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Objective. T cells are critical in the pathogenesis of systemic lupus erythematosus (SLE) in that they secrete inflam-
matory cytokines, help autoantibody production, and form autoreactive memory T cells. Although the contribution of
T cells to several forms of organ-mediated damage in SLE has been previously demonstrated, the role of T cells in neu-
ropsychiatric SLE (NPSLE), which involves diffuse central nervous system manifestations and is observed in 20–40%
of SLE patients, is not known. Therefore, we conducted this study to evaluate how behavioral deficits are altered after
depletion or transfer of T cells, to directly assess the role of T cells in NPSLE.

Methods. MRL/lprmice, an NPSLE mouse model, were either systemically depleted of CD4+ T cells or intracereb-
roventricularly injected with choroid plexus (CP)–infiltrating T cells and subsequently evaluated for alterations in neuro-
psychiatric manifestations. Our study end points included evaluation of systemic disease and assessment of central
nervous system changes.

Results. Systemic depletion of CD4+ T cells ameliorated systemic disease and cognitive deficits. Intracerebroven-
tricular injection of CP–infiltrating T cells exacerbated depressive-like behavior and worsened cognition in recipient
mice compared with mice who received injection of splenic lupus T cells or phosphate buffered saline. Moreover, we
observed enhanced activation in CP–infiltrating T cells when cocultured with brain lysate–pulsed dendritic cells in com-
parison to the activation levels observed in cocultures with splenic T cells.

Conclusion. T cells, and more specifically CP–infiltrating antigen-specific T cells, contributed to the pathogenesis
of NPSLE in mice, indicating that, in the development of more targeted treatments for NPSLE, modulation of T cells
may represent a potential therapeutic strategy.

INTRODUCTION

T cells are integral in the pathogenesis of systemic lupus ery-

thematosus (SLE), a complex, systemic autoimmune disease that

primarily affects women (1,2). As a result of aberrant activation

and defects in peripheral tolerance, SLE T cells promote chronic

inflammation by secreting inflammatory cytokines, helping auto-

antibody production, and forming autoreactive memory T cells.

Furthermore, the infiltration of SLE T cells into nonlymphoid target

organs, such as the skin, kidneys, and the brain, perpetuates

localized damage (2).
The pathogenicity of SLE T cells has been extensively estab-

lished in studies that used monoclonal antibodies (3–5), fusion

proteins (6,7), and gene-targeted deletion (8,9) involving both

specific T cell subsets and costimulatory pathways. In addition

to their role in the increased expression of the major histocompat-

ibility complex (10) and the oligoclonality present in lupus nephritis

(11), kidney-specific SLE CD4+ T cell clones have been shown to

accelerate kidney damage without increasing anti–double-

stranded DNA (anti-dsDNA) antibodies (12). This suggests that

organ-infiltrating T cells are autospecific for tissue-dependent

antigens.
Neuropsychiatric systemic lupus erythematosus (NPSLE)

affects ~20–40% of patients with SLE and encompasses a wide

spectrum of clinical symptoms, including those related to mood

and cognitive disorders (13). The issue of appropriate attribution

of symptoms to disease or therapeutic side effects further compli-

cates the clinical care of patients with NPSLE. Despite their
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established contribution to systemic disease and organ-mediated
damage, T cells have not been shown to play a role in the under-
lying mechanisms responsible for the central nervous system
(CNS) manifestations in SLE patients (14,15).

In some NPSLE patients and NPSLE mouse models, a leu-
kocytic infiltrate has been noted in the choroid plexus
(CP) (16–19). The CP forms the blood–cerebrospinal fluid barrier
and is increasingly considered to be a neuroimmune interface
(20). Furthermore, resolution of the CP infiltrate was associated
with improvement in behavior (21,22). In particular, the CP in the
MRL/lpr strain, a widely used NPSLE mouse model that develops
cognitive and affective behavioral deficits similar to neuropsychi-
atric manifestations in human lupus, becomes heavily infiltrated
with T cells while the brain parenchyma is mostly unaffected
(16,19,23). O’Sullivan et al have previously described amelioration
of the CP infiltrate with CD4+ T cell depletion but did not detail
whether behavioral deficits were similarly improved (24). Further-
more, our recent findings of unique T cell receptor (TCR) clonality
in the CP compared with other affected tissue sites in MRL/lpr
mice suggest that brain-infiltrating T cells may be locally contribut-
ing to NPSLE and may have specific reactivity to brain-specific
antigens (25).

Using a mouse model of lupus, we investigated the potential
contribution of T cells to the pathogenesis of NPSLE by perform-
ing systemic depletion of CD4+ T cells or by locally injecting
CP-infiltrating T cells intracerebroventricularly (ICV) in mice to
evaluate whether neuropsychiatric disease was attenuated or
promoted, respectively. We conducted further evaluations to
understand the mechanisms by which T cells may be contributing
to NPSLE. As T cell therapies are currently being evaluated in the
treatment of lupus, our study examines brain-infiltrating T cells as
specific contributors to NPSLE.

