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Abstract

The GL261 cell line, syngeneic on the C57BL/6 background, has, since its establishment half a century ago in 1970,
become the most commonly used immunocompetent murine model of glioblastoma. As immunotherapy has
entered the mainstream of clinical discourse in the past decade, this model has proved its worth as a formidable
opponent against various immunotherapeutic combinations. Although advances in surgical, radiological, and
chemotherapeutic interventions have extended mean glioblastoma patient survival by several months, 5-year sur-
vival postdiagnosis remains below 5%. Immunotherapeutic interventions, such as the ones explored in the murine
GL261 model, may prove beneficial for patients with glioblastoma. However, even common immunotherapeutic
interventions in the GL261 model still have unclear efficacy, with wildly discrepant conclusions being made in the
literature regarding this topic. Here, we focus on anti-PD-1 checkpoint blockade monotherapy as an example of this
pattern. We contend that a fine-grained analysis of how biological variables (age, sex, tumor location, etc.) predict
treatment responsiveness in this preclinical model will better enable researchers to identify glioblastoma patients
most likely to benefit from checkpoint blockade immunotherapy moving forward.

Key Points

¢ Anti-PD-1 monotherapy has equivocal efficacy in the GL261 model.

e Known but under-referenced factors impact murine survival in the GL261 model.

Glioblastoma is a devastating malignancy with a median sur-
vival of 12-18 months postdiagnosis.’- Even this brief window
of survival is hard-won, requiring a full standard of care upon
diagnosis, this includes maximum safe surgical resection, ra-
diotherapy, and chemotherapy by temozolomide.* While this
combination of treatments (the “Stupp Protocol”) is a signifi-
cant improvement over previous expectations for glioblastoma
patients,>® the prognosis remains bleak and there exists a clear
need for improved therapeutic options.

Increasing numbers of immunotherapy trials are entering
the clinic for various cancers,” including multiple different

immunotherapy regimens attempted for cancers of the CNS.8?
Immunotherapy is a promising avenue for the treatment of
brain tumors, as immune cells can cross into the brain and oc-
cupy tumors therein’® whereas many conventional treatment
strategies are confounded by the protective blood-brain bar-
rier. The development of these immunotherapies for GBM
has benefited enormously from the abundance of immuno-
competent murine models of glioblastoma.'? Among the most
commonly used of these is the GL261 model™ that shares a
number of significant parallels with human glioblastoma.'42"
The extensively characterized'?'322 GL261 cell line has been
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repeatedly used in murine survival studies for various
immunotherapeutic interventions, but the efficacy of many
of these therapies remains controversial. The present work
will focus on a single example of this, unpacking the lit-
erature to determine why anti-PD-1 checkpoint blockade
immunotherapy (CBI) monotherapy, a highly published,
flagship immunotherapy agent, has unclear efficacy in the
GL261 model in which it has been so repeatedly tested.

We contend that disparate outcomes in publications
treating the GL261 model glioma with anti-PD-1 mono-
therapy are driven by the broad spread of experimental
parameters between studies. Furthermore, we will argue
that the influence of many of these factors is already
known but underappreciated. The systematic study of how
preclinical biological variables influence the survival of
these animals is a potentially untapped resource that could
impact the field’s ability to better predict patient outcomes
in future immunotherapy trials. Minimally, these variables
ought to be duly considered during the experimental de-
sign process and, where necessary, controlled for. In sum-
mary, this review will lay forth and evaluate the evidence
supporting each of a number of experimental param-
eters as potential drivers of the discord in reported sur-
vival times of GL261-bearing mice treated with anti-PD-1
monotherapy.

Rationale

The necessity of this report can be appreciated in com-
paring these 2 sentences from research publications
in 2019:

PD-1 antibody therapy in GL261 resulted in almost half
of the animals with long-term survival, which is con-
sistent with previously published findings.—Jahan
et al.?

