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Abstract
Regulator of G-protein signaling 10 (RGS10), a key homeostatic regulator of immune cells, has been implicated in 
multiple diseases associated with aging and chronic inflammation including Parkinson’s Disease (PD). Interestingly, 
subjects with idiopathic PD display reduced levels of RGS10 in subsets of peripheral immune cells. Additionally, 
individuals with PD have been shown to have increased activated peripheral immune cells in cerebrospinal fluid 
(CSF) compared to age-matched healthy controls. However, it is unknown whether peripheral immune cells in 
the CSF of individuals with PD also exhibit decreased levels of RGS10. Utilizing the Michael J. Fox Foundation 
Parkinson’s Progression Markers Initiative (PPMI) study we found that RGS10 levels are decreased in the CSF of 
individuals with PD compared to healthy controls and prodromal individuals. As RGS10 levels are decreased in 
the CSF and circulating peripheral immune cells of individuals with PD, we hypothesized that RGS10 regulates 
peripheral immune cell responses to chronic systemic inflammation (CSI) prior to the onset of neurodegeneration. 
To test this, we induced CSI for 6 weeks in C57BL6/J mice and RGS10 KO mice to assess circulating and CNS-
associated immune cell responses. We found that RGS10 deficiency synergizes with CSI to induce a bias for 
inflammatory and cytotoxic cell populations, a reduction in antigen presentation machinery in peripheral blood 
immune cells, as well as in and around the brain that is most notable in males. These results highlight RGS10 as an 
important regulator of the systemic immune response to CSI and implicate RGS10 as a potential contributor to the 
development of immune dysregulation in PD.
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Background
Parkinson’s disease (PD) is the second most common 
neurogenerative disease, characterized by the progressive 
loss of dopaminergic neurons in the substantia nigra. PD 
impacts many systems in the body as evidenced by the 
development of disordered movement, autonomic dys-
function, affective disorders, and cognitive impairment 
[1, 2]. There is currently no cure for PD and therapeutic 
options are limited to symptomatic relief, highlighting 
the crucial need for further research into disease physi-
ology and novel treatment development [3]. The clinical 
relevance of the immune system in PD has become dis-
tinctly evident over the past three decades, starting with 
the identification of neuroinflammation in the brains of 
PD patients [4–7]. Further investigation has revealed 
growing evidence that the central and peripheral immune 
systems contribute to the pathophysiology of PD [8–10]. 
Specifically, in PD clinical data have revealed a plethora 
of peripheral immune alterations, such as an increase 
of pro-inflammatory cytokines and pro-inflammatory 
immune cell subsets in circulation and cerebrospinal 
fluid (CSF) and a rise in central nervous system (CNS)-
infiltrating peripheral immune cells [9, 11–14].

The CSF acts as an important niche of peripheral 
immune cells endogenous to the CNS [15, 16]. Periph-
eral immune cells within the in the CSF live within the 
subarachnoid space in the meninges, separated from the 
brain parenchyma by the pia mater [17]. The meninges 
can support a robust inflammatory response capable of 
spreading to the parenchyma via either direct infiltration 
of immune cells or through size exclusionary permeabil-
ity of cytokines [17]. Under healthy conditions, a sample 
of CSF contains very few peripheral immune cells, how-
ever a recent study has demonstrated an increase in acti-
vated peripheral immune cells in the CSF of individuals 
with PD compared to healthy controls [14]. The shift 
to chronic systemic inflammation (CSI) and the corre-
sponding peripheral immune cell population dynamic 
changes in the CNS may represent an early feature in PD 
capable of inducing neuroinflammatory conditions adept 
at initiating neurodegeneration [18–21].

Regulator of G-protein signaling 10 (RGS10) is a key 
homeostatic regulator of immune cells and has been 
identified to negatively regulate inflammatory responses 
through several pathways such as suppression of nuclear 
factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) activity, stromal interaction molecule 2, and 
glycolytic production of reactive oxygen species (ROS) 
in myeloid cells [22–28]. Consistently, RGS10 is most 
highly expressed in immune cells and lymphoid tissue, 
and this is especially true of myeloid cells [29, 30]. Stud-
ies have consistently shown that loss of RGS10 in myeloid 
cells results in hyperinflammatory conditions which can 
increase tissue damage [24, 31–33]. Moreover, RGS10 

is reciprocally regulated by inflammatory signaling cas-
cades that stimulate histone deacetylation and epige-
netically reduce RGS10 at the transcriptional level [34]. 
Therefore, we hypothesize that chronic systemic inflam-
mation (CSI) reduces RGS10-mediated suppression of 
pro-inflammatory responses by the innate immune sys-
tem perpetuating a feed forward loop of increasing and 
sustained inflammation in the periphery.

RGS10 has been implicated in multiple diseases associ-
ated with aging and chronic inflammation including PD 
[35]. Preclinical studies have revealed a neuroprotective 
role of RGS10 in chronic inflammation and nigrostriatal 
neurodegeneration [22, 23, 36]. Specifically, RGS10 defi-
ciency coupled with CSI was sufficient to induce loss 
of nigral dopaminergic neurons, while introduction of 
RGS10 into the brain of a hemi-parkinsonian rat model 
was sufficient to prevent the loss of nigral dopaminer-
gic neurons and neuroinflammation [22, 36]. Moreover, 
there is evidence that RGS10 deficiency can shift periph-
eral immune cell dynamics in the CNS in experimental 
autoimmune encephalomyelitis (EAE) and subthreshold 
PD models [23, 37]. This is especially relevant, consider-
ing the documented decrease in RGS10 levels in subsets 
of circulating peripheral immune cells, including non-
classical and intermediate monocytes as well as CD4 + T 
cells, in individuals with PD [38]. To understand if 
peripheral immune cells in the CNS also show a decrease 
in RGS10 and may therefore impact the induction of 
neuroinflammation, we investigated the protein level of 
RGS10 in the CSF of healthy controls, prodromal individ-
uals with increased risk of developing PD, and individuals 
with diagnosed PD in the Michael J. Fox Foundation for 
Parkinson’s Research Parkinson’s Progression Markers 
Initiative (PPMI) study. Here we demonstrate a decrease 
in RGS10 in the CSF of individuals with PD compared to 
healthy controls and prodromal individuals.

Importantly, CSI has been shown to increase the risk of 
developing neurodegenerative diseases such as PD [20]. 
Common sources of CSI include: a high-fat high-fructose 
diet, gut dysbiosis, physical inactivity, stress, sleep dis-
turbances or deficiency, exposure to industrial toxicants, 
pre-existing chronic inflammatory diseases (CIDs) (such 
as rheumatoid arthritis (RA), inflammatory bowel dis-
ease (IBD), irritable bowel syndrome (IBS), and psoria-
sis), genetics, and aging [20]. Interestingly, sources of CSI 
overlap significantly with risk factors for developing PD, 
suggesting that CSI may be a common downstream pro-
cess in the development and progression of PD [19, 39, 
40]; however, the role of peripheral immune cell dysregu-
lation in this process is not known. As we and others have 
found decreased levels of RGS10 in the CSF and circulat-
ing peripheral immune cells of individuals with PD, we 
hypothesize that RGS10 regulates peripheral immune cell 
responses to CSI prior to the onset of neurodegeneration 
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[38]. To test this, we induced CSI through biweekly intra-
peritoneal (IP) injections of low dose (1 × 106EU/kg) 
lipopolysaccharide (LPS) for 6 weeks in 5-7-month-old 
male and female C57BL/6 mice and RGS10 KO mice to 
investigate peripheral immune cell responses both in the 
circulation as well as in and around the brain. Here, we 
find that RGS10 deficiency synergizes with CSI, inducing 
a bias towards inflammatory myeloid cells and cytotoxic 
cell populations, as well as a reduction in the machinery 
needed for innate and adaptive crosstalk through major 
histocompatibility complex class II (MHCII) in periph-
eral blood mononuclear cells (PMBCs) as well as CNS-
associated immune cells, most notably in males. These 
results, for the first time, highlight RGS10 as an impor-
tant regulator of the systemic immune response to CSI 
and implicate RGS10 as a potential contributor to the 
development of peripheral immune dysregulation in the 
pathophysiology of PD.

Methods
Human data
Data from Project 151 of the Parkinson’s Progres-
sion Markers Initiative (PPMI) conducted through the 
Michael J. Fox Foundation for Parkinson’s Research 
(MJFF) was used for this study. All patients that par-
ticipated in the PPMI study signed an informed consent 
form and this study was approved by the Institutional 
Review Board (IRB) at the University of Florida. For this 
study, there are 1158 participants; 617 of which were a 
part of the PD cohort; 355 were part of the prodromal PD 
cohort, 186 were part of the control cohort. All patients 
in the PD cohort must have received a Parkinson’s clinical 
diagnosis with a positive DAT scan. Prodromal individu-
als are at risk for developing PD as determined by bio-
markers, genetics, and clinical features. Healthy controls 
have no neurological disorder, no direct relative with 
PD, and a normal DAT scan. CSF isolation [41] was per-
formed using lumbar punctures as previously described 
[42]. All data points from participants included in the 
proteomics study were recorded at the beginning of the 
PPMI study. The proteomics study was recorded in rela-
tive fluorescence units (RFU), a measure used to indicate 
the levels of protein expression in a sample of CSF. This 
study utilized a protein quantitative trait loci (pQTL) 
analysis to generate the proteomics dataset. A SOM-
Alogic assessment, SOMAscan, was used to perform 
pQTL in this case. SOMAscan is an assay capable of per-
forming large scale proteomics. For the SOMAscan, the 
data was subjected to 4 stages of normalization: hybrid-
ization normalization, plate scaling, median signal nor-
malization, and calibration. Then the data was filtered to 
exclude non-human SOMAmers (the molecule that tags 
the target proteins). The final step was to log2 transform 
the RFU data.

Animals
Mice were housed in the McKnight Brain Institute 
vivarium at the University of Florida and maintained on 
a 12:12 light–dark cycle with ad libitum access to water 
and standard rodent diet chow. All animal procedures 
were approved by the Institutional Animal Care and Use 
Committee at the University of Florida and followed the 
Guide for the Care and Use of Laboratory Animals from 
the National Institutes of Health. Generation of the 
RGS10 knock out (KO) line onto a C57B6/J background 
has been previously described [22]. Male and female 
C57BL/6 (B6) and RGS10 KO (KO) mice were aged to 
5–7 months old and were injected with either 1 × 106 EU/
kg of lipopolysaccharide (LPS) (Escherichia Coli 0111:B4, 
Sigma Aldrich, L2630) or sterile saline intraperitoneally 
(IP) twice a week for 6 weeks (10 animals/group) (Sup-
plemental Fig. 2A). Mice were weighed and IP injections 
were performed on alternate sides of the mouse for each 
injection to reduce scar tissue formation. Animals were 
given access to a water bottle and wet chow 1 day prior 
to injections and for the duration of the paradigm. Mice 
that exhibited signs of dehydration were given a subcu-
taneous injection of sterile saline up to 1mL/day. 4 male 
animals in cohort 1 did not receive a single dose of LPS 
in week 3 due to concerns about exceeding weight loss 
parameters set by IACUC. At endpoint, 24  h post the 
last injection, mice were heavily anesthetized with isoflu-
rane and euthanized via diaphragm laceration. Blood was 
extracted from the right atrium of the heart and collected 
in an EDTA-containing vacutainer tube. Brains were 
removed rapidly from the skull and hemisected, with the 
left hemisphere immediately processed for brain immune 
cell isolation, while the other hemisphere was flash fro-
zen in liquid nitrogen and stored in -80  °C. In a second 
cohort of mice, male C57BL6/J and RGS10 KO mice were 
aged to 5–7 months old and underwent the same injec-
tion regimen as the previous cohort, with either 1 × 106 
EU/kg of LPS or sterile saline IP injections twice a week 
for 6 weeks (5 animals/group)(Supplemental Fig. 2D). At 
endpoint, 24  h post the last injection, mice were heav-
ily anesthetized with isoflurane and euthanized via dia-
phragm laceration. Blood and the brain were processed 
for PBMC and brain immune cell isolations, respectively, 
which were then immediately processed for RNA extrac-
tion. RNA was stored in -80° C prior to quality control 
and Nanostring analysis.

