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SUMMARY

Traumatic brain injury (TBI) leaves many survivors
with long-term disabilities. A prolonged immune
response in the brain may cause neurodegeneration,
resulting in chronic neurological disturbances. In this
study, using a TBI mouse model, we correlate
changes in the local immune response with neurode-
generation/neurological dysfunction over an 8-month
period. Flow cytometric analysis reveals a protracted
increase in effector/memory CD8+ T cells (expressing
granzyme B) in the injured brain. This precedes inter-
leukin-17+CD4+ T cell infiltration and is associated
with progressive neurological/motor impairment,
increased circulating brain-specific autoantibodies,
and myelin-related pathology. Genetic deficiency or
pharmacological depletion of CD8+ T cells, but not
depletion of CD4+ T cells, improves neurological out-
comes and produces a neuroprotective Th2/Th17
immunological shift, indicating a persistent detri-
mental role for cytotoxic T cells post-TBI. B cell defi-
ciency results in severe neurological dysfunction and
a heightened immune reaction. Targeting these
adaptive immune cells offers a promising approach
to improve recovery following TBI.
INTRODUCTION

Traumatic brain injury (TBI) following a physical impact to the

head causes a cascade of neuroinflammatory and pathophysio-

logical events, resulting in long-lasting physical and cognitive

disabilities. According to the World Health Organization, TBI

will become the third major global cause of mortality and

disability by 2020 (Maas et al., 2008). Aside from the well-recog-

nized progressive cognitive ailments that can accompany TBI,

sensorimotor deficits are a major complaint of TBI patients but

receive little attention in the research setting (Walker and Pickett,

2007).
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Neuroinflammation plays an important role in tissue repair and

preventing infection early after injury. However, prolonged im-

mune activation has been thought to cause further brain damage

and impede recovery (Plesnila, 2016). Previous TBI-related

studies have mainly focused on short-term inflammatory re-

sponses, typically involving innate immune cells (Jassam et al.,

2017; Plesnila, 2016). However, adaptive immune cells can

accumulate in the lesion and persist for months after CNS injury

(Ankeny et al., 2006; Beck et al., 2010). This accumulation has

been regarded as deleterious, given that the absence of T

and/or B cells conferred protection following stroke or spinal

cord injury (SCI) (Ankeny et al., 2009; Hurn et al., 2007; Wu

et al., 2012). However, Rag1�/� mice (devoid of mature T and

B cells) failed to show neuroprotection within 1 week after TBI

(Weckbach et al., 2012), although later time points were not

investigated. Genetic deficiency of CD8+ or CD4+ T cell subsets,

but not B cells, was also shown to improve infarct size and

neurological deficits 1 day after ischemic stroke (Yilmaz et al.,

2006). Specific subtypes of CD4+ T helper (Th) cells can have

contrasting effects after injury: Th1 and Th17 responses exag-

gerate inflammation and drive autoimmunity, whereas a Th2

response attenuates inflammation and can be protective (Dar-

diotis et al., 2012).

The disruption of the blood-brain barrier (BBB) following TBI

can result in the exposure of brain-derived antigens, including

myelin, which can promote the activation of autoreactive cells

and potentially lead to a pathogenic autoimmune response (Dar-

diotis et al., 2012). Autoreactive antibodies/lymphocytes specific

to CNS antigens, including myelin basic protein, glial fibrillary

acidic protein, and S100B, are increased in the cerebrospinal

fluid (CSF) and/or serum of TBI patients (Raad et al., 2014).

The association of adaptive immunity and autoimmunity in the

brain following TBI over the long term is not clear.

Many epidemiological studies have described a link between

TBI and late-stage neurodegeneration (Bazarian et al., 2009;

Sundman et al., 2014), while only a few have investigated the im-

mune response in the promotion of chronic injury (Bramlett and

Dietrich, 2015). This is an important area of research that is

missing in the TBI-related literature. Hence, the present study

investigated the role of the adaptive immune response with

long-term neurological deficiency after TBI over an extended
or(s).
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Figure 1. Effector Memory CD8+ T Cells Are Increased in the Ipsilateral Brain and Express Granzyme B (in Addition to NK Cells) at 8 Weeks

following TBI

(A) Flow cytometric analysis revealed significant increases in total counts of CD8+ T cells at (i) 8 weeks but not (ii) 32 weeks (trending) in the ipsilateral hemisphere

of WT TBI mice, compared to sham and/or sham NC mice.

(B and C) Representative immunostained images (31,000 magnification, scale bar, 50 mm) of CD8+ cells present at the injured site at (B) 8 and (C) 32 weeks post-

TBI compared to sham control. The schematic of the brain shows regions of interest (red outlined boxes).

(D) Flow cytometry showed an increase in effector memory CD8+ T cells in the ipsilateral hemisphere of WT mice at 8 weeks post-TBI compared to sham and

sham NC mice.

(E and F) Flow cytometry analysis detected a significant increase in GrB+ expression in (E) CD8+ T cells but not CD4+ T cells (trending increase: p = 0.069) between

TBI and sham NC mice.

(F) GrB+ expression in NK cells is increased at 8 weeks post-TBI compared to sham/sham NC controls.

*p < 0.05, **p < 0.01, and ***p < 0.001. One-way ANOVAwith Newman-Keuls post hoc test (n = 10 biological replicates for TBI, n = 5 biological replicates for sham,

and n = 6 biological replicates for sham NCmice; for Ai and D–F). Unpaired two-tailed t test between TBI (n = 10 biological replicates) and sham (n = 10 biological

replicates) for 32 weeks (Aii) from one independent experiment. Error bars represent SEMs.

See also Figures S1, S2, and S3.
(32 weeks) period, using genetic approaches and pharmacolog-

ical depletion techniques.

RESULTS

APersistent Adaptive ImmuneResponse Occurs inMice
following TBI
Flow cytometric analyses revealed a significant increase in CD8+

T cells in the ipsilateral brain at 8 weeks post-TBI compared to

sham controls without craniotomy (sham NC) and sham mice

(i.e., with craniotomy) (Figure 1Ai). Note that these findings

were confirmed in additional independent experiments at the

8-week time point at which we also observed an increase in
both CD8+ T cells and effector memory CD8+ T cells (Figures

S1A and S1B). Although a trending (yet not significant) increase

in CD8+ T cell counts was seen in the ipsilateral brain at 32 weeks

post-TBI (Figure 1Aii), the proportion of CD8+ T cells (of all T cells)

were significantly increased at both 8 and 32 weeks post-TBI

(Figures S2Ai, S2Aii, and S2Ei). Histological analysis confirmed

the presence of immune cells at the injured site at 8 and 32weeks

post-TBI (Figures S3A and S3B). Immunostaining revealed the

localization of CD8+ T cells around the lesion at the 8-week

time point (Figure 1B) and at 32 weeks post-TBI (Figure 1C).

Effector memory CD8+ T cells were increased in the ipsilateral

brain at 8 weeks post-TBI compared to shamNC controls and/or

sham mice (Figure 1D). Granzyme B expression (GrB+) was
Cell Reports 29, 1178–1191, October 29, 2019 1179



Figure 2. Prominent Th17-type Response

and Increased Autoreactivity in the Circula-

tion of WT Mice after TBI

(A)Multiplex serum cytokine analysis at 8 weeks after

TBI showed (i) a reduction in anti-inflammatory cyto-

kine IL-13. *p < 0.05. Unpaired two-tailed t test be-

tween TBI (n = 9–10 biological replicates) and sham

(n = 10 biological replicates) mice. (ii) In contrast, an

increase was seen in the Th17-related pro-inflam-

matory cytokine IL-17A, but no change in IL-1a in TBI

mice compared to shamcontrols. *p<0.05. Two-way

ANOVA; Newman-Keuls post hoc correction for

multiple comparisons. Note that the 32-week time

point was not assessed. Error bars represent SEMs.

(B) Increase in circulating autoantibodies against (i)

MOG, (ii) dsDNA, but not (iii) PLP over the course of

32 weeks post-TBI compared to sham controls,

measured by ELISA.

*p < 0.05, ***p < 0.001, and ****p < 0.0001. Two-way

ANOVA;Bonferroni posthoc test (n=10–20biological

replicates/group, 2 technical replicates, from 2 inde-

pendent experiments). Error bars represent SEMs.

See also Figure S4.
increased in these effector memory CD8+ T cells and natural

killer (NK) cells and only trending (not significant) in effector

memory CD4+ T cells at 8 weeks post-TBI (Figures 1E and 1F).

Similar trends are seen in proportions of these immune popula-

tions in the injured brain (Figures S2Aiii–S2Av and S2Eii). There

were no changes in Fas ligand (FasL) expressing CD8+ T cells

(or other T cells/NK cells) between TBI and sham controls (not

shown). These data are consistent with the idea that CD8+

T cells are mediating damage via the granzyme/perforin

pathway, rather than through the apoptotic pathway.

CD4+ T cells were not significantly increased at 8 and 32weeks

post-TBI (Figures S1Ci and S1Cii), although an increase in

CD69+ activated B cells at the 8 week time point was seen (Fig-

ure S1D). NKT-like cells or inflammatory populations (monocytes

and CD11b+ conventional dendritic cells [DCs]) were not altered

between TBI and sham controls at 8 weeks (Figures S1E and

S1F) and 32 weeks (not shown). Similar trends are seen in the

proportions of these immune populations in the injured brain

(Figures S2Eiii–S2Evii). As expected, contralateral hemispheres

of injured and sham mice displayed a normal cellular immune

profile (data not shown). That no changes of any immune marker

described above between TBI and sham-operated mice were

observed in the cervical lymph nodes (cLNs) (not shown) indi-

cates that TBI causes amore localized cellular immune response

in the brain at the later time points.

