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and well tolerated in small animals, additional safety and efficacy studies will be needed in larger animals before 
lungs and circulation, thus conferring such high protection in mice. Although the ICMVs were determined to be safe
authors suggest that ICMV vaccines stimulated the generation of a large population of effector memory T cells in the 

The nanoparticle vaccine demonstrated systemic protection when delivered locally to the lung mucosa. The

lungs and other organs.
were protected from viral challenge, showing a reduction of viral titers in the−−not subcutaneous or soluble vaccine

−−(SIV) gag], then exposed to vaccinia virus expressing SIV gag. Only animals that received pulmonary vaccination
 nimals were first given ICMV vaccines loaded with the peptide antigen AL11 [from simian immunodeficiency virus

of OVA-expressing melanoma cells resisted tumor formation and had prolonged survival. In the challenge model, a
and prophylactic viral challenge models. As a therapeutic vaccine, all mice that received OVA-ICMVs after an injection

 OVA-specific T cells in the lungs after 11 weeks. ICMV-based vaccines were next put to the test in therapeutic tumor
 ovalbumin (OVA) showed a greater T cell response than did those that received soluble OVA vaccine, with more

 promote dendritic cell uptake and cross-presentation. Mice that received ICMVs containing the model antigen
 antigen along with two Toll-like receptor agonists, which served as adjuvants to stimulate airway epithelial cells and
 Nanosized particles called interbilayer-crosslinked multilamellar vesicles (ICMVs) were engineered to contain

antigen and adjuvant to the mucosal surface lining the lungs.
phenomenon, Li and colleagues designed a pulmonary vaccination strategy that uses nanoparticle carriers to deliver
pathogens that enter in other organs, including the gastrointestinal and reproductive tracts. To capitalize on this 

Delivering vaccines to the lungs has been shown to protect against not only respiratory infections but also
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NANOMED IC INE

Generation of Effector Memory T Cell–Based
Mucosal and Systemic Immunity with Pulmonary
Nanoparticle Vaccination
Adrienne V. Li,1,2* James J. Moon,1,3,4* Wuhbet Abraham,2 Heikyung Suh,2,5

Jamal Elkhader,1 Michael A. Seidman,6 Minmin Yen,1 Eung-Jun Im,7,8 Maria H. Foley,1,2

Dan H. Barouch,7,8 Darrell J. Irvine1,2,3,5,7†

Many pathogens infiltrate the body and initiate infection via mucosal surfaces. Hence, eliciting cellular immune
responses at mucosal portals of entry is of great interest for vaccine development against mucosal pathogens.
We describe a pulmonary vaccination strategy combining Toll-like receptor (TLR) agonists with antigen-carrying
lipid nanocapsules [interbilayer-crosslinked multilamellar vesicles (ICMVs)], which elicit high-frequency,
long-lived, antigen-specific effector memory T cell responses at multiple mucosal sites. Pulmonary immuni-
zation using protein- or peptide-loaded ICMVs combined with two TLR agonists, polyinosinic-polycytidylic acid
(polyI:C) and monophosphoryl lipid A, was safe and well tolerated in mice, and led to increased antigen
transport to draining lymph nodes compared to equivalent subcutaneous vaccination. This response was mediated
by the vast number of antigen-presenting cells (APCs) in the lungs. Nanocapsules primed 13-fold more T cells than
did equivalent soluble vaccines, elicited increased expression of mucosal homing integrin a4b7

+, and generated
long-lived T cells in both the lungs and distal (for example, vaginal) mucosa strongly biased toward an effector
memory (TEM) phenotype. These TEM responses were highly protective in both therapeutic tumor and prophylactic
viral vaccine settings. Together, these data suggest that targeting cross-presentation–promoting particulate vac-
cines to the APC-rich pulmonary mucosa can promote robust T cell responses for protection of mucosal surfaces.

INTRODUCTION
Mucosal immunity is critical for optimal protection against pathogens
invading through the respiratory, gastrointestinal, or reproductive tracts.
Infections at mucosal sites elicit immune responses concentrated at the
site of exposure; for example, respiratory or gastrointestinal infections
elicit high levels of specific immunoglobulin G (IgG) and secretory IgA
at the airway and gut mucosal surfaces, respectively (1). In a similar man-
ner, vaccines administered to mucosal surfaces elicit strong immune
responses concentrated at the application site (2, 3). However, preclinical
and clinical studies have also demonstrated crosstalk between mucosal
compartments, permitting immunization at one mucosal surface to es-
tablish immunity at distal mucosal sites (2). Together, these findings sug-
gest that needle-free vaccination strategies such as aerosol or intranasal
delivery might be capable of protecting against not only airway or sys-
temic infections but also gastrointestinal or reproductive tract pathogens.

Neutralizing antibody responses are clinical correlates of protection
for existing mucosal vaccines such as FluMist and the oral polio vac-
cine (4). However, cellular immunity may also have an important role
to play in mucosal protection through memory T cell populations that
reside in mucosal tissues and respond rapidly to infection directly at
sites of pathogen entry (5, 6). Evidence suggests that effector memory

CD8+ T cells (TEM) are composed of both noncirculating memory cells
that reside permanently (or with low turnover rates) in peripheral tis-
sues and migratory cells that traffic between the periphery and the blood
(5). Although effector memory cells show a lower proliferative capacity
than do central memory T cells (TCM) that recirculate through the blood
and lymphoid organs, TEM can immediately recognize and kill infected
target cells. These cells therefore can facilitate early containment of nas-
cent infections, and tissue-resident T cells have been shown to protect
against respiratory (7), intravaginal (8), and skin infections (9). Given
these findings, the design of vaccines capable of eliciting robust effec-
tor memory populations in target mucosal tissues is of great interest.

Safety concerns with attenuated live replicating vaccine vectors mo-
tivate the question of whether subunit vaccines based on purified path-
ogen components may be capable of achieving similar TEM-biased
mucosal immune responses. Pulmonary delivery of plasmid DNA for-
mulated with polyethyleneimine (10), lipid complexes (11), or liposomes
(12) has been shown to elicit mucosal immune responses characterized
bymucosal IgA andCTL (cytotoxic T lymphocyte) responses in genital,
rectal, and gut-associated tissues inmice. In addition, it has been shown
that subunit vaccines composed of HIV peptides and experimental ad-
juvants administered via intrarectal (13) or intranasal (14) routes can elicit
HIV-specific cytotoxic T cells resident in mucosal tissues. However,
clinical trials to date have failed to replicate the immunogenicity of DNA
vaccines seenwith small-animalmodels (15); this is thought to be due in part
to poorer transfection anddifferences in DNA-sensing Toll-like receptor
9 (TLR9) expression in humans andmice. Polypeptide vaccines, on the
other hand, generally remain substantially less immunogenic than live
vectors. Hence, vaccine systems that can elicit more potent immune re-
sponses withwhole proteins or peptides as antigens are being investigated.

Most of the studies of mucosal protein vaccines have focused exclu-
sively on humoral immune responses, in part because protein vaccines
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have traditionally elicited strong humoral immunity but weak to non-
existent cytotoxic T cell responses. However, strategies based on the
use of synthetic nanoparticles to promote cross-presentation of antigen
have begun to show promise in eliciting robust CTL responses. We
recently reported the synthesis of interbilayer-crosslinked multilamellar
vesicles (ICMVs), nanoscale capsules with walls composed of stacked
lipid bilayers “stapled” to one another via bilayer-to-bilayer chemical
cross-links, which exhibited greatly enhanced stability in serum com-
pared to traditional liposomes (16, 17). Parenteral immunization with
ICMVs coloaded with antigen and a TLR agonist used in a Food and
Drug Administration (FDA)–approved HPV vaccine, monophosphoryl
lipid A (MPLA), promoted both strong humoral and CTL responses.
This was thought to be mediated by enhanced antigen delivery and per-
sistence in draining lymph nodes (dLNs) and efficient cross-presentation
of ICMV-associated antigen by LN-resident dendritic cells (DCs), re-
sulting in elicitation of a TCM-biased response (16, 17). However,
antigen delivery to LNs could still be enhanced because the vast ma-
jority of antigen-presenting cells (APCs) in LNs still do not acquire
antigen after parenteral ICMV immunizations (16). In addition, recent
studies suggest that high levels of antigen presentation and prolonged
early antigen exposure can skew cellular immunity toward an effec-
tor memory response (18). Therefore, we sought to further improve
antigen accumulation and target antigen delivery to mucosal tissue–
draining LNs to drive potent TEM-biased responses directed against
mucosal tissues.

