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Abstract
Older adults exhibit higher morbidity and mortality from infectious diseases compared to the
general population. The introduction and rapid spread of West Nile virus (WNV) throughout the
continental United States since 1999 has highlighted the challenge of protecting older adults
against emerging pathogens: to this day there is no therapy or vaccine approved for human use
against West Nile encephalitis (WNE). Here we describe characterization of T and B cell
responses in old mice following vaccination with RepliVAX WN, a novel WNE vaccine based on
single-cycle flavivirus (SCFV) particles. In adult mice, RepliVAX WN induced a robust and long-
lasting CD4+ and CD8+ T cell and antibody (B cell) responses against natural WNV epitopes,
similar to those elicited by primary WNV infection. Primary and memory T and B cell responses
in old mice against RepliVAX WN vaccination were significantly lower than those seen in
younger mice, similar to the response of old mice to infection with WNV. Surprisingly, both the
quality and the quantity of the recall antibody (Ab) and T cell responses in vaccinated old mice
were improved to equal or exceeded those in adult animals. Moreover, these responses together
(but not individually) were sufficient to protect both old and adult mice from severe WNV disease
upon challenge. Therefore, at least two cycles of in vivo restimulation are needed for selection and
expansion of protective lymphocytes in older populations and that live, single-cycle virus vaccines
that stimulate both cellular and humoral immunity can protect older individuals against severe
viral disease.

Introduction
West Nile virus (WNV) was introduced into the United States during the summer of 1999.
By 2005 the virus had spread throughout the continental US, progressing from an isolated
outbreak to a nationwide epidemic and documenting the potential for the rapid spread of an
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emerging infectious disease. Age and immunocompromised status were found to be the
strongest predictors of vulnerability to this infection (1–3). Developing safe and effective
means to protect these susceptible groups against WNV and other emerging or bioterror-
introduced infections has become a major priority.

Despite this urgent need to protect vulnerable populations, there is currently no approved
human vaccine or therapeutic to protect against WNV disease. WNV is a member of the
Flaviviridae family, within the Flavivirus genus, which contains approximately 40 viruses
capable of causing human disease. To date, vaccines are available for only three flavivirus
diseases: yellow fever (YF), Japanese encephalitis (JE) and tick-borne encephalitis virus
(TBE). The TBE and JE vaccines approved for use in developed countries are inactivated
virus vaccines, while the YF vaccine is a live-attenuated virus vaccine. As is often the case
with inactivated vaccines, the TBE and JE vaccines have limited potency and require
multiple vaccinations and repeated boosters to be effective at preventing disease (2, 4), but
also are considered safe, as they have low incidence of potentially life threatening side
effects. By contrast, the live attenuated YF vaccine only requires one immunization to
provide protection against disease (5), but does have the potential to cause disease in the
immunosuppressed (6) or those over 50 and is contraindicated for these populations(7).

The incidence of WNV infection is fairly uniform with age (8) and in most
immunocompetent humans the infection is asymptomatic (9, 10). However severe WNV
disease, which includes the involvement of the central nervous system (manifested as
meningitis and encephalitis) disproportionately afflicts older adults with a lethality of 10%
and a mean age at death of 78 years (3, 8). Persons between 50–59 years of age have a 10-
times higher incidence of severe disease and persons aged 80 years or greater have a 43-
times higher incidence of severe disease compared to adults between 20–40 years of age (3,
11). Moreover there is an increase in morbidity in older adults, with many patients suffering
symptoms from WNE that can last for several years following infection (12). The overall
mortality in the first year post-infection of older individuals is also significantly increased
compared to age-matched controls (3) further demonstrating the impact of the infection on
this vulnerable population.

Vulnerability of older adults to infection is believed to be caused by a decline of the immune
defense due to the aging of the immune system, also called immunosenescence (13, 14).
Both cell-autonomous and population-based disorders have been described with advanced
age (rev. in (13–17), and while these seem to most severely affect the adaptive immune
system, it is less clear which ones are most important and whether and to what extent they
can be manipulated to correct immunosenescence and improve immune protection in the
aged. The most effective tool against infectious diseases remains vaccination. However, the
same defects that impair immune responses against infection also prevent effective
responses to vaccines (18). In older individuals, it is not clear whether this results from the
lack of an adequate reserve of lymphocytes to respond to vaccination/infection (numerical/
quantitative problem), or whether their lymphocytes (or other cells of the immune system)
are inherently unable to respond by mounting a protective response (qualitative problem).
This issue is critical because the answer would dictate practical approaches to immune
intervention – rejuvenation in the case of the former issue, vaccination/immunostimulation
in the case of the latter. To begin to answer this question, we tested the ability of a rationally
engineered vaccine to induce primary, memory and recall responses in adult and old mice
against WNV. We observed greatly depressed primary (defined as the response at the peak
of acute phase, 7–8 days post-infection) and similarly low memory (defined as
responsiveness to Ag 45 days post-vaccination) responses to vaccination in old animals. By
contrast, recall responses in vaccinated old animals, which involved secondary expansion of
Ag-specific cells, were high in magnitude; protective Ab responses were much improved
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during the recall response; and T cell responses equaled or surpassed those in adults in both
magnitude and function. Protection required the presence of both Ag-specific T and B cells.
This suggests that secondary stimulation is crucial to expand and differentiate sufficient
numbers of responding lymphocytes in old animals and that some of the important defects in
immunosenescence may be correctable by single or perhaps repeated vaccination.

