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ABSTRACT 

  

The development of neuroinflammation, as well as the progression of several 

neurodegenerative diseases, has been associated with the activation and 

mobilization of the peripheral immune system due to systemic inflammation. 

However, the mechanism by which this occurs remains unclear. Herein, we 

addressed the effect of systemic, endotoxin-free induced-co-expression of IL-12 

and IL-18 in the establishment of a novel cytokine-mediated model of 

neuroinflammation. Following peripheral hydrodynamic shear of IL-12 plus IL-18 

cDNAs in C57BL/6 mice, we induced systemic and persistent level of IL-12, 

which in turn promoted the elevation of circulating pro-inflammatory cytokines 

TNF-α and IFN-, accompanied with splenomegaly. Moreover, even though we 

identified an increased gene expression of both TNF-α and IFN- in the brain, 

only TNF-α was shown to be dispensable, revealing an IFN--dependent 

activation of microglia and the recruitment of leukocytes, particularly of highly 

activated inflammatory monocytes. Taken together, our results argue for a 

systemic cytokine-mediated establishment and development of 

neuroinflammation, having identified IFN- as a potential target for 

immunotherapy. 
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INTRODUCTION 

 

There is increasing evidence indicating that systemic inflammatory events can exert 

devastating effects in the brain due to their impact in the progression of several central 

nervous system (CNS) disorders, such as autoimmune and neurodegenerative 

diseases, in which leukocyte recruitment is a key feature (1–4).  

Several experimental models, mainly associated to bacterial (5), viral (6,7) and 

parasitic (8,9) infections have been developed to better understand the communication 

between the peripheral immune system and the CNS. In this sense, lipopolisaccharide 

(LPS) constitutes the most commonly used stimulus to mimic systemic inflammation, 

due to the robust immune response exerted upon administration (2,10–12).  

Our previous studies demonstrate that following a systemic LPS challenge, we 

induced glial reactivity together with an active type I interferon-dependent recruitment 

of inflammatory monocytes that were able to enhance T cell proliferation, unlike 

microglia (13). Besides, we have previously reported that LPS-primed inflammatory 

monocytes could also internalize α-synuclein, which in turn favored the dissemination 

of this pathogenic protein from the periphery toward the brain and spinal cord during 

synucleinopathies,  such as Parkinson´s disease (14). 

For years, interleukin (IL)-12 has been proposed as a promising candidate for 

cancer treatment because of its ability to elicit robust antitumor responses, not only 

when delivered locally, but systemically (15–18). Thus, it is currently being used in a 

phase 1 trial in patients with recurrent high grade glioma with favorable preliminary 

results (19). Moreover, accumulating data points to a central role for IL-12 in 

neuroinflammation (20) and Alzheimer´s disease (21,22). 

Interleukin-18 is an inflammatory cytokine of the IL-1 family which has been 

extensively described as a key immune regulator during chronic inflammation (23), 

autoimmune diseases (24), infection (25) and cancer (26–28). Constitutively 

expressed by brain resident cells, previous studies have highlighted a crucial role for 

IL-18 in mediating neuroinflammation and neurodegeneration (29) upon activation of 

the innate immune-related inflammasome through cell-death mechanisms, such as 

pyroptosis (30).  

Based on these results, and given that fully understanding the impact of systemic 

inflammation in leukocyte trafficking into the CNS is still warranted, we sought to 

assess the effect of peripheral sterile inflammation in the establishment of a novel 

cytokine-mediated model of neuroinflammation after systemic expression of IL-12 and 

IL-18.
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MATERIAL & METHODS 

 

Mice 

Wild-type (WT) C57BL/6 mice were originally obtained from Escuela de Veterinaria, 

Universidad Nacional de la Plata. IFN-γ−/− (B6.129S7-Ifngtm1Ts/J strain) and TLR4−/− 

mice were obtained from The Jackson Laboratory, whereas IL-4−/− and TNFαR1−/− 

mice were kindly provided by Dr. Silvia Di Genaro. Between 8- and 12-week-old 

female mice were maintained in the specific pathogen-free barrier facilities, housed 

under a normal 12 h light/dark cycle with free access to pelleted food and water, at the 

animal facility from Facultad de Ciencias Químicas, Universidad Nacional de Córdoba. 

All experiments were performed in compliance with the procedures outlined in the 

“Guide for the Care and Use of Laboratory Animals” (NIH Publication N° 86-23, 1985). 

Experimental protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC). Our animal facility obtained NIH animal welfare assurance (N° 

A5802-01, OLAW, NIH, US). 

 

Hydrodynamic injection of IL-12 and IL-18 cDNAs 

Plasmids with the incorporated sequences were amplified in bacteria cultured in LB 

medium supplemented with ampicillin, and cDNA was purified using Endofree® 

Plasmid Maxi Kit (Qiagen) according to manufacturer’s instructions. 

