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5.INTRODUCTION

5.1. BASIC CONCEPTS OF THE IMMUNE SYSTEM

General models divide the mammalian immune system into an innate and an adaptive
branch. The innate immune system involves a s et of inherited, conserved mechanisms,
whereas the adaptive immune system is characterized by the progressive development of
highly specific responses to defined molecular structures. Generally the innate and adaptive
immune systems interact to initiate or suppress the elimination of a target structure. In other
words, both branches of the immune system form a c omplex network of mechanisms to
balance tolerance and immunity. Interactions between immune cells function by direct

contact formation of surface molecules or by secretion and binding of cytokines.

The rearrangement of antigen-specific binding-molecules, i.e. B cell receptors (BCR) and T
cell receptors (TCRs) is one of two main mechanisms of adaptive immunity. The process of
rearrangement, which modifies the genomic receptor locus during the differentiation of single
cells to T or B cells, is termed somatic recombination. This creates a large pool of T and B
cells with diverse specificity. After rearrangement BCRs undergo a second phase of affinity
maturation by random mutagenesis in highly variable domains. This process is initiated by
successful antigen recognition combined with further activating signals and leads to selection
of BCR variants with improved antigen binding quality. Thereupon, further rearrangements of
the BCR locus set off the secretion of their soluble form, termed antibodies. In addition, one
out of several possible conserved domains, also termed Fc-domains (derived from fragment
crystallizable domain), is rearranged to the mature antibody. Each different Fc-domain binds
to a specific set of receptors, which shapes the type of immune reaction by selective

activation of other cell types (Murphy et al. 2011).

TCRs are not further modified after somatic recombination. Their general binding partners
are peptide loaded major histocompatibility complex (MHC) molecules. T cells are positively
selected for low affinity binding to MHC class | or Il complexes, presenting self-derived
peptides during their maturation in the thymus. In contrast, if they display high affinity to
MHC-I/ll and auto-antigen-derived peptides, they are eliminated by negative selection.
Alternatively, high affine and potentially auto-reactive T cells differentiate to become
regulatory T cells (Treg), which suppress immune responses by antigen-specific and non-

specific mechanisms (Jenkins et al. 2010).



The other main mechanism of adaptive immunity is the conservation of successful immune
adaption in the form of long-lived memory cells that can react to previously encountered
threats. Besides B and T cells that express protective antibodies and TCRs, natural Kkiller

cells (NK) also produce memory (Paust et al. 2011; Weng et al. 2012).

T cells leave the thymus in a state termed naive and need to be activated by several signals
together with MHC-restricted TCR binding to their cognate target antigen. Different subtypes
of T cells can be distinguished. After initial activation, mature CD8" T cells commonly display
cytotoxic function, which leads to induction of target cell death. CD4" T cells primarily function
as immune regulators and are further divided into functionally distinct subtypes Th1, Th2,
Th17 and Treg cells (Yamane et al. 2012).

5.2. TYPICAL COURSE OF AN IMMUNE RESPONSE

In most cases an immune response targets a pathogen, which is first recognized by
mechanisms of the innate immune system. The first line of activation is the direct interaction
of pattern recognition receptors, e.g. Toll like receptors (TLRs), with a pat hogen-derived
molecule. The cell in turn secretes activating cytokines and chemokines to initiate an
inflammation (Murphy et al. 2011). Activated antigen presenting cells (APCs) promote
activation of naive antigen-specific T cells by MHC-dependent contact and several co-
stimulatory signals. T helper cells activate B cells to produce antibodies by direct cell
interactions. Antigen-experienced T cells undergo aphas e of rapid expansion and
differentiation to short-lived effector T cells in response to repetitive antigen encounter. After
complete pathogen clearance more than 95% of the pathogen-specific T cells undergo

apoptosis, while memory T cells survive long-term (Kaech et al. 2002).

In some cases the immune system fails to completely eliminate a pathogen, which leads to
persistent antigen stimulation. This also happens during tumor development (Hanahan et al.
2011).
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5.3. THE IMMUNOLOGICAL ROLE OF T CELLS

T cells are a basic component of immune function. Different genetic defects cause T cell-
deficiency, which result in severe recurrent infections in early childhood. Severe combined
immune deficiency (SCID) causes complete absence of T cells and even goes along with
major physiologic deficiency of lymphatic tissue. Similarly, less comprehensive conditions,
which specifically affect T cell-function result in massive viral and fungal infections (Cole et
al. 2010). T cells additionally can prevent tumor outgrowth. In a model of chemical
mutagenesis T cell-deficient mice were significantly more prone to tumor outgrowth of
detectable size than wild type (WT) mice. Late depletion of T cells from WT mice permitted
outgrowth of tumors that had been chemically induced 200 days before. This underlines the

role of T cells in tumor control (Koebel et al. 2007).

Immune deficiencies frequently undermine control over infections or tumors. Complete
depletion of the host immune system and temporary immune suppression after
hematopoietic stem cell transplantation cause chronic viral infections like CMV, EBV or
Adenovirus to become relevant causes of mortality (Boeckh et al. 2003; Myers et al. 2005;
Brunstein et al. 2006). Correspondingly, long-term immune suppression to avoid rejection of

transplanted organs involves an increased incidence of cancers (Marcen et al. 2003).

54. IMMUNE ESCAPE BY MUTATION

Apart from immune deficiencies, immune escape can cause loss of disease control. Mutation
of an antigenic peptide can reduce the selective pressure on a de fined target structure.
Immune escape was observed in various viruses that confer a high mutation rate e.g. HIV or
HCV (Phillips et al. 1991; Erickson et al. 2001). In the same way, tumor growth is frequently
accompanied by acquisition of mutations in highly immunogenic T cell-epitopes. Chemically
induced tumors from T cell-deficient mice grew upon transfer to other T cell-deficient mice
but were largely rejected in WT mice. In these mice, tumor suppression was correlated with a
measurable T cell-response against a defined tumor-associated antigen. The exome — the
entity of all transcribed genes - of transferred tumors that underwent progression in WT mice
was analyzed by deep sequencing and r evealed the emergence of escape mutants in

formerly protective T cell-epitopes (Matsushita et al. 2012).
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5.5. INDUCTION OF IMMUNE EXHAUSTION

Various chronic infections or general persistence of antigen can cause advancing T cell-
dysfunction termed T cell-exhaustion. In chronically stimulated T cells different molecular

pathways were frequently found to indicate and cause loss of immunologic activity.

Expression and signaling of the inducible cell surface protein PD-1 via B7-H1, a.k.a. PD-1-
L1, was first shown to suppress T cell-activation in vitro (Freeman et al. 2000). Equally the
presence of PD-1 on antigen-specific T cells could impair cell activity in chronically infected
HIV patients, with the grade of expression correlating with disease progression. In vitro
antibody blockade of the PD-1 signaling pathway led to restored T cell function (Day et al.
2006). Previously a similar finding was made in an in vivo mouse model with transferred B7-
H1 positive and negative tumors (Dong et al. 2002). In two recent clinical trials cancer
patients were treated with PD-L1 or PD-1 blocking antibodies respectively. The therapeutic
efficiency was assessed according to the Response Evaluation Criteria in Solid Tumors
(RECIST). Partial response (PR) describes a reduction in tumor mass of more than 50%,
complete response (CR) signifies a complete disappearance of measurable disease, and
objective response (OR) rate is the sum of the former response categories (Therasse et al.
2000). In different cancers OR to PD-L1 antibody ranged between 6% and 17% and for PD-1
between 18% and 28%. Treatment was associated with 9% and 14% of severe drug-related
adverse events, with three cases of treatment-related death in the PD-1 antibody group
(Brahmer et al. 2012; Topalian et al. 2012).

The expression of further surface markers specifies the grade of exhaustion. Gene
expression profiling of tumor infiltrating lymphocytes (TILs) from human melanoma lesions
supported the idea that T cell-exhaustion develops gradually (Baitsch et al. 2011). Some of
the molecules associated with T cell-exhaustion mediate a mechanism non-redundant with
PD-1. Combined blockade of LAG-3 and P D-1 synergistically restored the capacity of
exhausted T cells to produce cytokines in vitro. This process could even restore proliferation
and led to reduced viral burden in a murine LCMV-infection model (Blackburn et al. 2009).
The synergistic effect of the two mechanisms was confirmed by a report demonstrating
significantly accelerated clearance of blood-stage Plasmodium infection by combined
blockade of PD-1 and LAG-3 in a murine infection model of Plasmodium yoelii (Butler et al.
2012). Correspondingly, in an in vivo melanoma model the synergistic effects of PD-1 and

LAG-3 blockage for tumor rejection have been verified (Woo et al. 2012).

Furthermore, Tim-3 and PD-1 co-expression was frequently associated with T cell-

exhaustion. Tim-3 is a cell surface molecule predominantly expressed on Th1 cells. Tim-
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3/Galectin-9-binding promoted apoptosis and reduced IFNy-secretion in T cells, as well as
prevented EAE induction (Zhu et al. 2005). In a mouse model of AML, Tim-3 and PD-1 was
co-expressed on chronically stimulated T cells. The combined blockade of both pathways
acted synergistically to reactivate T cells. In the same model transferred to a Galectin-9
knock-out mouse, the blockade of Tim-3 did not restore the function of exhausted T cells
(Zhou et al. 2011). This finding was confirmed in an in vivo model of LCMV infection, where T
cell-exhaustion was promoted by Tim-3 and PD-1 in a cooperative manner. Blockade of both

ligands synergistically acted to control viral load (Jin et al. 2010).

CTLA-4 has been shown to be an important factor in the maintenance of central tolerance.
When the severe autoimmune phenotype of the CTLA-4 knockout mouse model was
examined, it became clear that Tregs stringently depend on the function of CTLA-4 (Wing et
al. 2008). Likewise effector T cells can mediate potent immune-suppressive function through
CTLA-4 expression. Selective CTLA-4 blockade on effector T cells inhibited tumor growth in
a murine model of melanoma while selective blockade of Tregs was surprisingly ineffective.
Yet CTLA-4 blockade on both cell types retarded tumor growth significantly more (Peggs et
al. 2009). A CTLA-4 blocking antibody was tested in clinical trials. The first application to nine
patients with metastatic melanoma or ovarian cancer caused clear signs of anti-tumor
immune response without severe side effects (Hodi et al. 2003). Not only did subsequent
clinical trials of CTLA-4 blockade frequently induce anti-tumor-activity associated with
prolonged overall survival, but also a s ubstantial fraction of treatment-associated severe

adverse events including patient death (Hodi et al. 2010).

Based on these observations we can clearly ascribe a crucial role to T cell-exhaustion for
chronic infections and cancer development. Thus the blockade of immune suppressive

signaling pathways could contribute to the efficiency of adoptive cell transfer.
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5.6. IMMUNE ESCAPE BY PREVENTION OF ANTIGEN
PRESENTATION

Although viruses and tumors use similar strategies for immune escape, they substantially
differ in mechanistic details. Whereas tumors gradually acquire escape mechanisms de novo
through genomic instabilities leading to gain or loss of function mutations, viruses carry a
conserved set of evolutionarily refined molecular tools. Several mechanistic categories to

prevent effective T cell-responses can be identified.

A common strategy to avoid T cell-activation is to prevent MHC presentation of highly
immunogenic T cell-epitopes. For this purpose, the MHC-complex itself frequently becomes a
molecular target. The CMV-encoded proteins US2 and US11 translocate to the cytoplasm
and promote the degradation of MHC-I heavy chains. US2 furthermore can mediate
degradation of HLA-DR and H LA-DM a -chains (Wiertz et al. 1996; Wiertz et al. 1996;
Tomazin et al. 1999). The CMV protein US3 prevents egress of MHC-I molecules from the
endoplasmic reticulum (Jones et al. 1996). In the same manner, the adenoviral protein E3-
19K can directly attach to sites on all three a-domains, as well as 2-microglobulin of MHC

class |, and thereby retains the complex in the ER (Burgert et al. 1985; Li et al. 2012).

The MHC complex is not necessarily a direct target of immune suppressant molecules.
Reports demonstrate that the CMV protein US6 could prevent the loading of peptides to
MHCI by inhibiting the transporter associated with antigen processing (TAP) complex. In the
same manner the Herpes Simplex Virus protein ICP47 interferes with the TAP complex, only
slightly differing in binding site, outside the ER lumen (York et al. 1994; Ahn et al. 1997).
Likewise, EBV inhibits TAP through the protein BNLF2a. Furthermore, this mechanism
seems to be highly conserved across the entire gamma-1 Herpesvirus family (Hislop et al.
2007).

The HIV-encoded Nef-protein reduces MHC-I surface expression by a different mechanism.
Although the clinical relevance of Nef was long known (Deacon et al. 1995; Kirchhoff et al.
1995; Collins et al. 1998), only recent successful crystallography gave clear insight in its
mode of action. In contrast to the before mentioned proteins from Herpes- and Adenoviruses,
Nef can act downstream of the endoplasmic reticulum. Nef forms a ternary complex with the
clathrin adaptor protein complex 1 (AP1) and MHC-I and impairs trafficking emanating from

the trans-golgi network (Jia et al. 2012).

The Epstein-Barr virus nucleic antigen 1 (EBNA1) uses the most straightforward mechanism

to prevent MHC-I presentation. EBNA1 contains a G ly-Ala domain, which prevents
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proteasome degradation and furthermore suppresses its own gene expression. In
combination, this mediates low and self-limiting presence of protein, protected from
proteasome degradation and invisible to MHC-| presentation during viral latency (Levitskaya
et al. 1997; Yin et al. 2003).

Similar mechanisms to suppress MHC presentation have been ob served in tumors.
Complete absence of antigen processing was observed in small cell lung carcinoma cell
lines, caused by a complete deficiency of TAP-1 and TAP-2, as well as the proteasome
components LMP-7 and LMP-2. The described phenotype was reversible by IFNy-stimulation
(Restifo et al. 1993). However, other deficiencies resulted from gene loss by missense
mutations, and thus were resistant to IFNy-mediated MHC-I upregulation (Chen et al. 1996).
The most conclusive description of altered MHC presentation in cancer is a recent analysis
of 178 small lung cancer carcinoma samples. All samples were analyzed for DNA copy
number, somatic exon mutations, mMRNA sequence, mRNA expression, and pr omoter
methylation, as well as histopathology. In addition, whole genome sequencing of 19 samples
and micro RNA sequencing from 159 samples were conducted. Strikingly, HLA-A was

among the 10 most frequently mutated genes (Hammerman et al. 2012).

5.7. ADOPTIVE CELL THERAPY

Adoptive cell therapy (ACT) describes the transfer of immune cells to compensate for a
qualitative or quantitative insufficiency of a defined function in the recipient. Theoretically,
ACT could cure many different conditions like infections, cancers or autoimmune diseases.

Because of their diverse functions T cells in particular are highly suitable for this approach.
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57.1. STEM CELL TRANSPLANTATION AND DONOR
LYMPHOCYTE INFUSION

Many reports of adoptive T c ell-transfer have proven that this approach can be hi ghly
effective. The first bone marrow transplantation as atreatment of human leukemia was
reported in 1959. After lymphodepletion by total body irradiation, bone marrow from their
respective identical twins was applied to three patients. Adoptive T c ell-transfer was
performed unwittingly along with the bone marrow stem cells. At the time, T cells were more-
the-less unknown and were not depleted from the graft (Thomas et al. 1959). This is
important because, when donor T cells with specificity for any recipient tissue are activated
upon adoptive transfer, Graft versus host disease (GvDH) can occur. This condition results in
severe tissue inflammation and immune hyperfunction. For a long time, GvHD was
exclusively regarded as an unwanted side effect of bone marrow transplantation, until it
turned out to be highly correlated with a reduced risk of leukemia recurrence. This finding
coined the idea of a graft versus leukemia (GvL) effect (Weiden et al. 1979; Weiden et al.
1981).

T cell-depletion from bone marrow grafts resulted in diminished GvHD but more frequent
graft rejection and higher probability of leukemia relapse, indicating that T cells mediated the
GvL effect (Marmont et al. 1991). For patients with previous stem cell transplantation (SCT),
the GvL-effect was utilized separately to treat patients with disease relapse. SCT patients
become largely tolerant to the donor immune system, which allows engraftment of peripheral
blood mononuclear cells (PBMCs) from the donor. This treatment, known as donor
lymphocyte infusion (DLI), showed a GvHD-associated GvlL-effect that frequently led to

leukemia remission (Kolb et al. 1990).

Although for leukemia the induction of GvL by transfer of allogeneic T cells has become an
effective standard treatment, the corresponding graft versus tumor (GvT) effect is probably
not broadly usable. For renal cell carcinoma a GvT effect was reported to yield response
rates of up 57 %. However, the high correlation with severe GvHD and t reatment-related
mortality of up to 33% still hamper broad application. Similarly, GvT response rates of up to
37%, but with a treatment-related mortality of up to 22%, were reported for metastatic
melanoma. A number of reports of GvT- treatment for pancreatic and ovarian cancer and

several other cancers show highly diverse results (Demirer et al. 2008).
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5.7.2. TUMOR INFILTRATING LYMPHOCYTES

Previous to Tumor infiltrating lymphocytes (TILs) patient-PBMCs were evaluated as a graft
source for adoptive therapy. Similar to TILs PBMCs were ex vivo isolated and in vitro
expanded in the presence of cytokines. This type of cell graft is generally described as
Lymphokine activated killer (LAK) cells. The reinfusion of LAKs as a potential regimen for
human therapy was evaluated in several models of murine cancer. In a first report, tumor
cells were intravenously applied to mice, which were monitored for the appearance of lung
metastases. LAK infusion acted synergistically with application of IL-2 for tumor protection
(Mule et al. 1984). LAK therapy in humans initially achieved OR of 44% of all treated patients
with various types of cancer. However, for larger patient cohorts this result was not confirmed
(Rosenberg et al. 1985). Further trials rather suggested an OR of 27% (Rosenberg et al.
1987). When data from several clinical trials were analyzed, the combined application of LAK
and IL-2 only induced a slightly better, but not significant, tumor response than IL-2 alone
(Rosenberg et al. 1993).

Results from mouse studies suggest that TILs can induce strong anti-tumor responses (Yron
et al. 1980). In one study, a direct comparison of tumor-inhibiting capacities indicated that
activated TILs are 50-100 times more effective than LAKs. In addition, a strong synergistic
effect of lymphodepletion with cyclophosphamid, prior to cell infusion, was observed and
thus, even LAK resistant metastases were sensitive to the combined treatment of TILs,
lymphodepletion and IL-2 (Rosenberg et al. 1986). Supremacy of TlLs over LAKs as a
treatment of metastatic melanoma was further confirmed in clinical trials. As a first clinical
treatment protocol a median number of 2x10"in vitro expanded TILs were infused, followed
by 10°U IL-2 every eight hours until toxicity prohibited further cytokine application. Nine out of
15 treated patients showed an OR, which equals 60% (Rosenberg et al. 1988). The benefit
of non-myeloablative lymphodepletion with cyclophosphamid was less pronounced than in
the murine studies. OR rate in subsequent trials was 35% with prior treatment, and 31%
without (Rosenberg et al. 1994). However, in this initial trial only a single dose of 25mg/ml of
cyclophosphamid was applied, whereas following treatment protocols applied more intensive

lymphodepleting regimens with substantially higher response rates (Dudley et al. 2002).

In addition to these milestone observations, numerous clinical trials against different tumor
types were conducted in different centers (Topalian et al. 1988; Kradin et al. 1989; Dillman et
al. 1991; Rosenberg et al. 1994; Schwartzentruber et al. 1994; Goedegebuure et al. 1995;
Ravaud et al. 1995; Queirolo et al. 1999; Dudley et al. 2002; Dudley et al. 2005; Dudley et al.
2008; Besser et al. 2010; Dudley et al. 2010; Ellebaek et al. 2012; Radvanyi et al. 2012). The

protocols varied considerably, but many studies applied the same categorization to quantify
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treatment efficiency into partial, complete and objective, as defined in the RECIST criteria
(Therasse et al. 2000). We extracted all data from these categories from the aforementioned
reports and summarized them (Fig. 5.1.a and c). As the treatment protocols varied in
supplementary treatments, concerning IL-2 doses, pre-conditioning lymphodepletion, infused
TIL numbers, cell expansion protocols and most importantly in tumor type and stage the
comparison of these results only allows reduced conclusions. ORs ranged between 0% and
72% and complete responses were detected in 0% to 33% of patients per treatment group.
Overall weighted average values of 40% for objective responses and 6.9% for complete

responses were calculated based on the patient number per treatment group.
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Figure 5.1: Assessment of Response Rates to TIL therapy.

