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Respiratory viruses cause significant morbidity and mortality in infants and young children worldwide. Current
strategies to modulate the immune system and prevent or treat respiratory viral infections in this age group have
shown limited success. Here, we demonstrate that a lysate derived from Gram-positive and Gram-negative organisms
positively modulates protective antibody responses against both respiratory syncytial virus (RSV) and influenza virus in
murine models of infection. Interestingly, despite the complex mixture of Toll-like receptor (TLR) agonists present in the
bacterial lysate, the modulatory effects were mostly dependent on TLR4 signaling. Our results indicate that the use of
simple formulations of TLR-agonists can significantly improve the immune response against critical pediatric respiratory

pathogens.

Introduction

Respiratory syncytial virus (RSV) and influenza virus cause
significant morbidity and mortality in infants and young chil-
dren.'” RSV is the main cause of hospitalization in this age
group worldwide, whereas influenza is responsible for fatalities in
young children and has been associated with asthma exacerba-
tions in older children and adults.*® Approximately 95% of chil-
dren are infected with RSV by the age of two, and 40% of
preschool-aged children experience an influenza infection.” "’
Preventive and therapeutic interventions are urgently needed to
reduce the burden of these childhood respiratory illnesses.

Many strategies have been proposed to modulate the immune
system and prevent or treat respiratory viral infections.'"'? Use
of type I interferons against influenza, corticosteroids to amelio-
rate the symptoms of bronchiolitis associated with RSV infec-
tions, and anti-inflammatory agents to modulate severity of RSV
disease exemplify these approaches.''® Unfortunately, none has
proven clinically successful.

On the other hand, vaccines to prevent viral respiratory dis-
eases present important challenges.'” No pediatric vaccine is
available today to protect infants younger than six months of age
against any respiratory virus, and only influenza can be modu-
lated through vaccination in older children and pregnant women.

Pattern recognition receptors (PRR) recognize highly conserved
sets of molecular structures called pathogen-associated molecular
patterns (PAMPs), which are foreign to the host, and specific for
large groups of microbes. #2° Toll-like receptors (TLRs) are a
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family of PRRs that recognize PAMPs and initiate signaling events
leading to activation of innate host defenses. TLRs recognize con-
served molecules derived from different classes of microorganisms,
including Gram-positive and Gram-negative bacteria, RNA and
DNA viruses, as well as fungi and protozoa.'®?° Signaling by TLRs
in host cells induces expression of antimicrobial genes and produc-
tion of inflammatory cytokines and chemokines.”>*' The produc-
tion of pro-inflammatory cytokines upon sensing of microbial
products is critical for innate and adaptive immune responses to
infection.” In the last decade, a role for TLRs in promoting B cell
responses has been described.”

In recent years, bacterial lysates have been used successfully to
modulate the risk of allergies and atopy.?* In this study, we tested
a bacterial lysate containing different Gram-negative and Gram-
positive microorganisms for its ability to activate TLRs and indi-
rectly modulate antibody responses against RSV and influenza
virus in murine models of infection.

Results

Bacterial lysate promotes inflammatory cytokine production
and activates TLR2 and TLR4

First, we evaluated the immunomodulatory effects of the bacte-
rial lysate in vitro, exploring pro-inflammatory cytokine produc-
tion in THP-1 cells. The bacterial lysate promoted TNF-a and
IL-1B production in THP-1 cells dose dependently (Fig. 1A &
not shown). We then investigated the effect of bacterial lysates in
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Figure 1. Bacterial lysate promotes inflammatory cytokine production and activates TLR2 and TLR4. (A) THP-1 cells (10° cells/well) were stimulated
with various doses of LPS (for comparison) or bacterial lysate, and TNF-a production (in ng/mL) was subsequently measured in the supernatants 24hs
post stimulation. Panel represents fold-increase in cytokine production. (B, C, D) Human PBMC (10° cells/well) were stimulated with different concentra-
tions of bacterial lysate, and subsequently assayed for IL-6, IL-18 and TNF-a production 24 hs after stimulation. (E & F) Murine and human TLR activation
by bacterial lysate in HEK293 cells expressing individual TLRs (see Materials and Methods). Ultrapure LPS from E. coli and peptidoglycan from E. coli K12
were used as positive controls for TLR4 and TLR2, respectively (data not shown). Two independent experiments were performed for each experimental

human peripheral blood mononuclear cells (PBMC). Again,
production of IL-6, IL-1B and TNF-a was dose-dependently
increased  after of cells to bacterial products
(Fig. 1B-D).

