
The BS variant of C4 protects against age-
related loss of white matter microstructural
integrity
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Age-related loss of white matter microstructural integrity is a major determinant of cognitive decline, dementia and
gait disorders. However, the mechanisms and molecular pathways that contribute to this loss of integrity remain elu-
sive.
We performed a genome-wide association study of white matter microstructural integrity as quantified by diffusion
MRI metrics (mean diffusivity and fractional anisotropy) in up to 31 128 individuals from UK Biobank (age 45–81 years)
based on a two degrees of freedom (2df) test of single nucleotide polymorphism (SNP) and SNP � Age effects.
We identified 18 loci that were associated at genome-wide significance with either mean diffusivity (n = 16) or fractional
anisotropy (n = 6). Among the top loci was a region on chromosome 6 encoding the human major histocompatibility
complex (MHC). Variants in the MHC region were strongly associated with both mean diffusivity [best SNP:
6:28866209_TTTTG_T, beta (standard error, SE) = –0.069 (0.009); 2df P = 6.5 � 10–15] and fractional anisotropy [best SNP:
rs3129787, beta (SE) = –0.056 (0.008); 2df P = 3.5 � 10–12]. Of the imputed human leukocyte antigen (HLA) alleles and com-
plement component 4 (C4) structural haplotype variants in the human MHC, the strongest association was with the
C4-BS variant [for mean diffusivity: beta (SE) = –0.070 (0.010); P = 2.7 � 10–11; for fractional anisotropy: beta (SE) = –0.054
(0.011); P = 1.6 � 10–7]. After conditioning on C4-BS no associations with HLA alleles remained significant. The protective
influence of C4-BS was stronger in older participants [age 5 65; interaction P = 0.0019 (mean diffusivity), P = 0.015 (frac-
tional anisotropy)] and in participants without a history of smoking [interaction P = 0.00093 (mean diffusivity), P = 0.021
(fractional anisotropy)].
Taken together, our findings demonstrate a role of the complement system and of gene–environment interactions in
age-related loss of white matter microstructural integrity.
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Introduction

Age-related loss of white matter microstructural integrity (LOWMI)
is a major determinant of cognitive decline, dementia1,2 and gait
disorders3 and has been linked to both vascular and neurodege-
nerative pathologies.4,5 Histological findings include changes in
axonal structure and integrity6 as well as demyelination and in-
flammation including microglial activation.7 However, the precise
mechanisms and molecular pathways underlying these changes
remain elusive.

Insights into white matter microstructure in humans have pre-
dominantly arisen from studies of diffusion tensor MRI (DTI) using
mean diffusivity (MD) and fractional anisotropy (FA), both of which
are sensitive to subtle alterations in white matter microstructure.8

Previous genome-wide association studies (GWAS) using these
metrics in up to 20 000 individuals have identified multiple loci for
brain microstructure.9,10 However, interpreting these findings
remains challenging as the respective loci could reflect either age-
related or developmental processes. Isolating the loci underlying
age-related LOWMI is critical to identify strong candidates that
could be taken forward to functional studies. To identify genetic
loci that specifically influence age-related LOWMI, and are there-
fore most informative for mechanisms underlying dementia and
cognitive decline, we here perform a genome-wide study of DTI
metrics using a two degrees of freedom (2df) test incorporating
both single nucleotide polymorphism (SNP) effects and SNP � Age
interaction effects followed by filtering on variants showing sig-
nificant interactions in consistent direction with SNP effects. We
further expand this approach to the analysis of gene–environment
interactions. On identifying an association of both MD and FA with
variants in the extended human major histocompatibility complex
(MHC), a gene complex encoding cell-surface proteins involved in
innate and adaptive immunity, we focus on this region in further
analysis due to its potential to provide novel mechanistic
insights.11

Genetic variation within the human MHC determines the class II
human leukocyte antigens (HLA) A, B and C and class II HLAs DP, DQ
and DR. The human MHC class III region encodes complement com-
ponent 2, complement factor B and complement component 4 (C4)
paralogue genes C4A and C4B,12 all of which have important roles in
the classical complement pathway. The last is a critical constituent
of the innate immune system primarily involved in scavenging and
elimination of pathogens and antigens. The complement system
has an important role in maintaining blood–brain barrier integrity.13

