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cant for several pathogens (c 2  = 0.10–0.32). The underlying 

genetic etiology appears to be largely different for most 

pathogens.  Conclusions:  Our results demonstrate, for the 

first time for many of these pathogens, that individual ge-

netic differences of the human host contribute substantially 

to antibody levels to many common infectious agents, pro-

viding impetus for the identification of underlying genetic 

variants, which may be of clinical importance. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 It is not always possible or convenient to determine the 
presence of a specific pathogen by direct means such as 
the presence or absence of DNA (or RNA) from a given 
pathogen within the host organism. One of the reasons is 
that many infections can become dormant over long pe-
riods of time, with the pathogen nonetheless persisting, 
often unnoticeably, within the body in specific, some-
times unknown and often inaccessible tissues. At this 
stage, microbial nucleic acids may be undetectable in 
blood samples. However, testing for the presence of anti-
bodies directed against a pathogen is a commonly used 
and in many instances robust approach to establish expo-
sure to an infectious agent. Antibodies can provide infor-
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 Abstract 

  Background/Aims:  Antibodies against infectious patho-

gens provide information on past or present exposure to in-

fectious agents. While host genetic factors are known to af-

fect the immune response, the influence of genetic factors 

on antibody levels to common infectious agents is largely 

unknown. Here we test whether antibody levels for 13 com-

mon infections are significantly heritable.  Methods:  IgG an-

tibodies to  Chlamydophila pneumoniae ,  Helicobacter pylori , 

 Toxoplasma gondii , adenovirus 36 (Ad36), hepatitis A virus, 

influenza A and B, cytomegalovirus, Epstein-Barr virus, her-

pes simplex virus (HSV)-1 and -2, human herpesvirus-6, and 

varicella zoster virus were determined for 1,227 Mexican 

Americans. Both quantitative and dichotomous (seroposi-

tive/seronegative) traits were analyzed. Influences of genet-

ic and shared environmental factors were estimated using 

variance components pedigree analysis, and sharing of un-

derlying genetic factors among traits was investigated using 

bivariate analyses.  Results:  Serological phenotypes were 

significantly heritable for most pathogens (h 2  = 0.17–0.39), 

except for Ad36 and HSV-2. Shared environment was signifi-
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mation regarding current infection as well as dormant 
and/or previous infections.

  In many studies, the presence or absence of antibodies 
to a given pathogen is used as a proxy for exposure (i.e. 
seropositive individuals are assumed to be exposed and 
seronegative individuals are assumed to be unexposed). 
Levels of antibodies are often used to define exposures 
within populations and to compare exposures across dif-
ferent populations, with the assumption that the differ-
ences in antibody levels are reflective largely of differ-
ences in exposures. While this is adequate and appropri-
ate for many types of studies, it is often not explicitly 
acknowledged that innate factors of the host organism 
may also influence the presence or absence, as well as the 
amount, of antibodies to a pathogen. Antibody levels may 
be partially genetically controlled, but little is known 
about the heritabilities (h 2 ) of antibody levels in humans. 
Heritability studies are mainly limited to the genetic con-
tribution to antibody response to vaccines  [1–3] . Exam-
ples of heritability estimates of antibody response to nat-
urally occurring infections are few and include studies of 
 Helicobacter pylori  (h 2  = 0.57,  [4] ), malaria (h 2  = 0.31–
0.77,  [5] ),  Trypanosoma cruzi  seroprevalence (h 2  = 0.56, 
 [6] ), and Epstein-Barr virus anti-viral capsid antigen IgG 
(h 2  = 0.32–0.48,  [7] ).

  The main focus of this paper is to test whether and to 
what degree genetic factors, measured in the aggregate as 
heritability, influence the serostatus and antibody level of 
individuals to 13 common infectious pathogens. We also 
provide estimates of the effect of shared environmental 
factors for these pathogens, as well as genetic correlations 
among pathogens. The pathogens were chosen in part 
based on suspected involvement in chronic inflamma-
tory diseases including atherosclerosis. Infectious agents 
included two bacterial pathogens:  Chlamydophila   pneu-
moniae  and  Helicobacter pylori ; one protozoan:  Toxoplas-
ma gondii ; six herpesviruses: cytomegalovirus (CMV), 
Epstein-Barr virus (EBV), herpes simplex type I virus 
(HSV-1), herpes simplex type II virus (HSV-2), human 
herpesvirus 6 (HHV-6) and varicella zoster virus (VZV); 
and four other viruses: adenovirus 36 (Ad36), hepatitis A 
virus (HAV), influenza A virus, and influenza B virus.