Efficient draining of nanoparticle carriers is typically engineered by
optimizing particle properties (19), for example, by choosing particle
size for efficient trafficking to lymphatics, introducing PEGylation to
reduce matrix binding, or functionalizing particles with targeting moi-
eties to promote uptake by DCs. Here, we tested a complementary strat-
egy, optimizing the site of vaccine administration instead of the
vaccine carrier. Exploiting the immunomonitoring mechanisms of
the alveolar spaces, we vaccinated mice by pulmonary administration
of ICMVs to the lung mucosa, where high densities of APCs constant-
ly sample antigen across the airway epithelium (20). We found that
nanocapsules were efficiently phagocytosed by lung APCs, a subset
of which trafficked antigen to dLNs, leading to large increases in
the amount of antigen delivered to LN DCs, compared to the same
vaccines given via parenteral vaccination. Antigen delivered in ICMVs
was detected in dLNs for at least 7 days, whereas pulmonary immuni-
zation with soluble vaccines led to rapid antigen clearance. These changes
in antigen trafficking correlated with robust generation of TEM cells,
which homed to the local lung tissue, systemic lymphoid compartments,
and distant mucosal sites. T cell responses elicited by pulmonary ICMV
vaccination enhanced protection in therapeutic tumor and prophylac-
tic viral challenge models. These results demonstrate a strategy for
eliciting potent mucosal TEM responses with protein- or peptide-based
vaccines and provide a complementary approach for promoting pro-
tective T cell responses at mucosal surfaces as a stand-alone vaccine or
component of prime-boost regimens with potent viral vectors.

RESULTS

Pulmonary vaccination leads to nanocapsule transport to
dLNs and enhances T cell priming
We first identified the optimal dose and configuration of molecular
adjuvants to combine with ICMV capsules in pulmonary vaccination.

We focused on the TLR3 agonist polyI:C (polyinosinic-polycytidylic
acid) and the TLR4 agonist MPLA based on our previous results with
MPLA-loaded ICMVs (16, 17) and studies of polyI:C demonstrating
stimulation of airway epithelial cells (21) and promotion of DC
cross-presentation (22). Pilot immunizations of C57BL/6 mice by
intratracheal instillation showed that the strongest T cell responses were
primed by the combination of soluble polyI:C mixed with ICMVs en-
capsulating the model antigen ovalbumin (OVA), with MPLA em-
bedded in the capsule walls (fig. S1). ICMV vaccination with this
combination of TLR agonists elicited large frequencies of antigen-
specific CD8+ T cells [identified by staining with SIINFEKL peptide–
MHC (major histocompatibility complex) tetramers (OVA-tetramers)]
and cytokine-producing CD8+ T cells in the blood, spleen, and lungs.
We thus focused our studies on this configuration of antigen and ad-
juvant for nanocapsule vaccination (hereinafter “ICMV vaccines”) with
10 mg of OVA, 0.3 of mg MPLA, and 10 mg of polyI:C.

To evaluate ICMV transport to dLNs, we administered nanocap-
sules intratracheally and analyzed fluorescent Alexa647-OVA+ cells in
the lungs and in the draining mediastinal LNs (mdLNs). For compar-
ison, we immunized mice subcutaneously at the tail base, a site where
ICMVs elicit potent systemic immune responses and that drains to the
inguinal LNs (ingLNs). Lung OVA+ macrophages, identified as highly
autofluorescent CD11c+F4/80+MHC-II− cells, internalized more
OVA than did lung DCs (characterized as non-autofluorescent
CD11c+F4/80−CD11b+MHC-II+ cells), but 40 ± 6% (SEM) of lung
DCs acquired antigen (fig. S2, A and B). Comparative analysis of
antigen delivery to the dLNs showed that pulmonary immunization led
to more OVA+ DCs in the mdLNs compared to OVA+ DCs in ingLNs
after subcutaneous immunization (Fig. 1A). To obtain an aggregate
measure of the total amount of OVA taken up by LN DCs that would
account for both the number of antigen-acquiring cells and the total
protein internalized, we defined relative OVA uptake as the product
of the number of OVA+ DCs multiplied by their mean OVA median
fluorescence intensity (MFI). Pulmonary ICMV administration led to
a 58-fold increase in the total amount of antigen delivered to dLN
DCs compared to parenteral vaccination (Fig. 1A), reflecting the enor-
mous population of OVA+ DCs in the lung tissue itself. OVA+ DCs in
the lungs and mdLNs after ICMV vaccination were MHC-II+ and het-
erogeneous for CD11b expression, suggesting that no single DC pop-
ulation acquired the particles (fig. S2C).

To assess whether particulate formulation is important for LN de-
livery through the lung mucosa, we administered ICMV vaccines or
the same dose of antigen and TLR agonists in soluble form and char-
acterized antigen accumulation in the lung tissue, bronchoalveolar
lavage (BAL) fluid, and mdLNs. Soluble antigen was rapidly cleared
from both the BAL and lungs, whereas ~75% of the antigen dose de-
livered by ICMVs was still present in the lungs at 24 hours (Fig. 1, B
and C). Histological analysis showed that soluble antigen was absent
frommdLNs 4 days after vaccine administration but still prominent in
the mdLNs of ICMV-treated groups (Fig. 1D). ICMV-delivered antigen
was detectable in mdLNs until day 7.

To determine whether the persistence of ICMV-associated antigen
in mdLNs also led to prolonged antigen presentation, we analyzed
cross-priming of T cells by lung and spleen APCs after vaccination.
Groups of mice were immunized as before, and after 3 days, cells from
the mdLNs, lungs, or spleens were cocultured with carboxyfluorescein
diacetate succinimidyl ester (CFSE)–labeled naïve syngeneic OVA-specific
mouse OT-I CD8+ T cells. Only mdLN cells stimulated OT-I cell
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proliferation, and APCs from nanocapsule-immunized mice elicited 3.7-fold
greater proliferation than did those from soluble vaccine–immunized
animals (Fig. 1E). In addition, APCs from ICMV-immunized mice
induced a nearly twofold higher frequency of OT-I cells expressing
the mucosal homing integrin a4b7

+ (Fig. 1F). Thus, mucosal vaccina-

tion with nanocapsules provided greater
antigen targeting to LNs than did par-
enteral vaccination and enhanced both
cross-presentation by APCs and imprint-
ing of mucosal homing receptors on
CD8+ T cells relative to equivalent solu-
ble vaccines.

Mucosal nanocapsule
vaccination enhances T cell
expansion and functionality
and establishes memory
To analyze the expansion, persistence,
and homing patterns of antigen-specific
T cells after pulmonary immunization,
we immunized animals with ICMV or
soluble vaccines on days 0 and 28, and
evaluated the frequency of OVA-specific
CD8+ T cells over time. ICMVs triggered
much greater T cell responses than did
soluble vaccines, with 13-fold more OVA-
tetramer+ CD8+ T cells in the mdLNs
and 5.3-fold more in the lungs and spleen
at the post-boost peak on day 35 (Fig. 2A).
ICMV-immunized animals also had a
greater frequency of T cells producing
multiple cytokines (Fig. 2B) and a greater
frequency of granzyme B+ cells (Fig. 2C).
Eleven weeks after priming, nanocapsule
vaccination established a substantially
greater memory population than did sol-
uble immunization, with higher frequen-
cies of OVA-specific CD8+ cells in both
lungs and spleen (Fig. 2A).

