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Cytokines and vitamin D both have a role in modulating the immune system, and are also potentially useful
biomarkers in mental illnesses such as major depressive disorder (MDD) and schizophrenia. Studying the
variability of cytokines and vitamin D in a healthy population sample may add to understanding the asso-
ciation between these biomarkers and mental illness. To assess genetic and environmental contributions
to variation in circulating levels of cytokines and vitamin D (25-hydroxy vitamin D: 25(OH)D3), we analyzed
data from a healthy adolescent twin cohort (mean age 16.2 years; standard deviation 0.25). Plasma cytokine
measures were available for 400 individuals (85 MZ, 115 DZ pairs), dried blood spot sample vitamin D mea-
sures were available for 378 individuals (70 MZ, 118 DZ pairs). Heritability estimates were moderate but
significant for the cytokines transforming growth factor-�1 (TGF-�1), 0.57 (95% CI 0.26–0.80) and tumor
necrosis factor-receptor type 1 (TNFR1), 0.50 (95% CI 0.11–0.63) respectively. Measures of 25(OH)D3 were
within normal range and heritability was estimated to be high (0.86, 95% CI 0.61–0.94). Assays of other
cytokines did not generate meaningful results. These potential biomarkers may be useful in mental illness,
with further research warranted in larger sample sizes. They may be particularly important in adolescents
with mental illness where diagnostic uncertainty poses a significant clinical challenge.
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Emerging evidence suggests a range of blood measures may
be useful biomarkers in mental health disorders such as
MDD and schizophrenia. Potential blood biomarkers in-
clude measures of vitamin D, cytokines, C-reactive protein
(CRP), and antibodies to infectious agents (Arias et al.,
2012; Howren et al., 2009; Tolppanen et al., 2012). Blood
biomarkers may be particularly relevant in adolescence,
where depression is often comorbid with other disorders
(Garber & Weersing, 2010), resulting in diagnostic uncer-
tainty. Genetic and environmental influences both con-
tribute to the etiology of psychiatric disorders (Kendler,
2013). Heritability is estimated around 40% for MDD
(Glowinski et al., 2003; Sullivan et al., 2000) and around
80% for schizophrenia (Schwab & Wildenauer, 2013). The
presence of plasma pro-inflammatory cytokines (Gabbay
et al., 2009; Mills et al., 2013) and variation in vitamin D

levels (Tolppanen et al., 2012) in adolescents with mental
illness is especially interesting, with both also having a role
in the modulation of the immune system (Yin & Agrawal,
2014). Understanding how putative biomarkers vary in a
healthy population of adolescents may help in guiding the
study of these blood measures in psychiatric disorders in
adolescents. Examining the link between psychiatric dis-
orders and immune system dysregulation (Gabbay et al.,
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2009), and the genetic contribution to these biomarkers, are
both required to understand the role of plasma cytokines
and vitamin D levels in adolescent psychiatric disorders.

Cytokines

Cytokines are small proteins that mediate key steps in cellu-
lar and humoral immunity (Janssen et al., 2010), and have
been shown to act as neuromodulators. Examples of pro-
inflammatory cytokines include interleukin-1� (IL-1�),
interleukin-6 (IL-6), and tumor necrosis factor-� (TNF-�)
(Dowlati et al., 2010; Miller et al., 2011), with TNFR1 the
key mediator of TNF signaling in most cells (Wajant et al.,
2003). Some cytokines, such as transforming growth factor-
beta (TGF-�) and TGF-�1, have both pro-inflammatory
and anti-inflammatory effects (Gressner et al., 2002; Wahl,
1992).

Cytokines, in particular pro-inflammatory cytokines,
have been associated with both MDD and schizophrenia.
MDD is thought to be associated with immune system dys-
regulation (Danese et al., 2007; 2011; Gabbay et al., 2009;
Irwin & Miller, 2007). In adults, a recent meta-analysis
reported an association between elevated levels of two
pro-inflammatory cytokines, IL-6 and TNF-�, and MDD
(Dowlati et al., 2010). It is also possible that symptoms of
depression may be a result of natural variation between
individuals in levels of circulating cytokines, even in the
absence of specific immune challenge such as infection.

