www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Preclinical pancreatic cancer mouse
models for treatment with small
molecule inhibitors: a systematic
review and meta-analysis
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Pancreatic cancer (PC) is an aggressive malignant disease with poor prognosis, often diagnosed late,
progressing rapidly, and resistant to chemotherapy. Although small molecule inhibitors (SMis) show
promise in preclinical PC models, translation into clinics remains challenging. In this systematic review
and meta-analysis, we screened literature according to predefined criteria to identify preclinical PC
mouse models used for SMI therapy in primary tumors, assess reporting quality, and evaluate tumor
reduction, heterogeneity and publication bias. Following a pre-registered PROSPERO protocol
(CRD42022314932), literature searches in PubMed and Embase yielded 2972 articles, of which 297
were included for data extraction. Most studies used PDX models or MiaPaCa-2 and PANC-1 cell lines
as heterotopic xenografts, with Foxn1™ mice representing the predominant genetic background.
Reporting quality, assessed using the ARRIVE guidelines, revealed substantial gaps, particularly in
blinding (94% not reported), inclusion/exclusion criteria (49% not reported), and randomization (34%
not reported). Meta-regression accounted for part of the observed heterogeneity and funnel plot
asymmetry was consistent with publication bias. This study emphasized the large variability among
preclinical PC mouse models used to investigate SMI candidates and the complexity of model choice
highlighting the critical need for improved reporting practices to enhance reproducibility and reliability
of preclinical tumor models.

Pancreatic cancer (PC) is one of the deadliest human malignancies worldwide, ranked as 7th leading cause
of cancer-related deaths with a median patient survival of 6-8 months post-diagnosis*?. Due to its aggressive
nature and intrinsic chemotherapy resistance, PC has extreme poor prognosis with a 5-year-survival rate of
only ~11%"2. Despite being the 12th most common malignancy worldwide, its high mortality rate emphasizes
the critical need for improved prevention, diagnostics and treatment>*. Currently, there are no pancreatic
tumor-specific diagnostic tools available which impedes together with non-specific symptoms early diagnosis*°.
Consequently, the disease is typically diagnosed at advanced stage when metastases has already occurred!>*.
Surgical resection of the tumor, accompanied by adjuvant chemotherapy, is currently the only potentially
curative option. However, as 90% of patients relapse and succumb to the disease post-surgery”. Additionally, the
effectiveness of chemotherapeutics is limited by dose-related toxicity and a lack of specificity toward cancer cells,
highlighting the urgent need for alternative therapies’.

A new potential approach in PC patients are tumor-targeted therapies typically involving small molecule
inhibitors (SMI) that have been evolved over the past 20 years and are being extensively studied®’. These drugs
are typically administered orally and are small enough (less than 500 Da) to permeate the plasma membrane,
enabling interaction with intracellular targets such as cytoplasmic domains of surface receptors and other
cancer cell components®. Compared to traditional chemotherapeutics, SMIs offer higher selectivity, efficacy, and
tolerability, representing significant improvements in patient therapy and outcome'?. Several phase II/1II clinical
trials are currently investigating various targeted therapy approaches for PC treatment'!. However, no targeted
therapies have yet become standard clinical care for PC patients as SMIs still face challenges such as low response
rate, short response duration, toxicities, and resistancel?. Furthermore, the enormous complexity of cancer
diseases with intra- and intertumoral molecular and biological heterogeneity poses significant challenges for
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translating preclinical research into clinical application'?!3. Therefore, robust preclinical research is essential for
the optimal development of effective therapies, using a variety of models that collectively represent the biology
and genetics underlying the therapeutic outcomes in specific cancers'2. However, selecting the most appropriate
model for a given research question can be challenging due to the diversity of available models like carcinogen-
induced, genetically engineered, cancer cell line or patient-derived xenograft models each with its strengths
and limitations'>!4. Moreover, accurate reporting of animal studies is inevitable to ensure transparency and
reproducibility of preclinical findings which is crucial for clinical translation!>. The ARRIVE guidelines outline
10 essential items representing the minimum standards for reporting animal studies. Despite recognition, their
impact on enhancing transparency has been limited, as evidence suggests that in vivo scientists may not fully
recognize the significant comprehensive reporting, hindering potential improvements in reproducibility®.

Murine cancer models offer distinct advantages and disadvantages, and no single model is universally
optimal. Thus, selecting the appropriate model for preclinical tumor research must be tailored to the specific
research question. Conducting a systematic review before designing an experimental study is an invaluable step
in determining the most suitable tumor model for the intended purpose. This study aims to provide a systematic
review of published articles on preclinical PC mouse models using SMIs to assess reporting quality, tumor
regression and investigates key study design variables critical for ensuring reproducibility in future preclinical
studies.

Results

Study selection and search results

The systematic search yielded 4176 articles, with 1384 from Pubmed and 2792 from Embase (Fig. 1). After
uploading to the Rayyan tool and removing 1204 duplicates, 2972 articles were screened for eligibility based
on titles and abstracts. 2350 articles were excluded, leaving 620 for full-text screening according to predefined
inclusion and exclusion criteria. During study selection and data extraction, the eligibility criteria were adjusted
to exclude natural compounds, their derivatives, new compounds with not yet defined clear targets from
interventions, compounds with originally other purposes than cancer and co-cultured cancer cells. Ultimately,
297 articles met the criteria for qualitative analysis. These articles often included multiple interventions and
mouse models, resulting in 756 individual studies. Of the 297 articles, 88 were excluded from the meta-analysis
due to incomplete or inappropriate data, such as missing animal numbers or non-relevant primary outcomes (e.g.
pancreas weight from transgenic studies). Two of these articles contained data discrepancies (see SI reference
list items 21 and 177). From the remaining 209 articles, comprising 485 individual studies, were included in the
quantitative meta-analysis; since some studies reported more than one primary outcome, they were counted
only once here but analyzed separately in the meta-analysis.

