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Abstract

The development of dendritic cells (DCs), including antigen-presenting conventional DCs (cDCs) 

and cytokine-producing plasmacytoid DCs (pDCs), is controlled by the growth factor Flt3 

ligand (Flt3L) and its receptor Flt3. We genetically dissected Flt3L-driven DCs differentiation 
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using CRISPR/Cas9-based screening. Genome-wide screening identified multiple regulators 

of DC differentiation including subunits of TSC and GATOR1 complexes, which restricted 

progenitor growth but enabled DC differentiation by inhibiting mTOR signaling. An orthogonal 

screen identified transcriptional repressor Trim33 (TIF-1γ) as a regulator of DC differentiation. 

Conditional targeting in vivo revealed an essential role of Trim33 in the development of all 

DCs, but not of monocytes or granulocytes. In particular, deletion of Trim33 caused rapid 

loss of DC progenitors, pDCs and the cross-presenting cDC1 subset. Trim33-deficient Flt3+ 

progenitors upregulated pro-inflammatory and macrophage-specific genes but failed to induce DC 

differentiation program. Collectively, these data elucidate mechanisms that control Flt3L-driven 

differentiation of the entire DC lineage, and identify Trim33 as its essential regulator.

One sentence summary:

The transcriptional regulator Trim33 controls Flt3L-driven dendritic cell differentiation.

INTRODUCTION

Dendritic cells (DCs) link innate and adaptive immunity by recognizing pathogens 

through pattern recognition receptors such as toll-like receptors (TLRs) and orchestrating 

antigen (Ag)-specific T cell responses (1). DCs are represented by two main types, 

namely interferon-producing plasmacytoid DCs (pDCs) and Ag-presenting conventional 

DCs (cDCs). pDCs recognize pathogen-derived nucleic acids through endosomal TLRs 

(TLR7 and TLR9), and rapidly produce type I interferon (IFN) and other cytokines (2, 

3). Conversely, cDCs have dendritic morphology, high levels of MHC class II and other 

components of Ag presentation machinery, and can efficiently prime naive Ag-specific T 

cells. cDCs are comprised of two main subsets: XCR1+ cDC1s capable of antigen cross-

presentation to CD8+ T cells, and CD11b+ SIRPa+ cDC2s specialized in the presentation of 

exogenous antigen to CD4+ T cells (4).

All DCs are short-lived myeloid cells that are continuously produced in the bone marrow 

(BM) through a process driven by the cytokine Flt3 ligand (Flt3L). Its receptor Flt3 is 

expressed on and maintains the expansion of multipotent hematopoietic progenitors, but 

is also expressed on committed DC progenitors and all mature DCs (5, 6). Both pDCs 

and cDCs, and only these cells, can develop in the sole presence of Flt3L from BM 

progenitors in vitro (7–9). All DCs are reduced in the lymphoid organs of Flt3L- or 

Flt3-deficient animals (10, 11), whereas administration of Flt3L (12, 13) or its genetic 

activation through an oncogenic mutation (14) expands DC numbers. This pathway differs 

from the Flt3L-independent generation of other myeloid cells, yet its molecular basis is 

incompletely understood. Thus, it is unclear how Flt3L signaling is fine-tuned to drive two 

opposite processes, i.e. the expansion of multipotent progenitors and their differentiation 

into DCs. Furthermore, the majority of known transcription factors (TF) (3, 15, 16) control 

the specification of certain DC subsets such as pDCs or cDC1s, rather than the entire DC 

differentiation pathway.

Here, we performed an unbiased genetic screening for regulators of Flt3L-driven DC 

differentiation independently from Flt3L-driven progenitor proliferation. Genome-wide 
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screening identified multiple molecular regulators of the process and revealed that inhibition 

of mTOR signaling by TSC1 and GATOR1 is a critical molecular switch from progenitor 

growth towards DC differentiation. An orthogonal screen also identified the transcriptional 

cofactor Trim33 as an essential regulator of DC differentiation, which we confirmed by 

conditional targeting of Trim33 in mice. These results provide a mechanistic basis of 

the common Flt3L-dependent differentiation pathway of DC differentiation and establish 

Trim33 as a key transcriptional regulator of this pathway.

RESULTS

Subhead 1: Genome-wide genetic analysis of Flt3L-driven cell differentiation

To dissect Flt3L-driven DC differentiation, we used HoxB8-FL cells that are conditionally 

immortalized with the estrogen-inducible HoxB8 oncogene and grow as undifferentiated 

progenitors in the presence of estrogen and Flt3L (17, 18). These cells are multipotent, 

and upon transfer into sublethally irradiated recipients can generate myeloid cells, B 

lymphocytes and all DC subsets including cDC1s, cDC2s and pDCs (17, 19). In culture, 

removal of estrogen in the presence of Flt3L induces HoxB8-FL cells to differentiate into a 

mixture of functional pDCs and cDCs within 7 days (20, 21). While the generation of both 

cDC1s and cDC2s has been reported with Flt3L alone (17, 19), our Flt3L-containing culture 

of HoxB8-FL cells produced only pDCs and immature cDC2s unless additional signals 

such as Notch ligands are provided (22). To better characterize cDCs and pDCs derived 

from HoxB8-FL cells (Fig. S1A), we analyzed their transcriptome by RNA sequencing 

(RNA-Seq) and open chromatin by assay for transposase-accessible chromatin (ATAC-Seq). 

An unbiased comparison by principal component analysis (PCA) of the RNA-Seq and 

ATAC-Seq profiles of HoxB8-derived pDCs and cDCs to those of primary immune cell 

types in the Immgen database (23, 24) revealed the closest affiliation with primary pDCs 

and cDCs, respectively (Fig. S2A,B). We then compared these profiles directly with those of 

primary splenic DCs (25). By PCA of RNA-Seq and ATAC-Seq profiles, HoxB8-FL-derived 

pDCs and cDCs corresponded to primary pDCs and cDC2s, respectively (Fig. S2C,D). 

However, when compared to subset-specific transcriptional and epigenetic signatures of 

primary cDC2s, Hoxb8-FL-derived cDCs were less well-resolved from pDCs and cDC1s 

(Fig. S2E,F). HoxB8-FL-derived pDCs shared the expression of the core TF (e.g. Irf8, Tcf4, 

Runx2), functional effectors (e.g. Tlr7, Tlr9) and lineage markers (e.g. Cd300c, Bst2, Ly6d) 

with their primary counterparts, and lacked only certain lymphoid marker genes such as 

Dntt (Fig. S3 and Data file S1). HoxB8-FL-derived cDCs also expressed the core TF and 

functional signature (e.g. MHC cl. II genes and surface TLRs), although the expression 

of cDC2-enriched TF (e.g. Irf4, Klf4) was less prominent and cDC1-enriched TF (e.g. 

Batf3, Zfp366) were very low (Fig. S3 and Data file S1). They lacked the expression of 

cDC2-enriched Notch target genes (e.g. Dtx1, Esam) and of cDC1-specific genes, consistent 

with the absence of Notch ligands and other tissue-derived signals that drive optimal cDC 

differentiation. Overall, the observed generation of pDCs and immature cDCs allows the 

analysis of Flt3L-driven DC differentiation using HoxB8-FL cells.

To explore the mechanism of Hoxb8-FL progenitor cell differentiation into DCs, we 

performed a CRISPR/Cas9-based dropout screen using a genome-wide library of single 
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guide RNAs (sgRNAs). We generated a Cas9-expressing Hoxb8-FL clone with an intact 

differentiation capacity (Fig. S1B,C); its viability during differentiation decreased over time 

but was intact at early passages, allowing large-scale screening. HoxB8-FL-Cas9 cells were 

transduced with the “Brie” sgRNA library targeting ~19,600 mouse genes with 4 sgRNA per 

gene (26). Cells were transduced at MOI<0.5 to limit multiple integrations at an estimated 

coverage of ~400 primary transfectants per sgRNA (Fig. 1A). Transduced cells growing 

in an undifferentiated state (with Flt3L and estrogen) were selected with puromycin and 

expanded to yield the initial progenitor sample (progenitors_0). Additional expansion for 6 

days yielded the reference sample of progenitors. The cells were then differentiated in Flt3L 

without estrogen for 7 days, and both total differentiated DCs and sorted pDC and cDC 

samples were collected. The library from each sample, as well as from the original plasmid 

DNA (pDNA) was amplified, sequenced and analyzed for sgRNA content (Data file S2). 

The distribution of targeting sgRNA counts became progressively broader in the progenitor 

and DC samples (Fig. S4A), and significant depletion and enrichment of targeting sgRNAs 

were observed both in progenitors compared to pDNA, and in DCs compared to progenitors 

(Fig. S4B,C).

The samples were compared using the CRISPTimeR algorithm that identifies hits in dropout 

screens (27) (Data file S3). Depletion of multiple sgRNAs for a given gene yields a low 

CRISPTimeR score and identifies this gene as a positive regulator; conversely, sgRNA 

enrichment produces a high CRISPTimeR score corresponding to a negative regulator. 

