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Corrections

PHARMACOLOGY

Correction for “Targeting the minor pocket of C5aR for the
rational design of an oral allosteric inhibitor for inflammatory
and neuropathic pain relief,” by Alessio Moriconi, Thiago M.
Cunha, Guilherme R. Souza, Alexandre H. Lopes, Fernando Q.
Cunha, Victor L. Carneiro, Larissa G. Pinto, Laura Brandolini,
Andrea Aramini, Cinzia Bizzarri, Gianluca Bianchini, Andrea R.
Beccari, Marco Fanton, Agostino Bruno, Gabriele Costantino,
Riccardo Bertini, Emanuela Galliera, Massimo Locati, Sérgio H.
Ferreira, Mauro M. Teixeira, and Marcello Allegretti, which ap-
peared in issue 47, November 25, 2014, of Proc Natl Acad Sci USA
(111:16937-16942; first published November 10, 2014; 10.1073/
pnas.1417365111).

The authors note that an additional affiliation should be listed
for Emanuela Galliera. This author’s affiliations should appear as
“Department of Biomedical, Surgical and Dental Sciences, Uni-
versity of Milan, I-20133 Milan, Italy; and Istituto di Ricerca e Cura
a Carattere Scientifico (IRCCS) Galeazzi Orthopaedic Institute,
1-20161 Milan, Italy.” The corrected author and affiliation lines
appear below. The online version has been corrected.

Alessio Moriconi®', Thiago M. Cunha®’, Guilherme R.
Souza®, Alexandre H. Lopes®, Fernando Q. Cunha®,
Victor L. Carneiro®, Larissa G. Pinto®, Laura Brandolini?,
Andrea Aramini®, Cinzia Bizzarri®, Gianluca Bianchini?®,
Andrea R. Beccari®, Marco Fanton® Agostino Bruno®,

Gabriele Costantino®, Riccardo Bertini9, Emanuela
Galliera®f, Massimo Locati", Sérgio H. Ferreira®?,

Mauro M. Teixeira', and Marcello Allegretti®?

?Department of Discovery, Dompé SpA Research Center, 67100 L'Aquila,
Italy; ®Department of Pharmacology, Ribeirao Preto Medical School,
University of Sao Paulo, 14049-900, Ribeirao Preto, Brazil; “Dipartimento

di Farmacia, Viale Area delle Scienze 27/A, Universita degli Studi di Parma,
43121 Parma, Italy; *ALTA Ricerca e Sviluppo in Biotecnologie S.r.l.u, 67100
L'Aquila, Italy; “Department of Biomedical, Surgical and Dental Sciences,
University of Milan, 1-20133 Milan, Italy; fistituto di Ricerca e Cura a Carattere
Scientifico (IRCCS) Galeazzi Orthopaedic Institute, 1-20161 Milan, Italy;
9Department of Medical Biotecnologies and Translational Medicine,
University of Milan, 1-20129 Milan, Italy; "Humanitas Clinical and Research
Center, Rozzano, 20089 Milan, Italy; and 'Imunofarmacologia,
Departamento de Bioquimica e Immunologia, Instituto de Ciéncias
Bioldgicas, Universidade Federal de Minas Gerais, 31270-901, Belo
Horizonte, Brazil

www.pnas.org/cgi/doi/10.1073/pnas.1422166112

WWW.pnas.org

NEUROSCIENCE
Correction for “Individual differences in the peripheral immune
system promote resilience versus susceptibility to social stress,” by
Georgia E. Hodes, Madeline L. Pfau, Marylene Leboeuf, Sam A.
Golden, Daniel J. Christoffel, Dana Bregman, Nicole Rebusi,
Mitra Heshmati, Hossein Aleyasin, Brandon L. Warren, Benoit
Lebonté, Sarah Horn, Kyle A. Lapidus, Viktoria Stelzhammer,
Erik H. F. Wong, Sabine Bahn, Vaishnav Krishnan, Carlos A.
Bolanos-Guzman, James W. Murrough, Miriam Merad, and
Scott J. Russo, which appeared in issue 45, November 11, 2014 of
Proc Natl Acad Sci USA (111:16136-16141; first published
October 20, 2014; 10.1073/pnas.1415191111).

The authors note that the author name Benoit Lebonté should
instead appear as Benoit Labonté. The corrected author line
appears below. The online version has been corrected.

Georgia E. Hodes, Madeline L. Pfau, Marylene Leboeuf,
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APPLIED PHYSICAL SCIENCES
Correction for “Motionless phase stepping in X-ray phase
contrast imaging with a compact source,” by Houxun Miao,
Lei Chen, Eric E. Bennett, Nick M. Adamo, Andrew A. Gomella,
Alexa M. DeLuca, Ajay Patel, Nicole Y. Morgan, and Han Wen,
which appeared in issue 48, November 26, 2013, of Proc Natl
Acad Sci USA (110:19268-19272; first published November 11,
2013; 10.1073/pnas.1311053110).

