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ABSTRACT

Prime-boost immunization regimens have proven efficacious at generating robust immune responses. However, whether the level of
replication of the boosting antigen impacts the magnitude and protective efficacy of vaccine-elicited immune responses remains un-
clear. To evaluate this, we primed mice with replication-defective adenovirus vectors expressing the lymphocytic choriomeningitis
virus (LCMV) glycoprotein (GP), followed by boosting with either LCMV Armstrong, which is rapidly controlled, or LCMV CL-13,
which leads to a more prolonged exposure to the boosting antigen. Although priming of naive mice with LCMV CL-13 normally results
in T cell exhaustion and establishment of chronic infection, boosting with CL-13 resulted in potent recall CD8 T cell responses that
were greater than those following boosting with LCMV Armstrong. Furthermore, following the CL-13 boost, a greater number of an-
amnestic CD8 T cells localized to the lymph nodes, exhibited granzyme B expression, and conferred improved protection against Liste-
ria and vaccinia virus challenges compared with the Armstrong boost. Overall, our findings suggest that the replicative capacity
of the boosting antigen influences the protective efficacy afforded by prime-boost vaccine regimens. These findings are relevant
for optimizing vaccine candidates and suggest a benefit of robustly replicating vaccine vectors.

IMPORTANCE

The development of optimal prime-boost vaccine regimens is a high priority for the vaccine development field. In this study, we
compared two boosting antigens with different replicative capacities. Boosting with a more highly replicative vector resulted in
augmented immune responses and improved protective efficacy.

Amajor challenge in the development of T cell-based vaccines is
the generation of CD8 T cell responses of sufficient quantity

and quality. Following immunization, cytotoxic CD8 T cells un-
dergo extensive division and differentiation into long-lived mem-
ory cells. The number and function of antigen-specific T cells are
influenced by several factors, including the route of antigen deliv-
ery (1), distinct triggering of innate responses (2–4), the degree of
costimulation (5–10), the prime-boost time interval (11, 12), the
level of preexisting immunity to the vaccine vector (13–15), and
the recall history of responding T cells (16–18). Although the mag-
nitude and duration of the priming stimulus have been shown to
impact the function, numbers, and differentiation of CD8 T cells
(1, 19–27), it is currently not known how the nature of the boost-
ing stimulus influences anamnestic responses and immune pro-
tection by memory CD8 T cells.

Alternative serotype adenovirus (Ad) vectors, such as adeno-
virus type 26 (Ad26) and Ad35, have been shown to induce func-
tionally improved memory T cell responses than that induced by
Ad5 (11, 28). We have also demonstrated the protective efficacy of
vaccine regimens based on alternative serotype Ad vectors against
high-dose intravenous (i.v.) and repetitive low-dose intrarectal
simian immunodeficiency virus (SIV) challenges in rhesus mon-
keys (29, 30).

In this study, we investigated whether the replicative capac-
ity of the boosting antigen influences the protective efficacy of
vaccine-elicited CD8 T cell responses. Mice were first primed
with an alternative serotype Ad vector (Ad26) expressing the
lymphocytic choriomeningitis virus (LCMV) glycoprotein
(GP) (Ad26-GP) and were then boosted with either LCMV
Armstrong or LCMV CL-13. These two strains differ by only

two amino acids that render CL-13 able to replicate faster, but
all T cell epitopes between Armstrong and CL-13 remain iden-
tical (31, 32). Although CL-13 induces a chronic infection in
naive mice, prior immunization with Ad vectors expressing the
LCMV GP results in immune-mediated control following sys-
temic CL-13 challenge (28). We boosted Ad26-GP-primed
mice with LCMV Armstrong or LCMV CL-13 and challenged
them with high doses of Listeria monocytogenes or vaccinia virus
expressing the LCMV GP33-41 (glycoprotein 33, residues 33 to
41) CD8 T cell epitope. Compared to boosting with LCMV Arm-
strong, boosting with LCMV CL-13 resulted in enhanced adaptive
immune responses and improved immune protection. These re-
sults suggest a benefit for boosting vectors with enhanced replica-
tive capacity, thus providing a rationale for the development of
replicating vaccine vectors.

