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ARTICLE INFO ABSTRACT

Keywords Introduction: The immune response has been recognized as a major tumor-eradication component of radiother-
Lymphopenia apy.

Immunotherapy Objective: This review studies, under a clinical perspective, two contrasting effects of radiotherapy, namely im-
Radiotherapy munosuppression and radiovaccination.

Elf;:_;ionaﬁon Materials and methods: We critically reviewed the available clinical and experimental experience on radiother-

apy-induced lymphopenia.

Results: Radiation-induced tumor damage promotes radio-vaccination, enhances cytotoxic immune responses, and
potentiates immunotherapy. Nevertheless, radiotherapy induces systemic and intratumoral lymphopenia. The
above effects are directly related to radiotherapy fractionation and field size/location, and tumor characteristics.
Discussion: Hypofractionated stereotactic and accelerated irradiation better promotes radio-vaccination and pro-
duces less severe lymphopenia. Adopting cytoprotective policies and combining lympho-stimulatory agents or
agents blocking regulatory lymphocyte activity are awaited to unmask the radio-vaccination effect, enhancing
the efficacy immuno-radiotherapy.

Conclusion: Radiation-induced lymphopenia and immunosuppression are important issues that should be consid-
ered in the design of immuno-radiotherapy clinical trials.

1. Introduction

Experimental mice's natural resistance to receive syngeneic tumor
transplants is well documented since the beginning of the 20th cen-
tury (Bashford et al., 1907). This phenomenon was directly related
to the number of injected tumor cells and host characteristics. Age, site
of transplantation, or previous exposure to tumor cells defined the ro-
bustness of this 'natural resistance.' It took more than half a century
for researchers to recognize lymphoblast-like cells that could attack and
destroy cancer cells in vitro (Berczi et al., 1973). White blood cells
were revealed as the tissue responsible for tumor rejection (Schirrma-
cher et al., 1981). Specific phenotypes of cells of lymphocytic and
monocytic origin co-operate in a network of interactions of extreme
complexity to define cancer tolerance or rejection. Both the innate and
adaptive immune pathways are involved in tumor rejection. The innate
immune response is mediated by non-specific, antigen-independent, at-
tack by Natural Killer NK-cells (CD56 + lymphocytes) and macrophages
(Martinet and Smyth, 2015). The adaptive immune response is medi-
ated by activated T-cells (mainly CD8 +, but also CD4 lymphocytes) that

recognize foreign antigens on cancer cell membranes. The immune sys-
tem also develops a specific subtype of T-cells, the so-called regula-
tory T-cells (Tregs) expressing mainly CD4, FOXP3 and CD25 antigens
(Chen, 2011), that suppress the activity of cytotoxic T-cells.

Although an intact and properly functioning lymphocytic immune
system is important for immune surveillance, cancer cells may evade
cytotoxic cells by undergoing phenotypic changes, the so-called immu-
noediting (O’Donnell et al., 2019). Loss of recognition molecules
by cancer cells, like loss of HLA-class-I molecules (Kaklamanis et
al., 1995), or overexpression of immune checkpoint inhibitory mole-
cules, like PD-L1 and CD80, are important pathways exploited by can-
cer cells to escape immune surveillance (Dyck and Mills, 2017). This
later type of molecule has become the main target for modern im-
munotherapy with immune checkpoint inhibitors (ICIs). Nevertheless,
the amount of cancer-targeting lymphocytes that reach the tumor re-
mains an important parameter defining the immunotherapy efficacy.
Saturation of the immune system by large cancer cell loads and rapid
growth of tumors is one of the principal causes of immunotherapy fail-
ure (Costello et al., 1999). Such saturation occurs more readily in lym-
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phopenic patients. Lymphopenia is an important condition that should
be recognized and corrected to assist tumor rejection of patients under-
going radiotherapy, chemotherapy, and immunotherapy.

2. Objectives

Here we review clinical and experimental studies that have focused
on radiotherapy-related parameters producing two contrasting radio-
therapy effects, namely lymphopenia and radio-vaccination. Moreover,
we summarize different approaches that could be developed clinically to
minimize radiation-induced lymphopenia and reverse immunosuppres-
sion and regulatory immune cell responses. Overall, the background of
radiation interactions with tumor microenvironment and host immunity
is critically reviewed to provide a basis to take into account for the de-
sign of clinical immuno-radiotherapy trials.

3. Materials and methods

The literature search was performed in the EMBASE and MED-
LINE databases using the text-words "radiotherapy", "hypofractionation",
"SBRT", "proton", "chemotherapy", "immune response’, "immunother-

nn " "

apy", "cytoprotection”,"tumor microenvironment", "lymphopenia", and
"lymphocytes".

