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4. Abstract

The transfer of T cells, either freshly isolated, in vitro expanded or further modified, represents
a promising therapeutic approach not only to fight malignancies or infectious diseases but also
to dampen misdirected immune responses, like autoimmune diseases, graft versus host disease
or chronic inflammatory syndromes. Clinical isolation of highly pure regulatory T cell (Treg)
populations is still challenging, and labeling reagents can influence their viability and
functionality, potentially altering the potency of isolated Treg cell products. The reversible Fab
Multimer-based Treg purification, established during this thesis, can prevent label-induced
interferences, occurring during conventional antibody isolation, in vitro, and in vivo. A
substantial increase in engraftment efficacy of Treg grafts in C57BL/6 wildtype mice was
observed when the cells were freed from isolation reagents. This difference in engraftment
efficacy was mediated by Fc-y-receptor- as well as IL-2 receptor-dependent mechanisms. In a
preclinical model for acute GvHD, it was revealed that these ‘label-freed’ Treg grafts are
protective at substantially lower cell numbers as compared to conventional non-reversible
isolated grafts, leading to a significantly improved survival of mice treated with minimally
manipulated Tregs. These findings might have significant clinical relevance for future Treg-

based cell therapies.



5. Introduction

5.1. Hematopoietic Stem Cell Transplantation

Hematopoietic Stem Cells (HSC) are the best-characterized adult tissue stem cells and are one
of the few cell types used in the clinical routine for cell therapy (Mller & Henschler, 2016).
HSC Transplantation (HSCT) is an organ replacement therapy in which multipotent
hematopoietic stem cells, which are derived from bone marrow (BM), peripheral blood, or
umbilical cord blood of healthy donors, are transferred into patients to be used for the
management of a range of malignant and non-malignant diseases of the hematopoietic system
and for the treatment of immunodeficiencies (Boieri M, Shah P, Dressel R, 2016; Mdller &
Henschler, 2016). The patient’s diseased hematopoietic system is eradicated by myeloablative
radiotherapy and chemotherapy. Afterwards, donor stem cells are infused and can replenish the
hematopoietic niche possibly curing the patient of its disease. Barnes et al. first described
successful HSCT in 1956 and 1957 using an animal model demonstrating that HSCT can be
used to eradicate recipient tumor cells in mice (Barnes & Loutit, 1957; Barnes DW, Corp MJ,
Loutit JF, 1956). However, early studies already observed that some animals died of a
secondary “wasting disease” consisting of diarrhea, weight loss, skin inflammation, and liver
disease, after having cleared the leukemic cells (Barnes, Loutit, & Micklem, 1962). These
symptoms are still a potential side effect of HSCT and were later on termed Graft versus Host
Disease (GvHD). In 1962, Thomas et al. demonstrated the first leukemia cure by HSCT in men
(Thomas & Ferrebee, 1962), but similar to the findings in mice; this patient died from
complications caused by GvHD. Nevertheless, no residual leukemia cells were found, making
evident that allotransplantation could be curative for hematologic malignancies if GvHD could
be overcome. Three years later the first case of successful long-term engraftment without GvHD
after allogeneic HSCT was reported by Mathé et al., shedding hope on the applicability of
HSCT in the treatment of cancer patients (Mathé, Amiel, Schwarzenberg, Catran, & Schneider,
1965). The identification of individual Human Leukocyte Antigens (HLA) in humans allowing
for donor and recipient HLA matching (van Rood, 1968) led to a new clinical trial by the
Thomas group. They reported 100 transplantations with 13 patients surviving without disease
1-4.5 years after HSCT (Thomas et al., 1977), showing the power of the immune system to
eradicate cancer. Application of allogeneic HSCT in the course of acute leukemia led to a cure
rate of 50% in AML patients transplanted in first remission (Thomas et al., 1979). The extension
of the donor pool from only including related donors to also including unrelated HLA matched
donors (Hansen et al., 1980) made a broad clinical application of HSCT possible. Despite the
early encountered adverse effects of HSCT, has proven to be very valuable in therapeutic usage
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in men, often as the only curative option for many hematological malignancies (Morales-
Tirado, Luszczek, van der Merwe, & Pillai, 2011).

Since its establishment in clinical routine, it has been shown that HSCT is not only a
replacement of the diseased organ but additionally, that donor immune cells kill remaining
cancer cells. This effect was termed Graft-versus-tumor effect (GvT) (F. Baron, 2005; Frédéric
Baron et al., 2005; Kolb, 2008). As immune cells are the primary mediators of this effect, GvT
can be boosted by additionally infusing donor lymphocytes (DLI) into the patient (Porter &
Levine, 2006). GvT can occur in allogeneic HSCT despite the HLA matching, as mismatches
in minor histocompatibility antigens can be detected by immune cells. These minor differences
can as well as mismatches in the major histocompatibility antigens lead to the induction of
GVvHD, which remains the major cause of morbidity after HSCT and is still a big hurdle for
broader applications of HSCT (Pasquini, Wang, Horowitz, & Gale, 2010).

5.2. GvHD the main adverse effect of HSCT

GVHD is a tissue damage disease occurring in recipients of allogeneic transplanted tissue as a
result of the activity of immunocompetent donor lymphocytes that recognize the tissue of the
recipient as foreign. GvHD has been described in the first successful HSCTs (Barnes et al.,
1962) and classically defined by Billingham in 1966 (Billingham, 1966). While the transplant-
related mortality has decreased due to better supportive care, enhanced treatment of severe
infections, and improved conditioning protocols that lowered the toxicity (Henig & Zuckerman,
2014), GvHD has been and still is the primary cause of morbidity and mortality after allogeneic
stem cell transplantation. Approximately 15% of HSC transplant recipients succumbing to it
after transplantation (Pasquini et al., 2010). Further, the incidence of GvHD stayed at this
constant high level for the last years although aggressive immunosuppressive therapies are used
after transplantation, as well as allele-level Human Leukocyte Antigen (HLA) matching
between donor and recipient (Pasquini et al., 2010). Though HSCT is the only curative option
for a variety of hematological diseases, the enormous adverse effect of GvHD still limits the
applicability of HSCT, much research is conducted on the reduction and management of GvHD
after HSCT (Blazar, Murphy, & Abedi, 2012; Edinger & Hoffmann, 2011; Wood, Bushell, &
Hester, 2012). As GVHD is a multi-factorial disease, the treatment of GvHD can be quite
complicated and requires in-depth mechanistic studies to delineate the involvement of the
different compartments of the immune system. A great deal of knowledge on the

pathophysiology of aGvHD is derived from animal models.
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Figure 1 acute GvHD. The initiation and maintenance of acute graft-versus-host disease (GVHD) has been
conceptualized into several phases: 1) Immune Priming phase: Activation and priming antigen-presenting cells
(APCs), via tissue destruction, and increases APC function. Additionally, the release of gut bacteria, pathogen-
associated molecular patterns (PAMPs) and chemokines during the conditioning phase can also lead to the activation
of innate immune cells that participate in direct tissue damage and contribute to the cytokine storm. Host
hematopoietic APCs probably have the most important role in the initiation of GVHD, but this may depend on the
model; the potential role of donor APCs and host non-hematopoietic APCs should not be ignored. 2) Antigen
presentation to and co-stimulation of T cells. Cytokines produced during the priming phase further promote antigen
presentation and the recruitment of effector T cells and innate immune cells, which further augment the pro-
inflammatory cytokine milieu. 3) T cell expansion and 4) Trafficking to organs of T cells, were 5) Finally, the effector
T cells, natural killer (NK) cells, macrophages and pro-inflammatory cytokines (such as tumor necrosis factor (TNF))
result in end-organ damage, which is clinically recognized as acute GVHD in the skin, lungs, gut and liver. Figure

modified from Schroeder & DiPersio, 2011
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5.2.1. GvHD in mice and implications for treatment in men
Clinical routine shows that GvHD can develop in two different forms that differ in
pathogenesis, symptoms, and organ involvement. Acute GvHD (aGvHD) affects up to 50% of
alloHSCT patients and accounts for 15% of post-transplantation mortality (Pasquini et al., 2010;
Qian, Wu, & Shen, 2013). Typical target tissues for aGvHD are the gastrointestinal tract, skin,
and liver, but other atypical tissues include kidneys, salivary glands, oral epithelium, and
thymus (McDonald, 2016; Toubai, Sun, & Reddy, 2008; Weisdorf, 2007). Acute GvHD
classically develops during the first 100 days after transplantation, but late forms of ‘aGvHD’
have also been described. Chronic GvHD (cGvHD) develops later, and it occurs in ~50% of
long-term survivors (Thepot et al., 2010). Chronic GvHD is associated with significant
morbidity and mortality and is still the leading cause of death in long-term survivors of HSCT
(Boieri, Shah, Dressel, & Inngjerdingen, 2016). The organs involved are mainly skin, mouth,
eye, and liver, and less frequently the gastrointestinal tract and lung. The pathogenesis of
cGVvHD is not understood, and the manifestations resemble an autoimmune disease
characterized by autoantibody production, chronic inflammation, and collagen deposition in
target tissues (Boieri et al., 2016). New studies showed that the two classical forms of GvHD,
aGvHD, and cGvHD, should be distinguished based on the constellation of symptoms, not the
time point of occurrence, making treatment of disease more effective (Filipovich et al., 2005).
Several mouse models have been established to resemble various forms of GvHD. Here | focus
on models and treatment of acute GvHD, as the project later on also focused on that topic. Most
models use the transfer of T cell depleted bone marrow into irradiated mice and then supplement
varying numbers and phenotypes of donor lymphocytes to induce GvHD, thereby closely
resembling the situation in human patients in a controlled manner. Cumulative data from several
mouse models showed that four factors are decisive for the outcome of GvHD.

The first factor influencing the severity of GvHD is the type and dose of T cell subsets
infused into recipient mice (Schroeder & DiPersio, 2011). Another determining factor is the
dose of irradiation, as it determines the degree of tissue damage and the subsequent cytokine
storm (Schroeder & DiPersio, 2011). In humans, the conditioning regimen used has also shown
to be a critical factor in GvHD (Alyea et al., 2006; Blazar et al., 2012; Weisdorf, 2007).
Environmental pathogens are the third crucial factor in GvHD pathogenesis (Nestel, Price,
Seemayer, & Lapp, 1992). Not only pathogens but also commensals, such as the gut flora have
an essential role. Thus, manipulation of the gut flora to make it less prone for GvHD induction
might be a favorable treatment option. Data from mouse studies already showed decreased

morbidity and mortality of animals following the administration of probiotic bacteria (Gerbitz
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et al., 2012). The fourth key player of GvHD is the genetic difference between donor and
recipient. Next, to the early identified induction of aGvHD by the mismatch of MHC (Barnes
etal., 1962; van Rood, 1968), it was observed that aGvHD could occur even in MHC matched
transplantation setting (Goulmy et al., 1996). In these transplantation settings, minor
histocompatibility antigens (MiHA) were found to induce GvHD. MiHAs are polymorphic
genes presented via MHC molecules as processed peptides and are not negatively selected in
the donor thymus due to lack of expression. An example of the MiHA-mismatched transplant
models is the transfer of cells from B10.D2 (H2%) into BALB/c or DBA/2 (H2%) mice, showing,
similar to the human, less morbidity than MHC-mismatched models which nevertheless lead to
lethal aGvHD (Korngold & Sprent, 1987). MiHA-mismatched models have given valuable
insights in the biology of MIHA induced sickness. Donor T cells can target minor
histocompatibility antigens and T cell receptors with high affinity to recipient MiHAS can exist
within the donor T cell repertoire (Goulmy et al., 1996; Larsen et al., 2010). Respective T cell
clones can become activated in an inflammatory environment as caused by pre-transplant
regimens and may thereby induce aGvHD.

As at least partly MHC-mismatched transplantations frequently occur in the clinic as well,
several mouse models using an MHC-mismatch were developed. In this setting, myeloablative
irradiation before transplantation is always necessary when using immunocompetent recipient
mice. Most of the MHC-mismatched models are dependent on both CD8" and CD4" T cells to
induce pathology, but depending on the health status of the recipient mice, the dominant T cell
subset varies even in the same transplantation setting (Schroeder & DiPersio, 2011). A
ubiquitous model of aGvHD includes the transplantation of bone marrow and lymphocytes from
C57BL/6 (H2P) donors into irradiated BALB/c (H29) recipient mice (Schroeder & DiPersio,
2011). Models of acute GvHD helped to delineate some of the processes during disease
induction and disease progression. It could be shown that recipient APCs play a significant role
in disease induction (Shlomchik et al., 1999) and that even non-hematopoietic APCs of the
recipient are sufficient to induce lethal experimental aGvHD (Koyama et al., 2012). These data
clearly show that even if the recipient’s professional APCs are mostly destroyed by the
conditioning regimen, and if the graft itself does not contain professional APCs, the recipient
can still develop aGvHD. To test whether some of the mechanisms found in ‘pure’ mouse
models can be translated to human cells, xenogenic transplant models have been developed. In
these models, human T cells are used to induce aGvHD in recipient mice. These very artificial

animal models require strong immune suppression to prohibit graft rejection, as Nk cells and
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other innate immune cells to battle the human immune cells. Several other immune-deficient
mouse strains were used in the meantime with a NOD/SCID common y chain”" (NSG mice),
showing aGvHD like symptoms after transfer of human PBMCs (Schroeder & DiPersio, 2011).

5.2.2. Phases of acute GvHD induction

Data from mouse experiments and experience gained in the treatment of patients led to a multi-
phase model of aGvHD induction. In the immune priming phase, antigen-presenting cells
(APCs) are activated and primed by tissue destruction and subsequent inflammation caused by
the conditioning regimen. Additionally, gut bacteria are released into the bloodstream through
the conditioning regime, leading to even more enhanced levels of pathogen-associated
molecular patterns (PAMPs) and chemokines. Already the conditioning can lead to the
activation of innate immune cells that elicite in direct tissue damage and contribute to the
cytokine storm. In the second phase of aGvHD, the APCs present antigen and co-stimulation to
T cells. Cytokines produced during the priming phase promote antigen presentation and the
recruitment of effector T cells and innate immune cells, further augmenting the pro-
inflammatory cytokine milieu. The third phase is defined as T cell expansion phase, followed
by the trafficking to organs end-organ damage by effector T cells, natural killer (NK) cells,
macrophages and pro-inflammatory cytokines. The organ is clinically recognized as acute
GVHD in the skin, lung, gut, and liver. The resulting tissue damage, if left untreated, will further
amplify the process to more severe stages of GVHD pathology, which are increasingly difficult
to control. Clinical GvHD is scored based on the severity of the manifested symptoms with a
grading system first introduced by Glucksberg and colleagues in 1974 ranging from grade 0 (no
GVvHD) to grade IV (severe GvHD). The grade of GVHD has a significant impact on the survival
of the patient (Gratwohl et al., 1998). With the knowledge gained the development of new

treatment strategies targeting different stages and effector pathways in patients is ongoing.

5.2.3. Treatment of GvHD

The usage of immunosuppressive drugs, immunohistocompatibility matching, and T cell
depletion have proven to be major advances for GvHD-free HSCT. Currently, in the clinic the
first line treatment of GVHD is the systemic administration of immunosuppressive drugs, for
example Methotrexate (MTX) (Storb, Epstein, Graham, & Thomas, 1970; Thomas & Ferrebee,
1962) together with anti-thymocyte globulin (Sun et al., 2010), corticosteroids and calcineurin
inhibitors (Boieri et al., 2016). Several large-scale studies found that treatment of GvHD with

topical steroid therapy reduces the overall symptoms and increases the survival of patients after
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treatment (Blazar et al., 2012; Shlomchik, 2007). The primary mechanism of corticosteroid
administration action remains unclear. Steroids have substantial side effects, including
immunosuppression, hyperglycemia, and osteopenia making long-term treatment of patients a
difficult task. These side effects and the risk of getting a steroid-refractory acute GvHD makes
the development of second-line treatments against acute GvHD a primary research focus
(Blazar etal., 2012). As discussed before, much work in the last decades showed that the clinical
outcome of HSCT, especially the rate of GVHD, is influenced by many factors making different
angles of treatment available for testing. Donor CD4" and donor CD8* T cells have been shown
to have crucial roles in the pathogenesis of GvHD. Thus, the most effective approaches for
GvHD prevention and therapy might focus on the depletion, tolerization, or functional
incapacitation of donor T cells.

Modulating the graft composition by altering the cell properties

One option to influence cell properties is using small molecule inhibitors (SMIs). PKC
isoform 6 (PKCO) has been shown to be important in GvHD induction in T cells, while only
playing a minor role in pathogen-driven immune response or in GvT effects (Valenzuela et al.,
2009). The PKCH inhibitor AEB0O71 decreases the production of IL-2 and IFNy by T cells and
has been shown to extend the survival of rat heart and kidney allografts in primates. PKC6O
inhibition decreases not only effector T cell responses but also Treg cell potency increases by
a mediating a negative feedback loop on Treg function (Zanin-Zhorov et al., 2010), making it
an exciting target for clinical approaches. Another SMIs called Maraviroc interferes with T cell
migration as it blocks CCRS5, thus reducing the risk of aGvHD (Blazar et al., 2012). Besides of
blocking the migration of T cells other mechanisms like inducing T cell anergy and inhibition
of APCs by using Azacitidine or HDAC inhibitors (LBH589; Vorinostat), or reducing
inflammation via TNF Inhibitors like Infliximab and Etanercept are also used in clinical trials
(Blazar et al., 2012).

Modulating the graft composition by the administration of drugs

As GVvHD is a multifactorial disease, it is not only dependent on T cell activation. It has
been shown that high numbers of donor B cells correlate with the development of both acute
and chronic GVHD (Shimabukuro-Vornhagen, Hallek, Storb, & Bergwelt-Baildon, 2009). New
treatment protocols, leading to the depletion of B cells, like the administration of the B cell,
depleting and APC inhibiting monoclonal antibody Rituximab (targeting CD20) are currently
being tested in the clinic (Blazar et al., 2012). The depletion of activated T cells is also discussed

as a viable option in GvHD treatment. One molecule frequently targeted is CD25, as activated
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T cells upregulate CD25. The antibodies currently used in the clinic (Denileukin diftitox,
Basiliximab, Daclizumab) also deplete CD25 positive Tregs (Blazar et al., 2012) and might
thereby be somewhat counterproductive, as Tregs have been shown to be very important to
control immune responses also in HSCT (Shlomchik, 2007; Weisdorf, 2007). In contrast to the
specific depletion, one approach is to expand specific cell types selectively. The treatment with
the mTOR inhibitor Rapamycin and IL2 leads to suppression of proliferation in conventional T
cells and a selective expansion of functional Tregs, resulting in suppression of acute GvHD
(Shin et al., 2011). In vitro expansion protocols using that effect resulted in a massive
proliferation of human Tregs (Hippen et al., 2011) and productive Tregs in clinical treatment
of GvHD (C. G. Brunstein et al., 2016; Claudio G Brunstein et al., 2011).

The considerable amount of SMIs and mADbs currently in phase I/11 clinical trials make
a variety of new treatment options available to clinicians, but to choose the right drug
combination out of the repertoire of individual components will be one major challenge (Alousi
et al., 2009).

Modulating the graft composition by choosing specific cell compartments

In addition to using drugs, it became apparent that the cell product infused in the first
place has an essential role in the outcome of transfer efficacy and success of treatment. An
extensive study found that KIR ligands significantly influence the outcome of HSCTs for
myeloid leukemias, showing less relapse of disease but increased GvHD if there was a
mismatch in KIR ligands (Miller et al., 2007), thus underscoring the importance of NK cells in
both GvT and GvHD. This observation is in line with previous findings describing an increase
in GVHD if there is a mismatch in the minor histocompatibility antigens. The T cell subsets
contained in the T cell graft after HSCT can also have a significant impact on the outcome of
HSCT and DLI. CD4 memory cells failed to induce GvHD in a mouse model of GVHD, whereas
naive CD4+ cells were able to induce experimental GvHD. The CD4 positive memory cells
were still able to transfer a GvT effect (Zheng et al., 2008), potentially making the subset
distribution in the graft a valuable tool to control both GvHD and GvT. In contrast to their CD4
counterpart, CD8 positive memory cells induced a GvHD reaction in addition to the GvT effect
after transfer (Zheng, Matte-Martone, Jain, McNiff, & Shlomchik, 2009). Clinical trials
transferring memory T cells alone might provide a practical approach to GvHD prevention or
reduction. First-in-man trials showed that while there was an evident reduction in chronic
GVHD, the incidence of acute GVHD was not reduced after transfer of a naive T cell depleted
T cell graft, when compared to historical controls (Bleakley et al., 2015). Additionally, no

increased infection rates were observed, showing that optimizing the cell composition of Treg

16



grafts can dramatically decrease the incidence of GvHD after HSCT (Bleakley et al., 2015).
Despite the risk of also dampening the wanted immune responses after cell transfer, one
approach to better control acute GvHD could be the additional transfer of immunomodulatory

cells to control the immune response early after transfer efficiently.

