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Protection against Streptococcus pneumoniae
lung infection after nasopharyngeal colonization
requires both humoral and cellular immune

responses

R Wilson', JM Cohen?, R]J Jose', C de Vogel3, H Baxendale* and JS Brown'

Streptococcus pneumoniae is a common cause of pneumonia and infective exacerbations of chronic lung disease, yet
there are few data on how adaptive immunity can specifically prevent S. pneumoniae lung infection. We have used a
murine model of nasopharyngeal colonization by the serotype 19F S. pneumoniae strain EF3030 followed by lung
infection to investigate whether colonization protects against subsequent lung infection and the mechanisms involved.
EF3030 colonization induced systemic and local immunoglobulin G against a limited number of S. pneumoniae protein
antigens rather than capsular polysaccharide. During lung infection, previously colonized mice had increased
early cytokine responses and neutrophil recruitment and reduced bacterial colony-forming units in the lungs and
bronchoalveolar lavage fluid compared with control mice. Colonization-induced protection was lost when experiments
were repeated in B-cell- or neutrophil-deficient mice. Furthermore, the improved interleukin (IL)-17 response to infection
in previously colonized mice was abolished by depletion of CD4 + cells, and prior colonization did not protect against
lung infection in mice depleted of CD4 + cells or IL17. Together these data show that naturally acquired protective
immunity to S. pneumoniae lung infection requires both humoral and cell-mediated immune responses, providing a

template for the design of improved vaccines that can specifically prevent pneumonia or acute bronchitis.

INTRODUCTION

Streptococcus pneumoniae is estimated to directly cause over
800,000 deaths annually in children and probably at least a
similar number in adults. The largest burden of S. pneumoniae
disease morbidity and mortality is caused by pneumonia."?
In addition, S. pneumoniae is a common cause of infective
exacerbations of chronic lung disease, thereby indirectly
causing extensive morbidity and mortality. For example,
S. pneumoniae bronchitis causes up to 25% of infective
exacerbations of chronic obstructive pulmonary disease,’
the commonest reason for admission to the hospital in the
United Kingdom associated with an in-hospital mortality of
14%.* Despite this burden of lung disease, vaccination has
largely concentrated on prevention of septicemia and
meningitis, which although more severe than lung infections

are much less common and contribute less to the overall burden
of disease."”” The existing polysaccharide capsule-based
vaccine used in adults has only weak or no efficacy against
S. pneumoniae pneumonia and bronchitis;> the conjugated
polysaccharide capsule antigen vaccine used in children does
prevent pneumonia caused by the serotypes included in the
vaccine, but it is not clear whether this is due to preventing
nasopharyngeal colonization (thought to be a necessary
precursor for all disease) or by true improvements in adaptive
immune responses within the lung. Overall, the mechanisms
of adaptive immunity that specifically protect against
S. pneumoniae lung infection are not well understood, and
this knowledge gap hinders both identification of subjects at
high risk of these infections and the design of novel vaccines
that are more efficacious at preventing them.
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Although it is an important cause of disease, most
S. pneumoniae infections are episodes of asymptomatic
colonization of the nasopharynx. Colonization is almost
universal in infants up to the age of 2 years and recurs
intermittently throughout adult life.*” Human and mouse data
demonstrate that colonization episodes are immunizing events
that induce cellular, mainly Th17 cell-mediated, and humoral
adaptive immune responses to S. pneumoniae.® '* In murine
models, the protective efficacy of cell-mediated or humoral-
mediated immunity varies with the site of subsequent infection.
CD4 + cell depletion or neutralization of interleukin (IL)-17
abrogated the effects of experimental colonization on protec-
tion against re-colonization of the nasopharynx, indicating
adaptive immunity in the nasopharynx is mediated by Th17
CD4-cell-mediated immunity."? In contrast, protection from
septicemia after previous colonization was dependent on
antibody alone and was unaffected by CD4 depletion.''
However, the effect of prior colonization on immunity to
S. pneumoniae specifically within the lung is poorly understood.
Experimental colonization of humans does increase both lung
humoral and cellular Th17 immune responses in bronchoal-
veolar lavage fluid (BALF),®? but cannot assess whether either
of these are required for local pulmonary immunity to
subsequent infection. Whether or not adaptive immune
responses improve lung defences to S. pneumoniae and
therefore prevent pneumonia or infective exacerbations of
chronic lung disease and the mechanisms involved requires
further investigation. Conceptually, both Th17 and antibody
could mediate immunity to S. pneumoniae within the lung.
Th17 cellular responses have been shown to improve lung
immunity against other pathogens by indirectly increasing
neutrophil recruitment to the site of infection (so boosting local
phagocytic capacity), by increasing production of antimicrobial
peptides by epithelial cells, and/or by improving epithelial layer
integrity."*"'® Improved antibody responses in the lung could
increase S. pneumoniae opsonization and recognition by
resident alveolar macrophages or recruited monocytes or
neutrophils. Potentially, improved antibody responses and
Th17-mediated increased phagocyte recruitment could be
synergistic, combining together to provide more effective
immunity than each component separately.

