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ABSTRACT
◥

Ionizing radiation can have a wide range of impacts on tumor–
immune interactions, which are being studied with the greatest
interest and at an accelerating pace by the medical community.
Despite its undeniable immunostimulatory potential, it clearly
appears that radiotherapy as it is prescribed and delivered nowadays
often alters the host’s immunity toward a suboptimal state. Thismay
impair the full recovery of a sustained and efficient antitumor
immunosurveillance posttreatment. An emerging concept is arising
from this awareness and consists of reconsidering the way of
designing radiation treatment planning, notably by taking into
account the individualized risks of deleterious radio-induced

immune alteration that can be deciphered from the planned beam
trajectory through lymphocyte-rich organs. In this review, we
critically appraise key aspects to consider while planning immu-
nologically fitted radiotherapy, including the challenges linked to
the identification of new dose constraints to immune-rich struc-
tures. We also discuss how pharmacologic immunomodulation
could be advantageously used in combination with radiotherapy
to compensate for the radio-induced loss, for example, with (i)
agonists of interleukin (IL)2, IL4, IL7, IL9, IL15, or IL21, similarly to
G-CSF being used for the prophylaxis of severe chemo-induced
neutropenia, or with (ii) myeloid-derived suppressive cell blockers.

Introduction
Radiotherapy (RT) is now a well-recognized promotor of immu-

nomodulatory effects. Briefly, ionizing radiation can induce an
“immunogenic cell death,” a phenomenon that promotes T cell–
mediated immune response against antigens present in dying cells (1).
Irradiated tissues elicit “damage-associated molecular patterns”
(DAMP)—that is, calreticulin translocation to the cell surface, acti-
vation of the cGAS/STING pathway, release of the nuclear protein
HMGB1, and release of adenosine triphosphate—that directly con-
tribute to the immunostimulant tumor–directed effects of RT (2–4).
This process enhances the uptake of tumor-derived antigens by
antigen-presenting cells (such as dendritic cells (DC) and macro-
phages), including the uptake of neoantigens from radiation-driven
immunogenic mutations that are released after RT.

These observations have fueled innovative approaches to immuno-
radiotherapy combinations, mostly with immune-checkpoint inhibi-
tors. Those were strongly supported by the fact that 50% to 80% of
patients do not respond at all to immune-checkpoint blockers admin-
istered alone (5), and all hopes and expectations have been pinned on
finding interventions that will turn their disease into an immunor-
esponsive phenotype.

For years, RT has been a top candidate for pairing with immuno-
therapy. This has effectively culminated in the approval of the PD-L1

inhibitor durvalumab as a consolidation therapy after definitive
platinum-based chemoradiation in unresectable stage III non–small
cell lung cancer (NSCLC), with drastic improvements in both overall
survival (OS) and progression-free survival (PFS) in the randomized
PACIFIC trial (6, 7). In light of this, the recent setbacks of clinical trials
exploring chemoradiation combined with anti-PD(L)1 therapy in
locally advanced head and neck cancers (HNSCC) are intriguing and
counterintuitive: three well-powered randomized trials (GORTEC-
REACH, PembroRad, KEYNOTE-412) have unexpectedly failed to
reach their primary endpoint when evaluating combined anti-PD(L)1
therapy and chemoradiation versus chemoradiation alone in locally
advanced HNSCC (Table 1; refs. 8–11).

Digging into the differences between locally advanced NSCLC and
HNSCC as a starting point, we emphasize key elements that may have
influenced the lack of significant benefit observed in HNSCC settings.
The immuno-suppressive potential of radiotherapy appears to have a
strong random component. Notably, lymphocytes are exquisitely
sensitive to radiation as compared with other blood cells, a phenom-
enon that has been overlooked so far and that is presumed to influence
concurrent immunotherapy outcomes. Studies reported that a high
fraction of lymphocytes eventually undergoes cell death as an imme-
diate consequence of radiation-induced DNA damages (assessed by
gH2AX marker) and can die in interphase within a few hours after
exposure to doses as low as 0.125 Gy, irrespective of intervening
mitosis (12–14). By contrast, circulating monocytes, immature den-
dritic cells and monocyte-derived macrophages show low levels of
radiation-induced cell death, with 0% to 10% of radiation-induced cell
deaths observed 24 hours after 2 Gy delivered ex vivo (12). In patients
receiving total body irradiation (TBI) prior to bone marrow trans-
plantation (6 fractions of 2 Gy in 3 consecutive days), the count of
circulating lymphocytes drastically drops by about 95% at one day out
from 2 fractions of 2 Gy, whereas the count of monocytes declines by
about 50% and the counts of neutrophils and total leukocytes tran-
siently increase, reflecting their radioresistance in vivo (12).

Accordingly, RT-induced lymphopenia is a frequent adverse event
related to radiation, observed across all tumor types, that often lasts
several months after completion of radiotherapy, and that directly
affects survival outcomes (15–19). The severity, kinetics, and duration
of RT-induced lymphopenia have been linked to significantly poorer
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PFS and OS among patients treated with radiotherapy. In a meta-
analysis pooling, 21 cohorts with a total of 5,383 patients treated with
RT and in which the incidence of grade ≥3 radiotherapy-induced
lymphopenia ranged from 14% to 87%, grade ≥3 lymphopenia had a
detrimental effect on pan-cancer OS [pooled adjusted hazard ratio
(aHR), 1.65; 95% confidence interval (CI), 1.43–1.90; ref. 20), with a
risk even more pronounced when RT-treated sites were located in the
brain, thorax, and upper abdomen.

Here, we extract a comprehensive picture of what will be nec-
essary to adjust in next-generation radiotherapy planning to take an
immunologically fitted shape, maximizing both local and systemic
radiation-triggered antitumor effects. We consider different aspects
of radiation’s influence on immune cells, balanced with what is
presumed to be needed for immuno-refractory disease states to be
moved toward immune-responsiveness. Finally, we introduce the
concept of lymphocyte-sparing artificial intelligence (AI)–guided
radio-immunotherapy and we present the design of a multifeatured
ongoing project that aims at leveraging immunologically fitted
radiotherapy to a clinically operational level.

