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Summary

Antigen cross-presentation, wherein dendritic cells (DC) present exogenous antigen on major
histocompatibility class | (MHC-1) molecules, is considered the primary mechanism by which
DCs initiate tumor-specific CD8* T cell responses. Here, we demonstrate that MHC-1 cross-
dressing, an antigen presentation pathway in which DCs acquire and display intact tumor-derived
peptide:MHC-I molecules, is also important in orchestrating anti-tumor immunity. Cancer cell
MHC-1 expression was required for optimal CD8* T cell activation in two subcutaneous tumor
models. /n vivo acquisition of tumor-derived peptide:MHC-I molecules by DCs was sufficient
to induce antigen-specific CD8" T cell priming. Transfer of tumor-derived human leukocyte
antigen (HLA) molecules to myeloid cells was detected /n vifro and in human tumor xenografts.
In conclusion, MHC-I cross-dressing is crucial for anti-tumor CD8* T cell priming by DCs. In
addition to quantitatively enhancing tumor antigen presentation, MHC cross-dressing might also
enable DCs to more faithfully and efficiently mirror the cancer cell peptidome.

eTOC blurb

Although antigen cross-presentation is important for DCs to orchestrate anti-tumor CD8* T cell
responses, the role of alternative antigen presentation pathways is unclear. MacNabb et al show
that CD8* T cell priming can be mediated by DCs that acquire and present tumor-derived MHC-I
complexes — a phenomenon known as MHC cross-dressing.
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Introduction

The anti-tumor immune response has been intensely studied over the past several decades
(Vesely et al., 2011), leading to the development and widespread administration of cancer
immunotherapies in the clinic (Baumeister et al., 2016; Waldman et al., 2020) However,
cancer immunotherapy is not universally effective (Dougan et al., 2019), and progress is
hindered by persisting gaps in our understanding of the fundamental mechanisms required
for the orchestration of effective anti-cancer immune responses, particularly at the level of
early T cell priming. While the mechanisms by which CD8* T cells are primed against
human cancers remain unclear, murine models have provided critical insights into these
questions. Recently, the professional antigen presenting cells (APCs) involved in anti-tumor
T cell priming have been identified (Roberts et al., 2016; Salmon et al., 2016); however,
the specific pathways utilized by these APCs to acquire and present tumor antigens /7 vivo
remain incompletely defined.

Migratory CD103* and CD11b* dendritic cells (DCs) exist in tissues throughout the body,
constitutively acquiring proteins from surrounding cells before trafficking to draining lymph
nodes, where they present derivative peptide antigens to T cells in the context of MHC
molecules (Merad et al., 2013; Worbs et al., 2017). Migratory DCs within tumors similarly
acquire and subsequently present cancer cell-derived antigens to T cells in tumor-draining
lymph nodes (tdLNs) (Wculek et al., 2020). Recent evidence indicates that tumor antigens
are exclusively transported to tdLNs by migratory CD103* DCs (Ruhland et al., 2020;
Salmon et al., 2016), and that these DCs are primarily responsible for anti-tumor CD8* T
cell priming /in vivo (Roberts et al., 2016; Salmon et al., 2016). Migratory CD103* DCs,
along with lymph node resident CD8a* DCs, comprise the BATF3- and IRF8-dependent
conventional type 1 DC (cDC1) lineage (Anderson et al., 2021; Edelson et al., 2010; Hildner
et al., 2008). Because antigen cross-presentation is a canonical function of cDC1 (Dudziak
et al., 2007; Hildner et al., 2008), and because humerous studies have demonstrated a
requirement for cDC1 in the activation of anti-tumor CD8" T cell responses (Fuertes et al.,
2011; Hildner et al., 2008; Wculek et al., 2020), prevailing thought is that tumor-specific
CD8™ T cells are primed exclusively through antigen cross-presentation (Lee et al., 2020;
Sanchez-Paulete et al., 2017).

However, an alternative antigen presentation mechanism has been described, in which

DCs acquire and present intact peptide:MHC (pMHC) complexes captured directly from
neighboring cells (André et al., 2004; Dolan et al., 2006; Herrera et al., 2004; Russo et

al., 2000; Wolfers et al., 2001). This phenomenon, known as MHC cross-dressing, has
been implicated in antigen presentation in various contexts ranging from viral infection
(Wakim and Bevan, 2011) and vaccination (Li et al., 2012) to thymic selection (Koble and
Kyewski, 2009; Kroger et al., 2017; Perry et al., 2018), graft rejection (Liu et al., 2016),
and peripheral tolerance to maternal microchimerism (Bracamonte-Baran et al., 2017). By
necessity, conclusions regarding the role of MHC cross-dressing in antigen presentation by
DCs have largely arisen from /n vitro studies and /in vivo models of MHC-mismatched bone
marrow chimeric mice (Dolan et al., 2006; Koble and Kyewski, 2009; Wakim and Bevan,
2011) or solid organ transplantation (Liu et al., 2016), due to difficulty in controlling for
cross-presentation without entirely ablating antigen presentation on MHC-I. Indeed, while
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MHC cross-dressing by DCs is sufficient to induce T cell priming in various contexts, the
necessity of this antigen presentation pathway in mediating /7 vivo T cell activation has
never been conclusively demonstrated in syngeneic hosts.

In this study, we employed two syngeneic murine tumor models expressing distinct model
antigens presented in the context of the MHC-I molecule, H-2KP (KP), in order to determine
the extent to which MHC-I cross-dressing was involved in antigen-specific CD8* T cell
priming. While the magnitude of the effect varied, CD8" T cell priming against KP-restricted
tumor antigens was impaired in mice harboring K2~ tumors, despite the cross-presentation
pathway being fully intact. Furthermore, cancer cell-derived MHC-I molecules were readily
observed within and on the surface of tumor-resident APCs, and MHC-I-deficient CD103*
cDC1 isolated from tdL.Ns of mice bearing KP-sufficient tumors stimulated antigen-specific
CDS8™ T cells ex vivo. The importance of WDFY4-dependent antigen cross-presentation
(Theisen et al., 2018) in mediating anti-tumor CD8" T cell responses differed across
experimental models, but in some cases was dispensable for 7 vivo CD8* T cell priming.
Finally, we observed that APCs became cross-dressed with human leukocyte antigen class

I (HLA-I) molecules upon co-culture with HLA-mismatched tumor cells, and in tumors
xenografted in immunodeficient mice. Acquisition of tumor cell-derived HLA-I molecules
correlated with uptake of tumor antigens /n vitro. Similarly, APCs isolated from murine
tumors acquired both tumor-derived MHC-I and fluorescent antigen /n vivo, suggesting that
MHC-I cross-dressing and internalization of tumor material may be linked processes. Taken
together, our results demonstrate that MHC-I cross-dressing is central to the ability of cDC1
to orchestrate anti-tumor CD8* T cell responses.

Loss of H-2KP does not impact model antigen expression in cancer cells.

In order to define the impact of cancer cell MHC-I expression on anti-tumor CD8" T cell
priming, two tumor models were utilized, C1498 leukemia and B16.F10 melanoma (both
H-2b). These models were selected due to differences in cell of origin and baseline MHC-I
expression, and both have been extensively characterized, with well-established growth
Kinetics in syngeneic C57BL/6 mice (LaBelle et al., 2002; Overwijk and Restifo, 2000).
Moreover, the timing and magnitude of endogenous antigen-specific CD8* T cell responses
raised against these tumors have been defined (Kline et al., 2008; Zhang et al., 2013). To
facilitate tracking of tumor antigen-specific CD8* T cell responses, C1498 cells expressing
a KP-restricted model peptide antigen, SIYRYYGL (S1Y) (Kline et al., 2018; Zhang et

al., 2013), and B16.F10 cells expressing the C-terminal domain (amino acids 161-385) of
chicken ovalbumin (OVA), including its derivative KP-restricted peptide antigen, SIINFEKL
(OVA,57_264) (de Witte et al., 2006), were employed. KP-deficient (K?~/-) parental C1498,
C1498.S1Y and B16.0VA cell lines were generated (Figure 1A-C), which allowed for a
direct comparison of antigen-specific CD8* T cell priming in mice bearing KZ*/* versus
K7~ tumors. Additionally, K° was re-expressed in C1498 K7/~ cells (C1498 KbAda-back.
K?AB) with a C-terminal eGFP tag (Hein et al., 2014), so that the localization of tumor-
derived KP molecules could be assessed within host APCs (Figure 1A).
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In C1498.S1Y cells, the SIY peptide was expressed in-frame at the C-terminus of

eGFP, which allowed for monitoring of SIY antigen expression (eGFP fluorescence), and
for assessing uptake of C1498.SIY-derived proteins by tumor-resident APC populations.
Importantly, SI'Y-eGFP expression in C1498.51Y K?*/* and C1498.S1Y K%/~ cells was
similar, indicating that K deletion did not affect overall SIY antigen expression (Figure
1B). Additionally, bone marrow-derived dendritic cells (BMDCs) cultured with C1498.SIY
K+ or C1498.S1Y K/~ cell lysates were similarly capable of presenting SIY to antigen-
specific, T cell receptor transgenic (TCR-tg) 2C CD8* T cells /n vitro (Figure 1D). As
expected, subcutaneously (s.c.) implanted C1498.S1Y A%/~ tumors progressed more rapidly
than C1498.S1Y K?** tumors in C57BL/6 mice (Figure 1E), as the former could not be
directly targeted for lysis by CD8" T cells specific for KP-restricted antigens. Conversely,
C1498.S1Y K?** and C1498.S1Y K?~/~ tumors exhibited similar growth in RagZ”/~ mice
(Figure 1F), indicating that growth rate differences between K2/~ and K?*/* C1498.51Y
tumors in C57BL/6 mice were due to impaired effector responses by adaptive immune cells
in the absence of cancer cell K? expression.

Consistent with observations in C1498 cells, KP deficiency did not affect OVA antigen
expression in B16.F10 cells, as evidenced by equivalent /n vitro activation of OVA57_o64-
specific TCR-tg OT-1 CD8* T cells by BMDCs cultured with B16.OVA K?*/* versus
B16.OVA K7~ cell lysates (Figure 1G). B16.OVA K?~/~ tumors also grew more rapidly
than B16.OVA K?** tumors in C57BL/6 mice (Figure 1H), while again, the two tumors
grew similarly in Rag2~~ mice (Figure 11). As expected, paraformaldehyde-fixed APCs
presented neither C1498-derived S1Y nor B16.F10-derived SIINFEKL in vitro (Figure 1J—-
K). Thus, we generated two tumor models with different baseline MHC-I expression and
distinct KP-restricted antigens in which to assess the role of cancer cell-derived MHC-1 in
anti-tumor CD8" T cell priming.