The authors note that on page 19269, right column, fifth full
paragraph, line 4, “200 ms” should instead appear as “200 ps.”
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Individual differences in the peripheral immune system
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Georgia E. Hodes®, Madeline L. Pfau®, Marylene Leboeuf®<, Sam A. Golden?®, Daniel J. Christoffel?, Dana Bregman?,
Nicole Rebusi?, Mitra Heshmati®, Hossein Aleyasin?, Brandon L. Warren®, Benoit Labonté?, Sarah Horn®,

Kyle A. Lapidus®¢, Viktoria Stelzhammer™9, Erik H. F. Wong", Sabine Bahn®9, Vaishnav Krishnan',

Carlos A. Bolafos-Guzman?, James W. Murrough®¢, Miriam Merad®<, and Scott J. Russo®’

®Fishberg Department of Neuroscience and Freidman Brain Institute, Icahn School of Medicine at Mount Sinai, New York, NY 10029; Departments of
PGene and Cell Medicine, “Oncological Sciences, and Psychiatry, Icahn School of Medicine at Mount Sinai, New York, NY 10029; dDepartment of Psychology,
Florida State University, Tallahassee, FL 32306-4301; fInstitute of Biotechnology, Department of Chemical Engineering and Biotechnology, University of
Cambridge, Cambridge CB2 1QT, United Kingdom; 9Department of Neuroscience, Erasmus Medical Center, NL 3000 CA Rotterdam, The Netherlands;
NCNS-Pain Innovative Medicine Unit, External Science, AstraZeneca Pharmaceuticals, Wilmington, DE 19850; and 'Department of Neurology, Beth Israel

Deaconess Medical Center, Boston, MA 02215

Edited by Bruce S. McEwen, The Rockefeller University, New York, NY, and approved September 25, 2014 (received for review August 7, 2014)

Depression and anxiety disorders are associated with increased
release of peripheral cytokines; however, their functional rele-
vance remains unknown. Using a social stress model in mice, we
find preexisting individual differences in the sensitivity of the
peripheral immune system that predict and promote vulnerability
to social stress. Cytokine profiles were obtained 20 min after the
first social stress exposure. Of the cytokines regulated by stress, IL-
6 was most highly up-regulated only in mice that ultimately
developed a susceptible behavioral phenotype following a sub-
sequent chronic stress, and levels remained elevated for at least 1
mo. We confirmed a similar elevation of serum IL-6 in two separate
cohorts of patients with treatment-resistant major depressive
disorder. Before any physical contact in mice, we observed
individual differences in IL-6 levels from ex vivo stimulated
leukocytes that predict susceptibility versus resilience to a sub-
sequent stressor. To shift the sensitivity of the peripheral immune
system to a pro- or antidepressant state, bone marrow (BM)
chimeras were generated by transplanting hematopoietic pro-
genitor cells from stress-susceptible mice releasing high IL-6 or
from IL-6 knockout (IL-6~'") mice. Stress-susceptible BM chimeras
exhibited increased social avoidance behavior after exposure to
either subthreshold repeated social defeat stress (RSDS) or a purely
emotional stressor termed witness defeat. IL-6 '~ BM chimeric and
IL-6~/~ mice, as well as those treated with a systemic IL-6 mono-
clonal antibody, were resilient to social stress. These data establish
that preexisting differences in stress-responsive IL-6 release from
BM-derived leukocytes functionally contribute to social stress-
induced behavioral abnormalities.

depression | anxiety | stress | interleukin-6 | leukocytes

Human studies indicate that psychosocial stressors increase
peripheral cytokine production, a potentially important
factor in the development of depression or anxiety (1-6). Subsets
of patients with major depressive disorder (MDD) and post-
traumatic stress disorder have higher levels of multiple in-
flammatory markers, including the cytokine interleukin 6 (IL-6)
(3, 4, 6-8), which meta-analyses indicate is consistently elevated
across studies (2, 9-11). Although systemic injection of proin-
flammatory cytokines induces “sickness behavior” reminiscent
of depressive symptoms (12), a causal relationship between pe-
ripherally derived cytokines and stress-related disorders awaits
confirmation. To directly address whether systemic inflammation
functionally contributes to stress vulnerability, we used two social
stress paradigms: repeated social defeat stress (RSDS) (13, 14)
and a purely emotional stressor (witness defeat) (15). As in
humans (16, 17), chronic social subordinations in mice lead to
depression-like behavior, including social avoidance, in a subset
of mice termed susceptible, whereas resilient mice resist the de-
velopment of such behavior (18-20). We hypothesize that
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preexisting differences in the sensitivity of an individual’s periph-
eral immune system dictate their subsequent vulnerability or
resilience to social stress.

