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INTRODUCTION: Recent studies have identified a critical role of stromal-immune cell interactions in immunity and

immune tolerance. Transcriptomic profiling has implicated stromal cells in immune-mediated

disorders including the 2 common forms of inflammatory bowel disease (IBD), Crohn’s disease (CD),

and ulcerative colitis (UC). Stromal-immune interactions may edify inflammatory state and the

development of IBD-related complications such as fibrosis, yet the lack of protein markers has

hampered studying stromal-immune perturbation.
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METHODS: In this study, we designed a 40-color spectral flow cytometry assay to characterize hematopoietic and

nonhematopoietic cells in intestinal biopsies andmatched blood samples from patients with CD or UC.

RESULTS: We identified circulating stromal-like cells that are significantly more abundant in IBD blood samples

than in healthy controls. Those cells expressed podoplanin (PDPN), a commonly used marker for

fibroblasts, and they were associated with activated andmemory T and B cells and altered natural killer

cell, monocyte, and macrophage populations. PDPN1 cells in the blood correlated with PDPN1 cells in

the colon. Principal component analysis distinctly separated healthy blood samples from IBD blood

samples, with stromal-like cells and B-cell subtypes dominating the IBD signature; Pearson correlation

detected an association between PDPN1 stromal-like cells and B-cell populations in IBD blood and gut

biopsies.

DISCUSSION: These observations suggest that PDPN1 cells in the blood may serve as a biomarker of IBD.

Understanding the relationship between stromal cells and immune cells in the intestine and the blood

may provide a window into disease pathogenesis and insight into therapeutic targets for IBD.
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INTRODUCTION
Inflammatory bowel disease (IBD) is an immune-mediated
intestinal disorder characterized by chronic inflammation in
the absence of a known pathogen. The 2 most common forms
of IBD are Crohn’s disease (CD), which manifests as patchy,
often transmural lesions anywhere along the digestive tract,
and ulcerative colitis (UC), consisting of continuous mucosal
inflammation limited to the colon. The exact cause of IBD
is not fully understood, but a number of contributing factors
are implicated including genetic predisposition, mucosal
barrier dysfunction, disturbance in the gastrointestinal micro-
biota, and lifestyle that interplay with innate and adaptive im-
mune dysregulation (1,2) as well as disruption of stromal
compartment (3).

Recently, researchers have explored a new dimension of im-
mune regulation by focusing on the role of the stromal com-
partment in controlling or perpetuating immune-mediated
diseases (4,5). Stromal cells are known for their role in providing
structural and nutrient support to lymphoid and nonlymphoid
tissues. They have also been shown to play a role in shaping the
organ microenvironment through interactions with immune
cells. Stromal cells shape T-cell maturation and differentiation in
central and peripheral lymphoid organs and thus, control auto-
immune and other immune-mediated diseases (6,7). In the
clinical setting, recent studies have highlighted a critical role of
stromal cells, such as fibroblasts, in mediating rheumatoid ar-
thritis (RA) (8). It has been suggested that they may also be in-
volved in pathogenesis of other immune-mediated diseases,
including IBD (9).

Most IBD therapies have focused on decreasing inflammation
in the gut by manipulating the immune system, specifically tar-
geting cytokine pathways and T cell homing to the intestine (10).
However, accumulating evidence also highlights the important role
of the nonhematopoietic compartment in IBD pathogenesis.
Mesenchymal stem cells, which constitute the majority of stromal
cells in the bonemarrow supporting hematopoiesis, are being used

to treat refractory perianal fistulas in CD (3). Therapeutically in-
troducedmesenchymal stem cells may promote tissue repair while
potentially modulating immune responses. Furthermore, single-
cell RNA sequencing studies of CD andUCgut tissue samples have
implicated stromal cell lineages within lesions, including podo-
planin (PDPN)-expressing fibroblasts (11–13). These stromal cells
are also believed to contribute to refractoriness to anti-TNF therapy
in both CDandUC (12,13). Thus, stromal cell pathwaysmay serve
as targets or biomarkers for therapeutic interventions (3).

For our study, we reasoned that a deeper investigation of stro-
mal and immune cells in matched blood and tissue could yield
important information about the contribution of stromal cells to
the pathobiology of CD and UC. By directly comparing gut mu-
cosal cells and peripheral blood cells collected simultaneously, we
aimed to uncover circulating cellular or molecular markers that
reflect inflammatory stromal-immune interactions within the gut
tissue microenvironment. We also aimed to characterize immune
cell subsets in the bloodmatchedwith intestinal samples of patients
with IBD using advanced full spectral flow cytometry to uncover
novel cell populations.Weused spectralflowcytometry to facilitate
high throughput characterization of 401 parameters at the single-
cell level. We characterized the phenotypes of major stromal and
immune cell subtypes and compared populations by disease state
(CD, UC, or healthy) and inflammatory state (inflamed or unin-
flamed). We uncovered evidence of stromal-immune interactions
in the gut mucosa and intriguing populations of stromal-like cells
in the blood circulation of patients with IBD that correlate with
immune perturbation.

METHODS

Sample collection

The use of human samples for this study was approved by the
University of Miami Institutional Review Board (IRB ID:
20081100). Samples were obtained from patients with CD and
UC who provided informed consent for the IBD Clinical Phe-
notype Database and Specimen Collection. Demographic
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characteristics of patients with IBD can be found in Table 1.
Peripheral blood was collected by venipuncture into 1 heparin
tube per patient. Six biopsies of approximately 3 mm diameter
were obtained from the terminal ileum, ascending colon, and/or
sigmoid colon of each patient. Cold single-use radial jaw jumbo
forceps with needle (Boston Scientific, Marlborough, MA) were
used to retrieve 2 biopsies at a time from adjacent locations.
Mucosal biopsies were placed in hypothermosol solution (Milli-
poreSigma, St. Louis, MO) at 4°C for preservation and processed
within 6 hours of collection. Adjacent biopsies from each location
were sent to pathologists as part of standard patient care; the
subsequent pathology reports were used to characterize biopsies.
Biopsy samples were designated inflamed or uninflamed based on
a combination of endoscopic signs and histologic findings, such
as increased lymphocytes and other reactive changes. Separately
from the IRBprotocol, deidentifiedhealthy control blood samples
(buffy coat) were obtained from a local blood bank located in the
same geographic area forwhich theUniversity hospital serves and
the donors were screened for health status and tested for in-
fectious agents per the standard blood bank policy. Healthy
donors were recruited by the blood blank without any input from
the researchers. The healthy donor and IBD patient groups had
a similar median age;50 years and similar age ranges;20–;80
years. The sex distribution of the healthy blood donor, 57% men
and 43%womenwas similar to that of the IBDpatient group, 55%
men and 45% women.

