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Abstract
Background The US Food and Drug Administration (FDA) interchangeability guidelines state that the primary endpoint 
in a switching study should assess the impact of switching between the proposed interchangeable product and the reference 
product on clinical pharmacokinetics (PK) and pharmacodynamics (if available), as these assessments are generally sensitive 
to changes in immunogenicity and/or exposure that may arise due to switching. In addition, interchangeability designation 
requires no clinically meaningful difference in safety and efficacy of switching between the biosimilar and reference, com-
pared with when using the reference product alone.
Objectives  The aim of this study was to investigate the PK, immunogenicity, efficacy, and safety in participants undergoing 
repeated switches between  Humira® and AVT02 as part of a global interchangeable development program.
Methods This multicenter, randomized, double-blind, parallel-group study in patients with moderate-to-severe plaque pso-
riasis comprises three parts: lead-in period (weeks 1–12), switching module (weeks 12–28), and the optional extension phase 
(weeks 28–52). Following the lead-in period during which all participants received the reference product (80 mg in week 1, 
followed by 40 mg every other week), participants with a clinical response of ≥ 75% improvement in the Psoriasis Area and 
Severity Index (PASI75) were randomized 1:1 to receive AVT02 alternating with the reference product (switching arm) or 
reference product only (non-switching arm). At week 28, participants who were PASI50 responders could opt to take part in 
an open-label extension phase receiving AVT02 up to week 50, with an end of study visit at week 52. PK, safety, immuno-
genicity, and efficacy were evaluated at various timepoints throughout the study for both switching and non-switching arms.
Results In total, 550 participants were randomized to switching (277) and non-switching arms (273). The switching versus 
non-switching arithmetic least square means ratio [90% confidence intervals (CIs)] was 101.7% (91.4–112.0%) for the area 
under the concentration–time curve over the dosing interval from weeks 26–28 (AUC tau, W26–28) and 108.1% (98.3–117.9%) 
for maximum concentration over the dosing interval from weeks 26–28 (Cmax, W26–28). The 90% CIs for the switching versus 
non-switching arithmetic means ratio for primary endpoints AUC tau, W26–28 and Cmax, W26–28 were within the prespecified 
limits of 80–125%, demonstrating comparable PK profiles between groups. In addition, the PASI, Dermatology Life Quality 
Index, and static Physician’s Global Assessment efficacy scores were highly similar for both treatment groups. There were 
no clinically meaningful differences between the immunogenicity and safety assessments of repeated switching between 
AVT02 and the reference product, versus the reference product alone.
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Conclusions This study demonstrated that the risk, in terms of safety or diminished efficacy of switching between the bio-
similar and the reference product, is not greater than the risk of using the reference product alone, as required by the FDA for 
interchangeability designation. Beyond the scope of interchangeability, a consistent long-term safety and immunogenicity 
profile, with no impact on the trough levels up to 52 weeks, was established.
Clinical Trial Registration NCT04453137; date of registration: 1 July 2020

to any batch-to-batch variation of the biosimilar that often 
occurs with biologics that are too large to duplicate [5].

Plaque psoriasis is an inflammatory, T-cell-mediated con-
dition that typically manifests as sharply demarcated chronic 
erythematous plaques covered by thick, silvery-white scales 
[6]. Local production of tumor necrosis factor-alpha (TNF-
α), in conjunction with resident T cells, contributes to 
chronic inflammation in the pathogenesis of psoriasis, affect-
ing the function of many different cell types in psoriatic skin 
[6]. This is likely a reflection of the central role of TNF-α 
in regulation of the proinflammatory cytokine cascade and 
local T-cell proliferation and function [7].

Adalimumab (reference product  Humira®, ATC code 
L04AB04) is an anti-TNF-α monoclonal antibody globally 
approved for various indications, including psoriasis [8, 9]. 
AVT02 has been developed to be biosimilar to reference 
product. AVT02 is a recombinant, fully human monoclo-
nal immunoglobulin G1 antibody that binds specifically 
and with high affinity, similarly to reference product, to 
the soluble and transmembrane forms of TNF-α. Although 
both high (100 mg/mL) and low (50 mg/mL) concentrations 
have been approved for the reference product, over 80% of 
Humira prescriptions are for the high-concentration prepara-
tion in the USA [10]. AVT02 is being developed as a high-
concentration (100 mg/mL) preparation. The 100 mg/mL 
preparation is considered to have an advantage over the 50 
mg/mL preparation; its higher dose and lower volume is 
more patient friendly with less injection site-related pain 
[11]. AVT02, as a biosimilar to the reference product, has 
demonstrated similar PK, efficacy, and safety [12–15]. The 
aim of this study was to investigate the PK, antibody pres-
ence, efficacy, and safety in participants undergoing repeated 
switches between reference product and AVT02 to demon-
strate interchangeability.

2  Methods

2.1  Study Design and Participant Population

This was a multicenter, randomized, double-blind, paral-
lel-group study conducted at 23 study centers across five 
countries (Georgia, Iceland, Poland, Russia, and Ukraine). 
Eligible participants had moderate-to-severe chronic plaque 
psoriasis with involved body surface area ≥ 10% (Palm 
Method), a Psoriasis Area and Severity Index (PASI) score 

Key Points 

The PK profiles were comparable between the switching 
and non-switching groups, as demonstrated by the 90% 
CIs of arithmetic means ratio for primary endpoints, 
AUC tau, W26–28 and Cmax, W26–28 being within the prespec-
ified limits of 80–125%.

This study demonstrates that the risk, in terms of safety 
or diminished efficacy of switching between the AVT02 
and the reference product, is not greater than the risk of 
using the reference product alone.

The results of this clinical study support the interchange-
ability of AVT02 with Humira.

Long-term safety and immunogenicity data collected 
during the optional extension phase add to the knowl-
edge base for AVT02.

