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ABSTRACT

In the past decade, significant advances have been made in finding genomic risk loci for
schizophrenia (SCZ). This, in turn, has enabled the search for SCZ resilience loci that mitigate
the impact of SCZ risk genes. Recently, we discovered the first genomic resilience profile for
SCZ, completely independent from the established risk loci for SCZ. We posited that these
resilience loci protect against SCZ for those having a heighted genomic risk for SCZ.
Nevertheless, our understanding of genetic resilience remains limited. It remains unclear
whether resilience loci foster protection against adverse states associated with SCZ risk related
to clinical, cognitive, and brain-structural phenotypes. To address this knowledge gap, we
analyzed data from 487,409 participants from the UK Biobank, and found that resilience loci for
SCZ afforded protection against lifetime psychiatric (schizophrenia, bipolar disorder, anxiety,
and depression) and non-psychiatric medical disorders (such as asthma, cardiovascular
disease, digestive disorders, metabolic disorders, and external causes of morbidity and
mortality). Resilience loci also protected against self-harm behaviors, improved fluid intelligence,
and larger whole-brain and brain-regional sizes. Overall, this study sheds light on the range of
phenotypes that are significantly associated with resilience loci within the general population,
revealing distinct patterns separate from those associated with SCZ risk loci. Our findings
indicate that resilience loci may offer protection against serious psychiatric and medical
outcomes, co-morbidities, and cognitive impairment. Therefore, it is conceivable that resilience

loci facilitate adaptive processes linked to improved health and life expectancy.
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INTRODUCTION

Over the past decade, genome-wide association studies (GWASs) have found many loci
contributing to risk for schizophrenia (SCZ). These efforts led to the development of a polygenic
risk score, which accounts for ~20% of the genetic liability toward SCZ.! The identification of
reliable risk markers, in turn, paved the way for studies of the genomic underpinnings of
resilience. Resilience buffers against the impact of risk genes for SCZ, which could explain why
some individuals are spared from the disorder despite having high levels of genetic liability.
Recently, we discovered the first-known genetic resilience profile for SCZ, which comprised
thousands of protective alleles at single nucleotide polymorphisms (SNPs) enabling some
individuals in the population to avoid developing SCZ despite carrying an elevated genetic
predisposition.” We also found a significant positive correlation between resilience and risk
scores, which was seen in unaffected individuals at high genetic risk for SCZ yet absent in
affected individuals with comparable genetic risk. Hence, we posited that, in unaffected
individuals, genomic resilience increases with their genomic risk to counteract effects of risk loci,
thereby conferring resistance against SCZ.

In this study, we tested the hypothesis that our SCZ resilience score would moderate the
impact of SCZ risk on phenotypes and outcomes associated with schizophrenia among 487,409
participants in the UK Biobank. We analyzed extensive genome-wide SNP data in conjunction
with lifetime ICD-10 diagnoses gathered from hospital reports, fluid intelligence scores,
educational attainment, self-reported mental health outcomes, self-reported lifetime self-harm
measures relevant to suicide, and neuroimaging-derived phenotypes of whole-brain and brain-
regional sizes. Taken together, our study provides new knowledge about the moderating effects
of resilience scores spanning multiple diagnoses and clinically relevant outcomes within a

population-representative sample from the UK.
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METHODS

A graphical abstract is provided in Figure 1 depicting a simplified overview of the

current study.

Datasets and Quality Control

We accessed genome-wide genotypes and phenotypic data from 487,409 participants
from the UK Biobank. The genome-wide genotypic data were received post-imputation to the
Haplotype Reference Consortium (HRC) panel. This was the same reference panel used to
impute the genotype datasets from the Schizophrenia Working Group of the Psychiatric
Genomics Consortium in which we derived the SNP weights for the SCZ risk and resilience-
scoring formulae.* Basic quality control procedures were applied to these data to exclude
uncommon variants with a minor allele frequency (MAF) of < 1% and variants found to
significantly depart from Hardy-Weinberg equilibrium (p < 1e-06). We used the top five genetic
principal components released by UK Biobank covering all 487,409 participants (data-field:

22009) throughout our downstream analyses to account for genetic variation due to ancestry.

Polygenic Scoring

For each participant in the UK Biobank, we used existing formulae to compute genetic
scores for SCZ risk and resilience, which represent the weighted sum of risk and resilience-
associated effects of SNPs from independent loci. We calculated genetic scores using the
software Plink2. For risk-scoring, we selected SNPs that had a maximum risk-association p-
value threshold of 0.05, which was found to maximize the explainable variation in SCZ.'?
Likewise, for resilience-scoring, we selected resilience SNPs with a maximum resilience-
association p-value threshold of 0.3, which was found to maximize the explainable variation in
resilience status.?® The resilience scores were initially derived to reduce the potential for linkage

disequilibrium (LD) between resilience-associated SNPs and risk SNPs for SCZ by solely
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considering SNPs within low LD regions (R?<0.2) of risk SNPs. Thus, these resilience scores
reflect protective effects from residual genetic variation that remains independent of known risk-
related genetic variants for SCZ (including the alternate alleles of risk SNPs), which would
theoretically confer protection against SCZ rather than tagging risk effects. For our primary
analysis, we focused on resilience scores that were derived using this initial LD pruning
threshold of R?<0.2. However, to ensure that no SNPs of very small risk effects might have
unduly influenced our resilience scores, we repeated our analysis using a more stringently
defined set of resilience SNPs that exhibit exceptionally low LD with known risk loci, at a
threshold of R?<0.1. We note that it is impractical to filter out variants exhibiting any non-zero LD
with known risk loci for SCZ, which would effectively eliminate nearly all variants across the
genome and consequently exclude genuine resilience loci. We assessed the similarity of results

obtained from our models using the two separate resilience scores.

