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Abstract
The tumor necrosis factor (TNF) antagonist infliximab was recently found to reduce depressive
symptoms in patients with increased baseline inflammation as reflected by a plasma C-reactive
protein concentration >5mg/L. To further explore predictors and targets of response to infliximab,
differential gene expression was examined in peripheral blood mononuclear cells from infliximab
responders (n=13) versus non-responders (n=14) compared to placebo at baseline and 6hr, 24hr,
and 2 weeks after the first infliximab infusion. Treatment response was defined as 50% reduction
in depressive symptoms at any point during the 12-week trial. One-hundred-forty-eight gene
transcripts were significantly associated (1.2 fold, adjusted p≤0.01) with response to infliximab
and were distinct from placebo responders. Transcripts predictive of infliximab response were
associated with gluconeogenesis and cholesterol transport, and were enriched in a network
regulated by hepatocyte nuclear factor (HNF)4-alpha, a transcription factor involved in
gluconeogenesis and cholesterol and lipid homeostasis. Of the 148 transcripts differentially
expressed at baseline, 48% were significantly regulated over time in infliximab responders,
including genes related to gluconeogenesis and the HNF4-alpha network, indicating that these
predictive genes were responsive to infliximab. Responders also demonstrated inhibition of genes
related to apoptosis through TNF signaling at 6hr and 24hr after infusion. Transcripts down-
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regulated in responders 2 weeks after infliximab were related to innate immune signaling and
nuclear factor-kappa B. Thus, baseline transcriptional signatures reflective of alterations in
glucose and lipid metabolism predicted antidepressant response to infliximab, and infliximab
response involved regulation of metabolic genes and inhibition of genes related to innate immune
activation.
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INTRODUCTION
Previous studies have suggested that activation of the peripheral inflammatory response and
the release of inflammatory cytokines may contribute to depressive symptoms in a
subpopulation of patients with major depression (Miller et al. 2009). Indeed, patients with
major depression have been shown to exhibit increases in plasma concentrations and
peripheral blood gene expression of inflammatory cytokines including tumor necrosis factor
(TNF), interleukin (IL)-1 and IL-6 (Dhabhar et al. 2009; Dowlati et al. 2010; Hepgul et al.
2013; Howren et al. 2009), as well as decreases in anti-inflammatory cytokines such as
IL-10 (Dhabhar et al. 2009). Moreover, reproducible increases in peripheral blood
concentrations of the acute phase protein C-reactive protein (CRP) have been reported
(Howren et al. 2009). Administration of inflammatory cytokines such as interferon (IFN)-
alpha or inflammatory stimuli such as typhoid vaccination or endotoxin have also been
shown to induce depressive symptoms (Capuron et al. 2002; Eisenberger et al. 2010;
Harrison et al. 2009; Maddock et al. 2005; Raison et al. 2006; Reichenberg et al. 2001). In
addition, inflammatory cytokines interact with virtually every pathophysiologic pathway
relevant to depression including neurotransmitter metabolism, neuroendocrine function,
synaptic plasticity and regional brain activity (Haroon et al. 2012; Miller et al. 2009).
Finally, data suggest that blocking inflammatory cytokines or their signaling pathways may
have antidepressant properties in patients with inflammatory disorders and depression
(Monk et al. 2006; Raison et al. 2013; Tyring et al. 2006).

Increased inflammation in depressed patients appears to have a special relationship with
treatment resistance. Patients with treatment resistant depression (TRD) have been shown to
exhibit increased inflammatory markers, and increased inflammatory markers including
TNF gene expression have been found to predict treatment non-response (Cattaneo et al.
2013; Eller et al. 2008; Lanquillon et al. 2000; Raison et al. 2013; Sluzewska et al. 1997).
Moreover, clinical factors associated with non-response to antidepressants including obesity,
childhood maltreatment, and anxiety disorders have all been associated with increased
inflammation (Danese et al. 2008; Danese et al. 2007; Nanni et al. 2012; Oskooilar et al.
2009; Rush et al. 2008). Inflammatory cytokines can also sabotage and circumvent the
mechanisms of action of antidepressant medications. For example, by increasing the activity
and expression of monoamine transporters as well as decreasing monoamine synthesis,
inflammatory cytokines can undermine the ability of antidepressants to block monoamine
reuptake and increase monoamine availability in the synapse (Haroon et al. 2012; Miller In
Press). Inflammatory cytokines can also inhibit neurogenesis, an important component of the
salutary effects of antidepressants (Perera et al. 2011). Finally, inflammatory cytokines
reduce the expression of the glutamate transporters in astrocytes and stimulate astrocytic
release of glutamate, a neurotransmitter which is not a primary target of conventional
antidepressant medications (Haroon et al. 2012; Miller et al. 2009).
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Given the relationship between increased inflammation and treatment non-response, we
recently conducted a double-blind, placebo-controlled clinical trial to determine whether the
TNF antagonist infliximab would lead to a greater reduction in depressive symptoms than
placebo in patients with TRD (Raison et al. 2013). Surprisingly, no differences in clinical
response were found between infliximab and placebo in the group as a whole. However,
there was a significant interaction between baseline inflammation as measured by CRP and
treatment response, with patients exhibiting high inflammation (CRP >5mg/L) performing
clinically better (greater reduction in depressive symptoms) when administered infliximab
versus placebo. In addition, patients who responded to infliximab exhibited significantly
higher plasma concentrations of TNF and its soluble receptors compared to infliximab non-
responders (Raison et al. 2013). Taken together, these data indicate that cytokine antagonism
may have therapeutic efficacy in TRD, but only in patients with increased inflammatory
markers at baseline.