PBMC isolation
Blood was processed for PBMC isolation via ACK lysis. 
Briefly, 250µL of blood were resuspended in 5mL of ACK 
lysis buffer and incubated for 5  min on ice. ACK lysis 
was quenched with 5mL of HBSS-/- and samples were 
then centrifuged at 4 °C for 5 min at 350xg. Supernatant 
was then removed, and the remaining pellet washed in 
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another 5mL of HBSS-/-. Samples were centrifuged again 
at 4 °C for 5 min at 350xg, supernatant removed, and pel-
let resuspended in 200µL of 1XPBS on ice. PBMCs were 
processed for flow immediately and analyzed on the 
FACs Diva Symphony cytometer.

Brain immune cell isolation
Immune cells from the brain were isolated using Milte-
nyi Biotec’s Adult Brain Dissociation Kit (ABDK, #130–
107–677) according to the manufacturer’s protocol as 
described previously [43]. Briefly, brains were harvested, 
washed, and cut into approximately 16 small pieces, and 
put into gentleMACS C-tubes (Miltenyi Biotec, #130-
093-237) with dissociation enzymes prepared for initial 
tissue homogenization using the 37C_ABDK_01 proto-
col on the gentleMACS Octo-Dissociator with heaters 
(Miltenyi Biotec, #130-096-427) for dissociation. Brain 
lysates were then filtered through a 70µM filter with 
Dulbecco’s PBS with calcium, magnesium, glucose, and 
pyruvate (D-PBS) and pelleted at 300xg for 10 min at 4 °C 
and debris and red blood cells were removed from the 
sample. Once cells had been cleaned, immune cells were 
isolated using magnetic separation with anti-CD45 mag-
netic beads. Isolated immune cells were then taken for 
downstream applications.

Flow cytometry
Brian immune cells and PBMC samples were resus-
pended in 200µL of cold 1XPBS and transferred into 
clear, v-bottom 96 well plate. Samples were pelleted via 
centrifugation at 300xg for 5  min at 4  °C and superna-
tant removed. Samples were washed once in 200µL of 
1XPBS, pelleted via centrifugation (300xg, 5 min, 4  °C), 
and resuspended in 50µL of antibody cocktail. Cells were 
incubated in the dark with antibody cocktail for 20 min 
at 4 °C. After antibody incubation cells were pelleted and 
washed, 3 times, with Facs buffer. Cells were then fixed 
in 50µL of 1% Paraformaldehyde (PFA) for 30 min at 4 °C 
in the dark. After fixation cells were pelleted and washed 
twice in FACS buffer. For compensation controls, 1µL of 
antibody was added to one drop of reactive and negative 
AbC™ Total Antibody Compensation Beads, while 0.5µL 
of Live/Dead antibody was resuspended in one drop of 
reactive and negative ArC Amine Reactive Compensa-
tion Beads for live/dead compensation control. Samples 
and compensation controls were resuspended in 200µL 
of FACS buffer and transferred to glass tubes which were 
topped off with another 100 µl of FACS buffer. Samples 
were analyzed on the BD FACS symphony A3 until 
100,000 single-cell live events were collected or until the 
sample ran dry. Brain immune cell and PBMC samples 
that did not capture at least 70,000 events or PBMC sam-
ples that did not capture over 50,000 live CD45 + events 
were excluded. Lasers were set with spherotech beads 

values determined by initial complete compensation 
conditions. Compensation controls were performed for 
each experiment and comps calculated prior to running 
samples. Samples from each treatment group were pres-
ent in each run. FCS files were analyzed via Flowjo soft-
ware version 10. Gates were set using Fluorescent minus 
one controls (FMOCs) (Supplemental Fig. 3) and samples 
were normalized within sex between runs. All cell counts 
are available in the supplemental data figures (supple-
mental Figs. 4–10).

RNA extraction for fresh samples
Bench areas were cleaned with RNase Zap prior to RNA 
extraction. Brain immune cell isolation and PBMCs were 
lysed with 350µL BME and RLT lysis buffer (20µL of BME 
per 1mL RTL buffer) and processed for RNA extraction 
via RNeasy Kit (Qiagen) according to the manufactur-
er’s protocol. Briefly, lysate solution was transferred to 
Qiashredder tubes for complete homogenization. Sample 
flow-through was then mixed with 350µlL of 70% etha-
nol and transferred to RNAeasy spin columns. Samples 
were centrifuged for 15 s at 9391xg at room temperature. 
Flow-through was discarded and nucleic acids trapped 
in the RNAeasy membrane were washed with 700µL of 
RW1 buffer and 500µL of RPE buffer twice, centrifuging 
for 15  s at 9391xg at room temperature and discarding 
flow-through after each wash. Samples were then centri-
fuged for 2 min at full speed to dry before eluting samples 
with 20µL of RNAse free water in a 1 min spin at 9391xg.

NanoString
The NanoString nCounter® Analysis System (NanoString 
Technologies, Seattle, USA) was employed to perform 
the Mouse Immunology Panel nCounter® assay (CAT# 
xt_pgx_MmV1_Immunology_CSO). This assay utilized 
a panel consisting of 549 target genes with 14 internal 
reference genes and an additional set of 9 custom spike-
in genes for RGS10, GPNMB, GRN, Histone 3, Histone 
Deacetylase 3, LRRK2, iNOS, P65 NFKB, and SIP. Brain 
immune cell and PBMC RNA samples were loaded and 
hybridized to the provided capture and reporter probes 
overnight at 65  °C according to the manufacturer’s 
instructions. The samples were then added into the pro-
vided nCounter chip via use of the NanoString MAX/
FLEX robot. Unhybridized capture and reporter probes 
were removed, and the hybridized mRNAs were immobi-
lized for transcript count quantification on the nCounter 
digital analyzer. The data were then imported into the 
nSolver analysis software v4.0 for quality check and anal-
ysis according to the manufacturer’s instructions. Raw 
counts were normalized to the geometric mean of the 
positive and negative controls and count expression was 
calculated via nSolver Advanced Analysis v 2.0.134. Gene 
expression was only considered significant if p < 0.05 
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after adjustment using the Benjamini-Hochberg method 
for false discovery rates. Sample quality was determined 
via the DV200 index; and samples that did not meet the 
minimum RNA concentration threshold were excluded 
from analysis. The top 10 Gene pathways of differen-
tially expressed genes were analyzed ShinyGO 0.77 set to 
mouse species and run through KEGG Pathway database. 
Functional sub-categories were identified within KEGG 
pathways diagrams that had consistent directionality of 
the DEGs.

Statistical analyses
Analyses for human data from the PPMI study were 
conducted in R studio.4.4.1 For the primary analysis of 
RGS10 and patient group, we used a 1-way ANCOVA 
with 3 levels: control, prodromal, and PD. In this analy-
sis we covaried for sex and age. Furthermore, Pearson’s 
correlation test was used to compare RGS10 levels to age 
and UPDRS score in PD patients. Lastly, levels of RGS10 
between males and females in each cohort were analyzed 
using type II ANOVA with Bonferroni correction for 
multiple comparisons. Analyses for mouse data were per-
formed with Graph-Pad Prism 9. Group differences were 
analyzed using ordinary two-way ANOVA corrected for 
multiple comparisons with Tukey post-hoc test. Samples 
that are statistically different from each other do not 
share the same letter. p values ≤ 0.05 were considered sta-
tistically significant.

Results
RGS10 protein levels are reduced in the CSF of individuals 
with PD relative to matched controls
We utilized the proteomic dataset from project 151 of 
the MJFF PPMI study to assess RGS10 levels in the CSF 
of healthy controls (n = 176), prodromal PD (n = 345), 
and individuals with PD (n = 607) (Fig.  1A). Correct-
ing for age and sex, we found a significant main effect of 
patient group (COHORT) on levels of RGS10 in the CSF 
(Supplemental Fig.  1A), with post-hoc analysis identify-
ing a significant decrease in RGS10 levels of PD patients 
compared to healthy controls and prodromal individu-
als (1% decrease) with no difference between prodromal 
individuals and healthy controls (Fig. 1B). Moreover, both 
covariates (age and sex) held large portions of the vari-
ance and were significant in their ability to predict RGS10 
levels in the CSF (Supplemental Fig.  1A). Therefore, we 
wanted to assess the relationship between RGS10 lev-
els in the CSF and age using linear regression. In both 
healthy control and PD cohorts we find a significant but 
very weak negative correlation between RGS10 and age 
(Fig. 1C). Additionally, males with PD have significantly 
less RGS10 in the CSF as compared to prodromal females 
or females with PD (Fig. 1D). Lastly, as we saw a signifi-
cant difference in the RGS10 levels between PD patients, 

we wanted to assess whether RGS10 levels have a rela-
tionship with disease progression. Using a linear regres-
sion, we found there was not a significant correlation 
between RGS10 levels and disease progression scored by 
total UPDRS scores (Fig. 1E).

As circulating, and likely immune cell populations in 
the CSF, suffer from a reduction of RGS10 in individuals 
with PD [38], we aimed to investigate how loss of RGS10 
impacts the inflammatory response in circulating and 
CNS-associated immune cells. Here, we investigated the 
immunoregulatory capacity of RGS10 under chronic sys-
temic inflammatory (CSI) conditions, which have been 
reported by multiple groups in individuals with PD and 
appear to be associated with the development of PD [9, 
19, 20]. To do this we induced CSI in male and female 
C57BL6/J (B6) and RGS10 knock out (KO) animals. We 
isolated PBMCs and CNS-associated immune cells 24 h 
after the completion of the CSI paradigm, thereby ensur-
ing the wash out of acute inflammatory processes. Sam-
ples were subjected to comprehensive phenotyping of the 
innate and adaptive immune system via flow cytometry.

RGS10 and CSI regulate the frequency and functional 
dynamics of circulating natural killer cells and antigen-
presenting cells in mice
Considering, that loss of RGS10 promotes hyperinflam-
matory responses and dysregulated immune cell recruit-
ment [22, 24, 26, 28, 29, 32, 33, 36, 37, 44], we assessed 
whether RGS10 mediates the frequency and functional-
ity of innate immune cells exposed to LPS-induced CSI. 
Within the innate immune system, we found that LPS-
induced CSI and RGS10 alter the frequency of patrolling 
natural killer (NK) cells, dendritic cells, and monocytes 
in the blood (Fig. 2A-C, F-H). Specifically, we find a main 
effect of LPS-induced CSI and RGS10 on the frequency 
of NK cells, where KO animals have less NK cells overall 
but experience a significant increase in NK cell frequency 
with exposure to LPS-induced CSI, whereas B6 animals 
do not see a significant increase in NK cells frequency 
after LPS-induced CSI (Fig. 2A, F). LPS-induced CSI also 
induced a significant increase in the frequency of den-
dritic cells compared to saline controls with RGS10 defi-
ciency exacerbating this increase in male mice (Fig.  2B, 
G). Lastly, we find that the percentage of circulating 
monocytes decreased in female (but not male) mice 
exposed to LPS-induced CSI (Fig. 2C, H).

To investigate functional changes within the antigen-
presenting cell populations that were different between 
B6 and KO in the blood, we assessed MHCII membrane 
expression as a measure of antigen-presenting capacity 
and LY6C membrane expression as a marker of inflam-
matory monocytes. Despite a significant increase in 
the frequency of dendritic cells with CSI, we found that 
MHCII membrane expression on dendritic cells did 
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not differ with LPS-induced CSI or RGS10 deficiency 
(Fig. 2D, I). However, MHCII membrane expression was 
decreased on monocytes exposed to LPS-induced CSI 
(Fig. 2E, J). Post-hoc analysis revealed deficits in MHCII 
membrane expression in male KO mice exposed to LPS-
induced CSI compared to their respective saline controls 
that was not present in the female KO mice (Fig. 2E, J). 
We also observed sex-specific differences as male, but not 
female, KO monocytes exhibited augmented inflamma-
tory profiles (Fig. 2L-Q). Specifically, membrane expres-
sion of LY6C on monocytes was markedly increased in 
KO male mice compared to B6 mice at baseline (Fig. 2L). 
Moreover, RGS10-deficient male mice displayed a larger 
portion of LY6C-high monocytes (and inversely a lower 
proportion of LY6C-low) compared to B6 mice (Fig. 2M-
N). Interestingly, LPS-induced CSI decreased both the 

ratio and membrane expression of LY6C on monocytes 
regardless of sex (Fig. 2L-Q).