Article characteristics

For each of the 756 studies from 297 articles, we collected detailed data on study design (groups, randomization,
blinding, tumor model), mouse characteristics (background, sex, age, weight), and interventions (SMI category,
dose, application). The following chapters summarize these data to describe study characteristics and reporting
quality.

The 297 articles were published across 112 different journals. The journals with the most publications (=10
articles) were: Cancer Research (n=18, 6.1%), Clinical Cancer Research, (n=21, 7.1%), Molecular Cancer
Therapeutics (n=27, 9.1%), Oncotarget (n=13, 4.4%), and PLOS ONE (10, 3.4%) (supplemental information
(SI) Table 1). From 1997 to 2006, fewer than five articles were published annually on this topic, but since 2007,
at least nine articles were published each year. For 2025, only articles published up to January 23rd (time of
literature search) were included, resulting in seven articles for 2025 (Fig. 2A). Between 1997 and 2009 (13 years),
17.8% of articles were published. While in 10 years, between 2010 and 2019, 41.1% were published, in only
5 years, between 2020 and 2025, the exact same number of articles were published reflecting the increasing
publication rate over the years. (Fig. 2B) Transgenic models (26 articles, 37 individual studies) were included
in the systematic review but excluded from meta-analysis due to the absence of primary tumor regression
outcomes. Metastatic models (14 articles, 28 individual studies) were initially addressed in the research question
but were ultimately insufficient for consideration in meta-analysis.

Characteristics of articles included in meta-analysis

For the meta-analysis, 209 articles comprising 485 individual studies were included. To explore potential sources
of heterogeneity, meta-regression was conducted on several characteristics, including sex, transplantation type,
tumor graft, tumor cell/tissue application route, genetic background of mice, injected tumor cell/tissue type,
SMI category, drug application route, randomization, blinding, and baseline tumor size. Further details on these
characteristics based on the 485 individual studies are provided in Table 1. Details on the mouse strains, here
represented as genetic background, are summarized in SI Table 3.

*Applications mentioned in pancreas tail (n=46, 9.5%), body (n=2, 0.4%), head (n=3, 0.6%), and
subcapsular (n=1, 0.2%). **Cell lines represented with less than 10 individual studies. ***SMIs that are either
selective receptor-related and intracellular kinase SMIs (n =10, 2.1%) or selective intracellular kinase and non-
kinase SMIs (n=6, 1.2%).

Reporting quality assessment of the included articles

Reporting quality was assessed using the ARRIVE Essential 10 guidelines 2.0'>. Details are in SI Table 2, and an
overview is shown in Fig. 3. All 297 articles fully reported study design and outcome measures but only partially
reported criteria for results. While descriptive statistics and measures of variability were provided in all articles,
effect sizes and confidence intervals were not. Only five articles (2%) reported all criteria for sample size: two
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Fig. 1. Flow diagram of the study selection from record identification over title and abstract following full-text
screening to studies included for quantitative synthesis adapted from PRISMA'®.

using group size calculations based on previous or preliminary studies, and three based on power calculations.
Of the remaining articles, 243 (82%) partially reported sample size criteria, specifying the number of animals
but not the method for determination. The remaining 49 articles (16%) did not provide sample size information.

None of the 297 articles fully reported inclusion and exclusion criteria. Half of the articles (152, 51%) partially
reported these criteria, typically mentioning exclusion only when animals were removed due to early death or
reaching humane endpoint). The other half (145, 49%) did not report any information on inclusion or exclusion
criteria.

Randomization was not reported in 102 articles (34%). Of 195 articles (66%) that mentioned randomization,
only 11 articles (4%) fully described the randomization process, with e.g. the random number table method
or digital randomization tools. One article explicitly stated no randomization was performed. Blinding was
not reported in 280 articles (94%). Five articles (2%) reported that blinding was performed without further
details. Twelve articles (4%) fully reported blinding performance (e.g. blinding of personnel in different stages),
whereas seven of these articles stating no blinding was performed. No further details were provided on measures
to reduce performance bias, such as random housing, blinding of animal caretakers, or awareness of group
allocation during data analysis. Regarding statistical methods, two articles (1%) fully reported all details, 267
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Fig. 2. The distribution of the included articles over the years shows an increasing number of publications per
year from 2007 onwards. (A) The number of articles published per year from 1997 to January 2025, when the
systematic search was conducted. (n=297) The arrows indicate the year when the ARRIVE guidelines were
published. (B) Articles published in three time periods: 1997-2009: 53 articles (17.8%), 2010-2020: 122 articles
(41.1%), and 2020-2025: 122 articles (41.1%). The years were trichotomized based on the years when the first
ARRIVE Essential 10 guidelines (2010) and the updated ARRIVE 2.0 guidelines (2020) were published!>!”.

articles (90%) partially reported them, and 28 articles (9%) did not provide any statistical information. For
experimental animal criteria (species, sex, age, weight, developmental stage), 72 articles (24%) fully reported
all details, while 217 articles (73%) reported them partially. In general, age was reported in most articles while
weight was less reported. For experimental procedures (timing, intervention frequencies, acclimatization), only
18 articles (6%) fully reported these criteria, with 279 articles (94%) providing partial information. While timing
and intervention frequencies were usually reported, acclimatization periods were often omitted. All results were
partially reported as ARRIVE guidelines expect besides descriptive statistics, which are always reported, effect
size and confidence interval. However, these two measures were not reported in any of the articles.

