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Abstract  

 

Purpose: Combining immune checkpoint inhibitors (ICIs) with radiation therapy (RT) has led 

to significant advancements in cancer treatment. However, evidence from clinical and 

experimental studies suggests that this combination may increase hematopoietic and 

lymphatic toxicity. This study aims to investigate the effects of the concurrent application of 

ICIs (anti-PD-1 and anti-CTLA-4) on radiation-induced hematopoietic and lymphatic injuries 

under standardized and controlled experimental conditions. 

Materials and Methods: We utilized various experimental models in C57BL/6 and BALB/c 

mice to evaluate the impact of ICIs combined with RT on the hematopoietic system. These 

models involved different RT doses, regimens, and target sites in both healthy and tumor-

bearing mice. Results: Our findings showed that the concurrent use of ICIs did not 

meaningfully affect post-RT pancytopenia kinetics or the regeneration of specific blood cell 

lineages over time. Consistently, combining RT with ICIs did not significantly enhance DNA 

damage in immune cells within the bloodstream. This outcome was comparable across 

different RT doses, regimens, and target sites and was reproducible in both tumor-bearing 

and non-tumor-bearing mice. Additionally, there were no significant increases in late side 

effects, including reductions in bone marrow cell counts or megakaryocyte numbers, after 

combined radioimmunotherapy. 
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Conclusion: These findings suggest that combining ICIs with RT does not exacerbate 

hematological toxicity. This information is valuable for interpreting adverse events in clinical 

trials involving radioimmunotherapy and for predicting potential hematological side effects in 

cancer patients receiving these treatments. 

 

Introduction 

  

The discovery in the 19th century that some of those cancer patients who simultaneously 

suffered from infections experienced a regression of their malignancy marked the beginning 

of immunotherapy (1,2). More than a century later, the development of the immune 

checkpoint inhibitors (ICIs) anti-CTLA-4 and anti-PD1/PD-L1 revolutionized cancer therapy 

(3). Since the day the first ICI has been approved, obvious questions regarding the 

therapeutic potential for combination with already established therapies such as radiotherapy 

(RT) have emerged (4). With intense research efforts illuminating ever-more underlying 

mechanisms and pathways by which RT and ICI therapy is connected (5), clinical 

breakthroughs soon followed, e.g. for patients suffering from diseases such as advanced-

stage lung and esophageal cancer (6-8).  

 

However, although hundreds of clinical studies combining RT with ICIs were initiated, many 

of them ended disappointingly, without proving beneficial results (9,10). Moreover, even 

when successful, the flipside of strong positive effects is a correspondingly high potential for 

negative effects when combining two therapeutic approaches that boast a number of adverse 

events (AEs) during treatment even on their own. This potential risk of developing enhanced 

side effects following combined radioimmunotherapy remains incompletely understood – a 

gap in knowledge that negatively affects treatment planning and informed decision-making in 

daily patient care (11,12). 
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RT induces DNA damage and leads to the release of damage-associated molecular patterns 

(e.g., ATP) and inflammatory cytokines (e.g., type I interferon). This process, collectively 

referred to as immunogenic cell death, on the one hand, drives the induction of an anti-tumor 

immune response but also fuels local inflammation in normal tissue, leading to local side 

effects and wide-ranging symptoms beyond the site of irradiation (5,13). Meanwhile, ICIs 

have their own set of AEs, that, due to their nature, are mostly so called immune-related AEs 

(irAEs), whose toxicity can manifest on the tissue of almost every organ, both in the short- as 

well as in the long-term (14,15).  

 

Nonetheless, scientific work available for evaluating side effects after the combination of RT 

and ICI was as recently as four years ago described as “largely unexplored” (16) and expert 

consensus guidelines for combination therapy are still based on limited evidence (11,17). 

Even comprehensive database analyses like the one done by Anscher et. al – who assessed 

more than 25 000 patients to investigate the rate of serious adverse events for patients 

receiving RT and ICI – have to label their results as “only exploratory” when describing, for 

example, thrombocytopenia as occurring more often for patients who received both RT and 

ICI, especially when within a shorter time-span of each other (18). With other side effects in 

Anscher’s study being distributed more evenly, this is especially interesting because three 

recently published randomized phase III studies evaluating the combination of 

chemoradiation and PD-1/PD-L1 inhibition for locally advanced cervical cancer, small cell 

lung cancer, and squamous cell carcinoma of the head and neck found thrombocytopenia, 

anemia, and leukopenia as part of the increased toxicity experienced by patients receiving 

anti-PD-1 (6,19,20).  

 

In general, the hematological system is known to suffer greatly from cancer, regardless of 

entity. Manifesting for example as anemia or thrombocytopenia, this has considerable impact 

on morbidity and mortality of patients (21). Considering that RT is well known to cause such 

side effects (22,23) and hematological irAEs for ICIs, while rare, do present and can then 
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present as extremely serious complications (14,24), it seems prudent to expect the 

combination of RT with ICIs to possibly lead to a coaction of side effects with the potential for 

significant damage to the blood-producing system of any patient, posing serious questions 

regarding therapeutic safety (25).  