All Pubmed accessible data quantifying objective and complete response rates of TIL
therapy were extracted and combined (Topalian et al. 1988; Kradin et al. 1989; Dillman et al.
1991; Rosenberg et al. 1994; Schwartzentruber et al. 1994; Goedegebuure et al. 1995;
Ravaud et al. 1995; Queirolo et al. 1999; Dudley et al. 2002; Dudley et al. 2005; Dudley et al.
2008; Besser et al. 2010; Dudley et al. 2010; Ellebaek et al. 2012; Radvanyi et al. 2012).
Variation range, interquartile range and median were summarized in box plots. Weighted
arithmetic mean was calculated as measure of patients per treatment group. (a,c) Objective
or complete response rates respectively from all trials are shown. (b,d) Diagrams combine
results from all TIL trials with non-myeloablative pre-conditioning and application of high dose
IL-2.

The most broadly applied treatment protocol however includes non-myeloablative
preconditioning with Cyclophosphamid and Fludarabin followed by TIL infusion and repetitive
application of high dose IL-2, up to the occurrence of dose limiting toxicity. When only

considering metastatic melanoma patients treated with this protocol the clinical outcomes
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appear far more reproducible and c onstant. As shown in Fig. 5.1b and d, minimum and
maximum OR were 46% and 58% respectively with a median of 49.5% and a w eighted
average value of 51.8%. A single trial observed 0% of CR, which lies markedly outside the
interquartile range. The interquartile range lay near a median value of 8.9%. The weighted
arithmetic mean of 8% ranged near the maximum value of 10%. Despite the impressive
effect of shrinking tumor mass, the more important parameters to assess the potential of a
treatment regimen should consider the endurance of response. For this reason data on
overall survival were collected. This measure also enables the inclusion of patients,
preemptively treated with TILs post tumor resection. Several studies have conducted a long-
term patient follow up (Fujita et al. 1995; Ratto et al. 1996; Figlin et al. 1999; Takayama et al.
2000; Ridolfi et al. 2003; Gardini et al. 2004; Khammari et al. 2007; Rosenberg et al. 2011).
The fraction of overall five-year survival probability was the most commonly described
parameter. Analysis of combined data is hampered because of fundamental inconsistency
between treatment protocols and type of disease as well as in the choice of parameters to
quantify the treatment efficiency. Several studies lack a control group or apply standard
therapy as control group, which does not include IL-2 infusion. Despite these limitations
some of the published results clearly demonstrate efficacy of TIL treatment as summarized in
Table 5.1.

Treatment success was associated with different variables. Several studies report that the
response rate was positively correlated with higher counts of infused TILs (Radvanyi et al.
2012). Likewise, shorter cultivation time and higher in vitro proliferation rates were beneficial
(Rosenberg et al. 1994; Dudley et al. 2005; Besser et al. 2010). TILs from subcutaneous
melanoma deposits led to significantly more responses than TILs from resected lymph nodes
(Schwartzentruber et al. 1994). Also the differentiation state of infused TILs based on
parameters like expression of CD27-expression on C D8'T cells, telomere length and
secretion of GM-CSF were potentially predictive for therapeutic success (Dudley et al. 2008;
Rosenberg et al. 2011). Furthermore, one study evaluated the therapy history of their
recruited patients. Patients previously treated with a CTLA-4 blocking antibody had a
significantly prolonged overall survival (Rosenberg et al. 2011).
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Pathology Treatment Patients Long-term effect Ref.
hepatocellular 5 year OS 68% vs. 62% (Takayama et
carcinoma post liver TIL 76 ns overall recurrence al 20(3)/0)
resection reduced by 41%(p > 0.1) '
metastatic renal cell no benefit of treatment; (Figlin et al
carcinoma post TIL, LD IL-2 81 trial terminated 1989) '
kidney resection prematurely
liver metastatic
5 year OS 25% vs. (Gardini et al.
colorgctal cance_r TIL, LD IL-2 14 38%ns 2004)
post liver resection
stage Il melanoma
post one or two 44 5 year OS 39% vs. 27.2%
lymph node ns (Khammari et
resection TIL, LD IL-2 al. 2007)
one resected 15 5 year OS 73% vs. 31.6%
lymphnode (p=0.0125)
H 0,
post operative non TIL, long-term 3 year OS 25% vs. (Ratto et al.
small cell lung 56 12.5% (P < 0.01; control
LD IL-2 ) 1996)
cancer group without IL-2)
Se\zl:;z;rfaannccfr post TIL 35 3 year OS 87,2% vs. (Fujita et al.
(0]
chemotherapy 55% (P < 0.05) 1995)
5 year OS 44%
Sta?e . a”dflv TIL, medium - (Ridolfi et al.
melanoma after - yose IL-2 5 year DFS 37% 2003)
surgery (no control group)
metastatic TIL, HD IL-2, g3  OYyearosS29%
melanoma (no control group)
lymphodepletion, (Rosenberg
__ TBI etal. 2011)
initial complete 20 5 year OS 93%

responders

(0,200,1200Gy)

(no control group)

Table 5.1 Overall survival after TIL therapy.

All Pubmed accessible data quantifying long-term overall survival (OS) of patients treated

with TIL therapy were summarized. Additional application of IL-2,

lymphodepleting

chemotherapy or total body irradiation is listed under treatment. P-values indicate significant
difference in overall mean survival values between treatment group and matched control
group. ns= not significant. Other included parameters are disease free survival (DFS) and
overall reduced recurrence.
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One major obstacle that prevents a broad clinical application of TIL therapy is the integration
into daily clinical routine. Original protocols required enormous costs and e fforts. This
bottleneck has partially been alleviated by protocols with considerably shorter culture
periods. TILs generated this way not only produced at least similar, or better clinical
response rates as previous protocols, but also drastically reduced overall cell culture time to
a mean of 32-35 days (Dudley et al. 2010). Further, new bioreactor systems allow simplified,
large scale cell cultivation under good manufacturing practice (GMP) grade conditions

(Somerville et al. 2012). Several clinical trials with such “young” TILs are currently ongoing.

5.7.3. TUMOR-SPECIFIC T CELL-CLONES

Increasing knowledge of the tumor-associated antigens (TAA) that were most frequently
recognized by TILs, encouraged efforts to specifically expand and transfer T cells of known
epitope-specificity from sources other than tumor infiltrates. Hypothetically different
advantages favor this approach. First, in vitro expansion of TlLs is not always successful.
Although the success rate to expand tumor infiltrating lymphocytes has increased, tumors
without sufficient infiltrate or lymphocyte growth are observed. Second, no surgical removal
of tumor tissue is necessary. Third it has been shown that TILs mostly are functionally
impaired (Baitsch et al. 2011). Although in vitro expansion can restore cell function, there

remains doubt about the stability of this effect.

It is generally accepted that different sub-populations of T cells vary in their potential to
reconstitute the whole spectrum of the functionally distinct sub-phenotypes, including long-
living memory cells. Apart from a subset of central memory T cells termed “memory stem
cells”, single naive T cells can give rise to all progenitor cell types associated with a full-
blown and long-lasting T cell-response (Stemberger et al. 2007; Gattinoni et al. 2011).
Similarly, central memory T cell-descendants persisted longer and protected better than
effector differentiated T cells, although after in vitro expansion they expressed markers of
effector T cells (Berger et al. 2008). PBMCs contain all T cell-types, including naive and
memory stem cells. Therefore, for adoptive therapy they supposedly constitute a better cell

source than TILs.
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These arguments favor the approach to use PBMCs as a cell source for adoptive therapy.
Antigen-specific T cells were expandable from vaccine-induced T cell-populations, and even
from initially undetectable numbers. Surprisingly, the clinical response rates to T cells
obtained by this strategy were substantially diminished compared to TILs (Yee et al. 2002;
Mackensen et al. 2006). Lymphodepleting preconditioning with Fludarabin significantly
prolonged persistence of infused clones (Wallen et al. 2009). Cyclophosphamid-
lymphodepletion and high dose IL-2 were clinically evaluated without increased response
rates. However, this result is uncertain, as only three patients were treated (Chapuis et al.
2012).

Pathology Treatment Antigen Patients response Ref.
+ . (Yee et al.
MM CD8" T cells; LD IL-2 MART-1; gp100 10 minor
2002)
. (Mackensen
MM CD8" T cells; LD IL-2 MART-1 11 1PR/1CR
et al. 2006)
. (Hunder et al.
MM CD4" T cells NY-ESO-1 1 CR 2008)
MM CD8" T cell; LD IL-2; MART-1; 10 minor (Wallen et al.
Flud gp100;Tyrosinase 2009)
stage IIl/IV. CD8" T cells Dac;IL- (Khammari et
melanoma  2;IFNa MART-1 14 4PRI2CR 4 2009)
CD4'/CD8" T cells; (Verdegaal et
MM IFNa Nd. 10 1PR/1CR al. 2011)
MM CD8" T cell MART-1 9 3pRr/1cRr (Butleretal.
2011)
CD8" T cells; HD MART-1; (Chapuis et
MM CyP; LD IL-2; gp100;Tyrosinase 10 1PRITCR al. 2012)

Table 5.2 Response Rates after infusion of cancer-specific T cell-clones.

All Pubmed accessible data treatment response of patients treated with in vitro expanded
clones specific for tumor-associated antigens were summarized. Treated diseases are
metastatic melanoma (MM) and stage Il/IV melanoma. Additional application of IL-2, IFNa
lymphodepleting chemotherapy with Fludarabin (Flud), Dacarbazin (Dac), cyclophosphamid
(CyP) is listed under treatment. Partial (PR) response indicates Tumor shrinkage of >50%
and complete response (CR) indicates complete tumor disappearance.
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The highest response rate to infusion of in vitro expanded T cell-clones was observed in a
study of stage Ill/IV melanoma. The treatment protocol included many factors that have not
been evaluated in T c ell-therapy before. Cell transfer was combined with dacarbazine
chemotherapy, infusion of nine international mega-units of IL-2 for 10 days, and IFNa for one
month. ORs were assessed in 43% of patients including 2 complete responses (Khammari et
al. 2009). The authors explain this result by their different pre-selection strategy of T cells for
infusion, which was based on the capability to secrete IL-2. To which extent this
exceptionally high response rate can further be attributed to the subsidiary treatment or the

stage of disease remains unresolved.

The most common combination of supplemental treatments applied in TIL studies, consisting
of repetitive, high dose IL-2, cyclophosphamid and fludarabin for non-myeloablative
lymphodepletion, so far has not been evaluated in this context. Artificial antigen presenting
cells for in vitro priming and expansion of T cell-clones can direct T cells towards a memory
phenotype. T cells generated with this method displayed a prolonged in vivo survival. In this
study ORs were achieved in 4/10 patients, among them one complete response (Butler et al.
2011).

One case report furthermore describes infusion of a N Y-ESO-1-targeted CD4" T cell-line
resulting in a complete remission without any additional treatment. Upon T cell-infusion
immune responses to other melanoma-associated antigens became detectable (Hunder et
al. 2008). One study describes the infusion of CD4" and CD8" T cell-lines generated by co-
incubation of tumor tissue with autologous PBMCs and additional IFNa-treatment. In 2/10

patients ORs, one complete and one partial were observed (Verdegaal et al. 2011).

Transfer of in vitro grown T cell-clones has also been applied for treatment of CML. Fourteen
Patients in remission after SCT were infused with autologous CD4" and CD8" T cell-clones
reactive to the leukemia-associated antigens WT1, PR1 and BCR/ADbI. Long-term remissions
were achieved. As this was a prophylactic treatment the patient cohort is too small to draw
clear-cut conclusions about therapeutic efficacy (Bornhauser et al. 2011). All results that

describe treatment response are summarized in Table 5.2.
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5.7.4. ADOPTIVE TRANSFER OF VIRUS-SPECIFIC T
CELLS

Especially under immunosuppressive treatment infections with viruses like CMV, EBV and
Adenovirus are ar elevant cause of mortality (Boeckh et al. 2003; Myers et al. 2005;
Brunstein et al. 2006). Like TILs for different cancers, virus-antigen-specific T cells have
been used for adoptive transfer against viral disease. In the setting of stem cell
transplantation, donor-derived T cells can engraft after transfer. Transfer of virus-specific T
cells as treatment of transplantation-associated viral complications therefore seemed an
attractive option. The first report of targeted adoptive transfer against CMV disease after
hematopoietic stem cell transplantation in 1995 showed that this approach is highly efficient.
For expansion of CMV-specific T cells fibroblasts were infected with CMV in order to
stimulate T cells from the bone marrow donor (Walter et al. 1995). This approach was
translated to EBV in similar fashion. For use as APCs, B-cells were EBV infected and
concomitantly immortalized to obtain cell lines mostly called B-lymphoblastoid cell lines (B-
LCLs). Bone marrow-derived PBMCs were co-cultured with B-LCLs to expand EBV-specific
T cells (Heslop et al. 1996). S everal clinical trials for CMV-, EBV- and Adenovirus-
associated diseases have shown that this strategy is highly effective. Decline in viral load,
absence of viral disease and long-term persistence of transferred T cells was frequently
described. Protection from disease however is difficult to quantify in these patients, as they
suffer from diverse and highly complex symptoms. Many different methods for in vitro
expansion of antigen-specific cells have been clinically applied. Several of these approaches
aim to create T cells for several of the most frequent transplantation-associated infections in
parallel, as a preventive therapy (Leen et al. 2006). Mostly stem cell donors served as PBMC
donors for in vitro cell expansion of virus-specific T cells, predominantly from pre-existing cell
populations. In addition, also T cell-lines derived from 3™ party donors or haplo-identical
family donors led to successful engraftment and clinical responses. Furthermore, EBV-
associated malignancies like nasopharyngeal carcinoma and lymphomas have been treated
resulting in objective responses and a significant prolongation of mean overall survival
(Lucas et al. 2004; Bollard et al. 2007; Louis et al. 2010; Smith et al. 2012).
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Expansion method Disease Donor Patients Ref
CMV infected fibroblasts CMV disease CMV* SCD 14 (Walteretal.
1995)
B-LCL,; genetic labeling for EBV PTLD EBV' SCD 14  (Heslop et al.
long-term detection 1996)
CMV lysate CMV disease CMV* SCD g  (Einsele etal.
2002)
autologous DCs pulsed with  cMV disease CMV* SCD 16  (Peggs et al.
CMV lysate 2004)
3" party (Lucas et al
B-LCL EBV positive HD partially HLA- 6 2004)
matched
B-LCL infected with pp65 CMV/EBV/AJV (Leen et al.
(CMV) expressing adenoviral  jisease SCD 11 2006)
vector Ad5f35pp65
autologous DCs pulsed with  cMV disease CMV' SCD 9 (Micklethwaite
pp65 peptide et al. 2007)
B-LCL-modified for enhanced gy positive (Bollard et al
resentation of latenc Autologous 16 '
p y lymphoma 2007)
antigens
autologous DCs infected with (Micklethwaite
pp65 expressing adenoviral ~ CMV disease CMV™ SCD 2 ia 2008)
vector Ad5f35pp65
Ad5f35null infection 10 days; , EBV'AdV* (Leen et al.
expansion with Ad5f3snull B V/AdV disease o) 13 2009)
infected B-LCLs
B-LCL EBV NPC Autologous 23 (Louisetal.
2010)
B-LCL EBV disease 3“party donor 2  (Barkeretal.
2010)
AdE1-LMP poly vector (Smith et al.
infected autologous irradiated EBV NPC Autologous 14 2012)

PBMCs

Table 5.3 Treatment settings of adoptive therapy with virus-specific T cells.

All published clinical trials of infusion of in vitro expanded clones specific for viral antigens
that showed at least one non-redundant feature in the listed categories are summarized.
Treated diseases besides virus infection-associated disease are nasopharyngeal carcinoma
(NPC), post transplant lympho-proliferative disorder (PTLD) and Hodgkin Disease (HD).

Stem cell donor = SCD.
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In this setting autologous patient T cells were expanded and re-infused. Table 5.3
summarizes the most important constellations for cell therapy of viral diseases. Despite
potent clinical efficacy, broad clinical application of this therapy is prevented by logistic
requirements. Extensive GMP cell culture is hardly compatible with clinical routine, therefore
more direct and faster methods are necessary. Several strategies for a direct transfer of
antigen-specific T cells with no or minimal cell culture have been evaluated. Pre-existing T
cell-populations specific for viral antigens have been identified by in vitro stimulation with viral
antigens and have been isolated based on their capability to secrete IFNy (Feuchtinger et al.
2006; Feuchtinger et al. 2010; Moosmann et al. 2010; Qasim et al. 2011).

Isolation method Disease Donor Patients Ref
MHC multimer CMV disease  CMV-+ SCD g  (Cobboldet
al. 2005)
IFNy-secretion; stimulation with . (Feuchtinger
AdV infected cell lysate AdVdisease  AdV+SCD 9 etal 2006)
MHC multimer EBVPTLD  3“party haplo 1 (Unhlinetal
2010)
IFNy-secretion; stimulation with . (Feuchtinger
PP65 (CMV) protein CMV disease  CMV+ SCD 16 etal 2010)
IFNy-secretion; stimulation with (Moosmann
EBV peptide pool EBVPTLD  EBV*SCD 6 etal 2010)
reversible MHC multimer CMV disease = CMV+ SCD 2 (Schmitt et
al. 2011)
IFNy-secretion; stimulation with a : rd (Qasim et
ADV infected cell lysate AdVdisease 37 party haplo T al2011)
. CMV/EBV/AdV SCD/ 3rd party (Uhlin et al.
MHC multimer disease HLA-matched 8 2012)

Table 5.4 Application of ex vivo isolated virus-specific T cells.

All published clinical trials of infusion of directly ex vivo isolated T cells specific for viral
antigens that showed at least one non-redundant feature in the listed categories are
summarized. Treated diseases besides virus infection were disease post transplant lympho-
proliferative disorder (PTLD). Donor “Stem cell donor” (SCD).
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Other strategies utilized MHC multimers to isolate T cells based exclusively on the specificity
of their TCR. Both strategies apply magnetic enrichment to isolate the labeled cells. In
general, substantially fewer T cells can be obtained by direct transfer in comparison to in
vitro expansion based methods. The clinical outcomes however are comparable if not better
(Cobbold et al. 2005; Uhlin et al. 2010; Uhlin et al. 2012). The most promising strategy to
obtain virus-specific CD8'T cells for adoptive transfer seems to be the application of
reversible MHC multimers, which can be detached off the cells after the isolation procedure
(Schmitt et al. 2011). Cells isolated in this way can be considered as minimally manipulated
and can be transferred without any other molecule, which is very important from the
regulatory point of view. The mentioned methods that were applied in a clinical setting are

summarized in Table 5.4.

5.7.5. GENETIC REDIRECTION OF T CELLS

In 1986 genetic transfer experiments have for the first time conclusively demonstrated that
antigen-specificity of T cells is exclusively mediated by the TCR (Dembic et al. 1986). Later,
first in vivo experiments have demonstrated that TCR-redirected T cells can persist and
produce a functional immune response (Kessels et al. 2001). These groundbreaking
discoveries paved the way for the first application of adoptive immunotherapy with TCR-
redirected T cells in a clinical trial (Morgan et al. 2006). The transfer of the TCR molecule to
autologous patient T cells has several advantages over transfer of cell lines or clones. First
the quality of the TCR can be evaluated and remains constant, irrespective of the
endogenous immune response. A TCR that yields best clinical response can be selected,
which in principle should result in constantly high response rates. Second the host cell type
can be pre-defined. Several studies could show that naive or memory T cells have different
capacities to proliferate, persist and c onfer protection. Third, no tumor biopsies or other
sources of antigen-specific T cells are required. And fourth, extensive in vitro expansion is

dispensable.