The hydrodynamic gene transfer procedure was adapted according to Liu F et al. 

(31) and routinely used in our laboratory (26,27,32,33).  Briefly, through this technique, 

the large volume and high injection rate used, forces the flow of cDNA solution into 

tissues directly linked to the inferior vena cava. A large portion of cDNA solution is then 

forced into the liver and plasmid cDNA molecules are likely transferred inside the liver 

cells by the hydrodynamic process during cDNA administration. In the present study, 

animals were injected in the tail vein with the cDNA in 1.6 ml of sterile 0.9% sodium 

chloride solution in < 8 sec and then separated into two groups: 1) Ctrl (11 μg of ORF 

empty vector control cDNA); 2) IL-12 plus IL-18 (1 μg of IL-12 cDNA, pscIL-12, p40-

p35 fusion gene) plus 10 μg of IL-18 cDNA (pDEF pro-IL-18). All the expression 

plasmids used the human elongation 1-α promoter to drive the transcription of their 

respective cytokines.  

 

LPS challenge 

Lipopolysaccharide from Escherichia coli 055:B5 (purified by gel-filtration 

chromatography) was purchased from Sigma-Aldrich and freshly dissolved in sterile 

saline prior to intraperitoneal (i.p.) injection. Mice were treated with either vehicle or 1.6 
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mg/kg of LPS for four consecutive days to induce neuroinflammation, following an 

injection scheme modified from Cardona et al. (11). 

 

Isolation of immune cells from mice brains 

Following seven days upon initiation of the treatment, mice were weighed and 

deeply anesthetized with a ketamine/xylazine cocktail accordingly. Immune cells were 

isolated from whole brain homogenates as follows. Briefly, mice were transcardially 

perfused with ice-cold PBS 1x (Gibco), and brains were collected in DMEM (Gibco) 

supplemented with sodium pyruvate (Gibco) and a penicillin, streptomycin and 

glutamine cocktail (Gibco), gently mechanically disaggregated and resuspended in 

PBS 1x containing 3 mg/ml of collagenase D (Roche Diagnostics) plus 10 μg/ml of 

DNAse (Sigma-Aldrich) for an enzymatic homogenization. After a 30 min incubation, 

brain homogenates were filtered with 40 μm pore size cell strainers (BD Biosciences), 

centrifuged 8 min at 1800 r.p.m., washed with PBS 1x, and resuspended in 6 ml of 

38% isotonic Percoll® (GE Healthcare) before a 25 min centrifugation at 800 G without 

neither acceleration nor brake. Myelin and debris were discarded. Cell pellets 

containing total brain immune cells were collected, washed with DMEM supplemented 

with 10% fetal bovine serum (Gibco), and cell viability was determined by trypan blue 

exclusion using a Neubauer’s chamber. Finally, cells were labeled for subsequent flow 

cytometric analysis. 

 

Flow Cytometric Analysis 

Surface staining of single-cell suspension of isolated brain immune cells was 

performed using standard protocols and analyzed on a FACSCanto II (BD 

Biosciences). Flow cytometric analysis was defined based on the expression of 

CD11b, CD45, Ly6C, CD4, and CD8 as follows: microglia, CD11b+ CD45lo; recruited 

leukocytes, CD11b+/− CD45hi; inflammatory monocytes, CD11b+ CD45hi Ly6Chi Ly6G-; 

neutrophils, CD11b+ CD45hi Ly6G+ Ly6Cint; dendritic cells, CD11b+ CD45hi CD11c+; 

CD4 T cells, CD11b- CD3+ CD45hi CD4+; CD8 T cells, CD11b- CD3+ CD45hi CD8+; B 

cells, CD11b- CD19+ CD45hi. Data analysis was conducted using FCS Express (De 

Novo Software). The following antibodies were used in the procedure: monoclonal 

anti-mouse CD11b APC (BioLegend, clone M1/70); CD11b Alexa Fluor® 488 (BD 

Pharmingen, clone M1/70); CD45 APC-Cy7 (BioLegend, clone 30-F11); CD11c APC 

(BD Pharmingen, clone HL3); CD11c PE (BD Pharmingen, clone HL3); Ly6C PE-Cy7 

(BD Pharmingen, clone AL-21); Ly6G PE (BD Pharmingen, clone 1A8); CD3 PE-Cy5 

(BD Pharmingen, clone 17A2); CD4 FITC (BD Pharmingen, clone RM4-4); CD8a PE 

(BD Pharmingen, clone 53-6.7); CD19 PE-Cy7 (BD Pharmingen, clone 1D3); I-A/I-E 
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Alexa Fluor® 647 (BioLegend, clone M5/114.15.2) or isotype control antibodies (BD 

Pharmingen, APC, clone R35-95; Alexa Fluor 488®, clone A95-1; FITC, clone A95-1; 

APC-Cy7 , clone A95-1; PE, clone A95-1; PE-Cy5, clone A95-1; PE-Cy7, clone G155-

178). Multiparametric gating analysis strategy was performed as previously described 

(13,14). 

