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Abstract
A craniotomy is a neurosurgical procedure performed to access the intracranial space. In 3–5% of cases, infections 
can develop, most caused by Staphylococcus aureus biofilm formation on the skull surface. Medical management 
of this infection is difficult, as biofilm properties confer immune and antimicrobial recalcitrance to the infection 
and necessitate additional surgical procedures. Furthermore, treatment failure rates can be appreciably high. These 
factors, compounded with rapidly expanding rates of antimicrobial resistance, highlight the need to develop 
alternative treatment strategies to target and reverse the immune dysfunction that occurs during biofilm infection. 
Our recent work has identified CD4+ Th1 and Th17 cells as potent regulators of innate immune cell activation 
during craniotomy infection. Here, we report the role of IFN-γ, versus other Th1- and Th17-derived cytokines, in 
programing the immune response to biofilm infection using both global and cell type-specific IFN-γR1-deficient 
(Ifngr1−/−) mice. Bacterial burdens were significantly higher in Ifngr1−/− relative to WT animals despite few changes 
in immune cell abundance. Single-cell transcriptomics identified candidate explanations for this phenotype as 
alterations in cell death pathways, innate immune cell activation, MHC-II expression, and T cell responses were 
significantly reduced in Ifngr1−/− mice. While caspase-1 activation in PMNs and macrophage/microglial MHC-
II expression were regulated by IFN-γ signaling, no phenotypes were observed with either granulocyte- or 
macrophage/microglia Ifngr1−/− conditional knockout mice, suggestive of redundancy. Instead, a decreased 
Th1/Th17 ratio was identified in Ifngr1−/− animals that was corroborated by elevated IL-17 levels and correlated 
with dysfunctional T cell-innate immune communication. Further, Th17 cells were less effective than Th1 cells 
in promoting S. aureus bactericidal activity in microglia and macrophages. Collectively, this work identifies a key 
protective role for IFN-γ during craniotomy infection by enhancing macrophage and microglial antibacterial activity. 
Therefore, controlled programming of IFN-γ responses may represent a novel therapeutic strategy for chronic 
craniotomy infections.
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Introduction
Craniotomy involves the temporary excision of a skull 
segment (bone flap) to access the intracranial compart-
ment [1]. This procedure enables the excision of brain 
tumors, evacuation of hematomas, and the implanta-
tion of medical devices such as those used in the treat-
ment of Parkinson’s disease or epilepsy [1, 2]. As such, 
craniotomy ranks among the most common neurosurgi-
cal interventions. However, in 3–5% of cases, infection 
can complicate surgical recovery [2–7]. Half of craniot-
omy infections are caused by Staphylococcus aureus (S. 
aureus) [2], which forms a biofilm on the bone flap 
surface and evades antibiotic- and immune-mediated 
clearance [2, 8, 9]. Therefore, surgical tissue debride-
ment complemented with long-term systemic antibiotics 
remains the sole treatment strategy available to patients, 
an approach increasingly threatened by mounting anti-
biotic resistance [10]. These points necessitate the devel-
opment of alternative treatment strategies, such as those 
that augment immune function, to promote biofilm 
clearance. This would effectively circumvent the need for 
additional surgeries to reduce patient morbidity, mortal-
ity, and resource strain on the healthcare system [6].

Our laboratory has extensively characterized the 
immune response to craniotomy infection, both in 
patients [2] and a mouse model [8, 11–17] that displays 
high congruence to its clinical counterpart [2]. In both 
cases, a segregated pattern of leukocyte recruitment was 
identified [2, 9, 12]. Specifically, the subcutaneous galea 
(directly above the bone flap and beneath the scalp) pri-
marily contains neutrophils (PMNs) and granulocytic 
myeloid-derived suppressor cells (G-MDSCs), an alter-
natively programmed granulocytic subset with anti-
inflammatory properties [18–20]. During craniotomy 
infection, G-MDSC formation is likely induced by the 
infection microenvironment since they are absent from 
the blood [2, 21]. G-MDSCs are also found in numer-
ous other pathologies [22–26] where their origins are 
less clear. In contrast to the galea, the infected brain 
parenchyma displays immunological diversity typified by 
monocytes, macrophages, NK cells, T cells, granulocyte 
subsets, and tissue-resident microglia [2, 9, 12]. Many 
of these cell types have been linked to bacterial clear-
ance, as the numbers of activated microglia correlate 
with reduced bacterial titers in the brain [15] and TLR2 
deficiency or depletion of either granulocytes or CD4+ 
T cells in wild type (WT) mice significantly increased 
bacterial burdens in the brain, galea, and on the bone 
flap [11, 12, 27]. Regarding the latter, adoptive transfer 
experiments in Rag1−/− mice identified that both CD4+ 
Th1 and Th17 cells were protective during craniotomy 
infection [27] and these subsets were enriched during 
human craniotomy infection [2]. Further, flow cytom-
etry and transcriptomic analysis identified a strong IFN-γ 

signature in T cells and innate immune cells infiltrating 
the brain. Even Th0 and Th17 cells adoptively transferred 
into Rag1-deficient mice were driven towards robust 
IFN-γ production, suggesting a Th1 bias at the site of 
craniotomy infection [27]. However, the direct role of 
IFN-γ vs. other Th cytokines during infection remains to 
be determined. Here we address this question by delin-
eating the functional importance of IFN-γ signaling 
during craniotomy infection using IFN-γR1-deficient 
(Ifngr1−/−) mice. Ifngr1−/− animals displayed heightened 
bacterial burdens compared to WT mice without large 
alterations in immune cell recruitment. Single-cell tran-
scriptomics revealed reduced IFN signaling, antigen 
presentation, and immune activation pathways across 
several Ifngr1−/− innate immune populations, in agree-
ment with previously documented roles for IFN-γ signal-
ing in other systems [28–42]. No changes in craniotomy 
infection were evident with granulocyte- or macrophage/
microglia-specific Ifngr1−/− mice, suggesting redundancy 
in IFN-γ signaling across multiple innate immune popu-
lations. Instead, scRNA-seq and inflammatory media-
tor analysis identified heightened Th17 polarization in 
Ifngr1−/− mice, which was associated with less microglial 
and macrophage bactericidal activity compared to Th1 
stimulation. This work implicates innate immune pro-
gramming via IFN-γ signaling as a key mechanism for 
bacterial containment during craniotomy infection.

