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Figure S1. CYP19A1 protein expression in the lungs of SARS-CoV-2 infected male and female golden hamsters, Related to 

Figure 3.

(A, B) Immunohistochemistry of serial sections from the lungs of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (A) and 

female (B) golden hamsters for CYP19A1, SARS-CoV-2 NP, macrophages (CD204), endothelial cells (vWF and CD31), T cells (CD3) 

and smooth muscle actin (SMA). Representative pictures of each group are shown (n = 5). Scale bar, 100 µm. (C, D) Quantification of 

CYP19A1 expressing tissue in the lungs of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (C) and female (D) golden 

hamsters (n = 5). Data from PBS treated animals are also shown in Figure 3B. Data are shown as a box and whisker plot. Statistical             

significance was assessed by one-way ANOVA (*p ≤ 0.05).



log
10

 pf
u g

-1
A

F

Virus titer

PBS Poly(I:C) SARS-CoV-2
0

2

4

6

8

10

n.d. n.d.

PBS Poly(I:C) SARS-CoV-2
0

200

400

600

800

MIP-1α

 ng
 m

l-1

G

PBS Poly(I:C) SARS-CoV-2
0

50

100

150

200

MIP-1β

 ng
 m

l-1

H I

PBS Poly(I:C) SARS-CoV-2
0

50

100

150

200

Eotaxin

 ng
 m

l-1

PBS Poly(I:C) SARS-CoV-2
0

500

1000

1500

VEGF

*** ***

*** *** ***

***

***

***

 ng
 m

l-1

*

CB IL-1βIL-6
***

PBS Poly(I:C) SARS-CoV-2
0

1

2

3

4

5

(N
    

    
    

 /N
    

    
    

)
0 (

IL-
1β

)
0(

HP
RT

)

Re
lat

ive
 m

RN
A e

xp
re

ssi
on

 le
ve

ls

***

D IL-1ra

(N
    

    
   /

N 
    

    
   )

0 (
IL-

6)
0(

HP
RT

)

Re
lat

ive
 m

RN
A e

xp
re

ssi
on

 le
ve

ls

PBS Poly(I:C) SARS-CoV-2
0

20

40

60

***

***
*

PBS Poly(I:C) SARS-CoV-2
0

5

10

15

(N
    

    
    

 /N
    

    
    

 )
0 (

IL-
1r

a)
0(

HP
RT

)

Re
lat

ive
 m

RN
A e

xp
re

ssi
on

 le
ve

ls

***

***
*

PBS Poly(I:C) SARS-CoV-2
0.0

0.5

1.0

1.5

2.0

2.5

E IFN-γ

(N
    

    
    

 /N
    

    
    

)
0 (

IFN
-γ

)
0(

HP
RT

)

Re
lat

ive
 m

RN
A e

xp
re

ssi
on

 le
ve

ls
*

**
*

*

K IL-10

PBS Poly(I:C) SARS-CoV-2
0

5

10

15

20

 ng
 m

l-1

PBS Poly(I:C) SARS-CoV-2
0

500

1000

1500

2000

 ng
 m

l-1

J TNF-α

*

PBS Poly(I:C) SARS-CoV-2
0

50

100

150

200

250

 ng
 m

l-1

*

L IL-12

Male
Female

PBS Poly(I:C) SARS-CoV-2
0

20

40

60

80

100

 ng
 m

l-1

M IL-13

*



Figure S2. Virus replication and immune response in lungs of SARS-CoV-2 infected male and female golden hamsters, Related to 

Figure 3.

(A) Viral lung titers of infected male and female golden hamsters on day 3 p.i. (n = 5). Data of viral lung titers are also shown in Figure 

4A, F, K and P. (B-E) IL-6 (B), IL-1β (C), IL-1 receptor antagonist (ra) (D) and IFN-γ (E) mRNA expression levels in SARS-CoV-2 

infected male and female golden hamsters at day 3 p.i. (n = 5, male Poly(I:C): n = 4). Relative mRNA expression values in PBS treated 

hamsters were set to 1 after normalization against HPRT. (F-M) MIP-1α (n = 5) (F), MIP-1β (n = 5) (G), eotaxin (n = 5; male Poly(I:C):    

n = 4) (H), VEGF (n = 4; SARS-CoV-2: n = 3) (I), TNF-α (n = 5) (J), IL-10 (n = 5) (K), IL-12 (n = 5) (L) and IL-13 (n = 5) (M) protein 

expression levels in SARS-CoV-2 infected male and female golden hamsters at day 3 p.i.. Values are shown as means; error bars are shown 

as SD. Statistical significance was assessed by two-way ANOVA (*p ≤ 0.05, **p<0.01, ***p<0.001).
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Figure S3. Characterization of ex vivo lung macrophages of golden hamsters, Related to Figure 3.

