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T cells are a multifaceted family pivotal in the operations of the immune system and many of its associated diseases. The pathway to
understanding T cells has been marked by several pharmacological advances including the discoveries of ciclosporin, tacrolimus and
the mTOR inhibitors which revolutionized transplant therapy along with providing relief for severe eczema, asthma and other
immunological disorders towards the end of the last century. This article will revisit the current understanding and new developments
in T cell pharmacology 10 years on from the TeGenero (TGN 1412) debacle and look at more recent successes with ex vivo antigen
presenting cell incubation technologies; T cell receptor (TCR) engineering and adoptive T cell therapy both with chimaeric antibodies
and also with modified T cell receptors themselves. Features of T cell biology will be explored and processes often highly unique to
humans will be used to highlight what many are beginning to see as an exciting new monoclonal (T cell) frontier for drug

development.

Introduction to T cells

The human lymphocyte antigen (HLA) system is present
on almost all human cells (Figure 1). Exogenous antigens
(foreign antigens, e.g. viruses, micro-organisms, mutations,
toxins or drugs, etc.) are processed by antigen presenting
cells and married with HLA destined for the self-cell
surface.

The HLA protein complex attaches to proteins that are
being processed internally by cells and shuttles them to
the cell surface to display peptide fragments of 8-11
amino acids in length. Through the HLA display system
passing T cells bearing complimentary (cognate) T cell
receptors can then recognize non-self and mutated pro-
teins that happen to be occupying and may be corrupting
indigenous cell hosts.The HLA system does not respect the
origin of the proteins that are being processed and there-
fore it is as likely to display a constitutive housekeeping
protein fragment as it is an occupying viral protein frag-
ment or a cancerous mutation in an oncogene.In truth the
HLA system is not perfectly ‘agnostic’ to the origin of a
protein but in fact has evolved to favour presentation of
foreign or abnormal antigens at a higher frequency.
However this is not the critical determining factor in deter-

mining if a T cell thinks a protein is ‘safe’ or not ‘safe’ The
critical determining factor is that the cognate T cell recep-
tor is more likely to bind with high affinity those unusual
proteins that it did not encounter when present in the
embryo. A low affinity interaction is much less likely to
result in attack. Embryonic thymic selection processes
have, in earlier life, removed T cell receptors that bind to
self-protein fragments with high affinity leaving by sub-
traction only those high affinity TCRs that recognize
foreign peptide sequences. These amino acid sequences
are unique in many cases and act as the substrate for what
is often an exquisitely specific line of defence against
cancer and infestation. T cells carrying the requisite
cognate T cell receptor to the HLA-peptide immunologi-
cally synapse with the cell and orchestrate its destruction
or even, in the case of a regulatory T cell, its defence. A
process of cell-induced killing is triggered by T cell secre-
tion of the cytotoxins granulysin, granzyme and perforin. A
further refinement of this system is that not only do the
majority of the body’s native cells constitutively present
HLA peptide fragments on a dynamic turnover basis but
there is also a specialist set of antigen presenting cells
that do this on a more comprehensive footing. These
antigen presenting cells (APCs) have specialized protein
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Figure 1

External and internal cell membranes work to envelop and process proteins that are operating within the cell interior and extracellular environment.
Merging internalised proteins with lysosomes results in the degradation of internalizes protiens to smaller pepide fragments. Further subsequent merging
of the the phagolysosome with HLA emerging from the endoplasmic reticulum allows digested peptides to be married up with their cognate MHC protein
and thereafter presented on the surface of the cell. Through this mechanism, viruses, bacteria, cellular debris and internal cellular proteins (mutated and

normal) can all be presented to passing T cells

degradation units known as immuno-proteosomes where
the proteins are digested. APCs also phagocytize external
debris and process and present any proteinaceous con-
tents therein. Antigen presenting cells can be found as a
natural part of most tissues and are more frequently
encountered at ‘sentry’ points in organs that sit at the
interface with the ‘outside world’ like gut lymphoid tissue,
liver Kupfer cells or skin Langerhan’s cells. Fully function-
ing T cell receptors have the potential to overcome one
limiting factor that antibodies suffer from - T cell recep-
tors can target intra-cellular proteins as well as extra-
cellular or surface proteins. A further difference between
antibodies and T cell receptor systems is that the binding
dynamics between a T cell receptor and an HLA complex
appear to be at least two or three orders of magnitude
more sensitive than those that exist between an antibody
and its target protein. Proprietary soluble TCRs work in
the femto to picomolar range whilst most antibodies
appear more commonly to engage around the nanomo-
lar range [1]

Calcineurin and mTOR inhibitors

Ciclosporin, pimecrolimus, tacrolimus, temsirolimus,
sirolimus and everolimus are all molecules derived from
soil-based Streptomyces species except for ciclosporin
which comes from the soil-based fungus Tolypocladium
inflatum (Beauveria nivea). These agents profoundly influ-
ence T cell function through inhibition of two significant
pathways (Table 1) [2] The calcineurin pathway is inhibited
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by ciclosporin, tacrolimus and pimecrolimus and down-
stream pathway consequences are associated with potent
suppression of T cell-mediated inflammatory activity.
Everolimus, temsirolimus and sirolimus abrogate T cell
activity as well but through inhibition of the mTOR1 mol-
ecule complex. For completeness there are two different
types of mTOR complexes, though the mTOR 2 complex
appears less related to T cell function and has initially
proved more of interest to metabolic biologists because of
its role in carbohydrate metabolism. The mTOR 1 agents
are pivotal in the cascade of molecular interactions that are
initiated by growth factor receptor activation all the way
down to resultant nuclear DNA transcription which initi-
ates growth and proliferation effects central to many
inflammation/organ rejection episodes, graft vs. host-
disease and cancer growth. What the development of all
these agents has taught us is that the number of degrees
of freedom within the immune system is inordinately large
(Figure 2).The effects of these molecules were discovered
in laboratories using high throughput screening assays
and then transferred over into animal models and eventu-
ally into successful transplant trials in the clinic. Defining
the subtle effects on balances of T cell populations, for
example CD4:CD8 ratios, T regulatory cell growth and
down regulation, mast cell and antigen presenting cell
modulation, and then fitting these observations to the
emergent phenomena seen in the clinic has been and con-
tinues to be an immense challenge to biologists and phar-
macologists alike.The outputs from this large body of work
have informed and cautioned the work of newly emerging
T cell therapies going forward [2-4].
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Table 1