GL261 tumors are intrinsically unresponsive to
anti-PD-1 therapy & All untreated mice succumbed to
their disease prior to Day 21, and no animals survived
beyond Day 24 in the groups receiving [anti-PD-1
therapy] indicating no significant survival benefit was
conferred.—Kim et al.?*

Obviously, these absolutist statements on anti-PD-1
antibody’s therapeutic efficacy cannot both be true. Some
nuance must exist that would permit such discrepant out-
comes in the same model system. The jarring dissonance
in the literature regarding anti-PD-1 therapy in the GL261
model, which stretches far beyond the 2 publications
quoted above, has been previously noted.?® In that re-
view, the differences in outcome were largely attributed to
varying frequency and dose of anti-PD-1 administration.?®
We view this attribution as insufficiently broad, given the
wealth of published knowledge implicating many other ex-
perimental variables as well. We aim to expand this con-
versation and show that anti-PD-1 CBI monotherapy is not
simply effective or simply ineffective against the GL261
glioma model but that its efficacy is influenced by myriad
factors, far beyond just dosing, which need to be both ap-
propriately accounted for and clearly communicated with

the research community. With a solidified understanding
of why study outcomes are so disparate, the abundance
of preclinical data in the GL261 model can help guide the
way to more nuanced personalization of immunotherapies
for patients.

Approach

We have observed a wide range of published survival
times for anti-PD-1-treated GL261-bearing mice and
wanted to obtain an unbiased sample of such studies to
examine more deeply. At the time of writing, 29 publica-
tions were retrieved by the PubMed “All Fields” search
term “(PD-1) AND (GL261).” One of these was excluded
for being a Review. Our focus is survival outcomes of
anti-PD-1 CBI monotherapy for C57BL/6 mice bearing
orthotopic GL261 gliomas, so studies that lacked such trial
arms (eg, those only using combination therapies?® or not
conducting GL261 survival studies?’) were also excluded.
The remaining 16 research papers are explored in detail
below?32428-41 (Table 1). This search engine-based sample
of the literature does not include all studies that explore
outcomes of GL261-bearing mice treated with anti-PD-1
monotherapy*? but, rather, provides an approachable
number of studies in order to showcase common experi-
mental methods in the field, preserve brevity, and prevent
the incorporation of author bias. This scope has prevented
us from recognizing the work of many of our talented col-
leagues and we apologize to those whose relevant studies
were unable to include. The variables selected for Table
1 are the ones that have been linked, in a direct or indi-
rect fashion, to the survival of GL261-bearing mice treated
with anti-PD-1 monotherapy and each variable will be dis-
cussed in greater detail below. In the interest of full trans-
parency, the nature of the control arms of each study has
also been included inTable 1. While the sham exposure of
the control arm cannot change the absolute survival time
or percentage of the anti-PD-1-treated experimental arm,
different control set-ups could potentially impact relative
statements of treatment efficacy. It is worth noting, how-
ever, that variations in the survival of control-treated an-
imals between studies are more likely reflective of the
differences in other biological variables like age or tumor
inoculum than differences between the types of control
interventions. Two of the most common control interven-
tions among our studies (phosphate buffered saline [PBS]
and isotype IgG) have been shown to have an indistin-
guishable effect on murine survival.®® The strength of evi-
dence linking each variable to the modulation of survival
outcomes in this context is color-coded in Figure 1 for easy
reference. We hope that assessing the contribution of each
variable in a systematic way demystifies some of the enor-
mous spread of murine survival appreciable inTable 1 and
in the literature more broadly.

Variables Relating to the Anti-PD-1 Antibody

The dosing strategy of anti-PD-1 antibody has been sug-
gested as a pivotal determinant in the variations in survival



"Apognue |-qd-nue jo 8uojd pasn Ajuowwod e si yaym ,yL-1dIAY,

8]1JM 0} papualul SI0YINe ay31eyl uoidwnsse ay} apew aAeYy 8Mm ‘punoj ag pjnod auojd siy} Jo 83udlSIXa ay} 0 Se 8auapiAa Buiei0qoi0d ou Se ‘g ,‘yL-|NdY, Se pasn auojd ay} paisi|iduasnuew siy|,
"spoylaw 8y BuipieBal 8ouaiajul ue meip 0} padio} 81am am pue 1duasnuew [eulbuo syl ur paisixa Aunbique Jueoyiubis a1aym asinosauw buisop e salealews(

‘asnow 9/19/G9 ajeway} BunoA e 1oy lensnun ag 1ou pjnom yaiym ‘b oz o 1ybiam e Buiwnsse paziplepuels uaag aney SaSoOp pajeas asay}

