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Stroke triggers a complex inflammatory process in which the balance between pro- and
antiinflammatory mediators is critical for the development of the brain infarct. However,
systemic changes may also occur in parallel with brain inflammation. Here we demonstrate
that administration of recombinant IL-33, a recently described member of the IL-1 superfamily
of cytokines, promotes Th2-type effects following focal ischemic stroke, resulting in increased
plasma levels of Th2-type cytokines and fewer proinflammatory (3-nitrotyrosine*F4/80")
microglia/macrophages in the brain. These effects of I1L-33 were associated with reduced infarct
size, fewer activated microglia and infiltrating cytotoxic (natural killer-like) T cells, and more
IL-10-expressing regulatory T cells. Despite these neuroprotective effects, mice treated with IL-33
displayed exacerbated post-stroke lung bacterial infection in association with greater functional
deficits and mortality at 24 hours. Supplementary antibiotics (gentamicin and ampicillin)
mitigated these systemic effects of IL-33 after stroke. Our findings highlight the complex nature
of the inflammatory mechanisms differentially activated in the brain and periphery during the
acute phase after ischemic stroke. The data indicate that a Th2-promoting agent can provide
neuroprotection without adverse systemic effects when given in combination with antibiotics.

Introduction
Ischemic stroke triggers an extensive inflammatory response in the brain that is thought to be a major
mechanism of secondary brain injury. This occurs when cerebral ischemia induces the activation and pro-
liferation of brain-resident microglia and the recruitment of circulating leukocytes, including neutrophils,
monocytes, and lymphocytes (1, 2). This acute local inflammatory response is mediated by cytokines and
chemokines initially released by ischemic cerebral endothelial cells (3). High levels of proinflammatory
cytokines and/or low levels of antiinflammatory cytokines are linked with early worsening and more
severe outcomes of stroke (4, 5).

Clinical evidence indicates that elevated numbers of circulating Th2-related cells are associated with
a reduced risk of cardiovascular events (6). Unlike Thl responses, which promote the generation of
proinflammatory mediators in the setting of cardiovascular disease, Th2-type responses lead to produc-
tion of antiinflammatory cytokines, such as IL-4, IL-5, IL-9, IL-13, IL-25, and IL-33 (7, 8). Importantly,
the relative predominance of a Thl- versus a Th2-type inflammatory response appears to be crucial for
the composition and activity of immune cells entering the brain and consequently for the severity of the
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eventual outcome after cerebral ischemia (9). Mice lacking IL.-4 develop more M1-polarized microglia/
macrophages, larger infarcts, and worse functional deficits following cerebral ischemia, whereas admin-
istration of recombinant IL.-4 abrogates these effects (10) and improves outcome in WT mice (10, 11).
Consistent with such an effect, IL-10, which can mediate Th2 cell functions (7), also exerts protective
effects whereby its overexpression results in smaller infarcts (12, 13). Conversely, deficiency of IL-10
results in more severe infarcts and functional deficits after stroke (14).

Here, we have tested the hypothesis that pharmacological intervention to modulate the profile of
inflammatory mediators using a Th2-promoting cytokine, recombinant IL-33, can limit brain injury and
functional impairment during the early phases after stroke. IL-33 is a ligand for suppression of tumorigenic-
ity 2 (ST2), an IL-1 family receptor, and can initiate and amplify Th2-type responses (7, 15). A transmem-
brane form of ST2 is expressed primarily on Th2 cells to mediate its Th2 effector functions (16). IL-33 can
also activate other cell types besides T cells, including mast cells, macrophages, dendritic cells, eosinophils,
basophils, NKT cells, and innate-like lymphoid cells, that could contribute to amplification of a Th2-type
response (17). In pathological settings, endogenous IL-33 can be released from necrotic cells and degraded
by caspases after apoptosis (18).

Protective effects of 1L-33 administration have been reported in experimental disease models such
as myocardial infarction (19), atherosclerosis (20), inflammatory bowel disease (21), Alzheimer’s dis-
ease (22), experimental autoimmune encephalomyelitis (23), and concanavalin A—induced liver damage
(24). Further, in tumor-bearing mice, IL-33 suppresses activity of NK cells and dendritic cell matura-
tion, and enhances M2 polarization of macrophages (24). Here, in a mouse model of cerebral ischemia,
we have extensively investigated the therapeutic potential of recombinant IL-33 (and in limited studies,
IL-4) to enhance Th2-associated inflammatory signaling and thus limit brain injury and clinical impair-
ment. Daily administration of IL-33 (2 ng/d) and IL-4 (5 pg/d) have each been used for therapy in
non-stroke experimental studies (25, 26), and so here they were first administered at these doses over
2 days. While these interventions were found to be neuroprotective in association with Th2-related
antiinflammatory actions, they also accelerated and/or exacerbated post-stroke Th2-mediated systemic
immunosuppression (27-29), leading to lung infection and mortality. These adverse systemic effects
were mitigated either by combination therapy with antibiotics or by reducing the dose of IL-33 by
80% (0.4 pg/d for 2 days) and the ischemic period from 60 to 45 minutes. This latter modification also
enabled 72-hour follow-up and an examination of the role of IL-10 generation and/or Tregs.

Results

Effects of IL-4 or IL-33 on stroke outcome. Blood flow to the cortical region supplied by the middle cerebral
artery (MCA) was reduced by ~80% during MCA occlusion (MCAOQO), and reperfusion resulted in the
prompt return of flow to pre-ischemic levels (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.121560DS1). Compared with vehicle, neither
IL-4 nor IL-33 had any effect on blood flow changes (Supplemental Figure 1A). Representative coronal
brain sections at 24 hours after MCAO are shown in Figure 1, A—C. Mice treated with IL-4 (5 g daily;
total dose, 10 pg) or IL-33 (2 pg daily; total dose, 4 pug) had ~35% smaller infarcts than vehicle-treated mice
(Figure 1D), due mainly to smaller cortical infarcts (Figure 1, A—C, and Supplemental Figure 1, D and E).