Biopsy andblood sample processing into single-cell suspensions

Mucosal biopsies, about 3 mm each, were shaken in Dulbecco’s
Modified Eagle Medium with 10 mM dithiothreitol and 0.5 mM
ethylenediaminetetraacetic acid for 20 minutes to remove the
majority of intestinal epithelial cells. Lamina propria cells were
then dissociated by digesting tissue in Dulbecco’s Modified Eagle
Medium with 250 mg/mL Liberase (MilliporeSigma) and 10 mg/
mL DNase I (Lucigen Corporation, Middleton, WI) at 37°C for
30 minutes. Digested tissue was further mechanically dissociated
by pipetting and filtered using a 70mmstrainer to obtain a single-
cell suspension. Peripheral blood mononuclear cells (PBMCs)
were isolated from IBD and healthy control blood samples using
the same standard laboratory protocolwith the same type of Ficoll
gradient. Both IBD and healthy control PBMCs were cry-
opreserved in RPMI with 10% human AB serum and 10%
dimethylsulfoxide and thawed in batches for flow cytometry.

Full spectrum flow cytometry

Wedeveloped a 40-colorflow cytometry panel for comprehensive
immunophenotyping using Cytek Aurora. Single-cell prepara-
tion and flow cytometry staining were performed using a stan-
dard procedure (14). Cells were blocked fromnonspecific binding
using a cocktail of anti-CD16/32 and normal mouse serum. The
cells were then stained with fluorescent-antibody conjugates to
determine cell phenotype. For intracellular staining, the Tran-
scription Factor Buffer Set (BD Bioscience) was used for fixation
and permeabilization of cells after staining for cell surface
markers. Zombie NIR (Biolegend) was used to exclude dead cells
from analyses. Doublets were gated out before further analysis of
marker expression by single cells. Isotype controls were used to
assess nonspecific binding of fixed and permeabilized cells by the
antibody reagents for intracellular markers. Fluorescent minus
one (FMO) controls were implemented by staining a sample with
all fluorochromes except one. This allows for the upper boundary

Table 1. IBD patient demographics and clinical characteristics

Total N 5 29

Sex, n (%)

Male 16 (55)

Female 13 (45)

Ethnicity, n (%)

Hispanic 12 (41)

Non-Hispanic 17 (59)

Race, n (%)

White 24 (83)

Black 3 (10)

Asian 1 (3)

Other 1 (3)

Current BMI, median 25.3

Current age, yr, median 47

Years of disease, yr, median 17

Current inflammation, n (%) 12 (41)

Inflamed total SES-CD, median 4.5

Inflamed total Mayo, median 2

CD, n (%) 17 (58)

Disease location, n (%)

Ileum only 7 (24)

Ileum and colon 9 (31)

Colon only 1 (3)

Disease behavior, n (%)

Inflammatory 12 (41)

Fibrostenotic 7 (24)

Penetrating/perforating 4 (14)

UC, n (%) 12 (41)

Disease location, n (%)

Pancolitis 5 (17)

Left sided 7 (24)

Disease severity, n (%)

Mild 3 (10)

Moderate 9 (31)

Current medications, n (%)

None 2 (7)

Aminosalicylates 6 (21)

Steroids 0 (0)

Immunomodulators 3 (10)

Biologics 23 (79)

Anti-TNF 12 (41)

Anti-integrin 5 (17)

Anti-IL-12/23 5 (17)

JAK inhibitor 1 (3)

BMI, body mass index; CD, Crohn’s disease; IBD, inflammatory bowel disease;
IL, interleukin; JAK, Janus kinase; SES-CD, Simple Endoscopic Score for CD;
TNF, tumor necrosis factor.
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of background signal to be determined for the omitted fluoro-
chrome. FMO controls also assisted in determining potential
spillover due to fluorochromes with similar spectra. All manual
gates were set based on FMO controls before the analysis of
samples. Gating and analysis were performedusing FCSExpress 7
software.

viSNE and SPADE clustering analysis

Spectral flow cytometry data were analyzed using the Cytobank
platform. Hematopoietic and nonhematopoietic cell population
FCS files were pregated using FCS Express software. Hemato-
poietic cell analysis was conducted on live/dead2 CD451 cells,
and nonhematopoietic cell analysis was conducted on live/dead2

CD452CD32 CD192 cells. Data were first analyzed using viSNE
dimensionality reducing analysis on the Cytobank software.
viSNE analysis transformed FCS data into 2 dimensions using the
Barnes-Hut implementation of the t-distributed stochastic
neighbor embedding (tSNE) algorithm. Analysis was performed
on the samples using proportional sampling, with 7,500 iter-
ations, a perplexity of 30, and a u of 0.5, following Cytobank user
guides and similar procedures reported in a previous study (15).
The following markers were used as channels for hematopoietic
cell viSNE analysis: CCR7, CD103, CD11b, CD11c, CD127,
CD14, CD15, CD16, CD19, CD200, CD206, CD25, CD27, CD3,
CD4, CD45RA, CD56, CD64, CD66b, CD8, CD86, cytotoxic
T-lymphocyte-associated protein 4 (CTLA4), forkhead box P3
(FOXP3), GATA-binding protein 3, human leukocyte antigen
DR (HLA-DR), IgD, PD-1, PD-L1, RAR-related orphan receptor
gamma, T-BET, TCRab, and TCRgd. The following markers
were used as channels for nonhematopoietic cell viSNE analysis
CD31, fibroblast activation protein (FAP), HLA-DR, PD-L1,
PDPN1, and smooth muscle actin alpha (SMAa) as clustering
markers. Spanning-tree Progression Analysis of Density-
normalized Events (SPADE) clustering (16) was done on the
viSNE analysis. Hematopoietic cell populations were clustered
based on dimensionality reduction channels (tSNE1 and tSNE2)
followedwithmarker identification in the clusters of the resulting
viSNE analysis tSNE plots. Nonhematopoietic SPADE analysis
was conducted using FAP, HLA-DR, SMAa, PD-1, CCR7,
PDPN, PD-L1, CD31, and epithelial cell adhesion molecule
(EPCAM) as clustering channels. SPADE trees were manually
analyzed, and nodes were gated based on marker expression.
Gates were then overlaid on the viSNE plots for visualization.