‘ybram asnow jo ssa|piebal |-qd-nue jo () Junowe JuslsISUOD B PaLaISIuILPE 1Y} SAIPNIS YUM uosiiedwod Jo asea 104 "uonsanb ul Apnis ayy ui 6y/Bw g se uanum a1am eyl |-qd-Nue Jo S8sop Saledlewa(e
“Joyne 1s.1) 8y} Jo aweu ise| ayl Aq Ajjeanaqgeydie pabueute aie syduosnuew ‘sdnosb uiyupn ‘Adesayy Buimol|oy s10AIAINS wLIB}-BUO| JO JaGUINU BWOS PUE Jijauaq

|[BAIAINS B () pUB ‘SIOAIAINS Wia}-Buo| ou Ing [BAIAINS Ul 8SBAIOUI BWOS (g) ‘UOnUBAIBIUI 9INadelay} Jo HNsal B S [BAIAINS Ul 8Sealaul O (V) :SMojjoj se aie sdnoib ay] “sjewiue Buleaq-ewol|b 19z19 oy apioid

0} Adesayjouow |g9 |-Qd-1ue palejdap sioyine ayl lijauaq [BAIAINS 8y} uo paseq dnoub e 0y paubisse uaaq sey uonealjgnd yoea ‘uosuedwod Jo asea 104 "paisi| 8Je SaIpnis paldg|as ay} o siajaweled [ejuawiiadxy
"anjeu payioadsun jo dnoub j013u09 ayy “sadsun ‘dnoib |013u09 Jo ainjeu 3

‘sionnINS wial-Buo) ‘g1 ‘Aujioeq [ewiuy Ausiaaiun sundoH suyop 4y NHC 'S8ausIas [BIpaIA J0 Awapeoy ueissny ‘SINVY ‘Salioleloqe JaAly sajieyq “1yJ ‘Alojesoge uosyaep ayl “Ir ‘Ausianiun noyzbuep
J0 J8jua) |BaIpa|N aAieledwo? ‘NAJING ‘ewoplgAy painynd e wouy ,8SN0H U| padnpold, aJe jey} saipogiue ‘Hid adiuoasnuew ul papiaoid Jou ejep/ajqealjdde Jou ‘N ‘snouaaesiul “A’| ‘jeauoiuiadesiul ‘4’|

o
Q
o
=]
=
i
©
N
—
O
i
(=}
Sl
iy
A
0
=
(=]
@
Y
o
P
(&)
]
(¢
=
i
()
—
1]
(%
o
>
-t
=
o'
=1
©
+
)]
N
i}
=
=

paieanun (ogvz)  %0€ Irig-9!4 wuw gl | on7-19279 000 0EL em>_>_-_9wmm_q,wm vLzL 0L d'l ‘esop/Br 00z 6L0Z ‘N 2
"0adsun VN %05 obinug ‘g-g !y Wi € i G :on7-19279 000 00L Hid ‘ZLv1462 6L ‘9L ‘€L ‘0L d'l ‘esop/Bri 00z 810z ‘ezUBIEdS 2
sad (g'gz9l) %0z Ir’g-9’'4 ww g M| dn7-19271D 000 OEL HId ‘vD vLzL 0L d'l‘esop/Bii 00z 910z ‘solyie|n o)
"0adsun (e€'ze)  %8Le AVNHri8-9‘4 wuw g il | an7-19271D 000 0€L HId 7D vLzL'0L VN ‘@sop/bi 00z £10T ‘wy| o)
pajeanun VN %08 I YN ‘YN wuw ¥ 'yN ‘¥N 1190X0!g ‘vL-LdINY aCTLLTLL d'I‘esop/eBi 0oz 6L0Z ‘1yoeley o)
Db VN %02 ION :£-9 ‘4 ww gz 171 € 119219 000 &L 1180X0!g ‘vL-LdINY 6'9°¢ d'l ‘esop/Bil 00z 6102 ‘ueyer o)
qqinbg
paieanun (ve 'qz) %E VL Irig-9:4 wuw g | dNn7-19279 000 0EL s1oAN-|01S1Ig ‘ZH ¥ AR AR d’| “esop/Bi 00z 810z ‘Buny o)
£10T
ob| (VN'SP2)  %SS obiAuz {0L-8 4 w we 1 oL 119271 000 00S Hid ‘¥L-LdINY GL'0L'S d'l resop/Bi 00z “1aybBeefoeq 5
ob)| (0£:92) %0 Irig-9!4 ww gt | dnI-19ZID 000 0EL Hid ‘79 vLzL 0L d'l ‘asop/ebr 00z €10¢ ‘Buaz |
SINVY
oby/sad VYN %0 ‘0L-8 ‘N ww ¢ i g 119219 000 00L  9duaIdSOIga ‘0E-LdINY GL'zL'6'9 d'l ‘asop/Bil oGz 610 ‘A0SINBYS g
Db (goe’6l) %0 ar‘8-L VN wuw gz 19219 000 00 l180X0!g ‘vL-LdINY 8Z ‘Gz ‘cZ ‘6L ‘9L ‘EL 0L L d'l ;esop/Bri oGz 6L0Z ‘ouewe] |
£10T
pelesliun VN %0 14D ‘YN ‘¥N VN VN {1921D 000 00€  pusbaiolg ‘pL-LdINY vL'8’9 d'l ‘esop/Bi 00z ‘ejiseopieH q
paleaiiun (lzel) %0 409 'd ww g'¢ 1 € 1192719 000 002 1190X0!1g ‘yL-LdINY 9z '€z 6 9L ‘€L '8 d'l ‘esop/Bil 00z 6102 ‘Wi v
sad VYN %0 g VN 71 Z 119219 000 02 [189X0!g ‘Epr LT'€T'0C 9L ‘L8 '\'l ‘9sop/eBti 00z 6L0Z ‘uBAIS|ED \
NADJIND
aulles VN %0 8-9 N ww gL 11 6119219 000 09 1190X0!1g ‘vL-LdINY 97T d'I ‘esop/Bil 00z 810z ‘1e@ v
ob| (5C22'YN) %0 uelleH ‘g-9 4 ww € '¥N ‘19219 000 05 Hid ‘9 IL'6ZL d'l‘esop/Brio0oz 020z ‘piedleg v

