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A B S T R A C T   

Background: Most clinical studies failed to elicit a strong antitumor immune response and subsequent systemic 
tumor regression after radiation therapy (RT), even in combination with the immune checkpoint inhibitors (ICI) 
anti-CTLA4 or anti-PD1. Mechanistically, type I interferon (IFN-I) activation is essential for the development of 
such abscopal effects (AE); however, mechanisms driving or limiting IFN–I activation are ill defined. Ground-
breaking discoveries have shown that antibiotics (ABx) can affect oncological outcomes and that microbiota- 
derived metabolites can modulate systemic antitumor immunity. Recent studies have demonstrated that the 
bacterial metabolites desaminotyrosine (DAT) and indole-3-carboxaldehyde (ICA) can enhance IFN-I activation 
in models of inflammatory diseases. 
Materials and Methods: The subcutaneous bilateral MC38 tumor model is a widely used experimental tool to study 
the AE in mice. We applied it to explore the influence of broad-spectrum ABx, DAT and ICA on the AE after 
radioimmunotherapy (RIT). We performed 1x8 Gy of the primary tumor ± anti-CTLA4 or anti-PD1, and ± daily 
oral application of ABx or metabolites. 
Result: Combinatory ABx had neither a significant effect on tumor growth of the irradiated tumor nor on tumor 
progression of the abscopal tumor after RIT with anti-CTLA4. Furthermore, DAT and ICA did not significantly 
impact on the AE after RIT with anti-CTLA4 or anti-PD1. Surprisingly, ICA even appears to reduce outcomes after 
RIT with anti-CTLA4. 
Conclusion: We did not find a significant impact of combinatory ABx on the AE. Experimental application of the 
IFN-I-inducing metabolites DAT or ICA did not boost the AE after combined RIT. Additional studies are important 
to further investigate whether the intestinal microbiota or specific microbiota-derived metabolites modulate the 
AE.   

Introduction 

The development of immune checkpoint inhibitors (ICI) revolu-
tionized cancer therapy. In clinical practice, the most commonly used 
ICIs are antibodies against cytotoxic T lymphocyte antigen 4 (anti- 
CTLA4) and antibodies blocking the programmed death protein 1 (anti- 
PD1) or programmed death-ligand 1 (anti-PD-L1) [1]. Among others, 
systemic treatment approaches using ICIs have raised hope for oligo-
metastatic patients with low metastatic burden previously attributed to 
palliative treatment regimens [1–4]. However, there is still a great 
proportion of patients not responding to ICIs and the mechanisms 

