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Abstract

Cancer immunotherapies have unique toxicities. Establishment of grading scales and standardized
grade-based treatment algorithms for toxicity syndromes can improve the safety of these
treatments, as observed for cytokine release syndrome (CRS) and immune effector cell associated
neurotoxicity syndrome (ICANS) in patients with B cell malignancies treated with chimeric
antigen receptor (CAR) T cell therapy. We have observed a toxicity syndrome, distinct from CRS
and ICANS, in patients treated with cell therapies for tumors in the central nervous system (CNS),
which we term tumor inflammation-associated neurotoxicity (TIAN). Encompassing the concept
of “‘pseudoprogression,” but broader than inflammation-induced edema alone, TIAN is relevant not
only to cellular therapies, but also to other immunotherapies for CNS tumors. To facilitate the safe
administration of cell therapies for patients with CNS tumors, we define TIAN, propose a toxicity
grading scale for TIAN syndrome and discuss the potential management of this entity, with the
goal of standardizing both reporting and management.

Immunotherapy has revolutionized the treatment of cancer. The US Food and Drug
Administration (FDA) has approved dozens of immunotherapies spanning immune
checkpoint inhibitors, antibody-based therapies, adoptive cell therapies, cytokines, cancer
vaccines and oncolytic viruses for various cancer indications?. Preclinical and clinical
studies have shown early promise for immune-based therapy in the treatment of brain

and spinal cord tumors, including CNS lymphoma?~7. Preclinical studies38-14 and early
clinical trial reports1®-22 also suggest that CAR T cell therapy may hold potential for
treatment of CNS tumors, including aggressive ones such as glioblastoma, medulloblastoma,
ependymoma and H3K27-altered diffuse midline glioma (DMG, including diffuse intrinsic
pontine glioma, DIPG)10.1517.18.23 | addition to CAR T cell therapy approaches, a

recent clinical study reported promising results using an oncolytic virus for diffuse midline
gliomas?4, and checkpoint inhibitor therapy exerts a modest therapeutic benefit when used in
the neoadjuvant setting for recurrent glioblastoma2>.

Immunotherapies are often associated with unique toxicity profiles—such as immune
checkpoint inhibitor associated autoimmune toxicity, CRS, and ICANS—that differ from
those seen with traditional cytotoxic or molecularly targeted therapies. Standardized
descriptions of these toxicity syndromes and the institution of grade-based treatment
algorithms have helped facilitate the safety and clinical management of patients being
treated with immunotherapies?6-2%. Common Terminology Criteria for Adverse Events
(CTCAE) neurotoxicity grading scales are focused on individual toxicities3?. However,
the toxicity assessment and treatment recommendations for CRS and ICANS are better
served by grading the constellation of symptoms in individual patients (Box 1), rather than
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individual toxicities; accordingly, CRS and ICANS grading scales have been formalized?’.
Such scales are useful for comparing toxicity rates across studies and products, and can
serve as the basis for standardizing management and treatment interventions. Identifying,
grading and treating the specific toxicities of immunotherapeutic strategies have been
essential for the success of the field.

Emerging preclinical and clinical experiences with cell therapies for CNS tumors have
demonstrated a syndrome of localized neurotoxicity—which we have termed TIAN—that
is distinct from the systemic CRS and ICANS toxicity syndromes. Although CRS and
ICANS can occur in patients treated for CNS malignancies, they are agnostic to tumor
location, routinely occur in the absence of CNS tumor involvement and are indicative

of systemic inflammation. By contrast, we have observed neurotoxicity emerging from
localized, rather than systemic, tumor-associated inflammation. The manifestations of TIAN
depend on the location of the tumor within a certain neuroanatomical region; indeed,
the potential consequences of on-tumor and on-target inflammation in perilously delicate
neuroanatomical locations, like the brainstem or thalamus, was predicted in preclinical
models (Box 2)8.

In this Perspective, we define TIAN as a distinct entity and review hypotheses about its
pathophysiology. We discuss the clinical symptomatology of TIAN and propose grading and
treatment paths for this unique form of localized neuroinflammation, on the basis of our
collective clinical experiences of treating patients with CNS cancers, such as DMGs16:19,
glioblastomas®® and CNS lymphomas3, with immunotherapy.