  Methods 

 Study Population 
 This study included 1,227 members of randomly ascertained, 

extended Mexican American families from around San Antonio, 
Tex., USA. They were recruited during the time period 1991–1995 
for participation in the San Antonio Family Heart Study (SAFHS), 

which seeks to identify genetic risk factors for cardiovascular dis-
ease  [8] . 482 participants were men and 745 were women, ranging 
in age from 15 to 94 years. The Institutional Review Board at the 
University of Texas Health Science Center at San Antonio ap-
proved the study and protocols, and the study participants signed 
statements of informed consent. Information of relevance to this 
paper collected on study participants included sex, age, and co-
habitation.

  Some findings were replicated in 648 participants from the 
San Antonio Family Diabetes/Gallbladder Study (SAFDGS), 
which seeks to investigate the genetic influences underlying type 
II diabetes mellitus, and more recently, gallbladder disease. This 
study is of similar design to the SAFHS, as it also focuses on Mex-
ican American families from around San Antonio. However, the 
SAFDGS is enriched for diabetics as ascertainment occurred via 
a single diabetic proband in each pedigree  [9, 10] .

  Serology 
 At the time of recruitment (1991–1995), blood samples from 

participants were collected into EDTA vacutainers following an 
overnight fast. At that time, plasma samples were aliquoted and 
frozen as previously described  [11] , and stored at –80   °   C. These 
archived samples were later thawed just prior to use for IgG anti-
body level determinations, using commercially available ELISA 
kits for the following pathogens:  C. pneumoniae  (Bioclone Aus-
tralia Pty Ltd., Marrickville, N.S.W., Australia);  H. pylori  and 
CMV (Inverness Medical Professional Diagnostics, Palatine, Ill., 
USA);  T. gondii , EBV (specifically to EBV nuclear antigen 1 
[EBNA-1]), VZV, influenza A, and influenza B (IBL America, 
Minneapolis, Minn., USA); HSV-1 and HSV-2 (Focus Diagnostics 
Inc., Philadelphia, Pa., USA); HAV (Bio-Rad Laboratories, Red-
mond, Wash., USA); and HHV-6 (Advanced Biotechnologies, 
Rockville, Md., USA). Ad36 antibodies were measured using a 
published serum neutralization test  [12] . Dichotomous serostatus 
phenotypes (seropositive/seronegative) were determined accord-
ing to the manufacturers’ instructions, based on the following 
absorbance values: seropositive if  6 1.1, seronegative if  ̂  0.9, and 
those in between classified as seroindeterminate (i.e. phenotypi-
cally unknown). For Ad36, samples were run in duplicate, with 
those having both neutralization levels  6 1:   8 considered seropos-
itive, otherwise they were classified as seronegative.

  Statistical Methodology 
 For each pathogen, the quantitative antibody level and discrete 

serostatus (seronegative/seropositive) traits were analyzed. Heri-
tability (h 2 ), which we define here as aggregate additive autosomal 
genetic effects on the serological phenotypes, was estimated using 
a variance components approach implemented in the SOLAR 
software package  [13] . Because variance components analyses are 
sensitive to non-normality, particularly high kurtosis, all quanti-
tative antibody traits were transformed using an inverse normal-
ization (rank-based normalization) prior to analysis, ensuring 
that the phenotype is distributed like a standard normal variable. 
For the analysis of discrete serostatus traits within the variance 
components framework, a threshold liability model was used (i.e. 
discrete traits were assumed to represent the readout of an unob-
servable underlying quantitative liability, with individuals above 
a threshold considered to be seropositive, and those below consid-
ered seronegative)  [14, 15] . Covariates used in all analyses includ-
ed sex, age, age 2 , sex  !  age interaction, and sex  !  age 2  interac-
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tion, as we have previously shown the substantial influence, espe-
cially of age, on antibody levels  [16] . In discrete trait analysis, the 
covariates lead to individual-specific liability thresholds beyond 
which an individual is declared to be seropositive. The influence 
of shared environmental factors was modeled using a ‘household’ 
random effects component, based on information on co-habita-
tion of family members at the time of sample collection  [17] . In-
dividuals residing in the same house were assumed to potentially 
share environmental exposures with one another, while absence 
of shared exposure was assumed for individuals in different resi-
dences. To determine whether there is genetic overlap between the 
pathogens in terms of host susceptibility to infection, bivariate 
analyses  [18, 19]  were conducted for each pair of infectious agents, 
for both the quantitative and discrete traits. The resulting genetic 
correlation matrix for all pairs of pathogens was subjected to prin-
cipal components analysis in R (using the function  princomp ).

