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ABSTRACT

Pathogen-specific antibodies (Abs) protect against respiratory infection with influenza A virus (IAV) and Streptococcus pneu-
moniae and are the basis of effective vaccines. Sequential or overlapping coinfections with both pathogens are common, yet the
impact of coinfection on the generation and maintenance of Ab responses is largely unknown. We report here that the B cell re-
sponse to IAV is altered in mice coinfected with IAV and S. pneumoniae and that this response differs, depending on the order of

pathogen exposure. In mice exposed to S. pneumoniae prior to IAV, the initial virus-specific germinal center (GC) B cell re-
sponse is significantly enhanced in the lung-draining mediastinal lymph node and spleen, and there is an increase in CD4* T
follicular helper (TFH) cell numbers. In contrast, secondary S. pneumoniae infection exaggerates early antiviral antibody-secret-
ing cell formation, and at later times, levels of GCs, TFH cells, and antiviral serum IgG are elevated. Mice exposed to S. pneu-
moniae prior to IAV do not maintain the initially robust GC response in secondary lymphoid organs and exhibit reduced antivi-
ral serum IgG with diminished virus neutralization activity a month after infection. Our data suggest that the history of
pathogen exposures can critically affect the generation of protective antiviral Abs and may partially explain the differential sus-
ceptibility to and disease outcomes from IAV infection in humans.

IMPORTANCE

Respiratory tract coinfections, specifically those involving influenza A viruses and Streptococcus pneumoniae, remain a top
global health burden. We sought to determine how S. pneumoniae coinfection modulates the B cell immune response to influ-

enza virus since antibodies are key mediators of protection.

espiratory tract (RT) coinfections with influenza A virus

(IAV) and Streptococcus pneumoniae remain a major health
problem worldwide (1-3). While IAV infection can increase sus-
ceptibility to secondary bacterial infections (1), much less is
known about the immunological consequences that result when
bacterial infections are present prior to IAV infection. This under-
studied problem is clinically relevant, since up to 60% of children
and 10 to 40% of adults carry S. pneumoniae asymptomatically in
the RT (4, 5).

Mouse models of IAV and S. pneumoniae coinfection revealed
that the order of pathogen exposure critically determines disease
outcome; McCullers et al. were the first to show that S. pneu-
moniae infection following a viral infection can exacerbate disease,
whereas an S. pneumoniae infection preceding IAV can reduce
morbidity (6). Many studies have investigated the impact of a
secondary S. pneumoniae infection on host immune defenses after
coinfection (reviewed in references 3 and 7). IAV can cause dam-
age to the epithelial cell lining of the RT that then facilitates the
adherence of bacteria. Furthermore, IAV induces suppression and
apoptosis of macrophages and neutrophils, which lead to inhibi-
tion of bacterial clearance. Bacterial outgrowth then causes exces-
sive cell infiltrations into the lung and an increase in the proin-
flammatory cytokines tumor necrosis factor alpha (TNF-a),
interleukin-1f (IL-1B), IL-6, and gamma interferon (IFN-vy) as
part of the “cytokine storm” that contributes to lung tissue pathol-
ogy. In contrast, the impact of S. pneumoniae colonization on a
subsequent IAV infection has been less well investigated. A recent
study showed that colonization with Staphylococcus aureus pro-
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motes the generation of alternatively activated macrophages that
suppress host response-mediated immune pathology to IAV (8).
Despite progress on understanding the effects of viral and bacte-
rial synergy on innate immune cells and the short-term disease
outcomes, the impact of coinfection on adaptive immunity re-
mains poorly defined (9).

The B cell response to single IAV infection has been well stud-
ied (reviewed in references 10-12). Following IAV infection, B cell
activation initially occurs in the lung-draining mediastinal lymph
node (medLN) (13-15). The induction and kinetics of germinal
center (GC) B cells, virus-specific antibody (Ab)-secreting cells
(ASCs), and memory B cells after IAV infection have been docu-
mented (16-21). GC B cells are present in medLN, spleen, lungs,
and nasal-associated lymphoid tissue, where they peak around 3
weeks after infection (16). Likewise, recent studies have revealed
much about the generation and maintenance of IAV-specific
ASCs, including their isotype distribution at various sites, such as
the medLN, lungs, spleen, and bone marrow (BM), where they can

Received 24 June 2014 Accepted 1 August 2014

Published ahead of print 6 August 2014

Editor: D.S. Lyles

Address correspondence to Jan Erikson, jan@wistar.org.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.01833-14

jviasm.org 11995


http://dx.doi.org/10.1128/JVI.01833-14
http://jvi.asm.org

Wolf et al.

persist for several months (17-19). Anti-IAV memory B cells have
not been investigated to the same extent but can also display or-
gan- and isotype-specific distribution and contribution to protec-
tion (20, 21).