Statistical Analyses of Lifetime Medical Diagnoses

We used logistic regression models to estimate the main and interaction effects of
resilience and SCZ risk scores on hospital-reported lifetime medical outcomes, diagnoses, and
comorbidities recorded in International Classification of Diseases (ICD-10) codes for each UK
Biobank participant. To account for the relatively low prevalence of disease outcomes within the
UK Biobank, which tended to skew towards older and healthier participants,* we applied a two-
pronged approach. Several disorders and conditions of interest to our investigation had
exceedingly low numbers of cases (dozens to a low hundreds), hence we applied grouping
strategy to increase the number of positive outcomes based on collections of related ICD-10
diagnoses. We referred to these downstream as “broadly defined ICD-10 diagnoses”.
Specifically, we aggregated participants who had any diagnoses within a particular chapter,

referring to those individuals as “cases” and those without any diagnoses within the same
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chapter as “controls”. An exception was made for ICD-10 Chapter XX (“External causes of
morbidity and mortality”), wherein we aggregated diagnoses of participants based on four sub-
chapters. These sub-chapters delineate various sources of morbidity or mortality as designated
by ICD-10 codes starting with letters “V” (such as transportation-related accidents), “"W” (such
as falls or environmental exposures), “X” (such as unspecified exposures, poisoning, intentional
self-harm), and “Y” (such as adverse outcomes related to medical care or sequalae of other
origin). We analyzed data from a total of 17 ICD-10 chapters and sub-chapters using logistic
regression models. We used logistic regression models to estimate the interaction effects of
resilience and SCZ risk scores in the presence of their main effects and covariates. We
specified the top five principal components as covariates to adjust for genetic variation due to
ancestry.

Additionally, we examined select ICD-10 codings that contained a minimum of 1,000
cases, using logistic regression models to estimate the main and interaction effects of resilience
and SCZ risk scores. We refer to these downstream as “narrowly defined ICD-10 diagnoses”.
This analysis included neuropsychiatric disorders (schizophrenia, bipolar disorder, depression,
anxiety, substance abuse), neurodegenerative diseases (Alzheimer’s disease, vascular
dementia, and unspecified dementia), chronic inflammatory or immunologic conditions (Crohn’s
disease, asthma, primary biliary cirrhosis [also known as “primary biliary cholangitis” or “fibrosis
and cirrhosis of the liver”]), and metabolic conditions (type | and type Il diabetes mellitus). These
conditions were selected for analysis as they have been observed to have significant genetic
overlap with SCZ.>® In each of the above-described analyses, we adjusted for multiple
comparisons using the Benjamini-Hochberg false-discovery rate (FDR)-adjustment procedure.

This same significance criteria was applied to all subsequent statistical analyses.

Statistical Analysis of Mental Health Questionnaires
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To complement our analyses of ICD-10 clinical codes, we explored moderating effects of
resilience loci in the context of mental health self-reports. Our objective in integrating mental
health self-assessments into our study was to capture potential links between resilience loci and
mental or behavioral outcomes that may hold clinical relevance, even if those outcomes do not
meet criteria for a formal psychiatric diagnosis. We analyzed data obtained from a mental health
guestionnaire offered to UK Biobank participants upon enroliment, yielding a total of 19 items of
mental health status completed by 486,974 participants.® Using logistic regression models, we
estimated the main and interaction effects of resilience and SCZ risk scores on the likelihood of
respondents answering “yes” to each questionnaire item. Covariates included in our regression
models were the top five genome-wide PCs to adjust for genetic variation due to ancestry,

participants’ age at recruitment, and participants’ sex.

Statistical Analyses of Fluid Intelligence and Educational Attainment

We hypothesized that resilience loci might enhance fluid intelligence, which is often
impaired among individuals affected with SCZ.***2 Fluid intelligence was assessed among UK
Biobank participants at enroliment (field ID: 20016, n=160,002) with each score representing a
simple unweighted sum of the total number of correct answers from 13 fluid intelligence
guestions. We employed multiple linear regression models to estimate the main and interaction
effects of resilience and SCZ risk scores on inverse-rank normalized scores for fluid intelligence
scores while accounting for ancestry PCs, together with age at assessment and sex of
participants.

Furthermore, we hypothesized that resilience loci might be associated with greater
educational attainment. Exploring this hypothesis holds importance as SCZ is known to be
associated with lower educational attainment.*®* Moreover, greater education is associated with
increased levels of cognitive reserve, which protects against cognitive impairment later in life,**

' and reduces risk for mortality.” Educational qualifications (field ID: 6138) were collected from
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UK Biobank participants at the time of enrollment (n=480,714). Following the approach
described by Ge et al.'® we mapped qualification onto one of seven categories defined by the
1997 International Standard Classification of Education (ISCED) of the United Nations
Educational, Scientific, and Cultural Organization. We employed multiple linear regression
models to estimate the main and interaction effects of resilience and SCZ risk scores on
inverse-rank normalized scores for educational qualifications while accounting for ancestry PCs,

age at assessment, and sex.

Statistical Analysis of Self-Reported Suicidality

SCZ is associated with greater lifetime risk for self-harm, suicide behavior, and suicide
attempt than the general population.’®>** Therefore, we hypothesized that resilience loci might
moderate the penetrance of SCZ risk genes, protecting against suicidality. To test this
hypothesis, we analyzed two variables linked to suicidality corresponding to self-reported
lifetime measures of self-harm ideation or engagement (i.e., “Ever contemplated self-harm”
[data field 20485] and “Ever self-harmed” [data field 20480]). These variables were obtained
from an online mental health questionnaire completed by UK Biobank participants at the time of
enrollment, of which 157,297 participants responded. We estimated both the main and
interaction effects of resilience and SCZ risk on the likelihood of respondents endorsing each of
these self-harm measures. We specified the top five genome-wide PCs to adjust for genetic
variation due to ancestry, participants’ age at recruitment, and participants’ sex as covariates in

each model.

