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Inflammation has been implicated in the pathophysiology of ma-
jor depressive disorder (MDD), with elevated serum C-reactive pro-
tein (CRP) and CRP polygenic scores (PGSs) previously associated
with atypical symptoms and treatment outcomes. However, few stud-
ies have examined genetic CRP liability in relation to both depres-
sive symptom profiles and pharmacological response within the same
patient cohort. We investigated 1059 Caucasian patients with MDD
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from the European Group for the Study of Resistant Depression
(GSRD) who received > 4 weeks of antidepressant treatment. De-
pression severity was measured using Montgomery-Asberg Depres-
sion Rating Scale (MADRS), with patients categorized as respon-
ders, nonresponders, or treatment-resistant cases. CRP-PGS were
computed from individual-level genotypes using L1-penalized regres-
sion weights (snpnet) based on UK Biobank Genome-wide association
studies (GWAS) training data (n = 223,327), and scores were stan-
dardized. Associations were tested through univariable and multi-
variable models controlling for population stratification and estab-
lished prognostic variables. Higher CRP-PGS correlated with greater
body mass index, lower employment status, and less weight and ap-
petite loss following treatment. Notably, CRP-PGS demonstrated sig-
nificant differences between treatment outcome groups (F = 3.52,
p = 0.03), with highest values observed in treatment-resistant pa-
tients yet also elevated among responders compared to nonrespon-
ders, indicating a nonlinear relationship. When controlling for age,
episode frequency, suicidal ideation, anxiety comorbidity, employment
status, functional disability scores, antipsychotic comedication, ill-
ness duration, and previous antidepressant trials, CRP-PGS retained
an independent and stronger association with treatment outcome
(F=7.69, p < 0.001), with CRP-PGS accounting for an additional 1.9%
of outcome variance. CRP-related genetic liability may delineate an
immunometabolic subtype of MDD characterized by metabolic dysreg-
ulation, which may modestly influence therapeutic efficacy. CRP-PGS
captures independent prognostic information beyond conventional
staging approaches and may facilitate inflammation-guided treat-
ment selection.

Keywords: Major depression, inflammation, C-reactive protein (CRP),
treatment-resistant depression (TRD), polygenic risk scores,
immunometabolic depression.

Introduction

Major depressive disorder (MDD) is characterized by a variable clinical
presentation, illness course, and response to treatment (1-5). A sub-
stantial proportion of patients fail to achieve adequate remission with
first-line therapies (6, 7). This heterogeneity is linked, at least in part, to
biological markers that could predict clinical variability and guide person-
alized treatment (8).

Genome-wide association studies (GWAS) implicated hundreds of
common variants in disease susceptibility (9) but other biological fac-
tors modulate depression as well. Inflammatory aspects are in fact well
known in depression (10), circulating C-reactive protein (CRP) levels are
elevated in roughly one-quarter of depressed patients and track with
greater overall symptom burden and cardiometabolic features (11). These
observations suggest that pathways regulating CRP could help explain
differential patterns of depressive psychopathology and suggest possible
personalized therapeutic strategies. Twin and Single Nucleotide Polymor-
phism (SNP)-based heritability estimates (~35-40%) indicate a substan-
tial genetic contribution to basal CRP concentrations. The largest trans-
ancestry GWAS to date (N ~ 575 k) mapped 266 independent loci and
provides highly powered summary statistics for building polygenic scores
(PGS) that capture lifelong liability to higher CRP (12). Such CRP PGSs of-
fer a stable instrument for interrogating inflammation-depression links
without the confounding inherent in peripheral protein assays.

Emerging PGS work supports a symptom-specific signal. In three
independent cohorts (UK Biobank, MARS, STAR*D), a higher CRP-PGS
was associated with neurovegetative symptoms, especially appetite
change, fatigue and (to a lesser extent) anhedonia, using network an-
alytic methods (13). More recently, a population-scale Lifelines study
showed that a CRP genetic risk score predicted higher negative af-
fect and increased risk of anxiety disorders, extending inflammatory ge-
netic influences beyond somatic symptoms (14). Together, these findings
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Table 1. Correlation of main clinical and sociodemographic variables with CRP-PGS

