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A U T O I M M U N I T Y

Brain-resident memory T cells generated early in life 
predispose to autoimmune disease in mice
Karin Steinbach1, Ilena Vincenti1, Kristof Egervari1,2, Mario Kreutzfeldt1,2, Franziska van der Meer3, 
Nicolas Page1, Bogna Klimek1, Irène Rossitto-Borlat1, Giovanni Di Liberto1, 
Andreas Muschaweckh4, Ingrid Wagner1, Karim Hammad1, Christine Stadelmann3, 
Thomas Korn4,5, Oliver Hartley1,6, Daniel D. Pinschewer7, Doron Merkler1,2*

Epidemiological studies associate viral infections during childhood with the risk of developing autoimmune dis-
ease during adulthood. However, the mechanistic link between these events remains elusive. We report that tran-
sient viral infection of the brain in early life, but not at a later age, precipitates brain autoimmune disease elicited 
by adoptive transfer of myelin-specific CD4+ T cells at sites of previous infection in adult mice. Early-life infection 
of mouse brains imprinted a chronic inflammatory signature that consisted of brain-resident memory T cells ex-
pressing the chemokine (C-C motif) ligand 5 (CCL5). Blockade of CCL5 signaling via C-C chemokine receptor type 
5 prevented the formation of brain lesions in a mouse model of autoimmune disease. In mouse and human brain, 
CCL5+ TRM were located predominantly to sites of microglial activation. This study uncovers how transient brain 
viral infections in a critical window in life might leave persisting chemotactic cues and create a long-lived permis-
sive environment for autoimmunity.

INTRODUCTION
Studies of discordant monozygotic twins strongly suggest that, be-
sides genetic predisposition, environmental factors determine the 
risk of developing autoimmune disease, especially in multiple sclerosis 
(MS) (1). Most prominently, a history of virus infection is consid-
ered a key environmental contributor that increases the risk for 
development of autoimmune disease (2, 3). Population migration 
studies imply that in areas of high MS prevalence, an increased en-
vironmental risk to develop MS is acquired before the age of 15 (4). 
Thus, a considerable amount of time may pass between the initial 
exposure to the environmental factor (such as viral infection) and 
first clinical manifestation of MS. To explain how virus infections 
can break self-tolerance mechanisms, several mutually nonexclu-
sive concepts including molecular mimicry (5), epitope spreading 
(6), bystander activation (7), and viral déjà vu (8) have emerged from 
experimental model systems. Molecular mimicry and viral déjà vu 
are based on the presence of T cells that display cross-reactivity be-
tween a central nervous system (CNS) antigen with an encountered 
pathogen. Epitope spreading and bystander activation are mecha-
nisms by which the inflammatory environment produced by an in-
fection can enable the accidental priming of an autoreactive T cell 
response (5). It has been postulated that such pathogen-induced inflam-
matory changes in the tissue microenvironment may create a long-lived 
“fertile field,” capable of fostering future autoimmune attacks (9). How-
ever, it remains unknown whether and how a transient virus infection of 
the brain could sustainably alter its microenvironment and thereby pre-
dispose the organ to the development of autoimmune disease.

Viral infections of the CNS can occasionally be lethal (10) but 
mostly cause only mild and transient febrile illness (11) and can even 
be cleared by the immune system without any apparent symptoms 
(12). However, such transient infections of the brain generate long-
lived CD69+ memory CD8+ T cells that persist at sites of previous 
infection (13, 14). These so-called resident memory T cells (TRM) pro-
vide a powerful local defense system against reinfection in the brain 
(13), as well as in other nonlymphoid tissues (15–19). Reactivation 
of TRM by a recurrent infection triggers activation and recruitment 
of multiple leukocyte subsets into the tissue (19, 20). In humans, brain 
TRM (bTRM) have been found in healthy and diseased human brains 
(21, 22); however, it remains unknown whether TRM could also be 
potentially involved in the establishment of durable local fertile fields 
for subsequent autoimmune attack.

Lymphocytic choriomenigitis virus (LCMV) is a natural patho-
gen of the mouse that can occasionally be transmitted to humans 
(23). Several wild-type (WT) and reverse-engineered mutant strains 
of LCMV have proven to be valuable tools for studying antiviral immu-
nity and host-pathogen interactions in a variety of experimental settings, 
including transient and persisting infection (13, 24–28). Intracranial 
infection with an attenuated strain of LCMV-expressing vesicular 
stomatitis virus Indiana glycoprotein [rLCMV/INDG (29), hereafter 
referred to as rLCMV] is an established model to study transient brain 
infection in adult immunocompetent C57BL/6 mice (13, 28).

Here, we used this model to investigate whether transient infec-
tions in early life (EL) predispose to autoimmune diseases of the brain 
later in life. We found that transient brain infection in EL generates 
a persisting and long-lived proinflammatory microenvironment at 
sites of previous infection that fosters the precipitation of autoimmune 
lesions. Chemokine (C-C motif) ligand 5 (CCL5)–producing bTRM, 
which clustered at sites of previous virus infection together with major 
histocompatibility complex II (MHCII)–positive myeloid cells, are 
a critical component of this autoimmune lesion-prone micro-
environment. Analogously to mice, we observed in human patients 
with MS that CCL5-producing bTRM localized at higher density in 
MHCII+ areas corresponding to preactive lesions. These results 

1Department of Pathology and Immunology, University of Geneva, 1211 Geneva, 
Switzerland. 2Division of Clinical Pathology, Geneva University Hospital, 1211 
Geneva, Switzerland. 3Department of Neuropathology, University of Göttingen 
Medical Center, 37075 Göttingen, Germany. 4Klinikum rechts der Isar, Depart-
ment of Experimental Neuroimmunology, Technical University Munich, 81675 
Munich, Germany. 5Munich Cluster of Systems Neurology (SyNergy), 80539 Munich, 
Germany. 6Mintaka Foundation for Medical Research, 1205 Geneva, Switzerland. 7Depart-
ment of Biomedicine–Haus Petersplatz, University of Basel, 4031 Basel, Switzerland.
*Corresponding author. Email: doron.merkler@unige.ch

Copyright © 2019 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

D
ow

nloaded from
 https://w

w
w

.science.org on June 11, 2024



Steinbach et al., Sci. Transl. Med. 11, eaav5519 (2019)     26 June 2019

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

2 of 13

provide a mechanistic insight into how viral CNS infection at a 
young age can predispose to autoimmune diseases later in life.

RESULTS
Viral infection in EL predisposes the brain for autoimmunity
To determine the age-dependent association of brain infection with 
autoimmunity, we modified the previously described intracranial 
rLCMV infection model of adult mice to reproduce EL infection. We 
infected 1-week-old mice with rLCMV intracerebrally and compared 
them to mice infected at the age of 3 to 4 weeks [hereafter referred to as 
young adults (YA); fig. S1A]. Intracerebral infection in EL or as YA 
induced similar expansion of virus-specific antiviral CD8+ T cells 
(fig. S1B), and in both experimental settings, virus loads were reduced 
to background within 5 weeks after infection, as determined by quan-
titative real-time polymerase chain reaction (RT-PCR; fig. S1C). Sub-
sequently, we transferred in vitro–activated myelin oligodendrocyte 
glycoprotein (MOG)35–55–specific T cell receptor (2D2 TCR)–

transgenic CD4+ T cells intraperitoneally into virus-cleared mice or 
age-matched mock-infected controls (Fig. 1A and fig. S2A). These 
autoreactive 2D2 T cells react against the MOG35–55 peptide expressed 
by oligodendrocytes and thus have the capacity to precipitate experi-
mental autoimmune encephalomyelitis (EAE) (30). Regardless of age 
during viral infection, mice that received 2D2 T cells developed clas-
sical symptoms of EAE, such as hindlimb paresis and paralysis, at 
levels comparable to those of their age-matched mock-infected con-
trols (fig. S2, B and C). Accordingly, expansion of transferred T cells 
both in the blood (fig. S2D) and recruited to the spinal cord (fig. S2E) 
was comparable and resulted in similar numbers of spinal cord EAE 
lesions (fig. S2, F and G). However, mice that had been infected in EL 
showed an increased incidence (Fig. 1B) and severity (Fig. 1, C and D) 
of atypical symptoms (see Materials and Methods) compared to age- 
matched mock-infected controls, a phenomenon that was not observed 
when mice had been infected as YA (Fig. 1, E to G). In accordance 
with the atypical symptoms, we observed an increased recruitment of 
transferred CD45.1+ congenic 2D2 T cells to the cerebrum (forebrain) 