1 Introduction

Demonstrating the interchangeability of biosimilars with 
reference products supports clinical practice by reducing 
costs and increasing patient access to often-expensive bio-
logic therapies [1]. Switching from a reference product to a 
biosimilar does not cause loss of efficacy, and no increased 
rates of side effects or immunogenicity [2, 3]. As biosimilars 
are being developed, interchangeability study results con-
tinue to build confidence in biosimilars and increasing use. 
In accordance with the US Food and Drug Administration 
(FDA) interchangeability guidelines, the primary endpoint 
in a switching study should assess the impact of switching 
or alternating between the proposed interchangeable product 
and the reference product on clinical pharmacokinetics (PK) 
and pharmacodynamics (if available) [4]. These assessments 
are most likely to be sensitive to changes in immunogenicity 
and/or exposure that may arise as a result of alternating or 
switching treatment [4]. Interchangeability of the reference 
product with a biosimilar requires additional criteria to be 
met, such as producing the same clinical result as the refer-
ence product in any given patient. Regulations state that an 
interchangeable product may be substituted for the reference 
product without the involvement of the prescriber. Inter-
changeability without prescriber involvement also applies 
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≥ 12, a static Physician’s Global Assessment (sPGA) ≥ 3 
(moderate to severe) at screening and at baseline (week 1/
day 1), and naïve to adalimumab therapy. A negative Quan-
tiFERON test for tuberculosis was required during screen-
ing. Exclusion criteria included: participants diagnosed with 
erythrodermic psoriasis; pustular psoriasis; guttate psoriasis; 
medication-induced psoriasis; other skin conditions (e.g., 
eczema); or other systemic autoimmune disorder inflamma-
tory diseases. The study design comprised: a lead-in period 
during weeks 1–12 (open-label treatment), a module with 
switching arm (three switching periods) and a non-switching 
arm during weeks 12–28 (double-blind treatment), followed 
by an optional open-label phase extension during weeks 
28–52 (open-label treatment if completed the lead-in period 
and switching period) (Fig. 1).

During scheduled clinic visits, participants underwent 
several evaluations and assessments including vital signs, 
electrocardiograms, clinical laboratory tests, body surface 
area, PASI, sPGA, Dermatology Life Quality Index (DLQI), 
immunogenicity, PK analysis, and assessment of adverse 
events (AEs). Participants provided written informed con-
sent before participation in this study. The study was con-
ducted in accordance with the Declaration of Helsinki, the 
International Council for Harmonisation Good Clinical 
Practice (ICH-GCP) guidelines and the appropriate regula-
tory requirements in the countries in which the study was 
conducted.

2.2  Study Treatment

During the lead-in period (open label; treatment given from 
week 1 to 12), participants initially received 80 mg of ref-
erence product [2 × 40 mg subcutaneous (SC) injections] 
on week 1/day 1. This was followed by a single 40 mg SC 
injection of reference product every other week (EOW) 
from week 2 to 12 with doses given at weeks 2, 4, 6, 8, and 
10) (Fig. 1). Study treatment was administered by the site 
investigator at each study visit during the lead-in period. 
At the end of the lead-in period, participants with a clini-
cal response of ≥ 75% improvement in the Psoriasis Area 
and Severity Index (PASI75) were permitted to enter the 
switching module and randomly assigned (1:1) to one of two 
treatment groups. In group 1 for the first switching period, 
participants received a single 40 mg SC injection of AVT02 
EOW (i.e., doses at weeks 12 and 14); for the second switch-
ing period, participants received a single 40 mg SC injection 
of reference product EOW (i.e., doses at weeks 16 and 18); 
for the third switching period, participants received a single 
40 mg SC injection of AVT02 EOW (i.e., doses at weeks 20, 
22, 24, and 26). For treatment group 2, participants received 
a single 40 mg SC injection of reference product EOW from 
week 12 to 26 (i.e., doses at weeks 12, 14, 16, 18, 20, 22, 24, 
and 26). During the switching module (weeks 12–28), study 
treatment was administered at each study visit by the site 
investigator (i.e., weeks 12, 16, 20, and 26); the participant/

Fig. 1  Study design. EOW every other week, PASI Psoriasis Area and Severity Index, PK pharmacokinetics, PsP plaque psoriasis, RP reference 
product, SC subcutaneous, W week
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caregiver administered the study treatment at home, with 
optional administration on site if required on weeks 14, 18, 
22, and 24. At week 28, participants with a clinical response 
(PASI50) were offered the possibility of continuing in the 
optional extension phase of the study (weeks 28–52). In the 
extension phase, a single 40 mg SC injection of AVT02 was 
administered EOW starting from week 28, ending with the 
final study treatment administration at week 50 (i.e., doses 
at weeks 28, 30, 32, 34, 36, 38, 40, 42, 44, 46, 48, and 50). 
Except for doses at weeks 28 and 42, when study treatment 
was administered at the study visit by the site investigator, 
the participant/caregiver administered remaining doses at 
home (i.e., doses at weeks 30, 32, 34, 36, 38, 40, 44, 46, 48, 
and 50). The end of study visit was at week 52.

Patients were encouraged not to miss study drug doses, 
and a window of ± 3 days was allowed for the dosing sched-
ule. Patients/caregivers were instructed to inject study drug 
at approximately the same time and day every other week. 
Study drug was dispensed in single-use, prefilled syringes. 
Subjects/caregivers were instructed for handling of the study 
drug and trained to utilize an eDiary to collect information 
about the injections and any possible injection site reactions 
(ISRs). The study staff helped the subject/caregiver regis-
ter into the eDiary system at the time of the first dosing 
visit. Study staff and subjects were notified if the subject/
caregiver did not enter information into the eDiary system 
± 3 days of the expected date/time of a dose. The subject/
caregiver received a telephone call from the study site to 
enquire whether the dose of study drug was given and/or 
any AEs have occurred. At each visit, study staff reviewed 
the eDiary entries with the subject/caregiver and provided 
re-training, as necessary. Study drug compliance per proto-
col in this study was assessed by the investigator and study 
staff on the basis of the study drug usage recorded by the 
subject/caregiver in the eDiary. For participants for whom 
there were compliance issues, participants/caregivers were 
re-educated by the investigator or study staff on the impor-
tance of administering study drug per protocol.

