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Prophylactic or therapeutic immunomodulation is an antigen-independent strategy that induces non-
specific immune system activation, thereby enhancing host defense to disease. In this study, we investi-
gated the effect of prophylactic immunomodulation on the outcome of influenza virus infection using three
bacterially derived immune-enhancing agents known for promoting distinct immunological profiles.
BALB/c mice were treated nasally with either cholera toxin (CT), a mutant form of the CT-related
Escherichia coli heat-labile enterotoxin designated LT(R192G), or CpG oligodeoxynucleotide. Mice were
subsequently challenged with a lethal dose of influenza A/PR/8/34 virus 24 h after the last immunomodu-
lation treatment and either monitored for survival or sacrificed postchallenge for viral and immunological
analysis. Treatment with the three immunomodulators prevented or delayed mortality and weight loss, but
only CT and LT(R192G) significantly reduced initial lung viral loads as measured by plaque assay.
Analysis performed 4 days postinfection indicated that prophylactic treatments with CT, LT(R192G), or
CpG resulted in significantly increased numbers of CD4 T cells, B cells, and dendritic cells and altered
costimulatory marker expression in the airways of infected mice, coinciding with reduced expression of
pulmonary chemokines and the appearance of inducible bronchus-associated lymphoid tissue-like struc-
tures in the lungs. Collectively, these results suggest that, despite different immunomodulatory mecha-
nisms, CT, LT(R192G), and CpG induce an initial inflammatory process and enhance the immune
response to primary influenza virus challenge while preventing potentially damaging chemokine expres-
sion. These studies provide insight into the immunological parameters and immune modulation strategies

that have the potential to enhance the nonspecific host response to influenza virus infection.

Influenza viruses cause acute, contagious respiratory dis-
ease. Despite the availability of vaccines and antiviral thera-
pies, influenza virus infections cause considerable morbidity
and mortality each year. It is estimated that during seasonal
epidemics 10% of the world population is infected, resulting in
2 to 3 million severe cases and up to 500,000 deaths (1). The
failure of conventional methods to prevent illness and death
from influenza is attributed to the continuous antigenic vari-
ability of the virus due to mutations (antigen drift) and reas-
sortments (antigenic shift). The inadequacy of current anti-
influenza virus treatments is particularly concerning in the case
of influenza pandemics with new viral strains for which effec-
tive vaccines would not be initially available. Thus, an antigen-
independent prophylactic treatment that could nonspecifically
enhance immune responses to negate or inhibit the progres-
sion of influenza virus infection would provide invaluable ben-
efits.

Several recent studies have explored the use of immuno-
modulation strategies as prophylaxis or therapeutic treatments
to modify the immune response to influenza virus infection,
thereby preventing or decreasing viral burden, disease symp-
toms, and mortality. These strategies have one of two distinct
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immunologic goals: either to increase immune system activa-
tion and/or Thl responses specific against influenza virus, or
alternatively, decrease inflammation and immunopathology.
The first strategy has been demonstrated in animal models by
administering host proteins/glycoproteins that function in im-
mune defense, such as the pattern recognition receptor (PRR)
mindin (28), milk-derived glycoproteins (61), and virally deliv-
ered interferon (IFN) cytokines (27). Immunomodifiers of mi-
crobial origin have also been used to enhance host response to
infection, including the binding subunit of cholera toxin
(CT-B) (49), Thl-promoting Toll-like receptor (TLR) agonists
CpG oligodeoxynucleotides (ODN) (15, 82), poly(I:C) (81), 3
M-011 (23), and synthetic lipid A analogs (11). Immunomodu-
lators used in the second strategy, with the aim to prevent
detrimental inflammation, have been associated with improved
infection outcomes and include enterotoxin mutant LT(S63K)
(80) and anti-inflammatory COX-2 inhibitors (84). However,
immunomodulation does not always result in beneficial re-
sponses to infection. Administration of A~ THC, an immuno-
suppressive compound, decreased cellular infiltration and in-
creased viral load when given prior to and during influenza
virus infection (7). Similarly, sphingosine 1-phosphate (S1P)
analog, an immunotherapeutic agent, was found to suppress
induction of T-cell responses to influenza virus (46). Lastly, fish
oil-fed mice demonstrated reduced lung inflammation, cellular
infiltration, and cytokine secretion but increased mortality dur-
ing influenza virus infection (60).

These studies highlight the need for experiments that clarify
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the consequences of various immunomodulation strategies on
influenza virus infection and the particular requirements for
generating a protective response. Furthermore, very little at-
tention has been given to the mechanisms by which different
immunomodulators with unique effector functions modulate
the host response when evaluated in the same infection model.
To address these questions and increase our understanding of
the consequences brought about by prophylactic immuno-
modulation in pulmonary disease, we chose to compare the
effects of pulmonary delivery of three well-characterized vac-
cine adjuvants on the outcome of influenza virus infection in a
murine model. The immunomodulators used in this study are
CpG, a nontoxic protein designated LT(R192G) that was de-
rived from the cholera-related heat-labile enterotoxin pro-
duced by Escherichia coli, and CT. These bacterially derived
agents, known to promote distinct effector functions, are ex-
cellent immunomodulators, as they induce strong immune ac-
tivation and have been previously evaluated as components of
influenza vaccines (29, 42, 49, 53, 56, 58). CpG ODNs are
synthetic unmethylated oligodeoxynucleotides containing CpG
motifs that trigger a TLR9-dependent MyD88 signaling path-
way. CpG treatment results in potent Th1 cytokine expression
(IFNs and interleukin-12 [IL-12]), activation of dendritic cells
(DGs), NK cells, and B cells, and induction of Thl cells and a
Thl antibody profile (30, 35, 83). CpG has been extensively
studied in animal models of systemic and pulmonary infectious
diseases caused by influenza virus (15, 82) and other bacterial,
fungal, and parasitic pathogens (3, 9, 15, 17, 25, 34, 51, 77).