Materials and Methods
Mice

Old (18–22 month) and adult (3 months old) C57BL/6 (B6) mice were purchased from the
National Institute of Aging breeding colony (Harlan Sprague-Dawley, Indianapolis, IN) and
the Jackson Laboratory (Bar Harbor, ME). C57BL/6 μMT−/− and C57BL/6 Rag1−/− mice
were purchased from the Jackson Laboratory (Bar Harbor, ME), and bred at the Oregon
Health & Science University (OHSU) West Campus or the University of Arizona vivaria.
All animals were housed and bred under specific pathogen-free conditions and experiments
conducted under the Institutional Animal Care and Use Committee, and the Institutional
Biosafety Committee approvals in accordance with all applicable federal, state, and local
regulations. All West Nile virus experiments were completed within a United States
Department of Agriculture (USDA) inspected biosafety level 3 facility.

Virus, peptides and cell lines
The RepliVAX WN used in all experiments was isolated by limiting dilution purification
from a mixed population produced by serial passaging of RepliVAX WN in WNV-C
expressing cells that had been as previously described (19). Sequence analysis of the
truncated C, prM, and N-terminus 30% of E of this isolate confirmed a single amino acid
change (serine to cysteine) at the signalase cleavage site preceding the mature prM protein
that enhanced growth in vitro (19). The infectious unit (IU) titer of the RepliVAX WN was
determined by immunohistochemical staining of Vero cells infected with serial dilutions of
RepliVAX WN, as previously described (20). West Nile virus strain 385–99, a kind gift
from Robert Tesh, MD (University of Texas Medical Branch), was used for all challenge
experiments, and its titer (expressed as PFU) was determined by plaque assay on Vero cells
using standard methods.

E 641–655, NS3 1616–1630, NS3 2066–2080, and NS4b 2488–2496 peptides (20, 21) were
purchased from 21st Century Biochemicals, diluted in 10% H2O, 90% DMSO and stored at
−80° C. Vero (WHO) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
and EL-4s in RPMI supplemented with antibiotics and 5% fetal calf serum. EL-4 cells were
infected with WNV using a multiplicity of infection (MOI) of 10 for 30 hours prior to use
for 51Cr assays. All cells were periodically monitored to ensure that they were mycoplasma
negative, and were cultured under aseptic conditions.

Flow cytofluorometric (FCM) analysis and Intracellular cytokine staining (ICCS)
Cytokine-producing T cells were detected using the Foxp3 Staining Buffer Set (eBioscience,
San Diego, CA) as recommended by the manufacturer. Briefly, single-cell splenocyte
suspensions obtained from experimental animals were incubated with 1μM peptide in the
presence of 5μg/ml brefeldin A (Sigma Aldrich, St. Louis, MO) for 6 h at 37 °C. After six
hours the cells were washed and incubated overnight in the presence of a saturating dose of
surface antibodies against CD8, CD3, CD4, CD11a, CD127, CD44 and CD62L (BD-
PharMingen, San Diego, CA; eBioscience; Biolegend, San Diego, CA). After washing, the
cells were fixed, permeabilized and intracellular antibodies against IFN-γ, NFα
(Ebioscience), and GzB (Invitrogen, Carlsbad, CA) were added for 30 minutes. The samples
were then washed and analyzed using an LSR II or Fortessa cytometers (Becton Dickinson
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Immunocytometry Systems, Franklin Lakes, NJ) and Flow-Jo software (Treestar, Ashland,
OR).

Vaccination/Infection, challenge and cytotoxic T lymphocyte assay
Mice were infected by intraperitoneal (i.p.) injection with 0.16–50 PFU of WNV virus per
mouse, and/or vaccinated by i.p. injection with 1×102–1×106 IU of RepliVAX WN per
mouse, as denoted in the figure legends. Mice were challenged 45–60 days post-vaccination
with 1000 – 2000 pfu WNV as denoted in figure legends. Seven or eight days after infection
or challenge, lymphocytes were isolated and used for direct flow cytometry (FCM) analysis,
direct ex-vivo restimulation for cytokine production, and direct ex vivo 51Cr assay using
indicated target cells. Percent specific lysis was calculated as [(E − S)/(M − S)]×100, where
E represents the counts per minute released from targets incubated with lymphocytes, S
represents the counts per minute released from target cells incubated with no lymphocytes
and M represents the counts per minute released from cells after lysis with 1% Nonidet P40
(USB, Cleveland, OH).

ELISA
Enzyme-linked immunosorbent assays (ELISAs) used to determine serum Ab titers against
WNV E and NS1 proteins have been previously described (19). Briefly, immulon 2HB
microtiter plates (Thermo Labsystems, Franklin, MA) were coated overnight at 4°C with
soluble forms of WNV E or NS1 proteins produced from replicon bearing cell lines under
serum-free cultivation conditions (19). Wells were blocked with ELISA blocking buffer
(phosphate buffered saline containing 5% normal horse serum and 0.05% Tween-20) after
which sera samples diluted 1:100 in ELISA blocking buffer were incubated in the antigen-
coated wells. After thorough washing, a goat anti-mouse IgG HRP (horseradish peroxidase)
-conjugated Ab (KPL, Gaithersburg, MD) was incubated in the wells, the wells were
thoroughly washed, and bound enzyme was detected with a soluble HRP substrate (TMB,
Sigma, St. Louis, MO). HRP reaction was stopped with HCl, the optical density of the
reaction products quantitated spectrophotometrically at 450nm, and values corrected for
background activity detected from wells that received ELISA blocking buffer containing no
animal sera samples. Neutralization assay was performed as previously described (19).
Briefly, serial dilutions of pooled sera were incubated with 100pfu of WNV overnight at
4°C. Each serum dilution containing virus was then used to infect confluent Vero cells for 2
hours. Cells were overlaid with agarose and 2 days later agarose containing neutral red
(0.2%) was added. Plaques were counted on the fifth and sixth day after infection. Results
are expressed as the serum dilution that produced a 90% reduction of plaques.