Pathophysiology and clinical symptomatology of TIAN

The specific symptoms of TIAN may reflect neuronal dysfunction due to the effects of local
inflammation, and/or the effects of transient local inflammation-induced edema (in contrast
to generalized and diffuse cerebral edema seen in severe ICANS). The edema associated
with TIAN may cause tissue shifts that obstruct flow of cerebrospinal fluid (CSF), increase
intracranial pressure, and may even cause a herniation syndrome (Fig. 1). Since TIAN

can be associated with inflammation-induced tumoral edema, it encompasses the concept
of “‘pseudoprogression’, a known post-treatment effect of immunotherapies associated with
tumoral and peritumoral edema32-33, However, it is possible to have TIAN in the absence
of edema, as primary local neural dysfunction can occur because of the powerful direct
effects of neural-immune interactions and inflammatory signaling molecules, like cytokines
and chemokines, on neural cell function34. TIAN is considered secondary to CNS tumor
inflammation and on-target effects, and thus can be distinguished from previously reported
neurotoxicities that occur with immunotherapies, including autoimmune encephalitis,
peripheral sensory neuropathies, myasthenia gravis and inflammatory myopathies3°.

Within the spectrum of TIAN, we propose two categories of neurotoxicity. Type 1 TIAN
primarily represents neurological symptoms and signs due to mechanical factors, such as
elevated intracranial pressure (related to edema within the space constraints of the cranium).
Type 2 TIAN, however, primarily reflects local neural dysfunction. Distinguishing between

Nat Med. Author manuscript; available in PMC 2023 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mahdi et al.

Page 4

these two categories is important for appropriate clinical management, but because the two
mechanistic categories can be related, the grading system is singular.

Type 1 TIAN: inflammation-induced mechanical mechanisms of neurotoxicity

Type 1 TIAN primarily reflects inflammatory edema causing increased intracranial pressure
and mechanical space constraints. The skull is non-expandable and the volume of the
intracranial cavity remains constant; according to the Monro—Kellie doctrine36, maintaining
a normal intracranial pressure (<20 mmHg) requires equilibrium in the volume of brain
tissue, blood and CSF. Immunotherapy-induced brain tumor inflammation disrupts the
equilibrium of such parameters in the intracranial cavity and can increase intracranial
pressure through increased tissue edema or through mass effect, causing the obstruction

of CSF flow. The severity of type 1 TIAN may range from mild (with isolated headaches) to
life-threatening—with impending herniation syndromes that arise when peritumoral edema
leads to increased intracranial pressure that displaces brain tissue through intracranial
compartments, necessitating urgent intervention to preserve life (Fig. 1). It is important

to note that even mild type 1 TIAN is a potential harbinger of imminent life-threatening
complications and therefore necessitates careful monitoring. Obstruction of CSF flow can
rapidly lead to the development of hydrocephalus that may present as new onset of a
positional headache, a decreased level of consciousness and new hypertension. If untreated,
hydrocephalus can progress to dangerously increased intracranial pressure and possibly a
life-threatening herniation syndrome.

The specific type of herniation syndrome depends on the location of the tumor (Fig. 1). For
example, patients with tumors in the cerebellum are at increased risk for tonsillar herniation
with downward medullary compression, which clinically presents with Cushing’s triad
(hypertension, bradycardia, abnormal respirations), decreased level of consciousness, and/or
pathological posturing, the latter of which is indicative of disconnection of communication
between the brain and the spinal cord. Individuals with tumors causing obstructive
hydrocephalus or with tumors in the temporal lobes are at increased risk for uncal
herniation, which can clinically be associated with a fixed and dilated pupil, a cranial nerve
111 palsy resulting in a ‘down and out eye,” and new onset of hemiparesis36. Neuroimaging
can demonstrate evidence of new obstructive hydrocephalus, ventriculomegaly, tumoral
edema, and signs of herniation (such as the effacement of basal cisterns or brain tissue
shifts). In some cases, imaging can lag behind clinical symptoms or no radiographic changes
may be seen. High-grade type 1 TIAN is considered a neurological emergency, as herniation
can lead to death. However, timely and appropriate neurocritical interventions (such as CSF
diversion, corticosteroids and hyperosmolar therapy) to address obstructive hydrocephalus
and/or mitigate peritumoral edema can resolve type 1 TIAN, and neurological injury can be
avoided.

