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ABSTRACT

Checks and Balances: Transcriptional Regulation of Myeloid Innate Immunity and
Dendritic Cell Maturation
Rodolfo Nazitto
Doctor of Philosophy in Immunology

Dr. Alan Aderem, Chair

Antigen presenting cells such as myeloid dendritic cells (DCs) are key sentinels of the
innate immune system. In response to pathogen recognition and innate immune stimulation, DCs
transition from an immature to a mature state that is characterized by widespread changes in host
gene expression, which include the upregulation of cytokines, chemokines, and costimulatory
factors to protect against infection. Several transcription factors are known to drive these gene
expression changes, but the mechanisms that negatively regulate DC maturation are less well
understood. Here, we identify the transcription factor Interleukin Enhancer Binding Factor 3
(ILF3) as a negative regulator of innate immune responses and DC maturation. Depletion of
ILF3 in primary human monocyte-derived DCs (MDDCSs) led to increased expression of
maturation markers and potentiated innate responses during stimulation with viral mimetics or
classic innate agonists. Conversely, overexpression of short or long ILF3 isoforms (NF90 and
NF110) suppressed DC maturation and innate immune responses. Through mutagenesis
experiments, we found that a nuclear localization sequence in ILF3, and not its dual double-
stranded RNA-binding domains (dsRBDs), was required for this function. Mutation of the

domain associated with zinc finger (DZF) motif of ILF3’s NF110 isoform blocked its ability to



suppress DC maturation. Moreover, RNA-seq analysis indicated that ILF3 regulates genes
associated with cholesterol homeostasis in addition to genes associated with DC maturation.
Together, our data establish ILF3 as a transcriptional regulator that restrains DC maturation and

limits innate immune responses through a mechanism that may intersect with lipid metabolism.
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CHAPTER 1: INTRODUCTION

DC Development and Maturation

Dendritic cells (DCs) are key antigen presenting sentinels of the innate immune (1). They are
the cellular bridges between a pathogen and the adaptive immune response to eliminate and
establish T- and B-cell mediated immune memory (2). Much of our understanding of myeloid
DC biology, and dendritic cell development, subset characterization, and function stems from
experiments started in mouse models (3, 4). In mice, DCs undergo a process of development in
the bone marrow and differentiation from progenitor cell types beginning with hematopoietic
stem cells, to common myeloid progenitors, macrophage/DC progenitors, and common DC
progenitors (4). Common DC progenitors give rise to DC subsets such as plasmacytoid (pDC)
and pre-DCs which are capable of differentiating into conventional cDC1 (to prime CD8 T-cell
responses, efficient cross-presentation) and cDC2 (to prime CD4 T-cell responses) subsets.

Macrophage/DC progenitors can give rise to circulating monocytes through
differentiation into common monocyte progenitors. In humans, these monocytes can then be
further differentiated in vivo into the monocyte-derived DC (MDDC) (5, 6). Human monocytes
have been used in vitro as a well-established as a cell type to model myeloid DCs when derived
into monocyte-derived dendritic cells (7). In vitro, MDDCs are derived by the incubation of the
cytokines IL-4 and GM-CSF over the course of several days to generate immature MDDCs (8,
9). Importantly, circulating DC subsets have been increasingly studied in humans in an effort to
provide greater insight into the equivalency of DC subsets between human and mouse (10).
Differentiation and maintenance of these DC subsets require key transcription factors

that assist in these processes to give rise to various DC subsets. Transcription factors such as

PU.1 can broadly and positively affect the fate and development of multiple subsets of myeloid



dendritic cells (11, 12). XBP-1 is another such broad-acting transcription factor that is required
for DC development of both classical and plasmacytoid DCs (13). Other transcription factors are
more specific to certain DC subsets, such as the transcription factors E2-2 and SPI-B to
plasmacytoid DCs for their proper development and maintenance (14, 15). Classical cDC1 DCs
require transcription factors IRF8 (16, 17) and BATF3 (18) while cDC2 DCs require IRF4 (19)
and KLF4 (20, 21). Interestingly, while ID2 is upregulated across multiple DC subsets, it is
required for the maintenance of Langerhans cells as well as cross presenting CD8o+ DCs (22,
23). Human monocyte-derived DCs utilize AHR, IRF4, and NCOR2 for their differentiation (8,
9).

Once differentiated, immature DCs are poised to respond to pattern-recognition receptor
(PRR) and interferon (IFN) stimuli to undergo a process of maturation, a hallmark of DCs. This
process confers morphological and functional changes altering antigen processing and
presentation by increasing MHC class 1l molecules such as HLA-DR to the surface loaded with
phagocytized and processed antigen. Chemokine receptors such as CCR7 are also upregulated to
begin the journey of trafficking to the proximal lymph node from the site of infection, ultimately
to prime naive T-cells with newly presented antigen (24). In cooperation with MHC class |1
presentation, DCs also upregulate a variety of costimulatory surface molecules such as CD80 and
CD86 that can engage receptors on T-cells such as CD28 to activate or CTLA-4 to help resolve
the innate immune response to a vanguished pathogen by initiating an anti-inflammatory
program (25).

To develop the quality and specificity in T-cell priming, maturation also enables mature
DCs to secrete various cytokines depending on the context of the insult (viral, fungal, helminth,

etc.). IL-12p70 (the biologically active form derived from IL-12p35 and IL-12p40) and type |



interferons can skew T-cell differentiation toward a Th1 phenotype combat viral and bacterial
infections (26). For Th17 differentiation, IL-23 (composed of IL-12-p40 and IL-12p19) and IL-
1B secreted by DCs can skew T-cells towards this phenotype against extracellular bacteria and
fungi (27). The anti-inflammatory cytokines TGF-p (28) and IL-10 (29, 30) secreted by DCs can
aid in the development of immunosuppressive regulatory T-cells, preferentially generated by
immature or partially mature DCs (31).

But what regulates this process of maturation that orchestrates the delicate balance
between inflammation and immune suppression? Many host molecules on myeloid DCs can
contribute to this process of resolution and suppression such as trans surface receptor
engagement of CD80/CD86-CTLA4 and cytokines like 1L-10 and TGB-f. However,
transcription factors control broad transcriptomic changes that make them ideal candidates as
gatekeepers of DC maturation. Numerous transcription factors are already known to promote or
restrain DC maturation. T-bet and Interferon Regulatory Factor 3 (IRF3) are examples of master
transcription factors that are required for optimal myeloid DC maturation in response to innate
stimulation (32-34). Nuclear factor-kB1 (NF-kB1) and Foxo3 are transcription factors that can
temper and suppress inflammatory DC activation (35, 36). NF-kB1 can be engaged through IL-
10 or TLR ligand stimulation, while Foxo3 can be activated upon engagement of CD80/86 with
CTLA-4 on activated T-cells. Discovery of additional transcription factors that either act as
master regulators or factors that fine-tune DC maturation is key to our understanding of human
innate immunity in not only programming efficient adaptive immune responses, but also how

these responses are eventually resolved and kept in check from aberrant hyperinflammation.



Intracellular Nucleic Acid Sensing in MDDCs

In the context of viral infection, DCs have the ability to undergo maturation through
recognition of viral nucleic acids by intracellular nucleic acid sensors and the production of type
| interferons (IFN-Is). Enveloped RNA viruses generate RNA nucleic acid species or create
cDNA through reverse transcription in the case of retroviruses that can be sensed by intracellular
nucleic acid sensors. RNA species can be detected through RIG-I-like receptor (RLR) sensors
such as RIG-I that can detect in vitro transcribed or short double-stranded RNA species, or
through MDAJS detecting 5° tri-phosphate single-stranded RNA and the agonist Polyl:C (37).
Differential detection of viruses also occurs between RIG-1 and MDAS with RIG-1 recognizing
paramyxoviruses, influenza virus and Japanese encephalitis virus and MDADS recognizing
picornaviruses (37). Both of these sensors signal through the mitochondrial antiviral-signaling
protein (MAVS) localized to the mitochondrial outer membrane. Phosphorylation events
following MAVS via TBK1 lead to the phosphorylation and dimerization of the transcription
factor IRF3 that drives IFN production, along with inflammatory cytokines through the
recruitment of NF-xB (38).

Complementing the detection of viral RNA species, intracellular DNA sensors detect
viral DNA species, as well as host DNA, to initiate a variety of innate immune responses
including IFN induction, pro-inflammatory cytokine secretion, and cell death. Sensors of double-
stranded DNA (dsDNA) such as cyclic GMP-AMP synthase (cCGAS) and the Absent in
melanoma 2(AIM2)-like receptor (ALR) IFI16 can contribute to the production of IFN-Is using
similar adapters as previously described downstream of MAVS such as TBK1. In myeloid DCs,
it has been established that IFI16 is dispensable and plays no significant role in innate immune

activation, in contrast to macrophages (34, 39). Once dsDNA is bound by cGAS, a secondary



messenger is produced called 2°3’-cGAMP (cyclic [G(2',5")pA(3',5")p) and activates the
stimulator of interferon genes (STING) localized at the endoplasmic reticulum (40-42). Signaling
then uses adapter proteins ofthe RLR pathway at the level of TBK1 and IRF3 phosphorylation
and dimerization. This also results in the production of IFN, which signals through the interferon
alpha receptor (IFNAR), comprised of IFNAR1 and IFNAR2. This signaling then recruits Signal
transducer and activator of transcription 1 and 2 (STAT1, STAT2), along with IRF9 to form the
interferon-stimulated y factor 3 (ISGF3) transcriptional complex that binds to the Interferon-
stimulated response element (ISRE) (43). This complex can induce a battery of interferon-
stimulated genes (1ISGs) which confers protective antiviral immunity within the cell and to the
local environment.

Shared with the RLR and cGAS/STING sensing pathways, activation of NF-kB occurs
downstream of MAVS and STING, respectively, signaling to produce a slew of inflammatory
cytokines (44, 45). Transcription of IL1B, IL6, TNFA, and other inflammatory genes are
expressed upon sensing of nucleic acid species to aid in the antiviral response. Notably in
monocyte-derived DCs, endosomal sensing of viral ssSRNA via TLR8 signals through the adapter
MyD88 to activate NF-kB, but does not induce activation of IRF3 to express type | IFNs alone
(34). Only upon activation of the cGAS/STING pathway can endosomal TLR signaling boost
dsDNA-primed IFN responses in MDDCs (34). Thus, NF-kB activation via endosomal TLR
sensing is insufficient to induce type | IFNs alone in MDDCs, but is required for the induction of

pro-inflammatory cytokines downstream of either endosomal or nucleic acid sensing pathways.



HIV-1 & Sensing by Myeloid Dendritic Cells

A viral pathogen that has been extensively studied in the context of its ability to stimulate
innate immune responses through intracellular nucleic acid sensing is Human Immunodeficiency
Virus 1 (HIV-1). HIV-1 affects approximately 1.2 million people in the United States and
approximately 38 million people worldwide (46). There is no current cure for HIV-1 though
many significant strides have been made in controlling viral loads with the development of
antiretroviral therapy drugs and their use in pre- and post-exposure prophylaxis in uninfected
individuals. However, a vaccine against HIV-1 does not currently exist, underscoring the need
for continued research into how HIV-1 evades the immune system and leads to chronic,
hyperinflammatory conditions.

HIV-1 is a positive-sense single-stranded RNA lentivirus of the retrovirus virus family.
HIV-1 enters its primary immune cell target CD4+ T-cells, though it can also infect
macrophages, monocytes, and dendritic cells using the CD4 receptor and CCR5 or CXCR4 co-
receptor engaged with HIV-1’s trimer of gp120 and gp41 glycoproteins (47). Once inside the
cell, the ssSRNA is converted to viral cDNA via its reverse transcriptase within the viral capsid.
Once the capsid reaches and passes through the nuclear envelope in close association with
cyclophilin A in MDDCs, the viral cDNA forms an intasome with integrase bound each of the
long terminal repeats (LTRs) (33, 48). The viral cDNA is then integrated into the genome of the
cell where transcription of HIV-1 RNA species and subsequent translation of viral proteins such
as Gag can occur to produce new infectious virions within the infected host cell.

In the context of myeloid DCs and induction of antiviral IFN, HIV-1 is able to go largely
undetected by these key antigen presenting cells ultimately resulting in a dysregulated and

cytopathic antiviral response (49). The vast majority of DCs are not productively infected and



while evidence of cDNA from the closely related simian immunodeficiency virus (SIV) has been
found in vivo within DCs in non-human primate tissue, this likely is the result of phagocytosed
infected target cells (50). IFNs have been studied in vitro and in vivo with great interest as a
means to combat and cure HIV-1 infection. Work done with the SIV in rhesus macaques has
shown that systemic IFN acts as a double-edged sword in controlling infection (51). Blocking
IFNAR systemically with an anti-IFNAR antibody during SIV infection leads to significantly
increased viral loads and rapid depletion of the CD4 T-cell compartment. Interestingly, when
IFN (specifically IFN-02a) is provided at the time of SIV infection, there is a rapid induction of
ISGs and protection from acquisition of SIV (51). Importantly, when administration of IFN was
prolonged representing chronic infection, there was pronounced desensitization to IFN. SIV
infection is able to take hold resulting in viral loads and T-cell depletion similar to that seen with
IFNAR blocking antibody. This mirrors what has been show in humans infected with HIV-1
where during the chronic phase of infection there is a direct correlation with levels of IFN and
viral load and an inverse correlation between IFN and CD4+ T-cell count (52). Thus, both the
timing and robustness in the IFN response against HIV-1 is of critical importance and
understanding the mechanism by which HIV-1 dysregulates this process within innate immune
cells charged with the responsibility to program adaptive immunity like myeloid DCs is critical.
Examining infection in myeloid DCs, previous work has shown that an array of host
factors prevent detection of viral cDNA by cGAS, the DNA sensor of HIV-1 in myeloid DCs.
The exonuclease TREX1 deficient in Aicardi-Goutiere Syndrome patients, is responsible for
eliminating both self and unmasked HIV-1 dsDNA from detection by cGAS (53). More recently,
NONO was discovered to work in tandem with cGAS to detect incoming viral capsid in the

nucleus, allowing for the specific detection of HIV-2 cDNA and not self, genomic DNA (54).



The capsid of HIV-1 is of important interest as differences to closely related HIV-2 reveal
differential association and binding to the DC host factor cyclophilin A (CypA). HIV-2’s
interaction with CypA allows for the escape, replication, and potential detection of viral cDNA
made within the capsid (55, 56). HIV-1 has a high affinity for CypA stabilizing the capsid (57),
thus preventing most pre-integration cGAS-mediated sensing of cDNA (58). Post-integration,
there may be additional mechanisms by which HIV-1 cDNA is sensed by cGAS, potentially
involving newly synthesized Gag molecules, CypA, and the capsid to unmask cDNA (33).
Recent work has shown exciting new evidence that during reverse transcription, viral double-
stranded cDNA can be extruded through patches in the stabilized capsid structure highlighting
the relevance for examining DNA sensing in myeloid DCs (59).

Sensing of HIV-1 cDNA via cGAS/STING, under certain permissive conditions, induces
DC maturation during HIV-1 infection in myeloid DCs that is dependent on the master
transcription factor IRF3 (34). In DCs lacking IRF3, these cells fail to induce IFN and upregulate
costimulatory molecules such as CD80 and CD86, markers of DC maturation (33, 34). Discovery
of other transcription factors key to this process will aid in illuminating how myeloid DCs

balance potent antiviral interferon signaling and DC maturation.

