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Abstract

Rationale—Emerging evidence supports a crucial role for tertiary lymphoid organs (TLOs) in 

chronic obstructive pulmonary disease (COPD) progression. However, mechanisms of immune 

cell activation leading to TLO in COPD remain to be defined.
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Objectives—To examine the role of lung dendritic cells (DC) in T follicular helper (Tfh)-cell 

induction, a T-cell subset critically implicated in lymphoid organ formation, in COPD.

Methods—Myeloid cell heterogeneity and phenotype was studied in an unbiased manner via 

single-cell RNA sequencing on HLA-DR+ cells sorted from human lungs. The in vitro capability 

of FACS-sorted DC-subsets of control and COPD lungs to polarize IL-21+CXCL13+ Tfh-like cells 

was measured. In situ imaging analysis was performed on COPD stage IV GOLD lungs with TLO.

Measurements and Main Results—ScRNAseq analysis revealed a high level of 

heterogeneity among human lung myeloid cells. Among these, cDC2 showed increased induction 

of IL-21+CXCL13+ Tfh-like cells. Importantly, the capacity to induce IL-21+ Tfh-like cells was 

higher in cDC2s from COPD patients compared with control patients. Increased Tfh-induction by 

COPD cDC2 correlated with increased presence of Tfh-like cells in COPD lungs as compared to 

controls, and cDC2 co-localized with Tfh-like cells in TLOs of COPD. Mechanistically, cDC2 

exhibited a unique migratory signature and (transcriptional) expression of several pathways and 

genes related to DC-induced Tfh-priming. Importantly, blocking the co-stimulatory OX40L-OX40 

axis reduced Tfh-induction by control lung cDC2.

Conclusions—In COPD lung, we found lung EBI2+ OX-40L-expressing cDC2 that induces 

IL-21+ Tfh-like cells, suggesting an involvement of these cells in TLO formation.

Introduction

Chronic obstructive pulmonary disease (COPD) is currently the third leading cause of 

death worldwide (1) and is characterized by progressive airway inflammation, emphysema 

and impaired lung function resulting from inhaled oxidants such as cigarette smoke (CS). 

COPD severity and tissue destruction correlate with development of tertiary lymphoid 

organs (TLO) (2, 3). While rarely developing in healthy individuals, lung TLO formation is 

significantly increased in COPD (GOLDI/II) patients (4). Finally, in severe/end-stage COPD 

patients (GOLD III/IV), TLO numbers and size further increase and can be found in nearly 

50% of the small airways (2, 4). TLOs consist of well-defined B-cell follicles surrounded 

by T-cells interspersed with dendritic cells (DC), reminiscent of the structural organization 

also seen in secondary lymphoid organs (5). Several studies have shown that absence of 

TLOs via either use of B-cell deficient mice (6) or antibodies blocking B-cell recruitment (7) 

or survival (4, 8), prevented CS-induced emphysema in a murine COPD model. However, 

mechanisms governing TLO formation during COPD remain to be elucidated.

Peripheral T follicular helper (Tfh-)like cells exhibit phenotypic overlap with ‘bona fida’ 

Tfh-cells and regulate local B-cell isotype switching in peripheral diseased organs, including 

skin (9), synovial tissue (10) and lung (11) via IL-21 secretion. Importantly, we and others 

have also described the presence of IL-21+ Tfh-like cells in TLO of idiopathic pulmonary 

arterial hypertension (IPAH) (12) and COPD (3) lungs, suggesting these cells are involved in 

TLO formation and maintenance.

Human DC are heterogeneous and consists of different subsets, including two conventional 

(c)DC populations (CD141+ cDC1 and the CD1c+ cDC2) and plasmacytoid (p)DC (13, 14). 

It has been shown that mice, in which DC were depleted, failed to develop and maintain lung 

TLO in response to allergens or virus infection (15–17). In contrast, repeated pulmonary 
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delivery of activated DC was sufficient to induce TLO formation (15, 18). These studies 

highlight a crucial role for DC in TLO formation and maintenance. However, how DC 

induce TLO, especially during COPD, is unknown.

