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Abstract

Microglia and monocytes play a critical role in immune responses to cerebral ischemia. Previous 

studies have demonstrated that interferon regulatory factor 4 (IRF4) and IRF5 direct microglial 

polarization after stroke and impact outcomes. However, IRF4/5 are expressed by both microglia 

and monocytes, and it is not clear if it is the microglial (central) or monocytic (peripheral) 

IRF4-IRF5 regulatory axis that functions in stroke. In this work, young (8–12 weeks) male 

pep boy (PB), IRF4 or IRF5 flox, and IRF4 or IRF5 conditional knockout (CKO) mice were 

used to generate 8 types of bone marrow chimeras, to differentiate the role of central (PB-to-

IRF CKO) vs. peripheral (IRF CKO-to-PB) phagocytic IRF4-IRF5 axis in stroke. Chimeras 

generated from PB and flox mice were used as controls. All chimeras were subjected to 60-min 

middle cerebral artery occlusion (MCAO) model. Three days after the stroke, outcomes and 

inflammatory responses were analyzed. We found that PB-to-IRF4 CKO chimeras had more 

robust microglial pro-inflammatory responses than IRF4 CKO-to-PB chimeras, while ameliorated 

microglial response was seen in PB-to-IRF5 CKO vs. IRF5 CKO-to-PB chimeras. PB-to-IRF4 or 

IRF5 CKO chimeras had worse or better stroke outcomes respectively than their controls, whereas 

IRF4 or 5 CKO-to-PB chimeras had similar outcomes compared to controls. We conclude that the 

central IRF4/5 signaling is responsible for microglial activation and mediates stroke outcomes.
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Introduction

Post-stroke inflammation is characterized mainly by the microglial response and brain 

infiltration of peripheral leukocytes, in which microglial activation plays a central role [1–

3]. Microglia respond to ischemic injury and polarize toward two phenotypes: anti- and 

pro-inflammatory activation, a process tightly controlled by a bunch of intrinsic regulatory 

pathways [4–6]. Our previous studies have found that interferon regulatory factor 4 (IRF4) 

and IRF5 form a regulatory axis to synergistically mediate microglial activation after stroke, 

with the former directing anti-inflammatory and the latter pro-inflammatory response [1, 

3, 7]. However, the IRF4 and IRF5 signaling also exist in another type of phagocyte, 

i.e., monocytes or macrophages [8–10]. After a stroke, the circulating monocytes are 

also activated and infiltrate into the ischemic brain to become macrophages, boosting the 

inflammatory response together with other immune cells including microglia. Whether 

monocytic IRF4 or IRF5 signaling also impacts ischemic stroke remains elusive. It is 

crucial to distinguish the role of microglial (central) vs. monocytic (peripheral) IRF4-IRF5 

regulatory axis in stroke, given that cell-specific treatment has been proven more effective 

and less off-target effects than wholesale interventional therapies [11–13].

Distinguishing microglial vs. monocytic signaling has always been challenging, due to the 

fact that the two phagocytes share the same bio-markers to a great extent and have similar 

morphology and functions in the ischemic brain. The IRF4 or IRF5 microglial conditional 

knockout mouse model previously used was generated by gene flox and lysozyme Cre 

system [14–17]; however, lysozyme is expressed by both the microglia and monocyte. 

In this study, we have employed bone marrow (BM) chimera mice models [18, 19] to 

separately study the microglial vs. monocytic IRFs by using PepBoy (PB) mice [20]. 

Hematopoietic cells in PB mice express the Ptprca (CD45.1) [48] rather than the Ptprcb 

(CD45.2) that is however expressed by other C57BL/6 background strains including IRF4 

and IRF5 flox or CKO mice. In chimeras generated by these mice, both the CD45.1 and 

CD45.2 common antigens in immune cells can be easily detected via flow cytometry. 

Therefore, the PB mice are useful donors or recipients in making BM chimeras to 

distinguish central (brain) vs. peripheral immune cells. With PB and IRF4 or 5 flox/CKO 

mice, we have generated a total of 8 BM chimeric mouse models and elucidated the roles of 

central vs. peripheral IRF4 and IRF5 signaling in stroke.