Moreover, on compromise of the blood–brain barrier, complement
factors that are synthesized in the liver can enter the brain, where
they activate microglia and induce inflammation.14,15 In the classical
complement pathway, C4 promotes C3 activation, leading to gener-
ation of proinflammatory mediators C3a and C5a.16 The C4
paralogue genes C4A and C4B differ in amino acid sequence only at

one site encoded by exon 26,17 exist in both long (L) and short (S)
forms that differ depending on whether they contain a human en-
dogenous retrovirus sequence in intron 9, and arise due to genetic
variation within the human MHC. This structural variation has been
associated with disorders in which complement disruption influen-
ces innate immunity such as systemic lupus erythematosus and
Sjögren’s syndrome,18 and with psychiatric disorders such as
schizophrenia, where reduced C4A expression is believed to disrupt
synaptic pruning in brain development.19,20

Here we show that the BS variant of C4 underlies the observed
association of the MHC region with age-related LOWMI, thus dem-
onstrating a role of specific constituents of the complement sys-
tem. As smoking can activate complement,21 leads to endothelial
dysfunction, disrupts blood–brain barrier integrity,22 and has been
associated with reduced white matter microstructural integ-
rity,23,24 we further investigate whether history of smoking modi-
fies the association of C4-BS with age-related LOWMI. We find
evidence that the protective effect of C4-BS is greatest in those
without history of smoking.

Materials and methods
Study dataset

All analyses were performed using the UK Biobank dataset, a
population biobank resource including �500 000 participants from
across the UK, aged between 40 and 69 years at recruitment.25 The
UK Biobank includes clinical and phenotypic information for a
broad range of traits and includes MRI data on a subset of partici-
pants. This study used the January 2020 release of UK Biobank
imaging data on �43 000 individuals.26,27 MRI was performed on
two identical Siemens Skyra 3.0 T scanners (Siemens Medical
Solutions), running VD13A SP4, with a standard Siemens 32-chan-
nel RF receiver head coil. Identical acquisition parameters and
careful quality control was used for all scans. We selected individ-
uals described for the diffusion MRI-based phenotypes described
next.

Neuroimaging markers of white matter
microstructural integrity

To assess age-related LOWMI in UK Biobank participants, we used
the DTI parameters FA and MD (Fig. 1A), which measure diffusion
properties of water molecules in brain tissue.28 Increases in water
diffusion (MD) and a decrease in directional diffusion along brain
tracts (FA) due to white matter microstructural damage occur in
both vascular and neurodegenerative pathologies. These DTI
parameters were generated by an image-processing pipeline
developed and run on behalf of UK Biobank (https://biobank.ctsu.
ox.ac.uk/crystal/crystal/docs/brain_mri.pdf) and were available as
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part of the UK Biobank central analysis for 48 individual white
matter regions (FA, fields 25056–25103; and MD, fields 25104–
25151).26,27 To obtain a single global measure of global white mat-
ter FA and MD from the DTI images, we performed principal com-
ponent analysis on centred and scaled data using the R prcomp
function on the FA and MD measures of each of the 48 different
brain regions analysed, and extracted the first PC. To improve sig-
nal to noise ratio, we excluded brain regions with low loadings
(eigenvectors 40.1) and repeated principal component calculation.
For each resulting DTI parameter, outliers outside the ±8 standard
deviation (SD) range were removed.

Genetic data, HLA alleles and imputation of C4
structural haplotypes

We used genome-wide genetic data imputed to the Haplotype
Reference Consortium build by the UK Biobank core analytical
team, the quality control and imputation of which have been pre-
viously described.29 HLA alleles were imputed by the UK Biobank
core analytical team using HLA*IMP:02,30 based on multipopula-
tion reference panels. HLA alleles were provided at four-digit reso-
lution in 11 HLA genes: HLA-A, HLA-B and HLA-C in the classical
class I MHC and HLA-DRB5, HLA-DRB4, HLA-DRB3, HLA-DRB1,
HLA-DQA1, HLA-DQB1, HLA-DPA1 and HLA-DPB1 in the classical
class II MHC. We considered only HLA alleles observed at fre-
quency 41% in the UK Biobank population.

