:' frontiers ‘ Frontiers in Immunology

ORIGINAL RESEARCH
published: 02 June 2022
doi: 10.3389/fimmu.2022.868973

OPEN ACCESS

Edited by:
Neeloffer Mookherjee,
University of Manitoba, Canada

Reviewed by:

Esther De Vries,

Tilburg University, Netherlands

David LaFon,

University of Alabama at Birmingham,
United States

*Correspondence:
Virgil A. S. H. Dalm
v.dalm@erasmusmc.nl

Specialty section:

This article was submitted to
Inflammation,

a section of the journal
Frontiers in Immunology

Received: 03 February 2022
Accepted: 02 May 2022
Published: 02 June 2022

Citation:

Khan SR, Vanoverschelde A,
Lahousse L, Peeters RP,

van Hagen PM, Brusselle G, Chaker L
and Dalm VASH (2022) Serum
Immunoglobulins, Pneumonia Risk,
and Lung Function in Middle-Aged
and Older Individuals: A Population-
Based Cohort Study.

Front. Immunol. 13:868973.

doi: 10.3389/fimmu.2022.868973

Check for
updates

Serum Immunoglobulins, Pneumonia
Risk, and Lung Function in Middle-
Aged and Older Individuals: A
Population-Based Cohort Study

Samer R. Khan "2, Anna Vanoverschelde??®, Lies Lahousse??®, Robin P. Peeters®*
P. Martin van Hagen'°, Guy Brusselle>%7, Layal Chaker?®* and Virgil A. S. H. Dalm-°*

" Department of Internal Medicine, Division of Allergy and Clinical Immunology, Erasmus University Medical Center,
Rotterdam, Netherlands, 2 Department of Epidemiology, Erasmus University Medical Center, Rotterdam, Netherlands,

3 Department of Bioanalysis, Pharmaceutical Care Unit, Ghent University, Ghent, Belgium, 4 Department of Internal Medicine,
Division of Endocrinology, Erasmus University Medical Center, Rotterdam, Netherlands, ® Department of Immunology,
Erasmus University Medical Center, Rotterdam, Netherlands, ¢ Department of Respiratory Medicine, Ghent University
Hospital, Ghent, Belgium, 7 Department of Respiratory Medicine, Erasmus University Medical Center, Rotterdam, Netherlands

Introduction: Immunoglobulins (Igs) play a pivotal role in host defense and prevention of
pneumonia. Aging influences serum Ig levels, but the association between Igs and
pneumonia in community-dwelling older individuals remains unknown. We evaluated
the association of serum IgA, 1gG, and IgM with pneumonia and lung function in middle-
aged and older individuals.

Methods: We performed Cox and negative binomial regression analyses for the
association of Igs with incident pneumonia and pneumonia-related mortality, and
recurrent pneumonia respectively. We performed logistic regression analyses for the
association between Igs and lung function values. Associations were adjusted for age,
sex, smoking, comorbidities, and serum C-reactive protein.

Results: We included 8,766 participants (median age 62.2 years, 57% women, median
follow-up 9.8 years). Higher IgA (hazard ratio [HR]: 1.15; 95% confidence interval [95%
Cl]: 1.00-1.32) and IgG (HR: 1.13; 95% CI: 1.06-1.19) were associated with an increased
pneumonia risk. Higher IgG was associated with an increased risk of pneumonia-related
mortality (HR: 1.08; 95% CI: 1.01-1.16) and recurrent pneumonia (incidence rate ratio:
1.04; 95% Cl: 1.00-1.09). Higher IgA and IgG were also associated with lower forced
expiratory volume in one second (FEV,), lower forced vital capacity (FVC), and an
increased odds of preserved ratio impaired spirometry (PRISm, i.e. FEV; <80% and
FEV4/FVC ratio >70%). No association was seen with an obstructive spirometry pattern.
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Discussion: Higher serum IgA and IgG levels were associated with pneumonia,
pneumonia-related mortality, and PRISm in middle-aged and older individuals from the
general population. Future studies should validate our findings and elucidate underlying

pathophysiology.

Keywords: pneumonia, immunoglobulin A, immunoglobulin G, immunoglobulin M, pulmonary ventilation

INTRODUCTION

An adequate immune system with equilibrium between pro- and
anti-inflammatory responses is pivotal for prevention of
pneumonia (1). Primary antibody deficiencies are characterized
by low levels of serum immunoglobulins (Igs) and increased
susceptibility to upper and lower respiratory tract infections,
including pneumonia (2). Immunoglobulin replacement therapy
(IgRT) decreases the incidence and severity of pneumonia in
these patients and is associated with a better forced expiratory
volume in one second (FEV;) (3-5). A higher trough IgG level
after IgRT is associated with a decrease in risk of developing
pneumonia and a decrease in lung function decline (6, 7).
However, in individuals without primary immunodeficiencies,
higher levels of Igs may also be associated with the risk of
developing pneumonia. Chronic inflammation or chronic
inflammatory conditions that are associated with increased serum
Ig levels, have been associated with pneumonia susceptibility as well
(8). The direction of the association between Ig levels and risk of
infections could therefore depend on underlying disease or cause.
Aging is an important risk factor for developing pneumonia
due to impaired immune responses amongst others. Age-related
chronic inflammation has been associated with increased
pathogen adhesion and immune dysregulation (9). In a
previous study of 39 healthy volunteers, older compared to
younger individuals had higher Ig levels in the bronchoalveolar
fluid and lower predicted lung function values, although the
latter did not reach statistical significance (10). Recently, we have
shown age-related increases of serum IgA and IgG in our general
population cohort of middle-aged and older individuals (11). It is
unclear whether an association exists of serum Igs with
pneumonia or impaired lung function in this older population.
Uncovering novel risk factors of pneumonia at older age is of
timely importance given the highest prevalence (number of cases
at a specific time point) and incidence (number of new cases
developing over a specific period of time) of pneumonia and
obstructive or restrictive spirometry patterns in this age group.
Previous studies on the association of serum Ig levels with
pneumonia prevalence and severity in immunocompetent
individuals reported inconclusive results and were performed in
adults with a heterogeneous age range (12-16). These studies
furthermore had several limitations that potentially restrict
extrapolation of results to older individuals from a general
population. Previous studies were either cross-sectional, had small
sample sizes, were patient-based, or did not account for
potential confounders.
It is therefore still unknown whether and how serum Igs are
associated with the risk of developing pneumonia and

pneumonia-related complications in community-dwelling
middle-aged and older individuals. We performed this study to
assess the association of serum Ig levels with risk of pneumonia
and related mortality as well as lung function in a large
prospective population-based cohort.