Passive serum transfer experiments
Serum was collected from mice at different times following vaccination, infection, and
challenge as indicated in each figure. At each time point, mice were euthanized and 600uL
of blood was collected via cardiac puncture into 200uL of PBS. The blood was allowed to
clot and serum was collected. Transfers were performed on a one donor mouse to one
recipient mouse basis and serum was administered in a single i.p. injection. Recipient mice
were challenged the next day with 1,000–2,000pfu of WNV either subcutaneously (s.c.) or
i.p. as indicated.

WNV specific T cell analysis and plaque assay in brain
Mice were vaccinated by i.p. injection with 1×105 IU of RepliVAX WN per mouse. 45 days
following vaccination, mice were challenged with 2000pfu WNV by i.p. injection. Eight
days after challenge, the mice were sacrificed and perfused with 1X PBS. Brain was
collected and disassociated through 0.22uM cell strainers. 200uL was saved for plaque
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assay. Lymphocytes were isolated over a percoll gradient and used for direct flow cytometry
(FCM) analysis, Viral titer was determined by plaque assay by serially diluting sample onto
Vero cells. After co-culture of the virus with the cells for 2 hours, cells were overlaid with
agarose and 2 days later agarose containing neutral red (0.2%) was added. Plaques were
counted on the fifth and sixth day after infection to determine viral load.

Statistical analyses
Fisher’s exact test and log rank test was used to analyze results from survival experiments.
Statistical significance observed between groups was analyzed using unpaired Student’s t
test. Virus titers are represented as the geometric mean titer (GMT) and statistical
significance was calculated using the Mann Whitney test. All calculations were performed
using Prism statistical software (GraphPad, San Diego, CA).

RESULTS
RepliVAX WN as a vaccination tool

WNV contains a single-strand positive-sense ~11 kb RNA genome that is translated into a
single polyprotein which is then co-and post-translationally cleaved into three structural
[capsid (C), pre/membrane (prM) and envelope (E)] and seven non-structural (NS1, NS2a,
NS2b, NS3, NS4a, NS4b, and NS5) proteins. These ten multifunctional proteins play a role
in invasion, entry, viral replication, assembly, and modulation of host cell functions,
including the immune response (rev. in (22, 23)). The WNV structural proteins, C, M
(produced by cleavage of prM in the exocytic pathway) and E, package a single copy of the
RNA genome in a 50 nm particle. Many of the antigenic determinants that induce the
immune response (particularly neutralizing antibodies) against WNV are found within E and
are the focus for the development of several potential vaccines (24).

The ability to rationally design vaccines to prevent diseases caused by viruses has benefited
from recent development of reverse genetics systems and an increased understanding of the
correlates of protection. One vaccine platform that takes advantage of these developments is
a single-cycle flavivirus (SCFV) known as RepliVAX WN (19, 25). RepliVAX WN consists
of the same surface components as WNV but its genome contains a large deletion in the
gene encoding the essential C protein. High titers of RepliVAX WN can be produced in
packaging cells expressing functional WNV C encoded by a Venezuelan equine encephalitis
virus replicon (19, 25). RepliVAX WN binds and enters cells in a manner indistinguishable
from WNV, and the RepliVAX WN genome is efficiently translated and replicated to
produce all of the WNV proteins except C (25), which prevents these infected cells from
producing progeny virus. However, the presence of all other virion proteins components
affords generation and secretion of highly immunogenic sub-viral particles (SVPs) believed
to be the basis for RepliVAX-induced humoral immunity (25, 26). These particles are
smaller but antigenically indistinguishable from WNV particles and are therefore expected
to stimulate immune response similar to the one produced by WNV infection. RepliVAX
WN has been shown to be safe and efficacious in preventing WNV-induced disease in mice
(25)(Widman, 2008) and hamsters (19, 27), and demonstrated safety, potency and efficacy
in a non-human primate model of WNV infection(28). To date, however, neither the relative
contribution of the cellular immune response to RepliVAX WN-mediated protection nor the
ability of this vaccine to induce protective responses in old mice has been examined.

Characterization of CD8+ and CD4+ T cell responses to RepliVAX WN in adult B6 mice
We first sought to determine whether vaccination with RepliVAX WN induces T cell
responses. SCFVs such as RepliVAX WN have the ability to generate large quantities of
viral proteins within an infected cell (Widman and Mason, unpublished data), providing
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plenty of material for viral antigen processing and presentation. Moreover, infection of mice
using SCFVs stimulates strong innate immune responses (29)(Widman and Mason,
unpublished data), which should increase antigen processing and presentation. Our recent
work showed that the main WNV CD8 and CD4 epitopes in B6 mice reside within the
NS4b, E and NS3 segments of the virus (20, 21), and thus RepliVAX WN encodes all the
proteins critical to T cell stimulation. To examine cellular responses, we immunized mice
with decreasing doses of RepliVAX WN (1×106–1×102 IU) by the i.p. route and compared
the induction of T cell responses. We measured the percentage of antigen-specific CD8+ T
cells responding to the immunodominant NS4b WNV epitope in B6 mice using the
NS4b2488:Db tetramer, (20, 30). 1×105 IU of RepliVAX WN induced a T cell response
comparable to the one induced by 50 pfu WNV delivered by the i.p. route, in terms of
percentage and number of antigen-specific CD8+ T cells detected at 7 days post-
immunization (Fig. 1A and data not shown). Moreover, the percentage of NS4b2488- specific
CD8+ T cells elicited in response to RepliVAX WN was dose-dependent. Similar results
were obtained when we evaluated the percentage of responding CD8+ and CD4+ T cells 7
days post-immunization by measuring IFNγ production using an intracellular cytokine
staining assay (ICCS) (Fig. 1B). Immunization with 1×105 IU of RepliVAX WN generated
similar percentages of NS4b2488-specific CD8 and E and NS3-specific CD4+ T cells
compared to WNV infection, and decreasing doses of RepliVAX WN generated decreasing
percentages of antigen-specific CD8+ and CD4+ T cells. In fact, with CD4+ T cells, larger
percentages and numbers of CD4+ T cells were induced by 1×105 IU RepliVAX WN than
by WNV infection (Fig. 1B, right panel and not shown). RepliVAX WN vaccination also
generated T cells that responded to several other viral determinants including all other
previously identified CD8+ and CD4+ T cell epitopes (data not shown) ((20, 21). Taken
together, these results illustrate the ability of RepliVAX WN vaccination to generate robust
responses to a broad array of natural T cell epitopes.