Another argument in favor in this approach over TIL reinfusion is based on recent findings
about dysfunctional T cells. The molecular program of tolerant CD8" T cells that have
escaped thymic negative selection despite a highly auto-antigen-affine TCR was analyzed.
Lymphopenia transiently reversed the immune suppressive function of those cells but soon
returned to a tolerant state. This finding indicates that antigen-specific tumor infiltrating
lymphocytes, which potentially resemble the examined cell type, become activated by

lymphopenia, but will return to their epigenetically hardwired, tolerant phenotype. Therefore,
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genetic redirection of functional T cells should be favored over reactivation of dysfunctional T
cells (Schietinger et al. 2012).

Several pre-clinical models have shown that this approach is feasible resulting in several
clinical trials that have demonstrated the possibility to induce complete and partial
regressions in solid tumors. Several clinical trials are currently ongoing and some results
have already been published (Morgan et al. 2006; Johnson et al. 2009; Parkhurst et al. 2011;
Robbins et al. 2011). All patients that received genetically redirected T cells were treated with
cyclophosphamid and fludarabin for non-myeloablative lymphodepletion. Furthermore, all
patients received high dose IL-2 infusions until dose limiting toxicity occurred. All published

results on adoptive transfer of TCR-redirected T cells are summarized in Table 5.5.

Pathology Antigen Patients OR CR Ref.

. Morgan et
Metastatic melanoma MART-1 2735 15 13% 0% (al. 2(?06)

. _ 0 0,
Metastatic melanoma MART-1 27.35 20 30% 0% (Johnson et

al. 2009)

Metastatic melanoma gp100454.162 16 19% 6%

i _ _ 0 0
Metastatic melanoma NY-ESO-1 157.165 1" 67% 18% (Robbins et
Synovial cell carcinoma NY-ESO-1 157.165 6 45% 0% al. 2011)
Metastatic colon carcinoma CAE 691-699 3 33% 0% ;Tazrl(()::;st et

Table 5.5 Reported clinical application of genetically redirected patient T cells.

All Pubmed accessible data quantifying the response rates as measure of tumor shrinkage
after infusion of TCR-redirected autologous patient T cells were extracted. All patients
received high dose IL-2 and non-myeloablative, lymphodepleting chemotherapy. TCRs were
specific for different tumor-associated antigens as indicated.

Several TCRs have been and ar e currently in clinical applications. The binding strength to
the cognate MHC-peptide ligand has been identified as an important parameter to

successfully trigger T cell-function. Several TCRs that have been used in clinical trials have
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been extensively characterized. One TCR-specific for MART-1, generally referred to as
DMF4, has been replaced by a different TCR termed DMF5.

100 1
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Figure 5.2: Correlation of structural avidity and clinical response.

For several TCRs, which have been tested in clinical trials, dissociation constant (Kp) values
have been reported. All Pubmed accessible data quantifying objective tumor response rates
after infusion of autologous T cell-redirected with one of these TCRs were pooled and plotted
against their dissociation constants.

For both molecules crystal structures and affinity data from surfaces Plasmon resonance
have been published (Borbulevych et al. 2011). Both TCRs have been used for clinical trials
with similar treatment protocols (Morgan et al. 2006; Johnson et al. 2009). Further, affinity
information has been reported for modified versions of 1G4, a TCR-specific for the cancer
testis antigen NY-ESO-1, which has first been described in 2000 (Chen et al. 2000). In
several studies variants of 1G4 ranging in affinities between Kp-values of 2.6pM and 32uM
have been generated by phage display or site directed mutagenesis (Boulter et al. 2003; Li et
al. 2005; Dunn et al. 2006). One variant with two amino acid substitution within the CDR3a-
domain has been clinically applied, with a protocol similar the DMF4, DMF5 trials (Robbins et
al. 2011).
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Antigen

HLA-type Name

Origin

Modification

Ref.

Tyrosinase sgs.376 A2 TIL 1383| (H;‘[J)Tf‘n TIL ;ll\fijgi&l;ra et
WT1 126134 A2 gférhfoTr(; (Zggg)et al.
P53 264272 A2 I\Hﬂtﬁ\;/f (Zc(:)gg()an etal.
MART-1 .35 A2 DMF4 Human TIL ;T‘;rggg) et
NY-ESO-1 157.165 A2 1G4 Human TIL  CDR3a TS95LY ;TOZbobégj et
MART-127.55 A2 DMF5 Human TIL Slogggg;‘ et
e oo e
CAE s01.660 A2 ;';ﬁ‘re‘z CDR3a $112T giazrgg;;St et
TRAIUDR4  nonMHC HC2G1  TILCD4' o9 (zva’f:)g etal
ok T O comoner T

Table 5.6 Overview of characterized TCRs for clinical applications.

All first descriptions for TCRs that have entered clinical trials have been reviewed and
several characteristics were outlined. The position of amino acid modifications are marked by
domain, original sequence, amino acid position and exchanged amino acids.
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The antigen affinity of this TCR has been quantified with a Kp value of 730nM (Robbins et al.
2008). We compared the outcomes of trials with TCRs of known Kp values. The overall
results confirm the large body of data that suggests a strong correlation between TCR-
antigen avidity and immunogenicity (Fig.5.2). Several other TCRs have been modified for
higher binding affinity and are currently under clinical investigation. Table 5.6 summarizes

published information on TCRs that have been tested in clinical trials.

An MHC-mismatch was used to tap a TCR repertoire that was not shaped by central
tolerance (Gao et al. 2000). For some antigens no high avidity TCR could be identified, which
led to isolation from the xeno-repertoire of human HLA-A2 transgenic mice. Although among
murine TCRs higher tumor-specific cytolytic activity than within autologous immune
responses were detected, their structural difference can induce specific antibody
development. In vitro data show that murine TCRs are strongly inhibited by blood serum of
antibody positive patients (Davis et al. 2010). Several clinical trials in different centers are
currently ongoing but have not published results yet. Currently conducted trials are

summarized in Table 5.7.

Antigen HLA  Trial ID Pathology Additional Treatment
gp100 A2 NCT00509496 MM CyP, Flud; HD IL-2

gp100 A2 NCT00610311 MM ALVAC; CyP, Flud; HD IL-2
HIV gag A2 NCT00991224 HIV

MAGE-A3 A2 NCT01273181 MM CyP, Flud; HD IL-2

MAGE-A3/ A1/A2 NCT01350401 MM
NY-ESO-1

MAGE-A3/ A1/A2 NCT01352286 Myeloma Prevenar-13 Adj
NY-ESO-1

MART-1 A2 NCT00509288 MM CyP, Flud; HD IL-2

MART-1 A2 NCT00091104 MM peptide; IFA; G-CSF; CyP, Flud;
HD IL-2

MART-1 A2 NCT00612222 MM ALVAC; CyP, Flud; HD IL-2

ALVAC,; peptide; CyP, Flud; HD

MART-1 A2 NCT00706992 MM L2
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Antigen HLA  Trial ID Pathology Additional Treatment

MART-1 A2 NCT00910650 MM CyP, Flu; HD IL-2
MART-1/ peptide; Montanide ISA 51 VG
gp100 A2 NCT00923195 MM Adj; irradiation; CyP, Flu; HD IL-2
MART-1 A2 2011-002941-36 MM Chemotherapy; LD IL-2
Metastatic
NY-ESO-1 A2 NCTO00670748 CyP, Flud; HD IL-2
Cancer
NY-ESO-1 A2  NCTOte97527  Malgnant no  cine
Neoplasm
Metastatic
NY-ESO-1 A2 NCT01457131 CyP, Flud; IL-12 transgene
Cancer
Metastatic
p53 A2 NCT00393029 G-CSF; CyP, Flud; HD IL-2
Cancer
053 A2 NCT00704938 Metastatic G-CSF;' autologous c!endrltlc cell-
Cancer adenovirus p53 vaccine
Tyrosinase A2 NCT01586403 MM LD IL-2
WT1 A2 NCT01621724 CML;AML
WTA1 A2 NCT01640301 CML;AML IL-2
CMV pp65 A2 2008-006649-18 C.MV
disease

Table 5.7 Overview of currently ongoing clinical trials of adoptive therapy with TCR-
redirected T cells (status December 2012).

All  currently ongoing clinical trials with TCR-redirected cells registered at
www.clinicaltrialsregister.eu and www.clinicaltrials.gov at clinical trials were collected. Target
antigen, HLA-restriction of the used TCR, Trial ID, disease and supporting therapy are
outlined. Abbreviations are CyP for Cyclophosphamid, Flud for Fludarabin, HD/LD for
high/low dose and adj for adjuvant.
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5.8. TCRISOLATION STRATEGIES

Molecular cloning of an antigen-specific TCR is complicated by the high diversity of the TCR
locus. The TCR is rearranged on the level of genomic DNA. Apart from the outstandingly
diverse V(D)J-junction, also the 5’ front end is considerably diverse, as different V-segments
can potentially exist at this site. Furthermore, mostly one unmodified and one rearranged
allele for a- and B-chain are present in each cell. This hampers direct priming to the
respective positions of the genomic DNA. Most antigen-specific TCRs have been extracted
from their original cells by reverse transcription and PCR amplification, a method generally
termed rapid amplification of cDNA ends (RACE)-PCR. This approach uses mRNA as
template, which is transcribed to a single stranded DNA-molecule by reverse transcriptase. In
case of the TCR only one end of the transcript, the constant region is known. In order to
allow PCR amplification of the unknown region outside the C-region, an artificial priming site
is generated. Several different methods have been described for this purpose. One uses the
enzyme terminal DNA transferase to add a stretch of identical nucleotides to open 3'OH
groups of DNA molecules, in a template independent manner (Loh et al. 1989). Another very
common approach generates an artificial priming site of a defined sequence by using DNA-
ligase, to fuse a primer to the open 3’ OH end (Bertling et al. 1993). Furthermore, direct
manipulation of MRNA by RNA-ligases can be applied, ahead of reverse transcription (Liu et
al. 1993). Another strategy to obtain large parts of the variable part of the TCR sequence
makes use of sets of primers that cover all V-segments. Those primers are combined in a
multiplex PCR, using cDNA as template. One method was described using forward and
reverse priming, with a set of V-specific forward primers and a set of J-specific reverse
primers, all in one PCR reaction. Pre-amplified products are split into several reactions with
two or three of the V-specific forward primers and a nested set of J-segment-specific reverse
primers (Babbe et al. 2000). These strategies have found broad application in molecular

biology apart from TCR amplification.

To PCR-amplify and clone TCRs, in particular, RACE-PCR based approaches have been
applied. Also the first tumor antigen-specific TCR was isolated in this way (Cole et al. 1994).
Mostly in vitro expanded monoclonal T cell-cultures have served to obtain sufficient amounts
of template material for TCR isolation, but since not all T cells are expandable under similar
in vitro culture conditions, in vitro culture-based protocols limit access to restricted TCR
repertoire compositions. Outgrowth of dominant T cell-clones during five weeks of in vitro TIL
expansion was observed in several reports (Nishimura et al. 1998; McKee et al. 2000). By

comparing repertoire compositions at different time points after ex vivo extraction, complete
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disappearance of initially dominant T cell-clones from TILs was observed, which hints at loss
of tumor-specific TCRs (Dietrich et al. 1997).

6. AIM OF THIS WORK

Adoptive transfer of TCR-redirected T cells could become a highly efficient treatment option,
as shown by the outcomes of several clinical trials. A better understanding of the
mechanisms that cause the diversity in clinical response - and side effect rates, could make
this approach more predictable. Important questions to be ans wered as a step towards
broader application address the choice of target antigen and optimum of TCR avidity. To
further elucidate the influence of these variables, a broad spectrum of TCRs will be required.
However, current approaches for TCR isolation suffer from several drawbacks. Strategies to
circumvent thymic selection for low avidity, like the isolation of MHC mismatch restricted
TCRs or murine TCRs can introduce cross reactivity. The same limiation occurs for avidity
enhancement by mutagenesis. The transfer of murine TCRs to humans can furthermore
induce antibody responses. A ntigen-specific TCRs expanded from autologous repertoires
are limited in diversity and predominantly display low TCR avidities. Basically all current
approaches for isolation of antigen-specific TCRs build on T cell-expansion ahead of
molecular cloning, which potentially reduces the repertoire of TCRs. TCR repertoire
restriction by in vitro expansion of T cells could best be overcome by direct ex vivo single-cell
sorting of antigen-specific T cells and subsequent TCR isolation from individual cells, without

the need for any in vitro propagation.

In principle, this could be achieved by combining MHC multimer-staining (Altman et al. 1996)
with single-cell TCR sequencing. Therefore, the first aim of this work was the development of

a novel method for single cell PCR amplification of the TCR.

Single-cell-based TCR sequencing efforts have been described, mostly using sets of
degenerate primers binding to consensus motifs (Babbe et al. 2000; Zhou et al. 2006; Junker
et al. 2007; Dash et al. 2011; Kim et al. 2012; Wang et al. 2012) or rapid amplification of
cDNA ends (RACE) PCR (Ozawa et al. 2008; Sun et al. 2012).. Although these strategies
provided single-cell-derived TCR sequences, it has not been shown that correct pairing to
functionally reconstruct the receptor of the original cell can be obtained, e.g. by transgenic
re-expression of the identified TCR chains. There are several technical concerns that require
careful interpretation of sequencing results, without further analysis of the obtained receptor.

For example, in the case of consensus primer-based approaches, V-segment domains are
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truncated outside the primer binding sites; since single nucleotide polymorphisms (SNPs)
within V-segments have been des cribed to influence ligand binding, reliable sequence

reconstruction might be limited (Gras et al. 2010).

In addition to single-cell-based TCR amplification we aimed to utilize ex vivo isolated,
unexpanded T cells for TCR isolation, thus preserving the largest possible diversity of TCR-
specimen. Although epitope-specific T cell-populations are in many settings extremely rare
without pre-expansion, they can be accurately detected through the combination of MHC
multimer-based pre-enrichment and combinatorial MHC multimer staining technologies
(Moon et al. 2007; Obar et al. 2008). However, it has not yet been possible to combine MHC
multimer staining with single-cell TCR identification, since the simultaneous extraction of both

chains of the hetero-dimeric receptor is technically highly challenging.

In summary, this work aims at establishing a novel strategy for the isolation antigen-specific
TCRs. Therefore, we want to isolate antigen-specific T cells without previous expansion from
the naturally occurring “naive” T cell repertoire, which theoretically contains the largest TCR
sequence diversity. To directly access this repertoire we intend to amplify the TCR from
single cells by establishing a novel RACE-PCR based method. We assume that this strategy

will be highly valuable for the field of adoptive immunotherapy with TCR-redirected T cells.
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7. MATERIALS AND METHODS

7.1. MATERIALS

7.1.1.  CHEMICALS AND REAGENTS

Reagent

Supplier

Ammonium chloride (NH4CI)

Ampicillin

Biocoll Ficoll solution

Bovine serum albumin (BSA)

Dimethylsulfoxid (DMSO)

Dithiothreitol (DTT)
dGTP
dNTP

Ethanol

Fetal calf serum (FCS)
Formamide
Gentamycin
Guanidine-HCI
Glutamax |

HCI Roth,

HEPES
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Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Biochrom, Berlin, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Agilent, Waldbronn, Germany
Roche, Mannheim, Germany
Roche, Mannheim, Germany
Klinikum rechts der Isar,
Munich, Germany

Biochrom, Berlin, Germany
Sigma, Taufkirchen, Germany
Gibco BRL, Karlsruhe, Germany
Sigma, Taufkirchen, Germany
Life Technologies, Darmstadt, Germany
Karlsruhe, Germany

Gibco BRL, Karlsruhe, Germany



Interleukin-2 Novartis, Basel, Switzerland

Igepal CA-630 Sigma, Taufkirchen, Germany
MgCl, Sigma, Taufkirchen, Germany
KCI Sigma, Taufkirchen, Germany
NaOH Roth, Karlsruhe, Germany
Penicillin Roth, Karlsruhe, Germany

Phosphate buffered saline (PBS) Biochrom, Berlin, Germany

Propidium iodide (PI) Molecular Probes, Invitrogen,

Retronectin Takara Bio Europe S.A.S.,

Saint-Germain-en-Laye, France

RPMI 1640 Gibco BRL, Karlsruhe, Germany

Sodiumacetate Sigma, Taufkirchen, Germany

Sodiumazide (NaN3) Sigma, Taufkirchen, Germany

Sodiumchloride (NaCl) Roth, Karlsruhe, Germany

Sodium-EDTA (Na-EDTA) Sigma, Taufkirchen, Germany

Streptavidin BV421
Streptavidin FITC
Streptavidin PE-Cy7
Streptavidin eF450
Strep-Tactin-APC
Strep-Tactin-PE
Tris-hydrochloride (Tris-HCI)
tRNA

Trypan Blue solution
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Biolegend GmbH, Germany
Molecular Probes, Invitrogen
Molecular Probes, Invitrogen
Molecular Probes, Invitrogen
IBA, Gottingen, Germany
IBA, Géttingen, Germany
Roth, Karlsruhe, Germany
Roche, Mannheim, Germany

Sigma, Taufkirchen, Germany



7.1.2. BUFFERS AND MEDIA

Buffer

Composition

FACS buffer

Cell culture medium

Erythrocyte Lysing Solution

Complete freezing medium (CFM)

1x PBS
0.5% (wiv) BSA

pH 7,45

1x DMEM

10% (w/v) FCS

0.025% (w/v) L-Glutamine
0.1% (w/v) HEPES
0.001% (w/v) Gentamycin

0.002% (w/v) Streptomycin

153 mM NH,CI

17 mM Tris-HCI

FCS

10% DMSO



T cell-culture medium 1x RPMI 1640
10% (w/v) FCS
0.025% (w/v) L-Glutamine
0.1% (w/v) HEPES
0.001% (w/v) Gentamycin
0.002% (w/v) Streptomycin

0.002% (w/v) Penicillin

7.1.3. MHC MULTIMERS

All MHC multimers for detection and purification of antigen-specific CD8+ T cells were
produced in house according to a previously published standard protocol (Busch et al. 1998).
Peptide-MHC multimers were generated as described (Altman et al. 1996; Knabel et al.
2002). In brief, MHC heavy chain was urea denatured and refolding in the presence of
peptide and bet a2 microglobulin was enabled by progressive dialysis of detergent.
Complexes were biotinylated by BirA and w ere purified by FPLC. Monomeric complexes
were multimerized by addition of two types of different backbone molecules labeled with the
respective fluorophore. The backbones for multimerization were either Streptavidin, a
tetrameric protein complex with one bi nding site for biotin per monomer. Alternatively a
modified version of Streptavidin, generally termed Strep-Tactin was utilized. The
modifications involve amino acid exchanges in the biotin binding sites, which allows stable
interaction with a peptide sequence termed Strep-Tag (Skerra et al. 1999). As Strep-Tag
displays a lower binding strength to the Strep-Tactin than biotin, the latter molecule can
replace Strep-Tag, disassembling the multimeric complex. For multimerization, the ratios of
MHC/backbone and staining dilution were separately titrated for each reagent to obtain

optimal staining intensities.
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H2-Kb / mBZm/ OV8257_264

HLA-A2 / h2m/ Her2/neuseg.377
HLA-A2 / h2m/ WT1126.134
HLA-A2 / hBZm/ pp65495_503

HLA-B7 / h[32m/ pp65417_425

HLA-B8 / h[32m/ |E133_96

HLA-B8 / h[32m/ |E1199_207

SIINFEKL

KIFGSLAFL

RMFPNAPYL

NLVPMVATV

TPRVTGGGAM

QIKVRVDMV

ELRRKMMYM

7.1.4. ANTIBODIES
Antibody Clone Supplier
Human CD3 PE-Cy7 UCHT1 eBioscience
Human CD3 Pacific Blue UCHT1 Pharmingen
Human CD3 AmCyan SK7 BD
Human CD8 FITC RPA-T8 Pharmingen
Human CD8 PE RPA-T8 Pharmingen
Human CD8 PerCP SK1 Pharmingen
Human CD8 AmCyan SK1 BD
Human CD8 APC RPA-T8 Pharmingen
Human CCR7 FITC 3D12 Pharmingen
Human CD45RA PE-Cy7 L48 BD
Human CD3 Okt3 Orthoclone
Human CD28 37.51 eBioscience
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FACS analysis for human V[B-Repertoire was carried out with 10 Test Beta Mark TCR V Kit

from Beckman coulter

All FACS antibodies were titrated for optimal cell labeling.