In this study, AVT02 and reference product were admin-
istered per the approved dosing regimen for moderate-to-
severe chronic plaque psoriasis (40 mg/mL). Blinding dur-
ing the switching module (double blind) was achieved by 
masking devices to conceal the syringes. During the lead-
in period, all participants received the reference product. 
At week 12, if participants met the PASI75 qualification 
for the switching module, the site contacted the interac-
tive response technology to randomize the participant to 
the treatment arms. Participants were assigned to the study 
drug in accordance with the randomization schedule gener-
ated using permuted block randomization by an independent 
statistician. Participant randomization was stratified by body 
mass index (BMI) (< 30 kg/m2 or ≥ 30 kg/m2), and age (< 
65 years or ≥ 65 years).

2.3  Primary Outcomes

The primary objective of this study was to evaluate the PK 
in participants receiving only reference product compared 
with the PK in participants undergoing repeated switches 
between reference product and AVT02 using the endpoints: 
area under the concentration–time curve over the dosing 
interval (AUC tau) from week 26 to 28 (AUC tau, W26–28), and 
maximum concentration (Cmax) over the dosing interval 
from week 26 to 28 (Cmax, W26–28). Secondary PK endpoints 
included: time to maximum concentration during the dosing 
interval from week 26 to 28; trough concentration (Ctrough) 
over the dosing interval from week 26 to 28; Ctrough after 
each switch at weeks 12, 16, and 20; ratio of Ctrough after 
the last administration of the study drug at week 26 versus 
week 12; Ctrough after the last administration of the study 
drug at week 26 in participants who were PASI75 respond-
ers; and percentage of anti-drug antibody (ADA)-negative 
participants at week 12.

2.4  Other Evaluations

Secondary objectives compared the immunogenicity, effi-
cacy, and safety profiles of reference product with repeated 
switching of reference product and AVT02. Immunogenicity 
was evaluated using a one-assay approach to detect anti-
AVT02 and anti-reference product (Humira) antibodies in 
one assay setup following current recommendations [16]. 
Serum samples for immunogenicity assessment were col-
lected at weeks 1 (baseline), 12, 16, 20, 26, and 28 during 
the switching module and at weeks 42 and 52 during the 
optional extension phase. Efficacy endpoints were percent-
age improvement in PASI from week 1 to 28 and percentage 
improvement in PASI from week 12 to 28. During analysis, 
absolute improvement was also included as this was deemed 
a more clinically relevant endpoint. Change in DLQI was 
assessed from week 1 to 28 and week 12 to 28. The num-
ber and percentage of participants who achieved sPGA 
responses of clear (0) or almost clear (1) at weeks 12 and 
28 were recorded. Only participants with PASI ≥ 50% were 
allowed to continue into the optional extension phase. Safety 
assessments included analysis of incidence, type, and sever-
ity of AEs (including adverse drug reactions), injection-site 
reactions (ISRs), ADAs, physical examination, and labora-
tory parameters (routine safety parameters, liver function 
parameters, serology screening test, QuantiFERON-TB Gold 
test). A complete physical examination consisted of general, 
head, eyes, ears, nose, throat, respiratory, gastrointestinal, 
extremity, musculoskeletal, cardiovascular, nervous sys-
tem, lymph node, and dermatologic evaluations and height, 
weight, and any other physical conditions of note. A targeted 
physical examination consisted of vital signs and evalua-
tions of skin and joints and cardiovascular, respiratory, 
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neurologic, and any other systems associated with the par-
ticipant’s complaints or AEs. Participants recorded any ISRs 
in the eDiary and on the paper ISR worksheet provided. 
Participants described the characteristics of the ISR (e.g., 
pain/tenderness, erythema/redness, induration/swelling, pru-
ritus/itching, hematoma/ecchymosis/bruising) at the site of 
injection. Any findings were recorded on the ISR worksheet, 
and if the intensity grading was ≥ 1, were entered into the 
electronic case report form as an AE. AEs were reported 
from the lead-in period to the end of the optional extension 
phase of the study.

2.5  Statistical Analysis

The primary endpoints AUC tau, W26–28 and Cmax, W26–28 were 
analyzed using an analysis of covariance (ANCOVA) model, 
with the treatment group as a fixed effect and age and BMI at 
week 12 as the continuous covariates, to estimate the arith-
metic least square (LS) means for each treatment group and 
the corresponding standard errors (SE). The analysis of the 
primary endpoints involved calculating the 90% confidence 
intervals (CIs) for the arithmetic means ratios, which were 
constructed using the Fieller’s theorem [17]. Arithmetic means 
were used in preference to geometric means due to the lack 
of normality for both AUC tau, W26–28 and Cmax, W26–28 on the 
natural log scale. Normality was satisfied, however, on the 
untransformed scale. A conclusion of equivalence was made 
on the basis of the 90% CIs being within the range 80–125% 
for the per protocol set for both AUC tau, W26–28 and Cmax, W26–28. 
Additionally, the arithmetic means ratios and associated 90% 
CIs are presented for the full analysis set (FAS), the per proto-
col set, and the subgroups defined according to the following: 
coronavirus disease 2019 (COVID-19) vaccination status, age, 
gender, BMI at week 12, ADA status, and neutralizing anti-
body (NAb) status.

In addition, descriptive statistics of AUC tau, W26–28 and 
Cmax, W26–28, percentage improvement in PASI, and change in 
DLQI and sPGA were further evaluated by treatment group for 
selected subgroups of the FAS. Descriptive statistics for Ctrough 
at weeks 12, 16, and 20 were provided by treatment group on 
the basis of observed data for the FAS. Moreover, the same 
model as for the primary analysis (ANCOVA) was provided 
for the evaluation of Ctrough after each switch on the basis of 
the observed data for the FAS.

Sample size was determined to ensure a sufficient number 
of participants were available for the primary endpoint analy-
sis. Assuming that 71.5% of participants initially recruited 
would be PASI75 responders at week 12 [18] and assuming 
an 18% non-evaluable rate among the PASI75 responders (due 
to dropouts and those not providing data at week 26), 550 
participants were planned to participate in the study at week 
1 (baseline).

