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Abstract

Background: There is uncertainty about the role of hormonagllaeement therapy (HRT) in
development of asthma.

Objective: We investigated whether use of HRT and durationise#f was associated with risk of
developing asthma in peri- and post-menopausal wome

Methods: We constructed a 17-year (1/1/2000 — 12/31/20p&nhacohort of 353,173 women (46-
70 years old) from the Optimum Patient Care Databadongitudinal primary care database from
across UK. HRT use, subtypes, and duration of cmefounding variables; and asthma onset were
defined using the Read Clinical Classification 8ystWe fitted multilevel Cox regression models
to estimate hazard ratios (HR) with 95% confideintervals (CIs).

Results: During 17-year follow-up (1,340,423 person-yeaishl4 new asthma cases occurred,
giving an incidence rate of 5.7 (95%CI 5.5-5.8) @00 person-years. Compared to non-use of
HRT, previous use of any (HR 0.83; 95%CI 0.76-0.88jrogen-only (HR 0.89; 95%CI 0.84-0.95),
and combined estrogen/progestogen (HR 0.82; 95%1H-0.88) HRT were associated with a
reduced risk of asthma onset. This was also tke wath current use of any (HR 0.79; 95%CI
0.74-0.85), estrogen-only (HR 0.80; 95%CI 0.73-D.&nd combined estrogen/progestogen (HR
0.78; 95%CI 0.70-0.87) HRT. Longer duration of HRSe (1-2 years: HR 0.93; 95%CI 0.87-0.99;
3-4 years: HR 0.77; 95%CI 0.70-0.84; 5+ years: HRL095%CI 0.64-0.78) was associated with a
dose-response reduced risk of asthma onset.

Conclusion: We found that HRT was associated with a reducskl of developing late onset
asthma in menopausal women. Further cohort stagleeseeded to confirm these findings.

Abstract Words: 249
Key Messages

e Our national, longitudinal study found that hormaeplacement therapy was associated
with reduced risk of clinically-important reduct®nn the development of asthma in
menopausal women

* These findings now need to be validated in othguufadions and there is also the need for
mechanistic studies to investigate the possibldeptive role of menopausal hormone
therapy in the pathogenesis of asthma in women.

Capsule Summary

This national, longitudinal study found that cutrand previous use of estrogen-only and combined
estrogen/progestogen hormone replacement therapsy asaociated with clinically-important
reductions in the development of asthma in menapausmen.

Key words: asthma, estrogens, epidemiology, estradiol, ptoges
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hormonal replacement therapy (HRT)

body mass index (BMI)

Anonymized Data Ethics and Protocol Transparenay@itee (ADEPT)
Optimum Patient Care Research Database (OPCRD)

directed acyclic graph (DAG)

bilateral salpingo-oophorectomy [BSO]

Index of Multiple Deprivation (IMD)

Strengthening the Reporting of Observational StigheEpidemiology (STROBE)
Reporting of studies Conducted using ObservatiBmaitinely-collected Data (RECORD)
general practitioner (GP)

Quality and Outcomes Framework (QOF)

estrogen receptors (ERS)

airway smooth muscle cells (ASM)

Optimum Patient Care (OPC)

Observational and Pragmatic Research Instituté @t€OPRI)

I ntroduction

Sex steroid hormones are believed to contributin@oobserved notable sex-related differences in
the development and clinical manifestation of asthifl). Over several decades, several
epidemiologic studies have investigated the rolbath endogenous and exogenous sex steroids in
the development of asthma in women, but the unihgrlgvidence remains uncertain. In our recent
systematic review, most previous studies (whichenmedominantly cross-sectional) showed that
ever and current use of hormone replacement th€kiRY), compared to non-use, were associated
with an increased risk of developing asthma in npansal women (1). In contrast, some studies
showed that HRT use led to improved lung functiorpost-menopausal women (2,3). Previous
studies have also shown that obesity and cigasettgking may modify the association between
HRT and asthma (4,5).

The cross-sectional design of most previous studieedes clear evaluation of any potential causal
association between the use of HRT and asthma.tidddily, ascertainment of HRT and asthma,
based on self-report (as was the case in the magfrstudies), highlights the importance of recall
and information bias in influencing the reporteddings (6). In the light of these important
methodologic shortcomings, the role of HRT in tlewe&lopment of asthma in menopausal women
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remains unclear. There is in particular a needrtdertake more robust longitudinal studies that
will help clarify the underlying evidence base.the current study, we investigated the association
of HRT use, its subtypes, and duration of use whth risk of developing asthma in menopausal
women. We also examined whether these associattens modified by body mass index (BMI)

and cigarette smoking.

M ethods

Ethics approvals and permissions

The study was approved by the Anonymized Data Ethitd Protocol Transparency Committee
(reference number: ADEPT1317), which grants pregpeicific approvals for use of Optimum
Patient Care Research Database (OPCRD) data. OptPatient Care has an existing NHS Health
Research Authority ethics approval for use of OPCiBDresearch (REC Ref: 15/EM/150). All
researchers involved in data analysis completedined) information governance courses before
working on the data.

Protocol registration and publication

The study protocol was registered with the Européamon electronic Register of Post-
Authorization Studies (EUPAS22967). In additiong hrotocol was peer-reviewed and published
before undertaking the analyses (7).

Sudy design and population

The study data were derived from OPCRD - a bespokgjtudinal, de-identified primary care
database from across the UK— which is used to adrepidemiologic, pharmaceutical and clinical
studies (https://opcrd.co.uk/) (8,9). At the tinfetlws study, OPCRD consisted of data from 630
primary care practices, which represented ovemnélion patients. All individuals resident in UK

(including children) are registered with primaryeaWe constructed an open retrospective cohort
of peri- and post-menopausal women (aged 45-70sydeom the database. Participants were
followed from baseline starting from January 1, 200 date of registration to a general practice or
the year of turning age 45 years until December2B16. Exit date was defined as date of first
record of an asthma event, death, deregistratam & practice, the year of turning 70 years old, or
end of follow up (December 31, 2016), whichever eafimst. Participants without asthma at
baseline or five years prior to baseline date vwkided and followed up. In total, 353,173 women
met the inclusion criteria.

