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Abstract
Background  Oncogenic KRAS mutations occur in nearly, 90% of patients with pancreatic ductal adenocarcinoma 
(PDAC). Targeting KRAS has been complicated by mutational heterogeneity and rapid resistance. We developed 
a novel pan-RAS inhibitor, ADT-1004 (an oral prodrug of ADT-007) and evaluated antitumor activity in murine and 
human PDAC models.

Methodology  Murine PDAC cells with KRASG12D mutation (KPC-luc or 2838c3-luc) were orthotopically implanted 
into the pancreas of C57BL/6J mice, and four PDX PDAC tumors with KRAS mutations were implanted subcutaneously 
in NSG mice. To assess potential to overcome RAS inhibitor resistance, parental and resistant MIA PaCa-2 PDAC cells 
(KRASG12C mutation) were implanted subcutaneously. Subcutaneously implanted RASWT BxPC-3 cells were used to 
assess the selectivity of ADT-1004.

Results  ADT-1004 potently blocked tumor growth and RAS activation in mouse PDAC models without discernable 
toxicity with target engagement and reduced activated RAS and ERK phosphorylation. In addition, ADT-1004 
suppressed tumor growth in PDX PDAC models with KRASG12D, KRASG12V, KRASG12C, or KRASG13Q mutations and 
increased CD4+ and CD8+ T cells in the TME consistent with exhaustion and increased MHCII+ M1 macrophage and 
dendritic cells. ADT-1004 demonstrated superior efficacy over sotorasib and adagrasib in tumor models resistant to 
these KRASG12C inhibitors and MRTX1133 resistant KRASG12D mutant cells. As evidence of selectivity for tumors with 
mutant KRAS, ADT-1004 did not impact the growth of tumors from RASWT PDAC cells.

Conclusion/Significance  ADT-1004 has strong antitumor activity in aggressive and clinically relevant PDAC models 
with unique selectivity to block RAS-mediated signaling in RAS mutant cells. As a pan-RAS inhibitor, ADT-1004 has 
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is projected 
to become the second leading cause of cancer deaths in 
the US by 2040 [1, 2]. In 2024, PDAC is expected to cause 
52,580 deaths in the US [3]. Systemic treatment strate-
gies for PDAC have yielded little improvement in sur-
vival [4]. The overall survival rate at 5-years remains at 
12% for patients diagnosed at early stages or 3% for those 
diagnosed with metastatic disease [5]. Hence, develop-
ing novel systemic treatment strategies is essential for 
improving the survival of patients with PDAC.

The gene encoding for KRAS, a small GTPase protein, 
is mutated in more than 90% of PDAC patients. KRAS 
mutations in patients with PDAC include G12D (37.0%), 
G12V (28.2%), G12R (12.7%), G12C (2.7%), or others 
(7.0%), and some have multiple mutations in RAS (2.1%) 
[6, 7]. The National Cancer Institute has identified anti-
KRAS testing as one of four essential components for 
PDAC drug screening and development [8, 9]. Targeting 
this oncoprotein has proven challenging because it lacks 
a relatively flat surface for suitable small molecule bind-
ing sites [10]. To date, the U.S. Food and Drug Admin-
istration (FDA) has approved two KRASG12C inhibitors, 
sotorasib (AMG-510) and adagrasib (MRTX849) for 
treatment of lung cancer. Several newer inhibitors tar-
geting different KRAS mutations are in preclinical devel-
opment or clinical trials. Sotorasib and adagrasib have 
limited use in PDAC, given that KRASG12C is mutated 
in less than 3% of patients diagnosed with PDAC [11]. 
The development of adaptive resistance also limits the 
efficacy KRASG12C inhibitors in patients diagnosed with 
KRASG12C mutant cancers [12]. Resistance mechanisms 
include new KRAS mutations or activation of RASWT 
isozymes (HRAS and NRAS) from upstream receptor 
tyrosine kinases [13]. Consequently, a pan-RAS inhibitor 
could provide a broader and more effective approach to 
address the complex mutational landscape of PDAC that 
can escape compensatory mechanisms contributing to 
adaptive resistance.

To address the limitations of mutant-specific KRAS 
inhibitors, we developed and recently characterized 
ADT-007, a highly potent and selective pan-RAS inhibi-
tor with broad activity against a histologically diverse 
range of RAS-mutant cancer cell lines. ADT-007 binds 
RAS in a nucleotide free conformation blocking GTP 
activation and disrupting downstream signaling through 
MAPK and AKT [14]. These effects result in ADT-007 
inducing apoptosis by cleaved caspase 3 activation and 

cell cycle arrest at G2/M phase [14]. ADT-1004 is an 
orally bioavailable prodrug of ADT-007 designed to 
improve the water solubility and metabolic stability of 
ADT-007 (Fig.  1A). This study evaluated the antitumor 
activity and target selectivity of ADT-1004 in aggressive 
and clinically relevant mouse and PDX models of PDAC. 
We also defined various pharmacological attributes of 
ADT-1004 that could set this drug candidate apart from 
other KRAS inhibitors approved or in development.

Results
ADT-1004 inhibits tumor growth in murine models of PDAC
Initial experiments were conducted to confirm oral bio-
availability and sufficient conversion of the prodrug, 
ADT-1004, to its active metabolite, ADT-007 in vivo. Fol-
lowing administration of a single oral dose of 100 mg/kg, 
ADT-1004 generated sustained plasma levels of ADT-007 
for at least 8 h that were appreciably higher than growth 
IC50 values (Fig. 1B). Next, the maximum tolerated dose 
(MTD) of ADT-1004 was established. Dose-limiting tox-
icity was defined as weight loss of more than 10% of body 
weight or animal death. C57BL/6J mice implanted with 
subcutaneous tumors (SQ) were used in this experiment. 
ADT-1004 was administered by oral gavage BID, 5x/week 
for 3.5 weeks. The results revealed no significant differ-
ences in body weight between the vehicle and ADT-1004 
treated groups at dosages up to 175 mg/kg BID. Signifi-
cant weight loss was observed at doses of 200 mg/kg BID 
and higher (Fig. 1C). Blinded analysis of H&E-stained tis-
sues from mice bearing SQ tumors treated with 175 mg/
kg BID of ADT-1004 confirmed no discernable histo-
pathologic abnormalities in the heart, lungs, kidneys, 
liver, jejunum, pancreas, and colon (Fig. 1D). In addition, 
analysis of clinical chemistries, complete blood counts, 
and bone marrow cytology revealed no significant differ-
ences in markers of liver and renal function, electrolytes, 
energy metabolism, and hematologic function in mice 
bearing SQ tumors treated with vehicle or ADT-1004 at 
the 175 mg/kg BID dose (Supplementary Fig. 1).

