REGULAR ARTICLE € blood advances

Accelerated, but not conventional, radiotherapy of murine B-cell
lymphoma induces potent T cell-mediated remissions

Suparna Dutt," Michelle B. Atallah,? Yoshitaka Minamida,? Alexander Filatenkov," Kent P. Jensen," Bettina P. lliopoulou,®
Rasa Tamosiuniene,* Jeffrey Waters,' Edgar G. Engleman,? and Samuel Strober’

"Division of Immunology and Rheumatology, Department of Medicine, 2Department of Pathology, *Division of Blood and Marrow Transplantation, and “Division of Pulmonary
and Critical Care Medicine, Department of Medicine, Stanford University, Stanford, CA

m Conventional local tumor irradiation (LTI), delivered in small daily doses over several
weeks, is used clinically as a palliative, rather than curative, treatment for chemotherapy-
* Accelerated radiother- resistant diffuse large B-cell lymphoma (DLBCL) for patients who are ineligible for
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ventional radiotherapy.
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hematopoietic cell transplantation. Our goal was to test the hypothesis that accelerated, but
not conventional, LTI would be more curative by inducing T cell-mediated durable
remissions. We irradiated subcutaneous A20 and BL3750 lymphoma tumors in mice with a
clinically relevant total radiation dose of 30 Gy LTI delivered in 10 doses of 3 Gy over 4 days
(accelerated irradiation) or as 10 doses of 3 Gy over 12 days (conventional irradiation).
Compared with conventional LTI, accelerated LTI resulted in more complete and durable
tumor remissions. The majority of these mice were resistant to rechallenge with lymphoma
cells, demonstrating the induction of memory antitumor immunity. The increased efficacy
of accelerated LTI correlated with higher levels of tumor cell necrosis vs apoptosis and
expression of “immunogenic cell death” markers, including calreticulin, heat shock protein
70 (Hsp70), and Hsp90. Accelerated LTI-induced remissions were not seen in immuno-
deficient Rag-2~/~ mice, CD8" T-cell-depleted mice, or Batf-3~/~ mice lacking CD8«* and
CD103" dendritic cells. Accelerated, but not conventional, LTI in immunocompetent

hosts induced marked increases in tumor-infiltrating CD4" and CD8" T cells and MHCII™*
CD103"CD11c* dendritic cells and corresponding reductions in exhausted PD-1"Eomes™
CD8™ T cells and CD4*CD25*FOXP3™ regulatory T cells. These findings raise the possibility
that accelerated LTI can provide effective immune control of human DLBCL.

Introduction

Radiotherapy is used for the treatment of chemotherapy-refractory diffuse large B-cell lymphoma
(DLBCL) patients who are ineligible for hematopoietic cell transplantation.” Conventional local tumor
irradiation (LTI) is delivered in small daily doses over several weeks to reduce toxicities. Because this
treatment achieves palliative responses without durable remissions,’ there is a need for radiotherapy
regimens that provide greater efficacy. Radiotherapy protocols that establish antitumor immunity have
been shown to induce durable complete remissions in solid tumors.>® The goal of the current study
was to develop an immunostimulatory LTI regimen that leads to long-lasting remissions in murine
models of DLBCL.

Radiation protocols can vary markedly with regard to the number of doses, frequency and duration of
dosing, and dose per treatment® to induce immunosuppressive®® and immunostimulatory responses.>®
Radiotherapy has been shown to induce immunostimulatory responses through immunogenic cell death
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Figure 1. Accelerated LTI, but not conventional LTI, therapy induces potent T cell-mediated durable complete remissions in A20 lymphoma. (A) Changes in
individual tumor volumes of A20 lymphomas after subcutaneous (s.c.) flank injection of 2 X 10° lymphoma cells in untreated BALB/c mice. Fraction of mice alive with complete
remission of primary tumors at day 60 is shown. (B) Changes in mice treated with accelerated (acc) tumor irradiation (10 X 3 Gy) over 4 days. (C) Changes in mice treated
with conventional (conv) daily tumor irradiation over (10 X 3 Gy) 12 days. (D) Tumor host survival of treated and untreated tumors. There were significant differences in

survival over 100 days in groups with untreated tumors vs tumors treated with acc irradiation (P < .0001) or conv irradiation (P < .0001), as well as in groups treated with

acc irradiation vs conv irradiation (P = .006, Mantel-Cox test). Changes in mean (+ standard error) tumor volumes (E) and survival of tumor hosts (F) after tumor cell injection

(2 X 10° A20 cells, s.c.) into untreated mice or into mice in complete remission (cured) for =100 days after treatment of A20 tumors with accelerated LTI. (G) Survival of
untreated mice or adoptive BALB/c hosts given 800 cGy total body irradiation and 5 X 10° TCD BM cells alone or with 6 X 10° splenic T cells from mice in complete tumor
remission. Adoptive hosts or untreated mice were injected with lymphoma cells (2 X 10° of A20 cells, s.c.) on the day of BM injection. There was a significant difference

in survival between groups with T-cell transplants from cured LTl-treated donors (n = 5) vs transplants of TCD BM alone (P = .0003; n = 5) vs survival of untreated

tumor-bearing mice (P < .0001; n = 5).

(ICD) of tumor cells.” Dying tumor cells upregulate damage-
associated molecular patterns (DAMPS), such as calreticulin (CRT)®
and heat shock protein 70 (Hsp70) and Hsp90, which promote
phagocytosis and enhance antigen cross-presentation by dendritic
cells (DCs), respectively.>'° Interestingly, a clinical trial showed that
vaccines derived from human follicular lymphoma cells treated ex vivo
with y-irradiation and loaded into DCs elicited objective clinical
responses when CRT and Hsp90 were expressed on the cell
surface."! Furthermore, CRT has been shown to facilitate T-cell
infiltration into tumors through upregulation of vascular adhesion
molecules and enhance antitumor responses of immunotherapy.12

In our previous study in the CT26 colon tumor model,® we observed
that single doses of LTI (30 Gy) induced immune-mediated durable
remissions. However, conventional LTI with daily low doses of 3 Gy
for >1 week induced little or no antitumor immunity, was ineffective,
and was associated with an immunosuppressive tumor microenvi-
ronment.® We hypothesized that single doses of irradiation or
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accelerated LTI, delivered as multiple doses per day with short
intervals between doses, would interfere with radiation repair
mechanisms and increase the endoplasmic reticular stress of
tumors that induce ICD."® This radiation regimen—induced ICD
would be expected to create an immunostimulatory tumor micro-
environment that promotes potent antitumor immunity. In addition,
accelerated LTI reduces the total duration to 4 days compared
with 12 days with conventional LTI, so that radiation was com-
pleted prior to immune cell infiltration of tumors to avoid killing of
infiltrating T cells.

