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Influenza-associated mortality continues to occur annually despite available antiviral therapies. New therapies that
improve host immunity could reduce influenza virus disease burden. Targeting macrophage migration inhibitory factor
(MIF) has improved the outcomes of certain inflammatory diseases, but its role in influenza viral infection is unclear. Here,
we showed that, during influenza viral infection, Mif-deficient mice have less inflammation, viral load, and mortality
compared with WT control mice; conversely, Tg mice, overexpressing Mif in alveolar epithelial cells, had higher
inflammation, viral load, and mortality. Antibody-mediated blockade of MIF in WT mice during influenza viral infection
improved their survival. Mif-deficient murine lungs showed reduced levels of parkin, a mitophagy protein that negatively
regulates antiviral signaling, prior to infection and augmented antiviral type I/III IFN levels in the airspaces after infection
as compared with WT lungs. Additionally, in vitro assays with human lung epithelial cells showed that treatment with
recombinant human MIF increased the percentage of influenza virus–infected cells. In conclusion, our study reveals that
MIF impairs antiviral host immunity and increases inflammation during influenza infection and suggests that targeting MIF
could be therapeutically beneficial during influenza viral infection.
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Introduction
Influenza viral infections impose the heaviest disease burden of  all infectious diseases due to acute respi-
ratory inflammation, hospitalization, and mortality (1). Although vaccination against influenza viral 
infection provides the best defense, vaccine efficacy for the deadliest and most common strain influen-
za A virus (IAV) can be less than 40% (2–4). Once infected with influenza, there are 4 antiviral drugs 
available to attenuate the illness; however, only oseltamivir is recommended for patients with weakened 
immune systems, such as the elderly and infants (5). These limitations highlight the need to identify new 
therapeutic targets that would reduce influenza disease burden.

The lung’s mucosal innate immune system typically creates a strong defense against IAV infection (6). 
Activation of  the innate immune response leads to the production of  inflammatory cytokines and recruit-
ment of  leukocytes that can help quell IAV infection. However, exuberant innate immune responses can 
induce tissue injury (6). Antiviral protein production mitigates IAV replication and reduces the suscepti-
bility to IAV-associated mortality (7, 8). Specifically, IFNs are antiviral proteins that limit IAV infection: 
IFN-λ provides antiviral protection without eliciting an inflammatory response, whereas IFN-α/β increase 
antiviral defense and initiate inflammation (7, 9). Once inflammation is induced after infection, it must 
be limited to reduce tissue damage. Inflammation is controlled by inhibiting several pathways, such as the 
stimulator of  IFN genes (STING) pathway. The STING pathway can be activated by intracellular DNA, 
including that from mitochondrial sources (10). The critical mitophagy protein parkin was recently shown 
to diminish STING-mediated inflammation and, thus, the production of  type I IFNs, such as IFN-α/β; 
however, its contribution to IAV infection is not known (11, 12).

During infection, IAV co-opts cellular machinery for transcription, translation, autophagy, and pro-
grammed cell death (apoptosis) to aid viral replication (13–15, 16). For example, IAV usurps autophagy 
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by blocking autophagosome maturation and modulates apoptosis to increase viral replication (16, 17). 
Importantly, defects of  either autophagy or apoptosis decrease IAV replication efficiency (16, 18, 19). How-
ever, IAV influences are not immunologically silent, and by 24 hours of  infection, IAV causes cell death, 
specifically necrosis of  bronchiolar cells, which results in enhanced inflammation (20).

The cytokine macrophage migration inhibitory factor (MIF) regulates innate immunity and has diverse 
influences on inflammation (21). Many cells express MIF, including epithelial, endothelial, and most immune 
cells. Upon an inflammatory stimulus, bioactive MIF is rapidly released from intracellular storage pools (21, 
22). Elevated MIF levels occur in several human inflammatory conditions, such as West Nile virus infection, 
AIDS, Parkinson’s disease, and atherosclerosis (21, 23, 24). Upon release, MIF may enhance inflammation by 
counteracting glucocorticoids, inhibiting apoptosis, activating macrophages, enhancing autophagy, and stim-
ulating the NLRP3 inflammasome (21, 22, 25–27). The 5′ promoter of  the MIF gene contains a microsatellite 
repeat (CATT)5–8 that regulates transcription, with copy number directly related to enhanced MIF expression 
(28). High MIF levels are detrimental in some viral infections, such as dengue virus, Ross River virus, and 
West Nile virus (29–31). It was previously shown that IAV-infected human lung epithelial cells in vitro dis-
played increased MIF release without a concomitant increase in MIF transcription (20). Nevertheless, the role 
of  MIF during IAV infection and its potential as a therapeutic target are unclear.