To determine the antitumor activity of ADT-1004, 
luciferase-labeled KPC (KPC-luc) cells with point 
mutations in KRASG12D and p53R172H were surgically 
implanted into the pancreas of C57BL/6J mice. Mice 
were imaged one week after implantation (day 0) to ran-
domize mice between the control (vehicle) and ADT-
1004 treatment groups. Treatment was started on day 
0 by once daily oral gavage with either vehicle or ADT-
1004 at dosages ranging from 10 to 50 mg/kg (5x/week) 

broad activity and potential efficacy advantages over allele-specific KRAS inhibitors. These findings support clinical 
trials of ADT-1004 for KRAS mutant PDAC.

Keywords  Pancreatic ductal adenocarcinoma, pan-RAS inhibitor, Tumor immune microenvironment, KRAS, RAS-
driven malignancies
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Fig. 1  Evaluation of ADT-1004 efficacy and toxicity profile in murine model of pancreatic cancer. (A). Chemical structures of ADT-1004 and ADT-007. (B). 
Plasma levels of ADT-007 in mice following a single oral administration of ADT-1004 (100 mg/kg, mean ± SD, n = 3–4). Dash line shows ADT-007 IC50 (3 nM) 
for MIA PaCa-2 PDAC cells in vitro. (C). Body weights of C57BL/6J mice treated with ADT-1004 (175 mg/kg, n = 5) or vehicle (n = 10) orally BID, 5x/week for 
3.5 weeks. (D). Histopathological examination of vital organs (heart, lung, kidney, liver, jejunum, pancreas, and colon) from mice treated with ADT-1004 at 
175 mg/kg BID as assessed by H&E staining. (E). F-Luc-labeled KPC cells were orthotopically implanted into C57BL/6J mice (n = 30). After 1 week, groups of 
5 mice were orally administered vehicle or ADT-1004 (10, 20, 30, 40, and 50 mg/kg). Bioluminescence images at the indicated time points are shown. (F). 
Relative normalized whole-body bioluminescence intensities in mice under the indicated conditions (n = 5) (G). Tumors weights at the indicated condi-
tions for experiment in (E). Note that one of the animals in 40 mg/kg group died on day 27 of the study prior to necropsy and thus excluded from the 
analysis. (H). Average body weights of the animals during the treatment shown in experiment (E). (I). The concentration of ADT-007 in plasma of mice on 
the last day of treatment (IC50 < 6 nM for KPC cells). (J). The concentration of ADT-1004 in plasma of mice on the last day of treatment. All quantitative data 
represent the mean ± SEM. ANOVA was used as statistical test. ns, non-significant, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001
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(Fig. 1E). Mice were euthanized on day 27 to determine 
treatment effects on tumor growth by measuring biolu-
minescence and tumor weight (Fig. 1F and G). Most mice 
in the ADT-1004 treatment groups displayed reduced 
bioluminescence compared with mice treated with vehi-
cle. Doses of ADT-1004 from 20 to 50  mg/kg demon-
strated comparable statistically significant reductions in 
tumor weights compared to vehicle-treated mice or mice 
treated with 10  mg/kg ADT-1004 (Fig.  1G). There were 
no significant differences in body weight between the 
ADT-1004 treated and vehicle groups (Fig. 1H).

Measurement of ADT-1004 and ADT-007 levels in 
plasma by LC-MS/MS was performed 6  h after admin-
istration of the last dose. Peak concentration in plasma 
for ADT-007 occurred at 2  h post dose administra-
tion (Fig.  1C). Observed average plasma concentrations 
of ADT-007 from animals treated with 20, 30, 40, and 
50  mg/kg were 3.4, 5.7, 31.2 and 54.1 nM, respectively 
(Fig. 1I) and these are within the IC50 range. The 40 mg/
kg dose generated comparable plasma levels to the 
50 mg/kg dose (Fig. 1I and J) both of which were signifi-
cantly higher compared to plasma levels generated by the 
10, 20, and 30 mg/kg doses. Hence we selected 40 mg/kg 
dose for further experiments.

Tumor growth inhibition by ADT-1004 is associated 
with reduced activated RAS and pERK levels
The mechanism responsible for the anti-cancer activity 
of ADT-007 was previously reported to involve direct 
binding to RAS within the nucleotide-binding domain 
to block GTP activation of RAS and suppress effector 
interactions and downstream MAPK/AKT signaling [14]. 
We, therefore, conducted a second experiment using the 
KPC orthotopic model described above to confirm that 
ADT-1004 inhibits tumor growth by blocking RAS acti-
vation. Similar to results from the first experiment, oral 
administration of ADT-1004 at a dosage of 40  mg/kg 
demonstrated a significant reduction in tumor growth 
compared with the vehicle group, as evidenced by the 
bioluminescence imaging and tumor weight without dif-
ferences in body weight (Fig.  2A-E). The tumor tissues 
were analyzed for immune changes using multi-parame-
ter flow cytometry to identify myeloid, T, NK, and tumor 
cells in the TME (Fig. 2F). Consistent with in vitro studies 
of ADT-007 [14], measurement of activated RAS levels 
by RAS-RBD pull-down assays showed that tumors from 
ADT-1004 treated mice had significantly reduced RAS-
GTP levels compared with tumors from vehicle-treated 
mice (Fig.  2G). Tumors from mice in the treated with 
ADT-1004 also showed reduced pERK levels (∼ 60%) 
compared with the vehicle group (Fig. 2H).

