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Introduction
Substance P (SP) is a neuropeptide that acts on mast cells in the skin, resulting in 
neurogenic inflammation1 primarily through activation of mast cells via the Mas‐
related G‐protein coupled receptor X2 (MRGPRX2) and neurokinin 1 receptor on 
endothelial cells.2,3,4,5 Mast cell degranulation is the key pathophysiological event 
in diseases, including chronic spontaneous urticaria, chronic inducible urticaria, 
and pseudo‐allergic reactions.6,7,8 Although there are several other challenges 
available that are associated with MRGPRX2 signalling, such as somatostatin, 
proteases such as cathepsin S, and antimicrobial peptide insulin‐like growth 
factor‐binding protein 5 (AMP‐IBP5), previous studies have demonstrated that 
SP plays a role in neurogenic inflammation and pain associated with wound 
healing.8,9,10,11 A high‐affinity MRGPRX2 antagonist has yet to be developed.12

SP is upstream in the inflammatory response signalling cascade and may be 
a useful challenge agent for the investigation of locally acting mediators in some 
settings.3,13 Challenge models mimic pharmacologically induced conditions, pro-
viding a valuable tool to assess an inflammatory response in healthy human vol-
unteers and analyse the potential efficacy of drugs in development before going 
to patient populations.5,14,15,16 Increasing doses of SP via intradermal injection are 
associated with an increased wheal and flare response,9,10,11 as well as intrader-
mal release of several inflammatory mediators, such as histamine and tryptase. 
Histamine can be used as an active control versus SP, as histamine is an agent 
known to produce wheal and flare responses.5 Although dermal challenges with 
SP are available and date back to the 1970s,17 a detailed understanding of the effect 
of increasing SP dose on wheal and flare, characterization of doses over multiple 
timepoints, and histamine response, are lacking. There are no published results 
of pharmaceutical agents tested with this model as of yet.10 Optimizing the intra-
dermal challenge model will facilitate future clinical and pharmacological evalu-
ation of antagonists to block or decrease the induced wheal and flare response. 
Novel compounds targeting MRGPRX2 would be one potential application. In ad-
dition, to our knowledge, the test–retest variability as well as potential for carry-
over of effect following repeated SP challenge has not previously been reported.

The aim of the current study was to elucidate the robustness of SP response 
by evaluating the effect of various SP doses on wheal and flare as end points 
related to MRGPRX2 receptor‐mediated mast cell degranulation. MRGPRX2 is 
exclusively expressed on mast cells, is responsible for non‐IgE‐mediated mast 
cell activation, and has affinity for many molecules, including SP and various 
drugs.8,18 As such, an SP challenge model may be used to evaluate drugs for 
inhibition of the MRGPRX2 pathway, which are designed to treat non‐IgE‐
mediated diseases.

Abstract
Pharmacological challenge models are deployed to evaluate drug effects during 
clinical development. Intradermal injection of Substance P (SP) neuropeptide, 
a potential challenge agent for investigating local mediators, is associated with 
wheal and flare response mediated by the MRGPRX2 receptor. Although dose‐
dependent data on SP effects exist, full characterization and information on 
potential carryover effect after repeated challenge are lacking. This open‐label, 
two‐part, prospective enabling study of SP intradermal challenge in healthy 
participants aimed to understand and distinguish between wheal and flare 
responses following various SP doses. Part 1 included one challenge visit to 
determine optimum SP dose range for evaluation in part 2, which determined 
variability in 20 participants and used intradermal microdialysis (IDM) for 
SP‐challenged skin sampling. At 5, 15, 50, and 150 pmol doses, respectively, 
posterior median area under the curve (AUC; AUC0-2h) was 4090.4, 5881.2, 
8846.8, and 9212.8 mm2/min, for wheal response, and 12020.9, 38154.3, 65470.6, 
and 67404.4 mm2/min for flare response (SP‐challenge visit 2). When the 
challenge was repeated 2 weeks later, no carryover effect was observed. IDM 
histamine levels were relatively low, resulting in low confidence in the data to 
define temporal characteristics for histamine release following SP challenge. No 
safety concerns were identified using SP. Wheal and flare responses following 
intradermal SP challenge were dose‐dependent and different. The results 
indicate that this challenge model is fit‐for‐purpose in future first‐in‐human 
studies and further assessment of novel drugs targeting dermal inflammatory 
disease responses, such as chronic spontaneous urticaria, chronic inducible 
urticaria, and pseudo‐allergic reactions.
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could still participate, given that the effects of histamine are short‐lived.19,20 The 
acceptable responses were defined as saline wheal less than or equal to 1 mm 
or histamine wheal greater than or equal to 3 mm, primarily measured using 
the longest diameter of the wheal by callipers, which were readily available to 
clinical study sites for standard use. Following confirmation of acceptable saline 
and histamine control responses, participants received up to four intradermal 
injections of SP at different doses.

