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Abstract

Background Diffuse intrinsic pontine glioma (DIPG) is a rare, aggressive brain tumor with no known cure. Reirradiation
(reRT) at recurrence can prolong survival. The impact of irradiation may be heightened when combined with PD-1 inhibi-
tion. We describe our experience using reRT, with or without PD-1 inhibition, in a cohort of patients with recurrent DIPG.
Methods We performed a retrospective cohort analysis of children who received reRT with or without concomitant PD-1
inhibition for recurrent DIPG at a single institution between 2005 and 2016. We compared progression-free (PFS) and overall
survival (OS) between those who received reRT alone or in combination with PD-1 inhibition. We then compared reRT to
a cohort of patients who did not receive reRT.

Results Thirty-one patients were included (8—reRT with nivolumab; 4—reRT alone; 19—no reRT). Patients who received
reRT had prolonged OS compared to no reRT (22.9 months—reRT with nivolumab; 20.4 months—reRT alone; 8.3 months—
no reRT; p<0.0001). Patients who received reRT with nivolumab vs. reRT only had slightly prolonged OS from diagnosis
and from reRT (22.9 vs. 20.4 months for time from diagnosis; 6.8 vs. 6.0 months for time from reRT). All patients receiving
reRT with or without nivolumab tolerated the therapy without acute or late toxicity.

Conclusions Our experience demonstrates the tolerability of reRT with concurrent PD-1 inhibition for recurrent DIPG and
suggests that combination therapy may offer survival benefit. Future prospective studies are needed to confirm the benefits
of this combination therapy.
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Introduction

Diffuse intrinsic pontine glioma (DIPG) is a uniformly
lethal pediatric malignancy with a median survival of only
10 months, despite decades of therapeutic trials [1-7].
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Radiation therapy (RT) is currently the only established life-
prolonging therapy [6, 8—11], with chemotherapy and targeted
therapeutics showing no added efficacy [7]. DIPG typically
progresses locally, although loco-regional and distal metas-
tasis can occur [2, 3, 12—-14]. Pharmacologic therapies in the
recurrent setting are generally ineffective and characterized by
rapid neurological decline with median overall survival (OS)
of 1 to 4 months following recurrence [7, 15]. Reirradiation
(reRT) at the time of disease progression and tumor recurrence
has demonstrated improved survival, with an average of about
3 months added to OS when compared to patients receiving
upfront radiation only [16].

Recent pre-clinical evidence suggests that activation of
the programmed cell death (PD-1) pathway within the tumor
microenvironment plays a role in the pathogenesis of adult
and pediatric high-grade gliomas [17-22]. In murine glioma
models, PD-1 blockade prolongs survival and leads to durable
responses [23, 24]. Other pre-clinical studies have suggested
PD-1 inhibition combined with radiation therapy offers added
survival benefit, potentially through increased antigen presen-
tation and lymphocyte concentration [25, 26]. These findings,
combined with recent trials demonstrating success of immune-
blockade for the treatment of brain metastases, have led to the
testing of PD-1 inhibitors for the treatment of recurrent DIPG
(NCTO02359565) [27-29]. Additionally, a recent retrospective
cohort analysis of nine patients with newly diagnosed DIPG
demonstrated a median OS of 15.6 months after combination
radiation and PD-1 inhibition with pidilizumab, compared
to a median OS of less than one year obtained from histori-
cal comparisons [30]. Unfortunately, a recent pediatric trial
investigating the use of pembrolizumab for the treatment of
recurrent DIPG was modified early on to exclude recurrent
DIPG due to severe toxicities that were seen in initial patients
[31]. The culmination of these findings supports the need for
ongoing investigation of the application of PD-1 inhibition in
this patient population.

Nivolumab is an alternative [gG human monoclonal anti-
body, targeting the PD-1 receptor and blocking interaction
with its ligands, PD-L1 and PD-L2. Nivolumab is FDA-
approved, appears to have a favorable safety and efficacy
profile, and is undergoing investigation for the application in
pediatric malignancies (NCT02204458) [19, 32, 33]. Here,
we present our single institution’s experience using reRT
and PD-1 inhibition with nivolumab compared to reRT alone
in patients with recurrent DIPG and as compared to those
receiving upfront radiation alone, without reRT.

