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CHAPTER1

General introduction and
scope of this thesis



| Chapter 1

A functional immune system requires good communication

The human immune system protects against a wide variety of pathogens as well as
cancer. It must therefore be sensitive to many different cues. It has a multitude of tricks up
its sleeve, including protein complexes that can flag and even lyse bacteria and immune
cells that can identify and kill dysfunctional cells. Different groups of pathogens require
different strategies, as for example extracellular helminths have to be handled differently
than viruses which reside intracellularly (1, 2). Yet threats do not come solely from the
outside: genetic mutations may cause the body's own cells to transform and develop into
cancer. Finding and clearing transformed cells is part of the immune system’s capabilities
(3).

To fight the different infections and cancer development, the immune system employs
multiple specialized cell types, including cells that can generate and remembera pathogen-
specific response. Communication is of vital importance for a functional immune system.
Both immune and non-immune cells must be made aware of an infection to create a
response that makes the environment inhospitable to pathogens or transformed cells.
In addition, the correct specialized immune cells must be instructed to execute a suitable
immune response while preventing activation of unsuitable immune cells and thereby
risking tissue damage (4). Once the threat is over the effector functions of the immune
system must be counteracted and returned to immune homeostasis to prevent (further)
damage to the site of inflammation (5).

The messages leading to immune responses and the subsequent return to homeostasis
are both predominantly communicated through extracellular receptors expressed by
cells, which trigger or inhibit intracellular signaling pathways leading to modified gene
expression or other cellular processes such as polarization or inside-out signaling (6-9).
The repertoire of expressed receptors will determine which ligands a cell can recognize,
and consequently which messages can be received. The ligands that bind these receptors
may be soluble, expressed on the surface of host cells or expressed on the surface of
pathogens (6-9). Soluble signaling molecules include small molecules, peptides, and
secreted proteins. While direct cell-cell contact occurs only locally, soluble signaling
molecules can influence nearby cells expressing the corresponding receptors (paracrine),
including the secretory cell itself (autocrine), as well as cells located in other organs after
transportation through the bloodstream (endocrine) (10). Immune cells can migrate
through the body and thereby physically contact distant cells (11, 12). Migration allows
immune cells to come in direct contact with other immune cells in lymphoid organs to
convey an alarm signal, or with infected or dysfunctional cells to kill them. Cells receive
a multitude of stimulating and inhibitory signals which combined determine their
response. The potential responses include activation, proliferation, migration, maturation,
differentiation, inactivation, and apoptosis. All of these responses occur at one or more
stages during an immune response.
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The innate immune system is the first responder

The general first-response strategies are collectively called the innate immune system
since they use rather unspecific immune mechanisms that are imprinted in the human
genome. Pathogens that circumvent the anatomical barriers and thereby invade the
human body must be discovered as soon as possible to prevent pathogen replication
and further spreading of the pathogen. Similarly, when the body’s own cells become
transformed they must be removed to prevent oncogenesis. The immune system is
constantly vigilant for foreign material and transformed cells using different strategies.

Pathogens can be recognized by pattern recognition receptors (PRRs) expressed on
the cell-surface of innate immune cells and intracellularly in most cells including non-
immune cells (6). PRRs identify molecules that are expressed by pathogens but not by
healthy human cells, such as bacterial lipopolysaccharides and viral double-stranded DNA
(collectively called pathogen associated molecular patterns; PAMPs). In addition, they
recognize damage-associated molecular patterns which are host-derived molecules that
should not be present extracellularly under healthy conditions (13).

Non-immune cells may recognize when they have been infected by a virus through
expression of PRRs that sense intracellular viral RNA or DNA. Ligation of PRRs induces
secretion of type | interferons (IFNs) in these non-immune cells (Fig. 1A) (14). Neighboring
cells that express the IFN receptor (IFNAR) are now warned of an infection, yet there is a
striking difference in response between non-immune and immune cells. In non-immune
cells, IFNAR activation results in inhibition of transcription, translation, and proliferation
(15). As viruses make use of the molecular machinery of their host cell, inhibiting these
processes inhibits viral replication. In multiple immune cell types IFNs act as a pro-
inflammatory signal to stimulate their effector functions, although more signals are
required for full activation (16-18).

Ligation of PRRs activates innate immune cells and induces secretion of multiple
cytokines and chemokines to promote an immune response (6). These soluble proteins
make blood vessels leaky, allowing other soluble proteins to enter the site of inflammation.
An example is mannose-binding lectin (MBL) that circulates in blood and can bind to sugar
moieties found on the surface of pathogens (19). Binding of MBL to pathogens initiates
a protein activation cascade of the complement system resulting in the direct killing of
bacteria by creating holes in the bacterial cell wall, the recruitment of other immune cells
and phagocytosis of these bacteria by these immune cells (19). MBL is only one of several
soluble proteins that opsonize pathogens for clearance by the immune system.

Activated innate immune cells also secrete chemokines to attract more immune cells
and initiate effector mechanisms dependent on the type of danger sensed. Neutrophils
and macrophages can engulf pathogens and kill them once taken up; a process called
phagocytosis (20, 21). Natural killer (NK) cells assess the balanced expression of a set of
receptors on human cells to determine whether it should kill the cell as aberrant expression
may be caused by viral infection or be a characteristic of a tumor cell (22). Thus, the innate
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Figure 1. The immune response in viral infection and cancer. (A) Innate immune cells attempt to clear a viral
infection (upper panels) or tumor cells (lower panels), while dendritic cells (DCs) collect antigen to bring to cells
of the adaptive immune system in the lymph nodes. (B) In the lymph node, recognition of their cognate antigen
combined with co-stimulation leads to the activation of T and B cells. Depending on the received signals, T cells
may become effector cytotoxic T cells or any of the helper subsets. Proliferating B cells may form a germinal
center reaction, during which they undergo somatic hyper mutation (SHM) which may improve their B cell
receptor. Successful B cells receive T cell help and differentiate either into memory B cells or antibody secreting
cells (ASCs) (C) Cytotoxic T cells (T) kill infected- or tumor cells, supported by T helper 1 cells (T,). Antibodies
produced by ASCs opsonize viral particles or tumor cells for clearance by other cells of the immune system.
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immune system can find and remove extra- and intracellular pathogens as well as tumor
cells by sensing their presence using a diverse set of relatively unspecific receptors and
soluble proteins and can alert other immune cells through secreted proteins and direct
cell-cell contact (Fig. 1A). Yet, often pathogens cannot be removed solely by the innate
immune system or only after prolonged inflammatory processes and tissue damage.

The adaptive immune system mounts a tailored response

The B and T lymphocytes of the adaptive immune system are able to create a highly
tailored response towards pathogens and tumor cells. B and T lymphocytes develop
unique receptors during their development, called B cell receptor (BCR) and T cell receptor
(TCR) respectively, through random gene rearrangement. It is estimated that the pool
of T cells within an individual harbors at least 10° different TCRs, with some estimations
surpassing 108 unique TCRs (23, 24). Molecules recognized by BCRs and TCRs during an
immune response are called antigens. Pathogens or tumor cells express many different
antigens.

During the initial innate immune response, dendritic cells take up antigens, are
activated through PRRs, mature and then migrate from the site of inflammation to the
lymph nodes to activate the T lymphocytes that recognize the specific antigen (Fig. 1B)
(11, 25). Concurrently antigens enter the lymph nodes by passive transport in the lymph
which may be recognized by B cells through their BCR (25). Out of the vast number of
unique BCRs and TCRs only a few will recognize the antigens at hand. The B and T cells
expressing these antigen receptors must come in contact with their cognate antigen.
Upon first encounter with a unique pathogen or tumor these will be naive lymphocytes
that have not yet come into contact with their cognate antigen before. Naive lymphocytes
require multiple signals next to antigen receptor engagement to become fully activated
including membrane-bound ligands and soluble cytokines and chemokines. The different
signals required for full activation are further discussed below. Upon successful activation,
naive lymphocytes proliferate to greatly increase their number and differentiate into
specialized effector cells that aid in the removal of the pathogen or transformed cells (Fig.
1C). This proliferation and differentiation may take days up to a few weeks to complete.
After resolving the infection a few lymphocytes will remain as memory cells. Memory
cells circulate the body, stay at the first site of infection as tissue resident cells, and live in
specialized niches ready to be reactivated when necessary. Upon a secondary encounter
with a pathogen, memory cells can respond much faster as the antigen receptor activation
threshold is lowered and are therefore more time effective in resolving infections than
naive lymphocytes.

T cell activation and differentiation requires multiple interactions

Because of their pro-inflammatory and cytolytic capacity, effector T cells can cause

n
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tissue damage, thus unnecessary priming must be avoided. Four different communication
signals are therefore required to fully activate naive T cells and to instruct them of their
objective.

To ensure only the T cells recognizing the threat are activated, the first essential signal
is activation of the TCR. TCRs can bind to their cognate antigen presented by major
histocompatibility complexes (MHC) on the surface of any nucleated cell (26). MHC
class | (MHCI) and class Il (MHCII) molecules continuously present peptides derived
from intracellular and extracellularly derived proteins. CD8* T cells recognize peptides
presented by MHCI while CD4* T cells are restricted to MHCIl (26). Under healthy
conditions the peptides presented by the MHC molecules will be derived from the
body’s own wild type proteins. These peptides should not activate any T cell as T cells
expressing a TCR recognizing the body's own wild type peptides are negatively selected
during development (27). During infections, the presented peptide repertoire may
include bacteria- or virus-derived proteins. In addition, transformed cells may present
peptides derived from mutated genes (28). Thus, using antigen presentation, cells can
communicate to T cells that they have been infected or contain mutated genes, while
professional antigen presenting cells (APCs) such as DCs can inform T cells on the presence
of pathogens and tumor cells both intra- and extracellularly. TCR stimulation alone is not
sufficient for full naive T cell activation as TCR stimulation alone does not stimulate T cell
proliferation or differentiation, but instead causes a T cell to undergo apoptosis or become
anergic (29).

As a second signalT cells require activation of other cell surface receptors. The interaction
of CD28 molecules expressed on the surface of the T cells with CD80 and CD86 expressed
by activated APCs provides strong costimulation, which combined with TCR activation
may be sufficient for full activation (30-32). APCs can further promote T cell activation
through interactions between surface proteins. For example, interaction of CD137L on the
APC with CD137 on T cells induces cytolytic activity, and the interaction of CD70 on the
APC with CD27 on the T cell promotes proliferation (33-35).

In addition to direct cell-cell contact, T cell differentiation is supported by secreted
proteins called cytokines. Cytokines may be secreted by other immune cells, including
innate immune cells, to communicate what type of effector T cells are required. For
example, IL-12 secreted by DCs stimulates CD4* T cells to become IFN-y secreting helper
cells (Th,) that support cytotoxic T cells (36, 37). Effector T cells encompass cytotoxic T
cells, which can kill infected cells as well as tumor cells, and several types of specialized
T helper cells which promote a specific immune response through cytokine secretion.
T helper functions include supporting B cell differentiation and promoting cytotoxicity
of other immune cells. The variety of effector T cell types is described in more detail in
chapter 4. Most CD8* T cells differentiate into cytotoxic T cells, while most CD4* T cells
become helper cells. Cytotoxic T cell is therefore often used synonymously for CD8* T cells,
however, CD4* T cells can also be cytotoxic cells and CD8* T cells also secrete cytokines.
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Thefourth signal consists of molecules that enable T cell migration towards tissues where
they should exert their effector functions. By expressing a certain chemokine receptor,
immune cells can enter and migrate within tissues where the corresponding ligand(s) are
expressed. Target tissues include inflamed tissue where they must clear infections, as well
as specific areas of the lymph node where immune cells requiring T cell help are located.
For example, naive T cells and certain memory T cells express the chemokine receptor
CCR?7, thus they can enter lymph nodes which express CCL21 to determine whether their
cognate antigen is being presented there (38-40). Th, and cytotoxic T cells express CXCR3
which enables migration into inflamed tissues that secrete CXCL9 and CXCL10 (41).

In addition to the pro-inflammatory signals described above, anti-inflammatory
interactions exist to ensure that the T cell response lasts only as long as required and
cannot go out of control. Shortly after initial activation, CD28 must compete with CTLA-4,
likewise expressed by the T cell, for engagement with CD80/CD86 expressed by the APC
(42). Consequently, the APC must have received ample pro-inflammatory signals to ensure
sufficient expression of CD80/CD86, which will happen during prolonged inflammation.
After activation T cells are further regulated to minimize collateral tissue damage and to
stop their pro-inflammatory effector functions once the threat is over. After activation T
cells express additional molecules, such as PD-1, that inhibit T cell effector functions when
bound to their ligand (43-45). Other cells, including non-immune cells, can inhibit PD-1
expressing cells through interaction with its ligand PD-L1 (44, 46). In addition, a subset
of CD4* T cells called T regulatory cells is specialized in the suppression of an immune
response through expression of inhibitory molecules and cytokines (47). The strength and
duration of a T cell response depends on the balance of pro-inflammatory signals and
anti-inflammatory signals.

B cell differentiation is a multistep process supported by other immune cells

B cells take up soluble antigen or phagocytose small pathogens and particles using the
BCR, which are processed intracellularly to generate peptides which can be presented
by MHC 1l (48). B cells require help from CD4* T cells in secondary lymphoid organs to
become long-lived antibody secreting cells or memory cells (49). Once a B cell finds DC-
activated CD4* T cells that are specific for the B cell’s presented pathogen peptides, these
cells will co-stimulate each other to induce the others’ differentiation into the relevant
effector cells. The CD4* T cell becomes a helper cell specialized in stimulating B cells called
a follicular T helper cell (T, Fig. 1B) (49). The B cells will proliferate and undergo somatic
hypermutation (SHM), by which point-mutations are introduced in the antigen-binding
loops of BCR which might generate a BCR that binds the pathogen more effectively (50).
In first instance, these random mutations may be beneficial, neutral, or detrimental for
pathogen recognition. A BCR with higher binding affinity for the antigen allows B cells
to more efficiently take up pathogen (particles) and present their peptides on MHCII,
while detrimental mutations cause the opposite effect (51). Efficient B cells will be able
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to receive T cell help because they present more of the pathogen'’s peptides on MHCI,
while B cells lacking T cell help will go into apoptosis, a process termed affinity maturation.
The T cell derived activation and pro-survival signals B cells compete for include the
interaction of CD40 on B cells with CD40L on T cells, ICOSL with ICOS, and the secreted
cytokines IL-4 and IL-21 (49, 51). B cells will undergo multiple rounds of proliferation and
somatic hypermutation followed by selection in so called germinal center reactions (52).
Successful B cells will differentiate into memory B cells or into antibody secreting cells
(plasmablasts and plasma cells). Plasma cells are long-lived cells that migrate to the bone
marrow where they may secrete antibodies for years. Antibodies are soluble versions of
the BCR.They may reach the site of inflammation through the blood and can reach the site
of infection when blood vessels have become leaky through the action of other immune
cells. They thwart pathogens by neutralizing extracellular toxins, flagging pathogens for
phagocytosis by otherimmune cells, or by initiating the classical route of the complement
system which also leads to their degradation (53). In conclusion, through the secretion of
antibodies, B cells differentiated into plasmablasts and plasma cells cooperate with other
elements of the immune system to remove extracellular particles and pathogens.

Pathogens and transformed cells foil immunological communication

The immune system uses its extensive and highly specialized communication system to
coordinate immune responses. Unfortunately, both pathogens and transformed cells may
prevent detection and clearance by inhibiting or even abusing any point ofimmunological
communication described above. Viruses and tumor cells use similar strategies to avoid
detection and suppress an immune response. A few examples are described in the next
paragraph.

