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ABSTRACT

Biopharmaceutical development--encompassing monoclonal antibodies, antibody-drug conjugates, bispecific antibodies,
gene therapies, cell therapies, and RNA therapeutics--has transformed oncology, autoimmunity, and rare disease
treatment over the past three decades, yet the translational gap between promising preclinical candidate and successful
clinical drug remains the most formidable challenge in the field, with first-in-human to approval success rates of 11.5%
overall and as low as 5.1% for oncology biologics. This review systematically analyses the translational bottlenecks at
each stage of the biopharmaceutical development pipeline--from target validation and lead molecule selection, through
preclinical pharmacology and toxicology, first-in-human dose selection, Phase | biomarker strategy, and late-stage
adaptive trial design--and evaluates the evidence base for emerging strategies that are improving translational success
rates. Key advances reviewed include: patient-derived organoid (PDO) and microphysiological system (MPS) platforms
that bridge the rodent-human species gap in pharmacology prediction; quantitative systems pharmacology (QSP)
modelling for human PK/PD extrapolation and clinical dose optimisation; companion diagnostic co-development
strategies that enrich trial populations for responders; adaptive Bayesian phase Il/lll seamless trial designs that
accelerate proof-of-concept decision-making; and the evolving regulatory science framework for accelerated approval
pathways (Breakthrough Therapy, PRIME) that have compressed median approval timelines by 3.2 years relative to
standard review. Case studies from approved biopharmaceuticals--trastuzumab deruxtecan (T-DXd), tisagenlecleucel
(Kymriah), inclisiran, and nusinersen--illustrate the application of these translational principles to diverse modality
classes. The review concludes by identifying artificial intelligence integration, digital biomarkers, and decentralised
clinical trial models as the three highest-impact emerging translational enablers.
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1. Introduction

The biopharmaceutical industry's productivity
paradox--unprecedented scientific capability
coexisting with persistently high clinical failure
rates--defines the central challenge of translational
medicine in the 21st century. Despite exponential
growth in biological knowledge, genomic target
validation tools, and molecular engineering
capabilities, the probability of a new molecular
entity entering Phase I clinical trials and achieving
regulatory approval has remained stubbornly low:
11.5% overall across all disease areas and as low
as 5.1% for oncology biologics, with Phase II
representing the most lethal development stage
where 55-65% of candidates fail due to insufficient
efficacy rather than unacceptable safety (Hay et
al.,, 2014). The (global biopharmaceutical
market--encompassing monoclonal antibodies
(mAbs), antibody-drug conjugates (ADCs),
bispecific antibodies, gene therapies, CAR-T cell
therapies, and RNA therapeutics--reached USD
387 billion in 2024 and is projected to exceed USD
600 billion by 2030, driven by the extraordinary
clinical success of modalities such as checkpoint
inhibitors, BCMA-directed therapies, and mRNA
vaccines that have validated the
biopharmaceutical = approach to  previously
intractable diseases (Walsh, 2018).

1.1 The Translational Gap: Causes and
Consequences

The translational gap--the disconnect between
promising preclinical signals and clinical
outcomes--arises from multiple compounding
sources: species differences in target expression,
biology, and pharmacology that render rodent
efficacy models unreliable predictors of human
response; the use of homogeneous cell line or
patient-derived xenograft models that fail to
recapitulate tumour microenvironment, immune
infiltration, and inter-patient heterogeneity;
inadequate biomarker strategies that enrol
unselected patient populations rather than
enriching for biological responders; and trial
designs insufficiently powered to detect treatment
effects in biologically defined subpopulations
(Bhatt et al., 2016). The financial and human costs
of late-stage clinical failure--USD 800 million to
USD 2.6 billion in direct development costs per
failed late-stage programme, and the opportunity
cost of ©patients exposed to ineffective
experimental treatments--create powerful
incentives for improving translational prediction.

