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ABSTRACT

Our prior work and the work of others have demonstrated that asthma increases the risk of

a broad range of both respiratory (e.g., pneumonia and pertussis) and non-respiratory (e.g.,
zoster and appendicitis) infectious diseases as well as inflammatory diseases (e.g., celiac
disease and myocardial infarction [MI]), suggesting the systemic disease nature of asthma
and its impact beyond the airways. We call these conditions asthma-associated infectious and
inflammatory multimorbidities (AIMs). At present, little is known about why some people
with asthma are at high-risk of AIMs, and others are not, to the extent to which controlling
asthma reduces the risk of AIMs and which specific therapies mitigate the risk of AIMs. These
questions represent a significant knowledge gap in asthma research and unmet needs in
asthma care, because there are no guidelines addressing the identification and management
of AIMs. This is a systematic review on the association of asthma with the risk of AIMs and

a case study to highlight that 1) AIMs are relatively under-recognized conditions, but pose
major health threats to people with asthma; 2) AIMs provide insights into immunological
and clinical features of asthma as a systemic inflammatory disease beyond a solely chronic
airway disease; and 3) it is time to recognize AIMs as a distinctive asthma phenotype in order
to advance asthma research and improve asthma care. An improved understanding of AIMs
and their underlying mechanisms will bring valuable and new perspectives improving the
practice, research, and public health related to asthma.

Keywords: Asthma; infection; inflammation; autoimmunity; disease; multimorbidity;
comorbidity; risk; epidemiology
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INTRODUCTION

Nearly 235 million people globally have asthma.! Current evidence suggests that asthma poses
a significant risk for a broad range of respiratory infections as summarized in Supplementary
Table S1. In 2008, the Advisory Committee on Immunization Practices (ACIP) of the United
States recognized asthma as an independent risk factor for invasive pneumococcal diseases
(IPD) and recommended that a single dose of 23-valent pneumococcal polysaccharide vaccine
(PPSV-23) be given to adults with asthma at ages 19-64 years.? Similarly, the 2014 Canadian
National Advisory Committee on Immunization recommends that adults with asthma receive
a single dose PPSV-23.2

As summarized in Supplementary Table S1, the emerging literature suggests that the impact
of asthma on susceptibility to infection goes beyond the airways as asthma has increased

the risk of non-respiratory infections. Also, the observation on the association between
asthma and risk of non-respiratory tract infection can be further extended to systemic
inflammatory or autoimmune diseases, although the literature on the relationship has also
been inconsistent. We term these conditions asthma-associated infectious and inflammatory
multimorbidities (AIMs). These studies suggest that asthma may pose major (e.g., similar
impact to diabetes mellitus),* but relatively under-recognized health threats and also provide
an insight into the nature of asthma as a systemic immunological disease beyond a solely
chronic inflammatory airway disease.

Both the Guidelines on asthma by National Asthma Education and Prevention Program and
the Global Initiative for Asthma have emphasized that the goals of asthma management

are symptom control and risk reduction of exacerbations and known co-morbidities (e.g.,
allergic rhinitis or gastroesophageal reflux disease).® However, the guidelines do not address
how to assess and manage AIMs, although asthma is an independent risk factor for serious
and common infections. Patients and their caregivers, as well as clinicians and researchers,
are under-informed about the clinical impact of AIMs. Therefore, despite the major health
threats to patients with asthma via AIMs, interventions to mitigate the risk of AIMs in asthma
care are poorly understood. Better understanding of the nature of AIMs is an indispensable
step toward the improvement of clinical practice and guidelines pertaining to AIMs to
mitigate the risk and outcomes of AIMs in the future. Since the review on AIMs in 2014,” the
field of researching AIMs has made significant progress.

In this review, the authors discuss systematic review of the literature on asthma and its risk on
AIMs. As an extension of this discussion and given the significantly limited literature on AIMs
in children, we include the results for a recent population-based birth cohort study for AIMs in
children as a case study. To further understand the systemic inflammatory nature of asthma,
we extend the review to include both inflammatory and infectious diseases among people with
asthma. The authors will discuss the potential mechanisms underlying AIMs and conclude this
review with the implications of AIMs in research, clinical practice, and public health.

SYSTEMATIC REVIEW OF THE LITERATURE ON AIMs

To assess the current state of AIMs research, a comprehensive literature search of several
databases from January 1, 1974 to February 24, 2021, English language, was conducted
(Supplementary Data S1 for the detailed method for our systematic literature search and
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the summary of results of each study, Supplementary Table S1). A total of 47 papers on
associations of asthma at risk of infections and inflammatory diseases were included in this
systematic review by excluding abstracts, review papers, research protocols, unavailable full
papers, and non-matching topics. Herein, we summarize the current state of AIMs research
and discuss the key findings.

Asthma and the risk of respiratory infections

As summarized in Supplementary Table S1, asthma is associated with the increased risk of a
broad range of respiratory infections including pneumococcal pneumonia, IPD, Streptococcus
pyogenes upper respiratory infection (URI), recurrent or persistent otitis media, acute

otitis media/myringitis, pertussis, viral URI, pneumonia, sinusitis, HIN1 influenza, and
breakthrough varicella infection. These respiratory infections represent clinically both common
and serious infections, microbiologically both bacterial (gram positive and gram negative) and
viral infections, and anatomically both upper and lower airway infection/pneumonia. The most
widely studied AIM is IPD, which led to the US and Canadian recommendation for PPSV-23
vaccine in adults with asthma at ages of 1964 years, as discussed above.>* The association
between asthma and the risk of IPD has been demonstrated in both adults and children, and the
effect size and direction of the association were fairly consistent with a few excepti reported the
reduced risk of non-hospitalized pneu ons. Some studies showed a dose-response relationship
depending on the low-us. high-risk asthma (severity).® The effect sizes (risk ratios [RR] of from
1.4 to 19.3) for the associations between asthma and the risk of respiratory infections varied
depending on the study design, study population as well as asthma and outcome definition and
type of infections. At a population level, population attributable risk % (PAR%) can be assessed
the basis of the reported data (e.g., 11%-17% for IPD® or serious pneumococcal diseases [SPD,
pneumococcal pneumonia and/or IPD™). For example, Juhn et al.’® reported that PAR% for
asthma in adults was up to 17%, whereas the PAR% for all combined ACIP of the United States
vaccine-eligible conditions in adults was 24%. These data suggest that asthma status alone
increases the burden of SPD disproportionately at a population level. Apart from SPD and IPD,
overall, the positive associations between asthma and the risk of respiratory infections were
fairly consistent despite different respiratory infections.