4. Results
4.1. Pre-treatment lymphopenia

In the early 60's Stansly PG published an article focusing on the
immunological tolerance of host during cancer development (Stansly,
1963). Several reports in the 70's brought forward the eventual role
of tumor-induced immunosuppression in cancer patients and the neces-
sity to identify the causes and restore immunocompetency (Simmler
and Bruley-Rosset, 1976; Kerbel, 1974). Although tumor-induced
immunosuppression is founded on the impaired balance between regu-
latory lymphocytes or abnormal/immature myeloid cells and cytotoxic
cells (discussed later in this review), lymphopenia is also a component
of the phenomenon. In 1972, Brooks et al. reported that a heat-stable
factor in the sera of half of the patients with intracranial tumors blocks
the blastogenic effect of phytohemagglutinin (Brooks et al., 1972). Of
interest, when lymphocytes were washed and placed in normal plasma,
their responsiveness was restored. Bambury et al. analyzed a series of
137 glioblastoma patients showing that lower pre-corticosteroid lym-
phocyte counts, as assessed by the neutrophil to lymphocyte ratio, were
linked with poor prognosis (Bambury et al., 2013). Pediatric medul-
loblastoma patients have significantly lower lymphocyte counts com-
pared to controls (Patel et al., 2018). In an interesting study by Joseph
et al., pre-treatment lymphopenia in patients with muscle-invasive blad-
der cancer treated with radical chemo-radiotherapy or patients with ad-
vanced disease treated with palliative chemotherapy was an indepen-
dent factor or poor prognosis in both situations (Joseph et al., 2016).
An analysis of 260 patients with colorectal cancer showed that 19 %
of patients suffer from pre-treatment lymphopenia. This feature was di-
rectly linked with treatment-related hematological toxicity and shorter
progression-free interval (Cézé et al., 2011). Holub et al. reported on
a series of 155 patients with endometrial cancer treated with postop-
erative radiotherapy, where lymphopenia was associated with an un-
favorable prognosis (Holub et al., 2020). In an analysis of 153 pa-
tients with treatment-naive head-neck cancer undergoing chemo-radio-
therapy, pre-treatment high neutrophil/lymphocyte ratio was an inde-
pendent factor of poor progression-free survival (Moon et al., 2016).

Further to the tumor-induced lymphopenia, cancer patients may also
be lymphopenic due to the immunosuppressive medication received
for other benign diseases and conditions. For example, patients with
inflammatory bowel disease or rheumatic diseases are linked with a
high incidence of cancer and are often under chronic medication with
immunosuppressive agents. Anti-TNF-a administration induces apopto-
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sis of lymphocytes (Vigna-Pérez et al., 2005). Cyclophosphamide and
azathioprine used in connective tissue diseases also induce lymphopenia
(Hurd and Giuliano, 1975; Vogelin et al., 2016).

4.2. Treatment-induced lymphopenia

Radiotherapy and chemotherapy are the leading causes of lymphope-
nia in cancer patients. Induction of lymphopenia in patients receiv-
ing cranial radiotherapy or radiotherapy for head-neck cancer has been
recognized since the '70 s (Harisiadis et al., 1977; Tarpley et al.,
1975). Since then, many studies have focused on this ominous side
effect of radiotherapy [reviewed in 25]. Lymphocytes are quite sensi-
tive to radiation as, despite the variation existing between individu-
als, a fraction of 2 Gy kills 50 % of the irradiated population (Poulil-
iou et al., 2015). Radiotherapy-induced lymphopenia is a direct con-
sequence of the irradiation of the blood passing through the irradi-
ated body area during radiotherapy. Indeed, extracorporeal irradiation
of blood routinely performed for the blood transfusion of immunosup-
pressed patients, eliminates lymphocytes and graft-versus-host disease
(Asai et al., 2000). The exposure of the bone marrow or spleen com-
prised within, or located proximal to the radiotherapy fields is also
important. Low dose radiation dispersed outside the radiation portals
(around 5-10 % of the tumor dose) also affects lymphocytes. Splenic ir-
radiation during radiotherapy for hepatocellular, pancreatic, or gastric
cancer is linked with protracted lymphocytopenia, so the spleen should
be considered as an organ at risk in the radiotherapy planning (Liu et
al., 2017; Chadha et al., 2017). Aside from the direct killing effect of
radiation on lymphocytes, immunosuppressive proteins, like Galectin-1,
secreted by the irradiated cancer cells, have been also postulated to con-
tribute to T-cell apoptosis and lymphopenia (Kuo et al., 2014).

Most chemotherapeutic drugs induce lymphopenia. Progressive lym-
phopenia in breast cancer patients was noted during treatment with the
traditional CMF regimen (Blomgren et al., 1988). Intense lymphope-
nia is observed in patients treated with a combination of cisplatin with
bleomycin or taxanes (Najarian et al., 1981). Docetaxel monotherapy
induces profound but reversible lymphopenia that concerns all types of
lymphocytes (Kotsakis et al., 2000). Lymphopenia is also a worry-
ing side effect of taxane combination with radiotherapy (Koukourakis
et al., 1999). Half of the patients receiving antimetabolite chemother-
apy with pemetrexed and gemcitabine develop grade 3-4 lymphope-
nia (Hensley et al., 2008). Capecitabine also induces lymphopenia
(Koizumi et al., 2003), which is also a common adverse effect of
FOLFOX chemotherapy for colorectal cancer (Garcia-Aguilar et al.,
2015). Novel targeted agent administration may also induce lympho-
toxicity. Anti-EGFR therapy produces lymphopenia in 30 % of patients
(Ho et al., 2011). Half of patients treated with anti-VEGF therapy de-
velop lymphopenia (Reismiiller et al., 2010). Multi-tyrosin kinase in-
hibitors can also produce grade 3-4 lymphopenia in 10-15 % of pa-
tients (Guevremont et al., 2009). mTOR inhibitors lead to lymphope-
nia in less than 10 % of patients (Guo et al., 2013). As combinations of
immunotherapy with chemotherapy gradually become a common ther-
apeutic practice, chemotherapy-induced lymphopenia should focus our
thorough attention.