To further examine additional predictors and targets of response to infliximab in patients
with TRD, in the current study, we endeavored to explore differential gene expression as a
function of response to infliximab versus placebo in peripheral blood mononuclear cells
(PBMCs) of TRD patients from our previous study.

MATERIALS AND METHODS
Study procedures

The study was a randomized, double-blind trial of infliximab versus placebo in individuals
with major depression or bipolar disorder, depressed who were non-responsive to
antidepressant treatment as determined by a score ≥2 on the Massachusetts General Hospital
Staging (MGH-S) method in the current episode (Raison et al. 2013). Participants were
recruited via local television, radio and newspaper advertisements and included males and
females aged 25–60 years who were on a consistent antidepressant regimen or off
antidepressant therapy for at least 4 weeks prior to baseline. To balance the number of male
and female participants and to equalize levels of inflammation across groups, treatment
assignment was stratified by sex and CRP (≥2mg/L versus <2mg/L). To be enrolled,
subjects had to exhibit moderate severity of depression as determined at screening by a score
≥14 on the 16 item Quick Inventory of Depressive Symptomatology Self Report (Trivedi et
al. 2004). Antidepressant regimens were required to remain stable throughout the study and
could include conventional antidepressant medications, mood stabilizers, antipsychotic
medication, stimulants and benzodiazepines. Exclusion criteria included any autoimmune
disorder (confirmed by laboratory testing); history of tuberculosis (confirmed by chest X-
ray, skin and blood testing) or high risk of tuberculosis exposure; hepatitis B or C or human
immunodeficiency virus infection (confirmed by laboratory testing); evidence of active
fungal infection; history of recurrent viral or bacterial infections; history of cancer excluding
basal cell or squamous cell carcinoma of the skin (fully excised with no recurrence);
unstable cardiovascular, endocrinologic, hematologic, hepatic, renal, or neurologic disease
(determined by physical examination and laboratory testing); history of schizophrenia
(determined by Structured Clinical Interview for DSM-IV - SCID)(First et al. 1997); active
psychotic symptoms of any type; substance abuse/dependence within the past 6 months
(determined by SCID); active suicidal ideation determined by a score ≥3 on item #3 on
the17-item Hamilton Depression Rating Scale (HAM-D-17)(Hamilton 1960) and/or a score
<28 on the Mini-Mental State Exam (Folstein et al. 1975). All subjects provided written
informed consent to the study, and all study procedures were approved by the Emory
University Institutional Review Board. The study was registered in ClinicalTrials.gov,
Identifier: NCT00463580.
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Clinical Assessments
The diagnosis of depression was made using the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV), as assessed by the SCID (First et al. 1997).
Depression severity was measured by the HAM-D-17 at baseline and at Weeks 1, 2, 3, 4, 6,
8, 10, and 12 (Hamilton 1960). Treatment response was defined as a 50% reduction in the
HAM-D-17 at any point during the 12 week study.

Infliximab and Placebo Infusion Procedures
All subjects were administered either infliximab (5mg/kg, n=30) or placebo (n=30) through
an indwelling catheter at the Emory Division of Digestive Diseases at 3 separate time points
(baseline, 2 weeks and 6 weeks). Infliximab infusion dosing protocol and scheduling were
matched to the standard intravenous induction routine for the treatment of inflammatory
bowel disease. Infliximab or placebo was dispensed by independent pharmacists in a 250ml
saline bag according to a computer-generated randomization list, blocked in units of 4 and
provided by a study statistician. The saline-dissolved placebo was matched to infliximab in
color and consistency. Infliximab and placebo were provided free-of-charge by Centocor
Ortho Biotech Services (Horsham, PA). For subjects exhibiting evidence of infection,
infusions were delayed until symptoms resolved and/or appropriate treatment was initiated.
Patients were not allowed to take non-steroidal or steroidal anti-inflammatory medications
during the study except for aspirin 81mg per day if medically indicated. Medications for
hypertension, diabetes, hypothyroidism, allergies, infections and other medical conditions
were allowed as dictated by the patients’ treating physicians. All study staff remained
blinded to group assignment throughout the trial.

Biological Samples
Whole blood for gene expression analysis was collected in Tempus Blood RNA Tubes
(Applied Biosystems, Carlsbad, CA) at baseline (9 am), 6 hours after the first infusion, 24
hours after the first infusion and immediately prior to the second infusion on Week 2. RNA
tubes were stored at −80C until RNA extraction using RNeasy kits (QIAGEN, Valencia,
CA) according to manufacturer instructions. RNA sample concentrations and the A260/280
ratio were determined using the MBA 2000 System (Perkin-Elmer, Shelton, CT, USA).
Each sample was linearly amplified by WT-Ovation RNA amplification system (NuGEN)
and then submitted to the Emory Cancer Genomics Core for microarray analysis. After
hybridization to Illumina Human HT-12 Expression BeadChips (Illumina, San Diego, CA),
BeadChips were scanned on the Illumina BeadArray Reader to determine raw probe
fluorescence intensity.