CD8* T cell priming against C1498.SlY tumors is dependent on cancer cell MHC-I

expression

The degree to which MHC-1 expression by cancer cells affected antigen-specific CD8*

T cell priming in tdLNs was determined by assessing the expansion of CellTrace violet
(CTV)-labeled, adoptively transferred 2C CD8" T cells six days following s.c. inoculation
of C1498.S1Y K?*/* or C1498.SIY K?~/~ cells in congenic C57BL/6 hosts (Figure 2A). In
tdLNs of mice bearing C1498.S1Y K?** tumors, 2C T cells proliferated extensively and
accumulated both in terms of overall number and as a proportion of all tdLN CD8* T
cells (Figure 2B-E). In contrast, 2C T cell priming was almost completely abrogated in
tdLNs of mice with C1498.S1Y A%/~ tumors, where 2C T cell frequencies and numbers
were similar to those in analogous cutaneous lymph nodes (cLN) of tumor-free controls
(Figure 2B—E). Additionally, 2C T cells that proliferated in response to C1498.S1Y KZ*/*
tumors also produced the effector cytokines IFN-y and TNF-a, as well as the cytolytic
protein, granzyme B (Figure 2F—1). Thus, expression of KP by C1498.SIY cells is required
for functional 2C T cell priming.

A similar experiment was performed in which CTV-labeled OT-1 CD8" T cells were
transferred into congenic C57BL/6 host mice challenged s.c. with B16.OVA K?*/* or
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K= cells the following day (Figure 2J). By day six, OT-I T cells proliferated and
expanded in tdLNs of mice with B16.OVA tumors regardless of K? expression, although

a non-statistically significant reduction in priming was observed in mice bearing B16.0VA
K%~ tumors (Figure 2K—-N).

We next sought to determine the impact of cancer cell MHC-I expression on endogenous
anti-tumor CD8" T cell activation. C57BL/6 mice received C1498.S1Y K?*/* or K&/~

cells, and numbers of antigen-specific, tdLN CD8" T cells were measured by KP:SI'Y
pentamer staining six days later. Consistent with observations in TCR-tg adoptive transfer
experiments, endogenous SIY-specific CD8" T cells expanded in response to C1498.51Y
K?** tumors, while numbers of SIY-specific CD8" T cells recovered from tdLNs of mice
bearing C1498.S1Y K%/~ tumors were comparable to those from analogous cLNs of tumor-
free controls (Figure 3A and B). Furthermore, numbers of functional, SIY antigen-specific
T cells, as measured by IFN-y ELISpot, were significantly reduced in tdLNs of mice with
C1498.S1Y K~ tumors (Figure 3C).

To verify that tumor-derived KP molecules were required specifically at the level of CD8* T
cell priming, and that diminished CD8* T cell activation against K2~ tumors had functional
consequences regarding control of tumor growth, we performed an experiment in which the
priming and effector phases of the anti-tumor CD8"* T cell response were uncoupled. CD8*
T cells were isolated from tdLNs of mice six days post injection (d.p.i.) of C1498.SY K+
or K= cells, such that initial priming occurred against a KP-sufficient or -deficient tumor.
CD8* T cells were also isolated from analogous cLNs of tumor-free controls. Equal numbers
of CD8™ T cells were then transferred into cohorts of naive C57BL/6 mice subsequently
challenged with C1498.S1Y K?*/* cells (Figure 3D). Adoptive transfer of CD8* T cells
initially primed against a KP-sufficient tumor provided superior control of C1498.S1Y K&*/*
tumors in secondary recipients compared with CD8* T cells initially primed against a
Kb-deficient tumor, which provided no greater protection than did CD8* T cells transferred
from cLLN of tumor-free mice (Figure 3E). Thus, KP expression by C1498.SIY tumor cells is
required for early priming of functional SIY-specific CD8* T cell responses.

To determine the role of tumor-derived MHC-I in endogenous CD8* T cell priming in a
second model, C57BL/6 mice were inoculated with B16.OVA K?*/* or B16.OVA K7/~
cells, and OVA,57_se4-specific, tdLN CD8™ T cell responses were analyzed at six d.p.i.
KP:OVA,57_264 pentamer staining revealed expansion of endogenous antigen-specific CD8*
T cells in tdLNs of mice bearing B16.OVA K?*/* tumors, and that this expansion was
significantly reduced in mice bearing B16.OVA K%/~ tumors (Figure 3F and G). This result
contrasts with those in Figure 2K-N, in which OT-1 CD8* T cell priming largely occurred
independently of KP expression by B16.0VA cells, likely because OT-1 CD8* T cells are
not representative of the overall pool of endogenous OVA;57_o64-specific CD8* T cells,
which have varying affinities for KP:OVA257_264 (Schober et al., 2020). Additionally, while
endogenous OVAys57_s64-specific CD8* T cell priming was reduced against K2/~ B16.0VA
tumors, it was not completely abrogated as was SIY-specific CD8* T cell priming against
C1498.S1Y K%~ tumors. Together, these results highlight the differential impact of cancer
cell KP expression on anti-tumor CD8" T cell responses mounted against KP-restricted
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antigens in distinct tumor models. Nevertheless, K? expression by cancer cells is required for
optimal endogenous CD8* T cell priming against in both tumor models.

Tumor-resident DCs acquire and present cancer cell-derived MHC-I

DCs have been shown to present exogenous MHC-1 molecules in MHC-mismatched
models of /in vivotransplantation (Herrera et al., 2004; Liu et al., 2016) and maternal
microchimerism (Bracamonte-Baran et al., 2017), as well as /in7 vitro models (Dolan et

al., 2006; Kroger et al., 2017; Russo et al., 2000; Wolfers et al., 2001). The above data
suggest that MHC-1 transfer between cancer cells and APCs occurs in the syngeneic tumor
context as well. To determine the extent to which cancer cell-derived MHC-I molecules were
acquired by tumor-resident APCs, C1498 KZ**, Kb-I=) or KPAB cells were inoculated into
MHC-I-deficient (K2~ DY) mice. Figure 4A shows the flow cytometry gating strategy
utilized to identify tumor-resident macrophage and DC populations. Anti-KP cell surface
staining revealed that DC and macrophage populations isolated from C1498 K?*/* and
K?AB tumors had broadly acquired cancer cell-derived KP molecules to a similar degree
(Figure 4B—F). Further, C1498 cell-derived KP molecules were not detected on K/~ Db/~
tumor infiltrating T cells (Figure 4D), indicating that acquisition of tumor-derived MHC-I
molecules was restricted to phagocytic cells. However, C1498-derived KP molecules were
not detectable on migratory or resident APC populations in tdLNs (Supplemental Figure
S1A and B), likely due to limited sensitivity of conventional flow cytometric analysis.

To assess the localization of C1498-derived KP molecules on or within APCs, and to

verify that the presentation of C1498-derived KP molecules by APCs was not an artefact
resulting from the absence of endogenous MHC-1 in K%/~ D%/~ mice, over 4,000 CD11c*
MHC-I1* cells from C1498 K%AB tumors engrafted in 12 C57BL/6 hosts were visualized
using ImageStream cytometry (Figure 4G). Here, most APCs from C1498 K?A5 tumors had
internalized KP-eGFP molecules, and only a small subset displayed Kb-eGFP exclusively
at the cell membrane (Figure 4H), suggesting that MHC-I cross-dressing may be associated
with tumor antigen uptake. Importantly, eGFP fluorescence was absent in CD11¢* MHC-
[1* cells isolated from control C1498 K?*/* tumors lacking eGFP expression, and eGFP
fluorescence in CD11c* MHC-II* cells isolated from C1498.S1Y A?** tumors was almost
exclusively classified as internal in a system in which any acquired eGFP fluorescence must
be internal (Figure 4H).

To test the hypothesis that MHC-1 cross-dressing and tumor antigen uptake may be

linked processes, C1498.S1Y K?*/* or K&/~ tumors were raised in K2/~ D/~ mice, and
tumor-resident APCs were analyzed by imaging flow cytometry for acquisition of tumor
antigen (SI'Y-eGFP) and cancer cell-derived KP using an intracellular anti-KP antibody stain.
Here, APCs that acquired cancer cell-derived MHC-I molecules had also internalized the
model tumor antigen SI'Y-eGFP (Supplemental Figure S2A and B), often with at least

some colocalization in fluorescent signal between SIY-eGFP and internalized KP molecules.
These results demonstrate that APCs acquire C1498-derived MHC-I molecules in the tumor
environment and suggest that this MHC-1 cross-dressing is correlated with—and might
occur through—tumor antigen uptake.
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Attempts to replicate these results in the B16.0VA model were hindered by very low K
expression on B16 cells /nvitro (Figure 1C; Béhm et al., 1998; Kline et al., 2012; Seliger

et al., 2001), and while K is upregulated on B16 cells /n vivo in response to IFN-y (Kline
et al., 2012), this did not occur in K/~ Db/~ mice (Supplemental Figure S3A), presumably
due to their reduced pool of endogenous CD8* T cells. As a result, no K? acquisition was
observed on K?/~ D/~ APCs in B16.OVA K?** tumors (Supplemental Figure S3B and C).
Thus, B16.OVA K?*'* and B16.OVA K%/~ cells were pre-treated with IFN-y in vitro for 48
hours prior to inoculation into K-/~ Db/~ mice. IFN-vy treatment induced KP upregulation
on B16.OVA KZ*/* cells, but not on B16.OVA K%/~ cells (Figure 1C). Tumor analysis at
6-10 d.p.i. revealed that KP-sufficient B16.OVA cells retained IFN-y-induced KP expression
in vivo, and as in the C1498 system, B16.0OVA tumor-resident APCs were broadly capable
of acquiring and presenting tumor cell-derived KP molecules (Supplemental Figure S3D-
F). Thus, the ability of APCs to become cross-dressed with cancer-derived MHC-1 is not
restricted to a single tumor model.

Presentation of tumor-derived pMHC complexes by CD103* DCs is sufficient for antigen-
specific CD8* T cell priming ex vivo

Considering the necessity for tumor derived KP molecules in optimal tumor antigen-specific
CDS8™* T cell priming, the known requirement of cDC1 in this process, and the ability of
APCs to acquire and present tumor-derived MHC-I, the sufficiency of MHC-I cross-dressing
by DCs as a means of tumor antigen presentation was assessed. Accordingly, C1498.SIY
KU+ and C1498.S1Y K/~ tumors were inoculated in wild type, K¢-/~D%/=, and Tap17/~
mice. Due to defective peptide transport from the cytosol into the endoplasmic reticulum
where MHC-I loading occurs, 7apZ~~ mice are largely incapable of classical antigen cross-
presentation (Androlewicz et al., 1993; Van Kaer et al., 1992). Six days later, tdLN-resident
and migratory cDC1 and cDC2 populations were separately purified by fluorescence-
activated cell sorting (FACS) and co-cultured directly ex vivowith CTV-labeled 2C T cells
(Figure 5A). The ability to mediate 2C T cell activation was restricted almost exclusively to
migratory CD103* ¢cDC1 from mice bearing C1498.S1Y K?** tumors (Figure 5B-E), which
was expected given the established role of CD103* cDC1 in presenting tumor antigens

to CD8* T cells (Roberts et al., 2016; Salmon et al., 2016). Cross-presentation of the

SIY antigen in this context was dispensable for 2C T cell activation, as evidenced by the
fact that priming was mediated similarly by 7ap17/~, K-/~ DP/=, and wild type CD103*
cDC1 (Figure 5B-E). Further, migratory CD103* ¢cDC1 from tdLNs of wild type mice
bearing C1498.S1Y K%/~ tumors were incapable of 2C T cell stimulation (Figure 5B-E),
consistent with data presented in Figures 2 and 3, further emphasizing the requirement for
cancer cell-derived MHC-1 in anti-tumor CD8* T cell priming. This result demonstrates that
acquisition and presentation of C1498 cell-derived KP:SIY molecules by CD103* ¢cDC1 is
both necessary and sufficient for tumor-specific CD8" T cell priming.