Methods

A retrospective chart review was performed on all patients
diagnosed with DIPG between July 1, 2005 and July 31,
2016 at a single academic medical center (University of
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California, San Francisco). Inclusion criteria included:
(1) a diagnosis of DIPG confirmed by either radiographic
features and/or biopsy, and (2) initial diagnosis < 18 years
of age. Patients were described as those receiving
nivolumab combined with reRT, those receiving reRT
without nivolumab, or those receiving upfront radiation
but without reRT or nivolumab. Interventions were based
on evidence of safety and efficacy available and preclinical
support for each therapeutic option at time of treatment.
Reirradiation was offered in our institution starting in the
year 2012, and nivolumab was administered in combina-
tion with radiation starting in 2015. Administration of
other systemic agents was not an exclusion criteria. Steroid
use was not an exclusion criteria for reRT with nivolumab;
however, steroids were tapered to the lowest tolerable dose
before initiation of nivolumab. Reirradiation occurred no
sooner than 6 months from completion of initial radia-
tion. For reRT, the area of recurrent tumor was designated
by gross tumor volume (GTV). The GTV was expanded
by 1 cm to generate the clinical target volume (CTV),
and additional 0.3 cm margin was added to produce the
planning target volume (PTV). For the nivolumab cohort,
nivolumab was given as a standard dose of 3 mg/kg/dose
every 14 days for 28-day cycles. Nivolumab was started
concomitantly with radiation and continued as monother-
apy after completion of reRT.

Progression-free survival (PFS) was defined as the time
interval (months) between the last day of RT or reRT and the
date when progression was first identified. All imaging was
reviewed at a multidisciplinary pediatric neuro-oncology
tumor board consisting of neuroradiologists, neuropatholo-
gists, neuro-oncologists, and radiation oncologists. Radio-
graphic progression was determined by increased volume
within the tumor and/or T2/FLAIR changes on non-enhanc-
ing tumors, consistent with progression and not attributable
to radiation treatment effects, as determined by imaging
characteristics and time from radiation. Radiographic pro-
gression was correlated with clinical symptoms when pos-
sible. OS was defined as the time interval (months) between
the date of diagnosis to date of death. OS after reRT was
defined as the time interval (months) between the last day
of reRT and the date of death.

Descriptive statistics were used to compare clinical char-
acteristics between treatment cohorts. The following statis-
tical tests were used: Chi-squared tests for binary variables
(sex, completion of biopsy), ANOVA for normally distrib-
uted variables (age), non-parametric Kolmogorov—Smirnov
or Kruskal-Wallis test for non-normally distributed vari-
ables (number of systemic agents received). Survival out-
comes were compared using Kaplan—-Meier survival (KMS)
analysis and significance calculated by log-rank test. Statisti-
cal analyses were performed in the statistical environment
R (version 3.3.2) with the survival package (version 2.41).
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Results

A total of 31 patients were included in the cohort (Fig. 1).
Of the 31, 12 patients aged 3—18 years were included
in the cohort of patients undergoing reRT. Eight of 12
patients received nivolumab in combination with reRT
and are henceforth referred to as the “nivolumab + reRT
cohort.” The remaining 4 patients received reRT alone
and are referred as the “reRT cohort.” An additional 19
patients aged 2 to 13 years were included in the cohort of
patients undergoing radiation at time of diagnosis, with-
out receiving reRT or nivolumab at progression, and are
referred as the “RT cohort” (Table 1; Fig. 1). There was
no statistically significant difference in age at diagnosis
(p=0.83) or sex distribution across all cohorts (p=0.22;
Table 2).