5.2.4. Immunomodulatory cell therapies to treat GvHD

Cell therapy aims at the reconstitution of lost, impaired, or missing biological and/or
physiological functions by transferring the relevant cells and is already used in a variety of
different settings. Several cell types are currently in discussion and tested to treat or
preemptively inhibit GVHD in mice and man. One fascinating cell population consists of bone
marrow-derived mesenchymal stem cells (MSCs). MSCs have been shown to suppress
lymphocyte proliferation in vitro but were not able to prevent GvHD in mice (Sudres et al.,
2006). In humans, on the other hand, MSCs have been shown to successfully modulate immune
responses (Aggarwal & Pittenger, 2009) and after INF-y activation have a positive effect on
GVvHD outcome (Polchert et al., 2011). Similar to MSCs, it was shown that cytokine-induced
myeloid-derived suppressor cells (MDSCs) can inhibit GvHD and therefore might also be a
valuable cell population after transfer (Highfill et al., 2010; Lechner, Liebertz, & Epstein,
2010). Donor NK cells have also been shown to have a role in the inhibition of acute GVHD.
Preclinical studies indicated that donor NK cells could suppress acute GVHD and promote GVT
responses (Asai et al., 1998; Olson et al., 2010). These findings are in line with the importance
of KIR ligands in the outcome of HSCT (Miller et al., 2007). As described earlier, APCs are
pivotal for disease induction, as especially dendritic cells play a significant role in GvHD. So it
was shown that the DCs not only present antigens but also influence lymphocyte homing and
can have tolerogenic functions (Blazar et al., 2012; Waller et al., 2011). However, the most
promising results in treating GvHD using immunomodulatory cell therapies have been achieved

by the transfer of regulatory T cells.

5.2.5. Tregs as therapeutic agent to treat GVHD

Regulatory T cells (Tregs) are essential for maintaining peripheral immune homeostasis and
building up a tolerance to non-pathogenic foreign agents. These foreign agents include antigens
from commensal bacteria and nutrients in mucosal areas of the intestinal tract or the airways
(Josefowicz, Lu, & Rudensky, 2012; Wing & Sakaguchi, 2010). Tregs are also crucial for
controlling ongoing immune responses and dampening their extent if necessary. The protective
capacity of Tregs was first described when Powrie et al. adoptively transferred
CD4*CD45RB"9" T cells from naive Balb/c mice into C.B-17 SCID mice and observed the
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2.) Secretion of suppressive
cytokines (IL-10, IL-35, TGF-beta)
1.) granzyme/perforin-induced

cell lysis
3.) Modulation
of DC maturation
IL-2Ra
(CD25)

4.) Apoptosis owing to
cytokine deprivation

Figure 2 Mechanisms of Treg suppression: 1.) Tregs can secrete granzyme and perforin to lyse autoreactive
or over-reactive cells. 2.) Tregs can also secrete are variety of different suppressive cytokines such as IL-10, IL35
and TGF-beta. Immune responses can also be influenced by the modulation of DC maturation 3.) and the
preferential uptake of IL-2 depriving effector cells from the important surviving stimulus IL-2 and thereby indirectly
inducing apoptosis

development of a lethal wasting disease in the recipient mice. Transfer of CD4*CD45RB""
cells in contrast surprisingly showed no signs of these detrimental effects (Powrie, Leach,
Mauze, Caddle, & Coffman, 1993). The two subsets of CD4 positive cells seemed to have
different capabilities in either inducing or regulating the immune reaction. Two years later, the
CD4" T cell subset responsible for controlling the immune responses in mice was further
characterized by the high constitutive expression of the IL-2R a-chain (CD25) (S Sakaguchi,
Sakaguchi, Asano, Itoh, & Toda, 1995). Further analysis of the subset showed that expression
of the forkhead/winged-helix family of transcription factor 3 (Foxp3) under steady state
conditions to be the transcription factor driving Treg development (Fontenot, Gavin, &
Rudensky, 2003; Shohei Hori, Takashi Nomura, 2002). Mutations in the Foxp3 gene were
identified in an inbred mouse line named scurfy and in an analogous human genetic disorder
named IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome).
Both syndromes are characterized by a wasting illness associated with immune dysfunction,
lymphoproliferation, diarrhea, rash, and other autoimmune/endocrine alterations. A similar
phenotype was observed when CD4+CD25+ Tregs were deleted in mice.

CD25 and Foxp3 are also upregulated in recently activated T cells. A highly specific marker
distinguishing Tregs from other CD4 T cell subsets has not yet been found (Gavin et al., 2006;
Morgan et al., 2005). Tregs can either develop in the thymus (natural Treg/(nTreg)) or are
generated in the periphery from naive CD4" T cells (induced Treg/(iTreg)) (Rubtsov et al.,
2010; Shimon Sakaguchi, 2004; Shimon Sakaguchi, Vignali, Rudensky, Niec, & Waldmann,
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2013). Tregs suppress immune responses in several manners, including secretion of the
immunosuppressive cytokines IL-10, IL-35, and TGF- (Takahashi et al., 1998; Qizhi Tang &
Bluestone, 2008; Thornton & Shevach, 1998), granzyme/perforin-induced cell lysis, inducing
apoptosis via cytokine (IL-2) deprivation (Pandiyan, Zheng, Ishihara, Reed, & Lenardo, 2007),
and modulation of dendritic cell function (Chung et al., 2009; Curti, Trabanelli, Salvestrini,
Baccarani, & Lemoli, 2009; Sharma et al., 2009). As regulatory T cells have many immune
regulatory mechanisms and the lack of Tregs leads to a severe autoimmune disease (Qin et al.,

2006), regulatory T cells are a prime target for immunomodulatory cell therapy.

5.2.6. Murine Tregs in preclinical mouse models for aGvHD

In preclinical animal models of acute GvHD, the infusion of only T effectors into mice is
rapidly fatal. Several groups could show that the severity and lethality of aGVHD can be
diminished by the co-administration of either freshly isolated or ex vivo expanded Tregs with T
cell effectors, when compared to mice only receiving Teff cells (Cohen, Trenado, Vasey,
Klatzmann, & Salomon, 2002; Petra Hoffmann, Ermann, Edinger, Fathman, & Strober, 2002;
Taylor, Lees, & Blazar, 2002). In line with that finding, the depletion of CD4"CD25" cells from
bone marrow and Treg grafts lead to a more severe aGvHD resulting in recipient mice
succumbing faster to the disease (Cohen et al., 2002; Taylor et al., 2002). Further investigation
revealed that only the CD62L"9" subset of Tregs could decrease the severity and incidence of
GvHD (Ermann et al., 2005). Matthias Edinger and colleagues showed that regulatory T cells
could protect from lethal GVHD in an entirely MHC mismatched bone marrow transplantation
model (Donor mouse: C57BL/6 (H-2); recipient mouse: Balb/c (H-2%)). Treatment of recipient
mice with Tregs achieved a survival rate of 89% if the Tregs were co-transfused in a 1:1 ratio
with effector T cells. Most importantly, treatment with Tregs not only prevented GVHD but, in
contrast to treatment with standard immune suppressive regimes, transfused tumor-specific
Teffs were still able to attack and clear the tumor (Edinger et al., 2003). Surprisingly, the
addition of physiologic numbers of Tregs (Treg to Teff ratio 1:10) had no beneficial effect on
host survival in murine models of aGvHD. Only if the graft contained substantially elevated
numbers of Tregs (i.e., Treg to Teff ratios of 1:1 or 1:2) recipient mice are protected (Cohen et
al., 2002; Edinger et al., 2003; Ermann et al., 2005; Petra Hoffmann et al., 2002; Taylor et al.,
2002). Although both freshly isolated and in vitro expanded Tregs could prevent the induction
of aGVHD when co-transferred with effector T cells, data on the treatment of already
established aGVHD is less clear. Depending on the model used the delayed administration of
Tregs either failed or succeeded in protecting mice from lethal aGvHD. Jones et al. showed that

the infusion of Tregs up to 10 days after the infusion of a graft containing CD8" T cells could
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prevent aGvHD lethality in an MHC-matched model, whereas it was not possible to alter the
outcome in a haploidentical model (Jones, Murphy, & Korngold, 2003). However,
administration of effector T cells before the injection has proven to be very beneficial for the
outcome of HSCT (Bolton et al., 2015). The data suggested that Tregs play a crucial role in the
early phase of aGvHD development, influencing the homing and priming of immune cells, but

physiological numbers of Tregs are not able to control the disease.

5.2.7. First-in-man trials using Treg therapy to treat GvHD

Several groups already gathered some experience in the usage of regulatory T cells to either

supplement immune surveillance by drugs or as the sole mediator of immunosuppression after
HSCT. Different approaches are being tested at the moment, either the usage of freshly isolated
regulatory cells or the extended cultivation of isolated Tregs to gather huge numbers. In a study
published 2009, Trzonkowski et al. treated two patients, one suffering from aGvHD and one
from cGvHD, with CD4+CD25+CD127- Treg grafts containing 1x10° or 3x10° cells per kg
body weight. The cells were expanded using beads coated with CD3- and CD28 specific
antibodies and high dose IL-2 (1000U/ml). Tregs had a stable phenotype during expansion
(~90% Foxp3 positive). In both cases, a transient clinical improvement was measured, and in
one case the dose of prednisone could be reduced (Trzonkowski et al., 2009). This first-in-man
use of Treg therapy led to other studies treating increased patient numbers.
Bruce Blazar’s group in Minnesota published in 2011 a cohort of 23 patients which were treated
using third-party cord blood-derived Treg cells. After isolation based on CD25 expression, the
cells were also expanded using CD3/CD28 coated beads and IL-2 for 18 days, increasing the
cell numbers 200 fold on average compared to the starting numbers. Purity for CD4 and CD25
positivity was high (~86%), but Foxp3+/CD127- cell content was on average only around 64%.
Nevertheless, a reduction of grade II-1V incidences was observed within the Treg treated group
(Claudio G Brunstein et al., 2011). These promising results led to a refinement of expansion
and treatment protocols, now using CD86 and CD64 expressing K562 cells (KT64/86) (Hippen
et al., 2011) and thereby achieving a 13.000-fold expansion of Tregs on average. Comparison
of Treg treated patients with a control group which did not receive Tregs showed an apparent
reduction in aGvHD and cGvHD incidence within the first year. Furthermore, a lower infection
rate was observed, but the intensity of infection was similar when infection occurred. Other
parameters like hematopoietic recovery, non-relapse mortality, relapse, and disease-free
survival were similar in both groups indicating that, like in the mouse model (Edinger et al.,
2003), Tregs inhibit GVHD, but allow the immune system to develop normally, thereby having
a GvT effect.
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Unfortunately, in vitro expansion of Tregs is very time consuming and bears the risk of altering
the cell function. Therefore, first studies tried to use freshly isolated Treg cells to circumvent
the costly and possibly phenotype altering culturing of Treg cells. In a phase | trial at the
University Hospital Regensburg, freshly isolated donor Tregs were transfused into nine patients
with a high risk of leukemia relapse after HSCT. After abandoning of pharmacologic GVHD
prophylaxis, up to 5 x 108 cells per kg body weight with a content of at least 50% FOXP3* cells
were administered. After an observation period of eight weeks, an additional DLI was
administered to promote GvT activity. Neither GVHD nor opportunistic infections nor early
disease relapses were detectable after Treg transfusion, confirming the very encouraging pre-
clinical mouse data (Edinger & Hoffmann, 2011). In another recent study, a group from the
University of Perugia described for the first time the prevention of GVHD in humans without
any post-transplantational immunosuppression by co-infusing primary, freshly isolated Tregs
along with Teffs in a haploidentical HSCT. Although the ratio between Teffs and Tregs, was
never higher than 2:1 in strong contrast to studies with expanded Tregs, overall survival rates
as well as GvHD associated disease symptoms were drastically reduced. This might be related
to the prophylactic administration of Tregs but also to a functionally better cell product (~69%
Foxp3* cells).

In summary, primary Tregs — at least in a prophylactic or pre-emptive setting — seem
effective for treatment, even in relatively low numbers. This also seems to be true when
combined with conventional DLI treatment (Mauro Di lanni et al., 2011), but the isolation of
high enough numbers of freshly isolated regulatory T cells under GMP conditions and high
purities has proven to be quite challenging (Mauro Di lanni et al., 2011). First-in-man clinical
trials and many mice experiments showed that the co-transfer of freshly isolated Tregs and T
effector cells need supraphysiologic ratios of Tregs to T effectors (4:1 - 1:1) to induce protection
of the graft recipient using. Physiologic cell ratios of 1:10 did not show a protective effect in
mice (Engelhardt & Crowe, 2010). To this point, it is not clear if the high numbers of regulatory
T cells are needed to transfer protection, or if Tregs suffer from reduced fitness. Several
mechanisms could reduce the fitness and engraftment capability of regulatory T cells, thereby
increasing the number of Tregs needed to control GvHD. The isolation reagents needed to
specifically enrich for regulatory T cells which still stick to the cell surface after positive
enrichment of Tregs could diminish the in vivo performance of Treg grafts both in mouse and
men. These isolation reagents are built on the antigen specificity of antibodies, which are known

to influence cells potentially.
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5.3.  Antibody-mediated effects on cells

Monoclonal antibodies (mAbs) can influence cells in a variety of ways. For example, they can
block the binding pocket of surface exposed receptors, depriving the target cell of this particular
signal. Moreau et al. showed in 1987 that most of the antibodies targeting the IL2 receptor a-
chain (CD25) in the mouse do indeed influence cell signaling. The clone PC61, 3C7 and 7D4,
which are used in many studies to isolate Treg cells, block IL2 dependent proliferation (Moreau
et al., 1987). Also, the binding of the mAb can lead to conformational changes of the receptor
and thereby inhibit the signal transduction. In contrast, to signal blockage, mAbs can also
activate receptors in the absence of their cognate ligand thereby leading to intracellular
signaling or internalization of the receptor. These traits are often actively used in research and
therapy (Ghobrial RR, Boublik M, Winn HJ, 1989).

Two primary mechanisms how mAbs directly influence cells by activating the immune
system have been described. One of the ways is the classical activation of the complement
cascade leading to the formation of the membrane attack complex in the target cell membrane.
The classical pathway plays a role in both innate and adaptive immunity. C1q connects the
adaptive immune response to the complement system by binding to antibodies complexed with
antigens. Binding of more than one C1q molecule to the surface causes a conformational change
and an autocatalytic enzymatic activity of C1r. Cls is cleaved by C1r to generate an active
serine protease. C1s enzyme acts on the next two components of the classical pathway, cleaving
C4 and C2 into C4b and C2b. These two fragments together build the C3 convertase of the
classical pathway. C3 convertase cleaves C3 to produce C3b molecules that coat the target
surface and C3a, which initiates a local inflammatory response (Tomlinson, 1993). All three
complement activation pathway merge at the formation of the C3 convertases. Several effector
mechanisms are activated from this point onward. C3a initiates local inflammation, whereas
the surface-bound C3b can lead to an increased uptake of the opsonized target mediated by
complement receptor bearing effector cells (macrophages and DCs) or the formation of a
membrane-attack complex. The result is a pore in the lipid bilayer membrane that destroys
membrane integrity, killing the target by destroying the proton gradient across the target cell
membrane (Charles A Janeway, Travers, Walport, & Shlomchik, 2001; Tomlinson, 1993).
Antibodies eliciting complement driven killing of target cells have been recommended for use

in the clinic (Nielsen et al., 2002). The ability of monoclonal antibodies
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Figure 3 Antibody mediated effects on cells 1) antibody dependent cellular cytotoxicity (ADCC) surface bound
antibodies can be recognized by Fcy receptor positive immune cells (NK cells, macrophages and DCs). Activated
immune cells then can kill the antibody marked target cell. 2) Complement dependent cytotoxicity (CDC) Surface
bound antibodies can activate the complement system. mAbs are recognized by C1q leading to the activation of
the complement cascade and the formation of the membrane attack complex (MAC). This will lead to target cell
lysis. 3) Receptor blockage Antibodies bound to surface molecules can block the signaling of surface receptors by
either I) blocking receptor ligand binding I1) induction of structural changes in the receptor leading to a stop of signal
transmission. 4) Receptor stimulation antibodies can activate intracellular signaling of surface exposed receptors

without them seeing their actual ligand, leading to false signal transduction

is dependent on the surface molecule (Bindon, Hale, & Waldmann, 1988; Nielsen et al., 2002)
and the Ig type of the antibody (Briiggemann et al., 1987). Activation of the immune system
via the complement system is a crucial effector function of monoclonal antibodies and also
readily used in the clinic, but another primary effector function has been described.

The antibody-dependent cell-mediated cytotoxicity (ADCC) is a rapid effector
mechanism. It describes the killing of antibody-coated targets by cytotoxic immune cells
through the release of cytotoxic agents and/or by the expression of cell death-inducing
molecules. ADCC is triggered through the interaction of surface-bound antibodies
(1gG/IgA/IgE) with specific Fc receptors (FcRs) (Fanger, Shen, Graziano, & Guyre, 1989;
Teillaud, 2012). Several immune cells that mediate ADCC have been described, including
natural killer (NK) cells, monocytes, macrophages, neutrophils, eosinophils, and dendritic cells,
which due to their different localization and function have different properties in the induction
of ADCC (Teillaud, 2012). Careful analysis revealed that the efficacy of ADCC is dependent
on some parameters. It could be shown that the density of FcR and surface-bound mAb, which
is dependent on the density and surface-stability of the antigen and the antibody affinity, can
largely influence the efficacy (Teillaud, 2012). Also, not all FcR Fc-part interactions lead to the
induction of ADCC. The main contributors to ADCC are the FcR FcvRI (CD64), FcyRIla and
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FcyRIIc (CD32), FeyRIIIa (CD16) in human and FeyRI, FcyRIII and FcyRIV in mice (Teillaud,
2012). The other Fcy receptors seem not to play a role in ADCC induction or even
counterbalance activating signals, actively suppressing ADCC (Clynes, Towers, Presta, &
Ravetch, 2000). Other surface molecules (like KIRs) have also been shown to negatively
regulate ADCC, which has been especially problematic in the treatment of cancer patients,
where cancer surface antigens are targeted to induce ADCC in tumor cells (Seidel, Schlegel, &
Lang, 2013). Several antibodies are used in the clinic to attack target cells directly by inducing
ADCC. For example, Rituximab, a mAb targeting CD20 is used to target cancer cells in non-
Hodgkin’s lymphoma. Other mAbs targeting CLC (Obinutuzumab), neuroblastoma
(Dinituximab, Hu3F8, Hul4.18K322A), breast and gastric cancer (Trastuzumab), colorectal,
and head & neck cancer (Cetuximab), have also been shown to transfer their anti-tumor activity
via ADCC (Wang, Erbe, Hank, Morris, & Sondel, 2015). ADCC is also used to deplete specific
subsets from the patient to alter existing immune cells. Regulatory T cells are attacked by
infusing antibodies targeting CD25 or CTLA-4 to boost immune responses in profoundly
immuno-surveilled tumor micro-environments.

Similar to this application in the clinic, antibodies are used to rapidly deplete cell populations
to answer specific questions in basic research. The administration of CD25 targeting antibodies
can have an adverse effect on the success of liver transplantation, as the injection of the clone
PC-61 leads to depletion of Tregs from the recipient, leading to a loss of graft acceptance (Li
etal., 2006). The central mechanism of PC-61 mediated depletion has been shown to be FcyRIII
dependent (Setiady, Coccia, & Park, 2010). Another recent study investigated the different
influences an antibody can have on the target cell by generating mutant variations of the PC-61
clone and found that one antibody can mediate several effects on Tregs, like depletion and
signal blockage (Huss et al., 2016). Similar to decreased transplantation success after the
administration of PC-61 into recipient mice, the depletion of Tregs from a DLI graft after HSCT
using the antibody 7D4, which also targets CD25, leads to an increase in morbidity and
mortality in recipient mice (Taylor et al., 2002). These data not only strongly underline the
importance of Tregs in transplantation settings but also show how monoclonal antibody-based
isolation reagents could alter the composition of grafts. Taken together, surface-bound
antibodies can lead to rapid depletion of cells from graft, blood, and primary organs by
activating either effector cells or the complement cascade and can further alter their target cells
by blocking or activating essential surface molecules. To avoid the potentially altering effect of

isolation reagents on target cells our laboratory developed the Streptamer technology,
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introducing the possibility to remove the isolation reagent from the cell surface after the positive

enrichment of the target cell.