Ascertainment and definition of study exposures

Using the Read Clinical Classification System (Reades; Online Supplement 1) (10), we defined
the following exposures:
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1. Previous (anytime in the past) and current (duthreg study year) use of any HRT versus
non-use;

2. Previous and current use of subtypes of HRT (estraaply, combined
estrogen/progestogen) versus non-use;

3. Duration of HRT use (treated as a persistent vegjah-2 years; 3-4 years; 5 years or more
Versus non-use;

4. Menopausal status: peri-menopausal (46¢&#5's) versus post-menopausal (56yddrs).

HRT use was counted only if it occurred before diecome and was ascertained for each year of

follow-up.

Potential confounding variables

A directed acyclic graph (DAG) was used to selamteptial confounding factors adjusted in our
analysis (Figure 1). Confounding factors were et&d using the relevant Read codes (Supplement
2) and included age, gravidity, BMI, smoking, Ckarl Comorbidity Index (11)any gynecologic
condition (endometriosis, polycystic ovary syndromeacne, bilateral salpingo-oophorectomy
[BSO], hysterectomy BSO, hysterectomy, fibroids, neenstrual bleeding complaints identified
under coding terms: menorrhagia, metrorrhagia, matrrhagia) (12), and Index of Multiple
Deprivation (IMD) (13).

Outcome

Asthma onset was defined as the first ever GP-decbasthma event defined using primary care
codes associated with asthma diagnosis occurriggiare after the baseline date. To ensure that
only patients who do not have asthma at the sfathe follow-up are included in the cohort, a
broader definition of asthma (defined as occurresfceither asthma diagnosis, or asthma-related
hospitalization, exacerbation or medication predimn) was used to exclude patients who may
have asthma prior to the baseline date. The retdRaad codes are provided in Online Supplement
3.

Satistical analyses

We used the Pearson’s Chi-square test and diffeseimcmeans to describe the distribution of the
baseline study characteristics, use of HRT andlerae of asthma. We used extended Kaplan-Meir
curves (14) to describe survival functions (riskr@maining asthma-free, see online supplement 6
for additional details) by HRT categories (typeration). Multilevel mixed-effects, extended Cox
regression was used to study the association of td€Tand menopausal status with risk of asthma

onset. This allowed us to account for time-varymagure of exposure and confounders, as well as
5
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clustering of patients from the same practice. Atjd analyses included all factors described
above. To evaluate any potential for residual confting, we calculated the E-values (15) for the
observed estimates of association of HRT use andopagisal status with asthma onset. We
included interaction terms for smoking and BMI achk adjusted model to evaluate the interactions
between HRT use and these factors in relation ttorees onset. Models in which interaction term
achieved a p-value < 0.20 were stratified for BMlmoking. Data management and editing were
undertaken using R version 3.5.1 (R Foundation Statistical Computing, Vienna, Austria).
Statistical analyses were undertaken using Stai@tkda Statistical Software: Release 14. College
Station, TX: StataCorp LP).

Reporting

This manuscript paper is reported following theoramendations of STROBE (Strengthening the
Reporting of Observational Studies in Epidemiologi®) and RECORD (Reporting of studies
Conducted using Observational Routinely-collectedal) (17).

Results

Baseline characteristics of the study populations

Table 1 andError! Reference source not found. provide the baseline characteristics of the
population. Of the 353,173 women at-risk of asthneéuded in the study, 16% used any HRT, 9%
used combined estrogen/progestogen HRT, and 7% estesjen-only HRT at baseline. Use of
any HRT, estrogen-only HRT, and combined estrogeggstogen HRT, was highest among
women 51-55 years of age compared to other agegrohigher in ex/current smokers than non-
smokers (which was a surprising finding); highesthiose with BMI <25kg/fversus women with

a higher BMI score; higher in women who had nevegrbpregnant versus those with a recorded
pregnancy; lowest in women with co-morbidity scafel-3 versus those with fewer and or a
greater number of comorbidities, with no differendeund between IMD quintiles. Whilst use of
any HRT was similar between pre- and post-menopawgamen, use of combined
estrogen/progestogen HRT was more common in penspeisal women than in post-menopausal
women, while use of estrogen-only HRT was more comrm post-menopausal than in peri-
menopausal women. Use of any HRT and estrogen{dRIly was higher in women with a prior
gynecological condition than those without, whileetreverse was found for combined

estrogen/progestogen HRT.

During the 17 years of follow-up (1,340,423 pergeass), 7,614 new asthma cases were observed,
giving an incidence rate of 5.7 (95%CI 5.5-5.8) aed00 person-years. The incidence rate of

asthma increased with increasing age; was simidwden pre- and post-menopausal women;
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higher in ex/current smokers than non-smokers;egmed with increasing BMI; decreased with
increasing number of pregnancies; was lower in womgh prior gynecological conditions than
those without; was similar across the Charlson Gbididy Index; and decreased with increasing
quintiles of IMD (Table 1).

Associations of HRT and menopause with asthma onset

Previous use of any HRT, estrogen-only HRT, and lined estrogen/progestogen HRT were
associated with up to 18% (95%CI 24-12) reducek ok developing new onset asthma when
compared with non-HRT use (Table 2). Similarly,reat use of any HRT, estrogen-only HRT, and
combined estrogen/progestogen HRT was associatadupito 22% (95%CI| 30-13) reduced risk of
developing asthma than non-HRT use. We observedsa-isponse association (Kandall’'s tau
statistic = -1, p-value=0.089) between duratiotH&T use and risk of asthma onset: women with
1-2 years of HRT use had 7% (95%CI 13-1), womeh &4 years of use had 23% (95%CI 30-16),
and those with five or more years of use had 298860l 36-22) lower risk than women who did
not use HRT. Post-menopausal women, compared ton@gropausal women, had a 12% (95%ClI
17-8) reduced risk of asthma onset. Stratified bgnopausal status, we found statistically
significant associations only with current use dRHand its subtypes and, in these cases, the
reduction in asthma onset was slightly greateran-menopausal than in post-menopausal women
(Table 2). In stratified analyses by BMI and smakiwe found statistically significant associations
only with current use of any HRT and it subtyped asthma onset (most likely because stratified
analyses lacked sufficient power to detect sigaifteeffect), but the effect estimates were generall
similar across the categories of BMI and smokin@b(€ 3). Kaplan-Meier survival curves
confirmed that the risk of remaining asthma frees Wawver in women who used HRT than those
who did not use itError! Reference source not found.). Figure 4Figure 5 summarize Table

2Table 3 illustrating the hazard ratios obtained forest plot.