METHODS

Mice. Female MRL/MpJ-Faslpr/lpr (MRL/lpr) mice were either
purchased from The Jackson Laboratory at ~5–6 weeks of age or
bred at the Albert Einstein College of Medicine animal facilities. We
used only female MRL/lpr mice for experiments, since, similar to
human lupus, the disease phenotype is more penetrant and
severe in females. We used baseline serum anti-dsDNA indices
to normalize and assign mice into treatment groups. Mice were
housed at 21–23�C on a 12-hour light/dark cycle. All animal pro-
tocols were approved by the Albert Einstein College of Medicine
Animal Care and Use Committee.

Stimulation and expansion of T cells. We generated
pooled (nonsorted) single-cell suspensions from phosphate buff-
ered saline (PBS)–perfused spleen or CP tissue excised from
donor 16- to 18-week-old female MRL/lpr mice (7–10 mice), as
previously described (17). Cells were initially stimulated and
expanded on plates precoated with 0.5 μg/ml of anti-CD3

antibodies (BD Pharmingen) and with 0.5 μg/ml of anti-CD28 anti-
bodies (BD Pharmingen) added to RPMI 1640 medium supple-
mented with 10% fetal bovine serum (17). We then added
10 units of murine interleukin-2 (IL-2) (R&D Systems) every other
day to further stimulate T cell proliferation for 7 days, after which
cells were prepared for phenotyping and/or injection.

Systemic depletion of CD4+ T cells. Female MRL/lpr
mice were systemically depleted of CD4+ T cells as previously
described (24). In brief, the 2 cohorts of 6-week-old female mice
(~7 mice per group) were intraperitoneally (IP) injected with a
bolus of 2 mg of either anti-CD4 (Clone GK1.5; Bioxcell) or anti–
keyhole limpet hemocyanin IgG2b isotype (Clone LTF-2; Bioxcell)
as control, with the initial injection subsequently followed by
weekly 1-mg IP injections. At 14 weeks of age, mice were
assessed for cognitive and affective deficits. For postmortem
assessments of mice at end of study, 1 mouse cohort was used
for histologic analyses and the other for transcriptome analyses.
Only one isotype-treated mouse was excluded from behavioral
results because of insufficient exploration.

ICV adoptive transfer. We administered a single ICV
injection of CP T cells, splenic T cells, or PBS into 6-week-old
MRL/lpr female mice (4 cohorts of 4–8 mice per group because
of technical considerations related to the surgery) (26). In brief,
we implanted a single-guide syringe (Hamilton) into the right lat-
eral ventricle at the following coordinates: 0.34 mm anteroposter-
ior, 1.00 mm mediolateral, and 2 mm dorsal ventricular. The
T cells, which underwent 3 washes in PBS, were injected at a rate
of 0.35 μl/minute for a total count of 200,000 cells and a volume of
2 μl; PBS alone was used as a control. We performed the surger-
ies during daytime hours and provided postsurgical care to the
mice in accordance with the approved animal protocol. After
4 weeks, injected mice underwent behavioral testing. After test-
ing, we conducted postmortem histology, transcriptome, and
flow cytometry assessments.

Carboxyfluorescein succinimidyl ester (CFSE) label-
ing and in vivo tracking. After stimulation and expansion of
cells for 7 days, we prepared the CP and splenic T cells into pel-
lets and discarded the supernatant. We resuspended the T cells
in CFSE staining solution (Invitrogen) and incubated the cells at
37�C for 20 minutes. Stained cells were quenched with the addi-
tion of medium and further incubated at 37�C for 5 additional
minutes. Cells were robustly washed and resuspended in sterile
PBS. We then intravenously injected the recipient 6- to 7-week-
old MRL/lpr female mice with 500,000 cells; mice were killed
2 or 4 days after injection to evaluate CFSE-labeled T cell infiltra-
tion in various organs by flow cytometry.

Isolation and coculture of pulsed dendritic cells
with T cells. Single-cell suspensions of MRL/lpr splenocytes
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were generated, and CD11c+ dendritic cells were subsequently
isolated from the splenocytes using CD11c+ microbeads
(Militenyi Biotec) (27). MRL/lpr splenocytes or CD11c+ dendritic
cells were pulsed for 24 hours with lysates containing either
200 μg/ml brain tissue from MRL/lpr or MRL/MpJ mice or
200 μg/ml liver tissue from MRL/lprmice. After 1–2 hours of incu-
bation, we added 100 ng/ml of lipopolysaccharide to activate and
mature the dendritic cells. We added CFSE-labeled splenic or CP
T cells retrieved from the 16- to 18-week-old MRL/lpr mice at a
ratio of ~1:1 and cocultured the cells with the pulsed dendritic
cells for 28 hours. After we added cell activation cocktail with bre-
feldin A (Biolegend) for the final 6 hours of incubation, we evalu-
ated T cell proliferation and activation markers by flow cytometry.