(A-C) Macrophages were isolated from the lung of a male hamster and their purity was assessed using fluorescence-activated cell sorting 

(FACS). Shown is the FACS gating strategy, including the removal of dead cells (A) and cell aggregates (B) via the use of forward and 

side scatter characteristics. Macrophages were stained using the macrophage marker protein CD68 (C).
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Figure S4. 5α-reductase and 17β-hydroxysteroid-dehydrogenase levels in the lungs of SARS-CoV-2 infected of male and female 

golden hamsters, Related to Figure 3. 

(A, C) 5α-reductase mRNA expression levels measured in the lungs of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male 

(A) and female (C) golden hamsters at day 3 p.i.. (B, D) 17β-hydroxysteroid-dehydrogenase (17β-HSD) mRNA expression levels meas-

ured in the lungs of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (B) and female (D) golden hamsters at day 3 p.i.. 

Relative mRNA expression values in PBS treated hamsters were set to 1 after normalization against HPRT. Values are shown as means; 

error bars are shown as SD (n = 5, male Poly(I:C): n = 4). 
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Figure S5. CYP19A1 mRNA expression in non-respiratory cell lines after respiratory virus infection, Related to Figure 3.

CYP19A1 mRNA expression levels (A-D) and virus titers (E-H) in Huh-7 (A, E), Caco-2 (B, F), A498 (C, G) and DAOY (D, H) cells 

control treated (Mock) or infected with H1N1 influenza A virus, SARS-CoV and SARS-CoV-2 (MOI 0.5) at 24 h p.i.. Shown is a merge of 

two to three independent biological replicates, each performed in technical triplicates. Relative CYP19A1 mRNA expression values in 

Mock treated cells were set to 1 after normalization against the cell type specific housekeeping genes ACTB (A, C), RPL32 (B) or CYC1 

(D). n.d., not detected. Values are shown as means; error bars are shown as SD. Statistical significance was assessed by one-way ANOVA 

with multiple comparisons showing significant differences between Mock and infected cells (*p ≤ 0.05, **p<0.01, ***p<0.001).
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Figure S6: Lung plethysmography in SARS-CoV-2 infected male and female golden hamsters, Related to Figure 5.

Whole-body plethysmography assessment of lung function parameters in SARS-CoV-2 infected or control (PBS) treated male (A, C, E, G, 

I)  and female hamsters (B, D, F, H, J) at the indicated time points (n = 10; day 0 p.i. n = 12): Minute volume (A, B), end inspiratory pause 

(C, D), end expiratory pause (E, F), inspiratory time (G, H) and expiratory time (I, J). Values are shown as means; error bars are shown as 

SD. Statistical significance was assessed by unpaired Student´s t-test (*p ≤ 0.05, **p<0.01, ***p<0.001).
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Figure S7. Lung histopathology of SARS-CoV-2 infected golden hamsters, Related to Figure 5.

Collagen staining with Azan of lung sections (left panel) and quantification thereof (right panel) from control (PBS) or SARS-CoV-2 

infected male and female golden hamsters at day 14 p.i. (n = 4-5). Scale bar, 50 µm. Values are shown as means; error bars are shown as 

SD. Statistical significance was assessed by two-way ANOVA (*p ≤ 0.05, **p<0.01, ***p<0.001).
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Figure S8. CYP19A1 activity in human lung cells upon SARS-CoV-2 infection, Related to Figure 6.