explaining interindividual differences to ICI therapy are incomplete 
defined [1,5]. One strategy to improve outcomes are multimodal treat-
ment regimens combining ICIs with additional therapies such as radia-
tion therapy (RT) and a multitude of pre-clinical studies report the high 
potential of combined radioimmunotherapy (RIT) [6,7]. In principle, RT 
of a single tumor lesion has the potential to induce immunogenic tumor 
cell death, thereby releasing neoantigens and danger signals (e.g., tumor 
DNA) which activate antigen presenting cells and induce tumor specific 
T cell priming. Treatment with ICIs stimulates this T cell priming, and 
subsequent proliferation and activation of antitumor specific cytotoxic T 
cells [6,8]. Experimental and clinical studies have found this process to 
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be highly dependent on the DNA sensing receptor STING (stimulator of 
interferon genes) which induces type I Interferon (IFN-I) signaling 
[9–13]. Primed T cells can then act systemically, targeting the irradiated 
tumor and unirradiated metastases alike. Regression of unirradiated 
metastases is called the abscopal effect (AE) [6]. However, even in 
combination with ICIs, this effect is rarely observed in the clinic and 
novel strategies to boost the AE are highly investigated [8]. A key study 
by Vanpouille-Box et al. identified strong IFN-I activation after RT as a 
prerequisite for the induction of AE in mice and discovered tumor cell 
intrinsic mechanisms counterbalancing IFN-I activation after RT [9]. 
Consistently, Formenti et al. found elevated IFN-I blood levels after RT 
as a predictor for the induction of the AE in patients treated with anti- 
CTLA4 [13]. However, the mechanisms that control or inhibit IFN-I 
activation after RT and thus regulate abscopal tumor regression are 
incompletely understood. Remarkable recent experimental and clinical 
studies have associated certain gut microbiome profiles with altered 
systemic treatment responses to chemotherapy and immunotherapy 
[14–17] and strategies targeting the intestinal microbiota in the context 
of immunotherapy (e.g., using fecal microbiota transplantation, FMT) 
are already investigated in clinical trials [18]. Mechanistically, intesti-
nal microbiome-derived metabolites have been shown to shape anti-
tumor immunity during ICI therapy and microbial compounds are 
considered potential new therapeutics that improve the clinical efficacy 
of such anticancer therapies [19,20]. Recent studies investigating in-
flammatory diseases linked specific microbiota-derived metabolites to 
enhanced IFN-I activation. Specifically, oral application of the flavonoid 
metabolite desaminotyrosine (DAT) and the indole metabolite indole-3- 
carboxaldehyde (ICA) have been shown to influence immune responses 
in viral disease and graft-versus-host-disease, respectively [21–23]. It is 
therefore explicitly speculated that these metabolites might also 
immunomodulate response rates to ICI therapy [24]; a speculation that 
is corroborated by a recent study reporting oral supplementation of DAT 
to boost cancer immunotherapy with anti-CTLA4 which was dependent 
on IFN-I signaling in tumor-bearing mice [25]. In contrast, research has 
just begun exploring how the microbiota modulates antitumor immune 
responses after RT and even less is understood about a possible influence 
of the intestinal microbiota on outcomes after combined RIT with ICIs. A 
first experimental key study by Uribe-Herranz et al. found improved 
tumor regression after RT in mice treated with Vancomycin [26]. 
Similarly, Yang et al. found that microbiota-derived butyrate impairs 
local tumor regression after RT by inhibiting STING activation [27]. In 
addition, Shiao et al. studied both the bacterial gut microbiota and the 
intestinal fungome in the context of RT and found a negative impact of 
the fungome on outcomes after RT [28]. Thus far, no study has analyzed 
the role of the intestinal microbiota and microbiota–derived metabolites 
in the modulation of the AE [26–28]. We here hypothesize that the in-
testinal bacterial microbiota modulates abscopal response rates to 
combined RIT and that recently identified IFN–I-inducing metabolites 
have the potential to boost the AE after RIT. 

Materials and methods 

Mice and animal studies 

All animal experiments were ethically evaluated and approved by 
the local governmental authorities and conducted according to the 
guidelines to ensure animal welfare (licenses for animal experiments 
were granted by Regierung von Oberbayern, Munich, Germany). Female 
C57BL/6J WT mice were purchased at 5 weeks-old from Charles River 
Laboratories (Research Models and Services, Germany GmbH, Sulzfeld, 
Baden-Württemberg, Germany) and allowed to acclimate for one week. 
Mice were housed in individually ventilated cages on a 12 h light–dark 
cycle and had access to food and water ad libitum. 

Tumor cells 

All experiments were performed with certified MC38 colon adeno-
carcinoma cells that were bought from Kerafast (#ENH204-FP) in 2021. 
Cells were cultured according to standard protocols with DMEM high 
glucose (#D6429, Sigma-Aldrich), 10 % fetal calf serum, 1 % Penicillin/ 
Streptomycin (10000U/ml) and 1 % HEPES buffer solution (1 M) and 
continuously tested to be free of mycoplasma. Cell culture prior to tumor 
induction was standardized and performed with cells of a similar pas-
sage (P5-7) after thawing. 

Tumor induction and measurement 

Mice were shaved one day before tumor cell injection at the right 
hind leg and left flank. Tumor cells were injected subcutaneously (s.c.) 
in a volume of 40 µl PBS and with 1x106 and 5x105 MC38 tumor cells in 
the right hind leg and the left flank, respectively. Tumor size was 
determined daily with a caliper measuring the length and width of the 
tumor. Individual mice were sacrificed when primary or abscopal tumor 
reached > 300 mm2 (length x width) or due to ulceration of any tumor 
independent of tumor size. For data analysis, tumor volume was calcu-
lated with the formula: ½ x (length x width2). On day 7 after tumor 
injection, mice with two tumors were grouped for treatment according 
to tumor sizes. Extreme outliers in initial tumor size were not included 
into the analysis. Extreme outliers were defined as a tumor size larger 
than the mean tumor size of all mice plus 4 standard deviations (>mean 
+ 4 x SD prior to onset of tumor therapy). According to this definition we 
have excluded n = 4 mice from the experiments which include in total n 
= 292 mice. 

