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Abstract
In recent years, subcutaneous administration of biotherapeutics has made significant progress. The self-administration market 
for rheumatoid arthritis has witnessed the introduction of additional follow-on biologics, while the first subcutaneous dosing 
options for monoclonal antibodies have become available for multiple sclerosis. Oncology has also seen advancements with 
the authorization of high-volume subcutaneous formulations, facilitated by the development of high-concentration formula-
tions and innovative delivery systems. Regulatory and Health Technology Assessment bodies increasingly consider preference 
data in filing dossiers, particularly in evaluating novel drug delivery methods. The adoption of a pharmacokinetic-based 
clinical bridging approach has become standard for transitioning from intravenous to subcutaneous administration. Non-
inferiority studies with pharmacokinetics as the only primary endpoint have started deviating from traditional randomization 
schemes, favoring the subcutaneous route and comparing with historical intravenous data. While nonclinical and compu-
tational models made progress in predicting safety and immunogenicity for subcutaneously dosed antibodies, clinical trial 
evidence remains essential due to inter-individual variations and the impact of formulation parameters on anti-drug antibody 
formation. Ongoing technological advancements and the expanding knowledge base on pharmacokinetic–pharmacodynamic 
correlation across specialty areas are expected to further accelerate clinical development of subcutaneous biologics.

1 Introduction

This article serves as a sequel to a previously published 
review titled “Subcutaneous Administration of Biotherapeu-
tics: An Overview of Current Challenges and Opportunities” 
in BioDrugs, dated back to 2018 [1]. The update takes into 
consideration the growing significance of subcutaneous (SC) 
dosing of biotherapeutics, specifically monoclonal antibod-
ies (mAbs), in various disease domains during the past 5 
years. A pivotal driver of this advancement has been the 
COVID-19 pandemic, which underscored the necessity for 
administering biotherapeutics via parenteral routes in decen-
tralized healthcare environments [2].

In 2018, despite the existence of prior experience with 
subcutaneous self-administration of large-volume immu-
noglobulin products, there was still skepticism regarding 

the general tolerability and acceptance of high-dose and 
high-volume mAb administration. Today, this methodol-
ogy is widely employed across various indications and has 
become a standard practice [3]. The first large-volume on-
body delivery systems and corresponding treatment manage-
ment strategies have been implemented to enable conveni-
ent administration of such biotherapeutics in the comfort of 
people's homes.

There is a growing recognition that sustainability aspects 
must play a central role not only in the final presentation 
of a medical product but also in considering the costs and 
resources involved in its development [4]. Therefore, it is 
imperative to capitalize on previous knowledge and expe-
riences in the development and commercialization of SC 
formulations for high-dose mAbs. The knowledge acquired 
in one disease area can be effectively applied to other indi-
cations, eliminating the need to duplicate assessments for 
each new molecule that utilizes an established drug delivery 
technology.

The focus of this review is on mAbs available with both 
an intravenous (IV) and an SC dosing regimen and their 
respective follow-on biologics. The article offers recommen-
dations on the rationale, timing, and approach for initiating 
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Key Points 

In the last 5 years, subcutaneous (SC) administration of 
biotherapeutics has evolved in the selected disease area 
archetypes rheumatoid arthritis (RA), multiple sclerosis 
(MS), and high-volume monoclonal antibodies (mAbs) 
in oncology.

Follow-on biologics with similar product presenta-
tions to established brands have entered the RA market. 
Subcutaneously dosed mAbs in prefilled syringe or 
autoinjector formats have been introduced in the MS 
market, and additional large-volume SC dosing options 
are authorized in oncology.

Preference studies confirm the broad acceptance of high 
SC dosing volumes over intravenous (IV) infusion.

The pharmacokinetic-based bridging approach from IV 
to SC administration, initially developed for SC trastu-
zumab, is now a standard across specialty areas.

This article proposes molecule-agnostic measures to 
accelerate clinical development of SC dosing alterna-
tives and injection device platforms for mAbs, aiming 
to facilitate decentralized care through reduced dosing 
complexity.

SC development in comparison with IV development. Fur-
thermore, this article outlines the progression of the mole-
cule-agnostic pharmacokinetic-based clinical bridging path-
way for SC dosing alternatives during the past decade and 
presents potential strategies to expedite further development.

2  Subcutaneous (SC) Administration 
of Biotherapeutics Across Specialty Areas

In the 2018 review article [1], rheumatoid arthritis (RA), 
multiple sclerosis (MS), and high-dose mAbs in oncology 
were chosen as representative disease areas for subcutane-
ously administered biotherapeutics. The present review gives 
an overview of approved product presentations in these dis-
ease areas as of July 2023.

During that period, RA already served as a field where 
SC administration at home, including self-administration, 
was an established norm. This practice was reinforced by a 
wide range of available devices, including prefilled syringes 
and pen devices. In late 2017, the first partially reusable 
autoinjector (AI) for etanercept [5] was introduced to the 
market, aiming to enhance the injection process in remote 
healthcare settings.

Since 2018, the market for RA has witnessed the approval 
of a greater variety of SC biosimilar treatment options 
(Table 1). To date, the number of follow-on biologics that 
have received Marketing Authorization (MA) through the 
European Medicines Agency’s (EMA) centralized procedure 
has risen from two to ten for adalimumab, and from two to 
three for etanercept [6]. During the same period, there has 
been a parallel increase in the number of biosimilar approv-
als by the United States (US) Food and Drug Administra-
tion (FDA) through the abbreviated 351(k) pathway [7]. The 
approvals for adalimumab have grown from two to nine, 
while those for etanercept have increased from one to two. 
It is noteworthy that the dosing regimens and product pres-
entations of these biosimilars are comparable to those of the 
original versions [8]. Up until 2018, three infliximab biosim-
ilars had been approved both in the European Union (EU) 
and the US that are administered intravenously, such as the 
original infliximab product (Remicade) that is exclusively 
administered through IV dosing [5, 8]. In 2020, the EMA 
authorized the first SC follow-on biologic for infliximab 
[9] as an extension to the Marketing Authorization granted 
for the IV formulation. In contrast, the FDA mandated the 
manufacturer to submit a new Biologic License Application 
(BLA) under the 351(a) pathway [10].

While the SC follow-on biologics for adalimumab and 
etanercept have obtained approvals from both the EMA 
and FDA, the presence of patents for the original formula-
tions has resulted in delays for initial biosimilar launches 
in the US. These launches have been pushed back to 2023 
and 2029, respectively [11–13]. Consequently, the first 
adalimumab follow-on biologics, known as Amjevita and 
Hadlima, entered the market in January and July 2023.

A notable regulatory distinction between the EU and 
the US regarding biosimilars is the classification of ‘inter-
changeability.’ The term ‘interchangeability’ pertains to 
the ability of a pharmacist to substitute an equivalent/inter-
changeable medicine without consulting the prescriber [14]. 
According to the EMA, once a biosimilar is approved in 
the EU, it can be considered interchangeable [15]. Under 
the FDA approval process, there are additional requirements 
specific to interchangeable biosimilars, such as the conduct 
of a switching study in which participants alternate between 
the reference product and the interchangeable biosimilar. 
Participants are then compared with people exclusively 
using the reference product [16]. Out of the four follow-on 
biologics that currently meet the FDA's interchangeability 
criteria, only one adalimumab biosimilar, Cyltezo, has been 
classified as interchangeable for the treatment of RA since 
2021 [17].

In 2018, the SC injectable market for MS primarily con-
sisted of interferon treatments, available in diverse presen-
tations like prefilled syringes, pens, autoinjectors, and vials 
for at-home and self-administration. During that period, 
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Table 1  Overview of mAbs with SC formulations in RA (originator and follow-on versions)

Molecule Brand name (company) First approval SC  
version US & EU  
(any indication)

Dosing frequency  
(maintenance)

Injection volume Presentation

Anti-TNFα
Etanercept Enbrel (Amgen/Pfizer) USa

1998
q1w 0.5–1 mL Prefilled syringe, multi-use 

vial for reconstitution, 
prefilled pen

EUa

2000
q1w or twice weekly 0.5–1 mL Prefilled syringe, vial for 

reconstitution, prefilled 
pen, prefilled dose-
dispenser cartridge for 
reusable pen

Erelzi (Sandoz) USa,c

2016
q1w 0.5–1 mL Prefilled syringe, multidose 

vial for reconstitution, 
prefilled pen

EUa,c

2017
q1w or twice weekly 0.5–1 mL Prefilled syringe, prefilled 

pen
Benepali (Samsung 

Bioepis)
US NA NA NA
EUa,c

2016
q1w or twice weekly 0.5–1 mL Prefilled syringe, prefilled 

pen
Eticovo (Samsung 

Bioepis)
USa,c

2019
q1w 0.5–1 mL Prefilled syringe

EU NA NA NA
Nepexto (Mylan)a,c US NA NA NA

EU
2020

q1w or twice weekly 0.5–1 mL Prefilled syringe, prefilled 
pen

Adalimumab Humira (AbbVie) USa

2002
q2w 0.4–0.8 mL Prefilled syringe, vial, 

prefilled pen

EUa

2003
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Amjevita (Amgen) USa,c

2016
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Amgevita (Amgen) EUa,c

2017
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Cyltezo (Boehringer 
Ingelheim)