C4 structural haplotype variants were imputed using an estab-
lished approach based on existing C4 reference panels (https://

github.com/freeseek/imputec4).20 BEAGLE v.4.1 was used to im-
pute C4 as a multi-allelic variant from variants within the MHC re-
gion (chr6: 26–34 Mb).31 Default BEAGLE parameters were used
with two key exceptions: we used the GRCh37 PLINK recombin-
ation map, and we set the output to include genotype probability
for correct downstream probabilistic estimation of C4A and C4B
joint dosages. Common C4 structural haplotypes were imputed
with good quality in ranges comparable to previous analyses.32

Genome-wide association analysis

We performed genome-wide association analysis of autosomes
using a linear regression model including SNPs, SNPs � age, age,
age-squared, sex and 20 ancestry-informative principal compo-
nents. The primary association statistic was based on a 2df test of
the SNP and SNP � Age terms. To extract only variants showing
more prominent effects in ageing, we considered only those
showing significant SNP � Age interaction effects (P5 0.05) and
with consistent SNP and SNP � Age effect directions. Before ana-
lysis we excluded individuals who were not classified as white
British (field 22006), related individuals with a KING kinship coef-
ficient 5 0.0884 (to keep only one individual per group of up to se-
cond-degree relationships), those who had withdrawn from the
study and those who had history of stroke, multiple sclerosis, or
other neurodegenerative disease (self-reported field 20002 codes
1081, 1086, 1491, 1583, 1261, 1262, 1263, 1397; ICD10 fields 41202
and 41204 codes I60, I61, I63, I64, G35, G20, F00-F03, G30-G32, G36,
G37). Association analysis was performed using plink v2.00a3LM,

Figure 1 The MHC gene region is a major risk locus for age-related loss of white matter microstructural integrity. (A) Exemplar of two individuals
with low (left) and moderate (right) levels of loss of white matter microstructural integrity as measured by MD (top) and FA (bottom). (B) Manhattan plot
of –log10(P-value) against genomic position for MD using a 2df test of SNP and SNP � Age effects, with arrow indicating the MHC locus association on
chromosome 6 in 31 128 individuals from the UK Biobank. Loci also reaching genome-wide significance for association with FA are shown in bold, the
dotted grey line indicates genome-wide significance (P5 5 � 10–8). (C) Schematic of study overview. (D) Regional plot showing association within the
MHC region on chromosome 6. (E) Class I and class II HLA alleles, and structural variants of complement component 4 (C4) in class III. The C4
paralogue genes C4A and C4B differ only at one site and exist in both long (L) and short (S) forms that differ based on presence or absence of a human
endogenous retrovirus (HERV) sequence in intron 9, and arise due to genetic variation within the human MHC. The most common four of these var-
iants, which comprise 92.4% of those in this UK Biobank population, are shown with their corresponding frequencies.
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while other statistical analysis used the R statistical software
(v.3.6.2).33

Statistical analysis within the human MHC

We assessed the association of SNPs, HLA alleles and C4 structural
haplotype variants within the extended human MHC (chromosome
6: 26–34 Mb) with FA, and MD using the same model as above. To as-
sess whether the association within the human MHC could be
explained entirely by the association with C4-BS structural haplo-
type variants, we performed a step-wise conditional analysis
including C4-BS in the regression model. If a significant signal
remained in the region (at region-wide significance; P5 3.9 � 10–6)
after this step, we performed further conditional analysis, including
additional SNPs or HLA alleles in the regression model.

Interaction with age, sex and smoking

To investigate the relationship of C4-BS with age, smoking and age
we performed interaction analyses. We first used a test for inter-
action of C4-BS with age within a linear regression model,

dichotomizing individuals by median age (65 years), in addition to
estimating the association of number of copies of C4-BS with FA
and MD, stratified by age dichotomized as before. We investigated
whether there was an interaction between a history of smoking
and C4-BS for FA and MD. We dichotomized smoking into those
with any history of smoking and those without and performed the
same analyses as above. As previous analyses have shown differ-
ences between males and females in the influence of C4 variants
on disease risk, we repeated the same analyses as before, dicho-
tomized by sex.18

Association with white matter hyperintensities

To assess the extent that loci for age-related LOWMI were also
associated with MRI white matter hyperintensities (WMH), we per-
formed additional analyses in the same UK Biobank dataset. We
used total volume of WMH (from T1 and T2 FLAIR images, field
25781), which was generated by an image-processing pipeline
developed and run on behalf of UK Biobank (https://biobank.ctsu.
ox.ac.uk/crystal/crystal/docs/brain_mri.pdf).26,27 WMH was log
transformed to approximate a normal distribution, and we used

