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Graft-versus-host disease (GVHD) induces pathological damage in peripheral target organs leading to well-characterized,
organ-specific clinical manifestations. Patients with GVHD, however, can also have behavioral alterations that affect
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specific behavioral abnormalities. Host IL-6 was identified as a pivotal cytokine mediator, as was host indoleamine 2,3-
dioxygenase (IDO-1), which was upregulated in GVHD in an IL-6—dependent manner in microglial cells and was
accompanied by dysregulated tryptophan metabolism in the dorsal raphe nucleus and prefrontal cortex. Blockade of the
IL-6 signaling pathway significantly reduced donor T cell accumulation, inflammatory cytokine gene expression, and host
microglial cell expansion, but did not reverse GVHD-induced tryptophan metabolite dysregulation. Thus, these results
indicate that inhibition of IL-6 signaling attenuates neuroinflammation, but does not reverse all of the metabolic
abnormalities in the brain during GVHD, which may also have implications for the treatment of neurotoxicity occurring
after other T cell-based immune therapies with IL-6—directed approaches.
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Graft-versus-host disease (GVHD) induces pathological damage in peripheral target organs leading
to well-characterized, organ-specific clinical manifestations. Patients with GVHD, however, can
also have behavioral alterations that affect overall cognitive function, but the extent to which
GVHD alters inflammatory and biochemical pathways in the brain remain poorly understood.

In the current study, we employed complementary murine GVHD models to demonstrate that
alloreactive donor T cells accumulate in the brain and affect a proinflammatory cytokine milieu
that is associated with specific behavioral abnormalities. Host IL-6 was identified as a pivotal
cytokine mediator, as was host indoleamine 2,3-dioxygenase (ID0-1), which was upregulated in
GVHD in an IL-6-dependent manner in microglial cells and was accompanied by dysregulated
tryptophan metabolism in the dorsal raphe nucleus and prefrontal cortex. Blockade of the IL-6
signaling pathway significantly reduced donor T cell accumulation, inflammatory cytokine gene
expression, and host microglial cell expansion, but did not reverse GVHD-induced tryptophan
metabolite dysregulation. Thus, these results indicate that inhibition of IL-6 signaling attenuates
neuroinflammation, but does not reverse all of the metabolic abnormalities in the brain during
GVHD, which may also have implications for the treatment of neurotoxicity occurring after other T
cell-based immune therapies with IL-6-directed approaches.

Introduction

Graft-versus-host disease (GVHD) is the primary complication associated with allogeneic hematopoi-
etic stem cell transplantation (HSCT) and is the major cause of morbidity and mortality associated with
this therapy (1-3). A prominent characteristic of GVHD is the presence of a proinflammatory milieu
that is attributable to conditioning regimen-induced host tissue damage as well as secretion of inflam-
matory cytokines by alloactivated donor T cells and other effector cell populations (4, 5). These cyto-
kines perpetuate GVHD through direct cytotoxic effects on host tissues (6-8), activation and/or prim-
ing of immune effector cells (9), and differentiation of proinflammatory T cell populations (i.e., T, 1
and T 17 cells) from naive T cell precursors (10, 11). GVHD has been classified into 2 phases termed
acute and chronic (1-3), which are distinguishable based on temporal characteristics as well as unique
clinical and pathological manifestations. During the acute phase, GVHD generally targets a limited set
of organs that includes the skin, liver, and gastrointestinal tract. Chronic GVHD, on the other hand,
has more widespread organ involvement and clinical manifestations that are similar to those observed
in autoimmune disorders.

In addition to causing systemic tissue damage, GVHD has also been associated with significant
impairments in overall quality of life (12, 13). Depression, anxiety, and mood alterations have been
commonly reported in patients who develop this disease (14, 15). In fact, depression specifically has
been shown to be a prognostic factor for worse overall survival in allogeneic HSCT recipients (16).
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Moreover, these behavioral abnormalities are often present in patients who have otherwise been cured
of their disease. This problem is likely to grow with the advent of reduced intensity preparative regi-
mens that are better tolerated and can be used in older patients, who are at increased risk for both brain
dysfunction and GVHD (17). Traditional approaches for the treatment of these GVHD complications
have involved antidepressant or anxiolytic agents that are used empirically and have not been validated
in well-designed studies. Prior studies in animal models have demonstrated that alloreactive donor T
cells are able to infiltrate the CNS and are associated with neuronal cell death (18, 19), suggesting that
donor T cells can mediate pathological damage in the brain, similar to other GVHD target tissues. Fur-
thermore, T cell-mediated inflammation has been correlated with behavioral abnormalities (18), similar
to what has been reported in humans undergoing allogeneic HSCT (20, 21). However, mechanisms by
which GVHD alters inflammatory and biochemical pathways in the brain and how these affect behav-
ior remain poorly understood. Moreover, whether biological approaches to prevent systemic GVHD
have similar efficacy within the CNS has not been critically examined. The goal of this study was to
identify specific pathways by which GVHD induces inflammation and behavioral abnormalities in the
brain, and determine whether inhibition of these pathways could attenuate the inflammatory milieu
and restore behavioral function.