Patients with spinal cord tumors may also be at risk for high-grade type 1 TIAN, as there

is a theoretical risk of developing inflammation-induced increased intraspinal pressure and
consequently impaired blood flow in the spinal cord that could threaten spinal cord function
and lead to ischemia or infarction. If the loss of spinal cord function is thought to be due
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to increased intraspinal pressure, this would be considered high-grade type 1 TIAN, and
intervention may be warranted.

Type 2 TIAN: inflammation-induced electrophysiological mechanisms of neurotoxicity

Fever

Type 2 TIAN primarily reflects dysfunction of the specific nervous system region in which
immunotherapy-related local inflammation is present, and typically manifests as transient
worsening of pre-existing neurological symptoms. Inflammatory signaling molecules are
well known to influence the function of neurons and other neural cell types3’~39, and this
typically transient worsening of symptoms may reflect electrophysiological dysfunction
within a tumor-infiltrated neural circuit. Neuroimaging may demonstrate evidence of
increased T2 signal (which highlights water)#°, indicative of increased local edema (Fig.

2), but without obstruction/hydrocephalus or herniation of brain structures. It is also possible
that no radiographic changes are seen during the period of peak inflammation, as the neural
dysfunction may be unrelated to edema and due only to inflammatory influences at the
molecular or cellular level on neural circuit function. In contrast to type 1 TIAN, type 2
TIAN can often be managed conservatively with observation and supportive care, unless the
neurological dysfunction involves critical lower brainstem or cervical spinal cord functions
such as respiratory drive and phrenic nerve function—in which case intensive care and
pharmacological interventions may be required until there is resolution of inflammation and
improvement of neurological function. It should be noted that the two types of TIAN are not
mutually exclusive, and can occur simultaneously.

Fever commonly accompanies immunotherapy, and TIAN is often accompanied by fever
and headache of variable degree and duration—which likely reflects a general response to
inflammation in the CNS, and not necessarily only at the tumor site. Although all fevers

are regulated by the hypothalamus in the brain, they may be triggered by either peripheral
or central inflammatory signals; therefore, the fevers seen in TIAN are likely distinct from
those associated with the systemically driven inflammation seen in CRS, which can be
associated with other signs of systemic inflammation, such as hypotension and hypoxia. We
thus consider fever and headache following intracranially delivered cellular immunotherapy
for a CNS tumor to be a component of TIAN, but not necessarily owing to the effects of
localized inflammation restricted to the tumor. Because fever and headache can also result
from infection, consideration of infectious causes and appropriate diagnostic studies, and
possibly empiric treatment for potential infection, should be conducted when appropriate.

Grading system

Guided by the grading systems for CRS and ICANS developed by the American Society for
Transplantation and Cellular Therapy (ASTCT) and the grading system for neurotoxicities
outlined by the CTCAEZ27:3041 we suggest a grading system for TIAN (Table 1). For
practical purposes, this grading system does not distinguish between type 1 and type 2
TIAN, although type 1 TIAN tends to manifest as higher-grade toxicity, and type 2 TIAN
tends to manifest as lower-grade toxicity, with the important exception that type 2 TIAN
may occur in the brainstem and affect vital functions, such as respiratory drive. Given that
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patients with CNS tumors often have neurological deficits at baseline as a direct result of
their tumors or previous therapy, a critical principle of grading TIAN is that the severity
must focus on the comparison to a patient’s baseline neurological examination before
immunotherapy, rather than quantifying the absolute level of deficit.

Grade 1 TIAN is defined as mild worsening of existing neurological signs and symptoms
from baseline, resulting in minor functional deficits for which only observation or
symptomatic management is needed. This may occur with or without fever. Examples
include headaches associated with fevers, worsening sensory loss of an extremity, or the
mild worsening of a facial droop that does not substantially affect speech function.

