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Previous studies determined that the CD8" T-cell response elicited by recombinant adenovirus exhibited a
protracted contraction phase that was associated with long-term presentation of antigen. To gain further
insight into this process, a doxycycline-regulated adenovirus was constructed to enable controlled extinction of
transgene expression in vivo. We investigated the impact of premature termination of transgene expression at
various time points (day 3 to day 60) following immunization. When transgene expression was terminated
before the maximum response had been attained, overall expansion was attenuated, yielding a small memory
population. When transgene expression was terminated between day 13 and day 30, the memory population was
not sustained, demonstrating that the early memory population was antigen dependent. Extinction of trans-
gene expression at day 60 had no obvious impact on memory maintenance, indicating that maintenance of the
memory population may ultimately become independent of transgene expression. Premature termination of
antigen expression had significant but modest effects on the phenotype and cytokine profile of the memory
population. These results offer new insights into the mechanisms of memory CD8" T-cell maintenance
following immunization with a recombinant adenovirus.

Recombinant human adenovirus 5 (rHuAdS) vector vac-
cines have garnered considerable attention as platforms for
eliciting CD8* T-cell immunity due to their strong immuno-
genicity in numerous studies, including primate studies and
preliminary human trials (30, 32, 53). While these vectors may
not represent the optimal serotype for use in humans, due to
the high prevalence of preexisting immunity, the robust immu-
nogenicity of rHuAdS in preclinical models merits further in-
vestigation, since the biological information derived from these
studies will offer important insights that can be extended to
other vaccine platforms.

CD8™ T cells play an important role in host defense against
tumors and viral infections. During the primary phase of the
CD8" T-cell response, the activated precursors undergo a
rapid and dramatic expansion in cell number, followed by a
period of contraction where 80 to 90% of the antigen-specific
population dies off, leaving the remaining cells to constitute
the memory population (44). CD8" T cells mature over the
course of the primary response and acquire the ability to pro-
duce gamma interferon (IFN-y), tumor necrosis factor alpha
(TNF-a), and, to a lesser degree, interleukin 2 (IL-2). Memory
T cells can be divided into central memory and effector mem-
ory T cells based on phenotype and anatomical location (44).
These phenotypic differences have also been linked to func-
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tional differences; however, these relationships remain contro-
versial (2, 16, 20, 46, 55).

Various reports have revealed some unexpected qualities of
the CD8" T-cell response generated by intramuscular immu-
nization with rHuAd5. The rHuAd5-induced CD8" T-cell re-
sponse exhibited a protracted contraction phase, and the mem-
ory population was composed primarily of effector and
effector-memory cells (23, 38, 39, 41, 51). The phenotype of the
rHuAd5-elicited CD8* T-cell population was more consistent
with the CD8* T-cell population observed in persistent infec-
tions, such as polyomavirus (25), murine herpesvirus-68 (35),
and murine cytomegalovirus (MCMYV) (1) infections, than with
that observed in acute infections, such as lymphocytic chorio-
meningitis virus (LCMV) (44), vaccinia virus (15), and influ-
enza virus (24) infections. Further investigation demonstrated
that, as in a persistent infection, antigen presentation persisted
for a prolonged period following intramuscular immunization
with rHuAdS, and transgene expression could persist at low
levels for more than 1 year following infection (41, 51). These
data suggest that the sustained effector phenotype may arise
from prolonged, low-level transgene expression from the
rHuAd5 vector, although this connection was not formally
proven. It is difficult to fully appreciate the implications of
these observations at this time, since chronic exposure to an-
tigen is often associated with CD8" T-cell dysfunction, yet
rHuAdS vectors have been used successfully to elicit protective
immunity in many models of pathogen infection and tumor
challenge (5, 54). Nevertheless, other reports have provided
evidence that rHuAdS vectors can, indeed, lead to dysfunc-
tional CD8" T-cell immunity (27, 36). Therefore, further in-
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vestigation is necessary in order to properly assess the impli-
cations of the prolonged antigen expression following rHuAdS
immunization in terms of sustaining a functional memory
CD8™" T-cell response.

In the current report, we sought to determine the relation-
ship between transgene expression and CD8" T-cell mainte-
nance and memory. To this end, we constructed an Ad vector
with a doxycycline (DOX)-regulated expression cassette that
would permit attenuation of gene expression at various times
postinfection. Using this reagent, we addressed two key ques-
tions. (i) How does the duration of antigen expression affect
the magnitude of primary CD8" T-cell expansion? (ii) Is an-
tigen expression required beyond the peak expansion to main-
tain the memory CD8" T-cell population?