Generation and characterization of Wdfy4~'~ mice

After establishing that migratory CD103* ¢cDC1 use MHC-I cross-dressing as a means of
antigen presentation, we sought to determine the extent to which anti-tumor CD8* T cell
priming occurred independently of classical cross-presentation in mice with C1498.S1Y
tumors. Here, we utilized W4/~ mice, in which cross-presentation of cell-derived
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antigens is defective in cDC1 (Theisen et al., 2018). We generated Walfy4~'~ mice by
deleting exon 4 using CRISPR/Cas9, resulting in a frameshift and premature stop codon
after 146 amino acids (aa; compared to the 3,184 aa full-length protein; see STAR Methods
for full details, scheme depicted in Supplemental Figure S4A). Deletion of exon 4 from
Wadfy4 was confirmed by PCR amplification of genomic DNA and subsequent Sanger
sequencing (Supplemental Figure S4B). Furthermore, cDNA was generated from RNA
isolated from Wafy4*'* and Wdfy4 '~ splenocytes. Regions of the Walfy4 transcript were
PCR amplified using four different primer pairs spanning multiple exons, including exon 4.
The removal of exon 4 and resulting frameshift mutation were also confirmed by Sanger
sequencing and depicted with the corresponding aa sequence from the mutation through the
premature stop codon (Supplemental Figure S4C-E). Although no validated antibodies are
available to directly measure murine WDFY4 protein, these results indicate that there is no
functional WDFY4 protein in the Wafy4~/~ mice generated herein.

In order to validate our Wafy4/~ mice in a tumor model where WDFY4 deficiency is
associated with a known phenotype, Wdf/'* and Walfy4~ littermate mice were inoculated
with 1969 sarcoma cells that generate tumors that are typically rejected spontaneously by
wild type mice in a CD8* T cell-dependent manner. As previously observed (Theisen et

al., 2018), 1969 tumors were uniformly rejected by Wafy4** mice but grew progressively
in Wafy4'~ mice (Supplemental Figure S4F). In fact, 1969 tumor growth in Wafy4/~
mice tended to be more rapid than in Batf3~ mice which are largely devoid of cDC1
(Supplemental Figure S4F). This result confirms the requirement for WDFY4-dependent
cross-presentation in mounting a productive CD8* T cell response against 1969 sarcoma,
while also highlighting that although MHC-1 cross-dressing contributes to anti-tumor CD8*
T cell priming in some tumor models, classical cross-presentation dominates in others.

No defects were observed in T cell numbers in secondary lymphoid organs in Wafy4 /-
animals (data not shown). Importantly, WDFY4 deficiency did not affect numbers,
proportions, or expression of costimulatory molecules by DC populations in cLNs
(Supplemental Figure S5). Further, DC numbers and phenotype were broadly similar

in various organs in Wafy4"'* and Wdfy4'~ mice, except for mesenteric LNs, where

a reduction in CD103* CD11b"®9 migratory cDC1 was observed in Wafy4~ mice
(Supplemental Figure S6).

WDFY4-dependent cross-presentation is dispensable for CD8* T cell priming against
C1498.SlY tumors

To test the sufficiency of MHC-I cross-dressing in anti-tumor antigen-specific CD8* T cell
priming in mice unable to cross-present cell-associated antigens, CTV-labeled CD45.1* 2C
CT cells were adoptively transferred into CD45.2+ Wadfy4''*, Wdfy4"~, and Wafy4'-
mice, which were inoculated with C1498.SIY K?*/* or K&/~ cells the following day.

Six days later, the expansion of 2C T cells was assessed in tdLNs and analogous cLNs
from non-tumor-bearing mice. As expected, minimal 2C T cell proliferation or expansion
occurred in cLNs of tumor-free control mice or in mice bearing C1498.51Y K%/~ tumors,
regardless of Wafy4 genotype (Figure 6A—F). For mice bearing C1498.S1Y K?** tumors,
2C proliferation was observed in tdLNs of Wafy4** and Wafy4"~ mice and was only
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slightly reduced in Wadf/4 /'~ mice (Figure 6A-F), with statistical significance reached when
analyzing 2C T cell CTV dilution (Figure 6E and F), but not by 2C T cell number or
frequency (Figure 6C and D). At the same time, 2C T cell proliferation was greater in
Wadfy4~!~ mice bearing C1498.S1Y AKZ** tumors than in any mice bearing C1498.51Y K%/~
tumors and in tumor-free control mice by the same measures (Figure 6C—F), demonstrating
that WDFY4-dependent cross-presentation is dispensable for CD8* T cell priming against
C1498.SIY tumors. This result also suggests that classical cross-presentation contributes
minimally to overall SIY antigen presentation by cDC1, or alternatively that WDFY4 plays a
role in antigen presentation by cDC1 via MHC-I cross-dressing.

To determine if WDFY4 might be directly involved in MHC-I cross-dressing, Wafy4 '~
mice were crossed with AZ/~DP~/~ mice. C1498 K?** or K&/~ tumors were raised in
littermate Wafy4''* Ko-I=DbI=, Wafy4t'= K0-I=-DV = and Wdfy4 '~ Kb~ Db~ mice,
and the ability of APCs to present C1498-derived KP molecules was assessed as in Figure
4. Both Wafy4*!* Kb-I=- DY~ and Wafy4t'~ Kb~ Db~ mice (hereafter referred to as
Wdfy4*) were included in the Wadfy4"™ Kb™'~Db™'~ group, as Wdfy4 heterozygotes were
phenotypically identical to homozygous wild type mice (Supplemental Figures S5 and

S6) and were equally capable of mounting anti-tumor CD8* T cell responses (Figure 6).
APCs isolated from A%/~ DY/~ mice harboring C1498 K?** tumors similarly acquired and
presented C1498-derived KP molecules regardless of Waify4 genotype (Supplemental Figure
S7), indicating that MHC-I cross-dressing is a WDFY4-independent process.

APCs acquire and present HLA-I molecules derived from human cancer cells

The above data indicate that MHC | cross-dressed DCs have a critical, non-redundant

role in mediating anti-tumor CD8* T cell responses in murine cancer models. We next
sought to ascertain the extent to which HLA-I cross-dressing occurred through /in vitro
assays and xenograft models. First, HLA-A*02"®9 monocyte-derived macrophages (MDM)
were co-cultured with CTV-labeled HLA-A*02P% CD19* OCI-Ly8 diffuse large B cell
lymphoma cells. MDM were utilized due to ease of acquisition and culture, as well as our
observation that, like DCs, macrophages acquire and present cancer cell-derived MHC-I
molecules in murine tumors (Figure 4). OCI-Ly8 lymphoma cells were chosen due to high
expression of HLA-A*02, a common HLA-A allele for which a specific antibody exists.

Based on data presented in Figure 4, which suggest that MHC-I cross-dressing and
internalization of tumor antigens are linked processes, a CD47-blocking antibody (a.-CD47)
was included in MDM and OCI-Ly8 cell cultures to induce phagocytosis by disrupting
CDA47-SIRPa interactions. MDMs treated with an isotype control antibody acquired neither
lymphoma cell-derived CTV fluorescence nor captured HLA-A*02 molecules from OCI-
Ly8 lymphoma cells; conversely, MDMs treated with a-CD47 acquired an abundance of
both (Figure 7A, top), and displayed acquired HLA-A*02 on their cell surface. Consistent
with observations in murine models (Figure 4), MDMs that acquired the most CTV
fluorescence also presented the most OCI-Ly8 cell-derived HLA-A*02 (Figure 7A, top).
Thus, human APCs can acquire and present human cancer cell-derived HLA molecules.
Also notable was the fact that the MDM that acquired the highest OCI-Ly8-derived CTV
and HLA-A*02 also displayed lymphoma-derived CD19 on their cell surface (Figure 7A,
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middle and bottom), suggesting that the ability of a surface protein to transfer from one
cell to another is not limited to MHC and HLA molecules, and potentially is a broader
phenomenon.

To determine whether HLA molecules from human tumor cells are also transferred to APCs
in vivo, lymphoma xenograft models were utilized. Here, human OCI-Ly1 and OCI-Ly8
lymphoma cells were inoculated s.c. into immune-deficient NOD. PrkdcSci@f/2rg™!! (NSG)
mice. Tumor resident DCs isolated from lymphoma xenografts displayed lymphoma-derived
HLA-1 molecules on their cell surface (Figure 7B—F). Comparatively, HLA-I was not
detected on splenic DCs in tumor-bearing NSG mice (Figure 7B-F). Together, these data
indicate that MHC and HLA-I cross-dressing by tumor APCs is conserved in mice and
humans.

Discussion

The finding that MHC-I cross-dressing by migratory CD103* ¢DC1 is a critical antigen
presentation pathway for mounting anti-tumor CD8* T cell responses challenges our current
understanding of the mechanisms by which DCs present cancer antigens. Our observations
also raise the following question: Why does MHC-I cross-dressing appear to play such an
important role in tumor antigen presentation when cross-presentation is a hallmark cDC1
function? Any definitive answer will require additional investigation; however, we can say
that the contribution of MHC cross-dressing to antigen presentation varies across antigens
and systems. Although our results highlight a key role of MHC-I cross-dressing in anti-
tumor immunity, they certainly do not negate the importance of classical cross-presentation.
For example, whereas MHC-1 cross-dressing was absolutely required for antigen-specific
CD8* T cell priming against C1498.SIY tumors, both MHC-I cross-dressing and classical
cross-presentation contributed to CD8* T cell priming in the B16.0OVA model. Moreover, the
fact that immunogenic 1969 regressor tumors grew progressively in Wafy4'~ mice, coupled
with data indicating that MHC-I cross-dressing occurred independently of WDFY4, suggests
that cross-presentation of 1969 cell-derived antigens is necessary for tumor rejection

in this model. Although MHC-I cross-dressing occurred in the C1498 and B16 tumor
environments, its contribution to CD8* T cell priming in the tdLN differed, opening avenues
for future study into questions regarding specific contexts in which MHC-I cross-dressing
contributes to antigen presentation.