Variable Mean £ SD (N) CRP-PGS? correlation (r) p-value g-value
Age (years) 51.81+13.78 (N=1057) 0.03 0.354 0.547
MADRSP total (retrospective) 34.38 +7.53 (N=1059) 0 0.918 0.918
MADRS total (current) 24.72 +£11.36 (N =1059) 0 0.916 0.918
Education 2.78 +0.95 (N=1051) —0.04 0.151 0.321
Working status (low to high) 2.24 +1.31 (N =1054) - 0.06 0.047 0.160
BMI¢ (kg/mz) 25.69 +5.42 (N =1057) 0.07 0.016 0.160
SDSY Social 6.42 4+ 2.66 (N =1050) —0.01 0.78 0.918
Loss of weight (HAMD® current) 0.38 + 0.65 (N = 1059) —0.07 0.02 0.160
Reduced appetite (MADRS current) 1.39+1.53 (N =1059) —0.06 0.044 0.160
Suicidal thoughts (MADRS current) 1.27 +£1.43 (N=1059) 0.05 0.084 0.238
Episode duration (days) 215.81 +189.43 (N =918) 0.05 0.099 0.240
Number of depressive episodes 3.59+ 2.59 (N =824) —0.02 0.538 0.736
Age at onset (years) 36.93 £ 15.07 (N = 1005) 0.06 0.046 0.160
Duration of disease (years) 14.97 +12.94 (N = 996) —0.04 0.253 0.430
Number of hospitalizations 5.27 +17.06 (N=1001) 0.04 0.187 0.353
Suicidal risk 0.89 4+ 1.09 (N = 1058) 0.01 0.816 0.918
Side effects total 1.03 +£0.29 (N = 1058) —0.02 0.563 0.736

working status) remains consistent with the immunometabolic profile.
3CRP-PGS: C-reactive protein polygenic score.

bMADRS: Montgomery-Asberg Depression Rating Scale.

¢BMI: body mass index.

45DS: Sheehan Disability Scale.

¢HAMD: Hamilton Depression Rating Scale.

Bold indicates associations significant at p < 0.05. p-values are uncorrected given the confirmatory nature of the analysis. Benjamini-Hochberg false
discovery rate (FDR) g-values are reported. None survive q < 0.05, but the pattern of nominal associations (BMI, weight/appetite, age at onset, and

suggest that inflammation-related genetic load may shape a specific im-
munometabolic depressive profile.

Inflammatory markers have also been linked to pharmacological out-
comes. Baseline serum CRP levels differentially predicted response to
the selective serotonin reuptake inhibitor (SSRI) escitalopram versus the
norepinephrine reuptake Inhibitor (NRI) nortriptyline in the GENDEP trial,
with higher CRP favoring noradrenergic therapy (15). Extending this to
inherited risk, a higher CRP-PGS modestly interacted with the same two
drugs in GENDEP, producing an opposite directional pattern compared
with serum CRP and underscoring the importance of disentangling state
versus trait inflammation (16). A systematic review of therapy-genetic
studies further highlights CRP-PGS as one of the few nonpsychiatric
scores repeatedly associated with antidepressant efficacy, although ef-
fect sizes remain small and replication limited (17).

Despite these advances, no study has jointly examined how CRP-
PGS influences both depressive symptom architecture and treatment re-
sponse within the same analytic framework. Addressing this gap could
clarify whether genetic predisposition to higher CRP delineates a clini-
cally actionable biotype that is prognostic of antidepressant treatment
outcome and characterized by a specific constellation of symptoms. Here,
we therefore (i) test associations between CRP-PGS and fine-grained
depressive symptom dimensions, and (ii) evaluate whether CRP-PGS
moderates acute antidepressant efficacy in a large, deeply phenotyped
cohort (2). Elucidating these links may inform inflammation-stratified
precision approachesin MDD and accelerate development of targeted im-
munomodulatory interventions.

Results

A total of 1059 Group for the Study of Resistant Depression (GSRD) pa-
tients with MDD had complete data and were included in the analy-
sis. Table 1 reports the correlations of CRP-PGS with main clinical and
sociodemographic variables.

Higher CRP-PGS was significantly associated with increased body mass
index (BMI; p = 0.016), lower employment status (p = 0.047), earlier
age at onset (p = 0.046), less weight and appetite reduction after treat-
ment (p = 0.02 and p = 0.044, respectively) (Table 1). No associations
were observed with overall depressive severity [current or retrospective
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Montgomery-Asberg Depression Rating Scale (MADRS) total], episode
duration, or total side effect burden. Full correlation results are provided
in Supplementary Table S1. Across individual symptom domains, CRP-PGS
did not correlate with core affective symptoms (e.g., sadness, pessimism,
and anhedonia), anxiety symptoms, or cognitive impairment. There was a
trend toward higher CRP-PGS in patients with greater suicidal thoughts
(p =0.084), though this did not reach significance. Functional impairment
and clinician-rated side effect domains showed no evidence of association
with CRP-PGS.