5.4.  Streptamer technology

Similar to our hypothesis that monoclonal antibody-based isolation of target cells could
influence the effectiveness of transferred Treg grafts, it was shown that non-reversible
multimers attached to the cell surface are causing activation of the T cell in a T cell receptor
(TCR) dependent manner, leading to cell activation and cell death (Whelan et al., 1999; Xu et
al., 2001). MHC multimers are used to track polyclonal antigen-specific CD8" T cells during
the course of an immune response, as well as to assess their phenotypical and functional
differentiation upon activation (Altman et al., 1996; D H Busch & Pamer, 1999; Dirk H. Busch,
Pilip, Vijh, & Pamer, 1998; Stemberger et al., 2007). Monomeric MHC does not stably bind
the TCRs of the cell surface, whereas multimerization of D-biotin coupled monomeric MHCs
via a streptavidin backbone increases the structural avidity of the bound complex through
cooperative binding, allowing stable binding of the fluorescent multimeric label to the T cell
surface (Altman et al., 1996). The need to interrupt the induced signaling and the unwanted side
effects led to the development of the reversible MHC Streptamer technology, permitting the
disassembly of the multimeric complex into MHC monomers and the backbone, which then
dissociates from the cell surface (Knabel et al., 2002). Instead of biotinylation of the MHC
Monomers, a short peptide affinity tag, containing two Streptag Il sequences separated by a
short GS-linker (also called OneStrep-tag), was fused to the MHC monomers. The Streptag Il
tailed MHC-monomers were then able to be multimerized by interacting with Streptactin
molecules, a streptavidin variant with an improved affinity for the Streptag Il sequence. The
Strep-tag 11 peptide binds to the Streptactin backbone with an affinity of KD~10-6M, while D-
biotin still binds with an extraordinarily high affinity (KD~10-13M) to Streptactin (Voss &
Skerra, 1997). Since the Streptag binds reversibly to the same pocket where the cognate ligand
D-biotin is complexed, the Streptamer complex can be easily disrupted under physiologic
conditions by the addition of D-biotin. Due to the spontaneous dissociation of now monomeric,
weakly binding MHC molecules from the cell surface, no remaining Streptamer components
are detectable after the addition of D-biotin (Knabel et al., 2002). In a functional comparison to
conventional non-reversible MHC Streptamer, MHC Streptamers showed the same staining
intensity, but cells isolated using them displayed better effector function than cells isolated

using conventional multimers (Neudorfer et al., 2007).
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Figure 4 lllustration of the basic principle of reversible Fab-multimers. A) Fab fragments are obtained from
antigen specific monoclonal antibody (upper row). Low affinity-modified Fab fragments are multimerized by
Streptag-Strep-Tactin complexation (lower row). B) monomeric Fab can not bind stable to the surface receptor, but
multimerized Fab does bind specific and stable to the target receptor C) Cells are labeled and isolated with Fab
multimers. Subsequent treatment of stained cells with D-biotin mediates destruction of the Fab-multimer complex
and results in spontaneous dissociation and complete removal of all (monomeric) components from the target cell
surface

To tackle the potential problem of monoclonal antibody-based isolation reagents
remaining on the cell surface and thereby influencing isolated grafts, our lab broadened the
Streptamer technology. Monomeric Fab-fragments were generated from monoclonal antibodies
(Abs) and, similar to the MHC-Streptamers, a One-Strep-tag was fused to the heavy chain of
the Fab, allowing multimerization via Streptactin molecules (Stemberger et al., 2012). In line
with the MHC Streptamers, we called these Multimers ‘Fab Streptamers’. We showed that
enrichment of CD8"CD62L"CD45RA"™9 central memory T cells, as well as CD4*CD25"CD45*
naturally occurring Tregs (nTregs), is possible using the Fab Streptamer technology
(Stemberger et al., 2012). The Fab-technology permits the enrichment of cells and the
detachment of the isolation reagent after the isolation process is finished. We already showed
that the Fab Streptamer technology could be used to isolate murine regulatory T cells (Mohr,
2012; Nikolaus, 2016).

26



6. Aim

The aim of this Ph.D. thesis was to investigate the potency of regulatory T cells sorted by
reversible staining reagents to prevent and cure autoimmune diseases. CD4*CD25" regulatory
T cells (Treg) are pivotal for the maintenance of self-tolerance. In mouse models, it could be
shown that regulatory T cells prevent GvHD dependent death induced by donor CD4*CD25™ T
cells from C57BL/6 animals transferred into MHC class I- and class Il-mismatched BALB/c
recipients.

In a first step, we used the Fab-Multimer technology developed in our laboratory to
isolate minimally manipulated regulatory T cells of high purity. Therefore the isolation reagents
(Fab Multimers targeting CD4 and CD25) had to be characterized and refined. Further, we
wanted to compare the differentially isolated Treg grafts. To look for the potential benefits of
the removal of staining reagents and to investigate the underlying mechanisms of potentially
occurring differences, we wanted to investigate the engraftment capabilities of both Fab
Multimer and conventionally sorted cells in different models. Our final goal was to establish a
mouse model simulating a complete HLA mismatched transplantation (C57BL/6 (H-2b) ->
Balb/c (H-2d)). To enable the engraftment and to mimic the situation of human cancer patients
the recipient mice have been irradiated. The lympho-depleted mice also should receive a bone
marrow transplantation from an HLA mismatched donor. Thereby we wanted to establish a
robust protocol for the induction of an acute GvHD first and then test the either Fab Multimer-
or mAb-isolated populations. In this model, we hoped to evaluate whether Fab-multimer
isolated cells have a similar or maybe superior functionality compared to conventionally-sorted
regulatory T cells.

27



7. Results

The Fab Multimer technology enables reversible staining of cell surface markers by combining
the antigen specificity of monoclonal antibodies with the reversibility of the MHC-Streptamer
technology (Stemberger et al., 2012). In previous work in our Lab, we already generated,
optimized and tested three murine Fab-fragments, an aCD4- (parental mAb clone: GK1.5), an
aCD25- (parental mAb clone: PC61) and an aCD62L Fab-fragment (parental mAb clone:
MEL-14) (Mohr, 2012; Nikolaus, 2016). For functional characterization, Fab monomers were
multimerized using PE-labeled Streptactin and analyzed for their capability to stain marker-
positive cells specifically. All three Fab multimers identified subsets of cell populations
comparable to the parental antibodies. The aCD4 Fab multimer showed a staining intensity as
bright as the parental mAb, whereas the aCD25 Fab-fragment and the aCD62L Fab-fragment
showed reduced staining intensities when compared to their parental mAb. Despite the reduced
staining brightness, the aCD25 Fab-multimer and CD62L Fab-multimer did stain a population
of similar size compared to the mAb. The aCD4 Fab fragment also stained a population very
similar to the population stained with the mAb. Given that reversibility is the critical feature of
the Fab multimer technology, demonstrating complete reversibility was the most crucial task.
Monomerization of surface-bound Fab-multimers using D-biotin combined with subsequent
washing away dissociated components, followed by re-staining of the cells with ST-PE
demonstrated that the wildtype aCD4 Fab monomers could be liberated entirely from the cell
surface. In contrast, the wildtype aCD62L and the aCD25 Fab Monomers could not be washed
from the cell surface and resulted in re-staining with ST-PE. Therefore, we generated several
mutants of the wildtype aCD4 and aCD25 Fab Monomers and identified for both Fab

monomers reversible and still fully antigen-specific mutants (Mohr, 2012; Nikolaus, 2016).
7.1.  Enrichment of Tregs freed from staining reagents
7.1.1. Characterization of existing and newly generated Fab multimer reagents

The previously generated Fab monomers (as summarized above) were completely reversible
when tested (see Figure 6 (Mohr, 2012)), but whereas the CD4 Fab was as bright as the parental
antibody, the reversible CD25 Fab lacked the staining brightness of its parental mAb. We
wanted to check if other mutations could provide a brighter and still reversible Fab multimer
staining. Therefore, we generated 14 new mutants and tested all of them for expression, staining

brightness and reversibility. Additionally, we re-expressed the already existing mutants to
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pM0501 pM0510 he pM0510 Ic pM0511 he
08 . 0,05

pMO0511 Ic pM0512 he pM0512 Ic
0,06 0,08 0,1

pMO0513 he pMO0513 Ic pMO0516 he

0,06 0,10 0,09

pMO0516 Ic pM0517 he pMO0517 Ic
0,06 0,09

CD25 Fab Multimer ST-PE

CD4 APC
Figure 5 Test staining for newly generated Fab monomers. Newly expressed Fab monomers were
multimerized using the standard protocol and ST-PE and their staining capacity was compared to the clone
pMO0501.

recheck them for these three parameters, in order to exclude that technical aspect during protein
expression and purification did not cause the non-reversibility of Fabs in our first screening
attempt. 12 out of the 14 newly generated Fab mutants could be expressed in E. coli and
subsequently be purified and multimerized, but only two of them maintained antigen-specific
staining (Figure 5 & Table 1). The mutations pM0510 hc and Ic did show some staining, but
way weaker than the staining of the newly expressed pM0501 (Figure 6). The mutant Fab

® Fab RT
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Figure 6 Prolonging staining time does increase staining brightness of aCD25 Fab multimer. Splenocytes
were stained at either room temperature or 4°C and using either aCD25 Fab multimer with a Streptactin PE

backbone or mAb targeting CD25. Staining brightness was measured at the indicated time points.
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Figure 7 Reversibility test of aCD4 and aCD25 Fab staining: Upper row, reversibility of the CD25 staining; lower
row CD4 staining. Depicted are the staining of the parental mAb (first column) the Streptactin background control
(second column), Fab multimer staining (third column) and staining after addition and washing with D-Biotin (fourth

column) in combination staining with a CD4 mAb (upper row) or a CD3 mAb (lower row)

pMO0501 was the most promising candidate during our initial testing (Mohr, 2012; Nikolaus,
2016). In pM0501 the Tyrosine at position 32 of the light chain had been replaced by an alanine.
To potentially enhance the staining brightness further, we tested if increased staining time
and/or increased staining temperature would enhance the brightness of the Fab multimer
staining. As shown in Figure 6 an extension of staining time from 20 to 40 minutes significantly
increased the staining signal intensity of the aCD25 Y32A Fab. The geoMFI of pM0501
staining was almost similar to the mAb staining quality at 4°C. We then tested whether Fab
multimer labeling for CD4 and CD25 can be combined in a single staining step using the above-
identified best labeling conditions. As shown in Figure 7, the combined Fab multimer stainings
for CD25 and CD4 were as bright as the parental Fabs, but thereby fully reversible upon
exposure to D-biotin (Mohr, 2012). To further characterize the staining of Fab multimers, we
next decided to determine the kinetics of spontaneous dissociation of Fab monomers from the

cell surface after D-biotin addition.
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Plasmid number Plasmid Mutation Bacterial Staining reversibility
backbone expression
pM0500 cDNA wt Yes Yes No
pM0501 pMO0500 Y32Alight Yes Yes Yes
pM0502 pMO0500 W35Alight Yes No -
pM0503 pM0500 Y36Alight Yes Yes No
pM0504 pM0500 Y94Alight Yes Very weak Yes
pM0505 pMO0500 W107Aheavy Yes No -
pM0506 pMO0500 W108Aheavy Yes No -
pMO0507 pMO0501 StrepTag C-Cys | Yes Yes Yes
pMO0508 pM0501 Y32AL/LC-HIS | Yes Yes Yes
pM0509 pM0500 LC-HIS No - -
pM0510 wit D2HC Yes Very weak Yes
pM0510 wit D2LC Yes Very weak Yes
pM0511 wt D1HC Yes No -
pMO0511 wt D1LC Yes No -
pM0512 wt D2HC Yes No -
pM0512 wit D2LC Yes No -
pM0513 wt D1HC Yes No -
pM0513 wt D1LC Yes No -
pMO0514 wit D1HC/D1LC No - -
pMO0515 wit D1HC/D2LC No - -
pMO0516 pM0511 D2HC/D1LC Yes No -
pMO0516 pM0513 D1HC/D1LC Yes No -
pMO0517 pM0511 D1HC/D2LC Yes No -
pMO0517 pM0513 D2HC/D2LC Yes No -

Table 1 aCD25 Fab mutants
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7.1.2. Measuring Koft rates of Fab Monomers from the cell surface

To do so, we decided to develop an assay to quantify the time how long Fab monomers stay on
the cell surface after addition of D-biotin on a population level. Our lab had previously
published the development of a novel assay detecting the Koz rates of MHC-I Streptamers on
single cell level using fluorescence microscopy (Nauerth et al., 2013). Since this microscopy-
based assay is quite laborious and time-consuming and since for Fab monomers analysis on the
population level should be sufficient, we decided to transfer the Kof rate assay to a flow
cytometry-based readout. Therefore, we first had to test whether it is possible to visualize
fluorescence-labeled monomeric Fabs on the cell surface by flow cytometry. For this purpose,
we tested two methods in parallel to approaching that problem. We either labeled the
monomeric Fab molecules via a HIS-tag on light chain of the Fab using NI-NTA- dye based
conjugation to Oregongreen488 (OG488) or by adding a free cysteine in the linker region and
using maleimide chemistry based conjugation to Alexa488, similar to protocol used for the
MHC based on rate (Nauerth et al., 2013). To do this, we mutated the pM0501 at two different
sites. We added a HIS tag sequence at the end of a short linker region at the light chain of the
Fab multimer to use NI-NTA dye based conjugation (Guignet, Hovius, & Vogel, 2004) or we
added a free cysteine in the Streptag linker region to make maleimide-based dye coupling
possible (Nauerth et al., 2013).

Alexa 488 Oregon green 488
100 100
80 = 80
60 = 60 =
40 = 40 =
20 = 20 =
0 - — - v 0 Ty ey ey ¥
100 1ol 102 103 104 100 10! 102 103 104

— FITC

Figure 8 Dye coupling to the aCD4 Fab Monomer. Overlay of uncoupled (dark grey histogram) and coupled
(light grey histogram) Fab Monomers pregated on the STPE backbone staining. Alexa 488 was coupled to the
monomeric aCD4 Fab using malemide chemistry (left side) and OG488 was coupled to Fab Monomers using NI-
NTA chemistry (right side)

The mutations were generated using a mutagenesis PCR protocol, which we had established
previously in our lab (Mohr, 2012). Both methods proved to make visualization of monomeric
Fab on the cell surface possible, as surface accumulation with both molecules yielded a definite
shift in the FITC channel after dye conjugation (Figure 8). Especially the maleimide-based dye
coupling proved to be quite challenging to accomplish, as only relatively low amounts of
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protein could be obtained after dye coupling. Nevertheless, we generate sufficient amounts of
reagent to use them for proof-of-concept kos rate measurements. For example, PBMCs stained
with Streptactin APC-coupled aCD4 Fab was analyzed for 30 seconds to establish a stable
starting brightness before D-biotin. For on-line measurement, we recorded the staining intensity
for 15 minutes. This online measurement technique during FACS analysis had already been
established previously by Mathias Schiemann to measure Ca?* flux (Yu et al., 2005) and we
adapted this protocol for ko rate measurements. After injection of D-biotin, the Streptactin
APC backbone quickly dissociates from the cell surface with a mean half-life of 10 seconds
(Figure 9 right column and Table 2). The staining intensity of the monomeric Fab increases

drastically after the dissociation of the backbone, most likely due to quenching of OG488
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Figure 9 Analysis of flow off rate data. Upper row depicts fluorescence intesity over time for the Fab monomer
conjugated with Oregon Green 488 (left side) and the streptactin APC backbone (right side). Data is converted as
described in the methods part into 300 data points and plotted depicting the geometric mean of the fluorescence over
time (second row). For calculation of the mean half-life times the peak of fluorescence intensity of the Fab monomer
is used.
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Figure 10 Comparison of half-lifes of OregonGreen488 or Alexa488 dye coupled murine aCD4 Fab. Murine
splenocytes were stained using either OG488 labeled or Alexa 488 aCD4 Fab multimers and the half-life of the

Fab Monomers was measured using the flow based off-rate assay. (0G488 (n=12; Alexa488 n=4)

emission by the ST-APC backbone. After peaking of the staining intensity (indicating complete
backbone dissociation), remaining monomeric Fabs still bound to the cell surface gradually
dissociate and this kinetic can be followed by flow cytometry over time. We calculated the
geometric mean fluorescent intensity and plotted it over time (Figure 9 second row). For
calculation of the half-life of monomeric Fab only data points after the detachment of the ST-
APC backbone (the peak of fluorescence) were used (Figure 8 third row). Using one-phase
decay calculation of the GraphPad Prism 5 software, the half-life of monomeric Fab on the cell
surface and the goodness of fit (R?) was determined. The analysis revealed a mean half-life time
of 109.4 seconds on the cell surface for the murine aCD4 Fab and 13.54 seconds for the
Streptactin backbone (Figure 9).

Both OregonGreen488 and the Alexa488 coupled murine aCD4 Fabs detach from the
cell surface with very similar kinetics (Figure 10 & Table 2), showing that the Koff rate is
independent of the dye-coupling chemistry. These results prompted us to move forward with
the NI-NTA coupled Fab monomers, as the protein expression led to higher yields. We then
wanted to test whether this newly developed flow-based measurement would be comparable to
the already established methods. First, we compared the flow-based results to the microscopic
Koff rate assay, which measures the off-rate of target molecules on single cells. This assay was
developed by our lab (Nauerth et al., 2013) and is a valuable tool to analyze the Koff-rates of
MHC molecules from their cognate TCR, thereby allowing a quite precise and highly
reproducible measurement of the affinity of the analyzed TCR. We stained samples with the
0G488 labeled aCD4 Fab multimers and performed with one half of the sample the
microscopic assay and with the other half the flow-based off-rate assay. We observed that both
assays gave very similar results as the average Kofr rate of aCD4 Fab from single cells was 123

seconds and on the flow-based population level 115 seconds, (Figure 11). These data nicely
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validated the accuracy of the flow-based off-rate assay. For further validation, we went on to

test if the results of our assay are also comparable to published data.

ST-APC backbone | ST-APC backbone

0OG488 coupled | Alexa488 coupled
0G488 Alexa488

Half-life [sec.] 115 120 11,85 10,63
Table 2 half-life of surface-bound aCD4 Fab and backbones
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Figure 11 Comparison of microscopic and flow-based off rate measurement Murine splenocytes were stained
using OG488 labeled aCD4 Fab Multimers and the half-life of the Fab Monomers was measured using either

microscopic or the flow based off-rate assay.

A standard method to measure the strength of protein interaction is the Biacore measurement
(Murphy et al., 2006). With this technology, one binding partner is immobilized on a sensor
chip surface, and several concentrations of the binding-partner are injected and passed in
solution across the chip surface. The changes in the index of refraction at the surface where
binding interactions occurs can be detected and are subsequently evaluated by fitting algorithms
and by comparing them to binding models. From the fitted data, several conclusions can be
ol -
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4001*
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Figure 12 kott-rate of human aCD4 Fabs human PBMCs were stained using OG488 labeled aCD4 Fab Multimers

and the half-life of the Fab Monomers was measured using the flow based off-rate assay.
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drawn. Cedric Bes and colleagues used this assay to determine the affinity of mutants of the
human aCD4 Fab of the human aCD4 antibody 13B8.2 and found them to have very different
binding affinities and half-life times to the CD4 antigen (Bés et al., 2003). We generated Fabs
monomers containing the same mutations as well as a HIS Tag sequence coupled to the light
chain to for measuring the half-life times of these clones in the flow-based kofr rate assay. The
mutants were numbered from 1-4, with mutant 1 having a mutation at position 100 substituting
a Phenylalanine with alanine, number 2 a Histidine by an Alanine at position 35 and mutant
three a histidine by an alanine at position (Stemberger et al., 2012). We found that indeed the
three mutated aCD4 Fabs differed profoundly in their half-life time when compared to the
wildtype Fab and amongst each other (Figure 12). The results of Biacore and flow ko rate data
cannot be compared directly, as one technology assessed the pure protein interaction (Biacore),
while the kofr -rate assay investigates the protein interaction in a more natural state. In Table
three we ranked the wild-type and three Fab mutants we could generate according to their
affinity. We observed that mutants 2 and 3, which resulted in the lowest affinities were
interchanged in between Biacore and flow Kosf rate ranking. This variation could be caused by
the different environments of the binding Kinetics.

We established and validated a novel setup for the recently developed microscopic Koff-rate
assay, making high-throughput analyses of populations expressing the same target receptor
possible. We used this novel approach to determine the half-life of the aCD4 Fab monomers
(115 sec.) and aCD25 Fab (below detection limit), which we have developed for the isolation
of regulatory T cells. The very fast off-rate of the aCD25 Fab indicates a very low affinity of
this Fab, providing a reasonable explanation for the prolonged staining time needed to get
optimal staining brightness (Figure 6) and the failure to use this Fab for magnetic selection in
prior work (Mohr, 2012). As both Fabs had proven to stain very nicely for FACS analysis, we
next wanted to combine these two Fab-Streptamers for a one-step selection process of

regulatory T cells by flow-based cell sorting.

Affinity Biacore Flow off rate Assay
highest CD4 wt CD4 wt
' CD4 mutant 1 CD4 mutant 1
CD4 mutant 2 CD4 mutant 3
lowest CD4 mutant 3 CD4 mutant 2

Table 3 Relative affinity of human aCD4 mutant Fab Monomers
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7.1.3. Development of a double Fab multimer staining
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Figure 13 Isolation of regulatory T cells freed from staining reagents Gating strategy on the Moflo legacy to
sort Tregs from murine splenocytes either stained with mAbs against CD4 and CD25 (upper panel) or reversible
Fab multimers targeting CD4 and CD25 (lower panel). Gating on lymphocytes (first row), single (second row) and

living cells (third row); representative FACS plots

To further improve the efficacy of Fab-Streptamer-based isolation of regulatory T cells and
subsequent removal of the isolation reagents we wanted to combine the fully reversible
stainings for CD4 and CD25. The Fab multimer double staining turned out to be more
complicated as expected because we observed frequent exchange of Fab Monomers between
the different (ST-PE and ST-APC) backbones (Figure 39). We first performed the stainings by
directly mixing the two pre-conjugated reagents, which led to a staining smear; also extensive
washing between the staining steps did not improve the staining satisfyingly (Figure. 39).