We hypothesized that human lung DC induce Tfh-like cell polarization and hence contribute 

to subsequent lymphoid neogenesis during COPD. We first used an unbiased approach to 

address the complexity of Lineage(Lin)−HLA-DR+ lung cells and found a high level of 

heterogeneity. We then demonstrated that cDC2 are the most efficient subset in inducing 

IL-21+ Tfh-like cells. Importantly, cDC2 isolated from COPD lungs showed increased 

potential to polarize Tfh-like cells. Mechanistically, we found that cDC2 expressed a unique 

migratory signature, suggesting these cells are highly capable to migrate to the site of 

TLO formation and subsequently interact with CD4+ T-cells. Furthermore, blocking the co-

stimulatory OX40L-OX40 axis reduced Tfh-induction by cDC2 derived from non-obstructed 

control lungs. Some of the results have been previously reported in the form of an abstract 

(19).

Methods

Detailed description of materials and methods can be found in the online methods 

supplement.

Human lung samples

Lung samples were obtained from non-obstructed control or COPD subjects. Study 

and consent procedures were reviewed and approved by the Swedish Research Ethical 

Committee in Gothenburg, Sweden (FEK 675-12/2012 and 1026-15, March 2016) in 

accordance with the principles of the Declaration of Helsinki. Written informed consent 

was obtained preoperatively. Table 1 shows demographics and lung function. Additional 

information about the source and processing of the human lung tissue samples is described 

in the online methods supplement.

In vitro DC/T-cell co-cultures

Mixed Leukocyte Reactions (MLR) were set up between FACS-sorted lung DC populations 

and allogeneic naïve blood CD4+ T-cells as described in the online supplement. T-cell 

proliferation and polarization, including cytokine and transcription factor profiling, were 

subsequently analyzed via flow cytometry as described in the online supplement.

Ex vivo phenotyping of lung leukocyte populations

Flow cytometry was used to assess expression of extracellular and intracellular phenotypic 

protein markers by lung DC and T-cell subsets as described in the online supplement. 

Single-cell RNA transcriptomes of the lung HLA-DR+ fraction were generated and analyzed 

as described in the online supplement.

In situ imaging of GOLD IV COPD lung TLO

To image CH25H and CD19 mRNA topography in the lung TLO, RNAScope was 

performed as described in the online supplement. Fluorescence microscopy was used to 
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determine the presence and anatomical localization of cDC2 in lung TLO as described in the 

online supplement.

Results

Unbiased single cell RNA sequencing analysis of human lung Lin−HLA-DR+ cells.

Myeloid cells represent a heterogeneous population and comprise several subtypes (14). To 

date, definition of human lung myeloid cells was biased by the limited markers available to 

identify and isolate the cells. To identify the different myeloid cell populations in the human 

lung in an unbiased way, we performed single-cell RNA sequencing on Lin−HLA-DR+ cells 

from non-obstructed lungs. Different DC (including cDC1, cDC2 and pDC) and monocyte 

subsets (including CD14+, CD16+ and CD14+CD16+ monocytes) were FACS-sorted based 

on the expression of DC and monocyte subset defining surface markers (Figure E1A) (14) 

and pooled afterwards in enriched proportions before sequencing.

Unsupervised clustering identified 14 clusters (Figure 1A). Differential gene expression 

between clusters was analyzed (Figure 1B). Cluster 1 highly expressed cDC2-associated 

genes such as CD1C, CLEC10A, FCER1A and CD1A. Cluster 2 highly expressed 

monocyte/macrophage-related genes such as MRC1, CTSD, MARCO and VSIG4 while 

cluster 3 is characterized by cell cycle gene expression, including TOP2A, CENPF1 and 

STMN1. Cluster 4 expressed high levels of pDC-associated genes, including TCF4, GZMB, 