Immunotherapy per se may affect the quantity and quality of cir-
culating lymphocytes. Administration of IFNa seems to produce mild
leukopenia, but there is no clear data about its effect on lymphocyte
counts. On the contrary, another important cytokine, IL2, approved for
renal cancer treatment, seems to induce a biphasic response with an
initial phase of lymphopenia, followed by an increase of lymphocyte
counts (Sano et al., 1988). Despite the expected stimulatory effect
of the above cytokines on lymphocytes, several data show that IL-2
may increase regulatory T-cells (Westermann et al., 2001), which
brings forward important questions on the schedules and doses applied
to avoid immunosuppression during immunotherapy. The design of al-
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tered IL-2 molecules that do not bind on IL-2Ra receptor on regula-
tory T-cells may be important to shift IL-2 activity towards effector lym-
phocytic response (Setti et al., 1999). Combined administration of
IFNa, IL2, and GM-CSF results in increased counts of CD3+, CD4+,
CD8+, and CD56 + leukocytes following several weeks of therapy (Ah-
madzadeh and Rosenberg, 2006). GM-CSF is an important cytokine
that, further to its potent stimulatory activity on granulocytes and mono-
cytes, restores the lymphocytes' proliferative capacity (Heaton et al.,
1993a).

4.3. Lymphopenia and response to radiotherapy and chemotherapy

In the '70 s, experimental studies reported that the dose of radiother-
apy demanded to eradicate a tumor on immunocompromised mice was
twice as high as the one demanded in immunocompetent mice (Suit
and Kastelan, 1970; Stone et al., 1979; Suit et al., 1990). Immuno-
genic death, aside to direct cell killing, has been recognized as a major
component of tumor rejection after cytotoxic therapy. Clinical studies
have also shown a strong reduction in the efficacy of radiotherapy in im-
munosuppressed patients (Tseng et al., 2018; Manyam et al., 2017;
Ramey et al., 2015).

Recently published review articles summarize the adverse effect of
lymphopenia on the results of radiotherapy and chemotherapy for solid
tumors (Venkatesulu et al., 2018; Ménétrier-Caux et al., 2019).
Among such studies, Liu et al. reported a 2.9 fold increased risk for tu-
mor progression after radiotherapy in a series of 413 nasopharyngeal
cancer patients when they suffered from grade 3/4 lymphopenia (Liu
et al., 2018). In a series of 711 patients with NSCLC treated with ra-
diotherapy, lymphopenia was related to worse overall survival (Tang
et al., 2014). Baseline lymphopenia was an indicator of poor survival
in a series of 122 patients with small-cell lung cancer treated with
chemotherapy and radiotherapy (Suzuki et al., 2019). However, Ng et
al. did not record any association of lymphopenia with survival follow-
ing radiotherapy for oropharyngeal cancer (Ng et al., 2020).

Lymphopenia developed after induction chemotherapy was linked
with incomplete surgical tumor removal in patients with ovarian can-
cer (Yoshino et al., 2019). Low lymphocyte counts were among the
parameters defining treatment failure and poor overall survival in pa-
tients with Hodgkin's lymphoma treated with ABVD chemotherapy
(Bhethanabhotla et al., 2017). Patients with baseline lymphopenia
treated with chemotherapy for metastatic esophageal cancer have a
poorer survival (Kou et al., 2016). Triple-negative breast cancer pa-
tients with low lymphocyte counts also seem to have a shorter sur-
vival (Patel et al., 2019). Baseline lymphopenia is a feature related
to poor outcomes in breast cancer patients treated with trastuzumab for
metastatic disease (Che et al., 2019). Ray-Coquard et al. reported three
randomized trials performed in France, showing that lymphopenia de-
fined poor prognosis in patients with advanced carcinomas, sarcomas,
and lymphomas (Ray-Coquard et al., 2009).

4.4. Effect of lymphopenia on the efficacy of immunotherapy

Anti-PD1 and anti-PD-L1 immune checkpoint inhibitors are widely
applied for the treatment of solid tumors. Unfortunately, the largest
phase 2 and 3 trials with such agents do not report on lymphocyte
counts and their predictive role. Even phase 3 studies comparing im-
munotherapies vs. the heavily lymphotoxic taxanes, do not comment
on an eventual sparing effect of ICIs on lymphocytes (Borghaei et
al., 2015). Our experience with anti-PD-1 immunotherapy shows that
lymphopenia occurs in a small percentage of cases within the first
year of its administration. This is an important difference between
ICI immunotherapy and chemotherapy, as the latter strongly suppress
lymphocytes and, eventually, promotes cancer immune escape in sub-
groups of patients. High doses of ICIs, like 10—20 mg/kg of nivolumab
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seem, however, to result in lymphopenia in 59 % of patients (Ya-
mamoto et al., 2017).

Nevertheless, the role of lymphopenia in the response of tumors to
ICIs has been examined in smaller studies. In a study by Ho et al. on 34
patients with head-neck cancer treated with ICIs, pre-treatment low lym-
phocyte counts were linked with inferior benefit, mostly when counts
were <600/pl (Ho et al., 2018). The progression-free interval was half
to the one recorded in patients with higher lymphocyte counts in this
latter category. Karantanos et al. reported a study on 22 patients with
advanced NSCLC treated with nivolumab (Karantanos et al., 2019).
At baseline or six weeks after the onset of immunotherapy, low lym-
phocyte counts were linked with poorer overall survival. Diehl et al. re-
ported the results of ICI-therapy on 167 adults with solid tumors (Diehl
et al., 2017). Patients with lymphopenia at baseline or persistent lym-
phopenia during immunotherapy had a shorter time to disease progres-
sion. In a study by Sun et al. on 167 patients treated with ICIs, a trend
for poorer response rates and survival was noted for patients with base-
line lymphopenia, but this did not reach statistical significance (Sun et
al., 2017).