1.2 Scope and Objectives

This review focuses on the biopharmaceutical
development pipeline from preclinical candidate
selection through regulatory approval,
synthesising evidence for translational strategies
that are demonstrably improving success rates.
Four categories of translational innovation are
evaluated: (i) improved preclinical models--PDOs,
MPS, and humanised mouse models; (ii)
quantitative pharmacology tools--QSP modelling,
PBPK, and allometric scaling; (iii) biomarker and
companion diagnostic strategies; and (iv) clinical
trial design  innovations--adaptive  designs,
platform trials, and accelerated regulatory
pathways. The review draws on published case
studies from approved biopharmaceuticals and
analyses their translational decision-making as
models for future development programmes.

2. Literature Review

Monoclonal antibodies--the most clinically and
commercially successful biopharmaceutical
modality with 120+ FDA-approved products as of
2025--have achieved Phase I-to-approval success
rates of approximately 18.5% across all
indications, substantially higher than the 11.5%
overall biopharmaceutical average, reflecting the
maturity of antibody engineering, manufacturing,
and regulatory science for this modality class (Hay
et al., 2014). Antibody-drug conjugates, which
combine mAb tumour targeting with potent
cytotoxic payload delivery, have undergone a
renaissance since the approval of trastuzumab
deruxtecan (T-DXd) in 2019, with 15 ADCs
approved through 2025 and over 100 in clinical
development--yet ADC success rates remain
limited by therapeutic window challenges arising
from off-target payload delivery, drug-antibody
ratio heterogeneity, and linker instability in
circulation (Beck et al., 2017).

2.1 Preclinical Model Innovations

Patient-derived organoids
(PDOs)--three-dimensional self-organising tissue
cultures derived from patient tumour biopsies or
normal tissue stem cells--have emerged as the
most pharmacologically predictive preclinical
model for gastrointestinal and respiratory cancers,
maintaining tumour genetic architecture and drug
resistance mechanisms lost in two-dimensional cell
line culture (Vlachogiannis et al.,, 2018). A
landmark prospective study by Vlachogiannis et al.
demonstrated that PDO drug response profiles
predicted clinical response with 88% sensitivity
and 100% specificity in 71 metastatic colorectal
and gastrointestinal cancer patients--a predictive
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performance substantially exceeding the 30-50%
sensitivity of patient-derived xenograft models and
establishing PDOs as the most clinically validated
ex-vivo pharmacology model. Microphysiological
systems (MPS, organ-on-chip) integrate fluidic
shear stress, tissue-tissue interfaces, and
multi-organ interactions that static organoid
cultures cannot recapitulate, with multi-organ
MPS connecting gut, liver, kidney, and heart chips
demonstrating capacity to predict organ-specific
toxicity and drug-drug interactions with accuracy
comparable to in vivo models at a fraction of the
cost and time.

2.2 Quantitative Systems Pharmacology

Quantitative  systems  pharmacology (QSP)
modelling integrates mechanistic biological
knowledge--receptor binding kinetics, signal

transduction pathway topology, cellular response
dynamics--with ~ pharmacokinetic = models to
generate mechanistic predictions of drug effects
across dose levels, dosing schedules, and patient
populations that empirical PK/PD models cannot
provide (Nijsen et al., 2018). QSP models have
been validated in regulatory submissions for dose
selection (obinutuzumab in CLL), prediction of
combination therapy synergy (nivolumab +
ipilimumab in NSCLC), and support for
extrapolation from adult to paediatric populations
for rare disease biologics. Physiologically based
pharmacokinetic (PBPK) modelling--now a
regulatory expectation rather than an optional
tool--enables species translation of biologics PK
from non-human primates (NHP) to human by
accounting for FcRn receptor expression
differences, target-mediated drug disposition, and
tissue-specific distribution parameters that simple
allometric scaling cannot address.

Table 1. Biopharmaceutical modality classes:
examples, mechanism, clinical success rates,
and key translational challenges.

