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The number of memory CD8 T cells generated by infection or vac-
cination correlates strongly with the degree of protection ob-
served in infection and tumor models. Therefore, rapid induction
of protective numbers of effector and memory CD8 T cells may be
crucial in the case of malignancy, pandemic infection, or bioterror-
ism. Many studies have shown that amplifying T-cell numbers by
prime-boost vaccination is most effective with a substantial time
interval between immunizations. In contrast, immunization with
peptide-coated mature dendritic cells (DCs) results in a CD8 T-cell
response exhibiting accelerated acquisition of memory character-
istics, including the ability to respond to booster immunization
within days of initial priming. However, personalized DC immuni-
zation is too costly, labor intensive, and time-consuming for large-
scale vaccination. Here, we demonstrate that in vivo cross-priming
with cell-associated antigens or antigen-coated, biodegradable
microspheres in the absence of adjuvant quickly generates CD8 T
cells that display the phenotype and function of long-term
memory populations. Importantly, cross-primed CD8 T cells can
respond to booster immunization within days of the initial immu-
nization to generate rapidly large numbers of effector and memory
T cells that can protect against bacterial, viral, and parasitic in-
fections, including lethal influenza and malaria-causing Plasmo-
dium infection. Thus, accelerated CD8 T-cell memory after in vivo
cross-priming in the absence of adjuvant is generalizable and can
be exploited to generate protective immunity rapidly.

protective immunity | vaccination

D8 T cells are critical in protecting the host from infection

by intracellular pathogens. During infection, antigen-specific
CD8 T cells undergo proliferative expansion to increase in
number, followed by contraction and generation of a stable pool
of long-lived memory cells that provide enhanced resistance to
reinfection (1). The number of memory CDS8 T cells correlates
strongly with the level of protection in experimental models of
infection (2-5). To date, prime-boost immunization remains the
most successful approach to generate high numbers of memory
T cells and enhanced resistance (6, 7). However, most current
prime-boost strategies, which are based on the use of adjuvants
to amplify initial T-cell responses, require several months be-
tween each immunization to achieve the greatest amplification of
immunological memory. Clearly, reducing the time interval be-
tween priming and boosting would be beneficial in the case of
pandemic outbreaks or in immunotherapy of cancer, when time
is of the essence.

Infection of mice with intracellular pathogens stimulates ro-
bust CD8 T-cell responses that initially exhibit an “effector”
phenotype and acquire memory phenotype and function rela-
tively slowly after the infection is cleared (5, 8). Similarly, subunit
vaccines that use adjuvants to mimic the inflammatory conditions
of infection also induce T-cell responses that are slow to acquire
memory function (9-11). In contrast, immunization with peptide-
coated mature dendritic cells (DC) in the absence of additional
adjuvant evokes CDS8 T cells that display memory characteristics
within days of the initial priming (12). Importantly, systemic in-
flammatory cytokines induced by infection or adjuvant prevent
accelerated memory differentiation by DC-primed CDS8 T cells.
Thus, priming of naive CD8 T cells by mature DC in the absence

12198-12203 | PNAS | July 6,2010 | vol. 107 | no.27

of systemic inflammation is key to evoking a response that can
respond rapidly to booster immunization. However, the labori-
ous and personalized nature of DC immunization is a major
hurdle for translating this approach to large-scale vaccination of
outbred humans. Overcoming this limitation requires an “off-
the-shelf” approach to immunization that induces little systemic
inflammation but still results in maturation of DC capable of
stimulating CD8 T-cell responses. Here, we demonstrate an al-
ternative vaccination strategy that exploits the cross-priming
pathway in the absence of adjuvants to generate rapidly pro-
tective CD8 T-cell immunity against multiple pathogens.