MATERIALS AND METHODS
Mice and infections. Six- to 8-week-old female C57BL/6 mice (Jackson
Laboratory) were used. Mice were immunized intramuscularly with 1010

viral particles (VP) of replication-incompetent E1/E3 deleted adenovirus
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serotype 26 (33) expressing LCMV GP as described previously (28).
LCMV Armstrong and LCMV CL-13 were administered by i.v. injection
(2 � 106 PFU) via the lateral tail vein. To assess for reduced induction of
primary (nucleoprotein [NP]-specific) T cell responses in Ad26-GP-
primed mice, Ad26-GP-primed mice were sacrificed on day 5 following
an intraperitoneal (i.p.) LCMV Armstrong boost, and the spleens were
harvested and stimulated with NP or GP peptides for 5 h (a similar pattern
was observed if the spleens were harvested at day 7). Detailed Listeria and
confirmatory vaccinia virus challenges were performed as described pre-
viously (12). To assess immune protection, we first titrated the minimum
dose of Listeria monocytogenes gp33 (LMgp33) that resulted in discernible
survival outcomes in mice that were primed with Ad26-GP and boosted
with LCMV. Intravenous challenge with LMgp33 at a dose of �108 CFU
resulted in 100% mortality, whereas challenge with a �106 CFU dose
resulted in 100% survival in all primed-boosted mice (data not shown).
We thus used an intermediate challenge dose (107 CFU), and bacterial
titers were determined at day 2 postchallenge as previously described (28).
For viral challenges, vaccinia virus expressing the LCMV GP33-41 epitope
(VVgp33) was injected i.p. (108 PFU), and viral titers were determined at
day 5 postchallenge in the ovaries. All experiments were performed with
approval of the Institutional Animal Care and Use Committee (IACUC),
Beth Israel Deaconess Medical Center (BIDMC).

Viral titration. Titration of LCMV was performed on Vero cell mono-
layers by standard plaque assays as previously described (28). In brief,
10-fold dilutions from serum samples were added on top of Vero E6
monolayers. The plates were incubated for 60 min and rocked every 15
min. A 1:1 solution of 1% agarose in 2X199 medium (Invitrogen catalog
no. 31100-35) was aliquoted on top, and 4 days later, a 1:1 solution of 1%
agarose in 2X199 medium with 1:50 neutral red was added on top. The
number of plaques was counted on day 5. Listeria and vaccinia virus
plaque assays were performed as previously described (34, 35).

Histology. Tissues were fixed for 1 day in Bouin’s fixative (Poly-
Sciences, Inc.) and delivered to the Harvard Mouse Histopathology Core
for sectioning and hematoxylin and eosin (H&E) staining.

Reagents and flow cytometry. Single-cell suspensions were prepared
from blood and tissue samples. During staining, dead cells were excluded
by gating out cells positive for Live/Dead fixable dead cell stain (Invitro-
gen). Major histocompatibility complex (MHC) class I monomers were
obtained from the NIH Tetramer Core Facility (Emory University).
LCMV peptides were purchased from Anaspec (Fremont, CA). Samples
were acquired with a Becton, Dickinson LSRII and analyzed using FlowJo
(Treestar).

Statistical analysis. Statistical analyses were performed using Prism
version 6 (Graphpad). Statistical significance for survival Kaplan-Meier
plots was determined by Mantel-Cox tests. All other data were analyzed
using Mann-Whitney tests. The absolute numbers of antigen-specific T
cells were calculated by multiplying the total number of lymphocytes iso-
lated in each tissue by the fraction of live CD8� lymphocytes that were
either tetramer positive or gamma interferon (IFN-�) positive (IFN-��)
as shown previously (36).