METHODS

Study Population

This study was embedded in the Rotterdam Study (RS), an
ongoing prospective population-based cohort study of middle-
aged and older participants from Ommoord, a suburb of
Rotterdam, the Netherlands. The RS focuses on the
epidemiology of conditions from various medical fields,
including respiratory medicine and internal medicine. The RS
started in 1990 and was initially aimed at inhabitants of the study
area aged 55 or over. The RS was extended with additional
cohorts in 2000, 2006, and 2016. For these cohorts, inhabitants of
the study area that had not been previously invited and were aged
55 (RS1I), 45 (RS III), or 40 years or over (RS IV), were invited to
participate. The overall response rate of the RS for the first three
cohorts was 72% (14,926 out of 20,744). After enrollment,
participants are re-examined every 3-6 years at the research
center in Ommoord. In addition, continuous linkage takes places
of the research database with medical records of general
practitioners (GPs) and hospitals. The RS has been approved
by the medical ethics committee of Erasmus University Medical
Center (registration number MEC 02.1015) and the Dutch
Ministry of Health, Welfare, and Sport (Population Screening
Act WBO, license number 1071272-159521-PG). Detailed
information has been published elsewhere (17). For this
study, we included participants from three independent RS
cohorts (I-3, II-1, III-1) with available baseline measurements
of serum IgA, IgG, and/or IgM, written informed consent for
follow-up, and information on pneumonia.

Assessment of Serum Igs

Venous blood was drawn at the research center in Ommoord in
1997 through 2008, and the moment of blood drawing was
considered the study baseline. Serum samples were subsequently
stored at -80°C and Ig levels were analyzed between 2016 and
2018 with an immunoturbidimetric assay (Tina-quant® IgA/
IgG/IgM Gen. 2, Roche Diagnostics GmbH, Mannheim,
Germany). According to the assay manufacturer’s protocol,
recommended reference ranges for adults were 0.7-4.0 g/L for
IgA, 7.0-16.0 g/L for IgG, and 0.4-2.3 g/L for IgM. However,
based on 2.5th and 97.5th percentiles for the entire study
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population with Ig measurements, we previously retrieved 0.86-
4.76 g/L for IgA, 6.20-15.10 g/L for IgG, and 0.28-2.64 g/L for
IgM (11).

Assessment of Pneumonia and

Lung Function

The diagnosis of prevalent (events occurring before blood
drawing) and incident (events occurring after blood drawing)
pneumonia was based on medical records (including hospital
discharge letters) of GPs. All pneumonia events (prevalent or
incident) included in this study were cases of community-
acquired pneumonia (CAP). Until 2012, the national database
on hospitalizations (Landelijke Medische Registratie) was used to
select participants with pneumonia (ICD-9 codes 480-488) as
main discharge diagnosis. Pneumonia hospitalizations that could
not be verified in case of limited access to medical records were
included to avoid underestimation of older pneumonias. After
2012, trained follow-up assistants collected all information
mentioning ‘pneumonia’ by scrutinizing medical records at GP
offices. This copied information was coded by a researcher based
on medical records and chest imaging. Pneumonia cases were
furthermore distinguished into definite and probable. Definite
cases were defined as a clinical diagnosis of pneumonia made by
a pulmonary physician or GP, suggestive clinical symptoms, and
an infiltrate on chest imaging. In the absence of chest imaging,
cases were regarded probable if the first two criteria were met.
Pneumonia was excluded in the absence of an infiltrate on chest
imaging, other (respiratory) diagnosis, or pneumonia which
developed in participants admitted for another diagnosis
(hospital-acquired pneumonia or ventilator-associated pneumonia).

Information on mortality was retrieved from medical records
of GPs, hospitals, or nursing homes. Two independent
physicians classified the causes of mortality based on the ICD-
10 and ICPC coding systems. Coded mortality events were
subsequently reviewed by a medical expert in the field.
Pneumonia-related mortality was defined as ICD-10 codes J09-
J18 and/or ICPC code R81.

Pre-bronchodilator spirometry was performed by trained
paramedical personnel at the research center in Ommoord
according to the American thoracic society and European
respiratory society guidelines (18). FEV, forced vital capacity
(FVC), and the FEV,/FVC ratio (the Tiffeneau index) were
measured with a portable spirometer (SpiroPro, Erich Jaeger
GmbH, Hoechberg, Germany). Preserved Ratio Impaired
Spirometry (PRISm) was defined as a potentially restrictive
lung function with preserved FEV,/FVC ratio (FEV; <80% and
FEV,/FVC ratio 270%). Spirometry measurements were
available in a random subset of participants at follow-up visits
(RS cohorts I-4 and II-2) and at baseline (RS cohort III-1).

Assessment of Other Covariates

Potential confounders were based on previous literature (19, 20)
and their assessment took place at study baseline. Height, weight,
and blood pressure were measured at the research center in
Ommoord. Body mass index (BMI) was calculated by dividing
the body weight (kg) by height squared (m?). Blood pressure was

measured with a sphygmomanometer at the right arm with the
participant in sitting position. The average blood pressure of two
consecutive measurements was taken. Hypertension was defined
as a blood pressure exceeding 140/90 mmHg or as the use of
blood pressure lowering medication. Information on smoking
status, pack years, and alcohol consumption was retrieved from
questionnaires during home interviews. Smoking status was
defined as former, current, or never smoker. Pack years of
smoking were calculated by dividing the product of years and
daily cigarettes smoked by twenty. Alcohol consumption was
reported in g/day and was categorized into none, mild (0-10 g/
day), moderate (10-20 g/day), or heavy (>20 g/day). Chronic
obstructive pulmonary disease (COPD) cases were based on pre-
bronchodilator spirometry or, in the absence of spirometry at the
research center, on diagnoses made by respiratory physicians or
GPs. Asthma cases were based on physician’s diagnoses in
medical records. Type 2 diabetes (DM) was defined as a fasting
blood glucose level exceeding 7 mmol/L, a non-fasting blood
glucose level exceeding 11.1 mmol/L (in the absence of fasting
blood samples), or as the use of antidiabetics. Physical activity
was measured according to validated questionnaires and
expressed in metabolic equivalent of task (MET) hours/week.
Serum C-reactive protein (CRP) levels were measured with an
immunoturbidimetric assay and reported in mg/L. Use of
medication that may influence serum Ig levels and/or
pneumonia risk was retrieved from linkage with computerized
records of pharmacies in the study district and comprised
pneumococcal vaccines, inhaled or oral corticosteroids, proton
pump inhibitors, angiotensin converting enzyme inhibitors, or
antiepileptic or antipsychotic drugs (21-23).

Statistical Analyses

We performed binomial logistic regression analyses to obtain
odds ratios (ORs) and 95% confidence intervals (95% Cls) for the
association between serum Igs and prevalent pneumonia. Three
models were applied. A first model was adjusted for age and sex.
A second model was adjusted for smoking status, pack years, and
alcohol consumption additional to the first model. A third model
included confounders that could also act as mediators and
comprised BMI, DM, asthma, COPD, hypertension, physical
activity, and CRP additional to the first two models.

We performed Cox proportional hazards regression analyses
to obtain hazard ratios (HRs) and 95% CIs for the association of
serum Igs with risk of pneumonia-related mortality. The
proportional hazards assumption was checked through the
Schoenfeld test. Participants were followed until pneumonia-
related mortality, other mortality, loss to follow-up, or January
1° 2015, whichever came first. Three models were applied for the
Cox analyses. In a first model we adjusted for age, sex, and RS
cohort. A second model additionally included smoking status,
pack years, and alcohol consumption. A third model included
BMI, DM, asthma, COPD, hypertension, and CRP additional to
the first two models.