Statistical Analysis of Structural Brain Phenotypes
Prior studies have observed widespread reductions in cortical and sub-cortical brain
region sizes among individuals with SCZ.?>?® In light of these results, we performed an

exploratory analysis to test the moderating effects of resilience loci on processed imaging
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derived phenotypes (IDPs) representing structural profiles for 240 distinct brain parcellations.
The IDPs were collected at a single time-point among four imaging centers in the UK (i.e.,
Cheadle, Reading, Newcastle upon Tyne, or Bristol) from the year 2014 onward. Standardized
cortical and subcortical atlases were used to extract left and right hemispheric measures of
cortical surface area, volume, and thickness, and subcortical regional brain volumes. Brain-
regional phenotypes were standardized to a mean of 0 and variance of 1 prior to statistical
analysis. We used linear regression models to estimate both the main and interaction effects of
resilience and SCZ risk scores on brain-regional sizes. The covariates included in our
regression models were: (1) the top five genotype-based principal components to adjust for
variation in ancestry, (2) self-reported sex, (3) age at brain-imaging assessment, (4) site of
imaging assessment, (5) weight, height, and body mass index (BMI) at time of imaging
assessment, (6) a volumetric scaling factor for T1-head image to standard space (data-field
25000), and (7) variation in location of the scanner and head position described in three-
dimensional coordinates (data-fields 25756, 25757, 25758).>* Main effects of resilience and risk

were also evaluated in separate models that excluded their interaction effect.

RESULTS

Across all 300 outcome measures that we analyzed, we observed strong, significant
agreement between the main effects of the two resilience scores using LD R? threshold of 0.2
and 0.1 (Pearson’s r = 0.90, p = 1.37x10™%) (Supplementary Figure 1). Henceforth, we focus
on the results from our models that used resilience scores calculated using the LD R? threshold

of 0.2, which had better statistical power.

Resilience scores showed an opposite direction of effect than SCZ risk scores for 193 of

the outcomes examined. Furthermore, the main effects of resilience and SCZ risk scores were
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significantly negatively correlated across all outcomes (Pearson’s r = -0.47, p = 3.2x10™°)
(Supplementary Figure 2). These findings lend support to our hypothesis that resilience scores

moderate the penetrance of SCZ risk genes.

All the regression models in our study included the top five genome-wide PCs as
covariates to adjust for potential confounding relationships due to genetic variation between
ancestries. Our primary rationale for including PCs as covariates in our models was to adjust for
possible admixture and population stratification, which could artificially inflate the effects and
increase the number of false-positives. We observed widespread, significant associations
between ancestry-related PCs and the outcome measures included in our study

(Supplementary Figures 2 — 8).

Resilience Scores Moderate Effects of SCZ Risk on Narrowly Defined ICD-10 Diagnoses

We found seven narrowly defined ICD-10 diagnoses wherein resilience scores
interacted significantly with SCZ risk scores, reducing the likelihood of diagnosis (FDRp<0.05)
(Figure 2, Supplementary File 1). Significant interaction effects were associated with
protection against the following diagnoses: bipolar disorder (BD) (interaction: OR = 0.93, 95%
C10.89 - 0.98, z-score =-2.7, FDRp = 0.017), depressive episodes (interaction: OR = 0.96,
95% CI1 0.95 - 0.98, z-value = -4.64, FDRp = 1.710'5), anxiety disorder (interaction: OR = 0.97,
95% CI1 0.95 — 0.99, z-value = -6.1, FDRp = 6.410%), tobacco abuse (interaction: OR = 0.94,
95% CI1 0.93 — 0.95, z-value = -8.1, FDRp = 1.410™**), and alcohol abuse (interaction: OR =
0.93, 95% CI 0.90 — 0.96, z-value = -5.1, FDRp = 2.910%°). In addition, we replicated our
previously reported findings that resilience scores reduce the penetrance of SCZ risk loci,
reducing the likelihood of SCZ (interaction: OR = 0.93, 95% CI1 0.90 — 0.97, z-value = -3.32,
FDRp = 3.510%). These findings suggest that resilience scores moderate the penetrance of SCZ

risk loci, providing cross-protection against multiple psychiatric outcomes related to SCZ.
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Additionally, we found a significant interaction between SCZ risk and resilience scores,
associated with protection against asthma (interaction: OR = 0.97, 95% CI 0.96 — 0.98, z-value

=-6.1, FDRp = 1.2810%).

Resilience Scores Moderate Effects of SCZ Risk on Broadly Defined ICD-10 Diagnoses
As presented in Figure 2B, we found significant interaction effects between resilience
and SCZ risk scores influencing risk for 11 categories of hospital-reported medical diagnoses,
grouped by ICD-10 chapters/sub-chapters. All summary statistics from our regression models
are provided in Supplementary File 1. High levels of resilience scores attenuated the
penetrance of SCZ risk genes, conferring protection against the following categories of diseases
and/or co-morbid outcomes:
e any mental and behavioral disorders (ICD-10 codes from Chapter V with prefix “F”)
(interaction: OR = 0.97, 95% CI 0.96 — 0.98, z-value = -6.12, FDRp = 3.1x10™°)
e any disease of the genitourinary system (ICD-10 codes from Chapter XIV with prefix “N”)
(interaction: OR = 0.98, 95% CI 0.98 — 0.99, z-value = -3.8, FDRp = 8.1x10™),
e any diseases of the musculoskeletal system and connective tissue (ICD-10 codes from
Chapter XIII with prefix “M”) (interaction: OR = 0.97, 95% CI 0.97 — 0.99, z-value = -5.7,
FDRp = 3.1x10%®),
e any diseases of the respiratory system (ICD-10 codes from Chapter X with prefix “J”)
(interaction: OR = 0.979, 95% Cl 0.97 — 0.987, z-value = -5.1, FDRp = 2.2x10°°),
e any diseases of the nervous system (ICD-10 codes from Chapter VI with prefix “G”)
(interaction: OR = 0.98, 95% CI 0.97 — 0.99, z-value = -3.4, FDRp = 2.4x10%),
e any endocrine, nutritional and metabolic diseases (ICD-10 codes from Chapter IV with

