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Ly6C" monocytes area myeloid subset that specializes in the survelllance of vascular
endothelium. Ly6C" monocytes have been shown to derive from Ly6C monocytes.

NOTCH?2 signaling has been implicated as a trigger for Ly6C" monocyte devel-
opment, but the basis for this effect is unclear. Here, we examined the impact of
NOTCH?2 signaling of myeloid progenitors on the development of Ly6C'" monocytes
in vitro. NOTCH2 mgnalmg induced by delta-like ligand 1 (DLLl) efficiently induced
the transition of Ly6C" TREML4™ monocytes into Ly6C'® TREML4" monocytes.

We further identified two additional transcriptional requirements for development of
Ly6C" monocytes. Deletion of BCL6 from myeloid progemtors abrogated develop-
ment of Ly6C"® monocytes. IRF2 was also required for Ly6C' monocyte development
in a cell-intrinsic manner. DLL1-induced in vitro transition into Ly6C'® TREML4"
monocytes required IRF2 but unexpectedly could occur in the absence of NUR77 or
BCL6 These results imply a transcriptional hierarchy for these factors in controlling
Ly6C" monocyte development.

nonclassical monocytes | Bcl6 | IRF2 | Notch2

Nonclassical monocytes are a unique subset of peripheral blood mononuclear cells
(PBMCs) that function in surveillance of vascular endothelium (1, 2). Monocyte heter-
ogeneity was originally observed by differing expression patterns of Fc receptors on human
PBMC:s (3). Later, two populations of human PBMCs were distinguished as cither CD14"
CDI16 or CD14%™ CD16" cells (4). CD14%™ CD16" cells, despite remaining in the
circulation, exhibited features of tissue macrophages, such as high levels of MHC class II
expression (5). Subsequent studies reported that CD14™ CD16" monocytes comprised
10% of PBMC:s in healthy subjects, but were expanded in sepsis, HIV infection, and
asthma (6-10).

Murine nonclassical monocytes were first identified using an EGFP reporter for
CX,CR1 (11), which described nonclassical monocytes as short-lived CX; CR1" CCR2"
Grl(LyGC/ G)™ cells, in contrast to CX; CR1° CCR2" Grl* classical monocytes (12)
Subsequent studies divided monocytes on the basis of Ly6C expression, with Ly6C"
PBMC:s being recently released from the bone marrow (BM) and losing Ly6C expression
in the circulation (13). Nonclassical monocytes are distinguished not only by lack of Ly6C
expression, but also by induction of TREML4 and CD11c¢ expression (14). Nonclassical
monocytes have been called “patrolling” monocytes based on their attachment to and
movement along vascular endothelium (15). This movement is dependent on LFA-1 and
independent of the direction of blood flow. Nonclassical monocytes serve to monitor and
repair vascular endothelium (16) and can protect against tumor metastasis by engulfing
tumor materlal and recruiting NK cells (17-19).

Ly6C" monocytes develop from the monocyte dendritic cell progemtor (MDP) (20, 21)
through a committed monocyte progenitor (cMoP) (22, 23). Ly6C monocytes require
the transcription factors PU.1, KLF4, and IRF8 for their development, with PU.1 and
IRF8 both functlomng to promote KLF4 expression (24— 27) Fate mapping studies iden-
tify Ly6CM classlcal monocytes as precursors of Ly6C" nonclassical monocytes (28).
Additionally, Ly6C™ monocytes give rise to Ly6C'® monocytes in a congenic transfer model
(29). This establishes Ly6C" monocytes as the product of a developmental pathway includ-
ing MDPs, cMoDPs, and Ly6C monocytes.

Currently, three transcription factors, NUR77, C/EBPB and NOTCH2, have been
identified that selectively regulate the development of Ly6C monocytes Nrd4al (NUR77)
was observed to be selectively expressed hlghly in Ly6C" but not Ly6C™ monocytes, and
mice globally deficient in Nr4a1 lacked Ly6C" but not Ly6C™ monocytes (30). Loss of
Nr4al also results in excessive NF-kB activation in macrophages and defective formatlon
of T cell tolerance (31, 32). The mechanism for the requirement of Nr4al in Ly6C°
monocytes is currently unclear. Deletion of an enhancer region located approximately
4 kb upstream of the Nr4al promoter selectively eliminates Ly6C"® monocytes without
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Nonclassical monocyte
development is poorly
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their function and efforts to
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modeling nonclassical monocyte
development in vitro. This work
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how nonclassical monocytes
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work assessing the function and
therapeutic potential of this cell
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affecting macrophages (19). C/EBP is also selectively required
for Ly6C" but not Ly6C™ monocytes (29, 33, 34). The basis for
this requirement is still somewhat uncertain, but may involve the
reduction of M-CSF receptor (CD115/Csf1r) expression in Cebpb~
" mice (33) or a requirement for C/EBP to support the expres-
sion of Nr4al (29). Finally, NOTCH2 signaling was suggested
to induce the transition of Ly6C" monocytes into Ly6C'® mono-
cytes based on conditional Nozch2 deletion using LysM“™ deletor
strain (35). However, this study observed only a partial reduction
in Ly6C" monocytes in vivo, which appeared to result from
incomplete deletion of NOTCH2 in this system. The relationship
between NUR77, C/EBP, and NOTCH?2 in nonclassical mono-
cytes remains unclear.