HIV-1-GFP as a viral mimetic of HIV-1 infection, bypassing host restriction in MDDCs
Myeloid DCs express several host restriction factors that limit innate immune sensing and
viral replication. These include factors such as TRIM5a (premature uncoating of the virion core
and activates E3 ubiquitin ligase activity) (60, 61), APOBEC3G (a cytidine deaminase that edits
HIV-1 cDNA) (62), MxB (prevents nuclear import for HIV-1 cDNA) (63), SLFN11 (inhibits

translation of HIV-1 RNA) (64), Tetherin (inhibits budding of HIV virions from the cell surface)



(65, 66), and IFITM1-3 (incorporated into virions and impairs viral entry) (67). HIV-1 accessory
proteins can aid in overcoming these restriction factors such as Vif disabling APOBEC3G (68,
69) and Vpu disabling Tethrin (65). SAMHDL is another host restriction factor that depletes the
pool of dNTPs available for reverse transcription of HIV-1 ssRNA (70). SAMHD1-mediated
restriction can be overcome by the HIV-2 and SIV accessory protein Vpx.

Taking advantage of this relationship, a system utilizing SIV Vpx in monocyte-derived
DCs can examine the regulation of innate immune responses and DC maturation (71, 72). HIV-
1-GFP is a single-cycle, VSV-G pseudotyped, attenuated form of HIV-1 lacking | env, vif, vpr,
and vpu accessory protein-coding genes and has GFP in place of nef as a proxy to track
integration (73, 74). Vpx is delivered in trans prior to infection to disable SAMHD1 via
recruitment of a cullin4A-RING E3 ubiquitin ligase to target Vpx for proteasomal degradation
(75). This then allows for productive infection of myeloid DCs. Together, this system allows for
the discovery of potential novel regulators of innate immune sensing and DC maturation in

myeloid DCs.

Interleukin Enhancer Binding Factor 3 (ILF3)

This work uncovers the role of a dual transcription factor/RNA-binding protein as a
negative regulator of myeloid DC maturation. ILF3, located on chromosome 19 in humans,
encodes 2 major protein isoforms, NF90 and NF110, caused by an alternative splicing event
causing the inclusion of 3 coding exons (exons 19, 20, and 21) in NF110 (76-78). These isoforms
are identical through the C-terminus of NF110 that extends beyond NF90, which contains a
GQSY-repeat motif that has been found to be essential from protein aggregation (79). NF90 and

NF110 share several other domains in common such as a Nuclear Export Signal (NES) that is



located with the Domain Associated with Zinc Finger domain (DZF) containing a C2H2 zinc
finger (80). The DZF has largely been associated with binding with its stabilization partner ILF2
(encoded by ILF2) as well as transcriptional activity (81). Strikingly, there is a high degree of
conservation of amino acid residues within the DZF across vertebrates, suggesting evolutionary
selective pressure to retain DZF structure and function (Fig. 1A). Apart from interspecies
conservation of the DZF domain, within humans, there are only 4 gene families that encode a
DZF: ILF3, ILF2 (ILF3’s stabilization binding partner), SPNR (a testes-specific paralogue of
ILF3), and ZFR (81). The DZF domain has high structural homology to the family of template-
free nucleotidyltransferases such as poly (A) polymerases, 2’5’ oligoadenylate synthase (OAS)
(an interferon stimulated gene family), and tRNA nucleotidyltransferase (81). However, key
catalytic residues from these transferases are not conserved in ILF3 thus forming a
“pseudotransferase” which might give rise to new biological function. NF90 and NF110 also
share a Nuclear Localization Signal (NLS) essential for its localization to the nucleus at steady
state conditions (82). Also common to both isoforms are two double-stranded RNA-binding
domains (dsRBDs) which are essential for its function as an RNA-binding protein . An RGG-
repeat motif follows the dsRBDs and is a domain that supports coordination of broader RNA-
binding by the dual dsRBDs (83). Both NF90 and NF110 have been given alternative names

such as NFAR-1 and NFAR-2, DRBP76, or ILF3, respectively.

10



A. Domain Associated with Zinc Finger (DZF) % Similarity

IS I O O -
p—— | [ ke

— T

L AN T T M Yy 00
= catt AN T O 00
6 Rac AN T O 00

AN 5 5 O 0
— 1 e
ozerovon [N I T O -2

Figure. 1. ILF3’s DZF domain is highly conserved across multiple vertebrate species. A. MUSCLE alignment
of the DZF domain (amino acid residues 89-342) of human ILF3 to full length ILF3 sequences of indicated
vertebrate species, trimmed after alignment. Similarity score calculated using human ILF3 as the reference
calculated using Blosum45 with threshold 0.

ILF3 was first discovered in the human Jurkat T-cell cell line as a subunit of the Nuclear
Factor of Activated T-cells (NF-AT) enhanceosome, along with its stabilization partner
Interleukin Enhancer Binding Factor 2 (ILF2) (84-86). ILF3 was found to be bound at the region
of the promoter of interleukin 2 (IL2) known as the antigen receptor response element 2 (ARRE-
2) where the NF-AT complex is required to bind for IL2’s transcription following T-cell
activation. Later work has also shown that ILF3 as an enhancer of 1L13 transcription, using a
similar DNA-binding sequence to the ARRE-2 promoter of IL2 (CTGTT) (87). Following these
works, ILF3 has been shown to be a transcriptional regulator of other genes aside from the
family of interleukins such as FOS and HLA-DRA (88, 89). Apart from the NF-AT complex,
ILF3 is also a member of other transcriptional complexes such as DNA-PK, primarily composed
of Ku70, Ku80, and DNA-PKcs involved in DNA-damage repair (84, 90). Studies have revealed
that a transcriptional complex of isoform NF90, Ku70, Ku80, and DNA-PKcs can also bind to
the ARRE-2 of IL2 to enhance its induction (84). Interestingly, though there is evidence that
ILF3 can be found bound to dsDNA (91), neither NF90 or NF110 contains a bona fide DNA-

binding domain. This implies that ILF3 could harbor a noncanonical DNA-binding domain or
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require association with transcription factors with DNA-binding domains in order to execute its
regulatory role.

Apart from ILF3’s role as a transcriptional regulator, its secondary function involves its
capacity to function as an RNA-binding protein utilizing its dual dsRBDs targeting not only host,
but also viral pathogen RNA species. ILF3 can bind the 3’ UTR of various host mRNAs to cause
either their stabilization for subsequent translation or promote their degradation. In the case of
IL2 following its role as a transcriptional enhancer, ILF3 binds to the 3° UTR of IL2 within a
region of four “AUUUA” motifs, common to many cytokines and chemokine transcripts (80,
92). This binding is required for the stabilization of the mature IL2 transcript during export of the
ILF3/IL2 complex from the nucleus for translation. Like IL2, NF90 can also control the
expression of HLA-DRA at both the transcriptional and mRNA level by stabilizing its 3° UTR. 3’
UTR NF90-mediated regulation is also seen in the MHC Class Il genes HLA-DRB1 and HLA-
DQAL (93). Apart from protein-coding genes, ILF3 is also essential in regulating a variety of
host non-coding MRNASs (ncRNAs) such as the family of small-NF90 associating RNAs (snaRs)
(94), LincIN (95), LINC00470 (96), HOXA-AS3 (97), TPT1-AS1 (98), and ELDR (99). ILF3
can also influence the maturation of microRNAs, another class of non-coding RNAs. miR-133a-
1 (100), miR-7 (101, 102), pri-miR-590 (103), miR-548k (104), and miR-Let-7a(105) have all
been found to have differentially expressed forms of their pri-, pre-, or mature miRNA upon
perturbation of ILF3. ILF3 can positively regulate a different class of host RNAs known as
circular RNAs (circRNA) as part of circRNA ribonuclear protein complexes in the nucleus
during homeostasis, but is abrogated during viral infection where ILF3 is retargeted from the

host to the pathogen (106). Interestingly, this study found that upon viral infection with a
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negative-sense RNA virus (vesicular stomatitis virus), ILF3 translocates out of the nucleus to
bind viral RNA to inhibit translation as an antiviral mechanism.

Within its capacity to act as an RNA-binding protein, ILF3 regulates viral RNASs to
influence and regulate viral replication directly. ILF3 was first found to bind viral RNA species
in adenoviruses encoding two virus-associated (VA) RNAs, VA RNAI and VA RNAII (107).
Hepatitis B virus (HBV) replication was found to be positively regulated by ILF3 via binding to
the encapsidation signal (epsilon) of HBV, along with other host proteins as part of a
heterodimeric complex, to assist HBV polymerase in binding to this sequence (108). The related
hepatitis C virus (HCV) is also positively affected by ILF3 through promoting the circularization
of the viral genome through 5” and 3’ UTR binding (109). Influenza A is negatively affected by
ILF3 expression through two independent mechanisms. ILF3 can antagonize viral replication
through association with the viral nucleoprotein (NP) and promote phosphorylation of PKR to
aid in the antiviral response (110, 111). Additionally, ILF3 can act to negatively impact viral
polymerase in expression new viral RNA species (112). Similar effects on viral replication are
also seen in the case of ILF3 binding to dengue virus genome 3’ UTR to promote replication,
interacting with Ebola viral polymerase (VP35) to inhibit replication, and positively regulating

replication of influenza B virus (113-115).

ILF3’s role in regulating HIV-1 replication

In the context of HIV-1 infection, there have been several studies examining the role of
ILF3 in regulating HIV-1 replication. NF90, in concert with ILF2, can promote HIV-1 viral
replication and gene expression specifically through its dual dsRBDs (116). However, there have

been several studies examining replication of HIV-1 that utilize a likely dominant-negative
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variant of ILF3 termed NF90 C-terminal variant (NF90ctv). This variant contains a CT insertion
within exon 15 of ILF3 that is not caused by alternative splicing and results in a frameshift
mutation causing a C-terminus that is rich in acidic residues (77, 117). As the other isoforms of
ILF3 do not contain enrichment for these acidic residues, it is possible that this mutation could
alter the observed phenotype of overexpression studies using NF90ctv. Thus far, there has been
no evidence to support that this variant exists in the mammalian genome. Results from these
studies should consider the possibility of a dominant negative effect due to this CT-insertion.
Studies manipulating NF90ctv in the context of HIV-1 have found that NF90ctv inhibits HIV-1
transcription via competition for the trans activation response element (TAR) RNA with the
trans-activator of transcription (TAT) during infection (118). Binding of TAT to TAR is essential
for HIV-1 gene transcription. NF90ctv binding to TAR blocks available TAT from being able to
bind to the TAR element. NF90ctv can also inhibit HIV-1 Rev protein activity to in inhibit viral
RNA export in addition to being able to bind to the Rev-responsive element of HIV-1 (119).
Similar to the TAR element, the RRE requires Rev to bind to its secondary structure so that Rev
can export HIV-1 unspliced and partially spliced viral RNA from the nucleus to the cytoplasm
for translation of HIV-1 viral proteins. Further work examining the comparative effects of NF90
vs. NF90ctv as well as the expression of each in vertebrate genomes should be considered to

determine their relative biological relevance.

ILF3’s role in regulating Type I Interferon
Critical to HIV-1 infection, type | IFN (IFN) plays both an antiviral and deleterious role
in controlling HIV-1 infection that is dependent on both timing and robustness of the IFN

response (120). We know much about how ILF3 can regulate viral fitness and replication
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directly, but what is ILF3’s role within innate immunity and the antiviral IFN response? NF90ctv
was found to be a positive regulator of a variety of ISGs downstream of interferon signaling
during HIV-1 infection of such as ISG15, IFI127, and MxA at the level of transcription (117).
However, given the literature, it is likely that ILF3-dependent IFN and subsequent ISG responses
are dependent on several key factors: ILF3 isoform, pathogen, and cell type. In studies
examining mammalian expressed NF90 and NF110, there is evidence that ILF3 can either
suppress, promote, or fail to impact IFN induction. Within primary human bronchial epithelial
cells challenged with a ANS1 influenza A virus, ShRNA knockdown of ILF3 resulted in
potentiated IFN (121). This is in contrast to the studies done in cell lines which have resulted in
no difference or decreased potentiation of IFN. In a different study examining influenza A
infection in vitro in 293T cells, NF90 knockdown showed no difference in levels of IFNB1
mMRNA following infection compared to controls (110). Knockdown of ILF3 in Sendai virus
infected A549 cells in vitro resulted in suppressed IFN production (115). With the use of an
RNA mimetic Poly I:C, ILF3 siRNA knockdown showed no difference at the level of IFNB1
MRNA in vitro in HeLa cells (122). A more recent study on ILF3 and its effect on IFN and 1SGs
is perhaps the most revealing in terms of the complex mechanism behind these divergent results.
Analysis of ILF3 siRNA knockdown HeLa cells stimulated with Poly I:C versus controls
revealed no differences in IFNB1 transcription yet decreased expression in select ISGs such as
ISG15, IFIT2, CCL5, and CXCL10 at the level of mMRNA (123). These differences were found to
be due to association of ILF3 with active polysomes. When examining IFNB1 between actively
translating polysomes and subpolysomal pools, the group found a differential affect when
targeting either NF90 or NF110. Knockdown of NF110 significantly decreased IFNB1 in

polysomal pools compared to knocking down NF90 that lead to an increase in IFNB1 in
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polysomal pools. This difference led to differential translation of certain 1SGs. It is important to
note that this study, as with others previously detailed here, explore ILF3’s role in non-immune
cell lines. Protein expression and relative ratios of NF90 and NF110 within this study appear to
vary, potentially giving a clue to a stochiometric influence on regulation of IFN between NF90
and NF110 (123). Vast differences in signaling pathways and gene expression exist between
primary cells and cell lines, in addition to cells of immune or non-immune origin. Further studies
examining the role of ILF3 in primary human immune cells might reveal significant biological

roles potentially masked in other systems.

Dissertation objectives and significance

DC maturation is a hallmark process inherent to antigen presenting cells such as myeloid
dendritic cells. This process is what drives an efficient adaptive immune response leading to
priming of naive T-cells, specifically programmed to combat the diversity of pathogens
encountered by the innate immune system. This can be achieved through recognition of pattern-
associated molecular patterns (PAMPS) by innate immune sensors such as surface Toll-like
receptors, C-type lectin receptors, or intracellular nucleic acid sensors like cGAS. Cytokines
such as IFN can drive this process stemming from these signaling events through pathways that
converge on transcription factors that drive IFN expression like IRF3. We know that
transcription factors play essential roles in regulating innate immune responses and DC
maturation, both in the capacity to promote and restrain these processes. What remains less well
understood is which host transcription factors help to temper these responses, in an effort to
prevent hyperinflammation or promote resolution of the innate immune response. The primary

objective of this work is to define a new node in human myeloid DCs that helps restrain potent
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antiviral innate immune responses and DC maturation to better understand how human innate
immunity is regulated at the level of transcription.

The focus of this work surrounds the discovery of negative transcriptional regulators of
innate immune responses and DC maturation. Previous work utilizing ATAC-seq and microarray
data of HIVV-1-GFP-infected myeloid DCs revealed induction of IFN, ISGs, and subsequent DC
maturation-related gene expression. We took this data to ask whether we could identify
additional regulators of these pathways by examining timepoints where decreased expression of
potential candidates coincide with changes in promoter accessibility and gene expression of these
processes. This led to the identification of Interleukin Enhancer Binding Factor 3 as a candidate
negative transcriptional regulator of myeloid innate immunity. The phenotypic observations and
dissection of key domains required for ILF3’s mechanism of restraining these responses will be
discussed in Chapter 3.