Grade 2 TIAN is characterized as moderate changes in the neurological exam from baseline
that significantly affect function. These changes can include hemiparesis or ataxia limiting
the ability to ambulate, or cranial neuropathies that limit eating.

Grade 3 TIAN is defined as severe neurological symptoms that may include abnormal
breathing, difficulty protecting the airway and cardiovascular instability requiring escalation
of care with pressor support or positive pressure airway support (bilevel positive airway
pressure (BiPAP) or continuous positive airway pressure support (CPAP)). Grade 3 TIAN
may also encompass early signs of symptomatic increased intracranial pressure or cerebral
edema, which may manifest clinically as new hypertension or a positional headache with
nausea or vomiting, and is responsive to intervention, such as CSF drainage or steroid
administration. In patients with spinal cord tumors, grade 3 TIAN can occur when there

is risk of lasting and debilitating loss of spinal cord function due to increased intraspinal
pressure.

Grade 4 TIAN occurs when patients develop clinically significant elevated intracranial
pressure, with no improvement of clinical symptoms in response to CSF drainage, possibly
warranting urgent escalation of neurosurgical intervention—such as with emergent external
ventricular drain or ventriculoperitoneal shunt placement. Of note, emergently accessing an
existing device for CSF drainage does not necessarily qualify as grade 4 TIAN, if such
drainage successfully manages intracranial pressure. Grade 4 TIAN can also occur when
there are concerning clinical signs and symptoms of impending/early herniation (Fig. 1). In
patients with significant medulla disease, grade 4 TIAN can present with severe medullary
dysfunction requiring endotracheal intubation for airway protection and/or mechanical
ventilation. Grade 4 TIAN is considered a life-threatening neurological emergency.

Grade 5 TIAN is defined as death secondary to TIAN.

Clinical management

Our experiences have taught us that the clinical and radiographic markers of TIAN can be
subtle and unique to each patient, and can change rapidly; accordingly, patients undergoing
immunotherapy must be closely monitored by a multidisciplinary team of oncologists,
neurologists, neurosurgeons and critical-care physicians. Vigilant neuro-monitoring is
particularly crucial when patients with posterior fossa tumors that involve the medulla or
that compress the fourth ventricle develop early signs of increased intracranial pressure,
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as these patients can tolerate inflammation-induced changes only to a certain threshold
before they can no longer compensate for further intracranial pressure increases. Once
patients cross this threshold, they are at risk for herniation syndromes and death.

Therefore, we recommend considering placement of an Ommaya reservoir (a catheter
system placed beneath the scalp to facilitate removal of CSF) or a similar device for
patients with CNS tumors in high-risk locations prior to immunotherapy, in order to monitor
intracranial pressure and to serve as a safety valve that allows for the swift removal

of CSF when clinically necessary. Although it is sometimes possible to see early signs

of ventriculomegaly and herniation on neuroimaging, radiographic changes are often not
conspicuous and lag behind the clinical exam in the context of TIAN. Further studies are
needed to elucidate whether other radiographic changes could serve as markers for TIAN.
Similarly, additional studies are necessary to determine which laboratory inflammatory
biomarkers may correspond with the clinical course of TIAN. At this time, the neurological
exam remains the most sensitive diagnostic tool for the assessment and treatment of TIAN.

A grading system that encompasses the tumor inflammation-associated neurotoxicity
syndrome will facilitate immunotherapy research for CNS tumors and the identification

of biomarkers. The delineation of neurotoxicities conceptually into type 1 TIAN and

type 2 TIAN may help clinicians to recognize when close monitoring and treatment are
necessary. For example, some individuals following CAR T cell therapy who present

with transient worsening of neurological deficits consistent with type 2 TIAN may only
require observation through serial examinations—while others may need pharmacological
interventions to decrease localized edema. Comparatively, patients who exhibit early
clinical signs of increased intracranial pressure that are indicative of type 1 TIAN require
urgent intervention to remove CSF and reduce intracranial pressure. Although patients can
experience both type 1 and type 2 TIAN concurrently, understanding which type of TIAN
(primarily mechanical or primarily electrophysiological) that a patient is manifesting is
instructive to clinical management. It is also possible that, as with ICANS in the treatment
of systemic malignancies, the rate and severity of TIAN may be variable depending on the
CAR T product, administration route and dosing.