The E-values for the association of use of any HESE, of HRT subtypes and duration of use with
asthma onset ranged from 1.36 (for the effect afykars of HRT use) to 2.17 (for the effect of 5+
years of HRT use), signifying that an unmeasureafaaoder would require a minimum effect
measure of 1.36 and a maximum of 2.17, beyonddhested confounders, to negate the observed

risk estimates.
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Discussion

Summary of key findings

Current use of any HRT, estrogen-only HRT, andogsin/progestogen combined HRT, was
associated with a decreased risk of developing oeset asthma amongst peri- and post-
menopausal women. However, previous use of HRTagaseciated with a reduced risk of asthma
only in all women, but not when stratified by meaopal status. Duration of HRT use was
associated with a decreased risk of asthma onsetdose-response manner, so that women who
used HRT for longer periods had greater protectiam women who used it for shorter periods.
This effect, however, becomes insignificant whetigmés are stratified by age, BMI and smoking
possibly due to lack of sufficient power to detsignificant effect after stratification. Compared t

peri-menopausal women, post-menopausal women wére/er risk of developing asthma.

Strengths and limitations of the study

The key strengths of this study were that it isfaaothe largest longitudinal cohort study on the
topic, had a long follow-up period (17 years), d@abted on a real-life, nationwide primary care
dataset. With the large sample size, we were abliestigate the associations between both
subtypes and duration of HRT use on the risk diraatonset in different sub-groups of women,
e.g., smoking status and BMI with considerable igireac. OPCRD included longitudinal
encounters of 6.3 million well-characterized paeregistered with 630 general practices from
across the U.K. This database is representativineofU.K.-wide primary care population; thus
findings have direct generalizability to the widé/K. population. The long-term follow-up meant

we could study the longer-term impact of HRT orhast onset.

This work used the Read coding system, which imdardized system for recording primary care
diagnoses and clinical encounters across the Wokidentify and define all variables used in the
study (10). Based on general practitioner (GP)ne®m parameters, as opposed to self-administered
subjective assessments used in most previous st(ldiEB—-23), we had consistent measurement of
the study exposures, potential confounders, andomg. The longitudinal framework of the
OPCRD database enabled us to undertake time-depemdétilevel survival analysis. In this type
of analysis, instead of defining participants ahezi users or non-users of HRT throughout the
follow-up of the study, the time-dependent approaltbwed us to take account of the possibility
that the status of participants regarding use off HRuld change over the study period. Thus,
participants were counted as non-users in the yeaysdid not use HRT and only counted as users
in the years they used HRT. This approach meanmhingnized immortal time bias, a common bias
in pharmaco-epidemiologic studies evaluating tHectfof medical therapies on disease outcomes
(24).
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The Quality and Outcomes Framework (QOF), a nation@ative and the first of its kind in the
world that provided incentives to encourage U.Kimarry care to develop a register of asthma
patients, came into existence in 2004 (25). The Q@dfuded regular registry audits and
consequently led to improvement in GPs’ recordihglmical events (26). Most of the follow-up
period in our study (13 out of 17 years) was atteradoption of the QOF thereby minimizing bias
due to asthma under-diagnosis (see online suppletér sensitivity analysis that excluded all
patients who joined the study before the QOF wasduced). Furthermore, to ensure that only at-
risk women (who did not have asthma at the stafolbdw-up) were included in the study, we
employed a 5-year look back period that assumeditbmen with asthma would have had at least
one contact with primary care during the five ygamsceding the start of follow-up. It is however
possible that a minority of patients who, despgeb diagnosed with asthma, had no primary care
contact during the five years preceding the sthfblow-up, thus may be incorrectly classified as
asthma-free. The risk of confounding by indicatiwas minimized through identification of a
comprehensive list of conditions for which HRT iscaused and we adjusted for these in our

analyses.

A potential limitation is that the menopausal stabf females was based only on the ages of
women, which was the only information availablenfrthe database for this purpose. Nevertheless,
the cut-off years we used to define peri- and postopausal women were based on the average
age of these events in the U.K. Furthermore, we l@@sumed that any prescriptions of HRT were
used according to GP’s prescription, which mayaiafays be the case. We were unable to adjust
for ethnicity as this information was missing ineow0% of cases. We had originally planned to
carry out propensity score matching analysis taicedhe bias due to the confounding variables.
We were, however, unable to design an appropriatéestical model (given the time-varying and
multi-categorical nature of the study exposureshiwitmulti-level models) and therefore, we
performed a conventional confounding adjustments fpossible that some residual confounding
remains even after controlling for various confoers however our evaluation of unmeasured
confounders indicate that this may be an unlikedgl&nation for our findings. Furthermore, our
original protocol included an analysis including ttoute of HRT administration (oral, transdermal,
subcutaneous, intramuscular, or local intrauteringdwever, after acquiring the data, this
information was found to be inconsistently recordedthe database and therefore we did not

proceed with this analysis.

Lastly, although we defined asthma onset basedme@Gorded diagnosis, it is possible that some
of these cases might be a misdiagnosis for COPeMer, given that the READ codes for asthma

diagnosis have been validated previously in a coalppa database with high accuracy (27) and the

9
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concomitance of asthma and COPD based on READ dedess than 15% (28), we believe such

cases to be minimal if present, and unlikely tongfgaour conclusions.