3  Results

3.1  Participant Disposition

The demographics and baseline characteristics were well 
balanced across both treatment groups (Table 1, Online 
Resource 1) with a total of 698 screened participants of 
which 131 were screen failures (Fig. 2). During the lead-
in period (weeks 1–12), all enrolled participants (567) 
received reference product; nine (1.9%) discontinued 
study treatment during the lead-in period. Overall, 550 
participants (97.0%) had clinical responses of PASI75 at 
week 12 and entered the switching module. Eight partici-
pants (1.4%) completed the lead-in period but did not have 
PASI75 clinical responses. During the switching module 
(weeks 12–28), 277 participants were randomized to the 
AVT02/reference product/AVT02 group, and 273 were 
randomized to the reference product-only group. Twenty-
two participants (4.0%) discontinued study treatment 
during the switching module [14 (5.1%) in the switching 
group and 8 (2.9%) in the non-switching group] (Table 2). 
Overall, 525 participants (92.6%) had a clinical response 
of PASI ≥ 50% at week 28 and entered the optional exten-
sion phase of the study. Most participants (514; 97.9%) 
completed the extension phase, with 11 (2.1%) discontinu-
ing treatment. Adverse effects not related to COVID-19 
were the most common reasons for treatment discontinu-
ation (Table 2).

3.2  Primary Endpoint: Pharmacokinetics

The LS mean of AUC tau, W26–28 for the switching and non-
switching groups was 3.15 ×  106 and 3.10 ×  106, respec-
tively (Table 3). The ratio of the LS means (90% CI) was 
101.7 (91.4–112.0). The LS mean of Cmax, W26–28 for the 
switching and non-switching groups was 1.40 ×  104 and 
1.29 ×  104, respectively (Table 3). The ratio of the LS 
means (90% CI) was 108.1 (98.3–117.9). The 90% CIs 
for the switching:non-switching LS mean ratio for both 
AUC tau, W26–28 and Cmax, W26–28 were within the limits 
of 80–125%, demonstrating PK similarity between the 
switching and non-switching treatment groups (Table 3). 
Arithmetic means ratios and 90% confidence intervals for 
the primary endpoints AUC tau, W26–28 and Cmax, W26–28 for 
subgroups were similar (Fig. 3).

Secondary PK endpoints indicated trough (predose) 
concentrations of adalimumab were in the similar range 
for individual participants with repeated switches between 
week 16 and week 28 (switching group) compared with 
the consistent dosing regimen of the non-switching group 
(Fig. 4). During the weeks 26–28 dosing interval, the 
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Table 1  Demographics and baseline characteristics—switching module

Switching module
(weeks 12–28)

Switching group 
(N = 277)
n (%)

Non-switching group 
(N = 273)
n (%)

Total 
(N = 550)
n (%)

Age (years) at informed consent
n 277 273 550
Mean (SD) 41.2 (12.55) 41.8 (12.59) 41.5 (12.56)
Median 40.0 41.0 40.0
Min–max 18–72 18–73 18–73
Age group, n (%)
< 65 years 266 (96.0) 263 (96.3) 529 (96.2)
≥ 65 years 11 (4.0) 10 (3.7) 21 (3.8)
Gender, n (%)
Male 189 (68.2) 165 (60.4) 354 (64.4)
Female 88 (31.8) 108 (39.6) 196 (35.6)
Ethnicity, n (%)
Hispanic or Latino 3 (1.1) 2 (0.7) 5 (0.9)
Not Hispanic or Latino 274 (98.9) 271 (99.3) 545 (99.1)
Race, n (%)
White 277 (100) 272 (99.6) 549 (99.8)
Black or African American 0 0 0
Asian 0 1 (0.4) 1 (0.2)
American Indian or Alaska Native 0 0 0
Native Hawaiian or Other Pacific Islander 0 0 0
BMI (kg/m2)
n 277 273 550
Mean (SD) 28.22 (6.418) 27.69 (5.347) 27.96 (5.911)
Median 27.60 27.20 27.50
Min–max 16.8–90.1 15.9–47.7 15.9–90.1
BMI category, n (%)
< 30 kg/m2 187 (67.5) 184 (67.4) 371 (67.5)
≥ 30 kg/m2 90 (32.5) 89 (32.6) 179 (32.5)
PASI
n 277 273 550
Mean (SD) 23.62 (8.148) 23.31 (7.993) 23.47 (8.065)
Median 21.60 21.20 21.60
Min–max 12.0–54.8 12.0–58.8 12.0–58.8
sPGA, n (%)
Minimal 0 0 0
Mild 0 0 0
Moderate 156 (56.3) 160 (58.6) 316 (57.5)
Severe 85 (30.7) 81 (29.7) 166 (30.2)
Very severe 36 (13.0) 32 (11.7) 68 (12.4)
% BSA affected (%)
n 277 273 550
Mean (SD) 29.73 (14.003) 29.18 (13.454) 29.46 (13.723)
Median 27.00 26.00 26.40
Min–max 10.0–90.0 10.0–75.0 10.0–90.0
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BMI is calculated by weight (kg)/(height (m))2 at screening.
Percentages are based on the number of participants in the full analysis set by treatment group.
% BSA percentage of body surface area, BMI body mass index, max maximum, min minimum PASI Psoriasis Area and Severity Index, SD stand-
ard deviation, sPGA static Physician’s Global Assessment

Table 1  (continued)

Switching module
(weeks 12–28)

Switching group 
(N = 277)
n (%)

Non-switching group 
(N = 273)
n (%)

Total 
(N = 550)
n (%)

Months from diagnosis of chronic plaque psoriasis to informed consent
n 277 273 550

Mean (SD) 191.8 (136.78) 195.4 (144.62) 193.6 (140.61)
Median 162.0 162.0 162.0
Min–max 3–717 9–692 3–717