(sAep) (4opuaa
(1Lad-nue ‘weys) ‘p|o syeam (yrdep ‘swnjoa J0pusp (uonenoouul Jowny a1noy !(asop Jeap

|BAIAINS UBIPSIA Xas) 991\ !S[|99 #) uone|nNdou| Jown| ‘auo|) L-ad-uy 1ay4e sAep) Buisoq /61) L-ad-nuy ! nyisil4{ dnoio

siduosnue|y palas|ag Jo sansualoeIey) JueaubIS | 8jqe)



Tritz et al. Equivocal efficacy of anti-PD-1 for GL261 model

outcomes observed in the GL261 model?® and so we chose
to begin our investigations there (Table 1). More specif-
ically, that review stated based on examining 2 manu-
scripts®#43 that “In the preclinical GL261 model, the success
of anti-PD-1 monotherapy is dependent on antibody dosage
levels!?5WithTable 1 we can assess this statement in light of
our broad selection of preclinical GL261 studies and observe
that, with few exceptions,30-38 the anti-PD-1 antibody was de-
livered intraperitoneally and the doses, after those given in
mg/kg,3%34%7 are put in the context of an average mouse’s
weight, all hovered around 200 ng (Table 1). The success of
the monotherapeutic intervention clearly varied dramati-
cally between studies but the antibody dosage did not, sug-
gesting that other variables are contributing to differential
murine survival. That being said, antibody dose certainly
has some role to play. It is known that in the GL261 model,
all else held equal, very low doses of anti-PD-1 monotherapy
(eg, 100 pg/day) have minimal impact on mouse survival
in conditions where a very high dose (eg, 500 pg/day) has
therapeutic efficacy.** Thus, the notion that the success of
anti-PD-1 monotherapy is dosage dependent? appears to
be a necessary but not a sufficient relationship to ensure
therapeutic success in the GL261 model. Dose alone (ug an-
tibody delivered), which hardly changes between studies,
fails to explain the variability inTable 1.