Comparison of findings with previous literature

While some previous studies have generally showin@eased risk of asthma onset with the use of
HRT (15,18,19)(20) (21-23), contrary findings haleo been reported (1) (2,3) (29-31). Most
previous studies were cross-sectional (21-23). dlstadies identified in our systematic review
were prospective cohort studies (1,18-20). The @&&irdealth Study,(18)(20) reported that
previous and current use of HRT and subtypes, dnetuHRT use for more than 10 years, but not
shorter duration of use, were associated with ameased risk of new-onset asthma in post-
menopausal women. The French E3N cohort study fatmtistically significant increased risk of
new-onset asthma with use of estrogen-only HRT, dmitwith combined estrogen/progestogen
HRT; they also showed no clear association of pasent, and duration of use with risk of asthma
in post-menopausal women (1). Another prospectoeod study found that use of any HRT,
subtypes, and long duration of use were associatibdincreased risk of new-onset asthma (19).
The findings are in contrast to findings in ourdstun which we showed that current HRT use, its
subtypes, and long duration of use were associatéd a decreased risk of new-onset asthma.
Whilst the previous cohort studies included onlgtpmenopausal women, our study included both
peri- and post-menopausal women, yet our findingeevgimilar in both peri- and post-menopausal
women when analyzed separately. The assessmerRbfadd/or asthma was based on subjective
self-reported questionnaires in previous studiesng a potential for information and recall bias.
Our study, apart from being the largest longitubowort study on the topic to date, used real-life
primary care records (i.e. maintained for the pagpof routine care) based on GP-recorded HRT
prescription and asthma diagnosis. Only two previoahort studies used HRT as a time-dependent
exposure, but even in those studies, informationH&T use from biennial surveys was only
updated every two years (1,18,20). In our studyweee able to update information on HRT use
yearly throughout the follow-up period (from theeperibing record), which then provides more
precise information on HRT. Similar to our findingssults from the Nurses’ Health Study showed
that post-menopausal women were at a lower risklesfeloping asthma than peri-menopausal
women (20). When stratified by smoking status,Rhench E3N study found that risk was specific
to non-smokers only (1). Our results, however, stwwimilar risks amongst smokers and non-

smokers and across the categories of BMI.

10
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Inter pretation and possible mechanisms of action

HRT is proposed to exert both anti-inflammatory gmd-inflammatory effects on innate (32,33)
and adaptive immune pathways (34), highlighting eteptially complex role in asthma
pathogenesis. The estrogen receptors (ERs), &t ER, are widely expressed on immune cells
and both are present in the lung (32,35). Estraignaling appears context and dose dependent.
For example, ER has been shown to promote pro-inflammatory cytlgagnthesis in response to
TLR-ligation in dendritic cells and macrophages, evdas higher levels may promote anti-
inflammatory responses (33). An imbalance ofaEdhd ER expression has been reported in
asthmatic versus healthy airways (36) that may aifloence the nature of responses. Recent
reports describe differential effects of signaling ERx and ER, with signaling of airway smooth
muscle cells (ASM) via ER being protective. This included regulation of ASidntractility to
relax airways (35) and downregulation of AHR andvay remodeling by ER signaling (37).
Elegant studies comparing intranasal allergen ehgé in wildtype, ER and ER knockout mice
demonstrate exacerbated airway hyperresponsiveimesgjne-cell infiltration and remodeling in
ERB knockout mice, which was most prominent in fenmalee (38).

Several studies have demonstrated that both pergest and estrogen increase T regulatory (Treg)
cell frequency and/or function, which is predictedcontribute to protective effects of HRT and

beneficially impact asthma outcomes (34). In catir@strogen and progesterone have been
variously reported to inhibit and enhance Thl, @h#8l Th17 effector responses (34,39-41). These
studies highlight the complexity of sex hormoneeef$ on structural, innate and adaptive immune
cells, and the influence of an inflammatory milieeceptor signaling and hormone concentration.
The findings from the current study, which contrdste cohort studies earlier described, provide
strong evidence demonstrating that use of HRT tnslibtypes, previously and currently and long-
term is associated with a clinically significantueed risk of developing asthma in menopausal
women. It is unclear whether these contradictongliigs are result of complex roles of HRT.

Perhaps, they indicate presence of a number of am&rhs by which HRT can influence asthma

outcomes and highlight the need for further dedlaéled longitudinal mechanistic studies alongside

observational studies.

Conclusion

Our study found that past and current use of HRI isubtypes was associated with a reduced
risk of development of new-onset asthma in menagdausmen. Further prospective cohort studies
are now required to confirm these findings. Theralso a need for mechanistic studies to elucidate
the specific pathways through which HRT may infleeninflammation leading to asthma

pathogenesis.
11



376
377

378
379
380
381
382
383
384
385

386
387

388
389
390
391

392

393
394
395
396

397
398

399
400

401
402
403

404
405

406
407
408

409
410
411

412
413

Acknowledgements
We would like to thank Dr Lynn Morrice for admirmigtive assistance and members of the Patient

and Public Involvement group of the Asthma UK Cerfor Applied Research who helped shape
this project during the grant application stage. &k grateful to Optimum Patient Care (OPC) and
Observational and Pragmatic Research InstituteLtd OPRI) for making the OPCRD database
(www.opcrd.co.uk) available free of charge. We dlsank Derek Skinner of OPRI who contributed
to the creation of the study data-cut, identifieatiof READ codes and IMD Centiles. BN

acknowledges the support of the VBG Group HermagftiKig Foundation on Asthma and Allergy,

Knut and Alice Wallenberg Foundation, and the Wdllerg Centre for Molecular and Translational

Medicine, University of Gothenburg.

Author contribution
Conceived idea for the study (BN, AS); designedstuely (BN, AS, CRS, CMH); data collection

(BN, AS, RP, DP, INS, FA); data analyses (BN, RF, AS, SAS); clinical/primary care expertise
on asthma and OPCRD-related expertise (DR, DP)ertigp on sex steroids (HC); drafted the
manuscript (SAS, BN, AS); all authors criticallywiged the manuscript for intellectual content and

approved the final version. AS was the Pl on thigls

References

1. Romieu |, Fabre A, Fournier A, Kauffmann F, Varraso R, Mesrine S, et al. Postmenopausal hormone
therapy and asthma onset in the E3N cohort. Thorax. 2010;65(4):292-7.

2. Cevrioglu AS, Fidan F, Unlu M, Yilmazer M, Orman A, Fenkci IV, et al. The effects of hormone therapy
on pulmonary function tests in postmenopausal women. Maturitas. 2004;49(3):221-7.

3. Carlson CL, Cushman M, Enright PL, Cauley JA, Newman AB. Hormone replacement therapy is
associated with higher FEV1 in elderly women. Am J Respir Crit Care Med. 2001;163(2):423-8.

4, Castro-Rodriguez JA, Holberg CJ, Morgan WJ, Wright AL, Martinez FD. Increased incidence of
asthmalike symptoms in girls who become overweight or obese during the school years. Am J Respir
Crit Care Med. 2001;163(6):1344-9.