Here, we have developed an accelerated LTI protocol in which
multiple low doses of radiation were given each day. We compared
the therapeutic and immunological effects of this regimen with a
conventional protocol in which the same individual and total doses
of radiation were given daily over a prolonged period to murine A20
lymphoma, a BALB/c mouse homolog of human DLBCL,'* or to
C57BL/6-derived BL3750 lymphoma.'® In our mouse models,

ACCELERATED IRRADIATION FOR LYMPHOMA 2569



A B C D
Wild type (Acc LTI) Rag2” (Acc LTI) CD8 mAb (Acc LTI) CD4 mAb (Acc LTI)
. 1000 1000 A 1000 |
5/6
2 800 - 2/10 800 - o/ 800 -
E
P 600 600 600
£
=
s 400 - 400 - 400 -
=
= 200 - 200 - 200
0 = T T T 0 T T T
0 20 40 60 0 20 40 60
Days after tumor injection
E F G
— Untreated WT = WT (LTI)
- — CD4 mAb ()] CDs8 mAb ()} Distant Local Liver
Batf3™ (Acc LTI) — Rag2”(LT)  — Batf3"(LTI) LN LN mets
100 A
g = 804 Wild Type 0/18 4/18 0/18
=
= 2 Rag2”" 2/6 6/6 0/6
@ Z 60
g 3
= =
g 5 40 Batf3"" 0/6 0/6 5/6
5 £
£ 2
= = 90 CD8 mAb 6/6 6/6 0/6
0 CD4 mAb 2/6 1/6 1/6
0 20 40 60 0 20 40 60 80 100
Days after tumor injection Days after tumor injection

Figure 2. Accelerated LTI is ineffective in immunodeficient Ragz" ~ mice, mice depleted of CD8™ T cells, and Batf3~/~

mice lacking antigen cross-presenting

CD8* and CD103* DCs. Mice were injected with 2 X 10° lymphoma cells to induce subcutaneous tumors in the flank. Changes in tumor volume after accelerated LTI in wild-type
mice (A), Rag2~'~ mice (B), anti-CD8 T-cell mAb~treated mice (C), anti-CD4 T-cell mAb-treated mice (D), and Batf3 ™'~ BALB/c mice (E). Fractions of mice alive and in complete
remission at day 60 are shown. (F) Survival of tumor-bearing mice from each group after irradiation or not treatment. There were significant differences in survival in the groups with
untreated tumors vs tumors treated with accelerated LTI in wild-type (WT) mice (P < .0001), WT vs Rag2~'~ mice (P < .0001), WT vs CD8 TCD mice (P < .0001), and WT vs
Baft3™'~ mice (P < .0001, Mantel-Cox test). (G) Fraction of mice in (A-E) that had different patterns of tumor spread on autopsy. LN, lymph nodes; mets, metastases.

we found that accelerated, but not conventional, LTl induced
T cell-mediated durable complete remissions of the A20 lymphoma
and delayed tumor growth of aggressive BL3750 lymphoma, as well
as that accelerated LTI induced more potent ICD of lymphoma cells
than conventional LTI.

Materials and methods

Animals and tumor cell lines and tumor-staining and
monitoring procedures

Five- to 6-week-old BALB/c wild-type, BALB/c RAG2 /", and
BALB/c Batf3~'~ male mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Care of all experimental animals was in
accordance with institutional and National Institutes of Health
guidelines. The A20 lymphoma cell line was purchased from
American Type Culture Collection. BL3750 B-cell lymphoma cells
were obtained from Thomas Tedder (Duke University).'® Details
regarding tumor injection, tumor size measurement, tissue process-
ing, flow cytometric analyses of tumor-infiltrating immune cells, and
histopathology can be found in supplemental Materials and methods.

2570 DUTT et al

In vivo tumor irradiation

Irradiation was performed with a Phillips X-ray unit operated at 200
kV with a dose rate of 1.00 Gy/min, according to Filatenkov et al.®

Cell depletion and adoptive-cell transfer of T cells

For in vivo depletion of CD8™ cells or CD4™" cells, 300 g of anti-
CD8 monoclonal antibody (mAb; clone 2.43; rat IgG2b) or 500 pg
of anti-CD4 mAb (clone GK1.5, rat IgG2b; both from Bio X Cell)
was injected 5 times, intraperitoneally, every 3 days, starting 1 day
before irradiation. For adoptive transfer of T cells, spleens were
harvested from mice that received tumor irradiation and were free
of tumor for =100 days. Total T cells were obtained from spleen
cells using immunomagnetic beads."® Purified T cells were added
to T-cell-depleted (TCD) bone marrow (BM) cells and adoptively
transplanted according to the method described by Duitt et al.'”

Statistical analysis

Kaplan-Meier survival curves were generated using Prism (GraphPad
Software, La Jolla, CA). Statistical differences in animal survival
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were analyzed by the log-rank (Mantel-Cox) test. Survival was
defined as the time point after tumor inoculation when the mice died
or were euthanized, according to institutional veterinary guidelines,
or when tumors reached a diameter > 2 cm. The statistical significance
of differences between mean percentages of cells in tumors and mean
cytokine production in tumor lysates was analyzed using an unpaired
2-tailed Student t test of means (Mann-Whitney U test). For all tests,
P = .05 was considered significant.