CLEC4C and BCL11A while cluster 5 exhibited high expression levels of monocyte/

macrophage-related genes, including S100A8, S100A9, FCN1 and VCAN. Cluster 6 

expressed natural killer (NK) cell-associated genes, like GZMA, CD96 and GNLY while 

cluster 7 displayed expression of monocyte/macrophage-related genes, including FCGR3A, 
CTSS, PECAM1 and MAFB. Cluster 8 expressed high levels of cDC1 genes, including 

CLEC9A, IRF8, ID2 and XCR1. Cluster 9 exhibited expression of type II alveolar epithelial 

cells (AEC), including SFTPC, SFTPB, SFTPD and EPCAM. Cluster 10 expressed 

endothelial cell-related genes including VWF, CAV1 and GIMAP7. Furthermore, both 

cluster 9 and cluster 10 lack expression of the pan-leukocyte marker gene PTPRC (coding 

for CD45), further confirming their non-immune cell nature (Figure E1B). Cluster 11 highly 

expressed genes associated with DC activation, including CCR7, CCL22, LAMP3 and 

BIRC3. Both cluster 12 and cluster 14 expressed monocyte/macrophage-related genes, like 

CXCL10, CXCL11, CCL8 and GBP1 for cluster 12 and LYVE1, C1QA, CD163 and CD14 
for cluster 14. Finally, cluster 13 exhibited expression of mast cell genes, including KIT, 
CPA3 and MS4A2. The complete list of top 20 differentially expressed genes is available in 

Table S1.

To confirm the identity of the different clusters, we calculated signature scores for each 

single cell using published transcriptome signatures for human blood (20) and lung (21) 

leukocyte subsets (Figure 1C). Cluster 1 had the highest score for the cDC2 signature 

while cluster 2 exhibited score increase for CD14++CD16+ monocyte and CD14+ and 

CD16+ monocyte cell signatures. Cluster 3 showed an overlap with a signature defining 

a proliferating monocyte/macrophage (Mac/mono cycl.) subset as observed in (21). Cluster 

4 displayed a clear overlap with the pDC signature while cluster 5 exhibited a high score 

for the CD14+ monocyte and CD14+CD16+ monocyte signature. Cluster 6 overlapped with 
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the NK cell signature and cluster 7 with the CD16+ monocyte and CD14++CD16+ monocyte 

cell signature. Cluster 8 showed a clear overlap with the cDC1 signature while cluster 9 and 

cluster 10 overlapped with signatures of type II AEC and endothelial cells respectively. For 

cluster 11, we observed a high overlap with an ‘activated DC’ signature. As expected, both 

cluster 12 and cluster 14 had high signature scores for macrophage phenotypes (mac1 and 

mac2 respectively) observed earlier in the lung (21). Finally, cluster 13 had a high score for 

a mast cell signature.

Based on the relevance in terms of their potency to prime T-cell activation and polarization 

we opted to primarily focus on cDC2, cDC1 and pDC, rather than on macrophage subsets, 

NK-cells, mast cells and structural cells for the rest of the study. All monocyte subsets 

are weak stimulators of naïve T-cells (22). Therefore, we finally opted to include only 

CD14+ monocytes as a reference monocyte population as these cells embody the ‘classical’ 

monocyte subset (22). Single-cell transcriptome data confirmed that cDC1, cDC2, pDC and 

CD14+ monocytes each represent homogeneous cell populations. Furthermore, cells in the 

‘activated DC’ cluster expressed cDC2 and cDC1 hallmark genes, including CD1c and IRF8 
respectively (Figure E1B). Therefore, this cluster represented a mixture of cDC1 and cDC2 

with a distinct activation status rather than a separate DC subset with a distinct ontogeny.