 

Here, we investigated the potential occurrence of AEs affecting the hematological system 

after combined radioimmunotherapy using murine models with standardized experimental 

conditions to overcome the limitations of clinical studies, which are often difficult to interpret 

due to various confounders and the absence of control groups for ethical reasons. 

 

 

Materials & Methods 

  

Study design 

The overall objective of this study was to investigate hematological toxicity after RT in 

combination with ICIs. Mice were randomly assigned to different experimental groups after 

stratification according to age. No outliers were excluded or censored from any experiment to 

circumvent attrition bias. The histopathological assessment was blinded. For all studies, 

animal numbers are depicted in the figures, and the number of independent experiments is 

listed in the figure legends. Statistical tests are described in the figure legends of the 

individual experiments. The project did not include a power calculation due to its limited 

validity in animal studies of basic medical research (26). This study does not contain any 

human material or patient data. 

 

Study approval 

This study does not contain any human data. All animal experiments were approved by the 

local governmental authorities. 
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Mice 

Female C57BL/6J and BALB/c wild type mice were acquired from Charles River Laboratories 

at 5-6 weeks old. Mice were given a minimum of a one-week acclimatization period upon 

arrival and housed in individually ventilated cages (with a maximum of eight animals per unit) 

with a 12-hour light-dark cycle environment and ad libitum access to food and water.  

 

Subcutaneous tumor model 

All experiments were performed with certified CT26 colon carcinoma cells that were bought 

from ATCC (#CRL-2638) in 2022. Cells were cultured according to standard protocols with 

RPMI-1640 (#R8758, Sigma-Aldrich) supplemented with 10% fetal calf serum, 1% 

Penicillin/Streptomycin (10000 U/ml) and 1% L-glutamine (200 mM) and continuously tested 

to be free of mycoplasma. Cell culture prior to tumor induction was standardized and 

performed with cells with the same passage (P4) after thawing. Tumor models were 

conducted similarly to those previously described (27). Right and left upper hind legs (thighs) 

of BALB/c mice were shaved and a volume of 40 µL PBS containing 4.5x 10⁵ CT26 tumor 

cells injected subcutaneously (s.c.) one day later. Tumor size was determined measuring the 

length and width of the tumor with a caliper. Mice were sacrificed when any of their tumors 

exceeded >300 mm2 (length x width) or presented with ulceration. For data analysis, tumor 

volume was calculated with the formula: ½ x (length x width2). On day 6 after tumor injection, 

mice were stratified based on tumor size and assigned to different groups, ensuring 

experimental groups with similar tumor sizes. 

 

Lung metastasis model  

Tumor models were conducted similarly to those previously described (28). The B16 murine 

melanoma cell line expressing the full-length chicken ovalbumin (henceforth referred to as 

B16.OVA) was cultured in complete DMEM high glucose medium (#D6429, Sigma-Aldrich) 

and supplemented with 10% fetal calf serum and 1% Penicillin/Streptomycin (10000 U/ml). 

1x 105 tumor cells were injected intravenously (i.v.) in a volume of 200 µL PBS into the tail 
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vein of C57BL/6 mice. Animals were monitored daily and were sacrificed in case of 

significant weight loss, signs of respiratory insufficiency, or general indications of markedly 

reduced activity or pain. The remaining mice were euthanized and analyzed on day 26 after 

tumor injection. The weight of the entire lung, as well as the left and right lung, was 

measured. Lungs were photographed from the front and back after washing in PBS. Images 

were processed manually using Adobe Illustrator (Adobe Inc., CA, USA). 

 

Immunotherapy 

Dual immune checkpoint inhibition with anti-PD-1 and anti-CTLA-4 is the standard of care for 

treating patients with certain malignancies (e.g. malignant melanoma or colorectal cancer 

expressing specific mutations) and is also well established in experimental research (29-31). 

Dose regimens were adapted from literature on mouse models investigating irAEs (32). Non-

tumor-bearing animals that were part of designated cohorts received high dosages of 

combined therapy of ICIs, namely anti-CTLA-4 (clone 9H10, Leinco Technologies) and anti-

PD-1 (clone RMP1-14, Leinco Technologies): 250 μg each solved in phosphate-buffered 

saline (PBS; Sigma-Aldrich) were injected intraperitoneally (i.p.) in a one week time frame, 

one day before (D-1) and six days after (D6) RT. B16.OVA tumor-bearing mice received 

combination therapy with ICIs once per week starting on day 4 after tumor cell inoculation 

(total dose: 4x 250 μg/mouse anti-PD1 plus 4x 250 μg/mouse anti-CTLA-4). CT26 tumor-

bearing mice received ICIs twice per week starting on day 6 after tumor cell inoculation (total 

dose: 4x 250 μg/mouse anti-PD1 plus 4x 250 μg/mouse anti-CTLA-4). Those cohorts not 

receiving ICIs were injected with pure PBS.   