Optimal B cell responses are largely dependent on CD4™ T cell
help. Thus, mice that lack CD4™" T cells (i.e., major histocompatibility
complex class II-deficient [MHC IT"/~] mice) or the costimulatory
molecules CD40 and ICOS have severely impaired antiviral antibody
(AD) responses, although T-independent B cell responses can provide
a certain degree of protection in response to IAV infection (15, 22—
24). B cell help is provided by a subset of CD4™" T helper cells, termed
T follicular helper (TFH) cells, that are essential for GC formation
and maintenance (25-28) and produce the cytokines IL-6 and IL-21
in response to IAV or virus-like particles (29-31). Exaggerated and
prolonged CD4 ™" T cell responses and hyperelevated levels of the cy-
tokines IL-6, IL-21, and IFN-vy can dysregulate GC responses and
humoral immunity (reviewed in references 28 and 32), such as in
chronic lymphocytic choriomeningitis virus (LCMV) infection (33).
Viral infections can also elicit antigen-independent B cell activation
and production of non-virus-specific Abs that can result in hyper-
gammaglobulinemia (34, 35), which has been associated with height-
ened immunopathology and immune complex-mediated disease
(36,37).

Because B cells integrate signals through the BCR and T helper
cell-derived costimulation that synergize with signals from TLRs and
cytokine receptors (38), we hypothesized that an altered milieu in the
context of a bacterial coinfection with S. prneumoniae would affect
the B cell response to IAV infection. Here, we established two
models of RT coinfection to investigate how the presence of S.
pneumoniae either prior to or following IAV infection impacts the
generation and maintenance of antiviral Ab responses.

MATERIALS AND METHODS

Mice. BALB/c mice (8- to 12-week-old females) were purchased from the
National Cancer Institute and housed under specific-pathogen-free con-
ditions in the Animal Facilities of the Wistar Institute and School of Med-
icine of the University of Pennsylvania. T cell receptor (TCR) transgenic
TS1 mice (39), with CD4™" T cells specific for an I-E9-restricted MHC-II
peptide for influenza A virus PR8 hemagglutinin (HA,,, ), and
ICOS™™ mice (40) were housed and bred under the same conditions. All
experiments were performed in accordance with Institutional Animal
Care and Use Committee guidelines at the Wistar Institute and the Uni-
versity of Pennsylvania.

Pathogens and infections. Mouse-adapted influenza virus PR8 (in-
fluenza virus A/Puerto Rico/8/34; HIN1; Mount Sinai strain) and the
P1121 strain of Streptococcus pneumoniae (41) were used. P1121 was orig-
inally isolated from the nasopharynx of a subject enrolled in the human
experimental carriage study (42) and is a derivative of the P833 strain, a
type 23F isolate originally obtained from a child with otitis media.

PR8 was grown in the allantoic fluid of 10-day embryonated chicken
eggs (B&E Eggs), and aliquots were stored at —80°C as described previ-
ously (19). P1121 was grown as static cultures in tryptic soy broth (TSB) at
37°Cin 5% CO, until the mid-log phase and an optical density at 620 nm
of ~0.6 to —0.7 was reached as previously described (41). All stocks were
diluted in sterile phosphate-buffered saline (PBS) for infections.

For each experiment, bacterial titers in the inoculum were determined
as described previously (41). In brief, serial dilutions were plated on tryp-
tic soy agar (TSA) plates containing catalase (3,309 U/plate) (Worthing-
ton Biochemical Corporation) and neomycin (20 pg/ml) (Sigma). Bacte-
ria were grown overnight at 37°C in 5% CO,, and colonies were counted
and expressed as CFU.

For all infections, mice were immobilized with ketamine-xylazine (70
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mg/10 mg/kg). Influenza virus PR8 was administered at 150 to 200 mean
50% tissue culture infectious doses (TCIDs5,) in 30 pl, and S. pneumoniae
P1121 was given at a dose of 10° to 10”7 CFU in 30 pl. For the coinfection
models, S. pneumoniae P1121 was given either 10 days prior to infection
with PR8 (Sp+PR8) or 5 days after PR8 infection (PR8+Sp).

Cell and sample preparations. Tissues were collected and cells pre-
pared as previously described (43). In brief, blood was collected through
cardiac puncture. bronchoalveolar lavage (BAL) fluid was collected in 0.5
ml PBS-1% fetal bovine serum (PBS/FBS) through tracheal cannulation.
Tissues were passed through metal wire mesh, and after red blood cell lysis
(spleen and BM), cells were resuspended in Iscove’s complete medium
containing 10% FBS for enzyme-linked immunosorbent spot (ELISPOT)
assays or in PBS/FBS for flow cytometric analysis. Live cell counts were
obtained using a hemocytometer and trypan blue exclusion.

Serial bleeds for serum collection were obtained from the tail vein or
by mandibular bleeds at 7- to 10-day intervals.

T cell transfer experiments. Single cell suspensions from peripheral
lymph nodes and spleens of TCR-transgenic TSI mice were stained with
CD4 and CD25 and CD4" CD25™ T cells isolated by sorting on a FACS-
Aria fluorescence-activated cell sorter (FACS) (BD Biosciences) or MoFlo
(DakoCytomation) cell sorter. Four X 10°to 5 X 10° CD4" CD25 ™~ naive
T cells were transferred by tail vein injection into sex-matched recipients
1 day prior to infection with PRS.