Next, we determined the antitumor activity of ADT-
1004 in additional mouse PDAC models. Given the 
plasma concentration of ADT-007 observed at 6 h after 

administration of the 20  mg/kg dose was within the 
lower range of IC50, we determined whether a twice 
daily schedule could improve the therapeutic efficacy 
by maintaining steady therapeutic plasma drug levels 
and potentially improve antitumor activity compared to 
once daily dosing. We employed a different syngeneic, 
immunocompetent orthotopic mouse model in which 
2838c3-luc cells were implanted into the pancreas of 
female C57BL/6J mice (Fig.  3A). Mice were treated 5x/
week with either vehicle or ADT-1004 at 20 mg/kg QD, 
20 mg/kg BID, or 40 mg/kg QD. Measurement of biolu-
minescence and tumor weights showed that ADT-1004 
comparably reduced tumor growth with no significant 
differences in body weight compared with the vehicle 
group (Fig. 3A-E). As we did not observe any additional 
anti-tumor activity for the BID dosing and decided not to 
pursue further.

We also determined if the antitumor activity of ADT-
1004 in the 2838c3 orthotopic PDAC model was asso-
ciated with reduced levels of activated RAS. Similar to 
results in the KPC orthotopic model, RAS-RBD pull-
down assays showed a significant reduction (∼ 70%) 
of RAS-GTP levels in tumors from ADT-1004-treated 
mice compared with tumors from vehicle-treated mice 
(Fig.  3F). A notable decrease, albeit less dramatic than 
seen in KPC, in the pERK levels was also observed 
in mice treated with ADT-1004 at the 40  mg/kg dose 
(∼ 60%), providing additional evidence that the antitumor 
activity of ADT-1004 is mediated by inhibition of acti-
vated RAS (Fig. 3G) and consistent with previous in vitro 
studies of ADT-007 [14].

ADT-1004 alters tumor immune microenvironment 
(TiME) by inhibiting KRASG12D
Considering the growing literature reporting that muta-
tion-specific KRAS inhibitors can enhance tumor-spe-
cific immunity [15, 16], we investigated the activity of 
ADT-1004 in two PDAC-bearing, syngeneic, immu-
nocompetent mouse models harboring the KRASG12D 
mutation (KPC and 2838c3). Both cell lines expressed 
KRASG12D and exhibited increased T cell infiltration 
with an effector phenotype [14]. In the 2838c3 model, 
the effector phenotype of CD8+ T cells which have high 
levels of PD-1 and CTLA-4 expression were previously 
demonstrated to be responsive to combinatorial immune 
checkpoint blockade (ICB) utilizing antagonists to PD-1 
and CTLA-4 [17]. Given our previous findings involving 
direct injection of ADT-007 in subcutaneous syngeneic 
mouse PDAC models, including 2838c3 [14], we assessed 
the numbers and phenotype of T, NK, and myeloid cell 
subsets by multiparameter flow cytometry to determine 
whether ADT-1004, as a prodrug of ADT-007, had a sim-
ilar impact on immune subset abundances and pheno-
types in the pancreatic TME.
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Following 28 days of treatment course (5x/week), 
mice bearing KPC or 2838c3 tumors were euthanized 
to evaluate changes in the immune cell population den-
sities within the pancreatic TME. ADT-1004 treatment 
increased the density (% Total/gm tumor) of innate-like 

(TNK and γδT) or NK cells in the 2838c3 and KPC mod-
els (Supplementary Fig.  2A and 2B) in agreement with 
previous ADT-007 findings [14]. Furthermore, ADT-
1004 treatment increased the density of CD4+ and CD8+ 
T cells in the 2838c3 TME (Fig. 3H-I) despite remaining 

Fig. 2  Effect of ADT-1004 treatment on tumor growth and molecular markers in KPC cell-implanted C57BL/6J mice. (A). KPC-luc cells were injected or-
thotopically into the pancreas of C57BL/6J mice. Representative bioluminescence images at the indicated time points are shown. (B). Relative normalized 
whole-body bioluminescence intensities in mice under the indicated conditions (n = 5). (C). Average body weights of mice treated with vehicle and ADT-
1004 (40 mg/kg). (D). Tumor weights were measured from mice at the end of the experiment under the indicated conditions for experiment in (A). (E). 
Tumor images at the end of the experiment are shown. (F) The percentages of CD45+ CD11b+ F4/80, and CD206+ (macrophages), CD11b+ F4/80+ PD-L1+, 
and M1/M2 ratios increased in tumors from ADT-1004 treated (n = 4) compared to vehicle (n = 5) treated mice. (G). The tumors were probed for detect-
ing activated RAS GTP levels by GST-Raf1-RBD pull-down assay (left) and graph depicting quantification of activated RAS GTP levels (right). (H). Indicated 
tumor tissues were analyzed for pERK and total ERK by immunoblotting. β-Actin was used as a loading control (left). Graph depicting quantification of 
pERK normalized using β-Actin (right). All quantitative data represent the mean ± SEM. t-test was used for statistical analysis. ns, non-significant, ∗p < 0.05, 
∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001
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Fig. 3 (See legend on next page.)
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unchanged in the KPC TME (Supplementary Fig. 3A-B). 
Phenotypic analysis revealed that ADT-1004 treatment 
caused a marked increase in the density of CD4+ and 
CD8+ PD-1+ and CD4+ CTLA4+. (Fig.  3H-I). However, 
no significant difference was identified in KPC tumors 
treated with ADT-1004 (Supplementary Fig.  3B). Fur-
thermore, the densities of CD4+ and CD8+ T cells co-
expressing PD-1, CTLA4, LAG-3, and CD44 (Fig.  3I) 
were increased in 2838c3 tumors after ADT-1004 treat-
ment, indicating an emergence in exhaustion phenotype 
in the 2838c3 model. Overall, these findings indicate an 
increase in the density of innate-like NKT, γδT, activated 
and potentially exhausted CD4+ and CD8+ T cells after 
ADT-1004 treatment in the 2838c3 model.

Analysis of myeloid cells after ADT-1004 treatment 
revealed an increased density (% total/mg tumor) of 
F4/80+ macrophages, XCR1+ cDC1, CD172α+ cDC2, 
and Ly6G+ granulocytes in the 2838c3, but not KPC 
TME (Fig.  3J + K and Supplementary Fig.  3C), which 
has a higher density of F4/80+ macrophage compared 
to 2838c3 (Fig.  2F). More importantly, in both mod-
els, F4/80+ macrophages exhibited an increased ratio 
of M1-like (MHCIIhi) macrophages compared to M2 
(CD206+) like macrophages (Figs. 2F and 3K) suggesting 
potential within the TME improved anti-tumor immune 
responses, synergy of immune checkpoint receptor 
blockade of PD-1, CTLA4, and/or LAG-3 with ADT-
1004. Additional work utilizing these combinations in 
each model is warranted.