Materials and Methods

Animals

B6.SJL-PtprcaPepcb/BoyJ (PepBoy; PB) and IRF4 or 5 flox mice were purchased from 

The Jackson Laboratory. IRF4 or IRF5 CKO mice were generated by crossing IRF4/5 

flox with LysMcre mice (JAX# 018956) as validated in [1]. All 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. Mice were randomly chosen and used after they were examined free 

of aberrations or other abnormalities. All studies were conducted in accordance with NIH 

guidelines for the care and use of laboratory animals and approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of Texas Health Science Center 

at Houston McGovern Medical School.
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BM Chimeric Mice Generation

BM chimeras were generated as previously described [18] with slight modifications. PB and 

IRF4/5 CKO or flox male mice (recipient; 8–12 weeks old) were lethally irradiated with two 

doses of 500 cGy radiation with a 3-h interval in an X-ray irradiator. Prior to irradiation, 

mice (body weight ≥ 20 g) were intraperitoneally injected with ketamine-xylazine (100 μL) 

for anesthesia. All mice undergoing X-ray irradiation were head-shielded to protect brain 

tissue from the lethal effect of the X-rays. After the irradiation, the recipient mouse was 

ready to receive bone marrow (BM) cells from the donor mouse. Sup. Fig. 1 shows the 

representative workflow for the BM chimera generation. First, the femur of the donor mouse 

(PB, IRF4/5 CKO or flox) was cut at both ends, and the bone marrow (BM) was harvested 

into a sterile polypropylene tube (50 mL) using a needled syringe (10 mL) filled with cold 

RPMI 1640 (ATCC, cat# 30–2001, VA, USA) solution. The BM was triturated and then 

passed through a 70-μm cell strainer (CELLTREAT Scientific Products, cat# 229,483, MA, 

USA). The strained cells were centrifuged at 1500 RPM for 5 min and at 4 °C. TAC was 

added to the cell pellet (2 mL) to lyse RBCs. Next, the suspension was diluted with cold 

RPMI 1640 (18 mL) and centrifuged at 1500 RPM for 5 min twice. The cell pellet was 

further suspended in cold PBS at the desired concentration (1.5–2 × 106 cells/0.3 mL/per 

recipient mouse) and ready for Jugular vein injection (JVI) [21, 22] under the microscope. 

All experimental mice were maintained on neomycin sulfate antibiotics (2 g/L) in their 

drinking water, 1 day prior and 2 weeks after the X-ray irradiation and the JVI. Chimeras 

were allowed to reconstitute for 6–8 weeks after the JVI, and only those with > 90% 

donor-origin peripheral leukocytes (determined by FACS analysis of blood or spleen) were 

included in the study. The experimental grouping of this study is shown in Table 1.

Ischemic Stroke Model

Cerebral ischemia was induced in BM chimeras by reversible MCAO and under isoflurane 

anesthesia as previously described [7]. Briefly, a midline ventral neck incision was made, 

and unilateral MCAO was performed by inserting a 6–0 silicone-coated suture 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. Rectal temperature was maintained at 36.5 ± 0.5 °C during surgery 

with an automated TC-1000 temperature-control feedback system (CWE, Inc., Ardmore, 

PA, USA). All mice were monitored on a daily basis and then sacrificed at 3 days of 

reperfusion. Sham-operated animals underwent the same procedure including exposure to 

isoflurane and a midline ventral neck incision, but the suture was not advanced into the 

MCA. Laser Doppler flowmetry (Moor Instruments Ltd, UK) was applied to measure CBF 

through the skull at the right temporal fossa [23]. Only the mice whose CBF showed a drop 

of over 85% of baseline after MCAO was included in the following experiments [24]. The 

mortality of the chimeras after MCAO was 20%. The size of the MCAO-induced infarct was 

measured by cresyl violet (CV) staining as described in [25].

Flow Cytometry

Flow cytometry was performed as previously described with modifications [26]. Briefly, 

PBS-perfused mice brains (ipsilateral hemisphere) were processed with a STANLEY razor 
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blade (cat# G0423622) to remove cerebella, pons, medulla oblongata, and olfactory bulb 

and then placed in complete Roswell Park Memorial Institute (RPMI) 1640 (Lonza) 

medium and mechanically and enzymatically digested in 150 μL collagenase/dispase 

(1 mg/mL) and 300 μL 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: 

CD45.2-eF450_48045182, CD11b-AF488_47011282, and Ly6C-APC-eF780_47593282 

(Invitrogen, USA) and CD45.1-eF450_110728, Ly6G-PE_127608, CD 68-APC_137008, 

and CD206-PE-cy7_141720 (BioLegend, CA, USA). For live/dead cell discrimination, 

a fixable viability dye, carboxylic acid succinimidyl ester (CASE-AF350, Invitrogen), 

was used. For intracellular cytokine staining, an ex vivo brefeldin A protocol was 

followed [27, 28], and an intracellular antibody mixture at 1:50 dilution containing 

TNF-α-PE-Cy7_25734982 (eBioscience, San Diego, CA, USA) and IL-1β-PE_12711482 

(eBioscience), IL-4-APC_504106, and IL-10-PerCP-Cy5.5_505028 (BioLegend) was used 

for staining. Fluorescence minus ones (FMOs) and bead compensations were used for all 

staining experiments for both cell membrane and intracellular inflammatory mediators. 