RESULTS
LCMV CL-13 boosting results in increased magnitude of anam-
nestic CD8 T cell responses compared with LCMV Armstrong
boosting. We initiated studies by priming C57BL/6 mice with
Ad26 vectors expressing lymphocytic choriomeningitis virus
(LCMV) glycoprotein (GP) as reported previously (28). After 60
days, we boosted mice with 2 � 106 PFU of LCMV Armstrong
(which is rapidly controlled) or LCMV CL-13 (which is more
slowly controlled) (Fig. 1A). In naive mice, LCMV Armstrong
infection results in a transient acute infection that is typically
cleared within 8 to 10 days, whereas LCMV CL-13 establishes a
systemic infection that lasts 60 to 90 days (20). Thus, we hypoth-
esized that boosting Ad26-GP-primed mice with LCMV Arm-

strong would provide only a brief antigenic stimulus, whereas
boosting with LCMV CL-13 would result in a more durable anti-
genic stimulus.

As expected, the LCMV Armstrong boost was cleared signifi-
cantly faster than the LCMV CL-13 boost in Ad26-GP-primed
mice. On day 3 following the boost, there were 79-fold-higher
LCMV titers in the mice that received the LCMV CL-13 boost than
in the mice that received the LCMV Armstrong boost (P �
0.0001) (Fig. 1B). Moreover, the LCMV Armstrong boost was
cleared within 5 days, whereas the LCMV CL-13 boost was cleared
within 10 days (Fig. 1B). Thus, the use of LCMV Armstrong versus
LCMV CL-13 allowed a comparison of the impact of boost dura-
tion on immunogenicity and protective efficacy.

By day 7 after the boost, the mice that received the LCMV Arm-
strong boost lost only an average of 4% of their body weight, whereas
those that received the LCMV CL-13 boost exhibited a trend toward
increased weight loss (11%). All mice recovered by day 14 (Fig. 1C).
Boosting with LCMV CL-13 also resulted in significantly greater
IFN-� levels in sera compared to boosting with LCMV Armstrong on
day 1 postboost (Fig. 1D), likely reflective of augmented innate stim-
ulation as a result of increased LCMV replication. IFN-� levels de-
clined to baseline levels in both groups after day 3 postboost (data not
shown). IFN-� levels were also higher after the CL-13 boost than after
the Armstrong boost (Fig. 1E).

We next evaluated GP-specific CD8 T cell responses in these
mice. Mice that received the LCMV CL-13 boost showed in-
creased frequencies (Fig. 2A) and numbers (Fig. 2B) of GP-spe-
cific memory CD8 T cells in blood compared to mice that received
the LCMV Armstrong boost (P � 0.05) on day 60 postboost. This
enhancement in the frequencies and numbers of memory CD8 T
cells following the CL-13 boost was also evident in other tissues,
such as liver, lung, and kidney (P � 0.05) (Fig. 2C and D).

There were also higher frequencies of polyfunctional (IFN-��

TNF-�� [tumor necrosis factor alpha positive]) secondary CD8 T
cells (Fig. 3A) and CD4 T cells (Fig. 3B) in mice that received the
LCMV CL-13 boost than in the mice that received the LCMV
Armstrong boost (day 60 postboost). The total numbers of GP-
specific CD8 were also greater in mice that received the CL-13
boost than in the mice that received the Armstrong boost (Fig.
3C). Additionally, memory CD8 T cells from mice that received
the CL-13 boost showed enhanced cytokine coexpression com-
pared to the Armstrong boost (P � 0.05) (Fig. 3D). Memory CD4
T cell responses were also greater in mice that received the CL-13
boost compared with the Armstrong boost (Fig. 3E and F). We
also analyzed humoral responses before and after boosting. Fol-
lowing priming with Ad26-GP, there were no detectable levels of
LCMV-specific IgG (data not shown). However, following LCMV
boosting, LCMV-specific antibodies were detected and mice that
received the CL-13 boost had slightly increased titers of LCMV-
specific IgG in sera relative to those that received the Armstrong
boost (P � 0.05) (Fig. 3G).

