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Introduction

1 Introduction

1.1 NK cells are key players of cellular innate immunity

Natural killer (NK) cells are a critical constituent of cellular innate immunity. They belong to
the lymphoid lineage, originate from the bone marrow and undergo terminal maturation in
secondary lymphoid tissues (Caligiuri, 2008). NK cells represent a first line of defense against
viral infections and cancers. Several studies have shown that patients with NK cell deficiency
display increased susceptibility to herpesviruses and other viral pathogens (Biron et al., 1989,
Orange, 2013). Different functions of NK cells have been described so far. First of all, NK cells
mediate direct cytotoxicity to infected and malignant cells. Target cells are recognized
specifically by the integration of various signals from both activating and inhibitory receptors
and are killed via the release of pre-formed cytolytic effector molecules such as perforin and
granzymes or via death receptor-related pathways, e.g. FasL or TRAIL (Prager and Watzl,
2019). In addition to that, NK cells also secrete cytokines and chemokines that shape the host’s
immune responses. A main effector molecule secreted by NK cells is Interferon-y (IFN-y)
which stimulates the expression of MHC molecules on tumor and antigen-presenting cells,
activates macrophages, induces protective T cell responses and mediates antiviral effects
(Wallach et al., 1982, Heise and Virgin, 1995, Mocikat et al., 2003, Lucin et al., 1994).
Furthermore, NK cells can also secrete pro-inflammatory Tumor necrosis factor alpha (TNF-a)
and Granulocyte-macrophage colony-stimulating factor (GM-CSF) that promotes proliferation

and maturation of monocytes and dendritic cells (Caligiuri, 2008).

1.2 Target recognition by NK cells

NK cells express an array of activating and inhibitory receptors that enable them to identify
infected and malignant cells with high specificity and control NK cell reactivity. So far, three

different mechanisms of NK cell activation have been described.

First, NK cells recognize antibody-coated target cells via CD16, also known as FcyRIII. The
receptor binds to the Fc portion of surface-bound immunoglobulin G molecules and induces
target cell lysis in a process called antibody-dependent cellular cytotoxicity (ADCC) (Lanier et
al., 1988).

Second, target cells might express stress-induced ligands that are detected by activating NK cell
receptors (Figure 1A, left panel). NKG2D is a well-described example of such a receptor that
9
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recognizes stress-induced self-ligands such as ULBP and MIC molecules in humans or RAEL1,
H60 and MULTT proteins in mice — molecules that are absent or expressed at low levels by
healthy cells, but are upregulated upon infection or malignant transformation of these cells
(Raulet et al., 2013). NKG2D interactions are of significant importance for the antitumor
activity of NK cells (Jamieson et al., 2002). Other activating receptors bind to foreign ligands,
e.g. Ly49H on murine NK cells recognizes the cytomegalovirus-encoded glycoprotein m157
(Arase et al., 2002, Smith et al., 2002) and NKp46 binds to influenza virus hemagglutinin
(Mandelboim et al., 2001).

A Stress-induced self Missing-self B self-tolerance
AI\CI}I(Vgta?Id NK cell
Inhibitory /ngl;ttlgrq
receptor

Stress-induced
ligand

Infected or
malignant cell

Healthy
cell

Figure 1: Target recognition by NK cells.
(A) Recognition of target cells that express stress-induced ligands (left) or display aberrant MHC class I expression

(right). (B) Self-tolerance of NK cells towards healthy cells.

As a third option, NK cells can detect target cells with aberrant major histocompatibility
complex (MHC) class I surface expression via “missing-self” recognition (Karre et al., 1986)
(Figure 1A, right panel). The majority of inhibitory NK cell receptors bind to MHC class I
molecules, such as killer cell immunoglobulin-like receptors (KIR) in humans, inhibitory Ly49
receptors in mice and NKG2A/CD94 heterodimers in both species (Moretta et al., 1996, Raulet
etal., 1997, Lanier, 2005). All of these receptors contain at least one intracytoplasmic signaling
domain called immunoreceptor tyrosine-based inhibitory motif (ITIM) mediating their
inhibitory function (Vivier et al., 2004). MHC class I molecules are constitutively expressed by
healthy cells, but surface expression of MHC class I is often downregulated by tumor cells and
virus-infected cells to avoid recognition by CD8" T cells (Stern et al., 1980, Restifo et al., 1993,
Campbell and Slater, 1994, Ziegler et al., 1997). NK cells prevent this mechanism of immune
escape and specifically target these cells that are “missing-self”. To avoid autoimmunity, NK

cells undergo an education process called “licensing” during maturation. More precisely, NK

10
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cells have to interact with self-MHC class I molecules to achieve functional maturation (Kim
et al., 2005) (Figure 2). A high number of self-MHC-specific inhibitory receptors increases NK
cell responsiveness, but also ensures self-tolerance and optimizes sensitivity to changes in MHC
expression by infected or malignant cells (Joncker et al., 2009) (Figure 1B). In line with that,
NK cells from mice that lack MHC class I or Ly49 expression, kill missing-self targets less
efficiently (Liao et al., 1991, Hoglund et al., 1991, Belanger et al., 2012). NK cells that do not
express self-MHC-specific inhibitory receptors remain “unlicensed” and are hyporesponsive to

activation (Fernandez et al., 2005) (Figure 2).

Binds to self-
MHC | ligand
Functional
maturation

Stochastic expression Self receptor
of inhibitory receptors

v

Licensed NK cell:

- inhibited by self-MHC |

- strong response to
Non-self receptor missing-self targets

[
»

Does not bind to
self-MHC | ligand

No functional
maturation

Unlicensed NK cell:

- no need for inhibition
by self-MHC |

- no response to missing-
self targets

Figure 2: NK cell licensing

Schematic depiction of NK cell licensing. Developing NK cells express either self-reactive or non-self-reactive
inhibitory receptors. NK cells expressing self-specific receptors undergo functional maturation and become
licensed NK cells that are inhibited by self-MHC 1, but are able to recognize missing-self targets. NK cells
expressing non-self receptors do not undergo functional maturation and remain unlicensed. Unlicensed NK cells
do not respond to missing-self targets, but are also self-tolerant due to the lack of self-reactive receptors.
Adapted from (Kim et al., 2005).

However, it has been demonstrated that unlicensed NK cells kill tumor cells that express high
levels of MHC class I molecules, more efficiently than licensed NK cells (Orr et al., 2010), and
that blockade of inhibitory receptors can enhance the NK cell-mediated anti-tumor response
(Koh et al., 2001). Furthermore, all NK cells show similar activation upon recognition of stress-
induced ligands (Nishimura et al., 1988, Leiden et al., 1989) suggesting that signals received

from activating receptors might compensate for the hyporesponsiveness of unlicensed NK cells

(Tu et al., 2016). In some cases, unlicensed NK cells are also required for effective immune

11
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responses against viral infections. For example, the immune response against murine
cytomegalovirus (MCMYV) is supposed to be dominated by unlicensed NK cells (Orr et al.,
2010). Similar observations were made upon influenza virus infection in mice or human
immunodeficiency virus infection (Mahmoud et al., 2016, Alter et al., 2009). In general,
unlicensed NK cells are of particular importance whenever inhibitory receptors are engaged by
MHC class I or virus-induced mimics that dampen NK cell activation of licensed NK cells (Tu

etal., 2016).

1.3 NK cell maturation and phenotype

Like B and T lymphocytes, NK cells originate from common lymphoid progenitors and —
similar to B cells — develop in the bone marrow. The development of mature NK cells critically
depends on several transcription factors, especially Nfil3 and Eomes (Gascoyne et al., 2009,
Gordon et al., 2012), as well as the cytokine IL-15 (Vosshenrich et al., 2005). After egress from
the bone marrow, NK cells undergo terminal maturation in secondary lymphoid tissues
(Caligiuri, 2008). Human NK cells are commonly defined by the absence of CD3 and
expression of CD56. So far, two major subsets of human NK cells have been described:
CD56%™ CD16" and CD56 ¢t CD16%™- NK cells (Lanier et al., 1983, Lanier et al., 1986).
While CD56%™ NK cells constitute approximately 90 % of circulating NK cells in peripheral
blood, CD56%¢ht NK cells compose the majority of NK cells in secondary lymphoid organs
(Fehniger et al., 2003). Furthermore, CD56"¢" NK cells were described to be less cytotoxic
but more potent cytokine producers compared to their CD56%™ counterparts, suggesting that
CD56%™ and CD56%ght NK cells represent functionally distinct subsets (Nagler et al., 1989,
Fehniger et al., 1999, Cooper et al., 2001). Different studies indicate that CD56""¢" NK cells
might be precursors of CD56%™ NK cells as they acquire characteristics of CD56%™ NK cells
after stimulation in vitro and in vivo upon adoptive transfer into immunodeficient mice (Chan
etal., 2007, Romagnani et al., 2007). In addition, CD56"¢" NK cells were shown to have longer
telomere repeats than CD56%™ NK cells indicating a more immature phenotype (Chan et al.,
2007, Romagnani et al., 2007). However, whether human NK cells indeed differentiate from
CD56Pieh to CD56%™ phenotype is still controversially discussed. Evidence against the linear
differentiation model comes from recent studies by Wu et al., where genetically barcoded
hematopoietic stem cells were transplanted into rhesus macaques and the clonal composition of
different immune cell subsets was analyzed in peripheral blood several months post-transplant,

revealing stably distinct clonal patterns in CD56° vs. CD56" NK cells and arguing against

12
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constant replenishment of CD56° NK cells from the CD56" NK cell compartment (Wu et al.,
2014, Wu et al., 2018).

In contrast to human NK cells, murine NK cells do not express CD56. In C57BL/6 mice, NK
cells are historically defined by their reactivity with the monoclonal antibody PK136 that binds
to NK1.1 (Koo and Peppard, 1984). Expression of NK1.1 is acquired already early during NK
cell development and stably maintained during maturation (Rosmaraki et al., 2001). However,
NKI.1 is an alloantigen, the expression of which is restricted to few inbred strains (Carlyle et
al., 2006). Therefore, further lineage markers have been proposed, namely CD49b (Arase et al.,
2001) and NKp46 (Walzer et al., 2007). NKp46 has the additional advantage that it is nearly
absent from NKT cells, which express NK1.1 but also T cell markers like CD3. Maturation of
mouse NK cells has been described to happen in a 4-stage developmental process: Immature
CD11b"" CD27"" NK cells first acquire expression of CD27, followed by upregulation of
CD11b, and then terminally differentiate into CD11beh CD27"°% NK cells (Chiossone et al.,
2009). CD27 expression dissects mature murine NK cells into two distinct subsets, of which
CD27Meh NK cells display enhanced responsiveness to activation signals and cytokine
stimulation (Hayakawa and Smyth, 2006). Similarly, also human NK cells consist of a CD27"eh
and a CD27'°¥ fraction that correspond with CD56"¢"t and CD56%™ NK cells, respectively
(Silva et al., 2008, Vossen et al., 2008). In both humans and mice, CD62L was shown to be a
relevant maturation marker upon viral infection that marks a polyfunctional NK cell subset
important for protective immunity (Juelke et al., 2010, Peng et al., 2013b). Moreover, a study
by Peng et al. indicates that CD62L" NK cells give rise to CD62L" cells upon stimulation (Peng
et al., 2013b). Another marker that has been described to be expressed by a fraction of NK cells,
is the receptor CD160 which binds to classical and non-classical MHC class I molecules (Maeda
et al., 2005). CD160 expression is associated with enhanced IFN-y production and tumor
control in mice (Tu et al., 2015) and high cytotoxicity in humans (Maiza et al., 1993). In
addition to the aforementioned markers, several other markers are also differentially expressed
by NK cells and contribute to the enormous phenotypic diversity of the NK cell compartment
(Crinier et al., 2018). Recently, the discovery of tissue-resident NK cells and further innate
lymphoid cell (ILC) subsets has even more increased the heterogeneity within the pool of innate
lymphocytes (Robinette et al., 2015, McFarland et al., 2021). Phenotype and characteristics of
these subsets as well as their commonalities and differences in comparison to conventional NK
cells will be summarized in the following sections. However, the developmental relationship,
functionality and plasticity of this large number of different subsets of innate lymphocytes is

still under intensive investigation.
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1.4 Tissue-resident NK cells

Besides conventional circulating NK cells, several subsets of tissue-restricted NK cells with
organ-specific phenotypes and functionalities have been described. Localization of these tissue-
resident NK (trNK) cells mainly comprise liver, skin, small intestine, uterus, thymus and
salivary glands. Liver NK cells consist of a circulating CD49b" CD49a" and a resident CD49b
CDA49a" subset (Peng et al., 2013a). Liver-resident NK cells have an immature phenotype as
they express low levels of CD11b and CD49b (Peng et al., 2013a). Furthermore, they display
reduced expression of Ly49 receptors and CD62L, but higher levels of the activation markers
CD160 and CD69 in comparison to conventional NK (cNK) cells (Sojka et al., 2014). Similar
to cNK cells, trNK cells in the liver were capable of producing IFN-y, but in contrast to them
also produced high levels of TNF-a and GM-CSF upon stimulation (Sojka et al., 2014).
Moreover, liver trNK cells were shown to mount hapten-induced memory responses (Paust et
al., 2010, Peng et al., 2013a) (see also 1.6.1). Liver-resident NK cells develop independent of
conventional NK cells, they do not require the transcription factors Eomes and Nfil3, but instead
depend on the expression of T-bet and Hobit (Sojka et al., 2014, Daussy et al., 2014, Mackay
et al., 2016).

Subsets of CD49b- CD49a* NK cells with similar phenotypic properties are also present in skin,
small intestine and uterus (Sojka et al., 2014). Uterine NK cells are characterized by a unique
receptor repertoire that distinguishes them from cNK cells (Yadi et al., 2008) and execute highly
specialized functions especially during early pregnancy where uterine NK cells release
molecules that are involved in vascular modifications and decidual remodeling (Ashkar et al.,

2000, Lash et al., 2006, Hanna et al., 2006).

Thymic NK cells develop in the thymus from double negative thymocytes (Vargas et al., 2011)
and, in contrast to cNK cells, depend on the expression of CD127 and the transcription factor
GATA-3 (Vosshenrich et al., 2006). Furthermore, they display reduced cytotoxicity, increased
cytokine production and high expression of CD69 (Vosshenrich et al., 2006). Salivary glands
also contain a phenotypically and functionally unique NK cell population. These develop
independently of Nfil3, but express Eomes and T-bet (Cortez et al., 2014, Erick et al., 2016).
In line with other trNK cell subsets, they display increased expression of CD69 (Cortez et al.,
2014). NK cells from salivary glands of MCMV-infected mice show minimal IFN-y production
and degranulation upon re-stimulation, a defect that might contribute to the persistence of the
virus in this organ (Tessmer et al., 2011, Erick et al., 2016). In addition, also when isolated from

uninfected hosts, these cells display general hyporesponsiveness ex vivo (Tessmer et al., 2011).
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All of these examples show, that tissue-specific NK cell subsets can develop independently
from cNK cells and harbor a distinct phenotype and functionality. However, how all these
individual NK cell populations contribute to the immune response against viral pathogens for

example, remains largely unclear.

1.5 Innate lymphoid cells (ILCs)

Besides NK cells, several other subsets of innate lymphoid cells have been described recently,
namely ILC1, ILC2 and ILC3. In general, ILCs are tissue-resident (Gasteiger et al., 2015) and
strong cytokine producers, representing the innate counterparts of T helper cell subsets (Spits
et al.,, 2013). This tissue residency contrasts with NK cells which have been described as
cytotoxic ILCs that circulate in the bloodstream (Vivier et al., 2018). Like NK cells, ILCs
require the common cytokine receptor y-chain and the transcription factor Id2 for their
development, but unlike them, ILCs rely on GATA-3 and signaling via the interleukin-7
receptor subunit-a (also known as CD127) for maintenance and survival (Spits et al., 2013,

Vosshenrich et al., 2006).

ILC2s are characterized by the ability to produce the type 2 cytokines IL-4, IL-5 and IL-13
(Vivier et al., 2018). They require the transcription factors GATA-3 (Hoyler et al., 2012) and
RORa (Wong et al., 2012) for development and are involved in the immune response against
extracellular parasites (Fallon et al., 2006) as well as tissue homeostasis (Monticelli et al.,

2011).

ILC3s are defined by their capacity to produce type 17 cytokines such as IL-22 and IL-17A
(Cella et al., 2009, Takatori et al., 2009) and the requirement of the transcription factor RORyt
(Sanos et al., 2009). They are abundant in mucosal tissues and involved in innate immune
responses against extracellular bacteria (Satoh-Takayama et al., 2008, Zheng et al., 2008) as

well as the containment of commensal bacteria in the intestine (Sonnenberg et al., 2012).

NK cells themselves belong to group 1 innate lymphoid cells, as do ILCls. These cells are
involved in the immune responses against intracellular pathogens and tumors (Klose et al.,
2014, Abtetal., 2015, Weizman et al., 2017). ILC1s and NK cells share the capacity to produce
IFN-y in a T-bet-dependent manner as well as the expression of some phenotypic markers, such
as NKI1.1 and NKp46 (Vivier et al., 2018). However, they follow different developmental
pathways (Klose et al., 2014). While ILC1 development strictly relies on the expression of T-
bet, NK cells are present in T-bet deficient host. Instead, NK cells depend on the transcription
factor Eomes which is dispensable for ILC1 development (Daussy et al., 2014). Furthermore,
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NK cells and ILCls are functionally distinct. ILC1s produce higher amounts of TNF-o and
GM-CSF than NK cells, but in contrast to them are not or only weakly cytotoxic (Vivier et al.,
2018). Moreover, NK cells express MHC class I-specific inhibitory receptors, such as Ly49
receptors or NKG2A, as well as activating receptors, such as Ly49H and NKG2D, that allow
direct recognition of infected or malignant cells (Diefenbach et al., 2014, Vivier et al., 2018).
Phenotypic markers that have been suggested to distinguish ILC1s from NK cells are TRAIL,
CD49a, CD127 and CD200R, while NK cells express CD49b (Vivier et al., 2018, Weizman et
al., 2017). However, the expression of these markers can be lost upon activation and is often
tissue-dependent which makes the phenotypic identification of ILCls rather difficult.
Therefore, the expression of the transcription factor Eomes is commonly used to distinguish

NK cells from ILC1s (Vivier et al., 2018).

conventional . i
NK cells tissue-specific group 1 ILCs
lymphoid tissues, liver, skin, h i |
circulation | intestine (ILC1) uterus thymus salivary gland
T-bet
Hobit
NKp46* NKp46* NKp46* NKp46* NKp46*
NK1.1* NK1.1* NK1.1* NK1.1* NK1.1*
CD49b* CD49b- CD49b CD49b* CD49b*
CD49a CD49a* CD49a* CD49a CD49a*
CD11bfow* Ccb127+ CD127- Ccb127+ TRAIL*
CD27* TRAIL* TRAIL* CD69* CD69*
CD16* CD69* CDh16* Ly49'ow cb103*
NKG2D* CD160* CD69* Ly49*
Ly49* CD200R* Ly49*
IFN-y  +++ IFN-y  +++ IFN-y  +++ IFN-y  +++ IFN-y
TNFa + TNFa  +++ TNFa  +++ TNFa  +++
GM-CSF + GM-CSF +++ GM-CSF +++
Cytotoxicity +++ [ Cytotoxicity +/- | Cytotoxicity + Cytotoxicity + Cytotoxicity

Figure 3: Different subsets of group 1 innate lymphoid cells.

Phenotypic identity and functionality of conventional NK cells, ILC1s and tissue-resident NK cells from different
organs.
Adapted from (Diefenbach et al., 2014, Hashemi and Malarkannan, 2020).
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The identification of the ILC1 lineage also complicated the definition of the aforementioned
tissue-resident NK cell subsets, some of which express markers such as CD49a and CD127,
show increased cytokine production and less cytotoxicity and develop independently from
Eomes expression (Vosshenrich et al., 2006, Sojka et al., 2014). Therefore, some of them,
especially liver trNK cells, are nowadays often referred to as ILC1s. In summary, together with
distinct receptor expression and maturation states, the different subsets of trNK cells as well as
ILCls, all of which are distinct from cNK cells, contribute to the enormous diversity and

complexity of group 1 innate lymphoid cells (Figure 3).

1.6 Adaptive-like responses of NK cells

Historically, NK cells, as a part of innate immunity, were thought to be short-lived cytolytic
cells that recognize infected cells and tumor cells in an antigen-independent manner. In contrast,
adaptive immune cells such as B and T lymphocytes, undergo antigen-specific expansion and
persist as long-lived memory cells. However, recent evidence has shown that different subsets
of NK cells are able to mount adaptive-like responses comprising clonal expansion, long-term
maintenance and the formation of immunological memory which are hallmarks of adaptive
immunity (Adams et al., 2020). These memory cells show increased functionality and host
protection against previously encountered pathogens. Currently, three different models of NK
cell memory have been described (O'Sullivan et al., 2015). The context in which these memory-
like NK cells are generated as well as their functional and phenotypic characteristics will be

summarized in the following.