Here, we established an in vitro system to examine the devel-
opment of Ly6C" monocytes. We show that Notch signaling
in monocyte progenitors and Ly6C™ monocytes rapidly induces
the transition to Ly6C" monocytes. This transition can be medi-
ated directly by expression of the Notch intracellular domain
(NICD) but not by the expression of the Notch target HESI.
In addition, we have identified two additional transcription
factors required for Ly6C" monocyte development in vivo, Bcl6,
and Irf2. The initial transition to a Ly6C' monocyte phenotype
induced by Notch requires /72 but occurs independently of
Bcl6 and Nr4al. These results suggest that these factors plaly
distinct roles in either the initial induction or survival of Ly6C*
monocytes.

Results

Ly6C and TREML4 Identify Nonclassical Monocytes In Vivo and
In Vitro. We wished to establish an in vitro protocol to examine
genetic epistasis of nonclassical monocyte development. A previous
study treated Ly6C" monocytes in vitro with a DLL1-Fc fusion
protein to examine the development of nonclassical monocytes
(35). However, this analysis did not test TREML4 as a marker of
nonclassical monocyte development, nor did it examine earlier
progenitors for this effect. To test whether TREML4 faithfully
reports nonclassical monocyte development, we first reconfirmed
TREML4 as a marker of nonclassical monocytes in vivo (Fig. 1
A-G). Total monocytes were partially reduced in Nrdal™”
(Nr4a1*°) mice (Fig.1 A and B) as expected, and both TREML4
and CD11c were selectively induced in Ly6C° monocytes
(Fig. 1 C-G). Importantly, CD11c and TREML4 expression on
monocytes was not observed in Nr421* mice. Next, we examined
nonclassical monocyte development from earlier progenitors using
the OP9 cell line expressing the Notch ligand DLL1 (36). OP9
cells expressing DLL1 (OP9-DLLI) have previously been used
to examine the impact of Notch signaling on development of T
cells (37) and dendritic cells (38). Purified MDPs from wild-type
(WT) mice were cultured on OP9 or OP1-DLL1 cells for 2 d
and examined for expression of Ly6C, CCl1c, and TREML4
(Fig. 1 H-K). MDPs cultured on original OP9 cells retained Ly6C
expression and did not induce either CD11c or TREMLA. By
contrast, ~40% of MDDPs cultured on OP9-DLLI cells lost Ly6C
expression and induced both CD11c and TREMLA4. These results
suggest that Notch signaling in monocyte progenitors robustly
induces nonclassical monocyte development in vitro.

Identification of Nonclassical Monocyte Transcriptional Regulators.
We next examined the acute impact of Notch signaling on
immediate progenitors of nonclassical monocytes (Fig. 2 A and B).
Purified cMoPs and Ly6Chl monocytes were cultured on OP9 or
OP9-DLLI cells for 6 h and analyzed by RNA-seq. In Ly6C"
monocytes, Hesl was the gene most highly induced by DLL1

https://doi.org/10.1073/pnas.2220853120

(Fig. 24) and was induced in cMoPs as well. /rgax (encoding
CD11c¢) was among the top 20 most highly DLL1-induced genes
(Fig. 24), and TREML4 was also induced in Ly6Chl monocytes by
DLLI stimulation (Fig. 2B). HES] is a transcriptional repressor
(39) known to be induced downstream of Notch signaling (40).
We expressed the constitutively active NICD or HESI into
monocyte progenitors by retroviral transduction to compare their
respective capacities to drive development of Ly6C'® monocytes
(Fig. 2 Cand D). Expression of NICD into progenitors induced
development of Ly6C'° TREML4* CD11c" cells in ~-60% of the
population, similar to the effects of coculture with OP9-DLL1
cells (Fig. 2 C—F). By contrast, the expression of HESI failed to
induce such a population. HES] failed to induce any expression of
CD11cor loss of Ly6C, but induced TREML4 in approximately
20% of cells (SI Appendix, Fig. S1). These results suggest that
factors other than HES1 may be required for development of
Ly6C" monocytes.

We compared the expression of transcription factors between
MDPs, cMOPs and Ly6C" and Ly6C" monocytes (Fig. 2G). In
agreement with previous studies, we found that Nr441 (30) and
Cebpb (29), were both more highly expressed in Ly6C'® monocytes
than in Ly6C" monocytes or progenitors. In addition, we also
noted interesting expression patterns for Bcl6, Irf2, and ITkzf3
(which encodes AIOLOS). Bcl6 and Zkzf3 were both highly
induced in Ly6C" monocytes compared with Ly6C" monocytes.
Irf2 was expressed more highly in Ly6C™ monocytes compared
with progenitors, but was increased further in Ly6C'® monocytes.
'The roles of Bel6, Ikzf3, and Irf2 in Ly6C" monocyte development

have not been examined.

BCL6 Expression in Myeloid Progenitors Is Required for Nonclassical
Monocytes. We recently reported that conditional deletion of Bcl6
under control of Csf1 7 allowed development of ¢cDCls (41). CsfIr
is also expressed in monocyte progenitors such as MDPs (20) and
GMPs (42). Therefore, we asked whether conditional deletion of Bel6
by Csf1r" altered Ly6C* monocyte development (Fig. 3). Ly6C"
monocytes developed and were increased in number in blood in
Bel6 x @)7) 7% (Bel6™©) mice (Fig. 3 Aand B). In contrast, Ly6Cl°
monocytes in blood were completely absent in Bel6™ mice, but not in
Bel6™ (Bcld™) mice (Fig. 3 Cand D and ST Appendix, Fig. S2). B cells
and neutrophils were present in normal numbers in blood in Bc/6® Ko
mice (Fig. 3 E-H), indicating that the loss of Ly6C"* monocytes was
specific. Likewise, Ly6C monocytes in BM were completely absent
in Bel6™© mice (Fig. 3 /and /), while Ly6Chi monocytes in BM were
normal (Fig. 3K). Of interest, cMoPs and MDPs showed a statistically
significant numerical increase of approximately 50% in Bel6™© mice

(Fig. 3 L and M).