Statistical Analysis
The socio-demographic and clinical variables across the groups were compared using t-tests
and chi-square analyses/Fisher’s Exact Test. Raw expression data were exported from
Illumina Genome Studio into R (http://www.R-project.org) for subsequent analysis. The
data was normalized and log transformed using vsn (Huber et al. 2002) and corrected for
hybridization batch effects using an Empirical Bayes estimation (Johnson et al. 2007). A
total of 16,962 probes passing the filter criteria of Illumina probe detection p-value of < 0.01
in at least 10% of the samples were used for subsequent analyses, and data were deposited in
NCBI Gene Expression Omnibus as series GSE45468. The association between treatment
response and gene expression was assessed using generalized linear models in R, while
adjusting for the effects of age, gender, body mass index (BMI) and medication status. Gene
transcripts differentially expressed in responders compared to non-responders were defined
as having a ≥20% difference (1.2 fold change) corresponding to a <10% FDR (Cole et al.
2003; Miller et al. 2008; Torres et al. 2013) and cut-off of p≤0.01 (Haider et al. 2008), and

Mehta et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.R-project.org


were therefore highly predictive based on both statistical significance (p value) as well as
biological effect size (fold change). Mixed-effects linear models were used to assess
differences in gene expression across time points in R (p<0.05). Corrections for multiple
testing were performed using 10,000 permutations for each test as previously described
(Mehta et al. 2011). Predictions were performed using nearest shrunken centroids (NSC)
method (pamr) with a leave out one 100-fold cross validation scheme to ensure robustness
of the prediction (Tibshirani et al. 2002). This NSC method computes an average expression
vector for each class, which is then shrunken towards the overall expression mean across the
classes in order to avoid over-fitting. The samples were repeatedly split into training and test
sets (cross-validation) to allow selection of the optimal number of transcripts for the
classifier and for accuracy estimations (Witten et al. 2010). Functional annotation of
transcripts within pathways was assessed using MetaCore (GeneGo Inc., St. Joseph, MI) or
the Wikipathways tool via the Webgestalt interface (Pico et al. 2008). Differentially
expressed genes were also analyzed using a network-based transcription factor analysis in
MetaCore (Ekins et al. 2007). The MetaCore transription factor analysis uses a
transcriptional regulation algorithm to query a manually-curated database, and has been
determined to be both accurate and comprehensive in identifying transcriptional regulatory
pathways and target genes (Shmelkov et al. 2011). Transcript origin analysis was performed
to identify the cellular source of differentially expressed transcripts in whole blood based on
log transformed cell diagnostic scores (Cole et al. 2011). The transcripts were tested for
enrichment relative to the null hypothesis (genome-wide) average scores using single sample
t-tests (Felger et al. 2011). All statistical tests were two-sided with a significance level of
p<0.05.

RESULTS
Demographics and Clinical Variables

Gene expression profiles were available from a total of 57 individuals at baseline,
comprising 27 patients treated with infliximab (n=13 responders and n=14 non-responders)
and 30 treated with placebo (n=15 responders and n=15 non-responders). Gene expression
profiles were available for 53 individuals at the remaining time points, 24 were treated with
infliximab (n=12 responders and n=12 non-responders) and 29 with placebo (n=15
responders and n=14 non-responders). Three infliximab-treated patients, including 2
responders, did not have gene expression data available at any time point. Demographic and
clinical variables between the intervention and control groups were well-matched with no
significant differences in the sample as a whole (n=60)(Raison et al. 2013) or in the 57
patients included in the present study (data not shown). Distributions and comparisons of the
demographic and clinical variables between treatment responders and non-responders for
both the infliximab and placebo-treated groups are shown in Table 1. No differences in
gender, ethnicity, BMI, CRP, baseline HAM-D-17 depression scores, or the number of
individuals on current antidepressants, mood stabilizers, antipsychotic medicines and
psychotropic medicines were observed between the responders and non-responders in either
treatment group (all p>0.05). Responders were significantly older than non-responders in the
infliximab-treated group.

Baseline Gene Expression Prediction of Infliximab Treatment-Response
To identify transcripts whose baseline expression was associated with infliximab treatment
response, baseline gene expression profiles were regressed against the treatment responder
status for the 27 individuals who were treated with infliximab, adjusting for gender,
ethnicity, age, BMI and current medication status. Expression levels of 148 transcripts were
significantly associated (1.2 fold change, adjusted p≤0.01) with treatment response. The
predictive values of these 148 transcripts differentially expressed between responders and
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non-responders at baseline were then interrogated. The expression profiles were subjected to
the nearest shrunken centroid classification while randomly splitting the samples into test
and training sets and performing a 10-fold cross validation of the predictions. To ensure
robustness of the classification, the predictions were further repeated 100 times using a
leave-out-one cross validation scheme. Using baseline gene expression profiles of the 148
transcripts allowed a 100% prediction of the infliximab responder status with 100%
specificity and 100% sensitivity. These transcripts and their relative expression levels at
baseline in infliximab responders vs. non-responders are listed in Supplemental Table 1. To
confirm whether the differentially expressed transcripts were specific to infliximab
treatment, we compared the results to transcripts associated with response to placebo
treatment. None of the transcripts significantly predicting response to infliximab treatment
(n=148 transcripts) overlapped with transcripts significantly associated with clinical
response in the placebo-treated individuals (n=12 transcripts), indicating that the predictive
transcripts were specific to infliximab response. To identify the genes that had the most
sensitivity or specificity for predicting response to infliximab, we examined the 10
transcripts most significantly different between responders and non-responders at baseline,
and from these determined the top 2 named genes that exhibited the greatest fold increase
and the greatest fold decrease. The top 2 upregulated genes were TGM2 (ILMN_1705750)
and PGAM4 (ILMN_1706841), and the top 2 downregulated genes were DTNBP1
(ILMN_1783806) and LOC100134241 (ILMN_3248948).