7.1.5. ENzZYMES

Enzyme

Supplier

Affinity Script, Reverse Transcriptase
EcoRI

Exonulcease |

Expand LT, DNA Polymerase
Herculase Il, DNA Polymerase

Notl

Superscriptll, Reverse Transcriptase

Taq DNA Polymerase

TdT
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Agilent, Waldbronn, Germany
Fermentas, Leon-Rot, Germany
Fermentas, Leon-Rot, Germany
Roche, Mannheim, Germany

Agilent, Waldbronn, Germany
Fermentas, Leon-Rot, Germany
Invitrogen, Darmstadt, Germany
Promega GmbH, Mannheim, Germany

Promega GmbH, Mannheim, Germany



7.1.6. PRIMERS
Name 5 — 3 Sequence
hTCRBC1 TAGAACTGGACTTGACAG
hTCRBC2 GTATCTGGAGTCATTGAGG
hTCRBC3 CACCTCCTTCCCATTCAC
hTCRBC4 CACGTGGTCGGGGAAGAAGC
hTCRBC5 GTGGCCAGGCACACCAGTGT
hTCRBC6 CTGCTTCTGATGGCTCAAAC
hTCRAC1 CTTTCAGGAGGAGGATTC
hTCRAC2 AAGTTTAGGTTCGTATCTG
hTCRAC3 ATAATGCTGTTGTTGAAGG
hTCRAC4 ACACATCAGAATCCTTACTTTG
hTCRACS5 GGTGAATAGGCAGACAGACTT
hTCRAC6 GCTGGTACACGGCAGGGTC
Adaptor 1 ACAGCAGGTCAGTCAAGCAGTA
Adaptor 2 AGCAGTAGCAGCAGTTCGATAA

ACAGCAGGTCAGTCAAGCAGTAGCA

GCAGTTCGATAAGCGGCCGCCATGG
ACCCCCCCCCCCCV-PTO-N

dC-Anchor PTO

Pfu-Polymerase based Enzymes have beens hown to digest primers that bind DNA
sequences over a part of their sequence but not the 3’ end. The single stranded 3’ end can
be degraded leaving a truncated but completely annealed primer. It was shown that this
exonuclease activity can be blocked by coupling the nucleotides on the 3’ end of a primer
over a phosphorothioate (PTO) group (Skerra 1992). The primer dC-Anchor PTO contains a

51bp long overhanging 5’ sequence and otherwise consists only of cytosine bases, which
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makes false priming very likely. To prevent the elongation of unwanted priming events the 3’-

terminal nucleotide of this primer was coupled over PTO.

7.1.7. EQUIPMENT

Equipment Supplier

AmpliSpeed, Thermocycler Advalytix, Minchen

Cyan Lx Flow cytometer Beckman Coulter, Fullerton

MoFlo Cell Sorter Beckman Coulter, Fullerton

FACS Aria Becton Dickinson, Heidelberg

FACS Calibur Becton Dickinson, Heidelberg

Microscopes Axiovert S100 Carl Zeiss, Jena

Zeiss LSM 510, confocal microscope Carl Zeiss, Jena

Leica SP 5, confocal microscope Leica, Bensheim

Centrifuges Biofuge fresco Heraeus, Hanau

Multifuge 3 SR Heraeus, Hanau

Sorvall® RC 26 Plus Heraeus , Hanau

FPLC Amersham Biosciences, Europe GmbH,
Freiburg

Heating block Thermomixer compact Eppendorf, Hamburg

HE33 agarose gel casting system Hoefer, San Francisco

Incubator Cytoperm 2 Heraeus, Hanau

Laminar flow hood HERA safe Heraeus, Hanau

Mighty Small SE245 gel casting system Hoefer, San Francisco
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Neubauer counting device

Nano Drop spectrophotometer
Photometer Bio Photometer

Shaker Multitron Version 2

Thermocycler T Professional Thermocycler

Water bath LAUDA ecoline 019

7.1.8. KITS

MTRAP mRNA extraction System
PureYield Plasmid Miniprep System
Pure Yield Plasmind Midiprep System
Qiaquick Spin Column

Human IFNy -ELISA

Schubert, Miinchen
Nano Drop, Baltimore
Eppendorf, Hamburg
INFORS AG, Bottmingen
Biometra, Gottingen

Lauda -Konigshofen

Active Motif, La Hulpe, Belgium
Promega GmbH, Mannheim, Germany
Promega GmbH, Mannheim, Germany
Qiagen, Hilden, Germany

BD Biosciences, Heidelberg, Germany

7.1.9. CELLSAND  CELL-LINES

Hek293T, kidney cancer cell line
SKOV- 3, ovarian cancer cell line

T2

ATCC: CRL-11268

ATCC:HTB-77

ATCC: CRL-1992



Jurkat76 T cell-lymphoma cell line was kindly provided by Professor Wolfgang Uckert, MDC
for molecular medicine, Berlin. HLA-A2 transgenic SKOV-3 cell line was supplied by M. L.
Disis; University of Washington, Seattle, WA, USA.

B-LCLs were kindly provided by Dr. Angela Krackhardt, Institute of Hematology Klinikum

Rechts der Isar, Munich.

Blood was taken from healthy donors. Written informed consent was obtained from the
donors, and usage of the blood samples was approved according to national law by the local
Institutional Review Board (Ethikkommission der Medizinischen Fakultdt der Technischen

Universitat Minchen).

Jurkat 76 cells were grown at 37°C, 95 % humidity, 5 % CO, in 1640 RPMI medium
supplemented with 10 % fetal calf serum and 100 U/ml penicillin, 100 U/ml streptomycin and

gentamycin.

The HER2'/HLA-A2 ovarian cancer cell line SKOV-3, the HLA-A2" transfected cell line
SKOV-3-A2 and the HEK 293T cell-line were cultured in DMEM medium with Glutamax |
supplemented with 10% heat-inactivated fetal calf serum and 100 IU/ml of

penicillin/streptomycin. T2 cells and primary T cells were cultured in T cell-medium.

7.1.10. SOFTWARE

Software Supplier

FlowJo Treestar

Office Microsoft
VectorNT| Advance Life Technologies
Prism 5 Graph Pad
lllustrator Adobe
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7.2. METHODS

7.2.1. FLow CYTOMETRIC DATA ACQUISITION AND
CELL SORTING

For PBMC extraction whole blood was pre-diluted 1:1 with PBS (pH7.4) and was carefully
transferred to a layer of Ficoll. Separation of erythrocytes, lymphocytes and s erum was
accomplished by density gradient centrifugation for 20min at 2000 rpm. The lymphocyte layer
was transferred to a fresh tube, washed twice with FACS-Buffer and was counted on a
Neubauer Chamber. For phenotypic characterization of cells, a master mix of the respective
antibodies was prepared, and was added to the cell sample. During the labeling cells were
kept on ice, in the dark for 30min. For additional MHC multimer staining, the reagent was
added to the sample without intermediate washing step and was incubated for an additional
30min onice in the dark. Samples were analyzed using a CyanLx 9 color flow cytometer.
Cell sorting was performed on a MoFlo. For single cell sorting to AmpliGrid PCR Slides a

Cyclone system was used. FACS data was analyzed with FlowJo v9.5.2 software.

7.2.2. SoLID PHASE cDNA AMPLIFICATION

mMRNA extraction, reverse transcription and cDNA amplification were performed as previously
described (Hartmann et al. 2006). In brief, single cells were transferred to mTRAP lysis buffer
with protease. After protease digest, PNAs were added to bind mRNA. Streptavidin coated
paramagnetic beads were co-incubated with PNA-mRNA complexes for 45min at room
temperature. Complexes were precipitated by magnetic force and w ere washed twice.
Reverse transcription was performed at 44°C and complexes were washed twice. Beads
were resuspended in tailing solution and incubated for 60min at 37°C. PCR-mix for cDNA

amplification was added and 35 cycles of PCR were performed.
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7.2.3. REVERSE TRANSCRIPTION AND PCR OF THE
TCR FROM SINGLE CELLS

Reverse transcription was performed on an AmpliGrid Slide from Advalytix. Single-cells were
spotted with the Cyclone system of a MoFlo cell sorter to pre-defined slide positions and
were resuspended in 0.5 pl of 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl,, 1.6 mM
dNTPs, 10 mM DTT, 0.1 mg/ml BSA, 0.1 mg/ml tRNA, 0.25 % Igepal CA-630, 0.8 U/ul
RNAsin Plus, 1 uM reverse transcription primers each and 0.05 rxn/ul Affinityscript reverse
transcriptase. Reverse transcription was performed for 20min at 51°C followed by 30min at
70°C on an AmpliSpeed PCR cycler. For primer exonuclease | digest, the reaction volume
was filled up to 1pl resulting in a final concentration of 67 mM glycine-KOH (pH 9.5), 6.7 mM
MgCl,, 10 mM DTT and 1U/ul Exonuclease |I. Exonuclease | digest was performed for 30min
at 37°C and enzyme was inactivated for 20min at 70°C on an AmpliSpeed PCR cycler. For
oligo-dG tailing, complete reaction was transferred to a 96 well plate. Tailing was performed
in 5 pl of a final concentration of 10 mM MgCl, 1 mM DTT, 10 mMTris (pH7.5) and 2 mM
dGTP and 0.75 U/ul terminal dNTP transferase, tailing reaction was performed for 45min at
37°C and enzyme was inactivated for 20min at 37°C on a Biometra Professional Gradient
Cycler. For anchor PCR the reaction volume was filled up to 25 pl with a final concentration
of 1xHerculasell reaction buffer, 0.20 mM dNTPs, 3 % formamide, 0.02 rxn/ul Herculasell

DNA polymerase and 0.5 pM of each primer.

PCR program:

94°C 3min

94°C 15s

60°C 30s 24x
72°C 45s

72°C 5min

16°C pause
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1 ul of product was transferred to nested PCR amplification in separate reactions for a- and
B- chain. Except for primers, PCR conditions for nested PCR round | and Il were identical to
anchor PCR.

7.2.4. CLONING AND SEQUENCING

PCR products from single T cell-samples were prepared for sequencing by standard blunt
end cloning using CloneJet-kit according to the manufacturers recommendations. After
ligation, plasmid preparation from transformed DH5a was performed using the Pure Yield
Mini column extraction kit. Extracted Plasmids were Sanger sequenced by the commercial
provider GATC. Sequencing data was analyzed with Vector NTI Advance and online tools of
international ImMunoGeneTics information system for immunoinformatics (IMGT;

http://www.imqt.orqg).

7.2.5. RETROVIRAL TRANSDUCTION

PCR products from single-cell PCRs were completed for their truncated constant region by
megaprime PCR. PCR products from a- or 3-chain were incubated together with equimolar
amounts of PCR product of constant region a- or B- respectively in a PCR mastermix as

described for the single-cell PCR protocol.

PCR-Program:

94°C 3min

94°C 15s

80°C 1s

40°C 0.1°C/s 1s 3x
72°C 45s
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94°C 15s

35x
60°C 45s
72°C Imin
72°C 5min
16°C Pause

PCR products were cloned into the retroviral expression vector pMP71. Plasmid DNA was
digested with Notl and EcoRI restriction enzymes and was transferred to agarose gel
electrophoresis. Successfully digested plasmid was excised from agarose and was extracted

with the column based Qiagen gel extraction Kit.

For transduction of primary T cells the constant regions of the HER2-specific TCR a- and B-
chain were replaced by codon optimized murine sequences harboring mutations to form an
additional cystein bridge. Both TCR chains were combined by a 2A peptide linker sequence
(P2A) and cloned into the retroviral vector MP71-PRE. Generation of retroviral particles was
performed as previously described (Engels et al. 2003). In brief, separate pMP71 expression
vectors containing TCR a- and B-chain or a pMP71 vector with a TCR cassette, gag/pol
plasmid and amphotropic env plasmid were transfected into HEK 293T cells by calcium
phosphate precipitation. Viral supernatant was harvested after 24h and 48h and was
transferred to Jurkat76 cells and to human PBLs stimulated for two days with plate-bound
anti-CD3/CD28 antibodies and 100 1U/ml IL-2. Transduction of target cells was supported by

spin inoculation using retronectin-coated plates.

7.2.6. MAGNETIC CELL SEPARATION

MACS enrichment with Miltenyi anti-PE nanobeads was performed on Miltenyi MS-columns
according to the manufacturers recommendations. In brief, PE-labeled cells were co-
incubated with anti-PE-antibody-labeled paramagnetic beads for 15min at 4°C. Cell
suspension was washed once. MACS columns were placed on a magnet and were

equilibrated. Cell suspension was transferred to the column and washed twice. Positive cell
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fraction was eluted by removal of the column from the magnet. Cells were flushed off the

column with pressure.

7.2.7. INVITRO T CELL-EXPANSION

T cells were directly FACS sorted into 96 well cell culture plates containing 1 pg/ml Okt3
antibody, 1 yg/ml anti CD28, 100 U/ml IL-2, B-LCLs irradiated with 50 Gy and human PBMCs
irradiated with 35 Gy. Cells were kept at 37°C, 95% relative humidity and 5% CO, in a total
volume of 200 ul RPMI*, 10 % heat inactivated fetal calf serum, Streptomycin, Penicillin,

Gentamycin.

7.2.8. FUNCTIONAL ANALYSIS OF T CELLS

TCR-modified PBLs were analyzed in chromium (°'Cr) release assays and interferon (IFNy)-
secretion was measured by enzyme-linked immunosorbent assays (ELISA). To determine
cytolytic activity, 2x10° peptide-loaded T2 cells (1 uM) labeled with *'Cr were incubated for
4h with TCR-modified PBLs at different effector/target ratios (E/T ratios). T2 cells were
pulsed with HER2369_377: KIFGSLAFL and WT-1426.132: RMFPNAPYL peptides. Spontaneous
release was determined using T2 cells incubated without T cells and the transfer of T2 cells
directly to the solid scintillator-coated lumaplates without incubation produced maximal
release values. All samples were run in duplicates and the specific lysis was calculated as
follows: % specific cytotoxicity = [mean sample release (cpm) - mean spontaneous release
(cpm))/[mean maximal release (cpm) - mean spontaneous release (cpm)] x 100. For
determination of cytokine release IFNy was measured after co-culture of 1x10° TCR-modified
PBMBs with the same number of T2 cells pulsed with titrated amounts of peptide or with
tumor cells for 24h by ELISA according to the manufacturer's instructions. Samples were run

in triplicates.
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8. RESULTS

8.1. ESTABLISHMENT OF A PCR METHOD FOR V-
SEGMENT INDEPENDENT AMPLIFICATION OF TCR
a- AND B- CHAIN FROM SINGLE T CELLS

Several obstacles hamper direct PCR amplification of the T cell-receptor genes. The TCR
sequence is virtually unique, as somatic rearrangement can theoretically produce up to
2.5x10" different sequences (Davis et al. 1988). The human genome contains 43-45
functional Va genes, which can be further divided into 32-34 subgroups. Similarly, there are
40-48 functional VB-genes in 21-23 subgroups (Scaviner et al. 2000). Although some
consensus motifs, which are present in several V-genes, can serve as primer binding site,
there still remains considerable complexity. Therefore, to PCR amplify the TCR many
different V-specific primers are required to potentially detect every possible V-segment. As
the template materials, i.e. mMRNA or genomic DNA from a single cell is sufficient only for a
single PCR reaction all primers need to function in combination. To reach a sensitivity that
can resolve the single cell level, one set of primers is probably insufficient. A second PCR
with a set of nested primers, binding inside of the respective first primers, so far was
indispensible to reach single cell resolution, as independently shown by several reports
(Zhou et al. 2006; Dash et al. 2011; Wang et al. 2012). One reported method utilizes
genomic DNA instead of mRNA. Whether the higher stability of DNA compared to mRNA can
compensate for the larger number of transcripts in the latter case is unclear. For DNA-based
amplification, the organization of the genetic locus furthermore necessitates the use of
several combined J-segment-specific reverse primers, in addition to multiplexed forward
priming. A large space of intervening sequence between the recombined part of the gene
and the constant region prevents priming in the latter domain. For clarification this is

representatively shown for the human a-chain locus in Fig. 8.1 (Babbe et al. 2000).
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Alphachain locus

complete locus 71kb somatic recombination
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TRAC-Segments
Leaderpeptide TRAV-J 9
rearrangement

Figure 8.1: TCR, genomic locus.

Scheme of the genomic locus of the TCR a-chain before (top row) and after somatic
recombination (bottom row).

The mentioned reports prove the feasibility of single cell PCR of the TCR. It is a major
disadvantage of those multiplex primer-based approaches nonetheless that the resulting
PCR products are truncated within the V-segment. This is straightforward for characterization
of TCR repertoires, but for translation to a productive protein the complete sequence,
including the start codon is necessary. Completion of the V-segment based on published
sequence information bears the risk to introduce SNPs that formerly were not contained.
Single amino acid exchanges in the V-segment have been demonstrated to potentially
influence ligand binding (Gras et al. 2010). To avoid the introduction of errors by adding
variant sequences, we chose a strategy to reverse transcribe and PCR amplify the complete
mRNA sequence, without a priori knowledge of the V-segment sequence. For less sensitive
applications than single cell amplification, RACE-PCR is a broadly applied tool to determine

the sequence of unknown loci.
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8.1.1. SoOLID-PHASE COUPLED CDNA-
AMPLIFICATION

Initially we focused on a way to propagate cDNA amounts derived from a single cell. We
followed a method for single cell complete cDNA amplification for microarrays (Hartmann et
al. 2006). To accomplish exchange of reaction conditions for several subsequent enzymatic
modifications to the same template, mMRNA was coupled to paramagnetic beads via a stretch
of modified oligothymidin peptide nucleic acids (PNA)s. PNAs are multimerised over a glycin
instead of phosphate backbone, which results in a strongly increased binding affinity of the
coupled nucleic acid base towards its respective complementary base. Single cells were
picked under a microscope and transferred to a strong denaturing agent for cell lysis and for
binding to the PNA stretch. These harsh conditions denature mRNA-degrading enzymes and
thus increase mRNA stability. The bead-bound mRNA was extracted and washed by
magnetic sedimentation and was similarly treated for several buffer exchange steps as

outlined in Fig. 8.2.

For reverse transcription (RT) we used gene-specific primers with a terminal overhang of 15
dC-residues. (Fig. 8.2.b) After mRNA-extraction and RT, an artificial priming site of several
dG-nucleotides was added to the cDNA. The enzyme terminal DNA-transferase (TDT)
couples dNTPs to 3’ terminal OH groups of cDNA molecules in a template independent
manner. As uniquely dGTP was provided in the reaction the nascent artificial priming site
consisted of guanine only (Fig. 8.2.c). At this point the cDNA contained oligo-dC overhang on
the 5’end, which was derived from the RT-primers and an enzymatically generated oligo-dG-
overhang on the 3 end. A complementary single primer was therefore enough to PCR
amplify the modified cDNA in both directions (Fig. 8.2.d). Up to the first PCR amplification
step a complex of MRNA, cDNA and biotinylated PNA, coupled to paramagnetic beads was
theoretically maintained. This is of special relevance, as after each enzymatic reaction two
washing steps were performed by magnetic retention of the beads. A successful transfer of
cDNA from one step to the next was strictly dependent on the integrity of this complex (Fig.
8.2.c). The disruption of this complex was only permitted during the first PCR ampilification
step, as from this point on the template was sufficiently multiplied to allow the transmission,
by passing on a small volume to subsequent steps. Although RT-priming was TCR-confined,
the specificity of the protocol after one round of PCR was insufficient. Gel electrophoresis

exhibited a diffuse smear of DNA rather than a band of defined size (data not shown).
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Figure 8.2: Schematic overview of the single cell PCR strategy using solid phase
coupled cDNA amplification.

(a) PNA-coupled paramagnetic beads are used to bind mRNA poly-A tails. (b) RT of bead
bound mRNA with gene-specific primers with oligo-dC overhang. (c) After RT, open cDNA
3'OH end is prolonged by oligo-dG. (d) single oligo-dC primer is used to amplify cDNA. (e) 5’
artificial priming site is truncated by linear PCR with a biotinylated nested primer binding
inside the constant region. (f) Biotinylated PCR products are attached to streptavidin coated
paramagnetic beads. After washing of bead coupled PCR products, distinct primers on both
ends can be used for PCR.
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In order to increase the specificity and to obtain a clear-cut product a round of semi-nested
amplification was necessary. For this purpose, the artificial priming site needed to be
removed from the template. This was accomplished by a PCR reaction, using a single,
biotinylated primer, specific to a site of the constant region that was still present after RT (Fig.
8.2.e). The truncated product was selected by coupling of the biotinylated product to
streptavidin-coupled beads and two sequential washing steps. The resulting product only had
an artificial priming site on one end and a conserved sequence on the other end. This
allowed further product amplification with two distinct primers (Fig. 8.2.f). Thereby, the

specificity was sufficiently increased to yield a clearly detectable PCR product.