Optimization of the staining procedure and inter-staining washing process guided us to a

mAb Fab Multimer Fab Multimer
A4
D-biotin D-biotin D-biotin
\4 \4 4 4
ST-PE Fab-multimer
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CD25 Fab-multimer PE

CD4 Fab-multimer APC

Figure 14 Reversibility of the Fab multimer double staining: mAb and Fab multimer FACS sorted cells after
washing in FACS buffer containing 1mM D-biotin (left and second from left blot). Monomer reversibility test to stain
for remaining Fab-Monomers we re-stained one half of the sample of Fab multimer sorted cells after D-Biotin
washing and with ST-PE (second from right plot) and to make sure no more D-biotin was in the system we re-

stained the second half with Fab multimers(right plot).
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successful double-staining protocol with aCD25 Fabs coupled to a Streptactin PE backbone
and CD4 Fab coupled to a Streptactin APC backbone in a two-step staining process (Figure 13).
Comparing the staining intensity of conventional mAb and Fab multimer double stained
samples on a Moflo legacy cell sorter demonstrated that cells are comparable in number and
frequency of single living leucocytes. Furthermore, the staining brightness of surface markers
CD4 and CD25 was nearly identical, allowing a precise identification and subsequent flow-
based cell sorting of Tregs with both reagent types (Figure 13). For cell isolation, we gated on
the 2-3 percent highest CD25 expressing and CD4 double-positive cells, thereby establishing a
single-step isolation protocol for regulatory T cells. We then went on to confirm that an essential
feature of the Fab multimer technology, the reversibility, was still preserved after co-staining
and sorting.

Washing of cells with D-biotin after sorting did not lead to the removal of either the mAb
staining for CD25 or the mAb staining for CD4 as seen in Figure 14 in the left panel. In contrast
to that, Fab multimer-sorted and D-biotin washed cells were free of staining reagents (Figure
14 second from left panel). To confirm that not only the multimer but also monomeric Fab
molecules are removed from the cell surface, we treated one half of the sorted cells with ST-
PE, which would allow to re-stain non-removed monomeric Fab molecules still sticking to the
cell surface, and the other half with Fab multimers to demonstrate with stable staining that all
the D-Biotin had been successfully removed from the system. As seen in Figure 14, ST-PE
staining was negative, whereas we were able to re-stain the isolated cells with Fab multimers,
showing that the double staining of CD4 and CD25 using Fab multimers and subsequent
isolation of the cells does not negatively interfere with full reversibility (backbone and Fab
monomers) of the staining and yields in a highly pure population of cells.

7.1.4. Comparison of FACS isolated mAb or Fab multimer stained Tregs
To compare the cell products obtained by FACS using conventional mAb and Fab multimer-
based enrichment, we analyzed the purities of the sorted cell products. FACS-based cell
enrichment of Tregs from the same sample using antibodies or Fab multimers both resulted in
highly pure CD4, CD25 double-positive cell products. Further analysis to check if the sorted
cells had a regulatory T cell phenotype was performed looking for the Foxp3 expression in the
sorted cells. Like with the surface expression of CD4 and CD25 both isolation methods yielded
in a highly pure Foxp3 positive population (Figure 15A, B). To rule out that the different
staining methods would prefer one of the Treg subsets, we looked for subset distribution
segregating the Treg subsets by the surface markers CD27 and CD62L. We found that also there
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Figure 15 Treg cells after sorting Comparison of Fab Multimer and mAb Tregs after sorting A) exemplary FACS

plots for mAb sorted cells (upper panel) and Fab Multimer (lower panel). B) Bar graph showing pooled analysis of 3

individual experiments

was no difference between mAb- and Fab-sorted samples, making the reversibility of the Fab

multimers from the cell surface their unique distinction (Figure 15B).

From these data, we conclude that with aCD4/aCD25 Fab multimers or mAbs identical Tregs

populations can be stained and enriched by flow cytometry. Fab multimers further allow the

complete removal of the staining reagents upon cell purification. Next, we wanted to know

whether murine Tregs purified with conventional ‘non-reversible’ antibodies or using Fab

multimers differ in their capacity to engraft and survive upon adoptive T cell transfer.
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7.2.  Invivo Engraftment

7.2.1. Transfer into wt C57BL/6 mice
After establishing that the isolation of Tregs either using conventional mAbs or reversible Fab
multimers for FACS sorting lead to comparable cell products with respect to purity and cell
composition, but are distinct in the capability of Fab multimer-isolated cells to be liberated from
their isolation reagent. We wanted to examine whether removal of the isolation markers could
be beneficial for in vivo engraftment and/or survival of the isolated cells. Therefore, we isolated
Tregs from CD45.1 congenic donor mouse lines and transferred 20.000 Tregs per CD45.2
recipient mouse (Figure 16A). As shown in Figure 16B, we could readily recover transferred
cells by a highly sensitive double staining assay for congenic markers (Figure 16B).
Interestingly, we found significantly increased numbers (relative frequencies as well as absolute
cell numbers) of Fab multimer-isolated cells after three weeks upon adoptive transfer in spleen
and lymph nodes (Figure 16 C, D) indicating an improved engraftment and/or survival of Fab
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Figure 16 Transfer of differentially sorted Tregs in vivo A-B) 20.000 Fab multimer or mAb sorted congenically
marked Tregs were transferred into wt C57BL/6 mice A) exemplary FACS plot depicting recovery of transduced
cells. Tregs were detected as living lymphocytes and a double staining for CD45.1 (congenic marker). B)
Frequency and absolute cell number of recovered CD45.1* cells (n=4) 3 weeks after transfer statistical analysis

was done using GraphPad Prism software t-test or one sample t-test; *p=0.5; ** p=0.1; ***p=0.01)
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Multimer-isolated Tregs. To further consolidate these findings, we refined the experimental
settings to the co-transfer of differentially isolated Tregs marked congenically with either
CD90.1 or CD45.1 into wild-type (wt), CD90.2" and CD45.2" recipient mice.

7.2.2. Co-transfer of mAb and Fab Multimer sorted cells into wt C57BL/6 mice
To further improve our transfer system, we attempted to use the transfer of two distinct
congenically marked Treg populations into one wildtype recipient mouse. Such multiplex
transfers with T cells from different congenic recipients was already well established in our lab
(Buchholz et al., 2013; Graef et al., 2014; Stemberger et al., 2007).We used this experience to
modify the protocol established for the transfer of minimal numbers of CD8* T cells to make
the transfer of minimal numbers of Tregs possible. We transferred a 1:1 solution of either Fab
multimer- or mAb-sorted from splenocytes (Figure 13) into C57BL/6 recipient mice. The
recipient mice were sacrificed one week or three weeks after cell transfer, and both Fab- and
mAb-transferred cells could be detected. For such transfer experiments, it is important to
control that the congenic markers or potential genetic drifts within the donor mice have no any
influence on the engraftment capability of Treg populations. Therefore, we compared the
frequency of recovered cells from Fab sorted cells from a CD45.1 and a CD90.1 positive donor
and found no difference in the size of the recovered populations (Figure 17 B left panel). The
comparison of mAb sorted cells from both donor mouse strains showed the same result (Figure
17), demonstrating that in this setting of Treg transfer into wt C57BL/6 mice Tregs from both
donor mice (CD45.1 and CD90.1) behave very similar. As an additional control, we included
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Figure 17 Co-transfer into wt C56BL/6 mice model and setup. A) Tregs were isolated either using mAbs or
Fab multimers from congenically marked mice using FACS and washed in 1mM D-biotin containing FACS-Buffer
afterwards and transferred into C57BL/6 wt recipient mice. Recipient mice were sacrificed on day 7 or day 21 after
cell transfer. B) Comparison of engraftment of Fab and mAb from CD90.1 and CD45.1 donor mice at week 3 after
cell transfer. Right graph show staining background in mice not receiving any cells. Statistical analysis was done

using GraphPad Prism software t-test or one sample t-test (Figure 2E right panel); *p=0.5; ** p=0.1; ***p=0.01)
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Figure 18. Co-Transfer of differentially sorted Tregs in vivo A-C) 2x10%*congenically marked (either CD45.1
or CD90.1) Fab multimer and mAb sorted Tregs (1:1 solution) were co-transferred into wt C57BL/6 recipient mice.
C) Exemplary FACS plots depicting recovery of transferred cells. D) frequency of recovered cells after 1week
(n=23) and 3 weeks (n=23) E) fold change for individual mice red filled circles more mAb than Fab sorted cells;
empty circles more Fab than mAb sorted cells. After one week (n=23) and three weeks (n=23)

mice not receiving any Treg cells to determine the staining background and to exclude that we
only detect false positive cells. These experiments demonstrated that the background was only
minor in comparison to antigen-specific staining, despite the very small populations recovered.

After we established the model of co-transfer of differentially sorted Treg populations, we
set out to compare the size of recovered cell populations. We analyzed primary lymphoid
organs, spleen and lymph nodes one week or three weeks after cell transfer. Fab multimer-
sorted Tregs were significantly more recovered after one as well as after three weeks in spleens
and lymph nodes (Figure 18B). Analysis of individual mice made it possible to calculate the
fold change between mAb- and Fab multimer-sorted populations. We found that in only 2 out
of 48 mice we found a little more mAb-sorted cells, but the fold change was minimal (-0,079 -
0,089) (Figure 18C). Overall, a considerable improvement in engraftment capability of Fab
multimer-sorted Tregs was observed, accumulating in an almost two-fold better engraftment.
We further investigated if the cells we recovered had still a Treg phenotype. In line with
published literature where Tregs have been described to have a very stable phenotype (Rubtsov
et al., 2010), we found that transferred Tregs maintained a stable phenotype independent from
the isolation method: in all cases the recovered cells were predominantly CD25, CD4 and Foxp3

positive (Figure 19 A, B). These data demonstrate that while it is possible to isolate
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Figure 19. Co-transfer into C57BL/6 mice phenotype of recovered cells. A) Exemplary FACS plot showing

phenotype of recovered cells (black dots) and endogenous cells (grey density plot) B) phenotypic analysis of
recovered cells (n=17)

phenotypically stable regulatory T cells with mAbs and Fab Multimers, a number of cells

recovered is substantially higher if the cells were isolated using Fab multimers and subsequently
liberated from isolation reagents.
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7.2.3. Co-transfer of “untouched” Tregs and “isolated reagent freed” Tregs

To test if Fab multimer-isolated Tregs perform upon adoptive transfer comparable to cells,
which never came into contact with isolation reagents, we used the DEREG mouse model (Lahl
et al.,, 2007). DEREG mice express a diphtheria toxin (DT) receptor -enhanced green
fluorescent protein (eGFP) fusion protein under the control of the FOXP3 promotor (Lahl et
al., 2007). This setup allows selective in vivo ablation of regulatory T cells by DT treatment,
but also the detection of Tregs by the expression of eGFP and without additional surface
staining. We sorted Tregs using either eGFP positive cells or Fab multimers (CD4/CD25) and
injected a 1:1 solution into recipient mice. After one week we sacrificed the mice and analyzed
spleens for recovery of both populations (Figure 20A). We found that GFP-sorted and
CD4positive and CD25high Fab multimer-sorted Tregs engraft with the same frequency (Figure
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Figure 20. Co-Transfer of GFP sorted and Fab multimer sorted Tregs A) A 1:1 mixture from 20.000
congenically marked Tregs either sorted on GFP (DEREG mouse) or Fab multimers was injected into a
CD45./CD90.2 expressing recipient mouse. The recipient mice were analyzed on day 7 after cell transfer. B) Bar
graph of the frequency of recovered cells n=4, t test; Experiment is representative for two experiments. Statistical

analysis was done using GraphPad Prism software

20B), providing strong evidence that Fab multimer-sorted cells have indeed the same
engraftment capability as “never-stained” cells. As in this setup, the cells had been sorted based
on different markers (DEREG: Foxp3 — C57BL/6 CD90.1: CD4/CD25), we thought of an
additional experimental system in which truly the engraftment of the same population could be
observed. Therefore, we injected 1:1 solutions of bulk cells with never stained (CD45.1 donor)
or cell that had been exposed to Fab multimers (CD4 STAPC/CD25 STPE) or mAbs (CD4
APC/CD25 PE) and subsequent D-Biotin washing (Figure 21A). To analyze the recovery of
transferred cells, we first gated on CD4 and CD25 double positive cells and then searched for
the congenically marked cells. Never stained/“untouched” and reversibly Fab multimer stained
cells engrafted with the same frequency into recipient mice. In sharp contrast and in line with

what we observed before, Treg cells still bearing monoclonal antibodies as isolation reagents
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Figure 21. Co-Transfer of GFP sorted and Fab multimer sorted Tregs A) A 1:1 mixture from 20.000
congenically marked Tregs either sorted on GFP (DEREG mouse) or Fab multimers was injected into a
CD45./CD90.2 expressing recipient mouse. The recipient mice were analyzed on day 7 after cell transfer. B) Bar
graph of the frequency of recovered cells n=4, t test; Experiment is representative for two experiments. Statistical
analysis was done using GraphPad Prism software

on the cell surface showed significantly reduced engraftment (Figure 21B). Taken together
these data demonstrate that the engraftment of Fab multimer stained cells is not impaired after
removal of the staining reagent when compared to either never-stained or eGFP sorted cells,

whereas the engraftment of mAb-labeled cells is significantly reduced.
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7.2.4. Why do Fab multimer-sorted Treg cells engraft better than mAb -sorted cells?

To test how the differences in engraftment capabilities between Fab multimer- and mAb-
isolated cells are generated, we first modified our model and changed the recipient to Rag2
(recombinase activating gene 2), common y-chain double knockout (Rag2”cyc”") mice. This
recipient lacks natural killer (NK) cells, T and B cells. There are some residual CD45 low cells
detectable, which are of the macrophage/monocyte lineage, but even these cells are known to
be severely altered in their development and functional characteristics due to the lack of
functional IL-2, IL-4, IL-7, IL-9, and IL-15 receptors. This heavily immunocompromised
mouse model is often used for transplantation and xenograft studies, as there are only very
minor residual immune functions remaining. Using Rag2”- common y-chain”- mice we wanted
to examine whether Fab multimer- and mAb-sorted cells would be able to engraft and
homeostatically proliferate similarly if the host is strongly immunocompromised. Analysis of
engraftment showed that in comparison to the wildtype control mice, the engraftment of Treg
cells in spleen, lung and bone marrow was not significantly different in Rag2”cyc” mice, but
still showed a clear trend of better engraftment of Fab multimer-sorted cells (Figure 22). Due
to their high immunodeficiency, Rag2”cyc” mice do not have detectable lymph nodes, so only
data for the recovery from wt mice is shown this organ. In summary, these data indicate that in
the absence of adaptive immunity and under conditions that have very limited immune-
surveillance and strong signals for homeostatically proliferation, the difference in engraftment
between Fab multimer- and mAb- sorted cells is still maintained, hinting towards an

involvement of innate immune factors. As described in the introduction (5.2.7.), several ways
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Figure 22. Engraftment of Tregs into Rag2” cyc” mice. Treg cells were isolated from congenically marked hosts
either using Fab multimers or mAbs and a 1:1 solution of cells was transferred into Rag2” cyc” or wt mice. We
measured recovery of transferred cells 3 weeks after cell transfer in different organs. n=7; t-test statistical analysis
was done using GraphPad Prism
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how antibodies can influence cells have been described in the literature. For example,
antibodies can induce the complement system, activating C1q and leading to the activation of
several effector mechanisms, or antibodies can activate effector cells directly via Fc Receptors.
Therefore, we wanted to investigate the role of the complement system in diminishing the

engraftment capability of mAb-sorted cells.

7.2.5. The role of the complement system in the depletion of mAb labeled Tregs

In vitro deposition of C3 on the cell surface

To investigate the role of complement activation we used an established complement

deposition assay (AG Verschoor — Steven Broadly). In this assay, the deposition of C3 on the
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Figure 23. in vitro deposition of C3 on the cell surface of Tregs: A,B cells were isolated on a flow cytometer
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using either Fab multimer or mAb staining and after removal of Fab multimers from the cell surface cultivated for
the indicated time periods in freshly prepared blood serum of C57BL/6 mice. C3 deposition was measured using
a C3 specific antibody labeled with eF450 dye. A) Exemplary FACS blots showing C3 deposition at indicated time

points. B) Staining intensity of C3 deposition was measured and the geoMean of fluorescence was plotted;
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cell surface after getting in contact with mouse serum is measured. We performed a kinetic
experiment measuring the C3 deposition 5, 15 and 30 minutes after sorted cells are re-
suspended in freshly acquired C57BI/6 wt serum. We found that approximately on one third of
the cells there was mAb-unrelated deposition of C3 on the cell surface of never-stained cells
(Figure 23 A), although these were only quite little amounts of C3 (Figure 23 B). Similar to
this, little deposition was measured on cells, which had been isolated with Fab multimers and
freed from staining reagents afterwards (Figure 23 A, B). In contrast to the other samples, mAb-
sorted cells showed strong accumulation of C3 on the cell surface over the first 30 minutes after
being cultivated in vitro with mouse serum, both in a number of cells covered with C3 and the
amount of C3 on the cell surface (Figure 23 A, B). Based on these findings we suspected that
complement-mediated cell death early after cell transfer might be a key player in the lowered
engraftment capability of mAb-sorted Tregs and set out to analyze this in in vivo knockout

models.
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Engraftment of mAb and Fab Multimer sorted Tregs in C3 deficient mice

To test, if complement activation indeed is a critical player in the lowered engraftment
capability of mAb-sorted Tregs, we transferred 20.000 congenically distinguishable Fab
multimer-sorted or mAb-sorted Tregs into wildtype or C3”7 mice. The formation of C3
convertase activity is crucial for the activation of the complement pathway, leading to the
production of the primary effector molecules and uniting the three distinct complement
activation pathways (Tomlinson, 1993). Our in vitro data already demonstrated increased C3
deposition on the cell surface of mAb-sorted Tregs, so we expected the difference between Fab
Multimer- and mAb-sorted Treg populations to be reduced or gone when we transferred cells
into C37- mice. However, when we determined the recovery after three weeks, we found that in
contrast to our expectations there was still a significant difference in the size of Fab Multimer-
and mADb-sorted populations. This difference was detectable on the frequency level as well as
on the total population size in the spleen (Figure 24 A, D). The same observation was made
when analyzing the frequency and total cell number of recovered cells in the lymph nodes
(Figure 24 G; J). We further found that Tregs isolated with Fab Multimers were somewhat
increased in recipient mice when these mice lack C3 (Figure 24 B, E, H, K). This finding could
not be explained so far and might hind towards an enhanched proliferation of transferred cells.
When calculating the fold-change from mAb-sorted to Fab Multimer-sorted cells, we found that
in both recipients the same fold change was observed (Figure 24 C, F, I, L). This finding was
also in line with our previous findings describing a two-fold increase in cell number. The data
demonstrate that while antibodies increase the amount of C3 deposition on the cell surface, the
complement driven pathway of immune-mediated antibody-dependent cytotoxicity does not
play a significant role in the reduced engraftment capability of mAb-isolated Tregs. The second
major pathway activated by surface-bound antibodies is the cellular cytotoxicity (ADCC).
Therefore, we next set out to investigate if ADCC plays a role in the diminished engraftment

numbers of mADb sorted Tregs.
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Figure 24. Transfer of Fab multimer- and mAb-sorted Tregs into C3” mice: A-L 1:1 solution of congenically
marked Fab multimer and mAb sorted cells were transferred into C37-or wt recipient mice and looked for recovery
after 3 weeks: A-F) in spleen A)frequency B) frequency comparing wt and C3 C) fold change on frequency level D)
absolute number of recovered cells E) absolute number comparing wt and - F) fold change on absolute number levels
G-L) in lymph nodes G)frequency H) frequency comparing wt and C3 1) fold change on frequency level J) absolute
number of recovered cells K) absolute number comparing wt and 7~ L) fold change on absolute number levels; n=8 t-

test all statistics with GraphPad Prism; representative for two experiments
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7.2.6. Antibody-dependent cell-mediated cytotoxicity as reason for diminished
engraftment of mAb labeled cells

Antibody-dependent cell-mediated cytotoxicity (ADCC) is the second central effector
mechanism described to be elicited by surface-bound antibodies. In ADCC, effector immune
cells attack targets whose surface antigens have been marked by antibodies. Main effector cells
of ADCC are natural killer (NK) cells; but macrophages, neutrophils, and eosinophils have also
been described to be important mediators of ADCC. After showing that complement-induced
cytotoxicity has no or only a minor role in the reduced engraftment of mAb-sorted Tregs, we
investigated the influence of Fcy Receptor-positive effector immune cells on the engraftment
of mAb-marked Tregs. In mice, the Fcy receptors (FcyR) are the primary mediator of ADCC.
Therefore, we used mice with a knock-out for the FcyR subdomain, knocking out the Fcy
receptors FcyR 1 (pairing with CD64), FcyR III (pairing with CD16), FcyR IV (pairing with
CD16-2) and FceRI and a knock-out for FcyRII (CD32), which does not require the FcyR
subpart to be surface exposed. FceRl is a high-affinity receptor found on epidermal Langerhans
cells, eosinophils, mast cells and basophils(Teillaud, 2012). The FcyRs are the most critical Fc
receptors for inducing phagocytosis of opsonized targets and also induce efficient Killing of
targets.

