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SUMMARY

SUMMARY

Since T-cell based immunotherapy revealed promising clinical outcomes in the context of
cancer treatment, for a better understanding of the efficacy and intravital behavior of the
adoptively transferred T-cell receptor (TCR) transgenic T-cells sensitive and non-invasive
monitoring technologies are required. To date, some approaches have been presented to
monitor in vivo the distribution of gene-modified T cells. However, most technologies are
accompanied by disadvantages in the practical application, being obstructing for a clinical
translation. We developed a specific method to track in vivo engineered human T cells at the
targeted tumor site by positron emission tomography (PET) using the Zirconium-89
radiolabeled F(ab’), fragment of the monoclonal anti-murine antibody (aTCRmu), which
targets the murinized domain in the constant TCR[ chain of the introduced human TCR. We
could perform further in-depth characterization studies regarding tracer quality for a potential
clinical translation as well as sensitivity, image correlation and accuracy to ex vivo quantified
T cells.

897r-Df-aTCRmu-F(ab’), showed suitable properties in antigen affinity, immunoreactivity,
influence on T-cell functionality and stability in vitro and in vivo. For assessing the sensitivity
of this approach, local application of 8Zr-Df-aTCRmu-F(ab’).-labeled T cells in the animals
showed specific signal detection to approximately 1.8 x 10* cells. This detection limit range
was confirmed in the clinically relevant animal model, where different T-cell numbers and
tracer were applied i.v. followed by PET imaging and ex vivo cell quantification. Even after
different engraftment rates in several studies, the acquired PET images correlated well to the
actual amount of T cells quantified ex vivo.

These findings confirm the high sensitivity and accuracy of our novel PET/CT T-cell tracking
method and provide critical information about the quantity of transgenic T cells in the tumor

environment suggesting this technology being highly suitable for clinical translation.



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Nachdem die T-Zell basierte Immuntherapie bei Krebserkrankungen bisher
vielversprechende Ergebnisse in der klinischen Anwendung zeigte, sind fur das verbesserte
Verstandnis der Wirksamkeit und dem intravitalen Verhalten der verabreichten T-Zell-
Rezeptor (TZR) modifizierten T-Zellen sensitive und nicht-invasive Bildgebungsverfahren
unerlasslich. Bis jetzt wurden einige Verfahren zur Bildgebung der Gen-modifizierten T-
Zellen in vivo vorgestellt, jedoch sind viele dieser Anwendungen mit nachteiligen
Eigenschaften in der praktischen Anwendung verbunden, welche eine klinische Translation
erschweren. Wir haben eine Methode entwickelt, in der in vivo Uber Positron-Emissions-
Tomographie (PET) humane modifizierte T-Zellen am anvisierten Tumor detektiert werden
kénnen unter Anwendung des Zirkonium-89 markiertem F(ab‘),-Fragments eines
monoklonalen anti-murinen Antikdrper, welches in der Lage ist die murine Sequenz in der
TZRB-Kette des eingefilhrten TZRs zu erkennen. Dadurch war es uns mdglich weitere
tiefgreifende Studien durchzufiihren beziglich der Tracer-Qualitat fir eine potenzielle
klinische Anwendung, sowie zur Sensitivitdt, Genauigkeit und Korrelation der Bilder zu der
quantifizierten T-Zellzahl ex vivo. 8°Zr-Df-aTCRmu-F(ab’), wies gute Eigenschaften beziiglich
Antigenaffinitat, Immunoreaktivitat, dem Einfluss auf T-Zell-Funktionalitdt und Stabilitat in
vitro und in vitro auf. Um die Sensitivitit der Methode zu untersuchen, wurden 8°Zr-Df-
aTCRmu-F(ab’), markierte T-Zellen lokal in die Tiere appliziert und ergaben noch ein
spezifisches Signal bei ungefahr 1.8 x 10* Zellen. Dieses Detektionslimit wurde in einem
klinisch relevanten Tiermodell bestatigt, bei dem verschiedenen T-Zellkonzentrationen und
der Tracer i.v. verabreicht wurden, gefolgt von PET-Bildgebung und ex vivo T-
Zellquantifizierung. Selbst nach unterschiedlichen Engraftments in mehreren Studien
korrelierten die PET-Bilder mit der tatsdchlichen ex vivo quantifizierten T-Zellzahl. Diese
Ergebnisse bestatigen die hohe Sensitivitat und Genauigkeit dieses neuartigen PET/CT Zell-
Tracking-Ansatzes und geben Aufschluss Uber die Quantitat der im Tumormilieu befindlichen

T-Zellen, was sehr fir die Eignung einer klinischen Translation dieser Methode spricht.



1 INTRODUCTION

1 INTRODUCTION

1.1 IMMUNOTHERAPY IN CANCER DISEASES

Cancer predominantly occurs in lung, liver, breast, stomach or colorectal tissues and is one
of the major causes of death globally according to the world health organization (WHO)
(Ferlay et al. 2015). For an effective treatment, adequate diagnosis and regimen are
essential, which include conservative interventions, such as surgery, radiotherapy or
chemotherapy. With the aid of existing therapies and early diagnosis some of the most
common cancers, such as breast cancer, cervical cancer or oral cancer, display high curing
rates (Steward 2014). However, many cancer entities remain difficult to treat with available
techniques to achieve full recovery, or at least prolongation of the patient’s life-span and
improving quality of life.

The progressive growth of cancers originating from malignant single cell transformations is
subjected to the immune system and its active survey for malignant transformations to
induce recognition as “non-self’ antigen and elimination (Beatty and Gladney 2015). The
principle of the immune surveillance describing the role of the immune system controlling the
development and outgrowth of transformed cells to cancer diseases has been already
proposed in 1957 by Thomas and Burnet (Thomas 1982; Burnet 1970). Since then, the
knowledge evolved, that cancer cells developed mechanisms to escape and suppress the
immune system, facilitating tumor survival and progression by the failure of initiating and
maintaining anti-tumoral immune response (Pinzon-Charry, Maxwell, and Lopez 2005;
Schreiber, Old, and Smyth 2011; Blankenstein et al. 2012). This strategy of cancerous
diseases also known as “tumor escape” include strategies, like tumor antigens being only
weakly immunogenic or downregulating the antigen expression for evading recognition by
the immune system. Furthermore, immune suppression by the tumors is conducted by the
release of immunosuppressive cytokines, such as TGF-B and IL-10 or involving T cells with
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immunosuppressive activities (i.e. regulatory T cells) (Sakaguchi et al. 2001; Khong and
Restifo 2002).