Case examples

Casel

A 5-year-old girl with a DIPG and baseline symptoms of restricted horizontal eye
movements, an asymmetric smile, right hemiparesis and right upper and lower extremity
ataxia received an intracerebroventricular (ICV) infusion of CAR T cells. Two days after
her infusion, during the period of peak inflammation (as evidenced by fever and increased
levels of CSF cytokines), she developed increased ataxia from her baseline that did not limit
ambulation and resolved within 2 days and without medical intervention!®. This worsening
of a pre-existing symptom was thought to be due to local tumor-inflammation-induced
worsening of neural function, and would be considered grade 1 TIAN because it resulted
in a mild functional deficit, was self-limiting and did not require medical intervention.
This case demonstrates how patients with mild TIAN can be safely observed without
intervention.
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A 47-year-old man with baseline mild impairment of executive functioning and slow
processing—following standard surgical resection and chemo-radiotherapy for a left frontal
glioblastoma—had evidence of tumor recurrence on brain magnetic resonance imaging
(MRI) and began combination therapy with pembrolizumab (anti-PD-1) and bevacizumab
(anti-VEGF). After receiving five treatment cycles, his brain MRI showed the development
of increased enhancement and edema surrounding the tumor. These radiographic changes
were clinically associated with fatigue, headaches and mildly worsened cognitive slowing
(relative to baseline). At the time, he met criteria for radiographic disease progression,

so pembrolizumab was discontinued, bevacizumab was continued and he was started on
lomustine (CCNU). He received only three cycles of CCNU, which was then discontinued
because of persistent thrombocytopenia. He did not have clinical progression during

this period, and the imaging abnormalities and worsened mild cognitive function slowly
resolved. The headaches and mild worsening cognitive function that he developed following
pembrolizumab treatment were most consistent with grade 1 TIAN, rather than recurrent
glioblastoma. This case illustrates how transient clinical worsening and increased tumor
edema on MRI after immunotherapy can be consistent with TIAN, also conceptualized as
‘pseudoprogression,” and mistaken for actual tumor progression.

One day after receiving an ICV infusion of CAR T cells, a 59-year-old woman with

a glioblastoma in her left frontal lobe—which was associated with impaired short-term
recall at baseline—had worsening of her short-term memory recall and developed

new expressive aphasia with word-finding difficulties and difficulty performing simple
calculations (acalculia). Her symptoms were suggestive of TIAN as a result of frontal-lobe
dysfunction. She had a head computed tomography (CT) scan that showed evidence of
peritumoral edema, and she was started on anakinra (interleukin-1-receptor antagonist) with
subsequent resolution of her symptoms within 2 days. Although she had expressive aphasia
and acalculia, which can be seen with ICANS, there was no concern for ICANS given the
timing and duration of her symptoms, the absence of other clinical signs and symptoms

of systemic inflammation and localization of her symptoms to functions associated with

a tumor of the left frontal lobe. This would be considered grade 2 TIAN because the
symptoms resulted in functionally limiting cognitive deficits and aphasia; the case also
highlights how ICANS and TIAN can clinically mimic each other, but pathophysiologically
represent distinct clinical entities.

A 52-year-old woman with primary CNS lymphoma, including a lesion in the superior pons
associated with baseline impaired balance and coordination and minor urinary incontinence,
received an intravenous infusion of CAR T cells. On day 1 after the infusion, the patient
reported worsening urinary incontinence and impaired balance and developed a new,

mild left-sided facial asymmetry—consistent with local effects of pontine inflammation
(TIAN). On day 3, the patient became febrile (consistent with grade 1 CRS) and had

