responses to rAd vectors, immune
responses to individual rAd vectors were pooled and comparisons were per-
formed by Wilcoxon two-sample tests. In all cases, P values of <0.05 were
considered significant.

RESULTS

Vaccine-elicited CD8* T-lymphocyte responses are dimin-
ished in MyD88-deficient mice. To determine the significance
of TLR signaling for vaccine-elicited CD8"* T-lymphocyte
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responses, we assessed the immunogenicity of rAdS,
rAdSHVR48, rAd26, and rAd35 vectors expressing SIV Gag in
wild-type C57BL/6 mice and in MyD88~/~ mice. Groups of
mice (n = 12 to 16/group) were immunized once i.m. with 3 X
108 vp of rAd5-Gag, rAdSHVR48-Gag, rAd26-Gag, or rAd35-
Gag (1, 29, 34). SIV Gag-specific CD8" T-lymphocyte re-
sponses to the immunodominant AL11 epitope (AAVKNW
MTQTL) were measured by D°/AL11 tetramer binding
assays (7).

As shown in Fig. 1A, all four vaccine vectors elicited dimin-
ished tetramer-positive CD8" T-lymphocyte responses in
MyD88 '~ mice compared with wild-type mice. By day 28
postimmunization, rAd5-Gag generated a mean tetramer-pos-
itive response of 4.2% in MyD88 '~ mice compared with 9.5%
in wild-type mice (P < 0.001). Similarly, rAdSHVR48-Gag
generated a mean tetramer-positive response of 4.2% in
MyD88 '~ mice compared with 7.9% in wild-type mice (P <
0.001), rAd26-Gag elicited a mean tetramer response of 3.2%
in MyD88 ™/~ mice compared with 7.4% in wild-type mice (P =
0.002), and rAd35-Gag induced a mean tetramer response of
3.4% in MyD88 '~ mice compared with 6.9% in wild-type
mice (P = 0.027). As the responses appeared similar for all
rAd serotypes, we also performed a composite analysis, which
showed a mean tetramer response of 3.7% in MyD88 ™/~ mice
compared with 7.9% in wild-type mice on day 28 (P < 0.001).
These data indicate that MyDS88 signaling contributed substan-
tially to the immunogenicity of various rAd vectors in vivo.
These differences diminished when this experiment was re-
peated with a higher dose of 1 X 10° vp of these vectors,
suggesting that this partial MyD88 dependence could be over-
come by increasing the vector dose (data not shown).

The importance of MyDS88 for rAd immunogenicity was
confirmed by functional IFN-y ELISPOT and ICS assays per-
formed 5 weeks postimmunization. As shown in Fig. 1B, IFN-y
ELISPOT responses to a Gag peptide pool, the CD8" T-
lymphocyte epitopes AL11 and KV9 (7), and the CD4" T-
lymphocyte epitope DD13 (19) were substantially diminished
in MyD88 ™/~ mice compared with wild-type mice for all the
rAd vectors studied (P < 0.001), consistent with the tetramer
data. ICS assays using a Gag peptide pool further confirmed
that antigen-specific IFN-y™ CD8* T-lymphocyte responses
were reduced in all MyD88 groups (0.39%) compared with
wild-type mice (1.13%) (P = 0.028), as shown in Fig. 1C. The
functionality of vaccine-elicited CD8™" T-lymphocyte responses
was further assessed by multiparameter ICS assays measuring
IFN-y, IL-2, TNF-a, and the cytotoxic degranulation marker
CD107 at 5 weeks following immunization of wild-type and
MyD88 /" mice with 3 X 10% vp of rAd5-Gag (n = 4 mice/
group). As shown in Fig. 1D, the magnitudes of multiple different
subsets of CD8" T-lymphocyte responses were reduced in
MyD88 '~ mice, although the overall functional profiles were
similar.

