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Summary
Background:  The  temporal  and  situational  stability  of  personality  has  led  generations  of
researchers  to  hypothesize  that  personality  may  have  enduring  effects  on  health,  but  the
biological mechanisms  of  such  relationships  remain  poorly  understood.  In  the  present  study,
we utilized  a  functional  genomics  approach  to  examine  the  relationship  between  the  5  major
dimensions  of  personality  and  patterns  of  gene  expression  as  predicted  by  ‘behavioural  immune
response’  theory.  We  specifically  focussed  on  two  sets  of  genes  previously  linked  to  stress,
threat, and  adverse  socio-environmental  conditions:  pro-inflammatory  genes  and  genes  involved
in Type  I  interferon  and  antibody  responses.
Methods:  An  opportunity  sample  of  121  healthy  individuals  was  recruited  (86  females;  mean
age 24  years).  Individuals  completed  a  validated  measure  of  personality;  questions  relating  to
current health  behaviours;  and  provided  a  5  ml  sample  of  peripheral  blood  for  gene  expression

analysis.
Results: Extraversion  was  associated  with  increased  expression  of  pro-inflammatory  genes  and
Conscientiousness  was  associated  with  reduced  expression  of  pro-inflammatory  genes.  Both
associations  were  independent  of  health  behaviours,  negative  affect,  and  leukocyte  subset
distributions.  Antiviral  and  antibody-related  gene  expression  was  not  associated  with  any  per-
sonality dimension.
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Personality  and  gene  expression  

Conclusions:  The  present  data  s
tions between  personality,  physic
elucidate  the  biological  mechanis
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1. Introduction

Personality  is  commonly  defined  as  a  cluster  of  indi-
vidual  psychological  attributes  (e.g.,  thoughts,  feelings
and  behaviours),  which  are  typically  stable  across  time
and  situations  and  give  rise  to  enduring  individual  dif-
ferences.  Multivariate  analyses  have  generally  identified
5  major  dimensions  of  human  personality  —  Neuroti-
cism,  marked  by  a  tendency  towards  negative  affect;
Extraversion  characterized  by  high  levels  of  sociability
and  appetitive  motivation;  Openness  to  Experience,  which
reflects  general  curiosity,  creativity,  and  an  orientation
towards  intellectual  and  aesthetic  pursuits;  Agreeable-
ness,  reflecting  general  likability  and  even  temperament;
and  Conscientiousness,  reflecting  planfulness,  caution,  and
harm  avoidance  (McCrae  and  Costa,  2004).  The  temporal
and  situational  stability  of  personality  has  led  genera-
tions  of  researchers  to  hypothesize  that  personality  may
have  enduring  effects  on  health  (Eysenck,  1991;  Friedman,
2008).  Some  large  epidemiological  studies  have  found  asso-
ciations  between  personality  characteristics  and  measures
of  disease  or  longevity  (Weiss  and  Costa,  2005;  Nakaya
et  al.,  2010;  Chapman  et  al.,  2011),  but  the  biological
mechanisms  of  such  relationships  remain  poorly  under-
stood.

Several  causal  models  have  been  invoked  to  explain  asso-
ciations  between  personality  and  health  (Friedman,  2008),
including  common  causation  by  underlying  individual  dif-
ferences  in  genetics  or  early  life  experience  (Cohen  et  al.,
2003;  MacMurray  et  al.,  2013;  Napolioni  et  al.,  2014);  effects
of  personality  on  health  behaviours  (e.g.,  smoking,  alcohol
consumption,  physical  activity:  Turiano  et  al.,  2012);  differ-
ential  proclivity  to  risky  situations  or  environments  (Cohen
et  al.,  2003);  effects  of  personality-related  stress  responses
on  biological  function  (Vedhara  and  Irwin,  2005;  Miller  et  al.,
2009a),  and  reverse  causation  of  individual  differences  in
behaviour  by  individual  differences  in  health  or  inflamma-
tory  biology  (Dantzer  et  al.,  2008;  Eisenberger  et  al.,  2010).

One  body  of  theoretical  analysis  suggests  that  individ-
ual  differences  in  the  vigour  of  biological  immune  responses
may  come  to  be  associated  with  individual  differences
in  personality  traits  that  serve  as  a  sort  of  ‘behavioural
immune  response’  (Schaller  and  Murray,  2008;  Thornhill
et  al.,  2010;  Schaller,  2011).  According  to  this  theo-
retical  approach,  individuals  who  have  relatively  weak
biological  immune  responses  are  hypothesized  to  show
stronger  behavioural  immune  responses  such  as  avoid-
ance  of  strangers  (i.e.,  Introversion),  reduced  exploratory
behaviour  (i.e.,  low  Openness  to  experience),  and  greater
harm-avoidant  behaviour  (i.e.,  Conscientiousness).  Recent

genetic  association  studies  have  supported  this  hypothesis
in  documenting  increased  levels  of  Introversion  in  people
carrying  immune  response  gene  polymorphisms  that  con-
fer  increased  vulnerability  to  infectious  diseases  (MacMurray
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hed  new  light  on  the  long-observed  epidemiological  associa-
al  health,  and  human  longevity.  Further  research  is  required  to
ms  underlying  these  associations.
erved.

t  al.,  2013;  Napolioni  et  al.,  2014).  Conversely,  allostatic
hysiology  (Sterling,  2004)  suggests  that  biological  immune
efences  may  be  up-regulated  in  individuals  who  experience
xtended  exposure  to  threat  or  stress  and  might  thus  expe-
ience  an  elevated  risk  of  injury  or  infection,  or  in  highly
ociable  individuals  who  face  increased  exposure  to  com-
unicable  diseases  (Cole  et  al.,  2011;  Cole,  2013;  Slavich