Results

Leukocyte-Derived IL-6 Is Predictive of Susceptibility Versus
Resilience to Stress. We examined cytokine and chemokine pro-
files 20 min after the first exposure to an aggressor in the RSDS
paradigm (Table 1 and Fig. S14). Although acute social stress
regulated a number of cytokines and chemokines, IL-6 was the
only cytokine significantly elevated in animals that later developed
a susceptible phenotype compared with both control and resilient
mice. Furthermore, IL-6 levels strongly negatively correlated with
social interaction behavior following subsequent RSDS (Fig.
S1B). IL-1p was also elevated in susceptible mice compared with
resilient mice, however, neither differed from controls. The anti-
inflammatory cytokine IL-10 and the chemokines chemokine
(C-X-C motif) ligand 1 (CXCL1) and chemokine (C-C motif) ligand
2 (CCL2) were similarly elevated in susceptible and resilient ani-
mals compared with controls, indicating a general effect of defeat
(Table 1). IL-9 was not significantly regulated by stress but did
correlate with subsequent social avoidance behavior (Fig. S1C).

Significance

Depression and anxiety have been linked to increased inflam-
mation. However, we do not know if inflammatory status pre-
dates onset of disease or whether it contributes to depression
symptomatology. We report preexisting individual differences in
the peripheral immune system that predict and promote stress
susceptibility. Replacing a stress-naive animal’s peripheral immune
system with that of a stressed animal increases susceptibility to
social stress including repeated social defeat stress (RSDS) and
witness defeat (a purely emotional form of social stress). De-
pleting the cytokine IL-6 from the whole body or just from leu-
kocytes promotes resilience, as does sequestering IL-6 outside
of the brain. These studies demonstrate that the emotional re-
sponse to stress can be generated or blocked in the periphery,
and offer a potential new form of treatment for stress disorders.
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Table 1. Cytokines and chemokines regulated by stress 20 min after the first defeat

IL-1B IL-6 IL-9 IL-10 Cxcl1/KC CCL2/MCP1
Cytokine pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL
Control 8.73 + 1.09 3.36° + 0.96 131.2 + 17.7 4.24 1+ 0.37 95.25°¢ + 5.32 20.58" + 1.88
Susceptible 11.75 + 2.47 92.27%¢ + 8.91 160.8 + 9.04 10.37% + 2.05 575. 6% + 170.8 40.67% + 7.44
Resilient 6.49° + 0.5 10.83° + 2.7 130.5 + 10.1 8.45% + 1.34 547.9% + 161.5 44.94° + 6.93
F ratio Fs24 = 3.88, Fs21 = 80.11, Fz20 = 1.53, F,.26 = 5.05, Fp08 = 3.42, Fp08 = 4.38,

P < 0.05 P < 0.0001 P> 0.05 P < 0.05 P < 0.05 P < 0.05

R -0.48, P = 0.057 -0.77, P < 0.001 -0.47, P < 0.05 -0.21, P> 0.05 -0.08, P > 0.05 —0.04, P > 0.05
N c(9) C(5) C (10) c(9) c(9) c(9)

S (6) S(7) S (8) S (7) S (8) S (8)

R (10) R (10) R (12) R (11) R (12) R (12)

Animals were behaviorally phenotyped 10 d after RSDS by measuring social interaction (Fig. S1A). Univariate ANOVA analysis was used to determine
significant differences in circulating cytokine levels between control, susceptible, and resilient mice. Correlations to the Sl ratio were examined in animals that
underwent RSDS. Subjects with nondetectable levels of cytokines/chemokines or levels that varied more than 2 SD from the mean were excluded from
analysis. Data are displayed as mean + SEM. Correlations are listed in row R, and sample numbers are listed in row N.

Significant difference from control.
bSignificant difference from susceptible.
Significant difference from resilient.

Given the 27-fold change in IL-6 detected in susceptible ani-
mals, we next examined an in vivo time course of plasma IL-6
levels before and throughout exposure to RSDS in a second
group of animals. There were no basal differences in IL-6 before
RSDS, however we again observed that susceptible animals had
significantly higher serum IL-6 within 20 min of their first defeat
and levels remained elevated 48 h after the last defeat (Fig. 14
and Figs. S24 and S3A4). Because baseline levels of IL-6 were
low, we verified that there were indeed no basal group differ-
ences via a high-sensitivity ELISA in a separate cohort of mice
(Fig. S4 A and B).

