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Disclosures

| am thrilled to be invited to give a break-out session on T cell
exhaustion.

However, exhaustion is still a controversial topic, as not everyone
necessarily agrees what it means to be exhausted (or if it even js its
own state/fate)

Thus, talking about it in its entirety can be quite.. political.

| will thus try to give a balanced talk (more PBS, less Fox News)
regarding the importance of this functional fate in cancer immunology.



If you are trying to turn on T cells, it’s critical that
said T cells have the capacity to be functional

* However T cells have a wide variety of functional and differentiation states,
and some of them are dysfunctional even with proper stimulation

* Anergy: A functional state in which TCR triggering alone induces a transcriptional and
Fost—trar)slatlor)al proFram preventing future reactivity through the TCR (even if that
uture stimulation includes costimulation)

* Senescence: A pathologic state in which time and extensive cell division result in T
cells that are chronically secretory but respond poorly to antigen

* Also lose costimulatory receptors preventing a full stimulation
* Exhaustion: A terminal differentiation state driven by persistent antigen that results
in progressive loss of polyfunctionality
e All of these dysfunctional states seem to be ‘read out’ the same way
* Loss of cytokine production
* Loss of proliferative capacity
* Loss of cytotoxicity

* All of these dysfunctional states are important in cancer!



History of T cell exhaustion
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Chronic infections helped identify targets present
on exhausted T cells
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Observing similar phenotypes in cancer-

responsive T cells

* As cancer represents a source of
chronic activation, T cells in
tumors also succumb to T cell
exhaustion

* Consistent with chronic
infections, tumor reactive T cells
progressively upregulate co-
inhibitory molecules and lose
polyfunctionality

* However, this is still a hotly
debated topic!
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Defining T cell exhaustion as a differentiation
state

* T cell differentiation fates like Th1, Th2, effector-memory, etc., all
have several common features
e Adistinct functional program (cytokine production)
* A transcriptional network that drives that program
* An epigenetic landscape that supports those transcriptional networks

* While still under debate, many in the field believe that exhausted T
cells are essentially a distinct subset of T cells rather than a functional
state — we will discuss the underlying data for these suppositions



Progression and functional defects of
exhausted T cells
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Are exhausted T cells dysfunctional?

* While this seems like an obvious A
question, it is not a clear answer 10

* Depletion of exhausted T cells in "
chronic infections, despite their + 1 [
‘dysfunctional state’ leads to dot 7]
rampant and lethal viremia g

* While similar experiments have not 2 §
been necessarily done in cancer, 0 ]
these data suggest exhausted T 0l

cells retain some function

* Indeed, exhausted T cells can still
transcribe Ifng as well as
cytotoxicity genes

So what DRIVES T cell exhaustion?



PD-1 signaling does not cause T cell

exhaustlon
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PD-1 deficient T cells still
become exhausted in chronic viral
infection

In fact, they are even more
severely exhausted.

So what does?



Drivers of the exhausted T cell fate

* Antigen — Persistent antigen is
associated with T cell exhaustion

* Microenvironment — Hypoxia,

metabolic stress

Inflammation — cytokines can play
roles in driving certain components
of the exhausted cell phenotype

* CD4* T cell exhaustion
* Altered T, cell differentiation
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Antigen

* The persistence of antigen plays a key role
in driving cells to become exhausted

LCMV is a great system to study this as the
differences between the virus strain are so
minute

e T cell transfer studies confirmed a role for

antigen in this process

* T cells transferred from acutely infected mice
into chronically infected mice become
exhausted

* T cells transferred from chronically infected
mice early (1 week post infection) into acutely
infected mice become memory

* T cells transferred from chronically infected
mice late (30 days post infection) into acutely
infected mice remain exhausted

TCR transgenic mice specific for model,
viral, or tumor antigens have helped find
similar tyﬁes of scenarios (albeit with
different kinetics) in tumor systems
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Inflammation

* Use of genetically modified mice in the LCMV system has allowed for direct
interrogation of the role of inflammation in exhaustion

* Chronic antigen supposes chronic inflammation, and indeed in chronic
infections type | interferon signaling can be overstimulated

* IFNAR-deficient T cells (or anti-IFNAR blockade) result in less chronic
infection induced exhaustion

 Tumor necrosis factor (TNF) can also drive exhaustion (TNF blockade results
in increased T cell function)

* A host of other factors can drive exhausted like programs, including
e IL-6, IL-27
* Treg derived factors like TGFb, IL-10
* Lack of proper T cell help
* Exposure to MDSC



Metabolic stress

* Exposure to metabolically stressful
conditions has been shown to induce
an exhausted-like state

* Hypoxia: HIF1a drives co-inhibitory
molecule expression, but also effector
function

* Low glucose, high lactate

* Our lab along with two others
recently reported that exposure to
persistent antigen + metabolic stress

was sufficient to induce an exhausted

-like state in vitro

* A key driver was the production of
reactive oxygen species and the
subsequent stress response!
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Maintenance of the exhausted T cell fate

* As a differentiation state rather than a functional one, exhausted T
cells (especially terminally exhausted ones) are inclined to stay this
way

* The biology of T cell exhaustion has been an important scientific
endeavor as those targets that arise may be therapeutic targets to
modify cellular function for modulation of the immune response



