
Vol:.(1234567890)

Inflammation, Vol. 46, No. 1, February 2023 (© 2022) 
https://doi.org/10.1007/s10753-022-01736-8

ORIGINAL ARTICLE

The Influenza‑Induced Pulmonary Inflammatory 
Exudate in Susceptible Tpl2‑Deficient Mice Is Dictated 
by Type I IFN Signaling

Krishna Latha1 , Yesha Patel2 , Sanjana Rao3  and Wendy T. Watford1,4 

Received 11 May 2022; accepted 30 August 2022

Abstract—The most prominent host response to viral infection is the production of type 1 
interferons (T1 IFNs). One host regulator of the T1 IFNs is the serine-threonine kinase, 
tumor progression locus 2 (TPL2). We have previously demonstrated that Tpl2−/− mice 
succumb to infection with a low-pathogenicity influenza A strain (x31), in association with 
with increased pulmonary levels of interferon-β (IFN-β), chemokine CCL2, and excessive 
monocyte and neutrophil pulmonary infiltration. TPL2-dependent overexpression of IFN-β 
has been implicated in enhanced susceptibility to Mycobacterium tuberculosis; therefore, 
we examined the role of T1 IFNs in susceptibility of Tpl2−/− mice to influenza. CCL2 
overexpression and monocyte recruitment were normalized in Ifnar1−/−Tpl2−/− mice, con-
firming that TPL2 constrains inflammatory monocyte recruitment via inhibition of the T1 
IFN/CCL2 axis. Unexpectedly, excessive neutrophil recruitment in Ifnar1−/− strains was 
further exacerbated by simultaneous TPL2 genetic ablation in Ifnar1−/−Tpl2−/− by 7 dpi, 
accompanied by overexpression of neutrophil-regulating cytokines, CXCL1 and IFN-λ. 
Collectively, our data suggest that TPL2 and T1 IFNs synergize to inhibit neutrophil 
recruitment. However, treatment with the neutrophil-depleting anti-Ly6G antibody showed 
only a modest improvement in disease. Analysis of sorted innate immune populations 
revealed redundant expression of inflammatory mediators among neutrophils, inflamma-
tory monocytes and alveolar macrophages. These findings suggest that targeting a single 
cell type or mediator may be inadequate to control severe disease characterized by a mixed 
inflammatory exudate. Future studies will consider TPL2-regulated pathways as potential 
predictors of severe influenza progression as well as investigate novel methods to modulate 
TPL2 function during viral infection.

KEY WORDS:  TPL2; Influenza; Interferons; Neutrophils

INTRODUCTION

Respiratory viral infections pose ongoing global 
challenges due to their rapid evolution and the emergence 
of new strains with pandemic potential. The ongoing 
SARS-CoV-2 pandemic has wreaked health, social, and 
economic devastation globally. However, even seasonal 
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influenza can lead to life-threatening disease in suscepti-
ble individuals, including those who are below 6 years of 
age or above 60 years, as well as people with other risk 
factors like smoking, heart disease, obesity, pregnancy, 
and genetic predisposition to interferonopathies [1–6]. 
The variable disease severity experienced by individuals 
in response to respiratory viral infections highlights the 
power of the host response to drive disease outcome.

One of the earliest and most prominent host 
responses to viral infection is the production of antiviral 
interferons, including type 1 interferons (T1 IFNs) com-
prising a single IFN-β and thirteen IFN-α subtypes [7, 8] 
and type 3 interferons (T3 IFNs) comprising up to four 
species-specific IFN-λs [9, 10]. T1 and T3 IFNs signal  
via distinct receptors, but both classes of IFNs contribute 
to the antiviral response by interfering with viral replica-
tion via overlapping, yet non-redundant roles [11, 12]. Spe-
cifically, T3 IFNs promote early viral control at epithe-
lial barriers without invoking substantial inflammation. 
In contrast, T1 IFNs are thought to function later on by  
limiting spread of virus that has escaped T3 IFN control, 
and in doing so, initiate host inflammatory responses that 
cause collateral damage to host tissues. Influenza viruses  
have an enveloped genome of negative sense single-
stranded RNA [13], which along with replication inter-
mediates can be sensed by host pathogen recognition 
receptors (PRRs). The primary PRRs involved in influ-
enza recognition include the RIG-I-like receptor family 
and Toll-like receptors (TLRs), of which RIG-I activation 
is the predominant inducer of antiviral interferons (IFNs) 
[14]. Upon recognition of viral RNA by RIG-I, induc-
tion of T1 IFNs [15] leads to activation of TANK-binding 
kinase 1 (TBK1). TBK1 activates IFN-regulatory factor 
3 (IRF3) or TGFβ-activated kinase 1 (TAK1), which ulti-
mately activates NF-κB. Collectively, this leads to IRF3-
mediated nuclear transcription of the primary interferons, 
IFN-β and IFN-α4 [16]. Once secreted, they bind to the 
heterodimeric interferon alpha receptor (IFNAR1 and 
IFNAR2) on the cell surface. This leads to phosphoryla-
tion of Janus kinases 1 and 2 (JAK1 and JAK2) that, in 
turn, phosphorylate and activate the signal transducers and 
activators of transcriptions 1 and 2 (STAT1 and STAT2) 
[17]. STAT1 and STAT2, together with IRF9, form the 
interferon-stimulated gene factor 3 (ISGF3) complex. 
Nuclear translocation of this complex stimulates the 
expression of IFN-regulatory factor 7 (IRF7), which is 
required for expression of all other IFN-α subtypes [18]. 
T1 IFNs also induce other IFN-stimulated genes (ISGs) 
that collectively mediate the antiviral response [19–22].

Host factors that control the antiviral immune 
response make attractive candidates for therapeu-
tics because they are less susceptible to developing 
viral resistance and have the potential to cross-protect 
against diverse viruses. One host regulator of the T1 IFN 
response is the serine-threonine kinase, tumor progres-
sion locus 2 (TPL2), also known as MAP3K8 and cancer 
Osaka thyroid (Cot) [23]. TPL2 is maintained in an inac-
tive state in a trimolecular complex with NF-κB inhibi-
tory protein-1 (NF-κB-1, p105) and A20-binding inhibi-
tor of NF-κB-2 (ABIN-2) [24]. Stimulation of various 
receptors, including TLRs [25, 26], TNF family receptors 
[27, 28], IL-1 receptor [29], and some G protein-coupled 
receptors (GPCR) [30], leads to TPL2 activation down-
stream of the inhibitor of kappa B kinase (IKK) complex 
comprising IKKα, IKKβ, and IKKγ [31]. IKK activation 
leads to NF-κBp105 phosphorylation, ubiquitination, and 
limited proteosomal degradation that releases TPL2 from 
its negative regulation [32]. TPL2 kinase activation is 
subsequently triggered by IKK-mediated phosphorylation 
of TPL2 [32]. Active TPL2 mediates downstream signal-
ing via multiple pathways, including NF-κB, IRFs, ERK, 
JNK, and p38 [24, 26, 33], to regulate the production of 
both pro-inflammatory cytokines and IFNs.