 

Radiation therapy of tumor-free mice 

C57BL/6 animals receiving total body irradiation (TBI) were put in a designated radiation 

cage and covered with a plastic plate on small studs approximately the height of a single 

mice as to ensure that animals would not stack on top of each other and each animal would 

receive the full dosage. The cage was then centered inside the CIX2 (Xstrahl, United 
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Kingdom) and RT was performed at a dose rate of 0.6 Gy/min (15 mA, 195 kV, Copper filter). 

The single dose amounted to 5 Gy, while the animals that were part of the fractionated 

radiation regime cohort were irradiated on four consecutive days with 1.5 Gy. Animals that 

received targeted RT of the legs were anesthetized with an i.p. injection of MMF, a mix of 

Medetomidin (0.5 mg/kg), Midazolam (5 mg/kg) and Fentanyl (0.05 mg/kg), and fixed on a 

plastic base with 3 lead plates (each of 3mm thickness, equaling 9mm in total) shielding 

everything but the hindlegs before being irradiated in the exact same manner as the full-body 

cohort. Immediately after treatment, anesthesia was halted by subcutaneous injection of 

Atipamezol (2.5 mg/kg), Flumazenil (0.5 mg/kg) and Naloxon (1.2 mg/kg) and mice were 

monitored on a heating pad until fully awake.  

  

 

Radiation therapy of tumor-bearing animals 

Anesthesia and RT of tumors were performed similarly to the targeted RT of the legs 

described in the section above. Subcutaneous tumors located on right and left thighs were 

irradiated on days 7, 8, and 9 after tumor cell inoculation with a total of 3 x 15 Gy, while the 

rest of the body, including the lower hind legs and feet, were shielded (irradiation device: 

CIX2; target volume: right and left tights of hind limbs; dose rate 1.33 Gy/ min; beam time: 11 

min 15 sec / 15 Gy). Mice with lung metastases received RT with 5 x 9 Gy to the right lung 

(days 4–8 after i.v. tumor cell inoculation), while the rest of the body was shielded (irradiation 

device: Gulmay (Xstrahl); target volume: right lung; dose rate 0.95 Gy/ min beam time 9 min 

27 sec/ 9 Gy). 

 

Blood count 

Blood was collected in EDTA tubes at different time points after RT and blood cells were 

counted automatically at the Institute of XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX 

XXXX using modules of the Sysmex XN series (Sysmex Europe GmbH). Endpoints included 
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red blood cells, hemoglobin, thrombocytes, and white blood cells, with differentiation into 

neutrophils and lymphocytes, if indicated in the figure. 

 

Flow Cytometry  

Single cell suspensions were stained with a viability dye (Live-Dead Cyan, Invitrogen, #65-

0866-18), FC receptor was blocked with an anti CD16/32 antibody (Biolegend, clone 

S17011E, #156604) and antibodies (CD45-APC - Cy7, Biolegend #103116; CD45 - FITC, 

Biolegend #103108;  CD335 (NKp46) - PE, Biolegend #137604; NK1.1 - PB, Biolegend 

#108722; CD45R/B220 - APC, Biolegend #103212) followed by fixation/permeabilization 

(Foxp3/Transcription Factor Staining Buffer Set, eBioscience #00-5523-00) and intracellular 

staining (CD8 – PerCP-Cy5.5, Biolegend #100734; CD4 – Pe-Cy7, Biolegend #100434; 

gH2AX – PE, Biolegend #613412; gH2AX – APC/Fire750, Biolegend #613421; FoxP3 – PB, 

Biolegend #126410). Cell numbers were assessed using counting beads (CountBrightTM 

Absolute Counting Beads). Flow cytometry was performed on a CytoFLEX (Beckman 

Coulter), and data were analyzed with FlowJo 10 software (BD).  

 

Bone marrow cell count 

On day 150 and after having been bled, animals were euthanized and both tibiae and femurs 

were dissected and cleaned. One femur and both tibiae of each mouse were cut open at the 

knee-side so as to expose the bone marrow (BM) and, with that side facing down, put into 

0.5mL Eppendorf that had previously been punctured at the bottom with a 19 gauge needle. 

Bones in tubes were then transferred into a 1.5 mL Eppendorf tube containing 100 μL of 

completed medium, consisting of RPMI-1640-medium plus 10% fetal calf serum plus 1% 

Penicillin/Streptomycin plus 0.1% β-Mercaptoethanol, and centrifuged for one minute at 

2500xg at room temperature. The flushed-out BM in the 1.5 mL tubes was resuspended with 

1 mL of medium for ten times before straining the cell suspension through a 70μm cell 

strainer into a 15 mL Falcon tube. Having rinsed the 1.5 mL tubes with 1 mL of medium, the 

15 mL Falcons were put in a centrifuge for five minutes at 300g at room temperature before 
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removing the supernatant and resuspending the cells in 1 mL of red blood cell Lysis (G-

DEXIIb RBC Lysis Buffer, iNtRON). After five minutes, the buffer was stopped by adding a 

total of 5 mL of medium. Centrifuging for five minutes at 300g, removing supernatant and 

resuspending cells in 5 mL of medium was the last step before two separate counts of each 

sample were performed.  