We next evaluated the ability of RepliVAX WN to induce formation of antigen-specific
immunological memory. To this end, we used ICCS to determine the percentage of CD8+

and CD4+ T cells that would recognize viral determinants and produce IFNγ when
stimulated with peptide antigen 45 days post-immunization (Fig. 1C). Antigen-specific
memory CD8+ and CD4+ T cells induced by vaccination were present at similar frequencies
compared to those induced by WNV infection 45 days post-exposure.

To determine the functional quality (also called functional avidity) of RepliVAX WN-
induced responses, we next compared the ability of CD8+ T cells generated by RepliVAX
WN immunization or WNV infection to respond to decreasing concentrations of peptide
(Fig. 1D). For comparison, we expressed the results as a percentage of maximum CD8+ T
cell IFNγ production obtained in the presence of saturating concentrations of NS4b2488
(10−6M). Results obtained indicate that in adult mice RepliVAX WN vaccination generates
CD8+ T cells of comparable functional avidity to those generated within the context of a
primary WNV infection (Fig. 1D, bottom panel). This was observed across a wide range of
RepliVAX WN doses.

We next evaluated the differentiation phenotype of the responding CD8+ T cell population
by FCM. We found that both WNV infection and RepliVAX WN vaccination generated
GzB +, CD11ahi CD127low CD8+ T cells (Fig. 1E), a phenotype that corresponds to fully
mature effector CD8+ T cells (31, 32). To test functional relevance of the robust direct ex-
vivo GzB expression, we evaluated the cytotoxic potential of RepliVAX WN-generated
CD8+ T lymphocytes 7 days post-infection using a direct ex vivo 51Cr release assay. Again,
RepliVAX WN vaccination was largely indistinguishable from WNV infection in that it
generated CD8 T cells that were capable of recognizing and lysing cognate peptide-coated

Uhrlaub et al. Page 6

J Immunol. Author manuscript; available in PMC 2012 November 20.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



EL-4 target cells with similar efficiency to those generated by whole virus infection (Fig.
1F).

Mechanism of protection by RepliVAX WN
We next examined whether the T cell response alone is sufficient to provide protection
against lethal WNV challenge 45 days after RepliVAX WN vaccination. To that effect, we
immunized B cell-deficient mice (μMT−/−) and age-matched B6 mice i.p. with 1×105 IU
RepliVAX WN. Using ICCS we evaluated the CD8+ and CD4+ T cell IFNγ response 8 days
post-immunization (Fig. 2A). RepliVAX WN elicited equivalent percentages of CD8+ T
cells specific for the NS4b2488 epitope in both μMT−/− mice and B6 controls; and the same
was true for antigen-specific CD4+ T cells produced by RepliVAX WN vaccination in both
strains of mice. These data show that RepliVAX WN vaccination can generate a robust
CD8+ and CD4+ T cell effector response in B cell-deficient mice early after vaccination and
that this response is equivalent, both in magnitude and function, to that of wild-type adult B6
mice.

Immune Responses to RepliVAX WN in old mice
We have previously shown that old mice are more susceptible to severe WNV disease than
adult mice due to severe defects in primary T cell effector maturation (33). These
experiments demonstrated the existence of both qualitative (incompletely “armed” effector
T cells) and quantitative (insufficient numbers of Ag-specific T cells in the CNS) defects:
transfer experiments showed that adult naïve CD4+ or CD8+ T cells could singlehandedly
protect RAG−/− mice from low-dose WNV challenge, whereas old CD4+ or CD8+ T cells
had no protective effect (33). The role of antibodies was not addressed in these studies and it
remained unclear which of the T cell defects were primarily responsible for the observed
phenotype and whether they could be corrected by immunostimulation. We therefore
initiated experiments to test whether stimulation with RepliVAX WN could generate an
antigen-specific response in aged mice, and whether such a response would be protective.
We first used FCM to evaluate the phenotype of CD8+ T cells 8 days after i.p. vaccination
with 1×105 IU of RepliVAX WN (Fig. 2B). RepliVAX WN vaccination generated a
measurable but poor primary T cell response (measured at 8 days post vaccination) in old
mice compared to adults, as measured by the percentage of NS4b2488 tetramer-positive
CD8+ T cells (Fig. 2B, left panel) or IFNγ antigen-specific CD8+ and CD4+ T cells [Fig. 2B
right panel and Fig. 2C left panel, respectively] with a significant decrease in the percentage
of IFNγ+-CD8+ T cells (p=0.0002) and IFNγ+-CD4+ T cells (p=0.0004) in old mice
compared to the adult mice after a 6-hour peptide stimulation. This is reminiscent of
profound age-related defects in primary T cell responses seen in other models of infectious
diseases (34), including those seen during primary infection with WNV (33). Interestingly,
these age-related defects persisted in the CD8+ memory population generated by vaccination
as measured by both NS4b2488 tetramer staining (Figure 2B, left panel) or peptide
restimulation (Fig. 2B, right panel) but were much less pronounced (and not significantly
different from the adults) in the CD4+ memory population (Fig. 2C, left panel) TNFα+
CD4+ T cells do not show an age-related defect in either the primary or memory response
(Fig. 3, right panel). These results may indicate that CD8+ T cell defects are more
pronounced than those in CD4+ cells; however, additional comparisons will be needed to
reach firm conclusions.

