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Universal recording of immune cell 
interactions in vivo

Sandra Nakandakari-Higa1, Sarah Walker2,3,14, Maria C. C. Canesso1,4,14, Verena van der Heide5,6,7, 
Aleksey Chudnovskiy1, Dong-Yoon Kim4, Johanne T. Jacobsen1,13, Roham Parsa4, Jana Bilanovic1, 
S. Martina Parigi8, Karol Fiedorczuk9, Elaine Fuchs8,10, Angelina M. Bilate4, Giulia Pasqual11, 
Daniel Mucida4,10, Alice O. Kamphorst5,6,7, Yuri Pritykin2,12 ✉ & Gabriel D. Victora1 ✉

Immune cells rely on transient physical interactions with other immune and 
non-immune populations to regulate their function1. To study these ‘kiss-and-run’ 
interactions directly in vivo, we previously developed LIPSTIC (labelling immune 
partnerships by SorTagging intercellular contacts)2, an approach that uses enzymatic 
transfer of a labelled substrate between the molecular partners CD40L and CD40  
to label interacting cells. Reliance on this pathway limited the use of LIPSTIC to 
measuring interactions between CD4+ T helper cells and antigen-presenting cells, 
however. Here we report the development of a universal version of LIPSTIC (uLIPSTIC), 
which can record physical interactions both among immune cells and between 
immune and non-immune populations irrespective of the receptors and ligands 
involved. We show that uLIPSTIC can be used, among other things, to monitor the 
priming of CD8+ T cells by dendritic cells, reveal the steady-state cellular partners of 
regulatory T cells and identify germinal centre-resident T follicular helper cells on the 
basis of their ability to interact cognately with germinal centre B cells. By coupling 
uLIPSTIC with single-cell transcriptomics, we build a catalogue of the immune 
populations that physically interact with intestinal epithelial cells at the steady state 
and profile the evolution of the interactome of lymphocytic choriomeningitis 
virus-specific CD8+ T cells in multiple organs following systemic infection. Thus, 
uLIPSTIC provides a broadly useful technology for measuring and understanding 
cell–cell interactions across multiple biological systems.

Physical interactions in which cells exchange signals through 
membrane-bound molecules are at the core of multiple tissue func-
tions3,4. In the immune system such interactions feature prominently, 
from the priming of T cells by dendritic cells (DCs) that initiates the 
adaptive immune response to the CD4+ T cell help that enables B cells 
to produce high-affinity antibodies1,5. More recent work has explored 
the role of interactions between immune and non-immune cells, such 
as those forming the epithelial barrier of the gut and skin, which are 
thought to drive transcriptional changes in immune cells that in turn 
enable them to support tissue function6,7. Despite their importance, 
cell–cell interactions have traditionally been directly observed only by 
microscopy8, which has the key limitation that interacting cells cannot 
be retrieved for downstream analysis. Thus, the impact of the interac-
tion on cell behaviour and the cellular features that lead the interaction 
to occur in the first place cannot be inferred from traditional imaging 
alone. More recently, spatial transcriptomics and high-density imaging 

technologies have allowed for more in-depth characterization of the 
states of cells in the same neighbourhood9. However, even when capable 
of high resolution, transcriptomic and imaging techniques still report 
on proximity between cells rather than on true physical interaction and 
signal exchange between membranes, requiring additional indirect 
methods and assumptions to infer functional interactions computa-
tionally (for example, ref. 10). High-throughput identification of cel-
lular interactors and full deconvolution of the transcriptomic effects 
of physical interaction on cellular behaviour and function are therefore 
yet to be achieved.

Many such limitations can be overcome by proximity-based 
labelling across cellular membranes2,11–16. These approaches rely on 
equipping ‘donor’ cells with enzymes or other signals that act over 
short distances to identify ‘acceptor’ cells in either close proxim-
ity or physical contact. An early example was our development of 
LIPSTIC, which uses enzymatic labelling across immune synapses 
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to directly record cell–cell interactions in vivo2. In its first iteration, 
LIPSTIC labelled only interactions delivered through CD40 and 
CD40L, which restricted its utility to interactions involving effector 
CD4+ T cells. Here we report the development of uLIPSTIC, which 
enables us to record interactions between an extended array of cell 
types, regardless of the surface molecules involved. Coupling uLIP-
STIC to standard single-cell RNA sequencing (scRNA-seq) methods 
allows for atlas-type characterization of the ‘cellular interactome’ 
of a population of interest and for the definition of the molecular 
pathways associated with such interactions. Thus, uLIPSTIC enables 
us to achieve truly quantitative interaction-based transcriptomics 
without the need for computational inference of transcriptomes or  
interacting molecules.

Universal recording of cell interactions
LIPSTIC uses the Staphylococcus aureus transpeptidase sortase A (SrtA) 
to covalently transfer a peptide substrate containing the motif LPETG 
onto an amino-terminal pentaglycine (G5) acceptor2. In its original 
version, catalysis by the very low-affinity (about 1.8 mM) interaction 
between LPXTG-loaded SrtA and its G5 target17,18 was favoured by geneti-
cally fusing each component to one of the members of a receptor–
ligand pair2, thus raising the local concentration of the reactants above 
the threshold required for substrate transfer (Fig. 1a). We reasoned 
that a similarly high local concentration of enzyme and target could 
also be achieved in a ‘universal’ receptor–ligand-independent manner 
by driving very high levels of expression of SrtA and G5 on apposing 
cell membranes without direct fusion to the interacting molecules, 

potentially providing a readout for physical interactions between cells 
of any type (Fig. 1b).

To test this, we generated a donor–acceptor pair consisting of the 
‘PDK’ version of SrtA17 targeted to the plasma membrane by fusion 
to the human PDGFRB transmembrane domain2 (mSrtA) and the G5 
peptide fused to the N terminus of the mouse Thy1.1 GPI-anchored 
protein. Three-dimensional modelling (Fig. 1c) predicted the maximal 
distance between membranes at which label transfer would occur 
to be approximately 14 nm, comparable to the intermembrane span 
required, for example, for the interaction between the T cell receptor 
(TCR) and the major histocompatibility complex (MHC; about 15 nm), 
and narrower than the typical distance separating juxtaposed cell 
membranes in the absence of receptor–ligand interactions, set by 
glycocalyx repulsion19. Given the negligible affinity (about 1.8 mM) 
between LPETG-loaded SrtA and G5 (ref. 17), such a design would in 
principle allow for label transfer only when cells were functionally 
interacting at a close intermembrane distance, without driving artifi-
cial interactions between its engineered components. We transfected 
HEK293T cells with high or low concentrations of plasmids expressing 
either mSrtA or G5–Thy1.1, adding biotin–LPETG substrate to com-
bined cell populations as described previously2 (Fig. 1d). Label transfer 
was detectable above background when donor and acceptor popula-
tions were forced to interact by co-transfection of constructs encod-
ing CD40L and CD40, respectively, and further increased when the 
uLIPSTIC components were transfected at the highest concentration 
(Fig. 1e). Thus, a high level of expression of SrtA and G5 on the membrane 
allows LIPSTIC labelling in the absence of fusion to specific receptor– 
ligand pairs.

≈14 nm

FLAG–mSrtA LPET–G5–Thy1.1–GPI

D D

G5SrtA
LPETG

CD40L 

Acyl intermediate

Intercellular 
label transfer

D A

A

A

A

CD40 
D

ADAD

Receptor Ligand

mSrtA +
LPETG

G5–Thy1.1

Cognate
interaction

Label

AD

Label 
transfer

Biotin–PE
0 103 104 105

–
low

+ +–

low
hi
hi

+
+
+
+

low
low
hi
hi

+

+

–

–

DonorAcceptor

G 5
–T

hy
1.

1
CD40

m
SrtA

CD40
L

OT-II
OVA323–339

Anti-MHC-II
Anti-CD40L

–
–
–
–

+
–
–
–

+
+
–
–

+
+
–
+

+
+
+
–

B
io

tin
+
 B

 c
el

ls
 (%

)

–OVA323–339

47

+OVA323–339

0.19

+anti-MHC-II 

21

+anti-CD40L

B
io

tin
–P

E

CD86–BV605

0

103

104

105
No T cells

G5–Thy1.1 mSrtA

mSrtA

CAG

Donor-
speci�c
Cre

PolyA

Acceptor

Donor

D A

+CD40±CD40L

+Biotin–LPETG
30 min

Flow 
cytometry

D A

0.18 0.18

mSrtA
G5

CD40
CD40L

–
–
+
+

low
low
+
–

low
low
+
+

hi
hi
+
+

hi
hi
+
–

AcceptorDonor

B
io

tin
 g

M
FI

(fo
ld

 o
ve

r 
co

nt
ro

l) 

Control

0 103 104 105

0

5

10

15

20 P = 1.81 × 10–5

P = 0.0008

0.1

1

10

100

P = 6.17 × 10–6

P = 0.0004

a

c

b

d e

f g

CD86–BV605
0 103 104 105

CD86–BV605
0 103 104 105

CD86–BV605
0 103 104 105

CD86–BV605
0 103 104 105

Fig. 1 | The uLIPSTIC system. a,b, Schematic comparison of the original 
LIPSTIC2 (a) and the uLIPSTIC (b) systems. In the original system (a), SrtA and G5 
were brought into proximity by fusion to a receptor–ligand pair involved in a 
cell–cell interaction, allowing intercellular transfer of labelled substrate 
(LPETG) from the donor (D) cell to the acceptor (A) cell. In uLIPSTIC (b), SrtA 
and G5 (fused to the irrelevant protein Thy1.1) are anchored nonspecifically to 
the cell membrane at high density; the enzymatic reaction is allowed to 
proceed when apposing membranes come within a short distance (<14 nm) of 
each other, which can be driven by interactions between any receptor–ligand 
pair of the appropriate dimensions. c, Computational model depicting the 
intermembrane span of fully extended mSrtA following transfer of the LPETG 
substrate onto G5–Thy1.1. d, Populations of 293T cells co-transfected with high 
or low levels of either mSrtA or G5–Thy1.1 were co-incubated in the presence of 
biotin–LPETG for 30 min and analysed by flow cytometry. e, Histograms 
showing the extent of labelling of acceptor cells following the treatment in d. 