We have used a murine model of nasopharyngeal coloniza-
tion by the EF3030 capsular serotype 19F strain followed by a
lung infection challenge without septicemia to investigate
whether colonization boosts naturally acquired adaptive
immunity to S. pneumoniae within the lung. We have then
used genetic knockout mice and antibody depletion to charac-
terize the mechanisms required for colonization-induced
protective immunity to S. pneumoniae lung infection.

RESULTS

EF3030 colonizes the murine nasopharynx and induces a
serum antibody response

To assess whether EF3030 could colonize the nasopharynx,
C57BL/6 mice were experimentally colonized by intranasal
inoculation with EF3030 and culled at days 5, 13, and 30.
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EF3030 was detectable in nasal washes at 5 days and 13 days
post colonization but were cleared by 30 days following
experimental colonization (Figure 1a), demonstrating that
similar to other models of S. pneumoniae murine colonization
EF3030 can colonize the nasopharynx of C57BL/6 mice for
at least 13 days.'"'” To assess whether colonization with
S. pneumoniae EF3030 was an immunizing event, anti-pneumo-
coccal antibody responses to colonization were measured in day-13
and -30 sera. There was a significant increase in the titer of anti-
EF3030 immunoglobulin (Ig)G, but not IgM, in the sera of mice
following colonization (Figure 1b,c). No anti-EF3030 IgA
response could be detected in sera or BALF from colonized or
control mice (data not shown).

Identification of S. pneumoniae target antigens

Potential targets of the serum IgG response in colonized mice
include serotype 19F capsular polysaccharide and/or subcap-
sular protein antigens. Anti-serotype 19F capsular IgG levels
were not significantly raised following colonization above the
low levels detected in the sera of uncolonized mice (Figure 1d).
Responses to pneumococcal proteins following colonization
were assessed by immunoblotting of EF3030 lysates. Sera from
sham-colonized mice reacted weakly with a single band at
~65kDa, whereas immunoblots using sera from mice
colonized with EF3030 reacted resulted in several positive
bands (Figure 2a,b). Sera from individual colonized mice
reacted to the same sized protein bands, although the
strength of the response varied between mice for different
antigens. To quantify antibody responses to different proteins,
and identify specific protein targets of IgG, responses to
colonization were assessed using a Luminex assay of binding to
selected recombinant pneumococcal surface proteins.
Sham-colonized mice displayed only very low levels of IgG
binding to all proteins, whereas sera from EF3030-colonized
mice gave significant IgG responses to three proteins, PhtD,
PsaA, and PpmA (Figure 2c). These data demonstrate that
following colonization with EF3030 mice develop serum IgG
responses to a limited number of S. pneumoniae proteins that
include the surface proteins PhtD, PsaA, and PpmA rather than
to capsular polysaccharide antigen.

Colonization with EF3030 protects against subsequent
lung infection

To assess whether colonization protected against subsequent
lung infection, colonized and sham-colonized mice were
challenged after 30 days using a lung infection model. Mice
were inoculated with 50 pl volume inoculum of 2 x 10” EF3030
S. pneumoniae colony-forming units (CFUs) suspended in
50 ul phosphate-buffered saline (PBS) under deep general
anesthesia, and bacterial CFU in BALF, lung homogenates, and
blood were compared between sham- and EF3030-colonized
mice 4, 24, and 72h post colonization. At 4h following
inoculation, there were no differences in BALF or lung bacterial
CFU between colonized or control mice (Figure 3a,b). In
contrast, 24 h post inoculation there was a significant reduction
in bacterial CFU in both BALF and lungs of colonized mice and
38% of mice had cleared infection compared with 8% of
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EF3030 causes colonization of the nasopharynx that induces a systemic antibody response. (a) Colony-forming unit (CFU) in nasal washes of