MATERIALS AND METHODS

Construction of plasmids and replication-deficient adenovirus (rHuAd5). The
pTet-OFF plasmid was the source of the tetracycline transactivator (tTA) gene
(Clontech). pTREminCMV-Luc contains a modified version of luciferase bear-
ing the immunodominant class I epitope from chicken egg ovalbumin
(SIINFEKL) tagged to the N terminus under the control of the Tet response
element (TRE) fused with the minimal CMV promoter (from pUHD 10-3, a gift
from H. Bujard) and terminated by the bovine growth hormone polyadenylation
sequence. pTREminIL2-Luc contains the SIINFEKL-luciferase transgene under
the control of the TRE fused with the minimal IL-2 promoter (obtained from
pZ,,I-PL-2, graciously provided by Ariad Pharmaceuticals) and terminated by
the simian virus 40 polyadenylation sequence. pGL3-Basic (Promega) consists of
the luciferase transgene lacking any eukaryotic promoter. Plasmid ptTA-TRE-
SIINFEKL-Luc consists of an expression cassette where tTA is transcribed under
the control of the MCMV immediate-early promoter and the reporter cassette
from pTREminIL2-Luc on a single plasmid in a tail-to-tail configuration. Plas-
mid ptTA-HS4-TRE-SIINFEKL-Luc is a variant of ptTA-TRE-SIINFEKL-Luc
where the two cassettes are separated by an HS4 chicken B-globin locus core
insulator fragment (from pNI-CD, a gift of Adam West).

A recombinant adenovirus (rHuAd5) vector carrying the expression cassette
from ptTA-HS4-TRE-SIINFEKL-Luc was rescued using the E1- and E3-deleted
backbone described by Ng et al. (34) and named Ad-tTA-SIINFEKL-Luc. A
control virus, AASIINFEKL-Luc, expressing the SIINFEKL-Luc transgene un-
der the control of the constitutive MCMYV promoter, has been described previ-
ously (50). All rHuAdS5 vectors were propagated using 293 cells and were purified
using CsCl gradient centrifugation as previously described (7). Two preparations
of Ad-tTA-SIINFEKL-Luc, with particle/PFU ratios of 25 and 34, were used for
these experiments.

Immunizations and DOX treatment. Female C57BL/6 mice were purchased
from Charles River Breeding Laboratories (Wilmington, MA). For immuniza-
tions, 107 to 10° PFU rHuAd5 was diluted to 100 ul in sterile phosphate-buffered
saline and was subsequently injected intramuscularly into both rear thighs. A
rHuAdS5 expressing the SIINFEKL-Luc antigen under the control of the consti-
tutive MCMV promoter (AdSIINFEKL-Luc-004) has been described by our
group previously (50). To measure secondary responses, mice were challenged
with 5 X 10° PFU of a recombinant vaccinia virus (rVV) expressing the
SIINFEKL epitope linked to an endoplasmic reticulum-targeting signal (rVV-
ESOVA) (graciously provided by Jonathan Yewdell, NIAID, Bethesda, MD).
DOX was administered initially as an intraperitoneal injection of 500 pg DOX
and was maintained by the addition of DOX to the drinking water. Mice were
initially given a high dose of DOX in their drinking water (2 mg/ml) for 48 h and
were subsequently maintained on 200 pg/ml DOX. The drinking water was also
supplemented with 5% sucrose. This dosing of DOX was found to completely
ablate the CD8" T-cell response to Ad-tTA-SIINFEKL-Luc but to have no
effect on the CD8" T-cell response produced by Ad-SIINFEKL-Luc-004. The
animal studies described in this report have been approved by the Animal
Research Ethics Board of McMaster University.

Flow cytometry reagents. All flow cytometry antibodies were purchased from
BD Pharmingen except for anti-CD127 (clone A7R34) and anti-KLRG1 (clone
MAFA), which were purchased from eBiosciences (San Diego, CA). The fol-
lowing antibodies and fluorescent reagents were purchased from BD Pharmin-
gen: anti-CD8a (clone 53-6.7), anti-CD62L (clone MEL-14), anti-IFN-vy (clone
XMG1.2), anti-TNF-a (clone 53-2.1), anti-IL-2 (clone JES6-5H4), and anti-
Thy1.2 (clone 30H12). Allophycocyanin (APC)-labeled K°/SIINFEKL tetramers
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were prepared at McMaster University or Baylor College of Medicine. Most
staining conditions involved five to six fluorochromes (fluorescein isothiocyanate,
phycoerythrin [PE], PE-Cy5, PE-Cy7, APC, APC-Alexa Fluor 750), and data
were acquired using either an LSRII or a FACSCanto system equipped with a
488-nm and 633-nm laser.

Analysis of T-cell responses. Sample preparation and staining methodologies
have been described in our previous publications (51, 52). Briefly, splenic cell
suspensions were prepared by disrupting the spleen between the frosted tips of
two glass slides. Lung cell suspensions were generated by dicing whole lungs,
incubating them in Hanks balanced salt solution containing 150 U/ml collagenase
type 1 from Invitrogen (Carlsbad, CA) for 1 h at 37°C, and passing the slurry
through a 70-pm-pore-size cell strainer (BD) to obtain single-cell suspensions.
Peripheral blood mononuclear cells were prepared by treating whole blood with
two rounds of 0.15 M NH,CI lysis buffer for 5 min (peripheral blood samples
were treated twice with lysis buffer). All cell suspensions were aliquoted into
96-well round-bottom plates at 2 X 10° cells/well (BD Pharmingen). Prior to all
antibody and tetramer staining, samples were incubated at 4°C for 15 min with
Fc block (clone 2.4G2; BD Pharmingen) diluted in fluorescence-activated cell
sorter buffer (0.5% bovine serum albumin in phosphate-buffered saline). For
intracellular cytokine staining, the cells were seeded in cell culture medium and
stimulated with 1 pM SIINFEKL in the presence of 5 uM brefeldin A for 5 h.
Cells were subsequently stained for surface markers, permeabilized with Cytofix/
Cytoperm (BD Biosciences), and stained for intracellular cytokines.