Small molecule suppressors of T cell activity influence outcomes in cancer, transplantation and autoimmune diseases predominantly through two closely
associated pathways. Ciclosporin, tacrolimus and pimecrolimus all work with an intracellular binding partner (cyclophilins or FKBPs) to negatively influence
calcineurin and the NFAT nuclear transcription regulator whilst everolimus, sirolimus and temsirolimus bind directly to the mTOR intracellular target and
negatively regulate growth factor signalling

T cell/other effects Indications

Drug name Intracellular pathway target

Ciclosporin + intracellular cyclophilin——> @ Calcineurin linterleukin 2 Transplant protection

@ LCytokine production Eczema
@l T cell proliferation Asthma
TMitochondrial led apoptosis Autoimmune disease
Tacrolimus + FKBP NFAT As above Transplant protection
Eczema
Asthma
Autoimmune disease
Pimecrolimus + FKBP Activated T cells As above but more potent effects on mast Eczema

cells and less epidermal penetration so
fewer systemic side effects
Growth factor Jvascular proliferation

Everolimus
receptor T cell graft rejection
#_ lGraft/stent arterial intimal hyperplasia
Pl3i<|nase lgrowth and invasion
@ AKT Temsirolimus cancer control
Transplant protection

© ¢
> mTOR
¢ Eczema

/ S6K1, 4EBP Asthma
¢ Autoimmune disease

Transcription, ) )
srallfenaiien, SuriE Arterial stent protection

Topical autoimmune disease

As above but more protection against
arterial intimal hyperproliferation in
cardiac graft disease

Arterial stent protection

Sirolimus

Temsirolimus (oncology)

therapeutic reinstatement in the patient [5]. The intention
with both approaches is to educate and provoke the indig-
enous immune system into reacting against dysfunctional
cells whether they are cancer or virally occupied cells. The
first ‘biotechnology’ live cell vaccination for infectious
disease (smallpox in 1796) predates the first successful
small molecule treatment of an infectious disease (penicil-
lin in the 1930s) by over a century.The last century, argu-
ably was dominated by small molecules and injected
attenuated vaccines [6-8]. Antibodies occupied many at
the turn of the century and may prove to have been fore-
runners of a wider and more diverse armamentarium of
immunologic therapies. The advent of gene therapy and
the successful solubilization of the TCR [1] now offer an
opportunity to further the field of T cell oriented therapeu-
tics. This article will examine a sample of the pharmaco-

T cells: CD4 T cells: CD8

~ NKcells

Teells:
Regulatory

Figure 2

A simplified diagram showing the number of degrees of freedom oper-
ating between antigen presenting cells (APC), CD4 T helper cells, CD8

cytotoxic T cells, suppressive regulatory T cells and Natural Killer cells.
Depending on the relative balance of these interacting cells and the
cytokine milieu in which they operate outcomes could involve self-
tolerance, organ rejection, auto-immunity and clearance or persistence of
a given pathogen

Emerging T cell treatment
paradigms

New T cell treatments can be divided for simplicity into
those that modify the patient’s T cells in vivo and those that
modify the cells ex vivo directly with a view to subsequent

logic interventions that are being developed across the T
cell field and look at how new approaches may enhance
understanding of the complex immune system.

Vaccines

Humans are born with a respectable repertoire of T cells
which are already selected for their ability to recognize
peptides that are not found normally within the host.
During early child or adult life a T cell may come into
contact with its pre-determined HLA peptide antigen and
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this contact brings about a T cell mediated attack as well as
invoking the critical step of memory formation. The
memory is manifested by a T cell response subsequently
becoming stronger and more rapid to invoke. This ability
of T cells to form memory cells is the fundamental basis of
vaccination and poses one of the greatest prospects and
challenges to a T cell oriented drug developer. If a thera-
peutic strategy cannot only utilize T cell killing function
but also can do so in a way that induces long term
memory formation, then the patient can be made thera-
peutically competent perhaps even for a lifetime. Further-
more T cells can, through a process known as antigenic
spread, gain new mechanisms for attacking diverse
aspects of a target. This is also possible for B cell mediated
therapies but it more classically is the domain of T cell
activity. The potential for a therapy that co-evolves with its
target and that can in part at least continue to work even
though this initial target, through processes of mutation
or down regulation, may long since have been rendered
irrelevant offers up an alluring prospect for drug develop-
ment - life-long efficacy (and toxicity) from a limited
course of intervention. As a preventative strategy for
patients with operable cancer or other immediate high
risk features in any disease, even pre-diabetes, this pros-
pect is significant.

It is notable that most current therapeutic strategies
dichotomize therapies into either those that are ‘preventa-
tive’ or those that are ‘therapeutic’T cell therapy offers the
real prospect of an intervention that can be immediately
efficacious whilst also simultaneously offering potential for
long term vaccination/engraftment that might result in
more definitive cure or prevention of relapse.The complex-
ity and evolution of T cells mean that the rules and para-
digms of the immunoglobulin-schooled pharmacologist
can be successfully applied to the T cell domain but only
once certain nuances are appreciated. The single biggest
challenge is perhaps to move from thinking about indi-
vidual human beings to populations of human beings, the
best example of which is the phenomenon of Herd immu-
nity [9]. This phenomenon means that spread of an infec-
tious agent within a community can effectively be
suppressed below a given threshold rate of viability such
that no further spread is possible and the infection dies
out. This threshold rate of viability is critically dependent
upon a certain majority of individuals being immune to
that agent.However not all individuals need to be immune
and those that are not immunized are protected by the
‘quenching’ herd effect of the others who effectively act
like levies against the oncoming epidemic surge. This
means that intervention (exposure) with a drug in one
individual can result in powerful efficacy (in absence of
exposure or side effects) in another connected but sepa-
rate individual. Models of exposure and efficacy can still be
constructed but require more stochastic elements and
have to be applied to groups of exposed individuals not
just one subject (see Table 2 for a comparison of similarities
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and differences between T cell drug development and
other more conventional modalities).

