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ABSTRACT We previously found CC chemokine ligand 3 (CCL3) to be a potent ef-
fector of inflammation during otitis media (OM): exogenous CCL3 rescues the OM
phenotype of tumor necrosis factor-deficient mice and the function of macrophages
deficient in several innate immune molecules. To further delineate the role of CCL3
in OM, we evaluated middle ear (ME) responses of ccl3�/�mice to nontypeable Hae-
mophilus influenzae (NTHi). CCL chemokine gene expression was evaluated in wild-
type (WT) mice during the complete course of acute OM. OM was induced in
ccl3�/� and WT mice, and infection and inflammation were monitored for 21 days.
Phagocytosis and killing of NTHi by macrophages were evaluated by an in vitro as-
say. The nasopharyngeal bacterial load was assessed in naive animals of both strains.
Many CCL genes showed increased expression levels during acute OM, with CCL3
being the most upregulated, at levels 600-fold higher than the baseline. ccl3�/� de-
letion compromised ME bacterial clearance and prolonged mucosal hyperplasia. ME
recruitment of leukocytes was delayed but persisted far longer than in WT mice.
These events were linked to a decrease in the macrophage capacity for NTHi phago-
cytosis and increased nasopharyngeal bacterial loads in ccl3�/� mice. The general-
ized impairment in inflammatory cell recruitment was associated with compensatory
changes in the expression profiles of CCL2, CCL7, and CCL12. CCL3 plays a signifi-
cant role in the clearance of infection and resolution of inflammation and contrib-
utes to mucosal host defense of the nasopharyngeal niche, a reservoir for ME and
upper respiratory infections. Therapies based on CCL3 could prove useful in treating
or preventing persistent disease.

KEYWORDS chemokines, otitis media, nontypeable Haemophilus influenzae, innate
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Otitis media (OM) is a primarily infectious disease that involves, in the majority of
cases, pathogenic bacteria alone or in combination with a virus (1). The bacteria

most frequently isolated from middle ear (ME) effusions during acute OM are Streptococcus
pneumoniae, nontypeable Haemophilus influenzae (NTHi), and Moraxella catarrhalis (2).
Children acquire these potential otopathogens, along with a broad variety of other micro-
organisms, as part of their normal nasopharyngeal flora early in infancy (3).

The pathogenesis of OM is considered multifactorial. Prior viral infection of the
nasopharynx, significantly increased bacterial colonization of the nasopharynx (4)
and/or cocolonization by different bacterial strains (4, 5), as well as dysfunction of the
Eustachian tube leading to pressure differences between the nasopharynx and Eusta-
chian tube (6) have all been associated with an elevated risk of OM. Immature or
compromised immune status, allergy, and genetic predispositions (7) also contribute to
OM susceptibility.

The fact that acute OM normally resolves in a few days, before cognate immunity
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can be effectively engaged, suggests that innate defenses are the primary means of
recovery from OM. The host recognizes invading pathogens by innate immune recep-
tors, including Toll-like receptors (TLRs) and nucleotide oligomerization domain (NOD)-
like receptors. Pathogen molecule binding to these receptors initiates signaling cas-
cades that result in a variety of antimicrobial responses. The TLRs that are the primary
receptors for the recognition of NTHi (TLR1, TLR2, TLR4, TLR6, and TLR9 [8]) can signal
via a myeloid differentiation primary response gene 88 (MyD88)-dependent pathway to
induce the release of proinflammatory cytokines, including interleukin-1� (IL-1�), IL-6,
IL-8, IL-12, and tumor necrosis factor alpha (TNF-�), and chemokines such as macro-
phage inflammatory protein 2 (CXCL2) and CC chemokine ligand 3 (CCL3)/macrophage
inflammatory protein 1� (9, 10). Previous gene expression studies of the ME mucosa in
mice after NTHi exposure demonstrated increased expression levels of TLR signaling
molecules, especially during the initial stages of the inflammatory response, during
acute OM (11, 12). Defects in TLR signaling are associated with an impaired immune
response to NTHi-induced ME infection (13–15). In humans, polymorphisms in TLR
genes are associated with increased susceptibility to ME infections (16, 17).

CCL3 belongs to the CC subfamily of the chemokine superfamily. CCL chemokines
share the common biologic property of leukocyte chemoattraction. CCL3, because of its
ability to attract and activate various inflammatory cells, including T cells, monocytes,
eosinophils, and neutrophils, is an important determinant of inflammatory cell infiltra-
tion. This is mediated by interactions with its CC chemokine receptors (CCRs), CCR1 and
CCR5 (18, 19), and is intimately involved in many inflammatory and infectious diseases
(20).