In 7 of the 8 patients in the nivolumab + reRT cohort,
2 of the 4 patients in the reRT cohort, and 8 of the 19 RT
patients, the diagnosis was confirmed by surgical biopsy
(Table 1). One patient (#8), in the nivolumab + reRT
group, was re-biopsied at recurrence and confirmed to
have progressive DIPG. In the remaining patients, the
diagnosis was confirmed based on radiographic criteria
alone. There was no statistically significant difference
in proportion of patients who received biopsies between

the three cohorts; however, a larger proportion received
biopsies in the nivolumab + reRT cohort compared to the
other two cohorts (p=0.09). Nine of 10 patients who had
mutational analyses performed had pathogenic H3 K27M
mutations. Five of these patients had H3.3 K27M muta-
tions confirmed by molecular sequencing. There were no
confirmed H3.1 K27M mutations noted in the cohort and
only one patient had wildtype H3. All patients received
between 54.0 and 60.0 Gy following diagnosis with a
conventionally fractionated (1.8-2.0 Gy per fraction)
radiation plan directed towards the brainstem. Upon dis-
ease progression, the 8 patients in the nivolumab + reRT
cohort received fractionated reirradiation (24 Gy total;
2-2.4 Gy per fraction) with concurrent and then adjuvant
nivolumab. Two patients received a 12 Gy boost (36 Gy
total) to areas of disease progression outside of the prior
radiation field. Patients received between 1.5 and 6 total
cycles of nivolumab (median 3.3 cycles). The 4 patients
in the reRT cohort received reirradiation alone (24 Gy
total; 2-2.4 Gy per fraction). The median time to reir-
radiation (defined as end of initial radiation to start of
reirradiation) was the same between the nivolumab + reRT
and reRT cohorts (11.6 mo [range 7.5-21.6] vs. 12.1 mo
[range 9.4-13.3]; p=0.90).

Virtually all of the patients in the cohort (30 of 31)
received systemic chemotherapy or other targeted

Fig. 1 Schematic of patients in ' ™
our study, subdivided into treat-
ment cohorts and with associ-
ated number of patients within g '.PV&N au'g ﬂo: ;?r
the cohort that underwent - upiron
biopsy at diagnosis. RT radia- (n=31)
tion therapy, reRT reirradiation
\ /
4 N 4 N
Upfront RT only
‘RT cohort] reRT after
| b progression
S, (n=12)
&/19 underwent biopsy
- E . »
( A 4 &
Nivolumab with reRT reRT only without
(nivalumab + reRT Nivolumab
cohort) (reRT cohort)
n=§g n=4
7/8 underwent biopsy L 2/4 underwent blopsy
7 7
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Table 1 Diagnostic and treatment details for all patients in the study cohort

. Age at . . N
Patient diagnosis Cohort pathology First -line Tx at progression
# treatment (pre-reRT)
(yrs); Sex
1 18, F reRT GEHIUGD Temozolomide LeNIES S
grade Il Bevacizumab
(1) VEGFR
Astro WHO - inhibitor
2 6, F reRT grade i Capecitabine (PTC299)
(2) Temozolomide
3 5,F reRT None Capecitabine Sunitinib
4 3,F reRT None Vellparlb. CED valproate
Temozolomide
(1) Temozolomide
combined with
reRT + LENLD . PARP inhibitor
5 4,F B grade lll, Bevacizumab .
nivo H3K27M (2) Panobinostat
(3) Nivolumab
Bevacizumab
Astro WHO
reRT +
6 8, M R grade lll, Adavosertib Nivolumab
nivo H3K27M
reRT + GESONGIY Dasatinib .
7 4, F R gradelll, Etoposide Nivolumab
RO H3.3K27M g
(1) Temozolomide
DIPG WHO combined with
reRT + i
8 13, M ) grade l, rarobinostat PARP inhibitor
nivo H3.3K27M (2) Nivolumab
Bevacizumab
(1) Panobinostat
(2) Newcastle
Diffuse astro virus combined
reRT + with dendritic Nivolumab
S 21y i WEDEELD cell infusion and Bevacizumab
Wiz 11, H3.3K27M !
hyperthermia
(3) CED valproic
acid
Diffuse Newcastle virus
reRT + .mldhne combln-e.d with i
10 8,F . glioma WHO dendritic cell Nivolumab
nivo grade IV, infusion and
H3K27M hyperthermia
reRT + DIPG WHO Temozolomide Everolimus
11 11, M . grade IV, combined with Bevacizumab
Vo) H3K27M WT PARP inhibitor Nivolumab
reRT +
12 12, M ) None None Nivolumab
nivo

therapeutics (e.g. temozolamide, capecitabine, bevaci-
zumab, lomustine; Table 1) before or after first recur-
rence of DIPG. Although there was a significant differ-
ence in total number of systemic agents received across
groups (median: 4—nivolumab +reRT vs. 3.5—reRT vs.
2—RT; p=0.01), there was no difference between the
nivolumab + reRT and reRT groups (p=0.71). The dif-
ference in therapies pursued tended to occur after reRT
(median O—nivolumab + reRT vs. 1—reRT vs. 0—RT;