Figure 2 Association with age-related loss of white matter microstructural integrity within the MHC is explained by the C4-BS variant and an add-
itional genetic variant. Association with genetic variants (SNPs, plotted in grey), HLA alleles (plotted in colours indicated by legend below plot) and C4
structural haplotype variants (plotted in red) with mean diffusivity (MD, A–C) and fractional anisotropy (FA, D–F) by genomic position in 31 128 indi-
viduals from UK Biobank using a 2 degrees of freedom test of SNP and SNP � age effects. (A) Primary associations of SNPs, HLA alleles and C4 variants
with MD, (D) Primary associations of SNPs, HLA alleles and C4 variants with FA. (B) Conditional analysis for associations with MD including C4-BS in
the model. (CA) Conditional analysis for MD including C4-BS and 6:288866209-TTTTG-T in the model. (E) Conditional analysis for FA including C4-BS
in the model. (F) Conditional analysis for FA including C4-BS and rs3129787 in the model.
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total brain volume (field 25010) to account for head size. We per-
formed a GWAS of log transformed WMH including SNPs, SNPs �
Age, age, age-squared, sex, brain volume and 20 ancestry-inform-
ative principal components as above. The primary association
statistic was based on a 2df test of the SNP and SNP � Age terms.
We analysed the association of C4-BS with WMH as previously.

Sensitivity analyses

As associations with C4-BS have been demonstrated for schizo-
phrenia,20 in which DTI alterations have been reported,34 we
assessed whether our observed association could be mediated by
neuropsychiatric disease. We extracted individuals corresponding
to ICD-10 codes for eight categories of neuropsychiatric disorders:
behavioural disorders due to substance abuse (F1), psychotic disor-
ders (F2), mood disorders (F3), neurotic disorders (F4), eating disor-
ders (F5), personality disorders (F6), psychological developmental
disorders (F8) and behavioural and emotional disorders (F9); as
well as schizophrenia (F20) in isolation. We then (i) tested whether
C4-BS was associated with each disorder; (ii) evaluated the associ-
ation of C4-BS with MD after additionally correcting for each dis-
order; and (iii) tested the association of each disorder with MD.

Data availability

The data that support the findings of this study are openly available
via application to the UK Biobank (https://www.ukbiobank.ac.uk).

Results
The MHC gene region is a major risk locus for age-
related loss of white matter microstructural integrity

We undertook a GWAS of age-related LOWMI based on a 2df test
including SNP and SNP � Age effects in up to 31 128 individuals
from the UK Biobank (age 45–81 years) (Fig. 1A–C and
Supplementary Fig. 2) using the DTI markers MD and FA. The link-
age disequilibrium score (LDscore) intercept for MD and FA was
1.08 (0.009) and 1.05 (0.007), respectively, while genomic control
lambda values were 1.14 and 1.17, giving lambda1000 values of

1.004 and 1.005, respectively (Supplementary Figs 3 and 4).35,36

Heritability of MD and FA based on LDscore regression was h2
(standard error, SE) = 0.20 (0.027) and 0.24 (0.023), respectively.
After filtering on variants showing significant interactions with
age (P50.05) in consistent direction with the main genetic effect,
18 loci were associated at genome-wide significance with either
MD (n = 16) or FA (n = 6) (Table 1, Fig. 1B and Supplementary Figs 1
and 5–25). Four loci (encompassing NBEAL1, PRDM5, MHC and
SH3PXD2A as the nearest genes) were associated with both MD
and FA. Notably, two loci associated with MD harboured genes
implicated in Wnt signalling (WNT7A and WNT3). In addition, sev-
eral of the loci have previously been implicated in cerebral small
vessel disease (NBEAL1, VCAN, SH3PXD2A and COL4A2).9,37,38

Among the top loci was a region on chromosome 6 encompass-
ing the human MHC region (Fig. 1B and D). Given its potential to
provide insights into immune mechanisms underlying age-related
LOWMI, we focused on this region in subsequent analyses. To
identify the molecular constituents encoded by the human MHC
that determine age-related LOWMI we analysed associations with
SNPs, HLA alleles and C4 structural haplotype variants in the MHC
region (Fig. 1E). For this, we used a region-wide significance thresh-
old of 3.9 � 10–6 to identify variation contributing to the associ-
ation within the region.32,39