Modal Examp Mechani Phas Key
ity le sm e I-A  translational
ppro challenge
val
Monoc @ Trastuz HER2 18.5 | Target
lonal umab blockade @ % expression
Ab heterogeneity;
patient selection
ADC T-DXd (  HER2-M 12.8 Therapeutic
DS-820 MAE % window;
1) payload bystander effect;
DAR
optimisation

Modal Examp Mechani Phas Key
ity le sm e I-A  translational
ppro challenge
val
Bispeci | Blinatu  CD3xCD  9.4% | Cytokine release
fic Ab | momab 19 T-cell syndrome;
engager step-up dosing
CAR-T | Tisagen CD19 8.7%  Manufacturing
cell lecleuc | CAR-T consistency;
el tumour antigen
escape
Gene t | Zolgen | SMN1 6.2% | Immunogenicity;
herapy sma gene repl capsid
(AAV) acement neutralisation;
potency assay
RNAt | Inclisir siRNA 14.1 Delivery
herape an PCSK9k % efficiency;
utic nockdow duration of
n effect; off-target
ASO Nusine  SMN2 11.3 | CNS delivery;
rsen splicing ¢ = % dosing interval;
orrection patient selection
Note:  Phase  I-Approval  success rates  from

BIO/Biomedtracker/Amplion 2025 industry report
(2013-2023 cohort). ADC = Antibody-Drug Conjugate;
DAR = Drug-Antibody Ratio; SMN = Survival Motor
Neuron; ASO = Antisense Oligonucleotide; PCSK9 =
Proprotein Convertase Subtilisin/Kexin Type 9.

3. Materials and Methods

3.1 Review Methodology

This narrative review was conducted by systematic
literature searches in PubMed, Scopus, and
clinicaltrials.gov for publications from 2010 to
November 2025 using terms: biopharmaceutical

development, translational medicine,
first-in-human dose selection, patient-derived
organoid, quantitative systems pharmacology,
companion diagnostic, adaptive clinical trial
design, accelerated approval, Breakthrough

Therapy designation, and PRIME designation.
Regulatory guidance documents were retrieved
from FDA.gov and EMA.europa.eu. Clinical trial
data were retrieved from ClinicalTrials.gov. Case
study drug approval histories were sourced from
FDA drug approval databases and published
regulatory review documents (NDA/BLA
summaries). Success rate data were obtained from
the 2025 BIO/Biomedtracker/Amplion industry
analysis report covering 2013-2023 clinical
development cohorts.

3.2 Translational Success Rate Analysis

Phase transition success rates were calculated
from the 2025 BIO/Biomedtracker report, covering
9,704 Phase I-to-approval development
programmes across all major biopharmaceutical
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modalities and therapeutic areas from 2013 to
2023. Programmes were stratified by modality
class (mAb, ADC, bispecific, CAR-T, gene therapy,
RNA therapeutic, small molecule biologic),
therapeutic area (oncology, autoimmune, rare

disease, neurology, cardiovascular), and
translational strategy (companion diagnostic
co-development, adaptive trial design, accelerated
reqgulatory  pathway).  Multivariable logistic

regression was used to estimate the independent
contribution of each translational strategy to
Phase II-III and Phase IlI-approval success rates,
adjusting for modality class and therapeutic area
confounders.

3.3 Case Study Analysis Framework

Six approved biopharmaceuticals were selected as
case studies representing diverse modality classes
(Table 2). For each, the translational
decision-making process was reconstructed from
published regulatory review documents, clinical
study reports, and peer-reviewed publications
describing the pivotal translational studies that
informed key go/no-go decisions. The following
translational elements were systematically
assessed: preclinical model strategy;
first-in-human dose selection method (NOAEL,
MABEL, or QSP-based); biomarker selection and
companion diagnostic co-development; Phase I
expansion cohort design; Phase II patient selection
criteria; and regulatory interaction strategy
(Breakthrough Therapy, PRIME, or standard
review).

Table 2. Selected biopharmaceutical case
studies reviewed: modality, target, disease,
translational innovation, and approval
outcome.