TPL2 differentially regulates T1 IFN production in 
a context-dependent matter. LPS- and CpG-stimulated 
Tpl2−/− macrophages and dendritic cells overproduce T1 
IFNs compared to WT cells, whereas CpG-stimulated 
Tpl2−/− plasmacytoid dendritic cells (pDCs) display sig-
nificantly reduced T1 IFN production [34, 35]. Further-
more, impaired host resistance to both Mycobacterium 
tuberculosis (M. tuberculosis) and group B Streptococcus 
has been associated with alterations in the T1 IFN response 
[36, 37]. Infection of Tpl2−/− mice with M. tuberculosis 
significantly increased T1 IFN responses. Furthermore, 
susceptibility of Tpl2−/− mice to M. tuberculosis could be 
rescued by simultaneously interrupting T1 IFN signaling in 
Ifnar1−/−Tpl2−/− mice [36], demonstrating the detrimental 
role of excessive T1 IFNs in the context of TPL2 deficiency 
during M. tuberculosis infection. Conversely, increased sus-
ceptibility of Tpl2−/− mice to group B Streptococcus was 
associated with a decreased T1 IFN response [37]. Col-
lectively, these studies demonstrate that TPL2-dependent 
regulation of the T1 IFN response is context dependent and 
can alter disease pathogenesis.

We have previously shown that Tpl2−/− mice exhibit 
enhanced morbidity and mortality to influenza infection, 
with deteriorating clinical symptoms from 7 to 9 dpi [38]. 
Despite ultimately clearing the virus, Tpl2−/− mice showed 
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hypercytokinemia and excessive pulmonary influx of 
inflammatory monocytes and neutrophils that correlated 
with increased expression of T1 IFNs, the interferon-
stimulated gene CCL2 (MCP-1), and the inflammatory 
mediator, nitric oxide synthase 2 (NOS2). Furthermore, 
we found inefficient regulation of IFN signaling via the 
positive regulator, signal transducers and activators of tran-
scription 1 (STAT1), and the negative regulator, suppres-
sors of cytokine signaling 1 (SOCS1) [38]. Consequently, 
influenza-infected Tpl2−/− mice displayed uncontrolled IFN 
signaling. Considering the dysregulation of IFN signaling 
in influenza A virus-infected Tpl2−/− mice, the goal of the 
current study is to determine whether enhanced morbid-
ity and mortality in Tpl2−/− mice during respiratory virus 
infection are due solely to excessive T1 IFN responses. 
If so, it may be possible to alleviate severe pathology by 
abrogation of T1 IFN signaling. Alternatively, additional 
inflammatory alterations in Tpl2−/− mice may be found to 
contribute to severe disease.

RESULTS

Interferon Signaling Blockade Is Insufficient 
to Reverse the Morbidity and Mortality 
in Influenza‑Infected Tpl2−/− Mice

In order to assess the contribution of T1 IFN signal-
ing to severe disease in influenza-infected Tpl2−/− mice, 
Tpl2−/− mice were intercrossed with Ifnar1−/− mice to gen-
erate Ifnar1−/−Tpl2−/− mice. WT, Tpl2−/−, Ifnar1−/−, and 
Ifnar1−/−Tpl2−/− mice were infected with 104 pfu influ-
enza A virus strain x31 (IAV x31; H3N2), and their weight 
loss, clinical symptoms, and survival were monitored over 
the course of disease (Fig. 1A–C). Clinical symptoms 
are plotted only through day 9 when peak morbidity and 
mortality occurred, because loss of the severely ill mice 
(Fig. 1C) subsequently biased the average clinical scores 
(Fig. 1B). Similar to what we observed previously [38], 
WT mice displayed transient weight loss and mild clini-
cal symptoms at 7 dpi and recovered by 9 dpi. In contrast, 
Tpl2−/− mice showed significantly greater weight loss and 
more severe clinical symptoms compared to WT mice 
between 7 and 9 dpi, at which time approximately 60% 
of Tpl2−/− mice met the humane endpoints of the study 
and were euthanized (Fig. 1A–C). Ifnar1−/−Tpl2−/− mice 
showed similarly poor outcomes to influenza infection 
in terms of weight loss, clinical symptoms, and a trend-
ing increase in mortality as shown by a 1-day reduction in 
mean survival time compared to Tpl2−/− mice (Fig. 1C). 

Notably, Ifnar1−/− mice also showed trending reductions 
in mortality compared to the Ifnar1−/−Tpl2−/− mice, with 
significantly less weight loss and lower clinical scores 
compared to both Ifnar1−/−Tpl2−/− and Tpl2−/− mice at 9 
dpi (Fig. 1A, B). Ifnar1−/− mice that survived beyond 7 
dpi recovered their weights similar to WT mice (Fig. 1A). 
When we stratified the weight loss and clinical score data 
by sex to evaluate sex as a biological variable, we found 
that both males and females showed the same trends, with 
higher weight loss and clinical scores for the Tpl2−/− and 
Ifnar1−/−Tpl2−/− mice during the later stages of infection 
(Supplementary Fig. 1). Collectively, these data demon-
strate that interferon signaling blockade is insufficient to 
reverse the heightened morbidity and mortality in influ-
enza-infected Tpl2−/− mice.

Increased Inflammatory Monocyte Recruitment 
to Lungs of Influenza‑Infected Tpl2−/− Mice Is 
Dependent on T1 IFN Signaling

To gain insight into the contribution of both TPL2 
and T1 IFN signaling to inflammatory cellular recruit-
ment that has been linked to severe influenza disease, 
we first assessed monocyte recruitment in all four strains 
of mice. Consistent with our previous study [38], we 
observed an increased influx of monocytes to the lungs 
of Tpl2−/− mice (Fig. 2A). Notably, this phenotype was 
reversed in Ifnar1−/−Tpl2−/− mice (Fig. 2A), demonstrat-
ing that increased T1 IFN signaling in influenza-infected 
Tpl2−/− mice is responsible for the increased monocyte 
recruitment to the lungs. Cytokine and gene expression 
profiling showed that IFN-β protein and mRNA levels 
were highest in the lungs of Ifnar1−/−Tpl2−/− (Fig. 2B, 
D). However, analysis of chemokine CCL2 (MCP-1) 
showed the highest protein and mRNA levels in lungs 
of Tpl2−/− mice (Fig. 2C, E). This increased induction 
of CCL2 protein and mRNA expression by influenza 
in Tpl2−/− mice was absent in Ifnar1−/−Tpl2−/− mice, 
consistent with the requirement for IFN signaling for 
induction of this ISG [39]. Likewise, mRNA expres-
sion of other ISGs, including ISG15, IFITM3, and 
the inducible negative regulator of T1 IFN signaling, 
SOCS1, were all overexpressed in Tpl2−/− mice, but not 
Ifnar1−/−Tpl2−/− mice at 7 dpi (Fig. 2F–H), confirming 
the inability of the Ifnar1−/− and Ifnar1−/−Tpl2−/− strains 
to transduce T1 IFN signals. These data demonstrate that 
blockade of T1 IFN signaling in Ifnar1−/−Tpl2−/− mice 
prevents the excessive monocyte recruitment observed in 
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lungs of Tpl2−/− mice. Therefore, it was unclear why the 
Ifnar1−/−Tpl2−/− mice remained severely ill.

Because T1 IFN signaling is known to mediate viral 
control, we assessed viral titers in these strains to deter-
mine if viral loads were significantly altered. Consistent 
with our previous study [35], viral titers were modestly 
increased in Tpl2−/− mice compared to WT mice at 7 
dpi (Supplementary Fig. 2A). Additionally, viral titers 
were only significantly increased in the Ifnar1−/− back-
ground if Tpl2 was also ablated, demonstrating that viral 
loads were higher in the absence of TPL2, irrespective 
of IFNAR signaling (Supplementary Fig. 2A). However, 
viral titers did not correlate with morbidity, as meas-
ured by weight loss, in influenza-infected Tpl2−/− or 
Ifnar1−/−Tpl2−/− mice at 7 dpi (Supplemental Fig. 2B).