Results

Cross-Priming with Cell-Associated Antigen Accelerates CD8 T-Cell
Memory. Disposal of apoptotic cells by DC limits inflammation
and provides a mechanism for cross-priming CD8 T cells against
cell-associated antigens (13). Immunization of naive C57BL/6
(B6) mice with irradiated Act-mOva.K"~~ splenocytes, which
cannot directly present the ovalbumin (Ova) epitope (14), cross-
primed functional H-2KP-restricted Ova,sy-specific CD8 T cells
that are detectable in both peripheral blood and spleen (Fig. 1 4
and B and Fig. S14) in the absence of overt systemic inflamma-
tion (Fig. S1B). More importantly, Ova,s;-specific CD8 T cells
that were primed with either DC-Ova,s; or irradiated Act-mOva.
K"/~ splenocytes acquired phenotypic (CD127", KLRG-1') and
functional (~35-40% produced IL-2 after antigen stimulation
and exhibited low granzyme B) memory characteristics at day 7
after immunization (Fig. 1C and Fig. S1C) (3, 12). This result
contrasts sharply with the effector phenotype (CD127°, KLRG-1")
and function (reduced IL-2, increased frequency of granzyme B-
expressing cells) of Ova-specific CD8 T cells stimulated by in-
fection with Listeria monocytogenes expressing Ova (LM-Ova).
Thus, similar to DC immunization, cross-priming CD8 T cells
with cell-associated antigen results in accelerated acquisition of
memory phenotype and function.

Cross-Primed CD8 T Cells Respond Vigorously to Short-Interval
Boosting. A cardinal feature of memory CD8 T cells is their
robust proliferative response upon reexposure to antigen (1).
Consistent with their accelerated memory phenotype, Ovayss-
specific CD8 T cells in cross-primed mice underwent vigorous
secondary expansion in response to three different booster
regimens: virulent Listeria monocytogenes expressing Ova
(virLM-Ova), attenuated actA-deficient Listeria monocytogenes
expressing Ova (attLM-Ova), and Vaccinia virus expressing the
Ova,s7_264 epitope (VacV-Ova) delivered at day 7 after initial
immunization (short-interval booster immunization) (Fig. 1D).
Listeria boosting induced an enormous response in Cross-
primed mice: ~60% of circulating CD8 T cells in peripheral
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blood were specific for the Ova,s; epitope within 1 wk after
boosting. Importantly, this enormous CD8 T-cell response was
not observed in mice that received the booster immunizations
after initial priming with irradiated WT splenocytes without
Ova (Fig. 1D) and thus is a function of the presence of initially
cross-primed CD8 T cells. As observed in our DC immuniza-
tion model, inducing systemic inflammation with CpG oligo-
deoxynucleotide, a Toll-like receptor 9 agonist, prevented rapid
acquisition of memory characteristics by cross-primed CD8
T cells (Fig. S2 A-C). Thus, cross-priming accelerates memory
CDS8 T-cell differentiation and secondary potential response
to booster immunizations only in the absence of adjuvant-
induced inflammation.

