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Association of Polygenic Score for Schizophrenia
and HLA Antigen and Inflammation Genes With Response

to Lithium in Bipolar Affective Disorder
A Genome-Wide Association Study

International Consortium on Lithium Genetics (ConLi*Gen)

IMPORTANCE Lithium is a first-line mood stabilizer for the treatment of bipolar affective
disorder (BPAD). However, the efficacy of lithium varies widely, with a nonresponse rate of up
to 30%. Biological response markers are lacking. Genetic factors are thought to mediate
treatment response to lithium, and there is a previously reported genetic overlap between
BPAD and schizophrenia (SCZ).

OBJECTIVES To test whether a polygenic score for SCZ is associated with treatment response
to lithium in BPAD and to explore the potential molecular underpinnings of this association.

DESIGN, SETTING, AND PARTICIPANTS A total of 2586 patients with BPAD who had undergone
lithium treatment were genotyped and assessed for long-term response to treatment
between 2008 and 2013. Weighted SCZ polygenic scores were computed at different P value
thresholds using summary statistics from an international multicenter genome-wide
association study (GWAS) of 36 989 individuals with SCZ and genotype data from patients
with BPAD from the Consortium on Lithium Genetics. For functional exploration, a cross-trait
meta-GWAS and pathway analysis was performed, combining GWAS summary statistics on
SCZ and response to treatment with lithium. Data analysis was performed from September
2016 to February 2017.

MAIN OUTCOMES AND MEASURES Treatment response to lithium was defined on both the
categorical and continuous scales using the Retrospective Criteria of Long-Term Treatment
Response in Research Subjects with Bipolar Disorder score. The effect measures include odds
ratios and the proportion of variance explained.

RESULTS Of the 2586 patients in the study (mean [SD] age, 47.2 [13.9] years), 1478 were
women and 1108 were men. The polygenic score for SCZ was inversely associated with
lithium treatment response in the categorical outcome, at a threshold P < 5 x 1072, Patients
with BPAD who had a low polygenic load for SCZ responded better to lithium, with odds
ratios for lithium response ranging from 3.46 (95% Cl, 1.42-8.41) at the first decile to 2.03
(95% Cl, 0.86-4.81) at the ninth decile, compared with the patients in the 10th decile of SCZ
risk. In the cross-trait meta-GWAS, 15 genetic loci that may have overlapping effects on
lithium treatment response and susceptibility to SCZ were identified. Functional pathway and
network analysis of these loci point to the HLA antigen complex and inflammatory cytokines.

CONCLUSIONS AND RELEVANCE This study provides evidence for a negative association
between high genetic loading for SCZ and poor response to lithium in patients with BPAD.
These results suggest the potential for translational research aimed at personalized
prescribing of lithium.
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ipolar affective disorder (BPAD) is a severe and often

disabling psychiatric condition characterized by recur-

rent dysregulation of mood, with episodes of mania and
depression. With an early onset and an estimated lifetime
prevalence of 1% to 4.4%,% BPAD is associated with high lev-
els of personal impairment and high societal costs, account-
ing for 9.9 million years of life lived with disability worldwide,*
increased all-cause mortality, and risk of suicide.* The pos-
sible causes of BPAD are complex, and both genetic and envi-
ronmental factors contribute to its pathogenesis.® The esti-
mated heritability of BPAD ranges from 60% to 85%,° and
candidate gene” and genome-wide association studies
(GWASs)®12 have successfully identified genetic loci impli-
cated in the illness.

Lithium’s mood-stabilizing properties were discovered in
1949."% It has retained a status as the criterion standard mood
stabilizer,'*'* possessing unique protective effects against both
manic and depressive episodes,'® as well as for suicide
prevention.'” Consequently, lithium is recommended as first-
line maintenance treatment for BPAD by several clinical prac-
tice guidelines.'®2! However, there is significant interindi-
vidual variation between those who do and those who do not
respond to treatment with lithium. About 30% of patients are
only partially responsive, and more than one-fourth show no
clinical response.?? Although clinical studies report a combi-
nation of demographic and clinical characteristics as poten-
tial factors determining response to lithium treatment,> ge-
netic factors also appear to be highly involved.??242¢ So far,
3 GWASs have successfully identified single-nucleotide poly-
morphisms (SNPs) associated with treatment response to
lithium in BPAD pointing to different genetic loci.?2-2%-27

