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Kynurenine pathway (KP) metabolites are believed to be a link between inflammation and depression through effects on brain
glutamate receptors. However, neither the relationship between plasma and cerebrospinal fluid (CSF) KP metabolites nor their
association with inflammatory mediators is well-established in depression. Moreover, the clinical profile associated with combined
activation of plasma inflammatory and kynurenine pathways is unknown. Accordingly, plasma and CSF-KP metabolites and
inflammatory markers along with depressive symptoms and antidepressant treatment response were measured in 72 unmedicated
depressed patients. Following bivariate analyses, component factors representing immune and kynurenine variables in the plasma
and CSF were extracted and were used to examine directionality of associations in a path model. In addition, patients were
clustered using individual markers that most accounted for the association between plasma immune and KP systems. Path analysis
revealed a directional association extending from plasma inflammatory markers to plasma kynurenines, to CSF kynurenines. Among
immune markers, plasma tumor necrosis factor (TNF) was robustly associated with plasma kynurenine (KYN) and KYN/tryptophan
(TRP), which was in turn significantly associated with CSF KYN, kynurenic acid, and quinolinic acid. Clustering of patients based on
plasma TNF and KYN/TRP yielded subgroups of high (N=17) and low (N = 55) TNF-KYN/TRP groups. High TNF-KYN/TRP subjects
exhibited greater depression severity, anhedonia, and treatment nonresponse. In conclusion, plasma-KP metabolites may mediate
an inflammation-associated depressive symptom profile via CNS KP metabolites that can serve as a target for intervention at the
level of inflammation, peripheral KYN metabolism, KYN transport to the brain, or effects of KP metabolites on glutamate receptors.

Neuropsychopharmacology (2020) 45:998-1007; https://doi.org/10.1038/541386-020-0607-1

INTRODUCTION

There is a growing appreciation of the potential role of the
kynurenine pathway (KP) in the relationship between inflammation
and depression. Inflammatory cytokines such as tumor necrosis
factor (TNF) and interferon-y (IFN-y), as well as peripherally
administered inflammatory stimuli such as lipopolysaccharide
(LPS) and Bacillus Calmette-Guérin (BCG) vaccine induce the KP
by activating the enzyme indoleamine-2,3 dioxygenase (IDO),
which converts tryptophan (TRP) to kynurenine (KYN) [1-3]. Based
on studies in laboratory animals, KYN then accesses the brain
through the large neutral amino acid transporter (LAT-1) and is
subsequently metabolized to kynurenic acid (KYNA) in astrocytes,
oligodendrocytes, and neurons or 3-hydroxy kynurenine (3HKYN),
anthranilic acid (AA), 3-hydroxy anthranilic acid (3HAA), and
ultimately quinolinic acid (QA) in microglia, tissue macrophages,
and perivascular monocytes [4-8]. A critical target for the two
neuroactive end products of the KP is the N-methyl-p-aspartate
(NMDA)-glutamate receptor with QA acting as an agonist and
KYNA acting as an allosteric modulator at the glycine site [9-11].
Blocking KP activation in mice through inhibition of IDO reverses
LPS- and BCG-induced depressive-like behavior [3, 12]. Moreover,
blocking the NMDA receptor reduces LPS-induced depressive-like
behavior [13]. In humans, increases in KP metabolites in the plasma
and cerebrospinal fluid (CSF) have been associated with both the

onset of depression and greater depression severity in medically
ill patients receiving the inflammatory cytokine IFN-a [14, 15].
Moreover, an increased plasma KYN/TRP ratio was associated with
greater volume loss in the striatum among depressed but not
control subjects and the KYNA/QA ratio showed a trend association
with anhedonia in depressed patients [16, 17]. Increased KYN was
also significantly associated with reduced motivation in elderly
individuals [18]. In addition, CSF QA was elevated acutely after a
suicide attempt and remained persistently elevated during a 2-year
follow-up period [19-21]. Finally, although inflammation has been
associated with a poor response to conventional antidepressants
[22], decreases in the KYN/TRP predicted response to the novel
antidepressant ketamine [23].

The influence of KYNs on the pathophysiology of depression
has focused on their role in the central nervous system (CNS) [24].
However, in studies in rodents, central concentrations of KP
metabolites appear to be determined by KYN metabolism in the
periphery. For example, the competitive blockade of KYN passage
into the brain by saturating LAT-1 with an excess of leucine
reduces LPS-induced depressive-like behavior in mice [25]. Thus,
targeting the KP to intervene in depression in humans requires
an understanding of the complex interplay between KP metabo-
lites and inflammatory mediators in the periphery and the
brain. Accordingly, we examined the associations between KP
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metabolites in the plasma and CSF (a proxy for brain levels), and
their associations with inflammatory mediators in these compart-
ments. Based on the preclinical data, we hypothesized that
positive direct associations would exist between plasma inflam-
matory mediators and plasma-KP metabolites (Plasma-KP) than,
in turn, would demonstrate similar associations with CSF-KP
metabolites (CSF-KP). We further hypothesized an indirect
association between plasma immune and CSF-KP mediated by
Plasma-KP. We also hypothesized that combined plasma inflam-
matory and KP activation would identify a subgroup of depressed
subjects with greater severity of depression, anhedonia, and
treatment nonresponse.