We then examined whether Ad26-GP priming, which gen-
erated only glycoprotein-specific T cell responses, would also
result in enhanced elicitation of nucleoprotein (NP)-specific T
cell responses following an LCMV boost. To test this, we
primed mice with Ad26-GP, and after 60 days, we boosted mice
with LCMV Armstrong and assessed GP versus NP T cell re-
sponses on day 5 postboost (Fig. 4A). Of note, NP antigens
were not included in the Ad26-GP prime, and thus, all NP-
specific T cells constituted de novo-generated (primary) T cell
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responses following the LCMV boost. Interestingly, the anam-
nestic GP-specific T cell responses in Ad26-GP-primed mice
that received an LCMV Armstrong boost were associated with
a decreased induction of NP-specific primary T cell responses
(Fig. 4). The same pattern was observed after LCMV CL-13
boosting (data not shown). Ad26-GP-primed mice exhibited
reduced nucleoprotein 396 (NP396)-specific CD8 (Fig. 4B to
D) and NP309-specific CD4 (Fig. 4E to G) T cell responses
compared to unimmunized mice after the LCMV boost. After
boosting, a reduced induction of other NP-specific CD8 T cell

responses (NP205) was also observed in Ad26-GP-primed mice
relative to unprimed mice (data not shown). This could poten-
tially be explained by a fitness advantage of secondary effectors
over primary effectors, perhaps in their ability to compete for
cytokines or access to antigen-presenting cells.

LCMV CL-13 boosting results in greater granzyme B expres-
sion by memory CD8 T cells than LCMV Armstrong boosting.
We next compared granzyme B expression in memory CD8 T cells
following Armstrong versus CL-13 boosting. CL-13 boosting re-
sulted in increased percentages (Fig. 5A) and increased expression

FIG 1 Boosting with LCMV CL-13 results in transiently increased viral loads and transiently augmented interferon responses compared to boosting with LCMV
Armstrong. (A) Experimental design. Mice were primed with Ad26-GP, and after 60 days, they received an LCMV Armstrong (Arm) or LCMV CL-13 boost. (B)
Clearance kinetics of LCMV Armstrong or LCMV CL-13 boosts. (C) Weight loss following LCMV Armstrong or LCMV CL-13 boosting. (D) IFN-� levels in
serum on day 1 postboost. (E) IFN-� levels in serum on day 1 postboost. Data are from Ad26-GP-primed mice that were boosted with LCMV Armstrong or
CL-13. Day 10 was selected as the last time point in panel B because it corresponded to the day of complete viral control in all mice. Error bars represent the
standard errors of the means (SEM). Data are from three experiments (four mice per group per experiment). Values that were statistically significant are indicated
by asterisks as follows: �, P � 0.0009; ��, P � 0.0002; ���, P � 0.0001.
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per cell (Fig. 5B) of granzyme B-expressing CD8 T cells relative to
Armstrong boosting. The percentage of splenic memory CD8 T
cells that expressed granzyme B was also significantly greater fol-
lowing CL-13 boost than Armstrong boost (P � 0.02) (Fig. 5C).
Granzyme B expression was particularly higher in memory CD8 T
cells from lymph nodes of mice boosted with CL-13 (47%) com-
pared with Armstrong (18%) (P � 0.02) (Fig. 5C). The expression
of granzyme B per cell was also higher in memory CD8 T cells of
mice that received the CL-13 boost, especially in lymph nodes
(Fig. 5D). In addition, we also noticed enhanced granzyme B ex-
pression by total splenic CD44� CD4� T cells following CL-13

boosting than following Armstrong boosting (data not shown).
Taken together, these results suggested that the CL-13 boost im-
proved both quantitative and qualitative features of the memory T
cell response compared with the Armstrong boost. Although we
observed differences in granzyme B expression following Arm-
strong or CL-13 boosting, we did not notice differences in the
expression of other markers involved in T cell differentiation such
as CD62L or CD44 (data not shown).