To improve our understanding of the molecular mecha-
nisms underlying the therapeutic effects of lithium, alterna-
tive genomic approaches that can complement GWASs de-
serve consideration. One such approach is polygenic analysis,
which quantifies the combined effects of genetic variants across
the whole genome on a given clinical outcome, computed as
a weighted summation of effect sizes of multiple indepen-
dent polymorphisms. An accurate and successful polygenic
model may assist early screening for disease risk, clinical di-
agnosis, and the determination of treatment response and prog-
nosis. In the present study, we aimed to investigate whether
patients with BPAD who had a high genetic susceptibility for
schizophrenia (SCZ), expressed by their SCZ polygenic score
(PGS), would respond better or more poorly to lithium com-
pared with patients with BPAD who had a low PGS for SCZ. In
addition, we set out to explore the genetic and molecular un-
derpinnings of any identified association between SCZ and
treatment response to lithium.

Several previous observations motivated this approach.
First, thereisincreasing evidence for a substantial genetic over-
lap between BPAD and SCZ. The Psychiatric Genomics Con-
sortium (PGC; http://www.med.unc.edu/pgc/) estimated a
shared genetic variation between BPAD and SCZ of approxi-
mately 68%, which is the highest among all pairs of psychiat-
ric diagnoses,?® and several shared risk genes and shared bio-
logical pathways associated with both disorders have been
identified.?°! Second, despite these genetic and molecular
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Key Points

Questions Is a polygenic score for schizophrenia associated with
response to lithium in patients with bipolar affective disorder, and,
if so, what are the molecular drivers of this association?

Findings This genome-wide association study found an inverse
association between genetic loading for schizophrenia risk variants
and response to lithium in patients with bipolar affective disorder.
Genetic variants in the HLA antigen region and the antigen
presentation pathway point to the molecular underpinnings of
schizophrenia and lithium treatment response.

Meaning For patients with bipolar affective disorder, assessment
of a polygenic load for schizophrenia risk variants, in conjunction
with clinical data, may assist in determining whether they would
respond to lithium treatment.

commonalities, lithium is not an effective medication for
people with SCZ,32 and increased SCZ trait loading in those with
BPAD might be expected to be associated with poor treat-
ment response to lithium. An earlier family study found an as-
sociation between family history of SCZ and poor response to
lithium.32 Third, during acute episodes of illness, BPAD and
SCZ are often difficult to distinguish clinically because of over-
lapping psychotic symptoms such as hallucinations, delu-
sions, and disorganization, as well as some common behav-
ioral disturbances such as irritability or anger.>* Aiming to
determine response to lithium, which could potentially con-
fer advantages for patients and their treating physicians,> we
sought to evaluate the aggregated outcome of genome-wide
SNPs for SCZ on treatment response to lithium in patients with
BPAD using a PGS approach that was based on the results of
the largest SCZ GWAS to date.3® Furthermore, to explore po-
tential genetic and molecular drivers of any detected associa-
tion, we carried out a cross-trait GWAS meta-analysis, com-
bining the summary statistics from the largest available GWAS
for both SCZ3¢ and response to lithium.??

Methods

In the present study, conducted from 2008 to 2013, we first
tested whether a PGS for SCZ is associated with treatment re-
sponse to lithium in patients with BPAD; 2043 patients (79.0%)
had BPAD type I and 543 (21.0%) had BPAD type I1.>? In a sec-
ond step, we applied a cross-trait GWAS meta-analysis ap-
proach to identify individual genetic variants shared be-
tween SCZ and treatment response to lithium. In a third step,
we characterized the genetic variants identified in the sec-
ond step and explored the shared biological pathways under-
lying genetic susceptibility to SCZ and treatment response in
BPAD. We built the PGS using the discovery GWAS outcome
estimates (logs of odds ratio [OR]) of 36 989 patients with SCZ3¢
and the targeted genetic data of 2586 patients from the Inter-
national Consortium on Lithium Genetics (ConLi*Gen).??*” The
cross-trait meta-analysis and pathway analysis were based on
GWAS summary statistics from GWASs of SCZ*® and treat-
ment response to lithium from ConLi*Gen.?2 Overlapping SNPs
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that met genome-wide significance in the meta-GWAS were
subsequently analyzed for biological context using the Inge-
nuity Pathway Analysis platform (IPA; QIAGEN [http://www
.ingenuity.com]). This study used consortium data through an
international collaboration. The University of Heidelberg Eth-
ics Committee provided central ethics approval for the con-
sortium. Written consent was obtained from each patient ac-
cording to the study protocols of the participating cohorts.

