Check for
updates

Microglial IRF5-IRF4 regulatory axis regulates
neuroinflammation after cerebral ischemia
and impacts stroke outcomes

Abdullah Al Mamun?, Anjali Chauhan?, Shaohua Qi® Conelius Ngwa?® Yan Xu?, Romana Sharmeen®, Amy L. Hazen®,

b

Jun Li?, Jaroslaw A. Aronowski?, Louise D. McCullough?, and Fudong Liu®"

“Department of Neurology, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX 77030; and P|nstitute of
Molecular Medicine, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX 77030

Edited by Lawrence Steinman, Stanford University School of Medicine, Stanford, CA, and approved December 6, 2019 (received for review August 26, 2019)

Microglial activation plays a central role in poststroke inflammation
and causes secondary neuronal damage; however, it also contrib-
utes in debris clearance and chronic recovery. Microglial pro- and
antiinflammatory responses (or so-called M1-M2 phenotypes) coex-
ist and antagonize each other throughout the disease progress. As a
result of this balance, poststroke immune responses alter stroke
outcomes. Our previous study found microglial expression of inter-
feron regulatory factor 5 (IRF5) and IRF4 was related to pro- and
antiinflammatory responses, respectively. In the present study, we
genetically modified the IRF5 and IRF4 signaling to explore their
roles in stroke. Both in vitro and in vivo assays were utilized; IRF5
or IRF4 small interfering RNA (siRNA), lentivirus, and conditional
knockout (CKO) techniques were employed to modulate IRF5 or
IRF4 expression in microglia. We used a transient middle cerebral
artery occlusion model to induce stroke and examined both acute
and chronic stroke outcomes. Poststroke inflammation was evalu-
ated with flow cytometry, RT-PCR, MultiPlex, and immunofluores-
cence staining. An oscillating pattern of the IRF5-IRF4 regulatory axis
function was revealed. Down-regulation of IRF5 signaling by siRNA
or CKO resulted in increased IRF4 expression, enhanced M2 activa-
tion, quenched proinflammatory responses, and improved stroke
outcomes, whereas down-regulation of IRF4 led to increased IRF5
expression, enhanced M1 activation, exacerbated proinflammatory
responses, and worse functional recovery. Up-regulation of IRF4 or
IRF5 by lentivirus induced similar results. We conclude that the IRF5-
IRF4 regulatory axis is a key determinant in microglial activation. The
IRF5-IRF4 regulatory axis is a potential therapeutic target for neuro-
inflammation and ischemic stroke.
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Innate immune responses play a critical role in the progress of
cerebral ischemic injury and contribute to secondary neuronal
damage (1). Although the poststroke inflammation exacerbates
the injury, the ischemic brain also needs the inflammatory re-
sponse to help clear debris and promote tissue repair. Therefore,
the immune response has dual effects in stroke depending on the
timing and site of activation. Overall suppression of the immune
response has resulted in adverse side effects both clinically and
experimentally (2-4). Microglia, the resident immune cells in the
brain, play a central role in initiating and perpetuating the im-
mune response (5). These cells are well known to have 2 acti-
vation states after pathogenic stimulation that lead to either a
pro- or an antiinflammatory phenotype, often classified as “M1
and M2,” respectively, depending on the inflammatory environ-
ment (6). Although it is increasingly recognized that this binary
classification is an oversimplified characterization of microglial
activation as the 2 states seem to overlap during disease progress,
either of the 2 predominates at different stages of the disease. In
fact, it has been demonstrated that the depletion of microglia
exacerbates postischemic inflammation and brain injury in young
mice (7, 8), suggesting that microglia are needed to reduce ischemic
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injury and are not exclusively neurotoxic. Nevertheless, what drives
microglia to polarize to different activation states after stroke remains
unknown. It has high translational value to manipulate microglial
activation by suppressing their M1 and/or boosting their M2 phe-
notype to limit inflammatory damage and promote tissue repair.

Interferon regulatory factors (IRF) mediate macrophage activa-
tion in peripheral immune cells and other inflammatory diseases
(9). Our previous studies have shown that IRF5 and IRF4 expres-
sion in microglia exhibited a “see-saw” pattern and corresponded
with pro- and antiinflammatory profiles, respectively, after stroke
(10). The results strongly suggest that the IRF5-IRF4 signaling
forms a regulatory axis to balance microglial pro- and antiin-
flammatory activation. We hypothesize that IRF5 signaling medi-
ates microglial proinflammatory responses and that IRF4
signaling favors microglial antiinflammatory activation, and as a
result, the IRF5-IRF4 regulatory axis impacts stroke outcomes.
In the present study, we utilized genetic methods to manipulate
the IRF5-IRF4 regulatory axis in animal models to explore the
mechanisms underlying the dual effects of the immune response
to stroke.