Results
IAV infection promotes MIF protein release into the airspace. To evaluate MIF release during IAV infection in vivo, 
we infected mice with IAV strain PR8 and measured MIF levels in bronchoalveolar lavage (BAL) at 0, 3, and 
6 days after infection (DPI). Throughout our study, we utilized mice lacking the Mif  gene (Mif–/–), WT mice 
(Mif+/+), and Tg mice overexpressing Mif  in alveolar epithelial cells (AECs) (Mif-lung-tg; ref. 32). The latter 
mice mimic the approximate 2-fold increase in Mif  transcription observed in high MIF expressor genotypes 
(32). At all DPIs, Mif–/– samples contained no measurable MIF, as expected, and Mif-lung-tg BAL contained 
at least 2-fold more MIF relative to Mif+/+ BAL (Figure 1A). MIF protein levels in BAL increased from 0 DPI 
to 3 DPI, for both WT and Mif-lung-tg mice (Figure 1A), further supporting that IAV induces MIF release.

MIF enhances morbidity and mortality after infection. Next, we determined the influence of  MIF on sur-
vival during IAV infection. Mif–/– mice infected with IAV exhibited the highest survival (93%), followed 
by Mif+/+ control mice (42%); finally Mif-lung-tg mice showed the lowest survival (18%; Figure 1B). 
Additionally, morbidity, as measured by body weight and clinical score, also showed an inverse correla-
tion with Mif  expression, with Mif–/– mice having the lowest morbidity and Mif-lung-tg mice having the 
highest (Figure 1, C and D). Finally, Mif+/+ mice treated with an anti-MIF-neutralizing antibody after 
IAV infection showed 63% survival, whereas Mif+/+ mice similarly treated with IgG control showed 41% 
survival (Figure 1E). Overall, these data indicate that MIF worsens morbidity and mortality during IAV 
infection and that MIF blockade during IAV infection improves survival.

MIF increases lung inflammation in airspaces and lung permeability during IAV infection. We examined the role 
of MIF on the innate immune response during IAV infection by measuring inflammatory cytokines, leuko-
cyte infiltration in the airspace, and additional markers of lung permeability. At 6 DPI, Mif–/– BAL showed 
significantly lower TNF-α (1.3-fold), IL-1β (10-fold), and IFN-γ (2-fold) compared with Mif+/+ BAL; in addi-
tion, Mif-lung-tg mice had higher or similar levels of inflammatory cytokines compared with those of Mif+/+ 
mice (Figure 2, A–C). Similarly, leukocyte infiltration into the airspace was reduced approximately 2-fold in 
Mif–/– mice compared with MIF+/+ and Mif-lung-tg mice at 6 DPI (Figure 2D). At 6 DPI, there were signifi-
cantly more macrophages and monocytes in the lungs of Mif-lung-tg and WT mice compared with Mif–/– mice 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.128034DS1). We also assessed tissue injury by measuring lung permeability markers (i.e., total protein in 
BAL and lung wet-to-dry ratio) and circulating biomarkers (i.e., surfactant protein D and oxygen saturation). At 
6 DPI, on average Mif–/– mice had at least 5-fold lower total protein levels in BAL compared with WT mice and 
up to 7-fold lower levels compared with Mif-lung-tg mice (Figure 2E) and 20% less lung edema compared with 
Mif-lung-tg mice (Figure 2F). Mif–/– mice also exhibited increased peripheral oxygen saturation (Figure 2G) and 
less circulating surfactant protein D (Figure 2H) than Mif-expressing mice at 6 DPI. Overall, these data indicate 
that elevated Mif expression correlates with enhanced IAV-induced lung inflammation and lung injury at 6 DPI.

Mif–/– mice have lower viral load and higher antiviral protein levels in lung during IAV infection. We quan-
tified live virus in the lungs and the levels antiviral IFN proteins in the airspaces of  Mif–/–, Mif+/+, and 
Mif-lung-tg mice after infection. At 3 DPI, Mif–/– lungs contained up to 5-fold less IAV PFU compared 
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with Mif-expressing mice (Figure 3A). By 6 DPI, Mif-lung-tg lungs had the highest viral load compared 
with cohorts with lower Mif  expression; however, the differences in viral load had narrowed between 
Mif–/– mice and Mif+/+ mice (Figure 3A). Interestingly, at 3 DPI, the BAL from Mif–/– mice had signifi-
cantly higher levels of  IFN-λ (up to 3-fold), IFN-α (up to 2-fold), and IFN-β (up to 5-fold) compared with 
BAL from Mif-lung-tg mice (Figure 3, B–D). IFN-α and IFN-β levels in BAL were significantly different 
between all 3 cohorts at 3 DPI (Figure 3, B–D). Thus, MIF levels inversely correlate with the levels of  
these antiviral proteins at 3 DPI. Together, these data indicate that increasing MIF levels attenuate anti-
viral cytokine levels and enhance viral titers during the early stages of  IAV infection.