After exclusion of participants with prevalent pneumonia, we
performed Cox proportional hazards regression analyses to obtain
HRs and 95% ClIs for the association between serum Igs and
incident pneumonia. The proportional hazards assumption was
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checked through the Schoenfeld test. Participants were followed
until first incident pneumonia event, death, loss to follow-up, or
end of follow-up (May 17" 2018), whichever occurred first. Three
models were constructed including the same covariates as the
models for prevalent pneumonia with the addition of RS cohort to
take temporal trends into account. We performed a sensitivity
analysis by adding PRISm as potential confounder based on
biological plausibility to the third model. Furthermore, a
sensitivity analysis was performed after exclusion of participants
with Ig levels outside the reference range and users of potentially
immunomodulating medication to exclude the influence of
transient fluctuations in serum Ig levels. For comparison, we
applied both the manufacturer’s recommended and our own
calculated reference ranges in this sensitivity analysis. We
furthermore performed a sensitivity analysis after exclusion of
probable incident pneumonia events and pneumonia
hospitalizations that could not be verified. Predefined
stratifications were performed by age (cut-off 65 years) and sex.

We performed negative binomial regression analyses to obtain
incidence rate ratios (IRRs) and 95% Cls for the association between
serum Igs and the number of incident pneumonia events. There was
no zero inflation in any model. Three models were applied adjusting
for the same covariates as in the binomial logistic regression
analyses with prevalent pneumonia.

We performed linear regression analyses to obtain betas and
95% Cls for the association of serum Igs with FEV,, FVC, and the
FEV,/FVC ratio. There was no heteroscedasticity. Linearity was
checked with ordinary least squares regression analyses with
three knots. We applied three models. In a first model, we
adjusted for age, sex, and time interval between blood drawing
and spirometry. In a second model, we additionally adjusted for
smoking status and pack years. A third model included BMI,
DM, hypertension, and physical activity additional to the first
two models. Analyses were furthermore stratified by asthma and
COPD status. For the association of serum Igs with PRISm and
COPD, we performed binomial logistic regression analyses
applying the same three models as for the linear regression
analyses with lung function.

Results of all analyses were presented per unit (g/L) increase
in serum Ig levels. Missing values in covariates were imputed
with multivariate imputation by chained equations (6
imputations, 10 iterations). Convergence was reached and the
distribution of covariates before and after imputation was
similar. Missingness was <2% for all covariates, except for
physical activity and alcohol consumption (14.1% and 20.4%
respectively). All analyses were performed with R Statistical
Software version 4.0.2.

RESULTS

Study Population Characteristics

We included 8,766 participants with a median age of 62.2 years
and of whom 57% were women. Almost half our study
population (n = 4,152) comprised former smokers and 515
participants (5.9%) had COPD. A total of 398 participants

(4.5%) had asthma and 231 (2.6%) had PRISm. Median levels
of serum Igs were 2.10 g/L for IgA, 9.70 g/L for IgG, and 0.85 g/L
for IgM. Baseline characteristics of the study population are
shown in Table 1.

A total of 43 participants (0.5%) had prevalent pneumonia. Of
those participants without a history of pneumonia at baseline,
428 (4.9%) developed pneumonia during a median follow-up of
9.8 years (interquartile range [IQR]: 7.4-15.3). In participants
that developed recurrent pneumonias (n=75), the median
number of events was 2 (IQR: 2-3). During a median follow-
up of 8.6 years (IQR: 7.0-14.2), 78 (0.9%) participants had died
of pneumonia.

Association of Serum Igs With Prevalent
Pneumonia, Incident Pneumonia, and
Pneumonia-Related Mortality

Higher serum IgA levels were associated with an increased odds of
prevalent pneumonia, but this did not reach statistical significance
(OR: 1.18; 95% CI: 0.94-1.47). We did not find associations of serum
IgG and IgM with prevalent pneumonia (Table 2).

Serum IgA and IgM were not associated with pneumonia-
related mortality. However, higher serum IgG levels were
associated with an increased risk of pneumonia-related
mortality (HR: 1.08; 95% CI: 1.01-1.16) (Table 3).

The proportional hazards assumption was violated for the
association between Igs and incident pneumonia and therefore
the follow-up time was divided into three strata (<3 years,
3-6 years, >6 years) in which the assumption held. After six

TABLE 1 | Baseline characteristics of 8,766 participants with immunoglobulin
measurements and informed consent for follow-up.

Sex, female, n (%)

Age, years, median (IQR)
Serum IgA, g/L, median (IQR)
Serum IgG, g/L, median (IQR)
Serum IgM, g/L, median (IQR)
BMI, kg/m?, median (IQR)

4,994 (57.0)
62.2 (57.4-70.7)
2.10 (1.57-2.78)
9.70 (8.30-11.20)
0.85 (0.59-1.23)
26.8 (24.5-29.6)

Hypertension, n (%) 5,345 (61.0)
Diabetes mellitus, n (%) 1,041 (11.9)
Asthma, n (%) 398 (4.5)
COPD, n (%) 515 (5.9)
Smoking status, n (%)
- Never - 2,907 (33.2)
- Former - 4,152 (47.4)
- Current - 1,707 (19.5)
Pack years, median (IQR) 6.0 (0.0-25.0)
Alcohol consumption, n (%)
- None - 1,632 (17.5)
- Mild (0-10 g/day) - 4,716 (53.8)
- Moderate (10-20 g/day) - 1,447 (16.5)
- Heavy (>20 g/day) - 1,071 (12.2)
Standardized physical activity, MET hours/week, median -0.16 (-0.67-

(IQR) 0.53)
Use of immunomodulating medication*, n (%) 1,676 (18.0)
Serum CRP, mg/L, median (IQR) 1.50 (0.60-3.40)

IQR, interquartile range; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; MET, metabolic equivalent of task; CRP, C-reactive protein.

*Comprises pneumococcal vaccines, inhaled or oral corticosteroids, proton pump
inhibitors, angiotensin converting enzyme inhibitors, antiepileptic or antipsychotic drugs.
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TABLE 2 | Association between serum immunoglobulins and prevalent pneumonia.

N events/total

Model 1
IgA 43/8,765 1.16 (0.93-1.43)
1gG 43/8,755 1.01 (0.89-1.14)
IgM 43/8,761 1.08 (0.84-1.27)

Odds Ratio (95% Confidence Interval)

Model 2 Model 3

1.18 (0.95-1.46)
1.02 (0.90-1.15)
1.04 (0.85-1.27)

1.18 (0.94-1.47)
1.03 (0.91-1.16)
1.03 (0.83-1.28)

Model 1 was adjusted for age and sex; Model 2 was adjusted for model 1, smoking status, pack years, and alcohol consumption; Model 3 was adjusted for model 2, BMI, DM, asthma,

COPD, hypertension, physical activity, and serum CRP.

N events/total refers to the number of participants with prevalent pneumonia and the total number of participants included in the analyses.
19A/I9G/IgM, immunoglobulin A/G/M; BMI, body mass index; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein.

TABLE 3 | Association between serum immunoglobulins and risk of pneumonia-related mortality.

