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BATF2 and FOXJ1 are differentially expressed in coronavirus infections.

Shahan Mamoor?
'shahanmamoor@gmail.com
East Islip, NY USA

Unraveling the host transcriptional response to viral infections is important for
understanding host-pathogen interactions. We mined published microarray datasets'-5
to identify conserved and specific differentially expressed genes in in vitro and in vivo
models of coronavirus infections. We found significant transcriptional induction of the
transcription factors BATF2 and FOXJ1 in Middle East Respiratory Syndrome (MERS)
coronavirus infection in human cells in vitro; BATF2 was also differentially expressed in
the lungs of mice infected with the Severe Acute Respiratory Syndrome (SARS)
coronavirus 1 (SARS-CoV-1) but not in human cells infected with the human
coronavirus HCoV-229E. These data highlight specific host induction of transcription
factors by different members of the coronavirus family.

Keyword: SARS-CoV-1, SARS-CoV-2, COVID-19, MERS-CoV, HCOV-229E, human
coronavirus, coronavirus, systems biology of viral infection, targeted therapeutics in
coronavirus infection.
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Nearly 200,000 deaths have resulted from infection with the novel coronavirus
SARS-CoV-2 within one year in the United States®’. Understanding the host
transcriptional response to viral infection is critical for identification of novel therapeutic
targets8. We mined published microarray data'-5 to identify differentially expressed
genes across a multitude of coronavirus infection models and found significantly
transcriptional induction of the transcription factors BATF2 and FOXJ1 in human cells
infected with the Middle East Respiratory Syndrome coronavirus MERS-CoV.
Differential expression of these transcription factors was not seen in human cells
infected with human coronavirus HCoV-229E and was significantly less marked in the
lungs of mice infected with the Severe Acute Respiratory Syndrome coronavirus SARS-
CoV-1, suggesting unique induction of transcription factor expression by host cells

during coronavirus defense or by the coronavirus family.

Methods

We used datasets GSE566771, GSE591852, GSE688203, GSE225814 and
GSE891675 for this analysis of gene expression changes following coronavirus
infection. GSE56677 was generated using Agilent-039494 SurePrint G3
Human GE v2 8x60K Microarray 039381 technology with n=3 each for CALUS3 2B4 cells
infected with MERS-CoV London (Eng1): at 0 hours, 3 hours, 7 hours, 12 hours, 18
hours and 24 hours post-infection. GSE59185 was generated using Agilent-028005

SurePrint G3 Mouse GE 8x60K Microarray technology with n=3 lung tissue from mock-
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infected BALB/c mice and n=3 lung tissue from SARS-CoV-1-infected BALB/c mice,
both at 2 days post-infection. GSE68820 was generated using Agilent-014868 Whole
Mouse Genome Microarray 4x44K G4122F technology with n=5 for lung tissue from
mock-infected C57BL6/NJ mice and n=>5 for lung tissue from SARS-CoV-1-infected
C57BL6/NJ mice, both at 2 days post-infection. GSE22581 was generated using
Affymetrix Canine Genome 2.0 Array technology with n=3 each for ferret lung on day 0,
day 1 and day 2 post-infection through the intranasal route with SARS-CoV-1.
GSEB89167 was generated using 039494 SurePrint G3 Human GE v2 8x60K Microarray
039381 technology with n=2 HuH-7 cells and n=2 HCoV-229E infected HuH-7 cells. The
Benjamini and Hochberg method of p-value adjustment was used for ranking of
differential expression but raw p-values were used for assessment of statistical
significance of global differential expression. Log-transformation of data was auto-
detected, and the NCBI generated category of platform annotation was used.

A statistical test was performed to evaluate the significance of difference in
FOXJ1 and BATF2 mRNA expression levels in CALU3 2B4 cells with MERS-CoV
infection at 3 hours, 7 hours, 12 hours, 18 hours and 24 hours post-infection as
compared to CALU3 2B4 cells at baseline (0 hours) using a one-way ANOVA with
Dunnett’s multiple comparisons test. Only p-values less than 0.05 were considered

statistically significant. We used PRISM for all statistical analyses (Version 8.4.0)(455).