prefix “E”) (interaction: OR = 0.985, 95% CI 0.98 — 0.99, z-value = -3.4, FDRp = 3.8x10°

pl
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e any disease of the digestive system (ICD-10 codes from Chapter XI with prefix “K”) (
interaction: OR = 0.989, 95% CI 0.98 — 0.995, z-value = -3.22, FDRp = 0.0025),

e any diseases of the circulatory system (ICD-10 codes from Chapter 1X with prefix “I”)
(interaction: OR = 0.986, 95% CI 0.98 — 0.99, z-value = -2.96, FDRp = 0.0016)

e any diagnoses broadly defined as symptoms, signs, and abnormal clinical and laboratory
findings, not elsewhere classified (ICD-10 codes from Chapter XVII with prefix “R”)
(interaction: OR = 0.98, 95% CI 0.977 — 0.99, z-value = -4.5, FDRp = 2.2x107),

e any external causes of morbidity and mortality (ICD-10 codes from Chapter XX with
prefix “X”) (interaction: OR = 0.97, 95% CI 0.95 — 0.99, z-value = -2.63, FDRp = 0.019),

e any instances of burns, exposures, complications from medical or surgical care, or
sequelae of other consequences (ICD-10 codes from Chapter XIX with prefix “T")

(interaction: OR =0.98, 95% CI 0.97 — 0.99, z-value = -3.11, FDRp = 0.0031).

Resilience Promotes Greater Educational Attainment and Fluid Intelligence

We found that high levels of resilience scores moderated the penetrance of SCZ risk
genes, promoting higher fluid intelligence scores (interaction: f = 0.023, t-value = 9.17, FDRp =
4.7x10%°) and greater educational attainment (interaction: § = 0.017, t-value = 11.9, FDRp =

1.9x10%) (Figure 3, Supplementary File 1).

Resilience Attenuates Risk for Self-Reported Mental Well-Being

We found that resilience scores significantly interact with SCZ risk scores, fostering
enhanced well-being for 12 mental health items spanning anxiety, mania, and depressive-
related measures, such as: feeling highly irritable or argumentative (interaction: OR = 0.97, z-
value = -3.8, FDRp = 2.9x10™), being seen by a psychiatrist for nerves, tension, and/or

depression (interaction: OR = 0.96, z-value = -6.9, FDRp = 3.4x10™""), being seen by a doctor
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for nerves, tension, and/or depression (interaction: OR = 0.97, z-value = -7.3, FDRp = 3.6x10°
12 "as well as feeling unenthusiastic or disinterested for a whole week (interaction: OR = 0.98, z-
value = -4.1, FDRp = 1.2x10™), to name a few (Figure 4A, Supplementary File 1).

In addition, our findings revealed mental well-being items for which resilience scores
demonstrated a significant main effect (FDRp<0.05) conferring protection against the following:
feeling tense or “high strung” (OR = 0.95, z-value = -3.9, FDRp = 4.2x10™), being a worrier or
holding feelings of anxiousness (OR = 0.97, z-value = -3.51, FDRp = 1.7x107®), and feelings of
nervousness (OR = 0.97, z-value = -2.7, FDRp = 0.022). However, the interaction effects
between resilience and SCZ risk scores for these outcomes were not significant
(Supplementary Figure 9, Supplementary File 1).

Resilience and SCZ risk scores showed interaction effects associated with protection
against self-harm ideation (interaction: OR = 0.95, z-value = -4.4, FDRp = 2.4x10°) and
engagement (interaction: OR = 0.93, z-value = -3.8, FDRp = 1.3x10™) (Figure 4B,

Supplementary File 1).

Resilience Scores Promote Larger Whole-Brain and Brain-Regional Brain Sizes

No significant interaction effects between resilience scores and SCZ risk scores were
seen for brain-imaging phenotypes (Supplementary File 1). However, we found 15 brain
imaging-derived phenotypes for which significant main effects were observed solely for
resilience scores, with SCZ risk scores showing non-significant effects. High levels of resilience
were found to be associated with increased size of multiple brains regions, including: total grey
matter volume of the brain, volume of the cortex, volume and thickness of the fusiform gyrus, bi-
hemispheric thickness of the pars opercularis, bi-hemispheric thickness of the rostral middle
frontal gyrus, thickness of the superior frontal gyrus, volume and thickness of the medial

orbitofrontal gyrus, and thickness of the pars orbitalis (Figure 5A, Supplementary File 1).
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Figure 5B provides an anatomical representation of the main effects of resilience and
SCZ risk scores, illustrating that higher resilience scores were associated with widespread
increases in cortical brain thickness, regional increases in surface area particularly within the
frontal and temporal lobe, and increases in subcortical volume. Conversely, high SCZ risk
scores were associated with widespread reductions in cortical and subcortical brain-regional

sizes.