CRP-PGS was associated with treatment outcome (F = 3.52, p =
0.03) with highest mean scores in treatment-resistant patients, followed
by responders, and lowest in nonresponders (Figure 1; Supplementary

Mean (95% CI)
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CRP PGS
o
o

T T T

Responders Non-responders Resistant

Figure 1. CRP-PGS and treatment outcome. Highest mean scores are observed
in treatment-resistant patients, followed by responders, and lowest in non-
responders.
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Figure 2. Observed outcome probabilities by CRP-PGS quintile with 95% bootstrap CL.

Tables S2 and S3), indicating a nonlinear pattern across treatment
outcome categories. Given the nonlinear pattern, we tested a quadratic
regression model (generalized linear model [GLM] with identity link), the
quadratic term was statistically significant (8=0.16, p = 0.013), con-
firming a U-shaped relationship, with CRP-PGS levels lowest among non-
responders and higher among both responders and treatment-resistant
patients. Residual diagnostics indicated no relevant violations of linear
regression assumptions. When CRP-PGS was stratified into quintiles, the
probability of being a nonresponder was highest in the lowest CRP-PGS
quintile and declined thereafter, while both responder and treatment-
resistant depression (TRD) probabilities showed a progressive increase at
higher quintiles (Figure 2). Bootstrap 95% confidence intervals confirmed
the robustness of these patterns. In the multivariable model, adding as
covariates the factors previously associated with treatment resistance
[age, number of depressive episodes, suicidal risk, anxiety disorders co-
morbidity, working status, Sheehan Disability Scale (SDS) social score,
antipsychotic augmentation, duration of disease, and number of previ-
ous antidepressants], CRP-PGS remained independently associated with
treatment outcome (F = 7.69, p < 0.001, PGS-pseudo-R2 = 1.9%).

Discussion

Our findings support the concept of an immunometabolic subtype of
MDD that is partly modulated by common genetic variation influenc-
ing CRP. First, the CRP-PGS was positively associated with BMI and
socioeconomic adversity and, in line with prior network-based work (13),
selectively mapped onto weight-/appetite-related items rather than core
mood or cognitive symptoms. Kappelmann et al. showed that a virtually
identical CRP-PGS predicted increased appetite, fatigue, and anhedonia
across three independent cohorts (UK Biobank, MARS, and STAR*D) (13),
while the recent Lifelines mega-analysis extended genetic CRP effects
to negative affect and anxiety disorders (14). The present replication in
a pharmacologically treated sample strengthens the external validity of
this symptom signature and supports the view that trait inflammation
taps into energy-balance possibly related to reward-processing circuits
that cut across traditional diagnostic boundaries. Polygenic scores, how-
ever, remain population-level probabilistic tools rather than determinis-
tic tests for individuals, and should be interpreted as risk modifiers whose
predictive utility always depends on the clinical context (18).

Research Report
Serretti et al.

GENOMIC PSYCHIATRY
Genomic Press 30of6

We also observed a small but significant association between higher
CRP-PGS and antidepressant outcome: scores were highest in treatment-
resistant patients yet, somewhat paradoxically, also among remitters rel-
ative to intermediate nonresponders. A V- or U-shaped pattern has been
described before for state CRP, where both very low and very high serum
concentrations predicted better outcomes than mid-range values in GEN-
DEP (15). Our data suggest that a similar nonlinear relationship may
exist at the level of inherited risk. One possibility is that very high CRP lia-
bility “pushes” patients toward more atypical, energy-rich symptom pro-
files that may respond better to dopaminergic or noradrenergic mecha-
nisms, whereas modest CRP-PGS elevation may undermine serotonergic
signaling and promote resistance. Consistent with thisidea, Zwicker et al.
found aninteraction between CRP-PGS and drug class in GENDEP—higher
scores favored escitalopram over nortriptyline despite the opposite effect
for serum CRP (16). Importantly, the variance explained by CRP-PGS in
our multivariable model was 1.9%, in line with earlier estimates (0.5-2%)
from GENDEP and CAN-BIND (17). Although modest, this effect was inde-
pendent of established clinical predictors embedded in the GSRD predic-
tors algorithm (2), indicating that genetic inflammation captures infor-
mation not already coded by chronicity, severity or comorbidity. However,
this hypothesis should be tested in future studies.