Fig. 2  Disposition of participants. aCOVID-19 related n = 0; not 
COVID-19 related n = 3. bCOVID-19 related n = 0; not COVID-19 
related n = 4. cCOVID-19 related n = 1; not COVID-19 related n = 6. 
dCOVID-19 related n = 0; not COVID-19 related n = 4. eCOVID-19 
related n = 1; not COVID-19 related n = 2. fCOVID-19 related n = 0; 

not COVID-19 related n = 4. gCOVID-19 related n = 1; not COVID-
19 related n = 4. hCOVID-19 related n = 0; not COVID-19 related n 
= 5. n number of participants in the sample, PASI Psoriasis Area and 
Severity Index
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Table 2  Participant disposition—full analysis set

Lead-in period
(weeks 1–12)

Switching module
(weeks 12–28)

Optional 
extension 
phase
(weeks 28–52)

Overall 
(N = 567)
n (%)

Reference product 
(N = 567)
n (%)

Switching group 
(N = 277)
n (%)

Non-switching group 
(N = 273)
n (%)

Total 
(N = 550)
n (%)

AVT02 
(N = 525)
n (%)

Full analysis set 567 277 273 550 525 567
Completed weeks 1–12 open-label 

treatment
558 (98.4) NA NA NA NA 558 (98.4)

Discontinued weeks 1–12 open-label 
treatment

9 (1.6) NA NA NA NA 9 (1.6)

Completed weeks 1–12 but did not 
participate in weeks 12–28 double-
blind treatment

8 (1.4) NA NA NA NA 8 (1.4)

PASI75 responders at week 12 550 (97.0) NA NA NA NA 550 (97.0)
Participants who completed weeks 1–12 but did not participate further
PASI75 non-responders 8 (1.4) NA NA NA 8 (1.4)
Completed in weeks 12–28 double-

blind treatment
NA 263 (94.9) 265 (97.1) 528 (96.0) NA 528 (93.1)

Discontinued weeks 12–28 double-
blind treatment

NA 14 (5.1) 8 (2.9) 22 (4.0) NA 22 (3.9)

Completed weeks 12–28 but did not 
participate in weeks 28–52 open-label 
treatment

NA 0 3 (1.1) 3 (0.5) NA 3 (0.5)

Primary reason for discontinuation
Adverse event 3 (0.5) 7 (2.5) 3 (1.1) 10 (1.8) NA 13 (2.3)

COVID-19 related 0 1 (0.4) 1 (0.4) 2 (0.4) NA 2 (0.4)
Not COVID-19 related 3 (0.5) 6 (2.2) 2 (0.7) 8 (1.5) NA 11 (1.9)
Death 0 1 (0.4) 0 1 (0.2) NA 1 (0.2)
Withdrawal of consent 4 (0.7) 4 (1.4) 4 (1.5) 8 (1.5) NA 12 (2.1)

COVID-19 related 0 0 0 0 NA 0
Not COVID-19 related 4 (0.7) 4 (1.4) 4 (1.5) 8 (1.5) NA 12 (2.1)
Lost to follow-up 1 (0.2) 1 (0.4) 0 1 (0.2) NA 2 (0.4)
PASI criteria not met 8 (1.4) 0 0 0 NA 8 (1.4)
Non-compliance 0 0 0 0 NA 0
PI decision 0 0 0 0 NA 0
Other 1 (0.2) 1 (0.4) 1 (0.4) 2 (0.4) NA 3 (0.5)
PASI50 responders at week 28 NA 263 (94.9) 262 (96.0) 525 (95.5) 525 (100.0) 525 (92.6)
Completed weeks 28–52 open-label 

treatment
NA NA NA NA 514 (97.9) 514 (90.7)

Discontinued weeks 28–52 open-label 
treatment

NA NA NA NA 11 (2.1) 11 (1.9)

Primary reason for discontinuation
Adverse event 3 (0.5) 7 (2.5) 3 (1.1) 10 (1.8) 5 (1.0) 18 (3.2)

COVID-19 related 0 1 (0.4) 1 (0.4) 2 (0.4) 1 (0.2) 3 (0.5)
Not COVID-19 related 3 (0.5) 6 (2.2) 2 (0.7) 8 (1.5) 4 (0.8) 15 (2.6)
Death 0 1 (0.4) 0 1 (0.2) 0 1 (0.2)
Withdrawal of consent 4 (0.7) 4 (1.4) 4 (1.5) 8 (1.5) 5 (1.0) 17 (3.0)

COVID-19 related 0 0 0 0 0 0
Not COVID-19 related 4 (0.7) 4 (1.4) 4 (1.5) 8 (1.5) 5 (1.0) 17 (3.0)
Lost to follow-up 1 (0.2) 1 (0.4) 0 1 (0.2) 0 2 (0.4)
PASI criteria not met 8 (1.4) 0 3 (1.1) 3 (0.5) 0 11 (1.9)
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mean adalimumab concentrations and mean concentra-
tion–time profiles were similar for both treatment groups 
(Fig. 5).

Considering the high intersubject variability (up to 92.0%), 
overall, the mean trough concentration (Ctrough) was similar 
between the switching and non-switching treatment groups, 
increasing slightly for both treatment groups with each 

subsequent administration between week 10 and week 26 
(Table 4). The mean Ctrough ranged from 6498.6 to 7459.6 ng/
mL in the switching group and from 6250.5 to 7364.8 ng/
mL in the non-switching group. The ratio of Ctrough for weeks 
26–28 and weeks 10–12 was 1.0 for the repeated switches in 
the switching group and 1.1 in the non-switching treatment 
group, suggesting no appreciable accumulation. The arithmetic 

At week 12, responsive participants with PASI75 were randomly assigned to either of the following groups for participation in the switching 
period.
Switching AVT02/reference product/AVT02: AVT02 at weeks 12 and 14; reference product at weeks 16 and 18; AVT02 at weeks 20, 22, 24, and 
26.
Percentages are based on the number of participants in the FAS by treatment group per each study phase.
COVID-19 coronavirus 2019, FAS full analysis set, PASI Psoriasis Area and Severity Index, n number of participants in the sample, N number of 
participants, NA not applicable, PI Principal Investigator