Protective effects of RepliVAX WN in vulnerable mouse populations
All of these results prompted us to examine whether the responses generated by RepliVAX
may be sufficient to protect old or B cell deficient animals. We found that RepliVAX WN
vaccination significantly protected adult and, surprisingly, old mice from a lethal challenge
with WNV (adult vaccinated vs. control p<0.0001, old vaccinated vs. control p=0.0007, Fig.
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3A) whereas unvaccinated mice succumbed to WNV infection at this dose regardless of age.
By contrast, μMT−/− mice were not protected by vaccination and no improvement in their
survival was detected (Fig. 3A). We examined T cell responses in these mice after
vaccination and challenge, and discovered that vaccinated μMT−/− mice had a robust recall
T cell response, which was increased as compared to vaccinated adult B6 mice (p<0.001)
and was somewhat higher, but not significantly different, from that in old B6 mice (Fig. 3B).
These experiments indicate that RepliVAX WN vaccination generates a weak memory T
cell response in old and μMT−/− mice, which upon further stimulation with viral challenge
is nonetheless able to generate robust effector immunity. That immunity, however, was not
sufficient to protect against lethal WNV infection in the absence of the Ab response,
implying that humoral immunity is necessary for protection in this model.

The role of humoral immunity in vaccinated old mice
Contribution of Ab to RepliVAX WN mediated immunity has been previously demonstrated
in outbred Swiss Webster mice, where RepliVAX WN induced strong Ab responses against
the WNV E and NS1 proteins (19), and strong Ab responses against E protein are known to
mediate protection against WNV infection (see (35, 36) and references therein). However,
the extent to which Ab can protect old mice from lethal WNV infection has not been
evaluated. To that end, we sought to determine the contribution of Ab to the protection of
vaccinated old mice from lethal WNV challenge.

We first assessed IgG responses against the WNV E and NS1 proteins by ELISA during
memory (45 days post-vaccination) and recall (6 and 45 days post-challenge) phases
following vaccination in old and adult mice. Vaccination with 1×105 IU of RepliVAX WN
induced Ab responses against E and NS1 in both adult and old mice (Fig. 4) demonstrating
the ability of RepliVAX WN to induce Ab response against WNV antigens known to play
important roles in protective immunity against flavivirus diseases (26, 37–39). However, old
mice exhibited poor Ab response as compared to adult mice (adult vaccinated vs. old
vaccinated p<0.0001 for both E and NS1) 45 days post-vaccination (Fig. 4A). Both old and
adult mice show an increase in the amount of total E and NS1 specific Ab following WNV
challenge. Nonetheless, while improved, total levels in the old mice remained significantly
lower compared to adults, even 45 days post-challenge (Fig. 4A). Functionally, the
neutralizing Ab response in old mice also exhibited a reduced titer in the memory (day 45
post-vaccination) and early recall (day 6 post–challenge; Fig. 4B) phases when compared to
adults, indicating that not only is there less Ab, but that the Ab in old mice is of suboptimal
quality. However, by day 14 post-challenge the neutralizing Ab response became as robust
(e.g. of equal quality) in old as in adult mice and the neutralization titers remained of the
same magnitude 6 months post-challenge (Fig. 4B). This suggested that during a second
round of affinity maturation, Ab generated in old mice improves in quality and is therefore
contributing more significantly to protection.

Given that vaccinated old mice survive challenge, we sought to determine the biological
potency of Ab response. To that effect, we passively transferred serum from old and adult
mice sacrificed at day 45 post-vaccination into μMT−/− mice and challenged them with
WNV (Fig. 4C). μMT−/− mice receiving serum from adult vaccinated mice survived
challenge while μMT−/− mice receiving serum from old vaccinated mice did not (adult
vaccinated vs. old vaccinated p=0.0002). This result suggests that even in the context of an
adult primary T cell response contributed by the μMT−/− mice, Ab from old mice is
insufficient for protection. To further determine if Ab from the adult vaccinated mice was
sufficient for protection, we repeated this experiment with RAG−/− mice as recipients (Fig.
4D) and observed that even serum from adult vaccinated mice could not confer protection
albeit both old and, to a greater extent, adult serum extended survival in recipient mice. To
test whether Ab generated even further into the recall response was protective we repeated
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these experiments with serum harvested on day 6 post-challenge (Fig. 4E) and day 14 post-
challenge (Fig. 4F) and determined that serum from old mice does become more protective
as the Ab recall response matures. This is demonstrated by better protection of the μMT−/−
mice with serum from day 14 post-challenge as compared to the protection conferred by
serum from day 6 post-challenge. It is likely that this result reflects both an increase in
quantity and quality of the Ab Importantly, Ab still did not confer complete protection to the
μMT−/− mice with an overall survival of 37.5% for μMT−/− mice receiving either old or
adult serum (Fig. 4F), likely due to the finite Ab half-life.

