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Abstract

Increasing evidence indicates that multiple actions of the immune system are closely intertwined
with the development of depression and subsequent recovery processes. One of these interactions
is substantial evidence that the T17 subtype of CD4™ T cells promotes susceptibility to
depression-like behaviors in rodents. Comparing subtypes of CD4* T cells, we found that
administration of Ty17 cells, but not Tyl cells or Tregs, promoted susceptibility to learned-
helplessness depressive-like behavior and accumulated in the hippocampus of learned helpless
mice. Adoptively transferred Ty17 cells into Rag2~/~ mice that are devoid of endogenous T cells
increased susceptibility to learned helplessness, demonstrating that increased peripheral T417 cells
are capable of modulating depression-like behavior. Moreover, in wild-type mice, adoptively
transferred T17 cells accumulated in the hippocampus of learned-helpless mice and induced
endogenous T17 cell differentiation. Hippocampal Ty17 cells from learned-helpless mice
expressed markers of pathogenic TH17 cells (CCR6, IL-23R) and of follicular cells (CXCRS5,
PD-1), indicating that the hippocampal cells are Tgy-17-like cells. Knockout of CCR6 blocked
Tw17 cells from promoting learned helplessness, which was associated with increased expression
of PD-1 in CCR6-deficient TH17 cells. In summary, these results reinforce the conclusion that
depression-like behaviors are selectively facilitated by T17 cells, and revealed that these cells in
the hippocampus of learned helpless mice display characteristics of Tgy-17-like cells, which may
contribute to their pathogenic actions in promoting depression.

1. Introduction

CD4" cells are present in the brain (Korn and Kallies, 2017), but their functions in the brain
remain to be fully determined. It is thought that CD4* cells survey the microenvironment
and help to maintain homeostasis. CD4* cells modulate mood and learning and memory,
actions that mainly have been demonstrated using lymphopenic mice, such as T cell- and B
cell-deficient Rag2~/~ mice, that were replenished with adoptive transfer of splenocytes or
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lymphoid cells (Brachman et al., 2015; Clark et al., 2016; Filiano et al., 2017). Little is
known about the role of CD4* cells in modulating depressive-like behavior in non-
lymphopenic mice or about which subset of CD4* cells modulates behavior.

We previously reported that T helper (T) CD4* cells expressing IL-17A (TH17) cells
promote susceptibility to depressive-like behaviors in non-lymphopenic mice and
accumulate in the brains of mice that exhibit depressive-like behaviors (Beurel et al., 2013).
The signature cytokine of Ty17 cells is IL-17A (Korn et al., 2009), and the transcription
factor RAR-related orphan receptor gamma (RORy)T is required for T17 cell
differentiation (lvanov et al., 2006). The limited information available about the role of
TH17 cells in depression (Beurel and Lowell, 2017) includes the correlative association that
depressed patients have elevated blood levels of Ty17 cells (Chen et al., 2011), in vitro
activation of CD4 cells isolated from patients with generalized anxiety disorder induces
them to acquire a T417 phenotype (Ferreira et al., 2011; Vieira et al., 2010), and patients
with autoimmune diseases with elevated Ty17 cells often exhibit comorbid depression (Kurd
et al., 2010; Patten et al., 2017). Consistent with these findings, IL-17A was elevated in
some (Chen et al., 2011; Davami et al., 2016), but not all (Kim et al., 2013; Liu et al., 2012),
depressed patients, IL-17A levels predicts treatment response to certain antidepressants (Jha
etal., 2017), administration of IL-17A in rodents promotes depressive-like behaviors
(Nadeem et al., 2017), and anti-IL-17A therapy induces remission of depression in 40% of
psoriasis patients experiencing moderately severe depression (Griffiths et al., 2017).
However, the mechanisms of action of Ty17 cells in depression remain unclear. One facet of
this requires identification of the localization, the source, and the characteristics of Ty17
cells associated with depression to determine if Ty17 cells might represent a potential new
biomarkers for depression.

TH17 cells are elevated in several autoimmune diseases and rodent models and are
considered to be pathogenic for the central nervous system (CNS) (Cua et al., 2003). Not all
Tw17 cells are pathogenic though (Awasthi and Kuchroo, 2009), and the acquisition of the
pathogenic phenotype of Ty17 cells results from changes in the expression of proteins
involved in pathology (Lee et al., 2012). Thus, it is well-accepted that the acquisition of the
pathogenic phenotype occurs after expression of the IL-23 receptor (IL-23R) by Ty17 cells
(Ghoreschi et al., 2010; Langrish et al., 2005), which is induced after stimulation by IL-21.
Although IL-23 is not required for the differentiation of T17 cells, 1L-23 is required to
maintain and stabilize pathogenic Ty17 cells (McGeachy et al., 2009), to suppress I1L-10
production (McGeachy et al., 2007), and to promote the production of effector molecules
(El-Behi et al., 2011). Besides IL-23R expression, 1L-21 also promotes expression of IL-17
and ROR+yT, and RORyT promotes C-C chemokine receptor type 6 (CCR6) expression
(Hirota et al., 2007). CCR6 is a chemokine receptor that promotes the recruitment of
pathogenic T cells to inflammatory sites (Hirota et al., 2007; Kohler et al., 2003). CCR6
expression in human T17 cells is associated with an increased memory phenotype (Acosta-
Rodriguez et al., 2007; Annunziato et al., 2007). In addition, the ligand of CCR6, chemokine
(C-C motif) ligand 20 (CCL20), is induced by 1L-17, suggesting that T17 cells might
induce a positive loop that attracts further Ty17 cells to the site of inflammation. However,
the actual migratory effect of CCR6 on T17 cells /n vivo remains to be determined. It has
also been proposed that upon specific antigen activation, Ty17 cells may develop into

Brain Behav Immun. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beurel et al. Page 3

subtypes, including (1) effector Ty17 cells with upregulated CCR6 expression that migrate
to target organs, (2) memory TH17 cells that remain in secondary lymphoid organs, or (3) an
intermediate subset of T17 cells that express high levels of 1L-23R, inducible T cell
costimulator (ICOS), and CXCRS5, that share characteristics with T follicular helper (Try)
cells and that are present in germinal centers (Bauquet et al., 2009). Tgn cells are thought to
be distinct from conventional CD4 cells (Nurieva et al., 2008; Nurieva et al., 2009) and were
first characterized by the expression of the chemokine receptor CXCRS5, which supports
their migration to germinal centers.

