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We examined CD8� T-cell expansion and function following intramuscular immunization with a recombi-
nant adenovirus. This study has identified a number of properties which may explain the strong immunoge-
nicity of adenovirus vectors: (i) the ability to deliver large amounts of antigen into the lymphoid tissues, (ii)
the ability to induce rapid expansion and migration of CD8� T cells throughout the lymphatics, and (iii) the
ability to produce a sustained, high-level CD8� T-cell response.

Adenovirus (Ad) vectors have proven to be highly efficacious
vaccine carriers in both murine and primate models (2, 8,
17–20). Although the ability of Ad vectors to elicit antigen-
specific CD8� and CD4� T cells is well described, little is
known about the kinetics or nature of the immune response
following Ad immunization (12, 21, 22). The aim of the present
study was to examine the kinetics of the antitransgene CD8�

T-cell response following Ad immunization and characterize
the relationship between CD8� T-cell activation and transgene
expression. To this end, mice were immunized with an Ad
expressing a model antigen, termed SIINFEKL-Luc, where the
SIINFEKL epitope from chicken egg ovalbumin was added to
the N terminus of firefly luciferase. This modified version of
luciferase provides a sensitive measurement of gene expression
in vivo along with a well-described CD8� T-cell epitope for
tracking the CD8� T-cell response. The SIINFEKL-Luc
cDNA was inserted into the E1 region of an Ad with a deletion
of E1 and E3 under the control of the murine cytomegalovirus
promoter using a recently developed, high-efficiency system for
virus rescue (16).

Most reports of CD8� T-cell-dependent immunity produced
by Ad vectors employed 51Cr-release cytotoxicity assays. Un-
fortunately, these assays do not provide a quantitative measure
of the CD8� T-cell population, and preferential outgrowth
during the restimulation period may overestimate differences
between two CD8� T-cell populations. We have employed
Kb/SIINFEKL tetramers (prepared at the Trudeau Institute,
Sarnac Lake, N.Y.) to directly enumerate peptide-specific T
cells as described in reference 7. Additionally, gamma inter-
feron (IFN-�) production by antigen-specific CD8� T-cell pop-
ulations was measured by stimulating lymphocytes directly ex
vivo with SIINFEKL followed by intracellular staining for
IFN-� using the Cytofix/Cytoperm kit (BD Pharmingen) as
described previously (10). Finally, cytotoxic function was mon-
itored using the in vivo cytotoxic T-lymphocyte (CTL) assay,
where naive lymphocytes were coated with either SIINFEKL
(specific peptide) or KAVYNFATM (irrelevant peptide) and

labeled with 5 and 0.5 uM CFSE (Molecular Probes), respec-
tively, permitting the distinction between antigen-specific and
antigen-nonspecific targets by flow cytometry. The two target
cell populations were mixed at a 1:1 ratio and injected intra-
venously into mice. Four hours later, lymphocytes were iso-
lated from lymphoid tissues and the presence of CFSE-labeled
target cells was determined by flow cytometry. Specific lysis
was determined using the calculation described by Coles et al.
(6). An example of the results from these assays is provided in
Fig. 1, and the results are summarized in Fig. 2 and 4. This
research has complied with all relevant guidelines and institu-
tional policies.

In the following experiments, C57Bl/6 mice (Charles River
Breeding Laboratories) were immunized with 108 PFU of Ad-
SIINFEKL-Luc by intramuscular injection. Immune reactivity
was measured within both the lymph nodes (LNs) and the
spleen. The LNs were separated into the following groups
based on their relative distance from the injection site: (i) local
(popliteal and inguinal), (ii) regional (ileac), and (iii) distal
(axial and brachial).

