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Introduction: Biologics is used for treating moderate to severe plaque psoriasis

(MSPP), which represent one of the foremost therapeutic advancements in

disease of dermatology. Up to now, the relative efficacy and safety across

approved andinvestigational biologics for MSPP is still unclear.

Methods: This study aimed to comparative effectiveness of various biological

treatments for MSPP measured by PASI75, PASI90 and PASI100 (The ratio of

patients whose Psoriasis Area and Severity Index score (PASI) decreased by ≥

75%, 90% and 100% compared with baseline, respectively). In addition, random

models were used together with a Bayesian method to compare direct and

indirect Adverse Events (AEs) of biologics with placebo, to make probabilistic

statements and predictions on their AEs. The analytic data set was made up of

summarized data from 54 trials, including 27,808 patients, with treatment of 17

biologics. Three mathematic models with nonparametric placebo evaluations

were established to characterize the longitudinal direction profile for the three

efficacy measures as above mentioned.

Results: Our results showed significant differences among treatments.

Bimekizumab, sonelokimab, and ixekizumab were found to be the most

effective treatments among the biologics. The effects of covariate were further

evaluated, patients’ age, body weight, duration of disease and percentage of

patients previously treated with a biological therapy showed impact on the

efficacy. In addition, we found that ixekizumab and risankizumab displayed

relatively stable as for efficacy and safety.
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Discussion: Our findings provide valuable insights into the comparative

effectiveness and safety of biologics for MSPP treatment. These results may aid

in clinical decision-making and ultimately improve patient outcomes.
KEYWORDS

model-based meta-analysis, biologics, moderate to severe psoriasis, relative efficacy,
adverse events comparation
Introduction

Psoriasis, which is a chronic inflammatory disease accompanies

systemic involvement characterized by typical cutaneousmanifestation,

affects 1.5-4.0% of the world’s population. Plaque psoriasis, the most

common variation of psoriasis, occurring in more than 80% population

with psoriasis (1, 2), which can be divided into three categories

containing mild, moderate, or severe, with overlap between these

degrees (e.g., mild to moderate and moderate to severe) (3). The

current therapeutic options for psoriasis including topical creams, oral

agents, phototherapy, and biologics (4). On the whole, biologics is more

effective compared to oral drugs or phototherapy (5). The 4 classes of

biologics are approved by the US Food and Drug Administration

(FDA) to treat psoriasis, which contains inhibitors of tumor necrosis

factor (TNF)-a, interleukin (IL)-17, interleukin (IL)-23 and interleukin
(IL)-12/23 (6, 7).

Huan He et al’ s research (8) showed a quantified efficacy

comparison of 13 biologics for psoriasis according to efficacy.

However, over the last two years, there has been rapid

development of novel biologics, including bimekizumab,

sonelokimab, vunakizumab and so on, which can inhibit one of

the IL-17A and IL-17F ligands or both of them for treating MSPP

(9). Hence, this article aims to provide latest knowledge about

biological effects focusing on MSPP to clinicians. At the same time,

clinical randomized controlled trials (RCTs) generally report

Adverse Events (AEs) at the end of the induction phase. Thus,

the Bayesian approach offers the opportunity to make indirect

comparisons among safety outcomes that have not yet been

directly compared through trials and provides a more direct way

to make probabilistic statements and predictions about their AEs at

the end of the induction phase. The second purpose of this study is

to rank the AEs of the above biologics at the end of induction phase.
Methods

Data source and handling

RCTs included were identified through a systematic literature

review (SLR) according to the guidelines and recommendations of

the Cochrane Collaboration (10). Researchers performed an

electronic literature search in PubMed, Cochrane, EMBASE, and

ClinicalTrials.gov website and the start and cutoff date of retrieval
02
were from the creation of database to April 29, 2022. The search

keywords were as follows: adalimumab, brodalumab, bimekizumab,

briakinumab, certolizumab, etanercept, guselkumab, infliximab,

ixekizumab, itolizumab, LY3471851, mirikizumab, risankizumab,

secukinumab, sonelokimab, tildrakizumab, ustekinumab,

vunakizumab, moderate to severe plaque psoriasis, biologics, and

randomized controlled trial.

All trials had to match the following criteria:
1. Trials including adult patients who were diagnosed with

MSPP and treated with biologics;

2. Double-blinded randomized placebo controlled or active-

controlled trials and published in English;

3. Trials reported at least one of the following outcomes:

PASI75, PASI90, PASI100 or AEs.
Results of the initial search were screened, as well as data were

extracted independently by Weiqi Gao, Ya Yan, with disagreements

settled by other reviewers (Libo Zhao and Rongsheng Zhao). Only

data from the induction period of trials were included in analyses.

For each eligible trials, the following were the items of the extracted

data: title, author, trial name, trial design, publication year, clinical

factors (such as percentage of males, age, weight, disease duration,

percentage of patients previously treated with a biological therapy

and baseline PASI) and primary outcome. Outcomes of efficacy and

safety were extracted from tables, figures and text, containing

PASI75, PASI90, PASI100 and AEs. Researchers normalized

different dose schemes to collect the same drug efficacy data.