Some early T cell pionnering
technology

TGN 1412

T cells recognize protein sequences that are not indig-
enous and a subset of T cells (regulatory cells) provides
suppressive and dampening signals in this context. It is
hypothesized that the balance between stimulatory and
suppressive cytokine and TCR contact signals is integrated
and orchestrated by the T cell itself and the result of this
signal then invokes either the appropriate attack of
‘foreign peptide’ bearing cells or the signal decision could
result in the defence of innocent native cell types [5].When
this decision process is corrupted an overly aggressive and
inappropriate attack of host tissue can occur giving way to
potentially devastating autoimmune diseases such as mul-
tiple sclerosis or ulcerative colitis [10].

TeGenero's antibody TGN 1412 is an antibody raised, by
design, as a T cell agonist. TGN 1412 is more potent than
any endogenous known ligand and as such the name
‘super agonist’ was applied. As shown in Figure 2, given the
relative balance of stimuli acting upon different suppres-
sive and stimulatory components of the T cell community,
it is possible to explain any given drug effect through this
matrix. Accordingly a stimulant signal can supress (pro-
vided that it stimulates suppressive cells more than effec-
tor cells) and a suppressive signal can stimulate providing
that it suppresses the suppressive regulatory cells more
than the effector cells. Given this set of interactions poten-
tial explanations can be derived as to why a CD 28 super
agonist could suppress the immune system in rheumatoid
arthritis and simultaneously re-invigorate bone marrow
after chemotherapy induced aplasia during the treatment
of B cell leukaemia. TGN 1412 is a monoclonal antibody
directed with sizeable activity towards the CD 28 ligand on
T cells. Antigen presenting cells upregulate CD 80 on their
surface when activated and this, in combination with their
constitutively expressed CD86 molecule, binds to and acti-
vates CD 28 which is present constantly on T cells. T cells
mostly require the CD28 molecule to be activated as a
contingency for T cell stimulation under normal physi-
ological circumstances and usually the activation of the
CD28 molecule in unison with stimulation of the T cell’s
own T cell receptor will produce various stimulatory
cytokines such as interleukins-2 and 6.This contingency for
co-stimulation of both the CD 28 molecule and TCR is fur-
thermore usually in the context of other stimuli such that
the T cell can be seen to be subject to a community of
competing and complimentary stimuli. The caveat with
CD28 is that when activation of the CD 28 molecule is
above a given physiological threshold the contingency for
co-activation no longer operates. This is true of super
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A table comparing and contrasting approaches with traditional small molecule pharmacology and those observed with T cell based technologies

Conventional pharmacology Vaccines and T cell products

Drug is absorbed through an epithelial surface or injected

Efficacy is predominantly and largely related to exposure - i.e. how much
drug gets into the relevant compartment

No small molecule or biotech product ever eradicated a disease — prevalence
can even increase as a result of successful intervention

The drug will undergo metabolism, commonly by the liver and then
excretion, commonly by the kidney

Efficacy is related to modulation of a large enzyme by a small molecule
interaction

Habituation and tachyphylaxis are more frequent problems with small
molecules. Sensitization can be seen with hepatotoxic or dermatotoxic
substances

Toxicity is mediated by effects that relate to parent drug or metabolites
binding to and interacting with non-target molecules

Pharmacodynamic effects will typically track with decay of parent compound
which is predominantly determined by the distribution and excretion of
product

Most commercial and ethical arguments will drive the pharmacologist
towards hoping to achieve once daily dosing

Compliance introduces a large variability and tends to be on an individual
basis, with the exception perhaps of directly observed dosing regimes for
tuberculosis, HIV, malaria etc

Cost of goods is important though rarely dominant in price discussions on a
small molecule. There are therefore also often relatively large amounts of
drug available for multiple phase 1 activities

Outcomes may be as much a product of the process as the ‘drug’ and some
products involve nothing more than education of a cell or system

Efficacy is related to exposure though threshold systems more commonly operate —
the system typically will need to ‘catch’ i.e. it either takes after three inoculations
or it does not

Vaccine eradicated smallpox (possibly polio by the end of the decade)

Metabolism (especially through opsonization) is typically how the vaccine generates
efficacy and activation.

Efficacy is related to the learning of the immune system and persists as memory long
after the initial intervention has been removed

Through memory formation patient/population may show sensitization. Sensitizsation
with small or large molecules often implies immune system involvement

Toxicity may be related to on target activation in the wrong organ as is seen with
graft vs. host disease or may be related to the miseducation or misappropriation
of signal in the form of alloreactivity after bone marrow transplant whereby HLA
mismatching causes off target toxicity due to host T cell receptors binding graft
HLA

Efficacy and toxicity may persist for years after all administered product is excreted.
Memory cells are very hard to detect though repeat stimulus with antigen could
show a retained ‘'memory’ in the absence of initial vaccine.

Infrequent or one-time administrations are possible and once daily dosing would
probably mean commercial non-viability

Compliance is on a population basis and may even be mandated in governmental
policy e.g. MMR vaccination or cervical cancer vaccines

Cost of goods/administration can eclipse all other discussions. Approaches can fail in
phase 1 if efficacy is not immediately perceptible

agonist TGN 1412 which can activate T cells non-
specifically and in the absence of TCR binding events [11,
12].