To analyze whether knock-out of FcyR would alter the engraftment of mAb- or Fab-
sorted cells and maybe diminish the difference in engraftment capability, we utilized our
already established transfer model. As shown in Figure 25, the recovery of transferred Tregs

cells after 3 weeks was independent of the isolation reagent used (Figure 25A), strongly
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Figure 25. Transfer of Fab multimer- and mAb-sorted Tregs into FcyR” mice. A 1:1 solution of 20.000 Tregs
was i.v. injected into recipient mice and recovery was checked after 3 weeks. A) Frequency of recovered Treg cells

n=5 B) Fold change between mAb and Fab Multimer sorted Tregs
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Figure 26. Early recovery of transferred Tregs lhour after transfer A-D) 100.000 cells of a 1:1 mixture of
proliferation dye marked (CFSE; ef450PD; eF670 PD) Fab and mAb sorted Tregs population were injected into
recipient mice. After 1 hour the recipient mice were sacrificed and different organs were analyzed. A) exemplary
gating strategy to recover transferred Treg cells B) frequency of the recovered transferred cells after transfer into
C57BI/6 wt mice in spleen (n=12) and liver (n=6) (pooled from 4 Experiments; One-Way Anova with Dunnetts
Posttest) C) Frequency of recovered cells after adoptive co-transfer into FcyR KO mice in spleen (n=9) and liver
(n=6) D) fold change for individual mice red filled circles more mAb than Fab sorted cells; empty circles more Fab
than mAb sorted cells; red filled circle more mAb than Fab sorted cells recovered; all statistics was done using
GraphPad Prism; t test *p=0.5; ** p=0.1)

suggesting that the interaction of the Fc part of the antibody and endogenous Fc receptor-
bearing cells is the driving force of the diminished engraftment capability of mAb-isolated Treg
cells. Furthermore, we did not detect any ‘fold change’ in individual mice (Figure 25B). To
further confirm this finding, we changed our transfer protocol as Fc-dependent mechanisms are
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described to be very rapid occurring cellular responses. We marked Fab multimer- and mAb-
sorted cells with proliferation dyes (PD) after sorting and transferred them into wt recipient
mice (Figure 26A). Subsequent determination of recovered cell frequencies at a very early time
point after adoptive transfer (1h) revealed a clear distinction between the transferred
populations and to the endogenous cells (Figure 26B). One hour after transfer the frequencies
of mADb-sorted cells in wild-type mice were already significantly reduced in spleen and lymph
nodes, but interestingly slightly elevated in the liver (Figure 26C), showing that the difference
in engraftment capability of Fab Multimer- and mAb-isolated Treg grafts is indeed established
very early. The antibody clone PC 61 has been described to mediate trapping and killing of
Tregs by Fc-y-receptor (FcyR) after injection in vivo (Setiady et al., 2010). To test
experimentally if the rapidly occurring differences shown in Figure 25C are caused by the Fc
part of the parental antibody, we transferred both populations into FcyR KO mice. Moreover,
as shown in Figure 24, at a later time point we could not find differences in recovered population
sizes in FcyR KO mice in spleen and lymph nodes (Figure 26D). Calculation of the fold change
between Fab multimer- and mAb-sorted cells revealed that transfer in wildtype C57BL/6
resulted in 2 fold higher frequencies of Fab multimer-sorted cells in spleen and lymph nodes
and one-fold higher frequency of mAb sorted cells in the liver whereas there was no change
observed in the FcyR KO mice (Figure26E). These data demonstrate that rapid clearing of Tregs
isolated with mAb-based isolation reagents on the surface is mediated to a large extent by FcyR-

mediated mechanisms.
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7.2.7. Fab removed to Fab non-removed
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Figure 27. Schematic experimental setup: Can the recovery of cell subsets be affected by other isolation
reagents despite mAbs as well. Co-transfer of either 100.000 (1 hour measurement) or 20.000 (1 week & 5 week
measurement) congenically marked Fab multimer isolated Tregs. One group washed in D-biotin after isolation,
whereas the other group was washed in FACS buffer. A 1:1 solution of both cell populations was transferred into
recipient mice. Recipient mice were analyzed 1 hour, 1week or three weeks after cell transfer.

Besides the early FcyR-mediated influence of Treg recovery, we wanted to test whether long-
term recovery could also be affected by additional mechanisms of cell label interference. To
test this experimentally, we transferred Fab multimer-sorted Tregs either with non-removed or
removed Fab multimers into wt recipients and analyzed Treg recovery after 1 hour, one week
and five weeks (Figure 27). We sorted single living Treg cells, as depicted in Figure 27. After
the sorting, one sample was washed in FACS buffer containing 1mM D-biotin whereas the
other sample was washed in FACS buffer without D-Biotin. The sort purity was high in both
samples (Figure 28). With this enrichment strategy, we had two congenically distinct cell
populations, one still carrying the sorting reagent without Fc part on the cell surface, and the
other one as a label-free population. With this setup, we investigated the influence of labeling
reagents besides the Fc part-mediated effects described earlier. A 1:1 solution of both cell
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Figure 28. Sorting strategy for label free and Fc-free labeled cells. Cells were pregated on single living
lymphocytes. The sort gate was set on CD4 APC CD25-PE double positive cells. Purity control and sorting were
performed on the Moflo Legacy.
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populations was injected into C57BL/6 mice. As shown in Figure 29A, removal of Fab
multimers had no additional effect on Treg recovery 1 hour after adoptive transfer when
compared to non-removed Fab multimers. In contrast to the early reduction observed when
Tregs still bear mAbs on the cell surface, remaining Fab multimers do not lead to rapid decrease
in cell number. However, at later time points removal of Fab Multimers led to significantly
enhanced Treg recoveries both after one and five weeks in the spleen (Figure 29A). Additional
analysis of the lymph nodes revealed the same phenotype. While after 1 hour no difference in
numbers of recovered Tregs was observed, a clear difference was visible after one week (Figure
29B). The fold change from non-removed Fab to removed Fab increased from none after one
hour to ~1x after one week and stayed stable until week five in spleen (Figure 29C) and lymph
nodes (Figure 29D), indicating an influence of remaining staining reagents on cell engraftment
within the first week independent of Fc recognition. This difference does not increase over time,
indicating that both cell populations have the same capacity to maintain themselves after
surviving the initial phase of the adoptive transfer (Figure 29C). We speculated that this effect
could be mediated via blocking of 1L2 signaling by the isolation reagents on the cell surface.
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Figure 29. Removal of Fab multimers from the cell surface is important A) 1hour 100.000 cells of a 1:1
mixture of proliferation dye marked (alternating; CFSE — ef450PD — eF670 PE) D-biotin treated Fab sorted (r Fab)
and non-D-biotin treated Fab sorted (nr Fab) Tregs population were injected into recipient mice. After 1 hour the
recipient mice were sacrificed and the spleen was analyzed. (t test) 1/5 weeks 40.000 cells of a 1:1 solution of
congenically marked r Fab or nr Fab Tregs were injected into recipient wt C57BL/6 mice and recovery of both
groups was checked after one (n=16) and five (n=12) weeks (t test) C) Fold change of recovered Tregs within one

mouse 1 hour, one week and 5 weeks (One way Anova with Dunetts Post test
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We had already established an assay to measure STAT5 phosphorylation of Tregs in
our lab (Mohr, 2012). To test if the IL2 induced signaling of labeled cells or freed cells was
different, we stimulated Tregs for 15 minutes at 37°C with 50ug IL2. Subsequently, we
performed western blot analysis and stained for the phosphorylation of STATS5, the primary
signaling molecule in the IL2 pathway (Malek, 2008). We found while IL2 signaling was
blocked by the addition of aCD25 antibody (clone: PC61) neither the addition of monomeric
or multimeric Fab did abrogate the IL2 signaling completely (Figure 30 left panel). Washing
with D-biotin led only to minor changes in the IL2 signaling (Figure 30). To test if these small
changes could be responsible for the changes seen in vivo (Figure 29), we investigated the in
vitro proliferation of Tregs induced by IL2. We isolated Tregs with Fab multimers, split them
into removed and non-removed groups and analyzed for in vitro CFSE dilution at day 4. As

summarized in Figure 31, both groups proliferated slowly, but the removal of staining reagents
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Figure 30. Intracellular IL2 signaling 5x10° cells were stained with the standard staining protocol and transferred
in a 96-well flat bottom plate. For Fab-multimer and Antibody wash fractions 1.5 107 cells were stained and washed
according to standard staining and D-biotin removal protocol. 5x10° cells were transferred to the 96-well flat bottom
plate. All cells were incubated for 30 minutes at 37°C and afterwards stimulated with 50U IL-2 for 15 minutes. After
stimulation cells were lysed and Blotted as described in material part.
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culture and CFSE dilution was measured. (t test; exemplary for 3 independent experiments) statistical analysis as
indicated was done using GraphPad Prism software; *p=0.5; ** p=0.1; ***p=0.01
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led to a significantly increased proliferation rate of Tregs after treatment with low dosages of
IL-2. High dose IL-2 treatment could overcome this proliferative disadvantage in vitro. These
results indicate that remaining surface bound Fab multimers might also block the IL-2 receptor
and thereby affect cell survival and/or proliferation of labeled Tregs.

In summary, we established that Fcy-receptor-mediated Killing of Tregs initially diminished the
engraftment capability of labeled Tregs when compared to label-free Tregs, but that also other
effects, like the blockage of IL2 signaling, can further alter the engraftment of cells. However,
whether these strong effects are also relevant for the functionality of Treg grafts has so far not
been shown. Therefore, we next wanted to examine whether label-removed Tregs would also

have a superior function when compared to selection-reagent bearing cells.
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7.3.  Functionality of Fab Multimer isolated Tregs

After having shown that remaining isolation reagents on the cell surface can have tremendous
effects on the engraftment capability, we wanted to investigate if remaining staining reagents
have a detectable influence on the functional capability of Treg grafts. For this purpose, we first
decided to determine the in vitro functionality of Tregs either isolated by Fab multimers or
mADs.

7.3.1. Invitro functionality
To determine the in vitro functionality of Tregs, we sorted CD8 effector T cells based on CD8
expression into a CD3/CD28 pre-coated 96 well plate and titrated either Fab multimer- or mAb-
sorted Tregs into the assay. We observed that stimulated Teffs proliferated vigorously until day
three in the absence of Tregs. The addition of either Fab multimer- or mAb-sorted Tregs at a
ratio of 1:1 led to drastically reduced proliferation (Figure 32 left panel). However, we did not
observe a difference in reduction of proliferation when comparing Fab multimer- and mAb-
sorted cells. When lowering the amount of Tregs used in the assay to a Teff to Treg ratio of 4:1,
we observed still a significant reduction of proliferation after addition of either Fab multimer-
or mAb-sorted Tregs, but there was a significantly higher reduction of proliferation in the
presence of Fab multimer-sorted cells. This hints towards an improved suppressive capability
of Fab multimer isolated cells (Figure 32 right panel). To test both isolation methods in a
clinically relevant system, we next tested differently isolated Tregs in an already established

mouse model of acute graft-versus-host disease.
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Figure 32. In vitro Treg suppression Assay: Proliferation of CD3/28 stimulated effector cells (CD8+) was
measured on day 4 after stimulation by measuring the CFSE dilution. Tregs were added at the indicated ratios.
Statistical analysis as indicated was done using GraphPad Prism software; One-way Anova with Bonferroni
posttest *p=0.5; ** p=0.1; **p=0.01
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7.3.2. Invivo functionality of Fab Multimer isolated Tregs

We utilized an established acute GvHD model (aGvHD) to test in a preclinical setting whether
removal of staining reagents upon purification of Tregs affects the outcome of adoptive Treg
therapy of aGvHD. Bone marrow (BM) and effector T cells (Teff) from C57BL/6 donor mice
were injected into lethally irradiated BALB/C recipients. Subsequently, Fab multimer- or mAb-
sorted Tregs grafts were transferred in different ratios (in relation to the number of transferred
Teff) and survival and weight loss over time were monitored. We observed that the mice had a
substantial irradiation-induced weight loss until day 7/8, but almost all mice recovered from the
irradiation-induced weight loss till day 12/13. Mice receiving only bone marrow recovered well
from irradiation caused weight loss. Starting from the recovery point, mice receiving Teff cells,
but not receiving Tregs showed rapid weight loss. In line with the published literature, the
transfer of Tregs at a Teff to Treg ratio of 1:1 led to reduced weight loss, both after transfer
with Fab multimer- or mAb-sorted cells. However, whereas Fab multimer-sorted Tregs
conferred a rapid recovery of weight and constant weight gain, the transfer of mAb-sorted Tregs
only had a small effect, and most animals continued to lose weight over time (Figure 33A).
A further reduction of the total number of transferred regulatory T cells to a Teff to Treg ratio
of 4:1 showed that it was not beneficial to transfer mAb-sorted Tregs at this ratio. In contrast,
the transfer of Fab multimer-sorted Tregs had still a significant positive effect on the weight
loss of recipient mice (Figure 33A). At a Treg to Teff ratio of 1:1, only 42.9% of all mice
survived when treated with mAb-sorted Tregs, whereas 100% of all mice treated with Fab
multimer-isolated Tregs survived (Figure 33B). Even under reduced conditions, when recipient
animals were treated with a Treg to Teff ratio of only 1:4, 69.2% of all mice treated with Fab
multimer-isolated Tregs survived whereas only 10% of all mice treated with mAb-sorted Tregs
have survived until day 50 (Figure 33C). The in this thesis newly established isolation protocol
using a double staining with two reversible Fab Multimer, FACS enrichment, and subsequent
label removal appears to have clear in vivo advantages over currently used technologies for
Treg isolation. We demonstrate that in a model of acute Graft versus Host disease these
minimally manipulated regulatory T cell grafts have a superior in vivo potency when compared
to conventional non-reversible mAb staining, allowing to detect therapeutic activity even at
largely reduced input cell numbers.

As described earlier, human naturally occurring Tregs, like murine Tregs, are most
commonly characterized by surface expression of CD4, CD25 and constitutive expression of
Foxp3. In contrast to the mouse, the characterization of Tregs only by the surface markers CD4

and CD25 is often not sufficient to isolate pure Treg populations, leading to the necessity of

59



Treg to Teff 1:1

BM only mAb 1:1 Fab 1:1

120 120
110
100

90

1104
100
90+

801 801

70
60

70

T T T T 1 60 T T T T 1 60 T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Treg to Teff 1:4

Teff mAb 1:4 Fab 1:4
1201
1104

1201
1101

% body weight of starting weight

100
90

100
90
80 W4

801
704 701-- R\

60

T T T T 1 60 T T T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

T 1 60

days after allo HSCT

C

B Treg to Teff 1:1 Treg to Teff 1:4
5 10 - g 100 ©
= = 804
g g .
Ty c 604
5 3
e w
£ 401 £ 407
g 8
S 204 5
7]
o ey

T 2 % @ L

days after allo HSCT days after allo HSCT
4= Teff B mAb Tregs

® Fab Tregs o BM only

Figure 33. GvVHD therapy using isolation reagent freed Tregs A-C) Recipient Balb/c mice were treated as
indicated in the methods. Teffs, Fab multimer- and mAb-sorted Treg grafts were co-transferred at the indicated
ratios. A) Changes in weight after cell transfer were monitored over 50 days. Each line represents a single mouse.
B) Survival of mice receiving Tregs at Treg to Teff ratio of 1:1 C) Survival of mice receiving Tregs at Treg to Teff
ratio of 1:4 Data was pooled from 3 independent experiments; Mantel Cox test; Statistic was performed using
GraphPad Prism

having at least an additional third marker, further distinguishing Tregs from activated effector
T cells. Our current protocol utilized the fact that double staining with two reversible Fab
multimers is possible, but due to the lack of other backbone-dye combinations, a triple Fab
multimer staining was so far not possible to perform. Therefore, we wanted to establish a setup

where also triple Fab multimer labeling can be demonstrated.
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7.4.  Enrichment of Treg subpopulations using Fab multimers

To test the enrichment for three markers in our murine mouse model, we first had to define
which additional marker to use. We decided to target the CD62L subpopulations, as Tregs being
CD62L positive have been claimed to have enhanced protective capacity when compared to
CD62L negative cells (Ermann et al., 2005). We isolated and expressed a Fab multimer
targeting CD62L based on the mAb clone Mel-14 and mutated it successfully to stain cells
reversible (Table 4) (Mohr, 2012). The mutated clone pM0306 was expressed well, stained very
good and showed satisfying removal from the cell surface after washing with D-biotin. We,
therefore, decided to use this clone for our triple enrichment approach. After re-expression of

the clone pM306, we wanted to develop a suitable isolation protocol.

Plasmid Plasmid Mutation Expression Staining removal
name backbone

pMO0300 cDNA wt Yes Yes No
pMO0301 wt 91Alight Very weak Yes Yes
pMO0302 wt 36Aheavy Yes Yes No
pMO0303 wt 108Aheavy Yes Yes No
pMO0304 pMO0304 StrepTag C-Cys Yes Yes No
pMO0305 pMO0304 P53Aheavy Yes Yes No
pM0306 pM0304 Y36Alight Yes Yes Yes
pMO0307 pMO0304 P53Aheavy/Y36Alight Yes weak Yes

Table 4 aCD62L Fab mutants

Cell separation with magnetic particles is an important method used in laboratory and clinical
practice to isolate cells. Our Lab already showed that serial magnetic enrichment using
Streptactin coated paramagnetic beads can be used to separate distinct T cell subsets from
human blood (Stemberger et al.,, 2012). We already developed a protocol making the
enrichment of murine CD4 positive cells using Fab multimer in high purities (>90%) possible,
but the obtained yields were very poor, as the paramagnetic beads coupled with Streptactin led
to the formation of indispensable clusters of murine splenocytes. During this time the basis of
the T-CATCH technology was developed by Herbert Stadler and Sabine Przybilla. This
technique uses Streptactin-coated agarose beads as binding matrix an allowed the purification
of human cell subsets. Due to their different size, we decided to try to use the agarose-bead

based enrichment also for the murine cells.
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7.4.1. Enrichment for three markers of murine Tregs using Fab multimers

starting population  negative fraction positive fraction
CD4
enrichment
CD4 —»
CD25
enrichment
CD25 ——»
CD62L
enrichment

CD62b——p

Figure 34. Representative FACS blots depicting single living lymphocytes before and after enrichment. Starting
population shows the percentage of positive cells prior to enrichment. The negative fraction describes the flow
through, showing how many cells are not binding to the agarose beads. Positive fraction shows the cell product
after washing with D-biotin

We decided to utilize the T-CATCH technology as a pre-enrichment step. First, we adapted the
isolation protocol used for human PBMCs for mouse lymphocytes, finding that additional
washing steps and slower flow rate lead to increased purity and better yields. Further, we found
that enrichment success was independent of erythrocyte lysis making direct isolation of Fab
multimer-stained populations out single cell solutions possible. Next, we tested if the surface
markers CD4, CD62L and CD25 are equally suited to be used in the pre-enrichment step.
Enrichment with either CD25 or CD62L Fab multimers was successful (Figure 34), but in both
cases the purity and the yield were low (Figure 34 & Figure 35). We speculated that the low
affinity of the CD25 Fab might interfere with the enrichment success, similarly to what we
already observed when using paramagnetic beads. The low yield of CD62L positive cells was
most likely caused by the large amounts of cells being CD62L positive and the limited binding
capacity of the 1000ul resin. The low purity might be caused by shedding of the molecule after
enrichment. Shedding of CD62L by matrix metalloproteinases was already observed when
enriching human cells. While CD62L and CD25 only were suboptimal for good pre-enrichment
(CD25 purity: 48.38%; yield: 36.62%; CD62L purity 80.79%; yield: 69.69%) the usage of
aCD4 Fab multimer in the agarose loaded tips proofed to be highly efficient. In 29 runs we

obtained on average a purity of 92.94% and a yield of 80.55% (Figure 35). The pre-enrichment
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Figure 35. Cumulative enrichment data using enrichment columns: data showing enrichment purity and the
yield of positive cells obtained by the enrichment. Box-Whisker Blot: Tukey; CD4 n=29; CD25 n=8; CD62L n=7
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Figure 36. Sorting Gates for CD62Lhigh and low, CD25 positive cells. After CD4 enrichment using affinity
columns Tregs cells were sorted based on CD25 staining using the aCD25 multimer coupled with ST-PE
backbone and the aCD62L multimer coupled to ST-APC backbone on the Moflo Legacy. Cells were pre-gated
on single, living lymphocytes (representative FACS plot)

using aCD4 Fab multimer-loaded tips allowed us to use the aCD25 and aCD62L Fab multimers
for a double staining to isolate either CD62L low or CD62L high Treg subpopulations. As
shown in Figure 35 simultaneous staining with both Fab multimers is possible and allows flow-
cytometric sorting of CD25 positive and either CD62L low and high populations (Figure 36).
To test if the label-free Treg subsets are still capable of engrafting into C57BL/6 hosts and to
then track their behavior over time, we utilized the beforehand described engraftment model

for Tregs established in our lab.