Vehicle-treated mice subjected to stroke displayed clinical deficits, and reduced hanging grip time and
locomotor activity compared with sham-operated mice (Figure 1, E-G). Treatment with IL-33 or IL-4
augmented the clinical deficits and tended to further reduce hanging grip time and locomotor activity after
stroke compared with vehicle treatment (Figure 1, E-G, and Supplemental Figure 1, B and C).

Effect of IL-33 on Thl and Th2 cytokines. The Thl-associated (as opposed to Th2-associated) nature
of acute postischemic brain inflammation in C57BL/6 mice was demonstrated by marked increases in
expression of the proinflammatory cytokines //-/ and /-6 (Figure 2, A and B). By contrast, brain expres-
sion of the antiinflammatory Th2 cytokines /-5 and II-13 were unaffected by stroke (Figure 2, C and D).
Further, administration of IL-33 was confirmed to exert a Th2-promoting effect in vivo by increasing
brain expression of the antiinflammatory Th2 cytokines /-5 in stroke-operated and //-13 in sham-operat-
ed mice (Figure 2, C and D), while profoundly reducing post-stroke expression of /-1 and II-6 (Figure 2,
A and B). Stroke tended to increase the systemic expression of G-CSF, TNF, and IL-6, but plasma levels
of these cytokines were unaffected by IL-33 (Figure 2, E-G). By contrast, treatment with IL-33 increased
plasma levels of IL-5 protein by ~400-fold in sham and stroke mice (Figure 2H).
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Figure 1. Infarct volume and functional outcome. Representative coronal brain sections from mice treated with (A)
vehicle (Veh), (B) recombinant IL-4, or (C) recombinant IL-33 after stroke (infarct areas are outlined in white). Total
infarct volume (D), open field performance (E), hanging wire latency to fall (F), and clinical score at 24 hours after stroke
(G). Data are presented as mean + SEM in D-F and as median scores in G. *P < 0.05, 1-way ANOVA with Bonferroni's
post hoc test for D-F and Kruskal-Wallis test with Dunn'’s post-hoc test for G. Infarct volume, n = 12-15; open field, n =
11-24; hanging wire, n = 12-29; and clinical score, n = 18-40.

Effect of IL-33 on brain infiltration of immune cells after cerebral ischemia. At 24 hours, there were 7-fold
more leukocytes present in the ischemic hemisphere of vehicle-treated mice than in sham controls (Figure
3A). IL-33 treatment had no overall effect on the total number of leukocytes present in the brain at 24 hours
(Figure 3A). However, among the ~15,000 leukocytes (CD45), ~20% were neutrophils, and treatment
with IL-33 tended to further increase this number (Figure 3B). Total monocytes present in the brain were
increased by ~10-fold after stroke in vehicle-treated mice, and this increase was attenuated by IL-33 treat-
ment (Figure 3C and Supplemental Figure 2A). While IL-33 had no effect on the stroke-induced increase
in CD4" T cells (Figure 3D), the treatment substantially reduced the numbers of CD8* T cells, CD4 CD8"
double-negative (DN) T cells, NK cells, and NKT cells infiltrating the brain after stroke (Figure 3, E-H, and
Supplemental Figure 2, B and C). The effect of IL-33 on NKT cells (Figure 3H) was largely confined to the
CD4* NKT cell population (Figure 3, I and J, and Supplemental Figure 2D). CXCL16 is a chemoattractant
for activated CD8* T cells and NKT cells, and indeed immunohistochemical staining revealed that this
effect of IL-33 was associated with fewer CXCL16" cells present after stroke (Figure 3K).

Effect of IL-33 on microglial/macrophage activation and polarization after cerebral ischemia. Flow cytometry
indicated a trend toward a 50% increase in microglia (CD45™CD11b*F4/80*; P> 0.05) present at 24 hours

https://doi.org/10.1172/jci.insight.121560 3


https://doi.org/10.1172/jci.insight.121560
https://insight.jci.org/articles/view/121560#sd
https://insight.jci.org/articles/view/121560#sd
https://insight.jci.org/articles/view/121560#sd

insight.jci.org

A 1-18
200 'NS+' -
— | — |
) [ ]
© 150+
©
_S [ ]
- 1004
2 s
50 pu
Y
(0 —1-cossesss. s Tl
Veh IL-33 Veh 1L-33
Sham Stroke
C -
NS
8- NS *
A
S 64
c
©
S
s 4 I
< °
LR 8 A
2 o # .rﬂ aA
a2
Veh IL-33 Veh 1L-33
Sham Stroke
E G-CSF
6000 P=0.06
[ ]
[ ]
c
T 4000- *
o AL,
[o% ° Aa
E, T
S 000 ,L:
(-]
04 & Zat
Veh IL-33 Veh 1L-33
Sham Stroke
G IL-6
N

1100 '—S;

800 N
£ 500+ AL
Q
5 400 1 .
[o% [ ]

E 200 T T
> L
J_ AAA

| VN

Veh IL-33 Veh 1L-33

Sham Stroke

RESEARCH ARTICLE

1I-6
- * .
250 e &
— | —— |
© 200 °
()]
= o
£ 150 N
o
o
o 1004 .
50 l
O 0_a a Ad
Veh IL-33 Veh [L-33
Sham Stroke £
D 1-13 s
NS o
8- * P=0.09
— —
) i
o ° :
©
5 4
[ ]
2 ) R :__'.__. A
e I O
0
Veh IL-33 Veh IL-33
Sham Stroke -
F TNF 7
256 NS
o 204 o
©
5 154
2 o
E 101
(2] (-] A A
Q. 5
A
0= %0en IL-33 Veh IL-33
Sham Stroke -
H IL-5 8
m
1300+ —r
A
¢ 1000 . N
[0]
5 700+ 4
[o%
€ 400+ e A
> Au
a 100+ A
ol | cel |
0 b,
Veh IL-33 Veh [L-33
Sham Stroke =

Figure 2. Pro- and antiinflammatory cytokine expression in the brain and plasma after stroke. Expression of

(A) 11-1B, (B) 1I-6, (C) I1-5, and (D) I1-13, in the ischemic hemisphere at 24 hours after stroke, quantified using qPCR.
Circulating levels of (E) G-CSF, (F) TNF, (G) IL-6, and (H) IL-5 at 24 hours after stroke. Data are presented as mean +
SEM. *P < 0.05, 1-way ANOVA with Bonferroni post hoc test. Brain gPCR, n = 5-12; plasma cytokine: n = 2-12 (n = 2

for sham IL-33 only). Veh, Vehicle.

in the ischemic hemisphere of vehicle-treated mice, whereas no such trend was present in IL-33—treated

mice after stroke (Figure 4A). Moreover, immunohistochemistry revealed that stroke increased the number

of activated microglia/macrophages and that this increase was partly attenuated by IL-33 treatment (Figure
4B, P = 0.07; Supplemental Figure 3A; P = 0.07). Both flow cytometry (Figure 4C) and immunohistochem-

istry (Figure 4D) indicated that there was a ~5-fold increase in macrophages in the brain following stroke.