Data were acquired on CytoFLEX-S (Beckman Coulter, CA, USA) or BD FACSMelody 

cytometer and analyzed using FlowJo (Tree Star Inc., OR, USA).

Neurologic Deficit Scores

Following MCAO, neurologic deficit scores (NDS) were measured as (0) no deficit, (1) 

forelimb weakness and torso turning to the ipsilateral side when held by the tail, (2) circling 

to the affected side, (3) unable to bear weight on the affected side, and (4) no spontaneous 

locomotor activity or barrel rolling as previously reported [29].

Corner Test

Corner test was performed to measure the sensorimotor deficit as previously described [7, 

30]. Briefly, the mouse was placed between two cardboard pieces (each 30 cm × 20 cm × 1 

cm), and the boards were gradually moved closer to the mouse from both sides to encourage 

the mouse to enter into a corner of 30° with a small opening along the joint between the two 

boards. When the mouse entered the deepest part of the corner, both sides of the vibrissae 

were stimulated by the two boards. Then, the mouse reared forward and upward and turned 

back at the affected side (right) to face the open end. Twenty trials were performed for each 

mouse, and the percentage of right turns was calculated. Only turns involving full rearing 

along either board were recorded.

Adhesive Removal Test

The test was to evaluate both somatosensory and motor function as in [31, 32]. Briefly, an 

adhesive tape circle (Ø 12 mm) was placed on the impaired, contralateral (left) forelimb 

paw. The mouse in the testing cage was observed, and the time to remove the adhesive tape 

(in seconds) was recorded for each mouse, with a time cap of 3 min.

Ngwa et al. Page 4

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Plasma and Brain Cytokine Levels by MultiPlex

Blood samples were obtained by cardiac puncture, and the plasma was collected as in [33]. 

Brain samples were prepared as in [34]. Cytokine levels were measured by the MultiPlex 

quantitative Bio-Plex Pro Mouse Cytokine 23-plex assay, according to the manufacturer’s 

instruction (# M60009RDPD, Bio-Rad Laboratories, Hercules, CA, USA). All assays were 

performed in duplicates, and the mean of each assay was estimated using a standard curve.

Statistical Analysis

Data from individual experiments were presented as mean ± SD and assessed by Student’s 

t-test or 2-way ANOVA with the Sidak post hoc test for multiple comparisons (GraphPad 

Prism software 9.5.0 (730), San Diego, CA, USA). P < 0.05 was considered statistically 

significant. The ordinal data of NDS was analyzed with the Mann–Whitney U test. 

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

and inflammation analysis.

Results

Validation of the BM Chimera Model

All chimeras were made by using CD45.1 (PB) and CD45.2 (IRF flox and CKO) mice as 

BM donors or recipients. To validate the chimera model, we routinely examine the common 

antigen (CD45.1 or 0.2) in peripheral leukocytes in chimeras to determine if the BM has 

been reconstituted with a donor’s BM. We performed flow cytometry on spleens from 

chimeras and stained cells with CD45.1 and 0.2 antibodies. FMO controls showed evident 

positive gating for CD45.1 and 0.2 (Fig. 1A, B). All chimeras made for the present study 

had over 95% peripheral leukocytes derived from the donor’s BM. Figure 1C, D shows 

the common antigens of the spleen cells in a representative chimera in which the donor 

was CD45.2 and the recipient was CD45.1 (PB). The cells were over 95% CD45.2 positive 

(from the donor) and near null CD45.1 positive (the recipient), indicating that these cells 

were derived from the donor’s BM and that the BM reconstitution in the recipients was 

successful.