Flow cytometry. For surface staining, cells were first incubated with
Fc block (a-CD32/a-CD16), then incubated with various Abs. The
following antibodies were purchased from eBioscience unless other-
wise indicated: CD19-phycoerythrin (PE)-Cy7, IgD?-Pacific Blue,
Fas-PE, GL-7—fluorescein isothiocyanate (FITC) or PNA-FITC (Sigma),
CD45R/B220-PE-Texas Red (Caltag), or CD138-PE and -allophycocyanin
(APC) (BD Biosciences). PE-labeled hemagglutinin (HA) probe (PR8-
HA, H1) and APC-labeled HA probe (Hk68-HA, H3) were engineered to
eliminate sialic acid binding residues responsible for nonspecific staining
(44). For TCR transgenic T cell transfer experiments, cells were stained
with CD4-peridinin chlorophyll protein (PerCP)-Cy5.5 and biotinylated
ADb 6.5 specific for the TCR followed by streptavidin-APC or -Qdot 605.
Analysis was performed on a LSRII (BD Bioscience). Data were processed
using FlowJo software (Tree Star).

ELISA and ELISPOT for viral and bacterial antigens. The enzyme-
linked immunosorbent assay (ELISA) for determination of anti-PR8 Abs
in the serum and BAL fluid was done as described previously (19, 45). A
PR8-specific C12 idiotype (C12Id) ELISA was done as described previ-
ously (46). Relative virus-specific Ab concentrations were calculated
based on a standard anti-C12 MAD (clone H35-C12.6.2, 23-1d) and ex-
pressed as relative units defined as equivalent to binding of 1 wg/ml of
standard monoclonal antibody (MAD). Purified hemagglutinin (H1)
from A/PR/8/34 was obtained from BEI Resources (NR-19240) and used
at 1 pg/ml for coating of ELISA plates to determine PR8 HA-specific Ab
levels. Results are expressed as relative units, defined as equivalent to
binding of 1 pg/ml of standard anti-HA MAbs (mixture of H37-65-5
[IgG1], H36-4-5.2 [IgG2a], H36-12-3 [IgG2b], and H36-7-3.1 [IgG3]) in
order to equalize for possible differences in isotype contributions.

ELISPOT assays for detection of virus-specific and total ASCs were
performed as previously described (19). S. pneumoniae-specific Abs were
determined as described previously (41). In brief, whole P1121 and puri-
fied PspAsy_yg0 (1 pg/ml) (42), the immunodominant portion of pneu-
mococcal surface protein A (PspA), were used to coat 96-well Immulon II
high-binding plates (Thermo Scientific). Plates were washed with 0.01%
Brij-35-Tris-buffered saline (TBS), blocked with 1% bovine serum albu-
min (BSA) (Sigma) for 1 h at 37°C, and washed again. Serial dilutions of
serum samples were added and then incubated for 2 h at room tempera-
ture. Bound Abs were detected with anti-IgG conjugated to alkaline phos-
phatase (AP) (Sigma) and developed with p-nitrophenyl phosphate
(pNPP) (Sigma) for a standardized time of 30 min. The absorbance at 405
nm was recorded with a Versamax ELISA reader (Molecular Devices).
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FIG 1 Bacterial coinfection alters GC B cell and ASC responses in the medLN of influenza virus-infected mice. (A and B) Mice were infected with influenza virus
A/PRS or Streptococcus pneumoniae (Sp) P1121. (A) GL7" Fas* GC B cells and (B) CD138" ASCs in the medLN at indicated times after infection (n = 3 to 13
mice/group). (C and D) Mice were infected with PR8 alone or coinfected with S. pneumoniae 5 days after PR8 (PR8+Sp) or 10 days prior to PR8 (Sp+PR8). (C)
GC B cells (top row, gated on B220™" cells) and CD138* ASCs (bottom row) in the medLN in infected/coinfected mice 10 days after PR8 infection. (D) Kinetics
of GCB cellsand CD138* ASCs in medLN in PR8 singly infected and coinfected mice at indicated days (d10, d20, and d34) after PR8 infection. Significance was
determined by one-way ANOVA with Tukey’s posttest. ns, nonsignificant; *, P < 0.05; ***, P < 0.001.

HI assay. The hemagglutination inhibition (HI) assay was performed
as described previously (47). Serum samples were serially diluted and
mixed in equal volumes with purified PR8 virus. After 1 h, chicken red
blood cells (RBCs) (B&E Eggs) were added, and the pattern of agglutina-
tion was recorded after another 0.5 h. The HI titer is expressed as the
reciprocal of the highest serum dilution at which virus was inhibited from
agglutinating RBCs.

Immunohistochemistry. MedLN and spleen were snap-frozen in
OCT medium (Tissue Tek). Sections were fixed in acetone and stained
with GL7-FITC and biotinylated IgD® (BD Biosciences). Streptavidin-
horseradish peroxidase (HRP) (Southern Biotech) and anti-FITC-AP
(Millipore) were used as secondary Abs. All histology was examined and
recorded on an upright Nikon E600 microscope with the image software
Image Pro (Media Cybernetics).

Determination of viral titers. Infectious virus in lungs was deter-
mined by titration in Madin-Darby canine kidney (MDCK) cell micro-
cultures as described previously (48). Lung titers are expressed as the
dilution at which 50% of the MDCK cultures revealed virus growth
(TCID,,/ml).