Statistical analyses

All statistical calculations and graphs were made using GraphPad
Prism (GraphPad Software, San Diego, CA) including the Pearson
correlation tests for correlations between stromal cell, T-cell, and
B-cell subsets for potential evidence of stromal-immune in-
teraction. Two-way comparisons were made using unpaired t test
for parametric and Mann-Whitney test for nonparametric com-
parisons. Welch correction was added to the unpaired t test for
sampleswith significantly different standarddeviations.Three-way
comparisons were made using ordinary 1-way ANOVA for para-
metric and the Kruskal-Wallis test for nonparametric compar-
isons. Principal component analysis (PCA) was calculated using
normalized cell counts for 110 PBMC cell subtypes and 101 tissue
cell subtypes as variables. Only cell subtypes with.0 counts in at
least 5 samples were included as variables. Simple linear regression
was used for correlation analyses. *P, 0.05 **, P, 0.01 ***, P,
0.001, ****P, 0.0001.

RESULTS

Patient characteristics

Twenty-three (n 5 23) healthy control blood samples were dei-
dentified of all demographic data before use in the study. Twenty-
nine (n 5 29) patients with IBD were enrolled in the study
(Table 1); all 29 provided gut mucosal biopsies and 26 provided
blood for PBMC isolation. Notably, a large proportion (n 5 12,
41%) of the patients were Hispanic, half of whom were foreign
born. Patients were considered inflamed through a combination
of endoscopic scoring (total Simple Endoscopic Score for CD.2
or total Mayo $2) and pathologist impression of histologic
findings (e.g., increased lymphoplasmacytic infiltrate). Almost
half of the patients (n5 12, 41%) had inflammation at the time of
sample collection. Of these 12 inflamed patients, 10 were on
medication, indicating some level of resistance to treatment.
Seven of 17 patients with CD also had fibrostenotic disease. The
current patient demographic and IBD disease phenotype reflects
the spectrum of IBD and the unmet need in treating IBD.

Increased PDPN1 stromal-like cells in peripheral blood of

patients with IBD and the relationship to intestinal stromal

cell populations

CD45 is abroadmarkerofhematopoietic cells andwasused for initial
gating of cell populations. First, we analyzed CD45– cells (non-
hematopoietic lineages) in both blood and intestinal tissue. In blood,
the abundance of total CD45– cells was similar betweenCD,UC, and
healthy PBMC samples (Figure 1a and b). We then characterized
these cells based on PDPN and CD31 expression to distinguish
fibroblast-like and endothelial cells, respectively (Figure 1a). PDPN is
a mucin-like transmembrane protein and a commonly used marker
to identify fibroblast populations within nonhematopoietic lineage
(17–20), while CD31 is constitutively expressed by endothelial cells
(21). We found that patients with IBD (both CD and UC) had
increased numbers of circulating PDPN1CD31– stromal-like cells
compared with healthy controls (Figure 1a and b).

We further examined if treatment with biologics affected the
PDPN1CD31– stromal-like cell population. The vast majority of
the patients had received biologics (n 5 21), and only 5 patients
received nonbiologics or no treatment. The PDPN1CD31–

stromal-like cell number in these 2 groups were 2,662 6 413 and
1,496 6 800 (mean 6 standard error of mean), respectively, P 5
0.105. Therefore, the fact that the majority of patients were being
treated with biologics limits our statistical power to determine
whether the treatment with biologics affected the PDPN1 stromal-
like cell population.

We next characterized CD45– populations in gut mucosal
samples using the same markers. We identified both fibroblast
(PDPN1CD31–) and endothelial cell (PDPN–CD311) pop-
ulations in the ileum and colon of patients with CD and UC (see
Supplementary Figure 1A, Supplementary Digital Content 1,
http://links.lww.com/CTG/B138). We also found an increased
fibroblast (PDPN1CD31–) population in CD ileum compared
with UC ileum (see Supplementary Figure 1B and C, Supple-
mentary Digital Content 1, http://links.lww.com/CTG/B138).
We compared the gut tissue samples with or without active in-
flammation determined by both endoscopic and histologic ex-
amination. However, we found no significant differences in the
number of fibroblasts or endothelial cells between the tissue
samples with or without active inflammation (see Supplementary
Figure 1A, Supplementary Digital Content 1, http://links.lww.
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Figure 1. Characterizationof stromal cells in theblood, ileum,andcolonof patientswith IBD. (a)Representative flowcytometry plots of theCD45– cell populationand
its subsetsbasedonPDPNandCD31markers inhealthycontrol (left), CD (middle), andUC (right) bloodsamples. (b) Summarycell counts for totalCD45– population
and the PDPN1CD31–, PDPN2CD31– and PDPN–CD311 subsets. (c) Representative flow cytometry plots of the stromal cell populations (gated single cells, live
CD45–CD3–CD19–) from the colon tissue from patients with CD and UC. (d) Correlation analysis of PDPN1CD31– cell numbers in PBMCs and colon biopsies. Cell
counts are normalized to counts permillion. Thenumber in the flowcytometry plots is the gatedpercentage. Eachdata point represents 1 sample (mean6SEM,n5
10–26), *P , 0.05, ***P , 0.001, ****P , 0.0001. (e) SPADE tree derived from a 40-marker spectral flow cytometry panel depicting the nonhematopoietic
compartment from healthy controls or IBD patient samples. The tree is colored by the signal intensity for PDPN. Cell counts are scaled by size of the filled circles
(“nodes”). Representative plots of the nonhematopoietic cells found in PBMCs (top row) and in the colon and ileum of patients with CD and UC (bottom row) are
shown.BEC: blood endothelial cells (PDPN–CD311); LIN–: (PDPN–CD31–EpCAM–). CD,Crohn’s disease; IBD, inflammatory bowel disease; PBMC,peripheral blood
mononuclear cell; PDPN, podoplanin; SEM, standard error ofmean; SPADE, Spanning-treeProgressionAnalysis of Density-normalizedEvents;UC, ulcerative colitis.
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com/CTG/B138). We also did not find any correlations between
the number of fibroblasts and disease phenotype, such as
fibrostenotic CD. We next examined the relationship between
PDPN1 cells in the blood compared with their presence in ileum
or colon samples from the same patient. We found that there was
a numerical correlation between PDPN1 cells in the blood with
PDPN1 cells in distal colon biopsies (Figure 1c and d). The same
relationship was not seen in the ileum (Figure 1 or see Supple-
mentary Figure 1D, Supplementary Digital Content 1, http://
links.lww.com/CTG/B138).