DISCUSSION

In prior studies, we posited that genomic loci associated with resilience moderate the
influence of risk genes for SCZ, thereby protecting “resilient” individuals who have a high risk for
schizophrenia. Our current study aimed to improve our understanding of genetic resilience for
SCZ by investigating the main effect of resilience scores, as well as interactive effects of
resilience and SCZ risk scores, across multiple genetic and phenotypic scales, including: (1)
lifetime medical diagnoses, (2) fluid intelligence and educational attainment, (3) self-reported
mental well-being outcomes and measures of suicidality, and (4) anatomical measures of whole
brain and brain-regional size.

Our results showed that resilience scores exhibit significant interactions with SCZ risk
scores, buffering the impact of SCZ risk genes on a range of outcomes including cognitive
indicators, psychological states, and psychiatric and medical outcomes. It is remarkable that for
all the interaction plots we see the quintessential signature of resilience. They show resilience
protecting those at high risk for outcomes but having no effect at lower levels of risk.

From our analyses that focused primarily on ICD-10 diagnoses as outcome measures,
we found that resilience scores significantly attenuated the impact of SCZ risk genes, reducing
the likelihood of psychotic (schizophrenia), mood (BD and depression), substance abuse

(tobacco and alcohol), and anxiety disorders among UK Biobank participants. Collectively, this
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is the first-ever reported evidence of genetic resilience profiles for SCZ exhibiting bona fide
cross-protection across multiple lifetime neuropsychiatric outcomes.

In light of these results, it is plausible that genetic resilience architectures might mirror
the pattern of shared protective genes among neuropsychiatric disorders.? Initially, resilience
scores for SCZ were derived without accounting for co-morbidities or pleotropic effects. Hence,
there is potential to expand and refine the SCZ resilience scores to encompass additional cross-
protective effects. Such insights might only emerge through joint genome-wide association
studies of multiple psychiatric disorders. Refinements to our resilience scores, such as
integrating additional samples into our analyses to capture risk genes with very small effect
sizes and incorporating cases with other psychiatric disorders, may lead to improved detection
of moderating effects of resilience scores on shared pleotropic risk genes. Another avenue that
is still unexplored is the possibility of disorder-specific resilience factors. Prior studies have
identified disorder-specific genetic risk factors for SCZ and BD.?® Hence, it is plausible that an
analogous yet undiscovered pattern of disorder-specificity exists for resilience loci. Further
investigations are needed to explore resilience loci that may differ across psychiatric disorders.

Multiple studies have shown that SCZ is associated with lower rates of educational
attainment, lower intelligence scores, and cognitive impairment.**?"? This suggests that SCZ
risk genes may influence cognitive functioning and cognitive reserve,?*° leading to impairment
in cognitive performance and poorer clinical outcomes. Our study showed that resilience scores
moderated the penetrance of SCZ risk loci, with their interaction effect promoting greater rates
of educational attainment, and higher fluid intelligence scores.

We found that resilience profiles moderated the penetrance of SCZ risk loci for 12 items
from the mental well-being questionnaire within. Higher resilience scores protected against
numerous emotional, psychological, and behavior-related outcomes such as miserableness,
loneliness, risk taking, mania, prolonged episodes of anhedonia, and prolonged depressive

symptoms, and depressive symptoms severe enough to prompt a healthcare visit, to name a
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few. These findings lend support to the hypothesis that high levels of resilience loci may foster
enhanced states of psychological resilience, improved mental well-being, and better adaptation
to adversity.

Increased genetic vulnerability for SCZ was significantly associated with increased risk
for ideation and engagement in self-harm behaviors, in agreement with the well-documented
relationship between SCZ and increased risk for suicide attempt, self-harm, and suicide
ideation.”** While resilience scores did not exhibit a significant main effect on either suicidality
measure, our results demonstrated a significant interaction effect between resilience and SCZ
risk. The interaction revealed that high resilience scores offset the adverse effects of SCZ risk,
reducing the probability of individuals engaging in or contemplating self-harm. The effect sizes
of the interaction term on these self-harm measures indicated that for each unit increase in both
risk and resilience scores, the likelihood of self-harm contemplation or engagement decreased
by 5-7%, respectively. This finding holds implications for suicide and psychiatric research. Yet,
the number of respondents to the question about lifetime ideation or engagement in self-harm
represented about one-third of the total number of participants in the UK Biobank, thus these
findings will need to be evaluated in independent cohorts. The rate of attempted suicide is
substantially higher among individuals with a pre-existing psychiatric disorder. Furthermore,
suicide ranks among the leading causes of death globally, with rates of suicides steadily
increasing over the past two decades.® Identifying risk factors for suicide serves a critical step
in accurately predicting those at elevated risk and in improving intervention and prevention.
Moreover, it remains to be shown whether resilience loci foster protective effects against
suicidality independent from the interaction effect with SCZ risk genes.

Due to selection biases, the UK Biobank is skewed towards older, healthier participants.4
Therefore, our study lacked sufficient statistical power to detect significant associations between
resilience scores and individual ICD-10 codes, particularly those outcomes that are already