Bacterially derived ADP-ribosylating enterotoxins, including
CT from Vibrio cholerae and LT from E. coli, are robust sys-
temic and mucosal adjuvants. Both in vitro and in vivo studies
have demonstrated that CT induces secretion of Th2 cytokines
(IL-4, IL-5, IL-6, and IL-10) by immune system cells, matura-
tion of DCs, generation of Th2 and T-regulatory cells, and
active suppression of Thl responses (2, 32, 38, 39, 47, 49, 53,
56). Studies in vivo have also shown that intranasal delivery of
CT-B, the binding subunit of the enterotoxin, combined with
minimal levels of CT holotoxin, induces protective effects in
influenza virus-infected mice (49). In contrast to CpG and CT,
LT and LT(R192G) induce a more balanced cytokine and
antibody subclass profile indicative of a mixed Th1/Th2 im-
mune response (16, 45, 73). LT(R192G) has yet to be evalu-
ated as a prophylactic immunomodulator, but another LT mu-
tant, LT(S63K), has demonstrated some protective effects
against influenza virus, respiratory syncytial virus (RSV), and
Cryptococcus neoformans infections (80). Although safety con-
cerns limit the use of native enterotoxins for intranasal or
intrapulmonary use in humans (54, 76), animal model studies
are warranted because they enhance our understanding of the
initial responses that can ultimately lead to protection of the
host against infection. In addition, the use of these enterotox-
ins in laboratory research has the potential to be translated
into clinical application by using mutated low-toxinogenic de-
rivatives that retain their immunomodulatory properties.

In this study we used a comprehensive approach to evaluate
the effects of intrapulmonary delivery of three strong immu-
nomodulators prior to influenza virus infection in a murine
model. We hypothesized that the unique immunologic effects
induced by prophylactic treatment with CT, LT(R192G), or
CpG would differentially affect survival, viral loads, and im-
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mune responses of BALB/c mice to influenza A/PR/8/34
(HINT1) virus infection. The relevance of this study to influenza
virus disease pathogenesis and infectious disease immuno-
modulation strategies is discussed.

MATERIALS AND METHODS

Immunomodulators and virus. Mouse-passaged influenza A/PR/8/34 (HINT1)
virus was propagated in the allantoic cavity of 10-day-old specific-pathogen-free
embryonated chicken eggs. Infected allantoic fluid was pooled, clarified by cen-
trifugation, and kept frozen at —80°C until use in challenge studies. The immu-
nomodulators LT(R192G) and CT were prepared by using galactose affinity
chromatography in our laboratory as described previously (4, 8, 10). Briefly,
toxins were purified from cultures grown overnight in a 10-liter fermentor. Cells
were harvested by centrifugation and lysed in a microfluidizer M-110L (Microflu-
idics, Newton, MA). The cell lysate was dialyzed overnight in TEAN (0.2 M
NaCl, 0.05 M Tris, 0.001 M EDTA, 0.003 M NaNs, pH 7.5), clarified by centrif-
ugation, and subjected to chromatography on separate immobilized p-galactose
columns (Pierce, Rockford, IL). Toxins were eluted with 0.3 M galactose in
TEAN and passed through an endotoxin removal column (Pierce, Rockford, IL).
The composition and purity of each protein was checked by SDS-PAGE and a
Limulus amebocyte lysate assay (Lonza Inc., Walkersville, MD). CpG ODN 1826
(CpG) obtained from Coley Pharmaceuticals (Wellesley, MA) has a mouse-
specific, nuclease-resistant phosphorothioate backbone with the sequence 5'-T
CCATGACGTTCCTGACGTT-3'.

Treatment, infection, and tissue harvest. Six- to eight-week-old female
BALB/c mice were purchased from Charles River and housed in filter-top cages.
All mouse studies were approved by the Tulane University Institutional Animal
Care and Use Committee. Animals were treated once or twice with immuno-
modulators by nasal administration. For these studies, mice were anesthetized
with ketamine-xylazine and suspended on a wire by their front teeth while 30 pl
of a saline solution containing 5 pg of CT, LT(R192G), or CPG ODN was
instilled into their nares. Control animals were treated with the same volume of
saline or left untreated. Ten minutes after the treatment, animals were returned
to their cages and observed until recovered from anesthesia. Twenty-four hours
after receiving the last immunomodulator treatment, mice were either sacrificed
and tissues collected for analysis or they were infected by nasal application of 30
wl containing 200 PFU/ml of influenza A/PR/8/34 virus. For survival studies,
groups of 10 mice were treated with the immunomodulators, infected with
influenza virus, and observed daily for signs of illness or mortality, and individual
body weights were recorded as indicated. Moribund mice were humanely eutha-
nized. Surviving mice were euthanized on day 21 postchallenge and their lungs
were processed for analysis of viral burden and histology. For short-term studies,
groups of five mice were treated and infected as described above and then
euthanized for tissue collection 4 or 6 days after infection. The left lung lobe was
removed to use in plaque assay or histological analyses while the rest of the lung
was lavaged to recover lung airway cells. Briefly, the trachea was surgically
exposed and bronchoalveolar lavage (BAL) was performed through a catheter
delivering 0.8 ml of saline supplemented with a protease inhibitor cocktail
(Roche, Mannheim, Germany). The BAL supernatant was aliquoted and frozen
for cytokine analysis, while collected BAL cells were pelleted, counted, and used
for cellular analysis by microscopy and flow cytometry.

Cytokine analysis. Frozen BAL fluid samples were thawed and immediately
analyzed using either a 23-plex mouse cytokine assay (Bio-Rad, Hercules, CA)
with a Bioplex 200 array reader (Bio-Rad) or IFN-a and IFN-B enzyme-linked
immunosorbent assay (ELISA) kits (PBL Biomedical Laboratories, New Bruns-
wick, NJ) following the manufacturers’ instructions.

Cytospin and flow cytometry. A total of 5 X 10* BAL cells were loaded into
cytospin funnels (ThermoShandon, Pittsburg, PA), spun onto slides, and stained
with Hema3 (Fisher Scientific, Kalamazoo, MI). A coverslip was added with
Permount (Fisher Sci, Fairlawn, NJ), and differential cell counts were made
microscopically by counting 100 cells per slide. The total numbers of BAL cells
was calculated by multiplying the total number of recovered cells by the per-
centage of each differential cell type. Remaining BAL cell samples were resus-
pended at 1 X 10° cells/100 pl in flow cytometry buffer (phosphate-buffered
saline [PBS] containing 1% bovine serum albumin [BSA], 0.1% NaNj3;), incu-
bated with Fc Block (BD Biosciences, San Jose, CA), and stained with the
following fluorescently labeled antibodies: anti-mouse CD3-Pacific Blue, F4/80-
Pacific Blue, CD80-fluorescein isothiocyanate [FITC], CD86-phycoerythrin [PE],
CD11b-PE, NKI.I PE-Cy5, CD19-PE-Cy5.5, CD4-allophycocyanin [APC],
CD11c-APC (eBioscience, San Diego, CA), and CD11b-PE-Cy7 (BD Bio-
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sciences). Stained cells were run on an LSRII flow cytometer (BD Biosciences)
and analyzed with FacsAria software.