Measurement of vaccinia virus in mouse ovaries. Ovaries were homogenized
in 2 ml of 1 mM Tris, pH 9.0. The homogenates were further disrupted by three
consecutive “freeze-thaw” cycles. To determine virus titers in the homogenates,
confluent CV-1 cells in 12-well plates were infected with serial dilutions of the
homogenate, and 2 days later, plaques were visualized by staining with 0.1%
crystal violet in 20% ethanol.

Statistical analysis. Student 7 tests were conducted using Microsoft Excel, and
differences were considered significant at a P value of <0.05. Data are presented
as means * standard errors.

RESULTS

Development and characterization of a repressible rHuAdS
expression system. For these investigations, we have employed
a model antigen, SHNFEKL-Luc, where the dominant CD8"
T-cell epitope of chicken egg ovalbumin was fused to the N
terminus of the firefly luciferase gene (51). To determine the
importance of the duration of antigen expression to the CD8™"
T-cell response following rHuAdS immunization, we employed
the “Tet-OFF” expression system, where the presence of DOX
will terminate gene expression (10). We initially tested the
minimal CMV promoter fused to the TRE as an inducible
promoter to regulate SIINFEKL-Luc expression; however, we
found that this configuration resulted in poor repression of
gene expression (data not shown). The minimal CMV pro-
moter was replaced with the minimal IL-2 promoter, and re-
pression was significantly enhanced (data not shown). To pro-
duce a single vector that expressed both the tTA and the
inducible transgene, we inserted the TRE-minIL2-SIINFEKL-
Luc cassette into a plasmid that contained a cassette where
tTA was expressed under the control of the MCMV immedi-
ate-early promoter. The two cassettes were oriented in a tail-
to-tail fashion (Fig. 1A). This configuration provided only
modest suppression of transgene expression in the presence of
DOX (Fig. 1B). We found that suppression could be greatly
increased by the inclusion of an HS4 insulator between the two
cassettes (Fig. 1A and B). We therefore rescued the HS4-
containing expression system into a rHuAd5 vector (named
Ad-tTA-SIINFEKL-Luc) that was used subsequently for all in
vivo studies. We observed high repression levels (~1,500-fold)
in the presence of DOX across a range of multiplicities of
infection in vitro (Fig. 1C).

To make the best use of this model, it was necessary to
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FIG. 1. Modified DOX-regulated expression cassettes provides ro-
bust control of gene expression. (A) Schematic representations of the
expression elements in ptTA-TRE-SIINFEKL-Luc, where a cassette
expressing tTA under the control of the constitutive MCMV promoter
was fused tail-to-tail with the TREminIL2-SIINFEKL-Luc expression
cassette, and in ptTA-HS4-TRE-SIINFEKL-Luc, a derivative of ptTA-
TRE-SIINFEKL-Luc in which an HS4 core insulator fragment was
inserted between the two cassettes. (B) Plasmids containing the ex-
pression elements diagramed in panel A were individually transfected
into BHK cells and cultured in the presence or absence of DOX (10
pg/ml), and luciferase activity was assayed. (C) An rHuAdS vector
(Ad-tTA-SIINFEKL-Luc) encoding the bifunctional, HS4-separated
expression system diagramed in panel A was purified and tested at a
range of multiplicities of infection on BHK cells in the presence or
absence of DOX (10 pg/ml).

identify a dose of Ad-tTA-SIINFEKL-Luc that produced suf-
ficiently high levels of SIINFEKL-specific CD8" T cells for
accurate assessment by flow cytometry. Mice were immunized
with 108, 3 X 108, or 10° PFU of Ad-tTA-SIINFEKL-Luc, and
SIINFEKL-specific CD8" T cells were measured in the blood
14 days later. It was found that 10° PFU of Ad-tTA-
SIINFEKL-Luc gave rise to a consistent and measurable re-
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sponse (data not shown), so this dose was used for all further
studies. To verify that the kinetics of CD8" T-cell expansion
and contraction following immunization with 10° PFU Ad-
tTA-SINFEKL-Luc were consistent with our previously ob-
served data, we examined the numbers of CD8" T cells present
in the spleen at various time points following immunization
with Ad-tTA-SIINFEKL-Luc (Fig. 2A). In agreement with our
previous results, we observed that the SIINFEKL-specific
CD8™" T-cell population expands dramatically between day 6
and day 12 following immunization and that it subsequently
exhibits a slow decline in numbers (50, 51) (Fig. 2A).