Given the immunomodulatory effect of the bacterial lysate,
we subsequently examined whether the lysate activated specific

exposure

PRR. In particular, we were interested in exploring its effect on
TLR2 and TLR4. Activation of TLR2 enhances germinal center
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formation and promotes secretion of IgM in B cells from ton-
sils,* as well as IgA in mucosal B cells.”” TLR4 plays a critical
role in B cell maturation and antibody production.”” TLR activa-
tion by lysate was evaluated on HEK293 cells expressing murine
or human TLR2 or TLR4. The system relied on a secreted alka-
line phosphatase reporter under the control of a promoter induc-
ible by NFkB. The bacterial lysate was able to activate both
human and murine TLR2 and TLR4 (Fig. 1E & F).
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Bacterial lysate improves humoral immunity against
respiratory viruses

We subsequently explored the role of bacterial lysate supple-
mentation on antibody responses against respiratory viruses. For
this purpose, BALB/c mice were treated intranasally (IN) with
lysate for three consecutive days (days -1,0 and 1) before and dur-
ing inoculation with influenza HINI virus. Influenza HIN1
virus titers in lungs of mice three days after inoculation with
HINTI plus lysate or placebo were not significantly different
(mean HINT titers, with lysate: 1x10* pfu/ g vs. no lysate:
1.2x10 pfu/ g; p = 0.45). Levels of influenza-specific IgG anti-
bodies were assayed in serum after infection. Virus-specific IgG
levels against the H1 hemagglutinin were significantly enhanced
by lysate supplementation when compared to those detected in
mice inoculated only with influenza virus (Fig. 2A). Biological
activity of these antibodies, assessed by characterizing their avid-
ity for the H1 hemagglutinin, also revealed positive modulation
by co-administration of lysate. Mice treated with lysate had anti-
H1 IgG of greater avidity for influenza HIN1 compared to ani-
mals infected with HIN1 virus in the absence of bacterial lysate
(Fig. 2B). Finally, we investigated whether the bacterial lysate
enhanced protective responses against influenza. Protection
against the virus was assessed by influenza hemagglutinin inhibi-
tion (HAI) assay, a response affected both by quantity and quality
of the anti-H1 response. Indeed, HAI titers doubled in lysate-
recipients infected with influenza A HIN1 when compared to
recipients of virus alone (Fig. 2C).

Intranasal co-inoculation of bacterial lysate with RSV also
enhanced the anti-RSV antibody response (Fig. 3A). A positive

effect of lysate co-administration was also observed for avidity of
IgG against RSV F (Fig. 3B). Importantly, neutralization of
RSV significantly improved in recipients of lysate compared to
mice immunized with RSV alone (Fig. 3C). All these observa-
tions did not correlate with differences in RSV titers in the lungs
of mice inoculated with RSV plus lysate vs. RSV alone (RSV
lung titers four days post-inoculation, with lysate: 1x10% pfu/g;
no lysate: 9x 10° pfu/g; p = 0.86).

Then, since RSV disease in children has been associated with a
T helper type 2 (Th2) polarization of the immune response
against the virus, 283" we investigated whether the bacterial lysate
could bias Th responses against RSV. Treatment with lysate
decreased anti-RSV IgG1/IgG2a ratios post-infection, polarizing
the anti-RSV response towards Th1 (Fig. 3D).

Finally, we inoculated 1x10*° pfu of RSV alone or with
lysate IN and challenged mice with 10° pfu of RSV IN 28 days
after immunization (Fig. 3E). Interestingly, RSV lung titers after
challenge were significantly lower in lysate recipients than in con-
trols, showing that improved quantity and quality of protective
responses translated into a better control of viral production, a
parameter typically associated with milder illness (Fig. 3E). A
similar protective effect upon secondary infection was observed
for influenza HINI, with decreased virus titer (Fig. 2D) and
weight loss in lysate recipients (Fig. 2E).