 

ELISA assay 

Serum samples obtained at day 0 and at different time points following initiation of 

the treatment were tested for murine IL-12 (p70, eBioscience), TNF-α (eBioscience), 

IFN-γ (BD Pharmingen) and IL-10 (BD Pharmingen) according to manufacturer’s 

instructions. 

 

Splenomegaly assessment 

Seven days after initiation of the treatment, mice were weighed and deeply 

anesthetized with a ketamine/xylazine cocktail accordingly. Spleens were then 

excised, weighed and photographed. In order to normalize the weight of the spleen 

according to each individual mouse body weight, an index was calculated as follows: 

(spleen weight/body weight)/average of spleen weight derived from Ctrl mice. 

 

Reverse transcription of mRNA and quantification by real-time PCR 

Brain homogenates were resuspended in TRIzol® (Invitrogen), then RNA was 

extracted according to manufacturer’s instructions and stored at −80°C. Total RNA 

was quantified using a Synergy HT spectrophotometer (BioTek) and 1 μg was treated 

with DNAse (Sigma-Aldrich) and reverse-transcribed using the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). Real-time PCR was performed in a 

StepOnePlus™ real-time PCR system (Applied Biosystems) using SYBR® Green real-

time PCR master mix (Applied Biosystems), and relative quantification (RQ) was 

calculated by using StepOne™ software V2.2.2, based on the equation RQ= 2−ΔΔCt, 

where Ct is the threshold cycle to detect fluorescence. Ct data were normalized to the 

internal standard HPRT1. Primer sequences were as follows (5′-3′): TNF-α, sense: 

AGC CGA TGG GTT GTA CCT TGT CTA, anti-sense: TGA GAT AGC AAA TCG GCT 

GAC GGT; IFN-γ, sense: GGA ACT GGC AAA AGG ATG, anti-sense: GAT GGC CTG 

ATT GTC TTT CAA GA; HPRT1, sense: TCA GTC AAC GGG GGA CAT AAA, anti-

sense: GGG GCT GTA CTG CTT AAC CAG. 
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Fluorescence confocal microscopy 

Following seven days upon the treatment, mice were weighed and deeply 

anesthetized with a ketamine/xylazine cocktail accordingly. Animals were 

transcardially perfused once with ice-cold PBS 1x (Gibco) and then with 4% 

paraformaldehyde (PFA). Brains were collected in 4% PFA for an additional 24 h post-

fixation and incubated in 20% sucrose for another 24 h. 

For immunofluorescence assay, brains were embedded in Tissue-Tek® optimal 

cutting temperature compound (Sakura), cut into 10 μm sections of thickness using a 

Shandon Cryotome E cryostat (Thermo Scientific), and mounted on Starfrost® 

adhesive slides (Knittel Glass). Sections were rehydrated with blocking buffer (10% 

BSA, 0.3% Triton in TBS), rinsed with TBS (Gibco), and incubated overnight at 4°C 

with the corresponding dilutions of the antibodies CD45 (BioLegend, clone 30-F11) 

and CD31 (Santa Cruz, clone M-20) in blocking buffer. After several rinses, sections 

were incubated with Alexa Fluor 488 (Molecular Probes) or Alexa Fluor 546 (Molecular 

Probes) antibodies and counterstained with DAPI. Slides were analyzed under a 

FV1000 laser scanning confocal fluorescence microscope (Olympus). Quantification of 

microglia numbers and CD45 integrated density area was performed using ImageJ 

software (NIH, USA).  

 

Statistical analysis 

Results are expressed as mean ± s.e.m. All statistical analyses were performed 

using Prism® 7.0 (GraphPad Software). Means between two groups was compared 

with Student t-test or two-way analysis of variance followed by a Bonferroni post-hoc 

test for more than two groups. Statistical significance levels were set as follows: ∗ if p < 

0.05, ∗∗ if p < 0.01, and ∗∗∗ if p < 0.001.  
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RESULTS 

 

In vivo treatment with IL-12 + IL-18 cDNAs increase circulating pro-inflammatory 

cytokine levels and induce splenomegaly. 

In both human sepsis and murine experimental models based on LPS 

administration, increased levels of cytokines can be detected in peripheral blood 

(34,35). We have previously demonstrated that hydrodynamic shear of IL-12 and IL-18 

cDNAs induced systemic expression of several Th1 and Th2 type cytokines (26).  