Transcriptional rewiring

As chronic stimulation is a driver of exhaustion,
NFAT, which is downstream of the TCR, is a major
culprit in transcriptional changes induced

NFAT typically partners with AP-1 (induced by
costimulation) to program effector gene lineages

However, chronic stimulation or co-inhibition
promotes constitutive NFAT activity which is
sufficient for an exhausted like state

NFAT is not the whole story, however

Maintenance of the phenotype likely requires
transcription factors like

* Blimp-1

* T-bet

* Eomesodermin
* HIFla

e TOX

However, what has been clear is that the
transcriptional program of exhausted T cells does
not necessarily explain their dysfunction
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TOX in control of (some of) the exhaustion
program

* A flurry of papers this year detailed

a transcription factor called TOX Turorspecfc TOR g CronicTOR smuiater
that could set up the exhaustion ? ity Recoporsee] scmomingens
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a number of inhibitory receptors fo] "'%a\ - Leow Dyshnotonal T ook
Cancer cell /AN VAN VAN

* However, while TOX-deficient T cells
in cancer looked less exhausted, TOXKO TCRT!cwomcmstimulauon
they were still ‘dysfunctional’ T versimulation
meaning it’s not the whole story “anigen” ? AT e e = o ot
(and my personal bias is that there T bR y—")("{ﬁ T oot
will not be a single smoking gun Cancercel ARRA csappear o tumars

behind exhausted T cells)



Epigenetics

 Differentiated cells (like Th1l and
Th2, CTL and memory, regulatory
versus conventional) have
epigenetic programs which guide
transcriptional machinery
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into their dysfunctional state
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Metabolic insufficiency
CD8" Tess CD8*TIL

. * Exhausted T cells are also
characterized by severe metabolic
deficiencies

* Exhausted T cells isolated from
tumors (and in chronic infection)
show repressed glucose uptake and
accumulation of dysfunctional
mitochondria

25000X

* Thus, exhausted T cells are
energetically disadvantaged in a
nutrient poor environment!
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So, if PD-1 doesn’t cause exhaustion and
anti-PD1 doesn’t rescue exhausted -
cells....

why does anti-PD1 work? Why are some people
experiencing such dramatic responses on therapy?



Who does PD-1 blockade affect?
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Who does PD-1 blockade affect?

* Single cell sequencing of murine
Naive iy and human tumors indeed
-' confirms this supposition: anti-
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Terminally exhausted cells are not targets waiting to be reinvigorated, and may be bad for you
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What about combinatorial therapies?

* In ipi/nivo combinations, supposedly, aCTLA-4 may act to prime new T
cells, while aPD-1 sustains them/prevents their altered differentiation

* Unfortunately, the newest modalities target molecules whose
signaling and downstream biology remain unclear
* LAG3
* TIM-3
* TIGIT
* Understanding the underlying biology to these targets will

undoubtedly reveal to us whether these terminally exhausted T cells
can be rejuvenated or not



Exhaustion likely affects adoptive cell

theraniec

¥ 888

* CAR-T cells see a single antigen, and
indeed chronic/tonic signaling of
these receptors has been shown to
lead to metabolic insufficiency and
exhaustion
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® | | after ex vivo culture, it is likely
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What is the role of the microenvironment in
causing exhaustion?

Therapeutic strategies

Immune checkpoint
blockade with blocking
mAbs targeting IRs

Agonistic mAbs
targeting costimulatory
receptors (CD137,
0X40, GITR)

CD4 help/agonistic
CD40 mAbs

Targeting soluble
mediators with mAbs
(IL10, TGFB, VEGFA)

or small-molecule
inhibitors (IDO, AzaR,

CSFIR)

Tumor
microenvironment

Soluble mediators
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* HIF-1ee inhibitors

Petpide-MHC
complexes
Tumor TAMs and
cells MDSCs
» | |
o
= C& Necrotic
b/ w";;‘:pu_g tumor cells
.",/:/ N
o® |/ I

Q OO\{ Reinvigorated Ty
- \
Cytokines = 5 / cD8 J

ca ) )
&\\ \ ~ _»/‘i\ / f
“x"/z.:;n-f —

Soluble mediators
— (IL10, TGFB, IDO,
adenosine, VEGFA, CSF1)

Metabolic checkpoint
b and hypoxia
(PEP, EZH2, HIF-10t)

© 2016 American Association for Cancer Researc| h

CCR Focus

AACR

Unlike chronic infections, solid tumors have a
distinct microenvironment

Once the tumor microenvironment is
established, the drivers of T cell exhaustion
are all concentrated at the tissue site

Tumor cells present chronic antigen

Stromal cells and immature myeloid cells
generate persistent inflammation

Treg cells and MDSC can generate IL-10,
TGFb, inhibitory metabolites

Tortuous angiogenesis combined with high
tumor cell metabolism creates hypoxia and
nutrient deprivation

Physical barriers prevent new T cell
infiltration



Concluding points for discussion

* T cell exhaustion in cancer arises from a number of tumor- and host-
derived factors, including antigen, inflammation, and metabolic stress

* Are tumor-infiltrating T cells exhausted in the same way that those in
chronic infections are?

* If exhaustion really is a state of terminal differentiation, are they
salvageable?

* Given that these cells are often constitute the majority of tumor
infiltrating T cells, what type of measures (artificial, heroic, crazy)
could be deployed to reverse these inhibitory states?



