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Abstract

Interferon regulatory factor 4 (IRF4), a transcription factor recognized as a key regulator of 

lymphoid and myeloid cell differentiation, has recently been recognized as a critical mediator of 

macrophage activation. Previously we have reported that IRF4 signaling is closely correlated with 

anti-inflammatory polarization of microglia in adult mice after stroke. However, IRF4’s role in the 

inflammatory response in the immature brain is unknown. Using a model of neonatal hypoxic 

ischemic encephalopathy (HIE) we investigated the regulatory action of IRF4 signaling in the 

activation of microglia and monocytes after HIE. IRF4 myeloid cell conditional knockout (CKO) 

postnatal day 10 (P10) male pups were subjected to a 60-minute hypoxic-ischemic insult by the 

Rice-Vanucci model (RVM). IRF4 gene floxed mice (IRF4fl/fl) were used as controls. Brain 

atrophy and behavioral deficits were measured 7 days after HIE. Flow cytometry (FC) was 

performed to examine central (microglial activation) and peripheral immune cell responses by both 

cell membrane and intracellular marker staining. Serum levels of cytokines were determined by 

ELISA. The results showed that IRF4 CKO pups had increased tissue loss and worse behavioral 

deficits than IRF4fl/fl mice seven days after HIE. FC demonstrated significantly more infiltration 

of monocytes and neutrophils in the ischemic brains of IRF4 CKO vs IRF4fl/fl pups. IRF4 CKO 

ischemic microglia were more pro-inflammatory as evidenced by higher expression of the pro-

inflammatory marker CD68, and increased intracellular TNFα and IL-1β levels compared to 

controls. In addition, IRF4 deletion from myeloid cells resulted in increased levels of circulating 

pro-inflammatory cytokines and higher endothelial MMP9 expression after HIE. These data 

indicate that IRF4 signaling in myeloid cells plays a regulatory role in neuroinflammation and that 

deletion of myeloid IRF4 is detrimental to HIE injury, suggesting that IRF4 could serve as a 

potential therapeutic target for neonatal ischemic brain injury.
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1. Introduction

Neonatal hypoxic ischemic encephalopathy (HIE) is a devastating disease that results in 

long-term motor and cognitive impairment in children (Lehman and Rivkin, 2014). Hypoxic 

ischemia is a powerful stimulus that triggers a series of events including blood brain barrier 

(BBB) damage, rapid activation of resident immune cells primarily the microglia 

(Ferrazzano et al., 2013; McRae et al., 1995), and infiltration of circulating leukocytes into 

the ischemic lesion, leading to secondary neuronal damage (Al Mamun et al., 2018b; Liu 

and McCullough, 2013; Mirza et al., 2015). Microglial activation and aggregation are 

pathological markers for HIE in human infants (Liu and McCullough, 2013). After ischemia, 

microglia and infiltrating monocytes become activated to either an M1 (pro-inflammatory) 

or M2 (anti-inflammatory) phenotype depending on the progression of injury and the stimuli 

they receive, and develop macrophage capabilities (Taylor and Sansing, 2013). M1 is a toxic 

cellular state associated with an increase in protein synthesis of pro-inflammatory mediators 

(IFNγ, IL1β, TNFα, IL6, CXCL10, etc.), ROS and NO production, and activation of 

proteolytic enzymes (MMP 9, MMP3) (Al Mamun et al., 2018a; del Zoppo et al., 2007; Hu 

et al., 2012). In contrast, M2 microglia/macrophages release anti-inflammatory mediators 

(IL10, TGFβ, IL4, IL13, IGF-1) (Zhou et al., 2013) and enhance expression of genes 

associated with inflammation resolution, scavenging, homeostasis, and basal neurogenesis 

(Cherry et al., 2014; Nikolakopoulou et al., 2013). Uncontrolled activation of microglia/

macrophages can injure healthy neurons as well as decrease the survival of injured neurons, 

and a growing body of literature suggests that the regulation of microglia/macrophage 
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activation is an important target for developing new therapeutic approaches for ischemic 

damage (Patel et al., 2013). Compared to adults, neonatal microglia activation happens more 

swiftly after ischemic insults and continues for weeks (Liu and McCullough, 2013).