C57BL/6 mice at 5, 13, and 30 days post colonization with 1 x 10" CFU S. pneumoniae EF3030. Each symbol represents data from a single mouse, and
horizontal bars represent mean values. (b) Mean (s.e.m.) whole-cell enzyme-linked immunosorbent assay (ELISA) anti-EF3030 immunoglobulin (1g)G
responses in mouse sera 13 and 30 days post colonization with EF3030 compared with uncolonized controls. (¢) Mean (s.e.m.) whole-cell ELISA anti-
EF3030 IgM responses in mouse sera 30 days post colonization with S. pneumoniae EF3030 compared with uncolonized controls. (d) Mean (s.e.m.) anti-
19F polysaccharide IgG in the sera of mice 30 days post colonization with S. pneumoniae EF3030 compared with uncolonized controls. For serology data,
n=4 for each group and P-values were obtained using the Student’s unpaired t-test. OD, optical density; PBS, phosphate-buffered saline.

controls (Figure 3c,d). At 72h post inoculation a significant
reduction in bacterial burden remained in the lungs, but not
BALF, of colonized mice, and 50% of mice had cleared infection
compared with 25% of controls (Figure 3e,f). No CFU were
identified from the blood at any time point from either EF3030
or sham-colonized mice, confirming that EF3030 causes local
lung infection without development of septicemia (data not
shown). These data indicate that prior colonization with
EF3030 is protective against subsequent lung infection,
significantly reducing bacterial burden in lavage fluid and
lungs at later time points only.

BALF from colonized mice have significant anti-S.
pneumoniae 1gG responses during lung infection

To investigate whether colonization led to a significant
pulmonary anti-protein IgG response during subsequent lung
infection, EF3030-specific and total IgG were measured in
BALF following challenge. When measured using the whole-
cell enzyme-linked immunosorbent assay (ELISA) there was a
trend toward an increased anti-EF3030 IgG level in BALF from
colonized mice compared with controls pre-challenge, but
this difference was not statistically significant (Figure 4a).
The Luminex assay (Supplementary Table 1 online) demon-
strated BALF from EF3030-colonized mice had significant IgG
responses to the same three proteins as the serum responses
(PhtD, PsaA, and PpmA), with no significant responses in
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sham-colonized mice (Figure 2d). By 4 h post challenge, both
the total IgG and anti-EF3030 IgG levels in lavage fluid were
significantly increased compared with non-colonized controls
(Figure 4a,b). By 24 h post inoculation, the concentration of
EF3030-specific IgG in the lavage fluid were lower, and the
differences between EF3030- and sham-colonized mice were
lost (Figure 4a,b). Total IgG in BALF was similar at 4 and 24 h,
indicating that the reduction in anti-EF3030 IgG at 24 h was not
driven by a global reduction in IgG concentration. There was a
strong correlation between the concentration of total IgG and
albumin in the lavage fluid of colonized mice (Figure 4c),
compatible with the hypothesis that IgG accumulates in the
BALF when there is increased alveolar permeability during
S. pneumoniae lung infection. The identification of increased
anti-EF3030 IgG levels in lavage fluid at 4h suggested a
potential role for IgG in mediating the protection from lung
infection observed in previously colonized mice.

Colonization causes significant increases in lung cytokine
and cellular responses to S. pneumoniae lung infection

To investigate the effects of prior colonization on the
inflammatory responses to S. pneumoniae lung infection, lung
homogenate concentrations for a range of cytokines known to
be relevant in regulation of inflammation were measured 4 and
24 h after infection of EF3030 and sham-colonized mice. By 4 h
post challenge, there were significantly higher levels of tumor
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necrosis factor-o, keratinocyte chemoattractant (KC), IL17,
1123, and IL10 in the lungs of EF3030-colonized mice compared
with controls (Figure 5a). At 24h following challenge, only
tumor necrosis factor-o. and IL17 showed persistent significant
increases in lung homogenate levels from colonized compared
with control mice (Figure 5b). The largest differences were seen
for IL17, with virtually no IL17 detected in sham-colonized mice
at either time point despite significant IL17 levels in colonized
mice at either time point. To assess the effects of prior
colonization on cellular responses to subsequent challenge, cell
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deviations. MFI, mean fluorescent intensity; PBS, phosphate-buffered saline.