A Th17-like Response Is Evident in the Circulation and
Injured Brain following TBI
Serum levels of the anti-inflammatory cytokine interleukin-13

(IL-13) were significantly reduced in wild-type (WT) mice at

8 weeks post-TBI (Figure 2Ai). In contrast, levels of IL-17A, a

pro-inflammatory Th17-related cytokine, was elevated as well

as a non-significant increase in IL-1a, after injury (Figure 2Aii).

There were no significant changes in the remaining 19 cyto-

kines/chemokines analyzed. To further confirm that TBI induces

a Th17 response, we studied the cytokine response in brain-

derived lymphocytes stimulated with phorbol 12-myristate 13-
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acetate (PMA)/ionomycin ex vivo.We show that IL-17-producing

CD4+ T cells and interferon-g (IFN-g)-producing CD4+ T cells are

specifically elevated in the ipsilateral cortex at 1 week after TBI

(Figure S4).

Circulating Autoantibodies against Myelin and dsDNA
Are Generated following TBI
Circulating autoantibodies to all three antigens (myelin oligoden-

drocyte glycoprotein [MOG], proteolipid protein [PLP], and

double-stranded DNA [dsDNA]) were detected post-TBI in a

temporally distinct manner (Figures 2Bi–2Biii). Anti-MOG anti-

bodies were significantly increased relative to sham controls at

the 1-, 8-, and 32-week time points. In contrast, anti-PLP anti-

bodies were present only at the 32-week time point in both

sham and injured mice. Anti-dsDNA antibodies were markedly

elevated at 8 weeks in sham controls and further increased

following TBI; they were still elevated at 32 weeks in both

sham and injured mice. These data indicate that TBI results in

an autoantibody response. The observation that autoantibodies

also occur in shammice likely indicates that the craniotomy pro-

cedure is causing a mild TBI, as previously described (Sashin-

dranath et al., 2015). Total serum immunoglobulin G (IgG) levels

remain unchanged between TBI and sham controls at 8 and

32 weeks post-surgery (data not shown), confirming that this in-

crease in autoantibodies detected after TBI was specific. How-

ever, an age-related increase in serum IgG was also observed,

as reported in humans (Gonzalez-Quintela et al., 2008; Jazayeri

et al., 2013), and this may therefore be reflected in the elevated

autoantibody response seen between 8 and 32 weeks.

Mice Deficient in B Cells Show a Heightened Immune
Response following TBI
We next investigated the role of B cells and their derived anti-

bodies in TBI by studying B cell-deficient m-MT mice. In contrast

toWTmice (Figure S1F), inflammatory cells, includingmonocytes

and CD11b+ cDC, were significantly elevated at 8 weeks post-

TBI in the ipsilateral cortex of m-MT mice (Figure 3Ai), suggesting



Figure 3. Mice Deficient in B Cells (m-MT)

Have a Heightened Immune Response in

the Brain and Periphery at 8 Weeks after TBI

(A) Flow cytometry analysis of the brain showing an

increase in total counts of (i) inflammatory cells

(monocytes and CD11b+ cDCs), (ii) CD8+ T cells

(trending p = 0.08), and (iii) CD4+ NKT-like cells and

CD69-activated CD4+ NKT-like cells at 8 weeks

post-TBI compared to sham in m-MT mice (n =

9–10 biological replicates/group).

(B) Representative immunostained brain sections

(31,000 magnification, scale bar, 50 mm) of CD8

staining in the lesion at 8 and 32 weeks post-TBI,

compared to sham control. The schematic of the

brain shows regions of interest (red outlined

boxes).

(C) Various monocyte subtypes were elevated in

injured m-MT mice in the cervical lymph node

(n = 10 biological replicates/group), detected by

flow cytometry.

(D) Multiplex plasma cytokine analysis revealed

reduced circulating anti-inflammatory IL-13 cyto-

kine levels at 8 weeks after TBI (n = 8 biological

replicates) compared to sham mice (n = 7 biolog-

ical replicates).

*p < 0.05, **p < 0.01, and ***p < 0.001. Unpaired

two-tailed t test. One independent experiment.

Error bars represent SEMs.

See also Figures S2 and S3.
a role for B cells in attenuating inflammation. We found a trending

increase (p = 0.08) in total CD8+ T cell counts in the injured brains

of m-MT mice at this time point (Figure 3Aii). A 2-fold significant

increase in the proportion of CD8+ T cells was also seen

(Figure S2Bii). This was similar to that observed in WTmice, sug-

gesting that the CD8+ T cell response following TBI is B cell inde-

pendent. CD4+ NKT-like cells andCD69 activated CD4+ NKT-like

cells were also elevated in the injured brains of these mice (Fig-

ure 3Aiii). As this was not seen in the WT cohort at 8 weeks

post-TBI (Figure S1E), it appears that the absence of B cells pro-

motes a directed T cell response to injury. A similar trend was

observed in the proportions of the mentioned immune popula-

tions in the injured brains of m-MT mice (Figures S2Bi–S2Biv).

Immunohistochemical staining confirmed that immune cells

(Figure S3C), specifically CD8+ cells, were present in the lesion

at 8 weeks (Figure 3B) and at 32 weeks (not shown).

m-MT mice were also found to have an active systemic

immune response at the 8-week time point post-TBI. Resident

and inflammatory monocytes, as well as monocyte-like
Cell Repo
myeloid-derived suppressor cells (mo-

MDSCs), were significantly increased in

the cLNs of m-MT mice even at this

chronic phase of TBI (Figure 3C). Hence,

m-MT mice have a more pronounced im-

mune response involving both innate

and adaptive immune cells at 8 weeks

following TBI compared to WT mice.

Plasma levels of the anti-inflammatory

cytokine IL-13 were reduced in injured

m-MT mice (Figure 3D) as seen in WT
mice (Figure 2Ai), suggesting that the T cell-directed response

rather than the B cell-directed response in these mice correlates

with the suppression of IL-13 cytokine activity.

Genetic Deletion of CD8+ T Cells Does Not Result in a
Heightened Immune Response after TBI
b-2-microglobulin-deficient (b2m�/�) mice were used to charac-

terize the role of CD8+ T cells in TBI. These mice were assessed

up to 8 weeks after injury but not up to 32 weeks post-TBI due to

the limited number of mice available. Remarkably, no major

changes in inflammatory cells, NKT-like cells, or B cells were

observed between b2m�/� TBI and sham animals at 8 weeks,

indicating relatively normal immune functioning within the injured

brain and draining cLNs (data not shown). We did, however,

observe a significant increase in effector memory CD4+ T cells

in the injured brains of b2m�/� mice (Figure 4A) and the propor-

tion of effector memory cells of CD4+ T cells (Figure S2C). The

presence of immune cells (likely CD4+ T cells) in the lesioned

area was also confirmed histologically (Figure S3D).
rts 29, 1178–1191, October 29, 2019 1181



Figure 4. CD8 T Cell-Deficient Mice (b2m�/�)
Display Diminished Immune Activity and an

Anti-inflammatory Response in the Brain

and Periphery at 8 Weeks Post-TBI

(A) Flow cytometric analysis of the brain showing an

increase in effector memory CD4+ T cells in b2m�/�

mice (n = 12 biological replicates/group from 3 in-

dependent experiments) after TBI.

(B and C) Multiplex serum cytokine analysis shows

that circulating (B) anti-inflammatory cytokine IL-13

is increased, whereas (C) pro-inflammatory kerati-

nocyte chemoattractant (KC) is decreased in

b2m�/� mice after TBI (n = 5–6 biological replicates)

relative to sham control (n = 7 biological replicates).

(D) No changes in circulating (i–iii) autoreactive an-

tibodies between TBI and sham b2m�/� animals (n =

7–8 biological replicates/group), measured by

ELISA.

*p < 0.05. Unpaired two-tailed t test. Error bars

represent SEMs.

See also Figures S2 and S3.
There were no significant changes in serum anti-MOG, PLP, or

dsDNA antibody levels (Figures 4Di–4Diii) in b2m�/� mice

following TBI. The low baseline autoantibody titers detected in

b2m�/� mice are likely to be related to b2m/major histocompati-

bility complex class I (MHC class I) involvement in antibody re-

sponses, as b2m�/� mice have an abnormally reduced IgG half-

life (Christianson et al., 1997). However, there was a 50% increase

in IL-13 (Figure 4B), a classic Th2-related cytokine. This was not

seen in WT and m-MT mice (Figures 2Ai and 3D). A 2-fold reduc-

tion in the plasma levels of the pro-inflammatory KC (keratinocyte

chemoattractant) was also seen in these mice after trauma (Fig-

ure 4C). Hence, the absence of a CD8+ T cell response coincided

with an increase in anti-inflammatory Th2-related cytokine IL-13

in the injured mice that may be beneficial after injury.

Prolonged Neurological Deterioration in WT and m-MT
Mice but Not b2m�/� Mice after TBI
We next evaluated neurological changes in WT, b2m�/�, and
m-MT mice over the long term (i.e., up to 32 weeks) post-TBI.