USa,c,d

2017
q2w 0.2–0.8 mL Prefilled syringe

EUa,c,e

2017
q2w 0.8 mL Prefilled syringe, prefilled 

pen

Imraldi (Samsung 
Bioepis)

US NA NA NA

EUa,c

2017
q2w 0.4–0.8 mL Prefilled syringe, vial, 

prefilled pen

Hulio (Viatris) USa,c

2020
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

EUa,c

2018
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Hyrimoz (Sandoz) USa,c

2018
q2w 0.2–0.8 mL Prefilled syringe, vial, 

prefilled pen

EUa,c,f

2018
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Abrilada (Pfizer) USa,c

2019
q2w 0.2–0.8 mL Prefilled syringe, vial, 

prefilled pen

EUa,c NA NA NA
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Table 1  (continued)

Molecule Brand name (company) First approval SC  
version US & EU  
(any indication)

Dosing frequency  
(maintenance)

Injection volume Presentation

Hadlima (Organon/Sam-
sung Bioepis)

USa,c

2019
q2w 0.8 mL Prefilled syringe, prefilled 

pen

EU NA NA NA

Idacio (Fresenius Kabi) USa,c

2022
q2w 0.8 mL Prefilled syringe, prefilled 

pen

EUa,c

2019
q2w 0.8 mL Prefilled syringe, prefilled 

pen

Amsparity (Pfizer) US NA NA NA

EUa,c

2020
q2w 0.4–0.8 mL Prefilled syringe, vial, 

prefilled pen

Hukyndra (Alvotech) US NA NA NA

EUa,c,g

2021
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Yuflyma (Celltrion) USa,c

2023
q2w 0.4 mL Prefilled syringe, prefilled 

pen

EUa,c

2021
q2w 0.4–0.8 mL Prefilled syringe, prefilled 

pen

Yusimry (Coherus) USa,c

2021
q2w 0.8 mL Prefilled syringe

EU NA NA NA
Certolizumab pegol Cimzia (UCB)a USa

2008
q2w and q4w 1 mL Prefilled syringe, vial

EUa

2009
q2w and q4w 1 mL Prefilled syringe, prefilled 

pen, dose-dispenser 
cartridge

Golimumab Simponi (Janssen) USb,h

2009i
q1m 0.5 mL Prefilled syringe, prefilled 

pen
EUa

2009i
q1m 0.45–1 mL Prefilled syringe, prefilled 

pen

Infliximab Remsima (Celltrion) US NA NA NA

EUb,c

2020i
q2w 1 mL Prefilled syringe, prefilled 

pen
Anti-IL-6
Tocilizumab Actemra (Roche)b USb

2013i
q1w and q2w 0.9 mL Prefilled syringe, prefilled 

pen
EUb

2014i
q1w 0.9 mL Prefilled syringe, prefilled 

pen
Sarilumab Kevzara (Sanofi-Aventis) USa

2017
q2w 1.14 mL Prefilled syringe

EUa

2017
q2w 1.14 mL Prefilled syringe, prefilled 

pen
Anti-IL-1
Anakinra Kineret (Swedish Orphan 

Biovitrum GmbH)
USa

2001
q1d or q2d 0.67 mL Prefilled syringe

EUa

2002
q1d 0.67 mL Prefilled syringe
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all authorized mAbs including the anti-α4 integrin mAb 
natalizumab, the anti-cluster of differentiation 52 (CD52) 
mAb alemtuzumab, and the anti-cluster of differentiation 
20 (CD20) mAb ocrelizumab, were exclusively available 
with IV dosing regimens [18]. Ofatumumab, an anti-CD20 
monoclonal antibody, has received FDA and EMA authori-
zation for SC administration since 2020 and 2021, respec-
tively. This new dosing option utilizes low-volume prefilled 
syringe and pen devices, allowing for administration out-
side of centralized settings [5, 8]. A new SC formulation of 
natalizumab, administered using two prefilled syringes per 
dose, has been available in the EU since 2021 for health-
care provider-supervised injection [5]. However, in the US, 
a complete response letter was issued for the supplemental 
BLA regarding the SC dosing regimen [19]. Additionally, 
a SC dosing alternative for ocrelizumab with a 6-monthly 
(q6m) regimen is currently in phase III clinical development 
[20]. As of now, no follow-on monoclonal antibodies have 
been approved for MS (Table 2).

Until 2018, in the field of high-volume SC mAb presenta-
tions in oncology, trastuzumab was approved by the EMA 
for HER2-positive breast cancer [5], and rituximab had 
approvals from both the EMA and FDA for B-cell malig-
nancies [5, 8]. Trastuzumab is now also authorized in the 
US [8]. The first fixed-dose combination of SC pertuzumab 
and trastuzumab for HER2-positive breast cancer and dara-
tumumab SC for multiple myeloma were launched on the 
market [5, 8]. Initially, all these monoclonal antibodies were 
approved individually with IV dosing regimens (Table 3).

To enhance the dispersion of the injected dosing volume 
within the interstitial tissue, the mAbs are co-formulated 
with the recombinant enzyme human hyaluronidase PH20 
(rHuPH20). The classification of rHuPH20 differs between 
regulatory agencies. The EMA considers rHuPH20 as a 
novel excipient [21], while the FDA defines it as an active 
ingredient and specifically identifies it as an endoglycosi-
dase [22]. Hence, in the EU, the SC dosing alternatives 
are authorized as an extension of the existing marketing 
authorization through a type 2 variation. Both the IV and 
SC versions of the medication have the same trade name and 
label in the European Summary of Product Characteristics 
(SmPC) [5].

In the US, the SC formulations of trastuzumab, rituximab, 
and daratumumab were filed under a new BLA, and the IV 
and SC formulations have distinct labels [8]. The SC formu-
lations in the US, which include rHuPH20, are distinguished 
by specific name affixes. They are known as Hylecta (tras-
tuzumab), Hycela (rituximab), and Faspro (daratumumab), 
respectively [8]. The pertuzumab-trastuzumab fixed-dose 
combination obtained a new Market Authorization Appli-
cation (MAA) and was approved through a new BLA in 
the US. Previously, the IV dosing regimen for pertuzumab 
and trastuzumab involved sequential administration of the 
two monoclonal antibodies using separate formulations [8]. 
Significant progress is being made in the development of SC 
dosing alternatives for high-dose mAbs in the field of can-
cer immunotherapy with a number of molecules currently 
undergoing phase III clinical investigation [23–25].

Table 1  (continued)

Molecule Brand name (company) First approval SC  
version US & EU  
(any indication)

Dosing frequency  
(maintenance)

Injection volume Presentation

Selective co-stimulating modulator
Abatacept Orencia (Bristol-Myers 

Squibb)
USb

2011i
q1w 0.4–1 mL Prefilled syringe, prefilled 

pen
EUb

2012i
q1w 0.4–1 mL Prefilled syringe, prefilled 

pen

EU European Union, IL interleukin, mAbs monoclonal antibodies, mL milliliter, NA not available, qXd once every X days, qXm once every X 
months, qXw once every X weeks, RA rheumatoid arthritis, SC subcutaneous, TNF tumor necrosis factor, US United States
a Only a subcutaneous formulation marketed
b Both subcutaneous and intravenous formulations marketed
c Biosimilar
d Interchangeable (US)
e No longer authorized
f Hefiya is a bioidentical of Hyrimoz (possess the same molecular structure)
g Libmyris is a bioidentical of Hukyndra (possess the same molecular structure)
h Separate US Prescribing Information for subcutaneous and intravenous versions in the US
i Approval of subcutaneous version (in case intravenous versions available)
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Unlike the RA market, approved biosimilars for high-
dose mAbs such as rituximab and trastuzumab are currently 
limited to IV dosing regimens [6, 7]. This divergence can 
be attributed to several factors, including the occasional 
occurrence of severe infusion-related reactions for mAbs 
in oncology, the unavailability of the dispersion enhancer 
rHuPH20, and the continued complexity of high-volume 
SC administration. Currently, these factors require mAbs in 
cancer care to be administered in a healthcare institutional 
setting. This contrasts with the rheumatoid arthritis (RA) 
space, where at-home dosing of biotherapeutics is a crucial 
part of the standard of care.

Furthermore, the introduction of branded SC formula-
tions for trastuzumab and rituximab in the EU in 2013 and 
2014 [5], respectively, was a significant factor that delayed 
the potential development of biosimilar SC formulations. 
In the US, access to the SC versions of these mAbs was not 
possible until the approval of Rituxan Hycela in 2017 and 
Herceptin Hylecta in 2019 [8].

3  Preference Studies for High‑Volume SC 
Biotherapeutic Administration

3.1  Evidence Update

The 2018 review [1] examined the advantages of high-vol-
ume SC administration (typically >5 mL) compared with IV 
infusions, focusing on immunoglobulin replacement therapy 
in primary immunodeficiency and the use of trastuzumab 
and rituximab in cancer treatment. It was noted that while 
SC immunoglobulins can be self-administered at home, 
SC trastuzumab and rituximab require administration by a 
healthcare provider in a controlled setting. The data indi-
cated that SC administration is preferred due to its reduced 
invasiveness and dosing complexity, resulting in cost savings 
for healthcare institutions.