nd  Cole,  2013).
Despite  a  wealth  of  theoretical  explanation  for  links

etween  personality  and  health,  the  biological  mecha-
isms  mediating  those  relationships  remain  poorly  defined.
ome  studies  have  reported  associations  between  meas-
res  of  personality  and  specific  endocrine  and  immune
arameters  such  as  catecholamine  neurotransmitters  from
he  sympathetic  nervous  system  (SNS)  and  glucocorticoid
ormones  from  the  Hypothalamic-Pituitary-Adrenal  (HPA)-
xis  (Miller  et  al.,  1999;  Rutledge,  2006;  Molloy  et  al.,
008;  Reinhard  et  al.,  2012). Studies  have  also  reported
ssociations  between  some  personality  dimensions  such  as
xtraversion  and  Conscientiousness  and  expression  of  pro-
nflammatory  mediators  (e.g.,  cytokines)  or  biomarkers
e.g.,  C-reactive  protein)  that  have  been  linked  in  partic-
lar  to  ageing  and  longevity  (Finch,  2007;  Chapman  et  al.,
009;  Sutin  et  al.,  2010;  Millar  et  al.,  2013).  However,  little
ork  has  directly  examined  the  leukocyte  gene  regulatory

ystems  that  govern  immune  cell  function  and  thus  regulate
he  inflammatory  dynamics  that  contribute  to  disease  (e.g.,
ardiovascular  disease,  cancer  incidence  and  progression,
eurodegenerative  diseases)  or  the  antibody-  and  antiviral
ene  expression  programs  that  mediate  host  resistance  to
nfection.

In  the  present  study,  we  utilized  a  functional  genomics
pproach  to  identify  relationships  between  the  5  major
imensions  of  human  individual  differences  in  personality
nd  broad  patterns  of  gene  expression  in  human  leuko-
ytes.  Previous  research  has  linked  stress,  threat,  and
dverse  socio-environmental  conditions  to  a  conserved
ranscriptional  response  to  adversity  (CTRA)  characterized
y  up-regulated  transcription  of  pro-inflammatory  genes
nd  a  complementary  down-regulation  of  genes  mediating
he  production  of  Type  I  interferon  antiviral  responses  and
gG  antibodies  (Irwin  and  Cole,  2011;  Antoni  et  al.,  2012;
ole  et  al.,  2012;  Cole,  2013).  This  profile  is  hypothesized
o  represent  an  anticipatory  immunological  response  to
ncreased  risk  of  injury  during  periods  of  experienced  threat
Irwin  and  Cole,  2011;  Antoni  et  al.,  2012;  Cole  et  al.,  2012;
ole,  2013).  Based  on  the  ‘behavioural  immune  response’
heory  (Schaller  and  Murray,  2008;  Thornhill  et  al.,  2010;
challer,  2011),  we  hypothesized  that  pro-inflammatory
ene  expression  would  be  up-regulated  in  extraverts  and

eople  with  high  levels  of  openness  to  experience  (both
f  whom  would  be  expected  to  experience  elevated  risk
f  injury/infection)  and  down-regulated  in  conscientious
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ndividuals  with  comparatively  strong  behavioural  immune
esponses.  Antiviral/antibody  gene  expression  tends  to  be
nversely  associated  with  pro-inflammatory  gene  expres-
ion,  so  we  hypothesized  reduced  expression  of  these  genes
n  people  with  high  levels  of  Extraversion  and  Openness,  and
levated  expression  in  Conscientious  individuals.  We  tested
hese  hypotheses  in  a  healthy  sample  of  young  adults  to  limit
ossible  reverse  causation  of  social  behaviour/personality
y  pre-existing  illness  (Eysenck,  1991)  using  the  standard
EO  Five  Factor  Inventory  (NEO-FFI;  McCrae  and
osta,  2004)  to  assess  the  major  dimensions  of  human
ersonality.

. Methods

.1.  Participants  and  recruitment

n  opportunity  sample  of  121  individuals  was  recruited
rom  a  UK  higher  education  establishment.  The  cohort  con-
isted  of  86  females  and  35  males  with  an  average  age  of
4  years  (range  18—59,  standard  deviation  7.7,  90%  aged
8—33)  and  a  mean  body  mass  index  of  23.3  (standard  devi-
tion  3.76).  The  cohort  was  ethnically  diverse,  including
9%  (n  =  61)  who  described  their  ethnic  status  as  White,  39%
n  =  47)  who  identified  as  Asian  British,  and  other  ethnic
roups  representing  less  than  5%  of  the  sample.  The  vast
ajority  of  participants  were  students  (n  =  110),  with  the

emainder  describing  themselves  as  ‘employed’.  Individuals
ere  recruited  in  response  to  posters,  leaflets  and  emails
romoting  an  opportunity  to  participate  in  a  study  look-
ng  at  the  relationship  between  personality  and  health.  All
nterested  participants  received  a  participant  information
heet  and  provided  written  informed  consent  prior  to  par-
icipation.  Study  participation  criteria  excluded  individuals
ith  concurrent  acute  or  chronic  illnesses  and  those  who
id  not  speak  English.  Illness  was  assessed  by  self-report
n  the  day  of  study  participation.  All  screened  respon-
ents  met  both  inclusion  criteria,  and  so  no  respondents
ere  excluded.  Participation  was  voluntary  and  no  mone-

ary  compensation  was  provided.  The  study  received  ethical
nd  regulatory  approval  from  the  Institute  of  Work,  Health

 Organisations  ethics  committee  (University  of  Notting-
am,  UK)  and  the  Department  of  Research  and  Innovation
Queen’s  Medical  Centre,  Nottingham,  UK).  The  authors
ssert  that  all  procedures  contributing  to  this  work  com-
lied  with  the  ethical  standards  of  the  relevant  national
nd  institutional  committees  on  human  experimentation
nd  with  the  Helsinki  Declaration  of  1975,  as  revised  in
008.

