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Shared pathway of WDFY4-dependent
cross-presentation of immune complexes by cDC1
and cDC2
Suin Jo1, Ray A. Ohara1, Derek J. Theisen1, Sunkyung Kim1, Tiantian Liu1, Christopher B. Bullock1,2, Michelle He1, Feiya Ou1,
Jing Chen1, Sytse J. Piersma3,4, J. Luke Postoak1, Wayne M. Yokoyama3,5, Michael S. Diamond1,2,5,6, Theresa L. Murphy1, and
Kenneth M. Murphy1

Priming CD8+ T cells against tumors or viral pathogens results largely from cross-presentation of exogenous antigens by type
1 conventional dendritic cells (cDC1s). Although monocyte-derived DCs and cDC2s can cross-present in vitro, their physiological
relevance remains unclear. Here, we used genetic models to evaluate the role of cDC subsets in presentation of cell-
associated and immune complex antigens to CD4+ and CD8+ T cells in vivo. For cell-associated antigens, cDC1s were necessary
and sufficient to prime both CD4+ and CD8+ T cells. In contrast, for immune complex antigens, either cDC1 or cDC2, but not
monocyte-derived DCs, could carry out cross-presentation to CD8+ T cells. Mice lacking cDC1 and vaccinated with immune
complexes could cross-prime CD8+ T cells that were sufficient to mediate tumor rejection. Notably, this cross-presentation
mediated by cDC2 was also WDFY4 dependent, similar to cross-presentation of cell-associated antigens by cDC1. These results
demonstrate a previously unrecognized activity of WDFY4 in cDC2s and suggest a cross-presentation pathway shared by cDC
subsets.

Introduction
Conventional dendritic cells (cDCs) are APCs that specialize in
priming of naive T cells (Liu and Nussenzweig, 2010). Currently,
two major subsets of cDCs are recognized, the type 1 cDC (cDC1)
and cDC2 (Guilliams et al., 2014), which are thought to exert
distinct functions in forming immunity to various pathogens
(Durai and Murphy, 2016). Their distinct roles have been linked
to intrinsic biases in priming of CD8+ and CD4+ T cells based on
differences in antigen processing for MH class I (MHC-I) and
MHC-II molecules. Early studies suggested such differences in
cross-presentation (Carbone and Bevan, 1990), finding that
CD8α+, but not CD8α−, cDCs were capable of processing cell-
associated antigens for CD8+ T cell activation (den Haan et al.,
2000). Targeting antigen conjugated to antibodies that bind
receptors expressed by cDC1 or cDC2 showed that these subsets
have an intrinsic bias, with cDC1 favoring antigen processing
for MHC-I and cDC2 favoring antigen processing for MHC-II
(Dudziak et al., 2007). Consistent with these experiments,

studies of mice lacking cDC1 showed that cDC1 are predomi-
nantly responsible for in vivo cross-presentation of exoge-
nously acquired antigens via MHC-I in response to tumors and
viral infections (Hildner et al., 2008; Durai et al., 2019).

However, in addition to intrinsic biases that cDC subsets
exhibit, the form of antigen itself impacts presentation by cDC1
and cDC2. For example, for tumor-derived antigens, cDC1 are
also the primary subset responsible for in vivo antigen presen-
tation by MHC-II molecules to CD4+ T cells (Ferris et al., 2020).
This capacity may arise from expression of cDC1-specific re-
ceptors, such as C-type lectin domain family 9, that mediate
efficient capture of necrotic tumor cells, providing cDC1 with an
advantage over cDC2 for acquiring tumor-derived antigens
(Sancho et al., 2009). Conversely, cDC2 can also cross-present
antigens, at least in vitro, particularly when provided as soluble
protein or as an immune complex (IC) (den Haan and Bevan,
2002; Kamphorst et al., 2010). In vitro cross-presentation by
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cDC2 is mediated by distinct receptors compared with cDC1,
such as Fcγ receptors (Baker et al., 2011; Boross et al., 2014; Ho
et al., 2017). However, the relevance of cross-presentation by
cDC2 in vivo has not been established because previous studies
were unable to exclude the contribution of cDC1 in priming of
T cell responses.

To address this question, we examined T cells responses in
mice having either exclusively cDC1 or cDC2, in which priming
by various antigens can occur by only one cDC subset. Basic
leucine zipper transcription factor (Batf3−/−) mice lack cDC1 due
to defective progenitor commitment (Hildner et al., 2008) but
can restore cDC1 development under certain conditions due
to compensation by Batf (Tussiwand et al., 2012). However,
we previously developed mice with a deletion of the inter-
feron regulatory factor 8 (Irf8) +32 kb enhancer (hereafter
Δ32 mice), which lack cDC1 completely without compensa-
tion (Durai et al., 2019). Separately, we also developed mice
with deletions of the three CCAAT-enhancer–binding pro-
tein α–binding sites in the zinc-finger E-box–binding ho-
meobox 2 −165 kb enhancer (hereafter Δ1+2+3 mice), which
lack cDC2 due to failure in pre-cDC2 specification (Liu et al.,
2022a). We previously used these models to confirm the role
of cDC1 in CD8+ T cell responses to tumors and several vi-
ruses (Durai et al., 2019; Ferris et al., 2020) and the re-
quirement of cDC2 in Th2 responses to helminths (Liu et al.,
2022a). However, no study has used these mice to compare
both the requirement and sufficiency for cDC subsets in
priming CD4+ and CD8+ T cells responses to a variety of
forms of antigen.

The cellular mechanism of cross-presentation is complex and
controversial due to variations between in vitro and in vivo
studies and the use of different cell substrates and forms of
antigen (Ohara and Murphy, 2023a; Blander, 2023). We previ-
ously reported that cross-presentation of cell-associated
antigens by cDC1 in vivo requires WD repeat and FYVE
domain–containing 4 (WDFY4), a Beige and Chediak-Higashi
domain–containing protein (Theisen et al., 2018; Ohara and
Murphy, 2023b). While the mechanism of WDFY4 in cross-
presentation remains unknown, several other Beige and
Chediak-Higashi domain–containing proteins function by reg-
ulating vesicular trafficking (Cullinane et al., 2013). WDFY4 is
highly expressed in cDC1 and cDC2, less in B cells, and absent in
most other cells (Theisen et al., 2018). Unlike cross-presentation
of cell-associated antigen by cDC1, cross-presentation of soluble
antigen by cDC2 does not require WDFY4 (Theisen et al., 2018).

In this study, we used Δ32 mice and Δ1+2+3 mice to deter-
mine in vivo requirement and sufficiency for priming of CD4+

and CD8+ T cell responses to various forms of antigen. We find
that cDC2 are sufficient for cross-presentation of antibody–
antigen ICs and for induction of CD8+ T cell responses that
protect against immunogenic tumors, which normally requires
cDC1. Notably, cDC2 cross-presentation of ICs is WDFY4 de-
pendent, unlike cross-presentation of soluble antigens. These
results suggest a novel role for cDC2 in priming of CD8+ T cells
and demonstrate that receptor-mediated antigen capture may
favor cross-presentation by a more efficient, WDFY4-dependent
processing pathway in cDC subsets.

