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Abstract

Streptococcus pneumoniae (Spn) is a common bacterial co-infection in patients with respiratory
viral infections, including influenza and SARS-CoV-2, and is associated with increased
morbidity and mortality. However, the mechanisms underlying the severe disease caused
by SARS-CoV-2 and Spn co-infection remain poorly understood. Here, we show that Spn
infection 3 days after infection with mouse-adapted SARS-CoV-2 MA10 markedly increased
morbidity and mortality in wild-type mice. In contrast, SARS-CoV-2 infection 3 days after
Spn infection did not increase mortality, demonstrating that disease severity depends on
the sequence of infection. Increased susceptibility to Spn following SARS-CoV-2 infection
was associated with enhanced viral burden, exacerbated lung pathology, pronounced
neutrophil accumulation, and increased expression of IFN-β and the neutrophil-recruiting
chemokine CXCL2. To determine whether pneumolysin (PLY), a major Spn virulence
factor, contributes to superinfection-induced pathology, we infected mice with a PLY-
deficient Spn strain. Unexpectedly, PLY deficiency further increased mortality and lung
pathology without altering bacterial or viral titers. Immunofluorescence analysis revealed
increased accumulation of neutrophils and macrophages in the lungs of mice co-infected
with PLY-deficient Spn. These results indicate that Spn superinfection exacerbates SARS-
CoV-2-induced lung disease, whereas PLY unexpectedly attenuates disease severity. We
propose that PLY limits immunopathology during SARS-CoV-2–Spn superinfection by
restraining macrophage- and neutrophil-mediated inflammation.

Keywords: co-infection; superinfection; SARS-CoV-2; Streptococcus pneumoniae; pneu-
molysin; lung pathology

1. Introduction
The overall prevalence of bacterial co-infection at hospital admission for SARS-CoV-2

is relatively low, estimated at about 5% in major global meta-analyses [1,2]. However,
secondary hospital-acquired bacterial superinfections occur in 15–20% of patients during
longer inpatient stays, particularly among critically ill patients [3], and can affect 20–40%
of patients in intensive care units [4]. COVID-19 patients with bacterial co-infections or
secondary infections have higher in-hospital mortality and a longer length of stay [5,6]. The
most frequently isolated organisms include Streptococcus pneumoniae (Spn), Staphylococcus
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aureus, Pseudomonas aeruginosa, and Klebsiella pneumoniae [2–4]. Timely and appropriate
antibiotic use, supported by accurate diagnosis, is crucial for improving patient outcomes
and preventing antimicrobial resistance [5]. Antimicrobial resistance is also highly prevalent
in patients with COVID-19 and poses a significant treatment challenge [7]. Additionally,
viral co-infections, such as influenza, can exacerbate disease in COVID-19 patients [8]
and in animal co-infection models [9]. Although the synergistic effects of co-infections on
SARS-CoV-2 disease severity are well established, the cellular and molecular mechanisms
remain incompletely understood.

Accumulating clinical evidence suggests that Spn exacerbates SARS-CoV-2-induced
lung pathology and contributes to disease severity [1,6,10–17]. Studies of SARS-CoV-2 and
Spn co-infection in K18-hACE2 transgenic mice showed increased mortality, indicating
synergistic effects [18,19]. However, the mechanisms by which Spn infection promotes
SARS-CoV-2-induced mortality and lung disease remain unclear. Furthermore, the im-
pact of Spn co-infection on the pathogenesis of a mouse-adapted SARS-CoV-2 strain in
immunocompetent wild-type (WT) mice remains unknown.

Pneumolysin (PLY), a cholesterol-dependent pore-forming toxin produced by S. pneu-
moniae, is a major determinant of pneumococcal virulence and has been implicated in epithe-
lial injury, inflammatory activation, and tissue damage during bacterial pneumonia [20–23].
High PLY concentrations directly disrupt host cell plasma membranes and mitochondria;
trigger inflammasome activation; and promote the production of proinflammatory cy-
tokines and chemokines, including IL-1β, IL-18, TNF, CXCL2, CCL5, and CCL8 [23–27].
However, PLY can also promote anti-inflammatory responses by binding to mannose recep-
tor C type 1 (MRC-1) on macrophages and dendritic cells [28], triggering TGF-β production
by epithelial cells [29] and activating autophagy [30]. The dual role of PLY during pneumo-
coccal infection is well established [23,31]. Despite extensive knowledge of PLY biology
in pneumococcal infection and influenza-associated secondary bacterial pneumonia, its
specific contribution to SARS-CoV-2/Spn superinfection remains undefined.