 

Histopathological analysis 

After dissection, the right femur of every animal was cleaned and put into neutral buffered 

10% formalin solution (Sigma-Aldrich) for 48 hours before being transferred into a 

decalcifying agent (OSTEOSOFT, Sigma-Aldrich) for another 2 days to soften the tissue. The 

bones were then put back into formalin and handed over to the Institute of XXX XXX XXX 

XXX XXX XXX to be stained using a standard hematoxylin and eosin (H&E) staining 

procedure, put into paraffin wax and cut lengthwise. Images of the resulting slides ware 

captured digitally and then  analyzed using QuPath by first defining a maximus of ten 

scorable fields with a size of 400x400 μm, equaling a square of 0.16 mm2, for each slide. 

Since megakaryocytes are easily distinguishable from other cells commonly present in bone 

marrow due to their greater size and distinct morphology, they could then be counted easily 

by hand, as has been described previously (33). The researcher performing the count did not 

know which sample belonged to which cohort.  

 

Statistics 

All data are presented as the mean with standard deviation (SD). Number of pooled 

experiments are indicated in figure legends. Statistical analyses were performed using 

GraphPad Prism version 9.3.0 (GraphPad Prism Software, San Diego, California, USA). 

Differences between means of experimental groups were analyzed by using ordinary one-

way ANOVA for multiple comparisons (Dunnett's correction) or unpaired two-tailed t-test if 

only two groups were compared. Type of tests are indicated in the figure legends. P-values 

are shown in figures.  
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Author contributions statement 

XXX. 

 
Results 

 

First, to exclusively study the possible exacerbation of hematological toxicity after irradiation 

when combined with ICIs, we applied conventional experimental models of irradiation-

induced lymphatic and hematopoietic injury (34). We found that TBI with a single dose of 5 

Gy resulted in measurable toxicity for otherwise healthy and untreated C57BL/6 mice: White 

blood cell count was lowest on day 7 and steadily recovered to physiological levels within two 

months (Fig. 1A). Red blood cell count was close to normal levels on day 7 but dipped on 

day 14 before returning to previous levels on day 28 (Fig. 1B). Platelet count had its nadir on 

day 14 before improving to prior levels (Fig. 1C), and hemoglobin showed a similar 

progression over time like red blood cell count (Fig. 1D). Comparing these kinetics to those 

of mice receiving RT combined with ICIs (anti-CTLA4 and anti-PD-1), the trends were 

virtually the same (Fig. 1A-D). Mice treated only with ICIs showed practically no difference in 

measurements whatsoever compared to control mice (Fig. 1A-D).  

 

Since different fractionation regimens have a significant impact on immuno-oncology 

outcomes in terms of tumor control as well as toxicity to normal tissue (5,13) and fractionated 

RT is a widely used part of daily patient care, we changed the RT regimen from one single 

dose to a fractionated therapy approach (4 x 1.5 Gy TBI). For these conditions, white blood 

cell count was measured as its lowest on day 7, while platelet count, red blood cell count and 

hemoglobin showed to be lowest on day 14, with full recovery achieved by all parameters 

within two months (Fig. 1E-H). As was true for the single-dose setting, the fractionated 

setting also did not show any discernible difference for any of the values investigated by us 

between mice receiving radiation only and mice receiving additional ICIs (Fig. 1E-H). 
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Next we turned our attention to chronic injury and late side effects and performed a multi-

leveled analysis on day 150 after irradiation. When assessing the complete blood count, the 

white blood cell count was lowest for the group having received a single dose of 5 Gy, but 

even here, as for all other groups, levels were within physiological boundaries (Fig. 2A). 

Since lymphocyte and neutrophil counts are of great clinical relevance (5,35), we also 

compared these subsets of white blood cells and couldn’t find any significant differences in 

levels for mice that did or didn’t receive ICI additionally to single dose RT (Fig. 2B,C). 

Consistently, we did not observe significantly reduced neutrophil counts after fractionated RT 

compared to fractionated RT combined with ICIs (Fig. 2C). However, there were significantly 

reduced lymphocyte numbers in this setting (Fig. 2B). Despite this, total lymphocyte 

numbers were similar to those in untreated mice, indicating no increased toxicity after 

combined radioimmunotherapy (Fig. 2B). Similar uniform appearance for all groups held true 

for red blood cell count, platelet count and hemoglobin measurements (Fig. 2 D-F). 

  

Next, we explored potential damage to the locus of blood cell-production and maturation by 

assessing the number of viable bone marrow cells after RT. To this end, we could not record 

any significant dissimilarity for any of the previously described groups: For both settings of 

RT (1 x  5 Gy TBI vs 4 x 1.5 Gy TBI), the added strain of ICI therapy did not result in 

significantly changed numbers of BM cells in the femur or the tibiae, and, what’s more, did 

not differ from the figure recorded for control mice or those receiving only ICIs (Fig. 