Asthma and the risk of non-respiratory infections

Besides respiratory infections, previous studies reported the associations of asthma with the
risk of non-respiratory infections, including herpes zoster, community-acquired Escherichia
colibloodstream infection, sepsis, urinary tract infection, appendicitis, skin infection,
gingivostomatitis, and gastroenteritis with effect sizes of hazard ratios (HR) of 1.15 to odds
ratio (OR) of 2.74. These infections involve the gastrointestinal (GI) tract, genitourinary (GU)
tract, skin and nerve cells (ganglion) indicating the impact of asthma on the risk of non-
respiratory infections. Similar to the GI tract, the GU tract and skin share a similar structural
feature in terms of epithelial cells connected by tight junction, the associations between asthma
and the risk of infections involving these systems may share a similar mechanism, such as

‘the epithelial barrier defect hypothesis,"* discussed in a later section. One noteworthy observation
(which may not be subject to the ‘epithelial barrier defect hypothesis’) is the association between
asthma and the risk of herpes zoster that was first reported in asthmatic children by Kim et al.?
in 2013, and the association has been replicated in adults by our group and other groups.’*
The recent meta-analysis corroborated the association, and the risk of herpes zoster was similar
between patients with asthma and diabetes mellitus (RR, 1.25 vs. 1.30).> Immunosenescence

in cell-mediated immunity (CMI) is the currently proposed mechanism of the increased risk of
herpes zoster infection as almost all (99.2%-99.6%) adults aged > 40 years'®"” and 86%—-93%
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of children aged 6-18 years (during the pre-varicella vaccine era) in the US have serologic
evidence for previous varicella zoster virus infection.!® Along the lines with the observation

on the increased risk of breakthrough varicella infection among asthmatic children,'® these
observations imply a subgroup of asthmatic patients may have impaired adaptive immune
function apart from the widely recognized impairment in innate immune function discussed
in a later section. A recent Danish study reported that the impact of asthma on the risk of

any infection (both respiratory and non-respiratory infections) they studied as measured by
PAR% was similar to that of diabetes mellitus (2.2% vs. 2.6%).* Therefore, the literature on the
association between asthma and the risk of non-respiratory infections suggests that asthma
may pose major, (similar impact to diabetes mellitus) albeit relatively under-recognized,

health threats and also provide an important insight into the nature of asthma as a systemic
immunological disease beyond a mere chronic inflammatory airway disease.

Asthma and the risk of inflammatory diseases

The literature suggests that asthma is associated with a broad range of inflammatory and
autoimmune diseases including celiac disease, rheumatoid arthritis, diabetes mellitus,

MI or coronary heart disease, systemic lupus erythematosus (SLE), Sjogren's syndrome,
myasthenia gravis, psoriasis, pernicious anemia, inflammatory bowel disease (IBD),

vitiligo, Addison disease, amyotrophic lateral sclerosis, chronic rheumatoid heart disease,
Graves, immune thrombocytopenic purpura, polyarteritis nodosa, polymyalgia rheumatica,
Sarcoidosis, systemic sclerosis, Wegener granulomatosis, and autoimmune thyroiditis. The
most recent work on the association between asthma and the risk of autoimmune diseases is
a retrospective cohort study by Krishna et al.”® that leveraged a UK primary care database and
assessed the incidence of autoimmune diseases between asthmatic patients (n = 1,049,868)
and matched non-asthmatic/allergic patients (n = 1,732,480) based on a longitudinal
observation between 1990 and 2018. They found asthmatic patients had significantly increased
risks of SLE, Sjogren's syndrome, vitiligo, rheumatoid arthritis, psoriasis, pernicious anemia,
myasthenia gravis, IBD, celiac disease, and autoimmune thyroiditis with effect sizes ranging
from adjusted RR 0f1.23 to 1.61, but multiple sclerosis was not associated with asthma. As
summarized in Supplementary Table S1, many autoimmune or inflammatory conditions were
replicated by 2 or more independent studies. These observations on the association of asthma
with increased risks of autoimmune diseases or inflammatory diseases pose challenges to the
interpretation of results in both conceptual and methodological aspects. For example, unlike
infections, the causal relationship between 2 chronic diseases (e.g., temporality) is difficult to
discern. Also, it is difficult to conceptualize how an asthma-associated immune suppressive
state as shown in the associations of asthma with the increased risks of both respiratory and
non-respiratory infections and their underlying immune impairment (see the section for the
mechanism) can coexist or predispose to a hyper-inflammatory state leading to autoimmune
or inflammatory diseases. Overall, the literature suggests that asthma is associated with the
risks of autoimmune or inflammatory diseases.

Summary of the systematic review

The current literature suggests that asthma is associated with increased risks of a broad range
of respiratory and non-respiratory infections as well as autoimmune/inflammatory diseases,
namely AIMs. Overall, asthma may pose major health threats to people with asthma via AIMs.
Specifically, the literature suggests that the magnitude of the impact of asthma on the risk of
any infection may be similar to that for diabetes mellitus as described above. In addition, the
literature provides an important insight into the systematic inflammatory or immunological
nature of asthma beyond a mere chronic airway disease. The current literature is mostly
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based on retrospective studies which relied on structured codes for the ascertainment of
asthma and outcomes of interest, and lacks data derived from prospective studies with
immunological measures (endotyping). While it provides epidemiological evidence for the
association, it is significantly limited in the characterization of asthma and outcomes in a way
identifying which subgroups of asthmatics are at risk of AIMs, what mechanisms underlie

the risk, and outcome of AIMs, and what factors mitigate the risk and outcome of AIMs. A
population-based pediatric study can be valuable as it is less confounded by comorbidities
with aging in adult populations, but currently the literature based on a population-

based pediatric study is quite limited. Better understanding of the nature of AIMs is an
indispensable step toward the improvement in clinical practice and guidelines pertaining to
AIMs to mitigate the risk and outcomes of AIMs in the future.