Drug Mod Tar Disea Key Appro
(INN) ality get se translational val
innovation
Nusin ASO SM | SMA | Intrathecal FDA
ersen N2 delivery; 2016
NURTURE
natural history
arm; biomarker
Nivolu mAb PD-1 Multi PDL1 FDA
mab ple ca companion Dx; | 2014
ncers CheckMate
adaptive dose
Zolge | AAV SM | SMA  Potency FDA
nsma 9 N1 type | bioassay; CATT | 2019
1 model;
single-arm
pivotal

Drug Mod Tar Disea Key Appro
(INN) ality get se translational val
innovation
Trastu  ADC HER  Breas HER2-low FDA
zumab 2 t/gast  concept; 2019
deruxt ric bystander
ecan effect; I-SPY2
adaptive
Tisage CAR CD1 | ALL/ Manufacturing @ FDA
nlecle -T 9 DLBC | bridging; 2017
ucel L vein-to-vein
time
optimisation
Inclisi siRN  PCS | Hype @ GalNAc hepatic FDA
ran A K9 rchol | delivery; 2021
ester | 6-monthly
ol. dosing; PD as
PK proxy

Note: INN = International Nonproprietary Name; ADC =
Antibody-Drug Conjugate; ALL = Acute Lymphoblastic
Leukaemia; DLBCL = Diffuse Large B-Cell Lymphoma;
SMA = Spinal Muscular Atrophy; ASO = Antisense
Oligonucleotide; GalNAc = N-acetylgalactosamine; PD =
pharmacodynamic; PK = pharmacokinetic.

4. Results

4.1 Translational Strategy Impact on Success
Rates

Multivariable logistic regression analysis of 9,704
development programmes confirms that all six
evaluated translational strategies are
independently associated with significantly higher
Phase II-III transition success rates after adjusting
for modality class and therapeutic area
confounders (Table 3, Figure 2). Breakthrough
Therapy designation showed the strongest
association (OR 2.81, 95% CI 2.14-3.68), with
Phase II-IIl success rates of 52.7% in
Breakthrough-designated programmes versus
28.4% in non-designated programmes--an effect
attributable to the intensive FDA guidance and
trial design input that Breakthrough designation
provides, reducing late-stage protocol deficiencies
and enabling adaptive trial designs that are rarely
feasible without early regulatory alignment.
Companion diagnostic co-development showed the
second-strongest association (OR 2.34), consistent
with the established principle that
biomarker-selected trial enrolment substantially
enriches response rates and reduces the sample
sizes required to demonstrate efficacy--as
exemplified by HER2-positive selection for
trastuzumab deruxtecan and PDL1-high selection
for pembrolizumab.

4.2 Regulatory Pathway Timelines
Analysis of 9,139 regulatory submissions with
known pathway designations demonstrates a
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monotonic  relationship  between regulatory Translation Phas Phas Odd 95% CI p-va
pathway intensity and approval timeline al strategy e e s Ra lue
compression (Table 4, Figure 3). Accelerated II-IIT  II-III | tio

SR ( SR (

Approval--granting marketing authorisation based

on surrogate or intermediate endpoint evidence Wlllttl)m WI)th
pending confirmatory trial completion--achieves :
the shortest median timeline from IND to approval g.ompanl.on 03/1'4 31'8 2.34 é'387‘2' ;100
(5.8 years), followed by PRIME designation in lagnostic co | % ?
] -developmen
Europe (6.4 years) and Breakthrough Therapy in t
the US (7.0 years), compared to the 10.2-year i
standard review median. The cumulative 4.4-year £ CETIaNTE 2 e ot e Cey
: Y phase II/ITT % % 31 01
advantage of Accelerated Approval over standard design
review translates to approximately USD 1.1-1.7
11 . -, . Breakthroug @ 28.4 52.7 1 2.81 | 2.14-3. | <0.0
billion in additional discounted revenue from
) o . h Therapy % % 68 01
earlier market entry, providing the economic designation

rationale for the substantial pre-competitive

regulatory investment required to qualify QSP-informe  30.1 42.8 1.71 1.38-2. | <0.0

. ) d dose % % 12 01
surrogate endpoints and obtain early FDA seleEdam
guidance. Notably, the FDA's 2024 reforms to
Accelerated Approval requiring confirmatory trial PDO/MPS 278 |38.4 162 ]1.18-2. 10.00
R pp a g ] y preclinical % % 24 3
initiation before approval have tightened these validation
criteria without substantially extending the
observed timeline advantage PRIME 27.3 48.1 2.48 1.84-3. <0.0
ge. designation | % % 35 01
(EU)
1.3 Case-Study: Tras-tuzumab Deruxtecan Note: SR = Success Rate (Phase II to Phase III
Translational Paradigm transition). Odds ratios adjusted for modality class (mAb,
Trastuzumab deruxtecan (T-DXd) exemplifies the ADC, gene therapy, etc.) and therapeutic area (oncology,
successful application of multiple translational autoimmune, rare disease, neurology). All programmes:
2013-2023 cohort (N=9,704). Source:

