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Adaptive immunity is founded on the selection and expan-
sion of antigen-specific T cells from a clonally diverse pool 
of naive precursors1. Naive T cells recirculate among lymph 

nodes to survey the array of peptide epitopes bound to major his-
tocompatibility complex (MHC) proteins on the surface of anti-
gen-presenting cells (APCs), and functional recognition of a given 
peptide�MHC molecule is governed by various danger signals and 
specific engagement via the clonotypically expressed TCR. This 
triggers a program of differentiation and proliferation that results 
in the generation of effector T cells, which home to the site of the 
primary infection and contribute to pathogen clearance, and mem-
ory T cells, which remain in the circulation and mediate anamnes-
tic responses to secondary infection. In the last decade, it has also 
become clear that tissue-resident T cells are commonly present at 
barrier sites, including the intestine2.

Fundamental knowledge of adaptive immunity during early life 
remains sparse. The infantile intestine is known to harbor clonally 
expanded T cells3, which have also been identified in the human 
fetal intestine, but rarely in fetal mesenteric lymph nodes, fetal thy-
mus or fetal spleen, suggesting compartmentalization4. In addition, 
a rare population of CD4� T cells displaying a memory and proin-
flammatory phenotype has been identified in umbilical cord blood5. 
Although the dogma of a sterile womb has been challenged by 
reports of bacteria colonization in the placenta6,7, amniotic fluid8,9  

and meconium10, others have questioned these results11. Here we 
have combined functional studies with mass cytometry, RNA 
sequencing (RNA-seq) and high-throughput TCR sequencing to 
perform an in-depth analysis of the fetal intestinal CD4� T cell 
compartment. Our results provide evidence for memory formation 
in the human fetal intestine, consistent with in utero exposure to 
foreign antigens.

Results
Human fetal intestinal CD4� T cells are phenotypically diverse. 
To explore the CD4� T cell compartment in the human fetal intes-
tine, we applied a mass cytometry panel comprising 35 antibodies 
(Supplementary Table 1) that was designed to capture the hetero-
geneity of the immune system to seven lamina propria samples 
aged 14�21 gestational weeks12. After data acquisition, we selected 
CD45� immune cells (Supplementary Fig. 1a) and mined the data-
set via hierarchical stochastic neighbor embedding (HSNE)13. At 
the overview level, HSNE landmarks depicted the general compo-
sition of the immune system, with clear separation of the CD4� 
T cell lineage (Supplementary Fig. 1b). We identified 110,332 
CD4� T cells, with an average of 15,761 events per fetal intestine, 
comprising 47.9 �​ 9.6% of all immune cells. We then subjected 
HSNE-defined CD4� T cells (Supplementary Fig. 1b) to t-distrib-
uted stochastic neighbor embedding (t-SNE)14 in Cytosplore15 to 
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project their marker expression profiles onto a two-dimensional 
graph (Fig. 1a and Supplementary Fig. 1c). CD4� T cells were 
characterized as CD45�CD3�CD4�CD7� (Fig. 1a). Moreover, all 
CD4� T cells were positive for the tissue-resident marker CD38 
and approximately 50% of cells expressed CD161. Of the CD4� T 
cell population, 24.1% coexpressed CD27, CD28, CD45RA and 

