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Simple Summary 

Patients with mismatch repair-deficient (dMMR) rectal adenocarcinomas have demon-
strated significant complete response rates to PD-1 inhibitor monotherapy, potentially al-
lowing them to avoid chemotherapy, radiation, and surgery. However, >95% of patients 
are mismatch repair proficient (pMMR) and have so far not responded to immunotherapy 
in clinical trials. There is growing evidence that both high linear energy transfer (LET) 
particle radiation and DNA damage response inhibitors (DDRi) may increase the response 
of pMMR rectal cancer to immunotherapy and are ready for clinical translation. 

Abstract 

Background/Objectives: We performed a systematic review of the current clinical and 
preclinical literature on the use of particle therapy, DDRi, and/or immunotherapy, specif-
ically for pMMR colorectal cancer. Methods: A systematic review of the literature pub-
lished between 2014 and 2025 was conducted across major databases. Studies were in-
cluded if they examined particle radiotherapy (e.g., proton, alpha, carbon) either alone or 
in combination with DDRi and/or immune checkpoint inhibitors (ICI), or X-ray radiother-
apy (XRT) in combination with DDRi/ICI. Results: In total, 133 studies met the inclusion 
criteria, including 62 clinical studies. Clinically, particle therapies show excellent local 
control and normal tissue sparing, with manageable toxicity profiles. Trials with any form 
of radiation and DDRi are few, potentially owing to toxicity concerns. ICI combinations 
showed promising efficacy with XRT, with no randomized trials comparing them to par-
ticle radiation. Conclusions: Particle radiation and/or DDRi have significant preclinical 
evidence of immunostimulatory effects in pMMR rectal adenocarcinoma and increase re-
sponse rates to immunotherapy (presented in the companion manuscript). Despite strong 
preclinical evidence and rationale, clinical trials including all three modalities are scarce. 
Existing evidence suggests a potential benefit based on extrapolation from photon-based 
studies and supports prospective evaluation with careful attention to treatment-related 
toxicity, which remains a concern. 
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1. Introduction 
Colorectal cancer is a leading cause of cancer-related mortality, with an increasing 

incidence among younger patients [1,2]. While mismatch repair deficiency (dMMR) con-
fers a substantial mutational burden and robust response to immunotherapy, over 95% of 
rectal cancer patients are MMR proficient (pMMR) [3] and do not respond as well to im-
munotherapy alone [4]. 

Standard treatments for locally advanced pMMR rectal adenocarcinoma include ra-
diotherapy (RT), chemotherapy, and surgery or wait-and-watch surveillance for patients 
with a complete clinical response after total neoadjuvant therapy (TNT) [5]. TNT improves 
organ preservation rates and disease outcomes. However, with standard TNT, only ~20–
40% of patients achieve a complete clinical response, and those opting for non-operative 
management (NOM) remain at risk of local and distant recurrence. Enhancing the re-
sponse of pMMR disease to immunotherapy could improve outcomes, reduce toxicity, 
and increase the proportion of patients eligible for NOM [6,7]. 

Defects in the DNA damage response (DDR), and specifically MMR and homologous 
recombination (HR), increase tumor mutation burden, genomic instability, neoantigens, 
and potentially sensitize tumors to ICI [8–10]. This has been demonstrated most dramati-
cally by the complete response rates of dMMR rectal cancers to PD-1 inhibition [11]. Mu-
tations leading to DDR defects may also predict synthetic lethality with DDRi, as seen in 
BRCA mutants and PARP inhibitors. Inactivation of DDR pathways (via loss-of-function 
mutations or pharmacological inhibition) can further enhance immune-based therapies 
by amplifying DNA damage signaling and antitumor immune responses [8,12,13]. 

Linear energy transfer (LET) describes the average energy deposited per unit path 
length along a charged particle track (LET = dE/dℓ; typical units keV/µm). High-LET com-
monly refers to ≳10 keV/µm, in contrast to low-LET photons and most clinical proton 
beams, although the proton LET increases as the depth increases (Bragg peak). High–lin-
ear energy transfer radiation produces more complex, clustered double-strand breaks 
(DSBs) than low-LET radiation such as conventional X-ray radiotherapy (XRT). Repair of 
these complex DSBs often relies on error-prone repair pathways, promoting genomic in-
stability and generating potent immunogenic stress signals [14–16]. Additionally, high-
LET radiation combined with DDRi has shown improved radiosensitization compared to 
x-rays [16–18] and elicits a more robust immune response [19]. 

In this review, we systematically examined the clinical evidence on the interplay be-
tween RT, immunotherapy, and DDRi in rectal cancer (with preclinical evidence pre-
sented in a companion manuscript). We explored the rationale and advantages of high- 
versus low-LET radiation and evaluated the efficacy and potential of combination thera-
pies in enhancing therapeutic outcomes, with a focus on pMMR rectal cancer. 

2. Materials and Methods 
2.1. Literature Search 

Studies were included if they examined particle radiotherapy (e.g., proton, alpha, 
carbon), either alone or in combination with DDRi and/or immune checkpoint inhibitors 
(ICI). Studies on XRT were included in the literature search and systematic review if com-
bined with DDRi or ICI. As many relevant studies are single-arm non-randomized trials, 
trials using XRT without DDRi or ICI are cited as historical comparators (but were not 
included in the literature search and systematic review). We searched PubMed Central, 
Cochrane Library, Scopus, Epistemonikos, Web of Science, and Google Scholar for articles 
published between 1 January 2014 and 31 August 2025 (date of last search) using combi-
nations of terms related to rectal cancer and high-LET radiation therapies. Search terms 
included variations of “rectal cancer,” “colorectal cancer,” “rectal carcinoma,” “colorectal 
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carcinoma,” “rectal tumor,” and “colorectal tumor,” combined with terms such as “high 
LET radiation,” “high linear energy transfer radiation,” “proton therapy,” “carbon ion 
radiation therapy,” “CIRT,” and “diffusing alpha particle radiation therapy” or “DaRT.” 
For studies examining combination therapies, additional terms included “immunother-
apy,” “PD-1,” “PD-L1,” “CTLA4,” “immune checkpoint inhibitors,” “DNA damage re-
sponse inhibitors,” “PARP inhibitors,” “ATR inhibitors,” “ATM inhibitors,” “DNA-PK 
inhibitors,” “WEE1 inhibitors,” “CHK1 inhibitors,” and “CHK2 inhibitors” (including 
“inhibition” instead of “inhibitors”). As clinical particle-RT combination studies remain 
limited, we also included key photon-based chemoradiotherapy+ ICI/DDRi trials to con-
textualize clinical signals of RT-enabled immune priming as indirect clinical evidence. The 
search strategies were adapted for each database. The PICO search strategy, specific 
search strategies, and keywords for pMMR status identification are presented in Supple-
mentary File. References cited in the included studies were manually reviewed to identify 
additional relevant articles. Two independent investigators (C.C. and C.S.) screened titles, 
abstracts, and full-text articles for inclusion. Studies were eligible if they investigated 
high-LET radiation, either as monotherapy or in combination with immunotherapy or 
DDRi, in preclinical colorectal cancer. The search was limited to articles published in Eng-
lish. Discrepancies were resolved through consensus. This systematic review adhered to 
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA; Fig-
ure 1). The review search protocol can be accessed at (https://www.crd.york.ac.uk/PROS-
PEROFILES/627912_STRATEGY_20250208.pdf) or review registration # CRD42024627912 
on the PROSPERO website. 

 

Figure 1. PROSPERO flowchart for Systematic Literature Search for both clinical (current manu-
script) and preclinical data (companion manuscript). The collection, inclusion, and exclusion pro-
cess of the systematic literature search adhered to PROSPERO guidelines 
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https://www.crd.york.ac.uk/PROSPEROFILES/627912_STRATEGY_20250208.pdf (registration 
#CRD42024627912 at the PROSPERO website). 

2.2. Review and 4 

Clinical studies were categorized based on the treatment modality: conventional X-
ray radiotherapy (XRT) or particle radiation (proton beam therapy “PBT” or carbon-ion 
radiation therapy “CIRT”), alone or in combination with ICI or DDRi. Clinical trial data 
included study design, inclusion criteria, dose and fractionation, clinical disease setting 
(locally advanced, recurrent, or metastatic CRC/rectal cancer), and outcomes, such as local 
control (LC)/Local Failure (LF), progression-free survival (PFS), overall survival (OS), dis-
tant metastasis-free survival (DMFS)/distant failure (DF), response rates, and acute/late 
toxicity (> or <3 months). 