The understanding of the dual effect of the immune system on emerging tumors prompted to
develop innovative therapy approaches, where compounds of the immune system are

manipulated to overcome the immune tolerance of tumors as summarized in Figure 1.

Cytokine therapy Therapeutic vaccines
IL-2, IFN, Dendritic cell vaccines
IL-7,1L-15, IL-21 DNA, RNA, engineered tumor cells

N

Tumor specific Tcell

— Tre
MDSC

S

Chemotherapy

> anti-CTLA4 - /

Checkpoint-
blockade =<
Tumor cell
anti-PDL-1

% Native antigen
anti-PD
TCR transgenic T cells

MHC
+ peptide antigen

CAR T cells

T-cell cl
cell clones +CAR/TCR

Figure 1. Therapeutic strategies to overcome immune tolerance of tumors.

Native T-cell responses to tumors can be boosted using cytokines and therapeutic vaccines.
Chemotherapeutical treatment can reduce the impact of immunosuppressive cells, such as Treg OF
myeloid-derived suppressor cells (MDSC) and has an additional effect on the tumor cell itself.
Antibodies directed against negative regulatory receptors, such as cytotoxic T-lymphocyte antigen-4
(CTLA-4), anti-programmed cell death 1 protein (PD-1) or its ligand PD-L1, block inhibitory signals on
natural T-cell responses to tumors. Tumor antigens can be targeted directly via adoptive T-cell transfer
of transgenic T cells deriving from expanded T-cell clones, which are modified by chimeric antigen
receptors (CARs) or tumor antigen specific T-cell receptors (TCRs) [modified from Maus et al., 2014
(Maus et al. 2014)].
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1.2. T-CELL IMMUNOTHERAPY

Particularly therapeutic strategies involving adoptive T-cell transfer got the last years in
intensive focus, as T cells are the final effectors in the immune-mediated cancer regression
resulting in development of strategies using tumor-directed T cells (Rosenberg and Restifo
2015). During adoptive T-cell transfer, tumor-specific T cells are expanded in vitro and
reinfused in large numbers into the cancer patient. For that approach either natural host cells
or genetically engineered T cells modified with anti-tumor T-cell receptors (TCRs) or chimeric
antigen receptors (CARSs) can be used (Restifo, Dudley, and Rosenberg 2012).

Early experiences with adoptive T-cell transfer were made using autologous tumor infiltrating
lymphocytes (TILs) from patients with metastatic melanoma (Rosenberg et al. 1988). Since
then they could show in various studies objective cancer regression after infusion of in vitro
expanded autologous TILs and increased survival of melanoma patients (Rosenberg et al.
2011; Dudley et al. 2010; Dudley et al. 2008). However, the efficacy of natural occurring TILs
seems to be restricted to melanoma cancer diseases for reasons, which are not fully
understood and due to the fact, that other tumors, such as those occurring in breast or colon
tissues, contain T cells with unclear functions and specificities (Restifo, Dudley, and
Rosenberg 2012; Ogino et al. 2011; Ruffell et al. 2012). This prompted to develop adoptive
T-cell therapies using T-cell populations, which are genetically engineered to specific
receptor expression against different tumor entities. This approach helps to broaden
possibilities to direct tumors, while overcoming the limitations associated with the immune

tolerance of the tumors.

1.2.1 CAR and TCR transgenic T cells

One possibility to conduct this approach is the modification by chimeric antigen receptor
(CARs), combining antibody-like recognition with T-cell activating function (Maher 2012). The

extracellular portions of these receptors consist of single chain variable fragments deriving
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from antibody heavy and light chain variable domains combined with a transmembrane
activation domain and are targeting surface antigens in an MHC-independent manner, unlike
for T cell receptors. Clinical trials with promising efficacy using CAR-transgenic T cells were
performed mainly in cases of B-cell malignancies by targeting CD19 and CD20 (Porter et al.
2011; Kochenderfer et al. 2012; Kalos et al. 2011; Lee et al. 2015; Maude et al. 2014).
Furthermore, several studies were additionally performed on other hematologic malignancies
and solid tumors in various tissues (Fesnak, June, and Levine 2016). However, this
approach hasn’t been effective for solid tumors so far (Kakarla and Gottschalk 2014; Park et
al. 2007; Lamers et al. 2013), being the cause of the local immunosuppressive environment
observed in many solid tumors and likely due to suboptimal signaling domains within the
CAR construct (Harris and Kranz 2016; Rabinovich, Gabrilovich, and Sotomayor 2007).

In contrast, clinical trials using tumor-directed T-cell receptor transgenic T cells (TCR T cells)
showed promising outcomes in both hematological malignancies and solid tumors. The
targeted peptides mainly derive from extracellular and intracellular antigens being a marked
advantage for the antigen selection. Particularly TCR-transgenic T cells targeting the
antigens gpl100, MAGE-A3, NY-ESO1 and MART-1 in melanoma as well as sarcoma
associated diseases showed positive clinical responses (Morgan et al. 2006; Johnson et al.
2009; Robbins et al. 2015; Chapuis et al. 2013; Morgan et al. 2013).

A crucial factor for the success of adoptive transfer of transgenic T cells is also the
differentiation state of the T-cell population used for the introduction of tumor-specific
receptors (Sallusto and Lanzavecchia 2011). In general, CD8+ T cells pass a pathway of
differentiation from naive T cells (Tn) into central memory T cells (Tcm) and effector memory
T-cell (Tem) populations (Gattinoni et al. 2011; Gattinoni et al. 2006; Klebanoff, Gattinoni, and
Restifo 2006). Ideally the transferred T-cell population should engraft and traffic to their
cognate tumor site, proliferate and differentiate to memory and effector cells, actively
eradicate tumor cells and persist for further immune surveillance. Although Tem are

associated with immediate cytolytic activity and cytokine production, however Tcu cells show
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increased anti-tumor activity compared with Tew within the memory cell pool as shown in
studies in mice, primates and humanized mouse models (Klebanoff et al. 2004; Klebanoff,
Gattinoni, et al. 2005; Berger et al. 2008; Wang et al. 2011). A focus on the less
differentiated T-cell subset of T memory stem cells (Tscm) revealed recently their
resemblance to the naive T-cell subset, but also a superior anti-tumoral activity, effective
proliferation and potential of long persistence in humans, being promising for future studies in
combination with tumor-specific CAR or TCR receptors (Biasco et al. 2015; Klebanoff,

Gattinoni, and Restifo 2012; Gattinoni et al. 2009).