A POPULATION-BASED STUDY OF AIMs IN CHILDREN:
A CASE STUDY

The literature on a population-based pediatric study addressing the risk of AIMs using well-
defined pediatric populations with asthma is scant, especially, birth cohort studies. We
conducted a population-based retrospective birth cohort study in Olmsted County, Minnesota.

Study design and methods

This study was approved by the Mayo Clinic Institutional Review Board (IRB No. 14-009934).
The study was designed as a retrospective birth cohort study which followed the 1997-2016
Mayo Clinic Birth Cohort born in Olmsted County, Minnesota. The study design and methods
are described in detail in Supplementary Data S2.

Results

The characteristics of the study subjects are summarized in Table 1. Of the eligible children
(n=21,827), 3,116 (14.3%) had asthma, which is slightly higher than the previously reported
prevalence (12.9%) of asthma diagnosis in a pediatric population in our community.* We
attempted to match each asthmatic subject to 3 children who had no history of asthma. Those
children with asthma who were not able to be matched were excluded. However, if 1 or 2
matched controls were available, we included these sets. With exact matching with birth year,
sex, and follow-up duration (within 2 years), all asthmatic patients except 76 were matched.
Among the asthmatic subjects, 1,803 (59%) were males and 2,298 (76%) were white. The mean
ages at the index date of asthma and the last follow-up date were 4.0 years and 11.0 years,
respectively. We identified a total of 56 infectious and inflammatory conditions from electronic
health records (EHRs) of all children with asthma (Supplementary Data S2 for details in

the procedures for the identification of these conditions), and 23 conditions were clinical
diagnostic codes which met 0.5% prevalence threshold and were included in the analysis.

The risk of AIMs in relation to asthma status in children

The main results on the association between asthma and the subsequent risk of AIMs are
summarized in Figure using Forest plot (1A for unadjusted analysis and 1B for adjusted
analysis). Based on univariate analysis, asthma was associated with 18 of 23 conditions
examined. After adjusting for race, individual level socioeconomic status defined by HOUsing-
based Index of SocioEconomic Status (HOUSES) index (a validated SES measure),*? and

the average number of clinic visits as well as matching age, sex, and follow-up duration,
asthma was associated with 13 of 23 conditions which include both respiratory infections
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Table 1. Baseline characteristics for children with asthma and their matched non-asthmatic children with regard to birth year, sex, and last follow-up date
(i.e., similar follow-up duration)

Characteristics No asthma (n = 6,295) Asthma (n = 3,040) Total (n = 9,335) P value
Age at index <0.001
Mean + SD 3.72 £ 3.85 4.01+3.89 3.82 +3.87
Median (Q1, Q3) 92.13 (0.93, 5.36) 92.41 (113, 5.73) 92.99 (1.01, 5.47)
Range 0.08-20.14 0.03-20.56 0.03-20.56
Male (sex) 3,702 (58.8) 1,803 (59.3) 5,505 (59.0) 0.645
Race <0.001
Black 379 (6.0) 301(9.9) 680 (7.3)
Asian 338 (5.4) 153 (5.0) 491 (5.3)
Hawaiian/Paclsl 15 (0.2) 5(0.2) 20 (0.2)
Am. Indian 12 (0.2) 5(0.2) 17 (0.2)
Other/mixed 402 (6.4) 210 (6.9) 612 (6.6)
White 4,935 (78.4) 2,998 (75.6) 7,233 (77.5)
Refusal 50 (0.8) 20 (0.7) 70 (0.7)
Unknown 164 (2.6) 48 (1.6) 212 (2.3)
Ethnicity 0.011
Non-hispanic 5,686 (90.3) 2,790 (91.8) 8,476 (90.8)
Hispanic 418 (6.6) 189 (6.2) 607 (6.5)
Unknown 191 (3.0) 61(2.0) 9259 (2.7)
White 4,935 (78.4) 92,298 (75.6) 7,933 (77.5) 0.002
HOUSES Q at birth 0.015
N-miss 299 121 420
1 1,345 (22.4) 743 (25.5) 2,088 (23.4)
2 1,508 (25.2) 696 (23.8) 2,204 (24.7)
3 1,636 (27.3) 756 (25.9) 2,392 (26.8)
4 1,507 (25.1) 794 (24.8) 2,931 (25.0)
Average number of clinic visits per year <0.001
Mean + SD 6.48 = 4.59 8.60 +5.97 717 £5.18
Median (Q1, Q3) 5.33(3.83, 7.57) 7.8 (5.20, 10.20) 5.87 (4.13, 8.45)
Range 0.65-81.17 0.49-81.06 0.49-81.17

Data are shown as mean + SD or number (%).
SD, standard deviation; Q, quartile; HOUsing-based Index of SocioEconomic Status.

(URI, pneumonia, croup, sinusitis, streptococcal pharyngitis, influenza virus infection, and
SPDs) and non-respiratory infections (skin infection, conjunctivitis, cellulitis/abscess, otitis
externa, fungal infection, and viral gastroenteritis). The effect sizes in adjusted HRs for those
13 conditions ranged from 1.14 (cellulitis/abscess) to 2.41 (SPD). Asthma was not associated
with the risk of inflammatory diseases such as celiac disease, in part due to low incidence of
inflammatory disease in this birth cohort. While these results largely corroborate previous
reports on AIMs (IPD, Streptococcal pharyngitis, URI, pneumonia, influenza, skin infection,
viral gastroenteritis, herpes zoster and SPDs), they also revealed potentially new infectious
conditions associated with asthma (cellulitis/abscess, otitis externa, and fungal infection).