Table 2  (continued)

Lead-in period
(weeks 1–12)

Switching module
(weeks 12–28)

Optional 
extension 
phase
(weeks 28–52)

Overall 
(N = 567)
n (%)

Reference product 
(N = 567)
n (%)

Switching group 
(N = 277)
n (%)

Non-switching group 
(N = 273)
n (%)

Total 
(N = 550)
n (%)

AVT02 
(N = 525)
n (%)

Non-compliance 0 0 0 0 0 0
PI decision 0 0 0 0 0 0
Other 1 (0.2) 1 (0.4) 1 (0.4) 2 (0.4) 1 (0.2) 4 (0.7)

Table 3  Analysis of the pharmacokinetic parameters of adalimumab after switching versus non-switching—per protocol set

a Pharmacokinetic parameters for primary PK endpoint were not estimated for some participants in the per protocol set.
The LS means of switching and non-switching groups are from the ANCOVA model including AUC tau, W26–28 or Cmax, W26–28 as the response 
variable, treatment as a factor, and week 12 BMI and age as covariates. The two-sided 90% CIs were calculated on the basis of Fieller’s theorem.
Subject 7001025 was excluded from the analysis due to extremely high PK concentration.
ANCOVA analysis of covariance, AUC tau, W26–28 area under the concentration–time curve over the dosing interval from week 26 to 28, BMI body 
mass index, CI confidence interval, Cmax, W26–28 maximum concentration over the dosing interval from week 26 to 28, LS least square, PK phar-
macokinetic

PK parameter Switching group
(N = 261)

Non-switching group
(N = 262)

AUC tau, W26–28 (h·ng/mL)
n 232a 226a

Arithmetic LS mean 3.15 ×  106 3.15 ×  106

Ratio of arithmetic LS mean (%) 101.7
90% CI for ratio (%) based on Fieller’s theorem 91.4–112.0
Cmax, W26–28 (ng/mL)
n 246a 250a

Arithmetic LS mean 1.40 ×  104 1.29 ×  104

Ratio of arithmetic LS mean (%) 108.1
90% CI for ratio (%) based on Fieller’s theorem 98.3–117.9
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Fig. 3  Forest plot (Fieller’s theorem) of 90% CI for ratio of arithme-
tic mean: (A) AUC tau and (B) Cmax, from week 26 to 28—switch-
ing module (weeks 12–28). ADA anti-drug antibody, AUC tau, W26–28 
area under the concentration–time curve over the dosing interval 

from week 26 to 28, BMI body mass index, CI confidence interval, 
Cmax, W26–28 maximum concentration over the dosing interval from 
weeks 26–28, COVID-19 coronavirus 2019, FAS full analysis set, 
NAb neutralizing antibody

Fig. 4  Adalimumab trough 
concentrations for individual 
participants after switching and 
non-switching from week 1 
through week 28—per protocol 
set. Although one participant 
(reference product group) was 
considered an outlier during the 
week 26–28 dosing interval, 
data for subject 7001025 were 
considered evaluable during the 
lead-in period and were retained 
in the trough concentration 
figures
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LS mean Ctrough ratios ranged from 99.9% to 106.3% and the 
90% CIs were within the 80–125% range for concluding equiv-
alence. These results were confirmed using a bootstrapping 
method, which yielded comparable 90% CIs.

3.3  Secondary Endpoints

3.3.1  Immunogenicity

Most participants were ADA positive in the lead-in period 
[398 (70.2%) of which 318 had NAbs] and the switching 
period (switching group: 86.3%; non-switching group: 
87.9%), which included 14.4% who were already positive at 
baseline (Fig. 6). The presence of drug reactive, pre-exist-
ing antibodies has been observed in other clinical studies 
with Humira biosimilars such as Hyrimoz (GP2017) [19], 
Cyltezo (BI 695501) [20], and Amjevita (ABP 501) [21, 
22], as well as in AVT02 [12]. The exact cause of this is 
often unknown but could be a consequence of prior expo-
sure to a protein or glycan with a similar epitope [23]. 
Through week 12, the incidence of treatment-emergent 
ADAs was 66.0%; 82.0% of ADA-positive participants 
also had NAbs (Online Resource 2). During the switch-
ing period, the percentage of participants who were ADA 
or NAb positive was similar in the switching and non-
switching treatment groups (Fig. 6). Through week 28, the 
total incidence of ADA was 86.3% in the switching group 
and 87.9% in the non-switching group. The prevalence of 
ADAs and NAbs (in participants with ADAs) was compa-
rable at all timepoints assessed in the switching module, 
including at both week 26 and week 28, the timepoints 
covering the primary endpoint. From week 12 to 28, the 
incidence of treatment-emergent ADAs was 57.5% in the 
switching group compared with 57.1% in the non-switch-
ing group; a similar percentage of participants with ADAs 
had NAbs (79.5% versus 82.3%, respectively). During the 
optional extension phase, the total incidence of ADAs was 
90.3% and the total incidence of NAbs was 82.7% (Online 
Resource 3). ADAs and NAbs (in participants with ADAs) 
were comparable at all timepoints assessed in the optional 
extension phase, including at both week 42 and week 52. 
From week 28 to 52, the incidence of treatment-emergent 
ADAs was 25.0%. Antibody incidence before the optional 
extension phase was 66.7% and 55.2% for ADAs and NAbs, 
respectively.

During the lead-in period, the median ADA titer was, as 
expected, higher at week 12 (32.0) compared with baseline 
(2.0). During the switching period, the median ADA titer 
was comparable across timepoints (baseline and weeks 12, 
16, 20, 26, and 28) in both the switching and non-switching 
arms (Fig. 7). The time of onset and frequencies of ADAs 
and NAbs were similar in participants in the switching and 
non-switching treatment groups through week 28. Caution 

should be used when analyzing the semi-quantitative ADA 
titer data using summary statistics, which are typically used 
for continuous variables. The similar titer between treatment 
groups is reflected in the comparable ADA and NAb inci-
dence rates at week 26 and week 28 (the window for the 
primary endpoint) in the switching module. In the optional 
extension phase, the ADA titer levels were similar across 
weeks 28, 42, and 52.