Boosting with LCMV CL-13 results in superior protective ef-
ficacy against Listeria and vaccinia virus challenges compared to
boosting with LCMV Armstrong. To assess protective efficacy of

FIG 2 Boosting with LCMV CL-13 results in increased magnitude of anamnestic CD8 T cell responses compared to boosting with LCMV Armstrong. (A)
Representative fluorescence-activated cell sorting (FACS) plots showing the percentage of CD8 T cells in blood that were DbGP33�. PBMCs, peripheral blood
mononuclear cells. (B) Summary of DbGP33 CD8 T cell responses in blood. (C) Representative FACS plots showing DbGP33� responses in several tissues. (D)
Numbers of DbGP33� CD8 T cell responses in several tissues. Data are from day 60 LCMV boost. Error bars represent SEM. Data are from three experiments
(four mice per group per experiment). Values that were statistically significant (P � 0.05) are indicated by an asterisk.
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these LCMV boosting regimens, we challenged Ad26-GP-primed,
LCMV-boosted mice with a high dose of Listeria (107 CFU of
LMgp33) or vaccinia virus (108 PFU of VVgp33), which expressed
the GP33-41 CD8 T cell epitope (Fig. 6A).

Ad26-GP-primed mice that received the LCMV CL-13 boost
were fully protected against this lethal LMgp33 challenge (107

CFU), whereas Ad26-GP-primed mice that received the LCMV
Armstrong boost were only partially protected (P � 0.03) (Fig.
6B). Unvaccinated (naive) mice died within 12 h following this
LMgp33 challenge dose (Fig. 6B). Moreover, plaque assays from
spleen (Fig. 6C) and liver (Fig. 6D) on day 2 following Listeria
challenge revealed striking differences in the bacterial loads. Inter-
estingly, Ad26-GP-primed mice that had received the CL-13 boost
prior to Listeria challenge exhibited 91-fold-lower bacterial titers
in spleen than those that received the Armstrong boost (P � 0.02)
(Fig. 6C). Histopathological examination by H&E staining also

revealed striking differences between groups. Mice that were
primed with Ad26-GP and boosted with LCMV Armstrong
showed areas of splenic apoptosis and hepatic microabscesses on
day 2 following Listeria challenge, whereas mice that were boosted
with LCMV CL-13 showed normal spleen and liver histology
(Fig. 6E).

To confirm the superior protective efficacy conferred by the
LCMV CL-13 boost in a different challenge system, we also ana-
lyzed the protective efficacy of analogous vaccine regimens against
recombinant vaccinia virus challenge. Mice primed with Ad26-GP
that received the LCMV Armstrong or LCMV CL-13 boost were
challenged with 108 PFU of vaccinia virus expressing gp33
(VVgp33), and viral titers were measured on day 5 in ovaries
(Fig. 6A). Mice that received the CL-13 boost showed enhanced
control of vaccinia virus compared to mice that received the Arm-
strong boost (P � 0.01) (Fig. 6F). We also observed the same

FIG 3 Boosting with LCMV CL-13 results in increased numbers of functional T cell responses and enhanced humoral responses compared to boosting with
LCMV Armstrong. (A) Representative FACS plots showing the percentages of functional CD8 T cells in spleen that were specific for several GP-derived epitopes.
(B) Representative FACS plots showing the percentages of functional CD4 T cells in spleen that were specific for GP61. (C) Numbers of functional GP33-specific
CD8 T cells in spleen. (D) Numbers of several GP-specific CD8 T cell responses that coexpressed IFN-� and TNF-� in spleen. (E) Numbers of functional
GP61-specific CD4 T cells in spleen. (F) Numbers of functional GP61-specific CD4 T cell responses that coexpressed IFN-� and TNF-� in spleen. (G)
LCMV-specific antibody levels in sera at day 15 postboost (enzyme-linked immunosorbent assay [ELISA]). The dotted line represents the limit of detection
(LOD). Prime immunizations were performed with Ad26-GP, and at day 60, mice were boosted with either LCMV Armstrong or LCMV CL-13. Data from panels
A to F are from day 60 postboost following 5-h peptide stimulation. Error bars represent SEM. Data are from three experiments (four mice per group per
experiment). Values that were statistically significant are indicated by asterisks as follows: �, P � 0.05; ��, P � 0.02.
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pattern of enhanced T cell recall and improved immune protec-
tion following CL-13 boosting relative to Armstrong boosting in
mice that were primed with other Ad vectors (Ad5, Ad35, or
Ad48) (data not shown). Overall, these results demonstrate that a
highly replicating boosting antigen resulted in improved recall
CD8 T cell responses with superior protective capacity following
both bacterial and viral challenges.