To validate that the increased levels of IL-6 found in suscep-
tible mice were clinically relevant, we examined IL-6 in serum
from patients with treatment-resistant MDD using a high-sen-
sitivity human IL-6 ELISA. Severity of depression was quantified
using the Quick Inventory of Depressive Symptomatology (QIDS)
scale (Fig. 1B). Patients with MDD had higher serum IL-6 than
healthy controls (Fig. 1C and Table S1). In a second cohort of
patients with treatment-resistant MDD, we examined the effects
of antidepressant treatment on circulating levels of IL-6. In this
cohort, severity of depression was quantified using Hamilton
Depression Scale scores (Table S1). Again levels of IL-6 were
elevated in patients with treatment-resistant MDD, and standard
antidepressant treatment did not lower circulating levels of IL-6.
IL-6 levels were also examined in mice that experienced 10 d of
RSDS followed by 35 d of Imipramine treatment (Fig. 1D and
Fig. S3 B and C). IL-6 levels were still significantly up-regulated
35 d after the last defeat, and similar to humans, Imipramine did
not lower circulating levels of IL-6. These data suggest that
standard antidepressants are not acting on immune function to
exert their behavioral effects.

To examine whether the effects of stress on IL-6 levels gen-
eralize to other stress paradigms, we sampled blood from mice
exposed to 21 d of chronic variable stress (CVS). CVS signifi-
cantly increased basal levels of IL-6 sampled 24 h after the last
stress exposure (Fig. 1E). We also examined whether exposure
to a purely emotional stressor increased IL-6. Mice witnessed a
conspecific undergoing RSDS, but had no physical contact with
the aggressor. Circulating levels of IL-6 were elevated in witness
mice compared with controls 30 d after the last stressor, when the
phenotype of social avoidance emerges (15) (Fig. 1F and Fig. S3D).

Because of the physical nature of RSDS, we performed physical
examinations of animals. There were no differences in the number
of wounds and no correlation between number of wounds and
social-interaction (SI) ratio (Fig. S4 C and D), suggesting that
individual differences in susceptibility to RSDS were not due to

Hodes et al.

physical injury. Because IL-6 is involved with the fever response
(21), we examined core body temperature after 10 d of RSDS as
general sickness behavior could alter social interaction (22). There
were no significant effects of RSDS on core body temperature (Fig.
S4E). Furthermore, RSDS increased corticosterone levels to the
same extent in both susceptible and resilient animals (Fig. S4 F' and
G). These data suggest that both groups received similar levels of
trauma-related stress and further dissociate general hypothalamic
pituitary adrenal stress responses from stress-induced levels of IL-6.
To determine whether immune differences in stress-naive mice
can predict development of susceptible versus resilient responses
to a subsequent RSDS, we conducted an ex vivo leukocyte im-
mune challenge (Fig. S2B). Whole blood was collected by sub-
mandibular bleed 4 d before the first physical interaction with
an aggressor. Leukocytes were isolated and counted. Mice that
later exhibited a susceptible phenotype following RSDS had
more circulating leukocytes than those that exhibited a resilient
phenotype (Fig. 24 and Fig. S3E) before the stress exposure.
The number of leukocytes negatively correlated with the social
interaction ratio (Fig. 2B). To determine the specific type of
leukocyte that predicts susceptibility, we collected whole blood
before RSDS and separated leukocytes via flow cytometry in
a separate cohort of mice. We found that before stress exposure,
monocytes were elevated in animals that developed a susceptible
phenotype after stress exposure (Fig. S54) and negatively cor-
related with the social interaction ratio (Fig. S5 B and C). Al-
though there were no baseline differences in B cells (Fig. S5D),
there was a modest trend for increased T cells in mice that later
developed a susceptible phenotype (Fig. SSE). To measure IL-6
release to an ex vivo immune challenge, leukocytes were col-
lected before RSDS, plated at equal confluence, and stimulated
with the toll-like receptor 4 agonist, lipopolysaccharide (LPS),
for 24 h. Leukocytes from animals that later exhibited a suscep-
tible behavioral phenotype released more IL-6 in response to
LPS before stress than those that exhibited a resilient phenotype
(Fig. 2C). Stimulated IL-6 release also negatively correlated with
the social interaction ratio (Fig. 2D). These studies confirm
preexisting individual differences in leukocyte numbers as well
as leukocyte response to an immune challenge before RSDS,
suggesting that dysregulated immune physiology and concomitant
increased IL-6 release are a risk factor for stress susceptibility.