Furthermore, IL-33 tended to reduce macrophage content (Figure 4, C and D), and there were ~50% fewer
proinflammatory (3-nitrotyrosine* [3-NT*] F4/80%) microglia/macrophages present in the ischemic brains

of mice treated with IL-33 versus vehicle (Figure 4E and Supplemental Figure 3B).
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Figure 3. Leukocytes in the brain after stroke. Flow cytometric quantification of (A) total leukocytes, (B) neutrophils, (C) monocytes, (D) CD4* T cells,
(E) CD8* T cells, (F) CD4-CD8" double-negative T cells, (G) NK cells, (H) NKT cells, (I) CD4* NKT cells, and (J) CD4°CD8" double-negative NKT cells in each
hemisphere at 24 hours after stroke. (K) Immunohistochemical staining of CXCL16* cells in the brain at 24 hours after stroke. Data are presented as mean

+ SEM. *P < 0.05,

1-way ANOVA with Bonferroni’s post hoc test. Total leukocytes, n = 12-21; subsets, n = 8-13; CXCL16 immunohistochemistry, n = 8. S,

sham; C, contralateral; I, ischemic; Veh, vehicle.
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Effect of IL-33 on splenocytes and circulating immune cells after cerebral ischemia. Treatment with 11-33
increased spleen weight by ~25% compared with vehicle controls in both sham- and stroke-operated mice
(Supplemental Figure 4A, both P < 0.05), as has been reported (15). Spleen weight was reduced by 10%—
15% at 24 hours after stroke in mice treated with either vehicle or IL-33, and this reduction was statisti-
cally significant in the latter treatment group (Supplemental Figure 4A). At 24 hours after stroke in both
vehicle- and IL-33-treated mice, there were ~40% fewer splenocytes than in sham-operated mice, and this
reduction was statistically significant with IL-33 treatment (Supplemental Figure 4B). This trend toward a
reduction in total splenocytes at 24 hours after stroke was notable among CD4" T cell and NK cell subsets
(Supplemental Figure 4, C and D), but not in NKT cells, macrophages, or monocytes (Supplemental Figure
4, E-G). Treatment with IL-33 generally had no effect on numbers of any splenocytes examined, except for
a 2- to 4-fold increase in macrophages and monocytes after stroke (Supplemental Figure 4, B-G).
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Figure 4. Microglial cells and macrophages in the brain after stroke. Total number of microglial cells quantified using (A) flow cytometry and (B)
immunohistochemical staining of CD68* cells in the ischemic hemisphere at 24 hours after stroke. Total number of macrophages and/or microglia

quantified using (C) flow cytomet
The number of F4/80" cells that c

ry and (D) immunohistochemical staining of F4/80* cells in the ischemic hemisphere at 24 hours after stroke. (E)
oexpress 3-nitrotyrosine (3-NT) in the ischemic hemisphere is also shown. Data are presented as mean + SEM.

*P < 0.05, 1-way ANOVA with Bonferroni’s post hoc test. Flow cytometry, n = 8-13; CD68, n = 8-10; F4/80 and 3-NT, n = 5-7. S, sham; C, contralateral;
I, ischemic; M/M, microglia/macrophages.

Consistent with the peripheral effects of stroke to reduce splenocyte numbers, the number of circu-
lating leukocytes also tended to be reduced (by 30%—40%) at 24 hours in both vehicle- and IL-33-treated
mice, compared with sham mice (Supplemental Figure 5A). There were no statistically significant effects
of stroke and/or IL-33 detected among the different cell populations studied, although circulating CD4* T
cells were typically ~40% fewer after stroke in each group (Supplemental Figure 5, B-F).

Effect of IL-33 on post-stroke mortality, functional deficits, and lung infection. Despite the clear effects of the
Th2-promoting IL-33 treatment to reduce infarct size in association with reduced Thl-type inflammation
in the brain and periphery among survivors (Figure 1, A-D), we were surprised that IL.-33 exacerbated
clinical score and reduced hanging grip time in comparison to vehicle treatment (Figure 1, E-G). This
exacerbation of post-stroke morbidity in mice administered IL-33 was accompanied by a tendency toward
a greater post-stroke mortality rate at 24 hours (Figure 5A).

Post-stroke immunodepression and infection is an emerging concept in the understanding of stroke
outcomes, and it is associated with a shift in the environment of the immune system from a Th1-driven
(proinflammatory) one in the initial stages toward a Th2-skewed (antiinflammatory) setting during the
subacute period after stroke (30). We thus investigated the effect of stroke on lung infection at 24 hours
in our model and the potential impact of IL-33 treatment. There was virtually no evidence of bacterial
infection in lung homogenates from any sham-operated mice treated with either vehicle or IL-33 (Fig-
ure 5B). However, consistent with the known consequences of post-stroke immunodepression (31), lung
infection was commonly detected in vehicle-treated mice after stroke (Figure 5B). Furthermore, the
bacterial load in the lungs was increased by a further 5-fold in mice subjected to stroke and treated with
IL-33 (Figure 5B). We then demonstrated that post-stroke lung infection could be prevented if IL-33—
treated mice were supplemented with antibiotics (ampicillin and gentamicin; Figure 5B). This combina-
tion therapy also reduced mortality and clinical and functional deficits to levels similar to (but not less
than) those observed in vehicle-treated mice subjected to stroke (Figure 5, A, C, and D). Importantly,
we confirmed that IL-33 therapy in combination with antibiotics reduced infarct size when assessed at
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Figure 5. Post-stroke infection and combined treatment with antibiotics. (A) Mortality, (B) bacterial load in the lung at 24 hours after stroke, (C) clinical
score, and (D) hanging wire latency to fall at 24 hours after stroke. Data are presented as mean + SEM in B and D and as median score in C. *P < 0.05, 1-way
ANOVA with Bonferroni's post hoc test for B and D, and Kruskal-Wallis test with Dunn’s post hoc test for C. Bacterial load, n = 4-9; clinical score, n = 12-40;
hanging wire, n = 11-25. Ab, antibiotics; ND, not detectable; Veh, vehicle; HW, hanging wire.
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either 24 or 72 hours after stroke and when treatment was initiated after cerebral ischemia (2 pg IL-33
daily; total dose, 6 pg in 72-hour cohort; Figure 6, A-F).

