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Mucin 1 protects against severe Streptococcus pneumoniae infection
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ABSTRACT

Streptococcus pneumoniae is a bacterial pathogen that commonly resides in the human
nasopharynx, typically without causing any disease. However, in some cases these bacteria migrate
from the nasopharynx to other sites of the body such as the lungs and bloodstream causing
pneumonia and sepsis, respectively. This study used a mouse model of infection to investigate the
potential role of Mucin 1 (MUCT), a cell membrane-associated glycoprotein known for playing a key
barrier role at mucosal surfaces, in regulating this process. Wildtype (WT) and MUCT-deficient
(Muc1~'~) mice were infected intranasally with an invasive strain of S. pneumoniae and bacterial
loads in the nasopharynx, lungs, and blood were analyzed. Lungs were graded histologically for
inflammation and cytokine profiles in the lungs analyzed by ELISA. While there was no difference in
pneumococcal colonization of the nasopharynx between WT and Mucl™~ mice, infected
Muc1~"~ mice showed high pneumococcal loads in their lungs 16 hours post-infection, as well as
bacteremia. In contrast, infected WT mice cleared the pneumococci from their lungs and remained
asymptomatic. Infection in Muc1~/~ mice was associated with an elevation in lung inflammation,
with cellular recruitment especially of monocytes/macrophages. While MUC1-deficiency has been
shown to increase phagocytosis of Pseudomonas aeruginosa, macrophages from Mucl~~ mice
exhibited a reduced capacity to phagocytose S. pneumoniae indicating diverse and bacterial-specific
effects. In conclusion, these findings indicate that MUC1 plays an important role in protection
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Introduction

Streptococcus pneumoniae (commonly referred to as
pneumococci) are Gram positive bacteria that are fre-
quent asymptomatic colonizers of the mucosal surface of
the human nasopharynx and upper airways, especially in
children."” Their nasopharyngeal carriage rates in young
children range from approximately 25% in developed
countries to over 80% in developing countries.” A key
step in the pathogenic progression of this infection is
that, in some cases, pneumococci transmit from the
nasopharynx to other sites of the body, causing mucosal
infections such as otitis media (middle ear) and sinusitis
(sinuses) as well as life-threatening diseases including
pneumonia (lung), bacteremia (blood) and meningitis
(brain)." Despite the availability of a pneumococcal con-
jugate vaccine and antibiotics, pneumococcal pneumonia
and invasive pneumococcal disease (sepsis and meningi-
tis) continue to be a major cause of childhood morbidity
and mortality worldwide.*

potentially mediated by facilitating macrophage

The transition from commensal pneumococcal colo-
nization to pneumococcal disease involves a range of
host, environmental, and bacterial factors. Research over
the years has established that several pneumococcal
virulence factors, including the capsule, adhesins and
pneumolysin (a toxin) affect disease progression and
invasion.” The host possesses a range of defenses which
prevent asymptomatic carriage from progressing to inva-
sive pneumococcal disease. The respiratory epithelium at
the nasopharynx along with mucociliary clearance offers
the first barrier to the invading pneumococci.® If the
pneumococci pass this initial defense mechanism, they
reach the lower respiratory tract, where resident alveolar
macrophages phagocytose and kill these bacteria, limit-
ing their numbers.*” In parallel, pneumococci activate
innate immune responses, including the production of
cytokines, chemokines and antimicrobial peptides, aimed
at clearing the infection.” Most of these innate defenses
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are triggered by the recognition of the pneumococci (or
its ligands) by toll-like receptors (TLR) and cytosolic
inflammasomes. Lipoteichoic acid of the S. pneumoniae
cell wall is a TLR2 activator,® while pneumolysin and
pneumococcal DNA are agonists of TLR4 and TLR9
respectively.”'® Pneumococci also activate the cytosolic
receptors AIM2 and NLRP3,!112 resulting in the
assembly of multiprotein enzyme complexes (inflamma-
somes) that serve as platforms for maturation of the
inflammatory cytokines IL-18 and IL-18. When this
inflammatory response fails to eradicate pneumococci
from the lungs, pneumonia and occasionally sepsis can
ensue. The effectiveness of these host regulatory pro-
cesses at conferring protection is demonstrated by the
observation that most people who carry pneumococci in
the nasopharynx do not develop pneumococcal disease.