A recent study has also identified MHC cross-dressing as an important tumor antigen
presentation pathway (Duong et al., 2021). Using MC57 regressor tumors, Duong et al.
demonstrate that while CD103* ¢cDC1 present MC57-derived model antigens through cross-
presentation and MHC-I cross-dressing, a subset of type I IFN-activated cDC2 (ISG*
cDC2) present MC57 antigens exclusively via MHC-I cross-dressing. Consistent with

our observations, the absence of tumor cell MHC-I expression led to decreased CD8* T
cell priming, although to not the same degree as did the absence of cDCL1, suggesting

that the impact of MHC-I cross-dressing on overall tumor antigen presentation is context
dependent. Moreover, that cDC2 are capable of presenting tumor antigens through MHC-I
cross-dressing in the study by Doung et a/. but not in ours may have been due to use of
distinct tumor models, or to analysis of DCs isolated from different sites. Doung et al.
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assess the ability of tumor-resident DCs to present tumor antigen via MHC-I cross-dressing.
In contrast, we tested the sufficiency of MHC-I cross-dressing in mediating CD8* T cell
activation ex v/vo using DCs isolated from the tdLN, where initial anti-tumor CD8* T cell
priming occurs. It is unclear the extent to which the ISG* cDC2 characterized by Doung et
al traffic to the tdLN, and although migratory cDC2 in tdLNs of mice bearing C1498.SIY
tumors were unable to present SIY antigen to CD8" T cells ex vivo, we did observe that
cDC2 were cross-dressed with cancer cell MHC-I in the tumor environment. It is therefore
possible that tumor-resident cDC2 present antigens via MHC-I1 cross-dressing in the C1498
and B16 tumor models. Regardless, the two studies serve to highlight the impact of MHC-1
cross-dressing on tumor antigen presentation.

Numerous factors likely determine the extent to which MHC-I cross-dressing occurs and
contributes to T cell priming. Intuitively, the abundance of donor cell MHC-I must be
important, as MHC-1 cross-dressing did not occur in B16.OVA tumors in the absence of
MHC-1 expression on tumor cells — DCs cannot become cross-dressed with non-existent
MHC-I molecules. Beyond the tumor context, reports of MHC-I cross-dressing have
primarily focused on MHC-mismatched transplantation models (Herrera et al., 2004; Liu
et al., 2016) and thymic tolerance (Koble and Kyewski, 2009; Kroger et al., 2017; Perry et
al., 2018), environments with robust MHC expression and abundant cell death, the latter of
which can promote MHC-1 cross-dressing /n vitro (Dolan et al., 2006). \We cannot comment
on the impact of cell death on MHC-I cross-dressing based on the experiments performed
here, but tumors are certainly not devoid of cells undergoing various forms of cell death.

It is also possible that the nature of the antigen itself dictates whether its presentation occurs
primarily through MHC-I cross-dressing or cross-presentation. Expression of different
proteasomal subunits within immune and non-immune cells generates distinct peptidomes
for presentation on MHC molecules (Murata et al., 2007). It is thus possible that certain
peptide antigens displayed on MHC-1 in a tumor cell are not efficiently generated by
professional APCs. This explanation does not account for the fact that both SI'Y and
SIINFEKL antigens can be displayed by DCs through cross-presentation (Spiotto et al.,
2002; Theisen et al., 2018), despite the demonstrated importance of MHC-1 cross-dressing
for their presentation in the tumor context. For many antigens, a more likely explanation

is that MHC-I cross-dressing simply increases the density and overall number of MHC-I
molecules loaded with donor cell-derived peptide antigens. Thus, the contribution of MHC-I
cross-dressing to antigen presentation could simply be the result of the quantity, rather than
the quality, of antigens presented in this manner.

Given the varied nature of the models in which MHC-I antigen presentation via cross-
dressing has been implicated, a particularly appealing hypothesis is that MHC-I cross-
dressing is a default mechanism by which DCs present tissue antigens. Direct transfer

of pMHC-1 molecules from surrounding cells through phagocytosis, receptor-mediated
endocytosis, trogocytosis, or exosome capture represents a rich source of intact pMHC-I
molecules, all of which would contain a peptide that is necessarily generated from a

donor cell-derived protein. We envisage that MHC-I cross-dressing occurs constitutively and
silently under steady-state conditions, unobserved because all host cells express identical
MHC-1 molecules. Importantly, the occurrence of MHC-I cross-dressing would not preclude
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classical cross-presentation functioning as the dominant antigen presentation pathway in
response to external stimuli, such as detection of necrotic cell death via the C-type lectin
receptor DNGR-1 (Canton et al., 2021; Hanc et al., 2015; Sancho et al., 2009; Zhang et al.,
2012) or pathogen-associated molecular patterns via toll-like receptors (TLRs; Nair-Gupta
et al., 2014)—both of which would generate a bias toward classical cross-presentation due
to the release of cellular antigens into the extracellular matrix upon lytic or necrotic cell
death. Again, we can only speculate that the contributions of MHC-I cross-dressing and
cross-presentation to overall presentation of a given antigen are a matter of degrees, and that
MHC-I cross-dressing is dependent on the density of pMHC molecules present on the donor
cell surface.

The mechanism by which MHC-I cross-dressing occurs is disputed. Super-physiological
concentrations of purified exosomes are a sufficient source of pMHC-I complexes to
facilitate MHC-I cross-dressing /77 vivo (Bracamonte-Baran et al., 2017; Herrera et al., 2004;
Liu et al., 2016). Conversely, in vitro experiments have demonstrated that MHC-I cross-
dressing requires direct cell-cell contact (Ruhland et al., 2020; Wakim and Bevan, 2011),
implicating trogocytosis or contact-mediated transfer of synaptic vesicles. It is possible

that the mechanism by which MHC-I cross-dressing occurs is context dependent. Our data
strongly suggest that MHC-I cross-dressing is linked with tumor antigen uptake, which has
been previously reported (Koble and Kyewski, 2009; Ruhland et al., 2020). We hypothesize
that APCs internalize donor pMHC-1 complexes, some of which are recycled to the plasma
membrane via the endogenous MHC-I recycling pathway. This mechanism would account
for the observed correlation between MHC-1 cross-dressing and tumor antigen uptake, as
MHC-I cross-dressing would be a useful byproduct of a DC’s habitual sampling of its
surroundings. Indeed, should a DC internalize tumor cargo in which the original membrane
topology is maintained, membrane fusion between this cargo and the endosome containing
it would result in exposure of the cytosolic face of acquired MHC-1 molecules to trafficking
chaperones, as well as release of antigenic proteins to the cytosol, simultaneously promoting
antigen presentation through both MHC-I cross-dressing and cross-presentation. Unless
acquired MHC-I molecules were routinely ubiquitinated, there is no reason they would not
be presented by an APC after export to the plasma membrane from an early recycling
endosome (Reid and Watts, 1990; van Endert, 2016); APCs are capable of MHC-I recycling
(Montealegre and van Endert, 2019; Radhakrishna and Donaldson, 1997) and are likely not
able to discriminate between endogenous and exogenous MHC-I molecules. Our data and
this proposed model neither discriminate between MHC-I internalization and trogocytosis
as the putative mechanism of MHC-I cross-dressing, nor discount extracellular vesicles as
a source of pMHC-1. While scavenging receptors such as CD36 contribute to this process
(Perry et al., 2018), it is unlikely that any one receptor functions as the master regulator

of MHC-I cross-dressing. APC subsets express a varied and often non-overlapping array

of phagocytic receptors, yet all are capable of MHC-I cross-dressing /in7 vivo. Interruption
of CD47-SIRP-a signaling was required for /n vitro HLA-I cross-dressing by MDMs, but
CD47-SIRP-a interactions cannot regulate /n vivo MHC-I cross-dressing by cDC1, which
do not express SIRP-a.. Redundancies in scavenging receptors within an individual APC
further decrease the likelihood that any individual receptor would specifically promote
MHC-I cross-dressing.
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A related conundrum is why migratory CD103* ¢DC1 exclusively prime anti-tumor CD8* T
cell responses via MHC-1 cross-dressing in the tdLN when all APC populations are MHC-I
cross-dressed in the tumor. Here, the answer may be inferred from the underlying cell
biology and principal functions of DC subsets. For instance, while most APCs generate an
acidic endosomal pH to promote elimination of pathogens and for efficient generation of
peptides for loading onto MHC-I1, cDC1 actively maintain a neutral to alkaline endosomal
pH conducive to the partial protection of intact antigens for export to the cytosol for
proteasomal degradation and eventual display via classical cross-presentation (Canton et al.,
2021; Delamarre et al., 2005; Joffre et al., 2012; Savina et al., 2006; Savina et al., 2009).
This fundamental cDC1 property may also promote MHC-I cross-dressing by increasing
the likelihood that donor pMHC-1 molecules are recycled to the cell surface intact, as
pMHC-I complexes are unstable under acidic conditions (Chefalo and Harding, 2001; Reich
et al., 1997). This theory fits well with the reported role of migratory CD103* ¢DC1

in transporting intact, pH-sensitive antigenic proteins acquired in the tumor environment

to the tdLN (Roberts et al., 2016; Ruhland et al., 2020; Salmon et al., 2016). Indeed,
migratory CD103* cDC1 can transfer both intact tumor-derived fluorescent antigens and
MHC-I complexes to other APC subsets in the tdLN (Ruhland et al., 2020). That said, more
work must be done to fully elucidate the cDC1-intrinsic mechanism of antigen presentation
via MHC-I cross-dressing.

Finally, MHC-I cross-dressing needs to be examined in human cancers. Our data and
published observations of others (Russo et al., 2000) demonstrate that APCs are capable

of cross-dressing with human HLA molecules. However, the significance of this finding
regarding downstream activation of anti-tumor T cell responses in cancer patients remains
unknown. For all the same reasons that studying MHC-1 cross-dressing in syngeneic mouse
models has been difficult, investigating this process in humans is extremely challenging. A
human tumor and its infiltrating immune cells always express identical HLA molecules, with
the exception of HLA-mismatched bone marrow transplantation, which might represent one
human cancer context in which HLA-1 cross-dressing could be explored.

In conclusion, we found that cDCL1 utilize acquired cancer cell-derived pMHC-I molecules
to prime anti-tumor CD8" T cell responses, even when classical cross-presentation is intact.
These observations challenge the current dogma and raise additional questions about the
mechanisms that underlie anti-tumor CD8* T cell priming. Future studies are necessary to
gain a complete understanding of the processes through which MHC-1 cross-dressing occurs
and its impact on antigen presentation and adaptive immune responses in cancer and in other
contexts.

Limitations of Study

A limitation of our results is reliance on transplantable tumors and model antigens. It is
possible that the impact of MHC-I cross-dressing on anti-tumor CD8" T cell priming is
over-estimated when analyzing responses against immunodominant antigens. MHC-1 cross-
dressing and its effect on antigen-specific CD8* T cell activation will need to be examined in
more physiological models in future studies; however, the nature of the questions addressed
in the current study necessitated the use of these models. Also, as discussed above, the
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extent to which MHC-1 cross-dressing and its impact on tumor-specific CD8* T cell
priming is operational in human cancers was not addressed in our experiments and remains
unknown.