1.6.1 Hapten-induced memory-like NK cells

NK cell memory has initially been described in a model of hapten-induced contact
hypersensitivity (CHS) (O'Leary et al., 2006). Haptens are low-molecular non-immunogenic
molecules that are able to bind and chemically modify proteins. These modified proteins are
then recognized as foreign antigens and induce immune reactions including long-lived B and T
cell memory. After prior sensitization, administration of the hapten to previously unexposed
sites causes CHS resulting from a local recall response associated with tissue swelling. In the
mentioned study, mice are immunized with 2,4-dinitrofluorobenzene (DNFB) and then re-
challenged with the same hapten. Strikingly, this re-challenge induces robust and hapten-
specific CHS, even in Rag2-deficient (Rag2”") mice that lack B and T lymphocytes (O'Leary et
al., 2006). It was shown that NK cells accumulate in hapten-challenged tissues and that
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depletion of NK cells in Rag2”- mice completely abrogates CHS induction (O'Leary et al., 2006,
Paust et al., 2010). Furthermore, hapten-induced memory can be transferred to naive recipients
by adoptive transfer of hepatic but not splenic NK cells from sensitized donor mice (O'Leary et
al., 2006, Paust et al., 2010). These hepatic memory cells require CXCR6 expression for long-
term survival and full effector potential. Neutralizing antibodies against CXCR6 or its ligand
CXCL16 abrogate NK-cell mediated recall responses to haptens (Paust et al., 2010). Further
studies showed that these memory responses are mediated by a subset of hepatic NK cells that
are liver-resident and do not express the marker DXS5 (a2B1lintegrin, also known as CD49b)
which is expressed by the majority of mature NK cells, but instead show surface expression of
alpBl integrin (CD49a) (Peng et al., 2013a). Furthermore, liver-resident NK cells differ from
conventional NK cells as they are Eomes’, but their development depends on T-bet and Hobit
expression (Daussy et al., 2014, Sojka et al., 2014, Mackay et al., 2016). Memory formation of
these hapten-induced NK cells is driven by type I interferons and I1-12 (Majewska-Szczepanik
etal., 2013). In addition, CD49a" liver-resident NK cells can also mount memory-like responses
to viral antigens (Paust et al., 2010, Li et al., 2017). As mentioned before, these liver-resident

NK cells are nowadays often considered as ILC1s (O'Sullivan et al., 2015).

More recently, it has been reported that conventional CD49b" NK cells in the liver can also
confer hapten-induced memory responses (van den Boorn et al., 2016). This study showed that
monobenzone sensitization induces activation of the NLRP3 inflammasome in macrophages
and that IL-18 derived from these macrophages is critical in the formation of NK cell memory
(van den Boorn et al., 2016). There is also evidence for a CXCR6" liver-resident NK cell subset
in humans. These NK cells also display an immature phenotype (CD56"¢" CD167), expression
of CD69 and a distinct transcription factor profile (Stegmann et al., 2016). In contrast to murine
NK cells, the human CXCR6" subset in the liver is T-bet'®” Eomeseh while circulating human

NK cells are T-bet"eh Eomes'®" (Stegmann et al., 2016).

However, many aspects of hapten-induced memory still have to be elucidated. To date the
receptors responsible for hapten recognition remain unknown as well as the mode of
recognition, i.e. whether NK cells recognize haptens directly or proteins that have been
modified by these (O'Sullivan et al., 2015). Some early studies already provided evidence that
only licensed Ly49C/I* NK cells can confer hapten-induced memory (O'Leary et al., 2006,
Majewska-Szczepanik et al., 2013). In line with that, a recent study has shown that hapten-
induced CHS is impaired in Rag-deficient mice with severely reduced Ly49 receptor
expression, but can be rescued by Ly491 knock-in (Wight et al., 2018). Moreover, antigens that
bind to MHC class I, which is recognized by Ly49 receptors, can elicit memory-like NK cell
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responses similar to haptens (Wight et al., 2018). These findings suggest that inhibitory Ly49

receptors might be involved in hapten recognition by liver NK cells.

1.6.2 Cytokine-induced memory-like NK cells

In 2009, a study by Cooper et al. demonstrated that splenic NK cells which are adoptively
transferred into Ragl”" recipients after in vitro stimulation with the cytokines IL-12, IL-15 and
IL-18, generate cells with memory-like properties. In detail, when re-stimulated ex vivo with
cytokines or plate-bound antibodies, these pre-activated NK cells show enhanced IFN-y
production compared to control NK cells (Cooper et al., 2009). This enhanced cytokine
production can be detected for up to 3 weeks after adoptive transfer and is also passed on to
daughter cells (Cooper et al., 2009). A more recent study showed that differences in IFN-y
production can be observed for up to 12 weeks after adoptive transfer and that they are NK-
cell-intrinsic (Keppel et al., 2013). Of note, the cytotoxic capacity of cytokine-activated NK
cells is similar to that of control NK cells (Cooper et al., 2009, Keppel et al., 2013). In addition,
administration of cytokine-activated NK cells was shown to substantially reduce the growth of
established tumors in irradiated mice (Ni et al., 2012). In that model, transferred cells are

detectable for up to 3 months even after tumor rejection (Ni et al., 2012).

Similar to murine NK cells, human NK cells generate memory-like cells following stimulation
with IL-12, IL-15 and IL-18 (Romee et al., 2012). These pre-activated NK cells display
enhanced IFN-y production for up to 6 weeks after in vitro culture and re-stimulation with
cytokines or tumor targets (Romee et al., 2012). Moreover, cytokine-induced memory-like NK
cells show enhanced functionality against leukemia cell lines as well as primary leukemic blasts
in vitro and improved control of leukemia burden in a humanized mouse model (Romee et al.,
2016). Thereby, cytokine-induced memory-like NK cells provide a promising tool for cancer
immunotherapy which was already proven in preclinical studies against several types of cancer
(Boieri et al., 2017, Zhuang et al., 2019, Uppendahl et al., 2019). In contrast to hapten-induced
or virus-induced memory NK cells, cytokine-induced memory cells are not antigen-specific and

are therefore broadly applicable.

1.6.3 Adaptive-like NK cell responses in cytomegalovirus infection

In the early 2000s, several studies demonstrated that the activating NK cell receptor Ly49H,
which is expressed by approximately 50 % of all NK cells in C57BL/6 mice, binds exclusively
to the MCMV-encoded glycoprotein m157 (Arase et al., 2002, Smith et al., 2002) (Figure 4A).
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m157 is a decoy receptor with homologies to MHC class I molecules (Adams et al., 2007) that
was also reported to bind to inhibitory NK cell receptors in MCMV-susceptible mouse strains,
e.g. Ly491 in 129/] (Arase et al., 2002). These findings suggest that m157 initially evolved as
an inhibitor of NK cell immunity that prevents missing-self recognition of MCMV-infected
cells despite downregulation of MHC class I expression (Lanier, 2008). The activating receptor
Ly49H probably evolved more recently in C57BL/6 mice as a result of host-pathogen co-
evolution conferring a selective advantage to that mouse strain (Lanier, 2008). This virus-
specificity results in selective activation and expansion of Ly49H" NK cells during the acute
phase of MCMYV infection (Dokun et al., 2001, Brown et al., 2001). Mice that lack Ly49H
expression show increased susceptibility to MCMYV infection (Lee et al., 2001, Fodil-Cornu et
al., 2008, Cheng et al., 2008). Furthermore, MCMJV titers are up to 1000-fold increased after
antibody depletion of Ly49H expressing cells (Daniels et al., 2001). Similarly, infection with
an ml57-deficient MCMYV variant leads to enhanced virulence of the virus and abrogates
activation of Ly49H" NK cells (Bubic et al., 2004). In summary, these studies demonstrate that

Ly49H' NK cells protect against MCMYV infection due to their specificity to a viral antigen.

In 2009, a study by Sun et al. showed that adoptive transfer of Ly49H* NK cells into mice that
lack this receptor, leads to robust antigen-driven expansion of these cells after infection with
MCMV (Figure 4B+C). After control of the infection, transferred cells contract and form a
stable pool of long-lived antigen-experienced cells that can be recovered from several tissues
for up to 70 days post infection (p.i.) (Sun et al., 2009). These long-lived cells display enhanced
IFN-y production as well as degranulation after re-stimulation ex vivo with plate-bound
antibodies (Sun et al., 2009) (Figure 4C). Moreover, memory cells undergo secondary
expansion after re-transfer into naive recipients followed by recall infection with MCMV and
were shown to be more protective than their unexperienced counterparts (Sun et al., 2009).
Besides Ly49H receptor engagement, pro-inflammatory cytokine signaling via 1L-12, IL-18
and type I interferons (Beaulieu et al., 2014) as well as co-stimulation via DNAM-1 (Nabekura
et al., 2014) are necessary to induce optimal expansion and memory differentiation of Ly49H"
NK cells upon MCMYV infection. Taken together, these studies demonstrate that Ly49H-
expressing NK cells — similar to T cells — undergo selective expansion and contraction upon
MCMV infection and generate a pool of long-lived self-renewing memory cells that are able to
re-expand and provide enhanced protection upon re-infection. These features make MCMYV a
suitable model to probe NK cell responses in vivo and study infection-driven NK cell

differentiation starting out from small cell populations or even single cells.
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Figure 4: Adaptive-like responses of Ly49H" NK cells upon MCMY infection.

(A) Engagement of the activating NK cell receptor Ly49H with MCMV-encoded glycoprotein m157 at the cell
surface of infected cells. (B) Schematic depiction of the response kinetics of Ly49H" (red) and Ly49H" (blue) NK
cells upon MCMV infection. (C) Clonal expansion and contraction of Ly49H" NK cells result in the generation of
functionally enhanced memory NK cells.

Memory NK cells display a distinct transcriptional and epigenetic signature in comparison to
naive NK cells, i.e. NK cells at steady state, before infection-driven activation and expansion.
This signature at least in part overlaps with that of memory CD8" T cells (Bezman et al., 2012,
Lau et al., 2018). Furthermore, memory NK cells express KLRG1 and Ly6C (Sun et al., 2009)
which is equivalent to a mature phenotype, and they show elevated surface levels of Ly49H in
comparison to naive NK cells (Adams et al., 2019). In line with this, initial Ly49H surface
levels correlate positively with the expansion capacity of individual Ly49H" NK cells
(Grassmann et al., 2019). Consequently, NK cells can adapt to MCMYV infection by selective
expansion of Ly49H"e" NK cell clones (Grassmann et al., 2019) with enhanced functional
avidity towards m157-expressing targets (Adams et al., 2019). This avidity selection of NK cell
clones represents another parallel to immune responses mediated by antigen-specific T cells.
During infection, selective expansion of T cell clones expressing TCRs with optimal affinity to
their cognate antigen skews the TCR repertoire towards high-affinity TCRs (Busch and Pamer,
1999). However, whereas the affinity selection of antigen-specific T cells is based on the
expression of different TCRs, avidity selection of Ly49H" NK cells relies on distinct expression
levels of the same receptor. Moreover, in contrast to naive T cells, distinct maturation states of

NK cells already exist at steady state (Chiossone et al., 2009). Among these, immature KLRG1"
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NK cells were reported to expand better and preferentially generate memory cells upon MCMV

infection (Kamimura and Lanier, 2015).

Similar to MCMV, human cytomegalovirus (HCMV) infection also induces adaptive-like
responses of NK cells. Seropositive individuals display an increased frequency of NK cells
expressing the receptor NKG2C (Guma et al., 2004, Lopez-Verges et al., 2011). NKG2C is an
activating NK cell receptor that forms heterodimers with CD94 and binds to HLA-E (Braud et
al., 1998). Indeed, it was shown that NKG2C* NK cells undergo expansion ex vivo in response
to HCMV-infected or HLA-E expressing targets (Guma et al., 2006, Rolle et al., 2014). HLA-
E also binds to NKG2A (Braud et al., 1998), the inhibitory counterpart of NKG2C. HLA-E
expression at the surface of HCMV-infected cells is stabilized by the HCMV-encoded peptide
UL40, which reduces missing-self recognition by NK cells (Tomasec et al., 2000, Ulbrecht et
al., 2000). A recent study has shown that the activation of NKG2C* NK cells by different UL40
peptides, derived from various HCMYV strains, is highly variable and depends on the affinity
between NKG2C and UL40 peptides presented in the context of HLA-E, with highest-affinity

interactions inducing strongest NK cell activation and proliferation (Hammer et al., 2018).

Importantly, memory-like NK cell responses have also been observed in the context of infection
with other herpesviruses (Azzi et al., 2014, Abdul-Careem et al., 2012), human and simian
immunodeficiency virus (Alter et al., 2009, Reeves et al., 2015), vaccinia (Gillard et al., 2011)

or influenza virus (Dou et al., 2015).

1.7 Crosstalk between NK cells, dendritic cells and T cells upon
MCMY infection

Several studies have shown that both NK cells and T cells critically contribute to the immune
response against MCMV. Mice with selective NK cell deficiency display increased
susceptibility to lethal MCMYV infection and develop higher virus titers in several organs after
infection with a sublethal dose of MCMYV in comparison to NK cell-competent mice (Shellam
et al., 1981). A protective NK cell response is especially important for the control of early viral
replication. Furthermore, CD8" T cells also significantly contribute to host protection against
MCMV infection. They are essential to fight acute infection in mice that lack effective NK cell
responses (Lathbury et al., 1996), but in addition are necessary to control long-term virus
replication (French et al., 2004) and prevent reactivation of the virus from latency even in NK

cell-competent mice (Simon et al., 2000).
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The activation of both NK and T cells is dependent on the crosstalk of these lymphocyte subsets
with dendritic cells (DCs). MCMV is recognized early upon infection by innate immune cells
via pattern recognition receptors. It has been shown that Toll-like receptor 9, that is mainly
expressed by DCs, is critical for this early MCMYV sensing (Krug et al., 2004). After pathogen
recognition, DCs produce cytokines, such as type I interferons or IL-12, that mediate NK cell
activation (Dalod et al., 2002). In particular, type I interferons are necessary to stimulate NK
cell-mediated cytotoxicity while IL-12 increases IFN-y production by NK cells (Orange and
Biron, 1996). While type I interferons are mainly produced by plasmacytoid dendritic cells
(pDCs) (Dalod et al., 2002), conventional type 1 dendritic cells (cDCls), that are characterized
by the expression of the chemokine receptor XCR1, are the major source of IL-12 (Weizman
et al., 2019) and indispensable for effective NK cell activation as well as expansion of Ly49H"*
NK cells upon MCMYV infection (Andrews et al., 2003). On the other hand, effective antiviral
NK cell activity is necessary to ensure maintenance of cDCls in the spleen during MCMV
infection (Andrews et al., 2003, Robbins et al., 2007) and to promote DC maturation (Gerosa
et al., 2002, Alexandre et al., 2014). In line with this enhanced maintenance of cDCls, the
activation of NK cells via Ly49H-m157 interaction results in an increased frequency and
activation status of epitope-specific CD8" T cells early during MCMYV infection (Robbins et
al., 2007) (Figure 5, left panel). In contrast, infection with an m157-deficient MCMV variant
that is unable to activate NK cells via Ly49H, induces enhanced CD8" T cell responses at later
timepoints resulting from an increased viral load and higher levels of innate cytokines in these

mice (Mitrovic et al., 2012) (Figure 5, right panel).

Ly49H-competent mice Ly49H-deficient mice

Viral load
Viral load

Days post infection Days post infection
Figure 5: Efficient NK cell activation is critical to ensure early control of viral replication and rapid CD8*
T cell responses during MCMYV infection.

Schematic depiction of viral load as well as the kinetics of innate and adaptive immune responses against MCMV
in Ly49H-competent (left) and Ly49H-deficient (right) mice.
Adapted from (Alexandre et al., 2014).
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cDCls are specialized to take up extracellular antigens by internalization of apoptotic cells,
process these antigens and present them in the context of MHC class I in a process called cross-
presentation (den Haan et al., 2000, Schulz and Reis e Sousa, 2002, Iyoda et al., 2002). In
contrast to that, classical antigen presentation to CD8" T cells relies on directly infected
dendritic cells. Several MCMV encoded proteins induce downregulation of cell-surface MHC
class I molecules in infected cells (Campbell and Slater, 1994, Ziegler et al., 1997, Reusch et
al., 1999) and thereby reduce the capacity of directly infected cells to present antigens to CD8*
T cells (Andrews et al., 2001). In line with that, several studies demonstrated that cross-
presentation mediated by ¢cDCls is both necessary and sufficient to efficiently prime CD8" T
cells in vivo upon MCMV infection (Snyder et al., 2010, Busche et al., 2013, Torti et al., 2011).
In summary, the crosstalk between NK cells, dendritic cells and T cells is essential to efficiently
control viral replication and rapidly induce effective early T cell responses during MCMV
infection (Figure 5). In this context, it has been proposed that Ly49H" NK cells mainly affect
cDCls indirectly, through enhanced viral control and the resulting reduction of type I interferon
production by pDCs, which otherwise has deleterious effects on cDCI1 survival (Robbins et al.,
2007). Enhanced ¢cDCI1 survival is then thought to promote improved cross-presentation to and
early expansion of antigen-specific CD8" T cells. However, whether a direct interaction of
Ly49H' NK cells and ¢DCls also plays a role in this innate/adaptive crosstalk has not been
explored. Moreover, it remains unclear, whether all Ly49H" NK cell or only a specialized

subset are engaged in this crosstalk.

1.8 Single-cell fate mapping of immune cells

Lymphocyte populations that respond to a given pathogen, show substantial phenotypic and
functional diversity. Upon infection, antigen-specific lymphocytes are selectively expanded and
differentiate into various effector and memory subsets. Especially for T cells, a great number
of phenotypically and functionally distinct subsets have been described (Buchholz et al., 2012,
Kallies et al., 2020). As argued before, NK cells also represent a phenotypically and
functionally diverse population of immune cells — already at steady state (see 1.3). However,
the developmental relationship of these different NK cell subsets and their functionality,
especially during the immune response to different pathogens, is still under investigation.
Furthermore, it is unclear how individual NK cells responding to a certain pathogen contribute
to the overall heterogeneity of the response. Previous studies from our laboratory utilized
adoptive single-cell transfer to demonstrate that the output generated from individual T cell

clones is highly diverse concerning size of the progeny as well as subset composition and
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memory capacity (Buchholz et al., 2013, Cho et al., 2017, Grassmann et al., 2020). In general,
there exist two concepts of immune cell differentiation: In the first scenario, individual clones
undergo phenotypic diversification upon differentiation and give rise to a phenotypically and
functionally diverse offspring (“one cell, multiple fates”); the second hypothesis assumes that
individual clones adopt distinct fates (“one cell, one fate”) and that the observed overall
heterogeneity of the immune response results from a combination of multiple individual clones
(Buchholz et al., 2016) (Figure 6). Whereas the first concept holds true for T cell

differentiation, this has so far not been studied in detail for NK cells.

Hypothesis 1: Hypothesis 2:
"One cell, multiple fates" "One cell, one fate

Figure 6: Two concepts of immune cell differentiation on single-cell level.

Phenotypic heterogeneity of immune responses might result from phenotypic diversification during differentiation
(left) or combining multiple individual clones with distinct fates (right).

Adapted from (Flommersfeld et al., 2021).

Recently, we demonstrated that single Ly49H" NK cells indeed upon adoptive transfer into
MCMV-infected mice, also generate offspring that massively varies in size ranging from 10 to
10.000 cells per clone (Grassmann et al., 2019). However, it is still unclear whether these
individual NK cell clones also differ in the expression of phenotypic markers and in their
functionality, aspects that will be subject of this study. Different approaches that allow adoptive
transfer and fate mapping of single cells, their virtues and limitations are described in the

following.

1.8.1 Cellular barcoding

In 2008, Schepers et al. adapted an approach called cellular barcoding to enable the analysis of
lineage relationships originating from single T cells in vivo. Therefore, cells are transduced with

a retroviral plasmid library containing GFP and a random 98-bp DNA barcode (Schepers et al.,

25



Introduction

2008). These unique identifiers are passed on to all daughter cells and can be recovered via
microarray (Schepers et al., 2008, Gerlach et al., 2010) or next generation sequencing (Gerlach
et al., 2013) after activation and expansion of the individual clones. By comparing the barcode
composition within different organs or immune cell subsets, conclusions can be drawn
concerning the lineage relationships of distinct “T cell families” (Schepers et al., 2008, Gerlach
et al.,, 2010, Gerlach et al., 2013). The term “T cell family” was introduced to define a
population of T cells that derives from the same single cell, while “clone” is used for all T cells
harboring the same TCR and can therefore be misleading in this context (Buchholz and

Flossdorf, 2018).

Polylox barcoding represents another approach that uses unique genetic labels to track the fate
of hematopoietic stem cells in vivo (Pei et al., 2017). The Polylox cassette is a DNA element
that is composed of several loxP-flanked segments. These loxP sites are targeted by the Cre
recombinase resulting in more than one million unique recombination products (Pei et al.,
2017). For in vivo fate mapping, the Polylox cassette is targeted into the Rosa26 locus and then
crossed into mice that express Cre recombinase under the control of a tamoxifen-inducible
promotor (Pei et al., 2017). Consequently, recombination of the Polylox cassette can be induced
by the administration of tamoxifen and allows endogenous labeling of hematopoietic stem cells.
The barcode composition of different cell populations can then be determined by PCR

amplification and sequencing (Pei et al., 2017).

The advantage of these cellular barcoding approaches is the enormous number of clones that
can be analyzed simultaneously. However, since detection of the barcode labels requires
techniques such as microarray or sequencing, phenotyping of the expanded clones via antibody
staining or isolation of immune cells from distinct precursors for re-transfer or functional
analyses are difficult. Furthermore, the Polylox system is limited by the fact that some of the
generated codes are highly redundant (Pei et al., 2017). Consequently, the approach is not
suitable to study lineage relationships based on immune responses of only 100-1000 epitope-

specific T cells as the number of uniquely labelled T cells is too low in this setup.

1.8.2 Congenic matrix

Another option to track the offspring of individual immune cells in vivo is the use of congenic
markers. Congenic mice are basically identical to wildtype C57BL/6 mice except that they have
differing alleles at one specific gene locus. The most common congenic mouse strain carries a

functionally identical variant of the pan-leukocyte marker CD45, called CD45.1, while
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wildtype C57BL/6 mice express CD45.2 (Shen et al., 1985). The advantage of these congenic
markers is that they are expressed at the cell surface and can be labelled with monoclonal
antibodies. This enables the simultaneous identification of single-cell-derived lymphocyte
families as well as their direct phenotypic or functional analysis via flow cytometry (Stemberger
et al., 2007). Additionally, offspring belonging to distinct single-cell-derived families can be
isolated by fluorescence activated cell sorting (FACS) and re-transferred to secondary hosts
(Graef et al., 2014) or subjected to further analyses such as RNA sequencing (Grassmann et al.,
2020). However, one single congenic marker only allows adoptive transfer of a maximum of
two single cells per recipient (CD45.1/.1 and CD45.1/.2). Therefore, the so-called congenic
matrix was developed that combines differential expression of two congenic markers (CD45.1
and CD90.1) and consequently allows adoptive transfer of up to 8 single cells that are
distinguishable from each other and the recipient via flow cytometry (Buchholz et al., 2013)
(Figure 7).
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Figure 7: The congenic matrix as a tool for single-cell fate mapping of immune cells.