The Physiologic Journey of
Lymphocytes

To fully appreciate the potential of affecting the immune response in
a patient undergoing radiotherapy, one must have in mind the body
map of lymphocytes’ distribution. Beyond the vascular compartment,
several solid tissues are considered "lymphocyte-rich." Depending on
the organ, the level of maturation and the relative proportion of each
subtype of lymphocytesmay substantially vary (Table 2), reflecting the
natural histories of T, natural killer (NK), and B cells from genesis to
death (21–30). These factors are important to weigh, because for the
same dose and same volume, irradiating an organ enriched with T
progenitors will not have the same impact as an organ with mature B
cells, for example.

Hematopoietic stem cells will preferably differentiate to become the
earliest multilymphoid progenitors upon stimulation by interleukin
(IL)-7 (31). From that point, common lymphoid progenitor cells can
continue dividing and eventually differentiate themselves to become
thymocytes (“pre-T” cells), pre-B cells, or pre-NK cells, dedicated

progenitors of the three main types of lymphocytes. Importantly, the
differentiation pathway into which progenitors are guided depends on
the chemokine landscape composition that surrounds them at key
moments of their differentiation journey (Fig. 1). Importantly, within
each subtype of mature lymphocytes, multiple states of activation
(from na€�ve to terminally exhausted) and multiple landscapes of
functions can be discriminated, some of which are linked to effective
antitumor finality and others are rather immune-suppressive and
responsible for “runaway reactions.”

The Physiopathology of Lymphocytes
in Response to Chronic Inflammatory
Stimuli

As the body gets older, mature lymphocytes endure a particular type
of aging that is referred to as “immunosenescence” and is linked to
their cumulative solicitation over their lifetime. Quantitatively, phys-
iologic immunosenescence implies a change in the relative proportions
of lymphocytes in peripheral blood, which is at least partly linked to the
physiologic decrease of IL7 secretion with age and subsequent invo-
lution of the thymus (32). A study performed on 962 healthy blood
donors ages 20 to 95 years showed that the counts of peripheral T cells
and B cells were both significantly decreased in individuals ages over
60 years compared with younger donors (both P < 0.001), whereas the
count of NK cells was significantly increased in the population over 60
(P < 0.001; ref. 33). The decrease in T cells was rather linked to the
CD4þ subset and interestingly, the CD8þ count was found unchanged
upon aging in this study. As another direct consequence of IL7 level
decline, the fraction of myeloid-derived cells and the neutrophil-to-
lymphocyte ratio (NLR) increase with age (34). In patients with cancer,
a large meta-analysis of over 17,000 cases found no correlation
between (chronological) age and efficacy of immune-checkpoint
inhibitors (35).

Qualitatively, aging is linked to a sharp decline in lymphocytes’
function. Immunosenescence hallmarks gather the features of highly
educated lymphocytes and also those of lymphocytes that would have
also completely lost their capacity to proliferate (36, 37). Phenotyp-
ically, this implies (i) both the loss of expression of CD28 and CD27
cell-surface markers in T cells (33, 38, 39) as seen in advanced

Table 2. Relative abundance of lymphocytes within lymphocyte-rich tissues in humans, according to their maturation level.

Repartition of median count within lymphocytes
T-cell subsets

(% among T cells)
B-cell subsets

(% among B cells)
% of
Lymphocytes
among total
leukocytes T cells

Progenitor or
immature CD4þ CD8þ B cells

Progenitor or
immature Memory Plasma NK cells Ref.

Tonsil NS þ � þþþþ þ þþ � þ þþþþþ þ (21)
Thymus þþþþþ þþþþþ þþþþþ þ þ � � � � þ (22, 23)
Lymph node þþþþþ þþþþ � þþþ þþ þ � � � þ (22, 23)
Lung þþ þþþ � þþþ þþ þ � � þþ þþþ (24)
Liver þ þþ � þþ þþþ þ � � � þþþ (25, 26)
Spleen þþþþ þþ � þ þ þþþ � � � þ (22, 27)
Kidney NS þþþ � þþþ þþþ þ � � � þþ (23, 28)
Gut (Peyer) NS þþþ � þþþþ þ þþþ þ þ � þ (23, 29)
Blood þþ þþþþ � þþþ þ þþ � þþþ þþþ þ
Bone marrow þ þþþ þþþ þþ þþ þ þþþþþ � � þ (30)

Note: Green columns indicate the relative abundance of themain subpopulations of T or B lymphocytes among the complete cohorts of T or B cells (black columns).
Abbreviations: Negligible fraction, �; <20%, þ; (20%–40%), þþ; (40%–60%), þþþ; (60%–80%), þþþþ; >80%, þþþþþ; NS, not specified.
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differentiation and (ii) the concomitant increase of KLRG1 expression
and decrease of TCF1, which together reflect the cells’ loss of prolif-
erative capacity (40–44).

InNKcells—which are characterized by either aCD56dimCD16bright

phenotype (mostly circulating NKs), or a CD56brightCD16dim (mostly
tissue-resident NKs)—the CD56bright phenotype is almost never
observed in senescent cells while CD56dim can be observed at all
states, including senescence (45–47). Both T and NK cells can express
high levels of CD57 and KLRG1, markers which are linked, respec-
tively, to a late-differentiated state and an impaired proliferative ability
in response to stimuli (Fig. 2; refs. 46–49).

As a direct consequence of aging, lymphocytes lose their capacity
to release cytokines in response to danger (infection, cancer) as they
reach a senescent state. Aged NK cells show a significantly reduced
ability to secrete lytic molecules required for their target cell
suppression, including perforin and granzyme enzymes (50, 51).
In addition, secretion of IL2—a key pleiotropic cytokine mainly
produced by T cells—shows quantitative decreases of 20% to 90%

with age (52), which directly impairs the capacity of NK and T cells
to induce cytotoxicity in the cells they monitor (47).

In the case of cancer, an intermediate state broadly called “lym-
phocytes exhaustion” has been described and is believed to occur after
several weeks of chronic exposure to tumor-associated antigens (TAA;
ref. 53).With respect to what is known about the lymphocyte’s journey
upon carcinogenesis, exhaustion is presumed to exist between the
“mature and activated” state and the senescent state (Fig. 2). There-
fore, it appears to be an exaggerated and abnormally sustained negative
feedback loop that T and NK cells may develop when chronically
overexposed to TAA stimuli, leading to unavoidable chronic
overinflammation.