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will befulfilled by the lead contact, Justin Kline
(jkline@medicine.bsd.uchicago.edu)

Materials availability—B16.OVA K?/~, C1498 K%/~ and C1498 KB cell lines, as
well as Wafy4'~ mice were generated in this study. All will be made available from the
lead contact upon request. Wafy4”~ mice will also be made available through the Knockout
Mouse Project (KOMP).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

In vivo animal studies—C57BL/6 (B6, H-2P), Ly5.1 (B6.SJL-Piorc?Pepcl/Boyl), OT-

| (C57BL/6-Tg[TcraTcrb]1100Mjbld), Tap1~'~ (B6.129S2- Tap1i™1Am))), Thyl.1 (B6.PL-
Thyla/CylJ), and NSG (NOD.Cg-Prkdcscid 112rgtm1W;jl/SzJ) mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and bred in our facility. K-/-D%/~ (B6.129P2-
H-2K1tm1Bpe 1y 2p1tmIBpeiDer]) mice were provided by Dr. A. Bendelac, University of
Chicago. 2C (B6.Cg-Cd8a<a> Tg(Tcra2C,Tcrb2C)1Dlo) mice were provided by Dr. T.
Gajewski, University of Chicago. Walfy4™/~ mice were generated in this study at the
University of Chicago as described below. All mouse strains were bred and housed in

a specific pathogen-free facility at the University of Chicago and used in accordance

with protocols approved by the university’s Institutional Animal Care and Use Committee
following guidelines established by the National Institutes of Health. Six- to fourteen-week-
old sex-matched littermate controls were used for all experiments unless otherwise specified.
Littermate mice of the same sex were randomly assigned to experimental groups.

The C1498 murine leukemia cell line and the OCI-Ly1 and OCI-Ly8 human lymphoma cell
lines were purchased from American Type Culture Collection, and the C1498.SIY cell line
was previously generated in our laboratory (Zhang et al., 2013). The B16.OVA cell line was
provided by Dr. T. Schumacher (Netherlands Cancer Institute, Amsterdam, Netherlands).
K= and K?AB cell lines were generated as described below. Surface expression of KP
protein was periodically assessed on all cell lines by flow cytometry. SI'Y antigen expression
in cultured C1498.S1Y and C1498.S1Y K%/~ cell lines was periodically monitored by flow
cytometry to ensure equivalent eGFP fluorescence. 1969 sarcoma cells were provided by
Dr. T. Gajewski (University of Chicago). C1498 and B16-F10 cell lines were grown in
DMEM supplemented with 10% fetal bovine serum (FBS), 2-mercaptoethanol (2-ME),
essential amino acids, and penicillin/streptomycin (complete DMEM). 1969 cells were
grown in RPMI11640 supplemented with 10% fetal bovine serum (FBS), 2-mercaptoethanol
(2-ME), essential amino acids, and penicillin/streptomycin (complete RPMI). Cells were
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cultured in a 37°C incubator with 5% CO,. All cell lines used were routinely monitored for
mycoplasma contamination using Venor GeM Mycoplasma PCR-Based Detection Kit.

MDM co-cultures

Peripheral blood mononuclear cells (PBMCs) were extracted through Ficoll density
gradient centrifugation using the peripheral blood of healthy HLA-A*02"®9 human donors.
Monocytes were isolated by adhering PBMCs to culture plates for two hours at 37°C.
Non-adherent cells were removed by washing. MDM were generated by culturing adherent
monocytes in complete RPMI media containing 50 ng/mL M-CSF for 7 days. Subsequently,
MDM were harvested by incubation in EDTA/Trypsin for 5 minutes followed by gentle
scraping. 10> MDM were plated into each well of a 24-well plate, rested for 24 hours, and
then co-cultured with 10° CTV-labeled HLA-A*02P% OCI-Ly8 lymphoma cells for 2 hours
in the presence of 5 ug/mL of an isotype (clone BE0083, Bioxcell) or anti-CD47 antibody
(clone B6H12, Bioxcell). MDM were then harvested from each well, identified by CD14
antibody staining, and assessed for expression of lymphoma cell-derived CTV, HLA-A*02,
and CD19 by flow cytometry.

METHOD DETAILS

Generation of KP~/~ and KPAB cell lines

H-2K? was deleted in C1498, C1498.S1Y, and B16.0OVA cells using CRISPR/

Cas9 targeting of exon 1 (sequence 5’-AACAGCAGGAGCAGCGTGCACGG-3’) as
previously described (Kline et al., 2018). A guide RNA was generated using the

following primers (forward, 5’-CACCGAACAGCAGGAGCAGCGTGCA-3’; reverse, 5’-
AAACTGCACGCTGCTCCTGCTGTTC-3’) and was subsequently subcloned into the
Lenti_v2 vector, which also contains the cDNA encoding for Cas9. Cell lines were
transduced with lentivirus and selected in culture with puromycin for 1 week. K/~ cell
lines were subsequently established following 3 rounds of FACS purification of Kb-negative
cells using surface staining with an antibody recognizing K. K° was re-expressed with a
C-terminal eGFP tag in C1498 K%/~ cells to generate C1498 K?AB (Kb Add-backy cells using
standard lentiviral transduction. The KP-eGFP lentiviral construct (Hein et al., 2014) was
provided by Dr. S. Springer (Jacobs University Bremen, Germany).

Generation of Wdfy4~~ mice

Wdfy4~~ mice were generated using CRISPR/Cas9. Guide (g) RNAs flanking exon 4 of
the Wafy4 gene were designed using the IDT design tool. Excising exon 4 results in a
frame-shift in Wdfy4 after residue 116 (out of 3024) and a premature stop codon 30 amino
acids later, as previously described (Theisen et al., 2018). Alt-R crRNA guides (sequences:
ATGCATCACCAACGAGCTTT and AGCACCTGGGAACACCTTCG) and tracrRNA were
purchased from IDT, and gRNA was assembled from the crRNA and tracrRNA according to
the manufacturer’s protocol. Embryo-grade water containing 20 ng/uL gRNA and 60 ng/pL
Cas9 protein was injected into the nuclei of C57BL/6J embryos at the University of Chicago
Transgenics/ES Cell Technology Mouse Core Facility. Genotyping PCR primers (fwd:
GCCTTGAGGTACATGGGCAA, rev: GGTTACACACAGCTCGTCCAT) were designed
up- and down-stream of predicted cut sites. A male Walfy4™'~ founder mouse was
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backcrossed with a C57BL/6J female. F1 offspring were genotyped by PCR, and wild type
and mutant bands were excised from the gel. DNA was purified using a QlAquick Gel
Extraction Kit (Qiagen) according to the manufacturer’s protocol. Finally, PCR-amplified
DNA was sequenced at the University of Chicago Comprehensive Cancer Center DNA
Sequencing & Genotyping Facility. Sanger sequencing confirmed a 144 bp deletion
containing the entirety of exon 4. F1 mice were backcrossed with C57BL/6J for two further
generations. Subsequently, Wafy4*'~ heterozygous mice were bred in order to generate
Wdfy4t*, Wdfy4t!=, and Wafy4'~ littermate mice that were used for experimentation. In
order to validate the deletion of exon 4, frameshift mutation, and premature stop codon at
the RNA level, RNA was purified from splenocytes isolated from Wadfy4"* and Wafy4!~
littermate mice via trizol/chloroform extraction. cDNA was generated from the RNA using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s protocol. Partial Wdfy4 cDNA was amplified by PCR (cycling conditions:
98°C for 3 minutes, followed by 34 cycles of 98°C for 10 seconds, 64°C for 30 seconds,
and 72°C for 30 seconds, and a 10 minute final extension at 72°C using four different
primer combination; the two forward primers bound in exon 1 in the 5’-UTR and in exon

2 downstream of the ATG start codon, while the two reverse primers bound in exons

6 and 7 (primer sequences are listed in the Key Resources Table below), such that all
resulting bands spanned multiple exons — including the deleted exon 4, predicted frameshift
mutation, and premature stop codon — while also excluding the possibility of mistakenly
amplifying potential genomic DNA contaminants. PCR products were purified from cut
gel bands using a QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s
protocol. Finally, the PCR-amplified DNA was sequenced at the University of Chicago
Comprehensive Cancer Center DNA Sequencing & Genotyping Facility, and sequences were
aligned to the full-length Wdlfy4 transcript sequence using the NCBI’s nucleotide BLAST
alignment tool.

Differentiation of BMDCs

Bone marrow was isolated from mice by flushing femurs, tibias, and pelvic bones with
sterile PBS. Bone marrow cells were plated at 108 cells/mL in sterile complete RPMI media
plus 100 ng/mL recombinant FIt3 ligand (FIt3L). Cells were cultured for 8 days, with media
and FIt3L replacement at days 3 and 6. Differentiation of BMDCs was assessed on day 8

by flow cytometry following cell staining with fluorescent-conjugated antibodies directed
against CD11c, MHC-II, CD24, and SIRP-a.. BMDCs were considered to be differentiated
if > 80% of the cells in culture were CD11c" MHC-11N, and the ratio of cDC1-like (CD24*
SIRP-a"9) to cDC2-like (CD24"9 SIRP-a.*) BMDCs was also noted.

CD8* T cell isolation for adoptive transfer experiments and in vitro cultures—
Splenic TCR-tg 2C and OT-I-tg CD8" T cells were isolated from TCR-tg mice by pressing
harvested spleens through a 70 pum filter into sterile PBS containing 2 mM EDTA and

0.5% bovine serum albumin (BSA). Cells were then labeled with anti-CD8a. microbeads
(Miltenyi) and positively selected by magnetic separation according to the manufacturer’s
protocol. Next, isolated cells were washed three times with sterile PBS, followed by labeling
with CTV (Invitrogen) according to the manufacturer’s protocol. For adoptive transfer
experiments, CTV-labeled TCR-tg CD8* T cells were resuspended in sterile PBS at 107
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cells/mL, and 10° cells were injected intravenously (i.v.) through the lateral tail vein.

For in vitroand ex vivo co-culture experiments, CTV-labeled TCR-tg CD8* T cells were
resuspended to a concentration of 10° cells/mL in complete RPMI, and 10,000 cells were
added to each culture well.

