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Outline:
Background and History
Development of cDC subsets –transcriptional basis 
Function of different subsets – an emerging area

- cDC1, CD8 responses and IL-12/Th1
- Cross-presentation and Help
- cDC2 (heterogeneous) Th17, Th2, ??
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Dendritic cells are powerful APCs
Ralph M. Steinman MD

2011 Nobel Prize
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First report, rapid turnover 
and BM origin

Distinct from other cells

Present in mouse spleen

Potent in primary MLR

High MHC-II expression

Syngeneic MLR

APCs for real antigens

Discovery of dendritic cells by Steinman and first few papers
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Pathogen-induced T cell/ILC modules rely on instructive cues  

IL-12/ Stat4 
T-bet/Stat1/IFNγ

IL-23/IL-6
Batf/Rorγt

IL-4/IL-33
Stat6/Gata3

ILC-1

ILC-2

ILC-3

Innate
Immunity



How do DCs choose the appropriate instructive signal? 

TH1/CTL

TH17

TH2

IL-12

?
IL-4
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Dendritic cell T cell
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Can one DC make all the decisions? 

Express all sensors, 
all cytokines,

in all locations,
and calculate?

CD11c+  cDCs



1992 JEM



Types of DCs

IRF8high 

cDC1  

Cross-presentation 

Intracellular pathogens, tumor

Xcr1, Clec9a, Tlr3 

IL-12 production, Th1 induction

IRF4low/int

cDC2  

CD4, Sirp-α (CD172a), ESAM

Fungi, extracellular bacteria, 
parasites ??

IL-23 production
Th2, Th17 induction

Hildner and Murphy_Science (2008), Satpathy and Murphy_Nat Immunol (2013)
Tussiwand and Murphy_Immunity (2015), Grajales-Reyes and Murphy_Nat Immunol (2015), Murphy and Murphy,_Ann Rev Immunol (2016)

B220+ SiglecH+ Bst2+ (CD317)

E2-2 dependent 
Irf8hi Irf4lo

Plasmacytoid DCs 

anti-viral
IFNα/β 

pDC specific deletion
BDCA2-DTR

cDC1 specific deletion 
(Xcr1-Cre, Batf3-/- mice, Irf8 32-/-)

So far only non-specific deletion 
(CD11c-Cre or,germline Irf4, Mgl2-

DTR)
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A developing framework for DC diversity 



Short list of references for development of cDCs
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CSFR+ plasmacytoid and conventional dendritic cell progenitors in mouse bone marrow. Nat. 8:1207-1216.
Discovery of the requirement of BATF3 in cDC1 development 
Hildner, K., B. T. Edelson, W. E. Purtha, M. Diamond, H. Matsushita, M. Kohyama, B. Calderon, B. U. Schraml, E. R. Unanue, M. S. 
Diamond, R. D. Schreiber, T. L. Murphy, and K. M. Murphy. 2008. Batf3 deficiency reveals a critical role for CD8alpha+ dendritic cells in 
cytotoxic T cell immunity. Science 322:1097-1100.
Identification of pregenitors for cDC1 and cDC2 
- Grajales-Reyes, G. E., A. Iwata, J. Albring, X. Wu, R. Tussiwand, W. KC, N. M. Kretzer, C. G. Briseno, V. Durai, P. Bagadia, M. Haldar, J. 

Schonheit, F. Rosenbauer, T. L. Murphy, and K. M. Murphy. 2015. Batf3 maintains autoactivation of Irf8 for commitment of a CD8alpha(+) 
conventional DC clonogenic progenitor. Nat Immunol 16:708-717.
- Schlitzer, A., N. McGovern, and F. Ginhoux. 2015. Dendritic cells and monocyte-derived cells: Two complementary and integrated 
functional systems. Semin Cell Dev.Biol.
Basic distinction between cDC1 and cDC2 transcriptional programs
Kim, S., P. Bagadia, D. A. Anderson, III, T. T. Liu, X. Huang, D. J. Theisen, K. W. O'Connor, R. A. Ohara, A. Iwata, T. L. Murphy, and K. M. 
Murphy. 2020. High Amount of Transcription Factor IRF8 Engages AP1-IRF Composite Elements in Enhancers to Direct Type 1 
Conventional Dendritic Cell Identity. Immunity 53:1-16.
Enhancers of IRF8 gene required for cDC1 development – explains BATF3 requirement.
Durai, V., P. Bagadia, J. M. Granja, A. T. Satpathy, D. H. Kulkarni, J. T. Davidson, R. Wu, S. J. Patel, A. Iwata, T. T. Liu, X. Huang, C. G. 
Briseno, G. E. Grajales-Reyes, M. Wohner, H. Tagoh, B. L. Kee, R. D. Newberry, M. Busslinger, H. Y. Chang, T. L. Murphy, and K. M. 
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Beginning of the circuitry for CDP divergence
Bagadia, P., X. Huang, T. T. Liu, V. Durai, G. E. Grajales-Reyes, M. Nitschke, Z. Modrusan, J. M. Granja, A. T. Satpathy, C. G. Briseno, M. 
Gargaro, A. Iwata, S. Kim, H. Y. Chang, A. S. Shaw, T. L. Murphy, and K. M. Murphy. 2019. An Nfil3-Zeb2-Id2 pathway imposes Irf8
enhancer switching during cDC1 development. Nat Immunol 20:1174-1185.