The associations of asthma and other atopic conditions at risk of AIMs

In order to assess the effects of other allergic diseases on the association between asthma and
the risk of AIMs, we performed an additional analysis examining the interaction of asthma
status with other allergic diseases. We divided the subjects into 4 groups (1. asthma only, 2.
other atopic conditions only, 3. both asthma and other atopic conditions, and 4. neither asthma
nor other atopic conditions as the reference group). To investigate the interaction of asthma
and other atopic conditions, atopy was considered a time-dependent covariate (after the
asthma index date). The adjustment and matching for the analysis were the same as above. The
results are summarized in Table 2. Overall, we did not observe significant interactions between
asthma and other atopic conditions in relation to the risk of AIMs except a few conditions

with statistically significant interactions. Of the 13 AIMs significantly associated with asthma
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A B

AlMs HR AlMs HR

Respiratory Respiratory
URI - 1.41 (1.33-1.49) URI - 1.32 (1.24-1.40)
Pneumonia - 2.62 (2.34-2.94) Pneumonia - 2.30 (2.04-2.59)
Croup - 1.81(1.59-2.06) Croup - 1.57 (1.37-1.80)
Sinusitis - 1.98 (1.73-2.27) Sinusitis - 1.74 (1.51-2.00)
Streptococcal pharyngitis —-— 1.48 (1.25-1.76) Streptococcal pharyngitis —-— 1.30 (1.08-1.55)
Chronic otitis media —— 1.57 (1.27-1.94) Chronic otitis media - 1.21 (0.96-1.52)
Influenza virus infection —a— 2.61(2.10-3.23) Influenza virus infection —a— 2.29 (1.83-2.88)
SPD —=s=—— 3.01(1.88-4.82) SPD —_— 2.41 (1.47-3.95)
Breakthrough varicella —_— 1.81 (1.06-3.10) Breakthrough varicella B e 1.51(0.86-2.66)

Non-respiratory Non-respiratory
Skin infection - 1.29 (1.21-1.38) Skin infection - 1.15 (1.07-1.24)
Conjunctivitis - 1.33 (1.23-1.45) Conjunctivitis - 1.20 (1.09-1.31)
Cellulitis/abscess - 1.29 (1.14-1.47) Cellulitis/abscess o 1.14 (1.00-1.31)
Otitis externa - 1.34 (1.17-1.53) Otitis externa = 1.17 (1.01-1.34)
Fungal infection - 1.45 (1.27-1.67) Fungal infection - 1.22 (1.05-1.41)
Urinary tract infection —=— 1.23 (1.02-1.47) Urinary tract infection . 1.10 (0.91-1.33)
Viral gastroenteritis —-— 1.63 (1.34-2.00) Viral gastroenteritis —-— 1.38 (1.12-1.70)
Gingivostomatitis 1.20 (0.88-1.63) Gingivostomatitis —— 1.00 (0.72-1.38)
Lymphadenitis - 1.22 (0.87-1.72) Lymphadenitis —— 0.94 (0.65-1.37)
Bacterial enteritis — 1.62 (1.11-2.37) Bacterial enteritis | 1.28 (0.86-1.91)
Appendicitis 0.97 (0.64-1.46) Appendicitis —— 0.87 (0.57-1.35)
Parasite infection —a 2.02 (1.28-3.21) Parasite infection —— 1.47 (0.90-2.40)
Herpes zoster 1.65 (0.99-2.75) Herpes zoster e 1.51(0.88-2.58)

Inflammatory Inflammatory
Celiac disease - 1.57 (0.90-2.75) Celiac disease —_— 1.25 (0.69-2.26)

05 10 20 40 05 10 20 40

Figure. The risk of AIMs in relation to asthma status in children and (A) depicts unadjusted analysis and (B) for adjusted analysis. (A) Unadjusted Cox model for
the association between asthma and the risk of AIMs. (B) Adjusted Cox model for the association between asthma and the risk of AIMs controlling race (white vs.
non-white), HOUSES (socioeconomic status) at birth, and average number of clinic visits.

AlIMs, asthma-associated infectious and inflammatory multimorbidities; HR, hazard ratio; URI, upper respiratory infection; SPD, serious pneumococcal diseases;
HOUSES, HOUsing-based Index of SocioEconomic Status.

described above, 6 (UR], skin infection, pneumonia, cellulitis/abscess, sinusitis, and influenza)
were associated with both asthma only and asthma AND other atopic conditions whereas

5 (conjunctivitis, croup, streptococcal pharyngitis, viral gastroenteritis, SPD, and chronic

otitis media) were associated with asthma only and 2 (otitis externa and herpes zoster) were
associated with asthma AND other atopic conditions. It is noteworthy that the risk of herpes
zoster was significantly elevated among children with both asthma and other atopic conditions,
compared to either asthma or other atopic condition alone.

Summary of the results

Overall, the results of this population-based birth cohort study support previously reported
associations of asthma with a broad range of respiratory and non-respiratory infections among
children. As analysis was adjusted for important confounding factors (e.g., individual level SES,
health care access [number of clinic visits], and follow-up duration), the findings may not be
attributed to detection bias or transfer bias. The associations of asthma with the risk of infections
did not seem to be significantly modified by the presence of other atopic conditions. However,
the analysis was challenged due to the limited statistical power to assess the association of
asthma with conditions with low incidence such as celiac disease and appendicitis. Our study did
not address an important study question on the influence of asthma control or severity status as
well as therapies on the risk of AIMs which might be another important confounder.
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Table 2. The associations of asthma and other atopic conditions with the risk of AIMs based on Cox proportional hazard models matched birth year, sex and last
follow-up with adjusted with race (white vs. non-white), HOUSES, average number of clinic visits

