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Rationale: Plasminogen activator inhibitor (PAI)-1 inhibits urokinase
and tissue plasminogen activator, required for host response to
infection. Whether variation within the PAI-1 gene is associated with
increased susceptibility to infection is unknown.
Objectives: Toascertain the role of the 4G/5Gpolymorphism and other
genetic variants within the PAI-1 gene. We hypothesized that variants
associated with increased PAI-1 expression would be associated with
an increased occurrence of community-acquired pneumonia (CAP).
Methods: Longitudinal analysis (.12 yr) of the Health, Aging, and
Body Composition cohort, aged 65–74 years at start of analysis.
Measurements and Main Results: We genotyped the 4G/5G PAI-1
polymorphism and six additional single nucleotide polymorphisms.
Of the 3,075 subjects, 272 (8.8%) had at least one hospitalization for
CAP. Among whites, variants at the PAI4G,5G, PAI2846, and PAI7343
siteshad higher risk of CAP (P 5 0.018, 0.021, and 0.021, respectively).
At these sites, variants associated with higher PAI-1 expression were
associated with increased CAP susceptibility. Compared with the
5G/5G genotypes at PAI4G,5G site, the 4G/4G and 4G/5G genotypes
were associated with a 1.98-fold increased risk of CAP (95% confi-
dence interval, 1.2–3.2; P 5 0.006). In whole blood stimulation assay,
subjects with a 4G allele had 3.3- and 1.9-fold increased PAI-1
expression (P 5 0.043 and 0.034, respectively). In haplotype analysis,
the 4G/G/C/A haplotype at the PAI4G,5G, PAI2846, PAI4588, and
PAI7343 single nucleotide polymorphisms was associated with higher
CAP susceptibility, whereas the 5G/G/C/A haplotype was associated
with lower CAP susceptibility.Noassociationswere seen amongblacks.
Conclusions: Genotypes associated with increased expression of PAI-1
were associated with increased susceptibility to CAP in elderly whites.
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Increased activity of proteins involved in the production of the
fibrinolytic protein plasmin is part of the innate immune
response to infection (1, 2). Urokinase-like plasminogen acti-

vator (uPA) and its receptor (uPAR) promote cell migration
and neutrophil activity through plasmin-dependent and plas-
min-independent mechanisms (3). The inhibitor of uPA, plas-
minogen activator inhibitor (PAI)-1, is also activated during
infection. Increased concentrations in the systemic circulation
and the alveolar compartment have been demonstrated in pneu-
monia, severe sepsis, and acute lung injury (2, 4–6). PAI-1
interacts with inflammatory cytokines to maintain homeostasis
(7). Although localized PAI-1 expression may contain infection,
systemic overexpression may impair host response to infection.
This may be particularly important in the elderly, who have
increased circulating PAI-1 concentrations and increased PAI-1
response to lipopolysaccharide (8–10).

A functional insertion/deletion polymorphism, termed 4G/
5G, is found 675 base pairs upstream of the transcriptional ini-
tiation site (PAI4G,5G) in the PAI-1 gene (7q21.3-q22) (11, 12).
Although both alleles bind a transcriptional activator, the 5G
allele reduces transcription by binding a repressor protein, and
is thereby associated with lower circulating PAI-1 concentra-
tions (13, 14). The 4G/4G polymorphism is more common in
patients with nonspecific interstitial pneumonia (15). Whether
it plays a role in infection, particularly community-acquired
pneumonia (CAP), is not known. Sequencing data from Seat-
tleSNPs (NHLBI Program for Genomic Applications, http://
pga.gs.washington.edu) reveals that several other common sin-
gle nucleotide polymorphisms (SNPs) and haplotypes of the
PAI-1 gene have been identified. We hypothesized that genetic
variation within the PAI-1 gene associated with increased circu-
lating PAI-1 concentrations would be associated with increased
susceptibility to CAP in the elderly.

METHODS

See the online supplement for more details on methods used.

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Few studies have examined whether genetic variants in-
fluence susceptibility to community-acquired pneumonia.

What This Study Adds to the Field

Genotypes associated with increased expression of PAI-1
are associated with increased susceptibility to community-
acquired pneumonia in elderly whites.
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Design and Population

We used data from the Health ABC cohort, a study designed to exam-
ine effects of body composition on morbidity and mortality. Subjects
were recruited in Memphis, Tennessee, and Pittsburgh, Pennsylvania.
To be enrolled, subjects had to be elderly (aged 70–79 yr) and in good
health, defined as an ability to walk 0.25 mile, climb 10 steps, and
perform activities of daily living without difficulty. Data regarding
hospitalization are available for 5 years before enrollment through the
Health Care Financing Administration (HCFA) and subjects had up to
7 years of follow-up after enrollment in the study. All participants gave
informed consent and the institutional review boards at the Universi-
ties of Pittsburgh and Tennessee approved the study.

Outcome Measure

The primary outcome was CAP requiring hospitalization. Ascertain-
ment of CAP was over two periods. During enrollment in Health ABC,
hospitalization was ascertained based on participant self-report and
active surveillance by study personnel. Criteria for hospitalization for
CAP were established prospectively and an adjudicator at each site
adjudicated the outcome during this period. We used a combination of
discharge summary, International Classification of Diseases, Ninth
Revision (ICD-9) diagnoses, admission history and physical examina-
tion, and radiology reports to ascertain CAP. For the 5 years before
enrollment in Health ABC, ICD-9 discharge diagnoses alone were
used to ascertain CAP.