IRF2 Is a Cell-Intrinsic Requirement for Nonclassical Monocytes.
12"~ mice were reported to have reduced Lyc6C" monocytes in
the setting of infection by West Nile virus, but the homeostatic role
of IRF2 in development was not examined (43). First, we observed
that naive /rf2” = (]ﬂK ) mice had normal numbers of blood Ly6Chl
monocytes, but had severely reduced blood Ly6C"® monocytes when
compared to 117‘2#7 (1;77' “) mice (Fig. 4 A-D). In comparison, we
observed no difference in blood Ly6C* monocytes between WT and
Inf2* mice (SI Appendix, Fig. S2). We confirmed that /72" mice
have reduced B cell numbers in blood but no significant difference
in neutrophils (Fig. 4 £~H), validating previous reports of a B cell
defect in 772*° mice (44). Likewise, BM Ly6C" monocytes were
completely absent in I;yQK O mice (Fig. 4 I and /), while BM LyGChl
monocytes were modestly increased (Fig. 4K). A slight increase in
the number of cMoPs, but not MDPs, was observed in /2% mice
compared with control mice (Fig. 4 L and M).
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Fig. 1. Notch stimulation induces Ly6C” TREML4" CD11c" nonclassical monocytes. (4) Peripheral blood was analyzed from wild-type or Nrd4a1™~ (Nr4a1*°) mice.
Shown analysis is pregated on CD45" single cells. (B) Total monocytes (gated as CD45° CD11b" CD115" as in A) are shown as a fraction of CD45" single cells.
(C) Peripheral blood was analyzed from wild-type or Nr4a1*° mice. Shown analysis is pregated on CD45" CD11b* CD115" single cells. (D) Ly6C™ classical monocytes
(gated as Ly6C* TREML4™ CD45" CD11b* CD115%) are shown as a fraction of CD45" single cells. (F) Ly6C” TREML4" cells are shown as a fraction of CD45" CD11b*
CD115" cells. (F) Peripheral blood was analyzed from wild-type or Nr4a7*° mice. Shown analysis is pregated on CD45" CD11b* CD115" single cells. (G) Ly6C
CD11c" cells are shown as a fraction of CD45" CD11b* CD115" cells. (H) MDPs were sorted as Lin~ CD45" CD115" CD117* CD135" and cocultured with OP9 or
OP9-DLL1 stromal cells in SCF, IL-3, and IL-6 for 2 days. Shown is FACS analysis of CD11b* CD115" MerTK"® CD64" cells. (/) Ly6C” TREML4" cells are shown as a
fraction of cultured monocytes (gated as CD11b* CD115" MerTK'® CD64°). (/) MDPs were sorted as Lin~ CD45" CD115" CD117* CD135" and cocultured with OP9
or OP9-DLL1 stromal cells in SCF, IL-3, and IL-6 for 2 days. Shown is FACS analysis of CD11b* CD115* MerTK" CD64" cells. (K) Ly6C” CD11c" cells are shown as a
fraction of cultured monocytes (gated as CD11b" CD115" MerTK'® CD64"). Bars represent average values + SEM. **P < 0.01, ****P < 0,0001, n.s. not significant
(Student’s t test).
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Fig. 2. Characterization of differentially expressed transcription factors in nonclassical monocytes. (A) cMoPs (sorted as Lin~ CD45" CD115" CD117" CD135)
and Ly6C" monocytes (sorted as Lin™ CD45" CD115" CD117 CD135™ Ly6C" TremL4") were isolated from bone marrow and cocultured with OP9 or OP9-DLL1
stromal cells in SCF, IL-3, and IL-6 for 6 h before isolation and bulk RNA sequencing. Shown are 20 genes with the greatest fold increase in OP9-DLL1-cocultured
Ly6C" monocytes relative to OP9-cocultured Ly6C™ monocytes among significantly differentially expressed genes (Benjamini-Hochberg adjusted P-value < 0.05).
(B) Volcano plot comparing gene expression in OP9-DLL1-cocultured Ly6C™ monocytes to gene expression in OP9-cocultured Ly6C" monocytes. (C and D) Lin™ (CD3e,
CD19,CD105, Ly6G, Ter119) CD117" progenitor cells were sorted and transduced with plasmids expressing a GFP reporter and either no gene (Empty Vector), the
intracellular domain of Notch2 (NICD), or Hes7 (HES1). Cells were cultured in SCF, IL-3, and IL-6 for 2 d, then subjected to FACS analysis. Shown populations are
pregated on CD11b* CD115* MerTK"® CD64"° single cells. (E and F) Ly6C” TREML4" or Ly6C™ CD11¢” cells, respectively, are shown as a fraction of GFP* CD11b* CD115"
MerTK'"® CD64" cells. (G) Gene expression microarray analysis of MDPs, cMoPs, Ly6C" monocytes, and Ly6C'° monocytes sorted from bone marrow. Shown are
select transcription factors known to influence myeloid development. Bars represent average values + SEM. ****P < 0.0001, n.s. not significant (Student's t test).