Recall stimulation of primed old T cells restores their function to adult levels
We next sought to examine whether restimulation of primed old T cells may have improved
their quantitative (numbers of effector T cells) and qualitative (polyfunctionality) features
important for immune defense. To test whether vaccination may have primed for such an
expansion, we challenged vaccinated old and adult mice with WNV. Although primary
vaccination of old mice did not generate a robust primary or memory T cell response,
vaccinated old C57BL/6 mice challenged with 2,000 pfu of WNV exhibited a robust CD4+

and CD8+ T cell response that equaled or surpassed the response measured in adult
vaccinated animals (Fig. 5A and B, respectively). Of interest, whereas old mice showed an
improved recall response, adult mice showed no such improvement over the levels seen in
primary response. We explain this lack of additional expansion by the presence of a strong
preexisting Ab response in the adults, which rapidly limits secondary infection in primed
adult mice, leading to diminished T cell activation during challenge.

During recall, old CD8+ T cells also closely resembled adult T cells in polyfunctional
profiles, with the majority expressing both IFNγ and GzB, an effector molecule associated
with increased target lysis (Fig. 5B). CD4+ T cells also show improved function during
recall as demonstrated by expanded IFNγ and TNFα expressing populations in old mice
(Fig. 5A). To further demonstrate the potency of the CD8+ T cell response we evaluated T
cells trafficking to the brain following challenge and viral titers in the brain. Unlike in our
prior study (33), in this experiment on day 8 we did not see the significant difference
between viral loads in old and adult brains, which is likely due to the fact that sometimes
these changes do not become manifest until later (day 10 and beyond). However, we did find
that vaccinated animals had fewer WNV specific T cells in the brain on day 8 post-challenge
as compared non-vaccinated mice (Fig. 6A), particularly in the adult mice, and that viral
titers were lower in the brains of vaccinated mice regardless of age (Fig. 6B). We did
observe that in two vaccinated old mice there were positive viral titers in the brain and
expect that this is due to timing and that they just have not yet cleared the virus. Most
importantly, the strongly improved T-cell responses upon challenge in old mice correlated
with protection from infection (Fig. 3A). While not formally demonstrated, these results
suggest that vaccination may afford better control of WNV neuroinvasion.

These experiments allow us to make two important conclusions. First, secondary stimulation
(restimulation) is critical for antiviral protection in old mice, regardless of whether the
protection is ultimately provided by Ab or both T cells and Ab (an issue that will be
investigated outside of the scope of this manuscript). Second, and more importantly,
vaccination with a live-attenuated single-cycle vaccine was able to expand a small
population of cells from aged mice that, upon secondary stimulation and further expansion,
were able to provide protective immunity to old animals.

Discussion
WNV is widespread throughout the world, and is known to cause severe disease in
immunocompromised and older adult populations. Vaccination of the later group presents
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unique challenges, as the immune systems of the older adults respond to infection differently
than in younger adults. While many laboratories have designed WNV vaccine candidates
that have been shown to be successful in protecting immunocompetent mice from disease
(40–45), the exact immune mechanisms necessary and sufficient to provide protection from
WNV-induced disease after vaccination have not been delineated for these candidates.
Furthermore, little is known about the effectiveness of these vaccines in high-risk
populations, the most likely target for a WNV vaccine. For adult animals, it is know that
humoral immunity can provide protection during the establishment of disease (46), while
cellular immunity is critical in clearing WNV infection since mice with defects in cytotoxic
T lymphocyte (CTL) responses exhibit reduced ability to clear WNV infections (47, 48), and
transfers of WNV-specific adult CD8+ (20, 30) or CD4+ T cells (21, 49) protect against
lethal WNV. Our results indicate that in adult mice, RepliVAX WN vaccination can
generate robust T and B (Ab) cell responses, quantitatively similar to those seen during
WNV infection, and that these T and B cells survive to become memory cells. These data
also indicate that RepliVAX WN vaccination allows the processing and presentation of both
structural and non-structural protein antigens by both major histocompatibility complex-
encoded (MHC) class I and II molecules, unlike an inactivated or particulate vaccine
formulations, which cannot express non-structural proteins.

Our prior published (33) and current submitted work (Smithey, M. et al., submitted)
identified discrete defects in old T cell differentiation and expansion in response to viral and
bacterial infection, respectively. Moreover, it is well established that old age corresponds to
a numerical decline in the naïve T cell pool (rev. in (14)), suggesting that fewer naïve T cells
may be available to respond to microbial challenge in old organisms. Therefore, a
fundamental question is whether an old immune system can be stimulated so as to expand
sufficient numbers of fully differentiated, protective T cells and Ab-producing cells to
achieve protection against infection. To answer that question, we employed RepliVAX WN,
with a goal to test (i) whether RepliVAX WN vaccination was capable of inducing an
immune response in old mice; (ii) whether this response was sufficient to afford protection
from a lethal WNV challenge; and (iii) if protective, what was the mechanism of protection.

We found that RepliVAX WN vaccination was capable of generating detectable primary and
memory T cell responses in old mice, which were significantly lower than those in adult
counterparts (Fig. 2). B cell (Ab) responses generated in these mice were similarly much
lower, as measured by total and neutralizing titers (Fig. 4). We therefore did not expect to
find that vaccinated old mice survive high-dose i.p. challenge with WNV, whereas we
expected full protection in their adult counterparts that exhibited much more robust primary
and memory responses. In seeking the mechanism of this protection, we showed that
secondary stimulation with the infectious virus was absolutely critical to the increased
quality of both T and B cell responses in old mice. The role of humoral immunity in
RepliVAX WN vaccination was demonstrated in μMT−/− mice, which mounted strong T
cell responses but could not fend off lethal infection in the absence of Ab. Adult-derived
memory Ab (collected at day 45 post-vaccination) conferred protection to these animals,
whereas memory Ab from old mice did not, further stressing that memory generated after
primary response in old mice remains suboptimal and insufficiently protective. The
protective role of T cells in RepliVAX WN vaccination was demonstrated in μMT−/− mice,
which could not be protected indefinitely by the transfer of serum (Ab) alone. Moreover,
that experiment also revealed a qualitative difference between the adult and old serum
generated in the memory phase: while memory serum from old animals marginally extended
lifespan, adult memory serum provided more pronounced survival extension.

