
 

 
 
Supplemental Fig. 1: Hypercapnia-induced increases in viral protein expression, lung 
inflammation and mortality are reversed when mice are returned to breathing air 1 day 
following IAV Infection. Mice were exposed to air or normoxic hypercapnia (10% CO2/21% O2, 
HC) for 3 days before and continuously after infection with 30 pfu IAV, or to HC for 3 days before 
and 1 day after IAV infection, followed by air for the remainder of the experiment,  (A). Viral NS1 
(red) and NP (green) proteins and nuclei (blue) were visualized by immunofluorescence (IF) 
microscopy of lung tissue sections from mice sacrificed at 7 dpi (B), n=4-6; results representative 
of at least 2 independent experiments. Lungs harvested at 4 and 7 dpi were sectioned and stained 
with H&E (C), n=4-6; results representative of at least 2 independent experiments . Kaplan-Meier 
plot showing survival after infection (D); n= 6-8 mice combined from 3 independent experiments, 
*P<0.05 vs. air by log-rank test.  



 

 
Supplemental Fig. 2: Hypercapnia increases viral protein expression in lungs from IAV-infected 
mice, increases NP protein expression in macrophages infected with multiple strains of IAV, 
and does not change IAV adhesion or internalization in macrophages. Mice pre-exposed to air 
or HC and infected with 30 pfu IAV were sacrificed 4 dpi. Viral NS1 and M2 in lung tissue sections 
were assessed by IF. White arrows indicate AMØs within alveolar airspaces, n=4-6; results 
representative of at least 3 independent experiments (A). Differentiated THP-1 MØs were 
cultured in 5% CO2 (NC) or 15% CO2 (HC) for 2 h, infected with A/WSN/1933 [H1N1] (WSN), 
A/PR8/Puerto Rico/8/1934 [H1N1] (PR8) or A/Udorn/307/1972 [H2N3] (Udorn), at 1, 0.1, and 2 
MOI, respectively, or not infected (NI) as control, and cultured in NC or HC for an additional 18 h. 
Expression of viral NP protein (red) was assessed by IF microscopy n=4; results representative of 
4 independent experiments (B).  Differentiated THP1 MØs in NC or HC for 18 h at 37°C, were then 
placed on ice, and IAV (20 MOI) was added to the cultures. To assess viral adhesion, after 90 min 
on ice, cells were washed with ice-cold media and fixed. To assess viral internalization, after 90 
min on ice, cells were returned to NC or HC at 37°C for 30 min, then washed and fixed. NP protein 
(red) was visualized by IF microscopy, n=3; results representative of 3 independent experiments 
(C) Nuclei were stained with DAPI (blue). NP was quantified as corrected total cell fluorescence 
(CTCF), expressed in arbitrary units (AU); n=3; results from 3 independent experiments (D).  



 

 
 

 
 

Supplemental Fig. 3: Hypercapnia decreases basal RIG1 expression and IAV-induced TBK1 
activation. Differentiated THP-1 MØs were exposed to 5% CO2 (NC) or 15% CO2 (HC) for 18 h and 
processed for determination of RIG1 (A) and MDA5 (B) by immunoblot; mean ± SEM, n=4; results 
from 4 independent experiments, *p < 0.05. Alternatively, THP-1 MØs were exposed to NC or HC 
for 2 h, infected with A/PR8/Puerto Rico/8/1934 [H1N1] (PR8) or A/Udorn/307/1972 [H2N3] 
(Udorn), at 0.1 and 2 MOI respectively, or not infected (NI) as control, and cultured in NC or HC 
for an additional 18 h. Expression of pTBK1 (green) and viral NP (red) protein was then assessed 
by IF microscopy; nuclei were stained with DAPI (blue), n=3; results representative of 3 
independent experiments (C).  