  Results 

 Heritability 
 In this study we examined antibody levels to 13 com-

mon pathogens among 1,227 randomly ascertained Mex-
ican American participants of the SAFHS. Study partici-
pants represented 45 pedigrees with up to 95 phenotyped 
individuals, and up to 5 generations ( table 1 ). The average 
kinship size was 3.2, ranging in size from 2 to 11 siblings. 
Participants resided in 658 different households, 289 of 
which had more than one phenotyped individual (with 
an average household size of 3.3 individuals). Infection 
seroprevalence ranged from 9% seropositive for  T. gondii  
to 92% for VZV, as previously described ( table 2 ).

  Using a variance components model allowing simul-
taneously for the influence of aggregate additive genetic 
effects (with expected sharing of genetic material esti-
mated from pedigree relationships) and shared environ-
mental influences (based on presence or absence of co-
habitation of study participants), and after accounting for 
the influence of age and sex, the quantitative antibody 
levels to all pathogens were found to have a significant 
heritable component at significance level 0.05, with the 
exceptions of HSV-2 and Ad36 ( table 3 ). The maximum 
heritability estimate was 39% for CMV. All significant 
heritabilities remain so after Bonferroni correction for 
the studied number of pathogens (data not shown).

  Shared Environment 
 Shared environmental effects were significant for 7 of 

13 quantitative antibody level traits ( table 3 ), with a max-
imum estimate of 21% for HSV-2. For the majority of 
pathogens ( C. pneumoniae ,  H. pylori ,  T. gondii , CMV, 
EBV, HHV-6 and HAV), the estimated influence of genes 

  Table 1.  I nformation on pedigree relationships and households 
for study participants 

Pedigree information

Number of pedigrees 45
Maximum number of generations 5
Size of largest pedigree, n 95
Average sibship size (range) 3.2 (2–11)

Familial relationships, observed pairs

Parent-offspring 1,034
Monozygotic twins 3
Full siblings 1,143
Half siblings 194
Grandparent-grandchild 357
Avuncular 2,411
Half avuncular 379
First cousins 2,608

Household information

Number of households 658
Average household size (range) 1.9 (1–14)
Number of households >1 individual 289
Average household size for households

>1 individual (range) 3.3 (2–14)
Number of spousal pairs residing in

same household 115

Table values represent only study participants (n = 1,227),
actual pedigree sizes, pairs of familial relationships and house-
hold sizes may actually be larger due to presence of unphenotyped 
relatives/co-inhabitants.

 Table 2.   S eroprevalence estimates for pathogens examined in this 
study 

Pathogen Seroposi-
tive, %

Seronega-
tive, %

Seroindeter-
minate, %

C. pneumoniae 85.7 8.8 5.5
H. pylori 57.1 38.7 4.2
T. gondii 9.2 88.0 2.8
CMV 55.4 38.2 6.4
EBV 46.4 30.1 23.5
HSV-1 81.7 16.8 1.5
HSV-2 21.7 77.1 1.2
HHV-6 81.6 11.1 7.3
VZV 92.2 1.9 5.9
Ad36 13.4 86.6 0.0
HAV 73.1 26.8 0.1
Influenza A 76.6 10.8 12.6
Influenza B 57.5 23.5 19.0
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is much greater than that of shared environment. For oth-
er pathogens (HSV-1, VZV, influenza A virus, and influ-
enza B virus), genes and shared environment account for 
a similar proportion of phenotypic variance. Only for 
HSV-2 do the shared environmental factors appear to be 
much more important than host genetic factors (21 and 
8%, respectively). We did not detect significant genetic or 
shared environmental effects for Ad36.