Exhaustion seems mostly driven by the TOX pathway that, when
overactivated, leads to a weakening of effector functions of lympho-
cytes and to the parallel upregulation of multiple inhibitory receptors
on their surface, such as PD1, TIM3, LAG3, CTLA4, and
TIGIT (42, 54–56). Schematically speaking, exhausted populations
may evolve toward two possible outcomes: they either cross the

Primary lymphoid organs
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Hematopoietic
stem cell
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stem cell
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Figure 1.

Lymphopoiesis differentiation pathways. Hematopoietic stem cells and progenitors aremostly found in the bonemarrow of adults. Upon stimulation by surrounding
cytokines, cells entering the lymphoid lineage will eventually migrate from primary (light yellow) to secondary lymphoid organs and peripheral circulation (light
purple) while differentiating themselves into moremature phenotypes. Their differentiation fate depends on the cytokine composition of their microenvironment at
every step of their journey. Thymocytes rapidlymigrate from the bonemarrow to the thymus gland, where they undergomaturation in an antigen-free environment,
followed by a drastic positive and negative selection during which T cells that are reactive to self-peptides are removed from the pool. Ultimately, the 2% competent
survivors leave the thymus as differentiated T cells. They predominantly reach the peripheral circulation as one of the two main T subtypes, characterized by the
expression on their cell surface of either CD4 or CD8, respectively, categorizing them as “helper” or “cytotoxic” lymphocytes, historically. Of note, several other types
of T cells exist and are rather considered “innate-like” (as opposed to the adaptive immune capacities of T CD4þ, T CD8þ, and B cells), such as gd T cells, mucosal-
associated invariant T cells or NK T cells (that are different from NK cells), although they each account for less than 2% of circulating lymphocytes. Back to the bone
marrow, common lymphoidprogenitors can also differentiate into pre-B cells or pre-NK cells, respectively, upon IL4 or IL15 predominant exposure. Pre-B cellsmature
in the marrow until they develop a functional B-cell receptor (BCR), then migrate to a secondary lymphoid organ (such as the spleen) to upgrade their maturation
against self-antigens before reaching the periphery (55). Similarly, pre-NK cells develop within the bone marrow, although it remains unclear whether they need to
enter secondary lymphoid organs to achieve full maturation (characterized by the expression of the CD56 on their cell surface). For now, the privileged hypothesis is
that CD56þ NK cells can mature in secondary lymphoid organs but those are not absolutely required to complete their education, which is continuously upgraded
throughout their lifetime. IL, interleukin; SCF, stem cell factor; Tpo, Thrombopoietin
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senescence barrier by progressively and irreversibly losing their capac-
ity for cytotoxic cytokine release and their proliferative ability (42) or
may be driven back to an activated state, for example, when exposed to
an immune-checkpoint inhibitor.

Lymphopoiesis upon Radiation
Exposure

The effects of radiation on lymphocytes depend on the dose received
and the timing of exposure, with differences observed among lym-
phocytes’ subpopulation groups and according to their anatomic
location at the time of exposure. In 2023, H. Paganetti summarized
lymphocyte radiosensitivity studies performed in vitro and in vivo in
humans and in mice, which all consistently indicated that B
lymphocytes are the most radiosensitive subtype, followed by T
and NK cells, with helper T cells (CD4þ) being more radiosensitive
than cytotoxic T cells (CD8þ; ref. 14). Evidence also suggests that
na€�ve lymphocytes are more radiosensitive than educated ones,
whereas CD34þ progenitor circulating counts remain relatively
stable after 2 fractions of 2 Gy in patients undergoing TBI prior
to bone marrow transplantation (57, 58).

For doses received that are greater than 1 Gy, one can expect
severe DNA and protein damage that often leads to cell
death (59–61). For lower doses, it has been observed that exposed
T cells that survive exposure to radiations might reroute their
phenotype toward a more differentiated state and possibly until
reaching a compromised immunosenescent state—resembling an

“acute aging” phenomenon—with a more pronounced effect
observed following low radiation doses in the range of 0.01 –0.1
Gy, as first observed in atomic bomb survivors who experienced
accidental TBI (62–65). This can be explained by the known
tendency of mature lymphocytes to become less active following
chronic exposure to stress, given that the radio-induced generation
of reactive oxygen species, DNA damages, chromosomal aberra-
tions, and telomere shortening all represent important levels of cell
stress (53, 66, 67). The timing of exposure relative to the cell cycle is
also important, as lymphocytes that are exposed to radiation during
their proliferation phase are more sensitive to irreparable DNA
damage than those that are not actively dividing (61).

In the case of patients who are candidates for immuno-radiotherapy
treatment, it is not yet fully understood whether the net effects are
positive or negative. For example, a gene set enrichment analysis
performed on RNA sequencing data of circulating lymphocytes col-
lected before and after RT in patients treated for prostate cancer
revealed an upregulation of CD28 expression and PD1 signal-
ing (68), suggesting that RT can direct lymphocytes toward a state
amenable to efficient anti–PD-1 treatment as the CD28 costimu-
latory signaling is known to be essential for effective anti-PD(L)1
therapy (69, 70). However, this may be countered by the concom-
itant upregulation of the KLRG1 and KLRC1 senescence mar-
kers (68, 71, 72). Surviving lymphocytes exposed to radiation
displayed significantly activated DNA damage response path-
ways (68), the high burden of endogenous DNA damage being a
direct contributor to senescence induction (73).
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Panels of representative surfacemarkers found onT and/orNK cells according to their actionable state. Single arrows indicate that the cell’s progress toward the next
state is believed to be irreversible, whereas the double-headed arrow indicates possible reversion, for example, upon exposure to immune-checkpoint inhibitors.
Treg, regulatory T cell; MDSC, myeloid-derived suppressive cell.
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From the immuno-stimulatory perspective, radiation-driven tumor
lysis also affects lymphocytic fate. In a prospective study on 89 patients
with treatment-na€�veNSCLC, the characterization of circulating T-cell
populations before and after stereotactic ablative RT (SABR) revealed
that despite the significant decrease of lymphocyte counts, surviving
CD4þT cells were rerouted toward amore activated “helper” state and
the proportion of circulating FOXP3þ (“regulatory”) immunosup-
pressive CD4þ (Treg) cells was significantly decreased posttreat-
ment (74). However, the impact of RT on Tregs is controversial, and
it remains unclear whether observations of circulating cells truly reflect
what happens within the tumor microenvironment (75, 76). The
proportion of CD8þ T cells as compared with the whole lymphocyte
pool seems increased after RT both in the tumor and in the periphery
even though their total count is diminished (74, 76, 77), suggesting that
RT generates a condition favoring expansion and effector functions of
surviving T cells.