Interferon regulatory factor 4 (IRF4) is a hemopoietic-specific transcription factor critical for 

myeloid and lymphoid lineage development and function (Tamura et al., 2008). Recently, a 

novel role of IRF4 in neuroinflammation has been revealed (Al Mamun et al., 2018a). We 

and others have found an evident link between IRF4 and anti-inflammatory responses which 

provide neuroprotection in young adult and aged mouse stroke models (Al Mamun et al., 

2018b; Guo et al., 2014; Masuda et al., 2014; Zhao et al., 2017). IRF4 KO mice had deficits 

in the production of anti-inflammatory cytokines (i.e IL-4 and IL-10) and generated more 

pro-inflammatory cytokines like TNFα and IL-6 in a murine model of sepsis (Honma et al., 

2005), indicating a beneficial effect of IRF4 signaling. However, whether the IRF4 signaling 

regulates the activation of microglia/macrophages in the neonatal brain and how it affects 

HIE induced damage are not known. In this study, we used myeloid cell IRF4 conditional 

knockout mice (generated by a cross between IRF4fl/fl and lysozyme Cre mice), and 

demonstrated that IRF4 is a potent regulator of the inflammatory response after in HIE.

2. Materials and methods

2.1. Animals

To generate myeloid cell specific IRF4 conditional knockout (CKO) mice, we crossed 

IRF4fl/fl with lysozyme M-Cre (LyzMCre) mice (Jackson Laboratory) in the C57BL/6 

background. All the breeding pairs were housed in pathogen-free rooms and had access to 

food and water ad libitum. We used male P10 pups for HIE surgery. A total of 42 IRF4fl/fl 

and 48 IRF4 CKO pups were used in this study, including 9 pups that were excluded from 

further assessments because of no brain injury. All procedures were performed in 

accordance with NIH guidelines for the care and use of laboratory animals and were 

approved by the Institutional Animal care and use committee of the University of Texas 

Health Science Center.

2.2. Neonatal HIE model

The Rice-Vannucci Model (RVM) of neonatal hypoxia–ischemia was modified to induce 

HIE in P10 mice (Al Mamun et al., 2018b; Mirza et al., 2015). Briefly, P10 pups were 

anesthetized with isoflurane (4% for induction and 1.5–2% for maintenance). A midline 

cervical incision was made and the right common carotid artery (CCA) was cauterized to 

occlude blood flow. After surgery, the pups were returned to their dams for two hours. To 

induce hypoxia, the CCA-occluded mice were put in a chamber containing 10% oxygen and 

90% nitrogen for 45 minutes. After that, the animals were placed on a temperature-

controlled blanket for 20 min and then returned to their dams. Mice were sacrificed at 7d of 

surgery for histological, cellular, and molecular analysis. Sham mice underwent the same 

procedure except cauterization of the right CCA and induction of hypoxia in the chamber.
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2.3. Behavior testing

2.3.1. Seizure activity—Seizure activity was scored according to a seizure rating scale 

as previously reported (Al Mamun et al., 2018b; Mirza et al., 2015). Every 5 min in 1 h at 

the same time of 1 day after HIE, the score corresponding to the highest level of seizure 

activity observed during that time period was recorded and summed to produce a total 

seizure score. Seizure behavior was scored as follows: 0 = normal behavior; 1 = immobility; 

2 = rigid posture; 3 = repetitive scratching, circling, or head bobbing; 4 = forelimb clonus, 

rearing, and falling; 5 = mice that exhibited level four behaviors repeatedly; and 6 = severe 

tonic-clonic behavior.

2.3.2. Y-maze test—Spontaneous alternation using a Y-maze is a test for habituation 

and spatial working memory (Swonger and Rech, 1972). The symmetrical Y-maze consists 

of three white opaque plastic arms at a 120° angle from each other. After placing pups in the 

center, the animal is allowed to freely explore the three arms. Over the course of multiple 

arm entries, the subject should show a tendency to enter a less recently visited arm. The test 

consists of a single 5 min trial; spontaneous Alternation (%) is defined as consecutive entries 

in 3 different arms (arm A,B,C), divided by the number of total alternations (total arm 

entries minus 2) (Hsiao et al., 1995). Mice with less than 8 arm entries during the 5-min trial 

were excluded from the analysis. An entry occurs when all four limbs are within the arm. All 

the arms were cleaned after each trial.