BATF3 is an AP-1 factor expressed uniquely in DCs

Murphy et al., Nature Reviews Immunology, 2013

BATF
BATF2
BATF3



Batf3 controls development of CD8α+ and CD103+ DCs
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Peripheral tissues

Hildner K at al., 2008,                                                         Edelson et al., 2010
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Lymphoid tissues



Batf3-/- mice fail to prime CD8 T cells to HSV 

Nopora et al., 2012

0.5% 5% 0.4%

0.3% 6% 0.9%



Cross presentation - Mechanisms?

HSP/peptide

protein

apoptotic body

Virally infected cell

MHC-I-presented antigen

CD8α+ cDC

CD8 T cell Clec9a ?

Mechanism of cross-presentation? 

West Nile virus
MCMV

Herpes
Influenza

T. gondii
M. tuberculosis

Listeria
Tumors

DNA vaccines

Li,, 2012

Torti,  et al, 2011

Hildner, 2008

J Helft, 2012

Tussiwand, 2012

Mashayekhi, 2011

Edelson, 2011



Hildner et al.,, 2008
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Batf3-/- mice die rapidly after T. gondii infection and 
cannot control parasite replication



IL-12 from CD8α+ DCs is required in T. gondii

Batf3-/-

IL-12
p35-/-

donor
bone marrow CD8α+ DCs      all others cells

Batf3-/-

IL-12
p35-/-

IL-12
p35-/-

HSCT

Compartment in chimera



cDC1 are useful in defense against Toxoplasma gondii



cDC2 are useful in defense against Citrobacter rodentium



Summary – cDC1 Part 1

What we know.
BATF3 is required for cDC1 development.
cDC1 are required to prime CD8 T cell responses to viruses and tumors
cDC1 provide defense against T. gondii by sensing (TLR11/12) and 
producing IL-12 to activate NK cells.

What we don’t know.
-It is still unclear why cDC1 and cDC2 seem to have different capacity for 
IL-12 and IL-23 production.
-We don’t know for sure that the defense is ONLY due to TLR expression.
- no work on subset-specific TLR in cDC1/cDC2 activity



What distinguishes cDC1 and cDC2 gene programs? 
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Summary

What we know.
cDC1 express HIGH levels of IRF8, cDC2 express low IRF8/IRF4
cDC1-specific genes are controlled by AICEs and EICEs
BATF3 has virtually no known functions in cDC2.
cDC1-specific genes require HIGH level of IRF8 to occupy AICEs

What we don’t know.
How is cDC2-specific gene expression imparted? 
Are there IRF4-specific targets? Why is Batf3 expressed in cDC2?
Are there subsets of cDC2, probably, but how?
How is Batf3 required for cDC1 development? this we will now 
address.
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+32 kb Irf8 enhancer is absolutely required for cDC1 development

AUTOACTIVATION- IRF8 drives IRF8 with help from BATF3

Durai, V., P. Bagadia, accepted at Nat. Immunol. 
2019 31
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A transient pulse of NFIL3 induces cDC1 specification 

CDPMDP

GFP-NFIL3

Pre-
cDC1

cDC1

Sorted cells cultured in Flt3L



Nfil3 acts upstream of Zeb2 in cDC1 development 

Bagadia, Huang, Liu et al. NI. 2019

cDC1 pDC
cDC2



NFIL3 binds to −165 kb Zeb2 enhancer



Zeb2 -165 kb

monocyte pDC B cell

-165 kb Zeb2
enhancer Zeb2 

The -165 kb Zeb2 enhancer is required for B cells, pDCs and monocytes 

E2A
E2-2

E2A
E2-2

E2A
E2-2

?? E2A/ E2-2 bind to -165 kb enhancer

July 2021

E-box NFIL3 motif



Hypothesis 

NFIL3 binding site mutant

Zeb2 -165 kb

NFIL3 directly represses the Zeb2 -165kb enhancer to drive cDC1 specification

NFIL3 NFIL3 NFIL3 Zeb2X cDC1CDP

Zeb2 -165 kb

NFIL3
NFIL3

NFIL3

NFIL3 KO

Zeb2 -165 kb

NFIL3
NFIL3

NFIL3XX X?