Figure 1. MIF increases in the airspace and enhances morbidity and mortality after infection with IAV. MIF-knockout (Mif–/–, white circles), WT (Mif+/+, 
gray circles), and Mif-overexpressing Tg (Mif-lung-tg, pink circles) C57BL/6 background mice were challenged i.n. with 5 × 104 PFU H1N1 PR8. (A) MIF in the 
BAL measured by ELISA. The mice were monitored daily for (B) survival, (C) body weight, and (D) clinical score. (E) Survival curve of WT mice injected i.p. 
with anti-MIF antibody (black squares) or mouse IgG (black circles) on days labeled with blue arrows and infected with 5 × 104 PFU H1N1 PR8 at 0 DPI. Sta-
tistical differences were determined by (A) multiple t tests adjusted for multiple comparisons by Holm-Sidak test, (B and E) Gehan-Breslow-Wilcoxon test, 
or (C and D) 2-way ANOVA followed by Tukey multiple comparisons test. The violin plots are closed curves representing data distribution and encapsulate 
the median, range, and interquartile range, with each symbol representing a biological replicate (A). The data are displayed as mean ± SEM (C and D). 
There was no significant difference in survival rate between WT control groups in survival studies for Mif–/– or Mif-lung-tg mice; a representative group is 
shown in B–D for clarity. Data are representative of 2 independent experiments, with n = 4–5/group (A), 15–18 mice/group at time of infection (B–D), or (E) 
8–10 mice/group at time of first injection. For only C and D, significance is denoted between Mif+/+ and Mif-lung-tg with a red asterisk; whereas, significant 
differences between Mif–/– and Mif+/+ were denoted with a black asterisk. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

https://doi.org/10.1172/jci.insight.128034
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Attenuated Mif  expression results in less parkin in lungs prior to IAV infection. Previous work suggested that 
parkin is a negative regulator of  the IFN pathway (10, 11). To examine the role of  parkin in IFN produc-
tion during IAV infection, we infected Mif+/+ and Parkin–/– mice with IAV and measured IFN-λ, which 
is released earlier and at higher concentrations than the other IFNs (8, 33). At 1 DPI, IFN-λ levels were 
more than 5-fold higher in lung lysates from Parkin–/– mice than in those from Mif+/+ mice (Figure 4A), 
consistent with negative regulation of  antiviral signaling. Interestingly, lung levels of  IFN-λ were similar 
between Parkin–/– mice and Mif–/– mice at 1 DPI (Figure 4A), suggesting that MIF might suppress IFN-λ 
via positive regulation of  parkin. Indeed, we found that parkin levels directly correlated with MIF levels 
prior to infection: compared with Mif–/– mice, the parkin levels were 7.0-fold higher in Mif+/+ mice and 
9-fold higher in Mif-lung-tg mice (Figure 4, D and E). However, by 1 DPI, MIF–/– mice exhibited increased 
parkin levels that were not significantly different compared with those of  Mif+/+ mice (Figure 4, B and C). 
The correlation between MIF and parkin remained nonsignificant at 3 DPI (Figure 4, D and E). As parkin 
may negatively regulate antiviral cytokine production by degrading tumor necrosis factor receptor–associ-
ated factor 3 (TRAF3) in HEK293 cells in vitro, we measured TRAF3 in the lung lysates of  the different 
experimental groups. However, we did not find differences between the experimental groups (Supplemental 
Figure 2 and ref. 11). Overall, these data suggest that the presence of  MIF positively regulates parkin before 
infection, which in turn correlates with a diminished antiviral IFN response.

MIF release and viral load are similar to those of  WT when Parkin is attenuated in AECs. To examine the role of  
parkin in MIF release and influenza viral replication; we isolated AECs from Parkin–/–, WT, and Mif–/– mice. 
We chose AECs, because epithelial cells represent the first line of  defense to influenza viral infection within 
the lung; additionally, Mif-lung-tg mice, which overexpress MIF in AECs had exhibited enhanced mortality 
(Figure 1) and viral load (Figure 3 and ref. 34). Hence, we cultured primary AECs from WT and Parkin–/– 
mice by either mock infection or IAV infection. We infected AECs and measured MIF in the cell culture 
supernatant at 48 hours. We found that release of  MIF from infected cells was independent of  parkin (Figure 
5A). Consistent with parkin’s prior regulatory role in IFNs, we found that IFN-β production during infec-
tion with IAV PR8 was 4-fold higher in the Parkin–/– AECs compared with that in WT cells (Supplemental 
Figure 3). We next infected AECs from Parkin–/–, WT, and Mif–/– mice with a fluorescent reporter virus that 
expresses an mNeon green fluorescent reporter protein (GFP-IAV). We found no difference in the percentage 
of  virally infected cells among the experimental groups during the course of  infection (Figure 5B); however, 
the total fluorescence intensity was 3-fold lower in Mif–/– biological replicates compared with WT replicates at 
24 hours and 48 hours (Figure 5C). This suggests that although the total proportion of  cells infected was not 
different, the viral replication was lower in Mif–/– biological replicates. Parkin–/– AECs exhibited an interme-
diate total fluorescence compared with either WT or Mif–/– AECs, which was not significant between either 
group (Figure 5). This suggests that although parkin negatively regulates antiviral cytokines, it is not required 
for viral control in AECs, suggesting either that MIF may regulate viral control via parkin-independent mech-
anisms or that deficiency in parkin affects viral control by additional mechanisms independent of  regulation 
of  antiviral cytokines. To further elucidate mechanisms by which MIF may enhance viral replication, we 
continued our work in the human Calu-3 cell model.