Figure 1  Study design. IDM, intradermal microdialysis; SP, substance P. *Asterisks refer 
to the positive histamine control that were performed at the back for the thigh. Figure was 
created using BioRender.com.

During part 2 of the study, participants also underwent IDM, which comprised 
an additional single injection of saline and four increasing doses of SP like those 
used in the flare and wheal challenges. IDM probes were inserted intradermally 
in the skin of the upper leg of participants (Figure 1b). In total, ~450 μL of dialysate 
was collected from each probe to measure histamine content in each partici-
pant. The IDM probes were inserted at least 2 h before the baseline sampling to 
reduce IDM procedure‐induced wheal and/or flare. IDM samples were taken at 
the challenge site, before and after each challenge. The samples were taken up 
to 120 min post‐SP challenge, however, an interim analysis on the first eight par-
ticipants determined that samples taken past 30 min reached below the lower 
limit of quantification (LLOQ) values, and it was therefore decided to only anal-
yse samples up to 40 min post‐challenge for the remainder of the participants.

The histamine assay was validated on a fit‐for‐purpose principle: validation 
of the exploratory relative quantification of histamine concentration in IDM 
samples was performed as an extension of previous validation by RefLab ApS 

The study was conducted in two parts: the objective of part 1 was to select the 
correct SP doses suitable for further investigation in part 2. In this paper, the 
results of part 2 of the study will be explored in detail, with part 1 data outlined in 
the Supplement. In part 2, the effect of the SP dose on wheal and flare response 
was evaluated at two consecutive challenge visits. Intradermal microdialysis 
(IDM) was also performed in part 2 of the study. IDM involves the insertion of 
dialysis membranes into the dermis, which is then perfused at a low speed with 
the perfusate. Endogenous or exogenous molecules soluble in the extracellular 
fluid diffuse into the membrane and are then collected in small vials for 
analysis. By means of this technique, continuous sampling of interstitial fluid 
from SP‐challenged skin is possible and allows for evaluation of an effect‐time 
relationship.17 Overall, this study aimed to develop an SP challenge model that is 
fit‐for‐purpose for future studies and to understand the mechanistic pathways 
downstream of SP activation.

Materials and methods
Study design

This was a single‐center, two‐part, prospective enabling study of SP intradermal 
challenge in healthy participants conducted between February and March 2021. 
An open‐label design was chosen for operational considerations and because 
the main read‐outs of wheal and flare were determined by the calliper method. 
The study was registered at ClinicalTrials.gov with the identifier NCT04676763; 
the study protocol was approved by the Ethics Committee of the Stichting 
Beoordeling Ethiek Biomedisch Onderzoek.

Parts 1 and 2 were conducted sequentially. In part 1 (Figure 1a), participants 
attended one challenge visit as outpatients, and in part 2 (Figure 1b), participants 
attended two challenge visits as outpatients and had one follow‐up phone call. 
From screening to last follow‐up visit, the duration of part 1 was up to 4 weeks, 
and the duration of part 2 was up to 7 weeks.

The intradermal SP challenge was administered sequentially from the lowest 
to the highest dose, as 5, 15, 50, and 150 pmol SP, respectively, at a volume of 
50 μL. The SP doses were in line with previously published research;10 we aimed 
to establish a dose–response relationship, therefore a 30‐fold difference was 
selected for this study.