Each symbol on the column plot represents one technical replicate, pooled 
from two independent experiments. gMFI, geometric mean fluorescence 
intensity. f, The Rosa26uLIPSTIC mouse allele. Using the Ai9 high-expression 
backbone20, a loxP (orange triangles)-flanked G5–Thy1.1 coding sequence is 
followed by mSrtA coding sequence. Cre recombinase switches cells from 
‘acceptor’ (G5–Thy1.1+) to ‘donor’ (mSrtA+) modes. g, Rosa26uLIPSTIC/+.CD4-Cre 
OT-II donor T cells were co-cultured with Rosa26uLIPSTIC/+ acceptor B cells in the 
presence or absence of OVA323–339 peptide and blocking antibodies to CD40L 
and MHC-II. The flow cytometry plots (left), gated on B cells, show biotin–
LPETG transfer from T to B cells and numbers indicate the percent of B cells in 
the gated population. Each symbol in the column plot (right) represents a 
biological replicate from three independent experiments. For e,g, P values 
were calculated using two-tailed Student’s t-tests. The graphics in a and d were 
adapted from ref. 2.
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We generated a Rosa26uLIPSTIC mouse allele in which a high level of 
expression of mSrtA (preceded by a Flag tag) or G5–Thy1.1 was driven 
by the strong promoter cytomegalovirus early enhancer, chicken 
β-actin and rabbit β-globin (CAG) introduced into the ubiquitously 
expressed Rosa26 locus20 (Fig. 1f and Extended Data Fig. 1a). The G5–
Thy1.1 is flanked by loxP sites, so that Cre-mediated recombination 
leads to expression of a previously silent downstream mSrtA coding 
sequence, switching Cre-expressing cells from uLIPSTIC acceptors 
into uLIPSTIC donors (Extended Data Fig. 1d). To test this system, we 
crossed Rosa26uLIPSTIC mice to the CD4-Cre and OT-II TCR transgenes to 
generate mSrtA+ uLIPSTIC donor T cells specific for peptide 323–339 
of the model antigen chicken ovalbumin (OVA). Efficient transfer of 
labelled substrate between co-cultured T and B cells occurred only in 
the presence of OVA323–339 (Fig. 1g). Substrate transfer was abrogated 
by addition of a blocking antibody to MHC class II (MHC-II), neces-
sary for the cognate B cell–T cell interaction, but not by an antibody 
to CD40L (Fig. 1g). Loading of donor T cells positive for mSrtA and its 
transfer onto G5–Thy1.1 acceptor DCs increased progressively in the 
first 2 h of labelling, after which it plateaued (Extended Data Fig. 2a–e). 
Gradually decreasing peptide–MHC concentration or the affinity of 
the complex towards the OT-II TCR using truncated altered peptide 
ligands as described previously21,22 led to reduced labelling of DCs 
in vitro (Extended Data Fig. 2f,g). We conclude that uLIPSTIC enables 
trans-synaptic labelling of contacts between immune cells regardless 
of which receptor(s) and ligand(s) drive these interactions.

uLIPSTIC labelling in vivo
To test uLIPSTIC labelling in vivo, we used a well-established T cell 
priming model8,23, in which G5–Thy1.1+ DCs loaded with OVA323–339 
are injected into the footpads of mice followed by adoptive transfer 
of mSrtA+ OT-II T cells. Lymphatic migration of DCs to the draining 

popliteal lymph node (pLN) allows DC–T cell interactions to take place 
at this site (Fig. 2a). Footpad injection of biotin–LPETG substrate 24 h 
after T cell transfer led to detectable labelling of on average 6.5% of 
transferred DCs (Fig. 2b). Comparable numbers were obtained when 
using the original CD40L–CD40 LIPSTIC system2 (Fig. 2c). Treatment 
with anti-MHC-II before substrate injection blocked labelling in both 
settings (whereas treatment with anti-CD40L blocked transfer only 
by the original LIPSTIC), indicating that the uLIPSTIC components 
alone are insufficient to artificially drive interactions between neigh-
bouring cells also in vivo. Thus, uLIPSTIC labelling is equivalent to 
receptor–ligand-specific LIPSTIC for recording the binding patterns 
of CD4+ T cells and DCs in an in vivo priming setting. Pulsing DCs with 
OVA323–339 altered peptide ligands showed that the fraction of labelled 
DCs decreased as peptide–MHC affinity for the OT-II TCR decreased 
(Extended Data Fig. 2h–j). Transferring decreasing numbers of mSrtA+ 
donor T cells also decreased the degree to which interacting DCs were 
labelled (Extended Data Fig. 3a–e). Last, increasing the time interval 
between substrate administration and tissue collection led to a gradual 
decrease in biotin detection on the surface of acceptor cells, so that 
little substrate was detectable 4–6 h after the last injection of substrate 
(Extended Data Fig. 3f–i). Therefore, uLIPSTIC signal detection is useful 
for acute but not long-term tracking of interacting cells.

We next used uLIPSTIC to record T cell–DC interactions that were 
inaccessible to the original LIPSTIC system, either because they do 
not involve the CD40L–CD40 interaction or because directionality 
is reversed. mSrtA+ OT-I CD8+ T cells labelled on average 8.3% of DCs 
pulsed with their cognate peptide (OVA257–264) but only background 
levels (0.5%) of DCs pulsed with the lymphocytic choriomeningitis 
virus (LCMV) GP3333–41 peptide (Fig. 2d). Inverting the uLIPSTIC reaction 
so that endogenous mSrtA+ DCs (in Rosa26uLIPSTIC/+.Clec9aCre/+ mice, in 
which most DCs are labelled due to Clec9a expression in common DC 
progenitors24) labelled adoptively transferred Rosa26uLIPSTIC/+ OT-II CD4+ 
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Fig. 2 | uLIPSTIC labelling of cell–cell interactions in vivo. a, Experimental 
workflow for the experiments in b,c. s.c., subcutaneous; mAb, monoclonal 
antibody. b,c, uLIPSTIC (b) and CD40L LIPSTIC (c) labelling of adoptively 
transferred DCs in an in vivo priming model. The flow cytometry plots (left) are 
gated on transferred (CFSE-labelled) DCs. The column plot on the right 
summarizes the extent of DC labelling. d, uLIPSTIC labelling of DCs by CD8+ 
T cells. Experimental setup as in a, but DCs were pulsed either with cognate 
(OVA257–264) or control (LCMV GP3333–41) peptides and transferred along with 
Rosa26uLIPSTIC/WT.CD4-Cre OT-I CD8+ donor T cells or control mSrtA– 
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plot. e–g, Labelling of antigen-specific CD4+ T cells by Clec9a-expressing DCs. 
e, Experimental workflow. i.v., intravenous. f, Efficiency of recombination as 
percent FLAG-mSrtA-expressing cells in migratory DCs by Clec9aCre. g, Left: 
labelling of adoptively transferred OT-II T cells following immunization with 
OVA in alum. Right: summary of data. All results shown in column plots are from 
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population. P values were calculated using two-tailed Student’s t-tests.



402 | Nature | Vol 627 | 14 March 2024

Article

T cells following OVA immunization (Fig. 2e–g) led to detectable label-
ling of roughly 22% of transferred T cells (likely because of incomplete 
recombination of donor conventional DC subset 2 cells by Clec9aCre; 
Extended Data Fig. 1e). Labelling was again fully abrogated by prior 
injection of a blocking antibody to MHC-II (Fig. 2f,g). Thus, uLIPSTIC 
can label interactions between T cells and DCs bidirectionally.

To test uLIPSTIC in settings other than naive T cell priming, we 
first determined the identity of the cellular partners of regulatory 
T (Treg) cells in the steady-state LN, using the Foxp3CreERT2 driver25 to 
achieve tamoxifen-dependent recombination of Rosa26uLIPSTIC specifi-
cally in Treg cells (Fig. 3a,b). Broad characterization of biotin-positive 
acceptors showed that DCs are the primary population engaged by 
Treg cells at the steady state, with a smaller contribution from mac-
rophages (Extended Data Fig. 4a). Closer examination of the DC 
population showed pronounced labelling of most DCs with the 
migratory (MHC-IIhiCD11cint) phenotype, whereas labelling of resi-
dent (MHC-IIintCD11chi) DCs was markedly lower (Fig. 3b,c). Labelling 
of CD8+ T cells and Foxp3– CD4+ T cells was negligible in this setting, 
confirming that simple co-localization of these populations with donor 
Treg cells within the same microenvironment is not sufficient to drive 
label transfer (Fig. 3b, left and Extended Data Fig. 4a). Expression of 
mSrtA in roughly equivalent numbers of Treg cells or total conventional 
CD4+ T cells (the latter achieved by low-dose tamoxifen administra-
tion to Rosa26uLIPSTIC/+. CD4-CreERT2 mice26) (Extended Data Fig. 4b,c) 
resulted in much less efficient labelling of migratory-phenotype 
DCs by conventional T cells (Extended Data Fig. 4d). Thus, interac-
tion with migratory-phenotype DCs at the steady state, although 
not a unique property of Treg cells, is more pronounced among this 
subset. Treg cell labelling of migratory-phenotype DCs was decreased 

but not completely abrogated by administration of a blocking anti-
body to MHC-II, confirming that the interaction between these two 
populations is partly driven by the TCR–MHC-II axis but suggesting 
that other receptor–ligand pairs may also contribute to this process  
(Fig. 3b,c).

We next determined the phenotype of the T cells that provide help to 
B cells in germinal centres, which can be difficult to identify unambigu-
ously using the canonical T follicular helper (TFH) cell markers CXCR5 
and PD1 (ref. 27). We immunized Rosa26uLIPSTIC/+.AicdaCreERT2/+ mice28 in 
the footpads with the model antigen 4-hydroxy-3-nitro-phenylacetyl 
(NP)-OVA to generate germinal centres, and then treated these mice with 
tamoxifen 7 and 8 days later to induce mSrtA expression in germinal 
centre B cells (Fig. 3d). Germinal centre B cells replaced G5–Thy1.1 with 
mSrtA much faster than did resting CD4+ T cells, indicating that replace-
ment kinetics vary across donor populations (Extended Data Fig. 4e–g). 
Biotin–LPETG injection 10 days post-immunization led to substantial 
labelling of CXCR5hiPD1hi TFH acceptor cells but not CXCR5–PD1– non-TFH 
cells in the pLN (Fig. 3e,f). Only a fraction of CXCR5intPD1int T cells were 
labelled by germinal centre B cells, indicating that relatively few of 
the cells in this population are indeed engaged with germinal centre 
B cells. Again, blocking of MHC-II led to total loss of TFH cell labelling, 
confirming the specificity of the reaction (Fig. 3e,f).