Materials and methods
Mice
Ifngr1−/− mice were obtained from The Jackson Labo-
ratory (RRID: IMSR_JAX:0032880) with C57BL/6J 
mice (RRID: IMSR_JAX:000664) used as WT controls. 
Ifngr1−/− conditional animals (Cx3cr1CreIfngr1fl/fl and 
Mrp8CreIfngr1fl/fl) were generously provided by Dr. Keer 
Sun and have been previously utilized for targeted dele-
tion of IFN-γR1 in macrophages [43, 44]. These strains 
were originally generated by crossing Ifngr1fl/fl (RRID: 
IMSR_JAX:025394) mice with Cx3cr1Cre (RRID: IMSR_
JAX:025524) or Mrp8Cre (RRID: IMSR_JAX:021614) 
strains, as previously described [43] with WT litter-
mates (Cx3cr1NullIfngr1fl/fl and Mrp8NullIfngr1fl/fl) as con-
trols. Cx3cr1CreIfngr1fl/fl mice were functionally validated 
using readouts related to IFN-γ signaling including nitric 
oxide (NO) production [45], MHC-II expression [46], 
and proinflammatory cytokine production [28]. Briefly, 
bone marrow-derived macrophages were generated from 
Cx3cr1CreIfngr1fl/fl mice and WT littermates, as described 
below and treated with peptidoglycan (10 µg/mL) and/or 
IFN-γ (200 ng/mL) for 24 h. Levels of nitrite, a stable end 
product following the reaction of NO with O2, were mea-
sured in conditioned medium using the Griess reagent as 
previously described [47]. MHC-II levels were assessed 
by flow cytometry as outlined below and cytokine (IL-12, 
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IL-6, and TNF) production was quantified in superna-
tants with a Mouse Inflammation Cytometric Bead Array 
(Cat. #552364, BD Biosciences) as previously described 
[17]. All animals were bred in-house in the University of 
Nebraska Medical Center (UNMC) vivarium, where they 
were group-housed under a 12  h light/dark cycle with 
controlled temperature (~ 22 °C) and humidity (30–70%) 
with free access to food (2019 S Teklad Global 19% Pro-
tein Extruded Rodent Diet; Inotiv, West Lafayette, IN) 
and water (Hydropac; Lab Products, Seaford, DE). Nest-
lets were provided for enrichment. The animal use pro-
tocol was approved by the UNMC Institutional Animal 
Care and Use Committee (IACUC; 16-123-10) and con-
forms to relevant standards as described in the Public 
Health Service (PHS) Policy on the Human Care and Use 
of Laboratory Animals, the Guide for the Care and Use 
of Laboratory Animals, and the UNMC IACUC Animal 
Welfare Assurance, Guidelines and Policies.

Mouse model of S. aureus craniotomy infection
Craniotomy infection was established in 8- to 10-week-
old male and female mice as previously described [17]. 
Briefly, animals were anesthetized with ketamine/xyla-
zine i.p., whereupon a midline incision was made in the 
scalp to expose the cranium. A high-speed pneumatic 
drill (Stryker Corporation, Kalamazoo, MI) was used to 
excise a segment of the skull (i.e., bone flap), which was 
incubated in 106 colony forming units (CFUs) of S. aureus 
[USA300 LAC13C [48]] diluted in brain-heart infu-
sion broth at 37 °C for 5 min, washed in sterile PBS, and 
reimplanted to seal the cranium. The resulting infectious 
inoculum (103 CFU/bone flap) [17] accurately models 
the low bacterial exposure associated with surgical site 
infection in patients [49]. The incision was closed using 
6 − 0 nylon suture (Henry Schein, Melville, NY), where-
upon animals received extended-release buprenorphine 
for pain relief and supplemental heat until they emerged 
from anesthesia. This procedure is associated with a low 
mortality rate (< 1%), which mainly results from anesthe-
sia-related complications. The model has been validated 
to generate robust biofilm formation on the bone flap 
surface [9], which exhibits hallmark recalcitrance to sys-
temic antibiotic treatment [2, 8].

Tissue collection and quantification of bacterial and 
immune cell abundance
At the indicated post-surgical interval (days 7 or 14 
post-infection), mice were euthanized via isoflurane 
overdose and perfused with sterile PBS. The bone flap 
was removed, placed in 0.5 mL of 10% FBS in PBS, vor-
texed for 30 s, and an aliquot was removed for immune 
cell quantification. The bone flap was then sonicated 
for 5  min to dislodge the adherent biofilm and saved 
for bacterial enumeration. The galea, representing the 

subcutaneous tissue below the scalp and above the 
infected bone flap, was harvested by dissecting forceps 
into 0.5 mL of 10% FBS in PBS, homogenized with the 
blunt end of a syringe plunger, filtered through a 70 μm 
filter, and saved for quantification of immune infiltrates. 
An aliquot of the galea was taken prior to filtering and 
used for bacterial enumeration. The brain hemisphere 
beneath the infected bone flap was collected and placed 
in 1.5 mL of 10% FBS in PBS. Brain tissue was dissoci-
ated through a 70 μm filter, where an aliquot was taken 
for bacterial enumeration before collagenase digestion 
and myelin removal. The resulting single cell suspension 
was used to quantify immune populations, as previously 
described [17]. In some experiments, the spleen, kidney, 
and liver were collected to assess S. aureus dissemina-
tion and processed as described for the galea. Bacterial 
abundance in each tissue was assessed by serial dilution 
on tryptic soy agar (TSA) plates with 5% sheep blood 
(Remel/Thermo Scientific, Lenexa, KS).

Samples retained for quantification of immune popu-
lations by flow cytometry were incubated in TruStain 
FcX (BioLegend, San Diego, CA) to limit non-specific 
antibody binding. The following antibody panel was 
utilized in these experiments: CD45-Brilliant Violet 
711™ (RRID: AB_2564383), Ly6G-Spark UV™ (RRID: 
AB_2924466), Ly6C-FITC (RRID: AB_394628), CD11b-
Alexa Fluor® 700 (RRID: AB_394628), F4/80-Brilliant 
Violet 510™ (RRID: AB_2562622), CX3CR1-Brilliant Vio-
let 785™ (RRID: AB_2565938), MHC-II-PE/Dazzle™ 594 
(RRID: AB_2565979), γδ TCR-PE (RRID: AB_313832), 
CD3-APC (RRID: AB_2561455), CD4-Brilliant Violet 
650™ (RRID: AB_2783035), CD8-Pacific Blue™ (RRID: 
AB_493425), and IFN-γR1 (CD119)-BD OptiBuild™ 
BV605 (RRID: AB_2742716). Due to the lack of microg-
lia and adaptive immune cells in the galea and on the 
bone flap [9, 12, 15], the panel was restricted to granu-
locyte and monocyte markers for these samples. Cell 
viability was assessed using a Zombie UV Fixable Viabil-
ity Kit (BioLegend, Cat. #423108) and AccuCount beads 
(Spherotech, Lake Forest, IL; Cat. #ACBP-100-10; 8.0–
12.9 μm) were added to each sample to enable reporting 
of absolute cell counts. Samples were fixed with 1% para-
formaldehyde (PFA) in PBS and acquisition was com-
pleted on a BD LSR Fortessa X50 cytometer with analysis 
using FlowJo (RRID: SCR_008520) and the gating strate-
gies in Additional File 1: Fig. S1.

Quantification of inflammatory mediators
Inflammatory mediator expression in brain and galea 
homogenates was quantified using a MILLIPLEX MAP 
Mouse Cytokine/Chemokine Magnetic Bead Panel 
(Cat. #HT17MG-14  K-PX25, Millipore Sigma, Burling-
ton, MA). Prior to use, homogenates were centrifuged 
at 14,000  rpm for 10  min at 4  °C to remove cell debris. 
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The assay was performed according to the manufactur-
er’s instructions using a MAGPIX® xMAP instrument 
(Luminex, Austin, TX). Belysa® Analyst software (Mil-
lipore Sigma) was used to generate standard curves and 
interpolate experimental data. All values were standard-
ized to sample protein content as assessed by bicincho-
ninic acid (BCA) assay.