2G,H).  Additionally, we compared the numbers of megakaryocytes in the bone marrow 

between the cohorts as platelets are specifically considered to be affected by combination 

therapy of RT and ICIs (18). However, adding ICIs to both settings of single-dose and 

fractionated RT did not have any significant impact on the number of megakaryocytes 

counted (Fig. 2I,J).   
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Since experimental models applying TBI do not only induce hematopoietic and lymphatic 

injury but also can lead to systemic inflammation, e.g. via intestinal epithelial tissue damage 

and subsequent barrier dysfunction, which in turn can affect hematopoiesis and the bone 

marrow (13,36), as well as having a pronounced effect on ICI therapy (37), we performed 

targeted irradiation of the lower extremities of the animals, representing a significant fraction 

of the bone marrow, while sparing the rest of their body, in order to zero in on the relevant 

physiological niche. Blood work done on day 14 and day 60 did not reveal significant 

differences regarding red blood cells, thrombocytes and hemoglobin when comparing groups 

having been treated only with RT or having received additional therapy with ICIs (Fig. 3A-D). 

Finally, we analyzed late adverse events in this specific setting; where data for chronic injury 

on day 150 once again did not show significant differences when comparing white blood cell, 

lymphocyte, neutrophil, red blood cell, thrombocyte count or hemoglobin levels between the 

two cohorts of mice that received ICIs along with RT and those that did not (Fig. 3E-

J). Accordingly, we also did not note any significant difference in the number of cells counted 

in the femur and tibiae (Fig. 3K,L) and the number of megakaryocytes counted in the bone 

marrow (Fig. 3M,N).  

 

Next, we aimed to validate our findings in tumor-bearing mice treated with clinically relevant 

RT regimens. Metastatic melanoma is commonly managed with ICIs, including dual inhibition 

with anti-PD-1 and anti-CTLA-4 (30). Moreover, RT of selected metastases (e.g., in 

scenarios of oligoprogressive disease) is common clinical practice (11,30,38,39). To mimic 

this scenario, we utilized a mouse model of pulmonary metastasized melanoma. As 

expected, treatment of tumor-bearing lungs with 5x9 Gy RT significantly reduced tumor load, 

both with and without additional ICIs. In contrast, ICIs alone were less effective in reducing 

tumor progression in this aggressive model (Figure S1A-C). Combining RT with ICIs resulted 

in significantly increased red blood cell count concentrations after combination therapy (Fig. 

4A-B). Enhanced anemia in this B16 tumor model has been well-described in previous 

studies; thus, we conclude that reducing the tumor load counterbalances this effect (40,41). 
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Moreover, we did not observe significantly changed thrombocyte and white blood cell 

concentrations after combination therapy (Fig. 4C-F). More specific analyses failed to reveal 

any significant changes in CD4+ T helper cells,  CD8⁺ cytotoxic T cells, B cells or natural 

killer cells between irradiated mice and those receiving combined radioimmunotherapy (Fig. 

4G-J, S1D). Thus, we hypothesize that ICIs did not result in enhanced killing of circulating 

immune cells during RT. Accordingly, we did not observe any significantly increased signs of 

DNA damage (phosphorylated γH2AX) at the end of RT when combined with ICIs (Fig. 4K-

O, S1E).  

Lastly, we aimed to generalize our results by investigating a disparate tumor entity growing 

on a different mouse strain to preclude our observations being restricted to a specific genetic 

background, tumor entity, or anatomical treatment site. Patients with metastatic colorectal 

cancer (CRC) significantly benefit from dual ICI therapy if they harbor specific mutations (31) 

and clinical studies are investigating the potential of combining ICIs with additional RT for 

tumor lesions in metastatic CRC (42). As one would therefore expect, local therapy of 

subcutaneously implanted CRC tumors (right and left hind legs) with 3 x 15 Gy significantly 

reduced tumor growth, and this effect was improved by the addition of ICIs (Fig. S2A). 

Combining RT with ICIs failed to significantly impact most blood cell lineages and 

hemoglobin concentrations, but significantly reduced thrombocytes at early time points (1 

week) (Fig. 5A-F). Similarly to the lung metastasis model, ICI did not exacerbate the effects 

of RT on the frequencies of different immune cell subpopulations (Fig. 5G-J) or the intensity 

of DNA damage responses after RT (Fig. 5K-O, S2B). 

 
 
Discussion 

 

In our study, we examined bone marrow and peripheral blood cell populations after 

radioimmunotherapy, which, to the best of our knowledge, is the first experimental 

investigation addressing this matter. Our results did not reveal any pronounced differences in 

acute or late side effects following combination therapy, regardless of the fractionation 
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regimen or the irradiation site, in either healthy or tumor-bearing mice. These data from 

standardized and controlled experiments are valuable, considering that large databank 

analyses and recent randomized phase III studies have suggested a potential increase in 

hematological toxicity (e.g. thrombocytopenia) (6,18-20), and experimental studies have 

found that ICIs combined with RT can result in the enhanced killing of immune cells (43,44).  