2.4. Assessment of brain tissue atrophy by cresyl violet (CV) staining

At day 7 (P17) after HIE, the animals were anesthetized with tribromoethanol (Avertin® ip 

injection at a dose of 0.25mg/g body weight). Animals were perfused transcardially with ice 

cold 0.1M sodium phosphate buffer (pH 7.4) followed by 4% paraformaldehyde (PFA); the 

brain was removed from the skull and post-fixed for 18 h in 4% PFA and subsequently 

placed in cryoprotectant solution (30% sucrose). The brain was cut into 30-μm free-floating 

coronal sections on a freezing microtome and the sections were sequentially put into a 96 

well plate with anti-freezing media. Eight brain sections were chosen from the middle row 

of the plate (row D and well #1, 3, 4, 5, 6, 7, 9, and 11) and were mounted on glass slide and 

stained by CV for evaluation of ischemic damage (Hsiao et al., 1995). Brain atrophy at 30d 

of HIE was computed by (1 – (ischemic hemisphere-ventricle-cavity) / (contralateral 

hemisphere-ventricle)) × 100 as previously described (Liu et al., 2012) by an investigator 

blinded to genotype.

2.5. Flow cytometry

Leukocytes from the brain tissue were prepared as previously described (Al Mamun et al., 

2018b). Briefly, animals were anesthetized with Avertin® (2,2,2-Tribromoethanol, Sigma) 

and transcardially perfused with phosphate-buffered saline (PBS) for 5 min. The brain was 

then divided along the interhemispheric fissure into two hemispheres. Ipsilateral brains were 

placed in complete Roswell Park Memorial Institute (RPMI) 1640 (Lonza) medium, 

followed by mechanical and enzymatically digest with 150 μL collagenase/dispase (1 

mg/mL) and 300 μL DNAse (10 mg/mL; both Roche Diagnostics) for 45 minutes at 37 °C 

with mild agitation. The cell suspension was filtered through a 70μm filter. Leukocytes were 
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harvested from the interphase of a 70%/30% Percoll gradient. Cells were washed and 

blocked with mouse Fc Block (eBioscience) prior to staining with primary antibody 

conjugated fluorophores: CD45-eF450 (# 48-0451-82, eBioscience), CD11b-AF700 (# 

101222, Biolegend), Ly6C-APC-eF780 (#47-5932-82, eBioscience), Ly6G-PE (#127608, 

Biolegend), CD68-APC (#107614, Biolegend) and CD206-PE-cy5.5(#141720, Biolegend). 

For each surface marker, 0.25 μg (1:100) of antibody was used to stain 1× 106 cells. All the 

antibodies were commercially purchased from Biolegend/eBioscience. For live/dead 

discrimination, a LIVE/DEAD Fixable Aqua Dead Cell Stain Kit was used according to 

manufacture instruction (Thermo Fisher Scientific, MA, USA). Cells were briefly fixed in 

2% paraformaldehyde (PFA). Data were acquired on a CytoFLEX (Beckman Coulter) and 

analyzed using FlowJo (Treestar Inc.). No less than 100,000 events were recorded for each 

sample. Cell type-matched fluorescence minus one (FMO) controls were used to determine 

the positivity of each antibody. Gating strategy was shown in figure 4A.

2.6. Intracellular cytokines staining

For intracellular cytokine staining, an ex vivo brefeldin A protocol was followed. Prior to 

staining, brain leukocytes (1×106 cells) were incubated with BFA (10 μg/mL, Sigma) in 

1mL complete RPMI for 2h at 37 °C (5 % CO2). Afterward, cells were re-suspended in Fc 

Block, stained for surface antigens and washed in 100μL of fixation/permeabilization 

solution (BD Biosciences) for 20 minutes. Cells were then washed twice in 300μL 

permeabilization/wash buffer (BD Biosciences), re-suspended in an intracellular antibody 

cocktail (0.25μg for each antibody, 1:100 dilution) containing TNFα-PE-Cy7 (eBioscience) 

and IL-1β-PE (eBioscience), IL-10-APC and IL-4-PerCP-Cy5.5 (BioLegend), and 

subsequently fixed. Data were acquired on a CytoFLEX (Beckman Coulter) and analyzed 

with FlowJo (Treestar Inc.).