Peripheral Immune System Controls Behavioral Susceptibility. To
examine the functional contribution of increased immune acti-
vation to stress, animals were reconstituted with bone marrow
(BM) hematopoietic progenitors isolated from susceptible or
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Fig. 1. Individual differences in the peripheral immune system predict be-
havioral responses to RSDS. (A) A within-subjects time course of plasma
levels of IL-6 indicated a significant interaction between time point of blood
draw and behavioral phenotype (Fs19 = 10.83, P < 0.001, control = 9, sus-
ceptible = 7, resilient = 6). Post hoc analysis indicated no significant differ-
ences in IL-6 levels at baseline (P > 0.05). Twenty minutes after the first defeat,
animals that developed a susceptible phenotype had higher circulating levels of
IL-6 than control or resilient mice (P < 0.001). Forty-eight hours after the last
defeat, susceptible mice had higher levels of IL-6 than resilient or control mice
(P < 0.001). (B) Patients with a diagnosis of treatment-resistant MDD (n = 19)
scored higher on the QIDS than healthy controls (n = 18) (t35 = 15.68, P < 0.0001,
two tailed). (C) Patients with treatment-resistant MDD had higher circulating
levels of IL-6 than healthy controls (t35 = 3.17, P < 0.01, two tailed). (D) Thirty-five
days after the last defeat, susceptible mice injected with saline (n = 7) had basal
elevations in serum levels of IL-6 compared with controls (saline, n = 13, Imip-
ramine, n = 13) and resilient (n = 6) mice (F445 = 3.66, P < 0.05) but not sus-
ceptible mice injected with Imipramine (n = 11, P> 0.05). (E) Twenty-four hours
after the last day of CVS, mice showed significant elevations of IL-6 (t;, = 2.48,
P < 0.05, two tailed). (F) Mice exposed to the nonphysical social stress of witness
defeat (witness = 10, control = 11) demonstrated elevations in IL-6 30 d after
the last stressor, when serum levels were measured immediately after the social
interaction test (t;9 = 3.1, P < 0.01, two tailed). Bar graphs display mean + SEM.
# denotes a significant interaction. * denotes a significant difference in phe-
notype. For t tests, * denotes a significant difference between means.

control mice (Fig. S2C). To exclusively target peripheral immune
cells and spare central nervous system (CNS) microglia during
whole body irradiation of CD45.2+ C57BL/6 mice, we used lead
shields to cover the animals’ heads (Fig. S64). For the susceptible
donors, CD45.1+ C57BL/6 mice were selected based on high
release properties of IL-6 in response to an ex vivo leukocyte
challenge with LPS and the development of social avoidance
following RSDS (Fig. S74). Control donors did not undergo
RSDS and showed low IL-6 release properties to LPS ex vivo.
BM hematopoietic progenitor cells from susceptible or control
mice were transplanted into the irradiated CD45.2+ C57BL/6
recipients, and animals were given 5-6 wk to allow for full donor
hematopoietic cell reconstitution before exposure to social stress.
Blood was collected at the end of each experiment to determine
donor chimerism. Approximately 70% of the viable leukocytes
derived from donor progenitor cells, although proportions of
donor-derived leukocytes did not differ between susceptible and
control donors (Fig. 34 and Fig. S7B). After transplant, stress-
susceptible BM chimeras overall had more circulating leukocytes
compared with wild-type control chimeras (Fig. 3B). Examination
of brain tissue indicated that proliferation of cells in neurogenic
brain regions known to regulate antidepressant responses was not
affected by irradiation (Fig. S6 B and C). Further, >98% of the
microglia remained of host origin, suggesting that their resident
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microglia population was left largely intact (Fig. 3C and Fig.
S7C). This is in line with previous studies using lead shielding to
protect the CNS from radiation (23).

To determine the behavioral consequences of peripheral im-
mune transplantation, stress-susceptible and control BM chi-
meric mice were subjected to a physical subthreshold defeat that
does not induce social avoidance in controls but can reveal a
susceptible phenotype if an animal’s stress threshold is shifted by
the experimental manipulation (24). Stress-susceptible BM chi-
meras displayed increased social avoidance following subthreshold
defeat compared with controls (Fig. 3D). There were no differ-
ences in measures of anxiety-associated exploratory behavior be-
tween the two groups as indicated by the elevated plus maze (Table
S2). To determine whether the peripheral immune system impacts
the behavioral response to a purely emotional stressor (with no
physical component), we generated a separate group of susceptible
BM chimeric mice and allowed them to witness another mouse
undergoing RSDS using a modified subthreshold protocol. Sus-
ceptible BM chimeras showed a greater social avoidance behavior
compared with control BM chimeras following this subthreshold
witness stress (Fig. 3E).

