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Low reporting quality limits the contribution of human organ
models to COVID-19 research: a systematic review
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Summary eBioMedicine
Background The COVID-19 pandemic created a unique situation in which researchers repurposed human models of 2026;130: 106392

varying complexity to investigate SARS-CoV-2, providing the opportunity to analyse their contribution across organs. E“"“Sh;‘:j Qn'i”e/xxx
ttps://doi.org/10.

1016/j.ebiom.2026.

Methods We conducted a systematic review of 558 studies, divided into pandemic and post-pandemic periods, to 106392

assess how human models were applied to investigate host factors, viral replication of SARS-CoV-2, immune
responses, and to evaluate reporting quality.

Findings Our analysis revealed substantial limitations that were only partially alleviated in post-pandemic studies.
These limitations included heterogeneity of outcome measures, incomplete documentation of model
characteristics and experimental procedures, and variable reporting quality, which were associated with reduced
cross-study comparability, more difficult risk-of-bias assessment, and limited reliability and interpretability of
evidence synthesis and meta-analytical results.

Interpretation Strengthening community-driven reporting standards and methodological transparency is essential to
enable robust evidence synthesis and to fully realise the potential of human organ models in future pandemics and
translational research.
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Research in context

Evidence before this study

To conduct this study, we searched PubMed and the WHO
COVID-19 database for articles published from December
2019 to February 2022 (pandemic period) as well as from
March 2022 to July 2025 (post-pandemic period), without
restricting to English language publications. We aimed to
identify primary research using human primary cell models,
organoids, or tissue cultures to study SARS-CoV-2. Our search
strategy combined key terms related to the disease, model
systems, host factors, and organisms. Studies were included
if they described experimental work using human in vitro or
ex vivo models to investigate SARS-CoV-2 host factors, viral
replication, or immune responses. Out of 2220 identified
studies, 558 met our eligibility criteria. A comprehensive data
extraction covering model generation, experimental design,
and experimental results was performed. Risk of bias was
indirectly assessed through detailed quality-of-reporting
evaluations. Although valuable findings were reported in
individual studies, the overall quality and consistency of
reporting were highly variable, hampering reliable synthesis
of evidence. Meta-analyses were attempted on subsets of
data but were limited by reporting deficiencies and study
heterogeneity.

Added value of this study

This study comprehensively evaluates the contribution of
human organ models to understanding COVID-19 across
multiple organ systems and model types. Unlike previous
reviews that focused on single organs or technical aspects,

Introduction

Background and rationale

Human organ models comprise in vitro systems using
primary or stem cells to form either a two-dimensional
(2D) layer or complex 3D structures, such as air-liquid
interface (ALI) or organoid models. Human organ
models also include tissue samples cultivated ex vivo
from surgical material, biopsies, or autopsies. Overall,
human organ models are advanced model systems
applied in basic and preclinical research to close the gap
from the classical 2D cell lines and animal models to
the actual human organ.’

During health crises such as pandemics, the
adherence to rigorous standards is crucial to minimise
uncertainty and generate robust evidence for health
care policy and clinical decision-making.? With the
onset of the COVID-19 pandemic, a modelling
dilemma became evident, as it was largely unclear
which species would be susceptible to SARS-CoV-2 and

we provide an integrated overview of how human models
were applied during the COVID-19 pandemic and assess their
potential for evidence synthesis. Our analysis reveals
significant shortcomings in reporting practices, which limit
the interpretability and comparability of findings across
studies. We show that while human organ models have
generated important insights into SARS-CoV-2 biology, their
broader impact is curtailed by inconsistent documentation of
model characteristics, experimental procedures, and
metadata. Our work highlights the urgent need for improved
standardisation and transparency in human model research.

Implications of all the available evidence

The available evidence underscores the promise of human
organ models in infectious disease research but also reveals
major obstacles that must be overcome to fully harness their
potential. Clear and consistent reporting standards are
essential to enable evidence synthesis, comparative
assessments, and knowledge transfer across studies.
Improving methodological transparency will strengthen the
reliability of human organ models as translational tools,
support their integration into biomedical research pipelines,
and enhance their contribution to pandemic preparedness
and clinical innovation. Future research should prioritise
detailed documentation of model generation, experimental
design, and sample characteristics to ensure that human
models can serve as robust foundations for scientific
discovery and public health decision-making.

to what extent results obtained in other species had
significance for humans.’ Animal models were initially
not available to study the course of disease or to identify
anti-viral drugs. Therefore, human organ models played
a key role in addressing urgent research questions
regarding SARS-CoV-2 pathogenesis and therapeutic
treatment options.**

Human organ models have been developed to study
disease mechanisms in various organs, including the
liver, pancreas, skin, lungs, heart, and central nervous
system. However, their potential contribution to the
systemic investigation of multi-organ diseases remains
unclear. The application of diverse models, each with
distinct technical and biological characteristics, to a
single disease represents a broad and heterogeneous
approach in biomedical research. Undoubtedly, indi-
vidual studies have made important contributions to
our understanding of COVID-19 through these
models.” However, it is uncertain how well the results
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allow for evidence synthesis on key aspects such as vi-
rus replication, cellular tropism, host factor expression,
or immune responses in individual tissue compart-
ments. Additionally, it remains unclear whether syn-
thesising this evidence can meaningfully advance our
broader understanding of SARS-CoV-2. Specifically,
can existing literature offer reproducible, valid, and
translationally relevant findings? Answering these
questions requires a systematic evaluation focused on
quality. A structured synthesis of evidence combined
with comparative analysis is essential for building a
solid foundation to advance our understanding of
diseases.

Systematic reviews (SRs) allow for such systematic
categorisation and evaluation, identifying important
trends, gaps and inconsistencies in literature. Initially
conceived for clinical and recently also in vivo studies,
SRs of in vitro studies now constitute an important and
steadily growing contribution to the assessment of ev-
idence for efficacy and toxicity/safety, or diverse meth-
odological techniques. Current SRs on in vitro model
systems focus on their predictive value or technical
details in model generation. Across these SRs a lack of
standardisation, quality criteria, common nomenclature
and reporting standards is described for the literature
applying in vitro models.*"!

This SR spans across the whole research field of
human organ models, investigating their contribution
to the understanding of SARS-CoV-2 pathology,
encompassing multiple organs, all published model
types, and key methodologies to capture the diversity of
approaches and reflect the comprehensiveness of
research on COVID-19. A key focus of this SR is the
quality of reporting and the suitability of experimental
results for generating meaningful evidence summaries.
Meaningful refers to results that are comparable across
studies, with differences attributable to variations be-
tween the studies. Consequently, this comprehensive
SR analyses currently available human organ models
addressing comparable research questions within a
shared disease context. The COVID-19 pandemic pro-
vides an extensive and diverse data set to examine the
state of human organ model applications.