5. Fruzzetti F. Hemostatic effects of smoking and oral contraceptive use. Am J Obstet Gynecol.
1999;180(6):5369-74.

6. McCleary N, Nwaru BI, Nurmatov UB, Critchley H, Sheikh A. Endogenous and exogenous sex steroid
hormones in asthma and allergy in females: A systematic review and meta-analysis. J Allergy Clin
Immunol. 2018;141(4):1510-3.

7. Nwaru BI, Simpson CR, Soyiri IN, Pillinger R, Appiagyei F, Ryan D, et al. Exogenous sex steroid
hormones and asthma in females: protocol for a population-based retrospective cohort study using
a UK primary care database. BMJ Open. 2018;8(6):e020075.

8. Price DB, Rigazio A, Campbell JD, Bleecker ER, Corrigan CJ, Thomas M, et al. Blood eosinophil count
and prospective annual asthma disease burden: a UK cohort study. lancet Respir Med.

12



414

415
416
417

418
419
420

421
422

423
424

425
426

427
428

429
430

431
432
433

434
435
436

437
438
439

440
441
442

443
444
445

446
447
448

449
450
451

452
453
454

455
456

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

2015;3(11):849-58.

Jones RCM, Price D, Ryan D, Sims EJ, von Ziegenweidt J, Mascarenhas L, et al. Opportunities to
diagnose chronic obstructive pulmonary disease in routine care in the UK: a retrospective study of a
clinical cohort. Lancet Respir Med. 2014;2(4):267-76.

Williams T, van Staa T, Puri S, Eaton S. Recent advances in the utility and use of the General Practice
Research Database as an example of a UK Primary Care Data resource. Ther Adv drug Saf.
2012;3(2):89-99.

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity
in longitudinal studies: development and validation. J Chronic Dis. 1987;40(5):373-83.

Kvaskoff M, Mu F, Terry KL, Harris HR, Poole EM, Farland L, et al. Endometriosis: a high-risk
population for major chronic diseases? Hum Reprod Update. 2015;21(4):500-16.

Deas I, Robson B, Wong C, Bradford M. Measuring neighbourhood deprivation: a critique of the
Index of Multiple Deprivation. Environ Plan C Gov Policy. 2003;21(6):883—903.

Snapinn SM, Jiang Ql, Iglewicz B. lllustrating the impact of a time-varying covariate with an extended
Kaplan-Meier estimator. Am Stat. 2005;59(4):301-7.

VanderWeele TJ, Ding P. Sensitivity analysis in observational research: introducing the E-value. Ann
Intern Med. 2017;

Von EIm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Vandenbroucke JP. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting
observational studies. Ann Intern Med. 2007;147(8):573-7.

Benchimol El, Smeeth L, Guttmann A, Harron K, Moher D, Petersen |, et al. The REporting of studies
Conducted using Observational Routinely-collected health Data (RECORD) statement. PLoS Med.
2015;12(10):e1001885.

Barr RG, Wentowski CC, Grodstein F, Somers SC, Stampfer MJ, Schwartz J, et al. Prospective study of
postmenopausal hormone use and newly diagnosed asthma and chronic obstructive pulmonary
disease. Arch Intern Med. 2004;164(4):379-86.

Bgnnelykke K, Raaschou-Nielsen O, Tjgnneland A, Ulrik CS, Bisgaard H, Andersen ZJ. Postmenopausal
hormone therapy and asthma-related hospital admission. J Allergy Clin Immunol. 2015;135(3):813—
6.

Troisi RJ, Speizer FE, Willett WC, Trichopoulos D, Rosner B. Menopause, postmenopausal estrogen
preparations, and the risk of adult-onset asthma. A prospective cohort study. Am J Respir Crit Care
Med. 1995;152(4):1183-8.

Real FG, Svanes C, Bjornsson EH, Franklin K, Gislason D, Gislason T, et al. Hormone replacement
therapy, body mass index and asthma in perimenopausal women: a cross sectional survey. Thorax.
2006;61(1):34-40.

Jarvis D, Leynaert B. The association of asthma, atopy and lung function with hormone replacement
therapy and surgical cessation of menstruation in a population-based sample of English women.
Allergy. 2008;63(1):95-102.

Lange P, Parner J, Prescott E, Ulrik CS, Vestbo J. Exogenous female sex steroid hormones and risk of
asthma and asthma-like symptoms: a cross sectional study of the general population. Thorax.
2001;56(8):613-6.

Lévesque LE, Hanley JA, Kezouh A, Suissa S. Problem of immortal time bias in cohort studies:
example using statins for preventing progression of diabetes. Bmj. 2010;340:b5087.

13



457
458

459
460

461
462

463
464

465
466
467

468
469

470
471

472

473
474

475
476

477
478
479

480
481
482

483
484
485

486
487
488

489
490
491

492
493
494

495
496
497

498
499

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Martin Roland D. Linking physicians’ pay to the quality of care—a major experiment in the United
Kingdom. N Engl J Med. 2004;351:1448-54.

Simpson CR, Sheikh A. Trends in the epidemiology of asthma in England: a national study of 333,294
patients. J R Soc Med. 2010;103(3):98-106.

Nissen F, Morales DR, Mullerova H, Smeeth L, Douglas 1J, Quint JK. Validation of asthma recording in
the Clinical Practice Research Datalink (CPRD). BMJ Open. 2017;7(8):e017474.

Nissen F, Morales DR, Mullerova H, Smeeth L, Douglas IJ, Quint JK. Concomitant diagnosis of asthma
and COPD: a quantitative study in UK primary care. BrJ Gen Pr. 2018;68(676):e775-82.

Kos-Kudta B, Ostrowska Z, Marek B, Ciesielska-Kopacz N, Kajdaniuk D, Kudta M. Effects of hormone
replacement therapy on endocrine and spirometric parameters in asthmatic postmenopausal
women. Gynecol Endocrinol. 2001;15(4):304-11.

Mueller JE, Frye C, Brasche S, Heinrich J. Association of hormone replacement therapy with
bronchial hyper-responsiveness. Respir Med. 2003;97(8):990-2.

Pata O, Atis S, Oz AU, Yazici G, Tok E, Pata C, et al. The effects of hormone replacement therapy type
on pulmonary functions in postmenopausal women. Maturitas. 2003;46(3):213-8.

Straub RH. The complex role of estrogens in inflammation. Endocr Rev. 2007;28(5):521-74.

