








Statistical analyses. All statistical analyses were performed in R.
Where applicable, results are presented as means � standard errors. Un-
paired comparisons were performed by the Wilcoxon rank sum test, and
paired comparisons were performed by Student’s t test on log-trans-
formed values to approximate normality.

RESULTS
Loss of mir-155 impairs the clearance of pneumococcal coloni-
zation. To assess the importance of mir-155 in the clearance of
pneumococcal colonization, strain P1121 (serotype 23F) was
used. This strain does not typically spread to the lungs or the
periphery and can be detected in the nasopharynx up to 3 weeks
following nasopharyngeal colonization (9, 11, 25). To model pri-
mary nasopharyngeal colonization, WT and mir155KO mice were
inoculated intranasally with 107 CFU of S. pneumoniae and sacri-
ficed at days 7, 14, and 21. Whereas WT mice clear nasopharyngeal
bacteria in a linear fashion beginning at day 7, mir155KO mice did
not begin to clear them until after day 14 (Fig. 1). Additionally,
bacterial burdens in the nasopharynxes of mir155KO mice were
significantly higher at days 14 (P � 0.001) and 21 (P � 0.001) and,
as expected, bacterial invasion of the lungs was not detected in
either group (data not shown).

During clearance of colonization with S. pneumoniae P1121,
WT mice exhibit an increase of mir-155 in the nasopharynx as
early as day 14 postinoculation, which continues to increase to day
21 (Fig. 2A). Given that nasopharyngeal lavages represent a heter-
ogeneous mixture of local and recruited cell types, we sought to
ascertain that mir-155 transcription in the nasopharynx does in-
deed originate from leukocytes. To test this, we purified leuko-
cytes from human induced sputum, the majority of which were
neutrophils and alveolar macrophages (approximately 60 and

FIG 2 S. pneumoniae induces mir-155 in the murine nasopharynx, as well as
in resident cells of the human upper respiratory tract. (A) WT mice were
colonized intranasally with S. pneumoniae (P1121), and nasopharyngeal mir-
155 expression was measured by quantitative PCR. n 
 3 to 6 per time point.
Sputum leukocytes (presented in panel B) were stimulated with S. pneumoniae
or mock stimulated with PBS for 16 h; this was followed by the assessment of
mir-155 and cytokine gene expression (C). n 
 3 or 4 per gene. Rel., relative.
Statistical significance was determined by paired t test on log-transformed CT

values. **, P � 0.01; *, P � 0.05.

FIG 3 MARCO and TLR-2 expression is not impaired on monocytes or macrophages from mir155KO mice. The surface expression of MARCO and TLR-2 on nasal
macrophages (F4/80�) (A, D), and Ly6C� blood monocytes subsets (Ly6Chi, HI; Ly6Clo, LO) (B, E) in uninfected mice (D0) and over the course of colonization and
elicited peritoneal macrophages (C, F) are shown. WT mice, squares with solid lines; mir155KO mice, circles with dashed lines. n 
 3 to 5 per time point per group.
Statistical significance was determined by Wilcoxon rank sum test. dMFI, mean fluorescent intensity minus isotype control level. *, P � 0.05.
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30%, respectively) (Fig. 2B), and stimulated them with heat-killed
S. pneumoniae for 16 h. Indeed, S. pneumoniae induced mir-155
nearly 2-fold (P 
 0.046, Fig. 2C), along with the cytokines IL-1�,
TNF, IL-8, IL-12, and IL-6, all of which are important in the innate
inflammatory response to infection (Fig. 2C).