Fig. 1. Transient cerebral infection in EL predisposes to the 
development of brain inflammation by autoantigen-primed 
T cells. (A) Experimental setup: At 1 week (EL) or 3 to 4 weeks of 
age (YA), WT mice were injected intracerebrally (i.c.) with rLCMV 
or vehicle, respectively. At least 5 weeks later, in vitro–primed 
2D2 T cells were transferred intraperitoneally (i.p.) to induce EAE. 
(B) Incidence, (C) scores, and (D) maximal scores of atypical 
symptoms for mice infected in EL in comparison to age-matched 
mock-infected controls. Maximal scores >1 (dashed line) were 
considered as atypical EAE. (E to G) As in (B) to (D), for mice infected 
as YA. ns, not significant. (H) 2D2 T cell infiltration into the cere-
brum of mice infected in EL or as YA. (I) Left: Represent ative im-
munofluorescence images of cerebral (periventricular) CD4+ 

T cells and Mac3+ activated macrophages in mice infected in EL in comparison to age-matched mock-infected controls. Right: Quantification of Mac3+ inflammatory 
lesions. (J) As in (I), for mice infected as YA. Symbols represent individual mice, except for (C) and (F), where data represent means ± SEM (n = 12 to 23 mice per group). 
Data are pooled (B to G, I, and J) or representative (H) of two independent experiments. *P < 0.05, **P < 0.01, log-rank (Mantel-Cox) test (B and E), Mann-Whitney U test 
(C, D, F, and G), and Student’s t test (H to J).

D
ow

nloaded from
 https://w

w
w

.science.org on June 11, 2024



Steinbach et al., Sci. Transl. Med. 11, eaav5519 (2019)     26 June 2019

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

3 of 13

in mice that had been infected in EL (Fig. 1H and fig. S2H). Further, 
histopathological analysis revealed a significantly (P = 0.0032) higher 
number of cerebral EAE lesions containing CD4+ T cell and activated 
(Mac3+) macrophages in mice that had been infected in EL com-
pared to mock-infected control animals (Fig. 1I), a phenomenon 
that was not seen in mice that had been infected as YA (Fig. 1J). 
Independently of the age of infection and CNS region analyzed, 
2D2 T cells displayed a T helper type 1 (TH1) phenotype, as evi-
denced by intracellular expression of interferon- (IFN-) and ab-
sence of interleukin-17A (IL-17A; fig. S2, I and J). Together, these 
results indicate that transient infection of the brain in EL fosters the 
generation of autoimmune lesions in the brain.

Brain autoimmune lesions precipitate close to sites of 
previously resolved infection
Next, we examined the spatial association between brain areas that 
had previously been exposed to viral infection and the occurrence 
of cerebral EAE lesions. To trace virus spread, we infected LoxP-
flanked red fluorescent protein (RFP) reporter (St-RFP) mice with 
rLCMV-expressing Cre recombinase (rLCMV-Cre; fig. S3A). rLCMV- 
Cre infection irreversibly induces reporter gene expression in virus- 
experienced cells (26, 27). As observed for viral RNA, no viral 
protein (fig. S3B) could be detected 5 weeks after infection. However, 

virus-purged RFP-expressing (RFP+) reporter cells were still detect-
able around the brain ventricles and in the corpus callosum of adult 
mice that had been infected in EL but not in mice that had been 
infected as YA (fig. S3, B to D). This is consistent with a partial non-
cytolytic virus clearance mechanism occurring after EL rLCMV in-
fection, whereas later infection results in complete elimination of 
virus-infected cells. Immunofluorescence costaining of RFP+ cells 
in adult St-RFP mice that had been infected with rLCMV-Cre in EL 
revealed virus-purged RFP+ cells that were found in the ependymal 
linings and adjacent parenchyma, including neurons and glial cells 
(fig. S3E). After 2D2 T cell transfer into these mice (Fig. 2A), most 
(74%) of cerebral EAE lesions were either colocalized with RFP+ 
reporter cells or found in their close proximity (<400 m; Fig. 2B). 
The measured distances between EAE lesions and RFP+ reporter cells 
were significantly lower than the distances obtained from a com-
puter simulation of randomly distributed EAE lesions (P < 0.0001; 
Fig. 2C). Together, this ascertains a spatial association between brain 
autoimmune lesions and areas of previous virus infection.

To investigate whether virus-purged RFP+ cells could represent 
a potential source of persisting but not detectable virus antigen that 
could be essential for the development of observed EAE lesions in the 
cerebrum, we used iDTR mice, in which Cre-inducible expression of 
diphteria toxin receptor renders cells susceptible to ablation by 

Fig. 2. Brain autoimmune lesions in mice infected in EL develop preferentially close to sites of resolved virus infection. (A) Experimental setup: St-RFP mice were 
infected intracerebrally with rLCMV-Cre in EL, and in vitro–primed 2D2 T cells were transferred >5 weeks after infection. (B) Representative images of lesions containing 
T cells (CD3) and activated macrophages (Mac3) with RFP+ reporter cells 2 weeks after transfer of 2D2 T cells. Numbers indicate the percentage of lesions found colocal-
ized with or in indicated distance to RFP+ cells. (C) Spatial correlation analysis of lesions and RFP+ cells. Number of lesions in correlation to distances to the closest RFP+ cells 
are presented in comparison to a computer-simulated random distribution. Data show a spatial analysis of a total of n = 351 lesions (n = 10 mice) compared to n = 354 
simulated random lesions. Distances are represented as boxplots (with boxes indicating the 25 to 75% interquartile range) and surrounded by violin plots. (D) Experimental 
setup for (E) to (H): Cre recombinase–inducible DTX receptor (iDTR) mice were infected intracerebrally with rLCMV-Cre. Virus-experienced cells were ablated by diphtheria 
toxin (DTX) administration 3 weeks before transfer of 2D2 T cells. (E) Incidence, (F) scores, and (G) maximal scores of atypical symptoms of ablated iDTR mice in comparison 
to DTX-treated infected WT littermates and mock-infected controls. Maximal scores >1 (dashed line) were considered as atypical EAE. Data in (F) represent means ± SEM 
(n = 15 to 17 mice per group). (H) Histological analysis of cerebral inflammation (Mac3+ lesions) 2 weeks after 2D2 T cell transfer. Symbols represent individual mice, and 
means ± SEM are shown. All data are pooled from two independent experiments. *P < 0.05, **P < 0.01, Mann-Whitney U test (C), log-rank (Mantel-Cox) tests against 
mock-infected controls (E), Kruskal-Wallis H test (F and G), and one-way analysis of variance (ANOVA) (H).
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administration of diphteria toxin (DTX). We infected iDTR mice 
with rLCMV-Cre in EL and depleted virus-experienced cells by 
administration of DTX 3 weeks later (Fig. 2D). rLCMV-Cre infec-
tion in St-RFP–iDTR double transgenic mice confirmed that DTX 
administration eliminated >95% of virus-purged RFP+ cells (fig. S4, A 
and B), but this treatment did not alter the development of classical 
EAE and spinal cord inflammation (fig. S4, C to E). Neither did the 
depletion of virus-purged cells protect mice from the development 
of atypical symptoms or reduce the number of cerebral lesions 
(Fig. 2, E to H). This indicates that the existence of virus-purged cells 
alone is not sufficient to explain the development of cerebral EAE 
lesions and corresponding symptoms after 2D2 T cell transfer.