In addition to promoting an anti-viral immune response as explained above, IFNs can
suppress tumor progression and promote an anti-tumor response (54-57). Yet viruses and
tumor cells can be less sensitive to IFNs by inhibiting IFN production or downstream IFNAR
signaling (58, 59). Both transformed cells and viruses may downregulate MHCI to avoid
detection by CD8* T cells, while employing other mechanisms to prevent detection by NK
cells (60-62). In addition, they may stimulate expression of immune suppressing signals
such as PD-L1 in neighboring cells or express this inhibitory molecule themselves (44, 63,
64). Tumors may also create an immune-suppressive microenvironment by attracting and
maintaining suppressive immune cells such as myeloid-derived suppressor cells and Teo
cells (65).

When a tumor or pathogen efficiently prevents or inhibits an immune response, they
can continue to thrive and further damage tissue locally or even systemically. When the
communication systems of the immune system fail, therapeutic intervention is essential
to support the failing parts of the immune system. Immunotherapy is an umbrella term
for multiple strategies that aim to either educate the immune system of the threat, to
provide functional immune proteins or cells, or to reduce suppressive signaling (66). For
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example, vaccines can show the immune system characteristics of a pathogen or tumor
cell so that immune cells may respond faster to emerging threats (67-70). Therapeutic
antibodies can be administered to support an immune system that is unable or inefficient
in producing them (71). Autologous T cells may be reactivated ex vivo and returned to a
patient (72). To develop successful immunotherapy, it is important to understand which
mechanisms pathogens and tumors use to avoid immune clearance and to find additional
methods of boosting an immune response.

High-throughput screening to better understand communication in
immunology

Further research is required to enhance our understanding of immunological
communication to support therapy development. The most common screening methods
applied these days are transcriptome analyses by RNAseq or genome-wide knockout
screens by CRISPR/Cas9 (73, 74). These represent screening methods of two fundamentally
different categories, since the first searches for new correlations (comparative screening)
and the second for causal relationships (forward screening).

In more detail, in comparative screens each sample is assigned to one of two groups
(healthy subjects vs a patient group, stratified patient groups, treated vs non-treated cells
invitro, etc.), alarge set of datais gathered per sample (e.g. genome wide gene expression),
and then the results are compared between the two groups to identify key differences
that may or may not be causally related (74). Hit selection in comparative screens can yield
many hits, depending on the arbitrary hit selection threshold, of which only a few may be
relevant for the research question at hand. Identifying and validating those relevant hits
may be time-consuming, while there is no guarantee that a relevant hit will be identified.
Unless the goal is to describe a general difference between the groups included in the
screen, comparative screens have a risk of not yielding the desired results.

In forward screens, each sample will receive a unique treatment (e.g. knockout of a
specific gene, treatment with a unique compound, etc.) compared to all other thousand or
more samples, after which each sample is analyzed for an -often limited- set of readouts.
These readouts may include viability or the expression of a certain protein. Some samples
will deviate sufficiently from the other samples, as arbitrarily specified by the researcher,
for their unique treatment to be considered hits. In follow up experiments the hits must
be verified to ensure that the results observed in the screen can be replicated. Forward
screens come in arrayed and pooled forms. In arrayed screens each sample is treated with
a single compound, siRNA or CRISPR guide RNA, while in pooled screens a pool of these
treatments is added to each well. Pooled screens therefore require additional steps to
distinguish the individual treatments within a pool but have the advantage of a needing
to measure fewer samples, which decreases inter-sample variability, the amount of work
and the financial cost compared to arrayed screens. Importantly, causative relations
are inherent to both types of forward screens as each outcome is linked to one unique

15
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treatment.

Arrayed forward screening has been extensively applied in drug discovery where it
involves the testing of a library of thousands of small drug-like molecules -synthesized
in the lab or purified from biological samples- to identify lead compounds that may be
developed into a treatment. This approach has led to drugs such as Dasatinib, which
is now widely used in the treatment of Philadelphia chromosome-positive chronic
myeloid leukemia (75-77). To uncover causal interactions that may occur naturally,
libraries containing molecules found in vivo, such as metabolites, antibodies, or secreted
proteins, can be applied. Screening libraries may also consist of agents that knockdown
or knockout genes such as CRISPR-Cas9 guide RNAs which have been used to (further)
dissect signaling pathways. Genome-wide genetic screens have led to the identification
of regulators of MHCI (SPPL3) and MHCII (GTPase ARL14/ARF7) (78, 79).

Both comparative and forward screening enable the discovery of interactions that may
not have been predicted by experts in a field and are therefore valuable tools to better
understand communication in immunology.

Scope of this thesis

The scope of this thesis is to study immunological communication. Chapter 2 of this
thesis describes the generation of a conditioned medium-based secreted protein library
containing 756 secreted proteins and the first application of such a library to find novel
external signals that modulate viral infection. This screen identified fibroblast growth
factor 16 as an inhibitor of viral replication independent of type | IFNs, thereby uncovering
fibroblast growth factors as anti-viral signaling molecules. In Chapter 3 the secreted
protein library is applied to an in vitro model of B cells during a germinal center reaction to
identify soluble proteins that drive B cell differentiation into antibody secreting cells. Type |
IFNs induce differentiation into plasmablasts and plasma cells in both naive and memory B
cells, but soluble FAS ligand stimulates plasmablast differentiation and antibody secretion
only in memory B cells. In Chapter 4 the original secreted protein library is almost doubled
to include over 1200 secreted proteins. Using this extended library in a high-throughput
setting, we search for novel factors and hereto-unknown functions of established
secreted proteins that affect naive CD4* or CD8* T cell differentiation into effector and
memory cells. Multiple secreted proteins, including type | interferons, affect granzyme B
expression in CD8* T cells, yet only IL-21 induces granzyme B in CD4* T cells. In Chapter
5 renal cell carcinoma (RCC) and paired non-tumorous kidney tissue digests are analyzed
for theirimmune infiltration and cultured to expand tumor infiltrating lymphocytes (TILs).
WhileT cells are increased in RCC and after expansion recognize autologous tumor digest,
these expanded TILs do not have increased cytokine production, indicating that these
TILs have not received the appropriate communication signals to exert their anti-tumor
effector functions. The results of this thesis are summarized and discussed in Chapter 6.
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Abstract

Cellular antiviral programs can efficiently inhibit viral infection. These programs are
often initiated through signaling cascades induced by secreted proteins, such as type
| interferons, interleukin-6 (IL-6), or tumor necrosis factor alpha (TNF-a). In the present
study, we generated an arrayed library of 756 human secreted proteins to perform a
secretome screen focused on the discovery of novel modulators of viral entry and/
or replication. The individual secreted proteins were tested for the capacity to inhibit
infection by two replication-competent recombinant vesicular stomatitis viruses (VSVs)
with distinct glycoproteins utilizing different entry pathways. Fibroblast growth factor 16
(FGF16) was identified and confirmed as the most prominent novel inhibitor of both VSVs
and therefore of viral replication, not entry. Importantly, an antiviral interferon signature
was completely absent in FGF16-treated cells. Nevertheless, the antiviral effect of FGF16
is broad, as it was evident on multiple cell types and also on infection by coxsackievirus.
In addition, other members of the FGF family also inhibited viral infection. Thus, our
unbiased secretome screen revealed a novel protein family capable of inducing a cellular
antiviral state. This previously unappreciated role of the FGF family may have implications
for the development of new antivirals and the efficacy of oncolytic virus therapy.
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Introduction

In order to infect their host, enveloped viruses bind to cell surface receptors and enter
target cells by using virus-encoded glycoproteins that drive membrane fusion. After
fusion of the virus envelope with the cell’s plasma membrane or endosomal membrane,
the viral genome is delivered into the cytoplasm, where it can be transcribed and
replicated. Replication of some viruses, such as lentiviruses and influenza viruses, requires
translocation of the viral genome to the nucleus.

Cells are equipped with sophisticated programs to combat virus infections. These
programs include antiviral signaling cascades downstream of ligand-activated receptors.
Several ligands secreted locally or systemically convey antiviral activity. For example,
tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), IL-34, and IL-1f inhibit hepatitis
B virus infection, IL-67- macrophages have been shown to be more vulnerable to herpes
simplex virus 1 (HSV-1) infection, and IL-27 decreases shedding of HSV-1 in vitro (1-4). Yet
the best-studied and most potent secreted antiviral proteins are alpha interferon (IFN-a)
and IFN-(3, also known as type | interferons (IFNs). Type | IFNs activate STAT signaling
through the IFN-a/(3 receptor (IFNAR), leading to transcription of hundreds of interferon-
stimulated genes (ISGs) (5). Only a small subset of the ISGs (e.g., myxovirus resistance
protein 1 [MxA; also called MX1] and RNase L [RNASEL]) are direct antiviral effectors. MxA
is located in the endoplasmic reticulum, where it can bind viral components, which leads
to their inactivation (6-9). RNASEL is activated by 2;5-oligoadenylate synthetase 1 (OAS1),
which recognizes double-stranded RNA. After its activation, RNASEL degrades the viral
RNA (10, 11). Furthermore, the physiological importance of type | IFNs is demonstrated
by the fact that most viruses are capable of counteracting the IFN pathway. Viruses have
evolved to inhibit the production of IFNs, block the signaling downstream of IFNAR, and/
or affect the synthesis of IFN effector molecules (12). Although several cytokines have
been described to induce antiviral signaling programs, potential antiviral properties of
most secreted proteins have not yet been explored.

Secretome libraries have successfully been employed to establish roles of secreted
proteins in various biological systems (13, 14). For instance, secretome screens led
to the identification of IL-34 as a promoter of monocyte viability and of pigment
epitheliumderived factor as an inducer of human embryonic stem cell proliferation (15,
16). In the present study, we generated and employed a library containing 756 secreted
proteins to perform a secretome screen for modulators of viral entry and/or replication.
We specifically used recombinant vesicular stomatitis viruses expressing the glycoprotein
from Lassa virus (VSV-LASV) or Ebola virus (VSV-EBOV), since the glycoproteins of
these viruses initiate distinct entry pathways (17-19). This allowed for straightforward
discrimination between modulators at the level of viral entry versus viral replication.
Using this approach, we identified fibroblast growth factor 16 (FGF16) as a novel inhibitor
of viral replication. Its antiviral activity was recapitulated in multiple cell lines and was not
limited to VSV pseudotypes, as it also decreased infection by coxsackievirus. Treatment
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with FGF16 induced an FGF-like transcriptional response, and several other members of
the FGF family inhibited viral replication, indicating that the induction of FGF signaling
represents a novel way to combat certain virus infections.

Materials and Methods

Cells and viruses

The HEK293T (provided by J. Neefjes, NKI, Amsterdam, The Netherlands; HLA-A and
-B typed as a control for authenticity), HAP1 (Horizon Genomics), HepG2 (ATCC), U20S
(ATCC), and 2A14 (provided by M. Griffioen, LUMC, Leiden, The Netherlands) (52) cell lines
were cultured in IMDM (Lonza) supplemented with 10% fetal calf serum (FCS) and 1%
penicillin-streptomycin at 37°C and 5% CO2. VSV-LASV, VSV-EBOV, VSV-GTOV, VSV-MACYV,
and VSV-JUNV expressing EGFP as well as GFPexpressing coxsackievirus B3 (CV-B3-GFP;
strain Nancy) were propagated as described previously (17, 18, 35, 36). A replication-
incompetent lentivirus pseudotyped with the VSV glycoprotein (VSV-G) and expressing
GFP was produced using the puc2CL6IPwo plasmid (kindly provided by H. Hanenberg) in
combination with packaging constructs (53).

Recombinant secreted proteins

Plasmids for the secreted protein library were obtained from Origene and GE Healthcare.
HEK293T cells (40,000) were plated in wells containing 0.5 ml medium in 24-well plates
and incubated overnight. Transfection mixes were prepared by mixing 50 ng plasmid DNA

with 1.5 pg polyethylenimine (Polysciences) in 50 ul serum-free medium per transfection,
followed by 30 min of incubation at room temperature. Fifty microliters of transfection
mix was added per well. After 6 h of incubation, the medium was replaced by 1 ml fresh
medium. After three more days, conditioned medium for each individual transfection was
collected and cleared of cells by multiple rounds of centrifugation. Levels of IFN-y and
TNF-a were determined by enzyme-linked immunosorbent assay (ELISA) according to
the manufacturer’s protocol (Sanquin). Purified recombinant human proteins IFN-a, FGF1,
FGF5, FGF8b, FGF9, FGF10, FGF16, FGF20, and FGF21 were all from PeproTech. Anti-IFN-a
clone M710 was obtained from Thermo Scientific, and anti-IFN- was produced in-house.
JAK inhibitor | was obtained from Calbiochem.

Viral infection assay.

Target cells were plated in black flat clear-bottomed 96-well tissue culture plates
(Greiner). HAP1 and U20S cells were plated at 15,000 cells/well, and other cell lines were
plated at 20,000 cells/well. The next day, conditioned medium or purified recombinant
proteins (at the indicated concentrations) were added. The final dilution of conditioned
medium in the screen was 11x, as this dilution resulted in the maximal difference between
empty vectorand control IFNB1 samplesin optimization experiments. Individual screening
plates contained two control wells with IFNB1-conditioned medium and four control
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wells with empty vector-conditioned media covering the different backbones of the
secreted protein-encoding plasmids. After overnight incubation, cells were infected using
a concentration of virus that enabled significant detection of inhibition and induction of
viral infection, using a microplate reader for readout (Fig. 2B). After 5 to 7 h, cells were fixed
using 4% formaldehyde for 30 min. Plates were washed twice with phosphate-buffered
saline (PBS). Total GFP fluorescence per well was measured with a Clariostar microplate
reader (BMG Labtech).

Screen analysis

The quality of an assay to be used for screening can be assessed by the Z-factor (20). The
Z-factor for the viral infection assay was calculated from the GFP fluorescence intensities of
the negative (empty vector) and positive (IFNB1) controls by using the following formula:

7=1— 0'empty vector T GIFNBl)

Famptyvecor = gD in which o equals the standard deviation and p equals the mean.
GFP fluorescence intensities in the secretome screens were normalized per plate by
B-score normalization in Excel (Microsoft), as described by Malo et al. (21). This method
normalizes for plate and row confounding effects by iterative subtraction of median row
and column values (excluding those for IFNB1 controls) from each individual well value.
After this median polishing step, the B-score for each well was determined by a plate
normalization using the median absolute deviation, as follows: MAD = median{|polished_
well_va - median(polished_wells_plate)|}. Each virus screen was performed in duplicate.
The final B-score for a condition was the mean of the two values. The cutoff for hit selection

was set at 3 times the standard deviation for all conditions, excluding IFNB1 controls.

Fluorescence microscopy and flow cytometry

Imaging of infected cells (i.e., GFP-positive cells) was performed after visualizing cellular
nuclei by use of 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen) and a fluorescence
microscope (Zeiss, Oberkochen, Germany). For lentivirus infections, HAP1 cells were
inoculated with virus for 24 h before the GFP-positive cells could be determined by flow
cytometry using an LSR flow cytometer (BD Biosciences). Data were analyzed using FlowJo
VX (Treestar).