Last, we sought to test the ability of uLIPSTIC to record interactions 
between immune and non-immune cells outside secondary lymphoid 
organs. Intraperitoneally (i.p.) injected LIPSTIC substrate reaches 
donor cells in multiple organs in mice (including brain, bone marrow, 
kidney, lungs, spleen and thymus), and its use is therefore not limited 
to draining LNs (Extended Data Fig. 5). As a test case, we measured sub-
strate transfer from intestinal epithelial cells (IECs) to the intraepithelial 
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T lymphocytes (IELs) that reside within this compartment29. We crossed 
Rosa26uLIPSTIC mice to villin 1 (VIL1)-CreERT2 mice30 to generate IEC donors 
following tamoxifen treatment (Fig. 3g). i.p.-administered biotin– 
LPETG was transferred efficiently onto a large fraction (median 65%) of 
CD45+ IELs (Fig. 3h,i and Extended Data Fig. 6a,b). Labelling followed 
a gradient corresponding to the stage of differentiation of these cells: 
whereas ‘natural’ TCRγδ+ and CD8αα+TCRαβ+ IELs exhibited uniformly 
high uLIPSTIC signal, labelling among induced CD4+ IELs31 followed 
closely their developmental trajectory6,32, from background levels in 
the CD4+CD8αα–CD103– ‘conventional’ (Tconv) subset to intermediate 
labelling in CD4+CD8αα–CD103+ pre-IELs and levels comparable to 
those of natural IELs in the epithelium-adapted CD4+CD8αα+CD103+ 
population (Fig. 3j,k). Thus, uLIPSTIC is capable of recording interac-
tions between epithelial and immune cells in the small intestine.

We conclude that uLIPSTIC can be used to label a wide variety of 
immune cell interactions in vivo across multiple organs, both in adop-
tive transfer and in fully endogenous models. In the latter, uLIPSTIC 
revealed the interaction preferences of steady-state LN Treg cells, identi-
fied populations of TFH cells capable of providing help to B cells in the 
germinal centre, and showed stepwise acquisition by intraepithelial 
CD4+ T cells of the ability to physically interact with IECs.

uLIPSTIC-based transcriptomics
A key feature of uLIPSTIC is its ability to identify the full cellular inter-
actome of a given cell type in an unbiased manner. Reading out this 
interactome is best achieved by scRNA-seq, which is also unbiased in 
its ability to identify labelled cell populations. As LIPSTIC labelling has 
a wide dynamic range2, coupling it to scRNA-seq also has the potential 
to identify genes and transcriptional programs quantitatively associ-
ated with the degree of interaction between two cell types, which can in 
principle reveal the molecular pathways that drive a given interaction 
(Fig. 4a). To explore these possibilities, we labelled Rosa26uLIPSTIC/WT. 
VIL1-CreERT2 mice as in Fig. 3g. Sorted CD45+ cells (enriched for rarer 
leukocyte populations as in Extended Data Fig. 6c) stained with a 
DNA-barcoded anti-biotin antibody were then profiled by droplet-based 
scRNA-seq using the 10X Genomics platform. Immune cell populations 
were identified by marker gene expression and TCR reconstruction 
and by comparison with publicly available gene signatures (Fig. 4b, 
Extended Data Figs. 6d–k, 7 and 8 and Supplementary Tables 1 and 2).  
uLIPSTIC revealed broad variation in the extent to which different popu-
lations interacted with IECs, which aligned with the data obtained by 
flow cytometry. The level of labelling was high among natural IELs 
(TCRγδ and TCRαβ+CD8αα+), low or negligible among B cell subsets, 
and intermediate in plasmacytoid DCs (Fig. 4b,c). uLIPSTIC also labelled 
two less clearly defined populations that interacted strongly with IECs, 
including a small cluster of cells likely to be myeloid cells and a larger 
cluster marked by a high expression level of genes such as Atxn1 and 
Btbd11 (Fig. 4c and Extended Data Figs. 6d,j,k and 7). CD4+ T cells again 
showed a gradient in their ability to interact with IECs, which became 
more apparent when these cells were clustered into subpopulations 
(Fig. 4d, Extended Data Fig. 8a–c and Supplementary Table 3). The 
ability to acquire the biotin label largely followed a developmental 
trajectory (determined from gene expression alone) that began with 
a highly polyclonal naive-like population with low uLIPSTIC signal and 
followed through a pre-IEL intermediate into a fully differentiated, 
oligoclonal CD4+ IEL state6,32 (Fig. 4d–f) labelled to a similar extent as 
natural IELs (Fig. 4c).

Correlating the uLIPSTIC signal within CD4+ T cells with the expres-
sion of all detected genes in our dataset (Fig. 4g,h) revealed multiple sig-
nificant correlations with markers of IEL differentiation. These included 
negative correlations with naive T cell markers such as Sell (encoding for 
L-selectin) and Tcf7 and positive correlations with CD4+ IEL-associated 
genes such as Ccl5, Gzma, Itgae, Itgb7 and Jaml6 (Fig. 4g,h, Extended Data 
Fig. 8d,e and Supplementary Table 4). The last three are of particular 

interest, given that CD103 (the αEβ7 integrin, encoded by Itgae and 
Itgb7) and JAML ( junction adhesion molecule-like, encoded by Jaml) are 
interacting partners of E-cadherin and of the coxsackie and adenovirus 
receptor (CAR), respectively, both of which are expressed in the tight 
junctions of the intestinal epithelium33–36. Flow cytometry confirmed 
the correlation between biotin acquisition and expression of CD103 
(Extended Data Fig. 8f), and in vivo staining with an anti-JAML anti-
body confirmed stepwise acquisition of this molecule during CD4+ IEL 
development (Fig. 4i). Search for correlations among ‘canonical’ (M2.
CP) pathways in the MSigDB database37 revealed a significant positive 
correlation between biotin acquisition by CD4+ T cells and expression of 
genes in the BioCarta cytotoxic T lymphocyte pathway, among others 
(Extended Data Fig. 8g). Targeted correlation analysis showed strong 
positive and negative correlations (|Spearman’s ρ| > 0.75) between 
biotin acquisition and expression of genes modulated as conventional 
T cells develop into CD4+ IELs6 (Fig. 4j, Extended Data Fig. 8h,i and Sup-
plementary Table 5). We conclude that uLIPSTIC allows for quantitative 
interaction-based transcriptomics, enabling us not only to define the 
cellular interactomes of populations of interest, but also to discern 
specific genes and signatures associated with acquisition of the ability 
to form specific cell–cell interactions.

Applying uLIPSTIC to LCMV infection
Finally, we investigated the interacting partners of virus-specific CD8+ 
T cells in a classic systemic infection model, using the Armstrong strain 
of LCMV38. We infected uLIPSTIC acceptor (Rosa26uLIPSTIC/WT) mice that 
had previously received CD8+ uLIPSTIC donor T cells carrying the 
LCMV-specific P14 TCR (Rosa26uLIPSTIC/+.CD4-Cre.P14-tg) with LCMV 
by the i.p. route. We administered LIPSTIC substrate to these mice at 
different time points before collecting the mediastinal LN (mLN), a 
focal point of the early immune response in this model39 (Fig. 5a and 
Extended Data Fig. 9a). uLIPSTIC detected the expected engagement of 
P14 T cells with DCs as early as 36 h post-infection (hpi), which peaked 
at 50 hpi and then declined by 96 hpi (Fig. 5b). However, DCs accounted 
for an average of only 5.4% of the full P14 cellular interactome at all 
time points analysed (Fig. 5c and Extended Data Fig. 9b), suggesting 
that other populations in addition to DCs may contribute to the initial 
activation of LCMV-specific CD8+ T cells. uLIPSTIC-coupled single-cell 
transcriptomics identified most P14-interacting cells at 36 hpi as mono-
cytic lineage cells, potentially monocytes (Mo) or macrophages (MΦ) 
expressing high levels of Ly6c2 (‘Mo/MΦ1’ cluster; Fig. 5d–f, Extended 
Data Fig. 9d–j and Supplementary Table 6). Following a phase of 
broader uLIPSTIC labelling spread evenly across most mLN populations 
at 50 hpi, the P14 interactome at 96 hpi became enriched in a second 
cluster of monocytic cells expressing lower levels of Ly6c2 and higher 
levels of H2-Aa (the ‘Mo/MΦ2’ cluster, comprising either a distinct 
population of macrophages or a further differentiation stage of Ly6c2hi 
monocytes40; Fig. 5d–f and Extended Data Fig. 9d–j). Flow cytometry 
of uLIPSTIC-labelled cells confirmed this transition: whereas P14 inter-
actors in the monocyte and macrophage gate (F4/80+MHC-IIlow–int) 
consisted almost entirely of Ly6ChiMHC-II– monocytes at 36 hpi, this 
population shifted markedly towards a Ly6CintMHC-IIint phenotype at 
the 96 hpi time point (Fig. 5g). To determine whether these interactions 
were antigen dependent, we compared labelling between mice infected 
with wild-type (WT) LCMV or with a mutant lacking the P14 epitope 
(LCMV(∆P14))41. Whereas uLIPSTIC labelled a large fraction of mono-
cytic lineage cells in mice infected with WT LCMV, such labelling was 
completely absent from LCMV(∆P14)-infected mice at all time points 
(Fig. 5h). Thus, the interactions between CD8+ T cells and monocyte 
lineage cells revealed by uLIPSTIC are antigen dependent, suggesting 
that the latter may acquire and present viral antigen in vivo at early 
time points after LCMV infection.

We also profiled the interactomes of P14 CD8+ T cells in the liver, lung 
and spleen at 96 hpi, when accumulation of donor cells becomes evident 
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by flow cytometry (not shown). As with mLNs, interactions between 
P14 T cells and monocytic lineage cells were observed at all three sites 
(Fig. 5i, Extended Data Fig. 10a–g and Supplementary Table 7). Labelled 
monocytic cells included a larger cluster that closely matched the Mo/
MΦ2 phenotype found in the mLN, as well as a smaller population of 
cells that resembled Mo/MΦ1 cells, in addition to a further cluster that 
comprised splenic red-pulp macrophages in the spleen and related 
populations in liver and lung (‘RP MΦ’ cluster; Fig. 5i,j and Extended 
Data Fig. 10d–g). Infection with mutant (LCMV(∆P14)) virus confirmed 
that P14 interactions with monocytes or macrophages in all tissues was 
dependent on the presence of the P14 epitope (Fig. 5k and Extended 
Data Fig. 10h), again underscoring the ability of uLIPSTIC to detect 
antigen-dependent interactions. We conclude that the combination of 
uLIPSTIC and single-cell transcriptomics enables the identification of 
non-canonical cell–cell interactions even in well-characterized models, 
revealing a previously unappreciated predominance of monocytic cells 

as the primary interaction partners of CD8+ T cells in mLN during early 
systemic LCMV infection.