@ Springer

" PFS -~
Txat #of Time qS Afrom os after PFS Initial ReRT
rogression Nivo to initial after first after RT, dose,
? t-reRT) ! ReRT diagnosis reRT RT reRT Gy Gy
poste evees (mo) (mo) (mo) (mo) (frac) (frac)
(mo)
Sunitinib ; 9.4 143 28 70 05 ?:1? (i;)
(1) Erlotinib
(2) Etoposide - 13.3 26.1 105 9.3 8.2 55.8 24
(3) Lapatinib (31) (12)
Bevacizumab - 10.9 20.8 7.5 8.3 4.1 f:]j (i;)
None ; 133 19.9 45 42 NA (ig) ég)
Bevacizumab 5.5 242 334 68 213 52 ?;’;)‘ (ig)
None 5 8.0 16.4 6.1 7.3 2.0 (:g) (i‘z‘)
None 3 204 285 60 167 32 (gg) é;‘)
Erlotinib 6 124 23.0 84 91 63 é;‘) (ig)
foplr 54 24
carboplatin
Ornivmay 25 120 22.9 88 116 69 o o
Bevacizumab
None 15 6.6 17.8 88 59 27 ég) (ig)
None 35 98 159 38 42 30 (:g) (i:)
e 25 112 Aive  Alive 101 116 (gg) é;‘)

p<0.001; Table 2); however, these were small differences
overall.

All patients undergoing reRT with or without
nivolumab experienced symptom improvement, and sev-
eral patients regained function important to quality of
life, such as ambulation and swallowing. Six patients
from the nivolumab +reRT cohort were on dexametha-
sone (range 2—12 mg daily) at start of reRT and all were
able to taper steroids at end of reRT. On follow-up MRI
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Table 1 (continued)

13 6, M RT None Vorinostat None
AA WHO
14 7,F RT grade lIl, None Panobinostat
H3.3K27M
Glioblastoma
15 3,F RT WHO grade Capecitabine None
v
Bevacizumab
16 2,F RT None Temozolomide None
Irinotecan
AAWHO
17 8 M RT grade lIl, Bevacizumab None
H3K27M
18 3,F RT None None None
AA WHO
19 12, M RT grade lIl, None None
H3.3K27M
Motaxefin (1) Cediranib
20 4 F RT None gadolinium (2) Temozolomide
21 7,F RT None Capecitabine None
22 6, F RT None Bevacizumab S} Be\{aclzumab
(2) Irinotecan
23 5,F RT LWL Capecitabine Sunitinib
! grade Il
24 6, F RT None Tipifarnib None
Malignant o (1) Panitumumab
25 9,F RT e Capecitabine ) Sunitinib
26 10,F RT Astro WHO Motexafin- Sunitinib
grade Il gadolinium
27 8,F RT None Gefitinib None
- (1) Temozolomide
28 9, M RT None Gefitinib (2) Etoposide
AA WHO
grade |l (1) Tipifarnib
29 11, M RT Glioblastoma @) Len:lidomide Temozolomide
WHO grade
v
30 13, M RT None Tipifarnib Cediranib
- . (1) Lapatinib
31 12, F RT None Tipifarnib (2) Temozolomide

- - 9.5 - 4 - (gg) -
- - 7.4 - 22 - (;‘71) -
- - 35 - o7 - 5(33515;

_ - 5.9 - NA - NA -
- - 12.6 - 6.0 - ?393‘)1

- - 15.0 - NA - (gg) -
- - 7.1 - 4.4 - (gg) -
- - 10.4 - 3.5 - (gg) -
- - 5.4 - 1.0 - NA -
- - 14.9 - 6.3 - f: 1? -
- = 6.3 - 2.9 - NA =
- - 7.3 - 4.0 - NA -
- - 119 - 3.2 - ?;1? -
- - 11.0 - 3.9 - f: 1? -
- - 12.4 - 6.4 - ?;1? -
- - 9.1 - 4.8 - f: 1? -
- - NA - 26 - 5(33515; -
. - 6.4 - 0.5 - NA -
- - 7.2 - 4.6 - NA -