Histology. Dissected lungs lobes were either embedded in 50% OCT (Tissue-
Tek, Torrance, CA) and snap-frozen or perfused with 10% buffered formalin
(Fisher), formalin fixed, and paraffin embedded. Paraffin blocks were sectioned
and stained with hematoxylin and eosin (H&E). OCT-embedded lung sections
were sectioned with a cryostat, fixed with 2% formaldehyde (PolySciences, War-
rington, PA), and stained for immunohistochemistry with monoclonal antibodies
CD4-FITC, CD4-Cy5 (eBioscience), B220-PE, CD8a-PE, CD11¢-FITC, CD11b-
PE, and CD11b-Cy5 (BD Pharmingen). Briefly, sections were permeabilized with
0.1% Triton X-100 (Sigma) for 20 min and washed three times with Dulbecco’s
PBS (DPBS)-0.05% Triton. Background fluorescence was reduced by a 15-min
incubation with 50 mM NH,Cl in DPBS-Triton, followed by 1 h of incubation
with 8% goat serum (Sigma) in DPBS-Triton. Slides were stained with specific
antibodies diluted in PBS-Triton-0.8% goat serum before the addition of Pro-
Long Gold AntiFade with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen).
Epifluorescent images were acquired with a Zeiss Axioplan II microscope. Series
of horizontal optical sections (0.3 wm each) were collected using Slidebook 4.0
software (Intelligent Imaging Innovations, Denver, Co) and subsequently decon-
volved and processed with Volocity 4.4 software (Improvision Inc., Waltham,
MA).

Plaque assay. Dissected lungs were weighed and kept on ice. Lungs were
teased apart in 1 ml of PBS-1% BSA supplemented with 100 U/ml antibiotic-
antimycotic solution. The obtained lung homogenates were stored at —80°C until
used in viral plaque assays. A standard 96-well plaque assay was performed as
described previously (48). Briefly, 50 wl of lung homogenate samples or serial
dilutions were added to confluent MDCK cells and incubated at 35°C for 1 h,
swirling the plate every 15 min. Cells were covered with 100 pl of Avicel-581
overlay (FMC Corp., Newark, DE) containing equal parts 2X minimal essential
medium-1% BSA, 1% tosylsulfonyl phenylalanyl chloromethyl ketone-trypsin
(Pierce), and 2.4% Avicel-581. After incubation for 24 to 36 h, plates were
aspirated, fixed with 4% paraformaldehyde for 30 min at 4°C, and washed with
PBS. Cells were permeabilized and background was reduced by al5-min incu-
bation with 50 pl/well PBS-0.5% Triton-20 mM L-glycine. After aspiration, cells
were stained with anti-influenza virus A-horseradish peroxidase (1:1,000; Biode-
sign Int., Saco, ME) in PBS-0.05% Tween 80-8% goat serum for 1 h at room
temperature. After three 5-min washes with 100 pl PBS-Tween 80, 50 pl/well of
TrueBlue peroxidase substrate (KPL, Gaithersburg, MD) was added until color
developed. The reaction was stopped with distilled water and plaques were
counted as PFU.

Data analysis. Statistical analysis was performed using either Prism or SPSS
software. Survival analysis was performed using the log-rank test. Correlation
analysis was performed with Pearson’s two-tailed test. All other analyses were
determined by Mann-Whitney U test for unequal variance. A P value of <0.05
was accepted as being significant.

RESULTS

Immunomodulator treatments alter the steady-state im-
mune status of the lung. Previous published reports indicated
that delivery of immunomodulators by the intranasal or in-
trapulmonary route is a very effective means of inducing local
responses for controlling lung infections. Specifically, nasal
administration has often proved more successful than subcu-
taneous, intradermal, or intraperitoneal administration when
used to promote protective responses against pulmonary dis-
ease (46, 65, 78, 80). Consequently, for our studies we chose to
treat and infect animals nasally. In this technique, the admin-
istration of 30 to 50 pl of solution or infectious inoculum into
the nares of anesthetized, vertically suspended animals allows
the solution to reach various internal organs, including the
lungs, where it localizes in airway passages and lung paren-
chyma within minutes of administration (unpublished observa-
tions) (79). Preliminary studies in our laboratory demon-
strated that either one or two treatments with
immunomodulators given 1 week apart result in significant
changes to the pulmonary immunological environment in
BALB/c mice, including cellular recruitment and altered

IMMUNOMODULATION FOR INFLUENZA VIRUS INFECTIONS 2985

cytokine expression. These changes peak approximately 24 h
after the second treatment and return to normal levels after
2 to 3 weeks (data not shown). Therefore, for all but one of
the studies reported here, we infected animals with influ-
enza virus 24 h after the second application of the immu-
nomodulator.

To analyze the host response to immunomodulatory treat-
ments immediately before viral challenge, BALB/c mice were
treated as above with 5 pg of either CT, LT(R192G), or CpG,
while controls received saline or were left untreated. Animals
were sacrificed 24 h later and samples collected for cellular,
cytokine, and histological analysis. Treatment with CT induced
a significant level of histopathology in the lungs as evidenced
by changes in tissue architecture, including inflamed septae,
peribronchial hemorrhage, diffuse alveolar damage, and di-
lated pulmonary blood vessels (Fig. 1A). Lungs of animals
treated with LT(R192G) revealed some areas of peribronchial
hemorrhage and inflammation, but these changes were more
moderate than those observed after CT treatment. By compar-
ison, there were minimal histological changes in the lungs of
animals treated with CpG or saline compared with the un-
treated group (Fig. 1A). Differential leukocyte counts of cells
recovered from BAL fluid showed that all immunomodulator
treatments significantly increased the number of total airway
cells, lymphocytes, neutrophils, and macrophages compared to
naive mice (Fig. 1B). CT and LT(R192G) treatments also
resulted in increased eosinophils; the increase was significant
only for LT(R192G) compared to untreated mice. Surprisingly,
treatment with saline also significantly increased the number of
total cells, lymphocytes, and macrophages compared to un-
treated mice (Fig. 1B). Consistent with these cellular changes,
all treatments significantly altered levels of several inflamma-
tory cytokines/chemokines present in the BAL fluid (Fig. 1C).
Both CT and LT(R912G) treatments increased IL-la levels
(Fig. 1C), as previously reported (5, 62). All immunomodulator
treatments significantly increased levels of the pleiotropic in-
flammatory cytokine IL-6, neutrophil attractant KC (mouse
IL-8 homolog; also known as CXCL1), monocyte attractant
and NK cell activator MCP-1 (monocyte chemotactic pro-
tein-1, or CCL2), and leukocyte attractant, monocyte attract-
ant and NK cell activator RANTES (CCLS). Immunomodula-
tor treatments also altered Th1/Th2 cytokine expression in the
BAL fluid. As seen in Fig. 1C, compared to saline or untreated
groups, the three immunomodulators significantly increased the
antibody-promoting cytokine IL-4, while CT and LT(R192G) in-
creased IL-17 levels and only LT(R192G) significantly increased
IFN-y expression. Saline treatment slightly decreased levels of
several chemokines and cytokines (i.e., MCP-1, RANTES, IL-
17, IL-10, and IFN-v), but this was statistically significant only
for IFN-y (Fig. 1C).