Robust immunological control and survival following lethal
Listeria challenge are associated with minimal expansion and
activation of memory CD8 T cells. The previous experiments
demonstrated that Ad26-GP priming followed by LCMV CL-13
boosting afforded complete protection following lethal Listeria
challenges. We next assessed the recall CD8 T cell response on day

2 postchallenge to determine the extent of expansion of memory
CD8 T cells (Fig. 7A). Interestingly, Ad26-GP-primed, CL-13-
boosted mice showed very limited proliferation of memory CD8 T
cells in spleen and liver following Listeria challenge, as measured
by Ki67 staining (Fig. 7B and C). Following the LMgp33 challenge,
the expression of Ki67 per cell was also reduced in mice that had
previously received a CL-13 boost than in mice that received Arm-
strong boost (Fig. 7D and E). This same pattern of Ki67� expres-
sion was also evident longitudinally on memory CD8 T cells from
blood (Fig. 7F).

Moreover, memory CD8 T cells of mice that were boosted
with LCMV CL-13 showed very limited immune activation fol-
lowing Listeria challenge as evidenced by modest CD44 and PD-1

FIG 4 Recall of memory GP-specific T cell responses is associated with reduced priming of NP-specific CD8 T cell responses following LCMV boost. (A) Experimental
design. Mice were primed with Ad26-GP or not primed (unvaccinated [Unvax]), and after 60 days, they received an LCMV Armstrong boost. (B) Representative FACS
plots showing the percentages of CD8 T cells that were GP or NP specific. (C) Numbers of GP-specific CD8 T cell responses. (D) Numbers of NP396-specific CD8 T cells.
(E) Representative FACS plots showing the percentages of CD4 T cells that were GP or NP specific. (F) Numbers of GP61-specific CD4 T cell responses. (G) Numbers
of NP309-specific CD4 T cell responses. Data are from spleens on day 5 after LCMV Armstrong boost, following 5-h peptide stimulation. Error bars represent SEM. Data
are from two experiments (four mice per group per experiment). Values that were statistically significant (P � 0.05) are indicated by an asterisk.
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(programmed cell death protein 1) expression (Fig. 7G to I). This
same pattern was observed following VVgp33 challenge (data not
shown). Taken together, these results suggested that rapid im-
mune control is associated with a recall CD8 T cell response that
did not require additional expansion or activation.

Note that although Ad26-GP priming followed by LCMV
CL-13 boosting resulted in optimal CD8 T cell boosting, inversion

of this prime-boost regimen resulted in impaired boosting capac-
ity. Priming with LCMV CL-13 and boosting with Ad26-GP re-
sulted in minimal or no expansion of CD8 T cells (Fig. 8), which
could be due to induction of high levels of PD-1 upon priming
with a highly replicating antigen. Note that whereas challenge of
LCMV Armstrong-immune mice with LMgp33 results in robust
immune protection, challenge of CL-13-infected mice with

FIG 5 Boosting with LCMV CL-13 enhances granzyme B expression on memory CD8 T cells relative to boosting with LCMV Armstrong. (A) Representative
FACS plots showing the percentages of CD8 T cells that expressed granzyme B. LN, lymph nodes; GzB, granzyme B. (B) Representative histograms showing the
mean fluorescence intensity (MFI) of granzyme B. (C) Summary of the percentages of granzyme B-expressing cells. (D) Summary of the MFI of granzyme B
expression. Prime immunizations were performed with Ad26-GP followed by LCMV Armstrong or LCMV CL-13 boost. Panels B, C, and D show data from
DbGP33-specific CD8 T cells from the indicated tissues on day 60 after LCMV boost. Error bars represent SEM. Data are from three experiments (four mice per
group per experiment). Values that were statistically significant are indicated by asterisks as follows: �, P � 0.02; ��, P � 0.01.
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LMgp33 results in suboptimal immune protection (evidenced by
bacterial plaque assays on day 2 after LMgp33 challenge [data not
shown]). These observations parallel previous studies that show
vigorous cytotoxicity by CD8 T cells from mice infected with
LCMV Armstrong, but not from mice infected with LCMV CL-13
(20, 37). Importantly, PD-1 blockade has been shown to improve
the boosting of exhausted CD8 T cells generated after chronic
CL-13 infection (38), and thus, blockade of multiple coinhibitory
pathways may represent a promising strategy to further improve
the boosting capacity of exhausted CD8 T cells. Overall, these data
suggest that the order of priming and boosting is critical and that
the benefits of enhancing the replicative capacity of the boost may
not apply to the prime.