At each challenge visit, participants first received saline by intradermal 
injection, and histamine by skin prick, as negative and positive controls, 
respectively. The participant received SP if the wheal response met the 
acceptable saline and histamine response criteria, 20 min after each control 
challenge. The standardized interval of 20 min ensured that delayed responders 
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Statistical analysis

Descriptive summaries were calculated for the wheal and flares responses.
The statistical analysis of the SP‐induced wheal/flare AUCs was conducted 

using the SAS software version 9.4 (SAS Institute, USA), using a Bayesian 
repeated measures model. Point estimates and associated variability were 
reported as posterior medians and 95% credible intervals.

To assess the dose‐dependent response, we calculated the ratio of the SP‐
induced wheal/flare AUC between two consecutive doses of SP. A ratio exceeding 
one indicates an increase in the AUC between the two consecutive doses of 
SP. The confidence associated with this ratio was assessed by calculating the 
probability of that ratio being above one.

Results
Baseline characteristics

Overall, 32 participants were enrolled, and 29 participants completed the study: 
nine participants in part 1 and 20 in part 2. Of the three participants who did 
not complete the study, two were excluded due to a coronavirus disease 2019 
(COVID‐19) infection, and one voluntarily chose to withdraw. In total, 20 of 32 
(62.5%) participants were women, and the median age (range) of participants 
was 22 (18–49) years. Additional details of the participant characteristics are 
presented in Table S1.

Wheal response

SP produced a dose‐dependent wheal response in both parts of the study (Table 
1), with the posterior median for SP‐induced wheal AUC demonstrating a clear 
distinction between the different doses of SP (Figure 2). Please see Figure S1 and 
Table S2 for mean wheal AUC following skin challenges for part 1 of the study. In 
part 2 of the study, during visit one, the range in response was pronounced, with 
a posterior median that ranged between 4036.7 and 10011.0 mm2/min, for 5 and 
150 pmol of SP, respectively. A dose‐dependent ratio of 1.5 was obtained between 
SP 15 and 5 pmol, signifying that the wheal AUC at SP 15 pmol was 1.5 times 
higher than the wheal AUC response at SP 5 pmol (Table 1). At visit two, the range 
in response was similar to the one observed at visit one: the posterior median 
ranged between 4090.4 and 9212.8 mm2/min for SP 5 and 150 pmol, respectively 
(Table 1). At both visits, an SP‐dependent wheal response was observed with 
most of the ratios greater than one. Please see Figure S2 for mean wheal AUC 
following skin challenges with IDM intervention.

(Copenhagen, Denmark) of their in‐house basophil histamine release assay. 
Extension of the validation for the context of use described here covered the IDM 
perfusate, IDM probes, and sample stability upon storage conditions required 
in this study. The LLOQ and upper limit of quantification of the assay were 
determined during the method validation extension. Data were included in the 
analysis only if they met predefined acceptance criteria based on variability 
between replicates and if they measured within the validated range of the assay.

Study population

Participants were recruited via advertisements on social media and a healthy 
volunteer database at the Centre for Human Drug Research, Leiden, The Neth-
erlands. Eligible participants were men and non‐pregnant women, 18–64 years 
of age, with Fitzpatrick skin type I–II, body weight greater than or equal to 50 kg, 
and a body mass index within the range of 19.7–29.4 kg/m2. Participants were 
required to have a positive response to the histamine skin prick and a negative 
response to the saline injection at screening. Participants were excluded from 
the study if they had significant skin‐related disorders, skin damage, or other 
disfiguration (tattoos, body piercings, and branding) on or near the site of ap-
plication, which could interfere with assessments. Additional exclusion criteria 
included use of any form of H1 or H2 antihistamines, tricyclic antidepressants, 
beta‐2 agonists, dopamine, or beta‐blocking agents within 14 days of the first 
challenge, and individuals who were at risk or had previously experienced com-
plications from a skin biopsy (including excess bleeding, infection, or scarring/
keloid formation). Participants were also ineligible if they used topical medica-
tions and were unable to refrain from the use of topical medications from the 
first to the last challenge visit. Written informed consent was obtained from 
each participant prior to the performance of any study‐specific procedures.