Target Outcome

Lithium treatment outcome was assessed using the Retrospec-
tive Criteria of Long-term Treatment Response in Research Sub-
jects With Bipolar Disorder scale, also known as the ALDA
scale.?®3° The ALDA scale quantifies symptom improvement
over the course of treatment (A score; range, 0-10), which is
then weighted against 5 criteria (B score) that assess confound-
ing factors, each scored 0, 1, or 2. The total score is calculated
by subtracting the total B score from the A score, with nega-
tive scores set to zero.?2 We employed a categorical and a con-
tinuous outcome for response to lithium. The categorical (ie,
good vs poor) response to lithium was defined based on the
total score as a cutoff score of 7, in which patients with a total
score of 7 or higher were categorized as responders. The ALDA
score on subscale A was used as a continuous outcome after
excluding individuals with a total B score greater than 4 or who
had missing data on the totals of ALDA subscale A or B.??

Polygenic Scoring

Quality-controlled SNPs were clumped for linkage disequilib-
rium based on GWAS association P value-informed clumping
using 2 = 0.1 within a 250-kilobase (kb) window to create an
SNP set in linkage equilibrium using PLINK software*° run on
Linux (plink-clump-pl 1-clump-p2 1-clump-r2 0.1-clump-kb
250). Then, the SNPs up to 10 P value thresholds (<1 x 1074,
<1 x1073,<.01, <.05, <.1,<.20, <.30, <.40, <.50, and <1.0) were
selected to compute the SCZ PGSs in the ConLi*Gen sample.
A genome-wide weighted SCZ PGS for each participant was cal-
culated at each P value threshold as the sum of independent
SNPs genotype dosage (from O to 2) of the reference allele in
the ConLi*Gen genotype data, multiplied by effect sizes on the
SCZ GWAS for the reference allele, estimated as log (OR) di-
vided by the total number of SNPs in each threshold.

Statistical Analyses

Statistical analysis was performed from September 2016 to Feb-
ruary 2017. We applied PGS association analyses, cross-trait
meta-GWAS, and IPA of the cross-trait findings.

PGS Association Analysis

Once the PGSs were constructed, the association of the PGSs
at each threshold P value with treatment response to lithium
was evaluated using regression models. While a binary logis-
tic regression was implemented for the categorical outcome
(response vs nonresponse), a linear regression was applied to
treatment response to lithium on the continuous scale. Using
the PGS at the most significant threshold (P < 5 x 1072), we di-
vided the study samples into 10 deciles, ranging from the low-
est polygenic load (first decile) to the highest polygenic load
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(10th decile). We then compared patients with BPAD with a
lower polygenic load (first to ninth deciles) for SCZ with pa-
tients with the highest polygenic load (10th decile) to quan-
tify the association of SCZ polygenic load with lithium treat-
ment outcomes.

To control for confounding factors, the PGS association
analyses were adjusted for the covariates of age, sex, geno-
typing platforms, and 7 principal components. The analyses
were performed using R (R Foundation for Statistical Comput-
ing) and PLINK, version 1.9, for Linux.*® The accuracy of de-
termining factors and the percentage of variance in lithium re-
sponse accounted for by the PGS at each P value threshold were
estimated as the variance explained by the full model includ-
ing each PGS and covariates minus the variance explained by
the model including only covariates. Statistical significance was
determined at P < .05 after adjusting for covariates.

Cross-trait Meta-analysis of GWASs

Biologically, a significantly associated PGS implies that ge-
netic factors influencing the 2 traits are overlapping. Thus, fur-
ther analyses were performed to identify genetic polymor-
phisms that are likely to increase the susceptibility to SCZand
also influence treatment response to lithium in patients with
BPAD. We performed cross-trait meta-analyses by combining
the summary statistics for GWAS on lithium response from the
ConLi*Gen?? and GWAS on SCZ from the PGC.3® We applied
both the O’Brien method and the direct linear combination of
dependent test statistics approach,**? which are imple-
mented in the C2* eLX package (https://sites.google.com/site
/multivariateyihsianghsu/). In brief, the O’Brien method and
the direct linear combination of dependent test statistics
approach combine univariate meta-GWAS summary statistics
(B coefficients or z scores) at each SNP.**2 Further details are
available elsewhere.*42

Ingenuity Pathway Analysis

To characterize the potential biological significance of the SNPs
discovered from the cross-trait meta-analyses, we performed
analyses using IPA (eAppendix in the Supplement).