.2.  Procedure

ll  individuals  who  provided  written  informed  consent  were
equested  to  complete  a  questionnaire  booklet  which  con-
ained  the  battery  of  instruments  outlined  below.  This  was

ollowed  by  the  collection  of  a  blood  sample  by  a  trained
hlebotomist.  All  blood  samples  were  treated  as  described
elow  and  stored  at  −70 ◦C  until  assayed  in  batch  following
he  end  of  recruitment.

q
o
l
(

K.  Vedhara  et  al.

.3.  Materials

.3.1.  Personality
ersonality  was  measured  using  the  NEO-FFI  (McCrae  and
osta,  2004).  This  instrument  is  a 60  item  measure  of
ersonality  derived  from  the  240  item  Revised  NEO  Person-
lity  Inventory  (Costa  and  McCrae,  1992);  and  it  measures
he  personality  dimensions  of  Extraversion,  Neuroticism,
penness,  Agreeableness  and  Conscientiousness.  The  scale
as  been  recommended  for  use  in  exploratory  personality
esearch,  as  in  the  present  study  (McCrae  and  Costa,  2004).
ronbach’s  alphas  were  computed  to  examine  the  reliability
f  each  subscale.  The  results  revealed  evidence  of  modest  to
ood  reliability  for  all  dimensions  (Openness:  ˛  =  .63;  Agree-
bleness:  ˛  =  .69;  Conscientiousness:  ˛  =  .84;  Neuroticism:

 =  .80;  Extraversion:  ˛  =  .78).  Distributions  were  assessed
or  consistency  with  normality  using  quantile—quantile  plots
ith  normal  scores  correlation  values  >.97.

.3.2.  Health  behaviours,  medication  use,  and  negative
ffect
articipants’  typical  smoking,  drinking  and  exercise
ehaviour  was  captured  by  items  asking  respondents  to
ndicate  their  usual  levels  of  these  behaviours  on  a  daily
asis  (e.g.,  On  average,  I  smoke  cigarettes  per  day/drink
units  per  day/exercise  hours  per  day).  Current  med-

cation  use  was  measured  by  free-response  self-report  of
edication  name  and  minor  symptom  indication  (e.g.,

cetaminophen  for  headache,  anti-histamines  for  hayfever,
tc.).  Negative  affect  was  measured  by  the  well-validated
ANAS  Scales  (Watson  et  al.,  1988).

.3.3.  Blood  sampling  and  gene  expression
he  analysis  of  gene  expression  required  the  collection  and
reparation  of  a 5  ml  sample  of  peripheral  blood.  All  blood
amples  were  diluted  with  Roswell  Park  Memorial  Institute
RPMI)  1640  medium  (Sigma)  and  subject  to  Ficoll  density
radient  centrifugation  to  isolate  peripheral  blood  mono-
uclear  cells  (PBMC).  The  resultant  cell  pellet  was  removed
nd  suspended  in  1.5  ml  of  Qiagen  RNeasy  Lysis  Buffer  (RLT)
nd  stored  at  −70 ◦C  to  ensure  RNA  stabilization.  Samples
ere  then  shipped  in  a  batch  on  dry  ice  to  the  UCLA  Social
enomics  Core  Laboratory  for  gene  expression  analysis.  RNA
as  extracted  (Qiagen  QIAcube),  tested  for  suitable  mass

Nanodrop  ND1000)  and  integrity  (Agilent  Bioanalyzer),  con-
erted  to  fluorescent  cDNA  (NuGEN  PicoSL)  and  hybridized
o  Illumina  Human  HT-12  v4  BeadArrays  following  the  man-
facturer’s  standard  protocol  in  the  UCLA  Neuroscience
enomics  Core  Laboratory.  Two  samples  yielded  insufficient
NA  for  analysis.  All  remaining  samples  were  assayed  in  a
ingle  batch  and  yielded  valid  results  according  to  standard
uality  assurance  methods  (e.g.,  median  probe  fluorescence
ntensity  >100  units).  The  microarray-based  transcriptome
rofiling  approach  used  here  does  not  require  any  normaliza-
ion  to  a  specific  internal  housekeeping  control  because  the

uantile-based  data  normalization  employed  at  the  outset
f  data  analysis  (see  below)  standardizes  total  assayed  RNA
evels  across  samples  at  the  level  of  the  whole  transcriptome
Bolstad  et  al.,  2003).
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modest  levels  of  exercise  (approaching  1  h  per  day).  Table  1
Personality  and  gene  expression  

2.4.  Statistical  analysis

Gene  expression  values  were  quantile-normalized  (Bolstad
et  al.,  2003)  and  log2-transformed  for  primary  general  lin-
ear  model  analyses  quantifying  association  of  CTRA-related
transcript  expression  with  continuous  (z-score)  measures  of
each  of  the  5  NEO  personality  traits  (treated  as  simultane-
ous/competing  predictors,  i.e.,  adjusted  for  one  another)
while  controlling  for  age,  sex,  and  race  (white  vs.  non).
Effect  sizes  for  the  resulting  linear  model  coefficients
(metric:  difference  in  predicted  gene  expression  per  per-
sonality  SD)  were  graphed  as  the  range-spanning  magnitude
of  difference  in  predicted  gene  expression  values  over
the  standardized  range  of  observed  continuous  personal-
ity  scores  (i.e.,  comparing  predicted  gene  expression  at  a
value  of  +2  SD  above  mean  personality  score  with  that  at
a  value  of  2  SD  below  mean  personality  score,  correspond-
ing  to  predicted  change  in  gene  expression  over  the  4  SD
range  that  captures  95%  of  observations  in  a  normal  distribu-
tion).  Follow-up  secondary  analyses  tested  for  contributions
of  health  behaviours  to  personality-related  differences  in
gene  expression  through  additional  control  for  body  mass
index  (BMI),  alcohol  consumption  (standard  units  per  day),
smoking  (cigarettes  per  day),  physical  activity  (hours  per
day),  and  minor  symptoms  (e.g.,  headache,  hayfever).  To
determine  whether  personality  effects  might  be  mediated
in  part  by  differences  in  leukocyte  subset  composition  of
the  PBMC  pool  (Cole,  2010),  additional  secondary  analyses
controlled  for  the  prevalence  of  transcripts  marking  T  lym-
phocytes  subsets  (CD3D, CD3E, CD4, CD8A), B  lymphocytes
(CD19),  NK  cells  (CD16/FCGR3A,  CD56/NCAM1), and  mono-
cytes  (CD14). Gene  expression  data  are  publicly  available  as
Gene  Expression  Omnibus  series  GSE60491.