The transcripts encoding three inflammatory genes recently reported to be predictive of
response to the antidepressants escitalopram or nortriptyline (Cattaneo et al. 2013) were also
examined independently to determine whether these genes were differentially expressed
between responders and non-responders to infliximab at baseline. The transcript for TNF
(ILMN_1728106) was significantly higher at baseline in infliximab responders compared to
non responders using a reduced statistical stringency, p<0.05 (fold change = 1.3), whereas
IL1B (ILMN_1775501, p=0.78, fold change=−1.1) and MIF (ILMN_1807044, p=0.26, fold
change= 1.08) were not differentially expressed in infliximab responders versus non-
responders at baseline.

Biological Significance of the Infliximab Treatment-Response Baseline Predictors
To investigate the biological significance of the infliximab treatment response predictors,
functional annotation of the 148 differentially expressed transcripts was performed using
Metacore pathways analysis and Wikipathways tool in Webgestalt. The top three pathways
represented by Metacore analysis and the two significant pathways from Wikipathways are
presented in Figure 1A. These databases produced similar results that included pathways
relevant to glycolysis and gluconeogenesis, and to apoptosis through TNF-related signaling
and the TNF-like weak inducer of apoptosis (TWEAK), which is encoded by the gene
TNFSF12. The Metacore analysis also revealed differential regulation of genes relevant to
cholesterol transport. Transcription factor network analysis in Metacore revealed a
significant over-representation of genes regulated by several transcription factors, the top
two being SP-1 (32/148 genes; z=128.32; p = 1.56e-88) and hepatocyte nuclear factor
(HNF) 4-alpha (20/148 genes; z=97.86; p = 6.63e-52), a transcription factor that has been
linked to both gluconeogenesis and cholesterol and lipid homeostasis (see Figure 1B for
associated genes). Of note, there were no significant differences in the presence of diabetes
or hypercholesterolemia between the infliximab responder and non-responder groups
(diabetes 2=1.18, df=1, p=0.29; hypercholesterolemia 2=1.36, df=1, p=0.24). To identify
which specific immune cell subtypes contributed to the differentially expressed gene
expression profiles, we performed a transcript origin analysis (TOA) of the predictive
transcripts (Cole et al. 2011; Felger et al. 2011). Of the 148 predictive transcripts, 100 were
RefSeq genes. Of these, TOA analysis was performed on 72 transcripts (72% of total
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RefSeq transcripts) with available gene expression profiles for immune cell subtypes
(monocytes, CD4+ and CD8+ T cells, B cells, NK cells and plasmacytoid dendritic cells).
Based on cell type diagnostic scores, the predictive transcripts were significantly enriched
for transcripts originating from plasmacytoid dendritic cells (p=0.022) and B cells
(p=0.043).

Effects of a Single Infusion of Infliximab on Predictive Baseline Transcripts over Time
Changes in expression of the 148 baseline predictive transcripts were examined over time to
determine whether the initial infusion of infliximab regulated genes that were differentially
expressed at baseline in responders. Of the 148 predictive transcripts, 71 transcripts (47.9%)
were significantly regulated by infliximab (adjusted p<0.05) in the responders at any time
point following infliximab infusion (6 hr, 24 hr, or 2 weeks). In contrast, only 13 of the 148
(8.78%) transcripts were significantly regulated across time among individuals that did not
respond to infliximab, and only 11 of the 148 (7.4%) transcripts were significantly regulated
across time among individuals that responded to placebo treatment, indicating that the
majority of predictive transcripts were changed over time only in infliximab responders.
Genes from the significantly represented Metacore pathways and the HNF4-alpha
transcription factor network that were differentially expressed at baseline were then
examined over time to determine whether these genes were significantly regulated by
infliximab in responders. Interestingly, 2 of the 3 genes represented in the glycolysis and
gluconeogenesis pathway (PGAM4, ENO2) at baseline were differentially regulated in
response to the initial injection of infliximab in responders but not non-responders (Figure
2A). Furthermore, 1 of the 3 genes represented in the pathway related to cholesterol
transport (STARD3NL) and 1 of the 3 genes involved in apoptosis through TNF-related
signaling (TNFSF12/TWEAK) (Figure 2B), as well as 13 of the 19 genes in the HNF4-alpha
transcription factor network (e.g. PURG and CD46/MCP) (Figure 2C), were significantly
regulated over time in responders compared to non-responders following the initial
infliximab infusion (p<0.05 at any time). In addition to PGAM4, of the four most predictive
transcripts, DTNBP1, but not TGM2 or LOC100134241, was included among the transcripts
significantly regulated by infliximab over time in responders.