On 26 March 2006 eight healthy volunteers were ran-
domly dosed in a 3:1 compound:placebo ratio with
0.1 mgkg™ of candidate drug/placebo. The six actively
dosed subjects suffered overwhelming immune activation
(‘cytokine storm’) and all were subsequently hospitalized,
some for many weeks with serious multiple organ compli-
cations [11-15]. The press became involved principally
because the victims were healthy volunteers and the near
simultaneous dosing of all six volunteers created a perfect
storm as the final patient in the cohort was dosed before
there was any real sign of a major problem in the first
patient. A governmental enquiry showed that the correct
regulatory procedures had been followed and that all pre-
clinical testing was, even with hindsight, valid and in line
with prevailing clinical practice. Not only had pre-clinical
testing failed to show the overwhelming clinical agonistic
activity but it was not clear in the aftermath how anything
could have been done better other than avoiding parallel
dosing and perhaps even avoiding the use of healthy vol-
unteers when doing first-in-man studies with immuno-
therapies [16].

Animal tests and spiking of human blood have subse-
quently revealed some of the underlying protagonistic
conditions [12]. The human immune system, and very spe-
cifically the T cell system, is critically dependent on prevail-
ing context [17, 18, 19]. This means that unless T cells and
their activities are studied in realistic conditions, that is to
say in humans or very humanized culture conditions,
results will be and indeed were misleading. Subsequent,
well-validated work has shown that TGN 1412, when pre-
sented with both peripheral blood monocytes and a
human epithelial monolayer releases sentinel supra-
physiological amounts of cytokine [12]. Everything was
ostensibly tested correctly in the preclinical manner that
was prescribed by both the regulatory authorities and the
company'’s pharmacology advisors and therefore it has to
be assumed that the error was not a mistake. Receptor
occupancy (RO) models [16] have been applied in criticism
of the preclinical work up for TeGenero. However these RO
models are predicated on the findings regarding TGN 1412
activity that were discovered after the trial had failed. Epi-
thelialized’models would not be ones that would normally
be commissioned as part of a pre-clinical work up and it
was these models that informed the RO models. TGN 1412
provides evidence on two levels of a dangerous and
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sometimes prevalent activity in clinical science: Both the
use of complexT cell interactions to explain the potentially
opposing therapeutic modalities and the use of complex
post hoc clinical findings to criticize pre-clinical testing are
examples of teleology or the art of making up explanations
after observation has been made [20]. Whilst the complex-
ity of the immune system demands profound respect and
caution science is best practised when applied to predict-
ing the future and not the past. Any contemporary therapy
allying itself with T cell activity (stimulation or suppression)
should be subject to a high degree of regulatory scrutiny,
and hopefully regulatory permissiveness, in the context of
well thought out and adequately prosecuted research.The
challenge in moving T cell pharmacology forward is bal-
ancing the immense therapeutic power of the T cell with
the equally destructive power that lies therein.

Sipuleucel-T (APC8015, trade name
Provenge™)

Sipuleucel T is a novel dendritic cell-based vaccine, also
described as an autologous cell based immunotherapy.
Sipuleucel T is a treatment for advanced metastatic pros-
tate cancer that is no longer responding to testosterone
depriving therapies and might otherwise be subject to pal-
liative chemotherapy strategies [21]. The sipuleucel T proc-
esses involved in production of the therapeutic product
and also those processes pertaining to the clinical trials
that putatively demonstrated efficacy provide lessons in
trial interpretation and governance. The production
process can be broken up into three phases, extraction,
modulation and re-introduction (see Figure 3).Sipuleucel-T
is a cellularimmunotherapy consisting of activated autolo-
gous peripheral-blood mononuclear cells (PBMCs) which
have been removed from the patient at a previous appoint-
ment. These activated PBMCs include antigen-presenting
cells (APCs) that are para-vaccinated ex vivo by being
pulsed with recombinant fusion protein (PA2024). The
conceptis that the fed cells process antigen, breakit up into
sentinel peptides and these are then presented on the
antigen-presenting cells surface HLA complexes such that
when these cells are returned to the patient they stimulate

/ |PAP-GM-CSF ‘Antigen’
Isolation of APC

Antigen loaded APCs J

Figure 3

Diagrammatic representation of the procedure that patients undergo in
order to receive sipuleucel T therapy

Leukapheresis
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endogenous T cell reactivity. Upon reinstatement the cells
engraft in the patient’s immune system and thereafter are
redirected to attack the patient’s other antigen-bearing
cells, their prostate cancer cells. The PA2024 construct con-
sists of a prostate antigen-prostatic acid phosphatase that
is fused to granulocyte-macrophage colony stimulating
factor, another immune-cell activator.

To show efficacy this cycle (remove, modulate and
return) in clinical trials was repeated three times over
approximately 5 weeks in patients with late stage prostate
cancer who were then observed for a number of years
(Table 3).1n 2010 Kantoff et al. [22] reported a statistically
significant overall survival benefit against placebo for the
sipuleucel T arm (see Table 3). The reported benefit in the
Kantoff trial and other later phase trials is probably ‘real’
though the magnitude of this benefit and in particular its
clinical significance has not been robustly established
[23-26]. This lack of robust evidence is true even in the
face of some evidence of overall survival benefit. It
remains to be seen if the cost of sipuleucel T (which for
the full three courses currently costs ~$93000) is counter
balanced by weighted evidence of efficacy of sufficient
magnitude [24]. The role of placebo in this trial demon-
strates principles that are relevant for many controlled
clinical trials. The patients were not noted to show any
tumour shrinkage or demonstrable benefit in progression
free survival in this study and benefits were only demon-
strated in overall survival differences.Taking the well dem-
onstrated correlation between tumour progression and
overall survival generally, it can be inferred that this would
have to mean that if the patients’ tumours were not
shrinking then at least patients’ tumours were growing
less quickly in the intervention arm. The criticism remains
that patients randomized to the placebo arm were
unfairly denuded of their white cells over the period of
the trial as not all their cells were returned after apheresis
whereas the sipuleucel T patients got their full comple-
ment of white cells returned along with the activated
vaccine treatment. Storage of placebo patients’ white cells
was undertaken namely to preserve some cells for rescue
therapy at a later time point though this ultimately did
not happen in a significant proportion of patients and
therefore an imbalance in the amount of white cells
returned between the two trial arms was introduced. This
process may have led to a depression in overall survival in
the placebo arm as patients may have been suffering rela-
tive immunoparesis owing to their lack of white cells [25,
26]. The hazard ratio is a dimensionless statistic and as
such overall survival hazard ratios merely report relative
differences between two arms. The hazard ratio does not
differentiate between a benefit applied to one arm vs. a
dis-benefit applied to the other. Interestingly for clinical
trialists this kind of discussion does not involve the more
typical concerns around type 1 or type 2 statistical errors
but an altogether more fundamental question about the
integrity of the control. Where the process of therapy and