In addition, RT-driven immunogenic cell death is accompanied by
the increased release of proinflammatory cytokines, such as CXCL10
and CXCL16, which together with the RT-promoted process of
vascular normalization, can enhance the subsequent tumor infiltration
with activated CD8þ cells (78, 79). Thus, newly recruited T cells can
contribute to RT efficacy within the irradiated field via a de novo RT-
driven guidance of cytotoxic lymphocytes (80). RT also enhances the
expression of major histocompatibility complex-I molecules favoring
antigen presentation (81) and therefore possible tumor recognition by
immune cells at distant sites. Such abscopal effects are rare but
documented in metastatic patients treated with focal RT alone who
experience distant response in nonirradiated lesions (4, 82).

Altogether, there is growing evidence that RT can lead lymphocytes
toward a phenotype that can be effectively targeted by PD(L)1
blockade (among other immune-checkpoint inhibition strategies),
whereas it can also have systemic immune activation properties by
its own and also bring about lymphosenescence that implies failure of
proliferating enough to raise a well-dimensioned antitumor response.
One of the main challenges of next-generation radiotherapy will
therefore be to limit the irretrievable crossing of mature lymphocytes
to a terminally senescent state, which most likely could be achieved by
constraining the dose delivered to lymphocytes during RT.

The Optimal Radiotherapy Settings
Beyond the fact that RT is often accompanied by concurrent

cytotoxic chemotherapy that also affects negatively blood cell counts,
several aspects of RT settings have been proven to significantly
influence the risk of developing radio-induced lymphopenia (83),
including the radiation delivery technique, the radiation schedule and
the clinical target volume (CTV) choice that is deemed to encompass
subclinical microscopic malignant disease.

Briefly and implicitly, the less irradiated are the target-
surrounding healthy tissues, the less significant the RT-related side
effects, including decreases in lymphocyte counts. Accordingly,
proton therapy has been shown to reduce the risk of RT-induced
toxicity, including lymphopenia, as compared with modulated
photon treatment (IMRT, VMAT) in several indications, including
esophageal, brain, and NSCLC (84–88). Using protons, one can
expect a 30% to 71% reduction of the risk of developing grade 4
lymphopenia, which could be explained by smaller irradiated
volumes and by their radiobiological properties (89). Importantly,
however, proton therapy has been shown to cause lymphocyte cell
death by necrosis more intensely than do X-ray photons (89). Even
though chromosomal aberrations in lymphocytes of patients treated

with oral brachytherapy have been described in the 1980s (90), few
studies have reported the lymphotoxicity potential of brachyther-
apy, which could be considered lymphocyte sparing due to its
localized action using radiation sources with short path lengths.

In addition, novel unconventional approaches such as spatially
fractionated radiotherapy including GRID, LATTICE, PATHY, and
minibeam/microbeam technics could also theoretically maintain
tumor control effectiveness while increasing normal tissue-dose tol-
erance (91). Those technics use grids or tiny collimated beams to create
a heterogenous pattern of hot spots and cold spots within the tumor
target, with the aimof being able to safely deliver higher radiation doses
per fraction. The impact on the incidence of lymphopenia remains to
be explored but spatially fractionated radiotherapy is presumed to
combine favorably with immune-checkpoint inhibitors (92), suggest-
ing enhanced immune fitness compared with homogenous beam
distribution. One hypothesis—mainly built on nonclinical experi-
ments—is that the heterogeneous peak and valley dose deposition
may induce higher levels of tumor immunologic cell death that can
propagate to underirradiated tumor cells in the vicinity through by-
stander effects while relatively sparing the regionally circulating
immune effector cells (93, 94). The massive release of TAA in peak
valleys is presumed to foster tumor infiltration by lymphocytes,
assuming the maintenance of their actionability at this stage of the
disease, which may be the source of considerable interpatient dispa-
rities in terms of immune response.

A greater number of RT fractions has also been linked to a
significantly increased risk of lymphopenia, implying that stereo-
tactic body radiotherapy (SBRT), and more broadly hypofractio-
nated regimens, appear less lymphotoxic than conventional frac-
tionated RT in several tumor types, with and without concomitant
chemotherapy (95–100). The biological explanation underlying this
observation remains unclear; valid hypotheses include that fewer
fractions may lead to diminished exposure of blood and lymph
circulating lymphocytes and also that hypofractionation involves
radiation target volumes that are typically much smaller than with
conventional fractionation. In line with this, stereotactic ablation of
one or several tumors in the metastatic setting combined with
immunotherapy has shown promising efficacy results, for example,
in NSCLC and melanoma (101), suggesting that a reduced lym-
photoxic effect may contribute to the post-RT induction of an
effective antitumor immunosurveillance. The optimal timing and
the tumor lesion(s) target selection remain to be defined (102).
Pushing hypofractionation to its limit, the upcoming clinical eval-
uation of ultra-high dose rate FLASH radiotherapy that should
allow delivering several Gy in less than a tenth of a second may limit
the volume of circulating blood entering the radiation field (103).

Currently, lymphocyte-rich tissues are not all considered organs at
risk (OAR) for routine RT planning, which suggests that volume
delineation, radiation beam trajectory, and dose-distribution improve-
ments can be achieved toward a more lymphocyte-sparing delivery of
radiation. This would involve a drastically complex change in the way
RT is routinely prescribed, mostly because by nature, lymphocytes can
be found almost everywhere within the body, making complete
avoidance of lymphocytes impossible for external radiation beams.
However, there are areas enriched in lymphocytes that would consti-
tute relevant “immune organs at risk” (iOAR), mostly in primary and
secondary lymphoid organs, that is, tissues in which lymphocytes are
developed, matured (primary), and then activated and possibly soli-
cited (secondary; ref. 104). For instance, as compared with the blood
where the lymphocyte normal concentration range is 1 to 4G/L, lymph
nodes contain approximately 190 G/L of lymphocytes, and organs
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such as the bone marrow, thymus, kidney, and gut are estimated to
contain 50 to 70 G/L of lymphocytes, each (105).