Since 2018, additional insights have emerged regard-
ing preference and healthcare resource utilization for the 
SC fixed-dose combination of pertuzumab and trastuzumab 
in HER2-positive breast cancer and daratumumab in mul-
tiple myeloma. These newer products have larger injection 
volumes compared with previously approved monoclonal 
antibodies, with 15 mL and 10 mL for the loading and main-
tenance doses of the pertuzumab-trastuzumab combination 
and 15 mL for daratumumab in all cycles. Clinical trials 
investigating these higher-volume mAb formulations have 
confirmed the preference for SC dosing over IV administra-
tion and have demonstrated time savings in terms of drug 
preparation, administration, patient care, and patient chair 
usage, with reduced involvement of healthcare providers 
[26–28].

In 2022, a systematic literature review on time and 
resource use costs compared SC and IV administration 
for people with cancer, analyzing 72 relevant publications 
[29]. The majority of assessments focused on the high-
volume formulations of trastuzumab and rituximab, which 
were discussed in the previous 2018 review. The exten-
sive evidence from these studies consistently supported the 
findings of time savings associated with the preparation 
and administration of SC therapies.

3.2  The Regulatory Perspective

The FDA encourages the submission of patient preference 
information (PPI) to inform decision-making processes. In 
the US Prescribing Information (USPI) [8], PPI is utilized 
to inform labeling claims for SC dosing alternatives com-
pared with IV infusion regimens. While submitting PPI is 
voluntary, the FDA acknowledges its usefulness, particu-
larly in evaluating the benefit–risk profile of devices when 
patient decisions are ‘preference sensitive.’ This includes 
situations where multiple treatment options exist without 
clear superiority, uncertainty or variability in the evidence 
supporting one option, or when patient views on benefits 
and risks vary from those of healthcare professionals [30].

In the EU, the inclusion of patient preference studies 
(PPS) in regulatory assessments currently occurs on an 
ad-hoc basis without a formal guideline available [31]. The 
PREFER initiative, funded by the Innovative Medicines 
Initiative (IMI), aims to provide systematic methodologies 
and recommendations for integrating patient perspectives 
throughout the development, approval, and post-approval 
stages of new therapies [32]. The initiative has received 
a positive draft opinion from the EMA, with the agency 
stating that the inclusion of PPS data in regulatory docu-
ments, such as the Clinical Overview or the European 
Public Assessment Report (EPAR), would be relevant to 
the regulatory decision-making process and benefit–risk 
assessment, as well as informing prescribers and users of 
the medicinal product [33]. The joint qualification of IMI 
PREFER by EMA and the European Network for Health 
Technology Assessment (EUnetHTA) concludes that the 
initiative represents a major advancement in conducting 
and evaluating PPS in decision-making processes [34].

The patient preference results from the PrefHer, 
PHranceSCa, and PrefMab studies are included in a dedi-
cated paragraph in section 14, ‘Patient Experience,’ in the 
USPI for the respective SC formulations of trastuzumab, 
the pertuzumab-trastuzumab fixed-dose combination, 
and rituximab. In the corresponding European SmPCs, 
the data from preference studies are mentioned under 
Sect. 4.2, ‘Posology and method of administration,’ pro-
viding information on switching between the IV and SC 
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formulations. However, for daratumumab, for which no 
dedicated preference trial had been conducted at the time 
of approval of the SC formulation, neither the USPI nor 
the SmPC contain references to ‘patient experience’ or 
‘preference’ [5, 8].

4  Developing SC versus IV Formulations 
for Biotherapeutics—Rational Decision 
Making and Practical Considerations

Until recently, it was common to initiate a development 
program directly with a SC dosing regimen only for 
low-dose/low-volume mAb products with a favorable 

risk–benefit profile. This was observed in diseases like 
RA and MS, where the biologicals used are well tolerated, 
allowing for non-supervised administration after treatment 
initiation by an experienced healthcare provider. The use 
of standard prefilled syringe, autoinjector, and pen device 
platforms, accommodating dosing solutions of approxi-
mately 2 mL or less, facilitated self-administration outside 
of a controlled healthcare setting.

In the past, development programs for higher dose 
mAbs typically began with an IV regimen, and SC dos-
ing options were later introduced as part of lifecycle 
management. This approach considered factors such as 
infusion-related reactions and the absence of suitable 
drug delivery technologies. However, advancements in 

Table 2  Overview of mAbs with SC formulations in MS

CRL complete response letter, EU European Union, IL interleukin, mAbs monoclonal antibodies, mL milliliter, MS multiple sclerosis, NA not 
available, qXd once every X days, qXm once every X months, qXw once every X weeks, SC subcutaneous, TNF tumor necrosis factor, US United 
States
a Only a subcutaneous formulation marketed
b Both subcutaneous and intravenous formulations marketed

Molecule Brand name (company) First approval SC  
version US & EU  
(any indication)

Dosing frequency 
(maintenance)

Injection volume Presentation

Interferon
Interferon β-1b Betaseron (Bayer) USa

1993
q2d 0.25–1 mL Single-use vial for recon-

stitution
Betaferon (Bayer) EUa

1995
q2d 0.25–1 mL Prefilled syringe with sol-

vent for reconstitution, 
vial for reconstitution, 
autoinjector

Extavia (Novartis) USa

1993
q2d 0.25–1 mL Single-dose vial for 

reconstitution
EUa

2008
q2d 0.25–1 mL Prefilled syringe with sol-

vent for reconstitution, 
vial for reconstitution, 
autoinjector

Interferon β-1a Rebif (EMD Serono/
Pfizer)

USa

1996
Three times per week 0.2–0.5 mL Prefilled syringe, autoin-

jector
EUa

1998
Three times per week 0.2–1.5 mL Prefilled syringe, prefilled 

pen, cartridge electronic 
injection device

Peg-interferon β-1a Plegridy (Biogen) USa

2014
q2w 0.5 mL Prefilled syringe, prefilled 

pen
EUa

2014
q2w 0.5 mL Prefilled syringe, prefilled 

pen
Anti-CD20 mAb
Ofatumumab Kesimpta (Novartis) USa

2020
q1m 0.4 mL Prefilled syringe, prefilled 

pen
EUa

2021
q1m 0.4 mL Prefilled syringe, prefilled 

pen
Anti-α4 integrin mAb
Natalizumab Tysabri (Biogen) US NA NA NA

EUb

2021
q4w 2*1 mL Prefilled syringe
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high-concentration technologies [35], the availability of 
dispersion enhancers like hyaluronidase [36], and the 
development of high-volume on-body delivery systems 
[37] have made it possible to initiate clinical trials for 
high-dose mAbs directly with a SC formulation, allowing 
for a timely launch of the SC product without compromis-
ing its development timeline.

This section will discuss considerations specific to high-
dose/high-volume mAbs, as many of these mAbs were his-
torically introduced to the market with IV regimens. Given 
the remaining technical and practical challenges associated 
with implementing an SC dosing regimen, manufacturers 
may adopt various approaches, including launching the 
product with either IV administration only, SC administra-
tion only, or both routes of administration.

4.1  Rational Decision Making

Manufacturers have the option to consider different 
development scenarios for IV versus SC administration 

(Fig. 1). In scenario 1, only an IV formulation is devel-
oped. This is typically the case for molecules where an 
early and high maximum concentration  (Cmax) is neces-
sary for optimal therapeutic effect. While this require-
ment is not common for mAb-based treatments, other 
biotherapeutics like alteplase or tenecteplase for acute 
ischemic stroke or acute myocardial infarction fall into 
this scenario [5, 8]. Additionally, antibody–drug conju-
gates that may be cleaved in the interstitial space (data 
on file, F. Hoffmann-La Roche) cannot be delivered sub-
cutaneously, and drugs that require administration in a 
controlled healthcare setting do not necessarily require 
an SC formulation.