Results
Characterization of cDC1- and cDC2-deficient mouse models
We first confirmed that Δ32mice and Δ1+2+3mice lack cDC1 and
cDC2, respectively (Fig. S1, A–D) (Durai et al., 2019; Liu et al.,
2022a). Δ32mice retain pre-cDC1 in the bonemarrow (BM), lack
mature cDC1, and have approximately twofold more splenic
cDC2 than WTmice (Fig. S1, A–D). In contrast, Δ1+2+3 mice lack
pre-cDC2 and mature cDC2 and have approximately twofold
more splenic cDC1 than WT mice. To determine if the residual
cDC subsets in the Δ1+2+3 and Δ32 mice reflected their normal
counterparts, we performed bulk RNA-sequencing (RNA-seq)
analysis of cDC1 and cDC2 fromWT, Δ1+2+3, and Δ32mice (Fig. 1
A). cDC1 from WT and Δ1+2+3 clustered together in principal
component analysis plot, whereas cDC2 from WT and Δ32 mice
cluster together. Further, cDC1 and cDC2 from WT mice show a
large number of differentially expressed genes, as expected.
However, there were few differentially expressed genes in cDC1
between WT and Δ1+2+3 mice, or in cDC2 between WT and Δ32
mice (Fig. 1 A), indicating no substantive transcriptional dif-
ferences between corresponding cDC subsets in WT, Δ32, and
Δ1+2+3 mice. These results validate the use of these models for
testing the sufficiency of cDC1 and cDC2 for presentation of
various forms of antigens in vivo.

cDC1 are necessary and sufficient to prime CD8+ T cells to cell-
associated antigen in vivo
cDC1 are the principal APC for priming both CD4+ and CD8+

T cells in response to cell-associated tumor antigens (Ferris
et al., 2020). Some studies have suggested that cDC1 may re-
quire monocytes or cDC2 for antigen acquisition or functional
activation (Ruhland et al., 2020; Jakubzick et al., 2013, 2017;
Rawat et al., 2023). To test this first for CD8+ T cell responses, we
generated Abelson-membrane–associated OVA (mOVA), a tu-
mor cell expressing mOVA but lacking MHC-I expression. We
used freeze-thawed Abelson-mOVA cells as one source of ne-
crotic tumor cell-associated antigen. OT-I T cells proliferated in
response to Abelson-mOVA that was presented by splenic cDC1
(Fig. 1, B and C) or by BM-derived cDC1 (Fig. S2, A and B) at
levels similar to heat-killed Listeria monocytogenes–expressing
OVA (HKLM-OVA), a different cell-associated antigen used
previously (Kretzer et al., 2016; Theisen et al., 2018). By con-
trast, OT-I did not proliferate in response to either Abelson-
mOVA or HKLM-OVA presented by splenic or BM-derived
cDC2 (Fig. 1, B and C; and Fig. S2, A and B). As a control, OT-I
proliferated in response to soluble OVA (sOVA) presented either
by cDC1 or cDC2, as expected (Kretzer et al., 2016; Theisen et al.,
2018) (Fig. 1, B and C; and Fig. S2, A and B). These results indicate
that Abelson-mOVA is a valid source of cell-associated antigen to
examine cross-presentation by APCswithout trogocytosis of self-
loaded peptide–MHC-I complexes from tumor to the cell surface
of APCs.

To test if cDC1 require cDC2 or monocytes to acquire cell-
associated antigens, we adoptively transferred OT-I cells into
WT, Δ32, Wdfy4−/−, or Δ1+2+3 mice and measured OT-I prolif-
eration after injection of freeze-thawed necrotic Abelson-mOVA
cells (Fig. 1, D and E; and Fig. S2 G). OT-1 proliferated in WT
mice, but not in Δ32 or Wdfy4−/− mice, which lack cDC1 or the
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Figure 1. cDC1 are necessary and sufficient for priming CD8+ T cells with cell-associated antigen. (A) Principal component analysis by all expressed
mRNAs of splenic cDC1s and cDC2s from WT, Δ32, and Δ1+2+3 mice. PC1: 0.68585 of variance. PC2: 0.24495 of variance. Volcano plots of differentially
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capacity for cross-presentation, respectively. Notably, OT-I
proliferated in Δ1+2+3 mice to a comparable extent as in WT
mice, indicating that cDC2, monocytes, and monocyte-derived
cells are not required for cDC1 in priming of CD8+ T cells against
tumor-derived antigens. Rather, cDC1 are both necessary and
sufficient for this function.

cDC1 are sufficient for anti-tumor CD4+ and CD8+ T cell
priming in vivo
We next tested these results in the context of an endogenous
CD8+ T cell repertoire. We compared the antigen-specific en-
dogenous CD8+ T cell response against the 1956 tumor cell
line–expressing mOVA (1956-mOVA) fibrosarcoma (Matsushita
et al., 2012; Theisen et al., 2019), which expresses membrane-
bound OVA with normal MHC-I expression, in WT, Δ32, and
Δ1+2+3 mice (Fig. 1, F–I). As expected, WT mice robustly ex-
panded SIINFEKL-H2Kb tetramer–positive CD8+ T cells in re-
sponse to 1956-mOVA after tumor implantation (Ferris et al.,
2020; Wu et al., 2022) and cleared tumor by day 12. In con-
trast, Δ32 mice did not expand SIINFEKL-H2Kb tetramer–
positive CD8+ T cells and failed to reject 1956-OVA tumors.
Δ1+2+3 mice, however, expanded SIINFEKL-H2Kb tetramer–
positive CD8+ T cells as effectively as WT mice and rejected
tumors comparably to WT mice. These results show that prim-
ing of endogenous anti-tumor CD8+ T cells is normal in Δ1+2+3
mice even in the absence of cDC2 and monocyte-derived cells.
Since CD8+ T cell priming against 1956-mOVA and tumor re-
jection require CD4+ T cell help (Ferris et al., 2020), these results
also imply that CD4+ T cell priming against tumor-associated
antigens can occur in the absence of cDC2 or monocyte-
derived cells.

Recent studies using Batf3−/− mice reported that cDC2 can
acquire an activation state, called inflammatory cDC2 (Bosteels
et al., 2020) or ISG+ cDC2 (Duong et al., 2022), capable of
priming CD8+ T cells in response to infection by influenza A,
pneumonia virus in mice, and tumors. We infected WT and Δ32
mice with Ross River virus (RRV) (Haist et al., 2021; Liu et al.,
2022b; Shabman et al., 2008). After 1 day, OT-I cells were
transferred, and mice were immunized on day 2 with dead
Abelson-mOVA tumor cells. In both WT and Δ32 mice, we ob-
served the emergence of a CD11c+ MHCII+ FcεR1 α monoclonal
antibody CD64+ cells (Bosteels et al., 2020) both in spleen and
popliteal LNs in mice infected with RRV but not in uninfected
mice (Fig. S2 C). Importantly, Δ32 mice infected with RRV

showed a substantial OT-I proliferation in response to Abelson-
mOVA immunization, while uninfected Δ32 mice showed little
to no OT-I proliferation (Fig. S2 D). These results agree with the
previous studies suggesting that inflammatory cDC2 are capable
of CD8 T cell priming.

Both cDC1 and cDC2 can cross-prime CD8+ T cells to IC in vivo
Several in vitro studies have suggested that both cDC1 and cDC2
can cross-present antigen offered in the form of antigen–
antibody complexes (den Haan and Bevan, 2002; van Montfoort
et al., 2007; Baker et al., 2011; Boross et al., 2014; Ho et al., 2017).
In contrast, another study found that cDC2 offered FcγR-
targeting antigens that were able to prime CD4+ T cells, but
not CD8+ T cells (Lehmann et al., 2017). To address this question
in vivo, we first re-evaluated the previous in vitro finding. Here,
we found that cDC2 are capable of cross-presentation of OVA–
antibody complexes in vitro (Fig. 2, A and B). In doses between
1 and 3 μg/ml of sOVA alone, OT-I T cells did not proliferate in
the presence of cDC1 or cDC2, whereas substantial proliferation
was observed with sOVA preincubated with anti-OVA polyclo-
nal antibody (OVA-ICs) (Fig. 2, A and B). To test whether cDC2
can cross-present immune-complexed OVA (OVA-IC) in vivo,
we examined OT-I proliferation after adoptive transfer of OT-I
cells into WT, Δ32, and Δ1+2+3 mice that were subsequently
immunized with either 1 µg of sOVA or OVA-IC (Fig. 2, C and D;
and Fig. S2 G). Immunization with sOVA alone failed to induce
OT-I proliferation in any genotype of mice, whereas immuni-
zation with OVA-IC induced strong OT-I proliferation in all
genotypes, including Δ32 mice (Fig. 2, C and D; and Fig. S2 G).