Of interest, high LDH plasma levels link with the low efficacy of ICIs
in several studies (Bigot et al., 2017; Weide et al., 2016). These
data show that, further to systemic lymphocytopenia, anaerobic tumor
metabolism and its partner 'intratumoral lymphopenia' is the sister face
of the same enemy of immunotherapy. High tumor anaerobic metabo-
lism, as assessed by high LDHA, glycolysis enzyme, and monocarboxy-
late transporter expression in non-small cell lung cancer, has been linked
with low tumor-infiltrating lymphocyte density (Giatromanolaki et
al., 2019).

4.5. Lymphopenia and immuno-radiotherapy

Cho et al. published a study on 268 patients with advanced NSCLC
treated with ICI-immunotherapy, where 146 of them also received ra-
diotherapy (Cho et al., 2019). Patients with lymphopenia at the be-
ginning of immunotherapy had a significantly poorer progression-free
survival (2.2 vs. 5.9 months). When applied to multiple sites and given
in multiple courses, radiotherapy was the principal cause of lymphope-
nia. Similar results have been reported by Pike et al., who found that
prolonged radiotherapy courses before immunotherapy increase the risk
of severe lymphopenia that is significantly related to poorer survival of
patients receiving ICIs (Pike et al., 2019). Radiotherapy before im-
munotherapy was also linked with lymphopenia in two more studies
(Karantanos et al., 2019; Diehl et al., 2017). In a very recent study,
Chen et al. analyzed 153 patients with solid tumors treated with radio-
therapy and ICIs (Chen et al., 2020a). Low lymphocyte counts were
linked with low rates of abscopal effects (3.9 % vs. 34.2 %) and signifi-
cantly poorer progression-free and overall survival.

These findings bring forward sound questions regarding the combi-
nation of immunotherapy with radiotherapy since protection from ra-
diation-induced lymphopenia emerges as a critical factor for the clin-
ical substantiation of benefits. It is worthwhile to carefully study the
Keynote-001 phase I study results, where 97 patients with progres-
sive locally advanced or metastatic NSCLC were treated with pem-
brolizumab (Shaverdian et al., 2017). Forty-three % of them had re-
ceived radiotherapy before the first cycle of immunotherapy. Despite
the postulated radiation-induced lymphopenia, this subgroup of patients
had a significantly better progression-free and overall survival, sug-
gesting a robust radio-vaccination effect of pre-immunotherapy radio-
therapy. This study's long-term analysis reports a higher than 25 %
5-year survival in patients with high PD-L1 expression (Garon et al.,
2019), which suggests that we may face a surprising reality where
advanced lung cancer is becoming a curable disease. Radiotherapy-in-
duced lymphopenia and radio-vaccination are two contrasting and crit-
ical faces of radiotherapy that, once considered and successfully
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dealt, will optimize the curability rates offered by immuno-radiotherapy
protocols.

4.6. Protection against RT-induced lymphopenia: RT-schedules

Avoidance of lymphopenia during radiotherapy and, especially, dur-
ing immuno-radiotherapy appears, therefore, as a critical factor that de-
fines treatment outcome. Location and size of radiotherapy fields are
strong determinants of lymphotoxicity. This is well presented in a recent
review by Ellsworth SG, in 2018, summarizing and showing the experi-
ence from a large number of studies (Ellsworth, 2018). A recent study
focusing on pelvic irradiation for prostate cancer showed that large ra-
diotherapy fields to include the pelvic lymph nodes resulted in the re-
duction of lymphocyte counts below 1000/uL in 61 % of patients, com-
pared to 26 % of patients receiving localized radiotherapy (Schad et
al., 2019).

The fractionation of radiotherapy and the techniques applied also
seem to be critical (Table 1). This became first evident in 1978, when
MacLennan et al. published a study in children treated with prophylac-
tic cranial irradiation for acute lymphocytic leukemia, using a range of
5-15 fractions, showing that for each fraction, a 5-6% reduction of lym-
phocyte counts occurred (MacLennan and Kay, 1978). Reduction of
the number of fractions and days of radiotherapy may, therefore, re-
duce lymphotoxicity, as circulating blood lymphocytes are exposed to
radiation for fewer days. This brings forward an eventual advantage
of hypofractionation of radiotherapy as a lymphocyte sparing regimen.
This hypothesis was verified in a study by Crocenzi et al. comparing
the effect of conventionally fractionated (50.4 Gy in 28 fractions) vs.

Table 1

Studies comparing the effects of RT fractionation and techniques on circulating lymphocytes.
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hypofractionated (30 Gy in 10 fractions) neoadjuvant chemoradiother-
apy, in patients with pancreatic cancer (Crocenzi et al., 2016). Con-
ventional radiotherapy produced a profound lymphopenia and reduc-
tion of T-cells (both CD4+ and CD8+), and this effect was sustained
for at least six months. Hypofractionated chemo-radiotherapy induced a
mild decrease of T-cells and faster recovery, a result that was indepen-
dent of treatment volumes.