an immune effector cell encephalopathy (ICE) score of 2/10. The ICE score quantifies
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deficits in orientation, naming, following commands, writing and attention—all hallmarks of
ICANS—and incorporates automatic upgrading for severe symptoms, including depressed
consciousness, seizures, severe motor deficits or cerebral edema. A score of 2/10 was
consistent with a grade 3 ICANS. The patient was subsequently treated with dexamethasone.
On day 4, the fever resolved and the ICE score normalized, but ongoing urinary
incontinence, somnolence, facial weakness, impaired balance and new dysautonomia
characterized by sinus bradycardia (heart rate of 47 beats per minute (bpm)) was reported.
This was attributed to ongoing pontine inflammation, in keeping with evolving TIAN, and
dexamethasone was continued. Brain imaging confirmed the presence of ventriculomegaly
that was stable from the preinfusion baseline with no concerns for herniation. On day 5, the
patient’s heart rate dropped to 36 bpm, and she was admitted to the intensive-care unit for
cardiac monitoring and was treated with glycopyrronium bromide. On day 7, the bradycardia
resolved off glycopyrronium bromide (64 bpm); the patient was transferred from intensive
care to the ward and was subsequently weaned off dexamethasone. This transient worsening
of existing neurological symptoms and development of new (also transient) neurological
symptoms—secondary to local tumor-inflammation-induced neural circuit dysfunction—
would be considered grade 3 TIAN owing to the escalation of care and urgent intervention
that was needed to address her serious autonomic dysregulation. The case demonstrates how
grade 3 TIAN can occur in the absence of increased intracranial pressure if the inflammation
affects critical neurological functions.

Four days after receiving intravenous infusion of CAR T cells and in the context of grade

1 CRS, a 6-year-old girl with a DIPG developed axial weakness, with difficulty holding her
head up, bilateral hand weakness, increased slurred speech from baseline and somnolence.
Her Ommaya reservoir was accessed, demonstrating elevated intracranial pressure of 24
mmHg. CSF was removed, with immediate improvement in her neurological symptoms,
and her Ommaya reservoir was left accessed to allow for continuous CSF drainage and
pressure monitoring for 1 day. Head CT illustrated enlarged lateral ventricles and effacement
of the fourth ventricle due to increased mass effect within the pons. Her hydrocephalus

was thought to result from tumor inflammation-induced edema in her already expanded
pons, resulting in obstruction of CSF flow at the level of the fourth ventricle. She was

given corticosteroids, from which she was weaned over the course of 7 days, and started on
anakinra, from which she was weaned after 9 days. Her hydrocephalus would be considered
grade 3 TIAN because it resolved with CSF drainage.

Two days after receiving an ICV infusion of CAR T cells through an Ommaya catheter,

a 22-year-old man with a DIPG developed fever, became somnolent and developed a new,
right third nerve palsy (eye ‘down and out’, with intermittent dilation of his pupil). His
Ommaya reservoir was accessed, demonstrating an elevated intracranial pressure of 36
mmHg. CSF was removed, with subsequent clinical improvement within minutes, and
the Ommaya reservoir was left accessed for continued CSF drainage and intracranial
pressure monitoring. Head CT demonstrated pontine expansion with compression of the
fourth ventricle, mildly enlarged lateral ventricles and effacement of bilateral ambient
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cisterns, indicative of obstructive hydrocephalus. This clinical picture was consistent with
inflammation of the pontine tumor causing obstructive hydrocephalus and consequent
impending uncal herniation. He was treated with hypertonic saline (a form of osmolar
therapy that decreases intracranial pressure), systemic corticosteroids and anakinra. He
returned to his neurological baseline within 1 day of these neurocritical care interventions.
Monitoring of intracranial pressure and CSF removal through the Ommaya catheter was
discontinued within 2 days, and he was weaned off steroids within 4 days as intracranial
pressure improved. Over the course of the following weeks, the patient’s neurological
function improved substantially above his preinfusion functional baseline, and the tumor
decreased in size on MRI16, This would be considered grade 4 TIAN owing to the clinical
and radiographic signs of impending uncal herniation.