Cytokine and chemokine measurements in sera. Sera were collected
from naive mice and from infected mice (10 days after PR8 infection).
Millipore Multiplex kits (MPXMCYTO-70k) and Luminex xMAP tech-
nology were used for detection of cytokines and chemokines. Assays were
performed by the Human Immunology Core at the University of Penn-
sylvania.
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Statistical analyses. All data are from at least two independent exper-
iments and are presented as the mean * standard error of the mean
(SEM). Student’s ¢ test or the Mann-Whitney test was used to calculate the
statistical significance between two groups, and a one-way analysis of
variance (ANOVA) or Kruskal-Wallis test was used for multiple group
comparison unless stated otherwise. For viral titers of groups with a mix-
ture of values above and below a detection limit, a two-part test was used
by combining the statistics from the x? test (for comparing the propor-
tions as percentages of values above/below the detection limit between
two groups) and a ¢ test for the values above detection. All statistical tests
were performed using Prism software (GraphPad Software).

RESULTS

B cell differentiation in response to IAV infection is altered with
bacterial coinfection. First, we developed RT infection models
with mouse-adapted influenza virus A/PR/8/34 (PR8) and the hu-
man isolate P1121 strain of Streptococcus pneumoniae (serotype
23F). Infection with PR8 alone elicits an acute RT infection that is
associated with transient morbidity and virus clearance by day 10
(43). The P1121 S. pneumoniae isolate, on the other hand, does
not induce signs of morbidity, consistent with an asymptomatic
carrier model, and bacteria persist in the upper RT for up to 2
months after infection (data not shown) (41). Based on the time
frames used by McCullers et al. (6), we coinfected mice with S.
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FIG 2 Virus-specific GC B cell and ASC responses in the medLN of influenza virus-infected mice are altered by bacterial coinfection. (A) MedLN cells from naive
and PR8-infected mice (10 days after PR8 infection) stained with GL7 for GC B cells (top row) and with CD138 for ASCs (bottom row). Cells were costained with
a PE-labeled PR8 HA probe or APC-labeled H3 (from Hk68). Plots are shown gated on B220™ cells (top) and total live cells (bottom row). (B) MedLN from X31
(H3N2)-infected or PR8-infected and coinfected mice (10 days after PR8 infection) stained with GL7 for GC B cells and the PE-labeled PR8 HA probe. (C)
Numbers of virus-specific HA™ GCs and HA™ ASCs in infected/coinfected mice (1 = 4 to 8 mice/group; 10 days after PR8 infection). (D) PR8-specific IgG ASCs
in medLN of indicated groups (n = 5 to 6 mice/group) were determined by ELISPOT assay (10 days after PR8 infection). (E) PR8-specific IgG ASCs in medLN
and BM of the indicated groups (n = 11 to 18 mice/group) were determined by ELISPOT assay (34 to 53 days after PR8 infection). The results shown are from
at least 3 independent experiments. Coinfected groups were analyzed for statistical significance relative to mice infected with PR8 alone using Student’s f test. *,

P < 0.05;**, P < 0.01; ***, P < 0.001.

pneumoniae either 10 days prior (Sp+PR8) or 5 days after
(PR8+Sp) PR3 infection to model two clinically relevant scenar-
ios: the first represents individuals carrying S. pneumoniae prior to
contracting an IAV infection, and the second is a model of a sec-
ondary bacterial infection. As has been shown previously (6),
PR8+Sp-coinfected mice exhibited increased morbidity and ex-
acerbated lung pathology, but strikingly, prior S. pneumoniae ex-
posure protected mice from influenza-induced disease (49).

We next assessed the B cell response to infection with PR8
alone and in the context of S. pneumoniae coinfection. In response
to single infection with PR8, GC (GL7" Fas* B220™") B cells and
(CD138™) ASCs were induced in the lung-draining medLN
around day 5 postinfection (p.i.), with ASCs peaking at day 10 p.i.
and GCs at day 15 p.i. (Fig. 1A and B), consistent with published
observations (16, 19). S. pneumoniae infection alone did not elicit
a marked GC or ASC response in the medLN and cervical LNs
(Fig. 1A and B) (data not shown). Strikingly, mice colonized with
S. pneumoniae prior to PR8 (Sp+PR8) revealed a higher percent-
age and number of GC B cells in the medLN 10 days after PR8
infection compared to mice infected with PR8 alone (Fig. 1C and
D), whereas ASC numbers were not altered. In contrast, PR8+Sp-
coinfected mice had an exaggerated ASC response, while GC
numbers were not affected (Fig. 1C and D). Twenty days after PR8
infection, all groups had similar GC and ASC cell numbers in the
medLN (Fig. 1D), but by day 34, GC numbers were reduced in the
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Sp+PR8 group, suggesting that prior S. pneumoniae infection im-
pairs GC maintenance (Fig. 1D). The magnitude and kinetics of
GCs were similarly altered in the spleen (data not shown), indi-
cating that the impact of coinfection on the B cell response was not
limited to the regional LN.