Outcome measures and exploration of heterogeneity
Primary tumor volume, weight and area regression were three specific types of outcomes in the included studies
and were classified and assessed separately.

Overall effect of small molecule inhibitor therapy on primary tumor regression

A total of 596 individual comparisons from 209 articles assessed primary tumor regression based on tumor
volume (n=374), tumor weight (n=194) or tumor area (n=28). Tumor volume (V) was typically measured
with caliper and calculated using the formula V = 0.5*L*W? (L=tumor length, W =tumor width). As
shown in Fig. 4A and B, the pooled effect size was statistically significant in favor of using SMIs to reduce
tumor volume and weight, with reductions of over 40% (tumor volume: NMD 44.05%, 95% CI [39.38-48.72],
p<0.0001, n =374, tumor weight: NMD 44.27%, 95% CI [40.13-48.42], p <0.0001, n = 194). However, a random-
effects model showed considerable heterogeneity (I2) between the studies for both outcomes (tumor volume:
12=99.16%, p<0.0001, tumor weight: I=98.05%, p<0.0001). The analyses revealed that most of the variability
originated from differences between studies, with 60.5% of the variance in tumor volume and 78.1% in tumor
weight attributable to inter-study heterogeneity. Prediction intervals (PI) also indicated high heterogeneity, with
ranges crossing the no-effect line, suggesting both potential negative and positive effect sizes. For tumor volume,
the PI ranged from —20.88 to 108.96, and for tumor weight, it spanned from —4.67 to 93.21. The pooled effect
size for tumor area (Fig. 4C) was statistically significant in favor of using SMIs to reduce the tumor area (SMD
2.13 (SE=0.46); 95% CI [1.23-3.23-04], p<0.0001, n=28), though considerable heterogeneity was observed
(I*=83.43%, p<0.0001), with PIs ranging from negative to positive effect sizes (PI [-1.30; 5.57]).

Subgrouping effects on heterogeneity of small molecule inhibitor therapy effects on primary tumor volume and
weight regression

Subgroup analyses were conducted for tumor volume, weight, and area outcomes using uni- and multivariable
meta-regression to test whether variation could be explained by study design (sex, genetic background,
transplantation, graft type, cell/tissue source, application route, baseline tumor size), risk-of-bias factors
(randomization, blinding), and drug-related variables (SMI category, drug application route) (SI Table 4).
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Characteristic Subgroup n (%)
Female 235 (48.5)
Sex Male 122 (25.2)
Female/male 12 (2.5)
n.m. 116 (23.9)
Heterotopic 382 (78.8)
Transplantation Orthotopic 94 (19.4)
Metastatic 9(1.9)
Xenograft 363 (74.8)
Patient-derived xenograft 75 (15.5)
Tumor graft Syngraft 45(9.3)
Allograft 1(0.2)
n.m. 1(0.2)
Subcutaneously (s.c.) 380 (78.4)
Intrapancreatic (i.panc.)* 94 (19.4)
Intrasplenic (i.splen.) 5(1.0)
Application route tumor cells/tissues
Intraperitoneally (i.p.) 3(0.6)
Peripancreatic (peri.panc.) 2(0.4)
Intravenously (i.v.) 1(0.2)
Foxn1™ 300 (61.9)
Prkdcsid 68 (14.0)
Prkdcsid, Tl2rgtm!Wit 56 (11.5)
Wild type (wt) 44 (9.1)
Prkdcscid, Lyst°8 3(0.6)
Genetic background Prkdcem26Cds2y]p rgem26Cd22 3 (0.6)
Ido]tmlAlm 2(0.4)
Pde6b™! 2(0.4)
PNP 2(0.4)
Rag2tmIFwar[prgtm!Rsky 2(0.4)
n.m. 3(0.6)
Patient-derived 75 (15.5)
MiaPaCa-2 68 (14.0)
PANC-1 63 (13.0)
Panc-02 29 (6.0)
AsPC-1 27 (5.6)
BxPC-3 23 (4.7)
Tumor cell/tissue type
L3.6pl 23 (4.7)
Capan-1 18 (3.7)
HPAF-2 13(2.7)
SW-1990 13 (2.7)
others** 132 (27.2)
n.m. 1(0.2)
Selective non-kinase SMI 234 (48.2)
Selective intracellular kinase SMI 161 (33.2)
Small molecule inhibitor (SMI) category | Selective receptor-related kinase SMI | 53 (10.9)
Multikinase SMI 21 (4.3)
Others*** 16 (3.3)
Continued
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Inclusion & Exclusion criteria

Experimental procedures

Study design

Randomization

Outcome measures
Statistical methods

Experimental animals

Characteristic Subgroup n (%)
ip. 231 (47.6)
Per orally (p.o.) 218 (44.9)
iv. 9(1.9)

Application route drug s.c. 4(0.8)
Retroorbitally (r.0.) 2(0.4)
Intratumorally (i.t.) 1(0.2)
n.m. 20 (4.1)

Table 1. Overview of characteristics (sex, transplantation type, tumor graft, tumor cell/tissue application
route, genetic background of mice, injected tumor cell/tissue type, SMI category, drug application route) of
the 485 individual studies included for meta-analysis. The absolute number (n) always adds up to a total of
485. The relative number (%) usually adds up to 100%, deviations are due to rounding. The abbreviation n.m.
Means ‘not mentioned’ *Applications mentioned in pancreas tail (n=46, 9.5%), body (n=2, 0.4%), head (n=3,
0.6%), and subcapsular (n=1, 0.2%). **Cell lines represented with less than 10 individual studies. ***SMIs that
are either selective receptor-related and intracellular kinase SMIs (n=10, 2.1%) or selective intracellular kinase
and non-kinase SMIs (n=6, 1.2%).