We similarly demonstrated in T-bet”~ mice, which lack Thl-type cytokines, that an enhanced Th2
immune response caused by IL-33 following stroke (in the absence of Thl immunity) is detrimental, and
resulted in >70% (13 of 18) mortality (see also Supplemental Figure 6A). Consistent with our data in
C57BL/6 mice (Figure 1, A-E), IL-33 administration resulted in neuroprotection of T-bet”~ survivors
despite the worsened clinical deficit (Supplemental Figure 6, A and B).

Effect of IL-33 on IL-10 expression by infiltrating immune cells. Despite its overall neuroprotective effects
(e.g., Figure 1, A-D), the exacerbation of post-stroke morbidity and mortality by IL-33 without antibi-
otics (Figure 1, E-G, and Figure 5, A-D) limited our ability to explore the underlying mechanisms of
neuroprotection beyond the acute phase of stroke. Therefore, in subsequent experiments we administered
a 5-fold-lower daily dose of I1L-33 (0.4 pg) to separate cohorts of mice, and examined potential target pop-
ulations of cells infiltrating the ischemic brain over 3 days and responding to IL-33. For these studies, we
utilized IL-10/Foxp-3 double reporter mice in order to identify cells expressing the antiinflammatory cyto-
kine IL-10 and/or the Treg marker FoxP3. We also induced a milder level of cerebral ischemia by using 45
minutes rather than 60 minutes of MCAOQO. Thus, in these experiments, there was no mortality over 3 days
in IL-33-treated mice (vs. 2 deaths in vehicle-treated mice; Figure 7A) and no effect of IL-33 on clinical
deficit (Figure 7B). In a separate cohort of mice, we confirmed that this lower dose of IL-33 did not exac-
erbate the systemic effects of stroke (i.e., lung infection, latency to fall in hanging wire test, clinical score)
while tending to exert a level of neuroprotection similar to that of the higher dose (Supplemental Figure 7).

We considered Tregs to be a candidate cell type for mediating neuroprotective effects of IL-33 after
stroke. Indeed, IL-33 treatment resulted in a >3-fold increase in the number of infiltrating Tregs in the brain
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Figure 6. Infarct volumes in postischemic brains following combined treatment with antibiotics. Representative coronal brain sections from mice
treated with a combination of (A) vehicle and antibiotics, (D) vehicle alone, or (B and E) IL-33 and antibiotics after stroke; and total infarct volumes at (C)
24 hours or (F) 72 hours after stroke (infarct areas are outlined in white). *P < 0.05, Student’s unpaired t test. Infarct volume at 24 hours, n = 5-10; infarct
volume at 72 hours, n = 13-14. Veh, vehicle; Ab, antibiotics.
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at 3 days after stroke (Figure 7C), and the number of Tregs expressing IL-10 was 4-fold greater than in
vehicle-treated mice (Figure 7D). IL-33 treatment also doubled the number of infiltrated Tregs expressing
the IL-33 receptor ST2 as compared with control mice (Figure 7E).

Similar to the effect of high-dose IL-33 at 24 hours, low-dose IL-33 treatment had no effect on the total
number of leukocytes (including CD4* T cells) present in the brain at 3 days after stroke (our unpublished
observations). Interestingly, low-dose IL-33 had no effect on the numbers of NK cells (Figure 7F) or NKT
cells (our unpublished observations), but resulted in a 4-fold increase in IL-10—expressing NK cells in the
brain at 72 hours (Figure 7G).

Discussion

There is growing evidence that a Th2-type inflammatory response can exert neuroprotective effects fol-
lowing cerebral ischemia via limiting inflammation-driven infarct progression. We recently found marked
differences in the brain immune cell composition between Thl- and Th2-prone mouse strains following
cerebral ischemia together with a milder stroke outcome in the latter strain (9). Here we have extended this
finding by exploring the therapeutic potential of a recombinant Th2-type cytokine administered to provide
neuroprotection in ischemic stroke.

There are several important findings of this study. First, we show that brief (daily for 2-3 days)
systemic administration of the Th2-promoting cytokines IL-33 and IL-4 reduces acute brain injury after
cerebral ischemia-reperfusion. Second, despite limiting infarct development, there was no effect on total
immune cell infiltration, suggesting that IL-33 may have limited Th1-mediated injury by modulating the
inflammatory environment, including the entry or activation state(s) of certain cell subsets. This includ-
ed a reduced number of activated microglia; fewer monocytes, 3-NT*F4/80* proinflammatory microg-
lia/macrophages, CD8* T cells, CD4* NKT cells, DN T cells, and NK cells; but more neutrophils and
IL-10-expressing Tregs. Third, the DN T cells were increased after stroke in vehicle-treated mice, but
not in IL-33-treated animals. We found that a subset of these DN T cells were present in much lower
numbers than DN NKT cells, suggesting the IL-33—sensitive increase in DN T cells was instead mostly
due to mucosa-associated invariant T cells and/or y3T cells (32-34), which are also responsible for
release of proinflammatory cytokines in disease settings (35, 36). Fourth, despite its neuroprotective
effects, administration of IL-33 in the acute phase of stroke can also promote the acceleration of a
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Figure 7. Effects of low-dose IL-33 on functional outcomes and leukocyte subsets at 72 hours. Survival (A) and clinical score (B) at 72 hours after stroke.
Flow cytometric quantification of (C) FoxP3*CD4* T cells, (D) IL-10*FoxP*CD4* T cells, (E) percentage of ST2-expressing FoxP3*CD4* T cells, (F) NK cells, and
(G) IL-10" NK cells in the ischemic hemisphere of IL-10°“""Foxp3™* mice at 72 hours after stroke. Data are presented as mean + SEM. *P < 0.05; Student’s
unpaired t test. Flow cytometric analysis, n = 4-6. Veh, vehicle.
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systemic switch from a Thl- to a Th2-type inflammatory response that is associated with post-stroke
immunosuppression, exacerbated bacterial infection in the lungs, and increased morbidity and mortali-
ty. Fifth, our detection of changes in immune cell numbers (due to stroke and/or IL-33) in the brain but
not the blood at 24 hours suggests that the neuroprotection by IL-33 was related directly to its effects in
the brain rather than any peripheral actions. Sixth, administration of antibiotics in combination with
IL-33 prevents the increased post-stroke morbidity and mortality caused by the Th2-promoting cytokine
while preserving its neuroprotective effects.

