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Simple Summary

Pancreatic cancer remains one of the most difficult cancers to treat, and most patients
experience limited benefit from the currently available therapies. Mutations in the KRAS
gene are common in pancreatic cancer, but it is unclear whether different KRAS subtypes
influence the outcomes of emerging immunomodulatory treatments. In this study, we
evaluated patients with advanced pancreatic cancer enrolled in early-phase clinical trials
and examined the relationship between KRAS status, KRAS subtype, and treatment out-
comes. We found that overall outcomes were similar between patients with and without
KRAS mutations, but exploratory analyses suggested that specific KRAS subtypes respond
differently to immunomodulatory approaches. These findings highlight the importance
of considering the KRAS subtype when designing future clinical trials and developing
personalized treatment strategies for pancreatic cancer.

Abstract

Background: Pancreatic ductal adenocarcinoma (PDAC) is characterized by a near-
universal presence of KRAS mutations and limited responsiveness to immunotherapy.
Biologic heterogeneity among KRAS subtypes may shape tumor immunobiology and
treatment resistance. Methods: We evaluated 109 patients with advanced PDAC treated
in early-phase trials between August 2014 and August 2023. Overall survival (OS) and
progression-free survival (PFS) were estimated using the Kaplan–Meier method, and Cox
proportional hazard models were used to assess the clinical and molecular predictors of
survival. Results: Among the 109 patients, 64% harbored KRAS mutations, 18% were
KRAS wild type, and 17% had an unknown KRAS status. The median age was 65 years,
and 83% had liver metastases. Among the KRAS-mutant tumors, subtype distribution
was G12D (46%), G12V (31%), G12R (13%), and other variants (10%). Immunomodulatory
agents were administered to 39% of the patients, most commonly in the first-line setting
(49%). The median OS and PFS for the entire cohort were 5.65 and 2.73 months, respectively.
The restricted mean OS (7.54 vs. 8.65, p = 0.53) and PFS (3.82 vs. 4.24, p = 0.70) did not
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differ between patients with KRAS mutants and wild-type KRAS. Among patients with
KRAS mutations, receipt of immunomodulatory therapy was associated with shorter OS
compared with those who did not receive immunomodulatory therapy, with the strongest
association observed in the KRAS G12D subgroup. This pattern was not observed in
KRAS wild-type tumors. On univariate analysis, immunomodulatory therapy exposure,
number of prior treatment lines, and presence of liver metastases were each associated
with inferior OS. On multivariable analysis, immunotherapy exposure demonstrated a
non-significant trend toward inferior OS (hazard ratio [HR] 1.61, 95% Cl 0.98–2.66; p = 0.06),
while the other variables remained independently associated with worse OS, suggesting
confounding in the unadjusted association between immunomodulatory therapy and sur-
vival. Conclusions: Among patients with KRAS-mutant PDAC—particularly those with
G12D—receipt of immunomodulatory therapy in early-phase trials was associated with
shorter OS in this exploratory analysis. These findings should be considered hypothesis-
generating and require validation in prospective, KRAS-subtype-informed studies.

Keywords: early phase; immunomodulator therapy; KRAS subtype; pancreatic cancer;
survival

1. Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer-related

mortality in the United States [1]. The incidence of PDAC has steadily increased among
both males and females since 2001 [2]. Survival outcomes have modestly improved among
patients diagnosed with localized disease; however, this subgroup represents only 15–20%
of all PDAC cases [3]. Given the rising incidence and persistently poor prognosis of this
highly lethal malignancy, there is an urgent need to develop more effective therapeutic
strategies for PDAC.

Over the past two decades, three combination chemotherapy regimens have been es-
tablished as preferred first-line treatments for patients with advanced PDAC: FOLFIRINOX
(5-fluorouracil, leucovorin, irinotecan and oxaliplatin) [4], gemcitabine + albumin-bound
paclitaxel [5], and NALIFIROX (5-fluorouracil, leucovorin, liposomal irinotecan and oxali-
platin) [6]. Despite these advances, there are no well-established standard treatment options
beyond the first line. Second-line therapy typically involves switching to an alternative
chemotherapy backbone and is guided by patient performance status, the presence of
actionable molecular alterations, and the availability of clinical trials [7].

Mutations in v-Kiras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) are de-
tected in more than 90% of pancreatic cancer tissue samples [8]. Pancreatic intraepithelial
neoplasms (PanINs), the most common precursors lesions of PDAC, harbor KRAS muta-
tions in approximately 96% of cases, supporting KRAS activation as a key initiating event
in pancreatic carcinogenesis [9]. The immune microenvironment surrounding PanINs is
characterized by inflammatory yet immunosuppressive stromal components, which may
enable precursor lesions to evade immune surveillance [10]. Additional genetic alterations,
including loss-of-function mutations in TP53 (64%), SMAD4 (21%), and CDKN2A (17%),
typically occur at later stages of disease progression [11–14].

The distribution of KRAS mutation subtypes varies across cancer types. In PDAC, the
majority of KRAS mutations occur at codon 12, with reported prevalence in descending
order of G12D (35–40%), G12V (20–35%), G12R (10–20%), Q61H (5–10%), G12C (1–2%),
and other rare variants [8,15,16]. Emerging evidence suggests that specific KRAS mutation
subtypes are associated with distinct biological behaviors and clinical outcomes [11,16–18].
Prior studies have demonstrated that patients with PDAC with KRAS G12D and KRAS Q61
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mutations experience shorter median overall survival (OS) compared with those harboring
KRAS G12R mutations or KRAS wild-type tumors [16]. However, the biological mech-
anisms underlying these prognostic differences remain incompletely understood. Until
recently, KRAS was widely considered an undruggable target, further limiting therapeutic
exploitation of these molecular distinctions [19–21].

The clinical efficacy of immunomodulatory therapies in PDAC has been limited. This
resistance has been attributed to multiple factors, including low tumor antigenicity, a
profoundly immunosuppressive tumor microenvironment (TME), dense desmoplastic
stroma [22], and the modest activity of currently available immunotherapeutic agents [23].
KRAS mutations contribute significantly to this hostile immune milieu by promoting
cytokine secretion, recruitment of myeloid-derived suppressor cells, and suppression of
CD8+ T-cell activity [24–26]. Downregulation of KRAS G12D DNA was associated with
an increase in intratumoral CD8+ T cells [27,28]. A more immunosuppressive TME has
also been described in KRAS G12D-mutant lung cancer [29,30]. Preclinical studies in
PDAC models have shown that inhibition of KRAS G12D can partially reverse immune
suppression, providing a strong biological rationale for investigating KRAS-dependent
immunotherapy responses [31,32].