To investigate the impact of Spn co-infection on SARS-CoV-2 pathogenesis in WT mice,
we used the mouse-adapted MA10 strain of SARS-CoV-2 [32] and administered Spn either
3 days before or 3 days after SARS-CoV-2 infection. Our results show that the timing of Spn
infection is critical for synergistic mortality. Thus, Spn infection 3 days after SARS-CoV-2
increased mortality, whereas Spn infection 3 days before SARS-CoV-2 did not. Furthermore,
superinfection with a PLY-deficient Spn strain further increased mortality and pathology
and promoted proinflammatory cytokine expression and the accumulation of neutrophils
and macrophages in the lung. These results indicate that Spn superinfection aggravates
SARS-CoV-2-induced lung disease, whereas PLY attenuates disease severity.

2. Materials and Methods
2.1. Mice

Male and female adult C57BL/6 mice (originally obtained from The Jackson Labo-
ratory, Bar Harbor, ME, and bred in approved facilities at the University of Texas Health
Science Center at San Antonio) over 5 months of age (mo) were used for these studies. Age-
and sex-matched controls were used for all experiments.

2.2. Bacterial and Viral Strains

SARS-CoV-2 MA10 was propagated in VeroE6-TMPRSS2 cells. Briefly, VeroE6-
TMPRSS2 cells were plated in a T175 flask containing DMEM supplemented with 10%
FBS and allowed to reach 90% confluence. Cells were inoculated with SARS-CoV-2 MA10
at a multiplicity of infection (MOI) of 0.001 or 0.01 and monitored for cytopathic effect.
At 48–72 h post-infection, the supernatant was collected, centrifuged for 10 min at 1000 g,
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aliquoted, and stored at −80 ◦C. Virus concentration (PFU/mL) was determined by plaque
assay. The TIGR4 (serotype 4 clinical isolate) strain of S. pneumoniae and a pneumolysin-
deficient strain of Spn (Spn∆ply) [27] were kindly provided by Dr. Carlos Orihuela (Univer-
sity of Alabama at Birmingham, Birmingham, AL). Bacterial concentration (CFU/mL) was
determined by serial dilution on blood agar plates.

2.3. Viral and Bacterial Infections in Mice

For SARS-CoV-2 infections, mice were anesthetized with 90 mg/kg ketamine and
10 mg/kg xylazine via intraperitoneal (i.p.) injection. Mice were infected intranasally (i.n.)
with 5 × 105 PFU of MA10 in 50 µL, unless otherwise indicated. For Spn infection, mice
were anesthetized with ketamine/xylazine and infected i.n. with the indicated dose of
wild-type (WT) Spn or a pneumolysin-deficient strain (Spn∆ply) in 25 µL. Control mice were
anesthetized and injected i.n. with PBS. Body weight was monitored daily after infection.
Death was not used as an experimental endpoint. Mice were considered moribund and were
euthanized with an isoflurane overdose if they lost more than 20% of body weight and were
counted as dead for the survival experiments. Control mice with either SARS-CoV-2 or Spn
mono-infection were anesthetized and mock-infected at the time of sequential infection.

2.4. Bacterial and Viral Loads

To quantify bacterial load, the inferior lobe of the infected lung was homogenized in
1 mL of PBS, serially diluted, and plated on blood agar. Bacterial colonies were counted after
24 h at 37 ◦C. To quantify viral titer, the middle lung lobe was homogenized in 1 mL of lysis
buffer, and total RNA was extracted using the Quick-RNA miniprep kit (Zymo Research,
Irvine, CA, USA). cDNA synthesis and real-time PCR were performed as previously
described using Power SYBR Green master mix (Applied Biosystems, Carlsbad, CA, USA).
A standard curve was generated from a diluted plasmid containing the SARS-CoV-2 RBD
and used to convert Ct values to viral RNA load, as previously described [33]. To assess
active SARS-CoV-2 replication, real-time PCR for subgenomic N RNA was performed,
as described [34].

2.5. Histopathology

Mice were euthanized, and the lungs and hearts were removed as a single block and
fixed in 10% neutral buffered formalin (Thermo Fisher Scientific, Waltham, MA, USA) for
24 h. Tissues were processed, embedded in paraffin, and sectioned at 5 µm for hematoxylin
and eosin (H&E, Vector Laboratories, Newark, CA, USA) staining and pathology scoring.
Brightfield images were acquired on a Keyence BZ-X800 microscope (Keyence Corporation,
Itasca, IL, USA) at 10× magnification.

2.6. Gross Pathology and Histological Scoring

Gross lung lesions were scored at necropsy on the following scale: 0 = no notice-
able discoloration or lesions; 1 = lesions or discoloration affecting <25% of the lung area;
2 = 25–50% discoloration; 3 = 50–75% discoloration; 4 = >75% discoloration.