Results

Treatment of A20 lymphoma tumors with accelerated
hyperfractionated LTI induces complete remissions

A20 B-cell lymphoma cells (2 X 10°) were injected subcutaneously
into the hind quarter of BALB/c mice, and tumors were allowed to
grow for 21 days. Tumors in untreated mice continued to increase in
volume through day 60; mice with tumors >2 cm diameter were
euthanized (Figure 1). Because lymphoma cells are sensitive to
radiation, we chose a clinically applicable dose of 3 Gy for each
treatment. Tumors were given accelerated hyperfractionated LTI
with 10 doses of 3 Gy cumulatively delivered over 4 days (3 doses
per day with 4 hours between doses for the first 3 days + 1 dose on
day 4) or conventional radiation with 10 daily doses of 3 Gy over 12
days (weekend interruption after the first 5 daily doses). By day 60,
subcutaneous tumors completely regressed in 16 of 18 mice in the
accelerated LTI group (Figure 1B) and in 7 of 11 mice given
conventional irradiation (Figure 1C). All untreated mice were euthanized
by day 50 as a result of progressive subcutaneous tumor growth
(Figure 1D). Some animals in both irradiation treatment groups
were killed as a result of progressive subcutaneous tumor growth,
and some died with subcutaneous tumors in remission after 60 days
with tumor growth in the secondary lymph nodes (inguinal, axillary,
or brachial nodes). The survival of tumor hosts at 100 days is shown
in Figure 1D. Interestingly, conventional irradiation of the tumor was
considerably less effective, based on host survival, than accelerated
irradiation (P = .0006) (Figure 1D). There was no obvious hair loss,
scarring, or contracture of the skin in the fields of accelerated or
conventionally irradiated mice during the 100-day observation
period. In contrast to our previous study in a CT26 colon tumor
model,® in A20 tumors, a single dose of LTI (30 Gy) was less
effective than accelerated LTI and, by day 60, tumors regressed in
4 of 7 mice (supplemental Figure 1) with hair loss and scarring of
the skin in the field of irradiation. Three of 7 mice showed complete
remissions at day 100, and 1 had relapse at a distant site. Therefore,
this single high dose of irradiation was not used in further studies.

To determine whether accelerated LTI resulted in durable immune
responses against tumor antigens, mice in remission after 100 days
were challenged with a subcutaneous injection of 2 X 10° A20
lymphoma cells in the opposite flank. All of these mice were
resistant to rechallenge (6/6 mice), whereas, in naive mice, all

tumors grew progressively (Figure 1E). All of the rechallenged mice
survived for =100 days, whereas control untreated mice chal-
lenged in a simultaneous experiment all died by 50 days (Figure 1F).
Accelerated LTI of primary tumors did not generate an abscopal
antitumor response in unirradiated tumors when tumor cells were
injected simultaneously in both flanks (supplemental Figure 2).

To confirm that tumor-reactive T cells are responsible for the
observed efficacy of accelerated LTI, purified splenic T cells (6 X 10°
cells) obtained from the cured mice after 100 days were adoptively
transferred IV into total body irradiated (8 Gy) BALB/c adoptive
hosts in combination with 5 X 10° TCD BM cells from normal donor
BALB/c mice. The adoptive hosts were challenged with 2 X 10°
A20 lymphoma cells injected subcutaneously on the day of BM
transplantation, and survival was observed for 60 days. Untreated
mice given tumor cells or total body irradiated mice given TCD BM
cells alone served as controls. Figure 1G shows that all adoptive
hosts given the T-cell injection survived =60 days with no detection
of tumors, whereas the control groups did not survive beyond
40 days (P < .001) and had progressive tumor growth.

Accelerated LTI-induced remission of A20 lymphoma
tumors is dependent on CD8™ T cells and antigen
cross-presenting CD8* DCs

We tested the antitumor activity of accelerated LTI in 3 types of
BALB/c mice: immunodeficient Rag-2~/~ mice, which are deficient
in T and B cells, mice depleted of CD8™ T cells or CD4™ T cells with
anti-CD8 mAb or anti-CD4 mAb treatment, respectively, and
Batf-37'~ mice selectively deficient in CD8" and CD8"CD103"
DCs (Figure 2A-E). Supplemental Figure 3 shows the depletion
of CD8" T cells, CD4™ T cells, and CD4"CD25"FOXP3* cells
after antibody treatments. Whereas 16 of 18 wild-type mice given
accelerated LTl had complete remissions of subcutaneous tumors
at day 60, none of the CD8" TCD or Batf-3~/~ mice developed
complete remissions. Only 2 of 8 Rag-2~'~ mice had complete
remissions. In contrast, 5 of 6 mice in the CD4" TCD group had
complete remissions after accelerated LTI of primary tumors. This
result was reflected in the survival of the groups over 100 days
(Figure 2F). About 70% of the wild-type mice survived 100 days, in
contrast to <20% of the immunodeficient Rag-2~'~ mice. Although
5 of 6 mice in the CD4 ™ TCD group developed complete remissions
of primary tumors, 1 of the 5 mice developed tumors in distant lymph
nodes that resulted in death, and the others developed liver
metastasis (Figure 2F). Figure 2G shows that, on autopsy, there
was no distant lymph node tumor spread or spread to the liver by
gross examination in wild-type mice (n = 18) given accelerated LTI,
and only 4 of these mice exhibited spread to local lymph nodes.
In contrast, all Rag-2~'~ mice had local lymph node spread, and
2 of 5 had spread to distant nodes but not liver. Interestingly, 5 of
6 Batf-3~'~ mice had spread to the liver without spread to the nodes

Figure 3. Accelerated LTI is more effective than conventional LTI in the induction of A20 lymphoma cell necrosis with expression of CRT, Hsp70, and Hsp90.