Prophylactic treatment with immunomodulators improves
survival to influenza virus challenge and differentially affects
weight loss. Previous studies demonstrated partial or full pro-
tection against influenza virus infection with antigen-free im-
munomodulator treatments. Intraperitoneal and intranasal
CpG administration reduced or prevented mortality in mice
infected with influenza virus, presumably by increasing Thl
immune responses (15, 82). Likewise, intranasal delivery of
LT(S63K) or CT-B containing trace amounts of CT reduced
the influenza viral burden in mice (49, 80). Although these



2986 NORTON ET AL.

J. VIROL.

40x [ %

A. 24 hrs after 2nd immunomodulator treatment

¥ U )

=

B.
mCT
. 1.E+09 1 O LT(R192G)
2 @ CpG
g jolle * X | Saline
= LEX071 O untreated
§ *
=g ﬂ
=)
1.E+03 ' i : i ,
Total Cells Lymphocytes Neutrophils ~ Eosinophils Macrophages
C'A 1.E+04 — m
E 3 * ’ Thl Th2
S /
S0
£ 1.E+031 / , i ‘
2 / / / .
2 / / /
o 1.E+021 / / /
= 4 I/ /]
2 Al b /
5 LE+011 ‘ / /
o L i /
Z Al 1k /
IL-1a 1L-6 KC MCP-1 RANTES|IL-12p40 IL-1 IFNy 1L-4 1L-1

FIG. 1. Nasal immunomodulator treatments alter the steady-state immune status in the lung. BALB/c mice were nasally treated twice, 1 week
apart, with 5 ug of CT, LT(R192G), or CpG. Controls received saline or were untreated. Mice were sacrificed 24 h later and samples collected
for cellular, cytokine, and histological analyses. (A) Representative H&E-stained lung sections. Magnification, X40. Arrows indicate areas with
inflammatory infiltrates and inflamed septae. (B) Recovered BAL cells were characterized for the number of immune system cells, based on
hemacytometer cell counts and cytospin/Hema3 differentiation analysis. (C) BAL inflammatory cytokine and chemokine levels, including Th1/Th2
cytokines, were detected using a Bioplex cytokine assay. Bars represent standard deviations of the means (n = 4), with significance values indicated

with an asterisk for P values of <0.05 by Mann-Whitney U test.

studies highlight the potential use of immunomodulators to
control influenza virus, studies directly comparing these agents
have not been published, limiting a comprehensive under-
standing of how different strategies nonspecifically protect
against pulmonary viral infections. Our first experiment in-
dicated the induction of different patterns of inflammation
and chemokine/cytokine expression after treatment with the
three immunomodulators. Based on these observations and
considering the ascribed immunological biases of CT,
LT(R192G), and CpG toward Th2, mixed Thl/Th2, and
Th1, respectively, we wanted to examine the effects of pro-
phylactic treatment with these agents on the survival of mice
subsequently challenged with influenza A virus. For these

experiments, we treated BALB/c mice nasally twice, 1 week
apart, with 5 pg of CT, LT(R192G), or CpG; controls in-
cluded mice treated with saline or were untreated. Twenty-
four hours after the second treatment, mice were challenged
with a lethal dose of influenza A/PR/8/34 virus and were mon-
itored for survival and weight loss. The results shown in Fig. 2A
demonstrate that two treatments with CT, LT(R192G), or
CpG prior to infection significantly improved survival com-
pared to untreated mice (P < 0.001, P < 0.001, and P = 0.002,
respectively). Twenty days after infection, all mice treated with
CT or LT(R192G) were alive, while 8 out of 10 mice treated
with CpG survived. Saline-treated mice demonstrated an in-
significant trend of improved survival compared to the un-
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FIG. 2. CT, LT(R192G), and CpG improve survival and differen-
tially affect weight loss after influenza virus challenge. Groups of
BALB/c mice (n = 10) were untreated or nasally treated twice with
saline or with 5 pg of immunomodulator [CT, LT(R192G), or CpG].
Twenty-four hours after the last treatment mice were infected with
influenza A/PR/8/34 virus and monitored for survival (A) or weight
loss (B). Data shown are group averages. Significance values indicated
by asterisks represent log-rank test results for survival for CT,
LT(R192G), and CpG treatment groups compared to untreated mice
(P <0.001, P < 0.001, and P = 0.002, respectively). Significance values
for percent original weight loss are described in the text. (C) Alterna-
tively, mice were infected 24 h after a single immunomodulator treat-
ment and monitored for survival. Significance values (indicated by #)
represent log-rank test results for survival for CT, LT(R192G), and
CpG groups compared to untreated mice (P < 0.001, P = 0.006, and
P = 0.001, respectively).

treated infected control group, as has been reported in other
studies (67). Surprisingly, there was no significant difference in
survival between groups treated with the different immuno-
modulators, except for a nonsignificant pattern of improved
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survival of CT- and LT(R192G)-treated mice over those
treated with CpG.

CT and LT(R192G) treatments resulted in significant initial
weight loss after infection compared to untreated or saline-
treated mice; however, after a week the trend began to reverse
and on day 14 postchallenge all these mice had returned to
their original weight [P < 0.05 for CT or LT(R192G) versus
untreated on days 1, 2, and 6] (Fig. 2B). Treatment with CpG
significantly delayed the onset of weight loss after challenge
compared to untreated mice (P < 0.005 on days 3 and 5 to 7);
however, these mice started to lose weight after about 6 days.
By the second week of infection, CT- and LT(R192G)-treated
animals had regained significantly more weight than CpG-
treated mice [LT(R192G) versus CpG, P < 0.005 for days 13 to
20; CT versus CpG, P < 0.01 days 14 to 16] (Fig. 2B). Saline-
treated mice had a single-day significant delay in initial weight
loss compared to untreated mice (day 2; P = 0.015) but lost
weight quickly after day 3. By day 8 postinfection, most of the
mice that were untreated or treated with saline had succumbed
to the infection.