As expected, genes with low CRISPTimeR score in progenitors vs pDNA were enriched 

for involvement in essential biological processes such as biosynthesis, translation and 

ribosome biogenesis (Fig. S4D). Furthermore, the vast majority of depleted genes were also 

depleted in a similar genome-wide dropout screen in undifferentiated HoxB8-FL cells (18). 

Indeed, they included the transforming oncogene Hoxb8 and key transcriptional regulators 

of hematopoietic progenitors such as Meis1, Lmo2, FoxP1, Cebpa and Myc (Fig. 1B). 

Importantly, they also included Spi1 encoding transcription factor PU.1, which activates 

Flt3 expression and controls multiple immune cell lineages including DCs (28). Among the 

few genes with higher CRISPTimeR score (i.e. negative regulators) were tumor suppressors 

Pten and Nf1; Crebbp, encoding the transcriptional coactivator CBP; and Tcf3, encoding the 

lymphoid transcription factor E2A that can serve as a context-dependent tumor suppressor 

(29) (Fig. S4E).

Next, we compared DC to progenitor samples, which should identify genes that regulate DC 

differentiation. Genes with neutral or positive CRISPTimeR scores in progenitors but low 

score in DCs included TF such as HoxA9, which facilitates Flt3L-driven DC development 

in vitro (30); Irf2, which promotes cDC2 development by restricting IFN-I signaling (31, 

32); Nfkb1 and Ikbkg, components of the NF-κB pathway that controls DC differentiation 

(33); and Bcl11a, which is required in committed DC progenitors and pDCs (34, 35) (Fig. 

1C). These genes had negative scores in both pDC and cDC samples (Fig. 1D), although 

Bcl11a showed stronger depletion in pDCs as expected. Some of the negative regulators 

of progenitor growth were also identified as such in DCs (Fig. S4F); among them was 

Pten, consistent with its negative role in cDC differentiation (36). Notably, the top gene that 

emerged as a negative regulator specifically in DCs was Bcor, encoding a TF that negatively 
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controls Flt3L-driven DC differentiation (37). Thus, the screen identified multiple known 

regulators of DC differentiation independently of their role in progenitor proliferation.

Subhead 2: Identification of molecular regulators of DC differentiation

We explored the ability of the screen to identify additional regulators of DC differentiation. 

The genes with low CRISPTimeR scores in DCs (but normal scores in progenitors) included 

all five subunits of the glycosylphosphatidylinositol (GPI) transamidase complex (Pigc, 
Pigk, Pigt, Pigu and Gpaa1), which adds GPIs to newly synthesized proteins (38) (Fig. 1E). 

They also included Npc1 and Npc2, the subunits of the Niemann-Pick type C (NPC) protein 

complex that exports cholesterol from lysosomes to cytosol (39), consistent with the reduced 

cDC population in Npc1−/− mice (40). Additional low-scoring genes included Setdb1, a 

histone lysine methyltransferase required for hematopoietic cell differentiation (41); Jmjd6, 

a JmjC domain-containing enzyme with multiple functions (42); Ppp2ca, a catalytic subunit 

of Ser/Thr phosphatase 2A; and several others including Morc3, Colgalt1 and Ubr4 (Fig. 

1E). All these genes had low scores in both pDCs and cDCs, suggesting their general role 

in DC differentiation (Fig. 1E). Targeting of these genes by individual sgRNAs in Hoxb8-FL 

cells resulted in defective DC differentiation, ranging from a near-complete block (GPI 

transamidase subunits, Ppp2ca) to a partial impairment (Setdb1, Jmjd6) (Fig. 1F).

To further confirm the relevance of the results to DC differentiation in vivo, we focused 

on coactivator-associated arginine methyltransferase 1 (CARM1), which methylates arginine 

residues in proteins and thereby controls multiple aspects of cellular physiology (43). Carm1 
showed normal score in progenitors but low score in DCs, particularly in pDCs (Fig. 

1E). We targeted Carm1 in HoxB8-FL cells using two different sgRNAs, which abolished 

CARM1 protein expression and methylation of its specific substrate PABP1 (44) (Fig. 

S5A). They also impaired Flt3L-driven HoxB8-FL differentiation into pDCs and cDCs (Fig. 

S5B,C), but not M-CSF-driven differentiation into CD206+ F4/80+ macrophages (Fig. S5D).

Carm1-deficient mice die at birth (45), but Carm1 is generally dispensable for hematopoietic 

cell differentiation in the adult under non-competitive conditions (46). To test the role 

of Carm1 in DC development in vivo in a sufficient number of animals, we transferred 

BM from mice with the deletion of Carm1 in hematopoietic cells (Carm1fl/fl Vav1-Cre, 

designated Carm1Δ) or from control Carm1fl/fl mice (CD45.2+) into CD45.1+ congenic 

recipients, and analyzed the resulting chimeras after 3–4.5 months. Flt3L-supplemented 

cultures of primary BM cells from Carm1Δ chimeras yielded significantly fewer pDCs 

(~4-fold) and cDC2s (~2-fold) (Fig. 2A,B). The spleens of Carm1Δ chimeras manifested 

significant ~2-fold reductions of pDCs and of the Esam+ Notch2-dependent cDC2s (47), 

whereas cDC1s were expanded (Fig. 2C,D). The effect was specific for the DC lineage 

because monocytes, granulocytes and B cells were unaffected and T cells showed a 

minor (<1.5-fold) decrease (Fig. 2D). We also examined the Cx3cr1+ DC subset that is 

developmentally related to pDCs and was recently designated as transitional DCs or tDCs 

(48–51). The fraction of tDCs in the spleens of Carm1Δ chimeras was significantly reduced 

(Fig. 2E,F). The results were replicated in a separate experiment, in which chimeras were 

analyzed 8 months after reconstitution (Fig. S6). The impaired differentiation of pDCs 

in Carm1Δ chimeras was further validated by a profound and specific impairment of pDC-
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dependent IFN-I production in vivo (Fig. S6D). Collectively, these data demonstrate that 

Carm1 is required for the optimal differentiation of pDCs, tDCs and cDC2s, validating this 

candidate in vivo.

Subhead 3: TSC- and GATOR1-mediated inhibition of mTOR signaling controls DC 
differentiation

The mammalian target of rapamycin (mTOR) signaling pathway coordinates cellular 

responses to nutrients and growth factors such as Flt3L, which signal through the PI3K/AKT 

pathway. The activation of mTOR is dampened by multiple negative regulators including 

the TSC and GATOR1 complexes (52, 53). Among the genes with the highest CRISPTimeR 

scores in progenitors were Tsc1 and Tsc2, encoding the two subunits of the TSC complex; 

as well as Nprl2, Nprl3 and Depdc5, encoding the three subunits of the GATOR1 complex 

(Fig. 3A). Conversely, genes encoding AKT1 and mTOR itself had low scores (Fig. 3A), 

highlighting a positive role of mTOR in Flt3L-driven proliferation of progenitors. Strikingly, 

the opposite was observed in all DC samples, in which TSC and GATOR1 components were 

among the lowest-scoring genes (Fig. 3B). Genes encoding additional negative regulators 

upstream (Strada and Flcn) and downstream (Foxo3) of mTOR signaling also showed 

relatively low scores in DCs. The requirement for TSC and GATOR1 was confirmed by 

the transduction of HoxB8-FL cells with individual sgRNAs targeting their subunits, which 

did not affect progenitor growth but essentially abolished the differentiation of all DCs 

(Fig. 3C). Time course analysis of differentiating TSC- or GATOR1-deficient HoxB8-FL 

cells showed that DC progenitors underwent massive apoptosis starting on day 4 (Fig. 3D), 

coinciding with the onset of terminal DC differentiation (20). Importantly, these results are 

consistent with the requirement for Tsc1 in DC differentiation in BM culture (54) and in 
vivo (55). Thus, TSC and GATOR1 complexes restrict Flt3L-driven progenitor growth but 

are specifically required for the survival of differentiating DCs.

Western blotting confirmed that the phosphorylation of p70S6 kinase (p70S6K), the 

substrate of mTOR signaling, as well as of mTOR itself was decreased in HoxB8-FL-

derived DCs compared to progenitors (Fig. 3E). Consistent with high mTOR activity in 

progenitors, the mTOR pathway inhibitors Torin1 and rapamycin completely inhibited the 

growth of undifferentiated HoxB8-FL cells (Fig. 3F). In contrast, they did not inhibit and 

even increased the differentiation of HoxB8-FL cells into pDCs or cDCs in the same 

concentration range (Fig. 3G). The same was observed with the PI3K inhibitor LY294002, 

although it inhibited differentiation at higher concentrations. Treatment with Torin1 did 

not rescue the differentiation of TSC- or GATOR1-deficient cells, but improved their 

differentiation in a dose-dependent manner (Fig. 3H). Finally, we performed metabolic 

profiling of differentiating HoxB8-FL cells on days 0 (progenitors), 2, 4 and 7 (DCs) 

(Data file S4). PCA of the resulting metabolite levels showed the expected alignment of 

samples along their differentiation trajectory (Fig. S7A). Major metabolic pathways affected 

by differentiation included the tricarboxylic acid (TCA) cycle and amino acid metabolism, 

the key biosynthetic hubs activated by mTOR (Fig. S7B). TCA cycle intermediates such 

as citrate and oxoglutarate were profoundly reduced in DCs compared to progenitors 

(Fig. S7C). While multiple amino acids were upregulated in DCs, the key mTOR 

activator glutamine was reduced 2-fold (Fig. S7D). Another mTOR activator, arginine, was 
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undetectable; however, its conversion product citrulline was strongly upregulated in DCs 

(Fig. S7D). Collectively, our results show that DC differentiation is accompanied by a 

shutdown of mTOR signaling; this shutdown is required for the process and is mediated by 

non-redundant activities of TSC and GATOR1 complexes.