Overall, we found that RGS10 and LPS-induced CSI 
regulate the frequency and functional dynamics of NK 
cells and antigen presenting cells (APCs) in mouse 
PBMCs, with CSI increasing NK-cell and dendritic-cell 
frequencies in the blood, while dampening inflammatory 
phenotypes in antigen-presenting monocytes. Moreover, 
RGS10 deficiency exacerbated CSI-induced increases in 
dendritic cells and was associated with higher propor-
tions of inflammatory monocytes, predominantly in male 
mice.

RGS10 and CSI regulate the frequency of circulating B and 
CD4 + T cells in mice
In light of the alterations in circulating APC frequency 
and capacity as a result of LPS-induced CSI and RGS10 

Fig. 1 Individuals with PD display reduced protein levels of RGS10 in the CSF compared to healthy controls and prodromal individuals. A) Schematic of 
the study work flow. B) Log transformed quantification of relative fluorescence units (RFU) of RGS10 in the CSF of healthy controls, prodromal individuals, 
and individuals with PD. Statistical significance was calculated using 1-way ANCOVA with 3 levels: control, prodromal, and PD, covaried for sex and age, 
followed by Tukey’s HSD to correct for multiple comparisons. C) Log transformed quantification RFU of RGS10 across age in healthy controls, prodromal 
individuals, and individuals with PD. Statistical significance was calculated using a correlational test. D) Log transformed quantification RFU of RGS10 
between sexes. Statistical significance was calculated using a 2-way Anova to compare RGS10 levels between male and females in each cohort. E) Log 
transformed quantification RFU of RGS10 across total UPDRS score in Parkinson’s Patients on medication. Statistical significance was calculated using a 
correlational test. *p < 0.05, ***p < 0.001
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Fig. 2 RGS10 and Chronic Systemic Inflammation (CSI) synergize to regulate the frequency and functional dynamics of natural killer cells and antigen-
presenting cells in peripheral circulation. Male and female mouse PBMCs were immunophenotyped via flow cytometry. A & F) Frequency of natural killer 
cell out of total CD45 + cells. B & G) Frequency of dendritic cells out of total CD45 + cells. C &H) Frequency of monocytes out of total CD45 + cells. D & 
I) Mean fluorescent intensity (MFI) of MHCII on Dendritic cells. E & J) MFI of MHCII on monocytes. L & O) MFI of LY6C (BB660) on monocytes. M & P) Fre-
quency of LY6C-high monocytes out of total monocytes. N & Q) Frequency of LY6C-low monocytes out of total monocytes. Samples that are statistically 
different do not share the same letter. Significance for main effects is as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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deficiency described above, we also examined lympho-
cyte population dynamics in the circulation. Here, we 
found that LPS-induced CSI and RGS10 induce sex-
specific alterations on B-cell frequency, while RGS10 
regulates CD4 + helper T-cell population frequencies 
(Fig. 3). Specifically, there is a main effect of CSI on B-cell 
frequency, with a significant reduction in B cells of B6 
males but not KO males exposed to LPS-induced CSI 
(Fig. 3A, C). The opposite is true in females, evinced by a 
significant reduction in B cells in KO females but not B6 
females exposed to LPS-induced CSI (Fig. 3C).

Overall, neither RGS10 deficiency nor LPS-induced 
CSI impacted the frequency of circulating T cells (Fig. 3B, 
D). However, upon further evaluation of T-cell subsets, 
we found a main effect of RGS10 on CD4 + helper T cells 
(Fig.  3E, I). In females, we also detected a significant 
decrease in CD4 + T cells in RGS10-deficient animals 
compared to B6 counterparts at baseline that disap-
pears with LPS-induced CSI (Fig.  3I). The frequency of 
CD8 + cytotoxic T cells and natural killer T (NKT) cells in 
the blood did not change as a result of CSI or RGS10 defi-
ciency (Fig.  3F-H, J-L). Interestingly, membrane expres-
sion of the primary markers for B cells (CD19), T cells 
(CD3), helper T cells (CD4), and cytotoxic T cells (CD8) 
were also decreased with RGS10 deficiency, primarily in 
males (Supplemental Fig.  7). Taken together, these data 
indicate that LPS-induced CSI increases the frequency 
of patrolling cells within the circulation while decreas-
ing the inflammatory and antigen-presenting capacity of 
monocytes. Additionally, CSI diminishes the frequency 
of B cells in the circulation. On the other hand, RGS10 
deficiency exacerbates CSI-induced increases in dendritic 
cell populations and enhances the inflammatory status 
of monocytes in males, while reducing the frequency of 
CD4 + T cells in the circulation.

RGS10 deficiency synergizes with CSI to induce innate and 
adaptive immune system dysregulation in male mouse 
PBMCs
Next, we utilized a targeted transcriptomic assay of 
immune pathways enabled by Nanostring Technology to 
better understand the activation status and cellular path-
ways altered in RGS10-deficient immune cells exposed 
to LPS-induced CSI. To do this, we extracted RNA from 
PBMCs collected from a separate cohort of animals that 
were exposed to the same CSI paradigm. This separate 
cohort consisted of male mice based on the large propor-
tion of the RGS10-dependent changes that we observed 
in males only.

Here we found that under baseline, non-stimulated 
conditions RGS10 deficiency did not induce any differ-
entially expressed genes (DEGs) in PBMCs compared 
to B6 saline controls, with the exception of RGS10 itself 
(Fig. 4A). Moreover, LPS-induced CSI alone only induces 

8 DEGs relative to B6 saline controls (Fig. 4B). However, 
after exposure to LPS-induced CSI, we found 117 DEGs 
in RGS10-deficient PBMCs as compared to B6 saline 
controls (Fig. 4C), indicating that the influence of RGS10 
is most prominent upon stimulation, an observation 
which is also evident in the sizable induction of DEGs in 
KO exposed to LPS-induced CSI when compared to KO 
saline controls (Supplemental Fig. 11B). Interestingly, we 
find no differentially expressed genes between KO and 
B6 PBMCs that were both exposed to LPS-induced CSI 
(Supplemental Fig.  11A), suggesting that CSI induced 
similar changes in immune cell pathways. We can further 
appreciate the synergy of RGS10 deficiency and LPS-
induced CSI in altering immune pathways by comparing 
the similarity of DEGs between each group when com-
pared to baseline. Here, we find that all 8 DEGs induced 
by LPS-induced CSI alone are shared with the KO group 
that was also exposed to LPS-induced CSI, furthermore 
108 unique DEGs appeared in the KO group upon expo-
sure to LPS-induced CSI (Fig. 4D). Importantly, we also 
confirmed the absence of RGS10 in both of our KO 
groups (Fig. 4D).

To analyze the gene pathways that were changing as a 
result of RGS10 deficiency and CSI, we ran all 117 DEGs 
identified in the KO group exposed to CSI through a 
KEGG analysis. The KEGG pathway analysis showed 
that DEGs of RGS10-deficient PBMCs exposed to LPS-
induced CSI were involved in immune cell maturation/
differentiation, cytokine-cytokine receptor interactions, 
cell-adhesion molecules, NK cell-mediated cytotoxic-
ity, autoimmune thyroid disease, and a multitude of 
gene pathways in infection (Fig.  4E). As these pathways 
included both up and downregulated DEGs, we per-
formed sub-analyses in which we identified 4 functional 
sub-categories within KEGG pathways that had consis-
tent directionality of the DEGs (Fig. 4F). We found a sig-
nificant upregulation of NK cell cytotoxicity and myeloid 
cell activation along with a significant downregulation 
in MHCII expression and lymphocyte maturation/acti-
vation in CSI-exposed RGS10-deficient PBMCs as com-
pared to B6 saline controls (Fig. 4F).

RGS10 and CSI regulate the frequency of innate immune 
cells in and around the brain and synergistically influence 
their activation
As immune cell phenotypes are influenced by origin and 
environmental context [45, 46], immune cells within the 
circulation may not reflect immune-cell populations 
in and around the brain. Therefore, we isolated brain 
immune cells to assess whether CNS-associated immune 
cells exhibit similar changes to those seen in circulation 
under conditions of RGS10 deficiency and LPS-induced 
CSI. Importantly, animals were not perfused prior to iso-
lating brain immune cells, as we did not want to restrict 
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Fig. 3 RGS10 and Chronic Systemic Inflammation (CSI) regulate the frequency of B and CD4 + T cells in circulation. Male and female mice PBMCs were 
immunophenotyped via flow cytometry. A & C) Frequency of B cells out of CD45 + cells. B & D) Frequency of T cells out of total CD45 + cells. Frequency 
of CD4 + cells out of total T cells in males (E) and females (I). Frequency of CD8 + cells out of total T cells in males (F) and females (J). CD8:CD4 T cell ratio 
in males (G) and females (K). Frequency of NK1.1 + cells out of total T cells in males (H) and females (L). Samples that are statistically different do not share 
the same letter. Significance for main effects is as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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our assessment of immune cells to that solely of the brain 
parenchyma as both meningeal and peri-vascular spaces 
can contribute to the induction of neuroinflammation 
[17]. Furthermore, we reported above that PD patients 
have less RGS10 in their CSF compared to healthy 

controls and prodromal individuals, highlighting the 
potential role of RGS10 in brain-adjacent compartments.

We investigated the frequency of CD45 + cells out of 
total live cells to determine the proportion of immune 
cells in and around the brain. Overall, we found a main 

Fig. 4 RGS10 deficiency synergizes with Chronic Systemic Inflammation (CSI) to induce innate and adaptive immune system dysregulation in mouse 
PBMCs. RNA from mouse PBMCs were run on the NanoString nCounter® immune panel. A) Volcano plot of differentially expressed genes (DEGs) of RGS10 
KO Saline vs. B6 Saline. B) Volcano plot of DEGs of B6 LPS vs. B6 Saline. C) Volcano plot of DEGs of RGS10 KO LPS vs. B6 Saline. D) Venn diagram of the 
number of shared and unique DEGs from each group compared to B6 Saline. E) Dotplot of 10 most significant KEGG pathways the DEGs from RGS10 KO 
LPS vs. B6 Saline comparison are involved in. F) Heatmap of the fold change of RGS10 KO LPS and B6 LPS DEGs relative to B6 saline. All genes listed are 
significantly different in the RGS10 KO LPS group compared to B6 Saline (BH adjusted P < 0.05). Genes are grouped by associated KEGG pathways
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effect of genotype on the proportion of CD45 + cells, dem-
onstrating a reduction in the frequency of CD45 + cells in 
KO mice in both males and females (Fig. 5A-B). However, 
upon post-hoc analysis there were no significant differ-
ences in the frequency of CD45 + cells in and around the 
brain with or without RGS10 deficiency or LPS-induced 
CSI in males (Fig.  5A). Interestingly, however, we see a 
main effect of CSI treatment in females, that with post-
hoc analysis reveals a significant increase in the fre-
quency of CD45 + cells with CSI in B6 mice, but not in 
KO mice (Fig.  5B). Moreover, we assessed membrane 
expression of CD45 as an indicator of immune activation 

in CNS-associated immune cells [47]. CD45 may also 
reflect the proportion of peripheral immune cells pres-
ent in the brain as peripheral immune cells express CD45 
to a greater extent than CNS-resident immune cells like 
microglia [47]. Here we observed a main effect of LPS-
induced CSI on CD45 membrane expression, with post-
hoc analysis revealing that LPS-induced CSI, in males, 
significantly increased CD45 expression only in KO ani-
mals compared to saline controls, and not in B6 animals 
(Fig. 5C). Conversely, we found a significant increase in 
CD45 expression due to LPS-induced CSI in females 
in both KO and B6 animals (Fig.  5D). Furthermore, we 