2.7. Immunohistochemistry

The mice were anesthetized by Avertin® and then transcardially perfused with 0.1M sodium 

phosphate buffer (pH 7.4) followed by 4% paraformaldehyde for post-fixation of the brains. 

Immunohistochemical staining of fixed-frozen sections (10 and 30μm-thickness) was 

performed as described previously (Liu et al., 2009). Briefly, the brains were cut and 

mounted onto gelatin-coated slides and allowed to air dry. The sections were then blocked in 

0.1M PBS with 0.25% Triton X-100 (sigma) and 10% donkey serum for 2 hours and 

incubated overnight at 4 °C with the following primary antibodies: rabbit goat-MMP-9 

(1:300, R&D Systems, MN, USA), rabbit anti-Iba1 (1:300, Wako, Japan), goat anti-IRF4 

(sc6059; 1 : 50, Santa Cruz) and anti-von Willebrand Factor (VWF, sc-365712, Santa Cruz 

biotechnology Inc, TX, USA). After being washed in TBS+0.025% Triton X-100, the 

sections were incubated with the indicated secondary antibodies for 1 h. The following 

secondary antibodies was used: donkey anti-rabbit IgG Alexa Fluor 488 conjugate (A21206; 

1: 500, Invitrogen, USA), donkey anti-mouse IgG Alexa Fluor 488 conjugate (A21206; 1: 

500, Invitrogen, USA) donkey anti-goat IgG Alexa Fluor 594 conjugate (A11011; 1: 500, 

Invitrogen). The nuclei were stained with DAPI (S36939, Invitrogen). Brain slices were 

taken at the same distance from bregma to ensure comparison of similar structures. Eight 

40× fields/animal were analyzed in the outer boundary zone of the atrophy. MMP9 
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fluorescence positive cells were counted by an unbiased, blinded investigator using ImageJ 

software (NIH).

2.8. Serum cytokine and MMP9 levels by ELISA

Tumor necrosis factor-alpha (TNF-α, Bio-legend), IL-1β (Biolegend), interleukin-10 

(IL-10, e-bioscience), IL-4 (Biolegend) and mouse MMP9 (LifeSpan Bioscience, Inc) levels 

were measured by commercially available specific quantitative sandwich ELISA kits 

according to manufacturer instructions.

2.9. Statistical Analysis

Investigators were blinded to mouse strains for stroke surgery, behavioral testing, infarct, 

and inflammation analysis. Mice with abnormal body weights and behavior (e.g. body 

shaking, limp, etc.) before surgery were excluded. Data were presented as mean ± SD and 

analyzed with a t-test (atrophy volumes, cytokines levels, inflammatory parameters and 

behavior tests). P < 0.05 was considered statistically significant. All analyses were done by 

using GraphPad Prism software (San Diego, CA). The ordinal data of Seizure score are 

analyzed with Mann-Whitney U test.

3. Results

3.1. HIE outcomes in IRF4fl/fl vs IRF4 CKO pups.

We first confirmed IRF4 deletion from macrophage/microglia cells by performing Iba1 and 

IRF4 immunofluorescence staining in brain slices from IRF4 CKO HIE pups. We found that 

almost none of the Iba1 positive cells expressed IRF4 in CKO pups; however, Iba 1 and 

IRF4 were colocalized in IRF4fl/fl mice (Supplementary Fig. 1). Next, we examined brain 

tissue loss at 7 days after HIE in both IRF4fl/fl and IRF4 CKO pups, as the hypoxic-ischemic 

infarct becomes less visible at this time point and the ischemic brains exhibit either 

cavitation or atrophy. Quantitative data showed IRF4 CKO pups had significantly (p = 

0.0273) more tissue loss than IRF4fl/fl pups (Fig. 1A & B). We also performed seizure 

scoring at acute time points and Y-maze test at 7d to examine the brain functional deficits. 

Corresponding with tissue loss, IRF4 CKO pups had higher seizure scores than IRF4fl/fl at 

either 5 min (p = 0.0006) or 24h (p = 0.0132) of HIE (Fig. 1D & E). In the Y-maze, 

spontaneous alteration, which measures working memory of rodents, was not different 

between IRF4fl/fl and IRF4 CKO groups (Fig. 1C).