Chapter 4 will discuss the broader implications of ILF3’s role elaborated by the work in
Chapter 3. ILF3 gene expression varies across a variety of cell types and tissues. Beyond HIV-1,
how is innate immune sensing impacted by other viral pathogens that APCs like myeloid
dendritic cells encounter? Is this universal to DNA and RNA species? Beyond pathogens, could
ILF3 regulate autoimmune and hyperinflammatory diseases that are dependent on type I IFNs
and inflammatory cytokines? Related to each of these contexts, this chapter will also explore
therapeutic interventions by current and unexplored small molecules that might more specifically

target and fine-tune innate immune signaling and cytokine secretion.
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CHAPTER 2: MATERIALS AND METHODS

Materials and Methods

Primary Human Cells and Cell Lines

We generated immature MDDCs as previously described (34). Briefly, leukocytes from
anonymized healthy human donors were acquired under the Bloodworks Donor Products for
Research and Test Development/Standardization — External Investigators Protocol (Western
Institutional Review Board - WIRB protocol 20150119) and informed consent was obtained
from all subjects. CD14+ monocytes from PBMC buffy coats were isolated with anti-human
CD14 magnetic beads (Miltenyi Cat:130-050-201) and cultured in RPMI (Thermo Fisher)
containing 10% heat-inactivated fetal bovine serum (FBS, Peak Serum, Inc), 50 U/mL penicillin,
50 pg/mL streptomycin (pen/strep, Thermo Fisher), 10 mM HEPES (Sigma), 2-mercaptoethanol
(Thermo Fisher), and 2 mM L-glutamine (Thermo Fisher), in the presence of recombinant
human GM-CSF at 10 ng/mL and IL-4 at 50 ng/mL (Peprotech). The day following isolation and
transduction with lentiviral vectors, fresh media and cytokines were added to cells (50% by
volume.) On the fourth day post-isolation, cells were resuspended in fresh media and cytokines
for subsequent experiments. 293FT cells (Life Technologies Cat# R70007, RRID:CVCL_6911)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher) supplemented
with 10% FBS, pen/strep, 10 mM HEPES, and with 0.1 mM MEM non-essential amino acids
(Thermo Fisher), 6 mM glutamine, and 1 mM sodium pyruvate (Thermo Fisher). HL116 cells
were cultured similar to 293FT cells, except with the addition of HAT supplement (Thermo
Fisher Cat: 21060-017). THP-1 cells (ATCC Cat# TIB-202, RRID:CVCL_0006) were cultured
in RPMI with 10% heat-inactivated fetal bovine serum, pen/strep, 10 mM HEPES, 2-

mercaptoethanol, and 2 mM glutamine and kept at a density between 250,000 and 1,000,000
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cells per mL. All cells were maintained at 37°C and 5% CO2 and used at early passage numbers
(< 20 for 293FT, or < 8 weeks for HL116 and THP-1 cells. Mycoplasma contaminant checks
were performed every 6 months. THP-1 experiments were performed on biological replicates
from independent cultures and MDDC experiments were performed using individual donors as

biological replicates.

Plasmids and Mutagenesis

HIV-1-GFP is env- vpu- vpr- vif- nef-, with the GFP open reading frame in place of nef (33).
Vpx-containing virus like particles were generated from the plasmid pSIV3+ (124).
Overexpression vectors for wild-type isoforms of ILF3, dual dsSRNA-binding domain deletion
mutants, Domain associated with zinc finger deletion mutants, and nuclear localization signal
deletion mutants were generated in-house using overlap extension mutagenesis to modify NF90
cDNA (GE Dharmacon) or directly synthesized (Thermo Fischer GeneArt) (NF90b mutants and
NF110b forms) or GE Dharmacon (NF90b cDNA) in a pLKO.1 vector backbone. lentiCRISPR
SgRNAs (single guide RNASs) were designed using the E-CRISP algorithm (http://www.e-

crisp.org/E-CRISP/), selecting for the highest scoring guides in target specificity and efficiency

for ILF3. Oligos spanning the sgRNA sequence were annealed and ligated into the
lentiCRISPRV2 backbone (125) (Addgene plasmid #52961, Gift from Feng Zhang). (ILF3 Target
Sequence #1: GCTGGAGGCAGTCCAGAACA. ILF3 Target Sequence #2:
GCCTCCAGCTCCTCTTGTGT). The parental control vector (LCV2) was created from
lentiCRISPRvV2 digested with BsmBI and re-ligated, removing the 2 kb stuffer. All lentiviral
constructs were transformed into Stbl3 bacteria (ThermoFisher Cat: C737303) for propagation of

plasmid DNA. All plasmids were prepared using a Nucleobond Xtra Maxi Kit (Takara
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Cat:740414.100). Coding sequences of overexpression constructs, ShRNA hairpins, and sgRNAs

were confirmed by automated sequencing (Genewiz).

Virus and Virus-Like Particle Production

As described (34), lentivirus stocks were produced by PEI-mediated transfection into 293FT
cells. For lentiviral vectors, plasmid amounts were 3.4 ug CMV-VSV-G (Addgene plasmid
#8454), 9 ug psPax2 (Addgene plasmid #12260), and 10.1 ug transgene (LKO.1 control
(Addgene Cat:10878), LKO ILF3 overexpression vector, ShRNA control (Sigma Cat:SHC002),
ILF3 shRNA, or lentiCRISPRv2 constructs). For HIV-1-GFP, plasmid amounts were 3.4 pg
CMV-VSV-G and 19.1 pug HIV-1-GFP cassette. Virus-like particles containing Vpx were
produced using 3.4 pg CMV-VSV-G and 19.1 pg pSIV3+. Media was washed and refreshed the
morning after transfection, and virus supernatants were harvested after 32 h later. Sufficient p24
levels were verified using Lenti-Go Stix Plus (Takara Cat:631280). Supernatants were passed
through 0.45 pum syringe filters (Corning), transferred to thin-wall Conical tubes (Beckman), and
concentrated by ultracentrifugation at 24k rpm for 2 hr at 4 °C in a SW28 swing-bucket rotor
(Beckman). Pellets were resuspended in RPMI-DC media without cytokines and insoluble
material was clarified by centrifuging at 700 rcf for 4 min. 50X concentrated viral stocks were

frozen at -80 °C and titered on 293FT and THP-1 cells.

Perturbation of DCs and Cell Lines
MDDCs were modified by lentiviral ShRNA and overexpression constructs similar to previously
described protocols (Johnson et al., 2018). Isolated CD14+ monocytes were resuspended in

media with cytokines and polybrene (Sigma, 1 pg/mL) and aliquotted to 96-well U-Bottom
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plates with 200,000 cells in 150 uL per well. Supernatant containing virus-like particles
packaging Vpx was added to overcome the block to reverse transcription ~30 min prior to adding
lentiviral vectors. 10 uL of concentrated lentiviral stocks were used to transduce 200,000 CD14+
cells. shRNA clones for targeting ILF3 were used independently (Sigma: ILF3 shl.:
TRCNO0000329787, ILF3 sh2: TRCN0000329786). THP-1 monocytic cells were transduced with
shRNA or lentiCRISPR constructs in 6-well cluster plates using 1,000,000 cells per well in 2 mL
media with polybrene (2 ng/mL) and concentrated viral stocks (150 pL of shRNA or 250 uL of
lentiCRISPR per well). Cells were placed under selection with puromycin (1 ug/mL, Invivogen)
two days after transduction for 1 week and puromycin-resistant populations were allowed to
expand. lentiCRISPR-transduced cells were used at day 8 for infection. shRNA-transduced cells
were used for experiments beginning 2 weeks after selection. Independent transductions were
performed for biological replicates, unless otherwise indicated. Perturbation of ILF3 expression

was confirmed by gPCR or immunoblot.

Infections and Stimulations

MDDCs were infected with HIV-1-GFP for 48 hours beginning on day 4 after differentiation.
DCs were spun down on day 4 and resuspended in fresh medium with GM-CSF, IL-4, and
polybrene (1 pg/mL). For most assays, DCs were plated in round bottom 96-well plates in 75 pL.
Infections and stimulations were performed by diluting virus in MDDC media (without cytokines
or polybrene) to a final volume normalized to control (150 pL per well). Antiretroviral drugs
(NIH AIDS Reagent Program or Selleck Chemicals Cat:S2005) were added prior to virus
infection at the following concentrations: efavirenz (EFV) (20 nM); raltegravir (RAL) (25 uM).

Innate and inflammatory stimuli — Immunostimulatory DNA or control DNA complexed with
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LyoVec (InvivoGen Cat: tlrl-isdc/tlrl-isdcc), 2°3’-cGAMP (InvivoGen Cat: tlrl-cga23-s), and
R848 (InvivoGen Cat: tlrl-r848) — were used as indicated in Fig. 3. THP-1 monocytic cells were
infected in the absence of Vpx at a density of 70,000 cell per 150 puL in complete RPMI medium
with polybrene (2 pg/mL). BI8R (R&D Systems Cat: 8185-BR-025) for IFN neutralization was
used for flow cytometry analysis of CD86 by adding B18R at a concentration of 100 ng/mL after
the media refresh on day 4 and once again 24 h later. Treatment of MDDCs of day 4 with
YM155 (Cayman Chemical Cat: 11490) was prepared in diH20 and incubated for 48 hours prior

to flow cytometry.

Flow Cytometry

Infected or stimulated MDDCs were washed with phosphate buffered saline (PBS, Corning), cell
pellets were incubated for 15 minutes at 4 °C with 2uL. of Fc Block (BD Biosciences Cat:
564219), and then exposed to LIVE/DEAD violet (ThermoFisher Cat: L34955) in PBS for 15
min at 4 °C in the dark. Cells were either simultaneously stained for surface markers (CD40
Thermo Fisher Cat: CD4004, CD80 eBioscience Cat:15-0809-42, CD86 eBioscience Cat: 15-
0869-42, HLA-DR Biolegend Cat: 307607/Biolegend Cat:307619, CD1c eBioscience
Cat:331505, CD83 eBioscience Cat: 305307) or were then washed with PBS and fixed with
0.4% paraformaldehyde (Electron Microscopy Sciences) diluted in PBS. Cells were analyzed on
an LSR 11 flow cytometer (BD Biosciences). For intracellular staining using anti-human ISG15
(R&D Systems Cat: 1C8044P) in MDDCs and THP-1 monocytic cells, cells were first exposed to
LIVE/DEAD violet and surface markers as described above, washed in PBS, then fixed and
permeabilized using a cytofix/cytoperm kit (BD Biosciences Cat: 554714), blocked with 2uL Fc

block for 10 min at room temperature, and stained according to the manufacturer’s instructions.
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Cells were washed and resuspended in PBS with 1% BSA and data were acquired on an LSR Il
flow cytometer (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC). ArC

Amine Reactive Compensation Bead Kit (Thermo Fisher Cat:A10346), UltraComp eBeads Plus
Compensation Beads (Thermo Fisher Cat: 01-3333-41), and GFP BrightComp eBeads (Thermo

Fisher Cat: A10514) were used for compensation.

Nucleic Acid Isolation and Quantitative PCR

~200,000 DCs were lysed in TRIzol reagent (Thermo Fisher Cat: 15596026) and RNA was
isolated according to the manufacturer’s instructions with the following modifications: two
sequential chloroform extractions were performed and Glycoblue (Thermo Fisher Cat: AM9516)
was added as a carrier prior to precipitation. cDNA was converted using Superscript IV VILO
with ezDNase treatment (ThermoFisher Cat: 11766050). Quantitative PCR reactions were
carried out using TagMan primer probes (Thermo Fisher) and TagMan Fast Universal PCR
Master Mix (ThermoFisher) in a CFX96 thermocycler (BioRad) or QuantStudio3 (Thermo
Fisher) in a volume of 10 pL according to the following cycling conditions: 50 °C for 2 min, 95
°C for 2 min, then 50 cycles each of 95 °C for 3 sec, to 60 °C for 30 sec, followed by 95 °C for 5
sec. For total ILF3 Sybr green gPCR, PowerUp Sybr Green Master Mix (Thermo Fisher Cat:
A25742) was used in a total volume of 10uL with the following cycling protocol: 50 °C for 2
min, , 95 °C for 2 min, 95 °C for 15 sec, 58 °C for 15 sec, and 72°C for 15 sec, repeated for 40
cycles. Data were plotted as 2491000 relative to GAPDH. For experiments with larger number
of samples, Direct-Zol 96-well RNA isolation kits (Zymo Cat: R2056) were used as per
manufacturer’s instructions, utilizing the optional DNase step and forgoing the ezDNase step

with the SSIV VILO master mix.
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Microarrays

Monocyte-derived dendritic cells from three unique donors were transduced with either a control
SshRNA, ILF3 shl, or ILF3 sh2 in the presence of Vpx. RNA was extracted using TRIzol on day
5. Purified RNA was labeled and hybridized to SurePrint G3 8x60K Microarrays (Agilent) and
data were acquired at the Institutes for Systems Biology. Probe sequences were mapped against
the Ensembl transcript database (ensembl.org, GRCh37.74) and sequences that mapped to more
than one gene or had more than five mismatches from the database sequence were removed for a
total of 37,623 unique probes. Probe-specific logarithmically transformed expression was
quantile-normalized. Duplicate probe sequences were averaged. Gene-specific expression was
computed by using the probe that showed the highest average expression across all samples in
cases in which multiple probes mapped to a single gene for a total of 26,319 gene-specific
probes. Statistical significance of the coefficients were computed with the LIMMA R package
(https://bioconductor.org/packages/release/bioc/html/limma.html). p values were adjusted for
multiple hypothesis testing with the Benjamini-Hochberg method for controlling the false
discovery rate. These data have been deposited in NCBI's Gene Expression Omnibus (Nazitto et
al., 2020) and are accessible through GEO Series accession number GSE159458

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cqgi?acc=GSE159458). Data from our previous

publications (34, 126) that were re-analyzed as indicated in Fig. S1 can be accessed through

accession number GSE100374 (microarray) and GSE125918 (ATAC-seq).
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Gene Set Enrichment Analysis (GSEA)

For ILF3 shRNA knockdown microarray, 37,913 gene features for each construct were ranked
by the t-test metric of GSEA using the mean values computed for ILF3 sh1 and sh2 compared to
the control sShRNA. The analysis was performed using the weighted enrichment statistic, ranking
genes using the t-test metric, against the C2 Curated gene sets containing x number of genes
(with 15 > x > 200) within the Molecular Signature Database. The Normalized Enrichment Score
(NES) was calculated using 1000 gene set permutations. For NF110 overexpression RNA-Seq, a
pre-ranked list of fold changes of NF110 wt compared to LKO control was ranked by t-test
metric containing 13,125 gene features. The analysis was performed using the standard weighted
enrichment statistic against the C1 Hallmark gene sets with 15>x>200 gene membership within
the Molecular Signature Database. The Normalized Enrichment Score (NES) was calculated

using 1000 permutations.

RNA-Seq and analysis

RNA isolated from TRIzol lysates as described above and converted to cDNA libraries using the
[Mumina TruSeq stranded mRNA Kit per the manufacturer’s instructions. Libraries were
amplified and then sequenced on an Illumina NovaSeq (2 x 150, paired-end). Reads with more
that 67% identical bases were discarded prior to alignment. The remaining read pairs were
aligned to the human genome (hg19, GRCh37 Genome Reference Consortium Human Reference
37 (GCA_000001405.1)) using the gsnap aligner (v. 2016-08-24) allowing for novel splicing.
Concordantly mapping read pairs (average 17 million per sample) that aligned uniquely were
assigned to exons using the subRead program and gene definitions from GRCh38.87. Genes with

low expression were filtered using the filterByExpr function in the edgeR package from
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Bioconductor.org resulting in a total of 13,125 genes in the final dataset. Differential expression
was calculated using the edgeR package. The data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession

number GSE159143 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159143).