Fig. 5 RGS10 and Chronic Systemic Inflammation (CSI) regulate immune cell frequency and activation in the CNS. Mouse PBMCs were immunophe-
notyped via flow cytometry. Frequency of CD45 + cells out of all live cells in males (A) and females (B). mean fluorescent intensity (MFI) of CD45 out of 
CD45 + immune cells in males (C) and females (D). Samples that are statistically different do not share the same letter. Significance for main effects is as 
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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also observed a significant increase in CD45 expres-
sion in KO females at baseline compared to B6 females 
(Fig.  5D). Overall, these data indicate that RGS10 and 
CSI may regulate the frequency and activation of CNS-
associated immune cells. Next, we investigated spe-
cific innate immune cell responses mediated by CSI and 
RGS10 in the CNS. Importantly, we assessed immune 
cell populations out of total CD45 + cells to normalize 
any differences between groups in immune cells present 
in the CNS. Overall, we found that LPS-induced CSI and 
RGS10 altered innate immune cell frequencies within the 
CNS. Most strikingly, we observed a marked increase in 
the frequency of dendritic cells in and around the brain 
of KO animals regardless of treatment or sex (Fig. 6A, E). 
Moreover, we do not observe the same induction of NK 
cells in CNS-associated immune cells as we do in the cir-
culation, which may be a product of the limited amount 
of NK cells in and around the brain (Fig. 6B, F). Specifi-
cally, we observe a main effect of LPS-induced CSI on 
NK cells in and around the brain in males but find no sig-
nificant differences in the frequency of NK cells between 
treatment groups regardless of sex (Fig. 6B, F). Addition-
ally, we found no differences in the frequency of CNS-
associated monocytes in males but detected an increase 
in monocytes in females with LPS-induced CSI in B6 but 
not KO animals (Fig.  6C, G). Lastly, we demonstrated 
a significant reduction in the frequency of microglia 
in KO animals compared to B6 saline controls in both 
sexes (Fig.  6D, H), indicating an increase in frequency 
of peripheral immune cells out of the total immune cells 
present.

Unlike the blood, we found a significant decrease in 
MHCII membrane expression in RGS10-deficient den-
dritic cells in and around the brain (Fig. 6I, L). Addition-
ally, we see that the frequency of MHCII + dendritic cells 
declined with RGS10 deficiency, and this was exacer-
bated in female KO mice when exposed to LPS-induced 
CSI (Fig. 6O, R). Again, unlike the blood, we saw no dif-
ferences in MHCII membrane expression in monocytes 
with CSI or KO compared to B6 saline controls (Fig. 6J, 
M). However, the frequency of MHCII + monocytes was 
significantly reduced with LPS-induced CSI in RGS10-
deficient animals compared to all other groups in both 
males and females (Fig.  6P, S). Moreover, microglia are 
also antigen-presenting cells, and we found a main effect 
of LPS-induced CSI on MHCII membrane expression 
on microglia along with a significant decrease in the 
frequency of MHCII + microglia with LPS-induced CSI 
in KO mice compared to B6 saline controls, in the CNS 
(Fig. 6K, N, Q, T). Overall, our data suggest a prominent 
decrease in antigen-presenting machinery in RGS10-
deficient CNS-associated APCs exposed to CSI through 
reductions in membrane expression of MHCII and/or 
frequency of MHCII + APCs.

Considering the overall activation of immune cells and 
increased presence of peripheral immune cells in the 
CNS with CSI and RGS10 deficiency we directly analyzed 
the inflammatory status of monocytes and microglia. 
Here, we observed a significant increase in CD45 mem-
brane expression on microglia with LPS-induced CSI 
(Fig.  6U, X). Additionally, we found a significant induc-
tion of CD45 expression on monocytes in and around 
the brain of RGS10-deficient animals with CSI but not in 
B6 animals (Fig. 6V, Y). It should be noted, however, that 
there is no difference in CD45 expression level between 
B6 and KO monocytes after exposure to LPS-induced 
CSI, suggesting that KO monocytes may have slightly 
lower baseline levels of CD45. Lastly, looking at LY6C 
membrane expression, we observed increased LY6C 
expression on RGS10-deficient CNS-associated mono-
cytes from male mice exposed to CSI as compared to 
saline controls. Conversely, LY6C membrane expression 
on CNS-associated monocytes was augmented with LPS-
induced CSI in B6 females but not KO females (Fig. 6W, 
Z). Collectively, these data reveal that myeloid cells in the 
CNS, and in particular monocytes, express robust induc-
tion of inflammatory markers after exposure to CSI and 
become activated in response to CSI with RGS10 defi-
ciency, most prominently in males.

RGS10 and CSI mediate reductions in the lymphocyte 
frequency while enhancing cytotoxic T cell populations in 
CNS-associated immune cells
We then examined lymphocyte dynamics in the CNS. We 
found a reduction in the frequency of B cells (Fig. 7A, C). 
In males, all groups displayed a significant reduction in 
the frequency of B cells compared to B6 saline controls 
(Fig. 7A). In females, only B cells from KO mice exposed 
to LPS-induced CSI were significantly reduced com-
pared to B6 saline controls (Fig.  7C). Interestingly, we 
found a main effect of CSI on the frequency of T cells in 
the CNS (Fig. 7B, D). When we broke down the T cells 
into their respective subsets, we found a main effect of 
LPS-induced CSI on each T-cell subset (Fig. 7E-L). Spe-
cifically, there is a decreased frequency of CD4 + T cells 
in CSI-exposed animals in males. Importantly, we also 
observed that RGS10-deficient animals exhibited a lower 
frequency of CD4 + T cells at baseline, but we did not 
see any group differences in females (Fig.  7E, I). More-
over, we found a significant increase in the frequency of 
CD8 + T cells with LPS-induced CSI; however, in males, 
this increase is only significant with RGS10 deficiency 
(Fig. 7F, J). These changes in the frequency of CD4 + and 
CD8 + T cells were reflected in a significant increase in 
the ratio of CD8 + to CD4 + cells in KO males exposed 
to LPS-induced CSI (Fig. 7G), indicating a shift to more 
cytotoxic T cell populations in RGS10-deficient animals 
exposed to LPS-induced CSI, most prominently in males. 
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Fig. 6 RGS10 and Chronic Systemic Inflammation (CSI) impair capacity for antigen presentation in brain-associated immune cells and induce myeloid 
cell activation. Male and female mouse CNS-associated immune cells were immunophenotyped via flow cytometry. A & E) Frequency of dendritic cells 
out of CD45 + cells. B & F) Frequency of natural killer cells out of CD45 + cells. I & L) Mean fluorescent intensity (MFI) of MHCII on dendritic cells. J & M) 
MFI of MHCII on monocytes. K & N) MFI of MHCII on microglia. O & R) Frequency of MHCII + dendritic cells out of total dendritic cells. P &S) Frequency 
MHCII + monocytes out of total monocytes. Q &T) Frequency MHCII + microglia out of total microglia. U & X) MFI of CD45 on microglia. V & Y) MFI of CD45 
on monocytes. W & Z) MFI of LY6C on monocytes. Significance for main effects is as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 7 RGS10 and Chronic Systemic Inflammation (CSI) mediate reductions in the lymphocyte frequency while enhancing cytotoxic T cell popula-
tions in CNS-associated immune cells. Mouse CNS-associated immune cells were immunophenotyped via flow cytometry. A & C) Frequency of B cells 
out of CD45 + cells. B & D) Frequency of T cells out of CD45 + cells. Frequency of CD4 + cells out of total T cells in males (E) and females (I). Frequency 
of CD8 + cells out of total T cells in males (F) and females (J). Frequency of CD8/CD4 ratio out of total T cell in males (G) and females (K). Frequency of 
NK1.1 + cells out of total T cells in males (H) and females (L). Significance for main effects is as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

 



Page 15 of 24Jernigan et al. Journal of Neuroinflammation           (2025) 22:49 

Expanding upon our analysis of cytotoxic T cell subsets 
we also found a significant increase in the frequency of 
NKT cells with LPS-induced CSI, however, in males, 
this increase was only significant with RGS10 deficiency 
(Fig. 7H, L). Therefore, in CNS-associated immune cells 
we observed a larger frequency of peripheral immune 
cells in and around the brain of KO animals exposed 
to LPS-induced CSI, a massive increase in dendritic 
cells with RGS10 deficiency which may possibly act as a 
compensatory mechanism for the global impairment of 
MHCII expressing APCs in the CNS with RGS10 defi-
ciency and LPS-induced CSI, as well as the enhancement 
of inflammatory myeloid cells and cytotoxic T cells sub-
sets with CSI and KO.

RGS10 deficiency synergizes with CSI to activate innate 
immunity in CNS-associated immune cells while impairing 
lymphocyte engagement
Assessing alterations in genes and gene pathways in CNS-
associated immune cells, we observed an increase in the 
number of DEGs with exposure to LPS-induced CSI 
and RGS10 deficiency (Fig.  8A-D). Interestingly, RGS10 
uniquely regulated the differential expression of mul-
tiple genes within the CNS, unlike in the blood, includ-
ing the downregulation of IL-6, IL-1β CCL6, CD11c, 
CD48, CD80, Fcgr4, Tnfsf12, Tnfsf13b, and H2-DMa, 
and upregulation of Mr1. Additionally, we found that 
CSI alone induced 3 DEGs (downregulating CCL24 
and CD164, and upregulating CXCL13) that were also 
induced with LPS -induced CSI in KO animals (Fig. 8A-
D). Moreover, RGS10 deficiency was sufficient to induce 
significant downregulation of Itgax, H2-DMa, and CD99 
in CNS-associated immune cells when compared to B6 
with both groups exposed to LPS-induced CSI (Supple-
mental Fig.  11C), while there were no significant differ-
ences between KO and B6 groups exposed to LPS in the 
blood other than RGS10 (Supplemental Fig.  11D). Run-
ning the 77 DEGs of CSI exposed KO animals through 
KEGG pathway analysis revealed that a large portion of 
DEGs were involved in infectious pathways or inflamma-
tion-driven diseases along with hematopoietic cell lin-
eage, cytokine-cytokine receptor interactions, and IgA 
production (Fig.  8E). Through our sub-analyses of the 
top 10 KEGG pathways distinguished in E, we identified 
7 functional sub-categories with consistent direction-
ality of the DEGs (Fig.  8F). Here, we find that RGS10-
deficient CNS-associated immune cells are enriched in 
TLR4/RIG1 pathways, complement genes, lymphocyte 
cell adhesion and migration genes, and IL-10 receptor 
genes (Fig. 8F). Moreover, we find a bidirectional regula-
tion of cytokines with enrichment in IL1a but a reduc-
tion in IL-6. Lastly, RGS10-deficient CNS-associated 
immune cells exposed to LPS-induced CSI exhibited 
significant reductions in chemokines related to myeloid 

trafficking and lymphocyte engagement through MHCII 
and costimulatory genes (Fig.  8F). In summary, synergy 
of RGS10 deficiency and CSI regulates genes involved in 
immune cell trafficking, TLR4/RIG1 immune cell activa-
tion, cytokine and complement cascades, and lympho-
cyte engagement in CNS-associated immune cells.