Formalin-fixed, paraffin-embedded lung tissues were sectioned at 5 µm and stained
with H&E for pathology scoring, as described [35]. Lesions were scored in the following
categories: bronchiolitis, thrombosis, fibrin, necrosis, interstitial pneumonia, edema, and
hemorrhage, on a scale of 0–4; 0 = no lesion, 1 = minimum, 2 = mild, 3 = moderate, and
4 = severe. The sum of all lesion category scores for each mouse was used for data plotting
and analysis. Scores from 3 slides per animal in each group were averaged, and statistical
significance was assessed using Welch’s t-test or the nonparametric Mann–Whitney test.
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2.7. Immunofluorescence

Mice were euthanized, and lungs were fixed in 4% paraformaldehyde for 24 h, incu-
bated in 30% sucrose for 24 h, and embedded in Tissue-Tek Optimal Cutting Temperature
(OCT, Sakura Finetek USA, Torrance, CA, USA) compound. Sections were cut at 10 µm
on a Cryostar NX0 cryostat (Thermo Fisher Scientific, Waltham, MA, USA), adhered to
Superfrost Plus slides, blocked for 1 h at room temperature (RT) with 1% BSA, 10% goat
serum, and 0.3% Triton X-100 (MilliporeSigma, St. Louis, MO, USA) in PBS, incubated
with primary antibodies for 24 h at 4 ◦C, washed in PBS, and incubated with labeled
secondary antibodies for 1.5 h at RT. Antibodies were purchased from BioLegend (San
Diego, CA, USA). Slides were washed in PBS and stained with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA) for 10 min at RT. After a final wash, slides were mounted
with ProLong Gold Antifade (Thermo Fisher Scientific, Waltham, MA, USA) and imaged
on a Keyence BZ-X800 microscope. Fluorescent images were analyzed in QuPath v0.7.0 [36]
for automated cell detection and quantification. Region-of-interest images were imported
into QuPath, and nuclear counterstaining (DAPI) was used to identify individual cell nuclei
with QuPath’s built-in cell detection algorithm and to delineate cell boundaries using the
default cell expansion setting. Detection parameters were held constant across all samples.
Mean cytoplasmic fluorescence intensity was used to distinguish positive and negative
populations with a fixed intensity threshold. For each experimental group, three to four
mice were analyzed, with 3–5 fields of view imaged and quantified per mouse.

2.8. Real-Time RT-PCR Analysis

RNA was isolated from lungs of infected mice using the Quick-RNA miniprep kit
(Zymo Research, Irvine, CA, USA). cDNA synthesis and real-time PCR were performed as
described previously using Power SYBR Green master mix (Applied Biosystems, Carlsbad,
CA, USA). Relative mRNA expression was determined using the 2−∆∆Ct method and
normalized to HPRT. Primers are listed in Appendix A, Table A1.

2.9. Statistical Analysis

All statistics were calculated using GraphPad Prism (version 11). Statistical signif-
icance was assessed using two-way ANOVA, the Mann–Whitney test, Welch’s t-test or
unpaired t-test, as appropriate. Survival was assessed using the log-rank (Mantel–Cox) test.
Not significant, p > 0.05 (ns); p < 0.05 (*); p < 0.01 (**); p < 0.001 (***); p < 0.0001 (****). Data
are presented as means ± SEM unless otherwise specified.