Radiation therapy of primary tumor (right hind leg) 

Mice were anesthetized with an intraperitoneal (i.p.) injection of 
Medetomidin (0,5 mg/kg), Midazolam (5 mg/kg) and Fentanyl (0,05 
mg/kg) and were fixed on a plastic disc before irradiation. Lead plates 
(3x3 mm = 9 mm; with an estimated reduction of transmission by 
>99,9%) were used to shield the rest of the body with radiosensitive 
tissue exposing only the primary tumor bearing right hind leg to the 
radiation field. Irradiation of the primary tumor with a single dose of 8 
Gy was performed using the Gulmay RS225A (Gulmay Medical, Cam-
berley, Surrey, UK) at a dose rate of 0,95 Gy/min (15 mA, 200 kV) or the 
CIX2 (Xstrahl) at a dose rate of 1,33 Gy/min (15 mA, 195 kV). Confir-
mation of correct dose rate of the irradiation device was regularly 
validated. Mice were warmed on a heating pad after irradiation and 
antagonized with a s.c. injection of Atipamezol (2,5 mg/kg), Flumazenil 
(0,5 mg/kg) and Naloxon (1,2 mg/kg). 

Immunotherapy with immune checkpoint inhibitors (ICIs) 

Indicated experimental groups received i.p. injections with anti-PD-1 
(clone RMP1-14, Bio X Cell) and anti-CTLA-4 (clone 9H10, Bio X Cell) in 
a total volume of 300 µl PBS. MC38 tumor bearing mice were treated 
with either 100 µg anti-PD-1 or 100 µg anti-CTLA-4 on days 8,11,14,17 
and 20 after tumor injection. Control mice were injected with 300 µl 
PBS. 

Antibiotic treatment 

ABx was performed similarly to what others have previously 
described [29,30]. Mice were treated with antifungal Amphotericin B (1 
mg/kg) twice daily for two days before start of ABx treatment to prevent 
intestinal fungal overgrowth [31,32]. Antibiotics were administered in a 
cocktail of Ampicillin (100 mg/kg), Neomycin (100 mg/kg), Vanco-
mycin (50 mg/kg), Metronidazol (100 mg/kg) and Amphotericin B (1 
mg/kg) via 200 µl gavage twice daily (except once daily on weekends) 
starting 2 days before tumor injection until end of therapy (day 20 after 
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tumor injection). 

Metabolite supplementation 

Generally, metabolites were supplied via daily gavage in a volume of 
200 µl. Desaminotyrosine (DAT, Sigma H25406-50G) was solved in 1 % 
DMSO + 2 % Peg400 + H2O and Indole-3-Carboxaldehyde (ICA, 
129445-5G) in 20 % DMSO + 40 % PEG400 + H2O. Mice received DAT 
(1 mg/day; 2,5mg/day or 5 mg/day) or ICA (1 mg/day) from the day of 
tumor injection until end of therapy (day 20 after tumor injection). 
Treatment regimens via oral gavage were adapted for ICA and estab-
lished for DAT according to the literature [21,22]. DAT supplementation 
was once performed via i.p. injections on indicated days as described in 
detail in the figure legends. 

Statistics 

All data are presented as the mean with standard deviation (SD) or 
standard error of the mean (SEM) as indicated in the individual figure 
legends. Number of pooled experiments are indicated in the figure leg-
ends. GraphPad Prism version 9.3.0 (GraphPad Prism Software, San 
Diego, California, USA; RRID:SCR_002798) was used for statistical 
analysis of differences between means of tumor size on day 7 and sur-
vival rates of Kaplan-Meier curves. Type of tests are indicated in the 
figure legends. Longitudinal comparison of tumor growth curves was 
performed in TumGrowth (https://kroemerlab.shinyapps.io/Tum 
Growth/) on raw data by two-way ANOVA followed by pairwise 

comparison between treatment growths until the last day both groups 
included all experimental animals [33]. Significance was set at p-values 
< 0.05, p < 0.01 and p < 0.001 (*, ** and ***, respectively). All other p- 
values values > 0.05 are detailed in the figures or indicated as not sig-
nificant (n.s.). 