Mucin 1 (MUCI) is one host factor known to protect
the human body against an array of bacterial pathogens
that invade mucosal surfaces of the respiratory, gastroin-
testinal and urogenital tract.'>'* This cell membrane-
associated, extensively —O-glycosylated protein is
expressed on the epithelial cells that line all the major
tracts of the human body, as well as by immune cells."
The 2 primary mechanisms by which MUCI has been
shown to protect against disease progression is by i) act-
ing as a releasable decoy molecule,'” thereby restricting
pathogen adherence to the epithelial surface and ii) by
modulating cell signaling pathways, most notably, sup-
pression of the TLR signaling pathway."®

We have previously demonstrated that while epithelial
MUCI protects against colonization with the gastric
pathogenic bacterium, Helicobacter pylori,'” we later
found that it is MUCI expressed by immune cells that
controlled H. pylori-induced inflammation by suppress-
ing activation of the NLRP3 inflammasome and IL-18
production.'® As numerous bacteria activate the NLRP3
inflammasome, we questioned whether NLRP3 inflam-
masome regulation by MUCI was a key modulatory
mechanism common for other bacterial infections. To
investigate this theory, S. pneumoniae was chosen;
MUCI is known to suppress inflammation in response
to other lung bacterial infections,,'>?° and S. pneumoniae
also activates the NLRP3 inflammasome. "

Results

MUCT1 protects mice from invasive S. pneumoniae
infection

Wildtype (WT) and Mucl™~ mice were infected intra-
nasally with S. pneumoniae strain D39. At 16 hours post-
infection, nasopharynx, lungs and blood were extracted
from the infected mice and pneumococcal burden

determined by colony-forming assay. In a pilot study,
Mucl™~ mice became ill and had to be killed after
24 hours of infection; therefore infections were not con-
tinued beyond 16 hours due to animal welfare considera-
tions. There was no difference in the number of
S. pneumoniae recovered from the nasopharynx of
infected WT and MucI™’~ mice (Fig. 1A), showing that
nasopharyngeal carriage was not affected by MUCI. In
contrast, 4 of 12 WT mice had pneumococci recovered
from the lungs compared with 11 of 12 Mucl™’~ mice
(p = 0.009, Fisher’s exact test) and pneumococcal loads
were significantly higher in the Mucl~’~ mice (Fig. 1B).
Similarly, only 1 of 6 infected WT mice had pneumo-
cocci recovered from the broncho-alveolar lavage fluid
(BALF) compared with 4 of 6 Mucl™ ™ mice, although
this did not reach significance (Fig. 1C).

During S. pneumoniae infections, high bacterial loads
in the lungs can result in leakage or transcytosis of pneu-
mococci from the lung into the bloodstream, leading to
bacteremia, a severe form of pneumococcal disease. To
evaluate if the infected mice had bacteremia, a colony-
forming assay was performed on blood collected from
mice infected with S. pneumoniae for 16 hours. Analyses
revealed that while only 1 out of 16 infected WT mice
examined had S. pneumoniae-bacteremia, 9 of 16
infected Mucl™'~ mice showed bacteremia (p = 0.006,
Fisher’s exact test) and pneumococcal loads in the blood
were significantly higher in the Mucl ™'~ mice (Fig. 1D),
indicative of an invasive infection in the absence of
MUCI. Mice showing the highest bacteremia had an
early onset of disease symptoms including ruffled fur,
hunched posture and inactivity.

To determine whether MUC1 was affecting the
ability of S. pneumoniae to colonize or survive in the
lung, we quantified bacterial levels in the lungs of
mice infected for one hour. This revealed no differ-
ence in S. pneumoniae numbers in the lungs of WT
and Mucl™’~ mice 1 hour post-infection (Fig. 1E),
indicating that the bacteria were reaching the lungs
but that MUCI was playing a critical role in the
clearance of the pneumococci. MUCI on epithelial
cells has been previously shown to serve as a barrier
and releasable decoy receptor during bacterial infec-
tions.'>*"** To test if a deficiency in MUCI on lung
epithelial surface could potentially contribute to the
higher S. pneumoniae colonization levels in the
infected mouse lungs, an in vitro adherence assay
with a lung epithelial cell line (A549) was performed.
Wildtype or A549 cells with reduced expression of
MUCI (about 75% reduction; Fig. 2A) were co-cul-
tured with pneumococci for 1, 2 and 6 hours. The
level of S. pneumoniae adherence to these cells corre-
lated with MUC1 expression; within 1 hour, the
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Figure 1. MUC1 controls pneumococcal levels in the lungs and blood of S. pneumoniae infected mice. Wildtype (WT) and Muc1~/~ mice
were infected intranasally with S. pneumoniae D39 strain. Pneumococcal levels were determined 16 hours (A, B, C and D) and 1 hour (E)
after infection by colony-forming assay. (A) No significance difference in S. pneumoniae loads in the nasopharynx of WT and Mucl ™"~
mice. (B) Muc?~/~ display significantly higher levels of S. pneumoniae in the lungs as compared with WT mice; data pooled from 2 inde-
pendent experiments (***p < 0.001, 2-tailed Student’s t-test) (C) S. pneumoniae detected in the broncho-alveolar lavage fluid (BALF)
from infected WT and Muc?~~ mice. (D) A significantly higher number of S. pneumoniae-infected Muc1~'~ mice developed bacteremia
as compared with infected WT mice; data pooled from 3 independent experiments (#p < 0.05, Fisher's exact test). (E) After 1 hour of
infection, similar levels of pneumococci were recovered from the lungs of WT and Muc?™~ mice. Graphs present individual mice
(points) and group medians (horizontal bar). The limit of detection (LD, 100 CFU/ml) is shown as a dotted line. BALF- broncho-alveolar

lavage fluid.