Kovats S. Estrogen receptors regulate innate immune cells and signaling pathways. Cell Immunol.
2015;294(2):63-9.

Moulton VR. Sex hormones in acquired immunity and autoimmune disease. Front Immunol.
2018;9:2279.

Bhallamudi S, Connell J, Pabelick CM, Prakash YS, Sathish V. Estrogen receptors differentially
regulate intracellular calcium handling in human nonasthmatic and asthmatic airway smooth muscle
cells. Am J Physiol Cell Mol Physiol. 2020;318(1):L112-24.

Aravamudan B, Goorhouse KJ, Unnikrishnan G, Thompson MA, Pabelick CM, Hawse JR, et al.
Differential expression of estrogen receptor variants in response to inflammation signals in human
airway smooth muscle. J Cell Physiol. 2017;232(7):1754-60.

Ambhore NS, Kalidhindi RSR, Loganathan J, Sathish V. Role of differential estrogen receptor
activation in airway hyperreactivity and remodeling in a murine model of asthma. Am J Respir Cell
Mol Biol. 2019;61(4):469-80.

Kalidhindi RSR, Ambhore NS, Bhallamudi S, Loganathan J, Sathish V. Role of Estrogen Receptors a
and B in a Murine Model of Asthma: Exacerbated Airway Hyperresponsiveness and Remodeling in
ERP Knockout Mice. Front Pharmacol. 2019;10.

Newcomb DC, Cephus JY, Boswell MG, Fahrenholz JM, Langley EW, Feldman AS, et al. Estrogen and
progesterone decrease let-7f microRNA expression and increase 1L-23/IL-23 receptor signaling and
IL-17A production in patients with severe asthma. J Allergy Clin Immunol. 2015;136(4):1025-34.

Fuseini H, Cephus J-Y, Wu P, Davis JB, Contreras DC, Gandhi V, et al. ERa signaling increased IL-17A
production in Th17 cells by upregulating IL-23R expression, mitochondrial respiration, and
proliferation. Front Immunol. 2019;10:2740.

Piccinni M-P, Lombardelli L, Logiodice F, Kullolli O, Maggi E, Barkley M. Medroxyprogesterone
acetate, decreasing Th1l, Th17 and increasing Th22 responses, via AHR signalling, could affect
susceptibility to infections and inflammatory disease. Front Immunol. 2019;10:642.

14



500

501

502
503

504

505
506
507

508

509
510

511

512

513
514

Figures and Tables

Figure 1. Direct acyclic graph showing the association between use of HRT and asthma onset in femal es, with effect
modification by body mass index and smoking

Figure 2: Flowchart of study cohort and baseline use of hormonal replacement therapy (HRT)

Figure 3:Kaplan-Meier curves comparing current users and non-users of HRT among menopausal women (a)
comparing risk of remaining free of asthma between users and non-users of any HRT (b) comparing risk of remaining
free of asthma by types of HRT (color required)

Figure 4 Association between use of hormone replacement therapy (HRT) and onset of asthma in all women

Figure 5 Association between use of hormone replacement therapy (HRT) and onset of asthma by menopausal status

Table 1: Baseline characteristics by use of hormone replacement therapy (HRT) and study outcomes in menopausal women (46-70
years) without asthma

Frequency Used any HRT Used Used estrogen- Asthma incidence
_ _ . estrogen/progest  only HRT during follow-up
N =353,173 n=57,104 (16%) ogen combined
HRT n=25,823 (7%) n=7,614
n (%) % (95% CIf
n=31,281 (9%) % (95% CI¥ Incidence rate
(95% CI) per
% (95% CIf 1000 person-years
Age, years
46-50 114,544 (32.4) 10.6 (10.4-10.7) 5.7 (5.6-5.8) 4.9 (4.7-5.0) 5.00 (4.83-5.17)
51-55 71,582 (20.3) 24.1 (23.8-24.5) 14.9 (14.6-15.1) 9.2 (9.0-9.5) 6.09 (5.81-6.38)
56-60 61,055 (17.3) 23.5(23.1-23.8) 13.3(13.0-13.6) 10.2(9.9-10.4) 6.30 (5.97-6.65)
61-65 54,043 (15.3) 15.8 (15.5-16.1) 7.4 (7.2-7.6) 8.3 (8.1-8.6) 6.65 (6.23-7.11)
66-70 51,949 (14.7) 9.3 (9.1-9.6) 3.7 (3.6-3.9) 5.6 (5.4-5.8) 6.44 (5.89-7.05)

Menopausal status

Peri-menopause 193,816 (54.9) 16.3 (16.2-16.5) 9.6 (9.5-9.7) 6.7 (6.6-6.8) 5.61 (5.44-5.80)

(46-55 years)
159,357 (45.1) 16.0 (15.8-16.1) 7.9 (7.8-8.1) 8.0 (7.9-8.1) 5.74 (5.57-5.93)

Post-menopause
(56-70 years)

Smoking status
Non-smoker 175,235 (49.6) 14.6 (14.4-14.8) 7.7 (7.6-7.8) 6.9 (6.8-7.0) 5.05 (4.88-5.22)

Ex/current 177,938 (50.4) 17.7 (17.5-17.9) 10.0(9.9-10.1) 7.7 (7.6-7.8) 6.28 (6.09-6.47)
smoker
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515
516
517

518

Body mass index,

kg/m?
<25
25.29.9
>30

Gravidity
None
One
Two

Three or more

Any

gynecological
conditiort

No

Yes

Charlson
Comorbidity
Index

0
1-3
4+

Index of Multiple
Deprivation
quintiles

1% quintile (least
deprived)

2" quintile
39 quintile
4" quintile

5" quintile (most
deprived)

Defined as having any of the following conditioesidometriosis, polycystic ovary syndrome, menotidnaacne, metrorrhagia, bilateral salpingo-

139,415 (39.5)
121,825 (34.5)
91,933 (26.0)

241,719 (68.4)
40,811 (11.6)
41,096 (11.6)
29,547 (8.4)

251,959 (71.3)
101,214 (28.7)

303,205 (85.8)
11,129 (3.2)
38,839 (11.0)

82,551 (23.4)
68,280 (19.3)
71,168 (20.1)
68,152 (19.3)
63,022 (17.8)

17.6 (17.4-17.8)
17.0 (16.8-17.2)
12.8 (12.5-13.0)