3. Results
3.1. S. pneumoniae Superinfection Increases SARS-CoV-2-Induced Mortality

To investigate a potential synergy between SARS-CoV-2 and Spn infections, we first
established a non-lethal Spn infection model. We infected C57BL/6 (WT) mice with 5 × 103,
5 × 104, or 5 × 105 CFU of the TIGR4 strain of Spn via the intranasal route (i.n.) (Figure 1A).
None of the doses resulted in mortality, with only limited body weight loss (Figure 1B).
While the lower doses of Spn resulted in minimal lung inflammation (Figure 1C) and mild
pathology scores (Figure 1D), the highest dose of Spn caused significant lung discoloration,
indicating moderate-to-severe lung damage (Figure 1C,D). These results confirm that Spn
mono-infection within the dose range we tested promotes lung pathology without causing
significant body weight loss or mortality in mice. Therefore, for subsequent experiments,
we chose 3 × 105 CFU of Spn, which alone causes significant but not severe lung damage.
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Figure 1. S. pneumoniae superinfection exacerbates SARS-CoV-2-induced disease. (A–D). Spn infection
induces lung pathology without mortality. Male (6–7 mo) and female (5–6 mo) C57BL/6 (WT) mice
were intranasally (i.n.) infected with the indicated doses of Spn. (A) Experimental scheme. (B) Body
weight loss (n = 4–6). (C) Representative lung images at 6 dpi. (D) Gross lung pathology scores at
6 dpi (n = 2–5). (E,F). SARS-CoV-2 administered 3 days after Spn infection does not increase mortality.
WT female mice (5 mo) were i.n. infected with 3 × 105 CFU of Spn or mock-infected. On 3 dpi, they
were i.n. infected with 5 × 105 PFU of mouse-adapted SARS-CoV-2 (MA10). (E) Experimental scheme.
(F) Body weight loss (n = 4–7). (G–I). Spn infection administered 3 days after SARS-CoV-2 infection
promotes mortality. WT mice were i.n. infected with 5 × 105 PFU of MA10. On 3 dpi, they were i.n.
infected with 3 × 105 CFU of Spn or mock-infected. (G) Experimental scheme. Body weight loss and
survival of male (6 mo) (H) or female (5 mo) (I) mice (n = 4–5). Data are presented as mean ± SEM.
Survival data were analyzed using the log-rank (Mantel–Cox) test. All other data were analyzed by
the nonparametric Mann–Whitney test. ns—not significant, * p < 0.05.

To test whether prior Spn infection increases susceptibility to subsequent SARS-CoV-
2 infection, we infected mice i.n. with 3 × 105 CFU of Spn, followed 3 days later by a
non-lethal (5 × 105 PFU) infection with the mouse-adapted strain of SARS-CoV-2 (MA10)
(Figure 1E). While MA10 infection alone caused up to 20% body weight loss by day 4 post-
infection (dpi), prior Spn infection did not exacerbate weight loss after MA10 infection
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(Figure 1F). No mortality was observed in any experimental group. These results suggest
that prior Spn infection does not predispose mice to more severe COVID-19 disease.

To test whether follow-up Spn superinfection can promote SARS-CoV-2-induced
pathology, we infected WT mice with 5 × 105 PFU of MA10 and, 3 days later, with 3 × 105

CFU of Spn (Figure 1G). Although Spn superinfection did not significantly affect SARS-CoV-
2-induced body weight loss, we observed significantly increased mortality in the combined
MA10 + Spn-infected group, with a more pronounced effect in male mice (Figure 1H,I).
These data indicate that Spn superinfection during the peak of SARS-CoV-2 infection
increases mortality.

3.2. Spn Superinfection Increases SARS-CoV-2 Replication, Lung Pathology, and Proinflammatory
Immune Responses

To further characterize how Spn infection exacerbates lung pathology in SARS-CoV-2-
infected mice, we infected WT mice with 5 × 105 PFU of MA10, followed by 3 × 105 PFU
of Spn at 3 dpi, and analyzed lung pathology at 6 dpi (Figure 2A). We used female mice
in these experiments to limit mortality after combined infection and to collect lung tissue
for analysis at later time points. Superinfected mice exhibited more severe lung discol-
oration and higher gross pathology scores (Figure 2B,C), along with increased histopathol-
ogy scores (Figure 2D,E). Immunofluorescence analysis revealed a higher number of
neutrophils (Ly6G+) in MA10 + Spn-infected mice compared with MA10-only-infected
mice (Figure 2F,G). In contrast, macrophage (CD68+) and T cell (CD4+) numbers did
not differ significantly between groups (Figure 2F,G). Strikingly, superinfected mice had
significantly higher lung SARS-CoV-2 titers, measured by spike RNA levels, as well as
higher SARS-CoV-2 genomic and subgenomic N RNA levels, indicating increased viral
replication (Figure 2H).

Analysis of cytokine expression at 6 dpi revealed increased IFN-β levels and a trend
toward higher expression of the proinflammatory cytokines IFN-γ, IL-6, and IL-17A, as
well as the IL-10 family cytokines IL-10 and IL-22 in the lungs of MA10 + Spn-infected mice
compared with those infected with MA10 only (Figure 2I). To test whether an increased
number of neutrophils is linked to elevated expression of neutrophil-recruiting chemokines,
we measured expression of CXCL1, CXCL2, and CXCL12 in the lungs. We detected in-
creased expression of CXCL2 and a trend toward increased CXCL1 expression in coinfected
lungs (Figure 2J), which corresponded to an increased number of neutrophils (Figure 2F).
Thus, these data suggest that subsequent Spn infection increases SARS-CoV-2 replication
and lung immunopathology, associated with increased neutrophil recruitment and elevated
expression of proinflammatory cytokines and neutrophil-recruiting chemokines.