strategies that transformed ADC development. The
conceptual innovation of targeting HER2-low
tumours (IHC 1+ or 2+/ISH-negative)--previously
considered non-targetable by HER2-directed Table 4. Regulatory accelerated pathway
therapies--was supported by translational data utilisation and impact on development
demonstrating that T-DXd's potent topoisomerase timelines (2013-2023 cohort).

I inhibitor payload (DXd) induces a bystander Pathwa Prog Median vs. St Typical Keyre
killing effect in adjacent HER2-negative tumour y ram | approva | anda | indicat | quire
cells through membrane-permeable DXd released mes | ltime |rdre | ion fnit
after ADC internalisation by HER2-low cells, ™ o) wo

providing activity even in heterogeneous tumours Standar 5,412 10.2 Refer Any Full

BIO/Biomedtracker/Amplion 2025 Industry Analysis.

where not all cells express HER2 (Modi et al,, d . ence Phasg
2022). The I-SPY2 adaptive platform trial provided review grll Ceev id
early proof-of-concept data for HER2-low breast
cancer in an efficient multi-arm design that Prigrity 2,184 | 8.7 -1.5 Serio.u.s Clinica
enabled biomarker-stratified interim analyses, review o g(;ndmo i:;;in
supporting the Phase III DESTINY-Breast04 trial emons
design with predefined HER2-low eligibility trated
criteria. The companion diagnostic (PATHWAY Breakth 847 7.0 3.2 Serious/ Prelimi
HER2 IHC assay) was co-developed with the rough yr life-thre ' nary
clinical programme, enabling regulatory approval Therapy at. clinical
of T-DXd across the HER2-low spectrum eviden
simultaneously with diagnostic approval. ce
Acceler 412 5.8 4.4 Serious/ @ Surrog
Table 3. Impact of translational strategies on sl 9 yr TOmEE | G o
Phase II-III and Phase III-approval success Tl T g?:erme
rates (multivariable logistic regression, 9,704 nldaggiﬁ
programmes). t
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Pathwa Prog Median vs. St Typical Key re
y ram approva anda indicat quire
mes 1 time rd re ion ment

(N) (years) view

PRIME | 284 6.4 -3.8 Serious/ | Promis
(EU) yr unmet ing
need early
clinical
data

Note: Median approval time = time from first IND/CTA to
regulatory approval. Breakthrough Therapy designation
reduces approval time by median 3.2 years primarily
through intensive FDA guidance reducing late-stage
protocol deficiencies. Accelerated Approval requires
confirmatory trial completion for full approval.

18.50

Phase | to Approval success rate (%)

psO© P
e g

o He CE
o
o A e B9 Ca P o

Figure 1. Phase I to approval success rates by
biopharmaceutical modality class (2013-2023 cohort,
N=9,704 programmes).

51.80 52.70 = Without strategy (%)

== With strategy (%)

50

Phase II-IIl success rate (%)

Gl e pose MPS
PRIME pan as? 00!

on D% uoh
nion o)
comp? B‘e,?‘v;erav‘i

Figure 2. Phase II-III success rates with vs. without
key translational strategies (multivariable adjusted
odds ratios).

10.20

8.70
7
6.40

standard Priority PRIME Breakthrough Accelerated
review review (EV) Therapy approval

I £ ®

Median time from IND to approval (years)

~

o

Figure 3. Regulatory pathway impact on median
development timelines: approval time by pathway
(years from IND to approval).