Results

Microglial IRF5 and IRF4 Expression Corresponded to Different
Profiles of Cytokine Production in an Oxygen-Glucose Deprivation
Model. Since microglia are activated toward either pro- or antiin-
flammatory phenotypes after stroke, manipulation to suppress the
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M1 and/or promote M2 response should attenuate poststroke
inflammation and benefit outcomes. To test if microglia phe-
notypes can be manipulated, we started with in vitro assays.
Primary microglia cultures were exposed to oxygen-glucose dep-
rivation (OGD), an in vitro ischemia model, and then stimulated
with lipopolysaccaride (LPS) or IL-4 to induce different microglial
activation (11, 12). Normoxia served as a “sham” control to OGD.
As expected, OGD+LPS stimulation induced a lower ratio of
IRF4-IRF5 expression compared with normoxia, indicating a rel-
atively higher expression of IRF5 than IRF4 (Fig. 1 4 and B).
However, OGD+IL-4 stimulation elicited a similar ratio of IRF4-
IRF5 (>1) as in the normoxic condition, suggesting IRF4 pre-
dominant expression. RT-PCR was performed in cell homoge-
nates to measure messenger RNA (mRNA) levels of cytokines.
Proinflammatory mRNA levels [iNOS, tumor necrosis factor-
alpha (TNFa), CD68, MHCII| were significantly higher in
OGD+LPS- vs. OGD+IL-4-stimulated microglia, consistent with
a M1 profile (Fig. 1 C=F). In contrast, antiinflammatory (M2)
mRNA levels (CD206, IL-10, Arginasel, TGFf) were higher in
OGD+IL-4 vs. OGD+LPS microglia (Fig. 1 G-J). These data
indicate that, under different stimulations, IRF5-IRF4 signaling
varies and microglial phenotypes can be changed.

Knockdown of IRF5 and IRF4 in Primary Cultured Microglia Led to
Increased Expression of IRF4 and IRF5, Respectively. Next, we tested if
the IRF5-IRF4 regulatory axis can be modified to switch microglial
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Fig. 1.

phenotypes between M1 and M2. We applied IRF4 or IRF5 small
interfering RNA (siRNA) to the primary microglial culture to
down-regulate IRF4 or IRFS protein expression and then exposed
the culture to OGD. IRF4 and IRF5 siRNAs induced significant
lower expression of of their target proteins respectively in cultured
microglia under normoxic conditions compared to the scrambled
siRNA; however, interestingly, IRF5 siRNA caused higher ex-
pression of IRF4, and IRF4 siRNA led to higher IRF5 under OGD
conditions (Fig. 2 A-F). Cytokine levels were also examined in
the cell-culture medium. For the proinflammatory cytokine
TNFa, OGD induced significantly higher levels than normoxia in
each siRNA-treated cell dish, and IRF4 siRNA-treated medium
had higher levels than IRFS5 or scramble siRNA medium (Fig. 2H).
For the antiinflammatory cytokine IL-4, OGD induced signifi-
cantly higher levels only in IRF5 siRNA-treated cells (Fig. 2G).
These in vitro experiments suggested that IRF5 and IRF4 signal-
ing inhibit each other and that the manipulation of the IRF5-IRF4
regulatory axis leads to a microglial phenotype switch.

Conditional Knockout of IRF5 and IRF4 Induced Microglial Pro- and
Antiinflammatory Responses, Respectively, after Stroke. Inspired by
the in vitro results, we set out to test our hypothesis with in
Vivo assays.

We created an IRF5 or IRF4 conditional knockout (CKO) ani-
mal model by crossing IRF5 or IRF4 floxed mice with lysozyme M
(LysM) Cre mice. LysM is a marker for monocytic cells (13, 14),
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Microglial IRF5-IRF4 expression and phenotypes after OGD. (A) ICC of primary microglia exposed to OGD+LPS or +IL-4 stimulation showing IRF5 and

IRF4 expression. 20x; (Scale bar, 100 pm.) (B) Ratio of IRF4 over IRF5 fluorescence intensity (Fl). Data were averaged from 21 to 24 microscopic fields from 3
independent experiments; each dot represents the Fl of one 20x microscopic field. *P < 0.05. (C-F) Proinflammatory mRNA levels by RT-PCR in cultured
microglia. (G-J) Anti-inflammatory mRNA levels in microglia. Data were averaged from 3 to 4 independent experiments; each dot represents the mRNA level