Dosing for weight-based dosing regimens was normalized to 70 kg.

The intent-to-treat populations were used whenever available in

the development of the analytic dataset. The specific inclusion

criteria of covariates in model analysis were as follows: In the

analytic dataset, if the missing value of a covariate was ≤ 40%, it will

be incorporated into the final models and the median value of this

covariate in the database was used for interpolation; if the missing

values of a covariate was > 40%, the covariate would be discarded

and not incorporated into the final models.

Model development

Summary of basic functional relationship of
model development

The date composed of all the dose regimens provided the

possibility to seek the potential dose-effect and time-effect
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relationships for each drug. First, we explore the data graphically,

followed by the longitudinal profiles of PASI75, PASI90 and

PASI100 were fitted using the hierarchical models with the

maximum likelihood estimation method. In this study, we defined

the sum of placebo response and pure drug efficacy as the efficacy of

the drug group. The further explanation was that pure drug efficacy

was equal to the efficacy subtracted the corresponding placebo

response. The following is the description of the model:

Ei,j,t = Eplacebo,i,t + Edrug,i,j,t (1)

Edrug ,i,j,t = function(drug ,  dose,  regimen,  time,  q ,  Xij) (2)

In formula 1, Eplacebo,i,t and Edrug,i,j,t represent the placebo effect

of the ith trial at t time and the drug effect in the jth treatment arm

of the ith trial at t time, respectively. Ei,j,t is the sum of Eplacebo,i,t and

Edrug,i,j,t, which represents the efficacy of biologics in the jth

treatment arm of the ith trial at t time. Studying pure drug

efficacy (Edrug,i,j,t) can reduce the bias caused by the placebo effect.

A logit translation was implemented to restrict the treatment effect

of three efficacy outcomes, which measured as probabilities, to a

range of 0–1. Edrug,i,j,t in formula 2 is described as a function that

dependent on the following parameters: types, dosages and drug

regimens of biological agents, time, fixed-effect model parameters q,
trial covariates X.

Summary of time-varying functional relationship
of model development

To begin with, it was assumed that the effects of the drug would

not change over time and the achievement of convergence was

regarded as the symbol of successful development of basic model.

Then, in the course of model development, a time variable, which

can describe the time-varying drug effects, was added to create a

non-linear model to improve the degree of model fitting. The

functional relationship of formula was shown as follows:

Edrug = Emaxdrug · (1 − e−k·time) (3)

In formula 3, Emaxdrug and parameter k stand for maximum

response for each drug and the rate constant which could describe

onset of drug effect, respectively (11, 12).

Summary of dosage-varying functional
relationship of model development

In the initial stage of the model development, no matter what

the dosage of each agent is, we assume their maximum efficacy was a

constant which described as a scaling factor, Emax. Then in the

process of exploring to improve the degree of model fitting, different

dose–response functional relationships, which came from dividing

Emax into multiple parameters to match different dose regimens,

were implemented to the model. For drugs with multiple options of

dosage, a dose–response relationship was estimated by the Emax

model (formula 4) or log-linear model (formula 5).

f =
E maxdrug · Dose
ED50   +  Dose

(4)
Frontiers in Immunology 03
f = (Emaxdrug + b · log(Dose − constant)) (5)

For drugs with single option of dosage, the dose–response

relationship could be estimated by either simple fixed-effect

(Supplementary Formula 4) or linear dose–response model

(Supplementary Formula 5), because it was too tough to handle it

in the Emax or log-linear model. More detailed instructions about

model development are available in the Supplementary Materials

(Model Development section).
Model weight determination method

For PASI75, PASI90, PASI100, the determination of the weight

was based on the standard error of the observed values and was

generated by the following equation (formula 6) with P and N,

avoiding the possible deviations in the final model caused by the

extreme outcome values, and ensuring that trials with a larger

sample size had a greater weight.

Weight =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P · (1 − P)

N

r
(6)
Covariate

After screening according to specific inclusion criteria of

covariates, a total of six baseline characteristics were taken into

the model as covariates, including percentage of males, age (year),

weight (kg), disease duration (year), percentage of patients

previously treated with a biological therapy and baseline PASI.

The following equation (In formula 7) was applied to determine the

possible impact of covariates on therapeutic efficacy. In this

function, the q was regarded as the parameter to quantify the

covariate characteristic effects.

EffectCovariate =
Covariateq

mean(Covariate)
(7)

The development and iteration of the model were based on the

analytic dataset and the achievement of convergence was regarded

as the symbol of successful development. How to select model

depended on the log likelihood ratio and Akaike information

criterion at an acceptance p-value of 0.05.
Model evaluation and typical
efficacy analysis

After model establishment, the model-fitted time-varying plots

and diagnostic plots were used to evaluate the model fitting degree

of each trial. A total of 10,000 model parameters were sampled from

the final model, which were used to conduct model simulation of

drug response at hypothetical time points. (In this study, 12 Week,

which was normally as the end of induction treatment was used as

the hypothetical time).
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Ranking of adverse events in Bayesian
framework approach

The ranking of AEs derived from the data of maximum dose

regimens of each drug. For AEs outcomes, they usually reported at

the end of the induction phase. In this study, according to an NMA

based on random models with the Bayesian method, we compared

direct and indirect AEs of biologics with those of placebo. In

addition, random models with the Bayesian method also had a

use for the comparison between direct and indirect efficacy outcome

(PASI75 at the end of induction phase) in biologic group and those

in placebo group. Then, we combined the relative ranking (odds

ratio compared with placebo) of efficacy and safety outcomes into

the one figure.