adherence of pneumococci to A549 cells with reduced
MUCI1 expression was significantly lower as compared
with control A549 cells (Fig. 2B). This provides evi-
dence that MUCI actually supports attachment of
S. pneumoniae to epithelial cells, and therefore that
the loss of this mucin on the lung epithelium may
not be the mechanism behind the increased bacterial
numbers observed in the lungs and blood of Mucl ™/~
mice.

MUCT protects against S. pneumoniae-induced lung
inflammation

Histological examinations were performed to assess the
impact of S. pneumoniae infection on lung pathology.
Representative photomicrographs of H&E stained lung
sections of control and infected miceare presented in
Fig. 3A-D. Blinded lung sections were graded on a scale
of 1-4 for cellular infiltration (CI) to assess pathology.

While there was no significant difference in CI score
between uninfected and infected WT mice, S.
pneumoniae infection resulted in a significant increase in
CI in Mucl™'~ mice (Fig. 3D and E).

Analysis of the cytokine profile in the nasopharynx
revealed no significant differences in the levels of pro-
inflammatory cytokines between uninfected and infected
mice although a trend toward increased levels of pro-
inflammatory cytokines in infected Mucl ™'~ mice com-
pared with uninfected Mucl™’~ mice was observed
(Fig. 4). However, in the lung there was significant upre-
gulation of all the pro-inflammatory cytokines assayed
(IL-6, MIP-2, KC, TNF-«, IL-18, IL-17A, IL-17F and
IEN-y) after S. pneumoniae infection in Mucl ™'~ mice
(Fig. 5). In contrast, pro-inflammatory cytokines were
not significantly increased in the lungs of S. pneumoniae
infected WT mice (Fig. 5). This complete lack of a
detectable cytokine response to S. pneumoniae infection
in the WT mice was surprising, but is possibly related to
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Figure 2. Knockdown of MUCT expression is associated with reduced pneumococcal adherence to A549 cells. (A) MUCT Expression in
wildtype (WT) and mutated clone (MUC1 clone) of A549 cells was quantified using qPCR. There was nearly 75% knockdown of MUCT
expression in MUC1 clone as compared with WT. (B) WT and MUC1 clone of A549 cells (n = 5) were co-cultured with S. pneumoniae
D39 strain at a multiplicity of infection of 50: 1 and adherence assessed following 1, 2 and 6 hours of incubation. MUCT knockdown in
A549 cells lead to significantly lower binding of pneumococci ("p < 0.05, **p < 0.01, Student’s t-test).

the relatively low infection dose required used in these
studies due to the high susceptibility of the Mucl™'~
mice.

To further characterize the immune response in the
lungs of S. pneumoniae infected mice, lung infiltrating
immune cells were analyzed by multicolor flow cytome-
try using previously published methods.’** This analy-
sis revealed significantly higher numbers of alveolar
macrophages in the lungs of both WT and
Mucl™~ mice after S. pneumoniae infection (Fig. 6).
Additionally, there was elevated recruitment of Ly6C™
monocytes and interstitial macrophages, only in the
lungs of infected Mucl ™'~ mice as compared with unin-
fected Mucl™~, but not in infected WT mice. These
results indicated that cells of the monocyte-macrophage
lineage are the main types recruited during S. pneumo-
niae infection in MucI™'~ mice.

MUCT promotes S. pneumoniae phagocytosis
by macrophages

Macrophages are the initial responders in the lungs, and
the main phagocytic cells during initial stages of
S. pneumoniae infection, responsible for the killing and
clearing of S. pneumoniae.” We therefore tested whether
the increased pneumococcal loads present in the lungs of
Mucl™’~ mice, despite increased numbers of alveolar
macrophages, might be at least partially due to inefficient

phagocytosis. Macrophages from WT and Mucl ™~ mice
were co-cultured with 4 CFSE-labeled strains of
S. pneumoniae and the levels of internalized bacteria ana-
lyzed by fluorometry. There was a significant reduction
in the ability of Mucl™'~ macrophages to phagocytose 3
strains of S. pneumoniae compared with WT cells, with
the fourth trending the same way but not quite reaching
significance (Fig. 7A). To study the effect that reduced
phagocytosis has on bacterial killing, the levels of live
pneumococci in the culture supernatants of D39 bacteria
co-cultured with macrophages was determined by
colony-forming assay. This showed significantly higher
levels of live pneumococci when these bacteria were co-
cultured with MucI~’~ as compared with wildtype mac-
rophages, indicating reduced bacterial killing in the
absence of MUCI (Fig. 7B).