While the amount of anti-PD-1 antibody delivered per
dose may vary little across Table 1, significant variation
between studies was observed in the schedule with which
anti-PD-1 is administered (Table 1). The most prevalent day
for initiation of therapy is day 10 after tumor inoculation
(6/16; 37.5%), with the range spreading from day 2 to day
10. Other immunotherapeutic interventions in the GL261
model have shown great dependency upon time of therapy
initiation?>7; anti-CTLA-4 monotherapy, for instance, had
indistinguishable efficacy from a control IgG when given to
GL261-bearing mice 12 days postinoculation, while it had
a statistically significant impact on murine survival when
given 3 days postinoculation.® To the best of our knowl-
edge, the direct association between earlier treatment and
better outcomes in the GL261 model has yet to be dem-
onstrated for anti-PD-1 CBl. What has been demonstrated,
however, is the link between GL261 tumor volume at the
time of anti-PD-1 administration and the survival out-
come.* Knowing that GL261 tumor volume is a function
of time,*8 it seems prudent to assume that increased time
after tumor inoculation could influence survival outcome
following anti-PD-1 CBI monotherapy until the contrary
has been established. This presumed association is impos-
sible to determine from a retrospective literature review
because many other variables beyond the altered date of
therapy initiation fluctuate between these studies (Table
1). Accordingly, there is no stark delineation between early
treatment (eg, day 2 postinoculation?®) and late treatment
(eg, day 10 postinoculation®) clearly driving differen-
tial survival (Table 1). That being said, the links that have
been forged between GL261 tumor volume and time, and
between tumor volume and treatment resistance, lead us
to suggest that CBI studies, anti-PD-1 therapy included,
in the GL261 model attempt both an “early” and a “late”
time-point therapy initiation. This would not only be enor-
mously beneficial in determining the extent to which early
treatment of this model glioblastoma is a determinant of

survival outcome, but also do significant good in moving
preclinical practices closer to clinical reality, as many of the
presenting symptoms leading to the diagnosis and treat-
ment of glioblastoma are those accompanying late-stage
disease.’

Another antibody-related factor beyond dosing strategy
that could contribute to the variable outcomes of anti-
PD-1-treated GL261-bearing animals is the potential
for non-equivalencies in various anti-PD-1 clones used
for preclinical work, a possibility which has remained
underexplored. Intriguing new data demonstrates the var-
iable impact of anti-PD-1 clones routinely utilized in mu-
rine preclinical studies.*® Particularly, this work shows the
Armenian Hamster IgG G4 clone to promote depletion
of PD-1+T cells in comparison to the Rat IgG2a RMP1-14
clone® (these clones were used in 4/16 and 7/16 of the
studies discussed here, respectively; Table 1). Furthermore,
there is evidence to suggest that the RMP1-30 clone, used
in one of the 16 studies explored here,®® does not actu-
ally block the interaction of the PD-1 molecule with PD-L1
and PD-L2 like the J43 and RMP1-14 clones do.%° While we
do not know the impact of either of those findings in the
context of CBI for the GL261 glioma model, the potential
intrinsic differences between the various clones are cer-
tainly worth further investigation as a potential contributor
to the mixed preclinical data on CBl in GL261, along with
dose differences, timing of administration, and route of
administration.

Variables Relating to the Intracranial Inoculation
of GL261 Cells

When considering disparate outcomes of CBI in an im-
plantable tumor model, there are multitudinous variables
that contribute to the actual process of inoculation. Some
of these factors related to GL261 inoculation are already
known to contribute to varying survival in the context of
anti-PD-1 CBI and some have a more indirect connection
that merits further investigation. It has been established
that higher cell counts for the initial tumor inoculum can
shorten the survival of mice bearing GL261 gliomas.'
Accordingly, comparing the efficacy of anti-PD-1 CBI in
the GL261 model when starting tumor load can vary by
an order of magnitude or more across studies is poten-
tially confounded. In the 16 papers examined, a range of
GL261 inoculum from 20 000 cells* to 500 000 cells®® was
observed, with a plurality (5/16; 31.25%) using 130 000
cells (Table 1). One publication failed to list the number
of cells inoculated at all.®’ Like with anti-PD-1 dosing, no
clear trend exists to separate groups A, B, and C by starting
cell count alone (Table 1). It is possible that this variable is
either insufficient to change the outcome of a study by it-
self, or that the impact of increasing tumor cellularity has
a nonlinear relationship with anti-PD-1 resistance.The rela-
tionship between absolute GL261-tumor volume and the ef-
ficacy of anti-PD-1 monotherapy** likely has interplay with
this variable as well, as different initial tumor inoculums
could—even at equivalent days postinoculation—vary dra-
matically in size from one another and therefore display
different therapeutic outcomes even were all other vari-
ables to be held constant.
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Figure 1.