numbers in the lavage fluid were quantified following challenge.
Both colonized or control mice developed an alveolar
neutrophilic inflammatory infiltrate, during EF3030 lung
infection (Figure 6a-d). There were no changes in
macrophage numbers. Prior colonization had no effect on
baseline numbers of neutrophils prior to challenge, but was
associated with substantially greater BALF neutrophilia 4h
following challenge compared with sham-colonized mice
(Figure 6d). By 24h post challenge, there were no
significant  differences in neutrophil numbers between
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Figure 3 EF3030 nasopharyngeal colonization protects against subsequent EF3030 lung infection. (a, ¢, and e) S. pneumoniae colony-forming unit
(CFU) in bronchoalveolar lavage fluid (BALF) or (b, d, and f) lungs of mice previously sham-colonized (phosphate-buffered saline (PBS) colonized, black
symbols) or colonized with EF3030 (clear symbols) 4 h (a and b), 24 h (c and d), or 72 h (e and f) following the lung infection challenge on day 30 with
2 x 107 CFU S. pneumoniae EF3030. Each symbol represents data from an individual mouse, and the horizontal bars represent mean values for the

group. P-values were obtained using the Student’s unpaired t-test.

colonized and sham-colonized mice (Figure 6d). These data
demonstrate that colonization primed for enhanced pulmonary
inflammatory responses and neutrophil recruitment within 4 h
of lung infection compared with uncolonized mice.

Both antibody and neutrophils are required for improved
protection against lung infection after EF3030 colonization
To identify potential distinct effects of humoral and cellular
responses on post-colonization protective immunity, infection
experiments were repeated in mice after depletion of specific
components of the immune response. The importance of serum
and BALF IgG anti-S. pneumoniae responses found in
colonized mice was investigated by EF3030 colonization
followed by a lung infection challenge of B-cell-deficient
(UMT) mice. Whole-cell ELISAs confirmed the absence of a
specific IgG response to EF3030 in serum obtained from
colonized pMT mice (Figure 7a). Twenty-four hours following
the lung infection challenge, there were no differences in lung or
BALF bacterial CFU in the lavage fluid or lungs between
EF3030- or sham-colonized pMT mice (Figure 7b,c), demon-
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strating an important role for antibody for the improved
protection from lung infection following colonization with the
S. pneumoniae EF3030 strain. To assess the protective role of
the significantly greater neutrophil numbers in BALF 4 h post
infection, EF3030- or sham-colonized wild-type mice were
treated with anti-Ly6G monoclonal antibody prior to the lung
infection challenge, resulting in an eightfold reduction in BALF
neutrophils 24 h post infection (Figure 8a). Treatment with
anti-Ly6G monoclonal antibody abrogated the protective effect
of colonization on lung infection, with no significant difference
in lung or BALF CFU between EF3030- and sham-colonized
mice (Figure 8b,c). Neutrophil depletion but not antibody
deficiency was associated with S. pneumoniae septicemia in a
minority of mice (Figures 7d, 8d).

Depletion of CD4 + cells and IL17 abrogated the protective
effects of prior EF3030 colonization against subsequent
lung infection

Th17 cells have been implicated in adaptive immunity to
colonization by S. pneumoniae,''® and the increase in IL17

631



ARTICLES

a P>0.05 P <0.001 P>0.05
w 0.3
2
O n
g:‘_’ 021 1 PBS colonized
S = EF3030 colonized
® 3
iy
L0 0.1
E : i
: ]
O 00 |l| . .
0 4 24
b - P>0.05 P<0.01 P>0.05
Lﬁ 0.7 1 3 PBS colonized
4
@ 0.6+ = EF3030 colonized
T 0.5
€
o 0.4 1
=
o 0.3
>
o 0.2-
3
8 o1 ﬁ
= 00 : . .
0 4 24
(o] 1.00 -
T
E 0.75 - .
(o))
=3
L ]
2 0.50 .
@ | ]
S, 0.25 1 12 = 0.8565
- P=0.0081
0.00 —T—T— —
O O O O © O O O o o
o o o O O O O
- N O < 0O © N~ 0 O