Consistent with these data, by analyz-
ing the expression of markers associated
with long-lived memory cell precursors (23)
on day 7 after boost, we found that ICMV
immunization increased the absolute num-
ber of OVA-specific CD127hiKLRG1lo

T cells by ~110-fold in the lungs and
mdLNs compared with soluble vaccines
(Fig. 2D), indicating a much greater
population of T cells entering the mem-
ory pool after vaccination with ICMVs.
Moreover, we confirmed that the en-
hanced T cell responses observed were
not achieved at the expense of humoral
immunity because antibody responses
trended toward higher titers after ICMV
compared to soluble pulmonary vaccina-
tion (fig. S3).

Mucosal immunization with ICMVs induces disseminated
effector memory–biased immunity
To assess the capacity of nanocapsule vaccination to induce distal mu-
cosal immunity, we first used an adoptive transfer model and traced
the proliferation and trafficking of luciferase-expressing OT-I CD8+

Fig. 1. Pulmonary vaccination increases DC uptake of nanocapsules, enhances T cell priming, and
promotes imprinting of mucosal homing receptors. C57BL/6 mice were immunized subcutaneously or
intratracheally with OVA in either soluble or ICMV formulations with MPLA and polyI:C adjuvants. (A)
Numbers of DCs containing OVA and the MFI of OVA in individual cells were measured in the lungs
and mdLNs on day 2 after intratracheal administration. Numbers were compared to those in ingLNs after
subcutaneous (s.c.) administration. Relative OVA uptake was calculated by multiplying OVA+ DC counts by
mean OVA-MFI. (B) The amount of antigen remaining in the lungs and BAL was measured over time by
fluorescence spectroscopy. ID, injected dose. (C and D) Representative cryosections after intratracheal im-
munization with fluorescent OVA (red) from lungs on day 1 (C; scale bars, 50 mm) and mdLNs on day 4 (D;
scale bars, 200 mm). Lung sections were costained with anti-CD11c and 4′,6-diamidino-2-phenylindole
(DAPI). (E and F) Tissues harvested 3 days after intratracheal immunization were homogenized, and re-
covered cells were cocultured with CFSE-labeled OT-I CD8+ T cells. (E) The proliferation index was
calculated as the total number of cell divisions divided by the number of cells that went into division.
(F) Expression of a4b7 on OT-I CD8+ T cells determined by flow cytometry after 3 days of coculture. Data
are means ± SEM of two to three independent experiments conducted with n = 3 to 4 animals per group.
*P < 0.05, **P < 0.01, ***P < 0.001, by one-way analysis of variance (ANOVA) (A and F) or two-way ANOVA (E).
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T cells (OT-I–luc). Twenty-four hours after transfer of naïve OT-I–luc
T cells, animals were immunized via intratracheal or subcutaneous
routes. By day 3 after pulmonary vaccination, ICMVs or soluble vac-
cines primed OT-I–luc expansion only in the mdLNs, whereas subcu-
taneous vaccination inducedT cell proliferation confined to the draining
ingLNs (Fig. 3A). By day 5, the pulmonary ICMV group showed the
greatest OT-I expansion, with OT-I–luc cells detected not only in

LNs and spleen but also across the gut and in the reproductive tract
(Fig. 3, A and B). ICMV vaccination uniquely promoted strong homing
of OT-I–luc cells into the cecum and Peyer’s patches along the small
intestine as assessed by whole-tissue imaging (Fig. 3, A and C) and
tetramer staining (Fig. 3D). Further, only pulmonary nanocapsule vac-
cination induced significant expression of the mucosal homing integrin
a4b7 in tetramer+ peripheral blood OT-I cells by day 5 (Fig. 3E).

Fig. 2. ICMV vaccination elicits durable CD8+ T cell responses with
enhanced functionality. C57BL/6 mice were immunized intratracheally with
ICMV or soluble OVA vaccines on day 0 and boosted on day 28. (A) Frequen-
cies and absolute numbers of OVA-specific CD8+ T cells in mdLNs, lungs,
blood, and spleen were tracked over time by SIINFEKL-MHC tetramer staining.
(B and C) On day 35, cells isolated from lungs and spleen were restimulated
ex vivo with SIINFEKL peptide, and expression of intracellular interferon-g (IFN-g)

and/or tumor necrosis factor–a (TNF-a) (B) and granzyme B (C) among CD8+ T
cells was determined by flow cytometry. (D) Frequency of long-lived effector
memory (CD127hiKLRG1lo) CD8+ T cell precursors in multiple compartments
was determined on day 7 after prime and boost by flow cytometry analysis
of tetramer+ CD8+ T cells. Data are means ± SEM of two to three independent
experiments conducted with n = 3 to 4 animals per group. *P < 0.05, **P <
0.01, ***P < 0.001, by two-way ANOVA (A, B, and D) or one-way ANOVA (C).
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To confirm that similar enhanced mucosal homing
was elicited for endogenous T cells after mucosal ICMV
vaccination, we analyzed antigen-specific memory CD8+

T cells in the reproductive tract and gut post-boost after
pulmonary immunization of C57BL/6 mice (no adoptive
transfers). Nanocapsule immunization elicited greater fre-
quencies of OVA-specific CD8+ T cells in the reproduc-
tive tract and gut relative to soluble vaccines (Fig. 3F and
fig. S4). To characterize the memory phenotype of this dis-
seminated T cell response, we analyzed memory markers
of OVA-specific T cells at 11 weeks after vaccination.
Both soluble and ICMV vaccines adjuvanted with MPLA
and polyI:C elicited T cells biased toward an effector mem-
ory (CD44hiCD62Llo) phenotype, but mucosal nanocap-
sule vaccination elicited more TEM cells in both systemic
and mucosal tissues compared to pulmonary soluble
vaccines or parenteral nanocapsule vaccines (fig. S5).
Thus, pulmonary ICMV vaccination drives a T cell re-
sponse strongly biased toward effector memory populations,
with lymphocytes expressing mucosal homing receptors
to populate both local and distal mucosal tissues.

Mucosal nanocapsule vaccination enhances
protective immune responses in tumor and
viral challenge models
To determine whether the strong TEM responses elicited
by pulmonary vaccination with ICMVs enhanced the
protection elicited by subunit vaccines, we tested ICMV
efficacy in both therapeutic tumor and prophylactic vi-
ral challenge models. First, we inoculated C57BL/6 mice
subcutaneously with OVA-expressing B16F10 mouse
melanoma tumor cells and administered either soluble
or ICMV OVA pulmonary vaccines on days 3 and 10.
Soluble OVA vaccination delayed tumor growth but
did not improve the ultimate survival of animals com-
pared to phosphate-buffered saline (PBS)–treated con-
trols (Fig. 4A). In contrast, ICMV vaccination led to
100% rejection of tumors and long-term survival of
all mice.