Results

We mined published microarray data'-5 to determine in an unbiased and
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systematic fashion the genes most differentially expressed in a series of human
coronavirus infection models: in human cells infected with MERS-CoV or with human

coronavirus 229E, and in the lungs of mice and ferrets infected with SARS-CoV-1.

BATF2 is differentially expressed in a human cell line following infection with an isolate

of MERS-CoV, MERS-CoV London (Eng1).

We found that the basic leucine zipper transcription factor, ATF-like 2 (BATF2)

was among the genes most differentially expressed following MERS-CoV London
infection of the human cell line CALU3 2B4. When sorting each of the genes expressed
in CALUS cells based on change in expression between uninfected and MERS-CoV-
infected cells, BATF2 ranked 102 out of 28653 total transcripts. Differential expression

of BATF2 was statistically significant (Table 1; p=1.49E-12).

FOXJ1 is differentially expressed in a human cell line following infection with an isolate

of MERS-CoV, MERS-CoV London (Eng1).

We found a second transcription factor, forkhead box J1 (FOXJ1), among the

genes most differentially expressed following MERS-CoV London infection of the
human cell line CALU3 2B4. When sorting each of the genes expressed in CALUS cells
based on change in expression between uninfected and MERS-CoV-infected cells,
FOXJ1 ranked 194 out of 28653 total transcripts. Differential expression of FOXJ1 was
statistically significant (Table 1; p=9.27E-12).

Infection of BALB/c mice with SARS-CoV-1 results in differential expression of BATF2,
and to a lesser extent, FOXJ1 in the lungs.

BATF2 was also differentially expressed in the lungs of BALB/c mice infected
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with SARS-CoV-1, at 2 days post-infection. When sorting each of the genes expressed
in the mouse lung based on change in expression between mock-infected and SARS-
CoV-1 mice, BATF2 ranked 118 out of 62976 total transcripts. Differential expression of
BATF2 in the lungs of BALB/c mice following SARS-CoV-1 infection was statistically

significant (Table 2; p=3.06E-08).

In the lungs of BALB/c mice infected with SARS-CoV-1, at 2 days post-infection,
FOXJ1 was also differentially expressed, but markedly less significantly so than BATF2
was. When sorting each of the genes expressed in the mouse lung based on change in
expression between mock-infected and SARS-CoV-1 mice, FOXJ1 ranked 14315 out of
62976 total transcripts. Differential expression of FOXJ1 in the lungs of BALB/c mice
following SARS-CoV-1 infection was statistically significant (Table 2; p=4.92E-02).

Infection of C57BL6/NJ mice with SARS-CoV-1 results differential expression of BATF2,
and to a lesser extent, FOXJ1, in the lungs.

BATF2 was also differentially expressed in the lungs of C57BL6/NJ mice infected
with SARS-CoV-1 at 2 days post-infection. When sorting each of the genes expressed
in the mouse lung based on change in expression between mock-infected and SARS-
CoV-1 mice, BATF2 ranked 477 out of 29649 total transcripts. Differential expression of
BATF2 in the lungs of C57BL6/NJ mice following SARS-CoV-1 infection was statistically

significant (Table 3; p=3.95E-10).

In the lungs of C57BL6/NJ mice infected with SARS-CoV-1, at 2 days post-

infection, FOXJ1 was differentially expressed, but again, markedly less significantly so
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than in human cells following infection with MERS-CoV London. When sorting each of
the genes expressed in the mouse lung based on change in expression between mock-
infected and SARS-CoV-1 mice, FOXJ1 ranked 17778 out of 29649 total transcripts.
Differential expression of FOXJ1 in the lungs of C57BL6/NJ mice following SARS-CoV-1

infection was statistically significant (Table 3; p=1.68E-02).

Infection of ferrets with SARS-CoV-1 does not result in differential expression of FOXJ1
but does result in statistically significant differential expression of BATF2 in the lungs.