Study outcomes

The primary outcome measure was wheal response, which is the area in 
millimetres squared (mm2) and was calculated using the formula for an area 
of ellipse with the longest and orthogonal diameters measured with callipers. 
The response was summarized in various secondary outcomes: area under the 
curve (AUC; mm2/min) during the 2‐h post‐challenge period at each dose of 
SP,21 maximum area of wheal, time taken to observe the maximum wheal area, 
and time to complete disappearance of wheal. The same secondary outcomes 
were investigated for flare response during the 2‐h post‐challenge period. 
Other secondary outcomes included incidence of adverse events (AEs) and 
incidence of laboratory or physical findings of clinical importance (including 
electrocardiogram assessment at screening, baseline, and post‐challenge).
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(Figure 3 and Table 1). See Figure S3 and Table S2 for mean flare AUC following 
skin challenges for part 1 of the study. In part 2 of the study, during visit one, 
the variability in response had a posterior median that ranged between 9070.7 
and 67260.8 mm2/min, for 5 and 150 pmol of SP, respectively. At visit two, the 
variability in response was more pronounced, with a posterior median ranging 
between 12020.9 and 67494.4 mm2/min, for 5 and 150 pmol of SP, respectively 
(Table 1). A dose‐dependent AUC ratio of 3.9 and 3.2 was obtained for SP 15 and SP 
5 pmol at visit one and visit two, respectively (Table 1).

Figure 3  Mean flare AUC following skin challenges (Part 2, non-IDM). AUC, area under the 
curve; IDM, intradermal microdialysis; min, minutes; SP, substance P.

 
Please see Figure S4 for mean flare AUC following skin challenges with IDM 
intervention.

SP challenges were associated with a rapid onset of flare response within 5 min 
after SP administration (Figure 3). For both parts of the study, a dose‐dependent 
flare response was observed between the 5‐min and 20‐min timepoints with a 
peak time to maximum response observed between 5 and 10 min (Figure 3 and 
Table 1). Intra‐participant variability in flare response was observed between 
visits one and two of part 2 of the study, resulting in a difference in mean flare 
areas being observed between the two visits (Table 1). In both parts of the study, 
there was a saturation effect at 50 pmol of SP (Emax effect). The IDM interventions 
did not change SP‐induced flare responses, and all flare responses were resolved 
at the same timepoint of 90 min (Figure 3).

Figure 2  Mean wheal AUC following skin challenges (Part 2, non-IDM). AUC, area under the 
curve; IDM, intradermal microdialysis; min, minutes; SP, substance P.

 
The mean maximum wheal response increased with SP doses in both parts of 
the study (Figure 2). A summary of wheal responses following skin challenges 
is provided in Table S3. During part 2, 5 pmol of SP produced a mean maximum 
wheal response of 85.8 mm2 and 92.2 mm2 at visits one and two (at 20 min), 
respectively; this increased to 148.9 mm2 and 153.0 mm2, respectively. The mean 
time taken to achieve maximum wheal area was similar across all SP doses in 
both parts of the study and ranged from 20.4 to 31.7 min during visit one of part 
2 (Table S3). The maximal effect (Emax) at 50 pmol of SP, with a median max area 
of 141.1 mm2, was first observed at visit one during part 2 of the study (Table S3).

The mean time to maximum response during part 2 was similar across visits, 
ranging from 20.4 to 31.7 min for visit one and 20.9 to 28.3 min for visit two. When 
time to complete resolution of the wheal was evaluated, it was observed that 
the wheal area lasted longer with the highest dose of SP (90 min at 150 pmol). 
In part 2, at visit one, wheal area in four participants lasted longer than 2 h at 
SP doses of 50 and 150 pmol, whereas all wheal responses resolved within 2 h at 
the lower dosages; a similar trend was observed in part 1 (Table S2). In part 2, the 
SP‐induced wheal responses were similar with and without IDM interventions 
(Figure 2 and Figure S2).