PAI-1 Gene

The PAI-1 gene has been completely sequenced at SeattleSNPs and
approximately 100 polymorphisms were identified in 2002. We geno-
typed seven polymorphisms from different haplotype bins (Figure 1
and Table E1A of the online supplement). We first chose the 4G/5G
polymorphism because it is functional (13). Nonsynonymous SNPs are
more likely to be functional. Five nonsynonymous SNPs were de-
scribed in the PAI-1 gene. Of these, we chose two SNPs at PAI2846
G/A (Ala14Thr) and PAI2852 G/A (Val17Ile) because the minor allele
frequencies were greater than 10%. We then genotyped four synony-
mous SNPs, two polymorphisms at PAI4588 (C/T) and PAI7343 (A/G)
in introns and two polymorphisms at PAI12219 (T/C) and PAI12750
(G/A) in 39 untranslated regions, to identify common haplotypes.

European Ancestry Markers

Blacks were genotyped for 37 ancestry-informative genetic markers, as
described elsewhere (16). Using these genotype data, we estimated the
proportion of European ancestry for each self-reported black partici-
pant (see the online supplement).

Inflammatory Markers

Blood samples were collected for PAI-1, tumor necrosis factor (TNF),
and IL-6 protein measurement by venipuncture after an overnight fast,
at a mean time of 9:25 A.M., in the absence of infection during enroll-
ment. Cytokines were measured using ELISA (see the online supple-
ment). Cytokine data were missing in fewer than 6% of the cohort.

Whole Blood Ex Vivo Stimulation with Lipopolysaccharide

and Peptidoglycan

To evaluate functional significance of PAI-1 polymorphisms associated
with higher risk of CAP in the Health ABC cohort, we compared

PAI-1, TNF, IL-6, and IL-10 concentrations after ex vivo whole blood
stimulation (24 h incubation) using lipopolysaccharide (LPS) from
Salmonella minnesota (500 ng/ml) and peptidoglycan (PGN) from
Staphylococcus aureus (100 mg/ml) in 23 healthy volunteers from Pitts-
burgh, Pennsylvania (see online supplement).

Statistical Analyses

We used SAS Genetics (SAS Institute, Cary, NC) to estimate Hardy-
Weinberg equilibrium and linkage disequilibrium, to examine association
between genotypes and phenotypes, and to construct haplotypes. Associ-
ations between genotypes and phenotypes were adjusted to control for
false-discovery rate, as described by Hochberg and Benjamini (17).

Nine haplotypes (frequency . 1%) were identified in whites and
blacks. The measures of linkage disequilibrium between the SNPs were
high in the Health ABC cohort despite choosing these SNPs from dif-
ferent haplotype bins. Therefore, we identified the minimum number
of SNPs tagging common haplotypes in whites and blacks separately
using BEST software (http://genomethods.org/best/about.htm) (18). SNPs
used to tag these haplotypes were also associated with CAP suscepti-
bility and circulating PAI-1 concentrations in univariate analysis. We
then used haplotype marker–trait association to ascertain association
between haplotypes and CAP susceptibility using exact tests (19).

We used logistic regression analysis to estimate the odds ratio (OR)
for genotypes and haplotypes associated with CAP susceptibility.
Covariates for this model were chosen based on previously reported
risk factors for CAP (20–24), and included age, sex, site, circulating
TNF and IL-6 concentrations, history of congestive heart failure, coro-
nary heart disease, smoking, diabetes, FEV1, and serum creatinine.
Haplotypes cannot be estimated unequivocally for heterozygotes.
Therefore, for the logistic regression model incorporating haplotypes,
we first estimated the probability of having each of these haplotypes
using haplotype trend analysis (25). These probability scores were then
included in the regression model.

The study had adequate power (b . 0.8) to ascertain codominant
effects for rare allele frequencies greater than 0.1 and ORs of 2 or
greater in blacks and whites separately (26).

RESULTS

Participant Characteristics

Table 1 shows characteristics of the 3,075 participants in Health
ABC at enrollment (1997–1998). The mean age of the cohort
was 73.6 years. Race was based on self-report and 41.7% of
the cohort was black. Although participants were well function-
ing, comorbid conditions, such as diabetes (15.3%), coronary
heart disease (20.8%), and reduced lung function (29.3%), were
common.

Three hundred and four cases of CAP requiring hospitali-
zation occurred over the 12-year ascertainment period from
1992–1993 to 2005. Of these, 106 cases occurred in 106 subjects
during the 5 years before enrollment in Health ABC, and 237
cases occurred in 198 subjects after enrollment. Thus, 272
subjects (8.8%) were hospitalized at least once for CAP during
the 12-year ascertainment period and 29 participants had more
than one episode of CAP hospitalization. The rate of CAP after

Figure 1. Single nucleotide polymorphisms within the
plasminogen activator inhibitor (PAI)-1 gene (7q21.3-q22).