Genetic variants in the MHC reached genome-wide significance
for both MD [best SNP: 6:28866209_TTTTG_T, beta (SE) = –0.069
(0.009); 2df P = 6.5 � 10–15] and FA [best SNP: rs3129787, beta
(SE) = –0.056 (0.008); 2df P = 3.5 � 10–12; Fig. 2]. Of HLA alleles and
C4 structural haplotype variants, the strongest association was
with C4 structural haplotype variant BS (C4-BS), which was associ-
ated with MD at genome-wide significance [beta (SE) = –0.070
(0.010); 2df P = 2.7 � 10–12] and FA at region-wide significance [beta
(SE) = –0.054 (0.011); 2df P = 1.6 � 10–7; Fig. 2]. C4-BS was imputed
with good quality in the dataset (INFO = 0.75) and had a frequency
of 12.3%. Class I HLA alleles were also associated at genome-wide
significance with MD [best allele: HLA-C*07:01, beta (SE) = –0.051
(0.0095); 2df P = 6.4 � 10–9], and region-wide significance with FA
[best allele: HLA-C*07:01, beta (SE) = –0.044 (0.0098), P = 3.1 � 10–6],
but were less strongly associated than C4-BS (Fig. 2 and
Supplementary Tables 1 and 2).

Figure 3 Association of C4 structural variants with age-related loss of white matter microstructural integrity is limited to C4-BS and has greater influ-
ence in older age. Association of four common structural variants of C4 with mean diffusivity (MD) and fractional anisotropy (FA) in 31 128 individu-
als from UK Biobank, with stratification by median age. Error bars show 95% confidence around the effect size estimate. Beta values are for 1
standard deviation change in MD or FA per copy of C4 variant.
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C4 structural variants are associated with age-
related loss of white matter microstructural integrity

The most common 4 haplotype variants (BS, AL-BS, AL-BL, AL-AL)
comprised 92.4% of the haplotypes in our data (Fig. 1E). Following
Bonferroni correction, C4-BS was the only common structural
variant that associated with DTI measures of age-related LOWMI
at region-wide significance (Fig. 3). However, there were associations
at nominal significance for MD with C4 AL-BL[beta (SE) = 0.021
(0.0072); 2df P = 0.0054] and AL-AL [beta (SE) = 0.027 (0.012); 2df
P = 0.028] and for FA with C4 AL-BL [beta (SE) = 0.014(0.0075);
P = 0.0089; Fig. 3].

Conditional analysis reveals an independent
association with an additional genetic variant in the
MHC region

Next, we performed a step-wise conditional analysis on the C4-
BS variant for both MD and FA to determine whether any inde-
pendent signals remained after including C4-BS in the model.
For both MD and FA, no HLA allele reached region-wide signifi-
cance after conditioning on C4-BS, including those which previ-
ously reached genome-wide significance (all P values 40.001,
Fig. 2 and Supplementary Tables 1 and 2). However, several SNPs
remained genome-wide significant after conditioning on C4-BS
for MD [best SNP: 6:28866209_TTTTG_T, MAF = 0.21, beta (SE) =
–0.053 (0.0098), 2df P = 2.7 � 10–8] and FA [best SNP: rs3129787,
MAF = 0.29, beta (SE) = –0.048 (0.0089), P = 2.0 � 10–8]. After add-
itionally conditioning on the best SNPs for FA and MD, no associ-
ations reached region-wide significance, indicating that the most
parsimonious model explaining the signal within the MHC com-
prises C4-BS and an additional genetic variant
(6:28866209_TTTTG_T for MD, rs3129787 for FA; Fig. 2 and
Supplementary Tables 1 and 2).

The protective influence of C4-BS on age-related
LOWMI is greater in older individuals and those
without a history of smoking

To characterize the relationship of C4-BS with age, sex and smok-
ing, we calculated the impact of copies of C4-BS on MD and FA
stratified by median age, history of smoking and sex, and assessed
the evidence of an interaction. As expected, there was a significant
interaction of C4-BS with age for MD (P = 0.0019) and FA (P = 0.015)
(Figs 3 and 4), with stronger protective effects of C4-BS in individu-
als aged 565 compared to 565. We also found evidence for an
interaction between C4-BS and smoking status for MD (P = 0.00093)
and FA (P = 0.021) (Fig. 4); the protective effects of C4-BS on MD and
FA were stronger for those without a history of smoking.
Conversely, there was no evidence of an interaction with sex with
MD (P = 0.28) and FA (P = 0.065).