To assess Erotec‘uon we challenged mice cross-primed with the
Act-mOvaK”™'~ splenocyte and boosted with VacV-Ova memory
with a lethal dose of virLM-Ova; the only shared antigen was the
Ova,s; epitope. Mice cross-primed and boosted with VacV-Ova
cleared the bacterial challenge much more efﬁcientl¥7 than naive
mice, mice immunized with irradiated Act-mOva.K spleno-
cytes alone, or mice irradiated with WT splenocytes and boosted
with VacV-Ova (Fig. 1E). Thus, initial cross-priming against cell-
associated antigen plus short-interval booster immunization
stimulates large numbers of effector and memory CD8 T cells
capable of long-term protection against bacterial challenge.
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Cross-Priming with Autologous Peripheral Blood Mononuclear Cells.
To avoid alloreactivity, cross-priming CD8 T-cell responses in
humans would require reinfusion of syngeneic antigen-coated
PBMC. To address the feasibility of this approach we first de-
termined that 10° 1rrad1ated Act-mOva.K® splenocytes (Fig.
S3 A4 and B) or 10° irradiated Ova-coated syngeneic splenocytes
(Fig. S4 A-C) primed CD8 T cells capable of respondmg to
short-interval boosting. We were able to obtain 10° peripheral
blood mononuclear cells (PBMC) from ~150 pL of mouse blood.
Next, we isolated PBMC from individual mice, coated the cells
with Ova protein, and irradiated the cells before reinjecting them
into the same donor (Fig. 24). Mice initially immunized with
autologous Ova-coated PBMC generated enormous numbers of
Ova,sy-specific effector CD8 T cells (>50% of the circulating
CD8 T-cell compartment) in response to short-interval booster
immunization. Importantly, compared with control mice, this
autologous “cross-prime plus short-interval booster” approach
also generated ~12-fold higher numbers of memory cells 62
d later (Fig. 2B), which led to enhanced clearance of VacV-Ova
infection from the ovaries after challenge (Fig. 2C). Thus, initial
vaccination with antigen-coated autologous PBMC followed by
short-interval booster immunization provides a potentially useful
strategy to generate quickly individualized long-term antiviral
CDS8 T-cell immunity.
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Fig. 2. Protective CD8 T-cell immunity can be achieved rapidly by cross-
priming with antigen-coated, irradiated autologous PBMC followed by
short-interval booster immunization. (A) Experimental design: PBMC were
obtained from individual mice via retro-orbital bleeding, coated with full-
length Ova protein in PBS or with PBS only, irradiated, and returned to
the same donor mouse. Control mice received irradiated autologous PBMC
without Ova coating. Mice received a virLM-Ova (~10° cfu/mouse) booster
immunization 7 d after priming. (B) Kinetics of Ova,s;-specific CD8 T-cell re-
sponse (mean frequency + SEM, n = 5) in PBL. (C) Vaccinia viral titer per ovary
pair 3 d after a high-dose VacV-Ova challenge (~5 x 107 pfu/mouse, i.v.). Naive
or memory mice were challenged with VacV-Ova on day 65 after priming.
*Statistical analysis was performed using an unpaired, two-tailed t test.

A Universal Cross-Priming Vehicle. In the case of a pandemic out-
break, rapid formulation and deployment of an effective vaccine
would be critical for protecting the population. This issue has
been underscored by the delay in producing sufficient vaccine to
immunize the entire population against the HIN1 pandemic of
2009 (15). Pathogen subunit antigens produced by recombinant
DNA technology or purified from infected cells or cultures
provide an attractive target for rapid vaccine formulation. In
addition, professional antigen-presenting cells (APCs) present
exogenous particulate antigen to CD8 T cells much more effi-
ciently than soluble antigen (16). Particulate formulations of
antigen encapsulated in biodegradable particles such as poly
(lactic-coglycolic) acid (PLGA) microspheres or nanospheres
have been explored to improve the efficiency of cross-priming
CD8 T cells both in vitro and in vivo (17-19). Importantly, the
prevailing notion in the field is that adjuvants are absolutely
essential to induce T-cell responses to antigens delivered by
PLGA microspheres. To determine whether a particulate anti-
gen cross-primes CD8 T cells with an accelerated secondary
response potential in the absence of adjuvant, we adsorbed PLGA
microspheres with full-length Ova protein (Fig. 34). Immunizing
mice with ~10° or 108, but not lower numbers, of Ova-coated
PLGA microspheres in the absence of adjuvant cross-primed low
numbers of Ova,s;-specific CD8 T cells, which were detectable
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Fig. 3. Cross-priming with Ova-adsorbed, biodegradable PLGA microspheres
followed by short-interval booster immunization quickly generates robust
Ova,sy-specific CD8 T cells. (A) Adsorbed Ova protein on the surface of PLGA
microspheres was detected with Ova-specific antibody by flow cytometry
before mice were immunized (shaded histograms: isotype controls). (B-D)
Naive B6 mice were immunized with ~10° (B and D) or different (C) doses of
Ova-adsorbed PLGA microspheres (~10°%, ~108, ~107, or ~10°%) or with ~10°
BSA-adsorbed PLGA microspheres as control and were analyzed at day 7
after priming (B) for Ova,s;-specific CD8 T cells by mouse IFN-y ELISPOT assay
or were boosted i.p. with either (C) virLM-Ova (~10° cfu/mouse) or (D) 500 pug
full-length Ova protein plus poly(I:C) (100 pg) plus anti-CD40 mAb (clone
1C10). C and D show kinetics of Ova,s;-specific CD8 T-cell response in PBL as
detected by KP/Ovays; tetramer staining (mean frequency + SEM, n = 4).
*Statistical analysis was performed using an unpaired, two-tailed t test.