Here, we describe the localization and distinct characteristics of the Ty17 cells found in the
hippocampus of learned helpless mice. These T{17 cells were found to have the phenotype
of pathogenic and follicular Ty17 cells, identifying a potential new Ty17 cell population
implicated in brain immunity that modulates depressive-like behaviors.

2. Materials and methods

2.1. Mice

Male C57BL/6 wild-type, Rorc(y T)*/GFF, CD45.1, Rag2~/~, CCR6~/~ mice were used
except when indicated that female mice were used. Mice were either bred in the University
of Miami animal facility or purchased from Taconic or Jackson Laboratories. 6-10 week-old
mice were used to prepare T cells /n vitro and 8-12 week old mice were used for behavioral
assessments. For each experiment, either Jackson or Taconic mice were used. The Rorc(yT)
*/GFP mice were obtained by crossing Rorc(y T)*/CFF x Rorc(y T)*/CFF, to produce 50%
Rorc(y T)*/GFP, 25% wild-type, and 25% Rorc(y T)°*/GFF mice, and behavioral
experiments were carried out with littermates. Mice were housed in light and temperature
controlled rooms and treated in accordance with NIH and university Institutional Animal
Care and Use Committee regulations.

2.2. Learned-helplessness

Learned-helplessness was measured using a standard learned-helplessness paradigm or a
modified reduced intensity inescapable shock protocol, as described previously (Beurel et
al., 2013). The reduced intensity paradigm is used so wild-type C57BL/6 mice do not
develop learned helplessness, allowing measurements of increased susceptibility to learned
helplessness after T cells transfer.

Briefly, mice were placed in one side of a Gemini Avoidance system shuttle box (San Diego
Instruments, San Diego, CA, USA or Med Associates, St Albans, VT, USA) with the gate
between chambers closed. For standard learned helplessness, 180 inescapable foot shocks
were delivered at an amplitude of 0.3 mA, a duration of 6-10 s per shock, and a randomized
inter-shock interval of 5-45 s (Beurel et al., 2013). In a modified inescapable shock
protocol, referred to as the reduced intensity learned helpless protocol, mice were given 180
foot shocks with amplitude of 0.3 mA and fixed 4 s shock duration, and a randomized inter-
shock interval of 5-45 s. Twenty-four hours after inescapable foot shocks, mice were
returned to the shuttle box and the escape task was tested by giving 30 escape trials with
each trial using a 0.3 mA foot shock for a maximum duration of 24 s. The door of the
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chamber opens at the beginning of the foot shock administration to allow mice to escape.
Latency to escape the shock was recorded using Gemini software, and trials in which the
mouse did not escape within the 24 s time limit were counted as escape failures. Mice with
greater than 15 escape failures were defined as learned helpless. When indicated, mice
received i.v. Ty17 cells prepared as described below.

2.3. Ty17 cell preparation and transfer

CD4" cells were isolated as described previously (Beurel et al., 2013). CD4* cells cultured
with irradiated (3,000 rads) splenic feeder cells were activated with 2.5 ug/mL of anti-CD3
(clone 145-11, Bio X Cell), and differentiated to Ty17 cells by addition of IL-6 (20 ng/mL;
Peprotech), TGFB (5 ng/mL, Peprotech), anti-1L-4 (10 pg/mL; clone 11B11, Bio X Cell)
and anti-IFN-y (10 pg/mL; clone XMG1.2, Bio X Cell), to Thl cells by addition of I1L-12
(10 ng/mL, R&D Systems) and anti-1L-4 (10 pg/mL; clone 11B11 Bio X Cell), or to Tregs
by addition of TGFB (5 ng/mL, Peprotech), anti-IL-4 (10 pg/mL; clone 11B11, Bio X Cell)
and anti-IFN-y (10 pg/mL; clone XMG1.2, Bio X Cell) in R10 medium (RPMI 1640
medium supplemented with 10% FBS, 100 1U/mL penicillin, 100 pg/mL streptomycin, 1 x
non-essential amino acids, 1 pM sodium pyruvate, 2.5 uM B-mercaptoethanol and 2 mM L-
glutamine). After 4 days of differentiation toward Ty17 cells, some cells were transfected
with 150 pmole of scrambled siRNA or CCR6 siRNA and lipofectamine RNAIMAX
according to the manufacturer’s instructions (Invitrogen) for 24 h. To inject the cells after
differentiation, cells were recovered after histopaque gradient purification, and resuspended
in PBS. An aliquot of cells was used to evaluate the percent of TH17 cells, Thl cells, or
Tregs, and ~5-20x10° undifferentiated CD4, Ty17, Tyl or Treas cells were injected i.v. in
200uL PBS by tail vein 24-48 h before behavioral testing. Depending on the number of mice
to be injected, cells transferred were pooled from 1-2 donors.

2.4. Perfusion and Intracellular staining

Intracellular cytokine staining was carried out as described previously (Beurel et al., 2013).
Immediately after behavior measurements, mice were anesthetized and spleens were
recovered, and mice were perfused with PBS transcardially, and the brains were recovered.
The hippocampi or other brain regions when indicated were dissected with care taken to not
include meninges or choroid plexus, then passed through a 70 um cell strainer (BD
Bioscience) and the cell suspension was mixed (vol/vol) to obtain a 30% Percoll/R1 medium
that was overlayed on 70% Percoll/R1 medium in a centrifuge tube, and centrifuged at 2000
rpm for 10 min without using the brake. The cells at the interface of the 30/70% Percoll
gradient were recovered, washed one time, resuspended in R10 media, aliquoted into a 96
well plate, and stimulated for 4 h with phorbol myristate acetate (PMA, 50 ng/mL; Alexis)
and ionomycin (750 ng/mL; Sigma) in the presence of Protein Transport Inhibitor Cocktail
(eBioscience) at the recommended concentrations. Standard intracellular cytokine staining
was carried out as described (Beurel et al., 2013) using the Staining Intracellular Antigens
for Flow Cytometry Protocol (eBioscience). Cells were first stained extracellularly with
FITC-conjugated anti-CD45 (to identify myeloid cells), PECy7-onjugated anti-CD11c (to
identify DCs), PE-conjugated anti-F4/80 (to identify activated cells), eFluor450-conjugated
anti-CD8, APC—conjugated anti-CD4 (eBioscience), or APC—conjugated anti-CD4, PE-Cy7-
conjugated anti-CXCR5, PerCP-conjugated anti-CCR6, FITC-conjugated IL-23R, PerCP-
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conjugated anti-1COS, eFluor450-conjugated anti-PD-1, or APC-eFluor 780 anti-CCR7,
PerCP-conjugated anti-CD45.1, APC-conjugated anti-CD45.2 and fixed and permeabilized
with permeabilization solution (eBioscience) and then were stained intracellularly with
eFluor450-conjugated anti-IFN-y (which is used in combination with CD4* staining to
identify Th1l cells), phycoerythrin-conjugated anti-1L-17A (to identify T417 cells), or FITC-
FoxP3 (to identify Tregs), APC-conjugated anti-Bcl6 (eBioscience) or GFP was analyzed.
Intracellular cytokine staining was carried out as described previously (Beurel et al., 2011).
All the catalog numbers of the antibodies are displayed in Supplementary Table 1.

