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provide hypotheses as to which potential interactions in the TME 
are driving the dynamics of effector or exhausted T cells, which are 
the prominent targets of recent successful immunotherapies. Here, 
we define a detailed cell�cell interaction network between T-cell 
and myeloid cell populations in the TME and healthy tissues. These 
data may serve as an important anchor to generate the next genera-
tion of T-cell/DC-based therapies.

Results
Characterization of myeloid and T-cell compartments in NSCLC. 
To characterize and molecularly dissect physical interactions between 
myeloid cells and T cells in the TME, we applied PIC-seq technol-
ogy22 on clinical samples of early human non-small cell lung carci-
noma (NSCLC) lesions. We profiled treatment-naive early NSCLC 
lesions that were surgically resected from ten patients and compared 
tumor-involved to adjacent tumor-free tissues (Supplementary 
Table�1). We optimized lung tissue digestion to preserve physiologi-
cal cell conjugates and sorted single CD64�CD11c� myeloid cells 
and TCR�� T cells, as well as CD64�CD11c�TCR�� conjugates of 
physically interacting cells (PICs; Fig.�1a,b and Methods). Overall, 
we sequenced 5,136 quality control (QC)-positive single TCR�� 
T cells and 5,626 QC-positive single CD11c�CD64� myeloid cells 
collected from tumor and adjacent healthy tissues (Supplementary 
Table�2 and Extended Data Fig.�1a�d) and used the MetaCell pack-
age23 to create a background model of single-cell states in the TME 
and healthy tissues (Fig.� 1c�e). We controlled for cross-patient 
batch effects by confirming that each metacell includes cells from 
multiple patients (Extended Data Fig.�1e). We grouped T metacells, 
according to hallmark gene expression (Fig.�1c,d), into migratory 
T (TCF7, CCR7 and SELL), naive T (TCF7 and IL7R), proliferat-
ing T (TOP2A, MKI67 and STMN1), CD4� activated T (CXCR4 
and CD69), CD4� memory T (GZMB and CXCR4), CD4� regula-
tory T (Treg; FOXP3 and IL2RA), CD4�PD-1�CXCL13� T (CD4, 
CXCL13, PDCD1 and IL21), CD8� T (CD8A and CD8B), CD8� 
cytotoxic T (CTLs; GNLY, GZMB and PRF1) and CD8� dysfunc-
tional (exhausted) T cells (DysCD8; GZMK, LAG3 and HAVCR2) 
(Fig.�1c,d and Extended Data Fig.�1f).

We similarly grouped myeloid cells into two subsets of mono-
cytes, based on the high expression levels of the VCAN and CD31 
(PECAM1) genes (Fig.�1e), two �MonMac� subsets (based on their 
high expression of CCR2 or CXCL10 and shared expression of 
monocyte and macrophage genes) and into two macrophage sub-
sets: TAM subsets Mreg-Mac16 (TREM2, GPNMB and APOE) and 
MMP9� TAMs. Additional myeloid subsets included four groups 
of DCs: DC-expressing monocyte genes (MoDCs; expressing both 
monocytes (VCAN) and DCs (CD1C) genes), classical DC type I 
(cDC1; XCR1 and CLEC9A), classical DC type II (cDC2; CLEC10A, 
CD1C and BHLHE40) and mature DCs enriched in immunoregula-
tory molecules (mregDCs; FSCN1, CCL22 and CCL19)8 (Fig.�1c,e). 
We found that the CD11c�CD64� populations in some of the 
patients were enriched in natural killer (NK) cells (low in TRBC2 
and CD8A, high in TRDC and KLRC1), which we grouped into 
two subsets of NCAM1� NK and CX3CR1� NK cells (Fig.�1e). For 
both the T-cell and myeloid cell compartments, we identified con-
sistent differences in cell composition between tumor and adjacent 
tumor-free tissues (Fig.�1f). To support further such differences and 
to consolidate a common signature of the TME cellular composi-
tion, we computed TME versus healthy cell state ratios per-specimen 
and quantified correlations between subset abundances (Fig.�1g,h). 
Specifically, Mreg-Mac, TAMs, CXCL10� MonMac, MoDCs, mreg-
DCs and cDC2, together with Treg, CD4�PD-1�CXCL13� T and 
DysCD8 T cells were enriched in the TME, whereas the monocyte 
subsets and naive, proliferating and migratory T cells were under-
represented (Fig.�1h). CD4� memory and activated T-cell states, as 
well as CTLs were equally distributed across tumor and adjacent 
tissues. Notably, these results are in line with previous single-cell 

analysis of NSCLC lesions24�26 and therefore can serve as a baseline 
to investigate the molecular programs defining cellular interactions 
in the TME.