MATERIALS AND METHODS

Participants

Seventy-two subjects aged 21-65 years with a major depressive
episode based on Structured Clinical Interview for Diagnostic
and Statistical Manual-IV (SCID-IV) [26] and a 17-ltem Hamilton
Rating Scale for Depression score (HAM-D)=18 [27] were
recruited from newspaper, radio, television, and social media
campaigns advertising for depressed individuals not taking
psychiatric medications. All subjects were medically stable as
determined by medical history, physical exam, and laboratory
testing. Exclusion criteria included evidence of an autoimmune
or inflammatory disorder, or infectious disease (Hepatitis B, C, or
human immunodeficiency virus); use of an immunosuppressant
drug (e.g., oral glucocorticoids) within the past 6 months or
regular use of a nonsteroidal anti-inflammatory drug or statins;
active suicidal ideation; history of a psychotic disorder of any
type, mania, or mixed state, or substance abuse/dependence
within the past 6 months (determined by SCID-IV and urine drug
testing). Due to potential effects of psychotropic medications on
the immune response [28], all subjects were free of antidepres-
sants, antipsychotics, mood stabilizers, and regular use of
benzodiazepines for at least 4 weeks (8 weeks for fluoxetine)
prior to study participation. No subject was removed from
psychotropic medication for the purposes of this study, and all
patients were carefully monitored by study staff for worsening of
depression or the development of suicidal ideation during study
participation. As dictated by their primary care physicians,
subjects could continue medications for any medical disorders
including 81 mg per day of aspirin. All subjects provided written
informed consent and the study was approved by the Institu-
tional Review Board of Emory University. Subjects represent a
subgroup of patients recruited for a study on phenotyping
depression with increased inflammation (NCT#01426997) that
have been included in previous reports [22, 29-32].

Blood and CSF sampling

Participation in this study involved a 2 day stay in the inpatient
research unit at Emory University Hospital with blood sampling
occurring on Day 1 and CSF sampling (lumbar puncture) on Day 2.
Blood sampling and the lumbar puncture were conducted within
24 h of each other but were performed on separate days to avoid
the impact of the stress of lumbar puncture on blood assay results.
Blood was obtained through an indwelling catheter between 0900
and 1100 h after 30 min of rest to minimize circadian variations and
the stress of venipuncture. Blood was immediately centrifuged at
1000 X g for 10 min at 4 °C and plasma was collected and stored at
—80°C for batched assays. Lumbar puncture was performed
between 1200 and 1600 h by an anesthesiologist. CSF samples
were aliquoted and stored at —80 °C until batched assays.

Immune and KYN metabolite assays

Plasma concentrations of high-sensitivity c-reactive protein
(CRP) were determined by immunoturbidometric method (Sekisui
Diagnostics, Lexington, MA, USA) on a Beckman AU480
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automatic analyzer and CSF CRP was quantified by electro-
chemiluminescence-based immunoassay (MesoScale Discovery,
Gaithersburg, MD). Plasma and CSF TNF, soluble TNF receptor 2
(TNFR2), interleukin-1B (IL1b), IL1 receptor antagonist, IL6,
IL6 soluble receptor, IL10, and monocyte chemoattractant
protein-1 were assayed in duplicate (plasma) or triplicate (CSF)
using multiplex bead-based assays (R&D Systems, Minneapolis,
MN, USA) and read with a MAGPIX charge-coupling device
imaging system (Luminex, Austin, TX) as previously described [31].
Mean coefficients of variation (CVs) for all immune assay
techniques were reliably <10% and no samples were below the
limits of detection. KP metabolites were assayed in one batch to
avoid batch-to-batch variability. Plasma and CSF concentrations of
TRP, KYN, KYNA, 3HKYN, AA, 3HAA, and QA were measured using
high-performance liquid chromatography and tandem mass
spectrometry in a commercial laboratory (formerly Brains Online,
LLC, now Charles River, Inc.) as previously described [17]. Mean
assay CVs were reliably <7% and the lower limit of quantification
(LLOQ) in plasma and CSF are provided in Supplementary Table S1.
Due to multiple measurements below the LLOQ, 3HAA in the CSF
was not included in statistical analyses. The number of subjects
with missing values for other immune and KP metabolites, as well
as behavioral measures (see below), were minimal and are
detailed in Supplementary Table S2.