A role for immune system dysregulation in schizophrenia
has also been hypothesized (Benros et al., 2012; Ripke et al.,
2014). Levels of circulating cytokines have been associated
with acute exacerbations of schizophrenia. Specifically, a
recent meta-analysis reported an increase in the cytokines
IL-1�, IL-6, and TGF-� during acute relapse and/or first
episode psychosis, which normalized with antipsychotic
treatment (Miller et al., 2011). The same meta-analysis
found IL-12, TNF-�, Interferon-� (IFN-�), and soluble IL-
2 receptor (sIL-2R) appeared to be trait markers, with levels
elevated in first episode psychosis, and remaining so fol-
lowing antipsychotic treatment. Levels of IL-12, TNF-�,
and IFN-� were also found to be elevated in acute relapses
of schizophrenia, and remained elevated following antipsy-
chotic treatment (Miller et al., 2011).

Some studies have measured cytokine response in stim-
ulated cells; for example, ex vivo stimulation with amyloid-
� in whole blood (Posthuma et al., 2005), or antigen-
stimulated whole-blood assays (Stein et al., 2003). This is
likely to reflect the heritability of the immune response
rather than natural variation. Few studies have estimated
the heritability of circulating levels of cytokines, particu-
larly in adolescents. Heritabilities of circulating levels of the
cytokines IL-1�, IL-6, IL-10, and TNF-� have been esti-
mated in adult females, with the cytokines IL-1� and IL-10
found to be moderately heritable (range 0.27–0.32 and 0.3
for IL-1� and IL-10, respectively), and the cytokines IL-
6 and TNF-� found to be less heritable (range 0.15–0.16

and 0.17–0.23 for IL-6 and TNF-�, respectively; Sas et al.,
2012). It should also be noted that measurement of cy-
tokines is known to present difficulties, and quantification
of cytokine levels has been found to depend on a number
of factors. For example, concentrations of several inflam-
matory markers have been found to change depending on
whether serum or plasma is collected (Skogstrand, 2012),
and healthy adolescents should have very low levels of circu-
lating inflammatory cytokines (Miller et al., 2011). Further-
more, circulating levels of some cytokines vary throughout a
24-hour period (e.g., IL-2; Palm et al., 1996), or a seven-day
period (e.g., TNF-�; O’Brien et al., 2007). These challenges
all need to be considered in the design of studies involving
the measurement of cytokines.

Vitamin D

Vitamin D is best known for its role in skeletal health. More
recently, vitamin D has also been implicated in non-skeletal
health such as cancers, immunology, and psychiatric dis-
ease (Cantorna, 2012; Holick, 2007; Yin & Agrawal, 2014).
Activation of cells of the immune system results in upreg-
ulation of the vitamin D receptor (Veldman et al., 2000).
Furthermore, vitamin D is a direct inhibitor of the pro-
inflammatory cytokine IL-17 (Bruce et al., 2011). With re-
gard to psychiatric disease, an increased risk of depression
has been associated with low vitamin D in cross-sectional
studies (Hoang et al., 2011), yet this may reflect individuals
with depression spending less time outdoors with less sun
exposure. However, a prospective study of 2,759 individu-
als found a significant association between low vitamin D
measured at 9 years of age, and higher scores on depressive
symptoms at 11 and 14 years of age (Tolppanen et al., 2012).
With regard to schizophrenia, an association has been ob-
served with increased risk of this syndrome later in life in
neonates who had either low levels or high levels of vitamin
D (McGrath et al., 2010).

Heritability estimates for vitamin D show much variation
and some also seem to vary across season of measurement
and sex. Heritability of vitamin D ranges from 0.43 in Euro-
pean adult twins (98.3% of these twins were female; Hunter
et al., 2001) to as high as 0.80 in the German Asthma Family
Study Group (Wjst et al., 2007). A study of male twins found
vitamin D levels to be highly heritable during winter, but
not heritable in summer (Karohl et al., 2010), while a study
of male and female twins found vitamin D to be heritable in
summer, but not during winter (Snellman et al., 2009). Sex
differences have been observed with a study of vitamin D
in rural Chinese adolescent twins estimating heritability at
0.86 for males and 0.17 for females (Arguelles et al., 2009).