. |
Results

Sample Characteristics

A total of 3193 patients with BPAD who had undergone lithium
treatment and had available genotype and clinical data par-
ticipated in the study. After quality control, 2586 patients re-
mained for analysis, of whom 2366 were of European ances-
try and the rest Asian. The mean (SD) age of all the patients
combined was 47.2 (13.9) years and 1478 (57.2%) were fe-
male. A total of 704 patients (27.2%) had a good response to
lithium treatment (ALDA scale score >7). The mean (SD) ALDA
scale score for all participants was 4.1 (3.2) (Table 1).

Association of SCZ PGS With Treatment Response

to Lithium in Patients With BPAD

At the most significantly associated P value threshold
(P < 5 x 1072), the PGS for SCZ was strongly associated with
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Table 1. Characteristics of Patients With BPAD and Outcomes
With Lithium Treatment

Categorical Outcome? Continuous Scale®

(Good vs Poor (ALDA Score on
Response) Subscale A)
Characteristic (n=2586) (n=2244)
Responders, No. (%) 704 (27.2) NA
Age at interview, 47.2 (13.9) 47.4 (13.9)
mean (SD), y
Female, No. (%) 1478 (57.2) 1291 (57.5)
ALDA scale A score, 6.2 (3.0) 6.3 (3.0)
mean (SD)
ALDA scale total B, 2.5(1.7) 2.1(1.2)
mean (SD)
ALDA scale total, 4.1(3.2) 4.5 (3.1)
mean (SD)

Abbreviations: ALDA, Retrospective Criteria of Long-term Treatment Response
in Research Subjects With Bipolar Disorder; BPAD, bipolar affective disorder;
NA, not applicable.

@ Total ALDA scale score of 7 or higher was defined as good response.

b Participants with total B score higher than 4 or who had missing data on the
total scores on ALDA subscale A or B were excluded.

lithium treatment response in BPAD for the categorical out-
come on the ALDA scale (Figure, A), explaining 0.8% of the vari-
ance. For the continuous outcome (total score on the ALDA sub-
scale A), the direction of association was congruent with the
finding on the categorical outcome but was not statistically sig-
nificant. As shown in eFigure 1 in the Supplement, the rela-
tionship between the PGS for SCZ and the total score on the
ALDA subscale A deviates from linearity; thus, the continu-
ous scale might be a less powerful and less suitable measure
to represent treatment response to lithium in a linear model.
The association results of the categorical and continuous out-
comes at each threshold level are detailed in the Figure, A.
At each threshold, a lower polygenic load for SCZ was associ-
ated with a favorable treatment response to lithium in pa-
tients with BPAD (Figure, B).

Table 2 shows the ORs for the association between treat-
ment response to lithium in BPAD and SCZ PGS in deciles, com-
paring the response status of patients in the low polygenic load
categories (first to ninth deciles) with the response status of
patients in the highest polygenic load category for SCZ (10th
decile). Patients with BPAD who carry a lower polygenic load
for SCZ have higher odds of favorable treatment response to
lithium compared with patients carrying a high polygenicload;
the OR of favorable treatment response decreased as the ge-
neticload for SCZ increased, ranging from an OR of 3.46 (95%
CI, 1.42-8.41) at the first decile to an OR of 2.03 (95% CI, 0.86-
4.81) at the ninth decile, compared with the reference SCZ PGS
at the 10th decile (Table 2). There was a significant linear trend
in the odds of treatment response to lithium across the deciles
(Figure, B).