Discussion
As inflammation and immune dysregulation have been 
consistently shown to contribute to the pathophysiology 
of PD, it is pertinent to investigate changes in immuno-
regulatory protein levels of relevant immune cell popula-
tions such as CNS-resident and peripheral immune cells, 
to understand disease-relevant mechanistic changes and 
identify potential therapeutic targets [9]. Here, we dem-
onstrate a decrease in RGS10, a critical homeostatic 
regulator of immune cells, in the CSF of individuals with 
PD compared to healthy controls and prodromal indi-
viduals. As RGS10 is most highly expressed in immune 
cells, decreased levels of RGS10 may indicate a reduc-
tion of RGS10 in immune cells in the CSF of individuals 
with PD. The small percent decrease in RGS10 between 
individuals with PD and healthy controls in the CSF may 
reflect the fact that there are relatively low numbers of 
immune cells present in the CSF and that reductions in 
RGS10 may also be cell specific as previously reported in 
PBMCs. A reduction of RGS10 in immune cells, none-
theless suggests that peripheral immune cells that are 
capable of directly interacting with the CNS in individu-
als with PD may lack the ability to negatively regulate the 
inflammatory response at the same level of healthy con-
trols and may engage hyperinflammatory responses or 
develop chronic inflammatory responses that endanger 
vulnerable neuronal populations [48]. Importantly, we 
cannot determine if this reduction of RGS10 in the CSF is 
specific to immune cells, as the proteomic data set lacks 
single cell resolution. This limitation could be mitigated 
by single-cell proteomics or mass cytometry analyses in 
future studies. Additionally, if longitudinal proteomic 
data from within subjects becomes available, re-run-
ning these analyses as repeated measures within sub-
jects would allow us to better determine if RGS10 levels 
change with PD progression, advanced age, and/or years 
with disease.

Considering that RGS10 levels are also reduced in sub-
sets of immune cells in the peripheral circulation in PD, 
we examined the role of RGS10 in regulating the immune 
response of circulating and CNS-associated immune 
cells to CSI, as CSI exemplifies inflammatory conditions 
associated with and present in PD. We demonstrate that 
RGS10 and CSI synergize to regulate myeloid cell acti-
vation, MHCII expression, and frequency of cytotoxic 
cell populations in both circulating and CNS-associated 
immune cells (Fig. 9).
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Fig. 8 RGS10 deficiency synergizes with Chronic Systemic Inflammation (CSI) to activate innate immunity in CNS-associated immune cells while impair-
ing lymphocyte engagement. RNA from mouse brain immune cells were run on the NanoString nCounter® immune panel. A) Volcano plot of differen-
tially expressed genes (DEGs) of RGS10 KO Saline vs. B6 Saline. B) Volcano plot of DEGs of B6 LPS vs. B6 Saline. C) Volcano plot of DEGs of RGS10 KO LPS 
vs. B6 Saline. D) Venn diagram of the number of shared and unique DEGs of each group compared to B6 Saline. E) Dot plot of 10 most significant KEGG 
pathways, the DEGs from RGS10 KO LPS vs. B6 Saline comparison are involved in. F) Heatmap of the fold change of RGS10 KO LPS and B6 LPS DEGs rela-
tive to B6 saline. All genes listed are significantly different in the RGS10 KO LPS group compared to B6 Saline (BH adjusted P < 0.05). Genes are grouped 
by associated KEGG pathways
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Notably, this is the largest study to investigate levels of 
RGS10 in individuals with PD. As such, this is the first 
study to assess RGS10 levels in a sufficiently large popu-
lation to determine more than disease effect, identifying 
that RGS10 levels are modestly but significantly inversely 
correlated with age in controls and individuals with PD. 
This points to deficits in RGS10 being driven, in part, by 
aging, which is the largest risk factor for developing neu-
rodegenerative diseases. Conversely, mouse studies have 
identified augmented levels of RGS10 in aged monocytes 
and granulocytes in the circulation, which may reflect a 
compensatory or tissue-specific phenomenon in mice 
[49]. Regardless, the reduction of RGS10 with age in the 
CSF is supported by the concept of immune dysregula-
tion and inflammaging [50]. Specifically, it is important 
to highlight that inflammatory insults such as LPS induce 
downregulation of RGS10 via histone deacetylation [34]. 
Within our CSI paradigm, transcript levels of RGS10 
were not significantly decreased in the PBMCs but were, 

however, in CNS-associated immune cells. We may have 
been able to appreciate significant changes in RGS10 
transcript levels in CNS-associated immune cells due to 
the abundance of microglia which highly express RGS10 
ubiquitously in the CNS [51, 52], whereas changes in 
the blood may not have been detected due to its heter-
ogenous cellular makeup and/or rapid turnover of cells, 
indicating potential cell-specific alterations in RGS10 
which could be assessed in follow-up experiments utiliz-
ing single-cell transcriptomics. Nevertheless, we present 
evidence that LPS-induced CSI and not just acute inflam-
matory stimuli can reduce RGS10 transcript levels in 
immune cells. Consequently, CSI-induced reductions in 
RGS10 may enhance the feed forward cycle of CSI.

To ensure that acute inflammatory responses have 
resolved, we capture immune frequencies 24  h past the 
last injection of LPS [53]. As a result, one limitation of 
our analysis is that we miss the early influx of neutro-
phils and monocytes into the circulation for homing to 

Fig. 9 Summary of RGS10 and Chronic Systemic Inflammation (CSI)-mediated alterations in circulating and CNS-associated immune cells. A) Venn dia-
gram of immune cell phenotypes identified in each group. Phenotypes that were present in both RGS10 KO, CSI, or the combination are listed in over-
lapping areas based on location in the CNS or blood. Common to both PBMCs and CNS-associated immune cells, RGS10 deficiency and CSI induce 
reductions in antigen presentation capacity, increased myeloid cell activation, and decreased lymphocyte engagement. Made with Biorender.com
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the peritoneum, the site of injury [54]. However, this time 
scale allows us to investigate stable and more long-lasting 
alterations in the frequency of immune cells in the circu-
lation. Moreover, due to the chronicity of the paradigm 
we would expect both APC activity and lymphocytic par-
ticipation. Here, we demonstrate that LPS-induced CSI 
alone can increase the frequency of NK cells, dendritic 
cells, and patrolling LY6C-low monocytes. These cell 
types are specialized in surveillance and likely increased 
in response to persistent presence of LPS in the circula-
tion. Specifically, LPS has been shown to induce NK cell 
proliferation as well as promote dendritic cell maturation 
and survival in vitro [55, 56]. LPS has also been shown 
to enhance LY6C expression on monocytes [57], how-
ever, we find that LPS-induced CSI increased the propor-
tion of LY6C-low monocytes. High expression of LY6C is 
associated with a classical monocyte phenotype, which is 
characterized to be more pro-inflammatory in the blood; 
however, high expression of LY6C has been deemed a 
transient phenomenon as LY6C levels drop upon recruit-
ment to lymphoid and non-lymphoid tissue [46]. There-
fore, we may be capturing the conversion of LY6C-high 
monocytes to LY6C-low patrolling monocytes within the 
circulation with LPS-induced CSI.

Increased monocytes in the blood have been reported 
in chronic infection and chronic auto-inflammatory dis-
orders [58]. In contrast, we find no difference in mono-
cyte frequency in males with LPS-induced CSI and 
a decrease in the frequency of monocytes with LPS-
induced CSI in female animals, in our model. This dif-
ference may arise for a few different reasons. Firstly, as 
mentioned previously, we did not capture acute mono-
cyte dynamics that may be more reflective of active 
infections rather than low-grade systemic inflammation. 
Secondly, monocytes can differentiate into tumor necro-
sis factor- and inducible nitric oxide synthase-producing 
dendritic cells (TIP-DCs), and our concurrent increase 
in dendritic cells with CSI may reflect increased mono-
cyte to DC differentiation [46]. Lastly, in vitro work has 
demonstrated that chronic LPS-induced reductions 
in MHCII couple with increases in PD-L1 expression, 
demarcating exhausted monocytes [59]. Considering 
that LPS-induced CSI also decreased MHCII membrane 
expression on monocytes in circulation, our decreased 
frequency of monocytes may be related to monocyte 
exhaustion [59]. Furthermore, the frequency of B cells in 
the peripheral circulation were decreased as a result of 
LPS-induced CSI. This reduction in B cells may be due 
to decreased lymphopoiesis from hematopoietic output 
in favor of myelopoiesis under inflammatory conditions 
[60].

We find that RGS10- and CSI-mediated alterations in 
gene pathways corroborate and extend our flow cytom-
etry results. Specifically, we find that even though KO 

animals have less NK cells overall, the increase in NK 
cells with LPS-induced CSI was only present in KO ani-
mals. Moreover, KO animals exposed to LPS-induced 
CSI, experienced a significant upregulation of genes 
involved in natural killer-cell cytotoxicity compared to 
B6 saline controls. Thus, we report herein a novel role 
of RGS10 in NK cell frequencies and activation which 
offers an exciting new line of investigation into the role 
of RGS10 in the regulation of the innate immune system. 
Additionally, upregulation of genes involved in myeloid 
activation are consistent with higher LY6C expres-
sion in RGS10-deficient monocytes and the capacity of 
RGS10 to regulate the inflammatory response of myeloid 
cells [22, 24, 29, 32, 33, 36]. Furthermore, the reduc-
tion in MHCII-related genes supports our observation 
of impairments in the antigen-presenting machinery of 
monocytes as a result of LPS-induced CSI. We also find 
that LPS-induced CSI and RGS10 mediate the downregu-
lation of genes involved in lymphocyte activation/matu-
ration, along with RGS10 specific deficits in CD4 + T cell 
frequency in the circulation, consistent with previous 
studies [23, 49]. As this deficit in CD4 + T cells was also 
present in the CNS, this would suggest a systemic reduc-
tion in CD4 + T cells indicating that RGS10-deficient ani-
mals may have impaired CD4 + T cell engagement and 
expansion or enhanced CD4 + T cell death. Lastly, we find 
that downregulation of CD3 and CD19 is consistent with 
the reduction of their respective membrane expression 
on T and B cells with RGS10 deficiency. Our data reveal a 
synergistic relationship with RGS10 deficiency and LPS-
induced CSI that alters homeostasis to induce significant 
differentially-expressed genes denoting a shift to more 
cytotoxic and inflammatory innate immune popula-
tions with a diminished antigen presentation machinery, 
thereby potentially impairing adaptive immune activa-
tion and resolution of the inflammatory response.

In the CNS, we do not observe the same NK cell phe-
notypes as in the blood, possibly due to the low number 
of NK cells found in the CNS. Moreover, unexpectedly 
and in contrast to our findings in blood, we find a signif-
icant increase in dendritic cells that is not mediated by 
LPS-induced CSI, but solely by RGS10 deficiency, reveal-
ing a novel role of RGS10 in dendritic cell biology within 
the CNS. Monocyte populations in the CNS, on the other 
hand, were similar to those in the blood in that we see no 
changes in frequency between groups for males. Interest-
ingly though, we found a significant increase in the fre-
quency of monocytes with LPS-induced CSI in females 
but only in WT B6 animals, not KO animals, supporting 
a role for RGS10 in sex and genotype effects on CNS-
associated monocyte population dynamics. Consistent 
with the general reduction or lack of expansion of mono-
cytes in RGS10-deficient animals, we find that genes for 
multiple chemokine ligands important for monocyte 
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trafficking are downregulated in the CNS-associated 
immune cells of KO animals exposed to LPS-induced 
CSI. Regardless of immune cell frequency, we see ampli-
fied activation of immune cells in the CNS and specifi-
cally in myeloid populations, including microglia, with 
enhanced CD45 expression with LPS-induced CSI and 
LY6C expression on monocytes with RGS10 and LPS-
induced CSI, consistent with increased LY6C on circu-
lating monocytes. We cannot exclude the fact that some 
microglia that highly express CD45 may be captured in 
our CD45high monocyte gate. Moreover, genes related 
to myeloid activation, specifically, TLR4/RIG1 signaling 
and complement, were upregulated in CNS-associated 
immune cells with CSI of KO animals. Genes related to 
proinflammatory cytokines, however, were not regulated 
uniformly, with significant downregulation of IL-6 and 
upregulation of IL-1α. Interestingly, KO animals also dis-
played attenuated IL-6 increases in the CSF with aging 
as compared to B6 animals at baseline [49]. It would be 
pertinent to assess the protein level of these cytokines in 
the CNS to understand whether altered transcription in 
KO animals after CSI reflects concurrent protein levels or 
upstream regulation of adjusted protein requirements by 
the cell.