The modulatory effect of the bacterial lysate is mainly
elicited through TLR4

We then investigated whether the positive modulation of anti-
body production against respiratory viruses elicited by bacterial
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Figure 2. Bacterial lysate improves antibody response against influenza H1N1 virus. (A) Immunoassays for IgG against H1 (p for comparison =
0.028), (B) avidity of IgG for H1 (p for comparison = 0.042), and (C) hemagglutinin-inhibition of H1N1 influenza virus (p for comparison = 0.03) in serum
from BALB/c mice obtained 60 days after intranasal infection with 10° PFU influenza virus A (A/new Caledonia 120/99-like (HIN1)) in the presence or
absence of lysate as described in Materials and Methods. (D) BALB/c mice were inoculated with HIN1 @@ pfu) either alone or with bacterial lysate, chal-
lenged 28 days later with HIN1 (10° pfu), and lung viral titers were assessed 4 days after challenge. (E) Percentage of body weight loss was determined
on the same experimental group described in (D) at day 6 after challenge. All experiments were performed in duplicates using 6-10 mice/group.
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Figure 3. Bacterial lysate improves antibody response against RSV A2. (A) immunoassays for IgG against RSV F (p for comparison = 0.046), (B) avidity
of IgG for RSV F (p for comparison = 0.038), (C) plague reduction neutralization test (PRNT60) for RSV A2 (p for comparison<0.01), and (D) IgG2a/IgG1
ratio against RSV F (p = 0.04) in serum from BALB/c mice obtained 60 days after intranasal infection with RSV A2 (10° PFU) in the presence or absence of
lysate as described in Materials and Methods. (E) BALB/c mice were inoculated with RSV A2 (10*° pfu) either alone or with lysate, challenged 28 days
later with the same virus (10° pfu), and viral titers in the lungs of the animals were assessed 4 days after challenge. All experiments were performed in

lysate was dependent on PRR activation. For this purpose, wild
type C57BL/10, TLR2—/— and TLR4—/— mice were infected
with RSV or influenza HINT1 in the presence or absence of bacte-
rial lysate (Fig. 4).

As previously described for BALB/c mice, anti-influenza
HINI1 protective HAI and anti-RSV neutralizing responses
were greater in recipients of virus plus lysate than in mice
inoculated only with either virus, both in WT and TLR2—/—
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mice, albeit at a somewhat reduced level in the knock-out ani-
mals (Fig 4 A, B, D, E). However, no differences in HAI or
neutralizing anti-RSV responses were observed in TLR4—/—
mice inoculated with viruses in the presence or absence of
lysate (Fig. 4 C & F). These findings confirm the positive
modulation elicited by bacterial lysate against respiratory
pathogens, and identify TLR4 as a main mediator of these
protective responses.
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Figure 4. The modulatory effect of bacterial lysate is mainly elicited through TLR4. HAI titer of influenza A HIN1 virus in (A) wild type (p = 0.01),
(B) TLR2—/— (p = 0.032) and (C) TLR4—/— (p = NS) mice 60 days after intranasal infection with 10° PFU of influenza A/new Caledonia 120/99-like
(H1N1) in the presence or absence of lysate. PRNTg, for RSV in (D) wild type (p = 0.012), (E) TLR2—/— (p = 0.045) and (F) TLR4—/— (p = NS) mice 60 days
after intranasal infection with RSV A2 (10° PFU) in the presence or absence of lysate.

Discussion

In this manuscript, we describe a novel and simple interven-
tion in mice that enhances the antibody response against respira-
tory viruses, the main pediatric agents of morbidity worldwide.
We show that administration of a bacterial lysate containing vari-
ous TLR agonists improves the humoral response against influ-
enza and respiratory syncytial virus, enhancing the quantity,
quality, and protective efficacy of antibodies in murine models of
infection. Interestingly, despite the complex mixture of TLR ago-
nists present in the bacterial lysate, the observed modulatory
effects were mostly dependent on TLR4 signaling.

Several factors hamper vaccine development against respira-
tory viruses.'® Achieving protective antibody titers in young
infants, for example, is challenging in the presence of transpla-
centally-acquired maternal antibodies that are sufficient to pre-
vent vaccine take, but insufficient for protecting against wild type
disease.”® Immune immaturity in infants affects protective
responses against agents requiring protection early in life.””> Affin-
ity maturation is critical to prevent severe immune imbalances
resulting in disease enhancement when children are vaccinated
against RSV or measles virus.'”** Administration of bacterial
lysates may modulate some of these responses, by enhancing IgG
titers, promoting maturation of avidity against these agents, and
improving protective responses. Similar observations have been
reported using other PAMPs.>>?> Furthermore, TLR activation
is critical to elicit affinity maturation against inactivated RSV vac-
cines, and prevent the enhanced bronchopneumonia resulting
from RSV infection in infants immunized with non-replicating
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RSV vaccines.'” In influenza, TLR agonists have proven excellent
adjuvants for non-replicating vaccines.*®

The beneficial role of bacterial products in non-specifically
modulating responses to infection is not surprising. Other adju-
vants like complete Freund’s, which contains heat-killed myco-
bacteria, have proven beneficial for immune responses when
formulated as components of injectable vaccines.”> Similarly,
administration of bacterial extracts by the oral route has been
shown to stimulate protective mucosal immunity against viral
and bacterial infections.>” In this report, we show that dried bac-
terial lysates delivered intranasally, following the natural route of
inoculation by respiratory viruses, significantly boost specific
immune responses against RSV and influenza. While our obser-
vations are in mice, co-habitation of humans with microbes for
millennia suggests a strong evolutionary rationale for leveraging
these interactions during routine bodily functions including pro-
tection against pathogens. In non-hygienic environments, the
human immune system likely evolved to fight respiratory viral
infections in the presence of a myriad of ubiquitous TLR ago-
nists, and it is reasonable to assume that this multi-microbial con-
text shaped and optimized the immune response against
respiratory pathogens. The utilization of bacterial lysates to
restore that context might have the potential to enhance anti-viral
responses.