(A) Gated CD19* lymphoma cells from untreated or treated A20 tumors, 24 hours after completion of LTI, were analyzed for 7AAD vs annexin V staining. Gates were drawn

based on fluorescence minus 1 controls. (B) Representative 1-color analyses of intensity of staining with CRT, Hsp70, or Hsp90 among gated CD19" lymphoma cells that are
Ann°7AAD" (box 1 in panel A, red), Ann™7AAD" (box 2 in panel A, blue), and Ann"7AAD" (box 3 in panel A, green). (C) Percentages (mean = standard error of the mean)
of cells in boxes 1, 2, and 3 in panel A. (D) Mean percentages of CRT", Hsp70™, or Hsp90™* tumor cells in boxes 1, 2, and 3 in panel A in the 4 groups of mice (n = 5 mice

per group). Mean percentages of early apoptotic cells in all groups were significantly different from those in late-apoptotic and necrotic cells. Only significant P values are

shown. *P < .05, **P < .01, Mann-Whitney U test.
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Figure 4. Accelerated, but not conventional, LTI markedly increases the percentages of 7AAD™" CRT" | 7AAD'™" Hsp70"™ , and 7AAD™/" Hsp90™ cells in
A20 and BL3750 B-cell lymphomas. (A) Representative 2-color FACS patterns of the percentages of 7AAD™MCRT™, 7AAD™"Hsp70", and 7AAD™MHsp90™ cells on
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at the time of autopsy. Tumors found in all gross specimens were
confirmed by microscopic examination.

Accelerated, but not conventional, LTI induces potent
ICD in A20 and BL3750 tumors

The immunogenicity of tumor cells killed in vitro after treatment with
chemicals or radiation has been studied in detail."®2° The molecular
changes that are associated with ICD have been attributed to
severe reticular endoplasmic stress, resulting in increased surface
expression of DAMP molecules by the tumor cells.'® Of these,
CRT, Hsp90, and Hsp70 are believed to be the most important.9
We studied expression of the DAMPs on tumor cells with or without
accelerated or conventional LTI treatment, as described above.

Figure 3A shows representative flow cytometry analysis of
CD19"-gated A20 tumor cells after staining for 7-aminoactinomycin
D (7AAD) vs annexin V (Ann), 24 hours after completion of accelerated
or conventional LTI, and at the same time point without LTI.
The 7AAD staining intensity shows the extent of cell membrane
permeability and death.?’ Ann staining shows the extent of cell
membrane expression of phosphatidyl serine, a marker of cells
undergoing apoptosis.??2 ZAAD™Ann™ cells (box 2) are late-stage
apoptotic cells, 7AAD"Ann" cells (box 3) are necrotic cells, and
7AAD~Ann cells (box 1) are nonapoptotic or early apoptotic cells
(Figure 3A). Representative staining intensities of CRT, Hsp70, and
Hsp90 on the 3 cell populations are shown in Figure 3B. Whereas
7AAD”Ann'® cells from box 1 show background staining for
DAMPs, cells from boxes 2 and 3 stain positively for DAMPs.

Figure 3C compares the percentages of cells enclosed in boxes 1,
2, and 3 for untreated and irradiated tumors. A mean of 75% to
90% of tumor cells in untreated and conventional LTI-treated mice
were in box 1, and <5% to 10% of tumor cells were in boxes 2 and
3. In contrast, a mean of ~20% and 40% of tumor cells were in
boxes 2 and 3, respectively, in mice treated with accelerated LTI, and
a mean of ~30% were in box 1. Thus, there was a marked increase
in late-apoptotic and necrotic tumor cells after accelerated LTI
compared with other groups. Figure 3D shows the mean percent-
ages of CRT*, Hsp70™, and Hsp90™ cells contained in boxes 1, 2,
and 3. There was a significant increase in the percentages of CRT™,
Hsp70™, and Hsp90™ cells among 7AAD™ and 7AAD" populations
(boxes 2 and 3) in all groups compared with the 7AAD ™~ population
(box 1). In addition, there were significant increases in the mean
percentages of CRT™, Hsp70™, and/or Hsp90™ cells in box 3 vs box 2.

Figure 4 compares the percentages of cells that were 7AAD™NCRT",
7AAD™ " Hsp70M, or ZAAD™MHsp90M (in boxes) in the 4 groups
of mice. Whereas unirradiated A20 tumors contained 6% to 12%
7AAD™MCRT", 7AAD™"Hsp70™, and 7AAD™"Hsp90" cells at
day 25, tumors treated with accelerated irradiation contained
75% to 78% of these cells (Figure 4A). At day 33, unirradiated
tumor cells contained 1% to 4% of these cells, whereas tumors
given conventional irradiation contained 8% to 13% positive cells.
As shown in Figure 4B, the mean percentage of 7AAD™"CRT",

7AAD™ " Hsp70M, and 7AAD™"Hsp90" cells after accelerated
irradiation was significantly increased compared with that in
unirradiated or conventionally irradiated tumors. The mean percent-
ages of 7AAD™"CRT" and 7AAD™"Hsp70" conventionally
irradiated tumors were not significantly different from the percent-
ages in unirradiated tumor cells (Figure 4B).

Similar results were obtained in the BL3750 B-cell lymphoma
model in C57BL/6 mice (Figure 4C-D). Accelerated LTI induced
significant slowing of tumor growth compared with conventional
LTl (supplemental Figure 4), and it induced significantly higher
levels of necrosis associated with ICD in A20 and BL3750 tumors.
Surprisingly, ICD in A20 tumors was unaffected by immunodefi-
ciency in Rag2~'~ and Batf3~'~ mice (supplemental Figure 5)

Accelerated LTI results in a significant increase in
CD8* and CD4™" T-cell infiltration into A20 tumors
compared with conventional LTI

To determine whether the differences in tumor remissions and ICD
between the 2 radiation regimens were associated with differences
in the composition of the immune cell infiltrate, we analyzed the
tumor-infiltrating mononuclear cells in A20 lymphomas in mice given
10 X 3 Gy accelerated or conventional LTI. Figure 5A compares the
representative fluorescence-activated cell sorting (FACS) profiles
of CD4* and CD8™ T cells infiltrating the tumors and expression of
PD-1 and Eomes markers that indicate T-cell “exhaustion” among
gated CD8" T cells after accelerated or conventional LTI. The
mononuclear cells from the accelerated LTI group contained ~6%
CD8" T cells and 12% CD4" T cells, whereas the unirradiated
tumors at day 27 contained ~1% CD8" T cells and 1.2% CD4™
T cells. In contrast, tumors given conventional LTl contained ~1%
CD8" T cells and ~1% CD4" T cells. At day 35, unirradiated
tumors contained <1% CD8" T cells and ~1% CD4™" T cells.
Figure 5B shows representative FACS profiles of CD4"CD25"
FOXP3™ regulatory T (Treg) cells among gated CD4 " T cells in the
irradiated and unirradiated tumors. Whereas CD4"CD25™ cells
accounted for 74% of CD4™ T cells in tumors after conventional
LTI, they accounted for only 28% after accelerated LTI.