To confirm that DOX treatment would result in sufficient
attenuation of gene expression to suppress the induction of
SIINFEKL-specific CD8* T cells, mice were administered var-
ious doses of DOX in their drinking water 5 days before im-
munization with Ad-tTA-SIINFEKL-Luc, and SIINFEKL-
specific CD8™ T-cell responses were measured in the spleen 3
weeks after immunization. While DOX concentrations as low
as 50 pg/ml and 100 wg/ml resulted in substantial attenuation
of the SIINFEKL-specific CD8" T-cell response, a dose of 200
pg/ml was necessary to completely abrogate the SIINFEKL-
specific CD8™" response in all mice (Fig. 2B). Similar results
were observed in the peripheral blood (data not shown). To
test suppression of gene expression following immunization,
DOX treatment was initiated 2 days following immunization
with Ad-tTA-SIINFEKL-Luc and resulted in rapid repression
of gene expression (Fig. 2C). To confirm that DOX treatment
was not having a nonspecific effect on the CD8" T-cell re-
sponse, mice were treated with DOX before and after immu-
nization with AdSIINFEKL-Luc-004 (51). The frequencies of
SIINFEKL-specific CD8" T cells in mice treated with DOX
were equivalent to those in mice immunized in the absence of
DOX around the peak of the response (day 12 to 14) and later
in the response (day 21 to 28) (Fig. 3 and data not shown).

Early termination of antigen expression affects the magni-
tude and kinetics of the antigen-specific CD8" T-cell response.
To establish a causal link between antigen expression and
CD8" T-cell expansion/contraction, we employed the DOX-
regulated vector to investigate the impact of premature termi-
nation of antigen expression on the CD8" T-cell response.
Mice were immunized with 10° PFU of Ad-tTa-SIINFEKL-
Luc, and transgene expression was extinguished by initiating
DOX treatment at 3 days (prior to the appearance of
SIINFEKL-specific CD8" T cells), 7 days (during the expan-
sion phase), or 13 days (around the peak of the response)
postimmunization. Mice were sacrificed at various time points,
and the presence of SIINFEKL-specific CD8" T cells in the
spleen, lung, and blood was surveyed (Fig. 4A to C). When
DOX was administered on day 3, SIINFEKL-specific CD8" T
cells could be measured in all tissues at day 7 (Fig. 4) with
frequencies similar to those for mice that did not receive DOX.
This likely reflects the fact that several days were required to
fully repress transgene expression (Fig. 2C). What is most
notable about the mice treated with DOX on day 3 (Fig. 4A to
C) is the dramatic and rapid loss of SIINFEKL-specific CD8™
T cells, such that we could barely detect any antigen-specific
cells 30 days after immunization in this group. Similarly, the
frequencies of SIINFEKL-specific CD8" T cells in mice
treated with DOX on day 7 continued to rise after DOX
treatment was initiated, but, again, the population exhibited a
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FIG. 2. Ad-tTA-SIINFEKL-Luc elicits an immune response com-
parable to those of other rHuAdS vectors that can be fully attenuated
by treatment with DOX. (A) C57BL/6 mice (three per group) were
immunized with 10° PFU of Ad-tTA-SIINFEKL-Luc, and the num-
bers of SIINFEKL-specific CD8" T cells in the spleens of mice sacri-
ficed at various times postimmunization were assessed. Each point
represents the mean = standard error of the mean. (B) C57BL/6 mice
(three per group) received a single bolus intraperitoneal injection of
DOX 5 days prior to immunization and were subsequently given water
containing either 50, 100, or 200 png/ml DOX. Five days following the
initiation of DOX treatment, mice were immunized with 10° PFU of
Ad-tTa-SIINFEKLuc. Mice were sacrificed 22 days postimmunization,
and the total number of SIINFEKL-specific CD8" T cells in each
spleen was assessed. Each data point represents the mean = standard
error of the mean. (C) C57BL/6 mice received 10° PFU Ad-tTA-
SIINFEKL-Luc intramuscularly in the presence or absence of DOX.
One group of mice (DOX day —5) started DOX treatment 5 days prior
to immunization. The second group (DOX day +2) started DOX
treatment 2 days after immunization. The third group of mice (no
DOX) did not receive any DOX during the period of the experiment.
Thigh muscles were harvested at the time points indicated and assayed
for luciferase activity. The results are means = standard errors of the
means for six muscle samples per group.
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FIG. 3. DOX treatment does not affect the magnitude of the CD8"
T-cell population produced by rHuAdS vectors that employ constitu-
tive promoters. C57BL/6 mice (n = 10) were immunized with 107 PFU
of Ad-SIINFEKL-Luc, and half of the mice were treated with DOX
beginning at 7 days postimmunization (Dox d+7). The number of
SIINFEKL-specific CD8* T cells was assessed by tetramer staining of
peripheral blood mononuclear cells at various times postimmuniza-
tion. Each point represents the mean = standard error of the mean for
five mice.

dramatic decline (Fig. 4A to C). Strikingly, when DOX treat-
ment was initiated at day 13, a point where the CD8" T-cell
response was close to maximum (Fig. 2A), the SIINFEKL-
specific CD8" T-cell population again exhibited a marked de-
cline at later time points, demonstrating clearly that mainte-
nance of the memory population was dependent on continued
transgene expression for more than 2 weeks following immu-
nization.