We investigated whether administering a novel cytokine, IL-33, can impact the outcome after ischemic
stroke by modulating the post-stroke immune response in an antiinflammatory manner. Th2-promoting effects
of IL-33 were confirmed by (i) increased expression of IL-5 and IL-13; (ii) attenuation of the stroke-induced
increases in proinflammatory cytokines IL-1p and IL-6; and (iii) fewer 3-NT*F4/80* cells, consistent with few-
er M1-polarized proinflammatory macrophages (37) in the post-stroke brain. Indeed, systemic administration
of either IL-33 or the classical Th2 cytokine IL-4 markedly reduced the volume of cerebral infarction develop-
ing by 24 and 72 hours after ischemia-reperfusion.
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Tregs are established to modulate post-stroke inflammatory brain injury, possibly via an IL-10 sig-
naling pathway (38). Our flow cytometric data demonstrate that IL-33 increased the numbers of Fox-
p3*CD4* Tregs, including IL-10—expressing Tregs in the brain, and that a higher percentage of these Tregs
expressed the IL-33 receptor protein ST2 following IL-33 treatment. While a role of Tregs in mediating
IL-33-induced neuroprotection has been questioned (39), other studies have asserted that Tregs are an
important target of IL-33. For example, administration of IL-33 ameliorated experimental colitis by pro-
moting a Foxp3* Treg response, whereby the protective effect was abolished in the absence of Tregs (40).
Furthermore, mice lacking ST2 exhibited Treg dysfunction consistent with an involvement of I11.-33/ST2
signaling in Treg development and function (41). Further, IL-33 stimulated IL-2 secretion by dendritic
cells to drive ST2 expression and expansion of CD4*Foxp3* Tregs (42). Indeed, ST2" Tregs represent an
important subset of activated Foxp3* cells (~10% of CD3*CD4*CD25" cells in thymus and spleen) (42).
Finally, a recent study by Yang et al. demonstrated that neuroprotection by IL-33 in vitro is mediated by
ST2-expressing microglia (43). Taken together, our data support the likely role of Tregs in IL-33—-mediated
neuroprotection after stroke.

We investigated another mechanism by which IL-33 could suppress the recruitment of lymphoid cells
into the ischemic brain. The transmembrane chemokine CXCL16 and its receptor, CXCR6, are expressed
in neurons, microglia, and astrocytes — cells that release soluble CXCL16 in response to proinflamma-
tory stimuli (44). Soluble CXCL16 acts as a chemoattractant for activated CD8" T cells, NKT cells, and
Thl-polarized T cells that express CXCR6 (45, 46). We found immunohistochemical evidence for a marked
increase in the expression of CXCL16 in the ischemic brain, which was attenuated by IL-33. These data
may indicate that reduced CXCL16 expression contributed to the reduced chemoattraction by IL-33 of
damaging lymphoid cells, such as CD8* T cells and NKT cells, into the ischemic brain.

This study also addressed the importance of elevated Th2-related immune function on the severity of
post-stroke infection. Stroke-associated pneumonia, secondary to the suppression of systemic immune cell
function, is now understood to contribute to morbidity and mortality after ischemic stroke (27, 31). For
example, stroke leads to leukopenia and splenic atrophy with fewer splenocytes, but more CD4*Foxp3*
Tregs not only in the spleen (47), but also in the ischemic hemisphere (2). Experimental and clinical data
suggest that the degree of post-stroke immunosuppression is proportional to the severity of ischemic brain
injury (48). Thus, we encountered adverse side effects of IL-33 administration after stroke manifested as
increased 24-hour mortality, more severe bacterial infection of the lungs, and worsened functional impair-
ment in survivors despite a 35%—50% smaller infarct volume than in vehicle-treated controls. We admin-
istered a dose of I1L-33 (2 mg/kg per day for 2-3 days) that has been used safely for many weeks in other
disease models (25). However, it seems likely that in our model of severe cerebral ischemia (60 minutes
MCAO), the adverse systemic effects of IL-33 were a consequence of its Th2-promoting immunosuppres-
sion to increase the susceptibility to bacterial infection, because these effects were abrogated by antibiotics.
Subsequent studies to examine the role of IL-10 and/or Tregs over 72 hours avoided such effects by instead
reducing the dose of IL-33 by 80% in combination with a milder stroke (45-minute MCAO).

In summary, we have demonstrated that short-term administration of a Th2-type cytokine, IL-33,
exerts neuroprotection after cerebral ischemia, which involves an augmented Th2:Th1 cytokine profile,
fewer proinflammatory and cytotoxic subsets of immune cells, and more IL-10—expressing Tregs infiltrat-
ing the injured brain. Further, our findings suggest that administration of such Th2-promoting therapies in
severe cases of acute stroke is likely to be safer in combination with antibiotics to limit the risk of exacer-
bating post-stroke immunosuppression and bacterial infections.

Methods

Animals. This study fully adheres to the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines (49). All animal experiments were conducted in accordance with National Health and Med-
ical Research Council of Australia guidelines for the care and use of animals in research and were
approved by the Monash University Animal Ethics Committee. Mice had free access to water and food
pellets before and after surgery.