from one independent experiment. *P < 0.05.
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and lysozyme M-Cre (LysMCre) mice have been widely used to
target genes of interest in microglia (15-17). We have validated
our IRF CKO mouse model by performing RT-PCR in flow-
cytometry-sorted microglia for IRF mRNA levels, and microglia
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of the CKO mice had “near null” IRF5 or IRF4 mRNA levels
compared to control mice (IRF5-4 gene floxed mice) (S Appendix,
Fig. S1). Young male IRF5 or IRF4 CKO mice (8 to 12 wk) were
subject to a 60-min middle cerebral artery occlusion (MCAO)
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model. Three days after MCAO, flow cytometry was conducted to
examine microglial phenotypes by examining the cell membrane
and intracellular inflammatory markers. The gating strategy for
microglia and other immune cells is indicated in SI Appendix, Fig.
S2. CD68 and CD206 are well-validated cell-membrane pro- and
antiinflammatory markers, respectively (18, 19), whereas IL-1p-
TNFo and IL-4/IL-10 are considered intracellular pro- and anti-
inflammatory cytokines (20, 21). After MCAO, IRF5 CKO
microglia exhibited significantly higher expression levels of the
cell-membrane marker CD206 and lower levels of CD68 com-
pared to control microglia (Fig. 3 A-C); in contrast, IRF4 CKO
resulted in low CD206 and high CD68 levels in microglia (Fig. 3
D-F). For intracellular inflammatory mediators, IRF5 CKO
microglia had a significantly lower level of TNFa and a higher
level of IL-10 compared to the control after stroke, although the
changes in IL-1f and IL-4 levels were not significant (Fig. 4 A-F).
More dramatic changes were seen in IRF4 CKO microglia, as
levels of both antiinflammatory cytokines (IL-4/IL-10) were
significantly lower in CKO vs. control microglia after stroke, and
levels of both proinflammatory cytokines (IL-18/TNFa) were sig-
nificantly higher in CKO vs. control stroke mice (Fig. 4 G-L).
These data indicate that CKO of IRF5 or IRF4 changed microglial
phenotypes after stroke, which exhibited an oscillating pattern.

Surprisingly, we did not find any significant difference in CD68 or
CD206 expression on infiltrating monocytes between IRF5 or
IRF4 CKO vs. floxed mice (SI Appendix, Fig. S3), suggesting a more
important role of the IRF5-IRF4 regulatory axis in microglia vs.
infiltrating monocytes in stroke brains.

Peripheral Immune Responses Were Different in IRF5 vs. IRF4 CKO
Stroke Mice. We also examined peripheral immune-cell infiltra-
tion in the brain and plasma cytokine levels to evaluate the pe-
ripheral immune response 3 d after stroke. Flow cytometry data
showed that IRF4 CKO had significantly more leukocytes, in-
cluding total peripheral myeloid cells (pMyeloid), monocytes, and
neutrophils, infiltrating into the stroke brain compared to the
control group (Fig. 5 A-D). IRF5 CKO failed to induce any sig-
nificant difference in the infiltration of peripheral immune cells
compared to floxed mice after stroke (SI Appendix, Fig. S1).
MultiPlex was performed in the plasma of all mice to measure
cytokine levels. IRF4 CKO significantly increased plasma levels of
the proinflammatory cytokines TNFa, IL-12, and IL-6 (Fig. 5 J-M).
Although IRF5 CKO caused minimal changes in peripheral
immune cell infiltration, the mutation decreased plasma TNFa
and granulocyte-colony—stimulating factor (G-CSF) levels and in-
duced a decreasing trend in IL-1p (Fig. 5 F-I), all of which are

A IRF5 fl/fl IRF5 CKO B
W o a2 | qa a2 80004 =3 IRF5ifl
o =8 e “ = IRF5CKO *
E=°°: & E 6000+ —
E:n’ﬂ w’j 0 40001 r3
0 o ' é« § 2
0y : : © 20004 o
t'J-‘o- a3 G jod Gl 0 m
606 n2 ®BE 249 T T
e e Sham Stroke
0 Jen az L -] = C
Fy 848 187 %0
e > 250004 == IRF51Uf
IRF5 CKO
2]  20000{ < e
= 2 =
Boh 2 2 15000 .
g — v ©
e E g 100001
LR O) SR 50001
@ P i G P e R o M e P e P R S Sl
© cp206 Sham Stroke
D o i L W E 100004 = IRF4 I *
‘}om = | P _ 8000 = IRFACKO A—
10’ } L | E
] = 6000 "
w'q \c’-: (=]
E i a 4000
' ot = [T
@ A 2000 | * | ﬂ
m)-'!oa o EHQ‘ 0 - -
e e e o R JGe Sham Stroke
g o | o oo
] 200007 =3 IRF4 Il
S ] =1 IRF4 CKO *
= - ’ T 15000
D o J ; =
4 : . - & 10000 0
Joe x a3 g kL a3 n L] e
CD206 0 v .

Sham

Stroke

Fig. 3. Cell-membrane inflammatory marker levels in IRF5 or IRF4 CKO microglia by flow cytometry performed on stroke and sham brains. (A and D)
Representative flow plots of IRF5 (A) and IRF4 (D) CKO microglia gated by CD68 and CD206. Quantification data were presented as MFI. The MFI of CD206
and CD68 is shown in B and C for IRF5 CKO and in E and F for IRF4 CKO microglia. n = 4 to 5 per sham and 6 to 7 per stroke group; *P < 0.05.

Al Mamun et al.

PNAS | January 21,2020 | vol. 117 | no.3 | 1745

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914742117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914742117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914742117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914742117/-/DCSupplemental

A IRFS fl/ifl IRF5 CKO B
"1 | " 1o I IRFs M
b 150000, 3 IRFS KO
& _ ®
E. s S 100000, "
= 1 x
s - "1 Z soooo, —* :
1« P 0 -
i ORREPEY SIS e C Sham Stroke
1 IRFSNM
15000, [ IRF5CKO
]
= -—
o w
= =
W . a
=
@
-
= .
TNFor
D “1 ] O IRFSAM

150000

100000

50000

Sham
d\f
IL-4 MFI .