Discussion
This study describes a generalization of the LIPSTIC method2 that does 
not require cognate interaction between a pre-specified receptor– 
ligand pair for label transfer, allowing one to probe the full cellu-
lar interactome of a population of interest in an unbiased manner. 
Although most of the experiments we present involve interactions 
between immune cells, and particularly T cells, uLIPSTIC is in princi-
ple applicable to any population of cells that interact physically with 
each other. However, whereas labelling in our original cognate system2 
reports on the engagement of a pre-defined pathway, the nature and 
function of interactions revealed by uLIPSTIC must be determined 
downstream, on a case-by-case basis. uLIPSTIC, especially when 
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coupled to single-cell transcriptomics, is therefore best conceived of 
as a hypothesis-generating tool.

In the absence of a requirement for cognate interactions, the specific-
ity of uLIPSTIC is ensured by the short intermembrane distance spanned 
by its components (about 14 nm) and their low intrinsic affinity for 
each other (millimolar Michaelis constant Km). Specificity is confirmed 
experimentally by the findings that: labelling is abrogated by antibod-
ies that block known drivers of the cellular interaction; and not all cells 

that are physically juxtaposed label each other, as exemplified by the 
low degree of labelling of conventional T cells or resident DCs by Treg 
cell donors. uLIPSTIC thus complements methods such as the use of 
synthetic Notch receptor variants, which, although they can be used 
to drive transcription of downstream reporter genes13,16, are based on 
molecular partners that have high (nanomolar) affinity for each other, 
and thus are thus themselves capable of driving cellular interactions42; 
as well as methods based on the spread of cell-permeable labels or 
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barcoded virions between neighbouring cells by extracellular diffu-
sion12,15, which mark cellular microniches rather than physical interac-
tions between cells. uLIPSTIC has advantages over cell-doublet-based 
methods43, in that labelling is quantitative rather than binary, and it 
does not require computational deconvolution of single-cell transcrip-
tional profiles from doublets; however, our system has the relative 
disadvantage of requiring genetic engineering of its components. 
Other limitations of uLIPSTIC include the need for relatively high num-
bers of donor cells to ensure that the true signal is detectable over the 
noise inherent to flow cytometry, especially when the target acceptor 
populations are prone to binding detection reagents, as is the case for 
B cells. Moreover, in acute inflammatory settings, such as in the 50 h 
time point of LCMV infection (Fig. 5f), labelling appears to broaden to 
most LN-resident populations, suggesting that non-cognate labelling 
may occur in altered tissue environments. Again, downstream valida-
tion of interactions detected by uLIPSTIC will be critical in such cases.

A central feature of uLIPSTIC is that it can be coupled directly to 
droplet-based scRNA-seq to achieve quantitative interaction-based 
transcriptomics. This property can be used in both an ‘atlas’ mode, 
in which the objective is to identify which populations of acceptor 
cells interact with a given donor lineage, and in ‘mechanistic’ mode, 
in which correlations between uLIPSTIC signal intensity and expres-
sion of individual genes or gene signatures allow us to establish the 
molecular basis of an interaction of interest. Using this approach, we 
show that the ability of CD4+ T cells to interact physically with IECs in 
the small intestine is acquired developmentally as these cells adapt 
to the intestinal tissue environment and acquire the phenotypic and 
transcriptional features of CD4+ IELs6,32,44. We also show that LCMV 
infection triggers CD8+ T cells to engage in interactions with mono-
cytic cells, which greatly outnumber their interactions with DCs and 
may thus play a role in cytotoxic T lymphocyte priming. Our findings 
complement those of a previous study showing the expansion, fol-
lowing acute LCMV infection, of a monocytic population capable of 
priming CD8+ T cells in vitro45.

In conclusion, uLIPSTIC provides an unbiased platform for measure-
ment of known cell–cell interactions as well as discovery of new ones. 
When coupled to scRNA-seq, uLIPSTIC interaction-based transcrip-
tomics has the ability to quantify correlations between the intensity 
of cell–cell interactions and gene expression, allowing insight into the 
biology of the interaction itself. We expect this tool will be broadly 
useful for studying cellular interactions in immunology and beyond.
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Methods

Plasmids
All constructs were cloned into the pMP71 vector46, which was modi-
fied to express a fluorescent reporter (eGFP or tdTomato) followed by 
the porcine teschovirus 1 self-cleavable 2A peptide47 and the protein 
of interest. The SrtA sequence, including an N-terminal Flag tag, was 
attached by a single Gly-Gly-Gly-Gly-Ser linker48 to the human PDGFRB 
transmembrane domain to form mSrtA. The G5 acceptor sequence 
was fused at the N terminus of the mouse Thy1.1 protein, downstream 
of the signal peptide. Sequences of all constructs are included in  
Supplementary Table 8.

Mice
CD45.2 (C57BL6/J), CD45.1 (B6.SJL Ptprca), CD4-Cre (ref. 49), 
CD4-CreERT2 (ref. 49), Foxp3eGFP-CreERT2 (ref. 25) and Cx3cr1CreER mice were 
purchased from the Jackson Laboratories (strain numbers 000664, 
002014, 022071, 022356, 016961 and 020940, respectively). Clec9aCre 
mice50 were a gift from C. Reis e Sousa (Francis Crick Institute, UK), 
S1pr2-CreERT2 BAC-transgenic mice51 were generated and provided 
by T. Kurosaki and T. Okada (Osaka University and RIKEN-Yokohama), 
and AicdaCreERT2 mice28 were a gift from Claude-Agnès Reynaud and 
Jean-Claude Weill (Université Paris-Descartes). OT-II TCR transgenic 
(Y chromosome)52 mice were bred and maintained in our labora-
tory. The Rosa26uLIPSTIC mouse strain was generated by the Rockefel-
ler University Gene Targeting and Transgenics facilities, as described 
below. All genetically modified strains are bred and maintained under 
specific-pathogen-free conditions at the Rockefeller University’s Com-
parative Biosciences Center in accordance with institutional guide-
lines and ethical regulations. P14 TCR transgenic mice specific for 
LCMV GP33–41 on a CD45.1. B6 background were originally provided by  
Dr R. Ahmed (Emory), maintained at the Icahn School of Medicine at 
Mount Sinai vivarium, and bred with uLipstic mice. Adult male and 
female mice of 6–12 weeks of age on the C57BL/6J background were 
used in all cases. Mice were housed at 72 °F (22.2 °C) and 30–70% humid-
ity in a 12-h light–dark cycle with ad libitum access to food and water. 
All protocols were approved by the Rockefeller University and Mount 
Sinai School of Medicine Institutional Animal Care and Use Committees 
(protocol numbers 22058-H and IACUC-2018-0018/PROTO201900609, 
respectively).

Generation of the Rosa26uLIPSTIC allele
Rosa26uLIPSTIC mice were generated by gene targeting in C57BL/6 embry-
onic stem cells (ESCs). The Rosa26uLIPSTIC-targeting vector is a modifi-
cation of the Ai9 Rosa26 conditional expression vector20 (Addgene 
plasmid No. 22799). G5–Thy1.1 cDNA preceded by a mouse CD40 signal 
peptide was inserted into an NruI enzyme site in Ai9 immediately down-
stream of the first loxP site, whereas Flag–mSrtA cDNA was introduced 
in place of the tdTomato gene using FseI enzyme sites. Expression of the 
cassette in ESCs was screened by standard Southern blotting analysis 
after EcoRI digestion and using a 32P probe targeting a sequence near the 
promoter region, shortly upstream of the left homology arm. Positive 
ESCs (7.3-kilobase band) were karyotyped, injected into blastocysts and 
chimeric founders were backcrossed to the C57BL6 background for 
at least six generations. The full sequences of the uLIPSTIC-targeting 
vector and the Southern blot probe are reported in Supplementary 
Table 8. uLIPSTIC mice were deposited at the Jackson Laboratories 
under strain number 038221.

Isolation of splenic DCs, CD4+ T cells and B cells
To isolate DCs, spleens were collected, cut into smaller pieces and 
incubated for 30 min at 37 °C in HBSS (Gibco) supplemented with CaCl2, 
MgCl2 and collagenase D at 400 U ml−1 (Roche). After digestion, tissue 
was forced five times through a 21-gauge (G) needle and filtered through 
a 70-µm strainer into a 15-ml falcon tube with PBS supplemented with 

0.5% BSA and 2 mM EDTA (PBE). Red blood cells were lysed with ACK 
buffer (Gibco), and the resulting cell suspensions were filtered through 
a 70-µm mesh into PBE. DCs were obtained by magnetic cell separation 
using anti-CD11c beads (Miltenyi Biotec), as per the manufacturer’s 
instructions. To isolate CD4+ T cells and CD8+ T cells, spleens were 
forced through a 70-µm strainer and then ACK-lysed, and the result-
ing suspension was isolated by negative selection using a cocktail of 
biotinylated antibodies targeting Ter119, CD11c, CD11b, CD25, B220, 
NK1.1 and either CD8 (for CD4+ isolation) or CD4 (for CD8+ isolation), 
followed by anti-biotin beads (Miltenyi Biotec), as per the manufac-
turer’s instructions. B cells were processed similarly to T cells from 
the spleens and isolated by negative selection using anti-CD43 beads 
(Miltenyi Biotec), as per the manufacturer’s instructions.

Adoptive cell transfers
For DC transfer experiments, splenic DCs were isolated as described 
above from mice subcutaneously injected with 1 × 106 B16 mela-
noma cells that constitutively secrete FMS-like tyrosine kinase 3 
ligand (Flt3L)53 10 days before collection. Cells were resuspended at  
107 cells ml−1 and incubated with 10 µM OVA323–339, LCMV GP61–80, OVA257–264  
or LCMV276–286 peptides (Anaspec) in RPMI + 10% FBS, for 30 min at 
37 °C. For cell labelling, CFSE or CTV (Thermo Fisher) was added to a 
final concentration of 2 µM during the last 5 or 20 min of incubation, 
respectively. Cells were washed three times in RPMI + 10% FBS and 
resuspended at 2 × 107 cells ml−1 in PBS supplemented with 0.4 µg ml−1 
LPS (Sigma-Aldrich). DCs were injected (5 × 105 cells in 25 µl) subcutane-
ously into the hind footpads. For CD4+ T cell and CD8+ T cell transfer 
experiments, 3 × 105 T cells isolated as described above were injected 
intravenously in 100 µl PBS per mouse. For LCMV infection experi-
ments, 2 × 106 P14 CD8+ T cells were transferred intravenously 24 h 
before infection.

Immunizations
Mice were immunized by subcutaneous injection into the hind footpad 
with 10 µg OVA or 10 µg NP-OVA (Biosearch Technologies) adsorbed 
in alum (Imject Alum, Thermo Fisher) at 2:1 antigen/alum (v/v) ratio 
in 25 µl volume.