Sample size

Blinding

Results

D = pr—
) .

25% 50% 75% 100%

. Not reported D Partially reported - Fully reported

Fig. 3. Summary plot: The reporting quality assessment of the 297 included articles was conducted based
on the ARRIVE Essential 10 guideline 2.0 and visualized using the robvis tool'®. Red represents unreported
information, yellow partially reported information and green fully reported information according to the
guidelines.

For tumor volume (k=374), the multivariable model explained 14.4% of variance (R*> = 14.43%;
F(50,323) =2.07, p<0.0001), though residual heterogeneity remained high (I* = 87.6%). Absence of blinding
inflated effects, smaller baseline tumors predicted larger responses, and strong effects were seen for HPAF-2,
Panc-02, and PANC-1 (L3.6pl borderline). Selective receptor-related kinase inhibitors and oral application
showed reduced efficacy. Univariate models supported these patterns but most single moderators explained
little variance; the most informative were baseline tumor size (R* = 8.66%, p=0.0006) and blinding (p=0.035)
(Fig. 5).

For tumor weight (k=194), the multivariable model explained 32.9% of variance (R* = 32.89%;
F(40,153) =2.28, p=0.0002), with residual heterogeneity remaining (I> = 66.0%). Stronger effects were observed
in male animals, and in PANC-1 and MiaPaCa-2 tumors. Inhibitor class was not significant overall, and adding
randomization, blinding, or baseline tumor size did not improve fit. Univariate models confirmed sex and cell
line effects, and identified drug application route as a major determinant: intraperitoneal and oral delivery were
linked to larger responses (SI Fig. 2).
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Fig. 4. Meta-analysis results for primary tumor regression: (A) Tumor volume orchard plot, (B) Tumor weight
orchard plot, (C) Tumor area forest plot. On each plot, the thick black line indicates 95% confidence intervals
(CI), the extended thin black line indicates 95% prediction intervals (PI), and the midpoint is denoted by

a square indicating the pooled normalized (A, B) and standardized (C) mean difference (NMD and SMD
respectively) effect estimate. Each circle represents one comparison, and its diameter designates the weight
each comparison carries in the pooled effect size based on precision, meaning the larger the sample size the
comparison has, the more precise it is and the higher its weight in the pooled effect. I? reports the quantitative
value for heterogeneity (A 99.16%, B 98.05% and C 83.43%) and the p-value (p) for the test of heterogeneity
was statistically significant (***p <0.0001). The number of comparisons included in the meta-analysis is
labelled by k with the number of individual studies labelled in brackets.
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Fig. 5. Orchard plots of univariate meta-regression analysis for primary tumor volume regression based on
(A) sex, (B) transplantation, (C) tumor graft, (D) tumor cell/tissue application route, (E) genetic background
of mice, (F) injected tumor cell/tissue type, (G) inhibitory category (‘other’ defined here as selective
receptor-related kinase and intracellular SMI and selective intracellular kinase and non-kinase SMI), (H)
drug application route (‘other’ defined here as i.t., i.v, r.0,, s.c.). (I) randomization, (J) blinding, and (K)
baseline tumor size. The thick black line indicates 95% confidence intervals (CI). Each circle represents one
comparison, and its diameter designates the weight each comparison carries in the pooled effect size based on
precision. The number of comparisons included in each subgroup of interest is labelled by k with the number
of individual studies labelled in brackets. P-values (p) are presented with indication of significance (>0.05 not
significant (ns), <0.05%, <0.001**%).

For tumor area (k=28), no moderators were significant in either multivariable or univariate analyses (all
p>0.2), and heterogeneity persisted (SI Table 6). Owing to small sample size and sparse subgroup representation,
these findings should be interpreted with caution.

Assessment of publication bias
For primary tumor volume and weight regression datasets, visual asymmetry in the funnel plots suggested
potential bias in the findings (SI Fig. 3). The Egger’s test for primary tumor volume regression did not indicate
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Fig. 6. Funnel plots and trim-and-fill method of small molecule inhibitor therapy outcomes on pancreatic
cancer. (A) Primary tumor volume regression, and (B) primary tumor weight regression. The black dots
indicate the observed studies and the white dots the imputed missing studies by the trim-and-fill method (n,
= 65 and n;, = 25). Due to the high degree of heterogeneity and the overlap of imputed studies, the trim-and-
fill method was only able to visualize and fill in a portion of the missing studies in the funnel plot. The x-axis
shows the observed outcome as normalized mean difference (NMD) with the y-axis representing the standard
error (SE). The two diagonal lines in either side of the plot represent the 95% confidence intervals. The dashed
vertical line indicates the adjusted effect size including potentially imputed studies under the random effects
model: NMD, = 35.75%, and NMD,, = 39.49%.