Test: Does mutation of the NFIL3 binding sites eliminate cDC1 development? 

X X X



Sequential mutation of sites 1, 2 and 3 in combinations

Thanks to Mike White and his excellent team



Sequential mutation of sites 1, 2 and 3 in combinations



We got exactly the opposite of our prediction – No cDC2 development!

X X



∆1+2+3 mice lack monocytes but have pDC and B cells 



C/EBP family of transcription factors

Peter Johnson J. Cell Science 2005



Zeb2 -165 kb Enhancer 

NFIL3 CEBPα/β

cDC1 cDC2

Zeb2

Batf3
Id2

No Batf3, Low Irf8 

no Zeb2

Batf3 Id2
Batf3 sustains Irf8 

Myeloid pDCs

? Activation of +290 kb Nfil3 enhancer

cDC1 cDC2

C/EBP and NFIL3 compete for support or repression of Zeb2



Summary

What we know.
cDC1 and cDC2 split from CDPs based on NFIL3 expression.
NFIL3 transient induction drives cDC1 specification. 
NFIL3 inhibits Zeb2 expression at C/EBP sites in the -165kb enhancer.
cDC1 specification leads to induction of Id2 and BATF3
BATF3 maintains HIGH IFR8 expression at the +32kb enhancer

What we don’t know.
How is NFIL3 induced?  Timing, Niche, Cytokines? a therapy?
How does Id2 act in cDC1 development? Block E protein? Kill Zeb2? 
Does Zeb2 directly repress Batf3 and Id2 expression? Where?



Cross-presentation

Exogenous antigens

Cross-presentation loads exogenous antigens onto MHC class I 
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Dogma says that only cytosolic proteins are loaded onto class I MHC molecules



Cross-presentation loads exogenous antigens onto MHC class I 
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Original Bevan discovery of Cross-priming.



Endogenous antigens only are loaded onto MHC class I 

β2mα3

α2 α1 MHC I

Endogenous antigens

1987

All tissues Interpreting a 
negative result

Concluded class I MHC 
processing does not involve 

exogenous antigens 

But was NOT examining 
dendritic cells 



Cross-presentation mechanisms derived from analysis of MoDCs

1994



The model according to “MoDCs” 

Nair-Gupta and Blander, Front. Immunol. 2013



Cross-presentation mechanisms derived from analysis of MoDCs

Genes identified as controlling cross-presentation in MoDCs

Nox2 (gp91), 
Rac2, Rab27a, 
IRAP, Rab3b/c, 

Mannose receptor, 
Rab34, 
TFEB, 

Sec22b 



Genes never confirmed in vivo for controlling cross-presentation:

Nox2 (gp91), 
Rac2, Rab27a, 
IRAP, Rab3b/c, 

Mannose receptor, 
Rab34, 
TFEB

Cross-presentation mechanisms derived from analysis of MoDCs?



Wdfy4 is a gene of unknown function 

56 exons encoding a protein of 3014 amino acids
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Beige and Chediak-Higashi
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Disease Association
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CVID 



Wdfy4 is a gene of unknown function 

56 exons encoding a protein of 3014 amino acids

PH

BEACH

WD-FYVE

Beige and Chediak-Higashi

No recognized domains

BEACH domain proteins  

Lyst
NBEA
NBEAL1
NBEAL2
LRBA
WDFY3
WDFY4
NSMAF
WDR81

WDFY4

Chediak Higashi

Disease Association

Glioma

CVID 6 GWAS studies link WDFY4 to systemic lupus 
erythematosus (SLE) risk in Asian populations.  

SLE



Wdfy4-/- mice develop DC1 and are resistant to Toxoplasma gondii

Wdfy4-/- mice are resistant to Toxoplasma gondii

Exon 4

CRISPR deletion of exon 4 alters reading frame  between 
exons and terminates after aa 146. 