Conceivably, cDC2 cross-presentation might extend to cell-
associated antigens via Fc receptor binding. To test this, we
generated antibody-coated cellular antigens. Abelson-mOVA,
which express membrane-bound OVA on the cell surface via a
linker, was preincubated with polyclonal anti-OVA antibody at
37°C, similar to the OVA-IC preparation. We confirmed antibody
binding to the dead Abelson-mOVA by flow cytometry (Fig. S2
E). Nonetheless, this anti-OVA-coated Abelson-mOVA was not
cross-presented by splenic cDC2 to OT-I T cells (Fig. 2 E and Fig.
S2 F). Consistent with this in vitro result, Δ32 mice immunized
with same antigen did not induce OT-I proliferation (Fig. 2, F
and G), indicating that receptor engagement is insufficient for
cDC2 cross-presentation of cellular antigen.

Conceivably, the OT-I proliferation induced by OVA-IC in
Δ32 mice could result from cross-presentation by other APCs,

expressed genes as the Log2 (fold change) over −Log10 (P value). (Left) cDC1 and cDC2 in WT mice. Data are represented as two biologically independent
samples. (Middle) cDC1 in WT and Δ1+2+3 mice. (Right) cDC2 in WT and Δ32 mice. Transcripts with significant changes in expression are highlighted in red
(increased) or blue (decreased). (B) In vitro proliferation of 2.5 × 104 OT-I cells cultured with 104 splenic cDC1 or cDC2 alone or with 2.5 × 104 Abelson-mOVA
cells, 108 HKLM-OVA, or sOVA (100 μg/ml) as indicated. Numbers represent the percent of cells in the indicated gates. (C) Percent OT-I proliferation from B
averaged for two independent experiments. Data are represented as mean values ± SD. Multiple t tests. ****P < 0.0001. (D and E) In vivo proliferation of OT-I
in WT, Δ32, Δ1+2+3, andWdfy4−/− mice on day 3 after immunization with 3.3 × 105 Abelson-mOVA cells. Data are represented as mean values ± SD of pooled
biologically independent samples from two independent experiments. n = 4 for WT, Δ32, and Δ1+2+3; n = 3 forWdfy4−/− mice. ns = not significant; *P < 0.05.
(F) Two-color histograms for splenocytes fromWT, Δ32, and Δ1+2+3mice on day 12 after injection of 106 1956-mOVA cells. CD8+ T cells were analyzed for the
frequency of Kb-SIINFEKL tetramer staining. Pregating is indicated above the histograms. Numbers indicate the percentage of cells in the indicated gates.
(G) Frequencies of Kb-SIINFEKL tetramer–positive CD8+ T cells from mice described in F. n = 6 for WT and Δ32; n = 5 for Δ1+2+3 mice. (H and I) Individual or
averaged tumor growth in WT, Δ32, and Δ1+2+3 mice implanted with 106 1956-mOVA cells. n = 6 for each genotype. (E and H) Brown–Forsythe and Welch
ANOVA with Dunnett’s T3 multiple comparisons test. **P < 0.01; ***P < 0.001. (I) Two-way ANOVA with Tukey’s multiple comparisons test. ns = not sig-
nificant; WT versus Δ1+2+3. ****P < 0.0001; WT versus Δ32. ****P < 0.0001; Δ32 versus Δ1+2+3. PCA: Principal component analysis.
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such as macrophages or monocyte-derived DCs (moDCs). In-
deed, MER proto-oncogene, tyrosine kinase (MerTK+) moDCs or
macrophages (Gautier et al., 2012; Min et al., 2018) can cross-
present OVA-IC in vitro (Fig. 3, A and B). To test if these cells
mediate cross-presentation of OVA-ICs in Δ32 mice, we crossed
β2mfl/fl mice (Bern et al., 2019; Ferris et al., 2020) with Cd11c-Cre+

mice (Fig. S3). In these mice, H2-Kb and H2-Db expression is

eliminated on majority of cDC1s and cDC2s but remains ex-
pressed on B cells, pDCs, and MerTK+ macrophages and moDCs
(Fig. S3, A–G). Notably, CD11c-Cre+ β2mfl/fl mice showed a 96%
reduction in OT-I proliferation in vivo in response to OVA-IC
(Fig. 3, C and D). As a control, germlineMHC-I deficiency (MHC-
I TKO) also caused complete loss of OT-I proliferation in re-
sponse to OVA-IC in vivo (Fig. S3 H).

Figure 2. cDC1 are dispensable for in vivo cross-priming with IC. (A and B) In vitro proliferation of OT-I cultured with splenic cDC1 or cDC2 alone (0) or
with 1 μg/ml of sOVA or OVA-IC (A) or with the indicated doses of sOVA or OVA-IC (B). Data shown are representative of two independent experiments.
(B) Two-way ANOVA with Sidak’s multiple comparisons test, with a single pooled variance. *P < 0.05; ****P < 0.0001. (C) In vivo OT-I proliferation inWT, Δ32,
and Δ1+2+3mice on day 3 after intravenous immunization with 1 μg sOVA or 1 μg sOVA with anti-OVA antibody (OVA-IC). (D) Frequencies of OT-I proliferation
from mice in C. Two-way ANOVA with Tukey’s multiple comparisons test. ns = not significant; ***P < 0.001; ****P < 0.0001. (E) In vitro proliferation of OT-I
cultured with splenic cDC1 or cDC2 alone (0), 1 μg/ml of OVA-IC, 25,000 Abelson-mOVA, or 25,000 Abelson-mOVA preincubated with anti-OVA antibody.
Unpaired t test. ns = not significant. (F) In vivo OT-I proliferation in WT, Δ32, and Δ1+2+3mice on day 3 after intravenous immunization with 330,000 Abelson-
mOVA preincubated anti-OVA antibody. (G) Frequencies of OT-I proliferation from mice in F. Two-way ANOVA with Tukey’s multiple comparisons test. ns =
not significant; ***P < 0.001.
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Finally, we tested whether cDC2s alone are sufficient for
OVA-IC cross-presentation to OT-I in vivo. We crossed Δ32 with
Δ1+2+3 mice to generate Δ32 × Δ1+2+3 mice that lack cDC1,
monocytes, and all monocyte-derived cells but retain cDC2s as
previously described (Liu et al., 2022a). In these mice, immuni-
zation with OVA-IC continued to induce strong OT-I proliferation
comparable with Δ32 mice (Fig. 3, E and F), demonstrating that
cDC2s are sufficient for cross-presentation of OVA-IC to CD8+

T cells in vivo. Δ32 × Δ1+2+3 mice had a decreased OT-I prolif-
eration compared withWTmice (Fig. S3 I), conceivably due to the

absence of monocytes or monocyte-derived cells. In summary,
in vivo cross-presentation of OVA-IC can be carried out in mice
having only cDC1 (Δ1+2+3) (Fig. 2, C and D) and in mice having
only cDC2 (Δ32 × Δ1+2+3) (Fig. 3, E and F), indicating that both
cDC1 and cDC2 can autonomously perform this function.

cDC1 are poor APCs for priming CD4+ T cells against IC in vivo
We next asked whether presentation to CD4+ T cells by cDCs
requires help from other APCs. First, we assessed OT-II prolif-
eration in WT, Δ32, and Δ1+2+3 mice in response to 1956-mOVA