Challenges and future directions

Defining TIAN as a distinct on-tumor, on-target toxicity provides a framework to better
understand the local immunotherapy-related neurotoxicities that can arise in pediatric

and adult patients with malignancies involving the CNS—and serves as a guide to help
clinicians recognize when intervention is urgent. That inflammation of the nervous system
can cause local neural dysfunction is well demonstrated, but the mechanisms underpinning
this dysfunction remain to be fully understood. Neurons express receptors for cytokines

and chemokines, and local immune responses can directly influence neuronal function (for
review, see ref. 34). Other neural cell types that are required for normal neural circuit
function (such as astrocytes, microglia and neurovascular cells) also respond to immune
signaling; thus, the influence of local inflammation on neurological functions (type 2 TIAN)
can be mediated by indirect effects on neurons mediated by dysregulated support cells.
Effects of inflammatory signaling on the neurovascular unit (glia and vascular cells) can also
contribute to the edema responsible for tissue shifts and the space constraints that define
type 1 TIAN. Additional studies are needed to identify the histopathological biomarkers
associated with TIAN and the precise mechanistic underpinnings of this toxicity syndrome.
Prospective multicenter studies will help to further elucidate the natural history of TIAN and
validate the TIAN grading scale.

It is imperative to distinguish TIAN from both ICANS and tumor progression given their
unique pathophysiological mechanisms and clinical implications. ICANS is characterized
by global cerebral dysfunction and manifests as alterations in consciousness level, seizure
activity, motor weakness and features of diffuse cerebral edema, rather than regional
symptoms and signs secondary to inflammatory changes at the specific tumor site.

If inflammation-induced neurological changes are mischaracterized as being attributed

to ICANS secondary to systemic inflammation, rather than to localized tumor-specific
dysfunction (TIAN) (or TIAN instead of ICANS), appropriate intervention may not be
delivered in a timely manner. Similarly, distinguishing TIAN from tumor progression can
inform clinical decision-making and prognostication. TIAN typically occurs after CAR T
cell therapy within the first days to weeks after a patient receives immunotherapy (often
within days), can be associated with other signs of inflammation such as concurrent CRS
and elevated inflammatory markers, and is transient. TIAN after checkpoint inhibitors may
occur relatively later than with CAR T cell therapy, sometimes months after therapy begins.
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Comparatively, the radiographic and clinical signs of tumor progression persist beyond the
acute inflammatory window.

As the promise of immunotherapy is realized and becomes an integral treatment modality
for CNS tumors, the swift identification and treatment of TIAN will be fundamental to
ensuring the safe and efficacious administration of this treatment in the high-risk patient
population with CNS tumors.
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Box 1
CRS and ICANS

CRS and ICANS are two systemic toxicities associated with immunotherapies such as
CAR T cell therapy. CRS can present with a constellation of symptoms that result
from immune cell activation and include persistent fevers, hypotension necessitating
the use of vasopressor support, hypoxia requiring non-invasive or invasive respiratory
support and, in severe cases, multi-organ failure. Interleukin-6 (IL-6) is believed to

be a key mediator of CRS#2; accordingly, CRS has been responsive to therapies that
neutralize 1L-6 and/or corticosteroids. Emerging data suggest improvement of CRS
with IL-1 neutralization as well#243. CAR T cell therapy has also been associated
with ICANS, which manifests with a multitude of neurological symptoms, including
encephalopathy, tremor, aphasia, dysgraphia, apraxia, seizures and, in severe cases,
cerebral edema?14244-47 The pathophysiology of ICANS is less well understood than
that of CRS, and the effectiveness of specific therapies, beyond supportive care and
corticosteroids, has not been clearly demonstrated.
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Box 2
TIAN: insights from preclinical models

In a preclinical study®, mice with H3K27M -altered diffuse intrinsic pontine gliomas
(DIPGS) and other H3K27M-altered DMGs in the thalamus and spinal cord were
treated with GD2 CAR T cell therapy. Although the treatment cleared tumors in
mouse models of DIPG, during the treatment phase, the mice developed evidence of
peritumoral brainstem inflammation—Ieading to compression of the fourth ventricle,
obstructive hydrocephalus (buildup of cerebrospinal fluid in the brain) and death in

a small subset of the mice. Although CAR T cell treatment of H3K27M altered

spinal cord DMGs was well-tolerated, all mice bearing thalamic DMGs experienced
life-threatening hydrocephalus due to the compression of the third ventricle and the
exceedingly precarious location of the thalami above the tentorial notch, which placed
the mice at risk for herniation and consequent death with inflammation at this anatomical
site. This study helped illustrate that the specific location of a CNS tumor can confer
varying degrees of risk on the basis of the neuroanatomical location of the tumor