TPL2 and T1 IFNs Cooperatively Inhibit 
Neutrophil Recruitment at 7 dpi

Cellular profiling revealed that total numbers of lung 
alveolar macrophages, natural killer cells, CD4, and CD8 
T cells were not altered at 7 dpi by deficiency in either 
TPL2 or T1 IFN signaling (Supplementary Fig. 3). Besides 
inflammatory monocytes, the only other cell type that 
was differentially recruited to the lungs of these mouse 
strains was neutrophils, with the highest recruitment seen 
in the Ifnar1−/−Tpl2−/− mice at 7 dpi (Fig. 3A). The fact 
that neutrophil recruitment was significantly increased in 
Ifnar1−/−Tpl2−/− compared to Ifnar1−/− or Tpl2−/− mice at  
7 dpi suggested a secondary pathway of neutrophil recruit-
ment during influenza infections that is active in the 
absence of T1 IFN signaling and inhibited by TPL2. In 
order to delineate this pathway, we examined lung homoge-
nates of mice at 7 dpi and observed increased expression 
in Ifnar1−/− mice of cytokines previously implicated in 

neutrophil recruitment [40–45], including IFN-γ, IL-6, 
IL-1β, and G-CSF (Fig. 3B–E). IL-6 and G-CSF were  
also significantly increased in Ifnar1−/−Tpl2−/− mice com-
pared to WT and Tpl2-/- mice (Fig.  3C, E). Notably,  
IFN-λ/IL-28 was the only cytokine upregulated solely 
in the Ifnar1−/−Tpl2−/− mice at the protein (Fig. 3F) and 
mRNA levels (Supplementary Fig. 4E). Although we did 
not observe any significant differences in protein expres-
sion of the chemokine CXCL1 in the perfused and lavaged 
lungs of infected mice (Fig. 3G), it was solely upregulated 
by mRNA expression in the Ifnar1−/−Tpl2−/− mice at 7 
dpi (Supplementary Fig. 4F). Because CXCL1 has previ-
ously been reported to recruit neutrophils in the absence 
of interferon signaling during influenza infection [39], we 
also examined protein expression in intact lungs (with-
out lavage or perfusion) and noted that the expression of 
CXCL1 is significantly upregulated solely in the lungs of 
Ifnar1−/−Tpl2−/− mice (Fig. 3H), with no alterations noted 
for IFN-γ, IL-6, or CCL2 (Fig. 3I–K). Collectively, these 
data suggest that both TPL2 and T1 IFNs normally inhibit 
the expression of both CXCL1 and IFN-λ.

Ifnar1−/− and Ifnar1−/−Tpl2−/− Mice Upregulate 
CXCL1 Expression and Excessively Recruit 
Neutrophils to the Lungs as Early as 4 dpi 
with Influenza

At 7 dpi, we observed the overexpression of 
IFN-λ and CXCL1 and enhanced recruitment of neu-
trophils, which are normally involved in the early 
response to influenza infection [46, 47]. In order to 
determine if this recruitment occurred earlier and per-
sisted, we examined the cellular recruitment profile of 
the lungs at 4 dpi. While inflammatory monocytes were 
not differentially recruited by 4 dpi (Fig. 4A), neutro-
phils were excessively recruited in both Ifnar1−/− and 
Ifnar1−/−Tpl2−/− mice by 4 dpi (Fig.  4B). Examina-
tion of the cytokine profile of whole lung homogenates 
showed that CXCL1 expression was significantly upreg-
ulated at 4 dpi in the Ifnar1−/−Tpl2−/− mice (Fig. 4C), 
with no significant changes noted in other cytokines 
(IFN-γ, IL-6, IFN-λ/IL-28, G-CSF) assessed at the 
protein level (Fig. 4D, E) or by transcriptional expres-
sion (Fig. 4G, H). IFN-β expression was upregulated 
in the Tpl2−/− mice even at 4 dpi compared to all other 
strains (Fig. 4I). Accordingly, a significant increase in 
the expression of the monocyte-recruiting chemokine, 
CCL2, was also noted in Tpl2−/− mice compared to 

Fig. 1   Enhanced susceptibility of Tpl2−/− mice to influenza infection 
is independent of T1 IFN signaling. A Percent weight change and B 
progression of clinical symptoms of WT (n = 22), Tpl2−/− (n = 29), 
Ifnar1−/− (n = 40), and Ifnar1−/−Tpl2−/− (n = 28) mice infected with 
104 pfu influenza A virus strain x31 through 14 dpi. Data are pooled 
from 5 independent experiments. One-way ANOVA with Tukey’s 
multiple comparison test was performed for each day post infection, 
with p < 0.05 considered statistically significant. C Survival curve for 
14 dpi. Data are pooled from 5 independent experiments. Significance 
determined with log-rank Mantel-Cox test; *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001. Both male and female mice were 
used for A–C; group averages of male and female mice are shown in 
the form of diamond symbols.

◂
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the Ifnar1−/− and Ifnar1−/−Tpl2−/− mice at the protein 
(Fig. 4F) and mRNA levels (Fig. 4J). Reduced CCL2 
expression in Ifnar1−/− and Ifnar1−/−Tpl2−/− mice is con-
sistent with their block in T1 IFN signaling and failure of 
these strains to significantly recruit monocytes (Fig. 4A). 
Collectively, these data suggest that the excessive neu-
trophil recruitment is observed in both Ifnar1−/− and 
Ifnar1−/−Tpl2−/− mice by 4 dpi and may be triggered by 
the induction of CXCL1 in the absence of active T1 IFN 
signaling.

Anti‑Ly6G Treatment only Modestly Improved 
Survival of Influenza‑Infected Ifnar1−/−Tpl2−/− 
Mice

Because neutrophil recruitment to the lungs was 
dramatically increased in Ifnar1−/−Tpl2−/− mice com-
pared to Tpl2−/− mice by 7 dpi, we hypothesized that a 
switch from monocyte to neutrophil recruitment induced 
by IFNAR1 ablation could underlie the severe pheno-
type of influenza-infected Ifnar1−/−Tpl2−/− mice, rather 