Critical to the host defense of the ME against invading pathogens is the capacity
of professional phagocytes, such as macrophages, to efficiently engulf and degrade
microorganisms. Macrophages derived from TNF�/� and TLR2�/� mice have been
shown in vitro to be defective in the phagocytosis/intracellular killing of NTHi and to
express reduced levels of CCL3 (13). Moreover, stimulation with CCL3 was found to
reverse the functional impairment of macrophages derived from TLR2�/�, MyD88�/�,
and TNF�/� mice in previous studies (21). Furthermore, CCL3�/� macrophages were
shown to expand their phagocytic and killing activities after stimulation with CCL3 (13,
22). In addition to these in vitro effects, the administration of CCL3 in vivo, alone or in
combination with TNF, prior to infection with NTHi restored the impaired immune
response to OM in TNF�/� mice (13). Delayed recovery from OM was observed after
blocking CCL3 activity with anti-CCL3 antibodies in vivo (13).

The above-mentioned findings make the CCL chemokines in general and CCL3 in
particular an attractive target for further investigation in a well-established murine
model of OM induced by NTHi infection of the ME (11). Our goal was to determine the
extent to which CCL3, while sufficient to rescue innate immune defects, is also
necessary for normal recovery from OM.

(Some of the data included in the manuscript were presented at the 9th Molecular
Biology of Hearing and Deafness Conference in June 2013 at Stanford University [Palo
Alto, CA].)

RESULTS
Regulation of CCL genes during acute OM. Changes in the expression levels of the

most highly regulated (peak increase of �20-fold) CCL chemokine genes over the
course of an episode of acute NTHi-induced OM in WT mice are illustrated in Fig. 1. Data
from all CCL genes and fold expression variability are provided in Table S1 in the
supplemental material. Substantial changes in the expression levels of seven CCL genes
were observed during OM. These changes fell into three categories: an increase early
during OM (peaking 3 to 24 h after NTHi inoculation, e.g., CCL4 and CCL20), an increase
later during OM (peaking 2 to 3 days after inoculation, e.g., CCL6, CCL7, and CCL12), or
an increase during both time periods (e.g., CCL2 and CCL3). As shown in Fig. 1 and
Table S1, CCL3 was by far the most highly regulated CCL gene. Expression peaked at a
�600-fold increase 1 day after inoculation and increased �100-fold throughout the
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period from 3 h to 3 days, which corresponds to the most active ME inflammatory
response. As can be seen from the range of fold change values presented in Table S1,
the expression changes were replicated both in independent tissue samples and in the
two chips of each sample. Mice injected with saline alone in the ME exhibited much
smaller changes in the expression levels of CCL genes, as in almost all other regulated
genes (11). For example, the peak fold change in CCL3 expression after saline injection
was only 3% of that seen after NTHi injection.

Mucosal hyperplasia in the absence of CCL3. Hyperplasia of the ME mucosa is
illustrated in Fig. 2A and B. When exposed to NTHi, WT mice exhibited characteristic,
robust ME mucosal hyperplasia that reached a maximum on day 2 after inoculation. By
day 7, the mucosa thickness was not different from preinfection values, although there
was a nonsignificant tendency for increased thickness.

There were no significant differences in mucosal thicknesses between WT and
ccl3�/� mice until day 5 (P � 0.001 by 2-way analysis of variance [ANOVA] and Fisher’s
exact t test with Bonferroni correction for multiple comparisons). The mucosa of ccl3�/�

MEs reached its maximum thickness and difference from those of WT mice on day 7
(P � 0.01). Thereafter, mucosal hyperplasia in ccl3�/� mice decreased but remained
significantly greater than that in WT mice through day 10 (P � 0.05).

Delayed and persistent leukocyte recruitment to the ME in the absence of
CCL3. In WT mice, the highest percentage of the ME lumen occupied by infiltrating
leukocytes was observed on the first day after NTHi inoculation, and cells persisted in
the ME until day 5. In the absence of CCL3, the initial recruitment of leukocytes was
delayed. One day after NTHi instillation, the level of infiltration of inflammatory cells
into the MEs of animals lacking CCL3 was significantly lower than that in WT mice (P �

0.05 by a Mann-Whitney U test), reaching the level seen in WT animals on day 2.
However, on day 10 (�0.01) and day 14 (P � 0.05), it exceeded that in WT animals, and
some ccl3�/� animals showed ME leukocytes even on day 21 (Fig. 3A).

FIG 1 Regulation of CCL genes in the ME during the course of an episode of acute OM in mice. Data are
from gene arrays using two independent groups of mice. CCL genes for which peak expression levels
increased at least 20-fold are illustrated. Increased expression fell into three categories: (i) genes
upregulated early (3 to 24 h) during OM, (ii) those upregulated late (2 to 3 days) during OM, and (iii) those
upregulated both early and late. Results for all CCL genes and the variability of expression levels are
presented in Table S1 in the supplemental material. CCL20 data were reported previously in a different
form (14). Data analysis was performed by using VAMPIRE (41). For this and subsequent figures,
* indicates a P value of �0.05, ** indicates a P value of �0.01, and *** indicates a P value of �0.001.
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Neutrophils were the predominant cell type in the MEs of both mouse strains
throughout the observation period. As shown in Fig. 3B, the maximum influx of
neutrophils into WT MEs occurred on day 1, with a gradual decrease through day 5. In
ccl3�/� MEs, consistent with the delayed total inflammatory cell recruitment, neutro-
phil counts reached a peak on day 2, with significantly increased numbers compared to
those in WT mice (P � 0.05 by a Mann-Whitney U test). After this peak, the numbers of
neutrophils declined in both groups, but the numbers of neutrophils peaked again and