The mean percentages of infiltrating total CD4* and CD8™ T cells
were significantly increased in tumors given accelerated LTI
compared with those given conventional LTI (Figure 5C). In
addition, among the CD4™ T cells, there was a significantly higher
percentage of CD4"CD25"FOXP3™ Treg cells in the tumors after
conventional LTI compared with accelerated LTI. Whereas 45% to
50% of infiltrating CD8" T cells in untreated and conventional
LTI-treated tumors were PD-1*Eomes™, the percentage was
reduced to ~18% in the tumors treated with accelerated LTI
(Figure 5C). Among gated CD8™ T cells in normal spleen, <1%
were PD-1"Eomes™ cells (supplemental Figure 6). Interestingly,
there was no significant increase in PD-L1 expression in CD19™
lymphoma cells after accelerated LTI, but conventional LTl induced
a significant increase compared with untreated controls (supplemental

Figure 4. (continued) CD19" gated BALB/c A20 lymphoma cells within the boxes from 3 groups of mice. (B) Percentages (mean = standard error of the mean) of
7AAD™NCRT" (top panel), 7AAD™"Hsp70" (middle panel), and 7ZAAD™"Hsp90M (bottom panel) cells in panel A. n = 5 mice per group. (C) Representative 2-color FACS
patterns of the percentages of 7AAD™MCRT", 7AAD™"Hsp70M, and 7AAD™"Hsp90" cells on CD19" gated BL3750 lymphoma cells contained in boxes from 4 groups
of mice. (D) Percentages (mean = standard error of the mean) of 7AAD™"CRT", 7AAD™""Hsp70", and 7AAD™"Hsp90™ cells in panel C. n = 4 mice per group. Only

significant P values are shown. *P < .05, **P < .01, Mann-Whitney U test.
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Figure 5. Infiltration of CD4" and CD8" T cells and DCs in A20 tumors is markedly increased after accelerated vs conventional LTI. (A) Mice with 21-day tumors
received accelerated (ACC) LTI, conventional (Conv) LTI, or no treatment. Tumor-infiltrating mononuclear cells were analyzed 3 days after LTI completion for percentages of
CD4" and CD8™" T cells, as well as expression of PD-1 and Eomes surface markers, among gated CD8" T cells. Percentages of each subset of cells in boxes on
representative 2-color analysis panels are shown, and arrows identify gating strategy. (B) Representative 2-color FACS patterns of CD4 vs CD25 and CD4 vs FOXP3 on
gated CD4" T cells are shown. (C) Mean percentages of tumor-infiltrating CD4* and CD8" T cells (upper panels), CD8" T cells that expressed the “exhausted” phenotype
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Figure 7A-B). There was a significant reduction in PD-1 expression in
CD8™" T cells after accelerated LTI compared with untreated controls
(P = .01) and with conventional LTI (P = .005) (supplemental
Figure 7C-D).

Representative FACS plots of MHCI"CD11c™ total DCs and
MHCII*CD11¢c*CD103™ DCs in untreated and irradiated tumors
are shown in Figure 5D. The percentage of total DCs was highest in
the accelerated LTl group. Figure 5E shows that there were
significant increases in the percentages of total DCs (MHCII™*
CD11c¢™) and CD103™ DCs infiltrating the tumors given accelera-
ted LTI compared with no irradiation or conventional LTI.

Changes in histopathologic appearance, cytokines,
and chemokine production of tumors

To further study changes in the composition of CD4" and CD8™
T cells, we stained histologic sections with anti-CD4, anti-CD8,
and anti-CD3 mAbs. We also stained for intracellular expression of
HMGB1, which provides maturation signals to DCs?® and chemo-
tactic signals to facilitate DC migration to lymph nodes to cross-
present tumor antigens to T cells.?* Figure 6A shows dense
infiltration of CD8" T cells in tumors given accelerated LTI, in
contrast to the minimal infiltration seen in untreated or conventionally
treated tumors. CD4™" T-cell infiltration was minimal in all 3 groups.
The CD3 and merged patterns of CD3, CD4, and CD8 staining
followed the pattern of CD8™ T-cell infiltration and were consistent
with the flow cytometric analyses shown in Figure 5A and B.
Supplemental Figure 7 shows that accelerated LTl induced markedly
increased expression of nuclear and cytoplasmic HMGB1 compared
with untreated or conventional LTI-treated tumors.

Next, we measured the concentrations of cytokines and chemo-
kines in tumor cell lysates after accelerated LTI, conventional LTI, or
no treatment. Interestingly, there were significant increases in the
concentrations of IFN-y, CXCL10, MCP-1, and IFN-B between
accelerated LTI and untreated tumors (P < .005). However, there
were no differences in the levels of these cytokines and chemokines
between conventional LTl and untreated tumors. There was also a
significant increase in IFN-y in accelerated vs conventional LTI (P < .05)
(Figure 6B). We did not observe any significant differences in IL-4, IL-6,
IL-10, IFN-o, or TNF-a among the 3 groups (data not shown).

Discussion

The objective of this study was to compare the therapeutic and
immunological effects of conventional daily tumor radiation of 10
fractions extended over 2 weeks with identical fractions and total
dose of radiation given over 4 days in murine B-cell ymphomas. We
found that accelerated LTI demonstrated markedly enhanced
antitumor immune responses compared with conventional LTI.
We observed similar results when CT26 colorectal tumors were
treated with a single high dose of (30 Gy) LTl compared with
conventional fractionated irradiation.® Resistance to tumors and
antitumor memory T-cell responses could be adoptively transferred
in the current study as in our previous study of CT26 tumors.®
Although accelerated LTl-treated mice in remission are resistant to

tumor rechallenge, systemic immunity does not develop rapidly
enough after accelerated LTl to mediate abscopal antitumor
response to simultaneously injected distant tumors. We hypoth-
esize that accelerated irradiation combined with immunotherapy
using checkpoint inhibitors may generate a more rapid systemic
immune response. We did not determine the role of ICD in the
induction of antitumor responses in the previous study. In the
present study, we determined whether differences in ICD could
explain the differences in the immune responses generated by
effective accelerated LTI vs the ineffective conventional LTI.