Fig. 2   Enhanced recruitment of inflammatory monocytes and induction of interferon stimulated genes (ISGs) in influenza-infected Tpl2−/− mice is 
dependent on IFNAR1 signaling at 7 dpi. A WT (n = 20), Tpl2−/− (n = 14), Ifnar1−/− (n = 15), and Ifnar1−/−Tpl2−/− (n = 14) mice were infected intra-
nasally with 104 pfu of influenza A/x31 and euthanized at 7 dpi. The lungs were lavaged, perfused with PBS, digested with collagenase, and interstitial 
leukocytes were enriched by Percoll density gradient centrifugation. Inflammatory monocytes (Siglec F− CD11bhigh CD11clow Ly6C+) at 7 dpi in the 
lung tissue of infected mice are shown. Data are pooled from 3 independent experiments. Males are represented as squares and females as circles. One-
way ANOVA with Tukey’s multiple comparison test was performed with *p < 0.05, **p < 0.01, and ***p < 0.001. WT (n = 22), Tpl2−/− (n = 13), Ifnar1−/− 
(n = 19), and Ifnar1−/−Tpl2−/− (n = 21) mice were infected intranasally with 104 pfu of influenza A/x31 and euthanized at 7 dpi. The lungs were lavaged 
and perfused prior to homogenization for analysis of protein levels of B IFN-β and C CCL2 cytokines. Furthermore, the same homogenate was also used 
for RNA extraction and analysis of gene expression by real-time PCR for D IFN-β and E–H IFN-stimulated genes (ISGs). Squares represent male mice, 
and circles represent female mice. Data are pooled from 2 independent experiments. One-way ANOVA with Tukey’s multiple comparison test was per-
formed with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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than a disease rescue. Therefore, we tested whether the 
administration of the neutrophil-depleting Ly6G anti-
body (clone 1A8) would ameliorate severe disease in the 
Ifnar1−/−Tpl2−/− mice. Based on the increased IFN-λ lev-
els in Ifnar1−/−Tpl2−/− mice, we also treated mice with 
a neutralizing antibody against IFN-λ2/3 (IL-28A/B; 
clone 244,716). Antibody treatment at 5 and 7 dpi was 
selected based on the dysregulated cytokine profile and 
increased morbidity observed in Ifnar1−/−Tpl2−/− mice 
beginning at 7 dpi (Figs. 1C and 3H); we reasoned that 
treatment 2 days prior, at 5 dpi, may be sufficient to alter 
the disease outcome. None of the interventions resulted 
in a statistically significant improvement in clinical out-
come. However, Ly6G treatment of Ifnar1−/−Tpl2−/− mice 
tended to slightly reduce weight loss (Fig. 5A), decrease 
average clinical score (Fig. 5B), and increase median 
survival time by approximately 1.5–2 days compared to 
isotype control or anti-IFN-λ2/3 treatment, respectively 
(Fig. 5C). While a modest improvement was noted with 
Ly6G treatment, it did not substantially reverse the mor-
tality in influenza-infected Ifnar1−/−Tpl2−/− mice. Anti-
IFNλ2/3 treatment failed to confer any protection.

NOS2 Is Overexpressed in Ifnar1−/−Tpl2−/− 
Mice, with Inflammatory Monocytes 
and Neutrophils Redundantly Contributing 
to its Expression

To gain insight into potential drivers of morbidity 
in influenza-infected Tpl2−/− and Ifnar1−/−Tpl2−/− mice, 
we examined the lung expression levels of effector mol-
ecules implicated in influenza-induced immunopathol-
ogy, including NOS2, myeloperoxidase (MPO), and  
TNF-related apoptosis-inducing ligand (TRAIL) [48–50]. 
NOS2 and MPO catalyze the production of reactive 
nitrogen and reactive oxygen species, respectively [48, 
50]. TRAIL, a death receptor ligand, induces cell death 
via apoptosis [51]. Collectively, these effector mole-
cules constitute part of the innate immune response to 
pathogens, but they also contribute to tissue damage. 
Among them, only NOS2 was significantly upregu-
lated in whole lung homogenates of both Ifnar1−/− and 
Ifnar1−/−Tpl2−/− strains at 7 dpi, although MPO followed 
a similar trend (Fig. 6A–C). In contrast, TRAIL (encoded 
by Tnfsf10) trended higher in Tpl2−/− mice compared to 
the other strains (Fig. 6C). Nitric oxide is expressed in 
lungs of humans [52, 53], mice [50, 54], and even chick-
ens [55] upon infection with highly pathogenic influ-
enza viruses and is implicated in pulmonary damage. 

Concomitant with the excessive neutrophil recruitment, 
this suggested that the neutrophils may partially contrib-
ute to severe pathology in Ifnar1−/−Tpl2−/− mice via their 
NOS2 over-expression (Fig. 6B). However, NOS2 expres-
sion alone is insufficient to explain the severe phenotype 
in Ifnar1−/−Tpl2−/− mice compared to Ifnar1−/− mice 
(Fig. 1A–C).

To examine the cellular roles for both TPL2 and 
T1 IFNs in influenza-induced inflammation, we next 
assessed sorted populations of innate immune cells for 
their expression of cytokines and chemokines known to 
promote monocyte and neutrophil recruitment. All four 
strains of mice were infected with influenza A/x31 for 
7 days, and lungs were digested to isolate alveolar mac-
rophages, neutrophils, and inflammatory monocytes by 
fluorescence-activated cell sorting to analyze their gene 
expression profiles. Gene expression was first normal-
ized to the WT genotype for each cell type, so that a 
fold change attributed to genotype could be determined. 
CCL2 has a higher fold expression in Tpl2−/− monocytes 
and neutrophils compared to the other genotypes, with 
no differential expression noted in alveolar macrophages 
(Fig. 6D–F). This expression is consistent with increased 
CCL2 expression, secondary to increased IFN-β, observed 
in lungs of Tpl2−/− mice (Fig. 2C, E). There were no 
differences in the expression fold change of the neu-
trophil-recruiting chemokine CXCL1 across genotypes 
of all three cell types examined (Fig. 6G–I). Although 
not reaching a statistically significant level, there was a 
trending decrease in IL-1β expression in Tpl2−/− alveolar 
macrophages and inflammatory monocytes compared to 
WT, consistent with the TPL2-dependent expression of 
IL-1β by macrophages and dendritic cells noted previ-
ously [56]. Interestingly, simultaneous deletion of both 
IFNAR1 and TPL2 reversed the TPL2-dependent defect 
in IL-1β production in both alveolar macrophages and 
inflammatory monocytes, leading to significantly elevated 
levels of IL-1β in Ifnar1−/−Tpl2−/− cells, compared to  
WT or Tpl2−/− cells (Fig. 6J–L). This finding suggests 
that increased T1 IFN signaling may be indirectly respon-
sible for the impaired IL-1β expression in Tpl2−/− mac-
rophages. No differences were noted across genotypes 
for the inflammatory mediator NOS2 in either alveolar 
macrophages or neutrophils (Fig.  6M, N). However, 
Ifnar1−/− and Ifnar1−/−Tpl2−/− inflammatory mono-
cytes showed a higher fold change of NOS2 expression 
compared to WT or Tpl2−/− inflammatory monocytes 
(Fig. 6O). Collectively, these data show an overexpres-
sion of CCL2 within Tpl2−/− inflammatory monocytes  
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and neutrophils, whereas the induction of IL-1β and 
NOS2 was more pronounced in Ifnar1−/−Tpl2−/− inflam-
matory monocytes (and also alveolar macrophages for 
IL-1β).

When the relative expression is computed with the 
WT alveolar macrophages as the baseline to allow com-
parison across all cell types, there is a relatively even con-
tribution of the different cell types to the overall CCL2 
expression (Supplementary Fig.  5). Increased CCL2 
expression was noted in Tpl2−/− neutrophils compared 
to Ifnar1−/−Tpl2−/− neutrophils, with a similar trending 
increase in the Tpl2−/− inflammatory monocytes. Alveolar 
macrophages contribute significantly more to the lung 
CXCL1 expression in both WT and Tpl2−/− mice (Sup-
plementary Fig. 5), whereas neutrophils contribute sig-
nificantly more to lung IL-1β expression in both WT and 
Tpl2−/− mice, compared to the other cells (Supplementary 
Fig. 5). Notably, NOS2 expression appears to be relatively 
evenly derived from both neutrophils and inflammatory 
monocytes (despite increased recruitment of neutrophils), 
with neither playing a predominant role (Supplemen-
tary Fig. 5). Collectively, these data do not implicate a 
single cell type in the expression of the prominent pro-
inflammatory mediator, NOS2, but rather suggest that 

monocytes, neutrophils, and even alveolar macrophages 
exhibit overlapping and redundant expression of NOS2. 
The redundant contribution to expression of inflamma-
tory mediators and effector molecules by multiple innate 
immune cell types may contribute to the poor efficacy 
of anti-Ly6G treatment in Ifnar1−/−Tpl2−/− mice. Fur-
thermore, the overexpression of additional inflammatory 
mediators in Ifnar1−/−Tpl2−/− mice, including IL-1β, 
IFNγ, IL-6, and IFN-λ (Fig.  3B–D), may contribute 
to damage and morbidity via neutrophil-independent 
mechanisms.