Schematic depiction of the composition of the congenic matrix and the identification of the different components
via flow cytometry.

However, the number of single cells that can be tracked within one and the same recipient is
still limited which makes the approach inefficient for experimental systems with a very low
recovery rate. This recovery rate describes the amount of successfully recovered clones at the
timepoint of analysis relative to the number of initially transferred single cells. For example,

detectable offspring was recovered from only 3,1 % of all transferred single Ly49H" NK cells
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upon MCMYV infection (Grassmann et al., 2019). Furthermore, the majority of NK cells does
not stably express CD90 which makes the congenic matrix inefficient for multiplexed tracking

of this immune cell type (Grassmann et al., 2019).

1.8.3 Retroviral fluorescent barcoding

To circumvent the limitations of the aforementioned models, an approach called retrogenic
fluorescent barcoding was developed in our laboratory that enables simultaneous tracking of a
larger number of single cells as well as visualization of their unique labels via flow cytometry
(Grassmann et al., 2019). Therefore, hematopoietic stem cells are isolated and retrovirally
transduced with the five fluorescent proteins GFP, YFP, Ametrine (or T-Sapphire), CFP and
BFP in a combinatorial manner. These transduced stem cells are then transplanted into
irradiated recipients and give rise to color-barcoded immune cells expressing diverse

combinations of the used fluorochromes (Figure 8).

GCB

\BG

Figure 8: Retroviral fluorescent barcoding.

Fluorescent labels generated by retroviral transduction of hematopoietic stem cells with the five fluorescent
proteins GFP (G), YFP (Y), Ametrine (A), CFP (C) and BFP (B). The combination of these five distinct
fluorochromes allows to generate >30 unique color barcodes which can be used to track the offspring of individual
immune cells in vivo.

Adapted from (Kretschmer et al., 2021).
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Single cells harboring unique color barcodes are then sorted from these retrogenic donors and
adoptively transferred. As color barcodes are passed on to all daughter cells, they allow tracking
of up to 30 individual cells and their progeny in vivo within one and the same recipient.
Furthermore, color barcodes are distinguishable by flow cytometry and thereby enable

phenotypic and functional analyses of the expanded clones.

29



Aim of this thesis

2 Aim of this thesis

NK cells represent a first line of defense against viral infections and cancer. They recognize
infected and malignant cells with high specificity by integrating various signals from activating
and inhibitory receptors. As a special case, the only known ligand of the activating receptor
Ly49H is the MCMV-encoded glycoprotein m157 (Arase et al., 2002, Smith et al., 2002).
Thereby, Ly49H" NK cells possess a defined antigen-specificity and are preferentially activated
upon MCMYV infection (Dokun et al., 2001). They undergo clonal expansion (Grassmann et al.,
2019) and persist for extended periods of time after resolution of acute infection, both of which
are hallmarks of adaptive immunity (Sun et al., 2009). This adaptive-like behavior of Ly49H"*
NK cells allows for the study of their response to a viral pathogen in vivo. In this study, we
aimed to use retroviral fluorescent barcoding and single-cell fate mapping to study the
infection-driven differentiation of NK cells starting out from single Ly49H" NK cells. Thereby,
we wanted to investigate whether all NK cells differentiate along a common pathway or whether
different subsets of NK cells exist that show distinct response patterns. It is already known that
CD8" T cells, for example, develop within a common differentiation framework but individual
T cells generate highly variable output (Buchholz et al., 2013). For NK cells, it is much less
understood, how the overall immune response is composed of individual responses. On the
other hand, naive NK cells already consist of many different subpopulations with distinct
homing patterns, phenotype and functionality. Therefore, it is important to understand how
individual subsets contribute to the immune response. Moreover, it was reported that NK cells
can contribute to the immune response against MCMV in different ways: they control early
viral replication, recognize and kill infected cells, produce cytokines and are involved in the
crosstalk with other immune cell types such as DCs and T cells. Whether these distinct functions
are mediated by all NK cells or specialized subsets, is so far not understood. To decipher the
heterogeneity of NK cells responding to MCMYV infection, we aimed to transfer populations
and single cells into MCMV-susceptible recipients, infect the mice and then analyze the
offspring of these cells at the peak of the immune response by flow cytometry. Our goal was to
examine which subsets of Ly49H" NK cells respond to MCMV or are generated during the
immune response and to identify their molecular signatures as well as their specific functional

contribution.

30



Material and Methods

3 Material and Methods

3.1 Material

3.1.1 Devices

Device Model

Supplier

10x Instrument

Balance EG 2200-2NM
ACJ 320-4M

Biofuge fresco
Pico 17

Centrifuge

Chromium Controller

Multifuge 3 S-R
Multifuge X3R
Mega Star 3.0R

Counting chamber

Dounce tissue grinder

Flow cytometer/ CytoFLEX LX
cell sorter CytoFLEX S
FACS Aria Il
MoFlo Astrios
Incubator HERACcell 240
Laminar flow hood HERAsafe
Microscope Primovert
TCS SP8
pH-meter 766
Sequencer HiSeq2500
HiSeq4000
NovaSeq6000
Water bath

Neubauer improved

10x Genomics, Pleasanton, USA

Kern & Sohn GmbH, Balingen, Germany
Kern & Sohn GmbH, Balingen, Germany

Heraeus, Hanau, Germany
Heraeus, Hanau, Germany
Heraeus, Hanau, Germany
Heraeus, Hanau, Germany

VWR, Darmstadt, Germany

Paul Marienfeld & Co. KG, Lauda-

Konigshofen, Germany
Sigma-Aldrich, Taufkirchen, Germany

Beckman Coulter, Fullerton, USA
Beckman Coulter, Fullerton, USA
Becton Dickinson, Heidelberg, Germany

Beckman Coulter, Fullerton, USA
Heraeus, Hanau, Germany
Heraeus, Hanau, Germany

Carl Zeiss, Jena, Germany

Leica, Wetzlar, Germany
Knick, Berlin, Germany

[llumina, San Diego, USA
[llumina, San Diego, USA
[llumina, San Diego, USA

GFL, Burgwedel, Germany
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3.1.2 Chemicals and reagents

Reagent

Supplier

Ammonium chloride (NH4CI)

Bovine serum albumin (BSA)

Calcium chloride (CaCl,)
Cytofix/Cytoperm™ Kit

Dimethyl sulfoxide (DMSO)

Disodium phosphate (Na;HPO4)

Dulbecco’s Modified Eagle Medium (DMEM)
2X DMEM

Ethanol

Ethidium monoazide bromide (EMA)
Ethylenediaminetetraacetic acid (EDTA)
Fetal calf serum (FCS)

Gentamycin

L-Glutamine

Golgi Plug™

Heparin-sodium (5000 IU/mL)
HEPES

Ionomycin

Recombinant murine IL-3
Recombinant murine IL-6
3-Mercaptoethanol

Methylcellulose

Paraformaldehyde (PFA)

Phorbol-12-myristat-13-acetat

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Merck, Darmstadt, Germany

Becton Dickinson, Heidelberg, Germany
Sigma-Aldrich, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany

Life Technologies, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany

Klinikum rechts der Isar, Miinchen,
Germany

Thermo Fischer, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Life Technologies, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Becton Dickinson, Heidelberg, Germany
Ratiopharm, Ulm, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
PeproTech, Hamburg, Germany
PeproTech, Hamburg, Germany

Life Technologies, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany
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Reagent

Supplier

Phosphate buffered saline (PBS)

PBS solution

Penicillin

Percoll

Potassium chloride (KCl)
Propidium iodide (PI)
RPMI 1640

Recombinant murine SCF
Skim milk powder
Sodium chloride (NaCl)

Streptomycin

eBioscience™ Foxp3 Transcription Factor

Staining Buffer Set

True-Nuclear™ Transcription Factor Buffer

Set
Tris-Hydrochloride (Tris-HCI)

Trypan Blue solution

Trypsin-EDTA

3.1.3 Antibodies

Carl Roth, Karlsruhe, Germany
Life Technologies, Carlsbad, USA

Life Technologies, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany
Thermo Fischer, Darmstadt, Germany
Life Technologies, Carlsbad, USA
PeproTech, Hamburg, Germany
Sigma-Aldrich, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany

Life Technologies, Carlsbad, USA

Thermo Fischer, Darmstadt, Germany

BioLegend, San Diego, USA

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Life Technologies, Carlsbad, USA

All antibodies have been titrated to the optimal dilutions.

Antibody Supplier Identifier
Anti-mouse NK1.1 BioLegend, San Diego, USA PK136
Anti-mouse NK1.1 Thermo Fisher, Darmstadt, Germany PK136
Anti-mouse Ly49H Thermo Fisher, Darmstadt, Germany 3D10
Anti-mouse CD45.1 BioLegend, San Diego, USA A20
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Antibody Supplier Identifier
Anti-mouse CD45.2 BioLegend, San Diego, USA 104
Anti-mouse CD27 BioLegend, San Diego, USA LG.3A10
Anti-mouse CD27 Thermo Fisher, Darmstadt, Germany LG7.F9
Anti-mouse CD62L BioLegend, San Diego, USA MEL-14
Anti-mouse CD62L Becton Dickinson, Heidelberg, Germany MEL-14
Anti-mouse CD160 BioLegend, San Diego, USA 7TH1
Anti-mouse CD160 R&D Systems, Minneapolis, USA Cat# AF3899
Anti-mouse CD11b Becton Dickinson, Heidelberg, Germany M1/70
Anti-mouse CD11b BioLegend, San Diego, USA M1/70
Anti-mouse KLRG1 Thermo Fisher, Darmstadt, Germany 2F1
Anti-human Granzyme B Thermo Fisher, Darmstadt, Germany GB11
(crossreactive)

Anti-mouse CD3e Becton Dickinson, Heidelberg, Germany 145-2C11
Anti-mouse CD3e BioLegend, San Diego, USA 145-2C11
Anti-mouse TCR beta Becton Dickinson, Heidelberg, Germany H57-597
Anti-mouse CD4 Thermo Fisher, Darmstadt, Germany RM4-5
Anti-mouse CD8a BioLegend, San Diego, USA 53-6.7
Anti-mouse CD19 Becton Dickinson, Heidelberg, Germany 1D3
Anti-mouse Sca-1 BioLegend, San Diego, USA D7
Anti-mouse CD16/32 BioLegend, San Diego, USA 93
Anti-mouse CD49a BioLegend, San Diego, USA HMal
Anti-mouse CD49b BioLegend, San Diego, USA DX5
Anti-mouse Ly-6C Becton Dickinson, Heidelberg, Germany AL-21
Anti-mouse CD69 BioLegend, San Diego, USA H1.2F3
Anti-mouse CD127 BioLegend, San Diego, USA ATR34
Anti-mouse Ly49A Thermo Fisher, Darmstadt, Germany A1(Ly49A)
Anti-mouse Ly491 Thermo Fisher, Darmstadt, Germany YLI-90
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Antibody Supplier Identifier
Anti-mouse Ly49F Miltenyi Biotec, Bergisch Gladbach, Germany =~ HBF-719
Anti-mouse Ly49G2 Miltenyi Biotec, Bergisch Gladbach, Germany 4D11
Anti-mouse Ly49D Thermo Fisher, Darmstadt, Germany eBio4E5
Anti-mouse IFN-gamma  Thermo Fisher, Darmstadt, Germany XMG1.2
Anti-mouse TNF-alpha BioLegend, San Diego, USA MP6-XT22
Anti-mouse GM-CSF BioLegend, San Diego, USA MP1-22E9
Anti-mouse XCR1 BioLegend, San Diego, USA ZET
Anti-mouse CD200r Thermo Fisher, Darmstadt, Germany 0X110
Anti-sheep IgG Jackson Immuno Research, Cambridge, UK RRID:

AB 2340747
Donkey anti-rabbit IgG BioLegend, San Diego, USA RRID:

AB 1575130
Donkey anti-rabbit IgG BioLegend, San Diego, USA RRID:

AB 2563306
Anti-GFP Thermo Fisher, Darmstadt, Germany RRID:

AB 221477
Anti-Collagen IV Abcam, Cambridge, UK Cat# ab6586
TotalSeq™-B0301 anti-  BioLegend, San Diego, USA M1/42; 30-
mouse Hashtag 1 F11
TotalSeq™-B0302 anti-  BioLegend, San Diego, USA M1/42; 30-
mouse Hashtag 2 F11
TotalSeq™-B0304 anti-  BioLegend, San Diego, USA M1/42; 30-
mouse Hashtag 4 F11
TotalSeq™-B0305 anti-  BioLegend, San Diego, USA M1/42; 30-
mouse Hashtag 5 F11
TotalSeq™-B0306 anti-  BioLegend, San Diego, USA M1/42; 30-
mouse Hashtag 6 F11
TotalSeq™-B0307 anti-  BioLegend, San Diego, USA M1/42; 30-
mouse Hashtag 7 F11
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3.1.4 Buffers and media

Buffer

Composition

Ammonium chloride-Tris (ACT)

FACS Buffer, pH 7.5

Complete DMEM (cDMEM)

Complete RPMI (cRPMI)

Freezing Medium

Transfection Buffer, pH 6.76

90 % (v/v) 0.17 M NH4Cl
10 % (v/v) 0.17 M Tris HCL, pH 7.2

1x PBS
0.5 % (w/v) BSA
2mM EDTA

1x DMEM

10 % (v/v) FCS

0.12 % (w/v) HEPES

0.02 % (w/v) L-Glutamine

1 % (v/v) Penicillin/Streptomycin
0.1 % (v/v) Gentamycin

0.1 % (v/v) B-Mercaptoethanol

1x RPMI 1640

10 % (v/v) FCS

0.12 % (w/v) HEPES

0.02 % (w/v) L-Glutamine

1 % (v/v) Penicillin/Streptomycin
0.1 % (v/v) Gentamycin

0.1 % (v/v) B-Mercaptoethanol

FCS
10 % (v/v) DMSO

ddH»0

1.6 % (w/v) NaCl
0.074 % (w/v) KC1
0.05 % (w/v) Na,HPOg4
1 % (w/v) HEPES
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3.1.5 Cell lines

Cell line Organism Origin

Ba/F3 Mouse UCSF, San Francisco, USA
Ba/F3-m157 Mouse UCSF, San Francisco, USA
M2-10B4 Mouse ATCC, Manassas, USA
Platinum-E (Plat-E) Human Cell Biolabs, San Diego USA
RD114 Human ATCC, Manassas, USA
RMA Mouse MSKCC, New York, USA
RMA-S Mouse MSKCC, New York, USA

3.1.6 Plasmids and recombinant DNA

Plasmid/recombinant DNA

Origin

pMP71
EGFP
EYFP
CFP
Ametrine

EBFP2

Wolfgang Uckert, MDC Berlin, Germany

MIH, TU Munich, Germany

MIH, TU Munich, Germany

MIH, TU Munich, Germany

MIH, TU Munich, Germany

MIH, TU Munich, Germany

3.1.7 Oligonucleotides

Oligonucleotide

Sequence

Supplier

GFP family Notl fwd

GFP family EcoR1 rev

S’ ATTAGCGGCCGCGCCACCAT
GGTGAGCAAGGGCG ¥’

5 TAATGAATTCTTACTTGTAC
AGCTCG 3¢

Sigma-Aldrich,
Taufkirchen, Germany

Sigma-Aldrich,
Taufkirchen, Germany

37



Material and Methods

3.1.8 Mice

Mouse strain

Official name

Origin

C57BL/6

BALB/c

OT-1

CD45.1
Rag2”- I12rg™”
Klra8”
Nkp46€re
R26-LSL-iDTA
Xcp]Venus DTR
Batf3™

EomesSt?

Eomesﬂ‘”‘/ﬂ"w

C57BL/6JOlaHsd

BALB/cOlaHsd

C57BL/6-
Tg(TcraTerb)1100Mjb/J
B6.SJL-Ptprca Pepcb/BoylJ

C;129S4-Rag2tml.1Flv
[12rgtm1.1F1v/J

B6.BXDS&-KlIra8Cmv1-
del/Wum)J

B6.Cg-Ncrl tml.1(icre)Viv

Gt(ROSA)26Sortm1(DTA)J
pmb/J

B6.Cg-Xcrltm?2
(HBEGF/Venus)Ksho
B6.129S(C)-Batf3tm!Kmm/y

Eomes<tm?2.1Rob>

Eomes<tm1Srnr>

Envigo, Indianapolis, USA
Envigo, Indianapolis, USA
The Jackson Laboratory, Bar Harbor,

USA

The Jackson Laboratory, Bar Harbor,
USA

The Jackson Laboratory, Bar Harbor,
USA

The Jackson Laboratory, Bar Harbor,
USA

Eric Vivier, Centre d’Immunologie de
Marseille-Luminy, Marseille, France

The Jackson Laboratory, Bar Harbor,
USA

The Jackson Laboratory, Bar Harbor,
USA

Jan Bottcher, IMI, TU Munich,
Germany

Yakup Tanriver, UK Freiburg,

Freiburg, Germany

Joseph Sun, MSKCC, New York,
USA

C57BL/6 (females, 6-12 weeks) and BALB/c (males, 3 weeks) were purchased from Envigo.
TCR transgenic OT-1, CD45.1, Rag2”~ 112rg™", Klra8”", Nkp46'°"®, R26-LSL-iDTA, Batf3"- and
Xcr1Venus DIR mjce were bred and maintained under specific pathogen-free (SPF) conditions at
the mouse facility at the Technical University of Munich. EomesS™ mice were bred under SPF
conditions at the mouse facility at the University of Freiburg, Nkp46'° x Eomes™®1°X mice
were maintained under SPF conditions at the Memorial Sloan Kettering Cancer Center (New
York, USA). All animal experiments were approved by local authorities and performed in

accordance with national guidelines.
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3.1.9 Viruses

MCMV-wildtype (wt) was prepared from the BAC-derived mouse cytomegalovirus clone
pSM3fr 3.3 (Smith strain). The MCMV-ie2-SIINFEKL was generated by fusing the SINFEKL
epitope at the C-terminus of the ie2 sequence using en passant mutagenesis as described before
(Dekhtiarenko et al., 2016). For the MCMV-ie2-SIINFEKL-GFP, P2A-linked GFP was
inserted before the second exon of iel/ie3 (Chaudhry et al., 2020). Viruses were kindly provided

by Luka Cicin-Sain (Helmholtz Centre for Infection Research, Braunschweig).

3.1.10 Software

Software Supplier

FlowJo V10 FlowJo LLC, Ashland, USA

Prism 9 Graphpad, La Jolla, USA

Imaris 9.5 Bitplane, Ziirich, Switzerland

SCANPY (v 1.4.4) Theis lab (GitHub) (Wolf et al., 2018)

Velocyto (v 0.17.17) Velocyto-team (Github) (La Manno et al., 2018)
Cellranger (v 5.0.1) 10x Genomics, Pleasanton, USA

Affinity Designer (v1.10.1) Serif Europe Ltd., Nottingham, Great Britain
Microsoft Office (v16.16.27) Microsoft, Redmond, USA

3.2 Methods

3.2.1 Tissue culture

M2-10B4, Plat-E, RD114, Ba/F3 and Ba/F3-m157 cells were grown in cDMEM in tissue-
culture treated cell culture flasks. RMA and RMA-S cells were grown in cRPMI in tissue-
culture treated cell culture flasks. Cell lines were incubated at 37 °C and 5 % CO» in humidified
atmosphere and were splitted every 2-4 days depending on their confluence. M2-10B4, Plat-E
and RD114 were treated with Trypsin-EDTA (5 min, 37 °C) to detach from the bottom of the
flask prior to splitting.
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3.2.2 Generation of retroviral fluorescent barcodes

3.2.2.1 Transfection of virus-producing cell lines

Retroviral packaging cell lines were transfected via calcium phosphate precipitation with the
retroviral vectors encoding for the five fluorescent proteins GFP, YFP, CFP, BFP and Ametrine.
Therefore, Plat-E (ecotropic) and RD114 cells (amphotropic), respectively, were seeded in 6-
well plates and grown until they reached 70 % confluence. 15 pl of a 3,3 M CaCl; solution were
mixed with 18 pg of the retroviral plasmid dissolved in 135 pl ddH>O. For calcium-phosphate
precipitation, the mixture was added dropwise to an equal volume of transfection buffer under
vortexing. The precipitate was incubated for 15-20 minutes at room temperature (vortex after
10 minutes) and then carefully distributed onto the cells. After 6 hours, the medium was
removed from the cells and fresh DMEM was added. After 48 h, viral supernatants were
collected, purified from remaining cells by centrifugation (1500 rpm, 4 °C, 7 min) and stored

at 4 °C for up to 4 weeks.

3.2.2.2  Generation of stably transduced Plat-E cell lines

Plat-E cell lines with a stable genomic integration of the retroviral plasmid DNA were generated
by spinoculation. Therefore, 400 pl of the respective RD114 supernatant was added per well of
a tissue-culture treated 48-well plate and centrifuged at 3.000 g and 32 °C for 2 hours. Platinum-
E cells were counted and cell density was adjusted to 5x10° cells/mL in cDMEM. Then, 50 pl
of the cell suspension (25.000 cells) were added carefully to the viral supernatant and the plate
was centrifuged again at 800 g and 32 °C for 1,5 hours. Transduction efficacy was determined
after 2 days by flow cytometry. To enhance the virus production of the Plat-E cell lines and get
rid of remaining untransduced cells, transduced cells were purified by fluorescence activated
cell sorting (FACS). Viral supernatants were collected when cells reached ~ 70 % confluence,
purified from remaining cells by centrifugation (1500 rpm, 4 °C, 7 min) and stored at 4 °C for

up to 4 weeks.