MIF promotes greater spread of  infection in human Calu-3 cells. We employed Calu-3 human epithelial cells to 
examine the effect of MIF on viral replication and apoptosis at the cellular level during IAV infection in vitro. 
We found that infected Calu-3 cells released 3-fold more MIF compared with uninfected cells, in agreement with 
a previous study (Supplemental Figure 4 and ref. 20). We repeated the experiment with GFP-IAV or mock infec-
tion, including groups of Calu-3 cells treated with human recombinant MIF (hrMIF). We continued hrMIF 
treatment throughout the course of infection. We determined that hrMIF treatment did not have an influence 
on IFN-λ3 (closest subtype to mouse IFN-λ) release either before or after infection; however, IAV infection did 
increase IFN-λ3 levels 3- to 4-fold compared with mock-infected samples (Figure 6A). Parkin levels remained 
similar even after infection, despite treatment with hrMIF during the course of infection (Figure 6B).

We found that hrMIF treatment led to double the total of  GFP-IAV–infected cells and total GFP-IAV 
per well by 24 hours (Figure 6, C and D), suggesting that MIF creates a permissive environment for both 
infection and viral replication. Next, we examined if  MIF affected apoptosis in Calu-3 cells before and 
after IAV infection, as MIF is known to reduce apoptosis, which could affect viral replication (35–37). We 
used caspase-3/7 activity to determine apoptosis initiation in cells. Without infection, MIF reduced the 
frequency of  caspase-3/7 active cells in agreement with prior studies showing an antiapoptotic effect of  
MIF (Figure 6E and refs. 35–37). IAV infection increased caspase-3/7 activity, which was not reduced by 
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Figure 2. Higher MIF promotes inflammation and lung permeability during IAV infection. (A) TNF-α, (B) IL-1β, and (C) IFN-γ levels in BAL, as mea-
sure by ELISA. (D) Total leukocytes in BAL. (E) Total protein concentration in BAL. (F) Wet/dry weight ratios of lungs. (G) Arterial oxygen saturation 
determined by pulse oximetry. (H) Serum concentrations of surfactant protein D (SP-D). Statistical differences were determined by 2-way ANOVA 
followed by Tukey multiple comparisons test. The violin plots are closed curves representing data distribution and encapsulate the median, range, 
and interquartilerange, with each symbol representing a biological replicate. Data are representative of samples from 2 independent experiments, 
with n = 4–6 biological replicates/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

https://doi.org/10.1172/jci.insight.128034
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MIF, by 24 hours after infection (Figure 6E). Interestingly, we found that a higher frequency of  MIF-treat-
ed cells exhibited necrotic or late apoptotic features at 24 hours after infection, based on annexin V and 
cytotoxic positivity (Figure 6F). This suggests that MIF could be enhancing inflammation during infection 
by necrosis, as it is known that necrosis or failed clearance of  apoptotic cells enhances inflammation (20). 
Overall, MIF promotes the spread of  influenza virus infection among human Calu-3 cells. Additionally, 
MIF may enhance necrosis to increase inflammation during IAV.

Discussion
Excessive IAV-associated inflammation contributes to morbidity and mortality (39). Our results indicate 
that MIF initially decreases antiviral IFN levels, which could contribute to the enhanced viral load and 
elevated IAV-associated mortality, morbidity, inflammation, and lung injury. We found that the prein-
fection levels of  parkin, a mitophagy protein that negatively regulates antiviral signaling, correlated with 
Mif  expression in the lung. However, by 3 DPI, parkin levels were similar in Mif-deficient and Mif-ex-
pressing mice (11, 12). Subsequently, Mif–/– mice and Parkin–/– mice had augmented antiviral type I/III 
IFN levels during influenza infection. In primary AEC cultures, Mif–/– cells had reduced viral load com-

Figure 3. Mif expression correlates with higher viral load after infection and lower levels of IFNs. (A) Quantification 
of viral load in lungs of mice at 3 and 6 DPI. IFN proteins in BAL by ELISA: (B) IFN-λ, (C) IFN-α, and (D) IFN-β. Statistical 
differences were determined by 2-way or 1-way ANOVA followed by Tukey multiple comparisons test. The violin plots 
are closed curves representing data distribution and encapsulate the median, range, and interquartilerange, with each 
symbol representing a biological replicate. Data are representative of pooled samples from 2 independent experiments, 
with total n = 7–8 biological replicates/group (A), or representative of 2 independent experiments, with n = 4–5 biologi-
cal replicates/group (B–D). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

https://doi.org/10.1172/jci.insight.128034
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pared with WT cells, but Parkin–/– cells exhibited an intermediate response, which was not significantly 
different from that of  WT cells. Our results suggest that MIF enhancement of  viral replication could 
occur independently of  parkin. An alternative explanation comes from our Calu-3 model, in which we 
found that MIF increases cellular necrosis or delayed clearance of  apoptotic cells during late stages of  
IAV infection and enhances viral replication. This may explain MIF’s ability to enhance viral replication, 
as cells exhibiting increased late apoptotic and necrotic characteristics during late stages of  infection 
have been a marker of  enhanced IAV propagation (38, 40).