Comparisons with conventional X-ray irradiation have been summarized in this re-
port. Clinical studies were grouped according to treatment strategies and disease settings. 
A meta-analysis was not conducted because of the heterogeneity of the study designs and 
endpoints of clinical studies. 

3. Results 
3.1. Clinical Evidence 

PBT vs. XRT for Locally Advanced Rectal Cancer (LARC) 

It is well established that PBT plans can spare more normal tissue than XRT plans 
based on dosimetry alone [20,21], and specialized PBT techniques may improve sparing 
even more [22]. However, clinical data on efficacy and toxicity outcomes are limited, es-
pecially in randomized clinical trials (Table 1). 

Table 1. PBT for Locally Advanced Rectal Cancer (LARC). 

Study Design, Disease (N) Dose 
(GyE/fx) 

Other Treat-
ments/Arms 

(%) 

Outcomes 
(% for 
Rates) 

Toxicity (% G3+) 

PRORECT trial 
NCT04525989 

[23] 

Phase 2, MC, primary LARC pts ran-
domized to PBT or XRT short course RT, 
RAPIDO inclusion criteria (N = 20 total, 

10 PBT and 10 XRT) 

25 Gy/5 fx 

Randomized to 
PBT or XRT 
short course 
→CAPOX x4 
→ surgery or 

WW 

pCR: 20 
PBT; 10 XRT 

Surgical Complica-
tions (Clavien–

Dindo). Early: CD3a: 
PBT 30; XRT 20. 

CD3b: PBT 20; XRT 
10 

[24] 

Retrospective of LCCRT → delayed Sur-
gery vs. SC → chemo → surgery. LCCRT 

was all XRT, but SC were treated with 
PBT or XRT (N = 122 total, 18 with PBT, 

14.8%) 

25 Gy/5 fx 

RT⟶Chemo 
[FOLFOX, 
XELOX, 

TEGAFOX, 
5FU, tegafur-

uracil, 
FOLFIRI, 

cape]⟶ sur-
gery +- adj ch 

pCR/npCR: 
≥16 wk RT-
surgery In-

terval: 30/40; 
<16 wk: 0/25 

Unspecified 

Abbreviations: CAPOX, capecitabine plus oxaliplatin; CD, Clavien–Dindo classification; CEA, car-
cinoembryonic antigen; fx, fractions; G3+, grade ≥3 toxicity; GyE, gray equivalent; LARC, locally 
advanced rectal cancer; MC, multicenter; npCR, near-pathologic complete response; pCR, patho-
logic complete response; PBT, proton beam therapy; RT, radiotherapy; SC, short-course radiother-
apy; WW, watch-and-wait; XRT, X-ray radiotherapy. Studies did not report the MMR/MSS status, 
unless otherwise noted. 
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The PRORECT trial (NCT04525989) is a randomized phase 2 trial of PBT vs. XRT 
followed by CAPEOX x4 cycles and either surgery or wait-and-watch (WW) surveillance. 
In their preliminary report, surgical complications were comparable between XRT and 
PBT (N = 10 per cohort), and it was too early to assess the primary endpoint of preopera-
tive G2–5 GI toxicity [23]. 

A retrospective study by Lin et al. [24] focused primarily on comparing long-course 
chemoradiation (LCCRT) followed by delayed surgery vs. short-course radiation (SCRT) 
followed by chemotherapy and then surgery. However, among the SCRT patients, 14.8% 
received PBT, while the rest were treated with XRT (N = 122 all SC patients, N = 104 XRT, 
and N = 18 PBT), and some comparisons were made between RT modalities. All SC pa-
tients had better pathologic complete response (pCR) and near-pathologic complete re-
sponse (npCR) rates, with longer delays between SC radiation and surgery. The rates of 
pCR/npCR were 12.1% and 19.0% for short interval < vs. >21.9%/23.4% for delayed (< vs. 
>16 weeks). However, this was even more pronounced in patients treated with PBT, with 
pCR/npCR rates of 0/25% for the short interval vs. 30/40% for the delayed interval. Inter-
estingly, in patients with CEA > 7 ng/mL (who had worse disease outcomes overall), PBT 
had higher rates of npCR (40%) compared to only 7.8% for all SC patients. For patients 
with baseline CEA levels < 7 ng/mL, the npCR rates were similar to those of XRT and PBT 
(~30%). Overall, this study suggests that SC PBT may be especially effective in patients 
with higher baseline CEA levels, and PBT may benefit more from delaying the time from 
SC to surgery by >16 weeks. They also noted that PBT seemed to be more effective for T4 
disease, although they did not present specific data to demonstrate this. Interestingly, 
these results come with the caveats of a retrospective study, non-uniform chemotherapy 
regimens, and a relatively low number of patients in the PBT cohort. 

PBT for Locoregionally Recurrent Rectal Cancer (LRRC) 

While heterogeneity of the recurrent patient population and lack of prospective ran-
domized trials comparing PBT to XRT make definite conclusions difficult in the recurrent 
setting (Table 2), PBT has superior normal tissue sparing compared to XRT for re-irradia-
tion of LRRC. PBT is well tolerated and has reasonable efficacy in this population com-
pared to the historical results of XRT. There are a variety of dose/fractionation regimens 
utilized, BID vs. daily fractionation patterns, supine vs. prone treatment positions, and 
variable use of chemotherapy and surgery in previous reports. Patients who undergo sur-
gery, older patients, and those with more PET avidity prior to PBT (and complete meta-
bolic response afterwards) may have better outcomes [21,25–29]. Although randomized 
clinical trial data are lacking, given the consistent dosimetric OAR sparing of PBT and the 
limitations on dose-escalation based on prior RT and OAR constraints in this population, 
PBT is promising, with the optimal technique and regimen being an active area of study. 

Table 2. PBT for Locoregionally Recurrent Rectal Cancer (LRRC). 

Study Design, Dis-
ease (N) 

Dose (GyE/fx) Other Treat-
ments/Arms (%) 

Outcomes (% for 
Rates) 

Toxicity (% G3+) 

[21] 

Prospective, 
LRRC (N = 7 

pelvic 
recurrences) 

Varied, all 1.8 Gy/fx 
PBT plans with IMRT 

comparisons 

86 concurrent ch 
[5FU, Xeloda], 29 

surgery 

PBT improved OAR 
sparing over XRT 

plans. 
Mortality: 43. Local 
failure 43. Distant 

metastasis: 14. M-FU: 
14mo. CR = 1/7. PR = 

3/7 

Early: G3: GI 43. 
Late: G4: GI 29 
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[25] 
Retrospective 

SC, LRRC (N = 
6 rectal) 

39–45 Gy total at 1.5 
Gy/fx delivered BID 

100 concurrent ch 
[5FU or cape], no 

surgery 

OS 1Y/2Y/M: 
68/68/39mo. PFS 

1Y/2Y/M: 59/47/15mo 

Early: G3: 
lymphopenia 17. 

Late: 0 

[26] Retrospective, 
LRRC (N = 28) 

Variable, median re-
RT dose of 44.4 Gy 

with 75% treated BID 

Neo: 29 Systemic, 7 
surgery. 86 

concurrent ch. Adj: 
21 Surgery 

OS 1Y/M: 82/29mo. LC 
1Y/M: 66/23mo. PFS 

1Y/M: 45/12mo 

Early: 11; G3: GI 7, 
skin 4. Late: 14; G3: 

GI 7, infection 4; 
G5: GI 4 (intra-

abdominal 
hemorrhage) 

[27] 
Retrospective 

SC, LRRC (N = 
13) 

Variable patterns of 
50–79.2 Gy/18–38 fx 

(BED10 of 62.5–105.3, 
4 fx per week, +/− 

concurrent ch) 

46 concurrent ch 
[S-1] 

OS 3Y/M: 71/67mo. LC 
3Y: 80. PFS 3Y: 12 

0 

[28] 

Retrospective, 
LRRC without 
prior RT (N = 

23) 

Variable, 60–87 Gy/25–
35 fx QD 

4 concurrent ch 
[Folfox+Bev], 4 

concHyperT 

OS 3Y/5Y/M: 
72/45/54mo. LC 3Y/5Y: 
55/47. PFS 3Y/5Y: 38/38. 