1.2.2 Efficacy and safety influencing factors of therapies based on adoptive T-cell

transfer

After transferring genetically modified T cells, in clinical responses variabilities in
effectiveness and toxicity have been observed, which can depend from various factors. The
efficacy of such a treatment is related mostly to the extent of T-cell survival and persistence,
which was described in reports, where particularly patients with complete response or
prolonged survival displayed greater T-cell survival and persistence (Pule et al. 2008;
Rosenberg et al. 2011; Tawara et al. 2017; Robbins et al. 2004). Engraftment and
persistence of the transferred T cells can be influenced by pre-conditioning regimes, such as
prior radiation or chemotherapy with fludarabine or cyclophosphamide (Dudley et al. 2008;
Klebanoff, Khong, et al. 2005; Uttenthal et al. 2012). The resulting depletion of circulating T
cells is supposed to promote in vivo expansion of the introduced transgenic T cells by
preventing competition for cytokines and reduces the number of regulatory T cells (Treg),
which are in case of presence involved in the inhibition of the anti-tumoral effect of transgene
T cells (Paulos et al. 2007; Gattinoni et al. 2005; Schmitt, Ragnarsson, and Greenberg
2009).

As “living drug” doses of transgenic T cells engraft and expand after the transfer in vivo,

however the extent of these procedures are individual in all patients, thus the number of
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administered cells is not predictive for the actual amount of effector and persistent cells and
doesn’'t seem to correlate to defined clinical outcomes (Davila and Brentjens 2013). This
remains dependent at least from conditioning regimes, the volume of tumor burden, the
engineered T-cell population and the patient himself. Although the initial administered cell
dose is less revealing, clinical studies with complete responses and cell persistence for
longer than 6 month of anti-CD19 CAR T-cells, indicate the more important role of cell
proliferation and persistence (Kalos et al. 2011; Porter et al. 2011).

Despite of the promising results in clinical trials using CAR and TCR engineered T cells for
adoptive T cell therapy, potential safety risks are related to this therapy method. Activities
described as “on-target, off-tumor” or “off-target, off-tumor” toxicities and cytokine release
syndrome (CRS) have been observed in past clinical trials (Casucci et al. 2015). “On-target,
off-tumor” toxicities are resulting from expression of the targeted tumor-associated antigen in
healthy tissues. For instance, this effect was observed in a study using T cells expressing
MART-1 directed TCRs, destructing melanocyte rich tissues, such as skin, eyes and in the
inner ear (Johnson et al. 2009). In another trial the application of carcinoembryonic antigen
(CEA) targeting TCR transgenic T cells resulted in transient severe and inflammatory colitis,
which was related to reactivity of the T cells to the colonic mucosa expressing CEA
(Parkhurst et al. 2011). Also in study cases with CAR transgenic T cells “on-target, off-tumor”
activities were reported, as for the trial using CAR T cells targeting carboxy-anhydrase-1X
(CAIX) in metastatic renal cell carcinoma, where cholestasis occurred in patients due to
CAIX expression around the bile ducts and resulting T-cell infiltration (Lamers et al. 2006).
Clinical therapy attempts with CD19 directed CAR-T cells for acute lymphoid leukemia
showed this type of toxicity in continuous depletion of normal B cells, however this has been
successfully manageable by gamma-globulin replacement (Brentjens et al. 2013; Grupp et
al. 2013). However, in trials involving CD19 directed CAR-T cells the more severe and
unpredictable cytokine release syndrome was observed, which are manifested as rapid

immune reaction driven by an excessive release of inflammatory cytokines, such as INF-y
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and IL-6 (Brentjens et al. 2011). Particularly the increased release of IL-6 is likely related to a
macrophage activation syndrome (MAS), manifested by the life-threatening clinical
symptoms of fever, hypotension and haemophagocytic syndrome (Casucci et al. 2015).
Interventions with positive effects to forestall the consequences of CRS are reported as the
administration of the IL-6 receptor antagonist Tocilizumab and splitting the dose of CAR
transgenic T cells over several days accompanied by strict monitoring of the patient (Ertl et
al. 2011; Barrett, Teachey, and Grupp 2014; Teachey et al. 2013). Nevertheless, treatment
and monitoring strategies need to be optimized or predictive biomarkers need to be
evaluated as recently reported (Teachey et al. 2016), as CRS remains a significant matter for
the safety of CAR T-cell treatment.

“Off-target, off-tumor” toxicities of TCR modified T cells are driven by cross-antigen
recognition or generation of unpredicted specificities cross-reactivity arises from the ability of
TCRs to recognize presented short epitopes, which likely resemble to antigens expressed in
non-cancerious tissues. For instance, such activities have been observed in a study for
melanoma and myeloma patients using HLA-Al-restricted and ex vivo affinity enhanced
MAGE-A3 directed TCR transgenic T cells resulting in lethal cardiac toxicity in two cases,
being related to the recognition of the HLA-AL restricted peptide deriving from the contractile
protein titin (Linette et al. 2013; Cameron et al. 2013). Despite lacking incidences in clinical
trials, the risk of building unpredicted specificities by TCR-mispairing with native TCRs is
present and has been demonstrated at least in a pre-clinical setting in mice (Bendle et al.
2010). This potential issue is proposed to be prevented for example by including codon
optimization, introduction of disulfide bridges (S-S) between constant regions or introduction
of a murine sequence in the constant region for preferred pairing of the introduced TCR

chains (Cohen et al. 2006; Kuball et al. 2007; Scholten et al. 2006).
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1.3 T-CELL IMAGING

Adoptive T-cell therapy provide until how promising outcomes in pre-clinical and clinical
studies leading very likely to future drug approvals. However, the unpredictable and
individual findings in terms of efficacy and safety prove that surveillance tools for measuring
several factors, such as T-cell engraftment, proliferation, trafficking and final therapeutic
outcome, are missing and urgently needed.