Primary  analyses  focused  on  2  a  priori-defined  sets  of
genes:  19  pro-inflammatory  genes  (IL1A, IL1B, IL6,  IL8,  TNF,
PTGS1, PTGS2, FOS, FOSB, FOSL1, FOSL2, JUN, JUNB, JUND,
NFKB1,  NFKB2, REL, RELA, RELB), and  34  genes  involved
in  Type  I  interferon  responses  (GBP1, IFI16, IFI27, IFI27L1-
2,  IFI30, IFI35, IFI44, IFI44L, IFI6, IFIH1, IFIT1-3, IFIT5,
IFIT1L,  IFITM1-3,  IFITM4P,  IFITM5, IFNB1, IRF2, IRF7-8, MX1-
2,  OAS1-3,  OASL) and  antibody  synthesis  (IGJ,  IGLL1, IGLL3)
(Fredrickson  et  al.,  2013).  For  each  gene  set,  we  con-
ducted  a  pooled  average  association  analysis  in  which  partial
regression  coefficients  relating  each  transcript’s  (log2)  abun-
dance  to  a  given  dimension  of  personality  were  averaged
to  produce  a  summary  estimate  of  total  CTRA  gene  set
association,  i.e.,  a  simple  sum  of  random  variables  in  the
form  of  regression  coefficients  (Ewens  and  Grant,  2005).
That  pooled  association  estimate  was  tested  for  statisti-
cally  significant  difference  from  0  (null  association)  using
a  single-sample  t-test  with  bootstrap  standard  errors  (200
cycles  of  re-sampled  residual  vectors,  which  controls  for  any
potential  correlation  among  residuals  across  genes;  Efron
and  Tibshirani,  1993).

Additional  ancillary  analyses  sought  to  identify  tran-
scription  control  pathways  that  may  mediate  observed
transcriptional  differences  associated  with  personality
dimensions  that  reached  statistical  significance  in  primary
analyses.  Initial  low  level  genome-wide  analyses  identified

all  transcripts  showing  a  point  estimate  of  ≥1.25-fold  differ-
ential  expression  across  the  range  −2  SD  to  +2  SD  relative  to
mean  personality  z-score  (each  adjusted  for  the  other  major
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imensions  of  personality  and  for  the  demographic,  health
ehaviour,  and  minor  symptom  covariates  listed  above),  and
hose  putatively  associated  genes  were  subject  to  TELiS
romoter-based  bioinformatic  analysis  (Cole  et  al.,  2005)
o  assess  activity  of  NF-�B and  Interferon  Response  Fac-
or  family  transcription  factors  previously  linked  to  CTRA
ranscriptional  dynamics  (TRANSFAC  V$CREL  01,  V$IRF1  01)
nd  CREB  and  glucocorticoid  receptor  (GR)  transcription
actors  (V$CREB  Q4,  V$GR  Q6)  mediating  SNS  and  HPA  axis
ignalling,  respectively  (Cole  et  al.,  2005;  Fredrickson  et  al.,
013) with  results  averaged  over  9  parametric  variations
f  MatInspector  scan  stringency  and  promoter  length.  Tran-
cript  Origin  Analysis  was  also  applied  to  the  low-level
ssociation  data  to  identify  the  specific  PBMC  subtypes
ediating  the  observed  differences  in  gene  expression,  as
reviously  described  (Cole  et  al.,  2011).  Transcript  Origin
nalysis  seek  to  identify  the  specific  leukocyte  subsets  (e.g.,
D4+  or  CD8+  T  cells,  B  cells,  NK  cells,  monocytes,  plas-
acytoid  dendritic  cells)  that  contribute  to  the  observed

ranscriptome  differences  by  quantifying  the  extent  to
hich  the  genes  that  show  empirical  differential  expression

n  the  present  study  of  a  heterogeneous  leukocyte  pool  are
xpressed  predominately  by  a  single  type  of  cell  in  a  previ-
usly  conducted  reference  study  of  physically  isolated  cell
ypes  (Cole  et  al.,  2011).  Low-level  transcript-phenotype
ssociations  (Supporting  Dataset  S1)  were  estimated  solely
o  provide  inputs  into  high-level  TELiS  and  Transcript  Origin
nalysis  gene  set  analyses  and  were  not  tested  for  statistical
eliability  at  the  level  of  individual  genes.  Ancillary  analyses
ere  conducted  under  a  protected  testing  strategy  in  which

pecific  personality  dimensions  were  subject  to  additional
ELiS  and  Transcript  Origin  analyses  only  if  they  reached
tatistical  significance  in  one  of  the  primary  analyses  focus-
ng  on  the  a  priori  pro-inflammatory  and  antiviral/antibody
ene  sets.

Missing  gene  expression  data  (n  =  2)  and  ethnicity  data
n  =  2)  reduced  the  primary  analysed  sample  size  to  117.
issing  BMI  data  (n  =  2)  additionally  reduced  the  sample

ize  to  115  in  analyses  controlling  for  health  behaviour.
hroughout  all  analyses,  the  statistical  significance  level  was
et  at  p  <  .05,  and  analyses  followed  established  statistical
uidelines  (Cao  and  Zhang,  2014)  in  controlling  for  multiple
omparisons  in  exploratory  analyses  of  related  hypotheses
e.g.,  correlations  among  personality  dimensions)  but  not
n  analyses  of  distinct  substantive  hypotheses  (e.g.,  test-
ng  associations  between  specific  personality  dimensions  and
pecific  a priori  predicted  differences  in  gene  expression).

.  Results

.1.  Participant  characteristics

he  analysed  sample  involved  121  currently  healthy  adults
no  self-reported  acute  or  chronic  illness)  who  were  pre-
ominately  young  (mean  =  24.3  years;  90%  between  18  and
3),  female  (73%),  and  ethnically  diverse  (51%  non-white),
ith  low  levels  of  alcohol  consumption  and  smoking  and
hows  the  mean  and  standard  deviation  scores  for  the  meas-
res  of  personality  and  behaviour.  Across  all  5  personality
imensions,  mean  scores  were  just  above  the  mid-point  of
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Table  1  Descriptive  statistics  for  behaviour  and  the  NEO
FFI measures  of  personality.