CCL5-producing bTRM generated after infection in  
EL predispose to brain autoimmunity
Given the spatial but noncausal relationship of cerebral EAE lesions 
and virus-purged cells, we next characterized the inflammatory tissue 
microenvironment of RFP+ reporter cells. We compared the ex-
pression of inflammation-related genes in tissue punches from brain 
areas containing RFP+ reporter cells obtained from adult mice that had 
been infected in EL with equivalent brain areas from mock-infected 
control animals and adult mice that had been infected as YA (Fig. 3A). 
Gene expression patterns of virus-purged mice that had been in-
fected as YA clustered together with mock-infected controls, whereas 
a distinct gene expression pattern was obtained from mice that had 
been infected in EL (Fig. 3B). This expression pattern indicated per-
sistent expression of several proinflammatory genes, including 
the chemokine Ccl5 as compared to a pool of both control groups 
(Fig. 3C). Immunohistochemical analysis identified the majority 
(83.0 ± 3.5%) of CCL5+ cells in these areas as CD3+ T cells (Fig. 3D 
and fig. S5A). We did not observe any overlap (<1%) of CCL5 staining 
with GFAP+ astrocytes, Nogo-A+ oligodendrocytes, or NeuN+ neurons 
(fig. S5A), indicating that CCL5 expression was mostly restricted 
to leukocytes. More detailed flow cytometric analysis identified 
88.6 ± 0.6% of CCL5+ leukocytes as CD3+ T cells (fig. S5B). Brain- 
derived CD11b high-expressing macrophages/microglia or NK1.1+ 
natural killer cells represented only 1.1 ± 0.1% or 2.1 ± 0.1% of 
CCL5+ leukocytes, respectively. Among CD3+ T cells, CD8+ bTRM 
were the major producers of CCL5 in adult mice infected in EL 
(71.1 ± 1.3%), whereas brain-resident CD4+ T cells made a smaller 
contribution (20.9 ± 1.3%; Fig. 3E and fig. S5B). Regardless of age 
during previous infection, bTRM of adult mice had a comparable 
phenotype with respect to bona fide bTRM markers CD69 and gran-
zyme B (13) (fig. S6, A to C) but were more numerous in adult mice 
that had been infected in EL as measured by flow cytometry (fig. S6D). 
Numbers of CCL5+ bTRM in adult mice were significantly increased 
in adult mice that had been infected in EL compared to mice that 
had been infected as YA (P = 0.0092; Fig. 3F), but the frequencies of 
CCL5 expression in bTRM in the two groups (57 ± 2% and 55 ± 2%, 
respectively) were not significantly different (P = 0.48; Fig. 3, G and H). 
In contrast to bTRM, only a small proportion of splenic memory 
T cells (TM) expressed CCL5 (fig. S6, E and F), and numbers of 
splenic CCL5+ TM in mice were comparable between mice that had 
been infected in EL or as YA (fig. S6G). In addition, CCL5+ and 
CCL5− bTRM localized at a higher density in proximity (<200 m) to 
RFP+ reporter cells in mice that had been infected in EL (Fig. 3I and 
fig. S6H). This accumulation led to the formation of TRM clusters, 
which were observed in the brains of mice that had been infected in 
EL but rarely in mice infected as YA (Fig. 3J). Depletion of RFP+ 

reporter cells (compare Fig. 2 and fig. S5) did not reduce TRM numbers 
or clusters (fig. S6, I and J), indicating that virus-purged cells are not 
required for their maintenance.

CCL5 is mainly involved in the recruitment of T cells and mac-
rophages via chemokine receptor CCR5 (31). To test whether CCL5, 
also known as RANTES, is essential for the observed EAE phenotype, 
we treated virus-purged animals with the potent CCR5 antagonist 
5P12-RANTES (32) after transfer of 2D2 T cells (Fig. 3K). 5P12-
RANTES is an analog of human CCL5 that potently blocks CCR5 
(fig. S7A) without affecting signaling on CCR1 or CCR3 (fig. S7, B 
and C). Treatment with 5P12-RANTES did not affect the develop-
ment of classical EAE symptoms and spinal cord inflammation 
(fig. S8), but it abrogated the development of atypical EAE symp-
toms (Fig. 3, L to N) and reduced the number of cerebral lesions to 
amounts of mock-infected controls (Fig. 3O). Together, these data 
suggest that CCL5+ bTRM clusters at sites of previous infection 
constitute a critical component of the persistent proinflammatory 
environment that contributes to the recruitment of CCR5+ autoreac-
tive T cells and monocytes to the brain.

bTRM and MHCII+ antigen-presenting cells mark areas prone 
to develop autoimmune lesions
Because encephalitogenic CD4+ T cells require reactivation by 
antigen- presenting cells (APCs) during brain invasion (33), we next 
investigated the presence of APCs at sites of previous transient in-
fection in the brain using MHCII as marker. Adult mice that had 
been infected in EL revealed MHCII+ APCs in the brain parenchyma, 
whereas MHCII expression was almost completely absent from the 
brain parenchyma in mice that had been infected as YA and in 
mock-infected control animals (Fig. 4A). MHCII expression colo-
calized with iba1+ microglia/macrophages (94 ± 2%; Fig. 4B) and 
was found in significantly higher density in the vicinity (<200 m) 
of RFP+ cells (P = 0.0088; Fig. 4C), similar to what was observed for 
bTRM. MHCII+ APCs and CD8+ T cells frequently clustered together 
in the brain parenchyma, and such clusters were significantly more 
frequent in adult mice infected in EL than in mice infected as YA (P = 
0.0002; Fig. 4D). As for bTRM, parenchymal MHCII expression was 
not affected by the depletion of virus-purged cells (fig. S9).

In normal-appearing white matter (NAWM) of MS brains, clus-
ters of CD68+ phagocytes expressing MHCII represent a prestage to 
inflammatory lesions (34). Thus, we investigated the localization and 
phenotype of MHCII+ APCs and bTRM in human tissue samples from 
patients with MS. We could identify such nondemyelinated areas 
containing human leukocyte antigen gene complex class II (HLA-DR) 
high-expressing areas in 7 of 8 investigated MS autopsies (9 of 10 
analyzed tissue samples), whereas only 4 of 16 control autopsies 
[non-neurological disease (NND)] showed this feature (7 of 30 ana-
lyzed tissue samples; Fig. 5, A and B, and table S1). In MS tissue sam-
ples, HLA-DR high-expressing areas displayed a significantly higher 
density of CD8+ T cells when compared to HLA-DR low-expressing 
areas (P = 0.0017), whereas CD8+ T cell numbers were not signifi-
cantly increased in HLA-DR high-expressing areas in NND control 
samples (P = 0.83; Fig. 5C). Multiplexed immunofluorescence costaining 
for CCL5, CD8, CD69, B cell lymphoma 2 (BCL-2), and CD68+ cells 
on brain sections (Fig. 5D) revealed that most CD8+ cells identified 
are bona fide TRM (CD8+CD69+BCL-2+) in brain samples of pa-
tients with MS (90.3 ± 1.6%) and of NND (85.3 ± 1.9%; Fig. 5E). 
Comparison of relative densities of CD8+ T cell subsets between 
HLA-DR low- and high-expressing areas in the same tissue sample 
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revealed that both CCL5− and CCL5+ TRM were preferentially located 
in HLA-DR high-expressing NAWM of preactive MS lesions (Fig. 5F). 
CCL5+ TRM, but not CCL5− TRM, were also increased in the rare 
HLA-DR high-expressing areas in control samples (Fig. 5G).

Together, our experimental data suggest that transient brain 
virus infection in EL can generate a long-lived proinflammatory 
microenvironment containing CCL5-producing bTRM and MHCII+ 
APCs, which fosters the generation of autoimmune lesions in the 
brain. Analogously to mice, the positioning of CCL5+ bTRM in the 
vicinity of MHCII+ APCs in NAWM may thus point toward areas 
prone to the development of MS lesions in humans.