3.2.2.3  Generation of retrogenic mice

Femora and tibiae of 8-15 weeks old CD45.1 or C57BL/6 mice were cut out and muscles were
removed. Epiphyses were cut off and bone marrow cells were flushed out with 2-3 mL cDMEM
per bone using a 10 mL syringe with a 26G needle. Cells were centrifuged at 1500 rpm for 6
minutes and resuspended in 3 mL ACT buffer for red blood cell lysis. Samples were incubated
for 3 minutes at room temperature (RT) before the reaction was stopped by adding 7 mL

cDMEM. Afterwards, bone marrow cells were centrifuged again, resuspended in 500 ul FACS
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buffer containing anti-mouse CD3, anti-mouse CD19 and anti-mouse Ly6A/E (Sca-1)
antibodies and incubated for 30 minutes at 4 °C protected from light. Cells were washed with
10 mL FACS buffer and finally resuspended in 500 pl cDMEM for FACS. PI was added 1/100
for live/dead discrimination. CD3- CD19- Sca-1* hematopoietic stem cells (HSCs) were sorted
into 15 mL tubes containing 1 mL FCS. Sorted cells were washed with 5 mL PBS and
resuspended in cDMEM, supplemented with 2 ng/mL murine IL-3 (mIL-3), 50 ng/mL murine
IL-6 (mIL-6) and 50 ng/mL murine SCF (mSCF). HSCs were cultivated in a tissue-culture
treated 48-well plate (250.000-350.000 cells/400 pul). After 3 days, cells were splitted 1:1 or 1:2

depending on their confluence.

For retroviral transduction, a tissue-culture untreated 48-well plate was coated with 10 pg/mL
RetroNectin in PBS (150 pl per well) overnight at 4 °C. Expanded HSCs were retrovirally
transduced after 4 days of culture. Viral supernatants were collected either from Plat-E cells
transfected with retroviral vectors encoding for the different fluorescent proteins or stably
transduced Plat-E cell lines as described (see 3.2.2.1 and 3.2.2.2). These supernatants were
pooled to achieve combinatorial transduction of the HSCs. RetroNectin was removed and the
wells were washed once with PBS. 400 pl of the pooled supernatants were added per well and
centrifuged at 3.000 g and 32 °C for 2 hours. Stem cells were collected in a 15 mL tube,
centrifuged at 1500 rpm for 6 minutes and resuspended in fresh cDMEM, supplemented with 2
ng/mL mIL-3, 50 ng/mL mIL-6 and 50 ng/mL mSCF (final cell density: 300.000 cells/400 pl).
Viral supernatants were removed and 400 pl of the prepared HSCs were added per well. The
plate was centrifuged at 800 g and 32 °C for 1,5 h and then incubated at 37 °C and 5 % CO:

until injection.

After two days, C57BL/6 recipient mice were irradiated using a cesium irradiator. The mice
received a total dose of 9 grays (Gy) that were delivered in two equal doses 4 hours apart. After
the second irradiation, stem cells were collected in a 15 mL tube, washed with PBS and
resuspended in FCS at a final density of 1-3x10° cells/100 pl. 100 ul of the cell suspension were
injected intravenously (i.v.) into the irradiated hosts. After 4 weeks, chimerism of the retrogenic

mice was determined in peripheral blood samples via flow cytometry (see 3.2.4.2 and 3.2.7).

3.2.3 MCMY generation and infection

3.2.3.1 Generation of virus stocks from salivary glands

For in vivo propagation of MCMV strains, 3 weeks old male BALB/c mice were infected

intraperitoneally (i.p.) with 2x10° plaque-forming units (pfu) of the respective MCMV variant.
p y (.p plaq g p
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After 21 days, salivary glands were harvested and homogenized in 5 % skim milk/DMEM (1mL
for three salivary glands) using the loose pestle of a dounce tissue grinder. Cell suspensions
were centrifuged (800 g, 4 °C, 5 min) and supernatants were transferred into a fresh dounce
tissue grinder. After a second round of homogenization with the tight pestle and centrifugation,
supernatants were collected and stored in small aliquots at -80 °C for further usage. All
preparation steps were conducted on ice under a laminar flow hood with sterile reagents. For
passaging MCMV, the same protocol was performed but lower virus doses (500-2.500 pfu)
were used for infection of BALB/c mice. For infection experiments, 3-times-passaged virus

stocks were used.

3.2.3.2 Plaque Assay

The concentrations of all generated virus stocks were determined by plaque assays. Therefore,
M2-10B4 cells were grown in a tissue-culture treated 48-well plate until they reached 100 %
confluence. Serial dilutions were made of all virus stocks including a control virus with known
concentration. Virus stocks were diluted in cDMEM and dilutions from 103 to 10 were used
for viruses isolated from salivary glands. Medium was removed from the cell layers and
triplicates of each dilution were added to the cells (400 pl per well). Cells were incubated for
1,5 hours at 37 °C. Afterwards, the virus was removed and the cells were layered with 1X
Methylcellulose/DMEM. After four to six days, appropriate dilutions were chosen and plaques
were counted manually under an inverted microscope. To correct for interexperimental
deviations, a correction factor was determined by dividing the measured concentration of the
control virus by its known concentration. All measured virus titers were multiplied by this

correction factor.

3.2.3.3 Infections

Upon adoptive transfer experiments, Rag2™~ 112rg”~, Klra8”~ and Nkp46'°" x R26-LSL-iDTA
mice were infected with 100 pfu MCMV-wt (3" passage) by intraperitoneal (i.p.) injection.
C57BL/6 and Xcr1Vers PTR mice were infected i.p. with 2.000 pfu MCMV-wt (3" passage).
Klra8"" and Klra8' mice were infected i.p. with 2.000 pfu MCMV-wt or MCMV-ie2-
SIINFEKL-GFP (3™ passage) for confocal immunofluorescence imaging. Klra8~~: Batf3"" or
Klra8”~: Batf3”~ mixed bone marrow chimeras, K/ra8"" and Klra8”~ mice were infected with

MCMV-ie2-SIINFEKL (500 pfu, 3™ passage) by i.p. injection.
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3.2.3.4 Measurement of MCMV titers

To determine viral titers, spleens were harvested from MCMV-infected K/ra8 and Klra8"
mice and virus titration was done in close collaboration with M. Zeeshan Chaudry and Luca
Cicin-Sain (Helmholtz Centre for Infection Research, Braunschweig) via plaque assay. All

experimental steps are described in detail in Flommersfeld et al., 2021.

3.2.4 Generation of single-cell suspensions

3.2.4.1 Spleen and lymph nodes

Spleens and lymph nodes were harvested and mashed through a 40 um cell strainer in a 60 mm
petri dish containing 5 mL cRPMI. The resulting single cell suspension was transferred to a 15
mL tube and both cell strainer and petri dish were rinsed with another 5 mL cRPMI. Splenocytes
were centrifuged at 1500 rpm for 6 minutes and resuspended in 3 mL ACT buffer for 3 minutes
at RT. Red blood cell lysis was stopped by adding 7 mL cRPMI. Cell numbers were determined

using a Neubauer counting chamber.

3.2.4.2 Blood

50-100 pl blood were collected in heparinized tubes by punction of the vena facialis using a
2,9 mm lancet. 10 mL ACT buffer were added and samples were incubated for 10 minutes at
RT to lyse erythrocytes. Blood cells were centrifuged at 1500 rpm for 6 minutes and pellets
were resuspended in 5 mL ACT buffer for another 5 minutes at RT. The reaction was stopped

by adding 5 ml cRPMLI.

3.2.43 Liver

Livers were homogenized in 3 mL PBS by using a dounce tissue grinder with the loose pestle.
The single-cell suspension was transferred to a 15 mL tube and centrifuged at 1500 rpm for 6
minutes. Pellets were resuspended in 40 % Percoll/PBS and gradient centrifugation was
performed at 2600 rpm and RT for 20 minutes (accel = 5, decel = 0) to isolate lymphocytes.
The lymphocyte fraction was resuspended in 3 mL ACT buffer for 3 minutes at RT. Red blood
cell lysis was stopped by adding 7 mL cRPML.
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3.2.5 Adoptive transfer of Ly49H" NK cells

3.2.5.1 Pre-enrichment of NK1.17 cells

Spleens of CD45.1 or retrogenic donor mice were harvested and brought into single-cell
suspension as described (see 3.2.4.1). Splenocytes were stained in FACS buffer (1 mL per 1x103
cells) with an anti-mouse NK1.1 APC antibody for 30 minutes at 4 °C protected from light.
Cells were washed with 10 mL FACS Buffer and resuspended in 1 mL ¢cRPMI. NK1.1" cells
were enriched by flow cytometric sorting on a MoFlo Astrios cell sorter. Therefore, a threshold
was set for the APC channel so that only APC-positive events were detected. This allowed to
run samples at high speed while collecting all droplets containing APC-positive cells. APC-
negative droplets were discarded by the cell sorter. Collected samples were enriched 5- to 10-

fold for NK1.1" cells and were then subjected to purity sorting.

3.2.5.2  Cell sorting and adoptive transfer

Enriched samples were suspended in FACS buffer (200 pl per 1x107 cells) and stained with
respective antibodies for 30 minutes at 4 °C in the dark. Cells were washed with 10 mL PBS
and resuspended in ¢cRPMI (final cell density: 5x107 cells/mL). PI was added 1/100 for

live/dead discrimination.

For single-cell adoptive transfers, CD3-CD19 NK1.1" Ly49H" CD27" cells harboring distinct
color-barcodes were sorted from retrogenic donors. Expression of CD62L and CD11b was
indexed or considered for sort decisions in some experiments. 20-30 single cells with distinct
barcodes were sorted into the same well and subsequently co-transferred into the same host.
This multiplexing allowed to track several NK cell clones within the same recipient, as barcodes

are heritable and can be distinguished by flow cytometry.

For bulk transfers, CD3~ CD19~ NK1.1" Ly49H" NK cell populations were sorted. In most
experiments, surface expression of the markers CD27, CD62L, CD160 and/or CD11b was used
to identify and sort different NK cell subsets. NK cells were sorted into a 96-well v-bottom
plate containing 400.000 feeder splenocytes in 200 pul FCS. NK cells were injected
intravenously into Rag2™~ I12rg™~, Klra8”~ or Nkp46'“" x R26-LSL-iDTA recipient mice.

3.2.5.3 Retransfer of Ly49H" NK cells

Ly49H" NK cell subsets were sorted and adoptively transferred into Nkp46'°x R26-LSL-iDTA
recipients as described (see 3.2.5.2). Mice were subsequently infected with MCMV-wt by
intraperitoneal injection. Spleens of primary recipients were harvested at day 8 p.i. and

splenocytes were stained with an anti-mouse CD45.1 antibody. CD45.1" cells were enriched by
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flow cytometric sorting (MoFlo Astrios) as described (see 3.2.5.1). Afterwards, enriched cells
were stained with respective antibodies and CD19- CD3~ CD45.1" NK1.1" Ly49H" cells were
sorted into a 96-well v-bottom plate containing 400.000 Rag2~~ [12rg”~ splenocytes in 200 pl
FCS. NK cells were injected i.v. into Rag2~~ I12rg”~ as secondary recipients. After 20 days,
secondary recpients were either infected with MCMV-wt or spleens were harvested and

analyzed by flow cytometry. Spleens from the infected cohort were analyzed at day 8 p.i.

3.2.6 Adoptive transfer of OT-1 T cells

3.2.6.1 Priming of OT-1 T cells

Klra8”~: Batf3'"" and Klra8”~ : Batf3~~ mixed bone marrow chimeras, Klra8""" and Klra8~/~
mice were infected i.p. with 500 pfu MCMV-ie2-SIINFEKL. CD45.1" Ragl”~ OT-1
splenocytes were harvested and stained with antibodies directed against CD8 and CD44 and PI
for live/dead discrimination for 30 minutes at 4 °C protected from light. Cells were washed
with 10 mL FACS buffer and resuspended in FCS. Absolute number of naive SIINFEKL-
specific OT-1 T cells (CD8" CD44°%) in the sample was determined by analyzing a small
aliquot of the stained sample via flow cytometry and final cell density was adjusted to 1x10°
naive OT-1 T cells per 200 ul FCS. 1x10° naive OT-1 T cells were injected i.p. at 24, 48, 72 or
96 hours post infection. After 21 hours, spleens were harvested and analyzed by flow cytometry

as described (see 3.2.4.1 and 3.2.7).

3.2.6.2 Retransfer of OT-1 T cells

1x10° CD45.1"* and CD45.1"~ Ragl”~ OT-1 splenocytes were adoptively transferred into
Klra8”~ and Klra8"" mice, respectively, as described (see 3.2.6.1). On the next day, mice were
infected i.p. with 500 pfu MCMV-ie2-SIINFEKL. At day 2 p.i., spleens of primary recipients
were harvested and brought into single-cell suspension. Splenocytes were stained with an anti-
mouse CD45.1 antibody and CD45.1" cells were enriched by flow cytometric sorting on a
MoFlo Astrios as described (see 3.2.5.1). Afterwards, enriched cells were stained with
respective antibodies and CD19- CD4 CD45.1" CD8" OT-1 T cells were sorted into a 96-well
v-bottom plate containing 400.000 C57BL/6 splenocytes in 200 pl FCS. To directly compare
the expansion capacity of OT-1 T cells primed in either mouse strain, identical numbers of
CD45.1"* OT-1 T cells from Kira8”' and CD45.1"~ OT-1 T cells from Kira8*"" mice were
sorted into the same well and co-transferred into infection-matched C57BL/6 recipient mice.
Expansion of OT-1 cells was monitored by flow cytometric analysis of peripheral blood

samples.
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3.2.7 Flow cytometry

Lymphocytes were isolated from respective organs as described (see 3.2.4) and stained in a v-
bottom 96-well plate. A maximum of 2x107 cells were added per well and centrifuged at 1500
rpm and 4 °C for 3 minutes. Pellets were resuspended in 100 pl FACS buffer containing EMA
1/1000 for live/dead discrimination and anti-mouse CD16/CD32 1/500 for blocking of Fc
receptors to avoid unspecific binding of antibodies and incubated for 20 minutes at 4 °C
exposed to light. Afterwards, cells were washed 1,5 times with FACS buffer and stained with
the respective antibodies — diluted in 100 pul FACS buffer per well — for 30 minutes at 4 °C in
the dark. Cells were washed 2,5 times with FACS buffer and either analyzed by flow cytometry
or intracellular staining was performed. Transcription factor staining was done using
eBioscience™ Foxp3 Transcription Factor Staining Buffer Set or True-Nuclear™
Transcription Factor Buffer Set according to the manufacturer’s instructions. Therefore, after
final washing, cells were fixed in 200 ul Fixation/Permeabilization working solution for 30
minutes at 4 °C in the dark. Cells were centrifuged at 1800 rpm and 4 °C for 4 minutes and then
washed with 200 pl 1X Perm Wash buffer. Intracellular staining was performed in 100 ul 1X
Perm Wash buffer containing the respective antibodies directed against transcription factors or
granzyme B at appropriate dilutions (30 min, 4 °C, in the dark). Finally, cells were washed 2,5
times with 1X Perm Wash buffer and resuspended in 200 ul FACS buffer for flow cytometric

analysis.

3.2.8 RNA sequencing

3.2.8.1 Bulk RNA sequencing

For bulk RNA sequencing (RNA-seq), distinct NK cell populations were sorted as described
(see 3.2.5.2) into RNase-free tubes containing 20 pl PBS and 1 pl RNase inhibitor. Samples
were frozen in liquid nitrogen and stored at -80 °C. RNA extraction, library preparation and
sequencing were performed in the laboratory of Thomas Hofer at the German Cancer Research
Center in Heidelberg, Germany. Data analysis was performed by Michael Flofdorf at the
Institute for Medical Microbiology, Immunology and Hygiene (TUM). A detailed protocol of

both experimental procedures and data analysis is given in Flommersfeld et al., 2021.

3.2.8.2 Single cell RNA sequencing

For single cell RNA-seq (scRNA-seq) Experiments, NK cells were sorted as described (see
3.2.5.2) in an FCS-coated v-bottom 96-well plate containing 200 ul FACS buffer (without
EDTA) per well. Single cell partitioning, barcoding, RNA extraction and library preparation
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were performed by Simon GraBmann and Sebastian Jarosch at the Institute for Medical
Microbiology, Immunology and Hygiene (TUM) using the 10x Genomics platform
(Flommersfeld et al., 2021). Data analysis was performed by Simon Grassmann and Michael

FloBdorf as described in Flommersfeld et al., 2021.

3.2.9 Confocal immunofluorescence imaging and image analysis

Confocal immunofluorescence imaging was performed by Jan Bottcher and Philippa Meiser at
the Institute for Molecular Immunology (TUM), including organ fixation, preparation of spleen
sections, staining and imaging as well as image analysis and quantification. A detailed

description of the procedure can be taken from Flommersfeld et al., 2021.

3.2.10 Parabiosis

Parabiosis experiments were performed by Jonatan Ersching and Gabriel Victora at the
Rockefeller University in New York, USA, in accordance to previously published protocols
(Coleman and Hummel, 1969, Harris, 1997). C57BL/6 mice were parabiotically joined to
congenic CD45.1 mice. A detailed protocol of the procedure is given in Flommersfeld et al.,
2021. Four weeks after the surgery, spleens were harvested and subjected to flow cytometric
analysis. Due to the distinct congenic background of the parabiotic partners, the origin of
different immune cell populations could be determined by antibody staining for CD45.1 and

CD45.2.

3.2.11 Mixed bone marrow chimeras

Bone marrow cells were isolated from femora and tibiae of 8-15 weeks old Klra8~~, Batf37-
and C57BL/6 mice as described (see 3.2.2.3). Cell numbers were determined using an a
Neubauer improved counting chamber. Equal numbers of respective bone marrows were mixed
at a final density of 5x10° cells per 200 ul FCS. Recipient mice received total body irradiation
with 2 times 4,5 Gy 4 hours apart using a cesium irradiator. After the second irradiation, 200
ul of the prepared bone marrow cells were injected i.v. Reconstitution of the Ly49H" NK cell

compartment was analyzed after 6 weeks by blood sampling.

47



Material and Methods

3.2.12 Functional assays

3.2.12.1 Stimulation of Ly49H" NK cells with PMA/ionomycin

Spleens were harvested from CD45.1 mice and brought into single-cell suspension as described
(see 3.2.4.1). Splenocytes were stained with respective antibodies and CD27- CD62L*, CD27*
CD62L" and CD27" CD62L" Ly49H" NK cells, respectively, were sorted into a u-bottom 96-
well plate containing 400.000 C57BL/6 splenocytes per well in cRPMI. After sorting, PMA
and ionomycin were added at a final concentration of 20 ng/ml and 1.25 pg/ml, respectively.
An equal volume of DMSO, diluted 1/10 in cRPMI, was added to the negative control. Cells
were incubated at 37 °C and 5 % CO; for 1 hour before Golgi plug was added 1/1000. After
another 4 hours, cells were washed with FACS buffer and staining of surface molecules was
performed as described (see 3.2.7). Intracellular cytokine staining was done using
Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit. Therefore, cells were fixed by
adding 100 pl Fixation/Permeabilization solution per well for 30 minutes at 4 °C protected from
light. Afterwards, cells were washed 1,5 times with 1X Perm/Wash Buffer and resuspended in
100 pl 1X Perm/Wash Buffer containing antibodies directed against the respective cytokines.
After another 30 minutes at 4°C in the dark, cells were washed 2,5 times with 1X Perm/Wash

Buffer and finally resuspended in 200 pl FACS buffer for flow cytometry.

3.2.12.2 Exvivo cytokine staining

For restimulation with plate-bound antibodies, a 96-well ELISA plate was coated with 1 pg/ml
purified anti-mouse NK1.1 in PBS overnight at 4 °C. At the following day, splenocytes were
isolated and cell numbers were determined using a Neubauer improved counting chamber. Final
cell density was adjusted to 2,5x107 cells per mL ¢cRPMI. Coated wells were washed with PBS
and 5x10° cells were added per well. Identical numbers of splenocytes were added to uncoated
wells without restimulation. After 1 hour, Golgi Plug™ was added 1/500 and intracellular

cytokine staining was performed as described (see 3.2.12.1).

3.2.12.3 Ba/F3 co-culture

Ba/F3-neo (WT) and Ba/F3-m157 were a kind gift from Hisashi Arase and Lewis Lanier. Both
cell lines were transferred to 15 mL tubes and cell numbers were determined using a Neubauer
improved counting chamber. Ba/F3 cells were centrifuged at 1500 rpm for 6 minutes and
resuspended in cRPMI with a final cell density of 2,5x10° cells/mL. 50.000 cells were added
per well to a u-bottom 96-well plate. Splenocytes of CD45.1 mice were harvested and stained

with respective antibodies. 2.000 CD27" CD62L" or CD27" CD62L" Ly49H" NK cells were
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sorted into the prepared 96-well plate and co-incubated with Ba/F3-neo or Ba/F3-m157 cells

for 24 hours in cRPMI. After co-culture, cells were analyzed by flow cytometry.

3.2.12.4 In vitro killing assay

RMA and RMA-S cells were a kind gift from Joseph Sun. To generate cell lines expressing
fluorescent labels detectable by flow cytometry, Plat-E cell lines were transfected with
retroviral vectors encoding for GFP and BFP as described (see 3.2.2.1). RMA and RMA-S cells
were retrovirally transduced with the collected supernatants as described for Plat-E cells (see
3.2.2.2). Successfully transduced cells were purified from untransduced cells by FACS and

expanded.

To pre-activate the NK cells, C57BL/6 mice were infected with MCMV-wt 24 hours prior to
NK cell sorting. At the day of the experiment, RMA and RMA-S cells were counted using a
Neubauer improved counting chamber and 1.500 GFP* RMA as well as 1.500 BFP* RMA-S
cells were added to each well of a u-bottom 96-well plate. Spleens of infected C57BL/6 mice
were harvested and stained with respective antibodies. 3.000 CD27" CD62L" or CD27" CD62L"
Ly49H" NK cells were sorted to the respective wells. RMA, RMA-S and NK cells were co-
incubated for 42 hours in cRPMI. After co-culture, PI was added 1/100 for live/dead
discrimination and the numbers of living GFP" and BFP" cells were analyzed by flow

cytometry.