Accelerated radiation—induced remissions of A20 tumors were
not obtained in immunodeficient Rag-2~'~ mice, mice depleted of
CD8" T cells after treatment with appropriate mAbs, or Batf-3~/~
mice that are deficient in CD8* DCs and CD8"CD103* DCs,
despite the high sensitivity of lymphomas to radiation-induced cell
death. Our results in the lymphoma model are consistent with other
studies that show radiation-induced remissions in solid tumors
cannot be obtained in immunodeficient mice?® or after depletion of
T cells.?® The lack of efficacy of accelerated radiation following
CD8™ T-cell depletion and in Baft3-deficient mice lacking CD8«
cross-priming DCs indicates that tumor antigen cross-presentation
to CD8™ T cells may be critical for radiation-induced remissions in
lymphoma and solid tumors. In this study, we observed durable
remissions following CD4" T-cell depletion in accelerated LTI-
treated mice. This may be due to depletion of CD4"FOXP3™ Treg
cells that suppress antitumor responses. Our study suggests that
depletion of Treg cells has a more pronounced effect on antitumor
response than the requirement of CD4™ T-cell help.

Tumor cells that have been killed in vitro after treatment with
radiation or anticancer drugs can induce potent T cell-mediated
immune responses as a result of changes identified as ICD.'82”
The key features of ICD are increased cell surface expression of
DAMPs, such as CRT, Hsp70, and Hsp90, and extracellular
release of HMGB1 and ATP by dying tumor cells.'®'928 QOur
results demonstrate that accelerated LTI induces significantly
more ICD in A20 and BL3750 tumors in comparison with
conventional LTI, as judged by the percentages of tumor cells
expressing high levels of CRT, Hsp70, and Hsp90 in association
with intense 7AAD staining. The difference in DAMP expression in
tumor cells induced by the 2 irradiation protocols is highly
correlated with the percentage of cells undergoing necrosis vs
apoptosis, as well as with their respective abilities to induce
durable complete remissions. The high expression of DAMPs in
tumors treated with accelerated LTl is likely to be related to the
inability of the tumor cells to repair endoplasmic reticulum stress
within the shorter duration (4 hours) between radiation doses in
accelerated irradiation compared with conventional irradiation
(24 hours). We hypothesize that reduced ICD in conventional LTI
accounts for the increased relapse in mice treated with
conventional LTI compared with accelerated LTI. We observed
markedly increased necrotic tumor cells (CRT™Mi7AAD"
Hsp70™Mi7AAD" and Hsp90™/"'7AAD") following accelera-
ted LTI in Rag2~'~ mice compared with untreated controls.

Figure 5. (continued) (PD-1"Eomes™) (lower left panel), and CD4"CD25"FOXP3™ Treg cells among CD4 ™ T cells (lower right panel) (n = 9 or 10). (D) Representative
staining for MHCII"CD11c" DCs among live mononuclear cells from tumors. These cells were analyzed for expression of CD103. (E) Mean percentages of tumor-infiltrating
total MHCII*CD11¢™ DCs (left panel) and CD103™ DCs (right panel). Only significant P values are shown. *P < .05, **P < .01, Mann-Whitney U test.
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Figure 6. Histopathologic infiltration of CD8" T cells and production of proinflammatory cytokines and chemokines in A20 tumors are markedly increased
after accelerated LTI. (A) Immunohistochemistry of A20 tumors that were untreated or treated with conventional or accelerated LTI starting on day 21. Tissue
sections obtained from day-27 tumors were stained with anti-CD3, anti-CD4, and anti-CD8 mAbs conjugated with fluorochromes using a 2-stage procedure. CD8" is
red, CD4™ is blue, and CD3™ is green. (B) Lysates from tumor tissues were analyzed for expression of various cytokines and chemokines by Luminex-based assay
with or without LTI treatment. Concentrations of cytokines and chemokines per 100 g of total protein. Data are mean = SEM (n = 5 mice per group).

Only significant P values are shown. *P < .05, **P < .01, Mann-Whitney U test.

This suggests that accelerated LTl is sufficient to induce tumor cell Untreated A20 tumors had increased percentages of CD4" CD25™
necrosis in the absence of T cells. To our knowledge, this is the first Treg cells among infiltrating CD4* T cells and increased
in vivo study that has addressed the role of radiation in inducing percentages of PD1*Eomes™ exhausted CD8™ T cells compared
ICD; previous studies have been performed on cell lines in vitro.'®2°2°  with normal spleen. The exhaustion of T cells may be due to the
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action of Treg cells®® and/or chronic tumor antigen stimulation.’
Exhausted CD8" T cells are dysfunctional, because they have
been shown to have reduced cytolytic and cytokine-production
capacity.®?%® Accelerated LTI led to a markedly increased infil-
tration of CD4" and CD8™" T cells in tumors, with a concomitant
reduction in Treg cells. Reduction of exhausted cells within CD8™ T
subsets induced by accelerated LTI-treated tumors could be due to
a radiation-induced reduction in Treg cells.®° LTI has been shown to
increase PD-L1 expression in tumor cells,®* resulting in suppression
of radiation-induced antitumor response. This could be overcome
by combining LTI with PD-L1 blockade. In our study, conventional
LTI, but not accelerated LTI, led to increases in PD-L1 expression in
lymphoma cells compared with untreated controls. Significantly
higher expression of PD-1 in CD8" T cells in the conventional
LTl-treated tumors compared with accelerated LTI treatment
suggests that the PD-1/PD-L1 interaction plays a dominant role
in reducing antitumor responses and preventing remissions in
conventional LTI but not in accelerated LTI. We observed low
levels of infiltrating CD4 " and CD8™ T cells in the conventional
LTl-treated group. This is not surprising, because the prolonged
daily irradiation over 10 days is likely to have killed tumor-
infiltrating T cells that are observed at 7 days after the start of LTI.
We observed a similar depletion of tumor-infiltrating T cells in our
CT26 tumor irradiation model with conventional LTI that did not
effectively treat the tumor. Conventional LTI resulted in markedly
reduced T-cell infiltration, even when added to a single dose of
30 Gy.® Similar results were also reported in a melanoma model.®°