3.2. CD68 was differentially expressed on microglia in IRF4fl/fl vs. IRF4 CKO ischemic 
brains

We next examined microglial activation after HIE with FC as microglial activation is a key 

element in initiating and perpetuating inflammatory responses to ischemia. CD68 is a well-

established marker of M1 macrophage activation (Barros et al., 2013; Weber et al., 2015). 

We gated microglia as CD45intermediateCD11b+, and then quantified the median fluorescence 

intensity (MFI) of CD68 in microglia. Our data revealed that 7 days after HIE, the MFI of 

CD68 significantly increased (p = 0.0038) in IRF4 CKO microglia compared to controls 

(Fig. 2A & B). In contrast, there was no difference in the MFI of CD206 (M2 microglia 

marker) between the two strains (Fig. 2C & D). These data suggested that IRF4 CKO pup 
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brains mounted a more robust pro-inflammatory response after HIE. Resident microglial 

(CD45intermediateCD11b+) cells counts were not different between two strain after HIE (data 

not shown).

3.3. Intracellular microglial cytokine profile in IRF4fl/fl vs. IRF4 CKO HIE pups.

To further confirm microglial phenotypes after HIE, we performed intracellular cytokine 

staining for both pro- and anti-inflammatory markers in microglia by flow cytometry in 

addition to the cell membrane markers (CD68 and CD206). There were more TNFα and 

IL-1β (pro-inflammatory cytokines) double positive microglia in IRF4 CKO HIE brains 

compared with controls (Fig. 3A, B). Of note, TNF-α (p = 0.0298) and IL-1β (p = 0.0268) 

MFI also significantly increased in IRF4 CKO vs. IRF4fl/fl microglia (Fig. 3C & D). 

However, intracellular levels of anti-inflammatory cytokines (IL-4 and IL-10) were 

equivalent between two groups (data not shown).

3.4. IRF4 CKO mice had more infiltration of peripheral leukocytes into the ischemic 
brains.

To evaluate the response of peripheral immune cells to HIE, we quantified infiltrating 

leukocytes in HIE brains with FC. Total peripheral myeloid cells were gated as 

CD45highCD11b+, and lymphocytes as CD45highCD11b− (Fig. 4A). Monocytes were further 

gated as CD45highCD11b+Ly6C+Ly6G−, and neutrophils as CD45highCD11b+Ly6G+. 

Quantitative data showed that there was no difference of peripheral myeloid cells infiltration 

between IRF4 CKO vs. fl/fl sham brains. There were significantly more peripheral myeloid 

cell and lymphocyte infiltration in HIE vs sham IRF4 fl/fl (p < 0.0001) and IRF4 CKO (p < 

0.0001) pups. Interestingly, the number of either total peripheral myeloid cells (p < 0.001) or 

the breakdown monocytes (p = 0.0226)/neutrophils (p = 0.0118) was significantly higher in 

CKO vs. fl/fl HIE brains but not in sham brains (Fig. 4B, D, E), indicating CKO of IRF4 

induced a more robust inflammatory responses in HIE brains. The total lymphocytes in 

peripheral blood also showed a trend towards increased levels in IRF4 CKO brains, but this 

did not reach statistical significance (Fig. 4C).

3.5. Serum cytokine levels after HIE in IRF4 CKO and IRF4fl/fl HIE pups

Serum cytokine levels are reflective of the level of immune responses to ischemic injury (Al 

Mamun et al., 2018a; Ormstad et al., 2011). To investigate how IRF4 deletion from myeloid 

cells affects serum cytokine levels, we measured pro-inflammatory (i.e IL-1 β, TNF-α) and 

anti-inflammatory (i.e IL-10, and IL-4) cytokine levels in the serum of sham and HIE mice 

with ELISA. We observed no difference in the serum level of pro-inflammatory (i.e IL-1β, 

TNF-α) and anti-inflammatory (i.e IL-10, and IL-4) cytokine between IRF4 fl/fl and IRF4 

CKO sham pups. However, there was significant effect of myeloid IRF4 deletion on the 

aforementioned cytokine levels in HIE mice. Consistent with the microglial intracellular 

cytokine data, the serum pro-inflammatory cytokine TNF~ (p < 0.0001) and IL-1β (p < 

0.0001) levels were significantly increased in IRF4 CKO vs. IRF4fl/fl HIE pups (Fig. 5A & 

B). However, there was no difference in anti-inflammatory (IL-10, and IL-4) cytokine levels 

between the two strains (Fig. 5C & D).
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3.6. MMP9 positive blood vessels increased in IRF4 CKO pups.