RNA-seq

HAP1 cells were plated at a density of 0.5 million cells/well of a 6-well plate. The
following day, cells were treated with either medium or 6 pg/ml purified recombinant
FGF16 (n = 3; total of six samples). After 24 h of incubation, cells were harvested and
lysed in TRIzol reagent (Invitrogen). RNA libraries were prepared for sequencing using the
standard manufacturer’s protocols and sequenced on a HiSeq 2000 platform (lllumina).
The single-read sequences were mapped against the human genome (hg38) by use of
Tophat software. Read counts were determined using HTseg-count (22). In edgeR, counts
per million were calculated from the read counts, and lowly expressed genes, with 1
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cpm or less in three or more samples, were discarded. A multidimensional scaling (MDS)
plot was made to confirm whether a paired analysis was appropriate. In limma, VOOM
normalization was applied, and a linear model was fitted using a paired design (54, 55). The
false-discovery rate (FDR) was used to correct for multiple testing, and adjusted P values
of <0.05 were considered significant. For the significantly upregulated genes, enrichment
of known transcription factor binding motifs in the transcription start site region of -400
to +100 was identified using the findMotifs.pl script of Homer (v4.9.1) (56; http://homer.
ucsd.edu/homer/).

Statistics

P values were determined by the indicated statistical tests, using R. The following
symbols are used to indicate statistical significance in the figures: *, P < 0.05; **, P < 0.01;
*** P <0.001; **** P < 0.0001; and n.s., not significant. IC50 values were calculated using
the online IC50 calculator tool of AAT Bioquest (https://www.aatbio.com/tools/ic50-
calculator).

Accession number(s)

The RNA-Seq data have been deposited in the Sequence Read Archive under accession
no. SRP151416.

Results

Generation of a secreted protein library

To identify new secreted proteins that affect viral infection, we generated a large
secretome library. To this end, we acquired a cDNA collection representing 756 different
transcripts derived from 679 genes. Ninety-six percent of the transcripts in this collection
encode established secreted proteins, while the rest of the encoded proteins are predicted
to be secreted. Our secretome library covers a broad spectrum of physiological functions
(Fig. 1A; see also Appendices: The Secreted Protein Library) and includes cytokines and
chemokines but also peptide hormones, extracellular matrix proteins, neuropeptides, and
enzymes. Each of these categories consists of a mix of broadly studied secreted proteins
and proteins with hitherto undiscovered functions. Our library enables the discovery
of new functions for well-described proteins as well as identification of the functions
of less-well-explored proteins. To produce protein from each transcript within this
secretome library, each individual cDNA was transfected into HEK293T cells, and cell-free
conditioned medium was collected and stored for use in a separate viral infection assay
(Fig.1B). Quantification of secreted proteins in the conditioned medium showed average
levels of IFN-y above 30 ng/ml, while TNF-a levels reached up to 1.4 ug/ml (Fig. 1C). The
production was performed in seven rounds, for which the efficiency was monitored by
separate transfections of IFN-y and TNF-a cDNAs. The amounts of released cytokines in
the medium were consistently within the same range, indicating that the transfection
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performance was robust over time (Fig. 1C). Next to the secretion of IFN-y and TNF-q,
we observed secretion of biologically active concentrations of nine other proteins (our
unpublished observations), indicating that we generated a functional secretome library
that can be used for high-throughput screening.

Secretome screening reveals FGF16 as a novel modulator of viral replication

We next studied the effects of secreted proteins on viral infection by using enhanced
green fluorescent protein (EGFP)-expressing VSV-LASV and VSV-EBOV. These two viruses
have different modes of viral entry due to their respective glycoproteins, while they
share the same cytoplasmic replication mechanism. The level of viral infection on HAP1
cells was determined by the total EGFP fluorescence intensity as quantified using a
sensitive microplate reader. Using infections with and without preincubation with IFNB1-
conditioned medium, a known inhibitor of VSV replication, we set up a reproducible assay
which allowed us to detect inhibition and potentially also enhancement of viral infection
(Fig. 2A and B). Notably, the Z-factor of this assay was higher than 0.5 for both VSV-LASV
and VSV-EBOV, indicating that the dynamic range was large enough for effective high-
throughput arrayed screening (Fig. 2C) (20).

Thisassay was then used toidentify novel secreted proteins with the capacity to modulate
viral infection. The total arrayed library of 756 cell-free conditioned media was tested and
was controlled by 56 empty vector-conditioned media and 28 IFNB1-containing media
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Figure 1. Generation of a secreted protein library covering broadly diverse physiological functions. (A)
Our cDNA library consists of 679 genes encoding 756 transcripts. The 679 genes were categorized according to
the Panther and Gene Ontology classification systems and additionally colored from top to bottom to belong to
the supercategories immunology, development, signaling, extracellular matrix, transport, enzymes, and other/
undefined (57-59). (B) Schematic overview of conditioned medium generation. HEK293T cells were plated,
incubated overnight, and then transfected with single plasmid DNAs. The cell-free secreted protein-conditioned
medium was collected at day 3. Aliquots were diluted 4x in medium and stored in ready-to-screen plates at
-80°C. (C) Transfection consistency across different transfection rounds was determined by ELISA with control
IFNy and TNF-a-conditioned media. IFN-y and TNF-a levels in empty vector-conditioned medium were below
the detection limit of 20 pg/ml.
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Figure 2. Secreted protein screening reveals FGF16 as an inhibitor of VSV-EBOV and VSV-LASV infection.
(A) Viral infection assay set-up. One day after HAP1 target cells were plated, they were exposed to different
secreted proteins for another 24 h. Finally, cells were infected with VSV-EBOV or VSV-LASV for 5 or 6 h,
respectively. GFP levels were detected using a fluorescence microplate reader. (B) HAP1 cells were pretreated
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equally distributed over the library plates. The screens were performed independently
with VSV-LASV and VSV-EBOV, both as biological duplicates. Data were normalized using
the B-score, a method that is well suited for analysis of multiplate high-throughput
screens (21). The majority of the conditioned medium treated wells had GFP levels similar
to those of the empty vector controls for both viruses, whereas IFNB1-containing media
showed clear inhibition (Fig. 2D). Importantly, this unbiased analysis highlighted known
inhibitors of viral replication within our library (IFNA2, IFNB1, and IFNG) in both virus
screens (Fig. 2D). The most significant novel infection inhibitors in either of the screens
were ADCK1, FGF16, LAS2, and TTR, while SCUBE3 and ENHO2 seemed to enhance virus
infectivity. Subsequently, we set out to validate these hits by using both VSV recombinants
and found that only FGF16 reproducibly inhibited infection (Fig. 2E and F). Interestingly,
FGF16 significantly inhibited both viruses, with the strongest inhibition against VSV-EBOV.
Further analysis of the data from the VSV-LASV screen revealed that FGF16 was just below
the stringent cutoff for hit selection (Fig. 2D), while nonvalidated hits were all within
the single standard deviation (SD) range in the screen for the other VSV pseudotype.
All these experiments were performed using FGF16-conditioned medium, in which the
exact concentration of FGF16 was unknown. The FGF16-conditioned medium used for
the screens may have contained a suboptimal concentration of FGF16. Consequently,
we investigated the effect of commercially available purified recombinant FGF16 to
determine its active concentration. More than 40% reductions in viral infection were
detected at FGF16 concentrations of 35 ng/ml and higher, confirming the initial findings
using conditioned medium (Fig. 2G). Moreover, at higher concentrations, FGF16 almost
completely abolished infection, similar to recombinant IFN-a. To determine whether
FGF16's inhibitory effect would apply broadly to cell types other than our model HAP1

Figure 2 Legend (continued)

with empty vector- or IFNB1-conditioned medium for 24 h. These cells were then infected with serial dilutions
of VSV-LASV supernatant. IFNB1-treated cells nearly completely resisted infection. For the sake of simplicity,
we therefore used the residual GFP signal in IFNB1-pretreated wells as the background of the assay. Medium
treatment was plotted as a white line. We chose to use an 8x dilution of VSV-LASV in the screen because, at this
dilution, the dynamic range to find potential inhibitors (blue arrow) or augmenters (red arrow) of viral infection
seemed optimal. (C) HAP1cells were preincubated as described for panel A, followed by infection with either
VSV-LASV or VSV-EBOV. Forty-eight wells were analyzed for each condition. The Z-factors for both assays were
subsequently calculated. (D) The secretome screens were performed in this screen-compatible assay, including
additional control empty vector- and IFNB1-conditioned media on each plate. Calculation of B-scores for the
GFP levels is described in Materials and Methods. The averages for two replicates for each screen are depicted
in readout order. Hits beyond three times the SD (dashed line) are shown in blue. FGF16 is colored red in the
VSV-LASV screen because its value is below the threshold for hit selection here. (E) All hits were tested again,
using new conditioned media. The statistical significance of the difference between each secreted protein and
its corresponding empty vector (EV) was determined by analysis of variance (ANOVA) followed by Tukey’s post
hoctest. (F) Specified images of VSV-EBOV infections. Nuclei were stained with DAPI. (G) Target cells were treated
with medium, 1 pg/ml IFN-q, or a serial dilution of commercially available purified recombinant FGF16, followed
by infection with VSV-LASV. (H) HAP1, U20S, 2A14, and HepG2 cells were pretreated with control medium, 1 ug/
ml IFN-q, or 5 pg/ml FGF16 and infected with VSV-LASV. Statistically significant differences were identified by
ANOVA followed by Tukey’s post hoc test. For panels E, G, and H, GFP fluorescence intensities were normalized
to the mean for all empty vector or medium controls. Data from a representative experiment of 2 (G) or 3 (H)
experiments are shown. For panel H, background fluorescence intensities of noninfected cells were subtracted
before normalization to improve the comparability between cell lines.
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Figure 3. FGF16 inhibits replication of cytoplasmic viruses. (A) HAP1 cells were pretreated with medium, 1
pg/ml IFN-a, or 5 ug/ml FGF16, followed by infection with the indicated VSV pseudotypes. (B) Representative
images of DAPI-stained cells after VSV infection. (C) HAP1 cells, pretreated for 24 h, 5 h, or 0.5 h, as indicated,
were infected with VSV-LASV. (D) Infection of HAP1 cells with GFP-expressing coxsackie B3 virus for 5 h. (E)
Representative images of coxsackie B3 virus-infected cells. (F) HAP1 cells were pretreated as described above,
followed by infection with GFP-expressing Lenti-VSV for 24 h. Percentages of GFP* cells were determined by flow
cytometry. (G) Quantification of GFP cells. For panels A, C, and D, GFP intensities were normalized to the medium
control. Statistical significance was determined by ANOVA followed by Tukey's post hoc test.
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cell line, we additionally pretreated the osteosarcoma cell line U20S, the uveal melanoma
cell line 2A14, and the liver cancer cell line HepG2. FGF16 exhibited significant antiviral
effects on U20S and 2A14 cells but not on HepG2 cells, indicating that multiple—but not
all—cell types can be protected against viral infection by FGF16 (Fig. 2H).

FGF16 inhibits replication of multiple cytosolic viruses

FGF16 apparently affected general VSV replication, since infection by both VSV-LASV
and VSV-EBOV was inhibited. While the cell entry mechanisms of these viruses differ, their
replication machineries are identical. To further confirm this notion, we analyzed the
infectivity of VSV expressing its native glycoprotein or one of the glycoproteins of the New
World arenaviruses Guanarito virus (VSV-GTOV), Machupo virus (VSV-MACV), and Junin
virus (VSV-JUNV), which utilize yet another entry pathway. Indeed, next to inhibiting VSV-
LASV and VSV-EBOV infection, FGF16 robustly inhibited infection by wild-type VSV and
three other VSV pseudotypes (Fig. 3A and B). Furthermore, FGF16 did not seem to block a
step in viral entry, as the antiviral activity of FGF16 was pronounced only after prolonged
pretreatment (Fig. 3C). These data indicate that a downstream replication process, not
viral entry, was inhibited by FGF16.

To gain more insight into the mechanism of the antiviral activity of FGF16, we tested
whether the antiviral effect of FGF16 extended beyond the VSV replication machinery.
Strikingly, coxsackievirus, a nonenveloped cytoplasmic RNA virus, was also inhibited
by FGF16 treatment (Fig. 3D and E). Since both VSV and coxsackievirus replicate in the
cytosol, we next wondered whether FGF16 targets only cytosolic viral replication. As a
model virus for nuclear replication, we utilized a VSV-pseudotyped lentivirus (Lenti-VSV)
which consequently has the same viral entry mechanism as wild-type VSV. Interestingly,
Lenti-VSV infection was not inhibited by FGF16 (Fig. 3F and G), which further substantiated
the notion that FGF16 does not inhibit viral entry. Taken together, these data suggest that
FGF16 mainly affects cytosolic replication of multiple RNA viruses.

FGF signaling inhibits viral replication

We next hypothesized that the mechanism by which FGF16 inhibits viral replication
may have similarities to that of type | IFN-mediated antiviral activity. To determine the
expression signature of cells, we performed transcriptome sequencing (RNA-Seq) of
FGF16-treated cells. Importantly, genes which have been shown to play a role in viral
infection after type | IFN stimulation were not significantly upregulated after FGF16
stimulation, arguing for a distinct mechanism of action compared to that of type | IFN-
mediated viral inhibition (Fig. 4A) (22). To confirm that FGF16’s mechanism of action is
indeed independent of the type | IFN pathway, we either neutralized type | IFNs by use
of antibodies or inhibited IFNAR signaling by use of JAK inhibitor | (23, 24). As expected
based on the transcriptome analysis, FGF16 inhibited viral infection regardless of type | IFN
pathway interference, while the antiviral activity of IFN-a was significantly reduced (Fig.
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Figure 4. FGF signaling induces resistance to viral infection. (A) RNA-Seq was performed on three replicates
of HAP1 cells that were treated with either medium or 6 pug/ml FGF16 for 24 h. Box plots show the log2-
transformed ratios of gene expression of FGF16 over the medium control [log,(fold change)]. Data for genes
that are induced by type | IFN or FGF signaling, according to the literature (22, 25, 26, 28-30, 60), were plotted
in separate box plots. The data were analyzed by ANOVA followed by Tukey’s post hoc test. (B and C) HAP1
cells were pretreated with 50 pg/ml anti-IFN-a and 50 pg/ml anti-IFN-3 (B), 1 uM JAK inhibitor | (C), or medium
(control) for 1 h before treatment with either medium, 5 pg/ml FGF16, or 1 ug/ml IFN-a for 24 h, followed by
infection with VSV-LASV. The data were analyzed by two-way ANOVA followed by Tukey’s post hoc test. (D) HAP1
cells were pretreated with the indicated concentrations of IFN-a together with FGF16 for 24 h before infection
with VSV-LASV. (E) Volcano plot showing the expression change versus adjusted P value for each FGF signaling-
induced gene (gray dots) as determined by the RNA-Seq analysis described for panel A. (F) The promoter region
(-400 to +100) of the 949 significantly upregulated genes (P < 0.05) was further analyzed for enrichment of
known transcription factor binding motifs by use of Homer (56). The 38 significant motifs (P < 0.05) are shown
in Table S2 in the supplemental material. The pie charts depict, for each indicated family (top three families), the
proportion of transcription factor motifs within the Homer database that were significantly enriched (colored) in
the upregulated promoters. (G) HAP1 cells were pretreated with either medium, 1 pg/ml IFN-a, or 5 ug/ml of at
least one FGF of each canonical and endocrine subfamily of FGFs. The corresponding subfamilies are depicted
below each FGF (27). Data are shown for a representative experiment of two experiments. For panels B, C, D, and
G, data were normalized to the medium control after subtraction of background fluorescence.
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4B and Q). Thus, the mechanism by which FGF16 inhibits viral infection is independent of
type | IFN production or (IFN) signaling via JAK/STAT.