To extend our findings, we performed a high-dimensional single-
cell analysis of the nonhematopoietic population using the SPADE
algorithm. This allowed us to corroborate our manual gating with an
unbiasedcomputationalmethod thatclusterscell populationsbasedon
expression of defined markers (FAP, HLA-DR, SMAa, programmed
cell deathprotein1 [PD1],CCR7,PDPN,PDL1,CD31,EPCAM).Our
SPADE analysis identified 2 clusters of PDPN1 cells: PDPN1 1 and
PDPN1 2. Both CD and UC PBMCs had higher frequencies of the

PDPN1 1 cells than healthy controls (Figure 1e). By contrast, the
PDPN1 2 cells were more abundant in intestinal biopsies compared
with blood samples. To assess the differences between PDPN11 and
PDPN1 2, we determined the expression levels for SMAa, FAP,
EPCAM, and HLA-DR (a class II major histocompatibility complex
molecule specialized in antigen presentation). This analysis revealed
that the PDPN1 1 group expressed a lower level of PDPN and SMAa
and a higher level of FAP, EPCAM, andHLA-DR compared with the
PDPN1 2 group (PDPNloFAPhiEPCAM1SMAa–HLADR1 and
PDPNhiFAP2/loEPCAM–/loSMAa1HLADR–/lo, respectively) (see Sup-
plementary Figure 2A–D, Supplementary Digital Content 2, http://
links.lww.com/CTG/B139). These phenotypic differences could imply
that thePDPN11groupmight representapathogenicfibroblast subset
(22), whereas the PDPN1 2 groupmight be related to myofibroblasts.

To corroborate our spectral flow cytometry results, we asked if
PDPN transcripts were also differentially expressed in IBD vs
healthy samples. We used the IBD Transcriptome and Meta-
transcriptome Meta-Analysis platform to search publicly

Figure 2. Profiles of ab T-cell subsets and markers of memory formation and effector differentiation in blood samples from patients with IBD. (a)
Representative flow cytometry plots of the CD4 andCD8T-cell populations in the PBMCs of healthy control (left), CD (middle), andUC (right) blood samples
(gated on CD31TCRab1 populations), followed by (b) summary of the subset percentages. (c) Summary percentages of CD4 and CD8 EM Tcells in the
PBMCof healthy controls, CD, andUC samples. (d) Summary percentages of TH1, TH2, and TH17 effector subsets including a further subset of PD11TH17
cells. The number in the flow cytometry plots is the gated percentage. Each data point represents 1 sample froma patient (mean6 SEM), *P, 0.05, **P,
0.01. Cell counts are shown in Supplementary Figure 5 (see Supplementary Digital Content 5, http://links.lww.com/CTG/B142). CD, Crohn’s disease; EM,
effector memory; IBD, inflammatory bowel disease; PBMC, peripheral blood mononuclear cell; SEM, standard error of mean; UC, ulcerative colitis.
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available RNA sequencing data pooled frommultiple studies (23)
(see Supplementary Figure 3, Supplementary Digital Content 3,
http://links.lww.com/CTG/B140). This included 1,850 ileum
samples, 448 colon samples, and 209 blood samples. In the ileum,
PDPN expression was significantly higher in CD compared with
UC or control samples. There was no difference in expression in
UC ileumcomparedwith controls. In the colon,PDPN expression
was significantly higher in both CD and UC compared with
controls, as well as in UC compared with CD. These results
complement what we observed in our spectral flow cytometry
data and support that PDPN expression correlates with disease
state, although we do not know which subset(s) of the cells con-
tributed to the increase of PDPN expression uncovered in the
analysis of the bulk RNA-seq data. While there were no signifi-
cant differences in PDPN expression seen in the blood sample
comparisons, we believe this is due to the relatively small number
of PDPN1 cells in the blood and therefore, a low PDPN transcript
count in whole blood. These data highlight that PDPN1 cells are
found in peripheral blood, ileum, and colon of patients with IBD
although the phenotype of these cells in the specific compart-
ments may be distinct.

Peripheral blood T-cell profiling demonstrates a TH17 shift and

increased regulatory T cells in IBD

We next focused on characterizing adaptive immune cell types
in IBD peripheral blood compared with healthy samples to
understand the utility of spectral flow in identifying pop-
ulations that may serve as biomarkers of disease state. CD451

hematopoietic cell populations in PBMCs were examined for
T-cell subsets in CD, UC, and healthy subjects. Patients with
CD had a higher proportion of CD81 cells in the blood com-
pared with healthy controls (Figure 2a and b). We charac-
terized T-cell memory phenotypes according to commonly
used markers: naïve, CCR71CD45RA1; central memory,
CCR71CD45RA2CD271; effector (EFF), CCR72CD272; and
effector memory (EM), CCR72CD271. For EFF and EM cells,
although the majority were CD45RA2, CD45RA1 cells are
included based on literature evidence that CD45RA can be
expressed in EFF and EM cells (24–26). We found an increase
in CD4 EM cells in CD vs controls but no significant differ-
ences in CD8 EM cells (Figure 2c).

TH17-mediated inflammation has been implicated in mucosal
inflammation in IBD (27). We therefore profiled our samples for
TH-cell subsets with intracellular staining for the T-box tran-
scription factor TBX21, GATA-binding protein 3, and RORgt,
which are required for the development of TH1, TH2, and TH17
cells, respectively. We found an increased frequency of TH17
populations in CD vs healthy controls and a similar trend in UC
samples (Figure 2d). We further used the PD1 marker to examine
T-cell checkpoint inhibition. We found that the PD11 subset of
TH17 cells was decreased in CD compared with healthy control
blood, suggesting suggests defective checkpoint regulation in the
TH17 subsets in CD. There were similar trends of TH17 and PD11

TH17population differences inUCPBMCs vs healthy controls, but
these were not significant.We did not detect significant differences
in TH1 or TH2 frequencies between CD, UC, or healthy blood
samples. Taken together, the results demonstrate that peripheral
blood of patients with IBD, especially CD, harbor a higher pro-
portion of TH17 cells and further suggest that these cells are more
active because of their decreased expression of PD1, which is an
inhibitory checkpoint molecule.