Although our previous reports have demonstrated that the
peak following intramuscular immunization with tHuAdS5 oc-
curs around 10 to 14 days postimmunization (50-52), it is
possible that the peak response following immunization with
Ad-tTA-SIINFEKL-Luc may occur at a later time point than
in our previous results. Figure 2A demonstrates that the peak
of the CD8™" T-cell response occurred prior to day 20 postim-
munization. Therefore, to characterize the importance of
transgene expression beyond the peak of the response, expres-
sion was extinguished at either day 20 or day 30 postimmuni-
zation, and antigen-specific CD8* T cells were enumerated in
the spleen, lung, and blood on day 90 after immunization. We
observed a significant reduction in the numbers of SIINFEKL-
specific CD8" T cells in all tissues examined when transgene
expression was extinguished as late as 30 days following immu-
nization (Fig. 4D to F). Termination of transgene expression at
day 7 had the most pronounced effect. Interestingly, the fre-
quencies of SIINFEKL-specific CD8" T cells were similar in
the groups treated with DOX on either day 13, day 20, or day
30, suggesting a continual need for transgene expression to
maintain the CD8" T-cell memory population beyond the
peak of the response.

We investigated the duration of transgene expression from
the Ad-tTA-SIINFEKL-Luc vector over a 2-month period and
observed that while transgene expression was measurable for
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FIG. 4. Premature suppression of transgene expression attenuates
the magnitude of the primary responses and impairs memory mainte-
nance. (A to C) Mice (eight per group) were immunized with 10° PFU
of Ad-tTA-SIINFEKL-Luc on day zero and were separated into four
groups. Groups 1, 2, and 3 were started on DOX 3 days (DOX d+3)
(open squares), 7 days (DOX d+7) (open circles), and 13 days (DOX
d+13) (open diamonds) after immunization, respectively, while group
4 received no DOX (filled squares). At the time points indicated, mice
were sacrificed, and SIINFEKL-specific CD8" T cells in the spleen
(A), lung (B), and blood (C) were enumerated. Each data point rep-
resents the mean = standard error of the mean. (D to F) Mice (five per
group) were immunized with 10° PFU of Ad-tTA-SIINFEKL-Luc on
day zero and were treated with DOX 7 days, 13 days, 20 days, or 30
days later. The control group received no DOX (—). Ninety days after
immunization, mice were sacrificed, and SIINFEKL-specific CD8" T
cells were enumerated in the spleen (D), lung (E), and blood (F). Each
bar represents the mean * standard error of the mean. *, significantly
different from the group receiving no DOX (P < 0.05); #*, significantly
different from the groups receiving DOX on days 13 to 30 (P < 0.05).

30 days postimmunization, expression was reduced to back-
ground levels by day 58 (Fig. SA). Consistent with the loss of
transgene expression, we determined that treatment with DOX
starting at 60 days postimmunization did not produce a signif-
icant decline in the CD8" T-cell population measured 2
months after the onset of DOX treatment (120 days postim-
munization) (Fig. 5B and C). Thus, it appears that although
long-term maintenance of the transgene-specific CD8" T-cell
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FIG. 5. Termination of transgene expression 60 days following im-
munization does not affect the maintenance of the memory response.
(A) C57BL/6 mice received 10° PFU Ad-tTA-SIINFEKL-Luc intra-
muscularly. Thigh muscles were harvested at 1, 3, 14, 28, and 58 days
and were assayed for luciferase activity. The results are means =
standard errors of the means for 10 muscle samples per time point. (B
and C) Mice (five per group) were immunized with 10° PFU of Ad-
tTA-SIINFEKL-Luc on day zero. On day 60, half of the mice were put
on DOX. (B) The frequency of SIINFEKL-specific cells was assessed
on the day DOX treatment began (day 60) and 2 months later (day
120). (C) The number of antigen-specific CD8" T cells in the spleen
was assessed 2 months after the onset of DOX treatment. Open bars,
results for mice that received DOX on day 60 (DOX d+60); shaded
bars, results for mice that did not receive DOX. Each bar reflects the
mean * standard error of the mean. NS, not significant.

population produced by rHuAdS5 is dependent on persistent
transgene expression for at least 30 days following immuniza-
tion, the population becomes independent of transgene expres-
sion around 60 days postimmunization. Whether the memory
population has become independent of antigen remains to be
determined.

Long-term gene expression impacts protective immunity but
not the magnitude of the CD8™ T-cell population following
secondary challenge. We have previously observed that the
frequencies of circulating antigen-specific CD8" T cells are
associated with the magnitude of protection following virus
challenge (51, 52). To determine whether the diminished levels
of SIINFEKL-specific CD8* T cells in mice treated with DOX
had an impact on protection, mice were immunized with Ad-
tTA-SIINFEKL-Luc and were started on DOX either 7 or 13
days after immunization. Twenty-eight and 90 days later, the
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FIG. 6. Premature termination of transgene expression impairs

protective immunity. Mice were immunized with 10° PFU of Ad-tTA-
SIINFEKL-Luc on day zero and were separated into three groups.
Groups 1 and 2 were started on DOX 7 days (DOX d+7) and 13 days
(DOX d+13) after immunization, respectively, while group 3 received
no DOX. Five mice from each group were challenged with 10’ PFU
rVV-ESOVA either 28 (A) or 90 (B) days after immunization. Ovaries
from the rVV-ESOVA-challenged mice were also harvested following
virus challenge and were assayed for infectious vaccinia virus. Each
point represents a single mouse. *, significantly different from the
group receiving no DOX (P < 0.05).