To address whether virus-specific B cells are among the in-
creased GC B cells in Sp+PR8-coinfected mice at day 10 p.i. with
PR8, we used a fluorescently labeled PR8 (H1) HA probe. This
probe was engineered so that the HA B cell epitopes are main-
tained, but nonspecific staining of lymphocytes is eliminated by a
single-residue mutation of the sialic acid binding site (44). As a
staining control, we also used an HA probe derived from an H3
virus. B cells from medLN of mice infected with PR8 did not stain
with this non-cross-reactive H3 probe (Fig. 2A). Additional con-
trols included B cells from medLN of naive mice or cervical LNs
from PR8-infected mice, which are not the primary site of B cell
activation (50) and which did not bind either the H1 or H3 probe
(Fig. 2A) (data not shown). GC B cells from mice infected with
X31, an H3N2 virus, also did not bind the H1 probe (Fig. 2B). In
contrast, 3 to 8% of GC B cells from medLN of PR8-infected mice
bound the H1 HA probe (Fig. 2A and B). As was the case for total
GCs, the percentage and numbers of PR8 HA-specific GCs were
significantly increased in Sp+PR8- but not in PR8+ Sp-coinfected
mice (Fig. 2B and C) (data not shown).

We next asked whether the increase in total ASCs in the
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FIG 3 Bacterial coinfection alters T follicular helper cell responses in the medLN of influenza virus-infected mice. (A) Representative FACS profiles of CXCR5
and PD1 staining on CD4™" T cells in the medLN in indicated groups of mice. (B) CXCR5" PD1* CD4" TFH cells in medLN of infected and coinfected mice at
indicated days after PR8 infection. Data represent means = SEM from n = 3 to 5 mice and are the results from 2 independent experiments. Significance was
determined by Student’s ¢ test. NS, nonsignificant; *, P < 0.05. (C to E) PR8-HA-specific CD4* T cells from TS1 mice were adoptively transferred 1 day prior to
PR8 infection. (C) Representative FACS profile of medLN cells from a naive mouse and a PR8-infected mouse (10 days p.i. with PR8) stained for CD4 and the
TCR-specific Ab 6.5. (D) Frequency of ICOS™ PD1" cells of CD4 " 6.5 T cells in the medLN of infected/coinfected mice 10 days after PRS infection (1 = 3 naive
mice and 7 = 5 to 11 infected mice/group). n.d., not determined. (E) CD4™" 6.5™ T cell numbers in the medLN of naive and infected/coinfected mice 10 days and
34 to 35 days after PR8 infection. Significance was determined by Student’s ¢ test. ns, not significant; *, P < 0.05.

medLN of PR8+Sp-coinfected mice translated into a boost in
virus-specific ASCS. We used flow cytometry in conjunction with
the HA probe to identify the HA-specific subset of ASCs and
ELISPOT coated with PR8 virus to enumerate virus-specific ASCs.
Compared to PR8 singly infected and Sp+PR8-coinfected mice,
PR8+ Sp-coinfected mice exhibited a marked increase in HA-spe-
cific ASCs (Fig. 2C) and total PR8-specific IgG and IgM ASCs (Fig.
2D) (data not shown). After 1 to 2 months of infection, PR8-
specific IgG ASCs also remained increased in the medLN of
PR8+Sp-coinfected mice compared to mice infected with PR8
alone (Fig. 2E). In the BM, this increase was not statistically sig-
nificant; however, PR8-specific IgG ASC numbers were signifi-
cantly lower in Sp+PR8-coinfected mice (Fig. 2E). Collectively,
these data show that S. pneumoniae coinfection substantially
modulated the generation of virus-specific and overall GC B cells
and ASCs and that the outcome differed depending on the order
of coinfection.

Modulation of TFH responses in the medLN correlates with
GCresponses. TFH cells are essential for GC formation and main-
tenance (reviewed in references 26-28). Having established that
antiviral GC and ASC responses in medLN are altered by coinfec-
tion, we hypothesized that the CD4" TFH cell response would
also be modified. In the medLN of naive and S. pneumoniae-in-
fected mice, TFH cells were undetectable, consistent with a lack of
GCs (Fig. 1A). In PR8-infected mice, TFH cells accounted for
3.5% of CD4™ T cells in the medLN 10 days after infection (Fig.
3A). Notably, we detected an increase in the percentage and num-
ber of TFH cells in Sp+PR8-coinfected mice, correlating with
heightened GC numbers in that group (Fig. 3A and B). Likewise,
by day 34 p.i., TFH cell numbers were highest in the PR8+Sp-
coinfected group when GC numbers were highest (Fig. 3B).
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We next used an adoptive transfer system with CD4" T cells
specific for PR8 HA (39) to examine the impact of coinfection on
virus-specific CD4" TFH cells. We found that PR8 HA-specific
CD4™ T cells identified by the clonotypic Ab 6.5 expanded about
200-fold in the medLN by day 10 after infection (Fig. 3C). Five
percent of CD4" 6.5 T cells expressed a TFH phenotype (ICOS™
PD1") in PR8-infected mice that was further increased in
Sp+PR8-coinfected mice (Fig. 3D). Five weeks after infection,
higher numbers of HA-specific CD4™ T cells were maintained in
the medLN of PR8+ Sp-coinfected mice (Fig. 3E). Thus, as was the
case with total CD4" TFH cells (Fig. 3A and B), S. preumoniae
coinfection also induces changes in the magnitude of virus-spe-
cific TFH cell responses.