It has been previously published that loss of MUCI1
improved the phagocytic efficiency of P. aeruginosa,
another respiratory pathogen. To confirm our results, we
repeated the phagocytosis assay using these bacterial
pathogens. We observed that, consistent with previous
literature,®®> Mucl ™'~ macrophages exhibited increased
phagocytosis of P. aeruginosa compared with WT,
Mucl™"~ macrophages within the same study internal-
ized reduced levels of S. pneumoniae (Fig. 7C). This indi-
cates that MUC1 exerts opposite effects on the
phagocytosis of P. aeruginosa and S. pneumoniae by
macrophages.



Discussion

S. pneumoniae infections are responsible for life threat-
ening diseases including pneumonia, bacteremia and
meningitis, especially in children under the age of 5y,
the elderly and immunocompromised individuals." In
the current study, MUC1 was found to provide protec-
tion against pneumococcal pneumonia and bacteremia
most likely by facilitating the phagocytosis of S. pneumo-
niae by macrophages.

Our initial hypothesis was that MUCI might regulate
S. pneumoniae-associated disease severity by suppressing
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the activation of NLRP3 inflammasome. However, given
the above effects that resulted in the rapid appearance of
S. pneumoniae in blood, it was not possible to examine
the role of MUCI at regulating the NLRP3 inflamma-
some in S. pneumoniae infection using this model. In
pilot studies, sub-lethal doses of pneumococci were
tested. However, at these low infectious doses, the pneu-
mococci were rapidly cleared from the nasopharynx and
lungs of the infected WT and Mucl ~/~ mice, with no
detectable immune responses within 24 hours of infec-
tion. While IL-1p levels were increased in the lungs of S.
pneumoniae infected Mucl™'~ mice after 16 hours of

A

B

E

& %
s 4 .
S
aqé 3‘ eee
b [ ] [ ] L] [ ]
E 2* [ X ] [ X ] L X ) —8 e
™ oo [ ]
1
::: 1* L2 2 2 2 3 L2 2 2 2 3 B SRS eoe®
T’ [ X ] oe
@) 0 R

Uninf Inf Uninf Inf

WT Mucl™

Figure 3. MUC1 prevents lung inflammation in S. pneumoniae infected mice. Representative H&E stained lung photomicrographs in (A)
uninfected WT (B) uninfected Muc1™~ (C) infected WT (D) infected Muc1 ™"~ mice. (E) Blinded H&E stained lung sections were graded

for cellular infiltration. Infected Muc1="~

displayed significantly higher cellular infiltrate in the lungs as compared with uninfected

Muc1™~ mice. (*p < 0.05, Mann-Whitney). Graph presents individual mice (points) and group medians (horizontal bar). Arrows indicate
cellular infiltrate. Uninf, uninfected; Inf, infected. Scale bar = 100 pm.
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Figure 4. Pro-inflammatory cytokine profile of the nasopharynx.
Cytokine levels from nasopharyngeal homogenates of Wildtype
(WT) and Muc?™ mice (n = 7-8) infected with S. pneumoniae
D39 strains for 16 hours were measured by ELISA. Graphs present
the median (horizontal bar), interquartile range (box) and 10th
and 90th percentiles (error bars). Uninf, uninfected; Inf, infected.
Data analyzed using Student’s t-test.

infection, it was not possible to determine whether this
was due to loss of regulation of the NLRP3 inflamma-
some in this tissue or resulted from the increased bacte-
rial colonization that arose due to inefficient
macrophage phagocytosis due to loss of MUCI.

Infected WT and Mucl™’~ mice had no difference
in pneumococcal colonization of the nasopharynx,
suggesting MUCI1 does not affect nasopharyngeal car-
riage, at least within the relatively short time frame of
the current model. It did however play an important
role in reducing the bacterial burden in the lungs.
While WT and Mucl™~ mice had similar bacterial
levels in the lungs 1 hour after infection, by 16 hours
post-infection, pneumococci were only detectable in
the lungs of mice that lacked MUCI. Infection in
both WT and Mucl™'~ mice was associated with ele-
vated number of alveolar macrophages in the lung,
which was expected as macrophages are the first
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Figure 5. MUC1 deficiency is associated with elevated inflamma-
tory cytokines responses in the lungs during S. pneumoniae infec-
tions. Cytokine levels from lung homogenates of wildtype (WT)
and Muc1™~ mice (n = 13-14) infected with S. pneumoniae D39
strains for 16 hours were measured by ELISA. Infected Muc? ™~
mice produced significantly higher amounts of all pro-inflamma-
tory cytokines assayed, as compared with uninfected Mucl ™~
mice ("p < 0.05, “"p < 0.01,Student’s t-test). Graphs present the
median (horizontal bar), interquartile range (box) and 10th and
90th percentiles (bars). Uninf, uninfected; Inf, infected.