Subhead 4: An orthogonal screen identifies Trim33 as a candidate regulator of DC 
differentiation

To focus on the transcriptional control of Flt3L-driven DC differentiation, we used an 

sgRNA library targeting ~1,700 TF at 10 sgRNA/gene (TF library, (27)). This TF library 

is based on a Cas9-expressing vector and could be transduced directly into the original 

HoxB8-FL cells, thus avoiding long-term Cas9 expression. The library was transduced at 

MOI<0.5, yielding an estimated coverage of ~500 primary transfectants per sgRNA (Fig. 

4A). The transfectants were used in a similar two-stage screen for progenitor growth and 

then for DC differentiation (Fig. 4A), and samples were compared for the distribution 

of sgRNAs (Data file S5) and CRISPTimeR scores of individual genes (Data file S6). 

Similar to the genome-wide screen, the distribution of targeting sgRNA counts progressively 

broadened (Fig. S8A), and significant depletion and enrichment of targeting sgRNAs was 

observed both in the progenitor and in DC samples (Fig. S8B,C). The analysis of progenitors 

revealed low CRISPTimeR scores for the same transcription factors identified in the Brie 

library screen (Fig. 4B and 1B). The analysis of DC differentiation identified some hits 

from the Brie library screen (e.g. Hoxa9, Ikbkg) as well as Atf7ip, an essential cofactor 

of the Brie library hit Setdb1 (56) (Fig. 4C). It also identified additional known regulators 

of hematopoietic/lymphoid differentiation such as Rel (encoding the NF-κB subunit c-Rel) 

(57), Ikzf1 (encoding Ikaros) (58) and Zbtb1 (59) (Fig. 4C), yet missed some of the Brie 

library hits such as Irf2, Nfkb1 or Bcl11a. All hits showed low scores in both pDCs and 

cDCs (Fig. 4D), suggesting their general role in DC differentiation. Conversely, negative 

regulators of DC differentiation identified in the genome-wide screen (Crebbp, Tcf3, Bcor) 
were also identified in the TF screen (Fig. S8D).

Conspicuously absent from the hits were two key regulators of pDC differentiation, Tcf4 
(E2–2) and Irf8 (3, 16). Tcf4 encodes two transcriptional isoforms (long and short); both 

are expressed in pDCs, and the deletion of the long isoform alone in HoxB8-FL cells or in 
vivo causes only a partial reduction of pDC differentiation (20). All Tcf4-specific sgRNAs 

in both Brie and TF libraries targeted the first exon of the long isoform, preserving the short 

isoform and hence pDC differentiation. Next, we directly compared pDC vs cDC samples in 

the TF screen, and found Irf8 as the only significant gene with sgRNA depletion in pDCs 

(Fig. S8E). Notably, other depleted genes (albeit below statistical significance) included 

Tcf4, consistent with a partial but detectable effect of deleting the long isoform. They also 

included homologous E proteins Tcf3 and Tcf12, reflecting the important role of net E 

protein activity in pDC commitment (20). Collectively, the results suggest that both Brie and 

TF library screens could identify regulators of DC differentiation yet were prone to false 

negatives, a common feature of pooled CRISPR/Cas9 screens (60).

To reliably identify regulators of DC differentiation, we focused on the overlapping hits 

from both screens. Out of 27 high-confidence hits from the TF screen in the DC sample, 8 

Tiniakou et al. Page 7

Sci Immunol. Author manuscript; available in PMC 2024 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were also identified in the Brie screen (Fig. 4E and S8F), and only two of those (Hoxa9 and 

Trim33) were also identified in sorted pDC and cDC samples (Fig. 4E). In the TF library 

screen, Trim33 showed uniformly low scores in all DC samples (Fig. 4C,D) and was among 

the top TF screen hits by both probability and level of depletion (Fig. 4F). In the Brie screen, 

Trim33 showed relatively low (albeit significant) probability but high level of depletion (Fig. 

4F). Trim33 encodes a tripartite motif family protein with a ubiquitin ligase domain and 

a PhD/bromodomain module mediating chromatin modification and target gene repression 

(61). Trim33 (also known as TIF1-γ) is expressed ubiquitously but selectively controls the 

differentiation of erythrocytes and normal and malignant B cells (62–64); conversely, it was 

reported as a negative regulator of myelopoiesis (65) while its role in DC differentiation 

has not been explored. Targeting by individual sgRNA confirmed that Trim33 is required 

for Flt3L-driven HoxB8-FL cell differentiation into pDCs and cDCs (Fig. S9A), but not 

for M-CSF-driven differentiation into macrophages (Fig. S9B). Thus, orthogonal screening 

followed by validation in HoxB8-FL cells identified Trim33 as a candidate regulator of 

Flt3L-driven DC differentiation.

Subhead 5: Trim33 is required for DC differentiation in vivo

Because germline deletion of Trim33 causes early embryonic lethality, we used a 

conditional null LoxP-flanked (“floxed”) Trim33 allele (Trim33fl, (66)) in conjunction 

with a ubiquitously expressed tamoxifen-inducible Cre recombinase (R26CreER). First, we 

cultured BM cells from naive Trim33fl/fl R26CreER/+ conditional knockout (CKO) mice or 

from control R26CreER/+ mice with Flt3L and 4-hydroxytamoxifen (4-OHT) to induce Cre 

recombination. CKO but not control cultures treated with 4-OHT from day 0 failed to 

generate any DCs (Fig. S9C,D). The addition of 4-OHT on day 3 of culture improved the 

output of CKO cultures (Fig. S9C,D), suggesting that Trim33 expression is critical at the 

early stages of progenitor differentiation. The few cells recovered from 4-OHT-treated CKO 

cultures largely retained the unrecombined Trim33fl allele (Fig. S9E), reflecting the failed 

differentiation of Trim33-deficient DCs.

Next, we administered tamoxifen (Tmx) three times to control or CKO mice to induce 

global deletion of Trim33 (Trim33Δ), and analyzed the induced mice 3–4 weeks later. We 

also established chimeras from naive CKO mice and treated them in parallel to induce 

Trim33 deletion in hematopoietic cells. Consistent with the data above, Flt3L cultures 

of BM from Trim33Δ mice or Trim33Δ chimeras yielded few live cells and virtually 

no DCs of any kind (Fig. 5A,B). As reported previously (62–64), CKO spleens showed 

extramedullary erythropoiesis and a profound loss of B cells (Fig. S10A–C). They also 

showed the expansion of granulocytes and of Ly-6Clow monocytes (Fig. S10D,E) along 

with the depletion of Ly-6Chi monocytes and all CD11c+ cells; in particular, pDCs and 

Ly-6C+ CD11clo tDCs (tDCLo) were significantly depleted (Fig. S10F,G). Skin-draining 

LN of Trim33Δ mice and chimeras showed a similar loss of B cells (Fig. S11A–C) yet 

no erythromyeloid expansion, facilitating the analysis of DCs. Trim33Δ LN showed a near-

complete loss of migratory DCs (migDC1 or migDC2) and of resident cDC2s, a significant 

reduction of resident cDC1s, but a normal fraction of Langerhans cells (LC) migrating from 

the epidermis (Fig. 5C,D). They also showed a significant reduction of pDCs and tDCs, 

including the CD11clo and CD11chi tDC subsets (50) (Fig. S11D,E).
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The BM of Trim33Δ mice and chimeras was moderately anemic yet normocellular (Fig. 

S12A,B) and contained a normal fraction of granulocytes, expanded fraction of Ly-6Clo 

monocytes and contracted B cell population (Fig. S12C,D). The latter reflected the ablation 

of mature IL-7R− Ly-6D+ B cells, while immature IL-7R+ Ly-6Dlo B cells were reduced 

only partially, and Flt3+ Cx3cr1− CSF1R− IL-7R+ lymphoid progenitors (LyP) were 

unaffected or increased (Fig. 5E,F). Conversely, all pDCs and all committed Flt3+ Cx3cr1+ 

CD11c+ DC progenitors including CSF1R+ SiglecH+ pro-DCs and CSF1R− SiglecH+ pro-

pDCs (67) were lost, whereas the earliest Flt3+ Cx3cr1+ CD11c− CSF1R+ myeloid/DC 

progenitors (MyP-DCs) were retained (Fig. 5E,F). Similarly, the earliest committed 

progenitors of cDC1s (pre-DC1, (68)) were abolished by Trim33 deletion (Fig. S12E,F). 

Thus, inducible loss of Trim33 ablated mature B cell maintenance as described (64) yet 

spared early lymphopoiesis and granulopoiesis, and enhanced monocyte differentiation; in 

contrast, it abolished the development of all DCs and their progenitors.