Differential Regulation of Gene Expression in Infliximab Responders versus Non-
responders at Specific Time Points

To examine how inhibition of TNF regulated gene expression at different time points in
infliximab responders versus non-responders, we compared gene expression between these 2
groups following the first infliximab infusion at each of the time points separately. Using the
same criteria as above (1.2 fold change, adjusted p≤0.01), transcripts differentially regulated
in responders compared to non-responders were identified at 6 hr (n=145), 24 hr (n=157),
and 2 weeks (n=56) (see Supplementary Table 2). Of note, of the 148 transcripts that
differentiated infliximab responders versus non-responders at baseline, only 18 (12.16%) of
these transcripts still differentiated the groups at 6 hr and only 6 (4.05%) of these transcripts
differentiated the groups at 24 hr and at 2 weeks.

To examine the biological significance of transcripts that were differentially regulated over
time in responders compared to non-responders, up-regulated genes and down-regulated
genes were analyzed separately at each time point to identify pathways that were
significantly increased or decreased in response to infliximab in responders versus non-
responders (Figure 3). Metacore analysis revealed that, in general, at the earlier time points
(6 and 24 hr) responders exhibited increased expression of genes related to IL-6 signaling,
and decreased expression of genes related to apoptosis through TNF-related signaling
pathways. Interestingly, at 2 weeks following the initial infliximab infusion, gene expression
related to innate immune responses (antiviral and TLR signaling) were decreased in the
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responders with respect to non-responders. Transcription factor networks that may drive
differential gene expression patterns during infliximab treatment were also examined. At 6
hr SP-1 (31/145 genes; z=121.49; p=1.72e-84) and HNF4-alpha (21/145 genes; z=99.24;
p=1.03e-56) remained the two most significant transcription factors represented, whereas at
24 hr, HNF4-alpha was the most significant transcription factor represented (24/157 genes;
z=105.54, p=8.35e-65). Interestingly, there was a redistribution of the transcripts regulated
by HNF4-alpha that was associated with treatment response across time compared to those
at baseline (Figure 1B), and these transcripts were primarily up-regulated at 6hr (Figure 4A)
and then down-regulated at 24hr (Figure 4B). At 2 weeks following the initial infusion of
infliximab, aside from SP-1 (16/56 genes; z=134.44; p=6.13e-50), nuclear factor-kappa B
(NF-kB) (11/56 genes; z=110.01, p=4.88e-34) was the most significantly represented
transcription factor network, comprised mostly of genes down-regulated in responders with
respect to non-responders (8/11) (Figure 4C).

Because the analyses at 6 hr, 24 hr, and 2 weeks were conducted in only 53 of 57 patients,
we verified that these subjects had a similar pattern of differential gene expression as the 57
patients examined at baseline. Indeed, these 53 patients exhibited differential expression of
all 148 transcripts at baseline described above, as well as an additional 6 transcripts,
indicating that this subset of 53 patients was highly representative of the group as a whole.

DISCUSSION
Examination of gene transcripts at baseline that were predictive of an antidepressant
response to infliximab revealed enrichment of genes involved in pathways and a
transcriptional control network (HNF4-alpha) related to both glycolysis and gluconeogenesis
and to lipid and cholesterol homeostasis (Rhee et al. 2003; Yin et al. 2011). These genes
were specific to infliximab response and distinct from placebo treatment. Interestingly,
response to infliximab was associated with alterations in expression of many of the
transcripts in these pathways as well as the HNF4-alpha network over time, indicating that
regulation of these genes may be involved in infliximab-induced transcriptional alterations
that mediate response. In addition, there was a shift in transcriptional activity within the
HNF4-alpha network early in the response to infliximab, evinced by activation at 6 hr
followed by suppression at 24 hr of a number of genes regulated by this transcription factor.
Moreover, infliximab responders compared to non-responders demonstrated greater early (6
and 24 hr) inhibition of genes related to apoptotic pathways through TNF signaling,
suggesting that TNF pathways showed greater inhibition in subjects exhibiting a treatment
response. These changes were followed by decreased expression of gene transcripts related
to innate immune signaling and to NF-kB transcriptional control 2 weeks after infliximab
infusion in responders compared to non-responders. Together, these data indicate that
patients that responded to infliximab exhibited gene expression profiles consistent with
alterations in metabolic processes involving glucose metabolism and cholesterol
homeostasis that were regulated by infliximab early following the initial infusion, and that
these patients also exhibited a more exaggerated anti-inflammatory response to infliximab
compared to non-responders that persisted at two weeks following a single infliximab
infusion.