2.5. gRT-PCR

RNA from hippocampus was extracted by TRIzol using the manufacturer’s instructions
(Invitrogen). RNA was retrotranscribed using ImProvll reverse transcriptase (Promega).
Gene expression of the Mouse Ti17 Response was analyzed by RT2 Profiler PCR array by
the manufacturer’s instructions (PAMM-073ZA Qiagen) or individual gene expression of
CCL20 (5’-CGACTGTTGCCTCTCGTACA-3’and 5’-CACCCAGTTCTGCTTTGGAT-3’),
IL-17A (5’-CTCCAGAAGGCCCTCAGACTAC-3’ and 5’-
GGGTCTTCATTGCGGTGG-3’), ICOS (5’-TGACCCACCTCCTTTTCAAG-3’ and 5’-
TTAGGGTCATGCACACTGGA-3’, c-maf (5’-
ACTGAACCGCAGCTGCGCGGGGTCAG-3’ and 5’-
CTTCTCGTATTTCTCCTTGTAGGCGTCC-3’, IL-27 (5’-
ACTTTCCAGGCATGGCATCA-3’ and 5’-GAAGGGCCGAAGTGTGGTAG-3’) and
BCL-6 (5’-CACACCCGTCCATCATTGAA-3 and 5’-TGTCCTCACGGTGCCTTTTT-3’)
was assessed using SYBR green mix from gRT-PCR using a Jena Analytika instrument and
the 272ACt method was used to quantify the results.

2.6. Statistical analysis

Histograms represent mean+SEM. Statistical significance was analyzed with a one-way
analysis of variance (ANOVA) for multiple comparisons with Bonferroni post-hoc test or
with unpaired/paired t-test or Mann-Whitney using Prism software. p<0.05 was considered
significant.

3. Results

3,1. Tyl17 cells but not Tyl cells promote depressive-like behaviors

We previously showed that T17 cell administration promoted depressive-like behaviors in
wild-type mice (Beurel et al., 2013). To further demonstrate that exogenous Ty17 cell
administration, but not proinflammatory Ty1 cells, were sufficient to promote learned-
helplessness, we tested if administration of Ty17 or Tyl cells was sufficient to promote
learned-helplessness in T cell- and B cell-deficient Rag2~/~ mice. Most Rag2~~ mice given
undifferentiated CD4 cells did not exhibit learned-helplessness in the reduced intensity
paradigm (Fig 1A-B) that did not induce learned-helplessness in most wild-type mice
(Beurel et al., 2013). Ty17 or Tyl cells adoptively transfer into male Rag2~/~ mice revealed
that only TH17 cells, but not Ty1 cells, significantly increased susceptibility to learned-
helplessness (Fig 1B). These results show that Ty1 cell administration does not promote
susceptibility to learned-helplessness, in contrast to T417 cells.
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3.2. TH17 cells accumulate in the hippocampus and the prefrontal cortex (PFC) after
induction of learned-helplessness.

Because TH17 cells increase susceptibility to depressive-like behaviors and accumulate in
whole mouse brain after stress (Beurel et al., 2013), we investigated if after learned-
helplessness induction, endogenous Ty17 cells localize in two brain regions that are
associated with depression, the PFC and hippocampus. Brain region T cells were measured
in mice exhibiting learned-helplessness (D), in mice that underwent the same protocol but
did not develop learned-helplessness (ND, Fig 1C and S1A), and in unshocked mice (NS).
There was a significant increase of Ty17 cells (Fig 1D) but not Tyl cells (Fig 1E) in the
hippocampus of mice exhibiting learned-helplessness, whereas both Ty17 and Tl cells
accumulated in the PFC. There were no differences in Ty17 and Tyl cells in the cerebellum
between the ND and D groups (Fig S1B-C). These results indicate that T417 cells
accumulate in both the hippocampus and PFC after learned-helplessness induction, whereas
Th1 cells accumulate in the PFC. This was not the result of an overall influx of CD4*cells in
these brain regions, as the Tregs population was unchanged by learned-helplessness in
these brain regions (Fig 1F) and in the cerebellum (Fig S1D). Moreover, Tregs transfer did
not change susceptibility to learned-helplessness (Fig S2). Because of the selective
accumulation of Ty17 cells in the hippocampus of learned-helpless mice, further
experiments focused on hippocampal T17 cells.

3.3. Peripheral CD4*cells infiltrate the hippocampus after learned-helplessness

Because in vitro Ty17 differentiation requires 5 days, but brain Ty17 cells are detected after
the learned-helplessness paradigm which lasts 2 days, we tested if adoptively transferred
undifferentiated CD4 cells or TH17 cells infiltrate the hippocampus after learned-
helplessness or if host Ty17 cells differentiate during learned-helplessness. To trace the fate
of the cells we used the CD45.1/CD45.2 markers after adoptively transferring
undifferentiated CD45.1*CD4" or T17-polarized CD45.1*CD4* cells to a CD45.2
recipient mouse, and subjecting the recipient mice to the reduced-intensity learned-
helplessness paradigm (Fig 2A). The mice received similar numbers of undifferentiated CD4
cells or TH17 cells, as shown by equivalent levels of CD45.1*CD4" cells in the spleens (Fig
S3A). Donor CD45.1*CD4™ cells were found in the hippocampi after learned-helplessness
even though, being undifferentiated, they are not sufficient to promote learned-helplessness
(Beurel et al., 2013) (Fig 2C). Furthermore, hippocampal levels of CD45.1*CD4" cells were
similar between mice that received undifferentiated CD4 cells or T417 cells, suggesting that
the infiltration of CD4 cells is independent of their differentiation status (Fig 2C). However,
it is important to note that the CD4* cells found in the hippocampus after learned-
helplessness were predominantly from the host mice (CD45.2) after receiving CD45.1 Ty17
cells (Fig 2A). In contrast, Ty17 cells in the hippocampus after learned-helplessness
originated predominantly from the donor cells in mice receiving CD45.1 Ty17 cells,
suggesting that adoptively transferred Ty17 cells after learned-helplessness infiltrated the
hippocampus (Fig 2D).
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3.4. Learned-helplessness induces the recruitment of host Ty17 cells in the
hippocampus.