To test early consequences of Trim33 deletion, we analyzed control or CKO mice one week 

after Tmx adiministration. Similar to the later timepoint, the resulting Trim33Δ BM failed 

to generate any DCs in Flt3L-supplemented BM cultures (Fig. 6A). Trim33Δ splenocytes 

showed a significant several-fold reduction of pDCs and a near-complete loss of cDC1s 

(Fig. 6B), both as a fraction of total cells and in absolute numbers (Fig. 6C). In contrast, 

Esam− cDC2s and B cells were modestly reduced, while Esam+ cDC2s and other myeloid 

cells were unaffected (Fig.6C). In the skin-draining LN of Trim33Δ mice, both resident and 

migratory cDC1s were significantly reduced; resident cDC2s were similarly reduced yet 

migratory cDC2s and LC were unaffected (Fig. 6D). The more pronounced loss of cDC1s 

compared to cDC2s suggested a stronger dependence of this subset on Trim33. The BM of 

Trim33Δ mice at this timepoint showed the same near-complete ablation of mature B cells, 

pDCs and DC progenitors (pro-DCs and pro-pDCs), a minor reduction of immature B cells 

and normal LyP (Fig. 6E,F). Thus, the loss of pDCs, cDC1s and their progenitors represents 

the most immediate consequence of Trim33 loss in adult mice.

Subhead 6: Trim33 controls DC differentiation and homeostasis in a cell-intrinsic manner

To test whether the observed essential role of Trim33 in DC differentiation is cell-intrinsic, 

we mixed CD45.2+ BM from control R26CreER/+ or Trim33fl/fl R26CreER/+ CKO mice 1:1 

with the competitor CD45.1+ congenic BM and transferred them into irradiated CD45.1+ 

recipients. Three months after the transfer, mice were treated with Tmx and analyzed one 

week later. CD45.2+ donor-derived cells comprised >70% of DCs in Flt3L-supplemented 

BM cultures from control recipients, but were virtually absent from cultures from CKO 

recipients, which contained normal or expanded numbers of competitor-derived DCs (Fig. 

S13A). Accordingly, CKO donor-derived cells were nearly absent among pDCs and cDC1s, 

and were significantly reduced several-fold among cDC2s, myeloid cells and B cells (Fig. 

7A,B). The same was observed in the LN, where CKO donor-derived cells were absent 

in resident and migratory cDC1s and significantly reduced several-fold among cDC2s, but 

not among LCs (Fig. 7C,D). Thus, cell-intrinsic Trim33 contributes to myelopoiesis and 

B cell development in competitive settings, but is absolutely required for pDC and cDC1 

differentiation.
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We used the CD11c-Cre (Itgax-Cre) deleter strain to generate Trim33fl/fl Itgax-Cre mice 

with a constitutive DC-specific Trim33 deletion (Trim33ΔDC). Cre recombination in this 

strain occurs late during DC differentiation and is incomplete in pDCs but is efficient in 

mature cDCs and in CD11c+ tissue-resident cells such as LC and alveolar macrophages 

(AM) (69). Thus, unlike global inducible deletion, targeting with Itgax-Cre tests the 

maintenance of mature cDCs rather than initial DC specification. Accordingly, Flt3L-

supplemented cultures of Trim33ΔDC mice produced near-normal numbers of pDCs and 

cDC2s, but significantly reduced numbers of cDC1-like cells (Fig. S13B). Spleens of 

Trim33ΔDC mice harbored normal fractions of pDCs and cDC2s, but significantly reduced 

cDC1s (Fig. 7E,F). Similarly, skin-draining LN contained a normal fraction of resident 

cDC2s but a 3-fold lower fraction of resident cDC1s, as well as significantly reduced 

migratory cDC1s and cDC2s (Fig. 7G,H). Finally, migratory LC were nearly absent from 

the LN (Fig. 7G,H), which reflected their absence from the epidermis (Fig. S13C). On the 

other hand, AM in the lung were present in normal numbers (Fig. S13D,E). The loss of 

LC after constitutive Trim33 deletion suggests its role in the embryonic specification and/or 

subsequent maintenance of these cells (70). In contrast, their normal presence after inducible 

Trim33 deletion (Fig. 5D and 6D) is consistent with the lack of BM progenitor input to 

LC (71). Collectively, these results reveal a requirement for Trim33 in the maintenance of 

mature DCs, particularly of cDC1s, LC and migratory DCs.

Subhead 7: Trim33 restricts aberrant gene expression programs during Flt3L-driven DC 
differentiation

To gain initial insights into the mechanism whereby Trim33 facilitates DC differentiation, 

we sought to characterize the transcriptome of Trim33-deficient DC progenitors. We 

sorted total Lin− Flt3+ progenitors from the BM of naive Trim33fl/fl R26CreER/+ CKO or 

control R26CreER/+ WT mice and differentiated them in vitro in the presence of Flt3L 

and 4-OHT. These conditions completely abolish DC development from total CKO BM 

(Fig. S9C,D), as confirmed for Lin− progenitors (Fig. S14A). To capture the earliest 

changes in the transcriptome of differentiating Trim33-deficient DC progenitors prior to 

their imminent demise, progenitor cultures were harvested after 3 days and analyzed by 

RNA-Seq. Consistent with the molecular function of Trim33 as a transcriptional repressor, 

CKO progenitors showed many upregulated genes and relatively few downregulated genes 

(n=666 and 144 at the 2-fold change threshold, respectively) (Fig. 8A and Data file S7). 

Importantly, upregulated genes included many direct targets of Trim33-mediated repression 

in macrophages, such as Flrt3, Atp1b3, Bcl2l11 and others (72, 73) (Fig. 8A,B). Atp1b3 
and Bcl2l11 also represent two major targets of Trim33 binding and repression in B 

cell leukemia; the latter gene encodes a pro-apoptotic BCL2 family protein Bim, whose 

repression by Trim33 is essential for leukemia survival (64). Thus, Trim33 mediates its core 

transcriptional program in DC progenitors, including the repression of the pro-apoptotic 

factor Bim.

Gene ontology analysis revealed a significant upregulation of pathways associated with virus 

infection (Fig. S14B), as evidenced by massive induction of canonical IFN-I-inducible genes 

(e.g. Slfn, Oas and Ifi gene families, Mx1, Isg15, Rsad2, Irf7, Cxcl10) in CKO progenitors 

(Fig. 8A,B). This was accompanied by the induction of Ifnb1 (Fig. 8A,B), itself a direct 
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target of Trim33-mediated repression in macrophages (74, 75). Another induced gene set 

comprised inflammatory mediators such as Ccl genes (encoding CCL2, CCL7 and other 

CCL chemokines), Nos2 (encoding iNOS) and Batf2, encoding a TF that promotes the 

expression of these genes (76). The induction of IFN-β and CCL2 proteins was confirmed 

by ELISA in independent cultures of CKO progenitors (Fig. 8C). The blockade of IFN-I 

signaling failed to rescue the differentiation of CKO DCs (Fig. S14C), suggesting that 

additional (presumably cell-intrinsic) factors contribute to the phenotype. Notably, CKO 

progenitors showed upregulation of multiple genes associated with macrophage lineage, 

such as Siglec1 (encoding CD169), C1q genes and complement receptors, Ms4a family 

genes, Axl, Tgm2, Vcam1 and Mafb, encoding the TF that enforces macrophage over 

DC fate choice (77, 78) (Fig. 8B). The induction of pan-myeloid genes associated with 

monocyte/macrophage and granulocyte (but not DC) lineages, such as Fcgr4, Clec4d, 
Lilrb4 and Cd300c2, was also observed. Previous data on Trim33 binding to chromatin in 

macrophages (72, 73) show binding peaks at DC- and/or macrophage-specific enhancers of 

the Ccl gene cluster, Batf2 and Mafb, suggesting direct repression of these genes similar to 

Ifnb1 (Fig. S15). Conversely, initial upregulation of DC-specific genes was reduced in CKO 

progenitors, including Itgax (encoding CD11c), the cDC1-enriched Naaa and Hepacam2, 

and the pDC-enriched Cd300c, Cd209, Lifr and Ppfia4 (Fig. 8B). Importantly, this was 

accompanied by downregulation of genes encoding the critical cDC1/pDC-specifying 

TF Irf8, pDC-specific Runx2 and tDC/cDC2-enriched Klf4. Collectively, these results 

demonstrate a critical role of Trim33 in repressing aberrant gene expression programs such 

as IFN-I and inflammatory response and non-DC myeloid lineages, and facilitating the 

lineage-appropriate expression program during Flt3L-driven DC differentiation.

DISCUSSION

Studies over the last two decades elucidated the molecular control of DC subset specification 

and/or terminal differentiation in tissues. On the other hand, relatively little is known about 

the regulation of the entire Flt3L-driven pathway that gives rise to all DC subsets including 

pDCs and cDCs. One example of such common regulator is Spi1 (PU.1), which is required 

for the development of all DC subsets. However, it is also required in other myeloid cells 

and B lymphocytes, reflecting a broad upstream role in hematopoiesis via the activation of 

Flt3 expression (28). Conversely, the transcriptional corepressor Bcor negatively controls 

Flt3-driven DC development, but is required only during enforced Flt3L signaling but not in 

the steady state (37). The paucity of our understanding reflects the complexity of Flt3L/Flt3 

signaling, which controls two seemingly opposite processes: the expansion of multipotent 

progenitors and the differentiation of DCs.