Since FGF16 and type | IFNs thus probably activate distinct antiviral pathways, their
effects may be additive. To investigate this, we performed serial dilution of IFN-a in the
presence of different concentrations of FGF16. FGF16 increased the inhibition of viral
infection at suboptimal levels of IFN-q, arguing that FGF16 may act in conjunction with
type | IFNs to inhibit viral replication (Fig. 4D). Note that the 50% inhibitory concentration
(IC,) for inhibition of VSV-LASV infection was 76.4 ng/ml (3.2 nM) for FGF16 and 0.15 ng/
ml (6.7 pM) for IFN-a (calculated from the data in Fig. 2G and 4D, respectively).

We next analyzed the RNA-Seq data set for other obvious transcriptional signatures
and found that —as could be expected after FGF16 stimulation— FGF receptor (FGFR)-
regulated genes were significantly upregulated (Fig. 4A) (25, 26). These genes included
those for the transcription factors ETV4 and ETV5, DUSP6, and SPRY family members, all
of which are known targets of E26 transformation-specific (ETS) transcriptional activity
downstream of FGFR signaling (Fig. 4E) (27). Moreover, in-depth analyses of all upregulated
genes after FGF16 treatment showed that their promoter regions were significantly
enriched for the ETS binding site motif (Fig. 4F; see Table S2 in the supplemental material)
(28-31). Thus, the transcriptional profile of FGF16-treated cells suggests that inhibition
of viral replication may be directed via signaling through FGFR. If general FGF signaling
induces resistance to viral infection, then other FGFs may also cause this effect. To test this
hypothesis, we pretreated cells with members of each of the five subfamilies of secreted
FGFs, including FGF9 and FGF20 of the FGF16-containing subfamily. Subsequently, we
inoculated these cells with virus and quantified the levels of infection. Similar to FGF16,
both FGF9 and FGF20 strongly inhibited viral replication (Fig. 4G). Several other FGF
subfamily members were also capable of inducing protection against viral infection, as
illustrated by marked reductions of infection after preincubation with FGF1 and FGF8B
(Fig.4G). These results reinforce the notion that FGF signaling triggers an antiviral program.

Discussion

In the present study, we generated and employed a secreted protein library to discover
novel cell-intrinsic pathways that can modulate viral infection. Using this unbiased and
unique forward screening approach, we identified FGFs as a novel family of secreted
proteins with antiviral properties. The major advantage of forward screening approaches
is that hits have a causal relationship with the observed phenotype. In our screen,
perturbations—consisting of hundreds of secreted proteins—were tested for their effect
on the observed outcome—virus infection—leading to the discovery that FGFs can cause
a cellular antiviral state. In the past, secretome screens have led to other fascinating
discoveries, but to our knowledge, they have not been performed before to study viral
infection (13-16).

FGFs are required for organ development and regeneration but are also involved
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in metabolism (27). However, little is known about their role during viral infection. The
human FGF family consists of 18 secreted and four intracellular FGFs, categorized into
seven subfamilies (27). For each of the six secreted FGF subfamilies, we tested the antiviral
capacity of a representative member and found that at least three subfamilies can induce
an antiviral state in cells. The secreted subfamilies are known to signal via one or more
of the four FGFRs, each also having several splice variants (32). The expression of FGFRs
and downstream molecules differs between cell lines, which may have accounted for the
difference in antiviral efficacy of FGF16 in the cell lines examined here. In addition, FGFR
bindingand downstream signaling may be enhanced by cofactors, suchas heparin/heparan
sulfate proteoglycans or the Klotho protein family, but these did not act synergistically with
FGF16 (data not shown). We next analyzed the relationship between the antiviral activities
of the FGF and type | IFN families. The transcriptional profile of FGF16-treated cells lacks
upregulation of IFN antiviral effector molecules. Furthermore, neither neutralization of
potentially produced type | IFNs nor inhibition of JAK/STAT signaling inhibited FGF16's
antiviral capacity. These data indicate that the antiviral mechanism induced by FGF16 is
distinct from that of IFNs. FGF signaling may therefore represent an innate strategy by
which host cells can combat IFN-resistant viruses (12). It is still unclear which intracellular
effector molecules exert the antiviral effect of FGF signaling, although the requirement for
more than 5 h of preexposure to FGFs suggests that the antiviral effect induced by FGF16
covers a transcription activation program. A more detailed molecular investigation of the
effectors targeting the viral replication cycle is required to further understand the FGF-
induced antiviral pathway and to elucidate why infection by cytoplasmic but not nuclear
RNA viruses is inhibited by FGF signaling.

Interestingly, HSV-1 specifically uses FGFRs for docking and entry (33), and blockade
of FGFRs with the high-affinity ligand FGF2 can inhibit HSV-1 infection in vitro and in vivo
(33, 34). Importantly, the antiviral effect of FGF16 is not through blockade of FGFRs, since
FGFRs are not the entry receptors for the viruses that we tested (18, 35-37). Furthermore,
a short preincubation with FGF16 before infection still allowed efficient viral infection,
arguing for a mechanism that entails receptor-mediated signaling. Since the antiviral
effect was established for several different viruses with diverse cell entry strategies, the
mechanism is distinct from FGF-mediated inhibition of HSV-1 infection. In this study, the
cytoplasmic viruses VSV and coxsackievirus, but not the nuclear virus Lenti-VSV, were
inhibited by FGF16. Others have found that nuclear adenovirus type 2 is not inhibited
by FGF2, supporting the notion that the antiviral activity of FGFs may be exerted in the
cytoplasm (33). However, adenovirus type 2 is a DNA virus, as opposed to the RNA viruses
studied here. It would be of considerable interest to investigate whether FGFs can also
potentiate antiviral responses against DNA viruses, especially those with cytoplasmic
replication, such as vaccinia virus (38).

Different members of the Herpesviridae as well as measles virus have been reported to
induce expression of FGF2 (39). Transfection with a plasmid encoding the Epstein-Barr virus
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latent membrane protein 1 leads to increased FGF2 expression (40). Higher levels of FGF2
have also been reported following herpes simplex virus 1 (HSV-1) infection in both mice
and humans (41, 42). These data together suggest that FGFs may participate in the innate
antiviral response. Although for many viral infections the induction of FGF expression has
not been determined, it is clear that FGFs are expressed upon tissue damage to promote
tissue regeneration. Our data suggest inhibition of viral replication as an added benefit
of FGF expression. FGF signaling may therefore be harnessed to strengthen this effect.
However, this requires further investigation of the pathways involved in this process in
order to determine whether molecular determinants of FGF signaling may be a suitable
therapeutic target.

Since the secretome library contains seven additional classical FGFs besides FGF16,
we wondered why they were not identified as hits in the screens. Interestingly, these
included five FGFs from the subfamilies that did not affect viral infection (FGF4, FGF7,
FGF10, FGF21, and FGF23) (Fig. 4D), possibly explaining a lack of antiviral efficacy in the
screen. Furthermore, subfamily members FGF1 and FGF2 in the library may not have been
potent enough, since purified recombinant FGF1 only partially inhibited viral infection.
Alternatively, it is possible that the FGFs in the library were not expressed at sufficient
(bioactive) levels to inhibit viral replication, as the recombinant protein levels in the library
conditioned media varied considerably (from nanograms per milliliter to micrograms per
milliliter) (Fig. 1C and data not shown).

Recently, the excellent capacity of oncolytic viruses —such as VSV and coxsackievirus—
to lyse cells and elicit a systemic immune response has been harnessed clinically for
immunotherapy of cancer (43-45). However, intracellular antiviral signaling may inhibit
successful infection of tumor cells by these viruses. Indeed, mice treated with IFN-a
showed a weaker response to oncolytic alphavirus M1 treatment (46). These results may
be extrapolated to FGFs, as the expression of various FGFs is upregulated in ovarian cancer,
breast cancer, prostate cancer, and colon cancer (47-51). In tumor microenvironments
with high FGF levels, replication of oncolytic VSV or coxsackievirus is possibly naturally
inhibited. Such oncolytic virus therapy may benefit from additional inhibition of FGF
signaling. Since in our experiments not all viruses are affected by FGFs, the use of FGF-
resistant oncolytic viruses may be considered for cancers which highly express FGFs.

In conclusion, we identified FGFs as novel inhibitors of virus infection. This finding
may have several implications: promoting FGF signaling may have potential for antiviral
therapy, while inhibition of FGF signaling provides opportunities for the improvement of
oncolytic viral therapy.
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Supplementary data

Table S2. Enriched transcription factor binding motifs in all significantly upregulated genes by FGF16 as
determined by Homer software.

Rank Motif Name Family P-value % Target %
sequences Background
with motif  with motif

1 2GIGGGCGGAGE Sp5 zf  10® 65.80% 56.57%
2 ACAGGAAGIG ETS1 ETS 107 41.81% 33.29%
3 ZGCeceaeeceee Sp1 zf 107 41.40% 32.96%
4 SESFTTCCSsE Fli1 ETS  10° 50.89% 42.45%
5 TAFTTCCGSLE Elk4 ETS  10° 43.17% 35.01%
6 Z2%CCSCACCCE=== KLF3 z  10° 40.56% 32.53%
7 2GGGEGIGEC KLF5 7 108 64.55% 57.30%
8 STAFITCCISES Etv2 ETS  10° 33.89% 27.17%
9 ACAGGAAGIs ERG ETS  10° 47.24% 40.03%
10 TACTTCCLLE Elk1 ETS  10° 41.19% 34.18%
11 ATTSCATCAZX Chop  bzIP  10* 4.59% 231%
12 28CCGGAACT ETs  ETS  10° 27.53% 22.12%
13 22CCGOAAGI GABPA  ETS  10° 30.83% 33.87%
14 AACGGGAAGI ETV1 ETS  10° 48.18% 42.14%
15 SACAGGAAAT BT s 100 2400% 1951%
16 ATTTCCTCEs E\?{;Ss:iii& ETS 100 15.33% 11.63%
17 ZATGITGCAA CEBP:AP1  bZIP 103 11.57% 8.43%
18 28CCGEAACGI ELF1 ETS 107 36.39% 31.39%
19 ETGATGGAAZ Atf4  bzIP  10° 5.42% 3.37%
20 SXGGCSGIGGCE KLF6 zf  10° 55.16% 50.00%
21 CAAGATGGCGGC YY1 zf 103 8.55% 5.96%
22 SEEFLSCCCCECCTEcICGE  BORS  zf 107 13.03% 9.85%
23 ZGXGGGEGFaEEe KLF14 zf 102 73.10% 68.52%
24 GCCACACCCA Kif4 zf 102 21.48% 17.76%
25 TTCQ;%A AA STAT6 Stat 10?2 9.59% 7.13%
26 SSLICIICAASSTTCSEAGAS  HRe HSF 102 4.28% 2.67%
27 EGCG CEﬁA‘% E2F4 E2F 102 36.08% 31.82%

(Continued on next page)
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Table S2 (continued)

Rank Motif Name Family P-value % Target %
sequences Background
with motif with motif

28 LICGCGCGAAAA E2F E2F 102 5.74% 3.89%
29 GAAASIGAAASI IRF1 IRF 102 3.75% 2.30%
30 AGAGGAAGTG PU.1 ETS 102 13.87% 11.04%
31 ASRAGGAAGI EHF ETS 102 35.14% 31.16%
32 8ACAGGAAGT Etsl-distal ETS 102 7.09% 5.12%
33 TTCTAGAAS&TTCIZ HRE  HSF 102 4.48% 3.00%
34 SAGAACATZICTCTEC PR NR 102 28.99% 25.48%
35 XZATGASTCAZS Fral bzIP  10? 7.40% 5.50%
36 AGGTGI®A Tox5  T-box 102 50.78% 46.86%
37 2ATGACGTCA Atf1 bzIP 107 18.25% 15.37%
38 AGTTTCASTTIC ISRE RF  10? 2.09% 1.15%
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Abstract

Differentiation of antigen-specific B cells into class-switched, high affinity antibody-
secreting cells provides protection against invading pathogens but is undesired when
antibodies target self-tissues in autoimmunity, beneficial non-self blood transfusion
products or therapeutic proteins. Essential T cell factors have been uncovered that regulate
T cell-dependent B cell differentiation. We performed a screen using a secreted protein
library to identify novel factors that promote this process and may be used to combat
undesired antibody formation. We tested the differentiating capacity of 756 secreted
proteins on human naive or memory B cell differentiation in a setting with suboptimal T
cell help invitro (suboptimal CD40L and IL-21). High-throughput flow cytometry screening
and validation revealed that type | IFNs and soluble FAS ligand (sFASL) induce plasmablast
differentiation in memory B cells. Furthermore, sFASL induces robust secretion of IgG1
and IgG4 antibodies, indicative of functional plasma cell differentiation. Our data
suggest a mechanistic connection between elevated sFASL levels and the induction
of autoreactive antibodies, providing a potential therapeutic target in autoimmunity.
Indeed, the modulators identified in this secretome screen are associated with systemic
lupus erythematosus and may also be relevant in other autoimmune diseases and allergy.
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Introduction

The immune response against a wide variety of pathogens is critically dependent on
antigen-specific, high affinity antibodies generated upon natural infection or through
vaccination. In contrast, antibodies are detrimental when induced against self-antigens
in autoimmune disorders or against allergens, therapeutic proteins, blood products or
transplants. Protective and pathogenic antibodies are produced by antibody-secreting
plasmablasts or plasma cells (ASCs) that originate from B cells. T cell help consisting of
CD40L/CD40 costimulation and the secretion of specific cytokines is essential for the
generation of long-lived plasma cells that produce high-affinity, class switched antibodies.
Short-lived plasmablasts differentiated from B cells without T cell help mostly secrete low-
affinity antibodies.

T cell-dependent B cells differentiate in secondary lymphoid organs after being
activated by their cognate antigen (1). Upon activation they migrate to the border of the
B and T cell zones where they present antigen-derived peptides to activated T helper cells.
After receiving T cell help, B cells migrate back into the B cell follicles while undergoing
class switching. They initiate so called germinal center (GC) reactions by alternating
between stages of proliferation in GC dark zones (DZ) and reacquisition of antigen to
receive additional help from GC-resident antigen-specific follicular T helper (T,,) cells in
GC light zones (LZ) (2, 3). Expression of the chemokine receptor CXCR4 allows migration
into the DZ, whereas absence of CXCR4 favors LZ localization. During this cycling process,
somatic hypermutation of the B cell receptor (BCR) occurs followed by affinity maturation,
where B cells with the highest affinity BCRs for the antigen selectively proliferate.
Ultimately, these B cells differentiate into memory B cells (CD38CD27*) and later into
ASCs consisting of plasmablasts (CD38*CD27*CD138) and terminally differentiated
plasma cells (CD38*CD27+CD138") (1, 4-7). A subset of memory B cells expresses CXCR3 to
migrate into inflamed tissue, while others remain in lymphoid organs or circulates in the
peripheral blood (8). Upon reinfection and antigen recall, memory B cells may reengage
in GC reactions (8, 9). Plasma cell migration to the bone marrow for long-term survival is
directed by CXCR4 (10).

Essential for driving B cell differentiation are membrane-bound interactions between
receptor-ligand pairs on B cells and T such as CD40/CD40L (11-13). Furthermore, it is
clear that soluble factors like T, cytokines IL-21 and IL-4 are key T_, cytokines for effective
B cell differentiation and that IFN-y promotes, among other things, migration to inflamed
tissue (11, 14, 15). Yet, several other secreted proteins such as IL-10 and type | IFNs affect B
cell differentiation in humans, indicating that the role of soluble factors to modulate this
process is underexplored (16-18).