Reduction of the overall radiotherapy treatment-time, allowed by
hypofractionation, seems to have an important role in the protection
against lymphopenia in non-small cell lung cancer. Zhao et al. noted
that severe lymphopenia (counts <500/pL) occurs at the 5th week of
radiotherapy and is linked with poor prognosis. Reduction of the treat-
ment time to 4 weeks using hypofractionated radiotherapy significantly
lowered the risk of severe lymphopenia (Zhao et al., 2019). In breast
cancer patients receiving postoperative radiotherapy, the development
of lymphopenia is a frequent event. Sun et al. showed that patients re-
ceiving a 13 fraction hypofractionated accelerated radiotherapy scheme
exhibited less lymphopenia compared to patients receiving convention-
ally fractionated radiotherapy (Sun et al., 2020). The 5-year progres-
sion-free survival was better in patients with less prominent lymphope-
nia. In another study, Yuan et al. observed similar results regarding the
intensity of lymphocytopenia, favoring the short radiotherapy regimen.
Authors found a prolonged suppression of CD8 + cytotoxic T-cells and
B-cells in the conventional radiotherapy group of patients (Yuan and
Wang, 2018).

The optimal way to deliver hypofractionated radiotherapy is Stereo-
tactic radiotherapy (SBRT). Among other advantages, SBRT is linked

Author/year/ No Site of

reference pts Disease irradiation RT Technique Findings

MacLennan (1978) 41 Leukemia Cranial 24 Gy in different fractionations (CRT vs. Increasing drop of LC by 5—-6% per one excess fraction
(MacLennan and HypoRT)

Kay, 1978)

Crocenzi (2016) 20 Pancreatic Upper CRT (50.4 Gy in 28f) vs. HypoRT (30 Gy in Compared to Hypo RT, CRT induced profound and
(Crocenzi et al., cancer abdomen 10f) prolonged drop of LC and of T-cell subsets. The difference
2016) was independent of treatment volumes.

Zhao (2019) (Zhao 115 Non-small cell Chest Chemo-RT with 2—-3 Gy/f for 30—20f HypoRT was linked with low risk of SL and better prognosis
et al., 2019) lung cancer

Sun (2020) (Sun et 598 Breast cancer Chest (post- CRT (2 Gyx 25f, 5 w) vs. HypoRT (2.9 Gy SL is lower in HypoRT treated pts. SL is linked with poor
al., 2020) operative) x15f, 3 w) prognosis

Yuan (2018) (Yuan 60 Breast cancer Chest (post- CRT (2 Gyx 25f, 5 w) vs. HypoRT (3.1 Gy HypoRT induced less severe lymphopenia. CRT induced
and Wang, 2018) operative) x13f, 3 w) prolonged suppression of CD8 + T-cells and B-cells.

Wild (2016) (Brizel 133 Pancreatic Upper SBRT (11 Gy x3f) vs. CRT (1.8 Gy x 28f) 5.5 fold increased incidence of SL in pts treated with CRT.
et al., 2000) cancer abdomen SL is linked with poor prognosis.

Byun (2019) (Byun 920 Hepatocellular Upper SBRT (12-15 Gy x4f) vs. CRT (2 Gy SBRT had reduced risk of SL

et al., 2019) cancer abdomen x26-30f + IMRT boost)

Zhang (2019) 184 Hepatocellular Upper SBRT (6-10 Gy/f, 79-119 Gy td) vs. Higher number of fractions related with SL. complete and
(Zhang et al., cancer abdomen HypoRT (>2.5 Gy/f, 58-91 Gy td) vs. CRT ~partial response rates

2019) (1.8-2.5 Gy/f, 50—84 Gy td)

Chen (2020) (Chen 165 Non-small cell Chest SBRT (12.5 Gy/f x4f or 6 Gy/f x10f) vs. V5 was directly linked with SL.

et al., 2020b) lung cancer HypoRT (3 Gy/f x 15f)

Routtman (2019) 184 Esophageal Chest Protons vs. CRT (1.8-2 Gy/f, 23-25f) Proton therapy was linked with significantly lower
(Routman et al., cancer incidence of SL.

2019)

Shiraishi (2018) 272 Esophageal Chest Protons vs. X-rays (1.8 Gy/f x28f) Protons were linked with a 2-fold decreased incidence of SL.
(Shiraishi et al., cancer

2018)

Liu (2020) (Momm 84 Medulloblastoma Craniospinal ~ Protons vs. X-rays (39.6 Gy td) Protons induced a significantly lower hematological

et al., 2001) toxicity, including SL.

Mohan (2020) 84 Glioblastoma Cranial Protons vs. X-rays Protons protected against SL due to reduced brain V20

(Mohan et al.,
2020)

Abbreviations: RT = radiotherapy; pts= patients; CRT = conventional radiotherapy; HypoRT = hypofractionated radiotherapy; f=fraction; w=week; LC=lymphocyte counts; SL=severe

lymphopenia; td = total radiation dose; V5 =lung volume receiving 5Gy; V20 = brain volume receiving 20Gy; SBRT = stereotactic body radiation therapy.