Germline-deficient [rﬂKO mice develop a progressive CD8 T
cell-dependent ulcerative dermatitis starting at approximately 8
wk of age which does not occur in ];y‘ZKO BM chimeras (45). Since
ulcerative dermatitis could conceivably alter Ly6C" monocyte
numbers, we generated BM chimeras using WT and [;:fZ‘K °BM
to test for a cell-intrinsic role for IRF2 in Ly6C'® monocyte devel-
opment (Fig. 5 and SI Appendix, Fig. S3). First, Ly6C" monocytes
developed in WT>WT BM chimeras in sgleen, BM, and blood,
as expected (Fig. 5 A—F). In contrast, [rf2 OSWT chimeras gen-
erated Ly6C™ monocytes, but were completely devoid of Ly6C"”
monocytes, indicating a hematopoietic-intrinsic requirement for
IRF2. In addition, we also examined mixed BM chimeras
(81 Appendix, Fig. S3). Since [}jQK OBM is poorly competitive with

WT BM in mixed chimeras (46), we generated chimeras using a

https://doi.org/10.1073/pnas.2220853120

10:90 ratio of WT to [fKO BM (87 Appendix, Fig. S3). In these
mixed chimeras, 772"° BM was capable of producing MDPs,
cMoPs, and Ly6C™ monocytes, but not Ly6C" monocytes. In
contrast, W BM gave rise to all cell types. In summary, /2 is
required in a cell-intrinsic manner in the transition from LyGChl
monocytes to LyGClo monocytes.

Tkzf3 encodes for AIOLOS, a transcription factor which inter-
acts with IKAROS to regulate B development (47, 48) and T cell
function (49). As ]/ezg is strongly up-regulated in Ly6C'® mono-
cytes relative to Ly6C"™ monocytes (Fig. 2G), we evaluated Zkzf3"~
([/esz’Ko) mice for development of Ly6C10 monocytes. However,
we found no significant difference in Ly6C" monocytes in either
the blood (SI Appendix, Fig. S4 A and B) or BM (SI Appendix,
Fig. S4 Cand D) of ]z/eﬁK mice relative to WT controls.
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Fig. 3. BCL6 is required for nonclassical monocytes. (A) Peripheral blood was analyzed from Bcl6™o (Bcl671°%) or Bcl6!o¥ox Csf1r-cre” (Bcl6™®) mice for total
monocytes. Shown analysis is pregated on CD45" single cells. (B) Quantification of Ly6C" classical monocytes (gated as Ly6C* TREML4™ CD11b* CD115" CD45*
single cells) per 100 uL peripheral blood. () Peripheral blood was analyzed as in A for Ly6C'> monocytes. Shown analysis is pregated on CD11b* CD115* CD45*
single cells. (D) Quantification of Ly6C'® nonclassical monocytes (gated as Ly6C” TREML4" CD11b* CD115" CD45" single cells) per 100 uL peripheral blood.
(E) Peripheral blood was analyzed as in A for peripheral B cells. Shown analysis is pregated on CD45" single cells. (F) Quantification of peripheral B cells (gated as
CD45R" MHCII" CD45" single cells) per 100 uL peripheral blood. (G) Peripheral blood was analyzed as in A for neutrophils. Shown analysis is pregated on CD45"
single cells. (H) Quantification of neutrophils (gated as CD11b* Ly6G* CD45" single cells) per 100 uL peripheral blood. () Bone marrow was analyzed from Bc/6™"™*
or Bcl6© mice for Ly6C'° monocytes. Shown analysis is pregated on Lin™ (CD3e, CD19, CD105, Ly6G, Ter119) CD45" CD115" CD117 CD135 single cells. (/ and K)
Quantification of Ly6C'® monocytes (gated as Lin” CD45" CD115" CD117” CD135” Ly6C” TREML4") or Ly6C™ monocytes (gated as Lin™ CD45" CD115* CD117 CD135”
Ly6C" TREML4") as a function of total bone marrow CD45" cells. (L) Bone marrow was analyzed as in / for MDPs and cMoPs. Shown analysis is pregated on Lin~
CD45" CD115" single cells. (M) Quantification of MDPs (gated as Lin” CD45" CD115" CD117" CD135") or cMoPs (gated as Lin- CD45" CD115" CD117" CD135 ) as a
function of total bone marrow CD45" cells. Bars represent average values + SEM. **P < 0.01, ***P < 0,001, ****P < 0.0001, n.s. not significant (Student’s t test).

in vivo. We sought to determine whether these transcription
factors were also required in vitro for OP9-DLLI-mediated
development of Ly6C" monocytes. To do so, we cocultured MDPs