To study B cell differentiation in vitro, T cell help may be mimicked using a CD40L-
expressing cell line and recombinant IL-21 and IL-4. This system is well-suited to study
which additional signals modulate differentiation of naive or memory B cells into ASCs.
Here, we used a previously generated secreted protein library to identify soluble B cell
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differentiation modulators (19). We designed the library to contain immune-related and
non-immune human proteins including cytokines, growth factors, peptide hormones
and enzymes, because factors from non-hematopoietic cells may also modulate B cell
differentiation. Using this diverse library, we identified few additional factors affecting
naive B cell differentiation but several molecules with a strong impact on memory B cell
differentiation. More specifically, type I IFNs, MAp19 (mannan-binding lectin-associated
protein of 19 kDa, transcript variant of complement enzyme MASP-2)(20) and soluble
FASL (sFASL) induced plasmablast differentiation in IgG* memory B cells. Moreover, sFASL
promoted the secretion of substantial amounts of IgG1 and IgG4, showing that FASL
drives the formation of ASCs. The different modulators identified in our screens improve
the understanding of B cell differentiation and may represent new targets for modulation
of B cells and antibody production during disease.

Methods

Generation of CD40L expressing 3T3 cell line

NIH3T3 fibroblast cells (3T3) cells were cultured in IMDM medium (Lonza, Basel,
Switzerland) supplemented with 10% FCS (Bodinco, Alkmaar, The Netherlands), 100 U/
ml penicillin (Thermo Fisher Scientific, Waltham, Massachusetts), 100 pug/ml streptomycin
(Thermo Fisher Scientific), 2mM L-glutamine (Thermo Fisher Scientific) and 50 uM
[B-mercaptoethanol (Sigma Aldrich, St. Louis, Missouri). The 3T3 cells were transfected with
Fsp | linearized CD40L plasmid (a kind gift from G. Freeman (21, 22)) and Pvu | linearized
pcDNA3-Neomycin plasmid) using Lipofectamine 2000 Reagent (Thermo Fisher Scientific)
according to manufacturer’s protocol. Three days after transfection, the 3T3 culture
medium was supplemented with 500 pg/ml G418 (Thermo Fisher Scientific) to select
successfully transfected cells. The 3T3 cells were FACS sorted four times for expression of
CD40L using an anti-CD40L antibody (clone TRAP1, BD Biosciences, San Jose, California).
This resulted in a stable CD40L-expressing cell line that was cultivated in G418 containing
selection media to maintain expression. The same batch of 3T3 CD40L-expressing cells
was used for all experiments.

Secreted protein library

The arrayed secreted protein library was generated previously (19). Additional
conditioned media were generated using the exact same protocol. In brief, HEK293T
cells were individually transfected with plasmids encoding for secreted proteins
(OriGene Technologies, Rockville, Maryland and GE Health Care, Chicago, lllinois) using
polyethylenimine (Polysciences, Warrington, Pennsylvania). Six hours after transfection,
medium was replaced with fresh medium (IMDM supplemented with 10% FCS, 100 U/ml
penicillin and 100 pg/ml streptomycin). Three days after transfection, conditioned media
were collected and stored in ready-to-screen 96 well plates at -80°C.
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Isolation of human B cells

Buffy coats were obtained from healthy volunteers upon written informed consent in
conformity with the protocol of the local institutional review board, the Medical Ethics
Committee of Sanquin Blood Supply (Amsterdam, The Netherlands). PBMCs were isolated
by density gradient centrifugation using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway).
CD19* cells were isolated from PBMCs using CD19 Pan B Dynabeads and DETACHaBEAD
(Thermo Fisher Scientific) according to manufacturer’s protocol with purity >99% and
cryopreserved.

In vitro differentiation culture of human naive and IgG memory B cells

One day ahead of B cell culture, CD40L* 3T3 cells were irradiated with 30 Gy and plated
at a density of 10,000 cells/well in a 96 flat-bottom plate (Nunc, Roskilde, Denmark)
in B cell culture medium, which is RPMI-1640 without phenol-red (Thermo Fisher
Scientific) supplemented with 5% FCS, 100 U/ml penicillin, 100 pg/ml streptomycin,
2mM L-glutamine, 50 pM B-mercapthoethanol and 20 pg/ml human apotransferrin
(Sigma Aldrich, St. Louis, Missouri; depleted for human IgG with protein G sepharose).
The following day thawed human B cells were stained with CD19-BV510 (clone 5J25CT1,
BD Biosciences), CD27-PE-Cy7 (clone 0323, Thermo Fisher Scientific) and 1gG-DyLight
650 (clone MH16-1, Sanquin Reagents, Amsterdam, The Netherlands; conjugated using
DyLight 650 NHS Ester (Thermo Fisher Scientific) according to manufacturer’s protocol).
CD19*CD27*IgG* memory or CD19*CD271gG naive B cells were isolated using an Aria Il
sorter (BD Biosciences). The sorted B cells were then added to the irradiated CD40L* 3T3
cells at a density of 500-25000 cells/well, in the presence of 5 or 50 ng/ml IL-21 (Thermo
Fisher Scientific) as indicated. Conditioned medium from the secreted protein library was
added at a 1:12 dilution. For the screens, four wells of empty vector and two wells of IL-
21 conditioned media were added to each of the 14 plates. Purified recombinant IFN-q,
soluble FAS ligand (both PeproTech, London, United Kingdom) and MAp19 were added
atindicated concentrations (23). After 9-10 days, B cells were analyzed by flow cytometry.
The culture supernatants were used for ELISA.

Flow cytometry

B cells were stained with LIVE/DEAD fixable near-IR dye (Thermo Fisher Scientific), and
CD19-BV510, CD27-PE-Cy7, CD38-V450 (clone HB7, BD Biosciences), CD138-FITC (clone
MI15, BD Biosciences), or CD95-PE-CF594 (BD Biosciences) for 30 minutes at 4 °C. After
staining, cells were washed twice with and taken up in PBS containing 1% BSA and 0.01%
azide to be measured on an LSRIl (BD Biosciences). Data was analyzed using FlowJo
software (BD Biosciences).

ELISA

Levels of total IgG1 and IgG4 in culture supernatants were determined by sandwich
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ELISA. Maxisorp ELISA plates (Nunc) were coated overnight with anti-IgG1 or anti-lgG4 (2
pg/ml clones MH161-1, MH161-1, MH164-4 respectively, Sanquin Reagents) in PBS. Plates
were washed five times with 0.02% Tween-20 (Avantor, Radnor Township, Pennsylvania)
in PBS (Fresenius Kabi, Bad Homburg, Germany), and incubated with culture supernatants
(diluted in high-performance ELISA buffer, Sanquin Reagents). Plates were again washed
five times and incubated for one hour with horseradish peroxidase-conjugated mouse-
anti-human-IgG (1 pg/ml, clone MH16-1, Sanquin Reagents). After a final five-times wash,
the ELISA was developed with 100 pg/ml tetramethylbenzidine (Interchim, Montlugon,
France) in 0.11 mol/L sodium acetate (pH 5.5) containing 0.003% (v/v) H,O, (all from
Merck, Darmstadt, Germany). The reaction was stopped with 2M H,SO, (Merck). 19G
concentrations were determined from the 450 nm minus background 540 nm absorption
(Synergy2; BioTek, Winooski, Vermont) in comparison to a serial diluted serum pool
standard in each plate.

Screen analysis

The Z-factor (Z') can be calculated to determine whether an assay is suitable for high-
throughput screening (24). The Z' for multiple parameters was calculated from empirical
data of 27 replicates of negative (empty vector conditioned medium) and positive control
(IL-21 conditioned medium) B cell cultures as indicated using the following formula:

H in which o represents the measured standard deviation, and p
the measured mean. For each parameter, the screen data were normalized per plate by

7=1-

B-score normalization using R as described by Malo et al. (25). This method normalizes for
column and row confounding effects by three iterative subtractions of median row and
column values (excluding IL-21 controls) from each individual well value. After performing
this median polish, the B-score for each well was determined by division of the median
absolute deviation (MAD = median {jwell - median(plate)|}). The screen was performed
twice, using B cells from two different healthy donors. The final B-score per secreted
protein per condition was the mean of these two screens. The cut-off for hit selection was
set at 3 times standard deviation of all conditions, excluding IL-21 controls.

Proliferation assay

Sorted B cells were washed twice with 10 ml PBS and resuspended to a concentration
of 2x107 cells/ml in PBS. Cells and 40 uM CellTrace Yellow (Thermo Fisher Scientific) were
mixed at a 1:1 ratio and incubated 15 minutes at RT in the dark, vortexing the tube every
5 minutes to ensure uniform staining. Cells were washed twice using a 10 times volume
of cold culture medium to end labeling. Thereafter, B cells were cultured according to
the protocol described above. At day 4 and day 10 of culture B cells were mixed with at
least 2000 Cyto-Cal counting beads (Thermo Fisher Scientific) or CountBright Absolute
counting beads (Thermo Fisher Scientific) and prepared for flow cytometry analysis as
described above. Absolute B cell counts were determined according to the formula:
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# Live CD19
X # beads added
# beads measured ‘

Transcription factor staining

Transcription factor detection assays were performed as previously described (26). In
short, at day 4 of culture in the B cell differentiation assay, B cells were harvested and
stained with LIVE/DEAD fixable near-IR dye (Thermo Fisher Scientific), and CD19-BV510
(BD Biosciences), CD27-BUV395 (BD Biosciences) and CD38-FITC (Beckman Coulter) in
0.1% BSA in PBS for 15 minutes on ice. Cells were washed with 0.1% BSA in PBS, followed
by fixation in Foxp3 fixation buffer (FoxP3 Transcription Factor staining buffer set,
eBioscience) for 30 minutes at 4 °C. Cells were washed with permeabilization buffer (FoxP3
Transcription Factor staining buffer set) and stained with PAX5-PE (Biolegend), BLIMP1-
AF647 (R&D) antibodies in permeabilization buffer for 30 minutes at 4 °C. The stained
cells were again washed with permeabilization buffer before measurement on the BD
FACSymphony (BD Biosciences).

Statistics

Statistical analysis was performed using R and GraphPad prism 8.2.1 (GraphPad
Software, San Diego, California). P-values were determined by indicated statistical tests
and depicted using the following symbols: p<0.05 = *, p<0.01 =**, p<0.001 = *** n.s. =
not significant.

Results

An invitro assay allows for unbiased large-scale evaluation of factors required for B
cell differentiation into plasmablasts

Because CD40 stimulation and IL-21 signaling seem to be minimal requirements to
induce differentiation into antibody secreting cells (27), we set out to identify soluble
factors that cooperate or act in synergy with these T_, signals. To discover new soluble
factors that coregulate human B cell differentiation into antibody-secreting cells, we set
up in vitro B cell cultures suitable for arrayed secreted protein screening. IgG* memory B
cells or naive B cells were cultured with irradiated CD40L-expressing cells in the presence
of IL-21 (Fig. 1A). After nine days, the B cell differentiation state was analyzed by flow
cytometry using antibodies against CD27, CD38, CD138 and surface-bound IgG (gating in
Fig. S1A). The chemokine receptors CXCR3 and CXCR4 were included in the analysis as they
are essential for LZ-DZ cycling and migration to inflamed tissue or bone marrow (Fig. STA).
The B cell differentiation factor IL-21 was titrated to minimize memory and naive B cell
differentiation into CD27+CD38* ASCs and IgG* B cells respectively, while still supporting B
cell survival (Fig. 1B and C). Comparison of the effects of different B cell starting numbers on
the efficacy of differentiation into IgG* B cells and CD27+CD38* ASCs demonstrated similar
trajectories of the IL-21 titration curves (Fig. 1B and C, right panels). Culture initiation with
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500 memory B cells per well yielded too few cells for reliable endpoint measurements.
Therefore, we chose to start the ensuing differentiation cultures with 1000 memory B cells
per well in presence of 5 ng/ml IL-21. For naive B cells, culture initiation with 10,000 cells
and 5 ng/ml of IL-21 provided sufficient survival signal for the nine-day culture period,
while inducing only few cells to class switch to IgG (Fig. 1C).

The screen was executed using a library of arrayed conditioned media each enriched
for a single soluble protein secreted by cDNA-transfected HEK293T cells (19). This library
contains 756 secreted proteins with a broad variety of biological functions, such as
neuropeptides, hormones, growth factors and cytokines. To determine the optimal dilution
of the library to use in the B cell differentiation screen, we generated IL-21 and empty
vector conditioned positive and negative control media respectively. Titrations of both
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Figure 1. Setup of a suitable assay for arrayed secreted protein screening. (A) Schematic overview of the
B cell differentiation assay used in Figures 2-5. Isolated CD27*IgG* memory B cells or CD271gG naive B cells
were cultured for nine days in the presence of irradiated 3T3 cells, 5 ng/ml IL-21 (see B and C) and the individual
conditioned media of the secreted protein library. B cells were analyzed by flow cytometry for expression of
CD27,CD38,CD138, surface IgG (red), CXCR3 and CXCR4. (B and C) Determination of a suboptimal concentration
of IL-21 to culture different indicated starting amounts of memory (B) or naive (C) B cells (n=1). Left panels contain
example flow cytometry plots of CD27/CD38 (B) and IgG (C) at the indicated concentrations. Right panels show
quantification of the percentage of positive cells in the depicted gates. Dashed line indicates 5 ng/ml IL-21. BM
= bone marrow, GC DZ= germinal center dark zone.
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control media showed that the IL-21 conditioned medium was more effective at inducing
CD27+CD38* ASC differentiation from IgG* memory B cells at lower concentrations,
possibly because of supra-optimal IL-21 levels in the conditioned medium (Fig. S1B). While
the IL-21 concentration in the supernatant was in the mg/ml range as determined by ELISA
(data not shown), we previously found that several other conditioned media in the library
contained lower (functional) levels of secreted protein (19). For naive B cells, the optimal
IL-21 conditioned medium dilution to promote IgG class switching was 1:12 (Fig. S1C). For
the library screen on naive and memory B cells, a 1:12 dilution was subsequently used, as
it induced no measurable background signal with empty vector (EV) and was sufficient
to distinguish IL-21 differentiation effects (Fig. S1B, C dashed line). Finally, we analyzed
whether this optimized assay was applicable for screening by determining the dynamic
range between 48 negative and positive controls. We found that for several parameters
(including the CD27*CD38* population and CXCR4 expression) Z' was higher than zero,
indicating that the assay was suitable for large scale screening (Fig. S1D, E).

IFN-y induces CXCR3 expression in naive and memory B cells

After setting up a suitable assay, the complete secreted protein library was screened
for factors that alter chemokine receptor expression or induce differentiation of B cells.
Data from two screens using two different healthy donors were averaged after per plate
B-score normalization, which accounts for row and column effects within a single plate as
well as variation between plates. Most conditioned media resulted in similar phenotypes
compared to empty conditioned media with a B score close to zero (Fig. 2). Positive control
IL-21 conditioned medium significantly altered surface CXCR3 and CXCR4 expression in
memory B cells and CXCR4 in naive B cells, showing that the library IL-21 conditioned
medium was biologically active (Fig. 2A, E, G). The threshold for hit selection was set at
three times standard deviation of all conditioned media except the IL-21 positive control
(Fig. 2). IFN-y conditioned medium was the strongest CXCR3 inducer in both memory and
naive B cell screens (Fig. 2A-D), in line with previous reports (14). In memory B cells, CXCR3
expression was also upregulated by IFN-31, but not by IFN-a2 (Fig. 2A). Both type | IFNs
failed to induce CXCR3 expression in naive B cells (Fig. 2C). In addition, sFASL, FGF5, RLN2,
IL15RA and MMP24 conditioned media led to slightly increased CXCR3 levels in memory B
cells. None of the conditioned media clearly reduced CXCR4 expression in memory B cells
compared to EV (Fig. 2E), yet naive B cells exposed to IFNs, C8B, NRG1, EBI3 and SERPINF1
had lower CXCR4 levels compared to EV (Fig. 2G). HPR, CLC and IL-2 led to marginally
enhanced CXCR4 upregulation in memory B cells, and sFASL in both memory and naive B
cells (Fig. 2E-H).