FIG 2 Mucosal response of the ME after NTHi challenge. (A) Time course of mucosal thicknesses in the
MEs of CCL3-null versus WT mice after NTHi challenge. No significant differences in mucosal responses
were noted during the first 3 days after NTHi infection. On day 5 (***, P � 0.001 by Fisher’s exact t test),
day 7 (**, P � 0.01), and day 10 (*, P � 0.05), ccl3�/� animals displayed significantly enhanced mucosal
thickness (n � 6 to 7 MEs per time point and strain; bars and error bars represent means � SEM). (B)
Representative histological changes of the ME mucosa of ccl3�/� versus WT mice 2, 3, 5, 7, and 10 days
after inoculation of NTHi in MEs (original magnification, �40).
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FIG 3 Inflammatory cells in the ME cavity after NTHi infection. (A) Percent area of the ME cavity occupied
by leukocytes during OM in WT and ccl3�/� mice. The initial level of leukocyte infiltration on day 1
post-NTHi inoculation was significantly lower in CCL3�/� MEs (*, P � 0.05 by a Mann-Whitney U test), as
was also observed on day 3. While the infiltration of both WT and ccl3�/� MEs declined on day 7, ccl3�/�

MEs showed a significant increase on day 10. Thereafter, leukocytes were observed only in ccl3�/� MEs
although not in every case. (B) Number of neutrophils in a standard area (�400 field) of ME infiltrates.
Neutrophils were the primary cell type in ME infiltrates throughout the observation period. In the
absence of CCL3, neutrophil infiltration peaked after 2 days following a slight delay. Numbers of
neutrophils were significantly increased in the MEs of ccl3�/� animals on days 2, 7, 10, and 14 (*, P � 0.05;
**, P � 0.01 by a Mann-Whitney U test) compared to those in WT animals and persisted in at least some
MEs through day 21. HPF, high-power field. (C) Number of macrophages in a standard area of ME
infiltrates. Macrophages were recruited to the ME by 2 days after NTHi infection of both WT and ccl3�/�

animals. ccl3�/� mice displayed a prolonged presence of macrophages in MEs, with significantly
increased numbers of macrophages on days 7 and 10 (*, P � 0.05 by a Mann-Whitney U test), and

(Continued on next page)
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persisted longer in MEs of mice lacking CCL3, with significantly higher numbers on days
7 and 10 (P � 0.01) and day 14 (P � 0.05) and with some MEs exhibiting a small number
even on day 21 (Fig. 3B).

Macrophages were observed in the ME cavities of both strains by day 2 after
infection but in much smaller numbers than neutrophils. In WT mice, macrophage
counts peaked on day 5 and were absent from the ME by day 7. In ccl3�/� mice, the
early dynamics of macrophage infiltration were similar, but as with neutrophils, mac-
rophages remained longer in the MEs. Macrophage counts were significantly higher
than those in WT mice on day 7 (P � 0.01) and days 10 and 14 (P � 0.05), and some
MEs retained macrophages on day 21 (Fig. 3C).

Bacterial clearance is delayed in ccl3�/� mice. Next, we assessed ME bacterial
clearance in WT and ccl3�/� mice (Fig. 4 and Table 1). As expected, MEs of neither
CCL3-deficient nor WT mice showed bacterial colonies on day 0, prior to challenge with
NTHi. For the first 3 days post-NTHi inoculation, MEs of both ccl3�/� and WT mice
showed similarly robust culture positivity, between 63% and 100%. Thereafter, on day
5 postinoculation, 36% of ME cultures from WT mice were NTHi positive. This value
decreased to 13% and 14% positivities on days 10 and 14, respectively. By day 21, no
NTHi bacteria were recovered from WT mice.

In contrast to WT MEs, NTHi bacteria were isolated at a significantly higher percent-
age in ccl3�/� mice on day 10 (P � 0.05) and day 14 (P � 0.05 by a Fisher-Irwin test)
following inoculation. Furthermore, NTHi persisted longer in MEs of CCL3 knockout (KO)
animals and remained present in some ears even on day 21. Thus, the persistent
inflammation seen in the MEs of ccl3�/� mice, as evidenced by mucosal hyperplasia
and leukocyte infiltration, was associated with an impaired capacity to clear NTHi.