significant funnel plot asymmetry (t(372) = —1.68, p=0.094), with the intercept estimate at 48.18 (95% CI:
42.49-53.88). However, the trim-and-fill method suggested as many as 65 potentially missing studies on the left
side of the funnel, consistent with small-study effects (Fig. 6A). For primary tumor weight regression, Egger’s
test again did not detect significant bias (t(192) = —0.31, p=0.759), with an intercept estimate of 45.49 (95% CI:
39.17-51.81). The trim-and-fill method imputed 25 missing studies on the left side of the funnel (Fig. 6B). The
efficacy estimates for both regressions changed after the imputed studies were added, though SMI therapy still
significantly favored the control. For tumor volume regression, the adjusted mean effect decreased to 35.75%
(95% CI: 32.53-38.98, p <0.0001), while for tumor weight regression, it was slightly attenuated to 39.49% (95%
CI: 35.74-43.24, p<0.0001; k=219). Despite these adjustments, high heterogeneity remained in both datasets
(tumor volume regression: I = 95.9%, t* = 923.0; tumor weight regression: I” = 85.8%, 1> = 499.6). Therefore, the
adjusted intervention effect should be interpreted cautiously, as the inclusion of imputed studies likely contributed
to the increased overall heterogeneity. Small-study effects for tumor area regression were explored descriptively
using funnel plots (SI Fig. 3), which showed visual asymmetry. However, formal tests (Egger’s regression; trim-
and-fill) are unreliable here because the number of independent studies is modest (~ 16), heterogeneity is high
(I* = 83.43%), and multiple effects per study violate independence conditions that reduce power and can bias
asymmetry estimates. We therefore treat the funnel plot as descriptive only and avoid attributing asymmetry to
publication bias.

Discussion

For pancreatic cancer (PC) no specific tools exist and curative approaches show limited effects. Therefore, there
is an urgent need for advancements in prevention, diagnostics, and treatment>2*-¢, Small molecule inhibitors
(SMIs) offer a promising alternative for targeted therapy in PC, however, translating preclinical findings into
successful clinical applications remains a significant challenge!®!>!3, Robust preclinical cancer research is
therefore essential and relies on a variety of animal models, each with unique advantages and disadvantages,
making the selection of the most appropriate model for a specific purpose challenging!>!3. To address this, we
systematically reviewed published studies on small molecule inhibitors (SMls) in preclinical PC mouse models,
assessed the reporting quality in these articles, and conducted a meta-analysis to identify potential sources of
heterogeneity that could impact the reproducibility of future preclinical studies.

Due to distinct differences between preclinical and clinical systematic reviews and meta-analyses such as
higher numbers of included studies, smaller sample sizes, and higher variability in the preclinical compared to
the clinical field, the synthesis of preclinical data may not always provide sufficient evidence for meta-analyses
or firm conclusions'. Clinical systematic reviews and meta-analyses primarily aim to inform late-phase
clinical trials, clinical practice, and guidelines, while also exploring heterogeneity within clinical populations.
In contrast, preclinical systematic reviews and meta-analyses focus on investigating translational failures,
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explaining discrepancies, exploring both internal and external validity, heterogeneity, and guiding future
preclinical research, early-phase clinical trials, and 3Rs (Replacement, Reduction, and Refinement) decisions'®.

Here, we were able to systematically review available articles between 1997 and 23rd January 2025 according
to predefined eligibility criteria. From 2010, when the first ARRIVE guideline!” was published, the publication
rate of the included articles was three-fold higher than from 1997 to 2009, possibly due to increasing research
interest in the field of PC and the urgent need for improvement of diagnostic and therapeutic tools, especially
alternatives such as SMIs in the last decades!”=. This systematic review showed that most studies used female
Foxn1™ mice and predominantly applied heterotopic xenograft models, with patient-derived xenografts (PDX)
being most common, followed by subcutaneously established MiaPaCa-2 and PANC-1 cell line xenografts. Both
cell lines originate from pancreatic ductal adenocarcinomas (PDACs), the most common form of pancreatic
tumors (85%)"*2°. Both have a mutation for the proto-oncogene KRAS, which is the most common event in
pancreatic cancer initiation and progression (~90%) of PDACs and can reflect human disease progression?2,
Since 2022, we observed a shift toward PDX models, reflecting a move to systems that more closely mimic
patient’s tumor biology, preserving genetic and morphological characteristics. As highlighted in recent
reviews?>?*, model selection should be guided by the research question. PDX models may be preferable for
testing new therapies, studying treatment resistance and advancing personalized medicine approaches and
identifying biomarkers, whereas cell line-based models are better suited for early-stage efficacy screening. Most
commonly, selective non-kinase or selective intracellular kinase SMIs (categorized according to Liu et al.1% were
used and applied usually per orally or intraperitoneally.

The reporting quality was assessed according to the ARRIVE Essential 10 guidelines 2.0'%, revealing concerns
ranging from low to high, which could potentially compromise the internal validity of the included articles.
Internal validity refers to the extent to which observed findings accurately reflect the true effects, excluding
methodological errors®. These guidelines outline the minimum essential information required for reporting
animal studies, which can significantly influence experimental outcomes and support transparency and
reproducibility'®. The most prominent reporting gaps in the included articles concerned measures to reduce bias,
including selection, performance, detection, and attrition biases. While some articles mentioned randomization
during group selection, the specific methods used were rarely described. Likewise, blinding procedures were
rarely reported. Although incomplete reporting does not necessarily imply that these measures were not
implemented, existing literature indicates that the inclusion of these measures is associated with substantially
lower effect sizes?. Furthermore, other critical information that could impact effect sizes and heterogeneity of
synthesized data in this study, such as sample size, statistical methods, experimental animals, procedures, and
results, was often incomplete or entirely missing in the included articles. These omissions suggest poor internal
validity, a finding consistent with literature, which frequently reports inadequate internal validity in animal
studies. Already a decade ago, researchers were advocating for improvements in this area>~?’. This suggests
that while the ARRIVE guidelines have led to some improvement in the reporting quality of animal studies
(SI Fig. 1), further enhancements are necessary, and greater emphasis on the importance of comprehensive
reporting is critical. As recommended by ARRIVE 2.0"°, key methodological measures should be reported in
detail, specifying not only that they were applied but also how they were conducted, to enable rigorous assessment
of study quality and reproducibility. Although the ARRIVE guidelines have been available for over a decade!’,
their inconsistent enforcement has led to persistent gaps in reporting. Recent evidence shows that requiring
ARRIVE compliance in journal submission processes and explicit referencing by authors substantially improves
reporting quality. Structured enforcement mechanisms, rather than geographic or bibliometric factors, appear
most effective in raising reporting standards?®. Strengthening adherence to these guidelines will improve the
reproducibility and reliability of antitumor animal studies, thereby facilitating their translation from preclinical
research to clinical trials?®%.