Radiation treatment categories include reRT reirradiation alone, reRT + nivo reirradiation with concomitant and adjuvant nivolumab, RT no
reRT. Pathology diagnosis provided, if available (H3.3K27M =H3.3K27M mutated for patients that underwent biopsy and if H3 K27M status
is not listed, no H3 K27M testing was completed). First line treatment equates to therapy offered at initial diagnosis. Treatment at progression is
delineated by pre-reRT or post-reRT and were not given concomitantly with nivolumab. Numbers in parentheses indicate sequential treatments.
If drugs not delineated by numbers in parentheses, treatment was combination therapy. Patient 12 pursued investigational therapy at an OSH

after reRT, treatment records were unavailable

4—6 weeks after completion of reRT, three out of four
patients in the reRT group demonstrated radiographic evi-
dence of tumor regression. Four out of eight patients in the
nivolumab + reRT cohort exhibited radiographic regres-
sion, while three demonstrated increased enhancement
likely due to treatment effects, and one did not have avail-
able follow up imaging. No patient developed intolerable

acute or late toxicity attributable to reRT with or with-
out concomitant nivolumab. One patient receiving ongo-
ing continued monotherapy with nivolumab after reRT
developed hyponatremia after the first cycle of nivolumab
(CTCAE 4.0 Grade 4). Hyponatremia is a known adverse
effect of nivolumab and resolved in this patient withhold-
ing of drug [34, 35]. The patient was able to complete
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Table 2 Summary statistics for reRT alone, nivolumab with reRT, and upfront RT alone

reRT (n=4) Nivo+reRT (n=38) RT (n=19) p value
Male, n (%) 0(0) 4 (50) 6 (32) 0.22
Biopsy, n (%) 2 (50) 7 (88) 8 (42) 0.09
Age at diagnosis, median (years) 55 8 7 0.83
Total systemic agents, median (range) 3.5 (3-6) 4 (1-6) 2(0-3) 0.01
Pre-reRT 3(2-3) 2.5(0-4) 2 (0-3) 0.19
Post reRT 1(0-3) 0 (0-3) 0 <0.001
# of Nivolumab Cycles, median (range) - 3.3 (1-6) - -
Time to reRT, median (95% CI, mo) 12.1 (94, 13.3) 11.6 (7.5, 21.6) - 0.90
OS from diagnosis, median (95% CI, mo) 20.4 (14.3,26.1) 22.9(16.1,31.9) 8.3 (6.6, 11.6) 0.44
20.8 (entire reRT cohort) (16.3, 26.8) <0.0001
OS from reRT, median (95% CI, mo) 6.0 (2.8, 10.5) 6.8 (4.5, 8.8) - 0.90
PFS from RT, median (95% CI, mo) 7.7(4.2,9.3) 9.6 (5.3, 18.2) 3.9(2.6,4.6) <0.0001
PFS from reRT, median (95% CI, mo) 4.1(0.5,8.2) 42 2.7,84) - 0.90

Total number of systemic agents does not include nivolumab. Statistically significant values in bold, p value <0.05

five additional cycles of nivolumab without recurrence of
hyponatremia.

As compared to the RT cohort, the reRT cohort (with
or without nivolumab) exhibited statistically signifi-
cantly longer median OS (95% confidence interval), 20.8
(16.3, 26.8) months compared to 8.3 (6.6, 11.6) months
(p<0.0001; Table 2; Fig. 2). Patients in the RT cohort
exhibited disease progression sooner after upfront RT com-
pared to the reRT cohorts (3.9 [2.6, 4.6] mo RT vs. 7.7 [4.2,
9.3] mo reRT vs. 9.6 [5.3, 18.2] mo nivolumab + reRT;
p<0.0001; Table 2).