With the clinical diagnosis of both MDD and schizophre-
nia likely to represent a biological heterogeneous group
of disorders, identification of biomarkers that stratify pa-
tients for application of ‘stratified medicine’ is a direction
worthy of further research (Kapur et al., 2012). The study
reported here represents preliminary research towards the
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goal of understanding the role of potential blood biomark-
ers (specifically plasma cytokine and vitamin D measures)
of depression and psychosis. We could not find prior pub-
lished heritability estimates for some of these cytokines. We
used a population-based sample of healthy adolescent twins
to assess the genetic and environmental contributions to
variation in circulating levels of these potential biomarkers.

Methods
Samples

Participants were 16-year-old twins (mean 16.2 years, SD
0.25 years) from the Brisbane adolescent twin study (Wright
& Martin, 2004). In this sample, both plasma cytokine and
dried blood spots (DBS) vitamin D measures were collected
as part of a study focusing on health and well-being in an
adolescent population sample. Plasma cytokine measures
were available for 400 individuals (85 MZ twin pairs and
115 DZ twin pairs), DBS vitamin D measures were available
for 378 individuals (70 MZ twin pairs and 118 DZ twin pairs,
two twin pairs were incomplete). Of these twin pairs, 49 MZ
twin pairs and 74 DZ twin pairs had data available for both
plasma cytokine and vitamin D measures.

Blood was collected when twins came in for testing as
close as possible to their 16th birthday. To explore im-
pact of age of biological sample in this pilot study we
selected individuals who participated either between the
years 1997–2000 (wave 1) or between the years 2006–2009
(wave 2). Blood samples were available from these years
both as plasma (for measurement of cytokines) and DBS
(for measurement of vitamin D). DBS for the measurement
of vitamin D were stored on Whatman 903 filter paper for
wave 1, and on Whatman FTA cards impregnated with an-
tibacterial agents to preserve DNA for wave 2. Blood of two
members of a twin pair (i.e., co-twins) was always collected
within the same wave.

Assay of Plasma Cytokine and Vitamin D Measures

Plasma cytokine measures. A total of 25 plasma cytokines
and inflammatory markers were measured at the James
Cook University, Townsville, Australia. Of these 25 mark-
ers, TGF-�1 and TNFR1 were assayed successfully. Specif-
ically, plasma cytokines and inflammatory markers were
divided into four separate groups, based on multiplexing
compatibility with other cytokines and inflammatory mark-
ers with the groups as follows: Group 1: TGF-�1; Group 2:
interleukin-2 (IL-2), IL-4, IL-7, IL-11, IL-12, IL-13, TNF-�,
IL-17A, IL-21, Exotaxin, Granulocyte Macrophage Colony-
Stimulating Factor (GM-CSF); Group 3: IL-1�, IL-1�, IL-
3, IL-5, IL-6, IL-8, IL-9, IL-10, IFN-�-inducible protein
10 (IP-10), Monocyte Chemo-attractant protein-1 (MCP-
1), Macrophage inflammatory protein-1a (Mip-1a), IFN-�;
Group 4: TNFR1.

TGF-�1 and TNFR1 were measured individually (not
part of the multiplex) due to not being compatible with

other cytokines. For TGF-�1 (560429) we used the human
TGF-�1Duoset ELISA kit (R&D). We used BD biosciences
flex set multiplex assays at half strength (allowing double the
number of samples) compared to the manufacturer’s rec-
ommendations, supported by pilot analyses. Plasma sam-
ples were diluted four times before testing, consistent with
observations from the kit manufacturer (and our own pre-
experiment measurements) that undiluted plasma causes
high background signal that interferes significantly with
specific signals. Standard curves were generated using tech-
nical controls of lyophilized standard protein at a known
concentration. In addition, for all cytokines and inflamma-
tory markers an intra-assay experiment (to evaluate accu-
racy of the method) was run on 20 samples created from tis-
sue culture medium spiked with standards. The experimen-
tal design for the plasma samples ensured that co-twins (two
members of a twin pair) were randomized across plates.