To date response to T cell-based therapies was determined by tumor growth and size a long
period after completion of treatment. The response manifest either in a decrease in size,
clinically stable disease, new or enlarging tumor not being associated with disease
progression, but preceding a later decrease of tumor burden, or immune-mediated toxic
effects, which may be misdiagnosed as non-treatment-related process leading to delayed
appropriate clinical management (Hoos 2012; Wolchok et al. 2009). Due to these variations
of responses and the need to improve treatment management, the therapeutic T cells require
a real-time and prompt in vivo visualization after administration, particularly in form of
clinically applicable non-invasive tracking methods for complementing conservative
monitoring methods, such as blood sampling and invasive biopsies. In recent years, several
approaches with different modalities evolved from the challenging demand to track non-
invasively the presence, distribution, viability and quantity of therapeutic T cells. Therefore,
techniques for the modalities optical imaging [Bioluminescence (BLI) and fluorescence
imaging (FLI)], magnetic resonance imaging (MRI) and positron-emission tomography (PET)
imaging are of particular interest and have inherent advantages and disadvantages regarding

various aspects for the potential clinical application in T-cell based immunotherapy (table 1).
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I MRI 10°3to 10°M
Sensitivity [ PET | 10to 1012M
Ont 10°to 10°*2M (FLI); 10*5to 10" M (BLI)
I MR | Unlimited
vELe PET I Unlimited
penetration
Onbt >2cm
| MR | ~ 1 mm (clinical), <0.1 mm (preclinical)
Spat'?' | PET ~ 5-10 mm (clinical), 1-2 mm (preclinical)
resolution
Oot ~2-5mm
[ MRI Yes
PET |
Potential ves
for clinical Ont Limited for in vivo T-cell imaging [however
tranlation fluorescence-guided surgery provides great
advantages (Nguyen and Tsien 2013)]
MR |
Throughput I
(in vitro) PEL
Opt
I MRI
Throughput | PET |
(in vivo) o
I MR |
Cost I PET |
Onpt

Low

Table 1. Characteristics of molecular imaging modalities for T-cell tracking.

Opt = optical imaging, including bioluminescence and fluorescence imaging [modified from Kircher et
al., 2011 (Kircher, Gambhir, and Grimm 2011) and Liu and Li, 2014 (Liu and Li 2014)].

1.4 IN VIVO T-CELL IMAGING BY PET

So far, most approaches to evaluate immune responses were conducted in the clinic by PET

or single-photon emission computed tomography (SPECT) (Hildebrandt and Gambhir 2004,

Kircher, Gambhir, and Grimm 2011), while preclinical studies utilize beside of the adapted

clinical modalities PET, SPECT and MRI also fluorescent and bioluminescence imaging. As
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indicated in table 1, advantages of optical imaging techniques are their high sensitivities
beneath picomolar ranges and their instant applicability in in vitro and preclinical in vivo
studies to affordable conditions. Although several studies proved sensitive intravital T-cell
imaging in animal models (Perez et al. 2015; Rabinovich et al. 2008; Mezzanotte et al. 2014,
Charo et al. 2011; Prins et al. 2008; Chewning et al. 2009), the implementation of optical
imaging remains reserved for small animal studies due to its poor tissue penetration
representing the criterion of exclusion for clinical translation.

Imaging with MR is accompanied by exceptional spatial resolution, unlimited tissue
penetration and a potential for clinical translation due to its extensive use in the clinic for
tissue imaging. To date, most preclinical MRI studies on tracking T cells in vivo are based on
direct cell labeling with modified superparamagnetic iron oxide nanoparticles (SPION) and
imaging for various pathological conditions, such as brain ischemia, rheumatoid arthritis and
in tumors (Chen et al. 2017; Li et al. 2016; Jin et al. 2016; Kircher et al. 2003; Leech et al.
2013). Also, the multi-modal application of PET/MR came into consideration by labeling CAR
transgenic T cells with SPION-Copper-64, which has been however tested only in an in vitro
B-cell lymphoma model (Bhatnagar et al. 2014). Furthermore, 19F-MRI after direct labeling
with perfluorocarbon (PFC) or self-assembling nanocomplexes with ferumoxytol, heparin and
protamine were employed for T-cell tracking in vivo (Gonzales et al. 2016; Hitchens et al.
2015; Thu et al. 2012). The studies resulted in promising images, particularly in combination
with additional anatomical information. However, the tracking strategies are limited to pre-
labeled T cells and do not take account of T cells deriving from proliferation, thus quantitative
evaluation of MRI methods remains difficult.

Beside of the high sensitivity and unlimited tissue penetration, the greatest advantage of PET
is that technologies developed preclinically can be applied directly to clinical situations, which
allows quick translation of the methods (Phelps 2000). Monitoring immune responses and T-

cells in the context of immunotherapy were conducted so far by different approaches using
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PET, such as direct labeling of immune cells with radionuclides, reporter-gene imaging, using

radioactive metabolite probes and immuno-PET.

1.4.1 Direct radiolabeling of T cells for tracking in vivo

One of the earliest approaches to visualize leukocytes by scintigraphy was to radiolabel the
cells ex vivo with gamma-emitting radionuclides, such as °°™Tc or !!In, to visualize them
after infusion in the context of infections and inflammations (Peters 1994; Roddie et al. 1988;
Hughes 2003; Datz 1994). This approach was broadened to PET compatible radionuclides,
particularly F-18, Cu-64 and Zr-89, as some clinical applications required the enhanced
sensitivity and resolutions of clinical PET scanners (Rahmim and Zaidi 2008). The ex vivo
radiolabeling methods were applied for various immune cells for different purposes in vivo
and are summarized with their advantages or limitations in table 2. However, the major
drawback of this method for tracking immune cells in vivo, is that longitudinal studies post

transfer cannot be performed due to dilution of the related signal and that quantitative

evaluations are not possible, as proliferating cells are not included in the imaging.