Type I IFNs induce plasmablast differentiation

We next analyzed the capacity of individual secreted proteins to differentiate B cells into
CD27+CD38* ASCs. Control conditioned medium containing biologically active IL-21 (see
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Fig. 2) did not greatly induce CD27*CD38* ASCs, possibly because of supra-optimal IL-21
levels similar as found during the screen set up (Fig. S1B). Type | IFNs, MAp19 and sFASL
all induced memory B cell differentiation into CD27+CD38* ASCs, with IFN-a2 and IFN-f31
being the strongest hits (Fig. 3A-C). In addition, naive B cells cultured with type | IFNs
differentiated into CD27-CD38* B cells (35%), while hardly any CD27* B cells were formed
(Fig. 3D-G). The naive B cell differentiation into CD27* B cells was stimulated by IL-2, HPR,
CLC, ADAMTS10 and FGF5 conditioned media, but these conditioned media largely failed
to drive CD38" plasmablast differentiation.

Since type | IFNs were the most potent inducers of B cell differentiation in our screens,
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Figure 2. The secreted protein screen identifies several proteins to affect the chemokine receptors CXCR3
and CXCR4. The entire secreted protein library was screened on B cells of two healthy donors. (A-D) Data of
CXCR3 expression on IgG* memory (A and B) and naive B cells (C and D). (E-H) Data of CXCR4 expression on IgG*
memory (E and F) and naive B cells (G and H). (A, C, E and G) Pooled B score normalized percentages of each
phenotype were averaged. For each readout the threshold for hit selection was set at three times SD (dashed
line). Controls, hits and other secreted proteins are annotated in the legend boxes. EV is empty vector. (B, D, F
and H) Example histograms of the secreted proteins inducing the highest indicated receptor expression on IgG*
memory and naive B cells.



sFASL directs memory B cells to antibody-secreting cells |

A Cc T TR
IgG* memory B cell screen ; 2‘31 139":”“5:’2? Cbss iy
( (
40 IFNo.2 IFN-B1 ® |ibrary protein plate 5
b ® hit
Q
8 ) ®MAp19 - . 3x SD
o8 21in CD27'CD38
Lo 13inlive " -
Ne > IFN-0.2
(&) } plate 5
5 3
8 =
A QO |p8in cD27°CD38]
B o (@] 6ir‘\r:ive EV
> plate 1
)
83
8 0 [ in CD27"
F T 12 in live
N ‘ SFASL
o Q plate 1
Oon
o
CD38
D B |L21 @ hitnaive only @ hit both screens E naive B cell screen
¢ EV hit memory only @ library protein 100 HPR ™ n L]
- -3x SD &> - .\.F Fi.. . " n = .
| | n | ]
; R~ L] IL2gmm L
naive B cell screen ] g u ADAMTS10
650 = . QUBNZo 8 o
[] ~
my  FGF5,IFN-0.2 N u o
(‘%8 Ny E Cm -5. .(: [ |.F.N El L 8
S5 BPIL1 " u [ IENy
S MAp19 -100
Na SFASL p
8 SERPINE2 EFEMP1
6504 G IFN-a2
F naive B cell screen
- n
120 FN-02_ " IFNB
[ ]
%A l.l'lllll‘. u"" Ll E
8§ TGFB3 _ _ _ _ _ _ _ O1FN-1_ o
O o 0
K G Y R e " " — i —— — — —
=)
ae
O
2120 - 44
CD38
H IgG* memory [o#1 o#3 ! . J .
100 B cells B#2 A#4 2 naive B cells 100 naive B cells
R S 9 T
+ g FRERRE ke + v *
§ W § ] % s ns. NS
o % ? Q o~
~ é ~ ~
N N N
o) o~ a a
O (&) O
0 -—T T 0 0 - T
o 10" 10° 10" 10? o 10" 10° 10" 10 o 10" 10° 10" 102
IFN-a (ng/ml) IFN-a (ng/ml) IFN-a (ng/ml)

Figure 3. Secretome screening reveals multiple plasmablast differentiation inducing factors. (A, B, and
D-F) Mean B scores of screen readouts for various differentiation stages of IgG* memory and naive B cells from
two healthy donors. Legend boxes contain annotation of controls, hits and other secreted proteins. EV is empty
vector. Differentiation stage was based on CD27, CD38 and CD138 expression as indicated and gated as shown
in the contour plots in (C and G) for controls and the most prominent hits (hit threshold is three times SD; dashed
lines). IgG* memory (H) or naive (I and J) B cells from four different healthy donors were cultured as in Figure 1A
using serial dilutions of purified recombinant IFN-a instead of conditioned medium. Significance compared to 0
ng/ml IFN-a is shown as determined by ANOVA with Tukey’s post hoc test.
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we validated these findings using serial dilutions of recombinant purified IFN-a. At all
tested concentrations (starting at 0.1 ng/ml), IFN-a significantly directed IgG* memory B
cells towards CD27+*CD38* ASCs (Fig. 3H). IFN-a was also effective in inducing CD38 and
CD27 expression in naive B cells, suggesting that the capacity of type | IFN signaling is
similar between naive and memory B cells (Fig. 2I-J). Together, our screens reveal that a
variety of secreted proteins can stimulate B cell differentiation and support the fact that
naive B cells require different signals compared to memory B cells to differentiate into
ASCs.

sFASL induces ASC differentiation

Our screens identified known and unknown secreted proteins to drive naive and
memory B cells into various stages of differentiation. As the largest effects were witnessed
upon differentiation of memory B cells, we validated these results for two additional
donors using newly generated conditioned media. These confirmed that IFN-a2, IFN-f1,
MAp19 and sFASL conditioned media induced plasmablast differentiation from memory
B cells (Fig. S2A). We further continued investigating MAp19 and sFASL, because to our
knowledge these factors were unknown to promote B cell differentiation. MAp19is a splice
variant of MASP-2 (28). The function of MAp19 is unknown as it lacks the MASP-2 catalytic
domain which is responsible for activating complement by cleaving C2 and C4 and may
not be sufficiently expressed to compete with MASP-2 for binding to mannan-binding
lectin (20). FASL is known as an inducer of apoptosis in many (embryonic) developmental
and immunological processes (29, 30). In addition, occasional reports have described cell
death independent functions of FASL (31). The FASL cDNA in our library encodes for a
membrane-bound protein, which may be cleaved to obtain soluble FASL (sFASL) (32). As
we used the conditioned medium of FASL transfected cells, we hypothesized that sFASL
was present in the conditioned media.

Our validation assays showed that the conditioned media containing MAp19 or sFASL
significantly induced CD27*CD38* B cells in IgG* memory B cells from four different
donors (Fig. 4A). To further pinpoint the activity of these proteins, we repeated the assay
with purified recombinant MAp19 or sFASL. MAp19 failed to reproduce the conditioned
medium effect on B cell differentiation (Fig. 4B). In contrast, sFASL induced B cell
differentiation into CD27*CD38* B cells starting at 10 ng/ml (Fig. 4C).

FASL signals via the FAS receptor, also known as CD95. During germinal center reactions,
B cells express this receptor due to stimulation with CD40L (33). In line with these data, the
vast majority of B cells in our B cell differentiation assay express FAS after one day of culture
in the presence of CD40L costimulation (Fig. S2B). The broad FAS receptor upregulation on
B cellsin our culture system is therefore not correlated with sFASL-mediated differentiation
of a fraction of these B cells.

There are multiple possible explanations for sFASL-driven plasmablast differentiation.
sFASL may cause the death of non-differentiating cells, it could encourage the
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proliferation of differentiating cells or finally, sFASL could drive differentiation into ASCs.
To gain more insight into the mechanism, we analyzed the effect of sFASL on cell survival
and proliferation by flow cytometry four days after culture initiation (gating in Fig. S3A).
sFASL-treated B cells were still in an early stage of ASC differentiation, and had proliferated
at a similar speed as the control without sFASL. Similar B cell numbers were present in
sFASL-stimulated cultures compared to the control on both day 4 and day 10, indicating
that sFASL does not promote plasmablast differentiation by affecting B cell apoptosis or
proliferation (Fig. 5A-C).

Differentiation of B cells into ASCs is regulated by multiple transcription factors including
the key molecules PAX5 and BLIMP-1 (34). Accordingly, PAX5 was downregulated in the
presence of high amounts of IL-21 at day 4 of differentiation into ASCs, while expression
of BLIMP-1 was increased (Fig. 5D). sFASL also induced more cells with a BLIMP-1+PAX5'"
phenotype compared to the control condition without sFASL (Fig. 5D), suggesting that
sFASL supports B cell differentiation in a similar manner as IL-21. To investigate if these
differentiated B cells could secrete antibodies, we measured the amounts of IgG1 and IgG4
in the culture supernatants. sFASL induced secretion of IgG1 and IgG4 in a concentration-
dependent manner (normalized data in Fig. 5E, absolute values in S3C-S3D). The levels of
produced IgG1 and IgG4 corresponded with the degree of CD27+CD38* cell differentiation
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Figure 4. sFASL induces differentiation into ASCs. (A) Newly prepared conditioned media for MAp19 and
sFASL were tested for CD27+CD38* ASC induction potential on IgG* memory B cells of four different healthy
donors (two are the same as in Fig. S2). (B and C) IgG* memory B cell differentiation into CD27*CD38* ASCs in
the presence of purified recombinant MAp19 (n=3) (B) or a serial dilution of commercially available recombinant
sFASL (n=7) (C). Statistical significance was determined by ANOVA with Tukey’s post hoc test. In panel only C
statistical significance compared to 0 ng/mL FASL is shown.
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for each donor (Fig. 4C, S3C-S3D). In conclusion, sFASL induced differentiation of IgG*
memory B cells into antibody-secreting CD27+CD38* cells.

Discussion

The germinal center reaction is a dynamic process where activated B cells differentiate
into ASCs upon receiving the appropriate signals. By employing a secreted protein library,
we successfully identified multiple proteins that promote T cell-dependent differentiation
of naive or memory B cells in the presence of to CD40L and IL-21.

The strongest inducers of B cell differentiation in our screens are the well-studied
type | IFNs. These multipotent proinflammatory cytokines signal through the Interferon-
alpha/beta receptor (IFNAR) to inhibit viral replication by inducing an anti-viral state in
non-immune cells and by activating immune cells including B cells. Type | IFNs induce
upregulation of CD69, CD86 and CD40 in murine B cells, promote antibody secretion
during influenza infection in mice, and can induce antibody secretion in human B cells
in vitro (18, 35-38). Although the pro-inflammatory effects of type | IFNs are beneficial
during viral infection, type | IFNs may also promote auto-reactive B cells in autoimmune
diseases such as systemic lupus erythematosus (SLE) as reviewed by Kiefer et al (39).

While IFN-a and sFASL directly stimulate differentiation of memory B cells into
CD27+CD38*CD138" plasma cells, purified MAp19 does not. A possible explanation as to
why MAp19 conditioned medium induces B cell differentiation and its purified form does
not may be that MAp19 stimulates HEK293T cells to secrete another protein or metabolic
products. Alternatively, there may be structural differences between the freshly secreted
and purified MAp19. Currently MAp19 has no known function (20), yet the fact that it is
a spliced variant of the complement factor MASP-2 warrants future research on potential
regulation of B cell differentiation through the complement system .

It is relevant to consider physiological concentrations when using soluble proteins
in in vitro systems. Nonetheless, many soluble proteins have higher local than systemic
concentrations, for example when they are secreted in immunological synapses. Such
soluble proteins include the cytokine IL-21 (here used at 50 ng/mL for optimal B cell
differentiation) and sFASL. In both of these cases, the physiological concentration is
difficult to determine. Still, the role of IL-21 in B cell differentiation is beyond question
because of the overwhelming amount of physiological relevance generated over the last
years (e.g. using IL-217- mice) (40-42). We here provide the first data that in principle sFASL
can play a role in human B cell differentiation.

Figure 5 Legend (continued)

at the end of IgG* memory B cell cultures in the presence of serial dilutions of sFASL. Data were normalized
to the highest sFASL concentration per donor. Donor numbers (#) correspond to Figure 4C. For donor 11 IgG4
levels were below detection for all conditions including 50 ng/mL IL-21, therefore these data were excluded from
analysis. Raw data are plotted in Fig. S3. Statistical significance was determined by ANOVA with Tukey’s post
hoc test for panels A-D. In E the Friedman test followed by Dunn’s posttest was applied to determine statistical
significance between 0 ng/ml sFASL and the individual serial dilutions of sFASL.
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FASL is well-known for its apoptosis-inducing capacity. For example, membrane-bound
FASL is expressed by activated T cells to kill infected or malignant target cells by binding
to and oligomerizing its receptor FAS present on these cells. Apoptosis plays a central role
in selection of B cells during affinity maturation. CD40 ligation stimulates FAS expression
and sensitizes B cells for FAS-mediated apoptosis, although IL-4 protects B cells from cell
death (43, 44). Yet, in vivo studies showed that FAS signaling is dispensable for GC B cell
selection in mice (45, 46).