How MIF and parkin interact is not clear from our study and will require future investigation. 
Treatment of  Calu-3 cells with recombinant MIF during the course of  infection did not increase par-
kin levels, which indicates that exogenous MIF does not directly increase parkin. Although MIF defi-
ciency led to increased parkin levels in the lung prior to infection, it is possible that MIF deficiency 
impacts parkin levels differently compared with exogenous treatment with recombinant MIF protein. 
Parkin is a mitophagy protein and can identify damaged mitochondria that require removal by the 
mitophagy machinery (41). Parkin’s role on mitophagy may be independent of  its negative regulatory 
role on the type I and III IFN production. Hence, parkin likely has pleiotropic functions during IAV 
infection. Clearly future studies will be needed to investigate the role of  parkin and other components 
of  the mitophagy machinery, including PINK1, in antiviral immunity to IAV.

Our in vitro results indicate that during IAV infection MIF enhances inflammation. Necrosis or 
delayed clearance of  apoptotic epithelial cells could promote inflammation either by direct release of  
intracellular cytokines or inflammatory mediators that trigger inflammation responses by surround-
ing cells (42). Such a process could explain the increase in the inflammatory cytokines, e.g., IL-1β and 

Figure 4. Mif expression correlates with higher parkin levels in lung lysate preinfection. Lung lysate parkin/β-actin protein measured by Western blot at 
baseline and 3 DPI: (A) IFN-λ levels in 1 DPI lung lysate. Lung lysate protein measured by Western blot at 1 DPI: (B) parkin normalized to β-actin. (C) Repre-
sentative image of blot. (D) Violin plot of parkin normalized to β-actin. (E) A representative image of blot. Statistical differences were determined by 1-way 
ANOVA followed by Tukey multiple comparisons test (D) or 1-way ANOVA comparing the mean of each group to Mif+/+ data followed by Holm-Sidak test 
for multiple comparisons (A and B). The violin plots are closed curves representing data distribution and encapsulate the median, range, and interquartil-
erange, with each symbol representing a biological replicate (A, B, and D). Data are representative of 2 independent experiments, with n = 4–5 biological 
replicates/group (D), or pooled samples from 5–8 biological replicates/group (A and B). *P < 0.05, **P < 0.01.

https://doi.org/10.1172/jci.insight.128034
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TNF-α noted in the WT mice of  our study during IAV. The heightened inflammatory response likely 
increases tissue damage, noted by the elevated protein levels (Figure 2E), increased lung edema (Figure 
2F), and decreased tissue oxygenation (Figure 2G). Future studies will be required to determine which 
inflammatory cytokines are critical for immune pathology induced by MIF during IAV.

Blockade of  MIF in WT mice improved survival during IAV infection, implying that MIF neutraliza-
tion could mitigate IAV-associated morbidity and mortality in humans. The present results also prompt an 
investigation into the role of  the polymorphic MIF locus in human influenza infection outcomes. Indeed, 
variant MIF alleles have been shown to influence clinical outcomes in invasive pneumococcus and commu-
nity-acquired pneumonia, which often develop as secondary infections after influenza virus (43, 44). Our 
study reveals that inhibiting MIF could represent a potential therapeutic target for reducing IAV-associated 
disease severity and mortality. In conclusion, our study has revealed what we believe to be a novel role for 
MIF in promoting immune pathology, viral replication, and mortality during IAV. Targeting MIF could 
improve outcomes to active influenza infection, particularly in susceptible populations.

Methods

Mice and cell cultures
In animal studies, the number of  replicates and the time between repeated experiments were based on 
mouse availability and best standards of  practice in order to minimize the number of  total mice used 
during the study. All animals used for the study were male mice between 2 and 4 months of  age and 
of  pure C57BL/6 background. Mif–/– and Mif-lung-tg (32, 45) mice that were both on a pure C57BL/6 
background were used for the study. The Mif-lung-tg mice overexpress Mif  in alveolar type II epithelial 
cells; specifically, these mice had a 0.4-Kb DNA fragment with mouse Mif  cDNA inserted into the 
expression plasmid under control of  a CC10 promoter as previously reported (46). We noted that there 
was no statistical difference in survival nor morbidity between Mif-lung-tg littermate controls versus 
Mif–/– littermate controls. C57BL/6 Parkin–/– mice were ordered from The Jackson Laboratory (stock 
no. 006582). The Calu-3 HTB-55 cell line was purchased from ATCC. The cells were cultured in 5% 
CO2 at 37°C in Ham’s F12 Nutrient Mixture (Gibco), 100 U/mL penicillin/streptomycin, and 10% 
fetal calf  serum (cell culture media).