Factors known to, or likely to, impact survival of GL261-bearing mice treated with anti-PD-1 monotherapy categorized by strength of

supporting evidence. Many experimental variables that fluctuate across experiments investigating the survival benefit of anti-PD-1 monotherapy
in the GL261 model are known to, or suspected of, modulating murine survival time. The factors for which there is evidence of direct modulation of
survival time in anti-PD-1-treated GL261-bearing animals include the tumor size at the time of treatment (1) and the dosage of delivered antibody (2).
This direct evidential support is indicated by the pink background. The pale blue background includes variables that are known to alter the survival
of GL261-bearing animals and could, presumably, also do so in the context of anti-PD-1 monotherapy. These include the sex of the treated animals
(3), the number of GL261 cells inoculated (4), the schedule with which the checkpoint blockade agentis administered (5), the age of mice at the time
of tumor inoculation (6), and the antigenic potential of the GL261 cell line used (7). Experimental variables for which indirect evidence in related
models suggests a possible relation to the survival of anti-PD-1-treated GL261-bearing animals are on a darker blue background. These factors in-
clude the clone of anti-PD-1 antibody used (8), the source of the mice and their accompanying microbiome (9), the coordinates at which the tumor

is implanted (10).

Other tumor-related factors beyond the starting cell
count may interface with murine survival in underappre-
ciated manners, such as tumor antigenicity and location.
First, the relative immunogenicity of wild-type GL261
compared to the firefly luciferase-expressing GL261 cell
line (GL261-Luc), while somewhat conflicted in the litera-
ture, is certainly worth noting. While an older study failed
to observe any gross changes in overall growth kinetics
or T-cell infiltration between GL261 and GL261-Luc tu-
mors,®’ a more recent study found that wild-type GL261-
bearing mice had shorter survival than mice bearing either
of 2 types of Luciferase-expressing GL261.52 The ability of
each of these 3 cell lines to replicate in vitro was compa-
rable and the difference in survival was instead linked to a
more inflammatory state within the Luciferase-expressing
tumors as shown by a cytokine microarray revealing ele-
vated IFN-y and IL-1a levels.2 Whether the differential cy-
tokine levels in the tumor microenvironment are sufficient
to dictate a differential response to anti-PD-1 therapy is
yet unknown, but the equivalence of GL261 and GL261-
Luciferase cell lines should not be taken for granted
without further study. Another minimally explored, but
potentially significant, factor in influencing murine sur-
vival between studies is the location of tumor inoculation.

Some orthotopic glioma models have been shown to have
a strongly location-dependent impact on survival.5® This
trend was hypothesized to be due to each tumor’s relative
proximity to the ventricles increasing its odds of growing
into the ventricles and causing obstructive hydrocephalus,
leading to endpoint-associated symptoms even without
significant tumor mass.5 A similar finding with ventricle-
contacting tumor growth has been observed to limit sur-
vival in glioblastoma patients,’* but we have yet to find
a study investigating the impact of varying depths or lo-
cations of GL261 inoculation on murine survival. If tumor
size, antigen composition, and location do systematically
alter tumor susceptibility to anti-PD-1 CBI, methodical
study of these factors in the GL261 model could help both
to clear up existing confusion in the literature and to iden-
tify key hallmarks of susceptible tumors in order to focus
future CBI clinical trials on patients likely to receive the
maximal benefit.