Research focus

We developed four research questions to evaluate
studies across different model types and organ systems.
The first three were preregistered, while the fourth was
added to assess the quality of reporting for experimental
procedures and results. Based on this, we conducted a
meta-analysis on a subset of the data.

1. What is the expression profile of SARS-CoV-2-
relevant host factors in different human organ
models?

2. In which organ and tissue compartments does
SARS-CoV-2 replicate?
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3. Which immune responses can be identified in the
different SARS-CoV-2 infection models?

4. Does the quality of reporting on model generation,
experimental procedures and results enable a clear
understanding of the presented work and allow for
a comparison across studies by meta-analysis?

Methods

This SR was designed and performed in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA guidelines, see
Supplementary method 7 for details).”>”® A detailed
description of the methods can be found in the
supplementary information. Ethical approval was not
required, and the statistical analysis is described in
detail in the meta-analyses section.

Search strategy and selection criteria

We grouped our research questions into key concepts to
define the search terms (Supplementary Table 2). The
systematic literature search was performed on PubMed
and the WHO COVID-19 research database for the
pandemic data set and on PubMed for the post-pandemic
data set (WHO database was discontinued). Our search
strategy identified 2220 studies published up to July 18,
2025 (Fig. 1) (see Supplementary method 4 and eligibility
criteria Supplementary Table 3 for details). This SR was
preregistered on the International Prospective Register
of Systematic Reviews (PROSPERO, CRD42021250999)
on June 9, 2021. Reporting quality questions were based
on the MDAR checklist and refined with input from ex-
perts in human organ models, virology and RNA
sequencing.’*** (see Supplementary method 3 for de-
tails). Title and abstract screen was performed on
RAYYAN to exclude non-primary research articles.'

Software

For data extraction Numbat Systematic Review Man-
ager was used (RRID:SCR_019207).” Data point
extraction was performed in PlotDigitizer and recorded
in Microsoft Excel.”® Meta-analyses and associated fig-
ures were conducted in R (RRID:SCR_001905).

Validation of data extraction protocol

The data extraction protocol was piloted by five trained
reviewers, and feedback from discussions led to refined
questions and expanded explanations, resulting in a
final question catalogue of 184 questions (104 questions
on reporting quality and experimental design, 80 on
data point extractions). For the post-pandemic data set
we streamlined the question catalogue to 23 questions,
based on the main outcomes of the analysis of the
pandemic data.”

Training
All 30 reviewers were initially inexperienced in SR
methodology and completed an eight-week training


rridsoftware%3ASCR_001905
http://www.thelancet.com
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Fig. 1: PRISMA flow diagram for Systematic Review presenting the selection process of the included studies. 3224 publications were
identified from two databases. From these, 1004 duplicates were excluded, and 2220 records were screened on title and abstract, resulting in
the exclusion of 931 records not meeting predefined eligibility criteria. Subsequently, 1289 full-text records were screened, of which 731 were
excluded for reasons as described. In total, 292 records for the pandemic period, as well as 266 records for post-pandemic period were
included for data extraction. Overall, 631 reviews had to be performed due to multiple organ foci in individual studies.

(27 sessions), involving screening of ten studies,
with continuous feedback, leading to a high level of
consensus. Data points were extracted from plots by a
specially trained team member using PlotDigitizer (see
Meta-Analyses and Supplementary method 5 for details).

Review process

Some of the 558 included studies used multiple models
representing different organs; these studies were
screened multiple times according to the organ focus.
In total, this resulted in 631 individual reviews, with
each expert reviewing between 28 and 49 studies. Each
study in the pandemic data set (n = 292) was assessed
by two independent reviewers from the 30-member
team. In the case of discrepancies (~60% of all
studies) a third reviewer reconciled the assessment and
provided the final answer. For the review of the post-
pandemic data set (n = 266), the data extraction was
streamlined on key questions addressed by 13 experi-
enced reviewers (two per study). When clarification was
needed, the reviewer directly coordinated with the co-
reviewer to provide the final answer and ensure time
efficiency (see Supplementary method 6 for details).

Data collection, data handling and analysis

In the data extraction forms, answer options varied
between single and multiple choice, free text and table
response formats (see Supplementary method 6 for
details). As there is no standardised terminology for
outcome reporting of in vitro experiments (e.g., list of
different y-axes descriptions as shown in Supplementary
Tables 4 and 5), the reviewer training was time intensive
(see Supplementary method 5 for details), and the data
cleaning required manual manipulation. Data points
were extracted from manuscript plots using PlotDigi-
tizer, independently verified by two reviewers, and
then reviewed by a statistician prior to meta-analysis.
For descriptive analysis, Microsoft Excel and R were
used. Data visualisations were performed with
Origin.”

Meta-analyses

Meta-analyses on host factor expression in respiratory tract
models

In these meta-analyses, we compared qPCR-based
expression of the key SARS-CoV-2 host factors ACE2
and TMPRSS2 across respiratory tract model types (cell
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models, organoids, and tissues), distinguishing be-
tween the proximal respiratory tract (pRT; nasal,
tracheal, and bronchial epithelium) and the distal res-
piratory tract (dRT; primarily alveolar compartment)
(see Supplementary method 1 for details).

Meta-analysis on viral replication in respiratory tract models
In this meta-analysis of QPCR-based SARS-CoV-2 repli-
cation in respiratory tract models, we applied a Bayesian
non-linear hierarchical Gompertz growth model. Only
experiments with >3 time points (hpi) were included,
and replication values were z-transformed within each
study to enable cross-study comparison. The final data-
set comprised 130 data points from 13 studies (21 fig-
ures). Study heterogeneity was addressed by allowing
replication rates to vary between studies, with effects
estimated from posterior parameter distributions (see
Supplementary method 2 for details).

Data accessibility

Adjustments to our study protocol are reported in the
preregistration.”” The search strategy, data extraction
protocol, libraries of all studies separated by organ
groups, coding of the meta-analyses and the GSE
numbers of the RNA sequencing data sets are made
available on OSF under a CC-BY licence.”

Role of funders

The funders had no influence on the study design, data
collection, analysis, or interpretation of the data, nor on
the writing or submission of the manuscript.

Results

Overview of the model systems

The presented data is based on 558 studies of the
pandemic (12/2019-02/2022) and post-pandemic period
(03/2022-07/2025), categorised according to the inves-
tigated organ system and model types (Fig. 2A). Several
studies investigated more than one organ system and
were included in the analyses per organ. As RT (245
studies) and GIT (83 studies) were the most frequently
investigated organ compartments, their outcomes are
presented in detail. We categorised the different models
into organoids, tissues, cell models, and others (Table 1).
Of note is the limited inclusion of studies that exclu-
sively worked on autopsy material.