Our data suggest that infiltration of tumors with CD103* DCs after
accelerated LTl is likely to be required in the chain of events that
leads to the induction of immune-mediated durable remissions,
because these DCs are lacking in Batf3~'~ mice that failed to
respond to accelerated LTI. CD103" DCs have been shown to
traffic to tumors, take up tumor antigens, and migrate to local lymph
nodes where they cross-present antigens to CD8"' T cells that
mediate antitumor immunity.2®3? We found higher percentages of
CD103™ DCs, along with CD8™ T cells, in accelerated LTI-treated
tumors compared with conventional LTI.

Accelerated LTI increased intratumoral production of IFN-f, which
could enhance the cross-priming capacity of intratumoral DCs and
increase the release of IFN-y and the IFN-y—inducible chemokine,
CXCL10, that promote T-cell infiltration in solid tumors.3® CXCL10
produced by Batf3-dependent CD8"CD103" DCs is required for
effector T-cell trafficking in tumors.®® Our results show that lysates
from lymphoma tumors treated with accelerated LTI had signifi-
cantly higher levels of IFN-y compared with tumors treated with
conventional LTI.
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Acknowledgments

The authors thank Xiangyue Zhang (Department of Pathology,
Stanford University) for providing Batf3-knockout mice and
Ometa Herman (Stanford Shared FACS Facility).

This work was supported by grants from the National Cancer
Institute, National Institutes of Health (4RO1CA16344105 and
5P01CA04960528) (S.S.)

Authorship

Contribution: S.D. designed the protocol, performed experiments,
analyzed data, and wrote the manuscript; M.B.A. performed
immunofluorescence histopathology; Y.M. performed lymphoma
irradiation experiments; A.F. helped to perform initial radiation
experiments; K.P.J. designed mAb-staining panels and performed
Luminex assays; B.P.l. performed anti-mAb-depletion experiments;
R.T. performed HMGB1 staining; J.W. performed Luminex experi-
ments; E.G.E. supervised immunofluorescent histopathology ex-
periments and helped to design protocols; and S.S. supervised all
experiments and helped to write the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

ORCID profiles: S.D., 0000-0002-6613-2984; M.B.A.,, 0000-
0003-0721-2180; K.P.J., 0000-0001-9721-4379; E.G.E., 0000-
0002-2096-9279; S.S., 0000-0002-1765-2326.

Correspondence: Suparna Dutt, Stanford University School
of Medicine, Division of Immunology and Rheumatology, CCSR
Building, Room 2220, 269 Campus Dr, Stanford, CA 94305-5166;
e-mail: sdutt@stanford.edu; and Samuel Strober, Stanford Univer-
sity School of Medicine, Division of Inmunology and Rheumatology,
CCSR Building, Room 2215-C, 269 Campus Dr, Stanford, CA
94305-5166; e-mail: sstrober@stanford.edu.

1. Ng AK, Yahalom J, Goda JS, et al. Role of radiation therapy in patients with relapsed/refractory diffuse large B-cell ymphoma: guidelines from the
International Lymphoma Radiation Oncology Group. Int J Radiat Oncol Biol Phys. 2018;100(3):652-669.

Formenti SC, Demaria S. Radiation therapy to convert the tumor into an in situ vaccine. Int J Radiat Oncol Biol Phys. 2012;84(4):879-880.

3. Filatenkov A, Baker J, Mueller AM, et al. Ablative tumor radiation can change the tumor immune cell microenvironment to induce durable complete

remissions. Clin Cancer Res. 2015;21(16):3727-3739.

Jiang W, Chan CK, Weissman IL, Kim BYS, Hahn SM. Immune priming of the tumor microenvironment by radiation. Trends Cancer. 2016;2(11):638-645.

Kioi M, Vogel H, Schultz G, Hoffman RM, Harsh GR, Brown JM. Inhibition of vasculogenesis, but not angiogenesis, prevents the recurrence of

glioblastoma after irradiation in mice. J Clin Invest. 2010;120(3):694-705.

2578 DUTT et al

9 OCTOBER 2018 - VOLUME 2, NUMBER 19 & blood advances


http://orcid.org/0000-0002-6613-2984
http://orcid.org/0000-0003-0721-2180
http://orcid.org/0000-0003-0721-2180
http://orcid.org/0000-0001-9721-4379
http://orcid.org/0000-0002-2096-9279
http://orcid.org/0000-0002-2096-9279
http://orcid.org/0000-0002-1765-2326
mailto:sdutt@stanford.edu
mailto:sstrober@stanford.edu

10.

11.

12.

18.
14,

15.

16.

17.

18.
19.

20.

21.

22.
283.

24.

25.

26.

27.
28.

20.

30.

31.
32.

33.

34.

35.

Connolly KA, Belt BA, Figueroa NM, et al. Increasing the efficacy of radiotherapy by modulating the CCR2/CCR5 chemokine axes. Oncotarget. 2016;
7(52):86522-86535.

Kaur P, Asea A. Radiation-induced effects and the immune system in cancer. Front Oncol. 2012;2:191.

Gardai SJ, McPhillips KA, Frasch SC, et al. Cell-surface calreticulin initiates clearance of viable or apoptotic cells through trans-activation of LRP on the
phagocyte. Cell. 2005;123(2):321-334.

Krysko DV, Garg AD, Kaczmarek A, Krysko O, Agostinis P, Vandenabeele P. Inmunogenic cell death and DAMPs in cancer therapy. Nat Rev Cancer.
2012;12(12):860-875.

Multhoff G, Pockley AG, Schmid TE, Schilling D. The role of heat shock protein 70 (Hsp70) in radiation-induced immunomodulation. Cancer Lett. 2015;
368(2):179-184.