The function of sFASL is still under debate as it is less effective in inducing apoptosis
than membrane-bound FASL. sFASL may compete with membrane-bound FASL for FAS-
binding thereby blocking apoptosis and even promoting proliferation (32, 47). We did not
observe a role of sFASL in the induction of apoptosis. Our results rather highlight a novel
function of sFASL, which is to directly induce differentiation of CD40-activated memory B
cells into ASCs.

sFASL may partake in the pathogenesis of several autoimmune diseases. Increased
sFASL levels have been found in the serum of SLE patients and saliva of Sjogren’s syndrome
patients compared to healthy individuals. In addition, patients with more severe
rheumatoid arthritis have higher sFASL levels in synovial fluid compared to those with
less severe pathology (48-50). These autoimmune diseases are all characterized by the
presence of autoantibodies, produced by ASCs originating from self-reactive B cells. So
far, it remains unclear if the relationship between sFASL levels and autoimmunity is causal.
Our data now demonstrates a direct role for sFASL in promoting B cell differentiation. It
therefore opens the way for novel research exploring if sSFASL initiates or worsens immune-
mediated diseases by promoting differentiation of detrimental, autoreactive B cells.
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Figure S1. Optimization of B cell differentiation assay for arrayed screening. (A) Strategy at the end of the B
cell differentiation assay to gate live, single CD19* B cells. Markers of interest within these B cells include CXCR3,
CXCR4, 1gG and also CD27/CD38 to allow gating on plasmablasts and plasma cells. Plasma cells were identified
by gating for CD138 within CD27+CD38* B cells. Percentages of CD27*CD38*CD138* cells were calculated within
live B cells. (B and C) IgG" memory (B) and naive B cells (C) were cultured as depicted in Figure 1A in the presence
of a serial dilution of conditioned medium derived from empty vector (EV) or IL-21 cDNA transfected HEK293T
cells in addition to 5 ng/ml IL-21. 1:12 (8.3 % v/v) was chosen as the preferred conditioned medium dilution for

(Continued on next page)
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Figure S1 Legend (continued)

the secreted protein screen, here indicated with a dashed line. (D-E) 24 replicates of control empty vector and IL-
21 conditioned media were assayed according to the optimized conditions. Depicted parameters were readout
at the end of IgG* memory (D) and naive B cell (E) cultures. Z' scores are shown, Z'>0 indicates suitability of the
assay for arrayed screening.
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CD27+CD38* ASC induction potential on IgG* memory B cells of two different healthy donors (part of the data is
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assay (right panel).



sFASL directs memory B cells to antibody-secreting cells |

A

all events all events
_counting|
“beads |
< = < T T o
» k= » o 1] o
2 m ™ > #
s 99
FSC-A FSC-A FSC-A FSC-A SSC-A Life/dead far IR CD38
B day 10
40 - *kk
9 o
Y .
§ p = 0.0547
o 20 o o
e o
a
1) 8 ©
o
0 1 1 1
5 5 50 IL-21 (ng/ml)
0 100 0  sFASL (ng/ml)
C
#5 | #7 | #8 |
200 40
0.5 A
100 - 204
g -
El 0.04* 0 0+
= #9 | #10 | #11 |
% =N
2 404 2- 107
\a
20 1 14 54
_ 1o _
0 T T T T T 0 T 7T T T T 0 LI S R N R
0 10"10° 10" 10? 0 107"10% 10" 10? 0 107"10° 10" 10?
sFASL (ng/ml)
D
#5 | #7 | #8
6 100 -
4 A
4 -
) 50 2
= -
72 0-e 0- U o B B
ot #9 | #10 | 0 10"10° 10" 10?
@ 34
5
o ’vf(f *
14w
0 -'I_ T T T T 0 -LI(_ T T T T
0 10"10% 10" 10? 0 10" 10° 10" 10?
sFASL (ng/ml)

Figure S3. Gating strategy of B cell proliferation assay. (A) Strategy to gate on counting beads, CD19* live
cellsand CD27+CD38* ASCs on both day 4 and day 10 of the proliferation assay. (B) Quantification of CD27*CD38*
ASCs within live CD19* B cells on day 10. Statistical significance was determined by ANOVA with Tukey’s post
hoc test. (C and D) IgG1 (C) and IgG4 (D) levels in culture supernatants of IgG* memory B cells cultured in the
presence of sFASL serial dilutions.
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Abstract

T cells stimulate the immune response and kill target cells in viral infections, cancer,
and autoimmune diseases. Activated T cells can promote immune responses through
expression of cell-surface ligands and receptors, secretion of pro-inflammatory cytokines
or killing of target cells after differentiation into one of the effector T cell subtypes. A
subset of T cells can become memory T cells that remain after pathogen clearance to
readily reactivate upon secondary challenge. T cell receptor signaling, co-stimulation
by membrane-bound molecules and cytokines collectively drive T cell differentiation
into effector and memory subtypes. Comprehension of how T cells differentiate into
this diverse set of functional states is vital for our understanding of how they combat
pathogens. In an effort to improve our understanding of T cell differentiation, we
screened over 1200 secreted proteins to determine new factors that affect differentiation
of T cells. We measured a comprehensive set of markers and cytokines to broadly study
T cell differentiation status in activated CD4* and CD8" T cells separately. While multiple
factors affected T cell differentiation, the most pronounced effect was the induction of
granzyme B expression by type | interferons, IL-21, and TGF-. Strikingly, IL-21 also induced
granzyme B in CD4* T cells, which indicates that these CD4* T cells either have a cytotoxic
or inhibitory profile. These findings reveal that locally secreted IL-21 can drive CD4* T cells
towards a differentiation state that may have a specific function during viral infections,
cancer, and autoimmunity.
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Introduction

T cells are key players in the clearance of pathogens and tumor cells through direct
cytotoxicity and through support of the activation of other immune cells. Naive T cells
differentiate into functional effector cells after recognition of their cognate antigen
and exposure to appropriate costimulatory signals. After the successful clearance of a
pathogen or tumor the activated T cell population contracts while a subset remains to
form immunological memory (1). Upon secondary exposure, memory T cells exert their
effector functions more rapidly than naive T cells because they require less costimulatory
signals to become activated. Consequently, a secondary challenge will be resolved more
rapid than the primary one.

The diversity of T cell functionality has inspired the designation of numerous subtypes.
T cells are classified based on the expression of T cell receptor (TCR) co-receptors CD4
or CD8, on their differentiation status and on their effector capacity. There are multiple
memory subtypes. Central memory T cells (T_,,) patrol lymph nodes and the peripheral
circulation in search for their cognate antigen, effector memory T cells (Tew patrol the
peripheral circulation and tissues, while tissue resident memory T cells (T,,) remain in
tissues to stand guard for a potential secondary infection (2). Together these memory T cell
subtypes, distinguishable by expression of CD27, CCR7, CD69 and CD103, survey different
compartments for reappearance of their cognate antigen. Cytokines such as IL-15, IL-7
and IL-21 but also TCR signaling strength can skew or maintain memory differentiation
towards stem cell or central memory, yet the process of memory T cell differentiation is
not fully understood (3-5).

Activated T cells, derived from naive or memory T cells, can be classified by a diverse
set of functions. CD8 T cells, also known as cytotoxic cells (T), can kill target cells
through intracellular delivery of granzymes, such as granzyme B, by perforin, through
ligand-mediated death receptor crosslinking (e.g. FASL-FAS), or via the secretion of
cytotoxic cytokines such as IFN-y and TNF-a (6-9). Historically, CD4 T cells have been
described as helper T, cells providing cytokine and membrane-bound ligand support to
differentiation and effector functions of other immune cells, such as CD8 T cells, B cells
and macrophages. But CD4 T cells possess MHC class Il restricted cytolytic activity, while
CD8 T cells may secrete “helper” cytokines such as IL-4 and IL-17 (10-15). IFN-y induces
differentiation towards T 1/T 1 cells which secrete IL-2, IFN-y and TNF-a in the defense
against tumors and viral infections. The IL-4, IL-5 and IL-13 secreting T,2/T2 cells, induced
by IL-4, promote humoral immunity. A mix of cytokines including TGF-f3 and IL-6 promote
T,17/T 17 differentiation. T,17/T_17 cells, involved in combatting fungal and bacterial
infections, secrete IL-17 as their hallmark cytokine. T,9/T9 are induced by IFN-y, TGF-,
IL-4 and IL-2 and preferentially secrete IL-9.T 9 cells are reported to aid in the clearance of
parasitic worms, while both T,9 and T 9 cells have been described to inhibit tumor growth
(12, 16-19). T follicular helper cells (T,,) secrete IL-21 to promote B cell differentiation
into antibody secreting cells in secondary lymphoid organs (20). In addition to this non-
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exhaustive list of pro-inflammatory subtypes, induced T regulatory cells suppress the
immune system using various methods, including through secretion of TGF-f3 and IL-10,
to prevent unwanted activation and to resolve an inflammation.

The mechanisms of T cell differentiation induction have not been fully elucidated. While
multiple polarizing cytokines have been identified, they may exert unknown effects
in particular cell types or situations. In addition, the effect of non-cytokine secreted
proteins on T cell differentiation is underexplored. We previously generated a library
of 756 secreted proteins to find novel inhibitors of viral replication (21). In this study,
we extended this library to include up to 1222 secreted proteins in total to find novel
modulators of T cell differentiation into effector and memory subtypes. Of these, 66
secreted proteins modulated differentiation and effector function in our screens using T
cells from two healthy donors. The most pronounced finding was that IL-21 induced the
differentiation of granzyme B expressing CD4* T cells. As granzyme B has both pro- and
anti-inflammatory functions, its expression by CD4* T cells should be further explored to
elucidate its exact effects in autoimmune diseases, infections and cancer.

Methods

Primary cells and cell lines

Apheresis material and buffy coats were obtained from healthy volunteers (Sanquin
Blood Supply) uponinformed consent. Lymphocytes were isolated from apheresis material
using the Elutra cell separation system (Gambro, Lakewood, USA) and cryopreserved
(Elutra lymphocytes). PBMCs were isolated from the buffycoats by density gradient
centrifugation using Lymphoprep (Axis-Shield PoC AS) and cryopreserved. The HEK293T
cell line was kindly provided by Dr. J. Neefjes (NKI, Amsterdam; HLA-A, -B typed as control
for authenticity). All cells were cultured in IMDM (Lonza) supplemented with 10% FCS and
1% penicillin-streptomycin (medium) at 37°C 5% CO2.

Antibodies for flow cytometry

CD8-BV605 (clone RPA-T8), CD45RA-PE-Cy7 (clone HI100), CD4-PerCp-Cy5.5 (clone SK3),
CD69-BUV395 (clone FN50), Granzyme B-AF700 (clone GB11), IFN-y-PE (clone B27), IL-4-
Percp-Cy5.5 (clone 8D4-8), IL-21-BV421 (clone 3A3-N2) and IL-2-BV510 (clone MQ1-17H12)
were all from BD. PD1-PE-Cy7 (clone EH12.2H7), CCR7-BV510 (clone 6043H7), IL17a-FITC
(eBio64DEC17), TNF-a-APC (clone Mab11) and IL-9-PE-Cy7 (clone MH9A4) were all from
Biolegend. The near-IR Live/dead dye was from Life Technologies, CD45-ECD (clone
A07784) from Beckman Coulter, CD27-FITC (clone CLB-27/1, 9F4) from Sanquin.

Recombinant secreted proteins

The first sets of plasmids within the secreted protein library (SPL) were obtained
from Origene and GE Health Care. The second set of plasmids was a kind gift of Dr. R.
Beijersbergen. The transfections were performed as described previously (21). HEK293T
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cells were plated in 24-well plates and incubated overnight. Transfection mixes were
prepared by mixing 50 ng plasmid DNA with 1.5 pg polyethylenimine (Polysciences)
in 50 pl serum-free medium per transfection, followed by 30 min incubation at room
temperature. 50 pl transfection mix was added per well. After 6 h incubation medium
was replaced by 1 ml fresh medium. After three more days, conditioned medium for
each individual transfection was collected and cleared of cells by multiple rounds of
centrifugation and collection of the supernatants. The collected conditioned media
were stored in ready-to-screen plates at -80 °C. Levels of IFN-y were determined by ELISA
according to manufacturer’s protocol (Sanquin). Purified recombinant human IL-21 was
from Life technologies, IL-15 from Peprotech.

T cell differentiation assay

Thawed elutra lymphocytes (screen and validation) or PBMCs (other experiments)
were stained with CD4-PerCp-Cy5.5, CD8-BV605, CD45RA-PE-Cy7 and CD27-FITC in
0.1% BSA in PBS (PBS-BSA) for 30 minutes on ice. Cells were washed twice with PBS-
BSA and centrifuged as before. Any clumps were removed using tubes with cell strainer
caps (Corning). Naive CD4 T cells (CD4*CD8CD45RA*CD27%) and naive CD8 T cells (CD4
CD8*CD45RA*CD27+) were sorted using an Aria Il sorter (BD). Naive CD4 and CD8 T cells
were separately cultured in the presence of 0.1 ug/ml aCD3 (clone 1XE, Sanquin), 0.1 ug/
ml aCD28 (clone CLB.CD28/1, Sanquin) and 50 IU/ml IL-2 (Proleukin, Novartis) at a density
of 1 million cells/well in a 24 well plate for three days. At day three, T cells were washed
twice with medium, plated at a density of 2500-5000 cells/well in a 96 well plate, with 1/12
dilution of SPL conditioned medium and 20 ng/ml IL-15 (Peprotech). After seven days,
the content of each well was split in two. The first half was transferred to V bottom 96
well plates for staining with flow cytometry panel 1, the second half was returned to the
incubator. After o/n incubation, these cells were restimulated with 0.1 ug/ml PMA, 1 pg/ml
ionomycin and 10 pg/ml Brefeldin A (all Sigma). After 5h restimulation cells were stained
with flow cytometry panel 2.

Flow cytometry

For flow cytometry panel 1, CD4 and CD8 T cells treated with the same conditioned
medium were pooled before staining. The pooled cells were centrifuged 1800 rpm for
2 minutes. Cell pellets were stained with CD8-BV605, CD27-FITC, CCR7-BV510, CD69-
BUV395, CD103-PE and far-IR live dead dye in stain buffer (0.5% BSA, 0.01% azide in PBS)
for 30 min at RT. Cells were washed with stain buffer, and then fixed with the fixation
solution of the FoxP3 stain kit (eBioscience) for 30 min. Next the fixated cells were stained
intracellularly with Granzyme-B-AF700 in Perm/Wash buffer of the FoxP3 stain kit for 30
min. After staining cells were washed twice with Perm/Wash buffer and taken up in stain
buffer for measurement on an LSR Fortessa (BD).

For flow cytometry panel 2, CD4 and CD8T cells were stained extracellularly separately.
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Figure 1. Set-up of the secreted protein library screen in naive CD4* and CD8*T cells. (A) The cDNA library
used to generate our secreted protein library contains 1222 transcripts derived from 1080 genes. The genes
were categorized using Panther and Gene Ontology databases and colored according to the super categories
immunology, signaling, development, extra cellular matrix, transport, enzymes, and other/undefined (colored
groups from left to right) (82-84). (B) cDNAs of the secreted protein library were individually transfected into
HEK-293T cells followed by collection of the conditioned media at day 3. Each production batch included an
IFN-y control cDNA, of which the production was determined by ELISA. Part A contains the first set of cDNAs

(Continued on next page)
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CD4 cells were stained with CD45-ECD and near-IR live/dead dye in stain buffer, while CD8
T cells were stained solely with the live/dead dye for 30 min on ice. Cells were washed
twice with stain buffer. CD4 and CD8 T cells treated with the same conditioned medium
were then pooled before intracellular staining. The T cells were stained with IL-9-PE-
Cy7, IFN-y-PE, TNF-a-APC, IL-17A-FITC, IL-4-PerCp-Cy5.5, IL-21-BV421 and IL-2-BV510 in
saponin buffer (0.25% saponin, 0.1% Azide, 1% BSA in PBS; 0.4 um filtered) for 30 min on
ice. After staining cells were washed thrice with stain buffer before measurement on an
LSR Fortessa.

Screen analysis

The quality of an assay to be used for screening can be assessed by the Z-factor (24). The
Z-factor for the T cell differentiation infection assay was calculated from data the negative
(empty vector) and positive controls (IFNB1 or TGFB1) using the following formula: Z'= 1-
(3*(0empty vector™ Opositive ontra) (|pemptyvector “Hoositive wniall))s in Which 6 equals standard deviation,
and p equals mean.

All readout values of the secretome screens were normalized per plate by B-score
normalization using R as described by Malo et al. (25). This method normalizes for plate and
row confounding effects by iterative subtraction of median row and column values within
a plate (excluding IFNB1 controls) from each individual well value. After performing this
median polish, the median absolute deviation (MAD) was calculated for each plate: MAD
= median {|polished_well - median(polished_wells_plate)|}. The B-score is calculated by
dividing the polished value of each well by the MAD of the plate they were on. A positive
B-score indicates that a sample has a higher value for the indicated readout compared to
the median of all screen conditions (excluding IFNB1 controls), while a negative B-score
indicates a decrease. The absolute B-score is dependent on the raw value of both individual
datapoints as well as the variance across all samples for a single readout.

