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Visceral crisis in advanced breast cancer (ABC) represents a major challenge.
Here we conducted a phase 2 study to evaluate dalpiciclib plus endocrine
therapy (ET) in women with HR'/HER2™ ABC experiencing visceral crisis.

The primary endpoint was the 6-month survival rate; secondary endpoints
included overall survival (OS), progression-free survival (PFS), time to
treatment failure (TTF), 3-month treatment failure rate (TFR), duration of
disease control (DDC), objective response rate (ORR), disease control rate
(DCR) and safety. Among 53 participants, 49 survived beyond 6 months,
yielding a 6-month survival rate of 92.5% (95% confidence interval (CI):
81.8-97.9), meeting the primary endpoint. The ORR was 26.4%, DCR was

79.2% and 3-month TFR was 22.6%. The median PFS was 11.2 months (95% CI:
7.6-19.3), DDC was 14.1 months (95% ClI: 8.4-21.5) and TTF was 10.2 months

(95% CI: 6.4-15.6); the median OS was not reached. The most common grade
>3 adverse events were neutrophil count decreased (77.4%) and white blood
cell count decreased (54.7%). Exploratory analyses indicated that a baseline

monocyte-derived cfDNA level below 0.0581 was associated with worse OS
(hazardratio: 4.79,95% Cl:1.05-45.47, P= 0.0394), indicating a ‘molecular
crisis’. These findings support further evaluation of dalpiciclib plusET in
persons with ABC with visceral crisis (ClinicalTrials.gov: NCT05431504).

Visceral crisis affects approximately 60% of persons with advanced
breast cancer (ABC), particularly in those with hormone receptor (HR)*
and human epidermal growth factor receptor 2 (HER2)™ disease'™>.
Chemotherapy is the recommended treatment because of its capac-
ity toinduce rapid responses and higher response rates in persons
with visceral crisis*. However, clinical guidelines do not define a pre-
ferred chemotherapy regimen and selecting the most appropriate
regimen can be challenging because of frailty and underlying organ

dysfunction?. This often results in the use of nonstandardized ther-
apeutic approaches, including suboptimal dosing and frequent
treatment interruptions. Additionally, the altered pharmacokinet-
ics associated with liver dysfunction or ascites in these individuals
can elevate the risk of treatment-related toxicities. Moreover, the
exclusion of persons with visceral crisis from clinical trials further
limits the availability of prospective data to inform evidence-based
treatment decisions.

A full list of affiliations appears at the end of the paper.

e-mail: drmafei@126.com

Nature Cancer



Article

https://doi.org/10.1038/s43018-026-01208-0

60 participants were screened for eligibility

53 participants were enrolled and received the study
treatment

53 participants were included in the analysis

13 still received study
treatment at data cutoff

Table 1| Baseline characteristics of participants

Fig.1|Study flowchart. Flow diagram showing patient enrollment, treatment
administration, and analysis populations in the DARVIN study. A total of 53
patients were enrolled and received dalpiciclib plus endocrine therapy. All 53
patients were included in the full analysis set (FAS) and safety set (SS).

Inhibitors of cyclin-dependent kinases 4 and 6 (CDK4/6) in com-
bination withendocrine therapy (ET) are now established as standard
first-line treatment for persons with HR"/HER2™ ABC>®. Inwomen with
clinically aggressive HR"/HER2™ ABC, the RIGHT Choice study showed
thatribociclib combined with ET provided a notable progression-free
survival (PFS) advantage and improved tolerability over chemotherapy
of the investigator’s choice’. However, subgroup analysis of partici-
pants experiencing visceral crisis (47.7%) revealed comparable PFS
outcomesbetween ribociclib plus ET and chemotherapy (hazard ratio
(HR) =0.95)%. As such, the optimal treatment strategy for persons with
ABC presenting with visceral crisis remains uncertain.

Dalpiciclib (Dal), an oral selective CDK4/6 inhibitor, has demon-
strated significant efficacy in combination with ET in prior studies.
The DAWNA-1trial showed that Dal plus fulvestrant substantially pro-
longed PFS in participants with HR"/HER2™ ABC who had relapsed or
progressed after prior ET’. The DAWNA-2 trial further corroborated
these findings, revealing that first-line treatment with Dal plus letrozole
or anastrozole significantly improved PFS compared to ET alone'.
However, the efficacy of Dal plus ET (Dal + ET) in persons experiencing
visceral crisis remains undefined. Therefore, this multicenter, phase
2 study aimed to evaluate the efficacy and safety of Dal + ET in partici-
pants with HR'/HER2™ ABC with visceral crisis.

Visceral crisis is defined in various ways, with most definitions
remaining ambiguous. These typically encompass not only the pres-
ence of visceral metastases but also notable organ dysfunction, which
leads to life-threatening conditions requiring immediate interven-
tion'. Recent advancements in the Human Cell Methylation Atlas Pro-
jecthaveestablished arobust foundation for tracing the origins of cell
death and dynamically assessing organ damage through peripheral
blood analysis™'*. In cardiovascular research, cell-free DNA (cfDNA)
methylation markers have demonstrated strong correlations with dis-
ease severity and prognostic value for adverse survival outcomes™™.
Our prior studies also highlighted the potential of cfDNA methyla-
tion markers from target cellsin critically ill persons with COVID-19,
where they accurately predicted in-hospital mortality, outperforming

Variables Dal+ET (n=53)
Age (years), mean (s.d.) 55.8 (9.9)
7 were excluded
N 4 did not meet inclusion criteria ECOG performance status, n (%)
3 declined to participate
0 24 (45.3)
1 23 (43.4)
>2 6(11.3)
PR positive, n (%) 44 (83.0)
ER positive, n (%) 52(98.1)
Disease status, n (%)
De novo 12 (22.6)
Relapse 41(77.4)
Number of metastatic sites, n (%)
<3 25 (47.2)
40 discontinued treatment at data >3 28(52.8)
cutoff . 5
35 because of disease progression Metastatic sites, n (%)
3 because of participant decision Bone 34(64.2)
1 lost to follow-up
1 died Brain 2(3.8)
Liver 27 (50.9)
Lung 23 (43.4)
Lymph nodes 21(39.6)
Prior lines of chemotherapy, n (%)
0 34 (64.2)
1 14 (26.4)
>2 5(94)
Visceral crisis classification, n (%)
Effusion 27 (50.9)
Symptomatic 9(17.0)
Laboratory abnormalities 12(22.6)
Others 5(9.4)

conventional organ-level clinical indicatorsin prognosticaccuracy®.
Building on these findings, this study also aims to identify relevant
cfDNA methylation markers for detecting ABC with visceral crisis.