  Dichotomized Traits 
 We performed similar analyses on dichotomized anti-

body measurements (seropositive or seronegative), under 
the rationale that whether or not an immune response is 
triggered may be viewed as a dichotomous event. The bi-
nary characteristic of whether or not antibodies were 
produced could subsequently be obscured by other fac-
tors (i.e. assay noise, duration of time since infection, in-
tensity of humoral immune response, etc.), resulting in a 
quantitative antibody level assay score. These analyses on 
the dichotomous traits showed a similar pattern of heri-
tabilities and shared environmental influences, but typi-
cally with a reduced significance. Significant heritabili-
ties ranged up to 62% for  C. pneumoniae , and HHV-6, 
VZV, and the influenza A virus were no longer signifi-
cantly heritable. The reduction in significance is likely 
due to the fact that dichotomous traits tend to provide less 
information than quantitative traits (especially if one of 
the two possible outcomes is rare, such as for VZV) and 
because the available sample sizes were slightly reduced, 
since some individuals’ serostatus fell into the indetermi-

nate category and was coded as phenotypically unknown 
in the analyses (e.g. 30% indeterminates for EBV).

  Bivariate Analysis 
 To investigate the degree to which genetic factors in-

fluencing the serological phenotypes might overlap be-
tween different pathogens, we performed bivariate vari-
ance components heritability analysis on pairs of patho-
gens. Genetic correlations in serological measures be-
t ween pairs of pathogens are presented in  table 4 , which 
includes only those pathogens for which antibody levels/
status were found to be significantly heritable in the pre-
vious univariate analyses, as only those are expected to 
provide useful information in pairwise genetic analyses. 
For the quantitative traits ( table 4 A), correlations in the 
genetic etiology underlying antibody levels to pairs of in-
fectious agents ranged widely, from –0.42 to 0.54. It is ap-
parent that the host genetic factors influencing serologi-
cal measures of infection are significantly positively cor-
related (at p  ̂   0.05) for some pairs of pathogens (such as 
the two types of influenza viruses investigated), while be-
ing uncorrelated for the majority. Interestingly, we ob-
served significant negative correlations for some pairs of 
pathogens (e.g. for VZV and influenza B), indicating 
shared genetic components with opposite effects on anti-
body response to different pathogens. In an attempt to 
obtain an overall interpretation, we performed principal 
components analysis on the genetic correlation matrix of 
all 11 heritable pathogens. A scatter plot of the first two 
principal components is shown in  figure 1 . No overall 

Table 3. H eritability estimates (with standard error, SE) for quantitative antibody level traits and discrete serostatus traits, including 
household effects

Pathogen Quantitative antibody level traits D iscrete serostatus traits

h28SE p value (h2) c28SE p value (c2) h28 SE p value (h2) c28SE p value (c2)

C. pneumoniae 0.3380.06 2.7!10–11 0.0680.04 0.06 0.6280.18 2.1!10–5 0.1080.10 0.16 
H. pylori 0.3580.06 6.0!10–15 0 0.50 0.4580.10 3.4!10–9 0 0.50
T. gondii 0.2180.05 1.3!10–6 0.1180.04 1.3!10–3 0.4180.94 1.3!10–3 0.0180.75 0.47
CMV 0.3980.06 1.3!10–14 0 0.50 0.6080.11 5.2!10–11 0 0.50
EBV 0.3880.06 2.7!10–12 0.0580.04 0.08 0.5780.11 2.1!10–8 0.0980.08 0.13
HSV-1 0.1780.06 1.7!10–4 0.1580.05 3.6!10–4 0.2280.13 0.02 0.0580.09 0.28
HSV-2 0.0880.05 0.05 0.2180.05 9.0!10–7 0 0.50 0.3280.09 1.4!10–4

HHV-6 0.2880.06 8.2!10–10 0.1080.04 3.0!10–3 0.1180.13 0.19 0.1580.11 0.09
VZV 0.2280.06 4.0!10–7 0.2080.04 1.0!10–7 0.2380.45 0.29 0.0380.25 0.45
Ad36 0.0580.04 0.06 0 0.50 0.1480.10 0.06 0 0.50
HAV 0.3780.06 2.7!10–12 0.0180.04 0.41 0.4880.11 3.0!10–8 0 0.50
Influenza A 0.2680.06 3.6!10–8 0.1980.04 2.2!10–6 0.1980.14 0.07 0.3280.11 1.1!10–3

Influenza B 0.2080.06 2.3!10–5 0.1980.04 2.1!10–6 0.2780.12 6.1!10–3 0.2080.09 9.0!10–3

h2 = Heritability; c2 = household effect.
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pattern suggesting an obvious explanation for the ob-
served genetic correlations is apparent. The estimates of 
genetic correlations among the dichotomized serostatus 
phenotypes range from –0.32 to 0.74 and are shown in 
 table 4 B. The estimated correlations are often similar and 
typically in the same direction as for the quantitative 
measurements, but significance was generally lower, for 
the same reasons outlined for the univariate heritability 
analysis above.