Gray area denotes promoter region and black areas denote

exons. The 12219 and 12750 polymorphisms are in the 39

untranslated region.
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enrollment in Health ABC was 10.9 cases per 1,000 person-
years. Table 1 compares clinical characteristics and inflamma-
tory marker concentrations for participants with and without at
least one hospitalization for CAP. Participants with CAP were
more likely to have comorbid conditions, such as congestive
heart failure, coronary artery disease, and diabetes, elevated
serum creatinine concentrations, and reduced lung function; in
addition, they were more likely to be or to have been smokers,
and to have higher circulating concentrations of TNF and IL-6.
We measured PAI-1 concentrations in 3,010 (98%) participants
at enrollment, when subjects reported good health and absence

of infection. The median PAI-1 concentration was 21 ng/ml.
Circulating PAI-1 concentrations were higher among subjects
hospitalized for CAP compared with those never hospitalized
for CAP (24 vs. 21 ng/ml, respectively; P 5 0.02).

Of the 272 participants with hospitalization for CAP, 162
(60%) were white and 110 (40%) were black. Table 2 compares
characteristics of participants with and without an episode of
CAP stratified by self-reported race. In this stratified analysis,
the incidence of CAP was again higher in participants with
comorbid conditions and a history of smoking, but results did
not reach statistical significance with some of these comorbid

TABLE 1. CHARACTERISTICS OF COHORT

Variable

All Participants

(n 5 3,075)

Hospitalized for CAP

(n 5 272)

Never Hospitalized for CAP

(n 5 2,803) P Value

Demographic characteristics

Age, mean 6 SD 73.6 6 2.9 73.9 6 2.9 73.6 6 2.9 0.1

Sex, males, % (n) 48.5 (1,491) 53.7 (146) 48 (1,345) 0.07

Race, blacks, % (n) 41.7 (1,281) 40.4 (110) 41.8 (1,171) 0.7

Site, Memphis, % (n) 50.3 (1,547) 47.4 (129) 50.6 (1,418) 0.3

Comorbid conditions

Congestive heart failure, % (n) 3.1 (95) 7.0 (19) 2.7 (76) ,0.0001

Coronary heart disease, % (n) 20.8 (625) 30.4 (81) 19.9 (554) ,0.0001

Diabetes, % (n) 15.3 (470) 21.5 (58) 14.7 (412) 0.003

Serum creatinine, mg/dl, mean 6 SD 1.1 6 0.4 1.1 6 0.6 1.05 6 0.4 0.003

Predicted FEV1, % (n) ,0.0001

FEV1 . 80% 70.7 (2,175) 52.2 (142) 72.5 (2,033)

80% . FEV1 . 50% 19.2 (591) 25 (68) 14 (523)

FEV1 , 50% 10.1 (309) 22.8 (62) 4.6 (247)

Smoking, % (n) ,0.0001

Current 10.4 (318) 16.9 (46) 9.7 (272)

Past 45.7 (1,404) 48.9 (133) 45.4 (1,271)

Pack-years of smoking, mean 6 SD 19.1 6 28 27.4 6 34 18.3 6 28 ,0.0001

Inflammatory markers, pg/ml, median (IQR)

TNF 3.2 (2.4–4.1) 3.6 (0.9–16.8) 3.1 (0.6–29.6) ,0.0001

IL-6 1.8 (1.3–2.8) 2.3 (0.3–13.2) 1.8 (0.2–16) ,0.0001

PAI-1 21 (13–36) 24 (14–43) 21 (12–36) 0.02

Definition of abbreviations: CAP 5 community-acquired pneumonia; IQR 5 interquartile range; PAI-1 5 plasminogen activator

inhibitor-1; TNF 5 tumor necrosis factor.

Fewer than 5% of data are missing for some of the covariates.

TABLE 2. CHARACTERISTICS OF COHORT STRATIFIED BY SELF-REPORTED RACE

Whites (n 5 1,794) Blacks (n 5 1,281)

Variable

Hospitalized for

CAP (n 5 162)

Never Hospitalized

for CAP (n 5 1,632)

Hospitalized for

CAP (n 5 110)

Never Hospitalized for

CAP (n 5 1,171)

Demographic characteristics

Age, yr, mean 6 SD 74 6 2.8 73.8 6 2.9 73.8 6 3 73.4 6 2.9

Sex, males, % (n) 57.4 (93) 51.8 (846) 48.2 (53) 42.6 (499)

Site, Memphis, % (n) 51.9 (84) 52.1 (850) 40.9 (45) 48.5 (568)

Comorbid conditions

Congestive heart failure, % (n) 6.2 (10) 2.5 (40) 8.3 (9) 3.1 (36)

Coronary heart disease, % (n) 24.9 (40) 20.1 (324) 39.1 (41) 19.5 (230)

Diabetes, % (n) 15.5 (25) 10.4 (170) 30.3 (33) 20.7 (242)

Serum creatinine, mg/dl, mean 6 SD 1.06 6 0.6 1.01 6 0.4 1.24 6 0.6 1.1 6 0.4

Predicted FEV1, % (n)

FEV1 . 80% 52.5 (85) 72.1 (1,176) 51.8 (57) 73.2 (857)

80% . FEV1 . 50% 28.4 (46) 19.5 (318) 20 (22) 17.6 (205)

FEV1 , 50% 19.1 (31) 8.5 (138) 28.2 (31) 9.3 (109)

Smoking, % (n)

Current 9.9 (16) 5.8 (95) 27.3 (30) 15.2 (177)

Past 53.7 (87) 50.3 (819) 41.8 (46) 38.7 (452)

Pack-years of smoking, mean 6 SD 29.7 6 35 19.9 6 28.3 23.8 6 30.3 15.9 6 24.8

Inflammatory markers, median (IQR)

TNF, pg/ml 3.7 (2.8–4.8) 3.3 (2.6–4.2) 3.3 (2.4–4.4) 3 (2.3–3.8)

IL-6, pg/ml 2.2 (1.4–3.5) 1.7 (1.2–2.5) 2.4 (1.6–3.6) 2 (1.3–3)

PAI-1, ng/ml 25 (14–53) 21 (13–36) 22 (13–36) 21 (12–36)

For definition of abbreviations, see Table 1.