Table 3

The efficacy outcomes of three large scale studies conducted with sipuleucel-T in prostate cancer. Efficacy outcomes for study D9901 and study D9902A are shown both individually and combined. The

striking observation from an oncological point of view is that the normal relationship between disease progression, which is traditionally easier to demonstrate and overall survival, which is traditionally

more difficult to demonstrate, is inverted.

IMPACT study D9902B

Integrated analysis D9901 and D9902A

D9902A

(GERVA)]

341)

Placebo (n = 78) Sipuleucel-T (n

Sipuleucel-T (n = 147)

—~
m
m
1
S
-
o
2
[J]
s
i
Y

65)

45) Sipuleucel-T (n =

(n=

= 82)

Sipuleucel-T (n

Parameter

21.7

25.8

18.9

232

15.7

259 21 19

Median survival (months)

Hazard ratio (Cl)*

1.50 (1.10, 2.05) 0.775t (0.614, 0.979)

1.27 (0.78, 2.07)

1.71(1.13, 2.58)

0.032

14.6

P

0.011

P=

0.331

10.9

P

0.010

p=

Overall survival, P value§
Median time to disease

14.4

1.1

9.9

9.1

progression (weeks)
Hazard ratio (Cl)

0.92 (0.75, 1.12)

1.26 (0.95, 1.68)

1.09 (0.69, 1.70)

1.45 (0.99, 2.11)

0.40

p=

0.111

p=

0.719

p=

0.052

p=

Overall time to disease

progression, P value

tThe hazard ratio and P value are based on the Cox model, adjusted for prostate-specific antigen (In) and lactic dehydrogenase (In) and stratified by bisphosphonate use, number of bone metastases and primary Gleason grade. #The

hazard ratio is based on the unadjusted Cox model (not prespecified). §The P value is based on a log-rank test (not pre-specified).
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the therapeutic product become inextricably combined
adequate care must be undertaken to ensure that the
control arm and the intervention arm are treated exactly
the same except for only one critical difference, the pres-
ence of intervention in the active treatment arm. Cur-
rently the sipuleucel T technology requires dedicated
facilities both for the extraction and manufacturing of
drug. Future developments in this area will potentially
deliver a less cumbersome approach.

Ipilimumab

Ipilimumab, MDX 010, MDX 101 or Yervoy™ is a fully
human antibody that binds to and blocks cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4). It is indicated
for the treatment of late stage melanoma though its mode
of action is generally not very specific with respect to
the type of cancer indicated and further efficacy signals
are being pursued in prostate and both small cell and
non-small cell lung cancer. CTLA-4 [27] operates as a
braking agent reducing the activity of both helper (CD4+)
and killer (CD8+) T cells of the immune system (see Fig-
ures 4 and 5).

Cancer is thought to subvert the immune system by
invoking the help of various signalling mechanisms which
suppress cancer-attacking B and T cells (CD4+ and CD8+)
[27-34]. By blocking the breaking action of CTLA 4 on
helper and killer T cells these attack cells become
de-repressed. The theoretical impact of activating the
immune system has been played out in clinical trials where
tumour inflammation, flare and regression along with
excess immune-related toxicity to self (hepatitis, skin rash,

Dendritic A’&O
cell

Ipilimumab

Figure 4

Schematic diagram showing ipilimumab antibody ‘de-repressing the T
cell’ by binding to the CTLA 4 molecule and inhibiting the CTLA 4 mol-
ecules repression of T cell activity

Br ) Clin Pharmacol / 76:2 / 179
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the ipilimumab (Ipi)-plus-glycop, 8.5 to 11.5); in the ipilimumab-alone group, the median follow-up was 27.8 months, and the median overall survival, 10.1
months (95% Cl, 8.0, 13.8); and in the gp100-alone group, the median follow-up was 17.2 months, and the median overall survival, 6.4 months (95% Cl, 5.5,
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Figure 6

Patients treatment pathways and outcomes associated with ipilimumab
toxicity. M, severe dermatitis; ll, moderate dermatitis

mucositis, thyroiditis, diarrhoea, etc.) has also been seen
(Figure 6 and Table 4) [35, 36].

These rare but severe toxicities are the subject of a
black box warning as serious adverse events including
death have been observed [37]. Withdrawal of drug should
by simple reasoning result in senescence of side effects.
However this is only partially true. A proportion of
ipilimumab immunological toxicities persist indefinitely
after the drug has cleared (Figure 5). The immune basis of
this toxicity is hinted at by evidence that high dose steroids
help the majority of, but not all patients. It would appear
that ipilimumab has encouraged self-reactivity to the
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point of enduring auto-immunization in a small propor-
tion of patients. Releasing an immunological checkpoint
appears to be giving rise to a drug-induced T cell vs.
host syndrome or in other words drug related autoimmu-
nity. Thyroiditis, rash, hepatitis, colitis and even haemo-
philia have been ascribed to ipilimumab’s immune
deviating effects. Once the T cells have started reacting
against the patient’s own non-cancerous tissues it seems
plausible that they secrete further cytokines that encour-
age further recruitment of T cells to the attack.The immune
system’s ability to learn and generate memory cells
for autotoxicity is the basis for an overall survival
benefit with ipilimumab but also the basis for a toxic and
occasionally lethal loss of control in a small proportion of
patients.