CCL gene expression in the absence of CCL3. In many gene knockout studies,
compensatory changes in the expression levels of genes with redundant functions are
observed. We therefore compared the expression levels of CCL2, CCL7, and CCL12,
which are expressed over approximately the same period as CCL3 in WT mice, in the
MEs of WT and ccl3�/� mice during OM by quantitative PCR (qPCR). As shown in Fig.
5, CCL2 expression levels showed complex changes in ccl3�/� MEs. The CCL2 mRNA
expression level was significantly lower 6 h and 3 days after NTHi inoculation, but was

FIG 3 Legend (Continued)
macrophages were still present in some ears on day 21 (n � 6 to 8 MEs per time point and strain; bars
and error bars represent means � SEM). It should be noted that since the measurements in panels B and
C were taken from the largest cellular clusters in a given ear, the numbers do not reflect the total number
of leukocytes in each ear. Rather, they reflect the density of the cell clusters and the proportions of
neutrophils and macrophages present.

FIG 4 NTHi colonization rate as a percentage of culture-positive ME samples of ccl3�/� and WT mice. We
found no significant differences in colonization rates of NTHi in the first 5 days post-NTHi inoculation.
After day 5, colonization rates of NTHi diverged. ccl3�/� MEs were colonized by NTHi to a significantly
higher degree on day 10 and 14 after NTHi inoculation (*, P � 0.05; **, P � 0.01 by a Fisher-Irwin t test
for proportions). By day 21, no NTHi were cultured from WT mice. In contrast, NTHi remained present in
the MEs of ccl3�/� animals throughout the observation period (n � 6 MEs per time point and strain).
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higher at 2 days, in the absence of CCL3. The CCL2 qPCR data for both genotypes
exhibited the biphasic expression that was present in the gene array data for WT mice
(Fig. 1). In contrast, CCL7 and CCL12 expression levels were significantly higher 6 h, 1
day, and 2 days after inoculation, but lower 3 days after inoculation, in ccl3�/� MEs. A
biphasic response for these CCL mRNAs was also noted for both genotypes.

Bacterial phagocytosis by peritoneal macrophages is impaired, whereas intra-
cellular killing is not affected, in the absence of CCL3. ccl3�/� mice exhibited a
reduced clearance of NTHi from the ME cavity despite the prolonged presence of
macrophages in the ME lumen (Fig. 3C). We therefore hypothesized that macrophage
function in mice lacking CCL3 is impaired. In in vitro assays, we observed significantly
impaired phagocytic function in ccl3�/� macrophages compared to WT macrophages
(P � 0.01 by a Mann-Whitney U test) (Fig. 6A). In contrast, the levels of intracellular

TABLE 1 Recovery of NTHi from CCL3�/� and WT MEs, expressed as degree of culture
plate colonizationa

Day after NTHi instillation

Mean score for NTHi colonization per ME

CCL3�/� mice WT mice

0 0 0
1 3.2 3.3
2 1.4 1.7
3 3 2.3
5 1.5 0.8
10 1.2 0.1
14 1.4 0.6
21 0.3 0
aBacterial colonization of MEs was evaluated by using a semiquantitative analysis of the presence of bacteria
on culture plates. A 1-�l loop from the ME was sequentially streaked onto the four quadrants of each
culture plate, where 0 indicates no CFU, 1 indicates one quadrant with CFU, 2 indicates two quadrants with
CFU, 3 indicates three quadrants with CFU, and 4 indicates CFU in all four quadrants. Data represent means
of results from at least 6 MEs per time point and strain.

FIG 5 Expression levels of CCL2, CCL7, and CCL12 mRNAs in the MEs of WT versus CCL3-null mice during OM. cDNAs were
generated from 6 MEs at each time point. The 0-h time point denotes untreated mice. Results represent data from 2
replicates, with error bars denoting the 95% confidence intervals. Data points for which the confidence intervals do not
overlap are significantly different between the two genotypes.
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killing of bacteria that were phagocytosed did not significantly differ between the two
strains (nonsignificant by a Mann-Whitney U test) (Fig. 6B).

Higher bacterial load in the nasopharynx of CCL3�/� mice. In order to determine
whether the genetic loss of CCL3 is correlated with an increased bacterial load in the
nasopharynx, we collected nasopharynx samples from both ccl3�/� and WT mice. The
mean bacterial load of nasopharynx cultures obtained from ccl3�/� animals was
significantly higher than that in cultures obtained from WT animals (P � 0.05 by a
Mann-Whitney U test) (Fig. 7). In order to rule out general infection/hematogenous
dissemination of bacteria, we collected blood samples from the same animals. Blood
cultures were negative for all tested animals of both strains.

DISCUSSION

The results of this study demonstrate that many CCL genes are regulated during
acute OM, with CCL3 being the most highly expressed. Moreover, the lack of CCL3 has
a significant effect upon the pathogenesis of and recovery from OM induced by NTHi.
This effect includes a delayed early recruitment of leukocytes into the ME (Fig. 2). In
addition, a longer duration of OM was evidenced by persistent ME mucosal hyperplasia
and leukocyte infiltration (Fig. 2 and 3) and delayed bacterial clearance, with MEs
showing infection even 21 days after ME inoculation (Fig. 4 and Table 1). This was
associated with a reduced ability of CCL-null macrophages to phagocytose NTHi (Fig. 5)
and increased bacterial colonization of the naive nasopharynx by murine bacterial
pathogens (Fig. 6).