We interrogated Flt3L-driven DC differentiation separately from progenitor growth using 

the Flt3L-dependent progenitor cell line HoxB8-FL. This and similar continuous cell lines 

have been used for CRISPR/Cas9-mediated targeting of individual genes in DCs (19, 20, 

79, 80), and their multipotency can in principle be used for genetic screening in vivo. 

Here we utilized HoxB8-FL for genome-scale dropout genetic screening in vitro, taking 

advantage of its switch from progenitor growth to DC differentiation by HoxB8 inactivation. 

Previously, HoxB8-FL cells revealed a specific role of bromodomain proteins in pDC 

differentiation, independently of their role in cell growth (20). HoxB8-FL cells differentiate 
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into pDCs and cDCs that are herein shown to resemble their primary counterparts in their 

transcriptome and chromatin profile. HoxB8-FL-derived cDCs appear relatively immature 

and not fully resolved into cDC1 and/or cDC2; this is likely because they have not received 

the cytokine- and/or Notch2-mediated signals that guide terminal cDC differentiation (47, 

81). However, the complexity and low cellular yield of cDC1-inducing conditions limit 

their use in genome-wide screening. Thus, unlike other methods such as SIS-Seq combined 

with CRISPR screening in FLT3L-supplemented BM cultures (37), our approach did 

not comprehensively interrogate DC subset specification. Accordingly, it missed specific 

regulators of cDC1s (e.g. Id2, Batf3, Mycl) and of cDC2 subsets or functional states (e.g. 

Ltbr, Klf4, Irf4) that were detected by SIS-Seq. However, in contrast to SIS-Seq, it does 

not pre-select target genes based on expression patterns, and thus interrogates the entire 

Flt3L-dependent DC differentiation pathway in an unbiased way.

Genome-wide screening of HoxB8-FL progenitor proliferation yielded the expected 

housekeeping genes and known regulators of hematopoietic progenitors including Spi1, 

consistent with its key upstream role in hematopoiesis. Conversely, the second stage of the 

genome-wide screen yielded multiple specific regulators of Flt3L-driven DC differentiation. 

These candidates regulate multiple cellular processes such as GPI anchor addition (the 

GPI transamidase complex subunits), cholesterol transport (the NPC complex subunits) or 

histone H3 lysine methylation (Setdb1), highlighting the complexity of DC differentiation 

process and providing a rich resource for its future studies. To illustrate the relevance of 

the screen’s results to DC differentiation, we selected Carm1, an unexpected hit given 

that it is generally dispensable for adult hematopoiesis (46). Our re-evaluation of Carm1-

deficient hematopoietic cells revealed a reduction of pDCs and cDC2s, the two DC subsets 

interrogated in the screen, whereas cDC1s and myeloid cells in general were unaffected. 

CARM1 is a pleiotropic enzyme that methylates multiple substrates and can affect 

differentiation through co-activation of transcription and other mechanisms. Interestingly, 

CARM1 was shown to methylate MED12 in the Mediator transcriptional complex, and this 

activity requires JMJD6, another hit from the screen (82). Overall, this result provides an 

important validation of the screen by confirming the role of CARM1 in DC differentiation in 
vivo.

Notably, sgRNAs for several genes were enriched in progenitors and subsequently depleted 

in DCs, suggesting that these genes restrict proliferation but promote differentiation. Striking 

examples of this “switch” behavior were provided by subunits of the TSC and GATOR1 

complexes, two key inhibitors of the mTOR signaling pathway. This was in contrast to 

PTEN, the inhibitor of the upstream PI3K pathway that restricted both the proliferation and 

the differentiation stages. These results suggest that TSC- and GATOR1-mediated inhibition 

of mTOR activity occurs at the onset of Flt3L-driven differentiation and is required for the 

survival of differentiating cells. Critically, these findings are consistent with the paradoxical 

role of TSC1 as a positive regulator of DC development in mice (55), in contrast to the 

negative regulation by PTEN (36). As such, they identify the TSC/GATOR1-dependent 

downregulation of mTOR signaling as a key molecular switch between Flt3L-controlled 

progenitor expansion and terminal differentiation. The molecular mechanism that induces 

TSC/GATOR1-dependent mTOR inhibition downstream of Flt3 is unknown at present. One 

candidate for this role is folliculin (encoded by Flcn), a context-dependent mTOR inhibitor 
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(83) that was identified in our screen as a positive regulator of differentiation that appeared 

neutral for proliferation. Our data also suggest that the availability of key amino acids may 

contribute to the observed reduction of mTOR signaling. Whereas the role of these and other 

mechanisms remains to be elucidated, our results establish the switch in mTOR activity as a 

fundamental mechanism of Flt3-driven DC differentiation.

An orthogonal screen for transcription factors further refined the results of genome-wide 

screening, yielding additional regulators of Flt3L-driven DC differentiation such as Trim33. 

Subsequent inducible deletion of Trim33 in vivo abolished all major DC subsets (pDCs, 

tDCs, cDC1s and cDC2s) within 3–4 weeks, confirming Trim33 as an essential pan-DC 

regulator. Short-term deletion of Trim33 within one week caused a profound loss of 

pDCs and cDC1s, while largely sparing cDC2s. Moreover, constitutive targeting of Trim33 

in mature DCs affected cDC1s but not cDC2s, emphasizing its preferential role in the 

maintenance of this subset. The strict dependence of pDCs and cDC1s on Trim33 is 

consistent with their equally strongest dependence on Flt3L signaling (36), and with the 

close developmental affiliation of the two subsets (67). Moreover, the simultaneous loss of 

all phenotypic committed DC progenitors including pro-DCs (67) is consistent with these 

cells giving rise to pDCs and cDC1s. The requirement for Trim33 was not strictly specific 

for DCs, as its loss also affected B cells and under competitive conditions, other cell types. 

However, B cell depletion primarily affected mature rather than developing B cells, and 

in non-competitive conditions was observed only after four weeks. In contrast, other Flt3+ 

progenitors (including lymphoid progenitors) as well as granulocytes and monocytes were 

unaffected or expanded, consistent with the repression of general myeloid differentiation 

by Trim33 (65, 72, 84). Thus, Trim33 has a pleiotropic role in hematopoiesis, but its 

requirement in DCs appears the most immediate, complete and affecting the earliest stages 

of differentiation.

In terms of the hierarchy of transcriptional regulation, Trim33 is likely to act downstream of 

PU.1, which is required not only in DCs and B cells, but also in all Flt3+ progenitors (85) 

and in monocytes. On the other hand, Trim33 may be upstream of IRF8, which is required 

in cDC1s but dispensable for pDC development due to compensation by IRF4 (86). The 

mechanism of the selective Trim33 activity in DCs appears to involve direct repression of 

pro-apoptotic regulators such as Bim, of the spontaneous IFN-I and inflammatory response, 

and of macrophage and general myeloid lineage programs. These mechanisms are likely to 

synergize: for example, Bim is known to promote DC apoptosis downstream of cytokine 

signals (87), and in particular downstream of IFN-I (88). Interestingly, the repression of 

IFN-I response and of Mafb was recently shown to underlie the activity of TF ETV3 and 

ETV6, which promote DC and repress macrophage differentiation (89). Conversely, both 

direct and indirect mechanisms may mediate the role of Trim33 in the induction of DC-

specific TF including IRF8. Collectively, our approach identified important regulators of DC 

differentiation, which could not have been predicted on the basis of gene expression alone. 

Moreover, it established Trim33 as a key regulator of the entire DC lineage, highlighting the 

fundamental difference of Flt3L-driven DC development from that of other lineages.

Tiniakou et al. Page 13

Sci Immunol. Author manuscript; available in PMC 2024 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MATERIALS AND METHODS

Study design.

The aim of the study was to elucidate molecular control of Flt3L-driven dendritic cell 

differentiation through unbiased genetic approaches. The study comprised three parts: i) in 

vitro CRISPR/Cas9-based droupout genetic screening of DC differentiation from HoxB8-FL 

cells; ii) in vitro validation of the inhibition of mTOR signaling as a requirement for 

HoxB8-FL differentiation; iii) in vivo validation of select screen hits by conditional gene 

targeting. All validation experiments were performed in biological replicates as indicated 

in the respective results. Animals were assigned to groups based on genotype, without 

randomisation or exclusion; the experimenters were not blinded to animal identity.

Mice.

All animal studies were performed according to the investigator’s protocol approved by 

the Institutional Animal Care and Use Committee of New York University School of 

Medicine. Both male and female mice were used in equal proportions. Mice with the 

deletion of Carm1 in hematopoietic cells have been generated by crossing the LoxP-flanked 

conditional allele of Carm1 (Carm1flox) with pan-hematopoietic Vav1-Cre transgenic deleter 

strain as described (46). The resulting Carm1fl/fl Vav1-Cre or littermate control Carm1fl/fl 

mice were used as BM donors for hematopoietic reconstitution. Total BM (2×106 cells) 

were injected i.v. into lethally irradiated male 8-week CD45.1 congenic C57BL/6 mice. 