Type of AIMs Clinical conditions No asthma Other atopic Asthma only Asthma and other Pvalue*
or atopy conditions only atopic conditions
Respiratory Upper respiratory tract infection 1 (reference) 1.04 (0.94-115) P=0.452  1.33 (1.24-1.42) P < 0.001 1.32 (1.2-1.46) P < 0.001 0.578
infection Pneumonia 1 (reference) 1.01(0.81-1.27) P=0.920  2.49 (2.18-2.85) P < 0.001 1.93(1.62-2.31) P<0.001  0.068
Croup 1 (reference) 0.79 (0.6-1.04) P=0.098  1.72 (1.48-2) P < 0.001 1.06 (0.84-1.33) P=0.650  0.168
Sinusitis 1 (reference) 1.53 (1.23-1.91) P < 0.001 1.90 (1.61-2.24) P < 0.001 1.92 (1.57-2.35) P < 0.001  0.007
Streptococcal pharyngitis 1 (reference) 1.07 (0.8-1.43) P = 0.664 1.35 (1.09-1.67) P = 0.006 1.24 (0.95-1.63) P = 0.109 0.483
Chronic otitis media 1 (reference) 1.08 (0.72-1.6) P=0.717  1.41(1.1-1.81) P=0.006  0.77 (0.51-1.15) P = 0.197 0.017
Influenza virus infection 1 (reference) 0.95 (0.62-1.47) P=0.818  2.15 (1.65-2.81) P < 0.001 2.48 (1.84-3.36) P < 0.001 0.470
Serious pneumococcal disease 1 (reference) 1.06 (0.4-2.79) P=0.908  2.69 (1.54-4.68) P < 0.001 1.93 (0.93-4) P = 0.078 0.519
Breakthrough varicella 1 (reference) 0.87 (0.3-2.52) P=0.797  1.48 (0.78-2.82) P=0.232  1.48 (0.65-3.39) P = 0.353 0.840
Non-respiratory  Skin infection 1 (reference) 1.27 (1.14-1.41) P < 0.001  1.20 (1.11-1.31) P< 0.001 1.2 (1.08-1.34) P < 0.001 0.003
infection Conjunctivitis 1 (reference) 0.96 (0.82-1.11) P=0.547  1.25 (1.13-1.38) P < 0.001  1.05 (0.91-1.21) P = 0.485 0.297
Cellulitis/abscess 1 (reference) 1.42 (1.18-1.73) P < 0.001 119 (1.01-1.4) P= 0.033 1.3 (1.07-1.58) P=0.008  0.062
Otitis externa 1 (reference) 119 (0.97-1.47) P=0.098 116 (0.98-1.38) P=0.080  1.29 (1.06-1.58) P=0.012  0.626
Fungal infection 1 (reference) 0.88 (0.69-113) P=0.313 117 (0.99-1.39) P=0.065  1.23 (1-1.52) P = 0.053 0.297
Urinary tract infection 1 (reference) 0.91(0.67-1.23) P=0.541  1.07 (0.86-1.34) P=0.546  1.09 (0.83-1.44) P = 0.532 0.599
Viral gastroenteritis 1 (reference) 0.89 (0.61-1.29) P=0.531  1.48 (1.17-1.88) P = 0.001 1.1(0.79-1.52) P = 0.588 0.483
Gingivostomatitis 1 (reference) 1.45(0.93-2.26) P=0.105 1.01(0.68-1.5) P=0.951  1.22 (0.77-1.94) P = 0.393 0.598
Lymphadenitis 1 (reference) 0.61(0.31-1.18) P = 0.138 0.96 (0.63-1.45) P=0.837 0.72 (0.4-1.29) P = 0.266 0.640
Bacterial enteritis 1 (reference) 1.2 (0.63-2.27) P = 0.581 1.42 (0.9-2.25) P = 0.135 1.15 (0.63-2.1) P = 0.656 0.382
Appendicitis 1 (reference) 1.11(0.62-1.97) P=0.734  0.65(0.36-1.17) P=0.152  1.29 (0.74-2.24) P=0.372  0.199
Parasite infection 1 (reference) 0.96 (0.4-2.32) P=0.928 1.66 (0.96-2.86) P=0.070 1.09 (0.52-2.31) P = 0.821 0.516
Herpes zoster 1 (reference) 0.9 (0.35-2.36) P=0.836  1.07 (0.54-2.14) P=0.844 2.3 (1.17-4.53) P = 0.016 0.167
Inflammatory Celiac disease 1 (reference) 1.39 (0.59-3.31) P=0.452  1.65(0.83-3.29) P=0.150 0.9 (0.35-2.31) P=0.823 0.149
disease

Bolded are conditions with statistical significance.
AlIMs, asthma-associated infectious and inflammatory multimorbidities; HOUSES, HOUsing-based Index of SocioEconomic Status.
*P value for interaction between asthma and atopic conditions.
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POTENTIAL FACTORS AND MECHANISMS FOR THE
ASSOCIATION BETWEEN ASTHMA AND THE RISK OF AIMs

Influence of inhaled corticosteroid (ICS) therapies on the risk of AIMs

The preponderance of studies has been on the effect of ICSs on the risk of pneumonia
among patients with asthma, and the literature is inconsistent.?*3* For example, some

studies reported no association of ICSs with the risk of pneumonia??*3 or even protective
effect,”?3 while other studies (all retrospective studies) showed associations of ICS, use
with the increased risk of pneumonia.**?% A recent meta-analysis reported that the use of
ICS was protective of pneumonia with an RR of 0.74 (95% confidence interval [CI], 0.57-

0.95), based on clinical trials, while retrospective observational studies showed summed OR
0f1.97 (95% CI, 1.87-2.07), suggesting an increased risk of pneumonia with use of ICSs in
asthmatic patients.” A cohort study, which compiled clinical trial data (n = 14,993), showed
ICS use was not associated with the risk of hospitalized pneumonia (HR,1.30; 95% CI,
0.53-3.14) or reduced the risk of non-hospitalized pneumonia (HR, 0.51; 95% CI, 0.35-0.74)
compared to placebo pills (short-acting beta-agonists), independent of ICS dose, type, and
duration.? Also, an earlier randomized clinical trial (RCT) showed the safety of ICSs on the
risk of infection by comparing ICS treatment versus placebo treatment.® The results, indeed,
showed a significant decrease from before to after therapy in the percentage of days of upper
respiratory tract infection (21%-10% ICS vs. 19%-16% placebo) and lower respiratory tract
infection (30%-15% ICS vs. 27%—21% placebo).® Another study in patients with asthma gave
an estimated OR of 0.34 for the association between treatment with corticosteroids and the
risk of mycoplasma or chlamydia infections (P= 0.07), which suggests that corticosteroid
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treatment may have a protective effect for the risk of these infections.* However, case-
control studies by others showed that ICSs increased the risk of pneumonia.>? For example,
McKeever et al.” reported an increased risk of pneumonia among ICSs users (OR, 1.58; 95%
CI, 1.29-1.93) but only limited to fluticasone, not other ICS and the same group failed to
show the same association in their recent clinical trial.® This is suggestive of inadequate

adjustment for confounders such as ICS-related asthma control status and severity, which
might account for their discrepant study results. As discussed below, since poorly controlled
asthma or type 2 inflammation (Th2) may impair immune functions, asthma control and
severity status are likely to be important confounders to be adjusted for the analysis. In this
respect, large retrospective studies derived from administrative database, which could not
adequately address asthma control or severity status, tend to find positive associations,
while prospective studies or RCT showed no associations or protective effect of ICS. Given
the significant limitations of retrospective observational studies, based on the results
derived from compiled clinical trials, we believe that ICS use is not associated with the risk
of pneumonia or even protective effect in a subgroup of asthmatics. Therefore, ICS use is
unlikely to account for the impact of asthma status on the risk of infectious diseases.