Among patients who received reRT, median OS from
diagnosis was slightly longer in the group receiving
nivolumab combined with reRT as compared to reRT

Fig.2 Kaplan—-Meier survival

curves for overall survival from 1.001 o
time of diagnosis across reRT
with nivolumab, reRT alone,
and upfront RT alone cohorts 2 |
. . £ 075
(median OS in parentheses of S
diagram key). P-value derived ©
from log rank test across ‘8
cohorts a 0501
©
R =
>
—
@ 0.251
p < 0.0001
0.001

alone, though not nearing statistical significance (22.9
[16.1, 31.9] mo vs. and 20.4 [14.3, 26.1] mo; p=0.44).
The median OS from time of reRT was longer in those
receiving nivolumab combined with reRT, also not near-
ing statistical significance (OS 6.8 [4.5, 8.8] mo vs. 6.0
[2.8, 10.5] mo; p=0.90). The PFS after time of reRT was
similar between those receiving nivolumab with reRT
and those receiving reRT alone (4.2 [2.7, 8.4] mo vs. 4.1
[0.5, 8.2]; p=0.90; Table 2; Fig. 3). One patient in the
nivolumab + reRT cohort (patient #12) remains alive but
exhibited disease progression 11.6 months following reRT.
This patient had received 2.5 cycles of nivolumab before
pursuing experimental chemotherapy at an outside institu-
tion (records unavailable, Table 1).

== reRT + nivo (0S-22.9 mo)
reRT (0S-20.4 mo)
= RT (0s-8.3mo)
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Fig.3 Kaplan—Meier survival curves for progression-free survival
from time of reRT across reRT with nivolumab and reRT alone
cohorts (median PFS in parentheses of diagram key). P value derived
from log rank test across cohorts

Discussion

DIPG is an extremely aggressive pediatric malignancy with
poorly defined treatment standards beyond fractionated radi-
ation therapy. Reirradiation is now offered at our institution
at time of DIPG recurrence and provided the patient is at
least 6 months from prior RT. Reirradiation has been shown
to offer both survival advantage and improve quality of life
and we aim to offer reRT for these same benefits [16, 17].
In our report, we describe our experience using combina-
tion therapy with reRT and nivolumab for the treatment of
patients with recurrent DIPG. We highlight the tolerability
of this approach in a heavily pre-treated cohort of patients
and demonstrate the potential positive impact this approach
has on prolonging overall survival.

In this review, we compared outcomes of patients receiv-
ing reRT at time of disease progression with or without con-
comitant PD-1 inhibition with nivolumab, and also com-
pared outcomes to patients receiving only a single course of
upfront RT. Patients with DIPG who received reirradiation
at time of recurrence demonstrated better OS as compared
to those receiving RT only at time of diagnosis. These out-
comes are superior to the survival of patients with DIPG
described in a meta-analysis of 29 studies comparing various
treatment approaches (n=973; OS 10.1 mo) and consistent
with prior studies illustrating a median OS of 12—19 months
after reRT in patients with recurrent DIPG [16, 36-39].

There is slight survival bias in our reRT cohort, since 3
patients in the RT cohort progressed sooner than 6 months
after initial RT, which is the threshold that our institution
uses as eligibility criteria for reRT. We attribute this find-
ing to potential bias in diagnosis of radiographic progres-
sion in the early RT cohort, as compared to diagnoses in
more recent years. Whether these patients who had early
progression of disease had more aggressive tumors due to

differences in tumor biology is unclear since only 3 out of 19
patients in the RT cohort underwent molecular testing. Dif-
ferences in the rates of biopsy and molecular testing reflect
evolving practice patterns at our institution, with patients
diagnosed later in chronological time being offered biopsy
more frequently. We do recognize that patient #12 appears
to be an outlier in our cohort. This patient did not receive
a biopsy at presentation due to hemorrhage at diagnosis;
however, we suspect the patient’s DIPG may have harbored
a H3.1 K27M mutation. Patients with these mutations have
been described previously as having longer survival than
patients demonstrating the more common H3.3 K27M
mutation. This may have contributed to the patient’s long
survival [40, 41]. Nonetheless, in our reRT subgroup, each
patient undergoing reRT experienced improvement in clini-
cal symptoms. Also, all patients on dexamethasone in the
nivolumab +reRT cohort were able to taper steroids at end
of reRT. These results support the use of reRT in the setting
of recurrent DIPG, not only for improving OS, but also qual-
ity of life through symptom relief.