Flare response

SP produced a dose‐dependent flare response, with the posterior median for SP‐
induced flare AUC demonstrating a distinction between the different doses of SP 
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using skin‐derived cultured mast cells, the MRGPRX2 receptor was found to be 
responsible for histamine release induced by SP instead of the traditional SP 
receptor NK‐1R.23 The present study sought to determine the dose–response and 
the robustness of the SP challenge model, by assessing the effect of ascending 
dose of intradermal SP on wheal and flare responses in healthy participants. This 
study also aimed to establish and validate an SP intradermal challenge model to 
allow the future clinical evaluation of the pharmacological ability of MRGPRX2 
receptor antagonists to block or decrease the induced wheal and flare response; 
in a single‐ or multiple‐ascending‐dose trial, the challenge would be used to 
demonstrate functional target engagement in humans.24

The study was designed to determine the potential carryover of effect and 
the outcome. Wheal and flare responses following intradermal challenge with 
increasing doses of SP were found to differ, and limited carryover of effect was 
observed following repeated challenge: baseline visits were comparable between 
visit one and visit two and no differences were observed before dosing. The SP 
challenge model does not represent a disease model, but a pharmacological 
model that can establish engagement and proof‐of‐pharmacology in a first‐in‐
human setting. This supports the potential use of the challenge model in future 
clinical assessment of novel pharmacological agents that antagonize the induced 
wheal and flare response, for example, during future clinical assessments of 
novel agents in healthy volunteers before evaluation in patients with diseases 
such as chronic spontaneous urticaria, rosacea, and atopic dermatitis, caused 
by activation of MRGPRX2 receptor.25 Other examples of pharmacological 
intradermal challenge models include the histamine challenge model, the 
imiquimod model and the lipopolysaccharide model of inflammation.15,26,27 In 
the current study, the SP challenge model was characterized and the results can 
be assessed as fit‐for‐purpose validation of this method.28

Our study also evaluated flare responses and demonstrated that SP challenges 
produced a dose‐dependent flare response; flare response lasted longest 
(between 5 and 10 min) with the highest dose of SP. The results are supported by 
previous findings, in which SP was observed to induce a dose‐dependent wheal 
and flare for the lower doses.2,10,29,30 

Notably, our findings show an Emax at SP 50 pmol in the first challenge visit. 
Further, we found that there was variability in both the wheal and the flare AUCs 
observed with different doses. A dose‐dependent flare response was observed 
between the 5‐ and 20‐min timepoints, which coincided with findings from the 
published literature: response during the first 5 min was reported to be the most 
reproducible period to assess the inflammatory response.31

For the majority of participants, responses disappeared within 2 h following 
SP administration. Only a few lasted longer, and individuals with longer‐lasting 

IDM histamine analysis

Mean histamine concentrations measured in part 2 IDM samples were 
detectable 0–30 min following an SP challenge of at least 15 pmol, with a peak 
response at 10 min (Figure S5). Histamine concentrations were increased in 
a dose‐dependent manner to SP challenges of 15, 50, and 150 pmol, although 
there was variability in response. Histamine levels were not detectable (values 
below LLOQ, 10 ng/mL) 0–30 min following saline and 5 pmol of SP. Histamine 
concentrations were also less than the LLOQ at all timepoints after 30 min for 
all challenges tested. For the first eight participants included in the interim 
analysis, there was no measurable histamine following saline and 5 pmol of SP 
challenge. At 50 pmol of SP, there was a relatively small histamine response at 
10 and 20 min for a subset of participants at visit two only. A higher proportion 
of subjects had detectable histamine levels with 150 pmol of SP challenge in 
comparison to 50 pmol (Figure S5).

Safety

AEs of mild intensity were experienced by one participant (11%) in part 1 (pruritus) 
and two participants (10%) in part 2 (headache). The pruritus AE in part 1 was 
considered SP‐related, whereas the AEs in part 2 were considered unrelated to 
SP administration. No moderate or serious AEs were experienced by any of the 
participants, and no major safety concerns were observed within the clinical 
laboratory parameters. In addition, no clinically significant electrocardiogram 
abnormalities were observed.