CCR7, indicative of a naive T cell (TN) phenotype, whereas 64.5% 
expressed CD45RO, indicative of a memory T cell (TM) phenotype 
(Fig. 1a,b). While all CD45RO� TM cells were CD28�, differential 
expression of CD25, CD27, CD103, CD117, CD127, CCR6 and 
CCR7 was observed on these cells (Fig. 1a,b), reflecting substantial 
phenotypic diversity.
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Fig. 1 | Mass cytometric analysis of fetal intestinal CD4� T cells. a, t-SNE embedding of all CD4� T cells (n��​�110,332) derived from human fetal intestines 
(n��​�7). Colors represent the ArcSinh5-transformed expression values of the indicated markers. b, t-SNE plot depicting the population cell border for  
TN cells (dashed yellow line), TM cells (dashed red line) and Treg cells (dashed green line). c, Density map describing the local probability density of cells, 
where black dots indicate the centroids of identified clusters using Gaussian mean-shift clustering. d, t-SNE plot showing cluster partitions in different 
colors. e, Heat map showing median expression values and hierarchical clustering of markers for the identified subpopulations. f, Biaxial plots showing 
CD45RA and CCR7 expression on the indicated clusters analyzed by mass cytometry. The 22 clusters were merged into six phenotypic groups according 
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We next applied Gaussian mean-shift clustering to the mass 
cytometry data using the t-SNE coordinates of the embedded CD4� 
T cells (Fig. 1a). On the basis of cell density features (Fig. 1c), this 
identified 22 distinct CD4� T cell clusters (Fig. 1d), each defined by 
a unique marker expression profile. Hierarchical clustering of the 
heat map revealed eight major groups (CD161�CCR6�CD117� TM 
cells, CD161�CCR6�CD117� TM cells, double negative (DN) TM cells,  
Treg cells, CD161�CCR7� TM cells, CD161� TN cells, CD161lo TN/TM 
cells and CD161�CCR7� TM cells) (Fig. 1e). High expression of CD25 
and a lack of CD127 distinguished two regulatory T cell (Treg) clusters, 
with either a CD45RA� TN or a CD45RO� TM phenotype (Fig. 1a,b,e). 
The CD161�CD4� T cells branched into a CCR6�CD117�CD45RO� 
TM and a CCR6�CD117�CD45RO� TM cluster (Fig. 1e). Moreover, 
CD45RA� TN and CD45RO� TM cells were detected in both the 
CD161� and the CD161lo subpopulations. Additional diversity was 
observed for the expression of several activation markers, including 
CRTH2, HLA-DR, KLRG-1 and PD-1, the latter especially within 
the CD45RO� TM cell clusters (Supplementary Fig. 1c). Of note, a 
small population of CD4�CD8a�TCR�​�​� (DN) TM cells clustered 
among CD4� T cells in both the HSNE and t-SNE plots. Biaxial plots 
confirmed coexpression of CD45RA and CCR7 on TN cells (Fig. 1f), 
whereas the CD161lo/�CD45RO� TM subpopulation contained both 
CCR7� central memory T (TCM) cells and CCR7� effector memory 
T (TEM) cells (Fig. 1f). All other CD45RO� TM subpopulations 
harbored primarily TEM cells. Quantification of cellular frequen-
cies for the CD4� T cell clusters per fetal intestine revealed highly 
similar compositions with all CD45RO� TM clusters detectable in all 
samples (Fig. 1g). In contrast, parallel analyses of CD4� T cells iso-
lated from three fetal livers and three fetal spleens, from one shared 
and two additional fetuses aged 16�21 gestational weeks, revealed 
a predominance of CD45RA� TN cells (Supplementary Fig. 2a,b).  
These results delineated a phenotypically diverse array of human 
fetal intestinal CD4� T cells, most of which displayed features asso-
ciated with antigen exposure.