Result

Baseline characteristics of participants

Between February 2023 and February 2024, 53 participants with visceral
crisiswereenrolledinthe Dal + ET group. All participants wereincluded
inboth the fullanalysis set (FAS) and safety set (SS). As of the data cutoff
onJuly 31,2025, the median follow-up was 19.4 months (interquar-
tile range (IQR): 14.3-23.7). At the data cutoff date, 40 participants
had discontinued the study, while 13 participants were still receiving
treatment (Fig. 1). The mean age of participants was 55.8 + 9.9 years,
with the majority (88.7%) having an Eastern Cooperative Oncology
Group (ECOG) performance status of 0 or 1. Of the cohort, 22.6% had
de novo ABC, while 77.4% had relapsed disease. Additionally, 64.2%
of participants had not received prior chemotherapy for advanced
disease. Visceral crisis presentations included effusion in 50.9% of
participants, symptomatic crisis in17.0%, laboratory abnormalitiesin
22.6% and 9.4% categorized under other types (Table 1).

Efficacy

Inthe FAS, 17 of the first 18 participants achieved a 6-month survival
in the first stage, leading to the recruitment of an additional 35 par-
ticipants for the second stage. Among the 53 participants, 49 survived
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Fig. 2| Kaplan-Meier survival curves for survival outcomes. a-d, DDC (a), PFS (b), TTF (¢) and OS (d) in the FAS. NR, not reached.

beyond 6 months, yielding a 6-month survival rate of 92.5% (95% con-
fidence interval (Cl): 81.8-97.9), thereby rejecting the null hypothesis
of asurvival rate of 44% or lower. Using the Kaplan-Meier method,
the estimated 6-month, 12-month and 24-month survival rates were
92.5% (95% Cl: 81.1-97.1), 81.1% (95% Cl: 67.8-89.4) and 70.8% (95% Cl:
56.2-81.3), respectively. A total of 14 participants (26.4%) achieved a
partial response and 28 participants (52.8%) had stable disease, result-
inginanobjective responserate (ORR) 0f 26.4% (95% Cl:15.3-40.3) and
adisease control rate (DCR) of 79.2% (95% CI: 65.9-89.2). The 3-month
treatment failure rate (TFR) was 22.6% (95% Cl:12.3-36.2). The median
PFS was 11.2 months (95% Cl: 7.6-19.3). Additionally, the median dura-
tion of disease control (DDC) was 14.1 months (95% Cl, 8.4-21.5) and
the median time to treatment failure (TTF) was 10.2 months (95% CI:
6.4-15.6) (Fig. 2).

One participant died before the first postbaseline efficacy
assessment and was, therefore, excluded from the per-protocol set
(PPS). Among 52 participants in the PPS analysis, 49 survived beyond
6 months, yielding a 6-month survival rate of 94.2% (95% CI: 84.1-98.8).
Using the Kaplan-Meier method, the 6-month, 12-month and 24-month
survivalrates inthe PPS were 94.2% (95% Cl: 83.2-98.1), 82.7% (95% Cl:
69.4-90.6) and 72.2% (95% ClI: 57.5-82.5), respectively. The ORR was
26.9% (95% Cl: 15.6-41.0) and the DCR was 80.8% (95% Cl: 67.5-90.4).
The 3-month TFR was 21.2% (95% Cl: 11.1-34.7). The median PFS was
11.2 months (95% CI: 8.5-19.3). Additionally, the median DDC was
14.1 months (95% ClI, 8.4-21.5) and the median TTF was 10.5 months
(95% Cl:7.2-15.6) (Extended Data Fig. 1).

Among 27 participants presenting with effusion (50.9%), the
6-month, 12-month and 24-month survival rates were 96.8% (95% CI:

79.2-99.5), 87.1% (95% CI: 69.2-95.0) and 83.6% (95% CI: 65.0-92.8),
respectively. The ORR was 32.3% (95% CI: 16.7-51.4) and the DCR was
90.3% (95% Cl: 74.2-98.0). The 3-month TFR was 12.9% (95% Cl: 5.0-30.8).
The median PFS was 19.3 months (95% Cl, 14.0-not estimable (NE)),
the median DDC was 19.3 months (95% Cl: 12.5-NE) and the median
TTFwas18.2 months (95% CI: 9.5-22.9).