To determine whether the anatomic distribution of rAd-elic-
ited cellular immune responses was altered by the absence of
MyD88, we measured tetramer-positive responses in multiple an-
atomic compartments following rAd5-Gag immunization. As
shown in Fig. 1E, the magnitude of tetramer-positive responses in
MyD88 '~ mice was not only diminished in the spleen and blood,
but trended lower across all other anatomic compartments stud-
ied, including the small bowel, large bowel, and respiratory tract.
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These data show that MyD88 '~ mice developed decreased vac-
cine-elicited CD8"* T-lymphocyte responses in multiple periph-
eral and mucosal tissue compartments.

Vaccine-elicited CD8* T-lymphocyte responses are not di-
minished in TRIF- or TLR3-deficient mice. Although most
TLRs recruit MyD88 upon activation, TLR3 exclusively re-
cruits the adaptor protein TRIF, and TLR4 may signal through
both MyD88 and TRIF (33). To determine whether TRIF or
TLR3 contributed to the immunogenicity of rAd vectors, we
assessed T-lymphocyte responses elicited by the rAd vectors
described above in wild-type, TRIF~/~, and TLR3/~
C57BL/6 mice. In each experiment, internal wild-type C57BL/6
mouse controls were included. Mice (n = 4 to 8/group) were
immunized once im. with 3 X 10% vp of rAd5-Gag,
rAd5SHVR48-Gag, rAd26-Gag, or rAd35-Gag. As shown in
Fig. 2A, a trend toward higher tetramer-positive responses was
observed in TRIF~/~ mice compared with the wild-type mice,
but these differences were not statistically significant and were
not reflected in the functional T-lymphocyte assays (Fig. 2B
and C). Similarly, tetramer-positive responses in TLR3 ™/~
mice were comparable to those in wild-type controls. IFN-y
ELISPOT and ICS assays confirmed that responses in the
TRIF~/~ mice and TLR3™/~ mice were comparable to those
in wild-type mice (Fig. 2B and C). These data show that anti-
gen-specific CD8" T-lymphocyte responses were not dimin-
ished in the absence of TRIF or TLR3, suggesting that these
signaling molecules were not required for rAd vector cellular
immunogenicity in this system.

Vaccine-elicited CD8* T-lymphocyte responses in TLR2-,
TLR4-, TLRS-, TLR6-, TLR7-, and TLRY-deficient mice. Since
multiple TLRs recruit MyD88 upon activation, we performed
a systematic evaluation to determine which TLRs were respon-
sible for the MyD88 dependence of rAd immunogenicity. We
obtained all the well-characterized individual TLR knockout
mice that signal through MyD88, with the exception of TLR11,
whose only known ligand is a protozoan antigen from Toxo-
plasma gondii (36). Note that TLR1 functions as a heterodimer
with TLR2, and TLRS8 and TLR10 are nonfunctional in mice.
We immunized MyD88~/~, TLR2™'~, TLR4~/~, TLR5 /",
TLR6/~, TLR7/~, and TLR9 ™/~ mice, as well as wild-type
mice (n = 4 mice/group), once i.m. with 3 X 10® vp of rAd5-
Gag, rAdSHVR48-Gag, rAd26-Gag, or rAd35-Gag and as-
sessed Gag-specific CD8* T-lymphocyte responses as de-
scribed previously.

As shown in Fig. 3A, tetramer-positive responses to all four
vectors were diminished in the absence of MyD88, as we ob-
served in the previous experiment (Fig. 1A), but they were not
significantly diminished when any individual TLR was absent.
Thus, no individual TLR recapitulated the MyD88 dependence
of rAd vectors. In TLR4/~ and TLR7 /" mice, tetramer-
positive responses were comparable to those in wild-type mice
for all vectors studied. There were slight trends toward lower
responses to rAd5 and rAd26 in TLR2™/~ mice, to rAd26 and
rAd35 in TLR5 ™/~ mice, and to rAd5 and rAd26 in TLR6 ™/~
mice, but none of these differences were statistically significant.
The tetramer-positive responses to all four vectors in TLR9 ™/~
mice trended higher than responses in wild-type mice, but
these differences also were not statistically significant (P =
0.34). The composite analysis of all rAd-immunized mice (n =
16 mice/combined group) confirmed the clear suppression of
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FIG. 2. Gag-specific CD8" T-lymphocyte responses in TRIF '~ and TLR3 ™/~ mice. C57BL/6 (WT), TRIF/~, and TLR3™/"~ mice (n = 4 to
8 mice/group) were immunized with a single i.m. injection of 3 X 10% vp of rAd5, rAdSHVR48, rAd26, or rAd35 expressing SIV Gag. Gag-specific
cellular immune responses were assayed by D°/AL11 tetramer binding assays at multiple time points following injection (A); IFN-y ELISPOT
assays in response to a Gag peptide pool, the CD8" T-lymphocyte epitopes AL11 and KV9, and the CD4" T-lymphocyte epitope DD13 (B); and
IFN-y ICS assays by CD8" T lymphocytes in response to a Gag peptide pool performed 5 weeks postimmunization (C). The composite responses
represent pooled data from all mice that received rAd vectors. Mean responses with standard errors are shown.