R software version 4.2.1 [R Core Team (2022)] and the “gnls”

function in the “nlme” package version 3.1.159 were operated

within the whole process of data exploration as well as model

development, evaluation, and simulation. Three packages including

“gemtc 1.0-1”, “netmeta 2.5-0” and “ggplot2 3.3.6” were used to

estimate the relative ranking of AEs in Bayesian framework

approach. Literature quality was assessed by the Review Manager

(RevMan), version 5.3.5, The Cochrane Collaboration, 2014.

Results

Characteristics of included studies

In the initial retrieval phase, 2,706 medical literatures were

obtained. Finally, a total of 49 studies including 54 trials, containing
Frontiers in Immunology 04
180 treatment arms with 27,808 patients were included for analysis.

The flow chart of the complete process screening the included

articles is shown in Figure 1. The drugs involved in the analysis

contained seventeen biological agents. On the basis of the types of

drug targets, it could be divided into the six categories: IL-17 or 17

(RA) inhibitor, IL-12/23 inhibitor, IL-17A/17F inhibitor, TNF-a

inhibitors, IL-23 inhibitor and CD6 antagonist. The drug

classifications and overviews of 54 trials as well as baseline

characteristics prescribed in advance are summarized in Table 1.

PASI75 endpoint was reported in all 54 selected trials, and

PASI90 and PASI 100 were reported in 53 and 39 selected trials,

respectively. Detailed information about time points of every

outcome reported in included studies and references are displayed

in Supplementary Table S1. The risk of bias assessments of the

included studies are displayed in Supplementary Figure S1. The

detailed literature quality information of included studies are shown

in Supplementary Figure S2.
Final models and typical drug efficacies

The time course relationship part in final models
The drug effect measured by PASI75, PASI90 and PASI100 were

described by the following equations: For IL-12/23 inhibitors

(briakinumab and ustekinumab),

Edrug(IL� 12=23) = Emaxdrug(IL−12=23) · (1 − e−k·time) (8)

Edrug(IL-12/23)is an exponential function dependent on time, in

which k-value represents the rate constant describing the onset of
FIGURE 1

Flow diagram for study selection.
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TABLE 1 Summary of available information for each drug in the analysis.

Drug Trials Patients Arms Route
(regimen)

Percentage
of males

(%)

Age
(year)

Weight
(kg)

Disease
duration
(years)

Percentage
of patients
previously
treated with
a biological
therapy (%)

Baseline
PASI

IL- 17A (RA) inhibitor

Brodalumab 5 3,069 10 s.c. (70, 140,
210mg q2w)

72.72 45.10 83.93 16.52 24.44 22.80

Ixekizumab 4 2,449 10

s.c. (10, 25, 75,
150mg 0,2,4,8w;

160mg 0w
followed by 80mg,

q2w or q4w)

63.32 45.90 92.20 17.90 28.74 19.37

Secukinumab 10 2,292 22

s.c. (25mg, once or
q4w;

75, 150mg q4w;
2×150, 300mg
0,1,2,3,4,8w)

71.64 44.60 88.69 17.87 24.84 21.60

Vunakizumab 1 150 4
s.c. (40, 80, 160,
240mg q4w)

74.67 41.38 88.56 13.48 24.80 22.75

IL-12/23
inhibitor

Briakinumab 2 277 2 s.c. (200mg
0,4w_100mg 8w)

65.70 44.25 94.65 16.20 10.85 18.90

Ustekinumab 7 2,491 10 s.c. (45, 90mg
0,4w)

72.07 44.90 85.49 17.88 29.22 22.51

IL-17A/17F inhibitor

Bimekizumab 3 878 7

s.c. (64, 160, 320,
480mg q4w;
320mg 0w
followed by
160mg, q4w)

67.81 44.19 88.18 15.83 28.40 19.76

Sonelokimab 1 208 4
s.c. (30, 60, 120mg
0,2,4,8w; 120mg

q2w)
72.53 45.60 91.38 18.36 16.80 20.68

TNF-a inhibitor

Adalimumab 6 1,900 8
s.c. (40, 80mg eow;
80mg 0w followed
by 40mg eow)

75.50 44.85 79.98 15.83 26.55 24.43

Certolizumab 4 793 8

s.c. (400mg 0, 2,
4w followed by
200mg q2w;
400mg q2w)

67.33 46.76 86.83 16.95 33.35 21.35

Etanercept 9 2,273 10 s.c. (25, 50mg biw) 67.39 45.22 90.65 18.26 18.92 19.31

Infliximab 3 509 4 i.v. (3mg/kg, 5mg/
kg 0, 2, 6w)