In the meta-analysis, primary pancreatic tumor regression following SMI therapy was assessed based on
tumor volume, weight, and area. Across 596 individual comparisons from 209 articles, SMIs were associated with
statistically significant reductions in tumor volume and weight of over 40%, as well as a significant decrease in
tumor area. However, these findings were accompanied by considerable heterogeneity (I* >83% for all outcomes),
indicating substantial variability in SMI efficacy across studies. Prediction intervals crossed the line of no effect,
suggesting that both positive and negative effect sizes are possible. As tumor volume was typically measured with
calipers and calculated using the formula V=0.5 x L x W?, measurement bias may also contribute to variability.
Consistent with prior literature, such heterogeneity is common in preclinical research and is often linked to
methodological limitations and risks of bias?>***°. Therefore, prediction intervals may be more informative for
illustrating the potential range of effects rather than for reliably predicting future outcomes.

To explore sources of heterogeneity, we conducted subgroup and meta-regression analyses. For tumor
volume (k=374), ~14% of variance was explained, with absence of blinding, smaller baseline tumors, and
specific cell lines (HPAF-2, Panc-02, PANC-1, borderline L3.6pl) associated with stronger effects, while selective
receptor-related kinase inhibitors and oral administration showed reduced efficacy. For tumor weight (k=194),
~33% of variance was explained, with stronger effects in male animals and in PANC-1 and MiaPaCa-2 tumors;
intraperitoneal and oral drug administration were also linked to larger responses. For tumor area (k=28), no
moderators were significant, likely due to small sample size. Overall, some study design and biological factors
contributed to variability, but much remained unexplained. Key factors such as cell number, media, and SMI
dosage may also contribute, but limited reporting prevented post-hoc analyses.

Funnel plot analyses suggested asymmetry for tumor volume and weight datasets, consistent with potential
publication bias. Although Egger’s tests did not detect significant asymmetry, the trim-and-fill method imputed
65 and 25 missing studies, respectively, which reduced effect sizes (tumor volume: NMD =35.75%; tumor
weight: NMD =39.49%) but left them statistically significant, while heterogeneity increased. Such patterns
likely reflect selective reporting, with statistically significant positive results more likely to be published than
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negative or neutral findings?**1-3. The failure to publish neutral or negative findings poses a significant issue for
research progress, as it leads to repeated failures and complicates the identification of suitable animal models.
It could also lead to unnecessary animal use, violating the 3Rs principle. Furthermore, publication bias may
inflate therapeutic effects and lead to unreliable conclusions*!*2. Together with the limited generalizability and
lack of standardized protocols in preclinical studies compared to clinical trials?*?*323 | these findings should be
interpreted with caution.

This work provided an overview of SMIs in PC in a variety of murine models and their impact on tumor
regression. However, our investigation has limitations. It is reccommended that two independent reviewers be
involved in both study selection and data extraction processes?®*%. In our study, two independent reviewers
performed study selection during title and abstract screening while full-text screening and data extraction were
carried out by a single reviewer. Any queries were discussed with a second or third reviewer.

The subgroups of genetic background and SMI category were manually assessed through literature research
and to the best of our knowledge. For genetic background, we relied on the mouse strain information provided
by the articles. However, authors often did not specify the exact mouse strain used based on international
nomenclature. Therefore, we classified the mouse strains based on certain characteristics (genetic background,
type of genetics, hair type, T cells, B cells, NK cells) and grouped them accordingly. This approach may introduce
potential bias into the genetic background subgroup. Following Liu et al.!°, we categorized the SMls into four
groups: multikinase, selective non-kinase, selective intracellular kinase, and selective receptor-related kinase
SMIs. While this categorization is broadly comprehensive, alternative classifications with more detailed
subgroups (e.g., receptor tyrosine kinase, non-receptor tyrosine kinase, serine/threonine kinase, epigenetic, Bcl-
2, hedgehog pathway, PARP, and proteasome SMIs** could yield different results for this subgroup.

This study focused on PDAC:s, as they are the most common type of pancreatic cancer. However, other tumor
types, such as neuroendocrine and exocrine tumors, are also found in human patients and were not addressed in
this study’*. The transgenic models included in the systematic review predominantly featured tumors other than
PDAC:s. These models were excluded from the meta-analysis due to the spontaneous development of tumors,
often with multiple nodules, making it difficult to obtain data comparable to injected single tumors. Further
research in this area could be valuable for improving the reproducibility of animal studies and facilitating the
translation of preclinical research to clinical trials.

The human pancreas, located in the abdominal cavity behind the stomach, consists of four main sections:
head, neck, body, and tail, with the head positioned toward the duodenum®*3%37. Most PDACs arise in the
pancreatic head®, yet the majority of individual studies conducting orthotopic tumor establishment implanted
cells or patient-derived tissue in the tail region. This is likely due to easier accessibility of the tail compared to the
head. However, not all studies performing intrapancreatic implantation reported the specific pancreatic region,
which may introduce bias into the evidence. However, this discrepancy should be considered when translating
findings to human disease.