3.2.13 Statistics

Prism software was used for quantification and statistical analysis. A detailed description of
each statistical test is given in the respective figure legend. Significance is defined as * p < 0.05,
¥ p<0.01, *** p<0.001, **** p <0.0001. Normality tests were performed to decide whether

to use parametric or nonparametric tests, where applicable.
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4 Results

4.1 Ly49H" NK cells show high phenotypic diversity upon MCMV

infection

Upon MCMYV infection, Ly49H" NK cells adoptively transferred to immunodeficient hosts
undergo vigorous proliferation. To assess the phenotypic diversity of such an expanded NK cell
population, we adoptively transferred Ly49H" NK cells into either Klra8'- or Rag2’ 112rg”
recipients and analyzed their offspring via flow cytometry at day 7-8 p.i. (Figure 9A). Klra8™”
mice lack expression of the activating receptor Ly49H and are thereby highly susceptible to

MCMV infection (Lee et al., 2001).
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Figure 9: Ly49H" NK cells show phenotypic heterogeneity upon MCMYV infection.

(A) 3x10* or 1x10° CD45.1" Ly49H" NK cells were adoptively transferred into Klra8”~ or Rag2™~ l12rg”~ mice
followed by infection of recipients with MCMV and analysis of expanded NK cell populations in spleen at day 7
or 8 post infection, respectively. (B) Representative pseudocolor plots show gating strategy of transferred Ly49H"
NK cells in Klra8”~ recipients at day 7 p.i. (C) Representative dot plots show marker expression by transferred
Ly49H" NK cells in Klra8~~ recipients at day 7 p.i. (D) As in (C) but in Rag2~~ [12rg™" recipients at day 8 p.i. (E)
Representative dot plots show marker expression by transferred CD27" Ly49H" NK cells in Rag2”~ 112rg™-
recipients at day 8 p.i.

Data are representative of at least 2 independent, similar experiments. (modified from (Flommersfeld et al., 2021))

50



Results

Rag2’ 112rg’" recipients have neither B nor T cells due to the deficiency of the Rag2
recombinase. Furthermore, they do not develop functional NK cells as the IL-2 receptor subunit
gamma (I12rg) — also known as common cytokine receptor gamma chain — is necessary to form
functional receptors for many cytokines including IL-15 that is critical for NK cell development
and maintenance. Both immunodeficient strains provide a model in which strong clonal
expansion of Ly49H" NK cells can be achieved. The transferred populations expressed the
congenic marker CD45.1 to enable tracking of these cells in vivo (Figure 9B). Recipient mice
were infected with MCMV and expanded NK cell populations were analyzed at the peak of the
response, which is at day 7 in Klra8” and day 8 in Rag2”" II2rg” recipients, respectively.
Analysis of the expression of different phenotypic markers, that have been described to play a
role in NK cell differentiation — such as CD27, CD11b, CD62L and CD160 (Hayakawa and
Smyth, 2006, Chiossone et al., 2009, Peng et al., 2013b, Anumanthan et al., 1998) — indicated
that Ly49H" NK cells show high phenotypic diversity at the peak of expansion. Whereas all
cells expressed CD11b, the other markers were detectable in only a fraction of the expanded
population (Figure 9C+D). This differentiation pattern was similar for both mouse models and
conserved even when transferring only immature NK cells, identified by the expression of

CD27 at steady state (Figure 9E).

4.2 Single-cell fate mapping of Ly49H" NK cells identifies two

distinct response patterns upon MCMYV infection

However, adoptive transfer experiments of NK cell populations do not give any insight into the
clonal origin of these phenotypically distinct NK cells. Therefore, one aim of this work was to
study how the phenotypic diversity of the NK cell response, observed at day 7-8 p.i., is
composed starting out from single Ly49H" NK cells. Phenotypic heterogeneity might result
from different scenarios. One hypothesis could be that Ly49H" NK cells undergo phenotypic
diversification during expansion. This means that all NK cells follow a common differentiation
path ending up in the generation of a diverse progeny. Alternatively, individual Ly49H" NK
cells could adopt separate NK cell fates, which are then restricted to a certain phenotype. In this
second scenario, phenotypic diversity is generated by the combination of multiple NK cell

clones. All these aspects can be addressed by performing single-cell adoptive transfers.

Retrogenic color-barcoding, which was previously established in the laboratory (Grassmann et
al., 2019, Grassmann et al., 2020), was used to generate color-barcoded NK cells that are

trackable in vivo. Therefore, hematopoietic stem cells were isolated from the bone marrow of
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C57BL/6 mice expressing distinct congenic markers and expanded in vitro. Expanded HSCs
were retrovirally transduced with the five fluorescent proteins GFP, YFP, Ametrine, CFP and
BFP in a combinatorial manner and transplanted into irradiated hosts (Figure 10A). Within 4-
6 weeks these HSCs develop into various color-barcoded hematopoietic lineages, including NK
cells (Figure 10B). Single color-barcoded CD27* Ly49H" NK cells were then sorted from the
spleen of retrogenic donors and transferred into Rag2”’" 112rg’- recipients in a multiplexed
manner (Figure 10C). This means that 20-30 single NK cells harboring distinct color barcodes
were co-transferred into the same recipient, but the offspring of every one of these single NK
cells could be analyzed separately, based on its heritable color-barcode (Figure 10D).
Recipients were infected with MCMYV and expanded NK cell clones were analyzed at day 8 p.i.
(Figure 10C).
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Figure 10: Retrogenic color-barcoding enables single-cell fate mapping of Ly49H" NK cells.

(A) Schematic shows generation of color-barcoded NK cells. Sca-1" HSCs were sorted from the bone marrow of
C57BL/6 mice with distinct congenic markers and transduced with retroviruses carrying distinct fluorescent
proteins. After transplantation into irradiated recipients, HSCs differentiate into mature, color-barcoded immune
cells within 4 weeks. (B) Representative dot plots depict color-barcoded Ly49H" NK cells found in the spleens of
retrogenic donor mice during single-cell sorting. Ly49H" NK cells were dissected according to their combinatorial
expression of GFP and YFP and then further subdivided according to their expression of Ametrine, CFP and BFP
(CFP emission appears on a diagonal between the BFP (x-axis) and the Ametrine signal (y-axis) and therefore
appears as a label on both axes). (C) Multiplexed adoptive transfer of single color-barcoded CD27" Ly49H" NK
cells into Rag2~~I12rg™~ mice, followed by infection of recipients with MCMYV and analysis of expanded NK cell
clones in spleen at day 8 p.i. (D) Representative dot plots show color barcodes of expanded NK cell clones in
Rag2™~I12rg”~ recipients at day 8 p.i.

(modified from (Flommersfeld et al., 2021))
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Whereas population-derived NK cell responses showed reliable expansion (meaning
predictable in size), single-cell derived responses were highly variable in their size, reaching
from 10 to 100.000 daughter cells (Figure 11A). Recovered single-cell derived progenies were
uniformly positive for CD11b expression as already observed at population level (Figure 11B,
left panel). Further phenotypic analysis of the expanded NK cell clones identified two distinct
differentiation patterns: Cells following the first pattern generated a progeny that completely
lacked CD62L expression but contained a relatively large fraction of CD160" and CD27" cells
(Figure 11B, red). The second pattern comprised clones that generated CD62L"* output but
lacked CD160 expression and expressed only low percentages of CD27 (Figure 11B, blue).
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Figure 11: Single-cell fate mapping of Ly49H* NK cells identifies two distinct response patterns upon
MCMY infection.

(A) Absolute sizes of NK cell responses derived from single or 100 transferred cells in Rag2™~ I12rg™" recipients
at day 8 p.i. (B) Representative dot plots and histograms depicting marker expression of NK cell clones that either
lacked (red) or contained (blue) CD62L expressing cells. Gray histograms show endogenous Ly49H" NK cell
population. (C) Kernel density estimate (KDE) plots show expression of CD27, CD62L and CD160 within NK
cell responses derived from Ly49H' CD27" populations (black dots) or from single cells sorted as Ly49H" CD27*
or Ly49H' CD27* CD11b™ or Ly49H" CD27" CD62L" (circles). Red vs. blue color-coding delineates clones
containing low vs. high percentages of CD62L and high vs. low percentages of CD27 and CD160 expressing cells.
Data in (A) and (C) are pooled from 7 independent, similar experiments. Data in (B) are representative of 4
independent experiments. Lines indicate mean, error bars represent SD. (modified from (Flommersfeld et al.,
2021))
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The majority of all recovered NK cell clones adopted one of these two separate fates and were
characterized by mutually exclusive expression of CD62L and CD160 (and to a lower degree
also CD62L and CD27) (Figure 11C, blue filled vs. red filled circles). Population-derived
responses in contrast showed a very reproducible phenotype resulting from the combination of

individual NK cell responses (Figure 11C, black dots).

4.3 Distinct response patterns emerge from pre-existing NK cell

subsets and are stable throughout infection

Next, we aimed to find out whether CD62L" clones originate from a pre-defined subset, that
already exists at steady state. As these clones expressed high levels of CD27 and therefore had
a more immature phenotype compared to CD62L" clones, it seemed likely that they might be
derived from immature NK cells, which have been described to be CD27" CD11b- at steady
state (Chiossone et al., 2009) (Figure 12A, left). However, adoptive transfer of splenic CD27*
CDI11b" Ly49H" NK cell populations and single cells indicated that this subset of NK cells is
still capable of forming both response patterns upon MCMYV infection (Figure 12A). Further
phenotyping of Ly49H" NK cells at steady state revealed that CD27 and CD11b were not the
only markers expressed in a heterogeneous manner. In particular, CD27* CD11b" Ly49H* NK
cells can be further subdivided into a CD62L" and a CD62L* subset (Figure 12B).
Consequently, CD27* CD62L" Ly49H" NK cells might be the origin of the CD62L" NK cell
clones at day 8 p.i.. Indeed, when transferring CD27" CD62L" Ly49H" NK cell populations and
single cells into MCMV-infected recipients, they exclusively generated CD62L" response
patterns (Figure 12C). To corroborate this finding, splenic Ly49H" NK cell populations that
differentially expressed the markers CD27 and CD62L at steady state, were adoptively
transferred (Figure 13A, upper left panel): CD27" CD62L", CD27" CD62L" and CD27
CD62L" Ly49H" NK cells were sorted and transferred into either Rag2” I12rg’ or Klra8™"
recipients that were infected with MCMV. The phenotype of the expanded NK cell populations
was then assessed at day 8 and 10 p.i., respectively (Figure 13A, right and lower left panel).
Whereas bulk adoptive transfer of CD27* CD62L" NK cell generated response patterns that
were exclusively CD62L°, CD62L" NK cells formed response patterns that always contained
CD62L" cells (Figure 13A). Thus, transfer of defined NK cell subsets replicated the distinct

response patterns emerging from single NK cells (Figure 11B).
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Figure 12: CD62L" clones originate from CD27" CD62L" Ly49H" NK cells in the spleen.

(A) CD27" CD11b" Ly49H" NK cell populations and single cells were adoptively transferred into K/ra8” or
Rag2’ II2rg’, respectively, subsequently infected with MCMV. Representative dot plots show phenotype of
population-derived responses at day 7 p.i., KDE plots show expression of CD27, CD62L and CD160 within
population and single-cell-derived progenies at day 7 or 8 p.i., respectively. (B) Contour plots show marker
expression of Ly49H" NK cells at steady. (C) As in (A) but adoptive transfer of Ly49H'CD27" CD62L" NK cells.
Population data in (A) and (C) are representative of at least 2 independent experiments. Single cell data in (A) and
(C) are pooled from 2-3 independent experiments. (modified from (Flommersfeld et al., 2021))

To analyze whether these distinct response patterns were maintained during the memory phase
of the infection, CD27* CD62L" and CD27" CD62L" Ly49H" NK cells were adoptively
transferred into NK cell-deficient Nkp46'“ (Narni-Mancinelli et al., 2011) x R26-LSL-iDTA
mice. In these mice, all NKp46™ cells express Cre recombinase which mediates the excision of
a lox-stop-lox site and consequently, constitutive expression of Diphtheria toxin (DTA),
resulting in continuous depletion of developing NK cells. Whereas the expansion and

contraction kinetics of the two transferred NK cell subsets were similar, they remained

phenotypically distinct at least until 3 weeks p.i. (Figure 13B).

Finally, we aimed to assess their ability to re-expand upon re-transfer into secondary hosts and
recall infection. Therefore, CD27" CD62L" and CD27" CD62L" Ly49H" NK cells were
adoptively transferred into Nkp46'“" x R26-LSL-iDTA mice. At day 8 p.i., the expanded NK

/-

cell populations were isolated and re-transferred into Rag2”~ 112rg” recipients. After a resting
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phase of 20 days, secondary recipients were infected with MCMV and recall responses were

analyzed at day 8 p.i. (Figure 13C).
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Figure 13: Distinct response patterns are maintained during memory phase and upon secondary infection.

(A) CD27*CD62L", CD27" CD62L" and CD27- CD62L" Ly49H"* NK cell populations were adoptively transferred
into Klra8” or RagZ ~~ I12rg~" recipients followed by MCMYV infection and analysis in spleen at day 8 or 10 p.i.,
respectively. Schematic dot plot depicts sort gating (upper left panel). Dot plots depict marker expression within
expanded NK cell populations (right panels). Scatter plot depicts frequency of CD27 and CD62L expressing cells
within expanded populations at day 8/10 p.i. in Klra8”~ (squares) and Rag2”~ Il2rg” recipients (circles) (lower
left panel). (B) CD27" CD62L~ and CD27" CD62L" Ly49H" NK cell populations were sorted and adoptively
transferred into Nkp46'°® x R26-LSL-iDTA recipients, followed by MCMYV infection and analysis of expanded
populations in spleen at day 8, 15 and 22 p.i. Absolute size of expanded NK cell populations at day 8 (light
red/blue), 15 (bright red/blue) and 22 (dark red/blue) (upper panel). Scatter plot depicts frequency of CD27 and
CD62L expressing cells within expanded populations at the respective timepoints (lower panel). (C-E) CD27*
CD62L" and CD27*CD62L"* Ly49H" NK cell populations were sorted and adoptively transferred into Nkp46'“™ x
R26-LSL-iDTA recipients. At day 8 p.i. with MCMYV, 1,5-2x10° CD45.1* Ly49H" NK cells derived from either
subset were sorted from spleens of primary recipients, re-transferred into uninfected Rag2”"112rg” mice, rested
for 20 days and analyzed before or 8 days after secondary exposure to MCMV. (C) Initial sort punty and schematic
depiction. (D) Absolute size of re-transferred NK cell populations at indicated timepoints. (E) Representative dot
plots (left) and scatter plots (right) depicting frequency of marker expressing cells within expanded populations at
day 8 after recall infection.

Data in (A) are pooled from 5 independent experiments. Data in (B) are representative of 3 independent
experiments. Data in (D) and (E) are pooled from 2 independent experiments. Dots represent mean, error bars
indicate SD. (modified from (Flommersfeld, 2018) and (Flommersfeld et al., 2021))
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Both subsets robustly re-expanded upon secondary infection and maintained their distinct
response patterns (Figure 13D+E). In summary, the data showed that adaptive-like NK cell
responses emerge from two NK cell subsets that are phenotypically distinct at steady state, upon

acute infection, during the memory phase and upon re-infection.

4.4 The identified NK cell subsets are transcriptionally distinct

We then aimed to study whether the distinct subsets that we had identified by single-cell fate
mapping, overlapped with the transcriptional composition of steady-state NK cells in the
spleen. Therefore, scRNA-seq of Ly49H" NK cells (Figure 14A) and bulk RNA-seq of the
subsets defined by expression of CD27 and CD62L (Figure 14B) were performed and analyzed
in collaboration with Michael Flossdorf. Leiden clustering of the scRNA-seq data showed the
existence of three transcriptionally distinct clusters (Figure 14A, upper right panel). The
borders of these clusters clearly matched with the gene expression of Cd27 and Sell (encoding
for CD62L). Whereas cells in clusters 1 and 2 showed elevated levels of Cd27 transcripts, cells
in cluster 2 lacked Cd27 mRNA. On the other hand, Sell transcripts were absent from cluster 2,
but high in cluster 0 and 1. (Figure 14A, lower left panel). Mapping the 10 best-defining genes
for each of the three clusters already indicated that cluster 2 has a very unique transcriptional
profile compared to clusters 0 and 1 (Figure 14A, lower right panel). A comparison of the
expression data for the identified set of genes derived from either scRNA-seq or bulk RNA-
seq, further showed that cluster 2 clearly mapped onto the transcriptional profile of CD27*
CD62L" NK cells whereas clusters 1 and 0 overlapped with the transcriptomic data of CD27*
CD62L" and CD27- CD62L" NK cells, respectively (Figure 14A+B). Respective mRNA levels
of Cd27 and Sell mirrored surface expression of CD27 and CD62L by the sorted NK cell subsets
(Figure 14C).

Cd7, Cd160, Ltb and Xcll were among the defining genes for cluster 2. On the other hand,
Gzma, Gzmb, Klf2 (the transcription factor controlling CD62L expression) and K/rgl were
enriched in cluster 0, hinting towards an effector phenotype with strong cytotoxicity (Figure
14D). Indeed, by comparing normalized read counts of different functional molecules, we could
show that CD27" CD62L" NK cells expressed lower levels of cytotoxic effector molecules and
IFN-y, but higher levels of other cytokines such as TNF-a, GM-CSF and lymphotoxin beta
(Ltb) (Figure 14E).
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Figure 14: CD27* CD62L" NK cells have a unique transcriptional profile.

(A) Splenic Ly49H" NK cells were sorted for transcriptome analysis by scRNA-seq. UMAP-based Leiden
clustering of scRNA-seq transcriptomes shows transcriptionally distinct Ly49H" NK cell subsets at steady state
(upper panel). Relative expression of CD27 and CD62L in UMAP projection and depiction of the 10 best-defining
genes for the three defined clusters in scRNA-seq (lower panel). (B) CD27* CD62L°, CD27" CD62L" and CD27
CD62L" Ly49H" NK cells as well as ILCls (defined as CD19/CD3/TCRo/f NKI1.1* CD27° CD62L,
Ly49A/C/D/E/F/G2/H/I negative) were sorted from spleens of C57BL/6 mice for bulk RNA-seq (upper panel).
Heatmap shows relative expression of the genes depicted in (A) but in sorted NK cell populations (lower panel).
(C) Normalized counts of CD27 and CD62L measured by bulk RNA-seq in sorted NK cell populations. (D)
Relative expression of cluster-defining genes for putative CD27* CD62L" (cluster 2, left) and CD62L" Ly49H" NK
cells (cluster 0, right) in UMAP projection. (E+F) Normalized counts of indicated genes measured by bulk RNA-
seq of the NK cell populations.

Data are representative of 2 independent experiments. Bars represent mean, error bars indicate SD. (modified from
(Flommersfeld et al., 2021))
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Furthermore, CD27" CD62L" NK cells showed elevated levels of transcripts encoding for the
chemokine XCL1, that attracts XCR1" ¢cDCls (Dorner et al., 2009) as well as CRTAM, that
binds to Necl2 — also expressed on ¢cDCls (Galibert et al., 2005) (Figure 14F, upper left
panel). These findings suggested potential interactions between CD27" CD62L" NK cells and
¢DCls. In addition to that, CD27" CD62L" NK cells expressed higher levels of CD69 and
CD160, markers that have been described to be expressed by tissue-resident NK cells (Sojka et
al., 2014) (Figure 14F, upper right panel). Finally, all NK cell subsets showed similar
expression of Eomes, the key transcription factor of NK cells that is commonly used to
distinguish NK cells from ILCls. CD27" CD62L" NK cells in addition expressed the
transcription factors Id3 and Batf3 whereas CD62L* NK cells lacked transcripts encoding for

these two molecules (Figure 14F, lower panel).

To confirm that this subset composition is not restricted to Ly49H" NK cells, but instead typical
of the complete NK cell compartment, another sScRNA-seq experiment was performed with
total NK cells. To clearly separate NK cells from ILC1s, EomesStF reporter mice were used to
sort a highly pure population of CD19/CD3/TCRg/d” NK1.1* Eomes-GFP" NK cells from the
spleen. Cells that stained positive or negative for Ly49H were sorted from separate samples and
marked with distinct hashtag antibodies carrying a barcode detectable by scRNA-seq. Both
Ly49H' and Ly49H NK cells consisted of two bigger clusters, that were enriched for Sel/
transcripts and a small cluster that lacked Sell expression and was highly enriched for transcripts
encoding for Batf3 (Figure 15A). Consequently, the existence of transcriptionally distinct
subsets (characterized by mutual exclusive expression of either CD62L or Batf3) is independent

of Ly49H expression but instead conserved among all NK cells.

Finally, surface expression of the markers identified by RNA-seq was validated via antibody
staining. Like CD62L* NK cells, CD27" CD62L" NK cells lacked CD49a expression, but
expressed CD49b although at lower levels compared to CD62L" subsets. In accordance to
transcriptomic data, CD27" CD62L- NK cells showed high surface expression of CD160 and
CD69, but lacked the maturation markers KLRG1, CD11b and Ly6C as well as cytotoxic
effector molecule granzyme B at steady state. In addition, CD27" CD62L" NK cells were the
only subset containing a fraction of CD127 expressing cells (Figure 15B). No differences were
observed with respect to their Ly49 receptor repertoire (Figure 15C). Taken together these data
indicate that CD27* CD62L" NK cells are transcriptionally and phenotypically distinct from
CD62L" NK cells.
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Figure 15: Distinct transcriptional signatures are conserved among Ly49H* and Ly49H NK cells and
mirror differences in protein levels of marker proteins.