Gene expression was examined in this study at 6 and 24 hr following the first infliximab
injection to capture early effects of infliximab on gene expression, and then to determine
whether changes in gene expression were evident 2 weeks after a single infusion. It is
interesting to note that a number of genes were significantly differentially expressed
between responders and non-responders at baseline (n=148) and early in response to
infliximab (6 hr n=145; 24 hr n=157), whereas a smaller number (n=56) of differentially
expressed genes, and only ~4% of the original 148 predictive transcripts, were observed at 2
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weeks. This is consistent with findings that the initial infliximab infusion regulated many of
the predictive gene transcripts that were differentially expressed at baseline, but only in
responders. These predictive transcripts were related to glycolysis and gluconeogensis, and
to cholesterol homeostasis and apoptotic signaling through TNF-related pathways. Although
genes in the network of apoptosis related to TNF signaling were decreased in responders
early in response to infliximab infusion, gene expression differences between responders
and non-responders related to glucose metabolism and cholesterol homeostasis were not
present after infliximab infusion. This is not to say that the response to infliximab was
mediated by a lack of differential gene expression between responders and non-responders
at 2 weeks, but rather that many of the genes that were predictive of a response to infliximab
at baseline, particularly those genes related to glycolysis and gluconeogensis and the HNF4-
alpha transcriptional network, were also affected by inflximab, but only in patients that
demonstrated an antidepressant response. Therefore, many of the genes differentially
expressed at baseline appeared not only to predict the response to infliximab, but were also
involved in transcriptional changes associated with this response.

The association of genes predictive of infliximab response with pathways and transcriptional
control related to glucose metabolism and cholesterol homeostasis is interesting given the
recent attention paid to the relationship among obesity, metabolic syndrome, inflammation
and depression (Shelton and Miller 2010). Numerous studies have reported co-morbidity of
depression and metabolic disorders such as diabetes (Rustad et al. 2011). Moreover, recent
studies have shown a dose response relationship between body weight and antidepressant
treatment response (Oskooilar et al. 2009). In addition, there is a strong relationship between
BMI and multiple inflammatory markers, the higher the BMI, the greater the inflammation
(Shelton and Miller 2010; Shoelson et al. 2007). In terms of transcriptional control of genes
relevant to metabolic disorders that were observed in the infliximab responders, the HNF4-
alpha transcription factor has not only been linked to diabetes (Hansen et al. 2005;
Yamagata et al. 1996), but has also been demonstrated to be important for both
gluconeogenesis and cholesterol homeostasis (Rhee et al. 2003; Yin et al. 2011). Therefore,
a signature of differential gene expression at baseline that is related to alterations in glucose
metabolism and HNF4-alpha transcription is consistent with the idea that patients that
responded to infliximab may have altered glucose and lipid metabolism. Interestingly,
however, only 1 patient out of 13 infliximab responders was diagnosed with diabetes and 3
of 13 had hypercholesterolemia (compared to 1 out of 14 infliximab non-responders). Thus,
the relationship between altered glucose and lipid metabolism and response to infliximab
cannot be explained by the presence of manifest disease, and may represent a more incipient
process that contributes to treatment resistance, inflammation and ultimately responsiveness
to anti-inflammatory treatment strategies.

The gene expression pattern that emerged as significantly different between responders and
non-responders at 2 weeks following infliximab infusion was the suppression of a subset of
genes related to innate immune responses, which is interesting in light of the previous
findings from this trial indicating that subjects with increased inflammation as reflected by a
CRP >5 mg/L as well as increased TNF and its soluble receptors at baseline were more
likely to respond to infliximab (Raison et al. 2013). Of note, 2 weeks is a time point when
mean depression scores were significantly reduced in subjects that responded to infliximab
(t=4.21, df=12, p<0.001). Therefore, transcriptional signatures of treatment response to
infliximab appear to involve a regulation of existing metabolic imbalances accompanied by
an increased anti-inflammatory response to TNF inhibition that may be beneficial in subjects
that display increased inflammation and/or altered metabolic function.

The results from this study are interesting in conjunction with a recent study that conducted
a targeted analysis of the expression of genes related to inflammatory cytokines in depressed
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subjects before and after antidepressant treatment with escitalopram or nortriptyline
(Cattaneo et al. 2013). This study found that patients resistant to antidepressant treatment
exhibited increased inflammatory genes including TNF compared to those that responded. In
contrast, in the current study, increased TNF expression at baseline was predictive of
response to infliximab. These data are consistent with the notion that increased inflammation
prior to treatment predicts non-response to conventional antidepressant therapy while
potentially predicting a successful response to immune-targeted treatment.

Although the infliximab responder group as a whole did not exhibit increased CRP at
baseline compared to non-responders, patients with CRP >5mg/ml favored response to
infliximab, and infliximab responders exhibited higher baseline concentrations of circulating
TNF and its soluble receptors (Raison et al. 2013) and increased TNF family (TNF and
TNFSF12) gene expression, further supporting the presence of low grade inflammation in
the responder group. In relation to metabolic disorders, obesity is associated with chronic
activation of the innate immune system that is thought to be driven by adipose tissue, which
can subsequently lead to insulin resistance, impaired glucose tolerance and diabetes (Osborn
and Olefsky 2012; Shoelson et al. 2007). The presence of both a transcriptional signature of
altered metabolic function coupled with increased inflammation would indicate a possible
association between treatment response and obesity, yet infliximab responders did not
exhibit increased BMI compared to non-responders at baseline. Therefore, the association
between metabolic-related transcripts and response to infliximab may be independent of
adiposity, however, BMI is only one measure of adiposity and other measures (e.g. waist-hip
ratio and body fat percentage) were not included in this study. The regulation of these
metabolic transcripts by anti-inflammatory infliximab treatment suggests that this low-grade
inflammation may drive changes in metabolism, however more work is necessary to fully
characterize the metabolic function in TRD and its relationship with adiposity and
inflammation.