The National Library of Medicine (NIH) currently lists 19 clinical trials related to PC and SMI therapy,
including trials that are not yet recruiting, recruiting, active, or completed. Of these, ten involve combination
therapies with other SMIs or chemotherapeutics, seven focus on single SMI therapies, and two have been
withdrawn?®. The approved drugs for PC include seven different chemotherapeutics and three SMIs (Erlotinib,
Olaparib, and Sunitinib). Erlotinib is approved only in combination with Gemcitabine for non-surgical, metastatic
tumors, Olaparib is approved for non-surgical, metastatic NETs, and Sunitinib is used as maintenance therapy
for non-progressive, metastatic tumors®. In this study, we focused on single SMI therapies and initially excluded
combination therapies. However, given the prevalence of clinical trials involving combination therapies and the
availability of approved combination therapies, this could be a promising area for future research. Additionally,
it is noticeable that therapies have only been approved for metastatic tumors as patients are usually diagnosed
with PC only after the disease has already metastasized>°. However, we found that preclinical studies on SMI
therapy with primary tumor models are dominating over metastatic models. The number of individual studies
we identified were even insufficient for meta-analysis, raising the question of why research focus is not directed
towards the clinical context.

In conclusion, our results demonstrated significant reductions in pancreatic tumor volume, weight, and area
following treatment with SMIs. However, this systematic review and meta-analysis highlighted the substantial
variability among preclinical PC mouse models used to investigate SMIs. We identified various factors that
may contribute to the translational discrepancies between preclinical studies and clinical trials, while also
highlighting that incomplete reporting limits our ability to comprehensively evaluate the reproducibility and
validity of these animal models. There is a critical need for enhanced methodological reporting in accordance
with the ARRIVE guidelines. Future systematic reviews and meta-analyses across different cancer entities and
therapeutic approaches could offer new insights, enabling researchers to design studies with more suitable
models tailored to specific research questions. This would help reduce the translational gap and improve the
reproducibility and reliability of preclinical findings.

Materials and methods

This systematic review was conducted according to a preregistered protocol in PROSPERO (CRD42022314932;
available from: crd.york.ac.uk/prospero/display_record.php? RecordID=314932) to address the research
question ‘Which pancreatic mouse cancer model is suitable to investigate the effects of small molecule inhibitors
for the treatment of primary tumors and metastasis compared to untreated controls?**’. The question was
structured using the PICO format (Population, Intervention, Comparison, Outcome) with P as pancreatic
mouse cancer model, I as small molecule inhibitors, C as untreated controls, O as effects on primary tumors and
metastasis. Originally, we intended in the protocol a risk of bias analysis by use of SYRCLE’s tool and no quality
assessment. However, we reached a decision to preferably assess the reporting quality based on the ARRIVE
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Essential 10 guidelines 2.0, as the experimental design of small animal studies is usually fraught with problems
of randomization and blinding and thus with a high risk of bias'>***!. With the ARRIVE Essential 10 guidelines
2.0, the adequate reporting of animal studies with their methodological details is ensured which is crucial for
transparency, reproducibility, and identification of potential biases in research through improved reporting
standards'®. We focused in this study on the primary outcome data for tumor volumes, weights and area while
secondary outcomes were not analyzed. Apart from this modification, we adhered to the original protocol. We
investigated sex, transplantation method, tumor graft method, route of application of tumor cells or tissues,
genetic background of mice, injected tumor cell or tissue type, small molecule inhibitory category, and route of
drug application, randomization and blinding as potential sources of heterogeneity.

Search strategy

The systematic bibliography research was conducted in two different databases, Pubmed (MEDLINE) and
Embase (Elsevier), in January 2025 by one author (SV). All original available full-text studies up to this time
point were included in this review. The search strategy was based on the research question, using the following
keywords in titles and abstracts: “small molecules’, “small molecule inhibitors”, “small molecule therapy”,
“inhibition”, “growth inhibition”, “growth suppression”, “in vivo’, “xenograft model antitumor assays”, “animal
experiment’, “animal model’, “in vivo study”, “mouse model’”, and “murine model” The Medical Subject Heading
(MeSH) term “pancreatic neoplasms” was added to the search strategy to include all possible terms related to
pancreatic neoplasms, such as “pancreatic cancer” and “pancreas cancer’, to ensure that no publications on
this topic were missed. To only include animal studies, a filter for animals was applied. Review articles were
excluded from the search. The search strategy was further refined using the operators “AND’, “OR” and “NOT”.
The detailed search strategy is available in the supplemental information (SI) (see supplemental search strategy).
The bibliographies obtained from Pubmed (MEDLINE) and Embase (Elsevier) were imported into the reference
management software Mendeley (RRID: SCR_002750) and subsequently separately into the online tool Rayyan
QCRI (RRID: SCR_017584). Using this tool, duplicates were removed at the outset (SV) and the study decision
process began with an initial blinded screening of titles and abstracts by two independent reviewers (SV, YM).

Inclusion and exclusion criteria

Original controlled mouse studies at any sex and any age published in English using a single small molecule
inhibitor (molecular size ranging from 0.1 to 1.0 kDa) to treat metastatic and non-metastatic pancreatic cancer
were included. Studies involving combinational therapies with more than one small molecule inhibitor (SMI) or
with other therapeutic regimens (e.g. chemotherapy, radiotherapy, immunotherapy) were excluded. There were
no restrictions on the mode of intervention application. Orthotopic and subcutaneous, as well as syngeneic,
allogeneic and xenogeneic (cell line-generated, patient-derived) mouse models were included. Genetically
modified mouse models were also considered. Irrelevant studies were excluded based on predefined criteria
consisting of opinion articles, observational studies, abstracts without adequate data, systematic reviews, letters,
editorials, reviews, case reports, clinical studies, in vitro studies. Excluded populations were humans, wild-life
and pet animals. The screening process was conducted in two steps and articles were included if they met the
predefined inclusion criteria. First, titles and abstracts were independently screened by two reviewers (SV, YM).
Second, full-text screening of potentially eligible articles was performed by one reviewer (SV). Any queries were
discussed with a second reviewer (YM) and disagreements were resolved through discussion or by consultation
of a third reviewer (JS).