Results

GVHD induces a proinflammatory environment and effects behavioral alterations in the brain. To determine wheth-
er GVHD caused immunological alterations within the CNS, BALB/c mice were transplanted with MHC-
mismatched B6 bone marrow (BM) alone or together with adjunctive spleen cells to induce GVHD. We
observed that GVHD animals had a significant increase in the total number of donor CD4*, CD8*, and af*
T cells in the brain when compared with BM control mice 7 and 14 days after transplantation (Figure 1A).
Notably, there were no NK or B cells detected in the brains of GVHD animals at these time points (data
not shown). Infiltrating CD4* and CD8* T cells had an almost exclusively effector memory cell phenotype
(CD44*CD62L") with few central memory (CD44*CD62L") and naive T cells (CD44 CD62L") present
(Figure 1B). A similar increase in T cell numbers was observed when animals were assessed at 6 weeks,
indicating persistence of donor T cells in the brain (Supplemental Figure 1, A and B; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.93726DS1). Immunohistochemical
analysis revealed increased CD3* T cell infiltration in the brains of GVHD recipients when compared with
BM control animals (Figure 1, C and D). Since T cell accumulation in GVHD target organs is typically
associated with proinflammatory cytokine production, we conducted additional studies to determine if
there was an inflammatory milieu in the brains of these animals. We observed that mRNA levels of IFN-y,
TNF-a, and IL-6 were all significantly increased in the brains of GVHD mice when compared with BM
control animals (Figure 1E). To confirm that this was not a strain-dependent phenomenon, we repeated
these experiments using a B10.BR—B6 model and demonstrated that there was also increased accumula-
tion of donor T cells (Supplemental Figure 2A), as well as augmented inflammatory cytokine production
(Supplemental Figure 2B). To determine if CNS inflammation was associated with any behavioral abnor-
malities, behavior was assessed using the forced swim test (FST), an assay of behavioral coping in the face
of an inescapable, aversive situation (22). Increased struggling is a dysfunctional response in this assay
since it requires excessive amounts of energy to sustain. Using this endpoint, we observed that mice with
GVHD exhibited significantly more struggling behavior compared with BM controls when examined 7 and
14 days after transplantation (Figure 1F). We also conducted the elevated plus maze (EPM) test, which pro-
vides animals with a choice between exploration of well-lit arms and remaining in a dark, enclosed space.
Results of this study demonstrated that animals with GVHD had fewer entries and less time in the open
arms, behaviors that are consistent with increased anxiety. However, this was observed only on day 14 and
was less significant than results observed with the FST (Figure 1G). We therefore concluded that the EPM
test was less sensitive to GVHD-induced behavioral changes, and therefore focused on the FST as a more
robust behavioral readout for the remainder of our studies.

Tregs accumulate in the brain during GVHD but do not mitigate inflammation after adoptive transfer. Tregs have
been shown to play an important role in modulating the severity of GVHD in peripheral target tissues (1-3);
however, the role of Tregs in regulating inflammation within the CNS has not been examined. We observed
that animals transplanted with BM alone had small percentages of CD4* and CD8" Tregs in the brain, but
the absolute number of these cells was negligible due to the lack of lymphocyte accumulation in the CNS
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Figure 1. GVHD induces inflammation and behavioral altera-
tions in the brain. (A) Lethally irradiated (300 cGy) BALB/c
recipients were transplanted with B6 bone marrow (BM) alone
(5 x 10°to 10 x 10°) (e, nn = 4) or B6 BM and B6 spleen cells
(adjusted to yield an af T cell dose of 0.6 x 10° cells) (m, n =

6). The absolute number of donor-derived TCRB*, CD4*, and
CD8* T cells in the brain 7 and 14 days after transplantation

is depicted. (B) Representative dot plots depicting CD44 and
CD62L expression on CD4* and CD8* T cells from graft-versus-
host disease (GVHD) mice. (C) Total number of CD3* T cells per
200-micron field in the brains of BALB/c mice reconstituted
with B6 BM alone (e, n = 10) or together with B6 spleen cells
(GVHD) (m, n = 8). (D) Representative section of the hippocam-
pus from BM control and GVHD mice immunohistochemically
stained for CD3. Original magnifications are x40 and =200,

as shown. (E) IFN-y, TNF-a, and IL-6 mRNA expression in the
brains of BALB/c mice transplanted with B6 BM alone (e, n =
9) or B6 BM and B6 spleen cells (m, n = 9) 7 and 14 days after
transplantation. (F) Time spent struggling (in seconds) of
BALB/c mice transplanted with B6 BM alone (e, n = 9-21) or
B6 BM and spleen cells (m, n = 9-21) 7 and 14 days after trans-
plantation. Results are from 2-4 experiments in all panels. (G)
Percentage entries and time spent in open arms of elevated
plus maze test in BALB/c mice transplanted with B6 BM alone
(e, n=9-21) or B6 BM and spleen cells (m, n = 9-21) 7 and 14
days after transplantation. Statistically significant differences
were calculated using the 2-tailed Mann-Whitney U test and
the 2-way ANOVA followed by Student’s t test. *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001.

(Figure 2A). In contrast, while the frequency of CD4*
Tregs was lower in GVHD brains, the number of these
cells was significantly higher due to an overall increased
number of donor-derived CD4* T cells in this tissue site.
Similarly, the absolute number of CD8" Tregs, which are
all essentially induced Tregs (iTregs), was also augmented
in animals with GVHD. Since the majority of CD4* Tregs
transferred in the BM graft are natural Tregs (nTregs), we
examined whether CD4* iTregs could also accumulate
in the brain during GVHD. Mice that were reconstituted
with B6 Rag-1 BM plus CD4* and CD8* Foxp3®¢™ T
cells had a significant increase in both iTreg populations
when compared with BM control mice (Figure 2B), indi-
cating that conventional CD4"* and CD8" T cells could
express Foxp3 and traffic to the brain under inflammatory
conditions. Since IL-10 is one of the mechanistic path-
ways by which Tregs mitigate GVHD (23), we examined
IL-10 production within the CNS. We observed that IL-10
mRNA levels were significantly increased in the brains
of GVHD animals relative to BM controls (Figure 2C).
To identify the IL-10—producing T cell populations we
employed an IL-10 reporter mouse (10BiT.Foxp3£©™) to
delineate specific CD4" and CD8* T cell subpopulations.
These studies revealed that there was a substantial per-
centage of both conventional CD4* and CD8* T cells that
secreted IL-10, which resulted in an increase in the abso-
lute number of these cells (Figure 2D). Furthermore, the
absolute number of CD4* and CD8* Foxp3* T cells that
produced IL-10 was also augmented relative to control
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Figure 2. Treg cell accumulation in the brain during graft-versus-host disease (GVHD). (A) Irradiated BALB/c recipients were transplanted with B6
Foxp3*® bone marrow (BM) alone (e, n = 6) or together with B6 Foxp3 ¥ spleen cells (adjusted to yield an off T cell dose of 0.6 x 10° cells) (m, n = 10). The
percentage and absolute number of CD4* or CD8* Foxp3* T cells in the brain 14 days after transplantation is shown. (B) BALB/c mice were transplanted
with B6 Rag-1BM alone (5 x 10°) or together with sorted CD4* (0.5 x 10°) and CD8* (0.3 x 10°) Foxp3&F*- T cells. The absolute number of CD4* or CD8* Foxp3*
T cells in the brain is shown on day 14. iTregs, induced Tregs. (C) IL-10 mRNA expression in the brains of animals transplanted with B6 BM alone (e, n = 9)