Given that two preinfection treatments with immunomodu-
lators significantly enhanced survival after viral challenge, we
next determined whether similar results could be obtained
after a single treatment. To test this, we challenged mice with
a lethal dose of influenza A/PR/8/34 virus 24 h after a single
treatment with 5 pg of CT, LT(R192G), or CpG. As seen in
Fig. 2C, a single treatment with immunomodulators signifi-
cantly improved survival compared with control mice (P <
0.001, P = 0.006, and P = 0.001, respectively). No statistical
differences were observed between the survival rates of these
three groups, although there was a perceived improvement in
survival of CT-treated animals compared to mice given
LT(R192G) or CpG. The percentage of animals that survived
challenge was notably reduced compared to those that received
two treatments (Fig. 2A). Before infection, single treatments
with CT, LT(R192G), and CpG resulted in increased lympho-
cytes, neutrophils, and chemokine expression in the airways
compared to untreated groups (data not shown) but at a sig-
nificantly lower level than observed after two treatments (Fig.
1B and C). In addition, single immunomodulator treatments
did not significantly alter lung histology, total number of airway
cells, or Thl and Th2 cytokine levels (data not shown). Thus,
it is likely that the higher magnitudes of cytokine expression
and cellular infiltration observed after two treatments better
primed the animals to fight viral infection than the single
treatment.

These results indicate that protection from challenge begins
as soon as 24 h after the first immunomodulator treatment and
increases after the second immunomodulator treatment, po-
tentially giving at least a full week of enhanced immune system
“preparedness” for influenza virus infection with either CT,
LT(R192G), or CpG treatment. However, the cost of im-
proved survival with immunomodulator treatments might be
initial morbidity, exemplified by weight loss and inflammatory
changes in the lung. These experiments also revealed that two
treatments with the immunomodulators were superior to a
single treatment in enhancing survival to influenza virus chal-
lenge; therefore, for all subsequent studies mice were prophy-
lactically given two doses, 1 week apart.
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FIG. 3. Immunomodulators alter viral burden in mouse lungs during influenza virus infection. Groups of BALB/c mice (n = 5) untreated or
nasally treated twice with CT, LT(R192G), CpG, or saline were challenged with influenza A/PR/8/34 virus and sacrificed 4 or 6 days postchallenge.
Recovered lung tissue was weighed and homogenized. Virus levels in lung homogenates were detected by plaque assay in MDCK cells. Values for
individual animals (diamonds) and group medians (lines) are represented. Significance values (indicated by *) for Mann-Whitney U test were P =
0.008, P = 0.032, P = 0.036, and P = 0.009 for day 4 CT, day 4 LT(R192G), day 6 LT(R192G), and day 6 CpG, respectively. untx, untreated.

Altered viral load and histology in lungs of infected mice
treated with immunomodulators. Since all immunomodulator
treatments improved influenza virus infection survival but dif-
ferentially affected weight loss, we wanted to compare how the
treatments altered the disease process. BALB/c mice were
treated twice with immunomodulators, challenged with influ-
enza A/PR/8/34 virus 24 h later, and sacrificed 4, 6, or 21 days
postinfection. Lungs were harvested and analyzed for histolog-
ical changes and virus levels. Prophylaxis with CT, LT(R192G),
or CpG did not prevent virus replication, as evidenced by
detectable virus in lung homogenates of all groups; however,
on day 4 postinfection the viral loads in treated groups were 1
to 2 log,, lower than those in untreated mice (Fig. 3). This
decrease was significant only in the CT- and LT(R192G)-
treated groups (P = 0.008 and P = 0.032, respectively). On day
6 postinfection this reduction in lung viral load was no longer
evident, and all groups of infected animals, including saline
and untreated groups, had titers around 1 X 10° PFU per gram
of tissue. At this time LT(R192G)- and CpG-treated mice had
viral lung PFU levels that were slightly but significantly higher
than in untreated mice (P = 0.036 and P = 0.009, respectively).
Noticeably, the lung viral loads in the immunomodulator-
treated mice never reached the high levels (0.5 X107 to 1 X107
PFU/gram) seen in saline-treated and untreated mice on day 4
postchallenge (Fig. 3). None of the animals that survived chal-
lenge had detectable levels of virus in lung tissue 21 days after
infection (data not shown).

Unlike human infection, which often presents as an upper
respiratory infection, murine influenza virus infection results in
interstitial pneumonia with lung consolidation (71, 74). Histo-
logical analysis of H&E-stained lungs from untreated mice on
day 4 and 6 postchallenge demonstrated this typical influenza
virus pathology, including architectural distortion of lung pa-
renchyma with indications of hemorrhage and areas of consol-
idation (Fig. 4 and data not shown). Consistent with the ob-
served weight loss in all groups, none of the treatments [CT,
LT(R192G), CpG, or saline] prevented these pathological

changes (Fig. 4 and data not shown). Normal lung tissue ar-
chitecture was not fully restored in surviving mice by day 21
postchallenge, regardless of the treatment administered.
Therefore, we conclude that although preinfection treatment
with CT, LT(R192G), or CpG initially decreases lung virus
levels, this does not prevent infection or viral replication from
occurring. Instead, it is likely that the immunomodulators con-
trol the infection by altering the initial local host response and
inducing more robust innate immune responses to the virus.
One major histological difference between immunomodula-
tor-treated and control groups was the presence of many dense
perivascular and peribronchial immune cell aggregates, which
was most prominent at day 4 postchallenge (Fig. 4 and data not
shown). In an effort to discern the nature of these cell aggre-
gates, we performed microscopic analysis of lung sections.
Immunofluorescent staining for B cells, CD4 T cells, and
antigen-presenting cells (APCs) (with anti-B220, anti-CD4,
and anti-CD11b or -CDll1c, respectively) identified these
cellular aggregates as mainly B cells with some dispersed CD4
T cells and APCs (Fig. 4 and data not shown). This pattern is
consistent with the description of inducible bronchus-associ-
ated /ymphoid fissue (iBALT), an active site of antigen pre-
sentation and clonal expansion of antigen-specific cells found
during both human and mouse respiratory infections (31, 43,
52). Saline and untreated mice developed a few small perivas-
cular and peribronchial immune aggregates, but these ap-
peared less dense and stained poorly for B cells. While other
studies have reported iBALT appearance by day 10 of influ-
enza virus infection in BALB/c mice (52), the detection of
similar iBALT structures in mice treated with immunomodu-
lators in our study by day 4 postchallenge strongly indicates
that these treatments alter and perhaps accelerate a natural
pulmonary immune response against influenza virus infection.
Altered airway cell populations in mice treated with immu-
nomodulators and infected with influenza virus. During influ-
enza virus infection in mice, resident and recruited airway cells
play specific and diverse roles in the immune response to
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FIG. 4. Immunomodulator treatment induces cellular aggregates in influenza virus-infected mouse lungs, suggestive of iBALT. Groups of
BALB/c mice (n = 5) were nasally treated and infected as explained in the text. Recovered lung tissue on day 4 postchallenge was H&E stained
(magnification for rows indicated on left margin); cellular aggregates are also indicated (arrows). Other lung sections were immunofluorescently
stained with B220 (red), CD4 (green), and DAPI (blue) (10X magnification). Pictures are representative of group images.