Tissue samples (255 models) and cell models (199
models) were the most frequently used model systems.
Organoids (194) constituted a slightly smaller fraction
for RT models (28.2%), while for GIT and CNS models,
they were the most applied systems with 48.9% and
37.1% respectively (Fig. 2B). The source material and
culture types of all models are depicted in Fig. 2C.

Respiratory tract

For RT models, we found a similar number of cell culture
models, either cultured in 2D (43 models), or as air-liquid
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interface (ALI) systems (57 models) (Supplementary
Table 8). Many tissue models were derived from ex vivo
biopsy material (64), with a smaller proportion from pa-
tients with COVID-19 (autopsy, 24). The RT organoid
models were created from either induced pluripotent
stem cells (PSC, 31) or adult stem cells (ASC, 39). The
corresponding organ compartment, categorised via the
description provided by the authors of the manuscript, is
displayed for RT models (upper sunburst) and GIT
models (lower sunburst) for the pandemic and post-
pandemic period (Fig. 2D). While most tissue models
(vellow) and organoids (green) mimicked parts of the
distal RT (dRT), cell models (blue) represented the prox-
imal RT (pRT) and dRT in almost even parts. It is note-
worthy that, for organoids generated from PSCs, the cell
type or respective organ compartment is often not spec-
ified (categorised then as ‘not specified’). Additionally,
tissue samples (yellow) were taken predominantly from
the dRT.

Gastrointestinal tract

For GIT models, ASC-generated organoids (27) were
more common than PSC-based organoids (18) (Fig. 2C,
Supplementary Table 8). As already described for RT,
the PSC-based organoids were largely not specified for
the region or cell type they were supposed to represent
(PSC-derived 39% unspecified, ASC-derived 35% un-
specified) (Fig. 2D bottom sunburst). Overall, 18.7% of
GIT organoids were described to represent the colon.
Most tissue models were based on material from pa-
tients without COVID-19 (68.7%), predominantly
representing the ileum and colon (Fig. 2C and D).

Other organ groups
PSCs are used predominantly to form CNS cell models
(70.8%), while organoid models (28.3% of all CNS
models), are almost exclusively based on PSCs (82.3%)
(Fig. 2B and C). A detailed sub-analysis of the different
organ compartments was performed for all organs in
the pandemic data set (Supplementary Table 8). Despite
the prevalence of PSC-based CNS models, there is
considerable diversity in the represented brain com-
partments, ranging from general brain descriptions to
specific regions such as cerebral cortex, cerebellum,
neuronal, and neural cells (Supplementary Table 8). We
categorised the described CNS regions and labelled
those we could not specify as “not specified” (36.4% of
all PSC-derived CNS models). Four tissue models were
generated from ex vivo biopsy material from patients
without COVID-19, mainly from the cerebral cortex.

Models representing the heart (48) are often tissue
or cell models. Only six organoid models were identi-
fied in studies investigating the heart. Both organoid
models and cell models were generated almost exclu-
sively from PSCs (Fig. 2C).

Similarly, eye models are mostly tissue-based
(59.4%) or defined as cell models (24.3%) or
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Fig. 2: Included human organ models categorised according to their generations, specifications and applications using pandemic and
post-pandemic data. A. Overview of organ groups represented by the investigated human models. The number of studies describing each
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Cell
models

tissue

2D culture systems based on primary cells or differentiated stem cells
o 3D air-liquid interface systems based on primary cells or differentiated stem cells

Organoids ¢ Derived from different types of stem cells including adult-, inducible pluripotent and embryonic stem cells
o Self-organised 3D tissue-like structures mimicking the modelled organ

Tissue e Biopsies resected from patients (dead/alive)
e Propagated directly or brought into culture (ex vivo explants)
Others e Organ on chip: microfluidic device including living cells mimicking the physiological and mechanical functions of a human organ

® 3D bioprinted model: in vitro constructs using 3D bioprinting technology depositing layer of bioink including living cells to replicate structures and functions of human

Table 1: Basic definitions of model categories.

organoids (13.5%). Eye cell cultures are often tissue-
based corneal and conjunctiva models. Most urogeni-
tal tract (UGT) models (68.5%) are tissue-based and
represent the placenta. Only 15.0% of the UGT studies
in the pandemic data set focused on testicular models
(Fig. 2C, Supplementary Table 8). Likewise, kidney
models are mostly tissue-based (46.1%), consisting
primarily of material from patients without COVID-19
(70%). All kidney organoids are generated from PSCs.
Additionally, one organ-on-chip (OoC) kidney model
was found. Further specification of kidney compart-
ments was not possible due to a lack of detailed infor-
mation. The 17 skin models are mostly derived from
tissue samples (58.8%), with some representing adi-
pose tissue. Liver studies often apply tissue samples
(43.4%) alongside six cell models mainly of hepatocytes,
six organoids and one OoC model. All 11 vasculature
models represent capillary cells, of which six are PSC-
based organoids (Fig. 2C, Supplementary Table 8).

Model complexity

The starting material of the different organ models
indicates their degree of differentiation and proximity
to the original organ. Most models used in these studies
represent organ-specific cellular systems, such as
epithelial, neuronal, or muscle-based models. Some
systems contain several differentiated cell types within
the respective lineage but generally lack additional
cellular compartments such as immune, stromal, or

vascular cells. This reduced cellular complexity facili-
tates experimental comparability between models.
However, few studies employed models of higher
complexity that incorporated additional components,
such as immune cells or vascular elements. Other
studies considered the oxygen content in their model
systems (Fig. 2E), which was considered in 11.6% of all
GIT models, 8.5% of CNS models, 16% of UGT, 13.4%
of kidney models. 1.3% of all RT models, 5% of all UGT
models and less than 4% of GIT and eye models
included immune cells in their primary cell or organoid
models. 6.5% of liver models were identified that used
cells to form a vascular structure in their in vitro
models. Details concerning model complexity were not
disclosed in skin studies (Fig. 2E).