FIG 6 Phagocytic and killing activities, assessed in peritoneal macrophages from ccl3�/� and WT mice. (A)
Numbers of bacteria recovered from lysed macrophages after a 1-h ingestion period in culture and a 1-h
exposure to gentamicin to kill extracellular bacteria (a measure of phagocytosis) were quantified by colony
counting. Phagocytosis was significantly impaired in ccl3�/� macrophages (**, P � 0.01 as determined by
a Mann-Whitney U test), compared to macrophages from WT mice. (B) Intracellular bacteria recovered 3 h
after NTHi ingestion and gentamicin treatment as a percentage of the number observed at 1 h (a measure
of intracellular killing). Bacterial killing by ccl3�/� macrophages and that by WT macrophages were similar
(Mann-Whitney U test) (n � 6 per time point and strain; bars and error bars represent means � SEM). ns,
nonsignificant.

FIG 7 Presence of bacteria determined as CFU detected per microliter loop sample scraped from the
nasopharynx of ccl3�/� versus WT mice. None of the mice tested had been previously infected with NTHi
in the ME; thus, the CFU represent murine bacterial species. Significantly more bacteria were cultured
from the nasopharynges of ccl3�/� mice than from those of WT animals (*, P � 0.05 as determined by
a Mann-Whitney U test) (n � 6 to 8 per strain; bars and error bars represent means � SEM).
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The CCL genes expressed in the ME included some that displayed biphasic regula-
tion, with an initial peak in the first hours after NTHi inoculation and then a reduction
at 24 h, followed by a second peak at 48 to 72 h. This was observed in both gene array
and qPCR data (Fig. 1 and 2). This pattern was also noted more broadly in the complete
transcriptome of acute OM (11). We can only speculate on the physiologic meaning
of such responses. However, in the case of CCLs, they are produced in response
to inflammation. Thus, the early peak in CCL expression may be related to the initial
inflammatory response to bacteria. The later peak may be produced in response to
inflammation induced by neutrophils and cytokines, both of which peak in the ME at
around 24 h.

The delayed recruitment of neutrophils to CCL3-null MEs is consistent with the
known role of this chemokine as a polymorphonuclear leukocyte (PMN) chemoattrac-
tant and activator (18–20, 23, 24). As at other sites, neutrophils are the first leukocytes
to enter the ME in response to inflammation or infection, with macrophages entering
1 to 2 days later (25–27). Our data suggest that for the initial attraction of granulocytes
to the ME, CCL3 plays a dominant role. The early expression of the ccl3 gene during
NTHi-induced ME infection in WT animals (Fig. 1) is consistent with such a role. It would
also appear that, at later stages of infection, other chemoattractants with redundant
functions are able to compensate for the lack of CCL3. These chemoattractants include
CCL7 and CCL12, which show enhanced expression levels in CCL3-null MEs. Other CCLs,
the CXCL chemokines, which are broadly involved in neutrophil chemoattraction, and
select cytokines may also participate.

The early recruitment of macrophages into the ME was unaffected by the lack of
CCL3. Since CCL3 is known to chemoattract macrophages, this suggests that other
chemokines predominantly regulate the entry of this cell type into the ME. As shown
in Table S1 in the supplemental material, several other macrophage chemoattractants
are upregulated in the ME both early and late during OM.

Our observation of delayed, but not decreased, inflammatory cell recruitment in
CCL3-null mice (Fig. 3A) was unanticipated in view of the known role of CCL3 as a
chemoattractant in the pathogenesis of various inflammatory diseases, its high level of
expression during OM, and its broad chemoattractant profile. In contrast to our results,
several other studies on infection at other sites in ccl3�/� mice reported a diminished
infiltration of leukocytes (28–31). However, in accordance with our observations, in-
flammatory cell migration was not reduced in CCL3-null models of pulmonary infection
(25) or periodontitis (32). Clearly, the context of CCL3 deletion can play a critical role in
the null phenotype. This may well reflect the differing roles of redundant factors at
various sites and under different inflammatory conditions.

The issue of functional redundancy between chemokines has been much discussed
in recent literature. Chemokine receptors are promiscuous, as they are known to bind
several different chemokines, and chemokines in turn can bind with high affinity to
several different receptors. Thus, CCR1 and CCR5, the two receptors known to bind
CCL3, are not selective for this chemokine. CCR5, for example, can also bind CCL4 and
CCL5. Both of these chemokines are known to exert overlapping functions with CCL3.
Other chemokines such as CCL2, CCL7, and CCL12 bind to different receptors but
similarly recruit inflammatory cells, while cytokines such as macrophage migration
inhibitory factor (MIF) can also be cooperatively involved in the trafficking of leukocytes
(18, 33). Support for the possibility of redundancy comes from studies demonstrating
enhanced expression levels of alternative chemokines as a mechanism of compensa-
tion for a genetic loss of CCL3 in other systems (27, 34). We evaluated the expression
levels of CCL2, CCL7, and CCL12, regulated over the same time period as CCL3 during
OM, in ccl3�/� mice. We detected significant differences in the expression levels of all
three genes, with most expression levels being higher at intervals of 2 days or less after
inoculation, and lower thereafter, than those in WT mice. These increases in expression
levels are consistent with a compensatory response to CCL3 deletion. An exception to
this was observed for CCL2, for which the expression level was lower at 6 h. This might
reflect the lower number of neutrophils present early during OM, since this CCL is
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produced by PMNs, while CCL7 and CCL12 are not (18, 19, 24). Of course, other
chemokines and cytokines that we did not assess may also help to compensate for
CCL3 deletion.