DISCUSSION

In a previous study of Tpl2−/− mice infected with 
M. tuberculosis, the authors observed overexpression of  
IFN-β, similar to what we have previously reported in 
influenza-infected Tpl2−/− mice [36, 38]. During M. tuber-
culosis infection, T1 IFNs are known to impair bacterial 
control [57]. Further assessment of Ifnar1−/−Tpl2−/− mice 
revealed efficient bacterial control despite the absence 
of TPL2 when T1 IFN signaling was also prevented 
[36]. By extension, our initial hypothesis was that 
Ifnar1−/−Tpl2−/− mice would show better outcomes 
during influenza infection than Tpl2−/− mice due to the  
absence of the excessive T1 IFN, as in the case M. tuber-
culosis infection.

Using Ifnar1−/−Tpl2−/−, mice we addressed genet-
ically whether increased T1 IFN expression exacerbated 
disease in Tpl2−/− mice by enhancing inflammatory cel-
lular recruitment. Unexpectedly, Ifnar1−/−Tpl2−/− mice 
experienced similar or more severe disease with faster 
progression to morbidity than Tpl2−/− mice. Impor-
tantly, the increased disease severity could not simply 
be attributed to loss of viral control in the absence of 
T1 IFN signaling, as there was no difference in viral 
load between WT and Ifnar1−/− mice. Viral titers 
also did not correlate with morbidity in the severely 
affected strains, Tpl2−/− and Ifnar1−/−Tpl2−/−. Follow- 
up cellular studies demonstrated that while recruit-
ment of inflammatory monocytes was reversed in 
Ifnar1−/−Tpl2−/− mice, a switch from primarily mono-
cytic to neutrophilic pulmonary infiltration occurred 
in Ifnar1−/−Tpl2−/− mice. This switch was triggered 
by the absence of early interferon signaling (at 4 dpi). 
Despite the excessive neutrophil recruitment induced by 
the absence of T1 IFN signaling in both Ifnar1−/− and 
Ifnar1−/−Tpl2−/− mice at 4 dpi, by 7 dpi neutrophil  

Fig. 3   IFNAR1−/−Tpl2−/− mice show the highest recruitment of neu-
trophils and unique overexpression of IFN-λ and CXCL1 at 7 dpi 
with influenza. A WT (n = 20), Tpl2−/− (n = 14), Ifnar1−/− (n = 15), 
and Ifnar1−/−Tpl2−/− (n = 14) mice were infected intranasally with 104 
pfu of influenza A/x31 and euthanized at 7 dpi. The lungs were lav-
aged, perfused with PBS, digested with collagenase, and interstitial 
leukocytes were enriched by Percoll density gradient centrifugation. 
Neutrophils (Siglec F− CD11bhigh CD11clow Ly6G+) in the tissue of 
infected mice at 7 dpi are shown. Data are pooled from 3 independent 
experiments. Males are represented as squares, and females are repre-
sented as circles. One-way ANOVA with Tukey’s multiple compari-
son test was performed with *p < 0.05, **p < 0.01, and ***p < 0.001. 
WT (n = 22), Tpl2−/− (n = 13), Ifnar1−/− (n = 19), and Ifnar1−/−Tpl2−/− 
(n = 21) mice were infected intranasally with 104 pfu of influenza A/
x31 and euthanized at 7 dpi. The lungs were perfused and lavaged 
prior to extraction and then homogenized for analysis of cytokine 
expression for B IFN-γ, (C) IL-6, D IL-1β, E G-CSF, F IFN-λ (IL-
28), and G CXCL1. Squares represent male mice, and circles repre-
sent female mice. Data are pooled from 2 independent experiments. 
One-way ANOVA with Tukey’s multiple comparison test was per-
formed with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
WT (n = 17), Tpl2−/− (n = 16), Ifnar1−/− (n = 21), and Ifnar1−/−Tpl2−/− 
(n = 13) mice were infected intranasally with 104 pfu of influenza A/
x31 and euthanized at 7 dpi. Whole lungs (without perfusion or lav-
age) were homogenized for analysis of cytokine expression for H 
CXCL1, I IFN-γ, J IL-6, and K CCL2. Squares represent male mice, 
and circles represent female mice. Data are pooled from 2 independent 
experiments. One-way ANOVA with Tukey’s multiple comparison test 
was performed with *p < 0.05 and **p < 0.01.
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recruitment was highest in the Ifnar1−/−Tpl2−/− mice.  
The upregulation of pro-inflammatory and neutrophil-
recruiting cytokines (IFN-γ, IL-6, IL-1β, and G-CSF)  
observed in Ifnar1−/− mice at 7 dpi could be what drives 

the 40% mortality observed in the Ifnar1−/− mice.  
Notably, Ifnar1−/− mice still maintained a higher  
survival rate, reduced weight loss, and lower clini-
cal scores compared to Ifnar1−/−Tpl2−/− mice. This  
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suggested that other TPL2-dependent and IFNAR1-
independent (or IFNAR1-inhibited) cytokines play 
vital roles in the morbidity observed at later stages in 
Ifnar1−/−Tpl2−/− mice. Consistent with this hypoth-
esis, we noted increased protein levels of IFN-λ and 
CXCL1 only in the absence of both TPL2 and T1 IFN 
signaling (Fig. 7). These data suggest that both TPL2 
and T1 IFN normally inhibit the expression of the 
neutrophil-regulating cytokines, CXCL1[39] and IFN-
λ[58], which likely contribute to synergistic neutrophil 
recruitment and increased morbidity and mortality in 
Ifnar1−/−Tpl2−/− mice.

One aspect of inflammation that this study highlights 
is the role of overactive IFN signaling in Tpl2−/− mice that 
promotes inflammatory monocyte recruitment directly via 
the IFN-β/CCL2 axis. In this regard, we attribute the better 
survival of Ifnar1−/− mice compared to Tpl2−/− mice to the 
increased monocytic infiltration in Tpl2−/− mice. Mono-
cyte recruitment was increased solely in Tpl2−/− mice, and 
this increased recruitment was associated with increased 
CCL2 expression (Fig. 2A, C). Increased CCL2 expres-
sion is also evident in both the monocyte and neutrophil 
sorted cell populations (Fig. 6E, F), suggesting that these 
cells feed-forward to promote increased inflammatory 
monocyte recruitment. It is also notable that TRAIL levels 
(encoded by Tnfsf10) trend highest in the lungs of influ-
enza-infected Tpl2−/− mice. It is possible that increased 

monocytes present in influenza-infected Tpl2−/− mice 
promote inflammation and pulmonary damage through 
TRAIL or other monocytic mediators that were not exam-
ined. The upregulation of IFN-β at both the protein and 
mRNA levels in the Ifnar1−/− strains (Fig. 2B, D) may 
initially appear paradoxical. However, unlike other IFN-αs 
and ISGs, IFN-β does not require feedback through the 
IFNAR1 for its expression [16, 59, 60]. Accordingly, 
none of the other ISGs was upregulated in the absence 
of IFNAR1, confirming that T1 IFN signaling was abro-
gated in the Ifnar1−/− strains. Moreover, similar to our 
previous study wherein IFN-β was overexpressed in 
Tpl2−/− mice at 7 dpi [38], IFN-β is also upregulated in 
Ifnar1−/−Tpl2−/− mice compared to Ifnar1−/− mice, further 
confirming that TPL2 negatively regulates IFN-β produc-
tion during influenza infection.