Quality aspects

Accurate reporting of culture conditions is essential to
ensure the reliability of any model. Factors such as the
media, manufacturers, batch effects, or supplement
composition significantly impact model stability and
result replicability as stated in the preprint of the
RIVER recommendations.”” Here, the level of detail
provided on model culture conditions was assessed
revealing more than 40% of studies lacking information
and only 2.7% of studies reported all four pre-set
criteria in the data set of the pandemic period
(Supplementary Fig. 6A). Interestingly, data from the
post-pandemic period showed an improvement with

organ system was extracted. The focus of our study was on primary cell- or stem cell-based models, organoids and tissue models further
specified by different source materials and model details (created with BioRender.com). B. Number of models (cell models, organoids, tissue
and other (OoC or bioprinted models)) per organ compartment. C. Further categorisation of each model based on the type of source material
and its specific localisation within the respective organ, as reported in the studies (Supplementary Table 8). D. Detailed localisation de-
scriptions for RT and GIT models, detailed categorisations for all organs can be found in Supplementary Table 2. E. Information on model
complexity, including the number of studies that included any kind of vascular system, or reported on the oxygenation status of the model. In
the pandemic data set, the introduction of immune cells into the model was detected. F. The details of the culture conditions reported for
relevant models (i.e., models kept in culture) were investigated. Predefined information included manufacturer, supplements, reference, and
order number (separate plots for pandemic and post-pandemic data sets can be found in Supplementary Fig. 6). G. For stem cell-based
models, the detail of the reported differentiation process was extracted, with categories: detailed, reference provided, not detailed, and
not reported (Supplementary Table 9, separated plots for pandemic and post-pandemic data sets can be found Supplementary Fig. 7). H. For
models based on primary material, it was extracted whether any metadata of the donor (biological sex, age, health status) were presented in
the studies (separated plots for pandemic and post-pandemic data sets can be found in Supplementary Fig. 8). . Number of investigated
areas in the studies indicating how many studies (in %) focused on one, two, or three areas (host factors, infection, and immune response
measurements) (separated plots for pandemic and post-pandemic data sets can be found in Supplementary Fig. 9).
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only 9.3% of studies lacking all information on culture
conditions (Supplementary Fig. 6B), which results in an
average for both data sets of 31% (Fig. 2F).

As stem cell differentiation is crucial for model
formation, we evaluated how the differentiation process
for organoids or 2D stem cell-based systems was
described in the studies. Detailed information was
provided in only 9.9% of studies during the pandemic
(Supplementary Fig. 7A). In 23.4% of studies the in-
formation provided was rated by reviewers as ‘not
detailed’. For the culture conditions, detailed informa-
tion was found in up to 21.5% of studies in the post-
pandemic data set (Supplementary Fig. 7B). The
average of both data sets (15.6%) is shown in Fig. 2G
and the criteria for these ‘levels of detail’ can be found
in Supplementary Table 7.

As variables such as donor biological sex, age and
health status are known to influence experimental
outcomes, we assessed whether studies reported met-
adata on patient material which did not differ between
pandemic and post-pandemic data sets (Fig. 2H and
Supplementary Fig. 8). Many of the studies lacked
metadata reporting, with an average of 54.7% across all
organ groups failing to provide metadata on the patient
source. Among the three key topics—SARS-CoV-2 host
factor expression, viral replication, and immune system
activation—around 45.1% of the included studies of the
pandemic period focused on a single topic, predomi-
nantly host factor expression (Supplementary Fig. 9A).
Interestingly, analysis of the post-pandemic period
revealed an increase in studies investigating all three
topics (Supplementary Fig. 9B) from less than 10% in
the pandemic data set to more than 25% in the post-
pandemic data set, resulting in an average of 20.4% of
studies that investigate all three focus areas in their
work (Fig. 2I). The results of our meta-research are
structured and presented according to research ques-
tions 2 to 4, while research question 1 is addressed
throughout all sections.

Specifically:

e Host factor investigations and the corresponding
aspects of reporting quality are detailed in Fig. 3.

e SARS-CoV-2 infection and/or viral replication and
the associated outcomes on reporting quality are
summarised in Fig. 4.

e Measurements of immune factors induced by
SARS-CoV-2 infections, along with their respective
quality reporting criteria, are illustrated in Fig. 5.

Host factors of SARS-CoV-2

The interaction of viruses with host factors significantly
determines pathogenesis. In COVID-19, two host fac-
tors for SARS-CoV-2 infectivity, ACE2 and TMPRSS2,
were identified early on. ACE2 and TMPRSS2 were
established as the primary entry points for SARS-CoV-
2, with the viral spike protein binding and priming on

the surface of host cells, thereby facilitating viral entry.”!
However, interactome studies have described
numerous other factors that can influence the viral life
cycle and disease progression. Understanding the dy-
namics of host factor expression in different organs
provides valuable insights into the mechanisms of
infection.”” For this reason, many studies have investi-
gated the expression of these early-identified host fac-
tors using human 3D models of various organ types
(Fig. 2I). Irrespective of the organ compartment, at least
80% of the studies investigated host factors related to
SARS-CoV-2 in the pandemic period (Fig. 3A). The
most frequently measured host factor was ACE2 in all
datasets (blue), followed by TMPRSS2 (yellow)
(Fig. 3B). The most applied technique was immuno-
histochemistry (IHC), with more than 200 studies, fol-
lowed by qPCR (176), and RNA sequencing (120)
(Fig. 3B). Western blot was utilised in 80 studies, less
than 20 studies applied in situ hybridisation, micro
arrays, or flow cytometry, and only one study used mass
spectrometry to measure the expression of ACE2. In
addition, many other host factors were measured,
although they only account for 1% of the total number
of studies. The assays used for the detection of ACE2
and TMPRSS2 were listed, presenting a strong focus on
RT, GIT, but also UGT models in the literature
(Fig. 3C). ACE2 and TMPRSS2 were predominantly
reported positive in the models (ACE2: 77.5%,
TMPRSS2: 88.8%). The outcome of the two dominant
organs, RT and GIT, and the two most frequently
employed protein assays, IHC and WB, were analysed
in further detail (Fig. 3D).

Respiratory tract

[HC was predominantly used to detect ACE2 in RT
models across all three model types. For IHC, 117
measurements of ACE2 were summarised for tissue
samples, 26 ACE2 measurements for cell models, and
18 for organoids. ACE2 staining was mostly positive
across all RT model types (69.6%), with only a few tis-
sue samples presenting negative staining (orange).
TMPRSS2 was measured less frequently, with detection
being almost always positive (91.1%). Further exami-
nation of host factor analysis by IHC and WB revealed a
large proportion of dRT tissue samples, with a focus on
ACE2, which was successfully detected in 59.3% of
these (Fig. 3D). In the pRT, ACE2 was found positive in
84.4% of studies. TMPRSS2 was almost exclusively
found positive in dRT tissue, and in 85.7% of pRT tis-
sue (Fig. 3D).