Bacterial coinfection modulates antiviral serum Ab levels
but not anti-S. pneumoniae Abs. Next, we analyzed Abs specific
to IAV and S. pneumoniae in serial bleeds from singly infected and
coinfected mice by ELISA. Antiviral serum IgG Abs showed
marked modulation with bacterial coinfection (Fig. 4A). In
PR8+Sp-coinfected mice, antiviral IgG levels were significantly
elevated 3 weeks following PR8 infection, while Sp+PR8-coin-
fected mice had significantly reduced antiviral 1gG responses
compared to those in mice infected with PR8 alone. In contrast to
antiviral serum IgG, S. pneumoniae-specific IgG measured against
whole bacteria or purified pneumococcal surface protein A
(PspA) was not significantly altered in the different coinfection
groups (Fig. 4B) (data not shown).

Consistent with a reduction in antiviral IgG in Sp+PR8-coin-
fected mice, Abs mediating hemagglutination inhibition (HI)
were also significantly lower in this group (Fig. 4C). Surprisingly,
despite the increase in virus-specific IgG in PR8+ Sp-coinfected
mice, there was no difference in HI titers. To test whether this is
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analyzed for PR8-specific IgG (A) and S. preumoniae-specific IgG (B) by ELISA (n = 6 mice/group for infected mice and n = 2 naive mice). (C) Sera were collected on
days 34 to 35 p.i. with PR8, and virus-neutralizing Abs were determined by HI assay. The kinetics of PR8-HA-specific serum IgG (D) and C12 idiotype (Id) Ig (E) in PR8-
and coinfected mice. All results are from at least # = 6 mice/group. (F) PR8-specific IgG and IgA in BAL fluid of PR8 and coinfected mice (1 = 5 to 12 mice/group) 10
days and 34 days after PR8 infection. Significance was determined by Student’s # test. ns, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

due to a shift away from HA-specific Abs that mediate HI activity,
we performed ELISA with purified PR8 HA. However, this does
not appear to be the case as the increase in virus-specific IgG
serum Abs in PR8+Sp-coinfected mice was accompanied by an
increase in HA-specific IgG (Fig. 4D). These data suggest that
distinct HA-reactive B cells may be activated in the context of
PR8+Sp coinfection producing Abs with lower HI activity.

Roughly 25% of anti-HA Abs generated in a primary response
to PR8 can be identified by an idiotypic Ab termed C12 (C121d)
(46,51, 52). These C121d™ Abs have low HI capacity compared to
other Abs directed to the same HA antigenic site (53). C12Id™
ASCs are short-lived, with serum Abs peaking during the first
week after infection and then dropping rapidly thereafter (46, 51).
We assessed whether PR8+Sp coinfection increased the produc-
tion and/or maintenance of C12Id* Abs and thus contributes to
the overall reduced HI activity. While we detected significantly
higher C121d™ Ab levels at their peak in PR8+Sp-coinfected mice
compared to PR8-infected mice (Fig. 4E), the levels diminished in
all groups to the same extent, indicating that coinfection does not
alter their transient nature.

To test the impact of coinfection on local RT antiviral Abs,
PR8-specific IgG and IgA in the BAL fluid were determined by
ELISA (Fig. 4F). Ten days after PR8 infection, there was little ac-
cumulation of PR8-specific IgG and IgA in all groups; neverthe-
less, we detected some statistical differences, as noted in Fig. 4F. At
day 34, BAL fluid antiviral IgG was higher in PR8+ Sp-coinfected
mice, like it was in the serum (Fig. 4A). PR8-specific IgA was
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reduced in the Sp+PR8 group. Thus, the order of S. pneumoniae
coinfection critically impacts the magnitude of both systemic and
pulmonary antiviral Abs.

ICOS is required for antiviral Ab responses in the context of
a secondary bacterial infection. We hypothesized that signals in
the medLN microenvironment of PR8+ Sp-coinfected mice relax
the stringent requirement for T cell help, in particular the depen-
dence on the costimulatory molecule ICOS. In the absence of
ICOS, mice have profound defects in GC responses that result in
impaired Ab responses (40, 54). Similarly, GCs were absent in the
spleens of ICOS ™'~ mice at all time points analyzed following PR8
infection (Fig. 5A and B) (data not shown). However, GCs were
detectable in the medLN of ICOS™/~ mice, albeit in reduced num-
bers (Fig. 5A to C) (data not shown). Initially at day 8 p.i., induc-
tion of PR8-specific IgM and IgG ASCs occurred comparably in
the medLN of wild-type (WT) and ICOS ™’ mice, but ASC num-
bers were significantly lower in the medLN and BM from
ICOS™/~ mice 4 weeks after infection (Fig. 5D). With or without
asecondary bacterial infection, ICOS '~ mice had little detectable
antiviral IgG in the serum (Fig. 5E). Together, these data indicate
that signals in PR8+Sp-coinfected mice are unable to override the
dependence on ICOS for optimal antiviral Ab production.

Additional PR8 HA-specific CD4* T cells do not alter the
skewed GC/ASC response in bacterial coinfection. To further
examine how virus-specific T cells may regulate antiviral B cell
responses in the context of S. pneumoniae coinfection, we ana-
lyzed antiviral B cell responses in mice with adoptively transferred
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PR8 HA-specific CD4 " T cells. After PR8 infection alone, the pro-
vision of additional HA-specific CD4 ™ T cells led to a higher num-
ber of PR8-specific IgG ASCs in the medLN at day 10 (Fig. 6A, left
panel), while the numbers of total IgG ASCs were not altered
(Fig. 6A, right panel). Interestingly, PR8 HA-specific CD4™ T cells
did not affect the frequency of HA* GC B cells in the medLN but
increased the frequency of HA" ASCs (Fig. 6B).