M.I. Koukourakis and A. Giatromanolaki

with lower rates of lymphopenia. Wild et al. reported a series of lo-
cally advanced pancreatic cancer treated with conventional (50.4 Gy in
28 fractions) vs. SBRT (33 Gy in 5 fractions). One month after radio-
therapy, severe lymphopenia (counts <500/pl) was noted in 71.7 %
of patients treated with conventional radiotherapy vs. 13.8 % in pa-
tients receiving SBRT (Wild et al., 2016). Of interest, lymphopenia
was significantly related to poor survival regardless of the schedule of
radiotherapy. SBRT radiotherapy for hepatocellular cancer (4 fractions
of 12-15 Gy) was significantly linked with a lower risk of severe lym-
phopenia compared to a 60 Gy conventionally fractionated radiother-
apy (Byun et al., 2019). Similarly, Zhang et al. also found an impor-
tant sparing effect of SBRT on lymphocyte counts compared to conven-
tionally fractionated radiotherapy in patients with hepatocellular cancer
(Zhang et al., 2019). A phase 2 study on the combination of nivolumab
with stereotactic radiotherapy (8 Gy x 3 fractions) in 20 patients with
advanced melanoma showed that lymphopenia was minimal, as noted
in only 3/20 patients (Sundahl et al., 2019). A study by Chen et al. in
patients with NSCLC receiving SBRT or 3 Gy/day fractionation showed
that the V5 (lung volume reiving 5 Gy) was directly related to lym-
phopenia only in patients receiving conventional radiotherapy (Chen et
al., 2020b).

It is becoming evident that the lymphatic tissue should be consid-
ered as an organ at risk for the planning of radiotherapy and the choice
of radiotherapy schedules, as lymphopenia is related to poor survival in
patients receiving radiotherapy, chemo-radiotherapy, or immuno-radio-
therapy. Hypofractionation and acceleration of radiotherapy, especially
when SBRT is applied, may significantly reduce the risk, nadir, and lym-
phopenia duration.

4.7. Protection against RT-induced lymphopenia: particle RT

Proton radiotherapy seems to produce much lower lymphopenia
(Table 1). The 'Bragg peak' effect allows an important reduction of the
dose delivered to the blood circulating in irradiated normal tissues and
the bone marrow. Moreover, proton or heavy ion radiotherapy is by
definition a hypofractionated radiotherapy scheme delivered within a
small number of fractions. Routman et al. reported a significantly re-
duced incidence of grade 4 lymphopenia in patients with esophageal
cancer treated with proton radiotherapy (24 % incidence) as compared
to patients receiving conventional X-ray radiotherapy (56 %) (Routman
et al., 2019). Similar results with reduced incidence of grade 4 lym-
phopenia (17.6 % vs. 40.4 %) in esophageal cancer patients treated with
proton therapy have been reported by Shiraishi et al. (Shiraishi et al.
(2018)). In patients with medulloblastoma or glioblastoma, proton ther-
apy was linked with significantly higher lymphocyte counts throughout
treatment than X-ray radiotherapy (Liu et al., 2020; Mohan et al.,
2020).

4.8. Protection against RT/chemotherapy-induced lymphopenia:
cytoprotection

Amifostine (WR2721) is the only agent approved for the protec-
tion of cancer patients undergoing radiotherapy for head-neck cancer
or treated with cisplatin chemotherapy (Koukourakis, 2002). Unfor-
tunately, the large randomized studies focus on the protective effects
of amifostine against xerostomia, neutropenia, anemia, and platelet tox-
icity and do not report on the effect on lymphocytes (Brizel et al.,
2000; Kemp et al., 1996). Amifostine stimulates bone marrow in pa-
tients with myelodysplastic disease (Schanz et al., 2009). Experimen-
tal studies suggest a strong effect of amifostine in protecting lympho-
cytes against cytogenetic damage and apoptosis induced by radiation
(Miiller et al., 2004; Saavedra et al., 2010).

Clinical studies have also provided important data. Momm et al.
randomized 38 patients with head-neck cancer to receive radiotherapy
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with or without amifostine. Control patients experienced a decrease
of leukocyte counts than amifostine treated patients, but this seemed
to be mainly due to the protection of granulopoiesis (Momm et al.,
2001). A study of ours in breast cancer patients treated with postop-
erative hypofractionated radiotherapy, with or without amifostine, re-
ported significant protection of CD4, CD8, CD19, and CD56 subtypes
(Koukourakis et al., 2003). Moreover, amifostine induced expansion
of CD95/Fas and CD31 expressing lymphocytes. In another study, we
recorded an enhanced recovery of T-cell and NK-cells in patients receiv-
ing amifostine during radiotherapy for head-neck cancer (Koukourakis
et al., 2009).

A low dose of amifostine has also been found to protect lymphocyte
DNA against cisplatin, irinotecan, mitomycin, and anthracyclins (Prieto
Gonzélez et al., 2009; Lialiaris et al., 2009; Camelo et al., 2008;
Wozniak et al., 2008; Blasiak et al., 2002). Provinivalli et al. stud-
ied 19 patients with advanced gynecological cancers treated with neoad-
juvant chemotherapy with cisplatin, adriamycin, and cyclophosphamide
(Provinciali et al., 1999). Using flow-cytometry analysis of peripheral
blood lymphocytes, the authors showed that pre-treatment with amifos-
tine prevented the apoptosis of PBLs induced by drugs.

The clinical significance of amifostine protection effects on the im-
mune system or eventual immunostimulatory activities demands a thor-
ough re-evaluation. Re-analysis of large randomized trials performed in
the past, focusing on lymphotoxicity, may provide important evidence.