In locally advanced HNSCC, patients usually receive 70 Gy over
6.5 weeks, which leads to severe (grade ≥3 according to CTCAE V5)
lymphopenia in 73% to 88% of cases according to studies (106).
Elective lymph node irradiation (ENI) is a mainstay in locally
advanced HNSCC, which in practice translates into larger radiation
volumes that encompass lymph nodes where lymphocytes are
100 times more concentrated than in the peripheral blood circula-
tion (105). Studies showed that inmice and in humans, ENI ablates the
systemic immune response to combined radiation and immunother-
apy by reducing tumor-antigen–specific T-cell priming, expansion,
and capacity to infiltrate the tumor (107, 108). Importantly, inDarragh
and colleagues, they failed to reduce the risk of regional recurrence
when irradiating only the primary tumor, whereas none of the mice
treated with ENI developed regional metastases, similar to what is
observed in HNSCC patients (109). Altogether, their data support
delayed surgical resection of sentinel lymph node 3 to 6 weeks after
completing neoadjuvant immunotherapy andRT to allowpriming and
expansion of tumor-antigen–specific T cells in lymph nodes prior to
their removal. According to their data, delayed neck resection was a
better option than (i) “sterilizing”ENI, (ii) upfront surgery followed by
immunotherapy, or (iii) immediate surgery after immunotherapy. Of
course, this observation would warrant clinical validation with ran-
domized trials in the settings for which there is a rationale to combine
RT and immunotherapy. This would need to be balanced with the
potential risk of delaying an effective and needed treatment.

In contrast with HNSCC, in locally advanced NSCLC, deescalating
efforts have been made to optimize subclinical dose reduction, such as
with 18F-FDG PET/CT-driven omission of ENI. The PET-Plan study
demonstrated that in patients with inoperable stage II–III NSCLC
receiving chemoradiation, the risk of locoregional progression in
patients who had an 18F-FDG PET–based RT planning was noninfer-
ior to—and almost statistically lower than, with a hazard ratio of 0.57
(95% CI, 0.30–1.06)—patients who had systematic ENI (110, 111). In
this situation, involved-field irradiation has become the standard of
care inNSCLCwith a low risk of isolated nodal relapse and presumably
a minimized impact on immunity.

Altogether, several variables that may influence the risk of radio-
induced lymphotoxicity to a certain extent are presumably adjustable.
One can add to those the considerable room that exists for reducing
uncertainties in gross tumor volume (GTV) detection, for example, by
exploiting AI to drastically reduce uncertainties in areas in which the
human eye is incapable of highly precise tumor-healthy tissue per-
ception (112). Emerging fields such as digital pathology (113) can be
effectively used to drastically reduce margins, extracting valuable
hidden information from CT-scans, MRI, or PET as if the tumor–
healthy tissue boundary was observed under the microscope, which
should significantly improve tumor control while reducing radiation-
induced side effects (114).

The Timing in Favor of Sequential
Delivery and Early-Stage Disease

The placebo-controlled PACIFIC trial demonstrated that durvalu-
mab (anti—PD-L1), when received as consolidation therapy after
platinum-based chemoradiation, significantly improved PFS from
5.6 months to 16.9 months (HR 0.52; 95% CI, 0.42–0.65; P < 0.001)
and OS from 29.1 months to 47.5 months (HR, 0.72; 95% CI, 0.59–
0.89) in patients with locally advanced unresectable NSCLC (6, 7),
irrespectively of the baseline PD-L1 tumor expression. Importantly in

this trial, randomization (and durvalumab start) was possible 1 to
42 days after chemoradiation therapy completion, meaning that
durvalumab has been initiated sequentially at least a couple of days
after the last irradiation session. Inclusion criteria for the PACIFIC
trial required patients to have displayed normal absolute counts of
neutrophil, platelet, and red blood cells (inclusion criteria N�10),
suggesting that patients experiencing radio(chemo)-induced hemato-
logic toxicities at the time of screening were excluded, although
lymphopenia was not specifically screened. In contrast, in HNSCC
studies, the immune-checkpoint blocker was administered concom-
itantly and adjuvantly to radio/chemoradiotherapy.

In lung cancer, radio-immunotherapy combinations also triggered
significantly better clinical outcomes in the early-stage setting, when
compared with immunotherapy alone (115) and when compared with
radiotherapy alone (116). Interestingly, Monjazeb and colleagues
showed that in the early-stage lung disease treated with SBRT plus
atezolizumab, the functional effector capacity of T cells declines
following exposure to immunotherapy in patients who rapidly prog-
ress whereas it is boosted in patients who do not progress, indepen-
dently from PD-L1 tumor expression (117). This is in line with the
notion that terminally lymphosenescent immune systems fail to be
reinvigorated after immune-checkpoint blockade with or without
combined RT, which alter clinical outcomes in this population.
Altogether, these data suggest that the less the disease is immunolog-
ically advanced (low fraction of terminally senescent effectors), the
more are the chances of an effective response to radio-immunotherapy
combinations, even in early tumor stages. Results from trials evalu-
ating neoadjuvant, definitive, or adjuvant immunotherapy plus radio
(chemo)therapy in early-stage HNSCC are awaited.

The Blood Values at the Time of
Immunotherapy Initiation

According to the RTOG-9410 study results, the expected rates of
acute grade 3 or worse granulocytopenia, leukopenia, and thrombo-
cytopenia related to chemoradiation in locally advanced NSCLC are,
respectively, around 82%, 84%, and 9% of patients (118). Therefore, it
appears plausible that by choosing to use the highly common selection
criterion of “adequate organ and marrow function . . .” in NSCLC
patients who just completed chemoradiation, the PACIFIC trial
investigators might have selected a population of patients more
capable of blood cell regeneration. In other words, one could presume
that bone marrows capable of rapidly compensating chemoradiation-
induced blood cell loss—that is, patients with normal hematologic
values immediately after 6 to 7 weeks of chemoradiation—might also
be more likely to positively reengage a rapid and effective immune
antitumor targeting upon anti-PD(L)1 blockade. In addition, patients
who had progressed while undergoing chemoradiation therapy were
excluded from the PACIFIC study (exclusion criterion N�7), which
may have influenced immunotherapy outcomes compared with
HNSCC settings in which this selection could not have been made.