In vitro assessment of SIY and OVA antigen expression

BMDCs were resuspended in complete RPMI at 108 cells/mL, and 30,000 cells/well were
plated in a 384-well plate following 8 days of differentiation, along with 10,000 CTV-
labeled TRC-tg 2C or OT-I-tg CD8* T cells. K*/* and K7/~ C1498.S1Y or B16.OVA cells
were washed with sterile PBS and resuspended to a concentration of 3 x 107 cells/mL in
microcentrifuge tubes. Cells were lysed by five cycles of rapid freezing and thawing, during
which tubes were alternatively transferred between dry ice and a 37°C water bath. The cells
were centrifuged at 10,000 x g for 5 min at 4° C, and 3 uL (equivalent lysate from 30,000
cells) of the supernatant was added to each well. TCR-tg CD8" T cell proliferation was
assessed by flow cytometry to assess for CTV dilution following a 72-96 hour co-culture.
TCR-tg CD8* T cells were identified by antibody staining for CD90, CD8, and either the
2C TCR or Va2 (the TCRa chain of OT-1).

Subcutaneous (s.c.) tumor inoculations

Cultured tumor cells were washed twice with PBS, counted, and resuspended in PBS at a
concentration such that the injection volume was 100 pL (2 x 107 cells/mL for experiments
directly investigating in vivo pMHC-I transfer, 4 x 107 cells/mL for ex vivo DC priming
experiments, and 107 cells/mL for all other experiments). Mice were injected s.c. in the right
flank (both flanks were injected for ex vivo DC priming experiments) with 100 pL of cells
using a 27-gauge needle.

In vivo tumor growth experiments

Indicated tumor cells (108) were inoculated s.c. into the right flank of each host mouse as
described above. Tumor area was measured using a caliper every 2-3 days starting at day 5
by a lab member who was blinded to the experimental setup. Mice were euthanized when
they reached the humane endpoint established in the IACUC-approved protocol.

LN sample preparation

Mice were euthanized, and the indicated LNs were harvested. For experiments involving
analysis of DC populations, LNs were incubated in RPMI 1640 containing 2% FBS, 1
mg/mL collagenase IV, and 20 pg/mL DNase | for 30 min at 370C. After DNase/collagenase
digestion (for DC experiments) or immediately after isolation (all other experiments) LNs
were pressed through 70 pm filters to create single-cell suspensions. For experiments in
which cell counts of a population were required, 5,000 counting beads were spiked into

each sample to normalize counts across samples and experiments. Samples were stained and
analyzed by flow cytometry as described below.
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Tumor sample preparation

Mice were euthanized; tumors were harvested, minced with either razor blades or dissection
scissors, and incubated in RPMI 1640 containing 2% FBS, 1 mg/mL collagenase IV, and 20
pg/mL DNase | for 30 min at 37°C. Each tumor was then pressed through a 70 um filter

in order to generate a single cell suspension before proceeding with antibody staining and
analysis as described below.

Antibody staining and flow cytometry

F. receptors were blocked with an anti-FcyRII/FcyRIII antibody (clone 2.4g2) in FACS
buffer (PBS containing 2% FBS, 0.02 mM EDTA, and 0.03% sodium azide) for 15 min on
ice. Antibody staining was performed for 20-30 min on ice in FACS buffer. After washing,
secondary staining was performed for 20—30 min on ice if necessary. Samples were washed
with FACS buffer and then with PBS. When possible, cells were then stained with a Near-
IR live-dead dye according to the manufacturer’s protocol. Samples were fixed with 2%
paraformaldehyde in PBS for 30 min at 4° C and subsequently washed. For the experiment
in Supplemental Figure S2 in which MHC-I cross-dressing was assessed alongside tumor
antigen uptake, cells were permeabilized using 0.1% Triton X-100 in PBS for 30 min on
ice, followed by one PBS wash, one wash with FACS buffer, and antibody staining in FACS
buffer at room temperature for one hour in the dark. Finally, cells were washed, resuspended
in FACS buffer and analyzed on an LSR Fortessa (4-15 or X-20 5-18) flow cytometer (BD)
or Amnis Image Stream X cytometer at the University of Chicago Cytometry and Antibody
Technology Core facility. Flow cytometry data were analyzed using FlowJo v.10 (BD) and
ImageStream data were analyzed using IDEAS (Amnis). See the Key Resources Table for a
complete list of the antibodies used in this study.

Intracellular cytokine staining

tdLNs and analogous inguinal LNs from non-tumor-bearing mice were harvested and
homogenized as described above. These samples were divided in three and the fractions
were cultured in 200 pL complete RPMI containing anti-CD28 (1 pg/mL) and plate-bound
anti-CD3 (1 ug/mL), 100 nM SIY peptide, or media alone in a 96-well u-bottom plate for
five hours at 37°C. Golgi Plug (BD) was added to each well one hour into the culture
according to the manufacturer’s protocol. Cells were then stained for cell surface markers
as described above. Immediately after staining with a live/dead dye, cells were fixed and
permeabilized using a FOXP3/Transcription Factor staining kit (Invitrogen) according to the
manufacturer’s protocol, and stained overnight at 4°C with antibodies recognizing IFN-y,
TNF-a, and granzyme B.

In vivo TCR-tg CD8" T cell proliferation experiments—10° CTV-labeled TCR-tg
CD8™ T cells were adoptively transferred intravenously (i.v.) into congenic hosts at day

-1 via the lateral tail vein. 108 tumor cells were injected s.c. into the right flank of each
mouse at day 0. Mice were euthanized at day 6, and the right inguinal LN—which drains
the tumor—of each mouse was harvested and processed as described above. The geometric
mean fluorescence intensity (gMFI) of CTV in TCR-tg CD8* T cells was normalized
across experiments by dividing the gMFI of each sample by the mean of the gMFIs of the
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non-tumor bearing control mice for each experiment, such that the group mean gMFI of
TCR-tg CD8* T cells from non-tumor bearing mice = 1 for each experiment. Due to the
large number of groups for experiments involving Wafy4~/~ mice, it was not possible to
have sex-matched littermates in all groups. These experiments were designed such that every
Wdfy4™!~ mouse had sex-matched, co-housed, wild type and heterozygous littermates with
the same tumor. Multiple age-matched litters were used in each experiment, and male and
female mice were used in balanced numbers across groups.

Assessment of in vivo endogenous CD8* T cell response by pMHC-I pentamer
staining—106 tumor cells were injected s.c. into the right flank of each mouse at day

0. Mice were euthanized at day 6, and tdLNs were harvested and processed as described
above. In order to minimize scavenging of pMHC-I pentamers, samples were labeled with
anti-CD4, -CD19, -B220, and -Gr-1 biotin-conjugated antibodies in FACS buffer for 15 min
on ice, followed by washing and incubation with biotin-binding Dynabeads (Invitrogen) for
10 min and subsequent magnetic depletion. Samples were then stained with 5 uL pMHC-I
pentamer (SIY:KP or OVA57_564:KP, Proimmune) in 50 uL of FACS buffer for 15 min in
the dark at room temperature. Next, 50 uL FACS buffer containing antibodies recognizing
CD90.2, CD8p, and CD44 was added to each sample, and the cells were incubated for a
further 15 min in the dark at room temperature. Cells were then washed with FACS buffer,
followed by PBS, fixed, and analyzed as described above.

Assessment of the endogenous anti-tumor CD8" T cell response by ELISpot—
C57BL/6 mice were inoculated s.c. with 106 C1498.SIY K?*/* or K%/~ cells on day 0. Mice
were euthanized at day 6 and tdLLNs were isolated and processed. 108 cells from each sample
were restimulated overnight with media alone or with 100 nM SIY peptide, and IFN-y
producing cells were identified using an IFN-y ELISpot kit (BD Biosciences) according

to the manufacturer’s protocol. ELISpot plates were read using an ImmunoSpot Series 3
Analyzer, and data were analyzed with ImmunoSpot software.

Polyclonal CD8" T cell transfer—106 C1498.S1Y K?*/* or K?/~ cells were injected

s.c. into the right flank of primary C57BL/6 mice on day -7. Primary tumor-bearing and
tumor-free control mice were euthanized on day -1, and tdLNs harvested from 5 mice

were pooled into each sample. CD8* T cells were isolated by magnetic separation using
anti-CD8a microbeads (Miltenyi) according to the manufacturer’s protocol. CD8*-enriched
cells were resuspended in sterile PBS, and 5 x 10 cells were adoptively transferred into
secondary C57BL/6 mice i.v. through the lateral tail vein. On day 0, all secondary mice were
inoculated s.c. in the right flank with 106C1498.S1Y K?** cells. Tumors were measured as
described above.

In vivo MHC-I transfer experiments

C57BL/6 and K?~ D/~ mice were inoculated s.c. in the flank with 2 x 108 tumor cells on
day 0. Mice were monitored for tumor growth and were euthanized when tumors became
palpable in the majority of experimental animals (between days 6 and 10). Tumors were
isolated (in some experiments tdLNs were also isolated) and processed for analysis by
flow cytometry or ImageStream cytometry as described above. B16.OVA KZ*'* and K%/~
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cells were treated with 100 ng/mL recombinant IFN-y in culture for 48 hours prior to s.c.
inoculation in mice.

Ex vivo DC priming assay

C57BL/6, Tap1~/~, and K?~~ Db/~ mice were inoculated s.c. with 4 x 10% C1498.S1Y
K?** or K771~ cells in each flank on day 0. On day 6, tumor-draining inguinal, axillary,

and brachial LNs were harvested and pooled by experimental group. Pooled LN samples
were incubated with sterile RPMI 1640 containing 2% FBS, 1 mg/mL collagenase 1V, and
20 pg/mL DNase | for 30 min at 37°C. Each sample was pressed through a 70 um filter

and washed with RPMI containing 10% FBS (R10). Samples were then washed with and
resuspended in PBS supplemented with 0.5% bovine serum albumin and 2 mM EDTA.
Samples were incubated with biotin-conjugated antibodies recognizing CD3, CD19, B220,
Gr-1, and NK1.1 for 20 min on ice. After washing, cells were incubated with biotin-binding
Dynabeads (Invitrogen) for 10 min, and the bead-bound cells were depleted by magnetic
separation. Cells were then stained with fluorescent-conjugated antibodies, as well as
streptavidin-conjugated APC-Cy7 on ice for 20 min in the dark. The samples were washed
with PBS and stained with a Near-IR live-dead dye for 10 min at room temperature in the
dark. Samples were washed and resuspended in R10 media and CD103* migratory cDC1,
CD11b* migratory cDC2, CD8a." resident cDC1, and CD11b* resident cDC2 were FACS
purified on a BD FACSAria Il flow sorter in the University of Chicago Cytometry and
Antibody Technology Core facility. Purified DC samples were resuspended in complete R10
media containing gentamicin (50 ug/mL) and amphotericin B (2.5 pg/mL) at a concentration
of of 106 cells/mL, and 30,000 cells were plated per well in a 384-well plate, along with
10,000 CTV-labeled TRC-tg 2C CD8* T cells. Cells were co-cultured for 72 hours and
proliferation of 2C CD8* T cells was determined by flow cytometry. All buffers and media
used in these experiments were sterile, passed through 0.2 pm filters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance for tumor growth experiments was determined by two-way ANOVA
with Sidak’s post-hoc test using GraphPad Prism 7. For all other experiments, statistical
significance was determined by ANOVA with a post-hoc Tukey HSD test using R version
3.6.3 to allow for multiple comparisons. The number of factors (categorical variables)
determined the type of ANOVA used in each specific case, and the type of ANOVA used is
indicated in the figure legends. For example, the ex vivo 2C T cell stimulation experiment
depicted in Figure 5 used a three-way ANOVA to account for the three categorical variables
in the experimental design: tumor, host genotype, and the APC population in the co-culture.
Rounded adjusted p-values are indicated when 107 < p-adj. < 0.1. When 1078 < p-adj <
1074, it is indicated as being less than the next largest power of 10 (e.g. p = 0.0000085
would be displayed as p < 107°). Any p-adj < 1078 are indicated as p < 1078. Whenever

a p-value is not indicated, p > 0.1. Adjusted p-values < 0.05 were considered statistically
significant. All summary plots are depicted as mean = s.d. unless indicated otherwise and
sample size for each experiment is provided in the figure legends. Excluding tumor growth
curves for which only the mean and s.d. are plotted, each dot represents the indicated data
collected from one mouse.
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DATA AND CODE AVAILABILITY