Preparation of primary immune cells
Macrophages and PMNs were derived from the bone 
marrow of 8- to 12-week-old male and female mice as 
previously described [16, 17]. Briefly, bone marrow was 
extracted from the leg bones prior to red blood cell (RBC) 
lysis with water and rapid correction to isotonic condi-
tions. Following RBC lysis, cells were cultured in RPMI-
1640 with 10% FBS, penicillin/streptomycin/fungizone, 2 
mM L-glutamine, 1% HEPES, 0.01% β-mercaptoethanol, 
and 10% conditioned medium from L929 fibroblasts 
as a source of macrophage colony-stimulating factor 
(M-CSF). Macrophage cultures were maintained at 37 °C 
with 5% CO2 for 7 days with medium replacement on 
days 3 and 5. PMNs were isolated on the day of experi-
ments from the bone marrow using Ly6G magnetic beads 
(Cat. # 130-120-337, Miltenyi Biotec, Gaithersburg, MD).

Primary microglia were prepared from 2- to 4-day-old 
mice as previously described [17]. Pups were euthanized 
by isoflurane overdose prior to isolating the cerebral cor-
tex that was diced using sterile surgical scissors in cold 
PBS. Resulting brain tissue was digested in 0.5% trypsin-
EDTA for 20 min at 37 °C, disrupted by repetitive pipet-
ting, filtered, and cultured in 75-cm2 flasks in a final 
volume of 20 mL of culture medium [DMEM + 10% FBS 
supplemented with penicillin/streptomycin/fungizone, 
OPI (oxalacetic acid, pyruvate, insulin; Millipore-Sigma, 
Burlington, MA), and 0.5 ng/mL recombinant mouse 
GM-CSF (BioLegend)]. Cells were maintained at 37  °C 
with 5% CO2 for 6 days, with medium replacement on 
day 4, whereupon cells were trypsinized and transferred 
to 175-cm2 flasks. Cultures were supplemented with 
additional medium (10 mL) on days 9 and 11 and har-
vested at confluence via light agitation to detach microg-
lia from the astrocyte monolayer.

Naïve CD4+ T cells were isolated from the spleens of 6- 
to 8-week-old mice. Spleens were homogenized and fil-
tered through 70 μm nylon mesh before isolation using a 
MojoSort mouse naïve T cell isolation kit (Cat. #480040, 
BioLegend). T cells were cultured in RPMI supplemented 
with 10% FBS, penicillin/streptomycin/fungizone, 2 mM 
L-glutamine, 1% HEPES, and 0.01% β-mercaptoethanol. 
Th17 differentiation was achieved by seeding naïve T 
cells in a 96-well flat bottom plate coated with anti-
CD3ε (RRID: AB_11149115) and anti-CD28 (RRID: 
AB_11147170). Cells were then treated with 30 ng/mL 
IL-6 (Cat. #575706, BioLegend), 10 ng/mL IL-23 (Cat. 

#589004, BioLegend), 10 ng/mL IL-1β (Cat. #575104, 
BioLegend) and 2 ng/mL TGF-β1 (Cat. #781804, BioLe-
gend) along with 10  µg/mL each of anti-IFN-γ (RRID: 
AB_1089144), anti-IL-4 (RRID: AB_315316), and anti-
IL-2 (RRID: AB_315292) for 3 days. Th1 polarization was 
achieved by exposure to anti-CD3ε/anti-CD28 mouse 
T-activator Dynabeads (Cat. #11456D, Thermo Fisher, 
Waltham, MA) at a 1:1 bead-cell ratio in combination 
with 10 µg/mL anti-IL-4 (RRID: AB_315316), 10 ng/mL 
IL-2 (Cat. #575406, BioLegend), and 10 ng/mL IL-12 
(Cat. #577004, BioLegend) for 3 days. This approach 
has been previously validated in our laboratory to pro-
duce > 70% polarization efficiency for each Th cell subset 
[27].

Assessment of caspase-1 activation, apoptosis, and 
bactericidal capacity
Caspase-1 activity and apoptosis were assessed in PMNs 
in vitro using flow cytometry-based assays. Briefly, PMNs 
were recovered from the bone marrow as described above 
and treated with 200 ng/mL IFN-γ or vehicle for 1 h prior 
to stimulation with live S. aureus at a multiplicity of 
infection (MOI) of 10:1 (bacteria: PMN) for an additional 
hour. IFN-γ was maintained throughout the 2  h treat-
ment period. Caspase-1 activity was quantified in PMNs 
using a Pyroptosis/Caspase-1 Assay (FLICA; Cat. #9158, 
Antibodies Incorporated, Davis, CA) and apoptosis with 
Apotracker™ Green (Cat. #427402, BioLegend) during 
a 1  h incubation in 2% FBS in PBS, followed by surface 
marker staining with Ly6G-PE (RRID: AB_1186099) and 
a Zombie UV Fixable Viability Kit (Cat. #423108, BioLeg-
end). Caspase-1 activity was quantified in cells recovered 
from craniotomy infection tissues as described above; 
however, the following antibodies were used along with 
a Zombie UV Fixable Viability Kit (Cat. #423108, Bio-
Legend) to avoid spectral overlap with the FLICA dye: 
Ly6G-Spark UV™ (RRID: AB_2924466), F4/80-Brilliant 
Violet 510™ (RRID: AB_2562622), CD11b-FITC (RRID: 
AB_312789), CD45-Pacific Blue™ (RRID: AB_493535), 
and Ly6C-PerCP-Cy5.5 (RRID: AB_1727558). Both assays 
were analyzed on a BD LSR-IIG cytometer.

The bactericidal capacity of macrophages and microg-
lia co-cultured with Th1 or Th17 polarized cells was 
assessed by gentamicin protection assays as previously 
reported [17]. Briefly, microglia, macrophages, and Th 
cell subsets were prepared as described above. Microg-
lia and macrophages were treated with live S. aureus at a 
MOI of 10:1 (bacteria: cell) for 1 h, whereupon remaining 
extracellular bacteria were killed by high-dose gentami-
cin (100 µg/mL) for 30 min, followed by a maintenance 
dose (1  µg/mL) to prevent bacterial outgrowth. Where 
indicated, microglia and macrophages were co-cultured 
with Th1 or Th17 cells at a 1:1 ratio and, at the indicated 
time points, cells were lysed with sterile water for 15 min, 
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serially diluted, and plated on blood agar plates to quan-
tify intracellular bacterial abundance. For determining 
intracellular bacterial burdens in vivo, Ly6G+ granulo-
cytes and F4/80+ microglia/macrophages were isolated 
from galea and brain homogenates, respectively, using 
magnetic beads (Cat. # 130-120-337 and 130-110-443, 
Miltenyi Biotec) prior to gentamicin treatment, water 
lysis, and bacterial enumeration as described above.

scRNA-seq
Single-cell suspensions were prepared from the brain and 
galea of WT and Ifngr1−/− mice at day 14 post-infection 
as described above and pooled (10 mice per sample). 
Samples were FACS-purified to obtain live CD45+ cells 
and subjected to single-cell transcriptomics as previ-
ously described [2, 50, 51]. Briefly, samples were evalu-
ated using a Luna automated fluorescent cell counter 
(Logos Biosystems) to assess cell viability, density, and 
debris before single-cell capture with a 10X Genomics 
instrument. Samples were freshly analyzed on the day 
of isolation with no exceptions. Cells were lysed, and the 
resulting RNA was reverse-transcribed and barcoded 
using a Chromium Single Cell 3′ Reagent Kit (v3.1; 10X 
Genomics, Pleasanton, CA) according to the manufac-
turer’s instructions. Illumina-compatible cDNA librar-
ies were quantified with a Qubit-30 Fluorometer and 
assessed using a fragment analyzer before loading on 
a Novaseq6000 instrument at a final concentration of 
300 pM for generation of 75 bp pair-end reads. Samples 
sequenced included: WT brain (7,229 cells), WT galea 
(6,889 cells), Ifngr1−/− brain (6,732 cells), and Ifngr1−/− 
galea (6,776 cells). Sequencing was performed to an aver-
age depth of 50,000–100,000 reads per cell and datasets 
were deposited in the Gene Expression Omnibus (GEO) 
database (GSE282637).