3.3. Pneumolysin Reduces Mortality in SARS-CoV-2 + Spn Superinfection

Next, we sought to identify factors that drive pathogenic immune responses during
SARS-CoV-2 + Spn superinfection. Pneumolysin (PLY), a pore-forming toxin produced
by Spn, is a critical Spn virulence factor [21,23]. It can create transmembrane pores in
host cells, damaging the plasma membrane and disrupting cellular homeostasis [23,31].
Although PLY primarily facilitates Spn colonization and survival, it also strongly triggers
and modulates innate and adaptive immune responses against bacterial infection [24,28,37].

https://doi.org/10.3390/microorganisms14102131

https://doi.org/10.3390/microorganisms14102131


Microorganisms 2026, 14, 2131 7 of 16

Figure 2. S. pneumoniae superinfection increases viral replication, lung pathology, and neutrophil
recruitment. WT female mice (6 mo) were infected with SARS-CoV-2 MA10, followed by Spn at
3 dpi, and euthanized at 6 dpi. (A) Experimental scheme. (B) Representative lung images at 6 dpi.
(C) Gross pathology scores (n = 4). (D) Representative H&E images (10×). (E) Histological scores
(n = 3). (F) Representative immunofluorescence of neutrophils (Ly6G+), macrophages (CD68+), and T
cells (CD4+). (G) Quantification of Ly6G+ neutrophils (Nph), CD68+ macrophages (Mph), and T cells
(CD4+) in the lung, per field of view (n = 4). (H) SARS-CoV-2 lung viral RNA load (measured by spike
RNA RT-PCR) and SARS-CoV-2 replication (measured by RT-PCR for genomic/subgenomic N RNA)
(n = 5–7). (I) Expression of interferons, proinflammatory cytokines, and IL-10 family cytokines was
measured by RT-PCR (n = 5–7). (J) Chemokine expression was measured by RT-PCR (n = 5–7). Data
are presented as mean ± SEM. Data were analyzed by Welch’s t-test (C,E,G) or by the nonparametric
Mann–Whitney test (H–J). ns—not significant, * p < 0.05, ** p < 0.01. Scale bars are 100 µm.

To evaluate the role of PLY in increased mortality following SARS-CoV-2 + Spn superin-
fection, we infected WT mice with MA10 and, at 3 dpi, infected them with either wild-type
Spn or a PLY-deficient strain of Spn (Spn∆ply) (Figure 3A). Previous studies showed that WT
mice infected with Spn∆ply alone had limited colonization and no weight loss or mortal-
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ity [27,38]. Surprisingly, mice infected with Spn∆ply 3 days after MA10 infection exhibited
greater body weight loss than those infected with the wild-type strain of Spn and had 100%
mortality by 8 dpi (Figure 3B,C). At 8 dpi, lungs of mice infected with Spn∆ply showed
severe pathology, with edematous, darkly discolored areas and the highest gross pathology
scores (Figure 3D,E). Thus, these results suggest that Spn PLY restricts superinfection-driven
lung disease.

 
Figure 3. Superinfection with PLY-deficient S. pneumoniae increases mortality after SARS-CoV-2
infection. WT female mice (5 mo) were infected with SARS-CoV-2 MA10, followed by infection
with Spn or Spn∆ply. (A) Experimental scheme. (B) Body weight (n = 4–5). (C) Survival (n = 4–5).
(D) Representative lung images at 8 dpi. (E) Gross pathology scores at 8 dpi (n = 3–4). Data are
presented as mean ± SEM. Body weight data were analyzed by two-way ANOVA; survival data
were analyzed by the log-rank (Mantel–Cox) test; and all other data were analyzed by unpaired t-test.
* p < 0.05; ** p < 0.01; **** p < 0.0001.

3.4. Pneumolysin Limits Proinflammatory Immune Activation During SARS-CoV-2 + Spn
Superinfection Without Affecting Viral or Bacterial Replication