Wdfy4-/- mice are viable

Batf3-/-

Normal DC1 development in Wdfy4-/- mice

DC1 DC1 DC1

in Press



Wdfy4-/- mice have a selective failure in DC1 cross-presentation 

DC1 DC2

Absent cross-presentation to cell-associated 
antigen by Wdfy4-/- DC1

DC1 DC2

Impaired cross-presentation to soluble 
antigen by Wdfy4-/- DC1



Wdfy4-/- mice have a selective failure in DC1 cross-presentation 

DC1 DC2

Absent cross-presentation to cell-associated 
antigen by Wdfy4-/- DC1

in vivo Cross-Presentation



Wdfy4-/- mice have normal moDCs and direct presentation on MHCI

Direct PresentationMHCI Expression
MoDCs (GM-CSF/IL-4)



Wdfy4-/- mice cannot mount a response to cowpox virus

Lung



Wdfy4-/- mice cannot reject immunogenic tumors 
Response to regressor fibrosarcoma 

Wdfy4-/-WT         Batf3-/-Wdfy4+/-

WT

Wdfy4-/-

Regressor fibrosarcoma 
DC1 enter in tumor No CD8 T cell entry in tumor



How does Wdfy4 control cross-presentation by DC1? 

CTLA4

CTLA4

LRBA

CTLA4



How does Wdfy4 control cross-presentation by DC1? 

CLEC9A

CLEC9A

WDFY4

CLEC9A

MHC-I



Summary
What we know.

WDFY4 is required for cross-presentation of cell-associated antigens.
WDFY4 knockout mice fail to mount anti-viral or anti-tumor CD8 T cells responses.
Sec22b and Rab43 also contribute some to cross-presentation.
Real cDC1 in vivo cross-present by different pathways than MoDCs.
CLEC9a is not required for tumor rejection. Redundant receptor?

What we don’t know.

No clue how WDFY4 works in the cell.
Are there redundant receptors to capture cell-associated antigens?
No clue on the mechanism for Sec22b or Rab43.  
Can cDC2 be induced to XP?  
Does direct vs. indirect priming induce qualitative changes in T cells? 



JEM 2022, vol 219 

https://pubmed.ncbi.nlm.nih.gov/35543702/

cDC1 (vs cDC2 ) 

MHC-II processing

MHC-I processing

CD40 mediated cDC1 licensing





1996

1998



How do CD4 T cells help CD8 responses? 

CD40

MHCII

XCR1

MHCI

DC2

CD4 CD4 CD8

MHCII

CD4 T cells help CD8 T cells
Cantor and Boyse 1975
Buller and  Morse 1987    
Bennett and Heath 1998

Activation of CD40 on APC? 
Bennett and Heath 1998 
Schoenberger and Melief 1998

Activation of CD40 on CD8 T cells?
Bourgeois and Tanchot 2002

1 2 IRES mCherry T2A hCre 3’ UTR

Targeted XCR1-Cre allele 

Do DC1 uniquely activate CD8 T cells in vivo?

What is the function of MHC class II on DC1 in 
vivo? 

What is mechanism of CD4 help through DC1?
TRAIL, IL-15, CD40, CD80/86. LAG3, IFNAR, CD70.
Janssen and Schoenberger 2005 vs. Sacks and 
Bevan 2008

CD40
CD40L

?



Ferris, Durai, and Wu et al. Nature 202

CD40 specifically in cDC1 is required for anti-tumor immunit

Xcr1-Cre

How does CD40 in cDC1 mediate help?



What are the transcriptional targets of CD40 signaling in cDC

Isolate CD40+ cDC1s

Stimulate ex vivo 
with agonistic anti-

CD40

24 h

CD70
4-1BBL
Cox2

Bcl-XL

Partial
Partial
Partial

Partial



June et al. Science 2018



• CD70 induced on several cell 
types:  activated DCs, 
macrophages, B cells

• Generated CD70 conditional KO

Does CD70 mediate CD40 help to cDC1 during tumor challenge?

• Crossed Cd70fl/fl to Xcr1Cre
Cd70cKO



Cd70 in cDC1 partially contributes to CD40-dependent tumor 
rejection
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Loss of CD70 on cDC1 reduces anti-tumor CD8 T cell expans



Loss of CD70 on cDC1 reduces anti-tumor CD8 T cell expans
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CD40 signaling induces Bcl-xL, an anti-apoptotic Bcl2 family mem

Is Bcl-xL required in cDC1 for 
anti-tumor immunity?

