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Prelude to the study design and methods: In 1970, Earl W. Sutherland wrote (1), “/ would be
willing to predict that scientists will still be studying the cyclic nucleotides 25 years from now, and
it seems not unrealistic to hope that somewhere along the line, as a happy by-product of this
research, a new or improved method of therapy will become available.” This statement is every
bit true today as was then and, for the asthma management, has ushered in new and improved
inhaled B2-agonist bronchodilators. Bz-agonists act upon B2-adrenoceptors (32ARs)-the cognate
Gs-coupled G protein-coupled receptor (Gs-GPCR) expressed on the smooth muscle of human
bronchi—and activate a canonical adenylyl cyclase which generates 3’,5’-cyclic adenosine
monophosphate (CAMP) (2-5). Increased intracellular cAMP levels ([cAMP]i) consequently
stimulate protein kinase A that in turn phosphorylates myosin light chain kinase and related
proteins to evoke human airway smooth muscle (HASM) relaxation and reverse airflow
obstruction (6, 7).

Sutherland recognized early three key doctrines on the mechanism of actions of CAMP (2,
3): (i) a short-lived cytosolic signaling molecule [second messenger] involved in a wide range of
physiological responses; (ii) a fast binary switch-like action of adenylyl cyclase [synthesis] and
phosphodiesterase [termination]; and, (iii) a long-lived excretion into extracellular fluids (i.e., urine,
plasma and cerebrospinal fluid)-all of which are tightly controlled to regulate [CAMP]. What
Sutherland was unaware of at the time, and what has been largely ignored by others to date, is
the diagnostic value and clinical translation of the cAMP egress. Here, we explored the clinical

utility of detecting circulating cAMP in patients with asthma.

Sex as a biological variable: We obtained serum samples of both sexes (male and female) from

the participants in the SARP-3 and RCC study (Supplementary Table 1).

Severe Asthma Research Program (SARP)-3 Cohort: SARP-3 is an observational study

(started in November 2012) that is enriched in patients with well-characterized severe asthma (8).



Since children may outgrow asthma during adolescence (9), we focused on adult participants (>
18 years of age at enroliment) in the SARP-3 and obtained 87 serum samples of patients with
asthma (collected on the year 3 annual visit with severity and maximum FEV: reversibility
categories), of which 39 are characterized as “severe” according to European Respiratory Society
/ American Thoracic Society criteria for asthma severity (Supplementary Table 1-2) (8-10).
Because SARP-3 only collected serum from healthy (non-asthma) subjects at a single visit and
did not have a sufficient serum biobank of healthy controls (age- and sex-matched), we leveraged

the database from the Rutgers Corona Cohort (RCC) study.

Rutgers Corona Cohort (RCC) Study: In the RCC study (11), from March 24—April 7, 2020,
baseline data and serum were collected from healthcare workers (HCW, N=546) and non-
healthcare workers (NHCW, N=283), before developing COVID-19. As described previously (11,
12), eligible HCW reported: (i) =2 20 h of hospital work weekly; (ii) occupations with regular patient
exposure (e.g., residents, fellows, attending physicians, dentists, nurse practitioners, physician
assistants, registered nurses, technicians, respiratory therapists, physical therapists); and (iii)
regular direct patient contact (= 3 patients/shift) expected in the next 3 months. Eligibility criteria
for NHCW included: (i) faculty, staff, trainees, or students working at Rutgers = 20 h weekly; and
(ii) no patient contact. For both groups, additional eligibility criteria were: (i) = 20 years of age; (i)
not pregnant or breastfeeding; (iii) no urgent care or emergency room visits, hospitalizations,
operations, or changes in prescription medicines in the prior 30 days; and (iv) no previously
diagnosed SARS-CoV-2 infection or COVID-19. We obtained 273 serum samples of the study

participants without a known history of asthma or other lung diseases (Supplementary Table 1).

cAMP assay: We received Visit 6 samples from the SARP-3 (8), which were collected between
December 2015 and May 2018 and re-aliquoted into smaller aliquots in Spring—Summer of 2022.

Of note, within an hour of collection, the serum was isolated and stored at -80°C; there was one



freeze/thawed cycle before shipping. We received the samples in cryotubes (Fisher Scientific,
#02-681-333) with a yellow O-ring screw cap (Fisher Scientific, #02-681-360) with 50 ul of serum
in each tube in July—September of 2022. Samples were immediately stored at -80°C before the
measurements. In the RCC study (11, 12), the serum was collected in March—April of 2020 and
stored at -80°C in 0.75 ml cryotubes from Micronic, Inc.

cAMP-Screen System ELISA kit (catalog number 4412182, Applied Biosystems) was used
for human blood serum cAMP quantitation according to the manufacturer’s protocol. For this
study, we used 50 pl of serum samples from 87 participants in the SARP-3 and 273 participants
in the RCC study. For each patient sample, 50 pul of serum was first diluted 1:3 in lysis buffer and
mixed with 60 ul cAMP antibody and 30 ul conjugate (provided by Applied Biosystems). Serum-
Ab-Conjugate mixtures were loaded in duplicates with standards to 96-well ELISA plates (the final
serum volume loaded to each well was 20 ul). The plates were incubated on an Orbital Shaker
at 70 rpm for 60 min followed by 5X wash, and 100 pl of the substrate from the ELISA kit was
loaded and incubated for 30 min in the dark. Plates were read with CLARIOstar plate reader

(BMG LABTECH). cAMP levels are presented as pmol per 60 pul serum.

Statistics: Unless otherwise stated, we used linear regression models with age and sex as
covariates across clinical groups. To satisfy the normalization assumption necessary for linear
regression testing, cCAMP levels underwent log transformation. The analysis was conducted using

R version 4.4.1.