3.5.

Because T17 cells from the periphery infiltrate the brain during learned-helplessness, the
next question was to determine if peripheral Ty17 cells promote de novo Ty17 cell
differentiation. To determine this, we used RORyT*/CFP mice, where a GFP reporter cDNA
was knocked-in at the site of initiation of RORyt translation, so CD4*cells committed
toward T17 cells express GFP. We previously reported that RORy T*/CFP mice express a
very low level of IL-17A (Beurel et al., 2011) and exhibit resistance to learned-helplessness
(Beurel et al., 2013). We found that administration of wild-type TH17 cells restored learned-
helplessness susceptibility of RORyT+GFP mice, as 81% of RORy T*/GFP mice receiving
TH17 cells developed learned-helpless compared to 33% of RORyT*/GFP mice receiving
undifferentiated CD4*cells (Fig 3A-B). To trace the fate of the T17 cells, another cohort of
RORy T*GFP mice received wild-type Ty17 cells and were subjected to learned-
helplessness 2 days later. Ti17 cells were analyzed in mice that developed learned-
helplessness (D), in mice that were resilient (ND), and in non-shocked (NS) mice (Fig 3A).
There was no difference in the percent of Ty17 cells present in the hippocampus between
learned-helpless and resilient mice, indicating that the migration of the donor T417 cells to
the hippocampus was induced by stress but was independent of the depressive status of the
mouse (Fig 3C). Also, without foot shocks transferred Ty17 cells did not accumulate in the
hippocampus (Fig 3C). However, the population of hippocampal CD4*cells expressing GFP,
representing the induced host TH17 cells, was 2-fold higher in the learned-helpless mice
compared to resilient mice, indicating a depression-associated induction of host
hippocampal Ty17 cells (Fig 3D). This was not due to an induction of GFP*CD4*cells
throughout the body because spleen GFP*CD4"cells were not different between learned-
helpless and resilient mice (Fig 3E-F). Also, the induction of GFP*CD4*cells was restricted
to mice receiving foot shocks, as CD4*cells from non-shocked mice did not express
hippocampal GFP whether or not they received TH17 cells. This demonstrated that host
TH17 cells were induced and accumulated in the hippocampus after T17-associated
induction of learned-helplessness.

Hippocampal Ty17 cells express CCR6 and IL-23R after learned-helplessness.

Because T17 cells infiltrated the hippocampus during learned-helplessness and de novo
differentiation of T17 cells occurred, we hypothesized that endogenous TH17 cells in the
hippocampus of learned helpless mice might express pathogenic markers that might control
migration and/or depression-associated processes. We found that in learned-helpless mice
hippocampal IL-17A mRNA levels were 1.65-fold levels of resilient or unshocked mice (Fig
4A). Using a mouse Ty17 PCR Array, we found that the mRNA levels of 5 factors were
increased and 2 factors were decreased in the hippocampus of learned-helpless mice
compared to resilient mice using a cut-off difference of 4-fold (Fig 4B). Among these
factors, the Tgp cell pathway, comprising ICOS and IL-21, and the pathogenic marker
CCRS6, were increased (Fig 4B). We confirmed by qRT-PCR that two Tgy cell markers,
ICOS and c-maf, were increased in the hippocampus of learned-helpless mice compared to
resilient mice or unshocked mice, and were increased in resilient mice compared to
unshocked mice (Fig 4C-D). However, two other Tgy ce markers, 1L-27 and Bcl-6, were not
different between groups (Fig 4E-F). These findings raised the possibility that hippocampal
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IL-17A-producing T cells in learned-helpless mice express markers of pathogenic Ty17
cells and some markers that are normally characteristic of Ty cells. Consistent with this,
the population of hippocampal T17 cells expressing CCR6 was higher in learned-helpless
mice than in resilient and unshocked mice (Fig 4G). Furthermore, hippocampal CCL20, the
CCR6 ligand, mRNA was 5-fold higher in learned-helpless mice compared to resilient mice
or unshocked mice (Fig 4H), suggesting that the CCL20/CCR6 axis is activated in
hippocampal Ty17 cells. Furthermore, the expression of another marker of pathogenic Ty17
cells, IL-23R, was higher in IL-17A*CD4*cells in the hippocampus of learned-helpless mice
than in resilient mice or unshocked mice (Fig 4l). Altogether these data revealed that
pathogenic TH17 cell and Tgy cell markers are elevated in the hippocampus of learned-
helpless mice.

3.6. Tgp-17-like cells accumulate in the hippocampus of learned-helpless mice

We investigated further the follicular cell phenotype and found that Tgy cells
(CXCR5*CD4*) were enriched in the hippocampi of learned-helpless mice compared to
resilient or unshocked mice (Fig 5A-B). Tr cells expressing IL-17A were increased in the
hippocampi of learned-helpless mice (Fig 5C-D), but there was not an increase of T17 cells
not expressing CXCR5 (Fig 5E-F) or of Tgy cells expressing IFNy (Tgy-1-like cells) (Fig
5G-H), compared with resilient or unshocked mice. These results indicate that the Ty17
cells (IL-17A*) accumulated in the hippocampus of learned-helpless mice are actually
Try-17-like cells.