A total of 456 male C57BL/6 mice provided by the Monash Animal Research Platform aged 8-12
weeks were studied. Mice were excluded from the study if they (i) died during the surgical procedure (n =
18), (ii) experienced subarachnoid hemorrhage (# = 16), or (iii) were euthanized due to <65% reduction
in regional cerebral blood flow (rCBF) during MCAO or <50% recovery of rCBF within 10 minutes of
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reperfusion (n = 23). To study subsets of Tregs, we used male double reporter IL-10°¢""Foxp3™RFF mice
that were backcrossed on a C57BL/6 background for >10 generations and produced by our group (50),
aged 12-16 weeks (n = 8). To study the role of Th1l immunity on the enhanced Th2 response subsequent
to IL-33 therapy, we used male T-bet—deficient (T-bet”~) mice backcrossed on a C57BL/6 background for
>10 generations (obtained from Monash Animal Research Platform), aged 8-12 weeks, which lack the
T-box transcription factor Tbx21 (n = 28); thus, CD4* T cells from these mice do not produce the Thl-
type cytokine IFN but secrete elevated levels of Th2-type cytokines in response to inflammatory stimuli.

Treatments. Recombinant mouse 1L-4 (5 pg; 574306, BioLegend) or IL-33 (2 pg; 580508, BioLegend)
was injected intraperitoneally 24 hours before and immediately after reperfusion into C57BL/6 and T-bet”~
mice. Control mice were injected with the vehicle, 1% BSA. To determine the effect of preventing systemic
bacterial infection, some animals received a combination of ampicillin (100 mg/kg) and gentamicin (4
mg/kg) subcutaneously. For experiments with a 24-hour end point, administration of antibiotics occurred
24 hours before, 1 hour after, and 8 hours after stroke. In experiments in which there was a 72-hour end
point, animals received daily IL-33 injections starting immediately after reperfusion, and antibiotics were
administered twice a day starting 1 hour after stroke. A separate cohort of animals (IL-10°¢"*Foxp3mRF?
mice) received 0.4 pg IL-33 intraperitoneally 24 hours before and immediately after reperfusion. Mice were
randomized into different treatment groups and experiments were conducted in a blinded fashion.

Transient focal cerebral ischemia. Focal cerebral ischemia was induced by transient intraluminal fila-
ment—induced occlusion of the right MCA, as described previously (51, 52). Mice were anesthetized
with ketamine-xylazine (80 and 10 mg/kg, respectively; intraperitoneally). Rectal temperature was mon-
itored and maintained at 37.5°C + 0.5°C using an electronic temperature controller (Testronics) linked
to a heat lamp throughout the procedure and until animals regained consciousness. Briefly, the right
proximal common carotid artery was clamped, and a 6-0 nylon monofilament with silicone-coated tip
(Doccol Corp.) was inserted and gently advanced into the distal internal carotid artery, 11-12 mm distal
to the carotid bifurcation, occluding the MCA at the junction of the circle of Willis. Severe (typically
~80%) reduction in rCBF was confirmed using transcranial laser Doppler flowmetry (Perimed) in the
area of cerebral cortex supplied by the MCA. The filament was then tied in place, and the clamp was
removed. After 1 hour of cerebral ischemia, the monofilament was retracted to allow reperfusion for
23 or 71 hours. The low-dose IL-33 group and IL-10°“**Foxp3™*** mice were given a milder stroke (45
minutes of occlusion) to reduce acute mortality and enable 3 days of post-stroke survival. Reperfusion
was confirmed by an immediate increase in rCBF, which reached the preischemic level within 5 minutes.
The wound was then closed, and the animal was allowed to recover. Regional CBF was recorded for 30
minutes of reperfusion. Sham-operated mice were anesthetized, and the right carotid bifurcation was
exposed and dissected free from surrounding connective tissue, but no filament was inserted. All animals
were administered 1 ml sterile saline via a subcutaneous injection for rehydration after surgery. Gel
nectar (Able Scientific) was placed inside the cage, and access to chow food and water was provided. All
animals’ boxes were placed on heat pads after surgery until euthanasia.

Clinical score assessment. At the end of the experiment (24 or 72 hours after induction of stroke/sham
surgery), clinical assessment was performed by an observer blinded to experimental groups using a
6-point scoring system (51, 52): 0, normal motor function; 1, flexion of torso and contralateral forelimb
when mouse is lifted by the tail; 2, circling when mouse held by the tail on a flat surface; 3, leaning to
one side at rest; 4, no spontaneous motor activity; 5, death within the 23- or 71-hour reperfusion period.
A hanging wire test was also performed in which mice were suspended from a wire 30 cm high for up to
180 seconds, and the average time of 3 trials with 5-minute rest periods in between was recorded. Loco-
motor activity was assessed using the ANY-maze video tracking system, in which mice were placed in
a 20 X 20—cm acrylic box with a floor made of steel rods spaced 8 mm apart and raised 10 mm above a
base steel plate. Automated software detects and records exploratory parameters such as distance trav-
eled during a 10-minute period.

Cerebral infarct and edema volumes. Mice were euthanized at 24 or 72 hours by isoflurane overdose, fol-
lowed by decapitation. The brains were immediately removed and snap frozen with liquid nitrogen. Coronal
sections (30 pm) separated by ~420 um were stained with thionine (0.1%) to delineate the infarct. Images of
the sections were captured with a CCD camera mounted above a light box. Infarct volume was quantified
as described previously (52, 53) using image analysis software (NIH ImageJ) and corrected for brain edema,
estimated using the following formula: corrected infarct volume = [left hemisphere area — (right hemisphere
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area — right hemisphere infarct area) X (thickness of section + distance between sections)] (54, 55). Ede-
ma-corrected infarct volumes of individual brain sections were added to give a 3D approximation of the
total infarct volume. Total, cortical, and subcortical infarct volumes were quantified individually.