Asthma control status and prognosis in the long-term risk of AlMs

As discussed above, at present, little is known about whether and the extent to which adequate
asthma control and severity status impacts the risk of AIMs because the risk of AIMs is

not considered a typical outcome measure for asthma study.” O'Byrne et al.”® reported the
reduced risk of non-hospitalized pneumonia (HR, 0.51; 95% CI, 0.35-0.74) compared to a
placebo. In their study, among baseline risk factors, patients with impaired lung function
(FEV1) below 80% had an inverse association with the risk of pneumonia, suggesting poorly
controlled asthma might pose an increased risk of pneumonia. Talbot et al.® reported that
high-risk asthma (i.e., poorly controlled asthma defined by frequent hospitalization, ED

visit, and oral corticosteroids) posed a greater risk of IPD (OR, 2.6; 95% CI, 2.0-3.5) than
low-risk asthma (i.e., not well-controlled asthma) (OR, 1.7; 95% CI, 0.99-3.0), and this
observation was supported by another study.’ As a potential mechanism, while impairment of
rhinovirus-induced type I and Il interferon secretion and its subsequent increased replication
of rhinovirus have been widely recognized,*® such phenomena were not observed in well-
controlled asthma,® but those with severe therapy-resistant atopic asthma.* At present, the
literature on the relationship between asthma control or severity and the risk of AIMs, especially
risk of infections and its underlying mechanisms is significantly limited. Both epidemiological
and mechanistic studies addressing these study questions are further needed.

Potential mechanisms underlying the risk of AIMs

Previous review articles covered the topic on the potential mechanisms underlying the risk

of infections: impairment of both innate and adaptive immunity in people with asthma

by potentially Th2 high inflammation (cytokines) associated with asthma is the currently
proposed mechanism for the association between asthma and the risk of infections, primarily
respiratory infections.”*® Therefore, in this review, we discuss new information on this topic
not covered by previous reviews and explore the mechanisms underlying the associations of
asthma with the risk of non-respiratory infections and inflammatory diseases.

The heterogeneity of asthma has been widely recognized as a spectrum disorder.*-*® For
example, numerous cluster analyses have been reported to characterize children with
asthma,** but none of the studies have assessed AIMs as a distinctive phenotype of asthma
in defining the heterogeneity of asthma. For example, neither current guidelines nor expert
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opinions recognize AIMs as an outcome of interest in asthma studies.” Thus, the current
literature is limited in identifying a subgroup of people with asthma who are at high-risk
of AIMs. We believe that only a subgroup of asthmatic patients are likely to be at risk of
AIMs, not necessarily all asthmatic patients, and that the heterogeneity of asthma is likely
to be an important factor for understanding the mechanisms underlying the risk of AIMs.

For example, as summarized in Supplementary Table S1, while previous studies reported
that asthma was associated with the risk of non-respiratory infections and inflammatory
diseases involving GI tract such as appendicitis®*®® and celiac disease,” our group showed
that only a subgroup of children with active asthma (i.e., evidence of asthma in the past

12 months) are at increased risk of appendicitis’™ and celiac disease,” suggesting the sub-
phenotype of asthma plays an important role in the mechanisms for AIMs. Specifically, how
can we explain a shared mechanism underlying the association of asthma with the risk of
distinctively different diseases, such as respiratory infection, non-respiratory infections, and
autoinflammatory diseases? A few plausible mechanisms can be contemplated.

There is emerging literature on ‘epithelial barrier defect hypothesis’ as a potential mechanism

for the association of asthma with a broad range of infections and autoimmune diseases."">
For details of the hypothesis and its immunological pathways, we refer the readers to the
recent review.!! Conceptually, alteration in environmental exposure over time might have
disrupted the physical integrity of the barrier by degrading the intercellular barrier proteins at
tight junctions, triggering epithelial alarmin cytokine responses such as interleukin (IL)-25,
IL-33, and thymic stromal lymphopoietin, and increasing the epithelial barrier permeability
(“leaky epithelium”) which may lead to infection or activation of host immune responses
resulting in a broad range of Th2 and Th1 inflammatory diseases including asthma, chronic
rhinosinusitis, allergic rhinitis, atopic dermatitis, eosinophilic esophagitis, and celiac and
IBD." Therefore, under this hypothesis, various up-stream and down-stream immunological
pathways underlying chronic airway and systemic inflammation of asthma might also be

a shared mechanism for various AIMs even if they are distinctively different respiratory

and non-respiratory infections as well as autoinflammatory diseases (e.g., appendicitis,
eosinophilic esophagitis, celiac disease and other autoimmune diseases, and MI). However, it
is noteworthy that for asthmatic patients with inflammatory or autoimmune disease features
or recurrent febrile illnesses, one condition to be considered as a differential diagnosis is
autoinflammatory disease, a disease of innate immune system, although it is infrequent.”

Alternatively, a recent genome-wide association study (GWAS) identified a gene with pleiotropic
effects on asthma and obesity.”* Along these lines, although it is inconsistent,””” several GWAS
showed potential pleiotropic effects of genes (either risk or protective effect) underlying

the association of asthma with the risk of multiple autoimmune diseases.”” It needs to be
elucidated how the pleiotropic effect of a specific gene can account for a broad range of AIMs
including respiratory, non-respiratory, and inflammatory/autoimmune diseases.

Various immunological effects derived from the up- and down-stream immunological
pathways for asthma as a result of genetic and environmental factors might determine the
heterogeneity of asthma which subsequently affects the risk of AIMs depending on the
nature of AIMs. Conceptually, the interplay among asthma, infection, and inflammatory
diseases is complex,” and at present, little is known about the unified mechanisms
accounting for the risk of a broad range of clinically distinctive infectious and inflammatory
diseases in addition to the mechanism specific to each infectious and inflammatory disease
as described above. Also, little is known about how innate and adaptive immune functions

https://e-aair.org https://doi.org/10.4168/aair.2021.13.5.697 706



Allergy, Asthma & AA] R
Risk of Asthma-Associated Multimorbidities Immunology Research

are affected in a way increasing certain non-respiratory infections. Adaptive immune
dysfunction will be an important mechanism underlying certain non-respiratory AIMs such
as herpes zoster.'>> Many research groups, including ours, are actively researching this
under-studied area.