only using the highly sensitive IFN-y ELISPOT assay (Fig. 3B).
However, these cross-primed CD8 T cells were again capable
of enormous secondary CD8 T-cell responses to short-interval
virLM-Ova booster (Fig. 3C). Thus, Ova-coated PLGA micro-
spheres cross-primed weak Ova,s;-specific CDS8 T-cell responses
that can be amplified massively by short-interval booster immu-
nization. Importantly, this result is clearly based on cross-priming
against particulate antigen, because immunizing mice with twice
the amount of soluble Ova did not prime a boostable CD8 T-cell
response (Fig. S5). Commercial preparations of Ova protein
may be contaminated with endotoxin. However, immunizing mice
with EndoGrade [essentially lipopolysaccharide (LPS) free] Ova-
coated PLGA microspheres also cross-primed CD8 T cells
that responded vigorously to short-interval booster immunization,
whereas addition of LPS to the EndoGrade Ova-coated PLGA
microspheres abrogated the robust booster response (Fig. S5).
Thus, cross-priming with antigen-coated PLGA microspheres is
not an artifact of LPS contamination, and, when followed by
short-interval booster immunization offers an attractive, poten-
tially off-the-shelf approach to generate a high number of antigen-
specific CD8 T cells rapidly.

Boosting with infectious agents may complicate translation
of this approach to humans. To determine if noninfectious
booster immunizations were effective, we primed mice with Ova-
coated PLGA microspheres and boosted with soluble Ova pro-
tein plus poly(I:C) plus a-CD40 monoclonal antibody (20).
This noninfectious booster regimen also massively amplified the
Ova,sy-specific CD8 T-cell effector and memory responses in
Ova-PLGA-immunized mice compared with control mice (Fig.
3D). Together, these data demonstrate that cross-priming with
antigen-coated biodegradable microspheres followed by short-
interval boosting can rapidly generate extremely high numbers of
effector and memory CD8 T cells against both infectious and
noninfectious booster immunizations.
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Cross-Priming Plus Short-Interval Boosting and Immunity Against
Influenza. CD8 T cells are critical in controlling and eliminating
respiratory infections, especially those caused by highly patho-
genic strains of influenza viruses (21, 22). Furthermore, CD8 T
cells specific for conserved or cross-reactive epitopes have been
shown to mediate heterosubtypic cell-mediated immunity against
influenza strains that differ in HA serotypes and thus are not
subject to clearance by preexisting antibodies (23-25). To test
the utility of our approach in a model of pandemic infection, we
immunized mice with either H5- [from A/Vietnam/1203/2004
(H5N1)] or BSA-coated PLGA microspheres (Fig. 44) and
boosted with attenuated Listeria monocytogenes expressing the
HA-IYSTVASSL epitope (attLM-HAs;s) at day 7 after immu-
nization. Both the avian H5 protein and the HA derlved from
influenza strain A/PR/8/34 (HIN1) encode the H- 2K %restricted
epitope, IYSTVASSL. Booster immunization elicited robust
IYSTVASSL-specific effector (~20% of circulating CD8 T cells
within 13 d after initial priming) and memory (~10% of circu-
lating CD8 T cells at >50 d after priming) CD8 T cells in mice
immunized with H5-coated PLGA microspheres as compared
with control-immunized mice (Fig. 4B). Naive and memory-
immune mice then were challenged with a lethal dose of the
serologically distinct (HIN1) influenza strain A/PR/8/34. In this