Immunomodulatory therapies encompass a broad range of strategies, including immune
checkpoint inhibitors, adoptive cellular therapies, cancer vaccines, cytokine-based treatments,
immune agonists, oncolytic viruses, antibody–drug conjugates, and small-molecule immune
modulators, all aimed at enhancing or restoring antitumor immune responses.

In this study, we aimed to evaluate whether KRAS mutation subtypes influence
outcomes following immunomodulatory therapy in patients with advanced PDAC. We also
assessed the impact of additional clinical and molecular variables on treatment outcomes.
To our knowledge, this is the first study to systematically evaluate immunomodulatory
therapy outcomes across distinct KRAS subtypes in advanced PDAC. These findings will
support the development of KRAS-subtype-guided combination strategies incorporating
immunomodulatory therapies to improve outcomes in this challenging disease.

2. Patients and Methods
2.1. Study Design and Population

We conducted a retrospective cohort study of 109 patients with advanced PDAC
treated in early-phase clinical trials between August 2014 and August 2023 at the De-
partment of Developmental Therapeutics, Northwestern University Lurie Cancer Center.
Patients were identified from a prospectively maintained, institutionally approved database.
This study was conducted in accordance with the Declaration of Helsinki and Good Clinical
Practice guidelines, with approval from the institutional review board.

Clinical variables collected included age at trial enrollment, sex, prior radiation therapy
to the primary tumor, history of pancreatic resection, number of prior systemic therapy
lines before early-phase trial enrollment, presence of liver metastases at trial entry, exposure
to immunomodulatory therapy within the trial, and TP53, SMAD4, CDKN2A mutations
and MSI (microsatellite instability) and TMB (tumor mutational burden) status.

2.2. Treatment, Response Assessment and Follow-Up

Patients received investigational therapies per individual trial protocols. For those
treated with immunomodulatory agents, therapy was administered according to protocol-
defined schedules and continued until radiographic or clinical disease progression, unac-
ceptable toxicity, withdrawal of consent, or death.

Baseline radiographic evaluation was performed prior to trial initiation using contrast-
enhanced computed tomography (CT). Tumor assessments were subsequently performed
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every 8–12 weeks (approximately every 3–4 treatment cycles) or earlier if clinically indicated.
Radiographic response was evaluated using Response Evaluation Criteria in Solid Tumors
(RECIST), version 1.1.

Progression-free survival (PFS) was defined as the time from early-phase trial enrollment
to documented disease progression or death from any cause, whichever occurred first. Overall
survival (OS) was defined as the time from trial enrollment to death from any cause or last
follow-up. Patients without an event were censored at the date of last clinical contact.

Following treatment discontinuation, patients were monitored at approximately 2- to
3-month intervals.

KRAS, TP53, SMAD4, CDKN2A mutation and MSI, TMB status were determined using
next-generation sequencing (NGS) performed on tumor tissue and/or circulating tumor
DNA (ctDNA) from plasma samples, as available.

2.3. Statistical Analysis

Baseline patient characteristics are summarized using descriptive statistics. Categor-
ical variables are reported as frequencies and percentages, and continuous variables are
summarized using medians and ranges. Comparisons between groups were performed
using the chi-square or Fisher’s exact test for categorical variables and Wilcoxon rank-sum
test for continuous variables, as appropriate.

Survival outcomes were estimated using the Kaplan–Meier (KM) method. To account
for the non-proportional hazards observed in the crossing KM curves, the restricted mean
survival time (RMST), the average survival time from time 0 to a pre-specified truncation
time (τ), was calculated and compared between groups. Truncation times were selected
based on the follow-up distribution to include at least 90% of the observed events and were
set at τ = 24 months for OS and τ = 20 months for PFS.

Exploratory subgroup analyses were performed to evaluate the association between
immunomodulatory therapy exposure and survival for each KRAS subtype group. Fleming–
Harrington weighted log-rank tests were used to evaluate differences in survival distri-
butions under potential non-proportional hazards, with weighting schemes selected to
emphasize the timing of separation observed in the KM curves. Specifically, FH (1,0), FH
(1,1), and FH (0,1) weights were used to emphasize early, intermediate, and late differences,
respectively. The standard log-rank test, corresponding to FH (0,0), is also reported when
appropriate. Selection of Fleming–Harrington weighting schemes was performed post
hoc based on observed patterns of survival curve separation and should be considered
exploratory. Univariate and multivariable Cox proportional hazard regression models
were used to evaluate associations between clinical and molecular variables and survival
outcomes. Hazard ratios (HRs) with 95% confidence intervals (CIs) are reported. Variables
included in multivariable Cox models were selected based on clinical relevance and poten-
tial confounding, including age, sex, pancreatic resection, number of prior systemic therapy
lines, liver metastases at trial entry, KRAS status, TP53 status, prior radiation therapy, and
immunomodulatory therapy exposure. The proportional hazard assumption was assessed
using Schoenfeld residuals. For the multivariable Cox model for OS, pancreatic resection
status was used as a stratification factor to address evidence of non-proportional hazards,
allowing baseline hazards to differ by resection status. In the multivariable PFS model,
no evidence of violation of the proportional hazard assumption was observed. Therefore,
pancreatic resection was retained as a standard covariate for the PFS.

Immunomodulatory therapy exposure was primarily analyzed as a binary variable
(yes vs. no). In an exploratory post hoc analysis, survival outcomes were additionally
compared between patients receiving checkpoint inhibitors and patients receiving non-
checkpoint immunomodulatory therapies using the KM method and log-rank tests. KRAS
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mutation status and KRAS subtype were analyzed as categorical variables using prespeci-
fied reference groups. Subgroup analyses assessing the association between immunother-
apy exposure and survival were performed within KRAS-mutant tumors and according
to individual KRAS subtypes. Given the exploratory nature of these subgroup analyses
and limited sample sizes, no adjustment for multiple comparisons was performed. Pri-
mary analyses comparing KRAS-mutant and KRAS wild-type tumors were restricted to
patients with known KRAS status. Patients with unknown KRAS status were excluded from
KRAS-stratified analyses but included in overall descriptive summaries where appropriate.