In the present study, we have used a lower dose of IL-12 in order to mimic a 

physiological model of sterile peripheral inflammation. Therefore, we used a single 

challenge of IL-12 (1 μg) plus IL-18 (10 μg) cDNAs to promote the elevation of 

circulating pro-inflammatory cytokines. At these doses, we noticed that administration 

of IL-12 plus IL-18 ramped up the level of tumor necrosis factor (TNF)-α starting from 

day 2 and remaining high until day 6 (Fig. 1A). Instead, IFN- rose from the first day, 

reaching a peak on day 2 and subsequently declining through day 3 to day 6, although 

remaining higher than the levels observed in control mice (Fig. 1A). Interleukin-10 sera 

levels showed a kinetic similar to IFN-, reaching a peak at day 2 with values forty-fold 

lower, that gradually decreased but remained significantly higher in comparison to their 

control littermates (Fig. 1A). Interestingly, we consistently found that this pro/anti-

inflammatory cytokine profile was associated with a dramatic splenomegaly observed 

on day 7 upon the hydrodynamic challenge of IL-12 plus IL-18 cDNAs (Fig. 1B). For 

this reason, we considered the presence of splenomegaly in IL-12 and IL-18-treated 

mice as an indication of an effective hydrodynamic shear. 

Interestingly, systemic induced-co-expression of IL-12 plus IL-18 cDNAs was able 

to exert a potent mRNA expression of both TNF-α and IFN-, as well as of CCR2 

chemokine receptor in the brain, seven days after the treatment (Fig. 1C). 

Remarkably, IFN- mRNA gene expression was ten-fold higher than the observed in 

endotoxemic mice, upon a serial LPS injection regime to induce neuroinflammation 

(Fig. 1C).  

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 30, 2020. ; https://doi.org/10.1101/2020.07.30.228098doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.30.228098


 

Fig. 1 | Peripheral induced-co-expression of IL-12 plus IL-18 increase circulating pro-

inflammatory cytokine levels and induce splenomegaly. C57BL/6 WT mice were 

hydrodynamically injected with either empty vector control cDNA (Ctrl), or IL-12 plus IL-18 

cDNAs (IL-12 + IL-18). (A) Serum samples obtained at day 0 and at different time points 

following initiation of the treatment were tested for TNF-α and IFN-γ. Results are representative 

of at least three independent experiments (n= 6-13 samples per time point and group). (B) 

Seven days after initiation of the treatment mice were euthanized, and spleens excised for 

assessment of their relative weight and size. Results are representative of at least three 

independent experiments (n= 2-3 mice per group). (C) Gene expression analysis by real-time 

qPCR of TNF-α and IFN- in total bulk brain. Relative quantification (RQ) was calculated based 

on the equation RQ= 2−ΔΔCt, where Ct is the threshold cycle to detect fluorescence. Ct data 

were normalized to the internal standard HPRT1. Results are representative of at least three 

independent experiments (n= 3-12 mice per group). Data are expressed as mean ± s.e.m. 

Means between groups was compared with Student t-test. Statistical significance levels were 

set as follows: * if p < 0.05, ** if p < 0.01, and *** if p < 0.001.  
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These results clearly demonstrate that a single challenge of IL-12 and IL-18 cDNAs 

induce an increase in the circulating levels of pro-inflammatory cytokines, which result 

in a striking splenomegaly and robust mRNA expression of pro-inflammatory cytokines 

in the brain.  

 

Systemic sterile induced-co-expression of IL-12 and IL-18 induce microglia 

activation and favors leukocyte recruitment into the brain. 

Immunological surveillance of the CNS has been shown to be dynamic, specific, 

and tightly regulated (36). During neuroinflammation or under neurodegenerative 

conditions, the blood–brain barrier (BBB) might get breached, enabling the entry of 

peripheral immune cells through the choroid plexus (37), and subsequently into the 

brain parenchyma. Brain-resident microglia then encounter immune cells that have 

been primed in the periphery, leading to the establishment of an interplay that could 

worsen the outcome of the inflammatory process (38).  

Given the elevation in the gene expression of TNF-α and IFN- in the brain upon 

systemic delivery of IL-12 and IL-18 cDNAs, we wondered how this pro-inflammatory 

microenvironment could affect both microglia activation state, and the immune 

response deployed from the periphery. By leveraging multiparametric flow cytometry, 

we found that hydrodynamic injection of IL-12 plus IL-18 was not able to modify the 

absolute number of CD45lo CD11b+ microglia in the brain (Figs. 2A and 2B), but to 

induce a marked activation, as shown by the upregulation of major histocompatibility 

class-II (MHC-II) (Fig. 3).  