16.9 (16.7-17.0)
14.9 (14.6-15.3)
15.0 (14.7-15.3)
13.5 (13.1-13.9)

14.9 (14.7-15.0)
19.4 (19.1-19.6)

16.5 (16.4-16.6)
11.6 (11.0-12.2)
14.7 (14.3-15.0)

14.4 (14.1-14.6)
16.3 (16.1-16.6)
18.3 (18.0-18.6)
15.7 (15.4-16.0)
16.4 (16.1-16.7)

10.3 (10.1-10.4)
9.2 (9.0-9.3)
6.3 (6.1-6.4)

9.2 (9.1-9.3)
8.5 (8.2-8.7)
8.4 (8.1-8,.6)
7.3 (7.0-7.6)

10.0 (9.9-10.1)
6.0 (5.9-6.1)

9.2 (9.1-9.3)
5.5 (5.1-6.0)
7.2 (7.0-7.5)

8.0 (7.8-8.2)
8.6 (8.4-8.9)
10.1 (9.8-10.3)
8.5 (8.3-8.7)
9.1 (8.9-9.3)

oophorectomy (BSO), hysterectomy BSO, hysterectdigids, and menometrorrhagia
“Difference between groups of background variablesewstatistically significanf<0.001)
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7.3 (7.2-7.5)
7.9 (7.7-8.0)
6.5 (6.4-6.7)

7.7 (7.6-7.8)
6.4 (6.2-6.7)
6.6 (6.4-6.9)
6.2 (5.9-6.5)

4.9 (4.8-5.0)
13.4 (13.1-13.6)

7.3(7.2-7.4)
6.0 (5.6-6.5)
7.5(7.2-7.7)

6.4 (6.2-6.5)
7.7 (7.5-7.9)
8.2 (8.0-8.4)
7.2 (7.0-7.3)
7.3 (7.1-7.5)

4.12 (3.94-4.30)
5.58 (5.37-5.80)
7.85 (7.57-8.14)

6.17 (6.00-6.34)
5.00 (4.68-5.33)
4.86 (4.56-5.17)
4.90 (4.55-5.27)

6.02 (5.79-6.26)
5.53 (5.38-5.68)

5.58 (5.44-5.72)
5.58 (4.94-6.30)
6.22 (5.89-6.57)

6.42 (6.14-6.71)
6.26 (5.96-6.57)
5.64 (5.36-5.94)
5.44 (5.17-5.73)
4.50 (4.24-4.77)



519 Table 2 Association between use of hormone replacement therapy (HRT) and onset of asthma in all women and by menopausal

520 status
Asthma onset

All menopausal women Peri-menopausaPost-menopausal

HRT use

Unadjusted

Hazard Ratio

Adjusted

Hazard Ratio

women
Adjusted

Hazard Ratio

women
Adjusted

Hazard Ratio

(95% CIY (95% CIY (95% CIy (95% CIy
Previous use of any HRT
None 1 1 1 1
Yes 0.82 (0.78-0.86) 0.83(0.79-0.88)  0.84(0.78-0.91)  0.86 (0.80-0.92)

Current use of any HRT

None

Yes

Type of HRT (previous

use)
None
Estrogen only

Combined

estrogen/progestogen

Type of HRT (current

use)
None
Estrogen only

Combined

estrogen/progestogen

Duration of use of any

1
0.75 (0.70-0.80)

1
0.87 (0.82-0.93)
0.82 (0.77-0.88)

1
0.74 (0.68-0.81)
0.76 (0.69-0.85)

1
0.79 (0.74-0.85)

1
0.89 (0.84-0.95)
0.82 (0.76-0.88)

1
0.80 (0.73-0.87)
0.78 (0.70-0.87)

1
0.68 (0.61-0.75)

1
0.98 (0.88-1.08)
0.78 (0.70-0.87)

1
0.73 (0.64-0.83)
0.61 (0.53-0.71)

1
0.86 (0.79-0.95)

1
0.89 (0.82-0.97)
0.88 (0.80-0.97)

1
0.84 (0.74-0.94)
0.93 (0.80-1.08)

HRT, years
1 1 1 1

None

0.91 (0.86-0.97) 0.93(0.87-0.99) 0.92 (0.83-1.01) 0.96 (0.87-1.05)
1-2

0.75 (0.69-0.82) 0.77 (0.70-0.84)  0.76(0.66-0.88)  0.76 (0.68-0.85)
3-4

0.70 (0.64-0.77) 0.71(0.64-0.78)  0.71(0.59-0.86)  0.80 (0.72-0.90)
5+

Menopausal status at

baseline

Peri-menopause (46-55

years)

1
0.91 (0.87-0.96)

1
0.88 (83-0.92)

Not applicable

Not applicable

Post-menopause (56-70
years)

521 IAll analysis were based on multilevel Cox regresshat accounted for clustering of patients witBiR practices
522 2Adjusted for age, smoking, Charlson co-morbidityer, BMI, gravidity, any gynecological conditiomcaindex of multiple deprivatiofBoth
523 unadjusted and adjusted models were adjusted 0ofusdRT
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524

525
526

Table 3 Association between use of hormone replacement therapy (HRT) and onset of asthma in menopausal women and by BMI
and smokingl

Asthma onset

Stratified analyses by BMI Stratified analyses by smoking

, status
HRT use Hazard Ratio (95% Ci}’

Hazard Ratio (95% Cif

<25 kg/nf 25-29.9 kg/rf >30 kg/nt Non-smokers Smokers
Previous use of any
HRT
1 1 1 1 1
None
0.98 (0.88-1.08) 0.94 (0.86-1.02) 0.99 (0.91-1.08) 1.01 (0.94-1.10) 0.94 (0.87-1.01)
Yes

Current use of any

HRT
1 1 1 1 1
None
0.76 (0.67-0.87) 0.72(0.64-0.81) 0.72(0.63-0.81) 0.75(0.67-0.83) 0.72(0.66-0.80)
Yes
Type of HRT

revious use
(P ) 1 1 1 1 1

None
1.02 (0.91-1.15) 1.03 (0.93-1.15) 1.00 (0.90-1.11) 1.07 (0.97-1.18) 0.99 (0.90-1.06)

Estrogen onl
g y 0.99 (0.86-1.15) 0.85(0.76-0.96) 1.00 (0.88-1.12) 1.00 (0.89-1.13) 0.91 (0.82-1.00)