Stroke
-

el W e i Sham Stroke
1 g F
i O IRFS AM
1 g 'i 80001 [ IRF5 CKO
" | E
=
e
, o] -
™ " 1.
g B L 7 Lo~/ E—.... 0
= B e e L e A M AT M Sham Stroke
IL-10
Fig. 4.

G IRF4 fIfl IRF4 CKO H

o IRFdAM

=2 IRF4 CKO *

Sham
a
TNFa MFI

Sham Stroke

Ak l o wa .
i &= IRF4 CHO
1 ‘ 25000 1
o i T 200000
21 5 [
£ =
L7 3 -l
?-?' g = ey 1 Sham Stroke
TNFQ ————————————————
O IRFAAM
3 &3 IRF4 CKO
E
e
£
(7]

© REanm
= IRF4 CKO

Sham Stroke

e ———»
Stroke
& S -
IL-10 MFI
i

Intracellular cytokine levels in IRF5 or IRF4 CKO microglia by flow cytometry performed on stroke and sham brains. Quantification data are

presented as mean MFI. (A-L) Data of IRF4 and IRF5 CKO microglia, respectively. A, D, G, and J are representative intracellular staining plots for TNFo/IL-
18 and IL-4/IL-10. MFI of these cytokines were quantified in B—F for IRF5 CKO and in H, I, K, and L for IRF4 CKO microglia. n =4 to 5 per sham and 6 to 7 per

stroke group; *P < 0.05.

considered proinflammatory. Given that IRFS CKO had more
dramatic effects on microglial activation (Fig. 4) vs. peripheral
leukocyte infiltration (SI Appendix, Fig. S4), the plasma cyto-
kine level changes caused by IRF5 CKO may reflect an effect
of microglia on cytokine release. The neuroinflammation data
from Figs. 4 and 5 indicate that CKO of IRF5 or IRF4 not only can
switch microglial phenotypes, but also has effects on peripheral
immune responses, suggesting a control role of the IRF5-IRF4
regulatory axis in poststroke inflammation.

CKO of IRF5 and IRF4 Have Opposite Effects on Stroke Outcomes. To
evaluate the role of the IRF5-IRF4 regulatory axis in stroke
outcomes, we examined stroke outcomes in IRF5 or IRF4 CKO
mice after MCAO at both acute (3 d) and chronic (30 d) phases.
Both CKO and control mice were subjected to a 60-min MCAO,;
histological outcomes and sensorimotor/cognitive deficits were
quantified. After 3 d of stroke, IRF5 CKO mice had significantly
smaller infarct in each brain area (cortex, striatum, ipsilateral
hemisphere) than control mice (Fig. 64), and they had better
behavioral outcomes in the hanging wire (Fig. 6C) and corner
test (Fig. 6D). Although IRF4 CKO mice had larger infarct only
in the striatum (Fig. 61) at 3 d, behavioral deficits were signifi-
cantly worse in the neurological deficit score (NDS) (Fig. 6K),
corner test (Fig. 6L), and tape removal test (Fig. 6 M and N).
Brain atrophy was measured at 30 d of MCAO for histological
changes after stroke, as the infarct tissue has been cleared at the
chronic stage. Although the brain atrophy was not significantly
different in brains of IRF5 CKO vs. flox stroke mice (Fig. 6B),
the CKO mice did have better outcomes in the tape removal test
(Fig. 6 E and F). IRF4 CKO mice had significantly more brain-
tissue loss compared to their controls, and they also suffered more
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from sensorimotor deficits (corner test in Fig. 6L; tape removal
test in Fig. 6 M and N) and cognitive deficit (novel object recog-
nition test in Fig. 6P) than their control counterparts. In summary,
these data clearly show IRF5-IRF4 signaling in myelomonocytic
cells had a detrimental/beneficial effect, respectively, on stroke
outcomes.

Lenti-IRF5 Treatment Exacerbated Proinflammatory Response to
Stroke. To further test our hypothesis that the microglial IRF5-
IRF4 regulatory axis is critical to poststroke neuroinflammation,
and directly manipulate central (brain) signaling, we injected IRF5
or IRF4 lentivirus in vivo to overexpress IRFS or IRF4 protein
in microglia prior to stroke. The lenti-IRF5 or -IRF4 virus was
conjugated with CX3CR1 promoter and injected intracortically
and intrastriatally 4 wk before MCAO, leading to selective IRF
protein overexpression in microglia, as CX3CR1 is expressed ex-
clusively in microglia in brain tissue (22-24). The lentiviruses led to
overexpression of target proteins that was 5 times higher than that
of the lenti-GFP control evaluated by mRNA levels through RT-
PCR assays on flow-sorted microglia (SI Appendix, Fig. S5). To
confirm if overexpression of IRF5/IRF4 can change microglial
phenotypes, we again conducted flow cytometry on ischemic brain
samples to examine microglial activation at 3 d of MCAO. Lenti-
IRF5-treated microglia exhibited significantly less CD206 ex-
pression compared to lenti-IRF4 treatment (Fig. 7 A4 and C); the
mean fluorescence intensity (MFI) of the proinflammatory marker
CD68 was significantly higher in lenti-IRF5- vs. -IRF4-treated
microglia after stroke (Fig. 7.4 and B). For the expression of the
intracellular proinflammatory marker TNFa, lenti-IRF5 induced a
significantly higher level than lenti-IRF4 in stroke groups (Fig. 7 D
and E). Both viruses led to increased TNFa after stroke compared
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Fig. 5. Brain infiltration of peripheral immune cells and circulating cytokine levels in IRF5 or IRF4 CKO mice. (A, Left) Flow plots: representative gating plots
for total pMyeloid, microglia, and lymphocytes. (A, Right) Flow plots: gating strategy for monocytes and neutrophils. (B) Percentage of pMyeloid cells. (C—E)
Absolute cell counts of monocytes (C), neutrophils (D), and lymphocytes (E). (F-M) Plasma levels of cytokines in IRF5 and IRF4 CKO mice, respectively. n=5t0 6