Spatial phenotyping reveals enhancement of TME 
infiltration in ADT-1004 treated tumors
We next sought to investigate the effects of ADT-1004 on 
the cellular infiltration patterns within the tumor core. 
Since the 2838c3 model showed higher immune infiltra-
tion, we further selected this model for spatial pheno-
typing. Pancreatic tumors from the 2838c3-luc murine 
PDAC model were initially assessed for viable tumor 
cores by a licensed veterinary pathologist and 3 mm cores 
were obtained to generate a microarray of each tumor 
(n = 4 for each treatment group). We performed multi-
plex immunofluorescence using the Lunaphore COMET 

system and a 15-plex antibody marker panel for general 
neoplastic, immune, and stromal cell profiling (Fig. 4A). 
Cells were classified into 13 distinct phenotypes based 
on marker positivity: cancer cells CKBright, cancer cells 
CKDim, B-cells (CD19+), undefined T cells (T cells (other): 
CD3+CD8−CD4−), cytotoxic T cells (CytoT: CD3+ CD8+), 
T effector cells (Teff: CD3+ CD4+), T regulatory cells 
(Treg: CD3+ CD4+ Foxp3+), macrophages (Mac: CD11b+ 
Ly6G−), Neutrophils (Neutro: CD11b− Ly6G+), myeloid 
derived suppressor cells (MDSC: CD11b+ Ly6G+), can-
cer-associated fibroblasts (CAF: any combination of 
FAP+, αSMA+, PDGFRβ+, Desmin+, or Integrinβ3+), and 
undefined cells (negative for all markers).

Initially, count-based metrics showed no significant dif-
ferences between the treatment groups in the proportion 
of neoplastic, stromal, or immune cell compartments 
(Fig.  4A). Within the neoplastic cellular compartments, 
there were also no differences in the proportions of can-
cer cell subtypes (Fig. 4B). When assessing mesenchymal 
marker co-expression, (Fig.  4C), an increase in epithe-
lial markers was noted. The immune cell count showed 
a significant increase in T effector cells in the ADT-
1004 treated, 2838c3 tumors matching the observations 
obtained from the dissociative immune phenotyping 
(Figs.  3H-K and 4D). Within the stromal compartment, 
there were no significant differences in the percentages of 
CAFs both in aggregate and in the single marker expres-
sion patterns (Fig. 4E). There was a trending increase in 
the number of endothelial and immune cell infiltrates 
in the ADT-1004 treated tumors (Fig. 4F) suggesting an 
increase in vascularization post-treatment.

To assess the effects of ADT-1004 treatment on the 
cellular infiltration patterns of the core TME, we per-
formed the G-function analysis that quantifies the infil-
tration of one cell-type (neighbor) within specified radii 
of another cell type (target). We performed this analy-
sis for sets of 10 μm radii ranging from cell-cell contact 
distances 10–50  μm through non-cell contact distances 
(60–200  μm). The significance between the vehicle and 
ADT-1004 groups was calculated for each pair-wise com-
parison at each radius. We observed both CancerCKbright 
and CancerCKdim cells had significantly more endothelial 

(See figure on previous page.)
Fig. 3  ADT-1004 treatment suppresses tumor growth and modulates tumor microenvironment in C57BL/6J mice with 2838c3 cell implants. (A). F-Luc-
labeled 2838c3 cells were orthotopically implanted into C57BL/6J mice (n = 20). Four groups of 5 mice were treated with vehicle or ADT-1004 by oral 
gavage (20 mg/kg, 20 mg/kg BID, and 40 mg/kg body weight) 5 days/week per week. (B). Normalized bioluminescence intensities of the tumors in the 4 
groups of mice. (C). Average body weights of the animals during the treatment shown in experiment (A). (D). Tumor weights were measured from mice 
at the end of the experiment for indicated dosing schedules (A). (E). Tumor images at the end of the experiment are shown for vehicle and ADT-1004 
(20 mg/kg BID and 40 mg/kg). (F). Indicated tumor tissues were probed for detecting activated RAS GTP levels by GST-Raf1-RBD pull-down assay (left). 
Graph depicting the quantification of activated RAS GTP levels (right). (G). Indicated tumor tissues were analyzed for pERK and total ERK. β-Actin was used 
as a loading control (left). Graph depicting the quantification of pERK normalized using β-Actin (right). (H). Proportions of CD4+ T-cells, CD4+ Foxp3+, CD4+ 
PD-1+ T cells, and CD4+ CTLA-4+ T cells in 2838c3 TiME in ADT-1004 (n = 5) and vehicle (n = 5) treated mice. (I). Expression of CD8+ T-cells, CD8+ PD-1+ T 
cells, CD8+ PD-1+ LAG3+, and CD8+ PD-1+ CTLA-4+ subsets from 2838c3 TME. (J). The percentages of CD11b+ MHCIIhi, XCR1+ cDC1, and CD11b+ CD11chi 
MHCII hi CD172α+ cDC2 subsets increased in ADT-1004 (n = 5) compared to vehicle (n = 5) treated mice. (K). The percentages of CD45+ CD11b+ F4/80, 
and CD206+, CD11b+ F4/80+ PD-L1+, M1/M2 ratio increased in ADT-1004 treated (n = 5) compared to vehicle (n = 5) treated mice. ANOVA and Welch’s 
t-test was used for statistical analysis where appropriate. Error bars indicate SD. ns, non-significant, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001
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Fig. 4 (See legend on next page.)
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cell infiltration in the ADT-1004 treated tumors sug-
gesting better vasculature coverage (Fig.  4F and G). In 
addition to this, we could not identify any significant 
difference in the proportions of CAF percentage in 
ADT-1004 treated tumors compared to tumors from the 
vehicle group (Fig. 4H). Both CancerCKdim and CAF cells 
had increased CD8+ cell infiltration within cell-cell con-
tact radii and Teff infiltration within near secretory dis-
tances of 100–150 μm (Fig. 4I, Supplementary Fig. 4A-C), 
which correlate with known functions of cell-cell contact 
and cytokine secretion for these cell types [14].