BATF2 was also differentially expressed in the lungs of ferrets infected
intranasally with SARS-CoV-1 at 2 days post-infection, but markedly less so than in
mice. When sorting each of the genes expressed in the ferret lung based on change in
expression between mock-infected and SARS-CoV-1 ferrets, BATF2 ranked 13353 out
of 43045 total transcripts. Differential expression of BATF2 in the lungs of ferrets
following SARS-CoV-1 infection was statistically significant (Table 4; p=1.41E-02).

In the lungs of ferrets infected intranasally with SARS-CoV-1, at 2 days post-
infection, FOXJ1 was not differentially expressed. When sorting each of the genes
expressed in the ferret lung based on change in expression between mock-infected and
SARS-CoV-1 ferrets, FOXJ1 ranked 27340 out of 43035 total transcripts. Expression of
FOXJ1 in the lungs of ferrets following SARS-CoV-1 infection was not significantly
differential (Table 4; p=1.7E-01).

BATF2 and FOXJ1 are not differentially expressed in the blood of ferrets following
intranasal SARS-CoV-1 infection.
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In the blood of ferrets infected intranasally with SARS-CoV-1, at 2 days post-
infection, BATF2 was not differentially expressed. When sorting each of the genes
expressed in the ferret blood based on change in expression between mock-infected
and SARS-CoV-1 ferrets, BATF2 ranked 20307 out of 43035 total transcripts.
Expression of BATF2 in the blood of ferrets following SARS-CoV-1 infection was not
significantly differential (Table 5; p=4.06E-01).

In the blood of ferrets infected intranasally with SARS-CoV-1, at 2 days post-
infection, FOXJ1 was also not differentially expressed. When sorting each of the genes
expressed in the ferret blood based on change in expression between mock-infected
and SARS-CoV-1 ferrets, FOXJ1 ranked 14543 out of 43035 total transcripts.
Expression of FOXJ1 in the blood of ferrets following SARS-CoV-1 infection was not

significantly differential (Table 5; p=2.79E-01).

Infection of a human cell line with HCoV-229E does not result in differential expression

of FOXJ1 and BATF2.

Neither BATF2 nor FOXJ1 were significantly differentially expressed in the Huh-7
human cell line following infection with the human coronavirus 229E (HCoV-229E).
BATF2 was the 8405 differentially expressed transcript out of 62976 transcripts total,
and FOXJ1 was the 29221 differentially expressed transcript out of 62976 transcripts
total. Neither BATF2 nor FOXJ1 was significantly differentially expressed (Table 6;

p=0.0991907 and p=0.398083, respectively).
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Infection of a human cell line with an isolate of MERS-CoV results in rapid
transcriptional induction of BATF2.

Next we assessed the kinetics of transcriptional changes in BATF2 following
infection of CALUS3 cells with MERS-CoV. At 3 hours and 7 hours, we observed
decreases in BATF2 expression as compared to baseline; at 7 hours, this decrease
approached the level of statistical significance (Figure 1; p=0.3494 at 3 hours and
p=0.0557 at 7 hours, respectively), with 0.9618 + 0.0091 and 0.9364 + 0.0450 fold-
changes in BATF2 expression at 3 hours and 7 hours post-infection, respectively. At 12
hours post-infection, BATF2 expression increased and approached the level at which it
was at baseline, with 0.9984 + 0.0310 mean fold change in expression as compared to
baseline (Figure 1; p>0.9999). However, from 12 hours to 18 hours, we observed a
sharp increase in BATF2 expression, with a 1.4176 + 0.0173 mean fold change in
BATF2 expression as compared to baseline (Figure 1; p<0.0001 at 18 hours). From 18
hours until 24 hours, BATF2 expression decreased somewhat but remained significantly
increased as compared to baseline, with a 1.2624 + 0.0302 mean fold change in BATF2

expression (Figure 1; p=0.0001 at 24 hours).

Infection of a human cell line with an isolate of MERS-CoV results in rapid
transcriptional induction of FOXJ1.