Labeling Labeled cell type & Advantage/ Reference
agent Purpose Limitation
9¥mTc-HMPAO  Leukocytes - still in clinical use (Roddie et al. 1988)

for infection and
inflammation imaging

- not suitable for detection
of small cell numbers

- low sensitivity of clinical
SPECT

(Peters 1994)
(Hughes 2003)

1ln-oxine - Leukocytes for - reduced cell viability (Datz 1994)
infection and - low sensitivity and (Bhargava et al. 2009)
inflammation imaging resolution of clinical (Hughes 2003)
- Tumor-specific CTLs  SPECT (Pittet et al. 2007)
after adoptive transfer (Parente-Pereira et al.
therapy 2011)
- Tumor-specific CAR
T cells

BE-FDG Leukocytes - rapid efflux (Botti et al. 1997)

for infection and
inflammation imaging

- low radiolabeling
efficiency in cells with low
glucose metabolism

(Forstrom et al. 2000)
(Bhargava et al. 2009)
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- too short half-life
- reduced cell functionality

and viability
BFE-FBEM T lymphocytes for - better labeling efficiency (Lacroix et al. 2013)
tracking homing than 8F-FDG

- no impairment of T-cell
functionality
- too short half-life

84Cu-PTSM - Lymphocytes for -longer cell-tracking (Adonai et al. 2002)
tracking cell trafficking  periods due to longer half-  (Griessinger et al. 2014)
- OVA-Th1 cells for life

tracking cell trafficking - no impairment of T-cell
viability and proliferation
- induction of increased

DNA damage
897r-Oxine - CTLs, NK cells, DCs, - high retention efficiency (Charoenphun et al. 2015)
89Zr-DBN - Leukocytes - high efflux rates (esp. in (Sato et al. 2015)
897r/%4Cu- NK cells) (Bansal et al. 2015)
chitosan - reduced cell viability (Fairclough et al. 2016)
nanoparticles - released 8°Zr

accumulates in the bone

Table 2. Approaches for direct radiolabeling of immune cells for imaging in vivo by SPECT/ PET.

1.4.2 Small molecule metabolite probes

PET probes based on metabolite substrates, being modified with radionuclides, such as F-
18, are already widely used in the clinic. Among other small molecule drugs, these probes
include mostly analogs of glucose, nucleosides or amino acids, which are accumulating after
injection at increased levels in tissues, where metabolic activity is elevated compared to
other tissues (Serdons, Verbruggen, and Bormans 2009). Applications and experiences with
probes used for the detection of immune-cell accumulation in vivo are summarized in table 3.
The major limitation of metabolite PET probes for imaging T cells in the tumor environment
is, that most tumor cells show enhanced metabolic activity, resulting in simultaneous probe
uptake, which makes the evaluation of immune cell infiltration difficult (Gambhir 2002).
Furthermore, the uptake of the probes is not restricted only to T cells and not all T cells bear
the same metabolic demands, which are dependent for instance from their location or

differentiation and activation state.
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Probe Application type Advantage/ Reference
Limitation
BE-FDG Glucose analog for - F-FDG already in clinical use  (Radu et al. 2007)
measuring enhanced and widely available (Matsui et al. 2009)
glucose accumulation - Restricted to inflammation (Irmler et al. 2010)
in inflammatory lesions,  imaging. Most tumors are highly
due to increased T-cell glycolytic:
infiltration difficulty to distinguish signals
BE-FLT Substrate analog for - Difficult to distinguish T-cell (Wagner et al. 2003)
TK1 for measuring cell proliferation from other cells (Ribas et al. 2010)
proliferation in vivo - high endogenous thymidine
amount in humans may hamper
sensitivity

- suitable for measurements of
hematopoietic tissues, but not
for tumor tissues (see 8F-FDG)

BE-FAC Analog for dCK - more specific than *¥F-FDG/- (Radu et al. 2008)
(enzyme in nucleoside FLT (Toy et al. 2010)
salvage pathway, highly - poor discrimination from tumor- (Nair-Gill et al. 2010)
expressed in activated infiltrating T-cells (Antonios et al. 2017)
lymphocytes)

Table 3. Metabolite analogs as PET probes for imaging T-cell infiltration and function in vivo.

1.4.3 Reporter gene imaging

A further strategy to track T cells in vivo is the introduction of reporter genes functioning as
transporters or enzymes by the use of their radioactive probes (Herschman 2004). In
comparison to direct labeling and the use of metabolic probes the expression of PET reporter
genes overcome challenges regarding long-run imaging studies of expanding cells and
accuracy, as probes are actively transported and accumulated in every functional and living
cell. To date, most studies are conducted by the reporter gene herpes simplex virus
thymidine kinase 1 (HSV1-tk), which has been also translated into clinical use (Yaghoubi et
al. 2009). Table 4 summarizes all reporter genes used for T-cell imaging so far, particularly in
the context of adoptive transfer in vivo, and points out advantages and limitations of the
systems. The major disadvantage of this approach is the genetic modification of the cells,
additionally to the insertion of tumor-specific TCRs or CARs, bearing the risk of
immunogenicity from the expression of the foreign protein, which originates from virus

particles (Berger et al. 2006; Traversari et al. 2007). Using reporter genes deriving from the
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human system, such as the human sodium iodine symporter (hNIS), human norepinephrine
transporter (hNET) or the human deoxycytidine kinase triple mutant (hdCK3mut),
immunogenicity can be prevented, however non-specific signals may be related due to

expression in other tissues.

Reporter Modified cell type Advantage/ Reference

gene & purpose Limitation

HSV1-tk T lymphocytes - additional safety feature  (Koehne et al. 2003)
TCR transgenic T cells/ as suicide gene (Dubey et al. 2003)
CTLs/ hematopoietic stem - experience in the clinic (Dobrenkov et al. 2008)
cells (HSC) after adoptive - immunogenic (Shu et al. 2009)
transfer - risk of insertional (Vatakis et al. 2011)

mutagenesis (Gschweng et al. 2014)

hNIS T cells after s.c. injection - human origin, (Moroz et al. 2015)

hNET (EBV-specific) T cells after ~ non-immunogenic (Doubrovin et al. 2007)
adoptive transfer or s.c. - gene expression in other  (Moroz et al. 2015)
injection tissues resulting in

hdCKDM CAR transgenic T cells background signals (Likar et al. 2010)

TCR transgenic HSCs and
PBMCs after adoptive
transfer

- non-specific uptake of
reporter probes resulting
in background signals

- mutant variants of
reporter genes bear risk
of immunogenicity

- risk of insertional
mutagenesis

(McCracken et al. 2013)
(McCracken et al. 2015)

Table 4. Reporter genes inserted in immune cells and used for PET imaging in vivo.