We next assessed the efficacy of ICMVs as a mucosal
peptide vaccine in a mucosal viral challenge model, using
a viral target antigen instead of OVA. Groups of mice
were immunized intratracheally with vaccines com-
posed of an immunodominant CTL epitope from simian
immunodeficiency virus (SIV) gag, the antigen AL11
(AAVKNWMTQTL) (24), and the universal CD4+ T cell
helper epitope PADRE (25), each encapsulated in sepa-
rate ICMVs or in soluble form together with MPLA and
polyI:C on days 0 and 28. Control mice received equiv-
alent vaccines administered subcutaneously. Pulmonary
ICMV vaccination significantly increased the numbers
of antigen (AL11)–specific cells in both blood and lung
tissue by 11 weeks after prime compared to soluble vac-
cines or subcutaneous administration of ICMVs (Fig. 4B).
To test the protective efficacy of this response, we chal-
lenged animals intratracheally with SIV gag–expressing
vaccinia virus on day 43. Mice receiving subcutaneous
ICMV vaccines or pulmonary soluble peptide vaccines

Fig. 3. Pulmonary ICMV immunization induces dissemination of CD8 T cells from
mdLNs to distant mucosal tissues. (A to E) OT-I–luc CD8+ T cells were adoptively
transferred into C57BL/6 mice (n = 5) 1 day before ICMV or soluble OVA vaccine immuni-
zation via intratracheal or subcutaneous routes. (A) Trafficking and proliferation of OT-I–luc
T cells were monitored by flow cytometry and bioluminescence imaging on days 3 and 5 after
immunization. Flow cytometry histograms show representative CFSE dilutions in transferred
T cells on day 3 after immunization at dLNs (mdLNs for intratracheal vaccines and ingLNs for
subcutaneous vaccinations). Lungs (L) and gastrointestinal tracts (G) were dissected on day 5
and imaged to identify T cell localization. V, vaginal tract; PP, Peyer’s patches. (B to E) Flow
cytometry and imaging analyses of OT-I T cells on day 5. Shown are frequencies of
OVA-specific CD8+ T cells in blood (B) and Peyer’s patches (D), quantification of biolumi-
nescence signal from small intestines (C), and integrin a4b7

+ cells (E) in blood. (F) C57BL/6 mice
(no adoptive transfers, n = 3 per group) were immunizedwith ICMV or soluble OVA vaccines
on days 0 and 28. The frequency of OVA-specific CD8+ T cells in the vaginal tract and in the
small intestine onday 7 after boostwas assessedby flow cytometry. Data aremeans± SEMof
two independent experiments. **P < 0.01, ***P < 0.001, by one-way ANOVA.
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showed steady weight loss similar to unvaccinated control mice, reach-
ing the criterion for euthanasia (weight loss >20%) by day 5 after chal-
lenge (Fig. 4C).

Plaque assays on the lungs and ovaries at day 5
showed that subcutaneous or soluble pulmonary vac-
cines had a minor impact on viral titers in the lungs com-
pared to PBS-treated mice, and most of the animals
showed viral dissemination to the ovaries at high levels
(Fig. 4D). In contrast, mice that received the mucosal
ICMV vaccines exhibited only minor weight loss that
was fully recovered by day 5 with no mortality, achieved
a 2-log reduction in vaccinia plaque-forming units (PFU)
in the lungs, and completely blocked dissemination of
virus to the ovaries (Fig. 4, C and D). Thus, pulmonary
nanocapsule vaccination provided substantially enhanced
protection against a mucosal viral challenge compared
to soluble vaccines administered at the same site or par-
enteral nanocapsule vaccination.

Memory CD8+ cells elicited by pulmonary vaccina-
tion were ~95% effector memory cells; this was true for
AL11 vaccines as well as OVA (figs. S5 and S6). How-
ever, LN-homing TCM are capable of massive prolifera-
tion on antigen challenge (6), making it possible that a
minor population of TCM could play an important role
in the enhanced protection of ICMV vaccines. Thus, we
characterized the cells mediating the antiviral protection
elicited by ICMV vaccination. Antibody depletion of
CD8+ or CD4+ T cells from vaccinated mice before
challenge (fig. S7A) revealed that CD8+, but not CD4+,
T cells were required for protection from vaccinia
challenge (as revealed by protection from weight loss)
(Fig. 5A). To determine whether protection was me-
diated by TCM or TEM cells, we treated vaccinated mice
before challenge with FTY720, a sphingosine-1-phosphate
analog that traps CCR7+ naïve and TCM cells in LNs
by blocking LN egress, thereby rendering TCM inca-
pable of participating in antiviral responses in tissues
(26). As expected, FTY720-treated mice showed a strong
depletion of circulating (mostly naïve) CD8+ T cells
from the blood (Fig. 5B) and reduced the number of
AL11-specific TCM in the blood by ~10-fold (fig. S7B).
However, tissue-resident AL11-specific TEM remained
unaffected after treatment with FTY720 (Fig. 5B). Sub-
sequent challenge of vaccinated mice showed that
survival (Fig. 5C) and viral replication in the lungs
and ovaries (Fig. 5D) was identical for control and
FTY720-treated mice, confirming that protection was
not dependent on TCM.

To determine whether tissue-resident TEM cells
could play a role in the pulmonary protection from
vaccinia, we assessed the expression of CD49a and
CD103—adhesion receptors that promote entry into
the lung (27) and retention in the lung tissue (28), re-
spectively. Most of the AL11-specific T cells taken from
the lungs after ICMV vaccination expressed CD49a,
and 40 to 50% of these cells expressed CD103 (Fig.
5E), consistent with a tissue-resident phenotype. Thus,
ICMV vaccines mediated effective protection after

pulmonary vaccination via the generation of circulating and tissue-
resident TEM cell populations that could protect the local tissue with-
out the need for restimulation in dLNs.

Fig. 4. Mucosal ICMV vaccination enhances pro-
tection against tumors and pulmonary viral in-
fection. (A) C57BL/6 mice (n = 5 to 6 per group)

inoculatedwith 5× 105 B16F10-OVA cells subcutaneously in the flank on day 0were treated
ondays 3 and10with intratracheal administrationof ICMVsor solubleOVAvaccines. Survival
of tumor-bearing mice was tracked for 18 weeks. *P < 0.05, log-rank (Mantel-Cox) test. (B)
C57BL/6 mice were immunized subcutaneously (SC) or intratracheally (IT) on days 0 and 28
with AL11 and PADRE peptide ICMV or soluble vaccines. Frequencies of AL11-specific CD8+ T
cells in blood and lungs were determined on day 77 by flow cytometry. (C andD) Groups of
mice were immunized as in (B) and then challenged by intratracheal administration of SIV
gag–expressing vaccinia virus (1× 106 PFU) onday 42. (C) Bodyweight changes over time. (D)
Viral titer counts in lungs and ovaries harvested 5 days after infection; dots show titers from
individual animals. Data are means ± SEMwith n = 3 to 7 animals per group. *P < 0.5, **P <
0.01, ***P< 0.001, by two-way ANOVA (C) or one-way ANOVA (B andD). N.D., not detectable.
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Pulmonary nanocapsule vaccination is safe
and well tolerated
Although several recent studies have reported the safe use of TLR
agonists in intratracheal (29) or intranasal administration (30, 31),
potential toxicity in the respiratory tract is still a chief concern for mu-
cosal vaccine development. Intratracheal immunization with ICMV
vaccines elicited no significant weight loss after prime or boost (fig.
S8). There was a transient presence of interleukin-6 (IL-6), TNF-a,
and IFN-g that resolved within 24 hours, which was similar for soluble
and nanocapsule vaccines (Fig. 6A). Chemokines associated with im-
mune cell recruitment were also transiently elevated in lung tissues of

vaccinated mice (fig. S9). IL-1b, a potent
innate inflammatory cytokine, was de-
tected only transiently after boost and
at fourfold lower levels with ICMVs com-
pared to soluble vaccines (fig. S9). Cyto-
kines were mainly confined to the site of
administration and were not detected in
serum. IL-2, IL-4, IL-10, and IL-17 were
only detected at background levels in the
lungs, BAL fluid, and serum (fig. S9).