All data reported in this paper will be shared by the lead contact upon request. This paper
does not report original code. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Validation of KP~/~= cancer cell lines. A)
Surface anti-KP antibody staining and Kb-eGFP expression in C1498 K?**, K77~ and

KPAB cells. B) Surface anti-KP antibody staining and SI'Y-eGFP expression in C1498 and
C1498.S1Y K?*'* and K&/~ cells. C) Surface anti-Kb antibody staining on B16.0VA KZ*/*
and K%/~ cells with and without IFN-y treatment. D) Histogram showing CTV dilution

by 2C T cells after a 72-hour co-culture with BMDCs and C1498.S1Y KZ*'* or Kb/~ cell
lysates. E and F) Growth of C1498.S1Y K?*'* and K%/~ tumors in C57BL/6 (E) and
RagZ'~ mice (F). G) Histogram showing CTV dilution by OT-I T cells following 72-hour
co-culture with BMDCs and B16.OVA K?*/* or K?/~ cell lysates. H and 1) Growth of
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B16.OVA K?** and K%/~ tumors in C57BL/6 (H) and RagZ'~ (1) mice. J) Histograms
showing CTV dilution by 2C T cells following 72-hour co-culture with live or fixed CD11c*
splenocytes and C1498.SI1Y cell lysates. K) Flow cytometry plots showing CTV dilution
and CD44 expression by OT-1 T cells following 72-hour co-culture with live or fixed
BMDCs and B16.0VA cell lysates. Statistical significance for tumor growth experiments
was determined by two-way ANOVA with Sidak’s post-hoc test for multiple comparisons.
Tumor growth data are depicted as mean + s.d. and are pooled from two independent
experiments (n = 10 mice per group in E and H; n =5 mice per group in F) or from one
experiment (I, n =5 mice per group). Flow cytometry plots are representative of at least
three independent experiments.
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Figure 2: Cancer cell Kb expression is required for optimal activation of KP-restricted antigen-
specific TCR-tg CD8™ T cells. A-E)

10°% CTV-labeled CD45.1* 2C T cells were transferred into C57BL/6 mice (CD45.2+) on
day -1. Recipient mice were inoculated with 108 C1498.S1Y K?*/* (n=8) or KZ/~ (n =

9) cells or no tumor (n.t.; n =5) on day 0. 2C T cell proliferation was assessed on day 6.
Experimental design is depicted in (A). Representative flow cytometry plots depicting the
identification of (B) and CTV dilution within (C) 2C T cells in tdLNs. Number (left) and
frequency (right) of tdLN 2C T cells are quantified in (D). 2C T cell proliferation, quantified
as percent divided (left), and the geometric mean fluorescence intensity (gMFI) of CTV
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within the population (right) in (E). F-1) CD45.1* 2C T cells were transferred into C57BL/6
mice (CD45.2+) inoculated with 106 C1498.S1Y K?** (n = 9) or K2/~ (n = 9) cells or
n.t.(n=5)asin (A). 2C T cells were re-stimulated ex vivo with SIY peptide for 5 hours

on day 6 and assessed for production of IFN-y, TNF-a, and granzyme B. Representative
flow cytometry plots are depicted in (F). Number and frequency of proliferated 2C T cells
producing IFN-y (G), TNF-a (H), and granzyme B (1). J-N) 108 CTV-labeled CD90.1*
OT-I T cells were adoptively transferred into C57BL/6 mice (CD90.2*) on day -1. Recipient
mice were inoculated with 106 B16.OVA K%** (n = 11) or K%/~ (n = 11) cells or n.t. (n
=5) on day 0. OT-I proliferation was assessed on day 6. Representative flow cytometry
plots depicting the identification of (K) and CTV dilution by (L) OT-1 T cells in tdLNs.
Quantification of the number and frequency of OT-1 T cells in tdLNs (M), and proliferation
of OT-1 T cells as percent divided and the gMFI intensity of CTV within the population (N).
Statistical significance was determined by one-way ANOVA with post-hoc Tukey’s HSD for
multiple comparisons. All summary plots are depicted is mean * s.d. Data are pooled from
two (F-1) or three (A-E; J-N) independent experiments.
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Figure 3: Endogenous antigen-specific CD8" T cell responses against Kb-restricted tumor
antigens are reduced against KP-deficient tumors. A and B)

KP:SIY pentamer stain of endogenous CD8* T cells from tdL.Ns of C57BL/6 mice bearing
C1498.S1Y K?** (n=11) or K7~ (n = 11) tumors or n.t. (n = 8) at day 6. Representative
flow cytometry plots are shown in (A), and data are quantified in (B). C) IFN-y ELISpot
on tdLN cells of C57BL/6 mice bearing C1498.S1Y K?** or K&/~ tumors (n = 10 each)

at day 6. D and E) Primary C57BL/6 mice received s.c. challenge with C1498.SIY K?*/*
or K= cells on day —7. On day -1, 5 x 108 CD8" T cells from tdLNs of primary mice,

or analogous cutaneous LNs (cLN) of tumor-free mice (n = 8 per group) were transferred
into naive secondary C57BL/6 mice. At day 0, secondary mice were challenged with 108
C1498.S1Y K?** tumor cells, and tumor growth was measured. Experimental design is
shown in (D) and the growth of C1498.S1Y KZ*'* tumors in secondary mice is depicted in
(E). F and G) Identification (F) and quantification (G) of endogenous OVA,57_s64-Specific
CD8" T cells in tdLLNs of mice bearing B16.OVA K?** (n = 16) or K-/~ (n = 14) tumors,
or n.t. (n = 13) at day 6 by KP:OVA»57_264 pentamer stain. Statistical significance for tumor
growth in (E) was determined by two-way ANOVA with Sidak’s post-hoc test for multiple
comparisons. For all other comparisons, statistical significance was determined by one-way
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ANOVA with post-hoc Tukey’s HSD. Tumor growth in (E) is shown as mean + s.e.m.; other
plots are depicted is mean * s.d. Data are pooled from two (E), three (B and C) or four (G)
independent experiments. n.t. = no tumor.
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Figure 4: Acquisition of C1498-derived KP molecules by APC populations in the tumor. A-F)
K?I= D71~ mice were challenged with C1498 K?*/* (n = 7), Ko7/~ (n = 17) or KPAB (n = 19)
cells. Tumors were analyzed at day 6-10 by surface KP staining and flow cytometry. Gating
strategy is depicted in (A). Representative histograms are shown for cancer cells (B), APCs
(C), and T cells (D) isolated from the tumor. Data are quantified as MFI (E) or % KP* (F). G
and H) ImageStream cytometry of CD11c* MHC-II" APCs from C1498.SIY (n = 1), C1498
K?** (n = 3) or KPAB (n = 12) tumors in C57BL/6 hosts at day 6-10. Representative images
are shown in (F), and quantification of intracellular versus surface KP localization is shown
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in (G), with each bar representing one mouse. Statistical significance for (D) and (E) was
determined by two-way ANOVA with post-hoc Tukey’s HSD test. Graphs are depicted as
mean + s.d. Data are pooled from five (A-E) or three (F-G) independent experiments. Also
see Supplemental Figures S1-S3.
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Figure 5: Presentation of C1498.SIY-derived pMHC complexes by CD103* ¢DC1 is sufficient for
2C T cell priming ex vivo. A)

Experimental design. cDC populations isolated from tdLNs of C57BL/6, 7TapZ~~, and
K= Db~I= mice bearing 6-day C1498.S1Y K?** or K%/~ tumors were co-cultured with
CTV-labeled 2C T cells for 72 hours. B) Representative flow cytometry plots showing 2C
T cell proliferation. C-E) Bar graphs (mean + s.d) quantifying data from (B) as number (C)
and frequency (D) of divided 2C T cells, and the normalized gMFI of CTV within 2C T
cells (E). Data are pooled from two independent experiments. Statistical significance was
determined by three-way ANOVA with post-hoc Tukey’s HSD test.
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Figure 6: In vivo 2C T cell priming occurs in Wdfy4'/‘ mice bearing C1498.S1Y KP** tumors.
2C T cell priming was assessed in tdLNs of Wdfy4"*, Wdfy4"~, and Wafy4'~ mice

bearing C1498.S1Y K?** or KZ~ tumors at day 6. A) Representative flow cytometry plots
showing 2C T cell frequency among CD8* T cells. B) Representative histograms of CTV
dilution by 2C T cells. C-F) Summary plots (left) and heatmaps (right) depicting p-values
for pairwise comparisons of the number (C), frequency (D), % divided (E), and geometric
mean fluorescence intensity of CTV (F) of tdLN 2C T cells. Statistical significance was
determined by one-way ANOVA with a Tukey’s post-hoc HSD test. The —logq of the
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adjusted p-value is indicated in each tile of the heatmap. p < 0.05 (-log;o(p) > 1.30) was
considered statistically significant. Data are pooled from three independent experiments;
group sizes are indicated in (C). n.t. = no tumor. Also see Supplemental Figures S4-S7.
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Figure 7: APCs cross-dress with human HLA molecules.
A) Monocyte-derived macrophages (MDMs) were differentiated from the blood of an HLA-

A*02"¢3 donor and co-cultured with CTV-labeled HLA-A*02P% OCI-Ly8 lymphoma cells
for 4 hours with or without an a-CD47 blocking antibody. Representative flow cytometry
plots of MDM for acquired OCI-Ly8-derived HLA-A*02 versus CTV (top), CD19 versus
CTV (middle), and CD19 versus HLA-A*02 (bottom). B-F) OCI-Ly1 (blue) and OCI-Ly8
(green) tumors were xenografted s.c. into NSG mice (n = 9 each). Representative histograms
showing cell surface staining for tumor-derived HLA-1 molecules on DCs are shown in
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(B). Data are quantified as % HLA class I among cDC1 (C) and cDC2 (D), as well as
normalized MFI of HLA class | for cDC1 (E) and cDC2 (F). Flow cytometry plots in (A)
are from one experiment, representative of three independent experiments. Data in (B-F)
are pooled from two independent experiments. Statistical significance was determined by
one-way ANOVA with post-hoc Tukey’s HSD test.
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Reagent or Resource