CR = 1/23. PR = 4/23 

Early: 0. Late: G4: 
GI 13 

[29] 

Retrospective, 
LRRC with 

prior RT (N = 
10) 

Variable, 56–77 Gy/24–
37 fx QD 

20 concurrent ch 
[iri+S-1, S-1] 

OS 1Y/2Y/M: 
100/60/26mo. LC 1Y/2Y: 
70/58. PFS 1Y/2Y: 20/10 

Early: 0. Late: G4: 
GI 10 

Abbreviations: BID, twice daily; CR, complete response; fx, fractions; FU, follow-up; G3+, grade ≥3 
toxicity; GI, gastrointestinal; Gy, gray; LC, local control; LRRC, locoregionally recurrent rectal 
cancer; OS, overall survival; PBT, proton beam therapy; PFS, progression-free survival; PR, partial 
response. Studies did not report the MMR/MSS status, unless otherwise noted. 

CIRT for Locoregionally Recurrent Rectal Cancer (LRRC) 

For LRRC, CIRT has been studied prospectively in single-arm clinical trials in 
patients with and without prior RT histories, in technically and medically unresectable 
patients, and in several different dose/fractionation regimens [30–45] (Table 3). A few 
retrospective studies have compared XRT to CIRT [43,44] or PBT and CIRT [46,47], but 
with the unique dose/fractionation pattern widely adopted for CIRT, direct comparisons 
to PBT or XRT are difficult. CIRT has typically been delivered in 16 fractions at four 
fractions per week, whereas XRT re-irradiation studies have used BID treatments, SBRT 
dosing, or conventional dosing, more commonly employed concurrent chemotherapy, 
and more commonly involved intended immediate re-resection after re-irradiation. The 
toxicity and efficacy of CIRT monotherapy compare favorably to a combined modality 
therapy approach of re-irradiation (30 Gy/15 fractions) with concurrent chemotherapy 
followed by immediate re-resection + IOERT [43]. Two techniques have been explored 
that may help to make re-irradiation with CIRT safer and more feasible. One is the surgical 
placement of spacers between the uninvolved but close normal bowel and recurrent 
disease. Although this allows a full dose to be delivered without uncovering the target (at 
least with respect to the areas of tumor adjacent to the bowel as opposed to sacral nerves), 
it may have complications of unintentional tumor seeding and/or injury to the adherent 
bowel when inserting the spacer. To address this, Kimura et al. 2025 studied an approach 
of no spacer, putting no dose constraints on the adjacent/adherent bowel, and having a 
planned resection, not of the recurrent tumor, but of the normal small bowel/rectum 3–8 
weeks after CIRT. Regions of the bowel receiving >46 Gy were resected (LAR for the 
rectum and small bowel resection for the small bowel). Additionally, an omental pedicle 
flap was placed between the recurrent disease and bowel if the patient required additional 
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radiotherapy in the future [42]. Although the cohort was small (N = 12), the results were 
promising in terms of postoperative complications, GI toxicity, and efficacy. 

Table 3. CIRT for LRRC. 

Study 
Design, Disease 

(N) 
Dose 

(GyE/fx) 

Other 
Treatments/Ar

ms (%) 
Outcomes (% for Rates) Toxicity (% G3+) 

PANDORA-01 
NCT01528683 

[30,31] 

Phase 1/2 single 
arm study of 

CIRT at 
escalating doses 

for LRRCSC, 
LRRC (N = 19) 

36–51 Gy/12–
17 fx (all at 3 

Gy/fx) 
No surgery 

Mortality: 16%. Local failure: 
21%. Distant metastasis: 16%. M-

FU: 8mo 
0 

[32,48] 

Phase 1/2, SC, 
study of 

escalating CIRT 
doses for LRRC 

with no prior RT 
(N = 235. 2016: N 
= 180, phase 1/2: 
37/phase 2: 143) 

67.2–73.6 
Gy/16 fx, 4 fx 

per week 

No surgery, no 
ch < 4 wk 

OS 3Y/5Y: 67/46. LC 3Y/5Y: 90/88. 
FORMERLY (2016): OS 3Y/5Y: 
67.2 Gy: 20/20; 70.4 GyE: 52/26; 

73.6 Gy: 78/59 (phase 1/2 + 2). LC 
5Y (competing risks): 67.2 GyE: 
80; 70.4 Gy: 90; 73.6 Gy: 95. p = 

0.02 (phases 1/2 + 2). CR = 20/186. 
PR = 59/186 (lesion) 

Early: G3: 0.4 GI. 
Late: G3: 1 skin, 0.4 

GI 
2016: Phase 1: 0. 

Phase 2: Late: G3: 
skin 1, GI 1 

[33] 

Retrospective 
(but included 
143 pts from 

[32]) MC, LRRC 
(N = 224). 

Excluded for 
recurrent tumor 

abutting 
bowel/bladder, 
active infection. 

Spacers used 

70.4 or 73.6 
Gy/16 fx, 4 fx 

per week 

Ch allowed 
prior to or 

after CIRT. 4 
pts had prior 

RT history 

OS 3Y/5Y: 73/51. LC 3Y/5Y: 93/88. 
RC 3Y/5Y: 63/49. PFS 3Y/5Y: 

40/27 

Early: G3: GI 0.4, 
infection 1. Late: G3: 

skin 1, GI 1, 
infection 3, 

neuropathy 0.4 

UMIN000014513 
[49]  

Phase 2, SC, 
CIRT for any 

isolated 
recurrent tumor 

with prior 
irradiation, 

excluded for 
bowel or blood 
vessel invasion, 
active infection, 
or recurrence in 
<3 months (N = 

22 total 
including other 
disease sites, 5 
were LRRC) 

57.6–73.6 
Gy/12–16 fx 

No concurrent 
treatment OS 2Y: 100, LC 2Y: 50 (rectal) 

Early: 0 
Late: G3: GU 0–50 

[34] 
Retrospective 

SC, unresectable 
LRRC (N = 25). 

48–75.6 
Gy/16–21 fx, 

5 fx per 
week. 7 pts 

28 neo ch, 12 
adj ch, 4 adj 

surgery [5FU 
based] 

OS 1Y/2Y: 83/65. LC 1Y/2Y: 90/72. 
cPR 6/25, cCR 1/25 pCR 2/25 

Early: 0 
Late: G3: GI 4, 
neuropathy 4, 

infection 4 
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17 pts had prior 
RT 

got 
concurrent 

cape 

[35] 

Retrospective 
SC, unresectable 
with prior RT, 
LRRC (N = 14) 

35–76.8 
Gy/15–20 fx 0 surgery 

OS 1Y/2Y: 100/76. LC 1Y/2Y: 
78/52. DMFS 1Y/2Y/M: 

64/43/14mo 
0 

[36] 

Retrospective 
SC, LRRC with 

prior RT history. 
Recurrent tumor 

> 3 mm from 
luminal organs 

(N = 77) 

70.4 Gy/16 fx, 
4 days per 

week 

No surgery, no 
ch < 4 wk prior 

to CIRT 

OS 3Y/5Y: 61/38/47mo. LC 3Y/5Y: 
69/62. RC 3Y/5Y: 85/81. PFS 

3Y/5Y: 33/25 

Early: G3: infection 
6, general 3, 

neuropathy 1. Late: 
G3: infection 17, GI 
12, skin 1, general 3, 

neuropathy 5 

[37] 

Retrospective 
SC, LRRC after 

pre-operative RT 
for initial 

treatment (N = 7) 

57.6–73.6 
Gy/12–16 fx, 
4 fx per week 

Neo: 43 ch 
[FOLFOX, 

FOLFIRI], 29 
Bev. Adj: 57 
ch,43 Bev, 14 

XRT [sox, 
XELOX, cape] 

OS 2Y: 100 
LC 2Y: 83 
PFS 2Y: 29 

Early: 0 
Late: G3: GI 14, GU 

14 

[38] 

Retrospective 
SC, unresectable 
LRRC with prior 

RT (N = 24) 
No invasion of 

GI tract or 
bladder allowed 

67.5 Gy/15 fx, 
(45.8%) 

72 Gy/20 fx 
(41.7%) or 

75.6 Gy/21 fx 
(12.5%) 

Ch: 1 neo, adj 
29, both 42. 0 

surgery 

OS 1Y/2Y/M: 87/81/41mo. LC 
1Y/2Y: 100/93. PFS 1Y/2Y: 71/45. 