The hippocampal Tgy-17-like cells associated with learned-helplessness were activated, as
they express ICOS (Bauquet et al., 2009), whereas Tgy-17-like cells in resilient mice do not
express ICOS (Fig 51-J). This learned-helplessness-associated increase in ICOS was specific
to the Tgy-17-like cells, as the overall population of CD4*cells expressing ICOS was similar
between the learned-helpless and resilient mice (Fig 5K-L). There was no difference in
IL-21 expression by Tgy-17-like cells between learned-helpless and resilient mice (Fig 5M-
N) suggesting that IL-21 was not associated with the overall Ty phenotype after learned-
helplessness. However, 1L-21 was elevated in activated ICOS* Tg-17-like cells in the
hippocampus of learned-helpless mice, suggesting that only activated Tgy-17-like cells
express more IL-21 (Fig 50-P).

Three additional markers of follicular cells were examined, PD-1, Bcl-6 and CCR7 (Nurieva
et al., 2008; Nurieva et al., 2009). There was a significant increase of the percent of Tgy-17-
like cells expressing PD-1 in learned-helpless mice (Fig 6A-B), whereas the percent of
Ten-17-like cells expressing BCL-6 (Fig 6E-F) or CCR7 (Fig 6C-D) was similar between
learned-helpless and resilient mice, suggesting that PD-1 might contribute to the
hippocampal follicular cell phenotype of the Tgy-17-like cells in learned-helpless mice.

To further test if the Tgy-17-like cells also exhibit pathogenic properties, we analyzed the
expression of the two pathogenic markers CCR6 and IL-23R (Ghoreschi et al., 2010;
Langrish et al., 2005). There was an enrichment in hippocampal Tgy-17-like cells
expressing CCR6 (Fig 6G-H) and IL-23R (Fig 61-J) in learned-helpless mice compared with
resilient mice. Moreover, hippocampal CD4*cells not expressing IL-17A but expressing
CXCR5 and CCR6 or IL-23R were similarly present in learned-helpless and resilient mice
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(Fig 6K-N), showing that hippocampal Tgy-17-like cells express CCR6 and 1L-23R.
Moreover, using an adoptive transfer approach, we found that these Tgy-17-like cells arise
from the host, as Tgy-17-like cells in the hippocampus express mostly CD45.2 whether they
received CD45.1-expressing CD4cells or CD45.1-expressing Ty17 cells (Fig 7). In the
spleen, the Tgy-17-like cells originated from the host after transfer of CD45.1-expressing
CD4"cells, and from the donor after transfer of CD45.1-expressing TH17 cells.

3.7. CCRe6-deficient T17 cells induce resilience to learned-helplessness

To determine if the pathogenic marker CCR6 or the follicular cell marker CXCRS5 present on
the Tey-17-like cells in learned-helpless mice are required to promote learned-helplessness,
we tested the effects of knocking down CCR6 or CXCRS5 in Ty17 cells using either
knockdown by siRNA or CCR6 or CXCR5 knockout mice. To test if CXCRS5 expression in
TH17 cells is necessary for the Ty17 cells to promote learned-helplessness, we adoptively
transferred /n vitro polarized CXCRS5-deficient T417 cells into wild-type recipient mice, and
subjected the mice to learned-helplessness. Mice receiving CXCR5-deficient Ty17 cells
were susceptible to learned-helplessness similar to mice receiving wild-type Ty17 cells,
suggesting that CXCRS5 was not required to promote susceptibility to learned-helplessness
(Fig S4).

To determine the role of CCR6 in Ty17 cell-mediated learned-helplessness, we prepared
CCR6-knocked down TH17 cells using first a sSiRNA approach. After 4 days of /n vitro
differentiation, T17 cells were transfected with CCR6 siRNA, resulting in ~80%
transfected cells (Fig 8A), and 24 h later cells were transferred to wild-type mice. In mice
receiving CCR6-knocked down TH17 cells, only 30% exhibited learned-helplessness
compared with 70% of mice receiving T17 cells transfected with a scrambled siRNA
(siSCR) (Fig 8B). There were no changes in hippocampal Ty17, CD4, or Treg
(Foxp3*tCD4™") cells (Fig 8C-E), activated microglia (Fig 8F), macrophages (Fig 8G), or
dendritic cells (Fig 8H) in mice receiving CCR6-knocked down T17 cells compared to
control mice. In mice receiving CCR6-knocked out TH17 cells, only 20% of the mice
exhibited learned-helplessness compared to 80% of mice receiving Ty17 cells (Fig 8l),
confirming the requirement of CCR6 to promote susceptibility to learned-helplessness. The
behavioral effect was independent of the accumulation of Ty17 cells in the hippocampus, as
similar frequencies of Ty17 cells were observed in the hippocampus (Fig 8J). However,
hippocampal T17 cells express higher level of the follicular cell marker PD-1 in the mice
that received CCR6-knocked out Ty17 cells (Fig 8K), suggesting that PD-1 might be
regulated by the pathogenic marker CCR®.

4. Discussion

Accumulating evidence indicates that Ty17 cells contribute to depression and depressive-
like behaviors in rodents (Beurel and Lowell, 2017), but little is known about the
characteristics and mechanism of action of T17 cells in depression. Here we report the
selective modification by Ty17 cells, but not Tyl cells or Tregs, of susceptibility to
learned-helplessness and report the localization and characteristics of hippocampal Ty17
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cells in learned-helpless mice, which indicates that Try-17-like cells are the primary
pathogenic cells.

Modulation of susceptibility to learned-helplessness was limited to Ty17 cells. Although
there is some evidence of an association of Tyl cells and/or Tyl cell-derived cytokines with
depression (Beurel et al., 2013; Myint et al., 2005), Ty1 cell adoptive transfer did not
promote learned-helplessness, as did TH17 cells, even though both Ty17 and TH1 cells were
elevated in the brains of learned-helpless mice (Beurel et al., 2013) (Fig 1). These results
suggest that TH1 cells alone are not sufficient to promote learned-helplessness, although
they may play a role in conjunction with other depression-inducing factors. It is also
possible that Tl cells associated with depression may have evolved from Ty17 cells, since
it is known that this occurs under certain conditions (Harbour et al., 2015). Similar to Tyl
cells, Tregs transfer did not affect susceptibility to learned-helplessness, suggesting that
TrEGs suppressive immune function is not sufficient to block the development of learned-
helplessness.