N events/total

Hazard Ratio (95% Confidence Interval)

Model 1 Model 2 Model 3
IgA 78/8,765 0.88 (0.71-1.10) 0.89 (0.72-1.11) 0.88 (0.71-1.09)
19G 78/8,755 1.08 (1.00-1.16) 1.08 (1.01-1.16) 1.08 (1.01-1.16)
IgM 78/8,761 1.01 (0.87-1.16) 1.00 (0.87-1.16) 1.00 (0.87-1.16)

Model 1 was adjusted for age, sex, and Rotterdam Study cohort; Model 2 was adjusted for model 1, smoking status, pack years, and alcohol consumption. Model 3 was adjusted for

model 2, BMI, DM, asthma, COPD, hypertension, and serum CRP.

N events/total refers to the number of participants that died from pneumonia and the total number of participants included in the analyses.

Significant associations (P <0.05) are in bold.

19A/IgG/IgM, immunoglobulin A/G/M; BMI, body mass index; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein.

years of follow-up, higher IgA (HR: 1.15; 95% CI: 1.00-1.32) and
IgG (HR: 1.13; 95% CI: 1.06-1.19) levels were associated with an
increased risk of incident pneumonia. Serum IgM was not
associated with incident pneumonia. Moreover, there were no
associations between serum Igs and incident pneumonia in the
first six years of follow-up (Table 4). After exclusion of
participants with Ig levels outside the reference range and
users of potentially immunomodulating medication, results
were comparable. Most notably, the association between serum
IgA and incident pneumonia risk after six years of follow-up
became stronger (HR for reference range based on percentiles:
1.36; 95% CI: 1.10-1.68) (Supplementary Table S1 and
Figure 1). Generally, results for reference range analyses based

on our calculated reference ranges and based on assay
manufacturer’s recommendations were comparable
(Supplementary Table S1). Additional adjustment for PRISm
yielded similar results for the association between serum Igs and
incident pneumonia (Supplementary Table S2). When only
definite incident pneumonia cases were included as outcome
effect estimates remained similar, although the association with
IgA after six years of follow-up had lost significance (HR: 1.11;
95% CI: 0.95-1.30) (Supplementary Table S3). However, within
the reference range and after exclusion of users of potentially
immunomodulating medication, both IgA (HR: 1.34; 95% CI:
1.06-1.70) and IgG (HR: 1.13; 95% CI: 1.01-1.26) were associated
with an increased risk of definite incident pneumonia after six

TABLE 4 | Association between serum immunoglobulins and risk of incident pneumonia.

N events/total

Hazard Ratio (95% Confidence Interval)

Follow-up time Model 1 Model 2 Model 3
0-3 years IgA 92/8,722 0.95 (0.78-1.16) 0.95 (0.78-1.16) 0.94 (0.77-1.15)
19G 92/8,712 1.01 (0.93-1.10) 1.02 (0.93-1.10) 1.02 (0.94-1.10)
IgM 92/8,718 1.08 (0.98-1.19) 1.08 (0.98-1.19) 1.08 (0.98-1.19)
3-6 years IgA 176/8,255 0.97 (0.84-1.12) 1.00 (0.87-1.16) 0.98 (0.84-1.13)
19G 176/8,245 0.99 (0.92-1.05) 1.01 (0.94-1.07) 1.00 (0.94-1.07)
IgM 175/8,251 1.00 (0.87-1.14) 1.00 (0.87-1.14) 1.00 (0.87-1.14)
>6 years IgA 160/7,546 1.15 (1.00-1.32) 1.18 (1.03-1.36) 1.15 (1.00-1.32)
19G 160/7,536 1.10 (1.04-1.17) 1.12 (1.06-1.19) 1.13 (1.06-1.19)
IgM 160/7,543 0.98 (0.84-1.15) 0.98 (0.85-1.14) 0.98 (0.85-1.14)

Model 1 was adjusted for age, sex, and Rotterdam Study cohort; Model 2 was adjusted for model 1, smoking status, pack years, and alcohol consumption; Model 3 was adjusted for

model 2, BMI, DM, asthma, COPD, hypertension, physical activity, and serum CRP.

N events/total refers to the number of participants with incident pneumonia and the total number of participants included in the analyses.

Significant associations (P <0.05) are in bold.

19A/IgG/IgM, immunoglobulin A/G/M; BMI, body mass index; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein.
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IgG/IigM, immunoglobulin A/G/M; HR, hazard ratio; 95% Cl, 95% confidence interval.

years of follow-up (Supplementary Table S4). Within the first
six years of follow-up, no differential effects of age or sex were
noted (data not shown). After six years of follow-up, effect
estimates were also comparable for men and women. For age,
higher serum IgA levels were associated with an increased risk of
incident pneumonia in participants <65 years (HR: 1.26; 95% CI:
1.06-1.50), whereas this was not observed in participants >65
years. However, interactions by age or sex were not statistically
significant (Supplementary Table S5). Higher serum IgG levels
were associated with an increased incident pneumonia risk
regardless of age or sex (Supplementary Table S5). In
addition, every g/L increase in serum IgG was associated with
a 4% higher number of incident pneumonia events (IRR: 1.04;
95% CI: 1.00-1.09) (Supplementary Table S6).

Association Between Serum Igs and Lung
Function Values or Spirometry Patterns
Higher serum IgA and IgG levels were associated with lower
FEV, and FVC values (betas between -0.85 and -0.69%
predicted). Serum IgM was not associated with lung function
values. IgG displayed an inverse U-shaped association with the
FEV,/FVC ratio, although not significantly (Table 5 and
Figure 2). We furthermore found an increased odds of PRISm
with higher IgA (OR: 1.14; 95% CI: 1.00-1.31) and IgG levels
(OR: 1.11; 95% CI: 1.05-1.17), while none of the Igs was
associated with COPD (Table 5).
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FIGURE 1 | Association between serum immunoglobulins and risk of incident pneumonia. Displayed are the associations of IgA (A), I9G (B), and IgM (C) with risk of incident

are displayed for both the full and reference range of serum immunoglobulins. Reference

range was defined as 2.5"-97 5™ percentiles of this population (0.86-4.76 g/L for IgA, 6.20-15.10 g/L for IgG, and 0.28-2.64 g/L for IgM) and exclusion of mediication use that

ccines, inhaled or oral corticosteroids, proton pump inhibitors, angiotensin converting
, Rotterdam Study cohort, smoking status, pack years, and alcohol consumption. IgA/

In the stratified analyses, higher serum IgG levels were associated
with lower FEV; and FVC values in participants with COPD (beta
for FEV: -1.35; 95% CI: -2.49 - -0.21% predicted; beta for FVC:
-1.31; 95% CIL -2.46 - -0.16% predicted). Serum Igs were not
associated with the FEV,/FVC ratio, regardless of asthma or
COPD status (Supplementary Table S7).

DISCUSSION

In our population-based cohort of middle-aged and older
individuals, higher serum IgA and IgG levels were associated
with an increased risk of incident pneumonia after long-term
follow-up and with lower FEV; and FVC predicted values, as
well as an increased odds of PRISm. Furthermore, higher serum
IgG levels were associated with an increased risk of recurrent
incident pneumonia and pneumonia-related mortality.

Most previous studies described an association between low
serum Ig levels and (severe) pneumonia, although these studies
were performed in other populations, including younger and/or
immunodeficient individuals. One study in immunocompetent
individuals reported no baseline difference in mean IgA, IgG, or
IgM levels between pneumonia patients and age- and sex-
matched controls (12). Another cross-sectional study reported
higher Ig levels, with only IgA reaching statistical significance, in
CAP patients that died within a month after discharge compared
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TABLE 5 | Association between serum immunoglobulins and lung function values or spirometry patterns.