Figure 3. Profiles of ab T-cell regulation and checkpoints in blood samples
from patients with IBD. (a) Summary percentages and cell counts of
CD41CD127loCD25hiFoxp31 Treg cells and the CTLA41 subset of Treg cells in
the PBMC of healthy control, CD, and UC samples. (b) Summary percentages
andcell counts of conventional (non-Treg)CD4orCD8Tcells expressingCTLA4
in healthy control, CD, and UC PBMC samples. Cell counts are normalized to
countspermillion.Eachdatapoint represents1sample fromapatient (mean6
SEM), *P, 0.05, ***P, 0.001, ****P, 0.0001. CD, Crohn’s disease; IBD,
inflammatory bowel disease; PBMC, peripheral bloodmononuclear cell; SEM,
standard error of mean; UC, ulcerative colitis.
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Figure 4. Characterization of B cell subsets in the blood, ileum, and colon of patients with IBD. (a) Representative flow cytometry plots for the naïve and
memoryB-cell populations inhealthy control, CD, andUCPBMCsamples, followedby (b) summarycell counts of naïveandSMBcells. (c) Summary counts
of naïve and SM B cells in uninflamed vs inflamed ileum tissue samples from patients with IBD. (d) Summary cell counts of HLA-DR1PDL11, HLA-
DR–PDL1–, HLA-DR2PDL11, andHLA-DR1PDL12populations in healthy, CD, andUCPBMCsamples. (e) Summary cell counts ofHLA-DR1PDL11, HLA-
DR–PDL1–, HLA-DR2PDL11, and HLA-DR1PDL12 B-cell populations in uninflamed and inflamed ileum samples of patients with IBD. (f) Summary cell
counts of B cells with CD86 or CTLA4 markers in uninflamed vs inflamed ileum samples of patients with IBD. Each data point represents 1 sample from
a patient (mean 6 SEM), *P , 0.05, **P , 0.01, ***P , 0.001. CD, Crohn’s disease; IBD, inflammatory bowel disease; PBMC, peripheral blood
mononuclear cell; SEM, standard error of mean; SM, switch memory; UC, ulcerative colitis.
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We then assessed peripheral T-cell regulation in IBD by an-
alyzing 2 key regulatorymolecules, FOXP3 andCTLA4. FOXP3 is
highly expressed by Treg cells, while CTLA4 is an immunosup-
pressive checkpoint marker expressed by both Treg cells and ac-
tivated conventional T cells (28). Both CD and UC PBMC
samples had increased populations of CD41FOXP31 Treg cells
and its CTLA41 subset cells compared with healthy controls
(Figure 3a). They also had increased CTLA41 conventional CD4
and CD8 T cells, suggesting heightened regulation, extrinsically
through the Treg cell suppression or intrinsically by intracellular
CTLA4 signaling in conventional T cells, for both CD4 and
CD8 T-cell subsets (Figure 3b). These data demonstrate that
regulatory T-cell pathways are increased in IBD patient samples
and are reflected in peripheral blood.

Spectral flow cytometry coupled with bioinformatic analysis
of high dimensional data can facilitate identification of small
populations of cells among various subsets of cells.We performed
a SPADE on viSNE analysis of the PBMC spectral flow cytometry
data (see Supplementary Figure 4, Supplementary Digital Con-
tent 4, http://links.lww.com/CTG/B141). Our analysis high-
lighted a clear gd T-cell cluster in CD and UC but not in healthy
blood (see Supplementary Figure 4A, Supplementary Digital
Content 4, http://links.lww.com/CTG/B141). Furthermore, we
identified an elevated percentage of EM gd T-cell frequencies in
CD and UC samples compared with healthy controls (see Sup-
plementary Figure 5A, Supplementary Digital Content 5, http://
links.lww.com/CTG/B142). By contrast, we found a higher pro-
portion of naïve gd T cells in healthy samples. Healthy samples
also had significantly higher percentages of naïve CD4 and CD8
ab T cells than CD samples but not UC samples (see Supple-
mentary Figure 5B, Supplementary Digital Content 5, http://
links.lww.com/CTG/B142). The variation in the proportions of
naïve vs memory subsets may explain some of the heterogeneous
results in previous studies on peripheral gd T cells in IBD, where
early studies found increased peripheral gd T cells in CD com-
pared with controls, but later studies found a deficit (29). These
data taken together demonstrate the utility of deep flow cyto-
metric characterization of peripheral blood cell populations in
IBD as a window into mucosal pathology.

Switch memory B cells and markers of B-T cell interaction are

increased in peripheral blood and tissue of patients with IBD

Recent studies have highlighted a role for B cells in IBD (30,31).
We next analyzed B cells from the blood of patients with IBD
and healthy controls for naïve and memory cell populations
based on the differential expression of IgD and CD27. Naïve
B cells were identified as IgD1CD27–, nonswitch memory (SM)
B cells were identified as IgD1CD271, SM B cells were identified
as IgD–CD271, and double negative memory B cells were
identified as IgD–CD27– (Figure 4a). Both CD and UC PBMCs
had increases in SM B cells over heathy controls (Figure 4b). In
the ileum, we also observed an increase in the number of SM
B cells in inflamed tissue compared with uninflamed tissue
(Figure 4c). However, there were no differences in the number of
naïve, non-SM, or double negative B cells in inflamed compared
with uninflamed tissue (data not shown). SMB cells, which have
undergone class switching and affinity maturation in germinal
centers, are known to maintain high diversity in the gut to
quickly respond to commensal bacteria (32). Our results suggest
a role of this memory B-cell population in IBD, particularly in
active ileal CD.

We then analyzed HLA-DR and PDL1 checkpoint expression
patterns in B cells. We observed decreased numbers of HLA-
DR1PDL11 B cells in CD PBMC samples (but not in UC) and
increased numbers of HLA-DR1PDL12 B cells in CD when
compared with healthy control PBMC samples (Figure 4d).
When comparing inflamed and uninflamed tissue samples, we
also observed increases in HLA-DR1PDL11 and HLA-
DR1PDL12 B cells in the inflamed ileum (Figure 4e). Further-
more, in inflamed samples, we observed increases in B cells
expressing CTLA4, CD86, a costimulatory molecule for T-cell
activation, CD64 (FcgRI), the high affinity IgG receptor, and
CD25, a subunit of the high affinity IL2 receptor (Figure 4f).
Overall, increased expression of these immune checkpoint and
T-cell activation markers suggests increased B-T cell interactions
and immunoregulation in IBD, particularly in ileal CD.

NK cells and CD2061/CD641 monocyte and macrophage

lineages are increased in IBD PBMCs or gut tissue

Finally, we characterized innate immune cells in both PBMCs and
gut tissue samples. Phagocytic innate immune cells are involved
in IBD pathology as they interact with dysbiotic gut microbiota
and serve as professional antigen presenting cells (33). Neutro-
philic infiltrate is also considered a hallmark of acute in-
flammation in IBD. We included markers for monocytes,
macrophages, dendritic cells (DCs), natural killer (NK) cells, and
neutrophils, as well as various subtypes of these cells in our flow
panel. We found that NK cells (CD561) were significantly in-
creased in IBD PBMC samples compared with healthy control
samples (Figure 5a). Thiswas true of both immature (CD16lo) and
matureNK cells (CD16hi), althoughmatureNK cells had a greater
increase. SPADE clustering of PBMC samples similarly showed
an increase inNK cells and reduction inmonocyte populations in
IBD compared with healthy control PBMCs (see Supplementary
Figure 4, Supplementary Digital Content 4, http://links.lww.com/
CTG/B141).