All resulting chimeras reached >80% donor chimerism. Two independent experiments were 

done, in which the chimeras were analyzed at 3–4.5 months (Fig. 2) or 8 months (Fig. S6) 

post-reconstitution.

Mice with the LoxP-flanked conditional allele of Trim33 (Trim33fl) (66) were crossed 

with mice carrying a ubiquitously expressed tamoxifen-inducible Cre recombinase-

estrogen receptor (CreER) allele (Rosa26CreER) (90) to generate Trim33fl/fl Rosa26CreER/+ 

conditional knockout mice. Because CreER in the presence of tamoxifen may be toxic to 

cells, Rosa26CreER/+ mice with wild-type Trim33 allele were used as controls. To induce Cre 

recombination, mice or chimeras derived from them were treated with 5 mg of tamoxifen 

in sunflower oil by gavage daily for 3 consecutive days, and analyzed either 1 week 

or 3–4 weeks after the last treatment as indicated. Hematopoietic chimeras from naive 

Trim33fl/fl Rosa26CreER/+ mice were established as described above, and reached >90% 

donor chimerism. A single recipient of the BM from a control Rosa26CreER/+ mouse was 

established in parallel. The resulting chimeras at 7.5 months after reconstitution were treated 

with tamoxifen and analyzed after 3–4 weeks. Mixed chimeras from the BM of Trim33fl/fl 

Rosa26CreER/+ or control Rosa26CreER/+ mice were established as above. To establish mixed 

chimeras, donor BM from Trim33fl/fl Rosa26CreER/+ or control Rosa26CreER/+ mice was 

mixed 1:1 with the BM from CD45.1 congenic mice, and 2×106 cells were used for 

reconstitution as above. The resulting chimeras at 3 months after reconstitution were treated 

with tamoxifen and analyzed after 1 week.

The Trim33fl mice were also crossed with mice carrying a constitutive dendritic cell-specific 

Cre recombinase allele (CD11c-Cre, (69)) to generate Trim33fl/fl CD11c-Cre conditional 
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knockout mice. Because CD11c-Cre does not affect DC development or function, Cre-

negative Trim33fl/fl littermates were used as controls. Genotyping for wild-type, conditional, 

and deleted Trim33 alleles was performed using a single three-primer PCR reaction.

Primary cell preparations.

Spleens were minced and digested with collagenase D (1 mg/ml) and DNase I (20 μg/ml) in 

full culture medium for 30–60 min at 37°C. BM was prepared by flushing femurs and tibias 

with PBS using a 27-gauge needle. The resulting suspensions, or intact lymph nodes, were 

pressed through a 70 μm nylon cell strainer and then subjected to red blood cell (RBC) lysis 

for 5 min at room temperature, followed by washing in PBS.

Flow cytometry.

Single-cell suspensions of cultured DCs (Flt3L-supplemented BM cultures) or primary cells 

(splenocytes, LN or BM) were prepared as described above and stained for multicolor 

analysis with the indicated fluorochrome- or biotin-conjugated antibodies. Lineage (Lin) 

cocktail included antibodies to TCRβ, CD3, CD19, NK1.1, and NKp46 (splenocytes); 

TCRβ, CD3, CD19, NK1.1, NKp46, and Ly6G (lymph nodes); or Ly6G and CD11b (BM). 

With the exception of Hoxb8-FL cells, staining of surface molecules with fluorescently 

labeled antibodies was performed for 20 min at 4°C in the dark. Hoxb8-FL cells were 

stained for 15 min at room temperature. For apoptosis assessment, Hoxb8-FL cells were 

stained using the FITC Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend) 

according to the manufacturer’s instructions. Samples were acquired on Attune NxT 

(Invitrogen) using Attune NxT software and further analyzed with FlowJo software. Cell 

sorting was performed on the BD FACSAria II cell sorter (Becton Dickinson).

Cell culture and inhibitor treatments.

The FLT3L-secreting clone of the C57BL/6-derived B16 melanoma cell line (91) was used 

to produce FLT3L-containing supernatants and was cultured in DMEM supplemented with 

10% FCS, 1% L-glutamine, 1% sodium pyruvate, 1% MEM-NEAA, and 1% penicillin/

streptomycin. The murine progenitor Hoxb8-FL cell line was derived and cultured as 

described (17). In brief, the cells were grown in RPMI supplemented with 10% FCS, 10% 

supernatant from the Flt3L-producing B16 cell line, and 10 μM β-estradiol. The cells were 

induced to differentiate into DCs by washing and replating in RPMI supplemented with 

10% charcoal-stripped FCS and 10% Flt3L supernatant. The resulting differentiated cells 

were collected by scraping on day 7 unless indicated otherwise. For chemical inhibition 

experiments, cells were cultured with indicated concentrations of Torin1 (Calbiochem), 

rapamycin (Calbiochem) or LY294002 (Cell Signaling Technology), all dissolved in DMSO. 

All inhibitors were added with fresh medium once at the start of treatment. The highest 

matching concentration of DMSO or medium alone were used as controls.

FLT3L-driven differentiation of primary BM cells.

To induce DC differentiation from BM cells, single-cell suspensions of total BM were plated 

in 24-well plates at a density of 2×106 cells in 2 mL per well, cultured in full DMEM 

(10% FCS, 1% L-glutamine, 1% sodium pyruvate, 1% MEM-NEAA and 1% penicillin/
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streptomycin, 55 μM 2-mercaptoethanol) supplemented with 20% supernatant from the 

cultured B16-FLT3L cell line, and harvested 7 days later. To induce Cre recombination, 

4-hydroxytamoxifen (4-OHT) was added on day 0 or day 3 to the final concentration of 500 

nM.

To induce DC differentiation of Trim33-deficient progenitors, BM of naive Trim33fl/fl 

Rosa26CreER/+ or control Rosa26CreER/+ mice was enriched for Lin− cells by staining with 

biotinylated antibodies to B220, CD11b, TCRβ, Gr1, NK1.1, and Ter119, followed by 

staining with streptavidin-conjugated magnetic beads and negative selection on LD MACS 

cell separation columns. For RNA-Seq, the resulting cells were stained for Flt3 (CD135), 

Sca-1, c-Kit (CD117) and residual lineage markers, and Lin− Flt3+ cells were sorted, plated 

at 4×104 cells/well into 96-well plates and cultured in full DMEM with Flt3L and 4-OHT 

for 3 days (for RNA-Seq). For the parallel phenotypic analysis, enriched Lin− cells were 

plated at 5×105 cells/well into 24-well plates, cultured as described above for 7 days and 

stained for DC markers. Where indicated, anti-IFNAR1 antibody or an isotype control IgG 

were added at 20 μg/mL on days 0 and 3. For IFNβ/CCL2 ELISA, enriched Lin− cells were 

plated at 2×105 cells/well into 96-well plates and cultured as described above for 4 days.

Generation of Hoxb8-Cas9 cell line.

To express Cas9 constitutively in Hoxb8-FL cells, we used lentiCas9-Blast vector that 

confers blasticidin resistance (92) (Addgene #52962). VSV-G pseudotyped lentiviral 

particles were produced using transient transfection in 293T cells. Undifferentiated Hoxb8-

FL cells were spinoculated with the Cas9 vector and batch selected with blasticidin. The 

resulting population was cloned by limiting dilution and screened for the expression of Cas9 

by Western blotting with anti-Cas9 antibody (Cell Signaling Technology). A clone with the 

highest expression of Cas9 and intact differentiation capacity was chosen for gene targeting.

Targeting of candidate genes in Hoxb8-FL cells.

Selected candidate genes identified in the screen were independently targeted using the 

CRISPR/Cas9 approach, using sgRNAs listed in Data file S8. SgRNAs targeting each gene 

(derived from the Brie or TF library) were cloned into the lentiGuide-Puro lentiviral vector 

(92) (Addgene #52963) that confers puromycin resistance. VSV-G pseudotyped lentiviral 

particles were produced using transient transfection in 293T cells. Undifferentiated Cas9-

expressing Hoxb8-FL cells were spinoculated with each of the sgRNA-containing vectors 

and batch selected with puromycin for subsequent analysis.

Brie library lentivirus production and titration.

The mouse CRISPR knockout pooled library Brie (26) was purchased from Addgene 

(#73633) and amplified according to the depositor’s Library Amplification Protocol. The 

amplified library was sequenced according to depositor’s Sequencing Protocol to confirm 

the maintenance of representation. VSV-G pseudotyped lentiviral particles were produced 

using transient transfection in 293T cells and the lentiviral stock was concentrated using 

the Lenti-X™ Concentrator (Takara Bio) according to the manufacturer’s recommendations. 