Both neutrophils and macrophages persisted in ccl3�/� MEs longer than in WT MEs,
in agreement with the results of our prior study (13) using antibody-mediated deple-
tion of CCL3, but persisted for much longer periods in the genetic model. This
persistence seems most likely to be due to the prolonged presence of NTHi, as has been
observed with other defects in innate immunity (13–15). This could well be related to
the phagocytic defect in ccl3�/� macrophages. However, it is possible that neutrophil
bactericidal activity is also reduced in CCL3-null animals and that this contributes to
persistence. The defect in macrophage NTHi phagocytosis due to the loss of CCL3 is
consistent with data from a previous study of Pseudomonas aeruginosa uptake in
ccl3�/� macrophages (22). Further evidence for the importance of CCL3 for macro-
phage function is provided by our previous finding that CCL3 was able to correct
functional deficits in macrophages deficient in TLR2, MyD88, TNF (21), or CCL3 (22) (Fig.
5B). However, in contrast to our results, ccl3�/� macrophages displayed a defect in the
intracellular killing of P. aeruginosa (22), while we saw no defect in the killing of NTHi.
This could be related to the differential sensitivities of these bacterial species to the
killing mechanism involved.

The OM phenotype observed in ccl3�/� animals is similar in many respects to that
seen in mice genetically deficient for some TLR genes or TLR signaling genes. Mice with
mutations in TLR2 (15), MyD88 (14), or TNF (13) are impaired in the clearance of NTHi
from the ME, with a concomitant delay in mucosal recovery. However, our present
study found that CCL3 deletion produces a somewhat milder OM phenotype. The
deletion of these other genes caused a near-complete failure to resolve OM, as
presented by a persistent inflammatory response with significant mucosal hyperplasia
and the presence of bacteria in the ME at 21 or even 42 days postinoculation (13–15).
Given the large number of other downstream molecules in innate immune pathways,
including cytokines, other chemokines, and antimicrobials that are elicited by innate
immune receptors, our findings are not surprising. In fact, given these many potentially
redundant factors, the extent of the defect in recovery from OM caused by CCL3
deletion might be somewhat unexpected.

The ME would obviously not be predicted to be the only site affected by ccl3 gene
deletion. The nasopharynx is the ecological niche for many commensal bacteria and
potential respiratory pathogens. Ultimately, the colonization of the upper airways is a
prerequisite for subsequent infection of the lower respiratory tract and ME (35, 36). Any
imbalance of this complex microbiome, both qualitative and quantitative, may increase
susceptibility to the spread of infection (3, 5). Since our nasopharyngeal cultures
revealed that ccl3�/� mice were colonized with bacteria to a significantly higher degree
than WT mice (Fig. 6), it seems likely that CCL3 is an important determinant of
nasopharyngeal homeostasis. CCL3 may therefore be a determinant of resistance to ME
infection beyond its direct role in the ME. However, it should be noted that despite the
observation of increased bacterial colonization of the nasopharynx, the MEs of naive
ccl3�/� mice were culture negative and showed no signs of inflammation such as
increased mucosal thickness or the presence of leukocytes. Mice lacking MyD88 (14),
TLR2 (15), or TNF (13) all displayed some signs of ME inflammation even in the absence
of NTHi inoculation. Enhanced nasopharyngeal colonization has been cited as contrib-
uting to the etiology of OM (3). However, the lack of CCL3 alone does not appear to
facilitate de novo ME infection from the nasopharynx.

With increased microbial antibiotic resistance resulting from the extensive use of
antibiotics for the treatment of acute OM (37), there is an urgent need to develop novel
therapeutic agents for otitis-prone children who suffer from recurrent or chronic ME
disease. Promising results from the in vivo application of CCL3 in animals with OM
recovery deficits (13) and the conclusions of our present study make this chemokine
and its receptors interesting therapeutic targets.
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MATERIALS AND METHODS
Animals. For CCL gene expression studies, WT C57/WB F1 hybrid mice (gene array) or C57BL/6 mice

(qPCR) were purchased from the Jackson Laboratory (Bar Harbor, ME). For the evaluation of OM without
CCL3, CCL3-deficient (CCL3�/�) mice (B6.129P2-Ccl3tm1Unc/J) and age-matched WT mice (C57BL/6J)
from the Jackson Laboratory were bred in our animal facility. Animals were housed under specific-
pathogen-free conditions. All experiments were performed according to NIH guidelines following
approval by the Institutional Animal Care and Use Committee of the Veterans Affairs Medical Center, San
Diego, CA.