Fetal CD4� T cells display a memory gene expression profile.  
We next performed single-cell RNA-seq on flow-sorted fetal intesti-
nal CD4� cells from a lamina propria sample that was also included 
in the mass cytometry analysis. This yielded data for 1,804 CD4� 
T cells, identifying cell-specific variable expression of 2,174 genes 
(see Methods), which were further analyzed using the Seurat com-
putational pipeline16. Unsupervised clustering revealed nine tran-
scriptionally distinct subpopulations, seven of which corresponded 
to CD3� T cell subsets, while two displayed a gene expression 
profile matching CD86�HLA-DR� APCs. The corresponding gene 
expression profiles of the seven T cell subsets were projected onto 
a single graph using t-SNE (Fig. 2a), and the top 20 upregulated 
genes were displayed in a heat map (Fig. 2b). Five of the seven 
RNA-seq-identified CD4� T cell subpopulations corresponded to 
the mass cytometry-defined CD4� T cell major groups: CCR7� TN 
with CD45RA� TN, KLRB1lo/�SELL� TM with CD161lo/�CD45RO� 
TM, KLRB1�CCR6�SELL� TM with CD161�CCR6�CD45RO� TM, 
KLRB1�CCR6�SELL� TM with CD161�CCR6�CD45RO� TM and 
FOXP3� Treg cells with CD25�CD127lo Treg cells. The mass cytom-
etry-defined CD161� and CD161lo subpopulations (Fig. 1e) could 
not be discriminated in the RNA-seq dataset. One additional RNA-
seq-identified subpopulation corresponded to proliferating cells, 
on the basis of the expression of genes associated with cell division 
(CCNB2, CDK1 and MKI67) (Fig. 2a,b).

As CD45RA and CD45RO were not detectable, we used other 
markers to distinguish TM from TN clusters. To compare gene or 
marker expression among cell clusters, we used violin plots, display-
ing the mode average as the thickest section (Fig. 2c�e). Consistent 
with the mass cytometry data, RNA-seq-defined TN cells were 
KLRB1�CCR7�SELL�/� (Fig. 2c,d), the latter confirmed by flow 
cytometry (Fig. 2e and Supplementary Fig. 3a). In the absence of 

TM-associated markers, SELL� TM cell populations were identified on 
the basis of differential expression of KLRB1 and CCR6 (Fig. 2c,d).  
Consistent with the mass cytometry data, expression of KIT 
(CD117) was restricted primarily to KLRB1�CCR6�SELL� TM cells 
(Supplementary Fig. 3b). Moreover, the gene expression profile of 
the IL2RA�IL7RloFOXP3� Treg cell population (Fig. 2c) corresponded 
to the mass cytometry-defined CD25�CD127lo Treg cells (Fig. 2d).  
In addition, several RNA transcripts, including LAG3, TIGIT, 
CTLA4 and TNFRSF18 (or glucocorticoid-induced TNFR-related) 
ascertained the identity of FOXP3� Treg cells (Fig. 2b). Finally, the 
RNA-seq data revealed an undefined TM cluster that was not iden-
tified by mass cytometry, but expressed genes similar to those 
detected in the KLRB1�CCR6�SELL� TM subpopulation, such as 
CD69, CCL5 and JAML. Cell population frequencies identified by 
mass cytometry and RNA-seq were comparable with the exception 
of mass cytometry-defined CD25�CD127lo Treg cells and RNA-seq-
defined FOXP3� Treg cells (Supplementary Fig. 3c).

Compared with the CCR7� TN population, KLRB1lo/�SELL� TM, 
KLRB1�CCR6�SELL� TM, KLRB1�CCR6�SELL� TM and undefined 
TM subpopulations had high expression of the tissue-resident and 
activation-associated gene CD69, the differentiation-promoting 
gene ANXA1 (Annexin A1), the chemokine-like factor CKLF, the 
cytokine IL32, the proliferation-associated gene JUN (C-Jun) and 
the adhesion molecule JAML (Fig. 3a). CD40LG (CD154), TNFSF14 
and TGFB1 were specifically upregulated by KLRB1�CCR6�SELL� 
TM, KLRB1�CCR6�SELL� TM and undefined TM clusters, while CCL5 
and MAP3K8 kinase were upregulated by KLRB1�CCR6�SELL� TM 
and undefined TM subpopulations. Moreover, IL4I1 was specifically 
expressed by KLRB1�CCR6�SELL� TM and undefined TM cells. In 
addition, all fetal SELL� TM subpopulations had high expression of 
the tissue-resident genes ITGAE (CD103) and/or CD38 (Fig. 3a).