[Albumin] BALF mg ml-

Figure 4 Bronchoalveolar lavage fluid (BALF) antibody responses in
colonized mice after S. pneumoniae lung infection. (a and b) Mean anti-
EF3030 immunoglobulin (Ig)G measured by whole-cell enzyme-linked
immunosorbent assay (ELISA) (a) or total murine I1gG (b) in BALF from
sham- (clear columns) or EF3030 (black columns)-colonized mice 0, 4,
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using one-way analyses of variance (ANOVAs) and Tukey’s post-test to
compare columns. (c¢) Linear regression of BALF total murine 1gG
concentration compared with BALF albumin concentration of EF3030-
colonized mice 4 h following EF3030 challenge. OD, optical density; PBS,
phosphate-buffered saline.

and IL23 levels in lung homogenates from EF3030-colonized
mice suggested that prior colonization could be boosting Th17
responses during subsequent lung infection. To assess whether
CD4 + T cells were important in this model of protection from
lung infection, CD4 cells were depleted prior to EF3030
challenge using an anti-CD4 monoclonal antibody. Antibody
depletion led to a sixfold reduction in the lung CD4 + cells
(Figure 9a,b) and a similar reduction in lung CD3 4+ CD8 —
cells (data not shown). CD4+ cell depletion completely
abrogated the lung homogenate IL17 response 24h post
challenge for both EF3030- and sham-colonized mice
(Figure 9c¢), indicating that CD4+ T cells rather than yd
cells or other lymphocyte subsets were the likely cellular source
of the lung IL17 response seen in EF3030-colonized mice post
lung infection. Following CD4 + T-cell depletion, there were
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no differences between previously colonized and sham-
colonized mice in EF3030 BALF and lung CFU 24h
following lung infection (Figure 9d-f). These results
suggest that CD4+ cells mediated the protection from
lung infection and the increased IL17 response following
EF3030 colonization. To confirm that colonization-induced
protection is IL17 dependent, EF3030- and sham-colonized
mice were depleted of IL17 using a monoclonal antibody prior
to EF3030 lung infection. Following IL17 depletion there were
no differences in BALF or lung CFU from EF3030- or sham-
colonized mice 24 h after challenge (Figure 9g,h). Overall, these
data demonstrate a key role for both CD4 cells and IL17, and
therefore a Th17 response, in mediating protection against lung
infection after S. pneumoniae colonization.

DISCUSSION

Bacterial lung infections, including those caused by
S. pneumoniae, are one of commonest cause of global morbidity
and mortality."”*' However, the existing S. pneumonaie
vaccines either do not protect against pneumonia or could
rapidly lead to serotype replacement due to the large range of
serotypes that cause adult lung disease.>**>> Identifying
adaptive immune mechanisms that can specifically prevent
bacterial lung infection is an important global health priority,
and this will require an improved understanding of the immune
mechanisms involved in protection against S. pneumoniae
pneumonia or bronchitis. We have used murine models and a
noninvasive 19F strain of S. pneumoniae (EF3030) that causes
lung infection without septicemia®® to investigate whether the
adaptive immune response to colonization protects against
subsequent noninvasive pneumonia. Our data demonstrate
that colonization does reduce bacterial CFU during subsequent
lung infection challenge, both in lung homogenates and in
BALF. Data obtained from control or colonized antibody-
deficient mice or mice depleted of neutrophils, CD4 cells, or
IL17 showed each of these components was necessary for
colonization-induced protection. We chose to compare results
between control and colonized mice as the most direct method
of assessing whether a specific immune component was
required for any protective efficacy of colonization. An
alternative approach would be to compare BALF and lung
CFU in colonized mice with and without immunomodulation,
but this approach has the disadvantages of not showing whether
protection has been only partially or completely reduced, and
confounding of results for the comparison of UMT vs. C57BL/6
mice by natural antibody. Our results indicate that in this model
neither naturally acquired CD4 cell-mediated nor humoral
immune responses alone are adequate to provide significant
protection against S. pneumoniae lung infection; instead intact
CD4-dependent and antibody-dependent immunity were both
necessary for improved control of lung infection. These results
complement previous data on adaptive immune responses that
can protect against S. pneumoniae infection at other anatomical
sites. For example, antibody responses to colonization, but not
CD4 cells, prevent septicemia associated with pneumonia
caused by the invasive S. pneumoniae strain D39."! In contrast,
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colonization of the nasopharynx can be prevented by
colonization or vaccine-induced CD4 Th17-adaptive immune
responses and these are effective independent of antibody-
mediated immunity.'>'®