Discussion
The time profile of the challenge for wheal and flare responses provides greater 
insight and characterization of the effect of multiple doses of SP over multiple 
timepoints, in addition to determining the potential carryover effect following 
repeated challenge. In this study, lower doses of SP produced dose‐dependent 
wheal and flare responses over the 2‐h post‐challenge period, as measured by 
the AUC in both parts of the study with low test–retest variability. The safety and 
tolerability of the challenge agent was acceptable, with only a small number of 
mild AEs occurring. These findings are consistent with a previous study, which 
looked at the effect of SP on wheal and flare on human skin.2 The large maximum 
wheal response of 153 mm2 increased with increasing doses of SP, and wheal 
response lasted only 90 min with the highest SP dose.

Wheal and flare reactions can be induced by SP through intradermal injection 
or skin prick testing. Antihistamines can suppress these reactions, suggesting 
SP activates skin mast cells to release histamine.22 In a study by Fujisawa et al. 
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responses were excluded from the analysis. However, it must be noted that this 
analysis was conducted with a small number of participants, and it is unclear if 
similar trends would manifest in larger studies. Nonetheless, the relatively small 
sample size in the present study was similar to that utilized in a prior challenge 
study,31 and suggests that the skin challenge is suitable for small cohorts in the 
early phases of clinical development. One could argue that this study may have 
been limited by its open‐label design; however, controlling for the risk of bias 
was not required for this type of design and appropriate within‐subject controls 
were used.

Our study showed that IDM interventions did not change SP‐induced wheal 
and flare responses, and this further supports the use of the SP model. The 
concentration of histamine in the clinical samples, released in response to SP 
challenge, was lower than expected based on previous findings.32 These relatively 
low concentrations of histamine may have been due to a rapid local clearance 
of histamine in the skin after the mediator was released from the skin mast 
cells. This hypothesis was consistent with the often rapid decline in histamine 
concentrations observed when two consecutive samples from the same 
probe were positive, that is, above the LLOQ. This rapid clearance of histamine 
following SP challenge in skin has previously been reported,32 similarly with a 
peak response measured up to 10 min.

In conclusion, we demonstrate that a pharmacological model with SP in 
healthy participants should be considered for proof‐of‐pharmacology analyses 
in first‐in‐human studies. The use of SP in a challenge study could enable 
researchers to investigate the release of locally acting mediators, in addition to 
immune cell markers.
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Supplementary Figure 1  Mean wheal AUC following skin challenges (Part 1). AUC, area 
under the curve; min, minutes; SP, substance P.

Supplementary Figure 2  Mean wheal AUC following skin challenges (Part 2, with IDM 
intervention). AUC, area under the curve; IDM, intradermal microdialysis; min, minutes; SP, 
substance P.
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Supplementary Figure 3  Mean flare AUC following skin challenges (Part 1). AUC, area 
under the curve; min, minutes; SP, substance P.

Supplementary Figure 4  Mean flare AUC following skin challenges (Part 2, with IDM 
intervention). AUC, area under the curve; IDM, intradermal microdialysis; min, minutes; SP, 
substance P.
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Supplementary Figure 5  Subject profile panel plot by individual histamine concentrations 
(IDM) following skin challenges. AUC, area under the curve; IDM, intradermal microdialysis; 
min, minutes; SP, substance P.
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Supplementary Table 1  Participant demographics

Included in skin challenge 
evaluations 

Enrolled

Part 1 
(n = 9)

Part 2 
(n = 20)

Total 
(n = 32*)

Sex, n (%)

  Female 6 (67) 13 (65) 20 (63)

  Male 3 (33) 7 (35) 12 (38)

Age (years)*

  Median (min, max) 22 (21, 32) 22 (18, 49) 22 (18, 49)

Age group (years)*, n (%)

  ≤18 0 1 (5) 2 (6)