CR = 1/24. PR = 4/24 

Early: 0. Late: G3: 
GI 4, skin 4, 
infection 4 

GUNMA0801 
[39,40]  

Phase 2, SC, 
LRRC no prior 
RT, no direct 

invasion of GI 
tract or bladder 

(N = 28) 

73.6 Gy/16 fx, 
4 fx per week 

No surgery, no 
ch < 4 wks 

prior to CIRT 
or adj 

OS 3Y/5Y/M: 89/50/76mo. LC 
3Y/5Y: 88/83. PFS 3Y/5Y/M: 

30/23/12mo 

Early: 0. Late: G3: 
infection 7 

[41] 

Retrospective 
SC, LRRC for pts 
without prior RT 

(nRT, N = 390) 
vs. with prior RT 
history (reRT, N 
= 83). Electivd 

nodal coverage 
was allowed for 

nRT only 

nRT 73.6 
Gy/16 fx. 
reRT 70.4 

Gy/16 fx, 4 fx 
per week 

Neo: 71 Ch, 18 
surgery. No 

concurrent ch. 
Spacer 

placement 
prior to CIRT 
or resection of 

involved 
bowel (1–2 

months after 
CIRT) allowed 

OS 3Y/5Y: nRT: 73/50; reRT: 
76/50 

LC 3Y/5Y: nRT: 80/72; reRT: 
80/69 

PC 3Y/5Y: nRT: 54/40/; reRT: 
41/36 

All 5Y differences ns, OS, and LC 
no difference ch v no ch 

Early: nRT: 1; G3: GI 
1. reRT: 7; infection 

6, neuropathy 1. 
Late: nRT: 6; G3: 

skin 1, 0.3 GU, GI 1, 
infection 2, 

neuropathy 1; G4: 
GI 0.3, infection 1. 

reRT: 27; G3: skin 2, 
GI 7, infection 11, 
neuropathy 6; G4: 

infection 2. 
reRT higher G3+ 

incidence (p < 0.05) 

[42] 

Prospective 
feasibility SC, 
unresectable 

LRRC with or 
without prior RT 

nRT 73.6 
Gy/16 fx 
reRT 70.4 

Gy/16 fx, 4 fx 
per week 

CIRT followed 
by planned 
resection of 
the normal 

bowel <3 mm 

OS 3Y: 90. RFS 3Y: 57; IF:90, 
OOF: 72. 12/12 ypT0 

Early: 0. Late: CIRT: 
G3: 8 neuropathy. 
Surgery: CD3a: 8 
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with recurrence 
< 3 mm from 

bowel (N = 12) 

from recurrent 
disease (LAR 

or small bowel 
resection) 

[43] 

Retrospective 
MC, previously 
irradiated LRRC 
comparing CIRT 

alone at one 
institution vs. 

Combined 
Modality 

Therapy (CMT) 
of XRT re-
irradiation, 
immediate 
resection+ 

intraoperative 
electron 

radiotherapy 
(IOERT) boost 

(N = 85 CIRT/86 
CMT) 

CIRT 70.4 
Gy/16fx, 4 fx 

per week 
CMT 30 
Gy/15 fx. 

XRT + IOERT 
12.5–15 Gy 

-CIRT w/o 
concurrent ch. 

-Neo ch,RT, 
immediate 
surgery + 

IOERT 

OS 2Y/5Y/M: CIRT 83/47/4.5Y. 
HR vs. CMT 0.5, p < 0.01 

PC 2Y/5Y/M: CIRT 58/46/3.6Y. 
HR vs. CMT 1.4, ns 

DMFS 2Y/5Y/M: CIRT 
46/38/1.8Y. HR vs. CMT 1.2, ns 
PC 2Y/5Y/M: CIRT 31/23/1.1Y. 

HR vs. CMT 1.3, ns 

CIRT: G3–4: GI 13. 
Early G3–4 (OR 

CMT vs. CIRT, p < 
0.05): GI: 22, GU 3, 

skin 3 
Late G3–4 (HR CMT 
vs. CIRT, p < 0.05): 

GU 33 

[44] 

Retrospective 
MC, LRRC with 
prior RT (N = 35 

CIRT/31 XRT) 
CIRT and XRT 
performed at 

different 
institutions 

CIRT 70.4 
Gy/16 fx 

XRT: 50 Gy 
(range 25–

62.5 Gy) with 
a median of 

25 fx 
(range 3–33) 

-CIRT: 40 
neo/adj ch 

-XRT ± 
concurrent ch 
(68%)/surgery 

(36%) 

OS 1Y/3Y: CIRT 97/8. HR CIRT 
vs. XRT 0.30, p = 0.004 

LC 1Y/3Y: CIRT 94/87. HR CIRT 
vs. XRT 0.17, p = 0.002 

Early: G2+: GI 3, GU 
9. Late: CIRT: G3+: 

GI 6. GU+GI 
adjusted HR (CIRT 
vs. XRT, p < 0.05): 
0.15. Skin G1+: 11 

[46] 

Retrospective 
MC, LRRC 

mostly 
comparing 
surgery vs. 

particle RT, not 
much data 

presented on the 
CIRT/PBT (N = 
14 PBT/CIRT) 

Unspecified 
CIRT/PBT, 

surgery, chRT, 
Palliative care 

OS 3Y/5Y/M: 76/44/47mo. DSS 
3Y/5Y: 76/56 

OS, DSS similar to surgery, 
CIRT/PBT better than palliative 

care 

Unspecified 

[47] 

Retrospective 
SC, Pelvic 

recurrence of 
CRC (N = 114 

CIRT, 33 PBT, N 
= 147 total rectal) 

PBT: 60–75 
Gy/18–35 fx 
CIRT: 57.6–
73.6 Gy/12–

16 fx 

No 

OS 2Y/3Y: CIRT 94/88; PBT 87/63. 
LC 1Y/2Y/3Y: (both CIRT and 
PBT, not reported separately) 

91/81/76 

Early: 0. Late: CIRT 
4, PBT 9. G3: 

neuropathy 2, 
infection 1, GI 1, 
skin 1; G4: GI 1 

Abbreviations: CIRT, carbon-ion radiation therapy; CR, complete response; DMFS, distant 
metastasis-free survival; fx, fractions; G3+, grade ≥3 toxicity; GI, gastrointestinal; GU, genitourinary; 
GyE, gray equivalent; LC, local control; LRRC, locoregionally recurrent rectal cancer; MC, 
multicenter; nRT, no prior radiotherapy; OS, overall survival; PFS, progression-free survival; PR, 
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partial response; reRT, re-irradiation; RT, radiotherapy; SC, single-center. Studies did not report the 
MMR/MSS status, unless otherwise noted. 
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3.1.1. PBT/CIRT Radiotherapy for Oligometastatic Disease 

Clinical studies of particle therapy for oligometastatic disease have included dose 
fractionation regimens ranging from conventional fractionation to SBRT using PBT [50–
53] or CIRT [54–56] for oligometastases to the liver, lungs [56–58], or nodal recurrence 
[45,59–61] (Table 4). No randomized trials have compared the same dose/fractionation 
regimens between XRT, PBT, and/or CIRT, but a few retrospective studies have attempted 
to compare outcomes. 

Table 4. PBT/CIRT for oligometastatic disease. 

 Study Design, Disease (N) Dose (GyE/fx) 
Other 

Treatments/
Arms (%) 

Outcomes 

PB
T 

NCT01239381 
[50] 

Phase II, SC. 
PBT SBRT for 1–4 liver 

metastases L-OM (N = 34 
CRC) 

30–50 Gy/5 fx  
Not 

excluded 
No G3 tox. LC 1yr: 58.8% 

(CRC) 

[51] 

Phase I, SC.  
Dose escalation for PBT 

SBRT for1–3 liver 
metastases (N = 5 CRC, 2 

rectal)  

36, 48, 60 Gy/3 fx No other 
arms 

No G3+ tox 

NCT04456621  
[52] 

Phase II, SC.  
PBT SBRT1–4 liver 

metastases. (N = 48 total 
pts, 30 CRC) 

60 Gy/5 fx 8 ch < 6mo 

No G3 tox. OS 6mo: 90. LC 
6mo/1Y: 100/89 (CRC). ch vs. 

no ch (1Y): 94 vs. 76, p ns. 
(overall). PFS 6mo: 

Intrahepatic: 63; Extrahepatic: 
59 

[53] 

Retrospective, SC.  
PBT with conventional, 

hypofractionated, or SBRT 
of 1–3 liver 

oligometastases (N = 63 
lesions treated, 41 CRC 

pts, 12 pts rectal) 

74–76 Gy/37–38 fx if 
adjacent to OARs,  

72.6 Gy/ 22 fx in hilar 
region, 

64 Gy/8 fx if away 
from hilum/OARs 

Prior ch: 30. 
Concurrent: 

3 

No G3 tox. 2yrLC for 
conventional, 

hypofractionated, and SBRT of 
35, 43.9, and 71.1%, 

respectively. Median LC times 
for conventional, 

hypofractionated, and SBRT of 
16.4, 21.4, and 47.3 months, 

respectively 

[57] 

Retrospective, MC. 
PBT SBRT 1–3 lung 

oligometastases, (N = 118 
total pts, 50 CRC, 27 rectal) 

64 Gy/10 fx 
33 neo ch, 18 

adj ch, 1 
surgery 

1 G3 dermatitis. Local 
progression-free survival 1,2 
years: 72.7 and 65.8%. CRC 
primary identified as poor 
prognostic indicator of LC  

C
IR

T UMIN000032911 
[54]  

Phase I, SC. 
Dose escalation of single fx 
CIRT for unresectable liver 

metastases >5 mm from 
bowel with no other sites 
of disease. CRC (N = 31 

CRC pts, 14 rectal) 

Escalated from 36 to 
58 Gy/1 fx. 