Measures of depression severity, anhedonia, and treatment
response

The 30-item Inventory for the Severity of Depression (Self-Report
Version, IDS-SR) [33] was conducted on Day 2 in the morning
before the lumbar puncture and was used to assess overall
depressive symptom severity and symptom clusters for the
purposes of statistical analyses. Items assessing appetite
(#11-12), weight (#13-14), and diurnal variation (#9A-9B) were
excluded from the total IDS-SR score as suggested in scoring
guidelines [33]. Given the previous literature linking severity of
anhedonia with immune and KP metabolites, summary scores of
anhedonia-specific items on the IDS-SR scale (#21-Capacity for
Pleasure or Enjoyment, #20-Energy Level, #19-General Interest,
and #8-Response of Your Mood to Good or Desired Events)
identified in previous studies were combined to yield summary
anhedonia scores [34]. The sum of individual scores of the
four anhedonia items selected from IDS-SR combined into a
subscale with a reliability Cronbach’s a=0.73. Antidepressant
treatment was assessed using Massachusetts General Hospital-
Antidepressant Treatment Response Questionnaire (MGH-ATRQ)
based on the number and adequacy of antidepressant treatment
trials (>6 weeks at the recommended dosage) during the current
episode of depression [22, 35]. MGH-ATRQ scores were collapsed
into three groups namely 0 (score =0, no previous trials), 1
(scores = 1-3), and 2 (scores >3), with an increasing score from 0
to 3, indicating greater treatment resistance. Previous research has
indicated that MGH-ATRQ scores>3 may signify underlying
treatment resistance [36-38]. Subjects were not recruited based
on history of treatment response (or nonresponse). Many patients
(n=42) had received no medication treatment during their
current episode. As actively suicidal patients were ineligible for
study participation and assessment of suicidal ideation/behavior
was available only as a single item on the IDS-SR, suicide was not
considered in the analyses.

Statistical analysis

Measures of immune and KP markers were quantile-normalized to
minimize variations induced by both sample source (blood and CSF)
and technical heterogeneity, and to yield distributions with identical
statistical properties necessary for the proposed statistical
approaches [39, 40]. Furthermore, the normality of transformed data
was confirmed using Shapiro-Wilk's test [41]. Linear associations
were examined using Pearson’s correlations. Confirmatory factor
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analysis (CFA) was then used to extract four summary factor scores
representing plasma- and CSF-KP, and -immune measures using
previously published guidelines [42-44]. To minimize errors and
improve fit, only markers with significant loadings on their
component factors were included. The hypothesized directionality
of associations between the four summary factor scores were
examined using a mediational path analysis. Mediational path
analysis separates total linear effects into direct (attributed to the
variable of interest) and indirect effects (induced via another
intermediary variable) as described previously [45, 46]. To identify
which individual immune marker best accounted for the plasma-KP
system as reflected by KYN/TRP (indexing peripheral IDO activity),
variable selection using least absolute shrinkage and selection
(Lasso)/elasticnet-based methods was used. Lasso/elasticnet
methods complemented by Bayesian variable selection were
employed to minimize the impact of the large number of
intercorrelations among immune variables including linear, quadratic,
and interactive effects [47, 48]. Linear/nonlinear association between
the identified plasma immune marker and KYN/TRP ratio was then
examined using partial and pieced regressions, and the residuals
were examined for clustering effects. Iterative k-means clustering was
used to identify a subsample with combined elevations of the
identified immune marker and KYN/TRP ratio. Lasso inferential
models were used to examine associations between group status
(identified above) and clinical severity measures after partialing out
the effects of covariates with k(10)-fold repetitions resampled = #10
(100-fold repeats). Age, sex, ethnicity (Caucasian vs. African Amer-
ican), and body mass index were included as prespecified covariates
in all models, given their previously demonstrated associations with
both immune and KP metabolites [16, 49-51]. To minimize
overfitting and reduce prediction error, cross-validation was
performed using randomly split Discovery (training) and Validation
(holdout) sets (n=36 each). Finally, the reproducibility of the
relationships between group status and clinical variables were
compared using area under the curve (AUC) generated from receiver
operating curves. A priori thresholds of practical significance based
on published guidelines [52] were used with a sample size of 72, an a
of 0.05, and (1 — B) of 0.8, and effect size of Cohen’s d=0.8 or its
linear (*=0.20) or nonlinear equivalents (AUC=0.7). Detailed
description of the analysis plan and methods are provided in
Supplementary Materials and Methods, and the working model and
analytic pipeline is presented in Supplementary Fig. S1. In line with
previous publications, plasma KYN/TRP ratios were multiplied by
1000 to facilitate graphical presentation [14].

RESULTS

Sample

Seventy-two subjects with both blood and CSF samples were
included in the analyses. Table 1 provides data on clinical and
selected biomarker variables that survived correction for false
discovery rate. Descriptive statistics on all available metabolites
are presented in Supplementary Table S3.