We also examined a number of DC subsets in our samples.We
included markers CD11b and CD11c, integrin molecules that aid
in cell migration and phagocytosis. Both are expressed by innate
immune cells, but the highest expression of CD11c is onDCs.We
found that both CD11c1 and CD11c2 DC populations were
significantly decreased in IBD PBMCs compared with healthy
PBMCs (Figure 5b) but observed no differences at the tissue level.

We next characterized an array of monocyte and macrophage
subsets. For this, we included the PDL1 checkpoint marker, the
CD86 costimulatory molecule, and the CD206 innate pattern-
recognition molecule. CD206 is also known as the macrophage
mannose receptor; it is upregulated during inflammation and is
a marker of active phagocytosis in cells such as M2 macrophages
and DCs. CD86 is classically associated with M1 macrophages,
while CD206 is associated with M2macrophages (34). We found
that CD and UC PBMCs had smaller populations of classical
monocytes and their CD11b1PDL1– and CD861CD206– subsets
compared with healthy controls (Figure 5c). In addition, IBD
PBMCs had an increase in the CD11b1PDL11 subset and a de-
crease in the CD86–CD2061 subset of nonclassical monocytes
compared with healthy samples (Figure 5d). By contrast, there
was an increase in the CD86–CD2061 subset of intermediate
monocytes in IBD blood samples comparedwith healthy controls
(Figure 5e). We next observed similar trends in the ileum, where
we saw a significant increase in CD86–CD2061 classical mono-
cytes, as well as total intermediate monocytes and their HLA-
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Figure 5. Characterizations of innate immune populations in the blood, ileum, and colon of patients with IBD. (a) Summary cell counts of NK cells and their mature
(CD56hiCD16hi)andimmature(CD56hiCD16lo) subsets inhealthycontrol,CD,andUCPBMCsamples. (b)SummarycellcountsofCD11c– andCD11c1dendriticcells (DC)
in healthy control, CD, and UC PBMC samples. (c) Summary cell counts of classical monocyte (CD141CD15–CD16–) total population followed by counts of the
CD11b1PDL1–, CD86–CD2061 and CD861CD206– subsets in healthy control, CD, and UC PBMC samples. (d) Summary cell counts of the nonclassical monocyte
(CD14–CD161) total population, followed by counts of the CD11b1PDL11and CD862CD2061subsets in healthy control, CD, andUC PBMC samples. (e) Summary cell
counts of the CD862CD2061 subset of intermediate monocyte (CD141CD161) in healthy, CD, and UC PBMC samples. (f) Summary cell counts of the CD86–CD2061

classical monocyte subset in uninflamed vs inflamed ileum samples of patients with IBD. (g) Summary cell counts of the intermediate monocyte total population counts
followed by counts of the HLA1CD641and CD861CD2061 subsets in uninflamed vs inflamed ileum samples of patients with IBD. (h, i) Summary cell counts of total M1
macrophages(CD861,CD206–)anditsHLA-DR1CD641subset in the ileum(h)andcolon(i)ofpatientswith IBD.Cellcountsarenormalized tocountspermillion.Eachdata
point represents 1 sample fromapatient (mean6SEM), *P,0.05, **P,0.01, ***P,0.001, ****P,0.0001.CD,Crohn’s disease; IBD, inflammatory bowel disease;
NK, natural killer; PBMC, peripheral blood mononuclear cell; SEM, standard error of mean; SM, switchmemory; UC, ulcerative colitis.
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DR1CD641 and CD861CD2061 subsets (Figure 5f and g). The
increased CD206 expression in IBD monocytes may be due to
increased phagocytosis or differentiation into M2 macrophages.
These differences in monocyte populations can also be observed
in our SPADE analysis, with decreased expression of monocyte
markers such as CD11b, CD14, CD16, and HLA-DR in CD and
UC PBMCs (see Supplementary Figure 4, Supplementary Digital
Content 4, http://links.lww.com/CTG/B141).

In the colon, we did not observe the same monocyte trends as
in the blood and ileum. However, total M1macrophages (defined
as CD861 and CD206–) and HLA-DR1CD641 M1 macrophages
were significantly increased in inflamed colon samples and had
a similar but not significant trend in the ileum (Figure 5h and i).
HLA-DR and CD64 expression on macrophages implies inter-
actions between these macrophages and adaptive immune cells.
Overall, this suggests that different innate immune cell pop-
ulations participate in inflammation in the ileum vs the colon
in IBD.

Finally, we were able to identify neutrophils, a population
that is often absent in transcriptomic studies, in the gut tissue
samples based on CD15 expression. We found that neutrophils
were numerically increased in the inflamed ileum but did not
reach significance (data not shown). While neutrophils are the
primary indicator of acute inflammation in IBD, recent studies
found that they might also have an important role in chronic
inflammation (35), even in a setting dominated by a lympho-
cytic infiltrate.

IBD PBMC samples and CD ileal samples cluster separately with

differences driven by stromal-like cells and B cells

Owing to the distinct differences between healthy and IBD
samples in various cell populations, we aimed to determine if the
overall cellular signatures of PBMC samples or tissue samples
were different between groups. We performed PCA using over
100 cell subtypes determined by spectral flow cytometry as var-
iables. PBMC, ileum, and colon sampleswere analyzed separately.
We plotted samples by their PC scores and looked for clustering
based on sample characteristics such as healthy vs IBD,CDvsUC,
inflamed vs uninflamed, or current IBD medications. We then
looked at the top loadings for each quadrant to determine which
variables drove the sample clustering in each quadrant.

Remarkably, when plotting PC1 and PC3 for PBMC samples,
the majority of healthy samples and none of the IBD samples
clustered in quadrant III (Figure 6a). The top loadings in this
quadrant were classical monocyte subtypes and total innate
immune cells, meaning the healthy PBMC cellular signature was
dominated by these cell types. Meanwhile, stromal-like cell
subsets made up the top loadings in quadrant IV, which con-
tained about half of the inflamed IBD samples. These samples
also included 4 of 5 patients not currently on biologic drugs (see
Supplementary Figure 6A, Supplementary Digital Content 6,
http://links.lww.com/CTG/B143). Quadrant I contained IBD
samples and was dominated by B cell and intermediate mono-
cyte loadings, while quadrant II, which contained both healthy
and IBD samples, was dominated by central memory CD4
T cells, B-cell subsets, and nonclassical monocytes. Altogether,
the IBD PBMC cellular signature can be distinguished from
a healthy signature primarily due to an increase in stromal-like
cells and B cells.