No surgery, 
no ch < 4 wk 

No acute G3+ tox, 2/8 pts at 53 
Gy dose level with hilar 
disease had late biliary 

obstruction. 3yrLC was 82% 
for 53 and 58 Gy dose levels, 

and 28% for lower doses 
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[55] 

Retrospective, MC.  
CIRT for liver 

oligometastatic disease 
from any site. (N = 102 

total pts, 60 CRC) 

Variable, most 
commonly 60 Gy/12 

fx (68/121 lesions) 
No surgery 

No acute G3+ tox. For the CRC 
cohort, 1 and 2yrLC of 86.5 

and 73.8%, respectively 

[56] 

Retrospective, SC.  
SBRT or hypofractionated 
CIRT for CRC liver or lung 

metastases. CRC (N = 19 
CRC pts, 8 rectal, 23 

lesions treated) 

60 Gy/4 fx 
60 Gy/12 fx (if close 

to bowel) 
64.8 Gy/12 fx (if 
tumor > 5 cm) 

42 neo ch, 11 
adj ch 

No acute G3+ tox. 2yrLC 67% 
for all lesions; 83% for lung (all 
9 received 60 Gy/4 fx) and 61% 

for liver (4/14 pts had local 
failure in the liver; 2/4 pts after 
64.8 Gy/12 fx and 2/9 pts after 

60 Gy/4 fx) 

[58] 

Retrospective, SC.  
CIRT SBRT for 1–4 

pulmonary metastases. (N 
= 34 CRC pts, 19 rectal. 44 

lesions) 

Various but >70% 
received 60 Gy/4 fx 

No surgery, 
no ch < 1mo 

No G3+ tox. 3yrLC rate of 
85.4% 

[59] 

Retrospective, MC.  
Hypofractionated CIRT for 

any disease site with LN 
oligorecurrence. (N = 323 

pts total, 77 CRC) 

Variable, most 
commonly 48–52.8 
Gy/12 fx, 4 fx per 

week 

Not 
excluded 

2yrLC 80.6% for CRC pts. No 
acute G3+ tox for CRC pts but 

2/77 had G2 duodenitis 

[45] 

Retrospective, SC.  
Hypofractionated CIRT for 

isolated PA lymph node 
recurrence. (N = 34 total, 

20 rectal) 

Variable, but >85% 
received 52.8 Gy/12 fx, 
4 fx per week 

29 adj ch, 41 
neo ch 

No G3+ tox. 2, 3, and 5yrLC 
70.1%. Complete response, 
partial response, and stable 

disease rates of 38.2, 17.6, and 
26.5%. Of the pts that passed 
away, 12/13 died of distant 

failure.  

C
IR

T 
vs

. P
BT

 a
nd

/o
r X

R
T 

[60] 

Retrospective, MC.  
Oligorecurrence of CRC in 
only the PA lymph nodes 
comparing CIRT to XRT 

(N = 116, 63 XRT, 53 CIRT. 
45% rectal) 

CIRT: 48–55.2 Gy/12 
fx, 4 fx per week. No 

concurrent ch, 
possible elective 

coverage.  
XRT: Variable, 22/63 
pts had conventional 
fractionation, 39/63 
hypofractionated, 

and 2 pts had SBRT. 
6/63 had concurrent 

ch 

CIRT (40 neo 
ch, 4 adj ch 
[FOLFOX, 
FOLFIRI, 

CAPOX, etc]) 
vs. XRT (70 

ch) 

3.2% G3 tox (diarrhea) in XRT. 
2 and 5yrLC for CIRT of 78.9 
and 62%, respectively; 63.3 

and 37.5% for XRT.  
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[61] 

Retrospective, MC.  
CIRT/PBT vs. XRT 

(conventional or SBRT) for 
pulmonary/liver 

oligometastases or PALN 
recurrence from any 

primary site (N = 132 total 
pts, 48 CRC; 85 PBT, 47 
CIRT, Arms: Lung: 48, 

Liver: 102, LN: 43) 

Very variable, ranged 
from single fx to 

conventional 
fractionation with 
potentially more 

SBRT/hypofractionati
on in CIRT > PBT > 

XRT 

Not 
excluded 

G3 tox < 3.5%. 3yrLC 
CIRT/PBT: 72.8–83.2% for all 

sites.  
For the CRC cohort, the 

incidence rate ratio of local 
failure showed improved LC 

for CIRT/PBT in the liver, with 
a non-significant trend 

towards less local failure in 
lungs and lymph nodes 

compared to XRT SBRT. Non-
significant trend towards 
improved LC with CIRT 
compared to PBT in liver 

[62] 

Retrospective, MC.  
CIRT or PBT for 1–3 liver 
oligometastases from any 

primary site (N = 322 total, 
51.9% CRC. N = 234 PBT, 

88 CIRT) 

Variable, ranging 
from 58 Gy/1 fx for 

CIRT to 
conventionally 

fractionated for PBT 

14 
concurrent 
systemic 

(overall) [S-1, 
etc] 

2 and 5yrLC of 74.3 and 66.4% 
for all primary sites. CIRT and 

PBT not compared for LC. 
Trend towards better survival 

in CRC cohort with single 
lesions < 5 cm 

Abbreviations: CIRT, carbon-ion radiation therapy; CRC, colorectal cancer; fx, fractions; G3+, grade 
≥ 3 toxicity; GyE, gray equivalent; LC, local control; LN, lymph node; OM, oligometastatic; OS, 
overall survival; PA, para-aortic; PBT, proton beam therapy; PFS, progression-free survival; SBRT, 
stereotactic body radiation therapy. Studies did not report the MMR/MSS status, unless otherwise 
noted. 

Lee et al. 2025 showed improved 2- and 5-year local control with CIRT compared to 
XRT (see Table 5) [60]. Although the authors used propensity score matching to attempt 
to balance patient/disease risk factors between the cohorts, patients receiving XRT had a 
larger median pre-treatment gross tumor volume and a greater percentage of patients 
with ≥3 LNs being treated than those receiving CIRT. The differences in dose/fractionation 
regimens make it difficult to interpret the differential efficacy between XRT and CIRT, 
although the authors provided evidence that CIRT was feasible and well tolerated. A 
multicenter retrospective study by Aibe et al. 2023 evaluated PBT and CIRT compared to 
XRT for the treatment of oligometastatic disease in the liver, lungs, or lymph nodes from 
any primary site of disease [61]. For the CRC cohort (48 out of 132 total patients), 
CIRT/PBT was associated with favorable local control in the liver, with a non-significant 
trend towards improved LC in the lungs and lymph nodes compared to extracted 
historical outcome data for XRT SBRT. There was also a trend towards improved LC with 
CIRT compared to PBT in oligometastatic liver disease, but this was not significant. 
Fukumitsu et al., 2025 examined CIRT and PBT for 1–3 liver oligometastases from any 
primary site that had a sizable CRC contingent (>50%) [62], but an analysis of LC between 
CIRT and PBT was not conducted. 

Even with the same radiation modality, retrospective comparisons of different 
dose/fractionation regimens are challenging. Clinically, the dose/fractionation regimen for 
these patients is often chosen based on the balance between efficacy and safety. Proximity 
to sensitive organs at risk or a large-volume target often leads clinicians to choose a more 
fractionated regimen and/or to allow for under-coverage of the target in order to deliver 
treatment safely. The volume and number of lesions can affect both the patient’s baseline 
risk of local failure and the clinically feasible dose/fractionation schedule. Despite this, the 
available data on PBT and CIRT for oligometastatic disease demonstrate excellent 
tolerability (all studies reporting grade 3 toxicity of <5%) and local control, which is at 
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least as good, if not superior to, historical XRT studies, with no prospective randomized 
controlled trial data for direct comparison. It should also be noted that because of the 
normal tissue sparing of CIRT/PBT, even if such a trial were to be conducted, there would 
be many patients who could only be safely treated with CIRT/PBT, as XRT would not be 
able to meet normal organ dose constraints. 
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Table 5. Combinations of IR with DDRi and/or ICI. 