Figure 3. In vivo cross-priming with IC requires cDC1 or cDC2. (A) Sorting strategy for cDC1, cDC2, monocytes, and macrophage/moDCs. (B) In vitro
proliferation of OT-I cultured with the indicated APC and either 1 μg/ml of sOVA or OVA-IC. Data are represented as mean values ± SD combined from three
independent experiments. Multiple t tests. *P < 0.05; **P < 0.01. (C) In vivo OT-I proliferation in β2mfl/fl, CD11c-Cre+; β2mfl/fl, or MHC-I TKO (Kb−/−; Db−/−; and
β2m−/−) mice 3 days after intravenous immunization with 1 μg OVA-IC. (D) Frequencies of OT-I proliferation from mice in C. Data are represented as mean
values ± SD of pooled biologically independent samples from two independent experiments (n = 6 for β2mfl/fl and CD11c-Cre+; β2mfl/fl; n = 4 for MHC-I TKO
mice). ns = not significant; *P < 0.05; **P < 0.01; ****P < 0.0001. (E) In vivo OT-I proliferation in WT, Δ32, and Δ32 × Δ1+2+3 mice on day 3 after intravenous
immunization with 1 μg OVA-IC. Data represent mean ± SEM of pooled biologically independent samples from two independent experiments (n = 7 for WT and
Irf8 Δ 32 mice; n = 6 for Δ32 × Δ1+2+3 mice). (D and F) Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. ns = not significant;
**P < 0.01.
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fibrosarcoma (Fig. 4, A and B; and Fig. S2 I). We found strong
OT-II proliferation in WT and Δ1+2+3 mice, but not in Δ32 mice,
suggesting that CD4+ T cell priming to tumor-derived antigens
relies on the presence of cDC1. Since Δ1+2+3 lack both cDC2 and
monocyte-derived cells, these results also suggest cDC1 do not
rely on accessory functions provided by cDC2, monocytes, or
moDCs. Next, we assessed presentation of sOVA and OVA-IC to
OT-II inWT, Δ32, and Δ1+2+3mice (Fig. 4, C and D; and Fig. S2 J).
We found strong OT-II proliferation inWT and Δ32mice, but not
in Δ1+2+3 mice, in response to OVA-IC immunization. As a
negative control, OT-II proliferation was not induced by sOVA
alone in any mouse genotype. Thus, cDC1 are necessary for
in vivo presentation of cell-associated antigens to CD4+ T cells
but dispensable for antigens derived from ICs.

OVA-IC elicits cDC1-independent endogenous anti-tumor CD8+

T cell response in vivo
cDC1 are normally required for tumor rejection because tumor-
associated antigens are not cross-presented by cDC2 (Ferris
et al., 2020). Since cDC2 can cross-present antibody-
complexed antigen, we evaluated whether cDC2 could also
prime CD8+ T cells and support tumor rejection when tumor-
derived antigens are delivered in an IC form. To test this, we

immunized WT and Δ32 mice with adjuvant (CpG and anti-
CD40 antibody) and either sOVA or OVA-IC. After 5 days,
1956-mOVA was implanted subcutaneously, and tumor growth
and clearance were assessed (Fig. 5 A and Fig. S4 A). Using
sOVA, tumors engrafted and were rejected by all WT mice but
failed to be rejected in all Δ32 mice. Using OVA-IC, tumor en-
graftment was uniformly prevented in both WT mice and Δ32
mice. Since cDC1 development is restored in Batf3−/− mice un-
der certain conditions (Tussiwand et al., 2012), we checked for
cDC1 restoration by treatment with OVA-IC and adjuvant
during tumor growth in Δ32 mice (Fig. 5 B). We found no ev-
idence that these conditions led to cDC1 restoration. In addition,
immunization with OVA-IC in CFA also led complete clearance
of 1956-mOVA tumors in all Δ32 mice (Fig. 5 C). Importantly,
CD8+ T cell depletion restored growth of tumors in Δ32 mice
immunized with OVA-IC and CFA (Fig. 5 C and Fig. S4 B). In
summary, OVA-IC immunization can induce cDC1-independent
but CD8+ T cell–dependent anti-tumor responses in Δ32 mice.

Cross-presentation of OVA-IC by both cDC1 and cDC2 is
WDFY4 dependent
We previously identified WDFY4 as a requirement for cross-
presentation of cell-associated antigen by cDC1 but reported no

Figure 4. cDC2 are superior to cDC1 for IC for MHC-II presentation. (A) In vivo OT-II proliferation 3 days after adoptive transfer into WT, Δ32, and Δ1+2+3
mice bearing 1956-mOVA tumors. 106 1956-mOVA cells were subcutaneously injected into mice two days before the OT-II transfer. (B) Frequencies of OT-II
proliferation of mice described in A. Data are represented as mean values ± SD of pooled biologically independent samples from two independent experiments
(n = 7 for WT and Δ1+2+3; n = 8 Irf8 Δ 32 mice). ns = not significant; *P < 0.05. (C) In vivo OT-II proliferation in WT, Δ32, and Δ1+2+3 mice on day 3 after
intravenous immunization with 1 μg of sOVA or OVA-IC. (D) Frequencies of OT-II proliferation from mice described in C. Data represent mean ± SEM of pooled
biologically independent samples from two independent experiments. (B) Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test.
(D) Two-way ANOVA with Sidak’s multiple comparisons test, with a single pooled variance. ns = not significant; ****P < 0.0001.
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impact of WDFY4 on antigen presentation by cDC2 (Theisen
et al., 2018). However, WDFY4 is also highly expressed in
cDC2 at levels similar to that in cDC1 (Theisen et al., 2018).
Therefore, we asked whether cross-presentation of OVA-IC by
cDC1 and cDC2 requires WDFY4. As we previously reported
(Theisen et al., 2018), in vitro cross-presentation of sOVA was
slightly reduced inWdfy4−/− cDC1 compared with WT cDC1, but it
was unaffected inWdfy4−/− cDC2 compared with WT cDC2 (Fig. 6
A). However, in vitro cross-presentation of OVA-IC shows a de-
pendence on WDFY4 in both cDC1 and cDC2, with greatest de-
pendence at lower antigen doses (Fig. 6 B). Furthermore, in vivo
cross-presentation of OVA-IC is strongly WDFY4 dependent. Im-
munization with OVA-IC induce strong OT-I proliferation in WT
and Δ32 mice but weaker OT-I proliferation in Wdfy4−/− mice
(Fig. 6, C and D). Lastly, we generated a double knockout of
Δ32 mice and Wdfy4−/− mice (Δ32;Wdfy4−/−), where cDC2 and
monocyte-derived cells develop, and they are all WDFY4 deficient.
This allows us to test whether cDC2 cross-presentation of ICs is
WDFY4 depedent in the absence of cDC1 by it comparing with Δ32
mice. Indeed, Δ32; Wdfy4−/− mice show significantly lower OT-I

proliferation comparedwith Δ32mice after OVA-IC immunization
(Fig. 6, E and F). Together, these results suggest that cDC2, like
cDC1, also utilize WDFY4 for cross-presentation both in vitro and
in vivo when exposed to certain forms of antigen, such as IC.

We previously observed that the cross-presentation of cell-
associated antigen mediated by moDCs did not require WDFY4
(Theisen et al., 2018). We therefore assessed whether cross-
presentation of IC by moDC required WDFY4. However,
in vitro cross-presentation of OVA-IC by moDCs is independent
of WDFY4 at all doses tested (Fig. S5, A and B). These data
strengthen the observation of WDFY4-dependent cross-
presentation in cDCs and suggest that moDCs may use a dif-
ferent cross-presentation pathway from cDC subsets.