(Nazitto et al., 2020)

Immunoblotting

Samples were prepared as previously described (34). Blots were incubated with primary ILF3
antibody ILF3 (Abcam Cat:92355) (1:3000). After incubating blots overnight at 4 °C, or for at
least 1 hr at room temp, they were washed with TBS/tween, then incubated with the
corresponding HRP-conjugated anti-rabbit secondary antibody (1:10,000) for 1 hr at room
temperature. To confirm equal protein loading, blots were incubated with an anti-actin-HRP
antibody (directly conjugated) (Abcam Cat:AB20272) (1:100,000) for 30 min at room
temperature. Alternatively, blots were incubated with primary GAPDH antibody (Cell Signaling
Cat:5174T) (1:1000) to confirm equal protein loading in samples taken over the course of
differentiation from monocytes to MDDCs, as actin expression is not constant during
differentiation. After incubation with primary antibodies, blots were washed with TBS/tween,
then incubated with the corresponding HRP-conjugated anti-rabbit secondary antibody
(1:10,000) for 1 hr at room temperature. Blots were then washed in TBS/tween, reacted with
Wesfemto ECL kit (Thermo Fisher Cat: 34095), and developed using a FluorChem E Imager

(Protein Simple).
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Immunofluorescence

On day 5 after transduction, 75 pl of MDDCs were plated into a chamber of an 8-chamber
mounting slide (MatTek Life Sciences). Cells were collected onto the coverglass by
centrifugation for 7 min at 1500 RPM at room temperature. The supernatant was aspirated and
cells were fixed with 2% paraformaldehyde for 30 min at room temperature. After washing the
cells with PBS the cells were then permeabilized and blocked with a solution of PBS + 0.1%
Triton X-100 + 5% FBS (Perm/Block, 0.2 um filtered) for 1 h at room temperature. The
Perm/Block solution was then aspirated and anti-ILF3 antibody was added at a concentration of
1:1000 in Perm/Block solution. Cells were washed 3x for 5 min each with Perm/Block and then
incubated with Alexa Fluor 594 goat anti rabbit secondary antibody (Thermo Fisher Cat:A-
11012) at 1:750 in Perm/Block for 1 h at room temperature. Cells were washed twice for 5 min
each at room temperature in the dark with Perm/Block. 1.25 ul of phalloidin (Thermo Fisher Cat:
R415) was added to 200 ul of PBS per chamber and incubated for 20 min at room temperature in
the dark, except for where indicated. Cells were washed twice with PBS and then mounted with
ProLong anti-fade diamond with DAPI (Thermo Fisher Cat: P36962) and left to cure for 24 h
before imaging on a DeltaVision Elite (Cytiva) widefield microscope. Images were collected
with a 100x 1.4 NA objective (Olympus) on a CoolSnapHQ2 CCD camera (Photometrics). The
sides of each pixel are 6.45 um. Images were deconvolved using algorithms provided by
Huygens Software (Scientific Volume Imaging BV, The Netherlands). For deconvolution, three-
dimensional data sets were processed to remove noise and reassign blur by an iterative Classic
Maximum Likelihood Estimation widefield algorithm using an experimentally derived point

spread function. Image processing was performed using Imaris (Bitplane). Cells were segmented
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using the “Cells” command, which identifies cells and their nuclei. For each cell, the ratio
between nuclear and cytoplasmic ILF3 fluorescence signal intensity was determined.

ELISAs

IFNB in DC supernatants was determined by ELISA (R&D Systems Cat: DIFNBO) according to
the manufacturer’s instructions. Supernatants (50 uL) from MDDCs infected with HIV-1-GFP
for 32 h were mixed with 50uL assay diluent reagent per well and measured in duplicate
compared to a standard curve of IFNf ranging from 7.81pg/mL to 500pg/mL. IFNP was also
measured in supernatants of ILF3 knockdown MDDC supernatants using high-sensitivity ELISA
IFN (PBL Cat: 41435) on mock, 2°3’-cCGAMP, and B18R-treated MDDCs (R&D Systems Cat:
8185-BR-025) (Added at 100ng/mL 1 hour before 2°3’-cGAMP treatment) 7 hours post
treatment, measured in duplicate compared to a standard curve of IFNf ranging from 150 pg/mL
to 2.34 pg/mL.CXCL10 and IL-6 were measured in the supernatants of mock or ILF3
knockdown MDDC supernatants using ELISAs for CXCL10 (Abcam Cat: 173194) and I1L-6
(Abcam Cat:178013) on mock, 2°3’-cGAMP, and B18R-treated MDDCs for 7 hours, measured
in duplicate compared to a standard curve ranging from 800 pg/mL to 12.5 pg/mL for CXCL10
and 500 pg/mL to 7.8 pg/mL for IL-6. CCL23 was measured in the supernatants of either ILF3
knockdown or NFOO/NF110 overexpressing MDDCs compared to relevant controls 48 hours
post media refresh on Day 4 using a CCL23 ELISA assay (Abcam Cat: 216169), measured in
duplicate compared to a standard curve of CCL23 ranging from 450 pg/mL to 7.03 pg/mL. All

duplicates were averaged per donor, represented as the mean.
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Bioassays for Type | IFN
IFN activity in HL116 cells was measured as previously described (34). Briefly, 20,000 HL116
cells were incubated with supernatants from MDDC cultures for 7 hours before passively lysing

the cells and scoring firefly luciferase activity in the presence of luciferin.

Quantification and Statistical Analysis

Statistical tests were performed as indicated in the figure legends or otherwise using Prism 8.0.1
(GraphPad) to calculate a mixed model two-tailed t-test using paired samples and setting an
alpha value of 0.05. In this study, n is defined in the figure legends and represents the number of
biological replicates performed of unique donors for MDDC experiments or the number of

independent, non-technical replicates for THP-1 experiments, unless otherwise indicated.

Illustrations

All graphical illustrations were done using BioRender.com
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CHAPTER 3: ILF3 is a negative transcriptional regulator of innate immune responses and
myeloid dendritic cell maturation

Introduction

Engagement of the innate immune system in response to an invading pathogen is a
central element of host defense. Viral, bacterial, and fungal pathogens can be detected by a wide
variety of innate immune cells. Myeloid DCs play key roles in this response by initiating local
innate responses and programing subsequent adaptive immune responses (2). Immature DCs are
poised to respond to pathogen components and inflammatory cytokines, which trigger
morphological and functional changes that facilitate antigen presentation, cytokine/chemokine
secretion, and expression of costimulatory molecules. These functional changes are characteristic
of mature DCs, which have the capacity to prime naive T cells and program adaptive immunity
(127). Many aspects of DC biology are governed by transcription factors that regulate gene
expression signatures and influence cell behavior, including DC maturation. While efficient DC
maturation may be beneficial for controlling an active infection, sustained or excessive innate
responses following maturation can have deleterious pathologic effects (128). Thus, it is
important to decipher the complex molecular mechanisms that regulate innate immune responses
and DC maturation and understand their function in health and disease.

DCs express an array of pattern recognition receptors (PRRs) that serve as “sensors”
positioned to detect extracellular pathogens (e.g. TLR3, TLR4) and intracellular pathogens (e.g.
CGAS, IFI16, and RIG-I1). Viral nucleic acids within infected cells are detected by DNA and
RNA sensors such as cGAS and RIG-I, respectively. These sensors activate signaling cascades
that lead to phosphorylation of transcription factors such as IRF3 and NF-«xB that drive induction
of inflammatory cytokines, including a potent class of antiviral signaling molecules known as

type I interferons (IFNs). Autocrine and paracrine signaling of IFNs through the IFN receptor
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and the JAK-STAT pathway induce a battery of IFN-stimulated genes (ISGs) that can act to
directly restrict viral replication or modify cellular processes to establish an antiviral state.
During chronic infection with viruses such as HIV-1, sustained production of type I IFNs and
expression of ISGs can exacerbate non-specific inflammation, increase target cell susceptibility
to the virus, and contribute to pathogenesis (51, 129). Given the pivotal role of DCs in linking
innate and adaptive immunity, a deeper understanding of the mechanisms that restrain IFN
responses or negatively regulate DC maturation during infection could lead to treatments that
engage protective antiviral immune responses during viral transmission and may guide the
development of therapies for late-stage disease.

Numerous transcription factors essential for DC differentiation and maturation have been
identified, yet the factors that restrain and fine-tune this response remain poorly understood
(130). In this report, we have identified ILF3 as one such factor. ILF3 was originally discovered
as a positive regulator of I1L2 transcription as part of the NFAT-AP1-NF-kB enhanceosome and a
positive regulator of IL2 mRNA stabilization via 3’UTR binding (80, 86, 131-133). Subsequent
studies have uncovered diverse functions for ILF3 that include a role in host RNA decay as a
component of a messenger ribonucleoprotein (MRNP) complex, and a role as a transcriptional
modulator for interleukins in addition to IL-2, such as IL-13 (87), and the oncogene uPA (134).
Additionally, ILF3 can interact directly with viral nucleic acids to modulate replication of
dengue virus (113), hepatitis C virus (109), bovine viral diarrhea virus (135), human rhinovirus,
and Zaire ebolavirus (114). Despite these known roles in regulating transcription, mMRNA
stabilization, interaction with viral nucleic acids, and regulation of pathogen fitness, ILF3 has not

previously been described to regulate the function of myeloid immune cells.
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Here, we demonstrate that both major isoforms of ILF3, NF90 and NF110, restrain
myeloid DC maturation and type I IFN responses. Analysis of deletion mutants reveals that the
nuclear localization sequences of both NF90 and NF110 are required for this function.
Interestingly, mutation of the domain associated with zinc finger (DZF) domain ablated the
ability of NF110 to suppress DC maturation, but not NF90. Furthermore, through RNA-seq
analysis of DCs expressing mutant or wild type ILF3, we demonstrate that ILF3-dependent genes
are strongly enriched for genes associated with cholesterol homeostasis. These data establish
ILF3 as a regulator of DC responses to innate immune stimuli and therefore a potential target for

host-directed therapies to fine-tune inflammation and innate immunity.

Results:
Temporal promoter and transcriptome analysis predict ILF3 as a regulator of DC
maturation in response to HIV-1-GFP infection

To probe the DC response to innate immune stimuli, we employed HIV-1-GFP, a VSV-
pseudotyped, single-cycle, HIV-derived reporter virus that lacks all accessory proteins and
expresses GFP in place of Nef. Normally, HIV-1 infection is severely limited in DCs due to
expression of the restriction factor SAMHD1, which prevents reverse transcription of viral RNA
(70, 136). Providing the SIV accessory protein Vpx, in trans, leads to SAMHD1 degradation,
allows for reverse transcription to proceed, and enables efficient, productive infection (33, 124).
This system is a well-established model for examining DC maturation and type | IFN responses
(33, 34, 137). Infection of MDDCs with HIVV-1-GFP robustly induces type I IFN through the
DNA sensing pathway cGAS-STING, a key initiator of DC maturation via the transcription

factor IRF3 and antiviral immunity through the induction of 1SGs.
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To identify molecules that restrain maturation and IFN responses in myeloid DCs, we
reanalyzed existing datasets that were generated from an Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-Seq), together with microarray datasets from MDDCs
infected with HIV-1-GFP-infected MDDCs (34, 126). We compared changes in genome-wide
chromatin accessibility and the transcriptome over time to search for genes that had increased
chromatin accessibility near their transcription start sites and decreased gene expression, profiles
that could suggest negative transcriptional regulation (Fig. S1A). As expected, chromatin
accessibility was increased at the promoters of numerous genes with established roles in DC
maturation (CD40, CIITA, CD80, CD86) and IFN responses (IFNB1, ISG15, OASL, IFIT1) at 24
hours post infection (Fig. S1B) (126) and these increases were associated with altered expression
of these genes at later timepoints (Fig S1C). We defined a set of 85 genes that had both large
increases in chromatin accessibility (fold-change (FC) > 10, p < 0.01) and significantly reduced
expression (FC < 1, FDR < 0.05) at 24 hours following infection with HIV-1-GFP. Of those 85
genes, only five were transcription factors, as defined by the Transcriptional Regulatory
Relationships Unraveled by Sentence-based Text mining (TRRUST) list of human transcription
factors: CDK2AP2, ERCC2, HSF1, ILF3, and KLF2. We were particularly intrigued by the
transcription factor ILF3, as it has been reported to negatively regulate IFN production during
influenza infection in primary human bronchial epithelial cells (121). Additionally, under
different experimental conditions in HeLa and A549 cells, ILF3 has been shown to promote the
IFN response upon dsRNA stimulation (115, 123). The gene encoding ILF3 produces two major
isoforms, NF90 and NF110 (collectively named ILF3 for the purposes of this study), and both of
which are known to act as transcriptional regulators (86-88, 134, 138, 139). We found that

human CD14+ monocytes isolated from whole blood express low levels of ILF3 isoforms, but
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these are dramatically upregulated over the course of differentiation into immature MDDC in the
presence of IL-4 and GM-CSF (Fig. S1D). Since our data in MDDCs suggested that accessibility
of the ILF3 promoter is altered during innate immune stimulation, and the transition from
immature to mature MDDC coincides with a decrease in ILF3 expression (Fig. S1E,F), we

pursued ILF3 as a candidate regulator of innate immune function in human DCs to better clarify

its role.
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Figure S1. Changes in chromatin accessibility and gene expression over time for select genes in MDDCs
during infection with HIV-1-GFP. (A) Schematic illustrating MDDC derivation and subsequent HIV-1 infection
at different timepoints for ATAC-seq and transcriptome analysis as described in (34). (B) Log fold change
compared to mock infection of the normalized signal at the transcription start sites (TSS) of the indicated genes,
averaged over 3 independent donors, at 2, 8, or 24 (GFP+/GFP-) hours following of HIV-1-GFP infection of
MDDCs (See Materials and Methods). (C) Expression changes relative to mock infection for genes at the indicated
time points following HIV-1-GFP infection of MDDCs, averaged over two donors, for the genes shown in (B). (D)
Western blot from 2 donors of CD14+ monocytes (Mono. Day 0) differentiated with IL-4 and GM-CSF through Day
4 with samples taken every 24 hours. Stained for ILF3 and GAPDH as a loading control. (E) Log. fold change of
ILF3’s TSS peak as described in (B). (F) Log, of ILF3 gene expression, separated by isoform (NF90 and NF110) as
described in (C).