Differing Hierarchy of Actions for Transcription Factors in Ly6C|°
Monocytes. Our results show that in addition to NUR77, BCL6
and IRF2 are also required for Ly6C" monocyte development
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is pregated on CD45" single cells. (B) Quantification of Ly6C™ classical monocytes (gated as Ly6C* TREML4™ CD11b* CD115" CD45" single cells) per 100 ul peripheral
blood. (C) Peripheral blood was analyzed as in A for Ly6C'° monocytes. Shown analysis is pregated on CD11b* CD115" CD45" single cells. (D) Quantification of
Ly6C" nonclassical monocytes (gated as Ly6C” TREML4* CD11b* CD115" CD45" single cells) per 100 uL peripheral blood. (£) Peripheral blood was analyzed as
in A for peripheral B cells. Shown analysis is pregated on CD45" single cells. (F) Quantification of peripheral B cells (gated as CD45R* MHCII" CD45" single cells)
per 100 uL peripheral blood. (G) Peripheral blood was analyzed as in A for neutrophils. Shown analysis is pregated on CD45" single cells. (H) Quantification of
neutrophils (gated as CD11b" Ly6G* CD45" single cells) per 100 uL peripheral blood. (/) Bone marrow was analyzed from /rf2" or Irf2*° mice for Ly6C'° monocytes.
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Fig. 5. The requirement for IRF2 in nonclassical monocytes is cell-intrinsic. (A) CD45.1-expressing wild-type mice were lethally irradiated and injected i.v. with
congenically marked CD45.2" wild-type or /rf2*° bulk bone marrow. Spleen was analyzed 8 wk later via FACS for Ly6C'° monocytes. Shown analysis is pregated on
CD45.2" CD11b* CD115" cells. (B) Quantification of spleen Ly6C'® monocytes (gated as CD45.2* Ly6C” TREML4" CD11b* CD115%) as a function of total monocytes
(gated as CD45.2* CD11b* CD115"). (C) Bone marrow chimeras were set up as in A and bone marrow was analyzed 8 wk later via FACS for Ly6C'® monocytes.
Shown analysis is pregated on CD45.2" Lin™ (CD3e, CD19, CD105, Ly6G, Ter119) CD115" CD117~ CD135". (D) Quantification of bone marrow Ly6C'° monocytes
(gated as CD45.2" Ly6C” TREML4" Lin” CD115* CD117” CD135") as a function of total monocytes (gated as CD45.2* Lin” CD115* CD117~ CD135"). (F) Bone marrow
chimeras were set up as in A and peripheral blood was analyzed 8 wk later via FACS for Ly6C'° monocytes. Shown analysis is pregated on CD45.2" CD11b" CD115"
single cells. (F) Quantification of peripheral blood Ly6C' monocytes (gated as CD45.2* Ly6C” TREML4" CD11b* CD115%) as a function of total monocytes (gated
as CD45.2" CD11b" CD115"). Bars represent average values + SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 (Student's t test).

of the relevant genotypes with either OP9 or OP9-DLL1 cells
for 2 d and examined cells for expression of Ly6C and TREMLA.
We found that MDPs from Nr4al®° mice generated Ly6C™
TREMLA4" cells at rates similar to WT MDPs in OP9-DLLI cell
coculture (Fig. 6 A and B). Similarly, we found no significant
difference in the generation of Ly6C” TREML4" cells from Bcl6™
or Bel6™° MDPs (Fig. 6 C and D and ST Appendix, Fig. S5). In
contrast, Ly6C” TREMLA4" cells failed to develop from //2"°
MDPs and were reduced in number from ];y?h” MDPs (Fig. 6 £
and Fand ST Appendix, Fig. S5). However, we observed that Ly6C"
TREMLA4" cells developed from both /2™ and 7r/2° MDPs in
OP9-DLLI coculture, despite developing from neither in OP9
coculture (Fig. 6 E'and G). This suggests that IRF2 is required to
finish development to a nonclassical monocyte-resembling Ly6C™
TREMLA4" state, though it is not required for the Notch-mediated
initiation of this developmental pathway. In conclusion, NUR77
and BCL6 are required for nonclassical monocyte development

PNAS 2023 Vol.120 No.35 2220853120

in vivo but not in vitro, while IRF2 is required for nonclassical
monocytes both in vivo and in vitro.

To determine early effector targets of NUR77, BCL6, and
IRF2, we conducted RNA—Seg of BM Ly6C" monocytes derived
from WT, Nr4al*°, Bcl6 , and lrﬁm mice (Fig. 74). In
Nrda1® mice, we observed loss of Nrdal expression, but expres-
sion of Bcl6, Irf2, and other transcription factors involved in
myeloid development were not altered (Fig. 7B and SI Appendix,
Fig. $6). Similarly, Bcl6™ Ly6C" monocytes had no change in
expression of Nr4al, Irf2, or other important transcription fac-
tors (Fig. 7C and SI Appendix, Fig. S6). We did observe an
increase in Bc/6 mRNA expression, which is attributable to a
lack of functional BCLG protein causing a failure of autorepres-
sion at the Bcl6 locus (41, 50, 51). However, ];’]QKO LyGCh[
monocytes had significant reduction in Be/6 and Nrdal expres-
sion (Fig. 7D). These combined data suggest that IRF2 may
regulate a hierarchy of transcription factors including BCL6 and
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Fig. 6. IRF2butnot NUR77 or BCL6 are required for Notch-induced nonclassical monocyte development. (A) Sort-purified wild-type or Nr4a7® MDPs (sorted as
Lin~ CD45" CD115" CD117* CD135") were cocultured with OP9 or OP9-DLL1 stromal cells in SCF, IL-3, and IL-6 for 2 d. Shown is FACS analysis of CD11b* CD115"
MerTK'"® CD64"° cells. (B) Ly6C” TREMLA4" cells are shown as a fraction of cultured monocytes (gated as CD11b* CD115" MerTK'® CD64"). (C) Sort-purified Bc/6™ or
Bcl6™° MDPs were cocultured with OP9 or OP9-DLL1 stromal cells in SCF, IL-3, and IL-6 for 2 d. Shown is FACS analysis of CD11b* CD115" MerTK"® CD64° cells.
(D) Ly6C” TREML4" cells are shown as a fraction of cultured monocytes (gated as in B). (E) Sort-purified /rf2"* or Irf2“° MDPs were cocultured with OP9 or OP9-
DLL1 stromal cells in SCF, IL-3, and IL-6 for 2 d. Shown is FACS analysis of CD11b* CD115" MerTK"® CD64" cells. (Fand G) Ly6C” TREML4" and Ly6C* TREML4" cells,
respectively, are shown as a fraction of cultured monocytes (gated as in B). Bars represent average values + SEM. **P < 0.01, n.s. not significant (Student's ¢ test).