FEV,% predicted

Beta (95% Confidence Interval)

Total N Model 1 Model 2 Model 3
IgA 3,960 -0.35 (-1.08 - 0.34) -0.88 (-1.54 - -0.22) -0.76 (-1.42 - -0.10)
19G 3,957 -0.45 (-0.74 - -0.15)* -0.88 (-1.16 - -0.59) -0.85 (-1.14 - -0.57)
IgM 3,960 0.50 (-0.13 - 1.14) 0.43 (-0.18 — 1.04) 0.37 (-0.24 - 0.97)

FVC % predicted
Beta (95% Confidence Interval)

Total N Model 1 Model 2 Model 3
IgA 3,960 -0.59 (-1.17 - -0.01) -0.87 (-1.44 - -0.30) -0.69 (-1.25 - -0.12)
19G 3,957 -0.55 (-0.80 - -0.30) -0.78 (-1.03 - -0.53) -0.73 (-0.98 - -0.49)
IgM 3,960 0.30 (-0.23 - 0.84) 0.27 (-0.26 - 0.79) 0.18 (-0.34 - 0.70)

FEV,/FVC ratio (Tiffeneau index)
Beta (95% Confidence Interval)

Total N Model 1 Model 2 Model 3
IgA 3,960 0.32 (0.06 - 0.57)* 0.13 (-0.11 - 0.38) 0.08 (-0.16 - 0.32)
19G 3,957 0.24 (0.14 - 0.35)* 0.10 (-0.00 - 0.21)* 0.09 (-0.02 - 0.19)*
IgM 3,960 0.10 (-0.13 - 0.34) 0.08 (-0.15 - 0.30) 0.10 (-0.13-0.32)

PRISm
Odds Ratio (95% Confidence Interval)

Total N Model 1 Model 2 Model 3
IgA 3,960 1.13(0.99 - 1.28) 1.17 (1.03 - 1.33) 1.14 (1.00 - 1.31)
19G 3,957 1.09 (1.03 - 1.15) 1.11 (1.05 - 1.18) 1.11 (1.05-1.17)
IgM 3,960 0.90 (0.74 - 1.09) 0.90 (0.74 - 1.10) 0.92 (0.75 - 1.11)

COPD
Odds Ratio (95% Confidence Interval)

Total N Model 1 Model 2 Model 3
IgA 8,765 1.00 (0.87-1.16) 1.07 (0.92-1.24) 1.07 (0.93-1.24)
19G 8,755 0.90 (0.84-0.97) 0.94 (0.88-1.01) 0.94 (0.88-1.01)
IgM 8,761 0.99 (0.88-1.12) 1.00 (0.88-1.13) 1.00 (0.88-1.13)

*Non-linear association.

Model 1 was adjusted for age, sex, and time interval between blood drawing and spirometry; Model 2 was adjusted for model 1, smoking status, and pack years; Model 3 was adjusted for

model 2, BMI, DM, hypertension, and physical activity.
Significant associations (P <0.05) are in bold.

19A/IgG/IgM, immunoglobulin A/G/M; FEV/;, forced expiratory volume in one second; FVC, forced vital capacity; PRISm, preserved ratio impaired spirometry; COPD, chronic obstructive

pulmonary disease; BMI, body mass index; DM, diabetes mellitus.

to the patients that survived (16). To the best of our knowledge,
longitudinal data on the association between serum Igs and
pneumonia risk in a general population was lacking. Possible
explanations for our findings include chronic inflammation,
gammopathy or decreased functionality of serum Igs,
pulmonary fibrosis, or reverse causation.

Previously we have shown that, after an approximate age of
60-65 years, higher age was linearly associated with higher serum
IgA and IgG levels in our study cohort (11). This implicates that
higher serum Igs at older age may reflect a chronic low-grade
immune activation, i.e. ‘inflammaging’, associated with increased
morbidity and mortality (24). Mostly elevated levels of pro-
inflammatory cytokines have been described in inflammaging,
but recently Igs have been considered a marker of inflammaging
as well. IgG loses its galactosylation at older age increasing its
pro-inflammatory potential (24, 25). In a study of four different

European populations, age-related changes in IgG glycosylation
strongly correlated with various physiological traits, including a
lower FEV}, FVC, and peak expiratory flow (26). As containment
of the immune response is essential in order to prevent severe
outcomes in pneumonia, previous studies have linked chronic
inflammation to pneumonia susceptibility (1, 9). In a
prospective, population-based cohort of American elderly,
higher baseline levels of tumor necrosis factor alpha (TNF-ar)
and interleukin 6 (IL-6) were associated with an increased
pneumonia risk during follow-up, even after adjustment for
traditional risk factors and comorbidities (27). In mouse
models, increased TNF-o. levels have been shown to impair
monocyte function (28). In vitro treatment of cells with pro-
inflammatory cytokines increased adhesion of Streptococcus
Pneumoniae (S. Pneumoniae) to host cells hundred-fold (8).
TNEF-o. infusion in mice furthermore increased pulmonary levels
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FIGURE 2 | Association between serum immunoglobulins and lung function. Displayed are betas (lines) and 95% Cls (gray areas) for the associations of
immunoglobulins with FEV; predicted (A), FVC predicted (B), and the FEV,/FVC ratio (C). Betas are adjusted for age, sex, time interval between blood drawing and
spirometry, smoking status, and pack years. IgA/IgG/IgM, immunoglobulin A/G/M; 95% CI, 95% confidence interval; FEV, forced expiratory volume in one second;

of polymeric Ig receptor (pIgR), a receptor commonly involved
in mucosal transport of IgA, but also capable of increasing
susceptibility to S. Pneumoniae (8, 29). Although serum Igs
have not been studied as extensively as cytokines in the
pathophysiology of pneumonia, elevated levels of serum Igs
may be associated with an increased risk of developing
pneumonia through similar pathways. We only reported an
increased pneumonia risk after long-term follow-up, which
may be due to requirement of prolonged inflammation in
order to reach a threshold for clinically overt disease. Future
research is warranted to explore this hypothesis.

Higher serum IgA and IgG levels at older age may also signify
monoclonal or polyclonal gammopathy (30, 31). This could
imply that these elevated Ig levels may be less functional (i.e.
may protect less against infections). In a Swedish population-
based study, monoclonal gammopathy of undetermined
significance was associated with an increased risk of viral and
bacterial infections (including pneumonia) over a follow-up
period of 5-10 years (32). This hypothesis seems less probable
in our cohort, since reference range analyses yielded similar or
even larger effect estimates for the association with pneumonia
risk. However, even in the absence of an underlying
gammopathy, serum Igs at older age could be less functional
and less adequate in prevention against infections. Previous case-
control studies reported that IgG antibody levels after
pneumococcal vaccines were comparable for most S.
Pneumoniae serotypes in older compared to younger
individuals, while the functional antibody activity was lower in
older individuals (33, 34). Within the RS, we did not have
information on functionality of Igs or vaccine responses to
explore the avidity of the measured Igs.