3.3.2  Efficacy

The mean absolute PASI values and the mean percentage 
PASI improvement from baseline to week 28 were similar 
in the switching group (from 23.6 to 0.9; 96.0% improve-
ment) and the non-switching treatment group (from 23.3 
to 0.9; 95.8% improvement) (Online Resource 4 and 5). 
At week 28, the absolute improvement from baseline in 
PASI was similar in both treatment groups [22.96 (mean 
standard deviation, SD 8.42) in the switching group and 
22.33 (mean SD 8.19) in the non-switching group] with 
a treatment difference (95% CI) of 0.63 (− 0.79 to 2.05). 
At week 28, the absolute improvement from week 12 in 
PASI was not clinically significant in the switching group 
compared with the non-switching group [0.37 (1.84) versus 
0.22 (2.26)] with a treatment difference (95% CI) of 0.16 
(– 0.2 to 0.51) (Online Resource 4). Both the mean absolute 
PASI value and the mean percentage PASI improvement by 
ADA status from baseline to week 12 were similar for both 
the switching and non-switching groups in the ADA-posi-
tive subgroup [from 23.7 to 1.3 (a 94.2% improvement) and 
from 23.7 to 1.2 (a 94.4% improvement), respectively] and 
in the ADA-negative subgroup [from 23.4 to 1.1 (a 95.4% 
improvement) and from 20.7 to 0.9 (a 95.7% improvement), 
respectively]. This efficacy persisted and improved from 
baseline through week 28 in both the switching and non-
switching groups in the ADA-positive and ADA-negative 
subgroups (Fig. 8D–F).

From baseline to week 28, mean (SD) DLQI score in the 
switching group improved from 14.4 (6.87) to 1.6 (2.88), 
with a mean change of – 12.9 (7.25). During the same time 
period, the mean (SD) DLQI score in the non-switching 
group improved from 14.5 (6.69) to 1.9 (3.36). From week 
12 to 28, mean (SD) DLQI score in the switching group 
improved from 2.0 (3.11) to 1.6 (2.88); a similar trend was 
seen in the non-switching treatment group, from 2.3 (3.47) 
to 1.9 (3.36) (Online Resource 6). The mean (SD) change 
from baseline to week 28 in DLQI by ADA status was − 13.0 
(7.33) in the switching group and − 12.8 (7.57) in the non-
switching group in the ADA-positive subgroup and − 12.3 
(6.80) versus − 11.1 (6.51), respectively, in the ADA-nega-
tive subgroup (Fig. 8E).

At week 12, the total percentage of participants achieving 
sPGA responses of clear (0) or almost clear (1) at week 12 
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was 94.8% (n = 527/556) (Fig. 8C), accounting for 95.3% (n 
= 264/277) in the switching treatment group and 96.0% (n 
= 262/273) in the non-switching treatment group. At week 
28, the percentage of participants with sPGA responses of 
clear (0) or almost clear (1) was: 92.0% (n = 242/263) in 
the switching group and 91.7% (n = 242/264) in the non-
switching group (Fig. 8C). The percentage change in PASI, 
DLQI, and sPGA was comparable between participants with 
or without ADAs or NAbs (Fig. 8). There were no mean-
ingful differences in efficacy outcomes for switching group 
compared with the non-switching group in the switching 
module.

3.3.3  Safety

The majority of treatment-emergent adverse events (TEAEs) 
reported were mild. The number and percentage of partici-
pants with any TEAEs were similar in both groups: non-
switching group 90 (33%) participants with 188 events; 
switching group 86 (31%) participants with 168 events, from 
week 12 to 28 (Table 5). In the optional extension phase, 
most TEAEs were mild [126 TEAEs in 82 participants 
(15.6%)], four participants (0.8%) experienced five severe 
TEAEs, and 123 participants (23.4%) reported a total of 200 
TEAEs (Online Resource 7). In both treatment groups, the 

Fig. 5  Mean (SD) adalimumab 
concentration-time profiles after 
switching and non-switching 
from week 26 through week 
28—per protocol set (exclud-
ing one participant). Subject 
7001025 (reference product 
group) was considered an 
outlier during the week 26–28 
dosing interval; data for sub-
ject 7001025 were excluded 
from this figure. SD standard 
deviation

Table 4  Pharmacokinetic parameters of adalimumab after switching and non-switching—full analysis set

AUC tau, W26–28 area under the concentration–time curve over the dosing interval from week 26 to 28, AUC last, W26–28 area under the concentra-
tion–time curve after last dosing interval from week 26 to 28, Cmax, W26–28 maximum concentration over the dosing interval from week 26 to 28, 
Ctrough, W10–12 trough concentration over the dosing interval from week 10 to 12, Ctrough, W14–16 trough concentration over the dosing interval from 
week 14 to 16, Ctrough, W18–20 trough concentration over the dosing interval from week 18 to 20, Ctrough, W24–26 trough concentration over the dos-
ing interval from week 24 to 26, Ctrough, W26–28 trough concentration over the dosing interval from week 26 to 28, CV coefficient of variation, PK 
pharmacokinetic, SD standard deviation, Tmax, W26–28 time to maximum concentration over the dosing interval from week 26 to 28
a Subject 7001025 (Humira Group) was excluded.
b Median (min–max).