Efficacy between Dal + ET and chemotherapy groups before
and after inverse probability of treatment weighting (IPTW)
This study used real-world data to construct an external control
group, comprising participants with HR*/HER2™ ABC presenting
with visceral crisis who had received chemotherapy. A total of 157
participants with HR*/HER2™ABC and visceral crisis wereincluded in
the chemotherapy group, receiving chemotherapy between March
2016 and May 2024. Among them, 50.3% of participants presented
with effusion, 3.2% with symptomatic crisis, 36.9% with laboratory
abnormality-induced crisis and 9.6% with other types. After IPTW
adjustment, the effective sample sizes were 53 for the Dal + ET
group and 46.6 for the chemotherapy group, with baseline charac-
teristics balanced across both groups (Supplementary Table1). The
Dal + ET group exhibited longer PFS compared to the chemotherapy
group, withamedian of 11.2 months versus 4.6 months, respectively
(HR=0.30, 95% CI: 0.18-0.50, P < 0.0001). Similarly, TTF was pro-
longedinthe Dal + ET group, witha median of 10.2 months compared
to 4.2 months in the chemotherapy group (HR = 0.31, 95% CI: 0.19-
0.51, P<0.0001). The median DDC was also longer in the Dal + ET
group, at 14.1 months, compared to 5.1 months in the chemotherapy
group (Extended Data Fig. 2).
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Table 2 | TEAEs occurring in 210% of participants in the
Dal+ET group

Events, n (%) Dal+ET (n=53)
Any grade Grade 23
Any events 53 (100.0) 46 (86.8)
Hematologic events
White blood cell count decreased 51(96.2) 29 (54.7)
Neutrophil count decreased 51(96.2) 41(77.4)
Anemia 28 (52.8) 9(17.0)
Platelet count decreased 21(39.6) 1(1.9)
Nonhematologic events
Fatigue 19 (35.8) 0
AST increased 12 (22.6) 3(5.7)
Rash maculopapular 10 (18.9) 2(3.8)
Nausea 10 (18.9) 0
Pain 10 (18.9) 0
Hypoalbuminemia 9(17.0) 1(1.9)
ALT increased 8(15.1) 1(1.9)
Blood bilirubin increased 8(15.1) 1(1.9)
Blood creatinine increased 7(13.2) 0
Alopecia 7(13.2) 0
Hypocalcemia 6 (11.3) 0
Diarrhea 6 (11.3) 0
Hypertriglyceridemia 6 (11.3) 0
Peripheral edema 6 (11.3) 0
Dizziness 6 (11.3) 0
Safety

IntheSS, the safety profile was consistent with previous reports. Atotal
of 46 participants (86.8%) experienced treatment-emergent adverse
events (TEAEs) of grade >3, with hematologic toxicities being the most
prevalent. Grade >3 neutrophil count decreased occurred in 77.4%
of participants, while grade >3 white blood cell count decreased was
observedin54.7%. Amongnonhematologic grade >3 TRAEs, aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) increased
were noted in 5.7% and 1.9% of participants, respectively (Table 2).
Dose modifications because of TEAEs were required in 19 participants
(35.8%). The most frequent causes were neutrophil count decreased
(32.1%), white blood cell count decreased (24.5%) and anemia (13.2%).
No participants discontinued treatment or died because of TEAEs.

cfDNA methylation analysis

Atotal of 221 plasmasamples were analyzed for cfDNA methylation. Of
these, 68 plasmasamples were collected from participants with visceral
crisis, including 36 baseline samples and 32 samples collected after one
treatment cycle. Additionally, 104 blood samples were obtained from
participants with breast cancer without visceral crisis in the valida-
tion cohort, with 72 of these samples coming from participants with
visceral metastasis. To further validate the findings, we also analyzed
49 plasma samples from healthy individuals (Fig. 3a). Compared to
healthy individuals, participants with breast cancer demonstrated sig-
nificantly higher levels of cfDNA derived from breast cells (P < 0.0001)
and monocytes (P=0.0007) in their peripheral blood. Conversely,
cfDNA derived from natural killer (NK) cells was lower in participants
with breast cancer (P < 0.0001), while no significant difference was
observed in cfDNA derived from T cells (P= 0.8023) between the two
groups (Extended Data Fig. 3).

We then compared the cfDNA derived from various cell types at
baseline across three participant groups: those with visceral crisis,
those with visceral metastasis without visceral crisis and those with no
visceral crisis or metastasis. The monocyte-derived cfDNA was signifi-
cantly lower in the visceral crisis group compared to the participants
without visceral crisis (P< 0.0001, P= 0.0004; Fig. 3b). No significant
differences were observed in the NK cell-derived or T cell-derived
cfDNA between participants with visceral crisis and those with visceral
metastasis but no visceral crisis (P=0.7818, P=0.9273). Similarly,
breast-cell-derived cfDNA did not differentiate between participants
with visceral metastasis with or without visceral crisis (P = 0.6947).

Notably, in participants with visceral crisis, baseline monocyte-
derived cfDNA was significantly correlated with overall survival (OS)
(HR =4.79, 95% Cl:1.05-45.47, P=0.0394; Fig. 3¢). Thus, monocyte-
derived cfDNA below 0.0581 was identified as a‘molecular crisis’ thresh-
oldto predict a poor prognosis. In the validation cohort, participants
with no visceral crisis who exhibited molecular crisis also demonstrated
significantly worse median OS (HR =2.81,95% CI: 1.52-5.19, P= 0.0006;
Fig.3d).

We further examined the level of cfDNA derived from different
organsourcesin predicting specific types of visceral crises. In partici-
pants with abone-related crisis, osteoblast-derived cfDNA level was sig-
nificantly higher compared to participants without crisis (P=0.0002;
Extended Data Fig. 4a). In participants with liver metastasis, the level
of cfDNA derived from gallbladder cells was significantly elevated
compared to those without liver metastasis (P=0.0066). However,
no significant differences were observed in the cfDNA derived from
hepatocytes (P = 0.6151) or gallbladder cells (P = 0.8101) between par-
ticipants with hepatic crisis and those with liver metastasis without cri-
sis (Extended DataFig. 4b). Notably, cortical neuron-derived cfDNAin
participants with brain metastases was significantly higher thanin par-
ticipants without brain metastases (P = 0.0234; Extended Data Fig. 4¢).