responders to invading pneumococci” In WT mice,
pneumococci that reached the lung were subsequently
cleared by these alveolar macrophages, preventing
lung inflammation. In the absence of MUCI however,
despite an increased recruitment of monocytes and
macrophages, the pulmonary infection was not
cleared, leading to elevated inflammation, bacteremia
and disease.

Factors that prevent the translocation of bacteria into
the bloodstream are of utmost importance in protecting
against invasive pneumococcal infection. In the current
study, the correlation between pneumococci levels in the
lungs and blood of Mucl ™~ mice suggests that transmis-
sion to the bloodstream probably occurred via the lung
epithelium. Other studies looking at the invasive
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Figure 6. Inmunophenotyping of cells infiltrating the lungs shows increased levels of monocytes and macrophages in S. pneumoniae
infected mice. Flow cytometry was used to characterize the immune cells recruited to the lungs of S. pneumoniae infected mice and
uninfected wildtype (WT) and Muc1™~ mice (n = 5-6). There were significantly more alveolar macrophages, interstitial macrophages
and Ly6c- monocytes in the lungs of infected Muc1~'~ mice as compared with uninfected Muc? ™~ mice. For WT mice, there were sig-
nificantly more alveolar macrophages in infected mice compared with uninfected mice (“p < 0.05, “*p < 0.01, Student’s t-test).Graphs
present the median (horizontal bar), interquartile range (box) and 10th and 90th percentiles (bars). DC-dendritic cells; Uninf, uninfected;

Inf, infected.

potential of pneumococcal strains in mice have made
similar observations, suggesting that pneumococci
migrate via the pleural cavity into the blood stream.***
This finding is probably related to the novel observa-
tion presented here, that MUCI facilitates the efficient
phagocytosis of S. pneumoniae by macrophages. All 4
strains of pneumococci tested, selected to examine a
wide range of serotypes, showed reduced phagocytosis
by MUCI1-deficient macrophages compared with wild-
type cells, although one strain (PMP1) did not reach sig-
nificance. The PMP1 strain was poorly phagocytosed by
wildtype macrophages as well, possibly explaining this
discrepancy with the other strains. PMP1 is from a sero-
type that is commonly associated with invasive disease
and is known to be resistant to phagocytosis, a feature
primarily attributed to the different composition

of the capsule.”® Macrophages are the primary phago-
cytic cells present during acute pneumococcal infection,”
and depletion of macrophages in mice has been shown
to significantly reduce pneumococcal clearance from
lungs,” as well as reduce survival after pneumococcal
infection, an affect attributed to exacerbated inflamma-
tion.”® Macrophage phagocytosis is therefore one of the
key host responses that controls pneumococcal levels
either via the formation of lysosomal complexes with
reactive oxygen species and nitric oxide or by the phago-
cytic cell undergo apoptosis.”*”***

It was recently shown that the mechanism of protec-
tion by which mice survive the first few days of systemic
S. pneumoniae infection involves neutrophils killing bac-
teria attached to the surface of macrophages.”” As our
data indicate that MUCI supports S. pneumoniae
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Figure 7. MUCT facilitates the phagocytosis and killing of S. pneumoniae. Macrophages from wildtype (WT) and Muc7~"~ mice (n = 5)
were co-cultured in vitro with CFSE-labeled S. pneumoniae strain D39, TIGR4A, PMP1 and PMP1287 and P. aeruginosa strain NCTC10662
(multiplicity of infection 50:1) for time-points shown. (A) Muc1~~ macrophages have significantly decreased intracellular S. pneumoniae
D39, TIGR4A and PMP1278 strains as compared with WT cells ("p < 0.05, **p < 0.01, Student's t-test). (B) Significantly reduced killing of
S. pneumoniae D39 strain by Mucl~~ macrophages compared with WT macrophages was observed after 120 min of co-culture
(*"p < 0.01, Student’s t-test). (C) While intracellular S. pneumoniae was significantly higher in WT macrophages as compared with
Muc1~'~ macrophages, Mucl™~ macrophages had significantly increased phagocytosis of P. aeruginosa 60 mins after co-culture
(*p < 0.01, *™p < 0.001, Student’s t-test). Data shown are representative of 4 experiments for S. pneumoniae D39 and 1 for other bac-

terial strains. Graphs present the median (horizontal bar), interquartile range (box) and 10th and 90th percentiles (bars).

phagocytosis (suggesting these bacteria bind this mucin
on the macrophage surface), a lack of MUC1 would
likely reduce the binding of S. pneumoniae to the macro-
phage surface, thereby reducing their availability for kill-
ing by neutrophils; this would explain the acute
morbidity and mortality observed in the acutely infected
Mucl™"~ mice.