Bclxfl/fl Xcr1Cre



Loss of Bcl-xL reduces migratory cDC1 in tumor-draining LN



Loss of Bcl-xL in cDC1 reduces anti-tumor CD8 T cell expa



Conclusion:
CD40 signaling acts as a control hub for licensing cDC1

DC survival



Summary
What we know.
CD40 signaling in cDC1 has a HUGE impact on CD8 T cells responses.
CD40 is a transcription HUB that controls several target genes. 
All identified CD40 targets have smaller impacts on CD8 responses than CD40. 
Bcl-xL induction in cDC1 contributes to increased ‘vitality’ of cDC1.

What we don’t know.
Is there another way to activate CD40 in cDC1 besides the CD4 T cell? (NKT?)
Could multiple CD8 T cell clones combine to ‘help’ the cDC1.  
What kind of CD4 T cell licenses the cDC1?  TFH? TH1? Etc.
What APC normally activates the CD4?  cDC1 can, but do they always?



Lu et al, Am J Clin Nut 2001

IL-23

ILC3

IL-22

epithelium

What about cDC2 functions?  



The different functions of cDC2 are still being worked out. 
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IRF4/Notch2-dependent DCs influence IL-17/IL-22 responses 

No Infection model (SFB+ colony?)

No Infection model

Aspergillus fumigatus



2013

2013

cDC2 support TH17 type responses



Intestinal CD11b+ CD103+ cDCs are Notch2-dependent 

X

X

X
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Notch2-dependent CD11b+ DCs are required in C. rodentium for IL-23

Notch2-cKO



Development and maturation of CD11b+ cDCs 

IL-23IL-22

IRF4 Notch2

LtβR

ILC



cDC2 are useful in defense against Citrobacter rodentium



DCs act earlier than Mono/Macs in C. rodentium 
C. rodentium

C. rodentium

zDC-DTR system
MM-DTR system 

CX3CR1-DTRsystem 



TH17 to SFB may use MACs, not DCs.  

Notch2
x 

CD11c-Cre

Lang-DTA 
X

Batf3 KO



CCR2-DTR system 

TH17 to SFB may use MACs, not DCs.  



Previous studies linked cDC2 to TH2

2013

2015

2013



Pre-cDC

Pre-cDCGMPCMP

CDP

CDP

CD11b cDCCD8 cDC CD8 cDC CD11b cDC

pDC
pDC

Klf4 is highly induced in pre-cDCs



KLF4 deletion in cDCs eliminates CD11blo migratory cDCs 

X X

JI 2014



KLF4 cDCs express Zbtb46 and require IRF4 for migration 

X

X

X

X

X

(Cell-intrinsic by chimeras) 



KLF4 cDCs are required for resistance to Schistosoma mansoni

KLF4 cDC are not required for resistance 
to C. rodentium or Toxoplasma gondii

And KLF4 is not required in T cells for 
Th1, Th2 or Th17 differentiation, or for 
ILC2 development.  



KLF4 cDCs are required for Th2 responses in HDM challenge 

X



Mechanism of KLF4-dependent cDCs? 

No in vitro system.

No obvious gene candidates from gene expression.

May involve other cells, such as ILC2.

May be due to lack of IL-12 or IL-23 (i.e., balance).

Challenges – lack of selective Cre deleter strains.



December 2021

JI 2014



cDC2 are required for TH2 response against H. polygyrus infection

With great help from Pritesh Desai, Michael Diamond, Steven van Dyken Do-Hyun Kim 



∆1+2+3 and Irf8 32-/- mice restores cDC2s but not monocytes  



∆1+2+3 and Irf8 32-/- mice restores cDC2s but not monocytes  

Pre-cDC2

Mature cDC2

Pre-cDC1



WT ∆1+2+3 Irf8 +32-/- ∆1+2+3 X Irf8 +32-/-

M-CSFR

cK
it

∆1+2+3 x Irf8 32-/- mice restore cDC2, but not monocytes  

Monocytes are still missing

cMoP cMoP

Monocytes



Feces egg counts and Intestinal granulomas

TH2 development 

cDC2, not monocytes, drive TH2 responses to H. polygyrus



Summary
What we know.
cDC2 are required for some TH17 and TH2 responses.
cDC2 protection against Citrobacter rodentium relies on IL-23 production.

What we don’t know.

Are there distinct subsets of cDC2? If so, by what molecular mechanism? 
How does cDC2 support TH2 responses? Antigen capture vs. cytokine bias?
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