All statistics tests were two-sided, and p-value < 0.05 was considered statistically
significant. Statistical analyses were performed using R (version 4.5.1).

3. Results
3.1. Patient Characteristics

A total of 109 patients with advanced PDAC treated in early-phase clinical trials
between August 2014 and August 2023 were included in the analysis. The median age was
65 years, and 83% of patients had liver metastases at the time of trial enrollment.

KRAS mutation status was available in 90 patients (83%). Of the total cohort,
70 patients (64%) harbored KRAS mutations, 20 patients (18%) were KRAS wild type,
and 19 patients (17%) had unknown KRAS status (Figure 1). Of 34 patients that received
immunomodulator therapy, 12 received checkpoint inhibitors, and others received differ-
ent immunomodulator therapies that had different mechanisms of action (Table 1). The
distribution of checkpoint inhibitor and non-checkpoint immunomodulatory therapies did
not differ significantly according to KRAS mutation status (p = 0.4).

Figure 1. KRAS mutation status and subtype distribution. Among 109 patients with advanced
pancreatic ductal adenocarcinoma, 70 (64%) had KRAS-mutant tumors, 20 (18%) were KRAS wild
type, and 19 (17%) had unknown KRAS status. Among KRAS-mutant tumors (n = 70), KRAS G12D
(n = 32, 46%) and G12V (n = 22, 31%) were most common, with other variants accounting for 16 cases
(23%).
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Table 1. Distribution and mechanistic classification of immunomodulatory agents by KRAS status.

Agent Mechanism of Action KRAS Wild Type
(n = 20)

KRAS Mutant
(n = 70)

Overall
(n = 90)

Checkpoint inhibitors Immune checkpoint blockade 1 (5%) 11 (15.8%) 12 (13.3%)

Non-checkpoint
inhibitors

BNT411 Innate Immune activator 1 (5%) 4 (5.7%) 5 (5.6%)

IMSA101 Innate immune activator 0 (0%) 3 (4.3%) 3 (3.3%)

Q702 Myeloid/TME modulator 1 (5%) 1 (1.4%) 2 (2.2%)

VT1021 Myeloid/TME modulator 4 (20%) 8 (11.4%) 12 (13.3%)

No
immunomodulator

therapy
13 (65%) 43 (61.4%) 56 (62.3%)

Footnote: Among patients with KRAS mutations receiving immunomodulatory therapy, the distribution of agents
by KRAS subtype was as follows: KRAS G12D (n = 13): checkpoint inhibitor (n = 3), BNT411 (n = 4), IMSA101
(n = 1), Q702 (n = 1), and VT1021 (n = 4); KRAS G12V (n = 7): checkpoint inhibitor (n = 4), IMSA101 (n = 1), and
VT1021 (n = 2); other KRAS variants (n = 7): checkpoint inhibitor (n = 4), IMSA101 (n = 1), and VT1021 (n = 2).
These data are presented descriptively because of the limited sample size within each subgroup.

Among KRAS-mutant tumors, subtype distribution was as follows: G12D (46%), G12V
(31%), G12R (13%), and other KRAS variants (10%). Immunomodulatory agents were
administered to 39% of patients overall and were most frequently used in the first-line
setting (49%). Baseline demographic and clinical characteristics are summarized per KRAS
status in Table 2 and per immunotherapy exposure in Table 3.

Table 2. Baseline patient characteristics by KRAS mutation status.

Characteristics KRAS Wild
Type (n = 20)

KRAS Mutant
(n = 70) p-Value Overall

(n = 90)

Age, median (Q1–Q3), years 72 (62–74) 65 (58–69) 0.10 65 (58–71)

Gender, n (%)
0.5Female 6 (30) 27 (39) 33 (37)

Male 14 (70) 43 (61) 57 (63)

Radiotherapy as early-stage treatment, n (%)
>0.9No 18 (90) 62 (89) 80 (89)

Yes 2 (10) 8 (11) 10 (11)

Pancreatic resection, n (%)

>0.9No 14 (78) 55 (79) 69 (78)
Yes 4 (22) 15 (21) 19 (22)

unknown 2 0 2

Lines of systemic therapy prior to early-phase trial, n (%)

0.9

0 10 (50) 31 (44) 41 (46)
1 2 (10) 9 (13) 11 (12)
2 5 (25) 21 (30) 26 (29)
3 2 (10) 7 (10) 9 (10)
4 1 (5) 1 (1.4) 2 (2.2)
≥5 0 (0) 1 (1.4) 1 (1.1)

Reason for discontinuation of early-phase trial, n (%)

0.3Progression 11 (55) 47 (67) 58 (64)
Side effects 2 (10) 2 (2.9) 4 (4.4)

Death 7 (35) 21 (30) 28 (31)

Liver metastases at trial entry, n (%)
0.5No 5 (25) 12 (17) 17 (19)

Yes 15 (75) 58 (83) 73 (81)

Immunomodulatory treatment received on trial, n (%)
0.8No 13 (65) 43 (61) 56 (62)

Yes 7 (35) 27 (39) 34 (38)

TP53 status, n (%)
<0.001Mutation-negative 11 (55) 12 (17) 23 (21)

Mutation-positive 9 (45) 58 (83) 67 (61)

SMAD4 status, n (%)

0.009
Mutation-negative 8 (40) 45 (64) 53 (59)
Mutation-positive 0 (0) 8 (11) 8 (8.9)

Unknown 12 (60) 17 (24) 29 (32)
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Table 2. Cont.

Characteristics KRAS Wild
Type (n = 20)

KRAS Mutant
(n = 70) p-Value Overall

(n = 90)

CDKN2A status, n (%)

0.008Mutation-negative 7 (35) 34 (49) 41 (46)
Mutation-positive 1 (5) 19 (27) 20 (22)

Unknown 12 (60) 17 (24) 29 (32)

MSI status, n (%)
<0.001Low 6 (30) 50 (71) 56 (62)

Unknown 14 (70) 20 (29) 34 (38)

TMB status, n (%)

<0.001High 1 (5) 4 (5.7) 5 (5.6)
Low 4 (20) 47 (67) 51 (57)

Unknown 15 (75) 19 (27) 34 (38)

p-values that reached statistical significancve (p < 0.05) are shownin bold and italics.