7.4.2. Invivo growth of CD62L high and low Fab, multimer sorted cells
To test if it is possible to isolate stable CD62L positive and negative subsets using Fab
multimers and the two-step enrichment process described before, we isolated CD62L positive
and negative subsets from congenically marked donor mice and injected a 1:1 ratio of both
subsets into recipient C57BL/6 mice. We observed that both subsets were detectable after one
week in similar frequencies. At week three the size of the CD62L negatively-sorted subset had
grown substantially whereas the size of the CD62L" subset stayed the same (Figure 37A). As

we used the congenic marker to distinguish both populations this growth in population size
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Figure 37. In vivo engraftment and growth of CD62L subpopulations. A 1:1 ratio of congenically marked
CD62L"a" andCD62L'Y, Fab multimer sorted cells was injected into C57BL/6 wt recipient mice. A) Recovery of cell
populations after one, three and four weeks are shown. B) Geometric mean fluorescence of recovered CD62L high
and low populations is shown at week one, three and four. n=8 t-test, statistic was done using GraphPad Prism
software data was combined from 3 individual experiments

cannot be explained by the replenishment of CD62L low cells from the CD62L high cell
compartment, but instead is due to the homeostatic proliferation of the cell compartment. The
growth of population size was also observed in week four after cell transfer (Figure 37A).
Remarkably the population kept their CD62L high and respective low phenotype, at least until
week four after cell transfer (Figure 37B), indicating that CD62L high and low Tregs might be
stable subsets. These findings are in line with results of other groups showing that only the
CD62L high regulatory T cells are protective in a setting of experimental acute GvHD (Ermann
et al., 2005). These findings clearly show that also an enrichment of murine regulatory T cell
subsets using Fab multimers is possible and feasible and further shows that CD62L high and

low Tregs are stable under steady-state conditions for extended periods of time after adoptive
cell transfer.
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8. Discussion

The infusion of either freshly isolated or ex vivo expanded Tregs can improve survival
of recipients in acute GVHD, but it is believed that large numbers of Tregs are required to
achieve therapeutic effects (C. G. Brunstein et al., 2016; Claudio G Brunstein et al., 2011;
Cohen et al., 2002; Mauro Di lanni et al., 2011; Edinger et al., 2003; Edinger & Hoffmann,
2011; P. Hoffmann, Ermann, Edinger, Fathman, & Strober, 2002; Taylor et al., 2002). Due to
the relatively low frequency of natural Tregs in circulation of only 1-2% of total CD4" T cell
population in adult humans (Baecher-Allan, Brown, Freeman, & Hafler, 2001) the purification
of sufficiently large numbers of Tregs has been challenging or might not even been feasible in
clinical practice without in vitro expansion (C. G. Brunstein et al., 2016; Claudio G Brunstein
et al., 2011; M Di lanni et al., 2009; Haase et al., 2015; Petra Hoffmann, Boeld, et al., 2006;
Kleinewietfeld et al., 2009).

We hypothesized that isolation reagents remaining on the cell surface upon conventional
cell enrichment technologies are diminishing the potency of the Treg graft, which would explain
the non-physiologically high numbers of Tregs needed to control aGvHD. To test this
hypothesis, we established a protocol, based on reversible Fab multimer staining, enabling the
purification of Tregs and subsequent removal of isolation reagents in a one-step enrichment
process. The obtained Treg population was in purity and subset composition not different from
Tregs isolated with conventional non-reversible monoclonal antibodies. However, Fab
multimer-isolated Tregs engrafted substantially better upon adoptive transfer into recipient
mice. The substantial difference was reflected on the level of frequency as well as absolute cell
numbers recovered upon various time points upon transfer and was mediated by Fcy receptor-
dependent as well as Fcy receptor-independent effects triggered by isolation reagents remaining
on the cell surface. The engraftment benefit translated into a more potent suppression of aGvHD
by adoptively transferred Tregs in a preclinical mouse model. These data demonstrate a
substantial benefit of entirely removing isolation reagents from the cell surface of Tregs. In

order to get to this findings, we had to overcome several hurdles:

8.1.  Choosing the right Fab Monomers

In previous work, we already generated and tested three murine Fab-fragments, an
aCD4 Fab-fragment (parental mAb clone: GK1.5), an aCD25 Fab-fragment (parental mAb
clone: PC61) and an aCD62L (parental mAb clone: MEL-14) (Mohr, 2012; Nikolaus, 2016).
We were able to express Fab monomers for all three target molecules and could show specificity
of the obtained Fab molecules. The removal of monomeric Fab-fragments using the D-biotin

washing protocol followed by staining the cells with ST-PE showed that, while the wildtype
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aCD4 Fab Monomers could be liberated entirely from the cell surface, the wildtype aCD62L
and aCD25 Fab Monomers could not be washed away from the cell surface. Obviously, the
binding affinity was despite the introduced mutation still too strong to support reversible cell
staining. Therefore, we had to generate more mutants of wildtype aCD62L and aCD25 Fab
monomers to search for Fabs that maintain the binding specificity of the parental antibody as
multimer but dissociate from the surface upon monomerization. Fortunately, we found for both
specificities a reversible and still specific mutant Fab molecule, making reversible multimer
staining possible.

For fast isolation of highly pure Treg populations, we wanted to enrich murine CD4
positive and CD25 positive cells in an easy and quick manner using Fab multimers. In order to
establish the one-step purification system, we first needed to establish a specific and as bright
as possible Fab multimer staining that was still fully reversible. As the aCD4 Fab staining had
already been optimized, we concentrated next on the aCD25 Fab. Several aCD25 mutants had
previously been generated and successfully tested, but none was able to stain as bright as the
parental mAb clone in our initial tests and also enrichment with paramagnetic beads was not
possible, suggesting that the Fab mutant might have too low affinity for these applications
(Mohr, 2012). For the generation of new mutants, we used cDNA from a different hybridoma
PC61 (IgG1A antibodies against murine CD25) as starting material. We generated and screened
multiple new mutants of the aCD25 Fab to check if we would find a better-suited candidate for
our cell enrichment protocols. Unfortunately, most of the introduced mutations led to a loss of
functionality, meaning that the Fab multimers were not able to bind the cell surface (Figure 5
& Table 1). We never observed any unspecific binding/staining but instead found that the
generated Fab mutations were not binding at all (Figure 4; Table 1). This can be explained by
the nature of the mutations introduced by us: we did not alter the antigen-recognizing region of
the Fab but tried instead to allow more freedom in the backbone structure of the generated Fab
molecules by replacing “bulky” amino acids through smaller ones (Beés et al., 2003; Stemberger
etal., 2012).

We also tried to introduce a higher amount of refolding/binding flexibility in the protein
by mutating the linker regions in-between the variable and the constant region of the Fab
multimers. Three of the mutations led to proteins which were not able to be expressed in
significant amounts in E. coli (Table 1 pM0509, pM0514, pM0515). These proteins are most
likely toxic for E. coli, as we observed a drastic reduction in the OD600 values after induction
of protein production, most likely caused by cell death of the protein expressing bacteria. When

(re-)testing all newly generated and the already existing Fab multimers, we found that the Fab

66



monomers having a mutation at position 32 substituting a Tyrosine by an Alanine showed the
best staining while still being fully reversible. When staining with Fab multimer for 20 minutes
at 4°C, the staining brightness was weaker than the staining with the parental antibody. After
we decided to use this clone, we wanted to check if prolonged staining time would lead to a
brighter and still reversible staining. We found that extending the staining time to 40 minutes
did indeed improve the brightness significantly (Figure 6). This improvement cannot be seen
when using the parental monoclonal antibody and is most likely due to the low affinity of the
aCD25 Fab pM0502. The more prolonged incubation time allows the less affine Fab multimer
to accumulate further on the cell surface thereby increasing the staining brightness. We choose
to proceed with the wt aCD4 Fab and the pM0502 aCD25 Fab mutant and producing large
batches of both. After re-checking the staining and reversibility to exclude batch to batch

variations (Figure 7), we went on to better define this Fab Monomers.

8.2.  Defining the of the Fab Monomers using a flow-based koff rate assay

As the removal of monomeric Fab molecules is the key component of our enrichment
protocol, we needed to demonstrate efficient removal of the single Fab molecules from the cell
surface. Our lab had previously developed an assay to quantify the half-life of single MHC
Streptamers on the cell surface using a microscopic assay (Nauerth et al., 2013). Utilizing that
assay, the affinity (better Koff rate) of the T cell receptor (TCR) bound by the MHC Streptamer
can be analyzed. To do so, the monomeric MHC molecule had to be visualized on the cell
surface. Therefore, a dye had to be coupled directly to the monomeric MHC molecule. During
her Ph.D. thesis, Magdalena Nauerth identified three sites in the Streptag I1l region of the MHC
molecule as potential dye coupling sites. One conjugation site in the GS-linker between MHC
C-terminal end and the first Streptag Il sequence (1), the second (I1) between the two Streptag
Il sequences and the third (111) at the end of the Streptag Il region. The dye conjugation sites
were generated by insertion of a cysteine for conjugation sites | and Il or a cysteine combined
with a short GS linker for conjugation site 111 by mutagenesis PCR of the MHC vector. The
dye-conjugation on-site 111 so far turned out to be the best in previous studies. For visualization
of monomeric Fab molecules as well as to test the interaction time of Fab monomers and their
target molecules we first tried to use the dye coupling site I1l. We mutated a cysteine into the
Streptag III sequence of the murine aCD4 Fab and conjugated the fluorescent dye Alexa488 to
it. We tested the staining with the STPE backbone and found that both the backbone and
Alexa488 fluorescence were detectable by flow cytometry (Figure 8 Dye coupling to the aCD4

Fab Monomer. Overlay of uncoupled (dark grey histogram) and coupled (light grey histogram)

Fab Monomers pregated on the STPE backbone staining. Alexa 488 was coupled to the
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monomeric aCD4 Fab using malemide chemistry (left side) and OG488 was coupled to Fab
Monomers using NI-NTA chemistry (right side). While the obtained murine aCD4 Fab
Multimers did show a staining for CD4 (Figure 8) the yield of protein production was meager.
As correct folding of the monomeric Fab protein needs the cysteine bonds stabilizing the protein
(Goto & Hamaguchi, 1982b, 1982a), the additional free cysteine introduced via mutagenesis
PCR for dye coupling most likely interfered with the correct folding of the monomeric Fab,
leading to nonsense protein clusters within the protein-producing E. coli bacteria. In order to
circumvent this problem, we set out to introduce a new staining method for the monomeric Fab
molecules. We found that adding a HIS tag sequence on the light chain of the Fab and using
No, Na-bis(carboxymethyl)-L-lysine, Nickel(ll) complex (NI-NTA) conjugated to
OregonGreen488 led to bright staining of monomeric Fabs on the cell surface (Figure 8). NI-
NTA is specific for polyhistidine tags with minimal cross-reactivity (Guignet et al., 2004). The
yield of protein production was also way higher compared to the protein obtained using
cysteine-based dye conjugation.

After labeling, the ko rate of MHC molecules bound to surface-expressed TCRs can be
monitored by real-time microscopy in a highly reliable manner on the single cell level (Nauerth
etal., 2013). As for the Fab monomers, we were mainly interested in the Koff rate on a population
level (and not for the Koff rate on a single cell basis), we established an assay to measure the Koft
rate of Fab Monomers using flow cytometry (Figure 9). For this, we injected 2mM D-biotin for
online measurement after 40 seconds to a Fab multimer-stained cell solution and recorded the
staining intensity for 15 minutes. The online measurement during FACS analysis was already
established by Matthias Schiemann to measure Ca®* flux (Yu et al., 2005). This assay proved
to produce similar results than the microscopic kofr rate measurement (Figure 11) and showed
that mutants of monomeric Fab, shown before to have different affinities to the CD4 molecule
(Figure 12) (Bes et al., 2003; Stemberger et al., 2012), also have different Kofr rates from living
cells. This data validated the flow-based Kot rate measurement on a population level to be a
valuable tool for rapid kofr analysis. We found that the wt murine CD4 Fab had a relatively high
kofr rate (half-life >100 sec.), whereas the pM0502 mutant of the CD25 Fab had a very fast Kot
rate (under detection limit) (Table 2). This finding is in line with the enrichment and staining
data, which already hinted towards a very low-affinity mutant Fab (Mohr, 2012). After
establishment, the assay was also adapted to MHC-I Streptamers by Magdalena Nauerth, who
further validated the findings that microscopic and flow based ko rate assays lead to the same
Kofr rates (Nauerth et al., 2016). These data showed that the flow-based kosf rate assay could be

a valuable tool for population-based affinity assessment. After characterizing the Fab
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Figure 38. Isolation of regulatory T cells using Fab multimer double staining. The Fab multimers were used
in the indicated order. 15t column both Fab multimers were used at the same time. In the following stainings both
staining steps were separated by a washing step using FACS buffer. In the 2" column the aCD25 Fab was coupled
to the ST PE backbone and either used 15t (upper) or 2" (lower). In the third column the aCD25 Fab was
multimerized using STAPC backbone and either used 1t (upper) or 2" (lower).

monomers, we wanted to combine the aCD25 and aCD4 Fab multimer staining to establish a

protocol to stain them in parallel for rapid isolation of regulatory T cells.

8.3.  Development of a double multimer staining

Combining the aCD25 and the aCD4 Fab multimer staining led to considerable
problems. When using both pre-conjugated Fab multimers at the same time, we detected only
double positive cells (Figure 38 left column). This could be explained by interchanging of «CD4
and aCD25 monomers generating chimeric aCD4/aCD25 Fab multimers with either Streptactin
PE or Streptactin APC backbones. The strong interchanging was not expected, but it might be
that residual (unbound) monomeric Fab was binding to the wrong backbone. Additionally, it
could be possible that the Streptactin backbones are not fully saturated, facilitating binding of
free Fab monomers. To circumvent this problem, we combined the two surface stainings
subsequently and not in parallel at the same time. This required two separate staining steps with
one washing step in between. When analyzing our samples at the FACS analyzer, we still could
detect interchanging and smearing of the Fab multimer staining (Figure 38 middle and right
column), independent of which multimer was used first. This staining was considerably better
than the co-staining at the same time, as less interchanging was observed, but still did not make
sorting of Tregs possible. Therefore, we further optimized our staining protocol, finding that a
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staining with aCD25 Fab coupled by ST-PE backbone followed by three washing steps in a big
volume (10ml) and subsequent staining with pre-conjugated aCD4 Fab monomers coupled by
ST-APC backbones led to a staining, which was very similar to that of a mAb double staining
(Figure 13). Due to their different susceptibility to unspecific staining, it was essential to start
with the ST-PE coupled backbone. PE is known to be bound by some B cells and thereby can
induce “unspecific” staining. The extensive washing before applying the second Fab multimer
led to reduced false positive cells. After establishing the double staining, we set out to compare
Fab multimer and mAb sorted cells. We stained splenocytes from the same donor mice and
sorted them on the Moflo XDP sorted. We found that both staining protocols led to very similar
cell products in cell death, composition and staining brightness (Figure 13) and that in contrast
to a staining with mADbs the double multimer staining was fully reversible (Figure 14). In spite
of being free of isolation reagents, the sorted cell product was not different in any of the
parameters assessed (Figure 15). After setting up the enrichment process, we investigated if, as

we hypothesized, the isolation reagents do influence the Treg graft.

8.4.  Invivo engraftment

In order to test whether the capacity to engraft and survive upon adoptive T cell transfer
was changed, we set up two models to examine the engraftment. For the first, we isolated Tregs
from CD45.1 congenic donor mouse line and transferred 20.000 Tregs per CD45.2 recipient
mouse. The second model used the same setup, but was more sophisticated, as it allowed to
compare both Fab multimer- and mAb-sorted Treg grafts in one recipient mouse. We found that
in both models the frequency and the absolute number of recoverable Tregs was significantly
different between Fab multimer- and mAb-sorted cells (Figure 16 & Figure 18) independent of
the congenic marker used to identify the transferred cell populations (Figure 17). After cell
transfer, no difference in Foxp3, CD25 and CD4 expression was detectable when comparing
Fab multimer- and mAb-sorted Tregs, indicating that surface-bound PC-61 and Gk1.5 mAbs
seem to have no or only little influence on the phenotype of transferred cells, but a significant
impact on the overall recoverable cell number (Figure 19).

In order to have a better understanding of these findings, we checked if the isolation
reagent freed cells would engraft as good as never-stained cells. When checking if Fab
multimer-stained and liberated Tregs engraft similar to never touched Tregs, we found in two
different systems that the engraftment capability of Tregs was not diminished or enhanced when
compared to untouched cells (Figure 20 & Figure 21). This finding also ruled out that Fab
multimer isolation did indeed improve the engraftment capability of regulatory T cells. We next

wanted to answer the question, why Fab multimer-sorted Treg cells do engraft better than mAb
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sorted cells. As discussed before, several mechanisms how monoclonal antibodies could
influence cells are known. We adopted our transfer model to Rag2 (recombinase activating gene
2), common y-chain double knockout (Rag2”cyc™) recipient mice, to check if the immune
system plays a role in the diminished engraftment capability of isolation-reagent bearing cells.
This mouse model lacks natural Killer (NK) cells, T and B cells. There are some residual CD45
low cells detectable, which are of the macrophage/monocyte lineage but are severely altered in
their development and functional characteristics due to the lack of functional 1L2, IL4, IL7,
IL9, and IL15 receptors (Mazurier et al., 1999). We found that while there was a trend of better
engraftment of Fab multimer-sorted cells in all organs analyzed, no significant difference
between Fab multimer- and mAb-sorted cells in engraftment and homeostatic proliferation was
detected in this strongly immune-compromised recipients (Figure 22).

The antibody clone PC-61 has been shown to block IL-2 signaling induced proliferation
(Moreau et al., 1987) and could account for the trend towards better proliferation of Fab
multimer-sorted cells, as IL-2 signaling is essential to stabilize the Foxp3-driven Treg
phenotype and to prevent Foxp3-driven apoptosis of regulatory T cells (Pierson et al., 2013;
Tai et al., 2013). The vast amount of free cytokines in the Rag2”"cyc” mouse model most likely
abrogates the effect of IL2 receptor blockage, as it leads to an increased homeostatic
proliferation of transferred cells, hiding proliferative differences occurring early. Nevertheless,
the data strongly suggested that the observed difference between isolation reagent-bearing and
-freed cells is based on an immune system associated effect. Based on that finding, we then
focused on other immune system associated knock-out mouse-models to delineate the
mechanisms behind the observed differences. As described in the introduction (5.2.7.), several
ways how antibodies can influence marked cells have been described in the literature. For
example, antibodies can induce the complement system, activating C1q and leading to the
activation of several effector mechanisms, or antibodies can activate effector cells directly via
Fc Receptors (Ghobrial RR, Boublik M, Winn HJ, 1989; Rashid, Auchincloss, & Sharon, 1992;
Setiady et al., 2010). Therefore, we wanted to investigate the role of the complement system in
diminishing the engraftment capability of mAb-sorted cells.

We found that while having monoclonal antibodies on the cell surface did lead to
increased deposition of C3 convertase on the cell surface (Figure 23), the engraftment into C3
KO mice was not improved (Figure 24), showing that the engraftment of Tregs is not
diminished by a complement driven mechanism. As the ability of monoclonal antibodies to
activate the immune system is dependent on the target surface molecule (Bindon et al., 1988;

Nielsen et al., 2002) and the Ig type of the antibody (Briiggemann et al., 1987), we concluded
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that the mAb clones PC-61 and Gk1.5 seem not to elicit strong complement activated killing in
vivo but might instead lead to ADCC.

We then went on to check the influence of Fcy-Receptor — Fc-part of the monoclonal
antibodies interaction might have on the diminished engraftment. We analyzed whether transfer
into FcyR™ mice would prevent differences in engraftment between Fab multimer- and mAb-
sorted cells. And indeed, no detectable difference in the cell recovery was observed in short-
term and long-term transfer experiments (Figure 25 & Figure 26). This data fits well to already
published data showing that the CD25-targeting clone PC-61 and the aCD4 Gk1.5 can deplete
— at least partially — Tregs in vivo (Alters, Sakai, Steinman, & Oi, 1990; Ghobrial RR, Boublik
M, Winn HJ, 1989; Rashid et al., 1992; Setiady et al., 2010). This depletion was shown to
depend on Fcy receptor-bearing cells in the liver (Setiady et al., 2010). These data would
suggest that just the use of isolation reagents not containing the Fc part of an antibody, instead
of complete antibodies for cell selection, could be sufficient to improve in vivo survival of
transferred cells.

In order to test this hypothesis, we performed transfer-experiments using Fab multimers
and compared the engraftment of Treg cells either still having the Fab multimer on the cell
surface or being released of the Fab multimer (Figure 27). To test the influence of surface-
bound Fab multimers in vivo, we used our already well-established transfer model. In short-
term transfer experiments, we found high recovery rates of Fab multimer-sorted Tregs without
reagent removal, and isolation reagent freed cells and no significant difference between the two
groups (Figure 29). However, further long-term follow up of recovery rates of Fab multimer-
removed and non-removed Treg grafts revealed additional negative influences of remaining
isolation reagents independent from FcyR as we found a reduced recovery rate after one week
(Figure 29). Therefore, we analyzed whether the Fab multimers are still stably bound to the
transferred cells in the blood stream, as published data showed that endogenous D biotin in the
serum (Plebani, Avanzini, Massa, & Ugazio, 1984) could have an effect on Streptavidin binding
in vivo (Rusckowski, Fogarasi, Fritz, & Hnatowich, 1997). We were wondering if the serum D
biotin also affects the binding of Fab multimers or if the Fab multimer would be stable.
Therefore, we treated Fab multimer stained cells in vitro with either whole blood or just serum
at 37°C for 30 minutes under constant agitation. We only saw a little shift in the MFI but no
shift in Fab multimer-positive cells showing that the majority of Fab multimer-positive cells
does not lose the surface-bound Fab multimers (Figure 39). We concluded from this data that
the still surface bound Fab Multimer might influence the recovery efficacy and suspected that

a partial blockage of IL2 signaling might be responsible for that.
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Figure 39.Influence of blood D-Biotin on Multimer stability: A) gating strategy for single living lymphocytes B)
staining for CD4 and CD25 for the different groups

Therefore, we tested in vitro if IL2 signaling could be involved in the decreased
maintenance of non-released Fab multimer-sorted Tregs. We found that, while IL2 signaling is
not entirely abrogated like in the mAb-treated Tregs, the IL2 signaling was be diminished
(Figure 30). Western Blot analysis might not be sensitive enough to detect the impact of reduced
IL2 signaling, so we also checked the proliferation of CD3/CD28 stimulated regulatory T cells
and found that Tregs still having Fab multimers bound to their surface are proliferating
significantly worse in vitro when compared to isolation reagent-free Treg cells (Figure 31).