Mean  (standard  deviation)

Neuroticism  (N)  33.6  (7.9)
Extraversion  (E)  41.9  (6.8)
Openness  (O)  41.3  (6.4)
Agreeableness  (A)  45.1  (6.3)
Conscientiousness  (C)  44.9  (7.7)
Cigarettes  per  day 0.4  (2.3)
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Units  of  alcohol  per  day 0.5  (0.9)
Hours  of  exercise  per  day 0.8  (0.6)

he  scales,  with  the  lowest  scores  observed  for  Neuroticism
nd  highest  scores  for  Agreeableness  and  Conscientious-
ess.  All  5  personality  dimensions  showed  approximately
ormal  distributions  as  determined  by  near-linearity  of
uantile—quantile  plots  and  normal  score  correlations  >.97
although  Neuroticism  showed  small  positive  skew  and
greeableness  showed  modest  ceiling  truncation).

Table  2  reports  correlations  among  the  5  major  dimen-
ions  of  personality.  As  expected,  none  of  the  dimensions
as  strongly  correlated  with  any  of  the  others,  with  the
ast  majority  of  correlations  failing  to  exceed  r  =  .30  (or  a
onferroni-corrected  p  <  .05).  However,  Neuroticism  showed

 moderate  inverse  correlation  with  Extraversion  (r  =  −.39,
 <  .0001)  and  with  Conscientiousness  (r  =  −.31,  p  =  .001).

.2.  CTRA  gene  expression

rimary  analyses  examined  the  relationships  between  con-
inuously  measured  individual  differences  on  the  5  major
ersonality  dimensions  and  the  quantitative  expression  of

 a  priori-defined  components  of  the  CTRA  gene  expres-
ion  profile  (Fredrickson  et  al.,  2013;  Slavich  and  Cole,
013):  up-regulated  expression  of  pro-inflammatory  genes,
nd  down-regulated  expression  of  genes  mediating  Type  I
nterferon  antiviral  responses  and  antibody  synthesis.  In
nalyses  controlling  for  demographic  characteristics  (age,
ex,  race),  Extraversion  was  associated  with  significantly
reater  expression  of  pro-inflammatory  genes  (p  =  .030;
ig.  1).  To  provide  an  intuitive  effect  size  for  the  magni-
ude  of  this  continuous  association,  a  hypothetical  Extravert
2  SD  above  mean  score)  would  be  expected  to  show

 16.7%  (±7.9%)  greater  average  expression  of  the  19
ro-inflammatory  gene  transcripts  than  a  hypothetical  Intro-
ert  (2  SD  below  mean  score).  Pro-inflammatory  gene
xpression  was  also  down-regulated  in  association  with
onscientiousness  (−15.7  ±  5.4%  over  the  [−2SD,  +2SD]
ange,  p  =  .013).  Openness  to  experience  showed  a  non-
ignificant  trend  towards  decreased  pro-inflammatory  gene
xpression  (−10.6  ±  5.7%,  p  =  .087),  and  no  significant  pro-
nflammatory  gene  expression  association  was  observed  for
ny  of  the  other  personality  dimensions  for  which  the
ehavioural  immune  system  hypothesis  makes  no  predic-
ions  (Neuroticism  and  Agreeableness,  both  p  >  .30;  Fig.  1).

xpression  of  antiviral/antibody-related  genes  was  not  sig-
ificantly  associated  with  any  personality  dimension  (Fig.  1).

To  determine  whether  individual  differences  in  health
ehaviours  might  contribute  to  the  observed  associations
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etween  personality  and  pro-inflammatory  gene  expres-
ion,  we  conducted  secondary  analyses  controlling  for  BMI,
moking,  alcohol  consumption,  physical  activity  levels,
nd  minor  physical  symptoms  (e.g.,  headache,  hayfever).
esults  (Fig.  2A)  continued  to  show  a  significant  posi-
ive  association  with  Extraversion  (+19.9%  ±  9.1%,  p  =  .023)
nd  a  significant  negative  association  with  Conscientious-
ess  (−17.6%  ±  5.8%,  p  =  .010).  Openness  also  continued
o  trend  towards  reduced  expression  of  pro-inflammatory
enes  (−11.9%  ±  5.6%,  p  =  .055),  and  Neuroticism  and  Agree-
bleness  remained  unassociated  with  gene  expression  (both

 > .10).
To  assess  whether  individual  differences  in  leukocyte

ubset  distributions  might  contribute  to  the  observed  differ-
nces  in  the  aggregate  PBMC  transcriptome,  an  additional
et  of  secondary  analyses  controlled  for  variations  in  the
revalence  of  mRNA  markers  for  T  lymphocytes  (both  total
nd  CD4+  and  CD8+  subsets;  CD3D, CD3E, CD4, CD8A),  B  lym-
hocytes  (CD19), NK  cells  (CD16/FCGR3A,  CD56/NCAM1),
nd  monocytes  (CD14). Results  (see  Fig.  2B)  continued  to  link
xtraversion  to  increased  pro-inflammatory  gene  expres-
ion  (+13.3%  ±  5.2%,  p  =  .013)  and  showed  a  marginally
ignificant  association  of  Conscientiousness  with  reduced
ro-inflammatory  gene  expression  (−9.0%  ±  4.3%,  p  =  .057).
euroticism,  Openness,  and  Agreeableness  all  remained
nassociated  in  analyses  controlling  for  leukocyte  subsets
all  p  >  .30).

As  shown  in  Fig.  2C,  secondary  analyses  that  addi-
ionally  controlled  for  symptoms  of  stress,  depression,
nxiety,  or  other  negative  affective  states  (as  measured  by
he  PANAS  Negative  Affect  scales)  also  continued  to  link
xtraversion  to  increased  pro-inflammatory  gene  expres-
ion  (+17.4%  ±  8.4%,  p  =  .032)  and  Conscientiousness  to
educed  pro-inflammatory  gene  expression  (−13.8%  ±  5.9%,

 = .049).  Neuroticism,  Openness,  Agreeableness  and  nega-
ive  affect  were  each  unassociated  in  these  analyses  (all

 > .10).
Similar  results  also  emerged  in  secondary  analyses  that

ncluded  3  indicator  covariates  capturing  the  2  most  preva-
ent  types  of  self-reported  medication  use  (oral  birth  control
ills:  12.7%,  n  =  17;  antidepressants:  5.9%,  n  =  7)  and  a
rd  indicator  representing  miscellaneous  other  types  of
edications  used  (18.7%,  n  =  22;  e.g.,  antihistamines  for

ayfever  and  oral  or  topical  acne  medications).  Extraver-
ion  continued  to  associate  with  increased  pro-inflammatory
ene  expression  (+15.4%  ±  8.1%,  p  =  .047)  and  Conscien-
iousness  to  reduced  pro-inflammatory  gene  expression
−16.1%  ±  5.6%,  p  =  .014).  Neuroticism,  Openness,  Agree-
bleness  and  all  3  medication  indicators  were  unassociated
ith  gene  expression  (all  p  >  .10).