Initially the sensitivity of the cDNA amplification (Fig. 8.2.c) was tested with single murine
OT1 T cells. Pre-amplified cDNA was used as template for V-segment-specific PCRs (Fig.
8.3.a). Sequencing of the PCR-product yielded the expected OT1-TCR sequence (data not
shown). The complete protocol as outlined in Fig. 8.2 was then tested on single human CMV-
specific T cells, which were identified and isolated based on labeling with staining B8/IE1ge.

207 MHC multimer.

a V-specific PCR b RACE-PCR

500bp

500bp

contamination from previous V-segment D -segment J-segment CDRS3 - sequence

c experiment TRAVI2-2702 - TRAJ26°01 CAVNKGYGQNFVF
v O-chain TRBV7-903 TRBD1*01 TRBJ1-6*01 CASSPAGISYNSPLHF

1 11 1 1 1 1 1 10 O
RN NS NN N R ]

Figure 8.3: Results from solid phase coupled cDNA amplification protocol.

(a) Single cell amplified cDNA was generated from OT1-T cells as shown in Fig. 8.2. V-
segment-specific PCR was performed to evaluate efficiency of previous steps. Upper row
shows a-chain products and bottom row [(-chain products. (b) Pre-amplified cDNA from
single human T cells were amplified as shown in Fig 8.2. Upper row shows a-chain products
and bottom row B-chain products. White box indicates successful amplification of a- and f3-
chain from the same cell. Rearrangement of TCR sequence is described in the table below
(c) Single cell PCR was performed as shown in Fig 8.2. All samples including zero cell
control show identical bands indicating false positive results.
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Although the PCR product size was variable the method turned out to be highly specific for
TCRs. Bands smaller than the expected 600bp to 750bp w ere found to be truncated
fragments of TCR chains by sequencing. Similarly the sequences of double bands were
identical but truncated within the V-segment, in the smaller fragment. This strategy readily
provided single cell-derived TCR sequences (Fig. 8.3.b) but could not be broadly applied due
to several restrictions. During the washing steps of the bead bound template, cross-
contaminations between samples and even between subsequent experiments by aerosol
formation were in our hands not controllable (Fig. 8.3.c). A second limitation of this approach

was the low sample throughput owed to the time consuming washing steps.

8.1.2. GENE-SPECIFIC CDNA AMPLIFICATION
WITHOUT WASHING STEPS BY VOLUME
UPSCALING

To avoid formation of aerosols, we decided to dispense washing steps. The washing steps
between different enzymatic reactions were substituted by volume upscaling. This allowed us
to evaluate a different strategy as previously suggested Ozawa et al (Ozawa et al. 2008).
However, we could not reproduce the efficiency of the previously published method,

therefore we modified and optimized the original protocol.

It was not possible to accurately position single cell samples in 96 well PCR plates, most
probably due to electrostatic interactions between the sort droplet and the plastic. We solved
this problem by using plane PCR glass slides and a suitable thermal cycler. The extraction of
mMRNA turned out to be dispensable when the cells were spotted and exsiccated on the glass
slides. We directly performed RT in a reaction volume of 0.5ul by simply adding the reaction
mixture onto the glass slide. Hydrophilic spots on the slide-surface served to deposit small
amounts of aqueous solutions. The spots were covered by an oil droplet and a hydrophobic
followed by a hy drophilic ring kept the two phases in place (Fig. 8.4.a and b). For the
sequence of enzymatic steps the volume was increased from 0.5 pl to 1pl, 5ul and 25pl as
shown in Fig. 8.4. Buffer substitution diluting the previous reagents produced optimal
conditions for the following enzyme. The first two steps were performed on the slide before
the complete reactions were transferred to 96 well plates. After reverse transcription we
digested the residual primers with exonuclease |. As described for our original protocol we
used TDT tailing to generate an artificial priming site (Fig.8.4.d). The oligo-dG stretch served

as an anchor to attach a defined sequence by PCR using an oligo-dC-primer with a long
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overhang (Fig 8.4.e). After this anchor step one micro liter of the reaction was transferred to
two separate PCR reactions for further amplification of a-chain or B-chain respectively. The
forward priming site was the overhang generated by anchor PCR and the reverse primer
bound within the constant region. This step was repeated with a pair of nested primers for
each chain (Fig. 8.4.f, g).

+0.5 ul
0.5ul Tul
a Single cell FACS b Direct gene - ¢ Primer
isolationto PCR slide specific reverse exonuclease
transcription digest

a-chain
+4 4l +20 i f — f

s
—)
5“' 25IJ| B'Cha|n
d Oligo-dG e Anchor f Nested g Nested
tailing PCR PCRI PCRII

Figure 8.4: Sketch of the basic principle of the novel single-TCR sequencing strategy.

Reverse transcription and exonuclease digest were consecutively done on slides by
upscaling volumina. Complete reactions were transferred to 96 well plates for tailing, anchor
PCR and nested PCR round | and II. Alpha and beta chains were pre-amplified together
during anchor PCR and in separate reactions for nested PCRs | and II.



8.1.3. PRIMING

The undoubtedly most critical step within the entire procedure was the conversion of mRNA
to cDNA, as the minute amounts of template mRNA is prone to RNAse degradation and
incomplete RT. Besides obvious factors like addition of RNAse inhibitors and dithiothreitol,

several other parameters turned out to have essential influence of the efficiency.

To test whether gene-specific priming is more efficient than non-specific priming several
different strategies were tested. We compared the combined use of random octamers and
oligo-dT primers, one single gene-specific primer as published (Ozawa et al. 2008) , and
several serial gene-specific primers per TCR-chain (Fig. 8.5.a). We performed the protocol
as outlined in Fig. 8.4 for all three conditions with decreasing numbers of template cells. The
use of random and oligo-dT primers produced PCR products in the expected size down to a
number of 5 cells, whereas several serial gene-specific primers resulted in a product, only
down to 50 cells. The use of a single gene-specific primer for RT did not result in any PCR

product.

We hypothesized that residual RT-primers might interfere with later amplification steps by
non-specific priming events and primer dimer formation. For this reason, we tested whether
exonuclease digest of residual primers after RT could reduce the formation of non-specific
smear. This effect had been proposed in a report about cDNA amplification for single cell

microarrays (Kurimoto et al. 2007).

a -Exonuclease

Oligo-dT/N6 Primers Single RT Primer Three RT Primers

Figure 8.5: Evaluation of priming strategies for Reverse Transcription.

Different priming strategies (standard oligo-dT/random octamers, one gene-specific primer
and three gene-specific primers per TCR chain) were tested with and without extra
exonuclease-| digest of residual RT-primers. Decreasing numbers of human T cells, from
1000 to 1 as indicated served as template. (a) Protocol without exonuclease | digest. (b)
Protocol with exonuclease | digest.
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Our results confirmed this finding and even indicated a positive influence on sensitivity (Fig.
8.4.c). Exonuclease Il is used to digest all single stranded nucleic acids i.e. residual RT
primers. Specific cDNA at this point is still bound to the complementary mRNA and is

therefore protected from digestion.

A general tendency towards more total PCR product yield was observed in all exonuclease
groups. The most prominent influence was found in combination with three gene-specific RT-
primers. Although in this experiment no PCR product was generated from a single cell, we
successfully tested this condition on a larger number of single cell samples, however with low

efficiency (data not shown).

8.1.4. OPTIMIZATION OF SENSITIVITY BY THREE
ROUNDS OF EXPONENTIAL TEMPLATE
AMPLIFICATION

The strategy proposed by Ozawa et al. included as a first PCR step a linear amplification that
solely served to add an overhang to the previously formed oligo-dG stretch at the cDNA 3'-
end. We reasoned that additional antisense priming during this reaction would either improve
the sensitivity of the protocol or would generate more non-specific products. Therefore, we
evaluated the addition of a reverse primer, binding in the constant region to turn the linear

into an exponential amplification.

a-chain (5 cells) B-chain (5 cells)

1000 bp

linear priming 500 bp

a-chain (5 cells)
exponential

priming 1000 bp

500 bp

Figure 8.6: Test of third round of PCR ampilification.

The RACE-PCR protocol as outlined in Fig 8.4 was performed with 5 cells per sample.
Anchor PCR was tested without reverse primer in “linear” mode (top row) and with reverse
primer in “exponential” mode of amplification (bottom row).

We chose to use 5 cells as template to detect subtle improvements of efficiency as very few

single cell samples resulted in a PCR product with the protocol at this stage. The comparison
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between the groups with priming in only one direction (i.e. linear PCR) and priming in both
directions (i.e. exponential PCR) during anchor PCR (Fig. 8.4.e) clearly showed an improved

efficiency for the latter condition (Fig.8.5.).

8.1.5. RT-TEMPERATURE

Annealing temperature during reverse transcription is generally believed to be optimal in the
highest possible range, as the stability of mRNA secondary structures decreases with
temperature. For this reason we initially used the highest possible temperature according to
the manufacturers’ recommendations. To empirically validate this assumption we tested a
variety of RT-annealing temperatures using ten cells per sample in order to obtain a reliable

signal. As lower temperatures to our surprise did not result in a reduced sensitivity (Fig. 8.7.),

ART temperature °C

1000 bp
500 bp

1000 bp
500 bp

B-chain(10 cells)

Figure 8.7: Optimization of RT-temperature.

The RACE-PCR protocol as outlined in Fig 8.4 was performed with 10 cells per sample.
Reverse transcription was performed over a temperature gradient from 42.5°C to 59.3 °C.

we changed our standard RT-temperature from 55 to 51°C. We hypothesized however, that
a temperature increase during RT might resolve secondary structures and might allow
continuation of interrupted transcription of reverse transcriptase molecules that still might

remain bound to mMRNA.

To test this hypothesis, we performed RT at 51°C for 30min and raised the temperature to
70°C for 20min. The latter temperature results in a strongly reduced half life of reverse

transcriptase. However, a strikingly increased PCR efficiency on the single cell level was
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found as representatively shown in (Fig. 8.8.a). In total 144 single cell samples were
processed with an RT-temperature of 51°C. The recovery of alpha and beta-chain
sequences from the same cell that contained the translation start in total was 0.7%, which
equals one single sample. With the modified two-temperature RT-strategy 63 out of 266
single cell samples provided TCR sequences with complete coverage of the variable domain.
In 32.3% of all samples the sequence of the a-chain and 45.7% of the B-chain was identified.

In total 23.7% of all single cell samples delivered both TCR-chains (Fig. 8.8.b).
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Figure 8.8: Efficiency of Single cell PCR protocol.

(a) Temperature switch during reverse transcription was tested. RT at a constant
temperature of 51°C was compared with a temperature increase form 51°C for 30min to
70°C for 20min. (b) In seven independent single-cell PCR experiments a total number of 266
samples were processed. Numbers of samples yielding a- and/or B- chain products above
the evaluated full-length cut-off size were calculated as a percentage of total samples per
experiment. Mean values for all experiments taken together are indicated by horizontal lines.
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8.1.6. PRECAUTIONS FOR PREVENTION OF CROSS-
CONTAMINATION

The protocol we developed includes three subsequent PCR amplification steps with
specificity for the TCR. This results in an extremely high sensitivity, which, on the one hand is
necessary, but on the other hand harbors the risk that minute amounts of starting material
can lead to cross contaminations. Although standard precautions like spatial separation
between master-mix preparation, PCR cycling, and PCR product analysis were fulfilled all
through the establishment process, cross contaminations between samples and ev en
between experiments was observed (Fig. 8.3.c). Two types of precautions were taken to
reduce the burden of cross contamination. First, we tried to identify the prevalence of false
positive samples. In every experiment several samples (16.67% of all samples) were
negative controls i.e. samples without cell. Furthermore, all obtained sequences were
entered into a database and all new sequences were compared with the previously identified
ones. These measures enabled us to quantify the grade of cross contamination. The other
type of measure addressed the prevention of cross contaminations. A very stringent lab
protocol was designed that included UV-irradiation steps between subsequent steps. After
every step waste bags were sealed, UV-irradiated and discarded. All pipettes and plastic
materials were irradiated and were exclusively used for specified steps, which were assigned
to defined areas. T o reduce the formation of aerosols, PCR oil was used instead of the
common PCR foils. Furthermore, cross-contamination by personal was avoided. All master-
mixes were prepared by a person that was precluded from all areas where PCR product
preparation and further processing took place. For optimal spatial separation the ventilation
system in the building was considered. All steps downstream of the PCR amplification were
therefore performed in a separate floor of the building to exclude air exchange through the
ventilation system. By those measures we were able to reduce the burden of false positives
to a minimum. Most experiments were completely devoid of cross contamination according to

our detection methods.
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8.2. TCR-SEQUENCE ANALYSIS OF CMV-SPECIFIC T
CELL POPULATIONS

To ascertain whether our protocol was suitable to describe the TCR composition of a defined
T cell-population we analyzed CMV-specific T cells. Donor 1 showed a T cell-population
positive for MHC multimer B7/pp65417.426, Which was used to FACS-sort single cells to PCR
slides for TCR amplification, as shown in Fig. 8.9.a. In this experiment, 22.2% of all single
cell samples resulted in a full-length product for both TCR chains as indicated by the white
boxes (Fig. 8.9.b). All samples were sequenced and analyzed. We repeatedly identified the
same TCR a/B-pairing in all but one sample, indicating clonal dominance (Fig. 8.9.c). To
exclude cross contamination, we isolated MHC multimer-positive T cell from the same donor
once more and propagated T cell-clones by limiting dilution. In total we analyzed the TCR of
six clones that were completely MHC multimer-positive (Fig. 8.9.d) by PCR and exclusively
identified the dominant sequence that we had previously found on the single cell level.
Surprisingly, we discovered that the rearrangement of the second TCR pairing that we
sequenced in this population had previously been reported to be part of a CMV-specific

public repertoire among HLA-B7 positive-donors (Weekes et al. 1999).
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Figure 8.9: Single cell PCR analysis of CMV Donor 1.

(a) PBMCs from Donor 1 were recovered and stained with HLA-B7/pp65,17.42smultimers. The
positive gate shows the further analyzed CD8 and MHC multimer double-positive cell
population. Cells were pre-gated on live lymphocyte (propidium iodide-negative, and CD3-
positive). (b) Single antigen-specific T cells from Fig. 8.9 (a) were FACS-isolated and used
for single-cell TCR sequencing as described in Fig. 8.4. The image shows a representative
agarose gel with PCR products. White boxes indicate samples that yielded full-length TCR a-
and B- chain products. (c) PCR products from Fig. 8.9c were cloned and sequenced. TCR1A
was identified 11 times and TCR 1B was detected once. (d) MHC multimer-positive T cells
from the same donor were in vitro expanded and six T cell-clones were successfully
maintained. All clones contained TCR1A. The left FACS plot shows HLA-B7/pp65417.426
staining and the right FACS plot shows staining with an irrelevant MHC multimer.
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8.3. REPERTOIRE ANALYSIS AND DEMONSTRATION OF
SINGLE CELL -DERIVED TCR-SPECIFICITY BY
GENE TRANSFER.

We analyzed a second CMV-specific T cell-population from a different donor. We used the
HLA Multimer B8/IE1449 to detect CMV-specific T cells and directly sorted single cell samples
as shown in Fig. 8.10.a. Single cell PCR yielded 10% full length TCR a/B-pairings. Once
again, we found the same pairing in all sequenced samples. In order to exclude cross
contamination the experiment was repeated twice and a total of 25 pairings was analyzed.
We only identified a different TCR sequence in one sample (Fig.8.10.c). Similar to donor 1,
this strongly indicated prevalence of a dominant clone. To verify this result by a different
method, we stained the MHC multimer-positive T cell-population with an antibody that was
specific for the expected VB-segment. More than 80% of the MHC multimer-specific T cells
had the VB-type that we detected by single cell TCR sequencing, thus confirming the
existence of a dominant clone (Fig. 8.10.d). Altogether, due to the complete absence of
false-positive control samples or previously detected sequences and exclusive pairing of the
same a- and B-chains in several independent experiments, we exclude cross contamination.
These findings suggest that the TCRs we isolated by single cell PCR are antigen-specific. To
conclusively demonstrate this, we decided to transfer the TCR-gene from the dominant clone
to other cells. We cloned TCR 2A (Fig. 8.10.c) into the retroviral expression plasmid MP71
and generated viral particles to transduce a T cell-line. As host cells we chose the T cell-
lymphoma cell line Jurakt76, which does not express an endogenous TCR, thus formation of
chimeric TCRs and competition for cell surface expression is prevented. Furthermore, the
cell line is modified to express the CD8 co-receptor a-chain, which interacts with the
TCR/MHC complex during antigen binding. This molecule assists TCR-pMHC-interaction and
is necessary for successful MHC multimer staining of most TCRs. As shown in Fig. 8.10.e, a
substantial fraction of Jurkat76 cells became MHC multimer-positive upon t ransduction.
There seems to be a correlation between CD3 expression and MHC multimer staining
intensity. As CD3 only appears on the cell surface in complex with TCR this indicates that all
TCR expressing, and therefore successfully transduced T cells, can bind MHC multimer. This
experiment for the first time demonstrates successful, genetic redirection of T cells with a

TCR gene, isolated by single cell PCR, and proves the operational reliability of our approach.

65



Donor 2

a E :
£ ] M) CMV BS8/IE 1199- 207
E= 1.1
E‘
w
D
o4
CD8
b a-chain
17111101111 10011111011 1110 0w
- (=] =1
B-chain
111110111 11001 11110111110 0
- B @ o=l
a-chain . —
1111101111100 1111101111100
3 : - =
-
B-chain .
1111101111100 11111011111 0°"
-—
- - .a -
B
C V-Segment |D-Segment J-Segment CDR3 -Sequence TCR label detected
TRAV13-2*01 TRAJ47*01 CAENMGYGNKLVF A 24times
TRBV6-6'01 | TRBD1*01 | TRBJ2 -501 CASSYSGQGSAAGETQYF
TRAV12-2°02 - TRAJ26*01 CAVNKGYGQNFVF )5 detected
TRBV7-903 |TRBD1°01 | TRBJ1 -6°01 CASSPAGISYNSPLHF once
d e TCR2A non transduced
83.7) y MHC Multimer
positive
1 all Tcells

% ofcells

B8/IE19oMultimer

sl

TRBV6-6

Figure 8.10: Single cell PCR analysis of CMV Donor 2.

(a) PBMCs from donor 2 were recovered and stained with HLA-B8/IE-1199.097 multimers. The
positive gate shows the further analyzed CD8 and MHC multimer double-positive cell
population. Cells were pre-gated on living lymphocytes (propidium iodide negative and CD3
positive). (b) Single antigen-specific T cells from Figure 8.10 (a) were FACS-isolated and
used for single-cell TCR sequencing. (c) PCR products were sequenced. TCR 2A was
detected 24 times; TCR 2B only once. (d) PBMCs from Donor 2 were labeled with MHC
multimer and antibody binding to V-segment of TCR 2a V(6-6. Red line shows MHC
multimer-positive cells. Blue line shows total T cells. (e) The identified TCR sequence from
TCR 2A was expressed in Jurkat76 T cells by retroviral gene transfer. Transduced (left FACS
plot) and non-transduced (right FACS plot) Jurkat76 T cells were analyzed for expression of
CD3 and MHC multimer binding.
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These experiments provide a proof of concept of our approach, but for TCR analysis of
populations as large and oligoclonal as the ones that we examined so far, single cell PCR
would not have been necessary. The specific strength of our approach is the possibility to
analyze few cells. For that reason we analyzed a comparably small CMV-specific T cell-
population of less than 0.1% of all T cells (Fig. 8.11.a). Again single cells were FACS sorted,
based on MHC multimer-staining and single cell PCR was performed. 22.2% of all single cell
samples delivered full-length TCR a- and B-chain sequence information (Fig. 8.11.b). The
experiment was repeated twice and a total of 16 single cell samples were sequenced and in
total 9 different TCRs were detected (Fig. 8.11.c). For one TCR (TCR 3H) we only identified
the B-chain and for another TCR (TCR 3G) the a-chain rearrangement turned out to harbor a
frame shift and probably could not promote successful translation to a protein. Most likely the
original T cell expressed a second, functional a-chain that we did not detect. Finally, to prove
antigen-specificity we chose three TCRs and transduced them to Jurkat76 cells(Fig. 8.11.c).
All three TCRs recognized the MHC multimer B8/IE1g5 that was also originally used for T cell-
isolation. Again, there was a clear correlation between CD3 surface expression and TCR
expression. This indicates that all TCR positive cells are antigen-specific, and that the
variability of percentages of MHC multimer-positive T cells reflects differences in transduction

efficiency rather than in antigen-specificity.
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Figure 8.11: Single cell PCR analysis of CMV Donor 3.