We observed previously unreported neurological changes that

became apparent from 3–4 weeks post-TBI (including tail

spasms, tail weakness, and uneven gait; Video S1) and peaked

at 25–32 weeks (Figure 5A). As seen in Figure 5A, m-MT mice

also experienced progressive neurological impairment over the

course of 32 weeks. However, the neurological deficits in m-MT

mice were similar to theWTmice but attainedmaximal neurolog-

ical impairment approximately 12 weeks earlier than the WT TBI

cohort. b2m�/� mice exhibited significantly fewer and less

frequent behavioral abnormalities evaluated over 8 weeks

post-TBI (Figure 5B), further supporting a damaging role for

CD8+ T cells.

b2m�/� Mice Do Not Display Gait Deficits following TBI
Changes in motor function following TBI was qualitatively eval-

uated using the DigiGait apparatus. WT and m-MT mice experi-
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enced gait impairment of the right forelimb (Figures 5Ci and

5Cii) and right hindlimb (Figures 5Di and 5Dii) that continued

to deteriorate over 32 weeks post-TBI. A progressive increase

in swing duration suggesting weakness or ‘‘dragging’’ was

noticed in the right hindlimb of injured WT mice (Figure 5Di).

In addition, injured WT mice showed an increase in the duration

of propulsion in the right forelimb, which was possibly a

compensatory mechanism due to right hindlimb weakness (Fig-

ure 5Ci). Propulsion duration was also significantly affected in

both right limbs of m-MT mice over the 32-week period, partic-

ularly between 12 and 18 weeks after injury (Figures 5Cii and

5Dii), similar to that seen in Figure 5A. Sham WT and sham

m-MT mice also displayed a progressive trend on the DigiGait

over the 32 weeks, which is consistent with our report that

the craniotomy procedure promotes a mild brain injury (Sashin-

dranath et al., 2015).

No major differences in gait were seen between b2m�/�

injured and sham-operated mice (Figures 5Ciii and 5Diii), which

corroborates the absence of any significant changes in neuro-

logical score in these mice following TBI (Figure 5B). These re-

sults complement the cumulative neurological scoring data in

Figures 5A and 5B and confirm that TBI induces prolongedmotor

function abnormalities in a process that is dependent on the

presence of CD8+ T cells.

Pharmacological Depletion of CD8+ T Cells Leads to
Improved Outcomes following TBI
C57BL/6 mice were depleted of CD8+ T cells beginning at the

4-week time point after TBI. This time was selected to precede

the increase in CD8+ T cells seen in WT mice (Figure 1Ai). We

were not able to deplete mice of CD8+ T cells (or CD4+ T cells)

for longer periods past 8 weeks (e.g., 32 weeks) due to ethical

regulations. Flow cytometric analysis of blood confirmed the

depletion of the CD8+ T cells compared to isotype control

(>98% depletion on day 6; Figure 6A). CD8+ T cell-depleted



Figure 5. Severe Neurological Dysfunction Observed in WT and m-MT Mice, Whereas CD8+ T Cell-Deficient b2m�/� Mice Are Protected

after TBI

(A) Significant neurological deficits are seen up to 32weeks in injuredWTmice (n = 12 biological replicates/group). See also Video S1. m-MTmice display an earlier

andmore severe neurological impairment between 12 and 20weeks after TBI (n = 8–24 biological replicates), compared toWTmice. Sham-operated controls (n =

7–23 biological replicates for m-MT) show only mild neurological deficits in both cohorts. Note: statistical analysis compared all groups, although the significance

shown (*) is between WT TBI and m-MT TBI. # represents the significance (p < 0.0001) between WT TBI versus WT sham and m-MT TBI versus m-MT sham mice.

*p < 0.05 and **p < 0.01. Two-way ANOVA; Bonferroni post hoc test. Error bars represent SEMs.

(B) b2m�/� mice have significantly improved neurological outcomes compared to WT (n = 12 biological replicates) over 8 weeks after TBI (n = 16 biological

replicates), with no significant changes compared to sham (n = 12 biological replicates). Note: statistical analysis compared b2m�/� TBI to WT TBI and b2m�/�

shamgroups, in which the significance shown (*) is between b2m�/� TBI andWT TBI. TheseWTmice are the same cohort as presented in (A), but analyzed weekly

over this 8-week period. *p < 0.05 and ***p < 0.001. Two-way ANOVA; Bonferroni post hoc test. Error bars represent SEMs.

(C and D) DigiGait analysis revealed a progressive gait impairment of the (C) right forelimb and (D) right hindlimb in (i) WT mice (n = 12 biological replicates/group)

and (ii) m-MT mice (TBI, n = 6–11 biological replicates; sham, n = 6–10 biological replicates) during the 32-week period, but not in (iii) b2m�/� mice (n = 8–12

biological replicates/group) over 8 weeks, after TBI.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Two-way ANOVA; Fisher’s least significant difference (LSD) test. Error bars represent SEMs.
mice showed an improved neurological outcome compared to

control mice from the time of injection at 4 weeks to 8 weeks

post-TBI (Figure 6B), further supporting a deleterious role for

CD8+ T cells during the chronic phase of TBI.

Flow cytometric analysis of the injured brain revealed no

change in the CD4+ T cell population, but an increase in

effector memory CD4+ T cells (within the CD4+ T cell popula-

tion) in CD8+ T cell-depleted mice (Figures 6Ci and 6Cii). These

results are consistent with those from the b2m�/� mice, which

also showed an increase in effector memory CD4+ T cells and

reduced neurological deficit at 8 weeks post-injury. A similar

trend was observed in the proportion of these lymphocytes

in the injured brains of CD8 depleted mice at the same time

point (Figure S2D). It is important to note that these increased

CD4+ T cells in the brains of CD8+ T cell-depleted mice (again

confirmed in an additional independent experiment; Fig-

ure S5B) were not found to be increased regulatory T cells

(Tregs) (Figures S5Ai and S5Aii). We also found an increase

(p = 0.06) in Th2-related cytokine IL-4 in CD8+ T cell-depleted
mice relative to IgG2b isotype control at 8 weeks post-TBI

(Figure 6Di). A 2-fold increase in monocyte chemoattractant

protein-1 (MCP-1) and a 66% decrease in pro-inflammatory

(neutrophil attracting) KC chemokine in anti-CD8 antibody-in-

jected mice (Figures 6Dii and 6Diii) were also observed, further

supporting the Th2/Th17 shift away from a systemic inflamma-

tory environment.

CD8+ T cell-depleted mice were also evaluated for circulating

autoantibodies at 8 weeks post-TBI. As shown in Figures

6Ei–6Eiii, antibodies against MOG, PLP, and dsDNA were

significantly elevated in CD8+ T cell-depleted mice compared

to injured isotype control mice. Since these autoantibodies are

increased in the CD8 depleted mice that were protected from

TBI, this suggests that they may even be protective rather than

detrimental.

Assessment of cognitive function at 7–8 weeks post-TBI using

the Morris water maze (MWM) showed no changes, suggesting

that the protective effect of CD8+ depletion is restricted to motor

function (Figures S6A and S6B).
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Figure 6. DepletingMice of CD8+ T Cells at the Chronic Phase of TBI Leads to ImprovedNeurological Deficits, a Th2-type ImmuneResponse,

and Increased Autoreactivity over an 8-Week Period

(A) Confirmed depletion of CD8+ T cells with the CD8 neutralizing antibody compared to IgG2b isotype control at day 6 post-injection (>98% depleted) by flow

cytometry. This plot is representative of n = 10 biological replicates/group.

(B) CD8 depleted mice (n = 10 biological replicates/group) have improved neurological outcomes compared to isotype control mice, from the time of injection at

4 weeks to 8 weeks post-TBI. **p < 0.01 and ***p < 0.001. Two-way ANOVA; Bonferroni post hoc test. Error bars represent SEM.

(C) Flow cytometric analysis shows a significant reduction in absolute counts of (i) CD8+ T cells, but not CD4+ T cells, in the injured brains of CD8 depleted mice

compared to IgG2b control (n = 9–10 biological replicates/group), although there has been some recovery of CD8+ T cells by 8 weeks in the depleted group. (ii)

Increased counts of effector memory CD4+ T cells in the injured brains of CD8 depleted mice were seen compared to IgG2b control at 8 weeks post-TBI (n = 10

biological replicates/group).

(legend continued on next page)
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Behavioral Changes Are Not Detected in Injured Mice
Depleted of CD4+ Cells
Since there was an increase in effector memory CD4+ T cells in

the ipsilateral cortex in both CD8+ T cell-deficient and -depleted

mice, we sought to determine the potential contribution of CD4+

T cells during the chronic phase post-TBI. CD4 depleted mice

were subjected to the MWM to gauge cognition (Figures S6A

and S6B), and to neurological (Figure S6C) and DigiGait testing

(Figures S6Di and S6Dii). CD4+ T cell depletion resulted in no

discernible change to the neurological score, nor to motor or

cognitive function (although there was a trend for improvement

in MWM) (Figures S6A–S6D).

Successful depletion of CD4+ T cells in both the blood and

cLNs (Figure S6E) was confirmed by flow cytometry. CD4+

T cells were significantly decreased in the injured brain, as ex-

pected in CD4 depleted mice (Figure S6F). A compensatory in-

crease in CD8+ T cells (Figure S6G) but not effector memory

CD8+ T cells (Figure S6H) was seen in these mice. GrB expres-

sion in the CD8+ T cell population was also unchanged in CD4

depleted mice following TBI (Figure S6I).