Quantitative PCR. Mice were euthanized at 24 hours by isoflurane overdose and intracardially perfused
with RNase-free PBS. The brain was removed from the skull, and after removal of the cerebellum and
olfactory bulb, the right (ischemic) hemisphere was snap-frozen in liquid nitrogen. RNA was extracted
using an RNeasy Mini Kit (QIAGEN) and reverse transcribed into cDNA using an RT? First Strand Kit
(QIAGEN). Levels of RNA expression of selected genes, including [I-14, II-5, II-6, and II-13, were measured
using predesigned TagMan gene expression assays. Gene expression data were normalized to the house-
keeping gene GAPDH (Applied Bioscience) with the AACt method (56). Results were presented as fold
change relative to vehicle-treated sham-operated mice.

Plasma cytokines. Mice were euthanized at 24 hours by isoflurane overdose, and blood was collected via
cardiac puncture. Plasma samples were analyzed for the cytokines G-CSF, TNF, IL-6 and IL-5 using BD
Cytometric Bead Array Cell Signaling (CBA) Flex Set System (BD Biosciences). Flex Set standard, cap-
ture bead master mix, and PE detection reagents were prepared as described in the Cell Signaling Master
Buffer Kit (BD Biosciences). Samples were analyzed by FACSDiva Version 6.1.1 using forward scatter—A
(FSC-A), FSC-W, side scatter—A(SSC-A), SSC-W, PE-A, APC-A, and APC-Cy7-A plots as described in the
BD CBA Flex Set Templates for Flow Cytometers manual (BD Biosciences).

Flow cytometry. Mice were euthanized at 24 or 72 hours by isoflurane overdose, followed by blood
collection by cardiac puncture, and the whole mouse was then intracardially perfused with PBS, and
brain and spleen were collected. Leukocytes were purified from blood using red blood cell lysis buffer
(155 mmol/1 NH,Cl, 10 mmol/l KHCO,, and 3 mmol/l1 EDTA). Spleens were mechanically dissociat-
ed and passed through 70-um nylon cell strainers (BD Falcon) to obtain a single-cell suspension. Cells
were then lysed with red blood cell lysis buffer and washed with PBS containing 1% BSA. The brain
was removed from the skull and, after removal of the cerebellum and olfactory bulb, was separated into
left (contralateral) and right (ischemic) hemispheres. Each hemisphere was dissociated mechanically in
digestion buffer containing collagenase type XI (125 U/ml), hyaluronidase (60 U/ml), and collagenase
type I-S (450 U/ml) in Ca**/Mg?**-supplemented PBS (MilliporeSigma) and incubated at 37°C for 45
minutes with gentle agitation (550 rpm). The mixture was then passed through 70-pm nylon cell strain-
ers to obtain a single-cell suspension. After washing with PBS (350 g, 10 minutes at 4°C), the cell pellet
was resuspended in 3 ml 30% Percoll (GE Healthcare), underlaid with 70% Percoll, and centrifuged
for 20 minutes at 1,400 g at room temperature without the use of a brake. Cells at the interphase of 2
density gradients were collected and washed with PBS containing 1% BSA (350 g, 10 minutes at 4°C)
for staining.

All cells were incubated with appropriate antibodies (listed in Tables 1 and 2) at 4°C in darkness
for 20 minutes (Table 1) or 30 minutes (Table 2). After staining, cells were analyzed by LSRII flow
cytometer (BD Biosciences; Table 1) or LSR Fortessa (BD Biosciences; Table 2), and FlowJo software
(Tree Star Inc.). Countbright counting beads (Invitrogen) were included to define the absolute number
of cells in the samples.

Gating strategy (Table 1): Forward and side scatters were used to identify single cells. Dead
cells were excluded with Live/Dead markers (near infrared or aqua). Cells were gated for CD45"
and CD45™ populations as described previously (2). Microglial cells were identified as CD45m¢
CD11b*F4/80*. CD45" cell populations were then divided into myeloid and subdivided into mono-
cytes (CD45%CD11b*Ly6C*), macrophages (CD45"CD11b*F4/80%), neutrophils (CD45"CD11b*Ly-
6C*Ly6G™), and lymphoid cells, which included T cells (CD45"CD3"), B cells (CD45"CD19*), NK
cells (CD45"NK1.1*CD3"), and NKT cells (CD45"NK1.1*CD3"*). Two panels of antibodies were
included for the study, one of which was employed with each animal. Panel 1 enabled the quantifica-
tion of microglia and leukocytes with myeloid origin. This included macrophages (F4/80%), neutrophils
(Ly6G™), and monocytes (Ly6C*), which were further subdivided into Ly6C" and Ly6C™ monocytes.
Panel 2 enabled the identification and quantification of lymphoid cells consisting of B cells (CD19%),
NK cells (NK1.1*CD3"), NKT cells (NK1.1*CD3"), and T cells (CD3"). T cells were further subdivided
into CD4* T cells, CD8" T cells, CD4*CD8" T cells, and CD4 CD8 DN T cells. CD25" Tregs were also
identified from CD4* T cell populations. Fluorescence Minus One controls were also included in both
panels to define positive populations for CD11b, Ly6C, F4/80, CD3, CD19, and CD25.
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Table 1. Summary of antibodies used for flow cytometry (C57BL/6)

Antigen

Panel 1
Ly6C-FITC
Live/Dead-Near IR
CD11b-PacB
CD3-V500
F4/80-APC
CD45-Alexa 700
Ly6G-PE-Cy7

Panel 2
CD4-FITC
Live/Dead-Aqua
CD3-eFluoro450
CD19-PE-Cy5
CD8a-APC
CD45-APC-Cy7
NK1.1-PE
CD25-PE-Cy7

Dilution Target cells Host/isotype Supplier Catalog no.
1:500 Monocyte Rat 1gG2C, kappa BioLegend 128005
1:1,000 Live cells - Invitrogen L10119
1:1,000 Myeloid cells Rat IgG2b, kappa eBioscience 48-0112-82
1:200 T cells Rat IgG2b, kappa BD Horizon 560771
1:100 Microglia/macrophages  Rat IgG2a, kappa eBioscience 17-4321-41
1:2,000 Leukocytes Rat IgG2b, kappa BioLegend 103128
1:300 Neutrophils Rat IgG2a, kappa BioLegend 127618
1:500 CD4* lymphocytes Rat IgG2a, kappa eBioscience 11-0042-82
1:1,000 Live cells - Life Technologies L34957
1:500 CD3* lymphocytes Rat IgG2b, kappa eBioscience 48-0032-82
1:500 B lymphocytes Rat IgG2a, kappa BioLegend 115510
1:200 CD8* lymphocytes Rat IgG2a, kappa BD Biosciences 553035
1:1,000 Leukocytes Rat IgG2b, kappa BioLegend 103116
1:1,000 NK cells Mouse IgG2a,kappa BioLegend 108708
1:100 CD25* regulatory cells Rat 1gG1, lambda eBioscience 25-0251-81