Bivariate associations between plasma- and CSF-KP and immune
measures

Multivariate associations between plasma- and CSF-KP, as well as
their association with plasma and CSF immune measures are
depicted as a correlation heatmap in Fig. 1. KP metabolites in the
plasma strongly correlated with each other (all p <0.01), whereas
several KP metabolites in the plasma strongly correlated with KP
metabolites in the CSF. Plasma KYN/TRP was similarly robustly
associated with CSF KYN/TRP, KYN, AA, KYNA, and QA (Pearson’s r =
0.77, 0.72, 0.60, and 0.52, respectively (all p <0.0001; Fig. 2a-d). In
addition, significant correlations were found between plasma and
CSF AA, as well as between plasma and CSF QA (both p < 0.0001).
Plasma 3HKYN was also significantly associated CSF QA (p < 0.0001).
Of the plasma immune markers, plasma TNF and TNFR2 were
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strongly associated with KYN and QA in the plasma, whereas plasma
3HKYN was correlated only with plasma TNFR2 (all p <0.0001).
Supplementary Table S4 lists all pairwise correlations that survived
Bonferroni correction.

Extraction of component factor scores and path analysis

Four summary factor scores representing Plasma-KP, CSF-KP,
plasma immune (Plasma-IMM) and CSF immune (CSF-IMM)
measures were extracted using CFA. All factor models demon-
strated robust goodness-of-fit, and high item reliability (see
Supplementary Table S5A-C). The extracted factors were entered
into a non-recursive path model to examine the hypothesized
directionality of effects from Plasma-IMM to Plasma-KP to CSF-KP.
Sex was excluded, as it was unrelated to the extracted factors.
Paths linking Plasma-IMM to Plasma-KP ()(2(1) =10.69, p =0.001),
Plasma-KP to CSF-KP (x*(1) = 10.86, p = 0.001), and Plasma-IMM to
Plasma-KP to CSF-KP (y*(1) = 12.74, p < 0.001) were all significantly
stronger than the path from CSF-IMM to CSF-KP. Strong direct
effects were noted between Plasma-IMM and Plasma-KP, and
between Plasma-KP to CSF-KP (p<0.001), and the indirect
association between Plasma-IMM and CSF-KP was exclusively
mediated by Plasma-KP (p < 0.001). Figure 3 provides a graphic
summary of standardized direct, indirect, and total effects, and
Supplementary Table S6A-D provide detailed analytic information.
An overall power =0.9 for the path model was obtained using
estimated effect sizes (Cohen’s f=0.43 and 0.82, partial r* = 0.33
and 0.45 for Plasma- and CSF-KP factors, respectively) with tested/
total predictors=1/7 (including covariates), a=0.007 (0.05/7),
and sample size =72 (Supplementary Fig. S2).

Clustering of subjects based on Plasma immune markers and KYN/
TRP

Plasma KYN/TRP (indexing IDO activity) was used as the dependent
variable to represent the KP system because of its robust
correlations with other KP metabolites in the plasma and CSF
(see above), and its extensive use in the literature [8, 14, 15, 18].
Moreover, plasma KYN/TRP could be combined with plasma
immune markers to identify putative targets for biomarker profiling.
Plasma immune markers were entered as independent variables and
prespecified covariates as control factors in the Lasso-selection and
related Bayesian variable selection-based Lasso models. The
quadratic term of plasma TNF was selected as the strongest
predictor of plasma KYN/TRP by the consensus panel of all 9/9 lasso/
elasticnet models and Bayesian-Lasso models (Supplementary
Table S7A, B).