.3.  Cellular  origins

o  determine  whether  personality-related  transcriptome
ifferences  might  occur  within  the  same  leukocyte
ubpopulations  previously  shown  to  mediate  the  CTRA  trans-
riptional  effects  of  adverse  social  environments  (i.e.,

onocytes,  dendritic  cells,  and  to  a  lesser  extent  B  lym-
hocytes:  Miller  et  al.,  2008;  O’Donovan  et  al.,  2011;  Cole
t  al.,  2011;  Antoni  et  al.,  2012;  Cole  et  al.,  2012),  we  con-
ucted  Transcript  Origin  Analysis  (Cole  et  al.,  2011)  on  all
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Table  2  Pearson  correlations  among  personality  dimensions.

Extraversion  Openness  Agreeableness  Conscientiousness

Neuroticism  −0.387
p  <  .001

0.061
p  =  .506

−0.038
p  =  .677

−0.312
p  =  .001

Extraversion  0.220
p  =  .015

0.267
p  =  .003

0.191
p  =  .036

Openness 0.220
p  =  .015

0.072
p  =  .434

−0.039
p  =  .674

Agreeableness  0.267
p  =  .003

0.072
p  =  .434

0.074
p  =  .421

Conscientiousness  0.191
p  =  .036

−0.039
p  =  .674

0.074
p  =  .421
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B.     Antiviral/antibody

Figure  1  Difference  in  predicted  pro-inflammatory  (A)  and  antiviral/antibody-related  (B).  Gene  expression  at  2  SDs  above  vs.  2
SDs below  the  mean  on  each  continuously  measured  dimension  of  personality  (n  =  121).

A.                             B.                              C.                           

-30 %

-20%

-10%

0%

10%

20%

30%

N E O A C

noisserpxe eneg yrota
m

malf niorP
)ytilanosrep 

DS 4 / ecnereffid dlof(

*

*

Contr ol: Beha vio ur

-30%

-20%

-10%

0%

10%

20%

30%

N E O A C

P
ro

in
fla

m
m

at
or

y 
ge

ne
 e

xp
re

ss
io

n
(fo

ld
 d

iff
er

en
ce

 / 
4 

SD
 p

er
so

na
lit

y)

Contr ol:  PBMC s ubsets

*

-30%

-20%

-10%

0%

10%

20%

30%

N E O A C

P
ro

in
fla

m
m

at
or

y 
ge

ne
 e

xp
re

ss
io

n
(fo

ld
 d

iff
er

en
ce

 / 
4 

SD
 p

er
so

na
lit

y)

Control: Negative Affect
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Figure  2  Association  of  pro-inflammatory  gene  expression  with  personality  dimensions  after  additional  control  for  health
behaviours and  minor  physical  symptoms  (A),  leukocyte  subsets  (B),  and  negative  affect  (C).
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igure  3  Transcript  Origin  Analysis  of  genes  showing  ≥1.25
xtraversion  and  Conscientiousness.

enes  found  to  show  associations  that  would  imply  ≥1.25-
old  differential  expression  across  the  range  −2 SD  to  +2  SD
n  Extraversion  and  Conscientiousness  (Supporting  Dataset
1).  Results  identified  monocytes  and  plasmacytoid  den-
ritic  cells  as  primary  carriers  of  genes  up-regulated  in

ssociation  with  Extraversion  and  of  genes  down-regulated
n  association  with  Conscientiousness  (Fig.  3).  Genes  down-
egulated  in  association  with  Extraversion  and  up-regulated
n  association  with  Conscientiousness  derived  from  B  cells.

C
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igure  4  Results  from  TELiS  bioinformatics  on  genes  differentially
ess.
 differential  expression  across  the  range  −2  SD  to  +2  SD  on

.4.  Transcription  control  pathways

o  assess  the  role  of  neuroendocrine-responsive  and
mmunoregulatory  transcription  factors  that  have  previously
een  linked  to  the  CTRA  gene  expression  profile  (Bierhaus
t  al.,  2003;  Miller  et  al.,  2008,  2009b;  Antoni  et  al.,  2012;

ole  et  al.,  2012;  Fredrickson  et  al.,  2013),  we  conducted
ELiS  bioinformatics  on  genes  differentially  expressed  in
ssociation  with  Extraversion  and  Conscientiousness  (Fig.  4).
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Consistent  with  a  potential  contribution  from  sympathetic
nervous  system  signalling  through  beta-adrenergic  recep-
tors,  results  identified  an  increased  prevalence  of  response
elements  for  the  CREB  family  of  transcription  factors  in
the  promoters  of  genes  up-regulated  in  association  with
Extraversion  (p  =  .012).  However,  there  was  no  significant
association  of  Extraversion-related  gene  expression  with
promoter  response  elements  for  the  glucocorticoid  recep-
tor  (p  =  .5339).  Consistent  with  the  general  association  of
Extraversion  with  a  pro-inflammatory  transcriptome  shift,
results  also  indicated  elevated  prevalence  of  promoter
response  elements  for  the  key  pro-inflammatory  tran-
scription  factor  NF-�B (p  =  .036)  and  reduced  prevalence
of  promoter  response  elements  for  Interferon  Response
Factors  (p  =  .012).  Parallel  analyses  of  Conscientiousness-
related  gene  transcripts  indicated  no  role  for  CREB  but  a
significant  down-regulation  of  glucocorticoid  receptor  activ-
ity  (p  =  .003).  Prevalence  of  promoter  elements  for  the
pro-inflammatory  transcription  factor  NF-�B  and  the  Inter-
feron  Response  Factor  family  did  not  differ  as  a  function  of
Conscientiousness  (both  p  >  .10).