4.9. Immuno-fertilization of the tumor microenvironment

Further to the systemic lymphocytic abundance, the intratumoral en-
trance and accumulation of lymphocytes are of equal importance. Im-
paired tumor vascularity, poor blood flow due to immature vessels, and
hypoxic/acidic metabolic conditions prevailing in the tumor microenvi-
ronment raise a barrier to the colonization of the tumor stroma by lym-
phocytes (Koukourakis and Giatromanolaki, 2020). In contrast to
normal tissues with an overall neutral extracellular microenvironment,
tumors are often acidic with a pH between 6.5 and 6.9 (Vaupel et al.,
1989). Anaerobic glycolysis mediated by lactate dehydrogenase LDHA
activity and overexpression of carbonic anhydrase CAIX is considered
the main causes of enrichment of the extracellular matrix with protons
(Swietach et al., 2014). Hypoxia and acidity are potent suppressors
of the anti-tumor immune response, blocking cytotoxic cell activity, and
proliferation (Noman et al., 2015). As the Hypoxia Inducible Factor
HIFla transcriptionally regulates both LDHA and CAIX, HIF-targeting
agents are expected to have a role in the immuno-fertilization of the tu-
mor microenvironment (Wigerup et al., 2016).

For the time being, the only therapy available to target microenvi-
ronment conditions is the alkalinization of the intratumoral pH through
sodium bicarbonate. Intraperitoneal administration of sodium bicarbon-
ate in experimental animals increases intratumoral pH by 0.6 pH units
(Raghunand et al., 2001). Robey et al. showed that oral admin-
istration of sodium bicarbonate selectively increases intratumoral pH
and reduces tumor metastatization (Robey et al., 2009). A dose of
0.18 g/kg/day was sufficient to counteract the acidic load of some mg's
small tumors. The administration of sodium bicarbonate in cancer pa-
tients has been used for the urine alkalization for the prevention of
nephrotoxicity of high-dose methotrexate chemotherapy (HDMTX). In-
travenous administration of sodium bicarbonate (75-150mEq/L iv con-
tinuous infusion at 175 mL/h) to reach a urine pH of 7 is the goal be-
fore administering HDMTX. An oral regimen of 2600 mg (4 tablets of
650 mg) 6-times daily (or a median of 66.4mEq/m/day) has been also
applied (Reed et al., 2019; Visage et al., 2019). In a study by Ham-
aguchi et al., oral bicarbonate 3-5 g/day was administered to increase
urine pH above 7.0 in patients with pancreatic cancer treated with
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chemotherapy, showing a better outcome due to alkalinization of the tu-
mor microenvironment and higher chemotherapy efficacy (Hamaguchi
et al., 2020). Systemic alkalosis is expected to occur only at very high
doses exceeding 0.5 g/kg/day (Martin et al., 2012). Doses up to 12.6 g
per day for 46 days have been safely administered (Lemann et al.,
1965).

4.10. Selective stimulation of cytotoxic lymphocyte proliferation: Cytokines

Further to lymphocyte protection, policies that promote lympho-
cyte proliferation, especially when these favor cytotoxic over regulatory
cells, may be of important therapeutic value. Several cytokines are in-
volved in the proliferation and survival of lymphocytes. Interleukin-2
(IL2) binds to specific receptors on CD4+ and CD8+ lymphocytes (e.g.
IL-2Ra/CD25, IL-2RB/CD122, and IL-2Ry/CD132) inducing proliferation
(Boyman and Sprent, 2012). The major problem is that binding to
IL-Ra, IL2, promotes the proliferation of regulatory CD4 lymphocytes,
which may be detrimental for any immunotherapy. Mutant molecules of
IL-2 have been designed (IL-2v) that bind to receptors p and y, avoiding
expansion of Tregs (Heaton et al., 1993b).

IL-15 also binds to CD132/CD122 and its specific receptor IL-15Ra.
IL-15 is mainly produced by stroma cells and monocytes and promotes
memory CD8 + T-cell and NK cell survival (Conlon et al., 2015). How-
ever, it seems also to induce immune checkpoint inhibitory molecules,
so that its role in immunotherapy is questionable. IL-15 agonist mole-
cules are in clinical trials (Knudson et al., 2020).

IL-7 binds to a heterodimer that consists of IL-7Ra/CD127 and
CD132 and is essential for T-cell generation and differentiation. This is
produced by thymic stroma cells, follicular dendritic cells, and epithe-
lial cells (Alpdogan and van den Brink, 2005). rhIL-7 administration
increases CD4+ and CD8+ T-cell counts in cancer patients (Tredan et
al., 2015). An initial phase of T-cell depletion from the peripheral blood
due to the rapid distribution of T-cells in tissues is noted (Rosenberg et
al., 2006). IL-7 seems a most promising cytokine to support lymphocyte
abundance during chemotherapy in cancer patients (Merchant et al.,
2016).