ILF3 restrains monocyte-derived dendritic cell (MDDC) maturation

To determine the set of genes regulated by ILF3 in unstimulated myeloid cells, we
transduced MDDCs with two independent shRNAs targeting all isoforms of ILF3 and analyzed
their transcriptomes by microarray (Fig. 1A). Knockdown of ILF3 in resting MDDCs (Fig. 1B)
altered the expression of 106 genes (FDR < 0.05; |FC > 1.5|). Gene Set Enrichment Analysis
(GSEA) revealed that this set of genes was enriched for members of curated gene sets associated
with DC maturation in response to inflammatory stimuli. Up-regulated genes were significantly
enriched in three of the four “Lindstedt Dendritic Cell Maturation” gene sets (A-C) (140) (Fig.
1C,S2A). Genes down-regulated during DC maturation showed enrichment in the remaining set
(set D), demonstrating the concordance of the effects. (Fig. 1D). The set of 106 genes whose
expression was affected by ILF3 knockdown also contained additional genes that are not in the
Lindstedt gene sets but have established associations with innate immune activation and myeloid
DC maturation (CHI3L1, PPARG, TLR3, WFDC21P (Lnc-DC), CCR2, ST6GALL, VENTX, and
CCL23) (Fig. 1D) (141-148). Together, these transcriptomic analyses suggested that ILF3

functions as a negative regulator of MDDC maturation and innate immune responses. To
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determine whether phenotypic changes to DC maturation accompanied these transcriptional
changes, we measured surface expression of the costimulatory factors CD86, CD40, and the
MHC |1 cell surface receptor HLA-DR by flow cytometry following shRNA-mediated
knockdown of ILF3. In agreement with the transcriptomic data, knockdown of ILF3 led to
significantly elevated surface expression of CD86, HLA-DR, and CD40 (Figs. 1E, S2B), while
having a minimal effect on cell viability (Fig. S2C). Upregulation of CD86 correlated with
expression HLA-DR in a subset of cells and was associated with reduced expression of CD1c,
which are characteristic expression patterns of mature, heterogeneous MDDC cultures (Fig. 1F)
(8, 149). In agreement with these findings, we also observed upregulation of CD83 (an additional
marker of MDDC maturation) following ILF3 knockdown, although the sh2 condition did not
reach statistical significance (Fig. S2D). Nearly all cells in these cultures expressed high levels of
CDl1c, suggesting that ILF3 knockdown does not alter differentiation of monocytes into MDDCs

but rather affects MDDC maturation (Fig. S2E,F).
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Figure 1. ILF3 restrains monocyte-derived dendritic cell (MDDC) maturation. (A) Schematic illustration for
transcriptomic analyses of MDDCs transduced with shRNAs targeting ILF3. Cells from three unique donors were
transduced with a control sShRNA or one of two shRNASs targeting ILF3. After 4 days, mRNA was isolated and
analyzed by microarray. (B) Representative Western blot of MDDC whole cell lysates prepared as in (A), 4 days
after transduction with the indicated shRNAs. (C) GSEA plots for the Lindstedt DC maturation gene sets, in each
case comparing the mean expression values from ILF3 sh1 and sh2 conditions to the control sh condition. Gene sets
A-C (light purple) contain genes up-regulated during DC maturation and gene set D (dark purple) contains genes
down-regulated during DC maturation (D) Scatter plot of expression changes for genes significantly differentially
expressed following transduction with at least one of two ShRNAs targeting ILF3 plotted on a log2 scale (JFC| > 1.5,
FDR < 0.05). (E) Flow cytometry analysis of MDDCs after ILF3 knockdown. Plots show a representative histogram
of CD86, HLA-DR, and CD40 expression from one donor and corresponding graphs showing pooled data from 13
donors across 4 individual experiments for CD86, 4 donors from 1 experiment for HLA-DR, and 4 donors from 1
experiment for CD40, gated on FSC vs. SSC, singlets, and live cells. Statistics were calculated by matching each
donor in a mixed-effects model using Dunnet’s test for multiple comparisons. Mean and SEM for each marker in a
given lentiviral treatment across all represented donors indicated on each histogram used throughout the paper.
Significance of *P < 0.05, **P < 0.01, ***P < 0.001 used for the entirety of the paper. (F) Flow cytometry plots of
CD86 vs CD1c or HLA-DR of one representative donor, gated as in E.

As various interferons and pro-inflammatory cytokines can influence DC maturation, we
examined whether ILF3’s effect on maturation is solely cell intrinsic or mediated by secreted
factors. We prepared immature DCs transduced with either a control ShRNA or ILF3-targeting
shRNAs and after four days we replaced the culture media. 24 hours later, the supernatants of the
cultures with control or ILF3-targeting ShRNAs were exchanged and incubated for another 24 h
before measuring CD86 levels by flow cytometry (Fig S2G). Supernatants from cultures
transduced with ILF3-targeting shRNAs induced baseline maturation in control DCs to levels
similar to those in DCs transduced with ILF3 shRNAs (Fig. S2H). Supernatants from control
cells applied to ILF3 knockdown cells had no additional effect on CD86 expression (Fig. S2H).
Together, these data indicate that loss of ILF3 promotes steady-state maturation of MDDCs and
that secreted factors contribute to this effect.

To further decipher the molecular mechanisms involved in ILF3-mediated regulation of
myeloid cell biology, we perturbed ILF3 expression using two complementary approaches in

THP-1 cells, a myeloid leukemia-derived monocytic cell line. Knockdown of ILF3 with ShRNAs
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led to elevated expression of the maturation marker CD80, the differentiation markers CD209
and SAMHD1, as well as the IFN-related markers CXCL10 and 1SG15 (Fig. S21). Additionally,
we generated ILF3 knockout THP-1 cells using CRISPR-Cas9 (Fig. S2J). We found that
expression of the maturation marker CD86 and the differentiation markers CD209, SAMHDL,
and CD14 were all significantly elevated after ILF3 was knocked out using either of two
independent guide RNA sequences nine days post-transduction (Fig. S2K). These data further
support the role of ILF3 as a negative regulator of IFN-related genes and myeloid cell
maturation. Given that THP-1 monocytic cell lines do not fully recapitulate primary cell

behavior, we chose to focus on primary MDDCs for further studies.
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Figure S2. ILF3 regulates expression of genes associated with myeloid cell maturation. (A) Top 25 Curated
gene sets (gene set member size 200 > x > 15) with an FDR < 0.05 from GSEA analysis of sh1+sh2 ILF3 vs Control
shRNA ranked by t-test. Results represented as Normalized Enrichment Scores. (B) Gating scheme for all flow
cytometry experiments listed in this manuscript. Day 6 MDDCs were prepared as described for flow cytometry
analysis (see Materials and Methods). Relevant cells were gated on SSC vs. FSC, then singlets were selected, then
“live” cells were selected via an amine reactive fixable viability dye, and subsequent surface markers, intracellular
markers, and GFP from HIV-1-GFP were analyzed. (C) Live/Dead staining of % Live MDDCs in either ILF3
knockdown (Control, ILF3 shl, ILF3 sh2) or NFOO/NF110 overexpression experiments (LKO, NF90, NF110). (D)
Quantification of CD83 expression on live-gated MDDCs, n=7 donors over 2 separate experiments. (E) Histogram
of CD1c expression across n=4 donors compared to relevant isotype control (Donor 1 used as a representative
isotype example) using control MDDCs. (F) CD1c MFI quantification in control, ILF3 shl, and ILF3 sh2 conditions
across n=4 donors. (G) Illustration of MDDC supernatant swap experiment in control or ILF3 knockdown MDDCs.
MDDCs were transduced with control ShRNAs or shRNAs targeting ILF3. At day 4 post-transduction, the culture
media was replaced with fresh media and the cells were cultured for an additional 24 hours. Media was then
exchanged across conditions as indicated and the cells were cultured for another 24 hours before scoring surface
expression of CD86 by flow cytometry. (H) Quantification of CD86 expression in the experiment described in G. n
= 4 donors. (I) gPCR analysis of the indicated genes following shRNA knockdown of ILF3 in THP-1 cells. n =6
independent transductions. Statistics were calculated using a one-way ANOVA with Dunnet’s test for multiple
comparisons. (J) Western blot depicting expression of NF90, NF110, and actin from whole cell lysates of parental
THP-1 cells compared to cells transduced with a non-targeting lentiCRISPR control vector (LCV2) or two
independent vectors targeting ILF3, at day 9 post-transduction. (K) gPCR analysis of targets from Day 9 CRISPR
knockout of ILF3 in THP-1 cells. n = 3 technical replicates, one-way ANOVA using Dunnet’s test for multiple
comparisons.

ILF3 restrains DC Maturation and antiviral IFN responses to HIV-1-GFP infection

Our transcriptomic analysis of unstimulated MDDCs indicated a role for ILF3 in
regulating myeloid cell maturation, so we also examined the impact of ILF3 knockdown or
overexpression on MDDC responses to infection with HIV-1-GFP. Knockdown of ILF3 resulted
in significantly elevated expression of CD86 (Fig. 2A), CD80, and HLA-DR (Fig. S3A,B) in
HIV-1-GFP-infected cells compared to controls. In contrast to markers of mature MDDCs,
expression of CCL23, a chemokine marker of immature MDDCs, was suppressed by knockdown
of ILF3, as measured at the levels of MRNA and protein (Fig. 2B). Similarly, expression of
CHTA, which typically decreases during DC maturation (150), was further decreased by ILF3
knockdown during HIV-1-GFP infection (Fig. 2C). In addition, knockdown of ILF3 increased
expression and secretion of type I IFN (Fig. S3C,D) and expression of the hallmark IFN-

stimulated gene ISG15 in response to HIV-1-GFP infection (Fig. 2D).
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Figure S3. ILF3 regulates innate responses to HIV-1-GFP and cGAMP. (A) Flow cytometry analysis of HLA-
DR MFI from n=2 donors in MDDCs at the indicated MOls of HIV-1-GFP 48 hours post-infection, (B) Histogram
and flow cytometry analysis of %CD80+ cells at an HIV-1-GFP MOI of 2, 48 hours post-infection. n = 2 donors.
(C) gPCR expression of IFNB1 in HIV-1-GFP-infected MDDCs at an MOI of 1. n=3 donors. (D) Type | IFN
bioassay of supernatants from MDDCs infected with HIV-1-GFP at the indicated MOIs for 48 h. n = 2 donors. (E)
Flow cytometry analysis of CD86 MFI in MDDCs infected with HIV-1-GFP (MOl = 3) for 48 h, t RAL.n=6
donors from 2 experiments. (F) Flow cytometry analysis of CD86%-+ in MDDCs infected with HIV-1-GFP (MOI =
3) for 48 h, + EFV. n = 2 donors. (G) Flow cytometry analysis of CD86 MFI from (E). (H) gPCR analysis of targets
from day 9 CRISPR knockout of ILF3 in THP-1 cells untreated or treated with 2°3’-cGAMP (3ug/mL, 7 hours). n =
3 technical replicates. (1) gPCR expression of DC maturation chemokine markers CCL22 and CCL23 in mock or
1pug/mL 2°3°-cGAMP-treated control or ILF3 knockdown MDDCs in n=4 donors. (J) ELISAs for IFNB, CXCL10,
and IL-6 secretion in control or ILF3 knockdown MDDCs in mock or 1pg/mL 2°3’-cGAMP-treated conditions in
n=4 donors. (K) Flow cytometry analysis of CD86 expression on live-gated control or ILF3 knockdown MDDCs 48
hours post-media refresh on day 4. n=3 donors were mock or B18R-treated at 100ng/mL at t=0 and t=24. (L) gPCR
analysis of ISGs in control or ILF3 knockdown MDDCs. Cell were either mock or 1pg/mL 2°3’-cGAMP-treated for
7 hours. B18R was added 1 hour prior to 2°3’-cGAMP stimulation at 100ng/mL. For (A-G, I-L), statistics were
calculated with a paired mixed-effects model using Dunnet’s test for multiple comparisons. For (H) a one-way
ANOVA was used with Dunnet’s test for multiple comparisons.

To confirm that the negative regulation of DC maturation and IFN responses was specific
to modulation of ILF3, we overexpressed each of its two major isoforms, NF90 and NF110 (Fig.
2E), and tested responses to HIV-1-GFP infection. We observed inverse effects compared to
knockdown, as overexpression of either isoform suppressed surface expression of CD86 in
resting MDDC:s relative to controls (Fig. 2F). In HIV-1-GFP-infected MDDCs, both isoforms
suppressed surface expression of CD86 (Fig. 2F). Similarly, overexpression of either ILF3
isoform potentiated CCL23 mRNA and secreted protein (Fig. 2G), enhanced expression of
CIITA in response to HIV-1-GFP infection, and suppressed expression of CCL22, an additional
chemokine marker of mature DCs (Fig. 2H). We also found that overexpression of NF90 or
NF110 suppressed IFNB1 in HIV-1-GFP-infected MDDCs and trended toward suppression of
ISG15, with only the NF110 isoform reaching statistical significance (Fig. 2H,I). Taken together,
these experiments demonstrate that ILF3 negatively regulates myeloid DC maturation and innate

immune responses driven by HIV-1-GFP.
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Figure 2. ILF3 restrains MDDC maturation and IFN signaling in response to HIVV-1-GFP viral challenge. (A)
Flow cytometry analysis of CD86 expression in ILF3 knockdown MDDCs that were either mock treated or infected
with HIV-1-GFP at the indicated MOIs, gated on FSC vs. SSC, singlets, and live cells. n = 6 donors quantified over
2 individual experiments. (B) gPCR of CCL23 and CCL23 ELISA data of mock-treated MDDCs. n=4 donors. (C)
gPCR of CIITA expression in MDDCs infected with HIVV-1-GFP for 32 hours. n = 3 donors. (D) MFI of ISG15
expression in MDDCs infected with HIV-1-GFP for 48 h. n = 4 donors over 2 experiments. (E) Major protein
isoforms of ILF3 and their domains: Nuclear export signal (NES), Domain associated with Zinc Finger (DZF),
double-stranded RNA-binding domain (dsRBD), RGG-repeat motif (RGG=RGG-repeat), GQSY -repeat motif
(GQSY-repeat), Nuclear localization signal (NLS), and NVKQ motif (NVKQ). Western blot of NF90 and NF110
expression in MDDC whole cell lysates after transduction with LKO, NF90, or NF110 overexpression vectors. (F)
Flow cytometry analysis of CD86 surface expression in MDDCs overexpressing NF90 or NF110 that were infected
with HIV-1-GFP for 48 hours. n = 8 donors from 2 individual experiments. (G) qPCR of CCL23 and CCL23 ELISA
data of mock-treated MDDCs. n=4 donors. (H) Expression of CIITA, CCL22, and IFNB1 in MDDCs infected with
HIV-1-GFP (MOI=1 for CIITA, MOI=.5 for CCL22 and IFNB1) for 32 h. n=8 donors over 2 experiments for CIITA
and n = 4 donors for CCL22 and IFNB1. (1) MFI of ISG15 expression under the conditions shown in (E). For (A, B,
C,D, F, G, H &), statistics were calculated by matching each donor in a mixed-effects model using Dunnet’s test
for multiple comparisons.
ILF3 dampens innate sensing of HIV-1-GFP and of other innate stimuli

Under permissive conditions, HIV-1 is detected in myeloid cells primarily through the
CGAS-STING pathway (58, 137). These responses depend on reverse transcription of the
incoming HIV-1 RNA, which in MDDC:s is allowed to proceed by providing Vpx in trans to
disable SAMHDL (33). They are also facilitated by capsid destabilization (151), are limited by
the exonuclease TREX1 (152), and can occur both before and after integration (34). Detection of
HIV-1 components has also been reported to occur through TLR7/TLR8 (153, 154), through the
MAVS pathway (155, 156), through NONO (54), and through other cellular sensors (157). To
determine whether ILF3 impacts sensing of HIV-1-GFP at different stages of the virus life cycle,
we inhibited reverse transcription using EFV, or blocked integration using RAL, and tested
innate responses to HIV-1-GFP in ILF3 knockdown cells (Fig. 3A). RAL treatment did not affect
ILF3’s ability to restrain MDDC maturation upon HIV-1-GFP infection as measured by the
percentage of live, CD86+ cells (Fig. 3B) or CD86 MFI (Fig. S3E). We noted that blocking
reverse transcription inhibited responses to HIV-1-GFP as expected (33, 34) and did not affect

baseline increases in maturation in ILF3 knockdown conditions as measured by CD86 (Fig.
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S3F,G). These data suggested that loss of ILF3 potentiates baseline maturation and innate
immune signaling in MDDCs and that these responses persist during stimulation with HIV-1
when reverse transcription is allowed to proceed.