We also observe reductions in antigen-presenting 
machinery in the CNS and the blood; however, all APC 
populations within the CNS, including microglia, expe-
rience decreased MHCII membrane expression or 
decreased frequency of MHCII + cells with RGS10 defi-
ciency and LPS-induced CSI. Dendritic cells displayed 
a significant genotype effect on reduced MHCII expres-
sion and or/MHCII + frequency in the CNS. We hypoth-
esize that the reduction in the frequency of CD4 + T cells 
with LPS-induced CSI and RGS10 deficiency may be a 
result of decreased antigen-presenting machinery, espe-
cially considering that CD4 + T cells are preferentially 
expanded in bacterial infections which the presence of 
LPS would mimic [61]. This is further supported by the 
downregulation of genes involved in lymphocyte engage-
ment in KO CNS-associated immune cells exposed to 
LPS-induced CSI. Decreased frequencies of B cells with 
KO and LPS-induced CSI may also be related to the lack 
of CD4 + T cells that help to initiate the activation and 
proliferation of B cells [61]. Further experiments are nec-
essary to determine whether decreased MHCII receptor 
expression functionally impacts antigen presentation and 
T cell engagement. Intriguingly, even though CD4 + T 
cell frequencies are reduced, we find an increase in the 
frequency of all CD3 + T cells in and around the brain 
with LPS-induced CSI. Moreover, genes that are impor-
tant for immune cell adhesion and migration, particularly 
lymphocyte adhesion and migration, were upregulated in 
RGS10-deficient CNS-associated immune cells exposed 
to LPS-induced CSI. Correspondingly, KO animals 

displayed increased frequencies of cytotoxic T cell sub-
sets (CD8 + and NKT cells) with CSI, which would be 
responsible for the overall increase in T cells and high-
lighting a shift towards cytotoxic peripheral immune cells 
in and around the brain. Interestingly, T cell chemotaxis 
was found to be inhibited, granting protection in and 
EAE model [37], indicating that RGS10 may differentially 
regulate immune cell trafficking in autoimmune versus 
chronic inflammatory conditions.

Overall, we found no significant differences in the total 
percentage of CNS-associated immune cells between 
groups in our males or our KO females, but did observe 
an increase in CD45 + cells with LPS-induced CSI in B6 
female mice which reveal important sex and genotype 
specific effects on CNS-associated immune cell popu-
lation dynamics. Interestingly, we see a bias for more 
CNS-associated phenotypes due to RGS10 deficiency 
and LPS-induced CSI than blood-associated phonotypes, 
indicating that CNS-associated immune populations may 
be more sensitive to loss of RGS10 under chronic inflam-
matory conditions which is consistent with the fact that 
RGS10 transcripts were significantly reduced in the CNS 
but not in the blood.

Moreover, we were able to detect significant sex-spe-
cific differences with RGS10 in both humans and mice. 
Specifically, within PD, males have less RGS10 than 
females. This difference is interesting considering that 
men are at a higher risk for developing PD than women 
[62]. Previous studies using mouse models demonstrate 
that RGS10-deficient male mice develop inflamma-
tory related phenotypes earlier and to a greater degree 
compared to their female counterparts [38]. Our study, 
highlights the sex-specific alterations in immune cell fre-
quencies and activation with RGS10, where most of the 
phenotypes described are more prominent or only pres-
ent in males, which is particularly evident in myeloid 
activation.

This study examined RGS10 mediated immune func-
tions in adult mice but not aged mice. To better under-
stand RGS10 mediated immunity in the context of 
neurogenerative diseases, in future studies we plan 
to examine our CSI paradigm in the context of aging. 
Moreover, our assessment of immune cell populations 
through flow cytometry captures immune cells frequen-
cies present at the time of harvest, and we are unable 
to determine immune cell recruitment and/or migra-
tion to or through our tissues of interest. Immune cell 
tracking and fate-mapping experiments would further 
inform the extent to which alterations in immune cell 
frequencies are a result of immune cell recruitment 
or local expansion. This would be especially informa-
tive to determine the extent of peripheral immune cell 
infiltration into the brain parenchyma. Sorting the CNS 
associated immune cells on CD45 from non-perfused 
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brains, primarily enriches our samples for parenchy-
mal and CNS-vascular immune cells, with limited con-
tributions from other border sites. Accordingly, future 
studies should identify how RGS10 and CSI regulate 
specialized immune cell populations that reside in each 
CNS compartment (i.e. the parenchyma, the menin-
ges, and the peri-vascular space) separately. Addition-
ally, we utilized a targeted transcriptomic analysis that 
relies on reads of raw RNA counts and did not include 
any gene amplification therefore limiting the number 
of transcripts we are able to capture. Furthermore, as 
with the proteomic analysis above, our target transcrip-
tomic analysis lacks single-cell resolution, and we are 
therefore unable to assign differentially expressed genes 
to particular cell types. Lastly, we observed significant 
impairments in antigen-presenting capacity as well as 
lymphocyte engagement due to KO and CSI which may 
indicate that RGS10-deficient immune cells are more 
primed for exhaustion under chronic inflammatory 
conditions and potentiate defective immune responses. 

Therefore, future studies should also examine the func-
tional capacity of and status of immune cell exhaustion 
in RGS10-deficient immune cells exposed to CSI.

Conclusions
Here we report a decrease in RGS10 in the CSF of indi-
viduals with PD compared to healthy controls and pro-
dromal individuals. Additionally, we find that RGS10 
levels are significantly predicted by age and sex but not 
disease progression as measured by the total UPDRS 
score. Moreover, we find that RGS10 deficiency syner-
gizes with LPS-induced CSI to induce a bias towards 
inflammatory myeloid cells and cytotoxic cell popula-
tions, as well as a reduction in potential innate and adap-
tive crosstalk via MHCII in the circulation and in and 
around the brain most notably in males. These results, for 
the first time, highlight RGS10 as an important regulator 
of the systemic immune response to CSI and implicate 
RGS10 as a potential contributor to the development of 
immune dysregulation in PD.

Key Resource Table

Resource Type Resource Name Source Identifier New/ Reuse Additional Information
Dataset PPMI Dataset PPMI restiriced dataset - vailable 

via application to Micheale J 
Fox Foundation

reuse  h t t p  s : /  / w w w  . p  p m i  - i n  f o . o  r g  / a c  c e s  s - d 
a  t a  - s p  e c i  m e n s  / d  o w n l o a d - d a t a

Datset Full LPS cohort Febru-
ary 2024

Zenodo 10.5281/zenodo.13984272 new Raw fcs files from the cytometer 
anlyzed in the Flowjo (wsp files) used 
to generate cleaned tablular data for 
Figs. 2–3, 5–7

Dataset Chronic LPS Flow 
Dataset.xlsx

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to 
produce Flow cytometry figures 
(Figs. 2–3, 5–7)

Dataset CNS DEG results - 
RGS10 KO Saline Vs B6 
Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Figure panel 8A

Dataset CNS DEG results - B6 
LPS vs B6 Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Figure panel 8B

Dataset CNS DE results - RGS10 
KO LPS vs RGS10 KO 
saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Supplemntal Figure panel 11D

Dataset CNS DEG results - 
RGS10 KO LPS vs B6 
LPS.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Supplemntal Figure panel 11C

Dataset CNS DEG results - 
RGS10 KO LPS vs B6 
Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Figure panel 8C-F

Dataset Blood DEG results - 
RGS10 KO Saline Vs B6 
Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Figure panel 4A

Dataset Blood DEG results - B6 
LPS Vs B6 Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Figure panel 4B

Dataset Blood DEG results 
- RGS10 KO LPS Vs 
RGS10 KO Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Supplemntal Figure panel 4D

https://www.ppmi-info.org/access-data-specimens/download-data
https://www.ppmi-info.org/access-data-specimens/download-data
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Resource Type Resource Name Source Identifier New/ Reuse Additional Information
Dataset Blood DEG results - 

RGS10 KO LPS Vs B6 
LPS.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Supplemntal Figure panel 4C

Dataset Blood DEG results - 
RGS10 KO LPS Vs B6 
Saline.csv

Zenodo 10.5281/zenodo.13984272 new Cleaned tabular data used to pro-
duce Figure panel 4C-F

Software/code PPMI Project 115 Data-
set Anaylsis Code.Rmd

Zenodo 10.5281/zenodo.13984272 new Code used to analyze PPMI dataset 
for Fig. 1

Protocol Chronic LPS Paradigm protocols.io  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  p r 
o  t o c  o l s .  i o  . 8 e p v 5 2 7 1 d v 1 b / v 1

new

Protocol Mouse PBMC Isolation protocols.io  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  p r 
o  t o c  o l s .  i o  . j 8 n l k 9 b o 6 v 5 r / v 1

new

Protocol SOP for Immune cells 
isolation mouse adult 
brain with CD45 beads

protocols.io  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  p r 
o  t o c  o l s .  i o  . n 9 2 l d m x x n l 5 b / v 1

reuse

Protocol SOP for Flow cytom-
etry after DSS-induced 
gut and brain injury

protocols.io  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  p r 
o  t o c  o l s .  i o  . b p 2 l 6 x 6 z k l q e / v 1

reuse

Protocol Fresh Cell Isolation RNA 
Extraction

protocols.io  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  p r 
o  t o c  o l s .  i o  . 2 6 1 g e r p d 7 l 4 7 / v 1

reuse

Protocol NanoString protocols.io  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  p r 
o  t o c  o l s .  i o  . 5 j y l 8 d r q r g 2 w / v 1

reuse

Chemical, peptide, or 
recombinant protein

lipopolysaccharide 
(LPS)

Sigma 
Aldrich

Escherichia Coli 0111:B4 
L2630 purified by phenol 
extraction

reuse Batch Number 037M4015V 
potency > 3,000,000EU/mg

Ciritcal Commercial 
assays

RNeasy mini kit Qiagen 74106 reuse

Ciritcal Commercial 
assays

QIAshredder Qiagen 79656 reuse

Ciritcal Commercial 
assays

Adult brain dissocia-
tion kit mouse and rat

Miltenyi 130-107-677 reuse 50 digestions

other Miltenyi mouse CD45 
beads

Miltenyi RRID: AB_2877061 reuse

Ciritcal Commercial 
assays

MACS MultiStand and 
magnetic field

Miltenyi 130-042-303 reuse

Antibody CD3 PE-eflour 610 Thermo 
Fisher 
Scientific

(Thermo Fisher Scien-
tific Cat# 61-0031-82, 
RRID:AB_2574514)

reuse Dilution 1-100

Antibody CD4 APC-Cy7 BioLegend (BioLegend Cat# 100414, 
RRID:AB_312699)

reuse Dilution 1-200

Antibody CD8a Brilliat Violet 786 BD 
Biosciences

(BD Biosciences Cat# 563332, 
RRID:AB_2721167)

reuse Dilution 1-100

Antibody CD11b Brilliant Ultra-
violet 805

BD 
Biosciences

(BD Biosciences Cat# 741934, 
RRID:AB_2871246)

reuse Dilution 1-100

Antibody CD11c Alexa Flour 647 BioLegend (BioLegend Cat# 117312, 
RRID:AB_389328)

reuse Dilution 1–50

Antibody CD19 Brilliant Ultravio-
let 661

BD 
Biosciences

(BD Biosciences Cat# 565076, 
RRID:AB_2739055)

reuse Dilution 1–50

Antibody CD45 FITC BioLegend (BioLegend Cat# 103108, 
RRID:AB_312973)

reuse Dilution 1–20 CNS, 1-200 periphery

Antibody LY6C PerCP BioLegend (BioLegend Cat# 128028, 
RRID:AB_10897805)

reuse Dilution 1-100

Antibody LY6G PE-Cy5.5 Abcam (Abcam Cat# ab25055, 
RRID:AB_448570)

reuse Dilution 1-100

Key Resource Table (continued)

https://doi.org/10.17504/protocols.io.8epv5271dv1b/v1
https://doi.org/10.17504/protocols.io.8epv5271dv1b/v1
https://doi.org/10.17504/protocols.io.j8nlk9bo6v5r/v1
https://doi.org/10.17504/protocols.io.j8nlk9bo6v5r/v1
https://doi.org/10.17504/protocols.io.n92ldmxxnl5b/v1
https://doi.org/10.17504/protocols.io.n92ldmxxnl5b/v1
https://doi.org/10.17504/protocols.io.bp2l6x6zklqe/v1
https://doi.org/10.17504/protocols.io.bp2l6x6zklqe/v1
https://doi.org/10.17504/protocols.io.261gerpd7l47/v1
https://doi.org/10.17504/protocols.io.261gerpd7l47/v1
https://doi.org/10.17504/protocols.io.5jyl8drqrg2w/v1
https://doi.org/10.17504/protocols.io.5jyl8drqrg2w/v1
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Resource Type Resource Name Source Identifier New/ Reuse Additional Information
Antibody MHCII Brilliant Violet 