mice were challenged with rVV-ESOVA, which shares only
the SIINFEKL epitope with Ad-tTA-SIINFEKL-Luc; there-
fore, protective immunity is a direct measure of SIINFEKL-
specific CD8" T cells. Mice immunized with Ad-tTA-
SIINFEKL-Luc showed lower levels of rVV-ESOVA than
unimmunized mice when challenged 28 days after immuniza-
tion (Fig. 6A). Interestingly, mice treated with DOX 13 days
after immunization displayed levels of protection similar to
those of the control mice (Fig. 6A). Mice that received DOX
treatment 7 days after immunization showed no significant
reduction in virus titers relative to unimmunized mice. In con-
trast, we did not observe any significant protection at day 90
postimmunization (Fig. 6B), indicating that the frequencies of
SIINFEKL-specific CD8* T cells in all groups had dropped
below the protective level.

To determine whether premature termination of transgene
expression impacted the secondary response following rVV-
ESOVA challenge, SIINFEKL-specific CD8" T cells were
enumerated before and after rVV-ESOVA challenge (Fig. 7).
As described earlier in the text, premature termination of
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FIG. 7. Premature termination of transgene expression does not
impact the secondary response. Mice were immunized with 10° PFU of
Ad-tTA-SIINFEKL-Luc on day zero and were separated into three
groups. Groups 1 and 2 were started on DOX 7 days (DOX d+7) and
13 days (DOX d+13) after immunization, respectively, while group 3
received no DOX. Five mice from each group were challenged with 107
PFU rVV-ESOVA ecither 28 or 90 days after immunization. (A to D)
SIINFEKL-specific CD8" T cells were enumerated in the spleen or
lung before rVV-ESOVA challenge (filled bars) and 7 days following
rVV-ESOVA challenge (open bars). The dotted lines represent the
numbers of antigen-specific CD8" T cells produced by immunization
with r'VV-ESOVA alone. Each bar represents the mean * standard
error of the mean for five mice. *, significantly different from the group
receiving no DOX (P < 0.05).

transgene expression had a marked impact on the frequencies
of SIINFEKL-specific CD8* T cells prior to challenge (Fig. 7).
Regardless of the number of antigen-specific CD8" T cells
available prior to rVV challenge, secondary expansion in the
mice receiving DOX was of equal, or greater, magnitude to the
secondary expansion in control mice (Fig. 7). In fact, expansion
within the spleen (Fig. 7B) and peritoneal lavage fluid (not
shown) at day 90 + 7 was greatest in mice for whom transgene
expression was terminated on day 7.

Early termination of antigen expression augments the pro-
portion of central memory CD8™ T cells. Since CD62L expres-
sion has been associated with CD8" T cells that exhibit high-
proliferative capacity (18), it was of interest to determine
whether this marker was elevated on memory populations in
the mice treated with DOX. We also examined CD127 expres-
sion, because the combination of CD127 and CD62L has been
employed to separate memory cells into effector (CD62L™
CD1277), effector memory (CD62L~ CD127"), and central
memory (CD62L"* CD127") cells (18). Premature termination
of transgene expression promoted increases in both CD62L
and CD127 expression (Fig. 8A and B), which resulted in
significant increases in the frequency of central memory cells
and a decrease in the frequency of effector cells (Fig. 8C).
These phenotypic changes are consistent with the enhanced
secondary expansion observed in Fig. 7. We and others have
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FIG. 8. Premature extinction of transgene expression results in in-
creased frequencies of central memory cells. Mice were first immu-
nized with Ad-tTA-SIINFEKL-Luc and were then put on DOX 13, 20,
and 30 days later. Splenocytes were obtained 90 days after immuniza-
tion and were examined for the expression of KLRG1, CD27, CD62L,
and CD127. Antigen-specific CD8" T cells were identified by tetramer
staining. The histograms represent SIINFEKL-specific CD8" T cells.
(A and B) Frequencies of cells expressing CD62L and CD127, respec-
tively. (C) Frequencies of effector (CD127~ CD62L"), effector mem-
ory (CD127" CD62L "), and central memory (CD127* CD62L™") cells
within the tetramer-positive CD8" population. (D and E) Frequencies
of cells expressing KLRG1 and CD27, respectively. Data reflect the
means * standard errors of the means for five mice. *, significantly
different from the group receiving no DOX (P < 0.05).

previously reported that the CD8" T-cell population evoked
by rHuAd5 immunization exhibits a sustained effector memory
phenotype (41, 51, 52), which was thought to arise from anti-
gen persistence following infection with rHuAdS. KLRGI, a
natural killer cell marker, serves as a marker for T cells that
have been chronically exposed to antigen and has more re-
cently been associated with short-lived effector CD8* T cells
(21, 42). Indeed, consistent with the requirement for sustained
expression of antigen to maintain the CD8" T-cell memory
population, we observed that >80% of SIINFEKL-specific
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CD8" T cells present at 90 days postimmunization were
KLRGT1 positive (Fig. 8D). Termination of transgene expres-
sion prior to day 30 resulted in a small decrease in KLRG1
expression (Fig. 8D). Interestingly, the KLRGI-positive
SIINFEKL-specific CD8" T cells displayed a reciprocal de-
crease in the expression of CD27, a marker associated with
replicative competence and T-cell fitness (data not shown).
When transgene expression was terminated prior to day 30,
CD27 expression was elevated in all groups equally (Fig. 8E).
For the most part, however, the changes in phenotype were
modest, with the exception of CD62L expression, and the ma-
jority of the cells retained an effector memory phenotype with
high-level expression of KLRG1, even in the group that re-
ceived DOX on day 13. We could not include data from mice
that received DOX on day 7, because the frequencies of anti-
gen-specific cells were too low to conduct multiparametric
analyses.