NUR77 which are required ultimately for differentiation of
Ly6C nonclassical monocytes.

Discussion

Nonclassical monocytes were first recognized in humans as a subset
of circulating PBMCs that bind antigen—antibody complexes (3)
and express CD16 (4). Nonclassical monocytes were subsequently
recognized in mice as a PBMC population expressmg CX,CR1
(12) and later as a LyGC CD11c" (13) or Ly6C TREML4+ (14)
PBMC population. The role for nonclassical monocytes in surveil-
lance of vasculature was inferred by their adherent patrolling
motion along endothelial surfaces (15, 16) and from their ability
to protect tissues from tumor metastasis (17). Despite their clear
importance, our understanding of their development remains rel-
atively incomplete. In mice, the transcription factors NUR77 (30)

https://doi.org/10.1073/pnas.2220853120

and C/EBPp (29) are known to be required for Ly6Clo monocytes,
and signaling by NOTCH2 has been suggested as a component
of their development (35), but these factors have not been con-
firmed as requirements for nonclassical monocytes in humans.
Conversely, mutations in human IKAROS (52) and STAT?3 (53)
have been associated with loss of nonclassical monocytes, but have
not been confirmed mice. It is largely unknown how these various
factors function in Ly6C monocytes. This study identifies the
transcrlptlon factors BCL6 and IRF2 as additional requirements
for Ly6C" monocytes.

We initiated this work to reexamine the role of NOTCH2
signaling in Ly6C" monocyte development. In agreement with
previous work (35), we confirm that activation of NOTCH2 sig-
naling induces Ly6C monocyte development. We determined
the early transcnptlonal response to NOTCH2 signaling in cMoPs
and Ly6C" monocytes, and identified HES] as the most highly

pnas.org
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Fig. 7. Loss of IRF2 reduces Bcl6 and Nr4aT expression in Ly6C™ monocytes. (A) Ly6C" monocytes were obtained from WT, Nr4a1° Bcl6*, and Irf2"° BM and
subjected to RNA sequencing. Shown is a heat map displaying differentially expressed genes organized by hierarchical clustering. (B) Volcano plot comparing

gene expression in WT BM Ly6C monocytes to gene expression in Nr4a1*® BM
gene expression in WT BM Ly6C" monocytes to gene expression in Bc/6%© BM Ly6C™

L%/6C monocytes, as determined by RNA-Seq. (C) Volcano plot comparing
monocytes, as determined by RNA-Seq. (D) Volcano plot comparing gene

expression in WT BM Ly6C" monocytes to gene expression in IRF2° BM Ly6C" monocytes, as determined by RNA-Seq.

induced target. However, our results show that HEST expression
alone could only partially induce the Ly6C" monocyte transition.
In contrast, we found that expression of the NICD fully induced
the Ly6C" monocyte transition. These results suggest that the
NICD engages addmonal targets beyond HES1 during the tran-
sition to the Ly6C" monocyte fate. Further work will be required
to fully identify the NICD targets that are responsible for this
transition.

Our work has added two additional transcription factors, BCL6
and IRF 2, to the small set of factors known as requirements for the
Ly6C" monocyte transition. Prev10usly, NUR?77 and C/EBPp were
recognized as being involved in Ly6C® monocyte development,

PNAS 2023 Vol.120 No.35 2220853120

although their precise function in this process remains obscure.
NUR?77 was first recognized as being highly ex gressed in Ly6C"
monocytes (30) based on evaluation of Nr4aI™" reporter mice
(54) and was confirmed as a requirement based on analysis of
Nrdal™ mice (55). A role for C/EBPP was observed in Cebpb”
mice, in which Ly6C" monocytes are absent (29, 33). The function
of C/EBPp in sustaining Ly6C monocytes is currently unclear,
but C/EBPP may support MCSER expression (33) or induce
Nrdal expression (29). However, these hypotheses have not been
directly tested.

Here, we demonstrate cell-intrinsic requirements for BCL6 and
IRF2 in Ly6C" monocyte development. BCLG is a transcriptional

https://doi.org/10.1073/pnas.2220853120 9 of 11
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repressor known to be required for development of germinal center
B cells (56) and T follicular helper cells (57), but the targets of
BCL6 in these cells remain undefined. IRF2 limits the expression
of genes induced by IFNAR signaling (44, 45). Irf2” * mice show
defects in natural killer cell maturation (58) and hematopoietic
stem cell maintenance (59), and increased development of baso-
phils (60). However, the molecular targets mediating these effects
are currently unclear. The current challenge for understanding the
functions of BCL6 and IRF2 lies in determining the precise tran-
scriptional targets of these factors.

