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Use of intercellular proximity labeling to quantify and
decipher cell-cell interactions directed by diversified

molecular pairs

Shuang Qiu't, Zihan Zhao?t, Mengyao Wu3t, Qi Xue’, Yang Yang', Shian Ouyang’, Wannan Li',
Lingyu Zhong', Wenjian Wang3, Rong Yang?, Peng Wu3¥, Jie P. Li'*

FucolD is an intercellular proximity labeling technique for studying cell-cell interactions (CCls) via fucosyltrans-
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ferase (FT)-meditated fucosyl-biotinylation, which has been applied to probe antigen-specific dendritic cell
(DC)-T cell interactions. In this system, bait cells of interest with cell surface-anchored FT are used to capture
the interacting prey cells by transferring a biotin-modified substrate to prey cells. Here, we leveraged FucolD to
study CCls directed by different molecular pairs, e.g., programmed cell death protein-1(PD-1)/programmed cell
death protein-ligand-1 (PD-L1), and identify unknown or little studied CCls, e.g., the interaction of DCs and B
cells. To expand the application of FucolD to complex systems, we also synthesized site-specific antibody-based
FT conjugate, which substantially improves the ability of FucolD to probe molecular signatures of specific CCl
when cells of interest (bait cells) cannot be purified, e.g., in clinical samples. Collectively, these studies demon-
strate the general applicability of FucolD to study unknown CCls in complex systems at a molecular resolution.

INTRODUCTION

Cell-cell interactions (CCIs) initiate intercellular communications
to maintain homeostasis and coordinate physiological functions
in multicellular organisms (I, 2). In many circumstances, abnormal
cellular interactions are the cause of severe disease and disorder (3,
4). As is known for decades, many autoimmune diseases are trig-
gered by the interactions of T cells with normal cells due to aberrant
indiscrimination of self-antigens (5-7). On the other hand, under-
standing how cells interact with each other may channel the devel-
opment of therapeutic agents that empower the precise
manipulation of particular CCIs in human patients (8). Preeminent
examples include bispecific antibodies and chimeric antigen recep-
tor (CAR)-T cells (CAR-Ts) (9, 10). Hence, how to precisely iden-
tify CCls for their characterization and quantification has attracted
the attention of prospectors aiming at expanding this burgeoning
field with the increasing demands from both fundamental research
and translational medicine.

A fair number of approaches for studying CCIs have been re-
ported, ranging from cellular imaging tools to transcriptomic data
analysis—based bioinformatic techniques (11). Microscopic imaging
widely used to visualize CCIs has provided critical information re-
garding spatial organizations and dynamic movements during an
interaction (8, 12). However, imaging techniques alone cannot
reveal molecular details of previously unknown CCIs. On the
other side, with the advancement of single-cell RNA sequencing
(scRNA-seq), databases and algorithms, such as CellPhoneDB,
CellChat, iTALK, and NicheNet, have been developed for CCI pre-
diction based on the bioinformatic analysis of single-cell gene
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expressions (13—16). However, these putative interactions predicted
by bioinformatic analysis require further validation and are largely
affected by the selection of appropriate parameters, which often can
only be used as a reference.

Chemical biology tools based on proximity labeling are the game
changers of this field as they not only provide tools to identify
unknown CClIs in complex systems but also enable the discovery
of molecular signatures involved in such interactions (17-19).
Moreover, proximity labeling also provides a means to quantify
the strength of CCIs, which is particularly important in understand-
ing the mechanism of the interaction-induced signaling transduc-
tion, e.g., T cell receptor (TCR) activation in T cells (20, 21).
Although proximity labeling systems of TurbolD, APEX2, and
horseradish peroxidase have been widely used in different applica-
tions, the contact-independent reactive species in this system is
limited in probing CClIs (11).

Recently, we developed FucoID as a genetic engineering—free
tool for capturing contact-dependent CClIs via the fucosyl-biotiny-
lation of N-acetyl-p-lactosamine (LacNAc), a common cell surface
disaccharide, located at the interface of interacting cells (22). In this
system, bait cells of interest are chemoenzymatically functionalized
with a fucosyltransferase (FT') on the cell surface and used to capture
the interacting prey cells in a cell mixture by transferring a biotin-
modified FT donor substrate guanosine diphosphate (GDP)~fucose
(Fuc)-biotin (GF-Biotin) to the LacNAc acceptor on the glycocalyx
of prey cells (23, 24). FucolD enables the facile detection of tumor-
specific antigen (TSA)-reactive T cells from tumor-infiltrating lym-
phocytes (TILs). Its application to a clinical setting may accelerate
the pace for the discovery of TSA-reactive TCR and lower the cost
and accessibility of personalized TCR relevant therapy (25-27). A
distinct advantage of contact-dependent proximity labeling for
studying CCI is its small labeling radius, which accounts to the re-
quirement for direct physical contact of the enzyme, donor sub-
strate, and acceptor substrate. This unique property promotes us
to further develop and expand the toolbox of FucolD for studying

10f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

CCIs beyond dendritic cell (DC)-T cell interactions (Fig. 1), in
which specific and quantitative tools are less reported.

Here, we upgraded the FucolID platform by constructing site-
specific cell and antibody-conjugate as a next generation of FT
probes (cell-sFT and Ab-sFT) to enable FucoID to be applied to a
broader setting. We found that not only can cell-sFT be used to
probe DC-T cell interactions but this platform can also be
applied to probe cancer cell-T cell and DC-B cell interactions.
These types of CCIs were governed by chimeric receptor-antigen
interaction, programmed cell death protein 1 (PD-1)-programmed
death-ligand 1 (PD-L1) interaction or unknown interacting molec-
ular pairs. Furthermore, using the newly developed Ab-sFT re-
agents, we realized FucolD in human patient samples using the
endogenous cancer cells as bait cells without the need of their pu-
rification. The prey cells in the unknown CCI system, identified by
FucolD, were characterized by RNA-seq or flow cytometry analysis
to dissect distinct molecular signatures, opening the avenue to study
a broader spectrum of CCIs in complex systems.