relatively uncommon in the general population, but further skewed to an even rarer frequency
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within the UK Biobank, such as schizophrenia. Hence, our analytic strategy examined any
instances of a condition within individual ICD-10 chapters, with one exception being the ICD-10
Chapter XX wherein we aggregated sub-items of a chapter, to enhance the number of positive
outcomes for more cohesively defined external causes of co-morbidity and mortality. This came
at a cost of granularity, as we lacked statistical power to link resilience scores to individual
diseases or conditions. Yet, our results of diagnostic groups provided several important insights
into types of pathology, as well as causes of morbidity and mortality against which resilience
scores show protective effects. Our analysis of lifetime medical diagnoses stored in hospital-
reported ICD-10 codes for UK Biobank participants showed that resilience scores significantly
attenuated the probability of individuals being diagnosed with any diseases among two ICD-10
chapters that are chiefly relevant to brain disorders, namely: any mental or behavioral disorder,
and any nervous system disorder. In addition, we discovered that resilience scores moderate
the effect of SCZ risk scores, reducing the overall probability of participants being diagnosed
with conditions not specifically originating in central nervous system, namely: cardiovascular
diseases, disease of musculoskeletal or connective tissues, disease of the genitourinary
system, diseases of the digestive tract, as well as diseases of the endocrine and metabolic
system. Moreover, we found that resilience scores moderated the effect of SCZ risk, reducing
the probability of individuals succumbing to external causes of morbidity or mortality, which
included instances of accidents, injury, assaults, self-harm, medical or surgical complications, or
sequalae of other causes. These findings provide insights on the clinical relevance of resilience
scores within a population-level sample. Moreover, our results show that moderating effects of
resilience scores extend beyond psychiatric and mental health outcomes. Our findings suggest
that resilience loci might install a general capacity to adapt to various adverse conditions,
including reducing risk for diseases that manifest in peripheral tissues and organ systems

beyond the central nervous system.


https://doi.org/10.1101/2024.06.03.24308377
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.06.03.24308377; this version posted June 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

A multitude of epidemiological studies show that SCZ is associated with risk for
numerous serious medical co-morbidities of relevance to our key findings, including urinary

32,33

infections®* and sexually transmitted infections,** chronic kidney disease,* gastrointestinal

36,37 38,39

disease, cardiovascular disease, and metabolic disorders such as diabetes.*® Metabolic
dysfunction is a major clinical concern in SCZ as patients are prone to poor dietary habits,
unhealthy lifestyles (such as increased smoking behavior and inactivity), and metabolic
alterations resulting from use of second-generation or atypical antipsychotic medications.
Epidemiological data also highlights SCZ as a leading causes of morbidities and mortality.**
Taken together, our results demonstrate that resilience scores reduce probability of serious
medical outcomes and co-morbidities that have been firmly linked with SCZ in prior work. This
underscores the potential clinical and epidemiological significance of our results, as resilience
loci may foster protection against adverse outcomes associated with reduced quality of life,
increased disability, and premature mortality.

Our study also found significant associations between resilience scores and increased
total grey matter and size of multiple cortical brain regions. However, no significant association
was observed between brain structure and SCZ genetic liability, nor did we observe a significant
interactive effect between resilience and SCZ risk in the context of brain structure. Less than
10% of UK Biobank participants have been currently assessed via structural brain-imaging, thus
posing a potential limitation on the power to detect statistically significant effects. Regardless,
the main effect of resilience scores on increased total grey matter and brain-regional sizes of
the cortex hints at potential protective mechanisms against SCZ genetic liability. Furthermore,
resilience and SCZ risk scores exhibited distinct patterns of effects on brain structure. Higher
resilience scores were associated with widespread increases in thickness and volume of the
cortex, as well as selective increases in cortical surface area particularly in the frontal and

temporal lobes, and selective increases in subcortical brain volumes. Conversely, SCZ risk

scores were associated with a distinct profile of cortical reductions in thickness, as well as


https://doi.org/10.1101/2024.06.03.24308377
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.06.03.24308377; this version posted June 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

selective reductions in cortical surface area and volume, as well as selective reductions in
subcortical brain volumes. While many of the brain-region-specific effects of resilience and SCZ
risk scores did not reach statistical significance, their directions of effect on brain structure seem
to be clearly divergent. In accordance, the Enhancing Neuro Imaging Genetics through Meta-
Analysis (ENIGMA) Consortium found that individuals with SCZ, on average, show widespread
reductions in cortical thickness, with multiple brain regions being affected. On average, cortical
surface area is shown to be globally reduced in SCZ, with regional differences in surface area
appearing comparatively small. Our findings suggest that resilience loci might foster an adaptive
increase in cortical brain size to compensate for adverse effects of SCZ risk genes. However,
these results are based on single time-point, cross-sectional measures of regional brain sizes.
Prospective follow-up measures of brain size are anticipated in the UK Biobank, which could
offer insights into the role of resilience loci in adaptive remodeling of brain structure. Our key
brain-structural findings indicated that resilience scores were associated with increases in
cortical thickness and volume in multiple regions of the frontal lobe, in addition to increased
volume and thickness of the ventral temporal lobe, particularly the fusiform gyrus. Notably,
previous evidence shows that individuals at ultra-high risk for psychaosis present with significant
reductions in the fusiform gyrus, as well as regions of the frontal lobe that we found to increase
in size commensurate with resilience scores.?*** The link we found between the fusiform
gyrus and resilience scores mirrors an association initially reported by Hettwer et al. who found
a positive correlation between resilience scores and increased volume and area of the fusiform
gyrus in a sample of 101 research participants with no personal or family history of mental
illness.*

It is important to acknowledge that our study did not account for individual differences in
lifestyle or environmental factors, which could very well have a significant influence on the
results we presented. Furthermore, the interactions that we modeled were limited to genetic

proxies based on common variants, thus influences of rare variants are not reflected in our
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analyses. Hence, future studies should investigate the possibility of gene-by—environment
interactions in the context of risk and resilience, aiming to elucidate moderating effects of
genetic variants, both common and rare, in conjunction with non-genetic factors.