Bacteria. Haemophilus influenzae strain 3655 (nontypeable, biotype II), originally isolated from the
ME of an OM patient in St. Louis, Missouri, USA (kindly provided by Asa Melhus, Lund University, Sweden),
was used at a concentration of 105 to 106 bacteria/ml to induce infection of the ME. Inocula were
prepared as described previously (38, 39).

Surgery. For gene expression studies, WT mice were used in groups of 20 per gene array. For the
evaluation of OM in ccl3�/� mice, KO and WT C57BL/6J mice were divided into groups of at least 6 mice
for each experimental time point (3 to 8 animals for histopathology and bacterial culture, respectively).
All surgeries were performed under standard aseptic conditions. As described previously, all animals
were deeply anesthetized, and approximately 5 �l of an NTHi inoculum was bilaterally injected into the
ME via the surgically exposed ME bulla (39, 40). Following inoculation, the tympanic membranes were
confirmed visually to be intact. Uninoculated animals (time 0 h) served as controls.

ME CCL gene expression. ME mucosae were harvested from 40 deeply anesthetized WT mice 0, 3,
and 6 h as well as 1, 2, 3, 5, and 7 days after inoculation of NTHi in saline. The tissues from 20 mice were
pooled to generate two samples at each time point. Groups of control mice were injected with saline
alone. The tissue was homogenized in TRIzol (Invitrogen, Carlsbad, CA), and total RNA was extracted.
Total RNA quality was assessed by using the RNA 6000 Labchip kit on the Agilent 2100 bioanalyzer for
the integrity of 18S and 28S rRNAs. The mRNA was reverse transcribed by using a T7 oligo(dT) primer and
then in vitro transcribed by using T7 RNA polymerase to generate biotinylated cRNA probes that were
hybridized to Affymetrix MU430 2.0 microarrays. Duplicate arrays were hybridized for each time point by
using RNA from the two pools of mouse tissues to obtain independent biological replicates. Raw
intensity data were median normalized, and statistical differences in gene transcript expression levels
were evaluated by using variance-modeled posterior inference (VAMPIRE) (41). This program uses a
Bayesian approach to identify altered genes. Statistical analysis by VAMPIRE requires two distinct steps:
(i) modeling of the error structure of sample groups and (ii) significance testing with an a priori-defined
significance threshold. VAMPIRE models the existing error structure to distinguish the signal from noise
and identify the coefficients of expression-dependent and expression-independent variances. These
models are then used to identify microarray features that are differentially expressed between treatment
groups. This method allows the use of small numbers of replicates to evaluate gene expression across
a continuum of conditions, down to two or even one array per condition if (as in the present study) many
samples are pooled for each array (i.e., each array itself samples the mean value) and if multiple
conditions are assessed. We compared mice inoculated with NTHi at each time point to uninoculated
(0-h) controls to evaluate genes whose expression levels changed significantly over time following NTHi
injection. Bonferroni multiple-testing correction (�Bonf, �0.05) was applied to identify only those genes
with the most robust changes. All CCL genes represented on the array were evaluated.

By using separate groups of three mice for each time point, the expression levels of CCL2, CCL7, and
CCL12 mRNA were evaluated by qPCR, during the course of NTHi-induced OM in both WT and ccl3�/�

mice. cDNA libraries were prepared from total RNA isolated from ME tissue and infiltrates by using the
RNeasy kit (Qiagen, MD, USA). The RNA was reverse transcribed by using SuperScript III (Invitrogen, CA,
USA) in a 25-�l reaction mixture, and a final 100 ng of the cDNA was used for each real-time quantitative
PCR determination. QuantiTect primers (Qiagen, Hilden, Germany), specific for each of the chemokines
CCL2, CCL3, CCL7, and CCL12, were used to probe the cDNA templates. Real-time qPCR was performed
by using the StepOnePlus PCR cycler system (Applied Biosystems, Foster City, CA, USA). A 25-�l reaction
mixture containing 12.5 �l 2� Sybr green PCR master mix (Applied Biosystems), 2.5 �l of the primer (10
�M), 5 �l cDNA, and 5 �l water (molecular biograde) was set up in duplicates per sample. PCR cycling
conditions were 95°C for 10 min followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 40 s.
The relative expression level of each of the cytokines was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) by using the ΔΔCT method. Melt curves were used to ensure a single
amplicon amplification. Results shown in Fig. 5 represent data from 2 replicates, with error bars denoting
the 95% confidence intervals.