RESULTS

Development of site-specific FucolD probes

Our previously reported GDP-Fuc-FT (GF-FT) conjugates were
constructed using nonspecific N-hydroxysuccinimide ester-based
lysine coupling reactions. This approach leads to varying numbers
of GDP-Fuc per FT in different batches (fig. S1, A to D), which may
raise problems in consistency for translational study. To address this
issue, we sought to construct an sFT conjugate using sortase-medi-
ated transpeptidation (sortagging). Briefly, FT with a C-terminal
LPETGG tag was labeled by a tetrazine (Tz) group via the sortase-
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1. Process 2. Toolbox
.
o—<-GpP g \) (/
j & #‘F—O |
—=ne- p Probe 1: Cell-sFT _Probe 2: Ab-sFT

for clinical samples

@
3. Molecular pairs
@ site-specific FT (sFT) CAR-antigen PD-1-PD-L1
@ Biotin @ LacNAc 4 Fucose pMHC-TCR

. Unknown molecules
Previous work

4. Applications

Cell types

Molecular signatures Interaction Strength

—

Quantification

Biotin*: Interacting cells Discovery Discovery

Fig. 1. Intercellular labeling system for studying CCls with molecular resolu-
tion. Schematic diagram of the FucolD system for detecting, isolating, and analyz-
ing a broad spectrum of CCls. The FucolD system contains two probes, cell-sFT
(probe 1) and Ab-sFT (probe 2), built on the sFT conjugates. As a specific, versatile,
and quantitative proximity labeling system, FucolD enables the quantification of
the strength and the discovery of molecular signatures of CCls through the multi-
ple analyzing methods after labeling and isolation, e.g., flow cytometry and RNA-
seq analyses.
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mediated ligation (Fig. 2A and fig. S1F) (18). The resulting FT-Tz
conjugate was characterized by SDS—polyacrylamide gel electropho-
resis (PAGE) and mass spectrometry as a uniform product without
batch effects (Fig. 2, B and C). GDP-Fuc functionalized with the bi-
orthogonal reaction handle bicyclo[6.1.0]nonyne (BCN) (GF-BCN;
fig. S2) was then used to react with FT-Tz to form the site-specific
GDP-Fuc-sFT (GF-sFT) via the inverse electron demand Diels-
Alder (IEDDA) reaction.

As GF-sFT is a self-catalyst that transfers FT onto the cell surface
by forming a Fuc—N-acetylglucosamine linkage within the LacNAc
unit, we characterized the activity of GF-sFT by incubating NK92
cells with different concentrations of GF-sFT. NK92 cells engi-
neered with FT were then treated with GF-Biotin to trigger the
self-fucosyl-biotinylation on the cell surface. The detection of the
biotinylation signal was realized by streptavidin-conjugated fluores-
cent probes. As shown in Fig. 2D, the self-biotinylation signal via
the FT-triggered unnatural fucosylation was specifically detected
on the cell surface, which could be fully blocked by adding the
free glycan acceptor substrate, LacNAc (Fig. 2E). Moreover, the
self~fucosyl-biotinylation signal was positively correlated with the
GF-sFT concentration used in the first step, ranging from 0.025
to 0.8 mg/ml, which was saturated at 0.2 mg/ml (fig. SIE). We
then used GF-sFT (0.2 mg/ml) to label a human epidermal receptor
2—positive (HER2") ovarian cancer cell line, SKOV3, followed by
staining with a polyclonal anti-FT antibody. As revealed by confocal
imaging, FT is uniformly distributed on the cell surface of the
labeled cells (Fig. 2F).

Characterization of cell-sFT probes in detecting DC-T cell
interactions

In our FucolID protocol, prey cells from a heterogeneous cell
mixture are detected by the externally added bait cells that are en-
gineered to display FT on the cell surface (Fig. 3A). The interaction
between prey cells and bait cells leads to prey cell fucosyl-biotinyla-
tion catalyzed by FT anchored on bait cells (Fig. 3B). The labeled
prey cells can then be isolated for the subsequent analysis. To vali-
date the activity and efficiency of GF-sFT in the FucolD system, we
first modified DC with GF-sFT and used DC-sFT to label antigen-
specific T cells that participate in antigen-driven interactions
(Fig. 3D and fig. S3). We pulsed sFT-labeled DC with the ovalbumin
(OVA),57-264 peptide (SIINFEKL) that is recognized by the trans-
genic TCR of CD8" OT-I T cells in the context of the major histo-
compatibility complex (MHC), H-2Kb. We then initiated the
interaction by mixing naive OT-I T cells with the SIINFEKL
peptide—primed DC-sFT cells. After coculturing for 2 hours, the ad-
dition of GF-Biotin enabled the proximity labeling of the interact-
ing OT-I T cells by DC-sFT within 30 min. Robust fucosyl-
biotinylation was found on the interacting CD8" T cells with a
signal-to-background ratio of 32% (Fig. 3D). By contrast, unprimed
and DC-sFT cells primed with the irrelevant antigenic peptide
GP33_4; derived from lymphocytic choriomeningitis virus only
induced the minimum level of labeling on OT-I T cells (~2.5%;
Fig. 3D). Notably, the installation of FT on DCs did not alter its
property of T cell activation (fig. S3, B and C).

Application of cell-sFT in detecting CCls beyond DCs and

T cells

To expand the application of FucoID beyond probing antigen-spe-
cific DC-T cell interactions, we sought to explore other types of bait
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Fig. 2. Construction of the site-specific GF-sFT conjugate. (A) Chemoenzymatic synthesis of GF-sFT. sFT is constructed via the mgSrtA-mediated transpeptidation to
install a C-terminal Tz group. The following IEDDA reaction of sFT-Tz and GDP-Fuc-Am-BCN gives the final product of GF-sFT. (B and C) Characterization of FT-LPETGG, FT-
Tz, and GF-sFT by SDS-PAGE gel and mass spectrometry. (D and E) Self-fucosyl-biotinylation of NK92 cells by cell surface—anchored FT. NK92 cells were incubated GF-sFT
(0.2 mg/ml) to install FT on cell surface, followed by wash and incubation with GF-Biotin or GF-Biotin and LacNAc for blocking labeling. (F) Confocal imaging of sFT and

HER2 on SKOV3-sFT. BF, bright field. Scale bars, 10 pm.

cells for detecting CCIs. Because cancer cells are recognized and at-
tacked by T cells via the antigen-specific peptide MHC
(pMHC)-TCR recognition, we investigate the possibility of using
cancer cells as bait cells to capture cognate T cells. In this case,
cancer cells work as antigen-presenting cell (APC) to present anti-
gens that pMHC on cancer cells then interact with TCR on T cells.
We functionalized Pan02, a mouse pancreatic cancer cell line ex-
pressing H-2Kb MHC-I, with sFT, pulsed the FT-labeled Pan02
cells with the SIINFEKL peptide, and then initiated the interac-
tion-dependent labeling with naive CD8" OT-I T cells. As shown
in Fig. 3E, OT-I T cells were strongly labeled by Pan02-sFT
primed with OVA,s5; 564 (Biotin®, ~25%), but only very weakly
labeled by unprimed Pan02-sFT or Pan02-sFT primed with GP3;_
41(Biotin®, ~7%). Notably, the fucosyl-biotinylation was also highly
correlated with CD69 expression in response to different concentra-
tions of SIINFEKL (fig. $4, B and C). Similar results were observed
when using the sFT-functionalized MC38 murine colon carcinoma
as cell probes (fig. S4, B and D), demonstrating the general applica-
bility of FucolID in studying antigen-dependent cancer cell-T cell
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interactions. We also evaluated the influence of FT labeling on
the killing ability of T cell. The results demonstrated that FT-
labeled T cells showed uninfluenced cytotoxic effect against
cancer cells primed with OVA,s;_5¢4 (fig. S4, E and F).