The earliest evidence of CD8� T-cell activation came from
the in vivo cytotoxicity assays. A 4-h assay period was chosen to
minimize the migration of the effectors and target cells within
the lymphatic system. Antigen-specific cytotoxicity was ob-
served within all LNs that we investigated as early as 3 days
following immunization (Fig. 2A). The greatest cytolytic activ-
ity was measured in the regional LN (30.5% � 8.7%), followed
by the local LN (13.3% � 8.1%), distal LN (5.8% � 3.0%), and
spleen (4.2% � 0.5%). Cytotoxic activity continued to increase
in all sites over the course of the experiment, but the activity in
the regional LN was always greatest. By day 6, the cytotoxic
activity in the regional LN, local LN, and spleen was almost
100%, but the lytic activity in the distal LN at day 6 was only
75%. These results suggest that CTL develop initially within
the local and distal LN, since the lytic activity in those sites at
days 3 and 4 was two- to threefold greater than the lytic activity
in the spleen and distal LN. However, we cannot exclude the
possibility that differential migration of the target cells to these
sites may influence the observed CTL activity.

By 4 days following immunization, tetramer-positive CD8�

cells were measurable in the regional LN and spleen (0.2% and
0.1%, respectively) (Fig. 2B). These results are somewhat dis-
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cordant with the findings of the in vivo cytotoxicity assay, since
the specific lysis in the local LN was 48.4% � 8.2% at day 4
compared to 19.2% � 4.9% in the spleen, yet greater numbers
of tetramer-positive cells were found in the spleen than in the
local LN (Fig. 2A and B). While these results cannot be ex-
plained at this time, they may reflect a limitation in the tet-
ramer-staining method when measuring low frequencies. By
day 5, tetramer-positive cells were measurable in all sites, and
the frequencies of tetramer-positive cells in the local LN and
spleen (0.6% � 0.2% and 0.9% � 0.3%, respectively) were
consistent with the levels of cytolytic activity (76.6% � 9.2%
and 73.3% � 10.2%, respectively). The frequencies of tet-
ramer-positive CD8� T cells within the local LN, regional LN,

and spleen were comparable on days 5 and 6; however, as in
the case of cytotoxic activity, the presence of tetramer-positive
cells within the distal LN lagged behind that in the other nodes.
The discrepancy between cytotoxicity and tetramer analyses
likely reflects the difference in sensitivity between the two
assays, where the in vivo cytotoxicity assay provides greater
sensitivity. We interpret these data to suggest that antigen-
specific CD8� T cells are first activated in the draining LNs
and then migrate to other LNs and the spleen. These obser-
vations are consistent with those from previous studies of her-
pes simplex virus (HSV) infection, where the frequency of
tetramer-positive cells within the draining LN and spleen ex-
panded at similar rates but cytotoxicity was apparent in the LN

FIG. 1. Analysis of effector function within ileac lymph nodes at early times postimmunization. Cells were obtained from the regional lymph
nodes 3 to 6 days following intramuscular immunization with 108 PFU of AdSIINFEKL-Luc. Upper panels, cells were stained directly with
tetramer, and the number in the upper-right corner of each tetramer plot is the frequency of SIINFEKL-reactive CD8� T cells (determined using
the gate shown)/total CD8� cells in the experimental group minus the frequency of SIINFEKL-reactive CD8� T cells/total CD8� cells in naïve
controls; Middle panels, cells were immediately restimulated with SIINFEKL or KAVYNFATM peptide for intracellular cytokine staining, and
the number in the upper-right corner is the frequency of IFN-�-producing CD8� T cells (determined using the gate shown)/total CD8� following
stimulation with SIINFEKL minus the frequency of IFN-�-producing CD8� T cells/total CD8� cells following stimulation with KAVYNFATM;
Lower panels, CFSE-labeled target cells were adoptively transferred into immunized recipient for in vivo CTL 4 h prior to harvesting tissues, and
the number in the upper-right corner represents the percent specific lysis relative to naive controls. These histograms and density plots are
representative of five mice, and the calculated values in all panels represent the means for the five mice.
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before the spleen (6). Interestingly, antigen-specific CD8� T
cells were not measurable in the distal LN by either assay
following HSV infection, suggesting that the migration of
CD8� T-cell effectors elicited by HSV may be different from
the effectors elicited by Ad. Another notable difference be-
tween HSV and Ad is that the HSV doesn’t appear to express
antigen in the draining lymph nodes (11), whereas the Ad
vectors do (5).