Central IRF4-IRF5 Signaling Affects Microglial Activation

We have previously shown that IRF4 and IRF5 signaling from young adult and aged 

mice modulated microglial inflammatory responses and impacted stroke outcomes in an 

oscillating pattern [1, 7]. However, whether the effect is of central or peripheral IRF4/5 is 

not clear. To this end, we transplanted BM cells from PB to IRF4/5 CKO (controlled by 

PB-to-IRF4/5 flox), and from IRF4/5 CKO to PB mice (controlled by IRF4/5 flox-to-PB). 

The BM chimeric mice were then subjected to a 60-min MCAO. Three days after MCAO, 

flow cytometry was conducted to examine microglial cell membrane and intracellular 

inflammatory mediators. The gating strategy for microglia and other immune cells that 

infiltrated into the brain is shown in Sup. Fig. 2. CD68 and CD206 are the established 

pro- and anti-inflammatory cell membrane markers respectively [35, 36]. PB-to-IRF CKO 

chimeras were to examine central IRF signaling. The mean fluorescence intensity (MFI) 

of CD68 was significantly increased, but CD206 MFI decreased in PB-to-IRF4 CKO mice 
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compared to PB-to-IRF4 flox controls after stroke (Fig. 2A–C), and an opposite pattern 

was seen in PB-to-IRF5 CKO vs. PB-to-IRF5 flox chimeras (Fig. 2G–I). However, when 

we examine the peripheral IRF signaling (IRF CKO-to-PB chimeras), only CD68 showed 

similar changes (Fig. 2D–F, J–L). Interestingly, when we compared the MFI ratios of CKO 

over control chimeras (CKO/Flox) after stroke, we found that the CD68 ratio of PB-to-IRF4 

CKO/PB-to-IRF4 flox (central manipulation) was significantly higher than the ratio of IRF4 

CKO-to-PB/IRF4 flox-to-PB chimeras (peripheral manipulation) (Fig. 2M), and the ratio of 

CD206 showed the opposite pattern (Fig. 2N). The ratio of CD68 was significantly higher 

in IRF5 CKO-to-PB vs. PB-to-IRF CKO chimeras (Fig. 2O). The data clearly indicated that 

the central (but not peripheral) IRF4 or IRF5 signaling controls microglial activation after 

stroke.

Next, we examined intracellular inflammatory markers TNF-α/IL-1β (pro-inflammatory) 

and IL-10/IL-4 (antiinflammatory). Again, significant changes were mostly seen in PB-

to-IRF CKO chimeras (central manipulation) (Fig. 3B, C, H; Sup. Fig. 3B), and IRF-to-

PB (peripheral manipulation) only showed IL-1β change in one cohort (Fig. 3F). More 

importantly, when we quantified the MFI CKO/Flox ratios, the TNF-α ratio of PB-to-IRF4 

CKO/PB-to-IRF4 flox was significantly higher (Fig. 3M), and the ratio of PB-to-IRF5 

CKO/PB-to-IRF5 flox was lower (Fig. 3O) compared with the ratio in their peripheral 

counterparts (IRF4 or IRF5 to PB). The anti-inflammatory marker IL-10 ratio of PB-to-IRF4 

CKO/PB-to-IRF4 flox was significantly lower than the ratio of IRF4 CKO-to-PB/IRF4 flox-

to-PB (Sup. Fig. 3M). We also quantified CD68 and CD206 levels and ratios in infiltrating 

monocytes but found negative results except for CD68 levels in PB-to-IRF4 chimeras (Sup 

Fig. 4B). However, the CD68 MFI ratios were not significant in the PB-to-IRF4 chimeras 

compared with the IRF4-to-PB (Sup Fig. 4C). All other monocytic data were also negative 

(Sup. Fig. 4). All these data suggested that the central IRF signaling plays dominant roles in 

mediating phagocytic responses compared with the peripheral IRF signaling.

Central IRF4 Signaling Impacts on the Infiltration of Peripheral Immune Cells into the 
Ischemic Brain

Peripheral immune cell infiltration in the brain was also examined 3 days after the stroke. 

Flow cytometry data showed that the PB-to-IRF4 CKO (central IRF4 deleted) but not 

IRF4 CKO-to-PB (peripheral IRF deleted) chimeras had significantly more neutrophils and 

monocytes infiltrating in the ischemic brain compared with their controls (Fig. 4A, B), 

and IRF5 CKO chimeras did not change the leukocyte infiltration vs. flox controls (Fig. 

4C, D). All data were from stroke mice, as sham mice have no infiltration of neutrophils 

and monocytes in the brain. These data suggested that central IRF4 signaling is critical in 

controlling brain infiltration of peripheral leucocytes after stroke.