All FucoID-enabled labeling we explored so far was governed by
the interactions of pMHC and TCR (Fig. 3C). As an pMHC-inde-
pendent therapeutic modality, CAR-Ts combine a tumor antigen
recognition domain with intracellular signaling domains to enable
the recognition and killing of target tumor cells. To assess whether
we could use FucolID to probe CAR-T—target cell interactions, we
constructed CAR-Ts by introducing an anti-HER2 CAR into
Jurkat, a human T cell line, via lentivirus transduction (fig. S5, A
and B). Unmodified Jurkat cells and CAR-Jurkat (CAR-]) cells
were then modified with GF-sFT and used to interrogate the inter-
actions with SKOV3 (HER2*). Compared to Jurkat-sFT, CAR-J—
sFT induced notably higher fucosyl-biotinylation of SKOV3 cells
(72% versus 18%; Fig. 3F and fig. S5, C to E). Besides the molecular
pairs of antibody/antigen, we also tested the feasibility of applying
the upgraded FucolD system to study CCIs directed by ligand-
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***Pp < 0.001; ****P < 0.0001.

receptor interactions. As proof of principle, we chose the well-
studied interactions of PD-L1 and PD-1. The PD-1/PD-L1
pathway represents an adaptive immune resistance mechanism ex-
ploited by tumor cells in response to endogenous T cell-mediated
antitumor activity. We constructed a stable cell line on Jurkat cells
that express high levels of PD-1 (Jurkat-PD-1; fig. S6). Next, JIMT-
1, a human breast carcinoma cell line that expresses high levels of
PD-L1, was functionalized with sFT. When JIMT-1-sFT was incu-
bated with Jurkat—PD-1 to trigger FucoID, 38% of Jurkat—PD-1 cells
were labeled by fucosyl-biotinylation, whereas only 18% of Ju-
rkat—PD-1 cells were labeled in the presence of a PD-L1 blocking
antibody, which is similar to that of untransduced Jurkat cells
(Fig. 3G and fig. S6). These results strongly suggest that the PD-1/

Qiu et al., Sci. Adv. 8, eadd2337 (2022) 21 December 2022

PD-L1 molecular pairs critically contribute to the interactions
between JIMT-1 and Jurkat—PD-1 cells.

Determining the intensity and specificity of the interaction
between CAR-J and cancer cells

Quantitatively distinguishing a strong interaction from a weak in-
teraction is essential to gain a molecular-level understanding of
CClIs. To explore whether FucoID can be used for the quantitative
analysis of CCls, we used a model co-culture system of CAR-J and
SKOV3 as the proof of concept (Fig. 4A). First, we established
SKOV3 cells with varying HER2 expression levels via transfecting
human ERBB2-targeting CRISPR-Cas9 ribonucleoprotein (RNP).
Because of the high ERBB2 copy number of SKOV3 and incomplete
editing resulting from transient RNP, treated SKOV 3 cells showed a
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broad range of HER2 expression levels (partial HER2 knockout),
which was named pKO SKOV3. Next, CAR-J-sFT and Jurkat-sFT
cells, respectively, were cocultured with pKO SKOV?3 cells to trigger
the FucolD labeling. The ratio of fucosyl-biotinylation of pKO
SKOV3 induced by CAR-J-sFT was ~36%, whereas the ratio of
fucosyl-biotinylation triggered by Jurkat-sFT was less than 10%
(Fig. 4B). We then divided the HER2* SKOV3 cells of pKO
SKOV3 into six groups according to the expression level of HER2
and analyzed the ratios of fucosyl-biotinylation in these groups
(Fig. 4C and fig. S7A). As expected, the fucosyl-biotinylation
ratios induced by CAR-J—sFT were positively correlated with the ex-
pression levels of HER2 among these six groups (Fig. 4D), which
nicely indicates that the intensity of CCIs could be detected by
FucolID quantitatively. Next, to further demonstrate the specificity
and selectivity of FucoID in a complex system, we added the cancer
cells with different HER2 expression levels into human peripheral
blood mononuclear cells (PBMCs), including SKOV3 (HER2,
high), MCF-7 (HER2, medium), and MDA-MB-231 (HER2, low;
Fig. 4, E and H). Fucosyl-biotinylation was only detected on the
cancer cells, while almost all PBMCs were left unlabeled by CAR-
J-sFT (Fig.4G and fig. S7C). Moreover, the ratio of fucosyl-biotiny-
lation was consistent with the expression levels of HER2 on cancer
cells, in which SKOV3, MCF-7, and MDA-MB-231 showed a signal-
to-background labeling ratio of 35, 25, and 7%, respectively (Fig. 4,
Fand G). Together, the FucolD labeling system displayed good spe-
cificity and selectivity for detecting CCIs governed by molecular
pairs beyond pMHC-TCR and the potential to quantify CCI inten-
sity in a complex system.

Profiling unknown interactions in splenocytes by FucolD

In the aforementioned experiment, we also observed weak fucosyl-
biotinylation in the group that known receptor-mediated interac-
tions did not exist, e.g., Jurkat and SKOV3 cells (Biotin*, ~18%),
suggesting that there may exist interactions controlled by
unknown molecular pairs, which is worthy of further investigation.
Thus, we further explored the utilization of cell-sFT probes to char-
acterize a broader spectrum of CCIs to determine whether
unknown or little-studied CCIs could be identified. We chose im-
mature DCs (iDCs) as bait cells to profile their interactions with
immune cells in mouse splenocytes due to its rich source of diver-
sified immune cell types (Fig. 5A). Specifically, unprimed iDC-sFT
was incubated with splenocytes in the presence of GF-Biotin to
capture transient interactions, which is distinct from our published
procedure, in which GF-Biotin was introduced upon the formation
of long-term, stable cell-cell contacts. To our surprise, after 30 min,
B cells exhibited a significantly higher labeling ratio (54%) than
both CD4* and CD8* T cells (~20%; Fig. 5B). Previously, the
DC-B cell interaction as a venue to transfer antigens from DCs to
B cells and trigger B cell activation and maturation has not been
thoroughly studied (28-30). The preferred labeling of B cells by
iDCs promoted us to investigate the possible mechanism governing
their interactions. We sorted the interacting (Biotin*) and bystander
(Biotin™) B cells. Bulk RN'A-seq analysis of these samples allowed us
to compare their gene expression profiles (Fig. 5, A and C, and fig.
S9). Significantly, compared to Biotin™ B cells, the Biotin* B cell
subset was found to expressed lower levels of immunoglobulin re-
ceptor related genes, including IGKV14-126, IGHG2b, IGKV4-55,
IGHV1I1-1, IGHG2c, IGHV5-39, IGHV11-2, and IGHG3. By con-
trast, Biotin* B cells had higher expression of regulation of cytokine
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related genes, including CCL22, CXCL2, CCL9, CX3CR1, CCR2,
CCR6, and CCL5 (Fig. 5D). These results were also confirmed by
pathway and function enrichment analysis of their different gene
signatures (fig. S9B). Gene Ontology (GO) enrichment analysis
suggested that down-regulated genes in Biotin™ B cells were en-
riched in immunoglobulin receptor binding and up-regulated
genes in Biotin® B cells were enriched in positive regulation of cy-
tokine production (Fig. 5E and fig. S9C). We then evaluated the
protein expression levels of a few significantly changed genes, and
confirmed that CX3CR1 was up-regulated and immunoglobulin D
(IgD) was down-regulated in Biotin* B cells (Fig. 5F). These data
were consistent with the sequencing results of bulk RNA-seq. As
well documented, these genes play critical roles in the maturation
of B cells (31). Recently, a study reported that DCs interact with B
cells through trogocytosis in splenocytes (32). Accordingly, we also
observed a weak trogocytosis taking place through which B cell
surface markers could be transferred and detected on DCs but
not vice versa (fig. S10). Together, these results strongly suggest
that down-regulation of immunoglobulin receptors and up-regula-
tion of cytokine production on B cells are involved in the augment-
ed interactions between iDCs and B cells.