Testosterone (A) and estradiol (B) levels were measured in supernatants of Calu-3 cells either mock-infected (PBS) or infected with 

SARS-CoV-2 (MOI 0.01). After 24 h p.i., cells were treated with testosterone (100 nM) and the CYP19A1 inhibitor letrozole (1 µM) or as 

a control with DMSO (Ctr.). Samples were collected and analyzed 24 h post treatment. Shown is a merge of two to three independent 

biological replicates, each performed in technical triplicates. Values are shown as means; error bars are shown as SD. Statistical signifi-

cance was assessed by unpaired Student’s t-test (*p ≤ 0.05, **p<0.01).
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Figure S9. SARS-CoV-2 infected male and female hamsters treated with the CYP19A1 inhibitor letrozole, Related to Figure 6. 

(A, B) ZIP-9 (A) and ESR-α (B) mRNA expression levels measured in the lungs of SARS-CoV-2 infected male golden hamsters at day 6 

p.i. (n = 11). SARS-CoV-2 infected and vehicle treated hamsters were set as 1. (C, D) Testosterone (C) and estradiol (D) levels were 

measured in SARS-CoV-2 infected female golden hamsters, treated either with vehicle or letrozole, at 3 d p.i. (n = 11). (E-H) AR (E), 

ZIP-9 (F), ESR-α (G) and ESR-β (H) mRNA expression levels measured in the lungs of SARS-CoV-2 infected female golden hamsters at 

day 6 p.i. (n = 6). SARS-CoV-2 infected and vehicle treated hamsters were set as 1 after normalization against HPRT. Data are shown as a 

box and whisker plot. (I-L) Whole-body plethysmography in control (PBS) or SARS-CoV-2 infected female golden hamsters, treated 

either with vehicle or letrozole: Tidal volume (I), frequency (J), EF50 (K) and inspiratory time (L) (n = 5-7; day 0 p.i. n = 12). (M, N) HE 

staining (M) or collagen staining with Sirius Red (N) of lung sections from control (PBS) or SARS-CoV-2 infected female golden 

hamsters, treated either with vehicle or letrozole, at 21 d p.i. Scale bar, 200 µm (M) or 100 µm (N) (n = 5-7 per group). (O) Weight loss of 

control (PBS) or SARS-CoV-2 infected female golden hamsters, treated either with vehicle or letrozole, over a time course of 21 days      

(n = 5-7 per group). (A-L, O) Values are shown as means; error bars are shown as SD. Statistical significance was assessed by Mann-Whit-

ney test (*p ≤ 0.05).
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Figure S10. Lung plethysmography in PBS control infected male golden hamsters treated with the CYP19A1 inhibitor letrozole, 

Related to Figure 6.

Whole-body plethysmography assessment of lung function parameters in control (PBS) infected male hamsters, treated either with vehicle 

or letrozole, at the indicated time points (n = 5-7; day 0 p.i. n = 12): Tidal volume (A), frequency (B), EF50 (C), peak inspiratory flow (D), 

peak expiratory flow (E), minute volume (F), end inspiratory pause (G), end expiratory pause (H), inspiratory time (I) and expiratory time 

(J). Values are shown as means; error bars are shown as SD.
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Figure S11. Lung plethysmography in PBS control infected female golden hamsters treated with the CYP19A1 inhibitor letrozole, 

Related to Figure 6.

Whole-body plethysmography assessment of lung function parameters in control (PBS) infected female hamsters, treated either with 

vehicle or letrozole, at the indicated time points (n = 5-7; day 0 p.i. n = 12): Tidal volume (A), frequency (B), EF50 (C), peak inspiratory 

flow (D), peak expiratory flow (E), minute volume (F), end inspiratory pause (G), end expiratory pause (H), inspiratory time (I) and 

expiratory time (J). Values are shown as means; error bars are shown as SD.
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Figure S12. Lung plethysmography in SARS-CoV-2 infected male and female golden hamsters treated with the CYP19A1 inhibitor 

letrozole, Related to Figure 6.

Whole-body plethysmography assessment of lung function parameters in SARS-CoV-2 infected or control (PBS) infected male (A, C, E, 

G, I, K) and female hamsters (B, D, F, H, J, L), treated either with vehicle or letrozole, at the indicated time points (n = 5-7; day 0 p.i. n = 

12): Minute volume (A, B), end inspiratory pause (C, D), end expiratory pause (E, F), expiratory time (G, H), peak inspiratory flow (I, J) 

and peak expiratory flow (K, L). Values are shown as means; error bars are shown as SD.
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Figure S13. Virus titer and CYP19A1 expression in the gonads of SARS-CoV-2 infected male and female golden hamsters, Related 

to Figure 3.