We have previously demonstrated significant and replicable protective effects of
resilience scores against SCZ in multiple independent datasets.”* The results from our current
study further strengthen this evidence, serving as an additional external validation. However, it
is important to acknowledge that potential selection biases and population admixture in the UK
Biobank may have influenced our findings. The accuracy of genetic scores can be affected by
differences in linkage disequilibrium (LD) structure between the base population in which the
genetic scores were initially derived and the populations in which the scores were computed.
While the UK Biobank is predominantly composed of individuals of European descent, there are
a mix of non-European individuals, which could potentially lead to biases in genetic findings. We
explicitly adjusted for ancestry with the use of genome-wide PCs as covariates to mitigate their
potential confounding effects. Yet, there remains the possibility of unaccounted-for confounding
due to higher-order interactions between ancestry variation and the calculated genetic scores.
Ancestry variation demonstrated significant associations with a multitude of phenotypic
measures examined in our study, encompassing ICD-10 codes, self-reported mental health
outcomes, and brain-structural profiles. This suggests that genetic diversity across ancestries
can result in notable phenotypic variations, as evidenced by patterns in the UK Biobank dataset.
Genetic ancestry PCs were used as covariates throughout all our analyses to account for these
confounding effects. Furthermore, genetic scores for resilience and SCZ risk merely reflect the
influences of heritable variation and do not capture non-genetic components of phenotypic
variability. environmental factors were not integrated into our models. We adjusted for
participant age at recruitment and sex to address potential variation in phenotypic outcomes
stemming from demographic differences. Additionally, we included domain-specific covariates

for our analyses of the structural brain-imaging-derived phenotypes to mitigate ascertainment
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biases due to site-level variation and measurement noise due to head motion during image
acquisition. These represent conservative steps aimed at ensuring the robustness of our
primary results against likely sources of confounding. However, it remains possible that cryptic
sources of ascertainment bias may have influenced our findings. As such, an important next
step toward confirming the reliability of our results is conducting multiple rounds of replication in
external datasets, including from other biobanks. Despite these technical considerations,
population-based samples hold distinct advantages over genetic datasets that are acquired
principally through clinical ascertainment. For example, the genetic relationships identified in the
UK Biobank are expected to reflect signals present in the population as a whole, in contrast to
relationships observed among a subgroup of patients that may be highly homogenous in terms
of their clinical presentation, thus limiting statistical power to discover genetic effects relevant at
the population-level. Altogether, a crucial next step in advancing this line of research is to
assess the reproducibility of our findings, especially in context of population-based studies with
compositional characteristics different from the UK Biobank cohort.

Taken together, this study provides us with key insights into genetic and phenotypic links
with resilience loci for SCZ. We observed a multitude of outcomes for which resilience loci
moderated the influence of SCZ risk genes. Overall, our findings demonstrate first-ever
evidence that resilience loci foster cross-protective effects against psychiatric and immunologic
genetic risk profiles, as well as evidence that resilience scores attenuate rates of serious
medical outcomes and co-morbidities, including lowering rates of suicidality measures. Utilizing
phenome-wide information from the UK Biobank offers considerable value for our understanding
of resilience loci. However, biobank-level datasets are currently limited in scale with lower-level
molecular profiles. Embracing multi-scale ‘omic approaches that encompass profiles such as
transcriptome-wide profiles of transcribed gene products (including non-coding or protein-coding
RNAs), proteome-wide levels of proteins, lipidomic, and metabolomic profiles, may offer crucial

insights into the biological and functional relevance of resilience loci within tissues relevant to


https://doi.org/10.1101/2024.06.03.24308377
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.06.03.24308377; this version posted June 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

pathophysiology. Collectively, our results suggest that individuals high genomic resilience
scores have a have reduced risk for psychiatric and serious medical outcomes and co-
morbidities, many of which are associated with reduced life expectancy. As such, we postulate
that resilience loci might facilitate adaptation to adverse outcomes, potentially enhancing
longevity. Nonetheless, further research is needed to explore this hypothesis. If the results from
our study are substantiated and extended to biological and environmental measures, we
anticipate significant advancements in resilience genetics offering invaluable insights for future