Figure 5. MIF levels independent of parkin during IAV infection in alveolar epithelial cells. Measurements from alveolar epithelial cells (AECs) at 
24 or 48 hours after either PR8 IAV MOI 1 infection or mock infection: (A) MIF released from AECs, (B) green fluorescent protein IAV–positive (GFP-
IAV–positive) cells, and (C) total GFP-IAV fluorescence intensity. Statistical differences were determined by unpaired 2-tailed Student’s t test (A–C). 
The violin plots are closed curves representing data distribution and encapsulate the median, range, and interquartilerange, with each symbol 
representing a biological replicate (A–C). Data are representative of pooled data, with n = 4 biological replicates/group (A) or 3 biological replicates/
group (B and C). *P < 0.05.
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Study design
The study objective was to determine the role and mechanistic implications of  MIF protein during IAV 
infection in mouse models and the human cell line Calu-3. Mif  expression in mice or recombinant MIF in 
vitro was varied to determine the influence of  MIF during IAV infection. The study utilized mouse body 
measurement (clinical score/weight/oxygen saturation), whole lung lysate, BAL, and serum to conduct 
experiments. The study was conducted in a controlled laboratory setting using established immunological 
techniques. Initial sample size was determined through prior experience dependent on type of  experiment 
and practical feasibility. Each experiment was repeated at minimum twice.

Based on prior experience, the survival experiments were conducted over a 15-day period. No biolog-
ical samples were harvested from mice involved in the survival studies. Survival studies using Mif-lung-tg 
and littermate controls were conducted by a blinded investigator. There was no significant difference in 
survival rate between WT control groups in survival studies; thus, in the figures, only 1 set of  Mif+/+ results 
were shown for clarity. Animals were assigned numerical identification by an individual uninvolved with 
genotyping, and genotypes were not revealed until completion of  the survival experiment.

For tissue samples, each time point represents separate sets of  animals, and time points were acquired a 
1, 3, and 6 DPI. The animals sacrificed to harvest BAL fluid were probed using multiple cytokine ELISAs. 

Figure 6. MIF promotes spread of IAV infection in 
Calu-3 cells. Measurements from Calu-3 cells at 24 
hours after either PR8 IAV MOI 1 infection or mock 
infection: (A) IFN-λ3 in cell lysate by Western blot, (B) 
parkin in cell lysate by Western blot, (C) green fluo-
rescent protein IAV–positive (GFP-IAV–positive) cells, 
(D) total GFP-IAV fluorescence, (E) cellular apoptosis 
initiation measured by caspase-3/7 activity, and (F) 
cells displaying necrotic/late apoptotic features, as 
measured by double positivity with annexin V and 
cytotoxicity dyes. Statistical differences were deter-
mined by unpaired 2-tailed Student’s t test (A–C). 
The violin plots are closed curves representing data 
distribution and encapsulate the median, range, and 
interquartilerange, with each symbol representing 
a biological replicate. Data are representative of at 
least 2 independent experiments with n = 6 biological 
replicates/group (A and B) or n = 4 biological repli-
cates/group (C–F). *P < 0.05, **P < 0.01. Statistical 
differences were determined by unpaired 2-tailed 
Student’s t test.
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A separate set of  animals was sacrificed to harvest lung lysate and serum for use viral plaque assay, with 
Thermo Fisher Scientific IFN-λ ELISA (catalog BMS6028) at 1 DPI and Western blots.

Influenza infection of mice
Mice were anesthetized with isoflurane and instilled with 30 μL 5E4 PFU PR8 virus or 30 μL PBS con-
trol by i.n. route. H1N1 Influenza A/PR/8/34 virus was purchased from Advanced Biotechnologies Inc. 
Following infection, mice were monitored daily for weight change, clinical scores, and mortality. Clinical 
scores were determined by monitoring the mouse for 5 seconds and assigning a clinical score category 
according to the symptoms exhibited by the mouse as follows: 0, normal; 1, slight piloerection/orbital 
tightening/ear position forward; 2, moderate piloerection/orbital tightening/ear position back; 3, severe 
piloerection/orbital tightening/ear position back; 4, hunched back and all indicators in category 3; and 
5, dead. Mice were euthanized after loss of  30% of  their individual preinfection weight and then record-
ed as dead in survival data and censored from further weight loss and clinical scoring data. The mice 
utilized in the study were healthy and lacking any other co-morbidity. Anti-MIF mAb IIID.9 (IgG1), 
from the laboratory of  Richard Bucala, was administered i.p. at 20 mg/kg at (time of  dosing; ref. 47).

Tissue collection and preparation
Mice were euthanized with isofluorane immediately prior to tissue harvest.