(a) PBMCs from donor 3 were stained with HLA-B8/IE-1g5.9s-multimers. The positive gate
shows the further analyzed CD8 and MHC multimer double-positive cell population. Cells
were pre-gated on living lymphocytes (propidium iodide-negative and CD3-positive). (b)
Single antigen-specific T cells from Fig. 8.12 (a) were FACS-isolated and used for single-cell
TCR sequencing. (c) PCR products from Figure 8.12 (b) were cloned and sequenced. 9
different TCR sequences were identified. (d) Sequences from TCR 3D, 3E and 3G were
expressed in Jurkat76 T cells by retroviral gene transfer. Non-transduced (left FACS plot)
and transduced Jurkat76 T cells were analyzed for expression of CD3 and MHC multimer

binding.
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All control samples without cell were negative, the TCR sequences we identified had not
been amplified before and a-, B-chain pairings occurred only in the same combinations;
therefore, we exclude presence of cross contamination. Clonal dominance as found in the
previously analyzed CMV-specific T cell-populations was not detected. However, a high
degree of similarity within VB-usage and CDR3 regions of different TCRs was found. The
majority of VB-chains had the TRBV7-3*01segment. We also analyzed the V(-repertoire by
FACS. For TRBV7-3*01 no antibody was available, so probably only the smaller part of the
VB-repertoire is represented by this method (Fig. 8.12.d). We subjected the CDR3 amino
acid sequences separated for a- and 3-chain to multiple sequence alignment, and computed
a dendrogram to illustrate the grade of CDR3 sequence similarities. Paired a- and B-chain
sequences grouped in clusters of closely related sequences with highly conserved sequence
motifs. The sequence motifs YGQNF, TDTQ and S*nTEA were reported previously for T
cells, binding this particular epitope (Trautmann et al. 2005; Wang et al. 2012). Interestingly,
we exclusively detected pairing of a-chain YSGnG and YGQNF with the B-chain motif TDTQ.
To depict these sequence correlations, we brought a- and 3-chain similarity trees face to face
(Fig. 8.12.b). The highest degree of sequence similarity was found in the pairings of TCRs
3B, D, E and I. All B-chains were identical in V-segment type. Here all a-chain CDR3
domains uniformly consisted of 12 amino acids and associated [3-chain CDR3 domains
consisted of 15 amino acids. More than 66% and 80% of all positions were identical for a-
and B-chains, respectively. The grade of resemblance considering similar chemical
properties among different amino acids for both chains was even 100% (Fig. 8.12.c).

Surprisingly their corresponding a-chains were completely different in V-segment usage.
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Figure 8.12: Repertoire analysis of CMV-specific T cells from Donor 3.

(a) Clonal composition of the analyzed CMV-specific population; data are derived from a total
of 16 single cells samples. (b) Dendrogram of CDR3 sequences from Fig 8.12(c) Length and
distance of branches indicate grade of similarity among compared CDR3 sequences. Red
indicates identical sequence parts among identified TCRs. Bold letters mark previously
described public motifs. (c) CDR3 sequences from four closely related TCR of identical
length as shown in Fig 3e were compared by multiple sequence alignment. Grade of identity
and similarity was calculated by matrix blosum62mt2 under Vector NTI. (d) VB-repertoire
analysis of the MHC multimer-positive cells from Donor3. Grey bars indicate the percentage

of VB-type among complete T cells and black bars MHC multimer-positive T cells.
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All CMV-specific TCRs that we transduced to Jurkat cells were in parallel transferred to
human PBMCs. However, only TCR2A and TCR3D showed significant MHC multimer-
staining upon transduction. We explain this effect by competition for surface expression with
the endogenous TCR. This phenomenon has been described before, however the
mechanistic details of mutually suppressed surface expression between TCRs have not been
elucidated yet (Sommermeyer et al. 2006). The two TCRs that successfully redirected
PBMCs displayed different staining patterns. TCR2A exclusively bound MHC multimer on
CD8'T cells, whereas TCR3D also bound MHC multimer on CD4" T cells, which indicates
that the avidity of this TCR to pMHC was high enough to bind without the co-receptor CD8
(Fig. 8.13). The capacity of CD8-independent MHC multimer binding has previously been
suggested as an indicator of high TCR binding affinity (Pittet et al. 2003). By measurement of
TCR/pMHC dissociation-kinetics we could confirm the difference in binding strength between
the two TCRs (Nauerth et al., submitted).

a b
TCR 2A TCR 3D
250 -
W 200 -
o —
o L 450
£ ] o
g <100 - |
n
5017  m—————
CD8 FITC » 0

Figure 8.13: Avidity measurement of transduced TCRs.

TCR 2A and 3D were transduced to human PBMCs. (a) FACS plots show CD8 and MHC
multimer staining. Gates specify Streptamer-positive cells (b) pMHC-dissociation was
microscopically measured to calculate fluorescence half life time. The half life times from
several single cell samples from TCR2A and TCR3D transduced cells were pooled and are
shown as box-plots.
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8.4. ENRICHMENT OF TUMOR ANTIGEN SPECIFIC T
CELLS FROM THE NAIVE REPERTOIRE OF HEALTHY
DONORS.

To this point we have demonstrated that it is a feasible approach to isolate TCRs from single
MHC multimer-specific T cells by single cell PCR, and that we can hereby access very small
T cell-populations. We furthermore proved that these TCRs can be used to redirect other T
cells. The specificities we chose for this purpose were CMV-epitopes. TCR transfer to
redirect the specificity of patient T cells to a CMV-epitope is currently under clinical
evaluation (Table 5.7). However, especially in therapy against tumors adoptive transfer of
genetically-modified T cells has shown promising results. We reasoned that direct access to
ex vivo-derived, rare antigen-specific T cells might contain a broad variety of TCRs that was
inaccessible by conventional strategies of TCR isolation. We used a strategy that was
previously described to quantify the precursor frequency of antigen-specific T cells in the
mouse (Obar et al. 2008).
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Figure 8.14: Schematic overview of MHC multimer based isolation of rare antigen-
specific T cells.

(a) PBMCs were labeled with MHC multimer and bound to anti-PE antibody coated
paramagnetic beads. (b) MHC-multimer positive cells were enriched by MACS. (c) The
eluted positive fraction was labeled with a differently labeled MHC multimer. (d) Dual-labeled
cells were incubated with an MHC-matched, irrelevant MHC multimer coupled to a different
fluorophore. (e) MHC multimer positive cells were isolated FACS sorting.
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The described method uses magnetic enrichment of MHC multimer-labeled cells.
Additionally, dual labeling with MHC multimer of identical specificity but with diverging label
was described to reduce the rate of false positive cells. In addition to this, we intended to
use athird MHC multimer with identical MHC-complex but with an irrelevant peptide. We
reasoned that cross-reactive cells that primarily bind to the MHC-complex would be labeled
also by the irrelevant MHC multimer (Fig. 8.14.d).

In total, MHC multimer labeling with three different fluorophore labels was necessary. We
tested several commonly used fluorophores, which were broadly applied for antibody
labeling. Fluorescein (FITC) MHC multimer-labeling did not yield sufficient resolution to
distinguish MHC multimer-labeled cells (data not shown). By labeling with PE-Cy7 and
eF450 we could detect CMV-specific T cells. However, in comparison to PE and APC the
fluorescence intensity was drastically reduced and provided rather a slight shift from auto-
fluorescent cells than a clearly positive and negative signal. In order to improve the signal
quality we titrated the amount of fluorophore-labeled Streptavidin backbone over a constant
amount of peptide MHC (pMHC) monomeric complexes. This purely empirical procedure was
necessary, as neither the exact molecular weight nor the molarity of the fluorochrome-
labeled Streptavidin reagents could be determined. We co-incubated a constant amount of
pMHC complexes with different amounts of Streptavidin backbone to find the best
multimerization conditions. The Streptavidin-concentrations ranged between 0.05 and 1ug/pl,
while pMHC concentration was always 40ug/ml. After 1h of co-incubation we used the
multimerized complexes at a dilution factor of 1:5 to label PBMCs from a CMV-positive
donor. After multimer labeling we stained the cells with further phenotyping antibodies and
determined the geometric mean fluorescence intensity of MHC multimer-labeled cells by
FACS. Whereas the optimal concentration of Streptavidin was 1ug/pl with lower staining
intensities at decreasing concentrations for PE, the best results for APC were achieved with
0.25ug/ul. For eF450 and PE-Cy7 best separation of positive and neg ative cells was
detectable with the lowest concentrations of Streptavidin. For both fluorophores, 0.01ug/ul
yielded the best distinction. However the staining intensities for the latter two labels were so
drastically reduced as compared to PE and APC that positive and negative cells could not be
sufficiently separated (Fig. 8.15.a, b). To identify a third dye for MHC multimer staining, we
tested a new type of molecule, which had recently been commercialized. BV421 turned out
sufficiently bright for MHC multimer staining. We titrated the multimerization conditions in the

same way as for all previous reagents (Fig. 8.15.c).
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Figure 8.15: Identification of fluorophores for MHC multimer staining.

(a) Conditions for MHC multimerization were titrated. Amount of pMHC was kept constant
and Streptavidin/ Strep-Tactin was modified for several differently labeled backbone
molecules (increasing concentrations from left to right) (b) Bars quantify the MFI-values for
MHC multimer-positive cells from 8.15.a. (c) Titration of Streptavidin BV421 over a constant
amount of MHC multimer. Bottom plot shows staining with Strep-Tactin PE MHC multimer
generated by previously optimized conditions.
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Similarly, we could identify an optimal ratio for multimerization and found an even better
resolution than for PE, which was used under the optimized conditions we had previously
determined. The maximal MFI for BV421 was 241 whereas for PE only 120 (Fig. 8.15.c).
Next, we tested whether several competing MHC multimers for the same binding partner will
mutually decrease their signal intensities. We performed single and double MHC multimer
stainings with PE and APC labels and compared the MFI.

In fact the staining intensities decreased for both signals, when two competing MHC
multimers were used. However, the decrease in staining intensity did not result in a loss of

clearly separable signals (Fig. 8.16.a, b).
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Figure 8.16: Sequential labeling with two MHC multimers does not prevent labeling.

(a) CMV-specific T cells were single (top row) or dual (bottom row) labeled with B8/IE1gs.
seMultimers. PE-labeled MHC multimer was used before APC-labeled MHC multimer. (b)
Mean fluorescence intensities of MHC multimer-positive cells were determined.

To test whether the MHC multimers for the enrichment of T cells specific for tumor-
associated antigens were functional and specific, we sorted single MHC multimer-positive
cells. We multimerized pMHC-monomers with fluorophore-labeled streptavidin as previously
determined (Figure 8.17). The staining intensities using A2/WT1,,5 were considerably lower
as compared to A2/Her2;49. This is most likely due to the TCR expression on the control cell-
line that we used. We never observed a more distinct staining than shown here. However,
during the enrichment experiments we observed clearly separable positive and negative
signals. Three differently labeled MHC multimers were tested for A2/\WWT112¢.134 (top row) and

A2/Her2/neuzeg.377 (bottom row).

75



6.3 2.63 5.78

A2/WT1,,, PE

A2/WT1,,, BV421
A2/WT1,,, APC

18.5 245 26.8

A2/Her2,,, BV421
A2/Her2,,, APC

A 2

Figure 8.17: Test of reagents for enrichment.

The multimer-reagents used for enrichment of rare antigen-specific cells were tested on
antigen-specific T cell-lines. Three differently labeled MHC multimers were tested for
A2/WT1426.134 (top row) and A2/Her2/neusgq.377 (bottom row).

We assumed that the number of T cells specific for a defined tumor antigen would be
extremely low under steady state conditions. In order to explore to which extent we could
isolate T cells by anti-PE MACS in a sensitive scope, we spiked samples of 2x10® PBMCs
with 1000 CD8 PE and CD8 PerCP antibody-labeled cells. The spiked PBMCs were labeled
with MHC multimers for A2/Her2;59 PE or Strep-Tactin PE. We performed anti-PE MACS-
enrichment and analyzed the enriched fraction by FACS. The CD8 PerCP label was used to
differentiate the spiked cells from endogenous T cells. Three samples were analyzed and
242,160 and 162 cells of the 1000 initial cells were detected after enrichment (Fig. 8.18).
From the number of recovered T cells an efficiency of approximately 19% was calculated.
These observations indicate that we could detect approximately one fifth of all antigen-

specific T cells with our strategy.

After functional testing and optimization of the respective reagents, we performed the
complete enrichment procedure as described in Fig.8.14. Fig. 8.19 depicts the signal of the
BV421-labeled from the secondary MHC multimer staining, by means of which we quantified
antigen-specific T cells at different stages of the purification route. We processed PBMC
samples from one HLA-A2 positive and one negative donor. To measure false positives
among the extracted cells, we labeled 2x108 PBMCs with Strep-Tactin PE backbone in a
concentration equal to the MHC multimer sample. Before magnetic enrichment the fraction of

PE positive cells was similar in the MHC multimer-sample and the control sample. After the
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MACS enrichment step the MHC multimer samples showed a higher percentage of PE-

positive T cells compared to the Strep-Tactin sample.
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CD8 PerCP
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Figure 8.18: Sensitivity of MACS enrichment.

To estimate the sensitivity of MHC multimer MACS enrichment, PBMCs from the donor were
isolated and labeled with CD8-specific PE and PerCP-labeled antibodies and were MACS
enriched with anti-PE beads. Cells were counted and 1000 cells were transferred to a
sample of 2x10® PBMCs from the same donor. Enrichment as outlined in Figure 8.14 was
performed, and the number of recovered cells of transferred cells was determined by FACS.

Nevertheless, a substantial number of false-positive cells were still detectable, as
demonstrated by the backbone sample. B cells are a frequent cause of false-positive labeling
in flow cytometry. To assess whether the PE-positive cells in the backbone sample were B
cells, we labeled the B cell marker CD19 with a specific antibody. After exclusion of CD19" B
cells from the analysis, the fraction of false-positive cells in the Strep-Tactin-PE sample was
further decreased. Similarly, in the specific samples the fraction of positive cells was
reduced, which indicates that numerous false-positive cells were rejected by B cell exclusion.
Finally, after inclusion of only PE-positive cells corresponding to the primary MHC multimer
label, the percentage of false-positive cells in the Strep-Tactin-PE sample was decreased to
0%. In contrast, the fraction of positive cells in the specific samples showed more that 80%

or 60% of positive cells.

To further demonstrate that the enriched T cells were antigen-specific, we FACS-sorted
single cell samples and performed single cell PCR. From the HLA-A2-negative donor we
were able to obtain ten samples that were successfully sorted for PCR. Of these we

succeeded to sequence one full length TCR pairing (Fig. 8.19.b).
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Figure 8.19: Isolation of rare antigen-specific T cells from MHC-matched and MHC-
mismatched repertoires.

(a) MHC multimer-based enrichment of rare T cells specific for Her2/neuzeq.377 was performed
as described in Figure 8.13. Samples from and HLA-A2" and an HLA-A2 donor were
processed side by side. A control sample was primary-labeled with PE-labeled Strep-Tactin
backbone. The purities of antigen-specific T cells at different points of enrichment and FACS
gating are demonstrated as indicated. (b) Sorting gate for specific T cells is shown. 10 single
cell samples were sorted for single cell PCR and 26 cells were sorted for in vitro expansion.
Table shows rearrangement of a Her2;¢9-specific TCR from a single cells sample. Bottom
row FACS plots show in vitro cultured Okt3/IL-2 stimulated cells at day 12 after sorting.
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We sorted the remaining 26 cells into a 96 well cell culture plate and stimulated them with
Okt3 antibody and IL2 in the presence of y-irradiated feeder cells. 12 days after stimulation
the cells had just sufficiently proliferated for FACS staining. We stained the cells with MHC
multimer Her2/neusso and CD8 antibody. More than 95% of all living cells were positive for
the MHC multimer, whereas the control group, consisting of non- antigen-specific T cells,

remained completely negative (Fig. 8.19.b).

Fig. 8.20.a outlines the FACS gating used for identification of the positive cell fraction. First,
forward (FS) and side-scatter (SS) signals were used to exclude dead cells and to reduce the
fraction of non-lymphocytes. To exclude residual dead cells, propidium iodide (PI) staining
was used. Together with dead cells we discriminated CD19" B-cells with an antibody coupled
to the fluorophore PE-A610, which emits a signal of similar wavelength as PI, as a “dump-
channel”. Next CD3 negative cells were discriminated. Among CD3" cells we did not
separate CD8 negative and positive cells. We assumed that especially in the HLA-A2-
negative PBMCs CD4" cells might become MHC multimer positive. This would indicate a
TCR with an affinity high enough, to bind the pMHC complex without CD8 co-receptor help,
and for this reason would be of special interest. Finally, we used the two MHC multimer

signals from PE and BV421 to reach the highest possible purity.

Separate exclusion of B cells has turned out to be crucial to detect rare cell populations, as a
large number of B cells bind PE. Although this effect is less pronounced for other
fluorophores, still a considerable portion of B cells become multiple false positive, which
finally leads to a misinterpretation of results. Especially the magnetic enrichment that is
exclusively dependent on PE caused a drastic enrichment of B cells. Fig. 8.20.b describes
this effect in more detail. In the sample, stained with Strep-Tactin PE, magnetic bead
enrichment increased the fraction of PE positive B cells from 0.136% to 5.3% and in the

MHC multimer stained sample from 0.778% to 17.3% of all living lymphocytes.
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Figure 8.20: FACS isolation of rare antigen-specific T cells.

(a) Gating strategy for enrichment of antigen-specific T cells in (Fig. 8.19 (b). FACS sorted
cells were gated for lymphocytes, dump channel (Pl and CD19) negative, CD3 positive, MHC
multimer PE positive and MHC multimer BV421 positive. Left column shows data from MHC-
independent and right column from MHC multimer enrichment. (b) A2/Her2/neuseq.377 and
CD19 positive T cells are shown before and after MACS enrichments step as described in
Fig. 8.14.a. Left column shows data from MHC-independent and right column from MHC
multimer enrichment.

We assumed that the multimer-positive cells would exhibit a naive phenotype. To confirm

this conjecture, we performed a separate experiment using an alternative marker panel,
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which included antibodies to CD45RA and CCR7 for FACS. These markers are broadly
accepted for differentiation of T cells into naive, effector and memory T cells (Sallusto et al.
1999). CD45 can be expressed in different variants produced by alternative splicing. Before
activation naive T cells express the CD45RA variant, whereas upon antigen encounter and
activation the CD45RA variant disappears and the CD45R0O variant is expressed. CCR7 is
involved in transmigration of T cell to lymph nodes, which is a property of naive and memory,

but not effector T cells.

We purified T cells specific for A2/Her2/neusss as described before and stained with
antibodies to CD45RA and CCR7 in addition to the previous marker panel. 87.9% of all
extracted cells were double positive for CD45RA and CCRY7 and therefore showed the naive
phenotype. Only 3% demonstrated an effector phenotype, defined by absence of CD45RA
and CCR7. Another 3% were CD45RA-negative and CCR7-positive, which identifies the

memory compartment (Fig. 8.21).
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Figure 8.21: Differentiation state of isolated T cells.

In a separate experiment enrichment for A2/Her2;59-specific T cells was performed with an
antibody panel for T cell-differentiation. MHC multimer-positive cells (left plot) were analyzed
for expression of CCR7 and CD45RA (right plot).