DISCUSSION

In the present study, we have shown that the replicative capacity of
the boosting antigen impacts the magnitude and protective effi-
cacy of adaptive immune responses elicited by Ad/LCMV prime-
boost vaccine regimens. In particular, boosting with LCMV CL-13

resulted in a prolonged and greater pulse of antigen that resulted
in augmented cellular and humoral immune responses and im-
proved protection against both Listeria and vaccinia virus chal-
lenges compared to boosting with LCMV Armstrong. These data
demonstrate that the immunologic properties of the boosting an-
tigen, likely reflecting the extent of antigen expression, substan-
tially impact the efficacy of heterologous prime-boost vaccine reg-
imens.

Strikingly, memory GP-specific CD8 T cells from mice that
were primed with Ad26-GP and boosted with LCMV CL-13 un-
derwent a substantial recall expansion, with several GP-specific
CD8 T cell responses constituting more than 70% of total CD8 T
cells in the spleen even after day 60 postboost (Fig. 3A). Of note, if
the order of the prime-boost is inverted, T cell responses are
quickly exhausted following priming with LCMV CL-13 and can-
not be significantly boosted by Ad-GP vectors (Fig. 8). Thus, our
data suggest that the order of a prime-boost immunization is crit-
ical.

Of note, the robust recall of GP-specific T cell responses in

FIG 6 Improvement in immune protection following boosting with LCMV CL-13 relative to boosting with LCMV Armstrong. (A) Experimental design. Mice
were primed with Ad26-GP, and after 60 days, they received an LCMV Armstrong or LCMV CL-13 boost. After �30 days, mice were challenged with LMgp33
or VVgp33. (B) Survival after lethal LMgp33 challenge. (C) Bacterial loads in the spleen after lethal LMgp33 challenge (day 2). (D) Bacterial loads in liver after
lethal LMgp33 challenge (day 2). (E) Hematoxylin and eosin stain of tissue sections on day 2 after LMgp33 challenge. The black arrow indicates areas of
microabscesses. (F) Viral loads after vaccinia virus (VVgp33) challenge (day 5). Error bars represent SEM. Data are from two experiments (eight mice per group
per experiment).
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Ad26-GP-primed mice was associated with reduced generation
of NP-specific T cell responses following LCMV boost (Fig. 4).
This could be due to interclonal competition between memory
and naive T cells for cytokines and access to antigen-presenting
cells.

Anamnestic CD8 T cell responses elicited by a CL-13 boost also
expressed higher levels of granzyme B compared to those induced by
an Armstrong boost (Fig. 5). Although it is not completely clear why
the CL-13 boost induced a greater number of granzyme B-expressing
CD8 T cells relative to the Armstrong boost, it is possible that a strong
level of immune stimulation following boosting with a highly repli-
cating antigen may result in improved induction of granzyme B-ex-

pressing effector CD8 T cells that migrate to lymphoid sites. Note that
migration of secondary effectors to the lymph nodes is necessary for
immune control of CL-13 (17), and thus, it is plausible that a CL-13
boost induces effector CD8 T cells that are preferentially poised at
lymphoid sites. This observation is potentially relevant, since local-
ization of cytotoxic CD8 T cells to the lymph nodes has been reported
to be associated with control of persistent infection and sustainment
of CD8 T cell responses (17). In addition, functional CD8 T cell re-
sponses in lymph nodes have been associated with immune protec-
tion elicited by live attenuated SIV vaccines, as lymph nodes consti-
tute a crucial site of pathogen intercept especially after systemic
challenges (39, 40).