In the PACIFIC study results published by Antonia and colleagues,
the screening failure rate is not indicated, only is the fact that the
protocol has been amended to enlarge the period of recruitment to 1 to
42 days after chemoradiation completion, instead of 1 to 14 days as
planned (7). In the observational PACIFIC-R study, which follows
NSCLC patients who received durvalumab consolidation therapy after
chemoradiation, the median time to start of durvalumab from the end
of RT was 56.0 days, with 30.1% of patients having started within
42 days (119). Median PFS was 21.7 months (95% CI, 19.1–24.5) and
2-year OS rate reached 71.2% (95% CI, 68.8–73.6) of patients, which

Immunologically Fitted Radiotherapy: A Review

AACRJournals.org Clin Cancer Res; 30(11) June 1, 2024 2323



align with another real-world study (120) and are even higher than
outcomes observed in the intervention group in PACIFIC. Notably in
the PACIFIC-R trial, 31.6%of patients were>70 years old at the time of
inclusion and median PFS was similar among patients aged less than
70 years and those aged between 70 and 75 (22.8 and 22.4 months,
respectively); however, it was shorter in patients over 75 (19.2months).

Interestingly, the ongoing PACIFIC-2 trial (NCT03519971) is a
randomized, double-blinded, and placebo-controlled study that is
currently evaluating the concurrent administration of durvalumab
and platinum-based chemoradiation in patients with locally advanced
unresectable NSCLC. This trial will provide precious insight into the
link between the onset of hematologic toxicity at the time of immu-
notherapy and effectiveness of immunotherapy in this context.

This notwithstanding, to our knowledge there is no available robust
demonstration that would show that patients who are either rapidly
recovering from severe chemoradiation-related hematologic toxicities
or not experiencing them at all would represent a population of
patients more prone to respond to immune-checkpoint blockers than
the others; although, multiple studies reported that patients with low
lymphocyte counts at baseline of an immune-checkpoint inhibition
therapy had significantly shortened PFS and OS, including in
NSCLC (121–123). Other baseline blood cell counts such as high
neutrophils and high monocyte CD14low seem to be negatively cor-
related with OS in patients treated with immune-checkpoint
blockers (124).

Chen and colleagues also observed that among patients undergoing
combined immuno-radiotherapy, patients with a lymphocyte count
above the median post-RT had a significantly higher risk of experienc-
ing out-of-the-field tumor regression compared with patients with
post-RT lymphocyte count below the median (abscopal response rates
34.2% vs. 3.9%, respectively; P < 0.0001; ref. 125). Post-RT lymphocyte
count was also correlated with PFS and OS, suggesting that in this
cohort of 162 patients affected with various tumor types at the
metastatic stage including NSCLC, small cell lung cancer, HNSCC,
and renal cell carcinoma, the way the immune system handled
radiation had a significant impact on prognosis, similarly to what has
been observed in response to immune-checkpoint blockers (117). In
this situation, blood monitoring of the dynamic changes between
before and after the onset of treatment seems highly relevant to
anticipate any risk of treatment failure.

Optimizing Radiation Target Volumes:
The iOAR Component

As stated above, lymphocytes can be found everywhere within the
body, which technically makes complete lymphocyte-sparing an
impossible challenge for RT planning with contemporary machines
and external beams. However, every effort should be made to spare
lymphocyte-rich tissues (including lymph nodes, large blood vessels,
heart, spleen, bones containing red bone marrow, and thymus, espe-
cially in children) as much as possible as a new standard approach.
Those structures, also called lymphocyte-relatedOAR(LOAR; ref. 126)
or immune organs at risk (iOAR), mostly include conventional OAR
that are already being considered at the treatment planning stage such
as the heart, lung, aorta, and spinal cord (Fig. 3) but would add an
additional level of constraints to weight their lymphocyte enrichment
beyond the risk of alteration of tissue-specific cells.

Models have been developed to estimate the dose received by the
pool of circulating blood cells while considering the blood flow [such as
ED(R)IC models, effective dose (of radiation) to immune cells] with a
high prognostic value for decreased OS and PFS (127–129). However,

those models do not take into account the relative abundance of T and
NK cells in each of the main lymphoid structures. They also under-
estimate the out-of-the-field dose despite the known effect of low doses
on lymphocyte count and function. Indeed, the current treatment
planning systems (TPS) used in clinical routine underestimate radi-
ation doses delivered “far” from the target volumes and do not allow
dosimetric evaluations of the doses outside the field of view of the
planning CT. To fill this gap, analytical and Monte–Carlo models are
currently being developed to accurately estimate out-of-the-field
radiation doses delivered during treatment (130–133).

To date, the impact of EDIC computation on survival has only been
assessed retrospectively in noninterventional studies and no random-
ized clinical trial has ever robustly evaluated the effects of adapting RT
treatment plans to avoid lymphocyte-rich structures. Tomake it easily
translatable to clinical routine, next-generation TPSs should be
updated to include the possibility of considering iOAR for delineation,
with predefined dose constraints (15).

The Myeloid–Lymphoid Balance in
Response to Radiation

Immune systems being exposed to significant amounts of radiation
can evolve toward a senescent condition that is characterized by a
diminished IL7 production while stem cell factor (SCF). Thrombo-
poietin (TPO) levels are, however, maintained, and thus, the myeloid
compartment became overrepresented at the expense of lymphoid
cells (Fig. 4). This is compounded by the fact that myeloid cells are
more radioresistant than lymphocytes, contributing to the increase of
the NLR post-RT. Importantly, the NLR has been proposed as a
biomarker of systemic inflammation, with a high NLR indicating an
inflammatory reactionary phenotype with a negative impact on sur-
vival prognosis in patients with cancer (134–137).

More specifically, exposure to irradiation has been linked to the
expansion ofmyeloid-derived suppressor cells (MDSC; refs. 138–140),
which are a heterogeneous population of immature myeloid cells that
have the ability to suppress tumor-directed immunity, including by
inhibiting cytotoxic lymphoid activities. Their abundance has been
linked to severe lymphopenia and to poor clinical outcomes inmultiple
tumor types (139, 141).

MDSCs are recruited to the tumor site by immunosuppressive
chemoattractants produced by tumor cells themselves, but also by
stromal cells and some subpopulations of lymphocytes that have
reached an advanced activation state. In return, MDSCs have been
shown to inhibit the function of cytotoxic lymphocytes and even
inducing their apoptosis through the secretion of various factors such
as IDO, arginase, nitric oxide, reactive oxygen species, and TGFb,
which induce T- and NK-cell anergy and drive the differentiation of
CD4þ T cells to immunosuppressive Tregs (142–146).