69.08 44.63 83.55 16.83 28.80 23.70

IL-23 inhibitor

Guselkumab 4 1,161 9 s.c. (5, 15, 50, 100,
200mg q4w)

71.51 45.06 85.87 17.55 31.69 22.31

Mirikizumab 1 153 3 s.c. (30, 100,
300mg 0, 8w)

72.00 47.57 88.53 19.03 41.00 19.90

Risankizumab 4 1,118 5 s.c. (75, 150mg 0,
4w)

76.50 49.78 83.14 16.95 34.70 22.30

(Continued)
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IL-12/23 inhibitor drugs and Emaxdrug(IL-12/23) stands for

maximal efficacy.

For other 5 classes of biologics including IL-17 or 17 (RA)

inhibitors, IL-17A/17F inhibitors, TNF-a inhibitors, IL-23

inhibitors and CD6 antagonists,

Edrug = f (Emaxdrug , dose,  regimen) (9)

Edrug is a function dependent on Emaxdrug (which were estimated

individually for each biologic), dose, regimen but independent of

time. According to the exponential algorithm (formula 8), the time

to reach 50% of the maximum effect (ET50) of IL-12/23 inhibitors

was evaluated to be about 2.4 weeks (PASI75), 2.5 weeks (PASI90)

and 2.7 weeks (PASI100), respectively. In a word, except for the IL-

12/23 inhibitor regimen in which a time-varying drug effect was

observed by researchers, the other biologics immediately achieved

the maximum therapeutic effect.

The dose-response relationship part in
final models

For the three longitudinal models constructed in this study, the

dose-response relationships were not significant for briakinumab.

In the PASI75 longitudinal model, the dose-response relationships

of certolizumab, sonelokimab and risankizumab were better fit with

a log-linear model, while the remaning 13 biologics, the dose-

response relationships were better fit with the Emax model. In the

PASI90 longitudinal model, all biologics exhibited the same dose-

response relationships as PASI75 except itolizumab (The RCT study

about itolizumab did not report PASI90). In addition, the Emax

model dose-response relationships were found in 9 biologics and

the log-linear model dose-response relationships were found in

risankizumab and sonelokimab for the PASI100 longitudinal

model. The estimate of the key parameters in the final models of

PASI75, PASI90 and PASI100 are provided in Table 2.

Covariates in final models
Correlation between six covariates (percentage of males, age

(year), body weight (kg), disease duration (year), percentage of
Frontiers in Immunology 06
patients previously treated with a biological therapy and baseline

PASI) and drug efficacy was tested. For PASI75 model, the estimated

covariate parameters of positive value (5.36×10-2, [95%CI: 1.49×10-2

to 9.23×10-2]) for percentage of patients previously treated with a

biological therapy indicated that the patients with higher percentage

of patients previously treated with a biological therapy were

anticipated to get better curative effect. The parameters for age

(0.20 [95%CI: -0.19 to 0.59]), body weight (−0.83 [95%CI: -1.18 to

-0.48]) and percentage of patients previously treated with a biological

therapy (5.50×10-2 [95%CI: 1.60×10-2 to 9.40×10-2]) in the PASI90

model meant that patients with older age, lower body weight and

higher percentage of patients previously treated with a biological

therapy were assumed to get greater efficacy in PASI90. However, for

PASI100 model, the estimated covariate parameters of negative value

(-0.51, [95%CI: -1.07 to 0.05]) and (-0.26, [95%CI: -0.47 to -0.05]) for

body weight and disease duration suggested that the patients with

lower of those factors were anticipated to get better curative effect.

Detailed information is given in Table 2.

The fitted time-course plots of final models
The fitted time-course plots of representative studies for three

longitudinal models are displayed in Figure 2. The fitted time-

course plots of the other studies can be obtained in Supplementary

Materials (Figure S3-S5).

Model simulation and typical drug efficacies
In this study, four covariates were included in the final model.

Hence, a typical trial which could indicate the common feature of

included trials was assumed for the simulation with a hypothetical

population (average value: 45 years old, weight 88.56 kg, 16.96 years of

disease duration and 24.8% had prior biological therapy). To account

for the placebo effect and to evaluate the relative clinical efficacy, a

longitudinal placebo effect model was established for three outcomes.

How are the placebo-corrected median of treatment effect

ranked at the time point of 12 weeks for three longitudinal

models is shown in the Figure 3. The Figure 3A shows the model

simulation and typical biologic efficacies of the PASI75, where the

placebo effect is estimated to be 4.45%. The results showed that
TABLE 1 Continued

Drug Trials Patients Arms Route
(regimen)

Percentage
of males

(%)

Age
(year)

Weight
(kg)

Disease
duration
(years)

Percentage
of patients
previously
treated with
a biological
therapy (%)

Baseline
PASI

Tildrakizumab 3 1,543 8 s.c. (5, 25, 100,
200mg 0, 4w)

73.00 45.09 88.67 16.95 18.00 20.85

CD6 antagonist

Itolizumab 1 180 2

i.v. (0.4mg/kg 0, 1,
2, 3, 4w then
1.6mg/kg q2w;
1.6mg/kg q2w)

79.45 41.60 88.56 16.95 24.80 20.9

Placebo 54 6,364 54 70.60 45.23 86.61 17.12 27.00 21.31

Total 54 27,808 180 71.27 45.10 87.53 17.03 26.27 21.37
fro
RA, receptor A; s.c., subcutaneous injection; i.v., intravenous injection; w, week; eow, every other week; biw, twice weekly; q2w, once every 2 weeks; q4w, once every 4 weeks.
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TABLE 2 Estimate of key parameters in PASI75, PASI90 and PASI100 final models.