1.4.4 Immuno-PET

A further method for in vivo T-cell detection is the targeting of T-cell epitopes by radiolabeled
biomolecules, particularly antibody derived vectors. This approach is based on the strategy
applied in radioimmunotherapy (RIT), where radiolabeled antibodies are used for cytotoxic
radiation of the target cell, which has proven successfully in the clinic (Milenic, Brady, and
Brechbiel 2004). The validated use of antibodies for targeting cell epitopes in vivo led to the
utilization for the diagnostic purpose as surrogate markers in PET. The advantage of this
technique compared to reporter gene imaging is the avoidance of further genetic

manipulation of the T cells, being a crucial factor for the clinical translation due to technical
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and regulatory terms. With advances in the field of antibody engineering, availability of
various radionuclides and PET devices in preclinic and clinic, the translational potential of
this approach is promising and yielded in the last years first approaches towards T-cell
imaging in the context of immunotherapy. Table 5 describes studies conducted with different
radiotracer types for T-cell imaging in the preclinical setting so far. By developing protein-
based radiotracer, in the first place T-cell targeting whole antibodies can be used as shown
in the studies of Griessinger et al. (Griessinger et al. 2015) and England et al. (England et al.
2017). Full antibodies are with about 150 kDa quite big in size, thus having a quite long
plasma half-life, which requires positron-emitters with appropriate half-lives until image
acquisition is performed. For this purpose longer-lived radionuclides, such as %Cu, 24l and
87r are good candidates and showed suitable properties in clinical immuno-PET (van
Dongen et al. 2007). To overcome the delay time of several days between administration and
imaging of full antibody based radiotracer due to their long plasma half-life, enzymatically
generated or engineered antibody fragments represent valuable alternatives, as they are
reduced in size, while specificity and affinity are retained (Wu 2014). For that, Fab and
F(ab’), fragments (~50 and 110 kDa) come into question or engineered fragments, such as
single chain variable fragments (scFv; ~25 kDa), minibodies (Mb, ~80 kDa) or diabodies (Db,
~50 kDa). The application of different biomolecules for targeting entails optimization
procedures related to chelator and radionuclide selection based on half-life, as well as the
evaluation of various characteristics in vitro and in vivo, among others like affinity,

internalization, stability and impact on T-cell functionality before imaging data are further

evaluated.
Radiotracer Targeted cell Advantage/ Reference
type Limitation
64Cu-DOTA-mADb TCR transgenic - internalization of the (Griessinger et al.
Thl cells radiotracer, low efflux rate 2015)
- specific homing shown in two
models

- missing information about
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897r-Df-mAb PD-1 expressing
(Nivolumab) T cells

84Cu-NOTA-minibody CD8+
lymphocytes

87r-Df-cys-diabody =~ CD8+ and
CD4+
lymphocytes

radiotracer quality in vitro/ in
Vivo

- mAb is supposed to induce
activation of the T cells

- only direct labeling of the cells
and no injection of the tracer

- DSB expression and cell death
at low activities and early time
points

- study refers only to murine T
cells

- usage of humanized mouse
model

- low specific activity reported
(0.018 pCi/ug)

- imaging with high radiotracer
activity doses (5-10 MBq)

- high background signals and
late optimal tumor contrast

(168 h)

- retained specificity,

but low affinity

- non-specific uptake in the liver
due to trans-chelation of ®Cu to
enzymes

- supposed
aggregation/multimerization

- study refers only to murine T
cells

- suitable radiotracer quality and
retained affinity in nanomolar
range

- imaging at low activity dose in
different immunotherapeutic
models
-aggregation/multimerization

- Db decreases CD4 expression
and cytokine release

- dose dependent proliferation
impairment of T cells

- studies refer only to murine T
cells

(England et al. 2017)

(Tavare et al. 2014)

(Tavare et al. 2015)
(Tavare et al. 2016)
(Freise et al. 2017)

Table 5. Immuno-PET tracer used in preclinical studies for in vivo T-cell imaging.
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2 AIM OF THIS STUDY

The adoptive transfer of tumor-directed T-cell receptor (TCR) transgenic T cells in the
context of cancer immunotherapy is currently becoming an increasingly promising treatment
option. TCR-transgenic T cells targeting tumor-associated antigens showed positive clinical
outcomes, particularly in patients with melanoma and synovial sarcoma (Morgan et al. 2006;
Johnson et al. 2009; Rapoport et al. 2015; Robbins et al. 2015). However various transgenic
T cell based clinical trials revealed beside of the therapeutic response adverse effects
resulting in few cases even in fatal events (Linette et al. 2013; Parkhurst et al. 2011; Morgan
et al. 2013). On the one hand the understanding of the efficacy of T-cell based
immunotherapy regarding T-cell behavior in vivo needs to be explored for further
development and optimization of this therapeutic approach, on the other side the potential
risk of this therapy requires monitoring tools for appropriate clinical surveillance. For these
issues non-invasive in vivo imaging technologies for transgenic therapeutic T cells are
required with the potential for customization and clinical implementation. In this study we
aimed to establish a tracking method for TCR transgenic T cells using the PET modality and
to characterize the used radiotracer for the in vivo application as well as the accuracy and
sensitivity of this technique. The developed radiotracer was characterized for antigen affinity,
immunoreactivity, influence on T-cell functionality and stability in vitro and in vivo as well as
for its impact on T-cell function and viability. The evaluated radiotracer was applied in a
clinical relevant animal model for proving specific recognition and tracking of the TCR
transgenic T cells by PET. Furthermore, the developed technique was evaluated for its
sensitivity regarding engrafted T-cell number and associated PET image. The gained data
were evaluated in several studies for reliability and allowed first calculations of correlations of

different parameters deriving from the animal imaging experiments in the presented model.
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3 MATERIAL