Overall, our analyses of adoptive transfer recoveries using purified primary (non-
cultured) Tregs demonstrated that complete removal of isolation reagents prior to transfer is
highly beneficial for engraftment and maintenance. After having established the improved
engraftment capability of Fab Multimer sorted Tregs we checked if the in vitro and in vivo

functionality of the Tregs was also improved.

8.5.  Improved Functionality of isolation reagent freed cells

In order to test the in vitro functionality of Fab multimer-sorted and -isolated Tregs, we used a
standard Treg suppression assay measuring the abrogation of Teff proliferation by addition of
Tregs in a CD3/CD28 pre-coated 96 well plate. This assay showed a significant reduction of
proliferation of Teff cells after addition of either Fab multimer- or mAb-sorted Tregs, but there
was a significantly higher reduction of proliferation in the presence of Fab multimer-sorted
cells, hinting towards improved suppressive capabilities of Fab multimer-isolated cells (Figure
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32). We next went on to check for in vivo functionality of Fab multimer-isolated Treg grafts.
Our analyses of adoptive transfer recoveries using purified primary (non-cultured) Tregs
demonstrated that complete removal of isolation reagents prior to transfer is highly beneficial
for engraftment and maintenance and therefore we next checked whether Fab multimer-isolated
Tregs would also be beneficial in an in vivo disease setting and not only be dominant in
numbers. Treg therapy has a lot of potential in different disease settings, like diabetes, multiple
sclerosis and other auto-immune diseases (von Boehmer & Daniel, 2012; Zaiss et al., 2013),
but the most convincing data for successful Treg therapy are currently in the context of
treatment of problems caused by GvHD after alloHSCT.

Treatment with Tregs not only can prevent experimental aGvHD but, in contrast to
treatment with standard immune suppressive regimes, transfused tumor-specific Teffs were still
able to attack and clear the tumor (Edinger et al., 2003). The addition of physiologic numbers
of Tregs (Treg to Teff ratio 1:10) had no beneficial effect on host survival in murine models of
aGvHD. Only if the graft contained substantially elevated numbers of Tregs (i.e., Treg to Teff
ratios of 1:1 or 1:2), recipient mice were found to be protected (Cohen et al., 2002; Edinger et
al., 2003; Ermann et al., 2005; Petra Hoffmann et al., 2002; Taylor et al., 2002). As recently
reviewed by Engelhardt and Crowe, it is still believed that in preclinical aGvHD models Teff
to Treg ratios of minimally 1:1 or even 1:2 are needed to induce disease suppression (Engelhardt
& Crowe, 2010). However, in an animal model of aGvHD we were able to demonstrate that
Treg selection label removal translates into improved disease protection when compared to
conventionally isolated Treg grafts. Our experiments confirmed these published data when
Tregs were purified using antibodies that cannot be removed from the cell surface. However,
after label removal, the majority of mice was protected even at a Teff to Treg ratio of 4:1. To
our knowledge this is the first report of aGvHD protection with Tregs at such a low ratio and
with such a low amount of Tregs. Based on these findings, primary Fab multimer-isolated Tregs

could become an exciting source for clinical applications.

8.6.  Enrichment for three parameters — the gate to Treg subpopulations

Similar to CD45RA in humans, the marker L-selectin (CD62L) can be used as an additional
surface label to define a more potent Treg graft (Ermann et al., 2005). Due to their self-renewal
and high suppressive capacities, CD45RA™ Tregs represent a very interesting subset for cell
therapy in humans. We wanted to broaden our isolation protocol to make it possible to isolate
CD4, CD25, and CD62L triple positive Tregs from murine single cell suspensions. Therefore,

we adopted a system, which was in parallel developed for human applications, to isolate murine
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cells from splenocytes single cell suspension using agarose beads coated with Streptactin and
Fab multimers. We successfully developed a protocol to isolate CD4 positive CD25 positive
and CD62L positive cells (Figure 34 & Figure 35). In between the different surface molecules,
we found considerable differences for cell enrichment properties. The enrichment for CD4 has
proven to be the most reliable one in terms of purity of the cell product and the yield of the
enrichment. CD25 was the worst surface marker for cell enrichment. We hypothesize that this
is due to the very low affinity of the CD25 targeting mutated Fab fragment. The enrichment for
CD62L showed decent purities but had a lower yield than the enrichment of CD4 positive cells.
Based on their findings, we decided to incorporate an enrichment step prior to sorting the cells,
as we had only Streptactin coupled to two different fluorescent dyes available. After enriching
the cells using the Fab coated agarose beads we went on to stain the cells with the two reversible
stainings for CD25 (multimerized with STPE) and CD62L (multimerized with STAPC) (Figure
36) and sorted these cells by flow cytometry. This turned out to be a fast and reliable protocol
to obtain highly purified Treg subsets.

In order to test if the sorted Treg subsets were functional in vivo, we transferred the cells
in our already established Treg transfer system and found that both subsets stayed stable over
time under steady-state conditions (Figure 37). Furthermore, the CD62L low subset proliferated

vigorously over time (Figure 37).

8.7. Human application

Induction of immunologic tolerance is essential to improving outcomes of organ
transplantation, both for solid organs and the hematopoietic system. Regulatory T cells are
essential for the success of the transplantation, as they induce tolerance (Q. Tang & Bluestone,
2013). Their therapeutic efficacy is well documented in animal models. None of the current
immunosuppressive drugs can suppress the immune response to the graft without potentially
altering immune response toward tumor antigens and microbial pathogens (Singer, King, &
D’Alessio, 2014). After Edinger et al., could show that Tregs can discriminate between
beneficial and malignant immune responses, Tregs became very interesting for therapy in
humans as well (Edinger et al., 2003; Edinger & Hoffmann, 2011).

Human naturally occurring Tregs, like murine Tregs, are most commonly characterized
by surface expression of CD4, CD25 and constitutive expression of Foxp3. Only the surface
markers CD4 and CD25 are available for staining and isolation, which is often not sufficient to
isolate pure Treg populations, as also activated effector T cells display CD25 on the cell surface.
Several other markers have been discussed. Tregs can be distinguished from activated

CD4'CD25" effector T cells by their low or absent surface expression of CD127 as well as
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some other markers like CD49d (negative) and CD45RA (positive) (Miyara et al. 2009). Marker
combinations using CD4"CD25" and CD45RA" cell (Hoffmann et al. 2006) and CD49d-
andCD127- cells (Haase et al. 2015; Brunstein et al. 2015; Brunstein et al. 2011) have been
tested in pre-clinical and clinical settings. In man, the markers CD45RO and CD45RA
distinguish  Treg subsets with different proliferative potential and migratory
characteristics(Booth et al., 2010). As described in the mouse system, Tregs numbers needed
to confer protection are very high (a ratio of 1:1 at least) depending on the model used. This
shortage in Treg numbers may be overcome by in vitro expansion of the cells especially of
CD45RA" naive Tregs (Hoffmann et al. 2006). The co-expression of CD25 and CD45RA is
restricted mainly to Tregs, and the isolation of CD4*CD25'CD45RA" further not only
delineates functional differentiation of different Foxp3™ Treg subsets but also reduces the risk
of contamination with activated CD25* CD4* Teffs, which are mostly CD45RA negative (Petra
Hoffmann, Eder, et al., 2006). In addition, CD45RA"* Tregs were shown to have a stable
phenotype, function, and stability of Foxp3 expression even after extended in vitro expansion
(Petra Hoffmann, Eder, et al., 2006; Miyara et al., 2009). For clinical application of Treg
therapy using freshly isolated highly pure Treg products, the enrichment for three parameters
seems to be crucial. We have already shown that it is possible to isolate human
CD4*CD25"CD45RA" regulatory T cells with high purity using Fab multimer-coated beads
and serial magnetic enrichment (Stemberger et al., 2012). This enrichment leads to a cell
product with predominantly Foxp3-positive cells, making freshly isolated, highly pure label-

free Tregs available for human therapy as well.
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9. Summary

The infusion of either freshly isolated or ex vivo expanded Tregs can improve survival of
recipients in acute GVHD, but it is generally believed that vast numbers of Tregs are required
to achieve therapeutic effects (C. G. Brunstein et al., 2016; Claudio G Brunstein et al., 2011;
Cohen et al., 2002; Mauro Di lanni et al., 2011; Edinger et al., 2003; Edinger & Hoffmann,
2011; P. Hoffmann et al., 2002; Taylor et al., 2002). Due to the relatively low frequency of
nTregs in circulation of only 1-2% of total CD4" T cell population in adult humans (Baecher-
Allan et al., 2001), the purification of sufficiently large numbers of Tregs for therapy has been
challenging or might not even been feasible in clinical practice without in vitro expansion (C.
G. Brunstein et al., 2016; Claudio G Brunstein et al., 2011; M Di lanni et al., 2009; Haase et
al., 2015; Petra Hoffmann, Boeld, et al., 2006; Kleinewietfeld et al., 2009).

We hypothesized that isolation reagents remaining on the cell surface are diminishing
the potency of the Treg graft, which would explain the non-physiologically high numbers of
Tregs needed to control aGvHD. The reversible Fab multimer-based Treg purification
developed during this thesis can prevent conventional antibody label-induced interferences in
vitro and in vivo. A substantial increase in engraftment efficacy in C57BL/6 wildtype mice was
observed when the cells were released from isolation reagents. This difference in engraftment
efficacy was mediated by Fc-y-receptor- as well as I1L-2 receptor-dependent mechanisms. We
tested the differentially isolated T regs grafts (Fab Multimer/conventioally) in a pre-clinical
model for acute GvVHD, showing that ‘label-freed’ Tregs are protective at substantially lower
cell numbers as compared to Tregs isolated using conventional non-reversible antibody
staining, translating into significantly improved survival of mice treated with minimally
manipulated Tregs. These findings might have significant clinical relevance for future Treg-

based cell therapies.
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11.1.

11.2.

Plastic

item
1.0ml Eppendorf
1.5ml Eppendorf

15ml Falcon Cell Star

2.0ml Eppendorf

50ml Falcon Cell Star
70um Nylon Cell Strainer

Electroporation cuvette

Inject 5ml
PCR Eppendorf
petri-dish
SuperRX

manufacturer
Zefa

Zefa

Greiner bio-one
Zefa

Greiner bio-one
BD Falcon
Sigma Aldrich
Braun

Zefa

BD Falcon
FujiFilm

Fab Streptamers & plasmids

epitope
aCD4 wt

aCD25-Y32Aiight

parental clone

GK1.5
PC61

11. Material and Methods

Munich Germany
Munich Germany
Heidelberg, Germany
Munich Germany
Heidelberg, Germany
Heidelberg, Germany
Hamburg, Germany
Melsungen, Germany
Munich, Germany
Heidelberg, Germany

Dusseldorf, Germany

plasmid
pPASGwt2
pASGwt2
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11.3. Antibodies

FACS Staining (All experiments were conducted with mAbs targeting murine epitopes)

epitope dye dilution manufacturer

aCD8 FITC  1:200 Caltag London, UK

aCD3 PE 1:250 eBioscience San Diego, USA

aCD4 PE 1:250 BD Heidelberg,

Germany

aCD8 PE 1:200 eBioscience San Diego, USA

aCD25 PE 1:100 eBioscience San Diego, USA

aCD3 PE- 1:100 eBioscience San Diego, USA
Cy7

aCD4 eF450 1:100 eBioscience San Diego, USA
aCD127 eF450 1:100 eBioscience San Diego, USA
Foxp3 eF450 1:100 eBioscience San Diego, USA
aCD62L FITC  1:100 eBioscience San Diego, USA

Stimulation Assays (All experiments were conducted with mAbs targeting murine epitopes)

epitope dye dilution manufacturer
aCD3 PE variable eBioscience San Diego, USA
aCD25 PE variable eBioscience San Diego, USA

Western blot (All experiments were conducted with mAbs targeting murine epitopes)

epitope dilution manufacturer

pY-STATS 1:1000  Cell signaling Danvers, USA
pY-STAT3 1:1000  Cell signaling Danvers, USA
beta-actin 1:4000  Cell signaling Danvers, USA
Goat anti-rabbit 1gG- 1:5000  Santa Cruz Heidelberg,

HRP Biotechnology Germany



11.4. Buffer

5xloading dye

blocking buffer

Blotting buffer

Developer solution

ethanol-solution

EZ-Running buffer

FACS buffer

fixation-solution

Lysis buffer

200mM Tris-HCI pH 6,8
400mM DTT

10% (w/v) SDS

16% (v/v) Glycerol

29/l Bromphenolblue

PBT

0.5% (w/v) milk powder

20% (v/v) methanol

10% (v/v) 10x Tris Glycin

70% (v/v) bi-distilled H.O
Na2COs solution

0.2% (v/v) Na-Thiosulfate stock solution
0.05% (v/v) formaldehyde (37%)
50% (v/v) ethanol (100%)

50% (v/v) bi-distilled H.O

90% (v/v) bi-distilled H.O

10% EZ-Running buffer stock solution (Fisher
Scientific)

PBS Dulbecco

0.5% (w/v) BSA

50% (v/v) methanol

120% (v/v) acetic acid

38% (v/v) bi-distilled H.O

20 - 150mM NacCl

ImM DTT

1ImM Na:EDTA

1ImM EGTA

0,5% (v/v) Nonident P-40

10% (v/v) Glycerol

20mM beta-Glycerolphosphat
1mM NazVOg4

0,4mM PMSF

1 Tablet Protease Inhibitor Cocktail (EDTA free)
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Na,COs3 solution

Na-thiosulfate-solution

Na-thiosulfate-stock solution

PBS Dulbecco
PBT

Puffer E

Puffer P

Puffer W

Silver-nitrate solution

1mM NaF

bi-distilled H20

6% (w/v) dehydrated N a,COs
10% (v/v) Na-thiosulfate stock solution
90% (Vv/v) bi-distilled H.O
bi-distilled H20

2% (w/v) Na-thiosulfate

ready to use preparation

PBS Dulbecco

0.5% (v/v) Tween 10

100mM Tris-Cl

150mM NacCl

1mM EDTA

2.5mM desthiobiotin, pH 8
100mM Tris/HCI pH8

500mM sucrose

1mM EDTA

100mM Tris/HCI pH 8

150mM NaCl

1mM EDTA

bi-distilled H20

0.4% (wi/v) silver-nitrate AQNOs
0.76% (w/v) formaldehyde (37%)
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11.5. Solutions and chemicals

Acrylamide
Agarose

AgNO3

AHT

APS
Bromphenolblue
BSA

D-biotin

dehydrated N a,CO3
desthiobiotin

DTT

EGTA

EGTA

ethanol
Formaldehyde
Glycerol

methanol

NaCl

SDS

silver-nitrate AgQNOs
sucrose

TEMED

Tris HCI

Western Lightning Plus ECL

[-mercaptoethanol

manufacturer
Sigma-Aldrich
Invitrogen, Paisley,
Sigma-Aldrich
IBA lifescience
Sigma-Aldrich
Sigma-Aldrich
Roth
Sigma-Aldrich
Sigma-Aldrich
IBA lifescience
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Klinikum rechts der Isar,
Sigma-Aldrich
Sigma-Aldrich
Klinikum rechts der Isar,
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen, Paisley,
Sigma-Aldrich
Perkin Elmer

Agilent Technologies, Inc.,

Taufkirchen, Germany
United Kingdom
Taufkirchen, Germany
Gottingen, Germany
Taufkirchen, Germany
Taufkirchen, Germany
Karlsruhe, Germany
Taufkirchen, Germany
Taufkirchen, Germany

Taufkirchen, Germany
Taufkirchen, Germany
Taufkirchen, Germany
Munich, Germany
Taufkirchen, Germany
Taufkirchen, Germany
Munich, Germany
Taufkirchen, Germany
Taufkirchen, Germany
Taufkirchen, Germany
Taufkirchen, Germany
United Kingdom
Taufkirchen, Germany
Heidelberg, Germany
Santa Clara ,USA
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11.6. Software
Software
Flowjo 10
Office Word 10

Office Excel 10

GraphPad Prism 5
Summit 4.3.01

11.7.

Organisms

E. coli

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

11.8.

Name

Enzymes

Herculase
Benzonase
Collagenase V
DNase

11.9. Machines

Organisms

manufacturer
Treestar

Microsoft

Microsoft

GraphPad
DakoCytomation

strain
JM83

C57BL/6 45.1
C57BL/6 45.2

RAG2 -/- cgammac-
/-

C57BL/6 90.1

C57BL/6 C3 KO

C57BL/6 FcyR KO

manufacturer
Stratagene

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Ashland, USA
UnterschleiBheim,
Germany
UnterschleiBheim,
Germany

San Diego, USA

Golstrup, Denmark

manufacturer
IBA,

Klinikum Rechts der Isar
Harlan

Klinikum Rechts der Isar
Klinikum Rechts der Isar

Klinikum Rechts der Isar

Klinikum Rechts der Isar

Gottingen,
Germany

Munich, Germany
Munich, Germany
Munich, Germany

Munich, Germany

Munich, Germany

London, UK
Taufkirchen, Germany

Taufkirchen, Germany

Taufkirchen, Germany
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machine

centrifuge

electroporator
FACS Sorter

flow cytometer

gel chamber

gel documentation system
photometer

power supply
radiographic cassette
spectrophotometer

table centrifuge

Thermocycler

water bath

name
T3000 Thermocycler
SE250/260

gene pulser
Multifuge 3 S-R
Ultraspec3000 pro

Sorvall 6+ Centrifuge

pulse controller
MoFloll

CyAn ADP

HE33 mini horizontal
submarine unit

Eagle Eye
BioPhotometer

supplier

Biometra, Gottingen, Germany
HOEFER, Holliston, USA
Biorad, Munich, Germany
Heraeus , Hanau, Germany

Amersham Bioscience, Freiburg,

Germany

Thermo Scientific, Bonn,
Germany

Biorad, Munich, Germany
Beckman  Coulter,  Krefeld,
Germany

DakoCytomation, Golstrup,

Denmark
Amersham, Freiburg, Germany

Biorad, Munich, Germany

eppendorf, Hauppaug, USA

Electrophoresis Power Amersham, Freiburg, Germany

Supply EPS

radiographic cassette

NanoDrop

Biofuge fresco

T3 Thermocycler
E100

Dr. Goos-Suprema, Heidelberg,
Germany
Kisker-Biotech, Steinfurt,
Germany

Heraeus, Hanau, Germany
Biometra, Gottingen, Germany

LAUDA, Koénigshofen, Germany
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12. Methods

12.1. Production of electrical competent E.coli JIM83

For the production of electrocompetent E.coli JM83, bacteria were cultured in 5ml LB medium
overnight at 37°C under constant agitation (150 rpm). Afterwards 1l LBo was inoculated with
5ml pre-culture and incubated (37°C, 150 rpm) until an ODeoo of 0.5 to 0.6 was reached. The
cells were transferred on ice for 10min and centrifuged (4000g; 15min; 4°C). The supernatant
was discarded and the pellet resuspended in 5ml ice-cold 1mM HEPES buffer. After
resuspension, another 350ml ice-cold 1ImM HEPES was added. The washing procedure was
repeated twice. Afterwards, the pellet was resuspended in 5ml ice-cold 10% glycerin and
centrifuged (4000g; 15min; 4°C). Finally, the pellet was resuspended in 2ml ice-cold 10%
glycerin, divided into aliquots of 40pul, shock-frozen in liquid nitrogen and stored at -80°C.

12.2. Mutagenesis PCR

A point mutation can be incorporated if the primer used carries the one non-complementary
base and is long enough to have sufficient complementary sequence for stable hybridization on
both sides of the "wrong" base. The mutagenesis PCR was used to target small changes in the
sequence of the produced murine Fabs. The DNA templates were already cloned plasmid DNA,
so that an amplification could be carried out according to the principle of an inverse PCR. With
only one primer pair, the entire vector sequence was thus amplified. The specially designed
mutagenesis primers spanned the position to be mutually by about 20 bp each. The melting

temperature of the two areas did not deviate more than 2 ° C.

Reaction solution:

5uL 5xHerculase reaction buffer

100ng DNA template

1l Forward primer 10puM
1l Reverse primer 10uM
0,5ul dNTP mix 100uM
1ul Herculasell 1U/ul
Filled up to 50ul H20 bidest
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Thermocycler program:

1. Initial denature 95°C 2min

2 Denature 95°C Imin

3 Annealing 48-58°C 45sec

4. Elongation 68-72°C Imin/kb
5 Synthesis 68-72°C 3min

6 Storage 4°C

12.3. Periplasmic Fab- expression

For periplasmic expression, one aliquot of the E. coli expression lineage JM83 stock was
thawed on ice and attenuated with 100pl sterile bi-distilled H20. 80ul of JM83-solution was
transferred into a precooled 1.5ml Eppendorf tube and 1l (100ng) of target plasmid was added.
After mixing the solution was transferred into an electroporation cuvette (optical path 1mm
(Sigma)) (. The cells were transformed with the target plasmid using electroporation (400 Q
25uF and 2.5 kV; Pulse Controler & Gene Pulser (Biorad). After electroporation bacteria were
immediately supplemented with 1ml pre-warmed (37°C) LB-medium and transferred to an
Eppendorf tube. The cells were incubated for one hour at 37°C to give the cells time to develop
antibiotic resistance. Then 500ul were transferred into 4ml LBampi (100mg/L) and incubated
under constant agitation (150rpm) overnight at 37°C. Next day 2ml of the overnight culture was
transferred to a 200ml Erlenmeyer flask and incubated for 24h at 22°C and 150rpm. To start
the main culture 25ml were transferred into a two-liter flask which was then filled up to a total
volume of one liter with LBampi. The bacteria were incubated at 22°C and 150 rpm until an
ODs0o of 0.5-0.6 was reached. For induction of protein expression, AHT was added at a ratio
of 1:10000. After incubation for another three hours, the ODesoo was measured and the bacteria
harvested. The cells were centrifuged at 50009 for 12minat 4°C and the pellet stored at -80°C.