Plasma and Brain Cytokine Levels After Stroke

To further study the impact of central vs. peripheral IRF4/5 signaling on immune responses, 

we also examined the plasma and brain cytokine levels with MultiPlex ELISA. Plasma 

levels of the pro-inflammatory cytokines IL-β, IL-6, IL-12p40, and TNF-α significantly 

increased (Sup. Fig. 5A–C, F), the anti-inflammatory cytokine IL-10 decreased (Sup. Fig. 

5H) in the PB-to-IRF4 CKO vs. control chimeras after stroke, and the similar pattern 
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was seen in IRF4 CKO-to-PB chimeras vs. controls for some pro-inflammatory cytokines 

(IL-β, IL-12p40, IL-12p70, TNF-α) (Sup. Fig. 5I, K, L, N) and the anti-inflammatory 

cytokine IL-4 (Sup. Fig. 5O). Similarly, the brain levels of pro-inflammatory cytokines 

(IL-6, IL-p40, IL-12p70, TNF-α, IL-1β, MIP1-β) were significantly higher in chimeras with 

either central (PB-to-IRF4 CKO) or peripheral (IRF4 CKO-to-PB) IRF4 signaling compared 

to controls after stroke (Sup. Fig. 6). In IRF5 CKO–based chimeras, we found the opposite 

pattern in these cytokine levels in either plasma or brain but also without distinguished 

central vs. peripheral differences (Sup. Figs. 7&8). The consistent pattern in plasma or brain 

cytokine levels in mice with central vs. peripheral IRF signaling suggested that cytokines are 

produced and released from multiple cell populations but are not limited to phagocytes.

Central but not Peripheral IRF Signaling Contributes to Stroke Outcomes

To investigate the roles of central vs. peripheral IRF signaling in stroke outcomes, we 

measured histological and functional outcomes in these chimeras 3 days after MCAO. 

Significantly larger infarct volumes were found in all three brain areas (cortex, striatum, 

whole ipsilateral hemisphere) in PB-to-IRF4 CKO vs. control chimeras, and worse 

behavioral deficits were also seen in the PB-to-IRF4 CKO chimeras in NDS, corner test, 

and tape removal test (Fig. 5A–E). However, IRF4 CKO-to-PB chimeras only showed one 

positive result in the cortical infarct compared to their control, with no changes in the infarct 

in other brain areas and in neurobehavioral tests (Fig.5F–J). In IRF5 CKO–based chimeras, 

PB-to-IRF5 CKO chimeras had significantly smaller infarct size in the striatum/hemisphere, 

lower NDS scores, and less time to remove the tape than their control chimeras (Fig. 6A–E). 

Again, the deletion of peripheral IRF5 signaling failed to induce any significant differences 

in the infarct volumes and behavioral deficits compared to controls (Fig. 6F–J). These data 

strongly suggested that it is the central (but not peripheral) IRF signaling that impacts stroke 

outcomes.

Discussion

It is well known that IRF4 and 5 are expressed by both microglia and monocytes [1, 3, 

7–9, 28, 37], and our previous study has shown that IRF4–5 regulatory axis affects immune 

responses and stroke outcomes [1, 7]. In the present study, we separately studied central 

(microglia) vs. peripheral (monocytes/macrophages) IRF4–5 axis using BM chimeras and 

revealed several important findings. Firstly, as we expected, the central IRF4/5 signaling 

is responsible for microglial activation; surprisingly, the peripheral IRF4/5 have minimal 

effect on monocytic activation after stroke. Secondly, the central IRF4 signaling not only 

mediates microglial activation but is also in control of peripheral immune cell infiltration 

into the ischemic brain. Thirdly, in correspondence with the roles of central vs. peripheral 

IRF signaling in phagocytic activation, the central IRF4–5 axis impacts stroke outcomes, 

whereas the peripheral IRF4/5 have a near null effect. Based on the literature, this is the 

first report of a comparison of the roles between central vs. peripheral IRF4–5 signaling in 

stroke, and our data showed that central IRF4/5 are more important in the pathophysiology 

of stroke than the peripheral signaling.