MHC-mismatch constellations have repeatedly been suggested as a source of TCRs with
increased antigen avidity. The idea that negative selection against a defined pMHC
combination cannot take place, if the respective HLA-molecule is absent, led to this
approach. We reasoned that the MFI of the MHC multimer staining during the purification
procedure could serve as a predictor of TCR avidity for pMHC. In addition, we asked whether
binding of an HLA-matched MHC multimer with an irrelevant peptide would identify TCRs
which rather bind MHC than the peptide component. In order to test these hypotheses, we
included an additional labeling step with an irrelevant MHC multimer (A2/WT1 APC) to our

purified cell fractions from one HLA-A2-positive and one -negative donor. After MACS
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enrichment and gating for true positive cells, we plotted the A2/Her2 MHC multimer signal
against the irrelevant MHC multimer. T cells from the A2" donor revealed an increased
tendency to bind the irrelevant MHC multimer, as compared to T cells from the A2" donor
(Fig. 8.22.a). Similarly, the MFls for the A2/Her2 multimers on the average were higher for
cells from the HLA mismatched than from the matched donor (Fig. 8.22.b).
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Figure 8.22: Comparison of specificity and binding strength of auto and allo-
repertoire.

A2/Her2;¢0-specific T cells were purified from an HLA-A2-negative and a -positive donor. In
addition to dual labeling with A2/Her2 MHC multimer we additionally performed staining with
an irrelevant MHC multimer. (a) Specific multimer PE was plotted against irrelevant MHC
multimer A2/ WT1 APC. (b) MFIs for all MHC multimer stainings were extracted and
compared between A2 negative and positive donor.

These results clearly demonstrate that purification of antigen-specific cells from the naive
repertoire of healthy donors is a feasible method to obtain TCRs targeting tumor-associated
antigens. To find out if this strategy works for other antigens as well, we repeated the
experiment by an MHC multimer-specific for the leukemia-associated antigen WT1. As
already shown for Her2/neu, we performed MHC multimer staining with 2x10® PBMCs from
one healthy HLA-A2 positive and one negative donor. To control for non-specific enrichment,
we similarly stained additional 2x10® PBMCs with PE-coupled Strep-Tactin backbone. Figure
8.23.a illustrates the stepwise increase of the A2/WT1 BV421-labeled cell fraction.
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b Sample Name V-Segment D-Segment JSegment CDR3
allo alpha 18 TRAV14/DV4*01 TRAJ34*01 CAMREVLYNTDKLIF
allo beta 18 TRBV2*01 TRBD1*01 TRBJ1-1*01  CASSDLDSGVNTEAFF
allo alpha 40 TRAV29/DV5*01 TRAJ50*01 CAASLYDKVIF
allo beta 40 TRBV12-4*01 TRBD2*01 TRBJ27*01 CATAQGLSSYEQYF
allo alpha 46 TRAV38-2/DV8*01 TRAJ41*01 CAYWDSGYALNF
allo beta 46 TRBV30*01 TRBD1*01  TRBJ27*01 CACPGPLTYEQYF
auto alpha 15 TRAV12-2*02 TRAJ45*01 CAVNDQGGGADGLTF
auto beta 15 TRBV6-2*01 TRBD1*01  TRBJ2-2*01 CASSWWDTGELFF
auto alpha 36 TRAV8-4*03 TRAJ20*01 CAVSEGGDYKLSF
auto beta 36 TRBV28*01 TRBD2*01  TRBJ2-7*01 CAWGTLATEQYF
auto alpha43 TRAV12-2*02 TRAJ45*01 CAVNDQGGGADGLTF
auto beta 43 TRBV6-2*01 TRBD1*01 TRBJ2-2*01 CASSWWDTGELFF
auto alpha46 TRAV12-2*02 TRAJ45*01 CAVNDQGGGADGLTF
auto beta 46 TRBV6-2*01 TRBD1*01  TRBJ2-2*01 CASSWWDTGELFF

Figure 8.23: Isolation of rare antigen-specific T cells from MHC-matched and MHC-

mismatched repertoires.

(a) MHC multimer-based enrichment of rare T cells specific for A2/WT1126.134 was performed
as described in Figure 8.14. Samples from an HLA-A2" and an HLA-A2 donor were
processed side by side. A control sample was primary-labeled with PE-labeled Strep-Tactin
backbone. The successive enrichment of antigen-specific T cells at different points of the
purification is shown as indicated. (b) Amino acid sequence of the CDR3 domain and V-, D-
and J- segment types are listed. Matching pairs are highlighted by white or grey background
color. Upper part of the table shows allo-MHC restricted samples and bottom part shows

auto-MHC restricted samples.
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The cell number extracted with A2/WT1 multimers was considerably larger than for Her2/neu.
We detected 495 cells from the HLA-A2" and 150 cells from the HLA-A2" donor. From both
groups one PCR slide with 36 single cell samples was used for TCR amplification. From the
allo MHC-restricted cells we could isolate 3 different completely functional TCRs. In addition,
one sample only showed a non-productive a-chain and from one TCR we could only isolate a
truncated B-chain, although according to the band size a longer product should have been
sequenced. We assume that a mixture of a truncated and a full length PCR-product was
insufficiently separated for sanger sequencing. From the auto-MHC restricted samples we
only obtained two different TCR sequences. To our surprise we identified one TCR in several
pairings. Actually we identified the B-chain from this TCR in four different samples. In three of
these we sequenced the corresponding, presumably functional a-chain. Moreover, we
identified an addi tional non-productive a-chain with these chains. In two samples we
sequenced all three chains, two more samples yielded the functional B-chain and the non-
productive a-chain and one sample delivered only the non-productive a-chain. In all but one
sample we detected chains with the same rearrangement. This indicates that the cells we
have isolated from the auto-MHC setting were oligoclonal. Together with the outstandingly
large number of purified cells this suggests that this population consisted of expanded

clones.

We had included antibodies for CCR7 and CD45RA in the FACS panel, in order to analyze
the differentiation state of the isolated T cells. Fig. 8.24 shows the MHC multimer staining
and the signals for CCR7 and CD45RA. More than 96% and 94%, respectively, of all MHC
multimer-positive cells were double positive for CCR7 and CD45RA. This indicates an
antigen naive state of these T cells. In theory this is expected, but as the auto-MHC-specific
samples demonstrated a strongly restricted TCR repertoire it seem likely that they have
proliferated. It is generally accepted that under steady state conditions clonal expansion is
driven by antigen encounter, which in turn drives the dividing cells to change the surface
markers of the naive phenotype. Therefore the finding of a restricted TCR repertoire and an

naive phenotype contradict each other and need further exploration.
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Figure 8.24: Differentiation state of isolated T cells.

PBMCs from an HLA-A2-positive (Auto-MHC) and -negative donor (Allo-MHC) were labeled
with PE-labeled A2/WT1426.13amultimers or Strep-Tactin backbone. Cells were pre-gated for
lymphocytes, CD19 negative, living, CD3 positive and A2/WT1 PE positive. FACS plots
depict A2/WT1 BV421 and CDS8 staining (upper row). Lower row shows the corresponding
CCR7 and CD45RA staining. Red dots indicate MHC multimer-positive cells. Grey shades
indicate all CD3" cells.

As previously shown for Her2/neu-specific T cells, we compared the mean fluorescence
intensities of the MHC multimer staining between the allo- and auto-MHC-specific cell
enrichment. As shown in Fig. 8.25a, the MFI values for the MHC multimer PE and BV421
staining was higher in the allo-MHC-specific T cells than in the auto-MHC restricted samples.
This confirms our observations from the Her2/neu-specific cell purification. In order to rule out
the possibility that the unequal staining intensities are a secondary effect of a generally
higher TCR expression level in one of the donors, which could cause more intense labeling,
we compared MFI values for CD3 and CD8. None of the two markers were as clearly distinct
as the MHC multimer signals, which contradicts the assumption of a secondary effect of

variable TCR expression (Fig. 8.25.a).
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Assuming the variability in MHC multimer staining intensity is based on differences in CD3 or
CD8 expression, MFls should be positively correlated. To test this hypothesis we plotted the
MFIs of the MHC multimer labels against the MFIs of the corresponding CD8 or CD3
staining. We tested for linear regression and could not detect any positive correlation (Fig.
8.25.b).
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Figure 8.25: Evaluation of MFI as an indicator of avidity.

Mean fluorescence intensities of MHC multimer staining differ between allo- and auto-MHC-
restricted samples independent of CD3 and CD8 expression. (a) MFI values with standard
deviation for MHC multimer A2/WT1426.134 PE and BV421 stainings as well as CD3 and CD8.
(b) Correlation between MFIs of MHC multimer PE or BV421 staining from allo- or auto-
MHC-restricted samples.

To confirm that the sequences we obtained from the naive T cell compartment enriched by
MHC multimer labeling were specific for their cognate antigen we cloned several TCRs into
the retroviral expression vector MP71. To improve the surface expression of the transgenic
TCR we substituted the constant regions with the respective codon-optimized murine
sequences. Each, a- and B-chain contained an amino acid substitution against cystein at
previously described positions to form a second intermolecular disulfide-bond (Cohen et al.
2006; van Loenen et al. 2011). By retroviral transfer we expressed WT1-specific TCRs in
human PBMCs. We chose two TCRs from the allo-MHC and two from the auto-MHC
restricted samples. In order to verify their antigen specificity we performed MHC multimer
staining. Three of the TCRs conferred MHC multimer binding as shown in Figure 8.26.
Interestingly all TCRs demonstrated a variable capability to bind MHC multimer without co-

expression of CD8 co-receptor, which indicates a relatively high structural avidity.
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Figure 8.26: Transgenic expression of WT1-specific TCRs.

Four TCR sequences described in Figure 8.23b were expressed in human PBMCs by
retroviral gene transfer. FACS-plots show MHC multimer plotted against CD8 staining.

8.5. FUNCTIONAL CHARACTERIZATION OF A TUMOR
ANTIGEN-SPECIFIC TCR

We have already shown that the T cells we purified from the naive repertoire retained their
antigen-specificity during in vitro expansion. Furthermore, we wanted to verify the antigen-
specificity of TCR4A, which we had sequenced after single cell PCR from an A2/Her23g0-
specific T cell (Fig. 8.19.b). For this purpose, we fused a- and (B-chain PCR-products to
codon optimized, murine constant regions with corresponding insertions of cystein residues,
which form an additional intermolecular disulfide bridge. These modifications have previously
shown to improve surface expression when competing with an endogenous TCR (Cohen et
al. 2006; van Loenen et al. 2011). We prepared retroviral particles to transduce Jurkat76 T
cells. Upon transduction, 18% of all living cells specifically bound Her2/neussgmultimer (Fig.
8.27.a). As this TCR is of principal therapeutic interest because of the target-specificity, we
determined whether the antigen binding was sufficient to initiate T cell effector functions. As
Jurkat76 cells do not secrete cytokines or lyse target cells in response to TCR stimulation,
we retrovirally transduced human PBMCs. After transduction 13.4% of living lymphocytes
became positive for the specific MHC multimer, but not for an irrelevant MHC multimer, which
confirms the TCR4A’s antigen-specificity as well as the capability for surface-expression
despite competition with endogenous TCRs. This was expected but not self-explanatory
because TCR4A was directly isolated from the naive repertoire, without any antigen-contact
driven pre-selection. Similarly, we intended to confirm that this TCR can be functional and
capable of inducing antigen-specific cell lysis by a chromium release assay. Chromium®'-

labeled T2 cells were pulsed either with specific peptide, irrelevant peptide or no peptide and
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were co-incubated with the TCR4A -transduced T cells, as shown in Fig. 8.27.b. Lysis was
above the background levels was only observed when TCR4A -transduced T cells and
specific peptide was used (Fig. 8.27.c). As a second read-out, IFNy-secretion upon
stimulation with peptide-loaded T2 cells was measured. The amount of peptide was titrated
from 10®° to 10°M demonstrating IFNy-secretion down to a peptide concentration of 10°M.
This indicates that TCR4A can mediate cytotoxic as well as inflammatory function. The most
important question however was whether tumor cells with a physiological expression of the
Her2 oncogene and immune escape mechanisms can be lysed by TCR4A-transduced T
cells. For this reason an HLA-A2-negative and HLA-transgenic version of the Her2/neu
expressing tumor cell line SKOV3 were used. Tumor cells were co-incubated with
transduced PBMCs and IFNy-secretion was detected by ELISA. Fig. 8.27.e clearly
demonstrates that TCR4A can induce cytokine secretion in an antigen-, as well as HLA-A2-

specific manner.
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Figure 8.27: Functional characterization of a single cell-derived TCR.

(a) Sequence from TCR 4A was expressed in Jurkat76 T cells by retroviral gene transfer.
Left FACS plot shows A2/Her2/neussy 377 staining and right FACS plot shows staining with an
irrelevant MHC multimer. (b) Sequence from TCR 4A was expressed in human PBMCs by
retroviral gene transfer. Left FACS plot shows A2/Her2/neuseq.377 Staining and right FACS plot
shows staining with an irrelevant MHC multimer. (c) For functional testing 2x10° peptide-
loaded T2 cells (1 uM) labeled with *'Cr were incubated for 4h with TCR-4A-modified PBLs
at different effector/target ratios (E/T ratios). After 4h free chrome [51] was quantified in the
supernatant. TCR-specificity was controlled by co-incubation with GFP-transduced and non-
transduced (n.t.) PBMCs. All conditions were tested in duplicates. (d) For detection of
peptide-specific release, 1x10° T2-cells were pulsed with an equal number of Her2/neu
peptide titrated from 10° — 10°M concentration. Equal numbers of transduced (black bar)
and non-transduced (grey bar) T cells were co-incubated for 4 hours and IFNy-concentration
in the supernatant was measured by ELISA. As positive control T cells were stimulated with
CD3/CD28 and as control for peptide-specificity T2-cells were pulsed with 1uM of an
irrelevant peptide. IFNy-concentration in the supernatant was measured by ELISA (e) For
detection of tumor-specific activity 10° tumor cells and equal numbers of transduced (black
bar) and non-transduced (grey bar) human PBMCs were co-incubated for 4 hours and IFNy-
concentration in the supernatant was measured by ELISA. As positive control T cells were
stimulated with CD3/CD28. All conditions were tested in triplicates.
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9. DISCUSSION

With this work we provide a novel tool for quick and efficient TCR isolation. We describe the
establishment and validation of a highly sensitive RACE-PCR to obtain the sequences of
TCR a- and B-chains on the single cell level. Reverse transcription priming and removal of
residual primers have turned out to be of great importance for the efficiency of this protocol.
We progressively set up stricter rules to prevent cross contamination, which occurred
between samples, and even between experiments. Our method has the advantage over
multiplex PCR protocols to deliver the complete V-segment sequence. Hence, we could
directly transfer the TCR without the need of reconstruction of the variable part, preserving all
polymorphisms of the original sequence. Furthermore, as retroviral transfer of our TCR
sequences to other T cells permitted subsequent MHC multimer labeling, we proved their
antigen-specificity. To our knowledge, we are the first to conclusively demonstrate the
isolation of antigen specific and functional TCRs from single T cells by gene transfer

experiments.

We validated our method with a small population of hCMV-specific T cells, which we isolated
using conventional MHC multimer labeling and demonstrated that we can access extremely
small cell populations with this strategy. Numerous reports have shown that during in vitro as
well as in vivo expansion the TCR repertoire is shaped towards defined characteristics,
which involves a reduction of TCR composition (Dietrich et al. 1997; Nishimura et al. 1998;
McKee et al. 2000). This might prevent access to the therapeutically most effective TCR
sequences. Similarly, it has recently been reported that chronic infection can lead to
dominant expansion of low-avidity T cell-populations, which may be less effective for
immunotherapy (Khan et al. 2010). As chronic antigen stimulation by tumor tissue creates a
similar situation for tumor-infiltrating lymphocytes, in vivo TCR repertoire changes probably
restrict successful identification of highly effective TCR sequences for immunotherapy.
Although a progressive TCR avidity decrease among TILs has not conclusively been proven,
large screenings for high-avidity TCRs were often unsuccessful, leading to screening of
xeno- or allo- MHC-repertoires. Naive T cell-repertoires that have not been shaped by

antigen exposition at all should contain a maximum of diversity.

It is generally accepted that priming of naive cells initially leads to preferential expansion of
TCRs with high avidity (McHeyzer-Williams et al. 1995; Busch et al. 1999). However, until
now no detailed information about the alteration of the TCR composition from the naive T
cell-pool to the antigen-experienced status has been generated. With our strategy we can

analyze these initial steps of antigen-priming. We propose to thoroughly isolate antigen-
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specific T cells from the naive repertoire and to analyze the paired TCR a/B-chains with the
intention to gain a complete overview of the potential TCR pool for a given antigen. With this
knowledge, we will be able to describe the changes of clonal composition during the
progress of an immune response through expansion and contraction to long-term memory in
settings of chronic antigen stimulation, or after pathogen clearance. We predict that antigen
clearance after acute infection will result in memory T cells with increased TCR avidities,
whereas chronic antigen stimulation will functionally exhaust the pool of high-avidity T cells

and progressively recruit and expand low avidity T cells (Buchholz et al. 2011).

9.1. CHOICE OF TCR SOURCE

As we have already discussed, we assume that the structural avidities of TCRs differ
between T cell-subtypes. As high avidity is of special interest for adoptive T cell-therapy

different T cells sources have been evaluated to identify therapeutically effective TCRs.

9.1.1. ALLO-MHC-RESTRICTION

Earlier reports recommended the employment of allo-MHC restriction to isolate TCRs
with high structural avidity. This describes the isolation of T cells specific for a peptide
MHC complex that is not present in the donor and thus is not affected by negative
selection in the thymus (Obst et al. 1998; Munz et al. 1999; Moris et al. 2001). Using
our novel strategy, we detected both, auto- and allo-MHC-restricted auto-antigen-
specific T cells in naive repertoires of healthy donors, and isolated TCRs from both

sources.

Whether or not the allo-MHC repertoire is the optimal source of TCRs for adoptive
immunotherapy is still a matter of debate, since the circumvention of negative selection
permits MHC-dominant binding, making cross-reactivities with other T cell epitopes a
potential threat. In several clinical trials, HLA-A2 restricted TCRs have been applied to
patients who were solely matched in one HLA-type. Unlike in allogeneic stem cell
transplantation, obvious signs of graft versus host disease have not been observed so far.
Signs of autoimmunity were mostly discussed as “off site”-effects that result from antigen
expression in other tissue than the tumor (Morgan et al. 2006; Parkhurst et al. 2011; Robbins
et al. 2011). Even xeno-derived TCRs restricted to human HLA-A2 (Johnson et al. 2009)
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and TCRs modified by amino acid substitution to confer raised avidity (Robbins et al. 2008;
Parkhurst et al. 2009; Chinnasamy et al. 2011; Wang et al. 2011) have been applied clinically
without causing off-target effects. So far no clinical data on safety and efficacy of T cells
redirected with an allo-MHC-restricted TCR have been published. However, one clinical trial
is currently ongoing (NCT01621724).

9.1.2. AUTOLOGOUS ANTIGEN-SPECIFIC T CELLS

The prevalence of T cells for defined non-self epitopes in naive mice has been quantified in
earlier reports (Moon et al. 2007; Obar et al. 2008). The repertoire analyses in this report
provide further insights, as, not only auto-antigen-specific T cells are quantified, but also
naive, human repertoires are addressed. Furthermore, we provide the first insight into the
clonal composition of naive T cells. Although the common paradigm suggests a low TCR
avidity for those cells, this question remains unresolved. With the approach presented here,

we can conclusively elucidate this subject in future studies.