Bioinformatics
Sequencing data was aligned to the mouse genome using 
10X Genomics Cell Ranger (RRID: SCR_017344) and 
low-quality cells/reads were filtered out of the dataset 
using the Cell Ranger cell-calling algorithm [52] with an 
input specification of 5,000–10,000 cells. Due to the low 
multiplet rate reported for this technology (0.8–3.2%, 
10X Chromium Single Cell 3′ Reagent Kit v3.1), dou-
blet exclusion was not performed. scRNA-seq quality 
control metrics were examined in Cell Ranger and were 
consistent with high-quality data across all sequenced 
samples (Additional File 2). No further cell filtering was 
performed. The data was then imported into Partek Flow 
Genomics Suite (RRID: SCR_011860) for additional anal-
ysis similar to previously described [2]. Resulting single-
cell count matrices were normalized in Partek Flow using 
counts per million, add 1, and log base 2 transformed. 
Cell type identification was performed as described 

previously [2] using the code in Additional File 3. Clus-
tering was performed using the top 20 principal com-
ponents and differential gene expression between each 
cluster was assessed using a Hurdle statistical model. 
Differential expression results were exported and further 
analyzed using IPA (RRID: SCR_008653). Identification 
of G-MDSC-like clusters was performed as outlined pre-
viously [2] using a published set of mouse G-MDSC spe-
cific genes [53]. Cellular communication networks were 
predicted using the CellChat v2 package [54] in R accord-
ing to the manuals and tutorials presented by the creators 
of this tool [​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​j​i​n​w​​o​r​​k​s​/​C​e​l​l​C​h​a​t]. The 
code used for this analysis is provided in Additional File 
4.

Statistics
Significant differences between groups for immune 
populations, inflammatory mediator expression, or 
other assays were determined using either an unpaired 
two-tailed Student t-test, multiple unpaired t-test, two-
way ANOVA with Šidák multiple comparisons test, chi-
square test, or one sample Wilcoxon signed rank test, as 
appropriate, in GraphPad Prism (RRID: SCR_002798). 
Outliers were removed only for Milliplex assays using 
the ROUT method [55] (with Q = 1%; 0–3 observations 
per condition) in GraphPad Prism. A p-value of < 0.05 
was used to reflect statistical significance. For sequencing 
analyses, significant differences were determined using 
an FDR-adjusted p-value of < 0.05. Figures were created 
in Partek Flow, GraphPad Prism, or BioRender.

Results
IFN-γR1 signaling is beneficial during craniotomy infection
Our previous work demonstrated that CD4+ Th1 and 
Th17 cells are critical for bacterial containment during 
craniotomy infection [27]; however, both populations 
produce TNF as well as proinflammatory mediators 
unique to Th1 (IFN-γ and IL-2) and Th17 cells (IL-17, 
IL-21, and IL-22) [56–58] that could impact infectious 
outcomes. To isolate the role of IFN-γ, craniotomy infec-
tion was evaluated in Ifngr1−/− mice at days 7 and 14 
post-infection, corresponding to time points of maximal 
T cell infiltration in the brain [15]. IFN-γR1 deficiency 
significantly worsened bacterial burden in the brain at 
both intervals, which extended to the galea at day 14 
post-infection (Fig.  1A). No evidence of S. aureus dis-
semination to peripheral organs was observed in either 
WT or Ifngr1−/− mice (Additional File 1: Fig. S2A). IFN-γ 
is known to promote bactericidal activity [28, 45, 59, 60] 
and S. aureus can survive and proliferate intracellularly 
in macrophages and granulocytes [61, 62]. Intracellular 
bacterial burdens were significantly increased in both 
Ly6G+ granulocytes and F4/80+ microglia/macrophages 
recovered from Ifngr1−/− mice at day 14 post-infection 

https://github.com/jinworks/CellChat
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Fig. 1  IFN-γR1 signaling prevents S. aureus outgrowth during craniotomy infection. Ifngr1−/− (n = 16) and WT (n = 15–17) mice were subjected to craniot-
omy infection and sacrificed at days 7 and 14 post-infection, where (A) bacterial burdens and immune cell (D-F, J-L) percentages and (G-I, M-O) absolute 
counts were quantified from the brain, galea, and bone flap. Data pooled from three independent experiments (mean ± SEM) and analyzed by multiple 
unpaired t-test. (B-C) Intracellular bacterial burden in (B) Ly6G+ granulocytes from the galea and (C) F4/80+ microglia/macrophages from the brains of WT 
and Ifngr1−/− mice was assessed at day 14 post-infection using gentamicin protection assays. Data are from one experiment (mean ± SD) and analyzed 
by two-tailed Student’s t-test. Mono, monocyte; MΦ, macrophage; MG, microglia; Bone, bone flap; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001
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Fig. 2 (See legend on next page.)
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compared to WT animals (Fig.  1B-C), which may 
account for heightened bacterial abundance in Ifngr1−/− 
tissues at this interval (Fig. 1A). Monocyte, macrophage, 
and CD4+ T cell infiltrates were significantly decreased in 
brains of Ifngr1−/− mice at day 7 post-infection, whereas 
granulocytes (PMNs and G-MDSCs) were increased, 
which was attributed to elevated bacterial burdens in the 
brain at day 7 (Fig. 1D). Immune populations in the galea 
and bone flap were not altered by IFN-γR1 deficiency 
(Fig. 1E-F). Absolute cell counts followed similar trends 
but failed to reach significance due to variability between 
individual animals (Fig.  1G-I). Interestingly, these ini-
tial differences in immune infiltrates largely dissipated 
by day 14 post-infection (Fig.  1J-O) despite exaggerated 
bacterial burdens in the brain and galea of Ifngr1−/− mice 
at this time point (Fig. 1A). These data demonstrate that 
IFN-γR1 signaling is critical for bacterial containment 
during craniotomy infection, which is likely influenced by 
effects on immune cell activation since minimal changes 
were observed in cellular abundance.

Single-cell transcriptomics identifies immune dysfunction 
during IFN-γR1 deficiency
The lack of clear and persistent changes in immune cell 
abundance despite continued increases in bacterial bur-
den in Ifngr1−/− mice (Fig.  1) suggests that IFN-γR1 
deficiency results in functional immune cell deficits. To 
assess this possibility, scRNA-seq was performed on 
CD45+ cells recovered from the brain and galea of WT 
and Ifngr1−/− mice at day 14 post-infection, represent-
ing the time point of most severe bacterial outgrowth 
(Fig.  1A). This approach was used based on the pleio-
tropic effects of IFN-γ on multiple immune cell popula-
tions [28–42], which can be captured by the scRNA-seq 
platform. We first confirmed that bacterial burdens were 
elevated in Ifngr1−/− brain and galea samples used for 
sequencing (Fig.  2A), aligning with our previous results 
(Fig.  1A). Following dataset normalization and uniform 
manifold approximation and projection (UMAP) visual-
ization (Additional File 1: Fig. S2B), two parallel analyses 
were conducted to ensure unbiased annotation of cell 
types (Fig. 2B). This approach has been recommended in 
the literature for annotating cells into biologically mean-
ingful groups [63] and yielded robust results in previous 
work [2, 15].