Vaccine-elicited CD8* T-lymphocyte responses in IL-1R-
and IL-18R-deficient mice. In order to determine if there was

CDS8" T-lymphocyte responses in MyD88 '~ mice, but not in
any individual TLR ~/~ mice. These results were confirmed by

functional IFN-y ELISPOT and ICS assays performed 5 weeks
postimmunization, as shown in Fig. 3B and C. Consistent with
the tetramer data, functional antigen-specific T-lymphocyte
responses were significantly diminished in MyD88 ™/~ mice,
but not in the absence of TLR2, TLR4, TLRS5, TLR6, TLR7,
or TLRY. These data show that the rAd dependence on
MyD88 signaling did not rely exclusively upon activation of any
single TLR, suggesting that this effect was mediated instead by
signaling by multiple TLRs or, alternatively, by a MyD88-
dependent non-TLR signaling pathway (2, 23).

a non-TLR signaling pathway responsible for the observed
MyD88 dependence, we studied immune responses in mice
deficient for the IL-1 receptor family molecules IL-1R and
IL-18R, which recruit MyD88 when activated (2, 6). IL-1R has
also been reported to be required for the activation of hepatic
macrophages by rAd5 (10). We immunized wild-type C57BL/6,
IL-1R™/7, and IL-18R™/~ mice (n = 4 mice/group) once i.m.
with 3 X 10% vp of rAd5-Gag, rAdSHVR48-Gag, rAd26-Gag,
or rAd35-Gag. As shown in Fig. 4A, Gag-specific CD8" T-cell
responses to each of the four rAd vectors were comparable in

FIG. 1. Gag-specific CD8" T-lymphocyte responses in MyD88 '~ mice. C57BL/6 (wild type [WT]) and MyD88 /= mice (n = 12 to 16
mice/group) were immunized with a single i.m. injection of 3 X 10% vp of rAdS, rAdSHVR4S8, rAd26, or rAd35 expressing SIV Gag. (A to C)
Gag-specific cellular immune responses were assayed by D?/AL11 tetramer binding assays at multiple time points following injection (A); IFN-y
ELISPOT assays in response to a Gag peptide pool, the DP-restricted CD8* T-lymphocyte epitopes AL11 and KV9, and the CD4* T-lymphocyte
epitope DD13 (B); and IFN-y ICS assays by CD8" T lymphocytes in response to a Gag peptide pool (C). The composite responses represent
pooled data from all mice that received rAd vectors representing 4 independent experiments for each of the 4 vectors. (D) Further assessment of
the quality of functional Gag-specific responses was performed by multiparameter ICS assays for IFN-y, IL-2, TNF-a, and CD107 in WT and
MyD88/~ mice (n = 4 mice/group) immunized with 3 X 10® vp of rAd26-Gag. Collated data are shown for each individual combination of
functions, and the fraction of the total response that is multifunctional (inset). ELISPOT and ICS assays were performed 5 weeks after
immunization. (E) DP/AL11 tetramer binding responses in wild-type and MyD88 '~ mice (n = 4 mice/group) were determined 2 weeks after
immunization i.m. with 1 X 10% vp of rAd5-Gag in multiple anatomic compartments. LN, lymph nodes; IEL, intraepithelial lymphocytes; LPL,
lamina propria lymphocytes. Mean responses with standard errors are shown.
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FIG. 3. Gag-specific CD8"* T-lymphocyte responses in MyD88/~, TLR2™/~, TLR4~/~, TLR5 /-, TLR6 /", TLR7 /~, and TLR9 ™/~ mice.
C57BL/6 (WT) and the respective TLR™/~ mice (n = 4 mice/group) were immunized with a single i.m. injection of 3 X 10® vp of rAdS,
rAdSHVR48, rAd26, or rAd35 expressing STV Gag. Gag-specific cellular immune responses were assayed by D°/AL11 tetramer binding assays at
multiple time points following injection (A); IFN-y ELISPOT assays in response to a Gag peptide pool, the CD8" T-lymphocyte epitopes AL11and
KV9, and the CD4" T-lymphocyte epitope DD13 (B); and IFN-y ICS assays by CD8" T lymphocytes in response to a Gag peptide pool (C).
ELISPOT and ICS assays were performed 5 weeks after immunization. The composite responses represent pooled data from all mice that received