We next examined clustering of ileal samples from CD and
UC samples in this agnostic way. Ileal samples in UC are

considered normal, as UC does not affect the ileum. A subset of
CD samples, including 5 of the 9 inflamed samples, clustered in
quadrant IV and were completely separate from UC samples
(Figure 6b). This quadrant was dominated by activated T-cell
and B-cell loadings. Stromal cell and neutrophil loadings also
fell into quadrant IV but with lower PC scores (data not shown).
The other quadrants (I, II, and III), which contained the ma-
jority of uninflamed CD and UC samples, were dominated by
classical monocytes and epithelial cell loadings. Samples from
patients on anti-TNF medications almost all clustered in
quadrants II and III (see Supplementary Figure 6B, Supple-
mentary Digital Content 6, http://links.lww.com/CTG/B143).
PCA of colon samples did not show any differential clustering in
any of the PC score graphs (see Supplementary Figure 6C,
Supplementary Digital Content 6, http://links.lww.com/CTG/
B143). These data demonstrate that unbiased computer-driven
clustering of cellular characteristics can separate healthy blood
samples from IBD samples and actively inflamed CD samples
from uninflamed ileal samples.

Stromal-like cell and immune cell populations correlate in IBD

blood and colon

To gain a clue on potential relationships between stromal cell
subsets and immune cell lineages in IBD, we analyzed multiple
correlations of cell numbers between individual cell types. We
detected significant although modest inverse correlations be-
tween PDPN1CD312 fibroblast-like cell numbers and B-cell
numbers in blood from patients with IBD but not healthy con-
trols. The number of B cells also inversely correlated with the
number of T cells in PBMCs from patients with IBD but not in
healthy control blood (Figure 6c). In the gut tissue, positive
correlations were detected between B cell and fibroblast numbers
as well as between B-cell and T-cell numbers in both ileum and
colon (Figure 6d). Although we did not observe a correlation
between PDPN1CD312 fibroblast-like cell numbers and total ab
T-cell numbers in IBD blood samples (not shown), both
CTLA41CD41 and CTLA41CD81 subsets of conventional ab
T cells correlated with PDPN1CD312 cells or their FAP2SMAa1

or FAP2SMAa2 subsets in IBD PBMCs (see Supplementary
Figure 7A, Supplementary Digital Content 7, http://links.lww.
com/CTG/B144). Again, no correlations were detected in healthy
control PBMCs between these cell types. Furthermore, the
numbers of B cells inversely correlated with the number of
FAP2SMAa2 or FAP2SMAa1 subsets in IBD PBMCs, but pos-
itive correlations were detected between B cells and the stromal
cell subsets in ileum and colon samples (see Supplementary
Figure 7B–D, Supplementary Digital Content 7, http://links.lww.
com/CTG/B144). Overall, these correlations between stromal
cells, T cells, and B cells in IBD samples but not healthy controls
suggest a complex network of stromal-immune interactions in
IBD, potentially contributing to disease pathology and tissue
inflammation which is reflected in peripheral blood.

DISCUSSION
The root cause of IBD remains elusive. Extensive studies on
immune pathogenesis have led to several immune-based
treatments that have significantly improved patients’ quality
of life and led to healing of the intestinal mucosa—at least while
on therapy. Nevertheless, a substantial portion of patients with
IBD either do not respond to these therapies or become re-
fractory after an initial response (2). There is also an unmet
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Figure 6. PCA and Pearson correlation tests using the cell subtypes identified by spectral flow cytometry as variables. Unsupervised clustering through principal
component analysis was performed on (a) PBMC samples (n5 49) and (b) ileum samples (n5 29). Cell counts determined throughmanual gating were used as
variables (110cell subtypes forPBMCsamplesand98 for ileumsamples).Eachsample is representedbyadot,wherecolor indicatesdiagnosisandshape indicates
active inflammation. The loadings plot and top 5 loadings of each quadrant are shown. (c) Correlation analyses between the number of CD191 B cells and
PDPN1CD31– or ab Tcells and CD191B cells in PBMC samples from healthy controls (top) or patients with IBD (bottom). (d) Correlation analyses between the
number of CD191Bcells andPDPN1CD31– orab Tcells andCD191Bcells in ileum (top) and colon (bottom) biopsies frompatients with IBD. *P, 0.05, **P,
0.01, ***P, 0.001. IBD, inflammatory bowel disease; PBMC, peripheral blood mononuclear cell; PCA, principal component analysis.
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need for peripheral blood biomarkers in IBD. Until recently,
research showed that the pathologic state was best represented
in the intestine and had very few identifiable markers in the
blood (36). Past characterization of blood and tissue by flow
cytometry was limited in depth—yet had the advantage over
RNA-based techniques of confirming protein expression and
allowing for single-cell characterization.

In this study, we took advantage of full spectral flow cytometry
to characterize a diverse cohort of patients with IBD using
matched blood and intestinal tissue collected on the same day.
Previous studies have used cytometry by time of flight to obtain
similarly large protein expression profiles of immune cells
(37–40). In our studies, in addition to using matched blood and
tissue samples, we captured stromal markers along with tradi-
tional adaptive and innate immune markers. This allowed us to
characterize nonhematopoietic cells such as epithelial cells, en-
dothelial cells, and fibroblast-like cells alongside a wide array of
immune cell subsets.

Our first notable finding is that peripheral blood of patients
with IBD has a small population of circulating PDPN-expressing
cells that are further characterized by expression of SMAa, FAP,
EPCAM, and HLA-DR to varying degrees. This cell type was not
seen in healthy samples. Indeed, in unbiased clustering analysis,
peripheral PDPN1 stromal-like cells distinguish IBD PBMCs
from healthy samples. This provocative finding suggests that
chronic intestinal inflammationmay induce expression of PDPN
and/or systemic availability of stromal-like cells. This is remi-
niscent of recent findings in RA research, where fibroblast-like
synoviocytes are the main mediators of inflammation. PDPN is
upregulated in these cells when compared with healthy controls
(41), and in vitro treatment of synoviocytes with proin-
flammatory cytokines leads to the upregulation of PDPN (42).
Furthermore, a recent studywithRNAprofiling found circulating
PDPN1 nonhematopoietic cells similar to the fibroblast-like
synoviocytes, and those cells could serve as a biomarker for RA
flares (8).