Comparison of the linear and quadratic fit of the relationship
between plasma TNF and KYN/TRP (Fig. 4a) indicated that the
curved (quadratic/polynomial) fit was significantly stronger than the
linear fit (linear/nonlinear slope difference [F(1,69) = 11.3, p = 0.001].
A pieced regression splitting the quadratic slope into two
independent regression lines above/below plasma TNF = 5.67 pg/
ml indicated that although intercepts were not different between
both levels [F(1,68) = 1.38, p = 0.24]; the slope for TNF > 5.67 pg/ml
was greater than both the null=0 [F(1,68) =48.24, p < 0.001] and
compared with TNF < 5.67 pg/ml slope [F(1,68)=11.11, p =0.001].
On the contrary, TNF < 5.67 pg/ml slope was insignificant [F(1,68) =
0.86, p=0.36] and not different from the null. This possibility of
clustering between the two markers was further confirmed by
examinations of the actual-by-predicted and residual-by-predicted
plots. These findings supported the use of clustering approaches
using TNF and KYN/TRP. Based on iterative k-means clustering with
cluster sizes ranging from 2 to 12 and based on cubic clustering
criteria (CCQC), a two-group solution with optimal CCC=1.95 was
chosen to partition subjects into two groups: a “high” TNF-KYN/TRP
group (n=17) and a “low” TNF-KYN/TRP group (n = 55). Figure 4b
illustrates clustering of plasma TNF and KYN/TRP in high and low
TNF-KYN/TRP groups using a connected scatterplot and Table 1
provides a contrast of clinical and biological variables between
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Table 1. Summary table of key background variables and biomarkers.
All subjects Low TNF-KYN/TRP High TNF-KYN/TRP
N Mean (95% Cl) N Mean (95% Cl) N Mean (95% Cl)
Background
Age 72 39.38 (42.15-36.6) 55 38.67 (35.51-41.83) 17 41.65 (35.34-47.96)
BMI 72 31.06 (32.86-29.26) 55 29.74 (27.93-31.55) 17 35.34 (30.63-40.04)
Female 72 48 (67%) 55 35 (63.6%) 13 13 (76.5%)*
Caucasian 30 30 (41.7%) 20 20 (36.4%) 10 10 (58.8%)°
Clinical
IDS-SR 72 36.79 (39.07-34.51) 55 34.87 (32.44-37.31) 17 43 (38.12-47.88)*
Anhedonia 72 6.36 (6.92-5.81) 55 5.91 (5.33-6.49) 17 7.82 (6.54-9.11)*
MGH-ATRQ 68 0.63 (0.0.42-0.84) 54 0.5 (0.29-0.71) 14 1.14 (0.55-1.74)**
Plasma-KP
Plasma KYN/TRP 72 32.27 (30.02-34.52) 55 28.11 (26.88-29.35) 17 45.71 (40.92-50.49)P**+
Plasma KYN (uM) 72 1.59 (1.48-1.69) 55 1.42 (1.34-1.5) 17 2.14 (1.93-2.34)Px*
Plasma KYNA (nM) 72 35.51 (31.82-39.19) 53 31.67 (28.81-34.53) 17 47.46 (36.2-58.71)***
Plasma 3HK (nM) 72 30.88 (28.22-33.54) 55 27.09 (25.15-29.04) 17 43.12 (36.13-50.11)P**x
Plasma AA (nM) 72 6.12 (5.59-6.65) 54 5.56 (5.03-6.09) 17 7.91 (6.7-9.11)0xxx
Plasma 3HA (nM) 72 20.01 (17.89-22.13) 51 17.88 (15.82-19.94) 17 26.41 (21.36-31.45)%*x
Plasma QA (nM) 72 442.97 (409.62-476.33) 55 392.91 (365.44-420.38) 17 604.94 (535.85-674.03)P***
CSF-KP
CSF KYN/TRP 72 20.13 (18.17-22.09) 54 17.63 (15.7-19.55) 17 28.07 (24.56-31.59)°***
CSF KYNA (nM) 72 31.3 (28.07-34.52) 55 27.22 (24.51-29.92) 17 4449 (36.25-52.74)Pxxx
CSF AA (nM) 72 2.56 (2.39-2.72) 55 2.38 (2.2-2.57) 17 3.11 (2.79-3.42)Px*
CSF QA (nM) 72 19.49 (17.18-21.8) 50 17.11 (15.18-19.05) 17 26.48 (20.01-32.96)°***
Plasma-IMM
Plasma TNF (pg/ml) 72 5.67 (5.13-6.22) 55 4.8 (4.36-5.23) 17 8.51 (7.48-9.55)P*x*
Plasma TNFR2 (ng/ml) 72 2.48 (2.27-2.69) 55 2.21 (2.03-2.39) 17 3.34 (2.86-3.82)P***
Plasma IL1ra (ng/ml) 72 1.99 (1.33-2.65) 55 1.43 (0.87-1.98) 17 3.82 (1.73-5.9)0x*+
CSF-IMM
CSF TNFR2 (pg/ml) 72 121.31 (105.46-137.17) 55 108.4 (93.15-123.64) 17 163.11 (119.94-206.27)P***
CSF IL6sr (pg/ml) 72 708 (624.36-791.64) 55 624.47 (549.11-699.83) 17 978.24 (749.29-1207.19)P**x
The columns present the mean + 95% confidence interval (95% Cl) or frequency distributions (number, %). The column “All subjects” depicts grand mean or
frequency of the entire group (n = 72), whereas columns depicting low (n = 55) and high (n = 17) “TNF-KYN/TRP” groups depict similar summary statistics for
the two groups derived from hierarchical clustering. A more complete listing of all biomarkers is presented in Supplementary Table S2.
AA anthranilic acid, Anhedonia summary scores from anhedonia items of IDS-SR items, IDS-SR Inventory for the Severity of Depression (Self-Report Version), IL6
interleukin-6, IL6sr IL6-soluble receptor, KA kynurenic acid, KYN kynurenine, KYN/TRP kynurenine/tryptophan ratio, MGH-ATRQ Massachusetts General Hospital-
Antidepressant Treatment Response Questionnaire, QA quinolinic acid, TNF tumor necrosis factor, TNFR2 soluble tumor necrosis factor type-2, TRP tryptophan,
3HAA 3-hydroxy anthranilic acid, 3HK 3-hydroxy-kynurenine.
**p < 0.05, *p < 0.01, ***p < 0.001.
a>-distribution.
PHigh-Low Group contrasts following false discovery rate (FDR) correction for multiple comparisons.

groups. Details of cluster separation and validation are provided in

Supplementary Table S8 and Supplementary Fig. S3.

Plasma TNF-KYN/TRP and depression severity

a power of (1 — ) of 0.81 for the current samples size of 72
(Supplementary Fig. S4).