Gating strategy (Table 2): Forward and side scatters were used to identify single cells. Cells were gated
for CD45" and then divided into T cells (CD45"CD3*) and B cells (CD45"B220%). CD45"B220 cells were
subdivided into T cells (CD3*), NK cells (NK1.1*CD3"), and NKT cells (NK1.1*CD3*). T cells were then
further subdivided into CD4* T cells and CD8* T cells. CD4* T cells were gated on IL-10 versus FoxP3
(quadrangle gates) and then on CD25 versus ST2 in all 4 populations. B cells, NK cells, and CD8* T cells
were also gated on IL-10 versus ST2 (quadrangle gates).

Immunofluorescence. Brain sections were immunofluorescently labeled for CXCL16 (mem-
brane-bound CXCL16) or CD68 (activated microglia/macrophages [M/M cells]), or double-labeled for
3-NT (peroxynitrite marker) and F4/80 (M/M cell marker), to identify proinflammatory M/Ms (57).
Frozen brains were sectioned (10 um) and thaw-mounted onto poly-L-lysine—coated slides. Multiple
serial coronal brain sections that spanned the infarct region were taken for analysis. Sections were fixed
in 4% paraformaldehyde for 15 minutes, washed in 0.01 M PBS (3 x 10 minutes), and blocked with 2%
BSA (for CXCL16) or 10% goat serum and a Mouse on Mouse Ig blocking reagent (Vector Laborato-
ries) for 1 hour. Sections were then incubated with a polyclonal goat anti-CXCL16 antibody (1:800,
AF503, R&D Systems), a mouse-CD68 [ED1] antibody (1:100, ab31630, Abcam), or a mouse 3-NT
antibody (1:50, ab61392, Abcam), and a rat anti-F4/80 antibody (1:100, 123147, BioLegend) overnight
in a humidified chamber. The following day, sections were washed in 0.01 M PBS (3 x 10 minutes) and

Table 2. Summary of antibodies used for flow cytometry (IL-10°""Foxp3™*** mouse)

Antigen

CD3e-PE

CD25-APC
CD45-APC-Cy7
ST2-Biotin
CD4-BV510
CD8a-PerCP
NK1.1-BV711
B220-BV785
Streptavidin-BV421

Arm Ham, Armenian hamster.

Dilution Target cells Host/isotype Supplier Catalog no.
1:100 T cells Arm Ham IgG BioLegend 100307
1:100 CD25* regulatory cells Rat IgG1, lambda BioLegend 102011
1:100 Leukocytes Rat IgG2b, kappa eBioscience A15395
1:100 IL-33 receptor Rat IgG1 MD Biosciences 101001B
1:100 CD4* lymphocytes Rat IgG2a, kappa BioLegend 100553
1:100 CD8* lymphocytes Rat IgG2a, kappa BioLegend 100731
1:100 Natural killer cells Mouse IgG2a, kappa BioLegend 108745
1:100 B cells Rat IgG2a, kappa BioLegend 103245
1:100 ST2-biotin antibody BioLegend 405226
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incubated in a chicken anti-goat Alexa Fluor 488 (1:200, A-21467, Invitrogen) secondary antibody or a
goat anti-rat Alexa Fluor 594 (1:500, A-11007, Invitrogen) secondary antibody for 2 hours (3-NT- and
F4/80-labeled sections only). Brain sections were then washed in 0.01 M PBS (3 X 10 minutes) and
incubated in biotinylated anti-mouse IgG reagent (Vector Laboratories) for 10 minutes. After washing
in 0.01 M PBS (3 x 10 minutes), fluorescein avidin DCS (Vector Laboratories) was applied onto the
sections for 5 minutes. Sections were washed in 0.01 M PBS (3 x 10 minutes), coverslipped, and exam-
ined using an Olympus fluorescence microscope. Numbers of CXCL16* cells, CD68" cells, 3-NT* cells,
and F4/80* cells in the right (ischemic) hemisphere were counted for each brain section by researchers
blinded to treatment groups. For colocalization studies, data were presented as percentage of 3-NT*
cells of total F4/80* cells. All appropriate secondary antibody controls were performed to ensure that
there was no nonspecific binding.

Bacteriological analysis. Animals were euthanized at 24 hours by inhalation of isoflurane and sprayed
with 80% ethanol to maintain sterility. Blood was collected by cardiac puncture, followed by thoracotomy.
The lungs, liver, and spleen were removed and homogenized in 1 ml sterile PBS using an Omni Tissue
Master 125 Homogenizer (Omni International). To determine CFU, 10 pl tissue homogenate or blood was
serially diluted and plated onto brain heart infusion (BHI) agar plates supplemented with 5% defibrinated
horse blood (Australian Ethical Biologicals). Plates were incubated at 37°C for 18 hours, and bacterial
colonies were counted.

Statistics. Values are presented as mean * SEM. Results of the hanging wire test, infarct volume, quan-
titative PCR (qPCR), plasma cytokine value, flow cytometry, immunohistochemistry, and bacteriological
analysis were analyzed using 1-way ANOVA with Bonferroni’s post hoc test with selected multiple com-
parisons or 2-tailed Student’s unpaired ¢ test, as appropriate. The clinical score was expressed as the median
result per group and was analyzed using a Kruskal-Wallis test with Dunn’s post hoc test. A Pvalue less than
0.05 was considered statistically significant. Statistical analyses were carried out using GraphPad Prism
(GraphPad Software).

Study approval. All animal studies and procedures were approved by the Monash University Animal
Ethics Committee and fully complied with National Health and Medical Research Council of Australia
guidelines for the care and use of animals in research.
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