(A) UMAP-based Leiden clustering of scRNA-seq transcriptomes and relative expression of CD62L and Batf3 in
UMAP projection for all (left), Ly49H" (mid) and Ly49H" (right) NK cells from Eomes®™ mice (sorted as
CD19/CD3/TCRg/d" NK1.1* Eomes-GFP"). (B) Histograms show expression levels of CD49a, CD49b, CD160,
CD69, KLRG1, CD11b, Ly6C, CD127 and granzyme B for CD27" CD62L", CD27" CD62L" and CD27- CD62L"
Ly49H" NK cells in spleen at steady state. (C) Histograms show expression levels of Ly49D, Ly49A, Ly49C/1,
Ly49F and Ly49G2 of NK cell subsets in spleen at steady state.

(modified from (Flommersfeld et al., 2021))

4.5 CD27"CD62L NK cells share features with ILCl1s

Overall, transcriptional analysis of the NK cell subsets suggested that CD27" CD62L" NK cells
were less cytotoxic than conventional CD62L* NK cells, but potent cytokine producers and
potentially tissue-resident. As all these characteristics are also features of ILCls, it seemed
likely that CD27" CD62L" NK cells might be transcriptionally similar to ILC1s. Therefore, a
comparison of the transcriptional profiles of all Ly49H" NK cell subsets and ILC1s was done.
ILC1s were sorted from the spleen defined as CD19- CD3~ TCRo/pf NK1.1* CD27" CD62L-
and Ly49A/C/D/E/F/G2/H/I" and subjected to bulk RNA-seq (Figure 14B). As many surface
markers overlap between NK cells and ILC1s, while the transcription factor Eomes selectively
characterizes NK cells, but cannot be stained without fixation of the cells and therefore cannot
be used to distinguish NK cells and ILC1s during the sort, we validated that the aforementioned
surface marker combination identifies a highly pure Eomes™ and CD127" population of ILCls
(Figure 16A). A principal component analysis (PCA) of the transcriptomic data of NK cell
subsets and ILC1s showed high similarity of CD27* CD62L" NK cells and ILC1s in PC1, but
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segregation of the two cell types in PC2 (Figure 16B). In accordance with that, when looking
at the gene expression of 40 genes that were most differentially expressed between the four
populations, partial overlap of the transcriptional profiles of CD27" CD62L" NK cells and
ILC1s was observed (Figure 16C). Whereas expression of several markers overlapped between
CD27" CD62L" NK cells and ILCT1s, others could be clearly attributed to one specific cell type.
For example, while only ILCls showed elevated levels of transcripts encoding for the
transcription factors Id2, Hobit and Helios (encoded by /7kzf2) that characterize the ILCI
lineage, Eomes is expressed by CD27* CD62L" NK cells and not by ILCls, thereby confirming
their NK cell identity. Furthermore, transcripts encoding for 1d3 and Batf3 were selectively
elevated in CD27* CD62L" NK cells (Figure 16D). With respect to the expression of transcripts
for cytokines, similar observations were made. While CD27" CD62L" NK cells and ILCls
shared expression of Ltb and TNF-a, GM-CSF (encoded by Csf2) was selectively enriched in
CD27" CD62L" NK cells (Figure 16E).
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Figure 16: CD27°CD62L"NK cells share features with ILC1s.

(A) Gating strategy for sorting ILCls for bulk RNA-seq and expression of Eomes and CD127 within the resulting
population. (B) PCA of transcriptomic data from sorted NK cell subsets and ILC1. (C) Heatmap depicting 40 most
variable genes in sorted NK cell subsets and ILC1. (D) Comparison of the same groups as in (C) regarding
transcripts of cytokines. (E) Comparison of the same groups as in (C) regarding transcripts of transcription factors.
Data in (B)-(E) are representative of 2 independent experiments. (modified from (Flommersfeld et al., 2021))

Antibody staining of Eomes further confirmed that CD27* CD62L" and CD27" CD62L" NK
cells expressed equally high levels of the transcription factor, whereas ILC1s did not show
relevant Eomes expression (Figure 17, left panel). Furthermore, absolute numbers of both

flox/flox

subsets were similarly reduced in Nkp46'° x Eomes , in which FEomes is depleted in
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NKp46* cells (Figure 17, left panel). This indicates that Eomes is not only expressed by both
NK cell subsets, but also critical for their development. Finally, while the transcriptional profile
of sorted ILCl1s perfectly matched with a published dataset of ILC1-specific genes (Weizman
etal., 2017), CD27" CD62L" NK cells clearly differed from this ILC1 signature.In conclusion,
CD27" CD62L" NK cells show transcriptional similarity to ILC1s but also a clear NK cell
signature. Therefore, this NK cell subset will be referred to as “ILCI1-like NK cells” in the

following.
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Figure 17: CD27°CD62LNK cells are bona fide NK cells.

(A) Representative histograms show Eomes expression of ILCls, CD27" CD62L" and CD27" CD62L" Ly49H"
NK cells (left). Bar graph depicts absolute numbers of CD27" CD62L" and CD62L" Ly49H" NK cells in C57BL/6
and Nkp46'°™ x Eomes™/1°* mice. (B) Heatmap shows relative expression of ILC1-specific genes from (Weizman
etal., 2017) in sorted ILC1s and NK cell subsets.

Bars indicate mean, error bars represent SD. Significances in (A) were calculated using Mann-Whitney test.
(modified from (Flommersfeld et al., 2021))

4.6 ILCl1-like NK cells unite important characteristics of NK cells
and ILCl1s

Next, we sought to corroborate conclusions from the RNA-seq data by functional assays. To
address their ability to produce cytokines, CD27" CD62L- (ILCl-like NK cells), CD27*
CD62L" and CD27- CD62L" Ly49H" NK cells were sorted, stimulated ex vivo with PMA and
ionomycin in the presence of a protein transport inhibitor and then subjected to intracellular
cytokine staining. The analysis confirmed that ILCI-like NK cells are potent cytokine
producers of IFN-y, TNF-a and GM-CSF, while conventional NK cells only produced IFN-y
(Figure 18A+B). Moreover, ILCI-like NK cells isolated from the spleen of C57BL/6 mice
showed enhanced IFN-y production compared to CD27* CD62L" NK cells at 24 hours p.i. with
MCMYV and after stimulation with plate-bound anti-NK1.1 antibody (Figure 18C+D).
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Figure 18: ILC1-like NK cells show enhanced cytokine production.

(A) Sorted CD27" CD62L" (ILCl1-like NK cells), CD27" CD62L" and CD27- CD62L" Ly49H" NK cells were
stimulated with PMA and ionomycin in the presence of a protein transport inhibitor. Representative histograms
show IFN-y, TNF-a and GM-CSF expression of sorted NK cell subsets and unstimulated Ly49H" NK cells as
negative control. (B) Bar graph depicts cytokine production of Ly49H" NK cell subsets after stimulation with
PMA and ionomycin normalized to cytokine production of stimulated bulk Ly49H" NK cells within the same
experiment. (C+D) C57BL/6 mice were infected with MCMYV or left uninfected as negative control. Splenocytes
were harvested 24 h p.i. and restimulated with plate-bound aNK1.1 antibody where indicated in the presence of a
protein transport inhibitor. IFN-y production was determined by flow cytometry. (C) Representative dot plots and
(D) bar graph depict IFN-y production of ILC1-like NK cells (red) and CD27" CD62L" (blue) Ly49H" NK cells.
24 h p.i. and after aNK1.1 restimulation.

Data in (A), (C) and (D) are representative of 2-3 independent, similar experiments. Data in (B) are pooled from
3 independent experiments. Bars indicate mean. Error bars represent SD. Significances in (B) are calculated using
two-way ANOVA, followed by Tukey’s multiple comparisons test. Significances in (D) are calculated using two-
way ANOVA, followed by Sidak’s multiple comparisons test. (modified from (Flommersfeld, 2018) and
(Flommersfeld et al., 2021))

In addition to corroborating their enhanced capacity to produce cytokines, it was important to
validate that ILCl-like NK cells show features specific for NK cells. Among these are
activating Ly49 receptor signaling and strong target-specific cytotoxicity, which are both
thought to be restricted to NK cells. To assess target recognition via the activating receptor
Ly49H, ILCl1-like as well as CD27" CD62L" Ly49H" NK cells were sorted and co-incubated
for 24 hours with either Ba/F3 WT or Ba/F3-m157 cells. These target cells are pro-B cell lines,
the latter of which expresses m157, the ligand of Ly49H. After co-culture, we measured Ly49H
geometric mean fluorescence intensity (GeoMFI) of the NK cells via antibody staining. Both

subsets showed ligand-induced downregulation of the Ly49H receptor (Figure 19A+B).

Although we already learnt from RNA-seq analysis and antibody staining that ILC1-like NK
cells show very limited granzyme B expression at steady state (Figure 14D+E, Figure 15B),
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to that point no conclusion could be drawn whether they express granzyme B and are able to
provide target-specific cytotoxicity upon activation. Therefore, single ILC1-like as well as
CD27+ CD62L" Ly49H" NK cells were adoptively transferred into Rag2”~ 112rg”~ mice and at
day 8 p.i. granzyme B expression of the expanded clones was assessed. NK cell clones from
either subset displayed equally high levels of granzyme B expression (Figure 19C+D). Finally,
ILC1-like NK cells that were sorted from C57BL/6 mice 24 h after infection with MCMV,
killed RMA-S target cells with similar efficacy as cNK cells (Figure 19E). RMA-S cells — in
contrast to RMA cells — lack MHC class I expression and are thereby targeted by NK cells via
missing self-recognition (Ljunggren et al., 1991). In summary, ILC1-like NK cells were shown
to be potent cytokine producers that receive signaling via Ly49H and show target-specific

cytotoxicity. Consequently, they unite critical features of both ILC1s and NK cells.
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Figure 19: ILC1-like NK cells receive signaling via Ly49H and show target-specific cytotoxicity.

(A+B) Sorted Ly49H" ILC1-like and CD27* CD62L" NK cell populations were co-incubated with Ba/F3 WT cells
or Ba/F3-m157 cells for 24 h. (A) Dot plots show sort purity, histograms show the Ly49H expression. (B) Bar
graph depicts Ly49H GeoMFI. (C) Granzyme B expression of single-cell-derived progenies was determined by
flow cytometry. Dot plot depicts color barcode of progenies derived from a single ILC1-like NK cells (Clone 1,
red) or CD27" CD62L" cell (Clone 2, blue). Representative histograms show granzyme B expression levels of
clone 1 (red), clone 2 (blue) and endogenous non-NK cells as negative control (gray). (D) Bar graph depicts
granzyme B GeoMF]I of progenies derived from single ILC1-like NK cells or CD27" CD62L" Ly49H" NK cells.
(E) Ly49H" ILC1-like or CD27* CD62L" NK cells were sorted from the spleen of C57BL/6 mice 24 hours p.i.
with MCMYV and incubated with equal numbers of GFP* RMA and BFP* RMA-S cells for 42 hours. Bar graph
depicts normalized counts of RMA and RMA-S cells in the absence of NK cells (grey) and after co-incubation
with Ly49H" ILC1-like NK cells (red) and CD27" CD62L" (blue) NK cells.

Data in (A), (B), (C) and (E) are representative of 2-3 independent, similar experiments. Data in (D) are pooled
from 3 independent experiments. Bars indicate mean. Error bars represent SD. Significances in (B) and (E) are
calculated using two-way ANOVA, followed by Tukey’s multiple comparisons test. Significances in (D) are
calculated using Mann-Whitney test. (modified from (Flommersfeld et al., 2021))
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4.7 ILCl-like NK cells are not immature precursors of

conventional NK cells

So far, the data indicated that ILC1-like NK cells represent a distinct NK cell subset that differs
from conventional NK cells phenotypically — both at steady state and upon MCMYV infection —
and has a unique transcriptional profile as well as functional characteristics. However, NK cells
undergo continuous maturation during homeostasis and therefore, it was important to analyze
whether ILC1-like NK cells actually represent immature progenitors of conventional NK cells

or a separate NK cell lineage that does not participate in steady state maturation (Figure 20A).

Hypothesis A: MCMV
ILC1-like NK cells are immature progenitors B ! C
C
Q —_— ‘ —_— © Analysis at day 10 E 10° °
ILC1-ike ~ CD27*  CD27- 4':: *
CDe2L*  CD62L J 21 days "resting Analysis at day 10 5 © e
Hybothesis B Rag2" ll2rg’- Q 'f.
ypothesis B: ®
ILC1-like NK cells do not participate in @Q ' MCMV 5‘, 10t
steady state maturation Q o
@ \ + Analysis at day 7 (—;)
4| o
Q ' ~ . —_ © 14 days "resting" Analysis < 1 x
ILC1-like cp27*  cp2r- Nkp46° x AN o™
R26-LSL-DTA AN
CcDé2L*  CD62L* N\
oo
D Rag2™* li2rg™*- Nkp46°e x R26-LSL-iDTA
ILC1-like CD27+ CD62L" ILC1-like CD27+ CD62L"
11,03 0,33 .
759 -~
: 1 " @ILC1-like
: day 7/10 p.i. / | @CD27* CD62L*
~ " ~ ~ 50+ .
N o N NI Il
o la) a ol h
Q- @) o | ) /
! /
e ® . m
\ .-” )
\Q e [ | v
0 0% m __--
'A&TL__—'_‘[—|
uninfected 0 25 50 75
E e % CD62L
8- 5
O .iBe ?,53 8 01 il 0 0 537,5
cD62L CD62L

Figure 20: ILC1-like NK cells do not serve as precursors of cNK cells.

(A) Schemes depict two possible scenarios of NK cell differentiation. ILC1-like NK cells represent a transient,
immature differentiation state (upper panel) or a stable subset that does not participate in steady state maturation
(lower panel). (B-D) Ly49H" ILCl-like NK cells and CD27" CD62L" NK cells were sorted and adoptively
transferred into Nkp46'“™ x R26-LSL-iDTA or Rag2” Il2rg”~ mice. After 14 or 21 days, respectively, recipients
were infected with MCMYV or left uninfected and analyzed by flow cytometry. Uninfected controls were analyzed
14 (14+0) or 31 (21+10) days after initial adoptive transfer. Expanded Ly49H"* NK cell populations were analyzed
atday 7 or 10 p.i., respectively. (B) Schematic representation. (C) Absolute size of expanded ILC1-like and CD27*
CD62L" Ly49H" NK cell populations in Rag2” I12rg’-at day 10 p.i. (D) Representative contour plots show CD27
and CD62L expression profiles of NK cell populations at day 7/10 p.i. (upper panel) and in uninfected controls
(lower panel). Scatter plot depicts frequency of CD27 and CD62L expressing cells within expanded populations
at day 7/10 p.i. in Nkp46'“™ x R26-LSL-iDTA (squares) and Rag2™" I12rg” (circles).

Data in (C) are pooled from 2 independent, similar experiments. Data in (D) are pooled from 4 independent
experiments. (modified from (Flommersfeld, 2018) and (Flommersfeld et al., 2021))
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To assess this question, populations of ILC1-like and CD27" CD62L" Ly49H" NK cells were
sorted and adoptively transferred into either Nkp46'“ x R26-LSL-iDTA or Rag2’~ II2rg™
recipients. The cells were rested under homeostatic conditions for 2 or 3 weeks, respectively,
and then either analyzed directly without infection or mice were infected and their progeny was
analyzed at day 7 or 10 p.i., respectively (Figure 20B). Both subsets generated responses of
similar size upon infection with MCMV (Figure 20C) and maintained their distinct response
patterns (Figure 20D, upper panel and scatter plot). ILC1-like NK cells that were recovered
from uninfected mice, appeared to stably retain their CD27° CD62L" phenotype and not give
rise to CD62L" NK cells (Figure 20D, lower panel).

As adoptive transfer could bias the developmental capacity of the respective NK cell subsets,
RNA velocity analysis was performed to study the developmental potential of these subsets
under steady-state conditions. RNA velocities provide a tool to study single cell differentiation
trajectories from scRNA-seq datasets by measuring the ratio of spliced and unspliced mRNAs
(La Manno et al., 2018). Thus, we generated retrogenic chimeras and performed scRNA-seq of
Ly49H' NK cells isolated from the spleen of these retrogenic donor mice 4 weeks after HSC
transplantation (Figure 21A). As in these mice the immune cell compartment is newly
replenished from transplanted stem cells, we suggested them to be ideal to assess the
developmental relationship of ILC1-like and CD62L" NK cells. Within these newly generated
NK cells we could identify a cluster of cells characterized by high expression of transcripts
encoding for CD160 and XCL1 as well as low granzyme B expression representing ILC1-like
NK cells. However, we could not measure differentiation activity from this cluster towards
conventional NK cells confirming the hypothesis that ILCI-like NK cells do not act as
precursors of CD62L* NK cells (Figure 21B). By performing RNA velocity analysis on a
published scRNA-seq dataset from human spleen NK cells (Crinier et al., 2018) we found a
similar bifurcation of differentiation trajectories ending up in two distinct clusters. One of them
was defined by high transcript levels of CD/60 and XCL1 and low levels of GZMB while the
second one was enriched for GZMB mRNA but lacking CD160 and XCLI expression — similar

to our observations in murine spleen (Figure 21C).
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Figure 21: RNA velocities suggest no differentiation activity of ILC1-like NK cells towards cNK cells.
(A) Schematic of stem cell transfer and UMAP-based Leiden clustering of HSC-derived Ly49H" NK cells. (B)

RNA velocities derived from scRNA-seq of retrogenic Ly49H" NK cells 4 weeks after HSC transfer. Colors
indicate relative expression of the indicated genes. (C) RNA velocities in scRNA-seq data of one human donor
(blood and spleen) from (Crinier et al., 2018). Colors indicate relative expression of the indicated genes.
(modified from (Flommersfeld et al., 2021))

Previous experiments had already shown that both NK cell subsets generated CD27- CD62L"
progeny upon infection with MCMV, however, it was unclear whether these terminally
differentiated cells are still distinct with respect to the expression of markers other than CD27
and CD62L. Therefore, ILC1-like NK cells and CD27- CD62L" Ly49H" ¢cNK cells were
adoptively transferred into Rag2” 112rg”’" recipients that were infected with MCMV. At day 8
p.i., different populations were sorted from the progeny of either ILC1-like or cNK cells. In
detail, CD45.1" Ly49H" CD27" CD62L" as well as CD27- CD62L" NK cells were sorted from
ILC1-like progeny and CD45.1" Ly49H" CD27- CD62L" as well as CD27- CD62L" NK cells
from cNK progeny (Figure 22A). Differential gene expression and principal component
analysis of the four populations indicated that CD27- CD62L" cells, derived from either subset,
are still transcriptionally distinct and maintain a subset-specific transcriptional signature, e.g.

Cd160 and Cd7 expression is higher in cells originating from ILC1-like NK cells whereas cNK
daughter cells retain elevated transcript levels of Sel/l and Cx3cr! (Figure 22B).
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Figure 22: Transcriptional profiles of cNK and ILC1-like NK cells remain distinct upon MCMY infection.

(A+B) Ly49H" ILC1-like NK cells and CD27- CD62L" NK cells were sorted and adoptively transferred into
Rag2’ I12rg’ recipients, followed by MCMV infection. Populations with indicated expression of CD27 and
CD62L were sorted from the population-derived progenies detected in spleen at day 8 p.i. (A) Schematic depicts
experimental setup and gating strategy during sort. (B) Heatmap depicting 30 most variable genes and PCA of
sorted NK cell populations.

(modified from (Flommersfeld et al., 2021))

4.8 ILCl1-like NK cells are restricted to lymphoid organs and

tissue-resident in the spleen

Flow cytometric analysis of NK cells in spleen, mesenteric lymph nodes and blood showed that
ILC1-like NK cells are restricted to lymphoid organs while largely absent from blood (Figure
23A). To further corroborate the existence of ILC1-like NK cells within the lymph nodes,
Ly49H" and Ly49H" NK cells (distinguishable via hashtag antibody staining) were sorted from
peripheral lymph nodes and subjected to scRNA-seq analysis. To identify ILC1-like NK cells
based on their transcriptome, a subset score was generated from the spleen data shown in Figure
15A. Therefore, the resolution of the leiden clustering was adjusted to separate two distinct
clusters representing ILC1-like and cNK cells. The top 20 defining genes for each cluster were
considered for generation of the subset score. Cells that are transcriptionally similar to ILC1-
like NK cells show a positive score whereas a negative value indicates similarity to cNK cells
(Figure 23B). Lymph node NK cells could also be separated into two transcriptionally distinct
leiden clusters. One of them (cluster 0) showed a positive subset score indicating an enrichment

of genes that are overrepresented in ILC1-like NK cells within this cluster, while cluster 1 was

68



Results

enriched for cNK-defining transcripts (Figure 23C). These findings were supported by the gene
expression of marker genes identified before: Cluster 0, that was assigned to ILC1-like NK
cells, showed high levels of transcripts encoding for CD7 and Ltb as well as reduced Gzma and
Gzmb expression (Figure 23D). Also in lymph nodes, RNA velocity analysis provided no
evidence that ILC1-like NK cells might serve as precursors of cNK cells (Figure 23E).
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Figure 23: ILC1-like NK cells are overrepresented in lymphoid tissues.

(A) Representative pseudocolor plots show CD27 and CD62L expression of Ly49H" NK cells in blood, spleen
and mesenteric lymph nodes. Bar graphs show frequency of ILC1-like, CD27" CD62L" and CD27- CD62L" NK
cells of Ly49H" NK cells within different organs. (B) Resolution of leiden clustering from scRNA-seq of splenic
NK cells was adjusted to segregate single-cell transcriptomes into two clusters representing ILC1-like NK cells
and cNK cells. Top 20 defining genes of these two clusters are shown in a heatmap. (C) scRNA-seq of NK cells
from inguinal, brachial and axillary lymph nodes of naive C57BL/6 mice. UMAP projection and leiden clustering
was set to a resolution that defines two clusters. A score that shows similarity to ILC1-like NK cells from the
spleen was derived from the 40 defining genes in (B) and plotted in the scRNA-seq data from lymph nodes. (D)
Marker gene expression in clusters found in lymph nodes. (E) RNA velocity analysis of NK cells from lymph
nodes.