Essential factor Parameter
PASI75 PASI90 PASI100

Estimate 95%CI Estimate 95%CI Estimate 95%CI

Adalimumaba
Emax 6.42 (3.83, 9.01) 6.30 (3.74, 8.86) / /

ED50 38.61 (-1.16, 78.38) 33.60 (-3.18, 75.72) / /

Brodalumaba
Emax 7.75 (7.06, 8.44) 7.14 (6.61, 7.67) 6.70 (6.08, 7.32)

ED50 147.70 (117.61, 177.79) 103.92 (81.40, 185.32) 76.19 (55.38, 97.00)

Bimekizumaba
Emax 6.10 (5.67, 6.53) 5.96 (5.53, 6.39) 5.55 (5.00, 6.10)

ED50 35.69 (16.31, 55.07) 25.75 (9.88, 35.63) 24.22 (6.21, 42.23)

Etanercepta
Emax 3.74 (2.88, 4.60) 4.21 (2.22, 6.20) / /

ED50 15.40 (1.19, 29.61) 18.09 (-13.50, 49.68) / /

Guselkumaba
Emax 4.52 (4.27, 4.77) 4.66 (4.25, 5.07) 3.99 (3.45, 4.53)

ED50 2.47 (1.28, 3.66) 2.46 (0.93, 3.39) 2.97 (0.31, 5.63)

Ixekizumaba
Emax 5.41 (5.16, 5.66) 5.64 (5.25, 6.03) 5.34 (4.70, 5.98)

ED50 5.50 (3.68, 7.32) 3.22 (1.53, 4.91) 4.35 (1.79, 6.91)

Itolizumaba
Emax 3.48 (2.05, 4.91) / / / /

ED50 12.42 (-0.46, 25.30) / / / /

Infliximaba
Emax 6.17 (4.62, 7.72) 5.02 (2.72, 7.32) / /

ED50 130.76 (18.91, 242.61) 93.81 (-98.95, 286.57) / /

Mirikizumaba
Emax 4.21 (3.15, 5.27) 3.96 (2.73, 5.19) 5.45 (1.16, 9.74)

ED50 7.26 (1.14, 13.38) 13.24 (1.56, 24.92) 8.41 (-4.56, 21.38)

Secukinumaba
Emax 5.92 (5.51, 6.33) 6.15 (5.62, 6.68) 5.90 (5.06, 6.74)

ED50 71.14 (53.91, 88.37) 75.31 (53.93, 96.69) 82.16 (42.28, 122.08)

Tildrakizumaba
Emax 3.42 (3.17, 3.67) 4.13 (3.60, 4.66) 3.81 (2.97, 4.65)

ED50 5.17 (2.35, 7.99) 6.98 (0.20, 13.76) 5.38 (-3.02, 13.78)

Ustekinumaba
Emax 4.38 (3.91, 4.85) 4.23 (3.68, 4.78) 3.91 (3.03, 4.79)

ED50 8.18 (2.91, 13.45) 5.07 (-0.71, 10.85) -0.21 (-8.77, 8.35)

Vunakizumaba
Emax 5.71 (4.79, 6.63) 4.70 (3.58, 5.82) 4.76 (2.86, 6.66)

ED50 44.98 (22.81, 67.15) 34.06 (9.82, 58.30) 35.78 (-0.34, 71.90)

Certolizumabb
Emax 2.69 (1.26, 4.12) 3.21 (1.54, 4.88) / /

b 0.12 (-0.13, 0.37) 4.5×10-2 (-0.23, 0.32) / /

Risankizumabb
Emax 3.92 (-3.66-11.50) 3.42 (0.62, 6.22) 2.46 (-0.65, 5.57)

b 0.12 (-1.44, 1.68) 0.23 (-0.33, 0.79) 0.46 (-0.16, 1.08)

Sonelokimabb
Emax 2.30 (0.54, 4.06) 2.78 (1.67, 3.89) 3.49 (2.04, 4.94)

b 0.60 (0.17, 1.03) 0.59 (0.36, 0.52) 0.36 (0.07, 0.65)

Rate constant KIL-12/23 0.29 (0.24, 0.36) 0.28 (0.22, 0.36) 0.26 (0.18, 0.38)

Covariates

Age (year) / / 0.20 (-0.19, 0.59) 0.41 (-0.13, 0.95)

Body weight (kg) / / -0.83 (-1.18, -0.48) -0.51 (-1.07, 0.05)