Optimal transduction conditions for the screening were determined in order to achieve ~30% 

transduction efficiency, corresponding to a multiplicity of infection (MOI) of ~0.5. Briefly, 

Tiniakou et al. Page 16

Sci Immunol. Author manuscript; available in PMC 2024 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



undifferentiated Hoxb8-FL-Cas9 cells were plated in 6-well plates (5×105 cells per well) 

and spinoculated with increasing volumes of the concentrated Brie lentivirus. The next day 

the cells were split 1:2 and replated, and 5 μg/mL puromycin was added to one well of 

each condition 24 h later. Wells with uninfected cells with or without puromycin served as 

controls. Cells were counted two days post selection to determine transduction efficiency by 

comparing survival with and without puromycin selection. The volume of virus that yielded 

~ 30% transduction efficiency was used for the screening.

Brie library CRISPR screen.

Preliminary experiments established ~30% transduction efficiency of undifferentiated 

Hoxb8-FL-Cas9 cells with the Brie library, necessitating the transduction of 1.1×108 

cells to achieve a post-selection representation of ~400 cells per sgRNA. Hoxb8-FL-Cas9 

cells were distributed to 6-well plates at 5×105 cells per well, spinoculated with the pre-

determined amount of virus, and 5 μg/mL puromycin was added 48 h later. Transduced 

cells were maintained in puromycin throughout the screen and were split every two days 

to prevent overconfluence. Samples of 5×107 cells were obtained for sequencing 5 days 

(“progenitors_0”) and 11 days (“progenitors”) post selection. On day 11, 1.8×108 cells 

were induced to differentiate into DCs, yielded ~8×108 cells at ~80% viability on day 7. 

Of these, a bulk sample of 108 differentiated cells was harvested for sequencing (“DC”), 

and 4.5×107 cells were sorted to obtain 4.6×106 CD11c+ CD11b+ B220− cDCs and 3×106 

CD11c+ CD11b− B220+ pDCs.

gDNA was extracted using the QIAamp Blood Maxi/Midi kit (QIAGEN), and libraries 

were prepared and purified with AMPure XP-PCR Purification kit (Beckman) according 

to the depositor’s Sequencing Protocol (Addgene #73633). DNA was amplified in parallel 

PCR reactions (10 μg/reaction) as follows: for “progenitors_0” and “progenitors” samples, 

170–190 μg DNA; for the “DC” sample, 380 μg; for sorted cDC and pDC samples, 7–9 μg. 

Paired-end sequencing for 50 cycles was performed using Illumina HiSeq4000 sequencer, 

and the results were analyzed as described in Supplemental Methods.

Transcription factor library CRISPR screen.

The lentiviral library was generated as previously described (27). In order to achieve 

a representation of ~500 cells per sgRNA in the library post-selection, 1.2×108 

undifferentiated Hoxb8-FL cells were distributed to 6-well plates with 5×105 cells per well. 

Cells were spinoculated with the pre-determined amount of virus and 100 ng/mL zeocin 

was added 48 h later. Transduced cells were maintained in zeocin throughout the screen 

and were split every two days to prevent overconfluence. Samples of 1.5×107 cells were 

obtained 9 days post selection (progenitors_0) and 13 days post selection on the day of 

differentiation induction (progenitors). A bulk sample of 5×107 differentiated cells (DC) 

was obtained at the end of differentiation and prior to sorting. Hoxb8-FL-derived DCs 

were sorted as follows: CD11c+ CD11b+ B220− for cDCs (6.5×106) and CD11c+ CD11b− 

B220+ for pDCs (7.3×106). All sample cell pellets were stored at −80°C until genomic DNA 

(gDNA) isolation.
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Cells were resuspended in 3 mL NK Lysis Buffer (50 mM Tris, 50 mM EDTA, 1% SDS, pH 

8), and 100 μg/mL Proteinase K to every 15 ×106 cells (>500x coverage) and incubated at 

55°C overnight. 50 μg/mL RNAse A was added to the lysed sample and then incubated at 

37°C for 30 min. Samples were chilled on ice before the addition of 1 mL of pre-chilled 7.5 

M ammonium acetate to precipitate proteins, DNA was extracted by isopropanol, washed, 

dried and resuspended in water. For “progenitors_0” and “progenitors” samples, 54 μg DNA 

corresponding to 500x coverage of the library were amplified in 5 parallel PCR1 reactions 

using 10.8 μg per reaction. For the “DC” sample, 24 PCR1 reactions were similarly setup for 

the amplification of ~250 μg of DNA corresponding to >1000x coverage of the library. For 

sorted cDC and pDC samples library coverage was lower (~ 240x) due to cell numbers. Two 

PCR1 reactions were setup for each sorted subset for the amplification of ~24–26 μg gDNA. 

PCR1 and subsequent PCR2 reactions for the addition of Illumina barcodes were performed 

as previously described (27). All samples were pooled in equimolar ratio and purified with 

QIAquick PCR Purification Kit (Qiagen). The purified sample was run on a 2% gel and the 

correct size band (250–270 bp) was extracted and purified with QIAquick Gel Extraction 

Kit (Qiagen). Libraries were sequenced on Illumina NextSeq Mid sequencer for 150 cycles 

single-end, and the results were analyzed as described in Supplemental Methods.

Western blot.

Cell pellets of Hoxb8-FL-derived DCs were lysed on ice for 30 min in RIPA lysis buffer 

(50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 0.5% sodium 

deoxycholate) supplemented with Halt™ Protease Inhibitor Cocktail (Thermo Scientific) 

and boiled for 10 min in the presence of 4x SDS sample loading buffer. For mTOR 

signaling pathway-related antibodies, cell pellets of Hoxb8-FL cells at different stages of 

differentiation were directly lysed in SDS sample loading buffer and boiled for 10 min. 

Lysates from equal cell numbers were analyzed by SDS-PAGE followed by western blotting 

with total protein (for phosphorylated proteins) or β-actin used as loading control.

Quantification and statistical analysis.

All numerical results are presented as median with individual values shown in graphs. 

Normal distribution of data was not assumed, and statistical significance of differences 

between experimental groups was determined by nonparametric Mann–Whitney test. All 

statistical calculations were performed using Prism (GraphPad). Statistical analysis of 

expression and chromatin profiling and of CRISPR screen results, was done in R (v3.1.1 

or v3.5.3) as described in Supplemental Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genome-wide screen in Hoxb8-FL cells identifies candidate regulators of DC 
differentiation.
(A) Schematic of the screen, indicating the samples collected for sgRNA library analysis.

(B-E) Rug plots of gene distribution between indicated pairs of samples as measured by the 

CRISPTimeR score. Top panels show the distribution histogram of scores; bottom panels 

show individual genes (red bars) overlaid on the distribution of all genes (thin grey bars).

(B) CRISPTimeR score of select transcriptional regulators of progenitor growth in 

progenitors compared to pDNA.

(C-D) CRISPTimeR score of select transcriptional regulators of DC differentiation in total 

DCs (C) and in DC subsets (D) compared to progenitors.
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(E) CRISPTimeR scores of candidate regulators of DC differentiation in total DCs and in 

DC subsets compared to progenitors.

(F) Differentiation capacity of Hoxb8-FL cells deficient for select candidate genes from 

panel E. Parental Hoxb8-FL-Cas9 cells or cells transduced with sgRNAs targeting indicated 

genes were differentiated into DCs and analyzed by flow cytometry as in Fig. S1. Upper 

row shows gated viable singlets with the CD11c+ DCs highlighted; lower row shows gated 

CD11c+ DCs with SiglecH+ pDCs and CD11b+ cDCs highlighted. Numbers indicate the 

fraction of cells in the gate among total singlets. Representative of two sgRNAs per gene. 

The low fraction of viable DCs among singlets reflects the diminishing DC output of 

Hoxb8-FL-Cas9 cells at late passages.
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Figure 2. Carm1 facilitates the differentiation of pDCs and cDC2s in vitro and in vivo.
CD45.1+ recipient mice were reconstituted with CD45.2+ BM from mice with a pan-

hematopoietic deletion of Carm1 (Carm1fl/fl Vav1-Cre, designated Carm1Δ) or Carm1fl/fl 

controls (Ctrl) and analyzed 3–4.5 month later. Donor reconstitution was >90%; all data 

represent gating on CD45.2+ donor cells.

(A-B) DC development in Flt3L-supplemented BM cultures. Shown are representative 

staining profiles of control or Carm1Δ cultures on day 7 of differentiation (A) and numbers 

of the resulting DC subsets per 106 seeded CD45.2+ BM cells (B).

(C-D) Primary DC populations in the spleen. Shown are representative staining profiles 

of control or Carm1Δ DCs (C) and fractions of DC subsets and other indicated cell types 

among CD45.2+ splenocytes (D).

Tiniakou et al. Page 28

Sci Immunol. Author manuscript; available in PMC 2024 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E-F) pDCs and tDCs in the spleens. Shown are representative staining profiles of control 

or Carm1Δ splenocytes highlighting Cx3cr1− pDCs and Cx3cr1+ tDCs (E), and fractions of 

these cell types among CD45.2+ splenocytes (F).

In all bar graphs, symbols represent cells from individual mice and bars represent median.

Statistical significance was determined by Mann-Whitney test (*, P < 0.05; **, P < 0.01).
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Figure 3. TSC and GATOR1 complexes are required for DC differentiation
(A-B) Components of the mTOR signaling pathway identified in the genome-wide screen. 

Rug plots of gene distribution as measured by the CRISPTimeR score are presented as in 

Figure 1 for progenitors compared to pDNA (A) and DCs compared to progenitors (B).