Fewer than 5% of data are missing for some of the covariates.
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conditions. PAI-1 concentrations were higher among whites hos-
pitalized with CAP (25 vs. 21 ng/ml for hospitalized and non-
hospitalized subjects, respectively; P 5 0.005), but differences
were smaller and not statistically significant among blacks who
did and did not require hospitalization for CAP (22 vs. 21 ng/ml,
respectively; P 5 0.7).

PAI-1 SNPs and Haplotypes

All SNPs were in Hardy-Weinberg equilibrium, except the
PAI2852 in whites and PAI4588 and PAI12219 in blacks (Table
3). Compared with whites, blacks are genetically more hetero-
geneous. Therefore, we analyzed markers for European ancestry
among 1,278 (97%) blacks. Because racial admixture could ac-
count for Hardy-Weinberg disequilibrium, we estimated Hardy-
Weinberg equilibrium among blacks after stratifying for European
ancestry markers. All SNPs were in Hardy-Weinberg equilib-
rium among blacks with less than 10% of markers of European
ancestry. Hardy-Weinberg disequilibrium was present for the
PAI12219 SNP and those with greater than 25% of markers of
European ancestry and for both PAI4588 and PAI12219 SNPs
and those with greater than 50% of markers of European ancestry.

Measures of linkage disequilibrium between the PAI-1 SNPs
are shown in Table E2A. We constructed nine haplotypes (fre-
quency . 1%) for the entire cohort, and the frequency of these
haplotypes varied between blacks and whites (Table 4). Al-
though haplotypes A, D, and E accounted for 69.5% of the
haplotypes among whites, haplotypes A, B, and C accounted for
76.8% of haplotypes among blacks. Haplotype B was present

among 34.1% of black participants, but only 2.2% of whites.
In contrast, haplotypes D and E were present in 16.3 and 10.7%
of white participants but in only 4.1 and 1.9% of blacks,
respectively.

PAI-1 SNPs and CAP Susceptibility

Among white participants, variants at the PAI4G,5G, PAI2846,
and PAI7343 sites had higher risk of CAP (P 5 0.018, 0.021, and
0.021, respectively; Table 5). These associations remained sig-
nificant after adjusting for false discovery. A codominant effect
was seen for the 4G allele at the PAI4G,5G site (frequency
of CAP 5 9.9% vs. 5.3% for the combined 4G/4G and 4G/5G
genotypes compared with 5G/5G genotypes, P 5 0.005), and
those with at least one 4G allele had a 1.98-fold odds of CAP
hospitalization (95% confidence interval [CI], 1.2–3.2; P 5

0.006). The odds of CAP for white participants with the 4G/4G
and 4G/5G genotypes remained unchanged (OR, 2.1; 95%
CI, 1.3–3.6) in the multivariable analysis. Similarly, a codomi-
nant effect was seen for the AG and GG genotypes at the
PAI7343 site (frequency of CAP 5 6.5% vs. 10.5%, for the AG
and GG genotypes compared with AA genotypes, P 5 0.006).
Subjects with at least one G allele at the PAI7343 site had
a lower risk of CAP in univariate and multivariable analyses
(OR, 0.6; 95% CI, 0.4–0.9; P 5 0.006; and OR, 0.5; 95% CI,
0.4–0.8; P 5 0.001; in univariate and multivariable analyses).
A log-additive effect was seen for the genotypes at the PAI2846
site (Table 5) with the highest frequency of CAP for subjects
with the GG genotype (9.9%), an intermediate frequency for

TABLE 3. TEST FOR HARDY-WEINBERG EQUILIBRIUM (EXACT P VALUES) FOR PAI-1 GENOTYPES
STRATIFIED BY SELF-REPORTED RACE AND BY PERCENTAGE OF EUROPEAN ANCESTRY FOR BLACKS

Blacks

Polymorphism Whites All ,10% (n 5 328) ,25% (n 5 545) ,50% (n 5 332) ,75% (n 5 73)

PAI4G,5G (rs1799889) 0.37 0.25 0.63 0.46 0.37 0.25

PAI2846 (rs6092) 0.73 0.44 0.99 0.16 0.35 0.44

PAI2852 (rs6090) 0.049 0.80 0.6 0.99 0.8 0.8

PAI4588 (rs2227657) 0.37 0.02 0.12 0.1 0.02 0.02

PAI7343 (rs2227674) 0.39 0.056 0.67 0.72 0.1 0.06

PAI12219 (rs11178) 0.70 0.04 0.64 0.04 0.04 0.03

PAI12750 (rs1050813) 0.29 0.29 0.99 0.99 0.99 0.51

TABLE 4. FREQUENCY OF HAPLOTYPES BASED ON SEVEN SINGLE NUCLEOTIDE POLYMORPHISMS*

Haplotype PAI4G,5G PAI2846 PAI2852 PAI4588 PAI7343 PAI12219 PAI12750 Frequency (%)