Results 

Intestinal bacterial decontamination does not significantly affect the AE 
after RIT 

Aiming to study microbiota-mediated modulation of the AE, we 
chose the MC38 tumor model (low immunogenic colorectal tumor cells) 
considering it is a commonly used experimental model of the AE 
[34,35]. First, we combined this model with established antibiotic reg-
imens for intestinal bacterial decontamination to investigate the overall 
impact of gut microbiota and its bacterial metabolites on AEs 
[21,29,31,32]. Thus, female C57BL/6 wild type (WT) mice were orally 
treated with a combination of four antibiotics (ABx) starting two days 
before MC38 subcutaneous (s.c.) tumor injection and throughout the 
whole therapy regimen (Fig. 1A). As expected, we could not observe any 
direct influence of oral ABx application on subcutaneous tumor growth 
after one week of ABx (before starting tumor therapy) (Fig. S1A). Next, 
stratified experimental groups were built before onset of different 
treatment regimens aiming at balanced initial tumor volumes of indi-
vidual experimental groups (Fig. 1B). Accordingly, untreated mice in 
control (H2O) or ABx treated groups did not differ in tumor growth of 

Fig. 1. Intestinal bacterial decontamination does not significantly affect the AE after RIT. C57BL/6 wt mice were injected s.c. with MC38 cells (primary tumor: 1x106 

cells; abscopal tumor: 5x105 cells) and treated according to the depicted scheme (A). Combination of antibiotics (ABx: 100 mg/kg Ampicillin, 100 mg/kg Neomycin, 
50 mg/kg Vancomycin, 100 mg/kg Metronidazole, and 1 mg/kg Amphotericin B) was applied via 200 µl gavage twice daily. ICI with 100 µg anti-CTLA4 was applied 
i.p.. (B) Stratified groups of tumor sizes on day 7 after tumor induction. Shown is mean ± SD. (C) Kaplan-Meier curves of survival. Statistical comparison was assessed 
by Log-rank (Mantel-Cox) test. (D) Tumor growth of primary/irradiated tumor. Curves of different treatment groups are depicted until first mouse was taken out of 
the experiment according to humanized endpoints. Statistical comparison of tumor growth by two-way ANOVA. (E) Tumor growth of secondary/abscopal tumor. 
Curves of different treatment groups are depicted until first mouse was taken out of the experiment according to humanized endpoints. Statistical comparison of 
tumor growth by two-way ANOVA. (F) Primary and abscopal tumor growth curves of single mice comparing H2O and ABx treated mice with different treatment 
regimens. All data shown is pooled from 4 independent experiments. Data is presented as mean + SEM if not indicated otherwise. Significance was set at p-values <
0.05, p < 0.01 and p < 0.001 (*, ** and ***, respectively). 

H. Felchle et al.                                                                                                                                                                                                                                 

https://kroemerlab.shinyapps.io/TumGrowth/
https://kroemerlab.shinyapps.io/TumGrowth/


Clinical and Translational Radiation Oncology 46 (2024) 100758

4

primary (Fig. 1D, F) or abscopal (Fig. 1E–F) tumors, which resulted in 
comparable overall survival rates and mean survival time (Fig. 1C). As 
expected, H2O mice receiving anti-CTLA4 showed significantly reduced 
tumor growth and significantly prolonged survival compared to H2O 
mice that did not receive anti-CTLA4 (Fig. 1C–E). Similarly, we observed 
significantly enhanced survival and significantly reduced tumor growth 
in ABx mice treated with anti-CTLA4 as compared to untreated ABx mice 
(Fig. 1C–E). Furthermore, we observed significant reduction of anti- 
CTLA4 treatment efficacy by ABx only in the primary tumor (Fig. 1D, 
F) but not in the abscopal tumor (Fig. 1E, F). This effect of tumor growth 
did not lead to reduced survival in ABx anti-CTLA4 treated mice 
compared to H2O anti-CTLA4 treated mice (Fig. 1C). Importantly, sur-
vival of mice could be further and significantly improved by combining 
anti-CTLA4 therapy with additional RT of the primary tumor in ABx and 
H2O mice (Fig. 1C–F). Consistently, combined RIT significantly reduced 
tumor growth at unirradiated/abscopal localization (=AE) and gener-
ated long-time survivors with complete tumor regression (Fig. 1C, E–F). 
ABx did not influence treatment response after RIT as compared to H2O- 
treated mice since we did not observe significant differences in abscopal 
tumor growth (Fig. 1E–F) or survival (Fig. 1C). Taken together, our data 
suggests no influence of unspecific intestinal decontamination by 
continuous ABx on the AE in the MC38 tumor model. 