We also assessed the kinetics of transcriptional changes in FOXJ1 following
infection of CALUS cells with MERS-CoV. From baseline (0 hours) to 12 hours, we did
not detect much change in FOXJ1 expression; at 3 hours, the mean fold change in

BATF2 expression was 1.0312 + 0.0231, at 7 hours it was 1.0078 +0.0180, and at 12
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hours the mean fold change in BATF2 expression as compared to baseline was 1.0473
+ 0.0299 (Figure 2; p=0.3910 at 3 hours and p=0.9922 at 7 hours, and p=0.1071 at 12
hours, respectively). At 18 hours post-infection, BATF2 expression increased and reach
the level of statistical significance, with 1.0900 + 0.0249 mean fold change in expression
as compared to baseline (Figure 2; p=0.0022). From 18 to 24 hours, we observed a
sharp increase in BATF2 expression, with a 1.4324 + 0.0265 mean fold change in

BATF2 expression as compared to baseline (Figure 2; p<0.0001 at 24 hours).

Infection of BALB/c mice with SARS-CoV-1 results in transcriptional induction of BATF2
in the lungs.

We also assessed transcriptional induction of BATF2 transcription factor mRNA
in the lungs of BALB/c mice. BATF2 mRNA was present at significantly higher levels at
2 days post-infection with SARS-CoV-1, with a mean fold change of 1.3777 + 0.0299 in
BATF2 mRNA levels as compared to the lungs of mock-infected mice. Increased
BATF2 mRNA in the lungs of BALB/c mice was statistically significant (Figure 3;

p=0.0016).

Thus we found that the transcription factors BATF2 and FOXJ1 were both among
the genes most differentially expressed in a human cell line following infection with
MERS-CoV London; BATF2 was also among the genes most differentially expressed in
the lungs of two strains of mice infected with SARS-CoV-1. BATF2 and FOXJ1 were nof

significantly differentially expressed in the blood of ferrets following intranasal infection
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with SARS-CoV-1, nor were they differentially expressed in a human cell line following
infection with the human coronavirus HCoV-229E. Within 18-24 hours of infection with
MERS-CoV London, we observed significant transcriptional induction of both FOXJ1
and BATF2 in CALUS3 cells. BATF2 was also transcriptionally induced in the lungs of

BALB/c mice infected with SARS-CoV-1.

Discussion
Both of the transcription factors we identified here as differentially expressed
following coronavirus infections have roles in the immune system; FOXJ1 also has

established roles in airway epithelial cells.

CD4+ T-cells from FOXJ1-deficient mice produce significantly elevated amounts

of the Th1 cytokines interleukin 2 (IL-2) and interferon-y (IFN-y)°. NF-kB luciferase

activity is significantly increased in primary T-cells from FOXJ1-deficient mice
suggesting FOXJ1 functions as a regulator of NF-kB signaling in T-cells®. Lupus-prone
MRL/Ipr mice ectopically expressing FOXJ1 in the thymus using CD2-Cre possessed
significantly decreased organ disease and autoantibody production, but this was not a
result of NF-kB-modulating functions of FOXJ110. In mice, infection with Sendai virus, a
virus closely related to the respiratory syncytial virus (RSV) results in significant
reduction of the percentage of FOXJ1-positive airway epithelial cells as well as a
reduction in FOXJ1 at the protein level'l. Thus, viral infection can modulate FOXJ1

expression in the lungs, and FOXJ1 has roles in control of the Th1 cytokine response.
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M1-phenotype macrophages (activated by IFN-y, or “classically” activated)

express significantly higher levels of BATF2 as compared to unstimulated or M2-
phenotype macrophages (activated by IL-4)12. M1 macrophages depleted of BATF2 are
compromised in their ability to produce mRNA for the inflammatory cytokine Tnf as well
as the genes Ccl5 and Nos212. BATF2 mRNA is transcriptionally induced in
macrophages infected with Mycobacterium tuberculosis'?. The promoters of BATF2-
regulated genes are enriched in motifs for the interferon regulatory factor IRF1, and
IRF1 and BATF2 can physically interact. BATF2 has also been described as a negative
regulator of the cytokine interleukin 23a (IL-23a)'3. CD4+ T-cells from the spleen and
liver of BATF2-deficient mice infected with the parasite Trypanosoma cruzi produce