Discussion
In this study, we broadened the analysis of in vivo antigen
processing by the distinct cDC1 and cDC2 subsets. Genetic
models lacking cDC1 have shown their importance for in vivo
cross-presentation to CD8+ T cell antigens derived from tumors

Figure 5. Immunization with ICs induces anti-tumor immunity in Irf8 Δ32 mice. (A) WT and Δ32 mice intravenously immunized with CpG + anti-CD40
antibody and either 5 μg of sOVA or OVA-IC. After 5 days, 106 1956-mOVA was implanted subcutaneously, and tumor clearance was measured until day 15.
Data are pooled biologically independent samples from three independent experiments. (B) cDCs were evaluated in spleen and tumor draining LN inWT or Δ32
mice with the indicated conditions of immunization and tumor implantation. Two-color histograms are pregated as B220− CD11c+ MHC-II+ cells. Shown are
two-color histograms for XCR1 and CD172 expression. Numbers are the percentage of cells in the indicated gates. (C) Δ32mice treated with i.p. PBS or i.p. anti-
CD8β antibody to deplete CD8+ T cells. Next day, mice were subcutaneously immunized with CFA and either 5 μg of sOVA or OVA-IC. After 5 days, mice were
subcutaneously implanted with 106 1956-mOVA cells and tumor growth monitored for 15 days. (Left) tumor growth. Data are represented as mean values ± SD
of pooled biologically independent samples from two independent experiments (n = 6 for each genotype). Two-way ANOVA with Tukey’s multiple comparisons
test. ns = not significant; ****P < 0.0001.
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or viruses (Hildner et al., 2008; Durai et al., 2019). However,
these studies did not address whether cDC1 also rely on other
cells for antigen capture, as has been suggested (Ruhland et al.,
2020; Jakubzick et al., 2013, 2017; Rawat et al., 2023). Specifi-
cally, cDC1-deficient mice can demonstrate a requirement for
this subset in a response but cannot determine its sufficiency in
that process or test the potential requirements for cDC2 or
monocytes in acting as accessory cells in transferring antigen to
cDC1. Furthermore, while cDC2 can cross-present antigen cap-
tured as ICs to CD8+ T cells in vitro (den Haan and Bevan, 2002),
testing this capacity in vivo requires genetic models that lack
cDC2. Here, we combined several genetic models to evaluate the
requirement and sufficiency of cDC1 and cDC2 as well as their

reliance on accessory cells in the priming of CD4+ and CD8+

T cells in vivo in response to several forms of antigen.
First, we characterized cDC1- and cDC2-deficient mouse

models to confirm that the remaining cDC subset faithfully re-
flect their respective cDC subset. We confirmed that the tran-
scriptional profiles of cDC1 remaining in Δ1+2+3 mice and cDC2
remaining in Δ32 mice closely align with their counterparts
present in WT mice. These results validate the use of these ge-
netic models for probing the specific roles of cDC1 and cDC2 in a
wide variety of conditions to examine the mechanisms by which
these cells influence immune responses.

We also confirmed previous reports claiming a requirement
for cDC1 in priming CD8+ T cells with cell-associated antigens.

Figure 6. cDC1 and cDC2 cross-presentation of IC is WDFY4 dependent. (A and B) In vitro proliferation of OT-I cultured with cDC1 or cDC2 from WT or
Wdfy4−/− mice and the indicated doses of sOVA (A) or OVA-IC (B). Representative histograms of OT-I proliferation are shown for 3 μg sOVA and 1 μg OVA-IC.
Data are the mean ± SD for technical replicates of three independent experiments. Two-way ANOVA with Tukey’s multiple comparisons test. (C) In vivo OT-I
proliferation in WT, Wdfy4−/−, and Δ32 mice on day 3 after intravenous immunization with 1 μg sOVA or OVA-IC. (D) Frequencies of OT-I proliferation from
mice in C. Data represent mean ± SD of pooled biologically independent samples from two independent experiments (n = 6 for each genotype). (E) In vivo OT-I
proliferation in WT, Wdfy4−/−, Δ32, and Δ32; Wdfy4−/− mice on day 3 after intravenous immunization with 1 μg sOVA or OVA-IC. (F) Frequencies of OT-I
proliferation from mice in E. Data represent mean ± SD of pooled biologically independent samples from two independent experiments (n = 4–6 for each
genotype). Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. ns = not significant; *P < 0.05; **P < 0.01; ****P < 0.0001.
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Using a newly developed Abelson-mOVA tumor model lacking
MHC-I expression, we observed robust OT-I proliferation in
vivo in response to antigen presentation by cDC1, but not cDC2,
suggesting cDC1 are both necessary and sufficient for initiating
CD8+ T cell responses. Apart from cross-presentation, cross-
dressing is an alternative pathway to cross-prime CD8+ T
cells with exogenous antigenwhereby preformed peptide–MHC-
I complexes from a donor cell are transferred directly to APCs
(Chatterjee and Spranger, 2023). Our results with the Abelson-
mOVA model exclude cross-dressing as the responsible mech-
anism for CD8+ T cell priming, since Abelson-mOVA lack
MHC-I expression. Notably, the capacity of cDC1 to prime CD8+

T cells in vivo persisted in the absence of both cDC2 and mon-
ocytes, indicating that cDC1 are autonomously capable of antigen
acquisition and processing of tumor-derived antigens, excluding
previously suggested role of these cells as accessory cells in
transferring antigens to cDC1.

We also extended earlier in vitro studies of antigens deliv-
ered as ICs (Baker et al., 2011; Boross et al., 2014; Ho et al., 2017)
to an in vivo setting where the priming of CD8+ and CD4+ T cells
can be definitively attributed to either cDC1 or cDC2. We find
that both cDC1 and cDC2 are capable of cross-priming OT-I when
immunized with OVA-IC in vivo, suggesting a potential use of
preformed ICs in vaccination to enhance CD8+ T cell responses.
We also tested whether other APCs present in Δ32 mice, such as
macrophages or moDCs, could cross-present OVA-IC to CD8+

T cells. Using β2mfl/fl mice crossedwith Cd11c-Cre+mice, we found
a substantial loss of OT-I T cell proliferation in these mice when
challenged with OVA-IC compared withWT control mice. In some
models of viral infection and some tumors with high levels of type
I IFN secretion, cross-dressing can be amechanism bywhich cDC2
prime CD8+ T cells due to effects of type I IFNs on cDC2 (Smyth
et al., 2012; Bosteels et al., 2020; Duong et al., 2022). Here, in
addition to cross-dressing by type I IFN stimulation, we show that
cDC2 are also able to autonomously process OVA-IC onto MHC-I
and cross-prime CD8+ T cells in vivo, in a manner sufficient to
induce CD8+ T cell responses that can prevent tumor growth.

Another finding of this study is that different forms of OVA
are differentially processed in vivo for presentation by MHC-I
and MHC-II in cDC1 and cDC2. A previous study concluded that
an intrinsic bias by cDC1 and cDC2 governed the OT-I prolifer-
ation in response to anti-DEC205–coupled antigen and OT-II
proliferation to anti-DCIR2–coupled antigen (Dudziak et al.,
2007). These results are compatible with the ability of the re-
ceptor to influence the route of antigen processing indepen-
dently of cell type (Burgdorf et al., 2007; Kamphorst et al., 2010).
For example, cDC1-specific receptor C-type lectin domain family
9 binds to exposed actin filaments from necrotic cells and favors
MHC-I loading (cross-presentation) but is not required for in-
ternalization of antigen or loading of MHC-II from necrotic cells
(Sancho et al., 2009; Ahrens et al., 2012; Zhang et al., 2012). Our
data show that antigen presentation in vivo is influenced not
only by intrinsic biases of cDC1 or cDC2 subsets but also by the
form of antigen. Specifically, cell-associated antigen endows
cDC1 not only withMHC-I processing but also with robustMHC-
II–processing activity. ICs also enable cDC2 to process through
both MHC-I and MHC-II pathways.