or B6 BM and B6 spleen cells (m, n = 9) 7 and 14 days after transplantation. (D) BALB/c animals transplanted with BM alone (e, n = 10) or together with
spleen cells from 10BiT.Foxp3® reporter mice (m, n = 10). The frequency and absolute number of conventional (conv) and regulatory CD4* and CD8* T cells
expressing IL-10 are depicted. (E) Irradiated BALB/c mice transplanted with B6.PL BM and spleen cells (0.6 x 10 af3* T cells) (GVHD) along with 0.6 x 10°
sorted Thy1.2* CD4* Foxp3EF™ T cells (Tregs). The absolute number of donor-derived Thy 1.1* TCRB*, CD4*, and CD8* T cells at day 14 in mice that received no
Tregs (e, n = 8) or Tregs (m, n = 8) is shown. (F) IFN-y, IL-6, and TNF-a mRNA expression in the brains of GVHD control animals (e, n = 8) or mice that also
received adoptively transferred Tregs (m, n = 8). (G) The absolute number of Thy1.2* Tregs in the brain of BALB/c mice transplanted with B6 BM and spleen
cells (e, n = 6) or B6 BM and spleen cell plus sorted CD4* Foxp3** Tregs (m, n = 8). Representative dot plot and scatterplot of the percentage of Thy1.2*
Tregs that retained expression of Foxp3 in mice that received sorted Tregs. Results are from 2 experiments in all panels. Statistically significant differences
were calculated using the 2-tailed Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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animals, but was 10-fold less than the number of conventional T cells that were IL-10*. We then conducted
studies to determine whether the adoptive transfer of Tregs could mitigate inflammation within the CNS in a
comparable fashion to what has been observed in the periphery (23). We observed that animals reconstituted
with Tregs at the time of transplantation had no difference in the absolute number of donor-derived Thy1.1*
T cells (Figure 2E), nor was there any reduction in the gene expression of proinflammatory cytokines (Fig-
ure 2F). This was not due to an inability of adoptively transferred Tregs to traffic into the brain, as Thy1.2*
Tregs were detectable; however, approximately 40% had lost expression of Foxp3 when examined 2 weeks
after transplantation (Figure 2G). Collectively, these data indicated that Tregs were capable of infiltrating the
brain and producing IL-10, but did not effectively mitigate inflammatory changes even after adoptive transfer
due, in part, to instability of Foxp3 expression.
Antibody blockade of IL-6 signaling attenuates inflammation in the brain during GVHD. IL-6 has been shown
to be associated with dysfunction of mood and cognition in animal models (24, 25) and IL-6 receptors (IL-
6Rs) are expressed on microglia and astrocytes within the brain (26-28). Moreover, IL-6 production within
the brain appears to contribute to the expression of other inflammatory cytokines such as TNF-a and IL-1B
(29), suggesting that IL-6 promotes an inflammatory environment within the CNS. Given that anti-IL-6R
antibody treatment suppresses peripheral inflammation, we examined whether this treatment would also
alter the GVHD-induced inflammatory milieu within the brain. Recipient animals treated with an anti—IL-
6R antibody had a significant reduction in the absolute number of donor-derived CD4*, CD8*, and off* T
cells in the brains when compared with isotype antibody—treated mice (Figure 3A). No difference, however,
was observed in the percentage or absolute number of CD4" Tregs, and there was actually a corresponding
decrease in total CD8" Treg numbers in animals that were administered anti-IL-6R antibody (Figure 3B).
mRNA levels of IFN-y, TNF-a, and IL-6, but not IL-10, were also significantly decreased in anti—IL-6R anti-
insight.jci.org  https://doi.org/10.1172/jci.insight.93726 5
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Figure 4. Donor IL-6 production is not required for neuroinflammation during graft-versus-host disease. (A) BALB/c mice were transplanted with B6
Foxp3&* bone marrow (BM) alone (e, n = 6), B6 Foxp3tF” BM plus B6 Foxp3t® spleen cells (m, n = 10), or IL-67- Foxp3 " BM and IL-67/- Foxp3t? spleen cells
(A, n=10). The absolute number of donor-derived TCRB*, CD4*, and CD8* T cells in the brain 14 days after transplantation is depicted. (B) BALB/c mice were
transplanted with B6 BM alone (e, n = 6), BM and spleen cells from Foxp3t mice (m, n = 9), or B6 BM and spleen cells from IL-67/- Foxp3t"* animals (A, n =
9-10). The frequency and absolute number of CD4* and CD8* Foxp3* T cells is shown. (C) IFN-y, IL-10, and TNF-a. mRNA expression in the brains of BALB/c mice
transplanted with B6 BM alone (e, n = 6), B6 Foxp3®"™ BM and spleen cells (m, n = 9), or IL-67- Foxp3t“" BM and spleen cells (A, n = 9) 14 days after transplan-
tation. Statistically significant differences were calculated using the 2-tailed Mann-Whitney U test and the 2-way ANOVA followed by Student’s t test.

body-treated animals (Figure 3C), indicating that blockade of peripheral IL-6 signaling preferentially target-
ed the effector, as opposed to the regulatory, arm of the immune system in the brain. To determine whether
IL-6 inhibition had any functional consequences, we conducted the FST in these 2 cohorts and observed
that anti—IL-6R antibody—treated mice engaged in significantly less struggling compared with isotype-treated
controls (Figure 3D). Collectively, these studies indicated that blockade of peripheral IL-6 signaling reduced
GVHD-associated inflammation in the brain and also normalized the behavioral responses in the FST.