Statistics

P-values were determined by indicated statistical tests using R. The following symbols
are used to indicate statistical significance: p<0.05 =*, p<0.01 =**, p<0.001 = *** p<0.0001
=***¥ n.s. = not significant.

Results

We previously generated a secreted protein library of 756 different conditioned media
harvested from cDNA transfected HEK293T cells. The library contains a multitude of

Figure 1 Legend (continued)

generated previously (21). 466 additional cDNAs were now included in the library (part B). (C) Schematic of
the T cell differentiation assay and flow cytometry panels. (D) CD8* T cells cultured and stained with the T =10
panel as in C (gating strategy in Fig. S1A), cultured with either empty vector (EV), TGFB1 or IFNB1 conditioned
media. Statistical significance was determined by ANOVA followed by Dunnett's test. A Z'> 0 indicates that the
difference between the indicated two conditions is sufficiently large enough for screening.
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secreted proteins, some of which may modulate T cell differentiation or effector function.
We have now extended this library with 466 secreted proteins, creating a secreted protein
library (SPL) with a highly diverse content (Fig 1A). The SPL contains many immunological
proteins such as cytokines and components of the complement system, but also hundreds
of enzymes, protein hormones, growth factors and other secreted proteins including
proteins of unknown function (Fig. 1A and Appendices: The Secreted Protein Library).
The transfections were performed in multiple rounds, each of which included IFNG
c¢DNA to monitor production efficiency. IFN-y levels in these conditioned control media
of the second set of the library (part B) were in the same range as the first (part A, Fig
1B), validating the consistent production of recombinant proteins in the library. Collected
conditioned media were stored in aliquots for use in multiple screens.

To screen for novel modulators of T cell differentiation and function the following assay
was used. First, activated FACS sorted human naive CD4* (CD4*CD8 CD45RA*CD27+) or
naive CD8" (CD8*CD4 CD45RA*CD27*) T cells were cultured for three days with IL-2 and
a suboptimal dose of aCD3 and aCD28 (Fig. 1C). The activated T cells were then exposed
to the individual empty vector conditioned media in the presence of IL-15 to ensure cell
viability. After seven days, half of the T cells were stained with the first flow cytometry
panel to assess their memory differentiation state, while the other half was incubated o/n
to be restimulated the next day with PMA/ionomycin in order to evaluate their cytokine
production capacity using the second flow cytometry panel. CD4* and CD8* T cells
treated with the same secreted protein were combined after culture for staining with two
different antibody panels. Because PMA/ionomycin stimulation decreases expression of
CD4 and CD8, we prelabeled CD4* but not CD8* T cells with anti-CD45 antibodies (Fig. 1C)
(22) in order to distinguish both subsets. We then assessed the influence of each secreted
protein on the differentiation, memory, and activation status of T cells by FACS analysis of
the various markers as outlined in Figure 1C.

To determine the suitability of this assay for screening, we analyzed reproducibility using
CD8*T cells stimulated with either control empty vector (EV), IFNB1 or TGFB1 conditioned
media (Fig 1D, S1), with the first flow cytometry panel as readouts. In concordance with
previous reports, IFNB1 significantly induced expression of CD69 and GZMB compared to
EV, while TGFB1 induced expression of CD103 (23-26). Suitability of an assay for screening
is generally determined by the calculation of the Z; a factor describing variability in relation
to the effect size between negative and positive controls (27). For CD103, CD69 and GZMB
we found a 0 < Z'< 0.5 (see methods section), meaning the assay was sufficiently suitable
for screening for these readouts. The variability of the other readouts was within the same
range (Fig. S1), therefore small alterations in expression are likely to be detected in an
assay with many conditions. Thus, the assay is suitable for screening.

The T cell differentiation screen was performed for all 1222 secreted proteins using
IFNB1 and EV controls evenly spread over all 23 screen plates. Each conditioned media
was tested in T cells from two donors, out of a total of three donors. We then searched
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for screening hits based on individual and combined marker expression, which was
subjected to B-score (gating in supplementary Fig. S2; Fig. S3-S5). The B-score calculation
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Figure 2. Secretome screening reveals that type | IFNs affect T cells in 30% of all readouts. (A) Genes
are considered hits in the secretome screens when meeting one of the two depicted criteria for at least one
parameter, which depend on the deviation of measured values compared to the other genes in the screen. (B)
Heatmap displaying for each hit for which parameter it was considered a hit (increase, red; decrease, blue).
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consists of two phases which are executed for each readout separately. In the first phase
each value is normalized across each row and column of a 96 well plate, called a median
polish, to account for within-plate variability, while in the second phase the polished
values are normalized to the absolute median of all conditions excluding IFNB1 controls
to minimize between-plate variability. Positive B-scores indicate that a sample has a
relatively high value for a readout compared to all other conditions, a negative B-score
indicates a relatively low value. We then determined the expression difference between
a single conditioned medium and all other conditioned media, as expressed by the
number of standard deviations (SD) of all conditioned media excluding IFNB controls. For
individual conditioned media to be selected for validation experiments, it needed to meet
one of two selection criteria for at least one of the read-out parameters (Fig 2A). Replicates
should either deviate at least 1 SD in one donor and 2.5 SD in the same direction in the
other donor or deviate at least 4 SD in one of the two donors to be considered a hit. This
hit selection procedure identified 66 conditioned media as hits, corresponding to 5% of
the SPL (Fig. 2B). The hits and all of the measured parameters were hierarchically clustered.
15 conditioned media contained type | interferons (IFNs), of which 13 clustered together
based on their similar broad effect on T cells (Fig. 2B). The IFNs in this cluster each altered
expression of 18 to 56 readout parameters, including their previously described effect
on expression of CD69, PD1 and GZMB (28-30). In contrast, 28 secreted proteins affected
only one parameter, and eight proteins affected two parameters. Thus while type | IFNs
affect a relatively large number of readouts in accordance with the study by Lin et al., most
secreted proteins induced a relatively specific phenotype (31).

TGFB3 and some of the type | IFNs induced CD27+CCR7* double expression, a hallmark
of T_ memory cells, only in CD8* T cells, while IL-2 negatively affected this phenotype
only in CD4* T cells (Fig 2B). No soluble proteins were found to induce CD103*CD69*
co-expression in this specific T cell differentiation assay (Fig. 2B). Similarly, none of the
secreted proteins substantially increased expression of IL-17 or IL-9, the expression of all
other markers was altered by one or more secreted proteins (Fig. 2B). IL-4 induced IFN-y
expression in both CD4* and CD8* T cells, GHRH and CRISP2 in CD4* T cells only, while
LCN8 promoted IFN-y expression solely in CD8* T cells (Fig. 2B). Most IFNs reduced TNF-a
and IL-2 expression in CD4* T cells, while only IFNA7, IFNA13 and IFNA21 induced both
TNF-aand IL-2 in CD8* T cells. This indicates that while overall IFNs induced similar results,
there are differences between IFNs conditioned media, which may be due to differences
in concentration. In contrast, expression of CD69, CD103, PD-1 and IL-4 were increased in
CD4* and/or CD8* T cells by either TGFB3 and/or multiple IFNs (Fig. 2B). IL-4, NXPH2 and
SEMG1 reduced CD69 expression in CD8" T cells only. Finally, expression of GZMB and
IL-21 were induced by IL-21 and multiple IFNs. GZMB expression in CD4* T cells was only
promoted by IL-21 and IL-10 (Fig. 2B).

To prioritize which hits should be investigated further, for 54 hits new conditioned
media were prepared and tested in a third donor. Only three out of 15 type | interferons
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were repeated to avoid redundancy (IFNA2, IFNB1 and IFNW1). Most effects observed
in the screen were not reproduced in this validation experiment, possibly because the
biological effect size in the original screen donors of many of these hits was limited,
while donor- or technical variation may have resulted in some conditioned media being
hits in one donor and not in the other (Fig. S6). Still 11 out of 54 conditioned media did
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Figure 3. IL-21 promotes GZMB expression in CD4* and CD8* T cells. (A) Naive CD4* and CD8* T cells of
three donors were cultured as in Fig. 1B in the presence of the depicted conditioned media followed by GZMB
expression analysis by FACS. Example FACS plots (left panel) and quantified percentage of GZMB positive
population in CD4* and CD8* T cells (right panels). Statistical significance was determined by ANOVA followed
by Dunnett's test. (B) GZMB expression in terms of percentage (example FACS plots upper panel, quantified in
bottom left panel) or geometric MFI (gMFI; bottom right panel) in T cells cultured as in A, replacing conditioned
media for a serial dilution of commercially obtained purified recombinant IL-21. Three replicates of one donor.
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alter marker expression, of which IL-21, TGFB3 and all three type | IFNs strongly induced
expression of GZMB in CD8* T cells, while only IL-21 induced GZMB in CD4* T cells (Fig.
S6). To further investigate these effects on GZMB expression, the same IFNB1, TGFB3
and II-21 conditioned media were tested again in T cells from two other donors (Fig. 3A).
IFNB1 and IL-21 induced GZMB expression in varying levels in CD8* T cells in all three
donors, TGFB3 only in two out of three donors. Yet only IL21 consistently induced GZMB
expression in CD8"and CD4* T cells. A serial dilution showed that IL-21 impacted GZMB
expression from 1 ng/ml onwards in both CD4* and CD8* T cells (Fig. 3B). Although almost
all CD8* T cells expressed GZMB in the absence of IL-21 in this donor, the expression per
cell was consistently increased by IL-21. In contrast, CD4* T cells did not express GZMB in
the absence of IL-21, yet almost all CD4* T cells were GZMB* after stimulation with 100 ng/
ml IL21. The expression level per cell of granzyme B was lower in CD4* T cells compared to
CD8*T cells. Importantly, we show here that IL-21 not only induces GZMB in CD8+T cells,
as reported previously, but also in CD4* T cells.

Discussion

Comprehension of the extracellular signals which determine T cell differentiation will
enable intervention in cases where the T cell immune response is lacking or deficient.
In this study, we used an extensive library of secreted protein containing culture media
to identify novel modulators that drive T cell activation or differentiation. This forward
screening approach enables the discovery of (direct) causal relationships between a
secreted protein and the observed differentiation state. Strikingly, all of the validated hits
were immunology-associated proteins, while non-immunological proteins comprise over
three quarters of the SPL. This outcome suggests that T cell differentiation is influenced by
a limited set of secreted proteins. However, it does not imply a lack of interaction between
immune- and non-immune cells as the secretion of these immunological proteins is not
limited to immune cells. For example, fibroblasts can secrete multiple cytokines and
chemokines, a feat which especially compromises T cell activity in tumors (32).

IL-21 strongly induced GZMB expression by CD4* T cells. This cytokine is mainly
produced by CD4*T cells and NKT cells (33, 34). In CD4*T cells IL-21 is described to support
differentiation into Th17 cells, although there are varying reports whether this requires
the presence of TGF-f or whether it can exert this effect in conjunction with aCD3 and
aCD28 alone (35-38). In our culture system, IL-21 conditioned medium failed to induce IL-
17 expression in either CD4* or CD8*T cells, indicating that the GZMB expression by CD4+
T cells is independent of a Th17 or Tc17 differentiation in our culture system. Variations
in the exact culture conditions, such as how T cells are activated, whether full PBMCs or
sorted naive CD4* T cells are used, what the timing and concentration of IL-21 is, and
whether other cytokines are present, may very well explain the discrepancies between
the aforementioned studies. The GZMB-inducing effects of IL-21 have been reported for
CD8* T cells, NK cells, B cells, and plasmacytoid dendritic cells (pDCs) (39-43). Yet, while
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many studied the effects of IL-21 on CD4* T cells, to our knowledge no one described an
induction of GZMB in this cell type by IL-21.

GZMB is a well-known serine protease. NK cells, CD8* and CD4* cytotoxic T cells kill
target cells by secreting perforin which creates pores in the membrane of the target
cell, allowing a multitude of cytotoxic molecules including GZMB to enter the target cell.
GZMB can cleave caspases, as well as the caspase targets BID and ICAD, leading to an
induction of apoptosis (44-48). In addition, granzymes cleave viral and host proteins
involved in viral replication (49, 50). The MHC class Il restricted CD4* cytotoxic T cells can
kill cells presenting viral peptides, such as macrophages and dendritic cells, as well as
tumor cells (11, 15, 51-55). Induction of cytotoxic CD4* T cells can be beneficial under
these pathological conditions, which may be promoted by IL-21. Yet, GZMB requires
concerted perforin secretion to exert its cytotoxic effect. We were unable to successfully
stain perforin in either CD8* or CD4* T cells, but as of writing we are investigating the
cytotoxicity of CD4* T cells by using target cells expressing membrane bound anti-CD3.
Thus, it is unclear whether activated CD4* T cells are indeed cytotoxic after culture with
IL-21.

The proteolytic effects of GZMB are not solely pro-inflammatory, as it can also suppress T
cell activity through different mechanisms. Anti-BCR and IL-21 stimulated B cells suppress
T cell proliferation by cleaving the TCR-C chain intracellularly using GZMB, a mechanism
which may be relevant in HIV where CD4* T cells express insufficient CD40L, causing
B cells to express GZMB resulting in further inhibition of T cell function (56-58). T cells
internalize GZMB secreted by pDCs resulting in suppressed proliferation in vitro (40, 59).
As both GZMB expressing pDCs and B cells are reported to lack perforin expression, it is
unclear how GZMB enters T cells although alternative mechanisms are suggested (39, 59—
61). Tregs suppress effector T cells using GZMB, yet the proposed mechanism here is cell
death induction supported by perforin (62-64). Thus, GZMB can suppress T cells through
different mechanisms, indicating that granzyme B expressing CD4* T cells induced by IL-
21 may suppress other T cells.

Both IL-21 and GZMB levels, or the cells that produce them, are increased in multiple
autoimmune diseases, including Systemic Lupus Erythematosus (SLE), celiac disease,
primary Sjogren’s, and rheumatoid arthritis (65, 66, 75, 67-74). These proteins are
associated with disease severity, yet a link between the two is underexplored in these
diseases (76, 77). Nonetheless, granzyme B expressing CD8* T cells correlate with active
SLE (78). The granzyme B-inducing effect of IL-21 on multiple cell types, including CD4*
T cells as we now show, should be further explored in autoimmune disease to determine
whether IL-21 is responsible for GZMB induction in these patients, and if the currently
explored anti-IL-21 therapies affect GZMB producing cells (79-81).

In the current study we show IL-21 capable of inducing GZMB expression in CD4* T cells.
Further research should reveal whether IL-21 stimulated CD4*T cells become cytotoxic or
suppressive. Understanding how CD4+T cells become cytotoxic or suppressive is relevant
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for many immune related diseases, including viral infections, cancer, and autoimmunity.
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Figure S1. TGFB1 nor IFNB1 strongly affect CCR7 or CD27 expression in CD8*T cells. CD8* T cells were
cultured in the presence of empty vector (EV), TGFB1 or IFNB1 conditioned medium and analyzed by FACS (same
experiments as in Fig. 1D). (A) Gating strategy to include only live CD8*T cells, and to exclude debris and doublets.
(B) Expression of CCR7 and CD27 in CD8* T cells. Statistical significance was determined by ANOVA followed by
Dunnett's test. A Z' > 0 indicates that the difference between the indicated two conditions is sufficiently large
enough for screening.
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Figure S2. Gating strategy for the secreted protein library screen on T cell differentiation. (A) At day 10 of
culture, half of the separately cultured CD4* and CD8* T cells treated with the same conditions were combined
in one well for staini