To determine whether increased lung pathology and mortality in Spn∆ply superinfected
mice were due to increased viral or bacterial growth or impaired pathogen clearance, we
infected WT mice on day 3 after SARS-CoV-2 infection with Spn or Spn∆ply and analyzed
lungs at 6 dpi (Figure 4A). We found no difference in SARS-CoV-2 viral RNA levels or
bacterial growth in the lungs (Figure 4B), suggesting that increased mortality in Spn∆ply

superinfected mice is not due to increased pathogen load. Interestingly, we observed a trend
toward elevated expression of IFN-γ, IL-10, IL-22, TNF, IL-1β, IL-6, CXCL1, and CXCL2
in a subset of Spn∆ply superinfected mice (Figure 4C), although this difference was not
statistically significant because of high variability in the Spn∆ply-infected group. Histological
analysis of lungs revealed increased pathology, associated with edema, inflammation, and
diffuse alveolar damage (Figure 4D,E). Immunofluorescence analysis revealed an increased
number of CD68+ macrophages and Ly6G+ neutrophils but not CD4+ T cells in MA10 +
Spn∆ply-infected mice compared to MA10 + Spn-infected mice (Figure 4F,G). These results
indicate that PLY limits lung disease in SARS-CoV-2 + Spn superinfection potentially by
attenuating macrophage- and neutrophil-associated proinflammatory immune responses.
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Figure 4. Pneumolysin restricts proinflammatory immune activation and immune-mediated pathol-
ogy during SARS-CoV-2 + Spn superinfection. WT female mice (6 mo) were infected with SARS-
CoV-2 MA10, followed by Spn or Spn∆ply at 3 dpi, and euthanized at 6 dpi. (A) Experimental scheme.
(B) SARS-CoV-2 viral RNA load and Spn CFU in the lungs (n = 7). (C) Cytokine and chemokine
expression in the lungs measured by RT-PCR (n = 4–5). (D) Representative H&E images (10×).
(E) Histological scores (n = 3). (F) Immunofluorescent staining for Ly6G+ neutrophils (Nph), CD68+

macrophages (Mph), and CD4+ T cells. (G) Quantification of Ly6G+, CD68+, and CD4+ cells (n = 4).
Data are presented as mean ± SEM. Data were analyzed using the nonparametric Mann–Whitney
test (B,C) or by Welch’s t-test (E,G). ns—not significant; * p < 0.05; ** p < 0.01. Scale bars are 100 µm.

4. Discussion
In this study, we demonstrate that Spn superinfection exacerbates SARS-CoV-2-

induced lung disease in WT mice. Increased susceptibility after Spn superinfection is
associated with elevated viral replication and lung pathology, greater neutrophil accu-
mulation, and increased expression of IFN-β and the neutrophil-recruiting chemokine
CXCL2. Spn PLY attenuates disease severity by potentially inhibiting macrophage- and
neutrophil-mediated lung immunopathology. These results highlight the critical role of
PLY in mitigating lung immunopathology caused by SARS-CoV-2 and Spn superinfection.
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Mouse models of SARS-CoV-2 and Spn co-infection are essential for understanding
synergistic disease mechanisms. WT mice do not develop disease after infection with
human SARS-CoV-2 isolates due to incompatibility between the SARS-CoV-2 Spike protein
and mouse ACE2 [39,40]. Therefore, we used a mouse-adapted MA10 strain, which can
induce lung pathology in WT mice [32]. Our results suggest that Spn promoted lung
pathology and mortality when administered after MA10 infection.

Two previous reports used transgenic mice expressing human ACE2 under the K18
promoter (K18-hACE2-Tg) to study SARS-CoV-2 and Spn co-infection [18,19]. Although
both studies showed that Spn co-infection can increase mortality in SARS-CoV-2-infected
K18-hACE2-Tg mice, the impact of Spn administration on mortality and lung pathology
varied between studies, depending on the dose, Spn strain, and timing of administration.
Thus, Barman et al. [18] showed that Spn (A66.1 serotype 3, 103 CFU) administered 2 days
before or on day 6 after SARS-CoV-2 infection (WA1/2020, 103 PFU) increased lung pathol-
ogy and mouse mortality. In contrast, Smith et al. [19] showed that increased mortality
occurred only when Spn (D39 serotype 2, 103 CFU) was administered on day 5 or 7, but not
on day 3 after low-dose SARS-CoV-2 (WA1/2020, 250 PFU) infection, and that bacterial
co-infection did not enhance lung pathology. It is important to note that K18-hACE2-Tg
mice are extremely sensitive to SARS-CoV-2 infection due to ectopic expression of hACE2
in the central nervous system neurons and other organs besides the lung [41–45]. The use
of a mouse-adapted MA10 strain in WT mice allowed us to utilize higher doses of the
virus and study lung pathology, avoiding limitations of K18-hACE2-Tg mice [46]. Our
results suggest that Spn superinfection on day 3 after a high-dose SARS-CoV-2 infection
(5 × 105 PFU) results in higher mortality and lung pathology. In contrast, Spn administra-
tion 3 days before SARS-CoV-2 infection did not increase mortality, suggesting that early
antibacterial immune responses to Spn could contribute to protection against subsequent
SARS-CoV-2 infection, which future studies can further investigate. Furthermore, Spn
superinfection resulted in higher mortality in males compared to females, consistent with
increased sensitivity of male mice to SARS-CoV-2 infection [42,46].