Out of the cytokines measured in plasma, we found
that only the two assays conducted for individual cytokines
(TGF-�1 and TNFR1) not included in the multiplex gen-
erated meaningful results. For the multiplexed cytokines
(groups 2 and 3), we found that although the technical
controls (the intra-assay experiment) were measured ac-
curately, the assay was not sufficiently sensitive to the low
circulating levels in healthy adolescents following the rec-
ommended dilution of sample.

Given the poor outcome of cytokine assays from plasma
samples, we also attempted to assay cytokines from DBS
(Skogstrand et al., 2008). Inflammatory markers are more
stable in DBS, with measurable concentrations of cytokines
found to be stable in DBS stored at different temperatures
for many days when compared to DBS frozen immediately
after preparation (although long-term storage at –20 °C is
considered optimal; Skogstrand et al., 2008). While mea-
surable amounts of most cytokines have been found to be
nearly constant in DBS stored up to 23 years, a marked
decrease over time has been noted in measurable concen-
trations of IL-1�, IL-8, sIL-6ra, matrix metallopeptidase-
9 (MMP-9), triggering receptor expressed on myeloid
cells 1 (TREM-1), CRP, brain-derived neurotrophic fac-
tor (BDNF), and neurotrophin-4 (NT-4) in stored DBS
(Skogstrand et al., 2005). We found that the cytokine mea-
sures were sensitive to paper type (often generating null
reads for one or other paper) and were subject to plate
effects that could not be adjusted appropriately in an exper-
imental design in which co-twins within a twin pair were
present on the same plate. We also attempted to measure
antibodies to infectious agents (Yolken et al., 2011), another
potential biomarker for MDD, but also found the assays to
be highly sensitive to paper type and plate effects, and few
individuals had non-null measures.

Vitamin D measures. The main circulating form of vi-
tamin D is 25 hydroxyvitamin D3 (25(OH)D3) (Holick,
2007). In our study, 25(OH)D3 was measured from DBS by
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liquid chromatography tandem mass spectroscopy (Eyles
et al., 2009; McGrath et al., 2010) at the University of
Queensland, Brisbane, Australia. The assay method is highly
sensitive, and can measure 25(OH)D3 in DBS stored for be-
tween 8 and 22 years (Eyles et al., 2009). With this method,
assay calibrants are extracted and derived in the same way
as clinical samples, using multi-point calibration curves
(Eyles et al., 2009). Co-twins were plated in adjacent wells
on the same plate. As Whatman FTA paper is thicker than
903 and therefore absorbs more blood, standards were pre-
pared on both paper types in accordance with previous
studies (Kvaskoff et al., 2012).

For the measurement of 25(OH)D3, the experimental
design for the DBS was not ideal for partitioning of vari-
ance as co-twins of the same pair were plated in neigh-
boring wells of the same plate. Under this design, batch
effects are common to the twin pair so will be partitioned
into the common environmental component. In contrast,
if co-twins of a twin pair are plated randomly, batch ef-
fects will partition into the unique environment variance
component. The DBS plating layout had been established
for a different study interested in differences between twin
pairs in blood markers. The static associated with tiny blood
spots meant that replating was not practical. However, the
extensive technical controls implemented in the 25(OH)D3
assay eliminated plate effects and so confounding of plate
and twin pair was not an issue.

Statistical Analyses

To account for non-normality of the data, a square root
transformation was applied to TGF-�1. Subsequently,
TGF-�1 and TNFR1 were standardized and effects of
plate and year of blood sampling were regressed out. For
25(OH)D3, which is largely affected by seasonal differences
in ultra violet exposure, a cosinor regression model was
fitted to the data to adjust for seasonality; additionally, pos-
sible effects of sex, year of blood sampling, and paper type
(Barnett & Dobson, 2010) were regressed out. Year of blood
sampling did not have a significant effect on any measure.

A saturated model was fitted to the residuals to estimate
MZ and DZ twin correlations for cytokines TGF-�1 and
TNFR1 and for 25(OH)D3. A saturated model does not
hold any assumptions regarding the underlying variance
components model. Means and variances were constrained
to be equal across zygosity groups, and twin correlations
were constrained to be equal for same-sex DZ and opposite-
sex DZ twin pairs to improve stability of the genetic model.
Within the saturated model, differences in means and vari-
ances between first- and second-born twins and between
zygosity and sex (and BMI for 25(OH)D3) were tested us-
ing likelihood ratio tests.