MDSCs have also been shown to promote T-cell exhaustion (145),
feeding a detrimental loop toward global immune inactivation within
the tumor microenvironment. However, whether MDSC recruitment
within the tumor is a cause or a consequence of tumor-infiltrating
lymphocyte exhaustion upon exposure to radiation remains unclear.
A relationship has been found between chemoradiation-induced
lymphopenia and increased tumor infiltration of both G-MDSCs
and M-MDSCs in patients treated for glioblastoma (139). In
preclinical experiments performed in glioblastoma-bearing mice
treated with RT, Ghosh and colleagues showed that tumor irradi-
ation led to an aberrant myelopoiesis in the bone marrow and in the
spleen and that pharmacologic inhibition of MDSCs using an
arginase-1 inhibitor (CB1158) or a phosphodiesterase-5 inhibitor
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(tadalafil) concomitantly to RT abrogated radiation-induced lym-
phopenia and improved survival (139). Altogether, these data
suggest that inhibiting MDSC could directly mitigate radio-
induced lymphopenia and restore a myeloid-lymphoid balance in
favor of an effective recovery of immunosurveillance.

A “m�enage �a trois” Requiring
Pharmacologic Support to Reach
Immunologic Fitness

Roughly speaking, what the medical community would ultimate-
ly target is a radiotherapy approach that is capable of (i) accurately
identifying the GTV and associated CTV with an emphasis placed
on the characterization of lymph node invasion and tumor cell
transit through lymphatic channels to cover the whole tumor
volume without undue effects on healthy tissues, while (ii) estab-
lishing an effective posttreatment tumor-directed immunosurveil-
lance, and (iii) without favoring the myeloid compartment over

lymphocytes, which are guarantors of the immunosurveillance.
Therefore, the next generation of treatment planning must deal
with a complex interplay between tumor cells, lymphocytes, and
myeloid populations, a “m�enage �a trois” with multidimensional
specific constraints requiring opposite actions (full dose or zero
dose) and may, in some cases, be impossible to reach with the sole
improvement of personalized dosimetry.

One part of such a treatment approach will be to attain a favorable
myeloid-lymphoid balance that may be hit pharmacologically, via two
main possible routes: either by promoting the proliferation, activation,
and maintenance of cytotoxic lymphocytes, or by suppressing the
deleterious influence of myeloid cells.

The first option would require taking advantage of clinically rele-
vant derivatives of natural interleukins implicated in the progress of
lymphopoiesis. As of mid-2023, IL2, IL4, IL7, IL9, IL15, and IL21—
each with its specificities (Fig. 1)—have been shown to positively
regulate the lymphocytic compartment toward amore tumor-directed
cytotoxic state. Depending on the interleukin used, a multiple range of
outcomes can be expected including numerical expansion of the CD4þ
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Schematic representation of organs at risk (red) currently considered for establishing the treatment plan for conventional radiotherapy planning in mirror with the
schematic distribution of lymphocyteswithin the body (yellow). The intensity of the red color correlateswith the value of the volume-dose constraints established by
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helper and/or CD8þ T cells and/or NK subpopulations, enhancement
of their cytotoxic effector and/or their memory functions, and exten-
sion of their life expectancy (147–149).

Beyond aldesleukin—a recombinant IL2 approved in the early
1990s for the treatment of melanoma and kidney cancer with a
narrow therapeutic window that restricts its use in practice now-
adays—several agonists and superagonists of antitumor interleu-
kins are currently under clinical development. The most advanced,
N-803 (nogapendekin alfa inbakicept, aka NAI), is an IL15 super-
agonist consisting of an IL15 mutant linked to an IL15 receptor
a/IgG1 Fc fusion protein. In 2022, N-803 received “Breakthrough
Therapy” and “Fast Track” designations by the FDA for the
treatment of BCG-unresponsive nonmuscle-invasive bladder can-
cer (150). Other promising compounds include SOT101 (nanrilk-
efusp alfa), another IL15 agonist that showed efficacy signals in
combination with pembrolizumab in advanced solid tumors (151),
and also THOR-707, ALKS 4230 (nemvaleukin alfa) and NKTR-
214 (bempegaldesleukin, aka bempeg), all being IL2-derived drugs
that have passed early-phase development, while over a dozen of
other IL2-based proteins are currently being evaluated in phase I
studies (152). Products targeting IL7 receptors also exist but have
shown disappointing results so far in the treatment of cancer and
are rather studied for the management of other inflammatory
conditions, such as septic shock (153, 154).

As of mid-2023, none of these antitumor interleukins have been
evaluated in combination with RT, despite a strong rationale and
preclinical data in favor of positive impacts on outcomes when
overcoming the radio-induced lymphopenia with IL15 agon-

ism (155). The rapid development of this new pharmacologic class
will help in better understanding the compatibility of toxicity
profiles in the near future.

Another valuable approach for restoring immunologic fitness
after RT would be to rather rely on the suppression of MDSC’s
deleterious effects. Multiple ways of targeting MDSCs have
been described to date, including in the context of patients treated
with radiotherapy (139, 156, 157). Briefly, either (i) MDSC can
be functionally inactivated by inhibitors targeting phosphodiester-
ase-5 (PDE-5, such as tadalafil), arginine-1 (ARG-1), class 1 histone
deacetylase (HDAC, mostly entinostat), IDO or CSF1R (139,
158–160), or (ii) their recruitment to tumor sites can be obstructed
using chemotaxis blockers (e.g., targeting CCR2, CCR5, CXCL2, or
CXCR2; refs. 156, 161), or (iii) they can be forced to differentiate
and mature into an unharmful state using low doses of taxanes
(docetaxel, paclitaxel; refs. 162, 163) or all transretinoic acid
(ATRA; ref. 164), which is approved for the treatment of acute
promyelocytic leukemia.