  Replication 
 To assess the robustness of our heritability estimates, 

we measured antibody levels (using identical serological 
assays), and estimated heritabilities, for eight of the inves-
tigated pathogens in a separate Mexican American co-
hort consisting of participants in the SAFDGS  [9, 10] . 
Pathogens compared between the two studies included  C. 
pneumoniae ,  H. pylori ,  T. gondii , CMV, EBV, HSV-1, 

Table 4. G enetic correlations between quantitative traits (antibody levels) and between discrete traits (serostatus)

A Quantitative traits (antibody levels)

Cp Hp Tg CMV EBV HSV-1 HHV-6 VZV HAV IA IB

Cp 0.20 0.33 0.12 0.07 –0.08 –0.22 –0.32 0.31 –0.03 –0.08
Hp 0.10 0.43 0.30 –0.01 –0.14 0.12 0.15 0.26 0.11 0.08
Tg 0.01 2.0!10–3 0.43 –0.29 –0.15 –0.02 0.02 –0.04 0.40 0.15
CMV 0.32 0.02 1.7!10–3 0.18 –0.05 –0.08 0.03 –0.07 –0.06 –0.05
EBV 0.55 0.91 0.04 0.13 0.23 –0.31 0.17 0.19 –0.15 0.09
HSV-1 0.55 0.34 0.34 0.73 0.08 –0.35 –0.12 0.02 –0.24 –0.10
HHV-6 0.08 0.34 0.86 0.51 8.5!10–3 0.01 0.29 –0.20 0.41 0.22
VZV 0.01 0.23 0.87 0.80 0.16 0.38 0.02 –0.17 0.27 0.54
HAV 0.01 0.03 0.78 0.53 0.11 0.90 0.10 0.16 –0.42 –0.34
IA 0.84 0.37 3.9!10–3 0.65 0.23 0.08 8.6!10–4 0.03 9.3!10–4 0.30
IB 0.51 0.52 0.29 0.67 0.47 0.49 0.09 1.3!10–5 0.01 0.02

B Discrete traits (serostatus)

Cp Hp Tg CMV EBV HSV-1 HAV IB

Cp 0.40 0.20 0.24 0.352 0.45 –0.45 0.14
Hp 0.02 0.36 0.27 0.11 –0.11 0.74 –0.15
Tg 0.37 0.12 0.11 –0.32 –0.18 0.34 0.01
CMV 0.16 0.15 0.62 0.18 0.44 0.18 –0.15
EBV 0.04 0.48 0.13 0.25 0.44 0.09 –0.18
HSV-1 0.10 0.65 0.56 0.08 0.06 0.04 0.32
HAV 1.00 3.1!10–5 0.04 0.30 0.60 0.85 –0.19
IB 0.47 0.43 0.98 0.37 0.30 0.23 0.32

Cp = C. pneumoniae; Hp = H. pylori; Tg = T. gondii; IA = Influenza A; IB = Influenza B. Upper right (above and to the right of the 
diagonal) = correlations; lower left (below and to the left of the diagonal) = p values. Bold = Point-wise significant at p ≤ 0.05. Note 
that pathogens included here are only those for which the quantitative antibody levels (A) and the dichotomous serostatus phenotypes 
(B) were significantly heritable in the univariate analysis.
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  Fig. 1.  Principal components analysis of a pairwise genetic cor-
relation matrix of significantly heritable antibody levels. The first 
two principal components are plotted. No obvious relationship 
among the host genetic factors to antibodies to these pathogens is 
apparent.   
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HSV-2, and HAV. Heritability estimates of the quantita-
tive antibody levels were similar between the two samples 
(e.g. 38% in the SAFHS vs. 34% in the SAFDGS for  C. 
pneumoniae ), but some discrete serostatus traits differed 
to a greater extent ( table 5 ).