Cross-trait Meta-analysis of GWAS for Lithium Treatment
Response in BPAD and of GWAS for SCZ

Subsequent to the PGS analysis, we performed an SNP-based
cross-trait meta-analysis by combining the summary statistics
for the GWASs on SCZ and treatment response to lithium in the
categorical outcome and on SCZ and treatment response to
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lithium in the continuous outcome. This meta-analysis yielded
151oci with P values below the genome-wide significance level
(P <5 x 1078). The top 6 loci and closest genes were rs1611255
(HCG4 [HUGO Gene Nomenclature Committee 21241]),
1566486766 (ADAMTSL3 [OMIM 609199]), rs7405404 (ERCC4
[OMIM 133520), 151611259 (HCG4), 153919583 (CCNH [OMIM
601953]), and rs59724122 (EPHX2 [OMIM 132811) (Table 3 and
eFigure 2A and B in the Supplement).

To characterize the functional implications of these loci,
we undertook IPA using query gene inputs generated from the
results of the cross-trait and expression quantitative trait loci
analyses (http://www.genenetwork.org/webqtl/main.py; http:
//[www.braineac.org/; eTable 1 in the Supplement). The IPA
found significantly represented canonical pathways, with the
top 5 being antigen presentation pathway, 0X40 signaling
pathway, autoimmune thyroid disease signaling, Cdc42
signaling, and B-cell development (eTable 2 in the Supplement).
These pathways were predominantly identified on the basis
of several HLA antigen genes: HLA-A (OMIM 142800),
HLA-DMA (OMIM 142855), HLA-DMB (OMIM 142856),
HLA-DOB (OMIM 600629), HLA-DPBI (OMIM 142858), HLA-F
(OMIM 143110), HLA-G (OMIM 142871), PSMB9 (OMIM 177045),
and TAP2 (OMIM 170261).

The IPA revealed 2 relevant functional networks (eTable
3 in the Supplement). As shown in eFigure 3A and B in the
Supplement, the top 2 networks indicate that tumor necrosis
factor (TNF), interleukin 4 (IL-4), and interferon-gamma (IFNy)
might represent important functional molecular nodes in the
interaction between response to lithium and SCZ.

|
Discussion

The present study reports 2 main findings. First, using PGS,
we demonstrate that there is an inverse association between
genetic loading for SCZ risk variants and long-term therapeu-
tic response to lithium in patients with BPAD on the categori-
cal outcome of the ALDA scale. Second, we show in the cross-
trait meta-GWAS and IPA that genetic variants in the HLA
antigen region, the antigen presentation pathway, and inflam-
matory cytokines such as TNF, IL-4 and IFNy could play a bio-
logical role in treatment response to lithium in BPAD.

These findings are consistent with previous clinical and
epidemiologic studies of response to lithium. Lithium is not
an effective medication for people with SCZ spectrum
disorders.324®> Moreover, lithium may be deleterious for pa-
tients with SCZ because of their greater liability to developing
lithium-induced neurotoxic effects even at modest doses and
blood levels.**** The severity of psychotic symptoms in pa-
tients with BPAD was found to be inversely associated with
treatment response to lithium.*> Similarly, slow resolution of
psychosis in response to lithium treatment during acute manic
episodes has been shown to be associated with poorer overall
response to the drug.*® Among patients with BPAD, those with
a family history of SCZ show poorer response to lithium com-
pared with those with a family history of BPAD.*” Our find-
ings may provide insight into the genetic architecture under-
lying these clinical observations.
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Figure. Polygenic Score (PGS) for Schizophrenia (SCZ) and Treatment Response to Lithium

@ Association of PGS for SCZ and response to lithium
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threshold. On the y-axis, plotted from
top to bottom, are the GWAS P value
thresholds used to group
single-nucleotide polymorphisms for
PGSs. On the right of each bar are the
P values of the association between
the PGS for SCZ and lithium
treatment response. B, Trends in the
odds ratios (ORs) for favorable
treatment response to lithium for
patients with BPAD in the low SCZ
deciles (first to ninth) compared with
patients in the highest SCZ PGS decile
(10th), estimated at the most
significant P value thresholds
(P<5x1072) (n = 2586). The open
circles on the line plot indicate that
the association is not statistically
significant at that particular decile.
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7th 8th 9th 10th  of Long-term Treatment Response in
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Table 2. Odds Ratios (ORs) of Favorable Treatment Response to Lithium in Patients With BPAD

Patients With BPAD (n = 2586)

Abbreviations: BPAD, bipolar
affective disorder; N, nonresponders;
PGS, polygenic score; R, responders;
SCZ, schizophrenia.