Increased levels of MMP9 have been detected in neurons, glia, endothelial cells and 

neutrophils after ischemic stroke, with each of these cell types having a unique MMP9 

secretion/expression profile (Turner and Sharp, 2016). We also examined MMP9 levels in 

both cerebral endothelium and in circulating blood. First, we performed vWF staining to 

examine if there is any strain differences in the cerebral microvasculature, and found 

equivalent intensity of vWF staining between IRF4fl/fl and IRF4 CKO mice (Fig. 6A & B). 

Next we examined potential BBB damage in the cerebrovasculature by detecting MMP9 

immunofluorescent signal in vWF+ blood vessels in the ipsilateral hemispheres after HIE. 

We found that IRF4 CKO mice had significantly higher intensity of MMP9 (p < 0.0001) in 

the vWF+ blood vessels at 7 days compared to their controls (Fig. 6C). Interestingly, 

circulating MMP9 levels were also significantly increased in the serum of IRF4 CKO vs. 

IRF4fl/fl mice (p = 0.0014) (Fig. 6D).

3. Discussion

The present study demonstrated several novel findings, which not only support our 

hypothesis that IRF4 signaling in myeloid cells is critical for mediating neonatal stroke 

injury, but also suggest a unique role of IRF4 in the neuroinflammation induced by neonatal 

HIE. Firstly, IRF4 signaling in myeloid cells significantly contributes to HIE injury as IRF4 

CKO pups had increased tissue loss and poorer functional outcomes after HIE. Secondly, 

IRF4 CKO only affects microglial pro-inflammatory (M1) responses to HIE, as there were 

surprisingly no effects on M2 microglial activation, evidenced by our microglial data using 

both cell membrane and intracellular markers (Fig 2 & 3). Thirdly, the deletion of IRF4 in 

myeloid cells promotes infiltration of peripheral leukocytes into the ischemic brains and 

specifically increases circulating levels of pro-inflammatory cytokines after HIE. Lastly, 

myeloid cell IRF4 has a crosstalk with MMP9 signaling in cerebral endothelium, and affects 

BBB integrity.

Cerebral ischemia induces inflammatory responses that are characterized by activation and 

release of cytokines, chemokines, endothelial-leukocyte adhesion molecules, and proteolytic 

enzymes, a series of events that lead to infiltration of leukocytes into the ischemic brain and 

exacerbate tissue damage (Vila et al., 2003). Previous studies have demonstrated that 

myeloid cells (mainly microglia and monocytes) are the major source of inflammatory 

cytokines in neuroinflammation (Garcia-Culebras et al., 2018; Hanisch, 2002; Mirza et al., 

2015; Welser-Alves and Milner, 2013), and these cells are tightly controlled by IRFs to 

exhibit either pro- or anti-inflammatory phenotype in the ischemic brain depending on the 

molecular signals they sense (Hu et al., 2015; Hu et al., 2012). It has been reported that IRF4 

is one of the major IRFs for regulation of macrophage activation in peripheral inflammation 

(Chistiakov et al., 2018; Satoh et al., 2010). Recently, we have found that IRF4 expression in 

microglia is upregulated and corresponds to anti-inflammatory responses after ischemic 

injury in adult animal models, suggesting a beneficial role of IRF4 signaling (Al Mamun et 

al., 2018a). The present study mechanistically examined IRF4 signaling in neonatal HIE, 

and also revealed a protective effect of IRF4 on HIE outcomes (Fig.1). Interestingly, our data 

showed that IRF4 signaling in neonatal cerebral ischemia exhibited age-related differences 
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compared to our previous studies in adult ischemia. We did not see a suppressive effect of 

IRF4 CKO on anti-inflammatory responses; instead, our data suggested that the repercussion 

of IRF4 deletion in HIE is mainly mediated through augmentation of the pro-inflammatory 

response.