Scenario 2 involves the development of a mAb with an 
SC formulation only. This approach is suitable for mol-
ecules used in monotherapy or in combination with other 
subcutaneously or orally administered drugs. Introducing 
an IV regimen would add complexity and inconvenience to 
the overall dosing regimen. Additionally, if the molecule 
is safe and well tolerated, and at-home self-administration 

Table 3  Overview of mAbs with high-volume SC formulations (≥5 mL) in oncology

All products are co-formulated with the dispersion enhancer hyaluronidase
EU European Union, FDC fixed-dose combination, mAbs monoclonal antibodies, mL milliliter, qXm once every X months, qXw once every X 
weeks, SC subcutaneous, US United States
a Maintenance dose
b Both subcutaneous and intravenous formulations marketed
c Subcutaneous and intravenous dosing regimens have separate labels in the US
d The intravenous dosing regimen comprises pertuzumab and trastuzumab in separate formulations
e Indication-dependent

Molecule Brand name (company) First approval SC version 
US & EU (any indication)

Dosing frequency  
(maintenance)

Injection  volumea Presentation

Anti-HER2 mAbs
Trastuzumab Herceptin Hylecta (Roche/

Genentech)
USb,c

2019
q3w 5 mL Single-use vial

Herceptin (Roche/Genentech) EUb

2013
q3w 5 mL Single-use vial

Pertuzumab + 
trastuzumab 
FDC

Phesgo (Roche/Genentech) USb,d,c

2020
q3w 10 mL Single-use vial

Phesgo (Roche/Genentech) EUb,d

2020
q3w 10 mL Single-use vial

Anti-CD20 mAb
Rituximab Rituxan Hycela (Genentech) USb,c

2017
q3w–q3me 11.7–13.4 mL Single-use vial

MabThera (Roche) EUb

2014
q3w–q3me 11.7–13.4 mL Single-use vial

Anti-CD38 mAb
Daratumumab Darzalex Faspro (Janssen) USb,c

2020
q1w, q2w, q3w,  q4we 15 mL Single-dose vial

Darzalex (Janssen) EUb

2020
q1w, q2w, q3w,  q4we 15 mL Single-dose vial
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is already established in the indication, there is no need to 
offer an IV treatment alternative.

In scenario 3, manufacturers pursue the development of 
a mAb with both IV and SC formulations. This strategy 
allows for greater flexibility in dosing options, taking into 
consideration both individual preferences and capabilities 
and country-specific reimbursement models. The approach 
enables the harmonization of dosing regimens with com-
bination partners and facilitates the development of fixed-
dose combinations tailored to specific indications [3].

Considering the preference for SC administration and 
its potential for decentralized dosing, the authors recom-
mend prioritizing the development of a SC formulation. 
This is particularly relevant for high-dose mAbs, where 
the feasibility of a stable high-concentration dosing solu-
tion compatible with standard delivery devices should be 
evaluated early on. For high-dose mAbs, it is advisable to 
include an IV formulation in phase I clinical trials, even 
if the intention is to launch a SC formulation exclusively. 
This allows for a fallback option if SC dosing is not feasi-
ble or well tolerated. Moreover, clinical data on the safety 
of high maximum serum levels  (Cmax) with the IV route 
can be valuable as supporting evidence for future dose 
adjustments, alternative formulations, or devices that may 
impact the molecule's absorption profile.

4.2  Clinical Development Pathway of SC Dosing 
Alternatives for mAbs—Current Status

The clinical development program for subcutaneously 
dosed mAbs is contingent upon whether this route is the 
first to enter the market or if a manufacturer is introducing 
a novel SC dosing alternative for an already established 
IV regimen. In the case of developing a new molecule 
with an SC formulation, the regulatory pathway aligns 
with the same paradigm as an IV formulation. Manufac-
turers are required to conduct nonclinical assessments 
encompassing pharmacology, pharmacokinetics, and toxi-
cology, as well as a comprehensive clinical development 
program to demonstrate efficacy and safety that supports 
the submission of a new MAA or BLA.

This section provides a high-level overview of the clini-
cal development pathways for SC dosing alternatives for 
mAbs with established IV regimens in oncology. It dis-
cusses their adaptation to other specialty areas and sug-
gests measures to streamline development for future mol-
ecules. For more details, refer to earlier review articles on 
the topic [1, 37].

4.3  Establishing a Molecule‑Agnostic Clinical 
Bridging Approach from IV to SC Dosing 
for mAbs in Oncology and Hematology

The established bridging approach for transitioning from 
an IV to an SC regimen for the same mAb relies on uti-
lizing the same antibody in different formulations. It is 
anticipated that with comparable exposure (measured as 
area under the serum concentration–time curve [AUC]), 
the systemic safety profile of the mAb remains unchanged 
regardless of the administration route. To gather sup-
portive evidence, manufacturers undertake a dedicated 
preclinical and toxicology bridging program for the SC 
formulations.

Following SC administration, it is observed that at 
comparable AUC,  Cmax is lower compared with IV admin-
istration due to the slower absorption into the systemic 
circulation. However, to account for the higher AUC at 
earlier time points with IV administration, minimum or 
trough concentrations  (Cmin/Ctrough) are higher follow-
ing SC administration (Fig. 2). Based on this, the clinical 
evidence package is designed to demonstrate several key 
aspects: (i) pharmacokinetic non-inferiority  (Ctrough and/
or AUC) between the IV and SC formulations to ensure 
comparable efficacy, (ii) consistency in safety, tolerability, 
and immunogenicity profiles, and (iii) non-inferior effi-
cacy. The ultimate goal is to extrapolate the clinical data 
generated in one indication to other indications for the 
same mAb.

4.4  Concept Development and Bridging Programs 
for Approved Products

Table 4 presents the IV and SC dosing regimens along with 
the clinical trial designs for high-volume mAb presentations 
with approved formulations for both routes. All manufactur-
ers employed the pharmacokinetic-based bridging approach 
as described.

The concept was initially developed for trastuzumab in 
HER2-positive breast cancer [38]. The IV form of the mAb 
was marketed with both weekly (q1w) and every 3 weeks 
(q3w) dosing regimens adjusted according to body weight. 
The selection of the two IV dose strengths aimed to achieve 
comparable mean AUC, surpassing the target concentration 
based on preclinical xenograft studies. Due to the different 
individual dose levels, the maximum serum levels with the 
q1w regimen were significantly lower compared with the 
q3w regimen. However, a comparison of historical data still 
demonstrated comparable efficacy [39]. Pharmacokinetic 
modeling, utilizing data from the established IV formula-
tion and data from a phase I/Ib dose-finding and confirma-
tion study with the SC formulation in a mixed population 
of healthy volunteers and participants with HER2-positive 
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early breast cancer (eBC) in the adjuvant setting [40], pre-
dicted that a q3w SC fixed-dose regimen, at comparable 
AUC, would result in non-inferior  Ctrough compared with the 
body weight-adjusted IV regimens. Furthermore, the pre-
dicted  Cmax of the SC regimen would fall within the range of 
the q1w and q3w IV regimens (Fig. 3). The predicted dose 
was subsequently validated in a phase III non-inferiority 
study with a 1:1 randomization of participants with HER2-
positive eBC [41].

Both the population of healthy volunteers and individuals 
diagnosed with HER2-positive eBC were considered rela-
tively homogeneous and as such ‘sensitive,’ enabling phar-
macokinetic comparisons with a reasonably low sample size. 
This approach of generating comparative pharmacokinetic 
data in a sensitive population is now recommended in the 
biosimilar guidelines of both the EMA and the FDA [42, 
43]. To underscore the importance of the pharmacokinetic-
based clinical bridging approach, the pivotal phase III study 
selected  Ctrough as a co-primary endpoint along with patho-
logical complete response (pCR). Upon initial approval 
by the EMA in 2013, the data generated in eBC could be 
extrapolated to metastatic breast cancer (mBC), an indica-
tion with the same IV dose and dosing regimen as eBC [44].

The same clinical development concept and adaptive 
trial design were subsequently implemented for rituximab 
in B-cell malignancies to bridge from a body surface area-
adjusted IV to a fixed SC dosing regimen [45]. In the case 
of rituximab, conducting clinical trials in healthy volunteers 
for dose finding was not feasible, necessitating the inclusion 
of participants diagnosed with follicular lymphoma (FL). 
Pharmacokinetic-based dose finding and confirmation were 
performed in participants with FL who responded to IV 
induction therapy [46], representing a relatively homogene-
ous and sensitive population with reduced target tissue load. 
Additional pharmacokinetic and efficacy data were collected 
in a phase III study in the induction setting, utilizing a 1:1 
randomization scheme [47].

Following consultation with European Rapporteurs, sup-
plemental clinical data were required for rituximab indica-
tions with different doses and dosing regimens. Conse-
quently, a dedicated pharmacokinetic-based clinical study 
was conducted in chronic lymphocytic leukemia (CLL) [48], 
leading to regulatory approval in the EU in 2014. The pivotal 
studies that supported the filing of the SC formulation in the 
EU focused solely on  Ctrough as the primary endpoint. Simi-
lar to trastuzumab, model-based dose selection for rituximab 
was conducted using available pharmacokinetic data on dis-
tribution and elimination from the IV regimen, along with 
absorption kinetics from the SC studies [46].

Unlike trastuzumab, the initial dose of the rituximab SC 
regimen is still administered via IV infusion. This devia-
tion is due to the occurrence of sometimes severe infusion-
related reactions (IRRs), which can be managed by reducing 
the infusion rate [49]. This measure was no longer feasible 
with SC bolus injection.

The SC dosing option for the anti-CD38 monoclonal anti-
body daratumumab in the treatment of multiple myeloma 
received authorization from the FDA and EMA in 2020 [5, 
8]. In the pivotal phase III non-inferiority study involving 
individuals with relapsed or refractory multiple myeloma 
(RRMM), the co-primary endpoints were overall response 
rate and maximum  Ctrough. Participants were randomly 
assigned in a 1:1 ratio to receive either the SC or IV formula-
tion [50]. Similarly, in 2020, the SC fixed-dose combination 
of pertuzumab and trastuzumab for HER2-positive breast 
cancer was approved in both the US and the EU [5, 8]. The 
clinical development pathway for this combination followed 
the same approach as described for trastuzumab. Leveraging 
the established pharmacokinetic-based bridging approach, 
the  Ctrough was the primary endpoint in the pivotal phase 
III non-inferiority study, while total pathological complete 
response (tpCR) served as a secondary endpoint [51].