PK parameters Switching group
(N = 277)

Non-switching group
(N = 273)

n Mean (SD) CV% n Mean (SD) CV%

AUC tau, W26–28
a (h·ng/mL) 234 3,140,395.1 (2,232,686.41) 71.1 228 3,088,239.2 (2,430,430.03) 78.7

AUC last, W26–28
a (h·ng/mL) 248 3,140,908.8 (2,208,530.53) 70.3 252 3098241.1 (2,351,789.75) 75.9

Cmax, W26–28
a (ng/mL) 248 13,825.2 (9149.69) 66.2 252 13,022.3 (9186.57) 70.5

Ctrough, W10–12 (ng/mL) 277 6498.6 (4669.43) 71.9 272 6348.9 (4697.57) 74.0
Ctrough, W14–16 (ng/mL) 272 6528.3 (5369.08) 82.2 271 6250.5 (5279.91) 84.5
Ctrough, W18–20 (ng/mL) 269 6740.1 (5914.70) 87.8 271 6834.1 (5923.76) 86.7
Ctrough, W24–26 (ng/mL) 263 7459.6 (6533.83) 87.6 263 7364.8 (6648.68) 90.3
Ctrough, W26–28 (ng/mL) 263 7294.7 (6216.20) 85.2 263 7408.1 (6815.65) 92.0
Ctrough  ratiob (W26–28/W10–12) 263 1.0000 (0.000, 3680.000) 262 1.0846 (0.000, 1805.333)
Tmax, W26–28

a,b (h) 248 73.38 (0.0, 335.6) 252 94.54 (0.0, 336.0)
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most commonly reported TEAE during the switching period 
was ISRs (Online Resource 8). Most were mild or moder-
ate in severity. During the switching period, 150 treatment-
related TEAEs occurred in 81 participants (14.7%): 42 par-
ticipants (15.4%, 94 events) in the non-switching group; 39 
participants (14.1%, 56 events) in the switching group. Dur-
ing the switching module, six participants (1.1%) reported 
six serious TEAEs; none of these was considered treatment 
related (Online Resource 9). During the optional exten-
sion phase, three participants (0.6%) reported three serious 
TEAEs, of which one (erysipelas) was considered treatment 
related. The erysipelas occurred on the right leg, for which 
the subject was hospitalized and treated with penicillin. The 
intensity of the event was reported by the investigator as 
moderate and study treatment was not interrupted due to the 
event. Overall, there were no notable differences in severe 
treatment-related TEAEs between the treatment groups. One 
participant died during the study, due to carbon monoxide 
poisoning (not related to study treatment). No clinically 
significant changes from baseline over time were observed 
across the treatment groups in any hematology, chemistry, 
urinalysis, vital signs, physical examinations, or electrocar-
diogram values (Online Resource 10).

4  Discussion

Biosimilars are rapidly being developed as alternatives 
to expensive reference biologics and have been reducing 
financial pressures facing healthcare systems [1, 24, 25]. 
In the USA, interchangeability may be important to achieve 
maximal savings, as interchangeability would permit phar-
macy-level auto-substitution of an innovator product [26]. 
Our study was conducted in accordance with FDA inter-
changeability regulatory guidelines, and the PK were com-
parable for the switching and non-switching groups. All PK 

parameters of relevance [mean Ctrough (Ctrough, W10–12 through 
Ctrough, W26–28), mean AUC tau, W26–28 and Cmax, W26–28] were 
similar for the FAS of the switching and non-switching 
groups. Different participant subgroups were evaluated in 
terms of the mean AUC tau and Cmax from week 26 to 28, 
and the results were similar between the treatment groups 
with minor differences in the age, gender, and BMI sub-
groups, which were not statistically significant and can be 
attributed to the small sample size. In addition, serum con-
centrations of adalimumab were similar for individual par-
ticipants with the repeated switches in the switching group 
and the non-switching group, suggesting that the efficacy of 
AVT02, as with other biosimilars, is maintained over time 
[12, 20, 27–30]. This switching study corroborates the lack 
of clinically meaningful differences between AVT02 (100 
mg/mL) and reference product, thus supporting the idea of 
interchangeability.                                     

The higher clinical response rate (97% of patients 
achieved PASI75 at week 12) in this study than could be 
anticipated could be attributed to strict adherence to the 
protocol and comprehensive training on recording of PASI 
scores during site visits, although there is a known subjec-
tivity with the PASI score method. Furthermore, there were 
more participants in this study who had “severe” rather than 
“moderate” chronic plaque psoriasis and were thus more 
responsive to adalimumab. Finally, participants in our study 
had a lower BMI on average than in previous adalimumab 
studies, suggesting higher efficacy [31, 32].

A challenge with biologic therapeutics is the possibility of 
varied immunogenicity; however, the similarity in percent-
age change in PASI and DLQI, and participants with con-
sistent sPGA scores across ADA-/NAb-negative and ADA-/
NAb-positive groups showed no meaningful difference in 
immunogenicity between reference product and AVT02. The 
safety profile observed for this study was consistent with the 
profile of both reference product and AVT02. In addition, 
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there were no clinically meaningful differences or unex-
pected observations between switching and non-switching 
arms in terms of serious TEAEs, treatment-related TEAEs 
leading to discontinuation, and TEAEs of special interest. In 
this study, only one serious TEAE (erysipelas) was consid-
ered treatment related, occurring during the optional exten-
sion phase. Since PK, immunogenicity, and safety profiles 
were maintained throughout the study, sustained efficacy 
during the extension phase can be expected, supporting the 
switching between reference product and AVT02.

5  Conclusion

AVT02 has similar structure, PK, and target binding to refer-
ence product. Therefore, it is not surprising that there was 
no clinically meaningful difference in efficacy, safety, or 
immunogenicity between using reference product or switch-
ing between AVT02 and reference product. On the basis 
of the PK similarity, similar efficacy endpoints, and com-
parable AE and ADA/NAb profiles between the switching 
and non-switching arms, AVT02 and the reference product 
(high-concentration Humira) meet the FDA requirements for 
interchangeable status.

Fig. 7  Box plot of anti-drug 
antibody titer by visits—safety 
analysis set—switching module 
(weeks 12–28). RP reference 
product.
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Fig. 8  Efficacy data in those with or without neutralizing antibod-
ies (NAbs): (A) absolute change in PASI score, (B) absolute change 
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clear (1), during the switching module. ADA anti-drug antibody, 
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PASI Psoriasis Area and Severity Index, sPGA static Physician’s 
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