Another recent finding is that MUCI hinders the
phagocytosis of Escherichia coli and the respiratory path-
ogen P. aeruginosa, with MUC1 deficiency being linked
to loss of a steric barrier around macrophages, allowing
better access of P. aeruginosa to cell-membrane receptors
involved in phagocytosis, which therefore occurs with
increased efficiency.”> Thus, MUC1 has not previously
been reported to have a direct role in the process of
phagocytosis. This contradictory role of MUCI in facili-
tating or restricting phagocytosis of different pathogenic
bacteria is intriguing and warrants further investigation.
One possible explanation relates to their surface struc-
tures; S. pneumoniae are Gram positive bacteria while
E. coli and P. aeruginosa are Gram negative, raising the

possibility that this phenomenon is linked to the pres-
ence or absence of LPS. However differences in other
surface molecules, such as the presence of flagellin on
P. aeruginosa, cannot be ruled out.

The current study illustrates the presence of a
novel mechanism via which MUCI can regulate bac-
terial virulence, i.e. by promoting macrophage phago-
cytosis, thereby assisting in reducing bacterial loads
in the lung and subsequent invasion into the blood-
stream. MUCI has been previously demonstrated to
have diverse roles both on the epithelial surface and
on immune cells. It is well described for its role on
epithelial cells where it functions as a barrier on the
epithelial surface by sterically inhibiting the binding
of pathogens to host epithelium, along with acting as
a releasable decoy, limiting both bacterial colonization
and associated inflammation.">'”** MUCI has been
previously shown to serve as an adhesion site for
P. aeruginosa (via flagellin) and H. pylori (via BabA
and SabA adhesins).">*" In the current study, results
from an in vitro assay indicate that MUC1 on



epithelial cells may also be a binding ligand for
S. pneumoniae, as knockdown of MUCI expression
on a lung epithelial cell line was associated with lower
adhesion of pneumococci. It is thus possible that
MUC1 on the lung epithelium plays some role in
protecting against invasion of the host by S. pneumo-
niae. However, new data in this study suggest that
MUCI1 on macrophages plays a key role in controlling
the levels of these bacteria in the respiratory tract by
facilitating phagocytosis and thereby limit invasion.
As lung colonization and dissemination into other
body sites such as blood and brain are key steps in
pneumococcal pathogenesis, elucidating the role of
MUCI in limiting these processes is critical to under-
standing how the innate immune system protects
against pneumococcal disease. The current study
therefore adds to the well-documented heterogeneity
of MUCI functions at different sites and in response
to different pathogens.

Despite the high prevalence of nasopharyngeal car-
riage of pneumococcal bacteria, invasive disease is a rare
consequence. This indicates that host (and bacterial)
processes are in place that maintain the balance between
asymptomatic colonization and disease. The work pre-
sented here demonstrates the critical role the important
host factor MUC1 plays in protecting against pneumo-
coccal diseases, and suggests that the mechanism by
which this occurs likely involves facilitating efficient
phagocytosis and clearance of S. pneumoniae by macro-
phages. Further studies characterizing the interaction
between MUCI1 and S. pneumoniae in the respiratory
tract would help in understanding how MUCI prevents
pneumococci from breaching tissue-blood barriers, a
fundamental process in pneumococcal pathogenesis, and
might help explain why only some colonized individuals
develop invasive diseases.

Methods
Bacterial culture

S. pneumoniae D39 strain (serotype 2) was a kind gift
from Prof. James C. Paton, University of Adelaide.
S. pneumoniae TIGR4A (serotype 4) was obtained
from Rick Malley at Children’s Hospital Boston;
PMP1 (serotype 1) was sourced from Janet
Strachan at Microbiological Diagnostic Unit, Mel-
bourne and PMP1278 (serotype 16F) was sourced
from the Pneumococcal Research culture collection at
Murdoch Childrens Research Institute. S. pneumoniae
were grown overnight on horse blood agar (HBA)
plates (ThermoFisher Scientific, PB0114) at 37°C, 5%
CO,. The next day, bacteria were grown until log
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phase in brain heart infusion (BHI; Oxoid, Hamp-
shire, UK) broth, supplemented with 10% horse
serum (Sigma, St Louis, Missouri, USA) at 37°C, 5%
CO,. Bacteria were washed twice in phosphate buff-
ered saline (PBS) before use and resuspended in PBS
or Roswell Park Memorial Institute 1640 medium
(RPMI, Life Technologies, 11875093) supplemented
with 10% fetal calf serum (FCS, Life Technologies,
16140071). Pseudomonas aeruginosa (NCTC10662)
was grown overnight in BHI broth supplemented
with 5% horse serum at 37°C.