Disease duration (year) / / / / -0.26 (-0.47, -0.05)

Prior biological therapy (%) 5.36×10-2 (1.49×10-2, 9.23×10-2) 5.50×10-2 (1.60×10-2, 9.40×10-2) / /
F
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PASI, Psoriasis Area and Severity Index score; PASI75, PASI90 and PASI100, the proportion of patients achieving ≥75%, 90% and 100% respectively reduction from baseline PASI score; a Emax

model with a Emax and a ED50 was used for the dose-response relationship; b log-linear model with a Emax and a b was used for the dose-response relationship.
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bimekizumab 480mg had the best typical drug efficacy in PASI75

model, in which has a narrow 95% credible interval (95% CI)

(median: 92.03%, 95% CI: 90.65% to 93.23%), with bimekizumab

320mg (median: 90.57%, 95% CI: 88.96% to 91.93%) and

bimekizumab (LD320mg)160mg (median: 89.01%, 95% CI:

87.21% to 90.59%) following. For PASI90 model (Figure 3B), with

a placebo effect estimated as 1.48%, sonelokimab 120 mg

augmented load (q2w) was also calculated to have the best typical

drug efficacy as 76.60% (95% CI:69.98% to 82.14%), followed by

bimekizumab 480mg (median: 76.25%, 95%CI: 72.34% to 79.66%)

and sonelokimab 120 mg normal load (median: 73.85%, 95%

CI:67.09% to 79.65%). For the model simulation and typical

biologic efficacies of PASI100 (Figure 3C), where the placebo

effect was estimated to be 0.41%, mirikizumab 300mg was

predicted to have the highest efficacy as 38.33% in PASI100 but

with a large 95% CI (11.25% to 74.75%). Bimekizumab 480mg

(median: 37.30%, 95% CI: 30.82% to 43.90%) and sonelokimab 120

mg q2w (median: 36.94%, 95% CI: 26.67% to 48.25%) were

predicted to have the second and third highest drug efficacy.
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From the categories of biological agents, IL-17A/17F inhibitor

(bimekizumab, sonelokimab), IL-17A (RA) inhibitor (ixekizumab,

vunakizumab) and IL-12/23 inhibitor (briakinumab) were

predicted to have the highest efficacy in PASI75, ranking in the

top five drugs. But in PASI90, the ordering was slightly different

from PASI75, IL-17A/17F inhibitor (sonelokimab, bimekizumab),

IL-17A (RA) inhibitor (ixekizumab, secukinumab) and IL-12/23

inhibitor (briakinumab) rounded out the top five. In addition,

compared with PASI90, mirikizumab replaced secukinumab and

moved into the top five in PASI100.
The incidence of AEs in RCTs (vs placebo
at the end of induction period)

As far as the incidence of AEs, the maximum dose regimens arms

of 17 biologics were distributed in 34 articles, in which a total of 40

trials, containing 80 treatment arms with 13,583 patients were included

for analysis. The network plot presenting 40 trials data contributing
A

B

C

FIGURE 2

Model fitted time-course plots of response rate for (A) PASI75, (B) PASI90 and (C) PASI100 for representative trials. Color symbols and vertical bars
are observed mean and calculated weight of time points; gray symbols and lines are the model predictions. PASI, Psoriasis Area and Severity Index
score; PASI75, PASI90 and PASI100, the proportion of patients achieving ≥75%, 90% and 100% respectively reduction from baseline PASI; s.c.,
subcutaneous injection; w, week; biw, twice weekly; q2w, once every 2 weeks; q4w, once every 4 weeks.
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evidence comparing incidence rate of AEs are shown in Supplementary

Figure S7.

Compared to placebo, bimekizumab 480mg (OR:2.50, 95%

CI:1.10 to 6.40), infliximab 5mg/kg (OR:2.20, 95%CI: 1.4 0to

3.60), brodalumab 210mg (OR: 1.40, 95%CI: 1.10 to 1.70),

etanercept 50mg (OR: 1.30, 95%CI: 1.10 to 1.50) and

secukinumab 300mg (OR: 1.30, 95%CI: 1.10 to 1.60) significantly

increased the incidence of AEs. The relative incidence rate of AEs

among 17 biologics compared with placebo can be seen in
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Figure 4A. The results of incidence rate of AEs in Figure 4B were

based on the surface under the cumulative ranking curve (SUCRA),

which showed that infliximab 5mg/kg had the highest probability to

rank as the worst treatment and presented the highest SUCRA value

(88.65%), followed by bimekizumab 480mg (88.55%), sonelokimab

120mg (81.64%) and vunakizumab 240mg (78.02%). In addition,

brodalumab 210mg, secukinumab 300mg and etanercept 50mg also

showed higher SUCRA values of 66.36%, 61.93% and

60.67%, respectively.
A B C

FIGURE 3

Ranking of the treatments by predicting placebo-corrected median percent of patients with (A) PASI75, (B) PASI90, and (C) PASI100 at week 12
(descending order). Point estimates and 95% CIs were predicted from a model simulation of N = 10,000. Red dashed lines represent simulated
placebo efficacy. PASI, Psoriasis Area and Severity Index score; PASI75, PASI90 and PASI100, the proportion of patients achieving ≥75%, 90% and
100% respectively reduction from baseline PASI; LD, loading dose.
A B

FIGURE 4

(A) Forest plots of network meta-analysis results for adverse events with placebo as reference; (B) Cumulative probability diagram of adverse events
of 17 biological agents.
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The odds ratios for PASI75 and AEs of 17 biologics compared

with placebo at the end of the induction phase are shown in Figure 5.