Next, we found that IL-12 and IL-18 cDNAs-mediated neuroinflammation promoted 

the trafficking of CD45hi leukocytes from the periphery and into the brain, resulting in a 

remodeling of the brain immune landscape (Fig. 2E). Interestingly, and in accordance 

with the heightened mRNA expression of CCR2 in the brain, we noticed a major 

contribution of CD45hi CD11b+ Ly6Chi inflammatory monocytes (Fig. 2C) and CD45hi 

CD3+ CD8+ T cells (Fig. 2D) from the peripheral leukocyte compartment toward the 

brain. Similarly to what was shown for microglia, IL-12 plus IL-18-primed inflammatory 

monocytes did also upregulate MHC-II, relative to monocytes derived from empty 

vector-treated animals (Fig. 3). 
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Fig. 2 | Systemic hydrodynamic shear of IL-12 plus IL-18 results in remodeling of the 

brain immune landscape. C57BL/6 WT mice were hydrodynamically injected with either 

empty vector control cDNA (Ctrl), or IL-12 plus IL-18 cDNAs (IL-12 + IL-18). Seven days after 

initiation of the treatment mice were euthanized, and immune cells were isolated from whole 

brain and stained for subsequent flow cytometric analysis. (A) Representative CD45 vs. CD11b 

flow cytometric density-plots illustrating the gating analysis strategy employed. (B) Absolute 

number of CD11b+ CD45lo microglia, CD11b+/- CD45hi recruited leukocytes, (C) CD11b+ CD45hi 

recruited myeloid cells, CD11b+ CD45hi Ly6Chi Ly6G- inflammatory monocytes, CD11b+ CD45hi 

Ly6Ghi Ly6Cint PMN, CD11b+ CD45hi CD11c+ DCs, (D) CD11b− CD45hi recruited lymphoid cells, 

CD11b- CD45hi CD3+ CD4+ T cells, CD11b- CD45hi CD3+ CD8+ T cells, and CD11b- CD45hi 

CD19+ B cells were assessed by flow cytometry. (E) Representative stacked bar chart, 
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comparing Ctrl vs. IL-12 + IL-18 frequency of resident and peripheral CD45+ populations 

previously analyzed by flow cytometry. Results are representative of at least three independent 

experiments (n= 3-12 mice per group). Data are expressed as mean ± s.e.m. Means between 

groups was compared with Student t-test. Statistical significance levels were set as follows: ** if 

p < 0.01, and *** if p < 0.001. ns: not statistically significant. PMN: neutrophils; DCs: dendritic 

cells. 

 

In order to validate our previous findings, we next proceeded to assess microglial 

activation state and the specific localization of the leukocytes recruited into different 

brain areas by immunofluorescence, exploiting both the morphology and the dim 

expression of CD45 in star-shaped brain-resident microglia to distinguish them from 

rounded peripheral leukocytes bearing a bright expression of this same marker.  

Following seven days after systemic expression of IL-12 plus IL-18 cDNAs, CD45dim 

microglia effectively underwent activation, as determined by their integrated density 

area (Fig. 4A and 4B). This event led, in turn, to morphological alterations 

characterized by shortening and thickening of their processes along with an increase 

in the size of their cellular soma (Fig. 4A). Yet, we found no changes in microglial cell 

count per field, all results showing consistency with our previous flow cytometric 

analysis (Fig. 4B).    

As for the CD45bright leukocyte recruitment, we visualized a meaningful increase at 

the meninges and to a lesser extent, but still significant, into the caudate-putamen, 

greatly associated with vascular PECAM-expressing endothelial cells (Fig. S1). 

However, peripheral immune recruitment became substantially more evident at the 

choroid plexus (Fig. 4C).  

In the present study, we propose a novel cytokine-mediated model of 

neuroinflammation through systemic delivery of IL-12 and IL-18 endotoxin-free cDNAs, 

to elucidate the impact of peripheral inflammation in leukocyte trafficking into the CNS. 

Since it has been reported in several experimental models that even minimal 

concentrations of LPS can activate the cerebral endothelium (2,12), and considering 

that we use bacteria as a means to amplify IL-12 plus IL-18-producing plasmids, we 

further validated our results in TLR4-/- mice. Evaluation of splenomegaly (Fig. S2A), 

microglial and peripheral immune cell count (Figs. S2B and S2C) as well as their 

activation status (MHC-II expression) (Fig. S3), showed no differences in all assessed 

parameters, between WT and TLR4 knock-out (KO) animals.  
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 Fig. 3 | Peripheral delivery of IL-12 and IL-18 cDNAs leads to microglial activation and 

recruitment of MHC-II-expressing leukocytes toward the brain. C57BL/6 WT mice were 

hydrodynamically injected with either empty vector control cDNA (Ctrl), or IL-12 plus IL-18 

cDNAs (IL-12 + IL-18). Seven days after initiation of the treatment mice were euthanized, and 

immune cells were isolated from whole brain and stained for subsequent flow cytometric 

analysis. (A) Representative stacked histograms depicting MHC-II expression across different 

immune cell populations. Frequencies of CD11b+ CD45lo MHC-II+ microglia, CD11b+/- CD45hi 

MHC-II+ recruited leukocytes, CD11b− CD45hi MHC-II+ lymphoid cells, CD11b+ CD45hi MHC-II+ 
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myeloid cells, and CD11b+ CD45hi Ly6Chi Ly6G- MHC-II+ inflammatory monocytes. Frequencies 

of all recruited immune cell subsets mentioned above, when gated in CD11b+/- CD45lo/hi. 