We also assessed dynamic changes of cfDNA derived from specific
cells in peripheral blood of participants with visceral crisis after one
cycle of treatment. After one cycle of Dal + ET treatment, the level of
monocyte-derived cfDNA was significantly increased compared to
baseline (P=0.0243), whereasthe level of breast-cell-derived cfDNA sig-
nificantly decreased (P = 0.0045) (Extended DataFig. 5a). Furthermore,
in participants with a breast cell cfDNA level < 0.0146 after one cycle
of treatment, the median PFS was significantly longer than in those
with acfDNA level > 0.0146 (not reached versus 7.0 months, HR = 6.13,
95% Cl: 2.09-17.99, P= 0.0002; Extended Data Fig. 5b). In the valida-
tion cohort, which consisted of participants without visceral crisis,
breast-cell-derived cfDNA levels after one cycle of treatment also dem-
onstrated astrong predictive value for PFS (HR = 3.39,95% Cl:2.00-5.76,
P<0.0001; Extended Data Fig. 5c). Higher breast-cell-derived cfDNA
levels (>0.0146) predicted a worse median PFS after treatment
(1.6 months versus 4.3 months) in the validation cohort.

Discussion

The DARVIN study is, to our knowledge, the first to evaluate the efficacy
and safety of Dal + ET in persons with visceral crisis, demonstrating a
6-month survival rate of 92.5% in the Dal + ET group, thereby meet-
ing the primary endpoint. Importantly, Dal + ET was associated witha
manageable safety profile, with no unexpected safety signals observed
during the study.

CDK4/6 inhibition induces sustained cell-cycle arrest, enhances
endocrine sensitivity and provides prolonged tumor control, whereas
chemotherapy is associated with cumulative toxicity that can limit
treatment continuity'. Thus, Dal + ET offers the dual advantages of
rapid disease stabilization and durable efficacy with amore favorable
tolerability profile, which is particularly relevant for persons in vis-
ceral crisiswho require bothimmediate and sustained control. These
mechanistic considerations are consistent with findings from recent
trials comparing CDK4/6 inhibitor-based regimens with chemotherapy
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estimated by Cox proportional hazards model, with two-sided log-rank
P=0.0006. Post 1C, after one cycle of treatment.
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in HR"/HER2™ ABC. The PEARL trial showed that palbociclib plus ET
achieved efficacy comparable to capecitabine with improved safety
profiles and quality of life”/, while the KCSG-BR15-10 trial demonstrated
significantly longer PFS with palbociclib plus ET than with capecit-
abine in premenopausal women'®. Most notably, the RIGHT Choice
trial established that ribociclib plus ET provided superior PFS and
better tolerability compared to combination chemotherapy in the
premenopausal population with aggressive disease’. Our study extends
these findings by focusing exclusively on persons with visceral crisis
and demonstrates that Dal + ET can achieve both rapid and durable
disease control with manageable toxicity. To verify the reliability of
these findings, validationin alarge-scale clinical trial will be essential.

The RIGHT Choice study evaluated the efficacy of ribociclib com-
bined with ET versus chemotherapy in participants with clinically
aggressive HR'/HER2™ ABC. This study demonstrated a significant PFS
advantage for ribociclib plus ET over chemotherapy’. Of the partici-
pants enrolled, 106 (47.7%) were assessed by investigators as having
visceral crisis at the study’sinitiation, primarily according tothe ABC3
guidelines”. However, subgroup analysis revealed that the PFS benefit
was less pronounced in participants with visceral crisis (HR = 0.95)%,
highlighting the need for more refined criteria to identify those who
would benefit most from CDK4/6 inhibitors in combination with ET.
In contrast, our study used the updated ABCS guidelines?, with all
participants meeting the criteria for visceral crisis. Moreover, our
cohort differed notably from the RIGHT Choice trial. While 62.5% of
participantsintheribociclib plus ET arm of the RIGHT Choice study had
newly diagnosed ABC and no prior systemic treatment’, only 22.6% of
our participants presented with de novo ABC and 35.8% had received
prior chemotherapy in the advanced setting. Although neither study
reached maturity in OS data, our findings further support the potential
of CDK4/6 inhibitors in combination with ET as a promising treatment
option for persons with HR”/HER2™ ABC with visceral crisis. Notably,
approximately half of the participants in our trial met the criteria
for visceral crisis on the basis of pleural or peritoneal effusion alone.
Consistent with this, participants presenting with effusion demon-
strated more favorable outcomes than the overall study population,
asreflected by higher survival rates and longer PFS. This heterogene-
ity suggests that effusion-dominant presentations may represent a
distinct clinical subset within visceral crisis. Additional studies are
needed to identify the subgroups most likely to benefit from CDK4/6
inhibitorsin this high-risk population®.

Inthe DARVIN study, Dal + ET demonstrated amanageable safety
profile, with no unexpected safety signals observed throughout the
treatment period. The majority of grade >3 TRAEs were hematologic,
primarily involving decreases in neutrophil and white blood cell counts.
Nonhematologic grade >3 or higher TEAEs, such as elevations in AST
and ALT, were relatively infrequent. This safety profile aligns with
findings from the RIGHT Choice study, which reported that ribociclib
plus ET was associated with a lower incidence of symptomatic AEs
compared to chemotherapy, as well as areduced rate of TRAEs leading
to treatment discontinuation’.

The definition of visceral crisis varies widely across studies, with
criteria often depending on clinical context and investigator judg-
ment. As aliquid biopsy technique with high sensitivity and specificity,
cfDNA methylation has been used for the early detection of various
malignancies? % To our knowledge, this is the first study to define a
molecular crisis on the basis of cell-specific cfDNA methylation signa-
tures. Molecular crisis, characterized by low levels of monocyte-derived
cfDNA methylation, was associated with worse prognosis among par-
ticipants with visceral crisis and may help to better identify those who
are truly in a high-risk crisis state, beyond clinical features alone. We
further validated this finding in an independent cohort, where par-
ticipants with low baseline monocyte-derived cfDNA levels had poor
survival prognosis, even in the absence of visceral crisis. The level of
breast-cell-derived cfDNA correlates with the disease burden of breast

cancer to some extent. Furthermore, changesin the level of breast cell
cfDNA after one cycle of treatment can predict PFS in both cohorts.
However, tumor burden alone does not necessarily correlate with the
individual’s crisis state and poor prognosis. Our findings suggest that
high-resolution cfDNA methylation testing, particularly assessing
systemic immune status through peripheral blood mononuclear cell
levels, may more accurately identify persons truly in crisis among
those with visceral metastases. The use of cfDNA methylation testing
to identify persons with molecular crisis, who have a poor prognosis,
and to predict the efficacy of antitumor therapies warrants further
validationin larger, more diverse cohorts.