Host IL-6 production is critical for inducing CNS inflammation during GVHD. Since IL-6 is produced by a
wide variety of cells, including microglial and T cells, both donor and recipient cells have the potential to
modulate GVHD severity. To further define the relevant contribution of host versus donor IL-6 production,
we conducted experiments using IL-6~- FoxP3ESF* reporter mice to determine the relative effects of recipient
and donor IL-6 production on conventional T cells and Tregs within the CNS. We observed that there was
no difference in the absolute number of donor-derived conventional (Figure 4A) or regulatory (Figure 4B)
CD4* or CD8* T cells in the brain of animals that were reconstituted with either wild-type or IL-67- BM
grafts. Furthermore, there was no difference in inflammatory gene expression (Figure 4C), indicating that
donor-derived IL-6 had no appreciable effect on neuroinflammation. Conversely, IL-6"~ recipients reconsti-
tuted with MHC-incompatible BM grafts had a significant reduction in the accumulation of donor-derived
conventional T cells in the brain compared with wild-type recipients (Figure 5A). Treg reconstitution was
not altered except for an actual reduction in the absolute number of CD8* Tregs in IL-6/~ recipients (Figure
5B). Inflammatory gene expression was also reduced in these mice (Figure 5C), indicating that host IL-6
production promoted a proinflammatory milieu within the CNS during GVHD. FST results in the B10.
BR—B6 model revealed that wild-type recipient mice had increased struggling compared with BM controls
(Figure 5D); however, the behavioral change was not as large as it was in the B6—BALB/c model (Figure
1F). Moreover, the absence of host IL-6 production had no salutary effect on this behavioral endpoint, con-
trary to what we observed with anti-IL-6R antibody blockade (Figure 3D).
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Figure 5. Host IL-6 production regulates inflammation in the brain during graft-versus-host disease (GVHD). (A-C) Lethally irradiated (1,100 cGy) B6 (m, n
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(e, n = 6) mice reconstituted with B10.BR BM alone served as controls. (A) The absolute number of donor-derived TCRpB*, CD4*, and CD8* T cells in the brain
14 days after transplantation. (B) The frequency and absolute number of donor CD4* and CD8* Foxp3* T cells. (C) IFN-y, IL-10, and TNF-o. mRNA expres-
sion in the brain. (D) Lethally irradiated (1,100 cGy) B6 (m, 1 = 9) or IL-67/- Foxp3 " (A, n = 8) animals were transplanted with B10.BR BM and spleen cells
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the 2-tailed Mann-Whitney U test and the 2-way ANOVA followed by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

insight.jci.org

Host indoleamine 2, 3-dioxygenase regulates neuroinflammation during GVHD. We then examined the role of
indoleamine 2,3-dioxygenase (IDO-1), since IL-6 has been shown to upregulate IDO-1 expression under
inflammatory conditions in the brain (30, 31). Moreover, depletion of tryptophan has been observed in
cancer patients treated with immunotherapy (i.e., IL-2 and IFN-a) who develop depression (32). IDO-1
mRNA expression was significantly increased in the brains of mice with GVHD when compared with BM
control animals at both 7 and 14 days after transplantation (Figure 6A). We observed that administration
of the anti-IL-6R antibody resulted in a significant decrease in IDO-1 mRNA levels (Figure 6B), and that
IDO-1 expression was lower in transplantation studies only when recipient (Figure 6C), but not donor
(Figure 6D), animals were IL-6 deficient, indicating that host IL-6 regulated IDO-1 expression. Mice
reconstituted with TDO-17- BM grafts had no difference in the number of donor-derived T cells (Figure
6E) or mRNA expression of IFN-y, IL-6, IL-10, TNF-a, or IDO-1 (Figure 6F) when compared with wild-
type controls. Conversely, IDO-17~ recipients that received MHC-incompatible BM grafts had reduced
numbers of both CD4* and CD8* T cells (Figure 7A), but this was not accompanied by any difference
in Tregs (Figure 7B), indicating that absence of host IDO-1 reduced effector T cell accumulation in the
brain. In that regard, we also observed a significant decrease in gene expression of IFN-y and IL-6, but
not TNF-a in IDO-1"- recipients compared with wild-type mice (Figure 7C). IDO-1 mRNA expression
was also negligible, consistent with the interpretation that the host was the primary source of this enzyme.
Notably, however, we observed no difference in time spent struggling in the FST in IDO-1"~ recipient
animals compared with wild-type controls (Figure 7D).

Host microglial cells expand during GVHD, produce IDO-1, and are regulated by IL-6. To further characterize
the inflammatory environment in the brains of animals with GVHD, we performed immunohistochemi-
cal staining with an F4/80 antibody that marks both microglia and macrophages (Figure 8A). F4/80*
cells had long branching processes that are in accord with known microglial cell morphology, and were
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Figure 6. Donor IDO-1 production does not impact inflammation in the brain during graft-versus-host disease (GVHD). IDO-1 mRNA expression in the
brains of BALB/c mice transplanted with B6 bone marrow (BM) alone (e, n = 9) or B6 BM and B6 spleen cells (m, n = 9) 7 and 14 days after transplanta-
tion. (B) IDO-1 mRNA expression in the brains of BALB/c recipient mice treated with either an isotype control (e, n = 10) or the anti-IL-6 receptor (a-IL-6R)
antibody (m, n = 9) on days 0 and 7, and then assessed 14 days after transplantation. (C) IDO-1 mRNA expression in the brains of B6 (m, n = 10) or IL-67/~ ani-
mals transplanted with B10.BR BM and spleen cells (adjusted to a dose of 4.5 x 10° af T cells) (A, n = 9). B6 (e, n = 6) mice reconstituted with B10.BR BM
alone served as controls. (D) IDO-1 MRNA expression in the brains of BALB/c mice transplanted with either B6 (m, n = 9) or IL-67- BM and spleen cells (A,

n =10). BALB/c mice reconstituted with B6 BM alone served as controls (e, n = 6). (E) BALB/c mice transplanted with B6 BM alone (e, n = 5), B6 BM and
spleen cells (m, n = 9), or IDO-1"- BM and spleen cells (A, n = 10). The absolute number of donor-derived TCR*, CD4*, and CD8"* T cells in the brain 14 days
after transplantation is depicted. (F). IFN-y, IL-6, IL-10, TNF-a, and IDO-1 mRNA expression in the brains of BALB/c mice transplanted with B6 BM alone (e,
n=5), B6 BM and spleen cells (m, n = 10), or IL-6/- BM and spleen cells (A, n = 10) on day 14. Statistically significant differences were calculated using the
2-tailed Mann-Whitney U test and the 2-way ANOVA followed by Student’s t test. **P < 0.01, ***P < 0.001.