LCMV infections
For acute LCMV infections, mice were injected i.p. with 2 × 105 
plaque-forming units of LCMV Armstrong (WT LCMV; originally pro-
vided by Dr Michael Oldstone, The Scripps Research Institute) or a 
recombinant LCMV Armstrong strain (LCMV(∆P14); a gift from Dr Dirk 
Homann, Icahn School of Medicine at Mount Sinai) in which the valine 
at position 35 of the LCMV glycoprotein is replaced by alanine thus pre-
cluding recognition by P14 or endogenous H2-Db-GP33–41-specific CD8 
T cells as previously reported for an in vivo-selected LCMV variant41. 
LCMV(∆P14) was originally generated by Dr Juan-Carlos de la Torre (The 
Scripps Research Institute, La Jolla) using an established plasmid-based 
viral rescue strategy54–56 and will be described elsewhere57. Both LCMV 
strains were produced in BHK-21 cells (ATCC catalogue No. CCL-10) in 
DMEM with 2% FBS and infectious viral titres were assessed by plaque 
assays on Vero E6 (ATCC catalogue No. CRL-1586) monolayers.

Antibody treatments
For CD40L and MHC-II blocking experiments in vivo, mice were injected 
intravenously with 200 µg of CD40L-blocking antibody (clone MR-1, 
BioXCell) or subcutaneously with 150 µg of MHC-II (I-A and I-E) block-
ing antibody (clone M5/114, BioXCell), 4 h before the first injection of 
substrate.

Tamoxifen treatment
For induction of SrtA expression in Treg cells and conventional T cells, 
Foxp3eGFP-CreERT2/Y.Rosa26uLIPSTIC/WT mice and CD4-CreERT2.Rosa26uLIPSTIC/WT 
mice, respectively, were given two intragastric doses of 10 mg tamoxifen  
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(Sigma-Aldrich) dissolved in corn oil (Sigma-Aldrich) at 4 and 2 days 
before the end point (day 0). For SrtA expression in germinal cen-
tre B cells, S1pr2-CreERT2.Rosa26uLIPSTIC/WT mice and AicdaCreERT2/+. 
Rosa26uLIPSTIC/WT mice, two doses of 10 mg tamoxifen were administered 
intragastrically at 3 and 2 days before the end point. SrtA expression 
in gut epithelial cells was induced by daily injections (i.p.) of tamox-
ifen (2 mg per injection) for five consecutive days, starting 14 days 
before the end point. For SrtA expression in microglia of Cx3cr1CreER. 
Rosa26uLIPSTIC/WT mice, two doses of 10 mg of tamoxifen each were admin-
istered intragastrically at 6 and 4 days before the end point.

In vivo substrate administration
Biotin–aminohexanoic acid–LPETGS, carboxy-terminal amide, at 95% 
purity (biotin–LPTEG), was purchased from LifeTein (custom synthesis) 
and stock solutions were prepared in PBS at 20 mM. For in vivo LIPSTIC 
and uLIPSTIC labelling experiments in pLNs, biotin–LPETG was injected 
subcutaneously into the hind footpad (20 µl of 2.5 mM solution in PBS) 
six times 20 min apart, and pLNs were collected 20 min after the last 
injection, as described previously58. Mice were briefly anaesthetized with 
isoflurane at each injection. For in vivo labelling of gut IELs, DCs and/or 
microglia in various tissues, and for LCMV experiments, biotin–LPETG 
substrate was injected i.p. (100 µl of 20 mM solution in PBS) six times, 
20 min apart. Organs were collected 20 min after the last injection.

Isolation of lymphocytes from lymphoid organs
Spleen, pLNs, mLNs and mesenteric LNs were collected into microfuge 
tubes with 500 µl HBSS (Gibco) supplemented with CaCl2, MgCl2 and 
collagenase D at 400 U ml−1 (Roche). LNs were cut into small pieces and 
incubated for 30 min at 37 °C. After digestion, tissue was forced five 
times through a 21-G needle and filtered through a 70-µm strainer into 
a 15-ml falcon tube with PBE.

Isolation of cells from non-lymphoid organs
Intraepithelial leukocytes were isolated as previously described59. 
Briefly, small intestines were collected and washed in PBS. Peyer’s 
patches were surgically removed and the intestine was segmented in 
pieces of approximately 1 cm before incubation with 1 mM dithiothrei-
tol for 10 min at room temperature followed by addition of 30 mM EDTA 
and incubation for 30 min at 37 °C. Intraepithelial cells were recovered 
from the supernatant of dithiothreitol and EDTA washes and mononu-
clear cells were isolated by collecting the middle ring after 40% and 
80% gradient Percoll centrifugation. Bone marrow cells were collected 
by centrifugation of punctured tibiae and femurs at up to 10,000g for 
10 s, and then treated with ACK red blood cell lysing buffer. Immune 
cells from the kidney, lungs, spleen, thymus and liver were isolated by 
incubating the fragmented tissue in 1.5 ml HBSS supplemented with 
collagenase D at 400 U ml−1, 0.1 mg ml−1 DNase 1 (Sigma) and 0.8 mg ml−1 
dispase 1 (Sigma) for 30 min at 37 °C. After digestion, tissue was forced 
five times through a 21-G needle and filtered through a 70-µm strainer 
into a 15-ml falcon tube with PBE. Red blood cells were lysed with ACK 
buffer and the resulting cell suspensions were filtered through a 70-µm 
mesh into PBE. To collect immune cells from the brain, mice were anaes-
thetized and perfused transcardially with 10 ml ice-cold HBSS without 
Ca2+ and Mg2+ (HBSS−−, Gibco), and the brains were removed and kept 
in ice-cold HBSS before further processing. To stain and discard CD45+ 
cells from blood vessels for downstream analysis, anti-CD45 antibod-
ies were retro-orbitally injected 15 min before perfusion. The entire 
brain was minced by mashing through a 150-µm cell strainer and the 
strainer was washed thoroughly by ice-cold HBSS to collect as many 
cells as possible. Minced tissues were spun down at 290g for 5 min at 
4 °C to discard the supernatant and digested in 2 ml of digestion solu-
tion (2 mg ml−1 collagenase D, 25 mM HEPES, 1 mM sodium pyruvate, 
14 µg ml−1 DNase 1 in HBSS) for 20 min at 37 °C without shaking. Diges-
tion was stopped by adding 2 ml ice-cold HBSS and the tissues were 
homogenized with syringes fitted with 21-G, 25-G and 27-G needles, 

sequentially. The homogenates were filtered through a 70-µm mesh 
and spun down at 420g for 7 min at 4 °C to discard the supernatant. The 
pellets were resuspended in 37% Percoll solution in HBSS and centri-
fuged at 500g for 10 min at room temperature to discard supernatant 
with a myelin layer. The cells in pellets were washed and resuspended 
in HBSS for further analysis.

Flow cytometry and cell sorting
Single-cell suspensions were washed with PBE, incubated with 1 µg ml−1 
anti-CD16/32 (2.4G2, BioXCell) for 5 min at room temperature and 
then stained for cell surface markers at 4 °C for 20 min in PBS using the 
reagents listed in Supplementary Table 9. Cells were washed with PBE 
and stained with Zombie fixable viability dye (BioLegend) or fixable 
Aqua dead cell stain kit (Invitrogen) at room temperature for 15 min, 
and then washed with PBE and filtered through a 40-µm strainer for 
acquisition. For in vivo JAML staining of IELs, mice were injected i.p. with 
100 µg of anti-JAML AF646 antibody 12 or 6 h before the end point. For 
single-cell transcriptomic analysis, stained cells were further incubated 
with DNA-barcoded anti-biotin and sample hashtag (anti-MHC-I) anti-
bodies (BioLegend) for 20 min in PBE, washed three times with PBE and 
bulk-sorted. For substrate detection in vivo, an anti-biotin–PE antibody 
(Miltenyi Biotec) was exclusively used, as described previously57. Sam-
ples were acquired on FACSymphony A5 or Fortessa analysers or sorted 
on FACSAria II or III or FACSymphony S6 cell sorters (BD Biosciences). 
Data were analysed using FlowJo v10.6.2 software.

uLIPSTIC labelling in vitro
HEK293T cells (ATCC) were transfected by calcium phosphate transfec-
tion with the indicated expression vectors at high (1 µg µl−1) and low 
(0.1 µg µl−1) concentrations of Thy1.1–G5 and mSrtA constructs. Forty 
hours after transfection, cells were detached using TrypLE Express 
cell dissociation solution (Thermo Fisher), washed and resuspended 
at 106 cells ml−1 in PBS. Donor cell populations transfected with CD40L 
and/or mSrtA constructs and acceptor cell populations transfected 
with CD40 and/or Thy1.1–G5 were mixed at a 1:1 ratio (105 cells of each 
population) in a 1.5-ml conical tube, to which biotin–LPETG was added 
to a final concentration of 100 µM. Cells were incubated at room tem-
perature for 30 min and washed three times with PBE to remove excess 
biotin–LPETG before FACS staining.

uLIPSTIC labelling ex vivo
B cells from Rosa26uLIPSTIC/WT mice and CD4+ T  cells from OT-II 
CD4-Cre.Rosa26uLIPSTIC/WT mice were isolated from mouse spleens as 
described above. Isolated T cells were activated with CD3–CD28 Dyna-
beads (Thermo Fisher) for 24 h and then co-cultured with isolated B cells 
(2 × 105 cells per well, 1:1 ratio) in the presence or absence of OVA323–339 
peptide in RPMI, 10% FBS supplemented with 0.1% 2 mercaptoethanol 
(Gibco) in U-bottom 96-well plates for 20 h. Blocking antibodies were 
added at the beginning of the co-culture at a final concentration of 
150 µg ml−1. To label interactions ex vivo, biotin–LPETG substrate was 
added 30 min before collection at a final concentration of 100 µM.

Library preparation for scRNA-seq
In addition to fluorescent antibodies, cells were co-stained before 
sorting with hashtag oligonucleotide (HTO)-labelled antibodies to 
CD45 and MHC-I for sample separation (two hashtags per sample) 
and HTO–anti-biotin for detection of the uLIPSTIC signal. Sorted cells 
were collected into a microfuge tube with 300 µl PBS supplemented 
with 0.4% BSA. After the sort, tubes were topped with PBS 0.4% BSA 
and centrifuged, and the buffer was carefully reduced by removing 
the volume with a pipette to a final volume of 40 µl. Cells were counted 
for viability and immediately submitted to library preparation. The 
scRNA-seq library was prepared using the 10X Single Cell Chromium 
system, according to the manufacturer’s instructions, at the Genom-
ics Core of Rockefeller University and was sequenced on an Illumina 



NovaSeq SP flowcell to a minimum sequencing depth of 30,000 reads 
per cell using read lengths of 26 bp read 1, 8 bp i7 index, 98 bp read 2.