Myelin Vacuolization in the Spinal Cords ofWT and m-MT
Mice, but Not in the Absence of a CD8 T Cell Response
Post-TBI
Because of the strong inflammatory response seen after TBI and

also the multiple sclerosis (MS)-like neurobehavioral/autoanti-

body changes (e.g., tail and hindlimb weakness), we investigated

myelin pathology in spinal cord sections of WT, m-MT, b2m�/�,
and CD8+ T cell-depleted mice stained at 8 or 32 weeks post-

TBI, using luxol fast blue (LFB) stain (Figures 7A and 7B). No

extensive demyelination was evident within the spinal cords of

anymouse genotype at either time point post-TBI as LFB staining

was evenly distributed. However, WT mice showed a significant

increase in myelin vacuolization (reduced density of packing in

the myelin layers) in the thoracic/lumbar spinal cord at 8 weeks

post-TBI and an increased (yet non-significant) trend at 32 weeks

(Figure 7Bi). In contrast, the m-MT mice did not display any in-

crease in vacuolization at 8 weeks, but it wasmarkedly increased

at 32 weeks (Figure 7Bii). b2m�/� mice also showed no increase

in myelin vacuolization (Figure 7Biii), and CD8+ T cell-depleted

mice showed a significant reduction in vacuolization compared

to isotype controls at 8 weeks post-TBI (Figure 7Biv), consistent

with improved neurological outcomes in these mice.

DISCUSSION

Our findings indicate that cytotoxic lymphocytes (CTLs) persist

in the brain over the long term after injury and contribute to the

progressive deterioration of neurological/motor function, but

not cognitive function, along with spinal cord damage. B cells
(D) Multiplex plasma cytokine analysis revealing a trending increase in (i) Th2-relat

replicates) relative to IgG2b control (n = 7–8 biological replicates). (ii) Monocyte

decreased in the CD8 depleted mice (n = 8–9 biological replicates) compared to

(E) Autoantibodies against (i) MOG, (ii) PLP, and (iii) dsDNA were elevated in the C

ELISA.

*p < 0.05, **p < 0.01, and ***p < 0.001. Unpaired two-tailed t test. Error bars rep

See also Figures S2, S5, and S6.
likely play a regulatory role in TBI, while circulating autoanti-

bodies against myelin/dsDNA do not seem to contribute to

neurological outcomes.

TBI has recently been linked to the development of neurode-

generative conditions later in life (Bazarian et al., 2009; Lunny

et al., 2014) for which chronic inflammation is considered a

contributing factor (Amor et al., 2010). However, the role of lym-

phocytes that are known to cause pathology in some of these

conditions has not been examined in chronic TBI. Evidence for

the deleterious effects of CTLs in TBI comes from our findings

in which mice that are genetically deficient or pharmacologically

depleted of CD8+ T cells had improved neurological outcomes

and reduced myelin pathology in the spinal cord over 8 weeks.

While no evidence of improved cognition was found in CD8+

T cell-depleted mice, it is possible that cognitive changes may

have occurred earlier (Siebold et al., 2018). In experimental

stroke, mice displayed improved behavioral function and

decreased neuronal loss following the depletion of CD8+

T cells, albeit within a much shorter time frame (7–14 days)

(Mracsko et al., 2014). b2m�/� mice lack cell surface expression

of MHC class I, which plays a role in reducing the synaptic plas-

ticity of surviving neurons and circuits. KbDb�/� and PirB�/�

mice that lack MHC class I expression have smaller infarcts

and enhanced motor recovery after stroke (Adelson et al.,

2012). The improved recovery due to the lack of efficient MHC

class I expression in b2m�/� mice could be due to both damp-

enedCD8+ T cell function and improved synaptic plasticity within

the parietal cortex. However, we have also shown that depletion

of CD8+ T cells improves outcomes after TBI, which confirms

that CD8+ T cells are the cause of long-term neurological impair-

ment after TBI.

CD8+ T cells likely mediate their harmful effects and promote

neuronal/myelin degeneration via GrB/perforin pathways. A

recent TBI study found that CD8+ T cells infiltrated early at

24 h (promoted by astrocyte-derived IL-15) and secreted GrB,

causing the activation of caspase-3/poly ADP ribose polymerase

(PARP) pathways, which led to neuronal apoptosis (Wu et al.,

2018). Increased GrB expression (which correlated with infil-

trated CD8+ T cells) has also been observed in a rat model of

SCI (Chaitanya et al., 2009) and ischemic stroke (Chaitanya

et al., 2010). Our findings are supported by a recent SCI study,

which found that perforin (mainly produced by CD8+ T cells)

causes inflammation and blood-spinal cord barrier damage, as

perforin�/�mice had improved outcomes, in the acute/subacute

phase (Liu et al., 2019). This is important since it confirms that

functionally active CD8+ T cells that secrete perforin/GrB, as

observed in our TBI study, can promote secondary damage in

the CNS. Similar findings were reported at 1 week post-ischemic

stroke in perforin�/� mice (Mracsko et al., 2014). The Mracsko

et al. (2014) study also found that antigen-dependent activation
ed anti-inflammatory cytokine IL-4 in the CD8 depletedmice (n = 8–9 biological

chemoattractant protein-1 (MCP-1) was also increased, whereas (iii) KC was

IgG2b isotype control (n = 6–10 biological replicates).

D8 depleted mice (n = 8–10 biological replicates/group) after TBI, measured by

resent SEMs.
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Figure 7. Mice Devoid of CD8+ T Cells Show Reduced Myelin Vacuolization in the Spinal Cord 8 Weeks after TBI

(A) Representative LFB-stained spinal cord images (3400 magnification, scale bar, 200 mm, of the boxed region depicted in the smaller image; 3100 magni-

fication, scale bar, 500 mm) showing myelin vacuolization (arrows) in (i) sham and (ii) injured WT mice and in (iii) m-MT, (iv) b2m�/�, and (v) CD8+ T cell-depleted

mice, at 8 weeks post-TBI.

(B) Quantitation of LFB staining revealed an increased percentage of myelin vacuoles (%white area) in (i) WTmice (n = 5–6 biological replicates) at 8 weeks but not

32 weeks, and (ii) m-MT mice (n = 4–6 biological replicates) at 32 weeks but not 8 weeks post-TBI, compared to sham controls; they were decreased in (iv) CD8+

T cell-depleted mice (n = 6 biological replicates) at 8 weeks relative to isotype control (n = 6 biological replicates). No differences in the percentage of white area

were seen between (iii) b2m�/� TBI (n = 4 biological replicates) and sham-operated mice (n = 5 biological replicates).

*p < 0.05 and **p < 0.01. Unpaired two-tailed t test. Error bars represent SEMs.
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was necessary for the neurotoxic effects elicited by CD8+ T cells,

and that the Th1 pro-inflammatory cytokine response had a mi-

nor role (compared to perforin) in mediating neuronal death by

CD8+ T cells, although Th17 cytokines were not investigated.

The trending (non-significant) increase in GrB+ effector mem-

ory CD4+ T cells suggests that a proportion of CD4+ T cells are

functionally active and producing GrB, but not to the extent of

that of CD8+ T cells. CD4+ T cells that secrete GrB/perforin are

termed CD4+ CTLs (small subset of CD4+ T cells) and adapt a

similar cytotoxic function as CD8+ CTLs (Takeuchi and Saito,

2017). Therefore, their function is that of a CTL and are likely acti-

vated along with CD8+ CTLs, as has been identified in conditions

in which cytotoxic CD8+ T cells have a prime role (e.g., viral infec-

tion) (Takeuchi and Saito, 2017). There is still a great deal that is

unknown about the function of these CD4+ CTL and differentia-

tion. The cytokine microenvironment (e.g., IL-17) and antigen

stimulation, which we have proposed activate CD8+ T cells,

are also likely to promote the differentiation of CD4+ T cells to

their CD4+ CTL phenotype (Takeuchi and Saito, 2017). Hence,

it is interesting but perhaps not that surprising that GrB+CD4+

CTLs are slightly elevated along with a significant increase

in GrB+CD8+ CTLs (and GrB+ NK cells) in our model of TBI,

and it further supports that cytotoxic-mediated damage almost

certainly occurs in TBI during the chronic phase.

Th17-like cells/responses (e.g., IL-17A, IL-21) can enhance

the cytotoxicity of CD8+ T cells by enhancing GrB (and A) gene

expression, as shown in other conditions (Acharya et al., 2016;

Duan et al., 2012). That we observed an increase in IL-17 and

IFN-g-producing CD4+ T cells in the brain at 1 week post-TBI,

which preceded the increase in GrB+CD8+ T cells at 8 weeks,

suggests that Th17 cells may be driving the cytotoxicity of

CD8+ T cells. CD4+ IL-17-producing cells are known to promote

cellular migration across the BBB and have a role in neuro-auto-

immune diseases such as MS (Kebir et al., 2007). A recent study

using the controlled cortical impact (CCI) model showed an in-

crease in Th1/Th17 polarization in the injured brain and blood

up to 3 weeks post-TBI, thereby strengthening our hypothesis

that a Th17 response is a relevant component of the inflamma-

tory response in TBI (Braun et al., 2017).

Therefore, we propose that direct cytolytic pathways (i.e.,

GrB/perforin) provide the means by which CD8+ T cells mediate

neuronal/myelin damage at the chronic phase of TBI, which may

be enhanced by Th17-type responses at an earlier stage. The

increased expression of GrB in CD8+ T cells is an important

finding, given that it implies that these CD8+ T cells are activated

(effector memory status) and functional (release GrB in response

to stimuli) in the injured brain. This has provided insights into the

mechanism by which CD8+ T cells are likely potentiating their

detrimental effects in TBI. It would be important for future studies

to further investigate the GrB/perforin pathway and IL-17-related

pathways in TBI. GrB�/� and perforin�/� mice would be required

to assess whether the damage is definitively mediated by these

cytotoxic agents, as our findings suggest. Further characteriza-

tion of these CD8+ T cells is also of interest to determine whether

different subsets of CD8+ T cells have distinct roles in TBI (e.g.,

by adoptive transfer of Tc1, Tc2, or Tc17 subsets), which would

further complement our findings. It was of interest that themajor-

ity of CD3+ T cells in the brain at the chronic phase post-TBI were
CD4�CD8� T cells (i.e., double negative or gamma delta T cells)

(Gelderblom et al., 2009; Shichita et al., 2009). This has not pre-

viously been reported in TBI, and the functional role of these cells

is not clear, but perhaps these cells have an immunoregulatory

capacity (also referred to as double negative [DN] Tregs), as

seen in many inflammatory conditions (Hillhouse et al., 2013).