  Discussion 

 Previous research has demonstrated that there are 
host-related differences in susceptibility to infectious dis-
eases between populations and among individuals  [20] . 
Host factors that may be involved include age, sex, nutri-
tion, stress, presence of other infections, hygiene, socio-
economic status, and ethnic background  [21–23] . Also, in 
addition to genetic properties of the pathogen, host ge-
netics may play a role in various aspects of infection risk 
in terms of host behavior (influencing exposure risk and 
intensity), host resistance to pathogen attachment and in-
vasion, and subsequent regulation of the host’s immune 
and non-immune response to infectious agents. Here we 
estimate the contribution of host genetic and shared en-
vironmental factors to infection as determined by the lev-
els of antibodies to common infectious agents.

  The measurement of antibodies is widely used in epi-
demiological studies to determine exposures to infec-
tious agents and to compare exposures among different 
populations. In addition, these measures are often used 
to link exposures to chronic diseases, for example, CMV 
to risk of cardiovascular disease  [24] . Antibody measure-
ments are often interpreted as being indicative of patho-

gen exposure alone, without explicitly acknowledging 
that innate factors of the host, such as genetic factors, may 
influence antibody levels substantially. Our study clearly 
demonstrates that antibody levels to common infectious 
pathogens are significantly heritable. According to these 
results, genetic factors account for up to 40% of the indi-
vidual variation in quantitative infectious disease pheno-
types. Of the two pathogens in this study for which heri-
tability was previously estimated, EBV has a similar her-
itability measure (h 2  = 0.38) to an earlier study (h 2  = 
0.32–0.48), despite differences in antibody measurements 
between the two studies (antibodies against EBV nuclear 
antigen 1 [EBNA-1] vs. viral capsin antigen [VCA] in the 
previous study)  [7] , and the lower seroprevalence rate in 
this study (46 or 77% including the indeterminate sam-
ples). This seroprevalence rate is somewhat lower than for 
other adult populations  [25] , which may be due in part to 
differences in the serological measurements (e.g. differ-
ences in assay cutoff values, and some VCA-positive in-
dividuals may not generate an EBNA-1 response  [26] ). 
However, a similar EBV seropositivity rate was recently 
characterized for another US adult population, using the 
same EBNA-1 ELISA assay [R. Yolken, data not shown]. 
On the other hand, the heritability estimate for  H. pylori  
in this study (h 2  = 0.35) is lower than that reported for a 
previous study (h 2  = 0.57), and while the other study re-
ported significant shared environmental effects, this 
study does not  [4] .

  The phenotypes examined here are largely the result 
of exposure to naturally occurring antibodies, in other 
words antibodies that were produced in response to in-

Table 5. C omparison of heritability estimates (with standard error) between the SAFHS (this study) and SAFDGS for quantitative an-
tibody level traits and discrete serostatus traits

Pathogen Quantitative antibody level traits D iscrete serostatus traits

h2 (SAFHS)8SE h2 (SAFDGS)8SE h2  (SAFHS)8SE h2 (SAFDGS)8SE

C. pneumoniae 0.3880.05 0.3480.07 0.7280.11 0.5080.13

H. pylori 0.3580.06 0.3880.08 0.4580.10 0.4680.001

T. gondii 0.2780.05 0.2580.08 0.4180.15 0.3280.19
CMV 0.3980.06 0.2580.07 0.5980.11 0.2480.14
EBV 0.4180.06 0.4080.09 0.6480.11 0.5480.18
HSV-1 0.2680.05 0.2280.07 0.2680.11 0.5580.14
HSV-2 0.1880.05 0.1080.07 0.0780.07 0.0480.11 
HAV 0.3880.06 0.2480.07 0.4880.11 0.5880.14