We next determined whether addition of HA-specific CD4" T
cells impacts the skewed GC/ASC differentiation that we have
documented in the context of coinfection. As in mice without T
cell transfers, Sp+PR8-coinfected mice had increased HA-specific
GC B cell numbers compared to PR8 singly infected mice, whereas
PR8+Sp-coinfected mice had a boosted virus-specific ASC re-
sponse in the medLN at day 10 after PR8 infection (Fig. 6C). The
increased availability of HA-specific T cell help did not alter over-
all GC numbers and ASCs compared to those in mice without
transferred T cells (Fig. 6D). However, in the context of PR8+Sp
coinfection, additional PR8 HA-specific CD4" T cells further
boosted C12Id" serum Ab levels (Fig. 6E). This effect by HA-
specific CD4™ T cells was also observed for the production of
virus-specific IgM and IgG Ab levels (Fig. 6F). In contrast to virus-
specific Abs, total IgG in the serum was not increased in the pres-
ence of additional virus-specific T cells and was even reduced in
PR8+ Sp-coinfected mice (Fig. 6G). Thus, provision of additional
HA-specific T cell help enhances the generation of antiviral serum
Abs, especially in the context of a secondary S. pneumoniae infec-
tion, without affecting total serum ADb levels. These results suggest
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that increasing the frequency of virus-specific T cell help could be
beneficial in boosting antiviral Ab responses without increasing
non-virus-specific IgG levels.

Impact of bacterial coinfection on viral clearance and in-
flammatory cytokines. We considered the possibility that our ob-
servations are due to differences in viral antigen persistence
and/or cytokine production in the coinfection models. We found
that exposure to S. pneumoniae prior to influenza infection
(Sp+PR8) did not alter initial viral infection and viral clearance in
the lungs (Fig. 7A) (49). PR8+ Sp-coinfected mice had increased
viral titers by day 7.5, but by day 10, viral titers were indistinguish-
able from those of mice infected with PR8 alone, indicating that
viral clearance is not impaired (Fig. 7A).

Independent of coinfection status, we detected similar bacte-
rial loads in the noses of the majority of all mice up to 2 months
after S. pneumoniae infection, although bacterial clearance from the
lower RT was delayed in PR8+ Sp-coinfected mice, consistent with
other studies of secondary S. pneumoniae infections (6, 49, 55).

Exacerbated production of inflammatory cytokines (56), in-
cluding IL-6 and IFN-v, that can dysregulate B cell responses (32,
34, 36) often accompanies coinfections, especially those with in-
creased pathogenesis. To test various cytokines, sera collected
from infected and coinfected mice were analyzed by multiplex
assay. IL-6 levels in PR8+Sp-coinfected mice were 10-fold in-
creased compared to those in mice infected with PR8 alone, while
IFN-y and TNF-a were not significantly altered (Fig. 7B). In
Sp+PR8-coinfected mice, IFN-vy levels were reduced compared to
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FIG 6 Provision of additional PR8-HA-specific CD4" T cells augments virus-specific Ab responses but does not alter the skewed GC/ASC response in bacterial
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those in mice infected with PR8 alone, and the levels of all serum
cytokines analyzed were indistinguishable from those in naive
mice. CXCL10, which promotes cellular infiltration, including
ASCs, into inflamed tissues (57), was significantly increased in
sera from PR8-infected mice and further boosted in PR8+Sp-
coinfected mice. In Sp+PR8-coinfected mice, levels of CXCL10
were comparable to those in naive mice. S. pneumoniae alone in-
duced no systemic inflammatory cytokine/chemokine produc-
tion, consistent with asymptomatic carriage.

DISCUSSION

Coinfections can subvert host immunity to unrelated pathogens
and reduce efficacy of vaccines (reviewed in reference 9). IAV and
S. pneumoniae are common participants in RT coinfections, yet,
the impact on adaptive immunity, especially protective B cell re-
sponses, is almost completely unknown. B cells are critical players
in the early defense against IAV infection and protect against re-
infection through maintenance of Abs and memory B cells. Here,
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we investigated the impact of S. pneumoniae coinfection on the B
cell response to IAV. Using a PR8 HA-specific probe to track PR8
HA-specific B cells, we showed that prior exposure to S. pneu-
moniae (Sp+PR8 coinfection) significantly increased the magni-
tude of HA-specific GC B cells in the medLN, whereas a secondary
infection with S. prneumoniae (PR8+Sp coinfection) favored ASC
responses within the same time frame. However, the initial GC
response in Sp+PR8-coinfected mice was not maintained and
correlated with lower serum antiviral Ab levels. In contrast,
PR8+Sp-coinfected mice sustained increased virus-specific se-
rum IgG, consistent with heightened GC persistence. Thus, this
study reveals the novel finding that S. pneumoniae coinfection
modulates both early IAV-specific B cell differentiation in the
lung-draining medLN as well as the maintenance of antiviral hu-
moral immunity and that the outcome differs, depending on the
order of exposure to S. pneumoniae and IAV.