Interestingly, higher IgA levels were stronger associated with
pneumonia risk than IgG, particularly within the reference
range. This may be explained by the fact that IgA is the most
abundant Ig in the respiratory tract (35). Therefore,
inflammation involving IgA may be stronger associated with
pulmonary outcomes. Although we included serum
measurements in our analyses, IgA in lung secretions is partly
obtained from the blood stream by transudation so higher
serum levels may indicate higher pulmonary levels as well
(35). Conversely, we reported associations of serum IgG
rather than IgA with increased incident pneumonia count
and risk of pneumonia-related mortality. IgG, being the most
prevalent Ig in the serum (35), may denote more severe or
systemic inflammation subsequently being associated with
repeated and possibly fatal events. This is supported by the
findings of an American population-based study reporting
highest mortality risks (including infectious mortality) with
higher IgG rather than IgA or IgM levels (36).

Higher serum IgA and IgG levels were associated with lower
FEV; and FVC predicted, and an increased odds of PRISm. No
associations were reported with the FEV;/FVC ratio or COPD,
suggesting that Igs may be associated with a restrictive and not an
obstructive spirometry pattern (37). This is in contrast to previous
studies that report an association of low levels of serum IgA and
IgG with COPD exacerbations. However, these studies were
exclusively performed in COPD patients instead of in the
general population, had smaller sample sizes, and had
categorized serum Ig levels which may have resulted in loss of
information (38, 39). One of the well-known causes of lung
restriction is pulmonary fibrosis (37). Aging is associated with
changes in pulmonary fibroblasts and extracellular matrix (ECM)
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that stimulate pulmonary fibrosis and reduce lung elasticity (40,
41). Transforming growth factor beta (TGF-P) is a key player in
pulmonary fibrosis by promoting differentiation of myofibroblasts
(leading to ECM production) and inhibiting anti-fibrotic
molecules and growth and repair of alveolar epithelial cells (42).
However, TGF- is also involved in Ig class switching resulting in
increased levels of IgA and IgG2b in mice (43). For IgG, the
association with lower FEV; and FVC predicted was strongest in
participants with COPD. This may be explained by
autoantibodies, as previously anti-tissue antibodies have been
associated with a worse FEV; and carbon monoxide diffusion
capacity in COPD patients (44). Pre-existing pulmonary fibrosis
may also induce elevated Ig levels and an increased risk of
developing pneumonia. Idiopathic pulmonary fibrosis patients
display a less diverse pulmonary microbiome with higher levels
of certain bacteria compared to healthy controls. This is associated
with elevated levels of pro-inflammatory cytokines, alveolar
inflammation, and unfavorable clinical outcomes (45). We did
not have pulmonary fibrosis cases in our cohort to compare the
association of serum Igs with incident pneumonia in participants
with and without pulmonary fibrosis. Future studies should
investigate whether serum Ig levels may mediate an association
between pulmonary fibrosis and pneumonia. However, it should
be noted that PRISm does not always indicate (the development
of) lung restriction/pulmonary fibrosis (46) and that future studies
are warranted to explore the association between serum Igs and
lung function changes over time.

Although we adjusted for a wide range of potential confounders,
it should be borne in mind that elevated serum Igs may reflect
underlying unmeasured or unknown conditions associated with an
increased pneumonia risk. Lastly, it is possible that our findings are
false positive. However, this does not seem likely since we reported
consistent results for all investigated pulmonary outcomes and
throughout sensitivity and stratified analyses.

Important strengths of our study include the population-
based design, inclusion of a wide range of potential
confounders and medication use, and the long-term follow-
up with elaborate ascertainment of pneumonia events.
We furthermore had access to standardized spirometry
measurements. However, we did not have longitudinal
measurements of serum Igs and were therefore unable to
investigate the association of serum Ig levels over time with
incident pneumonia and lung function. We also did not have
information on Ig glycosylation profiles or functionality,
gammopathy, or pulmonary fibrosis which may have aided in
understanding the involved pathophysiology. Future research is
warranted to replicate our findings, although we are not aware
of a similarly large prospective cohort with the required data. If
results are validated, the pathophysiological mechanisms
underlying the reported associations need to be elucidated.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because data cannot be made freely available in a public

repository due to restrictions based on privacy regulations and
informed consent of the participants. Requests to access the
datasets should be directed to the management team of the
Rotterdam Study (datamanagement.ergo@erasmusmc.nl).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Medical Ethics Committee of the Erasmus MC
(registration number MEC 02.1015) and the Dutch Ministry of
Health, Welfare and Sport (Population Screening Act WBO,
license number 1071272-159521-PG). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

SK, AV, LL, RP, PvH, GB, LC, and VD contributed to study
design and data interpretation. AV and LL contributed to data
collection. SK contributed to data curation, data analysis and
writing of the manuscript. AV, LL, RP, PvH, GB, LC, and VD
critically reviewed the manuscript. All authors approved the final
version of the manuscript and agreed to be accountable for all
aspects of the work.

FUNDING

This work was supported by Takeda Pharmaceutical Company
Limited [grant number IIR-NLD-002671 to V.A.S.H. Dalm].
The funder was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article or the
decision to submit it for publication. The Rotterdam Study was
supported by the Erasmus Medical Center, Erasmus University
Rotterdam, the Netherlands Organization for Scientific
Research (NWO), the Netherlands Organisation for Health
Research and Development (ZonMw), the Netherlands Heart
Foundation, the Research Institute for Diseases in the Elderly
(RIDE); the Netherlands Genomics Initiative (NGI), the
Ministry of Education, Culture and Science; the Ministry of
Health Welfare and Sports; the European Commission (DG
XII); and the Municipality of Rotterdam. Lung research was
financially supported by the Fund for Scientific Research
Flanders [grant number 3G037618].

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.868973/
full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 868973


mailto:datamanagement.ergo@erasmusmc.nl
https://www.frontiersin.org/articles/10.3389/fimmu.2022.868973/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.868973/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Khan et al.

Serum Immunoglobulins and Pneumonia

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mizgerd JP. Inflammation and Pneumonia: Why Are Some More Susceptible
Than Others? Clin Chest Med (2018) 39(4):669-76. doi: 10.1016/j.ccm.
2018.07.002

. Demirdag YY, Gupta S. Update on Infections in Primary Antibody

Deficiencies. Front Immunol (2021) 12:634181. doi: 10.3389/fimmu.
2021.634181

. Busse PJ, Razvi S, Cunningham-Rundles C. Efficacy of Intravenous

Immunoglobulin in the Prevention of Pneumonia in Patients With
Common Variable Immunodeficiency. J Allergy Clin Immunol (2002) 109
(6):1001-4. doi: 10.1067/mai.2002.124999

. Aghamohammadi A, Moin M, Farhoudi A, Rezaei N, Pourpak Z, Movahedi

M, et al. Efficacy of Intravenous Immunoglobulin on the Prevention of
Pneumonia in Patients With Agammaglobulinemia. FEMS Immunol Med
Microbiol (2004) 40(2):113-8. doi: 10.1016/50928-8244(03)00304-3

. Chen Y, Stirling RG, Paul E, Hore-Lacy F, Thompson BR, Douglass JA.