Early termination of antigen expression augments TNF-a
production by IFN-y-secreting CD8* T cells. We have previ-
ously observed that only a fraction of the antigen-specific
CD8™" T cells produced by our rHuAd5 vectors can express
TNF-a and that very few produce IL-2 (51, 52). Since CD8" T
cells exposed to chronic antigen exhibit a hierarchical loss of
the ability to produce IL-2, TNF-a, and IFN-y (45), we spec-
ulated that the reduced expression of TNF-a and IL-2 may be
related to antigen persistence following immunization with
rHuAd5. Examination of the antigen-specific CD8" T cells
present in the spleen, lungs, and blood of mice 90 days postim-
munization revealed that extinction of transgene expression
prior to day 30 yielded a CD8" T-cell population with a sig-
nificantly improved capacity for TNF-a production (Fig. 9). It
should be noted that we did not include samples from mice
that received DOX on day 7, because the frequencies of
SIINFEKL-specific CD8" T cells were too low to conduct
detailed multiparametric analyses. Extinction of transgene ex-
pression between day 13 and day 30 postimmunization yielded
approximately twofold greater numbers of IL-2-producing
SIINFEKL-specific CD8" T cells; however, the frequencies of
IL-2-producing cells remained less than 10% of the total an-
tigen-specific population defined by IFN-vy production (Fig.
9A; also data not shown). Thus, although premature termina-
tion of transgene expression did have an impact on the cyto-
kine profile of the memory population, the effect was modest.

DISCUSSION

rHuAdS5 vectors have proven to be highly effective agents for
producing protective immunity against a broad range of infec-
tious agents and tumors in rodents and nonhuman primates (5,
8,11, 12, 28, 29, 49). Therefore, understanding the mechanisms
by which these vectors imprint and maintain the memory T-cell
response can provide useful biological information regarding
the nature of effective vaccines. The results of the study de-
scribed here offer important new insights into the relationship
between the longevity of transgene expression and the main-
tenance of CD8" T-cell memory following immunization with
rHuAdS. The temporal relationship between antigen expres-
sion and the development of CD8" T-cell immunity remains a
nebulous area, and the data in this report also provide novel
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FIG. 9. Premature termination of transgene expression yields
memory cells with a greater capacity for TNF-a production. Spleens
and peripheral blood were harvested from mice 90 days postimmuni-
zation, and SIINFEKL-specific CD8" T cells were identified by intra-
cellular cytokine staining. (A) Representative flow cytometry data.
Left-hand dot plots reflect total lymphocytes following stimulation
with SIINFEKL. The percentages of cells in the entire lymphocyte
populations that are positive for IFN-y are given next to the ellipses.
The right-hand plots were gated on IFN-y* cells. These plots are
representative of mice that were treated with DOX 30 days after
immunization (DOX d+30) and mice that did not receive DOX (No
DOX). (B) Percentages of IFN-y* cells that coproduce TNF-a in the
spleen (left) and blood (right). Each histogram represents the mean =
standard error of the mean for five mice. *, significantly different from
the No DOX group (P < 0.05).

information regarding the role for long-term, low-level antigen
in the maintenance of CD8" T-cell memory.

The requirement for persistent transgene expression
throughout the expansion phase following rHuAdS immuniza-
tion appears to conflict with the “autopilot” hypothesis, which
suggests that CD8" T cells undergo an intrinsic program of
expansion and differentiation that is executed following a short
period of stimulation in vivo (estimated to be on the order of
24 h) (6). CD8" T-cell expansion following infection with a
number of acute agents (Plasmodium yoelii, Listeria monocyto-
genes, LCMV) does support the autopilot model, since antigen
presentation persists for only a brief period (2 to 4 days)
following infection (4, 13, 33, 48), yet the CD8" T-cell popu-
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lation continues to expand beyond the point where antigen
presentation ceases and subsequently contracts in a manner
that appears to reflect an intrinsic program (4). This short-lived
antigen presentation has been linked to a negative-feedback
mechanism where recently activated cytotoxic T lymphocytes
kill antigen-loaded dendritic cells and ultimately remove the
antigen reservoir (13, 48). In contrast to those reports, removal
of the antigen depot following herpes simplex virus type 1
infection or plasmid vaccination prior to the peak of the CD8*
T-cell response diminished the magnitude of the primary re-
sponse (17, 40), findings similar to our observation with
rHuAdS. Thus, although only a brief exposure of antigen is
required to engage individual CD8" T cells, maximal activa-
tion of CD8" T-cell populations may require a longer period
of antigen exposure, likely as a result of the asynchronous
nature of antigen-presenting cell-T-cell interactions in vivo.