 

Study, 
MMR/MSS Status 
# of Patients, (% 

Total) 

Design, Disease (N) 
Dose 

(GyE/fx) 
ICI/DDRi 
(Timing) Outcomes & Toxicity 

PB
T 

or
 X

RT
 

+D
D

Ri
 NCT01589419 

[63] 
MSS = 32 
(100%) 

Phase 1b dose-escalation study 
of the PARP inhibitor veliparib 

concurrent with LCCRT in 
LARC followed by surgery (N 

= 32) 

50.4 Gy/28 
fx 

Concurrent with 
LCCRT 

pCR rate of 29%. 
9% G3 diarrhea 

XR
T+

D
D

Ri
+I

C
I 

NCT03724890 [64] 
MSS NR 

Phase 1 dose-escalation study 
of peposertib (DNA-PKi) for 

advanced/metastatic solid 
tumors (N = 6 CRC, 1 rectal). 
Avelumab (aPD-L1) without 

(part A) or with palliative XRT 
(part B) RT was to ≤ 3 sites 

30 Gy/10 fx 

Avelumab (q2w) +
Peposertib (BID or 

QD). In part B, 
peposertib was 

given 
concurrently with 

RT but not 
continued 
afterwards 

MTD for peposertib with 
avelumab and RT was 250 

mg QD. No objective 
responses were observed. 

 
G3–4 tox: DDRi 0–17%, 

ICI 0–67%, and  
0–17% attributed to XRT 

PB
T/

XR
T+

IC
I 

NCT03104439 [65] 
MSS = 40 (100%) 

Phase 2 single arm, Metastatic 
MSS CRC treated with cycles 

of Ipi (q2w)/Nivo(q6w) 
(aCTLA4/aPD-1) and SBRT 

(CRC N = 40, 2 rectal; 27 
received SBRT). XRT and PBT 

not compared 

24 Gy/3 fx 
with cycle 

#2 of 
Ipi/nivo 

Ipi/Nivo → Nivo 
→ SBRT+Ipi/Nivo 

Intention to treat disease 
control rate (DCR): 25%. 
Per-protocol DCR: 37%. 

 
Ipi/Nivo toxicity: G3 53%, G4 

15%, G5 3%. 
RT toxicity: G4 15%; G4 7% 

XR
T+

IC
I 

TORCH 
NCT04518280 

[66] 
MSS = 121 

(100%) 

LARC who were treated with 
either short course RT (SCRT) 

followed by CAPEOX x6 cycles 
with toripalimab (aPD-1) 

(group A, N = 62) or the same 
regimen, but SCRT was 

delivered in between cycles 2 
and 3 of CAPEOX+toripalimab 

(group B, N = 59) 

25 Gy/5 fx 
Concurrent with 

CAPOX 

54–57% CR in both arms 
(with CR including cCR + 

pCR of pts that went to 
surgery). 

 
G3–G4 acute adverse effects 
45% in group A, 42% group 

B 

XR
T+

IC
I 

PRIME RT 
NCT04621370 

[67,68] 
MSS = 39 

(93%) 

Phase II randomized trial of 
SCRT (Arm A, N = 21) or 
LCCRT (Arm B, N = 21) 

followed by FOLFOX with 
concurrent durvalumab (aPD-

L1) during both RT and ch 

25 Gy/5 fx 
or 

50 Gy/25 fx 

Durvalumab 
(aPD-L1) 

concurrent with 
both RT and ch 

6-months combined 
cCR+pCR rate of 67% (SCRT, 
arm A) vs. 48% (LCCRT, arm 

B). 
1-year post-treatment 

pCR+sustained cCR rates of 
61 vs. 38%, respectively 

10% G3 tox per arm 

XR
T+

IC
I UNION 

NCT04928807 
[69] 

MSS = 231 (100%) 

PHASE III randomized trial of 
SCRT followed by 

CAPEOX+camrelizumab (aPD-
1) (N = 113) or LCCRT 

followed by CAPEOX x2 cycles 
(N = 118). All pts underwent 

surgery and adj systemic 
therapy 

25 Gy/5 fx 
or 

50.4 Gy/28 
fx 

Concurrent with 
CAPEOX in the 
SCRT arm only 

pCR rate of 39.8% in the 
SCRT → 

CAPEOX+camrelizumab arm 
vs. 15.3% in the LCCRT → 

CAPEOX arm. 
G3+ tox was 29.2% and 

27.2%, respectively 
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XR
T+

IC
I STELLAR II 

NCT05484024 
[70] 

MSS = 218 (100%) 

Phase 2 RCT of SCRT followed 
by CAPEOX x4 or FOLFOX x6 

with (iTNT, N = 110) or 
without (TNT, N = 108) 

sintilimab (aPD-1), followed by 
TME or NOM depending on 

cCR 

25 Gy/5 fx 

Concurrent with 
CAPEOX or 

FOLFOX for 4 
cycles. Only 1/204 

pts received 
FOLFOX, all 

others received 
CAPEOX  

CR (cCR+pCR) rates of 45.5 
vs. 25.0% after iTNT and 
TNT cohorts respectively  

(p = 0.003). 
 

G3–4 treatment-related AE 
rates of 34.5% of the iTNT 

group vs. 19.4% of the TNT 
group 

XR
T+

IC
I 

SPRING-01 
ChiCTR210005228

8 
[71] 

MSS = 84 (86%) 

Randomized phase 2 trial of 
LARC pts treated with SCRT 
followed by CAPEOX x6 with 
or without sintilimab (aPD-1) 

followed by surgery for all pts. 
84–88% were pMMR, 2% 

dMMR and 10–14% unknown 
status (N = 98, 49 each arm) 

25 Gy/5 fx Concurrent with 
CAPEOX 

CR (cCR+pCR) rate of 61.2% 
with sintilimab vs. 32.7% 
with CAPEOX alone (p = 

0.009). 
G3–4 treatment-related AE of 
33% in both arms. G5 rate of 

2% in the CAPEOX alone 
arm 

XR
T+

IC
I AVERECTAL 

NCT03503630 
[72] 

MSS NR 

Single arm phase 2 trial of 
SCRT followed by 

FOLFOX+avelumab (aPD-L1) 
x6 followed by surgery (N = 

44) 

25 Gy/5 fx 
Concurrent with 

FOLFOX 

25% with pCR and an 
additional 25% with near-

pCR. G3, G4 and G5 
treatment-related AE rates of 

58.1%, 11.6% and 2.3%, 
respectively. 35% related to 

TME, 0% related to 
avelumab  

XR
T+

IC
I PRECAM 

NCT05216653 
[73] 

MSS = 34 (100%) 

Single arm phase 2 of MSS 
LARC treated with SCRT 

followed by 
CAPEOX+Envafolimab (aPD-

L1) and then TME at 2 wks 
after chemoimmunotherapy (N 

= 34) 

25 Gy/5 fx 

Envafolimab was 
given weekly 

concurrent with 2 
cycles of CAPEOX 

pCR 62.5%. 
G3 treatment-related AE rate 

of 6.3% 

XR
T+

IC
I NRG-GI002 

NCT02921256 
[74] 

MSS NR 

Randomized phase 2 trial 
comparing FOLFOX x6 

followed by LCCRT with (N = 
90) or without (N = 95) 

pembrolizumab (aPD-1) 
starting the first day of LCCRT 

and continuing for up to 6 
cycles (q3w). Resection was 8–
12 wks after LCCRT. Pts were 
higher risk/potentially more 
advanced than typical LARC 
cohorts with inclusion criteria 
of cN2, cT4 or distal cT3, bulky 
or <3 mm from MRF, or not a 

candidate for sphincter-sparing 
surgery 

50.4 Gy/28 
fx 

Concurrent with 
and after LCCRT 

Similar rates of pCR, cCR, 
and NAR scores were similar 
between arms (29–32%, 13.6–
13.9%, and score of 11.5–14 

out of 100, respectively). 
G3–4 tox of 48.2% with aPD-

1 vs. 37.3% without 



Cancers 2026, 18, 652 17 of 26 
 

https://doi.org/10.3390/cancers18040652 

XR
T+

IC
I VOLTAGE 

NCT02948348 
[75] 

MSS = 39 (89%) 

Phase 1 study of LCCRT 
followed by nivolumab (aPD-
1) x5 followed by TME 10–12 
wks after the completion of 

LCCRT (N = 44) 

50.4 Gy/28 
fx 

Nivolumab 
started within 14 

days after 
completion of 

LCCRT 

In MSS pts, 3yrRFS 79.5%, 
3yrOS 97.4%. cCR 20.5%, 

pCR 28.9%. 
 