TNF-KYN/TRP and anhedonia severity

High TNF-KYN/TRP group status (Wald's z=1.91, p=0.05)
explained IDS-SR scores better than plasma TNF (z=—3.93,
p=0.22) or KYN/TRP ratio (z=0.15, p=0.95) alone or the
TNF*KYN/TRP interaction term (z=1.93, p=0.45). High TNF-
KYN/TRP status continued to be strongly associated with IDS-SR
scores (Wald's z=3.21, p=0.001) in an independent cross-fit
lasso inferential model. The 8.17-point IDS-SR score difference
(95% Cl =3.18-13.2) seen in the high vs. low TNF-KYN/TRP group
contrast exhibited a strong effect size d (95% Cl)=0.90
(0.34-1.47). A power analysis comparing r’-values of the full
model (four covariates + TNF-KYN/TRP =0.22) with that from
the reduced model (only TNF-KYN/TRP grouping = 0.13) yielded

Neuropsychopharmacology (2020) 45:998 - 1007

High TNF-KYN/TRP group was associated with greater anhedonia
scores on the anhedonia subscale (Wald's z= 2.88, p = 0.004). The
1.89-point anhedonia score difference (95% Cl = 0.60-3.17) seen
in the high vs. low TNF-KYN/TRP group contrast had a strong
effect size d (95% Cl) = 0.85 (0.29-1.41). A power analysis using r*
comparison between the full (0.24) and reduced (0.12) model
indicated a power of 0.91 with the current sample size of 72
(Supplementary Fig. S4).

TNF-KYN/TRP and antidepressant treatment response

After partialing out covariates, the high TNF-KYN/TRP group was
also significantly associated with greater MGH-ATRQ scores
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Fig. 1

Correlation heatmap of immune and kynurenine pathway markers. The x- and y-axes represent quantile-normalized kynurenine and

immune markers in the plasma and cerebrospinal fluid (CSF) compartments, and accompanying r-scale represents strength and directionality
of Pearson’s product-moment correlation coefficients. Bonferroni-corrected p-values of the above correlation coefficients are provided in
Supplementary Table S4. Abbreviations: AA anthranilic acid, CRP c-reactive protein, IL6 interleukin-6, IL6sr IL6-soluble receptor, IL10
interleukin-10, IL1b interleukin-1p, ILTra IL1b-receptor antagonist, KYN kynurenine, KYN/TRP kynurenine/tryptophan, KYNA kynurenic acid,

MCP1 monocyte chemoattractant protein-1,

QA quinolinic acid, QA/KYNA quinolinic acid/kynurenic acid, TNF tumor necrosis factor,

TNFR2 soluble tumor necrosis factor type-2, TRP tryptophan, 3HAA 3-hydroxy anthranilic acid, 3HKYN 3-hydroxy kynurenine.

(Wald's z=2.59, p=0.009). Post hoc testing indicated that the
corrected mean difference in MGH-ATRQ between groups was
0.63 (95% Cl difference = (0.07-1.19), which yielded an effect size
of d (95% Cl)=0.78 (0.18-1.39). Comparisons of full (> =0.16)
with reduced model (r* = 0.08) yielded a (1 — f) estimate of 0.72
(Supplementary Fig. S4).

Reproducibility of findings across discovery and validation subsets
The stability of estimates linking TNF-KYN/TRP status with
clinical variables across discovery and validation sets are
shown in Fig. 4c-e. Comparison of AUC across discovery (n =
36) and validation sets (n=36) for the association between
TNF-KYN/TRP groups and IDS-SR scores (0.73 vs. 0.77, X2(1):
0.11, p = 0.74), anhedonia (0.71 vs. 0.77, x*(1) =0.15, p = 0.69),
and MGH-ATRQ scores (0.66 vs. 0.67, x*(1)=0, p=0.98)

SPRINGERNATURE

indicated good stability of estimates and replicability across
sample sets.

DISCUSSION

Robust relationships were found between KP metabolites in the
plasma and CSF. Moreover, inflammatory measures in the plasma,
especially TNF, were strongly correlated with Plasma-KP. Path
analyses indicated directional associations between plasma
inflammatory mediators and Plasma-KP that were in turn
associated with KP metabolites in the CSF. Plasma TNF was the
strongest predictor of Plasma-KP as represented by KYN/TRP and
clustering of these variables yielded two subgroups of patients
with high and low combinations of plasma TNF and KYN/TRP. High
TNF-KYN/TRP status was associated with greater severity of

Neuropsychopharmacology (2020) 45:998 - 1007



A. Linear Fit of Plasma KYN/TRP and CSF KYN/TRP

CSF KYN/TRP

20 40 60 80
Plasma KYN/TRP (*1000)

C. Linear Fit of Plasma KYN/TRP and CSF AA

CSF AA (g-norm)

T T T T

20 40 60 80
Plasma KYN/TRP (*1000)

Associations among peripheral and central kynurenine pathway metabolites...

E Haroon et al.