The SC formulation of ravulizumab, an anti-complement 
component 5 (C5) monoclonal antibody, was approved by 
the US in 2022 for the treatment of adult patients with par-
oxysmal nocturnal hemoglobinuria (PNH) and atypical 
hemolytic uremic syndrome (aHUS) to inhibit complement-
mediated thrombotic microangiopathy (TMA) [5, 8]. The 
pivotal phase III non-inferiority study for the SC formulation 
was conducted in individuals with PNH [52], a rare blood 
disorder with a global prevalence of 16 cases per million 
people [53]. Participants were enrolled with a 2:1 randomi-
zation scheme, receiving either the SC or IV formulation, 
and had prior treatment with the anti-C5 monoclonal anti-
body eculizumab. The first dose of ravulizumab was admin-
istered intravenously in both groups [52]. The second dose 
was given 15 days later following the predefined administra-
tion route. Subsequently, individuals in the SC arm received 
weekly doses for the remainder of the trial, while those in 
the IV arm did not receive additional doses until the primary 
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Scenario 1

IV formulation only

Scenario 2

SC formulation only

Scenario 3

IV & SC formulations

•High and early Cmax required for efficacy

•SC not tolerated (i.e., antibody-drug conjugates)

•Only in-clinic administration feasible

•No IV combination partners

•Self-administration in ready-to-use device feasible

•More dosing options for customers

•Accounting for the administration route of other 

biotherapeutics used in combination therapy

•SC formulation would delay time to approval

Fig. 1  Subcutaneous versus intravenous formulation—Development 
scenarios. Cmax maximum serum concentration, IV intravenous, SC 
subcutaneous
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analysis at day 71, following the approved every 8 weeks 
(q8w) regimen. After the primary analysis, all participants 
were offered the option to continue treatment with the SC 
formulation during an extension period of up to 172 days.

It is worth mentioning that unlike the approved high-vol-
ume mAb formulations in oncology, which are available in 
vial presentations for manual or semi-manual injection using 
a handheld syringe or infusion pump, SC ravulizumab was 
developed specifically with an on-body delivery system. This 
platform had previously received approval for the lipid-lower-
ing anti-proprotein convertase subtilisin kexin type 9 (PCSK9) 
mAb, evolocumab [5, 8]. The 3.5-mL device was already inte-
grated into the phase III trial described for SC ravulizumab 
[52].

4.5  Applying the Established Molecule‑Agnostic 
Clinical Development Approach Across 
Specialty Areas—Ongoing Developments 
for High‑Dose/High‑Volume mAbs

Several other high-dose/high-volume mAbs are currently 
undergoing clinical development across different specialty 
areas, following the described pharmacokinetic-based bridg-
ing approach. For detailed trial designs, refer to Xu et al. [54], 
who systematically evaluated prior experiences in IV to SC 
development programs for therapeutic proteins.

In summary, pembrolizumab, nivolumab, atezolizumab in 
cancer immunotherapy, and ocrelizumab in multiple sclerosis 
have either completed or are in late-stage clinical develop-
ment. The manufacturers are utilizing the pharmacokinetic-
based clinical bridging approach, incorporating dose-finding 
studies and non-inferiority assessments with AUC or  Ctrough 
as primary endpoints [20, 55–57].

4.6  Accelerating the Molecule‑Agnostic Clinical 
Development Approach—The Target Product 
Profile

As the focus on healthcare cost and resource optimization 
grows, along with the demand for at-home dosing options, 
accelerating the development of SC dosing alternatives for 
mAbs has become a prominent concern for researchers and 
drug developers. To progress in a scientifically robust man-
ner, three key questions need to be addressed:

1. How can the clinical bridging program be streamlined 
by incorporating predictive nonclinical models, in vitro 
experiments, and computational tools?

2. Can evidence from nonclinical and clinical bridging pro-
grams be applied to different mAbs and indications?

3. What optimizations can be made to clinical trial designs 
and study conduct to achieve earlier key results while 
maintaining scientific validity?

Manufacturers start with establishing the target product 
profile for an SC dosing alternative by outlining the desired 
efficacy, safety, and tolerability profile, dosing regimen, 
treatment setting, extrapolation to other indications. This 
approach serves as a basis to define strategies for generating 
evidence for filing and commercialization (Table 5).

The next section examines the different components of 
the target product profile and provides an overview of avail-
able insights to help expedite the clinical bridging program. 
It explores the necessity of clinical trial data for bridging 
from IV to SC dosing, as well as strategies to minimize the 
size and duration of the development program. Focus is on 
scenarios where a mAb is currently approved or in advanced 
stages of clinical development using an IV dosing regimen. 
The objective for the manufacturer is to develop an SC 
dosing alternative that demonstrates non-inferior efficacy, 
safety, and tolerability.

4.6.1  Safety and Tolerability Profile

4.6.1.1 Infusion‑Related Reactions When evaluating the 
advantages and disadvantages of conducting larger clinical 
trials to bridge between IV and SC formulations of the same 
mAb, it is crucial to consider the clinical manifestation of 
potentially severe or fatal infusion-related reactions (IRRs) 
[58]. These reactions can be associated with cytokine release 
syndrome, characterized by an increase in inflammatory 
cytokines occurring approximately 90 min after the first 
infusion [59]. The incidence and severity of these systemic 
reactions are carefully assessed as an essential component 
of all clinical bridging studies [37], and early detection and 
management of IRRs are mandated [60].

At comparable exposure, 

SC Cmax lower and later 
than IV Cmax

C
on

ce
nt
ra
tio

n

Time

SC

IV

At comparable 

exposure, SC Cmin
higher than IV Cmin

Fig. 2  Impact of SC versus IV delivery on the pharmacokinetic pro-
file of a  mAb. Cmax maximum serum concentration, Cmin minimum 
serum concentration, IV intravenous, mAb monoclonal antibody,  
SC subcutaneous
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It has been observed that SC dosing of certain mAbs, 
such as alemtuzumab in multiple sclerosis and daratumumab 
in multiple myeloma, may reduce the incidence and severity 
of IRRs. due to slower absorption into the systemic circula-
tion from the interstitial tissue [61, 62]. However, this phe-
nomenon is not consistently observed for all mAbs, and to 
make marketing claims regarding this potential advantage, 
manufacturers need to support them with data from clinical 
trial investigations. Additionally, although there have been 
advancements in developing predictive nonclinical models 
for T cell-associated toxicities, this research field is still in 
its early stages [63]. Therefore, ongoing and future clinical 
development programs will provide valuable clinical data to 
further refine and improve these predictive models.

4.6.1.2 Immunogenicity SC mAb administration is per-
ceived to have a higher immunogenicity risk compared 
with IV infusion, potentially due to lymphatic absorption 
[64]. Anti-drug antibodies (ADAs) can neutralize the mAb, 
affecting efficacy and causing adverse immune reactions 
[65].

Significant advancements have been made in the devel-
opment and validation of nonclinical models and computa-
tional technologies to predict the immunogenicity risk of 
mAbs [66, 67]. While these models provide valuable insights 
and aid in mAb selection, they cannot fully replace clini-
cal immunogenicity assessments. Nonclinical data cannot 
directly translate to human responses, and ADA formation 
varies between individuals. Additionally, factors like product 
ingredients, impurities, aggregation, and subvisible particle 
concentration can also trigger ADA formation [68]. There-
fore, it is essential to evaluate the potential impact of SC 
dosing on the immunogenicity profile of mAbs in clinical 
trials. These trials assess the presence of ADAs that may 
interfere with the biological and clinical activity of the mAb, 
both at the population and individual level. By obtaining 
early data, clinicians can develop appropriate strategies to 
manage immunogenicity risks [69].

For detailed information on the conduct of clinical immu-
nogenicity assessment, it is recommended to refer to the 
guidelines provided by the FDA and EMA [70, 71].

4.6.1.3 Local Tolerability Local injection-site reactions are 
a common side effect with the SC administration of mAbs 
(refer to USPI and SmPC for trastuzumab, rituximab, dara-
tumumab, pertuzumab-trastuzumab fixed-dose combination 
[5, 8]). These reactions are typically mild and temporary, 
characterized by symptoms such as erythema, pruritus, 
pain, inflammation, rash, induration, itching, and edema 
[72]. Various factors can contribute to the occurrence of 
local manifestations, including the mAb formulation (such 
as pH, volume, excipients), administration technique, and 
individual characteristics such as body weight, gender, and Ta
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age [73, 74]. Consequently, local tolerability data for each 
specific SC mAb presentation need to be collected early in 
the development process. This data can be obtained through 
preclinical models and further complemented by clinical 
data, ideally collected during early dose-finding studies. 
Ongoing efforts are focused on developing models that 
simulate large-volume mAb injections using anisotropic 
porohyperelastic models and data-driven tissue layer geom-
etries, aiming to enhance the understanding of the underly-
ing mechanics and transport processes [75].