Not e that estimates for both studies are calculated without allowing for a shared household effect, as no such information is avail-
able for the SAFDGS. Therefore, SAFHS estimates provided here differ slightly from those in table 3.
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fectious agents encountered in the environment, rather 
than through routine vaccination. A possible exception 
includes the influenza viruses, given that vaccine was 
available against these pathogens at the time the study 
samples were collected (1991–1995). However, it is not 
clear what effect this may have had, if any, on the influ-
enza A and B antibody level measurements used in our 
study in part because annual influenza vaccines were less 
common when these samples were collected almost two 
decades ago, in particular among Hispanics who histor-
ically have significantly lower influenza vaccination 
rates than the general US public  [27–29] . In any case, 
overall our study provides clear evidence that naturally 
acquired infectious disease antibody level traits are sig-
nificantly heritable, and may therefore be viewed as part-
ly genetic traits. The fact that antibody levels can vary 
from person to person as a function of genetics, rather 
than exposure alone, should be borne in mind when in-
terpreting antibody test results in a clinical setting. Our 
bivariate analyses indicate that some genetic factors ap-
pear to be shared between some closely related patho-
gens, such as different influenza virus strains. However, 
we did not observe obvious evidence for genetic factors 
that influence antibody levels to all pathogens or even 
classes of pathogens (such as herpesviruses). For most 
pathogen pairs, our observations are consistent with host 
genetic factors influencing antibody levels being patho-
gen specific.

  While our study demonstrates that genetic factors 
have a strong influence on antibody levels for many 
pathogens, shared environment (modeled as co-habita-
tion) was also a significant contributing factor to the se-
rological phenotypes for some pathogens. This may be 
due to direct transmission of infection between relatives, 
for example, through coughing or kissing, due to shared 
exposure to infectious agents such as via drinking water 
or pets in the household, or due to shared behavioral 
practices, such as hand washing, food preparation, etc., 
among family members.

  The decision to focus on antibody levels, which are not 
a direct assessment of the presence or absence of infec-
tious agents, complicates the interpretation of our results, 
due to the nature of serological data. The presence of an-
tibodies indicates a past or present infection, but this does 
not necessarily correlate with protection  [30] . In our 
study, it is not clear whether, for example, a high antibody 
level represents success in warding off infection, or 
whether the immune system was less efficient at dealing 
with the invading pathogen, resulting in a prolonged in-
fection. It is also possible that elevated levels of antibody 

are related to more recent, repeated, or stronger dose ex-
posures to the infectious agent  [31, 32] . Therefore, one has 
to be careful with equating heritability evidence for sero-
logical phenotypes with an altered susceptibility or resis-
tance to infection and course of infectious disease.

  Nonetheless, our demonstration of the heritability of 
antibody levels against infectious pathogens is consis-
tent with the known role of a number of human genes 
in the immune response. Genes known to contribute to 
the immune response include numerous elements with-
in the major histocompatibility complex as well as genes 
encoding proteins critical to the immune response such 
as cytokines – including chemokines, interferon and 
other mediators – and proteins that activate these fac-
tors, e.g. toll-like receptors and mannose-binding pro-
teins  [33–36] . Of the pathogens examined here, several 
have been previously associated with specific genes re-
lated to in fection susceptibility. Susceptibility to  C. 
pneumoniae  has been linked to genes encoding toll-like 
receptors,  cytokines, and mannose-binding proteins 
 [37, 36] . Polymorphisms in a number of genes are associ-
ated with  H. pylori  infection, including those encoding 
cytokines, metalloproteinases, glutathionine transfer-
ase, cyclooxygenase-2, and other metabolically active 
molecules  [38–40] . Infection with  T. gondii  has been as-
sociated with genes encoding interferon gamma, toll-
like receptors, and the purinergic receptor P2X 7   [41–43] . 
CMV susceptibility is attributed in part to polymor-
phisms in several genes including those encoding 
cytokines, toll-like receptors, and other immune re-
sponse molecules  [34, 44, 45] . Alterations in the HLA 
region and polymorphisms in genes encoding cytokines 
are linked to EBV susceptibility  [46, 47] . Susceptibility 
to infection with HSV-2 has been associated with a 
number of genes, including interferon gamma, man-
nose-binding proteins, transcription factor T-bet, and 
apolipoprotein E  [33, 48–50] . HAV infection is shown to 
be influenced by polymorphisms in TIM1, a gene that 
encodes the receptor for this virus  [35] .

  Our demonstration, for the first time for many of 
these pathogens, that antibody levels to specific infec-
tious agents are partially under genetic control provides 
further impetus for genetic searches of these variants. 
Identifying the underlying genetic factors influencing 
these infectious disease phenotypes may help to illumi-
nate how the immune system functions, reveal factors 
influencing infection susceptibility or resistance, and 
suggest strategies for the prevention and treatment of in-
fection.
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