C4-BS and other loci for age-related LOWMI are also
associated with white matter hyperintensities

We assessed the extent to which loci for age-related LOWMI were
also associated with WMH, a radiological marker of cerebral small
vessel disease in 31 880 individuals from the UK Biobank. C4-BS
was associated with WMH [beta (SE) = –0.036 (0.0098); 2df P = 6.9 �
10–7], and again showed evidence of stronger effects in older indi-
viduals (interaction P = 1.1 � 10–4).

Of 16 SNPs associated with MD, 14 were associated with WMH
at P50.05, seven had P51 � 10–4 and three (ICA1L-WDR12-CARF-
NBEAL1, SH3PXD2A, COL4A2) reached genome-wide significance.
These three loci were also associated with lacunar stroke in a

recent analysis.37 Of six SNPs associated with FA, four were associ-
ated with WMH at P5 0.05, three had P5 1 � 10–4 and one (ICA1L-
WDR12-CARF-NBEAL1) was genome-wide significant.

The association of C4-BS with age-related LOWMI is
not confounded by neuropsychiatric disease

Given the recently reported association between structurally di-
verse alleles of C4 genes and schizophrenia and reports showing a
reduced white matter integrity in schizophrenia,20,34 we assessed
the potential for the association of C4-BS with MD to be con-
founded by association with neuropsychiatric disorders. Multiple
categories of neuropsychiatric disorders were associated with MD
(Supplementary Table 4). However, C4-BS was not associated with
any category of neuropsychiatric disorder, or schizophrenia in iso-
lation, indicating that the association of C4-BS with age-related
LOWMI is independent of neuropsychiatric disorders.

Discussion
The molecular pathways and mechanisms underlying age-related
LOWMI are poorly understood, which limits potential to develop
successful treatments. Here we show that individuals carrying the
C4-BS structural haplotype variant have improved white matter
microstructural integrity, as measured by DTI and reflected in both
FA and MD. This effect showed a substantial interaction by age;
the protective effects of C4-BS were stronger in older individuals,
which is consistent with the observation that C4 protein levels in-
crease considerably in older individuals.18

C4-BS carriers have reduced expression of C4A in both serum
and brain.20 Our results therefore imply that reduced C4A expres-
sion—or increased C4B to C4A ratio—protects from age-related
LOWMI. While the precise mechanism by which this protective ef-
fect occurs remain unknown, some speculation is warranted.
Recent studies have established an important role of complement
in the brain in part through its impact on microglia. C4 has been
shown to influence synaptic remodelling, particularly during de-
velopment,19,20 and recent studies show that C4A overexpression
leads to increased microglial engulfment of synapses.19 Studies in
Alzheimer’s disease models further suggest a role of complement
in spine elimination in neurodegeneration.40 Complement recep-
tor 3 (CD11b-CD18) binds complement and is known to mediate
spine elimination through binding by fibrinogen,40 levels of which
increase in the brain with the increasing blood–brain barrier per-
meability seen in ageing.41 Although these effects have been docu-
mented solely in the grey matter, an attractive hypothesis is that
C4 has additional impacts on microglia in the white matter,42

which would be compatible with our findings.
Alternatively, the protective effect of C4-BS might relate to the

exacerbating effect of complement activation on tissue injury as is
seen in the context of CNS disorders,43,44 and which has been
related to microglial activation, inducing phagocytosis.45 Studies
in C3 knockout mice, and using a C3a-receptor antagonist, have
shown that blocking complement can reduce tissue injury in the
brain.46 The expression levels of various components of the clas-
sical complement pathway strongly increase during ageing,47,48 as
has specifically been demonstrated for C3 and C4 in human CSF.18

Hence, it seems possible that the increase in C4 expression with
advancing age, in concert with blood–brain barrier permeability,
leads to increased complement activation both systemically and
through microglial activation as pathogens cross the blood–brain
barrier. This in turn could contribute to exacerbation of white mat-
ter tissue damage. Functional studies will be required to determine
the precise mechanism underlying the LOWMI observed.
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Notably, we identified an interaction of C4-BS with history of
smoking, which emphasizes a role of gene–environment inter-
action in age-related LOWMI, with the greatest protective effects
of C4-BS observed in individuals without smoking history. One ex-
planation for this interaction might be that the proinflammatory
effects of smoking,49 which include complement activation,21 are
amplified in individuals not carrying the C4-BS variant, although
the precise mechanisms remain to be determined.