(C) Differentiation of Hoxb8-FL cells transduced with control sgRNA or sgRNAs targeting 

TSC or GATOR1 subunits. Cells were analyzed as in Fig. S1A; shown are frequencies 

of DC subsets among single cells. Symbols represent separate experiments (n=2–4); bars 

represent the median.
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(D) Apoptosis of differentiating Hoxb8-FL cells with targeted TSC or GATOR1 subunits as 

measured by staining with Annexin V and membrane permeability dye (7-AAD). Shown are 

plots gated on total single cells.

(E) Lysates of Hoxb8-FL cells grown as undifferentiated progenitors (prog.) or differentiated 

for 7 days were probed for p70S6K phosphorylated at Ser371 or Thr389 and for mTOR 

phosphorylated at Ser2448, along with total p70S6K and mTOR.

(F) The growth of undifferentiated Hoxb8-FL cells in the presence of mTOR inhibitors 

Torin1 or rapamycin, or of PI3K inhibitor LY294002. Shown are cell numbers on day 4 of 

growth; the 50% inhibitory concentration (IC50) and the cell number in an untreated culture 

(dashed line) are indicated. Representative of 2–4 experiments.

(G) The differentiation of Hoxb8-FL cells in the presence of mTOR inhibitors. The 

frequencies of viable cells, cDCs and pDCs among single cells were determined by flow 

cytometry on day 7. Dashed line indicates the values in untreated cultures. Representative of 

2–4 experiments.

(H) Differentiation of Hoxb8-FL cells with targeted TSC or GATOR1 subunit in the 

presence of Torin1. Parental Hoxb8-FL cells or cells transduced with control or targeting 

sgRNAs were differentiated for 7 days and analyzed by flow cytometry. Shown are 

frequencies of live cells and DC subsets among single cells; dashed line indicates the values 

in untreated cultures.
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Figure 4. An orthogonal screen for transcription factors identifies Trim33 as a regulator of DC 
differentiation
(A) Schematic of the screen, indicating the samples collected for sgRNA library analysis.

(B-D) Rug plots of gene distribution between indicated pairs of samples as measured by the 

CRISPTimeR score. Top panels show the distribution histogram of scores; bottom panels 

show individual genes (red bars) overlaid on the distribution of all genes (thin grey bars).

(B) CRISPTimeR score of select transcriptional regulators of progenitor growth in 

progenitors compared to pDNA.

(C-D) CRISPTimeR score of select transcriptional regulators of DC differentiation in total 

DCs (C) and in DC subsets (D) compared to progenitors.

(E) Venn diagrams of genes with significant depletion in the indicated samples from the 

genome-wide Brie (Fig. 1A) and transcription factor (TF, panel A) library screens. Genes 

identified in both screens are listed.

(F) Volcano plots of sgRNA differential representation vs probability in the total DC 

vs progenitor comparison in the two screens. Symbols represent individual genes; genes 

with significant sgRNA depletion or enrichment in DCs are highlighted in blue and red, 

respectively.
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Figure 5. Deletion of Trim33 abolishes DC differentiation in vitro and in vivo.
Trim33fl/fl R26CreER/+ conditional knockout mice or chimeras established from their BM 

were administered tamoxifen, and the resulting mice with global Trim33 deletion (Trim33Δ) 

or chimeras with pan-hematopoietic Trim33 deletion (Trim33Δ chimeras) were analyzed 3–4 

weeks later. Control (Ctrl) R26CreER/+ mice and a reference chimera established from these 

mice (Ctrl chimera) were analyzed in parallel as a single control group.
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(A-B) DC development in Flt3L-supplemented BM cultures. Shown are representative 

staining profiles of control, Trim33Δ or Trim33Δ chimera cultures on day 7 of differentiation 

(A) and numbers of the resulting DC subsets per 106 seeded BM cells (B).

(C-D) Primary DC populations in the skin-draining LN. Shown are representative staining 

profiles of control or Trim33Δ DCs (C) and fractions of DC subsets and other indicated cell 

types among total LN cells (D).

(E-F) Lymphoid and DC progenitors in the BM. Shown are representative staining profiles 

of control or Trim33Δ DC progenitors and immature cell types in the BM (E) and fractions 

of these cell types among total BM cells (F).

In all bar graphs, symbols represent cells from individual mice and bars represent median. 

Statistical significance was determined by Mann-Whitney test (*, P < 0.05; ***, P < 0.001; 

****, P < 0.0001).
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Figure 6. The loss of DC differentiation is the earliest effect of Trim33 deletion.
Trim33fl/fl R26CreER/+ conditional knockout mice were administered tamoxifen, and the 

resulting mice with global deletion of Trim33 (Trim33Δ) were analyzed one week later along 

with control (Ctrl) R26CreER/+ mice.

(A) DC development in Flt3L-supplemented BM cultures. Shown are numbers of DC 

subsets per 106 seeded BM cells in control or Trim33Δ cultures on day 7.

(B-C) Primary DC populations in the spleen.

(B) Representative staining profiles of control or Trim33Δ splenic DCs.
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(C) Fractions of DC subsets and other indicated cell types among total splenocytes (top row) 

and absolute numbers of DC subsets (bottom row).

(D) Primary DC populations in the skin-draining LN. Shown are fractions of DC subsets and 

other indicated cell types among total control or Trim33Δ LN cells.

(E-F) DC progenitors in the BM. Shown are representative staining profiles of control or 

Trim33Δ DC progenitors in the BM (E, see Fig. 5E for full gating scheme) and fractions of 

progenitors, pDCs and B cells among total BM cells (F).

In all bar graphs, symbols represent cells from individual mice and bars represent median. 

Statistical significance was determined by Mann-Whitney test (*, P < 0.05; **, P < 0.01).
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Figure 7. Trim33 is required for DC differentiation and homeostasis in a cell-intrinsic manner.
(A-D) Analysis of Trim33 deletion in mixed hematopoietic chimeras. BM from control 

R26CreER/+ or Trim33fl/fl R26CreER/+ conditional knockout mice was mixed with the 

competitor CD45.1 congenic BM and transferred into irradiated CD45.1 recipients. Three 

months later, mice were treated with tamoxifen to induce Trim33 deletion in donor cells 

(Trim33Δ) and analyzed one week later as described in Fig. 6.

(A-B) Donor contribution to DC populations in the spleen. Shown are representative staining 

profiles of donor-derived (CD45.2+) and competitor-derived (CD45.1+) cells among pDCs 
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and cDC1s (A) and fractions of donor-derived cells within the indicated DC subsets and 

other indicated cell types (B).

(C-D) Donor contribution to DC populations in the skin-draining LN. Shown are 

representative staining profiles of donor-derived (CD45.2+) and competitor-derived 

(CD45.1+) cells among cDC1s (C) and fractions of donor-derived cells within the indicated 

DC subsets and other indicated cell types (D).

(E-H) Analysis of constitutive DC-specific Trim33 deletion in Trim33fl/fl Itgax-Cre 

conditional knockout mice (Trim33ΔDC) or Trim33fl/fl littermate controls (Ctrl). Cell 

populations were defined as shown in Fig. 5.

(E-F) Primary DC populations in the spleen. Shown are representative staining profiles of 

control or Trim33ΔDC splenic cDCs (E) and fractions of DC subsets and other indicated cell 

types among total splenocytes (F).

(G-H) Primary DC populations in the skin-draining LN. Shown are representative staining 

profiles of gated migratory DCs excluding cDC1s (CD11c+ MHCIIhi CCR7+ XCR1−) in 

control or Trim33ΔDC LN (G), and fractions of DC subsets and other indicated cell types 

among total LN cells (H).

In all bar graphs, symbols represent cells from individual mice and bars represent median. 

Statistical significance was determined by Mann-Whitney test (*, P < 0.05; **, P < 0.01; 

***, P < 0.001).
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Figure 8. Trim33 prevents lineage-inappropriate gene expression during Flt3L-driven DC 
differentiation
(A-B) Flt3+ BM progenitors from naive Trim33fl/fl R26CreER/+ conditional knockout (KO) 

mice or control R26CreER/+ wild-type (WT) mice were cultured with Flt3L and 4-OHT for 3 

days and analyzed by RNA-Seq.

(A) Pairwise comparison of gene expression levels in WT vs KO samples (mean log10 

of biological duplicates). Genes showing >2-fold overexpression with false discovery rate 

(FDR) <0.05 in WT or KO samples are highlighted in green or red, respectively; select gene 

names are indicated.

(B) Differential expression of select categories of genes in WT vs KO samples. Shown 

are heatmaps of relative expression levels in each sample for select genes representing 

direct targets of Trim33-mediated repression in macrophages; interferon-β and its target 

genes; inflammation-induced genes; and genes specific for macrophages, myeloid cells 

(macrophages and granulocytes), or DCs.

(C) The production of IFN-β and CCL2 by KO progenitors. Shown are concentrations of 

these proteins in culture supernatants of WT or KO progenitors cultured as above for 4 

days. Symbols represent cultures from individual mice; bars represent median. Statistical 

significance was determined by Mann-Whitney test (*, P < 0.05).
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