augmented in GVHD mice (14.2 = 11.5 versus 56.0 + 12.0 F4/80" cells per 200-micron field in BM [n
= 5] and GVHD [n = 4] animals, respectively, P < 0.05). Flow cytometric analysis confirmed that nearly
all host cells expressed F4/80 (Figure 8B) and were significantly increased in the brains of GVHD mice
(Figure 8C). We observed that both CD45°CD11b* and CD45"CD11b* cells, which mark microglia and
macrophages, respectively, were present in the brain (Figure 8D), but that only microglial cells were sig-
nificantly augmented in GVHD animals (Figure 8E). CD45°CD11b* microglia also uniformly expressed
IDO-1 (Figure 8F), defining this cell population as a major source of this enzyme. The classic paradigm for
macrophage activation is the characterization of these cells into classically activated (M1) and alternatively
activated (M2) phenotypes (33). Microglial cells can also undergo similar polarization, which can modulate
inflammatory responses in different disease states (34, 35), although this compartmentalized classification
has increasingly come into question with respect to both macrophages and microglial cells (36, 37). To that
end, we observed that M1-associated (Nos2) and M2-associated (Ym1, arginase 1) gene expression profiles
were significantly increased in both murine models (Figure 8, G and H), consistent with a generalized and
not phenotypic increase in myeloid-derived cells. Finally, blockade of IL-6 signaling resulted in a significant
decrease in the absolute number of microglial cells in the brains of GVHD animals (Figure 81).

GVHD results in a reduction in neuroprotective IDO-1 metabolites that is not reversed by blockade of IL-6
signaling. Under inflammatory conditions, IDO-1 activity is increased and tryptophan is shuttled down
the kynurenine pathway away from serotonin synthesis (Supplemental Figure 3). To further interrogate
the tryptophan metabolic pathway, we utilized mass spectrometry to quantify tryptophan metabolites in
the brains of animals with GVHD and also examined the effect that blockade of peripheral IL-6 signal-
ing had on these metabolites. We specifically examined the dorsal raphe nucleus (DRN) and the medial
prefrontal cortex (mPFC) since the serotoninergic cell bodies reside in the DRN, while the mPFC is
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Figure 7. Host IDO-1 production regulates inflammation in the brain during graft-versus-host disease. (A-C). Lethally irradiated (1,100 cGy) B6 (m, n =
8-10) or IDO-1"/~ (A, n = 7-10) animals were transplanted with B10.BR bone marrow (BM) and spleen cells (adjusted to a dose of 4.5 x 10° af3 T cells). B6
mice reconstituted with B10.BR BM alone (e, n = 6) served as controls. The absolute number of donor-derived TCRB*, CD4*, and CD8* T cells in the brain 14
days after transplantation. (B) The percentage and absolute number of CD4* Foxp3* and CD8* Foxp3* Tregs. (C) IFN-y, IL-6, IL-10, TNF-0, and IDO-1 mRNA
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a primary site of serotoninergic innervation and serotonin receptor expression, and is involved in the
forced swim behavior (38). We observed that animals with GVHD that were treated with an isotype con-
trol antibody had unchanged concentrations of tryptophan and 5-hydroxyindole acetic acid (5-HIAA)
compared with BM controls; however, serotonin concentrations were significantly reduced in both the
mPFC and DRN (Figure 9, A and B). The turnover of serotonin, as estimated by the ratio of 5-HIAA
to serotonin concentration in the same sample, was significantly increased in animals with GVHD com-
pared with BM controls in both brain regions. In accord with an increase in IDO-1 expression, there
was a significant increase in kynurenine concentrations in both the DRN and mPFC. Concentrations of
2 kynurenine metabolites, kynurenic acid, which is neuroprotective (39), and 3-hydroxyanthanilic acid,
which has both neuroprotective and neurotoxic properties (40, 41), were significantly reduced in both
brain regions (Figure 9, A and B). Conversely, there was no difference in the concentration of the toxic
metabolite, 3-hydroxykynurenine (42, 43). Collectively, these studies demonstrated that GVHD results in
an accumulation of kynurenine but an overall reduction in its downstream metabolites. When animals
were treated with an anti-IL-6R antibody, we observed that there was no difference in serotonin levels,
serotonin turnover, or levels of kynurenine, kynurenic acid, 3-hydroxykynurenine, and 3-hydroxyanthra-
nilic acid when compared with isotype antibody control-treated mice. Thus, blockade of IL-6 signaling
did not reverse the effects of GVHD on serotonin and tryptophan metabolism.

Discussion

Cognitive and behavioral alterations are common after allogeneic HSCT and are often associated with
coexistent GVHD (44, 45). These not infrequently occur in patients that have otherwise been cured of
their disease and can profoundly affect quality of life in an adverse manner. The extent to which these
alterations are immune mediated or are due to other etiologies is not always clear since the diagnosis of
GVHD of the CNS can be challenging for several reasons. First of all, other etiologies, such as infec-
tions and medications, can affect behavior and induce cognitive dysfunction after transplantation. In
addition, histological confirmation of GVHD in the CNS is problematic, owing to the invasive proce-
dures that are required to procure relevant tissue samples. Consequently, other than anecdotal reports
(20, 21), there has been little systematic analysis of whether GVHD induces inflammation in the brain
and if that can lead to behavioral abnormalities in humans. A number of preclinical studies, however,
provide support for the premise that alloreactive donor T cells can infiltrate the brain during GVHD
and be associated with behavioral abnormalities. Hartrampf et al. (18) reported that the CNS was a tar-
get organ during GVHD in murine models and was associated with anxiogenic behavior and learning
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Figure 8. Host microglial cells are increased during graft-versus-host disease (GVHD) and regulated by IL-6. (A) Immunostain of F4/80 expression
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animals on day 14. (F) Representative histogram depicting intracellular IDO expression in CD45.2°CD11b* microglial cells derived from BM or GVHD
mice. (G) Nos2, Arg1, and Ym1 mRNA expression in the brains of BALB/c mice transplanted with B6 BM alone (e, n = 9) or B6 BM and spleen cells
(adjusted to a dose of 0.6 x 10° af} T cells) (m, n = 9) 14 days after transplantation. (H) Nos2, Arg1, and Ym1 mRNA expression in the brains of B6 mice
reconstituted with B10.BR BM alone (e, n = 5) or with B10.BR spleen cells (adjusted to a dose of 4.5 x 10° a3 T cells) (m, n = 9). (I) The absolute num-
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Mice transplanted with B6 BM and spleen cells were treated with either an isotype control (m, n = 10) or anti-IL-6 receptor (o-IL-6R) antibody on days
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insight.jci.org