Ngwa et al. Page 7

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Upon cerebral ischemia, microglia are activated, and days later, peripheral monocytes are 

also activated and become macrophages infiltrating into the ischemic brain, further aiding in 

the post-stroke immune responses [38]. Microglia and monocytes are the major sources of 

inflammatory cytokines in neuroinflammation [1, 39, 40]. When activated, both phagocytes 

exhibit similar morphology and pathophysiological functions. However, our data suggested 

that the two “twin” phagocytes do not share the same activation pathways after stroke, at 

least in the case of the IRF4/5 regulatory axis. IRF4/5 are expressed by both microglia 

and monocytes [1, 3, 7, 8, 28, 41, 42]. Our previous study used IRF4 or IRF5 CKO mice 

based on the pan-phagocytic Cre system (i.e., lysozyme Cre) and found that CKO of the 

two IRFs in microglia/monocytes led to an alteration in inflammatory responses only in 

microglia but not in monocytes [1]. This finding led to our hypothesis that the IRF4-IRF5 

regulatory axis may not play a key role in the polarization of infiltrating monocytes in 

stroke brains. The present study used BM chimera models that can separate central and 

peripheral molecular signaling and has confirmed our hypothesis by showing that monocytic 

IRF4/5 have minimal effect on monocyte activation. Of note, the IRF family has a total of 

9 members from IRF1 to IRF9 [43–45]. Our study cannot rule out the possibility of other 

IRFs’ involvement in monocytic activation. The different activation pathways for microglia 

and monocytes might reflect the different origination of the two phagocytic populations, 

with the former derived from erythromyeloid precursors in the yolk sac [46] and the latter 

from hematopoietic stem cells in the bone marrow [47, 48]. The differentiated effects of 

IRF4/5 on microglia vs. monocyte activation could also be disease type–dependent, as 

IRFs were reported to play pivotal roles in peripheral macrophage activation in systemic 

inflammation diseases [49, 50].

We have previously found that IRF4-IRF5 regulatory axis regulates microglial activation 

in an oscillating manner; that is, CKO of IRF4 led to increased expression of IRF5 and 

pro-inflammatory response, whereas CKO of IRF5 caused an up-regulated expression of 

IRF4 and anti-inflammatory response [1]. In the present study, the PB-to-IRF4 or IRF5 

CKO chimera cohorts (central IRF manipulation) showed a similar oscillating pattern in 

microglial response, but the effect was minimal in IRF4 or IRF5 CKO-to-PB cohorts 

(peripheral IRF manipulation) (Figs. 2 and 3). Ischemic stroke induces microglial activation 

and peripheral immune cell infiltration into the ischemic brain [51–53]. Interestingly, our 

data suggested that IRF5 signaling impacts only microglial activation, but IRF4 has broader 

effects on the activation of both microglia and peripheral immune cells (Fig. 4). This is 

consistent with our previous study that showed that IRF4 CKO induces significantly more 

peripheral leukocyte infiltration into the ischemic brain compared to controls, an effect not 

seen in IRF5 CKO mice [1]. The consistent findings suggest that microglial IRF4 signaling 

has an inhibitory role in the activation of peripheral leukocytes after stroke, similar to the 

CD200R inhibitory signaling [54–56]. IRF4 competes with IRF5 for binding to the adaptor 

protein MyD88 which forms a myddosome together with TNF receptor–associated factor 

6, interleukin-1 receptor–associated kinase 1 (IRAK 1), and IRAK 4, for phosphorylation 

and activation [3, 57]. Whether the competition contributes to the broader effects of IRF4 is 

not known. Nevertheless, microglial IRF4 and IRF5 signaling both impact stroke outcomes 

regardless of their differential effects on immune cell activation, indicating that both IRF4 

and IRF5 are important in mediating post-stroke inflammation and stroke injury. Of note, 
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in addition to histological analysis, our stroke outcome assays also include a battery of 

neurobehavioral tests that evaluated the sensorimotor deficits. Although the histological 

changes do not necessarily correlate with neurobehavioral deficits [23, 56, 58, 59], the data 

of the two analyses were consistent with each other in the present study, providing strong 

evidence that the central IRF4/5 signaling is more important than the peripheral ones (Figs. 

5 and 6).