Histologically, lung tissues from mice
vaccinated with ICMVs or soluble anti-
gen were indistinguishable from saline-
treated controls (Fig. 6B). Scoring of tissue
sections from groups of mice by a blinded
pathologist showed no signatures of
toxicity (eosinophils, alveolar damage,
and necrosis) but did show evidence of
vaccine responses after boost [perivas-
cular leukocyte infiltrates and expansion
of bronchial-associated lymphoid tissue
(BALT)] (Table 1). Interstitial pneumo-
nitis and granulomas were absent in all
mice, as well as pneumonia, bronchitis,
and pleuritis (only present in rare mice
in all groups). In line with the histology,
quantification of total infiltrating leuko-
cytes in BAL at 4 or 24 hours after prime
and after boost showed no significant dif-
ference from saline-treated control animals
for both vaccine groups (Fig. 6C). Thus,
intratracheal immunization with either
soluble or ICMV vaccine induced only tran-
sient inflammatory responses in the lungs
and no tissue toxicity.

DISCUSSION

Nanoparticles are of great interest as car-
riers of subunit vaccines owing to their
ability to codeliver antigen and molecu-
lar adjuvants, promote cross-presentation
of antigen to CD8+ T cells, and augment
humoral immunity (19). However, as with
any vaccine formulation, the efficiency of
particle-associated antigen delivery to DC

populations in the LNs plays a major role in determining the strength
of the immune response. To date, strategies to enhance responses
elicited by synthetic nanoparticle vaccines have largely focused on en-
gineering the vaccine carrier itself, for example, to obtain optimal
surface chemistry or particle size (19). However, the site of vaccine ad-
ministration may also play a critical role in the response to particulate
vaccines. Pulmonary vaccination with small (30 nm) antigen-conjugated
poly(propylene sulfide) nanoparticles was shown to promote strong
local mucosal T cell responses in the lungs of mice that had greater
protection against tuberculosis challenge compared to the same vaccine
given intradermally (32). Antigen-encoding DNA/poly(ethyleneimine)

Fig. 5. ICMV vaccination confers protection via
CD8+ TEM cells. (A) C57BL/6 mice were immunized
intratracheally with AL11/PADRE-loaded ICMVs as
in Fig. 4B. Immunized animals were treated with
depleting antibodies against CD4, CD8, or isotype
controls on days 40, 42, 44, and 46 and challenged
with vaccinia virus (1 × 106 to 2 × 106 PFU) on day
42. Animal weights were tracked for 6 days after
challenge. (B to D) Groups of mice were immu-
nized as in Fig. 4B; controls received only PBS admin-
istration. Some animals were treated with FTY720
on days 38 to 47 via oral gavage. All animals were
challenged with vaccinia virus (1 × 106 to 2 ×
106 PFU) on day 42. (B) Total CD8+ T cells in blood
and antigen-specific T cells in the lungs were quan-
tified on day 41. (C) Animal weights over time after
challenge. (D) Viral plaques in the lungs and ovaries
on day 5 after viral challenge. (E) Mice were immu-
nized with ICMV AL11/PADRE vaccines intratrache-

ally as in Fig. 4B. Expression of CD103/CD49a and CD44 by antigen-specific CD8+ T cells in immunized
animals and total CD8+ T cells in PBS control animals were assessed by flow cytometry on day 41. Repre-
sentative plots are shown,withmeanpercentage± SEMof CD44+CD103+ or CD44+CD49a+ among analyzed
populations. Data in (A) to (D) aremeans ± SEMwith n = 4 to 8. *P < 0.5, ***P < 0.001, by one-way ANOVA
(B and D) or two-way ANOVA (A and C). n.s., not significant; N.D., not detectable.
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polyplex vaccines protected mice from lethal flu challenge when vac-
cinated in the lungs, but not when given intramuscularly (10). How-
ever, whether these outcomes after pulmonary versus parenteral
immunization reflect differences in antigen trafficking, overall magni-
tude of T cell priming, differences in T cell expression of homing re-
ceptors, or other factors has remained unclear. In addition, the absolute
magnitude of antigen-specific T cell responses elicited by these vac-
cines remains modest.

A recent clinical study with human papillomavirus (HPV) virus-
like particles demonstrated that mucosal vaccination by bronchial
aerosolization targeting the lower respiratory tract elicited strong hu-
moral immune responses with high antigen-specific IgG and IgA titers
in sera and the genital tract, whereas true intranasal vaccination with
nasal nebulization was poorly immunogenic (33). Because intranasal
vaccination is an efficient route to elicit humoral immune responses to
soluble antigens, this finding was attributed to the substantially larger
population and superior ability of DCs in the trachea and lungs to

acquire nanoparticles compared to DCs
in the nasal-associated lymphoid tissues.
The lung mucosa is a site densely lined
with APCs, which have been shown to
constitutively and actively collect antigen
from across the epithelial barrier for de-
livery to the dLNs (20).

Motivated by such data, here we eval-
uated the impact of targeting lipid nano-
capsule vaccines directly to the lungmucosa
via intratracheal instillation, an experi-
mentally facile model of human aerosol
vaccination. We found that pulmonary
vaccination increased antigen transport
to APCs by ~60-fold relative to parenteral
injection. Increased antigen delivery cou-
pled with enhanced cross-presentation
induced by the lipid nanocapsule vaccine
led to potent CD8+ T cell expansion and
induction of mucosal homing receptors
after pulmonary ICMV vaccination. Mu-
cosal nanocapsule vaccination primed
CD8+ T cells with greater functionality
than did equivalent soluble pulmonary
vaccines and generated a highly effector
memory–biased T cell response with
antigen-specific CD8+ T cells persisting
at both local and distal mucosal effector
sites at about fivefold greater levels than
did soluble vaccines. Antigen-specific TEM
cells taken from the lungs after ICMV vac-
cination expressed CD49a, and 40 to 50%
expressed CD103, similar to previous re-
ports of lung tissue–resident memory cells
(27, 28).

Signals controlling TCM/TEM fate de-
cisions of memory cells are still being
defined but are believed to be determined
at the early stages of vaccination (34).
Initial signal strength, concentration of
antigen, stimulation duration, and costim-

ulatory molecule expression can determine effector/central memory
differentiation (18). Strong antigen stimulation promotes cell survival
and responsiveness to IL-7 and IL-15, which is closely associated with
expansion of TEM (18). In addition, studies artificially altering the rel-
ative abundance of antigen-specific T cells versus antigen-bearing DCs
by T cell adoptive transfer or Fms-like tyrosine kinase 3 ligand (Flt3L)
treatment (35, 36) have shown that low DC/T cell ratios preferentially
generate TCM, whereas high ratios tend to generate TEM. Consistent
with the above evidence, we found that administration of antigen en-
capsulated in ICMVs to increase and prolong antigen delivery, com-
bined with administration to a site with high APC density (lungs),
successfully stimulated a TEM-biased CD8 immune response.