Whites

A 4G G G C A C G 42.5

F 4G G G T A T G 6.7

J 4G G G C A C A 3.9

D 5G G G C A T A 16.3

E 5G A G C G T G 10.7

C 5G G G C G T G 9.7

G 5G G G T A T G 4.9

B 5G G G C A C G 2.2

H 5G G A T A T G 1.2

Blacks

A 4G G G C A C G 21.1

I 4G G G C G T G 3.4

F 4G G G T A T G 2.6

B 5G G G C A C G 34.1

C 5G G G C G T G 21.6

H 5G G A T A T G 5.7

G 5G G G T A T G 4.3

D 5G G G C A T A 4.1

E 5G A G C G T G 1.9

* Includes haplotypes with frequency greater than 1% in the population. Frequency of I haplotype in whites and J haplotype in

blacks is less than 1%.
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those with the GA genotype (5.6%), and the lowest frequency
for the AA genotype (0%) (P 5 0.01), but the overall frequency
of subjects with the AA genotype was very low (1.4%).

In contrast to white participants, only genotypes at the
PAI12750 site were associated with CAP susceptibility. Subjects
with the AA genotype were associated with the highest fre-
quency of CAP (50%) compared with AG and GG genotype
(6.1 and 9.5%, P 5 0.01), but only 0.3% of black participants
had the AA genotype.

PAI-1 SNPs and Circulating PAI-1 Concentrations

In general, genotypes associated with higher risk of CAP among
whites had higher circulating PAI-1 concentrations (Table 5).
For example, those with the 4G/4G and 4G/5G genotypes had
higher PAI-1 concentrations compared with the 5G/5G geno-
types (23 vs. 20 ng/ml, P , 0.0001). Similarly, subjects with the
AA genotypes at the PAI7343 site had higher circulating con-
centrations compared with the AG and GG genotypes (22 vs.
20 ng/ml, P 5 0.02).

Population Stratification

We stratified our analyses by site to assess for population strat-
ification (Table 6). Again, genotypes associated with higher risk
of CAP at Memphis and Pittsburgh sites were associated with
higher circulating PAI-1 concentrations. Although the direction

of association was similar at both sites, the magnitude varied.
For instance, genotypes associated with higher circulating PAI-1
concentrations at the PAI4G,5G and PAI12219 sites were
associated with higher risk of CAP at both sites, but the asso-
ciations were statistically significant only at the Memphis site.
Similarly, genotypes associated with higher circulating concen-
trations at the PAI2846 and PAI7343 sites were associated with
higher risk of CAP at both sites, but the associations were
statistically significant at the Pittsburgh site only.

PAI-1 SNPs and Cytokine Expression in Ex Vivo

Whole Blood Stimulation

We assessed the functional significance of PAI4G,5G, PAI2846,
and PAI7343 genotypes using ex vivo whole blood stimulation
with LPS and PGN in 23 healthy white volunteers because these
genotypes were associated with CAP susceptibility among white
participants (Figure 2). Only the PAI4G,5G polymorphism was
associated with increased PAI-1 expression. Stimulation of the
whole blood with LPS and PGN resulted in a 3.3- and 1.9-fold
higher PAI-1 expression when 4G/4G and 4G/5G genotypes were
compared with 4G/4G genotypes at the PAI 4G,5G site (1 vs.
0.3 ng/ml, P 5 0.043, and 2.4 vs. 1.3 ng/ml, P 5 0.034, for LPS
and PGN, respectively) (Figure 2A). However, no differences
were seen in TNF, IL-6, and IL-10 expression for the PAI4G,
5G genotypes. Stimulation with PGN resulted in higher TNF

TABLE 5. ASSOCIATION BETWEEN GENOTYPE AND PHENOTYPE (PAI-1 AND COMMUNITY-ACQUIRED PNEUMONIA)

Whites (n 5 1,794) Blacks (n 5 1281)

SNP

Genotype

Frequency % (n)

PAI-1

Concentrations*

Frequency of

CAP % (n)

Genotype

Frequency % (n)

PAI-1

Concentrations*

Frequency of

CAP % (n)

PAI4G,5G

5G/5G 21.8 (380) 20 (11–31) 5.3 (20) 8.5 (104) 20 (11–34) 8.5 (9)

5G/4G 48.6 (846) 22 (13–37) 10.1 (85) 39 (477) 21 (13–37) 8.8 (42)

4G/4G 29.6 (515) 23 (13–43) 9.7 (50) 52.5 (642) 23 (13–42) 8.6 (55)

P value† — 0.0001 0.018 (0.049) — 0.0001 0.99 (0.99)

PAI2846

A/A 1.4 (25) 22.5 (13–39) 0 (0) 0.1 (1) 11 0 (0)

A/G 20.4 (355) 20 (12-32.5) 5.6 (20) 4.1 (51) 24 (15–39) 15.7 (8)

G/G 78.2 (1,359) 30 (14–44) 9.9 (135) 95.8 (1,179) 21 (12–36) 8.3 (98)

P value† — 0.03 0.012 (0.049) — 0.4 0.176 (0.617)

PAI2852

A/A 0.1 (2) 15 50.0 (1) 0.4 (5) 15 (7–39) 20 (1)