IMPLICATIONS

Clinical practice

Since the last review on AIMs in 2014, there has been burgeoning literature pertaining to
AIMs. A few implications in clinical practice can be considered. First, given the significant
proportion of children and adults affected by asthma and their increased risk of AIMs,
clinicians might need to be cognizant of the presence of AIMs and consider more careful
evaluation of those with serious or common infections to discern whether a patient has
undetected clinical asthma or other atopic conditions, instead of solely seeking primary
immunodeficiency, especially when a patient had multiple AIMs. Also, they will need to
educate their patients and their caregivers about the presence, nature, and implications of
AIMs in asthma management because serious threats to health from AIMs in children and
adults with asthma are largely under-recognized by patients and their caregivers as well as
clinicians. Secondly, as discussed in the Introduction section, no guidelines currently address
the identification and management of AIMs. However, clinicians and caregivers of patients
with asthma often run into situations where they need some guidance in assessing and
managing AIMs. Thus, using current evidence, examples of potential strategies for AIMs in
asthma care are summarized in Table 3 and have been provided in asthma practice of authors'
institution (AskMayoExpert). These strategies can be further developed and revised as
understanding about AIMs advances. Thirdly, while it may not be feasible to fully unravel the

Table 3. Potential management strategies for a high-risk group of asthmatics for AIMs”'>

Clinical scenarios in asthma Current management/potential unmet needs Potential management strategies and rationales for AIMs
csymptomare
Uncontrolled cough Step-up asthma medication or oral corticosteroid/ -Check for pertussis as pertussis is an AIMs
missing or delaying identification of pertussis permits  -Check serologic titer for DPT and boost dose if immunity is waned
continuing transmission of pertussis™
Serious or frequent common Assess PID/patient receives no counseling for the role -If no PID is present, discern whether a patient has undetected clinical
infections of asthma in accounting for such infections asthma among undiagnosed asthmatics

-Counsel about the risk of infections for asthmatics and develop a
management plan for asthma after diagnosis

Concerns about risk of May not adequately address concern/potential under- -Use ICS or other controller medications per asthma guidelines
pneumonia from ICS treatment of ICS or poor control of asthma -No evidence to suggest that ICS poses an increased risk of pneumonia in
asthmatics
-Better control of asthma may reduce the risk of pneumonia
Declining routine vaccinations ~ Often patients choose opt out option/increased risk of ~ -Inform patients of their increased susceptibility to vaccine-preventable
vaccine-preventable AIMs AlMs and the role of vaccinations
Current vaccinations While addressing the need for influenza vaccination, -PPSV23 regardless of asthma severity or control status
they may not properly address the patient's unique -Check vaccine titer to determine if vaccine preventable disease or
needs or susceptibility to other vaccine preventable frequent infections may occur
AlMs among asthmatics -Recommend zoster vaccine for asthmatics age 50 or older
-Consider replacing Td with Tdap for asthmatics
Identification of serious AIMs Relying on traditional criteria, risk factor/potential -Define asthma as an unrecognized new risk factor for AIMs
(appendicitis, Celiac disease) delay of identification and therapy in affected -This allows timely identification (e.g., population surveillance for celiac
asthmatic patients symptoms and targeted testing for a high-risk group for celiac disease)
and therapy (e.g., diet for celiac disease)
Prediction for uncontrolled Relying on traditional risk factors or biomarkers for -Predictive analytics to predict a future risk of asthma exacerbation or
asthma reactive approach after exacerbation vs. proactive poorly controlled asthma™' as a risk factor for AIMs™

AlMs, asthma-associated infectious and inflammatory multimorbidities; DPT, diphtheria, pertussis, and tetanus; PID, primary immunodeficiency; ICS, inhaled
corticosteroid; PPSV23, 23-valent pneumococcal polysaccharide vaccine; Td, tetanus and diphtheria; Tdap, tetanus, diphtheria, and acellular pertussis.
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mechanisms underlying AIMs in the near future, some research approaches can be directly
beneficial and relevant to asthma management as discussed in the next section.

Research

In researching asthma in terms of phenotypes, it might be timely to consider the presence

of AIMs as a distinctive asthma phenotype to be considered in asthma studies which
typically limit to asthma control or exacerbation, quality of life, and impaired lung function.
Currently, guidelines and consensus report do not address AIMs as a distinctive clinical and
immunological phenotype in asthma.*” How we define the phenotype of asthma in research
(“moving target”) leads us in very different directions and frequently to inconsistent results
of the literature which is a major reason for deterring translation of research findings into
clinical practice. Specifically, as discussed above, the effects of asthma or its associated
inflammatory responses may not be limited to the airways, but rather may be systemic as
asthma may not be a mere chronic airway disease (a traditional and current paradigm for
understanding asthma). As whether we define asthma as a mere airway disease vs. a systemic
inflammatory disease may impact both conceptual and methodological directions in future
asthma research, this review prompts the research community to recognize under-recognized
health threats to people with asthma via AIMs as an asthma phenotype and to reframe
asthma as a systemic inflammatory and immunological disease beyond an airway disease.

In this respect, research effort for improving phenotyping asthma via innovative approaches will
be crucial. Specifically, reducing methodological heterogeneity in phenotyping asthma (e.g.,