Data extraction

One reviewer (SV) assessed each included article to extract bibliographic data (first author, year of publication,
journal, ethical approval), animal model characteristics (sex, age, body weight, strain, number), study design
data (randomization, blinding, method of pancreatic cancer induction, tumor size at the beginning time of
intervention, starting time of study, study duration), intervention characteristics (therapeutic and control agents,
dosage regimen, route of application) and primary outcomes (tumor weight, tumor volume, tumor area). The data
were recorded into a purpose-built Microsoft Excel spreadsheet (RRID: SCR_016137). We initially attempted
to extract numerical data from tables, or text. In studies where numerical data were not reported and only
presented graphically, a screenshot of the graphical data was taken, and an adequate estimation of the outcome
measurements was extracted from graphs using WebPlotDigitizer (RRID: SCR_013996). In studies where data
were unobtainable or unclear, an initial request for unpublished information was sent to the corresponding
author via email. If there was no response to the initial email after a minimum of seven business days, a second
reminder email was sent. If there was still no response after a minimum of ten business days following the
reminder, or if the email was undeliverable and data remained missing, the results were excluded from the
analysis. In cases where the primary outcome was measured repeatedly at different time points, only data from
the endpoint (the last day of the experiment) were extracted. If the control group was terminated earlier than the
intervention group, the primary outcome data from the control group’s endpoint were extracted. When more
than one experiment was reported in the same manuscript with separate animals used for treatment groups, the
experiments were included as separate comparisons in the analysis. If one control group was used for multiple
intervention groups, the number of animals in the control group was divided by the number of intervention
groups for meta-analysis. Extracted data were discussed in cases of uncertainty regarding eligibility, and final
decisions were made in a meeting with a second and third reviewer (YM, JS).

Reporting quality assessment
The quality of reporting was assessed for each of the included article (n=297) based on the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) Essential 10 guidelines 2.0'>. The following ten items were
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evaluated, as they represent key elements that should be included in any manuscript describing animal studies:
study design, sample size, inclusion and exclusion criteria, animal randomization, blinding, outcome measures,
statistical methods, experimental animals, experimental procedures, and results. Each item was scored
separately for the reporting quality. If all criteria for an item were addressed, it was scored as fully reported
(2=low concerns). If only some criteria were addressed, it was scored as partially reported (1 =some concerns)
and if none of the criteria were addressed, it was scored as not reported (0=high concerns). The data were
collected in Microsoft Excel spreadsheet (RRID: SCR_016137). The reporting quality was assessed using the
initial information extracted for the systematic review prior to contacting authors for additional information for
meta-analysis. The results of the reporting quality assessment were visualized in a summary plot using the ROB2
template in the risk-of-bias tool'®.

Data synthesis and statistical analysis

We conducted meta-analyses using the extracted primary outcome data from the included studies on
primary tumor volume, tumor weight and tumor area. Meta-analyses were performed using R V.4.2.3 (RRID:
SCR_009175) when at least 4 individual studies per group (tumor volume, tumor weight, tumor area) were
available. In all comparisons, data were reported as a mean outcome score with a measure of variance. Therefore,
we calculated either a normalized difference in means (NMD) or a standardized difference in means (SMD).
For primary tumor volume and tumor weight, we presented the normalized mean difference as data were on
a ratio scale and sham data could be inferred*2. This approach describes the direction and magnitude of the
treatment effect, with effect sizes typically falling between —100% and +100%. For primary tumor area, we
presented continuous data with the SMD with a 95% confidence interval (CI). When variance was provided as
standard error of the mean, the standard deviation (SD) was calculated using the following equations (where

n is the number of mice used for the value): SD = SEM x /n or SEM = SD . A random-effects
vn

model was selected to account for weighting and variation among studies. By calculating the 95% prediction
interval (PI), we identified an estimated range within which the true effect of a new study from the population
of studies would fall in 95% of cases. Variance estimates were calculated using restricted maximum likelihood
(REML) to provide unbiased estimates of variance and covariance parameters. The degree of heterogeneity was
quantified using the I statistic index. We considered I* values between 50% and 70% as moderate heterogeneity,
and I2>70% as considerable heterogeneity. To further explore potential sources of heterogeneity, we performed
uni- and multivariable meta-regression. Variables included sex, transplantation method, tumor graft method,
route of application of tumor cells or tissues, genetic background of mice, injected tumor cell or tissue type,
small molecule inhibitory category, and route of drug application, baseline tumor size, and risk-of-bias factors
(randomization and blinding). Heterogeneity was described using the following metrics, Q (heterogeneity
statistic), tau? (estimation of between-study variance), residual I? (percentage of residual variation attributable
to between-study heterogeneity), and adjusted R? (proportion of between-study variance explained by the
covariate). Plots were created using the orchaRd 2.0 R package®?. To assess asymmetry arising from small study
effects and potential publication bias, we visually inspected the funnel plots and applied Egger’s regression test (a
weighted linear regression of the treatment effect on its standard error) were applicable. The trim-and-fill method
was further used to adjust pooled effect estimate for potential funnel plot asymmetry when appropriate!®43,

Data availability
Detailed information from data extraction and the analytic code for this study are available on Open Science
Framework at https://osf.io/eht5k/?view_only=b3dd918771114180ada099d78752¢26e.
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