scenario, the immune mice had never seen the H1 protein and
therefore lacked serotype-specific neutralizing antibodies. Thus,
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Fig. 4. Protective heterosubtypic immunity against lethal influenza. (A)
Detection of recombinant HA H5 (A/Vietnam/1203/2004) on PLGA micro-
spheres by flow cytometry before mice were immunized. Shaded histograms
indicate isotype controls. (B—F) Naive BALB/c mice were immunized with
~10° H5- or BSA-coated PLGA microspheres and received booster immuni-
zation with attLM-HAsg (KY1YSTVASSL) (~107 cfu/mouse) on day 7. (B) Ki-
netics of HAsqg-specific CD8 T-cell response as detected by KYHAs g tetramer
staining and expressed as mean frequency + SEM (n = 5) of CD8 T cells
(CD8*Thy1.2*) in PBL. (C-F) Naive BALB/c mice and cross-prime-boost mice
from B were challenged with a lethal dose (~5 LDs) of influenza A/PR/8
(H1N1). (C) Kaplan—Meier survival curve; mortality is defined as > 30% loss of
starting weight, mice are euthanized at this endpoint per IACUC guidelines.
Numbers on the graph indicate number surviving mice/total number of mice.
Log-rank test was used to generate P values for the survival curves. (D)
Morbidity is measured by weight loss and expressed as percent of starting
weight. (E) Airway resistance (Penh value) was measured before and at in-
dicated time points after influenza A/PR/8/34 challenge. (F) Viral titer was
determined from the lung 3 d after influenza challenge (n = 4). *Statistical
analysis was performed using an unpaired, two-tailed t test.
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the model system mimics heterosubtypic CD8 T-cell-dependent
immunity. Importantly, the majority of naive mice and 50% of
control immune mice succumbed to the influenza infection,
whereas all the mice in the cross-prime plus short-interval boost
group survived (Fig. 4C). Furthermore, mice in the cross-prime
plus short-interval boost group exhibited less morbidity (weight
loss) and better lung function and recovered faster after in-
fluenza infection (Fig. 4 D and E). Additionally, the mice in the
cross-prime plus short-interval boost group had significantly re-
duced lung viral titer at day 3 after influenza challenge than ei-
ther naive or control immune mice, suggesting that higher
numbers of IYSTVASSL-specific memory cells were able to
control the infection (Fig. 4F).

One advantage of the cross-prime plus short-interval boost
approach involves rapid induction of protective immunity. To
assess this advantage, we primed mice with H5-coated PLGA
microspheres, boosted the mice with attLM-HA, and challenged
the mice with a lethal dose of A/PR/8/34 7 d later (Fig. S6A).
Three of four naive mice succumbed to the lethal viral challenge,
but all the immunized mice survived. The immunized mice
exhibited only slight weight loss and mildly compromised airway
function and recovered rapidly (Fig. S6 B and C). Such a striking
result usually is associated only with the presence of substantial
neutralizing HA-specific antibody at the time of infection (26, 27).
Thus, a period of 7 d after booster immunization (a total of 14 d
after initial immunization) was sufficient to provide almost ster-
ilizing protective heterosubtypic immunity against high-dose in-
fluenza infection. Taken together, these results show that both
rapid and long-term protective heterosubtypic immunity against
substrains of influenza virus can be achieved by cross-priming
with antigen-coated PLGA microspheres followed by short-
interval boosting.