Monocyte/macrophage MARCO and TLR-2 are unaffected
by the loss of mir-155. We have previously shown that MARCO is
required for the optimal clearance of S. pneumoniae colonization
and is required for TLR-2 signaling (11). Loss of either of these
innate receptors substantially diminishes the ability to clear naso-
pharyngeal colonization (9, 11); hence, we sought to characterize
their expression in mir155KO mice. In uninfected WT and
mir155KO mice and over the course of colonization generally,
only subtle differences in the surface expression of MARCO or
TLR-2 on nasopharyngeal macrophages (CD11b� F4/80�) or
blood monocyte subsets (CD45� CD11b� Lineage and Ly6Chi

or Ly6Clo) were identified (Fig. 3A, B, D, and E). MARCO was
found to be expressed more highly on Ly6Chi blood monocytes
but only on day 7 postcolonization (Fig. 3B). Although there were
no significant differences in the expression of TLR-2 (Fig. 3F),
MARCO expression was found to be 25% greater on elicited peri-
toneal macrophages from mir155KO mice (P 
 0.08, Fig. 3C).

To further characterize mir155KO macrophages, elicited peri-
toneal macrophages were stimulated with the synthetic TLR-2 li-
gand Pam3CSK4 and infected with heat-killed S. pneumoniae. Al-
though mir-155 was strongly induced by both Pam3CSK4 and S.
pneumoniae (Fig. 4A), there were no significant differences in the
secretion of TNF or IL-6 at 24 h poststimulation (Fig. 4B and C).
Similarly, when incubated with live S. pneumoniae under nonop-
sonic (serum-free) conditions, WT and mir155KO macrophages
were equally capable of killing bacteria (Fig. 4D). However,
mir155KO macrophages exhibited a subtle yet significant increase

in phagocytosis (P 
 0.029, Fig. 4E), which may be related to the
aforementioned elevated expression of MARCO (Fig. 3C).

Macrophage recruitment to the nasopharynx is abolished in
mir155KO mice. Myeloid cell recruitment to the nasopharynx is a
critical event in the clearance of both primary and secondary S.
pneumoniae colonizations (9). Here, we demonstrate that neutro-
phil (CD11b� Ly6G�) (Fig. 5A) and monocyte (CD11b� Ly6C�)
(Fig. 5B) recruitment to the nasopharynx peaks at day 7 postinoc-
ulation, with no differences observed between WT and mir155KO
mice. However, macrophage (CD11b� F4/80�) recruitment,
which peaked at day 14 postinoculation in WT mice, was com-
pletely abrogated in mir155KO mice (P 
 0.018, Fig. 5C). This
recruitment defect parallels a reduction in nasopharyngeal levels
of the mRNA transcript encoding IL-1� (Fig. 5D), which is pro-
duced at high levels by macrophages during pneumococcal infec-
tion (26), as well as the initiation of bacterial clearance in WT mice
(Fig. 1C). Also measured over the course of colonization were the
mRNA transcripts encoding TNF, IL-10, MCP-1, MIP-1	, and
MIP-2; however, no significant differences between WT and
mir155KO mice were observed (data not shown).

Loss of mir-155 abrogates Th1- and Th17-mediated immu-
nity. Previous studies also emphasized the importance of Th17
cells in the clearance of pneumococcal colonization and as a pre-
requisite for the recruitment of macrophages to the nasopharynx
(6, 9). Others have indicated that IFN-�-producing Th1 cells are
also important in the protection against pneumococcal infection
(27, 28). To monitor the induction of Th1 (CD3� CD4� IFN-��)
and Th17 (CD3� CD4� IL-17A�) cells over the course of coloni-
zation with S. pneumoniae P1121, splenocytes from WT and
mir155KO mice were examined by intracellular cytokine staining,
while S. pneumoniae-specific splenic Th1 and Th17 cell responses
were assessed by IFN-� and IL-17A ELISAs, respectively. It ap-