2 Adjusted for age, sex, genotyping

platform, and 7 principal
components.

bThe reference decile (10th decile) is
the PGS category with the highest
polygenic load for SCZ at a

SCZ PGS by Decile R/N, No. Unadjusted OR (95% Cl) Adjusted OR (95% Cl)?
First (lowest score) 83/175 1.97 (1.32-2.96) 3.46 (1.42-8.41)
Second 80/179 1.86 (1.24-2.79) 3.19 (1.32-7.74)
Third 78/180 1.80 (1.20-2.71) 2.87 (1.18-6.95)
Fourth 76/184 1.72 (1.14-2.59) 2.86 (1.18-6.91)
Fifth 76/180 1.76 (1.17-2.64) 2.71 (1.12-6.55)
Sixth 67/194 1.44 (0.95-2.18) 2.50 (1.03-6.05)
Seventh 58/200 1.21 (0.79-1.85) 1.97 (0.81-4.79)
Eighth 75/184 1.70 (1.13-2.55) 2.47 (1.03-5.96)
Ninth 61/198 1.28 (0.84-1.95) 2.03 (0.86-4.81)
10th (highest score)® 50/208 1 [Reference] 1 [Reference]

In the SCZ to lithium response cross-trait GWAS meta-
analyses, 15 genetic loci located within protein-coding genes
that appear to have overlapping outcomes on SCZrisk and treat-
ment response to lithium in BPAD were identified. Only 1 of
these genes, type 1 adenylyl cyclase (ADCY1 [OMIM 103072]),
had previously been directly implicated in genetic studies of
both SCZ*® and treatment response to lithium.?®

Both the most significant finding of the cross-trait GWAS
and the SNPs from the post-GWAS functional analyses sug-
gest that the HLA antigen system could be implicated in ge-

jamapsychiatry.com

threshold P <5 x 1072

netic susceptibility to SCZ and treatment response to lithium.
The HLA antigen region is the most robust genetic finding in
SCZ*° and could be marking a SCZ-type pathogenesis that is
associated with nonresponse to lithium. Although the exten-
sive linkage disequilibrium in the HLA antigen region, and the
fact that non-HLA antigen genes are embedded within it, could
compromise the biological precision of our pathway analysis,
some previous studies have linked HLA antigen surface pro-
tein composition to responsiveness to lithium in patients with
BPAD.>%-2 Lithium exposure of human monocytes and mouse
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Table 3. Loci Resulting From Cross-trait Meta-analysis of GWAS on Lithium Treatment Response in Patients With BPAD and GWAS on SCZ

Allele P Value

SNP Chr BP Al A2 Schizophrenia® Lithium? Cross-trait® I%::ggion‘ Nearby Gene
rs324899 87915582 A G 5.82 x 1077 4,63 x 1073 2.28 x 1078 -to- MEF2C
rs6942227 6 25177508 A G 9.86 x 1078 8.45 x 10734 2.53x 1078 +to- CMAHP
rs142425863 6 29751753 T C 2.50 x 1071° 9.92 x 1073 5.13 x 107! -to- HCG4
rs59724122 27424696 T C 222x1078 7.21 x 1073 5.16 x 10™° -to+ EPHX2
rs61123830 11 123392846 A G 2.85x 107 2.60 x 1073 4.53x 1078 -to- GRAMD1B
rs7959663 12 109884367 C G 4.74x107° 2.06 x 1074 2.79x 1078 -to- MYO1H
rs66486766 15 84806060 A G 1.07 x 10710 4.95 x 1073 1.38 x 10711 -to- ADAMTSL3
rs7405404 16 13749859 T C 3.93 x 1071 5.27 x 1073 4.62 x 10711 +to+ ERCC4
rs6728642 2 97607071 A G 1.10 x 107 1.34 x 107% 4.81x10°8 -to- FAM178B
rs62200793 2 185750642 T C 1.70 x 1077 5.45 x 1073¢ 1.40 x 1078 +to+ ZNF804A
rs7588746 2 200986345 A G 2.08 x 1077 6.33 x 1073¢ 3.91x 1078 +to- MAIP1
rs3919583 5 86947591 A C 4.18 x 107® 2.65 x 1074 4.54 x 107° -to- CCNH
rs144373461 6 29751005 A C 8.30 x 1077 3.93 x 1073¢ 1.28 x 1077 -to- HCG4
rs209474 6 32924584 A G 7.49 x 1077 3.41 x 107%¢ 220x 1078 -to- HLA-DMA
rs1521470 7 45646852 A G 2.41x107® 3.92 x 1074 3.23x 1078 +to- ADCY1
rs79403677 14 35539131 T G 2.91x 1077 2.04 x 1073¢ 1.92 x 1078 +to- FAM177A1