(A, E) Viral mRNA and virus titer detected in the testis of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (A) and ovaries 

of female (E) golden hamsters at day 3 d p.i. (n = 5). n.d., not detectable. (B, F) CYP19A1 mRNA expression levels measured in the testis 

of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (B) and ovaries of female (F) golden hamsters at day 3 p.i. (n = 5). 

Relative CYP19A1 mRNA expression values in PBS treated hamsters were set to 1 after normalization against YWHAZ. (C, G) Quantifi-

cation of CYP19A1 protein expressing tissue in the testis of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (C) and 

ovaries of female (G) golden hamsters at day 3 p.i. (n = 5). (D, H) CYP19A1 protein expression detected by immunohistochemistry in the 

testis of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (D) and ovaries of female (H) golden hamsters. Consecutive 

slides were also stained with HE. Representative pictures of each group are shown (n = 5). Scale bar, 100 µm. (A, B, E, F) Values are 

shown as means; error bars are shown as SD. (C,G) Values are shown as a box and whisker plot. Statistical significance was assessed by 

one-way ANOVA (*p ≤ 0.05, **p<0.01).
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Figure S14. Virus titer and CYP19A1 expression in the brains of SARS-CoV-2 infected male and female golden hamsters, Related 

to Figure 3.

(A, D) Virus titer detected in the brains of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (A) and female (D) golden 

hamsters at day 3 p.i. (n = 5). n.d., not detectable. (B, E) CYP19A1 mRNA expression levels measured in the brains of SARS-CoV-2 

infected and control treated (PBS, Poly(I:C)) male (B) and female (E) golden hamsters at day 3 p.i. (n = 5). Relative CYP19A1 mRNA 

expression values in PBS treated hamsters were set to 1 after normalization against HPRT. (C, F) CYP19A1 protein expression detected by 

immunohistochemistry in the brains of SARS-CoV-2 infected and control treated (PBS, Poly(I:C)) male (C) and female (F) golden 

hamsters. Consecutive slides were also stained with HE. Representative pictures of each group are shown (n = 5). Scale bar, 100 µm. (A, 

B, D, E) Values are shown as means; error bars are shown as SD.
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Figure S15. Effect of testosterone treatment on CYP19A1 expression and SARS-CoV-2 pathogenesis in male golden hamsters, 

Related to Figures 3, 4 and 5.

Male golden hamsters were infected with SARS-CoV-2 and either treated with vehicle, 1mg/kg or 10 mg/kg testosterone (TST). As 

control, male golden hamsters were inoculated with PBS and treated with vehicle (grey dash line). (A-D) Testosterone levels (A), 

CYP19A1 mRNA expression levels in the lungs (B), frequency as a lung function parameter measured by whole-body plethysmography 

(C) and ESR-β mRNA expression levels in the lungs (D) were determined in all groups at day 21 p.i. (n = 10; SARS-CoV-2 treated with 1 

mg/kg TST: n = 9). (B, D) Relative CYP19A1 and ESR-β mRNA expression values in PBS and vehicle treated hamsters were set to 1 after 

normalization against HPRT. (E, F) weight loss (E) and survival (F) of control treated as well as SARS-CoV-2 infected and TST treated 

male golden hamsters over a time course of 21 days (n = 10 per group). Values are shown as means; error bars are shown as SD. Statistical 

significance was assessed by unpaired Student´s t-test (*p ≤ 0.05, **p<0.01, ***p<0.001).
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Figure S16. Summary Model: Letrozole mediated improved lung health in SARS-CoV-2 infected males, Related to Figure 6. 

Treatment of hamsters with the CYP19A1 inhibitor letrozole results in reduced estradiol and ESR-ß levels, while testosterone levels are 

elevated. Letrozole treatment results in the downregulation of 133 genes in SARS-CoV-2 infected males, as compared to the SARS-CoV-2 

infected, vehicle-treated control group. In summary, reduced estradiol levels, reduced ESR-ß expression and elevated testosterone levels 

are associated with improved overall lung health in SARS-CoV-2 infected, letrozole-treated male hamsters.
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