We next sought to determine whether loss of ILF3 potentiated responses to stimulation
specifically through the cGAS-STING and TLR-MyD88 pathways, which are known to act
through several shared downstream kinases and transcription factors (Fig 3C). cGAS can be
directly activated by transfection of immunostimulatory DNA (ISD). Alternatively, robust cGAS
activation can by phenocopied by exogenous delivery of its enzymatic product, 2'3'-CGAMP, a
secondary messenger that binds to and activates the adapter protein STING. We also tested the
sSRNA mimetic R848, which is detected through TLR8 and relays innate immune activation of
inflammatory genes downstream of the adapter protein MyD88 (Fig. 3D). Stimulation with 2'3'-
cGAMP in ILF3 knockdown MDDC:s led to increased expression IFNB1, the maturation factor
WFDC21P, the ISGs CXCL10, and ISG15 and the pro-inflammatory cytokine IL6, and decreased
expression of CIITA compared to controls (Fig. 3E). Stimulation with ISD similarly potentiated
expression of IFNB1, CXCL10, ISG15, and IL6. This result supports a role for ILF3 as a negative
regulator of DC responses to cGAS-STING stimuli. Following stimulation with R848,
knockdown of ILF3 increased expression of IL1B and IL6, pro-inflammatory cytokines
downstream of MyD88 and NF-«kB, as well as ISG15, and WFDC21P, while also decreasing
CHTA (Fig. 3E). Knockdown of ILF3 also significantly increased surface expression of HLA-DR
and CD86 in response to 2°3’-cCGAMP and R848 stimulation, respectively, compared to controls
(Fig. 3F,G). In THP-1 cells lacking ILF3, expression of CD80, IFNB1, CXCL10, and ISG15
were also significantly increased at baseline and when stimulated with 2'3’-cCGAMP (Fig. S3H).

Knockdown of ILF3 in MDDCs also led to elevated expression of CCL22 and a reciprocal
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suppression of CCL23, both at baseline and following 2°3’-cGAMP stimulation (Fig. S3I). These
data indicate that ILF3 dampens responses through both STING and MyD88 pathways,

suggesting that ILF3 might function broadly as a negative regulator of innate responses.
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Figure 3. ILF3 dampens innate sensing of HIV-1 and other PAMPs. (A) Illustration of the first half of the HIV-1
lifecycle and the point of action of inhibitors that target reverse transcription (efavirenz (EFV)) and integration
(raltegravir (RAL)). (B) Flow cytometry analysis of CD86 expression on MDDCs infected with HIV-1-GFP for 48 h
that were treated or untreated with RAL. n = 6 donors from 2 individual experiments. (C) Illustration of ILF3
knockdown in MDDCs and stratification of stimulation with either immunostimulatory DNA (ISD, 1.5ug/mL), 2°3’-
c¢cGAMP (1pg/mL), or R848 (3ug/mL). (D) Illustration of signaling pathways downstream of cGAS and TLR7/8. (E)
gPCR analysis of the indicated targets in MDDCs that were mock treated or stimulated with the agonists depicted in
(C). n =4 donors. (F) Flow cytometry analysis of HLA-DR expression on MDDCs that were mock-treated or
stimulated with 2°3’-cGAMP (1ug/mL), for 24 hours. n=4 donors. (G) Flow cytometry analysis of CD86 expression
on MDDCs that were mock-treated or stimulated with R848 (3ug/mL). n = 6 donors from 2 individual experiments.
For (B, E, F, & G), statistics were calculated by matching each donor in a mixed-effects model using Dunnet’s test
for multiple comparisons.

To verify that these changes in expression of IFN and maturation-related genes in ILF3
knockdown MDDCs correspond to increases in protein expression, we measured secretion of
IFNB, CXCL10, and IL-6 under mock or 2°3’-cGAMP conditions (Fig. S3J). Knockdown of
ILF3 elaborated secretion of all three cytokines following stimulation with 2°3’-cGAMP and a
trend toward increased secretion at baseline. Because we observed significant potentiation of
IENP upon ILF3 knockdown, we sought to neutralize IFN produced in culture using the vaccina
virus IFN receptor decoy protein B18R to evaluate IFN’s contribution to ILF3-dependent gene
expression. Interestingly, treatment with B18R only partially suppressed CD86 induction in
unstimulated ILF3 knockdown MDDCs, which suggested that IFNs might contribute to, but are
not solely responsible for MDDC maturation under these conditions (Fig. S3K). Neutralization
of IFN was effective, as B18R treatment efficiently blocked induction of ISG15, MX1, and
STAT1 and reduced expression of CXCL10 and OASL in cells stimulated with 2°3’-cGAMP (Fig.
S3L). In ILF3 knockdown conditions, B18R treatment reduced expression of these 1SGs, and
yet, similar to observations for CD86, differences between control and ILF3 sh conditions
persisted, particularly for STAT1, CXCL10, and OASL. Since B18R did not completely block
elevated expression of ISGs and CD86 in ILF3 knockdown conditions, we can interpret these

results in one of two ways: 1) B18R neutralization was insufficient to block all IFN-driven
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signaling, or 2) IFN-dependent and IFN-independent signaling pathways contribute to the ILF3
phenotype. The latter interpretation should be strongly considered, given that induction of ISGs
and MDDC maturation can occur through IFN-independent signals (126, 158). This would

suggest that ILF3 negatively regulates innate immune responses and MDDC maturation through

IFN-dependent and -independent mechanisms.

Nuclear localization of NF90 and N110 are required for suppression of innate responses
Having established a role for NF90 and NF110 in restraining MDDC maturation and
innate responses to various stimuli, we sought to determine the specific domains of each protein
required for their function. Both NF90 and NF110 forms of ILF3 have been reported to exist
predominantly in the nucleus (159, 160). To test whether nuclear localization is required for
suppression of DC maturation and type | IFN responses, we overexpressed versions of NF90 and
NF110 lacking the bipartite nuclear localization sequence (a.a. 370-394:
KRPMEEDGEEKSPSKKKKKIQKKE) (NF90/NF110ANLS) in MDDCs (Fig. 4A) and
confirmed via immunofluorescence microscopy that NFOO/NF110ANLS mutants were localized
to the cytosol (Fig. 4B), as indicated by the shift in the ratio of total nuclear to cytosolic ILF3
(Fig. 4C). We also confirmed overexpression of wild type and ANLS forms of NF90 and NF110
by gPCR (Fig. 4D). In MDDCs challenged with HIV-1-GFP, full-length NF90 and NF110 were
able to suppress CD86, WFDC21P, and ISG15 induction, and deletion of the NLS from either
isoform prevented suppression of these markers (Fig. 4D). By flow cytometry, we saw
concordant effects on protein expression of CD86 and ISG15 (Fig. 4E,F). NF90 and NF110 have
been previously found to translocate to the cytosol during influenza infection of epithelial cells

(161). To determine whether HIV infection could influence ILF3 localization, we compared the
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nuclear vs cytosolic ratios of endogenous NF90 and NF110 in uninfected or HIV-1-GFP+
MDDCs, and we found no significant shift in their localization (Fig 4G). These experiments
suggest that nuclear localization is essential to the function of both of ILF3’s isoforms in
regulating myeloid maturation and IFN responses, and in this context, infection with HIV-1-GFP

does not impact ILF3 localization.
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Figure 4. Nuclear localization of NF90 and N110 are required for suppression of innate responses to HIV-1-
GFP. (A) lllustration of the bipartite nuclear localization sequence in NF90 and NF110. (B) Immunofluorescence
of mock-treated MDDCs that were transduced with the indicated constructs and stained for actin (magenta), ILF3
(yellow, staining endogenous and overexpression constructs), and DNA (cyan, DAPI). (C) Quantification of three-
dimensional immunofluorescence microscopy of total ILF3 antibody staining represented as the intensity of signal
over voxel space, presented as a ratio between nuclear and cytosolic compartment. Data is from one representative
donor using 50 cells per condition. Statistics were calculated using a one-way ANOVA with Sidak’s test for
multiple comparisons. (D) gPCR quantification of NF90 and NF110 expression using SybrGreen probes to detect
endogenous and overexpressed isoforms of ILF3. (E) Flow cytometry analysis of CD86 expression in MDDCs that
were transduced with the indicated overexpression constructs and either mock treated or infected with HIV-1-GFP
for 48 h. n = 4 donors. (F) MFI quantification of ISG15 expression. n = 4 donors. Donor #2 was excluded from the
HIV-1-GFP condition for aberrant activation. For (D, E, & F), statistics were calculated using a paired mixed-effects
model with Dunnet’s test for multiple comparisons. (G) Representative three-dimensional immunofluorescence
microscopy quantification of total NF90 and NF110 from one donor, demonstrating the intensity of signal over
voxel space as a ratio of nuclear versus cytosolic space. 75 cells were quantified from each condition: mock infected
or HIV-1-GFP+ infected MDDCs at 27 hours post-infection (selecting GFP+ cells). Image channels depict total
ILF3 (yellow), DNA (cyan, DAPI), and GFP. An unpaired, two-tailed t-test was used for statistical analysis.

The DZF domain of NF110 is required for suppression of MDDC maturation and type |
IFN responses

To determine the domains of NF90 and NF110 that are required for regulation of DC
responses, we designed constructs that lacked the dual double-stranded RNA-binding domains
(dsRBDs) (AdsRBD1: a.a. 402-465, AdsRBD2: a.a. 531-576) or lacked the DZF domain (ADZF:
a.a. 89-342) (Fig. 5A). These constructs were robustly overexpressed at the mRNA level in
MDDCs (Fig. 5B) and were translated to significantly higher levels than the corresponding
native proteins (Fig. 5C). Deletion of the dsRBDs in either NF90 or NF110 had no effect on
levels of the maturation transcripts CD86, CD80, or CCL23 or surface expression of CD86
following HIV-1-GFP infection (Fig. 5D,E). Surprisingly, deletion of the DZF domain
eliminated the ability of NF110 to suppress MDDC maturation, whereas deletion of the same
domain in NF90 had no effect (Fig. 5D,E). We also quantified IFNf secretion during HIV-1-
GFP infection in MDDCs that overexpressed wild type or mutant ILF3 constructs. Although

none of these experimental conditions reached statistical significance, all ILF3 constructs except
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for the NF110 DZF-deletion mutant trended toward IFNf suppression (Fig. 5F).
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Figure 5. The DZF domain of NF110 suppresses MDDC maturation. (A) Illustration of wt NF90 and NF110
constructs and the corresponding domain mutants with deletions in either the dsRBD or the DZF domains. (B)
Representative qPCR quantification of both endogenous and overexpressed ILF3. n = 4 donors. (C) Representative
western blot of MDDC whole cell lysates depicting overexpression of NF90 and NF110 constructs. Red arrowheads
indicate overexpressed mutant constructs. (D) qPCR quantification of CD86, CD80, and CCL23 expression in
MDDCs that were transduced with the indicated overexpression constructs and either mock treated or infected with
HIV-1-GFP (MOI = 0.5) for 32 h. n = 8 donors from 2 independent experiments. (E) Flow cytometry quantification
of CD86 expression in MDDCs infected with HIV-1-GFP (MOI = 0.5) for 48 h. n = 8 donors from 2 independent
experiments. (F) ELISA of IFN in supernatants from MDDCs infected with HIV-1-GFP (MOI = 0.5) for 32 h. n =
4 donors. Shapes represent individual donors. For (B, D, & E), statistics were calculated using a paired mixed-
effects model with Dunnet’s test for multiple comparisons.

RNA-seq analysis of NF110 reveals DZF-dependent genes associated with DC maturation
and metabolic pathways

In order to more comprehensively define the molecular pathways regulated by ILF3 in
DCs, we performed RNA-seq analysis of mock MDDCs transduced with the LKO control
vector, a vector expressing full-length NF110, or the NF110 DZF-deletion mutant (ADZF). 355
genes were significantly differentially expressed in cells overexpressing wildtype NF110
compared to the LKO control (Jlog2(NF110/LKO)| > logz(1.5), FDR < 0.05, for genes with an
average log2(CPM)>1). For 97 of these genes, more than 50% of the expression change induced
by overexpression of NF110 was retained when NF110ADZF was overexpressed. We termed
these genes “DZF-independent” with respect to the ILF3-mediated effect (Fig. S4A). Many of
the most strongly down-regulated, DZF-independent genes were found to be non-coding RNAs
(Fig. 6A), consistent with ILF3’s known role as a binder and modulator of IncRNAs (94-99).
Interestingly, genes that were up-regulated by NF110 overexpression in a DZF-independent
manner were generally protein-coding (Fig. S4A). Of note, NF110 overexpression led to
upregulation of AQP7, CD163L1, CD14, C3AR1, CD300a, ABCA9, MAFB, FMN1, STEAP4,
CD163, 1L10, and CFH (Fig.6B), which are all associated with immature or tolerogenic
myeloid/DC phenotypes (162-172). Conversely, DCSTAMP, CHI3L1, CH25H, ALDH1A2,

BHLHE41, and CCL22, which are characteristic genes expressed in mature DCs (9, 141, 173-
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176), were down-regulated in a DZF-dependent manner (Fig. 6B). Together, these data
demonstrate that NF110 restrains maturation in uninfected DCs and that this activity is

dependent on the DZF domain.
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Figure 6. RNA-Seq analysis of NF110 overexpression reveals DZF-dependent genes associated with DC
maturation and metabolic pathways. (A) Plot of 355 differentially expressed genes on log2 scale, averaged across
n=4 donors, with a |FC| > 1.5, average Logz CPM > 1, and FDR < 0.05 of NF110 and NF110 ADZF constructs
under unstimulated conditions. Blue points indicate noncoding-RNAs down-regulated by NF110 and NF110 ADZF.
Red point indicates overexpression of NF110 (ILF3), as expected. (B) Genes represented in (A), [FC| > 2, ordered by
magnitude of fold change by group. (C) GSEA plot of top-ranking Cholesterol Homeostasis Hallmark gene set from
analysis of MDDCs overexpressing NF110 compared to the LKO control. (D) Log, fold change of core enrichment
genes (FDR < 0.05) from (C), pre-ranked by t-test. (E) Average Log: fold change for genes from the Lindstedt DC
Maturation gene sets (Groups A-C) in MDDCs overexpressing NF110 (closed circles) or NF110 ADZF (open
circles) compared to the LKO control. Highlighted genes represent genes with a p-value < 0.05.