 

When considering how RT and ICI influence each other, it is already known from previous 

inquiries that RT can increase tumor immunogenicity, prime anti-tumor T cells, upregulate 

surface molecules for better immune recognition and improve ICI therapy through a host of 

further mechanisms (5,45). Our examinations of hematological markers add to the existing 

literature, where reports on the increased toxicity of combined radioimmunotherapy versus 

monotherapy have often been mixed and unclear. Reports of definitively increased toxicity of 

additional immune therapy under RT regimes, i.e. for the heart (46,47), are as common as 

reports of failure to confirm observations in controlled and standardized contexts, like it was 

the case for skin injury (7,48). The fact that even the previously mentioned study by Anscher 

et al., screening multiple thousand patients, revealed major limitations (like the inability to 

perform investigations of the RT site, dose, and fractionation, as well as statistical analyses) 

for their findings of enhanced side effects like reactions of the pulmonary system, the 

endocrine system or even more general symptoms like fatigue (18), stresses the urgent need 

for standardized experimental investigations into these inquiries.  

 

Concerning hematopoietic toxicity, our data are consistent with a randomized phase III study 

published by Lee et al., investigating whether the addition of the a-PD-L1 drug avelumab to 

standard-of-care chemoradiotherapy would improve outcomes for head and neck cancer 

patients, which revealed comparable rates of neutropenia and anemia (10), similar to the 

findings by Kelly et al. for esophageal cancer (8) or Antonia et al. for NSCLC (7). On the flip 

side however, Lorusso et al. showed more hematological toxicity (e.g., including 

thrombocytopenia, anemia, and leukopenia) after combined radio-chemo-immunotherapy for 
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the treatment of cervical cancer (19), a finding that is supported by Machiels et al. for the 

treatment of locally advanced squamous cell carcinoma of the head and neck with 

Pembrolizumab and      chemoradiotherapy (20). Similarly, Cheng et al. found enhanced 

anemia in patients treated with durvalumab after chemoradiotherapy in limited-stage small-

cell lung cancer (6). Notably, the effect sizes of the observed phenomena are rather small for 

most of the analyzed endpoints, with the proviso, however, that irradiation sites were clearly 

defined, and the majority of the patients' bone marrow thus presumably remained unaffected.    

 

Since our study discovered reduction in thrombocytes at early time points after combined 

radioimmunotherapy of peripheral sites but not after therapy of lung metastases, new 

questions arise. Additional studies are needed to understand the driving factors behind this 

phenomenon, such as the relative impact of anti-PD-1 vs. anti-CTLA-4 or the 

pathophysiological relevance of the irradiation site. Moreover, the cancer entity itself might 

also be a confounding factor, as certain tumors (e.g., B16 melanoma) can induce 

dysregulated hematopoiesis, promoting anemia and thrombocytopenia (49).   

 

Nonetheless,  multiple studies stress that AEs affecting the hematological system account for 

serious clinical complications during treatment of patients with ICI monotherapy: Anemia, 

thrombocytopenia, neutropenia and more have been described by multiple authors each 

(24,50-53). Contrarily, we did not observe any significantly increased toxicity in mice treated 

with ICI monotherapy compared to untreated mice in our controlled experimental setup.  

Interestingly, several studies have found that ICI combined with RT can result in the local 

killing of proliferating immune cells (likely via enhanced DNA damage and subsequent 

apoptosis of activated cytotoxic T cells after anti-PD-1 treatment) and that simultaneous RT 

of the tumor and draining lymph nodes results in enhanced immune cell killing if combined 

with ICIs (43,44). Considering that the hematopoietic stem cells in the bone marrow and 

precursor cells are characterized by a high grade of proliferation, it appeared reasonable to 

speculate that combination therapy would have resulted in enhanced toxicity to proliferating 
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cells.  Although the analysis in our experimental set-up did not reveal significant change in 

the bone marrow, several authors have considered the negative impact that especially a-PD-

1 drugs can have on this compartment (50,54,55), subsequently leading to (sometimes 

lethal) anemia (14,56). Similarly, much lower dosages of radiation than what was used in our 

set-up has been described to cause significant damage and resulting in the so called 

hematopoietic acute radiation syndrome (H-ARS) (57), whereas we did find a return to 

physiological levels, and in a much smaller time-frame, too. 

 

Our observation that the number of neutrophilic granulocytes or lymphocytes was not 

significantly reduced after combined radioimmunotherapy is of specific interest because 

reduced lymphocyte numbers, especially decreased T cell ratios, are generally associated 

with negative long-term outcomes in patients treated with ICIs, RT or combined 

radioimmunotherapy (5,58). In contrast to the previously mentioned experimental study that 

has found enhanced T cell killing and DNA damage after combination therapy (43), we did 

not observe such phenomenon in circulating T cell subsets, B cells and  natural killer cells. 