To extract the Fab-fragment, the pellet was thawed and resuspended in 20ml buffer P at 4°C.
After 30min incubation on ice, the cells were centrifuged at 15000rpm for 15min at 4°C (Sorval
6+ Centrifuge SA300 rotor). The supernatant was transferred into a falcon tube and
contaminating nucleic acids were enzymatically digested using Benzonase (125U). The cells
were kept on ice for 30min, and afterward sterile filtered using a 0.22um filter. The filtered
periplasmic extract was transferred onto a Strep-Tactin-Superflow column (IBA Géttingen),
which was previously equilibrated twice with 2.5 column volumes ice-cold buffer W.

Afterwards the column was washed five times with buffer W. The Fab-fragment was eluted
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using buffer E. Three elution samples were collected (0.8ml, 1.5ml, 1.0ml). The second elution
sample having the highest protein content was dialyzed against sterile PBS pH 7.4 at a ratio of
1:1000000 using a cut off dialyzes flexible tube (14kDa). After dialysis, the samples were
analyzed for total protein content using the 2100 Bioanalyzer by Agilent and the Protein 80 kit

according to manufactures protocol.

mCD4 batch generated and used for all experiments:
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Peak table for sample 1 : mCD4
Peak Size [kDa] Rel. Conc. [ng/ul] Calib. Conc. [ng/pl] 9% of Total Observations
1 0.2 0.0 0.0 0.0
2 05 0.0 00 0.0
3 4 45 00 00 0.0 Lower Marker
4 63 0.0 0.0 00 System Peak
5 a1 0.0 0.0 00 System Peak
6 102 0.0 0.0 0.0 System Peak
7 1. 0.0 0.0 0.0 System Peak
8 148 2188 0.0 8.2
9 213 134 0.0 0.5
10 242 105.6 0.0 40
n 264 616.6 0.0 23.1
12 278 1,468.0 0.0 55.0
13 302 ns 00 0.8
14 406 257 0.0 1.0
15 55.1 215 00 08
16 60.2 1348 0.0 51
17 829 429 00 15
18 Py 2400 60.0 00 00 Upper Marker
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Peak table for sample 2 : mCD25
Peak Size [kDa] Rel. Conc. [ng/ull Calib. Conc. [ng/ull % of Total Observations

1 02 0.0 0.0 0.0
4 45 0.0 0.0 0.0 Lower Marker
6.4 0.0 0.0 0.0 System Peak
85 0.0 0.0 0.0 System Peak
104 0.0 0.0 0.0 System Peak
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12.4. Preparation of mouse organs — spleen & lymph nodes

Mice were sacrificed using cervical dislocation and spleen, and lymph nodes were aseptically
removed. The organs were immediately transferred to ice cold RPMI10+. The tissue was
homogenized by filtering through a 70um mesh. The cell suspension was transferred to a 15ml
falcon tube, and ice cold RPMI10+ was added to a total volume of 15ml. After centrifugation
(6min, 1500 rpm, 4°C) the supernatant was discarded and the pellet resuspended in 3ml ACT
per spleen. The solution was incubated 3min at room temperature with the tube being inverted
two to three times. Afterwards, the 15ml Falcon was filled up with ice-cold RPMI10+ and
centrifuged for 6min at 1500rpm. Then the supernatant was discarded, and the cell pellet
resuspended in 10ml FACS buffer and filtered one more time through a 70pum mesh. The cell

number was determined using a Neubauer counting chamber.

12.5. IL-2 stimulation assay

The aim of this assay was to collect experimental data on the potential influence of surface-
bound CD25 staining reagents on cell signaling. Therefore an antibody targeting CD25 and the
corresponding Fab-fragment were used. As the antibody clone PC61 is described to be a
blocking antibody (Lowenthal et al. 1985a) the same properties were expected to apply for the
Fab-multimer. To obtain data on the blockage the cells were isolated, stained, and stimulated
before being lysed and analyzed for their intracellular signaling. Also, the influence of staining
and washing the cells afterward was of interest and investigated during the experiment. Murine
splenocytes were prepared according to standard procedures (9.4). Afterwards, 5x10°
splenocytes were transferred to the wells of a 96-well round-bottom plate. To assess if the
washing has any influence 1.5x107 cells were transferred into falcon tubes. The cells were
stained following the staining protocol adapted to the cell count (9.8.2) and if the cells were
stained in a falcon tube washed with the D-biotin washing protocol. After the staining the cells
were rested for 30min at 37°C and afterward stimulated with 50U IL-2 for 15min before being
transferred on ice. 50pul ice-cold PBS was added to each well and the content of each well
transferred into a pre-cooled Eppendorf tube. After centrifugation (1min; 13.000rpm; 4°C;
Biofuge fresco) cells were washed once in 100ul ice-cold PBS. The pellet was resuspended in
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50pl lysis-buffer and incubated for 5-10min.. Afterwards, cells were centrifuged at 13000rpm
for 10min at 4°C. The supernatant was collected and transferred to a new pre-cooled Eppendorf
tube and stored at -20°C. The probes were analyzed via SDS-PAGE and western blot.

12.6. SDS-PAGE and analysis

12.6.1. SDS-PAGE

After assembling the gel chamber, the separation gel was cast into the gel chamber and covered
with isopropyl alcohol. By covering the gel air bubbles are prevented and a clear horizontal top
edge is formed. After polymerization of the separation gel, the stacking gel was applied, and

the comb was placed into the gel. The following reagents and volumes were used:

12% SDS-PAGE
Separation gel Stacking gel
acrylamide 12ml 2.6ml
1.5 M Tris-HCI pH8.8 7.5ml -
2.0 M Tris-HCI pH6.8 - 1.25ml
SDS 10% (w/v) 300ul 800ul
H20 9.9ml 15.7ml
TEMED 15ul 20pl
APS 10% (W/v) 150pl 100pl

Table: components for 12% SDS Gel

For analysis 12l 5x loading buffer were mixed with 50ul of the probe and boiled at 95°C for
5min. After a short spin (5sec, to avoid concentration alterations due to condensation during
boiling), 20ul of the sample was loaded into the pocket of a prepared SDS Gel. 80V of voltage
was applied until the dye front reaches the end of the stacking gel; then the voltage was
increased to 120V. The gel run was stopped when the 10kDa marker band reached the bottom

edge of the gel.
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12.6.2. Silver staining

Silver staining is a sensitive method to detect trace amounts of proteins in SDS-PAGE gels. It
is possible to identify or quantitatively determine the components of protein mixtures. Silver
staining was used to analyze the purity of expressed Fab-fragments after purification. The SDS-
gel was incubated in the fixation solution for 30min and afterwards washed three times for
15min in the ethanol solution. After discarding the ethanol solution, the gel was incubated in
the thiosulfate-solution for one minute. After washing the gel three times in bi-distilled H20O for
20 seconds each, the silver nitrate solution was added, and the gel was incubated for 20min.
After washing the gel twice in bi-distilled H20 for 30 seconds, the developer solution was
added. The staining process was stopped by adding the fixation solution when an optimal
staining intensity was achieved. For conservation stained gels were incubated in sealing buffer

for 10min and finally sealed between two layers of cellophane.
12.6.3. Western blot analysis

12.6.3.1. Semi-dry - blot

For the detection of a protein using a specific antibody western blot analysis was performed. In
detail, the gel was applied on two layers of Whatman paper (7cm x 18cm for a large gel and
7cm x 9cm for a small gel) wetted with blotting buffer and a layer of nitrocellulose membrane
(6x18cm for large gels, 6x9cm for small gels). After adding a small volume of blotting buffer,
the gel was strimmed smooth to the surface, and another two layers of Whatman paper soaked
with blotting buffer were applied on top. The blotting chamber was assembled and connected
to the power supply. The power supply was set to a maximum of 25V and 1.2A/cm? gel and the
transfer time was limited to 1h 40min. Afterwards, the gel and the Whatman paper were
disposed, the nitrocellulose membrane was blocked in blocking buffer for one hour at 4°C and
subsequently washed twice in PBT for 2min each. After washing the nitrocellulose membrane
was transferred into a falcon tube containing 2ml of the primary antibody solution. The primary
mADb was diluted as recommended by the manufacturer (usually in a ratio of 1:1000) and
incubated at 4°C overnight on a rolling incubator. The next morning the membrane was washed
three times in PBT for 10min each, followed by secondary mAb incubation for one hour. After
incubation, the membrane was washed four times in PBT for 5min and two times in PBS for
5min. After washing the membrane was incubated for one minute with Western Lightning
ECLplus (enhanced chemiluminescence lightning solution) and stored in a radiographic
cassette. X-ray films were exposed for different time intervals on the membrane in the darkroom

and afterwards developed.
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12.7. Suppression assay

One C57BL/6 mouse of each congenic marker (CD45.2; CD45.1) was sacrificed, and cells from
spleen and lymph nodes were isolated and counted according to the protocol (8.4).
Subsequently, cells from the CD45.1" mouse were used as effector cells and were initially
stained with CFSE (8.8.1). Subsequently, the cells were stained with mAbs against CD3, CD4,
and CD25 according to the standard staining protocol (8.8.3) and FACS sorted for
CD3*'CD4*CD25'. Cells isolated from CD45.2" mice were used to isolate regulatory T-cells
and feeder cells. The isolated cells were stained with mAbs against CD3 and CD4 and either
antibodies or Fab-multimers against CD25 according to the standard staining protocol (8.8.3),
and FACS sorted for CD3" (feeder cells) and CD3"CD4*CD25" (Treg cells). Subsequently, Fab-
multimer isolated cells were washed once in 200ul FACS-buffer containing 1mM D-biotin for
10min and afterwards twice with RPMI10* for 10min. After FACS sorting 1.5 million feeder
cells the falcon tube was filled up with 1ml filtered pure FCS and irradiated with 25Gy. 24.000
effector cells were sorted into each well of a 96-round-well plate (Figure 1.) with each well
containing 30ul FCS (1mM D-biotin). 8.000 regulatory T cells were sorted into the first two
rows with one row containing Fab-multimer labeled the other mAb stained regulatory T-cells.
75.000 of irradiated feeder cells were added to each well. For the following culture, cells were
resuspended in 150ul RPMI10" and stored in the incubator at 37°C for four days. For FACS
analysis cells were stained with mAbs against CD45.1 according to the standard staining
protocol (8.8.3) and analyzed on a CyanADP flow-cytometer for reduction of the CFSE signal
within the CD45.1* effector cells. Experiments were analyzed with FlowJo software, and

statistical analysis was performed using Prism Software.

12.8. Invitro Proliferation measurement

FACS isolated regulatory T cells either isolated using Fab multimers or mAbs were labeled
using CFSE according to manufacturer’s protocol. Labeled cells were transferred into a pre-
coated MaxiSorp flat bottom 96-well plate (NUNC). For pre-coating, 96-well plates were
incubated over night at 4°C with PBS containing Sug/ml purified aCD3 mAb( 145-2C11
eBioscience) and 2.5 pg/ml aCD28 mAb (37.51 BD). Plates were washed and incubated for 2
hours with FCS. Cells were cultivated for three days at 37°C in RPMI containing 10%FCS and
analyzed for CFSE dilution at day three.
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12.9. Cell staining

12.9.1. CFSE staining

Isolated lymphocytes were diluted to 2x107 cells/ml in PBS at room temperature, and the
designated amount of cells was transferred into a 15ml falcon tube. Carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE) was added to a final concentration of 1.5uM, vortexed
gently and kept in the dark at room temperature for 8min. After 3min cells the falcon conatining
the cells was filled up with RP10+ medium and put into a 37°C water bath for 10min. The cells
were centrifuged for 6min at 1500rpm, and the supernatant was discarded. The cells were then
washed two more times with 1ml PBS per 108 cells. After the last washing step, the cells were

resuspended in an appropriated amount of FACS buffer for further use.

12.9.2. Fluorescence-activated cell analysis

Flow cytometric cell sorting and the trademark name fluorescence-activated cell sorting
(FACS) are often used as equivalent. FACS uses a laser directed onto a hydrodynamically-
focused stream of liquid to detect the combination of scattered and fluorescent emitted light.
The fluorescent light can be emitted by excitation of fluorescent dyes with narrow excitation
and emission spectra coupled to mAbs that specifically bind to cell surface markers. The sorting
of cells is achieved, by breaking the fluid stream into a series of small droplets, with one cell
per droplet, quickly measure and analyze the light properties of each droplet. If a droplet
contains a single cell emitting the desired light spectra, it is electrostatically charged and
separated from the fluid stream by deflecting it into collection tubes during their flight in the
air. Due to its high specificity and the high sorting purity is FACS an essential tool in basic
research, clinical diagnostics and cell selection for preclinical models. Although several smaller
studies investigated the use of FACS for clinical trials, it has not yet been approved by

government officials due to concerns about patient safety (Jaye et al. 2012).

Conventional FACS systems have emerged as essential tools in modern biological laboratories.
The FACS machine creates a hydrodynamically focused stream of cell suspension which is
analyzed using a laser beam and an array of photodetectors. Fluorescent labels are attached to
one or more cell types in a heterogeneous suspension, and the cells are analyzed or sorted
individually based on how they scatter the incident laser light and the wavelength of light they

emit.

For fluorescence-activated cell analysis (FACS) cells were stained after the isolation from

mouse organs. In the standard staining protocol, 5x10° cells were resuspended in 50pl FACS-
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buffer and transferred to a 96-well plate. The staining procedure was performed at 4°C and as
dark as possible. Each fluorochrome used in the actual experiment also had to be displayed as
a single color. For single-colors, 2x10° cells were stained with a single antibody carrying the
needed fluorochrome needed for compensating spectra interference between some
fluorochromes. The mAbs were added to the 50ul cell solution according to their titrated
dilution. For staining with Fab-multimers 1ug Fab was incubated with 3pl Strep-Tactin coupled
with a fluorochrome (either PE: ST-PE or APC: ST-APC). After addition of the dye-labeled
staining, reagent cells were incubated for 20min at 4°C in the dark. Afterwards 150ml the cells
were centrifuged at 1500 rpm at 4°C for 3min, the supernatant discarded and resuspended
200ml FACS-buffer. The cells were centrifuged at 1500 rpm at 4°C for 3min. The washing step
was repeated once. For analysis cells were resuspended in 200ml FACS-buffer and transferred
to FACS-tubes. Before measurement 100ul PI (final concentration 1pg/ml) were added for
differentiation of living and dead cells. Fluorescence was measured on a CyanADP flow-

cytometer. The acquired data were analyzed using the FlowJo software.

12.9.3. Fluorescence-activated cell sorting

For sort experiments, the amount of staining reagents was linearly scaled up to the respective
starting cell number. Staining procedures and incubation times were as described in the standard

staining protocol. FACS sort was performed on a Moflo 11, or Aria.

12.10. Using Affinity Catch columns for enrichment
Fab: maCD4 (Munich): 18ug
600ul Matrix
Cells: single cell solution of two mixed C57BI/10 Spleens

Starting population: 2*1078 cells in

Protocol:
S-1000
Volume [ml] Speed [mI/min]

Fab 3 15
Cells 10 2.5
Wash 10 10
Wash 10 10
Wash 10 10
D-biotin 10 5
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D-biotin 10 5
Wash 10 10
Wash 10 10

12.11. Removal of Fab-multimers from the cell surface using D-biotin

After the staining/labeling of cells with dye-conjugated Strep-Tactin or with magnetic beads
conjugated with Strep-Tactin and the following experimental procedures the Fab - multimer
can be removed from the cell surface. Therefore the cells were transferred to a 15ml Falcon and
filled up to 10ml with D-biotin (LmM final concentration). The cells were incubated for 10min
at 4°C and inverted 4-5 times during the incubation time. Afterwards, the cells were spun down
at 1500rpm for 6min at 4°C. The supernatant was discarded, and the cell pellet was resuspended
in ImM D-biotin; the D-biotin step and the washing step were repeated once. To remove
remaining D-biotin and monomeric Fab-fragments the cells were resuspended in 10ml FACS-

buffer and washed twice.
12.12. Cell transfer

Wt C57BL/6 (H-2kP CD90.2* CD45.2%) mice were obtained from Harlan Winkelmann.
BALB/c (H-2kY, CD90.2%) were purchased from Janvier Labs (France). Congenically marked
mice were bred in house C57BL/6 (CD90.1" CD45.2" and CD90.2" CD45.1%). All mice were
housed under specific pathogen-free conditions at the mouse facility at the Technical University
Munich. For all experiments freshly isolated splenocytes and lymph nodes cells were obtained
from 6-8 week old sex-matched mice. Animal experiments were approved by the local
authorities. Treg transfers into different mice (C57BL / 6, RAG -/ -, DEREG) were performed.
For the transfer of a spleen cell suspension, the spleens of a donor mice were prepared as
indicated and enriched by FACS sorting. Prior to transfer the Tregs were washed 2x in 1 mM
D-biotin after FACS sorting to replace the reagent. Afterwards the cells were transferred i.v.

transferred in 200ul of sterile PBS.

12.12.1. Long-term Engraftment Experiments
Congenically marked cells were stained according to protocol and sorted using the Moflo
Legacy (Beckmann Coulter) or the FACS Aria 1l (BD). Sorted and washed cells (if indicated
with 1mM D-biotin) cells were injected i.v. into recipient mice. For co-transfer models
differentially congenically (CD90.1/CD45.1) cells a 1:1 solution of cells was used and
transferred in one single injection. Recipient mice were sacrificed at the indicated time points

and different organs were analyzed.
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12.12.2. Short-term Engraftment Experiments
Cells were sorted as described above. After sorting the populations were stained using different
Proliferation dyes (CFSE/eF450 PD/eF670 PD, eBioscience). To exclude influences of cell

labeling we interchanged PD, between different experiments.

12.12.3.  GvHD model
Allogeneic bone marrow transplants were performed as previously described (Jankovic et al.,
2013). Briefly, female, 6-8 weeks old BALB/c recipients received lethal total body irradiation
(TBI) with 2x4.5Gy. Directly after the second irradiation step mice received 5x10° T cell
depleted bone marrow cells for reconstitution with or without T effector and T regulatory cells
as indicated in the text and figures. T cell depletion of freshly isolated BM cells was performed
using CD90.2 microbeads (Miltenyi). The survival and appearance of mice were monitored
daily. Body weight was measured daily for at least three weeks and afterwards every 2 to 3

days. Mice were observed for 50 days.
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13. List of abbreviations

MF Micro Faraday

aGvHD Acute Graft-versus-Host disease
APC Antigen-presenting cell

APC Allophycocyanin / Antigen-presenting cell
B-cell B-lymphocyte

BCR B cell receptor

BSA Bovine serum albumin

CD cluster of differentiation

cGvHD Chronic Graft-versus-Host disease
Ch heavy chain constant region

Cl Light chain constant region

CMV Cytomegalovirus

CTL Cytotoxic T lymphocyte

d day

DC Dendritic cell

ddH20 Distilled, deionized water

DNA Deoxyribonucleic acid

dNTP Deoxynucleoside-triphosphate

E. coli Escherichia coli

EBV Eppstein-Barr virus

EDTA Ethylenediaminetetraacetate
FACS Fluorescence-activated cell sorting
FITC Fluorescein-isothiocyanat

FoxP3 Forkhead box P3

GATA3 Transacting T-cell-specific transcription factor
GvHD Graft versus Host Disease

GvL Graft versus leukemia effect

GvT Graft versus tumor effect

HC Heavy chain

HLA Human leukocyte antigen

HZDM High-density media

IFN Interferon

Ig Immunoglobulin



IL Interleukin

ITAM Immunoreceptor tyrosine activatory motif
ITIM Immunoreceptor tyrosine inhibitory motif
kDa Kilodalton

LB Luria-Bertoni Medium

LBamp Luria-Bertoni Medium + Ampicillin

Lc Light chain

LN Lymph node

LPS Lipopolysaccharide

mAb Monoclonal antibody

MHC-I/11 Major histocompatibility complex class I/11
NK cell Natural killer cell

oD Optical density

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PE Phycoerythrin

Pl Propidium iodide

PRR Pattern recognition receptor

RORy RAR-related orphan receptor gamma

rpm Rounds per minute

RT Room temperature

SDS Sodium dodecyl sulfate

SMI Small molecule inhibitor

ST Strep-Tactin

STAT signal transducer and activator of transcription
T-cell T lymphocyte

TCR T cell receptor

TEMED N, N, N*, N*-Tetramethylethylendiamine
TLR Toll-like receptor

Treg Regulatory T Cell

Tris Tris-(Hydroxymethyl-)Aminomethane
Vh Heavy chain variable region

VI light chain variable Region

Q Ohm
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