and the structural consequences of local neuroinflammation. The risk and severity of
TIAN may also be related to the specific CAR T target, the kinetics and magnitude

of the inflammatory response and use of lymphodepleting chemotherapy, among other
possible factors. Additionally, these preclinical data helped inform safety measures for
a first-in-human phase I clinical trial using GD2-CAR T cells to treat children and
young adults with DIPG or spinal DMG (NCT04196413). Such measures included the
placement of an indwelling intraventricular catheter (such as an Ommaya reservoir) to
measure intracranial pressure and remove cerebrospinal fluid, thereby treating transient
hydrocephalus that may develop secondary to inflammation.
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Fig. 1|. Herniation syndromes.
Edema caused by localized therapy-related inflammation depends on the location of the

tumor (dark pink) and can cause herniation of brain tissue in the direction indicated

by the arrows. Subfalcine herniation: arises when the peri-tumor mass effect compresses

and displaces the cingulate gyrus under the falx cerebri and can clinically manifest with
altered mental status, aphasia and contralateral leg weakness. Central thalamic herniation:
represents downward displacement through the notch of the tentorium cerebelli and resulting
compression of the diencephalon, which can lead to decreased arousal and coma. Uncal
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herniation: occurs when there is downward, transtentorial displacement of the uncus with
consequent compression of the midbrain, resulting in a fixed and dilated pupil, a cranial
nerve Il palsy resulting in a “‘down and out’ eye, and new onset of hemiparesis. Upward
brainstem herniation: occurs when a posterior fossa tumor pushes the cerebellar vermis

and midbrain upwards, causing herniation through the tentorial notch with impairment of
vertical eye movements and decreased level of consciousness. Central brainstem herniation:
occurs when there is downward displacement of the brainstem, which can lead to Cushing’s
triad (hypertension, bradycardia, abnormal respirations), a decreased level of consciousness
(somnolence, with decreased response to noxious stimuli) and pathologic posturing.
Tonsillar herniation: occurs because of compression of the cerebellar tonsils against the
medulla and through the foramen magnum, compressing the medulla and resulting in
Cushing’s triad, a decreased level of consciousness and pathologic extensor posturing36.
Dural structures are shown in light blue, CSF in darker blue. The illustration was created by
SciStories LLC.
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Fig. 2 |. Radiographic changes seen in TIAN.

Three days after receiving tisagenlecleucel to treat a primary CNS lymphoma, a patient
developed increased T2/fluid-attenuated inversion recovery (FLAIR) signal surrounding the
tumor bed, indicative of cerebral edema, that increased by day 11. These radiographic
findings correlated with transient clinical worsening on day 11, which was associated with
increased headaches, somnolence, left hemiparesis and left-sided, painful dysesthesias. Both
the clinical and the radiographic findings then resolved over time. RT, radiation therapy.
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Table 1|

TIAN grading scale

Definition
Grade1 Headaches associated with fevers
OR mild worsening of existing neurological clinical signs and symptoms from baseline, resulting in minor functional deficits for
which only observation or symptomatic management is needed
Grade 2  Moderate changes in the neurological exam from baseline that substantially affect function
Grade 3  Severe neurological clinical signs and symptoms that may affect critical cardiorespiratory functions
OR clinical signs and symptoms of increased intracranial pressure (>20 mmHg) that are responsive to intervention *
Grade 4  Life-threatening, clinically significant elevated ICP (>20 mmHg) refractory to CSF drainage with no improvement in clinical

symptoms in response to CSF drainage, possibly warranting urgent escalation of neurosurgical intervention (such as with emergent

EVD or VPS placement) ™
OR concerning clinical signs and symptoms of impending/early herniation
OR severe medullary dysfunction requiring endotracheal intubation for airway protection and/or mechanical ventilation

ICP (intracranial pressure), CSF (cerebrospinal fluid), EVD (external ventricular drain), VPS (ventriculoperitoneal shunt).

*
In patients with spinal cord tumors, grade 3 TIAN can occur when there is risk of debilitating loss of cord function.

*ok

Emergently accessing an existing device for CSF drainage does not necessarily qualify as grade 4 TIAN, if such drainage successfully manages

ICP.
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