Blood/serum. Blood was collected by a terminal bleed via orbital sinus (48). The blood was collected in 
a 1.6-mL centrifuge tube and allowed to clot for 20 minutes on ice. The clotted blood was centrifuged at 
5,000 g for 10 minutes, and the top serum layer was stored at –80°C.

BAL. The mouse neck was wetted with 70% ethanol, and the trachea was exposed and cannulated using 
a 2.0-cm-long blunted 18-gauge catheter. The BAL was obtained by lavaging the lungs twice with 1.0 mL cold 
sterile 1× PBS. BAL was centrifuged at 400 g for 8 minutes and supernatant was stored at –80°C.

Lung dissection. Lungs were excised, weighed, and then put on ice. For viral plaque assay and ELISA, 
lungs were placed in 1.0 mL Hank’s Balanced Salt Solution with 0.1% BSA with 2 stainless steel beads, 
homogenized in TissueLyser II (Qiagen) for 5.0 minutes set at 30 Hz, and centrifuged at 400 g for 10 minutes; 
supernatants were stored at –80°C.

Influenza viral load measurement
Lung viral titers were determined by plaque assay using Madin-Darby canine kidney (MDCK) cells (provided 
by Adam Lauring, University of  Michigan). MDCK cells were cultured in DMEM medium at 37°C with 
10% CO2 in 6-well plates (4 × 105 cells/well) for 20–24 hours until the cell monolayer reached 80%–90% con-
fluency. Lung lysate supernatants were thawed and 10-fold dilutions (10–2 to 10–4) were made with 0.1% BSA 
in 1× PBS. MDCK cells were washed twice with 1× PBS followed by 1.0-hour incubation with 200 μL of the 
10-fold dilutions of  lung lysate supernatants at 37°C with gentle tapping every 15 minutes. Cells were washed 
twice with 1× PBS. The cells were overlaid with 2.0 ml of  a medium containing a mixture of  1.0% agarose, 
DMEM, and 2.0 μg/mL acetylated trypsin. Plates were then incubated at 37°C for 72 hours. Next, the wells 
were filled with 70% ethanol for 15 minutes, the agarose mixture was removed from the plates, and the cells 
stained with 0.3% crystal violet. The plates were rinsed with tap water and viral plaques were counted.

Oxygen saturation
Mice were lightly anesthetized with isoflurane and placed prone on a warm pad. The Kent Scientific mous-
eSTAT Jr. pulse oximeter with connected mouse paw sensor was placed on the rear right paw and adjusted 
until the instrument displayed a stable heart rate and oxygen saturation reading for recording.

Wet-to-dry weight measurement and analysis
Lungs were weighed immediately after dissection and then dried in presence of  desiccant for 14 days and 
weighed again. The wet-to-dry ratio is the lung weight immediately after dissection of  the lung divided by 
the weight of  the lung dried after dessication.

Flow cytometry
BAL were harvested from animals, and the cells were quantified in a hemacytometer. Cells were then centri-
fuged for 5 minutes at 400 relative centrifugal force and then the supernatant was poured off. The pellets were 
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resuspended with 1.0 mL of ice cold 1× PBS containing 1:100 Zombie UV fixable viability dye (Biolegend, cata-
log 423108) and left to incubate for 30 minutes. The cells were again centrifuged, the supernatant was poured off, 
and the cell pellet was resuspended with 1:50 FCγR blocker (Biolegend) in 100 μL flow cytometry buffer (FACS 
buffer), 1× PBS containing 2% FCS. Cells were incubated for 15 minutes and then an additional 100 μL FACS 
buffer with 1:50 CD45 antibody conjugated to APC-EF780, from eBioscience, for another 25 minutes on ice. 
The cells were then centrifuged and washed with FACS buffer. For all samples, cells were fixed with 2.0% para-
formaldehyde in 1× PBS before analysis. Flow cytometry was acquired with a Moflo Astrios, and resulting data 
were analyzed with FlowJo software. The following antibodies were used in this study: CD326 (PerCP-Vio700, 
Miltenyi Biotec, catalog 130-102-720), CD24 (BV421, Biolegend, catalog 101826), Ly6C (FITC, Biolegend, 
catalog 128006), CD11b (BV510, Biolegend, catalog 101263), MHC II (PerCP-EF710, eBioscience/Thermo 
Fisher Scientific, catalog 46-5321-82), Siglec F (PE, BD Biosciences, catalog 552126 ), CD64 (PE-Cy7, Bioleg-
end, catalog 139314), CD11c (EF615, eBioscience/Thermo Fisher Scientific), Ly6G (APC, Biolegend, catalog 
127614), and CD45 (APC-EF780, eBioscience/Thermo Fisher Scientific, catalog 47-0451-82). The comprehen-
sive innate immune cell panel gating strategy was utilized as described in a prior publication (49).