Heterogeneity within the cDC2 lineage includes Notch2-
dependent support for Th17 responses (Satpathy et al., 2013)
and Klf4-dependent support for Th2 responses (Tussiwand et al.,
2015), corresponding with recent cDC2A and cDC2B nomencla-
ture (Brown et al., 2019; Rodrigues et al., 2023; Minutti et al.,
2024). A DC subset termed DC3 shares markers with conven-
tional cDC2 but arises from Ly6C+ monocyte-DC progenitors
(Dutertre et al., 2019; Bourdely et al., 2020; Cytlak et al., 2020;
Liu et al., 2023; Rodrigues et al., 2024). Importantly, Δ1+2+3mice
are depleted of all cDC2 and DC3 populations (Fig. S5 C). This
present study did not differentiate the roles of these subsets in
antigen presentation, but thismay be of interest for futurework.

Finally, we extended our understanding of the role of
WDFY4. We observed that cross-presentation of IC was depen-
dent on WDFY4 in both cDC1 and cDC2. This demonstrates an
action of WDFY4 in cDC2 cells, which previously was shown
only in cDC1 for the cross-presentation of cell-associated anti-
gens. This finding was confirmed in WDFY4-deficient mice,
which showed substantially reduced OT-I T cell proliferation in
response to immunization with OVA–antibody complexes, es-
pecially at lower antigen doses. Cross-presentation bymoDCs did
not exhibit a similar dependency on WDFY4, suggesting that
cDCs and moDCs utilize distinct pathways for processing and
presenting complexed antigens. These findings underscore the
importance of WDFY4 in the specialized antigen presentation
functions of conventional DCs and point to potential avenues for
modulating immune responses through targeted manipulation of
this pathway.

Materials and methods
Mice
WT C57BL/6J (B6) (stock no. 000664), C57BL/6-Tg(TcraTcrb)
1100Mb/J (OT-I) (stock no. 003831), C57BL/6Tg(TcraTcrb)
425Cbn/J (OT-II) (stock no. 004194), and B6.SJL-Ptprca Pepcb/
BoyJ (CD45.1) (stock no. 002014) were purchased from The
Jackson Laboratory. OT-I and OT-II mice were bred to CD45.1
mice to produce CD45.1 OT-I and CD45.1 OT-II, respectively.
C57BL/6NFWdfy4em1(IMPC)J/J (Wdfy4−/−) (stock no. 029334)
were generated as a part of KOMP2 project and obtained from
The Jackson Laboratory. Irf8 +32−/− mice (Δ32) (C57BL/6-
Rr253em6Kmm/J, stock no. 032744; The Jackson Laboratory),
which are homozygous for the deletion of the +32 kb Irf8 enhancer
element, were generated in-house and described previously (Durai
et al., 2019). Δ1+2+3 mice (C57BL/6-Rr253em6Kmm/J, stock no.
037704; The Jackson Laboratory), which are homozygous for three
site mutations in the −165 kb zinc-finger E-box–binding homeobox
2 enhancer element, were generated in-house and described pre-
viously (Liu et al., 2022a). Δ32mice were crossed to Δ1+2+3 mice to
generate Δ32; Δ1+2+3 and characterized previously (Liu et al.,
2022a). Mice harboring floxed alleles of β2-microglobulin
(β2mfl/fl) were crossed to Itgax-cre to generate conditional dele-
tion of β2m on CD11c+ cells. MHC-I TKO mice (Kb−/−Db−/−β2m−/−)
were originally provided by T. Hansen (Washington University,
St. Louis, MO, USA) (Lybarger et al., 2003).

All mice were maintained in our specific-pathogen-free fa-
cility on 12-h light cycles and housed at 70°F and 50% humidity,
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in accordance with institutional guidelines as well as with
in vivo experiment procedures approved by the Association
for Assessment and Accreditation of Laboratory Animal Care
International–accredited Animal Studies Committee of Wash-
ington University in St. Louis following relevant ethical
regulations.

Antibodies and flow cytometry
Flow cytometry and cell sorting were completed on an Aurora
flow cytometer (Cytek) or a FACSAria Fusion instrument
(BD). Flow cytometry data were collected using BD Facs-Diva
software and analyzed with FlowJo analysis software. Surface
staining was performed at 4°C in the presence of Fc block
(2.4G2) in magnetic-activated cell-sorting (MACS) buffer (PBS +
0.5% BSA + 2mMEDTA). Biotinylated antibodies as follows were
used to deplete cell population for efficient sort-purification of
BM progenitors, splenic APCs, or OT-I and OT-II T cells. The
following anti-mouse biotinylated antibodies were from Bio-
legend: B220 (RA3-6B2), Ly6G (1A8), CD3Ɛ (145-2C11), CD19 (6D5),
TER119 (TER-119), CD8β (YTS156.7.7), and CD4 (GK1.5) antibodies.
Biotinylated anti-mouse CD105 antibody (MJ7/18) was obtained
from Invitrogen. BV650-conjugated streptavidin (405231) is from
BioLegend. For fluorochrome-conjugated antibodies, the following
anti-mouse antibodies are from BioLegend: AF488- and BV785-
conjugated B220 (RA36B2; 103225 and 103246), AF647-conjugated
Siglec H (551; 129608), BV510-conjugated I-A/E (M5/114.15.2;
100752), PE- and BV421-conjugated XCR1 (ZET; 148204 and 148216),
PE-Cy7–conjugated CD24 (M1/69; 138508), APC-Cy7–conjugated
Sirpα (P84; 110716), BV605- and BV510-conjugated CD8α (53-6.7;
100751 and 100752), APC-Cy7–conjugated CD45.1 (A20; 110716),
PE-Cy7–conjugated CD45.2 (104; 109814), BV421-conjugated
H-2Kb (AF6–88.5; 116525), PE-conjugated H-2Db (KH95;
111508), PE-conjugated Vα2 (B20.1; 127808), APC-conjugated
CD44 (IM7; 103028 and), PerCP-Cy5.5–conjugated CD62L
(MEL14; 104432), FITC-conjugated CD3Ɛ (145-2C11; 100306),
FITC-conjugated CD11b (M1/70; 101206), BV711-conjugated
CD4 (GK1.5; 100447), AF700-conjugated F4/80 (BM8, 123130),
BV421-conjugated Ly6C (HK1.4; 128032), BV711-conjugated CD115/
CSF-1R (AFS98; 135515), and APC-conjugated CD226 (10E5; 128810).
The following anti-mouse antibodies are from BD Biosciences:
BUV395-conjugated CD45R/B220 (RA3-6B2), BUV395-conjugated
cKit (2B8), and PE-CF594–conjugated Flt3 (A2F10.1). The following
anti-mouse antibodies are from Invitrogen: APC-eF780–conjugated
CD44 (IM7), PE-Cy7–conjugated MerTK (DS5MMER), APC-
eF780–conjugated CD11c (N418), and PerCP-ef710–conjugated
Sirpα (P84).

Cell sorting
Naive OT-I cells were sorted from LNs and spleens of CD45.1 OT-
I mice, as B220− CD45.1+CD4−CD8+ Vα2+ CD44− CD62L−. Naive
OT-II cells were sorted from the spleen of CD45.1 OT-II mice, as
B220− CD45.1+CD4+CD8− Vα2+ CD44− CD62L−. cKit+ BM pro-
genitors were sorted as lineage− (CD3e, CD19, CD105, CD127,
TER-119, Ly-6G, and B220) CD117+. Splenic and FMS-like tyrosine ki-
nase 3 ligand (Flt3L) DCs were sorted as B220−MHC-II+CD11c+

XCR1+CD172α− (cDC1) and B220−MHC-II+CD11c+XCR1−CD172α+ (cDC2).
Macrophage/moDCs from the spleen were sorted as B220−MerTK+.

Monocytes from the spleen were sorted as B220−MHC-
II−CD11b+CD115+Ly6C+.