Results are representative of at least three independent experiments (n= 4 mice per group). 

Data are expressed as mean ± s.e.m. Means between groups was compared with Student t-

test. Statistical significance levels were set as follows: * if p < 0.05, ** if p < 0.01, and *** if p < 

0.001.   

 Fig. 4 | Peripheral challenge of IL-12 plus IL-18 induces leukocyte recruitment into the 

brain, through the choroid plexus. C57BL/6 WT mice were hydrodynamically injected with 

either empty vector control cDNA (Ctrl), or IL-12 plus IL-18 cDNAs (IL-12 + IL-18). Seven days 

after initiation of the treatment mice were euthanized, and brains collected. (A) Confocal 

micrographs depicting CD45dim microglia (green, ramified cells), and CD45bright recruited 

leukocytes (green, rounded cells). DAPI counterstain (blue) shows nucleus. Scale bars, 40 μm 

(main panels), 13 μm (inset). (B) Cell count per field and integrated density area of CD45dim 

microglia (green, ramified cells). Confocal micrographs of (C) choroid plexus depicting CD45dim 

microglia (green, ramified cells), CD45bright recruited leukocytes (green, rounded cells). DAPI 

counterstain (blue) shows nucleus. Scale bars, 40 μm (main panels), 13 μm (inset). Cell count 

per field of CD45bright recruited leukocytes (green, rounded cells). Results are representative of 

at least three independent experiments (n= 3-9 mice per group). Data are expressed as mean ± 

s.e.m. Means between groups was compared with Student t-test. Statistical significance levels 

were set as follows: * if p < 0.05, and ** if p < 0.01. ns: not statistically significant.   
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Taken together, these results clearly demonstrate that the systemic hydrodynamic 

administration of IL-12 and IL-18 cDNAs could be considered as an innovative 

experimental model of aseptic neuroinflammation, as it recapitulates all major features 

associated with this process in an endotoxin-free manner. 

 

IFN-γ is required to elicit peripheral inflammation, followed by microglial 

activation and leukocyte recruitment into the brain after systemic delivery of IL-

12 plus IL-18 cDNAs.  

Given that TNF-α and IFN-γ were significantly induced both in the periphery and in 

the brain itself after systemic hydrodynamic shear of IL-12 and IL-18 cDNAs, we 

decided to address their involvement during neuroinflammation, by making use of 

TNF-αR1-/- and IFN-γ-/- mice. Therefore, we determined the circulating levels of 

cytokines, assessed splenomegaly, microglial activation, in addition to evaluation of 

peripheral immune cell trafficking into the brain in both mouse strains.  

Following systemic expression of IL-12 plus IL-18, IFN-γ-/- mice showed significantly 

low sera level of TNF-α and complete abrogation of IFN-γ, whereas TNF-αR1-/- 

animals presented a kinetic and levels of TNF-α and IFN-γ comparable to their WT 

counterparts (Fig. 5A). Moreover, since we did not notice signs of splenomegaly in 

IFN-γ-/- mice (Fig. 5B), we further validated our results by testing IL-12 protein level at 

different time points after cDNA delivery. Similar concentration of circulating IL-12 was 

dosed in IFN-γ-/- mice in comparison to their WT littermates in all time points assessed, 

ruling out that the observed differences between transgenic strains were due to a less 

efficient hydrodynamic injection (Fig. 5C).  

The absence of splenomegaly in IFN-γ KO prompted us to test whether IFN-γ could 

be necessary and sufficient to mount a systemic cytokine-mediated two-step process 

after delivery of IL-12 plus IL-18 cDNAs, initiating an enhanced peripheral 

inflammation, which could in turn lead to neuroinflammation, featured by activation of 

microglia and recruitment of leukocytes into the brain. Notably, we observed that only 

IFN-γ, but not TNF-α signaling through its type I receptor, was required to both induce 

the trafficking of leukocytes from the periphery toward the brain (Fig. 6) and upregulate 

MHC-II in microglia and inflammatory monocytes (Fig. 7). 

Overall, our results point to an IFN-γ-dependent immune response triggered by 

systemic sterile induced-co-expression of IL-12 and IL-18, which leads to activation of 

microglia and leukocyte recruitment into the brain during the onset and development of 

this cytokine-mediated model of neuroinflammation.  
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Fig. 5 | IFN-γ is required to exert peripheral inflammation after systemic induced-co-

expression of IL-12 and IL-18. C57BL/6 WT, TNFαR1−/− and IFN-γ−/− mice were 

hydrodynamically injected with either empty vector control cDNA (Ctrl), or IL-12 plus IL-18 

cDNAs (IL-12 + IL-18). (A) Serum samples obtained at day 0 and at different time points 

following initiation of the treatment were tested for TNF-α and IFN-γ. Results are representative 

of at least three independent experiments (n= 3-7 samples per time point and group). (B) 