Development of Ab-sFT probes for applying FucolD to
clinically relevant samples

Because the cell-based FT probes require the preinstallation of FT
onto isolated bait cells, it is challenging to be applied to systems in
which bait cells to be used are primary cells that are hard to purify
and isolate (Fig. 6A). To overcome this obstacle, we developed an-
tibody-based probes to expand the toolbox of FucoID. We intro-
duced Ab-sFT as an alternative probe to cell-sFT via constructing
site-specific anti-HER2-sFT conjugate as a proof of concept
(Fig. 6B). In this design, FT with a C-terminal LPETGG tag was
labeled by a trans-cyclooctene (TCO) group via the sortase-mediat-
ed ligation [GGG-(PEG)s-TCO as substrate]. An anti-HER2 anti-
body (KNO025) targeting a different epitope of Herceptin on
HER2 was site-specially modified by glycoengineering via the
cascade enzymatic reaction to introduce an unnatural sugar con-
taining the azide group (N-azidoacetylgalactosamine, GalNAz).
The given product of site-specific KN025-(GalNAz), was further
modified by dibenzocyclooctyne (DBCO)-(PEG),-Tz via click reac-
tion to obtain the site-specific KN025-(Tz),. Last, the sFT-TCO was
mixed with the site-specific KN025-(Tz), conjugate directly to form
the site-specific KN025-sFT conjugate via the IEDDA reaction
(Fig. 6B and fig. S11). The site specificity and enzyme per antibody
number of this antibody-enzyme (FT) conjugate were characterized
by the SDS-PAGE and mass spectrometry (Fig. 6, C and D), in
which the clear dual modification of FT enzyme on KN025 Fc
glycan demonstrated the power of IEDDA reaction (33). Further-
more, sFT-modified KN025 was found to exhibit similar antigen-
binding capabilities as compared to the parent antibody (Fig. 6E),
and KN025-sFT (0.1 mg/ml) was sufficient to mediate saturating
labeling of NK92 cells with GF-Biotin (Fig. 6F).

To assess whether KN025-sFT can be directly administered to a
cell mixture to initiate the interaction-dependent labeling, we mixed
SKOV3 with Jurkat and CAR-J (1:1:1) as a model system (Fig. 6G)
followed by the addition of KN025-sFT. In this system, the interac-
tion between CAR-J and SKOV3 cells was stronger than that
between Jurkat and SKOV3 cells. After removing the unbound
KNO025-sFT, GF-Biotin was added to trigger FucolD. Flow
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Fig. 5. Use of the iDC-sFT probe to identify DC-B cell interactions in splenocytes. (A) Schematic workflow for the preparation, labeling and analysis of splenocytes
interacting with iDCs. (B) Representative flow cytometric plots showing the fucosyl-biotinylation of CD4* T cells, CD8" T cells, and B cells in splenocytes mediated by iDC-
sFT and iDCs. iDC-sFT or iDCs were mixed with splenocytes under 50 uM GF-Biotin for 30 min. The background is defined as the signal produced on splenocytes by
incubating iDCs with splenocytes. (C) Flow cytometric gating strategy for isolating Biotin™ (interacting) and Biotin~ (bystander) B cells via fluorescence-activated cell
sorting (FACS). (D) Volcano plots of differentially expressed genes between Biotin* and Biotin~ B cells. n = 4. Membrane protein related genes are highlighted. (E)
GO terms enriched by the up-regulated and down-regulated genes between Biotin* and Biotin~ B cells. Bar represents the P value. n = 4. (F) Representative flow cyto-
metric histograms and statistics showing IgD and CX3CR1 expressions on Biotin* (B*) and Biotin~ (B~) B cells. MFI, mean fluorescence intensity. *P < 0.05; **P < 0.05.
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cytometry analysis revealed that 97% of SKOV3 and 65% of CAR-J
were selectively labeled by fucosyl-biotinylation, whereas only 2%
unmodified Jurkat cells were labeled (Fig. 6, H and I). Notably,
none of the cells in the isotype IgG-sFT administered control
group were labeled. We then titrated the concentrations of
KNO025-sFT and found that KN025-sFT (10 pg/ml) could label
nearly all CAR-]J cells that interact with SKOV3 but left Jurkat
cells untouched (fig. S12).

The success of applying KN025-sFT to probe interactions
between CAR-J and cancer cells prompted us to interrogate the in-
teractions of primary HER2" cancer cells with other cells present in
human bladder carcinoma (Fig. 7A). This is an excellent test of the
scope of FucolD because primary cancer cells are hard to be purified
as bait cells. Following the same procedures as described above, we
added KN025-sFT into the single-cell suspensions prepared from
bladder tumors by transurethral resection. To our delight, 15% of
CD4* T cells and 17% of CD8* T cells from TILs were labeled by
fucosyl-biotinylation (Fig. 7, B and C). By contrast, under the same
condition, isotype control IgG-sFT labeled none of these cells
(Fig. 7C and fig. S13C). We then characterized the molecular phe-
notypes of interacting (Biotin™) and bystander (Biotin™) T cells
using a panel of T cell activation or exhaustion markers, including
CD137,CD103, PD-1, CD39, and CD69 (34-39). We found that the
expression of these biomarkers was significantly higher in Biotin*
group than that in Biotin™ group (Fig. 7D and fig. S13D), suggesting
that T cells interacting with HER2* cancer cells displaying an acti-
vation/dysfunction phenotype. The t-stochastic neighbor embed-
ding (tSNE) plot analysis revealed that compared with the
expression of other functional markers, the expression of CD137
had a more pronounced overlap with the signal of fucosyl-biotiny-
lation on CD4* T cells (Fig. 7E).