Computational analysis of uLIPSTIC + scRNA-seq data in 
intraepithelial immune cells
Gene expression unique molecular identifier (UMI) counts, along with 
sample and biotin (uLIPSTIC) HTO counts, were generated with Cell-
Ranger v6.0.1 ‘count’ using ‘Feature Barcode’ counts and otherwise 
default parameters, with mm10 reference. TCR data were preprocessed 
with CellRanger ‘vdj’ with default parameters. Applying default cell-
ranger filtering, this resulted in a filtered gene expression UMI count 
matrix including 4,607 cells and 32,285 genes.

We then carried out a multi-step analysis of the data to annotate cells 
with cell types, including data preprocessing, normalization, cluster-
ing and analysis of known marker genes from the literature as well as 
objective differential gene expression analysis. The scanpy package 
v1.9.1 was used for all analyses of the gene expression data60. Cell bar-
codes with unresolved sample HTOs, a low or extremely high number 
of expressed genes, a large fraction of expressed mitochondrial genes, 
or those likely to represent doublets were removed. Genes expressed 
in a low number of cells were removed. This resulted in a filtered gene 
expression matrix of 3,677 cells and 14,332 genes with a matching biotin 
HTO count in each cell representing uLIPSTIC signal.

Gene counts were normalized using Pearson residual normalization 
with θ = 1. Principal component analysis (PCA) was run with default 
parameters, and then a k-nearest neighbour (kNN) graph was con-
structed using 40 principal components (PCs), k = 30 and otherwise 
default parameters. Then Leiden clustering was carried out with a reso-
lution of 1, resulting in 26 clusters. Cluster 10 was further split into two 
subclusters containing cycling T and B cells (Extended Data Fig. 6f,g).

uLIPSTIC normalized values were obtained for each cell by dividing 
the uLIPSTIC HTO counts by the number of sample-encoding HTO 
read counts in a cell. The fifth percentile of these normalized values 
was added as a pseudocount, and then log10 was applied. These values 
were then shifted by the minimum log-scaled value, so the scale starts 
at 0. This resulted in arbitrary units of the normalized uLIPSTIC signal, 
subject to comparison between cells from a single dataset.

Known marker genes as well as TCR data were used to annotate the 
Leiden clusters. The scirpy package v0.10.1 was used for the TCR data 
preprocessing and analysis61. Cluster 10 was split into two subclusters 
that contained cycling T and B cells. Annotations were confirmed by 
scoring PanglaoDB immune cell marker gene sets62 using the score_
genes() function in scanpy and by exploring significantly differentially 
expressed genes in each cluster as compared with all cells outside the 
cluster, obtained using a custom script. For differential expression 
analysis, log2[fold change] (log2[FC]) of expression was calculated 
as the ratio of pseudobulk raw UMI counts summed over cells within 
and outside the cluster (then normalized by the total amount of UMI 
counts inside and outside the cluster), P values were calculated using 
the Mann–Whitney U-test applied to Pearson residual normalized 
expression values in single cells within and outside the cluster, and 
Benjamini–Hochberg correction for multiple hypothesis testing was 
applied to all genes. This analysis resulted in final cell type annotations; 
some clusters received the same cell type annotations.

The analysis then focused on the CD4 T cell subset of 944 cells. A new 
kNN graph was generated for this subset, again using k = 30 neighbours 
and 40 PCs, and Leiden clustering was carried out with resolution = 1.3. 
Clusters were annotated using known marker genes and TCR clonality 
information, and one cluster was filtered out owing to trouble annotat-
ing it, resulting in a dataset of 915 cells. Trajectory analysis and subse-
quent cell pseudotime calculation were carried out using Wishbone 
v0.5.2 (ref. 63) using default parameters as available in scanpy and 
using as the root the cell in the naive or Tconv cluster with the highest 
value of Sell expression. uLIPSTIC signal (normalized biotin) data were 
not used to generate the trajectory.

To identify candidate genes involved in cell–cell interactions, for 
every gene the Spearman correlation was calculated between the 
Pearson residual normalized value of expression of that gene and the 
uLIPSTIC signal across all cells in the CD4 T cell subset. Bonferroni 
correction was used for multiple hypothesis testing on all genes. This 
calculation was separately carried out when removing TFH-like and 
naive or memory cells, or when restricting to cells from each individual 
mouse, with consistent results (Extended Data Fig. 8d,e).

For the violin plot of scRNA-seq expression of Jaml (Fig. 4i), Pearson 
residual normalized values were shifted so that the minimum value is 
zero (bottom fifth percentile of all values (across cell groups) omitted) 
and then plotted on a log scale. The T cell subpopulations for the plot 
were defined as follows. The subpopulations of CD4 T cells, ‘naive or 
Tconv’, ‘pre-IEL’ and ‘IEL’ (Fig. 4d–h and Extended Data Fig. 8a,b), were 
used as CD4+ Tconv, CD4+ pre-IEL and CD4+CD8αα+ IEL, respectively. The 
‘natural IEL’ cells (Fig. 4b and Extended Data Figs. 6 and 7) were sepa-
rated into three groups: CD8αα+ IEL if TCR antibody chain was detected 
(301 cells), otherwise γδ IEL if normalized expression of Trdc was above 
0 (517 cells), and other (163 cells), which were not included in the plot.

MSigDB canonical pathways were scored using scanpy’s score_genes() 
function over all CD4+ T cells. Spearman correlation with normalized 
biotin values was calculated for all pathways, and P values were adjusted 
using the q-value approach64 for pathways with positive correlation 
values. The top five pathway scores are shown by correlation value, for 
those with q < 0.05 (Extended Data Fig. 8g). CD4+CD103+CD8αα+ and 
CD4+CD103–CD8αα– gene signatures were generated from scRNA-seq 
(library 2) from ref. 6. tdTomato–CD4+CD8αα+ cells (cluster 2) were 
compared to tdTomato– ‘recent epithelial immigrants’ (REI, cluster 5) 
using the Wilcoxon rank sum test. P values were adjusted using Bonfer-
roni correction. All genes with adjusted P values < 0.05 were included 
in the signature. Genes with positive fold change (enriched in cluster 2)  
were included in ‘CD4+ IEL, upregulated’ and those with negative fold 
change (enriched in cluster 5) were included in ‘CD4+ IEL, downregulated’6.  
Signatures were scored on the uLIPSTIC scRNA-seq data using scanpy’s 
score_genes() function, and Spearman correlation with normalized 
biotin values for both gene signatures was calculated over all CD4+ 
T cells, or over all CD4+ T cells excluding Tconv and TFH-like cells. The 
linear regression fit with the 95% confidence interval overlaid over the 
scatter plots was calculated using geom_smooth() in ggplot2 using 
default parameters.

Computational analysis of uLIPSTIC + scRNA-seq data in LCMV 
infection
Gene expression UMI counts, along with sample, biotin (uLIPSTIC) and 
Flag (to capture donor cells) HTO counts, were generated for each of the 
three sequencing lanes with CellRanger 7.0.1 ‘count’ using ‘Feature Bar-
code’ counts and otherwise default parameters, with mm10 reference. All 
downstream analysis was carried out using the scanpy package v1.9.1. Ini-
tial quality control steps and normalization were carried out separately 
for each of the three sequencing lanes. Cells were filtered on the basis of 
high mitochondrial counts and total counts. Genes were filtered on the 
basis of being present in at least 0.5% of cells in the sample, and cells were 
filtered to include at least 200 genes. Each cell was assigned to a sample 
if the fraction of all sample HTOs coming from that sample HTO was 
greater than 80%. For each cell, biotin read counts and donor (Flag) read 
counts were normalized by dividing by the total number of HTO counts 
of the sample to which the cell was assigned. Gene expression counts 
were then normalized with analytical Pearson residual normalization 
from scanpy, using a θ value of 1 for all three samples. After normaliza-
tion, the three samples were concatenated. Non-protein-coding genes 
were also filtered out on the basis of the CellRanger mm10 GTF file. This 
resulted in a dataset of 27,043 cells and 11,558 genes.

LCMV LN cells from WT infection were selected for a separate analy-
sis. This resulted in a dataset of 11,846 cells (and the same 11,558 genes). 
PCA was run with 100 components, a kNN graph was built using 30 
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neighbours, 50 PCs and cosine metric, and Leiden clustering was carried 
out with a resolution of 1. Known marker genes were used to annotate 
the Leiden clusters.

As described above, sample-normalized biotin values were further 
adjusted by carrying out log10 transformation, using the fifth percentile 
as a pseudocount, and then shifted by the minimum log-scaled value, 
so the scale starts at 0. Differential gene expression analysis was carried 
out as described above. Unless stated otherwise, in most plots, cells 
with high donor levels (using a threshold based on the distribution of 
these normalized Flag counts) were filtered out.

Next, LCMV organ cells (from spleen, liver and lung) in WT infec-
tion were selected for a separate analysis, yielding a dataset of 12,324 
cells and 11,558 genes. PCA was run with 100 components, a kNN graph 
was built using 30 neighbours, 50 PCs and cosine metric, and Leiden 
clustering was carried out with a resolution of 1. To annotate these 
clusters and compare them to the LN data, a dendrogram of transcrip-
tional similarities between cells in clusters was created. For this, we 
combined the mean profile for each tissue Leiden cluster and each cell 
type annotation in the LN data over all genes. This enabled us to find 
tissue Leiden clusters that have similar expression profiles as the LN 
annotations. Known marker gene expression was used to confirm these 
LN-based annotations in the tissue data. Certain clusters did not relate 
to LN annotations, so most significant differentially expressed genes 
(following the same protocol as described above) for these clusters 
were used to assign annotations with the ImmGen My_Geneset tool 
(https://www.immgen.org). These annotations were again confirmed 
with marker gene expression.

As described above, biotin read counts and donor (Flag) read counts 
were normalized by dividing by the total number of HTO counts of the 
sample to which the cell was assigned. The sample-normalized biotin 
values were further adjusted by carrying out log10 transformation, 
using the fifth percentile as a pseudocount, and then shifted by the 
minimum log-scaled value, so the scale starts at 0. For most plots, cells 
with high donor levels (using a threshold based on the distribution of 
the sample-normalized Flag counts) were filtered out.