Seven days after initiation of the treatment mice were euthanized, and spleens excised for 

assessment of their relative weight and size. Results are representative of at least three 

independent experiments (n= 2-4 mice per group). (C) Serum samples obtained at day 0 and at 

different time points following initiation of the treatment were tested for IL-12. Results are 

representative of at least three independent experiments (n= 3-4 mice per group). Data are 

expressed as mean ± s.e.m. Means between groups was compared with two-way analysis of 

variance followed by a Bonferroni post-hoc test. Statistical significance levels were set as 

follows: * if p < 0.05, **/## if p < 0.01, and *** if p < 0.001. ns: not statistically significant. 
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Fig. 6 | IFN-γ deficiency results in impaired leukocyte recruitment toward the brain upon 

systemic delivery of IL-12 and IL-18 cDNAs. C57BL/6 WT, TNFαR1−/− and IFN-γ−/− mice were 

hydrodynamically injected with either empty vector control cDNA (Ctrl), or IL-12 plus IL-18 

cDNAs (IL-12 + IL-18). Seven days after initiation of the treatment mice were euthanized, and 

immune cells were isolated from whole brain and stained for subsequent flow cytometric 

analysis. (A) Representative CD45 vs. CD11b flow cytometric density-plots illustrating the 

gating analysis strategy employed. (B) Absolute number of CD11b+ CD45lo microglia, CD11b+/- 

CD45hi recruited leukocytes, CD11b− CD45hi recruited lymphoid cells, CD11b+ CD45hi recruited 

myeloid cells, CD11b+ CD45hi Ly6Chi inflammatory monocytes, and CD11b+ CD45hi Ly6Ghi 

neutrophils were assessed by flow cytometry. Results are representative of at least three 

independent experiments (n= 2-7 mice per group). Data are expressed as mean ± s.e.m. 

Means between groups was compared with two-way analysis of variance followed by a 

Bonferroni post-hoc test. Statistical significance levels were set as follows: # if p < 0.05, ** if p < 

0.01, and *** if p < 0.001. ns: not statistically significant. 
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 Fig. 7 | Systemic hydrodynamic shear of IL-12 plus IL-18 cDNAs drives IFN-γ-dependent 

activation of microglia and recruitment of MHC-II-expressing monocytes into the brain. 

C57BL/6 WT, TNFαR1−/− and IFN-γ−/− mice were hydrodynamically injected with either empty 

vector control cDNA (Ctrl), or IL-12 plus IL-18 cDNAs (IL-12 + IL-18). Seven days after initiation 

of the treatment mice were euthanized, and immune cells were isolated from whole brain and 

stained for subsequent flow cytometric analysis. (A) Representative stacked histograms 

depicting MHC-II expression across different immune cell populations. Frequencies of CD11b+ 

CD45lo MHC-II+ microglia, CD11b+/- CD45hi MHC-II+ recruited leukocytes, CD11b− CD45hi MHC-

II+ recruited lymphoid cells, CD11b+ CD45hi MHC-II+ recruited myeloid cells, and CD11b+ CD45hi 

Ly6Chi MHC-II+ inflammatory monocytes. Results are representative of at least three 

independent experiments (n= 4-7 mice per group). Data are expressed as mean ± s.e.m. 

Means between groups was compared with two-way analysis of variance followed by a 

Bonferroni post-hoc test. Statistical significance levels were set as follows: ***/### if p < 0.001. 

ns: not statistically significant.  
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DISCUSSION 

 

Here we report the novel effect of systemic, sterile induced-co-expression of IL-12 

and IL-18 in the establishment of an innovative cytokine-mediated murine model of 

neuroinflammation, through peripheral hydrodynamic shear of cDNA.  

Our results show that peripheral inflammation is mediated by a cytokine storm 

including persistent high levels of IL-12, TNF-α and IFN-, along with a pronounced 

splenomegaly, which thereof became a distinctive trait, and more important, a control 

of an efficient treatment. Accordingly, it has been previously shown that an increase in 

IL-10 correlates with a protective role mediated by this cytokine, limiting an 

exacerbated inflammation induced by pro-inflammatory cytokines such as IL-12 (26) 

and IFN- (39). Besides, TNF-α was associated with hepatic toxicity and diminished 

mice survival when IL-12 cDNA was injected alone (32). Thus, this coordinated 

Th1/Th2 balance is critical to shape a well-controlled peripheral immune response 

against systemic inflammatory events, which could in turn lead to neuroinflammation.  

Herein, we demonstrate that this cytokine-mediated process unleash the peripheral 

immune system, inducing the mobilization of highly activated inflammatory monocytes 

and CD8+ T cells into the brain, harnessing MHC-II+ tissue-resident microglia in an 

IFN--mediated manner (40), suggesting that microglia interaction with Th1 cells would 

license them with potential antigen-presenting function, as reported before (41). 