Cross-Priming Plus Short-Interval Boosting and Protection Against
Plasmodium. Malaria is a global health problem (28), and sub-
stantial efforts have focused on improving vaccine development
using rodent models of Plasmodium infection (29). We recently
showed that sterile immunity against liver-stage Plasmodium
berghei infection in BALB/c mice requires extremely large
numbers of circumsporozoite (CS)-specific memory CDS8 T cells
(30). Importantly, the P. falciparum CS protein is the antigen in
the RTS,S vaccine currently shown to have some efficacy in
human clinical trials in Africa (31). To determine the effec-
tiveness of our microsphere-based cross-prime plus short-in-
terval boost approach against P. berghei challenge, we
immunized naive BALB/c mice with PLGA Imcrospheres coated
with a 40-mer synthetic polypeptide containing the K%-restricted
CS,s5_260 epitope derived from P. berghei and boosted the mice
with L. monocytogenes expressing the CS25, 6 epitope (attLM-
CS,55) 7 d later. We observed robust expansion in the number
of CSjysp-specific effector CD8 T cells and in the frequency
of memory cells (8-10% of circulating CD8 T cells) at day 45
after immunization (Fig. 54). Importantly, our previous work
had shown that the CDS8 T-cell response to attLM-CS,s, vacci-
nation alone was insufficient to provide sterilizing immunity
(32). Mice subjected to cross-priming with CS-coated PLGA
microspheres and short-interval booster immunization exhibited
sterile immunity against P. berghei sporozoite challenge (i.e.,
none developed blood-stage parasitemia), whereas 9 of 10 naive
controls developed blood-stage parasitemia (Fig. 5B). Thus,
cross-priming with CS-coated PLGA microspheres and short-
interval boosting provides an exciting alternative strategy to
amplify antigen-specific CD8 T cells for protective immunity
against malaria infection.

Discussion

Here, we show that cross-priming with cell-associated antigen or
antigen-coated biodegradable microspheres in the absence of
adjuvant generates CD8 T cells that can be amplified massively
by short-interval booster immunization to achieve rapid pro-
tective immunity against multiple pathogens. Most importantly,
the absence of systemic inflammation in this vaccination strategy
is key to evoking such a response. Thus, our results illustrate

PNAS | July 6,2010 | vol. 107 | no.27 | 12201

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004661107/-/DCSupplemental/pnas.201004661SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004661107/-/DCSupplemental/pnas.201004661SI.pdf?targetid=nameddest=SF6

L T

/

1\

=y

25

% K 20 -O-PLGA-CSP Challenge with 1000 Plasmodium berghei
o

§ @ 15 Mice Parasi Pr i
%= Naive 9/10 10%
43" PLGA-CSP+ 075 100%
EI aLM-CS,s,

CI T Ll T

7 13 34 45

A Days post PLGA immunization
Booster with attLM-CS,s,

Fig. 5. Cross-priming followed by short-interval boost generates sterile
immunity against liver-stage P. berghei. Naive BALB/c mice or day-46 im-
mune mice that were cross-primed with ~5 x 10° PLGA microspheres coated
with a 40-mer synthetic peptide containing the P. berghei-derived, K%-re-
stricted CS,s,_260 epitope and received attLM-CS,s, (~2 x 107 cfu/mouse)
booster immunization on day 7 after cross-priming were challenged with
1,000 P. berghei parasites. (A) Kinetics of CS,s5,-specific CD8 T-cell response as
detected by CS,5./K? tetramer staining and expressed as mean frequency +
SEM (n = 5) in PBL. (B) Table summarizes number of mice that had blood-
stage infection (parasitemia) and percent protection.