IFN-�-producing CD8� T cells were not found in any lymph
nodes until 5 days after immunization, 24 h following the
appearance of tetramer-positive CD8 T cells (Fig. 2C). This
24-hour delay likely reflects the time required for newly acti-
vated T cells to prepare their intracellular machinery for cyto-
kine production. At day 6 following immunization, the frac-
tions of IFN-�-producing CD8� T cells within regional, local,
and distal LN were 1.4% � 0.3%, 1.1% � 0.4%, and 0.6% �
0.1%, respectively, comparable to the frequencies of tetramer-
positive cells in the same sites on day 5 (1.2% � 0.2%, 0.6% �
0.2%, and 0.3% � 0.2%, respectively) (Fig. 2B and C). By
contrast, the frequency of IFN-�-secreting CD8� T cells
matched closely to the frequency of tetramer-positive CD8� T
cells in the spleen at both days 5 and 6. At day 5, 0.9% � 0.3%
of CD8� T cells in the spleen were tetramer positive, and 1.5%
� 0.5% secreted IFN-� in response to ex vivo stimulation.
Likewise, at day 6, 2.3% � 0.3% of the CD8� T cells in the
spleen were tetramer positive, and 3.7% � 0.7% secreted
IFN-� in response to ex vivo stimulation. These results suggest
that the CD8� T-cell population in the spleen represents fully
differentiated effectors, while the population in the lymph
nodes represents CD8� T cells at earlier stages of differenti-
ation.

To determine the relationship between antigen expression
and T-cell activation, muscle tissue, lymph nodes, and spleen
were collected 24, 48, and 72 h following immunization and
homogenized in cell culture lysis reagent (Promega). Lucif-
erase activity was measured in cleared homogenates using the
luciferase assay kit (Promega). As expected, the highest levels
of total luciferase activity were found in the muscle tissue
throughout the examination period (Fig. 3A). High levels of
gene expression also were measured within the local and re-
gional LN, although these levels were 10- to 50-fold lower than
the levels in the muscle. When the luciferase activity in the
local and regional LNs was normalized to the amount of pro-
tein in the homogenates (determined using the Bio-Rad DC
protein assay) to account for differences in tissue size, the
luciferase activity in the LN, in relation to the amount of tissue,
was identical to that in the muscle (Fig. 3B). Little gene ex-
pression (less than 10-fold above background levels) was de-
tectable in the distal nodes and the spleen. A recent publica-
tion demonstrated that the efficacy of plasmid DNA vaccines
was increased by 100-fold over that of intramuscular injection
when they were injected directly into the LN (14). Thus, the
robust activity of the Ad vaccine may be related to the ability
of this vector to directly deliver its payload into the LNs.

To assess the durability of the CD8� T-cell response follow-
ing Ad immunization, the frequency of antigen-specific CD8�

T cells in the spleen was assessed over a period of 47 days.
Tetramer-positive CD8� T cells accumulated rapidly in the
spleen, reaching a maximum around 11 days postimmuniza-
tion, where �20% of all CD8� T cells in the spleen were
tetramer positive (Fig. 4). By day 14, only half of the peak
number of tetramer-positive CD8� T cells remained in the

FIG. 2. Analysis of effector function within lymph nodes and spleens at early times postimmunization. Cells were obtained from local, regional,
and distal lymph nodes and spleens 3 to 6 days following intramuscular immunization with 108 PFU of AdSIINFEKL-Luc. On the day of each
harvest, CFSE-labeled target cells were adoptively transferred into mice for the in vivo CTL assay, and tissues were harvested 4 h later. (A) In vivo
CTL assay; (B) tetramer analysis with Kb/SIINFEKL; (C) intracellular cytokine stain analysis for IFN-� after 5 h of peptide stimulation ex vivo.
Each histogram represents the mean � standard error of the mean for five mice.
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spleen, consistent with the rapid contraction of the CD8�

T-cell response observed in other models. The rapid contrac-
tion phase was followed by a slower loss of cells, where 4.69%
� 0.65% of the CD8� T-cell population was tetramer positive
at day 47 compared to 9.3% � 1.4% at day 14.