FIG 7 Rapid immune control is associated with minimal recall expansion and modest activation of memory CD8 T cells. (A) Experimental design. Mice were
primed with Ad26-GP, and after 60 days, they received an LCMV Armstrong or LCMV CL-13 boost. After �30 days, mice were challenged with LMgp33, and
early anamnestic CD8 T cell responses were analyzed on day 2. (B) Representative FACS plots showing the percentages of CD8 T cells that expressed the
proliferation marker Ki67. (C) Summary of the percentages of Ki67-expressing CD8 T cells. (D) Representative histograms showing Ki67 expression by splenic
CD8 T cells. (E) Summary of the MFI of Ki67-expressing CD8 T cells. (F) Percentage of Ki67-expressing CD8 T cells in blood before and after Listeria challenge.
(G) Representative histograms showing the mean fluorescence intensity (MFI) for CD44 and PD-1 by CD8 T cells. (H) Summary of the MFI of CD44 and PD-1
expression in spleen. (I) Summary of the MFI of CD44 and PD-1 expression in liver. Data are gated from DbGP33-specific CD8 T cells from the indicated tissues.
Error bars represent SEM. Data are from two experiments (four mice per group per experiment). Values that were statistically significant are indicated by asterisks
as follows: �, P � 0.05; ��, P � 0.02.
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These data indicate that the CD8 T cells elicited by Ad26-GP
prime and CL-13 boost were highly functional effector cells that
did not require further expansion or overt activation to control
high-dose pathogen challenges. Highly functional effector CD8 T
cells elicited by cytomegalovirus (CMV) vectors have also been
shown to provide rapid control against SIV in rhesus monkeys
(41). The correlates of immune control in our murine studies are
similar with those of previous vaccine studies in monkey models
of SIV infection. Protective SIV-specific T cell responses elicited
by attenuated SIV vaccines are associated with minimal anamnes-
tic expansion and activation, whereas nonprotective T cell re-
sponses exhibit robust expansion and activation following SIV
challenges (likely in response to uncontrolled viral replication)
(39, 42). Thus, our observations with Listeria and vaccinia virus
challenges may be generalizable to human immunodeficiency vi-
rus (HIV)/SIV and other infections, suggesting that recall prolif-
eration and activation of vaccine-elicited CD8 T cells correlate
inversely with pathogen control. We also observed very low PD-1
upregulation in anamnestic CD8 T cell responses of mice that

exhibited 100% survival following Listeria challenge (Ad26-GP/
CL-13 boost).

Our data suggest that the replicative capacity of the boost im-
pacts immunogenicity and protective efficacy of prime-boost vac-
cine regimens. We hypothesize that this is due to the increased
magnitude and duration of boosting antigen exposure, but we
cannot exclude the possible contribution of other variables, such
as differences in the tropism between LCMV Armstrong and
LCMV CL-13.

Taken together, our data suggest that the replicative capacity of
the boost influences the efficacy of prime-boost vaccine regimens.
Following priming with replication-defective Ad vectors, boost-
ing with highly replicating LCMV CL-13 was more effective than
boosting with LCMV Armstrong for inducing protective immune
responses. Protective efficacy in this model may have reflected
differences in boosting antigen stimulation and early IFN re-
sponses, which impacted the overall magnitude and functionality
of CD8 T cells that localized to multiple tissues, thus providing
early cytotoxic control of the pathogen. These data suggest poten-
tial benefits of live, replicating vaccine vectors over replication-
defective vaccine vectors in candidate booster immunizations in
humans. We thus propose a novel model of “escalating strin-
gency” in prime-boost vaccination regimens, which consists of a
mild prime (e.g., replication-incompetent vectors), followed by a
more stringent boost (e.g., live, replication-competent vectors) to
maximize immune responses.
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