FIG 4 Loss of mir-155 does not impair innate cytokine responsiveness or bactericidal capacity of macrophages to S. pneumoniae. Elicited peritoneal macro-
phages from mir155KO (solid bars) and WT mice (dotted bars) were stimulated with Pam3CSK4 (Pam) and heat-killed S. pneumoniae (SP) for 24 h. This was
followed by assessments of mir-155 expression (A) and TNF (B) and IL-6 (C) secretion (n 
 3 per group per treatment). (D) Bacterial killing was measured by
incubating macrophages at an MOI of 25 S. pneumoniae bacteria and enumerating the remaining viable bacteria at the time points indicated. (E) Bacterial uptake
was measured with pHRodo-Red-labeled S. pneumoniae (n 
 4 per group). Rel., relative; dRFU, relative fluorescent units minus the background level. Statistical
significance was determined by Wilcoxon rank sum test. *, P � 0.05.
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pears that mir155KO mice have inherently lower levels of Th1
(Fig. 6A) and Th17 (Fig. 6C) cells and a reduced capacity to induce
Th1 cells over the course of colonization (Fig. 6A). Recall re-
sponses to S. pneumoniae indicate that antigen-specific Th1 im-
munity is maintained in mir155KO mice (Fig. 6B), while antigen-
specific Th17 responses are reduced (Fig. 6D). In the
nasopharynx, the levels of mRNA transcripts encoding IL-17A
and IFN-� were reduced in mir155KO mice at day 21 postcoloni-
zation; however, this reached significance only for IL-17A (P 

0.043, Fig. 6E). Finally, a significant reduction in the levels of S.
pneumoniae-specific serum IgG antibodies was also observed in
mir155KO mice (P 
 0.015, Fig. 6F), further suggesting that these
mice would be impaired in subsequent exposures to S. pneu-
moniae.

The above-described experiments indicate that mir155KO
mice have a reduced capacity to generate Th1 and Th17 cells at the
baseline, as well as in response to S. pneumoniae colonization. To
ascertain whether this is an intrinsic defect of CD4� T cells, we
cultured splenocytes from uninfected WT and mir155KO mice in
the presence of S. pneumoniae, as well as under Th1 or Th17 cell-
polarizing conditions. In concordance with our in vivo findings,
there was significantly greater induction of Th17 cells from cul-
tured WT splenocytes than from mir155KO splenocytes (P 

0.016, Fig. 7A and B); however, similar percentages of Th1 cells
were induced in both groups (Fig. 7C and D).

The protection against pneumococcal invasion is not influ-
enced by mir-155. To assess the importance of mir-155 in pro-
tecting against acute invasive infection, pneumococcal strain
P1547 (serotype 6A), a virulent and invasive clinical isolate that
has been shown to spread rapidly systemically following experi-
mental nasopharyngeal colonization (25), was employed. Follow-
ing inoculation with strain P1547, 30% of WT and 44% of

mir155KO mice had detectable bacteria in their lungs on day 3
(chi-square P 
 0.86) and 33% of WT and 50% of mir155KO mice
had detectable bacteria in their lungs on day 5 (chi-square P 

0.84). The percentages of mice with bacteria in their lungs were
not significantly different, nor were the overall bacterial loads in
their lungs or nasopharynxes (data not shown). Similarly, the per-
centages of mice surviving to 5 days postinoculation were not
significantly different (data not shown).

DISCUSSION

Our finding of mir-155 expression by leukocytes of the human
upper respiratory tract led us to hypothesize that it regulates the
response to S. pneumoniae and that changes in the kinetics or
magnitude of expression may alter the ability to control pneumo-
coccal colonization. Interestingly, while we observed no differ-
ences between WT and mir155KO mice regarding bacterial inva-
sion of the lungs or survival following inoculation with a virulent
and invasive strain of S. pneumoniae, mir155KO mice were signif-
icantly impaired in the ability to clear a less virulent colonizing
strain. Specifically, whereas WT mice began to clear nasopharyn-
geal colonization at day 14 postinoculation, clearance by
mir155KO mice was not apparent until day 21 and their bacterial
loads were �2-fold greater than those of WT mice. The delayed
induction of bacterial clearance by knockout mice correlated with
significantly lower levels of mRNA for the inflammatory cytokine
IL-1� in the nasopharynx. This is not surprising, as IL-1� has been
previously shown to be essential in the control of nasopharyngeal
pneumococcal colonization and subsequent invasive disease (26).
The importance of IL-1� during primary colonization and sec-
ondary pneumococcal responses is likely due to its known role in
the polarization of Th17 cells and sustained production of IL-17,
as well as the indirect and direct recruitment of neutrophils to sites