3 MATERIAL

3.1 TECHNICAL EQUIPMENT

Device

Company

8-channel pipette 30-300 pl
Analytical balance 440-35N
Analytical balance AC210S

Analytical balance SI-64

Aperio AT2 scanner

Axiovert 40C microscope

Ball mill Micro-Dismembrator I
CelloShaker Variospeed
Centrifuge 5417R

Centrifuge 5810R

Centrifuge Biofuge 13
Centrifuge J2-HS

Centrifuge Megafuge 1.0R
Combitips 5/10 ml

Cryotome CM1950

DAKO Autostainer

Freezer (-20 °C)
Freezer (-80 °C)

Gamma counter 1480Wizard3

Gamma counter 2480Wizard?2

Gilson Pipette PIPETMAN Classic 0.2-2/

1-10/20-100/200-1000 pl

Imaging plate scanner HDCR35 Bio

Incubator BBD6220

Inveon small animal PET/CT scanner

Eppendorf AG, Hamburg, Germany
Denver Instrument, Goéttingen, Germany

Sartorius, Goéttingen, Germany
Denver Instrument, Goéttingen, Germany

Leica Biosystems, Nussloch, Germany
Carl Zeiss Microscopy, Oberkochen,

Germany

B. Braun, Melsungen, Germany
Chemetron, Milan, Italy

Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Heraeus, Hanau, Germany

Beckman Coulter, Brea, USA
Heraeus, Hanau, Germany

Eppendorf AG, Hamburg, Germany
Leica Biosystems, Nussloch, Germany
Dako, Agilent Technologies, Glostrup,
Denmark

Liebherr-International AG, Bulle, Switzerland
Buchner Labortechnik, Pfaffenhofen,
Germany

Wallac, PerkinElmer, Waltham, USA
PerkinElmer, Waltham, USA

Gilson, Middleton, Germany

Durr NDT, Bietigheim-Bissingen, Germany
Heraeus Holding, Hanau, Germany

Siemens, Knoxville, USA
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3 MATERIAL

Irradiation Cabinet

Laminar Flow

Laminar Flow HERAsafe

LC-20A Prominenc HPLC system

LSRII cytometer
MACS MultiStand

MACSmix Tube Rotator

Magnet agitator
Magnetic stirrer and heater RCT basic

Microplate reader (Sunrise)
Microscope BX53

MidiMACSTM Separator

Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell

Nanophotometer

Neubauer Counting Chamber
Odyssey Infrared Imaging system
Pipetboy

Pipetus

Radio-TLC-scanner

Repeater pipette 4780

Rotary microtome HM 325
SE-HPLC BioSep™

(SEC-s3000 LC Column)
Shaking-hybridization oven OV3
Single-channel pipettes 0.1-2.5/2-20/
20-100/100-1000 pl

Temperature control ETS-D4 fuzzy
Thermomixer comfort

Vortexer

Vortexer Vibrofix VF1

Gulmay, Byfleet, UK
BDK, Sonnenbuhl-Genkigen, Germany
Heraeus Holding, Hanau, Germany

Shimadzu, Nakagyo-ku, Kyoto, Japan

BD bioscience, Franklin Lakes, USA
Miltenyi Biotec, Bergisch Gladbach,
Germany

Miltenyi Biotec, Bergisch Gladbach,
Germany

Janke & Kunkel, Staufen, Germany
IKA, Staufen im Breisgau, Germany

Tecan, Mannnedorf, Switzerland
Olympus, Tokio, Japan

Miltenyi Biotec, Bergisch Gladbach,
Germany

Bio-Rad Laboratories, Hercules, USA

Implen GmbH, Munich, Germany

Karl Hech, Sondheim/R6hn, Germany
LI-COR Biosciences, Lincoln, USA
INTEGRA Biosciences, Fernwald, Germany
Hirschmann, Eberstadt, Germany

Eckert & Ziegler, Berlin, Germany
Eppendorf AG, Hamburg, Germany
Thermo Fischer Scientific, Waltham, USA
Phenomenex, Aschaffenburg, Germany

Biometra, Gottingen, Germany

Eppendorf AG, Hamburg, Germany

IKA, Staufen im Breisgau, Germany
Eppendorf AG, Hamburg, Germany
Bender & Hobe, Switzerland

IKA, Staufen im Breisgau, Germany
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3 MATERIAL

X-Ray cassette

Rego X-ray GmbH, Augsburg, Germany

Table 6. Technical equipment

3.2 CONSUMABLE SUPPLIES

Consumable

Company

50 ml/15 ml tube

Polystyrene tubes 4.5 ml

Aspiration pipette (2 ml)

Cell culture flask

Cell culture treated 6/12/24/96 well plates

Cell culture treated 96 well U-bottom plates

Cell strainer (40 um)

Chromatography paper (iTLC-SA)
CryoPure tube (1,6 ml)

Filter tips (10 ul, 200 pl, 1000 ul)
Freezing Container

Gloves latex

Gloves nitrile

Gloves nitrile

ImmunoPlates

Inoculating loops

MACS cell separation Columns (LD, LS,
MS)

Microtubes (1.2 ml)

Non-treated 6/24/96 well F-bottom plates
Nunc MaxiSorp ELISA plate

Object slides SuperFrost Plus

Parafilm

Phosphor imaging plate

Pipette tips (10 ul, 200 pl, 1000 pl)

BD bioscience, Franklin Lakes, USA

Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

Greiner Bio-One, Frickenhausen, Germany
TPP Techno Plastic products,
Trasadingen, Switzerland

TPP Techno Plastic products,
Trasadingen, Switzerland

BD bioscience, Franklin Lakes, USA
Agilent Technologies, Santa Clara, USA
Sarstedt, NUmbrecht, Germany

Sarstedt, NUumbrecht, Germany

Nunc, Roskilde, Denmark

Sempermed, Wien, Austria

KCL, Eichenzell, Germany

Sempermed, Wien, Austria

Nunc, Roskilde, Denmark

VWR, Darmstadt, Germany

Miltenyi Biotec, Bergisch Gladbach,
Germany

Alpha laboratories, Hampshire, UK

Greiner Bio-One, Frickenhausen, Germany
Nunc, Roskilde, Denmark

Thermo Fischer Scientific, Waltham, USA
Pechiney Plastic Packaging, Chicago, USA
Fuijifilm, Tokyo, Japan