Our data showed that, although central IRF4/5 regulate microglial activation and peripheral 

IRF4/5 have minimal effect on monocytic activation, both central and peripheral IRF4/5 

signaling have a similar effect on brain or plasma cytokine levels (Sup. Figs. 5–8). PB-to-

IRF CKO and IRF CKO-to-PB mice yielded a similar pattern of cytokine production, 

indicating that the cytokine production is independent of phagocytic IRF signaling. This 

suggests that cytokine production is regulated either by multiple activation pathways in 

phagocytes or by various immune cells not limited to microglia/monocytes. In addition 

to IRF signaling, microglial p38 mitogen activated the protein kinase pathway [5, 60], 

Toll-like receptor 4/NF-κB pathways [61, 62], etc. and also regulates the microglial 

secretion of inflammatory cytokines. On the other hand, cytokines are not only produced by 

macrophages but also by lymphocytes, and they can also be produced by polymorphonuclear 

leukocytes, endothelial and epithelial cells, adipocytes, and connective tissues [63]. Neurons 

are also a source of cytokine production, including IL-6 [64] and TNF-α [65, 66], and 

upon ischemic stimulation, these cytokines are released from neurons in large amount. Our 

previous and present studies showed that microglial IRF signaling impacts stroke outcomes, 

but the effect may be carried out through multiple microglial functions not limited to 

cytokine production, including phagocytosis, cytotoxicity, and activation of other immune 

cells.

To separately study the microglial vs. monocytic IRF4/5 signaling is challenging as the two 

phagocytic cell populations share almost the same bio-markers, which makes the transgenic 

CKO method unable to differentiate microglia from monocytes. BM chimera mouse model 

has been widely used to differentiate central vs. peripheral immune cell signaling [67–70], 

which is an established technique in this lab. BM reconstitution in the recipient mice 

resulted in 95% of peripheral immune cells derived from the donor’s BM (Fig. 1), indicating 

the high efficiency of our chimera model. When making the BM chimera model, we 

shielded the mice’s heads with a lead screen to protect the blood–brain barrier [71–74]. 

Whether the animal head should be shielded or not in the model is somewhat controversial, 

and one argument is that the BM in the skull will still contribute to hematopoiesis if the head 

is shielded, and the reconstitution with the donor’s BM cells could be “contaminated” by 

host cells [74, 75]. We have been using the head-shielded method in our previous studies and 

found that the skull BM did not significantly contribute to the total number of circulating 

cells, and all our previous experiments were not affected.

The present study has limitations that should be kept in mind when interpreting the data. 

Due to the complexity of the generation of the bone marrow chimera models (a total of 8 

types), we only examined stroke outcomes and post-stroke inflammation at the acute time 

point (3 days). Although 3 days after MCAO, the induced infarction is already mature [1, 

23], and the infiltration of peripheral immune cells also peaks [76–78], it is not known 
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whether the peripheral IRF4/5 signaling functions at chronic time points (15 days or 30 

days), which should be warranted in future studies. Sex is an important variable to consider 

when designing studies and assessing results; however, in this study, we only included male 

mice because our pilot study has not found any sex differences in IRF4/5 signaling pre- or 

post-stroke in WT mice. Nevertheless, this was a chimeric mouse study, and our results were 

interpreted based on the male chimeras only and not validated for both sexes.

In summary, we generated 8 types of BM chimeras that have been able to distinguish central 

vs. peripheral IRF4/5 signaling. Although microglia and monocytes both express IRF4/5, the 

IRF signaling only affects microglial activation. In addition, peripheral leukocyte infiltration 

into the ischemic brain is regulated by central IRF4 signaling but not by IRF5. Central and 

peripheral IRF signaling unbiasedly affect cytokine production; however, stroke outcomes 

are impacted by the central but not peripheral IRF4-IRF5 axis. As microglial IRF4/5 

signaling plays a dominant role in post-stroke microglial activation and outcomes, future 

therapeutic strategies aimed at the intervention of IRF4/5 signaling may only need to target 

one phagocytic population, i.e., microglia.
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Abbreviations

BM Bone marrow

CD Cluster of differentiation

cGy Centigray

CKO Conditional knockout

CNS Central nervous system

CV Cresyl Violet

ELISA Enzyme-linked immunosorbent assay

fl/fl Flox

GM-CSF Granulocyte-macrophage colony-stimulating factor

IRF Interferon regulatory factor
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IL Interleukin

IL-1β Interleukin-1 beta

JVI Jugular vein injection

MCAO Middle cerebral artery occlusion

M-CSF Macrophage colony-stimulating factor

MFI Mean fluorescence intensity

NDS Neurological deficit scores

PB PepBoy

PBS Phosphate-buffered saline

PFA Paraformaldehyde

TNF-α Tumor necrosis factor-alpha

RBCs Red blood cells

RPMI Roswell Park Memorial Institute

Sup Supplementary

TAC Tris-ammonium chloride
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Fig. 1. 
Validation of BM chimeric mice with flow cytometry on spleen cells. A Fluorescence minus 

one (FMO) positive threshold for CD45.1+ spleen cells. B FMO for CD45.2.+ spleen cells. 