per sham and 6 to 7 per stroke group; *P < 0.05.

to shams, reflecting an effect of virus itself. After MCAO, the
lenti-IRF5-treated group had significantly more leukocyte infil-
tration (pMyeloid cells, monocytes, and neutrophils) than the
lenti-IRF4-treated group (Fig. 7 F-H).

Overexpression of IRF5 and IRF4 in Microglia Was Sufficient to Impact
on Stroke Outcomes. Since lenti-IRF5 treatment amplified the
microglial proinflammmatory (M1) phenotype, we next evaluated
if the enhanced microglial M1 phenotype had any impact on stroke
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outcomes. Three days after MCAOQ, behavioral deficits and infarct
volumes were quantified. Compared to the lenti-GFP-injected
group, lenti-IRF5 induced a significantly larger infarct in the
ipsilateral hemisphere. Overexpression of IRF4, however, led
to significant neuroprotection in the cortex (Fig. 8 A and B).
Overexpression of Lenti-IRFS5 led to worse behavioral deficits
in the NDS (vs. lenti-GFP or -IRF4) and corner test (vs. lenti-IRF4)
(Fig. 8 C and D), with no significant effect on the hanging wire test
(Fig. 8E).
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Fig. 6. Stroke outcomes from IRF5 and IRF4 CKO mice after MCAO. (A and /) Representative images of TTC-stained brain slices and quantification of infarct
size in IRF5 (A) and IRF4 (/) CKO mice brains at 3 d of MCAO. (B and J) Representative images of CV-stained brain slices and quantification of tissue loss in IRF5
(B) and IRF4 (J) CKO mice brains at 30 d of MCAO. For IRF5 CKO mice, hanging wire test (C), corner test (D), and tape removal test (E and F) were performed at
3 d and 30 d after stroke; Y-maze (G) and NORT (H) were tested only at 30 d. For IRF4 CKO group, NDS (K), corner test (L), and tape removal test (M and N)
were performed at both acute and chronic stages of stroke; Y-maze (O) and NORT (P) were tested only at 30 d. n = 6 to 7 per group; *P < 0.05.

Discussion

Microglia are the resident immune cells in the brain and play a
fundamental role in mediating poststroke neuroinflammation
(6). To a large extent, the microglial response shapes poststroke
inflammation and significantly contributes to ischemic pathophys-
iology. It is well known that microglia are activated toward pro-
and antiinflammatory phenotypes after brain injury (5); however,
the molecular pathways through which microglia are differently
activated remains elusive. This report examines the role of the
IRF5-IRF4 regulatory axis in the microglial response and also the
transgenic methodologies to mechanistically investigate the pro-
and antiinflammatory pathways underlying microglial activation. A
previous study by Lively and Schlichter (25) reported that micro-
glial responses to proinflammatory stimuli (LPS, IFNy+TNFa) can
be reprogrammed by resolving cytokines (IL-4, IL-10) to exhibit
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the M2 phenotype. However, this study used only pathogen stim-
ulation to examine microglial phenotypes, and how these stimuli or
cytokines program microglial activation has never been reported.

The most important findings of the present study are that the
IRFS5 signaling directs the microglial proinflammatory response
and that IRF4 signaling affects microglial antiinflammatory acti-
vation. IRFs have been found to play pivotal roles in peripheral
macrophage activation after inflammatory insults (9). Our pre-
vious study demonstrated a high expression of IRF5 acutely, fol-
lowed by a chronic increase in IRF4, which was accompanied by
robust expression of pro- and antiinflammatory cytokines, respec-
tively (10). The see-saw pattern of IRF5-4 expression and M1-M2
microglial phenotypes led us to test if the IRF5-IRF4 regula-
tory axis is a major player in microglial activation. Microglia
represent the first line of defense against ischemic stroke, and we
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(H) in lentivirus-treated mice brains after stroke. n = 5 for Lenti-GFP control

wanted to selectively target this important component of the in-
flammatory response without altering the entire immune system.
Unlike other acute pathological changes (oxidative stress, calcium
overloading, etc.), the immune response to ischemic injury peaks
later and lasts for months poststroke (26, 27), providing us with
a longer time window to intervene to potentially improve stroke
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and 6 for the lenti-IRF4 or -IRF5 group; *P < 0.05.

outcomes. The progress of the inflammatory response is very dy-
namic and the pro- and antiinflammatory responses are intricately
tied to each other throughout disease progression, as shown in
previous studies (5, 10, 28). Total depletion of proliferative
microglia has been reported to worsen ischemic brain damage
(3, 4), which is not surprising based on our results, as this method
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eliminates all microglial functions including their M2-related re-
parative capability.