The results showed that infliximab 5mg/kg ([PASI75, OR: 93.00, 95%

CI: 42.00 to 230.00]; [AE, OR: 2.20, 95%CI: 1.40 to 3.60]) and

bimekizumab 480mg ([PASI75, OR: 130.00, 95%CI: 28.00 to

1200.00]; [AE, OR: 2.50, 95%CI: 1.10 to 6.40]) had the significantly

better efficacy, but also accompanied by the obviously higher

incidence of AEs. However, there are still some biologics with

markedly good efficacy and the trend of decreasing incidence of

AEs, such as risankizumab 150 mg ([PASI75, OR: 89.00, 95%CI:

56.00 to 150.00]; [AEs, OR: 0.94, 95%CI: 0.72 to 1.20]). Furthermore,

ixekizumab 150mg ([PASI75, OR: 70.00, 95%CI: 12.00 to 690.00];

[AEs, OR: 0.52, 95%CI: 0.16 to 1.50]) had significantly better efficacy

with a higher incidence of AEs, had a significantly efficacy in PASI75.
Discussion

Our research applied a quantitative method to estimate the

comparative efficacy of biologic therapies on MSPP. Moreover, the

method could quantify not only the efficacy of each drug, but also the

effects of time, dosage and covariates. The Figure 3 demonstrated that

bimekizumab administered as three dosage regimens (480mg, 320mg

q4w and 320mg 0w followed by 160mg q4w) all provided the

favorable efficacy response of PASI75, PASI90 and PASI100 at

week 12. These results were known from trials (13–15)

corresponded to the NMA conducted by Armstrong et al. (16) as

well as published recently, in which the results showed that compared

to other biologic and non-biologic treatments at 10 to 16 weeks,

bimekizumab 320mg had obvious advantage in achievement of
Frontiers in Immunology 10
higher PASI response rate. These results were known from trials

(11–13) and corresponded to the NMA conducted by Armstrong

et al. (14) as well as published recently, in which the results showed

that compared to other biologic and non-biologic treatments at 10 to

16 weeks, bimekizumab 320mg had obvious advantage in

achievement of higher PASI response rate. In addition, from the

variety of biological agents, sonelokimab, bimekizumab and

ixekizumab were predicted to have the highest efficacy in all three

longitudinal models, ranking in the top five. These findings suggested

that the efficacy trend is similar across all PASI response levels: IL-

17A/17F inhibitor and IL-17A (RA) inhibitor treatments were the

most effective treatments among the seventeen biological agents. The

IL-17A, which originated from activated T cells, nowadays is

considered as a crucial pro-inflammatory cytokine in chronic

immune-mediated inflammatory diseases such as MSPP (17).

Among IL-17 family members, IL-17A and IL-17F sharing almost

50% structural homology, are closest in sequence (18). The current

concept is that IL-17A and IL-17F are both upregulated in MSPP (19,

20). Just as the therapeutic efficacy of secukinumab and ixekizumab

bore out in MSPP (21, 22), it is an effective clinical strategy to inhibit

downstream of IL-17A cytokines directly. However, given the

enrichment of IL-17F in MSPP (23), it has been demonstrated that

compared to inhibiting IL-17A only, if both IL-17A and IL-17F

cytokines are inhibited selectively at the same time, there will be a

greater clinical benefit (24). In a word, bimekizumab and ixekizumab

were the most effective treatments. Sonelokimab (also known as

M1095), which is ranked as the most effective treatments among the

biologics in this study, is a novel trivalent nanobody. Limited by the

sample size and the number of RCT, the efficacy of sonelokimab

needs to be verified by more studies in the future.
FIGURE 5

Ranking of biological drugs according to efficacy and safety at the end of induction period. Red dashed lines represent placebo effects. OR, odd ratio.
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Our study provided not only a more detailed ranking of efficacy,

but also a new insight into the time-course, dose–response

relationships of biologics by applying longitudinal models

compared to predecessor’s NMA. Firstly, the data of efficacy

corresponding to different time points were put into an

exponential model to describe the underlying time-varying drug

effect. However, a time-varying drug effect was only found in IL-12/

23 inhibitor, this may indicate that the efficacy of briakinumab and

ustekinumab (belongs to IL-12/23 inhibitor) increased with time,

and the other biologics immediately achieved the maximum

therapeutic effect. Secondly, different dose–response functions,

which came from dividing Emax into multiple parameters to

match different dose regimens, were used to describe the impact

of different dose-response relationships on the treatment efficacy.