A/G 2.7 (47) 20 (13–30) 8.5 (4) 11.4 (140) 19 (11–32) 9.3 (13)

G/G 97.2 (1,692) 22 (13–38) 8.8 (149) 88.2 (1,084) 21 (13–36) 8.4 (91)

P value† — 0.40 0.122 (0.171) — 0.20 0.616 (0.99)

PAI4588

C/C 76 (1,224) 21 (13–37) 8.5 (104) 76.8 (883) 21 (12–36) 9.3 (82)

C/T 22 (353) 22 (12–39) 9.1 (32) 20.8 (239) 22 (12–36) 8.4 (20)

T/T 2 (31) 18 (10–25) 6.5 (2) 2.4 (28) 19 (12.5–35.5) 7.1 (2)

P value† — 0.10 0.863 (0.863) — 0.80 0.853 (0.99)

PAI7343

A/A 62.4 (1,069) 22 (13–41) 10.5 (112) 52.2 (629) 20 (12–36) 9.1 (57)

A/G 32.8 (561) 20 (12–32) 6.4 (36) 41.6 (501) 21.5 (12.5–34.5) 8 (40)

G/G 4.8 (83) 23 (14–35) 7.2 (6) 6.2 (74) 22 (13–42.5) 10.8 (8)

P value† — 0.03 0.021 (0.049) — 0.70 0.657 (0.99)

PAI12219

C/C 19.8 (339) 22 (13–43) 8.3 (28) 24.4 (293) 21 (12–36) 9.6 (28)

C/T 8.9 (835) 23 (13–38) 10.2 (85) 46.9 (562) 21 (12–35) 8 (45)

T/T 31.3 (535) 20 (11–13) 6.9 (37) 28.7 (344) 21 (13–37) 9 (31)

P value† — 0.004 0.106 (0.171) — 0.78 0.721 (0.990)

PAI12750

A/A 4.5 (75) 14.5 (9–26) 10.7 (8) 0.3 56 (17.5–111.5) 50 (2)

A/G 31.4 (521) 23 (14–39) 9.4 (49) 8.4 27 (16–47) 6.1 (6)

G/G 64.1 (1,062) 21 (13–37) 8.6 (91) 91.3 21 (12–35) 9.5 (97)

P value† — 0.0004 0.743 (0.863) — 0.003 0.009 (0.066)

Definition of abbreviations: CAP 5 community-acquired pneumonia; PAI-1 5 plasminogen activator inhibitor-1; SNP 5 single nucleotide polymorphism.

Genotype data were missing for some patients.

* Median PAI-1 concentrations (with interquartile range) in ng/ml.
† P values adjusted for false-discovery rate are presented in parenthesis.
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expression for the AA and AG genotypes when compared with
the GG genotypes at PAI2846 site (P 5 0.001), but no differ-
ences were seen in TNF expression after LPS stimulation and
in PAI-1, IL-6, and IL-10 expression after both LPS and PGN
stimulation (Figure 2B). No associations were seen between
PAI7343 genotypes and either cytokine expression after LPS
and PGN stimulation (Figure 2C).

PAI-1 Haplotypes and Phenotypes

Although we genotyped all seven SNPs in all subjects, the
PAI4G,5G, PAI2846, PAI4588, and PAI 7343 SNPs could tag the
five common haplotypes (A, C, D, E, F) in whites. Of the 53%
of white participants with a 4G allele, 46% had the 4G/G/C/A
haplotype, which was associated with higher odds of CAP (P 5

0.004) (Table 7). Of the remaining 47% of white participants
with the 5G allele, only the 5G/A/C/G haplotype was associated
with a lower frequency of CAP and this haplotype was only ob-
served among 10.7% of white participants. Higher probability of
the 5G/A/C/G haplotype was associated with lower risk of CAP
(P 5 0.004). However, higher probability of the 4G/G/C/A
haplotype was not associated with higher risk of CAP (P 5 0.06).
A combination of three SNPs could tag the four common haplo-
types (A, B, C, H) with a frequency greater than 5% in blacks
(PAI4G,5G/PAI2846/PAI12750) (Table 7), but neither haplo-
type was associated with CAP susceptibility (P 5 0.33).

Magnitude of Association between SNPs and

Haplotypes with Phenotypes

In the Health ABC cohort, the PAI4G,5G alleles described
only 1 and 0.3% of variation in the circulating PAI-1 concen-
trations measured in the healthy state in whites and blacks.
Furthermore, the 4G/G/C/A and 5G/A/C/G haplotypes, associ-
ated with CAP susceptibility in whites, could explain only 1 and
0.1% of the variation in circulating PAI-1 concentrations mea-
sured in the healthy state. However, PAI4G,5G alleles de-
scribed 20 and 22% of variation in PAI-1 expression after
stimulation with LPS and PGN in healthy white volunteers.
Finally, 43% of CAP cases among white subjects in the Health
ABC cohort could be attributed to the 4G,5G alleles.