influenza virus, which ultimately leads to survival or death. In
humans, CD4 T-cell deficiency increases influenza disease se-
verity and prevents influenza virus vaccine efficacy (18). In
murine models, while no single lymphocyte population is com-
pletely responsible for controlling infection, important roles in
viral clearance have been demonstrated for antigen-specific B
cells, CD4 T cells, and CD8 T cells (14, 19). Additionally, while
innate cell populations like alveolar macrophages produce im-
portant cytokines and chemokines, enabling clearance of in-
fected cells (66), these cells have also been linked to pathology
and tissue damage (13). Thus, immune system cells responsible
for clearance of viral infection can also contribute to the de-
velopment of immunopathology via a complex interplay that is
still not clear.

To further understand how immunomodulators alter the
natural host response to infection, we examined the effects of
CT, LT(R192G), and CpG treatments on airway cell popula-
tions during influenza virus infection. BALB/c mice were
treated twice with immunomodulators, challenged with influ-
enza virus 24 h later, and sacrificed 4 days after infection. Cells
collected from the BAL fluid were enumerated by cell counting
and analyzed by cytospin/Hema3 differentiation and flow cy-
tometry. Treatments with CT, LT(R192G), and CpG altered

the distribution of cells recovered from the BAL fluid (Fig. SA
to D). Mice treated with CT were the only group to have
significantly increased total BAL cells, lymphocytes, and neu-
trophils (all P = 0.009) (Fig. 5SA). Functionally distinct lym-
phocyte populations are known to play key roles during influ-
enza virus infection; therefore, we examined the BAL fluid for
the presence of CD4 T cells (CD4" CD3"), CD8 T cells
(CD8* CD3™"), B cells (CD19" CD37), NKT cells (NK1.1"
CD3"), and NK cells (NK1.1" CD37). All immunomodulator
treatments increased the number of airway CD4 T cells and B
cells; although the magnitude of this increase varied for dif-
ferent treatments, the differences were significant (all P <
0.009 except for CpG CD4 cells [P = 0.028] and CpG B cells
[P = 0.016]) (Fig. 5B and C). There was also a dramatic
increased of the CD4/CD8 T-cell ratio compared to saline and
untreated mice, although this was only significant for CT- and
LT(R192G)-treated groups (both P = 0.008) (Fig. 5C). CT-
treated mice also displayed significantly higher levels of CD8 T
cells and NK cells (both P = 0.009) (Fig. 5B) compared to
untreated mice. NKT cells were not detected in any mouse
group (data not shown). This differs from at least one other
influenza virus study with immunomodulators (25a) and may
indicate that NKT-cell recruitment is not required for a suc-
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cessful influenza virus immunomodulation strategy. Mice
treated with saline had essentially the same cell numbers as
those untreated, except that NK cells were elevated (P =
0.047) (Fig. 5B).

To determine changes in lymphocyte populations at a time
when incipient adaptive immune responses start playing a role
in virus control, a similar analysis was performed on day 6
postchallenge. As infection progressed, the CD4/CDS8 T-cell
ratios remained significantly elevated in treated mice, in a
pattern similar to that seen on day 4 postchallenge (for immu-
nomodulator groups, P = 0.009; for saline, P = 0.047) (Fig.
SE). However, the number of total BAL cells, lymphocytes,

and CD8 T cells in immunomodulator-treated mice signifi-
cantly decreased compared to untreated mice (Fig. 5F), sug-
gestive of decreased cellular inflammation in these groups.
Various APC populations, phenotypically distinguished
based on surface markers, are known to play specific roles in
the responses induced by influenza virus infection (13, 20, 66,
70). We differentiated macrophage populations in the lung
based on surface expression of F4/80, CD11c, CD11b (high or
mid levels), and the ability to autofluoresce, with phenotypes
outlined in Table 1, using a strategy similar to that published in
other reports (20a, 21). With the exception of tissue macro-
phages, CT treatment significantly increased the numbers of
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TABLE 1. Immunomodulators alter CD80 and CD86 costimulatory levels in airway APCs during influenza virus infection
MFT on day 4 posthcallenge®
Flow cytometry population Cell type(s) CD80 CD86
CT LT(R192G) CpG  Saline Untx CT LT(R192G) CpG Saline Untx
All cells Mixed 1,306* 1,281* 1,777% 765 776 1,539 1,450 1,490 2,331 2,082
Autofluorescing, CD11¢* Alveolar macrophages 10,616* 8,598* 5,522% 3,065 3,646 6,472* 6,071 3,264% 7,681 9,679
F4/80™
CD11b~ CD11c™ F4/80* Tissue macrophages 4,866 3,482 4,185 1,083 1,728 2,930 1,784 1,633 5,613 6,102
CD11b" CD11c" F4/80~ Dendritic cells 4,627 5,085 5,053 3,949 3,454 6,231 6,394 6,303 8,045 9,068
CD11b™< CD11c¢" F4/80~  Dendritic cells 2,602 2,130 2,007 2,401 2364 1,151 1,205 1,239 1,149 1,647
CD11b™“ CD11c™ F4/80~ Monocytes 1,558 1,417 2,119 1,165 1,406 4,739* 4,569* 6,884 8,474 9,303
CDI11b" CD11c™ F4/80~ Neutrophils 916 870 1,386 952 1,018 1,145* 1,094* 1,179* 3,088 3,134
CD19* B cells 3,622 3,253 5,031 4,052 4,685 2927* 2,436* 2,829% 4,934 6,881

“ Numbers represent group average MFI levels detected by flow cytometry analysis of recovered BAL cells on day 4 postchallenge. Untx, untreated. *, significantly

(P < 0.05) different by Mann-Whitney U test compared to untreated mice.

macrophages and dendritic cells compared to untreated mice
by day 4 postchallenge (all P = 0.009) (Fig. 5D). All three
immunomodulator treatments resulted in higher levels of
CD11b™“ DCs (CD11b™ CD11c™ F4/80 cells), but the in-
crease was significant only for CT- and LT(R192G)-treated
mice (both P = 0.009). A similar DC subset (defined as
CD103" CD11b~ CDI11c") was recently shown to play an
important role in murine anti-influenza virus T-cell responses
and disease severity (20a). Levels of tissue macrophages (F4/
80" CD11c™ CD11b™) were also lowered by all immunodula-
tors (Fig. 5D). By day 6 postchallenge, macrophage popula-
tions in immunomodulator-treated groups were about 0.5 log,
lower than in untreated or saline-treated mice (data not
shown). To identify cell populations that might directly corre-
late with lung viral loads, we performed correlation analyses.
The recovered BAL tissue macrophages at day 4 postchallenge
was the only cell type to significantly correlate to lung virus
levels (data not shown). Tissue macrophages are normally only
found in homogenized lung tissue, as they are embedded in the
lung parenchyma (26). Thus, the presence of tissue macro-
phages in the BAL fluid would suggest lung tissue disruption
due to severe influenza virus infection.