The results suggest that apart from the briakinumab in which due to

single option of dosage, the dose-varying efficacy model had not

been successfully established, Emax or log linear model had been

established successfully for other drugs, which demonstrating that

the efficacy of the drug increases with increasing dosage. Those are

of great importance for physicians to make appropriate treatment

strategies. For example, through established longitudinal models we

simulated the efficacy of sonelokimab across four dosage regimens

(30mg, 60mg, 120mg normal load and 120mg augmented load) at

the end of induction period. This provides a comprehensive

quantitative comparison of differences and similarities across 17

biologics. Thus, our results will enable physicians and patients

shared decision-making as suggested by the American Academy

of Dermatology (AAD) and National Psoriasis Foundation (NPF)

that “The choice of systemic psoriasis therapy is individualized for

each patient and involves the consideration of patients’ disease

severity, comorbidities, lifestyle, and patient preferences (25–27).”

The advantage of MBMA is that it could quantify the influence

of covariates on the therapeutic efficacy (28). In this study, the

patients with lower body weight were proved to get more promotion

in PASI90 and PASI100, which was consistent with previous studies

(29). Our analysis indicated that older patients were also revealed to

achieve significant efficacy in PASI90 and PASI100. However, a

previous observational study (30) suggested that biological agents

for psoriasis showed similar efficacy no matter in the old or in the

young. The reason why the differences emerged is that our

identification of covariates was based on the comparative drug

efficacy, instead of based on the absolute treatment effects of small

sample size retrospective like other studies. In the PASI100

longitudinal model, patients with shorter disease duration

exhibited better improvement. These consistent with the study of

MPSS natural history which suggested that the longer duration of

the disease is, the more severe and complicated conditions are (2),

so the correlation between the duration and severity of the disease

may be positive. In addition, our study indicated that the patient

previously treated with a biological therapy was considered to show

more benefit in the PASI75 and PASI90 models.

In terms of the incidence of AEs, bimekizumab 480mg, infliximab

5mg/kg, brodalumab 210mg, etanercept 50mg and secukinumab

300mg were significantly higher than the placebo (Figure 4A). At the
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same time, according to the SUCRA results for AEs in Figure 4B,

infliximab 5mg/kg and bimekizumab 480mg had the highest

probability to rank as the worst treatment. These results indicated

that the most effective treatment often come with significant side

effects. The biologics which could achieve a balance between those

efficacy and safety are displayed in the lower middle position corner of

Figure 5, so that ixekizumab and risankizumab may be the better

choices for the treatment of MSPP. This conclusion is consistent with

the results of previous literatures (8, 31), which reported that the

efficacy as well as safety of ixekizumab and risankizumab showed

relative stability and balanced performance. In March 2016,

ixekizumab directed against IL-17A, was approved for the treatment

of MSPP. The safety information of drug instructions of ixekizumab is

reassuring, but there still have some adverse side effects, such as

nasopharyngitis, upper respiratory infections, headache, injection

sites reactions, diarrhea and mild neutropenia, were observed in

phase II and III clinical trials commonly (32–34). In addition, the

neutropenia and mucocutaneous candidiasis caused by ixekizumab are

the adverse side effects that doctors and researchers pay close attention

to it. However, these AEs, which severity was usually mild to moderate,

were rarely observed and hardly lead to discontinuation of the

ixekizumab. Nevertheless, laboratory monitoring of neutrophil blood

count and clinical monitoring of skin and mucosal infection are

necessary during ixekizumab treatment (35). Risankizumab, an IL-23

inhibitor whose target is the p19 subunit of IL-23, were significantly

more effective than the inhibitors of TNF-a as shown in the previous

studies (31, 36, 37). The upper respiratory tract infection was the most

common AEs reported in trials with Risankizumab (38). To sum up,

IL-17A inhibitor (ixekizumab) and IL-23 inhibitor (risankizumab,

tildrakizumab and guselkumab) performed superior to the others in

terms of safety. However, further researches are essential to enrich the

information of the safety profile of these agents for the treatment of

MSPP in routine practice.

There are still following limitations in our study. Firstly, some

of the included literatures do not provide the data of PASI90 and/

or PASI100, as a result, the longitudinal models of PASI90 and

PASI100 contain less than 17 kinds of biological agents. Secondly,

since the target population of this study was MSPP patients, the

biologic efficacy prediction model established in this study was

limited in its generalizability and may be not available to mild

psoriasis patients. Thirdly, the data on the efficacy of some

biologics remain inadequate, which could not make sure the

absolute accuracy and reliability of the three models, for

example, the ED50 for ustekinomab in the PASI100 model was

estimated to be negative. Thus, more studies should be carried out

in the future.

In conclusion, bimekizumab and ixekizumab treatments were the

most effective treatments among the biologics. The efficacy of

sonelokimab needs to be verified by more studies in the future. As

for the covariates, the patients’ age, body weight, disease duration and

percentage of patients previously treated with a biological therapy

were identified had the impact on drug efficacy. In addition, we found

that the efficacy as well as safety of ixekizumab and risankizumab

showed relative stability and balanced performance.
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