Several clinical studies have shown that targeting MDSCs in
patients with cancer effectively leads to a decrease of the intratumor
population of myeloid-suppressive cells, proportionally reflected by
a decrease of MDSC and CD4þ regulatory T cells in peripheral
blood (PBMC) and the concomitant increase of the CD8þ T cells
population (139, 158, 165–168). More well-powered randomized
studies evaluating standard of care with and without MDSC inhi-
bition are warranted to establish the potential of this strategy both
on preventing and reversing treatment-induced lymphopenia and
on improving survival.
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The advantage of this second option (combining RT with MDSC
suppression) is that several compounds with MDSC inhibition
potential are already available in the clinic, most of which
are well tolerated, making them reliable candidates for combination
trials. Among the compounds that have shown MDSC suppression
activity and that are currently approved for their anticancer
action are sunitinib (159), docetaxel (162), paclitaxel (163), and
ATRA (164, 169). In addition, several drugs currently approved for
nononcology indications have a significant suppressive effect on
MDSC, including the PDE5 inhibitors tadalafil (139, 158, 165) and
sildenafil (170) and the antiviral maraviroc (171).

Combining Next-Generation Volume
Delineation and Dosimetry with
Controlled Lymphocytemia

The last two decades have witnessed phenomenal progress in
multiple fields related to the radiation oncology practice, including
the introduction of new imaging sequences providing an enhanced
definition of target volumes combined with improved spatial resolu-
tion and contrast, beam delivery precision, radio-immuno-biology
knowledge, and above all, with the acknowledgment that AI-guided
tools can be valuable assets to support physicians’ decisions for tasks
that require a lot of time, resource, and energy.

As of now, none of these capabilities has been fully exploited. To
our knowledge, the only ongoing project that aims at evaluating
lymphocyte-sparing RT is conducted by the lymphocyte-sparing
artificial intelligence-guided radio-immunotherapy (LySAIRI)
research program (172), which is a 5-year effort that gathers
internationally recognized cancer centers, research organizations,
and a company that develops a TPS and AI-powered web-based
solutions for the automatic contouring of anatomic regions from
planning images of patients with cancer. The project is primarily
focused on head and neck tumors (pharynx and larynx)—that is, a
population of patients who are severely affected by high-grade
treatment-induced lymphopenia and for whom improvement of
post(chemo)radiation immunosurveillance may be key for achiev-
ing long-term response—with the ambition to pave the way for
broader indications.

The LySAIRI project includes four main modules of optimization.
The first is a virtual biopsy module that uses digital pathology to
automatically detect the GTV from routine imaging with an accuracy
that surpasses the human eye’s competence. State-of-the-art linear
accelerators that are now accessible almost at every RT center world-
wide offer the ability to target tissue in a highly precise fashion and are
endowedwith embedded imaging capabilities that can allow treatment
adaptation on the fly. The virtual biopsymodule will thereby enable an
accurate identification of the tumor contours and eventually lymphatic
spread to fully individualize CTV definition.

The second module consists of developing operational dosimetry
models for the computation of risks related to the radiation dose
received by the immune compartment and more precisely, by
lymphocytes. This module will enable both an AI-driven assessment
of the out-of-field dose, using as input data the in-field dose
estimated by the clinical TPS, and a calculation tool based on
Markov chains to characterize the doses received by peripheral
blood lymphocytes. The combination of the two systems will
provide extensive new insights into the doses received by lympho-
cytes throughout the patient’s body and will help to define new dose
constraints for iOARs.

Treatment planning is time consuming, tedious, expertise-
dependent, and imprecise due to the inability of existing solutions
to encompass/account for (i) tumor characteristics, (ii) precise
delineation and modeling of target volume, and (iii) fine-grained
full-scale simulation and dose optimization. Consequently, existing
treatment planning for more than 60% patients with cancer still
relies on a two-decade-old principle that considers treatment as a
“one tumor one dose distribution” objective, hampering efficiency
while at the same time causing lifelong side effects and sequelae.
This is due to two main limiting factors: the lack of straightforward
clinical evidence for microscopic-level tumor irradiation and the
lack of computationally efficient models that can handle treatment
planning at high resolution. This aspect is addressed by the third
module of optimization of the LySAIRI project, which focuses on
developing turnkey solutions for a next-generation TPS that is
accessible to all, which could homogenize practices across cancer
centers and could offer a fully personalized treatment planning for
each patient.

The fourth and last module of therapeutic optimization comprises a
well-powered clinical evaluation with the ultimate goal to show that
lymphocyte-sparing radiotherapy improves clinical outcomes and can
have positivemedico-economic impacts fromperspectives of the social
security system, the hospital and society more generally, both in
terms of cost-effectiveness (survival) and of cost-utility (quality of
life). This module will be used to assess the clinical efficacy of
enhanced volume delineation and dosimetry with or without com-
bined pharmacologic support aimed at reinforcing the cytotoxic
lymphocyte population. The clinical proof-of-concept is expected
by 2027 and will be performed in patients with stage II–IV
squamous cell carcinoma of the oropharynx, larynx or hypophar-
ynx, up to, but not crossing the midline.

Conclusion
Multiple reports have exposed radiotherapy as an undeniable and

critical regulator of immune homeostasis, playing a paradoxical role
fostering antitumor immunogenicity on the one hand and constrain-
ing the cytotoxic capacities of innate and adaptive immune systems on
the other. Those aspects are all the more complex to evaluate when
concomitant chemotherapy is given together with RT—cytotoxic
chemotherapy also being highly hematotoxic—which is often the
case in clinical practice. Although the blood toxicity of chemother-
apy seems inevitable with most of the standard therapeutic arsenal,
we estimate that there remains considerable scope for improvement
on the immune effects of radiation. Here, we summarized the
current knowledge supporting the evolution of radiotherapy prac-
tice toward a more immunologically fitted approach, which may
improve the outcomes of radio-immunotherapy combinations.
Several other research avenues including antigen-directed therapies
such as antitumor vaccines (173) or CAR-T cells (174) and con-
sideration of cancer-associated fibroblasts (175) and the tumor–
nerve axis (176) may also influence the way RT will be envisaged in
the years to come and will undoubtedly benefit from immunolog-
ically fitted radiotherapy.

Controlling the effects of radiation treatments on the immune
system is an urgent medical need that should lead to significantly
improved outcomes in patients for whom effective immunosurveil-
lance can be maintained posttreatment. Fortunately, the technology
has evolved in conjunction with this knowledge and now allows the
community to actively develop and evaluate next-generation strat-
egies that take into account the immune fitness of every medical
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intervention involving radiotherapy. Large-scale initiatives such as
the LySAIRI project are paving the way for smooth integration into
the clinical routine of lymphocyte-sparing radiotherapy, while
taking full advantage of radio-immunotherapy combinations.
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