Of the other patient characteristics of infliximab responders that may have contributed to the
observed differences in genes expression, infliximab responders were slightly older than
non-responders. Aging has been associated with increased production of inflammatory
cytokines (Fagiolo et al. 1993), as well as exaggerated inflammatory responses in the brain
and exacerbated depressive-like behavior in response to activation of the immune system in
the periphery (Godbout and Johnson 2009; Godbout et al. 2008). Nevertheless, it should be
noted that the gene expression analyses were adjusted for age among other clinical variables.

When considering the immune cell subsets that were represented in the TOA by the
differentially expressed transcripts at baseline, plasmacytoid dendritic cells exert multiple
functions, including the production of IFN-alpha and other inflammatory cytokines and
regulation of T-cell responses that can contribute to inflammation (Jahnsen et al. 2002).
Interestingly, B cells can affect glucose metabolism by activating proinflammatory
macrophages and T cells in adipose tissue (Winer et al. 2011). Nevertheless, it is important
to note that the use of gene expression profiles in peripheral blood immune cells to
extrapolate pathways and processes in other tissues has limitations. Although gene
expression related to gluconeogensis and cholesterol homeostasis may appear to be
indicative of general metabolic alterations in infliximab responders, the findings might also
be indicative of changes in the energy demands of the immune cells themselves. For
example, glucose metabolism is highly regulated in lymphocytes, and lymphocyte activation
requires dramatically more glucose to meet energy demands for proliferation (Maciver et al.
2008). Furthermore, glucose deficiency can lead to cell death (Maciver et al. 2008; Rathmell
et al. 2003).
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In addition to the identification of a set of predictive transcripts related to metabolic function
(including the highly predictive PGAM4), HNF4-alpha transcriptional control, and TWEAK
signaling, we also identified two other highly predictive transcripts for genes related to
neuronal functioning that have been associated with neurodegenerative disorders and
psychiatric illness, increased expression of TGM2 and decreased expression of DTNBP1.
TGM2 encodes a tissue glutaminase, a family of enzymes that catalyze post-translational
modifications of proteins, including cross-linking, and may play a role in the pathology of
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease (Andringa et al.
2004; Wang et al. 2008). Moreover, the DTNBP1 gene, which encodes dysbindin, a protein
involved in signal transduction and thought to regulate glutamate transmission, exhibits
genetic variation that has been associated with both schizophrenia and major depression
(Kim et al. 2008; Numakawa et al. 2004), and predicts early (4 week) responses to
antidepressants (Pae et al. 2007). Interestingly, like PGAM4 and other metabolic-related
gene transcripts, DTNBP1 expression was significantly regulated by infliximab over time in
responders but not non-responders, and there was no difference in DTNBP1 expression
between responders and non-responders at any time point after infliximab infusion,
indicating that changes in expression of this gene may be related to the response to
infliximab.

In addition to the aforementioned limitations of this study (lack of control subjects, BMI as
the only measure of adiposity, increased age of the infliximab responders), several
additional methodological issues warrant consideration. The comparison between infliximab
responders and non-responders was made on a relatively small sample size <30, which may
have affected the ability to detect group differences. Nevertheless, a sizeable number of
highly significant transcripts (n=148) were identified that predicted response to infliximab.
This number of differentially expressed transcripts is consistent with (and in fact exceeds)
the number of transcripts differentially expressed in a previous study comparing responders
to non-responders in patients receiving infliximab for rheumatoid arthritis (Lequerre et al.
2006). Furthermore, although treatment assignment was randomized and patient
characteristics were balanced in the placebo and infliximab groups, we were unable to
control for demographic variables, such as age, in infliximab responders versus non-
responders. Moreover, because stringent exclusion criteria were required due to the use of
infliximab which carries significant liabilities in terms of infectious diseases and
autoimmune disorders, the results may be difficult to generalize to other populations of
patients with TRD who may exhibit even greater activation of inflammatory pathways due
to co-morbid conditions that were exclusionary in our trial. Finally, a number of methods are
available for indentifying biological significance of differentially expressed genes. However,
similar results were obtained for the pathway analysis of genes differentially expressed at
baseline using two frequently published databases (Metacore and Wikipathways), indicating
the validity of the conclusions drawn from this data set. Nevertheless, future studies will be
necessary to confirm the reliability of these findings by exploring the association between
antidepressant response to infliximab in TRD patients with both metabolism-related gene
expression and clinical metabolic assessments, such as fasting glucose or cholesterol, that
were not explored in the present study.