Previous cardiovascular studies have identified that myocardial
cell-derived cfDNA levelis significantly elevated in persons with acute
myocardial infarction, highlighting its potential for early detection
of myocardial injury®. In pulmonary hypertension, cfDNA derived
frommyocardial cells and the vascular endothelium has been strongly
associated with disease severity and prognosis, including adverse sur-
vival outcomes™. This study also examined the crisis status of specific
organs. The levels of cfDNA from organs such as bone, liver and brain
were closely associated with breast cancer metastasis to these locations.
Elevated cfDNA levels in osteoblasts were indicative of bone-related
crises. However, cfDNA levels derived from hepatocytes and gallbladder
cellsdid not correlate with liver crises in participants with liver metasta-
sis. This may be because of the limitations of the liver-related markersin
our study, which lack representation of bile duct cells, hepatic stellate
cellsand hepatic endothelial cells, thus limiting the ability to fully assess
liver crisis. Expanding the current cfDNA methylation marker panel to
enhance the sensitivity in assessing liver crisisis necessary.

This study had several limitations. First, conducting randomized
controlled trials in persons with visceral crisis poses inherent chal-
lenges, largely because of ethical considerations, individual prefer-
ences and the scarcity of feasible treatment options. Accordingly, this
study was designed as anonrandomized, phase 2 trial and the findings
should beinterpreted with caution. Second, given the high-risk nature
of visceral crisis, OSis amore clinically relevant endpoint than PFS for
this population. Therefore, we selected the 6-month survival rate as
the primary endpoint of this study. However, the limited follow-up
duration precludes definitive conclusions regarding the long-term
survival benefit of Dal + ET. A further limitation of this study is the
inclusion of an external control cohort, which, although prespeci-
fied in the study design, is inherently subject to potential bias and
confounding; therefore, the results of these exploratory comparisons
should beinterpreted with caution. Furthermore, this study explores
cfDNA methylation as a prognosticand predictive biomarkerin persons
with ABC experiencing visceral crisis. While our results indicate high
potential for this approach, they should be considered hypothesis
generating because of the modest sample size and the single-arm study
design. Further validationinlarger, systematically designed prospec-
tive studies will be essential to confirm the correlation among cfDNA
methylation patterns, treatment response and long-term outcomes.

In conclusion, the DARVIN study met its primary endpoint, dem-
onstrating a 6-month survival rate of 92.5% in the Dal + ET group.
Moreover, Dal + ET exhibited a manageable safety profile, with no
unexpected safety signals observed throughout the study. These
findings suggest that Dal + ET could be a therapeutic option for per-
sons with HR"/HER2™ ABC experiencing visceral crisis. Furthermore,
molecular crisis, as defined by monocyte-derived cfDNA, may identify
individuals truly in crisis. The predictive value of methylation-based
cfDNA biomarkers for visceral crisis warrants further validation in
clinical practice.

Methods

Study design and participants

This multicenter, phase 2 trial was conducted across seven centers in
China, with ethical approval granted by the Ethics Committee of the
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Cancer Hospital, Chinese Academy of Medical Sciences (approval
no. 22/106-3307), as well as all participating centers. The study was
registered before participant enrollment (NCT05431504) and written
informed consent was obtained from all participants. This study was
reported in accordance with the CONSORT guidelines®.

Eligible participants were postmenopausal and premenopausal
or perimenopausal women aged >18 years, with histologically or
cytologically confirmed ABC positive for progesterone or estrogen
(ER" or PR") receptors and negative for HER2. Participants with meas-
urable disease, as defined by Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.1, were included. Candidates for curative
surgical resection or radiotherapy were excluded. Participants had
to be deemed unsuitable for chemotherapy because of unwilling-
ness, inability to tolerate chemotherapy or investigator assessment
of contraindications. Visceral crisis was defined as the presence of
symptoms attributable to symptomatic brain or visceral metastases,
with at least one of the following criteria: carcinomatous meningitis
or leptomeningeal metastasis, pleural effusion, ascites, abdominal
painbecause of liver or peritoneal metastasis, dyspnearesulting from
pleural effusion, liver enzyme levels > 2x the upper limit of normal
(ULN), bilirubin levels >1.5x the ULN (excluding Gilbert’s syndrome or
biliary obstruction), pathologically confirmed bone marrow metastasis
or hemoglobin levels <100 g L. Exclusion criteria included primary
resistance to ET (defined as disease recurrence within 2 years of adju-
vant ET or progression within 6 months of first-line ET in advanced
disease), receipt of more than three prior lines of ET, prior treatment
with any CDK4/6 inhibitor and bone-only metastasis. Fullinclusion and
exclusion criteria are detailed in the study protocol.

Procedures

Eligible participants were administered oral Dal (150 mg once daily, on
adosing schedule of 3 weeks on, 1 week off) in combination with ET of
the investigator’s choice. Tumor response was evaluated according
to RECIST 1.1, using computed tomography or magnetic resonance
imaging scans at baseline, after every two cycles for the first six cycles
and every three cycles thereafter until disease progression, death,
withdrawal of consent, initiation of new anticancer treatment or study
completion, whichever occurred first. Adverse events were graded
by investigators according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (version 5.0).