CXCL1 has been shown to be upregulated and 
to stimulate neutrophil recruitment in the absence of 
IFNAR signaling during influenza infection [39]. How-
ever, due to the multitude of cytokines upregulated in 
the absence of T1 IFN signaling, increased CXCL1 
expression could be an indirect by-product of regula-
tion by IFN-γ, IL-6, IL-1β, G-CSF, or IFN-λ [41–44, 
58]. To explore this possibility, we examined the lung 
cytokine profile at 4 dpi. At this time point, CXCL1 
was only over-expressed in the absence of T1 IFN  
signaling in Ifnar1−/− strains. Notably, overexpression 
of CXCL1, but none of the other cytokines under con-
sideration, at 4 dpi led us to conclude that increased 
CXCL1 may be the initial driving force for enhanced 
neutrophil recruitment in Ifnar1−/−Tpl2−/− mice. 
Increased T1 IFN signaling suppresses CXCL1 
expression in Tpl2−/− mice, whereas the absence of T1 
IFN signaling leads to overexpression of CXCL1 in 
Ifnar1−/−Tpl2−/− at 7 dpi.

IFN-λ was solely upregulated in Ifnar1−/−Tpl2−/− mice 
compared to all other strains. Primarily known for being an 
early response cytokine [47], it is interesting that IFN-λ 
was upregulated in the late stages of influenza infection, 
similar to IFN-β. Along with T1 IFNs, IFN-λ expression is 
involved in viral control, especially in reducing the spread 
of virus from upper respiratory tract to the lungs and trans-
mission to a naive host [61, 62]. However, despite having 
similar functions, the receptor for IFN-λ is distinct from the 
T1 IFNs and its expression is restricted to epithelium and 
neutrophils [9, 58]. Specifically, IFN-λ expression has been 
shown to promote optimal antiviral responses from neu-
trophils, prevent excessive inflammation, and induce better 
viral control from the epithelium during influenza infection 

Fig. 4   Neutrophils, but not monocytes, are excessively recruited 
to the lungs of Ifnar1−/− and  Ifnar1−/−Tpl2−/− mouse strains at 4 
dpi with upregulation of CXCL1 expression in the absence of T1 
IFN signaling. WT (n = 17), Tpl2−/− (n = 9), Ifnar1−/− (n = 8), and 
Ifnar1−/−Tpl2−/− (n = 17) mice were infected intranasally with 104 pfu  
of influenza A/x31 and euthanized at 4 dpi, along with uninfected con-
trols. The lungs were lavaged, perfused with PBS, digested with col-
lagenase, and interstitial leukocytes were enriched by Percoll density 
gradient centrifugation. A Inflammatory monocytes and B neutrophils 
were examined at 4 dpi along with uninfected controls. Data are pooled 
from 3 independent experiments. Males are represented as squares, 
and females are represented as circles. One-way ANOVA with Tukey’s  
multiple comparison test was performed. *p < 0.05, **p < 0.01, and  
***p < 0.001. C–J WT (n = 10), Tpl2−/− (n = 8), Ifnar1−/− (n = 10), and  
Ifnar1−/−Tpl2−/− (n = 11) mice were infected intranasally with 104 pfu 
of influenza A/x31 and euthanized at 4 dpi with uninfected controls. 
The intact lungs were homogenized for analysis of cytokine protein 
expression for C CXCL1, D IFN-γ, E IL-6, and F CCL2. Furthermore, 
the same homogenate was also used for RNA extraction and analysis of 
gene expression by real-time PCR of G IFN-λ3 (IL-28B), H G-CSF, I 
IFN-β, and J CCL2. Squares represent male mice, and circles represent 
female mice. Data are pooled from 2 independent experiments. One-
way ANOVA with Tukey’s multiple comparison test was performed  
with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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[58]. In another study, overexpression of IFN-λ induced 
higher proliferation of mature NK cells in spleen, lung, and 
lymph nodes that were better able to defend against lethal 
influenza infection [63]. Although T1 IFNs and IFN-λ share 
an overlapping infection-induced transcriptional signature 
[12], IFN-λ appears to have more anti-inflammatory func-
tions. In a previous study by our lab, we observed reduced 
levels of IFN-λ in both bronchoalveolar lavage fluid and 
lung homogenates in the absence of TPL2 at 3 dpi, irrespec-
tive of T1 IFN signaling [35]. IFN-λ expression was also 
downregulated in Tpl2−/− pDCs, which are early producers 
of IFN-λ. This could contribute to the dysregulation of viral 
control seen from the very early stages in Tpl2−/− strains 
[35], consistent with the importance of IFN-λ expression in 
early viral control [58, 62]. Recent studies have highlighted 
a new pro-inflammatory role for IFN-λ in the later stages 
of influenza infection via inhibition of lung tissue repair 
[64]. Therefore, it is possible that late-stage expression of 
IFN-λ contributes to the excessive morbidity and mortality 

observed in Ifnar1−/−Tpl2−/− mice by preventing lung tis-
sue repair, although we did not see any beneficial effect 
of blocking IFN-λ in the Ifnar1−/−Tpl2−/− mice to support 
this idea.

IL-1β has been implicated in neutrophil recruit-
ment [43] and was therefore also examined. Unex-
pectedly, IL-1β was significantly overexpressed in 
influenza-infected Ifnar1−/−Tpl2−/− mice. This was 
unexpected because IL-1β overexpression was not 
observed in influenza-infected Tpl2−/− mice at 7 dpi 
in our previous study [38]. Furthermore, IL-1β expres-
sion has been shown to be TPL2-dependent in vitro in 
LPS-stimulated macrophages and in vivo in response to 
Listeria monocytogenes infection [56]. IL-1β overex-
pression in Ifnar1−/−Tpl2−/− mice in the current study 
suggests that T1 IFN overexpression in Tpl2−/− mice 
may indirectly suppress IL-1β expression.

In order to examine the cellular source of the 
various inflammatory mediators examined here, sorted  