Inhibition of Peripheral IL-6 Promotes Behavioral Resilience. To de-
termine whether alterations in peripheral IL-6 contribute to in-
dividual differences in susceptibility to RSDS, we generated
IL-67~ BM chimeras as described (Fig. S2D). Once again we
confirmed ~70% of viable donor leukocyte chimerism and found
no differences in proportions of donor-derived leukocytes be-
tween IL-6~~ and WT BM chimeras (Fig. 44 and Fig. S7D). This
ruled out nonspecific effects of IL-6 deletion on stem cell en-
graftment and differentiation into mature leukocytes. The WT
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Fig. 2. Leukocyte profiles before stress. (A) Before RSDS, mice that dis-
played a susceptible phenotype at the end of RSDS had more circulating
leukocytes than mice that displayed a resilient phenotype (t35 = 3.03, P <
0.01, two tailed; susceptible, n = 25, resilient, n = 13). (B) Prestress circulating
leukocytes before social defeat stress negatively correlated with the social
interaction ratio following RSDS (r = -0.44, P < 0.01). (C) Before RSDS, leu-
kocytes from susceptible animals released more IL-6 than from resilient animals
when stimulated with LPS (Fy 36 = 15, P < 0.001; susceptible, n = 25, resilient, n =
13). (D) Prestress levels of IL-6 released by leukocytes in response to LPS nega-
tively correlated with the social interaction ratio following RSDS (r = -0.48,
P < 0.01). Bar graphs display mean + SEM. # denotes a significant interaction.
* denotes a significant difference in phenotype. Circles denote individual ani-
mals. For t tests, * denotes a significant difference between means.
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Fig. 3. BM hematopoietic progenitor cell transplant from a susceptible donor induces depression-like behavior in naive host animals. (A) A greater per-
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received BM transplants from susceptible donors (n = 14) had higher levels of circulating leukocytes 28 d after transplant and before stress than host mice that
received BM grafts from control donors (n = 15) (t,5 = 2.34, P < 0.05, two tailed). (C) Donor phenotype did not alter the percentage of microglia from the host
or donor measured in a subset of the animals [y? (1, n = 15) = 0.0, P > 0.05, two tailed]. More than 98% of the microglia were of host origin. (D) Stress-
susceptible BM chimeras that underwent a subthreshold defeat (n = 7) displayed social avoidance behavior, as indicated by a significant interaction and post
hoc analysis, compared with control (no defeat, n = 8; subthreshold defeat, n = 7) and stress-susceptible BM chimeras that did not undergo subthreshold
defeat (n = 7), as indicated by a significant interaction (F; 5 = 6.94, P < 0.05). (E) Stress-susceptible BM chimeras that witnessed RSDS (subthreshold witness,
n = 7) but not animals with transplants from the same donors that did not witness RSDS (n = 8) or control BM chimeras (no witness, n = 6; subthreshold
witness, n = 8) displayed greater social avoidance behavior, as indicated by a significant interaction and post hoc analysis (F 25 = 4.99, P < 0. 05). Bar graphs
display mean + SEM. * denotes a significant main effect of phenotype. # denotes a significant interaction between donor phenotype and exposure to

subthreshold defeat/witness. For t tests, * denotes a significant difference between means.

control (CD45 2+ C57BL/6) was chosen based on high IL-6 re-
lease ex vivo following leukocyte stlmulatlon with LPS, whereas
IL-6 levels were undetectable in IL-67/~ mice (Fig. S7E) IL-67~
BM chimeras and IL-6~'~ mice along with WT controls for each
were exposed to 10 d of RSDS. IL-6~'~ BM chimeras and IL-6~

mice showed similar levels of resilience measured by the in-
creased social interaction ratio (Fig. 4B), suggesting that leuko-
cyte-derived IL-6 is critical in the development of social
avoidance. Neither constitutive IL-6 deletion nor hematopoietic
progenitor cell-specific IL-6 deletion affected anxiety-associated
exploratory behaviors in the elevated plus maze (Table S2). To
determine whether IL-6 from leukocytes impacted the behav-
ioral response to a purely emotlonal stressor (with no physwal
component), we exposed IL-6~~ and WT BM chimeric mice to
the witness model described previously (15). BM chimeras from
high-IL-6 releasing controls displayed robust social avoidance
behavior, whereas IL-6~~ BM chimeras demonstrated resilient
behavior (Fig. 4C). Lastly, we injected neutralizing IL-6 mono-
clonal antibodies (mAbs), IgG isotype control antibody (IgG
mAD), or saline systemically, 5 min before RSDS (Fig. S2E). IL-6
mADb is too large to enter the brain, but rather acts by seques-
tering and neutralizing IL-6 in the periphery (Fig. 4D). Consis-
tent with the genetic deletion models, pharmacological blockade
with IL-6 mAD, but not IgG mAb or saline alone, prevented the
development of social avoidance (Fig. 4E). Treatment with IL-6
mAD did not reduce anxiety-associated exploratory behavior in
the elevated plus maze compared with IgG mAb (Table S2).