The role of the classic Th2 cytokine IL-13 is surprisingly unex-

plored in the context of brain injury. The reduction of IL-13 in WT

and m-MT mice but its elevation in mice deficient in CD8+ T cells

suggests a beneficial role for this cytokine after TBI. InjuredCD8+

T cell-depleted mice showed increasedMCP-1, which is associ-

ated with Th2 polarization and enhanced IL-4 production by

T cells (Deshmane et al., 2009) and correlates with the increased

trend in Th2-related IL-4 cytokine levels in these mice. Further-

more, we saw that effector memory CD4+ T cells together with

the Th2-related cytokines were increased in CD8+ T cell-defi-

cient/-depleted mice post-TBI. These increased CD4+ T cells

were not Treg cells, therefore suggesting that the lack of ‘‘path-

ogenic’’ CD8 T cells was likely responsible for the beneficial ef-

fects observed. However, it is plausible that these increased

CD4+ T cells could be skewed toward an anti-inflammatory

Th2 phenotype promoting neuroprotection, as indicated by a

CNS injury study (Walsh et al., 2015). CD4+ T cell depletion

was not sufficient to mitigate an overall improvement in function

after TBI, and yet depletion/genetic deletion of CD8+ T cells are

both neuroprotective. Therefore, this shows that while initially

CD4+IL17+ cells and later CD4+GrB+ cells are increased at the

site of injury, possibly contributing to the self-renewal and

enhanced cytotoxicity of CD8+ T cells, it is ultimately the CD8+

T cells that are detrimental after TBI.

Injured m-MT mice displayed severe neurological/motor

dysfunction, a robust immune response along with prominent

myelin vacuolization in the spinal cord up to 32 weeks, which

contrasts reports described in chronic SCI models (Ankeny

et al., 2009; Doyle et al., 2015). Consistent with our findings how-

ever, m-MT mice subjected to ischemic stroke demonstrated

increased infarct sizes, an impaired functional outcome, and a

similar T cell-directed response along with increased inflamma-

tory cells (Ren et al., 2011). In m-MT mice, it is probable that the

increased CD4+ NKT-like cells represent type 1 ‘‘invariant’’ NKT

cells as they are known to produce both Th1 and Th2 cytokines

and promote CD8+ T cell responses (Kumar and Delovitch,

2014), which were also increased in these mice and may explain

why the inflammatory response and cytokine profile in the m-MT

mice differed from WT mice.

Previous studies have shown that CNS injury induces an au-

toreactive response, including autoantibodies directed against

several neuronal and/or myelin antigens (Ankeny et al., 2006;

Ngankam et al., 2011; Ortega et al., 2015; Rudehill et al., 2006;

Shibata et al., 2012). We initially linked increased circulating au-

toantibodies against myelin and dsDNA antigens to the progres-

sive neurological defects observed in these WT mice from 8 to

32 weeks post-TBI. However, because the absence of a humoral

response in m-MT mice led to a worse outcome after TBI and the

depletion of CD8+ T cells in mice prompted an increase in anti-

bodies but improved outcomes, we speculate that B cells and

autoreactive antibodies may actually be protective. B cells can

secrete IL-10 and promote neuroprotection, as was shown
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following acute middle cerebral artery occlusion (MCAO) (Bod-

hankar et al., 2013, 2015). Autoantibodies can elicit neuroprotec-

tive effects by facilitating the removal of damaged cells at the

lesion site and augmenting remyelination (Vargas et al., 2010).

Although this study did not observe beyond 8 months post-

TBI, we cannot exclude the possibility that the elevated circu-

lating autoantibodies together with an increase in CD4+IL17+

T cells (Th17) in the brain may trigger autoimmune disease at a

later stage or possibly in response to another stimulus (i.e., sub-

sequent head trauma). This warrants further investigation into

whether there is a clear link between TBI and autoimmunity.

Short-term studies have reported that mice subjected to TBI

exhibit slow mobility, gait impairment, and unilateral movements

(lateropulsion), similar to those seen in the present chronic study

(Fujimoto et al., 2004; Neumann et al., 2009). On the contrary,

the intriguing display of tail weakness or tail muscle spasms as

a result of TBI more closely resembles symptoms of an SCI model

inwhich tail spasmsprogressively develop over 12weeks (Kapitza

et al., 2012) andCNSautoimmunedisease (Tripathi et al., 2010). In

particular, these long-termbehavioral changes overlap in partwith

symptoms of Th17-dominated ‘‘atypical’’ experimental autoim-

mune encephalomyelitis (EAE) disease (Abromson-Leeman

et al., 2004; Rothhammer et al., 2011). Prolonged sensorimotor

deficits have been described up to 12–14 months post-CCI, but

only through visually assessed tests (Shelton et al., 2008).

A recent study described long-term motor impairments over

12 weeks in a rat model of TBI and TBI-induced spinal cord dam-

age at 12 weeks, but not at the earlier 1 week time point (Wright

et al., 2017), akin to our results. Myelin vacuolization has not pre-

viously been reported in TBI, but it has been observed in the spi-

nal cords of mice with SCI or EAE and can occur adjacent to

demyelination in these conditions (Saadoun et al., 2008). It is

likely that the vacuolization we observed is not only due to a

loss of descending nerve fibers as a consequence of the initial

injury but is also a result of the pathogenic CD8+ T cell response

detected in the brain (since CD8+ T cell-depleted mice were pro-

tected), which contribute to the destruction of these descending

nerve fibers originating in the cerebral cortex. It would be of inter-

est to further investigate myelin vacuolization in other regions

such as the cerebral cortex or sciatic nerve (peripheral nervous

system). The loss of oligodendrocytes has been associated

with myelin vacuolization (Pohl et al., 2011) in which the mecha-

nism could be via destructive CD8+ T cells (Mars et al., 2011).

Furthermore, considering that CD8+ T cell-deficient/-depleted

mice did not display myelin vacuolization at 8 weeks after TBI,

whereas m-MT mice show this phenotype at 32 weeks, we sug-

gest that B cells are playing a dual secondary role—perhaps

acting as effective helpers to CD8+ T cells following TBI but

also by secreting neuroprotective cytokines at the later time

point. This could explain the protection in m-MT mice at 8 weeks

but not at 32 weeks, as CD8+ T cells may require priming by B

cells for an efficient response against myelin in the spinal cord

at the 8-week time point.

There are several existing therapies that may prevent these

deleterious long-term consequences of TBI. Natalizumab, an

approved drug for the treatment of MS, inhibits lymphocyte

migration into the CNS by targeting a4 integrins. A promising

stroke trial showed prolonged functional improvement over
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et al., 2017). Levodopa (a dopaminergic drug used for Parkinson

disease) was also found to enhance motor function in stroke pa-

tients (Scheidtmann et al., 2001) and in a case of severe chronic

TBI (Haig and Ruess, 1990) with paralysis. Its effects have been

partially attributed to its ability to specifically reduce CD8+ T cells

and pro-inflammatory cytokines in the brain after stroke (Kuric

and Ruscher, 2014). The therapeutic potential of anti-CD8 anti-

bodies in CNS injury has not been explored thus far and is prom-

ising, given that such therapies are already available and are well

tolerated in humans. Targeting pro-inflammatory T cells (e.g., by

natalizumab or anti-IL-17 antibodies) or specifically abrogating

the CD8+ T cell response (e.g., by anti-CD8 antibodies shown

here or levodopa) within a specified time window could prevent

chronic neurodegeneration and improve outcomes after TBI.

In conclusion, we provide evidence of the causal relation be-

tween the adaptive immune response and late-onset neurode-

generation following brain injury. We postulate that after TBI, a

Th17 response drives cytotoxic T cell activity in the brain stimu-

lating granzyme B/perforin effector pathways, which contributes

to continual neuronal damage, myelin pathology, and concomi-

tant neurological dysfunction over an extended period. It is likely

that these effector memory cells are acting in an antigen-depen-

dent manner, given their persistent presence in the brain.