1003

B. Linear Fit of Plasma KYN/TRP and CSF KYN
8 -
E
2 2+
5
Z
>
L
b R
o
o
20 40 60 80
Plasma KYN/TRP (*1000)
D. Linear Fit of Plasma KYN/TRP and CSF QA
B
2
z
<
(@]
(TR
%)
o

T T T T

20 40 60 80
Plasma KYN/TRP (*1000)

Fig. 2 Bivariate associations between Plasma KYN/TRP and CSF kynurenine pathway metabolites. The panel presents linear fits between
individual immune and kynurenine pathway markers in the plasma and CSF. KYN/TRP is represented as a proxy for indoleamine-2-
dioxygenase (IDO) activity, as it is responsible for generating kynurenine from tryptophan. a Demonstrates significant linear association
between plasma kynurenine/tryptophan ratio (KYN/TRP, *1000 for graphic scaling) and CSF KYN/TRP [r (99% Cl) = 0.77 (0.50-0.90)]. Similar
relationships are demonstrated in (b) between plasma KYN/TRP and CSF kynurenine [KYN, r (99% Cl) = 0.72 (0.42-0.88)]; ¢ between plasma
KYN/TRP and CSF anthranilic acid [AA, r (99% Cl) = 0.60 (0.22-0.82)], and d between plasma KYN/TRP and CSF quinolinic acid [QA, r (99% Cl) =

0.52 (0.08-0.79)]. All p-values were < 0.0001.

Plasma-IMM

Direct
Std Cf=0.51***

Direct Eff
Std Cf=0.08

]ndirect Eff
Std Cf=0.29***

Direct
Std Cf=0.57***

b

Fig. 3 Path diagram of the directional associations between
plasma and CSF immune markers (IMM) and kynurenine path-
way (KP) metabolites. Path analysis was conducted to test the
directionality of relationships among the extracted component
factors controlling for age, race, and BMI (as detailed in the text).
The broken arrows represent indirect effects and the filled arrows
represent direct effects with increasing line widths signifying
stronger effects. Although included in the analyses, covariates
are excluded from this figure to improve clarity. Analytic details
are provided in Supplementary Table S6A-D. Abbreviations:
Plasma-IMM plasma immune component factor, Plasma-KP
plasma kynurenine pathway component factor, CSF-IMM cere-
brospinal immune component factor, CSF-KP cerebrospinal
kynurenine pathway component factor, Std Cf standardized path
coefficients (calculated by normalizing to variance). *Significant
effects at p <0.001.
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depression, anhedonia, and treatment nonresponse, possibly
reflecting a unique biological phenotype that may be especially
responsive to treatment targeting inflammation, the KP, or its
downstream effects on glutamate receptors.

The results presented herein represent the most comprehensive
assessment of KP metabolites and inflammatory markers, and
their interactions in patients with depression. The findings are
remarkably consistent with our previously published data
demonstrating strong relationships between concentrations of
KP metabolites in blood and CSF of patients receiving IFN-a [14]
and with other studies reporting similar associations among
individuals with other neuropsychiatric disorders [53-55]. Further-
more, these data indicate that plasma KYN/TRP is an excellent
proxy of the KP in the CSF of depressed patients—a conclusion
supported by our path analysis indicating that CSF-KP concentra-
tions are strongly associated with KP metabolite concentrations in
the plasma. Also consistent with our findings with IFN-a, path
analysis indicated that peripheral KP metabolites were robustly
impacted by peripheral immune activation, especially as repre-
sented by TNF. Previous literature has demonstrated the capacity
of TNF to stimulate IDO both in vitro and in vivo, including the
blockade of LPS-induced IDO in the periphery by the TNF
antagonist etanercept, which does not cross the blood-brain
barrier (BBB) [3, 56, 57]. However, this is the first study in
depressed patients to support the directionality of the pathway
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Fig. 4 Clustering patients based on plasma TNF and KYN/TRP to associate with clinical characteristics. a Demonstrates nonlinear,
quadratic fit between plasma tumor necrosis factor (TNF) and kynurenine/tryptophan (KYN/TRP, *1000 for graphic scaling). The curved
(quadratic/polynomial) fit (broken line) was significantly stronger than the linear fit (linear/nonlinear slope difference [F(1,69) =113, p=
0.001]. The blue line shows the linear fit between Plasma KYN/TRP and Plasma TNF <5.67 pg/ml, whereas the red line shows the same fit at
Plasma TNF >5.67 pg/ml. b Demonstrates the use of K-means clustering to subgroup patients into Low (n = 55) and High (n = 17) TNF-KYN/
TRP groups. A connected scatterplot associating plasma TNF in the x-axis and KYN/TRP (¥1000) in y-axes demonstrates significant separation
between clusters. The High and Low TNF-KYN/TRP groups are represented using the filled red and blue circles, respectively. The cross-haired,
hollow circles in the center of the groups represent the centroid values for the two clusters. ¢—f Present area under the curve estimates (AUC)
obtained from receiver operating (ROC) curves to compare the stability of the association between TNF-KYN/TRP clusters and clinical variables
across the “Discovery” (shaded purple/blue) and “Validation” (shaded orange) sets. ROC curves associating TNF-KYN/TRP group status (High
vs. Low) with depression severity (IDS-SR scores) is presented in (c); with anhedonia (anhedonia subscale scores) in (d); and treatment
nonresponse (MGH-ATRQ scores) in (e). f Presents comparison of AUC measures across Discovery and Validation sets. The insignificant
differences in AUC between the randomly split Discovery and Validation subset, indicates satisfactory cross-validation.
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linking peripheral inflammatory markers to peripheral KP meta-
bolites extending to the KP metabolites in the CNS. This pathway
has been well-described in laboratory animals; most definitively in
a recent study in mice where activation of the central KP following
immune stimulation by LPS could be reversed by overloading LAT-
1 with leucine, thereby limiting access of peripheral KYN to the
brain and abrogating depressive-like behavior [25]. It should be
noted that significant correlations were also found between
plasma and CSF QA, as well as AA. AA is believed to passively
diffuse into the CNS, whereas QA is not believed to readily cross
the BBB [58]. Indeed, although brain QA is known to originate
from local sources, its formation by brain tissue increases in
conditions of both systemic and brain immune activation [59]. Of
note, significant correlations between plasma and CSF QA were
also found in our studies of IFN-a-treated patients and has been
found in patients with HIV [14, 16]. One possibility is that increased
peripheral inflammation may disrupt BBB integrity or impact LAT-1
activity [11, 16]. Nevertheless, the results of our path model along
with studies blocking KYN transport to the brain in rodents
support the notion that peripheral KYN serves as the primary
substrate for KP metabolites in the brain [11, 58], with some
contribution from downstream peripheral metabolites including
3HKYN, which is also transported into the brain by LAT-1 [58].