DISCUSSION

In summary, we have upgraded the FucoID platform by introducing
two new reagents—GF-sFT and Ab-sFT conjugates. GF-sFT has
been further used to construct different cell-based probes, such as
CAR-T-sFT and cancer cell-sFT, demonstrating its general applica-
bility, while Ab-sFT allows the application of FucoID to a native
context. Featuring easy preparation and ready-to-adopt protocols,
FucolD serves as an attractive approach for the precise identification
and quantification of CCIs under physiologically relevant condi-
tions by providing resolved molecular information.

Using iDC-sFT, we realized the capture of diverse types of CCls
without previous knowledge of their molecular basis. Combining
the iDC-sFT—enabled labeling and bulk RNA-seq analysis, we
found that iDC-B cell interactions are regulated by cytokine signal-
ing and B cell receptor on the B cell surface. Furthermore, the in-
vention of Ab-sFT probes has realized the direct characterization of
cells interacting with HER2* cancer cells in clinical samples via the
multicolor flow cytometry analysis, which provides an opportunity
to resolve the molecular signatures of tumor-specific T cells that
could directly recognize tumor cells (22). This approach may be
generalized by integrating FT with other high-affinity targeting mo-
dalities, e.g., nanobodies, which makes FucolD potentially more
convenient to use in tissue samples (fig. S14). Because there were
very few in-depth investigations of the molecular signatures of
CCIs (11, 17, 40), our results point to a direction for identifying mo-
lecular pairs involved in tuning these immune cell interactions. In
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future studies, the combination of more advanced single-cell omic
techniques, e.g., cellular indexing of transcriptomes and epitopes
(CITE-seq), with FucolD, could further empower intercellular
proximity labeling tools to capture the heterogeneous distributions
of molecular determinates that play critical roles in modulating
these CCIs (41).

Last, many new drug modalities have emerged in recent years,
e.g., checkpoint inhibitors, bispecific antibodies, bispecific T cell
engagers, and engineered T cells, that either block or redirect
CCIs in human patients for cancer treatment (42—46). In compar-
ison to in vitro drug screens that assess potential perturbations to
ligand-receptor interactions using purified recombinant proteins,
screens that probe the impact on CCIs may reflect a more native
setting. In this regard, we believe FucoID may find wide applica-
tions to probe the outcomes of CClIs intervened by these targeting
agents in future efforts to search for new drug candidates.

MATERIALS AND METHODS

Mice

OT-I*'~ and CD45.1*/~ mice were bred and housed under specific
pathogen—free conditions. C57BL/6] mice were purchased from
GemPharmatech. OT-1"/~ or CD45.1"'~ mice were generated by
cross-breeding OT-I or CD45.1%/* and C57BL/6] mice, respectively.
Both male and female mice of 6 to 12 weeks of age were used for all
experiments. All animal experiments were approved by the Animal
Ethical and Welfare Committee of Nanjing University (no.
TACUC-2012003).

Materials and reagents

All chemical reagents and solvents were obtained from Sigma-
Aldrich and used without further purification. PEI (#919012) was
purchased from Sigma-Aldrich. NucleoBond Xtra Midi Plus
(#740412.10) was purchased from MACHEREY-NAGEL, zombie
(#423101), CellTracker CM-Dil Dye (#C7000), CellTracker Green
CMFDA (#C7025), eBioscience Cell Proliferation Dye eFluor 450
(#65-0842-85), and eBioscience Cell Proliferation Dye eFluor 670
(#65-0840-85) were purchased from Thermo Fisher Scientific.
APC-Cy7 anti-mouse CD45.1 (#110715), APC anti-mouse CD3
(#100236), PB anti-mouse CD4 (#100531), PerCPCy5.5 anti-
mouse CD8a (#100734), fluorescein isothiocyanate (FITC) anti-
mouse CD19 (#152404), phycoerythrin (PE) anti-mouse CD69
(#104508), PB anti-mouse CD45.1 (#110722), APC streptavidin
(#405207), PE streptavidin (#405245), PE-Cy7 streptavidin
(#405206), Alexa Fluor 700 anti-human CD3 (#317340), PB anti-
human CD19 (#302232), FITC anti-human PD-1 (#329904), APC
anti-human CD103 (#350216), APC-Cy7 CD137 (#309830), Bril-
liant Violet 605 anti-human CD39 (#328236), Brilliant Violet 650
anti-human CD69 antibody (#310934), anti-mouse CD16/32
TruStain FcX PLUS, and Human TruStain FcX (Fc receptor block-
ing solution, #422301) were purchased from BioLegend. Mouse
granulocyte-macrophage colony-stimulating factor (GM-CSF;
#TL-655) was purchased from Tongli Haiyuan. Biotin-(PEG),-
alkyne (#TA105) and methyltetrazine-(PEG),-alkyne (#1013-100)
were purchased from Click Chemistry Tools. GGG-(PEG),-Tz
(#BSG-3-200721) and GGG-(PEG)5-TCO were purchased from
CONFLUORE. Mouse 1x lymphocyte separation medium
(#7211011) was purchased from Dakewe.
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Fig. 7. Detection of cells interacting with HER2* bladder cancer cells in a clinical sample. (A) Schematic overview of studying the interactions between HER2* cancer
cells and T cells via KN025-sFT in the cell suspensions of human bladder cancer patient samples. (B and C) Flow cytometric analysis and summary statistics of the in-
teraction-dependent fucosyl-biotinylation of CD4" and CD8" T cells via KN025-sFT in bladder cancer samples. n = 3. Incubation time, 1 hour; labeling time, 30 min. (D) The
expression ratios (top) and intensities (bottom) of functional markers in biotin*/~ CD4* T cells and CD8* T cells according to flow cytometric analysis. n = 3. (E) Repre-
sentative tSNE map showing the correlation between functional phenotypes and biotin signal on CD4* T cells and CD8* T cells. Human sample from one patient, three
biological repeats; **P < 0.05; ***P < 0.001; ****P < 0.0001.
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Plasmids

The ErbB2-specific single-chain fragment variable (scFv) 4D5 (25)
sequences were cloned into the pMDLg/pRRE vector for lentivirus
packaging. FT with a C-terminal LPETGG tag was cloned into the
pET-28a(+) vector for protein expression. pMD2.G (#12259) and
pRSV-Rev (#12253) were purchased from Addgene.