4.11. Selective stimulation of cytotoxic lymphocyte proliferation: active
specific immunotherapy

Active specific immunotherapy (ASI) is an interesting immunother-
apy policy, extensively studied during the past decades. Heavily irradi-
ated, unable to proliferate, autologous cancer cells have been used as a
vaccine to stimulate anti-tumor immunity since the early '20 s (Kellock
et al., 1922). Following a large number of positive phase I/1I trials, two
randomized trials published in 1999-2000 on colorectal cancer showed
significant improvement of overall survival when ASI was applied as a
postoperative adjuvant regimen (Vermorken et al., 1999; Harris et
al., 2000). Due to the introduction of IFNs and IL2, clinical research
lost its focus on ASI. Nevertheless, cancer cell vaccines engineered to se-
crete cytokines like GM-CSF or vaccines produced by the fusion of irra-
diated cancer cells with dendritic cells remains a hot area of research
(Lutz et al., 2011; Wei et al., 2006). Such radio-induced vaccines,
delivered transdermally or intra-lymphatically, may stimulate individ-
ual cancer-specific cytotoxic immune responses in distant lymph nodes,
as regional lymph nodes are mostly destroyed by radiation. Expansion
of cytotoxic T-cell and macrophage subpopulations is expected to occur.
The blockage of immune checkpoint molecules would maximize ASI ac-
tivity in both in-field and out-field radiotherapy areas.

4.12. Selective depletion of immunosuppressive cells

Another exciting policy is targeting intratumoral immunosuppres-
sive/regulatory T-cells (Tregs) or of Myeloid-Derived Suppressor Cells
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(MDSCs). These later are immature myeloid cells generated in can-
cer patients' bone marrow that fail to enter a terminal differentiation
(Gabrilovich and Nagaraj, 2009). Such cells abrogate the cytotoxic
activity of T-cells and NK-cells. Accumulation of Tregs in the tumor
stroma has been linked with poor prognosis in many human carcino-
mas, like colorectal and breast cancer (Kuwahara et al., 2019; Wang
et al., 2019). At least at an experimental level, there are several ap-
proaches that could reduce the presence of Tregs in the tumor microenvi-
ronment. Tregs are more sensitive to cyclophosphamide treatment than
cytotoxic T-cells (Heylmann et al., 2013). A possible explanation of
this differential sensitivity of Tregs to cyclophosphamide is that they
lack expression of ATP-binding cassette (ABC) transporters, present in
effector T-cells. Thus, Tregs ability to extrude drugs, like cyclophos-
phamide, is impaired (Dimeloe et al., 2014). Metronomic treatment
with cyclophosphamide selectively damages Tregs and promotes anti-tu-
mor T-cell immunity (Ghiringhelli et al., 2007). Huijts et al. found
that low dose daily administration of cyclophosphamide and an mTOR
inhibitor depletes Tregs and MDSCs from renal cell carcinomas without
affecting the presence of cytotoxic CD8+ T-cells (Huijts et al., 2019).

Infiltration of tumors by Tregs enhances resistance to radiotherapy
and anti-PD-1 immunotherapy (Oweida et al., 2018). Administration
of anti-CD25 monoclonal antibodies, directed against the CD25 antigen
characterizing CD4 + Tregs, restores tumor sensitivity to immunother-
apy. In an interesting experimental study, Son et al. noted that the com-
bination of radiotherapy with low-dose cyclophosphamide or anti-CD25
antibodies decreases Tregs in the spleen and the tumors and enhances ef-
fector T-cell response (Son et al., 2015). These studies are interesting
as anti-CD25 antibodies, like daclizumab, approved for the treatment
of multiple sclerosis and transplant rejection, are available in the clin-
ical practice. Administration of daclizumab, in melanoma patients de-
pletes CD4 +Foxp3+ CD25+ regulatory T-cells in the peripheral blood
(Jacobs et al., 2010).

Thorough research is on ging to target specific molecules, like 0X40,
GITR, or ICOS, expressed by Tregs aiming to repress Treg function and
enhance anti-tumor immune response (Kim et al., 2020). Inhibition
of MDSC activity also has focused attention. Inhibitors of phosphodi-
esterase-5 by sildenafil and tadalafil downregulate arginase and iNOS
activity in MDSC, blocking their immunosuppressive activity (Serafini
et al., 2006; Weed et al., 2015). Blocking chemokine CXCR2 and CX-
CR5 activity with specific antagonists is also a promising tool to abro-
gate MDSC activity in tumors (Sun et al., 2019).

5. Discussion

Clinical experience suggests that radiotherapy should be dealt with
as a double-edged sword in the current immunotherapy era. Cancer
damage induced by radiation promotes radio-vaccination, enhancing the
recognition of tumor cells by dendritic cells and triggering a T-cell cyto-
toxic response that, in turn, augments local and abscopal immunother-
apy activity. In parallel to the above beneficial effect, radiotherapy in-
duces intense and prolonged lymphopenia, reducing the number of cy-
totoxic lymphocytes that may reach the tumor microenvironment. As
immuno-radiotherapy is gradually emerging as a most promising thera-
peutic approach, two contrasting concepts should be meticulously dealt
with when designing clinical trials. Hypofractionated SBRT and accel-
erated radiotherapy seem to be the best option for combinations with
immunotherapy. These have a more potent radio-vaccination ability
and, they also produce less severe and short-lasting lymphopenia. Cy-
toprotective agents, stimulatory agents specific for cytotoxic cells, and
agents blocking regulatory cell activity are expected to become po-
tent radiotherapy allies in combination with immune checkpoint in-
hibitors. It is also suggested that the lymphocyte status (systemic and
intratumoral) of patients recruited in immunotherapy trials should fo-
cus attention. Easily assessable lymphocyte markers may
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prove extremely important in selecting patients for immunotherapy
or pre-immunotherapy interventions to restore peripheral and intra-tu-
moral lymphopenia.
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