Preliminary results suggest that observed tumour
responses with ipilimumab may, in part, be later in onset,
may be more durable than with traditional chemotherapy
and may even occur after an intervening period of cancer
progression [38]. The toxicity and efficacy seen with ipili-
mumab may be represented as a complex phenomenon
of the immune system slightly reinventing itself in that
ipilimumab has caused the immune system to become
less controlled and reactivity against self is becoming
embedded in the patients T cell repertoire. New rules are
being written for ipilimumab where it appears that the
traditional rules for causality are not observed: the usual
requirement for temporal association, the extent to which
side effects arise in temporal association with starting
treatment and also the extent to which side effect subsid-
ence coincides with stopping treatment is, at least in part,
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A sample of the variously graded adverse events associated with ipilimumab treatment

Selected adverse reactions from
ipilimumab prescribing information

Yervoy 3 mg kg™ n = 131

% of patients?®
Yervoy + gp100
3 mg kg~' + gp100

System organ class/ preferred term Any grade
Gastrointestinal disorders Diarrhoea 32

Colitis 8
Skin and subcutaneous tissue disorders Pruritus 31

Rash 29

General disorders and administration
site conditions

Fatigue 41

n =380 gp100 alone n = 132
Grade 3-5 Any grade Grade 3-5 Any grade
5 37 4 20
5 5 2
0 21 <1 11
2 25 2 8
7 34 5 31

not upheld with some of the toxicity and efficacy profiles
for ipilimumab. There are many other approaches
designed to decrease inherentimmune suppression in and
around the cancer micro-environment which are also
being investigated. These novel approaches may also
violate the conventional rules of causality. Examples of
other approaches that deregulate the immune sstem
include Ontak (an approved drug using an anti IL-2-
diptheria toxin conjugate) and PD 1 manipulation (PD 1
sits on regulatory T cells that supress immune mediated
cancer killing and there are a number of inhibitors cur-
rently in clinical development) [39].

Forthcoming T cell therapies

When T cells are activated they become both potent and
unrelenting cytodestructive agents. This can be demon-
strated in the setting of acute or even hyperacute rejection
of transplantation where the potent and otherwise highly
toxic drug cyclophosphamide provides a life-saving
counter balance to the T cells trying to reject the foreign
transplant.The powerful armamentarium of the activated T
cell is being refined and the striking efficacy and, by
equal measure, toxicity potential of this system deserves
further technological exploitation. Two examples of such
approaches are chimaeric antigen receptors (CARs) and
Bites.

Chimeric antigen receptors
and Bites

Investigators are turning to the T cell using more tradi-
tional antibody components as a bridge with the attrac-
tion being that the T cell might perhaps be more potent
than an equivalently targeted antibody acting alone. Both
the CAR [40, 41] technology and the bispecifics are T cell-

engaging antibodies that harness the recognized specifi-
city of an antibody directed towards target (in the
referenced case it is actually the B cell itself that is being
attacked as it bears the specific CD19 molecule). The pro-
posed mechanism of action is to bind the cancer target
with an antibody component previously raised against
CD19 and ally this with activated T cells. Bites use another
fused antibody component (another scFv fragment) which
specifically binds the CD3 molecule on T cells (Figure 7).
The CD3 molecule is a T cell surface molecule found on all
mature T cells and that functions as part of a molecular
surface cluster in unison with the T cell receptor oc and 8
complex.The CAR technology is similar in that an antibody
is used to recognize target but the whole T cell is‘attached’
- by virtue of the CAR technology being genetically
embedded within the T cell. CAR cells are manufactured ex
vivo by taking a patient’s harvested T cells and enhancing
them with activating CD3 and CD137 moieties spliced to
the targeting anti-CD19 antibody (Figure 8). CD137 like
CD3 is a co-stimulatory molecule found on the surface of
many immune system cells including most T cells. The fun-
damental proposition with the CAR approach is that of
infusion of readily excitable (CD3 and CD137 loaded) T cells
that are targeted (antibody construct to CD19) against
B cell malignancies. The technology bearing T cells have
also been selected in the expansion/selection process
based upon their own natural expression of CD28,
another activating moiety.The combined effect of CD3 and
CD137 expression along with CD28 selection is to create a
cell infusion that engrafts in patients whilst not showing
too much off-target excitability. Previous CAR approaches
failed to engraft and this was attributed in part to cells not
expressing as much co-stimulatory apparatus.

Bites

Blinatumomab is an antibody raised like the CAR technol-
ogy against CD19. The tail end of this antibody is fused
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Figure 7

BiTE antibodies. The variable region (ScFv) of an antibody recognizes cell surface epitopes. The short chain component of any given epitope specific
antibody can be replaced with another ScFv fragment that recognizes and activates CD3 on T cells.The product is a‘Siamese’ antibody that specifically and
in sequence can recognize two separate entities, e.9.CD 19 and CD 3 hence the term ‘bispecific T cell engaging: BiTE. The antibody is thought to function
as an introduction agent allowing T cells to bind to and become activated around cancer targets such as the cell surface molecule CD19 present on some
B cell neoplasms.The subsequent degranulation of the T cell results in release of T cell substances such as perforin and granzyme that are cytotoxic to the
target cancer
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Figure 8

Schematic representation of the evolution of chimeric antigen receptor technology. DNA coding the variable components of both heavy and light chains
of an antibody binding domain with a known affinity for a given tumour target is placed, using viral insertion techniques, within the DNA repertoire of T cells.
This antibody DNA is incorporated contiguously with additional DNA coding either the CD8 or CD28 chain and DNA coding the CD { component of the
native T cell receptor complex. Additional code in the latest generation of CAR technology includes the 4-1BB co-stimulatory domain as well. The addition
of more than cone co-stimulatory feature appears to be both necessary and sufficient for T cell persistence and memory formation in the clinic
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with an anti CD3 binding antibody (effectively a double
headed antibody) that engages T cells.In a phase 1 trial 12
out of 13 patients with non-Hodgkins lymphoma were
reported to have responded at the two highest doses
tested of blinatumomab [42]. Significant, though not insur-
mountable, levels of central nervous system toxicity were
also noted. Though these CNS events were characterized
as rescinding within days of stopping the otherwise
continuously-infused drug (half-life ~2 h) it remains to be
seen if this toxicity will be reproducibly reversible in larger
phase trials.