The RT organoid samples were derived in equal
proportions from PSCs and ASCs. For ASC-derived
organoids, 8.3% and 14.3% of studies reported nega-
tive IHC staining for ACE2 and TMPRSS2, respectively,
while in PSC-derived organoids, no negative staining
was reported. RT cell models used in IHC experiments
were divided into primary 2D cultures (23) and 3D ALI
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Fig. 3: Summary of host factor measurements in human primary cell, organoid and tissue models. A. Overview of the number of studies
investigating SARS-CoV-2 host factor expression in human organ models. B. Summary of all investigated host factors and their detection
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models (15). The 2D models were used to represent the
pRT and dRT in almost equal proportions, detecting
ACE2 and TMPRSS2 via [HC and WB mostly positively
(Fig. 3D). The 3D ALI models primarily represented the
PRT (84.6%), with mostly positive IHC and WB stain-
ing for ACE2 and TMPRSS2. TMPRSS2 was almost
exclusively detected positive in all 2D cell cultures, tis-
sue and organoid models.

Gastrointestinal tract

The GIT models were sub-categorised into colon,
ileum, jejunum, duodenum, pancreas, stomach, gall-
bladder, and rectum compartments, or unspecified
areas where the studies did not provide sufficient in-
formation to determine the exact location represented
by the model. IHC was predominantly performed on
tissue (37) and organoid models (14) with exclusively
positive staining for ACE2 (Fig. 3C). Studies reported
missing bands for ACE2 in WB assays in six COVID-19
autopsy samples (Fig. 3D). A 2D cell culture of PSC-
derived pancreatic cells showed positive ACE2 signals,
whereas a model based on primary pancreatic cells
showed negative results for ACE2 and TMPRSS2.

Other organ groups

In other organ compartments, IHC was also the
dominant method for detecting host factors, with ACE2
being the most frequently measured and often posi-
tively detected host factor (77.5%, Fig. 3C). Also,
TMPRSS2 was reported almost exclusively positive,
irrespective of organ or model type (88.8%). We iden-
tified absent IHC staining for ACE2 in 30% of mea-
surements in UGT tissue models. In the whole data set
of 24 CNS models, we found only one absent ACE2
staining.

Meta-analysis

For the meta-analysis, we extracted data points from
qPCR plots detecting the expression of SARS-CoV-2
host factors ACE2 and TMPRSS2 in RT models. Our
objective was to conduct a meta-analysis of ACE2 and
TMPRSS2 expression across different model systems
by using a Bayesian hierarchical model to document the
expression patterns in the different model types and
display potential correlations between different organs.
Due to the low number of data points, meta-analyses
could only be conducted for RT data.

qPCR data were reported in a heterogeneous
manner with different housekeeping genes and incon-
sistent reporting on normalisation approaches
(Supplementary Table 4). To account for these differ-
ences between studies, we modelled study and house-
keeping gene as a random effect in our Bayesian
hierarchical model to account for baseline differences
between studies. Posterior distributions of model pa-
rameters were used to estimate parameters, credible
intervals and to test hypotheses regarding differences in
host factor expression between experimental models, for
pRT and dRT, and their respective interactions. Esti-
mated effects and credible intervals for experimental
model and RT location were not indicative of meaningful
differences between any groups or interactions (all
credible intervals contain 0 with the exception of the
intercept in the ACE2 model; Supplementary Tables 10
and 11, Supplementary Fig. 2) with considerable part
of the variance explained by the study (ACE2: I* = 61.7%;
TMPRSS2: I = 74.8%; Supplementary Tables 14 and 15).
There were no differences between organ models
regarding their expression of either ACE2 or TMPRSS2.
Moreover, there were no detectable differences between
expression in the upper and lower respiratory tract
(descriptive data Fig. 3E).

Quality aspects

To assess whether reporting quality improved from the
pandemic to the post-pandemic period, we analysed
relevant data and found that qPCR studies reported dye
type and primer details in 77.5% of cases on average,
with no difference between the two periods (Fig. 3F).
However, 40.2% of studies did not report the normal-
isation method used for qPCR data and 7.8% reported it
unclearly. For the meta-analysis, some studies had to be
excluded since expression levels could not be extracted
due to normalisation of controls to 100%.

Since RNA sequencing data sets require specialised
domain knowledge, their extraction was handled sepa-
rately by a team of RNA sequencing experts. The
different types of RNA sequencing were summarised: Of
all applied RNA sequencing measurements, 45.0%
exclusively applied single-cell RNA (scRNA) sequencing,
28.6% combined scRNA with bulk sequencing, 0.7%
employed single-nuclei RNA (snRNA) sequencing, and
25% used only bulk sequencing (Fig. 3G). To assess the
quality of reporting for RNA sequencing methodologies,

assays. The dark yellow section in the RNA sequencing bar represents measured host factors for which the reviewers did not extract individual
names. C. Studies investigating ACE2 and TMPRSS2 across different organ compartments, models, and assays. The reported abundance of
these host factors is presented in the outer ring (orange and turquoise). D. Distribution of positive and negative detections for ACE2 and
TMPRSS2 for the specific source material and described location of RT (1) and GIT (2) models. E. Meta-analyses: Top: Expression levels for
ACE2 in different organ models for the pRT and dRT based on qPCR results. Bottom: Expression levels for TMPRSS2 in different organ models
for the pRT and dRT based on gPCR results. F. Reporting quality for qPCR assays averaged of pandemic and post-pandemic data: % of studies
reporting dye type, primer sequence, and normalisation method. G. Summary of the types of RNA sequencing methods applied in the studies.
H. Overview of the reported technical aspects of Seq experiments. I. Types of replicates reported for each assay (% of total studies), including

both host factor and virus detection assays.
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we examined how well essential technical aspects were
documented in the manuscripts with 18.1% of studies
reporting all predefined details (Fig. 3H, further quality
control aspects are shown in Supplementary Fig. 3).
Reporting the sample size in vitro experiments is
crucial for readers to assess both the reliability of results
and the level of inference. A larger sample size,
particularly when using biological replicates, enhances
the statistical power leading to more reliable results.
For the assessment it is equally important to distin-
guish between the types of replicates used. Technical
replicates, derived from the same source material, help
assess the precision of the experimental procedure itself
by controlling for technical variability. However, bio-
logical replicates, originating from different biological
sources, are essential for capturing the natural variation
within a population and drawing broader inferences.
The reported sample sizes across all evaluated assays
and measurements are summarised in Fig. 31. For WB,
28.1% of studies reported biological replicates, 5.3%
reported technical replicates, and only 7.0% reported
both, while 31.6% did not report any replicates. In IHC
assays, 32.3% of studies with biological replicates were
detected, and 46.6% of studies did not report any rep-
licates. 13.9% of studies reported biological and tech-
nical replicates for qPCR experiments, and 31.3%
reported only biological, 6.1% only technical replicates.
In another 27.8% of qPCR data sets, the type of repli-
cates was not specified, and 20.9% did not report rep-
licates at all. In 32.5% of the studies using RNA
sequencing, it was not reported if the experiment was
replicated, or multiple samples were used. In 20.5% of
studies, replicates were mentioned but not specified.
30.8% used biological replicates, often in larger studies
focusing solely on sequencing patient material.