4. Discussion

The  present  results  identified  systematic  differences  in
leukocyte  gene  expression  that  correlate  with  individual  dif-
ferences  on  two  major  dimensions  of  human  personality:
Extraversion  and  Conscientiousness.  Consistent  with  predic-
tions  from  behavioural  immune  response  theory  (Schaller
and  Murray,  2008;  Thornhill  et  al.,  2010;  Schaller,  2011),
Extraversion  was  associated  with  up-regulated  expres-
sion  of  pro-inflammatory  genes,  whereas  Conscientiousness
was  associated  with  down-regulated  expression  of  pro-
inflammatory  genes.  These  effects  were  independent  of
major  health  behavioural  factors  (BMI,  smoking,  alcohol
consumption,  physical  activity);  independent  of  variations
in  leukocyte  subset  prevalence;  independent  of  negative
affect;  independent  of  minor  physical  symptoms  and  related
medications;  and  independent  of  demographic  characteris-
tics  as  well  as  other  major  dimensions  of  human  personality.
In  contrast,  none  of  the  major  personality  dimensions  was
significantly  associated  with  differential  expression  of  the
other  primary  gene  module  involved  in  the  CTRA  profile  —
antiviral  and  antibody-related  transcripts.  In  the  context  of
previous  data  linking  Extraversion  and  Conscientiousness  to
health  and  longevity  (Chapman  et  al.,  2011;  Ferguson  and
Bibby,  2012),  the  present  functional  genomics  findings  may
provide  new  insights  into  the  molecular  basis  for  such  rela-
tionships.

The  pattern  of  associations  between  leukocyte  CTRA
gene  expression  and  specific  dimensions  of  human  person-
ality  are  largely  as  would  be  predicted  by  the  behavioural
immune  response  hypothesis,  i.e.,  that  stable  individual
differences  in  behaviour  arise  in  response  to  stable  indi-
vidual  differences  in  biological  vulnerability  to  infection
(Schaller  and  Murray,  2008;  Thornhill  et  al.,  2010;  Schaller,
2011;  MacMurray  et  al.,  2013;  Napolioni  et  al.,  2014).

Under  this  scenario,  low  levels  of  pro-inflammatory  gene
expression  would  be  construed  as  a  relatively  weak  bio-
logical  immune  defence  that  selects  for  relatively  cautious
behavioural  tendencies  including  introverted  behaviour  (to
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educe  exposure  to  socially  transmitted  infections)  and
onscientious  behaviour  (to  reduce  exposure  to  risky  sit-
ations  or  behaviours).  However,  the  present  pattern  of
esults  are  also  consistent  with  the  converse  neuro-immune
llostasis  theory  which  suggests  that  the  immune  sys-
em’s  basal  biological  setpoint  may  adapt  to  individual
ifferences  in  behaviour  (rather  than  vice  versa,  as  pro-
osed  by  behavioural  immune  response  theory:  Cole  et  al.,
011;  Irwin  and  Cole,  2011;  Dhabhar  et  al.,  2012;  Cole,
013;  Slavich  and  Cole,  2013;  Powell  et  al.,  2013).  Under
he  neuro-immune  allostasis  theory,  individuals  chronically
xposed  to  novel  or  risky  situations  (e.g.,  extraverts  and
mpulsive/unconscientious  people)  activate  nervous  system-
ediated  signals  that  up-regulate  the  CTRA  ‘defensive

esponse’  in  anticipation  of  injury:  e.g.,  via  SNS  transcrip-
ional  induction  of  pro-inflammatory  genes  (Bierhaus  et  al.,
003;  Cole  et  al.,  2010;  Irwin  and  Cole,  2011)  or  SNS-
evelopment  and  mobilization  of  specific  leukocyte  subsets
nto  circulation  and  tissue  (Dhabhar  et  al.,  2012;  Powell
t  al.,  2013).  Given  the  key  role  of  the  SNS  in  mediating
uch  immunologic  anticipatory  responses,  it  is  notable  that
he  SNS/beta-adrenergic-responsive  CREB  transcription  fac-
or  family  was  implicated  in  structuring  Extraversion-related
ene  expression  differences.  The  indicated  role  of  mono-
ytes  and  dendritic  cells  in  the  present  personality-related
ranscriptome  differences  is  also  consistent  with  previous
ata  showing  that  the  SNS  can  stimulate  myelopoietic  pro-
uction  of  monocytes  and  dendritic  cells  (Powell  et  al.,
013).  Such  a  dynamic  would  explain  results  from  transcript
rigin  analyses  that  implicate  dendritic  cells  in  both  gene
p-regulation  (i.e.,  transcripts  associated  with  developmen-
al  immaturity)  and  gene  down-regulation  (i.e.,  transcripts
ssociated  with  developmental  maturity  and  terminal
ifferentiation).  Ultimately,  however,  the  cross-sectional
esign  of  this  study  cannot  decisively  discriminate  among
hese  two  reciprocal  hypotheses  of  behavioural  immune
esponse  theory  and  allostatic  immunology.  Experimental
anipulations  of  personality  and/or  pro-inflammatory  gene

xpression  would  be  required  to  definitively  establish  their
elative  causal  roles.