Moreover, we found an augment in the mRNA gene expression of CCR2 in the brain, 

which has been widely described as a key chemokine receptor orchestrating monocyte 

(42) and T cell (43) migration to inflamed sites. Interestingly, we localized significantly 

more immune cells at the choroid plexus, which constitute an epithelial layer of the 

blood cerebrospinal-fluid barrier that has been postulated to be a unique IFN--

dependent neuroimmunological interface between the periphery and the brain, 

displaying a key role as a gateway for CNS immune surveillance (37,44,45). This 

solely would explain the impairment in the activation and recruitment of leukocytes into 

the brain of IFN- KO mice after systemic delivery of IL-12 and IL-18 cDNAs, 

supporting our hypothesis of neuroinflammation as a two-step process that may start 

in the periphery and finalizes locally in the brain. However, it remains to be elucidated 

whether IFN- peripherally or locally expressed at the choroid plexus would be the 

responsible for modulating leukocyte trafficking into the brain.  

Collectively, the results presented argue for a systemic cytokine-mediated origin of 

successive immunological events for the establishment and development of 

neuroinflammation, having identified IFN- as a potential target for immunotherapy. 
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SUPPLEMENTARY FIGURES  

Fig. S1 | Peripheral challenge of IL-12 plus IL-18 cDNAs leads to leukocyte recruitment 

into distinct brain regions. C57BL/6 WT mice were hydrodynamically injected with either 

empty vector control cDNA (Ctrl) or IL-12 plus IL-18 cDNAs (IL-12 + IL-18). Seven days after 

initiation of the treatment mice were euthanized, and brains collected. Confocal micrographs of 

meninges, ventricles, and caudate-putamen depicting CD45dim microglia (green, ramified cells), 

CD45bright recruited leukocytes (green, rounded cells), and PECAMbright endothelial cells (red). 

DAPI counterstain (blue) shows nucleus. Scale bars, 40 μm. Cell count per field of CD45bright 

recruited leukocytes (green, rounded cells). Results are representative of at least three 

independent experiments (n= 3-7 mice per group). Data are expressed as mean ± s.e.m. 

Means between groups was compared with Student t-test. Statistical significance levels were 

set as follows: * if p < 0.05, and ** if p < 0.01. 
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Fig. S2 | TLR4 is not required to induce peripheral inflammation after systemic induced-

co-expression of IL-12 and IL-18. C57BL/6 WT, and TLR4−/− mice were hydrodynamically 

injected with either empty vector control cDNA (Ctrl) or IL-12 plus IL-18 cDNAs (IL-12 + IL-18). 

(A) Seven days after initiation of the treatment mice were euthanized, and spleens excised for 

assessment of their relative weight and size. Results are representative of at least three 

independent experiments (n= 2-3 mice per group). (B) Immune cells were isolated from whole 

brain and stained for subsequent flow cytometric analysis. Representative CD45 vs. CD11b 

flow cytometric density-plots illustrating the gating analysis strategy employed. (C) Absolute 

number of CD11b+ CD45lo microglia, CD11b+/- CD45hi recruited leukocytes, CD11b+ CD45hi 

recruited myeloid cells, CD11b− CD45hi recruited lymphoid cells, CD11b+ CD45hi Ly6Chi 

inflammatory monocytes, and CD11b+ CD45hi Ly6Ghi neutrophils were assessed by flow 
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cytometry. Results are representative of at least three independent experiments (n= 2-4 mice 

per group). Data are expressed as mean ± s.e.m. Means between groups was compared with 

two-way analysis of variance followed by a Bonferroni post-hoc test. Statistical significance 

levels were set as follows: *** if p < 0.001. ns: not statistically significant.  

Fig. S3 | Peripheral sterile hydrodynamic shear of IL-12 plus IL-18 cDNAs induces 

activation of microglia and recruitment of MHC-II-expressing monocytes into the brain in 

a TLR4-independent manner. C57BL/6 WT, and TLR4−/− mice were hydrodynamically injected 

with either empty vector control cDNA (Ctrl) or IL-12 plus IL-18 cDNAs (IL-12 + IL-18). Seven 

days after initiation of the treatment mice were euthanized, and immune cells were isolated 

from whole brain and stained for subsequent flow cytometric analysis. (A) Representative 

stacked histograms depicting MHC-II expression. (B) Frequencies of CD11b+ CD45lo MHC-II+ 
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microglia, CD11b+/- CD45hi MHC-II+ recruited leukocytes, CD11b− CD45hi MHC-II+ recruited 

lymphoid cells, CD11b+ CD45hi MHC-II+ recruited myeloid cells, and CD11b+ CD45hi Ly6Chi 

MHC-II+ inflammatory monocytes. Results are representative of at least three independent 

experiments (n= 2-4 mice per group). Data are expressed as mean ± s.e.m. Means between 

groups was compared with two-way analysis of variance followed by a Bonferroni post-hoc test. 

ns: not statistically significant.  
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