Behavioral tests. Object placement (OP) and object rec-
ognition (OR) tests. We used OP and OR tests to evaluate spatial
memory and recognition memory, respectively. The mice were
subjected to 2 trials; these “training periods” were meant to ini-
tially expose the mice to 2 identical objects in fixed positions. After
a retention interval, we placed the mice back into the same field
but with one of the objects moved (OP test) or replaced
(OR test). Interactions of mice with either the “novel” object or
the “old” object were manually recorded. Experimenters were
blinded to the experimental assignment of tested mice. Due to a
mouse’s innate preference to explore novel objects in their envi-
ronment, the OP and OR tests were evaluated categorically as a
“pass” (>55% novel object preference) or a “fail” (<55% novel
object preference); this robust cutoff was previously determined
for this behavioral test in the MRL/lpr strain (28). We calculated
the OP or OR preference score as follows: exploration time of
novel object/total interaction time with either object × 100
(expressed as a percentage). We excluded mice if they insuffi-
ciently explored the field and objects (<3 seconds in either trial).

Porsolt swim test. Mice underwent the Porsolt swim test to
assess depressive-like behavior, with assessments based on a
mouse’s immobility when swimming. In brief, we placed each
mouse into a transparent cylindrical tank with water at 27�C. Ani-
mals were allowed to initially adjust to the environment for 1 min-
ute, after which we scored the mice over three 3-minute
intervals. The immobility percentage was calculated as the
amount of time a mouse was immobile/total time evaluated. Mice
that failed to meet prespecified inclusion criteria were excluded
from the behavioral test analyses.

Flow cytometry. Cells were stained for flow cytometry as
previously described (17). In brief, we generated single-cell
suspensions after the final PBS perfusion using a 0.25% trypsin-
EDTA digestion buffer (Gibco) for the CP or a mechanical dissoci-
ation method for the spleen. After lysis of red blood cells (Thermo
Fisher Scientific), cells were washed and then Fc blocked with
anti-CD16 (BD Pharmingen) in 3% fetal bovine serum–PBS for
15–30 minutes on ice. Multiple panels were used to stain cells,

including phenotyping of activated/proliferating T cells and phe-
notyping of the CP infiltrate for lymphoid and myeloid cells.

Enzyme-linked immunosorbent assays (ELISAs). We
measured IgG anti-dsDNA antibodies, IgG anti-chromatin anti-
bodies, and total immunoglobulins by ELISA in serum samples
obtained at baseline and/or at study end as previously described
(29–31). We conducted blood urea nitrogen ELISAs according
to the manufacturer’s instructions (BioAssay Systems).

Histology and immunofluorescence staining. Staff at
the Albert Einstein Histopathology and Comparative Pathology
Core conducted hematoxylin and eosin (H&E) staining. For immu-
nofluorescence staining, brain and kidney sections were deparaf-
finized and rehydrated, followed by antigen retrieval in citrate
buffer (pH 6) at 90–95�C for 10 minutes. Slides were subse-
quently washed in PBS and blocked in 20% horse serum–2% Tri-
ton in PBS for 1 hour at room temperature. Slides were incubated
with antibodies against either CD3 (1:200; Invitrogen), B220
(1:200; Becton Dickinson, now known simply as BD), CD4
(1:200; eBioscience), CD8a (1:200; eBioscience), ionized
calcium–binding adapter molecule 1 (IBA-1) (1:200; Fujifilm
Wako), glial fibrillary acidic protein (GFAP) (1:200; Invitrogen), or
C3 (1:200; MP Biomedicals) for 2 days, with the first day at room
temperature and the second day at 4�C. Slides were washed in
PBS and incubated with either donkey anti-rat or donkey anti-
rabbit secondary antibodies (1:200; JacksonImmuno Research).
For final steps, slides were washed, stained with DAPI, and
mounted using Fluoromount-G (Southern Biotech). Sections
were imaged using the EVOS Fl Auto 2 and quantified with either
ImageJ or Volocity software.

RNA isolation, complementary DNA (cDNA)
synthesis, and polymerase chain reaction (PCR) arrays.
Retrieved tissue was flash frozen in liquid nitrogen. RNA was
homogenized and isolated from tissue using TRIzol and either
the ZymoMini kit or the Micro-prep kit, according to the manufac-
turer’s instructions. We synthesized cDNA from 400 ng of RNA
using the Qiagen RT2 First-Strand kit. We used the Qiagen RT2

Profiler PCR array according to the manufacturer’s instructions,
with arrays run on the real-time quantitative PCR ViiA 7 system
(Thermo Fisher Scientific). We normalized and analyzed data
using the manufacturer’s provided online tool. We identified the
top differentially expressed genes based on either >2-fold change
in expression level or significant difference in expression based on
a threshold of P < 0.05 (determined by Student’s t-test).