Table 3. Baseline patient characteristics by immunomodulator therapy exposure.

Characteristics
No Immunomodulator

Therapy Exposure
(n = 56)

Yes Immunomodulator
Therapy Exposure

(n = 34)
p-Value Overall

(n = 90)

Age, median (Q1–Q3), years 65 (58–72) 66 (59–71) >0.9 65 (58–71)

Gender, n (%)
0.8Female 21 (38) 12 (35) 33 (37)

Male 35 (63) 22 (65) 57 (63)

Radiotherapy as early-stage treatment, n
(%) 0.5No 51 (91) 29 (85) 80 (89)
Yes 5 (8.9) 5 (15) 10 (11)

Pancreatic resection, n (%)

0.7No 43 (80) 26 (76) 69 (78)
Yes 11 (20) 8 (24) 19 (22)

Unknown 2 0 2

Lines of systemic therapy prior to
early-phase trial, n (%)

<0.001
0 39 (70) 2 (5.9) 41 (46)
1 2 (3.6) 9 (26) 11 (12)
2 8 (14) 18 (53) 26 (29)
3 4 (7.1) 5 (15) 9 (10)
4 2 (3.6) 0 (0) 2 (2.2)
≥5 1 (1.8) 0 (0) 1 (1.1)

Reason for discontinuation of
early-phase trial, n (%)

0.057Progression 39 (70) 19 (56) 58 (64)
Side effects 4 (7.1) 0 (0) 4 (4.4)

Death 13 (23) 15 (44) 28 (31)

Liver metastases at trial entry, n (%)
0.7No 10 (18) 7 (21) 17 (19)

Yes 46 (82) 27 (79) 73 (81)

KRAS status, n (%)
0.8Wild type 13 (23) 7 (21) 20 (22)

Mutation-positive 43 (77) 27 (79) 70 (78)

TP53 status, n (%)
0.2Mutation-negative 12 (21) 11 (32) 23 (26)

Mutation-positive 44 (79) 23 (68) 67 (74)

p-values that reached statistical significancve (p < 0.05) are shown in bold and italics.

3.2. Survival Outcomes in the Overall Cohort

For the entire cohort, the median OS was 5.65 months, and the median PFS was
2.73 months. Restricted mean OS and PFS did not differ significantly between patients with
KRAS-mutant and KRAS wild-type tumors. Over the 24-month follow-up period, the re-
stricted mean OS was 7.54 months in the KRAS-mutant group and 8.65 months in the KRAS
wild-type group (∆ RMST = −1.1 months, 95% CI −4.57 to 2.35; p = 0.53). Restricted PFS
over 20 months was 3.82 vs. 4.24 months (∆ RMST = −0.46 months, 95% CI −2.55 to 1.72;
p = 0.7). In the exploratory analysis comparing survival outcomes by immunomodulatory
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therapy subgroup, checkpoint inhibitor recipients showed a longer median OS compared
to non-checkpoint immunomodulatory therapy recipients, although this difference did
not reach statistical significance (6.7 vs. 3.25 months, standard log-rank p = 0.08). The
median PFS was also not significantly different between the immunomodulatory subgroups
(median PFS 1.94 vs. 1.58 months, standard log-rank p = 0.12).

Among patients with KRAS-mutant PDAC, receipt of immunomodulatory therapy
was associated with significantly shorter OS compared with those who did not receive
immunomodulatory therapy (median OS 2.63 vs. 7.52 months, standard log-rank, p = 0.03)
(Figure 2).

Figure 2. Overall survival by immunomodulatory therapy exposure among patients with KRAS-
mutant advanced pancreatic ductal adenocarcinoma. Patients with KRAS-mutant PDAC, receipt of
immunomodulatory therapy was associated with significantly shorter OS compared with those who
did not receive immunomodulatory therapy (median OS 2.63 vs. 7.52 months, standard log-rank,
p = 0.03).

In contrast, among patients with KRAS wild-type tumors, immunomodulatory therapy
exposure was not associated with a statistically significant difference in OS (median OS
4.47 vs. 7.43 months, standard log-rank, p = 0.2) (Figure 3).

Figure 3. Overall survival by immunomodulatory therapy exposure among patients with KRAS
wild-type advanced pancreatic ductal adenocarcinoma. Patients with KRAS wild-type tumors,
immunomodulatory therapy exposure was not associated with a statistically significant difference in
OS (median OS 4.47 vs. 7.43 months, standard log-rank, p = 0.2).
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3.3. Survival Outcomes by KRAS Subtype

When stratified by KRAS subtype, the association between immunomodulator expo-
sure and inferior OS was most pronounced in patients with KRAS G12D-mutant tumors.
Among these patients, those who received immunomodulatory therapy had a median OS of
2.07 months compared with 7.79 months in those who did not receive immunomodulatory
therapy (Fleming–Harrington FH (1,0) weighted log-rank test, p = 0.04) (Figure 4).

Figure 4. Overall survival by immunomodulatory therapy exposure among patients with KRAS
G12D-mutant advanced pancreatic ductal adenocarcinoma. Patients received immunomodulatory
therapy had a median OS of 2.07 months compared with 7.79 months in those who did not receive
immunomodulatory therapy (Fleming–Harrington FH (1,0) weighted log-rank test, p = 0.04).

In contrast, no statistically significant differences in OS according to immunomodula-
tory therapy exposure were observed among patients with KRAS G12V mutations (median
OS 4.04 vs. 10.22 months, Fleming–Harrington FH (1,1) weighted log-rank test, p = 0.48)
or other KRAS variants (median OS 2.33 vs. 5.75 months, Fleming–Harrington FH (1,1)
weighted log-rank test, p = 0.20). These findings are summarized in Table 4.

Table 4. Overall survival and progression-free survival by immunotherapy exposure according to
KRAS-mutant subtype.