Discussion

Here, we demonstrate the validity of a translational social stress
animal model that recapitulates aspects of immune dysregulation

Hodes et al.

observed in clinically depressed patients. Individual differences
in the sensitivity of the peripheral immune system to social stress
are preexisting and confer a greater risk of developing a stress-
related disorder. Mice prone to developing a stress-susceptible
phenotype had higher prestress levels of circulating leukocytes,
largely due to monocyte populations, and these cells produced
more IL-6 in response to acute stress and when stimulated ex
vivo with LPS. Both in vivo and ex vivo IL-6 levels in response to
stimulation were the strongest predictor of the behavioral re-
sponse to a subsequent social stress. Although previous studies
have identified elevated serum IL-6 and circulating leukocytes in
stress disorders, this generally followed either depression diagnosis
in humans (4, 25) or controlled stress exposure in rodents (26, 27).
To our knowledge, this is the first study to show that the IL-6
response before social stress exposure can predict individual dif-
ferences in vulnerability to a subsequent social stressor.

It is of particular interest that these individual differences in
the sensitivity of the peripheral immune system occur within an
inbred, genetically similar strain. As genetic differences are likely
not driving these alterations, the possibility exists that they are
due to epigenetic/environmental factors. Recent work has in-
dicated that there is paternal transmission of stress sensitivity
(28). Offspring of fathers that underwent RSDS display in-
creased depression- and anxiety-related behavioral responses to
stress (28). Additionally, stability of social hierarchy within the
home cage has been demonstrated to induce anxiety-associated
behaviors and alter monocyte trafficking to the brain (29). Dif-
ferences in the social hierarchy within each cage may well affect
susceptibility versus resilience to social stress. It is also important
to note that our findings dissociate sickness behavior or general
malaise from depression-like behavior. Despite large increases
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Fig. 4. Peripheral IL-6 controls susceptibility versus resilience to social de-
feat. (A) Percent of donor versus host leukocyte concentration in blood of
BM chimeras [x*(14, n = 32) = 70.76, P < 0.001, two tailed]. IL-67'~ BM chi-
meras had similar distribution of leukocytes in blood compared with WT BM
chimeras [viable cells, y%(2, n = 32) = 0.63, P > 0.05, two tailed; T cells, 3(2,
n = 32) = 1.02, P > 0.05, two tailed; B cells, X2(2, n = 32) = 1.47, P > 0.05;
monocytes x? (2, n = 32) = 1.18, P> 0.05]. (B) Constitutive IL-6~'~ (IL-6™~, n =
14; WT, n = 15) or IL-67~ BM chimeras (IL-67~, n = 9; WT, n = 8) are resilient
following 10 d of RSDS, as indicated by a significant main effect of IL-6
deletion (Fq43 = 9.18, P < 0.01). (C) IL-6~~ BM chimeras (n = 8) are more
resilient to witness defeat (t;, = 2.21, P < 0.05, two tailed) compared with
control BM chimera mice (n = 6). (D) An i.p. injection of IL-6 (n = 5), but not
19G (n = 4) mADb, blocked an increase in circulating IL-6 within 20 min of the
first defeat (t; = 4.85, P < 0.01, two tailed). (E) Daily systemic injection of IL-6
(n =22) but not IgG (n = 23) mADb or saline (n = 28) blocked the development
of social avoidance behavior (F; 72 =7.14, P < 0.01). Bar graphs display mean +
SEM. * denotes a significant main effect of IL-6 deletion. For t test, * denotes
a significant difference between means.

in IL-6 in susceptible mice, they do not demonstrate changes in
core body temperature that can transiently affect motivated be-
havior (30). Our work also dissociates general trauma in the
RSDS model from development of depression-like behavioral
responses. Together, these results point to a peripheral source of
IL-6 from leukocytes that is hyperresponsive to stress and serves
as a risk factor for development of depression-like phenotypes in
vulnerable individuals.

Although studies examining the functional contribution of
microglia-dependent inflammatory signaling in the CNS con-
trolling mood-related symptoms are well documented (31-33),
an outstanding question in the field has been whether individual
differences in peripheral immune responses described above
are functionally related to stress-induced depression- or anxiety-
like behavior. Transplantation of BM-derived hematopoietic
progenitor cells from susceptible donors promoted susceptibility,
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whereas transplantation of IL-6-deficient BM-derived hemato-
poietic progenitors promoted resilience to both physical and
emotional social stressors in host mice. The degree of resilience
in IL-6~~ BM chimeras was similar to that observed in full body
knockouts, providing strong evidence that peripheral IL-6 is crit-
ical in regulating stress-related behaviors. This evidence builds
upon a previously study that demonstrated an antidepressant-like
response to acute stress in constitutive IL-6 knockouts and sug-
gests that leukocyte-derived sources of IL-6 may be critical in
mediating these behavioral effects (34). Our results are interesting
in light of recent studies showing that social defeat stress induces
downstream inflammatory signaling pathways, such as NFkB (26,
35-37), and increases monocyte trafficking (29) throughout a
number of CNS structures known to control depression and anx-
iety behavior. It will be important for future studies to define the
brain regions and molecular pathways induced by stress-responsive
IL-6 from leukocytes that mediate adverse behavioral responses
to chronic stress.