Variables Relating to Mice Used

Glioblastoma is primarily diagnosed in the older adult
population and is more common among men than
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women.%%56 Despite these facts, the vast majority of the
16 studies explored here (11/16; 68.75%) were conducted
in 6- to 12-week-old female mice (Table 1). By one approx-
imation, 6-week-old mice, which are used in at least 10 of
the 16 studies discussed above, have been compared to
12-year-old human adolescents.”” This is far removed from
the 64 years of life the average glioblastoma patient has
accumulated before their diagnosis.' This discrepancy mat-
ters as increased age is known to diminish expected sur-
vival times both in human GBM patients® and in the CT-2A
and GL261 murine glioma models.?” This increased age
was also a negative prognostic factor for response to an
anti-PD-1 inclusive combination immunotherapy in both
murine models.%” The fact that heterochronic bone marrow
transplant was unable to reverse this trend suggests
that non-hematopoietic factors were involved in the age-
associated immunosuppression preventing therapeutic
success.’” While we are unaware of any studies specifically
examining anti-PD-1 monotherapy in the context of aging
in the GL261 model, the weight of evidence suggests that
there is likely to be a strong age-associated decline in ther-
apeutic efficacy (Figure 1) which makes the justification
of choosing young mice an important task if the preclin-
ical work is meant to have clinical relevance. Furthermore,
these facts make the complete omission of mouse age in
some of the studies examined inTable 1,327 a point of con-
cern in regards to the generalizability of their findings.
Pertaining to biological sex, it has been established that
males are not only more commonly diagnosed with glio-
blastoma®® but also have shorter survival after diagnosis
than do females.?%8°This has been shown to hold true with
the implantable GL261 and SB28 murine glioma models®’
as well. Interestingly, this survival benefit for female mice
has been linked to the hematopoietic compartment, with
elegant bone marrow transfers from male donors into fe-
male hosts completely abrogating the sex-specific survival
benefit in both murine glioma models.?' This difference
was determined to be driven by sex-specific differences in
myeloid-derived suppressor cell (MDSC) accumulation at
the tumor site,8" which is of particular interest in the context
of anti-PD-1 treatment given the increasingly appreciated ef-
fect of this intervention on sculpting myelopoiesis.?? Despite
the sex-associated immunologic and clinical differences of
both glioblastoma and murine glioma models, only 2 of the
murine studies explored here?®33 use males as experimental
animals for their immunotherapy regimen. Three of the
studies fail to list the sex of their animals at all®'3237 and not
a single paper used both sexes of animals for their survival
studies. It has not been established that sex influences the
efficacy of anti-PD-1 monotherapy in the GL261 model, but
the fact that sex has an impact on survival alone®' (Figure
1) provides a significant barrier to interstudy comparison
and perhaps contributes to why neither of the studies using
male mice falls into Group C ofTable 1. Vetting a therapeutic
strategy that will largely be utilized in older male humans
on young/adolescent female mice, while certainly not
invalidating the work, raises questions of applicability and
generalizability that will be addressed at length below.
Another potential issue related to variations in mice used
for these studies is the vendor from which the mice are
obtained. While this facet has received significant attention
in recent years in the context of gut microbiota differences,

particularly between C57BL/6 animals from Taconic versus
The Jackson Laboratory,®® this only accounts for part of
the variance among C57BL/6 mice. Not only the vendor-
associated gut microbiome varies, but also the subspecies
of C57BL/6 that have arisen through separate inbreeding at
discreet centers. C57BL/6 animals from multiple different
vendors have been shown to have differential suscepti-
bility to various pathogens,®4-%6 to have differential behav-
iors,%7%8 and to have various genetic differences that have
accumulated over time.®® While these vendor-specific ef-
fects have been underexplored in the context of the glioma
models, the gut microbiome has been implicated both in
responsiveness to anti-PD-1 CBl in humans’®72 and in con-
trolling glioma progression’ and anti-PD-1 responsive-
ness in the GL261 model.” It could certainly be possible for
C57BL/6 mice from different vendors to respond differently
both to glioma inoculation and to treatment with anti-PD-1
on the grounds of either slight genetic alterations or shifts
in gut microbiome, and these potential sources of varia-
bility should be explored further.

Discussion

The lack of consensus in the literature pertaining to the
therapeutic efficacy of checkpoint blockade strategies in
the GL261 model should give us pause. This is especially
true in light of the reproducibility crisis observed in other
disciplines.”>77 Overcoming, and even benefiting from,
the significant deviation that exists within our field will re-
quire being methodical in the choosing and reporting of
our methods. Even analysis of a single measure of a single
experiment type—survival time of GL261-bearing C57BL/6
mice when treated with anti-PD-1 CBI monotherapy—we
observed widely discrepant outcomes (Table 1). Were we
to broaden our scope to other immunotherapies and other
preclinical glioma models, we would observe similar broad
variability. For instance, some studies find that anti-CTLA-4
antibody monotherapy leads to 50% long-term survival of
GL261-bearing mice,’® while others show the intervention
to not lead to any survival extension at all.”® Relatedly, in
the CT-2A glioma model, some researchers have observed
up to 60% long-term survival following anti-PD-1 mono-
therapy®® while most observe no survival benefit whatso-
ever.288" We do not intend to cast doubt on the scientific
practices or the honest work of our colleagues, but rather
to contend that common and innocuous variations in the
execution of a simple experiment can lead to drastically
different conclusions. Obviously, the complete stand-
ardization of experimental practices across the scientific
community is an unrealistic expectation. Given the heter-
ogeneous nature of any human patient population, such
standardization might not even be desirable.Thus, the goal
of our article is not to argue for homogeneity in approach
but rather to advocate for intentionality in the selection
and reporting of experimental parameters.