Management of hematologic toxicities was prespecified in the
protocol. For neutrophil count decreased and white blood cell count
decreased, grade1-2 events were managed with observation and moni-
toring alone, grade 3 events required temporary treatment interrup-
tion until recovery to grade <2, with granulocyte colony-stimulating
factor permitted at the investigator’s discretion, and grade 4 events
or recurrent grade 3 events required treatment interruption until
recovery, followed by resumption atareduced dose. For anemia, grade
1-2 events were managed with observation and supportive care, grade
3 events required treatment interruption until recovery to grade >2,
withred blood cell transfusion or erythropoietinas needed, and grade
4 eventsrequiredinterruptionand transfusion, with dose resumption
atareduced level after recovery. For platelet count decreased, grade
1-2 events were managed with observation, grade 3 events required
doseinterruption until platelet counts recovered to >75 x 10° per L, with
platelet transfusion administered as clinically indicated, and grade 4
events required treatment interruption and transfusion, followed by
dose resumption atareduced level after recovery.

Endpoints

The primary endpoint was the 6-month survival rate, defined as the
proportion of participants alive at 6 months following treatment ini-
tiation. Secondary endpoints included OS, PFS, TTF, 3-month TFR,
DDC, ORR, DCR and safety. Detailed definitions of these endpoints are
provided in the study protocol.

External control chemotherapy group

This study used real-world data to construct an external control group,
comprising participants with HR*/HER2™ ABC presenting with visceral
crisis who had received chemotherapy. The chemotherapy group
included participants treated either at an earlier time (from January
2018 onwards) or during the same period as the Dal + ET group. Inclu-
sion and exclusion criteria for the chemotherapy group were broadly
aligned with those of the Dal + ET group, differing only in treatment
approach. Full details are provided in the study protocol. Participants
inthe chemotherapy group received chemotherapy as prescribed by
their treating physician, with dosages determined according to the
approved labeling for each agent. Treatment continued until disease
progression, unacceptable toxicity, participant-initiated discontinua-
tionor the onset of other medical conditions deemed by the physician
tobeincompatible with ongoing therapy. Tumorimaging evaluations
and other clinical assessments for the chemotherapy group were per-
formed in accordance with standard clinical practice.

Sample collection and DNA extraction

Plasma samples from participants with visceral crisis in this clinical
trial were collected at baseline (within 1 week before treatment initia-
tion) and after one cycle of treatment (at 4 weeks + 3 days). For further
validation, anindependent cohort of participants with breast cancer
without visceral crisis was used for cfDNA methylation analysis. This
cohortwas part of a phase 2 clinical trial (NCT04389073) designed to
assess the safety and efficacy of metronomic vinorelbine combined
with a PD1 antibody?®*. The inclusion criteria were as follows: partici-
pantsaged >18 years, histologically confirmed HER2™ metastatic breast
cancer and a history of no more than one prior line of chemotherapy.
Peripheral blood mononuclear cell samples from these participants
were collected at baseline (within 1 week before treatment initiation)
and after one cycle of treatment. Plasma cfDNA was extracted using
the MagMAX cfDNA isolation kit (Thermo Fisher) and the TANBead
Maelstrom 2400 extractioninstrumentin accordance with the manu-
facturer’s instructions. DNA quantification and quality control were
performed using the Qubit dsDNA HS assay kit (Thermo Fisher) and
the Qsep100 automated Bio-Fragment Analyzer (Bioptic).

Targeted methylation sequencing
A 1% mass ratio of negative and positive controls was incorporated
into the cfDNA before bisulfite conversion. The bisulfite-converted
product was then purified and eluted using the EpiArt Magnetic DNA
methylationbisulfitekit, following the manufacturer’s protocol. During
single-strand library construction, DNA pretreatment was performed
on the bisulfite-converted product by incubating it at 95 °C for 3 min
inaPCRinstrument, followed by cooling onice for 2 min. Subsequent
steps, including 3’-adaptor ligation, complementary strand extension,
postextension product purification, 5’-adaptor ligation and amplifi-
cation, were carried out sequentially using the Hieff NGS Methyl-seq
DNAlibrary prep kit (Yeason). The concentration and fragment size of
thelibrary were assessed using the Qubit dSDNA HS assay kit (Thermo
Fisher) and the Qsep100 automated Bio-Fragment Analyzer (Bioptic).

Hybridization and capture of the bisulfite library were performed
using the self-developed T36 hybridization kit (Geneplus-Suzhou).
Duringthe process, the bisulfite library underwent preblocking, hybridi-
zationwithacustomized targeted methylation panel, elution, amplifica-
tion and purification. Quality control of the library was performed using
the Qubit dsDNA HS assay kit (Thermo Fisher) and the Qsep100 auto-
mated Bio-Fragment Analyzer (Bioptic). Sequencing was conducted
in paired-end 150-bp mode on the DNBSEQ-T7RS high-throughput
sequencing platform (MGI), achieving amean depth of 951.66x (range:
242.52x-1742.68%) with nonoverlapping reads within atemplate.

The raw sequencing data underwent quality control, genomic
alignment, methylation detection and quantitative assessment of organ
injury, as outlined below. First, the raw data were filtered to remove
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adaptor sequences, low-quality reads and poly(C) sequencesintroduced
by the bisulfite single-stranded library using fastp software (version
0.23.4). The clean reads were aligned to the reference genome (hgl19)
and sorted, while repetitive sequences were removed using Bismark
software (version 0.23.0). SAMtools (version1.9) was used to generate
the resulting BAM file. Quality control of the BAM file was performed
with NCbaminfo (version 1.9.1) and GCTK (version 7.0.1). The libraries
exhibited a high mapping rate of 85.86%, with arange of 80.51-89.72%.