4.6.2  Efficacy Profile

The pharmacokinetic-based bridging approach has become 
the standard method for developing SC dosing alternatives 
for mAbs with IV infusion regimens. Initially, both phar-
macokinetic and efficacy measures were used as co-primary 
endpoints, but recent development programs have focused on 
pharmacokinetic parameters as the only primary endpoint. 
This shift is supported by  the available clinical evidence 
showing that despite lower  Cmax levels, SC versions of a 
given mAb exhibit non-inferior efficacy to the IV formu-
lation when overall mAb exposure (AUC) and  Ctrough are 
comparable. Nonclinical xenograft models for trastuzumab 
and rituximab have further validated the acceptability of this 
approach in regulatory evaluations, demonstrating that the 
described differences in  Cmax do not significantly impact 
tumor growth inhibition [38, 45].

The authors believe that the pharmacokinetic-based 
bridging approach is widely validated with a robust database 
of various mAbs. Originally designed for high-dose mAbs 
in oncology, this approach is now gaining acceptance and 

being applied in other therapeutic areas. While clinical trial 
data are still essential to evaluate and manage hypersensitiv-
ity and immunogenicity reactions, efficacy data can serve as 
supplementary evidence in the filing process.

4.6.3  Dosing Regimen

4.6.3.1 Fixed‑Dose Versus Body‑Size‑Adjusted Dosing In 
the past, mAb dosing regimens were often adjusted based on 
body size to ensure appropriate dosing for each individual. 
However, with improved understanding of the distribution 
and elimination kinetics of biotherapeutics, this approach 
is now considered partially outdated [76], especially for 
mAbs with limited distribution into adipose tissue. Studies 
have shown that body weight-adjusted dosing regimens for 
certain mAbs, such as trastuzumab or pembrolizumab, may 
result in lower exposures in lower-weight individuals and 
higher exposure in people with higher body weight, while a 
fixed dose can lead to the opposite trend [77, 78].

In current practice, IV mAbs are typically developed 
with a fixed dose or transitioned to a fixed dose as part of 
their lifecycle management. The initial IV to SC bridging 
programs for trastuzumab and rituximab included a shift 
from a body size-adjusted dosing regimen to a fixed dose 
[37]. Later IV mAbs such as pertuzumab and atezolizumab 
were initially launched with a fixed dose [79, 80], while 
for nivolumab and pembrolizumab fixed dosing was imple-
mented as a lifecycle management [78, 81].

4.6.3.2 Administration Route—First Dose IV Versus SC For 
some SC dosing regimens, the first dose is still admin-
istered as an IV infusion [47, 52], a less convenient and 
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Fig. 3  Evidence generation with pharmacokinetic-based clinical 
bridging approach. Hypothesis generation based on available trastu-
zumab pharmacokinetic data following intravenous administration. 
The PK profile of the SC formulation is bridged by the q3w and q1w 
IV regimens. Subcutaneous dose selection concept:  Ctrough as least as 
high as with IV regimen;  Cmax bracketed by  Cmax of q1w and q3w 
IV regimens; comparable AUC with IV and SC regimens. *Serum 

trough  concentration  (Ctrough) of 20 µg/mL depicts PK target estab-
lished from preclinical xenograft models. Ctrough serum trough con-
centration, IV intravenous, mg milligram, kg kilogram, ml milliliter, 
µg microgram, SC subcutaneous, q1w weekly, q3w every 3 weeks. 
This figure was published in Bittner B, Schmidt J. Formulation and 
device lifecycle management: A guidance for researchers and drug 
developers. 1st ed. William Andrew Publishing (Elsevier); 2022 [37].
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more resources-intense clinical practice. Especially dur-
ing the early days of developing SC dosing alternatives for 
mAbs, arguable concerns were raised about the safety when 
administering a mAb that exhibits IRRs as a fast SC bolus 
injection. Such perceptions did arise from the procedure to 
reduce the severity of manifesting IRRs, that is, stopping or 
slowing down the injection rate [82, 83]. It was discussed 
that when injecting the full dose within only a few minutes, 
this measure to handle possible IRRs is precluded.

Based on the available database, SC administration of 
high-volume mAbs has shown a favorable hypersensitiv-
ity profile, particularly when accompanied by suitable pre-
medication protocols [84, 85]. The slow appearance rate of 
mAbs in the plasma (Tmax of approximately 2–14 days) [86, 
87] supports the feasibility of initiating treatment directly 
with the SC formulation.

4.6.3.3 Dosing Frequency To ensure accurate extrapolation 
of data from the pivotal non-inferiority trial to other indi-
cations, the initial SC projects utilizing a pharmacokinetic-
based clinical bridging approach required consistent appli-
cation of the same dose and dosing frequency for the mAb. 
Therefore, a separate trial was conducted for SC rituximab 
in CLL, utilizing a distinct IV dose and dosing regimen [37].

In most of the non-inferiority studies mentioned, the 
dosing frequency remained consistent between the IV 
and SC cohorts. However, recent developments have seen 

manufacturers deviate from this approach while still employ-
ing the pharmacokinetic-based bridging strategy. Notably, 
phase III trials for SC ravulizumab and ocrelizumab have 
emerged as the first examples of administering the SC and 
IV formulations with different administration regimens.

In the pivotal ravulizumab clinical study, the established 
IV formulation with a q8w regimen was compared with a 
SC version administered with a q1w regimen [52]. In the 
ocrelizumab phase III trial, a pharmacokinetic comparison 
was made for the first dose in anti-CD20 treatment-naive 
patients. Here the IV dose is split, given 2 weeks apart, while 
the SC dose is administered as a single injection [20].

With the advancing knowledge of the  pharmacoki-
netic–pharmacodynamic correlations for mAbs, it is 
expected that future approvals will enable extrapolation of 
pivotal study data to indications with different dosing regi-
mens. Here, modeling, simulation, and meta-analyses of data 
from other mAbs are facilitating the design of rational trials 
[88–90].

4.6.3.4 Combination Therapy Developing a SC dosing 
option for mAbs used in combination therapy holds signifi-
cant value for end users. The first step involves assessing the 
feasibility of aligning the dosing frequency of the combi-
nation partners. This assessment can be performed through 
pharmacokinetic modeling using the available data from 
the IV regimen, which determines the dose levels required 

Table 5  The target product profile of an SC dosing alternative for high-dose mAbs

Assumption: the IV version is already in late-stage clinical development or on the market; the aim of the clinical development program is to 
demonstrate non-inferior efficacy and safety between IV and SC dosing, and SC dosing is foreseen to facilitate decentralized care
ADA anti-drug antibody, AE adverse event, AUC  area under the serum concentration–time curve, Cmax maximum serum concentration, Ctrough 
trough concentration, IRR infusion-related reaction, ISR injection-site reaction, IV intravenous, mAbs monoclonal antibodies, OBDS on-body 
delivery system, PD pharmacodynamic, PK pharmacokinetic, SC subcutaneous, TPP target product profile

TPP parameter Focus areas Expected profile SC formulation

Safety and tolerability profile Systemic safety IRR non-inferior to IV formulation (possibly delayed onset and reduced severity 
due to later and lower  Cmax)

Immunogenicity Non-inferior to IV formulation (i.e., no clinically relevant ADAs)
Local tolerability ISR predominantly mild and reversible

Efficacy profile Pharmacokinetic endpoints Primary:  Ctrough and/or AUC 
Efficacy endpoints Secondary: supportive evidence (indication-specific)

Dosing regimen Fixed dose versus body size-
adjusted dosing

One dose or few dose bands instead of body size-adjusted dose (depending on 
molecule-specific PK-PD correlation)

Administration route first dose SC dosing from treatment cycle 1 onwards
Dosing frequency Same as IV regimen; if not feasible due to volume constraints, more frequent 

administration is acceptable
Combination therapy Dosing frequency aligned with combination partners

Treatment setting (i.e., 
decentralized care)

Systemic safety Except IRR (see above), systemic safety profile available from IV formulation
Drug delivery presentation Easy to use OBDS
Treatment management plans Treatment initiation in controlled healthcare institutional setting, training and 

education on injection procedure and AE management; discharge of eligible 
individuals to decentralized care at discretion of treating physician
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to achieve target saturation based on the dosing schedule. 
Given the relatively long elimination half-lives of mAbs 
[91], fixed-dose combinations of two or more mAbs can be 
feasibly administered subcutaneously at intervals ranging 
from approximately once weekly to once every month.

If the combination partners in question have been pre-
viously studied or authorized in IV combination therapy, 
the clinical development program and extrapolation to 
other indications can follow a similar path as described for 
mAbs used in monotherapy or concomitant chemotherapy, 
as exemplified by the pertuzumab-trastuzumab fixed-dose 
combination [51]. However, when considering a fixed-dose 
combination with at least one mAb that has not been inves-
tigated in clinical trials, such as the IV combination of the 
LAG-3-blocking antibody relatlimab and the PD1-blocking 
antibody nivolumab [92], the development pathway follows 
that of a new molecule, regardless of the administration 
route.