significantly elevated amounts of IL-17 but not IFN-y, and bone marrow-derived

macrophages and dendritic cells from BATF2-deficient mice produced significantly
elevated amounts of IL-2313. Although parasite burden was decreased in T. cruzi-
infected BATF2-deficient mice, organ disease was significantly increased'3. BATF2
could interact with c-JUN; this prevented c-JUN interaction and complex formation with
ATF2, blocking IL23a transcriptional activation3. Thus, BATF2 is important for control
of disease outcomes after pathogen infection in vivo and can control the production of
cytokines from CD4+ T-cells and from innate immune cells like macrophages and
dendritic cells.

We describe here the transcriptional induction of transcription factors BATF2 and

FOXJ1 in human cells following infection with an isolate of MERS-CoV. BATF2 and
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FOXJ1 were also differentially expressed in the lungs of mice infected with SARS-
CoV1, but not in human cells following infection with HCoV-229E. BATF2 but not
FOXJ1 was not differentially expressed in the lungs of ferrets following infection with
SARS-CoV-1. These data reveal unique induction of transcription factors important for
the immune response following infection with different coronavirus family members. It

remains unclear whether BATF2 and FOXJ1 are important for SARS-CoV-2 infection.
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Rank ID p-value F FC Gene Gene name
102 | A_23_P370682 1.49E-12 162.2162 3hr: 0.9618 + 0.0091 BATF2 | basic leucine
7hr: 0.9364 + 0.0450 zipper transcription
12hr: 0.9984 + 0.0310 factor, ATF-like 2
18hr: 1.4176 = 0.0173

N
N
>
=

1.2624 + 0.0302
194 | A_23_P348636 9.27E-12 126.57

W
>
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1.0312 £ 0.0231 FOXJ1  forkhead box J1
1.0078 + 0.0180
1.0473 + 0.0299
1.0900 + 0.0249
1.4324 + 0.0265
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Table 1: BATF2 and FOXJ1 are differentially expressed in a human cell line
following infection with an isolate of MERS-CoV, MERS-CoV London (Eng1).

The rank of differential expression, the probe ID, p-value of global differential

expression, F statistic, fold change in BATF2 and FOXJ1 expression from 0-24 hours in
MERS-CoV London-infected CALU3 cells, gene and gene name are listed in this chart.

PAGE 15 OF 23




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Rank ID p-value t B FC Gene Gene name
118 | 1336 3.06E-08 2.35E+01 9.84745 1.3777 + Batf2 basic leucine zipper
0.0299 transcription factor,
ATF-like 2

14315 | 35566 4.92E-02 2.35 -b5.14742 Foxj1 forkhead box J1

Table 2: Infection of BALB/c mice with SARS-CoV-1 results in differential
expression of BATF2, and to a lesser extent, FOXJ1 in the lungs.

The rank of differential expression, the probe ID, the p-value of global differential
expression, t, a moderated t-statistic, B, the log-odds of differential expression between
the two groups compared (lungs of mock-infected mice vs. lungs of SARS-CoV-1-
infected mice), fold change in BATF2 expression in the lungs of BALB/c mice infected
with SARS-CoV-1 as compared to mock-infected mice, gene and gene name are listed
in this chart.
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Rank ID p-value t B Gene Gene name

477 | A_51_P165182  3.95E-10 22.41021 13.824086 Batf2 basic leucine zipper
transcription factor, ATF-like 2

17778| A_51_P456870 1.68E-02 2.84518 -4.867714 Foxj1 forkhead box J1

Table 3: Infection of C57BL6/NJ mice with SARS-CoV-1 results in differential
expression of BATF2, and to a lesser extent, FOXJ1 in the lungs.