Cell lines

Cell lines were all purchased from American Type Culture Collec-
tion or National Infrastructure of Cell line Resource, China. SKOV3,
JIMT-1, and Pan02 cell lines were grown in DMEM (Dulbecco’s
modified Eagle's medium; GlutaMAX, Gibco) supplemented with
10% fetal bovine serum (FBS; Omega Scientific Inc.) and 1x peni-
cillin-streptomycin (Gibco). MC38 were grown in RPMI 1640
(DMEM, GlutaMAX, Gibco) supplemented with 10% FBS
(Gibco) and 1x penicillin-streptomycin (Gibco). Jurkat and CAR-
J were grown in T cell medium (RPMI 1640, GlutaMAX, Gibco)
supplemented with 10% FBS (Gibco), 1x penicillin-streptomycin
(Gibco), 1x 1 M Hepes (Gibco), 1x NEAA (Gibco), 1x sodium py-
ruvate (Gibco), and 0.5x B-mercaptoethanol (Gibco). Human em-
bryonic kidney (HEK) 293-GTX were grown in packing virus
medium [high-glucose DMEM supplemented with 10% FBS
(Gibco) and 1x penicillin-streptomycin (Gibco), 1x 1 M Hepes
(Gibco), and 1x NEAA (Gibco)]. All cell cultures were incubated
at 37°C under 5% CO,/95% air.

Primary cells

OT-I'T cells were isolated from the spleens of OT-I mice. Murine
iDCs were induced to differentiate from the bone marrow. Follow-
ing erythrocyte lysis, the bone marrow cells were resuspended in
complete T cell medium with GM-CSF (20 ng/ml). The culture
medium was changed every 3 days with fresh complete T cell
medium with GM-CSF (20 ng/ml). After 7 days of culturing, non-
adherent cells and loosely adherent cells were harvested and gently
washed by phosphate-buffered saline (PBS) for downstream label-
ing experiments. All cells cultures were incubated at 37°C under 5%
CO,/95% air.

Human tissue and blood samples

The bladder cancer tissues were obtained from the patient who un-
derwent radical cystectomy or transurethral resection of bladder
tumor at the Affiliated Drum Tower Hospital of Nanjing University,
School of Medicine (Nanjing, China). The tumor tissues were col-
lected during surgical operation and preserved in the T cell medium
to obtain the T cells. Under sterile conditions, tumors were cut into
small pieces and digested in RPMI 1640 supplemented with colla-
genase IV at 1 mg/ml (Sigma-Aldrich) and deoxyribonuclease
(DNase) at 30 U/ml (Sigma-Aldrich) at 37°C for 45 min. Digested
tissue suspensions were filtered through a 70-um filter and washed
in RPMI 1640 + 5% FBS + DNase (15 U/ml). After the above oper-
ations, TILs were obtained and stained analysis by flow cytometry.
All TILs were cryopreserved until further analysis. Human bloods
samples were collected from a healthy donor who provided paper
informed consent. PBMCs were obtained by Ficoll (Ficoll-Paque
Plus, GE Healthcare) density gradient centrifugation, were then im-
mediately frozen in liquid nitrogen to maintain the initial cell state,
and were thawed before the FucoID labeling experiment. The
present study was approved by the Ethics Committee of Nanjing
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Drum Tower Hospital in accordance with the Declaration of Hel-
sinki (protocol 2021-394-01).

Cloning, expression, and purification of recombinant FT-
LPETGG protein

Gene of Helicobacter pylori 26695al, 3FucT was cloned into PET-
28a(+) with a C-terminal LPETGG tag, followed by a His tag for
purification. FT-LPETGG plasmids were transformed into BL21
(DE3) Escherichia coli, picking single clone to inoculate into 5 ml
of LB medium containing kanamycin (50 mg/ml) and grown at
37°C. Culturing at logarithmic phase (optical density at 600 nm,
0.6) was induced with 0.5 mM isopropylthiogalactoside overnight
at 20°C for 20 hours. The bacterial cells were pelleted and lysed
via homogenizer in phosphate buffer solution. FT-LPETGG was
purified by affinity column. Purified proteins were concentrated
in Millipore concentration tubes (<30 kDa) and desalted into PBS
using a G25 desalting column.

SDS-PAGE analysis of the molecular weight of protein
conjugates

Twenty-microliter protein samples were mixed with 5 ul of 5x SDS-
PAGE sample buffer [100 mM tris (pH 6.8), 8% glycerol, bromo-
phenol (0.1 mg/ml), 2% SDS, and 10 mM dithiothreitol] to be an-
alyzed by SDS-PAGE. All samples were boiled at 95°C for 5 min,
and a 20-pl aliquot of each sample was electrophoresed in 0.75-
mm-thick SDS-PAGE gels containing 12% acrylamide. Gels were
run at 80 to 100 V and stained with Coomassie brilliant blue.

Mass spectrometry analysis of the molecular weight of
protein conjugates

Protein separations were performed using a Waters ACQUITY
UPLC I-Class Plus coupled online to a Xevo G2-XS QTOF MS
System (Waters Corporation) equipped with an electrospray ioniza-
tion source. Solvent A, water with 0.1% formic acid, and solvent B,
acetonitrile with 0.1% formic acid, were used as the mobile phase at
a flow rate of 0.5 ml/min. Gradients used are as follows: isocratic
95% H,O for 2 min, 95% to 10 H,O in 4 min, 10% H,O for 1
min, 10% to 95% H,O in 1 min, and then 95% H,O for 2 min.
Total mass spectra were reconstructed from the ion series using
the MaxEnt algorithm preinstalled on MassLynx software (v. 4.1
from Waters) according to the manufacturer’s instructions. To
obtain the ion series described, the major peak(s) of the chromato-
gram were selected for integration and further analysis.

Synthesis procedure of site-specific GF-sFT

Reaction was carried in a 1.5-ml Eppendorf tube. Tz group was first
introduced onto FT-LPETGG and then produced site-specific
GDP-Fuc-FT conjugates by a click reaction. Briefly, a 50 mM
stock of GGG-(PEG),-Tz in dimethyl sulfoxide (DMSO) was
added to solution of FT-LPETGG (8 mg/ml, 200 pl) at a final con-
centration of 5 mM. The reaction was catalyzed by 50 uM mgSrtA at
room temperature for 1 hour. Excess FT-LPETGG in the solution
was removed by magnetic beads, and solution was desalted into PBS
by G25 desalting column to obtain sFT-Tz. GF-BCN (50 mM) was
added to solution at a final concentration of 1.1 mM (approximately
10 equivalent of sFT-Tz) and incubated at room temperature for 5
min to obtain GF-sFT.
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General protocols for preparing cell-sFT probe

A total of 1 million live cells were resuspended in 100 pl of Hanks'
balanced salt solution buffer containing 20 mM MgSO,, 3 mM
Hepes, and 0.5% FBS. Cells were treated with GF-sFT (0.2 mg/
ml). After incubating on ice for 20 min, cell-sFT was washed
twice with PBS and ready for further application.