Equally important with efficacy is vaccine safety, especially for tar-
geting mucosal sites. Several preclinical studies as well as clinical trials
have demonstrated that aerosolized vaccines had comparable safety pro-
files to parenteral vaccines (37). Here, we have shown that two TLR
agonists, MPLA and polyI:C, could be combined in pulmonary delivery

Fig. 6. Pulmonary nanocapsule vaccination is nontoxic
and does not induce lung pathology. Groups of C57BL/6
mice (n = 3 to 4 per group) were immunized with ICMV or
soluble OVA vaccines as in Fig. 1. (A) Supernatants from lung
homogenates, BAL, and sera were collected over time and analyzed for cytokine levels by bead-based
enzyme-linked immunosorbent assay (ELISA). (B) Representative hematoxylin and eosin (H&E) staining
on lung sections on day 1 after boost (day 29 after prime). Control mice received PBS. Scale bars, 100 mm.
(C) Enumeration of live cells infiltrating the BAL after prime and boost. Data are means ± SEM of two
independent experiments. **P < 0.01, ***P < 0.001, n.s. not significant, by two-way ANOVA.
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into the lungs without evidence for destructive pathology, systemic in-
flammation, or clinical signs of distress. These findings are consistent
with the established low toxicity of MPLA, which is an adjuvant in
an FDA-approved HPV vaccine and a hepatitis B vaccine licensed in
Europe. On the other hand, a clinical formulation of polyI:C known as
polyICLC has been shown to elicit both local reactions and systemic
flu-like symptoms in a small fraction of recipients (38). Derivatives of
polyI:C engineered for further safety are in various clinical trials that
could further enable this TLR combination to be used safely in the
clinic (39). Unexpectedly, our initial studies (fig. S1) revealed that ICMVs
mixed with soluble polyI:C elicited stronger CTL responses than did
particles encapsulating the TLR3 agonist. Formulation of the vaccine
with soluble TLR agonist is advantageous for translation to humans
because the dose of polyI:C could be titrated with a single good manu-
facturing practice formulation of nanocapsules to identify the optimal
human TLR agonist dose in clinical trials.

This study used mice as a relevant animal model for detailed mech-
anistic characterization of the immune response to pulmonary ICMV
vaccination. However, it will be important to verify in future research
whether these findings fully translate to large-animal models (for ex-
ample, macaques) and humans. The trafficking and functional proper-
ties of tissue-resident versus circulating memory cells, in particular, are
still being defined in both small animals and humans, and it remains
to be determined if there are any important species-dependent differ-
ences in response to vaccines that promote distinct memory phenotypes.

In conclusion, we have demonstrated a strategy to elicit strong ef-
fector memory–biased CD8+ T cell responses to protein and peptide
vaccines by combining a potent cross-presentation–promoting lipid
nanocapsule delivery system with needle-free administration to the
lung mucosal surfaces, which are highly enriched in antigen-sampling,

migratory APC populations. This vaccine strategy primes TEM that
disseminate to local mucosal tissues, systemic compartments, and dis-
tal mucosal sites and provides enhanced protection to both local and
systemic challenges compared to nonparticulate pulmonary vaccina-
tion. This approach is likely generalizable to other nanoparticle vaccine
platforms in preclinical and clinical development, and may provide a
strategy for protection of distal sites such as the rectal and reproduc-
tive tract mucosa without the danger of directly inducing inflamma-
tion at these sites by local vaccination. A key next step is evaluation of
the safety and efficacy of ICMV vaccination in a large-animal model
closer to humans using relevant disease antigens (for example, HIV or
mucosal tumor antigens), which could provide critical guidance for
clinical translation of this vaccination approach.

MATERIALS AND METHODS

Study design
Rationale and design of study. Immunization studies were de-

signed to assess the immunogenicity (strength of T cell and antibody
responses) and/or protection against challenge with vaccinia virus.

Sample size justification and endpoint selection. Immuno-
genicity studies were carried out in C57BL/6 mice in groups of three
or more mice per treatment, with group sizes chosen based on pilot ex-
periments to provide 80% power to detect a 20% difference in tetramer-
or cytokine-positive T cell populations. Vaccinia challenge studies
were performed with five to seven animals per group to provide the
same power to detect a 20% difference in weight loss.

Treatmentofoutliers. Alldatapointswere included in theanalyses, and
no outliers were excluded in calculations of means/statistical significance.

Table 1. Histopathological analysis of pulmonary immunization re-
sponses. C57BL/6 mice (n = 4 to 5 per group) were immunized with
OVA-ICMVs, soluble OVA vaccines, or PBS on days 0 and 28. Lung tissues
(one from each mouse) collected on days 1, 7, 29, and 35 were stained with

H&E. A blinded pathologist scored the toxicity (eosinophils, alveolar dam-
age, and necrosis) and vaccine responses (perivascular leukocyte infiltrates
and expansion of BALT). +, present; −, absent; +/−, indeterminate. The
number of samples with each score is shown.

Toxicity/hypersensitivity Immune response

Eosinophil
infiltrates

Diffuse alveolar
damage Necrosis BALT expansion

Perivascular
leukocyte
infiltration

Sample Day + − +/− + − +/− + − +/− + − +/− + − +/−

OVA-ICMV 1 4 4 4 4 1 3

7 4 4 4 4 1 3

29 4 4 4 4 4

35 5 5 5 3 2 5

Soluble OVA vaccine 1 4 4 4 4 2 1 1

7 4 4 4 1 3 3 1

29 4 4 4 4 4

35 5 5 5 2 3 5

PBS 1 4 4 4 4 4

7 4 4 4 4 4

29 4 4 4 4 4

35 4 4 4 4 4
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Replication. Immunogenicity and vaccinia challenge studies were
repeated in at least three independent experiments, with the number
of mice per group indicated above.

Blinding. Histopathology analyses were carried out by a blinded,
licensed pathologist (M.A.S.).

Synthesis of ICMVs
Lipid nanocapsules were prepared as described previously (16, 17)
with slight modifications. Dried lipid films consisting of DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine) and MPB {1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide]} at
1:1 molar ratio and MPLA were rehydrated with cargo protein/peptide
solutions, followedby sonication and addition of dithiothreitol andCaCl2
at final concentrations of 3 and 40 mM, respectively, to induce fusion
and cross-linking of lipid bilayers, followed bywashing and PEGylation,
as described in Supplementary Materials and Methods.

Immunizations
Animals were cared for following federal, state, and local guidelines.
Groups of 6- to 10-week-old female C57BL/6 mice (The Jackson Labora-
tory) were immunized via intratracheal or subcutaneous injection
(at the tail base) with antigens (OVA, AL11 peptide, or PADRE), each
encapsulated in separate ICMVs, in optimized doses (10 mg of OVA
or 10 mg of AL11 + 3.3 mg of PADRE), with or without 0.3 mg of
MPLA and 10 mg of polyI:C on days 0 and 28. Control groups included
immunization with the equivalent doses of soluble antigen and TLR
agonists or intratracheal administration of PBS. Intratracheal instilla-
tions were performed as described previously (40) and in Supplemen-
tary Materials and Methods.

In some experiments, C57BL/6 albino mice were adoptively trans-
ferred with purified 7.5 × 105 CD8+ T cells from luciferase-expressing
OT-I mice (OT-I–luc) 1 day before immunization, and biolumines-
cence signals from OT-I–luc CD8+ T cells in these mice were acquired
with a Xenogen IVIS Spectrum Imaging System before and after ne-
cropsies on days 3 and 5 after vaccination. Immune responses were
characterized by flow cytometric analysis of antigen-specific T cell fre-
quency (peptide-MHC tetramer staining), phenotypic marker expression,
and intracellular cytokine staining, and ELISA analysis was carried
out to determine antibody responses. These assays are described in
Supplementary Materials and Methods.

Challenge studies
Tumor challenge. Mice were inoculated with 500,000 B16F10-

OVA cells subcutaneously in the flank. On days 3 and 10, the mice
were immunized with ICMV or soluble OVA vaccines intratracheally.

Vaccinia challenge. Six weeks after priming, mice were infected
with vaccinia expressing SIV gag via a single intratracheal administration
(1 × 106 PFU in 75 ml). Weights of mice were recorded daily after chal-
lenge. Animals were euthanized when their weight decreased by 20%.
Tissuehomogenates from lungs andovarieswereused to infectCV-1 cells
in culture, and the resulting plaques were used to calculate viral titers
(41). To determine the subset of T cells responsible for protection, we
treated immunized mice with either intraperitoneal injection of 400 mg
of depleting antibodies against CD8, CD4, or isotype control antibodies
on days 40, 42, 44, and 46, or daily oral gavage treatment with FTY720
(3 mg/kg on day 38 and then 1 mg/kg until day 47). On day 42, the
treated animals were infected with virus (1 × 106 to 2 × 106 PFU), and
animal weights were tracked over 5 to 6 days.