Studies of peripheral inflammation suggested that the activation of monocytes is mediated 

either by IRF4 augmentation of M2 (anti-inflammatory) polarization, or by IRF5 towards 

M1 phenotype. However, IRF4 signaling in these studies functioned through both anti- and 

pro-inflammatory pathways (Gunthner and Anders, 2013; Satoh et al., 2010; Schneider et 

al., 2018). Cytoplasmic IRF4 can not only translocate to the nucleus to mediate expression 

of anti-inflammatory mediators, but can also compete with IRF5 to bind to the adaptor 

protein MyD88 to reduce IRF5 phosphorylation leading to suppression of M1 activation 

(Marecki et al., 1999; Negishi et al., 2005). Our data (Fig. 2) showed that IRF4 deletion in 

neonatal myeloid cells only affects the M1 arm of the immune response evidenced by 

upregulation of CD68 in microglia, but has no effect on CD206 expression. The data suggest 

that, in neonatal HIE brains, IRF4 signaling has a biased effect in post-ischemia 

inflammatory response that aims at inhibiting IRF5. Besides IRF4, there are several other 

factors such as PPAR-γ, STAT-3/6, micro RNA-124, RunX that can also promote microglial 

M2 polarization (Crotti and Ransohoff, 2016; Essandoh et al., 2016; Hu et al., 2015). It is 

possible that these factors in neonates are abundant and able to compensate the effect of 

IRF4 CKO on production of anti-inflammatory mediators, so that the deletion of IRF4 in 

myeloid cells does not impact the anti-inflammatory responses (Fig. 2 and 3).

The presence of IRF4 has also been reported in neurons, and can rescue neurons from 

ischemia/reperfusion-induced death through serum response factor (SRF) signaling (Guo et 

al., 2014). Whether the neuronal IRF4 also contributes to inflammatory responses is not 

clear. Interestingly, IRF4 over expression in Th2 cells resulted in increased anti-

inflammatory cytokines (IL-4 and IL-10) expression (Ahyi et al., 2009). In addition, whole 

body IRF4 deficient mice were unable to produce anti-inflammatory cytokines (i.e IL-4 and 

IL-10) and had high levels of pro-inflammatory cytokines (i.e TNFα and IL-6) in models of 

chronic inflammation (Honma et al., 2005). These previous studies suggest IRF4 in non-

myeloid cells may play a non-negligible role in producing anti-inflammatory cytokines. 

Nevertheless, our present study showed IRF4 deletion from myeloid cells is sufficient to 

exacerbate immune responses and negatively affect HIE outcomes, highlighting the 

significance of myeloid cells.

Our data showed conditional deletion of IRF4 in myeloid cells facilitates infiltration of 

peripheral leukocytes including monocytes, neutrophils, and lymphocytes into the brain after 

HIE, probably due to the increased production of pro-inflammatory cytokines/chemokines. 

Neutrophils and monocytes are the most abundant leukocytes present at the site of injury 

with a peak influx between 1 to 3 days after ischemia and can be seen in the ipsilateral 

hemisphere for up to 30 days after HIE (Al Mamun et al., 2018b; Gronberg et al., 2013). 

Exacerbated infiltration of neutrophils and monocytes resulted in enhanced inflammatory 

responses and tissue injury (Jin et al., 2010; Jones et al., 2018). Previous studies have 

demonstrated that neutrophils are one of the first peripheral cell type to respond after 

ischemic stroke, contributing to BBB disruption (Jickling et al., 2015; Price et al., 2004). It 
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has been reported that neutrophils serve as potential secretory cells for MMP9 after ischemic 

stroke, and neutrophil infiltration increased MMP-9 levels in the ischemic brain (Justicia et 

al., 2003; Rosell et al., 2008). In the present study, we also found that the expression of 

MMP9 (Fig. 6), a marker of BBB compromise, was up-regulated along with the increased 

infiltration of neutrophils in IRF4 CKO mice (Fig. 4D). MMP9 alone can degrade almost all 

components of the extracellular matrix and basal lamina such as laminins, fibronectin, or 

type IV collagen, predisposing BBB to rupture and increase the infiltration of peripheral 

myeloid cells and lymphocytes into the brain (Nagase et al., 2006; Turner and Sharp, 2016). 