Although the antigen(s) are not identified, it is reasonable to sug-

gest that the Th17-driven CD8+ T cell response may instigate

neurodegeneration in other chronic inflammatory conditions

affecting the brain. That the CD8+ T depletion resulted in signif-

icant protection against the long-term consequences of TBI pro-

vides impetus to explore this as a treatment paradigm for TBI

and possibly other neuroinflammatory conditions.
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FITC rat anti-mouse CD4 eBioscience Cat# 11-0042-81C; RRID: AB_464895

AF700 rat anti-mouse CD4 (RM4-4) BioLegend Cat# 116021; RRID: AB_2715957
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eFluor 450 hamster anti-mouse CD69 eBioscience Cat# 48-0691-82; RRID: AB_10719430
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PE/Cy5 rat anti-mouse CD44 eBioscience Cat# 15-0441-82; RRID: AB_468749
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PE mouse anti-mouse NK1.1 eBioscience Cat# 12-5941-82; RRID: AB_466050

AF700 mouse anti-mouse NK1.1 eBioscience Cat# 56-5941-80; RRID: AB_2574504

PE hamster anti-mouse FasL (CD178) BioLegend Cat# 106605; RRID: AB_313278

AF647 mouse anti-human Granzyme B BD biosciences Cat# 561999; RRID: AB_10897997

PE mouse anti-human Granzyme B Sanquin Cat# M2289; RRID: AB_2114694

APC rat anti-mouse FoxP3 eBioscience Cat# 17-5773-80; RRID: AB_469456

PE/Cy7 rat anti-mouse CD25 BD biosciences Cat# 552880; RRID: AB_394509

PerCP-eFluor 710 mouse anti-mouse LAP eBioscience Cat# 46-9821-82; RRID: AB_10853808

AF488 rat anti-mouse IL-17A eBioscience Cat# 53-7177-81; RRID: AB_763579

eFluor 450 rat anti-mouse IFNg eBioscience Cat# 48-7311-80; RRID: AB_1834367
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MOG35-55 peptide GL Biochem (Shanghai) Ltd Cat# 51716

PLP139-151 peptide GL Biochem (Shanghai) Ltd Cat# 86603

PMA (Phorbol 12-myristate 13-acetate) Sigma Aldrich Cat# P1585

Ionomycin Sigma Aldrich Cat# I3909

Brefeldin A Sigma Aldrich Cat# B5936

Critical Commercial Assays

Bio-Plex Pro Mouse Cytokine 23-Plex kit Bio-Rad Laboratories Cat# M60009RDPD

ImmPACT DAB Peroxidase (HRP) Substrate kit Vector Laboratories Cat# SK-4105

VECTASTAIN Elite ABC-HRP kit Vector Laboratories Cat# PK-6100

Live/Dead Fixable Aqua Dead Cell Stain kit Life Technologies Cat# L34957

Fixation/Permeabilisation buffer kit eBioscience Cat# 88-8824-00

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Animal Resources Centre, WA N/A

Mouse: m-MT Prof. Fabienne Mackay, Monash

Animal Research Platform

N/A

Mouse: b2 m�/� Australian Phenomics Facility N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

DigiGait analysis software v.12.2 Mouse Specifics Inc., USA https://mousespecifics.com/digigait/

TopScan software CleverSys, Inc http://cleversysinc.com/CleverSysInc/

csi_products/topscan-lite/

FlowJo VX version Tree Star Inc. USA https://www.flowjo.com/solutions/flowjo/

Bio-Plex Manager Software Bio-Rad Laboratories Pty.,

Ltd. Australia

https://www.bio-rad.com/en-au/

applications-technologies/

bio-plex-data-analysis-software?ID=M15GLB15

GraphPad Prism (version 6.01) GraphPad Software Inc. USA https://www.graphpad.com/scientific-software/

prism/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Robert L.

Medcalf (robert.medcalf@monash.edu).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experiments involved adult male mice on a C57BL/6 background, and were approved by the Alfred Medical Research and Edu-

cation Precinct (AMREP), Animal Ethics Committee in accordance with the Australian code of practice for the care and use of animals

for scientific purposes. C57BL/6J WT mice were used aged between 7-13 weeks and were sourced from the Animal Resources

Centre (ARC) inWestern Australia. Beta-2 microglobulin-deficient (b2m�/�) mice at 7-14 weeks of age were sourced from the Austra-

lian Phenomics Facility in Canberra, Australia. These mice lack major histocompatibility class I (MHC-I) molecules and therefore

mature CD8+ T cells (Zijlstra et al., 1990). A limited cohort of these b2 m�/� mice were available as breeding was inefficient. m-MT

mice (9-17 weeks of age) were obtained from Prof. Fabienne Mackay and bred at the Monash Animal Research Platform (MARP)

in Melbourne, Australia. These mice do not develop functional B cells (and therefore antibodies) due to the absence of the immuno-

globulin m-chain gene (Kitamura et al., 1991). Male mice were used for all experiments for all mouse strains (C57BL/6J, m-MT and b2

m�/� mice). All animals were housed in specific pathogen-free facilities (%six mice per cage) before surgery with food and water ad

libitum, in a temperature-controlled environment with a 12 h light/12 h dark cycle. WT mice were randomly chosen and subjected to

one treatment group each. b2 m�/� and m-MT mice were obtained as per breeding availability and always randomly assigned to

trauma and sham groups. Following surgery, mice were housed individually in cages with fitted split feeders and cage dividers. An-

imals were euthanized at specified time-points.
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METHOD DETAILS

Controlled cortical impact model for inducing TBI
TBI was performed on mice using the CCI model (Sashindranath et al., 2011). Mice were anaesthetised intraperitoneally with 2,2,2-

tribromoethanol solution (0.5 mg/kg; Sigma–Aldrich) and placed in a stereotaxic frame (Kopf, Tujunga, CA). A 1 cm sagittal incision

was made to expose the skull using a scalpel and the skull was cleaned with hydrogen peroxide (6%). A craniotomy was then per-

formed by drilling a 5mm diameter burr hole to expose the brain at coordinates, �2 mm anteroposterior and +2 mm mediolateral of

bregma. Following craniotomy, a single blunt force trauma was induced on the exposed left parietal cortex at a 20� angle using a

computer-driven cylindrical rod, at a velocity of 5 m/s with 150 ms dwell time and 2 mm impact depth. Bone wax was used to

seal the exposed brain and the scalp incision was then sutured and treated with betadine. Sham mice were anaesthetised and un-

derwent only the craniotomy procedure followed by suturing. A non-craniotomised sham group (sham NC) was included for one

cohort (WT 8 week time-point) whereby mice did not undergo craniotomy or impact but were subjected to the anesthetic, scalp inci-

sion and suturing. Following surgery, micewere euthanizedwith urethane (3.3g/kg) at fixed time-points up to 32weeks. For histology,

mice were transcardially perfused with 20ml of PBS (pH 7.3) followed by 10% phosphate buffered formalin. Removed brain tissue

was kept in 10% phosphate buffered formalin overnight at 4�C, then processed in a Shandon tissue processor overnight (alcohol

cycle) and paraffin embedded.

Functional assessment
TBI and sham-operated mice were monitored and analyzed for neurological deficits weekly up to 32 weeks post-TBI. The neurolog-

ical test that we devised was adapted partially from the modified neurological severity score (Fujimoto et al., 2004) as well as the

classical scoring system for EAE (Nasa et al., 2012; Tripathi et al., 2010) to accommodate for unanticipated long-term deficits of

TBI. Specifically, we assessed changes in mobility, unilateral movement, uneven gait, tail weakness, and tail spasms (see Video

S1). An average cumulative score (i.e., each observation given a score of 1) was then determined over the period of time analyzed

(t = 32 weeks: 4 week intervals). A maximum total cumulative score of 5 was achievable for each individual assessment (5 = most

severe). Gait was assessed using the DigiGaitTM apparatus (Mouse Specifics Inc., USA) as described (Sashindranath et al., 2012,

2015). Briefly, mice were allowed to run freely on a transparent motorised treadmill for approximately 5 s at a constant speed of

15 cm/s. Visual recordings of paw placement from the ventral plane direction were quantitatively analyzed by DigiGait analysis soft-

ware v.12.2 (Mouse Specifics Inc., USA). Various gait parameters are measured (including stride, stance, swing, brake, and propul-

sion) for each limb. Behavioral experiments were always conducted in the afternoon (2pm-5pm; light cycle), and the assessor was

unaware of the treatment status of the mice during testing. Mice were acclimatised to the environment in the testing room for 15 min

before testing commenced on any given session.

Morris water maze (MWM) cognitive testing
CD8 depleted, CD4 depleted and IgG2b control mice were assessed for changes in cognition (i.e., spatial learning/memory) by per-

formingMWM testing at 7-8 weeks post-TBI. TheMWMprotocol was adapted fromBromley-Brits et al. (2011); Callaway et al. (2012);

Semple et al. (2015), and Weitzner et al. (2015). Briefly, a 1.2 m diameter pool was filled with water (22�C) mixed with non-toxic white

paint up to 30cm, and spatial cues were set around the edges of the pool (i.e., on day 1 onward). Mice were allowed to swim 2x 60 s

with a visible platform (using a flag only on first trial) on the pre-training day (the day prior to day 1). This was followed by 4 days of

training with 3 trials each, wheremicewere given 90 s to find a hidden platform (submerged 1.5cm). In the case that themouse did not

find the platform within 90 s, the mouse was gently guided to the platform and allowed to stay on the platform for 10 s (max 3 times).

The position of the platform remained constant although the quadrant location was changed for each trial. A probe trial was then

performed on the day 5, whereby mice were allowed to swim for 90 s with the platform removed from the pool, to determine if

more time is spent in that relevant quadrant. An overhead mounted camera and TopScan software (CleverSys, Inc) was used to

tack the animal in real time andmeasure the time taken to find platform, distance traveled, and swim velocity. Mice were acclimatised

to the environment for at least 15 min, testing was conducted in the afternoon at the same time each day and the assessor was un-

aware of the treatment status of the mice during testing.