Our study expands knowledge of the phenotypic consequences
of C4 structural haplotype variants. Previous studies have impli-
cated a causal role of C4-BS in schizophrenia,20 where C4-BS variant
carriers are at lower risk of disease: a concordant effect with our
study. As individuals with neuropsychiatric disease have been
reported to have altered DTI measures of white matter microstruc-
ture, we investigated whether our findings could be confounded by

neuropsychiatric disease. We could find no evidence that this was
the case, and the effects of C4-BS were strongest in older individuals
in our study, which would be inconsistent with an association with
schizophrenia which generally onsets in early adulthood. C4-BS var-
iants have also been associated with systemic lupus erythematosus
and Sjögren’s syndrome18; however, with an opposing effect in that
they increase the risk of disease. Future studies should focus on
understanding the full phenotypic spectrum of C4-BS variants.

Our results reveal a naturally occurring process by which age-
related LOWMI is ameliorated, and therefore highlight a potential
therapeutic target. The complement pathway is amenable to
therapeutic modulation and has received interest in acute cerebro-
vascular injury such as stroke.16,46,50 However, given the opposing
effects of C4-BS on Sjögren’s syndrome and systemic lupus erythe-
matosus compared to schizophrenia and age-related LOWMI,

Figure 4 The protective influence of C4-BS on age-related loss of white matter microstructural integrity is greater in older individuals and those with-
out a history of smoking. (A and B) Association of C4-BS in individuals of age 565 (blue) and age 565 (red) for MD and FA. (C and D) Association of C4-
BS in individuals with a history of smoking (blue) and those without (red) for MD and FA. (E and F) Association of C4-BS in males (blue) and females
(red) for MD and FA. Error bars show 95% confidence around the effect size estimate. Beta values are for 1 SD change in MD or FA per copy of C4-BS
variant.
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therapeutic development would necessitate balancing risk reduc-
tion with the adverse effects of increased autoimmune disease
susceptibility.

Our GWAS of age-related LOWMI additionally identified other
genes of interest. Variants close to WNT7A (Wnt family member
7A), known to influence expression of WNT7A in the brain,51 were
associated with MD. WNT7A has an essential role in the formation
and maintenance of the blood–brain barrier,52,53 and regulates
white matter vascularization.54 Variants in PRDM5 (PR/SET domain
5) were also associated with both FA and MD. PRDM5 regulates tran-
scription of extracellular matrix components including proteins
with an established role in small vessel disease such as collagen
type IV,55,56 and has been implicated in vascular Ehlers–Danlos syn-
drome.57 Finally we found several other genes that have previously
been associated with small vessel disease and lacunar stroke in
GWAS—COL4A2, SH3PXD2A, ICA1L-WDR12-CARF-NBEAL1—to be
associated with LOWMI,9,37 emphasizing the role of small vessel
disease.

This study also has limitations. The UK Biobank is composed of
predominantly white British individuals and this analysis focused
exclusively on those. Hence our results cannot necessarily be
extrapolated to other ethnicities, which differ in MHC characteris-
tics. To our knowledge, no other study with genetic data and
measures of LOWMI of comparable size exists, meaning we were
not able to attempt replication of our findings. Also, our analyses
use imputation of C4 structural haplotypes from genetic informa-
tion rather than by direct measurement, for example by droplet
digital PCR, and our findings should be interpreted with this limi-
tation. The complex genetic background of the HLA region means
that categorizing variation on the region can be challenging.
Future efforts might benefit from use of long read sequencing
technologies.58 Alterations in white matter microstructure reflect
changes in the diffusion properties of water within the white mat-
ter and therefore might reflect multiple distinct pathologies. This
lack of specificity should be considered when interpreting the
results; however, the fact that many of the identified loci also as-
sociate with WMH and lacunar stroke suggests that cerebral small
vessel disease contributes substantially to the age-related LOWMI
observed.

In conclusion, we show that C4-BS—and therefore reduced lev-
els of C4A—is associated with reduced age-related LOWMI Our
findings implicate the complement system and highlight the role
of gene–environment interactions in modifying risk.
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