Secondary stimulation of previously vaccinated old mice with lethal WNV not only revealed
strong protective immunity, but also led to improved quantity and quality of old T cell and
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Ab responses. Thus, CD8+ cells in old mice equaled or surpassed their adult counterparts in
numbers and polyfunctional phenotype after this secondary stimulation (Fig. 5), and old Ab
from serum collected on day 14 post-secondary stimulation was able to provide the same
extent of protection as adult serum to μMT−/− mice in a challenge experiment (Fig 4F).
Moreover, the Ab response of old animals exhibited strong neutralizing activity, equal to or
superior to that seen in adult counterparts, which persisted for at least 6 months (Fig. 4B).

Finally, we examined the brain infiltrate and found that in the course of lethal challenge,
there were fewer T cells and less or no virus in the brains of vaccinated old and adult mice,
suggesting improved control of neuroinvasion as a consequence of vaccination. We did not
formally test whether secondary stimulation can generate either Ab or T cells which can
singlehandedly confer protection against WNV, a feat that cannot be accomplished in the
course of primary response even in adult mice. Experiments to answer that question, as well
as those addressing the exact extent of additional proliferation and differentiation required to
improve immune function are currently in progress. Nonetheless, our results support the idea
that a third generation of rationally attenuated vaccines, such as RepliVAX WN,
administered with multiple rounds of boosting, may hold keys to improvement of functional
immunity in the older population.
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Figure 1. Magnitude and quality of antigen-specific T cells in response to RepliVAX WN
vaccination and WNV infection
A. CD8+ NS4b2488 tetramer+ T cells 7 days post-infection from mice given decreasing doses
of RepliVAX WN. Left panel – Example of CD8+ NS4b2488 tetramer+ T cell staining 7
days post-infection, completed by FCM and gated on CD8. Results from a representative
mouse at each dose from one out of two similar experiments are shown. Right panel –
Quantification of CD8+ NS4b2488 tetramer+ staining showing decreasing doses of
RepliVAX WN administered to mice. CD8 tetramer staining was collected by FCM and
gated on CD8. N=4 mice per dose, x+/− SEM. One of two experiments. B. Left panel –
Quantification of CD8+ T cells from day 7 post-infection by IFNγ ICCS, showing
decreasing doses of RepliVAX WN administered to mice. CD8+ T cells were stimulated
with 1×10−6M NS4b2488 peptide for 6 hours in the presence of BFA and analyzed by ICCS.
Results depict x+/− SEM from n=4 mice per dose. Right panel – Quantification of CD4+ T
cells from day 7 post-infection by IFNγ ICCS, showing decreasing doses of RepliVAX WN
administered to mice. CD4+ T cells were stimulated with 1×10−6M E641 and NS31616+2066
peptide for 6 hours in the presence of BFA and analyzed by ICCS. Results depict x+/− SEM
from n=4 mice per dose, from one of two similar experiments. C. Left panel –
Quantification of CD8+ T cells from day 45 post-infection by IFNγ ICCS, comparing 105

IU RepliVAX WN to 50pfu of WNV administered to mice. CD8+ T cell ICCS was
performed as above. n=4 mice per dose, x+/− SEM. Right panel – Quantification of CD4+

T cells from day 45 post-infection by IFNγ ICCS, comparing 105 IU RepliVAX WN to
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50pfu of WNV administered to mice. CD4+ T cell ICCS was performed as above. Results
depict x+/− SEM from n=4 mice per dose, from one representative example of two
experiments. D. Top panel – Quantification by ICCS of day 7 CD8+ IFNγ+ T cells
stimulated with decreasing doses of NS4b2488 peptide. CD8+ T cells stimulated with 1×10−6