Statistical analysis.We used GraphPad Prism 9 software
for all data analyses. For each experiment, we included multiple
replications or mouse cohorts. When comparing groups, we first
tested data for normality and then performed either a Student’s
t-test or one-way analysis of variance. For the OP and OR
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behavioral tests, we performed chi-square tests. We used
Tukey’s or Dunn’s tests for multiple comparisons based on nor-
mality results. Throughout the results, P values less than 0.05
were considered significant.

RESULTS

Control of systemic disease in MRL/lpr mice by
systemic depletion of CD4+ T cells. To confirm the success-
ful depletion of CD4+ T cells, we performed flow cytometry on
blood samples frommice after they had undergone several weeks
of IP injection of anti-CD4 antibodies or isotype control. Blood
samples frommice that received anti-CD4 antibody treatment were
significantly depleted of CD4+ T cells compared with the isotype
control group, whereas the percentage of CD8+ T cells was not

significantly different between the anti-CD4–treated and control
groups (Figure 1A). Postmortem assessments of the treated mice
indicated that splenomegaly and anti-dsDNA autoantibodies were
significantly decreased in the CD4+ T cell–depleted mice versus
the isotype control group (Figures 1B and C, respectively). Further-
more, kidney disease was similarly significantly attenuated
(Figure 1D). These results confirm that depletion of CD4+ T cells
ameliorated systemic and kidney disease in MRL/lprmice.

Amelioration of neuropsychiatric manifestations
by systemic depletion of CD4+ T cells. Our evaluation of
cognitive deficits and affective behavior in MRL/lpr mice systemi-
cally depleted of CD4+ T cells showed that, compared with
mice in the isotype control group without CD4+ T cell depletion,
the CD4+ T cell–depleted mice demonstrated significantly improved

Figure 1. Attenuation of systemic disease in MRL/lpr mice after depletion of CD4+ T cells. A, Percentage of CD4+ and CD8+ T cells among
peripheral blood mononuclear cells in blood samples obtained from mice 4 weeks after treatment with anti-CD4 or isotype control. B, Weight of
spleens obtained postmortem from mice to assess presence of splenomegaly. C, Assessment of postmortem titer levels of serum anti–double-
stranded DNA (anti-dsDNA) autoantibodies in mice. D, Measurement of blood urea nitrogen (BUN) in postmortem serum samples from mice to
assess lupus nephritis. In A–D, solid symbols show individual mice; bars show the mean ± SD. The treatment groups were compared using
Student’s t-test. *** = P < 0.001; **** = P < 0.0001.
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spatial and recognition memory (Figures 2A and B).
Furthermore, we observed a modest improvement in
depressive-like behavior according to the Porsolt swim test in
CD4+ T cell–depleted mice (Supplementary Figure 1, available
on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42252). Overall, these
results suggested that CD4+ T cells do contribute, whether

directly or indirectly, to the neuropsychiatric manifestations in
MRL/lpr mice.

Systemic CD4+ T cell depletion significantly attenuated the
CP infiltrate present in MRL/lpr mice. H&E staining of brain tissue
from CD4+ T cell–depleted mice showed that very few lympho-
cytes were present in the CP (Figure 2C). Concordantly, immuno-
fluorescence staining indicated that CD4+ T cells were absent

Figure 2. Improved cognition in MRL/lprmice after systemic depletion of CD4+ T cells. A, Percentage of mice exhibiting novel object preference in
assessments of spatial memory (object placement test) and recognition memory (object recognition test). Dashed line indicates a cutoff level of 55%
for pass/fail, where those above the line had a passing score (i.e., showed novel object preference). B, Number of mice with a passing or failing score,
based on 55% cutoff, during novel object preference tests for either spatial memory (n = 13mice) (top) or recognitionmemory (n = 14mice) (bottom).C,
Representative images of hematoxylin and eosin–stained brain tissue frommice treatedwith isotype control or anti-CD4, with arrows indicating the cho-
roid plexus (CP) infiltrate. D–F, Immunofluorescence staining (expressed as mean fluorescence intensity [MFI]) of CD4+ and CD8+ in T cells in the CP
(D), of ionized calcium–binding adapter molecule 1 (IBA-1) in the hippocampus to assess microglial activation (n = 7 mice) (E), and of glial fibrillary acidic
protein (GFAP) in the hippocampus to assess astrocyte activation (F). InA andD–F, solid symbols show individual mice; bars show themean ± SD. The
treatment groups were compared using Student’s t-test or chi-square test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42252/abstract.
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and the number of CD8+ T cells was significantly decreased in the
CP (Figure 2D). Hippocampal tissue was stained for IBA-1 and
GFAP as markers of microglial and astrocyte activation, respec-
tively. We found no significant differences in the mean fluores-
cence intensity results for IBA-1 or GFAP (Figures 2E and F,
respectively) between the groups. Thus, CD4+ T cell–depleted
MRL/lpr mice had attenuated systemic and neuropsychiatric dis-
ease with significant resolution of the CP infiltrate.