We next determined if specific mesenchymal markers 
(αSMA, FAP, Desmin, PDGFRβ, or Integrinβ3) in the 
target cells were associated with immune cell infiltration 
patterns. CancerCKdim cells that co-expressed any mesen-
chymal marker were not co-localized with the CD8+ or 
CD4+ cells. This observation confirmed previous spatial 
infiltration observations in mouse and human PDAC 
samples of reduced T cell infiltration around mesen-
chymal expressing cancer cells [18]. Analysis of mesen-
chymal marker expression in the target CAF population 
showed FAP+ and Integrinβ3+ CAFs excluded CD8+ T 
cells in the ADT-1004 treated tumors and Integrinβ3+ 
CAFs excluded CD4+ cells; all other mesenchymal mark-
ers had no association with immune cell infiltration. 
Marker expression analysis of the neighbor cells showed 
that ADT-1004 treated tumors had a significant increase 
in infiltration of CD11b− CD8+ and CD4+ cells around 
CancerCKdim and CAF cells. These data demonstrate the 
enhancement of immune cell infiltration with ADT-1004 
treatment.

ADT-1004 inhibits the growth of KRAS mutant PDX 
tumors
Given previous reports that ADT-007 inhibits the growth 
of KRAS mutant cancer cells regardless of the KRAS 
mutation, we determined the antitumor activity of ADT-
1004 across a panel of PDAC PDX models harboring 
three different KRAS mutations (KRASG12D, KRASG12C, 
and KRASG13Q) and one pancreaticobiliary PDX model 

(KRASG12V). Tumor fragments from each of the PDX 
models were subcutaneously implanted into the right 
flank of NSG mice. Body weight and tumor volumes were 
measured while the mice were treated orally with ADT-
1004 once daily at a dose of 40 mg/kg (5x/week). Tumor 
weights were determined at the end of the experiment. 
ADT-1004 treatment significantly inhibited the growth 
of PDAC tumors with KRASG12D (Fig. 5A and C, Supple-
mentary Fig. 5A), KRASG12C (Fig. 5E and G, Supplemen-
tary Fig.  5B), KRASG12V (Fig.  5I and K, Supplementary 
Fig. 5C) and KRASG13Q (Fig. 5M and O, Supplementary 
Fig. 5D) with no change in body weight over the course 
of treatment, further demonstrating tolerability at dos-
ages that inhibit tumor growth (Fig. 5B, F and J, and 5N, 
respectively).

Immunohistochemical (IHC) analysis of the four KRAS 
mutant PDX tumor models revealed multiple effects of 
ADT-1004 treatment. We observed a significant reduc-
tion of pERK levels in tumors from mice treated with 
ADT-1004 compared to mice treated with vehicle. In 
addition, αSMA immunostaining resulted in decreased 
expression within the ADT-1004 treatment group with 
distinct changes indicating structural reorganization, 
tissue remodeling, or fibrotic processes. Finally, analysis 
of Ki-67 levels showed a marked decrease in prolifera-
tive activity in all four treatment groups relative to their 
respective vehicle group, G12D (Fig. 6A), G12C (Fig. 6B), 
G12V (Fig.  6C) and G13Q (Fig.  6D) mutant expressing 
tumors.

ADT-1004 does not inhibit tumor growth of RASWT PDAC 
cells
Additional experiments were performed to confirm 
the RAS selectivity of ADT-1004, given previous stud-
ies reporting that RASWT cancer cells with down-
stream BRAF mutations and cells from normal tissues 
were insensitive to ADT-007 [14]. Male NSG mice 
were implanted subcutaneously with BxPC-3 (RASWT 
BRAFV600E) cells and treated with 40  mg/kg ADT-
1004 for 31 days. Body weight and tumor volume were 

(See figure on previous page.)
Fig. 4  Spatial quantification reveals increased immune infiltration in ADT-1004 treated TME. (A). The expression matrix for each of the cell phenotypes 
based on Visiopharm results. (B). Percentage of neoplastic cells (y-axis) in each tumor (color legend) for each core of the TMA (x-axis). (C). Mesenchy-
mal expressing CKdim cells in ADT-1004 treated tumors did not co-localize with CD8 + or CD4 + T cells. (D). Percentage of immune cells (y-axis) in each 
tumor (color legend) for each core of the TMA (x-axis). (E). Annotations of classified neoplastic and immune cells (top) in the vehicle (left) and ADT-1004 
treatments (right) and the corresponding antigens detected in the multi-color fluorescence images (bottom). (F). The t-distributed stochastic neighbor 
embedding (tSNE) plot showed 13 clusters (color legend) in a single core (left). Expression programs of different cell phenotypes (right) in the vehicle 
and ADT-1004 treated cores. tSNEs of single-nucleus profiles (dots) of neoplastic cells (cancer-epi, cancer-dim, and CAFs) from all tumors, and immune 
compartments (Macrophages, cyto T cells, T cells, Teff, and Tregs). (G). Unchanged CKbright and CKdim cells and increasing trend in endothelial cell infiltra-
tion in ADT-1004 treated TMAs compared to vehicle. Unchanged Tregs, significantly increased Teff, increased Teff/Treg ratio, and increased B cells in ADT-
1004 treated TMAs compared to vehicle. Increased monocytic MDSCs (CD11b+ Ly6G−) and decreased granulocytic MDSCs (CD11b+ Ly6G+) in ADT-1004 
treated TMAs compared to vehicle. Slightly reduced CAFs and increased endothelial cells in ADT-1004 treated TMAs compared to vehicle. (H). Unchanged 
percentage of CAFS in (α-SMA, PDGFRβ, FAP, Desmin, and Integrinβ3). (I). Reduced pericytic coverage in ADT-1004 treated tumors compared to vehicle in 
endothelial cells (left). Mesenchymal expressing CKdim cells in ADT-1004 treated tumors did not co-localize with CD8+ or CD4+ T cells (middle). FAP+ and 
Integrinβ3+ CAFs exclude CD8+ T cells
Integrinβ3+ CAFs exclude CD4+ T cells (right). Welch’s t-test was used for statistical analysis. ns: not significant and *p < 0.05
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Fig. 5  ADT-1004 treatment suppresses tumor growth and downregulates pERK levels in KRAS-mutant PDX models. (A). Tumor growth curves of KRASG12D 
PDX implanted subcutaneously into NSG mice and treated with vehicle or ADT-1004 (n = 6). (B). Average body weights of mice treated with vehicle and 
ADT-1004 (40 mg/kg). (C). Tumor weights at the end of the experiment under the indicated conditions. (D). The indicated tumor tissues were probed for 
measuring pERK and total ERK. β-Actin was used as a loading control. Graph depicting the quantification of pERK by western blot analysis, normalized 
using β-Actin (left). (E) Tumor growth curves of KRASG12C PDX implanted subcutaneously into NSG mice (n = 6). (F). Average body weights of mice treated 
with vehicle and ADT-1004 (40 mg/kg). (G). Tumor weights were measured from mice at the end of the experiment. (H). The indicated tumor tissues were 
probed for measuring pERK and total ERK. β-Actin was used as loading control (right). Graph depicting the quantification of pERK by western blot analysis, 
normalized using β-Actin (left). (I). Tumor growth curves of KRASG12V PDX implanted subcutaneously into NSG mice (n = 6). (J). Average body weights of 
the animals during the treatment. (K). Tumor weights from mice at the end of the experiment. (L). The indicated tumor tissues were probed for measuring 
pERK and total ERK. β-Actin was used as loading control (right). Graph depicting the quantification of pERK by western blot analysis, normalized using 
β-Actin (left). (M) Tumor growth curves of KRASG13Q PDX implanted subcutaneously into NSG mice (n = 6). (N). The average body weights of the animals 
during the treatment. (O) Tumor weights at the end of the experiment under the indicated conditions. (P) The indicated tumor tissues were probed for 
measuring pERK and total ERK. β-Actin was used as loading control (right). Graph depicting the quantification of pERK by western blot analysis, normal-
ized using β-Actin (left). Data represent the mean ± SEM. Welch’s t-test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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monitored twice weekly throughout the study. ADT-
1004 treatment did not significantly affect BxPC-3 tumor 
growth (Supplementary Fig. 6A) or impacted body weight 
(Supplementary Fig. 6B), with no statistically significant 