Desaminotyrosine (DAT) does not significantly boost the AE 

Next, we conducted experiments to investigate the therapeutic po-
tential of known IFN-I-inducing microbial metabolites to boost the AE 
after combined RIT by simultaneous oral application of the metabolites 
(DAT or ICA) during RIT (Fig. 2A). Of note, recent studies had already 
discovered the IFN-I-inducing potential and the systemic activity of both 
metabolites after oral application in mice [21,22]. DAT had no signifi-
cant effect on tumor growth in the first week after tumor injection 
(Fig. S2) and treatment groups were stratified on day seven (Fig. 2B). 

We first investigated DAT supplementation in the RIT model with anti- 
PD1. As expected, RIT led to significantly prolonged survival with long- 
time survivors (showing clinical complete remission of both tumors) and 
slightly reduced mean abscopal tumor growth compared to anti-PD1 
alone (Fig. 2C, F). Strikingly, DAT supplementation did not signifi-
cantly influence the therapy efficiency as observed in primary and 
abscopal tumor growth or survival rates (Fig. 2D–G). Next, we per-
formed similar experiments with anti-CTLA4. Again, we did not observe 
any significant modulatory effects of DAT on the AE after RIT 
(Fig. 3B–F). Importantly, exploratory experiments with changed route of 
administration from orally to intraperitoneally (i.p., Fig. S3) or 
enhancing the dosage of DAT did not result in different observations. We 
therefore conclude that DAT supplementation is not able to significantly 
boost the AE in our experimental mouse model. 

Microbial metabolite ICA appears to negatively affect the AE 

Lastly, we investigated a second IFN-I inducing metabolite, namely 
ICA, on its function to modulate the AE after RIT. We observed that ICA 
application did not significantly influence tumor growth within the first 
week after MC38 tumor injection (Fig. S4) and groups were again 
stratified on day seven (Fig. 4A). Surprisingly and contrary to our 
original hypothesis, we observed a trend that ICA supplementation 
negatively influences RIT with anti-CTLA4, since additional treatment 
with ICA reduced overall survival (Fig. 4B). Consistently, ICA supple-
mented mice exhibited increased abscopal tumor growth after RIT with 
anti-CTLA4 compared to RIT treated mice without ICA (Fig. 4E, F). 
Notably, one mouse receiving RIT and ICA supplementation was unable 
to control growth of irradiated tumor (Fig. 4C, D). Overall, we observed 
that the recently identified IFN-I-inducing microbial metabolites DAT 
and ICA are unable to potentiate the AE after RIT and even showed a 
trend towards the opposite results. 

Fig. 2. DAT supplementation does not significantly influence AE after RIT with anti-PD1. (A) MC38 tumor bearing mice were subjected to RIT (anti-PD1 100 µg i.p.) 
and DAT supplementation (1 mg/kg via 200 µl daily gavage). (B) Stratified groups of tumor sizes on day 7 after tumor induction. Shown is mean ± SD. (C) Kaplan- 
Meier curves of survival. Statistical comparison was assessed by Log-rank (Mantel-Cox) test. (D) Tumor growth of primary/irradiated tumor. Curves of different 
treatment groups are depicted until first mouse was taken out of the experiment according to humanized endpoints. Statistical comparison of tumor growth by two- 
way ANOVA. (E) Primary tumor growth curves of single mice comparing RIT treated mice with vehicle or DAT supplementation. (F) Tumor growth of secondary/ 
abscopal tumor. Curves of different treatment groups are depicted until first mouse was taken out of the experiment according to humanized endpoints. Statistical 
comparison of tumor growth by two-way ANOVA. (G) Abscopal tumor growth curves of single mice comparing RIT treated mice with vehicle or DAT supple-
mentation. All data shown is pooled from 2 independent experiments. Data is presented as mean + SEM if not indicated otherwise. Significance was set at p-values <
0.05, p < 0.01 and p < 0.001 (*, ** and ***, respectively). 
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Discussion 