However, since we primarily focused on broader subsets of circulating immune cells and did 

not investigate more specific immune cell subpopulations, including their functional state at 

the time of RT, further studies are needed to determine the specific conditions (e.g., 

activation status, co-factors) under which RT combined with ICIs leads to enhanced DNA 

damage and T cell killing, as previously described (43).  

 

Finally, a methodological finding of our study is the insight that a dosage of 5 Gy, when 

administered to the entire body, is sufficient to produce a measurable negative effect on 

various hematological cell populations in the bloodstream, but does not result in any serious 

adverse events beyond the ones discussed before. This is in line with experiments 

conducted by Grande et al., who were able to show a clear drop-off for the leukocyte 

population after irradiation with 4 Gy (34) and further defines a corridor for investigating 

irradiation effects on the hematological system that is still safe: Where 8 Gy have in the past 
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already resulted in a 90% mortality rate (even with added ‘support’ for the hematopoietic 

system through administration of thrombopoietin) (59), none of our animals died due to RT. 

Our study expands this data by including additional fractionation regimens and targeted 

irradiation of the lower extremities, which will be helpful for future investigations of related 

inquiries. 

 

Our study has limitations in that, although we performed a total of five different RT regimens, 

ranging from unfractionated TBI (e.g., 1x 5 Gy TBI) to fractionated high-dose RT of selected 

areas (e.g., 3 x 15 Gy to the upper hind legs), resulting in strongly varying total doses, beam 

times, and irradiated volumes, our study did not formally assess precise estimations of, for 

example, irradiated blood volumes, which might influence outcomes in this setting. However, 

despite substantial differences in these radiobiological parameters, our data remain 

consistent across almost all endpoints - we therefore conclude that our findings can be 

considered largely independent of said parameters. In addition, while we did not 

systematically investigate different ICI dosing regimens, which are known to influence the 

occurrence of irAEs (15), our study employs high doses of dual ICI therapy (250 µg/mouse 

anti-PD-1 + 250 µg anti-CTLA-4, administered once or twice per week), exceeding the dosing 

used in well-established irAE models in other experimental settings (32). 

 

In summary, we conclude that combined radioimmunotherapy does not exert any marked 

effects on the common blood cell lineages or the body’s hematopoietic capacity in mice. With 

this approach becoming exponentially more important in the clinical setting, much of the 

underlying mechanisms still in the dark and the existing body literature providing inconsistent 

and conflicting findings, there remains an urgent need to study these effects more 

extensively and in different models: Like many other experts, we believe that the precise 

causal relationships and underlying mechanisms remain incompletely understood. These 

findings highlight the need for further research to ensure the safe integration of RT and 

immunotherapy (5,9,45).  
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Figure Legends 

 

Figure 1: Concomitant immune checkpoint inhibition does not significantly aggravate 

short-term injury to the hematological system after total body irradiation.  

(A-D) C57BL/6 mice received a single dose of RT (5 Gy TBI) ± anti-PD-1 and anti-CTLA-4 

(2 injections, weekly, starting one day prior to RT). Blood of mice was drawn via buccal vein 

puncturing on indicated time points after RT and blood cell populations and hemoglobin 
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concentration were assessed with a blood analyzer. The kinetics of the (A) white blood cell 

population, (B) red blood cell population (erythrocytes), (C) thrombocyte population 

(platelets), and (D) hemoglobin are presented. Pooled data from 6 independent experiments. 

The data were analyzed using one-way ANOVA and are presented as mean ± SD. (E-H) 

C57BL/6 mice received a fractionated RT (4 x 1.5 Gy TBI) ± anti-PD-1 and anti-CTLA-4. (E) 

The kinetics of the white blood cell population, (F) red blood cell population, (G) thrombocyte 

population and (H) hemoglobin are presented. The dotted gray line represents untreated 

mice (data also shown in the upper panel; n = 13–23 mice). Pooled data from 2 independent 

experiments. The data were analyzed using unpaired two-tailed t-tests and are presented as 

mean ± SD. The number of mice (n) is shown in the figure. P values are presented in the 

figure.  
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Figure 2: Concomitant immune checkpoint inhibition does not significantly aggravate 

long-term injury to the hematological system after total body irradiation.  

(A-F) C57BL/6 mice received single-dose (5 Gy TBI) or fractionated RT (4 x 1.5 Gy TBI) ± 

anti-PD-1 and anti-CTLA-4 (2 injections, weekly, starting one day prior to RT). Blood of mice 
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was drawn via buccal vein puncturing on day 150 after RT and assessed with a blood 

analyzer. The levels of (A) white blood cell population, (B) lymphocytes, (C) neutrophils, (D) 

red blood cell population, (E) thrombocytes, (F) and hemoglobin were assessed with a blood 

analyzer. Each dot represents data from one animal. (G-J) The bones of the mice were 

analyzed on day 150 after irradiation. (G) Absolute number of bone marrow cells of the right 

femur bones and (H) both tibia bones of the mice. Data is shown as a violin plot, with a line 

showing the median. (I) The left femur bones were processed for histopathological analysis 

and 200x200 μm sized fields of view in H&E-stained longitudinal sections of the bone marrow 

evaluated in regard to number of megakaryocytes (MGKC). Data is shown as mean + SD 

number of MGKC per field. On average 10 fields were counted per mice. (J) Representative 

images of untreated mice and mice treated with ICI, mice receiving RT, mice receiving RT 

plus ICI, mice receiving fractionated RT and mice receiving fractionated RT plus ICI, with 