Study approval: All subjects provided informed consent at the respective study sites (RCC and

SARP-3), and the study was approved by the Rutgers IRB.



Data availability: The authors declare that all data supporting the findings of this study are

available within the paper and its Supplementary Information. The source data for the figures and

any supporting data are available upon request.
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Supplementary Figure Legends:

Supplementary Figure 1: Serum cAMP levels in the SARP-3 by asthma endotypes. The
cutoff values used to define eosinophilic and neutrophilic asthma were 300 cells/ul and 4000

cells/ul blood, respectively (13). cAMP levels are presented as pmol per 60 ul serum.

Supplementary Figure 2: Serum cAMP levels versus poor control indicators of asthma in
the SARP-3. (A) Asthma Control Test (ACT) Score, number of exacerbations, and unscheduled
doctor visit for breathing problems in the past 12 months. (B) Number of months inhaled
corticosteroid (ICS) used in the last 12 months, number of ICS puffs in a day, current ICS uses
over the past 3 months, and oral steroids (a minimum of 3 days) received for asthma
exacerbations in the past 12 months. (C) Number of controllers used in the past 12 months,

number of short-acting B-agonists (SABA) puffs in a day, SABA and long-acting p-agonists

(LABA) uses over the past 3 months. cAMP levels are presented as pmol per 60 ul serum.

Supplementary Figure 3: Serum cAMP levels in the SARP-3 by maximum bronchodilator
(BD) response. (A) Maximum BD reversibility (maximum FEV; reversibility, relative difference
[(Post-BD — Pre-BD) / Pre-BD]) of the SARP-3 cohort included in the study. Maximum BD
responses (FEV1, FVC, and FEV4/FVC) of (B) nonsevere and (C) severe asthma. FEV4, forced
expired volume in 1 second; FVC, forced vital capacity. cAMP levels are presented as pmol per

60 ul serum.
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Supplementary Table 1. Key demographic variables and cAMP levels of serum donors
from the Rutgers Corona Cohort (RCC) study and the Severe Asthma Research Program
(SARP)-3 included in the study

RCC SARP-3
(No Asthma) (Asthma)
Serum Donor (no. [%]) P value
Age (yr, range) < 0.0001
20-39 148/273 (54%) 18/87 (21%)
40-59 108/273 (40%) 35/87 (40%)
60+ 17/273 (6%) 34/87 (39%)
Sex 0.0319
Male 95/273 (35%) 27/87 (31%)
Female 178/273 (65%) 60/87 (69%)
Race < 0.0005
White 134/273 (49%) 60/87 (69%)
Black or African American 20/273 (7%) 13/87 (15%)
Asian 66/273 (24%) 9/87 (10%)
Hispanic 37/273 (14%) 3/87 (4%)
Other / Missing 16/273 (6%) 2/87 (2%)
Serum cAMP Levels (pmol) <0.001
Minimum 0 0.291
25% Percentile 0.190 2.118
Median 0.520 6.220
75% Percentile 1.365 20.38
Maximum 27.72 563.9

For categorical variables (age group, sex, and race), the Chi-squared test or Fisher’s exact test
was used, as appropriate. For continuous variables (CAMP levels), linear regression models were
used with age and sex as covariates across clinical groups. To meet the normalization
assumption required for linear regression, CAMP levels were log-transformed. cAMP levels are
presented as pmol per 60 pl serum. The analysis was performed using R version 4.4.1.



Supplementary Table 2. Demographics, lung functions (pre- and post-bronchodilator
responses) and cAMP levels by asthma severity

Nonsevere Asthma Severe Asthma

Serum Donor (no. [%]) P value
Age (yr, range) 0.7051
20-39 10/48 (21%) 8/39 (20%)
40-59 21/48 (44%) 14/39 (36%)
60+ 17/48 (35%) 17/39 (44%)
Sex 0.6761
Male 14/48 (29%) 13/39 (33%)
Female 34/48 (71%) 26/39 (67%)
Race 0.8436
White 35/48 (73%) 25/39 (64%)
Black or African American 7/48 (15%) 6/39 (15%)
Asian 4/48 (8%) 5/39 (13%)
Hispanic 2/48 (4%) 1/39 (3%)
Other / Missing 0/48 (0%) 2/39 (5%)
Serum Donor (Mean [SD])
Pre-bronchodilator, % pred.
FEV: 78.9 (17.8) 69.8 (22.7) 0.0394
FVC 91.7 (14.9) 84.7 (20.1) 0.0628
FEV1/FVC 85.0 (9.7) 81.0 (13.7) 0.1198
Post-bronchodilator, % pred.
FEV: 87.4(17.7) 75.9 (23.2) 0.0106
FVC 97.0 (14.0) 89.3 (20.4) 0.0407
FEV1/FVC 89.1(9.7) 83.8 (14.0) 0.9857
Serum cAMP Levels (pmol) 0.8985
Minimum 0.291 0.435
25% Percentile 1.994 2.253
Median 4.547 8.625
75% Percentile 13.00 26.09
Maximum 563.9 273.4

Asthma severity was defined as “nonsevere” and “severe” according to European Respiratory
Society / American Thoracic Society criteria." For categorical variables (age group, sex, and
race), the Chi-squared test or Fisher’'s exact test was used. For continuous variables, the
Student’s t-test (two-tailed) or linear regression models were used with adjusting for age and sex
as covariates across clinical groups. The analysis was performed using R version 4.4.1. FEV;,
forced expired volume in 1 second; FVC, forced vital capacity.