difference observed in tumor weights (Supplementary 
Fig. 6 C-6D). These results lead us to conclude that ADT-
1004 selectively inhibits RAS-dependent tumor growth 
in mouse tumor PDAC models and are consistent with 

Fig. 6  ADT-1004 treatment downregulates molecular markers in KRAS-mutant PDX models. (A). Representative IHC images of pERK, αSMA, and Ki-67 
(left) and quantifications of IHC results (right) in KRASG12D PDX model. (B). Representative IHC images of pERK, αSMA, and Ki-67 (left) and quantifications 
of IHC results (right) in KRASG12C PDX model. (C). Representative IHC images of pERK, αSMA, and Ki-67 (left) and quantifications of IHC results (right) in 
KRASG12V PDX model. (D). Representative IHC images of pERK, αSMA, and Ki-67 (left) and quantifications of IHC results (right) in KRASG13Q PDX model. Data 
represent the mean ± SEM. Welch’s t-test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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previous reports characterizing the in vitro growth inhib-
itory activity of ADT-1004 [14].

ADT-1004 inhibits tumor growth of PDAC cells 
resistant to KRASG12C and KRASG12D inhibitors
Human MIA PaCa-2 KRASG12C cells resistance to sotora-
sib and adagrasib was confirmed by in vitro experiments 
to determine growth IC50 values against the paren-
tal MIA PaCa-2 cells [19]. MIA PaCa-2 KRASG12C cells 
showed remarkable sensitivity to ADT-007 with an IC50 
value of 3 nM, while sotorasib and adagrasib were less 
potent with IC50 values of 28 and 21 nM, respectively 
(Fig. 7A). MIA PaCa-2 cells that developed resistance to 
sotorasib and adagrasib (MIA-AMG-R) cells were only 
slightly less sensitive to ADT-007 with an IC50 value of 16 
nM, but completely lost sensitivity to sotorasib and adag-
rasib (Fig.  7B). Similarly, AsPC-1 KRASG12D cells resis-
tant to MRTX1133 [20] retained sensitivity to ADT-007 
(Supplementary Fig. 7). In addition, ADT-007, sotorasib, 
and adagrasib inhibited colony formation in parental 
MIA PaCa2 cells. However, the differences in potency 
and extent of killing caused by ADT-007 compared with 
sotorasib and adagrasib were more pronounced, which 
may reflect the ability of ADT-007 to induce mitotic 
arrest and apoptosis as previously reported [14]. Similar 
to growth assays, ADT-007 retained activity to inhibit 
colony formation in MIA-AMG-R cells, while sensitiv-
ity to sotorasib and adagrasib was markedly diminished 
(Fig. 7C and D).

Next, experiments utilizing NSG mice xenografted sub-
cutaneously with parental MIA PaCa-2 and MIA-AMG-
R cells were conducted. Mice implanted with parental 
MIA PaCa-2 cells showed comparable decreased tumor 
volume (Fig. 7E) and final tumor weights (Fig. 7F and G), 
following treatment with ADT-1004, sotorasib or adag-
rasib, each at a once-daily dose of 40  mg/kg (5x/week). 
No significant differences in body weight were measured 
across treatment and vehicle groups (Supplementary 
Fig.  8A). In addition, we found a significant reduction 
in pERK levels in tumors in all the treatment groups 
compared to tumors from vehicle-treated mice (Fig. 7H 
and Supplementary Fig.  8C). In a side-by-side compari-
son, oral administration of ADT-1004 led to a dramatic 
decrease in tumor volume (Fig.  7I) and weight (Fig.  7J 
and K) compared with vehicle against tumors derived 
from MIA-AMG-R cells. By contrast, neither sotorasib 
nor adagrasib were effective. Notably, ADT-1004 dem-
onstrated antitumor activity without any visible change 
in the body weights of treated mice (Supplementary 
Fig. 8B). Furthermore, western blotting for the detection 
of pERK showed a significant reduction in the ADT-1004 
treated tumors compared to all other treatment or vehi-
cle groups, while neither sotorasib or adagrasib impacted 
pERK levels (Fig. 7L and Supplementary Fig. 8D). These 

results show that ADT-1004 is highly effective against 
KRASG12C tumors resistant to sotorasib or adagrasib, 
suggesting the potential to treat patients who fail therapy 
with KRASG12C inhibitors.