Accelerated neuropsychiatric disease by local
adoptive transfer of CP-infiltrating T cells. To demonstrate

the local and specific effects of brain-infiltrating T cells on neuro-
psychiatric disease, we cultured CP T cells or splenic T cells from
older MRL/lpr mice (14 weeks of age) and then injected the cells
by ICV into prediseased, young MRL/lpr mice (6 weeks of age).
At 4 weeks after adoptive transfer surgery, young MRL/lpr mice
underwent behavioral assessments to evaluate whether neuro-
psychiatric disease was accelerated. The cultured T cells injected
into these mice were phenotyped, with the results indicating that,
compared with the phenotype of expanded splenic T cells,
expanded CP T cells were mostly double negative (Figure 3A).
Mice that received CP T cells had significantly worse spatial mem-
ory than mice injected with PBS and significantly worse

Figure 3. Accelerated neuropsychiatric disease in MRL/lprmice that received local adoptive transfer of cultured choroid plexus (CP)–infiltrating T
cells or splenic (SP) T cells obtained from older MRL/lpr mice or that received phosphate buffered saline (PBS) as control. A, Phenotypes of the
cultured CP or splenic T cells injected into prediseased, younger MRL/lpr mice. B and C, Results of assessments of spatial memory (object place-
ment test) and recognition memory (objection recognition test) showing percentages of mice exhibiting novel object preference based on the 55%
pass/fail cutoff (dashed line) (B) and numbers of mice with a passing or failing score based on the 55% cutoff (C). D, Assessments of depressive-
like behavior with the Porsolt swim test, showing percentage of time that a mouse spent immobile. In A, B, and D, solid symbols show individual
mice; bars show the mean ± SD. Groups were compared using one-way analysis of variance or chi-square test. * = P < 0.05; ** = P < 0.01. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42252/abstract.
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recognition memory than both the PBS-injected mice and splenic
T cell recipient mice (Figures 3B and C). In addition, mice that
received CP T cells had worse depressive-like behavior than the
other 2 mouse groups (Figure 3D).

Saccharin preference was also decreased in the CP T cell
recipient mouse group compared with mice that received splenic
T cells (Supplementary Figure 2A, available on the Arthritis & Rheu-
matology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42252). This latter finding points to anhedonia, a feature of
murine depressive-like behavior. Importantly, no significant behav-
ioral differences were observed between the PBS-injected group
and the mice that did not undergo surgical manipulation
(Supplementary Figures 2B and C). Thus, we found that local adop-
tive transfer of CP-infiltrating T cells but not splenic T cells

exacerbated the cognitive deficits and worsened the affective
behavior of MRL/lpr mice injected with these cells, a finding that is
consistent with the neuropsychiatric phenotype in this mouse
model.

No effect from ICV T cell delivery on systemic
disease markers. A potential advantage to the experimental
ICV delivery of T cells is the ability to directly affect the CNS with-
out significantly altering systemic disease. Across the treatment
groups, there was no difference in splenomegaly, a hallmark of
the mouse model (Supplementary Figure 3A, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42252). Furthermore, spleens from mice
that received either CP T cells or splenic T cells showed no

Figure 4. Identification of differential gene expression in MRL/lpr mice that received intracerebroventricular (ICV) injection of choroid plexus–
infiltrating T cells (CP), splenic T cells (SP), or phosphate buffered saline (PBS). A, Staining of the hippocampus for IBA-1 and GFAP in a represen-
tative CP T cell recipient mouse, SP T cell recipient mouse, and PBS recipient mouse. Microglia are shown in green (IBA-1+) (arrows), astrocytes in
red (GFAP+) (arrowheads), and nuclear areas in blue (DAPI+).B andC, Immunofluorescence staining of the hippocampus and cortex for IBA-1 (B)
and for GFAP (C) in recipient mice. D and E, Heatmaps of genes up-regulated in the hippocampus (D) and in the cortex (E) of mice after ICV treat-
ment (CP, SP, or PBS). In B and C, solid symbols show individual mice; bars show the mean ± SD. See Figure 2 for other definitions. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42252/abstract.
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differences in the composition of either innate or adaptive immune
cells compared with spleens from mice that received PBS
(Supplementary Figure 3B). Interestingly, there was a significant
decrease in titers of anti-dsDNA antibodies in mice that received
CP T cells compared with the other 2 treatment groups
(Supplementary Figure 3C). However, this finding does not align
with titer results for other antinuclear antibodies as there were no
changes in titer levels of antichromatin antibodies in postmortem
samples (Supplementary Figure 3D) and total IgG antibodies
(Supplementary Figure 3E). Finally, the severity of nephritis was
not significantly different among the treatment groups
(Supplementary Figure 3F). Therefore, although neuropsychiatric
disease was accelerated in the CP T cell recipient mice, systemic
disease was generally unaffected.