Longitudinal Decline in Lung Function in Patients With Primary
Immunoglobulin Deficiencies. J Allergy Clin Immunol (2011) 127(6):1414—
7. doi: 10.1016/j.jaci.2011.03.041

. Orange JS, Grossman W], Navickis R], Wilkes MM. Impact of Trough IgG on

Pneumonia Incidence in Primary Immunodeficiency: A Meta-Analysis of
Clinical Studies. Clin Immunol (2010) 137(1):21-30. doi: 10.1016/j.clim.
2010.06.012

. Rich AL, Le Jeune IR, McDermott L, Kinnear WJ. Serial Lung Function Tests

in Primary Immune Deficiency. Clin Exp Immunol (2008) 151(1):110-3. doi:
10.1111/j.1365-2249.2007.03550.x

. Boyd AR, Orihuela CJ. Dysregulated Inflammation as a Risk Factor for

Pneumonia in the Elderly. Aging Dis (2011) 2(6):487-500.

. Quinton LJ, Walkey AJ, Mizgerd JP. Integrative Physiology of Pneumonia.

Physiol Rev (2018) 98(3):1417-64. doi: 10.1152/physrev.00032.2017

Meyer KC, Ershler W, Rosenthal NS, Lu XG, Peterson K. Immune
Dysregulation in the Aging Human Lung. Am ] Respir Crit Care Med
(1996) 153(3):1072-9. doi: 10.1164/ajrccm.153.3.8630547

Khan SR, Chaker L, Ikram MA, Peeters RP, van Hagen PM, Dalm VASH.
Determinants and Reference Ranges of Serum Immunoglobulins in Middle-
Aged and Elderly Individuals: A Population-Based Study. J Clin Immunol
(2021) 41(8):1902-14. doi: 10.1007/510875-021-01120-5

Schonell ME. Immunoglobulin Levels in Pneumonia. Clin Exp Immunol
(1971) 8(1):63-8.

de la Torre MC, Toran P, Serra-Prat M, Palomera E, Guell E, Vendrell E, et al.
Serum Levels of Immunoglobulins and Severity of Community-Acquired
Pneumonia. BMJ Open Respir Res (2016) 3(1):e000152. doi: 10.1136/bmjresp-
2016-000152

de la Torre MC, Bolibar I, Vendrell M, de Gracia J, Vendrell E, Rodrigo MJ,
et al. Serum Immunoglobulins in the Infected and Convalescent Phases in
Community-Acquired Pneumonia. Respir Med (2013) 107(12):2038-45. doi:
10.1016/j.rmed.2013.09.005

Siljan WW, Holter JC, Nymo SH, Husebye E, Ueland T, Skattum L, et al. Low
Levels of Immunoglobulins and Mannose-Binding Lectin Are Not Associated
With Etiology, Severity, or Outcome in Community-Acquired Pneumonia.
Open Forum Infect Dis (2018) 5(2):0fy002. doi: 10.1093/ofid/ofy002
Luchsinger V, Lizama L, Garmendia ML, Tempio F, Ruiz M, Pizarro R, et al.
Immunoglobulins Concentration and B Cell Counts as Severity Markers in
Adult Community-Acquired Pneumonia: Cross Sectional Study. Med
(Baltimore) (2020) 99(45):e22390. doi: 10.1097/MD.0000000000022390
Tkram MA, Brusselle G, Ghanbari M, Goedegebure A, Ikram MK, Kavousi M, et al.
Objectives, Design and Main Findings Until 2020 From the Rotterdam Study. Eur
J Epidemiol (2020) 35(5):483-517. doi: 10.1007/510654-020-00640-5

Celli BR, MacNee W, Force AET. Standards for the Diagnosis and Treatment
of Patients With COPD: A Summary of the ATS/ERS Position Paper. Eur
Respir J (2004) 23(6):932-46. doi: 10.1183/09031936.04.00014304

Torres A, Peetermans WE, Viegi G, Blasi F. Risk Factors for Community-
Acquired Pneumonia in Adults in Europe: A Literature Review. Thorax (2013)
68(11):1057-65. doi: 10.1136/thoraxjnl-2013-204282

Khan SR, van der Burgh AC, Peeters RP, van Hagen PM, Dalm V, Chaker L.
Determinants of Serum Immunoglobulin Levels: A Systematic Review and

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Meta-Analysis. Front Immunol (2021) 12:664526. doi: 10.3389/fimmu.
2021.664526

Herriot R, Sewell WA. Antibody Deficiency. J Clin Pathol (2008) 61(9):994—
1000. doi: 10.1136/jcp.2007.051177

Patel SY, Carbone J, Jolles S. The Expanding Field of Secondary Antibody
Deficiency: Causes, Diagnosis, and Management. Front Immunol (2019)
10:33. doi: 10.3389/fimmu.2019.00033

Liapikou A, Cilloniz C, Torres A. Drugs That Increase the Risk of
Community-Acquired Pneumonia: A Narrative Review. Expert Opin Drug
Saf (2018) 17(10):991-1003. doi: 10.1080/14740338.2018.1519545
Franceschi C, Campisi J. Chronic Inflammation (Inflammaging) and its
Potential Contribution to Age-Associated Diseases. ] Gerontol A Biol Sci
Med Sci (2014) 69 Suppl 1:54-9. doi: 10.1093/gerona/glu057

Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: A
New Immune-Metabolic Viewpoint for Age-Related Diseases. Nat Rev
Endocrinol (2018) 14(10):576-90. doi: 10.1038/s41574-018-0059-4

Kristic J, Vuckovic F, Menni C, Klaric L, Keser T, Beceheli I, et al. Glycans are
a Novel Biomarker of Chronological and Biological Ages. ] Gerontol A Biol Sci
Med Sci (2014) 69(7):779-89. doi: 10.1093/gerona/glt190

Yende S, Tuomanen EI, Wunderink R, Kanaya A, Newman AB, Harris T, et al.
Preinfection Systemic Inflammatory Markers and Risk of Hospitalization Due
to Pneumonia. Am ] Respir Crit Care Med (2005) 172(11):1440-6. doi:
10.1164/rccm.200506-8880C

Puchta A, Naidoo A, Verschoor CP, Loukov D, Thevaranjan N, Mandur TS,
et al. TNF Drives Monocyte Dysfunction With Age and Results in Impaired
Anti-Pneumococcal Immunity. PloS Pathog (2016) 12(1):e1005368. doi:
10.1371/journal.ppat.1005368

Hinojosa E, Boyd AR, Orihuela CJ. Age-Associated Inflammation and Toll-
Like Receptor Dysfunction Prime the Lungs for Pneumococcal Pneumonia.
J Infect Dis (2009) 200(4):546-54. doi: 10.1086/600870

Seth S, Zanwar S, Vu L, Kapoor P. Monoclonal Gammopathy of
Undetermined Significance: Current Concepts and Future Prospects. Curr
Hematol Malig Rep (2020) 15(2):45-55. doi: 10.1007/s11899-020-00569-2
Zhao EJ, Cheng CV, Mattman A, Chen LYC. Polyclonal
Hypergammaglobulinaemia: Assessment, Clinical Interpretation, and
Management. Lancet Haematol (2021) 8(5):e365-¢75. doi: 10.1016/52352-
3026(21)00056-9

Kristinsson SY, Tang M, Pfeiffer RM, Bjorkholm M, Goldin LR, Blimark C,
et al. Monoclonal Gammopathy of Undetermined Significance and Risk of
Infections: A Population-Based Study. Haematologica (2012) 97(6):854-8.
doi: 10.3324/haematol.2011.054015