The mechanisms that contribute to disease severity in combined bacterial and vi-
ral co-infection with SARS-CoV-2 are complex and vary by pathogen. Other studies in
animal models have demonstrated synergistic lethality between SARS-CoV-2 and Staphy-
lococcus aureus [47], Klebsiella pneumoniae [35] and influenza virus [8,9,48,49]. Increased
proinflammatory signaling, leading to a cytokine storm after combined infection, may
contribute to synergistic lethality [9,18]. Additionally, increased recruitment of neutrophils
and inflammatory monocytes, along with loss of alveolar macrophages, is associated with
increased lung pathology in SARS-CoV-2 co-infection [35]. A recent study showed that
ACE2-expressing epithelial cells, club cells, and macrophages distinctively contribute to
proinflammatory cytokine and chemokine production, neutrophil recruitment, and lung
pathology in mice [33]. Consistent with these studies, we detected increased mRNA levels
of IFN-β and the neutrophil-recruiting chemokine CXCL2 in the lung after MA10 + Spn su-
perinfection, which were associated with increased neutrophil numbers in the lung. Other
proinflammatory cytokines and chemokines, such as IL-6, TNF, IL-1β, IFN-γ, and CXCL1,
showed a trend toward elevated expression, but differences were not statistically significant
because of high variability and a limited sample size. Further analysis of protein expression
and kinetics is needed to characterize proinflammatory responses in MA10 + Spn superin-
fection. It also remains to be determined whether selectively targeting these components
could ameliorate lung pathology and mortality after SARS-CoV-2 + Spn superinfection.
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PLY is a key pneumococcal virulence factor that plays a dual role during Spn infection
by activating both proinflammatory signaling and anti-inflammatory mechanisms [20–23].
PLY is a pore-forming toxin that disrupts the host cell barrier to facilitate bacterial colo-
nization [20–22]. Our results with a PLY-deficient Spn strain indicate that PLY contributes
to protection against SARS-CoV-2 + Spn superinfection by reducing lung pathology and
mortality. Interestingly, PLY deficiency did not affect viral or bacterial titers, indicating
that increased lung pathology after Spn superinfection is not due to viral-mediated cy-
totoxicity, but rather due to dysregulated immune responses. During mono-infection, a
Spn∆ply mutant strain typically fails to establish infection and is rapidly cleared by the
host [27]. However, a preceding infection, such as a high dose of MA10 SARS-CoV-2, may
compromise cellular membrane integrity, allowing the Spn∆ply mutant to colonize the host
just as effectively as the WT strain. This may explain why we observed no differences
in bacterial titers in the lungs of mice infected with WT Spn or Spn∆ply after SARS-CoV-2
infection. Furthermore, the numbers of Ly6G+ neutrophils and CD68+ macrophages were
increased in the lungs of SARS-CoV-2 + Spn∆ply co-infected mice, compared to the WT
Spn co-infected mice, indicating anti-inflammatory effects of PLY. Interestingly, a previous
study showed that administration of recombinant PLY or isogenic PLY complementation
promoted CXCL2 and IL-1β expression and neutrophil recruitment to the upper respiratory
tract in neonatal mice [27], indicating that pro- and anti-inflammatory effects of PLY can be
distinct in neonatal and adult mice.

Beyond barrier disruption, PLY expression by Spn in SARS-CoV-2-infected lungs
may promote macrophage and neutrophil death, causing severe localized tissue damage.
In contrast, the Spn∆ply mutant may allow immune cell survival, provoking a sustained
cytokine and chemokine response that ultimately drives higher host mortality than PLY-
expressing Spn during superinfection. Our findings suggest that increased lethality in
SARS-CoV-2 + Spn∆ply superinfection results from host immunopathology rather than from
off-target effects of the Spn∆ply mutant. This conclusion is further supported by previous
mono-infection and complementation studies, which thoroughly characterized the Spn∆ply

mutant used in this study and ruled out off-target genetic artifacts [27].
Consistent with our results, a previous study showed that PLY inhibits alveolar