General protocols for preparing Ab-sFT probe

Reaction was carried in a 1.5-ml Eppendorf tube. TCO group was
first introduced onto FT-LPETGG and then producing site-specific
Ab-sFT conjugates by a click reaction. Briefly, a 50 mM stock of
GGG-(PEG)5-TCO in DMSO was added to solution of FT-
LPETGG (8 mg/ml, 200 pl) at a final concentration of 5 mM. The
reaction was catalyzed by 50 uM mgSrtA at room temperature for 1
hour. Excess FT-LPETGG in the solution was removed by magnetic
beads, and solution was desalted into PBS by G25 desalting column
to obtain FT-TCO. Anti-HER2 antibody (KN025, targeting differ-
ent epitopes of trastuzumab, 31 mg/ml, 30 pl) was incubated with
endo S (48 mg/ml, 3.5 pl), uridine 5ridiphosphate (UDP)-GalNAz
(100 mM, 4.5 ul), and B4-GalT1(Y289L; 3.88 mg/ml, 3.5 pl) in 10
mM MnCl, and tris-HCI (25 mM) (pH 8.0) for 16 hours at 30°C.
Purification with Protein A resins gave KN025(GalNAz),. A solu-
tion of DBCO-(PEG),-Tz was added KN025(GalNAz), and incu-
bated for 5 hours at 30°C (approximately 10 equivalent of Ab-
Az). Then, KN025(GalNTz), was obtained through a G25 desalting
column. FT-TCO (3.5 mg/ml) was added to KN025-(Tz), (2.25 mg/
ml) and incubated at room temperature for 4 hours (approximately
8 equivalent of KN025-Az), purification with Protein A resins gave
KNO025-sFT, and site-specific KN025-sFT conjugates were ready to
use (33). KN025-sFT on SDS-PAGE was the sample before Protein
A purification.

Fluorescence imaging

SKOV3-sFT cells were seeded in a confocal dish, incubated with
polyclonal FT antibody (10 pg/ml; made by GenScript, mouse
IgG) for 30 min on ice, washed three times with fluorescence-acti-
vated cell sorting (FACS) buffer, and then incubated with Alexa
Fluor 488 anti-human CD340 (10 pg/ml; erbB2/HER-2) and PE
anti-mouse IgG (10 pg/ml) for 30 min on ice. After washing
three times with FACS bulffer, cell imaging was performed on
Olympus SpinSR. PE was excited by 561-nm laser and collected
with 560 to 600 nm. Alexa Fluor 488 was excited by 488-nm laser
and collected between 490 and 550 nm.

Detection of pMHC-TCR—mediated interactions via cell-sFT
iDC-sFT or cancer cell-sFT was prepared according to the protocol
of preparing cell-sFT probe. iDC-sFT or cancer cell-sFT was resus-
pended in T cell medium and left untreated, primed with 100 nM
OVA,57_264 Or lymphocytic choriomeningitis virus GP33_4; at 37°C
for 30 min. After washing twice with PBS, iDC-sFT or cancer cell-
sFT was cocultured with OT-I splenocytes in a 96-well plate at 37°C
for 2 hours. GF-Biotin (50 uM) was added gently to initiate the
FucolID reaction for 30 min. LacNAc (final concentration, 5 mM)
was added to quench the reaction. Cell mixtures were washed three
times with PBS and stained analysis by flow cytometry (22).
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Construction of the HER2-CAR plasmid and CAR-J-
expressing Herceptin scFv

The ErbB2-specific scFv 4D5 (25) sequences were synthesized and
subcloned into pMDLg/pRRE vector for lentivirus packaging, and
hemagglutinin (HA) tag (YPYDVPDYA) was cloned after the CD8
leader. Lentivirus particles were produced using a third-generation
system (47-49). Briefly, 6 million HEK293-GTX cells cultured on 10
cm tissue culture—treated dishes were transfected with packaging
plasmids pRSV-Rev (4.5 pg), pMD2.G (1.875 ug), and pMDLg/p
(4.5 pg), and the transfer plasmid (5.625 pg) in Opti-MEM and
PEL Medium exchange was performed after 8 hours of transfection.
Media containing lentivirus particles were collected after 36 to 48
hours and concentrated at 50,000g at 4°C for 3 hours by ultracen-
trifugation. Jurkat cells (1.2 million) were seeded in six-well plate,
followed by the addition of 48 ul of 1 M Hepes, 4.8 pl of protamine
sulfate (7.5 mg/ml), and 50 pl of concentrated virus. The six-well
plate was centrifuged at 1000g for 90 min at slow acceleration and
slow deceleration at 33°C for 1.5 hours. After centrifugation, the six-
well plate was placed in an incubator at 37°C for 24 hours before
medium exchange. The positive ratio of viral infection was deter-
mined by detecting expression level of HA tag of Jurkat cells.
After 2 weeks of expansion, Jurkat cells of positive HA were
sorted for subsequent experiments.

Detection of CAR-antigen—-mediated interactions via
cell-sFT
Jurkat-sFT and CAR-J-sFT were prepared according to the protocol
of preparing cell-sFT probe. Jurkat-sFT and CAR-J—sFT were resus-
pended in T cell medium and then cocultured with HER2* SKOV3
stained with CellTracker CMFDA at 37°C for 1 hour. GF-Biotin (50
uM) was added gently to initiate the FucoID reaction. The reaction
was incubated at 37°C for 30 min before quenched with LacNAc (5
mM). Cell mixtures were then stained and analyzed by flow
cytometry.
Selectivity
The prepared CAR-J—sFT were added to cell mixtures of SKOV3,
MCE-7, MDA-MB-231, and PBMCs (at the ratio of 1:1:1:1:10)
and then incubated at 37°C for 1 hour. The following steps are
the same as above.
Quantitative labeling

Construction of SKOV3 cells expressing heterogeneous level of
HER2. SKOV3-HER2pKO cell line was established through
CRISPR-Cas9 RNP-based gene editing. Briefly, Cas9 single-guide
RNAs (sgRNAs) targeting human ERBB2 exon 12 (sgl-TGAGTG
GGTACCTCGGGCAC) and exon 15 (sg2-ACTTGTGCAGAATT
CGTCCC) were chemically synthesized with sgRNA scaffold
(GenScript) and suspended in TE buffer at a concentration of 100
uM. For RNP formation, 36 pmol of each sgRNA and 72 pmol of
Cas9 protein were mixed in 25 pl of Opti-MEM (Thermo Fisher Sci-
entific) at room temperature for 15 min. For transfection, 3.75 ul of
Lipofectamine 3000 (Thermo Fisher Scientific) diluted in 25 pl of
Opti-MEM was mixed gently with RNP mixture, incubated at
room temperature for 10 min, and added into SKOV3 cells at
60% confluency in 24-well plate. On day 7, cells were collected,
stained with anti-HER2 APC to confirm the heterogeneous expres-
sion level of HER2.