The AE remains a rare phenomenon even when RT is combined with 
ICIs, and mechanisms that increase and limit systemic response rates to 
combined RIT are ill defined. Here we speculated that microbiota- 
derived signals might modulate the AE after RIT and that selected and 
promising microbiota-derived metabolites might be used to therapeu-
tically boost the AE via enhanced IFN–I activation. This hypothesis was 
based on recent investigations aiming to elucidate the influence of 
microbiota-derived signals (e.g., bacterial metabolites) on a functional 
level to identify possible mechanisms that can be targeted to treat dis-
eases [19,21,36–38]. Remarkable clinical studies found that manipu-
lating patients’ microbiome has great potential not only to ameliorate 
inflammatory diseases but also to improve cancer therapy [18,39,40]. 
Strikingly, two independent studies found that microbiota-derived me-
tabolites can enhance T cell-driven antitumor immunity during ICI 
therapy in mice [19,25]. These discoveries stand in contrast to the rather 
limited understanding about how the microbiome modulates systemic 
immune responses after RT and combined RIT [41,42]. 

First of all, we found that the combination of four antibiotics (van-
comycin, neomycin, ampicillin, metronidazole = VNAM), which is a 
commonly used regimen for experimental depletion of the murine in-
testinal microbiota and its metabolites [21,29,31,32], did not signifi-
cantly impact the AE in mice treated with combined RT and anti-CTLA4. 
On one hand, this stands in contrast to experimental and clinical studies 
that found a negative impact of broad spectrum ABx to anti-CTLA4 
monotherapy which we were able to partially reproduce using our 
model with ABx and anti-CTLA4 treated mice [16,43]. On the other 
hand, this observation can be interpreted in line with two independent 

publications reporting that ABx enhanced local response rates and 
antitumor immunity after monotherapy with RT [26,27]. Specifically, 
these studies have shown that vancomycin improves RT efficiency in 
MC38, B16F1 (melanoma) and B16-OVA (highly immunogenic mela-
noma) tumor cell bearing mice [26,27]. Both studies identified reduc-
tion of Gram-positive bacteria due to vancomycin as a possible 
mechanism improving local response rates to RT. Specifically, Yang 
et al. identified increased circulating butyrate, a Gram-positive bacteria- 
derived metabolite, to impair the antitumor effects of RT which was 
mediated by inhibition of STING-dependent IFN-I activation [27]. All in 
all, supporting literature can be found both for beneficial metabolites (e. 
g., inosine) associated with enhanced efficacy of ICI monotherapy as 
well as detrimental metabolites (e.g., butyrate) associated with poorer 
outcomes after RT monotherapy [19,26,27]. By integrating our own 
data into this context, we speculate that the depletion of all types of 
bacteria and a subsequent reduction of all metabolites (due to the VNAM 
gut decontamination regimen) might explain our results of unaltered 
systemic RIT treatment efficacy in ABx mice. A limitation of our study is 
therefore that we did not examine the use of individual antibiotics. 
These aspects could be investigated in further studies. In the second part 
of our study, we attempted to shift this postulated balance between 
beneficial and non-beneficial metabolites towards beneficial metabo-
lites through oral supplementation of DAT or ICA. Importantly, both 
metabolites were already found to have systemic activity and to enhance 
IFN–I activation after oral application [21,22]. We hypothesized that 
such metabolites could boost the AE after RIT via enhanced IFN-I acti-
vation. However, our results clearly show that DAT is not sufficient to 
significantly enhance the AE after RIT with anti-CTLA4 or anti-PD1 in 
conventionally housed mice. We speculate that there might be sufficient 