In summary, we show that intranasal delivery of cell lysates
containing Gram-positive and Gram-negative bacterial products
can activate the innate and adaptive immune response, resulting
in positive modulation of protective antibody responses against
critical pediatric respiratory pathogens.
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Table 1. Lysate components and their interactions with TLRs

TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 TLR8 TLR9
Streptococcus pneumoniae (Gram +) — —+ - + + + — — +
Branhamella catarrhalis (Gram —) - UK - + + — — _ +
Haemophilus influenzae (Gram —) - + UK + + — UK - +
Klebsiella pneumoniae (Gram —) - UK — + + — — _ +
Micrococcus (respiratory) (Gram +) — —+ — + + + — _ +

UK: Unknown

Materials and Methods

Bacterial lysate

The bacterial lysate (final concentration 0.5 g/ml) contained
200 million organisms of each of the following bacteria: Strepzo-
coccus pneumoniae, Branhamella catarrbalis, Klebsiella pneumo-
niae, and Micrococcus spp. (respiratory micrococcus), and
100 million organisms of Haemophilus influenzae and Streptococ-
cus spp. (L.e. S. anhemoliticus and S. viridans). Bacteria were soni-
cated to disrupt the bacterial cell wall, heated for an hour at
70°C, and then kept at 4°C for 24 hours before undergoing an
additional cycle of 70°C treatment for an hour. After this treat-
ment, the lysates were analyzed and shown not to contain any
live organism.

Animals and treatment

BALB/c, C57BL/10, Tlr4 ™'~ and TIr2™'~ mice were pur-
chased from the Jackson Laboratory and kept in a controlled
pathogen free animal facility. Antibody responses were assayed in
groups of 6 to 10 female mice treated or not with the bacterial
lysate (see Table 1 for composition; 10 mg/day) and infected
intranasally (10° PFU) with either influenza virus A (A/New
Caledonia 120/99-like (HIN1)) or respiratory syncytial virus,
RSV (A2).

Antibody assays

Sera were obtained from mice at 60 days post infection and
tested for total anti-RSV F protein or total anti-H1 influenza
antibodies using protein-specific immunoassays as described.?
For avidity determinations, a 10-minutes wash with a 7M urea
solution (Sigma-Aldrich) was used before addition of secondary
antibodies. T-helper cell bias studies analyzed the ratio between
IgG1 and IgG2a by ELISA, using anti-IgG1 and anti-IgG2a
HRP-conjugated antibodies (BD Biosciences) as previously
described.'” Influenza hemagglutinin inhibition assay (HAI) and

plaque reduction neutralization test (PRNT) were performed as
described.'”?

In vitro assays

THP-1 cells grown on 96 well plates (10° cells/well) were
incubated with various doses of bacterial lysate (10 g, 1 mg,
10 mg) or LPS (10 g, 100 g, 1 mg). Supernatants were col-
lected 24 h after stimulation, and TNF-a and IL-1p levels mea-
sured by ELISA (Biosource Europe). In addition, human
peripheral blood mononuclear cells (PBMC) isolated from
healthy volunteers using Ficoll-Hypaque gradients were grown at
10° cells/ml in RPMI cell culture media supplemented with 10%
fetal bovine serum (FBS) and stimulated with different concen-
trations of bacterial lysate (1 pg, 10 g, 100 g, 1 mg). Levels of
pro-inflammatory cytokines IL-6, TNF-a, and IL-1f present in
supernatants were assayed by ELISA (Biosource Europe) 24 h
after stimulation.

TLR ligand screening

TLR agonism was tested in HEK293 cells stably transfected
with either TLR4 or TLR2 of human or murine origin (Invivo-
gene). These cells express the soluble alkaline phosphatase (sAP)
reporter gene under the control of the NF-kB promoter, which
enables the quantification of cell activation by measuring sAP
activity in medium containing specific enzyme substrates (OD at
655 nm). Ultrapure LPS from E. coli and peptidoglycan from
E. coli K12 were used as positive controls for TLR4 and TLR2,
respectively. No ligand (saline solution) was used as negative
control.
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