SARS-CoV-2 infections

The detection of replicated virions after a SARS-CoV-2
infection in the different organ systems is one of the
most important assays for understanding COVID-19
pathogenesis. However, infection and detection require
access to BSL-3 laboratories, which limits their execu-
tion. In the pandemic period SARS-CoV-2 infections

were performed in 44% of RT studies (Fig. 4A). In GIT
studies, 58% included SARS-CoV-2 infections. Nearly all
CNS studies (89%) and VASC system studies (80%)
induced infections and/or measured SARS-CoV-2 in the
models. In all other organ groups, less than 50% of the
studies described infections.

Respiratory tract

In RT research, 2D cell cultures were the most applied,
accounting for 43 infected models, followed by orga-
noids (38) and tissue models (15) (Fig. 4B). Most
studies utilised SARS-CoV-2 isolates (85) with USA/
WA1/2020 being the most prevalent strain (Fig. 4C,
Supplementary Table 2). Some studies used recombi-
nant viruses (8), and a small proportion of studies re-
ported the wusage of pseudo viruses (3).
Immunohistochemistry (36) was predominantly used
in studies investigating infections of the RT, compared
to studies in other organ compartments.

The THC results of RT models were summarised in
more detail, including model types and sources, repre-
sented sub-compartments, virus types, sampling time
points, and reported outcomes (detected or not detected)
(Fig. 4F). Notably, RT models predominantly reported
positive signals, especially in ASC-derived organoids and
tissue, regardless of location or time point.

Gastrointestinal tract

As described above, studies around the GIT are the only
ones that predominantly used organoids to study SARS-
CoV-2 infections (81.8%) (Fig. 4B). Most studies
applied virus isolates (38) for their infections (Fig. 4C).
Among the GIT studies, qPCR (20) and IHC (15) were
the most used assays to detect the virus or measure its
replication (Fig. 4D and E). The extraction of the
experimental results obtained by IHC for virus detec-
tion shows that irrespective of the model, applied virus
type and time point of measurement after infection, the
staining for the virus was positive (Fig. 4F).

Other organ groups
All three model types were employed across organ
compartments to study infection, except in heart and

A. Overview of the number of studies investigating SARS-CoV-2, focusing on its detection and/or replication in human models. B. Breakdown
of the types of models infected, categorised by the organ they represent. C. Summary of the different types of viruses used to infect models
of various organ compartments. Detailed virus strain information is available in Supplementary Table 13. D. Overview of all applied assays
used to detect the virus and/or its replication. E. Summary of the entire data set, showing which assays were used to detect which viruses in
which models. F. Analysis of the IHC results for the two dominant organ compartments, RT (1) and GIT (2). The distribution of positive
signals (detected, turquoise) to negative signals (not detected, orange) for virus staining is shown in correlation to the virus type, the hours
post infection (hpi), the organ compartment, the source material and the model type. G. Individual data points and fitted growth curves for
viral replication measured by qPCR in RT models. Fitted curves are based on a Bayesian non-linear hierarchical model using a Gompertz
function to model viral load increase. Grey areas give 50%, 80%, 95% Cl. Viral load was z-transformed with each study and is given in arbitrary
units (see methods for details). H. Reporting quality questions addressed whether authors performed next generation sequencing (NGS) on
the virus stock, reported the incubation time of the virus, and if the virus concentration was reported as multiplicity of infection (MOI) for the
pandemic and post-pandemic period. I. For the reporting quality the heterogeneity in MOI calculations was assessed. J. Also, the types of
replicates performed in plaque assay and TCID50 experiments as key infection methods were analysed.
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UGT studies, where no organoids were applied
(Fig. 4B). Overall, primary cell or stem cell-based cul-
tures were the dominant model type used for infection
studies, with only CNS, kidney and liver studies pre-
dominantly using organoid models (Fig. 4D). Isolates
were the primary virus type used for infection across
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studies. THC was the most frequently used assay,
providing visual confirmation of infection (total 90)
(Fig. 4D and E). In situ hybridisation (9) and RNA
sequencing (20) were performed in only a few studies.
Assays measuring viral replication, such as plaque as-
says (26), tissue culture infection dose (TCID50; 20),
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and qPCR, constituted half of all assays used, with
qPCR (total 90) being almost as commonly used as IHC
in all organ groups.

Meta-analysis

We compared viral replication in RT models, cell
models, organoids and tissue of dRT and pRT within
0-144 h post infection. The meta-analysis was based on a
Gompertz growth model fit by a Bayesian non-linear
hierarchical model. We specifically investigated the
viral replication reported for the three different model
systems in the RT (Fig. 4G). Here, we extracted the data
from reported replication curves detected by viral PCR.
The aim was to compare the viral load over time between
the different models. Viral PCR data were heteroge-
neously reported (Supplementary Table 5). Estimated
effects and their credible intervals were not indicative of
meaningful differences in viral replication speed be-
tween model types within the analysed data set (all
pairwise comparisons between ex vivo, organoids, and
tissue had a posterior probability >0.29, Supplementary
Table 13). As the included studies used different virus
isolates and variants, these results should be interpreted
as a comparison of reported replication patterns across
model systems rather than a direct comparison of
intrinsic viral growth kinetics. This is also reflected in
the very large proportion of variance explained by indi-
vidual studies (I*> = 99%; Supplementary Table 16).
Notably, all model types showed similar positive in-
creases in viral load after infection with a maximum
replication rate at approximately 60 h post infection
(Fig. 4G, Supplementary Table 13).

Quality aspects

The plotting of qPCR results for viral replication was
assessed as the key assay to analyse infection assays. It
showed that 24-, 48-, and 72-h post-infection were the
most measured time points. The plotting of the data was
reported on a broad set of different y-axes
(Supplementary Table 5). The incubation time of the vi-
rus on the samples was reported in 81.5% of all infection
studies in the pandemic and post-pandemic data sets
combined (Fig. 4H). Only a small percentage (17.6%) of
studies performed next-generation sequencing on the
virus strain as a quality measure to avoid unaccounted
genetic mutations. 68.5% of studies reported the applied
viral concentration in terms of multiplicity of infection
(MOI). Other studies used different units or did not
report the concentration at all. Among those studies that
reported MOI, 39.4% did not provide clear explanations
on MOI calculations, and another 43.3% did not report
their calculations at all. 13.5% of studies provided details
on MOI calculations based on controls, seeded cells, or
cell count (Fig. 4I). During infection studies, mainly
biological replicates were used in TCID50 and plaque
assays. More than 50% of studies using TCID50 and
plaque assays did not mention the sample size or specify

whether Dbiological or technical replicates were used
(Fig. 4]). For the plaque assay, we extracted whether the
studies provided an image of the formed plaques in the
petri dishes, which none of the studies of the GIT, eye,
and UGT organ groups did and only 5% of the RT
studies, 50% of the CNS, and 33% of the heart and kidney
studies did. For the viral qPCR data, almost all studies
reported the used primers (Supplementary Fig. 5).