DISCUSSION
In the current work, we provide evidence that virus-induced long-
lived bTRM generated in EL can promote a durable fertile field in 
the brain that serves as a gateway for circulating autoreactive T cells 
into the tissue. This increased susceptibility of the brain to an 
autoimmune attack was mediated by CCL5, for which bTRM served 
as an important cellular source. Further, these CCL5+ bTRM were 
preferentially situated in close vicinity to MHCII+ APCs. Our 
study has several implications: First, autoreactive T cells that have 
escaped negative selection in the thymus are frequently detected 
in human blood of healthy individuals (35, 36) but only rarely induce 

Fig. 3. Clustering of CCL5+ TRMat sites of previous infection leads to high local CCL5 expression that confers enhanced vulnerability to autoimmune attack. (A) Schematic 
representation of tissue sampling around RFP+ reporter cells for transcriptome analysis. (B) Gene expression analysis of 256 inflammatory genes represented as heatmap. (C) Vol-
cano plot of gene expression data presented in (B). Mice that had been infected in EL are compared to the pool of both control groups (mock-infected and infected as YA). 
(D) Representative image illustrating CCL5 expression by CD3+ T cells. (E to H) Ex vivo flow cytometric analysis of CCL5 expression. (E) Representative histograms of intracellular 
staining for CCL5 in brain CD8+CD69+CD44+ TRM and CD4+CD69+CD44+ TRM >5 weeks after EL intracerebral rLCMV infection in comparison to CD11b+ microglia/macrophages in 
adult mice infected in EL. (F) Numbers of CCL5+ brain TRM persisting at 5 weeks after intracerebral rLCMV infection. (G and H) Comparison of CCL5 expression in CD8+ bTRM from 
adult mice infected in EL or as YA. Fmo, fluorescence minus one. (I) Left: Representative images of CCL5+CD8+ T cells in areas with (RFP+) and without (RFP−) reporter cells. Right: 
Quantification of CD8+ T cell density in RFP+ areas (<200 m to RFP+ cells) in correlation to RFP− areas. (J) Left: Representative images of CD8+CCL5+ T cell clusters in adult mice in-
fected in EL (top) and as YA (bottom). Right: Quantification of CD8+ T cell clusters (>4 CD8+ T cells in a field of view of 0.04 mm2) on brain tissue sections in three different anatomical 
areas. DAPI, 4′,6-diamidino-2-phenylindole. (K) Experimental setup for (L) to (O): Mice were infected intracerebrally with rLCMV in EL or as YA, and in vitro–primed 2D2 T cells were 
transferred >5 weeks later. Mice were treated intraperitoneally with 10 g of 5P12-RANTES or phosphate- buffered saline (PBS) daily after transfer of 2D2 T cells. (L) Incidence, 
(M) scores, and (N) maximal scores of atypical EAE in 5P12-RANTES–treated mice in comparison to PBS-treated littermates or mock-infected controls. (O) Histological analysis of 
cerebral inflammation (Mac3+ lesions) 2 weeks after 2D2 T cell transfer of mice in (L) to (N). (F, H, I, J, N, and O) Symbols represent individual mice. (M) Means ± SEM is shown (n = 4 
to 6 mice per group). Gene expression profiling (B and C) was performed once. Other data are either pooled (F, H, and J) or representative (D, E, I, L, and O) of two independent 
experiments. *P < 0.05, **P < 0.01, Student’s t test (F and H), paired Student’s t test (I), Mann-Whitney U test (J), log-rank (Mantel-Cox) test (L), Kruskal-Wallis H test (M and N), and one-way 
ANOVA (O).
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autoimmune disease (37). Our findings of CCL5-producing bTRM 
clusters at sites of previous infection thus might explain how the 
brain can become permissive to autoreactive T cells from the circula-
tion as a long-term consequence of a transient viral infection. Under 
physiological conditions, such immune cell recruitment to the brain 
is highly limited by the blood-brain and blood–cerebrospinal fluid 
barriers that physically separate the brain parenchyma from circu-
lating immune cells (38). As a result, the immune system can remain 
largely ignorant toward a persisting virus infection in the CNS (8). 
Further, transgenic mouse models expressing TCRs specific for 
MHCI-restricted CNS antigen do not usually develop spontaneous 

autoimmune disease without peripheral 
priming of antigen-specific T cells in 
an infectious context (39, 40). Second, 
low expression of MHC mol ecules, 
especially MHCII, in the brain paren-
chyma usually restricts reactivation of 
patrolling effector or effector TM specific 
for CNS antigen (37). Thus, the genera-
tion of clustered CCL5+ bTRM that per-
sist close to MHCII+ APCs could enable 
the reactivation of such recruited MHCII- 
restricted autoreactive T cells, which 
subsequently precipitate an inflamma-
tory autoimmune lesion.

As an independent finding, our study 
documents that upon infection in EL, a 
proportion of virus-infected cells in the 
brain is cleared in a noncytolytic manner. 
We harnessed this particularity, which 
enabled us to detect virus-purged cells 
and thus to track brain areas that had 
previously been a site of virus infection. 
Why noncytolytic virus clearance was 
exclusively observed after EL infection 
but not when virus was encountered 
later in life remains unknown at present 
time. Noncytolytic clearance has been 
documented for several viruses from the 
brain (41, 42), as well as from other organs 
(43–45). For instance, T cell–derived 
IFN- was shown to primarily mediate 
noncytolytic Sindbis virus clearance 
from neurons (41). Although the exact 
conditions favoring either cytolytic or 
noncytolytic clearance remain to be elu-
cidated, it is tempting to speculate that 
glial cells infected in EL are more resist-
ant to lytic effector mechanisms than 
their adult counterparts. Alternatively, it 
is also possible that differences in innate 
and adaptive antiviral responses may 
favor one of the two outcomes. Non-
cytolytic virus clearance has been reported 
to take place under conditions in which 
the numerical ratio between T cells and 
infected cells is low (45). It is thus pos-
sible that infection of the brain in EL 
may have posed a greater challenge for 

infiltrating virus-specific CD8+ T cells. This may also explain why 
we found an increased number of bTRM clusters after infection in 
EL. However, depletion of virus-purged cells per se did reduce 
neither bTRM clusters nor MHCII expression on APCs, nor did it 
alter the susceptibility of autoimmune brain lesions. Instead, the 
clustering of CCL5-expressing bTRM was essential for the precipitation 
of autoimmune brain lesions. In principle, most cells in the body 
have the ability to express CCL5 upon exposure to inflammatory 
signals. CCL5 is induced by nuclear factor B and interferon recep-
tor signaling during acute infection but relies on continuous signal-
ing to maintain expression (46, 47). However, in T cells, CCL5 

Fig. 4. bTRM cluster with MHCII+APCs in postinfectious mice. WT mice were infected with rLCMV intracerebrally in 
EL or as YA and colocalization of CD8+ T cells, and MHCII+ APCs was analyzed >5 weeks later. Mock-infected control 
mice were injected with vehicle only. (A) Left: Representative images of cerebral MHCII expression in the choroid 
plexus and periventricular brain parenchyma. Right: Quantification of parenchymal MHCII expression, persisting 
>5 weeks after infection (n = 4 to 6). (B) Representative image and quantification of iba1+ MHCII+ cells in proximity to 
virus-purged RFP+ cells (n = 4). (C) Left: Representative images of MHCII+ cells in areas with (RFP+) and without (RFP−) 
reporter cells. Right: Quantification of MHCII expression in RFP+ areas (<200 m to RFP+ cells) in correlation to RFP− areas 
(n = 6). (D) Left: Representative images of CD8+ T cell clustering with MHCII+ APCs in adult mice infected in EL and as 
YA. Right: Quantification of MHCII+ CD8+ T cell clusters (>4 CD8+ T cells in an MHCII+ field of view of 0.04 mm2) on 
brain tissue sections on three different anatomical areas (n = 11 to 15). Symbols represent individual mice, and 
means ± SEM is indicated in (A), (B), and (D). Data are either pooled (D) or representative (A to C) of two independent 
experiments. **P < 0.01, one-way ANOVA (A), followed by Tukey’s multiple comparisons test, paired Student's t test (C), and 
Mann-Whitney U test (D).