When IFN-� production was employed to measure the fre-
quency of SIINFEKL-reactive CD8� T cells in the spleen, the
picture was slightly different. Similar to tetramer results, the
frequency of IFN-�-producing CD8� T cells in the spleen
peaked around day 11. Unlike the tetramer-positive popula-
tion, the IFN-�-secreting population only contracted margin-
ally from day 11 to day 14 (from 10.1% � 1.4% to 9.3% �
1.3%) and continued to wane slowly, leaving 3.4% � 0.8%
IFN-�-secreting CD8� T cells at day 47 (Fig. 4). Additionally,

while the frequency of IFN-�-secreting CD8� T cells was con-
sistent with the frequency of tetramer-positive CD8� T cells
throughout most of the analyses, at the peak of the response
(days 9 and 11), the IFN-�-secreting population was half of the
tetramer-positive population (Fig. 4). The apparent discor-
dance between IFN-� and tetramer analyses at the peak time
point may reflect either the presence of an antigen-specific,
IFN-�-negative population or an artifact of the tetramer stain-
ing. We are currently addressing this issue by investigating the
expression of other cytokines (interleukin 2, interleukin 4, and
tumor necrosis factor alpha) and combining intracellular cyto-
kine staining techniques with tetramer staining.

The kinetics of CD8� T-cell expansion and contraction ob-
served following Ad immunization is somewhat distinct from
observations using other infectious agents. Previous studies
investigating a variety of agents (lymphocytic choriomeningitis
virus, influenza, and Listeria monocytogenes) demonstrated
that the CD8� T-cell response in the spleen peaked sharply
around day 7 followed by a dramatic contraction that reduced
the population size by 80 to 90% at day 21 (3, 4, 6, 9, 15). While
the tetramer-positive population did exhibit an abrupt contrac-
tion phase, where 50% of the cells were lost between days 11
and 14, the IFN-�-secreting population was much more stable
and exhibited little change between days 11 (10.1%) and 21
(8.4%). Similar stability of the CD8� T-cell population mea-
sured by IFN-� staining has been observed following HSV
infection in the footpad (1, 13). Thus, the difference in con-
traction may simply reflect the impact of the immunization
route, since the studies with lymphocytic choriomeningitis vi-
rus, influenza, and L. monocytogenes all employed the intra-
peritoneal route of delivery. We are currently investigating the
impact of immunization route on the contraction of the CD8�

T-cell response.
These studies revealed a number of novel insights into the

FIG. 3. Gene expression in vivo following intramuscular injection of AdSIINFEKL-Luc. Muscles, lymph nodes, and spleens were harvested 24
(open bars), 48 (grey bars), and 72 h (closed bars) following intramuscular injection with 108 PFU of AdSIINFEKL-Luc. Three groups of lymph
nodes were harvested: local lymph nodes, regional lymph nodes, and distal lymph nodes. Luciferase activity was measured in tissue homogenates.
(A) Luciferase activity per tissue. (B) Luciferase activity per tissue normalized to the amount of protein in the homogenate. Each histogram
represents the mean [plusmn] standard error the mean for three to six samples.

FIG. 4. Expansion of SIINFEKL-specific CD8� T cells following
immunization with AdSIINFEKL-Luc. Cells were obtained from
spleens 3 to 47 days following intramuscular immunization with 108

PFU of AdSIINFEKL-Luc and stained directly with Kb/SIINFEKL
tetramer and anti-CD8 (tetramer �ve) or restimulated with
SIINFEKL peptide for intracellular cytokine staining (IFN-� �ve).
Each point represents the mean � standard error of the mean for five
to eight mice from two to three experiments.
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CD8� T-cell response following the introduction of recombi-
nant Ad vectors and should provide a useful benchmark for
individuals studying antitransgene immunity elicited following
Ad injection.
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