Modelling the SrtA–Thy1.1 complex on cells surfaces
First, structures of G5–Thy1.1 and Flag–SrtA–PDGFRb were generated 
using Alphafold2 (ref. 65). Next, in the Flag–SrtA–PDGFRB model, the 
domain constructing peptide-binding-domain was substituted with 
the substrate-bound SrtA structure (Protein Data Bank: 1T2W). Addi-
tionally, the flexible linker connecting the SrtA domain to the PDGFRB 
transmembrane helix was rebuilt to an extended conformation using 
COOT v. 0.8.9.2 (ref. 66) to better estimate the maximum distance the 
protein is able to extend to. The Thy1.1 was aligned to SrtA using the 
substrate of 1T2W and the 5G acceptor motif of G5–Thy1.1. Any resulting 
interprotein clashes were corrected using GalaxyRefineComplex from 
the GalaxyWEB server (https://galaxy.seoklab.org/)67. To build the GPI 
anchor and the lipid bilayers, we used CHARMM-GUI (https://www.
charmm-gui.org/)68. The anchor glycolipid was generated on the basis 
of the human prion protein (PrP) GPI69. Next the complex of Flag–SrtA– 
PDGFRB with G5–Thy1.1 was modelled in the POPC–cholesterol lipid 
bilayer using CHARMM-GUI. The GPI anchor was placed in the second 
bilayer using ChimeraX v1.4 (ref. 70). Finally, both modelled bilayers, 
one embedded with the protein complex and the other with the GPI 
anchor, were aligned in ChimeraX. The distance between two bilayers 
was measured in PyMOL v2.4.2 (ref. 71).

Statistical analysis
Statistical tests were carried out in GraphPad Prism 9.0 software and 
edited for appearance using Adobe Illustrator 27.1.1. Comparisons 
between two treatment conditions were analysed using unpaired, 
two-tailed Student’s t-test and multivariate data were analysed by 
one-way analysis of variance with Tukey’s post-hoc tests to further 
examine pairwise differences.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Final scRNA-seq datasets are available from the Gene Expression Omni-
bus under the accession number GSE253000. Processed scRNA-seq data 
are available at https://github.com/pritykinlab/ulipstic-analysis. Source 
data are provided with this paper.

Code availability
The full code used to analyse the scRNA-seq data is available at https://
github.com/pritykinlab/ulipstic-analysis.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Design and characterization of Rosa26uLIPSTIC mice. 
(A) The uLIPSTIC cassette carrying the lox-stop-lox G5Thy1.1 followed by 
mSrtA-PDGFRtm fused to FLAG tag was cloned into the Ai9 Rosa26 targeting 
plasmid. (B) Insertion of the uLIPSTIC cassette was assessed in embryonic stem 
(ES) cells by Southern blotting using a 32P-labeled probe (Supplementary 
Table 8 and Supplementary Fig. 1 for gel source data) annealing upstream of the 
left arm after EcoRI digestion. ESCs carrying the insertion exhibit an extra 
EcoRI restriction site, resulting in a 7.4 kb fragment upon enzymatic digestion. 
The blot shows 2 heterozygous integrations out of 7 ES cell clones screened. 
(C–E) The specificity and efficiency of Rosa26uLIPSTIC recombination are 
determined by the Cre driver used. (C) Representative gating strategy for 

resident dendritic cells (rDCs; LIN–, MHC-IIint, CD11chi), migratory dendritic cells 
(mDCs; LIN–, MHC-IIhi, CD11c+), CD4+ T cells, CD8+ T cells, regulatory T (Treg) 
cells and B cells in lymph nodes. (D) SrtA expression (determined by FLAG 
detection) is induced by Cre recombination. Use of a constitutive Cre line (e.g., 
CD4-Cre) results in efficient but non-specific SrtA expression, generating 
T cells that can only be used in adoptive cell transfer experiments. The use of 
inducible Cre lines such as CD4-CreERT2 and Foxp3CreERT2 can often resolve 
specificity issues, enabling the implementation of uLIPSTIC in fully 
endogenous models. (E) SrtA expression in conventional DC subsets 1 (cDC1) 
and 2 (cDC2) in Rosa26uLIPSTIC/WT.Clec9aCre/WT mice.
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Extended Data Fig. 2 | Kinetics and sensitivity of the uLIPSTIC reaction.  
(A–E) Kinetics of the uLIPSTIC reaction. (A) Experimental setup for panels  
(B–E). OT-II CD4+ T cells from Rosa26uLIPSTIC/WT.CD4-Cre or Rosa26WT/WT.CD4-Cre 
control mice were co-incubated ex vivo with Rosa26uLIPSTIC/uLIPSTIC acceptor DCs 
in the presence of OVA323–339 cognate peptide. LIPSTIC substrate was added 
during the final minutes of incubation as indicated. (B,C) Efficiency of formation 
of the acyl intermediate (loading of LIPSTIC substrate onto SrtA) in OT-II SrtA+ 
donor T cells increases gradually with time. (D,E) Transfer of LIPSTIC substrate 
onto the surface of interacting acceptor DCs followed similar kinetics as acyl 
intermediate formation. (F–J) uLIPSTIC can resolve differences in peptide 

concentration and affinity both in vitro and in vivo. (F) Altered peptide ligands 
(APLs) of the OVA323–339 peptide, when complexed with MHC-II, display decreasing 
affinities for the OT-II TCR. (G) In vitro co-culture of Rosa26uLIPSTIC/WT.CD4-Cre 
OT-II T cells with Rosa26uLIPSTIC/uLIPSTIC DCs loaded with its APLs results in a 
reduction in LIPSTIC labeling that aligns with both the affinity of the peptide- 
MHCII complex to the OT-II TCR and the peptide concentration gradients. (H) 
Experimental layout for panels (I,J). (I) In vivo labeling of APL-pulsed DCs show 
decreased uLIPSTIC labeling in accordance with the affinity to the fixed OT-II 
TCR. Quantified in (J). Data for all plots are for three mice per condition from 
one experiment. P-values were calculated using two-tailed Student’s tests.



Extended Data Fig. 3 | uLIPSTIC labeling of T cell–DC interactions in 
adaptive transfer models. (A–E) mSrtA+ donor cell numbers determine the 
degree of uLIPSTIC labeling. (A) Experimental layout for panels (B-E). 
Increasing numbers (105, 3 × 105, 106, 3 × 106) of Rosa26uLIPSTIC/+.CD4-Cre OT-II 
CD4 + T cells were adoptively transferred into recipient Rosa26uLIPSTIC/ uLIPSTIC 
mice, followed by OVA/alum immunization 18 h post-transfer and LIPSTIC 
substrate injection one day later. The number of transferred cells (CD45.1/2) 

determined the proportion of donor cells in the CD4+ T cell compartment  
(B–C) and the corresponding percentage of labeled interacting cells in the 
mDC compartment (D-E). (F–I) Persistence of label on acceptor cells with time. 
(F) Experimental layout for panels (G-I). (G) uLIPSTIC labeling of mDCs after 
incremental delays between substrate injection and tissue harvest. Quantified 
in (H,I). Data for all plots are for three mice per condition from one experiment. 
P-values were calculated using two-tailed Student’s tests.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | uLIPSTIC labeling in inducible Cre lines in fully 
endogenous models. (A–D) uLIPSTIC labeling of Treg cell interactions in  
the steady-state pLN. (A) Cellular interactome of Tregs at steady-state. 
Rosa26uLIPSTIC/WT.Foxp3CreERT2/Y experimental mice and Rosa26WT/WT.Foxp3CreERT2/Y 
controls were given tamoxifen and administered LIPSTIC substrate in the 
footpad 2 days later. Left, flow cytometry plots show uLIPSTIC labeling in 
selected immune populations in control (top) and experimental (bottom) mice. 
The presence of residual labeling in B cells is an artifact common to uLIPSTIC 
and to other flow-cytometry based methods aimed at identifying rare B cell 
populations, likely due to B cell receptor-dependent binding of detection 
components by polyclonal B cells. Right, quantification of the proportion of  
all labeled cells belonging to each major immune population in control (SrtA–) 
or experimental (SrtA+) mice. Data for three mice per condition from one 
experiment, bar plots show mean ± SEM. (B-D) Treg cells interact with mDCs  
to a greater extent than conventional CD4+ T cells. (B) To test if enhanced 
interaction with mDCs is a specific feature of Treg cells or a general feature  
of all CD4+ T cells, we titrated the dose of tamoxifen in Rosa26uLIPSTIC/+.CD4-
CreERT2 mice to achieve a similar percentage of SrtA-expression among total 
CD4+ T cells as in Rosa26uLIPSTIC/+.Foxp3CreERT2/Y mice. (C) At a dose of 0.3 mg of 
tamoxifen, Rosa26uLIPSTIC/+.CD4-CreERT2 mice showed SrtA expression in a 

small number of Treg cells (left), with most SrtA+ cells observed in CD4+ 
conventional T cells (center) and overall numbers of SrtA+ cells among total 
CD4+ T cells that were comparable with those of Rosa26uLIPSTIC/+.Foxp3CreERT2/Y 
mice treated with 10 mg tamoxifen (right). (D) When numbers of Treg and  
CD4+ conventional donor cells are equalized, acceptor mDCs show stronger 
interaction with Treg cell partners. For (C) and (D), data from two independent 
experiments with each symbol representing one mouse, P-values were 
calculated using two-tailed Student’s tests. (E–G) Kinetics of tamoxifen-driven 
recombination of the Rosa26uLIPSTIC allele according to cell type. (E) SrtA 
expression in the highly proliferative mesenteric lymph node GC B cells of 
Rosa26uLIPSTIC/WT.AicdaCreER/WT mice was assessed at different timepoints after 
tamoxifen administration. The fraction of recombined cells plateaus at 24 h 
post-tamoxifen administration (hpt), while SrtA protein expression is still 
increasing by 96 hpt. (F) Labeling of GC B cell interacting partners can be 
detected as early as 12 hpt, increasing thereafter according to SrtA expression 
levels. (G) In contrast, SrtA expression in quiescent naïve (PD-1–CXCR5–CD69–) 
CD4+ T cells in Rosa26uLIPSTIC/WT.Cd4-CreERT2 mice increased at a slower rate 
than, reaching >80% positive cells only at 96 hpt. For (E), (F) and (G), each plot 
used three mice per condition from one experiment, P-values were calculated 
using two-tailed Student’s tests.
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Extended Data Fig. 5 | Intraperitoneally-injected LIPSTIC substrate reaches 
cells in multiple tissues. (A) Steady state Rosa26uLIPSTIC/WT.Clec9aCreER/WT or 
Rosa26uLIPSTIC/WT.Clec9aWT/WT control mice were injected i.p. with the LIPSTIC 
substrate and its loading onto DCs was achieved in all analyzed tissues. (B-C) I.p. 
injection of the LIPSTIC substrate reaches the brain in Rosa26uLIPSTIC/WT.Cx3xr1CreERT2/WT 

mice. (B) Flow cytometry gating strategy to analyze CX3CR1-expressing 
microglia in the brain. To discriminate resident from circulating immune cells 
in the brain, α-CD45 antibody was injected intravenously to mark the latter.  
(C) SrtA expression was detected in ~80% of CD11b+CX3CR1+ cells, 68% of which 
acquired i.p.-administered LIPSTIC substrate.