Chimeric antigen receptors
technology

Infusing billions of T cells is a departure from the tradi-
tional pharmacologic approach but exposure can still be
measured and half-lives, pharmacodynamics and pharma-
cokinetics still apply. A salient difference with CAR cells is
the feature of engraftment where a product that is initially
ostensibly decaying with a half-life of a number of days is
suddenly seen to engraft and develop a half-life that in
some cases becomes either effectively indefinite or even
reversed as the product starts to proliferate. Such dynam-
ics might even one day require a doubling-time to
describe them though such proliferation dynamics have
yet to be fully elaborated. A feature of stem cell technol-
ogy and lymphocyte engraftment is the ability to define a
point when the graft has become endemic. The active
agent is genetically introduced ex vivo to the host T cells
using a lentiviral vector before return to the patient. The
CAR methodology includes the co-splicing of genetic
code for CD137 (a co-stimulatory receptor in T cells
[4-1BB]) and CD3-zeta (an activating signal transduction
component of the T cell antigen receptor). Providing both
a CD3 and CD137 stimulus might be thought to be exces-
sive though it should be recognized that the CAR technol-
ogy discussed here is third generation (Figure7) [40].
Previous generations of CAR cells included fewer growth
stimuli and it is thought as a consequence they failed to
get the T cells to persist in vivo beyond the initial passive
transfer stage. The CAR technology in still in early phase
trials but either complete, durable or partial, durable
tumour clearance has been seen with all of the first three
patients treated. The transfused T cells were demonstrated
to have actively replicated and probably undertook ‘serial
killing’ based on both the pre-clinical laboratory observa-
tion of serial killing by individual T cells in culture and the
clinical observation that the number of T cells returned to
the patient was a couple of orders of magnitude less than
the overall (estimated) number of cancer cells that were
eradicated [40, 41]. The reintroduced T cell constructs
enter the patient's system, replicate up to 1000-fold,
engraft themselves and proceed to orchestrate mass
tumoricide. Once a T cell has undergone a salient interac-
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tion with a target antigen then residual memory cell for-
mation is thought to occur. In short the therapy takes on
a life of its own. The magnitude of efficacy (and toxicity)
merits caution as it was reported that one patient suffered
a tumour-lysis syndrome. Tumour lysis syndrome is a phe-
nomenon whereby host organs become overburdened
with the by-products of mass leukaemic cell death. The
syndrome can manifest in a number of ways including
acute gout, hyperkalaemia and/or renal damage.Once a T
cell has engrafted so will any ensuing efficacy or toxicity
engraft also and, as was seen with steroid treatment of
ipilimumab toxicities, reversing this with steroids or other
antidotes is of variable success. Only when trials are con-
ducted in larger numbers of patients or in the post-
marketing field will the true breadth and depth of toxicity
become manifest. However in the short term it appears
that these forecast risks will follow and hopefully not out-
weigh the currently manifest efficacy results.

Engineered T cell receptors

The two previous examples both redirected the T cell effec-
tor function, either by splicing on a CD3 targeting antibody
fragment placing antibody genes inside a T cell. An alter-
native approach is to combine CD3 function with its more
natural partner the T cell receptor [1]. The previous two
examples (CARs and Bites) used an antibody/T cell combi-
nation thereby establishing early proof for the hypothesis
that the T cell is a potentially very effective anti-cancer
agent in the oncology context. This insight might have
been predicted from the undeniable excess of cancers that
patients suffer from when placed on long term immuno-
suppression in settings such as post-transplantation.
Antibodies are part of a network of immune surveil-
lance but the act of recognition is more of a 1:1 antigen/
antibody binding event. With TCRs both the receptor and
the HLA molecule have co-evolved around the peptide
sequence and therefore the specificity and sensitivity of
this recognition event is bolstered by this evolutionary
equivalent to the opposable thumb. The sine qua non of
the HLA complex is that it helps introduce, specify and
engender the T cell peptide recognition step. As a conse-
quence of working with a system which nature itself has
invested with ornate functionality it must be noted that
very careful engineering of this system is required to avoid
unintended dysfunction. An example of this is the obser-
vation from our own protein engineering platform that
the majority of engineered HLA-TCR binding events
remain similar or even degraded in their specificity
when mutated from the natural receptor and only very
rarely can one introduce new mutations that are both
better in their affinity for the HLA-peptide pairing whilst
also retaining the critical specificity that is required if they
are not to bind to most HLA molecules bearing non-
specific peptides i.e. the absence of off-target binding is
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also retained. Immunoglobulin engineering allows many
more sites where mutations can be safely introduced as
the diversity at the antibody-antigen interface is itself
greater [43].

Of concern in oncology is the fact that many cancers
display abnormally low numbers of HLA peptides. Cancers
generally down regulate proteins that are targets of
attack, not just HLA molecules [28]. Such scarcity of HLA is
probably selected for if an evolutionary model of
heterogeneous cancer cell biology is adopted and T cell
surveillance is considered a selection pressure [29-33].
Engineering T cell receptors to recognize and kill cells
bearing unusually low HLA peptide concentrations repre-
sents a potentially novel and wide-ranging paradigm for
overcoming this observation and it is likely that such engi-
neering will obtain sensitivities one or two magnitudes
better than the equivalent antibody targets because of
the intrinsic sensitivity of the HLA system. Currently there
are several modified T cell receptor approaches in the
clinic [44, 45]. In brief T cell receptors are taken from
donors and screened for their ability to recognize a can-
didate antigen. The peptide specific T cell receptor is then
engineered towards the two ostensibly dissonant goals
of both generating higher binding to the specific
HLA-cancer-peptide complex and retaining little or no
binding to other non-specific HLA peptide/normal tissue
complexes.