  19–64 9 (100) 19 (95) 30 (94)

Ethnicity, n (%)

  Not Hispanic or Latino 9 (100) 20 (100) 32 (100)

Race, n (%)

  White (Arabic/North African Heritage) 0 2 (10) 2 (6)

  White (White/European Heritage 9 (100) 18 (90) 30 (94)

Height (cm)

  Median (min, max) 178.0 (166, 190) 174.5 (161, 198) 175.5 (161, 198)

Weight (kg)

  Median (min, max) 72.1 (60.3, 94.5) 71.6 (56.2, 93.7) 71.9 (56.2, 104.8)

Body mass index (kg/m2)

  Median (min, max) 21.9 (20.5, 27.3) 22.4 (19.7, 29.4) 22.4 (19.7, 29.4)

Concomitant medications, n (%)

  Any medication 5 (56) 14 (70) -

*Of the 32 participants, 3 were excluded from the study due to COVID-19 infection (n = 2) and 
voluntary exclusion (n = 1).

Supplementary Table 2  Summary of wheal and flare AUC following skin challenge with 
ascending Substance P doses (Part 1)

Challenge 
visit

SP challenge (dose,  
number of participants)

Posterior median 
(mm2/min)

95% CrI 
(lower, upper)

Probability 
(ratio >1)*

Part i – Wheal AUC0-2h

Visit i SP 5 pmol, n = 9 1887.2 (904.8, 3919.7)

SP 15 pmol, n = 9 4333.1 (2075.7, 9027.1)

SP 50 pmol, n = 4 4473.3 (1473.6, 13695.1)

SP 150 pmol, n = 9 5631.5 (2717.1, 11790.2)

SP 500 pmol, n = 5 6579.5 (2448.2, 17609.7)

SP 15 pmol/SP 5 pmol 2.3 (0.8, 6.5) 0.9

SP 50 pmol/SP 15 pmol 1.0 (0.3, 3.9) 0.5

SP 150 pmol/SP 50 pmol 1.3 (0.3, 4.7) 0.6

SP 500 pmol/SP 150 pmol 1.2 (0.3, 4.0) 0.6

Part i – Flare AUC0-2h

Visit i SP 5 pmol, n-9 3967.8 (1439.6, 10788.2)

SP 15 pmol, n-9 18733.4 (6859.4, 51068.5)

SP 50 pmol, n-4 47333.9 (10337.0, 213649.4)

SP 150 pmol, n-9 31904.4 (11687.0, 87191.80)

SP 500 pmol, n-5 24530.4 (6267.2, 96405.6) 1.0

SP 15 pmol/SP 5 pmol 4.7 (1.2, 19.7) 1.0

SP 50 pmol/SP 15 pmol 2.5 (0.4, 15.5) 0.8

SP 150 pmol/SP 50 pmol 0.7 (0.1, 4.2) 0.3

SP 500 pmol/SP 150 pmol 0.8 (0.1, 4.2) 0.4

AUC, area under the curve; CrI, credible interval; SD, standard deviation; SP, Substance P. 
*Posterior probability that the ratio is >1. 
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Supplementary Table 3  Summary of wheal responses following skin challenges
 

Skin Challenge Visit n Mean  
(SD)

Median  
(min-max)

n Mean  
(SD)

Median  
(min-max)

Part 1 Part 2

Maximum (mm2)*

Saline 1 9 15.2
(8.98)

15.2
(5.2–30.9)

20 16.6
(11.4)

14.0
(3.7–44.3)

2 - - - 20 21.8
(12.8)

17.2
(5.6–47.2)

Histamine 1 9 44.6
(16.7)

38.5
(25.5–69.2)

20 53.2
(26.6)

50.2
(8.2–103.8)

2 - - - 20 52.9
(16.3)

57.0
(28.8–78.8)

SP 5 pmol 1 9 42.4
(20.3)

40.7
(13.3– 67.9)

20 85.8
(23.5)

87.5
(27.3–122.3)

2 - - - 20 92.2
(24.5)

89.7
(48.5–164.0)