The  present  data  do  not  provide  any  results  in  support  of
 ‘disease-prone  personality’  characterized  by  high  levels  of
eneral  negative  affectivity  (i.e.,  Neuroticism).  Regardless
f  the  nature  of  variables  controlled  for  (demographic,
ehavioural,  leukocyte  subset  individual  differences,  etc.),
he  results  consistently  failed  to  identify  any  significant
ssociations  between  CTRA  gene  expression  and  Neuroti-
ism.  Moreover,  a  direct  measure  of  negative  affectivity  in
he  PANAS  negative  affect  scale  also  showed  no  significant
ssociation  with  gene  expression.  This  lack  of  association
oes  not  rule  out  the  possibility  that  Neuroticism  or  nega-
ive  affect  might  associate  with  expression  of  other  genes
hat  lie  outside  the  CTRA  profile  and  remain  to  be  identified
n  future  analyses  (as  the  present  sample  is  not  sufficiently
owered  for  such  genome-wide  discovery  analyses).  How-
ver,  the  present  data  do  suggest  one  potential  reason  why
revious  research  may  have  found  associations  between
euroticism  and  health  (e.g.,  Hagger-Johnson  et  al.,  2012).

euroticism  shows  a  moderately  strong  inverse  correlation
ith  both  of  the  personality  dimensions  that  do  show  signif-

cant  correlations  with  pro-inflammatory  gene  expression;
xtraversion  and  Conscientiousness.  To  the  extent  that
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revious  studies  did  not  control  for  such  associations,  the
iological  and  health  correlates  of  Extraversion  and  Con-
cientiousness  may  have  been  misattributed  to  Neuroticism
hrough  confounding.  These  findings  underscore  the  need
o  assess  personality  comprehensively  (i.e.,  at  the  level
f  the  ‘Big  5’  major  personality  dimensions)  and  assess  its
ffects  in  multivariate  analyses  that  control  for  potential
onfounding  (Segerstrom,  2000).  All  of  the  present  analyses
ontrol  for  confounding  among  major  personality  dimen-
ions,  and  future  research  should  do  so  as  well  because
ach  major  personality  dimension  showed  at  least  one
ominally  statistically  significant  correlation  with  another
ajor  dimension  of  personality  (Table  2).  The  absence  of

n  association  between  pro-inflammatory  gene  expression
nd  Neuroticism  is  also  inconsistent  with  the  hypothesis
hat  individual  differences  in  chronic  inflammation  play  a
ajor  role  in  shaping  human  personality  by  regulating  CNS

unction  and  promoting  negative  affective  traits  (Dantzer
t  al.,  2008)  and  decreased  sociability  (Eisenberger  et  al.,
010).  These  data  link  elevated  pro-inflammatory  gene
xpression  to  comparatively  low  levels  of  Introversion
i.e.,  to  Extraversion),  rather  than  to  the  higher  levels
f  Introversion  and  Neuroticism  that  would  be  predicted
ased  on  the  known  effects  of  pro-inflammatory  cytokines
n  neural  function  and  behaviour  (Dantzer  et  al.,  2008).

Beyond  the  cross-sectional  nature  of  these  results,  the
resent  findings  are  also  limited  in  several  other  respects.
irst,  these  data  come  from  a  moderately  sized  convenience
ample  of  UK  university  students,  and  the  generality  of  these
ndings  remains  to  be  verified  in  other  populations.  Sec-
nd,  although  data  on  health  behaviours,  medication  use,
nd  current  acute  or  chronic  illnesses  were  collected  in  this
tudy,  information  on  past  health  was  not.  Therefore,  it
emains  unclear  whether  personality-related  differences  in
inor  illness  risk  might  induce  an  association  between  gene

xpression  and  personality  within  this  broadly  healthy  sam-
le  of  young  adults.  Third,  no  direct  measures  of  immune
ystem  functional  activity  were  available  in  this  sample
e.g.,  effector  response  to  an  immunologic  challenge),
nd  many  post-transcriptional  processes  can  modify  the
unctional  significance  of  differences  in  mRNA  expression.
s  such,  the  functional  immunologic  significance  and  the
uman  health  significance  of  these  gene  expression  dynam-
cs  remains  to  be  determined  in  future  research.  However,
he  present  results  linking  Introversion  to  altered  leuko-
yte  gene  expression  profiles  are  consistent  with  previous
bservations  that  Introverts  show  increased  vulnerability  to
iral  infections  (Totman  et  al.,  1980;  Broadbent  et  al.,  1984;
apitanio  et  al.,  1999;  Cohen  et  al.,  2003);  that  Extraverts
how  comparatively  high  levels  of  inflammatory  biomark-
rs  (Millar  et  al.,  2013;  although  other  studies  disagree,
.g.,  Chapman  et  al.,  2009);  and  that  Conscientious  individ-
als  show  comparatively  low  levels  of  chronic  inflammation
Sutin  et  al.,  2010;  Mõttus  et  al.,  2013;  Turiano  et  al.,
013).  Fourth,  this  study  was  not  designed  for  de  novo  dis-
overy  of  reliable  associations  between  specific  individual
ene  transcripts  and  personality  dimensions.  Thus,  the  low-
evel  point  estimates  of  association  in  Dataset  S1  serve  only

s  inputs  into  high-level  bioinformatics  analyses  of  CTRA-
elated  cell  types  and  transcription  factors  and  should  not
e  considered  statistically  reliable  at  the  level  of  individual
ene  level.  Although  the  high-level  bioinformatic  findings
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re  consistent  with  previous  direct  analyses  of  target  cell
ype  and  transcription  factor  activity  (Irwin  and  Cole,  2011;
ole,  2012;  Powell  et  al.,  2013),  these  biological  infer-
nces  require  direct  verification  in  future  studies.  The  gene
xpression  dynamics  observed  here  can  only  be  interpreted
n  the  context  of  immune  cells,  and  personality  associations
ith  transcriptomes  in  the  central  nervous  system  and  other

issues  remain  an  important  topic  for  future  research.
In  summary,  the  present  results  support  both  behavioural

mmune  response  theory  (Schaller,  2011) and  neuro-immune
llostatic  theories  (Cole,  2013) in  identifying  significant
ssociations  between  leukocyte  gene  expression  profiles  and
wo  major  dimensions  of  human  personality:  Extraversion
nd  Conscientiousness.  These  relationships  were  indepen-
ent  of  major  demographic  dimensions  (age,  sex,  race),
ndependent  of  the  effects  of  incident  disease  (which  was
ontrolled  by  sampling  a  young  healthy  university  student
opulation  and  additional  statistical  adjustments  for  any
inor  physical  symptoms),  independent  of  negative  affec-

ive  states,  and  independent  of  individual  differences  in
he  prevalence  of  leukocyte  subsets  within  the  PBMC  pool.
lthough  the  biological  mechanisms  of  these  associations
emain  to  be  defined  in  future  research,  the  present  data
ay  shed  new  light  on  the  long-observed  epidemiologi-

al  associations  between  personality,  physical  health,  and
uman  longevity.
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