Cancer testis antigens (CTAs) are antigens that arise as
a result of tumour cells regressing to embryonic type [46,
47]. These developmentally-expressed and ‘exclusively’
embryonic antigens become repressed in adult life. Sub-
sequently these CTAs become de-repressed in cancer cells
and after proteosomal processing/degradation some can
be detected using mass spectroscopy as part of the HLA-
peptide expression system on the surface of cancer cells.
Targeting these expressed peptide signatures with high
affinity T cell receptors offers the possibility that normal
tissues will not be subject to attack whilst cancerous
tissue will. One such target, NY-ESO, is currently being
pursued in the phase 1 setting with TCRs directed
against it.

New T cell paradigms for
toxicity testing

HLA molecules are so specific that they cause rejection of
organs when transplanted from non-matching individu-
als of the same species [43]. Testing of HLA specific mol-
ecules requires use of T cell receptors that have
specifically been engineered with one chosen HLA type
in mind. Binding to other HLA complexes is a reason to
reject a candidate TCR in the engineering process
because it is an almost certain sign of lack of peptide spe-
cificity. The HLA component of T cell activity is so specific
for example that in the current phase 1 clinical trial only
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patients with HLA A2 sub-types can be included. The drug
is not intended for, nor is it likely to show any effect in,
any other HLA-type of individual. Pre-clinical screening
with certain HLA sub-types in blood spiking assays
revealed this predicted feature where reactivity was only
ever seen in the appropriate HLA matched subjects and
non-matched HLA spiking experiments were anodine. For
these reasons only humans of a certain HLA restriction
are considered valid efficacy and toxicity models for HLA
restricted-engineered T cell receptors. Though perhaps
obvious this is an important observation because it
follows from this that no animal model would ever work.
Animal HLA systems are completely different and both on
and off target toxicity would likely be completely irrel-
evant and most likely absent altogether as the animal has
no cognate HLA. On this point the MHRA has taken the
considered and pioneering step of letting TCRs go into
the clinic with animal toxicology at a streamlined
minimum.

Adoptive T cell therapy with
engineered T cell receptors

The National Institute of Health in North America and
some small stage biotechnology companies are working
with T cell receptors transducing them into T cells using
viral technology not dissimilar to the CAR approach
(Figure 9). Transduced T cells bear T cell receptors engi-
neered towards a similar, albeit lower affinity, goal to that
of the soluble TCRs. Early clinical results including some
complete responses induced on the back of a chemo-
therapy conditioning regime with an NY-ESO targeting
approach in sarcoma and melanoma look exciting [48].
One pharmacological challenge with adoptive T cell
therapy involves trying to estimate how many cells should
be transduced into the patient. Simple logic might
embrace the ‘as many as possible’ approach. T cells,
however, need to engraft in the patient and this has been
achieved historically with typical doses of T cells in the
order of 1-10 billion cells. Doses with as few as 10 million
cells have been associated with successful engraftment
and tumour killing [41]. Transducing and transfusing
fewer cells offers both theoretical and immediate advan-
tages: Growing cell volumes ex vivo can take weeks and is
fraught with danger regarding infection and even the
remote potential of oncogenesis (from the lentivirus
insertion process). If 10 million cells were no less clinically
effective than 10 billion a large amount of time and effort
spent between initial cell donation and return of the
therapeutic agent could immediately be saved in a
context where the patient’s time is already painfully
limited. From a theoretical perspective it seems innately
fair to think that the longer a cell lineage is out of the
body and the more replications it undergoes the more
removed from safety and efficacy it is likely to be become
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Viruses can be used to introduce the coding material for supra-physiologically high affinity T cell receptors. The National Institute of Health have done this
with coding material for a T cell receptor that binds to the cancer specific antigen NY-ESO with higher affinity than operates in natural conditions.Responses
have been seen in several sarcoma patients with this approach. Synovial sarcoma specifically is known to express NY-eso in about 75% of cases

and the less likely it is to indigenize/engraft upon return.
There are theoretical arguments also such that 10 million
transfused cells could result in less tumour lysis syndrome
than 10 billion cells (if the initial hit on tumour load is
drawn out over a predictably less concentrated period of
time) and also there is hope that the extra T cell replica-
tion that is required in vivo when small doses are infused
is more conducive to memory cell formation. Develop-
ment of these arguments in further detail is beyond the
scope of this article but in brief the discussion revolves
around the intriguing prospect that white cell levels may
be homeostatically controlled within the body and there-
fore chemotherapy depletion may provide a stronger
growth stimulus to incoming cells in circumstances
where there are fewer infused cells [48, 49].T cell replica-
tion in turn is thought to predispose a patient to the
installation of long term immune memory formation.
For these reasons the concept in onco-pharmacology
that there might be an optimum biological dose signifi-
cantly below that of the maximum tolerated dose is
once again back on the agenda after having initially
undergone debate at the beginning of the targeted
therapy era [50].

Conclusions

The prospect of T cell receptor pharmacology is both excit-
ing and challenging. Initial successes including complete
remissions in leukaemia have been achieved at not-
inconsequential expenses, such as tumour lysis syndrome.
Future therapies look to unlock further the secrets of
cancer and will hopefully do so in more a targeted, efficient
and cost-considered manner. Animal models have proven
helpful in elucidating mechanisms of immune suppression
in the natural history of onco-pathogenesis. However
these same models can be misleading or irrelevant with

respect to disease treatments that are intrinsically human
in nature. Investigators are encouraged to proceed with
both optimism and caution.
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