Antibodies

CD116/32 - unconjugated (clone: 2.4g2)

CD3 - Biotin (clone: 17A2)

CD3 - FITC (clone: 17A2)

CD4 - Biotin (clone: GK1.5)

CD4 - PE/Cy7 (clone: GK1.5)
CD4 - APC (clone: GK1.5)

CD8a - Biotin (clone: 53-6.7)
CD8a - Pacific Blue (clone: 53-6.7)
CD8a - BV605 (clone: 53-6.7)
CD8a - FITC (clone: 53-6.7)

CD8a - PerCP/Cy5.5 (clone: 53-6.7)
CD8a - PE (clone: 53-6.7)

CD8a - PE/Cy7 (clone: 53-6.7)
CD8a - APC (clone: 53-6.7)

CD8a - APC/Cy7 (clone: 53-6.7)
CD8b - FITC (clone: YTS156.7.7)
CD11b - Biotin (clone: M1/70)
CD11b - BV510 (clone: M1/70)
CD11b - PerCP/Cy5.5 (clone: M1/70)
CD11c - Biotin (clone: N418)
CD11c - PE/Cy7 (clone: N418)
CD11c - APC (clone: N418)

CD19 - Biotin (clone: 6D5)

CD24 - FITC (clone: M1/69)
CD44 - Pacific Blue (clone: IM7)
CD44 - PE/Cy7 (clone: IM7)
CD45.1 - Pacific Blue (clone: A20)
CD45.1 - FITC (clone: A20)
CD45.1 - PE (clone: A20)

CD45.1 - APC (clone: A20)
CD45.2 - Pacific Blue (clone: 104)
CD45.2 - FITC (clone: 104)
CD45.2 - PE/Cy7 (clone: 104)
CD45.2 - APC (clone: 104)

CD64 - FITC (clone: X54-5/7.1)
CD64 - PE/Cy7 (clone: X54-5/7.1)
CDB80 - FITC (clone: 16-10A1)
CD80 - PE (clone: 16-10A1)

Source

University of Chicago Cytometry and Antibody
Technology Facility

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
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Identifier

Cat# 100244
Cat# 100204
Cat# 100404
Cat# 100422
Cat# 100412
Cat# 100704
Cat# 100725
Cat# 100744
Cat# 100706
Cat# 100734
Cat# 100708
Cat# 100722
Cat# 100712
Cat# 100714
Cat# 126606
Cat# 101204
Cat# 101263
Cat# 101228
Cat# 117304
Cat# 117318
Cat# 117310
Cat# 115504
Cat# 101806
Cat# 103020
Cat# 103030
Cat# 110722
Cat# 110706
Cat# 110708
Cat# 110714
Cat# 109820
Cat# 109806
Cat# 109830
Cat# 109814
Cat# 139316
Cat# 139314
Cat# 104706
Cat# 104708
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Reagent or Resource

CD86 - BV605 (clone: GL-1)
CD86 - FITC (clone: GL-1)
CD86 - PE (clone: GL-1)

CD90.1 - Pacific Blue (clone: OX-7)
CD90.1 - FITC (clone: OX-7)
CD90.2 - FITC (clone: 30-H12)
CD90.2 - APC (clone: 30-H12)
CD90.2 - PE/Cy7 (clone: 30-H12)
CD103 - BV421 (clone: 2E7)
CD103 - FITC (clone: 2E7)
CD103 - PE (clone: 2E7)

B220 - Biotin (clone: RA3-6B2)
B220 - FITC (clone: RA3-6B2)
F4/80 - BV421 (clone: BM8)
F4/80 - PE/Cy7 (clone: BM8)
Gr-1 - Biotin (clone: RB6-8C5)

Granzyme B - PerCP/Cy5.5 (clone: QA16A02)

H-2Kb - PE (clone: AF6-88.5)

H-2Kb - APC (clone: AF6-88.5)
H-2Kb:SIINFEKL - APC (clone: 25-D1.16)
1-A/I-E - Biotin (clone: M5/114.15.2)
1-A/1-E - Pacific Blue (clone: M5/114.15.2)
I-A/I-E - FITC (clone: M5/114.15.2)
1-A/I-E - PerCP/Cy5.5 (clone: M5/114.15.2)
IFN-y - APC (clone: XMG1.2)

NK1.1 - Biotin (clone: PK136)

SIRP-a - PE (clone: P84)

TCRb - Biotin (clone: H57-597)

TCRb - FITC (clone: H57-597)

TCRDb - PerCP/Cy5.5 (clone: H57-597)
TCR Va2 - PE (clone: B20.1)

TCR Va2 - APC (clone: B20.1)

TNF-a - PE (clone: MP6-XT22)

2C TCR - Biotin (clone: 1B2)

hCD14 - PerCP/Cy5.5 (clone: 63D3)
hCD19 - APC (clone: HIB19)

hCD19 - FITC (clone: HIB19)

hCD20 - PerCP/Cy5.5 (clone: 2H7)
HLA-A/BI/C - PE (clone: W6/32)
HLA-A*02 - PE (clone: BB7.2)
Anti-CD47 — unconjugated (clone: B6.H12)

Source
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD Pharmingen
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen

University of Chicago Cytometry and Antibody
Technology Facility

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Abcam

Bio X Cell
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Identifier
Cat# 105037
Cat# 105006
Cat# 105008
Cat# 202522
Cat# 202504
Cat# 105306
Cat# 105312
Cat# 105314
Cat# 121422
Cat# 121420
Cat# 121406
Cat# 103204
Cat# 103206
Cat# 123137
Cat# 123112
Cat# 108404
Cat# 372211
Cat# 12-5958-82
Cat# 116518
Cat# 141606
Cat# 107604
Cat# 107619
Cat# 107606
Cat# 107626
Cat# 554413
Cat# 108704
Cat# 144012
Cat# 109204
Cat# 109205
Cat# 109228
Cat# 127808
Cat# 127810
Cat# 12-7321-82

Cat# 367110
Cat# 302212
Cat# 302206
Cat# 302326
Cat# 311406
Cati# ab79523
Cat# BE0019-1
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Reagent or Resource

Mouse 1gG1 Isotype control — unconjugated (clone MOPC-21)
Chemicals, peptides, and recombinant proteins
Kb:SIY pentamer — PE

Kb: SIINFEKL pentamer - PE

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
Pacific Orange succinimidyl ester

Golgi Plug

CellTrace Violet Cell Proliferation Kit
FOXP3/Transcription Factor Staining Buffer Set
Recombinant mouse FIt3L (carrier-free)
Recombinant human M-CSF

Dnase |

Collgenase IV

2X Taq RED Master Mix

High Capacity cDNA Reverse Transcription Kit
Phusion High-Fidelity DNA Polymerase

Critical commercial assays

enor GeM Mycoplasma Detection Kit, PCR-based
QIAquick Gel Extraction Kit

Experimental models: cell lines

C1498

B16.OVA

OCl-Ly1

OCl-Ly8

Experimental models: organisms/strains

Mouse: C57BL/6

Mouse: Ly5.1: B6.SJL-Ptorc?PepctiBoy]

Mouse: Thyl.1: B6.PL- 7hyla/CyJ

Mouse: TapI'—: B6.129S2- Tap1imiAm])

Mouse: K/~DP~: B6.129P2- H2-K1imBpe2-p 1mBpe/Der]
Mouse: Wdfy4'-

Mouse: OT-I: C57BL/6-Tg(TcraTcrb)1100Mjb/J
Mouse: 2C: B6-Tg(Tcra2C,Tcrb2C)1Dlo

Mouse: NSG: NOD.Cg-Prkdcsc@/[2rgfmWii|Sz)
Oligonucleotides

Alt-R CRISPR-Cas9 crRNA Wdfy4 5” Sense gRNAL —
CATGTAGCCTTGAGGTACAT

Alt-R CRISPR-Cas9 crRNA Wdfy4 5* Antisense gRNAL —
CTCCAGGGCTATTAACCTGG

Alt-R CRISPR-Cas9 crRNA Wdfy4 3’ Sense gRNA2 —
CAGGCCTCGAAGGTGTTCCC

Alt-R CRISPR-Cas9 crRNA Wdfy4 3’ Antisense gRNA2 -
GTCCCCTTTCCTCATAGACT

Source

Bio X Cell

Prolmmune
Proimmune
Invitrogen
Invitrogen

BD

Invitrogen
Invitrogen
Biolegend
Peprotech

Roche

Sigma

Apex

Applied Biosystems
New England Biolabs

Sigma
QIAGEN

ATCC
Schumacher Lab, Netherlands Cancer Institute
ATCC
ATCC

Jackson Laboratories, Bar Harbor, Maine
Jackson Laboratories, Bar Harbor, Maine
Gajewski Lab, University of Chicago
Jackson Laboratories, Bar Harbor, Maine
Bendelac Lab, University of Chicago
This paper

Gajewski Lab, University of Chicago
Gajewski Lab, University of Chicago

Jackson Laboratories, Bar Harbor, Maine

IDT

IDT

IDT

IDT
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Identifier

Cat# BE0083

Cat# 1803

Cat# 93

Cat# 110119

Cat# P30254

Cat# 555029

Cat# C34557

Cat# 00-5523-00
Cat# 550706

Cat# 216-MC-025/CF
Cat# 10104159001
Cat# C5138

Cat# 42-138B
Cat# 4368814
Cat# M0530S

Cat# MP0025-1KT
Cat# 28704

Strain # 000664
Strain # 000664
JAX strain # 000406
Strain # 002944
JAX strain # 019995

JAX strain # 003831

Strain # 005557
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Reagent or Resource

Wdfy4 genotyping fwd primer —
GCCTTGAGGTACATGGGCAA

Wdfy4 genotyping rev primer —
GGTTACACACAGCTCGTCCAT

Wdfy4 transcript ex1 fwd primer —
CTGGTGTAGCTTGTGAAGGGT

Wdfy4 transcript ex2 fwd primer —
TTCACTAGAAGGGCAGTCGC

Wdfy4 transcript ex6 rev primer —
CCTCCAGACCCTGAGATTCG

Wdfy4 transcript ex7 rev primer —
CCCCGTTCTCAAACTCCAGG

Recombinant DNA
Kb-eGFP

Software and algorithms
FlowJo v. 10

IDEAS

ImmunoSpot

Prismv. 7

Rv.3.6.3

Rstudio v. 1.2.1335

Iustrator

Source Identifier
IDT

IDT

IDT

IDT

IDT

IDT

Springer Lab (Hein et al., 2014)

BD

Amnis

Cellular Technology Limited
GraphPad

R Foundation for Statistical Computing
Rstudio, Inc

Adobe
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