We also examined the set of genes that were differentially expressed following
overexpression of NF110 wt compared to the LKO control by GSEA (177). Of note, the
expression of genes belonging to the Cholesterol Homeostasis (32/74) and Oxidative
Phosphorylation (111/200) gene sets was suppressed under conditions of NF110 overexpression.
These were the only statistically significantly enriched gene sets out of all tested Hallmark Gene
Sets in the Molecular Signatures Database (178) containing between 15 and 200 genes (Fig. 6C,
S4B). Inspection of individual genes belonging to the Oxidative Phosphorylation gene set
revealed they had subtle changes in magnitude compared to the control (Fig. S4C). Genes in the
Cholesterol Homeostasis gene set were suppressed to a greater degree by NF110, and included
PPARG, ATF3, LGALS3, LPL, and TNFRSF21 (FDR<0.05) (Fig. 6D). The top DZF-dependent
gene in the Cholesterol Homeostasis group, PPARG (the gene that encodes PPARY), was also

significantly up-regulated in ILF3 KO THP-1 populations (Fig. S4D).
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Figure S4. Overexpression of NF110 impacts expression of non-coding RNAs and protein coding genes
associated with cholesterol homeostasis. (A) Dot plot of DZF-independent genes as defined as more than 50% of
the expression change in a gene induced by overexpression of NF110 being retained when NF110ADZF is
overexpressed with an FDR < 0.05, Avg Log, CPM > 1. NF110 wt differential gene expression represented in
closed circles and NF110ADZF is represented in open circles. Points represent averaged data from n = 4 donors. (B)
GSEA Hallmark gene set analysis (gene sets containing 15 < x < 200 members) of untreated MDDCs
overexpressing NF110 wt, ranked by t-test, represented as Normalized Enrichment Score, FDR < 0.05. (C)
Hallmark Oxidative Phosphorylation core enrichment from (B) represented as NF110 wt or ADZF compared to
LKO control, with no set FDR. Every other gene is labeled on the x-axis due to space constraints. (D) gPCR analysis
of targets from Day 9 CRISPR knockout of ILF3 in untreated THP-1 cells. Representative of 3 technical replicates,
using a one-way ANOVA using Dunnet’s test for multiple comparisons. (E) EnrichR Drug Perturbation analysis of
NF110 DZF-dependent genes (defined as less than 50% of the expression change in a gene induced by
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overexpression of NF110 being retained when NF110ADZF is overexpressed with an FDR < 0.05). Scores
represented as Combined Score (-log (p) * 2).

To determine if our RNA-seq data from NF110 overexpression reflected known
biological perturbations, we compared our set of NF110-regulated DZF-dependent genes with
public datasets using EnrichR (179). We found significant overlap with genes affected by the
PPARy agonists rosiglitazone and atorvastatin in MDDCs and monocytes, respectively (Fig.
S4E). This overlap is noteworthy, considering that PPARY is known to control oxidation of fatty
acids and regulate NF-kB-mediated proinflammatory responses (180). Taken together, these data
suggest that ILF3 shapes the transcriptome of myeloid DCs through pathways that may intersect,
at least in part, with PPARy and lipid metabolism.

We also observed that many genes in the Lindstedt DC maturation gene sets were
moderately suppressed by NF110 overexpression (Fig. 6E), although these gene sets did not
exhibit high GSEA scores when analyzed in full. This is likely due to the fact that we tested
MDDCs in an immature state, with expression of these genes already being low, thereby making
further gene suppression difficult to detect. Nevertheless, the majority of genes (75%) in gene
sets A-C (elevated in mature DCs in Fig.1) were down-regulated by overexpression of NF110,
predominantly in a DZF-dependent manner (Fig. 6E). Apart from the significantly down-
regulated genes by NF110, the majority of genes down-regulated by the wildtype form of NF110
had consistently lower p-values than those down-regulated by NF110 ADZF. These data are in
agreement with what we observed in ILF3 knockdown experiments (as expression of these genes
associated with DC maturation was increased) and support a specific role for NF110 in

negatively regulating myeloid DC maturation.
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Discussion

Delineating the mechanisms that regulate DC maturation and innate responses is critical
to understanding antiviral immunity and can inform design of new therapeutic agents to
modulate inflammation. Here, we have identified that the transcription factor ILF3 acts as a
negative regulator of DC maturation and innate immune responses. We discovered that CD14+
monocytes express minimal levels of ILF3 and then increase its expression upon derivation into
immature dendritic cells. As DCs are exquisitely sensitive to IFN signaling compared to
circulating monocytes (126), it is plausible that DCs change expression levels of ILF3 in order to
deploy or withdraw an additional regulator of innate immune responses. Although several
previous studies have examined the role of ILF3 in regulating innate immune responses during
stimulation, they have not reached a consensus on the role of ILF3, as these functions are likely
context dependent. Our findings are consistent with the only other study of ILF3 in primary
human cells during virus infection, which demonstrated that knockdown of ILF3 in primary
human bronchial epithelial cells led to an increase in IFNf production in response to infection
with influenza virus (121). However, this effect is not observed in all experimental systems,
since sSiRNA knockdown of ILF3 in HeLa and mouse embryonic fibroblast cells did not affect
levels of type I IFNs following stimulation with the double-stranded RNA-mimetic polyl:C
(polyinosinic:polycytidylic acid) (122). Other examples suggest that ILF3 may positively
regulate IFN responses under certain conditions. In one case, A549 cells infected with Sendai
virus exhibited decreased IFN upon siRNA knockdown of ILF3 (115). A more recent study in
HeLa cells found that NF110 enhanced translation of IFNB1 mRNA and a subset of 1SGs (123).

Given that the mechanisms regulating innate immune sensing and IFN production are known to
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be different between cell lines of immune and non-immune origin (42), it is not particularly
surprising that ILF3’s function is context-dependent. Our data, based on knockdown, knockout,
and overexpression studies, demonstrate that ILF3 acts to restrain IFN and downstream I1SGs in
MDDCs and myeloid cell lines, and is a significant contributing factor in regulating DC
maturation state.

More broadly, the role of ILF3 in regulating innate immune responses has been evaluated
primarily during RNA virus infection (115, 121). Previous studies have also established that
NF90 and NF110 isoforms inhibit replication of RNA viruses by physical association with the
ISG PKR via their dsRBDs to block viral translation (181, 182). Until now, it has not been
established whether ILF3 also has a role in regulating DNA sensing pathways. Here, we have
used HIV-1-GFP to model retrovirus infection and innate immune stimulation through the
cGAS-STING pathway and have used antiretroviral drugs to separate stages of the virus life
cycle. We found that in ILF3 knockdown conditions, the elevated innate immune responses and
DC maturation phenotype persisted during infection with HIV-1-GFP. Responses to HIV-1-GFP
were dependent on reverse transcription, as previously described (33, 34, 58, 137). Our
observation that the ILF3 phenotype was sustained during stimulation with ISD, 2°3’-cGAMP, or
R848 suggest that ILF3 acts broadly to negatively regulate pathways in the innate immune
response. Placed in context with earlier publications, our data emphasize the varied roles of
ILF3, not only across different cell types but across different pathogen sensing pathways.

ILF3 has been described to affect several aspects of HIV-1 infection. Many of these
studies focused on a variant of ILF3, NF90ctv, that contains a two base-pair CT insertion that
results in a frame-shift and translation of a highly acidic C-terminus (117). This variant does not

appear to be expressed in the human transcriptome (117, 138) but has been implicated in the
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positive regulation of ISGs (117), interactions with HIV-1 Rev and the Rev-responsive element
in HIV-1 RNA (183), and binding to HIV-1 TAR RNA (118). In light of our results
demonstrating that loss of ILF3 is associated with heightened innate responses and DC
maturation, we speculate that the NF90ctv variant may behave as a dominant negative to
influence ILF3-dependent gene transcription. Interestingly, NF90 has been shown to enhance
HIV gene expression through cyclin T1 regulation (184). Testing these roles for ILF3 and ILF3
variants is beyond the scope of our study, but future work will likely uncover whether these
effects dovetail with our findings that ILF3 modulates myeloid cell activation.

Another unresolved question that has emerged from our studies is why the DZF domain
in NF110, but not in NF90, is required for suppression of DC maturation. Of the two major
isoforms of ILF3, NF110 has been shown to be more effective than NF90 at stimulating
transcription through a proliferating cell nuclear antigen (PCNA) promoter in a transient reporter
assay, whereas NF90 appears to have a greater capacity to bind RNA (138, 161). We note that
the dsRBDs have been found to be dispensable for transcriptional coregulatory activity in other
experimental systems (139). One hypothesis for why NF110 is a more effective transcriptional
regulator is that its GQSY -repeat-containing C-terminus sterically interferes with the double-
stranded RNA-binding domain (dsRBD), thereby reducing its activity relative to the DZF
domain, which is required for interactions with DNA and for protein-protein interactions with
binding partners like NF45 or NF90 (161), and increasing the DZF domain’s relative importance
in transcriptional regulation. Thus, it is possible that the DZF domain in NF110 plays a key role
in regulating transcription in MDDCs, likely through interactions with its binding partners that
are not impacted by mutation of the DZF domain in NF90. We speculate that ILF3

transcriptional phenotypes may arise from disruptions in the balance of NF90 and NF110
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interactions with other protein partners due to the following observations: 1) overexpression of
either full-length NF90 or an NF90 mutant lacking the DZF domain suppressed MDDC
maturation, and 2) NF90 and NF110 are known to form large heterodimeric complexes (185,
186), the stoichiometry of which will be impacted by isoform expression and availability. Future
studies are required to disentangle the functional role of the DZF domain of each isoform.

The largest effects resulting from manipulation of ILF3 levels in uninfected MDDCs
occurred in gene expression pathways related to cholesterol homeostasis. Though the Oxidative
Phosphorylation gene set members were affected, dendritic cells have been found to exhibit
unique plasticity with respect to their ability to generate ATP from either glycolysis or oxidative
phosphorylation during stimulation (187). GSEA analysis of MDDCs overexpressing NF110
identified the Cholesterol Homeostasis pathway as the most significantly enriched Hallmark
gene set (FDR < 0.05). PPARG, ATF3, LGALS3, LPL, TNFRSF12A, and other genes in this
pathway were suppressed by NF110. Expression of PPARG was also significantly elevated in
unstimulated THP-1 ILF3 knockout cells that displayed elevated maturation and IFN responses
at baseline. Decreased expression of genes such as PPARG and CH25H would be expected to
result in a buildup of cholesterol through suppressed efflux and conversion of lipid products,
which could impact IFN signaling, inflammatory responses, and myeloid cell maturation as
others have shown (188, 189).

PPARYy is known to heterodimerize with retinoid X receptor family members (RXR) and
the resulting transcriptional complex has an important function in regulating energy balance,
including roles in triglyceride metabolism, fatty acid processing and storage, and glucose
homeostasis (190). RXRs can partner with retinoic acid receptor family members (RARs) as well

as PPARs (191). We recently reported that RAR alpha (RARA) functions as negative regulator
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of DC maturation (126) and we speculate that this phenotype intersects with our observations
reported here regarding ILF3. Along these lines, activation of PPARY has been found to result in
retinoid synthesis in dendritic cells (192), and RAR/RXR signaling can be activated through
certain retinoids in DCs to suppress maturation (193, 194). Additionally, natural agonists of
PPARYy (such as 15d-PGJ) and synthetic agonists (such as troglitazone and ciglitizone) have
been shown to inhibit NF-kB and mitogen-activated protein (MAP) kinase inflammatory
pathways, resulting in the decreased surface expression of DC maturation markers (195, 196).
PPARYy has been shown in murine DCs to be important for sustained expression of Aldhla2
which promotes tolerogenic CD103+ DCs, and for suppressing the Th17-skewing cytokines I1L-6
and IL-23p19 in all CD11c+ DCs (197). Given that that PPARYy was recently found to interact
with both ILF3 and RXRA (RARA’s heterodimeric partner) (198), it is likely that ILF3 isoforms
can also impact PPARY/RXR and RARA/RXR transcriptional control of lipid metabolism by
altering these heteromeric transcriptional complexes, and consequently influence innate immune
responses and DC maturation. Additional studies are required to determine whether there is a
direct link between ILF3, PPARy, and RARA as a transcriptional coregulatory complex in the
context of lipid metabolism, myeloid cell inflammatory responses, and DC maturation.

Importantly, there is evidence that ILF3 could have a critical role in inflammatory
pathophysiology in vivo. Small nucleotide polymorphisms within the ILF3 locus are correlated
with more frequent cardiac events in individuals with high and low HDL cholesterol profiles
(199). These findings are congruent with a role for ILF3 in regulating cholesterol/lipid
metabolism and inflammation. A separate small nucleotide polymorphism within the ILF3 locus
is associated with increased susceptibility to rheumatoid arthritis (200), further reinforcing the

principal findings from our study which indicate that ILF3 perturbations are linked with
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spontaneous induction of inflammatory gene expression. Taken together, our data identify ILF3
as an important negative regulator of inflammation and myeloid cell maturation, which has broad
implications for how innate immune responses are governed during viral infection and

inflammatory disease.
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CHAPTER 4: Clinical implications for ILF3 in infectious disease and beyond
Introduction

Having explored the role ILF3 serves within the human myeloid immune compartment, it
is important to examine the broader implications that studies surrounding ILF3, innate sensing,
and DC maturation may have clinically in other disease contexts. Chapter 3 raised the possibility
that ILF3-mediated innate immune responses may be impacted in the context other viral
pathogens through pathways beyond the cGAS/STING signaling axis. Our work reveals that
ILF3 negatively regulates dsSDNA signaling, but could this extend to RNA viruses that do not
produce DNA species? Use of TLR7/8 agonists in this work suggest that this is likely in myeloid
DCs. However, other sensors of RNA exist such as TLR3, RIG-I, and MDAS5. Does ILF3
regulate innate immune responses to other viral pathogens detected by these sensors? In addition
to examining viral pathogens, what is ILF3’s impact on hyperinflammatory diseases that involve
dysregulated IFN and inflammatory cytokine responses? ILF3’s role in myeloid DCs in the
above contexts is likely to be broad-acting, yet our work and the literature suggest that its
function in relation to innate immunity may be specific to this cell type. This begs the question,
is there the potential for use of a therapeutic intervention targeting ILF3 to ameliorate conditions
of hyperinflammation?
Genetic Variants of ILF3

In Chapter 3, we previously noted 2 single nucleotide polymorphisms (SNPs) that exist in
the ILF3 locus that correlate with cholesterol levels and susceptibility to rheumatoid arthritis.
Upon examination of potential single nucleotide variants within exons of ILF3, we found that
mutations that could cause loss-of-function through truncation or mutation are highly selected

against (Fig. 1A). This is in agreement with ILF3 homozygous knockout mouse models that
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result in perinatal lethality but conditional knockouts in certain immune cell types are viable,
suggesting that ILF3 is an essential gene for certain cell types (182, 201). Thus, there is potential
that these two SNPs may instead result in changes to the level of expression of ILF3 in non-
exonic regions of the ILF3 locus, for example via the generation or perturbation of intronic
splicing enhancers or perturbation of regulatory factor sites in the flanking untranslated regions
rather than causing loss-of-function mutations (202). As an example, the SNV rs2569512
associated with myocardial infarction and altered cholesterol levels, falls within exon 8 and exon
9 in ILF3. Specifically, this T to C mutation occurs in a stretch of five T bases (-UUUUU- in the
resulting mRNA) in a T rich intron, which is a binding motif for the RNA-binding protein
hnRNP C. hnRNP C is involved in splicing and it is possible that this mutation could displace
hnRNP C binding and cause intro retention creating altered expression levels of ILF3 rather than

a complete loss-of-function mutation(92, 203).