D
ow

nloaded from
 https://w

w
w

.science.org on June 11, 2024



Steinbach et al., Sci. Transl. Med. 11, eaav5519 (2019)     26 June 2019

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

7 of 13

gene expression can stay constitutively activated in TM (48, 49) and 
is induced by the transcription factor Kruppel-like factor 13 (50). 
This likely explains why after resolution of infection in the brain, we 
observed persisting CCL5 expression almost exclusively in T cells 
but not in other cell types including glial cells. CCL5 mediates the 
recruitment of CCR5+ activated or TM and monocytes during acute 
infection (31). Persisting CCL5 in the brain could thus similarly 
foster the recruitment of CCR5+ autoreactive T cells and macrophages. 
CCL5 has been described to promote adherence of autoreactive CD4+ 
T cells to leptomeninges in the brain in an EAE model (51), indicating 
that bTRM-derived CCL5 could allow CCR5+ 2D2 T cells to over-
come the physical separation from their cognate antigen by the brain’s 
endothelial barriers and to invade the brain parenchyma and precipi-
tate brain autoimmune inflammation. Although treatment with the 
CCR5 antagonist 5P12-RANTES prevented the development of brain 
inflammation in our model, we did not observe an effect of CCR5 

blockade on the development of classical EAE. Similar pharmaco-
logical approaches such as the administration of Met-RANTES or 
anti-CCL5 antibodies have not ameliorated classical EAE either 
(52, 53), and Ccr5-deficient mice are not protected from classical 
EAE (54). One possible explanation for this could be a func-
tional redundancy of CCL5-mediated immune cell recruitment in the 
spinal cord but not in the brain. CCR5-mediated immune cell recruit-
ment is necessary for the successful clearance of West Nile virus 
from the brain (55).

Besides serving as chemoattractant, CCL5 can also provide 
costimulatory signals to CCR5+ T cells and macrophages. CCR5 
signaling in T cells enhances the stability of the immunological synapse 
and results in increased T cell proliferation and cytokine production 
(56). In macrophages and microglia, CCL5-CCR5 signaling increases 
production of reactive nitric oxide (57–59). Further, CCL5-CCR5 
signaling provides resistance of T cells and macrophages to apoptotic 

Fig. 5. bTRM cluster in HLA-DR high-expressing preactive MS lesions. (A) Cerebral tissue sections of patients with MS and controls (NND) were stained for myelin basic 
protein (MBP) and HLA-DR to identify HLA-DR high-expressing (HLA-DRhigh) and low-expressing (HLA-DRlow) NAWM. (B) Prevalence of HLA-DRhigh NAWM in investigated 
cases. (C) Quantification of CD8+ T cells in HLA-DRhigh areas in comparison to HLA-DR low-expressing (HLA-DRlow) areas in NAWM of patients with MS and NND control samples. 
Symbols represent individually analyzed tissue areas of n = 9 MS tissue samples and n = 7 NND controls. (D) Representative images illustrating the identification of CCL5+ TRM 
(CD8+CD69+BCL-2+) in HLA-DRhigh areas using an elution and restain approach (for details, see Material and Methods). Left: MS NAWM; right: NND NAWM. (E) Quantification of 
TRM (CD8+CD69+BCL-2+) among CD8+ cells. (F) Quantification of CD8+ (non-TRM, CD8+CD69/BCL-2−), CCL5−, and CCL5+ TRM in HLA-DRhigh and HLA-DRlow areas in NAWM of 
patients with chronic MS. (G) Quantification of CD8+ (non-TRM), CCL5−, and CCL5+ TRM (CD8+CD69+BCL-2+) in HLA-DRhigh and HLA-DRlow areas in NAWM of control samples 
(NND). **P < 0.01, *P < 0.05, one-way ANOVA, followed by Tukey’s multiple comparisons test (C), and Student’s t test (E). (F and G) HLA-DRhigh and HLA-DRlow areas of the 
same tissue sample have been compared in a matched analysis (two-way repeated-measures ANOVA, followed by Sidak’s multiple comparisons test). See also table S1.
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signals (60, 61). It is therefore possible that besides serving as chemo-
attractant, bTRM-derived CCL5 contributes to the stimulation of 
recruited autoreactive T cells and macrophages, thereby exerting a 
nonredundant function in the observed long-lived fertile field.

Analogously to mice, we observed clusters of MHCII-expressing 
CD68+ phagocytes frequently in NAWM of patients with MS and to 
a lower extent in corresponding control samples. In MS, such clus-
ters are thought to represent a prestage of MS lesions (34, 62), which 
occur before the actual development of the demyelinating lesion 
(63). In this regard, imaging studies documented alterations in 
NAWM, which have been speculated to correspond to preactive le-
sions, can precede the appearance of gadolinium-enhancing lesions 
on magnetic resonance imaging for months to years (64). Although 
only limited numbers of T cells are present in NAWM (62, 65), we 
noted that bTRM preferentially accumulated in preactive MS areas, 
suggesting that bTRM are not distributed randomly but preferentially 
in such lesion-prone areas in the NAWM.

Beyond the CNS, similar clustering of TRM together with MHCII+ 
myeloid cells has been previously described in epithelial barriers, 
where it mediated CCL5-dependent recruitment and retention of 
CD4+ TM (66, 67). Further, the formation of mixed lymphocyte 
clusters in the skin is a prerequisite for efficient T cell activation and 
elicitation of contact hypersensitivity responses (68). This indicates 
that the herein described mechanism may also be of relevance for 
predisposing other organs to inflammatory diseases.

Our study has several limitations. To begin with, the route of brain 
virus infection as performed in the current study relies on intrace-
rebral application of the virus to ensure reproducible brain infec-
tion. However, under natural infection conditions, virus spread to 
the CNS frequently occurs secondary to systemic infection. Fur-
thermore, although EAE is a widely used rodent model of MS, it 
does not recapitulate all features of the human disease and its 
pathology. In particular, activation of disease-driving autoreactive 
MHCII-restricted CD4+ T cells may be different in EAE and MS. In 
our study, we induced EAE by adoptive transfer of autoreactive TH1 
cells. Whether other TH subsets, such as, e.g., TH17 cells, can also be 
recruited and activated by similar mechanisms in postinfectious 
brain tissue remains to be studied. In addition, the herein used 
mouse EAE model does not rely on B cells (69), which play an im-
portant role in MS (70). Potentially, resident memory B cells might 
thus equally be able to persist in the brain after a transient infection. 
Whether such cells could also contribute to predisposition to lesion 
formation has not been addressed in our study and needs further 
investigation.

Our histopathological analysis on human tissue provides a cor-
relative but not a causal relationship between CCL5-expressing 
bTRM and lesion predisposition in HLA-DR+ NAWM of patients 
with MS. The current study was limited to a moderate case number, 
especially with regard to NAWM of patients with short disease du-
ration, because such biopsies are only rarely performed. Future 
studies with larger cohorts of patient samples could thus bring more 
detailed insights into the phenotype of bTRM in patients with MS in 
different disease stages and their potential role for disease development.

In our model, preactive clusters of bTRM and MHCII+ myeloid 
cells in the brain were induced by a transient virus infection using 
rLCMV. However, this does not imply a specific association of 
LCMV infection with an increased risk to develop MS in humans. 
In addition, other triggers aside from infection may also generate 
similar inflammatory environments. Although innate immune 

activation of the brain can also occur after trauma (71), the genera-
tion of bTRM in the brain requires restimulation by their cognate 
antigen (13, 14). In line with this, we did not observe an increased 
incidence of atypical EAE in mock-infected control animals that 
have been injected with vehicle, a procedure that is expected to 
result in microtrauma. Although this observation does not exclude 
that trauma or other sterile insults can potentially predispose the 
CNS for autoimmunity, this nevertheless suggests that brain infection 
is probably more efficient in generating the fertile fields described 
herein. In such a scenario of a preceding transient brain infection, the 
antigenic specificity of the predisposing immune response and re-
sulting bTRM remains largely irrelevant for the subsequent recruit-
ment and reactivation of autoreactive T cells.