– 1×10−11M NS4b2488 peptide for 6 hours in BFA and analyzed by ICCS. Results depict x+/
− SEM from n=4 mice per dose of RepliVAX WN. Bottom panel – CD8+ T cell avidity
curve with results expressed as a percentage of maximum CD8+ T cell IFNγ production in
the presence of saturating peptide concentrations of NS4b2488 (1×10−6M). Results depict x+/
− SEM from n=4 mice per dose of RepliVAX WN. One of two similar experiments is
shown. E. Representative example of direct ex-vivo immunophenotyping of day 7
splenocytes, from RepliVAX WN-vaccinated, WNV-infected or naïve mice. Dot plots are
gated on CD8. Staining was completed as described in materials and methods. Results
shown are from one mouse of four per experiment and from one representative experiment
of two. F. Day 7 CD8+ T cell response assayed by direct ex-vivo 6-hour 51Cr-release assay
with NS4b peptide coated EL-4 T cells and control cells. n=4 mice in the WNV infected
group, 5 mice in all other groups. One representative example of two experiments.
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Figure 2. Antigen-specific T cell response to RepliVAX WN and WNV
A. Left panel – CD8+ NS4b2488 tetramer+ T cells 8 days post-vaccination from uMT−/−
and B6 mice inoculated with 105 IU of RepliVAX WN. Middle panel – Quantification of
day 8 CD8+ T cells by IFNγ ICCS from μ MT−/− and B6 mice inoculated with 105 IU of
RepliVAX WN. ICCS of CD8+ T cells stimulated with 1×10−6M NS4b2488 peptide for 6
hours in BFA. Results depict x+/− SEM from n=8 mice per group. Right panel –
Quantification by IFNγ ICCS of day 8 CD4+ T cells from μMT−/− and B6 mice inoculated
with 105 IU of RepliVAX WN. ICCS of CD4+ T cells stimulated with 1×10−6M E641 and
NS31616+2066 peptide for 6 hours in BFA. Results depict x+/− SEM from n=8 mice per
group, from one of three similar experiments. B. Left panel – CD8+ NS4b2488 tetramer+ T
cells 8 and 45 days post-vaccination from old and adult B6 mice inoculated with 105 IU of
RepliVAX WN. Right panel – Quantification by IFNγ ICCS of days 8 and 45 of CD8+ T
cells from old and adult mice immunized with 1×105 IU RepliVAX WN. ICCS of CD8+ T
cells stimulated with 1×10−6M NS4b2488 peptide for 6 hours in BFA. Results depict x+/−
SEM from n=8 mice per group. C. Quantification by IFNγ (Left panel) and TNFα (Right
panel) ICCS of days 8 and 45 of CD4+ T cells from old and adult mice immunized with
1×105 IU RepliVAX WN. ICCS of CD4+ T cells stimulated with 1×10−6M E641 and
NS31616+2066 peptide for 6 hours in BFA. Results depict x+/− SEM from n=8 mice per
group, from one of two similar experiments.
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Figure 3. Animal survival and CD8 T cell response after lethal WNV challenge
A. Survival of RepliVAX WN vaccinated and unvaccinated μMT−/, adult C57BL/6 and old
C57BL/6 mice following i.p. challenge with 2000pfu of WNV 385–99. μMT−/− mice were
not protected by RepliVAX WN vaccination. C57BL/6 vaccinated mice survived at a
significantly higher rate (p<0.0001) than μMT−/− vaccinated animals. RepliVAX WN
vaccinated old and adult mice were protected from lethal WNV challenge. Vaccinated mice
survived at a significantly higher rate (adult p<0.0001, old p=0.0007) than unvaccinated
mice. B. Quantification of antigen specific CD8+ T cells in the blood after challenge with
WNV. Measurement on days 3, 5, 6, 8, and 10 post-infection by CD8+ NS4b2488 tetramer+

GzB+ FCS. At day 8, uMT−/− mice responded significantly more than old B6 (P<0.01) and
old mice responded significantly more than adult B6 (P<0.001). Results depict x+/− SEM
from n=8 mice per group, from one of two similar experiments.
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Figure 4. Characterization of the Ab contribution to successful vaccination
A. Ab titers against WNV E (Left panel) and NS1 (Right panel) from C57BL/6 mice
immunized with 105 IU of RepliVAX WN and challenged with WNV as determined by
ELISA on day 45 post-vaccination, and day 6 and 45 post-challenge. Results depict x+/−
SEM from n=4–20 mice per group from one of two similar experiments and statistical
differences are represented in the figure. B. Neutralizing antibody titers of pooled serum
from old and adult animals. Serum was collected45 days post-vaccination and 6 days, 14
days, and 6 months post-challenge and assayed for neutralizing capacity. n=8 mice per
group. C. Serum transfer from vaccinated old and adult B6 mice to μMT−/−. μMT−/− mice
that received serum from adult vaccinated mice survived WNV challenge (2000 pfu WNV,
i.p.) better than those that received serum from old vaccinated mice (p<0.0001). Compiled
data from two experiments, n=10–20 mice per group. D. Serum transfer from vaccinated old
and adult B6 mice to RAG−/−. RAG−/− mice that received serum from adult vaccinated
mice survived WNV infection (1000 pfu WNV, s.c.) longer than those that received serum
from old vaccinated mice (p=0.0289) but had no difference in overall survival percentages.
n=8 mice per group. E. Serum transfer from vaccinated and challenged old and adult B6
mice to μMT−/− from day 6 post-challenge. μMT−/− mice that received serum from adult
vaccinated mice survived WNV infection (2000 pfu WNV, i.p.) better than those that
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received serum from old vaccinated mice (p=0.0002). n=8 mice per group. F. Serum transfer
from vaccinated and challenged old and adult B6 mice to μMT−/− from day 14 post-
challenge. μMT−/− mice that received serum from adult vaccinated mice survived WNV
infection (2000 pfu WNV, i.p.) equally as well as those that received serum from old
vaccinated mice (p=ns). n=8 mice per group.)
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Figure 5. Recall responses to WNV in vaccinated adult and old B6 mice
A. Quantification by IFNγ and TNFα ICCS of CD4+ T cells from old and adult mice on
day8 post-WNV challenge. Cells stimulated with 1×10−6M E641 and NS31616+2066 peptide
for 6 hours in BFA. Results depict x+/− SEM from n=8 mice per group, from one of three
similar experiments. B. Quantification by IFNγ ICCS of CD8+ T cells from old and adult
mice on day8 post-WNV challenge. T cells stimulated with 1×10−6M NS4b2488 peptide for
6 hours in BFA. IFNγ response broken down into percentages also expressing TNFα and/or
GzB. Results depict x+/− SEM from n=8 mice per group, from one of three similar
experiments.
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Figure 6. RepliVAX WN vaccination prevents WNV encephalitis
A. CD8+ NS4b2488 tetramer+ T cells isolated from the brains of vaccinated (RWN+WNV)
and non-vaccinated (Naïve + WNV) adult and old mice on day 8 post-WNV challenge.
Results depict x+/− SEM from n=8 mice per group, from one of two experiments. B. WNV
virus titers in the brains of vaccinated (RWN+WNV) and non-vaccinated (Naïve + WNV)
adult and old mice 8 days post-WNV challenge. Results depict GMT from n=8 mice per
group, from one of two experiments.
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