a dichotomy in vaccine approaches aimed at eliciting cell-mediated
immunity. Should a vaccine stimulate a robust primary response
with full effector differentiation or a primary response of poten-
tially lesser magnitude that can be amplified vigorously within
a short interval after priming? The former can be achieved by
coadministration of strong adjuvants to induce systemic proin-
flammatory cytokines that promote effector differentiation at the
expense of memory development and also aid in increasing effector
CD8 T-cell numbers (12, 33). For safety and production reasons,
attention in vaccine development has shifted toward defined pro-
tein antigens as subunit vaccines. However, these vaccines alone
stimulate very weak and often undetectable immune responses,
and thus much attention has been focused on adjuvants, which
are thought to augment the immune response against poorly im-
munogenic subunit antigens (34). For example, both the direct
coupling of protein antigen to adjuvant and the coencapsulation of
antigen with adjuvant such as Toll-like receptor agonists in bio-
degradable microspheres have been shown to elicit CD8 T-cell-
mediated responses against subunit antigens (35). However, in
addition to activating the APCs, adjuvant also induces inflamma-
tory cytokines that promote expansion and enforce effector dif-
ferentiation of antigen-specific CD8 T cells while delaying memory
development (12, 33). Because fully differentiated effector CD8
T cells are refractory to further proliferative expansion (33), short-
interval booster immunization cannot be used to amplify the
number of memory T-cells (12, 33). Consequently, priming CD8
T cells in the presence of adjuvant-induced inflammatory cyto-
kines requires a substantial time interval after initial immuni-
zation to boost the response to achieve protection. To shorten
the interval between initial priming and booster immunization,
we propose the alternative strategy of cross-priming in the ab-
sence of adjuvant to generate antigen-specific CD8 T cells with
accelerated memory function that can be amplified to achieve
protective levels within a very short time, on the order of days.
We believe this strategy may be beneficial in the case of a pan-
demic outbreak and even in tumor immunotherapy, where time
is of the essence.

Seasonal influenza vaccination requires annual administration
to provide effective protection against homologous viral strains
by induction of antibodies against viral-coat proteins (36).
However, such antibodies are not effective against serologically
distinct influenza strains. Moreover, antibody-mediated pro-
tection eventually is lost when sufficient mutations are accumu-
lated in the homologous strain as the result of antigenic drift (36,
37). The emergence of highly pathogenic strains such as avian
HS5N1 or pandemic strains such as 2009 HIN1 underscores the
urgent need for rapidly deployable vaccines that provide pro-
tective heterosubtypic immunity (36, 37). In this regard, in-
fluenza-specific CD8 T cells control and limit the progression of
severe influenza infection in murine models (38-41). Here, we
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show that protective heterosubtypic immunity can be achieved
by cross-priming with antigen from a heterologous influenza
strain followed by short-interval booster immunization. This proof-
of-principle finding can be applied to other conserved CD8 T-cell
epitopes derived from internal, largely invariant proteins com-
mon to multiple heterologous influenza strains. Moreover, our
microsphere-based cross-prime plus short-interval boost approach
is amenable to stimulating CD8 T-cell responses against multiple
invariant antigens, such as the conserved NP and M proteins of
influenza, to increase the breadth of protective heterosubtypic
immunity.

Mass immunization approaches based on DC priming are not
tenable for widespread application, particularly in developing
nations. Here, we show that antigen coupled with biodegradable
microspheres elicits antigen-specific CD8 T cells that can be
amplified massively by short-interval booster immunization. The
advantage of this strategy includes the use of full-length protein
as antigen to increase the potential that individuals in outbred
populations can respond to the chosen antigens and the possi-
bility of formulation with multiple antigens. In addition, bio-
degradable microspheres could be engineered to improve
targeting the antigen to DCs for more efficient cross-priming of
CD8 T cells. Thus, this strategy theoretically could amplify CD8
T-cell responses against multiple epitopes in a single short-in-
terval prime-boost sequence. Importantly, PLGA microspheres
or nanospheres as antigen delivery vehicles offer an attractive,
potentially off-the-shelf formulation because of their extensive
safety record in human clinical applications such as drug delivery
(42, 43). Finally, we believe that the potency of this cross-prime
plus short-interval boost strategy in rodents merits evaluation
in humans.

Materials and Methods

Mice. C57BL/6 (B6) and BALB/c mice were from the National Cancer Institute
(Frederick, MD). Transgenic Act-mOva.KP~~ mice were a generous gift from
Stephen Schoenberger (La Jolla Institute for Immunology and Allergy, La
Jolla, CA).

Pathogen-infected mice were housed in appropriate biosafety conditions.
All experiments were approved by the University of lowa Institutional Animal
Care and Use Committee.