ME histology. Mice used for histology were anesthetized and perfused intracardially with
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). MEs were harvested at 1, 2, 3,
5, 7, 10, 14, and 21 days postinoculation; postfixed (4% PFA) overnight; decalcified (8% EDTA and 4% PFA)
for 14 days; processed in paraffin; and then sectioned at 9 �m. Hematoxylin and eosin (H&E)-stained
sections from standardized locations of the ME cavity were digitally recorded, and OM was quantified by
using NIH Image-Pro (14, 40). Mucosal thickness was assessed at six standardized locations from each of
4 sections widely spaced throughout the ME (40). To provide an indirect measure of the number of
infiltrating leukocytes, the area occupied by inflammatory cells on the section that displayed the
maximum number of cells in the ME cavity, versus the total area of the cavity, was measured (40) to
determine the percentage covered by leukocytes. To assess the density of cellular infiltrates and the
proportions of neutrophils and macrophages comprising ME infiltrates, the two largest clusters of the
cellular ME effusion for each ME were photographed (�400 magnification), and the number of cells of
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each type was counted. Histological measures were performed by two independent observers from
sections blinded as to genotype, and the results were averaged to arrive at the final data values.

ME cultures. The in vivo clearance of NTHi was assessed in 36 ccl3�/� mice and 38 WT mice. At least
6 ears were sampled at each time point. A 1-�l loop sample was obtained from the opened ME lumen
0 days (uninoculated control) and 1, 2, 3, 5, 10, 14, and 21 days after NTHi inoculation. Each loop was
streaked over 4 successive quadrants of a chocolate agar plate (42). The plates were incubated for 24 h
at 37°C prior to the evaluation of bacterial colonies. The colonization rate was calculated as the
proportion of ME cultures positive for NTHi at each time point.

As described previously (14), a semiquantitative scoring system was used to further classify the
degree of NTHi colonization per plate, with 0 indicating no CFU, 1 indicating CFU in one quadrant, 2
indicating CFU in two quadrants, 3 indicating CFU in three quadrants, and 4 indicating CFU in all four
quadrants. The presence and identity of NTHi were verified by negative Gram staining and negative
cultures on blood agar plates versus positive cultures on chocolate agar plates and bacitracin-
incorporated chocolate blood agar (42).

Nasopharyngeal cultures. The bacterial loads in the nasopharynges of 6 uninfected WT and 8
uninfected ccl3�/� mice were determined. A 1-�l sample was obtained by scraping the nasopharyngeal
mucosa of deeply anesthetized mice with a sterile loop. The sample was spread directly onto chocolate
agar and incubated overnight at 37°C. All CFU identified on the plates were quantified by manual
counting in triplicate.

Blood cultures. For the same mice (at least 6 per strain) used for nasopharyngeal cultures,
bacteremia was monitored by culturing blood collected aseptically by cardiac puncture of anesthetized
animals. A 1-�l loop sample was streaked directly onto chocolate agar and assessed as described above.

Macrophage phagocytosis and killing. Macrophage phagocytosis and bacterial killing were as-
sessed by using an established in vitro assay (13, 14). Primary peritoneal macrophages were obtained
from 6 ccl3�/� and 6 WT mice as described previously (13, 14) and seeded into 48-well plates at 5 � 105

cells per well in triplicate for each mouse and assay time point. Ten microliters of mid-exponential-phase
NTHi bacteria (5 � 107 bacteria), a titer that does not saturate the cells, as demonstrated previously (13),
was added to each well. After incubation for 1 h, extracellular bacteria were removed and killed by
washing, followed by the addition of fresh Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal calf serum (FCS), macrophage colony-stimulating factor, and 50 �g/ml gentamicin. After the
addition of gentamicin, incubation was continued for 1 or 3 h. The cells were then rinsed and lysed.
Supernatants and cell lysates were plated onto chocolate agar in serial dilutions, incubated overnight at
37°C, and then evaluated by manually counting CFU. Six wells were used per time point and mouse
strain. The recovery of bacteria after macrophage treatment with gentamicin for 1 h was used to
represent phagocytosis. The ratio of the number of NTHi bacteria recovered after gentamicin treatment
for 3 h compared to the number of bacteria recovered at 1 h posttreatment was considered to represent
intracellular killing (14, 22). Percent bacterial killing was calculated as previously described (22), by using
the following formula: % killing � 1 � (number of CFU in tested wells 3 h after cultivation with
gentamicin/number of CFU in tested wells 1 h after cultivation) � 100.

Statistical analysis. Statistical analyses for studies other than gene expression analyses were
performed by using GraphPad Prism 6 software. Data are reported as means � standard errors of the
means (SEM). Differences were considered significant at a P value of �0.05. Two-way ANOVA with
Bonferroni correction for multiple comparisons was performed on measures of mucosal thickness. ME
colonization rates were evaluated statistically by the Fisher-Irwin test for proportions. The Mann-Whitney
U test was employed for data lacking a normal distribution, as for analyses of ME inflammatory cells, CFU
counts for the nasopharynx, and lysate NTHi counts for the phagocytosis assay. Data normality was
evaluated by using the D’Agostino-Pearson omnibus test. Left and right ears in each mouse were
considered to be independent of each other, as previously discussed in detail (40), and therefore were
analyzed independently.
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