Romero-Steiner S, Musher DM, Cetron MS, Pais LB, Groover JE, Fiore AE,
et al. Reduction in Functional Antibody Activity Against Streptococcus
Pneumoniae in Vaccinated Elderly Individuals Highly Correlates With
Decreased IgG Antibody Avidity. Clin Infect Dis (1999) 29(2):281-8. doi:
10.1086/520200

Lee H, Nahm MH, Kim KH. The Effect of Age on the Response to the
Pneumococcal Polysaccharide Vaccine. BMC Infect Dis (2010) 10:60. doi:
10.1186/1471-2334-10-60

Burnett D. Immunoglobulins in the Lung. Thorax (1986) 41(5):337-44. doi:
10.1136/thx.41.5.337

Phillips AC, Carroll D, Drayson MT, Batty GD. Raised Levels of
Immunoglobulin G, A and M are Associated With an Increased Risk of
Total and Cause-Specific Mortality: The Vietnam Experience Study.
] Epidemiol Community Health (2015) 69(2):129-35. doi: 10.1136/jech-
2014-204345

Langan RC, Goodbred AJ. Office Spirometry: Indications and Interpretation.
Am Fam Physician (2020) 101(6):362-8.

Putcha N, Paul GG, Azar A, Wise RA, O'Neal WK, Dransfield MT, et al.
Lower Serum IgA is Associated With COPD Exacerbation Risk in
SPIROMICS. PloS One (2018) 13(4):e0194924. doi: 10.1371/journal.
pone.0194924

Leitao Filho FS, Mattman A, Schellenberg R, Criner GJ, Woodruff P, Lazarus
SC, et al. Serum IgG Levels and Risk of COPD Hospitalization: A Pooled
Meta-Analysis. Chest (2020) 158(4):1420-30. doi: 10.1016/j.chest.2020.04.058
Brandenberger C, Muhlfeld C. Mechanisms of Lung Aging. Cell Tissue Res
(2017) 367(3):469-80. doi: 10.1007/s00441-016-2511-x

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 868973


https://doi.org/10.1016/j.ccm.2018.07.002
https://doi.org/10.1016/j.ccm.2018.07.002
https://doi.org/10.3389/fimmu.2021.634181
https://doi.org/10.3389/fimmu.2021.634181
https://doi.org/10.1067/mai.2002.124999
https://doi.org/10.1016/S0928-8244(03)00304-3
https://doi.org/10.1016/j.jaci.2011.03.041
https://doi.org/10.1016/j.clim.2010.06.012
https://doi.org/10.1016/j.clim.2010.06.012
https://doi.org/10.1111/j.1365-2249.2007.03550.x
https://doi.org/10.1152/physrev.00032.2017
https://doi.org/10.1164/ajrccm.153.3.8630547
https://doi.org/10.1007/s10875-021-01120-5
https://doi.org/10.1136/bmjresp-2016-000152
https://doi.org/10.1136/bmjresp-2016-000152
https://doi.org/10.1016/j.rmed.2013.09.005
https://doi.org/10.1093/ofid/ofy002
https://doi.org/10.1097/MD.0000000000022390
https://doi.org/10.1007/s10654-020-00640-5
https://doi.org/10.1183/09031936.04.00014304
https://doi.org/10.1136/thoraxjnl-2013-204282
https://doi.org/10.3389/fimmu.2021.664526
https://doi.org/10.3389/fimmu.2021.664526
https://doi.org/10.1136/jcp.2007.051177
https://doi.org/10.3389/fimmu.2019.00033
https://doi.org/10.1080/14740338.2018.1519545
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1093/gerona/glt190
https://doi.org/10.1164/rccm.200506-888OC
https://doi.org/10.1371/journal.ppat.1005368
https://doi.org/10.1086/600870
https://doi.org/10.1007/s11899-020-00569-2
https://doi.org/10.1016/S2352-3026(21)00056-9
https://doi.org/10.1016/S2352-3026(21)00056-9
https://doi.org/10.3324/haematol.2011.054015
https://doi.org/10.1086/520200
https://doi.org/10.1186/1471-2334-10-60
https://doi.org/10.1136/thx.41.5.337
https://doi.org/10.1136/jech-2014-204345
https://doi.org/10.1136/jech-2014-204345
https://doi.org/10.1371/journal.pone.0194924
https://doi.org/10.1371/journal.pone.0194924
https://doi.org/10.1016/j.chest.2020.04.058
https://doi.org/10.1007/s00441-016-2511-x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Khan et al.

Serum Immunoglobulins and Pneumonia

41.

42.

43.

44.

45.

46.

Skloot GS. The Effects of Aging on Lung Structure and Function. Clin Geriatr
Med (2017) 33(4):447-57. doi: 10.1016/j.cger.2017.06.001

Saito A, Horie M, Nagase T. TGF-Beta Signaling in Lung Health and Disease.
Int ] Mol Sci (2018) 19(8). doi: 10.3390/ijms19082460

Snapper CM, Mond JJ. Towards a Comprehensive View of Immunoglobulin
Class Switching. Immunol Today (1993) 14(1):15-7. doi: 10.1016/0167-5699
(93)90318-F

Nunez B, Sauleda J, Anto JM, Julia MR, Orozco M, Monso E, et al. Anti-Tissue
Antibodies are Related to Lung Function in Chronic Obstructive Pulmonary
Disease. Am ] Respir Crit Care Med (2011) 183(8):1025-31. doi: 10.1164/
rccm.201001-00290C

Lipinski JH, Moore BB, O'Dwyer DN. The Evolving Role of the Lung
Microbiome in Pulmonary Fibrosis. Am ] Physiol Lung Cell Mol Physiol
(2020) 319(4):L675-L82. doi: 10.1152/ajplung.00258.2020

Wijnant SRA, De Roos E, Kavousi M, Stricker BH, Terzikhan N, Lahousse L,
et al. Trajectory and Mortality of Preserved Ratio Impaired Spirometry: The
Rotterdam Study. Eur Respir J (2020) 55(1). doi: 10.1183/13993003.01217-2019

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Khan, Vanoverschelde, Lahousse, Peeters, van Hagen, Brusselle,
Chaker and Dalm. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 868973


https://doi.org/10.1016/j.cger.2017.06.001
https://doi.org/10.3390/ijms19082460
https://doi.org/10.1016/0167-5699(93)90318-F
https://doi.org/10.1016/0167-5699(93)90318-F
https://doi.org/10.1164/rccm.201001-0029OC
https://doi.org/10.1164/rccm.201001-0029OC
https://doi.org/10.1152/ajplung.00258.2020
https://doi.org/10.1183/13993003.01217-2019
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Serum Immunoglobulins, Pneumonia Risk, and Lung Function in Middle-Aged and Older Individuals: A Population-Based Cohort Study
	Introduction
	Methods
	Study Population
	Assessment of Serum Igs
	Assessment of Pneumonia and Lung Function
	Assessment of Other Covariates
	Statistical Analyses

	Results
	Study Population Characteristics
	Association of Serum Igs With Prevalent Pneumonia, Incident Pneumonia, and Pneumonia-Related Mortality
	Association Between Serum Igs and Lung Function Values or Spirometry Patterns

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