Therefore, our study provides explanations for two main conun-
drums in the interaction between viruses and autoimmunity: (i) 
How previous infection in a certain time window of life with several 
structurally unrelated viruses can be associated with an increased 
risk of developing disease (3), and (ii) how, despite this association, 
predisposing viral infections can elude detection as causative agents 
of autoimmune diseases. Demonstrating how past viral infection can 
lead to a durable inflammatory signature in the brain thus represents 
an important step toward understanding the predisposing role of 
environmental factors for MS and likely other autoimmune diseases.

MATERIALS AND METHODS
Study design
Our research objective was to investigate the possible relation 
between viral infection in EL and an enhanced susceptibility to brain 
autoimmune disease in adulthood. We used intracerebral infection 
of C57BL/6 WT mice with rLCMV as an experimental model of 
transient viral infection of the brain. EL infection was modeled by 
intracerebral infection of 1-week-old mice, whereas infection later 
in life was modeled by infection of YA mice (3 to 4 weeks of age). 
We determined susceptibility to autoimmune disease by transferring 
in vitro– activated, autoreactive 2D2 TCR–transgenic CD4+ T cells 
to induce EAE in mice in previously infected mice and corresponding 
mock- infected controls. The development of atypical EAE symptoms 
and occurrence of cerebral inflammatory lesions consisting of auto-
reactive CD4+ T cells and activated macrophages served as surro-
gate for brain autoimmune disease. Experiments were terminated, 
and data were collected when ≥50% of animals reached a classical 
EAE score of ≥3, which corresponded to the termination criteria 
defined by institutional authorities for animal experimentation.

We harnessed the fact that virus clearance in mice infected in EL 
was partially noncytolytic to trace sites of previous virus infection 
using infection of St-RFP reporter mice with rLCMV-Cre. We assessed 
the role of virus-purged cells by DTX-mediated ablation of these 
cells in iDTR mice infected intracerebrally with rLCMV-Cre. We 
performed gene expression analysis of sites of previous virus infec-
tion by isolating RNA from tissue stamps obtained from RFP+ brain 
regions. We used immunohistochemistry and flow cytometry to 
identify the sources of CCL5 expression and for further investiga-
tions of the inflammatory surroundings of virus-purged RFP+ cells. 
The relevance of persisting expression of the chemokine CCL5 
was assessed by treatment of adult mice infected in EL with the 
CCR5 antagonist 5P12-RANTES during induction of EAE.

Individual group sizes for infection of mice at 1 week of age de-
pended on litter size (5 to 10 animals). Data were pooled from two 
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independent experiments when it was needed for statistical power 
(e.g., not all animals in an experimental group developed atypical EAE). 
All experiments were reproduced at least once.

To assess a potential role for CCL5-expressing TRM as predispos-
ing factor for brain autoimmune disease in humans, we analyzed 
the presence of such cells in HLA-DR-positive NAWM of patients 
with MS and controls. Tissue blocks were screened for the presence 
of preactive NAWM by staining for HLA-DR and MBP (or Luxol fast 
blue). HLA-DR high-expressing areas with no signs of demyelination 
were included in the analysis, together with HLA-DR low-expressing 
or -negative areas on the same sections. Tissue blocks with exces-
sive white matter demyelination (>30%) were excluded to limit the 
probability of analyzing lesion borders. A multistep dye cycling 
method was performed to analyze the presence of CCL5+ TRM 
(CD8 + BCL-2 + CD69+) and CD68+ myeloid cells on one section 
adjacent to the performed screening by HLA-DR and myelin staining.

Mice
C57BL/6 WT, St-RFP (72), Cre-iDTR (73), Rag1 knockout (74), and 
2D2 TCR–transgenic mice (30) were bred and lodged under P2 
conditions in the animal facilities of the University Medical Centre 
of Geneva. Sex- and age-matched mice were used for experiments. 
All animal experiments were authorized by the cantonal veterinary 
office of Geneva and performed in agreement with the Swiss law for 
animal protection.

Virus infection
Recombinant LCMV strains were generated according to established 
methods (75). The following virus strains were used: recombinant 
LCMV (rLCMV), which encodes for the glycoprotein of vesicular 
stomatitis virus instead of its own glycoprotein. Further, rLCMV- 
Cre was used. Viruses were produced, titrated, and administered to 
mice as previously described (75, 76). For transient virus infection 
in the brain, 104 plaque-forming units of rLCMV diluted in 20 l of 
minimum essential medium (Gibco) was administered intracere-
brally. Mock-infected control animals were injected intracerebrally 
with vehicle. Brain virus load was analyzed by quantitative RT-PCR 
for LCMV–nucleoprotein (NP) (77). Brain total RNA was isolated 
from Hepes-glutamic acid buffer-mediated organic solvent protec-
tion effect (HOPE)–fixed tissue sections or stamps after deparaffin-
ization using RNeasy Mini Kit (QIAGEN), complementary DNA 
(cDNA) was synthesized using iScript cDNA synthesis kit (Bio-Rad), 
and relative expression of LCMV S segment was determined against 
glyceraldehyde-3-phosphate dehydrogenase as housekeeping gene 
(QIAGEN) using iQ SYBR Green Supermix (Bio-Rad). Virus- 
purged cells were identified by intracerebral infection of St-RFP mice 
with rLCMV-Cre. Virus-purged cells were ablated in (St-RFP)xiDTR 
mice infected with rLCMV-Cre by administering 200 ng of DTX 2 
to 3 weeks after infection for seven consecutive days.

Induction of EAE
For induction of adoptive transfer EAE, 2D2 TCR–transgenic T cells 
were stimulated in vitro. Splenocytes [4 × 106/ml in RPMI 1640 
containing GlutaMAX and supplemented with + 10% fetal calf serum 
(FCS), 50 M 2-mercaptoethanol, penicilin, and streptomycin (all 
from Gibco)] were stimulated with MOG35–55 peptide (20 g/ml) in 
presence of recombinant IL-2 and IL-7 (5 ng/ml; PeproTech) and split 
every 2 days. Six days later, cells were restimulated with plate-
bound (1 g/ml) anti-CD3 and anti-CD28 antibodies (BioLegend) 

in the presence of recombinant IL-12 p70 (20 ng/ml; PeproTech) and 
IL-18 (25 ng/ml; MBL International) for 24 hours. 2D2 TCR–
transgenic T cells (1 × 106 to 2 × 106) were transferred intraperitoneally, 
and mice were injected with 67 ng of pertussis toxin intravenously 
(Sigma-Aldrich) at the time point of transfer and 2 days later. For 
CCR5 inhibition, animals were treated with 10 g of 5P12-RANTES 
or PBS intraperitoneally daily from the time point of 2D2 T cell 
transfer. 5P12-RANTES was produced as previously described (78) 
and provided by the Mintaka Medical Foundation. Animals were 
observed daily for the development of disease, and clinical scores 
for classical and atypical symptoms were assigned on the basis of a 
five-point scale. Classical EAE was scored as follows: 0, no disease; 
1, tail paralysis; 2, hindlimb paresis; 3, hindlimb paralysis; 4, forelimb 
and hindlimb paralysis; 5, moribund. Classical EAE was reported as 
means ± SEM over time. Atypical EAE was scored on the basis of 
a scale described previously (79), with some small modifications: 
0, no disease; 1, scruffy appearance; 1.5, mild ataxia; 2, ataxia; 2.5, 
ataxia + head tilt; 3, head tilt + body leaning; 4, body rolling; 5, mor-
ibund. Animals that reached a classical or atypical score of ≥4 were 
immediately euthanized. Experiments were terminated when ≥50% 
of animals reached a classical score of ≥3. Similar to classical EAE, 
we report the development of atypical scores of all animals over 
time as means ± SEM. Because not all animals developed atypical 
EAE symptoms, we further report disease incidence over time and 
observed maximal atypical scores of all animals. To exclude a 
potential distortion of atypical scores by severe classical EAE symp-
toms, incidence of atypical EAE was taken into account when atypical 
EAE score was >1.