First, each cell was individually assigned a ‘cell iden-
tity’ using previously-published custom code [2] and the 

SingleR package [64] with The Immunological Genome 
Project [65] as a reference database (Additional File 3). 
This step is cluster-independent and performed itera-
tively for each cell in the dataset, yielding broad cellular 
identities such as ‘Neutrophil’, ‘Microglia’, and ‘Macro-
phage’ (Fig. 2C). Neutrophils were identified as the most 
abundant cell type captured (Fig. 2D), comprising 44% of 
all 27,726 transcriptomes in our dataset and 88% from 
the galea (Fig.  2E), validating our flow cytometry find-
ings (Fig. 1J-O). In agreement with our previous reports 
of a segregated immune response between the brain 
and galea [9, 12] (Fig.  1J-O), monocytes, macrophages, 
microglia, NK/NKT, and T cells were primarily detected 
in the brain, with few granulocytic infiltrates in this com-
partment (Fig.  2D-E). Importantly, cellular frequencies 
were similar between WT and Ifngr1−/− mice in both 
the brain and galea (Fig.  2D-E), agreeing with our flow 
cytometry data at day 14 post-infection (Fig. 1J-O).

Separately, the SLM algorithm [66] was used to identify 
15 unique cell clusters in our dataset, representing groups 
of cells with similar transcriptional profiles (Fig. 2F). This 
analysis was rectified (Fig.  2B) with bioinformatically-
determined cell identities (Fig. 2C-E) to accurately anno-
tate cluster identities (Additional File 1: Fig. S2C), which 
will be used throughout this work. In this way, we iden-
tified 4 unique PMN, 3 microglial, 3 mixed monocytic, 
and 2 T/NKT clusters (Fig. 2F). The overall abundances 
of these clusters (Fig. 2G-H) largely recapitulated the cell 
identity analyses (Fig. 2D-E) but revealed additional het-
erogeneity within cell types. Importantly, cluster abun-
dances in the brain and galea were roughly equivalent 
between WT and Ifngr1−/− mice (Fig.  2G-H; Additional 
File 1: Fig. S2B), enabling robust statistical comparisons. 
Of note, The Immunological Genome Project database 
[65] lacks the resolution to differentiate between PMNs 
and G-MDSCs based on their similarities [2, 67]. There-
fore, identification of G-MDSC clusters was performed 
using a previously published G-MDSC gene score pipe-
line [2] and mouse G-MDSC marker genes [53], which 
identified PMN2 and PMN4 to be G-MDSC-like, with 
PMN1 and PMN3 classified as mature PMNs (Fig. 2I).

To identify alterations in cellular programming follow-
ing IFN-γR1 loss, the top 8 clusters by cell count were 
subjected to differential analysis using a Hurdle/MAST 
model [68] where the transcriptomes of Ifngr1−/− cells 
were compared to WT within each cluster. This data was 
then exported and analyzed in parallel by both gene set 

(See figure on previous page.)
Fig. 2  Overview of single-cell transcriptomics dataset. CD45+ cells were recovered from the brain and galea of WT and Ifngr1−/− animals at day 14 
post-infection for scRNA-seq analysis (27,726 total cells). (A) Bacterial burden in mice (n = 10/strain) that were pooled for scRNA-seq. (B) Schematic of 
the cell and cluster annotation pipelines created with BioRender (​h​t​t​p​s​:​​​/​​/​B​i​o​R​e​​n​d​e​​​r​.​c​​o​​m​/​​v​9​​0​v​1​0​3). For (C-E) cellular identities and (F-H) clusters, UMAP 
visualization is shown (C, F). This data is also presented as absolute and relative counts by sample (D-E, G-H). (I) G-MDSC cluster identity was determined 
using transcriptional expression of marker genes. Data analyzed by (A) multiple unpaired t-test or (I) one sample Wilcoxon signed rank test; *, p < 0.05; ***, 
p < 0.001; ****, p < 0.0001. DC, dendritic cell; ILC, innate lymphoid cell; Mono, monocyte; Mac, macrophage

https://BioRender.com/v90v103
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enrichment analysis (GSEA) [69] and Ingenuity Pathway 
Analysis (IPA) [70] to reveal significantly altered path-
ways which may explain the inability of Ifngr1−/− mice to 
control S. aureus growth (Fig.  1A). This approach iden-
tified broad transcriptional changes across most clus-
ters with good concordance between GSEA and IPA 
(Fig. 3A-B). Ifngr1−/− led to global reductions in antigen 
presentation, interferon response, and immune activa-
tion/signaling pathways across multiple cell types, in 
particular related to T cell activation (Fig.  3A-B) align-
ing with the literature regarding IFN-γ effects [29–39, 
41, 42]. Interestingly, IPA also revealed a granulocyte-
specific reduction in pyroptosis pathways with IFN-γR1 
deficiency (Fig.  3B). Transcriptional and cellular stress 
pathways were upregulated across Ifngr1−/− clusters 
(Fig.  3A-B), which may result from heightened bacte-
rial burden in these samples eliciting an integrated stress 
response (ISR) [71] (Fig. 2A). Changes in MHC-II expres-
sion were validated by flow cytometry, which confirmed 
decreased MHC-II levels in Ifngr1−/− microglia as well 
as monocytes and macrophages relative to WT primar-
ily in the brain (Additional File 1: Fig. S3A). Small but 
significant decreases in granulocyte MHC-II levels were 
also observed but were deemed biologically insignificant 

due to low MHC-II expression at baseline. MHC-II 
rebounded to WT levels in most cells by day 14-post 
infection except for microglia where expression remained 
significantly lower (Additional File 1: Fig. S3A-B). Similar 
reductions in MHC-II were observed in Cx3crCreIfngr1fl/fl 
mice lacking IFN-γR1 only on macrophages and microg-
lia, supporting direct regulation by IFN-γ and validating 
targeting specificity (Additional File 1: Fig. S3C). Similar 
experiments were not conducted in granulocyte-specific 
Ifngr1−/− mice (Mrp8CreIfngr1fl/fl) due to low MHC-II lev-
els in this population (Additional File 1: Fig. S3A-B). Col-
lectively, these experiments identified multiple processes 
that may contribute to the exacerbated bacterial burden 
seen in Ifngr1−/− mice, including: [1] altered granulocyte 
pyroptosis and/or activation, [2] altered macrophage/
microglial antigen presentation and/or activation, or [3] 
altered Th cell activation states. Each of these possibilities 
are addressed in the following sections.