Fig. 5   Anti-Ly6G treatment is only modestly beneficial for influenza-infected Ifnar1−/−Tpl2−/− mice. Mice were infected intranasally with 104 pfu 
of influenza A/x31. They were administered either 200 μg isotype control antibody (clone 2A3#BE0089, BioXCell, red  line), 200 μg anti-Ly6G 
antibody (clone 1A8 #BE0075-1, BioXCell, grey line), or 2.5 μg neutralizing anti-IFNλ2/3 antibody (clone 244716 #MAB17892, R&D Systems, 
dashed black line) intraperitoneally in 200 μl on days 5 and 7 post-infection. Their weight change (A) and clinical scores (B) were recorded daily. 
Survival (C) was assessed through 12 dpi. Numbers of mice: Ifnar1−/−Tpl2−/− treated with isotype control (n = 4) mice, Ifnar1−/−Tpl2−/− treated 
with anti-IFNλ2/3 (n = 3), and Ifnar1−/−Tpl2−/− treated with anti-Ly6G (n = 5). Mean and SEM are shown. Data are pooled from 2 independent 
experiments. Log-rank Mantel-Cox test was used for statistics.
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neutrophils, inflammatory monocytes, and alveolar mac-
rophages were specifically analyzed. While inflamma-
tory monocytes and neutrophils were selected based on 
their higher recruitment numbers, alveolar macrophages 
were considered because they are potent producers of 
T1 IFN during influenza infection [65, 66], and their 
influenza-induced depletion [67] increases infection sus-
ceptibility for alveolar epithelial cells [68]. While CCL2 
expression is upregulated in both Tpl2−/− inflammatory 
monocytes and neutrophils, NOS2 is upregulated in the 
IFNAR1-deficient inflammatory monocytes despite their 
lower recruitment numbers compared to neutrophils. 
This suggests that neutrophils and inflammatory mono-
cytes might redundantly compensate for each other in 
promoting inflammation, particularly in the absence of 
TPL2 or T1 IFN signaling. This has also been seen in 
other studies, wherein the absence of Ifnar1−/− signal-
ing led to higher expression of NOS2 in both Ly6Chi 
and Ly6Clo mononuclear subsets [41]. Notably, anti-
Ly6G treatment afforded a slight survival advantage 
to Ifnar1−/−Tpl2−/− mice compared to isotype control 
or IFN-λ treatment, although it was unable to prevent 
death. This could be explained by the redundancy in 
NOS2 expression (and potentially other inflammatory 
mediators) by Ifnar1−/−Tpl2−/− monocytes and neutro-
phils, in which case neutrophils could be compensated 
by monocytes. Furthermore, the overexpression of IFN-
λ, IL-1β, IFNγ, and IL-6 in Ifnar1−/−Tpl2−/− mice may 
contribute to inflammation and morbidity via neutro-
phil-independent mechanisms. However, we also can-
not exclude the possibility that earlier treatment may be 
necessary to further improve clinical benefit.

Overall, this study highlights the regulation 
of cytokines, chemokines, and cellular recruitment 
under the control of TPL2. Prominent among these is 
the negative regulation of the T1 IFNs, which in turn 
positively and negatively regulate CCL2 and CXCL1 
expression, respectively. This dichotomy leads to a T1 
IFN-induced switch from the pathologic increase in 
pulmonary recruitment of inflammatory monocytes in 
Tpl2−/− mice to neutrophils in Ifnar1−/−Tpl2−/− mice. 
Tissue damage may be further exacerbated by dysregu-
lated IFN-λ, as noted above. Future studies will con-
sider TPL2-regulated pathways as potential predictors 
of severe influenza progression as well as investigate 
novel methods to modulate TPL2 function during viral 
infection. Additionally, influenza-infected Tpl2−/− mice 
may represent a novel preclinical model to test for inter-
vention strategies.

MATERIALS AND METHODS

Ethics Statement and Study Design
All animal experiments were performed in accord-

ance with “The Guide for Care and Use of Laboratory 
Animals” and were approved by the University of Georgia 
Institutional Animal Care and Use Committee (IACUC). 
Data in this study are reported in accordance with ARRIVE 
guidelines. Six- to 8-week-old male and female mice (WT, 
Tpl2−/−, Ifnar1−/−, and Ifnar1−/−Tpl2−/−) were randomized 
based on age and gender to groups for infection and analysis 
such that these variables were equally distributed between 
groups. Exclusion criteria were based solely on the human 
endpoints of the study as detailed below. All data are 
reported; no outliers were excluded. The number of mice 
(n) and the number of replicate experiments are reported for 
each data set. Outcome measures included lung virus titers, 
lung gene expression, lung cytokine protein expression, 
analysis of lung cellular composition, and clinical features.

Mice and Influenza Infections

Wild-type (WT) C57BL/6 (JAX strain #000664) 
and Rag1−/− mice (strain #002216, strain name B6.129S7-
Rag1tm1Mom/J) were bred in-house. Tpl2−/− mice back-
crossed at least nine generations onto the C57BL/6 
strain were kindly provided by Dr. Philip Tsichlis [25]. 
Ifnar1−/− mice (B6.129S2-Ifnar1tm1Agt/Mmjax; #032045-
JAX) were kindly provided by Dr. Biao He (Univer-
sity of Georgia). Tpl2−/− mice were intercrossed with 
Ifnar1−/− mice to produce Ifnar1−/−Tpl2−/− mice. Animals 
were housed in microisolator cages in the Central Animal 
Facility of the College of Veterinary Medicine.

Age-matched, 6- to 8-week-old WT, Tpl2−/−, 
Ifnar1−/−, and Ifnar1−/−Tpl2−/− mice were anesthetized 
with approximately 250 mg/kg of 2% weight/volume 
avertin (2,2,2- Tribromoethanol, Sigma) followed by 
intranasal instillation of 50 µl PBS containing 104 pfu of 
influenza A/HKX31 (H3N2, hereafter referred to as x31). 
The stock virus was propagated in specific pathogen-free 
eggs (Poultry Diagnostics and Research Center, UGA) 
and then titered as described previously [38].

Mice were studied for their susceptibility to infec-
tion by measuring daily weight loss and clinical scores 
according to the following index: piloerection, 1 point; 
hunched posture, 2 points; rapid breathing, 3 points. Mice 
with a cumulative score of 5 or that had lost 30% of their 
initial body weight were humanely euthanized.
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Tissue Collection and Analysis for Virus Titers, 
Cytokines, and Gene Expression

Mice were sacrificed at 7 dpi. The lungs were lav-
aged with 1 ml of PBS instilled twice into the lungs and 
then perfused with 10 ml of PBS injected directly into 
the right ventricle of the heart. Alternatively, some whole 
lungs were homogenized without lavage or perfusion, 
where noted. Lungs were harvested into 1 ml of PBS 
and homogenized in a bead mill homogenizer (Qiagen 
Tissue Lyser II) at 25 Hz for 2–4 min. The homogen-
ate was centrifuged at 500 × g for 5 min, and the pre-
cleared homogenate was (1) directly aliquoted for viral 
titer assessment with the titration protocol described 
previously [38], (2) lysed in TRK tissue lysis buffer 
(E.Z.N.A Omega Bio-Tek) for analysis of gene expres-
sion, or (3) further centrifuged at 5000 × g for 5 min to 
clarify the homogenate for cytokine analysis by ELISA. 
For gene expression analysis, RNA was extracted, con-
verted to cDNA using a high capacity RNA-to-cDNA 
kit (Thermo Fisher), and assessed for gene expres-
sion. Sensifast Probe Hi-ROX kit (BIO-82020 Bioline) 
and the following probes (Applied Biosystems) were 
used: IFN-β1 (Mm00439552), IFN-γ (Mm0116813), 
IFN-λ3 (Mm00663660), IFITM3 (Mm00847057), 
IL-6 (Mm00446190), IL-1β (Mm00434228), ISG15 
(Mm01705338), CCL2 (Mm00441242), CXCL1 

(Mm04207460), TNFSF10 (Mm01283606), NOS2 
(Mm00440502), MPO (Mm01298424), and SOCS1 
(Mm01342740). The qPCR was run on a StepOne Plus 
instrument (Applied Biosystems) and gene expression 
performed using the ΔΔCT method as describe previously 
[38] relative to an internal actin control and normalized to 
the WT samples set to a value of 1. Cytokine quantitation 
was performed using a mouse inflammation cytometric 
bead array (CBA, analytes IL-6, IFN-γ, MCP-1, TNF, 
IL-10, and IL-12p70, Becton Dickenson), Mouse Pro-
cartaPlex (analytes IL-1β, IL-28, GM-CSF, Invitrogen), 
standard murine ABTS ELISA Development kit (CXCL1, 
IFN-γ, IL-6, CCL2, and IL-1β, Peprotech), and LumiKine 
Xpress kits (IFN-β, Invivogen).