The CRP-PGS applied in this study was derived from a single-cohort
analysis of the UK Biobank using penalized regression (19), rather than
from the larger trans-ancestry meta-GWAS of CRP levels (12). Neverthe-
less, the two GWASs are highly collinear and converge on hepatic endo-
plasmic reticulum stress, IL-6/JAK-STAT and lipid-metabolism pathways,
lending plausibility to a mechanistic link between circulating CRP levels
and systemic metabolic regulation. The genetic architecture of CRP is en-
riched for loci also implicated in cardiometabolic traits, consistent with
epidemiological evidence that low-grade inflammation tracks both de-
pressive symptoms and cardiovascular risk (11), suggesting pleiotropic
effects that could underpin the excess cardiometabolic morbidity seen in
TRD (20). This interpretation is further supported by recent work demon-
strating local genetic correlations between insulin resistance-related
conditions and neuropsychiatric disorders atimmune-metabolic loci (21).

At the therapeutic level, accumulating trial data indicate that pa-
tients with high inflammatory burden may benefit fromimmune-targeted
augmentation, for example, the infliximab proof-of-concept study where
baseline hs-CRP > 5 mg/L predicted a ~4-point MADRS advantage over
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placebo (22), or similar more recent studies (23). On the other hand,
a consistent literature showed that higher CRP predicted better than
placebo and low CRP predicted worse than placebo, antidepressant ef-
fects with add-on anti-inflammatory substances (24): given that most
antidepressants share anti-inflammatory effects (10), which are well evi-
dentalsoin severe, nonpsychiatricinflammatory conditions (25), itis pos-
sible that nonlinear dynamics in the relationship between CRP and an-
tidepressant response might arise from the individual sensitivity to these
mechanisms, and the possible anti-inflammatory effects of the admin-
istered drugs. In indirect agreement with this hypothesis, the observa-
tion that: (i) PGS for CRP and CRP plasma levels can have opposite ef-
fects on antidepressant response (16); (ii) PGS000675 and many other
PGS for CRP share a protective effect against the development of post-
partum depression (PPD) in patients with MDD (26), despite PPD being
associated with immune-inflammatory mechanisms (27) and higher cir-
culating CRP levels (28); suggest that many factors associated with this
biomarker and/orits PGS, might have an effect on the antidepressant phe-
notype. Interestingly, while some studies described a reduction of CRP
before/after antidepressant treatment, although unrelated with its an-
tidepressant effect in meta-regression analyses (29), other recent stud-
ies measuring CRP with high-sensitivity methods described an increase
in high-sensitivity C-reactive protein (hsCRP) proportional to the antide-
pressant effects of both, escitalopram (30), paroxetine (31), and the im-
munomodulatory interleukin 2 (23). These latter observations again sug-
gestindividual effects and a nonlinear association of CRP with depressive
psychopathology. Assuming linearity for the CRP association with depres-
sion may be even less appropriate when considering treatment nonre-
sponse and treatment resistance, given that failing one, or two or more
treatments, predicts very different future outcomes and clinical pheno-
types. While a germline CRP-PGS cannot substitute for real-time protein
assays in such trials, it could help prescreen individuals more likely to
have persistently elevated inflammation even in clinical remission,
thereby reducing misclassification when serial blood sampling is imprac-
tical. Specifying inflammation as a subtype of MDD in future diagnos-
tic systems such as DSM-6 has recently been proposed (32), and tools
such as CRP-PGS could play a supporting role in stratified care mod-
els. Accordingly, future prognostic work could integrate CRP-PGS with
serum-CRP measurements so that both lifelong and currentinflammatory
burden are modelled together, a strategy that has already improved
risk discrimination when genetic scores are combined with circulating
biomarkers in cardiometabolic disease (33).

The present study comes with some strengths and limitations. Key
strengths include (i) the use of a large, well-phenotyped, multicenter co-
hort (GSRD), (ii) the use of a validated, penalized-regression PGS with no
discovery-target sample overlap, and (iii) comprehensive adjustment for
known clinical moderators of TRD. Limitations include the cross-sectional
design that limits causal inference, the naturalistic treatment that intro-
duces heterogeneity in drug choice, dose and adherence, though this mir-
rors real-world care. The sample composition is exclusively of European
ancestry, limiting generalizability of our findings across ancestries and
warranting dedicated replication. Multiple testing was not formally cor-
rected, any multiple testing correction would reduce observed findings to
nonsignificant and for the association between CRP-PGS and substance
abuse only 5 patients contributed to the significance; replicationin anin-
dependent prospective cohort is essential.