IFN-γR1 signaling promotes caspase-1 activity in PMNs
Given our prior work demonstrating the importance of 
caspase-1 for bacterial containment during craniotomy 
infection [11] and transcriptional evidence of a granulo-
cyte-specific defect in caspase-1-dependent pyroptosis 

Fig. 3  Pathway analysis of differentially expressed genes between Ifngr1−/−and WT mice during craniotomy infection. The scRNA-seq database derived 
from cells isolated from the brain and galea of Ifngr1−/− and WT mice (n = 10/strain) at day 14 post-infection was analyzed for transcriptional differences 
within clusters across strains. Differential gene expression was analyzed by (A) gene set enrichment analysis (GSEA) or (B) ingenuity pathway analysis (IPA) 
and is presented by cluster. A statistical pipeline in IPA was used to identify significant pathway differences, which relies on the right-tailed Fisher’s Exact 
Test. Only significant results (p < 0.05) are denoted by colored circles; non-significant comparisons are omitted (white spaces)
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in Ifngr1−/− mice (Fig.  3B), we explored whether altered 
granulocyte caspase-1 activity may contribute to wors-
ened bacterial burden following IFN-γR1 loss. Indeed, 
pyroptosis-related genes, including Stat1, Casp1, and 
Casp4 were markedly decreased in Ifngr1−/− cells rela-
tive to WT controls, particularly in granulocytic clus-
ters (dashed circles; Fig.  4A). Treatment of PMNs with 
IFN-γ enhanced both apoptosis, as measured by cell 
surface phosphatidylserine staining (ApoTracker™), and 
caspase-1 activity (FLICA) in response to live S. aureus 
(Fig.  4B). As expected, IFN-γ had no effect on Ifngr1−/− 
PMNs. Interestingly, activated PMNs were largely dou-
ble-positive for both assays (Fig.  4C). Since apoptosis 
and caspase-1-dependent pyroptosis are typically exclu-
sive events [72] and phosphatidylserine residues have 
recently been linked to alternative forms of cell death 
besides apoptosis [73], it is possible that IFN-γ stimula-
tion enhances pyroptosis in PMNs following exposure to 
live S. aureus.

While IFN-γ enhanced caspase-1 activity in PMNs dur-
ing S. aureus exposure, bacteria alone were also capable 
of inducing caspase-1 (Fig. 4B-C). To determine whether 
IFN-γR1 signaling alters caspase-1 activity in vivo, levels 
were assessed in immune cells from WT and Ifngr1−/− 
mice at days 7 and 14 post-infection, which revealed no 
significant differences (Fig.  4D). Caspase-1 activity was 
highest in cells infiltrating the galea compared to the 
brain, in agreement with higher bacterial burdens in the 
former. Collectively, these findings suggest that while 
IFN-γR1 signaling can enhance PMN caspase-1 activ-
ity this is likely a minor response that is overshadowed 
by other inflammatory pathways, explaining the lack of a 
phenotype.

Beneficial effects of IFN-γR1 signaling during craniotomy 
infection cannot be attributed solely to macrophages/
microglia or granulocytes
Since Ifngr1−/− mice displayed defects in S. aureus con-
tainment, we next examined whether this was attributable 
to a particular cell type(s) or instead required a broader 
response across multiple cell populations. IFN-γR1 levels 
were low on granulocytes (Fig. 4E), which correlated with 
a lack of alterations in bacterial burden or immune infil-
trates in Mrp8CreIfngr1fl/fl mice with granulocyte-specific 
deletion in IFN-γR1 (Additional File 1: Fig. S4A and C). 
Macrophages and microglia expressed higher levels of 
IFN-γR1 (Fig.  4E); however, IFN-γR1 deletion in these 
cell types (Cx3cr1CreIfngr1fl/fl) also had no effect on bac-
terial burden or immune populations, apart from a small 
but significant decrease in CD4+ T cells (Additional File 
1: Fig. S4B and D). IFN-γR1 targeting was confirmed in 
bone marrow-derived macrophages from Cx3cr1CreIfn-
gr1fl/fl mice, where NO production (Additional File 1: Fig. 
S5A), MHC-II expression (Additional File 1: Fig. S5B-C), 

and proinflammatory cytokine release (Additional File 
1: Fig. S5D-F) were significantly decreased in response 
to peptidoglycan (PGN) and IFN-γ compared to mac-
rophages from WT littermates. Collectively, these find-
ings suggest the coordinated action of IFN-γR1 signaling 
across multiple innate immune cell types to prevent S. 
aureus outgrowth during craniotomy infection.

CD4+ Th cell frequency is affected by IFN-γR1 deficiency 
during craniotomy infection
Given the limited phenotypes in Cx3cr1CreIfngr1fl/fl and 
Mrp8CreIfngr1fl/fl mice, we decided to take a broader 
approach and quantify inflammatory mediator expres-
sion in tissues from Ifngr1−/− animals to gain insights 
into potential mechanisms responsible for heightened 
bacterial burdens in these animals (Fig.  1A). IFN-γ lev-
els were significantly elevated in Ifngr1−/− mice (Fig. 5A), 
which was attributed to the lack of a negative feedback 
loop resulting from IFN-γR1 loss. CXCL10 and CCL5 
expression was significantly decreased in Ifngr1−/− mice 
relative to WT animals (Fig.  5C-D), in agreement with 
both being IFN-γ-induced chemokines [74, 75]. How-
ever, since leukocyte recruitment was unaffected in 
Ifngr1−/− mice (Fig. 1D-O) this was not likely responsible 
for elevated bacterial burdens in these animals. Strik-
ingly, IL-17 was significantly increased in the brain and 
galea of Ifngr1−/− mice (Fig. 5B), suggesting elevated Th17 
responses in the context of IFN-γR1 deficiency. This 
was further supported by increases in IL-1β and IL-6 in 
the brains of Ifngr1−/− mice (Additional File 1: Fig. S6), 
both of which are important for Th17 development [76]. 
Indeed, IFN-γ is known to inhibit Th17 formation to bias 
Th1 responses [41, 42], and IPA identified decreased Th1 
signaling in numerous Ifngr1−/− populations relative to 
WT cells (Fig.  3B). Minimal changes were observed for 
other inflammatory mediators between Ifngr1−/− and WT 
mice (Additional File 1: Fig. S6).

To assess whether Th1/Th17 ratios were altered in 
Ifngr1−/− mice, we turned to our scRNA-seq dataset 
where the T/NKT1 and T/NKT2 clusters were bioinfor-
matically segmented from the parent dataset (Fig.  5E), 
pooled, and re-clustered. This approach identified 7 
unique T cell clusters (Fig.  5F) which were annotated 
based on marker gene expression as Th1, Th17, Treg, 
γδ T cell, and ‘other’ which lacked a dominant cell type 
(Additional File 1: Fig. S7A). Chi-square analysis con-
firmed altered proportions of T cells between Ifngr1−/− 
and WT mice (Fig. 5G), which was driven by decreased 
cell counts in the two Th1 clusters and increased Th17 
and γδ T cell abundance (Fig. 5G and H). Treg and the 
‘other’ clusters were similar between strains. These trends 
were also visually apparent in the UMAP space (Addi-
tional File 1: Fig. S7B). Collectively, these data suggest 
that IFN-γR1 deficiency enhances Th17 and γδ T cell 
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Fig. 4  IFN-γR1 signaling augments neutrophil (PMN) caspase-1 activity. (A) Genes associated with pyroptosis are projected on the scRNA-seq UMAP 
(normalized expression) separated by mouse strain. Dotted circles represent UMAP coordinates of PMN clusters identified in Fig. 2F. (B) Primary PMNs 
from WT and Ifngr1−/− mice (n = 4 biological replicates/group) were pretreated with 200 ng/mL IFN-γ or vehicle for 1 h prior to stimulation with live S. 
aureus at a multiplicity of infection (MOI) of 10:1 (bacteria: PMN) for 1 h, whereupon caspase-1 activity and apoptosis was measured with FLICA and Apo-
Tracker assays, respectively. (C) Representative flow plots from (B) where unstimulated (- S. aureus) + IFN-γ treatment was similar to unstimulated without 
IFN-γ treatment and is not shown. (D) Caspase-1 activity assay in various immune cell populations recovered from the brain and galea at days 7 and 14 
post-infection (n = 5/group). (E) IFN-γR1 expression on immune cell populations in WT mice was determined at day 7 post-infection (n = 4/group). Data 
representative of (B) three or (D-E) one independent experiment(s) and were analyzed by (B) two-way ANOVA or (D) multiple unpaired t-test. Mono, 
monocyte; MΦ, macrophage; ns, not significant; *, p < 0.05; ****, p < 0.0001
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Fig. 5 (See legend on next page.)
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infiltrates in the brain at the expense of Th1 cells. We 
have previously shown that γδ T cells and Tregs do not 
significantly influence craniotomy infection outcome 
[27]; therefore, the decreased Th1/Th17 ratio in Ifngr1−/− 
mice is more likely to be biologically relevant.