Both in vitro and in vivo data in the present study showed that
microglial M1-M2 phenotypes appear to be quite malleable and
can be changed and switched if IRF5-IRF4 expression levels are
manipulated. If microglial IRF5 expression is suppressed, IRF4
expression levels increase, and vice versa in the case of IRF4
down-regulation. The oscillating pattern of IRF5-IRF4 expression
suggests that there is an unknown endogenous inhibitory pathway
that acts on IRF5 or IRF4 once its counterpart is more active. In
addition, microglial production of brain pro- or antiinflammatory
cytokines is also changed accordingly to reflect the predominate
IRF signaling, IRF5 or IRF4 (Figs. 3, 4, and 7). This also affects
the infiltration of peripheral immune cells and the circulating
levels of cytokines (Figs. 5 and 7). This can be explained by the
competition of IRF5 with IRF4 for binding to the adaptor pro-
tein MyD88, a key component of the phosphorylation complex
that also includes TNF receptor-associated factor 6, interlukin-1
receptor-associated kinase 1 (IRAK 1) and IRAK 4 (29, 30). If
IRF4 signaling predominates, IRF4 binds to MyD88, leading to a
subsequent decrease in IRFS phosphorylation, less activated IRFS5,
and lower expression of proinflammatory mediators. Our data
clearly point to the importance of the microglia response in the
poststroke inflammation and also suggest that the microglial IRF5-
IRF4 regulatory axis can be potentially used as a clinical target to
treat ischemic stroke and other neuroinflammatory diseases. Cell-
specific therapy has been very promising due to the rapid devel-
opment of lentiviral vectors and siRNA techniques (31, 32) and
represents a therapeutic avenue due to their ability to more precisely
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target cell-specific signaling pathways, avoiding more global changes
in immune regulation. Based on our results, pharmacological re-
agents could be developed to decrease IRF5 and/or increase IRF4
expression in microglia after stroke, so that the proinflammatory
response can be inhibited and the antiinflammatory response in-
duced earlier to clear the ischemic debris and boost the tissue repair.

The characterization of microglial M1-M2 phenotypes is rec-
ognized as an oversimplified conceptual framework that refers to 2
distinctive and extreme activation states (27). M1 or M2 activation
can coexist in a single microglia, and there is a continuum of mixed
expression of M1 and M2 rather than an “all or none” phenom-
enon. This has been demonstrated by previous studies (5, 33) and
was confirmed in the present study showing microglia coexpress
pro- and antiinflammatory cytokines (Figs.1-5 and 7). Nevertheless,
the coexpression was not equal, and 1 of the 2 activation states
predominated when IRF5 or IRF4 was manipulated. Therefore,
the broad M1 and M2 classification is still useful, as it exemplifies
the dynamic microglial response to brain injuries and helps to un-
derstand the functional status of microglia (27). Emerging literature
has reported changes in microglial M1-M2 phenotypes in various
neuroinflammatory diseases, including Alzheimer’s disease (34),
multiple sclerosis (35), traumatic brain injury (36), and stroke (37),
all of which indicate the importance of changes in microglial M1-
M2 polarization and expand the potential importance of this study.

All experiments of the project were designed to specifically
target microglial IRF5-IRF4 signaling, except the CKO stroke
outcome data (Fig. 6) generated by using the animal model that
was derived from a cross between IRF floxed and LysMCre mice.
LysMCre will lead to deletion of floxed genes not only on microglia
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but also on monocytes, which is a caveat of the present study.
However, we specifically analyzed microglial/monocytic M1-M2
markers with flow cytometry in IRF5 or IRF4 CKO mice and
found only an alteration in M1/M2 states in microglia but not in
monocytes (ST Appendix, Fig. S3), suggesting that the IRF5-IRF4
regulatory axis may not play a key role in the polarization of
infiltrating monocytes in stroke brains. To date, microglia specifically
targeted Cre mice are not available. To further distinguish the roles
of IRF5/IRF4 signaling in microglia vs. monocytes, ongoing experi-
ments in the A.A.M. laboratory are using bone marrow chimera (38)
and inducible CKO based on CX3CR1-CreER mice (39) to sepa-
rately examine monocyte vs. microglial responses. Nevertheless, the
present study conducted multiple assays using different technology
(in vitro siRNA, in vivo CKO, and lentiviruses), each of which
has yielded similar results and strongly support our hypothesis.