TH17 cells accumulate in the brains of learned-helpless mice (Beurel et al., 2013).
Examination of brain regions revealed that Ty17 cells accumulate in the PFC and
hippocampus, two brain regions that are associated with depression (Campbell and
Macqueen, 2004; Koenigs and Grafman, 2009), of mice exhibiting learned-helplessness, but
not in the cerebellum. These findings raise the possibility that the hippocampus and PFC
might be where T{17 cells act to promote depressive-like behaviors, although additional
actions in other regions cannot be ruled out. Examining whether the accumulated Ty17 cells
in the hippocampus developed there or migrated, our evidence that CD45.1* donor T17
cells were found in the hippocampus of CD45.2 recipient mice after learned-helplessness
indicates that donor TH17 cells reach the hippocampus after stress. Additionally, using
RORyt-GFP reporter mice, we found that the pro-depressive capacity of donor Ty17 cells
also depends on the induction of endogenous T17 cells. Thus, both peripheral and central
TH17 cells contribute to promoting stress-induced depressive-like behavior, suggesting that
the initial peripheral immune response may mold central immune responses. However,
peripheral T17 cells were sufficient to promote learned-helplessness in Rag2~/~ mice,
which are devoid of endogenous CD4*cells, indicating that a peripheral source of TH17 cells
is sufficient to promote learned-helplessness, similarly to evidence that gut TH17 cells
modulate neurodevelopmental processes (Kim et al., 2017).

Although the mechanisms of migration of Ty17 cells to the brain during the induction of
depressive-like behavior remain mainly unknown, it has been proposed in EAE that Ty17
cells migrate to the CNS using VLA4 (Rothhammer et al., 2011) or chemokine receptors
such as CCRG6, especially in the choroid plexus (El-behi et al., 2010; Reboldi et al., 2009).
Others have suggested that Ty17 cells attach better to the brain endothelial cells than Tyl
cells (Brucklacher-Waldert et al., 2009), and locally produce cytokines, such as IL-17A or
IL-22 (Kebir et al., 2007) or other mechanisms that disrupt the blood brain barrier,
facilitating the migration of T17 cells to the brain (Huppert et al., 2010).

Characterization of hippocampal Ty17 cells in learned-helpless mice revealed that they
express CCR6 and IL-23R, and, more surprisingly, the follicular cell marker CXCR5. CCR6
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and IL-23R have been linked to the pathogenicity of T17 cells in autoimmune diseases
(Hirota et al., 2007; Kohler et al., 2003; Langrish et al., 2005), such as multiple sclerosis,
suggesting that the depression-associated hippocampal Ty17 cells display CNS-directed
pathogenic properties that may underlie a portion of their pro-depressive actions. This is
supported by our evidence that CCR6-deficient Ty17 cells did not promote learned-
helplessness even though they differentiated similarly to wild-type CD4*cells, suggesting
that CCR6 confers pathogenicity. CCR6 is thought to promote T17 cell recruitment to sites
of inflammation (Hirota et al., 2007). However, we did not observe any difference in the
percent of TH17 cells in the hippocampus between mice receiving wild-type or CCR6-
deficient TH17 cells, suggesting that the hippocampal recruitment of CCR6-expressing Ty17
cells during learned-helplessness was not driving the behavior. However, we cannot exclude
that in this transfer experiment, endogenous CCR6-expressing Ty17 cells compensate for
hippocampal CCR6-deficient Ty17 cells. It is also possible that CCR6 contributes to
targeting Ty17 cells to sites within the hippocampus. Associated with the resilience to
learned-helplessness of mice receiving CCR6-deficient T17 cells was an increase of PD-1
expression in hippocampal Ty17 cells. This reveals a potential mechanism whereby CCR6
controls pathogenicity of Ty17 cells in learned-helplessness because PD-1 is known to
induce anergy in Ty17 cells (Luz-Crawford et al., 2012). More studies will be needed to
confirm the role of PD-1 and its regulation by CCR6 in T417 cells.

There is little known about any possible role of CCR6 in major depressive disorder (MDD).
However, reduced levels of CCR6 expression were found in the blood of MDD patients,
suggesting that cells expressing CCR6 might already have reached the brain or other organs
(Patas et al., 2018; Powell et al., 2014).

Tw17 cells have been proposed to exist in 3 lineages: CCR6-dependent effector cells,
memory cells, or IL-23R- and CXCR5-dependent follicular Ty17 cells (Awasthi and
Kuchroo, 2009; Sundrud and Trivigno, 2013). We found that at least 2 lineages of TH17 cells
(although we did not directly test for the presence of memory cells) are present in the
hippocampus after learned-helplessness. The role of CXCR5 in Ty17 cells during
depression is less clear than that of CCR6 and IL-23R because there was not a change in
susceptibility to learned-helplessness after transfer of CXCR5-deficient Ty17 cells, which
does not exclude the possibility that CXCR5 is involved in the recruitment of Ty17 cells to
the hippocampus in conjunction with CCR6. Indeed, a question that remains open is the
potential existence of germinal centers in the brain associated with the recently discovered
lymphatic system (Louveau et al., 2015), since CXCR5 is a major homing signal for
germinal centers. However, as for CCR, it is possible that CXCRS5 as a chemokine receptor
is attracted by the chemokine CXCL13 produced locally in the hippocampus (Michalovicz
and Konat, 2014) rather than a germinal center, and that signals coming from both CCR6
and CXCRS are required for hippocampal Ty17 recruitment during depressive-like behavior,
providing a possible explanation for why CCR6 deficiency is not sufficient to block the
recruitment of Ty17 cells to the hippocampus in learned-helpless mice receiving CCR6-
deficient Ty17 cells and as to why CXCR5-deficient Ty17 cells are not sufficient to
decrease susceptibility to learned-helplessness. Although the role of CXCR5 in promoting
depressive-like behavior needs to be further explored, the fact that some follicular markers
(PD-1 and CXCR5), but not all (Bcl-6, CCR7), are increased in hippocampal T17 cells in
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learned-helpless mice suggests that these hippocampal Tgy-17-like cells associated with
learned-helplessness have unique properties compared to peripheral Tgy cells. In addition,
CXCRS expressed on Ty17 cells might be important to promote B cell responses and
memory formation in peripheral germinal centers (Hsu et al., 2008; Mitsdoerffer et al.,
2010) before recruitment to the brain, providing a potential mechanism whereby immune
memory to pathogenic signals and stressful events might be generated.