Immune responses after SARS-CoV-2 infection

In addition to analysing host factor expression and the
ability of SARS-CoV-2 to replicate in various organ sys-
tems, the mostly anti-viral immune response induced by
the virus is another key aspect that has been addressed in
numerous studies. Immune responses to SARS-CoV-2
infections were analysed in 27.0% of studies (Fig. 5A),
primarily via RNA sequencing or qPCR (Fig. 5B). As it
was not methodologically possible to extract the actual
quantitative results of the measurements, only the
measured immune factors were summarised. Here, we
present all immune factors, across organ groups, sum-
marised in categories (cytokines, interferons, immune
receptors, antivirals and others).

Respiratory tract

For studies investigating the RT, 23.5% performed ex-
periments on the immune response after infection of
the respective model (Fig. 5A). The most used test to
detect immune factors was RNA sequencing (43), fol-
lowed by qPCR (33), with only a low number of studies
reporting the immune factors on protein level (Fig. 5B).
Overall, cytokines were the most measured immune
factors in RT models (66.3%) (Fig. 5C). These studies
primarily employed 3D ALI models (45.5%), followed
by organoids (23.4%) and 2D primary cell cultures and
tissue models (16.4% each) (Fig. 5D). Tissue samples
from the RT were mainly sourced from patients with
COVID-19 (76.2%) and often investigated for immune
receptors.

Gastrointestinal tract

In GIT studies, 36% (16 studies) analysed immune
factors, primarily applying RNA sequencing (10) and
qPCR techniques (7) (Fig. 5A and B). Notably, of all
measurements 70.4% focused on interferons in GIT
models, with less focus on cytokines as compared to RT
models (Fig. 5C). A detailed overview of the model types
used to investigate immune factor expression after
SARS-CoV-2 infection in the GIT shows that ASC-
derived organoids served almost exclusively to study
immune factors in GIT models, besides one tissue
model investigating an immune receptor (Fig. 5D).

Other organ groups

Immune factors were investigated in 38.9% of all CNS
studies, primarily using qPCR (5), and with a strong
focus on cytokines (35.7%). Also, for eye, UGT and
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VASC models more than 35-40% of studies investi-
gated several immune factors, while studies around
kidney, liver, skin and heart models were less focused
on immune factors (<25%) (Fig. SA). For UGT and skin
models, most of the reported immune factors fell into
the immune receptors category. For all other organ
groups, cytokines were the most frequently measured
immune factors. Only for kidney models, studies pre-
sented several immune factors that fell into the category
‘Others’, where reviewers could not categorise the fac-
tors into the predefined categories (Fig. 5C).

Discussion

Advanced human culture model systems have become
indispensable tools in biomedical research and already
provide insights into the physiological and pathological
aspects of various diseases."” They are particularly
relevant in infectious diseases such as COVID-19,
where they enable stratification of viral pathogens and
variants based on replication capacity, cellular tropism,
and early immune responses. The COVID-19 pandemic
created a setting for the rapid expansion and application
of such models, allowing a systematic evaluation of
their contribution to addressing shared research ques-
tions within a short time frame. To capture temporal
developments, we analysed two consecutive data sets:
an early pandemic phase (December 2019-February
2022; n = 292) and a subsequent phase (March
2022-July 2025; n = 266). This division reflects a tran-
sition from an initial surge of COVID-19 research to a
more consolidated phase beginning in early 2022, as
suggested by bibliometric, thematic, and epidemiolog-
ical trends, despite the continued public health
emergency.”*”’

Based on early clinical evidence of extra-pulmonary
involvement in SARS-CoV-2 infection,”® a wide range
of research groups applied available model systems to
investigate host factors, viral replication, and immune
responses. Consequently, the diversity of models ana-
lysed in this SR likely reflects availability rather than
suitability. A strong focus on respiratory tract (RT)
models (41.8%) was observed, likely driven by the clas-
sification of SARS-CoV-2 as a respiratory virus and the
availability of suitable infection systems, while GIT and
CNS models accounted for 14.1% and 9.4%, respectively,
with stable distributions across both study periods.
Across model types, host factor analysis—primarily ACE2
and TMPRSS2-dominated, while viral replication and
immune responses were assessed less consistently,
which may partly be related to limited access to BSL-3
facilities.

Model systems frequently represented distinct
anatomical compartments, with cell models predomi-
nantly reflecting the proximal respiratory tract (pRT)
and organoids the distal respiratory tract (dRT), while
GIT organoids modelled defined segments such as
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colon or ileum. Although this compartmentalisation
may improve physiological specificity, it can reduce
comparability across models within the same organ.
Meta-analyses did not reveal differential host factor
expression or viral replication between models. Results
have, however, low generalisability as between study
heterogeneity was substantial in all models. In the post-
pandemic data set, studies more frequently combined
viral replication, host factor analysis, and immune re-
sponses, indicating increased analytical depth while the
overall distribution of model types remained stable.
Despite these advances, important conceptual and
biological limitations remain. In many models, partic-
ularly PSC-derived systems, the exact organ compart-
ment or cell type was insufficiently specified, limiting
interpretability and reproducibility.”” Inadequate model
annotation and inconsistent nomenclature hinder
comparability across studies, emphasising the need for
standardised frameworks to define cell identity and
differentiation status (Key Recommendation 1 in
Panel 1: Seven Key Recommendations). Detailed
reporting of model characteristics is essential, particu-
larly given the variability inherent to stem cell-based
systems.”® Moreover, most models focus on single cell
types, such as epithelial, muscle, or neuronal cells,
while more complex systems incorporating immune or
vascular components remain rare. This reflects a
fundamental trade-off between experimental simplicity
and physiological relevance, as increased complexity
may enhance biological insight but complicates stand-
ardisation (Key Recommendation 4 in Panel 1).
Improving the physiological relevance of human
organ models requires not only increasing structural
complexity but also systematically evaluating how well
these systems recapitulate disease processes observed
in patients (Key Recommendation 4 in Panel 1). Several
studies have begun to address this by linking organoid
findings to clinical observations and patient-derived
data sets. For example, SARS-CoV-2 organoids repro-
duce infection patterns and host factor expression
profiles observed in patient tissues and transcriptomic
data.”*" More direct cross-validation has been demon-
strated by matching transcriptional responses in infec-
ted kidney organoids with proteomic signatures from
urine of critically ill patients with COVID-19.** Beyond
infectious diseases, patient-derived organoid biobanks
in oncology illustrate how functional responses in
organoid drug screens have been reported to correlate
with patient treatment outcomes.” Together, these ap-
proaches highlight that validation against host factor
expression, viral replication, and clinically relevant
readouts is essential to demonstrate model suitability
and predictive value (Key Recommendation 3 in
Panel 1). While human organ models hold substantial
promise for antiviral drug discovery and therapeutic
testing,” our findings indicate that current limitations in
standardisation, reproducibility, and reporting remain
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Panel 1: Seven key recommendations.