It was recently demonstrated that T cells with low avidity TCRs can escape negative
selection and enter the periphery without any functional restrictions (Enouz et al. 2012). Our
own data confirm the persistence of auto-antigen-specific T cells with naive phenotype in
peripheral blood. Furthermore, the comparison of MFIs from auto-MHC and allo-MHC-
restricted T cells provides a first indication that in the auto-MHC-restricted setting, T cells
show a lower average avidity than in the allo-MHC setting. Surprisingly, we observed a large
range of values that was similar between auto- and allo-MHC-restricted T cells (Fig. 8.22 and
8.25). Although MFI might not be the most accurate measure of avidity, this finding suggests
that the auto-repertoire can display a broad range in TCR binding strength. In contrast to
xeno-derived, sequence-modified and allo-MHC-restricted T cells, these autologous T cells
have gone through normal thymic selection and therefore offer a safe and readily available
source of antigen-specific T cells. Even stronger evidence for the prevalence of T cells with
high avidity within the auto-repertoire is the discovery of CD8 independent binding of the
WT1 restricted TCRs TCR 5C and TCR5D. We still have to determine the exact binding
avidity of these TCRs by more sensitive methods. However, if this finding can be decisively
confirmed and would turn out to be representative for the autologous repertoire it would
challenge the paradigm of central tolerance and would raise many questions and options for

future research.
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Based on these observations, we propose to build up a bank of auto-MHC-restricted TCRs
from HLA-typed donors, to offer completely HLA-matched TCRs for adoptive therapy. This
strategy mimics the setting of autologous TILs, which to date has shown superior therapeutic

efficacy and safety (Rosenberg et al. 2011).

9.1.3. AUTO-REACTIVE REGULATORY T CELLS

As an alternative source of T cell-receptors with high avidity we propose the regulatory T cell-
compartment. It is generally accepted that high avidity T c ell-receptor signaling during
thymogenesis can trigger T cells to pursue regulatory differentiation (Jenkins et al. 2010).
Despite the fact that the majority of natural regulatory T cells (nTregs) are CD4", a small
number are triggered to become CD8" in a MHCI-dependent manner and are detectable in
lymphoid tissue (Fontenot et al. 2005). Induced regulatory T cells (iTregs) have been
identified as an important mechanism of peripheral tolerance, not redundant with natural,

thymus-derived nTregs (Haribhai et al. 2011).

Clear evidence about an antigen-specific activity was promoted by the finding that TCRs
isolated from mucosa-associated iTregs were antigen-specific for commensal bacteria
(Lathrop et al. 2011). Although most reports about iTregs focus on CD4" T cells, there is
accumulating evidence about the importance of CD8" iTregs. In a murine model of GvHD
approximately 70% of all iTregs were CD8"FoxP3" and could induce tolerance (Sawamukai
et al. 2012).

Like CD4'iTregs, CD8'iTregs revealed antigen-dependent functionality, and thus could
prevent allograft rejection upon adoptive transfer (Guillonneau et al. 2007). To this point no
commonly accepted phenotypic marker molecule for CD8" iTregs has been identified.
However, absence of CD45RC expression was suggested as a marker for CD8" iTregs in
rats (Xystrakis et al. 2004). Similarly, a CD8" CD122" T cell-population displayed suppressive

function in a murine colitis model (Endharti et al. 2011).

Furthermore, intracellular markers have been proposed to distinguish iTregs. Besides FoxP3
expression it has become evident that the transcription factor Hopx is necessary for the
functional stability of iTregs (Hawiger et al. 2010). Equally, the transcription factor Helios was
suggested to differentiate iTregs from thymus-derived nTregs (Thornton et al. 2010).
Addtionally extensive expression profiling led to the identification of the transcription factor
DKKS3 as an important fuctional element of iTregs. Even antibody blockade was possible,
which led to recovery of T cell effector functionality, which underlines the importance of this

molecule (Papatriantafyllou et al. 2012).
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9.2. CHOICE OF TARGET ANTIGEN

As a result of this research, TCRs specific for two well-characterized tumor-
associated antigens have been isolated from the antigen-naive repertoire and have
been transgenically expressed. For adoptive cell therapy of established tumors,

several criteria influence the choice of antigen.

Immunogenicity of the T cell-epitope is one key variable for the efficiency of TCR-
redirected T cells. On the one hand it is a prerequisite for recognition, however high
immunogenicity bears the risk of inducing GvHD if an antigen is also expressed in
other tissue. Overexpression in tumor cells was definitely shown for several antigens.
However, the complete absence of expression in any other tissue can hardly be
proven. Thus, several trials have shown off site effects caused by antigen recognition
in other tissues. Hearing loss, uveitis, and vitiligo were frequently observed in
adoptive T cell-transfers targeting melanocyte differentiation antigens (Johnson et al.
2009). Severe colitis was observed when a TCR specific for carcinoembryogenic
antigen (CEA) was used for therapy against colon carcinoma. Because of this
problem the trial was stopped after the third patient. It is unclear whether off site or off
target effects were the cause (Parkhurst et al. 2011). To date, no treatment-

associated patient deaths were reported for trials with TCR-redirected T cells.

Apart from TCRs, Chimeric antigen receptors (CARs) have been used to redirect T
cell-specificity. CARs consist of an antibody-derived Fab-domain fused to TCR
signaling domains and, like TCRs, were tested in clinical trials. In contrast to TCRs,
therapy with CAR-redirected T cells has caused patient death. One out of five CLL
patients treated with CAR-redirected T cells that targeted CD19 died by treatment-
associated side effects. This reaction probably originated from immune
hyperstimulation, rather than an antigen-specific effect (Brentjens et al. 2010).
However, CAR-rearranged T cells targeting ERBB2, an antigen frequently
overexpressed in colon carcinoma, mediated an immune response in the lung that
resulted in a patient death. The CAR was derived from the antibody Herceptin, which
was previously clinically tested without off site effects (Morgan et al. 2010). These
unforeseen incidents clearly demonstrate the dangers associated with high target

immunogenicity.
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One of the TCRs described in this work targets the same antigen as Herceptin, which
in this report is called Her/neu, but is also known as ERBB2. Although T cells
redirected with a CAR for this antigen caused a severe adverse event it is unclear
whether T cell-redirection with a TCR instead of a CAR would cause similar

problems.

9.3. ROLE oF TCR AvVIDITY

Apart from MHC-restriction, one general difference between antibody and TCR binding is the
target binding strength. Most published Kp-values for naturally occurring TCRs range
between 1uM and 100y M, whereas antibodies rather display Kp-values in the nanomolar
range (Price et al. 1998; van der Merwe et al. 2003; Miles et al. 2010). A Kp-value of 19.2nM
was reported for Herceptin, which is still approximately a factor of 20 lower than the highest
affine TCR in a clinical trial (Fig 5.2) (Monfregola et al. 2009). However, increased avidity has
been found to be highly correlated with improved TCR functionality in an “in vivo” model of
autoimmunity (Gronski et al. 2004). Data from several clinical trials as summarized in Fig. 5.2

also support this theory.

Using mutated TCRs, the correlation between avidity and functionality has even been found
with non-physiologically high TCR avidities in “in vitro” experiments (Holler et al. 2003).
Conversely, a strong decline in ligand-specificity has been observed in TCRs with
hyperphysiologic avidities (Zhao et al. 2007). In contrast to these findings, it was recently
shown that even an extremely low affinity with a Kp value of more than 250uM can efficiently
activate T cells (Bulek et al. 2012). This raises several questions about immunogenicity and
affinity. On the one hand, the increase of affinity might compensate for low immunogenicity.
On the other hand, it is unclear how high TCR avidity influences T cell-function and
differentiation. Thus, it cannot be excluded that excessively high avidity results in tolerance
induction. Apart from binding strength, other variables, like conformational changes induced
by different binding modes might also account for diversity in TCR efficiency. To conclusively
answer these questions, the characterization of alarge number of TCRs specific for the
same epitope but unequal in other aspects could be helpful. Unlike antigen-expanded T cell-

populations, the naive repertoire might hold sufficient diversity to address these subjects.
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9.4. TCR ANALYSIS OF ANTIGEN-SPECIFIC
REPERTOIRES

Technical progress in the field of sequencing has opened the possibility to analyze TCR
repertoires in high resolution. Several strategies for deep sequencing of TCR-repertoires
have been reported. Roche 454 sequencing of TCR B-chains was used to characterize the
composition of HCMV- and EBV-specific MHC-Tetramer-positive T cell-populations
(Klarenbeek et al. 2012), SIV-specific T cell-populations (Bimber et al. 2009; Burwitz et al.
2011), and to analyze the overlap between naive, memory, and effector populations (Wang
et al. 2010; Venturi et al. 2011). lllumina sequencing, at the time limited to read lengths of
36bp or 50bp, was applied to sequence the complete TCR B-chain repertoire from pooled
mRNA of 550 different donors. To obtain complete sequence information, cDNA was first
concatemerized and t hen sheared to produce alibrary of short overlapping fragments
(Freeman et al. 2009). In a similar way, direct sequencing of the CDR3 region was
evaluated. A consensus motif within the J-segment was used as a primer binding site, which
enabled to sequence the complete CDR3 region, with a read length of only 54bp (Robins et
al. 2009). With advanced read lengths of 100-150bp, lllumina sequencing could be directly
used to sequence the CDR3-region of TCR B-chains by priming in the constant region
(Warren et al. 2011). Repertoire analysis has also been ev aluated using the lon Torrent
sequencing platform (Bolotin et al. 2012). So far, no next-generation sequencing strategy for
paired TCR a -and B-chains has been reported. We suggest adding the same, unique DNA-
barcode to each single cell-derived a- and respective B-chain. This would allow us to
combine and sequence all samples in parallel as a library. Not only could matched chains
thereby be assigned to each other after sequencing, but also could the sequences be related
to their respective single cell PCR sample and conclusively to the respective data point
during FACS isolation. With this approach we will be able to perform high throughput
analyses of antigen-specific TCRs within naive repertoires. Large amounts of sequence
information for TCRs of same antigen-specificity could help to further elucidate common rules
of binding properties, which might assist TCR binding prediction with in silico structure

simulation approaches (Leimgruber et al. 2011).

To achieve this, we are currently modifying our protocol to realize higher throughput. We are
restricted to a maximum of 48 samples per experiment, which is the number of positions on
our PCR glass slide. After subtraction of positive and negative controls, only 36 samples
remain in our standard experimental setup. In order to increase our throughput, we are

transferring our protocol to 384 well PCR plates and in a further step to 1536 well plates.
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For this purpose we need to refine our FACS sorting technology, as exact positioning to the
bottom of the tube is required. This is a critical factor, as our protocol depends on sequential
up-scaling of reaction volumes, with aninitial starting volume of only 500nl. The planar

geometry of the 48 sample glass slides made this possible.

For 384 different barcodes we are evaluating two different strategies. The easier but very
costly approach would be to label our PCR products during the last round of ampilification
with 384 different primers containing the respective barcode. For this purpose separate

primers for a -and B-chain would be necessary, which adds up to 768 primers.

Alternatively, we propose to generate a barcode library within a plasmid, containing a highly
efficient cloning site for the TCR chains. In a ligation step, we plan to position our PCR
products upstream of the barcode site and to use flanking primer binding sites to amplify
those products. This would yield a library that can directly be transferred to next- generation

sequencing.

The easiest approach certainly would be to obtain a barcoding kit for deep sequencing from
a commercial provider. However, to our knowledge such a product is not on the market, until

now.

9.5. ALTERNATIVE METHODS TO DETECT ANTIGEN-
SPECIFIC TCRS

With our current strategy to isolate cells from antigen-naive donors we depend on MHC
multimers for defined epitopes. In principle, the enrichment process using anti-PE antibody
coated magnetic beads for MACS is not saturated, as our enriched fraction only contains 25-
500 cells (data not shown). In order to increase the throughput on this level of the process,
we are currently exploring, whether combined enrichment, using several different MHC
multimer-specificities simultaneously is feasible. In principle it should be possible to perform
parallel enrichment with one label, e.g. PE, and to use a combinatorial staining matrix with
several secondary labels to differentiate different MHC multimer-specificities. A similar
approach has been previously applied to detect a variety of T cell-specificities by combining

the respective MHC multimers (Andersen et al. 2012).

Many of the most prevalent HLA class-| types have successfully been used to generate MHC
multimers. MHC class Il multimers are still less common; however, recent reports have

demonstrated that isolation of extremely rare antigen-specific cells can be facilitated with
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MHC class Il multimer reagents (Moon et al. 2007). On the one hand our dependence on
MHC multimer reagents for T cell-identification might be a disadvantage, as specific reagents
need to be available, and one report claims that binding of MHC multimers is not a safe way
to guarantee antigen-specificity (Lyons et al. 2006). On the other hand a major advantage of
MHC multimers is the capability to identify antigen-specific T cells irrespective of cellular
functionality. Anyhow, our method does not necessarily rely on a single identification
technique. It is possible to use functional readouts like upregulation of CD137 (Wehler et al.
2007; Wehler et al. 2008) or IFNy-secretion (Becker et al. 2001) as marker for antigen-

specific cells upon short-term in vitro restimulation.

9.6. EXTENSION OF TCR ISOLATION FOR ACT TO
OTHER HLA- RESTRICTIONS

Most TCRs in clinical trials are restricted to HLA*02:01. In Caucasoid populations
between 33% (Cuba) and 51% (Spain, Catalonia) of all individuals are positive for
HLA*A2:01 but only between 2% (China, Province Han) and 39% (Tibet) in oriental
populations (frequencies were calculated from allele frequencies taken from the AFN
Database (Gonzalez-Galarza et al. 2011)). First efforts are being made to isolate
TCRs restricted to other HLA-types. Recently an H LA-A1-restricted TCR for the
cancer testis antigen MAGE-A3 has been tested in a clinical trial (NCT01352286).

A further reason to extend the clinically applicable TCR repertoire to other HLA-
restrictions is the finding that nonsense mutations in the HLA-A locus is among the
most frequent sites of nonsense mutations in non-small lung cancer. This suggests
targeting of HLA-B- and C-restricted epitopes in these particular cases (Hammerman
et al. 2012). Furthermore, members of the HLA-B and C group function as NK-cell
killer inhibitory receptors (KIRs), which means that their downregulation can induce
NK cell activation (Moretta et al. 1996). A large body of knowledge about disease-
associated antigens and respective epitopes for numerous HLA-types has
accumulated over the last decades. Even for the expert it is challenging to survey the
associated literature. Therefore, databases with collections of published information
have become indispensable tools for researchers. The immune epitope database
(IEDB) includes thousands of epitopes for infectious or autoimmune diseases and
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cancers. Additional information on associated HLA-restrictions, original discovery and
confirming reports are comfortably accessible (Vita et al. 2010). Another database
that should be mentioned is the Cancer Genome Atlas (TCGA). Since 2005, different
types of cancer tissue samples were systematically analyzed with state-of-the-art
genomic methods like whole genome sequencing, exome sequencing, SNP mapping,
and methods for detecting epigenetic modifications. The largest part of those data
are available to the public (Deus et al. 2010). This project gives unprecedented
insight into common profiles of antigen expression in different types of cancers and
will foster targeted pre-screening for individual patients. Such information can further

increase the efficiency of adoptive immunotherapy with TCR transgenic T cells.
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10. SUMMARY

Taken together, with this report we describe the first successful isolation of full-length
TCR sequences from single T cells with confirmed antigen-specificity. We proof that it
is possible to isolate rare antigen-specific T cells from the naive repertoire by MHC
multimer labeling and to directly extract functional, antigen-specific TCRs from single
cell samples. Initially, we evaluated a strategy to amplify complete cDNA according to
a published method for generation of single cell microarrays as a pr e-stage for
nested PCR. Although we identified single cell-derived TCR sequences with this
method, we had to change the method extensively; for example, as a key element of
the previous strategy, ‘solid phase coupling’ of template turned out to cause an

unacceptable grade of cross-contamination by aerosol formation.

To overcome the problems of currently described approaches to reach single cell
resolution, we have optimized individual steps of a RACE-PCR protocol. The most
important improvements of sensitivity were accomplished by modification of the

priming strategy and by optimizing reaction temperatures

We evaluated this method with three CMV-specific T cell-populations. We attained an
overall efficiency of 23.7% of full-length PCR products of both TCR chains from 266
single cell samples in seven independent experiments. In two of the CMV-specific T
cell-populations that we examined, we observed clonal dominance. As we intended
to use this method for the isolation of clinically relevant TCRs, we wanted to confirm
the antigen-specificity of the PCR products we obtained. To test this, we completed
the fragments for the truncated constant region and cloned the resulting products into
a retroviral expression vector. Upon viral transduction with those constructs we could
redirect Jurkat cells and human PBMCs to MHC multimer-specificity. O ne of the
TCRs we transduced displayed CD8 co-receptor independent binding, which
indicates high TCR avidity. We confirmed this assumption by measuring the
dissociation kinetics of MHC-monomers off the TCRs by a novel assay that we have
recently developed (Nauerth et al., submitted). In total we confirmed the antigen-
specificity of four CMV-specific TCRs by transducing Jurkat T cells and hu man
PBMCs. All Jurkat cells that expressed TCR after transduction could specifically bind
their respective MHC multimer.
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By these experiments we proved that our method for single cell PCR of the TCR is a
valid tool to isolate functional and specific TCRs from ex vivo isolated T cells without

any in vitro cell culture.

To isolate TCRs for tumor-associated antigens we wanted to know if it is possible to
enrich antigen-specific T cells from the unbiased repertoire of healthy donors. To
achieve this, we used PE-labeled MHC multimers for the tumor-associated antigen
Her2/neu to tag antigen-specific T cells in PBMCs of healthy donors. We enriched the
PE positive cell fraction by MACS. By dual MHC multimer labeling and exclusion of B
cells we attained highly pure MHC multimer-labled T cells. Using this strategy we
were able to reproducibly extract Her2/neu-specific T cells from PBMCs of healthy
donors, irrespective of their HLA-type. Hence, we could show that this method is
useful to extract auto- and allo-MHC restricted T cells with auto-antigen-specificity.

To prove that MHC multimer-specificity is a reliable marker to isolate rare antigen-
specific T cells, we first in vitro expanded these cells in bulk cell cultures. After in vitro
expansion they retained MHC multimer-specificity. In a separate experiment we
purified T cells for the same epitope and labeled the isolated cells with antibodies for
CCRY7 and CD45RA. Thus, we could describe the differentiation state of the purified
cells. The vast majority of isolated cells were positive for both markers indicating an

‘antigen-naive’ phenotype.

As we could isolate auto- and allo-MHC-restricted T cells from healthy donors, we
wanted to know whether allo-MHC-restricted TCRs confer higher antigen avidity than
auto-MHC-restricted TCRs. We compared the MFI of MHC multimer labels of side by
side purified T cells from HLA-A2 positive donors (i.e. auto-MHC restricted) and HLA-
A2 negative donors (i.e. allo-MHC restricted). We discovered that the MFI of all
positive cells was higher on allo-MHC restricted T cells than on auto-MHC-restricted
T cells. However, the range of fluorescence intensities of single cells was similar in
both cases, which could imply that high avidity T cells for auto-antigens are present in

the autologous repertoire of healthy donors.

To test whether allo-MHC-restricted T cells are more prone to HLA-dominant binding,
we additionally stained with an MHC-matched MHC multimer with irrelevant peptide-
specificity. In fact allo-MHC-restricted T cell displayed a higher MFI for this MHC
multimer than auto-MHC restricted T cells.
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We successfully repeated the purification experiments for a second tumor-associated
auto-antigen named WT1. Similar to Her2/neu we readily detected antigen-specific T
cells in HLA-A2-positive and -negative donors. Again, allo-MHC-labeled T cells
showed a higher MFI that the auto-MHC-labeled T cells. There was no detectable
correlation with the MFls for CD3 or CD8 labels, thus we assume that the divergence
between the MHC multimer labels was not an indirect effect of variable TCR surface
expression of co-receptor expression. Both types of extracted T cells displayed a
naive phenotype. By single cell PCR we identified three different full length TCRs
among the allo-MHC-specific T cells and two among the auto-MHC-restricted T cells.
Surprisingly, we detected the same TCR sequences several times in auto-MHC-
restricted T cells, which indicates that these cells are clonally restricted and might

have undergone clonal expansion for unknown reasons.

We transferred one Her2/neu-specific TCR to Jurkat T cells and human PBMCs, and
could confirm antigen-specificity by MHC multimer staining. As a further proof of
functionality, we stimulated transduced PBMCs with peptide loaded T2 cells. We
proved that Her2/neu TCR-modified T cells secreted IFNy and could lyse target cells

in an antigen-specific manner.

In summary, with this work we report a novel tool to obtain antigen-specific TCRs for
clinical application from a previously inaccessible source, i.e. the naive repertoire.
We assume that this method is applicable for most T cell-epitopes and could be

useful to make TCR-redirected, adoptive T cell-therapy broadly accessible.
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