CD80 and CD86 costimulatory marker expression indicates
activation of APCs, a necessary step to priming antigen-specific
T-cell and B-cell responses (26). In addition, high CD80 ex-
pression has been linked to generation of Thl-polarized im-
mune responses (36), and low monocyte CD80/86 levels di-
rectly correlate with decreased effectiveness of the trivalent
influenza vaccine (75). APCs, including DCs, macrophages,
neutrophils, and B cells (20, 26, 44, 55, 57), were evaluated for
CDS80/CD86 cell surface expression. Table 1 details the
changes of levels of expression in these surface markers, mea-
sured as changes in the mean fluorescent intensity (MFI). As
seen, CT, LT(R192G), and CpG treatment resulted in signif-
icantly increased CD80 expression in all BAL APCs and an
insignificant reduction in CD86 expression compared to saline-
treated and untreated control groups. Other cells from treated
mice displaying lower levels of CD86 expression included
monocytes, neutrophils, and B cells. No changes in surface
marker expression were observed on DCs in any of the groups.

Treatment with immunomodulators reduces chemokine ex-
pression in mice infected with influenza virus. Cytokine and
chemokine secretion is integral to recovery from influenza

virus infection, but it has also been linked to detrimental host
responses to infection (13, 27, 37, 59). Given this dichotomy,
we wanted to explore how the immunomodulators in our study
influenced cytokine and chemokine levels during early infec-
tion. BAL supernatants recovered from mice on day 4 post-
challenge were analyzed for cytokine and chemokine levels
with a mouse 23-plex cytokine assay. Strikingly, treatment with
CT, LT(R192G), or CpG reduced levels of inflammatory cy-
tokines and chemokines compared to untreated mice, includ-
ing IL-1a, granulocyte-macrophage colony-stimulating factor
(GM-CSF), KC, macrophage inflammatory protein la (MiP-
la), RANTES, and monocyte chemoattractant protein 1
(MCP-1), but not tumor necrosis factor alpha (TNF-a) (not
shown) or IL-6 (Fig. 6A). These reductions were consistently
larger in CT and LT(R192G) groups than in CpG-treated
mice. Importantly, the chemokine levels observed in mice
treated with immunomodulators and subsequently infected
with influenza virus (Fig. 6A) displayed an opposite trend than
the one identified at the time of infection (Fig. 1C). These
observations suggest that administration of immunoenhancers
prior to infection induces an early onset of protective re-
sponses against influenza virus challenge while limiting poten-
tially damaging levels of inflammatory mediators during infec-
tion.

The cytokine panel we tested also included a number of Th1-
and Th2-associated cytokines, which demonstrated consider-
ably less variability between the samples. Similar to the time of
infection (Fig. 1C), all immunomodulator-treated groups had
more detectable IL-4, a potent antibody-promoting cytokine,
but only in CT-treated mice was this significant compared to
untreated mice (Fig. 6B). This pattern was also seen for levels
of IL-17 (Fig. 6B), a cytokine involved in neutrophil activation
and inflammatory Th17 responses (26). In fact, in the samples
obtained 4 days after challenge, IL-17 was the only cytokine
tested which correlated with the number of airway neutrophils
(Pearson’s test; P = 0.036) (data not shown), unlike other
neutrophil-associated chemokines (KC, G-CSF, and GM-
CSF). Although several studies have indicated the importance
of type I IFN production during influenza virus infection (27),
levels of IFN-a or IFN-B in BAL samples obtained on day 4
postchallenge were not different in treated compared to un-
treated groups (data not shown). This observation does not
preclude the possibility that differences in type I interferons
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significance values indicated (%, P < 0.05 by Mann-Whitney U test).

exist at earlier time points or that the differences are beyond
the limits of detection of the ELISA we used.

DISCUSSION

The objective of this study was to compare how prophylactic
treatment with bacterially derived immunomodulators known
for promoting different Th1/Th2 profiles would change the
course of influenza virus infection in a murine model. For this
study, we evaluated CT, LT(R192G), and CpG, which are
well-characterized adjuvants known for their distinct immuno-
modulatory properties. Our study revealed that prior to infec-
tion, nasal administration of these immune-enhancing agents
altered the steady-state immune status of the lung, increasing
cellular recruitment and cytokine expression. When prophyl-
actically treated animals are infected, instead of a pulmonary
anti-inflammatory/Th2 profile, the virus encounters an immu-
nologically primed landscape with increased numbers of acti-
vated lymphocytes, neutrophils, and macrophages and elevated
levels of proinflammatory cytokines and chemokines. Some of
these recruited cells are professional APCs likely to have en-
hanced antigen-presenting properties and upon infection can
quickly travel to the draining lymph nodes to prime T and B
cells, accelerating the initiation of adaptive immunity.

Upon lethal influenza virus challenge, all three prophylactic
treatments prevented or decreased influenza virus mortality.
This was a surprising finding given the different immune phe-
notypes induced by the three immunomodulators. CpG is a
TLR agonist known for promoting strong Th1 responses, while
LT(R192G) and CT are enterotoxins which, respectively, in-
duce mixed Th1/Th2- or Th2-polarized responses. Yet, com-
pared to CpG, treatment with CT or LT(R192G) resulted in

equal or better survival in our model of influenza disease. An
interesting observation in this study was that mice treated
nasally with saline had inflammatory changes in their lungs and
a slight delay in mortality. These data agree with recent find-
ings reporting that in vitro or in vivo application of saline
solutions helps to prevent microbial infection (33, 67). When
developing anti-influenza virus therapies or prophylaxis for
human patients, the inherent advantage of an intranasal or
pernasal route should be considered.