https://doi.org/10.1172/jci.insight.93726

deficits. Furthermore, Kaliyaperumal (46) and colleagues reported in a nonhuman primate model that
donor CD8* T cells infiltrated the brain during GVHD and localized primarily to perivascular regions
in the meninges. Notably, they observed that GVHD animals had associated behavioral depression and
severe lassitude that were not present in primates that were on concurrent immune suppressive therapy,
indicating a strong association between T cell infiltration and behavioral alterations.

In the current study, we have extended these observations by demonstrating that IL-6 plays a pivotal
role in mediating inflammation within the CNS. IL-6 has emerged as a critical cytokine in the patho-
physiology of GVHD and as a proximate cytokine mediator for many of the downstream pathological
effects observed in this disease. Studies in murine models have demonstrated significantly increased
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Figure 9. Kynurenines are increased in the
brain during graft-versus-host disease.
BALB/c recipients were transplanted with B6
BM alone (e, n = 10) or B6 BM and spleen cells
and then treated with an isotype control (m,

n = 9) or anti-IL-6 receptor (a-1L-6R) antibody
(A, n=9). Animals in each cohort were
euthanized 14 days after transplantation, and
the medial prefrontal cortex and dorsal raphe
nucleus were dissected from the brains of
transplant recipients. The amount of trypto-
phan, serotonin, 5-hydroxyindole acetic acid,
kynurenine, kynurenic acid, 3-hydroxykyn-
urenic acid, and 3-hydroxyanthranilic acid are
depicted in the raphe (A) and prefrontal cor-
tex (B). Data are from 3 experiments. Statisti-
cally significant differences were calculated
using the 2-way ANOVA, followed by t tests

if the interaction was statistically significant.
*P < 0.05, **P < 0.01, ***P < 0.001.

levels of IL-6 in the blood and augment-
ed gene expression of IL-6 mRNA in
peripheral target tissues (47, 48). More-
over, we and others have shown that
blockade of the IL-6 signaling pathway
in mice is able to significantly reduce
pathological damage and improve over-
all survival, in part, owing to enhanced
reconstitution of Tregs (47), which
results in a recalibration of the effec-
tor and regulatory arms of the immune
system. Recent clinical studies also sup-
port a role for IL-6 in the pathophysi-
ology of acute GVHD (49, 50). Impor-
tantly, several studies in experimental
nontransplant models have shown that
IL-6 partially mediates the psychosocial
stress response (51), and elevated IL-6
levels in the periphery have been report-
ed in HSCT patients who suffer from
major depression (52, 53). The results
of the current study support the inter-
pretation that IL-6 plays an important
role in promoting inflammation within
the CNS as well as inducing behavioral
abnormalities. In particular, our data
demonstrating that blockade of system-
ic IL-6 by way of anti-IL-6R antibody

administration can reduce a number of parameters of CNS inflammation indicate that IL-6 production

We observed that both nTregs and iTregs were present in increased numbers in untreated GVHD mice

when compared with BM controls, but that the presence of these Tregs was insufficient to prevent neuroin-

flammation. This was likely due to the fact that there were still 75-150 times more conventional donor T cells
than Tregs in the brains of GVHD animals, indicative of a substantial imbalance between the effector and
regulatory arms of the immune system. Notably, inhibition of IL-6 signaling resulted in no significant increase
in the absolute number of Tregs and actually effected a reduction in CD8" Treg numbers. In contrast, the total
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number of conventional CD4* and CD8" T cells was significantly reduced after administration of anti—IL-6R
antibody, indicating that inhibition of IL-6 signaling served to recalibrate the regulatory and effector arms of
the immune system by decreasing effector T cell numbers. This would also explain the paradoxical reduction in
CD8* Tregs after anti-IL-6R antibody administration, since essentially all CD8* Tregs are iTregs and therefore
derived from the conventional CD8* T cell compartment, which was substantially reduced after IL-6 blockade.

IDO-1, which catalyzes the conversion of tryptophan to metabolites that can be neurotoxic (54, 55), is
an important downstream pathway by which the inflammatory effects of IL-6 are mediated in the brain.
We observed that IDO-1 mRNA levels were significantly increased in the brains of GVHD animals, and
this was abrogated when mice were treated with an anti—IL-6R antibody, indicating that the upregulation
of IDO-1 expression occurred as a consequence of the actions of IL-6 in the periphery. Host, but not
donor, IDO-1 production was shown to be critical for the immunological abnormalities that occurred in
the brain during GVHD. To that end, we determined that microglial cells, which were increased in number
during GVHD, express IDO-1, identifying this population as a major source of this enzyme and position-
ing these cells as important cellular mediators of neuroinflammation during GVHD. Notably, microglial
cell numbers were significantly reduced after blockade of peripheral IL-6 signaling, suggesting that IL-6
regulates microglial cell accumulation. Examination of prototypical M1 and M2 genes revealed that both
were significantly augmented in the brains during GVHD, indicating that there was no restricted M1 or M2
phenotype in macrophages and/or microglia. This observation is in accord with recent reevaluation of the
validity of this paradigm in vivo under inflammatory conditions (36, 37).