macrophage apoptosis and reduces the influx of CD11b+Ly6Chi inflammatory monocytes
in the lungs of mice coinfected with influenza and Spn [38]. Additionally, PLY can inhibit
proinflammatory cytokine production by human monocyte-derived macrophages in vitro
and in vivo in WT mice after Spn infection [37]. The anti-inflammatory effects of PLY are
mediated by binding to MRC-1 (CD206) on macrophages and dendritic cells, supporting
anti-inflammatory M2 macrophage polarization and function [28,37,50]. MRC-1, a C-type
lectin receptor, also acts as a carbohydrate-binding pattern recognition receptor that can
interact with the heavily glycosylated surface spike glycoprotein of SARS-CoV-2 [51]. Alve-
olar M2 macrophages highly express CD206, and a deficit in tissue-repairing M2 responses
correlates with worsened lung pathology in COVID-19 patients [52–55]. In contrast, an
influx of neutrophils and pro-inflammatory, monocyte-derived macrophages, along with
enhanced M1 macrophage responses, supports unmitigated local alveolitis and systemic
hyperinflammation [54,56–59]. Therefore, we speculate that PLY mitigates lung pathol-
ogy in SARS-CoV-2 + Spn co-infection by attenuating macrophage/neutrophil-mediated
immunopathology. The mechanistic link between PLY and macrophage and neutrophil
function in mitigating immunopathology will require further analysis of macrophage
subsets and their functional states, as well as measurement of neutrophil extracellular
trap formation. In addition to alveolar macrophages, interstitial macrophages, including
nerve- and airway-associated interstitial macrophages, participate in the regulation of
lung pathology during SARS-CoV-2 infection [60,61]. Whether PLY can interact with these
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macrophages and affect their responses during SARS-CoV-2 + Spn superinfection remains
to be determined.

Spn infection impairs host immunity to SARS-CoV-2, including mucosal IgA and T
cell responses [62]. Although PLY can affect CD4 T cell migration [63], its role in regulating
adaptive immune responses during SARS-CoV-2 + Spn superinfection remains unclear.

5. Conclusions
In conclusion, using a SARS-CoV-2 and Spn co-infection model in WT mice, we

demonstrated that sequential Spn infection exacerbates SARS-CoV-2-induced mortality.
Our results show that Spn infection increases SARS-CoV-2 replication, lung pathology, and
neutrophil accumulation. Spn PLY plays an important role in mitigating superinfection-
induced lung pathology without affecting viral or bacterial titers. Thus, infection with
Spn∆ply exacerbates SARS-CoV-2-induced lung immunopathology, increases proinflam-
matory cytokine expression, and increases macrophage and neutrophil accumulation in
the lung. This work expands our understanding of how Spn co-infection contributes to
SARS-CoV-2-induced lung disease and highlights PLY as a potential target to mitigate
lung immunopathology.
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Appendix A

Table A1. Primers for quantitative PCR.

Primer Sequence

Ifng FW TCAAGTGGCATAGATGTGGAAGAA
Ifng RV TGGCTCTGCAGGATTTTCATG
Tnf FW ACGGCATGGATCTCAAAGAC
Tnf RV AGATAGCAAATCGGCTGACG
Ifnb FW ATGAGTGGTGGTTGCAGGC
Ifnb RV TGACCTTTCAAATGCAGTAGATTCA
Il6 FW ACAAGTCGGAGGCTTAATTACACAT
Il6 RV AATCAGAATTGCCATTGCACAA

Il1B FW TGGACCTTCCAGGATGAGGACA
Il1B RV GTTCATCTCGGAGCCTGTAGTG
Il10 FW CGGGAAGACAATAACTGCACCC
Il10 RV CGGTTAGCAGTATGTTGTCCAGC

Il17a FW CAGACTACCTCAACCGTTCCAC
Il17a RV TCCAGCTTTCCCTCCGCATTGA
Il22 FW TCCGAGGAGTCAGTGCTAAA
Il22 RV AGAACGTCTTCCAGGGTGAA

mHprt FW CTGGTGAAAAGGACCTCTCGAAG
mHprt RV CCAGTTTCACTAATGACACAAACG

RBD (Spike protein) FW CAATGGTTTAACAGGCACAGG
RBD (Spike protein) RV CTCAAGTGTCTGTGGATCACG
Genomic N protein FW AAATTTTGGGGACCAGGAAC
Genomic N protein RV TGGCAGCTGTGTAGGTCAAC

Subgenomic N protein FW CCAGGTAACAAACCAACCAACTTTCG
Subgenomic N protein RV GGTTACTGCCAGTTGAATCTGAGG

Cxcl1 FW GCTGGGATTCACCTCAAGAA
Cxcl1 RV TGGGGACACCTTTTAGCATC
Cxcl2 FW CCTGGTTCAGAAAATCATCCA
Cxcl2 RV CTTCCGTTGAGGGACAGC

Cxcl12 FW CTGCATCAGTGACGGTAAACC
Cxcl12 RV CAGCCGTGCAACAATCTGAA
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