 

 

 

Supplemental Fig. 4: Hypercapnia inhibits the macrophage response to the RIG-1 ligand 3p-
hpRNA and hypercapnic inhibition of viperin and hypercapnia-increased Akt phosphorylation 
in human MØ are reversible. Differentiated THP-1 MØs were pre-exposed to 5% CO2 (NC) or 15% 
CO2 (HC) for 2 h, then stimulated with 3p-hpRNA (hpRNA, 1 µg/ml) and/or infected with IAV (MOI 
2), and cultured in NC or HC for an additional 18 h. RIG-1 (top panel) and viperin (bottom panel) 
protein expression were assessed by immunoblot, with β-actin as loading control. Mean ± SEM, 
n=5; results from 5 independent experiments; *P<0.01 vs. NI control, **p<0.05 vs. NC + IAV, 
#p<0.05 vs. NC + hpRNA, ##p<0.05 vs. HC + hpRNA (A). In addition, THP-1 were cultured 
continuously in NC, or pre-exposed HC for 18 h, prior to infection with IAV. Cells pre-exposed to 
HC were then either maintained in HC, or placed in NC (HC → NC), and cultured for an additional 
24 h. Viperin (B) and Ak1/Akt2/Akt3 phosphorylation at S473/S475/S472 (pAkt, C)  were assessed 
by immunoblot, with β-actin as loading control. Mean ± SEM, n=3-4; results from at least 3 
independent experiments; *p < 0.01 vs. †NI, **p < 0.05 vs. NC + IAV, †p < 0.05 vs. HC + IAV. 
 
 



 

 
 
Supplemental Fig. 5: The hypercapnia-induced increase in IAV replication and suppression of 
the IAV-induced antiviral response is not due to extracellular acidosis. Differentiated THP-1 
MØs were pre-exposed to 5% CO2 (NC) or 15% CO2 (HC) for 2 h, infected with IAV, and cultured 
in NC or HC for an additional 18 h. To assess whether the effects of elevated CO2 were due to 
extracellular acidosis, cells were exposed to HC in Tris-buffered media at pH 7.2 (equivalent to 
the pH of 15% CO2-containing unbuffered media) or pH 7.4 (A-D). Viral NP expression was 
assessed by IF microscopy and quantified as the percentage of NP-positive cells (A). Viral titers in 
culture supernatants were determined by plaque assay (B). RIG-1 (C) and viperin (D) protein 
expression were assessed by immunoblot, with β-actin as loading control. Mean ± SEM, n=3-5, 
results from at least 3 independent experiments. *p < 0.01 vs. NI, **p < 0.05 vs. NC + IAV. 
 
 



 

 
Supplemental Fig. 6: Hypercapnia and IAV trigger early activation of Akt at threonine 
T308/T309/T305 in non-additive fashion but do not alter total Akt, Akt1, Akt2 and Akt3 protein 
expression. Differentiated THP-1 MØs were pre-exposed to 5% CO2 (NC) or 15% CO2 (HC) for 2 h, 
infected with IAV (MOI 2), and cultured in NC or HC for 30 min (A) or 18 h (B) prior to assessment 
of Akt1/Akt2/Akt3 phosphorylation (pAkt) at threonine T308/T309/T305 by immunoblot. Total 
Akt was assessed at 18 h by immunoblot using a pan-Akt antibody (C); mean ± SEM, n=5; results 
from 5 independent experiments. Immunostaining of lung tissue from untreated mice with 
isoform-specific antibodies shows that AMØs express Akt1 (red), Akt2 (white) and Akt3 (red); 
F4/80 (green) was used as MØ marker and nuclei were stained with DAPI (blue)  n=3; results 
representative of 3 independent experiments (D). THP-1 MØs cultured in NC or HC for 2 h and 
infected with IAV (MOI 2) for an additional 18 h prior were assessed of Akt1 (E), Akt2 (F) and Akt3 
(G) expression by immunoblot using isoform-specific antibodies; mean ± SEM, n=4-6; results from 
at least 4 independent experiments. 



 

 

 

Supplemental Fig. 7: Akt 1-targeted shRNA decreases Akt1 protein expression in vitro and in 
vivo. MLE cells were treated with lentivirus containing non-silencing (NS) shRNA or Akt1-targeted 
shRNA and cultured for 2 days, at which point expression of Akt1 was determined by immunoblot 
(A); mean ± SEM, n=3; results from 3 independent experiments, #p < 0.05 vs. NS shRNA. Mice 
were infected intranasally with lentivirus containing NS or Akt1-targeted shRNA, and 14 days 
later AMØs were collected by BAL and immunostained for Akt1, which was quantified as 
corrected total cell fluorescence (CTCF), expressed in arbitrary units (AU); mean ± SEM, n=3; 
results from 3 independent experiments, #p < 0.05 vs. NS shRNA (B). 

 