Lines represent mean, error bars indicate SD. (modified from (Flommersfeld et al., 2021))
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The finding that ILC1-like NK cells are present in lymphoid organs but do not circulate in
peripheral blood as well as the observation that they express several markers for tissue-
residency (Figure 14E, Figure 15B), suggested that ILC1-like NK cells might show splenic
residency. To test this hypothesis, parabiosis experiments were performed by our collaborators
Jonatan Ersching and Gabriel Victora at the Rockefeller University in New York. During
parabiosis, two mice are joined surgically and share blood circulation. Consequently, all
circulating cells are exchanged between the two parabionts while tissue-resident cells that do
not enter the circulation, do not mix. The two parabionts expressed distinct congenic markers
and thereby the origin of the cells could be determined by flow cytometry. Four weeks after the
surgery, the frequency of endogenous and exogenous cells was measured for each NK cell

subset (Figure 24A).
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Figure 24: ILC1-like NK cells are tissue-resident in the spleen at steady state, but show a similar homing
profile compared to cNK cells upon adoptive transfer.

(A) Spleens of CD45.1.1 and CD45.2.2 parabionts were analyzed 4 weeks after surgery by flow cytometry.
Representative dot plots show gating of ILC1-like, CD27* CD62L" and CD27" CD62L" Ly49H" NK cells and
frequency of CD45.1 and CD45.2 cells within each subset. (B) Frequency of endogenous cells within Ly49H" NK
cell subsets after parabiosis.

Data in (A) and (C) are representative of 2 independent, similar experiments. Data in (B) are pooled from 2
independent, similar experiments. Lines represent mean, error bars indicate SD. Significances in (B) were
calculated using one-sample t-test (hypothetical value = 50). (modified from (Flommersfeld et al., 2021))
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Indeed, whereas cNK cells had completely equilibrated between the host and the parabiont,
ILC1-like NK cells were still almost completely derived from the host and thereby exhibited
splenic residency at steady state (Figure 24B). This finding raised the question whether ILC1-
like NK cells also show preferential homing to the spleen upon adoptive transfer. Therefore,
Ly49H" ILC1-like and CD27" CD62L" cNK cells were adoptively transferred into Nkp46'“™ x
R26-LSL-iDTA recipients infected with MCMV. At day 8 p.i., spleen, liver, mesenteric and
peripheral lymph nodes were harvested and analyzed by flow cytometry. Both ILC1-like and
cNK cells showed similar homing profiles and were recovered from all analyzed organs while
remaining phenotypically distinct with respect to CD27, CD62L and CD160 (Figure 24C).
These data showed that upon adoptive transfer ILC1-like NK cells were not exclusively targeted

to the spleen but instead homed to different organs.

4.9 ILCl1-like NK cells and ¢DC1s form clusters early during
MCMY infection

As pointed out before, ILC1-like NK cells express XCL1 and CRTAM and are thereby, at least
in theory, well equipped to interact with cDCls expressing XCR1 as well as Necl2. In
collaboration with Jan Bottcher and Philippa Meiser, confocal imaging was used to assess
whether resident ILC1-like NK cells indeed share a niche with cDCls in the spleen. Therefore,
spleens were isolated from both MCMV-infected XcrIVe™s™ mice as well as uninfected
controls and spleen sections were stained with respective antibodies. In these mice, the gene
encoding for the fluorescent reporter Venus is inserted into the Xcr/ locus. Heterozygous
animals show expression of Venus as a reporter for XCR1" ¢DCls, but still express the
chemokine receptor at the cell surface. To enhance detection of the Venus signal, an anti-GFP
antibody that is cross-reactive against Venus, was used. Anti-NK1.1 and anti-Ly49H antibodies
were used to identify Ly49H" NK cells. Of note, these antibodies were stained via intravascular
injection as Ly49H staining does not work after tissue fixation. It was ensured that i.v. injection
of the antibodies enabled labelling of the complete Ly49H" NK cell compartment in the red
pulp (data not shown). ILC1-like NK cells were discriminated from cNK cells by CD160
staining, as CD62L staining was not suitable for fixed samples and in addition, the marker is
also expressed by many other cell types, e.g. T cells, in the spleen and consequently, high

staining density and cellular overlap would make it very difficult to identify CD62L" NK cells.

Surfaces of NK cell subsets and ¢cDC1s were reconstructed from confocal immunofluorescence

images and used to measure the distances between the respective cell types. In uninfected mice,
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ILC1-like NK cells were already located significantly closer to cDC1s compared to cNK cells.
Intriguingly, at 24 hours p.i. with MCMYV, clustering of cDC1s and NK cells was observed in
the red pulp. Within these clusters, ILC1-like NK cells were largely overrepresented resulting
in a clear co-localization of cDCls and ILC1-like NK cells (Figure 25A). This co-localization
was almost abrogated in Xcr/Verus'Venus mice which are XCR1-deficient, due to the double
knock-in of the Venus gene into the Xcrl locus (Figure 25B). This showed that the interaction
between ILC1-like NK cells and cDC1s was mediated, at least in part, by the XCL1/XCR1 axis.
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Figure 25: ILC1-like NK cells cluster with ¢DCl1s early during MCMYV infection in an XCR1-dependant
manner.

(A) Visualization of ¢cDCls, Ly49H" CD160" NK cells and Ly49H" CD160" NK cells in MCMV-infected spleens
of XcrIVens™ or uninfected controls by confocal microscopy. Depicted are three-dimensional cell objects of
individual cells identified via histo-cytometry. Staining for NK1.1, Ly49H and CD160 was used to identify NK
cell subsets, anti-GFP (cross reactive with XCR1-Venus) was used for identification of splenic cDCls. Violin plot
shows quantification of distances between CD160" or CD160" Ly49H"' NK cells and clustered ¢cDC1 with and
without MCMYV infection. A ¢cDC1 cluster was defined as at least three cDC1 within a distance of <Spum. (B) as
in (A) but in XcrVems'Venss (= XCR1-deficient) mice.

Data in (A) are representative of 2 independent experiments. Lines represent mean, error bars indicate SD.
Significances in (A) and (B) were calculated using Kruskal-Wallis test, followed by Dunn’s multiple comparisons
analysis. Dotted lines represent spleen borders, dashed squares represent zoomed areas. (modified from
(Flommersfeld et al., 2021))

Distance measurements between Ly49H" or Ly49H™ NK cells and cDCls indicated that Ly49H"
NK cells are enriched relative to Ly49H™ NK cells within cDCI1 clusters (Figure 26A). This
observation suggested that cluster formation requires MCMV recognition of NK cells via
Ly49H. In line with that, both the fraction of cDCls in clusters as well as cluster size were

largely reduced in Ly49H-deficient Klra8’ mice (Figure 26B+C). Combining the two
observations that ILC1-like NK cells are enriched in cDC1 clusters and that Ly49H is actively
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involved in this cluster formation, suggested that ILC1-like NK cells might be the drivers of

this early clustering.
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Figure 26: Clustering of ILC1-like NK cells and ¢DCl1s requires Ly49H.

(A) Visualization of cDC1s, Ly49H" and Ly49H" NK cells in MCMV-infected spleens of Xcr V™™ or uninfected
controls by confocal microscopy. Depicted are three-dimensional cell objects of individual cells identified via
histo-cytometry. Staining for NK1.1 and Ly49H was used to identify NK cells, anti-GFP (cross reactive with
XCR1-Venus) was used for identification of splenic cDCI. Violin plot shows quantification of distances between
Ly49H" or Ly49H" NK cells and clustered cDC1s with and without MCMYV infection. (B) Visualization of cDCls
(identified by intravascular staining for XCR1) in spleens of Klra8"* and Klra8™" littermates 24 hours p.i. Clustered
c¢DCl1 are indicated in green. (C) Comparison of fraction of cDC1 in clusters (left, each dot represents data for one
spleen section) and cDC1 cluster sizes (right) in Klra8"* and Klra8’ mice.

Data in (B) and (C) are representative of 2 similar, independent experiments. Significances in (A) were calculated
using Kruskal-Wallis test, followed by Dunn’s multiple comparisons analysis. Significances in (C) are calculated
using Mann-Whitney test. Lines represent mean, error bars indicate SD. Dotted lines represent spleen borders,
dashed square in A represents zoomed area. (modified from (Flommersfeld et al., 2021))

Confirmation of this hypothesis required a mouse model, in which ILC1-like NK cells were
specifically depleted or at least functionally impaired. Transcriptomic analysis of the NK cell
subsets had shown that the transcription factor Batf3 is exclusively expressed by ILC1-like NK
cells and not by cNK cells (Figure 14E, Figure 15A) and therefore appeared as a promising
candidate for a knockout model. However, comparison of the subset composition of the Ly49H"

NK cell compartment in Batf3” versus Batf3*"*

mice showed no significant differences (Figure
27A, upper panel). Consequently, Batf3 expression appeared not to be critical for the
development of ILC1-like NK cells but still might be functionally relevant. Of note, Batf3
expression had been described to be critical in cDC1 development and Batf3”~ mice lack ¢cDCls
(Hildner et al., 2008). This meant that these gene-deficient mice were not suitable to study

whether a lack of Batf3 leads to a reduction of cDC1 and NK cell clustering. This issue would
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be solved in a model in which specifically only Ly49H" NK cells lack Batf3 expression. To this

end, mixed bone marrow chimeras were generated by reconstituting irradiated Klra8”" mice

with equal numbers of Klra8” and either Batf3" or Batf3""* bone marrow cells. In these

chimeras, Klra8™

bone marrow cells reconstitute a fully functional immune system including
cDCls but lacking Ly49H" NK cells. These instead originate exclusively from the Batf3-
deficient or Batf3-competent bone marrow component. Ly49H"* subset composition was not
altered in Klra8" : Batf3”- chimeras in comparison to K/ra8” : Batf3"" mice (Figure 27A,
lower panel). However, cDC1 cluster formation in Klra8” : Batf3"- chimeras (Figure 27B)
was similarly reduced as observed before in K/ra8” mice (Figure 26B+C). This meant, that a
lack of Batf3 expression within the Ly49H" NK cell compartment was sufficient to phenocopy
the effects of total Ly49H-deficiency on early cDC1 clustering upon MCMYV infection. This

finding strongly suggested that ILC1-like NK cells are driving this early co-localization with

cDCls in the red pulp.
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Figure 27: Clustering of ILC1-like NK cells and ¢DCl1s requires NK-cell intrinsic expression of Batf3.

(A) Quantification of NK cell subset composition in Ba#f3"" and Batf3”- mice (upper panel) and Klra8” : Batf3""*
and Klra8”" : Batf3”'mixed bone marrow chimeras. (B) Visualization of cDC1s (identified by intravascular staining
for XCR1) in spleens of Klra8” : Batf3"" and Kira8” : Batf3”- mixed bone marrow chimeras 24 hours p.i.
Clustered cDC1 are indicated in green. Comparison of fraction of cDC1 in clusters (left, each dot represents data
for one spleen section) and cDC1 cluster sizes (right) in Klra8”" : Batf3""* and Klra8”" : Batf3"~ mice.
Significances in (B) are calculated using Mann-Whitney test. Lines represent mean, error bars indicate SD.
(modified from (Flommersfeld et al., 2021))
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4.10 Clustering of ILCI1-like NK cells and cDCls is critical for
optimal priming of CD8 T cells early during MCMYV infection

Finally, we wanted to assess whether the observed clusters of ILC1-like NK cells and ¢cDCl1s
co-localize with infected cells and whether their formation is critical to achieve optimal priming
of adaptive immune cells. cDCl1s represent a subset of dendritic cells that is specialized in the
cross-presentation of antigens from intracellular pathogens (den Haan et al., 2000, Schulz and
Reis e Sousa, 2002, Iyoda et al., 2002). Cross-presentation plays an important role in the
immune response to MCMV (Busche et al., 2013) as the virus induces downregulation of cell-
surface MHC class I molecules in infected cells (Campbell and Slater, 1994, Ziegler et al.,
1997, Reusch et al., 1999). Thereby, directly infected cells are weak in antigen presentation to
CDS8"' T cells.

Indeed, confocal imaging of Klra8"" and Klra8’ littermates that were infected with a GFP-
expressing MCMV strain, showed that cDCI1 clusters observed in wildtype mice at 24 hours
p.i. co-localized with infected cells (Figure 28A). In Klra8'- mice, cluster formation was
impaired resulting in increased distances between cDCls and infected cells as well as a
reduction in the fraction of cDCls that were in direct contact to MCMV-infected cells (Figure
28A+B). This reduced co-localization of cDCls and infected cells suggested less efficient
uptake of cell debris or apoptotic cells and consequently less effective cross-priming of CD8*

T cells.
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Figure 28: Co-localization of cDC1s and MCM V-infected cells is impaired in Kira8”’- mice at 24 hours p.i.

(A) Representative images of K/ra8"" and Klra8~ spleens 24 hours after infection with MCMV-ie2-SIINFEKL-
GFP. (B) Quantification of distances between cDC1s and MCMV-infected cells in Klra8** and Klra8”~ spleens
and percentage of cDCls in contact with infected cells.

Significances in (B) are calculated using Mann-Whitney test. Lines represent mean, error bars indicate SD. Dotted
lines represent spleen borders. In (B), each circle represents data for one spleen section. (modified from
(Flommersfeld et al., 2021))
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To assess priming efficacy of CD8" T cells, Klra8"" and Kira8’ littermates were infected with
a recombinant MCMV strain that encodes the experimental antigen SIINFEKL under the
control of the viral ie2 promoter (MCMV-ie2-SIINFEKL). At 24, 48, 72 or 96 hours p.i.,
respectively, naive OT-1 T cells harboring a transgenic T cell receptor (TCR) specific for
SIINFEKL presented on MHC class I were injected into the infected mice. The activation status
of these OT-1 T cells was analyzed 21 hours later by flow cytometry (Figure 29A). Importantly,
MCMV titers in the spleen were elevated in Klra8” mice compared to Klra8*'" littermates at
these timepoints (Figure 29B) due to inefficient control of the virus by NK cells. Therefore,
one might expect enhanced T cell priming in Klra8~ mice resulting from higher antigen
availability. Strikingly, the percentage of activated OT-1 T cells — identified by upregulation of
CD69 and shedding of CD62L — was instead significantly reduced in Klra8”’- mice at day 2 and
3 p.i. (Figure 29C+D). These findings confirmed that cross-priming of CD8" T cells was
reduced in the absence of Ly49H" NK cells early upon MCMYV infection as a consequence of
the impaired co-localization of ILC1-like NK cells, cDCl1s and infected cells.

To analyze whether this impaired T cell priming in K/ra8”~ mice also results in less expansion
capacity of these cells throughout the course of infection, OT-1 T cells expressing distinct
congenic marker combinations were adoptively transferred into Klra8"" or Klra8™" littermates,
respectively, that were infected with MCMV-ie2-SIINFEKL. At day 2 p.i., transferred cells
were isolated from the spleen of the primary recipients. These OT-1 T cells, primed in either
Klra8""" or Klra8'- mice, were then co-transferred at equal numbers into infection-matched
secondary wildtype recipients (Figure 29E). This re-transfer setup provides a possibility to
compare the expansion of those two populations of OT-1 T cells longitudinally within the same
environment. This is necessary as in the long run, reduced MCMYV control by NK cells results
in stronger T cell activation due to increased antigen load and innate cytokine levels (Mitrovic
et al., 2012). The aforementioned setup is able to isolate the effects of reduced early T cell
priming from these later-acting mechanisms that would outcompete initial priming differences.
Following the expansion of re-transferred OT-1 T cells in peripheral blood indeed showed
enhanced expansion of T cells that were primed in the presence of Ly49H" NK cells, both
during the acute as well as during the chronic phase of MCMYV infection (Figure 29F).
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Figure 29: Optimal CD8 T cell priming upon MCMY requires expression of Ly49H.

(A) Klra8"" and Klra8”' mice were infected with MCMV-ie2-SIINFEKL. 1x10° OT-1 T cells were adoptively
transferred at 24, 48, 72 and 96 h p.i., respectively. Frequency of activated OT-1 cells in the spleen was determined
by flow cytometry after 21 h. (B) MCMV titers measured in the spleens of Klra8"" and Klra8~ mice infected
with MCMV- ie2-STINFEKL at indicated time points. (C) Representative dot plots show frequency of activated
OT-1 T cells (defined as CD69* CD62L") in Klra8"" and Kilra8”~ at day 2 p.i. (D) Percentage of activated OT-1
T cells in Klra8”~ and Klra8"* mice at indicated timepoints. (E) 1x10° CD45.1/.1 and CD45.1/.2 OT-1 T cells
were adoptively transferred into Klra8"" and Klra8” littermates, respectively, subsequently infected with
MCMV- je2-SIINFEKL. At day 2 p.i., 100 CD45.1/.1 and 100 CD45.1/.2 OT-1 T cells were co-transferred into
infection-matched C57BL/6 recipients. (F) Expansion of CD45.1/.1 and CD45.1/.2 OT-1 T cells was monitored
in peripheral blood. Representative contour plots show gating of CD45.1* OT-1 T cells and frequency of CD45.1/.1
and CD45.1/.2 populations at day 30 p.i. Dot plot shows frequency of CD45.1/.1 and CD45.1/.2 cells among
transferred OT-1 T cells in peripheral blood.

Data in (C) are representative of 5 independent, similar experiments. Data in (D) are pooled from 5 independent
experiments. Lines represent mean, error bars indicate SD. Data in (F) are pooled from 4 independent experiments.
Dots represent mean, error bars indicate SEM. Significances in (D) were calculated by multiple Mann-Whitney
tests for each individual time point. Significances in (F) were calculated using multiple t-tests, statistical
significance was determined using the Holm-Sidak method, with alpha=5.0%. (modified from (Flommersfeld et
al., 2021))

To finally attribute the enhancement of early T cell priming to ILC1-like NK cells, the OT-1
priming experiment described before was repeated in Klra8” : Batf3"* and Klra8' : Batf3”
mixed bone marrow chimeras. The frequency of activated OT-1 T cells was significantly

reduced in Kira8” : Batf3”- mixed bone marrow chimeras at day 2 p.i. in comparison to their

wildtype counterparts (Figure 30A). This indicated that NK-cell intrinsic Batf3 expression is
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critical to achieve optimal priming of CD8" T cells early during MCMYV infection. To ensure
that this reduction in T cell priming efficacy was not the result of lower cDC1 numbers in
Klra8” : Batf3”- mice, absolute numbers of cDCls were determined in the spleen along with
the priming analysis. ¢cDC1 numbers were slightly, but not significantly reduced in Klra8'" :
Batf3”- chimeras (Figure 30B), however, no correlation was observed between ¢cDC1 numbers
and the frequency of activated OT-1 cells (Figure 30C). These findings made it unlikely that

priming differences result from altered cDC1 numbers.
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Figure 30: NK-cell intrinsic expression of Batf3 is critical to achieve optimal CD8 T cell priming upon
infection.

(A) Klra87 : Batf3"" and Klra8” : Batf3”~ mixed bone marrow chimeras were infected with MCMV-ie2-
SIINFEKL. 1x10° OT-1 T cells were adoptively transferred at day 2 p.i. and T cell priming was analyzed by flow
cytometry after 21 h. Representative dot plots and scatter dot plot show frequency of activated OT-1 cells in the
spleen. (B) Quantification of cDC1 cell numbers in spleens of Klra8”~ : Batf3"* and Klra8™~ : Batf37 mixed bone
marrow chimeras. (C) Correlation of OT-1 T cell priming (from A) and cDC1 numbers (from B).

Data in (A)-(C) are pooled from 2 independent, similar experiments. Lines represent mean, error bars indicate SD.
Significances in (A) and (B) were calculated by Mann-Whitney test. Correlation in (C) was measured as Spearman
correlation. Line indicates non-linear fit. (modified from (Flommersfeld et al., 2021))
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5 Discussion

5.1 Individual Ly49H" NK cells can adopt separate fates upon
MCMY infection

Naive Ly49H* NK cells expand 100- to 1000-fold upon adoptive transfer into MCMV-infected
recipients that lack endogenous expression of the receptor Ly49H (Sun et al., 2009). Upon
expansion, these Ly49H* NK cells mature into terminally differentiated effector cells showing
increased expression of CD11b, KLRG1, CD69 and granzyme B, while CD27 is expressed at
much lower levels in comparison to naive NK cells (Min-Oo et al., 2014). This is in parallel to
antigen-specific T cells which also undergo vigorous expansion upon pathogen encounter,
accompanied by progressive differentiation into effector and memory subsets (Buchholz et al.,
2013). A number of different T effector and memory subsets with highly specialized functions
have been described (Buchholz et al., 2012, Kallies et al., 2020). Similarly, also expanded NK
cells show a certain phenotypic heterogeneity. As an example, while most NK cells are CD27
at day 8 p.i., a fraction of NK cells still expresses high levels of CD27 during acute infection
(Min-Oo et al., 2014, Grassmann et al., 2019).

In this study, we showed that Ly49H" NK cells indeed generated quite heterogenous output
upon adoptive transfer into MCMV-infected Klra8” or Rag2”’ 112rg’~ mice, respectively.
Besides CD27, the markers CD62L and CD160 were also expressed by only a fraction of
activated NK cells during acute infection indicating phenotypic heterogeneity of these cells.
Other markers, such as CD11b, KLRGI1 or granzyme B were uniformly expressed by all
activated NK cells at this respective timepoint. To analyze, how this heterogeneity is composed
starting out from single Ly49H" NK cells, we used retroviral fluorescent barcoding and single-
cell fate mapping to study individual NK cell responses in vivo. Here we found, that single
Ly49H' NK cells followed two distinct paths of differentiation: Some of the recovered NK cell
clones displayed expression of CD62L in a fraction of cells, but lacked expression of CD160
and showed low expression of CD27; the other clones instead were characterized by high
expression of the markers CD160 and CD27, but completely lacked expression of CD62L.
These findings suggested that Ly49H" NK cells can adopt two separate fates upon activation
and expansion (“one cell, one fate”) which is in contrast to T cells that undergo phenotypic

diversification upon expansion and give rise to a heterogenous progeny with variable subset
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composition, but within a common differentiation framework (“one cell, multiple fates™)

(Buchholz et al., 2013, Cho et al., 2017).