Extended Data Fig. 6 | See next page for caption.



Article
Extended Data Fig. 6 | uLIPSTIC to study epithelial cell – immune cell 
interactions in the gut. (A–C) Flow cytometry strategy for intraepithelial 
immune cells. (A) Representative gating strategy for γδ TCR and αβ TCR 
(Cd8αα+, CD8αβ+, and CD4+) IEL subsets. (B) Top, expression of SrtA (FLAG)  
and capture of LIPSTIC substrate by IEC donor cells and bottom, transfer of 
substrate onto CD45+ acceptor cells in SrtA-expressing and control mice.  
(C) Sorting strategy for the scRNA-seq experiment. Samples were enriched for 
rarer (e.g., B cell, CD4+ IEL) populations by first sorting 12,500 total cells then 
an additional 12,500 cells depleted of the dominant γδ, CD8αα, and CD8αβ IEL 
populations. Three independent samples were sorted and stained with 
different hashtag oligos for downstream identification. (D–L) Clustering 
analysis of the immune interactome of IECs in the small intestine. (D) UMAP 
colored by Leiden clustering of the entire scRNA-seq/uLIPSTIC dataset 
(n = 3,677 cells) used as an intermediate step in cell type annotations. (E) Left, 
UMAP colored by biological replicate. Right, bar plot indicating cluster 
composition by biological replicate, cluster size indicated at the right of each 
bar. (F-G) Further analysis of cluster 10 shows that is a composite comprising 
proliferating T and B cells. This co-clustering of B and T cells held true for 
varying number of PCs between 20 and 100 (not shown). (F) Left, Leiden cluster 

10 was isolated and sub-clustered, yielding two separate clusters (UMAP). 
Right, normalized expression of Cd79a and Cd8a for these two sub-clusters  
of cluster 10 determines their annotation as either B or T cells. (G) UMAP 
showing the S and G2M phase cell cycle gene list scores (obtained using the 
‘score_genes_cell_cycle()‘ function with lists from the Seurat package72), 
characterizing Leiden cluster 10 as proliferating cells, thus explaining their  
co-clustering. (H) UMAP showing final clustering of the entire data, with Leiden 
cluster 10 subdivided into clusters 10a and 10b. (I) Dendrogram representing 
transcriptional similarities among clusters. Differentially expressed genes 
were identified for each cluster (log2FC > 1, FDR < 0.05, see Methods), and 
normalized expression of all such genes (5,956 genes total), averaged per 
cluster, was used for the hierarchical clustering analysis that produced the 
dendrogram. Final annotation clusters shown in Fig. 4 are indicated below the 
Leiden cluster numbers. (J) Dot plot of marker genes indicating their level of 
expression in each cluster. Dot size indicates the fraction of cells in the cluster 
with Pearson residual normalized expression greater than 0, dot color 
represents level of expression. (K) Violin plot showing levels of normalized 
uLIPSTIC signal for each Leiden cluster. (L) UMAP showing presence of 
rearranged TCRα and β in each cell.



Extended Data Fig. 7 | Expression of marker genes and gene signatures in 
the annotated scRNA-seq data. (A) UMAP plots showing normalized gene 
expression levels for selected marker genes characteristic of the final 
annotation clus. (B) Dot plot of marker genes indicating level of expression for 
each cell type annotation. (C) Dot plot of scores for gene signatures of immune 

cell types from PanglaoDB62. For both dot plots, dot size indicates the fraction 
of cells in the population with values greater than 0, dot color represents level 
of value (Pearson residual normalized expression or gene signature scores for  
B and C, respectively).
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Analysis of combined scRNA-seq + uLIPSTIC data for 
CD4+ T cells. (A) UMAP for CD4+ T cells showing new Leiden sub-clusters and 
expression of selected marker genes in each cluster (n = 915). (B) Dot plot of 
marker genes for each annotated subset of CD4+ T cells. Dot size indicates the 
fraction of cells in the cluster with Pearson residual normalized expression 
greater than 0, dot color represents level of expression. (C) Bar plot indicating 
CD4 Leiden cluster composition by biological replicate, cluster size indicated at 
the top of each bar. (D) Spearman correlation values, in increasing order, for 
uLIPSTIC signal and normalized expression of a gene, calculated separately for 
cells from each biological replicate, indicating consistency across mice.  
(E) Spearman correlation values, in increasing order, for uLIPSTIC signal and 
normalized expression of a gene, calculated when removing Tfh-like and naïve/
conventional T cells (Leiden CD4 sub-clusters 0 and 1). (F–I) Correlation between 
acquisition of uLIPSTIC label and expression of CD103 and selected gene 
signatures by CD4+ IELs. (F) Flow cytometry plots show uLIPSTIC signal and 

CD103 expression in one control Rosa26uLIPSTIC/WT and three Vil1-Cre.Rosa26uLIPSTIC/WT 
mice treated as in Fig. 3g. (G) Gene signatures from the MSigDB “canonical 
pathways” (M2.CP) database showing significant positive association with 
normalized biotin signal in scRNA-seq analysis over all CD4+ T cells. Plots show 
Spearman’s ρ value for each signature. (H) Correlation between acquisition of 
uLIPSTIC signal by CD4+ T cells (shown for all T cells and excluding Tfh-like and 
Naïve/Tconv clusters) and expression of the Biocarta CTL gene signature. Trend 
line and error are for linear regression with 95% confidence interval, Spearman’s 
ρ and two-sided P-value are listed. (I) Correlation between acquisition of 
uLIPSTIC signal by CD4+ T cells (shown for T cells excluding Tfh-like and Naïve/
Tconv clusters) and expression of gene signatures up and downregulated as 
epithelial T cells transition from Tconv (CD4+CD103–CD8αα–) to CD4+ IEL 
(CD4+CD103+CD8αα+) phenotypes (signatures based on data from Bilate et al.6). 
Trend line and error are for linear regression with 95% confidence interval, 
Spearman’s ρ and two-sided P-value are listed.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Using uLIPSTIC to study CD8+ T cell priming during 
acute systemic LCMV infection. (A) Left, adoptively transferred LCMV-
specific P14 CD8+ T cells infiltrated the mediastinal (m)LN of LCMV-infected 
Rosa26uLIPSTIC/uLIPSTIC hosts as early as 36 hpi. Right, fraction of P14 cells in total 
lymphocytes at the indicated timepoint. Data for ten mice per timepoint from 
three independent experiments, bar plots show mean ± SEM. (B) uLIPSTIC 
labeling of the P14-interactome (“Biotin+ All” in grey) showed that DCs (“Biotin+ 
DCs,” in orange) make up only a fraction of all interacting cells. (C) Sorting 
strategy for the scRNA-seq experiment. Immune cells—excluding B cells—were 
sorted both in an unbiased and biased manner, enriching for biotin+ acceptor 
cells and Flag+ donor cells using distinct hashtag oligos for downstream 
classification. Two-three independent samples per timepoint were sorted  
and stained with different hashtag oligos for downstream identification.  
(D–J) scRNA-seq nalysis of the immune interactome of P14 CD8+ T cells in the 
mLN during acute LCMV infection. (D) UMAP colored by Leiden clustering of 
the entire scRNA-seq/uLIPSTIC dataset (n = 11,846 cells). (E) Left, UMAP colored 
by timepoint. Right, bar plot indicating cluster composition by timepoint, 

cluster size indicated at the right of each bar the right. (F) Left, UMAP colored 
by biological replicate. Right, bar plot indicating cluster composition by 
biological replicate, separated by whether the sample was sorted as total mLN 
cells or biotin-enriched mLN cells, as specified in (C). The cluster size is 
indicated at the right of each bar. (G) Dendrogram representing transcriptional 
similarities among clusters. Differentially expressed genes were identified for 
each cluster (log2FC > 1, FDR < 0.01, see Methods), and normalized expression 
of all such genes (6,484 genes total), averaged per cluster, was used for the 
hierarchical clustering analysis that produced the dendrogram. Final 
annotation clusters shown in Fig. 5 are indicated below the Leiden cluster 
numbers. (H) Dot plot of marker genes indicating their level of expression  
in each cell type annotation. Dot size indicates the fraction of cells in the  
cluster with Pearson residual normalized expression greater than 0, dot color 
represents level of expression. (I) UMAPs showing normalized gene expression 
levels for selected marker genes. (J) Violin plot showing levels of normalized 
uLIPSTIC signal for each cell type annotation, separated by timepoint and 
excluding P14 donor cells (high FLAG).
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Extended Data Fig. 10 | Analysis of combined scRNA-seq + uLIPSTIC data for 
LCMV tissues (profiled at 96 hpi). (A) UMAP colored by Leiden clustering of the 
entire scRNA-seq/uLIPSTIC dataset (n = 12,324 cells). (B) Left, UMAP colored by 
tissue type. Right, bar plot indicating cluster composition by tissue, cluster size 
indicated at the right of each bar. (C) Left, UMAP colored by biological replicate. 
Right, bar plot indicating cluster composition by biological replicate, separated 
by whether the sample was unsorted cells or sorted as biotin-enriched cells. The 
cluster size is indicated at the right of each bar. (D) Dendrogram representing 
transcriptional similarities among tissue Leiden clusters with annotations from 
the mLN data. Normalized expression of all genes in the LCMV datasets (11,558 
genes total), averaged per Leiden cluster for the tissue data and averaged per 
annotation for the mLN data, was used for the hierarchical clustering analysis 
that produced the dendrogram. Final annotation clusters shown in Fig. 5 are 

indicated below the Leiden cluster numbers. (E) Dot plot of marker genes 
indicating their level of expression in each cell type annotation. Dot size 
indicates the fraction of cells in the population with Pearson residual normalized 
expression greater than 0, dot color represents level of expression. (F) UMAP 
plots showing normalized gene expression levels for selected marker genes 
characteristic of the final annotation clusters. (G) Violin plot showing levels of 
normalized uLIPSTIC signal for each cell type annotation, separated by tissue 
type and excluding P14 donor cells (high FLAG). (H) uLIPSTIC labeling of MHC-IIhi 
monocytes/macrophages (Mo/MΦ2) in organs of mice treated as in Fig. 5a but 
infected with either LCMVWT or LCMV∆P14, analyzed at 96 hpi. Data from one 
experiment with each symbol representing one mouse, P-values were calculated 
using two-tailed Student’s test.
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