C CD45.1 (recipient) and .2 (donor) gating plot for spleen cells in a representative chimeric 

mouse. D quantitative flow data of the spleen cells in (C). n = 5–7 per group; *P < 0.05
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Fig. 2. 
Microglial cell membrane inflammatory markers (CD68 and CD206) in BM chimera 

analyzed by flow cytometry 3 days after MCAO. Representative flow plots showing CD68+ 

and CD206.+ cells in A PB-to-IRF4 (CKO and flox), D IRF4 (CKO and flox)-to-PB, G 
PB-to-IRF5 (CKO and flox), and J IRF5 (CKO and flox)-to-PB chimeras. Quantification 

of CD68 and CD206 MFI for A in B, C; for D in E, F; for G in H, I; and for J in K, L. 

The MFI ratios of PB-to-IRF CKO/PB-to-IRF flox (PB to IRF) and IRF CKO-to-PB/IRF 

flox-to-PB (IRF to PB) in stroke groups are compared in M for B and E, in N for C and F, 

in O for H and K, and in P for I and L. n = 3–4 per sham and n = 6 per stroke group; *P < 

0.05
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Fig. 3. 
Microglial intracellular inflammatory markers (TNF-α and IL-1β) in BM chimera analyzed 

by flow cytometry 3 days after MCAO. Representative flow plots showing TNF-α+ and 

IL-1β.+ cells in A PB-to-IRF4 (CKO and flox), D IRF4 (CKO and flox)-to-PB, G PB-to-

IRF5 (CKO and flox), and J IRF5 (CKO and flox)-to-PB chimeras. Quantification of TNF-α 
and IL-1β MFI for A in B, C; for D in E, F; for G in H, I; and for J in K, L. The MFI ratios 

of PB-to-IRF CKO/PB-to-IRF flox (PB to IRF) and IRF CKO-to-PB/IRF flox-to-PB (IRF to 

PB) in stroke groups are compared in M for B and E, in N for C and F, in O for H and K, in 

P for I and L. n = 3–4 per sham and n = 6 per stroke group; *P < 0.05
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Fig. 4. 
Quantification of peripheral myeloid (pMyeloid) immune cell (neutrophils and monocytes) 

infiltration in ischemic brains of chimeras 3 days after MCAO. A IRF4 CKO and flox mice 

that received BM cells from PB mice. B PB mice that received BM cells from IRF4 CKO 

and flox mice. C IRF5 CKO and flox mice that received BM cells from PB mice. D PB mice 

that received BM cells from IRF5 CKO and flox mice. n = 6 per group; *P < 0.05
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Fig. 5. 
Stroke outcomes in IRF4 CKO and flox BM chimeras 3 days after MCAO. Data from 

chimeras of PB-to-IRF4 flox and CKO are presented (A–E) and data from chimeras of 

IRF4 flox and CKO-to-PB (F–J): A, F representative brain slices stained with Cresyl violet; 

infarct areas (white color) were circled with red dotted lines. B, G Quantification of infarct 

volumes. C, H Neurological deficits scores (NDS). D, I Corner test scores calculated by 

R/(R + L) × 100, where R and L indicate right and left turn number respectively. E, J Tape 

removal test. n = 6–7 per group for CV staining, NDS, and corner tests. n = 12–13 per group 

for tape removal test. *P < 0.05

Ngwa et al. Page 21

Transl Stroke Res. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Stroke outcomes in IRF5 CKO and flox BM chimeras 3 days after MCAO. Data from 

chimeras of PB-to-IRF5 flox and CKO are presented (A–E) and data from chimeras of 

IRF5 flox and CKO-to-PB (F–J): A, F representative brain slices stained with Cresyl violet; 

infarct areas (white color) were circled with red dotted lines. B, G Quantification of infarct 

volumes. C, H Neurological deficit scores (NDS). D, I Corner test scores calculated by 

R/(R + L) × 100, where R and L indicate right and left turn number respectively. E, J Tape 

removal test. n = 6–7 per group for CV staining, NDS, and corner tests. n = 12–13 per group 

for tape removal test. *P < 0.05
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Table 1

Types of chimeric mice and experimental grouping. A total of 8 types of chimeras. fl/fl, flox/flox; CKO, 

conditional knockout
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