development of improved diagnostics, interventions, and prevention strategies against disease.
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Figure 1. A graphical abstract of the current study. We
investigated main and interactive effects of schizophrenia (SCZ)
risk and resilience scores on four domains: (1) cognitive
performance and reserve measured by fluid intelligence and
educational attainment, (2) medical outcomes (includes hospital-
recorded ICD-10 codes), (3) self-reported mental health status and
measures of self-harm, and (4) neuroimaging-derived phenotypes
from structural magnetic resonance imaging (sMRI) scans. Data
for this investigation was obtained from the UK Biobank. Images
for this figure were generated with BioRender.
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Figure 2. Line graphs depicting statistically significant interactive effects of schizophrenia (SCZ) risk and resilience scores on hospltal reported
time diagnoses among UK Biobank participants spanning neuropsychiatric, immunologic, and metabolic disorders based on the 10" revision of
the International Classification of Diseases (ICD). All records were obtained from UK Biobank participants at the time of enroliment and reflect
lifetime diagnostic codes. The results shown in this plot for resilience scores correspond to the scores calculated using resilience-associated
SNPs that exhibit minimal linkage disequilibrium with mild-risk SNPs for SCZ (R* value of 0.2 or less). (A) Line graphs depicting significant
interaction effects of resilience and SCZ risk scores on narrowly defined ICD-10 diagnoses. The y-axes show the fitted probabilities of the ICD-
10 diagnoses. The solid blue line denotes the effect of SCZ risk among individuals with a resilience score one standard deviation above the
sample mean. The dashed light-red line denotes the effect of SCZ risk at a mean level of resilience. The dotted green line denotes the effect of
SCZ risk among individuals with a resilience score one standard deviation below the sample mean. (B) Line graph depicting the significant
interactions of resilience and SCZ risk scores on probability of any ICD-10 diagnoses per chapter. The y-axes show the probabilities of chapter-
specific ICD-10 diagnoses among UK Biobank participants. The x-axes represents the standardized SCZ risk scores. Each line represents the
effect of SCZ risk scores on likelihood of participants having any ICD-10 diagnoses based on levels of resilience. The solid blue line depicts the
effect of SCZ risk scores among individuals with resilience one standard deviation above the sample mean. The dashed light-red line depicts
the effect of SCZ risk scores at mean levels of resilience. The dotted green line depicts the effect of SCZ risk scores among individuals with
resilience scores one standard deviation below the sample mean. The lines in the plot depict the effects of SCZ risk at different levels of
resilience. We note that y-axes for all plots were scaled according to each outcome variable to enhance visualization of the interaction effects.
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Figure 3. Line graphs depicting statistically significant interactive effects of schizophrenia (SCZ)
risk and resilience scores educational attainment and fluid intelligence scores obtained from UK
Biobank participants at the time of enroliment. The results shown in this plot for resilience
scores correspond to the scores calculated using resilience-associated SNPs that exhibit
minimal linkage disequilibrium with mild-risk SNPs for SCZ (R? value of 0.2 or less). The y-axes
show the fitted probability values for each outcome measure. The lines in the plot depict the
effects of SCZ risk at different levels of resilience. The solid blue line denotes the effect of SCZ
risk among individuals with a resilience score one standard deviation above the sample mean.
The dashed light-red line denotes the effect of SCZ risk at a mean level of resilience. The
dotted green line denotes the effect of SCZ risk among individuals with a resilience score one
standard deviation below the sample mean. We note that y-axes for all plots were scaled
according to each outcome variable to enhance visualization of the interaction effects.
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Figure 4. Resilience scores moderate the penetrance of schizophrenia risk scores, enhancing self-reported mental well-being and reducing self-harm
behaviors. A graphical representation of statistically interactive effects of schizophrenia (SCZ) risk and resilience scores on self-reported indicators of mental
health provided by UK Biobank participants at the time of enrollment. All measures included in our analysis were scored as binary (yes/no) events. The results
shown in this plot for resilience scores correspond to the scores calculated using resilience-associated SNPs that exhibit minimal linkage disequilibrium with
mild-risk SNPs for SCZ (R2 value of 0.2 or less). (A) Line plots depicting the significant interaction effects of resilience scores and SCZ risk scores on self-
reported mental health measures. The x-axes represent the standardized SCZ risk scores. The y-axis shows the fitted probability values of self-reported mental
health measures for which resilience and SCZ risk scores exhibited a significant interaction effect. The lines in the plot depict the effects of SCZ risk at different
levels of resilience. The solid blue line denotes the effect of SCZ risk among individuals with a resilience score one standard deviation above the sample mean.
The dashed light-red line denotes the effect of SCZ risk at a mean level of resilience. The dotted green line denotes the effect of SCZ risk among individuals
with a resilience score one standard deviation below the sample mean. (B) Line plots depicting the significant interactions of resilience and SCZ risk scores on
probability of self-reported suicidality measures. The y-axes show the probabilities of both lifetime engagement in self-harm and ideation of self-harm among UK
Biobank participants. The x-axes represent the standardized SCZ risk scores. Each line represents the effect of SCZ risk scores on likelihood of participants
any suicidality based on levels of resilience. The solid blue line depicts the effect of SCZ risk scores among individuals with resilience one standard deviation
above the sample mean. The dashed light-red line depicts the effect of SCZ risk scores at mean levels of resilience. The dotted green line depicts the effect of
SCZ risk scores among individuals with resilience scores one standard deviation below the sample mean. We note that y-axes for all plots were scaled
according to each outcome variable to enhance visualization of the interaction effects.
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Figure 5. A graphical representation of main and interactive effects of schizophrenia (SCZ) risk and resilience scores on brain imaging-derived
phenotypes collected from structural magnetic resonance imaging (sMRI) of UK Biobank participants. The results shown are for sSMRI
phenotypes that exhibited a significant association with the main effect of resilience scores. The results shown in this plot for resilience scores
correspond to the scores calculated using resilience-associated SNPs that exhibit a maximum linkage disequilibrium with mild-risk SNPs for
SCz at a R* value of 0.2. (A) Bar-plots showing the main effect of resilience and SCZ risk scores on brain-imaging-derived phenotypes for
which a significant main effect of resilience was observed. No significant interaction effect of resilience and SCZ risk was observed for any sMRI
phenotype, nor were any significant associations observed for the main effect of SCZ risk scores. The bar-plot on the left depicts the main
effects of resilience (blue bars) and SCZ risk scores (orange bars), excluding their interactive effect, for each of the 15 corresponding brain
imaging-derived phenotypes (y-axis). The main effect of resilience and SCZ risk is presented in terms of the Odds Ratio on the x-axis. The 95%
confidence intervals of the Odds Ratio are shown as error bars in the bar-plot. Non-significant main effects (FDRp > 0.05) are denoted by a red
“x”. The heat-map shown on the right side of the plot presents the significance (FDR-adjusted p-values, -log;, transformed) of the main effects
of resilience and SCZ risk scores in the presence of their interactive effect. Similar to the bar-plot, non-significant main or interactive effects are
denoted by a red “x”. (B) Anatomical brain plots showing the main effects of resilience and SCZ risk scores for brain-regional sizes for all 240
distinct cortical and subcortical parcellations. Regions are color coded according to the magnitude and direction of main effects for SCZ
resilience and risk scores, with darker blue indicating a stronger positive association (i.e., higher scores associated with larger regional sizes)
and brighter yellow indicating a stronger negative association (i.e., higher scores associated with smaller regional sizes).
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