KRAS Subtype Immunotherapy
Exposure n Median OS (95%

CI) Months p Median PFS
(95% CI) Months p

G12D
Yes 13 2.07 (1.45–NE)

0.04
1.48 (1.18–NE)

0.09
No 19 7.79 (4.47–14.2) 2.96 (1.71–7.29)

G12V
Yes 7 4.04 (2.63–NE)

0.5
1.71 (1.38–NE)

0.3
No 15 10.22 (3.68–16.3) 3.35 (1.54–5.72)

Other KRAS
mutations

Yes 7 2.33 (1.58–NE)
0.14

1.91 (1.58–NE)
0.3

No 9 5.75 (2.66–NE) 2.66 (1.81–NE)
OS, overall survival; PFS, progression-free survival. NE: not estimable because insufficient events/limited follow-
up means the survival CI band does not cross 50%, so there are no data supporting upper bound. p-values that
reached statistical significancve (p < 0.05) are shownin bold and italics.
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3.4. Univariate and Multivariable Analyses

On univariate Cox regression analysis, immunomodulatory therapy exposure, higher
number of prior lines of therapy, and presence of liver metastases were each associated
with inferior OS.

On multivariable analysis adjusting for relevant clinical covariates, immunomodu-
latory therapy exposure demonstrated a non-significant trend toward worse OS (hazard
ratio [HR] 1.61, 95% confidence interval [Cl] 0.98–2.66; p = 0.06) (Table 5, Figure 5).

Table 5. Univariate and multivariable cox regression analyses for overall survival (OS) and
progression-free survival (PFS).

Variable
OS–

Univariate HR
(95% Cl)

p
OS–

Multivariable
HR (95% Cl)

p
PFS–

Univariate HR
(95% Cl)

p
PFS–

Multivariable HR
(95% Cl)

p

Age 0.984 (0.959–1.010) 0.2 0.986
(0.957–1.016) 0.4 0.989 (0.963–1.015) 0.4 0.995 (0.967–1.023) 0.7

Gender
Female
Male

0.718 (0.460–1.118) 0.14 0.776
(0.486–1.239) 0.3 0.758 (0.490–1.173) 0.2 0.706 (0.435–1.145) 0.2

Radiotherapy as
early-stage treatment,

no
Yes

1.122 (0.579–2.174) 0.7 1.147
(0.459–2.864) 0.8 0.811 (0.417–1.577) 0.5 0.522 (0.211–1.293) 0.2

Lines of systemic
therapy prior to
early-phase trial

1.553 (1.315–1.836) <0.001 1.660
(1.366–2.018) <0.001 1.332 (1.130–1.571) <0.001 1.258 (1.055–1.500) 0.01

Liver metastases at trial
entry, n (%)

No
Yes

1.817 (1.009–3.273) 0.047 2.522
(1.331–4.779) 0.005 0.906 (0.533–1.541) 0.7 0.896 (0.504–1.596) 0.7

Immunomodulatory
treatment received

during trial,
No
Yes

1.779 (1.149–2.754) 0.010 1.613
(0.977–2.663) 0.062 1.566 (1.014–2.416) 0.043 1.489 (0.900–2.465) 0.12

KRAS,
Mutation positive

wild type
0.797 (0.479–1.326) 0.4 0.877

(0.477–1.613) 0.7 0.826 (0.497–1.375) 0.5 0.969 (0.519–1.807) >0.9

TP53,
Mutation-negative
Mutation-positive

0.784 (0.486–1.264) 0.3 0.687
(0.382–1.237) 0.2 1.032 (0.641–1.662) 0.9 1.154 (0.641–2.081) 0.6

Pancreatic resection 0.944 (0.563, 1.584) 0.8 0.688 (0.395, 1.197) 0.2 0.897 (0.444, 1.813) 0.8

p-values that reached statistical significancve (p < 0.05) are shownin bold and italics.

Figure 5. Forest plot for adjusted HR: overall survival.
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In contrast, number of prior treatment lines and presence of liver metastases remained
independently associated with inferior OS, suggesting that unadjusted association between
immunomodulatory therapy exposure and survival was partially confounded by disease
burden and prior treatment intensity.

4. Discussion
In this exploratory retrospective study, we observed that outcomes with immunomod-

ulatory therapy in advanced PDAC may differ according to KRAS mutational subtype,
revealing clinically meaningful heterogeneity within KRAS-mutant disease. In partic-
ular, patients with KRAS-mutant tumors—most notably those harboring KRAS G12D—
experienced inferior survival when treated with immunomodulatory agents in early-phase
clinical trials. These findings suggest that KRAS subtype represents a biologically rele-
vant determinant of immunotherapy response in PDAC and support biomarker-driven
approach for therapeutic selection.

Although immunotherapy has historically demonstrated limited activity in popula-
tions with unselected PDAC [23], our data suggests that outcomes may not be uniformly
distributed across KRAS subtypes.

Our findings are consistent with preclinical models demonstrating that distinct KRAS mu-
tational subtypes differentially modulate tumor biology and the immune microenvironment
in pancreatic cancer [33,34]. To our knowledge, this study represents the first clinical analysis
to demonstrate differential immunomodulatory therapy outcomes according to KRAS subtype
in pancreatic cancer, providing translational validation of these preclinical observations.

Similar subtype-dependent effects have been described in other malignancies. In
lung adenocarcinoma, KRAS mutation subtypes have been associated with differential
responses to immune checkpoint inhibitors, reflecting distinct tumor immune microen-
vironments [35–38]. Notably, KRAS subtype has not consistently correlated with PD-L1
expression, suggesting that functional immune contexture rather than biomarker expres-
sion underlies therapeutic variability [39]. In colorectal cancer, KRAS variants have been
associated with differential immune infiltration patterns [40]. Jeong et al. [33] demonstrated
that KRAS mutation subtypes induced changes in the overall immune system environment
in PDAC. Together, these observations support the hypothesis that KRAS mutations are
not biologically equivalent and differentially shape tumor–immune interactions across
tumor types.

The prevalence of KRAS mutations in our cohort was lower than that reported in
prior pancreatic cancer series [33,41]. This likely reflects the unique referral pattern of
an early-phase clinical trial, where patients with more favorable performance status and
longer survival are over-represented. Because KRAS wild-type PDAC has been associated
with distinct molecular features and improved prognosis, this enrichment may partially
explain the higher proportion of KRAS wild-type tumors observed in our study.