Sarstedt, NUmbrecht, Germany
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3 MATERIAL

Protein LoBind Tubes

Reaction tubes (0.5 ul)

Reaction tubes (1.5 pl and 2 ml)
Round bottom flow cytometry tubes
Sealing foil

Sephadex G-25 M, PD10 column
Serological pipettes (2/5/10/25/50 ml)
Stericup 0,22 ym Vacuum Filter Units
Sub-Q syringes (1 ml)

Syringe filter (0.22 pm)

Syringe filter (0.45 um)

Single-use syringes, Injekt-F 1 ml

Disposal hypodermic needles 26 G/30 G

Eppendorf AG, Hamburg, Germany
Peglab Biotechnologie, Erlangen, Germany
Sarstedt, Nimbrecht, Germany

BD bioscience, Franklin Lakes, USA
Alpha laboratories, Hampshire, UK
GE Healthcare, Buckinghamshire, UK
Sarstedt, NUmbrecht, Germany
Merck Millipore, Darmstadt, Germany
BD bioscience, Franklin Lakes, USA
Merck, Darmstadt, Germany

TPP Techno Plastic products,
Trasadingen, Switzerland

B. Braun, Melsungen, Germany

B. Braun, Melsungen, Germany

Table 7. Consumable supplies

3.3 REAGENTS AND CHEMICALS

Reagent

Company

1,4 Dithiothreitol (DTT)

10 % Neutral buffered formalin
7-Aminoactinomycine D (7-AAD)
AccuCheck Counting beads
Agarose

AIM-V

Ammonium persulfate (APS)
Bovine serum albumine (BSA)
Citric acid

Coomassie Brilliant Blue
Desferrioxamine (DFO-Bz-NCS)
Diaminobenzidine (DAB)
Disodium phosphate

DMEM

DMSO

Sigma-Aldrich, Taufkirchen, Germany
Leica Biosystems, Nussloch, Germany
Sigma-Aldrich, Taufkirchen, Germany
Invitrogen, Carlsbad, USA

Roth, Karlsruhe, Germany

Invitrogen, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Bio-Rad Laboratories, Hercules, USA
Macrocyclics, Inc, Dallas, USA
Medac Diagnostica, Wedel, Germany
Sigma-Aldrich, Taufkirchen, Germany
Invitrogen, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
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D-PBS
EDTA
EnVision+ System- HRP labelled Polymer

Eosin

Ethanol

Ethidium Bromide
Ethidium monoazide (EMA)
Fetal bovine Serum (FCS)
Ficoll

Gentisic acid

Glacial acetic acid

Glycine

Goat serum

H2SO4 (1 M)
Haematoxylin

Hanks' Balanced Salt Solution (HBSS)
HCI 37 %

HEPES

Human IFN-y ELISA Standard
Human serum

Isoflurane

Isopropyl alcohol
L-Glutamine

Methanol

Milk powder

Monosodium phosphate
Mycophenolic acid (MPA)
Na,COs3

NaCl

NaHCO3

NaN3

NaOH

Non-essential amino acids
Oxalic acid
Paraformaldehyde (PFA)

Invitrogen, Carlsbad, USA

Invitrogen, Carlsbad, USA

Dako, Agilent Technologies, Glostrup,
Denmark

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Roth, Karlsruhe, Germany

Thermo Fischer Scientific, Waltham, USA
Invitrogen, Carlsbad, USA

Biochrom, Berlin, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Abcam, Cambridge; UK

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany
Invitrogen, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Invitrogen, Carlsbad, USA

Thermo Fischer Scientific, Waltham, USA
TU Munich, Minchen Germany

CP Pharma, Burgendorf, Germany
Merck, Darmstadt, Germany
Invitrogen, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Invitrogen, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
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Penicilline/Streptomycine
peqGOLD Protein Marker V

Pertex mounting medium

Protamine sulfate

RetroNectin

Roti®-Load 1 reducing protein loading
buffer

Roti®-Load 2 non-reducing protein loading
buffer

Rotiphorese® Gel 40

RPMI

Sodium acetate

Sodium Dodecyl Sulfate (SDS)
Sodium Pyruvate

Target retrieval solution, citrate pH 6

TEMED

TransIT Transfection Reagent
TRIS

Trypsine EDTA (0.5 %)

Tween20

Typan blue

Ultra-low IgG Fetal Bovine Serum
Xylene

Zirconium-89

Invitrogen, Carlsbad, USA

VWR, Radnor, USA

Histolab Products AB, Vastra Frolunda,
Sweden

MP Biomedicals, lllkirch, France
Takara, Japan

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Invitrogen, Carlsbad, USA

Sigma-Aldrich, Taufkirchen, Germany
Bio-Rad Laboratories, Hercules, USA
Invitrogen, Carlsbad, USA

Dako, Agilent Technologies, Glostrup,
Denmark

Sigma-Aldrich, Taufkirchen, Germany
Mirus, Madison, USA

Sigma-Aldrich, Taufkirchen, Germany

PAA laboratories, Pasching, Austria

Sigma Aldrich, Taufkirchen, Germany
Invitrogen, Carlsbad, USA

BIO&SELL, Feucht bei Nurnberg, Germany
Sigma Aldrich, Taufkirchen, Germany

BV Cyclotron VU, Amsterdam, Netherlands

Table 8. Reagents and chemicals

3.4 KITS

Reagent Company

Anti-PE/Anti-APC/Anti-FITC Microbeads Miltenyi  Biotec, Bergisch Gladbach,
Germany

Pierce™ BCA Protein Assay Kit

Thermo Fischer Scientific, Waltham, USA
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Dynabeads human T activator CD3/CD28
FIX & PERM® Cell Fixation & Cell
Permeabilization Kit

Human IFNy ELISA Set

Pierce™ F(ab‘), Preparation Kit

Invitrogen, Carlsbad, USA
Thermo Fischer Scientific, Waltham, USA

BD Bioscience, Franklin Lakes, USA
Thermo Fischer Scientific, Waltham, USA