Statistical analyses
Statistical analyses were performed with GraphPad Prism version 5.
Analysis of groups was performed by confirming that the data con-
formed to a normal distribution, and was compared with one- or two-
way ANOVA with Bonferroni correction. Comparison of survival
curves after tumor challenge was performed with the log-rank test.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/204/204ra130/DC1
Materials and Methods
Fig. S1. ICMV nanoparticles adjuvanted with TLR agonists elicit CD8+ T cell responses after
pulmonary vaccination.
Fig. S2. Phenotype of OVA+ APCs in lungs and mdLNs.
Fig. S3. Pulmonary vaccination elicits humoral immune responses in the blood and vaginal tract.
Fig. S4. OVA-tetramer+ T cells from reproductive tract and gut after pulmonary immunization.
Fig. S5. Pulmonary nanocapsule vaccination promotes TEM cell response in systemic and mu-
cosal compartments.
Fig. S6. Immunization with AL11/PADRE peptide ICMVs induces effector memory–biased T cell
responses.
Fig. S7. The role of TEM and TCM cells in ICMV immunization.
Fig. S8. Pulmonary nanocapsule vaccination does not induce weight loss in healthy animals
after vaccination.
Fig. S9. Chemokine and cytokine levels in lungs, serum, and BAL after pulmonary nanocapsule
vaccination.
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Supplementary Materials and Methods 

Synthesis of ICMVs 

ICMV nanocapsules were synthesized as previously described with slight modifications (16, 17). 

Briefly, lipid films (1.26 µmol lipids) were dried from chloroform (lipid composition: DOPC 

(1,2-dioleoyl-sn-glycero-3-phosphocholine) and MPB (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidophenyl) butyramide) in a 1:1 molar ratio (Avanti Polar 

Lipids). For samples incorporating MPLA in ICMVs, 2.9 µg MPLA was included in the lipid 

composition. Lipid films were rehydrated in 20 mM bis-tris propane at pH 7.0 with antigens 

ovalbumin (OVA; Worthington) at 1.63 mg/ml, SIV-gag AL-11 (AAVKNWMTQTL) at 3.25 

mg/ml, or PADRE (AKAVAAWTLKAAAC) at 1 mg/ml. After vigorous vortexing every 10 min 

for 1 h, the liposomal suspension was then sonicated in alternating power cycles of 6 and 3 W in 

30-s intervals for 5 min on ice (Misonix Microson XL probe tip sonicator). DTT and Ca2+ were 

then added at final concentrations of 3 mM and 40 mM, respectively, and incubated for 1 h at 

37°C. After the particles were washed twice in deionized water by centrifugation at 14,000 × g 

for 4 min, 10 mg/ml of 2-kDa PEG-thiol (Laysan Bio) was added and incubated for 30 min at 

37°C. The final product was washed twice before resuspension in PBS, and the particles were 

used within 24 h of synthesis.  

The amount of protein or peptide encapsulated in ICMVs was determined using LavaPep 



 

 

kits (Gel Company). Measurements of Alexa647-OVA fluorophore-to-protein ratios for protein 

recovered from lysed ICMVs vs. soluble (stock OVA) protein showed that the fluorophore 

labeling of protein entrapped in ICMVs was not statistically different from the starting stock 

solution. Based on the error of the LavaPep assay readout, doses of antigen administered were 

accurate within ± 9.3%. For immunizations, 10 µg of low MW polyI:C (average size 0.2-1 kb, 

Invivogen) per injection dose was mixed into particle suspensions. 

 

Intratracheal immunization 

Intratracheal instillations were performed as described previously (40). Briefly, anesthetized 

mice were placed on a platform by their front teeth. An Exel Safelet IV catheter was inserted into 

the trachea, guided with a Fiber-Lite Illuminator shining on the mouse’s chest, and 75 µl of 

vaccine dose (containing 10 µg of OVA or 10 µg AL-11 peptide + 3.3 µg PADRE peptide, 0.3 

µg MPLA, and 10 µg polyI:C) was directly administered into lungs.  For subcutaneous tail base 

vaccinations, anesthetized mice were immunized with an equivalent vaccine dose in 100 µl. 

 

Analysis of antigen trafficking 

To examine antigen uptake and trafficking, 10 µg of Alexa Fluor 647-conjugated OVA 

(Invitrogen) was administered in either soluble or ICMV formulations with 0.3 µg MPLA and 10 

µg polyI:C. Lungs, mdLNs, and bronchoalveolar lavage (BAL) were collected at various time 

points, and the amount of OVA in each tissue was measured with a fluorescent microplate 

reader. Histologic images of lungs and mdLN cryosections were taken with a Zeiss LSM 510 



 

 

confocal microscope. Lungs were cut into small pieces with scissors and meshed over 70-µm cell 

strainers. RBCs were removed with ACK lysis buffer (Gibco). Mediastinal LNs were isolated, 

meshed between two frosted glass slides, and passed through cell strainers. BAL fluid was 

collected by inserting a catheter down the trachea to inject and retrieve 300 µl of PBS from the 

lungs. The process was repeated once. After washing cells with 1% BSA in PBS, cells were 

stained with anti-CD11c and DAPI, and analyzed by flow cytometry to examine antigen uptake 

among CD11c+ antigen-presenting cells. To ensure consistency between experiments and across 

different time points, the same settings were used for staining, data acquisition, and analysis on 

flow cytometry, including the same gating schemes, and non-treated controls were included in all 

the experiments.   

 

Ex vivo determination of antigen presentation to antigen-specific CD8+ T cells 

Lungs, mdLNs, and spleen were harvested from mice 3 days after immunization. Whole tissue 

homogenates were co-incubated with 50,000 Thy1.1+CD8+ T cells isolated from OT-I TCR-

transgenic mice and labeled with 1 µM 5-(6)-carboxyfluorescein diacetate succinimidyl diester 

(CFSE). After 3 days, dilution of CFSE in OT-I T cells was analyzed by staining the culture with 

DAPI, anti-CD8a (BD), anti-α4β7 integrin (eBioscience), and anti-Thy1.1 (BD) followed by 

flow cytometry analysis. 

 

Evaluation of local and systemic toxicity 

To assess potential toxicity following pulmonary immunizations, histopathological assessment of 



 

 

H&E-stained lung tissue sections collected 1 or 7 days post prime and post boost was performed 

by a pathologist blinded to the study groups (M.A.S). Cytokines and chemokines (IL-1β, IL-2, 

IL-4, IL-6, IL-10, IL-17A, IFN-γ, TNF-α, MIP-1α, MIP-1β, and MCP-1) were quantified in the 

lungs, BAL, and sera samples at multiple time points after prime and boost with a multiplex 

assay kit (Cytometric Bead Array, BD Biosciences). For the lung and BAL fluid samples, 

supernatants obtained after cell isolation from each tissue as described above were used. Overall 

body condition was assessed by measuring weights of immunized mice over time. 

 

Isolation of lymphocytes 

Spleens, lungs, mdLNs, and Peyer’s patches from the small intestines of immunized animals 

were collected, meshed, and passed through 70 µm cell strainers to isolate lymphocytes. 

Lymphocytes from vaginal tract tissues were isolated by cutting the tissues into small pieces, 

followed by digestion in 100 MU/ml collagenase D (Roche) at 37°C for 30 min, and passing 

cells through 70 µm strainers. To isolate intraepithelial lymphocytes, cells from small intestines 

were collected by vigorous shaking of tissue sections after incubation with RPMI 1640 

supplemented with 5 mM EDTA and 0.145 mg/ml DTT at 37°C. Lymphocytes were then 

resuspended in 44% Percoll solution (Sigma) and layered over 67% Percoll. Samples were 

centrifuged at 600 x g for 25-30 mins at RT with gentle deceleration. Intraepithelial lymphocytes 

were collected at the 67%/44% Percoll interface. Cells were washed with HBSS to remove 

Percoll. 