FIG 5 Macrophage recruitment is impaired in mir155KO mice over the course of colonization. In uninfected mice (D0), and at 7, 14, and 21 days postcoloni-
zation, the numbers of monocytes (Ly6C�) (A), neutrophils (Ly6G�) (B), and macrophages (F4/80�) (C) in nasal lavage fluid were enumerated by flow
cytometry. n 
 8 to 16 per time point per group. (D) IL-1� expression in the nasopharynx was measured by quantitative PCR. n 
 4 to 6 per time point per group.
Rel., relative. Statistical significance was determined by Wilcoxon rank sum test. *, P � 0.05.
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of infection (29). Reduced IL-1� expression in mir155KO mice at
day 14 postinoculation is likely due to the decrease in macrophage
recruitment, as these cells are a major source of IL-1� during S.
pneumoniae responses (30).

Previous studies by our lab and others (9, 11, 31) have indi-
cated the critical importance of the innate receptors MARCO and
TLR-2, as well as IL-17A-producing Th17 cells and macrophage
recruitment to the nasopharynx for the clearance of primary na-
sopharyngeal colonization. In particular, we have shown that
MARCO is required for sufficient TLR-2-mediated pneumococ-
cal immunity, as well as being the primary phagocytic receptor for
S. pneumoniae (11). Although MARCO is not a known target of
mir-155, results from a recent study of macrophage responses to
infection following bone marrow transplantation suggest that
mir-155 may be at least indirectly related to MARCO-mediated
phagocytosis of Pseudomonas aeruginosa (32). Additionally, mir-
155 has been previously shown to be induced by TLR-2 signaling
(16), as well as to modulate TLR-2-mediated responses (20, 33).
Despite these findings, we found no evidence of impaired TLR-2
expression or signaling in mir155KO mice. Similarly, there were
no differences in the expression of MARCO in the murine naso-

pharynx, although a subtle increase was observed on Ly6Chi blood
monocytes at 7 days postcolonization and on elicited peritoneal
macrophages from mir155KO mice.

A major finding of the present study was that mir-155 is inte-
gral for the recruitment of macrophages to the nasopharynx, a
process that has been shown to be dependent on IL-17 (6, 9).
During nasopharyngeal colonization, mir155KO mice exhibited
lower nasopharyngeal IL-17A mRNA levels and reduced splenic
Th17 numbers and IL-17A secretion upon restimulation with S.
pneumoniae. A reduction of Th17 cells and IL-17A production in
the nasopharynx would abrogate macrophage recruitment since
IL-17A is a potent chemotactic factor for both monocytes (34) and
macrophages (35, 36). Another important chemotactic factor for
these cells, MCP-1 (CCL2), was also investigated in the nasophar-
ynxes of WT and mir155KO mice; however, no differences were
observed. As shown by our observations from Th17 polarization
experiments, as well as previous studies (22), mir-155 is integral to
the development of Th17 cells. The mechanism of this phenome-
non is at least partly related to the repression of transcription
factor Ets-1 (37), which is known to contribute to a myriad of
cellular processes, including energy metabolism and innate in-