To investigate the relative contributions of genetic and
environmental factors to the observed variation in TGF-�1,
TNFR1, and 25(OH)D3, univariate variance components
models were specified. The analysis of 25(OH)D3 was done

in the full sample as well as separately, including individuals
who had their blood collected in summer or winter (where
the months, May to October inclusive were considered win-
ter, and November to April inclusive were considered sum-
mer in the southern hemisphere). Within these models, the
variance was partitioned into additive genetic (A), common
environmental (C), and unique environmental (E) variance
components. ‘A’ represents the additive genetic effects of
alleles summed up over all genetic loci in the genome, ‘C’
represents shared or common environmental factors that
render offspring of the same family more alike, and ‘E’ rep-
resents environmental factors that result in differences be-
tween family members. ‘E’ also includes measurement error.

To examine the significance of estimated variance com-
ponents, the fit of a nested (increasingly more restricted)
model was compared to the fit of the full model. Two sub-
models were considered: (1) a model including A and E,
and (2) a model including C and E. Goodness-of-fit of
these submodels was assessed using likelihood ratio tests.
The difference in log-likelihoods between the full (ACE)
model and the reduced (AE or CE) model follows a �2-
distribution and was evaluated using a �2-difference test. If
the �2-difference test is significant, the estimate of the vari-
ance component that is removed from the model (e.g., C in
an AE model) is considered significantly larger than zero. If
the �2-difference test is not significant, the estimate of the
variance component that is removed from the model is not
significantly larger than zero. Twin correlations and vari-
ance components were estimated in the statistical software
package Mx (Neale et al., 2006).

Results
Means and variances of raw values for TGF-�1, TNFR1, and
25(OH)D3 are shown in Table 1. For TGF-�1 and TNFR1
we were not able to find an agreed normal reference range
to which we could compare our results, vitamin D levels
were within the normal range (Paxton et al., 2013). For
TNFR1, we observed a significant difference in means be-
tween males and females, with males having higher levels
than females (p < .001). For 25(OH)D3, we observed sig-
nificant differences in variances (p = .001) between MZ and
DZ twins (with MZ twins having on average higher levels
and larger variance compared with DZ twins) and a birth
order effect in both means (p < .05) and variances (p <

.01) (with first-born twins having on average lower levels
of vitamin D and smaller variance). We expect the effects
of zygosity and birth order to be a result of the sampling
variance. The phenotypic correlations between the vitamin
D and the two cytokine measures were not significantly
different from zero.

MZ correlations were significantly higher than DZ corre-
lations for TGF-�1 and 25(OH)D3, and approached signifi-
cance for TNFR1 (Table 1), suggesting a genetic component
in the variance decomposition. Given the small sample size,
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TABLE 1

Means, Variances (of Raw Values), and Twin Correlations (with 95% Confidence Intervals) for Transformed
Values of TGF-�1, TNFR1, and 25(OH)D3

Mean Variance rMZ (95% CI) rDZ (95% CI)

TGF-�1 A: 30.54 A: 327.75 A: 0.72 (0.62,0.80) A: 0.45 (0.29,0.58)
M: 29.66 M: 339.30 M: 0.68 (0.50,0.79) M: 0.60 (0.30, 0.76)
F: 31.45 F: 316.41 F: 0.77 (0.63,0.85) F: 0.54 (0.31, 0.70)

TNFR1 A: 809.25 A: 85039.67 A: 0.52(0.35, 0.65) A: 0.21 (0.04,0.37)
M: 890.70 M: 82972.81 M: 0.53 (0.23, 0.70) M: 0.27 (0.00, 0.48)
F: 725.01 F: 73712.50 F: 0.52 (0.29, 0.67) F: 0.25 (-0.10, 0.52)

25(OH)D3 A: 69.51 A: 752.87 A: 0.91 (0.87,0.94) A: 0.49 (0.33,0.62)
M: 71.84 M: 824.77 M: 0.92 (0.87,0.95) M: 0.76 (0.60,0.85)
F: 67.16 F: 673.56 F: 0.91 (0.84,0.94) F: 0.71 (0.49, 0.82)

Note: rMZ = monozygotic twin pair correlation; rDZ = dizygotic twin pair correlation; A = males and females combined; M =
males; F = females. TGF-�1 and TNFR1: Measured in ng/ml; Number twin pairs = 85 MZ, 115 DZ. 25(OH)D3: Measured
in nmol/L; Number twin pairs = 70 MZ, 118 DZ.