DC preparation
For splenic DCs, spleens wereminced and digested with 30 U/ml
of DNase I (Sigma-Aldrich) and 250 μg/ml of collagenase B
(Roche) in complete IMDM (Iscove’s modified Dulbecco’s me-
dium with 2ME, non-essential amino acids, glutamine, penicil-
lin/streptomycin, and 10% FBS) (I10F) for 30–45 min at 37°C
with stirring. After digestion, single-cell suspension was passed
through 70-μm strainers, and RBCs were lysed with ammonium
chloride–potassium bicarbonate (ACK) lysis buffer. Cells were
depleted of CD3e-, CD19-, TER-119–, Ly-6G–, and B220-
expressing (lineage+) cells by incubating with the correspond-
ing biotinylated antibodies, followed by depletion with
MagniSort Streptavidin Negative Selection Beads (Thermo
Fisher Scientific).

For in vitro Flt3L-cultured DCs, tibias, femurs, and hips from
mice were crushed into I10F to harvest BM cells. After RBC lysis
using ACK lysis buffer, cells were depleted of CD3e-, CD19-,
CD105-, CD127- TER-119–, Ly-6G–, and B220-expressing (line-
age+) cells by incubating with the corresponding biotinylated
antibodies, followed by depletion with MagniSort Streptavidin
Negative Selection Beads (Thermo Fisher Scientific). cKit+ BM
progenitors were sorted and cultured in I10F with 5% Flt3L-
conditioned medium at 37°C. After 8 days, loosely adherent
cells were harvested by pipetting.

Antigen preparation
sOVA was purchased from Worthington Biochemical Corpora-
tion and dissolved in PBS (1 mg/ml). OVA-IC was prepared as
described previously (den Haan and Bevan, 2002). Briefly,
Rabbit anti-OVA polyclonal IgG (Sigma-Aldrich) and sOVA were
mixed at a concentration of 0.38 mg/ml OVA and 1.49 mg/ml
anti-OVA in PBS and incubated for 30 min at 37°C.

For Abelson-mOVA, BM cells from MHC-I TKO (Kb−/−

Db−/−β2m−/−) mice were harvested and transformed with
Abelson murine leukemia virus (a gift from Barry Sleckman,
University of Alabama at Birmingham, AL, USA). Abelson
murine leukemia virus–transformed cell lines were then ret-
rovirally transduced with MSCV-mOVA-IRES-Thy1.1 vector
(Theisen et al., 2019) containing membrane OVA construct and
sorted for Thy1.1+ populations (Abelson-mOVA). Individual
clones of Abelson-mOVA were generated by limited dilution
cloning. Freeze-thawed Abelson-mOVA was used as a necrotic
tumor antigen to standardize antigen quantity without growth.
Briefly, 2 × 106 Abelson-mOVA cells were pelleted by centrif-
ugation. After removing supernatant, cell pellet was quickly
frozen at liquid nitrogen for 2 min and subsequently thawed at
37°C water bath for 2 min. The freeze-thaw cycles were re-
peated total of three times, and cell pellets were stored at −20°C
until used. For antibody-coated Abelson-mOVA, freeze-thawed
Abelson-mOVA cells were incubated with 1.49 mg/ml anti-OVA
in PBS and incubated for 30 min at 37°C.

HKLM-OVA (a gift from H. Shen, University of Pennsylvania,
Philadelphia, PA, USA) was prepared as previously described
(Kretzer et al., 2016).
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In vitro and in vivo antigen presentation assays
LNs and spleens from CD45.1 OT-I mice or CD45.1 OT-II mice
were harvested and made into single-cell suspensions with
mechanical separation followed by passing through 70-um
strainers. After RBC removal using ACK lysis buffer, cells were
depleted of TER-119–, I-A/E–, Ly-6G–, and B220-expressing cells
by incubating with the corresponding biotinylated antibodies
for 20 min at 4°C, followed by depletion with MagniSort
Streptavidin Negative Selection Beads (Thermo Fisher Scien-
tific). Naive OT-I or OT-II cells were sorted and labeled with cell
trace violet (CTV) proliferation dyes (Thermo Fisher Scientific).

For in vitro cross-presentation assays, 2.5 × 104 CTV-labeled
OT-I were co-cultured with sorted 1 × 104 cDC1, cDC2, monocyte,
or macrophage/moDC without antigen or with 2.5 × 104 freeze-
thawed Abelson-mOVA, 1 × 108 colony-forming units of HKLM-
mOVA, or 100 μg/ml of sOVA, in a well of U-bottom 96-well
plates. 3 days later, cells were washed with MACS buffer and
analyzed for their CTV dilution and CD44 expression.

For in vivo antigen presentation assays, 5 × 105 CTV-labeled
OT-I or OT-II cells were intravenously transferred into mice.
3 days later, spleens were harvested and depleted of RBC by ACK
lysis, and CD45.1+ OT-I or OT-II cells were analyzed for their
CTV dilution and CD44 expression.

CD8+ T cell tetramer staining
Spleens were minced, and single-cell suspension was passed
through 70-μm strainers. After RBC lysis with ACK lysis buffer,
cells were resuspended in MACS buffer. After cell counting by
ViCell, 3–5 × 106 splenocytes were used for staining. APC- and
PE-conjugated H-2Kb chicken OVA 257–264 SIINFEKL tetramers
(National Institutes of Health Tetramer Core Facility) were
added to the cells at a concentration of 1:100 in 10% Fc block
(2.4g2) in MACS buffer and incubated at 37°C for 15 min. Sub-
sequently, antibodies for surface staining were added without
washing and incubated at 4°C for 30 min.

Tumor experiments
1956-mOVA was derived from the methylcholanthrene-induced
fibrosarcoma 1956 tumor (a gift from Robert Schreiber, Wash-
ington University School of Medicine, St. Louis, MO, USA), as
previously described (Theisen et al., 2019). It was generated in a
female C57BL/6 mouse, tested for mycoplasma, and banked at low
passage as previously described (Matsushita et al., 2012). Tumor
cells derived from frozen stocks were propagated for 4–6 days
in vitro with one intervening passage in RPMI media supple-
mentedwith 2ME, NEAA, glutamine, penicillin/streptomycin, and
10% FBS (R10F). On the day of injection, cells were harvested by
trypsinization, washed three timeswith PBS, and resuspended at a
density of 6.67 × 106 cells/ml. Mice were subcutaneously injected
into the shaved flank with 106 cells. Tumor growth was measured
every 3–5 days with a caliper. Two perpendicular diameters of
tumormass weremeasured andmultiplied to calculate tumor area
(mm2). In accordance with our Institutional Animal Care and Use
Committee–approved protocol, maximal tumor diameter was 20
mm, and in no experiments was this limit exceeded.

For immunization with CpG and anti-CD40 antibody per
mouse, 5 μg of sOVA alone or preformed OVA-IC with 5 μg of

sOVA, as described in “Antigen preparation,” was mixed with
50 μg of CpG ODN1668 (Invivogen) and 100 μg of agonistic anti-
CD40 antibody (clone FGK45; Leinco) into 150 μl injection in
PBS. After 5 days, mice were subcutaneously injected into the
shaved flank with 106 1956-mOVA in PBS. Tumor growth was
measured every 3–5 days with a caliper. For immunization with
CFA per mouse, 5 μg of sOVA alone or preformed OVA-IC with
5 μg of sOVA in 50 μl PBS was mixed with 50 μl of CFA (Becton
Dickinson) and emulsified by vortex for 45 min. Mice were
subcutaneously injected into the shaved flank with a 100 μl
injection volume. After 5 days, mice were subcutaneously in-
jected into the contralateral shaved flankwith 106 1956-mOVA in
PBS. Tumor growth was measured every 3–5 days with a caliper.

For CD8+ T cell depletion, 200 μg of anti-mouse CD8b.2 an-
tibody (clone 53–5.8; Leinco) was i.p. injected into mice. After
1 day, CD8+ T cell depletion with <1% of remaining population
was confirmed by cheek or tail bleeding and used for tumor
experiments.