FIG 6 Adaptive immune responses to S. pneumoniae are impaired in mir155KO mice. Over the course of colonization, the frequencies of IFN-� (A)- and IL-17A
(C)-expressing CD3� CD4� splenocytes were enumerated by intracellular cytokine staining (n 
 4 to 10 per group per time point) and the secretion of IFN-�
(B) and IL-17A (D) by splenocytes following 6 day of exposure to S. pneumoniae was measured by ELISA (n 
 4 or 5 per group per time point). Levels of IL-17A
and IFN-� mRNAs in the nasopharynx (E) over the course of colonization (n 
 3 or 4 per group per time point) and serum IgG levels (F) at day 21
postcolonization (n 
 4 to 6 per group per time point) were measured. Representative flow cytometry histograms (left) and IgG mean fluorescent intensity (MFI)
levels (right) are presented. Statistical significance was determined by Wilcoxon rank sum test. ***, P � 0.001; **, P � 0.01; *, P � 0.05. D0, uninfected; D7, D14,
and D21, days 7, 14, and 21 postcolonization, respectively.
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flammatory response-related signaling (38). We also observed re-
duced levels of IFN-�-producing CD4� lymphocytes prior to and
following S. pneumoniae colonization in mir155KO mice but no
defect in the antigen-specific production of IFN-� or the capacity
to generate IFN-�-expressing cells in vitro. Similar defects in the
Th1 cell compartment of mir155KO mice have been previously
reported (39); however, they are likely to be inconsequential dur-
ing nasopharyngeal colonization, given that clearance is not ef-
fected in the absence of the IFN-� receptor (25).

While it has been shown that IL-17A is required for the
elevation of macrophage numbers in the nasopharynx during
colonization (9), there is little evidence indicating that these mac-
rophages originate from recruited precursor monocytes or via a
self-renewing proliferative mechanism, which has been shown to
occur for resident alveolar macrophages (40). Davis and col-
leagues in 2011 showed that the loss of CCR2, an essential chemot-
actic receptor for monocytes, abolishes the increase in cells ex-
pressing the macrophage marker F4/80 during pneumococcal
colonization and that the expression of its ligand MCP-1/CCL2
correlates with bacterial clearance (41). In our studies, we ob-
served an influx of monocytes 7 days prior to the elevation of
F4/80-expressing macrophage numbers. Also, a small secondary
population of macrophages expressing elevated levels of Ly6C (a
prominent monocyte marker) and lower levels of F4/80 could be
observed in the nasopharynx during colonization, although its
frequency changed little over time (data not shown). These cells
might represent monocytes that have not completely differenti-
ated into mature nasopharyngeal macrophages, but this has yet to
be determined.

Most individuals have been temporarily colonized by S. pneu-
moniae at least once in their lifetimes (42). Thus, antibody- and
neutrophil-mediated defenses, in addition to Th17 memory cell

subsets, are likely to be prominent effectors for the prevention of
invasive disease following colonization (3, 7). Our observations
suggest that mir-155 would be instrumental in conferring protec-
tive immunity to subsequent exposures, given that following pri-
mary colonization, mir155KO mice have fewer Th17 cells, as well
as S. pneumoniae-specific circulating IgG levels. Presumably, this
decrease in circulating IgG would be critical for the opsonic
phagocytosis and subsequent killing of S. pneumoniae in the lung
by resident macrophages and recruited neutrophils (3). Clearly,
further studies of the importance of mir-155 following pneumo-
coccal vaccination are warranted.

In summary, our study has provided compelling evidence that
mir-155 is a necessary component of the mucosal immune re-
sponse to S. pneumoniae. It is the first to describe a molecular
mediator that is intimately involved in the recruitment of macro-
phages and the induction of protective Th17 immunity, which is
fundamental for the clearance of primary nasopharyngeal coloni-
zation. Further exploration of the roles of mir-155 in protection
against invasive pneumococcal disease and the promotion of ef-
fective vaccine responses would be most interesting.
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FIG 7 Th17, but not Th1, polarization is impaired in the absence of mir-155. Splenocytes from uninfected WT and mir155KO mice were stimulated with S.
pneumoniae under Th17 or Th1 cell-polarizing conditions for 4 days. Representative dot plots and cumulative frequencies of CD3� CD4� IL-17A� splenocytes
following incubation (A, B) and representative dot plots and cumulative frequencies of CD3� CD4� IFN-�� splenocytes following incubation (C, D) are shown.
n 
 5 per group. Statistical significance was determined by Wilcoxon rank sum test. *, P � 0.05.
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