5. Conclusion

Altogether this study identified the selective pathogenicity of the Ty17 subtype of T cells
and identified novel characteristics of hippocampal T17 cells associated with learned-
helplessness. In particular, we found that learned-helplessness is associated with the
hippocampal accumulation of Tgy-17-like cells, and that CCR6 is a critical mediator of
pathogenicity in Ty17-dependent learned-helplessness, which may provide potential new
avenues for treatment.
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TH17 cells promote learned-helplessness and accumulate in the hippocampus and PFC. (A)
CD4* T cells were differentiated toward either Ty17, Tl or undifferentiated CD4™ cells for
4 days /n vitro and adoptively transferred to male and female Rag2~/~ (B) or male wild-type
(C) mice. In (B) 18% of the CD4* cells were TH17 cells in mice receiving TH17 cells, and
39% of the CD4* cells were TH1 cells in mice receiving Tl cells. In mice receiving CD4*
cells, less than 1% of CD4* cells were T17 cells or Tyl cells. 48 h after transfer mice were
subjected to the reduced paradigm of learned-helplessness. The number of escape failures
was recorded. Each symbol represents an individual mouse. Mean = SEM, one-way
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ANOVA, F(2,36)=4.037, Bonferroni post hoc test *p<0.05 (n=7-14). (C) Mice were
subjected or not to the learned-helplessness (LH) paradigm, and were separated into 3
groups: non-shocked (NS), shocked and exhibiting >15/30 escape failures (D), or shocked
and not learned-helpless (<15 escape failures, ND). (D-F) Mice were perfused, and
hippocampus and PFC were processed to obtain dissociated cells. Cells were stained for
CD4 and IL-17A (D), IFN+y (E) or Foxp3 (F), and gated on CD4* cells and analyzed by
flow cytometry. Data represent mean £ SEM, one-way ANOVA, F(5, 30)=10.26 (E),
F(5,39)=14.64 (F), Bonferroni post hoc test *p<0.05 (n=4-11).
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Figure 2:

Adoptively transferred Ty17 cells accumulate in the hippocampus after the learned-
helplessness paradigm. (A) CD45.2 wild-type recipient mice received donor CD45.1*CD4™*
T cells or CD45.1" TH17 cells, and 48 h later were subjected to the learned-helplessness
paradigm. 86% of the CD4*T cells transferred in the Ty17 cells preparation were Ty17
cells, whereas less than 1% T17 cells were detected in the CD4 preparation, and 99.3% of
the injected CD4 cells were CD45.1. (B) CD4* CD45.1* (donor cells) or CD4*CD45.2*
(recipient cells) present in the hippocampus of mice adoptively transferred with CD4 cells or
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TH17 cells were analyzed by flow cytometry after gating on CD4* cells (C) CD45.1*CD4*
(donor cells) or CD45.2*1L-17ATCD4* (recipient cells) present in the hippocampus of mice
adoptively transferred with CD4 cells or Ty17 cells were analyzed by flow cytometry after
gating on CD457CD4* cells. Each symbol represents an individual mouse. Data represent
mean+SEM, one-way ANOVA, F(3, 16) = 9.522, Bonferroni post-hoc test *p<0.05 (n=5).
(D) CD45.1*1L-17A*CD4* (donor cells) or CD45.2*IL-17A*CD4™ (recipient cells) present
in the hippocampus of mice adoptively transferred with CD4 cells or Ty17 cells were
analyzed by flow cytometry after gating on CD45*I1L-17A*CD4" cells. Each symbol
represents an individual mouse. Data represent mean+SEM, one-way ANOVA, F(3,
14)=9,795, Bonferroni post-hoc test *p<0.05 (h=4-5).
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Induction of learned-helplessness increases the induction of GFP in RORy TCFP/* mice. (A-
B) RORy TS P/* mice adoptively transferred with undifferentiated CD4 cells or Ty17 cells
48 h before being subjected to the reduced learned-helplessness paradigm, and the number
of escape failures was recorded. Each symbol represents an individual mouse. Data represent
mean+SEM, Mann Whitney, U=37.5, *p<0.05, (n=11-18). (C-F) Unshocked (NS) mice or
mice transferred with T17 cells (Th17), or mice exhibiting learned-helplessness (D) or non-
learned-helpless mice (ND) that received Ty17 cells were perfused after the last shock and
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hippocampal (C-D) or splenic (E-F) cells were dissociated. CD4* T cells were stained for
IL-17A, and both IL-17A*CD4™" T cells (C, E) and GFP*CD4™* T cells (D, F) were evaluated
by flow cytometry after gating on CD4" cells as described in panel (A). Each symbol
represents an individual mouse. Data represent mean +SEM, one-way ANOVA, F(3, 26)=
9,492 (B), F(3,25)=15.75 (C), Bonferroni post hoc test *p<0.05 (n=4-12).
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Figure 4:

Follicular and pathogenic markers are elevated in the hippocampus of learned-helpless mice.
(A) Mice were subjected or not to the learned-helplessness paradigm, and mice were
separated into 3 groups: learned-helpless (D), non-learned-helpless (ND) and non-shocked
(NS) as described in Fig 1D. Immediately after the last foot shocks, hippocampi were
collected and mRNA extracted to measure by gRT-PCR: IL-17A mRNA (A), an array of
TH17 cell-related genes (B), ICOS mRNA (C), c-maf mRNA (D), IL-27 mRNA (E) and
Bcl6 mRNA (F). Genes upregulated or downregulated more than 4-fold are reported in (B).
Each symbol represents an individual mouse. Data represent mean+SEM, One-way
ANOVA, F(2, 12)=6.212 (A), F(2, 25) = 20.21 (C), F(2,18)=57.66 (D), Bonferroni post-hoc
test *p<0.05 (n=4-10). (G-1) Mice were subjected to the learned-helplessness paradigm, or
not, and mice were separated into 3 groups: unshocked (NS), learned-helpless (D) and non-
learned-helpless (ND) mice. Immediately after the last foot shocks, mice were perfused and

Brain Behav Immun. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Beurel et al.