Cellular Analysis

At 4 and 7 dpi, we isolated lung cells as previ-
ously described [38] and assessed lung cellular compo-
sition. Cells were stained at 4°C for 20 min with fluo-
rescently labeled antibodies against the following cell 
surface markers purchased from eBiosciences unless 
otherwise noted: Siglec F PE (clone IRNM44N), CD11b 
APC (clone M1/70), CD11c Efluor 450 (clone N418), 
Ly6C PE-Cy7 (clone HK1.4), Ly6G PerCP-Cy5.5 
(Tonbo, clone 1A8), CD45.2 FITC (clone 104) [Stain 
1]; TCRαβ FITC (clone H57-597), TCRγδ APC (clone 
eBioGL3), CD4 PE-Cy7 (clone GK1.5), CD8 Efluor 450 
(clone 53–6.7), DX5 PE (clone DX5), CD45.2 PerCP-
Cy5.5 (clone 104) [Stain 2]. The cells were fixed with 
1% formalin and analyzed on the LSR II flow cytometer 
(BD Biosciences). CD45.2-gated hematopoietic-derived 
leukocyte populations were characterized as follows: 
inflammatory monocytes (IM; Siglec F− CD11bhigh 
CD11clow Ly6C+), neutrophils (Siglec F− CD11bhigh 
CD11clow Ly6G+), alveolar macrophages (AM; Siglec 
Fhigh CD11bint), eosinophils (Siglec Fhigh CD11bhigh), NK 
cells (αβ TCR​− DX5+), CD4 T cells (αβ TCR​+ CD4+), 
CD8 T cells (αβ TCR​+ CD8+), and γδ T cells (αβ TCR​
− γδ TCR​+).

Cellular Sort for Gene Expression Analysis

At 7 dpi, lungs from all four genotypes of mice were 
harvested, digested, and single-cell suspensions were gen-
erated as described above. Cells were stained with stain 1 
above, and inflammatory monocytes, neutrophils, and alveo-
lar macrophages were isolated by fluorescence-activated cell 
sorting (FACS) using the same gating strategy on a MoFlo 

Fig. 6   The inflammatory mediator NOS2 is overexpressed in the 
lungs in Ifnar1−/−Tpl2−/− mice, with neutrophils and inflammatory 
monocytes redundantly contributing to its expression. WT (n = 22), 
Tpl2−/− (n = 13), Ifnar1−/− (n = 19), and Ifnar1−/−Tpl2−/− (n = 21) mice 
were infected intranasally with 104 pfu of influenza A/x31 and eutha-
nized at 7 dpi. The lungs were homogenized for RNA extraction and 
analysis of gene expression by real-time PCR for A MPO, B NOS2, 
and C TNFSF10. Squares represent male mice, and circles represent 
female mice. Data are pooled from 2 independent experiments. One-
way ANOVA with Tukey’s multiple comparison test was performed 
with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. WT 
(n = 8), Tpl2−/− (n = 9), Ifnar1−/− (n = 6), and Ifnar1−/−Tpl2−/− (n = 6) 
mice were infected intranasally with 104 pfu of influenza A/x31 and 
euthanized at 7 dpi. Their lungs were digested with collagenase, and 
the following leukocytes populations were sorted: D, G, J, M alveo-
lar macrophages (AM; Siglec Fhigh CD11bint), E, H, K, N neutrophils 
(Neut; Siglec F− CD11bhigh CD11clow Ly6G+), and F, I, L, O inflam-
matory monocytes (IM; Siglec F− CD11bhigh CD11clow Ly6C+). Gene 
expression was analyzed by qPCR, and data were normalized for each 
cell type relative to the actin endogenous control and the WT strain 
for a given cell type as baseline, which was designated a value of 1. 
Data are pooled from 3 independent experiments. One-way ANOVA 
with Tukey’s multiple comparison test was performed. *p < 0.05 and 
**p < 0.01. Female mice were used for these experiments.
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Astrios (BD Biosciences). Sorted populations of cells were 
lysed in TRK lysis buffer; RNA was extracted and converted 
into cDNA. Gene expression was quantified as described 
above with the results expressed relative to the actin internal 
control and the WT sample for each cell type set to 1 using 
the ΔΔCT method. Alternatively, to facilitate comparisons 
across cell types, gene expression was also calculated rela-
tive to the actin internal control and the WT alveolar mac-
rophages (AM) as the baseline.

Therapeutic Antibody Interventions to Treat 
Influenza

Age-matched, 6- to 8-week-old, WT, Tpl2−/−, 
Ifnar1−/−, and Ifnar1−/−Tpl2−/− mice were infected intra-
nasally with 104 pfu of mouse-adapted influenza A/x31 

virus. On days 5 and 7 post infection, the mice were 
administered intraperitoneally (i.p.) either 200 µg isotype 
control antibody (clone 2A3#BE0089, BioXCell), 200 µg 
anti-Ly6G antibody (clone 1A8 #BE0075-1, BioX-
Cell), or 2.5 µg anti-IFN-λ2/3 antibody (clone 244,716 
#MAB17892, R&D Systems). Mice were weighed and 
scored for clinical symptoms throughout the course of 
infection and treatment.

Statistical Analysis

P values were calculated with GraphPad PRISM 
software version 9.2.0(332) using one-way ANOVA 
with Tukey’s multiple comparisons test. Data rep-
resent means ± SEM. Survival data are graphed as 
Kaplan–Meier plots using GraphPad PRISM software, 

Fig. 7   TPL2- and IFN-dependent regulation of influenza A virus inflammation. In the lungs of influenza-infected Tpl2−/− mice at 7 dpi, upregula-
tion of the IFNs and chemokines (CCL2, CCL3) leads to recruitment and retention of inflammatory monocytes and neutrophils, respectively, that 
collectively lead to lung damage likely via a combination of neutrophil and monocyte-derived effectors, such as NOS2, TRAIL, and MPO. In influ-
enza-infected Ifnar1−/− mice at 7 dpi, overexpression of IFNAR-suppressed cytokines, including IL-1β, G-CSF, IL-6, and IFN-γ, leads primarily to 
a neutrophilic pulmonary infiltrate. In the context of influenza infection, IFNAR1 deficiency causes some morbidity, although not to the same extent 
as experienced by Tpl2−/− mice. Both IFNAR1 and TPL2 cooperate to suppress neutrophil chemotactic cytokines, CXCL1 and IFN-λ. Accord-
ingly, Ifnar1−/−Tpl2−/− mice exhibit the highest levels of CXCL1 and IFN-λ expression along with the highest neutrophil recruitment. Concomitant  
upregulation of other pro-inflammatory mediators, IL-1β, G-CSF, IL-6, and IFN-γ, due to abrogated IFNAR signaling, also likely contributes to 
inflammation in Ifnar1−/−Tpl2−/− mice  via neutrophil-independent mechanisms.
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and p values were determined by Mantel-Cox test. Differ-
ences were considered statistically significant if p ≤ 0.05. 
Gaussian correlation was performed to calculate the coef-
ficient based on Pearson’s correlation test with a two-
tailed test. Simple linear regression analysis was also 
performed to analyze the best fit value or the slope and 
intercept to see if the two variables being compared for 
a particular genotype correlated or not (as seen by the 
straight dashed line). Additionally, the confidence interval 
was set at 95% (as seen by the curved dashed line).
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