ADT-007 exhibits superior growth inhibitory 
activity compared to RMC-6236 against PDAC cells
Finally, we sought to compare ADT-007 with another 
pan-RAS inhibitor in clinical trials, RMC-6236. Both 
KRASG12D (7160C2, KPC, 2838c3, 6419C5, 5363, HPAC, 
and HPAC) and KRASG12C (MIA PaCa-2) mutant PDAC 
cell lines were treated with ADT-007 or RMC-6236. The 
results showed that, ADT-007 exhibited significantly 
improved growth inhibitory activity compared with 
RMC-6236 across all tested PDAC cells (Supplementary 
Fig. 9A). This effect was observed in both KRASG12D and 
KRASG12C mutant cells suggesting greater efficacy of 
ADT-007 in targeting RAS-driven PDAC.

Discussion
PDAC poses a formidable global health challenge as the 
most lethal cancer with a notable absence of effective 
treatments [21]. Point mutations in the RAS oncogene 
family, encompassing KRAS, NRAS, and HRAS are wide-
spread across multiple cancers, but especially mutations 
in KRAS as a driver of PDAC. Despite the high preva-
lence of KRAS mutations in the most fatal human can-
cers, direct targeting of KRAS by reversible inhibitors 
has been challenging primarily because of the lack of 
binding surfaces on the protein and high affinity to bind 
GTP to inhibit GTP activation of effector interactions. 
The recent FDA approval of covalent KRASG12C inhibi-
tors for the treatment of non-small cell lung cancer has 
renewed optimism to study RAS as a druggable target, 
although currently available KRASG12C inhibitors have 
limited use for PDAC given that KRASG12C mutations are 
rare in patients diagnosed with PDAC. Recognizing the 
role of other KRAS mutations in PDAC and other can-
cers, namely KRASG12D, intensive efforts are ongoing to 
develop KRASG12D inhibitors [22].

This present study builds upon our discovery of ADT-
007, a reversible, highly potent, and selective pan-RAS 
inhibitor, with broad growth inhibitory activity and 
potential to avoid resistance mechanisms limiting the 
efficacy of mutant or isoform specific RAS inhibitors 
[14]. As ADT-007 has low water solubility and is rap-
idly metabolized by glucuronidation, which limits sys-
temic exposure by systemic IV or oral administration, we 
developed ADT-1004 as an orally bioavailable prodrug 
of ADT-007. Oral administration of ADT-1004 in mice 
generated sustained plasma levels of ADT-007 that was 
amenable to once or twice-daily dosing schedules. In 
the current study, we selected the 40  mg/kg once daily 
dose which appeared to be the lowest dose capable of 



Page 13 of 17Bandi et al. Molecular Cancer           (2025) 24:76 

Fig. 7  ADT-1004 demonstrates superior efficacy in suppressing the growth of KRASG12Ci−resistant cells compared to Sotorasib and Adagrasib. (A-B). 
PDAC cell lines were treated with different concentrations of ADT-007, sotorasib, and adagrasib for 3 days and analyzed for survival using the MTT assay. 
(C-D). Indicated PDAC cell lines were treated with the different concentrations of ADT-007, sotorasib or adagrasib for 2 weeks. Representative cell survival 
was then measured using clonogenic assays. (E and I). Tumor volumes of mice implanted with MIA PaCa-2 or MIA-AMG-Res cells with the indicated 
treatments. (F and J) Tumor weights were measured from mice for the indicated conditions for experiments in (E and I). (G and K) Representative tumor 
images of NSG mice in the vehicle, ADT-1004, Sotorasib, and Adagrasib (40 mg/kg) groups at the end of the experiment. (H and L). The indicated tumor 
tissues were probed for pERK and total ERK expression by immunoblotting. β-Actin was used as a loading control. Data represent the mean ± SEM. ANOVA 
and area under curve (AUC) was used for statistical analysis where appropriate. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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achieving plasma levels of ADT-007 exceeding in vitro 
growth IC50 values. Future detailed dose range studies 
will be needed to better define the ideal dose and sched-
ule of administration of ADT-1004 to optimize antican-
cer activity in preclinical models.

Antitumor activity of orally administered ADT-1004 
against multiple mouse models of PDAC, including 
orthotopically implanted mouse cell lines and subcuta-
neously implanted PDX with different KRAS mutations 
was clearly demonstrated. In addition, orally adminis-
tered ADT-1004 demonstrated strong inhibitory effects 
on RAS activation and downstream MAPK signaling 
by measurement of RAS-GTP and pERK levels, respec-
tively. Previous studies from our group have revealed that 
treatment of colon and PDAC cell lines with ADT-007 
resulted in profound induction of apoptosis and cell cycle 
arrest at the G2/M phase, further emphasizing its anti-
tumor activity. Furthermore, we have also observed the 
concurrent inhibition of phospho-cRAF, phospho-MEK, 
and phospho AKT along with phospho ERK [14]. These 
findings are also consistent with the published activity of 
other mutation specific and pan-RAS inhibitors in PDAC 
[23–25].

Oncogenic KRAS is a significant enabler of the immune 
suppressive TME in PDAC such that blockage of RAS 
signaling promotes cytotoxic and M1 pro-inflammatory 
anti-tumor immune responses [26]. Preclinical studies of 
mutant specific KRAS inhibitors, demonstrates a critical 
role of oncogenic KRAS signaling in immune suppression 
whereby targeting RAS vastly improves tumor immune 
responses [27]. Our study demonstrates similar immune 
modulatory potential of ADT-1004 in comparison with 
other mutation-specific and pan-RAS inhibitors [15, 
16, 25]. specifically, treatment with ADT-1004 increases 
immune infiltration into the 2838c3 TME with increased 
T cell infiltration. Furthermore, there is an increase in 
T cells expressing immune suppressive receptors PD-1, 
CTLA-4, and LAG-3, which are critical for immunosup-
pression of anti-tumor specific T cell responses [28].