Previous studies have related KP metabolites to overall depression
severity including a relationship with anhedonia/reduced motivation
and volume loss in the striatum [14, 16-19, 60]. Our data are in
support of these findings and suggest that the combined activation
of inflammation and KP in the periphery may represent a unique
subtype of patients that may more powerfully map onto previous
associations between symptoms of depression including anhedonia
and KP metabolites alone. Moreover, our data have additionally
mapped this biological subtype to treatment resistance possibly
related to the combined effects of inflammation and KP metabolites
on treatment response [23, 30, 32, 61-63].

Regarding treatment of depressed patients with inflammatory
activation of the KP, several IDO inhibitors are currently under
development (for treatment of cancer) and may be cross-
purposed for treatment of depression [2, 16]. Moreover, blocking
KYN transport across the BBB using leucine—a competitive LAT-1-
inhibitor—may also be warranted, especially given the success in
preclinical models [25]. Preclinical data also suggest that physical
exercise/activity may protect against stress-induced depression by
increasing expression of muscle enzymes that convert KYN into
KYNA resulting in decreased peripheral KYN available to cross the
BBB into the brain [64]. Finally, glutamate receptor modulating
agents such as ketamine, memantine, and riluzole may be relevant
for modulating the downstream effects of KP metabolites on
glutamate neurotransmission [10, 61].

The strengths of the study include the use of a well-
characterized group of medically stable, unmedicated depressed
subjects; measurement of inflammatory and KP markers in the
plasma and CSF using standardized collection and assay
procedures; and utilization of path modeling and machine-based
learning approaches to profile the effects of combined dysregula-
tion of inflammation and KP metabolites upon depressive
symptoms, anhedonia, and treatment non-responsiveness. How-
ever, several caveats should be considered. A control group was
not used, because the primary focus of this study was to examine
the relationships among immune and KP metabolites in the
plasma and CSF within depressed patients, leverage this informa-
tion to define subgroups of depressed subjects with/without
combined activation of these pathways, and to test their relevance
to specific symptom clusters of depression. Nevertheless, the
plasma-CSF associations identified in this study are remarkably
similar to those reported in nondepressed medically ill and
healthy control subjects in past human studies [14]. This data is
also in line with a large volume of preclinical studies and
limited data from healthy volunteers undergoing inflammatory
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challenge [7, 8, 65]. Another limitation is that we had no
measure of IFN-y, which has been shown to be associated with
Plasma-KP [66]. Suicidal behavior could not be analyzed due to
previously mentioned reasons [19-21]. Besides, given the paucity
of specific scales to measure anhedonia in mood disordered
subjects, we used a subset of items extracted from items from the
IDS-SR scale. To minimize selection bias, 4/5 items from an
anhedonic cluster previously identified by a principal component
analysis were combined based on the best Cronbach’'s a (0.73).
Finally, the data included in the study were cross-sectional
in nature and hence estimations of directionality are restricted
to extrapolations from a path model, and no claims of causal
associations can be made.

In conclusion, this study characterizes a peripheral pathway
involving inflammatory mediators and KP metabolites that drives
the KP in the brain. In addition, a subgroup of depressed patients
with combined increases of plasma inflammatory and KP
measures exhibited increases in depressive symptom severity,
anhedonia, and treatment non-responsiveness. Targeting of
inflammation, IDO, KYN transport into the brain, and/or glutamate
dysregulation in this biological subgroup of major depressions will
support precision medicine and potentially improve treatment
response.
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