Quantification of CCI. CAR-J-sFT and Jurkat-sFT were incubat-
ed with pKO SKOV3 cells at 37°C for 1 hour, and 50 uM GF-Biotin
was added gently to initiate the FucoID reaction. The reaction was
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incubated at 37°C for 30 min before quenched with LacNAc (5
mM). Cell mixtures were then stained and analyzed by flow cytom-
etry. To quantify CCI, pKO SKOV3 cells were divided into six
groups according to expression level of HER2, and biotinylation
ratio was determined in each group. Correlation analysis of biotin
ratio and HER2 expression level on pKO SKOV3 cells was charac-
terized in GraphPad Prism software (version 7.0) via fitting a
linear curve.

Detection of PD-1-PD-L1-mediated interactions via

cell-sFT

JIMT-1-sFT was prepared according to the protocol of preparing
cell-sFT probe. A portion of JIMT-1-sFT was treated with anti-
human PD-L1 on ice for 30 min. JIMT-1-sFT and JIMT-1-sFT pre-
treated by anti-human PD-L1 were resuspended in T cell medium
and then cocultured with Jurkat (PD-1"%) stained with CellTracker
CMFDA at 37°C for 1 hour. GF-Biotin (50 tM) was added gently to
initiate the FucolID reaction. The reaction was incubated at 37°C for
30 min before quenched with LacNAc (5 mM). Cell mixtures were
then stained and analyzed by flow cytometry.

Detection of interactions between murine iDCs and
immune cells in murine splenocytes

C57BL/6] splenocytes were prepared according to the reported pro-
tocol. iDC-sFT was mixed with splenocytes at the ratio of 1:1 imme-
diately. GF-Biotin (50 pM) was added gently to initiate the FucoID
reaction. The reaction was incubated at 37°C for 30 min before
quenched with LacNAc (5 mM). Cell mixtures were then stained
and analyzed by flow cytometry.

Detection of Jurkat/CAR-J-SKOV3 interactions via
KNO025-sFT

SKOV3 cells were stained with CellTracker CMFDA, while Jurkat
cells were stained with eBioscience Cell Proliferation Dye
eFluor670. SKOV3, Jurkat, and CAR-] were mixed at a ratio of
1:1:1. A total of 60,000 cells were added to each well of 96-well
plate and cultured at 37°C for 30 min. Different concentrations of
KNO025-sFT (anti-HER2-sFT) or isotype IgG-sFT were added to cell
mixtures at 37°C for 30 min. Then, the unbound KN025-sFT or
isotype IgG-sFT conjugates were washed twice with PBS. Cell mix-
tures were cocultured at 37°C for 1 hour, and 50 uM GF-Biotin was
added gently to initiate the FucoID reaction. The reaction was incu-
bated at 37°C for 30 min before quenched with LacNAc (5 mM).
Cell mixtures were then stained and analyzed by flow cytometry.

Detection of interactions between cancer cells (HER2*) and
T cells in human bladder samples via KN025-sFT

The cell suspension from human bladder cancer sample was resus-
citated. A total of 50,000 cells were added to each well of 96-well
plate and cultured at 37°C for 30 min with Ab-sFT or IgG-sFT.
Single-cell suspensions were washed twice with PBS and incubated
at 37°C for another 1 hour. GF-Biotin (50 uM) was added gently to
initiate the FucolD reaction for 30 min. LacNAc (final concentra-
tion, 5 mM) was added to quench the reaction. Cell mixtures were
washed with PBS for three times and then stained analysis by flow
cytometry.
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Flow cytometry and cell sorting

Flow cytometry data analyses were performed using FlowJo soft-
ware (10.6.2). tSNE analysis was performed using FCS Express 7
from De Novo software. Cells were suspended in T cell medium
supplemented with anti-mouse CD16/32 to block Fc receptors
before staining with fluorescent antibodies against cell surface epi-
topes. Samples were stained using the following antibodies: zombie,
FITC anti-mouse CD19, PB anti-mouse CD45.1, APC streptavidin,
and anti-mouse CD16/32 TruStain FcXPLUS purchased from BioL-
egend. First, dead cells were excluded through zombie, then spleno-
cytes were distinguished through anti-mouse CD45.1, B cells were
isolated through anti-mouse CD19, and last, Biotin* B cells and
Biotin™ B cells were sorted through streptavidin. The background
was defined as the signal produced on B cells by incubating with
iDCs without membrane-anchored sFT.

RNA sequencing

Library preparation for RNA-seq

A total amount of 1 pg of qualified RNA per sample was used as
input material for the library preparation. The sequencing libraries
were generated using the VAHTS mRNA-seq v2 Library Prep Kit
for Illumina (Vazyme, NR601) following the manufacturer’s rec-
ommendations. First, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. Fragmentation was per-
formed using divalent cations under elevated temperature in
Vazyme Frag/Prime Buffer. The cleaved RNA fragments were
copied into first-strand cDNA using reverse transcriptase and
random primers. Second-strand cDNA synthesis was subsequently
performed using buffer, ANTPs, DNA polymerase I, and ribonucle-
ase H. Then, the cDNA fragments were end repaired with the addi-
tion of a single “A” base at the 3'-end of each strand, ligated with the
special sequencing adapters (Vazyme, N803) subsequently. The
products were purified, and sizes were selected with VAHTS
DNA Clean Beads (Vazyme, N411) to get appropriate size for se-
quencing. Polymerase chain reaction amplification was performed,
and products were purified.

Library examination

Library concentration was measured using Qubit RNA Assay Kit in
Qubit 3.0 to preliminary quantify. Insert size was assessed using the
Agilent Bioanalyzer 2100 system.

Library clustering and sequencing

The clustering of the index-coded samples was performed on a cBot
Cluster Generation System (Illumina, USA) according to the man-
ufacturer’s instructions. After cluster generation, the library prepa-
rations were sequenced on an Illumina HiSeq X Ten platform and
150-base pair paired-end module.

Data evaluation

The software package limma was used to detect differentially ex-
pressed genes. We applied a threshold of P < 0.05 and a log fold
change of >1.0 for up-regulated genes and <—1.0 for down-regulat-
ed genes. Volcano plots and heatmaps were performed using the
software SangerBox tools, a free online platform foe data analysis
(www.sangerbox.com/index.html). The GO term analysis and
Kyoto Encyclopedia of Genes and Genomes pathway analysis
were performed using cluster Profiler.
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Statistical analysis

Statistical analyses were performed by GraphPad Prism software
(version 7.0). Comparisons over groups were analyzed using two-
way analysis of variance (ANOVA), and comparisons of multiple
samples at one group were analyzed using two tailed ¢ test or one-
way ANOVA. In all figures with error bars, data are presented as the
means + SD. In all figures, ns, P > 0.05; *P < 0.05; **P < 0.01;
P < 0.001; ****P < 0.0001.
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