A SNVs in the ILF3 Locus

Category Exp. SNVs Obs. SNVs Constraint metrics
Z=:2.04

Synonymous 252.8 294 TR D1
o/e=116(106-128)

. 2=2.1

Missense 5642 384 0_ 9 1
o/e=0.68 (0.63-074)
pLI=1

pLoF 48.4 1 0@ 1
o/e=0.02 (0.01- )

gnomAD, Broad Institute

Figure 1. Lack of Loss of Function (LoF) Single Nucleotide Variants (SNVs) in the human ILF3 locus suggest
that ILF3 is essential. A. Single nucleotide variants present in the ILF3 locus from data from gnomAD via the
Broad Institute. pLoF (predicted loss of function).
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Associations between ILF3 and other viral infections

As we have shown, myeloid DCs are capable of transiently downregulating ILF3 in
response to HIV-1-GFP (Ch.3 Fig. S1E,F). Others have also shown this effect on ILF3 using the
HIV-1-GFP+Vpx system (54). Interestingly, when MDDCs are infected with HIV-2-GFP, we
see that ILF3 expression trends towards lower expression compared to HIV-1-GFP + Vpx
infection (Fig. 2A). This correlates with higher maturation responses as measured by CD86,
CD40, and TLR3 with HIV-2-GFP infection as compared to HIV-1-GFP + Vpx. This is
noteworthy as we know from the literature that not only does HIV-2 encode the required
accessory protein to disable SAMHDL, but its capsid has a unique association with host CypA
and NONO, allowing for viral cDNA to escape the shielding of the capsid core to become
available for intracellular detection by sensors like cGAS (54). In this context, we hypothesize
that downregulation of ILF3 in response to viral infection may be closely tied to innate signaling

in an effort to boost innate responses against a pathogen.
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Figure 2. ILF3 expression inversely associates with IFN during HIV-1-GFP and HIV-2-GFP infection of
MDDCs, but only inversely correlates with DC maturation markers during HIVV-2-GFP. A. Normalized count
microarray data from GSE109554 for the indicated transcripts. Statistics were calculated using an ordinary one-way
ANOVA, using Dunnett’s test for multiple comparisons. HIV-1 and HIV-2 denote HIV-1-GFP and HIV-2-GFP,

respectively.

Additionally, we wondered if this decreased expression of ILF3 was true in myeloid DCs

in the context of other viral infections that do not produce dsDNA species. Indeed, it has been

reported that upon infection with a Chicago-1 strain of measles virus, a single-stranded,

negative-sense, enveloped RNA virus, MDDCs downregulate ILF3 over time (204). (Fig. 3A)

Similar to our finding, this decrease occurs reciprocally to increases in IFN and maturation

markers like CD86 at these timepoints. Interestingly, it is known that measles virus can be

detected via TLR2 (by detection of hemagglutinin) (205) or via TLR3/7 or RIG-I receptors for

the detection of viral RNA species of the Paramyxoviridae family. Thus, this further supports

future investigation of ILF3’s role in sentinel myeloid APCs in the context of other viral

pathogens.
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Figure 3. ILF3 expression inversely associates with IFN and CD86 expression during measles virus infection
of MDDCs. A. Normalized count microarray data from GDS1681 for the indicated transcripts. MDDCs were
infected with a Chicago-1 strain of measles virus over the indicated timepoints. Statistics were calculated using an

ordinary one-way ANOVA, using Dunnett’s test for multiple comparisons.
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Clinical observations between ILF3 and autoimmunity

Apart from the evidence that exists to support ILF3-mediated regulation of innate
immune responses and myeloid DC maturation, there is also evidence to suggest that ILF3 also
may play a crucial role in regulating inflammatory diseases of autoimmune origin. For example,
cutaneous lupus erythematosus (CLE) and psoriasis are both forms of autoimmune diseases
involving hyperinflammation and immune cell infiltration. In the case of CLE which often
occurs in systemic lupus erythematosus (SLE) (206), IFN signatures have been identified in the
blood of CLE patients (207). Murine models of lupus-like disease involve type I IFN signaling
downstream of TLR7, activated through the use of overexpression models or TLR7/8 small
molecules (208, 209). The role of pDCs and TLR7 signaling in autoimmune diseases like
systemic lupus erythematosus has been increasingly appreciated (210, 211). Our studies in
Chapter 3 have already identified ILF3 as a negative regulator R848-induced TLR7/8 signaling
in myeloid DCs. It is tempting to make a connection between ILF3’s role in endosomal TLR
signaling and lupus-like disease. Importantly, a randomized, double-blind, placebo-controlled
phase II clinical trial of 305 adults with moderate-to-severe SLE using an anti-IFNAR
monoclonal antibody (Anifrolumab) demonstrated a significant reduction in cutaneous lesions as
measured by Cutaneous Lupus Erythematosus Disease Are and Severity Index (CLASI) (212).
When examining skin biopsy data from patients with discoid lupus erythematosus (DLE), ILF3
expression is negatively asssociated with diseased cutaneous lesions compared to healthy
surrounding skin, inversely associating with disease state (213). Beyond type | IFNs,
autoantibodies are a hallmark feature of lupus-like disease, indicating a critical B-cell immune

component of disease (214). Interestingly, ILF3 and its binding partner ILF2, have been found to
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be antigens targeted by autoantibodies in both murine and canine systemic autoimmune disease

further implicating ILF3’s role in autoimmunity (215, 216).
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Figure 4. ILF3 expression is inversely correlated with discoid lupus erythematosus skin biopsies versus
normal skin tissue. A. Transformed count of microarray data from GDS4891 in skin biopsies from either discoid
lupus erythematosus (DLE) lesions or surrounding normal skin. cDNA batches represented in this figure were
prepared using “Ovation Kit.” Statistics were calculated using an unpaired, two-tailed t-test.

Psoriasis is another chronic autoimmune disease whose main manifestation is cutaneous
lesions. IFN signaling has also been associated with exacerbation of psoriatic disease in humans
and murine models of disease (217-220). pDC infiltration is a common hallmark of psoriatic
lesions marked by elevated expression of maturation markers CD80, CD83, and CD86 (221) in
human patients. In AGR129 mice engrafted with human skin biopsies, a model of spontaneous
psoriasis-like disease (222), IFNAR-blocking antibodies in mice engrafted with psoriatic lesional
skin inhibited activation and proliferation of pathogenic T-cells, suggesting pDC-derived IFN is
crucial to pathology of psoriatic disease (221). Like DLE skin biopsies, psoriatic biopsy lesions

from the same study have significantly lower levels of ILF3 compared to normal surrounding
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tissue. One possibility is that ILF3 may play a similar inhibitory role in pDCs regulating type |
IFN secretion, as cutaneous psoriatic lesions are enriched for infiltrating pDCs. Supporting this
hypotehsis, murine ILF3 levels in pDCs heterozygous for the pDC master transcription factor
E2-2 are significantly higher than WT controls (213). This correlates with decreased levels of
serum IFNa in CpG-stimulated E2-2 heterozygous mice compared to wildtype controls (223). In
humans with a loss-of-function monoallelic mutation in TCF4, CpG-stimulated pDCs also
secrete significantly less IFNa. (223). Interestingly, our work in Chapter 3 (Ch.3 Fig. 6B) showed
overexpression of NF110 induced expression of CD300A in a DZF-dependent manner and
CD300a has been shown in pDCs to be inversely correlated with IFN in the context of TLR7
stimulation (166). Further work should consider and explore the potential role of ILF3 in other
DC subsets such as pDCs as a negative regulator that can provide balance to inflammation

promoted by positive regulators of IFN in pDCs via TLR7, such as BCAP (224).
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Figure 5. ILF3 expression inversely correlated in psoriatic lesion skin biopsies versus healthy skin, and in
mice partially deficient in pDCs. A. Transformed count of microarray data from GDS4891 in skin biopsies from
either psoriatic lesions or surrounding normal skin. cDNA batches represented in this figure were prepared using
“Affy Kit.” Statistics were calculated using an unpaired, two-tailed t-test. B. Murine ilf3 expression from GSD3519
in wildtype vs. E2-2 heterozygous 129/SvEv mice. Statistics were calculated using a paired, two-tailed t-test.
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YM115: an NF110-specific inhibitor with implications for innate immunity

Given this evidence, one clinically relevant question that can be raised is if there are other
targets aside from type | IFNs or IFNAR that can help suppress production of inflammatory IFNs
and cytokines. Our work has found that monocytes minimally express either form of ILF3 (NF90
or NF110) but do so once differentiated into immature MDDCs. Interestingly, this mirrors
another DZF-family member ZFR whose expression is absent in monocytes but is expressed in
monocyte-derived macrophages (225). Given this unique innate immune cell specificity, we
wondered if there was a therapeutic available that might specific target ILF3 to see if it could
modulate innate immune responses related to DC maturation that could potentially influence
autoimmune diseases pathogenesis. We came across a small molecule compound, YM155
(1C50=.54nM), which specifically targets the C-terminus NF110 isoform of ILF3 (226). This
molecule was originally used to inhibit Survivin (encoded by the gene BIRC5) expression,
controlled by NF110 in the context of cancer (227). Interestingly, myeloid DCs do not express
appreciable levels of Survivin allowing us to interrogate ILF3’s function related to maturation.
Treatment of MDDCs with either 5nM or 50nM YM155 during HIV-1-GFP infection
demonstrated reduced levels of CD86, HIV-1-GFP integration events, and increased MDDC
viability (Fig. 6A-C). We then asked if CD86 potentiation in ILF3-knockdown MDDCs would
be impacted by treatment with YM155 at concentrations similar to where maturation was
suppressed in HIV-1-GFP infection by YM155. Ideally, ILF3-depleted MDDCs should not have
any significant impact on CD86 if YM155-treatment is specific to NF110. YM155 treatment of
ILF3-knockdown DCs have minimal impact of CD86 potentiation compared to mock (Fig. 7A).
This data could suggest that effects seen in MDDCs treated with YM155 with HIV-1-GFP are

specific to the targeting of NF110. However, as these cells do not appreciably express BIRC5 to

74



validate YM155’s effectiveness as a positive control, it is important that further work validate

these findings.

This data could suggest that a small molecule targeting NF110 could disrupt the

transcriptional complex controlling innate immune responses and DC maturation in an

alternative manner compared to targeting IFNa/p or IFNAR which are far more ubiquitously

expressed. Further investigation is required into the role small molecules like YM155 that target

ILF3 to more specifically fine-tuning innate immune responses against chronic viral pathogens

or autoimmune interferonopathies.
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Figure 6. YM155 treatment of MDDCs suppresses DC maturation, GFP expression from HIV-1-GFP, and
increases cell viability during HIV-1-GFP infection. A. CD86 measured via flow cytometry in MDDCs mock or
HIV-1-GFP-infected over the indicated MOIs. Mock or infected MDDCs were either mock or YM155-treated at the
indicated concentrations for 48 hours. n=2. Statistics were calculated using a mixed-effected model using Dunnett’s
test for multiple comparisons. B. GFP expression from HIV-1-GFP as described in A. C. %L.ive in Live/Dead
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Figure 7. YM155 treatment of ILF3-knockdown MDDCs has minimal effect on ILF3-regulated baseline
maturation. A. CD86 measured via flow cytometry in ILF3-knockdown or control MDDCs with mock or HIV-1-
GFP-infection over the indicated MOIls. Mock or infected MDDCs were either mock or YM155-treated at the
indicated concentrations for 48 hours. n=4. Statistics were calculated using a mixed-effected model using Dunnett’s
test for multiple comparisons.

Interferon epsilon is unmasked by ILF3 depletion and innate stimulation

While investigating the role of IFNP in driving DC maturation in the context of ILF3
perturbation, we wondered if ILF3 more broadly affected Type | IFNs. Previous work by our
group revealed that the major interferons produced in human monocyte-derived dendritic cells
are IFNB and IFNA1 in response to stimuli such as LPS, poly I:C, and HIVV-1-GFP infection (data
not shown). However, we noted that a third type of interferon, IFNE, could be unmasked under
the specific condition of depleting ILF3 through shRNA knockdown followed by a stimulation.
During HIV-1-GFP infection of control MDDCs, IFNB1 and IFNL1 are the primary interferons
expressed. In ILF3-knockdown MDDCs, we see induction of IFNE, a type | IFN, only upon
infection with HIV-1-GFP (Fig. 8A). Interestingly, when we directly stimulate the cGAS/STING

pathway with the STING agonist 2°3’-cCGAMP, we also see the same induction of IFNE only

76



with 2°3’-cGAMP following ILF3 knockdown (Fig. 8B). This is surprising because the promoter
of IFNE does not have regulatory elements for transcription factors such as IRF3 or NF-xB
found at the promoter of other interferons such as IFNB1 (228). This suggests regulation that
could be independent of a pathogen eliciting activation of innate sensing pathways such as TLRs
or cGAS. Hormones such as exogenous estrogen are able to induce expression of IFNE in cells
of the human female reproductive tract (where IFNE is constitutively expressed) (228). This
suggests that IFN¢g, while having lower affinity for IFENAR compared to IFNp, serves as a
constitutive first-line defense against a viral pathogen in key mucosal tissues (229). Given our
findings in Chapter 3 suggesting a role for proteins involved in cholesterol homeostasis such as
PPARYy, it is tempting link clinical trials preformed using PPARY agonists to treat reproductive
syndromes that involve altered levels of hormones such as progesterone and estrogen with
potential regulation of IFNE (228). This is especially relevant given the fact that ILF3 expression
is highest in tissues of the reproductive system, according to RNA-seq data from the Genotype-
Tissue Expression (GTEX) Project. Additional studies examining ILF3, PPARy, and IFN& might

reveal these associations more clearly.
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Figure 8. ILF3 knockdown unmasks IFNE expression during innate immune stimulation. A. Normalized log:
microarray expression data for IFNE in control or ILF3-knockdown MDDCs from n=1 donor in either mock or
HIV-1-GFP infected (32 h) conditions. B. gPCR expression of IFNE in mock or 2°3’-cGAMP-treated (7h) control
or ILF3-knockdown MDDCs. n=4 donors. Statistics performed using a mixed-effects model using Dunnett’s test for
multiple comparisons.
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SUMMARY

This work adds a new regulatory transcriptional node to the human innate immune
signaling circuitry, specifically within myeloid dendritic cells. In Chapter 3, we have shown that
ILF3, which encodes both NF90 and NF110, is able to suppress baseline DC maturation.
Restraint of DC maturation by ILF3 is further extended to innate immune stimuli using HIV-1-
GFP, immunostimulatory DNA, 2°3” cGAMP, and R848. Effectors of antiviral immunity and
DC maturation such as IFN and inflammatory cytokines like IL-6 are similarly suppressed by
both isoforms. Through mutagenesis analysis of ILF3’s domains, we show that nuclear
localization (shown by truncation of the NLS) of both isoforms is required for inhibition of
innate immune signaling and DC maturation. By truncating either the dual dsSRNA-binding
domains or the DZF, we found that this effect is not dependent on NF90 or NF110’s capacity to
bind RNA. Rather, ILF3’s ability to temper innate immune signaling and DC maturation is
contingent upon the DZF of the NF110 isoform. RNA-seq analysis of MDDCs overexpressing
either wildtype or DZF-truncated NF110 reveal significant enrichment of DZF-dependent genes
associated with cholesterol and lipid metabolism, such as PPARG. It is likely that perturbation of
ILF3 impacts regulators of these pathways that ultimately impact innate immune signaling and
subsequently the quality of DC maturation. In Chapter 4, we reveal that implications of ILF3
likely go beyond the pathways we tested and likely impact other non-infectious disease
conditions such as autoimmune diseases. We have also shown that an anti-cancer drug could
potentially be repurposed to control ILF3-mediated inflammation in a state of chronic infection
or autoimmunity. Also, we have revealed ILF3 as a potential target to unmask non-pathogen

responsive interferons such as IFNE to function similarly to other interferons such as IFNBL. It is

79



our hope that this work will spur additional research in these areas to inform multiple therapeutic

designs that have broad-reaching implications in infectious disease and beyond.
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Figure 1. ILF3’s role in human monocyte-derived dendritic cells in restraining innate immune signaling and
DC maturation.
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