The two enterotoxins induced notable histological changes,
higher neutrophil infiltration, and elevated levels of IL-1a and
IL-17, indicative of initial inflammatory, Thl, and Th17 re-
sponses. Although previous publications have reported that
CT induces early inflammation (29, 79), the induction of Th17
responses after intranasal CT administration has only been
noted in a recent publication (40). Little is known about the
role of IL-17 in viral pulmonary infections; it has been sug-
gested that an IL-17 receptor agonist antagonizes the response
to influenza virus challenge (12), but our results and those of
others (22, 50) indicate that Th17 cells can be involved in
protection against influenza virus. Whereas other studies using
immunosuppressive agents report exacerbated influenza dis-
ease (7, 46), in this study, CT-treated mice appeared to de-
velop initial Th1/Th17 inflammatory responses that directly
contributed to enhanced survival. In our experiments, the viral
challenge was given 24 h after immunomodulator administra-
tion. It is possible that a more pronounced polarization of the
immune response occurs at a later time and that the outcome
of a delayed primary or a secondary challenge would be dif-
ferent, as observed in some studies using enterotoxin admin-
istration (79).

Another explanation for our results could be the very nature
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of acute influenza virus infection in the pulmonary mucosa. As
infection is controlled by integrated interaction between Thl
and Th2 factors, it could be that induction of a Th1-dominated
response would not be superior to a response with a strong Th2
component. A study by Harker et al. (24) using RSV also
demonstrated unexpected results when comparing Th1 versus
Th2 strategies. Mice that were infected with recombinant RSV
expressing IL-4 (rRSV/IL-4) recovered faster from primary
and secondary challenge than mice that received rRSV ex-
pressing IFN-y (rRSV/IFN-v). In addition, when mice infected
with TRSV/IL-4 or rRSV/IFN-y were challenged 1 month later
with nonlethal influenza A virus, TRSV/IL-4-primed mice re-
covered faster than their rRSV/IFN-y counterparts, despite
significantly fewer airway lymphocytes and increased eosino-
phils during infection. Thus, the authors of that study con-
cluded that skewing the response toward Th1l was not always
beneficial in pulmonary viral infections. Our results would tend
to agree with their assessment, but we have only just begun to
understand the consequences of Thl1/Th2-biased immuno-
modulation strategies on influenza disease. It is possible that
altering challenge and/or treatment schedules or using a dif-
ferent infection model could dramatically change the results of
similar experimental setups. For example, immunomodulation
studies with the highly virulent HSN1 influenza virus strain
suggest that suppression of inflammation after infection im-
proves mouse survival (84).

In the current study, the enhanced survival might be based
not only on the generation of specific Th1/Th2 responses but
also on the magnitude and kinetics of an initial inflammatory
and activated immune response. Several studies would support
this conclusion, including a recent report by Tuvim et al. that
showed that lung inflammation induced by aerosolized bacte-
rial lysate from nontypeable Haemophilus influenzae protects
mice from mortality and reduces viral titers after lethal influ-
enza virus challenge (72). In addition, other studies have
shown that depletion of inflammatory cytokine IL-1, neutro-
phils, or TLR3 during influenza virus infection in mice signif-
icantly increases influenza disease severity (41, 59, 68, 69). We
observed that both CT and LT(R192G), and to a lesser extent
CpG, initially increased airway cellularity, including macro-
phages and neutrophils, as well as levels of various chemokines
and cytokines. However, histology sections of CT-treated mice
indicated more severe inflammation and immunopathology
than with LT(R192G) and especially with CpG-treated
mice, and levels of IL-1a secretion, neutrophil infiltration,
and TLR3 expression followed this pattern (data not
shown). The magnitude of the inflammatory reaction could
explain both the enhanced survival seen after two treat-
ments, compared to a single treatment, and the initial weight
loss observed in infected mice treated with either CT or
LT(R192G) but not with CpG. Yet, CpG-treated mice expe-
rienced increased morbidity reflected by greater weight loss
and higher pulmonary viral loads. The changes induced by CT
appeared to last longer, as on day 4 postchallenge these mice
continued to have significantly higher numbers of total cells,
lymphocytes, and neutrophils as well as IL-17 levels. A surpris-
ing observation was the decreased chemokine levels observed
by day 4 of infection in treated mice. It is likely that the
reduction of these inflammatory mediators played a role in
preventing the immunopathology and poor disease outcome
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generally associated with high inflammation and an infection-
induced cytokine storm (37). It was also noteworthy that the
reduction in lymphocytes and CD8 T cells observed at day 6
did not have an impact on the CD4/CDS ratios but coincided
with the point when treated mice started to reverse their
weight loss. Further experiments are needed to elucidate the
precise contribution of the implicated effector molecules and
cells in prophylactic strategies for influenza disease.

CT, LT(R192G), and CpG are known to enhance both
systemic and mucosal responses, thus it was not surprising to
find elevated numbers of lymphocytes and DCs in the lung
at day 4 postinfection. Furthermore, all immunomodulator-
treated mice maintained a higher CD4/CDS ratio in airway-
recovered cells than control groups. While CD8 T cells are
important in viral clearance (reviewed in reference 64), several
groups have suggested that CD4 T cells are the main protective
immune cell during influenza virus infection (6). Although we
have not performed effector function analyses, the significant
alterations in cell populations, specifically in CD4 T cells, B
cells, and CD11b™ DCs, is consistent with the development of
iBALT structures seen in the lungs of infected immunomodu-
lator-treated animals. Transient BALT formation has been
reported in respiratory infection in both mice and humans (31,
43, 52). During influenza virus infection, iBALT formation
correlates with decreased disease severity and can substitute
for secondary lymphoid tissue (52). The role of iBALT-like
formations in our study is unclear, but it is interesting that
these immune cell-dense structures were found in mice
treated with immunomodulators that also demonstrated de-
creased disease severity.

Collectively, our results indicate that prophylactic immuno-
modulation with CT, LT(R192G), or CpG induces a local
initial inflammatory process that results in decreased morbidity
and mortality upon influenza virus challenge. The observation
that CT and LT(R192G) induce better protection than CpG
leads us to believe that the inclusion of Th17 and Th2 compo-
nents in influenza virus prophylaxis could provide additional
benefits for rapid clearance of infection. Immunomodulation
strategies offer great potential to bolster immune responses for
the control of seasonal and pandemic influenza virus out-
breaks. Administration of immunomodulators combined with
antiviral therapies could broaden the clinical platform of anti-
influenza virus strategies. Understanding both the require-
ments of protection and the consequences of immune system
manipulation are critical to the success of any disease preven-
tion or therapeutic strategy. Our studies provide important
insights into the influence of different kinds of immunomodu-
lation strategies for the control of influenza virus infection, and
the results presented here might be broadly applicable for
immune modulation of other pulmonary viral infections.
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