Studies with model antigens, such as hen egg lysozyme (HEL)
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and ovalbumin-conjugated to NP (NP-OVA), have revealed that
increasing levels of antigen positively correlate with the magni-
tude and persistence of GC and TFH cells (58, 59). Interestingly,
we detected elevated GC and TFH responses in Sp+PR8-coin-
fected mice 10 days after PR8 infection, although viral loads in the
lungs were not significantly different between the coinfection
groups and mice infected with PR8 alone. However, we cannot
rule out that PR8+Sp coinfection may lead to increased persis-
tence of viral antigen depots in secondary lymphoid organs and
consequently account for the extended maintenance of GCs and
TFHs at later times. Viral epitopes for CD4™ T cells have been
detected by reverse transcription-PCR in the medLN for atleast 10
to 14 days following IAV infection (60) and have been shown to
promote T cell proliferation for at least 1 month later (60-62). It is
unknown to what extent B cell epitopes persist in response to IAV
infection. Studies are under way to determine if the maintenance
and distribution of viral B and T cell epitopes are altered in bac-
terial coinfection.

There is strong evidence that cytokines can impact antigen-
activated B cell differentiation. We detected prolonged and sys-
temically increased levels of IL-6, which alone or together with
type I IFNs induced by PR8 and S. pneumoniae (63, 64) could
account for the exaggerated ASC response in the medLN of
PR8+ Sp-coinfected mice at day 10 p.i. This model is consistent
with studies that demonstrated that IL-6, IFN-v, and type I IFNs
can enhance Ab responses (30, 65-67). Another candidate cyto-
kine is IL-12, which is highly induced in cultures of human den-
dritic cells (DCs) treated with IAV and then subsequently exposed
to S. pneumoniae (68). IL-12-producing DCs were shown to favor
B cell differentiation to ASCs at the expense of GC formation (69).
We speculate that the exaggerated ASC response in PR8+Sp coin-
fection could reflect a contribution of specialized cytokine-pro-
ducing DCs in promoting nascent ASC differentiation at extrafol-
licular foci (EFF) (70, 71).

In the experiments using ICOS ™'~ mice, we demonstrated that
bacterially derived signals in the context of PR8+Sp coinfection
did not override the need for ICOS costimulation for the genera-
tion of antiviral Abs. To further examine the role of T cells, we
hypothesized that the provision of additional virus-specific CD4 ™
T cell help would have distinct impacts on GC and ASC differen-
tiation in the context of coinfection. We found that transferred
PR8 HA-specific CD4™ T cells had no effect on HA-specific GC

October 2014 Volume 88 Number 20

numbers but augmented antiviral ASC responses, including those
directed against PR8 HA. On the other hand, the numbers of total
IgG ASCs remained similar in mice with and mice without addi-
tional virus-specific CD4 " T cells, and consequently, antiviral IgG
but not total IgG was increased in the serum. Importantly, in the
context of coinfection with S. pneumoniae, our study showed that
additional HA-specific CD4™ T cells did not alter the skewed GC/
ASC response in the medLN early after infection. Together, these
data suggest that the modulated GC/ASC response in IAV-S.
pneumoniae coinfection is regulated through signals originating
from cells other than virus-specific CD4™ T helper cells.
Although PR8+Sp coinfection leads to overall increased PR8-
specific serum IgG, including HA-specific IgG, serum HI Abs were
not increased. This could be due to a lack of sensitivity of the HI
assay. Additional possibilities include that the HI activity could be
affected by HI-interfering components and/or non-PR8-binding
Abs that are increased in sera of the PR8+Sp group or that the
affinity of overall anti-HA Abs produced in PR8+Sp coinfection
compared to PR8 infection is reduced. It is intriguing to speculate
that PR8+ Sp coinfection causes a repertoire shift in the antiviral B
cell response, such that representation of non-HI Abs or HA Abs
of lower affinity are favored. The increase in early antiviral ASC
responses (in the absence of altered GC responses) in PR8+Sp-
coinfected mice suggests a preferential induction of Abs at EFF
that have not undergone affinity maturation compared to Abs
produced by post-GC-derived ASCs (71). Indeed, levels of
C121d* Abs, a hallmark of early anti-PR8 HA EFF Ab responses
(51), were significantly elevated in PR8+Sp-coinfected mice.
However, C12Id™" serum Ab levels diminished in PR8+ Sp-coin-
fected mice to the same extent as in mice infected with PR8 alone,
arguing against the hypothesis that coinfection instructs short-
lived ASCs, like C12-producing cells, to become long-lived.
Taken together, our results demonstrate that coinfection alters
the antiviral B cell response and that the order of exposure to S.
pneumoniae and IAV significantly changes the outcome. This is in
contrast to antibacterial Ab responses that are not altered by IAV
coinfection, indicating that S. pneumoniae modulates the immune
response to influenza but not vice versa. Although we and others
have demonstrated that colonization with S. pneumoniae or
Staphylococcus aureus protects against acute influenza-induced
morbidity (6, 8,49), this study suggest that bacterial exposure may
compromise long-term antiviral Ab-mediated immunity. Modu-
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lation of antiviral Ab levels as a consequence of the infection his-
tory with other microbes could have an impact on disease suscep-
tibility and protection in humans.
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