rAd vectors. Mean responses with standard errors are shown.

the IL-IR™/~ and IL-18R™/~ mice compared with the wild-
type mice. Functional IFN-y ELISPOT and ICS assays con-
firmed comparable responses in wild-type, IL-1R™'~, and IL-
18R/~ mice (Fig. 4B and C). These data indicate that neither
IL-1R nor IL-18R was required for CD8" T-lymphocyte re-
sponses elicited by rAd vectors.

DISCUSSION

Recombinant Ad vectors represent promising vaccine can-
didates for a variety of pathogens due to their ability to elicit
robust and functional cellular immunity. Elucidating the con-
tribution of innate immunity to the immunogenicity of rAd
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vectors could potentially assist in the rational design of im-
proved vectors and adjuvants. In this study, we present the first
systematic in vivo evaluation of the innate immune signaling
requirements for a series of rAd vectors in a vaccination model
in mice. Our data show a clear and consistent MyDS88 depen-
dence of responses elicited by rAdS, rAdSHVR4S, rAd26, and
rAd35. However, antigen-specific CD8" T-lymphocyte re-
sponses elicited by these rAd vectors were not significantly
diminished in mice lacking TLR2, TLR3, TLR4, TLRS, TLRG6,
TLR7, or TLRY or in mice lacking IL-1R or IL-18R. These
results indicate that no single TLR or IL-1R family member
was individually responsible for the observed MyD88 depen-
dence.

Previous studies exploring innate immune responses to rAd
vectors have focused primarily on defining the early inflamma-
tory cytokine responses following i.v. administration of high
doses of rAd5 vectors (22, 30). Intravenous delivery of rAd
vectors has been shown to activate tissue-specific macrophages
in the liver and spleen (10) that likely act as key mediators for

secretion of proinflammatory cytokines. In particular, rapid
induction of inflammatory responses in the liver due to activa-
tion of macrophages (18, 37), as well as direct activation of
other hepatocytes (5), has been demonstrated to occur within
minutes of iv. rAd administration (10). In these studies,
MyD88 recruitment was shown to contribute significantly to
the induction of inflammatory and antiviral cytokines (13, 35,
38). Several APC subsets have also been demonstrated to
recognize rAds by non-TLR sensors (25, 38). Additional stud-
ies have shown that splenic DCs recognize rAds through an
unknown cytosolic sensor (11) and that NALP3 inflamma-
somes in hepatic macrophages are activated by rAds (23).
The present study confirms and extends these previous re-
sults by showing that a series of rAd vaccine vectors exhibit
partial MyD88 dependence for the induction of antigen-spe-
cific CD8" T-lymphocyte responses in mice. In particular,
MyD88 '~ mice vaccinated i.m. with rAd-Gag vectors gener-
ated lower-magnitude antigen-specific CD8" T-lymphocyte re-
sponses than wild-type mice, suggesting that one or more
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FIG. 4. Gag-specific CD8"* T-lymphocyte responses in IL-1R™/~ and IL-18R™/~ mice. C57BL/6, IL-IR/~, and IL-18R™/~ mice (n = 4
mice/group) were immunized with a single i.m. injection of 3 X 10°® vp of rAd5, rAdSHVR4S, rAd26, or rAd35 expressing SIV Gag. Gag-specific
cellular immune responses were assayed by D°/AL11 tetramer binding assays at multiple time points following injection (A); IFN-y ELISPOT
assays in response to a Gag peptide pool, the CD8" T-lymphocyte epitopes AL11and KV9, and the CD4" T-lymphocyte epitope DD13 (B); and
IFN-y ICS assays by CD8" T lymphocytes in response to a Gag peptide pool (C). ELISPOT and ICS assays were performed 5 weeks after
immunization. The composite responses represent pooled data from all mice that received rAd vectors. Mean responses with standard errors are