Exacerbation of select markers of neuroinflamma-
tion in ICV CP T cell recipientmice.Because we found robust
differences in behavior among the 3 ICV recipient groups, which

was consistent with and complementary to the results shown in
the CD4+ T cell depletion studies, we next evaluated markers of
neuroinflammation in response to different treatments, as there
may be a correlation between modulation of these markers and T
cell–induced neurobehavioral deficits. IBA-1 and GFAP staining of
the hippocampus and the cortex revealed no significant differences
in astrocyte and microglial activation levels between the groups
(Figures 4A–C). Further evaluation of the hippocampus and the cor-
tex revealed several differentially expressed genes across the ICV
recipient groups. In hippocampal tissue, we observed up-
regulation of NFKB1, TGFB2, and JAK1 genes in mice that
received ICV injection of T cells compared with mice that received
ICV injection of PBS (Figure 4D). In the cortex, the top up-regulated
genes of CP T cell recipient mice were ADM and CD9, which are
involved in vasorelaxation and cell adhesion, respectively
(Figure 4E). After hierarchical clustering of the genes to identify
potentially significant general pathways, we found that the T cell
recipient groups were more closely aligned in their gene expression
profiles compared with the PBS and nonsurgical control groups

Figure 5. Similarity in the characteristics of the choroid plexus (CP) infiltrate across the MRL/lprmouse treatment groups that received intracer-
ebroventricular (ICV) injection of CP-infiltrating T cells, splenic (SP) T cells, or phosphate buffered saline (PBS). A, Representative images of hema-
toxylin and eosin–stained brain tissue samples showing composition of CP in the 3 treatment groups. B and C, Percentage of CD3+ cells (B) and
B220+ cells (C) among total cells by immunofluorescence staining in the CP of mice by treatment group. D, Heatmap of chemokine and receptor
gene expression down-regulated in the CP of mice after ICV treatment (CP, SP, PBS). In B and C, solid symbols show individual mice; bars show
the mean ± SD. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42252/abstract.
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(Supplementary Figure 4, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42252).

No difference in composition of CP across
ICV-injected mouse groups. We next evaluated the effects of
local injection of T cells on the CP of recipient mice. Initial histo-
logic scoring of the H&E-stained brain tissue revealed no appar-
ent differences between the 3 treatment groups (Figure 5A).
Further quantification of T and B cells with CD3 and B220 immu-
nofluorescence staining revealed no differences in the percentage
of CD3+ T cells and B220+ B cells in the 2 T cell recipient groups
(Figures 5B and C). We performed flow cytometry in one recipient
mouse cohort to further characterize both the lymphoid and mye-
loid populations present. Similarly, no significant differences were
observed in percentages of these populations, including CD4,
CD8, or double-negative T cells, between the 3 experimental
groups (Supplementary Figure 5, available on the Arthritis & Rheu-
matology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42252).

To evaluate gene expression, we conducted PCR array anal-
yses on CP from ICV-injected mice. Interestingly, when we com-
pared the spleens of mice that received T cells versus mice that
received PBS, we found down-regulation of many chemokines,
cytokines, and their respective receptors in the CP T cell recipient
group (Figure 5D). With regard to genes related to T and B cell
activation, Foxp3 expression was significantly decreased in the
CP T cell recipient mice, suggesting potential regulatory T cell
dysfunction; however IL10 expression levels were significantly
elevated, indicating their potential production by other immune
cells (i.e., macrophages).