MGKC marked by red circles. The data were analyzed using one-way ANOVA and are 

presented as mean ± SD. Pooled data from 4 independent experiments. The number of mice 

(n) is shown in the figure. P values are presented in the figure.  
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Figure 3: Concomitant immune checkpoint inhibition in combination with targeted 

irradiation of the legs does not appreciably enhance short- or long-term hematological 

toxicity 
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(A-N) C57BL/6 mice received a single dose of RT (5 Gy) to the lower extremities only ± anti-

PD-1 and anti-CTLA-4 (2 injections, weekly, starting one day prior to RT). Levels of the (A) 

white blood cell population, (B) red blood cell population, (C) thrombocytes, and (D) 

hemoglobin on day 14 and two months after irradiation were assessed with a blood analyzer. 

The dotted gray line represents untreated mice (data also shown in Fig. 1). Levels of (E) 

white blood cell population, (F) lymphocytes, (G) neutrophils, (H) red blood cells, (I) 

thrombocytes, (J) and hemoglobin on day 150 after RT were assessed with a blood analyzer. 

Pooled data from 3 independent experiments. (K) Absolute number of bone marrow cells of 

the right femur bones and (L) both tibia bones of the mice. Data is shown as violin plot, with 

line showing median. (M) The left femur bones were processed for histopathological analysis 

and 200x200 μm sized fields of view in H&E-stained longitudinal sections of the bone marrow 

evaluated in regard to number of megakaryocytes (MGKC). Number of MGKC per field of 

view. On average 10 fields were counted per mouse. (N) Representative images of untreated 

mice and mice treated with ICI, mice receiving RT, mice receiving RT plus ICI, mice receiving 

fractionated RT and mice receiving fractionated RT plus ICI, with MGKC marked by red 

circles. Pooled data from 2 independent experiments. The data were analyzed using 

unpaired two-tailed t-tests and are presented as mean ± SD. The number of mice (n) is 

shown in the figure. P values are presented in the figure. 
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Figure 4: Combined radioimmunotherapy of the lungs with metastatic melanoma does 

not significantly enhance hematological toxicity or DNA damage responses in 

circulating immune cells. 

(A-O) C57BL/6 mice received B16.OVA melanoma cells intravenously 4 days before the start 

of therapy: Fractionated RT (5 x 9 Gy) to the right thorax ± anti-PD-1 and anti-CTLA-4 

(4 injections, weekly, starting in parallel with RT). Levels of the (A) erythrocytes, (B) 

hemoglobin, (C) thrombocytes,  (D)  white blood cell population, (E) lymphocytes and (F) 
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neutrophils on day 7 and 22 after onset of RT. Blood levels of (G) CD4+ cells T helper cells, 

(H) CD8+ cytotoxic T cells, (I) B220+ B cells and (J) NK1.1+ natural killer cells were analyzed 

by flow cytometry in combination with counting beads, directly after completing RT and on 

day 22 after onset of RT. (K-O) Intensity of phosphorylated γH2AX signal of respective 

immune cell subpopulations was assessed by flow cytometry directly after completing last 

fraction of RT and the mean fluorescence intensity (MFI) is presented. The figure shows data 

from one experiment analyzed using one-way ANOVA. Data are presented as mean ± SD. 

The number of mice (n) is shown in the figure. P values are presented in the figure.  
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Figure 5: Combined radioimmunotherapy of CRC metastases in the upper limbs does 

not significantly enhance hematological toxicity, except for acute platelet reduction 
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(A-O) BALB/c mice received subcutaneous CT26 tumor cell injections into both upper hind 

legs one week before therapy: Fractionated RT (3 x 15 Gy) to both upper hind legs ± anti-

PD-1 and anti CTLA-4 (4 injections, twice per week, starting one day prior to RT). Levels of 

the (A) red blood cells, (B) hemoglobin, (C) thrombocytes, (D)  white blood cell population, 

(E) lymphocytes and (F) neutrophils on day 7 and 22 after onset of RT. Blood levels of (G) 

CD4+ cells T helper cells, (H) CD8+ cytotoxic T cells, (I) B220+ B cells and (J) NKp46+ natural 

killer cells were analyzed by flow cytometry in combination with counting beads, directly after 

completing RT and on day 21 after onset of RT. (K-O) Intensity of phosphorylated γH2AX 

signal of respective immune cell subpopulations was assessed by flow cytometry directly 

after completing last fraction of RT and the mean fluorescence intensity (MFI) is presented. 

Pooled data from 2 independent experiments. The data were analyzed using one-way 

ANOVA and are presented as mean ± SD. The number of mice (n) is shown in the figure. P 

values are presented in the figure. 

 

 

                  