Immunohistochemistry
For staining of mouse tissue sections, the following antibodies were 
used: fluorescein isothiocyanate (FITC) anti-CD45.1 (A20, BioLegend), 
rat–anti-CD107b/Mac3 (M3/84, BioLegend), rabbit–anti-RFP (Abcam), 
rat–anti-CD3 (CD3-12, Bio-Rad), rabbit–anti-CD4 (D7D2Z, Cell 
Signaling Technology), rat–anti-LCMV (VL-4), rabbit–anti-LCMV 
hyperimmune serum, mouse–anti-NeuN (A60, Merck Millipore), 
rabbit– anti-iba1 (Wako), mouse–anti–Nogo-A (11C7), rat–anti-CD8 
(4SM15, eBioscience), rat–anti-CD8 (YTS169.4), rabbit–anti- RANTES/
CCL5 (25H14L17, Invitrogen), chicken–anti-GFAP (Abcam), and 
rat–anti- MHCII (M5/114.15.2, BioLegend). All antibodies were 
diluted in Dako REAL antibody diluent (Dako).

Mice were transcardially perfused with 4% paraformaldehyde 
(PFA). Alternatively, the brains and spleen were fixed in HOPE 
(DCS Innovative) fixative as previously described (80). Dehydrated 
tissues were embedded in paraffin. Between staining steps, slides 
were washed with wash buffer (Dako). Deparaffinized tissue sections 
were incubated with Dako REAL peroxidase-blocking solution 
(Dako) for 15 min to inactivate endogenous peroxidases. Before 
staining with mouse monoclonal antibodies, tissue sections were 
blocked with 10% mouse serum. Tissue sections were incubated 
with primary antibody in Dako REAL antibody diluent (Dako). For 
bright-field microscopic images, bound primary antibodies were 
visualized using peroxidase-coupled secondary antibody systems 
(Dako, Vector Laboratories) and polymerized 3,3′-diaminobenzidine 
(Dako). Nuclei were counterstained with hemalaun. For fluorescence 
microscopic images, bound primary antibodies were visualized either 
with Alexa Fluor 488–, Alexa Fluor 568–, or Alexa Fluor 647–labeled 
secondary antibodies or with peroxidase-labeled secondary antibodies, 
followed by Alexa Fluor 488 or Alexa Fluor 568 tyramide signal 
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amplification (TSA; Thermo Fisher Scientific). FITC anti- CD45.1 
was visualized using rabbit–anti-FITC antibody (Life Technologies), 
followed by Alexa Fluor 488 goat–anti-rabbit antibody (Jackson Im-
munoResearch). Nuclei were stained with DAPI (Invitrogen). For 
staining of human bright-field microscopy sections, the following 
antibodies were used: mouse–anti-human–CD8 (Thermo Fisher 
Scientific), rabbit–anti-MBP (Dako), and mouse–anti–HLA-DR 
(Abcam).

Between staining steps, slides were washed with wash buffer 
(Dako). Deparaffinized tissue sections were incubated with Dako 
REAL peroxidase-blocking solution (Dako) for 5 min to inactivate 
endogenous peroxidases and incubated with primary antibodies in 
Dako REAL antibody diluent (Dako). Bound primary antibodies 
were visualized using peroxidase-coupled secondary antibody systems 
(Dako) and polymerized 3,3′-diaminobenzidine (DAB, Dako). Nuclei 
were counterstained with hemalaun.

Multistep staining of human brain tissue
We applied a well-established and standardized dye cycling method 
that has been described previously and allows the staining of all six 
markers (BCL-2, CCL5, CD8, CD68, CD69, and DAPI) on the same 
tissue section (26, 81). For sequential staining of CCL5+ TRM on hu-
man tissues sections, coverslipped deparaffinized sections were 
bleached over night with neutral-white 3-up light-emitting diodes 
(LEDSupply) at 4°C to minimize autofluorescence. Coverslips were 
removed in PBS at 50°C. Between staining steps, slides were washed 
with wash buffer (Dako). Sections were incubated with Dako REAL 
peroxidase-blocking solution (Dako) for 15 min to inactivate en-
dogenous peroxidases, blocked with 10% FCS in PBS, and incubated 
with rabbit–anti-RANTES/CCL5 (25H14L17, Invitrogen) at 4°C 
overnight. After incubation with horseradish peroxidase (HRP)– 
labeled goat–anti-rabbit secondary antibody (Dako EnVision), 
staining was visualized with Alexa Fluor 488 TSA (Thermo Fisher 
Scientific). Slides were then stained with msIgG3–anti-CD68 (PG-M1, 
Dako) and msIgG1–anti-CD8 (C8/144B, Dako), followed by Alexa 
Fluor 555 goat–anti-msIgG1 (Life Technologies) and Atto 647 goat–
anti-msIgG3 (LSBio). Slides were mounted in Fluoromount aqueous 
mounting medium (Sigma-Aldrich) for image acquisition. For elu-
tion of anti-CD8 and anti-CD68 stainings, slides were decover-
slipped and incubated with Gendusa stripping buffer [2.5% SDS 
and 1% -mercaptoethanol in 80 mM tris-HCl (pH 6.8)] for 1 hour at 
50°C and washed in tab water, followed by 50% ethanol and PBS. Elu-
tion was verified under the microscope before slides were restained. 
TSA-amplified CCL5 staining was not eluted by this procedure. For 
restaining, sections were incubated with Dako REAL peroxidase- 
blocking solution (Dako) for 15 min, blocked with 10% FCS in PBS, 
and incubated with rabbit– anti-CD69 (Sigma-Aldrich) at 4°C overnight. 
After incubation with HRP-labeled goat–anti-rabbit secondary antibody 
(Dako EnVision), staining was visualized with Alexa Fluor 555 TSA 
(Thermo Fisher Scientific). Slides were then stained with msIgG1–anti–
BCL-2 (124, Dako), followed by Alexa Fluor 647 goat–anti-msIgG1 
(Life Technologies). Slides were mounted in Fluoromount aqueous 
mounting medium (Sigma- Aldrich) for image acquisition.

Image analysis
Immunostained sections were scanned using Pannoramic Digital 
Slide Scanner 250 FLASH II (3DHISTECH) in 200× magnification. 
Most quantifications were performed manually using Pannoramic 
Viewer software (3DHISTECH). Where possible, the examiner was 

blinded to the experimental group. For the quantification of cere-
bral and spinal cord EAE lesions, as well as their distance to the 
closest RFP+ cell, T cell clusters and T cell–MHCII clusters, com-
plete coronal sections obtained from at least three different tissue 
sections and distanced >1 mm from each other were quantified. Re-
gions of interest (e.g., in a certain distance to RFP+ cells) were 
assigned blinded to the staining results of CCL5, T cell markers, or 
MHCII.

DAB-revealed MHCII and RFP were automatically quantified 
using Definiens Developer software using a custom-made script. 
Computer simulation of randomly distributed lesions was per-
formed on RFP single-stained adjacent sections to the sections used 
for manual quantification of lesion distance. Lesions of the average 
size (13,000 m2) and frequency (12 lesions per section) were ran-
domly distributed using Definiens Developer software, and the dis-
tance to the closest RFP+ cells was determined for each simulated 
lesion.

For representative images, white balance was adjusted, and con-
trast was enhanced using the tools “levels,” “curves,” “brightness,” 
and “contrast” in Photoshop CS6 (Adobe). All modifications were 
acquired uniformly on the entire image.