Zappasodi R, Pupa SM, Ghedini GC, et al. Improved clinical outcome in indolent B-cell lymphoma patients vaccinated with autologous tumor cells
experiencing immunogenic death. Cancer Res. 2010;70(22):9062-9072.

Wang HT, Lee HI, Guo JH, et al. Calreticulin promotes tumor lymphocyte infiltration and enhances the antitumor effects of immunotherapy by up-
regulating the endothelial expression of adhesion molecules. /Int J Cancer. 2012;130(12):2892-2902.

Golden EB, Apetoh L. Radiotherapy and immunogenic cell death. Semin Radiat Oncol. 2015;25(1):11-17.

Passineau MJ, Siegal GP, Everts M, et al. The natural history of a novel, systemic, disseminated model of syngeneic mouse B-cell lymphoma. Leuk
Lymphoma. 2005;46(11):1627-1638.

Minard-Colin V, Xiu Y, Poe JC, et al. Lymphoma depletion during CD20 immunotherapy in mice is mediated by macrophage FcgammaRI, FcgammaRill,
and FcgammaRIV. Blood. 2008;112(4):1205-1213.

Filatenkov A, Miiller AM, Tseng WW, et al. Ineffective vaccination against solid tumors can be enhanced by hematopoietic cell transplantation. J Immunol.
2009;183(11):7196-7203.

Dutt S, Baker J, Kohrt HE, et al. CD8+CD44(hi) but not CD4+CD44(hi) memory T cells mediate potent graft antilymphoma activity without GVHD.
Blood. 2011;117(11):3230-3239.

Obeid M, Tesniere A, Ghiringhelli F, et al. Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat Med. 2007;13(1):54-61.

Golden EB, Frances D, Pellicciotta |, Demaria S, Helen Barcellos-Hoff M, Formenti SC. Radiation fosters dose-dependent and chemotherapy-induced
immunogenic cell death. Oncolmmunology. 2014;3(4):e28518.

Rubner Y, Muth C, Strnad A, et al. Fractionated radiotherapy is the main stimulus for the induction of cell death and of Hsp70 release of p53 mutated
glioblastoma cell lines. Radiat Oncol. 2014;9(1):89.

Wilodkowic D, Telford W, Skommer J, Darzynkiewicz Z. Apoptosis and beyond: cytometry in studies of programmed cell death. Methods Cell Biol.
2011;108:55-98.

Wlodkowic D, Skommer J, Darzynkiewicz Z. Flow cytometry-based apoptosis detection. Methods Mol Biol. 2009;559:19-32.

Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation [published correction appears in Nature
2010;467(7315):622]. Nature. 2002;418(6894):191-195.

Dumitriu |E, Baruah P, Valentinis B, et al. Release of high mobility group box 1 by dendritic cells controls T cell activation via the receptor for advanced
glycation end products. J Immunol. 2005;174(12):7506-7515.

Chakravarty PK, Alfieri A, Thomas EK; et al. FIt3-ligand administration after radiation therapy prolongs survival in a murine model of metastatic lung cancer.
Cancer Res. 1999;59(24):6028-6032.

Shiraishi K, Ishiwata Y, Nakagawa K, et al. Enhancement of antitumor radiation efficacy and consistent induction of the abscopal effect in mice by ECI301,
an active variant of macrophage inflammatory protein-1alpha. Clin Cancer Res. 2008;14(4):1159-1166.

Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Inmunogenic cell death in cancer therapy. Annu Rev Immunol. 2013;31(1):51-72.

Apetoh L, Ghiringhelli F, Tesniere A, et al. Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and
radiotherapy. Nat Med. 2007;13(9):1050-1059.

Perez CA, Fu A, Onishko H, Hallahan DE, Geng L. Radiation induces an antitumour immune response to mouse melanoma. /nt J Radliat Biol. 2009;
85(12):1126-1136.

Bauer CA, Kim EY, Marangoni F, Carrizosa E, Claudio NM, Mempel TR. Dynamic Treg interactions with intratumoral APCs promote local CTL
dysfunction. J Clin Invest. 2014;124(6):2425-2440.

Jiang Y, Li Y, Zhu B. T-cell exhaustion in the tumor microenvironment. Cell Death Dis. 2015;6(6):e1792.

Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral persistence alters CD8 T-cell immunodominance and tissue distribution and
results in distinct stages of functional impairment. J Virol. 2003;77(8):4911-4927.

Paley MA, Kroy DC, Odorizzi PM, et al. Progenitor and terminal subsets of CD8+ T cells cooperate to contain chronic viral infection. Science. 2012;
338(6111):1220-1225.

Deng L, Liang H, Burnette B, et al. Irradiation and anti-PD-L1 treatment synergistically promote antitumor immunity in mice. J Clin Invest. 2014;
124(2):687-695.

Lee Y, Auh SL, Wang Y, et al. Therapeutic effects of ablative radiation on local tumor require CD8+ T cells: changing strategies for cancer treatment.
Blood. 2009;114(3):589-595.

€ blood advances s ocToser 2018 - voLUME 2, NUMBER 19 ACCELERATED IRRADIATION FOR LYMPHOMA 2579



36.

37.

38.

39.

Roberts EW, Broz ML, Binnewies M, et al. Critical role for CD103(+)/CD141(+) dendritic cells bearing CCR?7 for tumor antigen trafficking and priming
of T cell immunity in melanoma. Cancer Cell. 2016;30(2):324-336.

Broz ML, Binnewies M, Boldajipour B, et al. Dissecting the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for T cell
immunity [published correction appears in Cancer Cell 2014;26(6):938]. Cancer Cell. 2014;26(5):638-652.

Lugade AA, Sorensen EW, Gerber SA, Moran JP, Frelinger JG, Lord EM. Radiation-induced IFN-gamma production within the tumor microenvironment
influences antitumor immunity. J /mmunol. 2008;180(5):3132-3139.

Spranger S, Dai D, Horton B, Gajewski TF. Tumor-residing Batf3 dendritic cells are required for effector T cell trafficking and adoptive T cell therapy.
Cancer Cell. 2017;31(5):711-723.e4.

2580 DUTT et al 9 OCTOBER 2018 - VOLUME 2, NUMBER 19 & blood advances