Serious adverse events in 8 
pts, 2 immune-related G3 

XR
T+

IC
I PANDORA 

NCT04083365 
[76] 

MSS = 46 (84%) 

Single arm phase 2 study of 
LCCRT followed by 

durvalumab (aPD-L1) x3 and 
finally surgery 10–12 wks after 
completion of LCCRT (N = 55) 

50.4 Gy/25–
28 fx 

Durvalumab 
started 1 week 

after completion 
of LCCRT 

pCR 34.5%, 
G3 immune-related AE in 

7.3%  

XR
T+

IC
I NCT04340401 

[77] 
pMMR = 25 (100%) 

Phase 2 study of 
CAPEOX+camrelizumab (aPD-
1) x3 followed by LCCRT and 
then an additional 2 cycles of 

CAPEOX alone (N = 25) 

50.6 Gy/22 
fx 

Concurrent with 
initial CAPEOX 

pCR 33.3%(with an 
additional 38% with major 

pathologic response) 
cCR 48%, 

G3 tox in 25%, 0% immune-
related 

XR
T+

IC
I NECTAR 

NCT04911517 
[78] 

MSS = 50 (100%) 

Single arm phase 2 study of pts 
treated with LCCRT with 

capecitabine + tislelizumab 
(aPD-1) for 3 cycles q3w(2 

concurrent and 1 after LCCRT), 
with 

TME 6–12 wks after 
completion of LCCRT (N = 50) 

50 Gy/25 fx 

2 cycles 
concurrent with 

LCCRT and 1 
after with 

capecitabine 
(q3w) 

pCR 40%. 
4% G3 treatment-related AE, 

2% immune-related 

XR
T+

IC
I NCT04304209 

[79] 
MSS = 134 (100%) 

Phase 2 randomized trial 
examining CAPOX x4 with (N 

= 67) or without (N = 67) 
concurrent sintilimab (aPD-1) 
followed by LCCRT and then 

surgery or NOM 

50 Gy/25 fx 
Concurrent with 

CAPEOX 

CR (cCR+pCR) rate of 26.9 
and 44.8% in the control and 
sintilimab arms, respectively 
G3–4 immune-related AE in 
aPD-1 were 6–14%, similar 
toxicity profile in control. 

XR
T+

IC
I POLARSTAR 

NCT05245474 
[80] 

MSS = 151 (88%) 

Phase 2 randomized trial with 
three arms examining LCCRT 

followed by surgery with 
tislelizumab x3 concurrently 

with LCCRT (group A, N = 59), 
after LCCRT (group B, N = 55), 

or not at all (control arm, N-
57). Surgery was 6–12 wks after
LCCRT for the control groups 
and 8–12 wks after LCCRT for 

groups A and B 

45–50.4 
Gy/25–28 fx 

Tislelizumab was 
started 1 week 

after initiation of 
LCCRT (group A) 
or 2 wks after the 

end of LCCRT 
(group B) 

pCR rates were 27.1, 32.7, 
and 14.0% for groups A, B, 
and control, respectively. 

G3–4 AEs were 3%, 5%, and 
0%, and grade 3–4 surgical 

complication rates were 5%, 
5%, and 4%, respectively 

Abbreviations: AE, adverse event; cCR, clinical complete response; CR, complete response; CTLA-
4, cytotoxic T-lymphocyte–associated protein 4; DDRi, DNA damage response inhibitor; fx, 
fractions; G3–4, grade 3–4 toxicity; Gy, gray; ICI, immune checkpoint inhibitor; IR, ionizing 
radiation; LCCRT, long-course chemoradiotherapy; pCR, pathologic complete response; PD-1, 
programmed death-1; PD-L1, programmed death-ligand 1; PBT, proton beam therapy; SCRT, short-
course radiotherapy; TNT, total neoadjuvant therapy; XRT, X-ray radiotherapy. Studies did not 
report the MMR/MSS status, unless otherwise noted. 

3.1.2. Combinations with DDRi and/or ICI 

IR+DDRi 
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DNA-PKi peposertib has been studied with long-course CRT in LARC, but the study 
was concluded early due to excess toxicity [81]. The well-known radiotherapy toxicity 
experienced by patients with ataxia-telangiectasia syndrome results from germline 
mutations, resulting in the lack of a functional ATM protein and compromised DDR. 
Transient pharmacological inhibition of DDR proteins may offer a therapeutic benefit 
based on the patient’s DDR defects already present in their normal tissues and tumors, as 
well as the volumes being included in the radiotherapy field. This highlights the 
importance of the timing, dosage, type of radiation, and radiotherapy fields (i.e., whether 
large elective fields including a significant portion of normal tissue vs. gross disease only) 
being used for treatment when combining IR+DDRi. Alternatively, a dose escalation study 
of long-course CRT (LCCRT) with the PARP inhibitor veliparib, followed by surgery in 
LARC, showed acceptable tolerability and compatibility with capecitabine, with a 29% 
pCR rate [63]. 

IR + ICI 
Several recent trials have combined IR with ICIs in the treatment of LARC, either 

concurrently with IR or during chemotherapy with TNT. 
Studies focusing on LCCRT have examined both concurrent and sequential ICI 

during/after long-course chemoradiation. NRG-GI002 did not show a significant benefit 
of adding pembrolizumab (aPD-1) concurrently with and then continued after LCCRT, 
although this was after an initial six cycles of FOLFOX [74]. Comparatively, the NECTAR 
study showed that patients treated with LCCRT with capecitabine + tislelizumab (aPD-1) 
for three cycles (two concurrent and one after LCCRT) achieved a favorable pCR rate 
(40%) without any chemotherapy prior to RT + ICI [78]. The VOLTAGE study used 
LCCRT followed by nivolumab and then surgery 10–12 weeks after completion of LCCRT. 
This was favorable for historical controls (3-year RFS of 80% and pCR rate of 29%) and 
did so without a chemotherapy component. Additionally, a PD-L1 tumor proportion score 
≥ 1 and elevated CD8+ T cell/effector regulatory T cell ratio correlated with treatment 
response, potentially providing an avenue for patient selection [75]. Similarly, the 
PANDORA single-arm trial examined LCCRT followed by durvalumab with surgery 10–
12 weeks after completion of LCCRT. The pCR rate was 34.5% [76], potentially indicating 
a difference between aPD-1 and aPD-L1 expression in this setting. 

The POLARSTAR study most directly addressed the question of whether ICI is best 
combined with LCCRT concurrently or sequentially. This trial randomized patients into 
three arms prior to surgery: LCCRT alone (control), LCCRT with concurrent tislelizumab 
(aPD-1) (group A), or LCCRT followed by tislelizumab (group B). This resulted in pCR 
rates of 14, 27, and 33% for the control, group A (concurrent), and group B (sequential), 
respectively [80], demonstrating a trend towards better response with sequential 
sequencing. This trial allowed the control arm to have surgery starting at 6 weeks post-
CCRT, compared to a minimum of 8 weeks for groups A and B, somewhat complicating 
the interpretation of the results. 

Alternatively, chemoimmunotherapy, as the first portion of TNT followed by LCCRT 
without concurrent immunotherapy, has also performed well. In a study by Xiao et al. 
2024, investigators examined CAPEOX x4 cycles with or without concurrent sintilimab 
(aPD-1) followed by LCCRT followed by surgery or NOM. CR (cCR+pCR) rates of 26.9 
and 44.8% were achieved in the control and sintilimab arms, respectively [79]. Li et al. 
2024 examined initial CAPEOX+camrelizumab (aPD-1) followed by LCCRT and then 
CAPEOX alone, which achieved a pCR rate of 33.3% (with an additional 38% with major 
pathologic response) and a cCR rate of 48% [77]. 

Comparisons of SCRT and LCCRT were performed in the PRIME-RT trial. This phase 
2 randomized trial compared SCRT (arm A) and LCCRT (arm B), followed by FOLFOX 
with durvalumab (aPD-L1) administered concurrently during both RT and FOLFOX. 



Cancers 2026, 18, 652 19 of 26 
 

https://doi.org/10.3390/cancers18040652 

Patients then underwent surgery or NOM depending on whether they achieved cCR. At 
6 months, the combined cCR+pCR rate was 67% with SCRT (arm A) and 48% after LCCRT 
(arm B), with pCR+sustained cCR rates of 61 and 38%, respectively, at 1-year post-
treatment. Three of 39 patients had dMMR (two in arm B) [68]. Although early, this does 
give a potential signal that a short course may offer more synergy with aPD-L1 than 
LCCRT when given up front in TNT. 