Lastly, we show that sequestration and elimination of pe-
ripheral IL-6 using mAbs mitigates the maladaptive behavioral
coping strategies adopted by susceptible mice. It is possible that
more direct therapeutic interventions targeting IL-6 in treat-
ment-resistant patients will be effective in ameliorating symp-
toms of depression. Indeed, the literature describing the effects
of standard antidepressants on systemic inflammation is highly
mixed. Although some studies have demonstrated that anti-
depressants decrease inflammatory cytokines (38, 39), others re-
port either no effect (31, 40, 41) or even increased levels (42, 43).
This discrepancy is likely due to a number of factors, including the
class of antidepressant used for treatment or the heterogeneity
of the patient population (44). In our studies, we only included
treatment-resistant patients that typically exhibit greater proin-
flammatory profiles (45), which may contribute to decreased
treatment efficacy and increased relapse. It will be interesting to
test more direct anti-IL-6 therapeutics in these patient pop-
ulations. Similar strategies to block TNF-a with infliximab have
shown promise in MDD patients with heightened inflammatory
load (45). Although the direct clinical application of our findings
remains unknown, prophylactic therapeutic strategies to inhibit
IL-6 may reduce stress-related relapse events for MDD patients
in remission.

Materials and Methods

Animals. All subjects were male. CD45.1+/CD 45.2+ C57BL/6 mice were used
for RSDS and witness studies. BM transplant hosts (CD45.1+/CD45.2+ C57BL/6)
were obtained at 3 wk. IL-67~ mice (B6.12952-116'™"k°Pf/)) on a CD45.2+
C57BL/6 background were bred at the Icahn School of Medicine at Mount
Sinai from stock obtained from Jackson Laboratory. CD-1 mice (Charles River
Laboratories) used as aggressors were sexually experienced retired breeders
at least 4 mo of age. Aggressors were singly housed at all times other than
during the social defeats. All other animals were group housed before social
defeat and single housed following social defeat.

RSDS/Subthreshold Defeat. RSDS and subthreshold defeat were performed as
previously described, and animals were tested for social interaction (13, 19).

Witness Defeat. Witness defeat was performed as previously described (15).
Subthreshold witness defeat used a 14-d incubation period.

IL-6 mAb. Mice were given daily i.p. injections of mouse anti-IL-6 mAb (R&D
Systems, Clone MP5-20F3), rat 1gG; isotype control (R&D Systems, Clone
43414), or saline vehicle. Antibodies were given at a dose of 4 pg per mouse
per day in 0.2 mL of saline vehicle. Antibodies/saline were injected 5 min
prior to RSDS. The last injection was 24 h before SI.

Human Participants (Cohort 1). Following informed consent, male and female
healthy volunteers or clinical patients underwent a medical and psychiatric
evaluation and were required to be medically healthy to participate in the
study. Clinical patients were diagnosed with MDD based on the Structured
Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders,
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Fourth Edition and a diagnostic interview with a study clinician. Depression
severity at the time of sample collection was determined using QIDS-Self-
Report. For complete demographics, see Table S1.

Cytokine Measurement. Circulating levels of cytokines following the first
defeat were measured using Multiplex ELISA (Luminex). Human IL-6 levels
(cohort 1) and mouse basal IL-6 levels were measured using a high-sensitivity
ELISA (eBioscience). IL-6 levels from subjects used in the time course, leukocyte
stimulation, and witness study were detected with a solid phase sandwich IL-6
ELISA (BD Biosciences). Corticosterone was measured using a solid phase
sandwich ELISA (Immunodiagnostic Systems).

Leukocyte Isolations. Leukocytes were isolated from 200 pL of whole blood
using Ficoll-Paque Plus (GE Healthcare). A sample of cells was stained with
trypan blue (Sigma) to assess viability, counted with a hemocytometer, and
samples were plated at 1 x 10° per well in 1 mL of media or media + 34 pg/mL
LPS for 24 h.

Generation of BM Chimeras. Generation of BM chimeras was performed as
previously described (46). Animals were given an injection of ketamine (100
mg/kg) and xylazine (10 mg/kg), and their heads were placed in lead shields
(Nuclead) to protect the brain. BM hematopoietic progenitor cells from a
donor mouse were introduced through a retro-orbital injection. The degree
of repopulation by donor was determined by flow cytometry.
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formed using Graph Pad Prism 5.0 software (Graphpad Software Inc.). Sta-
tistical significance was set at P < 0.05.

Additional detailed information about procedures used in these studies is
described in S/ Materials and Methods.
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