 



 

 

Assessment of cellular and humoral immune responses 

Frequencies of antigen-specific CD8+ T cells and their phenotypes elicited by immunization 

were determined by staining lymphocytes with DAPI, anti-CD8a (BD), anti-CD44 (BD), anti-

CD62L (eBioscience), anti-CD127 (eBioscience), anti-KLRG1 (eBioscience), and 

AAVKNWMTQTL/H-2Db (NIH) or SIINFEKL/H-2Kb peptide-MHC tetramers (BD), followed 

by flow cytometry analysis using a FACSCanto-II flow cytometer and FlowJo software. 

Absolute cell numbers were enumerated by including AccuCheck Counting Beads (Invitrogen) 

in the samples. To assess functionality of primed CD8+ T cells, lymphocytes from spleen and 

lungs were stimulated ex vivo with 20-30 µM of OVA peptide SIINFEKL or Gag peptide 

AAVKNWMTQTL for a total of 5-6 hrs with brefeldin A (eBioscience) added for the last 2 

hours of incubation. Cells were then fixed, permeabilized, stained with anti-IFN-γ (BD), anti-

TNFα (BD), anti-Granzyme B (BD) and anti-CD8α (BD), and analyzed by flow cytometry. 

OVA-specific antibody responses were examined in serum and vaginal washes collected 

at 10-11 weeks after immunization. Anti-OVA IgG concentrations were determined by including 

a monoclonal mouse anti-OVA IgG1 (clone OVA-14, Sigma-Aldrich) as a standard reference 

during ELISA. 
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Fig. S1. ICMV nanoparticles adjuvanted with TLR agonists elicit CD8+ T cell responses 
after pulmonary vaccination. C57Bl/6 mice (n=3-4/group) were immunized with 10 µg OVA 
in ICMVs formulated with either 0.3 µg MPLA (co-entrapped with OVA in ICMVs), 10 µg 
polyI:C (added externally to ICMVs or co-entrapped with OVA within ICMVs), or the 
combination of the two via intratrachael administration on days 0 and 42. (A and B) Frequencies 
of OVA-specific CD8+ T cells were analyzed on day 7 after boost (blood, spleen, and lungs) by 
SIINFEKL-MHC-I tetramer staining. Shown are representative flow cytometry dot plots gated 
on CD8+ T cells (A) and mean frequencies of tetramer+ CD8+ T cells (B). (C and D) 
Functionality of OVA-specific CD8+ T cells was assayed on day 7 post-boost after ex vivo 
restimulation with SIINFEKL and intracellular staining for IFN-γ and/or TNF-α. Shown are 
representative flow cytometry dot plots gated on CD8+ T cells (C) and mean frequencies of 
cytokine+ CD8+ T cells (D). Data are means ± SEM of two or three independent experiments. *P 
< 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA (B) or two-way ANOVA (D). 



 

 

 

 

Fig. S2. Phenotype of OVA+ APCs in lungs and mdLNs. C57Bl/6 mice were immunized with 
ICMVs encapsulating fluorescent Alexa647-OVA (with MPLA and polyI:C as in Fig. 1), 
equivalent doses as soluble vaccines, or PBS. On day 2, lung tissues were harvested and 
analyzed for OVA+ DCs and macrophages. (A) Gating strategy for identification of macrophages 
(autofluorescent, CD11c+F4/80+MHC-II- cells) and lung DCs (non-autofluorescent, 
CD11c+F4/80-CD11b+MHC-II+ cells). (B) Example flow cytometry plots illustrating gating for 
OVA+ cells. (C) Flow cytometry characterization of CD11b and MHCII expression by OVA+ 
and OVA- DCs from the lungs and draining mdLNs. 
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Fig. S3. Pulmonary vaccination elicits humoral immune responses in the blood and vaginal 
tract. C57Bl/6 mice (n=3-12/group) were immunized as in Fig. 1. Sera and vaginal washes were 
collected and analyzed 7 weeks after priming and concentrations of OVA-specific IgG were 
measured with ELISA. Data are means ± SEM. n.s., not statistically significant by one-way 
ANOVA. 



 

 

 

 
Fig. S4. OVA-tetramer+ T cells from reproductive tract and gut after pulmonary 
immunization. Shown are representative OVA-tetramer staining plots from individual animals 
(n = 3 animals/group) from the vaginal tract and intraepithelial lymphocytes corresponding to 
summary graphs of Fig. 3F. 



 

 

 

 
Fig. S5. Pulmonary nanocapsule vaccination promotes TEM cell response in systemic and 
mucosal compartments. C57Bl/6 mice (n = 3-4) were immunized on days 0 and 28 with either 
ICMV or soluble OVA vaccines as in Fig. 1. Absolute numbers of OVA-specific effector 
memory (CD44hiCD62Llo) and central memory (CD44hiCD62Lhi) CD8+ T cells were stained and 
quantified in multiple compartments on day 77. Data are means ± SEM of 2-3 independent 
experiments. *P < 0.5, ***P < 0.001, by two-way ANOVA. 
 



 

 

 
 
 
 

 
 

Fig. S6. Immunization with AL11/PADRE peptide ICMVs induces effector memory–biased 
T cell responses. C57Bl/6 mice (n=3-4/group) were immunized as in Fig. 5 with AL11 and 
PADRE encapsulated in ICMVs, and the frequencies of central memory (CD44hiCD62Lhi) and 
effector memory (CD44hiCD62Llo) AL11 tetramer+ T cells were determined by flow cytometry 
in the blood on day 35. Data are means ± SEM. **P < 0.01, by one-tailed t-test. 

 



 

 

 

 
 
Fig. S7. The role of TEM and TCM cells in ICMV immunization. Groups of C57Bl/6 mice were 
immunized as described in Fig. 4B. (A) On days 40, 42, 44, and 46, depleting antibodies against 
CD4, CD8, or isotype control IgGs were administered. Total CD4 cells and CD8 cells were 
detected in blood and lungs on day 48 using flow cytometry. (B) FTY720 treatment started 4 
days before vaccinia challenge in vaccinated mice depleted AL11-specific CD8+ TCM cells from 
the blood. Data are means ± SEM (n=5-7/group). 

 
 
 
 
 
 



 

 

 

Fig. S8. Pulmonary nanocapsule vaccination does not induce weight loss in healthy animals 
after vaccination. C57Bl/6 mice were immunized with ICMV OVA vaccines (with MPLA and 
polyI:C as in Fig. 1) or PBS on days 0 and 28, and the weight of each animal was monitored over 
time. Untreated mice were also monitored as a control group. The weight of each group was 
normalized to the weight recorded on the day of prime or boost administration. Data are means ± 
SEM (n = 8 animals per treatment). Differences between groups were not statistically significant 
by two-way ANOVA. 
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Fig. S9. Chemokine and cytokine levels in lungs, serum, and BAL after pulmonary 
nanocapsule vaccination. C57Bl/6 mice (n = 3-4/group) were immunized with ICMV or soluble 
OVA vaccines as in Fig. 1. Supernatants from lungs homogenates, BAL, and sera were collected 
over time and analyzed for cytokine and chemokine levels by cytometric bead arrays. Data are 
means ± SEM of two or three independent experiments (one sample of lung tissue, BAL, and 
serum per mouse was analyzed in each experiment). *P < 0.05, **P < 0.01, ***P < 0.001, by 
two-way ANOVA. Insufficient BAL samples were collected to analyze the complete panel of 
cytokines/chemokines; hence, a subset of analyses were carried out on the lavage fluids. 
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