Fig. 3. DAT supplementation does not significantly influence the AE after RIT with anit-CTLA4. C57BL/6 wt mice were injected s.c. with MC38 tumor cells and 
treated with RIT and DAT supplementation as previously described. (A) Stratified groups of tumor sizes on day 7 after tumor. Shown is mean ± SD. (B) Kaplan-Meier 
curves of survival. Statistical comparison was assessed by Log-rank (Mantel-Cox) test. (C) Tumor growth of primary/irradiated MC38 tumor. Curves of different 
treatment groups are depicted until first mouse was taken out of the experiment (according to humanized endpoints) except for treatment group with anti-CTLA4 in 
which 3 mice were taken out of the experiment on day 13 and 14. Statistical comparison of tumor growth by two-way ANOVA. (D) Primary tumor growth curves of 
single mice comparing RIT treated mice with vehicle or DAT supplementation. (E) Tumor growth of secondary/abscopal tumor. Curves of different treatment groups 
are depicted until first mouse was taken out of the experiment (according to humanized endpoints) except for treatment group with anti-CTLA4 in which 3 mice were 
taken out of the experiment on day 13 and 14. Statistical comparison of tumor growth by two-way ANOVA. (F) Abscopal tumor growth curves of single mice 
comparing RIT treated mice with vehicle or DAT supplementation. All data shown is pooled from 3 independent experiments. To simplify the data comparison, 
different DAT concentrations (1/2,5/5mg/day) and routes of application (gavage or i.p.) have been pooled into one treatment group. Details are presented in the 
supplemental date (Fig. S3). Data is presented as mean + SEM if not indicated otherwise. Significance was set at p-values < 0.05, p < 0.01 and p < 0.001 (*, ** and 
***, respectively). 
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background stimulation of IFN-I-inducing metabolites in mice with a 
regular (not disrupted) microbiota. This hypothesis is supported by re-
sults from Steed et al. that identified DAT in the stool and blood of un-
treated mice, but not in the stool and only at reduced levels in the blood 
of ABx-treated dysbiotic mice (of note, Steed et al al. used the same 
VNAM ABx regimen as utilized in this study) [21]. In line with this 
assumption, it was demonstrated that an intact microbiota promotes 
IFN-I activation in intra-tumoral monocytes shaping an antitumorigenic 
microenvironment and improving antitumor immunity after ICI therapy 
[44]. However, our findings do not exclude possible beneficial effects of 
DAT under specific circumstances such as in dysbiotic mice with 
microbiome changes characterized by reduced amounts of IFN-I acti-
vating metabolites (e.g. after treatment with ABx) or in tumor models 
that differ from ours (e.g. other tumor entities with enhanced immu-
nogenicity). Both speculations are supported by a recent study investi-
gating the effect of DAT supplementation during anti-CTLA4 
monotherapy in mice bearing highly immunogenic B16-OVA tumors. 
Among others, Joachim et al found that (i) oral DAT supplementation 
improves anti-CTLA4 monotherapy in a IFN-I dependent way and (ii) 
that oral DAT supplementation compensates for the adverse effects that 
result from ABx (VNAM) during anti-CTLA4 therapy [25]. Thus, the 
combination of IFN-I-inducing metabolites with RIT in mice with ABx- 
induced dysbiosis could be investigated in further studies. Investi-
gating the therapeutic potential of the second metabolite, namely the 
indole-derivate ICA, we found that this metabolite did not enhance, but 
instead tended to impair RIT with anti-CTLA4. These results are in 
contrast with our original hypothesis, and we can only speculate on the 
underlying mechanisms: it was previously found that application of ICA 
can impact the composition of the intestinal microbiota during anti- 
CTLA4 therapy resulting in enhanced bacterial species producing 
butyrate [45]. As described above, butyrate has been found to nega-
tively affect antitumor immunity by decreasing IFN-I activation after RT 

monotherapy [27]; thus, we speculate that ICA treatment may have 
negatively impacted the AE by increasing butyrate. In general, the 
impact of indoles and tryptophan metabolites on antitumor immunity 
seems to be highly context dependent. While it was found that the mi-
crobial tryptophan metabolite indole-3-aldehyde promotes ICI therapy 
in murine melanoma via engagement of the aryl hydrocarbon receptor 
in T cells, activation of AhR signaling in tumor-associated macrophages 
by microbiota-derived indoles restrained anti-tumor T cell responses in 
murine models of pancreatic ductal adenocarcinoma [46,47]. 

Finally, we would also like to address possible inhibitory factors that 
could explain our results on metabolite supplementation during RIT. In 
contrast to acute IFN-I activation during tumor therapy, it is known that 
excessive and chronic IFN-I activation can lead to contrary effects and 
inhibits antitumor immunity [48,49]. Therefore, it is possible that 
intensive supplementation of IFN-I-inducing metabolites drives such 
negative effects, and modified treatment regimens with short-term 
supplementation of IFN-I-inducing metabolites could be investigated 
in further studies. 

In sum, to the best of our knowledge, we here present the first study 
investigating the role of the intestinal microbiota and specific 
microbiota-derived bacterial metabolites, during combined RIT. The 
results are surprising and stand in contrast to our initial hypothesis; 
however, they are in line with previous radiooncological studies point-
ing out that the intestinal microbiota modulates response rates to RT in a 
different manner as compared to monotherapy with ICIs. Our results will 
help develop further research to identify mechanisms on how to target 
the gut microbiota or microbiota-derived signaling to improve anti-
tumor immunity after RT and combined RIT. 
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