Others have demonstrated that targeted inhibition of 
oncogenic KRASG12D signaling with MRTX1133 in pre-
clinical models of PDAC resulted in increases in PD-1, 
such that blockade of this signaling pathway enhanced 
antitumor efficacy [15, 29]. Therefore, it is likely that 
ADT-1004 could enhance efficacy in combination with 
immune checkpoint inhibitors, although further studies 
are needed to assess this possibility along with tolerabil-
ity. The observed increase in macrophage populations 
indicates a role for ADT-1004 in altering the macrophage 
phenotype from an immunosuppressive anti-inflamma-
tory (M2-like) to a pro-inflammatory (M1 like) pheno-
type, which is again consistent with findings using other 
targeted RAS-inhibitors. Additionally, we observed 
increases in the abundance of dendritic cell subsets in the 

2838c3 TME, which is critical for priming tumor-antigen 
specific T cells [30]. Interestingly, CD11b+ Ly6G+ granu-
locytes in the 2838c3 TME were increased with ADT-
1004 treatment. These cells expressed a significant, but 
modest increase in MHCII and downregulation of PD-L1, 
suggesting that these cells may exhibit antigen-presenta-
tion potential, which has been associated with increased 
survival in patients with a range of cancers and high-
light another novel property of ADT-1004 [31]. Overall, 
this broad activation of macrophages (and granulocytes) 
with enhanced T cell priming capabilities suggests the 
potential of ADT-1004 to enhance antigen presentation 
and pro-inflammatory responses in the pancreatic TME. 
We observed a differential immune activation in the KPC 
model compared to 2838c3. A possible explanations for 
the observed differences could be related to baseline 
model-specific differences in the state of myeloid and T 
cell density and activation demonstrated previously [14]. 
Another potential contributor to these observed differ-
ences may relate to the fact that the KPC cell line exhib-
its uniform sarcomatoid or mesenchymal morphology in 
vitro and in vivo as compared to the epithelial morphol-
ogy observed in 2838c3 [32]. Recent literature suggests 
that the mesenchymal morphology may influence allele 
specific RAS inhibitor drug activity and its impact on 
tumor immunity. EMT phenotype has been reported to 
be a mechanism of acquired resistance of lung tumors to 
KRASG12C inhibitors [33]. Similar observations have been 
reported by the KRASG12D-specific inhibitor, MRTX1133, 
in PDAC [34]. Further work is needed to understand the 
significance of these morphologic variations on sensitiv-
ity to pan-RAS inhibitors.

Our spatial analysis of tumor core regions shows cell 
localization patterns were impacted by ADT-1004 treat-
ment. Of interest, is the enhancement of spatial patterns 
known in cancer biology as the paucity of infiltration of 
immune cells around mesenchymal-transitioned cancer 
cells and FAP+ and Integrinβ3+ CAFs. Another desir-
able feature of ADT-1004 is its cytotoxic ability towards 
PDAC cells resistant to FDA-approved allele-specific 
KRAS inhibitors. In this study, we show that human 
MIA PaCa-2 PDAC cells harboring KRASG12C devel-
oped to be resistant to sotorasib and adagrasib retained 
sensitivity to ADT-007 in vitro and to ADT-1004 in vivo. 
Similarly, human AsPC-1 PDAC cells with KRASG12D 
developed resistance to MRTX1133 but remained sensi-
tive to ADT-007. Previous clinical studies with KRASG12C 
inhibitors have identified multiple mechanisms of intrin-
sic or acquired resistance. These include new mutations 
in KRAS or activation of the wild-type KRAS allele or 
compensation from RASWT isozymes (e.g., NRAS or 
HRAS) that are co-expressed with mutant KRAS and 
activated by growth factors (e.g., EGF) enriched in the 
TME. These resistance mechanisms can be bypassed by 
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a pan-RAS inhibitor such as ADT-1004/ADT-007 and 
provide a key advantage over existing mutant-specific 
KRAS inhibitors to support clinical development. The 
ability of ADT-007 to induce mitotic arrest and apopto-
sis may provide additional advantages to avert resistance 
as previously reported [14]. For example, ADT-007 com-
pletely inhibited colony formation of KRASG12C PDAC 
cells, while KRASG12C inhibitors (sotorasib and adag-
rasib), KRAS-specific inhibitors (BI-2865) and another 
pan-RAS inhibitor in development (RMC-6236) were 
appreciably less effective. Our findings also demonstrate 
that, ADT-007 exhibited greater growth inhibitory activ-
ity than RMC-6236 across multiple PDAC cells with 
KRASG12D and KRASG12C mutations suggesting that 
ADT-007 might have superior anticancer efficacy by 
blocking GTP activation of RAS state compared to other 
inhibitors in development that target RAS in either an off 
or on conformation.

In conclusion, this study establishes ADT-1004 as a 1st 
-in-class orally bioavailable pan-RAS inhibitor specific for 
the apoenzyme state of mutant RAS. ADT-1004 exhibits 
promising antitumor activity against RAS-mutant PDAC, 
including resistant phenotypes. The changes in the TME 
observed with ADT-1004 also suggest that a combination 
with immune checkpoint inhibitors is a rational approach 
to evaluate in preclinical models. Future studies to define 
the optimal dose and schedule of administration of ADT-
1004 and establishing a safety in preclinical models will 
be needed for clinical development of this promising 
pan-RAS inhibitor.

Limitations of the study
The current study utilized human PDAC cell and PDXs 
along with murine PDAC models, which are valuable 
in preclinical research. However, we acknowledge that, 
these models have limitations in that they may not fully 
recapitulate the complexity of human PDAC TME or its 
clonal heterogeneity. While the study used KPC-derived 
cell lines, future work should include autochthonous 
mouse models. Given that advanced PDAC can bypass 
KRAS inhibition through alternative mechanisms, 
evaluating ADT-1004 in models with metastasis will be 
needed in future studies. In addition, considering combi-
nation therapy with immune checkpoint inhibitors, che-
motherapy, or other targeted therapies would be a critical 
direction to enhance activity against metastatic disease 
models. Another relevant clinical scenario is the use of 
ADT-1004 in the neoadjuvant or adjuvant models to sup-
press or eradicate micro- metastasis. This will also be an 
important aspect in future studies of ADT-1004.
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