shown.

TLRs are activated by rAds. However, responses were not
completely abolished in MyD88 '~ mice, and the partial
MyD88 dependence could be overcome by increasing the vec-
tor dose (data not shown), indicating that rAds may also acti-
vate non-MyD88-dependent innate immune pathways.

To explore the TLR requirements of the observed MyDS88
dependence, we systematically assessed responses elicited by rAd-
Gag vaccine vectors in a series of mice lacking individual TLRs.
Previous studies have reported that TLRY is critical for pDC
activation by rAds in vitro and for cytokine secretion by rAds in
vivo, and TLRY deficiency has been correlated with mildly dimin-
ished adaptive immune responses (5, 38). TLR2 has also been
reported to contribute to in vivo cytokine secretion and immune
responses elicited by rAds (38). In contrast with these previous
reports, we observed that antigen-specific CD8"* T-lymphocyte
responses elicited by rAd vaccine vectors in vivo were not dimin-
ished when any individual TLR was absent. Surprisingly, re-
sponses were not blunted and may have even been slightly in-
creased in the absence of TLRY, indicating that TLR9 activation
was not critical for the induction of adaptive immune responses by
rAd vectors in this model. The differences between our data and
prior studies likely reflect different experimental specifics, such as
i.m. administration of substantially lower doses of rAd vectors in
the present studies. Our data suggest that multiple individual
TLRs likely contribute in an additive or synergistic fashion to
MyD8S8 signaling to shape the subsequent adaptive immune re-
sponses elicited by rAd vectors in vivo.

We also assessed responses in IL-1R- and IL-18R-deficient
mice, as these receptors also recruit MyD88 upon activation.
Furthermore, IL-1R is important for the initiation of acute
inflammatory responses after i.v. rAd administration (10, 31),

and cytokine secretion in response to rAds has been shown to
be significantly diminished in IL-1R ™/~ mice (31). However,
the impact of IL-1R on adaptive immune responses elicited by
rAds has not previously been reported. We observed that
IL-1R and IL-18R signaling did not significantly contribute to
rAd vector cellular immunity and thus did not account for the
decreased adaptive immune responses observed in MyD88 ™/~
mice. However, we cannot exclude the possibility that IL-1R
and IL-18R may still play contributory roles in certain settings.

Defining the innate immune signaling requirements of vac-
cines will likely be critical for a deeper understanding of the
safety and immunogenicity of licensed and experimental vac-
cines and in the development of next-generation vaccine vec-
tors and adjuvants (26). In this study, we focused on the partial
MyD88 dependence of rAds, but other innate immune path-
ways are likely also triggered by rAds (11, 23), and future
studies should examine additional potential innate pathways,
such as inflammasomes, RNA helicases, and cytosolic DNA
receptors. The successful yellow fever vaccine 17D likely sig-
nals through at least four TLRs and a RIG-I-like receptor to
generate a highly effective T-cell response, demonstrating the
importance of polyvalent innate immune responses (28). Our
data suggesting that rAd vaccine vectors also signal through
multiple innate immune pathways thus may help explain their
potent immunogenicity. These findings also suggest the possi-
bility that highly immunogenic vaccines may in general utilize
multiple overlapping innate immune pathways.
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