Sensitivity Analyses

We conducted sensitivity analyses to assess associations be-
tween the PAI4G,5G SNP and the haplotypes with CAP among

whites after excluding CAP events before enrollment in the
Health ABC study. One hundred and ninety-eight participants
(6.4%) had at least one hospitalization for CAP after enroll-
ment in the Health ABC study: 126 were whites and 72 were
blacks. Again, a codominant effect for the presence of a 4G
allele at the PAI4G,5G site was seen in white participants. The
OR for the combined 4G/4G and 4G/5G genotypes versus the
5G/5G genotype was similar to that when including all known
cases in the analysis. Results did not reach statistical significance
in univariate analysis (relative risk [RR], 1.6; 95% CI, 0.97–2.7;
P 5 0.069) but were significant in multivariable analysis (RR,
1.8; 95% CI, 1.03–3.2; P 5 0.04). Haplotype analysis showed
that the 4G/G/C/A haplotype was associated with lower odds of
CAP susceptibility (P 5 0.007), whereas the 5G/A/C/G haplotype
approached, but did not reach, statistical significance (P 5 0.06)
(Table E3A).

DISCUSSION

Consistent with our hypothesis, we demonstrated an association
between genotypes associated with higher circulating PAI-1 con-
centrations at PAI4G,5G, PAI2846, and PAI7343 sites and increased
odds of CAP requiring hospitalization in well-functioning elderly
whites. Only the previously functional PAI4G,5G genotype was
associated with higher PAI expression during whole blood stim-
ulation. Half of white subjects had the hypersecretor 4G allele,
and most had the 4G/G/C/A haplotype at PAI4G,5G/PAI2846/
PAI4588/PAI7343 SNPs, which was associated with increased
CAP susceptibility. Of the subjects with the hyposecretor 5G allele,
only 11% had the 5G/A/C/G haplotype, which was associated
with lower CAP susceptibility. These associations were indepen-
dent of demographic characteristics and comorbid conditions.
In contrast, among blacks, the PAI4G,5G polymorphism was also
associated with higher circulating PAI-1 concentrations, but neither
this polymorphism nor any of the haplotypes were associated
with CAP susceptibility.

To our knowledge, this is the first report describing the role
of PAI-1 in pneumonia susceptibility in humans. In contrast to
a previous study that examined PAI-1 gene–deficient mice (27),
our results suggest that genetic variation associated with in-
creased PAI-1 expression increases susceptibility. The differ-
ences in PAI-1 concentrations between the groups were small
and the PAI4G,5G genotypes explained only 1% of variation in
the circulating PAI-1 concentrations. Genotyping additional

TABLE 6. ASSOCIATION BETWEEN GENOTYPE AND PHENOTYPE (PAI-1 AND COMMUNITY-ACQUIRED
PNEUMONIA) IN WHITES STRATIFIED BY SITE

Memphis (n 5 935) Pittsburgh (n 5 859)

Locus Genotypes Risk (%) for CAP P Value

PAI-1 Concentration

(ng/ml) Risk (%) for CAP P Value

PAI-1 Concentration

(ng/ml)

4G,5G 4G,4G 4G,5G 10.5 0.0006 19 9.2* 0.6 26

5G,5G 2.6 16 7.9 23

2846 AA AG 5.9 0.11 17 4.4 0.015 23

GG 9.6 19 10.3 26

2852 AA AG 0 0.18 13.5 16.1 0.17 22

GG 8.8 19 8.8 25

4588 TT CT 8.8 0.72 16 9.9 0.48 26

CC 8 19 8.2 25

7343 GG AG 6.6 0.09 17 6.4 0.026 23

AA 10 19 11 26

12219 CC CT 10.3 0.004 20 9* 0.76 26

TT 4.6 17 9.6 23

12750 AA AG 8.8 0.93 20.5 10.4 0.38 25

GG 8.6 17 8.5 25

Definition of abbreviations: CAP 5 community-acquired pneumonia; PAI-1 5 plasminogen activator inhibitor-1.

* Interaction P , 0.05 between genotype and site for CAP susceptibility.
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SNPs did not explain additional variability in circulating PAI-1
concentrations or alter the OR of CAP susceptibility compared
with the PAI4G,5G SNP alone in whites. Our results are
consistent with recent studies in which the 4G,5G alleles and
more comprehensive genotyping techniques, such as high-density
SNP analysis of the PAI-1 gene (28, 29), explained only a small
fraction of variation in circulating PAI-1 concentrations. Fur-
thermore, similar results have been observed when comprehen-
sive methods were used to ascertain contribution of genetic
variation to circulating concentrations of other inflammatory
markers, including C-reactive protein (30). In contrast to the
association between these alleles and PAI-1 concentrations mea-
sured in a healthy state, 20% of variation in PAI-1 expression
could be attributed to the 4G,5G allele in whole blood stimu-
lation assay. These results are consistent with circulating con-
centrations for the 4G,5G alleles observed during an acute

infection (14). In this study, PAI-1 concentrations were twofold
higher in subjects with the 4G/4G genotype compared with the
5G/5G genotype. Therefore, the PAI 4G,5G SNP may contrib-
ute to greater variability in PAI-1 expression on exposure to
infection compared with a healthy state.

We speculate that increased PAI-1 expression among par-
ticipants with the 4G allele may dampen the proinflammatory
activity of uPA (3, 31–36). Our results also suggest that in-
creased PAI-1 concentrations in the elderly could be a marker
of high-risk PAI-1 genotypes and haplotypes and increased risk
of CAP. Therefore, our findings have important implications
in the frail elderly who have up-regulated markers of inflam-
mation and coagulation and are at higher risk for infection (37).
Furthermore, our results suggest that, although increased PAI-1
expression is associated with chronic health conditions that
increase risk of CAP, such as diabetes (38), PAI-1 expression
during host response to infection may independently influence
CAP susceptibility in the elderly.