RRV infection experiment
9-week-old female WT and Δ32 mice were intravenously
transferred 5 × 105 CTV-labeled OT-I cells, and, 24 h later, in-
oculated subcutaneously in the rear footpad with 103 focus-
forming units of RRV (T48 strain) (Kuhn et al., 1991). 1 day after
infection, 5 × 105 Abelson-mOVA cells were intravenously trans-
ferred. 4 days after infection, spleens and popliteal LNs were
harvested and analyzed for DC populations and OT-I proliferation
by flow cytometry.

Statistics
Statistical analyses were conducted using GraphPad Prism
software version 10. All indicated center values indicate the
mean, and all error bars correspond to the SDs unless otherwise
specified. For groups that are not assumed to have equal var-
iances, Welch and Brown–Forsythe one-way ANOVA was used.

RNA-seq and data analysis
Splenic cDC1s and cDC2s were sort purified as in “Dendritic cell
preparation.” Total RNA integrity was determined by Agilent
Bioanalyzer or 4200 Tapestation. Libraries were prepared with
10 ng of total RNA using a Bioanalyzer RNA integrity number
(RIN) score >8.0. Double stranded complementary DNA prepa-
ration was done by the SMARTer Ultra Low RNA kit for Illumina
Sequencing (Takara-Clontech) as per the manufacturer’s pro-
tocol and sequenced on an Illumina NovaSeq X Plus using
paired-end reads extending 150 bases. Basecalls and demulti-
plexing were performed using Illumina’s bcl2fastq software
with a maximum of one mismatch in the indexing read.

RNA-seq reads were then aligned to the Ensembl release 101
primary assembly with STAR version 2.7.9a1. Gene counts were
derived from the number of uniquely aligned unambiguous reads by
Subread:featureCount version 2.0.32. Isoform expression of known
Ensembl transcripts was quantified with Salmon version 1.5.23.

Online supplemental material
Fig. S1 compares the frequencies of cDCs and their progenitors in
WT, Δ32, and Δ1+2+3 mice. Fig S2 shows the cross-presentation
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of various forms of antigens by cDC1 versus cDC2. Fig S3 validates
the selective depletion of MHC-I on cDCs from Cd11c-Cre; β2mfl/fl

mice. Fig S4 shows that immunization with ICs induces anti-tumor
immunity in Δ32 mice. Fig S5 shows that WDFY4 is dispensable for
in vitro cross-presentation of ICs by macrophage/moDCs.

Data availability
The RNA-seq data underlying Fig. 1 is openly available in the
National Center for Biotechnology Information Gene Expression
Omnibus database with the accession number GSE268380. All
data in this study are available in the published article and its
supplemental materials.
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Supplemental material

Figure S1. Comparison of cDC1 and cDC2 in Δ32 and Δ1+2+3mice. (A and B) Representative flow plots (A) and frequencies (B) of splenic cDC1 and cDC2 in
WT, Δ32, and Δ1+2+3mice. (C and D) Representative flow plots (C) and frequencies (D) of BM cDC progenitors in WT, Δ32, and Δ1+2+3mice. Numbers are the
percentage of cells in the indicated gates. Data are mean ± SD of pooled biologically independent samples from two independent experiments (n = 7 in B and
n = 4 in D). (B and D) Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. ns = not significant; *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
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Figure S2. IC antigens are efficiently cross-presented in vivo by both cDC1 and cDC2. (A) In vitro proliferation of OT-I cultured with 1.25 × 104 cDC1 or
cDC2 generated from BM in the presence of Flt3L, either alone or with 2.5 × 104 Abelson-mOVA cells, 108 HKLM-OVA, or sOVA (100 μg/ml). Numbers represent
the percent of cells in the indicated gates. (B) Percent OT-I proliferation from A averaged for two independent experiments. Multiple t tests. (C and D)WT and
Δ32 mice were injected with OT-I and immunized with Abelson-mOVA 1 day after RRV infection. 3 days later, spleen and draining inguinal LN were analyzed for
DCs and OT-I populations. Data are the mean ± SD for technical replicates of two independent experiments. Two-way ANOVA with Tukey’s multiple com-
parisons test. (C) Percentage of live CD11c+ MHCII+ MAR-1+ CD64+ cells in popliteal LN (left) and in spleen (right). (D) Percentage OT-I proliferation in spleen.
(E) Percentage (left) and the representative plots (right) of IgG+ Abelson-mOVA after preincubation either with isotype IgG or with anti-OVA IgG from two
independent experiments. Unpaired t test. (F) Representative plot of Fig. 2 E. (G) Frequency of proliferating OT-I cells from Fig. 1, D and E shown as a
percentage of total splenocytes. (H) Frequency of proliferating OT-1 cells from Fig. 2, A and B shown as a percentage of total splenocytes. (I) Frequency of
proliferating OT-II cells from Fig. 4, A and B shown as a percentage of total splenocytes. (J) Frequency of proliferating OT-II cells from Fig. 4, C and D shown as a
percentage of total splenocytes. (F and H) Brown–Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. (G and I) Two-way ANOVA with
Tukey’s multiple comparisons test. ns = not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. MAR-1: FceR1 α monoclonal antibody.
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Figure S3. Cd11c-Cre; β2mfl/fl mice selectively lack MHC-I on cDC1 and cDC2. (A–G) Splenocytes fromWT, MHC-I TKO (Kb−/− Db−/− β2m−/−), β2mfl/fl, and
Cd11c-Cre+; β2mfl/fl mice were analyzed for surface expression of H-2Kb (A–F) or of H2-Kd (G). Shown are histograms and frequency of Kb+ cells for B cells (A),
pDCs (B), macrophage/moDCs (C), total cDCs (D), cDC1s (E), and cDC2s (F). Data represent mean of pooled biologically independent samples (n = 2–3 for each
genotype). Unpaired t test. (H) In vivo proliferation of OT-I and OT-II in WT or MHC-I TKO mice 3 days after intravenous immunization with the indicated dose
of sOVA or OVA-IC. Data shown are from one representative experiment of two independent experiments with similar results. Ordinary two-way ANOVA. (I) In
vivo OT-I proliferation in WT, Δ32, and Δ1+2+3 mice in response to low dose OVA-IC (0.3 μg per mouse.) Data are represented as mean values ± SD of pooled
biologically independent samples from two independent experiments. Two-way ANOVA with Sidak’s multiple comparisons test. ns = not significant; *P < 0.05;
**P < 0.01.
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Figure S4. Immunization with ICs induces anti-tumor immunity in Irf8 Δ32 mice. (A) Tumor growth from Fig. 5 A. (B) CD4+ and CD8α+ T cells were
evaluated in peripheral blood before (day −1) or 1 day after (day 0) i.p. administration of 100 μg anti-CD8β antibody. Lymphocytes were pregated as CD3+

CD11c− cells. Data shown are representative flow plots from two independent experiments.
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Figure S5. Wdfy4 is dispensable for in vitro cross-presentation of IC by macrophage/moDCs. (A) In vitro proliferation of OT-I cultured for 3 days with
macrophage/moDCs or cDC2 fromWT andWdfy4−/−mice and the indicated dose of OVA-IC. (B) Frequency of OT-I proliferation from A. Data represent mean ±
SEM of two independent experiments. Two-way ANOVA with Sidak’s multiple comparisons test. (C) Gating strategy (left) and the percentage in spleen (right)
for cDC2a, cDC2b, and DC3s from spleen of WT or Δ1+2+3 mice. Pregated on live B220− CD11c+ MHC-II+ population. Data are represented as mean values ± SD
combined from two independent experiments. Multiple t tests. ns = not significant; *P < 0.05; **P < 0.01; ***P < 0.001. (D) Graphical abstract.
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