Abbreviations: Al, effect allele; A2, another allele; BPAD, bipolar affective
disorder; BP, position in base pairs at Human Genome Assembly build 37; Chr,
chromosome; GWAS, genome-wide association study; SCZ, schizophrenia; SNP,
single-nucleotide polymorphism; +, increased susceptibility to SCZ or positive
effect on lithium response; -, decreased susceptibility to SCZ or negative effect
on lithium response.

ap<1x1072,

b Cross-trait P <5 x 1078,

< Effect direction is the effect of the SNPs on schizophrenia and treatment
response to lithium oriented to the effect allele (A1). Nearest genes were
based on The Reference Sequence genes (build 37).

d Categorical.
€ Continuous.

microglia in vitro resulted in an increased expression of
complement component 3, an HLA antigen protein, which in
turn was driven by the inhibition of glycogen synthase
kinase-3.>3 Inhibition of glycogen synthase kinase-3 is, to date,
the most comprehensively documented molecular effect of
lithium in neurons, glia, and peripheral immune cells.>*>*
Whether these outcomes are in some way compromised by the
decreased neuronal complement component 3 expression that
isassociated with SCZ risk variants in the HLA antigen region,*°
and whether such mechanisms play a role in the clinical effi-
cacy of lithium, needs to be explored in future studies.

Furthermore, network analyses of genes from our meta-
GWAS findings implicated TNF, IL-4, and IFNy as central func-
tional nodes, suggesting that the negative interaction be-
tween response to lithium and genetic predisposition for SCZ
could be mediated by mechanisms implicating these inflam-
matory cytokines; this finding is also supported by a growing
body of evidence describing aberrant inflammatory pro-
cesses in patients with a first episode of psychosis®® and SCZ.>”
Previous studies have reported modulatory outcomes of
lithium treatment on these cytokines and underscore the pos-
sibility that mechanisms involving inflammatory cytokines
might play a role in mediating the therapeutic outcomes of
lithium in patients with BPAD.>%%%

Our findings have important implications for the treat-
ment of BPAD and for future research. We show for the first
time, to our knowledge, that genetic characterization has the
potential to aid the stratification of patients with BPAD into
those who respond and those who do not respond to lithium,
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prior toinitiation of treatment. Our study also supports the idea
that responsiveness to lithium could represent a true psychi-
atric endophenotype beyond current nosologic descriptions.®®
The findings underscore the importance of careful assess-
ments of patients’ family psychiatric histories in the context
of treatment selection. In schizoaffective disorder, which re-
mains challenging clinically owing to a lack of specific effec-
tive treatments,®” determination of SCZ PGS might aid the
choice of mood-stabilizing agents. To achieve full clinical trans-
lation, PGS analyses could be combined with other biological
and clinical factors in prognostic algorithms.

Limitations

This study has some limitations. First, the polygenic load for
SCZ accounted for only a modest percentage (approximately
1%) of the observed variation in lithium treatment response
in patients with BPAD. Although this finding is in line with pre-
vious reports on the outcomes of PGSs on complex clinical phe-
notypes such as SCZ and BPAD,®® the significance of this find-
ing at clinical and population levels needs to be further
explored. Second, response to lithium in our study was as-
sessed using the ALDA scale, which is a retrospective mea-
sure. To substantiate our findings further, prospective stud-
ies are required that can prospectively measure clinical
responses to lithium. Third, while our strategy for exploring
the biological context of our genetic findings can point to-
ward avenues for future research, it is not designed to pro-
vide definitive mechanistic answers. Hypothesis-driven ex-
periments are required to follow up on these leads.
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Conclusions

We demonstrated for the first time that lower SCZ loading is
associated with better response to lithium in patients with
BPAD. Follow-up functional analyses implicate genes that
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