An important strength of our study is the cohort design
compared with earlier case-control designs (39, 40). Designing
studies to ascertain the role of genetic variants in susceptibility
to infection poses several challenges. First, an ideal study design
would be a prospective data collection with lifetime follow-up
of a large cohort to identify cases and control subjects. Because
this is often impractical, we used a cohort of 70- to 79-year-old
participants because the likelihood of developing CAP increases
exponentially in this age group (41). We also included events in
the 5 years preceding enrollment in addition to the 7 years of
follow-up in the Health ABC study to better classify cases and
noncases. Although we cannot exclude CAP in our control
subjects before this period, the incidence is low in individuals
younger than 65 years. Second, we had to use two definitions to
identify CAP: the ICD-9 diagnoses using HCFA data during the
initial 5 years, and a more precise method during the ensuing
7 years. Although ICD-9 diagnosis is sensitive in detecting CAP
events, it lacks specificity (42). Our sensitivity analysis demon-
strates that ORs for the reported associations remained un-
changed after excluding events before Health ABC enrollment,
but some of these associations did not meet statistical signifi-
cance due to reduced sample size. Third, a potential problem of
including cases occurring before the assembly of the cohort is
selection bias from a variety of potential sources, including
differential mortality. Results can be biased if genotype deter-
mines the probability that individuals would be included in the
study at the outset. PAI-1 genotypes were not associated with
mortality after CAP in whites, and the frequency of the 4G,5G
genotypes was similar across different age ranges in our cohort
(Table E4A). Therefore, selection bias is possible, but unlikely
to affect our results. An additional strength of our study is its
generalizability to other well-functioning populations in the
United States. The cohort was randomly chosen from two urban
areas in the United States, and the incidence of CAP in our
cohort is similar to other population-based studies (41, 43). The
genotype and haplotype frequencies are consistent with previous
studies in blacks and whites, including recently published high-
density SNP map analysis of the PAI-1 gene (28, 29, 44, 45).

The lack of association of the 4G,5G genotype and CAP
susceptibility among blacks and the results of our haplotype
analysis in whites suggests that additional polymorphisms within
the PAI-1 gene may regulate PAI-1 expression. We tried to
identify these additional genetic variants while choosing candi-
date SNPs. Our approach was to identify functional or poten-
tially functional SNPs with an allele frequency of greater than
10%. However, none of the nonsynonymous SNPs in our study
are likely to be functional. The PAI2846 SNP was associated
with both PAI-1 concentrations and susceptibility to CAP, and

Figure 2. Changes in plasminogen activator inhibitor (PAI)-1, tumor

necrosis factor (TNF), IL-6, and IL-10 concentrations after ex vivo whole

blood stimulation with lipopolysaccharide (LPS) and peptidoglycan
(PGN) for PAI4G,5G (A), PAI2846 (B), and PAI7343 (C) genotypes. Values

for TNF, IL-6, and IL-10 are log converted. PAI4G,5G and PAI7343

genotype data were missing for two subjects and one subject. *Log-

converted cytokine concentrations. (A) Solid bars, 4G/4G, 4G/5G (n 5

16); open bars, 5G/5G (n 5 5). (B) Solid bars, AG, AA (n 5 4); open bars,

GG (n 5 19). (C) Solid bars, AA (n 5 14); open bars AG or GG (n 5 8).
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the 5G/A/C/G haplotype was associated with lower odds of
CAP susceptibility in whites. However, this SNP was neither
associated with PAI-1 expression after whole blood stimulation
in whites nor associated with PAI-1 concentrations or CAP
susceptibility in blacks in our study. It was also not associated
with PAI-1 concentrations among whites in a previous report (29).
Another potential explanation for the lack of association be-
tween haplotypes and CAP susceptibility among blacks in our
study could be differences in haplotype frequencies. Our find-
ings corroborate previous reports demonstrating that blacks
have fewer common haplotypes compared with whites (46) and
rare haplotypes may be more important in CAP susceptibility
among blacks. Our power calculations suggest that our study
could detect modest effects (OR > 2), as seen with the 4G allele
in whites. Our study was not powered to detect ORs less than 2,
especially for uncommon haplotypes that may play an impor-
tant role (47). Therefore, associations between less frequent
haplotypes and CAP susceptibility among blacks could not be
ascertained in the present study. The population-attributable
risk in detecting smaller effects of gene variants, especially for
rare alleles, is presently not clear (48).

Our study has limitations. First, we used candidate SNPs
from the SeattleSNPs website. Using SNPs from the HapMap
project or more comprehensive methods to identify tag SNPs,
including high-density SNP analysis, may yield different results.
Our study was designed in 2002, before initiation of the HapMap
project and therefore these SNPs were not included in our study.
Second, it is possible that the reported association is due to link-
age with other polymorphisms on chromosome 7q. Replication
of our results is other population-based cohorts should be con-
ducted to confirm our results.

In conclusion, PAI-1 genotypes associated with increased
circulating PAI-1 concentrations are associated with increased
susceptibility to CAP in well-functioning elderly men and
women. Our results suggest that genetic variants in addition
to the commonly described 4G,5G functional polymorphism
may regulate PAI-1 expression and CAP susceptibility.
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