TABLE 2

Heritabilities of TGF-�1, TNFR1, and 25(OH)D3 (with 95% Confidence Intervals)

A C E

TGF-�1 0.57(0.26,0.80) 0.16(0.00,0.42) 0.27(0.20,0.38)
TNFR1 0.50(0.11,0.63) 0.00(0.00,0.29) 0.50(0.37,0.66)
25(OH)D3 — overall 0.86(0.61,0.94) 0.06(0.00,0.30) 0.09(0.06,0.13)
25(OH)D3 — summer 0.90 (0.60,0.94) 0.00 (0.00,0.30) 0.10(0.06,0.17)
25(OH)D3 — winter 0.56(0.31,0.92) 0.36(0.00,0.60) 0.08(0.05,0.14)

Note: A = standardized additive genetic variance; C = standardized common environmental variance; E = standardized unique
environmental variance.

we did not estimate heritability separately for males and
females. Twin correlations, however, were very similar for
males and females, suggesting no differences in heritability
estimates across sex in our data (Table 1).

Sex was included as a covariate in the means model in
the genetic analyses. We did not include sex as a covariate
in the variance model, nor did we consider birth order
effects in our genetic models. Including those effects in
our genetic models would greatly reduce power given the
current sample size, which in turn would probably lead to
spurious results.

Within the genetic model, the two cytokines were found
to be moderately heritable (Table 2), with heritabilities es-
timated at 0.57 (95% CI 0.26–0.80, �2 = 12.49, p = <.001)
and 0.50 (95% CI 0.11–0.63, �2 = 5.9, p = .008) for TGF-
�1 and TNFR1, respectively. Heritability of 25(OH)D3 (all
months combined) was estimated to be high (0.86, 95% CI
0.61 – 0.94, �2 = 55.98, p = <.001) (Table 2). Heritability
of 25(OH)D3 for individuals who had blood collected in
the summer months was also high (0.90, 95% CI 0.60 –
0.94, �2 = 25.43, p = <.001), while heritability for individ-
uals who had blood collected in winter was moderate (0.56,
95% CI 0.31–0.92, �2 = 23.023, p = .001). For the cytokines
TGF-�1 and TNFR1, any plate or batch effects would tend
to increase the unique environment variance component.

Discussion
We set out to determine if potential biomarkers for MDD
and schizophrenia were heritable in a community cohort of

healthy adolescent twins. Mean levels of circulating vitamin
D, measured as 25(OH)D3, were in the normal range for
healthy Australian adolescents (Paxton et al., 2013). The
differences in variances observed for 25(OH)D3 may have
been due to chance. The heritability estimates of the two
cytokines that could be measured in plasma were found
to be moderate (57% and 50% for TGF-�1 and TNFR1,
respectively) while the heritability of vitamin D was found
to be high (86%).

The heritability estimate for the standardized values of
vitamin D was similar to the heritability of 0.80 found for
vitamin D — specifically also 25(OH)D3 in the German
Asthma Family Study Group (Wjst et al., 2007), and 0.86
found for 25(OH)D (as 25(OH)D3) in male rural Chinese
adolescent twins (Arguelles et al., 2009) — but greater than
the estimate of 0.43 estimated in adult twins from the St
Thomas UK Adult Twin Registry (Hunter et al., 2001). Sim-
ilar to Snellman et al. (2009), we found the heritability esti-
mate of vitamin D to be higher in the summer months. This
was in contrast to another study, which observed heritability
of vitamin D to be higher in winter months (Karohl et al.,
2010). The only previous published report we could find
estimating the heritability of TGF-�1 found a heritability
of 0.28; however, the levels of this cytokine were estimated
in an antigen-stimulated whole-blood assay (Stein et al.,
2003). We could not find published reports of heritabilities
of TNFR1 to which to compare our results.