The need for continued transgene expression from the
rHuAdS5 vector beyond the peak of the CD8" T-cell expansion
phase to sustain the memory population may reflect a situation
where naive T cells are continuously recruited into the memory
population to replace dying cells, or it may reflect a memory
population that has become antigen dependent. We have pre-
viously reported that maintenance of the CD8" T-cell memory
population following rHuAdS immunization does not require
active thymopoiesis, which argues against the mechanism of
continual recruitment of naive T cells (51). Additional exper-
iments from our lab have revealed that only naive T cells
engaged within the first 5 days following immunization are
sustained in the memory population (J. Millar and J. Bramson,
unpublished data). Thus, we do not believe that the require-
ment for persistent transgene expression to maintain the mem-
ory CD8" T-cell population is due to continual recruitment of
naive T cells. Rather, we suspect that the early memory pop-
ulation produced by rHuAdS is sustained by continual restimu-
lation of the CD8™" T-cell population circulating in the periph-
ery. This theory is consistent with the high levels of KLRG1 on
the memory population, since KLRGI is considered to be an
indicator of recent and repetitive antigenic stimulation (42). In
the same vein, it is noteworthy that the memory population
produced by intramuscular immunization with rHuAdS5 resem-
bles the phenotype of CD8" T cells that have been expanded
by multiple rounds of immunization. Following secondary and
tertiary stimulations, CD8" T cells that were originally
CDG62L" preferentially retain an effector memory phenotype;
they are slow to regain CD62L expression; only a small fraction
of the cells produce IL-2; and they remain KLRG1 positive for
a prolonged period (19, 31).

If our theory proposed in the preceding paragraph proves to
be correct, then the data presented in this report can be rec-
onciled with the “autopilot” hypothesis. Whereas a single
CD8™" T-cell clone may undergo a fixed program of expansion
and contraction, at the population level, extended availability
of antigen may actually augment the magnitude of the CD8"
T-cell population by restimulating “memory” CD8" T cells
present in the primary response. Indeed, several reports have
suggested that memory cells can be generated within the first
few days of a primary response (3, 22, 47). Thus, individual
naive CD8" T cells may undergo an intrinsic program of ex-
pansion and contraction during the primary response to
rHuAd5 immunization. However, these events may not mani-



VoL. 83, 2009

fest at the level of the total CD8" T-cell population, because
the contraction phase of individual CD8" T cells can be
masked by the expansion of early memory cells that are trig-
gered by persistent transgene expression, thereby extending
the duration of the apparent expansion phase and diminishing
the overall rate of contraction. It should be noted that extend-
ing the availability of antigen does not always increase the
magnitude of the primary response or delay the rate of con-
traction (4, 14), so other factors may also be at play.

Premature termination of transgene expression following
rHuAdS5 immunization did not diminish the magnitude of the
secondary response and may actually have been beneficial.
These observations suggest that premature termination of
transgene expression yields a memory CD8" T-cell population
with greater proliferative potential, consistent with the obser-
vation of elevated frequencies of CD62L" cells. However, this
observation may also reflect more-rapid clearance of antigen in
the untreated group due to the higher frequency of
SIINFEKL -specific effectors, as described in other reports (9,
47). Similar data were described in two recent reports investi-
gating temporal regulation of transgene expression following
immunization with plasmid DNA, where short-term transgene
expression produced higher levels of central memory CD8* T
cells and a more robust secondary response (17, 37). These
data indicate that the choice of promoter should be based on
the application of the recombinant vaccine. Vectors used for
priming CD8* T-cell responses may benefit from promoters
that are active only for a brief period following immunization,
while boosting vectors may benefit from promoters that yield
persistent expression to achieve a sustained effector popula-
tion.

It is noteworthy that the memory CD8" T-cell response in
the mice that received DOX on day 7 exhibited the greatest
proliferation following secondary challenge with vaccinia virus
but provided the poorest protection in our experiments. Sim-
ilar results were recently observed in a model of Listeria mono-
cytogenes infection, where the primary CD8" T-cell response
was attenuated by treatment with antibiotics 24 h after primary
infection. Although comparable frequencies of antigen-specific
CD8" T cells were measurable in untreated and treated mice
following secondary infection, the antibiotic-treated mice dis-
played impaired protection (43). These data indicate that pro-
liferative capacity may provide only a limited measure of func-
tional protective immunity. Bachmann and colleagues argued
that resistance to vaccinia virus was not related to the prolif-
erative capacity of the memory CD8* T-cell population.
Rather, they observed that the magnitude of the available
effector population determined the degree of protection (2).
We have observed similar results in our rHuAdS immunization
model (52). These combined results suggest that proliferative
potential may not be a useful parameter for defining protective
CD8" T-cell memory against vaccinia virus. Other reports
have argued that the proliferative capacity of the memory
CD8" T-cell population is important for protection against
agents such as LCMV and Leishmania major and against some
tumors (2, 26, 46, 55). Therefore, it is likely that the relation-
ship between the proliferative capacity of the CD8" T-cell
population and protective immunity will need to be assessed on
an individual basis for each pathogen.

Overall, this report demonstrates, for the first time, a causal
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link between the duration of transgene expression following
immunization with a rHuAdS vaccine and the maintenance of
the CD8" T-cell population. These data have important im-
plications for the future design of rAd vaccines.
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