The rank of differential expression, the probe ID, the p-value of global differential
expression, t, a moderated t-statistic, B, the log-odds of differential expression between
the two groups compared (lungs of mock-infected mice vs. lungs of SARS-CoV-1-
infected mice), gene and gene name are listed in this chart.
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Rank ID p-value F Gene Gene name

13353 | CfaAffx.21637.1.S1_at | 1.41E-02 7.96 BATF2 basic leucine zipper
transcription factor, ATF-like 2

27340 | CfaAffx.8508.1.S1_at 1.7E-01 2.26 FOXJ1 forkhead box J1

Table 4: Infection of ferrets with SARS-CoV-1 does not result in differential

expression of FOXJ1 but does result in statistically significant differential
expression of BATF2 in the lungs.

The rank of differential expression globally, the probe ID, the p-value of global
differential expression, F statistic, gene and gene name are listed in this chart.
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Rank ID p-value t B Gene Gene name

14543 | CfaAffx.8508.1.S1_at 2.79E-01 -1.178577  -5.0584 FOXJ1 | forkhead box J1

20307 | CfaAffx.21637.1.51_at = 4.06E-01 0.88827 -5.3176 BATF2 basic leucine
Zipper

transcription
factor, ATF-like 2

Table 5: BATF2 and FOXJ1 are not differentially expressed in the blood of ferrets
following intranasal SARS-CoV-1 infection.

The rank of differential expression globally, the probe ID, the p-value of global
differential expression, t, a moderated t-statistic, B, the log-odds of differential
expression between the two groups compared (blood of mock-infected ferrets vs. blood
of SARS-CoV-1-infected ferrets), gene and gene name are listed in this chart.
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Rank ID p-value t B Gene Gene name

8405 | 38840 0.0991907 | 1.9280332 -4.1 BATF2 basic leucine zipper
transcription factor, ATF-like 2

29221( 24095 0.398083 0.9054783 | -4.991 FOXJ1 forkhead box J1

Table 6: Infection of a human cell line with HCoV-229E does not result in

differential expression of FOXJ1 and BATF2.

The rank of differential expression globally, the probe ID, the p-value of global
differential expression, t, a moderated t-statistic, B, the log-odds of differential
expression between the two groups compared (infected and uninfected cells), gene and
gene name are listed in this chart.
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Figure 1: Infection of a human cell line with an isolate of MERS-CoV results in
rapid transcriptional induction of BATF2.

BATF2 mRNA expression levels in CALUS cells from 0-24 hours post-infection with
MERS-CoV London (Eng1) are graphically represented here with the result of a
statistical test evaluating the significance of difference in BATF2 expression as
compared to baseline (0 hours), a p-value, listed above each time point.

PAGE 21 OF 23




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

FOXJ1

CALU3 2B4 cells
MERS-CoV London

0.3910 0.9922 0.1071 0.0022 <0.0001

- %

mRNA expression
AU (arbitrary units)

&86&2‘39&’

1 1 1 - 1 1 1
Ohr 3hr Thr 12hr 18hr 24hr

Figure 2: Infection of a human cell line with an isolate of MERS-CoV results in
rapid transcriptional induction of FOXJ1.

FOXJ1 mRNA expression levels in CALU3 cells from 0-24 hours post-infection with
MERS-CoV London (Eng1) are graphically represented here with the result of a
statistical test evaluating the significance of difference in FOXJ1 expression as
compared to baseline (0 hours), a p-value, listed above each time point.
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Figure 3: Infection of BALB/c mice with SARS-CoV-1 results in transcriptional
induction of BATF2 in the lungs.

BATF2 mRNA levels are graphically represented here in the lungs of mock-infected
mice (left) and in the lungs of SARS-CoV-1-infected mice at 2 days post-infection (right).
The result of a statistical test evaluating significance of difference in BATF2 expression
in the mouse lung at 2 days post-infection as compared to the mock-infected mouse
lung, a p-value, is listed above.
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