In our model, there was an increased early neutrophil
recruitment in previously colonized mice during lung infection.
This observation combined with our data showing neutrophils
were necessary for the protective effects of colonization suggest
a potential model for the synergistic effects of Th17 and
antibody: (1) CD4 Th17 responses cause faster recruitment of
neutrophils to the lungs during early lung infection; (2)
inflammation increases the leak of anti-S. pneumoniae IgG
from the sera into the lung, increasing the efficacy of
S. pneumoniae opsonization; (3) in combination, the increased
recruitment of neutrophils plus improved opsonization by
antibody results in a significant synergistic boost to the
phagocytic capacity within the lung and leads to better control
of bacterial CFU. The early increase in IL17 after challenge in
colonized mice could potentially be produced by innate yd cells
rather than CD4 Th17 cells, although if this was the case then
perhaps there should have been an IL17 response in
uncolonized mice as well. The reduction in the IL17 response
at 24 h in colonized mice after CD4 depletion confirms that at
least at this time point IL17 was produced by CD4 cells.

Immunology | VOLUME 8 NUMBER 3 | MAY 2015

Comparison of data for uncolonized mice between Figures 3
and 9 suggests CD4 depletion results in an increase in lung and
BALF CFU, suggesting a potential effect of CD4 cells on innate
immunity that needs further investigation. The relative lack of
efficacy of antibody in lung infection compared with septicemia
could reflect a lower concentration of antibody in the lung
compared with the sera, and/or the possible greater efficiency
of the reticuloendothelial system compared with the lung
for controlling pathogen numbers. The increase in other
pro-inflammatory cytokines during early lung infection in
colonized mice could also contribute to improved protection in
colonized mice by increasing alveolar leak and therefore IgG
recruitment to the site of infection. A stronger tumor necrosis
factor-o response might also indicate a role for improved Th1-
mediated immunity during lung infection in EF3030-colonized
mice, but this has not been investigated in this study.
However, Thl-mediated immunity would be predicted to
affect macrophage-mediated responses, which predominate at
early time points in S. pneumoniae lung infection?” when there
were no differences in BALF or lung CFU in our model.
Perhaps surprisingly, our data demonstrate that protein
rather than capsular polysaccharide antigens are the targets for
the humoral-mediated immunity in the EF3030 model. Using a
Luminex bead assay”>*’ we have identified three of the limited
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Figure 6 Cellular immune responses to lung infection challenge after
EF3030 colonization. (a and b) Histological lung sections stained with
hematoxylin and eosin, from previously uncolonized mice 24 h following
intranasal challenge with phosphate-buffered saline (PBS) (a) or S.
pneumoniae EF3030 (b), showing a neutrophilic alveolar inflammatory
infiltrate (examples identified by black arrows). (¢ and d) Bronchoalveolar
lavage fluid (BALF) macrophage (c) or neutrophil (d) numbers in BALF
from sham- (clear columns) or EF303 (black columns)-colonized mice 0, 4,
and 24 h following lung infection on day 30 with 2 x 107 colony-forming unit
(CFU) S. pneumoniae EF3030. Data were obtained from five mice per
group and are presented as means (s.e.m.). P-values were obtained using
the Student’s unpaired t-test.

number of proteins recognized by sera from colonized mice as
PpmA, PhtD, and PsaA. Western blotting indicates there are
IgG responses following EF3030 colonization to several
additional proteins, but these may not be included on the
Luminex assay or have significant allelic variation between
EF3030 and the strains, which supplied the Luminex proteins
(e.g., the choline-binding proteins).’®*" All three identified
proteins are surface expressed and cause antibody responses in
other murine models of colonization or whole-cell vaccination
as well as in a human model of colonization.*'***** These
proteins are also highly conserved and so might induce
protection against heterologous strains, but are subcapsular
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that maybe one reason why these antigens alone induce too
weak an adaptive re