Dendritic Cells, Recombinant Bacteria, and Viruses. Peptide-coated splenic DC
were prepared as described (32). virLM-Ova (44), attLM-Ova (45), attLM-
HAsqs, and actA-, intB-deficient L. monocytogenes expressing the H-2K%-
restricited P. berghei circumsporozoite protein epitope CS,s, (attLM-CS;s5)
(Aduro Biotech) were grown, injected i.v. at the indicated dose per mouse,
and quantified as described (12). VacV-OVA has been described previously
(46). Mouse-adapted A/PuertoRico/8/34 (H1N1) influenza virus was propa-
gated and stored as previously described (47). For influenza infection, BALB/c
mice were anesthetized by isofluorane and were infected intranasally with
a tissue culture infectious dose 50 (~6.4-8 x 10* of virus) in 50 pL of Iscoves
medium. Three days after infection, lungs were homogenized, and viral titers
were determined as previously described (48).

Protection After L. Monocytogenes or Vaccinia Challenge. Naive or Ova-
immune mice were injected i.v. with virLM-Ova (~5 x 10° cfu/mouse) or VacV-
Ova (~5 x 107 pfu/mouse). Bacterial numbers were determined in the spleen
and liver 3 d later, as described (49). Ovaries from Vaccinia-challenged mice
were homogenized and subjected to three freeze-thaw cycles, and viral
titers were determined by plaque assaying on Vero cells (50).

PLGA Microspheres, Ovalbumin, Recombinant HA, CpG, and Peptides. PLGA
microspheres (mean diameter, 2.0 um) were purchased from Phosphorex, Inc.
Hen Ovalbumin protein (Sigma) or EndoGrade Ovalbumin protein (Profos
AG) was dissolved in sterile PBS at 1 mg/mL for coating cells and PLGA
microspheres. Recombinant HA protein H5 (A/Vietnam/1203/2004) was pur-
chased from Protein Sciences Corporation at a concentration of ~0.6 mg/mL.
Adsorption of protein onto cells or PLGA microspheres was carried out at
37 °C with occasional mixing for 1 h. CpG oligonucleotide 1826 was pur-
chased from IDT.

Quantification and Phenotypic Analysis of Antigen-Specific T Cells. The mag-

nitude of the epitope-specific CD8 T-cell response was determined either by
intracellular IFN-y staining or MHC class | peptide tetramer staining as de-
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scribed (12). A small volume (~50 pL) of blood was obtained via retro-orbital
bleeding for analysis of circulating antigen-specific CD8 T cells in peripheral
blood lymphocytes (PBL). MHC class | tetramers (K% specific for HAs1s_526
(IYSTVASSL) were obtained from the National Institute of Allergy and In-
fectious Diseases MHC Tetramer Core Facility (Atlanta, GA).

Serum Cytokine Quantification and IFN-y ELISPOT Assay. Serum (~25 pL) was
obtained via retro-orbital bleeding 20 h after mice were immunized with
Ovayss-coated DC (~10° DC/mouse), irradiated KP~"mOva splenocytes (~107
cells/mouse), or virLM-Ova (~10° cfu/mouse), and IL-6 and IFN-y were mea-
sured using Bio-Plex Mouse Cytokines Assays (Bio-Rad) and were read on the
Bio-Rad Bioplex 200 system. For the IFN-y ELISPOT assay (eBioscience), ~10°
splenocytes/well from day 7 immunized (BSA- or EndoGrade Ova-Coated
PLGA microspheres) mice were plated on a Millipore MultiScreen Filter 96-
well plate (0.45-um Immobilon-P membrane) and incubated with or without
Ovass; peptide for 24 h before developing according to the manufacturer’s
protocol. Spots were analyzed by Cellular Technology, Ltd. ImmunoSpot
instrument and software.
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Measurement of Airway Resistance. Airway resistance was measured using a
whole-body plethysmograph (Buxco Electronics) and expressed as maximal
enhanced pause (Penh) values. Baseline Penh values for each mouse were
recorded before and at the indicated time points after influenza A/PR/8/
34 challenge.

Statistical Analysis. Statistical analysis was performed using an unpaired, two-
tailed t test. Logjo-transformed data were used for statistical analysis in the
challenge studies.
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