Currently, no model unifies the requirements of NOTCH2,
NUR77, and C/EBP to explain processes governing the develop-
ment of nonclassical monocytes. Our findings of BCL6 and IRF2
as additional requirements only increase the complexity of this
problem. Nonetheless, knowledge of these additional factors will
be essential in determining how nonclassical monocytes develop.
Previous work suggests mechanisms by which these factors may
interact. BCL6 has been proposed as a necessary modulator of
Notch signaling in mouse neural stem/progenitor cells and in
Xenopus lateral plate mesoderm, repressing select Notch targets while
other Notch targets are activated (61, 62). Recenty, /12" -
tumor-infiltrating CD8" T cells were predicted to have less BCL6
activity based on Ingenuity Pathway Analysis (63). Further work
will be necessary to understand how these transcription factors
interact to drive nonclassical monocyte development. Understanding
of the transcriptional cascade driving nonclassical monocyte devel-
opment will inform studies of these cells’ function and may help in
developing therapeutics based around nonclassical monocytes.

Materials and Methods

Mice. WT C57BL6/J, Bcl6™ [B6.1295(FVB)-Bcls™ 1" ], Csf1° [C57BLI6Tg(Csf1r-
cre)MnzAJ], Nrda 1" (B6;12952-Nr4a1™™1J), and Irf2"" (B6.12952-1rf2™™M%y)
mice were obtained from the Jackson Laboratory. Ikzf3”" mice were a gift of Katia
Georgopoulos (Harvard Medical School). B6.SJL(B6.SJL-Ptpr¢ Pepcl’/BoyJ) mice were
obtained from Charles River. All mice were maintained on the C57BL/6 background
inthe Washington University in St. Louis School of Medicine specific pathogen-free
animal facility following institutional guidelines with protocols approved by Animal
Studies Committee at Washington University in St. Louis. Experiments were per-
formed with mice between 6 and 10 wk of age unless otherwise noted.

Flow Cytometry, Sorting, and Cell Culture. Peripheral blood was collected
via submandibular vein bleed using a 5-mm lancet (Fisher Scientific) into EDTA-
coated tubes (BD Biosciences). Red blood cells were subsequently lysed inammo-
nium chloride-potassium bicarbonate (ACK) lysis buffer prior to staining. BM was
isolated via crushed hips, femurs, and tibias in phosphate buffered saline (PBS)
with 5% fetal bovine serum (FBS) and 2mM EDTA. Cells were passed through a
70-um filter, and red blood cells were lysed in ACK lysis buffer prior to staining.
Splenocytes were collected by mincing spleens, which were then digested for 30
min at 37 °C with stirring in 5 mL complete IMDM (IMDM supplemented with
10% FBS, 1% penicillin-streptomycin solution, 1% sodium pyruvate, 1% MEM
nonessential amino acids, 1% L-glutamine, and 55 uM 2-mercaptoethanol) with
250 ug/mLcollagenase B (Roche) and 30 U/mLDNAse | (Roche). After digestion,
red blood cells were lysed in ACK lysis buffer, and remaining cells were passed
through a 70-um filter to create a single-cell suspension. Cells were stained at 4 °C
in PBS with 5% FBS, 2mM EDTA, and Fc block (2.4G2). Lineage depletion was
performed with MagniSort™ streptavidin-negative selection bead (Invitrogen) or
Mojosort™ streptavidin nanobeads (BioLegend) as needed. Flow cytometry anal-
ysis was performed using an Aurora spectral flow cytometer (Cytek). Cell sorting
was performed using a FACSAria Fusion flow cytometer (BD Biosciences). Cells
were sorted into complete IMDM. After sorting, indicated cells were cultured
in complete IMDM supplemented with 5% Flt3L-conditioned media, 5% IL-3-
conditioned media, and 5% IL-6-conditioned media for the indicated durations.
Inindicated experiments, sorted cells were cocultured with either OP9 cells (36)
or OP9 cells retrovirally expressing the Notch ligand DLL1 (OP9-DLL1 cells) (37).
Data were analyzed using FlowJo software (Tree Star Software).