605
BioLegend (BioLegend Cat# 107639, 

RRID:AB_2565894)
reuse Dilution 1-100

Antibody NK1.1 (CD161) Super-
Bright 702

Thermo 
Fisher 
Scientific

(Thermo Fisher Scien-
tific Cat# 67-5941-82, 
RRID:AB_2735072)

reuse Dilution 1–50

Antibody Live/Dead Fixable Blue Thermo 
Fisher 
Scientific

L34962 reuse 5ul/sample

Antibody CD16/CD32 Block Fisher 
Scientific

5012440 reuse Dilution 1–20

Chemical, peptide, or 
recombinant protein

Brilliant Stain Buffer BD 
Biosciences

563794 reuse

other negative AbC Total 
Antibody Compensa-
tion Beads

Thermo 
Fisher

A10497 reuse

other Amine Reactive Com-
pensation Bead

Thermo 
Fisher

A10346 reuse

other SPHERO Supra Rain-
bow particles

Spherotech, 
Inc

SRCP-35-2A reuse

Ciritcal Commercial 
assays

XT_PGX_MmV1_Im-
munology_CSO

nanoString 115000052 reuse

Ciritcal Commercial 
assays

Master Kit–12 reactions nanoString 100052 reuse

Ciritcal Commercial 
assays

Panel Plus − 48 rxn nanoString 132001 reuse

Ciritcal Commercial 
assays

S&H 9–32 Kits / Slides nanoString SH0004 reuse

Software/code Flowjo Version 10 FlowJo (RRID:SCR_008520) reuse  h t t p  s : /  / w w w  . fl   o w  j o .  c o m /  s o  l u t i o n s 
/ fl  o w j o

Software/code nSolver Version 4 nSolver Analysis Software 
(RRID:SCR_003420)

reuse  h t t p  : / /  w w w .  n a  n o s  t r i  n g . c  o m  / p r o d u c 
t s / n S o l v e r

Software/code Advanced Analysis 
Version 2.0.134

reuse  h t t p  s : /  / n a n  o s  t r i  n g .  c o m /  p r  o d u  c t s  / n c 
o  u n  t e r  - a n  a l y s  i s  - s y  s t e  m / n s  o l  v e r  - a d  v a 
n c  e d  - a n a l y s i s - s o f t w a r e /

Software/code ShinyGO Version 0.77 ShinyGO (RRID:SCR_019213) reuse  h t t p  : / /  b i o i  n f  o r m  a t i  c s . s  d s  t a t e . e d u / g o /
Software/code R studio Version 4.4.1 RStudio (RRID:SCR_000432) reuse https://posit.co/
Software/code Graph-Pad Prism Ver-

sion 9
GraphPad Prism 
(RRID:SCR_002798)

reuse http://www.graphpad.com/

Experimental model: 
Organism/strain

RGS10 KO (KO) reuse RGS10 KO generated on the C57B6/J 
background available by request 
of lab

Experimental model: 
Organism/strain

C57B6/J (B6) RRID:IMSR_JAX:000664 reuse

Key Resource Table (continued)

Abbreviations
ACK  Ammonium Chloride Potassium
ANCOVA  Analysis of Covariance
ANOVA  Analysis of Variance
APC  Antigen Presenting Cell
ATAC-Seq  Assay for Transposase-Accessible Chromatin with Sequencing
B6  C57BL6/J C
CCL6  Chemokine Ligand 6
CCL24  Chemokine Ligand 24
CIDs  Chronic Inflammatory Diseases
CNS  Central Nervous System
CSF  Cerebrospinal Fluid
CSI  Chronic Systemic Inflammation
CXCL13  Chemokine Ligand 13
DAT  Dopamine

DEGs  Differentially Expressed Genes
D-PBS  Dulbecco’s Phosphate-Buffered Saline
EDTA  Ethylenediaminetetraacetic Acid
Fcgr4  FC receptor, IgG, low affinity IV
GPNMB  Transmembrane Glycoprotein Nmb
GRN  Granulin
HBSS  Hank’s Balanced Salt Solution
H2-Dma  Class II histocompatibility antigen, M alpha chain
IACUC  Institutional Animal Care and Use Committee
IBD  Inflammatory Bowel Disease
IBS  Irritable Bowel Syndrome
IL-1a  Interleukin 1a
IL-1B  Interleukin 1 Beta
IL-6  Interleukin 6
iNOS  inducible Nitric Oxide Synthase

https://www.flowjo.com/solutions/flowjo
https://www.flowjo.com/solutions/flowjo
http://www.nanostring.com/products/nSolver
http://www.nanostring.com/products/nSolver
https://nanostring.com/products/ncounter-analysis-system/nsolver-advanced-analysis-software/
https://nanostring.com/products/ncounter-analysis-system/nsolver-advanced-analysis-software/
https://nanostring.com/products/ncounter-analysis-system/nsolver-advanced-analysis-software/
http://bioinformatics.sdstate.edu/go/
https://posit.co/
http://www.graphpad.com/
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IP  Intraperitoneal
IRB  International Review Board I
tgax  Integrin alpha x
KO  RGS10 KO
LPS  Lipopolysaccharide
LRRK2  Leucine-Rich Repeat Kinase 2
LY6C  Lymphocyte antigen 6 family member C
MHCII  Major Histocompatibility Complex II
MJFF  Michael J Fox Foundation
Mr1  Major histocompatibility complex class I-related gene protein
NFK-kB  Nuclear Factor Kappa-light-chain-enhancer of activated B cells
NK  Natural Killer
PBMCs  Peripheral Mononuclear Cells
PBS  Phosphate Buffered Saline
PD  Parkinson’s Disease
PPMI  Parkinson’s Progression Markers Initiative
pQTL  Protein quantitative trait loci
RA  Rheumatoid Arthritis
RFU  Relative Fluorescence Units
RGS10  Regulator of G-protein signaling 10
RIG1  RNA helicase retinoic acid-Inducible Gene I
RNA  Ribonucleic Acid
ROS  Reactive Oxygen Species
SIP  Shingosine1-Phosphate
STIM2  Stromal Interaction Molecule 2
TILR4  Toll Like Receptor 4
TIP-DCs  Tumor necrosis factor- and inducible nitric oxide synthase-

producing dendritic cells
Tnfsf12  Tumor necrosis factor super family member 12
Tnffsf13b  Tumor necrosis factor super family member 13b

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 9 7 4 - 0 2 4 - 0 3 3 2 2 - 1.

Supplementary Material 1

Acknowledgements
The authors would like to thank Dr. David Vaillancourt for his contributions 
regarding the PPMI dataset as well as the Tansey lab for useful discussions in 
the completion of this paper. For open access, the author has applied a CC BY 
public copyright license to all Author Accepted Manuscripts arising from this 
submission.

Author contributions
JE J: Conceptualized and designed the study, completed mouse injections, 
processed samples for flow, completed flow analyses, concluded Nanostring 
post-processing and KEGG analysis, wrote and edited the original manuscript. 
HS: Isolated CSN-associated immune cells and helped prepare samples for 
flow. ZB: Analyzed all human data. MLB: Isolated PBMCs, ran samples through 
Nanostring and nCounter post-processing. BNG: Helped run samples through 
Nanostring. JH: Helped with mouse injections and immune cell isolations. 
CLC and NKN: maintained mouse colonies and assisted in tissue harvesting. 
AM: Helped process blood samples. KBM: Participated in study design, PBMC 
isolations, and manuscript editing. SAC: Contributed to expertise in human 
data analysis as well as manuscript editing. MGT: Contributed to conception 
and design of the study as well as preparing the final manuscript. All authors 
have read and approved the final manuscript.

Funding
This work was supported in part by the NINDS T32 Pre-Doctoral Training 
Program in Movement Disorders and Neurorestoration (5T32NS082168-
09) - JEJ, the joint efforts of The Michael J. Fox Foundation for Parkinson’s 
Research (MJFF) and the Aligning Science Across Parkinson’s (ASAP) initiative 
(grant ASAP-020527) - JEJ, KBM, MLB, MGT, ARM The University of Florida 
Gator NeuroScholars Fellowship- ARM, and the National Institute of Health 
and the National Institute of Neurological Disorders and Stroke (Grant 
RF1NS28800 ) - MGT. Data used in the preparation of this article was obtained 
on 2024-01-24 from the Parkinson’s Progression Markers Initiative (PPMI) 

database ( w w w . p p m i - i n f o . o r g / a c c e s s - d a t a s p e c i m e n s / d o w n l o a d - d a t a), RRID: 
SCR_006431. For up-to-date information on the study, visit www.ppmi-info.
org. PPMI – a public-private partnership – is funded by the Michael J. Fox 
Foundation for Parkinson’s Research, and funding partners; including AbbVie, 
Curex Therapeutics, Allergan, Amathus Therapeutics, Aligning Science Across 
Parkinson’s (ASAP), Avid Radiopharmaceuticals, Bial, Biogen, BioLegend, 
Biohaven pharmaceuticals, BlueRock Therapeutics, Bristol-Meyers Squibb, 
Calico, Celgene, Cerevel, Coave Therapeutics, DaCapo, Denali Therapeutics, 
Edmond J. Safra Philanthropic Foundation, 4D Pharma plc, GE Healthcare, 
Genentech, GlaxoSmithKline, Golub Capital, Gain Therapeutics, Handl 
Therapeutics, Insitro, Janssen Neuroscience, Lilly, Lundbeck, Merck, Meso 
Scale Discovery, Mission Therapeutics, Neurocrine Biosciences, Pfizer, Piramal 
Healthcare, Prevail Therapeutics, Roche, Sanofi-Genzyme, Servier, Sparc, 
Takeda, Teva, UCB, Vanqua Bio, Verily, Voyager Therapeutics, Weston Family 
Foundation, and Yumanity Therapeutics.

Data availability
The data, code, protocols, and key lab materials used and generated in this 
study are listed in a Key Resource Table alongside their persistent identifiers at 
10.5281/zenodo.13984272.

Declarations

Ethical approval
All patients that participated in the PPMI study signed an informed consent 
form and this study was approved by the Institutional Review Board (IRB) at 
the University of Florida as it meet the criteria for non-human research. All 
animal procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Florida and followed the Guide for the Care and 
Use of Laboratory Animals from the National Institutes of Health.

Consent for publication
All authors have read and approved the final manuscript for publication.

Competing interests
The authors declare no competing interests.

Received: 1 November 2024 / Accepted: 10 December 2024

References
1. Politis M, et al. Parkinson’s disease symptoms: The patient’s perspective. Mov 

Disord. 2010;25(11):1646–51.
2. Sveinbjornsdottir S. The clinical symptoms of Parkinson’s disease. J Neuro-

chem. 2016;139:318–24.
3. Emamzadeh FN, Surguchov A. Parkinson’s Disease: Biomarkers, Treatment, 

and Risk Factors. Front Neurosci. 2018;12:612.
4. Badanjak K et al. The Contribution of Microglia to Neuroinflammation in 

Parkinson’s Disease. Int J Mol Sci. 2021;22(9):4676.
5. Brooks DJ. Imaging Approaches to Parkinson Disease. J Nucl Med. 