In sum, this study identified a number of significantly expressed transcripts associated with
gluconeogensis and cholesterol transport that predicted the antidepressant response to
infliximab in patients with TRD. Interestingly, these predictive transcripts were regulated
over time by infliximab in the responders, and appeared to be involved in the response. This
regulation of metabolic-related genes during treatment response was accompanied by an
increase in anti-inflammatory responses to inhibition of TNF by infliximab. Together these
findings suggest that depressed patients with increased peripheral inflammation in
association with evidence of biological processes indicative of a metabolic disorder may
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benefit from novel anti-inflammatory treatments for depression, such as infliximab.
Nevertheless, more work is necessary to determine the relationship between glucose and
cholesterol metabolism, TRD, and inflammation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pathways and transcription factor networks significantly represented in differentially
regulated gene transcripts at baseline that were predictive of the antidepressant response to
infliximab
Infliximab (5mg/kg, n=30) was administered over 12 weeks through an indwelling catheter
at baseline, 2 weeks and 6 weeks, and antidepressant response was determined as a 50%
reduction in depression severity as measured by the 17-item HAM-D (measured at baseline
and 1, 2, 3, 4, 6, 8, 10, and 12 weeks) at any time point during the study. Genes at baseline
that were significantly predictive of treatment response (n=148, 1.2 fold change, p 0.01)
were involved in pathways related to glycolysis and gluconeogenesis, cholesterol and
sphingolipid transport, and apoptosis through tumor necrosis factor (TNF)-related signaling
pathway as assessed using Metacore and Wikipathways (A). The most significant
transcription factors represented were SP-1 (not shown) and a 19-gene network regulated by
hepatocyte nuclear factor (HNF) 4-alpha (B). Red circle= up-regulated genes; Blue circle=
down-regulated genes; orange arrowhead= enzyme; red arrowhead= lipid kinase; pink X=
transporter; red star= transcription factor; turquoise Y= receptor; blue S =binding protein;
blue clover =protein.
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Figure 2. Gene transcripts that were predictive of antidepressant response at baseline were
altered in responders following the initial infliximab infusion
Infliximab (5mg/kg, n=30) was administered over 12 weeks through an indwelling catheter
at baseline, 2 weeks and 6 weeks, and antidepressant response was determined as a 50%
reduction in depression severity as measured by the 17-item HAM-D at any time point
during the study. Gene expression was assessed at baseline, and 6 hr, 24 hr, and 2 weeks
following the first infusion. Transcripts at baseline that were significantly predictive of
treatment response and involved in the (A) glycolysis and gluconeogenesis pathway
(PGAM4, ENO2), (B) cholesterol and sphingolipid transport pathway (STARD3NL) or
apoptosis through tumor necrosis factor (TNF)-related signaling pathway (TNFSF12), and
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(C) hepatocyte nuclear factor (HNF) 4-alpha transcription factor network (e.g. PURG,
CD46/MCP), were differentially regulated over time by infliximab in responders (green
boxes) but not in non-responders (yellow boxes) at any point over time (p<0.05). Expression
values differed between responders and non-responders only at baseline. *p<0.05 responders
compared to non-responders
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Figure 3. Genes down-regulated by infliximab over time in responders were related to apoptosis
through tumor necrosis factor (TNF) and innate immune activation
Infliximab (5mg/kg, n=30) was administered over 12 weeks through an indwelling catheter
at baseline, 2 weeks and 6 weeks, and antidepressant response was determined as a 50%
reduction in depression severity as measured by the 17-item HAM-D at any time point
during the study. Genes that were up-regulated and down-regulated in responders compared
to non-responders were analyzed separately at 6 hr, 24 hr, and 2 weeks to identify significant
pathways that were increased or inhibited in response to infliximab that may be related to
treatment response. At the earlier time points (6 and 24 hr), responders exhibited increased
expression of genes related to IL-6 signaling, and decreased expression of genes related to
apoptosis through TNF-related signaling pathways. At 2 weeks, gene expression profiles
related to innate immune responses (antiviral and TLR signaling) were decreased in
responders with respect to non-responders.
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Figure 4. Genes differentially expressed between responders and non-responders were enriched
in transcriptional networks of hepatocyte nuclear factor (HNF) 4-alpha and nuclear factor-
kappaB (NF-kB), early and late following the initial infliximab infusion, respectively
Infliximab (5mg/kg, n=30) was administered over 12 weeks through an indwelling catheter
at baseline, 2 weeks and 6 weeks, and antidepressant response was determined as a 50%
reduction in depression severity as measured by the 17-item HAM-D at any time point
during the study. Genes that were differentially regulated in responders compared to non-
responders were analyzed at 6 hr, 24 hr, and 2 weeks. 6 hr after infliximab, the
transcriptional network for HNF4-alpha was composed of mostly of genes up-regulated (red
circles, 13/21 genes) in responders compared to non-responders (A), whereas at 24 hr, the
transcriptional network for HNF4-alpha was comprised mostly of genes down-regulated in
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responders (blue circle, 20/24 genes) (B). 2 weeks after the initial infliximab infusion, the
genes differentially regulated in responders versus non-responders were enriched in the NF-
kB transcriptional network and comprised mostly of down-regulated genes (blue circle, 8/11
genes) (C). Red circle= up-regulated genes; Blue circle= down-regulated genes; orange
arrowhead= enzyme; red arrowhead= lipid kinase; pink X= transporter; red star=
transcription factor; turquoise Y= receptor; blue S =binding protein; blue clover =protein,
green double-headed arrow=RAS superfamily; pink and brown H=channel; green down
arrow=regulator; orange arrowhead with hole=protease; green T= receptor ligand.
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