https://doi.org/10.1073/pnas.2220853120

Antibodies. Biotin-conjugated anti-mouse CD3e (145-2C11), Brilliant Violet (BV)
421- conjugated anti-mouse CD11b (M1/70), Alexa Fluor (AF) 647-conjugated
anti-mouse CD11c (N418), biotin-conjugated anti-mouse CD19 (6D5), PE-Cy7-
conjugated CD24 (M1/69), BV711- or allophycocyanin (APC)-Cy7- conjugated
anti-mouse CD45.1 (A20), AF488-, BV605-, or PE-Cy7-conjugated anti-mouse
CD45.2 (104), AF488- or PE/Dazzle™594- conjugated anti-mouse CD45R
(RA3-6B2), BV605-conjugated anti-mouse CD64 (X54-5/7.1), BV711-conjugated
anti-mouse CD115 (AFS98), biotin- or PerCP-Cy5.5- conjugated anti-mouse Ly6G
(1A8), BV510-conjugated anti-mouse MHC class I I-A/I-E (M5/114.15.2), biotin-
conjugated anti-mouse TER-119 (TER-119), and PE-conjugated anti-mouse
TREML4 (16E5) were purchased from Biolegend. APC-eFluor780-conjugated
anti-mouse CD11¢ (N418), biotin-conjugated anti-mouse CD105 (MJ7/18),
PerCP-eFluor710-conjugated anti-mouse CD172a, APC-conjugated anti-mouse
(D317 (eBio927), PE-Cy7-conjugated anti-mouse MerTK (DSSMMER), and
Qdot™605-conjugated streptavidin were purchased from Invitrogen. Ultraviolet
395-cojugated anti-mouse CD45R (RA3-6B2), Brilliant Ultraviolet 395-cojugated
anti-mouse CD117 (2B8), PE-CF594-conjugated anti-mouse CD135 (A2F10.1),
APC-conjugated anti-mouse Ly6C (AL-21), and V500-conjugated anti-mouse
MHC class Il I-A/I-E (M5/114.15.2) were purchased from BD Biosciences. PerCP-
Cy5.5-conjugated anti-mouse CD11b (M1/70) and eFluor450-conjugated anti-
mouse CD317 (eBio927) were purchased from eBioscience. PE-Cy7-conjugated
anti-mouse CD45.1 and PE-Cy7-conjugated anti-mouse MHC class Il I-A/I-E
(M5/114.15.2) were purchased from TONBO Biosciences. PerCP-Cy5.5-conjugated
anti-mouse CD45.2 (104) was purchased from Fisher Scientific.

RNA-Seq. To explore the effects of Notch stimulation on monocytes, LysC" mono-
cytes or cMoPs were sort purified from BM after lineage depletion (CD3e, CD19,
(D105, Ly6G, TERT19) and cultured in complete IMDM supplemented with 5%
Flt3L-conditioned media, 5% IL-3-conditioned media, and 5% IL-6-conditioned
media and either OP9 or OP9-DLLT cells for 6 h. To compare differences in WT,
Nr4a 1, Bcl6™, and Irf2"° Ly6C" monocytes, LysC™ monocytes were sort purified
from BM of each genotype after lineage depletion (CD3e, CD19, CD105, Ly4G,
TERT19). In both experiments, RNA was isolated using a NucleoSpin RNAXS kit
(Macherey-Nagel) per the manufacturer's protocol. RNA-seq libraries were pre-
pared with 10 pg of total RNA using the SMARTer Ultra Low RNA kit for Illumina
Sequencing (Takara-Clontech) per the manufacturer's protocol and sequenced on
an lllumina NovaSeq 6000 as paired-end reads extending 150 bases. RNA-seq
reads were aligned to mouse reference genome (GRCm38/ mm10) with STAR
version 2.7.9a. Gene counts were derived from the number of uniquely aligned
unambiguous reads by Subread:featureCount version 2.0.3. All gene counts were
then imported into the R/Bioconductor package EdgeR and TMM normalization
size factors were calculated to adjust for samples for differences in library size.

Plasmids, Retroviral Packaging, and Overexpression. NICD was ampli-
fied from Addgene plasmid #20184 (gift from Raphael Kopan) using primers
attattagatctgccaccatggactacaaagacc and attattagatctgcgatcectatgcatacacctg and
cloned as a Bglll fragment into a murine stem cell virus (MSCV)-based retroviral
vector to generate MSCV-IRES-GFP-NICD. HEST was amplified from Addgene
plasmid #17622 (gift from Linzhao Chen) using primers ggaaagatctatgccagct-
gatataatggagaaa and ggaactcgagctcagttcegecacggte and cloned as a Bglll/Xhol
fragmentinto an MSCV-based retroviral vector to generate MSCV-IRES-GFP-HES1.
To package constructs, Platinum-E cells (64) were plated in six-well plates at an
approximate density of 10° cells per well and incubated overnight. Retroviral plas-
mid DNA was combined with TransIT-LT1 (Mirus Bio) in Opti-MEMTM (Gibco) and
transfected into Platinum-E cells. Cells were incubated overight, culture media
were changed, and the retrovirus-containing supernatant was used 24 h later.
Lin" CD117" BM progenitors were sort-purified and transduced with retrovirus-
containing supernatantin 2 ug/mL polybrene by spinoculation at 729 x g for 1 h
at room temperature. Cell culture media were changed 24 h postspinoculation,
and cells were analyzed after another 24 h of culture.

Microarray. Total RNAwas extracted from sort-purified BM MDPs, cMoPs, Ly6C"
monocytes, and Ly6C° monocytes using an RNAqueous-Micro Kit (Ambion). RNA
was amplified using the Ovation Pico WTA Sytem (NuGEN) and hybridized to
GeneChip Mouse Gene 1.0 ST microarrays (Affymetrix). Data were processed
using robust multiarray average summarization and quartile normalization
using ArrayStar software, version 5 (DNASTAR). Expression values represent one
biological replicate.
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BM Chimeras. CD45.1" mice (B6.SJL-Ptprc’ Pepc’/BoyJ) were lethally irradiated
with a dose of 1,050 rads. Mice were injected i.v. 24 h later with either CD45.2*
WT BM, CD45.2* Irf2- BM, or a 90:10 mixture of CD45.2* 12’ and CD45.1*
WT BM. Mice were analyzed at least 8 wk later.

statistics. Al statistical analyses were performed using GraphPad Prism software
version 8. Unless otherwise noted, Mann-Whitney test was used to determine
significant differences between samples. Values are presented as the average =
SEM. P < 0.05 was considered statistically significant. Heatmaps were generated
using Morpheus, https://software.broadinstitute.org/morpheus.
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