Flow cytometry
For staining, the following antibodies were used: phycoerythrin (PE) 
anti-CCL5 (2E9/CCL5), FITC/Pacific Blue/PerCPCy5.5 anti-CD3e 
(145-2C11), APC/FITC/PE/PECy7 anti-CD4 (GK1.5), PE/PECy7/
Brilliant Violet 605 anti-CD8a (53-6.7), Alexa Fluor 647/PerCPCy5.5/ 
Brilliant Violet 711 anti-CD11b (M1/70), Alexa Fluor 647/Pacific 
Blue/Brilliant Violet 421 anti-CD11c, PerCPCy5.5/PECy7 anti-CD44 
(IM7), Brilliant Violet 510/Pacific Blue anti-CD45 (30-F11), PE/
Pacific Blue anti- CD45.1, Alexa Fluor 700/Brilliant Violet 711 
anti-CD45.2, PerCPCy5.5 anti-CD45R/B220 (RA3-6B2), FITC anti- 
CD69 (H1.2F3), Alexa Fluor 647/Brilliant Violet 786 anti-CD103 (2E7), 
PECy7 anti-CD115, Alexa Fluor 647 anti–granzyme B (GB11), FITC 
anti–IFN- (XMG1.2), PE anti–IL-17A (TC11-18H10.1), Brilliant 
Violet 605 anti-Ly6C (HK1.4), Alexa Fluor 700 anti-Ly6G (1A8), 
Alexa Fluor 700/Brilliant Violet 605/Pacific Blue anti-MHCII 
(M5/114.15.2), Brilliant Violet 711 anti-NK1.1, PE anti–PD-1 (RMP1-30), 
FITC anti-TCRV3.2 (RR3-16), and PE anti-TCRV11(KT11). 
For detection of virus-specific CD8+ T cells, Db-NP396–404 tetramer 
(TCMetrix, provided by the National Institutes of Health Tetramer 
Core Facility) was used.

Heparinized peripheral blood samples were incubated with anti-
bodies for 20 min at room temperature. Erythrocytes were lysed 
using BD FACS (fluorescence-activated cell sorting) lysing solution 
(BD Biosciences). Splenocytes were collected in FACS buffer (2% 
FCS, 2 mM EDTA, and PBS), and erythrocytes were lysed using Red 
Blood Cell Lysis Buffer (BioLegend) before proceeding to staining. 
For the preparation of CNS leukocytes, mice were anesthetized and 
transcardially perfused with PBS. For some experiments, cerebra and 
spinal cords were stripped of meninges and processed separately. 
Tissues were minced, digested with Collagenase/DNase I (Roche), 
and homogenized using 70-m cell strainers (BD Biosciences). Leu-
kocytes were separated using a discontinuous Percoll gradient (30% 
and 70%). Surface staining was carried out with directly labeled anti-
bodies and tetramers in FACS buffer. Isolated CD8+ T cell numbers 
were quantified using AccuCheck Counting Beads (Invitrogen) as 
previously described (82). For ex vivo staining of CCL5 and gran-
zyme B, cells were fixed and permeabilized using commercial 
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permeabilization buffer set (BioLegend). Dead cells were excluded 
from the analysis using Zombie Aqua Fixable Viability Kit or Zom-
bie NIR Fixable Viability Kit (BioLegend). For intracellular stain-
ing of cytokines, isolated leukocytes were restimulated ex vivo for 
4 hours at 37°C with PMA (50 ng/ml) and ionomycin (1 g/ml; 
both from Sigma- Aldrich) in presence of brefeldin A (BioLegend) in 
RPMI 1640 containing GlutaMAX and supplemented with 10% FCS, 
50 M 2-mercaptoethanol, penicillin, and streptomycin (all from 
Gibco). For intracellular staining of IFN- and IL-17A, cells were 
fixed and permeabilized using commercial permeabilization buffer 
set (BioLegend). Dead cells were excluded from the analysis using 
Zombie Yellow Fixable Viability Kit (BioLegend).

Flow cytometric samples were acquired on the following cytom-
eters: Gallios (Beckman Coulter) equipped with three lasers (blue, 
488 nm; red, 633 nm; violet, 405 nm), Attune NxT cytometer (Thermo 
Fisher Scientific) equipped with four lasers (blue, 488 nm; yellow, 
561 nm; red, 633 nm; violet, 405 nm), and LSRFortessa (BD Bio-
sciences) equipped with five lasers (ultraviolet, 355 nm; violet, 405 nm; 
green, 488 nm; yellow, 561 nm; red, 640 nm) using appropriate filter 
sets and compensation controls. Gates were assigned according 
to appropriate control populations, such as fluorescence minus 
one stainings.

Gene expression analysis
One-millimeter tissue stamps from HOPE-fixed paraffin blocks were 
transferred into new blocks and cut into 5-M slices, which were 
subsequently deparaffinized using isopropanol. Alternatively, full 
HOPE-fixed tissue sections were deparaffinized. RNA was isolated 
using RNeasy Mini Kit (QIAGEN). Expression profiling from tissue 
stamps was performed using the nCounter Nanostring Mouse 
Inflammation v2 Assay (NanoString Technologies). Gene expression 
data were analyzed using nSolver Analysis software 3.0 (NanoString 
Technologies).

Functional inhibition assays on chemokine receptors
Dose-dependent inhibitory activity of 5P12-RANTES was com-
pared to that of previously described reference inhibitors for each 
receptor (Maraviroc for CCR5, J113863 for CCR1, and UCB35625 
for CCR3) in routine assays provided by EuroscreenFAST (https://
euroscreenfast.com). CCR5 inhibition was measured using an aequorin- 
based calcium flux assay with human MIP-1/CCL4 as the refer-
ence agonist, and CCR1 and CCR3 inhibition was measured using 
radiometric assays measuring guanosine 5′-triphosphate recruitment 
at G subunits, with human RANTES/CCL5 and eotaxin/CCL11 as 
reference agonists, respectively.

Statistical analysis
Analysis was performed using Prism GraphPad 7.0 and 8.0. Data 
were tested for normal distribution. To assess significant differences 
between single measurements of two groups of normally distributed 
data, unpaired or paired two-tailed Student’s t test was used; other-
wise, Mann-Whitney U test was applied. To assess significant 
differences between more than two groups of normally distributed 
data, we performed one-way ANOVA, followed by post hoc analyses: 
Comparison against a control group was performed using Dunnet’s 
multiple comparisons test, comparison of selected pairs of datasets 
was performed using Sidak’s multiple comparisons test, and com-
parison of all pairs of datasets was performed using Tukey’s multiple 
comparisons test. Kruskal-Wallis H test was applied to not normally 

distributed data, and post hoc analyses were corrected for multiple 
comparisons using Benjamini and Hochberg false discovery rate 
method. For comparison of disease incidence, log-rank (Mantel- 
Cox) test was used. A P < 0.05 was considered significant, and P < 
0.01 was considered highly significant, whereas P > 0.05 was consid-
ered statistically not significant. Group sizes and specific statistical 
tests performed are stated in the corresponding figure legends. 
Where possible, obtained single values from every experimental an-
imal or analyzed human tissue sample are represented. No outliers 
were removed.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/498/eaav5519/DC1
Fig. S1. Transient intracerebral infection with rLCMV in EL and as YA.
Fig. S2. Transient intracerebral infection with rLCMV does not alter CD4+ T cell–driven spinal 
cord inflammation and classical EAE symptoms.
Fig. S3. Virus-purged cells in adult mice that had been infected in EL mark sites of previous infection.
Fig. S4. DTX-mediated ablation of virus-purged cells.
Fig. S5. T cells are the major producers of CCL5.
Fig. S6. Characterization of TM subsets in mice infected in EL and as YA.
Fig. S7. 5P12-RANTES is a potent and selective inhibitor of CCR5.
Fig. S8. CCR5 antagonization does not alter classical EAE symptoms and spinal cord 
inflammation.
Fig. S9. Ablation of purged cells does not reduce MHCII expression in the brain.
Table S1. Human brain tissue samples for CD8 quantification and multiplex staining.
Table S2. Raw data.
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