SP 15 pmol 1 9 82.8
(41.8)

66.9
(37.1–139.9)

20 113.0
(30.8)

123.2 
(43.4–148.7)

2 - - - 20 113.1
(26.9)

110.6 
(65.4–172.1)

SP 50 pmol 1 4 99.8
(48.1)

93.9
(58.4–153.3)

20 134.6
(39.4)

141.1 
(41.0–215.5)

2 - - - 20 151.1
(39.3)

137.32 
(115.20–282.94)

SP 150 pmol 1 9 126.1
(55.3)

126.3
(20.9–203.1)

20 148.9
(47.7)

145.7 
(50.4–289.9)

2 - - - 20 153.0
(39.8)

153.1 
(91.7–238.6)

SP 500 pmol 1 5 194.1
(178.9)

125.7
(24.6–461.8)

- - -

2 - - - - - -

Time to maximum (minutes)*

Saline 1 9 6.8
(2.7)

5.0
(5–11)

20 5.9
(2.0)

5.0
(4–10)

2 - - - 20 5.5
(1.6)

5.0
(4–10)

Histamine 1 9 22.6
(10.2)

20.0
(15–42)

20 31.2
(15.5)

30.0
(9–62)

2 - - - 20 27.7
(11.5)

24.5
(14–60)

SP 5 pmol 1 9 23.9
(18.5)

20.0
(5–60)

20 20.4
(7.6)

18.5
(9–39)

2 - - - 20 20.9
(7.8)

19.0
(9–39)

SP 15 pmol 1 9 22.0
(10.5)

20.0
(10–40)

20 25.3
(17.7)

19.5
(8–90)

2 - - - 20 23.1
(16.7)

18.5
(11–89)

Skin Challenge Visit n Mean  
(SD)

Median  
(min-max)

n Mean  
(SD)

Median  
(min-max)

Part 1 Part 2

SP 50 pmol 1 4 16.5
(5.1)

17.5
(10–21)

20 25.3
(12.6)

23.5
(4–60)

2 - - - 20 27.1
(10.9)

25.0
(15–59)

SP 150 pmol 1 9 25.3
(17.2)

20.0
(10–60)

20 31.7
(23.1)

28.0
(5–90)

2 - - - 20 28.3
(10.0)

27.5
(15–41)

SP 500 pmol 1 5 16.0
(6.5)

20.0
(5–20)

- - -

2 - - - - - -

Time to complete disappearance (minutes)†

Saline 1 9 34.1
(12.8)

39.0
(15–55)

20 17.9
(5.2)

16.0
(11–30)

2 - - - 20 18.7
(3.8)

20.0
(11–27)

Histamine 1 9 79.9
(16.0)

90.0
(56–93)

20 78.5
(25.6)

90.5
(6–120)

2 - - - 19 77.7
(20.9)

90.0
(40–120)

SP 5 pmol 1 7 83.0
(35.4)

62.0
(40–120)

20 82.6
(27.0)

89.0
(38–121)

2 - - - 19 73.7
(18.6)

61.0
(58–121)

SP 15 pmol 1 7 96.3
(33.1)

120.0
(42–121)

18 85.3
(27.3)

90.0
(38–121)

2 - - - 19 80.9
(24.5)

88.0
(40–123)

SP 50 pmol 1 2 74.5
(21.9)

74.5
(59–90)

16 91.7
(20.7)

90.0
(58–121)

2 - - - 19 89.6
(22.4)

90.0
(60–122)

SP 150 pmol 1 6 81.8
(33.6)

75.5
(40–120)

16 102.6
(19.3)

104.5
(59–121)

2 - - - 19 91.6
(20.9)

90.0
(60–121)

SP 500 pmol 1 4 97.3
(28.5)

104.5
(60–120)

- - -

2 - - - - - -

SD, standard deviation; SP, Substance P. *During the 2h post challenge period. †Complete 
disappearance was defined as a value of 0 for wheal area, longest diameter or orthogonal diameter. 
Participants who did not have a disappearance within the 2h post challenge period were excluded.
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