60 different definitions of asthma in the literature)® is crucially important as it often obscures
true biological heterogeneity and results in inconsistent results deterring translation of scientific
findings into practice. Inconsistent results have been reported in GWAS,*® clinical trials,**®
studies addressing heterogeneity of asthma* 4% and studies concerning the coronavirus
disease 2019 (COVID-19) pandemic.®! Some sources of variability in the above studies include
inconsistent asthma criteria, ascertainment processes, and sampling frames which may obscure
a better understanding of heterogeneity of asthma. This inconsistency may be responsible for
the heterogeneity of study results in a greater degree than the true phenotypic heterogeneity of
asthma itself. In this respect, discerning the complex interactions among clinical asthma, their
underlying biological pathways, and the nature of AIMs as an asthma phenotype requires new
approaches mining large-scale EHRs such as artificial intelligence (AI)-augmented approaches in
data curation and analysis beyond traditional approaches (e.g., self-report or manual review and
statistical analysis). For example, our group recently demonstrated Al-augmented phenotyping
of asthma status by applying 2 existing asthma criteria successfully identified a subgroup of
asthmatic children with distinctive immunological and clinical characteristics including Th2
immune response, poor asthma outcomes, and the risk of various AIMs.®' Al-augmented
phenotyping approaches can address many limitations of traditional approaches in leveraging
longitudinal EHRs such as scalability, precision, accuracy, and efficiency. We refer the readers to
the recent review paper on this topic, Al approaches for advancing EHR-based clinical research

in allergy, asthma, and immunology.'®®

While research community innovates approaches for asthma phenotyping and study the
mechanistic pathways underlying AIMs, it is crucially important to identify and characterize
a subgroup of asthmatic patients at risk of AIMs because identification of this subgroup

of asthmatic patients is an indispensable step to develop strategies mitigating the risk

and outcomes of AIMs in the future and impacts future guidelines for optimal asthma
management for AIMs. The basic questions, why some asthmatics are at high-risk of AIMs,
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and others are not, specifically, what is the impact of asthma control and asthma therapies
on the risk of AIMs, need to be answered to improve asthma care. Successful identification of
a subgroup of asthmatic patients at risk of COVID-19 or AIMs will ultimately help us unravel
the mechanisms underlying the risk of AIMs and develop strategies mitigating the risk and
outcomes of AIMs in asthma management.

Finally, this review paper focused on non-respiratory infection and inflammatory diseases as
AIMs. However, little is known about what constitutes AIMs beyond conditions mentioned
above. A recent report from Korea suggests that the incidence of cancer increased following
the diagnosis of asthma among adults participating in a Korean population-based cohort
using national administrative data.'®® They reported that adults with asthma had a 75%
greater risk of incident cancer overall (although the effects vary for different cancers). The
excess risk for incident cancer was greatest during the first 2 years after asthma diagnosis,
and this risk remained elevated throughout the follow-up. Patients with nonatopic asthma
had a greater risk of overall cancer, than those with atopic asthma. A high cumulative dose
of ICS among asthma patients was associated with a 56% reduced risk of lung cancer but
had no effect on the risk of overall cancer. For example, our group recently reported that
asthma may potentially reduce the risk of glioma.!”” While the relationship between asthma
and the risk of cancer has been a longstanding epidemiological question in the field," %% it
needs to be studied under a conceptual framework incorporating mechanisms for asthma
and other AIMs. Also, as discussed above, it would be worthy of investigating similarities
and differences between asthma-associated cancers and AIMs discussed in this review paper
in relation to the clinical and immunogenetic characteristics of subgroups of asthmatic
patients affected by these conditions. To investigate these research questions, it is necessary
to leverage higher quality data sources such as EHR free texts than along with administrative
data with inherent limitations and more cutting-edge technology-driven approaches such

as Al-augmented machine learning or deep learning as discussed above. Ultimately, the
improved knowledge on these issues will help us unravel the mechanisms and better mitigate
the risk and even outcomes of AIMs. While the epithelial barrier dysfunction or disruption
hypothesis draws significant scientific interest as a potential mechanism underlying AIMs, it
needs to elucidate how the up-stream and down-stream immunological pathways interplay
in a way impacting or resulting in the risk of specific individual AIMs in the context of
interface between innate and adaptive immune functions. In this respect, research efforts
understanding the causes and effects of asthma must be juxtaposed to each other because
they are likely to guide each other.

Public health

The National Institute of Allergy and Infectious Diseases of the United States identified
emerging and re-emerging infectious diseases which have significant public health threats

at a population level, including measles, mumps, and pertussis.">"* We demonstrated a
significantly increased risk of vaccine preventable diseases such as pertussis and breakthrough
varicella infection among individuals with asthma.'®" As a potential mechanism, we reported
more rapid waning of adaptive immunity over time in children with asthma who had been
immunized with one-dose MMR vaccine at approximately 15 months of age."® Measles
antibody waned over time more rapidly in asthmatics (a decrease of —0.114 unit per year)

than non-asthmatics (a decrease of ~0.046 unit per year; Pvalue for interaction = 0.010).

This differential waning rate resulted in a lower mean measles antibody level, leading to

a lower seropositivity rate in asthmatics compared to non-asthmatics (73% vs. 84%, P=
0.038) starting around 9.3 years after the initial measles vaccination. Importantly, children
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without asthma at the time of antibody measurement who subsequently developed asthma

(genetic predisposition to asthma) had a lower antibody level than non-asthmatics and lower
seropositivity (66%) (P = 0.024). Thus, asthma status is associated with the waning kinetics of
measles antibody (humoral immunity) among children, which may have an important public
health implication on the epidemiology of emerging and re-emerging infectious diseases by
asthma epidemiology. In the context of the unprecedented impact of the COVID-19 pandemic
on morbidity and mortality worldwide, given the large proportion of people affected by
asthma, it is important to assess the relationship between asthma and the risk/outcomes

of COVID-19 including potential differential waning of antibody against COVID-19 between
asthmatics and non-asthmatics. While the reported relationship between asthma and the risk
of COVID-19 has been inconsistent,** given the combination of methodological and biological
heterogeneity of asthma as discussed above, these discrepancies are not surprising. While the
effect of Th2 cytokines and asthma status on the expression of ACE2 receptors has also been
inconsistent,"*?! identifying a subgroup of asthmatics at an increased risk of COVID-19 or
its-related poor outcomes is clinically and scientifically important, especially in the context of
the impact of asthma control status and therapies on the risk of COVID-19 (e.g., ICS therapy
was associated with lower expression of ACE2 and TMPRSS?2 receptor genes). Along these
lines, beyond the currently recognized AIMs, it is worthy of investigating the impact of asthma
epidemiology on cancer risk as this poses an important public health implication."¢>2

In conclusion, our systematic review and case study on the association of asthma with the
risk of AIMs suggest that while AIMs are relatively under-recognized conditions, they pose
major health threats to people with asthma. AIMs provide new insights into immunological
and clinical features of asthma as a systemic inflammatory disease beyond a solely chronic

airway disease. It is time to recognize AIMs as a distinctive asthma phenotype in order to
advance asthma research and improve asthma care.
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