Enhanced CP T cell activation uponmajor histocom-
patibility complex presentation of brain lysate,
supporting brain-specific antigenicity.We previously dem-
onstrated that the CP in MRL/lpr mice has enhanced clonality of
the TCRß third complementary-determining region, skewed V
gene usage, and increased sequence homology compared with

Figure 6. Enhanced activation of choroid plexus (CP)–infiltrating T cells in brain tissue from MRL/lpr mice that received intracerebroventricular
injection of CP-infiltrating T cells (CP) or splenic T cells (SP). A, Percentage of carboxyfluorescein succinimidyl ester (CFSE)–labeled CP or SP T
cells in the CP (A) and in spleens (B) of recipient mice. No differences in the infiltration of T cells are shown. C, Mean fluorescence intensity (MFI)
of CD69 expression in T cells cocultured with pulsed dendritic cells. CP T cells are labeled in blue and splenic T cells in black. D, Overlays showing
expression of CD69 by CP T cells or SP T cells incubated with CD11c+ dendritic cells pulsed with either LPRmouse liver lysates, MpJmouse brain
lysates, or LPR mouse brain lysates. Solid symbols show individual mice (A, B) or pooled samples from 2 or 3 mice each (C); bars show the mean
± SD. Groups were compared using one-way analysis of variance or Student’s t-test. **** = P < 0.0001. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42252/abstract.
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other tissue sites in MRL/lpr mice, suggesting that the CP T cells
may be preferentially infiltrating and/or proliferating in CP tissue
(25). We hypothesized that T cells were selectively infiltrating the
CP and proliferating in mice with neuropsychiatric lupus because
of specific autoreactivity to brain-specific antigens. In our evalua-
tion of the presence of CFSE-labeled T cells in CP or spleen tissue
of recipient mice that were intravenously injected with either CP-
or spleen-derived T cells 2 days earlier, we observed no differ-
ences in the percentage of CFSE-labeled T cells in the CP of mice
that received either CP T cells or splenic T cells (Figures 6A and B).
These results suggest that there may not be a difference between
CP and splenic T cells in migration into the CP.

To evaluate the antigen reactivity of CP-infiltrating T cells,
pooled CFSE-labeled CP T cells were cocultured with brain
lysate–pulsed or liver lysate–pulsed CD11c+ dendritic cells,
enriched from the splenocytes of MRL/lpr mice. Compared with
expression levels at baseline, expression levels of CD69, an early
T cell activation marker, had significantly increased in cocultured
CP T cells in the presence of brain lysate–loaded dendritic cells
(Figures 6C and D). Specifically, CP T cells cocultured with either
MRL/lpr or MRL/MpJ mouse brain lysate demonstrated signifi-
cantly enhanced expression of CD69 compared with CP T cells
cocultured with liver lysate. Furthermore, the CP T cell group
had increased CD69 expression compared with the respective
T cell splenocyte group in the presence of dendritic cells primed
with brain lysates (Figures 6C and D). Similar findings were
observed when T cells were cocultured with lysate-primed sple-
nocytes (Supplementary Figure 6, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42252). These findings suggest that the potential
mechanism for contribution of CP T cells to NPSLE is through
their autoreactivity to brain-specific antigens.

DISCUSSION

T cells are integral to SLE but have not been previously impli-
cated in playing a role in the pathogenesis of NPSLE. Our results
showed that systemic depletion of CD4+ T cells significantly nor-
malized both systemic disease and neurobehavioral deficits in a
mouse model. Given this effect on systemic disease, the adoptive
transfer method was then chosen to specifically address the con-
tribution of brain-infiltrating T cells to NPSLE. Mice that underwent
ICV injection of brain-infiltrating T cells demonstrated exacerbated
behavior deficits compared with mice that received ICV injection
of other autoreactive T cells, suggesting that CP T cells uniquely
contribute to neuropsychiatric disease. However, although
NPSLE manifestations were affected, we observed no changes
in systemic disease in mice that received T cell ICV injection ver-
sus PBS. No differences between the groups were seen in the
histologic characteristics or composition of the infiltrate. Never-
theless, although the results did not demonstrate a greater infiltra-
tion of the CP with CFSE-labeled CP T cells when compared with

splenic T cells, we did observe enhanced activation of CP T cells
when cocultured with dendritic cells primed with whole brain
lysate, suggesting brain-specific reactivity.

Our results showed that cognitive deficits were attenuated or
worsened upon depletion or transfer of T cells, respectively.
Remarkably, although the lack of a significant improvement in
depressive-like behavior with systemic anti-CD4 antibody treat-
ment might lead to a conclusion that T cells are not relevant in
affective aspects of neuropsychiatric lupus, depressive-like
behavior in mice was worse upon adoptive transfer of CP T cells.
These seemingly discordant results in studying the effects of
T cells on depressive-like behavior may simply be reflective of
the different methods used for systemic depletion versus direct
ICV injection of T cells. Alternatively, different mechanisms may
underlie distinct neuropsychiatric manifestations (32), and thus
additional studies are necessary to further elucidate the contribu-
tion of T cells to depressive-like behavior.

Interestingly, despite some variability in the representation of
T cell subsets in injected cell pools depending on their original
source (CP versus spleen), no significant differences were
observed regarding the composition of infiltrating cells present in
the CP or in the migration capacity of CP- versus spleen-derived
T cells. Therefore, we surmise that the enhanced pathogenicity
of CP T cells, compared with splenic T cells, was attributable to
the differential autoreactivity that we had demonstrated with brain
antigens.