Page 23

hippocampi were collected. Dissociated cells were stained for CD4, IL-17A, and either
CCR6 (G) or IL-23R (1), and gated on IL-17A* CD4"* cells. (H) mRNA was extracted from
hippocampus and CCL20 expression was analyzed by gRT-PCR. Each symbol represents an
individual mouse. Data represent mean£SEM, one-way ANOVA, F(2, 23)=11.59 (A), F(2,
15)=16.50 (B), F(2,33)=8.034 (C), Bonferroni post-hoc test *p<0.05 (n=8-17).
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TH17 cells associated with learned helplessness present a follicular phenotype. Mice were
subjected to the learned-helplessness paradigm, or not, and mice were separated into 3
groups: unshocked (NS), learned-helpless (D) and non-learned-helpless (ND) as described in
Fig 1D. Immediately after the last foot shocks, mice were perfused and hippocampi were
collected. Dissociated cells were stained for CD4, CXCRS5 and gated on CD4* cells (A-B) or
cells were stained for CD4, CXCR5, IL-17A and gated (C-D) or not (E-F) on CXCR5*CD4*
cells; or cells were stained for CD4, CXCR5 and either IFNy (G-H), or ICOS (1-J), or IL-21
(M-N), and gated on CXCR57CD4* cells (G-L); or cells were stained for CD4, ICOS and

gated on CD4" cells (K-L) or CD4, IL-21 and gated on CD4*ICOS* cells (O-P).

Representative plots of flow cytometry are presented in A, C, E, G, I, K, M and O, and
quantifications are presented in B, D, F, H, J, L, N and P. Each symbol represents an
individual mouse. Data represent meant SEM, one-way ANOVA, F(2,32)=13.33 (B),
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F(2,38)=11.20 (D), Bonferroni post-hoc test and Mann-Whitney, U=14 (J), *p<0.05
(n=4-20).
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Figure6:

TFgH-Iike 17 cells have increased PD-1 levels and express CCR6 and IL-23R. Mice were
subjected to the learned-helplessness paradigm, and were separated into 2 groups: learned-
helpless (D) and non-learned-helpless (ND). Immediately after the last foot shocks, mice
were perfused and hippocampi were collected. Dissociated cells were stained for CD4,
CXCRS5, IL-17A, and either PD-1 (A-B), or CCR7 (C-D), or BCL-6 (E-F), and gated on
IL-17A*CD4" cells (A-F). Each symbol represents an individual mouse. Data represent
mean+SEM, t-test, t(10)=2.729 *p<0.05 (n=5-7). (G-N) Mice were subjected to the learned-
helplessness paradigm, or not, and mice were separated into 3 groups: unshocked (NS),
learned-helpless (D) and non-learned-helpless (ND) mice. Immediately after the last foot
shocks, mice were perfused and hippocampi were collected. Dissociated cells were stained
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for CD4, CXCRS5, IL-17A, and either CCR6 (G-H, K-L) or IL-23R (I-J, M-N), and gated on
CXCR5*IL-17A*CD4* cells (G-J) or on CXCR5*CD4*cells (K-M). Representative plots of
flow cytometry are presented in G, I, K and M, and quantifications are presented in H, J, L
and N. Each symbol represents an individual mouse. Data represent mean+ SEM, Mann-
Whitney, U=17 (H), U=20 (J), *p<0.05 (n=8-17).
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Figure 7:

Trn-like 17 cells originate from the host. CD45.2 wild-type recipient mice received donor
CD45.1*CD4™" T cells or CD45.1* T17 cells, and 48 h later were subjected to the learned-
helplessness paradigm. 86% of the CD4*T cells transferred in the Ty17 cells group were
Tw17 cells, whereas less than 1% Ty17 cells were detected in the CD4 group, and 99.3% of
the CD4 injected cells were CD45.1 as described in Fig 2A. (A) CD4*CD45.1* (donor cells)
or CD4*CD45.2* (recipient cells) present in the hippocampus of mice adoptively transferred
with CD4 or TH17 cells were analyzed by flow cytometry after gating on CD4™ cells.
CD45.1*CXCR5*IL-17A*CD4* (donor cells) or CD45.2*CXCR5*IL-17A*CD4* (recipient
cells) present in the hippocampus (B) or spleen (C) of mice adoptively transferred with CD4
or TH17 cells were analyzed by flow cytometry after gating on CD45"CXCR5*IL-17A
*CD4" cells as described in panel (A). Each symbol represents an individual mouse. Data
represent mean+SEM, one-way ANOVA, F(2,14)=22.9 (A), F(3,16)=34.35 (B), Bonferroni
post-hoc test *p<0.05 (n=5).
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Figure8:
CCR6 expression is required for Ty17 cells to promote learned-helplessness. Male and

female mice received TH17 cells transduced with either a scrambled siRNA (siSCR) or
SiRNA targeting CCR6 (SiCCR6) and 48 h later were subjected to the reduced paradigm of
learned-helplessness. (A) Before transfer, Ty17 cells transduced with either a scrambled
SIRNA (47.4% CD4 are T17 cells) or siRNA targeting CCR6 (43.5% CD4 are TH17 cells)
were stained for CCR6, IL-17A and CD4 for analysis by flow cytometry. Mean + SEM,
Mann-Whitney, U=0, *p<0.05 (n=3-4). (B) The number of escape failures was recorded.
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Each symbol represents an individual mouse. Mean + SEM, t-test, t(20)=2.132, *p<0.05
(n=11). Immediately after the last foot shocks, mice were perfused and hippocampi were
collected. Dissociated cells were stained for IL-17A and CD4 (C), CD4 (C), Foxp3 and CD4
(E), F4/80 and CD45 (F), F4/80 and CD45 (G), CD11c and CD45 (H) and gated on CD4"*
cells (C-E). Data represent mean=SEM, (n=5). (1) Mice received TH17 cells differentiated
from wild-type CD4 cells (WT, 33% CD4 are T17 cells) or CCR6-deficient CD4 cells
(CCR6 KO, 28% CD4 are Ty17 cells) and 48 h later were subjected to the reduced paradigm
of learned-helplessness. The number of escape failures was recorded. Each symbol
represents an individual mouse. Mean £ SEM, Mann-Whitney, *p<0.05 (n=10). Immediately
after the last foot shocks, mice were perfused and hippocampi were collected. Dissociated
cells were stained for IL-17A and CD4, and gated on CD4* cells (J) or stained for PD-1,
IL-17A, and CD4 and gated on IL-17A* CD4* cells (K). Data represent mean+SEM, Mann-
Whitney U=21 (1) and Wilcoxon test, W=-19 (K), *p<0.05 (n=9).
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