In Figure 1, we arrange all 10 discussed variables by the
degree of published data supporting their involvement in
the modulation of animal survival in orthotopic GL261 ex-
periments. These factors, covered at length in the sections
above and enumerated in the figure legend, all have direct
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or circumstantial evidence tying them to murine survival in
glioma studies.The effort put into addressing these individual
variables should be commensurate with the degree to which
they are likely to play an important role in affecting the study
outcome of murine survival. By that reasoning, the least sup-
ported variables of anti-PD-1 clone, mouse origin, and co-
ordinates of tumor inoculation could all be the subjects of
interesting studies in the future but likely do not need to be
widely addressed by individual research programs. Without
more supportive evidence that these variables are sufficient
to drive survival study outcomes, the effort for individual
research programs to test their immunotherapies against
tumors inoculated at varying coordinates or with varying
anti-PD-1 clones may not be warranted.

The variables which have a greater deal of evidence sup-
porting their modulation of GL261-bearing mouse survival
should, minimally, be considered during the process of
experimental design. Just as increased knowledge about
the mutational burden of GL261 tumors has led increas-
ingly to them being viewed as a model of hypermutated
glioblastoma,?®8? increased knowledge of other exper-
imental variables should change our practices moving
forward. For instance, knowing that modification of the
GL261 cell line with bioluminescent reporters enhances
its antigenicity® should temper the enthusiasm of suc-
cessful immunotherapeutic strategies vetted in that model
and perhaps encourage the utilization of a second model
system like CT-2A, SB28, or wild-type GL261 for verifica-
tion. Other sets of experimental factors should inform our
practices as well. Human glioblastoma patients are often
first diagnosed on account of symptoms associated with
late-stage disease' and a number of experimental vari-
ables in the murine GL261 setting go into recapitulating
that scenario. This interweaving of variables, including cell
count of tumor inoculum, the time allowed for tumor en-
graftment prior to therapy, and the stochastic differences
in tumor size and growth all make it difficult to determine
exactly what qualifies as “late stage” One way to encap-
sulate all these variables and to minimize the difficulties in
interstudy comparisons is by encouraging the reporting of
measurements of tumor size at the time of treatment, for
example, by the use of T2-weighted MRI imaging. Knowing
this absolute value would make the comparison of a study
inoculating 20 000 cells and treating 8 days later®® versus a
study inoculating 500 000 cells and treating 5 days later®®
more easily comprehensible. This may not be within every
research program’s ability to perform. Therefore, an alter-
native approach could be to initiate therapy at the first sign
of murine behavioral changes under that laboratory’s par-
ticular inoculation protocol. A move toward either of these
practices would increase the interpretability of future immu-
notherapy regimens in preclinical glioma models and facili-
tate an easier recapitulation of the observed clinical trend of
glioblastoma diagnosis at the time of advanced symptoms.

In considering how choices in experimental design
change the nature of what is being modeled, it is also
worth considering the experimental variables of murine
sex and age. Increased age negatively impacts the sur-
vival of both CT-2A and GL261-bearing mice.%” Meanwhile,
male sex is a negative prognostic factor for the survival of
both SB28 and GL261-bearing mice.®" Both these trends
have been observed in human glioblastoma patients as

well.%8-60 |f preclinical immunotherapy studies properly re-
port these variables, or even more rigorously assess the
effect of murine sex and age groups in their studies, we
could maximize the utility of our preclinical data and gain
a better understanding of human GBM patients most likely
to benefit from the tested intervention. Being more cog-
nizant of which comparable human population is being
modeled will ensure the most accurate interpretation and
translation of preclinical study results.

Reflecting on the broadly discrepant outcomes of
anti-PD-1 antibody monotherapy in the GL261 model gives
us an opportunity to reassess our common assumptions
regarding our experimental practices. Acknowledging
interstudy variability will allow therapeutic success
achieved in the GL261 model to be considered more rig-
orously against competing therapeutic approaches.
Furthermore, systematically assessing the contribution of
initial conditions like age, sex, and tumor size on ultimate
survival outcomes will help researchers both to better un-
derstand the limits of their model and add additional nu-
ance to our preclinical understanding before presumptive
therapies are translated to the clinic. This degree of height-
ened experimental rigor will give the best chance of capit-
alizing on the enormous potential that immunotherapeutic
interventions carry to revolutionize the life expect-
ancy of patients diagnosed with the grim malignancy of
glioblastoma.
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