In summary, our study has revealed a determinant mechanism
underlying microglial activation, i.e., the IRF5-IRF4 regulatory
axis. By manipulation of IRF5/IRF4 expression in microglia, we
demonstrated an oscillating pattern of the IRF5-IRF4 regula-
tory axis that controlled microglial M1/M2 phenotypes and the pro-
and antiinflammatory responses to stroke. Altering the balance of
the IRF5-IRF4 regulatory axis had a significant impact on stroke
outcomes at both acute and chronic stages, indicating a pivotal role
of IRF5-IRF4 signaling in mediating ischemic injury. Importantly,
since microglial activation is ubiquitous in various neurodegener-
ative and neuroinflammatory diseases, the mechanistic action of
the IRF5-IRF4 regulatory axis could also exist in other brain dis-
orders. As the nondiscriminatory intervention of microglial acti-
vation has proven detrimental, our finding of the microglial IRF5-
IRF4 regulatory axis provides a precise and effective therapeutic
target for poststroke inflammation and ischemic injury and po-
tentially for many other central nervous system diseases.

Methods

Experimental Animals. All animal protocols were approved by the University
of Texas Institutional Animal Care and Use Committee and were performed
in accordance with NIH and University of Texas Health Science Center at Houston
(UTHealth) animal guidelines. C57BL/6 young male mice (8 to 12 wk; Jackson
Laboratory) were used for lentivirus injection. IRF4 or IRF5 fl/fl mice were
crossed with LysMCre mice (Jackson Laboratory) to obtain microglial CKO.
All adult mice were group-housed under pathogen-free conditions with a
12- to 12-h day-night cycle and had access to food and water ad libitum.

Primary Mixed Glial Cultures. Primary cortical mixed glial cultures were pre-
pared from C57BL/6 mouse brains within 0 to 2 d of birth as in ref. 40. Briefly,
the cortices were dissociated via serial incubations with neuronal dissociation
kit according to the manufacturer’s instruction (MACS Miltenyi Biotech). The
mixed cells were cultured in Dulbecco’s Modified Eagle Media supplemented
with 10% fatal bovine serum and 1% penicillin/streptomycin for 10 d at 37 °C
and 5% CO,. The culture was boosted by replacing L929-conditioned media
at days 3 and 5. After 10 d, flasks were shaken for 3 h at 300 x g to remove
loosely attached microglia. The collected microglia were further cultured in
8-well chamber slides for immunocytochemistry (ICC) and in 6-well plate coated
with poly-p-lysine (0.001%, Sigma) for gene expression analysis. The purity of
these microglial cultures was 99% as determined by Iba1 immunoreactivity.

0GD and siRNA/Short Hairpin RNA Lentivirus Transfection. To model ischemia/
reperfusion conditions in vitro, the microglia cultures were exposed to OGD
as described previously (41). The culture medium was replaced with serum-free,
glucose-free Locke’s buffer (154 mM Nacl, 5.6 mM KCl, 2.3 mM CaCl2, 1 mM
MgCl2, 3.6 mM NaHCO3, 5 mM Hepes and 5 mg/mL gentamicin, pH 7.2), and
the cultures were incubated in an experimental hypoxia chamber in a saturated
atmosphere of 95% N2 and 5% CO, for 8 h. The control cells were cultured in
the presence of normal levels of glucose and were incubated in a humidified
atmosphere of 95% air and 5% CO,. After 8 h of OGD, cultured microglia were
treated with LPS (100 pg/mL) or IL-4 (20 ng/mL) for M1 or M2 stimulation, re-
spectively. For efficient IRF4 and IRF5 knockdown in primary microglia by
siRNA, we have used iLenti RNAi Expression System (abm Biotech) as described
in refs. 42 and 43. The siRNA-treated cells were subject to 4-h OGD.
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ICC. Cultured cells were fixed with 4% paraformaldehyde for 30 min at room
temperature, washed with 0.1 M Tris-buffered solution (TBS; pH 7.5), blocked
with 3% donkey serum (Sigma) in TBS containing 0.3% Triton X-100 at room
temperature for 60 min, and incubated overnight with the mouse and goat
primary antibody against IRF4 (sc-6059, Santa Cruz Biotechnology, Dallas, TX)
and IRF5 (sc-56714, Santa Cruz Biotechnology) at 4 °C. The cells were then
washed with TBS and incubated with either Alexa Fluor 594- or 647-conjugated
secondary antibody (1:1,000; Invitrogen, Carlsbad, CA) for 60 min. Finally,
stained cells were mounted with Fluoroshield with DAPI (#F6057, Sigma) and
visualized using a Leica DMi8 confocal microscopy (Buffalo Grove, IL). Images
were processed using ImageJ software (NIH). The fluorescence intensity of IRF4
and IRF5 immunoreactivity was measured in 21 to 24 random microscopic fields
from 3 independent experiments by a blinded investigator.