IncuCyte
Data acquisition and analysis. Cells were plated onto 96-well tissue culture-treated plates and grown to a con-
fluence of  80%–90% before beginning the assay. Cells were infected with IAV MOI 1 or mock-infected with 
1× Hank’s balanced salt solution for 60 minutes at 37°C. The cells were infected with GFP-IAV to assess viral 
replication. For viral replication experiments, we employed GFP-IAV, which was donated by Peter Palese 
(Icahn School of  Medicine at Mount Sinai, New York, New York, USA), at 85.6% efficiency. Cells were 
washed once with cell culture media containing only 2% FCS with indicated treatments, such as 100 ng/mL 
hrMIF or 1× PBS (vehicle only). After infection, at least 4 representative images were collected per well, with 
an 20× objective at 3-hour intervals for at least 24 hours. After data acquisition, data were analyzed with Incu-
Cyte Zoom system, and data were exported to Graphpad prism for statistical analysis and graphical display.

Reagents for the caspase-3/7 activity (catalog 4440), cytotoxicity (catalog 4633), and annexin V 
assays (catalog 4641) were purchased from IncuCyte, and experiments were conducted according to the 
manufacturer’s specifications.

Protein assays and immunoblotting
BAL samples were diluted 1:6 for measurement in all ELISAs or BCA assays.

ELISA. The ELISA kits were purchased as follows: TNF-α (Invitrogen, catalog BMS607-3), IL-1β 
(R&D Systems, catalog MLB00C), SP-D (R&D Systems, catalog MsfPD0), IFN-γ (R&D Systems, catalog 
DY485), IFN-α (PBL assay science, catalog 42120-1), IFN-β (PBL assay science, catalog 42410-1), IL-28 
(Invitrogen, catalog 50-246-674), and MIF (R&D Systems DY1978). Assays were then conducted accord-
ing to each manufacturer’s specifications.

Immunoblotting. For immunoblotting experiments, lungs were placed in 0.5 mL RIPA buffer containing 1% 
protease inhibitor and 1% phosphatase inhibitor, homogenized for 30 seconds, and centrifuged at 20,000 g for 15 
minutes, and supernatant was stored at –80°C. Reduced tissue lysates were prepared using LDS reagent (Ther-
mo Fisher Scientific) and reducing agent (Thermo Fisher Scientific) and were electrophoresed on 4%–12% gra-
dient SDS-polyacrylamide gels and transferred to 0.20-μm polyvinylidene fluoride membranes (Thermo Fisher 
Scientific, catalog IB401001). Blots were blocked in PBS with 0.1% Tween-20 and 5% BSA at room temperature 
for 2 hours or 4oC overnight. Membranes were then incubated for 1 hour at room temperature with primary 
antibodies against parkin (Abcam, catalog ab77924; 1:500), IFN-λ3 (R&D Systems, catalog MAB5259), β-actin 
(Abcam, catalog ab8226; 1:1000). After washing in PBS plus 0.1% Tween-20, membranes were incubated in 
secondary antibody for 30 minutes (Abcam, catalog ab205719; 1:5000–1:10000) and then illuminated with che-
miluminescent substrate (Thermo Fisher Scientific, catalog 34577) using a Bio-Rad ChemiDoc.

Pierce BCA protein assay kit. The kit was utilized according to the manufacturer’s (Thermo Fisher Scien-
tific) specifications.

AEC isolation and culture
Lungs of  mice were harvested and processed as described previously (50). Single-cell suspensions of  cells 
were processed using an EasySep Epithelial Cell Enrichment Kit (Stemcell Technologies, catalog 19758) 
in order to isolate AECs. We typically obtained approximately 80% purity of  CD326+ cells as measured by 
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flow cytometry when compared with single-cell lung suspensions. The total cells were counted and resus-
pended at a concentration of  1 million cells/ml in F12-Ham medium containing 10% FCS and allowed to 
adhere to tissue culture plates containing a Matrigel overlay for 48 hours followed by the infection, which 
follows the protocol detailed in the above IncuCyte section. In a separate isolation and infection, cell cul-
ture supernatants were collected 48 hours following infection following the protocol detailed in the above 
detailed IncuCyte section and were stored at −80 °C until analysis.

Statistics
Results are displayed as violin plots with curves encompassing the distribution of  the data, with the follow-
ing exceptions: survival studies are represented as Kaplan-Meier curves, weight and clinical scores are rep-
resented as line graphs displaying mean ± SEM for each phenotype per day post-infection. Kaplan-Meier 
curves were compared using Gehan-Breslow-Wilcoxon test. Assessment of  normality was calculated with 
the Shapiro-Wilk test. Statistical comparisons were performed using 1- or 2-way ANOVA with Tukey’s 
post-hoc test or 2-tailed Student’s t test for unpaired samples with Holm-Sidak test for multiple comparisons 
where necessary. A value of  P < 0.05 was considered significant. Data were graphed by Graphpad Prism 
8.0. The number of  mice tested are indicated in each figure.
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tional Animal Care and Use Committee and adhered to the NIH Guide for the Care and Use of  Laboratory 
Animals (National Academies Press, 2011).
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