1. Develop a standardised nomenclature and quality control framework for identifying stem cell source material,
differentiation status, and cell/tissue identity to enhance clarity and comparability across studies.

2. Ensure transparency and reproducibility through clear reporting of experimental units, replicates, culture conditions, and
infection parameters, supported by sufficient resources for detailed methods documentation.

3. Demonstrate proof of model suitability by validating infection models with relevant host factors, viral replication data, and

control standards to ensure robust and meaningful results.

4. Enhance physiological relevance of human organ models to better replicate in vivo conditions, improving their predictive

value for human health and disease.

5. Improve and enforce reporting standards in scientific publications, ensuring comprehensive documentation and

consistency across human organ model research.

6. Encourage transparent data practices through accessible raw data sharing and publication of both negative and inconclusive

results to reduce reporting bias and broaden scientific insight.

7. Foster interdisciplinary research networks to pool domain expertise, from organ model generation to infection studies and

data analysis.

major barriers. Addressing these challenges through
harmonised protocols, quality control, and systematic
benchmarking will be essential to enable a robust
bidirectional translational framework linking experi-
mental models and clinical observations (Panel 1: Key
Recommendations 1, 5, 6).

A central finding of this SR is that limitations in
reporting and standardisation represent a major barrier
to evidence synthesis and translation. Reporting quality
was frequently insufficient, although improvements
were observed in the post-pandemic dataset, with
missing information on culture conditions decreasing
from >40% to <10%. However, key issues remained,
including unclear definitions of experimental units,
insufficient distinction between biological and technical
replicates, and incomplete reporting of donor metadata
such as age, sex, and health status.** In addition,
negative results were rarely reported, suggesting po-
tential reporting bias.*>** Systematic assessment of such
biases through for example funnel plots was, however,
not possible as information on study variance was often
missing. These shortcomings directly limit interpret-
ability and generalisability across studies and highlight
the need for transparent and comprehensive reporting
practices (Key Recommendations 2, 5, 6 in Panel 1).

These reporting deficits substantially affected data
integration and meta-analysis. Data extraction required
substantial manual effort and often relied on estima-
tions from plotted data due to the lack of accessible raw
values. Missing key parameters, including delta Ct
values, virus concentration, incubation time, controls,
and replicates, combined with low adherence to PCR
reporting standards (MIQE),” limiting comparability
across studies. In particular, normalisation strategies
frequently rendered results non-comparable, leading to
exclusion of data sets and reducing statistical power.
Consequently, meta-analytical findings should be
interpreted as preliminary and exploratory. These lim-
itations underscore that robust evidence synthesis in

human in vitro/ex vivo research critically depends on
standardised reporting, accessible raw data, and
consistent methodological frameworks (Key Recom-
mendations 2, 5, 6 in Panel 1).

More broadly, these findings highlight a funda-
mental challenge: while reporting shortcomings may be
tolerable for individual studies, they critically impair
evidence synthesis. Addressing complex research
questions, such as differences in viral replication across
organ compartments, requires systematic reviews and
meta-analyses, which provide higher levels of evidence
than individual studies.**** For human organ models to
fulfil their translational potential and support the
reduction of animal experiments, they must be valid,
reproducible, and accessible.””** Achieving this re-
quires transparent methodological reporting and
harmonised standards as a foundation for cumulative
evidence generation (Key Recommendations 2, 5 in
Panel 1).

This SR also contributes to the emerging field of
meta-research in vitro systems. While most existing SRs
focus on single models and relatively small data sets,""'¢
our analysis integrates 558 studies to assess how
diverse human organ models address shared research
questions within a common disease context. Ongoing
efforts aim to develop automated data extraction tools
and standardised guidelines for evaluating in vitro
studies.” Despite this progress, the lack of stand-
ardisation currently limits the integration of individual
studies into a coherent evidence base. Strengthening
reporting standards and methodological consistency is
therefore essential not only for scientific rigour but also
for enabling regulatory acceptance and broader appli-
cation of human organ models.

This study has several limitations related to the
novelty and complexity of the approach. Studies based
solely on autopsy material were excluded for feasibility
reasons. A lack of standardised nomenclature and
inconsistent reporting complicated model classification
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and data extraction. Despite structured protocols,
approximately 60% of extracted data required reconcil-
iation. Incomplete reporting of replicates, variance, and
key experimental parameters limited data availability
and affected the robustness of the meta-analyses,
resulting in conservative estimates. These limitations
further underscore the need for improved stand-
ardisation and reporting practices.”* -

The COVID-19 pandemic highlighted the need for
robust and rapidly deployable research strategies to
support evidence-based decision-making. These find-
ings have direct implications for future pandemic pre-
paredness. Rapid deployment of human organ models
will require pre-established standards for model char-
acterisation, reporting, and data integration to ensure
comparability and actionable results across laboratories
(Key Recommendations 1, 5 in Panel 1). In parallel,
systematic integration with clinical data will be essential
to translate mechanistic insights into risk assessment
and therapeutic strategies (Key Recommendations 3, 4
in Panel 1).

Interdisciplinary research networks provide an
effective framework to achieve this. For example, the
Organo-Strat network within the German Network of
University Medicine (NUM)* enabled coordinated an-
alyses across model systems through standardised
protocols and collaboration between model developers
and infection biology experts. Such approaches facili-
tate the integration of expertise from model generation
to data analysis and strengthen the translational rele-
vance of human organ models (Key Recommendations
7 in Panel 1).

To fully realise this potential, improved reporting
standards, transparent data practices, and coordinated
research efforts are essential. Together, these measures
will enable human organ models to serve as robust,
scalable platforms in future pandemic research and the
preclinical pipeline.
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