CD4�PD-1�CXCL13� T cells are enriched in TME interactions. 
We analyzed conjugates of CD64�CD11c�TCR�� PICs with het-
erotypic gene expression and removed putative T/NK cell PICs due 
to low specificity of their PIC-seq deconvolution (Extended Data 
Fig.�2a�d and Methods). Using an antibody-switching experiment 
we have previously applied22, we quantified the frequency of real ver-
sus spurious doublets formed after human tumor and healthy lung 
tissue dissociation. For each tumor and healthy tissue, we digested 
two parallel tissue sections, staining the split samples for TCR� 
and CD11c, each with a different combination of fluorophores 
(TCR��FITC/CD11C�PE and TCR��PE-Cy7/CD11c�APC-Cy7). 
We then pooled the two tumor and healthy samples together and 
analyzed them by FACS. We note that spurious doublets formed 
after dissociation, which combine fluorophores from parallel mixes, 
are rare, estimated at 2.5% and 4.4% of the CD64�CD11c�TCR�� 
PIC population in the TME and adjacent noninvolved tissue, 
respectively (Extended Data Fig.� 2e). We overall modeled 839 
QC-positive PICs by inference of their T-cell and myeloid cell iden-
tities as described (Extended Data Fig.� 2f�j and Methods). The 
PIC-seq pipeline utilizes a detailed background model of the sin-
glet populations contributing to the PIC conjugates to facilitate the 
estimation of interaction preferences and assign for each PIC the 
most probable pair of contributing singlet identities22 (Fig.� 2 and 
Methods). PICs isolated from tumor, but not healthy, lung tissue 
showed pronounced over-representation of CD4�PD-1�CXCL13� 
T cells (P � 1.03 � 10�7) and depletion of CD8� dysfunctional T cells 
(P � 0.0067) (Fig.� 2a). The identification of interactive CD4�PD-
1�CXCL13� T cells within PICs was based on subset-specific genes, 
including CXCL13, MAF, ZBED2, PRDM1, SNX9, SIRPG and IL21 
(Fig.�2b). Of note, CD4�PD-1�CXCL13� T cells were significantly 
over-represented in PICs when stratified across profiled patients 
(paired Mann�Whitney U-test; P � 0.037; Fig.�2c).

Myeloid cell contribution to T-cell/myeloid PICs was character-
ized by a reduction in the CD31� monocyte subset and enrichment 
of the Mreg-Mac16 subset in both healthy (P � 0.0047 and 0.002, 
respectively) and tumor tissues (P � 0.0087, 1.9 � 10�5, respectively; 
Fig.�2d). Of note, we found significant enrichment in mregDC fre-
quency (P � 0.043), alongside a depletion in cDC1 (P � 0.0079) in 
T-cell/myeloid PICs in tumor tissues compared to adjacent tissues 
(Fig.�2d). The mregDC annotation in PICs was based on expression 
of unique gene transcripts identified in singlets (such as LAMP3, 
CCL22, CCL19, BIRC3, FSCN1 and CCR7; Fig.�2e), as we recently 
described8. The mregDC over-representation in PICs was observed 
also when stratified across patients (paired Mann�Whitney U-test; 
P � 0.039; Fig.�2f). Taken together, by investigating the cellular inter-
action repertoire within PICs, we identified CD4�PD-1�CXCL13� 
T cells and mregDCs, two states that are enriched in the TME com-
pared to healthy controls and engage specifically in T-cell�myeloid 
interactions in the TME, suggesting their potential TME interactive 
capacity and function.

Defining the Tht niche across tumor types. Given their enrich-
ment in tumor PICs in NSCLC, we next asked whether the 
CXCL13�PD-1� CD4� T-cell program was also present in other 
tumor types, using scRNA-seq datasets obtained from 25 patients 
with melanoma27 and 42 patients with breast cancer28. We annotated 
the T-cell states across tumor types and identified similar subsets to 
those we identified in NSCLC (Extended Data Fig.�3a and Methods). 
We subsequently derived a pan-tumor signature consisting of gene 
transcripts differentially expressed by CD4�PD-1�CXCL13� cells 
compared to all other CD3� T-cell populations across the different 
tumor types. We found that CD4�PD-1�CXCL13� cells expressed 
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