Consistent with the GVHD-mediated upregulation of IDO-1, we observed that levels of the IDO-
1 metabolite, kynurenine, were significantly increased in mice with GVHD in the mPFC and DRN.
Conversely, kynurenic acid, which is a neuroprotective kynurenine metabolite (39), was significantly
reduced, while 3-hydroxkynurenine, which can induce oxidative damage leading to neurotoxicity (40,
41), was not affected. Notably, levels of 3-hydroxyanthranilic acid, which has been reported to have both
neurotoxic and immunosuppressive properties (39,42,43), was also significantly reduced. While these
data support an increase in tryptophan metabolism via the IDO-1 pathway, the collective results suggest
that any toxicity occurring as a result of this pathway could be due to the preferential loss of neuropro-
tective, as opposed to the accumulation of neurotoxic, metabolites. Given that anti—IL-6R antibody treat-
ment reduced expression of IDO-1 that is augmented during GVHD, it is noteworthy that anti—-IL-6R
antibody administration did not normalize kynurenine concentrations, despite the profound effect it had
on T cell accumulation, inflammatory cytokine production, and microglial cell numbers. The reason for
this is unclear, although it is possible that kynurenine synthesis could be maintained by a second subtype
of IDO, IDO-2, that has also been reported to be expressed in the brain (56). Thus, these results indicate
that interruption of the IL-6 signaling pathway does not reverse all of the immunological and metabolic
abnormalities in the brain during GVHD.

Our results may have ramifications beyond GVHD to other conditions where T cell-based immune
therapies are associated with behavioral and cognitive dysfunction. For example, the administration of chi-
meric antigen receptor (CAR) T cells as an approach to treat a variety of malignant hematological disorders
has unfortunately been accompanied by a systemic cytokine release syndrome that can result in clinically
significant neuroinflammation and cognitive deficits (57). The precise mechanism by which this complica-
tion occurs, however, is not well understood. Notably, while blockade of IL-6 signaling with tocilizumab
has been shown to be effective for ameliorating systemic CAR T cell-mediated toxicity (57), it has not
been able to prevent the development of neuroinflammation (58). Our observation that IL-6 blockade does
not reverse GVHD-induced tryptophan metabolite dysregulation provides a potential explanation for the
inability of tocilizumab to completely prevent neurological toxicity in this setting.

Behavioral responses in the FST reflect coping decisions and are modulated by many factors (59).
Although the FST was originally developed and used as a behavioral assay for antidepressant efficacy,
immobility in the FST, regardless of drug treatment, has been associated with a depressed mood in rodents
(22). However, this view is increasingly being challenged and a recent review concludes that the utility of the
FST is its sensitivity to response selection (59). We observed a pronounced increase in struggling behavior
in the FST in GVHD animals, which is a dysfunctional response, as maintained struggling results in useless
expenditure of energy. This effect was markedly attenuated in mice administered anti—IL-6R antibody, a
treatment that also significantly reduced T cell accumulation and inflammatory cytokine production. These
findings lead to the conclusion that the behavioral changes result from inflammation-induced dysregulation
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of inputs into the prefrontal cortex. However, although neuroinflammation was also considerably reduced
in IL-67~ and IDO-1" recipient animals, there was no improvement in the FST results, suggesting that an
as yet to be identified aspect of the neuroinflammatory response is responsible for this behavioral change.
There is considerable evidence that the serotoninergic pathway contributes to the regulation of forced swim
behavior (59), and our finding that serotonin turnover was significantly increased in GVHD suggests that
the serotoninergic inputs into the prefrontal cortex could be responsible for this behavioral change. How-
ever, anti-IL-6R antibody treatment reduced struggling in the FST but produced an even greater increase in
serotonin turnover, which argues against a serotonin mechanism for the increased struggling. Thus, further
studies are needed to more completely elucidate the inflammatory mechanisms and pathways that mediate
this particular behavior in GVHD recipients.

In summary, these studies demonstrated that alloreactive donor T cells can infiltrate the brain during
GVHD, leading to inflammatory cytokine production and behavioral abnormalities. IL-6 has a pivotal role
in this pathophysiological process and the downstream effects of this cytokine are mediated, in part, by
host microglial cells and IDO-1. While blockade of IL-6 signaling reduced T cell infiltration and inflam-
matory cytokine production, it did not reverse the dysregulation of IDO-1 metabolism that occurs during
GVHD. Thus, inhibition of the peripheral IL-6 signaling pathway with agents such as tocilizumab may not
completely abrogate the neuroinflammation that occurs in patients who develop GVHD and is a potential
explanation for why tocilizumab fails to completely abrogate CAR T cell-mediated neurotoxicity.

Methods

Mice. C57BL/6 (B6) (Thyl.2+) (H-2%), B6.PL (Thyl.1+) (H-2°), BALB/c (H-2¢), B10.BR (H-2%), B6
Foxp3FCSf* IL-6-, and IDO-1"~ mice were bred in the Animal Resource Center (ARC) at the Medical
College of Wisconsin (MCW) or purchased from Jackson Laboratories. B6 10BiT.Foxp35©™ reporter
mice were provided by Casey Weaver (University of Alabama Birmingham) (60). IL-6"~ Foxp3FC¢F?
mice were created by mating male IL-6- and female Foxp3®®™ animals, intercrossing offspring, and
then screening by PCR for absence of IL-6 and presence of EGFP. All animals were housed in the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care—accredited ARC of the MCW.
Mice received regular mouse chow and acidified tap water ad libitum.

Reagents. Anti-IL-6R antibody (MR-16-1) is a rat IgG antibody provided by Chugai Pharmaceutical
Co. Ltd (61) that has been previously described (47). Animals received a loading dose of 2 mg intravenously
on day 0, and then were treated with 0.5 mg on day 7 by intraperitoneal injection. Rat IgG (Jackson Immu-
noresearch Laboratories) was used as a control for MR-16-1.

BM transplantation. BM was flushed from donor femurs and tibias with DMEM (Gibco-BRL) and
passed through sterile mesh filters to obtain single-cell suspensions. Red cells were removed from spleen
cell suspension by hypotonic lysis using a Tris-buffered ammonium chloride (ACT) solution. Host mice
were conditioned with total body irradiation (TBI) administered as a single exposure at a dose rate of 900—
1,100 cGy using a Shepherd Mark I Cesium Irradiator (J.L. Shepherd and Associates). Irradiated recipients
received a single intravenous injection in the lateral tail vein of BM with or without added spleen or puri-
fied T cells. T cells were purified by either magnetic beads using a pan T cell isolation column (Miltenyi
Biotec), or by cell sorting. Mice were weighed 3 times per week and were euthanized when they attained
predefined morbidity criteria.