We also found PDPN1 cells with similar phenotypes present
in both ileum and colon. We classified the PDPN1CD312 cells as
fibroblasts based on their generally recognized phenotype and
found several fibroblast subsets increased in CD ileum compared
withUC ileum. A limitation of our study was that we did not have
healthy intestinal biopsies for comparison. However, in silico
analysis of publicly available RNA data does show increased ex-
pression of PDPN in ileum and colon biopsies of patients with
IBD compared with healthy controls. Furthermore, although we
could not prove that these tissue-resident PDPN1 cells are the
same as the ones in the blood, we found a statistically significant
correlation between the number of PDPN1 cells in peripheral
blood and matched colon PDPN1 cells, suggesting that the for-
mer may be somehow related to the latter. Along this line, we
should note that we designed the experiments and data analyses
in such away that the lack of healthy intestinal samples would not
substantially affect the data interpretation. Indeed, the key con-
clusions from this study did not rely on the comparison of IBD
andhealthy intestinal biopsies. Altogether, this suggests that these
stromal-like cells in the peripheral blood of patientswith IBDmay
come from chronic inflammation of the colon and may serve as
a biomarker of IBD.

Part of the interest in this finding of a PDPN signature
stems from work suggesting that stromal cells contribute to
IBD inflammation and refractoriness to therapy (12). It is

hypothesized that activated or pathogenic fibroblast pop-
ulations contribute to the proinflammatory environment
through multiple mechanisms including production of
proinflammatory cytokines and downregulation of immune
inhibitory molecules (22). A previous study also found that
fibroblast molecular signatures contributed to matched
biopsy molecular inflammation scores (36). In addition,
myofibroblast-T-cell interactions have recently been impli-
cated in CD (9). However, these discoveries were largely made
using RNA sequencing, which may not necessarily translate
into changes in protein expression and are harder to quantify
as a clinical test. Our study confirms the PDPN protein ex-
pression. Furthermore, while our study was not large enough
to determine if the presence of these peripheral PDPN1 cells
correlated with refractory disease, most of the patients with
active inflammation while on anti-TNF medication had
a strong PDPN1 signature.

In addition to profiling PDPN1 cells, our study captured
activation, effector, and memory profiles of B and T cells in the
setting of IBD. Enrichment of TH17 cells and Treg cells has been
found in IBD mucosa in a previous study (40). Our study not
only observed the increased frequency of TH17 cells and Treg

cells but also detected reduced expression of PD1 inhibitory
checkpoint in TH17 cells and increased expression of CTLA4
checkpoint in Treg cells in the peripheral blood of patients with
IBD. Future larger studies can determine whether these cells are
gut homing or relate to response to specific types of therapy,
such as in a previous study which found that the activation state
of Treg cells was an important predictor of response to vedoli-
zumab, a biologic that targets integrin a4b7 (43). We also
found an enrichment of SM B cells in IBD peripheral blood and
inflamed ileum. There is a renewed interest in targeting B cells
in IBD (31). Conceivably, combinatorial immune therapies
targeting inflammatory T cells and B cells may improve con-
trolling gut inflammation and promoting gut tissue repair and
regeneration.

In addition to possible involvement of direct or indirect
T-B-cell interactions, we also found evidence of B-stromal cell
interactions within the intestinal tissue. The positive correlation
between total B cells andfibroblasts in ileumand colon, but lack of
significant correlation between total T cells and fibroblast pop-
ulations (although some T-cell subsets correlated with fibro-
blasts), was somewhat surprising given the experimental evidence
of major histocompatibility complex-based interactions between
T cells and fibroblasts from a recent study (44). On the other
hand, the relationship between B cells and stromal cells has been
well documented in lymphoid organs (45). While we have no
evidence for the functional effect of the B cell-fibroblast correla-
tion in IBD, fibroblasts could play a role in retention or expansion
of tissue B cells. Conversely, B cells in the tissue could also pro-
mote the differentiation offibroblasts and thus stimulate a process
of wound healing, or fibrosis if there are chronically dysregulated
interactions. Overall, our results suggest that B cells may not only
play a role in directly or indirectly affecting T-cell activation
within the intestine but also perhaps fibroblast activation and
subsequent aberrant wound healing or fibrosis, particularly
in CD.

Regarding innate immune cells, we found an increase in NK
cells in IBD blood. Previous studies on peripheral NK cells in
IBD have been heterogeneous, with some demonstrating an
increase in IBD (46) and others showing a decrease (38). In
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intestinal tissue, a previous work found that lamina propria-
resident CD11b1 phagocytic cells, including monocytes and
macrophages, differed greatly in gene expression between ileum
and colon populations (33). In this study, we found more clas-
sical monocytes in inflamed ileum expressing CD206, a marker
of active phagocytosis inM2macrophages andDCs.Meanwhile,
in the colon, M1macrophages were higher in inflamed tissue, in
particular HLA-DR1CD641 M1 macrophages. Macrophage
phenotypes are thought to exist on a spectrum, where M1
macrophages are classically defined as proinflammatory and
involved in acute inflammation, and M2 macrophages are anti-
inflammatory and promote wound healing (34). However, M2
macrophages have also been associated with fibrosis in organs
such as the kidney andmay similarly contribute to fibrosis in CD
(47). CD64 was also previously found to be expressed by
a unique population of macrophages associated with inflamed
colon in patients with CD (48). Our findings therefore corrob-
orate this study.

In summary, our study fills the gap in knowledge on IBD
proteinmarkers at a single-cell level with spectral flowprofiling of
stromal and immune cells in the gut mucosa and circulation
simultaneously. We identified a new subset(s) of non-
hematopoietic PDPN1 cells in the blood of patients with IBD
which showed corresponding phenotypes to stromal cells within
the gut mucosa. Our spectral flow cytometry panel could distin-
guish IBD blood samples from healthy controls driven by he-
matopoietic and nonhematopoietic cells, particularly B cells and
PDPN1 cells. We believe this may reflect what is happening in
tissue and that the interplay might critically shape the in-
flammatory milieu toward pathogenic destruction vs re-
generation and repair of damaged tissue. Further studies are
needed to examine the function of these circulating stromal-like
cells associated with IBD. Integrating stromal and immune cell
biology will likely lead to a better understanding of IBD patho-
genesis, as well as potential clinical utility of stromal-immune
cell signatures as biomarkers of IBD and its responsiveness to
treatment.
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Study Highlights

WHAT IS KNOWN

3 Single-cell RNA-sequencing studies have revealed dynamic
mRNA expression profiles in both stromal and immune cells
in patients with inflammatory bowel disease (IBD).

WHAT IS NEW HERE

3 We designed a forty-color flow cytometry panel for single-cell
characterization of protein markers in hematopoietic and
nonhematopoietic lineages.

3 PDPN1 fibroblast-like cells are more abundant in IBD blood
than healthy controls.

3 These cells correlated with fibroblasts in IBD colon biopsies
and were associated with innate and adaptive immune
activation and dysregulation in IBD.
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