4.6.4  Treatment Setting

4.6.4.1 Decentralized Treatment Setting SC dosing regi-
mens provide the opportunity for decentralized administra-
tion, allowing individuals and healthcare providers to select 
the most suitable location for drug administration based on 
personal preferences and capabilities. These options include 
hospitals, infusion or community centers, physician's offices, 
or even at-home dosing. For manufacturers, gaining insights 
into preferences, health economic considerations in com-
parison to IV infusions, and the overall feasibility of this 
approach is crucial to enable implementation of a flexible 
care setting right from the initial launch of the SC version.

From a regulatory standpoint, biotherapeutics intended 
for dosing in a decentralized setting must exhibit safety, tol-
erability, and ease of administration without direct super-
vision from a healthcare professional [37]. Currently, the 
high-volume SC formulations described are not yet approved 
for non-supervised at-home or self-administration.

For SC dosing alternatives to established IV regimens, 
evidence on systemic safety is derived from pivotal clini-
cal trials conducted for the IV dosing regimen. Non-clinical 
toxicology and tolerability data, and the clinical data pack-
age for the SC version complement this evidence. Special 
attention is given to local tolerability and hypersensitivity 
reactions. Based on this evidence package, treatment man-
agement plans, including safety measures, observation time, 
pre-medication schemes, and educational materials, are gen-
erated to support drug administration in a flexible care set-
ting [93–95].

Due to its less invasive dosing procedure, the SC formu-
lation is inherently more suitable for decentralized dosing 
compared with IV infusion regimens. However, for prod-
ucts with dosing volumes exceeding the capacity of current 

prefilled syringe or autoinjector platforms, user-friendly and 
intuitive device technologies are required. Today, the first 
on-body delivery system platform for administering biolog-
ics with volumes larger than 3 mL, such as eculizumab and 
ravulizumab [5, 8], has been approved, while other large-
volume device options are currently undergoing clinical trial 
investigation [96].

To ensure safe and effective use of the device within the 
intended environment, comprehensive human factors (HF) 
engineering programs are necessary to assess the general 
usability of the device. These programs aim to demonstrate 
the on-body delivery system's usability by the target users, 
including individuals diagnosed with a chronic condition 
and/or lay care partners, particularly in the case of at-home 
dosing [97].

On-body delivery systems designed for dosing volumes 
of 10 mL or more, which are required for most of the SC 
mAb presentations described, are relatively new in the field 
of SC administration technology. Consequently, these device 
types were not yet available for testing during pivotal clini-
cal studies. As a result, manufacturers will be expected to 
establish the equivalence of drug delivery between manual 
or semi-manual injection from a vial presentation used in the 
pivotal bridging trial for the SC formulation and the auto-
mated device [98]. For a proposed molecule-independent 
device bridging approach please refer to section 4.8.

4.7  Accelerating the Molecule‑Agnostic Clinical 
Development—Clinical Trial Design 
and Conduct

From the authors’ perspective, manufacturers can expe-
dite the clinical bridging approach from IV to SC admin-
istration of mAbs by taking into account the aspects of the 
target product profile discussed earlier. This assessment 
draws from existing precedents in various specialty areas 
and considers the growing body of evidence and regulatory 
acceptance of predictive modeling and simulation tools as a 
complement to data obtained from controlled clinical trials.

4.7.1  Study Population

Selection of the appropriate clinical trial population is cru-
cial when considering the target indications for the SC dos-
ing alternative of a mAb. Three fundamental scenarios can 
be contemplated. In the simplest scenario, where the IV ver-
sion of the mAb is authorized or developed for a single indi-
cation, the clinical bridging study to the SC regimen would 
involve individuals diagnosed with that specific disease.

In the second scenario, where the IV regimen is approved 
or in development for multiple indications, manufacturers 
should conduct the pivotal bridging study in the most sensi-
tive population. This population should have an underlying 
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medical condition suitable for detecting potential impacts 
of the SC administration route on efficacy, safety, immuno-
genicity, and pharmacokinetics. Ideally, the population is 
relatively homogeneous with limited variability in endpoints 
and minimal confounding factors. Initial dose finding can 
be done with healthy volunteers if supported by safety data. 
Alternatively, a mixed population trial can be conducted to 
gather data for different medical conditions, although this 
may require a larger sample size due to increased variability.

In a third scenario, manufacturers may opt to develop 
the SC dosing alternative for a new indication where the 
IV formulation is not yet approved or in clinical develop-
ment. In this case, the clinical trial would be designed to 
demonstrate the efficacy of the SC formulation in the tar-
get population. The trial would aim to establish either non-
inferiority or superiority compared with the standard of care. 
This approach would require robust evidence of efficacy to 
support the approval of the SC dosing alternative in the new 
indication.

4.7.2  Endpoints in the Pivotal Clinical Study

In the clinical development pathways for approved SC dos-
ing alternatives, the inclusion of a co-primary pharmacoki-
netic endpoint has been a crucial aspect since the initial pro-
ject of SC trastuzumab. The emphasis was on the hypothesis 
that achieving non-inferior  Ctrough and/or AUC would result 
in non-inferior efficacy compared with the IV dosing regi-
men. As more evidence supported the validity of this bridg-
ing approach, pharmacokinetics became the only primary 
endpoint in phase III trials, with efficacy and safety serving 
as secondary endpoints.

Similarly, in the initial clinical studies, the pharmacoki-
netic assessment was typically conducted at steady-state of 
the mAb or after several treatment cycles [41, 47]. How-
ever, more recent SC developments have implemented a 
different approach, where the pharmacokinetic comparison 
is performed during the first treatment cycle [20, 55, 57]. 
By obtaining earlier pharmacokinetic data, this approach 
can potentially expedite the filing process. Subject to 
regulatory approval, manufacturers may be able to sub-
mit the dossier with a statistical evaluation of the primary 
endpoint, accompanied by supporting data on efficacy, 
safety, and immunogenicity in accordance with regulatory 
guidelines.

Manufacturers gain insight into the preference for SC dos-
ing by incorporating preference assessments in the clinical 
studies early on. This can be achieved through dedicated 
preference questionnaires in cross-over studies [99] or by 
randomizing participants with prior IV experience to the SC 

version [100]. Another approach is to allow participants to 
continue treatment on their preferred administration route 
once the final SC dose has been determined within a trial [52].

4.7.3  Pharmacokinetic Modeling to Complement Clinical 
Trial Data

Pharmacokinetic modeling represents an established 
approach that plays a crucial role in informing clinical 
dosing regimens and enhancing trial design [101]. These 
methods were instrumental in expediting the phase 1/1b 
dose-finding studies for trastuzumab and rituximab when 
transitioning from IV to SC administration [40, 102]. The 
assumption underlying this approach was that the switch 
in administration route would primarily affect the absorp-
tion rate into the systemic circulation, while distribution 
and elimination patterns of the mAb remained unchanged. 
Blood sampling was scheduled based on the absorption rate 
observed with other mAbs [103]. Interim analyses were con-
ducted using samples from participants who had completed 
the expected absorption period, while enrollment and sam-
pling continued. The obtained pharmacokinetic data were 
incorporated into the existing pharmacokinetic model pre-
viously derived from IV data [104]. This allowed real-time 
prediction of the complete SC profile and facilitated selec-
tion of the final SC dose using an adaptive trial design.

Model-informed drug development approaches have the 
potential to further expedite IV to SC bridging strategies in the 
future by leveraging comprehensive data collected throughout 
the molecule's development program [105]. The FDA defines 
model-informed drug development as the development and 
application of exposure-based biological and statistical mod-
els derived from preclinical and clinical data sources to inform 
drug development and regulatory decision making [106]. 
The agency has initiated a pilot program to discuss model-
informed drug development approaches in medical product 
development, specifically in the Center for Drug Evaluation 
and Research (CDER) and Center for Biologics Evaluation 
and Research (CBER), from fiscal years 2023 to 2027 [107]. 
These efforts aim to enhance collaboration between manu-
facturers and regulatory authorities to optimize the use of 
modeling and simulation in drug development.

As a result, there is a growing tendency to utilize 
model-informed drug development approaches in the 
development of novel formulations and the bridging of 
dosing frequencies, thereby supporting lifecycle manage-
ment in the post-approval phase [108]. The COVID-19 
pandemic has further accelerated the adoption of model-
informed drug development as a valuable tool to supple-
ment the regulatory review process, particularly in situa-
tions where clinical studies may not have encompassed all 
proposed doses, indications, and populations [109].
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4.7.4  Randomization Scheme

Traditionally, pivotal phase III non-inferiority trials for 
SC versus IV administration used a 1:1 randomization 
scheme (refer to Sect.  4.4). However, recent develop-
ments have seen manufacturers adopt unequal allocation 
in these trials. For example, the bridging study of ravuli-
zumab employed a 2:1 allocation in favor of the SC route. 
While asymmetrical randomization schemes may be sub-
ject to scrutiny, there are situations where this approach 
is scientifically and ethically justified [110]. In the case of 
ravulizumab, such justification is evident. PNH is a rare 
disease with a low prevalence, making patient recruitment 
challenging for clinical trials [111]. Additionally, if an IV 
formulation of the mAb is already in late-stage develop-
ment or on the market, a substantial safety database exists, 
supporting a larger sample size for the SC cohort. Since 
SC administration is not expected to impact the systemic 
safety profile, the primary focus shifts to pharmacokinetics 
as the main endpoint, with local tolerability and immu-
nogenicity as key secondary measures. A well-powered 
pharmacokinetic comparability study typically requires a 
smaller sample size compared with an efficacy trial [112].