Peripheral NK cells are thought to continuously mature from CD11b"°% CD27" into CD11b*
CD27" and finally into CD11b" CD27" cells (Chiossone et al., 2009). To make sure that it was
not just immature NK cells that generated CD27"e" CD160"e" responses whereas CD62Lhigh
patterns originated from mature CD11b" NK cells, we also transferred single Ly49H" NK cells
that came exclusively from the most immature NK cell subset, namely CD11b™" CD27* NK
cells. However, even these immature NK cells were capable of generating the two described

response patterns upon infection.

Further phenotyping of the steady-state NK cell compartment in the spleen showed that
CD11b" CD27* NK cells could be further subdivided into two subsets based on differential
expression of CD62L which is in accordance with previous studies (Peng et al., 2013b). Bulk
transfers of these different NK cell subsets revealed that CD27" CD62L" NK cells exclusively
generated CD27"e¢" CD160Me" progeny while CD62L" cNK cells gave rise to CD62Lhieh
progeny. In line with that, CD27" CD62L" single cells exclusively generated CD27%eh
CD160Me" offspring. Consequently, these two distinct NK cell fates resulted from a pre-existing
heterogeneity within the naive NK cell compartment. This strongly indicated the existence of
two distinct NK cell lineages. Both NK cell subsets showed comparable kinetics upon MCMV
infection comprising expansion, contraction and transition into the memory phase as well as
the capability to undergo secondary expansion upon re-transfer into secondary recipients, but
remained phenotypically distinct. Moreover, global transcriptomic analysis and unbiased
clustering indicated that NK cells could be subdivided into distinct cell clusters at steady state
that could clearly be assigned to these subsets. Although it was proposed that CD62L" NK cells
can differentiate into CD62L* NK cells after adoptive transfer into irradiated wildtype
recipients (Peng et al., 2013b), our results did not indicate that CD62L" NK cells act as
progenitors of CD62L" NK cells. Both subsets stably retained their identity under homeostatic
conditions after adoptive transfer into either Rag2”~ 112rg”~ or Nkp46'“" x R26-LSL-iDTA mice,
respectively, for up to 4 weeks. Additionally, the RNA velocities of steady-state NK cells
confirmed the existence of two developmental branches within the NK cell compartment ending
up in either the CD27" CD62L" or CD62L" cluster. Of note, also in the mentioned study by
Peng et al. the majority of NK cells that were sorted CD62L", remained negative. In summary,
our data showed that CD62L" NK cells do not serve as progenitors for CD62L" NK cells under
homeostatic conditions and upon MCMYV infection, but we do not know whether this might be

different in other infections or during development.
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So far, we do not know at which point of NK cell development the CD27" CD62L" NK cell
subset (termed ILCl-like NK cells) diverges from common NK cell maturation, which
requirements are necessary and from which progenitor the subsets originate. Our transcriptomic
data showed that the transcription factors Id3 and Batf3 were exclusively expressed by ILC1-
like NK cells. However, both of them appeared not to be critical for the development of the
subset. Therefore, deciphering the origin of these two distinct NK cell lineages requires further
investigation. Still, single-cell fate mapping in this study enabled the identification of two
distinct NK cell lineages that follow different paths of differentiation upon MCMYV infection
and helped to understand the underlying processes that generate the observed heterogeneity

within the NK cell compartment.

5.2 Classification of ILC1-like NK cells within the growing family

of innate lymphocytes

Whereas NK cells are historically defined by their ability to directly kill infected or malignant
cells (Herberman et al., 1975), ILC1s are characterized by poor cytotoxicity and strong cytokine
production (Vivier et al., 2018). Further features that set NK cells apart from ILCls, are the
expression of MHC class I-specific receptors that allow direct recognition of target cells and
the expression of the surface marker CD49b as wells as the transcription factor Eomes
(Diefenbach et al., 2014, Vivier et al., 2018). Instead, ILC1s are mainly activated indirectly via
proinflammatory cytokines such as cDCl-derived IL-12 (Weizman et al., 2017), they show
surface expression of CD49a and CD127 and depend on the transcription factors 1d2, T-bet and
Hobit (Vivier et al., 2018, Mackay et al., 2016). Finally, NK cells are characterized as
circulating lymphocytes while ILCls were reported to be tissue-resident (Gasteiger et al.,

2015).

Here we could show that ILC1-like NK cells unite features of both NK cells and ILCls,
however can be assigned to the NK cell lineage. Our gene expression data suggested that
CD62L" cNK cells might be more cytotoxic than ILC1-like NK cells due to higher mRNA
levels of the cytotoxic effector molecules granzyme B and perforin. In contrast, ILC1-like NK
cells showed higher transcript levels for genes encoding for cytokines such as TNF-o, GM-CSF
or Ltb. This enhanced capacity to produce cytokines was confirmed by ex vivo stimulation of
the subsets and cytokine staining. Furthermore, we could show that ILC1-like NK cells were
the main producers of NK-cell-derived IFN-y early during MCMV infection (24 hours p.i.).

Interestingly, a study by Weizman et al. showed that tissue-resident ILC1s at the primary site
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of the infection are the major source of IFN-y at day 1 after infection. However, these ILCls
do not recognize MCMV infection directly as they do not express Ly49H, but instead are
activated by cDC1-derived cytokines (Weizman et al., 2017). We could show in this study that
ILC1-like NK cells are also tissue-resident in the spleen and therefore might similarly act as
early sentinels of viral infection. In contrast to ILCls, they are able to specifically recognize
MCMV infection via Ly49H proposing a distinct role for this NK cell subset during the immune
response. A more recent study from the same group proposed that ILC1s might also directly
sense MCMYV infection by engagement of NKI1.1 to the viral ligand m12 (Weizman et al.,
2019). However, recognition via NK1.1 is rather unspecific, as it also binds to at least one other
(self) ligand and is involved in the recognition of many infections and malignancies (Carlyle et
al., 2004, Williams et al., 2012, Aguilar et al., 2015). Furthermore, the expression of this
receptor is not specific to ILCls, as it is also expressed by NK cells and NKT cells.

Regarding cytotoxicity, ILC1-like NK cells indeed displayed much lower expression of
granzyme B in comparison to cNK cells at steady state. However, upon activation both subsets
showed similar expression of granzyme B and killed “missing-self” targets with the same
efficacy. These findings corroborated that ILC1-like NK cells are highly cytotoxic and can kill
target cells very efficiently upon infection which is a key feature of bona fide NK cells. The
capability to recognize “missing-self” targets (defined by absent or reduced MHC class I
expression) relies on the expression of MHC class I-specific receptors by ILC1-like NK cells,
e.g. Ly49 receptors. We found that both subsets had a very similar Ly49 repertoire. Moreover,
cNK as well as ILC1-like NK cells received signaling via Ly49H, as both reacted and mounted
adaptive-like responses upon MCMYV infection. In addition, a co-culture of either NK cell
subset with Ba/F3 wildtype cells or Ba/F3 cells expressing m157 led to similar ligand-specific
down-regulation of the Ly49H receptor.

Finally, the phenotypic characteristics of ILC1-like NK cells also underlined their NK cell
identity although to a certain degree they also showed expression of some ILC1-specific
markers. First of all, ILC1-like NK cells showed as high expression of Eomes as cNK cells and
their development was similarly impaired in the absence of Eomes expression. Additionally,
ILC1-like NK cells expressed CD49b, albeit at lower levels than cNK cells, but not CD49a at
the surface. A comparison of the transcriptomic data from sorted cNK cells, ILC1-like NK cells
and ILC1s showed that ILC1-like NK cells and ILC1s had distinct transcriptional profiles with
only partial overlap. RNA sequencing could confirm that transcripts of Eomes are high in ILC1-
like NK cells but absent from ILCl1s. In contrast, ILC1s showed high transcript levels of genes

encoding for ILC1-specific transcription factors, such as 1d2 and Hobit. Furthermore, we could
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identify Batf3 and 1d3 as transcription factors that set ILC1-like NK cells apart from both ILC1s
and cNK cells. Transcript levels of genes encoding for the prototypic ILC1 markers CD49a,
CD200R, CXCR6 and CD127 were high in ILCls and much lower in ILC1-like NK cells,
although they were slightly elevated in comparison to cNK cells. For CD127, we could confirm
surface expression by a small fraction of ILC1-like NK cells. Markers that were shared between
ILC1s and ILC1-like NK cells comprised for example CD160, CD69 and TCF-1 as well as the
cytokines TNF-a and Ltb.

In summary, ILC1-like NK cells shared some characteristics with ILCls, such as splenic
residency and enhanced cytokine production, but also had key features of NK cells, especially
pronounced cytotoxicity, the ability to directly recognize “missing-self” or virus-infected target
cells via MHC class I-specific receptors or Ly49H, respectively, and the requirement of Eomes
for development. Consequently, they constitute a hitherto undescribed NK cell subset with
some similarities to ILCls, prompting us to the term “ILC1-like” NK cells. Recently, some
studies indicated a certain plasticity within the innate lymphocyte population. It was shown that
ILC1-like cells can arise by conversion from ILC3s (Cella et al., 2019) or tumor-infiltrating
NK cells (Gao et al., 2017). Whether these putatively NK-cell-derived ILC1-like cells in the

tumor, for example, are generated from ILC1-like NK cells has to be elucidated.

Finally, ILC1-like NK cells are also distinct from tissue-resident NK cell subsets that have been
described in other tissues, such as uterus, thymus or salivary glands. All of these subsets have
unique tissue-specific phenotypes and functionalities that differ from that of ILC1-like NK cells
for instance by pronounced expression of CD49a or CD103 (Diefenbach et al., 2014), limited
Ly49 receptor repertoire (Vosshenrich et al., 2006) or weak cytotoxicity (Tessmer et al., 2011,
Vosshenrich et al., 2006).

5.3 ILCl1-like NK cells play a unique role in bridging innate and

adaptive immunity

Functional interactions between NK cells, dendritic cells and T cells are critical to mount
effective immune responses against MCMYV infection. Efficient activation and expansion of
Ly49H" NK cells require cDC1-derived cytokines such as IL-12, IL-15 or IL-18 (Andrews et
al., 2003). Furthermore, it has been reported that interactions between cDCls and Ly49H" NK
cells are important for the maintenance of these two cell types in the spleen early during
infection (day 2-4) (Andrews et al., 2003, Robbins et al., 2007). In addition, Ly49H" NK cells

were shown to be essential to promote CD8" T cell responses and control virus burden during
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the first days of MCMYV infection and thereby represent a link between innate and adaptive
immunity (Robbins et al., 2007).

In this study, we demonstrated that ILC1-like NK cells exclusively expressed markers which
enable direct interactions with cDCls, such as XCL1 (Dorner et al., 2009), CRTAM (Galibert
et al., 2005) and GM-CSF (Sallusto and Lanzavecchia, 1994). By performing confocal
immunofluorescence imaging of spleen sections from MCMV-infected hosts, we could show
that Ly49H" NK cells and cDC1s formed clusters in the red pulp at 24 hours p.i. This clustering
was dependent on XCRI1 on the side of the cDCls and on Ly49H on the part of the NK cells.
These findings were validated independently by another group that also reported XCRI1-
dependent clustering of ¢cDCls and NK cells in the spleen during the first hours of MCMV
infection (Ghilas et al., 2021). Furthermore, we could show that ILCl-like NK cells were
significantly enriched within these clusters. Most of the clusters co-localized with MCMV-
infected cells indicating that spleen-resident ILC1-like NK cells might sense MCMV infection
via Ly49H-m157 interactions and recruit cDCls to the site of the infection. As XCR1 was
required for the cluster formation, XCL1 represented a promising candidate to be involved in
this recruitment. Ghilas et al. showed that NK cells are indeed major producers of XCL1 upon
MCMV infection, however NK-cell-derived XCL1 was dispensable for the crosstalk with
cDCls (meaning no reduction in NK cell activation) suggesting that other cell types, such as T
cells, NKT cells or ILC1s, might compensate for defective XCL1 production on the part of NK
cells (Ghilas et al., 2021). Besides MCMYV, it was shown that in certain tumor models NK cells
are as well a major source of XCL1 and necessary to recruit XCR1" ¢cDCls into the tumor and
to mount efficient anti-tumor immunity (Bottcher et al., 2018) — highlighting the importance of

the interplay between these two cell types.

We found that the transcription factor Batf3, which is critical for cDC1 development (Hildner
et al., 2008), was exclusively expressed by ILC1-like NK cells. Furthermore, mice that lacked
expression of Batf3 in Ly49H" NK cells, showed significantly reduced clustering of NK cells
and cDCls at 24 hours p.i. These data indicated that, although Batf3 was not required for the
development of ILC1-like NK cells, it appeared to be functionally relevant for the interaction
with cDCls. Moreover, these findings further supported the hypothesis that ILC1-like NK cells
were indeed drivers of this early clustering with cDC1s. However, little is known about the role
of Batf3 in immune cell types other than cDCls. A recent study revealed that Batf3 also plays
arole in CD8" T cells, where it promotes survival and memory formation upon infection (Ataide
et al., 2020). Consequently, cDCls as well as ILC1-like NK cells and CD8" T cells, all of which

collaborate during the immune response to MCMV, are dependent on Batf3 expression, either
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for development or optimal functionality. Still, the underlying mechanisms by which Batf3

promotes the function of ILC1-like NK cells, are so far unknown.

It has been previously established that both cross-presenting cDC1s (Busche et al., 2013) and
Ly49H" NK cells (Robbins et al., 2007) are necessary to rapidly induce effective CD8* T cell
responses against MCMV. Antigen cross-presentation is especially important upon MCMV
infection, as directly infected dendritic cells cannot efficiently prime CD8" T cells due to
MCMYV-induced functional impairment (Andrews et al., 2001). To cross-present viral antigens,
cDCls have to take up extracellular antigens from infected, apoptotic cells. Here, we showed
that cDCls clustered with ILC1-like NK cells in close proximity to infected cells as early as 24
hours p.i. It was reported that MCMV-infected cells in the red pulp are first detectable at 17 h
p.i. and mainly comprise stromal cells (Hsu et al., 2009). Leukocytes, especially dendritic cells,
are infected by 48 h p.i. (Hsu et al., 2009). Another study reported that small numbers of splenic
DCs are already infected by 24 h p.i., but still the majority of DCs remain uninfected until 2
days p.i. (Andrews et al., 2001). Thus, cDC1s were redistributed towards infected cells a few
hours after MCMYV infection reached the spleen, but several hours before the virus directly
infected DCs, in a process that depended on ILC1-like NK cells. We assessed early priming of
antigen-specific CD8" T cells in wildtype and Ly49H-deficient animals. Indeed, priming
efficacy was significantly reduced at day 2 and 3 p.i. in the absence of Ly49H" NK cells. This
effect could be reproduced in mice that lacked Batf3 expression in Ly49H* NK cells. These
findings highlight that ILC1-like NK cells are indispensable for optimal T cell priming.
Accelerated T cell responses in the presence of Ly49H" NK cells have been described
previously (Robbins et al., 2007). However, Robbins et al. proposed that this mainly relies on
indirect effects. Ly49H" NK cells are essential for early virus control. Consequently, virus load
as well as innate cytokine levels, especially pDC-derived IFN-a, are reduced in Ly49H-
competent mice (Robbins et al., 2007). The authors suggest that these factors ensure
maintenance of ¢cDCls in the spleen which in return mediate enhanced T cell priming early
during infection (Robbins et al., 2007). In this study we could show for the first time that the
enhancement of T cell activation 1) can be assigned to a specialized subset of NK cells and ii)
is the result of direct interactions between these NK cells and ¢cDCls. Our data indicate that
spleen-resident ILC1-like NK cells can rapidly sense MCMV infection and recruit cross-
presenting cDCls to the site of the infection. Within these clusters, ILC1-like NK cells and
cDCls can further activate each other and enable migration of cDCls into the T cell zone where
they can then efficiently prime antigen-specific CD8" T cells. An independent study by Ghilas
et al. confirmed our finding that NK cells and cDCls directly act on each other and provided
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further insights into mechanistic details of this crosstalk. They demonstrated that cDCls can
activate NK cells within the observed clusters by direct delivery of IL-12 and trans-presentation
of IL-15 via IL-15Ra (Ghilas et al., 2021). In return, the activated NK cells produce GM-CSF
that stimulates the upregulation of the chemokine receptor CCR7 on ¢cDCls and thereby enable
migration of cDCls into the T cell zone and accelerate the CD8" T cell response against MCMV
(Ghilas et al., 2021). In summary, our data showed that ILC1-like NK cells play a unique role
in bridging innate and adaptive immunity. In how far these findings can be translated into

infection models other than MCMV, has to be elucidated in the future.

5.4 From murine to human NK cell subsets

Human NK cells also consist of two major subsets: CD56%™ CD16" and CD56%1ght CD164m-
NK cells (Lanier et al., 1983, Lanier et al., 1986). CD56%™ NK cells constitute the majority of
circulating cells and are highly cytotoxic, whereas CD56€" NK cells represent the
predominant population in secondary lymphoid organs and are less cytotoxic, but potent
cytokine producers (Nagler et al., 1989, Cooper et al., 2001). Thus, CD56¢h NK cells have
some features in common with ILC1-like NK cells that are potent cytokine producers as well
and restricted to lymphoid organs, whereas cNK cells in the mouse resemble CD56%™ NK cells
in humans. Tissue-resident NK cells in human liver were described as CD56€" NK cells that
express high levels of Eomes and low levels of T-bet (Harmon et al., 2016), a transcription
factor profile that is similar to that of ILC1-like NK cells. Recently, Crinier et al. published a
scRNA-seq dataset from human and murine blood and spleen samples demonstrating that,
besides the functional aspect, CD56"¢" NK cells also share several phenotypic markers with
ILC1-like NK cells. Clusters that are assigned to CD56°¢ht NK cells display higher transcript
levels of XCLI, LTB, CD160, CD7 and IL7R (Crinier et al., 2018), genes that are also
upregulated in ILC1-like NK cells. In contrast, clusters representing CD56%™ NK cells show
increased transcript levels of GZMA, GZMB, PRF1 and CX3CRI (Crinier et al., 2018), as do
cNK cells. However, murine and human NK cell subsets also differ in the expression of some
markers. For example, CD62L was shown to be expressed by CD56" et NK cells, but not
CD56%™m (Poli et al., 2009, Crinier et al., 2018). Of note, tissue-resident CD56"€" NK cells
instead do not express CD62L (Melsen et al., 2016).

While we could show that in our model ILC1-like NK cells did not develop into cNK cells,
CD56P1ie" NK cells are commonly described as precursors of CD56%™ NK cells (Chan et al.,
2007, Romagnani et al., 2007). In this study, we reanalyzed a published dataset from one human

86



Discussion

spleen donor from Crinier et al., 2018, and performed RNA velocity analysis. This indicated
that — in contrast to the established paradigm — human NK cells as well as murine NK cells
differentiated along two different pathways that ended up in distinct clusters that were
characterized by mutually exclusive expression of either CDI60/XCLI or GZMB. Further
evidence for this model comes from a recent study in rhesus macaques that were transplanted
with barcoded hematopoietic stem cells. The authors demonstrated that the clonal composition
of CD56" and CD56°NK cells differed and furthermore remained distinct under homeostatic
conditions over several years potentially suggesting distinct lineage origins of the two subsets
(Wu et al., 2018). However, while both RNA velocities and studies in rhesus macaques
examined NK cell differentiation at steady state, the aforementioned studies by Chan et al. and
Romagnani et al. showed that CD567¢" NK cells can gain features of CD56%™ NK cells, but
they require additional signals such as direct contact to fibroblasts or an inflammatory

environment (Chan et al., 2007, Romagnani et al., 2007).

All these data demonstrate that there are many parallels between ILC1-like NK cells in mice
and CD56"1¢h NK cells in humans. However, a further in-depth analysis of the subset will be
necessary to evaluate, in how far CD56°¢ NK cells might represent a human equivalent to the
subset described in this study. It will be important to understand whether CD56""¢" NK cells
play a similar role in human CMV and other viral infections and will help to improve our
understanding about how individual innate lymphocytes contribute to a host’s immune response

against infections and cancer.
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6 Summary

NK cells are key players of cellular innate immunity and represent a first line of defense against
viral pathogens and cancer. Their reactivity is controlled by numerous activating and inhibitory
receptors that enable recognition of infected or malignant cells. Effector mechanisms of NK
cells comprise direct cytotoxicity as well as the production of proinflammatory cytokines.
Recently, it has been shown that, under certain conditions, NK cells are able to mount adaptive-
like immune responses. In particular, NK cells expressing the activating receptor Ly49H, that
binds directly to an MCMV-encoded glycoprotein, respond to MCMYV infection in an adaptive-
like manner, comprising antigen-specific expansion, contraction and the formation of long-
lived immunological memory (Sun et al., 2009). Several phenotypically and functionally
distinct subsets of NK cells have been described. How these different subsets contribute to

adaptive-like immune responses is only partly understood.

In this study, we used retrogenic color-barcoding to study infection-driven NK cell
differentiation on a single-cell level and to decipher the heterogeneity of the NK cell response
in vivo. We could show that individual Ly49H" NK cells adopted separate fates upon MCMV
infections and differentiated along two distinct pathways. Whereas one of these response
patterns originated from conventional NK cells, the other one was generated from a
phenotypically and transcriptionally distinct NK cell subset that shared features with ILCls
such as enhanced cytokine production and splenic residency. On the other hand, these cells also
displayed key characteristics of bona fide NK cells, in particular direct recognition of MCMV-
infected cells and pronounced cytotoxicity, guided by signals received from the activating
receptor Ly49H. Furthermore, we could show that these ILC1-like NK cells formed clusters
with XCR1" ¢DCls early upon MCMV infection and thereby enabled optimal priming of
antigen-specific T cells. This interaction was dependent on both Ly49H and NK-intrinsic
expression of the transcription factor Batf3. Taken together, these results indicate that ILC1-
like NK cells unite critical features of both ILC1ls and NK cells and orchestrate innate and
adaptive immune responses to ensure effective host protection. These findings will help to
further understand NK cell diversity and how individual components of NK-cell-mediated

immunity collaborate to facilitate optimized immune responses to viral pathogens.
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