In agreement with the RNA-seq data, flow cytometry indicated 
that the activation markers CXCR3, CCR4, CD69 and CD226 were 
highly expressed on CCR7� TEM cells (Fig. 3b). All CD4� T cells 
expressed CD95, with the highest expression on CD161� TEM cells 
(Fig. 3b). Expression of CD31, a marker associated with recent thy-
mic emigrants17, was highest on CD45RA� TN cells (Fig. 3b). Thus, 
RNA-seq confirmed the existence of distinct subpopulations of 
CD4� T cells and indicated that many genes associated with inflam-
mation and tissue residency were upregulated by fetal CD4� TM 
cells, consistent with antigen-driven functionality and maturation.

Computational analysis reveals a differentiation pathway of 
CD4� T cells. We next visualized the evolution of the t-SNE com-
putation of the mass cytometry and RNA-seq data to reveal the 
ordering of single cells along putative differentiation trajectories12,15. 
At the onset of the mass cytometry data computation, where cells 
are grouped on the basis of major shared features, CD25�CD127lo 
Treg cells clustered separately from the other cells, whereas the other 
cell clusters were ordered in a linear fashion with the CD45RA� 
TN cells next to the CD161lo/�CD45RO� TM cells, followed by the 
CD161�CCR6�CD45RO� TM cells and the CD161�CCR6�CD45RO� 
TM cells, consecutively (Fig. 4a). A similar phenotypic ordering 
was observed in parallel analyses of the RNA-seq data, although 
the KLRB1�CCR6�SELL� TM subpopulation aligned differently, 
but remained connected with the KLRB1�CCR6�SELL� TM cluster  
(Fig. 4b). Individual marker expression patterns at the middle 
of the t-SNE computation validated the ordering of the clusters 
and the comparability of the mass cytometry and RNA-seq data 
(Supplementary Fig. 4a,b). Similar patterns were identified using 
Diffusion map18, VorteX19 and principal component analysis 
(PCA)20 (Supplementary Fig. 4c�f). Therefore, this analysis reveals 
a putative differentiation pathway leading to TM formation.

To extend our analysis of the gene expression profiles underly-
ing this putative differentiation trajectory, we used the pseudotime 
algorithm in the Monocle toolkit21,22, which calculates the ordering 
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of individual cells on the basis of single-cell expression profiles. On 
the basis of this analysis, CCR7� TN cells were separated from SELL� 
TM cells (Fig. 4c). When we clustered genes according to expression 
patterns along the pseudotime trajectory, cell-to-cell transitioning 

could be explained by the kinetics of 1,376 variable genes, which 
formed three large modules (Fig. 4d). The first module contained 
540 genes associated with CCR7� TN cells, including SELL, CCR7, 
CD27 and CD28 (Fig. 4d). The second module contained 453 genes, 
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Fig. 2 | Single-cell RNA sequencing of fetal intestinal CD4� T cells. a, t-SNE embedding of fetal intestinal CD4� T cells (n��​�1,804) showing seven 
transcriptionally distinct clusters, including CCR7� TN (n��​�358), KLRB1lo/�SELL� TM (n��​�237), KLRB1�CCR6�SELL� TM (n��​�640), KLRB1�CCR6�SELL� TM 
(n��​�336), undefined TM (n��​�101), FOXP3� Treg cells (n��​�71) and proliferating cells (n��​�61). Colors indicate different cell clusters. b, Heat map showing  
the normalized single-cell gene expression value (z score, purple to yellow scale) for the top 20 differentially upregulated genes in each identified cluster. 
Colors as shown in a. c�e, Expression of the indicated genes in each identified cluster at the RNA level (log-normalized) (c) and the protein level  
(d,e) analyzed by mass cytometry (CyTOF, ArcSinh5-transformed) (d) or flow cytometry (e), presented as violin plots. Dashed lines indicate  
background levels. Colors as shown in a.
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