Mice

Specific pathogen-free age-matched female MucI™* and
Mucl™'~ 129/Sv] mice (kindly provided by Sandra Gen-
dler)*! were bred and housed in the Parkville Veterinary
Science animal facility, University of Melbourne.
Unanesthetized, 5-7 week old, female mice were infected
by intranasal delivery of 10° S. pneumoniae in 30 ul of
PBS, or sham dosed with PBS alone. The challenge dose
was confirmed retrospectively by plating of the inocula
on HBA plates. All mouse experiments were performed
with approval from the Animal Ethics Committee, Uni-
versity of Melbourne, Australia.

Viable counting of bacteria (colony-forming assay)

Blood was collected by cardiac puncture and mixed with
0.5% EDTA to prevent coagulation. Nasopharyngeal and
lung tissues were collected from mice and homogenized
in 2 ml BHI using a Polytron PT2100 (Radnor, Pennsyl-
vania, USA). Serial dilutions were prepared in PBS, and
10 ul plated on HBA- plates supplemented with 5 j1g/ml
gentamycin (ThermoFisher Scientific). Plates were incu-
bated overnight at 37°C, 5% CO, then colonies counted.

Histology

Lungs were perfused through the trachea with 50% OCT
compound (Scigen, Gardenia, California, USA) to pre-
serve lung architecture. Perfused lungs were embedded
in OCT and stored at -80°C. 10 um sections were cut,
mounted on Superfrost slides, fixed in 100% ice-cold eth-
anol and stained with hematoxylin and eosin (H&E).
Blinded lung sections were graded for cellular infiltration
as follows: Grade 0 (none) - no immune cells found in
the lungs; Grade 1 (mild) - focal aggregates of immune
cells, usually around bronchioles and blood vessels;
Grade 2 (moderate) - dense cuffs of lymphocytes
surrounding blood vessels and airways; Grade 3
(marked) - moderate infiltrate, extending into surround-
ing tissue, mostly macrophages in alveoli and variable
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neutrophils and lymphocytes; Grade 4 (severe) - marked
infiltrate with extensive areas of lung tissue affected.

Quantification of cytokines by ELISA

Nasopharyngeal homogenates were centrifuged at
13000 g for 5 mins to pellet the debris, then supernatants
collected. Five 10 pum cryosections from each lung were
homogenized in 2 ml PBS, total protein quantified using
a Pierce bicinchoninic acid (BCA) protein assay kit
(ThermoFisher Scientific, 23225) and protein concentra-
tions normalized to 100 pg/ml.

Cytokine levels were quantified by ELISA as
described previously.”® Primary antibodies: anti-
mouse tumor necrosis factor (TNF)-a (0.1 pg/well;
BioLegend, San Diego, California, USA), macrophage
inflammatory protein (MIP-2) (0.1 ug/well; R&D Sys-
tems), KC (0.2 ug/well) interferon (IFN-y) (0.1 ug/
well; BD Biosciences, San Jose, California, USA), IL-
17A (0.5 pg/well; eBioscience, Cleveland, Ohio, USA),
IL-6 (0.05 pg/well; eBioscience), IL-18 (0.2 pug/well;
R&D Systems) IL-17F (0.04 pg/well; R&D Systems).
Secondary antibodies: biotinylated anti-mouse TNF-«
(0.025 pg/well), MIP-2 (3.7 ng/well), KC (0.01 ug/
well), IFN-y (0.05 pg/well), IL-17A (0.025 pg/well),
IL-17F (0.01 pg/well), IL-6 (0.025 ug/well), IL-18
(0.03 pg/well), IL-17F; (same manufacturers as cap-
ture antibody). Sample concentration was determined
against a standard curve of recombinant cytokine
(same manufacturers as antibodies).

Flow cytometric analysis of lung cells

Lungs were processed for flow cytometry as described pre-
viously.”** Briefly, lungs were cleared of blood by perfus-
ing via the right ventricle with PBS. Lungs were chopped
with a scalpel blade and digested in RPMI media with 2%
FCS and 1.5 mg/ml Collagenase D (Roche, 11088866001)
at 37°C, 90 mins at 80 rpm. Digested lungs were then
passed through a 70um strainer. After lysis of erythro-
cytes, cell suspensions were washed twice in 2% FCS in
PBS and blocked in 100 ul of PBS containing 2% FCS
(blocker) with 20% mouse serum and 1 jtg/ml anti-FcyIl/
FcylIll (2.4G2, Walter and Eliza Hall Institute, Melbourne,
Australia) on ice for 30 min.