Preparation of brain derived immune cells
We devised a technique to isolate immune cells from brain tissue for flow cytometry by adapting a method previously described for

spinal cord tissue (Beck et al., 2010). Brain tissue was separated into ipsilateral and contralateral hemispheres following gentle

removal of the meninges using a cotton bud. Hemispheres were mechanically dissociated using fine scissors in HBSS+ (containing

1% BSA, 1M CaCl2, 1M HEPES and 150mM MgSO4) and centrifuged at 805 rcf for 3 minutes at 4�C. The pelleted tissue was enzy-

matically digestedwith collagenase/dispase (2mg/ml; Roche Life Science, Australia), TLCK (Tosyl-L-lysyl-chloromethane hydrochlo-

ride; 10mM) andDNase1 (1mg) (Sigma-Aldrich, Australia) in HBSS+ for 30min in a 37�Cwater bath followed by addition of fetal bovine

serum (FBS) to a final concentration of 10% (v/v) to stop enzyme activity. The tissue digest was filtered through a 70mm cell strainer,

centrifuged at 805 rcf for 3 min and resuspended in 6 mL cold HBSS+ buffer. Density centrifugation was used to enrich cell popu-

lations. OptiPrep solution (Sigma-Aldrich, Australia) was initially diluted 1:1 with 10mM MOPS buffer (3-(N-morpholino) propanesul-

fonic acid) containing 0.15M NaCl. The cell suspension was then overlayed on an OptiPrep density gradient consisting of 4 different
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dilutions (525, 375, 300 or 225 ml of optiprep solution to a total of 1.5 mL per dilution) that were prepared by layering the least dilute

preparation to themost dilute preparation, and then centrifuged at 726 rcf for 20min without braking, at 20�C.Myelin and debris were

aspirated from the top layer allowing isolation of immune cells, which were washed with 7ml HBSS+, centrifuged at 726 rcf for 3 min

(20�C) and resuspended in PBS with 2% FBS for immunostaining.

Flow cytometric analysis
Immune cells isolated from brain tissue (ipsilateral and contralateral hemispheres) or the cLN of mice subjected to TBI/sham proced-

ure were analyzed by flow cytometry. Isolated immune cells from the brain (method described above) or single cell suspensions of the

cLN (filtered through 70mm cell strainer and resuspended in PBS with 2% FBS) were stained (50ml/sample) with immune markers of

inflammatory cells (microglia/macrophages, neutrophils, and dendritic cells (DC)) and lymphocytes (T and B cells, NKT-like cells) for

20min at 4�C. The lymphocyte cocktail included the following antibodies (from eBioscience Inc. USA, unless otherwise specified); rat

anti-mouseCD3 APC-eFluor 780, CD8a PEcy7 or CD8b.2 APC (BioLegend, USA), CD19 FITC, CD44 v450, CD62L PerCP-cy5.5, CD4

FITC or CD4 PerCP (BD, Australia) or CD4 BV605 (BD, Australia), CD45R/B220 APC (BD, Australia) or B220 biotinylated, mouse anti-

mouse NK1.1 PE and/or hamster anti-mouse CD69 eFluor 450 or CD69 AF700 (BD, Australia). Inflammatory cell cocktail included the

following antibodies, from eBioscience Inc. USA, unless otherwise specified; rat anti-mouse CD11b PEcy7, Gr1 APC (BD, Australia),

or Gr1 AF488, CD8a FITC, or CD8b.2 APC (BioLegend, USA), CD45R/B220 AF700 (BDBiosciences), MHCII (I-A/I-E) APC-eFluor 780,

CD45 PE (BD, Australia), F4/80/EMR1 PerCP (R&D Systems Inc., USA) and/or hamster anti-mouse CD11c v450 (BD, Australia). Cells

were washed with PBS with 2% FBS (805 rcf for 3 min at 4�C), resuspended in LIVE/DEAD� Fixable Aqua dead cell stain (DCS: Life

Technologies Australia Pty Ltd) solution and incubated for 15min at 4�C.With the biotinylated anti-B220 antibody, a secondary strep-

tavidin-PE/Cy7 antibody was added with the dead cell stain cocktail and incubated for 20 min (4�C). All samples were then washed

with PBS with 2% FBS and fixed with 1% formaldehyde solution. Data were collected on a BD LSRFortessa cell analyzer at a total of

50,000 live events. Cell counts were determined using counts attained by the flow cytometer and adjusted to the quantity of sample

acquired, and validated using CountBright absolute counting beads (Life Technologies). Because CD1d expression (ideally used for

extensive NKT cell analysis) was not profiled, CD3+NK1.1+CD4+ cells are best described as CD4+ NKT-like cells as it is unclear

whether these cells are CD1d-dependent or independent NKT cells (Godfrey et al., 2004).

For cytokine assessment using flow cytometry, isolated brain cells were stimulated with PMA/ionomycin and brefeldin A (Sigma

Aldrich, Australia) for 5 h at 37�C. Following the incubation, cells were resuspended in PBS with 2% FBS and stained for surface

markers including CD3 APC-eFluor 780, CD4 BV605, CD8 PEcy7 and DCS (same as lymphocyte cocktail above) for 20 min at

4�C. Brain cells were washed with PBS/2% FBS and then fixed and permeabilised with Fixation/Permeabilisation buffer kit

(eBioscience) for 30 min at room temperature. Cells were washed with Permeabilisation wash buffer and incubated with rat anti-

mouse IL-17A AF488 and rat anti-mouse IFN-g eFluor450 (both from eBioscience Inc. USA) for 30 min at room temperature. Cells

were washed with PBS/2% FBS and analyzed using the BD LSRFortessa as described above.

Treg cells and granzyme B expression were analyzed in isolated brain and cLN cells of antibody depleted cohorts and WT injured

mice at the 8 week time-point, by intracellular flow cytometry techniques (following above protocol including intracellular staining

steps shown in cytokine assessment section but without stimulation). Samples were stained with intracellular markers, FoxP3

APC (eBioscience, USA) and GrB PE (Sanquin) or GrB AF647 (BD Bioscience), in addition to lymphocyte surface markers (from

eBioscience, USA, unless specified) including; CD3 APC-eFluor780, CD8b.2 FITC (Biolegend) or CD8a PEcy7, CD4 (clone

RM4-4) AF700 (Biolegend) or CD4 605 (BD Bioscience), CD25 PEcy7 (BD Bioscience), LAP PerCP-eFluor710, CD44 PEcy5 or

CD44 v450, CD62L PE-CF594 (BD Bioscience) or CD62L PerCP-cy5.5, NK1.1 AF700 and/or FasL PE (Biolegend). Samples from

CD4 depleted mice were also stained separately for the inflammatory cell and lymphocyte cocktails (surface markers) described

in the first paragraph above. Fixed samples were analyzed using the BD LSRFortessa or LSRII Flow Cytometer (BD Biosciences)

as described above.

Data analysis was completed using FlowJo VX version (Tree Star Inc. USA). Gating of immune cell populations (as well as cytokine,

granzyme B and FasL expression on cells) was performed based on the combination of antibody stains shown in Table S1 and

Figure S7.

CD8 antibody depletion
C57BL/6J mice were depleted of CD8+ T cells as described (Kruisbeek, 2001). The neutralizing monoclonal antibody CD8 2.43 or

IgG2b isotype control (Antibody Services, Walter and Eliza Hall Institute Biotechnology Centre, Melbourne) was injected intraperito-

neally (0.1mg dose) in mice for three consecutive days (day 1-3) at 4 weeks after TBI in a blinded manner; the administrator was un-

informed as towhichmice received which treatment. Mice received twomore weekly injections at day 8 and 15 tomaintain depletion.

Submandibular bleeding was performed on days 6 and 20 to determine the extent of depletion by flow cytometry. Blood samples of

approximately 100ml volume were immersed with 8 mL of red blood cell (RBC) lysis buffer (156mM NH4Cl, 11.9mM NaHCO3 and

0.097mM EDTA) to remove RBCs. This step was repeated followed by centrifugation at 1500 rcf for 5 min. Samples were stained

(50ml/sample) with the following fluorescent antibody markers; rat anti-mouse CD8b.2 APC (BioLegend Inc. USA), CD45 PE (BD,

Australia), CD3 APC-eFluor780 (BD, Australia) and CD4 BV605 (BioLegend Inc. USA) as described above. Samples were resus-

pended in PBS with 2% FBS alone and then analyzed the same day using the BD LSRFortessa cell analyzer.
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CD4 antibody depletion
C57BL/6J mice were depleted of CD4+ T cells starting at 1 week post-TBI. This time-point was selected as levels of CD4+ T cells are

increased in the brain at this 1 week time-point (data not shown). Mice received either the neutralizing monoclonal antibody CD4

GK1.5 or IgG2b isotype control (Antibody Services, Walter and Eliza Hall Institute Biotechnology Centre, Melbourne) at a dose of

0.1mg following the protocol described above (CD8 antibody depletion), although beginning at 1 week post-TBI (i.e., three consec-

utive daily injections followed by fiveweekly injections thereafter). Following submandibular bleeding to determine extent of depletion

at day 9 and 20, samples were stained (50ml/sample) with the following fluorescent antibody markers; rat anti-mouse CD8b.2 APC

(BioLegend Inc. USA) or CD8a FITC, CD45 PE (BD, Australia), CD3 APC- eFluor780 (BD, Australia) and CD4 PerCP (BD, Australia) as

described above and analyzed the same day using the BD LSRFortessa cell analyzer.

Blood collection
Bloodwas collected from the vena cava of euthanizedmice using a 23-gauge syringe. Bloodwas allowed to clot at room temperature

and serum was then obtained after centrifugation for 10 min at 9300 rcf. Alternatively, blood was collected in a syringe containing

10% anticoagulant 129mM sodium citrate (pH 7.4) and then centrifuged for 15 min at 3000 rcf for plasma collection. Serum/plasma

samples were stored at �80�C until required for further analysis.