Immunotherapy response in PDAC is likely influenced not only by KRAS mutational
subtypes but also by co-occurring genomic alterations that shape tumor biology and the
immune composition. In our cohort, TP53 alterations were present in the majority of
KRAS-mutant tumors; however, TP53 mutation was not associated with differential im-
munotherapy outcomes, consistent with prior reports [42]. Although SMAD4, CDKN2A,
MSI, and TMB status were available for a subset of patients, the extent of missing data and
limited sample size precluded robust evaluation of their association with immunotherapy
outcomes and may represent important modifiers of immune responsiveness. More gen-
erally, genomically annotated cohorts incorporating comprehensive co-mutation analysis
will be essential to evaluate these interactions.
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Another important consideration is the low prevalence of established immunotherapy
biomarkers within our cohort. Among patients with available molecular data, MSI-high
and TMB-high tumors were rare, consistent with the known biology of PDAC. The predom-
inance of MSI-low and TMB-low tumors likely contributed to the limited efficacy observed
within immunomodulatory approaches, particularly for immune checkpoint inhibitors. It
is important to note, however, that the majority of immunomodulatory therapies included
in this study were investigational agents designed to modulate innate immunity, the tumor
microenvironment, or myeloid cell function and were not selected based on MSI or TMB
status. Nonetheless, future studies evaluating immunomodulatory therapy strategies in
PDAC should incorporate comprehensive biomarker profiling, including MSI and TMB
assessment, to better define patient populations most likely to benefit.

From a therapeutic perspective, our findings suggest that KRAS subtype informs
rational combination strategies integrating KRAS-targeted agents with immunomodulatory
therapies. Emerging KRAS inhibitors have demonstrated subtype-specific activity, and their
combination with immunotherapies or other immune modulating agents may enhance
antitumor immunity in a context-dependent manner. Different KRAS subtypes may require
distinct immunomodulatory partners—such as immune checkpoint inhibitors, myeloid-
targeting agents, or innate immune activators—to overcome subtype-specific mechanisms
of immune resistance. The recently reported phase III RASolute 302 trial further high-
lights the clinical relevance of targeting the RAS pathway in pancreatic cancer [43]. In
this study, the pan-RAS inhibitor daraxonrasib significantly improved survival outcomes
compared with standard therapy in previously treated RAS-mutant PDAC, establishing
broad RAS inhibition as a promising therapeutic strategy. Preclinical studies have demon-
strated that KRAS inhibition can remodel the tumor microenvironment, enhance antigen
presentation, increase CD8+ T-cell infiltration, and partially reverse immune suppression.
As effective RAS-targeted therapies become increasingly available, future patient selection
for immunomodulatory strategies may incorporate not only KRAS mutational status and
subtype but also sensitivity to RAS pathway inhibition. Our findings support the concept
that KRAS-subtype-specific biology may remain an important determinant of therapeutic
response even in the era of pan-RAS inhibition and should be considered in the design of
future biomarker-driven combination studies.

Importantly, in multivariable analysis, immunomodulatory therapy exposure demon-
strated only a non-significant trend toward inferior survival, while disease burden and prior
treatment intensity remained independently prognostic. This suggests that the observed
associations are influenced by other clinical confounders. The substantial imbalance in
treatment line between exposure groups warrants particular caution in interpretation. Pa-
tients receiving immunomodulatory therapies were considerably more heavily pretreated
than those receiving non-immunomodulatory therapies, reflecting referral patterns and
trial availability within an early-phase program. Although multivariable adjustment atten-
uated the association between immunomodulatory therapy exposure and survival, residual
confounding remains possible.

This study has several limitations. First, its retrospective design introduces the poten-
tial for selection bias and unmeasured confounding. Second, the sample size was modest,
particularly within individual KRAS subtype subgroups, limiting statistical power. Third,
immunomodulatory therapy exposure encompassed a heterogeneous group of agents
with distinct mechanisms of action, which may have diluted subtype-specific treatment
effects. Although a post hoc subgroup analysis was conducted to compare survival out-
comes between checkpoint inhibitor and non-checkpoint immunomodulatory therapies
and no statistically significant differences were observed, these findings were underpow-
ered and should be interpreted as inconclusive rather than as evidence of equivalent

https://doi.org/10.3390/cancers18132037

https://doi.org/10.3390/cancers18132037


Cancers 2026, 18, 2037 13 of 16

efficacy between the subtypes. In addition, further stratification within individual KRAS
subtypes was not feasible due to sample size constraints, as each KRAS and immunomod-
ulatory therapy subtype combination only had less than 10 patients, which precludes
reliable survival estimation. Further studies with larger cohorts are needed to adequately
study the heterogeneity of immunomodulatory agents within KRAS subtypes. Fourth,
patients receiving immunomodulatory therapies were more heavily pretreated than those
receiving non-immunomodulatory therapies, introducing potential confounding despite
multivariable adjustment. Fifth, molecular data for MSI, TMB, SMAD4, and CDKN2A
were incomplete in a substantial proportion of patients, limiting our ability to evaluate the
influence of these biomarkers on treatment outcomes. Sixth, immune microenvironmental
correlates, including tumor-infiltrating lymphocytes, PD-L1 expression, and cytokine pro-
filing, were not available. Finally, no adjustment for multiple comparisons was performed
in the exploratory subgroup analyses, and the findings should therefore be considered
hypothesis-generating.

Despite these limitations, our findings provide clinical rationale supporting KRAS-
subtype-specific heterogeneity in immunotherapy outcomes in PDAC. These results war-
rant prospective validation and suggest that future clinical trials should incorporate KRAS
mutational subtype stratification and consider immunomodulatory agent class as a stratifi-
cation or randomization factor when evaluating immunomodulatory strategies in pancre-
atic cancer.

5. Conclusions
In this retrospective analysis of patients with advanced PDAC enrolled in early-phase

clinical trials, KRAS mutation status alone was not associated with significant differences
in progression-free or overall survival. However, exploratory analyses suggested that
outcomes vary according to specific KRAS subtype, particularly among patients treated
with immunomodulatory therapies. These findings support the growing recognition that
KRAS-mutant pancreatic cancer is a biologically heterogeneous disease and that individual
KRAS subtypes influence interactions with the tumor immune microenvironment.