The production of MMP9 is negatively regulated by anti-inflammatory cytokines IL-4 and 

IL-10 (Konnecke and Bechmann, 2013); however, our IRF4 CKO model generated a pro-

inflammatory microenvironment that does not favor MMP9 down-regulation.

In conclusion, our data provide evidence that IRF4 deletion from myeloid cells is 

detrimental, contributing to a brain environment that is more pro-inflammatory in response 

to neonatal HIE. The role of IRF4 signaling is unique in neonates in that, although IRF4 

directly mediates expression of anti-inflammatory cytokines, it plays a more important role 

in suppressing the production of pro-inflammatory mediators. The involvement of IRF4 

signaling in HIE is not limited to recruited leukocytes; it also has important crosstalk with 

BBB MMP expression. Research into IRF4’s role in HIE is still in its infancy. Further 

studies are warranted to elucidate the pathophysiological function of this transcription factor 

and to explore its potential for development into a therapeutic strategy to treat the lifelong 

damage induced by HIE.
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Highlights

• Interferon regulatory factor 4 (IRF4) CKO boosts pro-inflammatory responses 

to Hypoxic Ischemic Encephalopathy (HIE)

• IRF4 has a cross-talk with Blood Brain Barrier function

• Age-related differences exist in IRF4 signaling in cerebral ischemia
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Figure 1. 
HIE outcomes at 7 days after HIE in IRF4fl/fl and IRF4 CKO pups. Representative images of 

brain slices stained with cresyl violet (CV) (A). Quantification of brain tissue loss (B). 

Functional outcomes were evaluated by Y-maze (C). Seizure scores were significantly 

different (p< 0.05) between IRF4fl/fl and IRF4 CKO pups either at 5 min (D) or 24h after 

HIE (E). N=7-11/group; *P < 0.05.
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Figure 2. 
Expression of microglia cell membrane markers after HIE. Quantification of CD68 (A, B) 

and CD206 (C,D) expression were presented as median fluorescence intensity (MFI) in 

IRF4fl/fl vs IRF4 CKO pup brains. N=7-9/group; *P < 0.05.
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Figure 3. 
Measurement of intracellular pro-inflammatory cytokines in microglia. Representative 

contour plots (A) showed microglial production of pro-inflammatory TNFα/IL-1β cytokine. 

TNFα+/IL-1β+ cells were counted in gated microglia (B). The expression levels of TNFα 
and IL-1β were measured as median fluorescence intensity (MFI) as shown in figure (C, D). 

N=7-9/group; *P < 0.05.
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Figure 4. 
Peripheral immune cell infiltration in sham and HIE brains. A representative dot plot depicts 

the gating strategy to differentiate the total peripharal infiltrating cells as CD45highCD11b+ 

(pMyeloid) and lymphocytes as CD45highCD11b− (A). In pMyeloid gate, monocytes are 

considered as CD45highCD11b+Ly6C+Ly6G−, and neutrophils as CD45highCD11b+Ly6G+ 

Ly6C−. Quantitative data of pMyeloid, lymphocytes, neutrophils and monocytes were shown 

in (B, C,D and E). N=5-6 for sham and 7-9/group for HIE; *P < 0.05, IRF4 fl/fl HIE vs 

IRF4 CKO HIE.
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Figure 5. 
Serum cytokines levels in sham and HIE pups. Pro-inflammatory (TNFα and IL-1β) (A and 

B) and anti-inflammatory (IL-10 and IL-4) (C and D) cytokine levels (pg/mL) were 

measured in the serum at 7d after sham/HIE. N=5-6 for sham and 6-10/group for HIE; ¶P < 

0.05, IRF4 fl/fl sham vs IRF4 fl/fl HIE; ØP < 0.05, IRF4 CKO sham vs IRF4 CKO HIE; *P 
< 0.05, IRF4 fl/fl HIE vs IRF4 CKO HIE.
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Figure 6. 
MMP-9 expression at 7d after HIE. Representative images of MMP-9 and vWF double 

immunostaining in brains of IRF4fl/fl and IRF4 CKO pups (A).Quantification of 

fluorescence intensity (arbitrary unit, AU) for lectin (B) in each strain. Quantification of 

MMP-9+/vWF+ blood vessels in the brain (C). Serum levels of MM9 (D). N=7-11/group; *P 
< 0.05, IRF4 fl/fl vs IRF4 CKO.
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