IFN-γR1 deficiency disrupts T cell-innate immune cell 
crosstalk
The decreased Th1/Th17 ratio and elevated bacterial bur-
den in Ifngr1−/− animals during craniotomy infection is 
likely mediated by T cell crosstalk with phagocytes since 
Th cells do not possess direct antibacterial activity and 
instead exert their effects by activating other immune 
cells to kill pathogens [77]. To address this possibility, 
CellChat v2 [54] was employed, a tool capable of infer-
ring cell-cell communication networks from single-cell 
transcriptomic data. Importantly, this version of CellChat 
enables comparison of communication networks across 
samples, where Ifngr1−/− and WT mice were evaluated 
(Additional File 4). Given that most T cells are recruited 
to the brain (Fig. 2E), the abundance of antigen-present-
ing cells in the brain vs. galea (Fig. 2B-M), and the pre-
viously documented interaction between T cells and 
macrophages during infection [77], CellChat analysis 
was restricted to the brain compartment. This revealed 
unexpected widespread increases in cell-cell interaction 
count and strength in Ifngr1−/− relative to WT samples 
(Fig.  6A-C), which were attributed to elevated bacterial 
burden in the former. In contrast, dramatic decreases in 
T/NKT1 communication with multiple innate immune 
cell clusters were observed (Fig.  6A-B, Additional File 
1: Fig. S8A-B). Reductions in interaction strength and 
count with T/NKT1 occurred in both incoming and 
outgoing communication (Additional File 1: Fig. S8B). 
Importantly, the T/NKT1 cluster is primarily composed 
of Th cell subsets that exhibited a decreased Th1/Th17 
ratio with IFN-γR1 deficiency (Fig.  5F-H). This links 
decreased Th1 (or increased Th17) representation with 
inefficient innate immune cell crosstalk, a trend that was 
particularly strong with monocyte, macrophage, and 
microglial clusters (Additional File 1: Fig. S8B). Pathway 
level interrogation of T/NKT1 communication revealed 
decreases in MHC-I, MHC-II, and CCL (chemokine) 
signaling in Ifngr1−/− mice (Fig.  6D), which was evident 
across a diverse set of innate immune clusters (Addi-
tional File 1: Fig. S9A-C) and corroborated our previous 
findings (Fig.  5C-D, Additional File 1: Fig. S3A-C). In 
the absence of IFN-γR1, innate immune clusters instead 

showed evidence of communication with the non-Th cell 
cluster T/NKT2 (Fig. 5F) instead of T/NKT1 (Additional 
File 1: Fig. S9), which may represent an unproductive 
interaction. IFN-γR1 deficiency was also shown to pro-
mote both incoming and outgoing osteopontin (SPP1) 
signaling in the major macrophage and microglial clus-
ters (Fig. 6E-G). When assessed across all clusters, SPP1 
showed widespread communication between multiple 
nodes in Ifngr1−/− mice- a dramatic divergence from WT 
signaling, which only occurred with a small microglial 
subset (Microglia 2; Additional File 1: Fig. S9D). Inter-
estingly, SPP1 signaling has been reported to promote 
Th17 responses by stimulating IL-17 production [78], 
agreeing with our earlier findings of enhanced Th17 tran-
scriptional signatures (Fig. 5G-H) and IL-17 levels in the 
brains of Ifngr1−/− mice (Fig. 5B). To determine whether 
Th1 or Th17 cells exert differential effects on macro-
phage and microglial bactericidal activity, gentamicin 
protection assays were performed with both populations 
co-cultured with in vitro polarized Th1 or Th17 cells. 
While both Th1 and Th17 cells improved macrophage 
and microglial killing of S. aureus, Th1 cells were signifi-
cantly more effective (Fig. 6H-I), a finding that was IFN-
γR1-dependent (Fig.  6J). Collectively, this data suggests 
a crucial role for IFN-γ signaling in coordinating Th cell 
crosstalk with macrophages and microglia, likely biasing 
Th1 infiltrates at the site of craniotomy infection.

Discussion
CD4+ T cells are potent modulators of innate immune 
cell activity [79]. Our recent study established that both 
Th1 and Th17 cells are important to prevent bacterial 
outgrowth during S. aureus craniotomy infection [27]. 
However, since both subsets produce multiple cytokines 
that can impact antibacterial responses, the current 
study selectively perturbed IFN-γR1 signaling, the major 
Th1 cytokine, to interrogate its function. Ifngr1−/− mice 
displayed heightened bacterial burdens, which were 
expected to result from impaired macrophage/microglial 
activation due to the lack of IFN-γR1 signaling. Surpris-
ingly, Cx3cr1CreIfngr1fl/fl animals displayed no alterations 
in bacterial growth and few changes in immune cell 
recruitment relative to Cx3cr1NullIfngr1fl/fl WT litter-
mates. Instead, our results implicate a bias towards Th17 
responses at the expense of Th1 in the context of global 
IFN-γR1 deficiency as evident by our scRNA-seq find-
ings of a heightened Th17 transcriptional signature and 

(See figure on previous page.)
Fig. 5  Ifngr1−/−mice display a bias towards CD4+ Th17 infiltrates during craniotomy infection. (A-D) Inflammatory mediator levels in cell-free homog-
enates from the brain and galea of WT (n = 15–17) and Ifngr1−/− (n = 16) mice at days 7 and 14 post-infection were assessed by Milliplex multi-analyte 
bead array. (E-H) Analysis of T cell clusters from the scRNA-seq dataset. (E) T/NKT cell clusters from the parent UMAP were (F) segmented, re-clustered, 
and annotated. (G-H) Comparison of T cell clusters in WT and Ifngr1−/− mice. Data analyzed by (A-D) two-tailed unpaired t-test or (G) Chi-square test. ns, 
not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001
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Fig. 6 (See legend on next page.)
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elevated IL-17 levels in the brain. The major implications 
of these results are two-fold.