Isolation of lymphocyte populations. Lymphocytes were isolated from the brain by collagenase D digestion
(Roche Pharmaceuticals) supplemented with DNAse (0.2 mg/ml) (Roche). The resulting cell suspension
was then layered on a 40%/70% Percoll gradient (GE Healthcare Biosciences). Cell counts were obtained
from half of the brain for each experimental animal unless otherwise specified.

Flow cytometry. Isolated lymphocytes from the brain were labeled with monoclonal antibodies for flow
cytometry, as listed in Supplemental Table 1. Cells were then acquired on a BD LSRII flow cytometer with
BD FACSDiva software (Becton-Dickenson) and analyzed using FlowJo software (Tree Star).

Intracellular staining. Using monoclonal antibodies listed in Supplemental Table 1, cells were surface stained
and then intracellularly stained using the FoxP3/Transcription Factor Staining Buffer Set (eBioscience) or the
Cytofix/Cytoperm kit (BD Biosciences) for IDO-1 staining, according to the manufacturer’s instructions.

Immunohistochemistry. Representative samples of brain were placed into neutral buffered formalin for 1
week, and then dehydrated and embedded in paraffin following standard protocols. Four-micron sections
of paraffin-embedded tissue were cut, and then paraffin was removed and rehydrated. For identification of
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CD3" T cells, antigen retrieval was carried out at pH 9.0, while the pH was 6.0 for F480 detection. A rabbit
primary polyclonal antibody was used for CD3 staining (DAKO, Agilent Technologies) (catalog A0452) at
a 1:100 dilution, whereas a rat polyclonal antibody was employed for F4/80 staining (Bio-Rad) (catalog
MCA497R) at a dilution of 1:250. Biotinylated secondary antibodies raised against rabbit or rat were then
employed, followed by incubation with streptavidin conjugated to horseradish peroxidase (HRP). Diamino-
benzidine (DAB) was added as the substrate and cells were counterstained with hematoxylin. Cell counting
was accomplished by importing the images into ImageJ software (NIH) and was carried out by an observer
blinded to treatment. Images were acquired with an Olympus BX53 microscope with an Olympus DP72
camera and cellSens standard software (version 1.5).

Real-time g-PCR. Real-time q-PCR was performed using a QuantiTect SYBR Green PCR Kit (Qiagen)
and run in a CFX C1000 Real-time Thermal Cycler (Bio-Rad). The 18S reference gene was amplified using
a QuantiTect Primer Assay Kit (Qiagen). The primer sequences for IL-6, IFN-y, IL-10, TNF-0, and IDO-1
were purchased from Integrated DNA Technologies and are listed in Supplemental Table 2. Specificity for
all g-PCR reactions was verified by melting curve analysis. To calculate fold change in gene expression, the
average AACt values from triplicate wells were combined from separate experiments.

Behavioral testing. The FST was administered to assess coping strategy in the face of inescapable
stress as described previously (62). Mice were placed individually in 700-800 ml of tap water at 24 +
2°C for 6 minutes and behaviors were recorded. Scorers blinded to experimental group determined the
time spent struggling and time in which animals were immobile during the last 5 minutes of the test.
Immobility was defined as no movement other than that required to maintain balance or keep the ani-
mal’s head above water. Anxiety-like behaviors were examined using the EPM assay as described previ-
ously (63). Briefly, a plastic maze consisting of 2 open arms (30 X 5 cm) and 2 closed arms (30 X 5 x 15
cm) extending from an open, central platform. The mice were placed on the central platform facing an
open arm and allowed 5 minutes of free exploration on the apparatus. The movement of the mouse on
the maze was recorded and was scored using Any-maze Video Tracking Software (Stoelting Co.). Time
spent in the open and closed arms, total arm entries, and number of entries into the open and closed
arms were counted for each mouse.

Mass spectrophotometric analysis. The quantification of biogenic amines and selected metabolites was
carried out using multiple reaction monitoring (MRM) liquid chromatography-tandem mass spectrometry
(LC-MS/MS) of samples that were subjected to chemical derivatization using benzoyl chloride follow-
ing the method of Zheng et al. (64). Mouse brains were harvested, dissected, and weighed. Tissues were
homogenized using glass rods in 100 pl of water containing 20 mM ascorbic acid, 50 ng of caffeic acid,
and 50 ng of deuterated tryptophan (d5-Tryp; Cayman Chemical Company). The mixtures were sonicated
in an ice bath for 30 minutes, followed by the addition of 520 pl of ice-cold acetonitrile. After vortexing,
the samples were centrifuged and the supernatant was transferred to glass tubes and was evaporated under
N,. Twenty-five microliters of 100 mM sodium tetraborate was added to the dried samples, followed by
the addition of 25 pl of 2% benzoyl chloride in acetonitrile. Samples were vortexed for 5 minutes, and then
centrifuged for 15 minutes at 1,135 g. Thirty microliters of the resulting supernatant was transferred to an
LC/MS vial with a glass insert; 5 pl was injected for analysis. LC-MS/MS analysis was carried out using
an Agilent 6460 Triple Quad LC/MS. The chromatographic separation was carried out using a Kromasil
C18 column; the mobile phase consisted of solvent A (0.1% formic acid and 2.0 mM ammonium acetate
in water) and solvent B (acetonitrile). The mobile phase was eluted at 0.2 ml/min following the gradient
reported in Zheng et al. (64). Standard curves were constructed from 5-6 concentrations of each analyte;
the range was 8-8,000 ng/ml for tryptophan and 4-2,000 ng/ml for all of the others. d5-Tryp was used as
the internal standard to assess tryptophan concentrations; caffeic acid was used for all of the others. The
electrospray ionization source was operated in the positive mode. The MRM parameters for the analytes
investigated are shown in Supplemental Table 3.

Statistics. Statistical analyses were performed with GraphPad Prism 5.00 software. Mann-Whitney U
tests were used to compare T cell populations, gene expression, and mass spectrometry data between the
different experimental groups. Behavioral data were analyzed using 2-way ANOVA, followed by 2-tailed
Student’s ¢ tests if the interaction was statistically significant. Results were considered significant at a P
value of 0.05 or less in all experiments.

Study approval. All murine experiments were all carried out under protocols approved by the MCW
Institutional Animal Care and Use Committee (Milwaukee, WI).
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