In the phase III clinical bridging study for SC ocreli-
zumab, participants are initially randomized in a 1:1 ratio 
to receive either SC or IV administration. After complet-
ing the first treatment cycle, all participants are switched 
to the SC arm. This study design allows for the collection 
of both IV and SC data within the same trial, reducing 
variability compared with historical data comparisons. 
In the future, single-arm trials focusing solely on the SC 
formulation, supported by model-informed drug develop-
ment approaches, may be considered to generate additional 
evidence for the SC regimen.

During the COVID-19 pandemic, recruiting partici-
pants for trials involving IV administration posed chal-
lenges and incurred higher costs, as it required on-site 
administration or the assistance of nursing home care ser-
vices. In contrast, SC trials were more straightforward to 
operate, thanks to the simplified dosing process that facil-
itated decentralized administration. Given the increased 
convenience, feasibility, and cost effectiveness of SC dos-
ing in this context, an unequal allocation could have been 
justified.

4.7.5  Dosing Frequency Comparison

When dealing with mAb formulations requiring a dosing 
volume of 3 mL or more, it can be challenging to maintain 
the less frequent dosing regimen with the IV version, espe-
cially in decentralized care settings [113]. This challenge 
has led to the adoption of a more frequent dosing sched-
ule for the SC route, allowing for smaller individual dosing 

volumes and enabling the use of autoinjector devices for SC 
self-injections. In such instances, as demonstrated in stud-
ies of SC tocilizumab and abatacept [5, 8, 115–117], the 
lower dosing frequency of the SC regimen did necessitate 
the demonstration of efficacy as the primary endpoint in 
pivotal clinical bridging studies (refer to Sect. 4.7.4 for sup-
porting evidence).

Notably, in most pivotal clinical studies for high-dose 
mAbs, the dosing frequency was consistent between the IV 
and SC routes [37]. This is a result of the introduction of 
novel formulation and device technologies that reduce the 
overall SC dosing volume or facilitate injection of volumes 
exceeding 5 mL or more [113, 114].

With the use of model-informed drug development 
approaches, it is anticipated that future bridging studies for 
different administration routes will increasingly compare 
unequal dosing frequencies. This approach allows for lev-
eraging the available pharmacokinetic-pharmacodynamic 
correlation from the IV regimen and supports the design of 
IV to SC bridging trials that are powered for a pharmacoki-
netic endpoint.

4.7.6  Clinical Trial Conduct

From an operational standpoint, pharmacokinetic-based 
dose finding and confirmation can be conducted either 
within the same study or in independent sequential studies. 
When the safety profile of the mAb allows for administration 
to healthy participants, conducting dose finding separately 
may be preferred. The population of healthy participants 
typically exhibits reduced pharmacokinetic variability and 
limited confounding factors, such as concomitant medica-
tions or comorbidities. As a result, a smaller sample size is 
required compared with studies involving participants with 
a medical condition. Additionally, trials involving healthy 
participants are generally faster to recruit compared with 
those involving individuals requiring a medical intervention.

If evaluation of a product in healthy volunteers is not suit-
able from a pharmacokinetic perspective because of a lack of 
or reduced expression of the cell-bound or soluble targets, an 
alternative and still cost-efficient trial design would integrate 
dose finding and confirmation within a single phase Ib/III 
trial [46] involving the target population. This study would 
employ an adaptive design with interim pharmacokinetic 
analyses and model-based dose selection, enabling the ini-
tiation of dosing in the non-inferiority, dose confirmation 
phase as soon as the appropriate SC dose has been identi-
fied. By combining these aspects, time and resources can 
be optimized, streamlining the overall development process.

In support of a decentralized care setting, enabling 
clinical trial participants to receive the dose at home pro-
vides valuable insights into potential challenges at an early 
stage. Clinical trial evidence in this context supports the 
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development of training and educational materials for 
self-administration.

4.8  Accelerating the Molecule‑Agnostic Clinical 
Development—Molecule‑Independent Device 
Bridging Approach

Ensuring the timely availability of automated injection 
devices, such as autoinjectors or on-body delivery systems, 
is crucial for facilitating at-home and self-administration 
of biotherapeutics. However, developing an autoinjector or 
on-body delivery system for use in the phase III program 
may not be practical due to the molecule-specific technical 
development requirements. Subsequently, pharmacokinetic 
comparability studies may be considered to demonstrate 
comparable performance between the prefilled syringe or 
manually filled handheld syringe used in phase III and the 
automated device [98, 118].

In view of the more consistent injection with an auto-
mated device and in line with previous communication 
[119], in the opinion of the authors, for mAbs utilizing 
device platforms that were previously validated with another 
mAb, referencing to these data rather than conducting an 
additional dedicated pharmacokinetic comparability study 
should be justified. The underlying prerequisite is that the 
autoinjector contains the same formulation (i.e., includ-
ing the same excipients at the same quantities) and dosing 
volume as that used in the pivotal phase III study for the 
respective mAb. Technical design verification and valida-
tion, including a summative human factors study, would still 
be conducted for each mAb individually (Fig. 4). Devia-
tions from this approach would be assessed on a case-by-
case basis.

The authors refer to this concept as a molecule-inde-
pendent device bridging approach (Fig. 4). Eligible mAbs 
would be characterized by slow absorption from the SC tis-
sue into the systemic circulation [120]. The rationale is that 
the pharmacokinetic profiles of SC administration using dif-
ferent devices, such as prefilled syringe, handheld syringe, 
or automated devices, are expected to be similar. This is 
because the rate-limiting factor for absorption into the sys-
temic circulation is the release from the interstitial space via 

lymph flow, rather than the specific injection method. For 
more information on this concept, please refer to previously 
published material [37].

5  Summary and Outlook

In the opinion of the authors, over the past 5 years, SC 
administration of high-dose/high-volume mAbs has transi-
tioned from an emerging field to a commonplace practice. 
This shift is supported by the increasing number of glob-
ally authorized high-volume mAbs since the publication 
of the initial review article in 2018 [1].

The pharmacokinetic-based clinical bridging approach 
from IV to SC administration has now become a well-
established standard in different specialty areas. The con-
cept did allow for extrapolation of data from the pivotal 
phase III trial in one indication to other indications with 
the same IV dose and dosing frequency.

Despite advancements in nonclinical and computational 
models, clinical trial data are still necessary to assess 
hypersensitivity reactions, immunogenicity, and local tol-
erability with the SC route. These events depend on factors 
such as the mAb itself, formulation composition, as well as 
on individual traits. While pharmacokinetic modeling has 
already been used in early programs, the structured appli-
cation of model-based drug development concepts is now 
being employed to streamline development approaches. 
This allows for the possibility of omitting 1:1 randomiza-
tion in phase III clinical studies and instead favoring une-
qual allocation in support of the novel SC route. Pharma-
cokinetic modeling enables the assessment of the primary 
endpoint as early as cycle 1 and facilitates non-inferiority 
studies comparing IV and SC formulations with different 
dosing frequencies.

In the coming years, high-volume SC mAbs are 
expected to be widely available and commonly used in 
decentralized care settings. This shift will be facilitated 
by the introduction of large-volume on-body delivery sys-
tems. The clinical bridging program for these mAbs will 
primarily focus on pharmacokinetic endpoints, although 
the size and design of the trials may vary. This can range 

Fig. 4  Molecule-independent 
device bridging approach – 
concept, supporting evidence, 
and underlying assumptions. AI 
autoinjector, mAb monoclonal 
antibody, OBDS on-body deliv-
ery system, PK pharmacokinetic

Supporting evidence

Conceptual molecule-

independent device bridging 

approach

● Omit the need to generate molecule-specific PK comparability assessments for 

new mAbs using the same AI or OBDS platform validated previously with another 

mAb

● Eligible mAbs would reference available PK comparability data

Assumptions

● PK comparability studies conducted with device platform in scope with other 

mAb(s)

● Complete Design Verification and Validation technical package, including 

summative human factors study, for each mAb combination product

● The AI or OBDS contains the same formulation (i.e., including the same 

excipients at the same quantities) and the overall dosing volume is the same as that in 

the pivotal Phase 3 study for the respective mAb

● Eligible mAbs exhibit slow absorption in the systemic circulation
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from traditional non-inferiority studies to superiority stud-
ies compared with standard of care, or even single-arm 
trials utilizing historical data for comparison with the IV 
version. As high-dose SC mAbs become easier to admin-
ister, it is expected that more of these medications will be 
developed exclusively in SC formulations.
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