Using wgbstools (version 0.2.0), the BAM files were converted into
pat.gzfiles containing fragment alignment positions and methylation
statuses. The number of UXM fragments containing >3 CpG sites in
the marker regions was then extracted using Homog as input for the
quantification algorithm. The cell fraction was quantified using the
maximum likelihood estimation (MLE) algorithm, which determined
the most probable fraction of target cells through grid search on the
basis of the counts of fully unmethylated fragments (>3 CpGsites) and
the total number of fragments with >3 CpG sites in the marker region.
Additionally, background noise from highly abundant nontarget cells
in plasmawas subtracted during the MLE calculation.

Cell-type-specific methylation markers

This study used human methylation data sourced from previous lit-
erature”. Cell-type-specific methylation markers traceable in cfDNA
were selected to reveal cell-specific tissue injury and cfDNA origins, in
accordance withthe criteriaoutlined in earlier studies®. A total 0f 19,19,
23,16,90,12,48,144,76,34,45,34 and 19 methylation blocks were used as
markers for breast luminal epithelial cells,immune cells (NK cells, T cells
and monocytes), corticalneurons, osteoblasts, cardiac cells (fibroblasts
and cardiomyocytes), lungcells (alveolar and bronchial epithelial cells),
hepatocytes, gallbladder cells and thyroid epithelial cells, respectively.

Statistical analysis

This study used a Simon two-stage design with a one-sided a of 0.1,
targetingastatistical power of at least 80%. The null hypothesis posited
a6-month survival rate of 44% (ref. 3), while the alternative hypothesis
anticipated a 6-monthsurvivalrate of 60% inthe Dal + ET group®. Inthe
first stage, aninitial cohort of 18 evaluable participants was enrolled. If
nine or more participants were alive at 6 months, the study proceeded
tothe second stage, enrolling an additional 35 participants, for a total
of 53 evaluable participants. If more than 27 participants survived at
6 months in the full cohort, the treatment regimen was considered
promising and suitable for further investigation.

Efficacy analyses were primarily conducted in the FAS, which
included all enrolled participants who received at least one dose of
study treatment. The PPS comprised all participants in the FAS who
did not experience major protocol deviations that could potentially
affect efficacy outcomes. Safety analyses were performed in the SS,
whichincludedall participants who received at least one dose of study
treatment. The 6-month survivalrate, defined as the primary endpoint,
was analyzed as abinary outcome and estimated with a95% Clusing the
Clopper-Pearsonmethod. Secondary time-to-event endpoints, includ-
ing OS, PFS and TTF, were analyzed using the Kaplan-Meier method.
Median survival times were estimated using Kaplan-Meier curves, with
95% Cls calculated according to the Brookmeyer—Crowley method.
For other categorical endpoints, participant counts and percentages
were summarized and corresponding 95% Cls were computed using
the Clopper-Pearson method.

Toensure comparability between the Dal + ET and chemotherapy
groups, IPTW was applied to adjust for key baseline covariates, includ-
ing age, ECOG performance status (0 or 1 versus >2), disease status
(de novo versus relapse), number of metastatic sites (<3 versus >3),
prior treatment lines (0, 1 or >2) and type of visceral crisis (effusion,
symptomatic, laboratory abnormalities or others). We applied IPTW
methods to estimate the average treatment effect on the treated.
Standardized mean differences were calculated after adjustment to

assess baseline balance between the groups. Efficacy endpoints were
compared across groups, with time-to-event outcomes analyzed using
thelog-rank test. HRs and 95% Cls were estimated using a Cox propor-
tional hazards model. All statistical analyses were performed using SAS
software (version 9.4 or later).

For biomarker analysis, the normality of continuous variables
was assessed per group using the Shapiro-Wilk test and homogeneity
of variances was assessed using Levene’s test (rstatix version 0.7.2).
As all cfDNA fraction measurements were nonnormally distributed,
between-group comparisons were performed using two-sided Wilcoxon
rank-sum tests (two groups) or Kruskal-Wallis tests (three or more
groups). Exploratory pairwise comparisons are reported without mul-
tiplicity adjustment. For survival analyses, between-group differences
were evaluated using atwo-sided log-rank testand HRs with 95% Cls were
estimated using Cox proportional hazards regression (survival version
3.8-3,survminer version 0.5.0). The proportional hazards assumption
was verified using Schoenfeld residuals. For one survival comparison
in which a group contained only a single event, Firth-penalized Cox
regression was used (coxphf version 1.13.4). Optimal cutpoints for
cell fractions were identified using maximally selected rank statistics
(maxstat version 0.7-26). Allanalyses were performedin R version 4.5.1.
A Pvalue < 0.05was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequence data of cfDNA methylation reported in this paper
were deposited to the Genome Sequence Archive in National Genomics
Data Center, China National Center for Bioinformation/Beijing Institute
of Genomics, Chinese Academy of Sciences, under accession number
HRAO11705. Deidentified individual participant data that underlie
theresultsreportedinthis article (including baseline characteristics,
efficacy outcomes and safety data), along with aggregated cfDNA
methylation profiles, will be made available to qualified researchers
upon reasonable request. Requests for access should be directed to
the corresponding author, F.M. (email: drmafei@126.com). Data will
be shared for noncommercial academic research purposes only and
willrequire a datasharing agreement with the sponsoring institution.
The study protocol and statistical analysis plan are provided alongside
this publication. Source data are provided with this paper.
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Extended Data Fig.1| Kaplan-Meier survival curves for survival outcomesin the per protocol set. (a) duration of disease control (DDC), (b) progression-free

survival (PFS), (c) time to treatment failure (TTF), and (d) overall survival (OS). Dal+ET, dalpiciclib plus endocrine therapy; ClI, confidence interval; NE, not estimated;
NR, notreached.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Kaplan-Meier survival curves for outcomes between

dalpiciclib plus endocrine therapy (Dal+ET) and chemotherapy (CT) groups.