The TORCH trial was a phase 2 randomized trial that examined the effect of SCRT 
timing combined with chemoimmunotherapy in patients with pMMR/MSS LARC. 
Patients were randomized to either short-course RT (SCRT) followed by CAPEOX+ 
toripalimab (aPD-1) x6 cycles (group A) or the same regimen, but SCRT was delivered 
between cycles 2 and 3 of CAPEOX+toripalimab (group B) [66]. Subsequently, patients 
either underwent surgery or WW if they achieved a complete response. Both groups 
achieved a combined cCR or pCR (if the patient underwent surgery) of 54–56%, 
suggesting that the results were good compared to the historical TNT results; however, 
the timing of SCRT in these two regimens did not make a meaningful difference. 

UNION is a phase 3 randomized trial of SCRT followed by CAPEOX+camrelizumab 
(aPD-1) or LCCRT followed by CAPEOX (two cycles each). All patients underwent 
surgery and received adjuvant CAPEOX+camrelizumab (aPD-1) or CAPEOX. The SCRT 
and CAPEOX+camrelizumab arms had a pCR rate of 39.8% compared to 15.3% in the 
LCCRT and CAPEOX alone arms [69]. As both LCCRT and SCRT, and the use or absence 
of camrelizumab, differed between the arms, the LCCRT arm essentially acted as a 
historical control with less chemotherapy than is commonly utilized currently. 
Nevertheless, this study provided more evidence of synergy with SCRT followed by 
chemoimmunotherapy as a promising TNT strategy. Further data supporting this strategy 
was provided by the SPRING-01 trial. A randomized phase 2 trial of LARC patients 
treated with SCRT followed by CAPEOX x6 with or without sintilimab (aPD-1) concurrent 
with CAPEOX 1 week later. Patients then underwent TME in all cases 2–3 weeks after 
TNT. The MMR status was roughly equal between the two arms with 84–88% pMMR, 2% 
dMMR, and 10–14% with an unknown status. The sintilimab arm had a significantly 
higher pCR rate than the control arm (29 vs. 16%, respectively) [82]. STELLAR II was a 
randomized phase 2 trial examining SCRT followed by CAPEOX x4 with or without 
sintilimab (aPD-1), followed by TME or NOM depending on cCR. Although FOLFOX x6 
cycles were allowed, only 1 out of 214 patients received FOLFOX; therefore, no 
comparison was possible concerning whether CAPEOX or FOLFOX had better synergy 
with sintilimab. The rate of CR (cCR+pCR) was 45.5 vs. 25.0% in the sintilimab and control 
cohorts, respectively [70,83]. 

PD-L1 inhibitors have also shown activity in these settings, as demonstrated in the 
PRECAM trial. This was a single-arm phase 2 trial of MSS LARC treated with SCRT 
followed by CAPEOX+Envafolimab (aPD-L1) and TME 2 weeks after 
chemoimmunotherapy. While these patients may have had earlier-stage disease than 
other LARC trials, it demonstrated an impressive pCR rate of 62.5% [73]. The 
AVERECTAL trial showed a relatively good response to SCRT followed by FOLFOX with 
concurrent avelumab (aPD-L1), with 25% pCR and an additional 25% with near-pCR [72]. 

In a metastatic setting, Parikh et al. 2021 conducted a phase 2 single-arm clinical trial 
of patients with metastatic CRC or PDAC (MSS) treated with cycles of Ipi/Nivo → Nivo 
with SBRT administered to sites of metastatic disease (24 Gy/3 fx) during the 2nd cycle of 
Ipi/Nivo. There was a trend towards increased resting NK cells in pretreatment biopsies 
in responders compared to non-responders. Although both XRT and PBT were used for 
SBRT, they were not directly compared. A significant number of patients did not complete 
planned SBRT due to ICI-related toxicities, but in the CRC cohort of those who completed 
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protocol treatment, the disease control rate was 37%, and a CRC patient did have an 
abscopal response [65]. 

IR + DDRi + ICI 
One of the few trials to combine IR+DDRi+ICI was a phase 1 dose-escalation study of 

peposertib (DNA-PKi) for advanced/metastatic solid tumors combined with avelumab 
(aPD-L1) without RT (part A) or with palliative XRT (part B). XRT of 30 Gy/10 fx to 3 or 
fewer sites of disease was delivered concurrently with peposertib, which was then 
discontinued after the course of radiotherapy in part B. No objective responses were 
reported and the MTD of peposertib with avelumab and palliative XRT was 250 mg QD. 
This trial only contained a relatively small cohort of CRC patients (N = 6), making 
interpretation difficult [64]. As the toxicity of any IR modality combined with a DDRi +/- 
ICI heavily depends on the anatomical site(s) being treated, this highlights the importance 
of careful consideration of the best timing of combination therapy regimens. 

4. Discussion 
Despite compelling preclinical evidence and rationale, clinical trials integrating 

particle radiation with ICI and/or DDRi remain sparse. This likely reflects limited access 
to particle radiation facilities, the cost of radiation and ICIs, and concerns of increased 
normal tissue toxicity with DDRi. Additional barriers include identifying the optimal 
dose/fractionation of the radiotherapy regimen, sequencing and dosing of DDRi/ICI, and 
the risks and complexities associated with combining multiple novel therapies. 

Clinically, particle radiation monotherapy shows promise in LRRC and 
oligometastatic settings, delivering robust local control with a favorable toxicity profile; 
however, distant relapses underscore the need for management of systemic disease. 
Combinations of XRT and DDRi have been few, with notable toxicity when irradiating 
large elective fields of uninvolved normal GI mucosa. As particle therapy has excellent 
sparing of normal tissue compared to XRT, it may be ideal for combination therapy with 
DDRi, but only in contexts where the radiotherapy field is constrained to gross disease 
(e.g., SBRT of oligometastatic disease, locoregionally recurrent re-irradiation, or as a cone-
down boost). 

Combinations of XRT + ICI from the bulk of the clinical data on radiation with ICI 
have compared favorably to historical results with conventional therapies for pMMR 
disease, but have not approached the striking efficacy of ICI monotherapy for dMMR 
disease. The addition of a DDRi to XRT might enhance its immune-priming effect to 
improve the responses to ICI in pMMR disease, but may increase the risk of normal tissue 
toxicity. The use of particle therapy instead of XRT may add additional 
immunostimulation and reduce toxicity risks owing to superior normal tissue sparing. 
With enhanced local control from high-LET particle therapy, doses of DDRi and/or 
radiation may ameliorate toxicity risks while still achieving local control and systemic 
anti-tumor immunity. Collectively, these factors underscore the importance of careful trial 
design for combination therapy. 

Future research should focus on refining the dose, fractionation, timing, and order of 
combinations of particle radiation, DDRi, and ICI to maximize systemic anti-tumor 
immunity and recurrence-free survival with acceptable toxicity. There is also little data on 
whether specific classes of particle radiation, DDRi, or ICI, offer superior synergy. 
Investigating the influence of various intrinsic germline DDR deficiencies beyond MMR 
on therapeutic outcomes will help tailor personalized treatments. Biomarkers predicting 
the response and toxicity to particle radiation combinations can guide patient selection 
and improve overall treatment success. 

5. Conclusions 
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Preclinical data support the immunostimulatory effects of high-LET particles and 
DDR inhibition, demonstrating enhanced ICD, TME remodeling, and antitumor 
immunity induction, leading to superior control and abscopal effects in preclinical studies 
(discussed in the companion manuscript). However, clinical data from trials using 
combinations of particle radiation with DDRi and/or ICI are currently extremely limited. 
At present, the strongest clinical support for particle therapy lies in achieving local control 
while sparing the normal tissue. The literature on XRT + ICI is promising compared to 
standard therapies, but there is room for significant improvement in efficacy. The 
combination of DDRi with XRT highlights the need to carefully consider radiation 
volumes when using potent radiosensitizing agents. These concerns may be addressed 
using concurrent DDRi only when treating gross disease, using DDRi classes with more 
favorable therapeutic windows, or using particle radiation for superior normal tissue 
sparing. If such strategies can be safely integrated into contemporary total neoadjuvant 
therapy frameworks, they may increase complete response rates, expand eligibility for 
non-operative management in appropriately selected patients, and improve outcomes in 
metastatic and recurrent settings. 
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