Detection of serum autoantibodies via ELISA
The presence of circulating autoantibodies against brain antigens (myelin and dsDNA) was investigated after TBI over the course of

32 weeks. Nunc MaxiSorp� flat-bottom 96 well plates (eBioscience Inc. USA) were coated (100ml) overnight at 4�C with 5mg/ml

PLP139-151 peptide or MOG35-55 peptide (GM Biochem (Shanghai) Ltd) in 0.05M carbonate-bicarbonate coating buffer (Bethyl Lab-

oratories, USA). Blocking buffer (1% BSA/1x tris buffered saline (TBS) w/v) was then added for a further 90 min at room temperature,

followed bywashing with 1xTBS + 0.05%Tween-20 three times before use. For dsDNA ELISA, plates were coated (50 ml) with 1mg/ml

of dsDNA (Sigma-Aldrich, USA) in 100 mM Tris-HCl (pH 8) and incubated overnight at 4�C in a humidified box. Plates were washed

three times with 0.05% Tween-20/1xPBS and blocked with Assay Diluent (BD Biosciences, USA) for 1 h at room temperature and

then washed again. Diluted serum or plasma (100 ml) was added to appropriate wells in duplicate (for each plate/antigen); control

wells were incubated with diluent alone. Diluent used for MOG/PLP ELISA was 1% BSA (w/v) / 1x TBS/ 0.05% Tween-20. All plates

were incubated for 2 h (or 4 h for plasma samples; MOG/PLP ELISA) at room temperature (in a humidified box for dsDNA ELISA) and

washed with appropriate wash buffer four times. HRP conjugated goat anti-mouse IgG (Bethyl Laboratories, USA) was added and

incubated for 1 h at room temperature. This secondary antibody was used at a 1:2000 (serum samples) or 1:1000 (plasma samples)

dilution, prepared in diluent. After washing (3x), Tetramethylbenzidine (TMB) peroxidase substrate (Bethyl Laboratories, USA) was

added (100ml) and the plates incubated in the dark for 30 min. Sulphuric acid (2M) was then added to each well to stop the reaction,

and the optical density (OD450nm) was determinedwith the FLUOstar OPTIMAMicroplate Reader (BMGLABTECHPty. Ltd. Australia).

Data analysis involved calculating the average OD for the duplicates of each sample, which was subtracted by the average OD of the

blank control wells (background).

Multiplex cytokine assay
Cytokine profiling of serum or plasma samples was performed using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad Lab-

oratories Pty., Ltd. Australia) measured the following cytokines/chemokines; IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12

(p40), IL-12 (p70), IL-13, IL-17A, Eotaxin, G-CSF, GM-CSF, IFN-g, KC, MCP-1, MIP-1a, MIP-1b, RANTES, TNF-a. Serum (WT and b2

m�/�) or plasma (CD8+ T cell-depleted and m-MT) samples were assayed at the 8 week time-point according to manufacturer’s in-

structions then read on the Bio-Plex� 100 System (Bio-Rad Laboratories Pty., Ltd. Australia). Briefly, a 96 well ‘flat-bottom’ plate was

coated (50ml/well) with dilutedmagnetic beads (1:10 dilution of supplied 10x coupled beads). Plates were washed twice with Bio-Plex

wash buffer using the handheld magnetic washer (Bio-Rad Laboratories). Diluted samples (1:4) or standards (1.95 pg/ml to 32,000

pg/ml) were added (50ml) to appropriate wells and blank controls contained diluent only. The plate was incubated in the dark for

30min at room temperature on a plate shaker (850 ± 50 rpm). After washing with Bio-Plex wash buffer (3x) as above, diluted detection

antibodies were added to each well (25ml) and incubated for 30 min at room temperature on a plate shaker (850 ± 50 rpm). Following

another set of washes (3x), diluted streptavidin-PE was then added and incubated on a plate shaker for 10 min at room temperature.

After a final three sets of washing plates, samples were resuspended in Bio-Plex assay buffer and placed on plate shaker for 30 s

immediately before the plate was analyzed. The plate was read using the Bio-Plex 100 system (Bio-Rad) on the low RP1 (PMT) set-

tings as recommended. The Bio-PlexManager Software was used to determine themedian fluorescence intensity (MFI) of each sam-

ple, and the concentration (pg/ml) of each cytokine/chemokine was then identified in samples using the standard curve.

Histology and microscopy imaging
Haematoxylin and eosin (H&E) and Luxol Fast Blue (LFB) staining of paraffin embedded brain tissue sections (8mm; prepared using

the Leica RM2165microtome (LeicaMicrosystems Pty Ltd Australia) were undertaken by theMonash Histology Platform, Melbourne

according to standard protocols as briefly described below. For H&E staining, slides were deparaffinised by multiple immersions in

xylene followed by absolute ethanol (100%) and then low-grade ethanol (70%). Slides were rinsed with water before being sub-

merged in Mayer’s Haematoxylin solution and then Eosin solution (counterstain), with water rinses and differentiation (1% acid
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alcohol) in between staining. Sections were dehydrated with multiple stages of low to high grade ethanol immersions. Slides were

cleared by submersion in xylene, mounted with coverslips and allowed to dry at room temperature. For LFB staining, slides were

initially deparaffinised with xylene and hydrated with multiple immersions in absolute ethanol. Slides were submerged in LFB solution

and incubated overnight in a 60�C oven. The following day, sections were rinsed in high-grade ethanol (95%) and dH2O before being

differentiated with 0.05% lithium carbonate solution and then in low-grade ethanol (70%), followed by rinsing with dH20. The differ-

entiation steps were repeated until there was contrast between white matter and gray matter. Sections were counterstained with

cresyl violet, washed with dH2O and then submerged in absolute ethanol multiple times. Finally, slides were cleared with xylene,

mounted with coverslips and allowed to dry at room temperature.

For lymphocyte detection (CD8) by DAB immunostaining, sections were first dewaxed with xylene (3x 5 min), dehydrated with

100% ethanol and washed with PBS. Antigen retrieval using 10mM sodium citrate was then performed for 20 min, in a 90�C water

bath, and a further 30 min at room temperature. After washing with PBS (3x), slides were incubated with 1% hydrogen peroxide for

5 min, permeabilised with 0.5% Triton-X and blocked with 10% horse serum for 1 h in a humidified chamber. Rat anti-mouse CD8

antibody (1:50, 4SM16 clone, Thermo Fisher Scientific, Australia) was incubated overnight in a humidified chamber at 4�C. After
washing again with PBS (3x), biotinylated rabbit anti-rat IgG (Vector Laboratories) was incubated (1:200) for 1 h in a humidified cham-

ber. After washing with PBS (3x), samples were incubated for 30 min with VECTASTAIN Elite avidin-biotin complex (ABC)-HRP kit

solution (Vector Laboratories) and then developed using ImmPACT DAB substrate kit (Vector Laboratories) for 10 min. All sections

were counterstained with Mayer’s Haematoxylin for 2 min, rinsed with dH2O, cleared with ethanol and xylene, and then coverslipped

using DPX mounting medium.

Bright-field images at x4, x10, x40 or x100 magnification (i.e., H&E and LFB, and CD8 immunostaining) were captured using the

Olympus BX51 microscope fitted with a digital camera (Olympus DP70; Olympus Australia Pty Ltd). Sections from all cohorts were

batch-stained to minimize variability in staining intensity, allowing for accurate comparisons to be made. Camera settings were

consistent between the different sections and images were analyzed using the ImageJ software, version 1.50i (NIH, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data are expressed as mean ± SEM. The Student’s t test (unpaired, two-tailed) was performed to determine statistical significance

between TBI and sham controls (or CD8/ CD4 depleted and IgG controls) at each time-point for flow cytometry, LFB quantitation and

multiplex cytokine analysis. One-way ANOVA test with Newman Keuls post hoc test was used for assessing flow cytometry data

containing three groups (TBI, sham and sham NC) and for the probe trial for Morris water maze (IgG control and CD4 depleted or

CD8 depleted). The two-way repeated-measures ANOVA test with Bonferroni post hoc test was used to statistically assess neuro-

logical outcome over 32weeks. To evaluate changes inmotor function over this period, a two-way ANOVAwith Fisher’s LSDpost hoc

test was carried out to compare injured and sham animals for gait parameters measured. Two-way ANOVA with Bonferroni’s post

hoc test was conducted as a statistical measure of injured and sham controls for ELISA experiments. Two-way repeated-measures

ANOVAwith Newman Keuls post hoc test was used for Morris water maze analysis. A two-way ANOVA with Newman Keuls post hoc

test was corrected for multiple comparisons for Th17-related cytokine analysis. P values of less than 0.05 were deemed significant

using GraphPad Prism (version 6.01; GraphPad Software Inc. USA). The distribution of the data were determined to follow either a

normal or lognormal distribution (i.e., passed normality tests) using GraphPad Prism and the appropriate statistical tests were then

used. Outlier tests were performed when appropriate using this software (e.g., ROUT/Grubbs outlier test). Statistical details including

statistical tests used, n value (number of animals = biological replicates), precision measures (SEM) and p values can be found in the

corresponding figure legends for individual experiments.

Quantification of myelin vacuolisation in spinal cord sections
LFB stained spinal cord sections were quantitated for demyelination/vacuolisation using ImageJ software, version 1.50i (NIH, USA),

by determining the percentage of the white area (i.e., vacuoles) over the total area of each section. One brain or spinal cord section

from three to six mice per cohort (n = 3-6 biological replicates) were studied.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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