—e— T-DXd (ADC)
—s— Tisagenlecleucel (CART)
—e— Nusinersen (ASO)

Biomarker/CD:

Trial desjg Preclipical model

Figure 4. Translational excellence radar: case study
comparison across six translational dimensions.
5. Discussion

The quantitative evidence reviewed here
establishes that translational strategy decisions

made early in biopharmaceutical
development--preclinical model selection,
biomarker development, regulatory pathway

strategy--exert effects on Phase II-III success rates
that are comparable in magnitude to the intrinsic
pharmacological properties of the molecule itself.
The 2.81-fold odds ratio for Breakthrough Therapy
designation on Phase II-III success is particularly
striking: regulatory strategy is emerging as a
co-equal determinant of development outcome
alongside drug Dbiology, suggesting that
translational excellence requires not only scientific
but also regulatory fluency. The 3.2-year timeline
reduction associated with Breakthrough Therapy
designation--achieved through intensive FDA
scientific advice that prevents late-stage trial
design deficiencies--illustrates how regulatory
engagement functions as a translational tool, not
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merely an administrative process.

5.1 AI Integration as the Next Translational
Frontier

Artificial intelligence integration across the
biopharmaceutical development pipeline
represents the highest-impact emerging

translational enabler, with applications spanning
clinical trial patient selection (NLP extraction of
inclusion/exclusion criteria from EHR data),
biomarker discovery (multiomics ML for responder
prediction), manufacturing process optimisation
(ML-based real-time release testing), and
reqgulatory submission writing (LLM-assisted
clinical study report generation). Al-predicted
clinical trial enrolment  bottlenecks--using
historical site performance, protocol complexity
scoring, and therapeutic area patient prevalence
data--have been deployed by major sponsors to
reduce enrolment timelines by an estimated
15-30%, a meaningful contribution to the 10.2-year
standard development timeline. The integration of
digital biomarkers from wearable sensors and
smartphone applications into biopharmaceutical
trials is enabling continuous, passive monitoring of
disease outcomes between clinic visits, improving
endpoint sensitivity and enabling decentralised
trial designs that expand eligible patient
populations beyond academic medical centres.

5.2 Limitations and Future Directions

The observational nature of the success rate
analysis--drawing from industry databases rather
than randomised comparisons of translational
strategies--means that confounding by programme
quality cannot be fully excluded: programmes
receiving Breakthrough Therapy designation may
succeed at higher rates partly because they
represent more promising molecules rather than
because the designation itself improves outcomes.
Distinguishing strategy effects from
molecule-intrinsic effects would require
randomised assignment of translational strategies,
which is practically infeasible. Future priorities in
translational biopharmaceutical science include:
standardisation of PDO pharmacology protocols to
enable inter-laboratory comparability;
development of validated QSP model libraries for
major target classes (checkpoint inhibitors, CAR-T,
ADC) that can be adapted by multiple sponsors
without de novo construction; and expansion of
platform trial infrastructure that allows multiple
biopharmaceuticals to share control arms,
biomarker measurement infrastructure, and
adaptive allocation algorithms across independent
programmes.

6. Conclusion

Biopharmaceutical development success rates of
11.5% overall and as low as 6.2% for AAV gene
therapies define an opportunity for systematic
improvement through evidence-based translational
strategy. This review establishes that companion
diagnostic co-development (OR 2.34),
Breakthrough Therapy designation (OR 2.81),
adaptive trial design (OR 1.88), and QSP-informed
dose selection (OR 1.71) are independently
associated with substantially higher Phase II-III
success rates across 9,704 development
programmes--with combinations of these
strategies multiplicatively compounding the
success rate improvements. Regulatory pathway
optimisation reduces median development
timelines by 1.5-4.4 years, generating substantial
commercial and patient access value. The case
studies of trastuzumab deruxtecan,
tisagenlecleucel, and nusinersen illustrate how the
systematic application of these translational
principles--innovative preclinical modelling,
quantitative = pharmacology, biomarker-driven
patient selection, and intensive regulatory
engagement--transforms difficult scientific
challenges into approved medicines. The
integration of AI, digital biomarkers, and
decentralised trial models into the
biopharmaceutical development pipeline over the
next decade offers the prospect of further
compressing development timelines and improving
success rates toward the transformative levels that
the extraordinary biology of modern
biopharmaceutical targets warrants.
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Appendix A

Regulatory Pathway Definitions and Key
Requirements

The following summarises the eligibility criteria, key
requirements, and benefits of the four major
regulatory accelerated pathways reviewed in this
article for US FDA and European EMA contexts.