Ischemic Stroke Model. Cerebral ischemia was induced by 60-min reversible
MCAO under isoflurane anesthesia as previously described (44). Rectal tem-
perature was maintained at 36.5 + 0.5 °C during surgery with an automated
temperature-control feedback system. A midline ventral neck incision was
made, and unilateral MCAO was performed by inserting a 6.0-mm mono-
filament (Doccol, Redlands, CA) into the right internal carotid artery 6 mm
from the internal carotid/pterygopalatine artery bifurcation via an external
carotid artery stump. Reperfusion was performed by withdrawing the suture
60 min after the occlusion. All of the mice were killed at 3 d of reperfusion,
except the chronic groups of IRF5 and IRF4 CKO mice that were examined 30
d after stroke. Sham-operated animals underwent the same surgical pro-
cedure, but the suture was not advanced into the internal carotid artery. The
size of the MCAO-induced infarct was measured by triphenyltetrazolium
chloride (TTC) or cresyl violet (CV) staining as described in refs. 44 and 45.
Behavior deficits after stroke were evaluated by neurological deficit scores (10,
46), corner test (47, 48), hanging wire test (49), adhesive removal test (50, 51),
Y-maze spontaneous alternation test (52, 53), and novel object recognition test
(NORT) (54-56). Details of these behavior tests are contained in S/ Appendix.

Flow Cytometry. Tissue processing for flow cytometry was performed as
previously described (10, 57). Briefly, phosphate-buffered saline perfused
mice brains were placed in complete Roswell Park Memorial Institute 1640
(Lonza) medium and mechanically and enzymatically digested in 150 pL
collagenase/dispase (1 mg/mL) and 300 uL DNase (10 mg/mL; both Roche
Diagnostics) for 45 min at 37 °C with mild agitation. Harvested cells were
washed and blocked with mouse Fc Block (eBioscience) prior to staining with
primary antibody-conjugated fluorophores (eBioscience): CD45-eF450, CD11b-
AF488, Ly6C-APC-eF780, Ly6G-PE, MHCII-APC, and CD206-PE-cy5.5. For live/
dead cell discrimination, a fixable viability dye, carboxylic acid succinimidyl
ester (AF350, Invitrogen), was used. Data were acquired on a CytoFLEX
(Beckman Coulter) and analyzed using FlowJo (Treestar). For intracellular
cytokine staining, an ex vivo brefeldin A protocol was followed (10, 58), and
an intracellular antibody mixture (0.25 pg for each antibody, 1:100 dilution)
containing TNFa-PE-Cy7 (eBioscience) and IL-1-PE (eBioscience), IL-10-APC, and
IL-4-PerCP-Cy5.5 (BioLegend) was used for staining. In flow-sorted microglia,
RT-PCR was performed by using the RNAqueous-Micro Total RNA Isolation Kit
(Thermo Fisher Scientific). The primer sequences are as follows: Forward IRF4A—
5'-CAAAGCACAGAGTCACCTGG-3'; Reverse IRF4: 5'-CTGCCCTGTCAGAGTATTTC-
3’; Forward IRF5—5'-CCTCAGCCGTACAAGATCTACGA-3’; Reverse IRF5—5-GTAGC-
ATTCTCTGGAGCTCTTCCT-3’; Forward—GAPDH: 5-GTGTTCCTACCCCCAATGTGT-3';
Reverse GAPDH—5" ATTGTCATACCAGGAAATGAGCTT-3".

Lentivirus Administration In Vive. Custom lentiviral vectors encoding IRF4
or IRF5 tagged with enhanced green fluorescent protein under the control
of the CX3CR1 promoter specifically for microglia were bought from
Genecopoei (Rockville, MD). The lenti-IRF5 or -IRF4 was injected into mice
brains with a stereotaxic apparatus following previously established methods
(59, 60). Briefly, a 4-point injection was carried out at the following coordi-
nates: 0.5 mm anterior to the bregma, 2.0 or 3.0 mm lateral (right) to the
sagittal suture, and 1.0 or 2.8 mm from the surface of the skull. A total of 1.0 uL
of concentrated lentivirus (10° transducing units/mL) was injected into each
site at a rate of 0.2 pl/min with a 30-gauge needle on a 10-uL Hamilton
syringe (catalog #80010) for 5 min. After the lentivirus was injected, the
needle remained in position for 5 min before it was withdrawn. This injection
protocol causes minimal damage to the brain tissue according to our previous
experience. Lenti-GFP served as the control. After 4 wk of lentivirus microin-
jection, mice were subjected to either sham or stroke surgery.

MultiPlex and Enzyme-Linked Immunosorbent Assay. Cytokine levels in plasma

and the supernatant of cell cultures were measured by commercially available
specific MultiPlex quantitative Bio-Plex Pro Mouse Cytokine 23-plex assay
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according to the manufacturer’s instruction (# M60009RDPD, Bio-Rad Labora-
tories, Hercules, CA) except for TNF-a and IL-4 that were measured
by commercially available specific quantitative sandwich Enzyme-Linked
Immunosorbent Assay (ELISA) kits (# 430904, 431104, BioLegend, San
Diego).

Statistical Analysis. Data from individual experiments were presented as
mean + SD and assessed by Student’s t test or 1-way ANOVA or 2-way ANOVA
with Tukey post hoc test for multiple comparisons (GraphPad Prism Software,
San Diego) except NDS, which was analyzed with the Mann-Whitney U test.
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