Taken together, our results support a multilevel inflammation frame-
work in which CRP genetics shape a distinct symptom cluster and partly
predict pharmacological outcome. Integrating CRP-PGS with circulating
biomarkers, other immune-related PGSs (e.g., for IL-6) and environmen-
tal exposures (smoking and adiposity) may boost predictive utility be-
yond the 2% ceiling reached by single scores. Future work should test
for gene x serum CRP and gene x drug-class interactions in random-
ized designs, explore multi-omic signatures (methylation, proteomics,
and metabolomics) of high CRP-PGS carriers, evaluate whether combin-
ing CRP-PGS with cardiometabolic PGSs improves risk stratification for
the cardiometabolic sequelae of MDD, a major source of excess mortality.

In conclusion, a higher genetic propensity for elevated CRP delineates
a small but clinically relevant component of depression heterogeneity
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that may modulate symptom expression and treatment response. Lever-
aging this information, if confirmed, in precision-psychiatry pipelines
could help move beyond “one-size-fits-all” antidepressant prescribing to-
ward inflammation-stratified care (34-36).

Methods

Sample and phenotypic characterization

Patients included in the present research were collected as part of the
cross-sectional, naturalistic, multicenter European GSRD study. As de-
tailed elsewhere (2, 37), adults with current MDD were diagnosed accord-
ing to DSM IV-TR criteria; participants were naturalistically treated with
at least one antidepressant drug at a sufficient dose for at least 4 weeks.
Demographic and clinical data were collected as previously reported (37,
38). The MADRS (39) was administered at inclusion and to assess retro-
spectively symptoms at the beginning of the current episode (consider-
ing patients’ interview and medical records). Patients were classified as
responders if a reduction in total MADRS score > 50% from baseline was
obtained after > 4 weeks of treatment; otherwise, they were considered
as nonresponders. In case of nonresponse after two or more trials, pa-
tients were defined as TRD. Additional assessments included the SDS (40),
Mini-International Neuropsychiatric Interview (MINI) (41), Hamilton De-
pression Rating Scale (HAMD) (42), and the Committee of Clinical Investi-
gations side effect scale (43). All procedures of this study comply with the
Helsinki Declaration and were approved by the local ethics committees of
each research center involved in the study (coordinating center approval
number: B406201213479). Written informed consent was provided by all
patients included in this study.

Genotyping and quality control of the target dataset Genome-wide
genotyping in GSRD was performed using the Illumina Infinium PsychAr-
ray 24 BeadChip (Illumina, Inc., San Diego) as previously reported (44).
Briefly, SNPs and subjects were removed with a missing genotype rate
> 5%, genotyping rate < 97%, sex discrepancies, abnormal heterozygos-
ity, population outliers or high relatedness (identity by descent > 0.1875)
(45, 46). Minimac3 and reference data from the Haplotype Reference Con-
sortium (HRC) r1.1 2016 were used for imputation. Variants with minor al-
lele frequency < 0.01, poor imputation quality (r? < 0.30), and genotype
probability < 0.90 were eliminated (47).

Statistical analyses CRP-PGS were computed using publicly available
penalized regression weights derived from UK Biobank, as described by
Sinnott-Armstrong et al. (19). Specifically, the PGS coefficients were ob-
tained from the BASIL algorithm implemented in the snpnet R pack-
age, which applies L1-penalized multivariate regression (lasso) on high-
dimensional genotype data. A UK Biobank subcohort including Europeans
individuals only (N = 319,074; 70% training, 10% validation, 20% test
split) was used to train and validate the prediction models for 35 biomark-
ers, including log-transformed CRP levels (19). The CRP-PGS used in this
study is based on the optimal lasso model trained on 223,327 individuals
and validated in anindependent test set of 63,818 individuals. The model
achieved an R? of 0.1215 for log-transformed CRP in the test set, indi-
cating a robust predictive capacity for genetic liability to elevated CRP
levels. Coefficients (BETA) for approximately 1.08 million variants were
released through PGS Catalog entry PGS000675, and CRP-PGS were cal-
culated in the target GSRD sample using the PLINK2 -score function (48).
CRP-PGS were standardized and then were used as independent variables
in univariable (correlations, t test, and analysis of variance) and multi-
variable analyses (general linear models and quadratic term) including
previously reported predictors (2), adjusting for two population principal
components (49). All analyses were performed using Python version 3 for
MacOS (pandas, numpy, scipy.stats, statsmodels, and matplotlib) (50) and
PLINK2 (48). The statistical significance level was set at p = 0.05, uncor-
rected because of the confirmative nature of the analysis given the previ-
ously reported studies on CRP-PGS and depression (51).

Data availability
The data are not publicly available due to privacy and ethical restric-
tions.
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