Cells were stained in 100 pl blocker with the following
antibodies: anti-CD45-Alexa 700 (eBioscience), anti-F4/80-
Brilliant violet 421 (eBioscience), anti-CD19-Brilliant violet
510 (BioLegend), anti-CD4-Brilliant violet 650 (BioLegend),
anti-CD103-Brilliant violet 786 (BD Horizon), anti CD11b-
FITC (BD PharMingen), anti-Ly6C-PerCP (BioLegend),
anti-CD64-PE (BioLegend), anti-MHCII-PeCy7 (BioLe-
gend), anti-CD11c-APC (eBioscience), anti-Ly6G-APC-

Cy7 (BioLegend). Cells were washed twice, then resus-
pended in 0.25 mg/ml propidium iodide (ImmunoChemis-
try Technologies, 98) to stain dead cells which were
excluded during the gating strategy. Cells were acquired on
an X-20 LSR Fortessa (BD Bioscience, San Jose, California,
USA) and counts normalized using AccuCount Fluorescent
Particles (Spherotech, Lake forest, Illinois, USA). Data were
analyzed using BD FACS Diva software. The gating strategy
used to characterize different immune cells is shown in
Fig. 1.

In vitro epithelial cell adherence assay

CRISPR/Cas9 system was used to knockdown MUCI1
expression in A549 cells. Using CRISPR design tool ,** 2
small guide RNA (sgRNA) that target the open reading
frame of MUCI gene were designed. A549 cells were
grown in complete Dulbecco’s Modified Eagle Media
(DMEM; without antibiotics) and incubated in 24 well
plate with 5 x 10° cells/well, overnight at 37°C with 5%
CO,, sgRNA containing plasmids (GFP+) were trans-
fected into A549 cells using Lipofectamine LTX reagent
(ThermoFisher Scientific) as per manufacturer’s instruc-
tion. Using an Influx cell sorter (BD Bioscience), single
cell clones were sorted into 96 well plates and grown (as
above) to get pure cultures. Mutation of the MUCI gene
was confirmed by gel shift assay and MUC1 knockdown
was confirmed by qPCR.

A549 cells (WT and a mutated MUCI1 clone) were
incubated in a 96 well plate with 1 x 10° cells/well and
grown to a confluent monolayer. Cells were co-cultured
with 5 x 10° pneumococci/well and plates were centri-
fuged at 1200 g for 2 mins to facilitate bacterial contact
with the cell monolayer. After the incubation period, cul-
ture supernatant (with the unattached bacteria) was
removed and cells were washed once. Adherent bacteria
and epithelial cells were detached from the wells by treat-
ment with trypsin (Sigma). The number of bound bacte-
ria was determined by colony forming assay.

In vitro phagocytosis and killing assay

Non-induced peritoneal macrophages were collected
from WT and Mucl™’~ mice by flushing the peritoneal
cavity with 10 ml of ice-cold PBS containing 2% FCS.
Cells were resuspended in complete RPMI media
(without antibiotics) and incubated in 96 well plates with
5 x 10° cells/well, overnight at 37°C with 5% CO,,
Pelleted cultures of S. pneumoniae and P. aeruginosa
were resuspended in 10 ml RPMI media with 5 uM car-
boxyfluorescein succinimidyl ester (CFSE; ThermoFisher
Scientific, C34554). Bacterial suspensions were incubated
in the dark at 37°C in a shaker incubator for 30 mins.



The volume was doubled using RPMI containing 10%
FCS to quench extracellular CFSE. Bacteria were washed
twice by centrifugation at 3750 g for 15 mins in PBS,
then counted using a hemocytometer. Macrophages
were co-cultured with CFSE-labeled bacteria then extra-
cellular CFSE quenched by incubating cells in 1.5 pg/ml
trypan blue for 5 mins at 37°C. Culture supernatant was
removed, serially diluted onto HBA plates for estimating
viable counts for killing assay. Cells were washed twice
in PBS and intracellular fluorescence analyzed by reading
plates at Em488/Ex533 using an Infinite M200PRO
(Tecan, Mannedorf, Switzerland) plate reader.

Statistics

Fisher’s exact test was used to assess the absence or pres-
ence of bacteria in lungs and blood. The non-parametric
Mann-Whitney test was used to assess bacterial levels at
different sites and histological grading scores. All other
data were analyzed using 2-tailed Student t-test. All sta-
tistical analyses were performed using GraphPad Prism
software.
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