Although limited by the retrospective design, modest sample size, and heterogeneous
treatment approaches, this study provides hypothesis-generating evidence that KRAS
subtype represents a clinically relevant factor for patient stratification in future therapeutic
studies. Prospective validation in larger cohorts is warranted to clarify the predictive
and prognostic significance of KRAS subtypes and to guide the development of more
personalized treatment strategies for pancreatic cancer.

Author Contributions: Conceptualization, D.M.K., Y.M., T.D., R.C. and D.M.; methodology, D.M.K.,
Y.M., T.D., N.J.A., A.K., S.K., M.M., A.B.B.III, R.C. and D.M.; software, D.M.K., Y.M., T.D., R.C. and
D.M.; validation, D.M.K., Y.M., T.D., R.C. and D.M.; formal analysis, D.M.K., Y.M., T.D., R.C. and
D.M.; investigation, D.M.K., Y.M., T.D., N.J.A., A.K., S.K., M.M., A.B.B.III, R.C. and D.M.; resources,
D.M.K., Y.M., T.D., N.J.A., A.K., S.K., M.M., A.B.B.III, R.C. and D.M.; data curation, D.M.K., Y.M., T.D.,
N.J.A., A.K., S.K., M.M., A.B.B.III, R.C. and D.M.; writing—original draft preparation, D.M.K., Y.M.,
T.D., R.C. and D.M.; writing—review and editing, D.M.K., Y.M., T.D., R.C. and D.M.; visualization,
D.M.K., Y.M., T.D., R.C. and D.M.; supervision, A.K., S.K., M.M., A.B.B.III, R.C. and D.M.; project
administration, D.M.K., Y.M., T.D., R.C. and D.M.; funding acquisition, D.M.K., Y.M., T.D., R.C. and
D.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by ‘The Woman‘s Board of Northwestern Memorial Hospital’.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Northwestern University (IRB number:
STU00207117, date of approval: May 2018).

https://doi.org/10.3390/cancers18132037

https://doi.org/10.3390/cancers18132037


Cancers 2026, 18, 2037 14 of 16

Informed Consent Statement: Patient consent was waived due to the retrospective nature of this study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Siegel, R.L.; Kratzer, T.B.; Wagle, N.S.; Sung, H.; Jemal, A. Cancer statistics, 2026. CA A Cancer J. Clin. 2026, 76, e70043. [CrossRef]

[PubMed]
2. Cronin, K.A.; Scott, S.; Firth, A.U.; Sung, H.; Henley, S.J.; Sherman, R.L.; Siegel, R.L.; Anderson, R.N.; Kohler, B.A.; Benard, V.B.;

et al. Annual report to the nation on the status of cancer, part 1: National cancer statistics. Cancer 2022, 128, 4251–4284. [CrossRef]
[PubMed]

3. Rahib, L.; Coffin, T.; Kenner, B. Factors Driving Pancreatic Cancer Survival Rates. Pancreas 2025, 54, e530–e536. [CrossRef]
[PubMed]

4. Conroy, T.; Desseigne, F.; Ychou, M.; Bouché, O.; Guimbaud, R.; Bécouarn, Y.; Adenis, A.; Raoul, J.L.; Gourgou-Bourgade, S.; de la
Fouchardière, C.; et al. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N. Engl. J. Med. 2011, 364, 1817–1825.
[CrossRef] [PubMed]

5. Von Hoff, D.D.; Ervin, T.; Arena, F.P.; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, W.W.; Saleh, M.N.; et al.
Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. N. Engl. J. Med. 2013, 369, 1691–1703. [CrossRef]
[PubMed]

6. Wainberg, Z.A.; Melisi, D.; Macarulla, T.; Pazo Cid, R.; Chandana, S.R.; De La Fouchardière, C.; Dean, A.; Kiss, I.; Lee, W.J.;
Goetze, T.O.; et al. NALIRIFOX versus nab-paclitaxel and gemcitabine in treatment-naive patients with metastatic pancreatic
ductal adenocarcinoma (NAPOLI 3): A randomised, open-label, phase 3 trial. Lancet 2023, 402, 1272–1281. [CrossRef] [PubMed]

7. Halbrook, C.J.; Lyssiotis, C.A.; di Magliano, M.P.; Maitra, A. Pancreatic cancer: Advances and challenges. Cell 2023, 186, 1729–1754.
[CrossRef] [PubMed]

8. Raphael, B.J.; Hruban, R.H.; Aguirre, A.J.; Moffitt, R.A.; Yeh, J.J.; Stewart, C.; Robertson, A.G.; Cherniack, A.D.; Gupta, M.; Getz,
G.; et al. Integrated Genomic Characterization of Pancreatic Ductal Adenocarcinoma. Cancer Cell 2017, 32, 185–203.e13. [CrossRef]
[PubMed]

9. Kanda, M.; Matthaei, H.; Wu, J.; Hong, S.M.; Yu, J.; Borges, M.; Hruban, R.H.; Maitra, A.; Kinzler, K.; Vogelstein, B.; et al. Presence
of somatic mutations in most early-stage pancreatic intraepithelial neoplasia. Gastroenterology 2012, 142, 730–733.e9. [CrossRef]
[PubMed]

10. Clark, C.E.; Beatty, G.L.; Vonderheide, R.H. Immunosurveillance of pancreatic adenocarcinoma: Insights from genetically
engineered mouse models of cancer. Cancer Lett. 2009, 279, 1–7. [CrossRef] [PubMed]

11. Waters, A.M.; Der, C.J. KRAS: The Critical Driver and Therapeutic Target for Pancreatic Cancer. Cold Spring Harb. Perspect. Med.
2018, 8, a031435. [CrossRef] [PubMed]

12. Hingorani, S.R.; Wang, L.; Multani, A.S.; Combs, C.; Deramaudt, T.B.; Hruban, R.H.; Rustgi, A.K.; Chang, S.; Tuveson, D.A.
Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely metastatic pancreatic ductal adenocarci-
noma in mice. Cancer Cell 2005, 7, 469–483. [CrossRef] [PubMed]

13. Kojima, K.; Vickers, S.M.; Adsay, N.V.; Jhala, N.C.; Kim, H.G.; Schoeb, T.R.; Grizzle, W.E.; Klug, C.A. Inactivation of Smad4
accelerates Kras(G12D)-mediated pancreatic neoplasia. Cancer Res. 2007, 67, 8121–8130. [CrossRef] [PubMed]