Combined
estrogen/progestogen

Type of HRT

(current use)
1 1 1 1 1

None
0.79(0.68-0.93) 0.78(0.67-0.90) 0.70(0.60-0.82) 0.74(0.65-0.85) 0.76 (0.67-0.87)

Estrogen onl
g y 0.73(0.59-0.90) 0.64(0.53-0.77) 0.74(0.62-0.90) 0.76(0.63-0.91) 0.67 (0.59-0.76)

Combined
estrogen/progestogen

Duration of use of
any HRT, years

1 1 1 1 1

None

1.00 (0.89-1.13) 0.90 (0.80-1.00) 0.96 (0.86-1.08) 1.01 (0.91-1.12) 0.91 (0.83-1.00)
1-2

0.86 (0.72-1.03) 0.91 (0.78-1.05) 0.98 (0.85-1.14) 0.99 (0.86-1.15) 0.88 (0.78-0.99)
3-4

1.04 (0.86-1.25) 1.12 (0.95-1.32) 1.08 (0.92-1.26) 1.04 (0.88-1.23) 1.10 (0.97-1.24)
5+
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527
528
529
530
531
532

Peri-menopau$e 1 1
(46-55 years)

Post-menopauSe 0.98 (0.88-1.10)  1.05 (0.95-1.15)

(56-70 years)

1.01 (0.93-1.101).02 (0.94-1.11)

*All analysis were based on multilevel Cox regresstmt accounted for clustering of patients witBiR practices
Adjusted for age, smoking, Charlson co-morbidityer, BMI, gravidity, any gynecological conditiomcaindex of multiple deprivation
Sstratified analyses performed after interactiomteetween use of HRT and BMI gape0.20

“Stratified analyses performed after interactiomteetween use of HRT and smoking gpw6.20

®Both unadjusted and adjusted models were adjustagsé of HR
®Menopausal status at baseline

19

1.02 (0.94-1.10)



Age, gravidity, smoking, body mass
index (BMI). co- morbidity (Charlson
index), Index of Multiple Deprivation

(Potential confounders)

Hormone
replacement

Asthma onset
therapy

Asthma exacerbations

Menopausal status Asthma control

A 4

(Exposures)

T (Outcomes)

BMI
Smoking

(Effect modifiers)
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UNADJUSTED ADJUSTED

Use of hormone replacement therapy Hazard Ratio (95% CI) Use of hormone replacement therapy Hazard Ratio (95% Cl)

PREVIOUS USE

PREVIOUS USE

Any HRT versus no use =_» : 0.82 (0.78-0.86) Any HRT versus no use - : 0.83 (0.79-0.88)
Combined versus no use - | 0.82(0.77-0.88) Combined versus no use —— | 0.82 (0.76-0.88)
Estrogen-only versus no use -o— | 0.87 (0.82-0.93) Estrogen-only versus no use - : 0.89 (0.84-0.95)
CURRENT USE CURRENT USE :

Any HRT versus no use - 0.75 (0.70-0.80) Any HRT versus no use - 1 0.79 (0.74-0.85)
Combined versus no use - 0.76 (0.69-0.85) Combined versus no use —— l'0.78 (0.70-0.87)
Estrogen-only versus no use —— 0.74 (0.68-0.81) Estrogen-only versus no use o : 0.80 (0.73-0.87)

DURATION OF USE
1-2 years versus no use

0.91 (0.86-0.97)

DURATION OF USE

1-2 years versus no use

—e— 0.93 (0.87-0.99)

3-4 years versus no use —— 0.75 (0.69-0.82) 3-4 years versus no use —p— : 0.77 (0.70-0.84)
5+ years versus no use - 5+ years versus no use —— 1 0.71 (0.64-0.78)
MENOPAUSAL STATUS MENOPAUSAL STATUS

Post- verus peri-menopause 0.91 (0.87-0.96) Post- verus peri-menopause -~ 0.88 (0.83-0.92)
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PERI-MENOPAUSAL WOMEN POST-MENOPAUSAL WOMEN

Use of hormone replacement therapy Hazard Ratio (95% Cl) Use of hormone replacement therapy Hazard Ratio (95% Cl)

PREVIOUS USE PREVIOUS USE

DURATION OF USE DURATION OF USE

|
Any HRT versus no use - 0.84 (0.78-0.91) Any HRT versus no use - } 0.86 (0.80-0.92)
Combined versus no use —— 0.78 (0.70-0.87) Combined versus no use —— | 0.88 (0.80-0.97)
Estrogen-only versus no use + 0.98 (0.88-1.08) Estrogen-only versus no use - : 0.89 (0.82-0.97)
| |
CURRENT USE } CURRENT USE }
Any HRT versus no use - | 0.68 (0.61-0.75) Any HRT versus no use -— | 0.86 (0.79-0.95)
Combined versus no use —— } 0.61 (0.53-0.71) Combined versus no use —e— 0.93 (0.80-1.08)
Estrogen-only versus no use —— | 0.73 (0.64-0.83) Estrogen-only versus no use —— 0.84 (0.74-0.94)
|
|
|

1-2 years versus no use —— 0.92 (0.83-1.01) 1-2 years versus no use —o+ 0.96 (0.87-1.05)
3-4 years versus no use —— } 0.76 (0.66-0.88) 3-4 years versus no use —— } 0.76 (0.68-0.85)
5 years versus no use — | 0.71 (0.59-0.86) 5 years versus no use —-— | 0.80 (0.72-0.90)

| |

| |

| |

| |
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STUDY COHORT
(peri- and post- menopausal women at baseline)
Total =353,173
(1,340,423 person-years of follow-up time)
Number of women entering study cohort at each year of follow-up

2000 =188,774
2001 =11,051
2002 =11,757
2003 =12.164
2004 =11,061
2005=11,501

2006 = 10.647
2007 =11.497
2008 = 11,666
2009 =11,092
2010=10.769
2011=10.884

2012 =10,552
2013 =10.308
2014 =8.519
2015 =6.895
2016 =4.036

Used no HRT at baseline
n = 296,069 (84%)

Used any HRT at baseline
n = 57,104 (16%)

Used combined
Estrogen/Progestogen
at baseline
n=31,281 (9%)

Used Estrogen only at
baseline
n= 25,823 (7%)