2010;51(4):596–609.
6. Poewe W, et al. Parkinson disease. Nat Rev Dis Primers. 2017;3:17013.
7. Schain M, Kreisl WC. Neuroinflammation in Neurodegenerative Disorders—a 

Review. Curr Neurol Neurosci Rep 2017; 17(3).
8. Weiss F, et al. Immune responses in the Parkinson’s disease brain. Neurobiol 

Dis. 2022;168:105700.
9. Tansey MG, et al. Inflammation and immune dysfunction in Parkinson dis-

ease. Nat Rev Immunol. 2022;22:657–73.
10. Tansey MG, Romero-Ramos M. Immune system responses in Parkinson’s 

disease: Early and dynamic. Eur J Neurosci. 2018;49:364–83.
11. Roodveldt C, et al. The immune system in Parkinson’s disease: what we know 

so far. Brain. 2024;147:3306–24.
12. Dzamko N. Cytokine activity in Parkinson’s disease. Neuronal Signal, 

2023.;7(4):NS20220063.
13. Konstantin Nissen S, et al. Changes in CD163+, CD11b+, and CCR2 + periph-

eral monocytes relate to Parkinson’s disease and cognition. Brain Behav 
Immun. 2022;101:182–93.

14. Schröder JB, et al. Immune Cell Activation in the Cerebrospinal Fluid of 
Patients With Parkinson’s Disease. Front Neurol. 2018;9:1081.

https://doi.org/10.1186/s12974-024-03322-1
https://doi.org/10.1186/s12974-024-03322-1
http://www.ppmi-info.org/access-dataspecimens/download-data
http://www.ppmi-info.org
http://www.ppmi-info.org


Page 24 of 24Jernigan et al. Journal of Neuroinflammation           (2025) 22:49 

15. Croese T, Castellani G, Schwartz M. Immune cell compartmentalization for 
brain surveillance and protection. Nat Immunol. 2021;22(9):1083–92.

16. Prinz M, Priller J. The role of peripheral immune cells in the CNS in steady 
state and disease. Nat Neurosci. 2017;20(2):136–44.

17. Rua R, McGavern DB. Advances in Meningeal Immunity. Trends Mol Med. 
2018;24(6):542–59.

18. Pahwa R, Goyal A, Jialal I. Chronic Inflammation, in StatPearls. Treasure Island 
(FL); 2022.

19. Baechle JJ, et al. Chronic inflammation and the hallmarks of aging. Mol 
Metab. 2023;74:101755.

20. Furman D, et al. Chronic inflammation in the etiology of disease across the 
life span. Nat Med. 2019;25(12):1822–32.

21. Kempuraj D, et al. Brain and Peripheral Atypical Inflammatory Mediators 
Potentiate Neuroinflammation and Neurodegeneration. Front Cell Neurosci. 
2017;11:216.

22. Lee JK, et al. Regulator of G-protein signaling-10 negatively regulates NF-
kappaB in microglia and neuroprotects dopaminergic neurons in hemipar-
kinsonian rats. J Neurosci. 2011;31(33):11879–88.

23. Houser MC, et al. Experimental colitis promotes sustained, sex-dependent, 
T-cell-associated neuroinflammation and parkinsonian neuropathology. Acta 
Neuropathol Commun. 2021;9(1):139.

24. Wendimu MY, et al. RGS10 physically and functionally interacts with STIM2 
and requires store-operated calcium entry to regulate pro-inflammatory 
gene expression in microglia. Cell Signal. 2021;83:109974.

25. Chung J, et al. RGS10 mitigates high glucose-induced microglial inflam-
mation via the reactive oxidative stress pathway and enhances synuclein 
clearance in microglia. Front Cell Neurosci. 2024;18:1374298.

26. Ren J, et al. Inhibition of regulator of G protein signaling 10, aggravates rheu-
matoid arthritis progression by promoting NF-kappaB signaling pathway. Mol 
Immunol. 2021;134:236–46.

27. Chan WC, et al. Inhibition of Rgs10 aggravates periodontitis with colla-
gen-induced arthritis via the nuclear factor-kappaB pathway. Oral Dis. 
2022;48:1308–e13185.

28. Wei W, et al. Inhibition of RGS10 Aggravates Periapical Periodontitis via 
Upregulation of the NF-kappaB Pathway. J Endod. 2022;48(10):1308–e13185.

29. Lee JK, et al. Critical role of regulator G-protein signaling 10 (RGS10) in modu-
lating macrophage M1/M2 activation. PLoS ONE. 2013;8(11):e81785.

30. Uhlén M, et al. Proteomics. Tissue-based map of the human proteome. Sci-
ence. 2015;347(6220):1260419.

31. Alqinyah M, et al. RGS10 Regulates the Expression of Cyclooxygenase-2 and 
Tumor Necrosis Factor Alpha through a G Protein–Independent Mechanism. 
Mol Pharmacol. 2018;94(4):1103–13.

32. Almutairi F, et al. PI3K/ NF-kappaB-dependent TNF-alpha and HDAC activities 
facilitate LPS-induced RGS10 suppression in pulmonary macrophages. Cell 
Signal. 2021;86:110099.

33. Chung J et al. RGS10 mitigates high glucose-induced microglial inflam-
mation via the reactive oxidative stress pathway and enhances synuclein 
clearance in microglia. Front Cell Neurosci, 2024;15:18.

34. Alqinyah M, et al. Regulator of G Protein Signaling 10 (Rgs10) Expression Is 
Transcriptionally Silenced in Activated Microglia by Histone Deacetylase 
Activity. Mol Pharmacol. 2017;91(3):197–207.

35. Almutairi F, Lee J-K, Rada B. Regulator of G protein signaling 10: Structure, 
expression and functions in cellular physiology and diseases. Cell Signal. 
2020;75:109765.

36. Lee JK, et al. Regulator of G-protein signaling 10 promotes dopaminergic 
neuron survival via regulation of the microglial inflammatory response. J 
Neurosci. 2008;28(34):8517–28.

37. Lee JK, et al. RGS10 deficiency ameliorates the severity of disease in experi-
mental autoimmune encephalomyelitis. J Neuroinflammation. 2016;13:24.

38. Houser MC et al. Experimental colitis promotes sustained, sex-dependent, 
T-cell-associated neuroinflammation and parkinsonian neuropathology. Acta 
Neuropathol Commun. 2021;9(1):139.

39. Kline EM, et al. Genetic and Environmental Factors in < scp > P arkinson’s 
Disease Converge on Immune Function and Inflammation. Mov Disord. 
2021;36(1):25–36.

40. Ascherio A, Schwarzschild MA. The epidemiology of Parkinson’s disease: risk 
factors and prevention. Lancet Neurol. 2016;15(12):1257–72.

41. PPMI-biologics-Manual.pdf. Parkinson’s Progression Markers Initiative Bio-
specimen Collection, Processing, and Shipment Manual. 2016 August 9th;  h t t 
p s :   /  / w w  w .  p p m   i - i  n  f o  . o   r g /  s i  t  e s /  d e  f a  u  l t /  fi   l  e s  /  d o  c s /  a r c   h i  v e s   / P P  M I - B  i o   l o g i c s -  M a 
n u a l . p d f

42. Prakash N, et al. Feasibility and safety of lumbar puncture in the Parkinson’s 
disease research participants: Parkinson’s Progression Marker Initiative (PPMI). 
Parkinsonism Relat Disord. 2019;62:201–9.

43. Boles JS, et al. A leaky gut dysregulates gene networks in the brain associated 
with immune activation, oxidative stress, and myelination in a mouse model 
of colitis. Brain Behav Immun. 2024;117:473–92.

44. Almutairi F, et al. RGS10 Reduces Lethal Influenza Infection and Associated 
Lung Inflammation in Mice. Front Immunol. 2021;12:772288.

45. Bennett FC, et al. A Combination of Ontogeny and CNS Environment Estab-
lishes Microglial Identity. Neuron. 2018;98(6):1170–e11838.

46. Jakubzick CV, Randolph GJ, Henson PM. Monocyte differentiation and 
antigen-presenting functions. Nat Rev Immunol. 2017;17(6):349–62.

47. Rangaraju S, et al. Differential Phagocytic Properties of CD45low Microglia 
and CD45high Brain Mononuclear Phagocytes—Activation and Age-Related 
Effects. Front Immunol. 2018;9:405.

48. Otto F, et al. Role and Relevance of Cerebrospinal Fluid Cells in Diagnostics 
and Research: State-of-the-Art and Underutilized Opportunities. Diagnostics 
(Basel). 2021;12(1):79.

49. Kannarkat GT, et al. Age-related changes in regulator of G-protein signaling 
(RGS)-10 expression in peripheral and central immune cells may influence 
the risk for age-related degeneration. Neurobiol Aging. 2015;36(5):1982–93.

50. Santoro A, Bientinesi E, Monti D. Immunosenescence and inflammaging 
in the aging process: age-related diseases or longevity? Ageing Res Rev. 
2021;71:101422.

51. Waugh JL, et al. Regional, cellular, and subcellular localization of RGS10 in 
rodent brain. J Comp Neurol. 2005;481(3):299–313.

52. Karlsson M, et al. A single-cell type transcriptomics map of human tissues. Sci 
Adv. 2021;7(31):eabh2169.

53. Liu J, et al. Screening cytokine/chemokine profiles in serum and organs 
from an endotoxic shock mouse model by LiquiChip. Sci China Life Sci. 
2017;60(11):1242–50.

54. Marshall JS, et al. An introduction to immunology and immunopathology. 
Volume 14. Allergy Asthma Clin Immunol. 2018;14.

55. Goodier MR, Londei M. Lipopolysaccharide Stimulates the Proliferation of 
Human CD56 + CD3 – NK Cells: A Regulatory Role of Monocytes and IL-10. J 
Immunol. 2000;165(1):139–47.

56. Rescigno M, et al. Dendritic cell survival and maturation are regulated by 
different signaling pathways. J Exp Med. 1998;188(11):2175–80.

57. Naler LB, et al. Epigenomic and transcriptomic analyses reveal differences 
between low-grade inflammation and severe exhaustion in LPS-challenged 
murine monocytes. Commun Biology. 2022;5(1):102.

58. Mangaonkar AA, Tande AJ, Bekele DI. Differential Diagnosis and Workup of 
Monocytosis: A Systematic Approach to a Common Hematologic Finding. 
Curr Hematol Malig Rep. 2021;16:267–75.

59. Pradhan K, et al. Development of Exhausted Memory Monocytes and Under-
lying Mechanisms. Front Immunol. 2021;12:778830.

60. Cain D, et al. Effects of Acute and Chronic Inflammation on B-Cell Develop-
ment and Differentiation. J Invest Dermatology. 2009;129(2):266–77.

61. Sun L, et al. T cells in health and disease. Signal Transduct Target Ther. 
2023;8(1):235.

62. Cerri S, Mus L, Blandini F. Parkinson’s Disease in Women and Men: What’s the 
Difference? J Parkinson’s Disease. 2019;9(3):501–15.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.ppmi-info.org/sites/default/files/docs/archives/PPMI-Biologics-Manual.pdf
https://www.ppmi-info.org/sites/default/files/docs/archives/PPMI-Biologics-Manual.pdf
https://www.ppmi-info.org/sites/default/files/docs/archives/PPMI-Biologics-Manual.pdf

	RGS10 attenuates systemic immune dysregulation induced by chronic inflammatory stress
	Abstract
	Background
	Methods
	Human data
	Animals
	PBMC isolation
	Brain immune cell isolation
	Flow cytometry
	RNA extraction for fresh samples
	NanoString
	Statistical analyses

	Results
	RGS10 protein levels are reduced in the CSF of individuals with PD relative to matched controls
	RGS10 and CSI regulate the frequency and functional dynamics of circulating natural killer cells and antigen-presenting cells in mice
	RGS10 and CSI regulate the frequency of circulating B and CD4 + T cells in mice
	RGS10 deficiency synergizes with CSI to induce innate and adaptive immune system dysregulation in male mouse PBMCs
	RGS10 and CSI regulate the frequency of innate immune cells in and around the brain and synergistically influence their activation
	RGS10 and CSI mediate reductions in the lymphocyte frequency while enhancing cytotoxic T cell populations in CNS-associated immune cells
	RGS10 deficiency synergizes with CSI to activate innate immunity in CNS-associated immune cells while impairing lymphocyte engagement

	Discussion
	Conclusions
	Key Resource Table
	References