The identification of the antigens involved, specifically in tar-
get organs, continues to interest SLE researchers. Recent studies
have reported vimentin-reactive T cells in the urine of patients with
lupus nephritis and demonstrated that kidney-infiltrating T cells
can initiate lupus nephritis after their adoptive transfer to mice
(12,33). Previously, our group described increased clonality and
sequence homology present in the CP of NPSLE mice, suggest-
ing that the TCR repertoire is being specifically shaped (25).
Results of our experiments with brain lysate–pulsed dendritic cells
suggested that CP T cells respond with enhanced activation to
whole brain lysate, from both healthy and inflamed brains. There-
fore, in combination with the behavioral results, NPSLE appears
to be driven by antigen-specific T cells in the CP. Accumulation
of CP T cells does not therefore reflect nonspecific lymphoproli-
feration or infiltration.

In human NPSLE, the role of T cells has not been elucidated
or robustly evaluated. In many clinical trials that used T cell thera-
pies, primary outcomes were related to general disease activity
(e.g., the SLE Disease Activity Index) or lupus nephritis specifically
and not to NPSLE (34). This omission may be because of the
challenges with including appropriate attribution of neuropsychi-
atric manifestations, variability of symptoms and their onset, and
the lack of standardized diagnostic or prognostic tools for NPSLE
(35). Nevertheless, despite limited studies, there is some evidence
to support the use of T cell–modulating therapies such as azathi-
oprine and cyclosporine, alone or in combination, in NPSLE
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(28,36–38). These studies further support the possibility that tar-
geting T cells might be a more specific, yet insufficiently explored,
approach to treatment of NPSLE.

Our analysis into the specific contribution and autoreactivity
of brain-infiltrating T cells in NPSLE has several limitations.
Although the MRL/lprmouse model is the mostly widely accepted
and utilized mouse model to evaluate SLE and NPSLE pathogen-
esis, it does not recapitulate the entire diverse neuropsychiatric
presentations of NPSLE or focal disease caused by antiphospho-
lipid syndrome (39–41). We considered locally depleting T cells
with osmotic pumps; however, in this study, we implemented
the adoptive transfer method in mice by a single ICV injection to
demonstrate the specific contribution of CP-infiltrating T cells.
Because of the limited number of cells that could be retrieved
from a single donor mouse’s CP, the pooling and stimulating
expansion of CP T cells and splenic T cells were necessary to
yield enough cells to inject into recipient mice. A regimen of anti-
CD3/anti-CD28 antibody stimulation and IL-2 was utilized to
selectively stimulate the expansion of T cells alone. Despite differ-
ences in the phenotype of stimulated cells versus the composition
of the T cell infiltrate in situ in the CP of MRL/lpr mice (17,25), the
differential expansion of CD4+, CD8+, and double-negative
T cells upon stimulation as well as loss of marker expression
(i.e., CD4 or CD8) upon activation can explain the increased per-
centage of double-negative T cells in culture (42,43).

Our initial studies suggested that it is CD4+ T cells that drive
neuropsychiatric disease, but the subsequent ICV experiments
would also be consistent with the double-negative (CD4−CD8−)
T cell subset as a prominent contributor to NPSLE. We had previ-
ously described a population of double-negative T cells in the CP
of MRL/lpr mice (17,25), and this subset was prominent in the
ICV-injected T cells in our present study. In the periphery,
double-negative T cells in SLE have been shown to be clonal
and to secrete IL-17 and interferon-γ (44). Furthermore, double-
negative T cells can promote immunoglobulin and anti-dsDNA
antibody production (45). In the CNS, double-negative T cells
are increased in postischemic mouse brains and shown to
enhance neuroinflammation responses (46). Whether these cells
contribute to neuropsychiatric disease and how they might do
so are so far unknown. Another interesting point is that, after
systemic anti-CD4 depletion, CD8+ and CD4+ T cells were
decreased in the CP. We believe that the depletion of CD4 T cells
reasonably decreased not only their number but also their inflam-
matory contribution to the local brain environment, thus indirectly
affecting the infiltration of CD8+ T cells. Therefore, future studies
(to include, for example, having subsets of cultured T cells before
ICV injection) are needed to continue to parse the specific subset
contribution of CP-infiltrating CD4+, CD8+, and particularly
double-negative T cells in NPSLE.

In conclusion, we have demonstrated that T cells, specifically
CP-infiltrating T cells, contribute and drive NPSLE in the MRL/lpr
mouse model. Several additional studies are warranted to further

elucidate the specific mechanisms by which these cells affect
the CNS parenchyma and subsequent clinical symptoms, as well
as to evaluate how T cell modulation affects NPSLE in human
disease.
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