While our study did not demonstrate a statistically sig-
nificant survival benefit with the use of combination ther-
apy with nivolumab and reRT, as compared to reRT alone,
our findings demonstrate the feasibility and tolerability of
this approach for treatment of recurrent DIPG and demon-
strated a possible trend towards prolonged OS. Reirradia-
tion in DIPG could result in an increased risk of radiation
necrosis (RN), particularly in the setting of hypofraction-
ated radiation and in cases where higher cumulative doses
are used and larger field sizes are treated [42, 43]. These
additional risks may be increased with the concurrent use
of PD-1 inhibition, primarily due to the potentiation of
the local immune response [25]. However, in our experi-
ence, no patients with recurrent DIPG exhibited severe
toxicities following combined treatment with nivolumab
and reRT. Consistent with this observation, pseudopro-
gression did not appear to be prevalent in our cohort, as
all patients were determined to ultimately exhibit true
progression after reRT. We do acknowledge the inherent
difficulties in assessing radiographic progression in the
setting of radiation necrosis, use of targeted therapies, and
steroids [44—46]. Therefore, progression was frequently
determined based on the consensus of a multidisciplinary
tumor board and not necessarily based on measurement
of tumor volume per se. When symptoms did occur, they
were typically mild, transient exacerbations of underlying
symptoms related to their DIPG or toxicities related to
another organ system. We do recognize the challenges with
attributing toxicity in such a heavily pretreated population
with recurrent DIPG and given the rapid progression that
can be seen after salvage interventions. Not included in
this cohort is a patient with secondary DIPG after radia-
tion for medulloblastoma ten years prior, who was treated
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with nivolumab combined with reRT. This patient was
excluded from our analysis due to the expectation that
secondary DIPG is intrinsically different than recurrent
DIPG. This patient experienced transient worsening of
baseline ataxia, dysarthria, and dysphagia after dose 1 of
nivolumab. However, symptoms returned to baseline with
a 7-day course of oral dexamethasone and the patient con-
tinued on nivolumab without therapy delays.

Our experience demonstrated that PD-1 inhibition with
nivolumab and reRT for the treatment of patients with
heavily pretreated DIPG is well tolerated. The patients in
our cohort had undergone several rounds of systemic based
agents, and still tolerated reRT combined with nivolumab.
The safety profile of radiation therapy with concomitant
PD-1 inhibition has previously proven tolerable in newly
diagnosed DIPG, as demonstrated by Fried et al. who
described only minor adverse events in a cohort of nine
patients treated with combination PD-1 inhibition and RT
(e.g. nausea, mild to moderate fatigue, mild neutropenia)
[30]. This same study reported median overall survival of
15.6 months following DIPG diagnosis, which is supe-
rior to previously described outcomes combining RT and
chemotherapy [7]. Our study adds to the evidence regard-
ing newly diagnosed DIPG by offering data on combined
reRT and PD-1 inhibition in the recurrent setting.

The limitations of our study arise from the small cohort
size, the retrospective nature of the study, and the lack of
uniformity of therapy approaches in these patients. Over-
all, only 4 patients in our cohort received reRT alone and
only 8 received nivolumab combined with reRT. However,
given the rarity of this disease and paucity of published
data on therapy responses in the recurrent setting, our
results add to the knowledge on the tolerability of PD-1
inhibition given concomitantly with reRT in a population
of children where novel therapeutic approaches are des-
perately needed. Additionally, this report might serve as
the basis to support future studies utilizing PD-1 inhibi-
tion concomitantly with radiation for DIPG in the upfront
setting. We recognize the challenges with identifying pro-
gression in the setting of immunotherapy, the potential for
later therapeutic benefit even with signs of radiographic
progression, and the lack of validated immunotherapy-
based assessment criteria for pediatrics [47]. However,
by correlating imaging findings with the patient’s clinical
picture as a whole and through retrospective review of
patients’ clinical courses, we believe that true progression
was accurately determined.

Overall, our current study supports anticipated safety of
PD-1 inhibition combined with re-irradiation for the treat-
ment of pediatric DIPG. Future steps will include applica-
tion of this treatment approach in a clinical trial setting to
confirm tolerability and to more fully elucidate potential
clinical benefits for this population.
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