First, this work suggests that Th1 cells are more effica-
cious than Th17 cells during S. aureus craniotomy infec-
tion. Our previous findings were unable to definitively 
distinguish between the importance of these Th cell sub-
sets since Th17 cells adoptively transferred into Rag1−/− 
mice acquired robust IFN-γ production upon entry to 
the site of infection and provided similar protection as 
Th1 cells [27]. In the current report, cellular communi-
cation between Th1 and innate immune cells was per-
turbed with IFN-γR1 loss, which resulted in a reduced 
Th1/Th17 ratio in the infected brain. This suggests that 
Th1 cells are more potent at inducing innate immune 
activation than Th17 cells during craniotomy infection. 
This is further supported by the lack of increased bacte-
rial burden in TNF-deficient [16] mice, as TNF has been 
shown to amplify IL-6 signaling that is important for 
Th17 activation [76, 80]. However, Th17 cells do have 
some protective function as our data show they can aug-
ment macrophage and microglial bactericidal activity, 
albeit to a lesser extent than Th1 cells. Importantly, both 
Th1 and Th17 infiltrates are present in infected tissues 
during human craniotomy infection [2], suggesting that 
treatments augmenting Th1/Th17 ratios may be effective 
therapeutic strategies in the future. However, this would 
need to be carefully regulated to avoid potential concerns 
about inducing autoimmunity, where autoreactive Th1 
and Th17 cells are linked to CNS disorders such as mul-
tiple sclerosis [81–83].

Second, since granulocyte- and macrophage/microg-
lia-targeted deletions of Ifngr1 did not recapitulate the 
Ifngr1−/− phenotype, this suggests that multiple cell 
types are responsive to IFN-γ that can compensate for 
the cell-type specific loss of IFN-γR1 to contain infec-
tion. An alternative explanation is that Th1 cells stimu-
late innate immune antimicrobial activity through an 
IFN-γ-independent mechanism during craniotomy infec-
tion. The identification of potential alternate Th1 signals 
was beyond the scope of the current study; however, our 
results have identified some candidates. One possible 
explanation is informed by the reductions in CXCL10 
and CCL5 in Ifngr1−/− mice, both of which are induced by 
IFN-γ [74, 75]. Although this did not translate to defects 
in leukocyte recruitment in Ifngr1−/− animals, CXCL10 
and CCL5 may activate immune cells already present at 
the site of infection, which has been described in other 

pathologies [84, 85]. In addition, CXCL10 can act as an 
antimicrobial peptide [86], providing another avenue for 
effects on S. aureus growth. Evidence of enhanced SPP1 
signaling was also observed in Ifngr1−/− mice, suggest-
ing that IFN-γ inhibits SPP1 production, which can have 
both pro- and anti-inflammatory effects [87, 88]. Inter-
estingly, SPP1 has been linked to HIF1a induction and 
stabilization as well as Th17 responses which have been 
shown to be interdependent [78, 89]. We have previously 
shown that HIF is a key transcriptional regulator of the 
immune response during craniotomy infection in both 
mice and humans [2]; therefore, these connections war-
rant further exploration of the roles of SPP1, CXCL10, 
and CCL5 in this setting.

Our scRNA-seq data revealed decreased expression 
of pyroptosis-related genes in Ifngr1−/− PMNs during 
craniotomy infection. In vitro studies confirmed that 
IFN-γ potentiated caspase-1 activation in PMNs follow-
ing S. aureus exposure; however, this was not observed 
in Ifngr1−/− mice during craniotomy infection. This is 
likely explained by the fact that numerous other induc-
ers of caspase-1 activity [90, 91], such as IL-1β [15], TNF 
[16], ROS [14], and bacterial products, are present at 
the site of infection that likely compensate for the loss 
of IFN-γ signaling. MHC-II expression was diminished 
in many innate immune populations in Ifngr1−/− mice 
as detected by scRNA-seq and flow cytometric analy-
sis. This finding was not unexpected, since IFN-γ sig-
naling is recognized as a potent inducer of both MHC-I 
and MHC-II [38, 92, 93]. Alterations in MHC levels may 
play an important, and yet uncharacterized, role during 
craniotomy infection. This would align with our findings 
of unchecked bacterial growth, where decreased MHC-
II in the absence of IFN-γ action would be expected to 
impair the ability of APCs to present S. aureus antigens 
to T cells, negating an important proinflammatory loop. 
However, due to the production of superantigens by S. 
aureus capable of activating CD4+ T cells in an antigen-
independent manner [2, 94], it remains unclear whether 
there is a role for antigen-specific T cell activation in this 
pathology. The topic of T cell antigen specificity during 
craniotomy infection is an ongoing area of investigation 
in our laboratory.

This work has several limitations. First, although our 
findings suggest that a Th17 bias in the absence of IFN-γ 
signaling may contribute to the failure to contain S. 
aureus replication during craniotomy infection, this was 

(See figure on previous page.)
Fig. 6  Th17 bias in Ifngr1−/− mice alters innate-adaptive immune cell crosstalk during S. aureus craniotomy infection and antimicrobial activity. (A-G) 
CellChat v2 was used to predict differences in cellular communication across brain clusters between Ifngr1−/− and WT mice. Differential predicted inter-
action (A) count and (B) strength for Ifngr1−/− vs. WT clusters is shown, along with (C) quantitative summaries of these metrics for each sample. (D-G) 
Pathway-level differential incoming and outgoing interaction strengths are shown for select clusters. Antibacterial activity of primary (H) microglia and 
(I-J) macrophages from WT or Ifngr1−/− mice in the presence or absence of Th1 or Th17 CD4+ T cells was assessed by gentamicin protection assay at the 
indicated timepoints. Data representative of (H-J) two independent experiments and analyzed via two-way ANOVA. MG, microglia; MΦ, macrophage; *, 
p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001
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not directly examined. Additionally, γδ T cells were ele-
vated in our scRNA-seq analysis of Ifngr1−/− mice, which 
was not observed by flow cytometry. This could be due 
to disparate transcriptional and surface marker expres-
sion but remains to be determined. The involvement of 
alternative factors that could impact bacterial burden 
(i.e., pyroptosis, MHC-II, SPP1) were not exhaustively 
explored and remain avenues for future investigation. 
Cre-Lox genetic systems were used to interrogate cell-
type specific contributions of IFN-γ signaling during cra-
niotomy infection. Recombination frequencies using this 
approach are not absolute and may confound findings; 
however, identification of decreased MHC-II levels and 
impaired IFN-γ-dependent responses in microglia and 
macrophages from Cx3cr1CreIfngr1fl/fl mice make this less 
likely. It is possible that S. aureus superantigens (SAg) 
are partially responsible for inducing IFN-γ production 
[95] and the phenotypes in Ifngr1−/− mice; however this 
appears less likely since the USA300 LAC strain used 
here does not display robust SAg production [96] and the 
expression of other T cell-derived cytokines during cra-
niotomy infection was not affected. Finally, while identi-
fying Th subsets in mice is relatively straightforward, this 
is more difficult for human T cells [97] that often present 
as a mix of multiple subtypes [98–100]. Indeed, we have 
observed differences in how human T cells impact cra-
niotomy infection using a humanized mouse model [2]. 
Therefore, findings need to be verified in human cells/tis-
sues where feasible.

In conclusion, we present evidence that IFN-γR1 activ-
ity is beneficial during craniotomy infection by augment-
ing Th cell communication with innate immune cells 
and favoring Th1 transcriptional responses. Further-
more, Th17 cells elicited suboptimal bacterial killing by 
macrophages and microglia compared to Th1, provid-
ing another example of how IFN-γ effects are dominant. 
These results highlight the critical role of IFN-γ in the 
immune response to craniotomy infection.
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