A genetic contribution to variation in circulating levels
of cytokines TGF-�1 and TNFR1 and vitamin D is poten-
tially relevant in the etiology of MDD and schizophrenia, as
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each of these biomarkers may contribute to a role in the eti-
ology of these disorders. Here we show the variance of these
biomarkers is largely genetic, while changes in environmen-
tal factors appear to have less influence. Variants in the ma-
jor histocompatibility complex (MHC) region have been
associated with schizophrenia (Ripke et al., 2011; 2014),
and many of the genes of this region code for cytokines
(Shiina et al., 2009). This association does not appear to be
driven by the high linkage disequilibrium in the extended
MHC (Ripke et al., 2014). With the complexity of the MHC
region presenting challenges in understanding its role in
schizophrenia (Lehner, 2012), further study of shared ge-
netic factors between these biomarkers and schizophrenia
is warranted. The possibility of shared genetic factors be-
tween these biomarkers and MDD could also be investigated
in future studies.

It should also be noted that although we did not find a
strong positive phenotypic association between cytokines
and vitamin D measures, this was to be expected. Stimula-
tion of human CD4+CD25-T lymphocytes in the presence
of 1, 25(OH)2D3 has been shown to inhibit production
of pro-inflammatory cytokines, including IFN-� and IL-17
(Jeffery et al., 2009). Low levels of plasma 25(OH)D3 have
been associated with chronic disease where inflammation
has been found to play an important role, such as type 2 di-
abetes (Ozfirat & Chowdhury, 2010). This finding may not
diminish the potential usefulness of these blood biomark-
ers, rather it suggests that the role of vitamin D deficiency
in inflammation may be an area where further research is
warranted (Yin & Agrawal, 2014).

A limitation of our study is that healthy adolescents are
expected to have very low levels of circulating inflammatory
cytokines (Miller et al., 2011). This may explain why our
initial ELISA multiplex assay performed on plasma samples
was not sufficiently sensitive (i.e., did not generate usable
results) to the circulating levels of cytokines in our healthy
community cohort of adolescents. This was despite the assay
being calibrated to standardized adult samples (McAfoose
et al., 2009). To address the limitation of assay sensitiv-
ity, high-sensitivity assays (such as ELISA single assays or
high sensitivity kits based on the Luminex 200 system) can
be used. ELISA assays utilize undiluted samples, but they
usually need high volume of sample (up to 500�L per sam-
ple). A limitation of the TGF-�1 assay was the volume of
sample required. The human TGF-�1 Duoset ELISA used
required 100 �l of sample. This was higher than the volume
of aliquots available, so we decreased the sample volume
used to 50 �l. In addition, the release of TGF-�1 from
platelet granules upon platelet activation also needs to be
considered. Our protocol should remove platelets from the
plasma sample but incomplete removal of platelets, which
can cause variable and irreproducible results (Flislak et al.,
2005), would serve to reduce estimates of heritability.

Recommendations for future studies could include
extending this research to adolescents with MDD or

schizophrenia (or psychotic symptoms) and conducting
both univariate and bivariate analyses to investigate to what
extent genetic impact on circulating levels of cytokines and
vitamin D are heritable and whether the same genes affect
these measures in people with psychiatric disorders such as
MDD and schizophrenia. However, high sensitivity assays
(such as ELISA single assays), with larger sample sizes would
be required. This could be followed by investigating the role
of other potential blood biomarkers (such as CRP and an-
tibodies to infectious agents) in adolescents with MDD or
psychosis.

Conclusion
This study reports heritability estimates of cy-
tokines/inflammatory markers and vitamin D in a
community-based cohort of adolescent twins. The heri-
tability estimate for vitamin D was high, whereas the two
cytokines that could be measured in plasma showed mod-
erate heritabilities. As presented in the published literature,
we found measurement of cytokines at the levels circulat-
ing in healthy adolescents to be difficult, perhaps limiting
their utility. Further research (which takes into account the
limitations of our present study) is warranted to explore the
potential uses of these biomarkers, in particular in adoles-
cents with mental health disorders.
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