14. Aguirre, A.J.; Bardeesy, N.; Sinha, M.; Lopez, L.; Tuveson, D.A.; Horner, J.; Redston, M.S.; DePinho, R.A. Activated Kras
and Ink4a/Arf deficiency cooperate to produce metastatic pancreatic ductal adenocarcinoma. Genes Dev. 2003, 17, 3112–3126.
[CrossRef] [PubMed]

15. Bailey, P.; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, A.M.; Gingras, M.C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.; Quinn, M.C.;
et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47–52. [CrossRef] [PubMed]

16. Yousef, A.; Yousef, M.; Chowdhury, S.; Abdilleh, K.; Knafl, M.; Edelkamp, P.; Alfaro-Munoz, K.; Chacko, R.; Peterson, J.; Smaglo,
B.G.; et al. Impact of KRAS mutations and co-mutations on clinical outcomes in pancreatic ductal adenocarcinoma. npj Precis.
Oncol. 2024, 8, 27. [CrossRef] [PubMed]

17. Jiang, Y.; Mai, G.; Zhao, X.; Tang, M.; Yang, P.; Cheng, Q.; Tian, H.; Niu, Z.; Wang, X.; Wang, J.; et al. Molecular characterization
and prognostic implications of KRAS mutations in pancreatic cancer patients: Insights from multi-cohort analysis. npj Precis.
Oncol. 2025, 9, 299. [CrossRef] [PubMed]

18. Cho, D.; Shin, K.; Hong, T.H.; Lee, S.H.; Kim, Y.; Kim, I.H.; Hong, S.H.; Lee, M.; Park, S.J. Clinical and Molecular Characteristics of
KRAS Codon-Specific Mutations in Advanced Pancreatic Ductal Adenocarcinoma with Prognostic and Therapeutic Implications.
Int. J. Mol. Sci. 2025, 26, 10908. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18132037

https://doi.org/10.3322/caac.70043
https://www.ncbi.nlm.nih.gov/pubmed/41528114
https://doi.org/10.1002/cncr.34479
https://www.ncbi.nlm.nih.gov/pubmed/36301149
https://doi.org/10.1097/mpa.0000000000002489
https://www.ncbi.nlm.nih.gov/pubmed/40245290
https://doi.org/10.1056/nejmoa1011923
https://www.ncbi.nlm.nih.gov/pubmed/21561347
https://doi.org/10.1056/nejmoa1304369
https://www.ncbi.nlm.nih.gov/pubmed/24131140
https://doi.org/10.1016/s0140-6736(23)01366-1
https://www.ncbi.nlm.nih.gov/pubmed/37708904
https://doi.org/10.1016/j.cell.2023.02.014
https://www.ncbi.nlm.nih.gov/pubmed/37059070
https://doi.org/10.1016/j.ccell.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/28810144
https://doi.org/10.1053/j.gastro.2011.12.042
https://www.ncbi.nlm.nih.gov/pubmed/22226782
https://doi.org/10.1016/j.canlet.2008.09.037
https://www.ncbi.nlm.nih.gov/pubmed/19013709
https://doi.org/10.1101/cshperspect.a031435
https://www.ncbi.nlm.nih.gov/pubmed/29229669
https://doi.org/10.1016/j.ccr.2005.04.023
https://www.ncbi.nlm.nih.gov/pubmed/15894267
https://doi.org/10.1158/0008-5472.can-06-4167
https://www.ncbi.nlm.nih.gov/pubmed/17804724
https://doi.org/10.1101/gad.1158703
https://www.ncbi.nlm.nih.gov/pubmed/14681207
https://doi.org/10.1038/nature16965
https://www.ncbi.nlm.nih.gov/pubmed/26909576
https://doi.org/10.1038/s41698-024-00505-0
https://www.ncbi.nlm.nih.gov/pubmed/38310130
https://doi.org/10.1038/s41698-025-01087-1
https://www.ncbi.nlm.nih.gov/pubmed/40846754
https://doi.org/10.3390/ijms262210908
https://www.ncbi.nlm.nih.gov/pubmed/41303394
https://doi.org/10.3390/cancers18132037


Cancers 2026, 18, 2037 15 of 16

19. Hong, D.S.; Fakih, M.G.; Strickler, J.H.; Desai, J.; Durm, G.A.; Shapiro, G.I.; Falchook, G.S.; Price, T.J.; Sacher, A.; Denlinger,
C.S.; et al. KRAS(G12C) Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. J. Med. 2020, 383, 1207–1217. [CrossRef]
[PubMed]

20. Jänne, P.A.; Riely, G.J.; Gadgeel, S.M.; Heist, R.S.; Ou, S.I.; Pacheco, J.M.; Johnson, M.L.; Sabari, J.K.; Leventakos, K.; Yau, E.; et al.
Adagrasib in Non-Small-Cell Lung Cancer Harboring a KRAS(G12C) Mutation. N. Engl. J. Med. 2022, 387, 120–131. [CrossRef]
[PubMed]

21. Wolpin, B.M.; Park, W.; Garrido-Laguna, I.; Spira, A.; Starodub, A.; Sommerhalder, D.; Punekar, S.R.; Barve, M.; Pelster, M.;
Herzberg, B.; et al. Daraxonrasib in Previously Treated Advanced RAS-Mutated Pancreatic Cancer. N. Engl. J. Med. 2026, 394,
1790–1802. [CrossRef] [PubMed]

22. Hu, Z.Y.; Ding, D.; Song, Y.; Deng, Y.F.; Zhang, C.M.; Yu, T. Molecular mechanism of pancreatic ductal adenocarcinoma: The
heterogeneity of cancer-associated fibroblasts and key signaling pathways. World J. Clin. Oncol. 2025, 16, 97007. [CrossRef]
[PubMed]

23. Demir, T.; Moloney, C.; Mahalingam, D. Threading the Needle: Navigating Novel Immunotherapeutics in Pancreatic Ductal
Adenocarcinoma. Cancers 2025, 17, 715. [CrossRef] [PubMed]

24. Krupa, K.; Fudalej, M.; Włoszek, E.; Miski, H.; Badowska-Kozakiewicz, A.M.; Mękal, D.; Budzik, M.P.; Czerw, A.; Deptała, A.
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