(a) duration of disease control (DDC), (b) progression-free survival (PFS), and
(c) time to treatment failure (TTF), comparing Dal+ET and CT groups before
and after inverse probability of treatment weighting (IPTW) adjustment to
estimate the average treatment effect on the treated. IPTW was applied using
baseline covariates including age, Eastern Cooperative Oncology Group

(ECOG) performance status, disease status (de novo vs. relapse), number of
metastatic sites, prior lines of therapy, and type of visceral crisis. Time-to-event
outcomes were analyzed using two-sided log-rank tests, and hazard ratios (HRs)
with 95% confidence intervals (Cls) were estimated using Cox proportional
hazards models. No adjustments were made for multiple comparisons. Dal+ET,
dalpiciclib plus endocrine therapy; CT, chemotherapy; CI, confidence interval;
HR, hazard ratio; NE, not estimable.
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Extended Data Fig. 3 | Distinct cfDNA methylation profiles between breast
cancer patients and healthy individuals. Panels a-n show cfDNA fractions
assigned to monocyte/macrophage, NK cell, T cell, bone osteoblast, breast
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Wilcoxon rank-sum tests were used; exact P values were calculated where
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | CFDNA patterns across bone-related crisis and

bone metastasis. (a) Bone osteoblast, monocyte/macrophage, NK cell, T cell
and breast luminal epithelial cfDNA fractions, respectively, in patients with
bone-related crisis (VC, n = 6 plasma samples), bone metastasis without crisis
(noVCwithVM, n = 58 plasma samples) or no bone metastasis (noVCnoVM, n =76
plasmasamples). (b) Liver hepatocyte, gallbladder, breast luminal epithelial,
monocyte/macrophage, NK cell and T cell cfDNA fractions, respectively,

in patients with hepatic crisis (VC, n =13 plasma samples), liver metastasis
without crisis (noVCwithVM, n =37 plasma samples) or no liver metastasis
(noVCnoVM, n =90 plasma samples). (c) Cerebellum neuron, cortex neuron,
oligodendrocyte, breast luminal epithelial, monocyte/macrophage, NK cell and

T cell cfDNA fractions, respectively, in patients with brain metastasis without
crisis (noVCwithVM, n = 8 plasma samples) or no brain metastasis (novCnoVM,
n =132 plasmasamples). Violin plots show distributions; each point is one plasma
sample. Box plots show the median, 25th and 75th percentiles and whiskers
extending to the smallest and largest values within 1.5x the interquartile range.
Global three-group comparisons used two-sided Kruskal-Wallis tests. Asterisks
appended to panel-title P values denote the significance level of the overall
comparisonin each panel. Brackets denote exploratory two-sided Wilcoxon
rank-sum tests without multiple-comparison adjustment. All reported P values
areexact.*,**,***and ***indicate P < 0.05,P < 0.01,P <0.001and P < 0.0001,
respectively.
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Extended Data Fig. 5| Dynamic cfDNA changes before treatment and after
one cycle of treatment. (a) Dynamic cfDNA changes of monocyte/macrophage,
NK cell, T cell and breast luminal epithelial cfDNA fractions, respectively, at
baseline (n =36 plasma samples) and after one treatment cycle (Post-1C, n = 32
plasmasamples). Points denote individual plasma samples; horizontal crossbars
indicate the median. Comparisons were analysed as unpaired two-sided
Wilcoxon rank-sum tests without multiple-comparison adjustment. Exact P
values were calculated where possible, and the normal approximation was used
when exact calculation was precluded by ties. Asterisks appended to panel-title P
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values denote the significance level of the overall comparison in each panel.
*and**denote P <0.05and P < 0.01, respectively. (b-c) Post-treatment breast-
cell-derived cfDNA stratifies progression-free survival. Kaplan-Meier estimates
of progression-free survival are shown for patients with visceral crisis (VC)

(B; n =32 patients) and without VC (C; n = 77 patients) after one cycle of
treatment. n denotes patients with post-cycle-1 plasma cfDNA and progression-
free survival data. Shaded bands show 95% confidence intervals around Kaplan-
Meier estimates, and risk tables show the number of patients at risk. HR was
estimated using a Cox proportional hazards model.
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(ECOG) performance status of 0 or 1. Of the cohort, 22.6% had de novo ABC, while 77.4% had relapsed disease. Additionally,
64.2% of patients had not received prior CT for advanced disease. Visceral crisis presentations included effusion in 50.9% of
patients, symptomatic crisis in 17.0%, laboratory abnormalities in 22.6%, and 9.4% categorized under other types.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Recruitment This multicenter, phase Il trial was conducted across seven centers in China. Eligible participants were postmenopausal and
pre-/perimenopausal women aged >18 years, with histologically or cytologically confirmed progesterone or estrogen
receptor-positive (ER+ or PR+) and HER2-negative ABC. Patients with measurable disease, as defined by Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1, were included. Candidates for curative surgical resection or radiotherapy were
excluded. Participants had to be deemed unsuitable for CT, either due to unwillingness, inability to tolerate CT, or
investigator assessment of contraindications. Visceral crisis was defined as the presence of symptoms attributable to
symptomatic brain or visceral metastases, with at least one of the following criteria: carcinomatous meningitis or
leptomeningeal metastasis; pleural effusion; ascites; abdominal pain due to liver or peritoneal metastasis; dyspnea resulting
from pleural effusion; liver enzyme levels >2x the upper limit of normal (ULN); bilirubin levels >1.5x ULN (excluding Gilbert's
syndrome or biliary obstruction); pathologically confirmed bone marrow metastasis; or hemoglobin levels <100 g/L. Exclusion
criteria included primary resistance to ET (defined as disease recurrence within two years of adjuvant ET or progression
within six months of first-line ET in advanced disease), receipt of more than three prior lines of ET, prior treatment with any
CDK4/6 inhibitor, and bone-only metastasis.

Ethics oversight The study protocol was approved by the Ethics Committee of the Cancer Hospital, Chinese Academy of Medical Sciences, and
all participating centers. The written informed consent was obtained from all participants.
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