However, additional flow cytometry analysis revealed heterogeneous expression of several 

myeloid cell markers by cDC2, including FcεRI, CD1a and the monocyte marker CD14 

(Figure E1C). This could imply potential presence of a CD14hiFcεRIhiCD1ahi monocyte-

derived (mo)DC population within the cDC2 gate. However, CD14lo and CD14hi cDC2 

fractions displayed a similar heterogeneous expression pattern of both FcεRI and CD1a, 

hence we couldn’t identify a clear CD14hiFcεRIhiCD1ahi subset (Figure E1D). Moreover, 

CD14lG and CD14hi fractions exhibited a similar (cDC2) expression profile of the lineage-

defining transcription factors IRF4 and IRF8 (14), clearly distinct from that exhibited by 

CD14+ monocytes, considered as the precursors of moDC (14) (Figure E1D). Thus, there 

were no immediate indications that the CD14+ cDC2 represent an ontogenetically different 

subset. Moreover, full comprehension of the ontogenetic relationship between CD14lo and 

CD14hi cDC2 fractions requires further investigation and is beyond the scope of this study. 

Therefore, we decided to isolate the different lung DC subsets as outlined in Figure E1A.

Lung cDC2 are the most potent subset to polarize naïve CD4+ T-cells into Tfh-like cells

To assess the capacity of the different human lung DC subsets to polarize naïve CD4+ 

T-cells into Tfh- or Tfh-like cells, FACS-sorted lung DC subsets were co-cultured with 

allogeneic naïve blood CD4+ T-cell (MLR). The degree of Tfh-polarization was assessed at 

d7 of the culture. Compared to other DC subsets, cDC2 induced the highest proportion of 

CD4+ T-cells expressing high levels of ICOS and PD-1, two hallmark Tfh-markers (Figure 

2A and E2A). Of note, lung pDCs and CD14+ monocytes are poor stimulators of naïve 

CD4+ T-cell proliferation (Figure E3A), underlying the lower proportions of ICOShiPD-1hi 

T-cells in these co-cultures. However, cDC2 and cDC1 induced similar levels of T-cell 

proliferation (Figure E3A) implying that there was an intrinsic qualitative difference 

between both cDC subsets to promote Tfh-like cell skewing. Compared to ICOS−PD-1+, 

ICOS+PD-1− and ICOS−PD1− T-cell subsets in the co-culture, ICOShiPD-1hi T-cells were 
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characterized by the highest surface levels of OX40, another critical Tfh-cell marker (Figure 

2B). Moreover, compared to the three other T-cell populations, ICOShiPD-1hi T-cells were 

the dominant producers of IL-21 and CXCL13, the hallmark Tfh cytokine and chemokine 

respectively, confirming the Tfh-like cell nature of this T-cell population (Figure 2C and 

E2B). In contrast, there was no significant difference in secretion of the Th1 cytokine IFN-γ 
by ICOShiPD-1hi T-cells as compared to ICOS−PD-1+ T-cells (Figure E3B), demonstrating 

that the ICOShiPD-1hi T-cells do not simply represent a generally increased activation state. 

Importantly, compared to cDC1, lung cDC2 induced increased proportions of ICOShiPD-1hi 

IL-21 secreting T-cells (Figure 2D). Of note, there was no significant difference in the 

induction of IFN-γ secretion by ICOS+PD-1+ T-cells induced by cDC1 and cDC2, implying 

a degree of selectivity in the T-cell cytokine responses elicited by cDC2 versus cDC1 

(Figure E3C).

To further confirm the induction of Tfh-cells in the co-cultures, we analyzed expression 

of CXCR5, a classical Tfh-cell surface marker, and Bcl6, key transcription factor driving 

Tfh-cell development (23). Expression of CXCR5 was transient and not detectable 

at day 7 (data not shown and (24)). Therefore, we determined the proportion of 

CXCR5hiICOShiPD-1hiBcl6hi Tfh-like cells in the different co-cultures at day 4, a time 

point that corresponds with peak CXCR5 expression (24). In line with our previous results 

from day 7, cDC2 were the most efficient inducers of ICOShiCXCR5hi T-cells as compared 

to cDC1, pDC and CD14+ monocytes (Figure 2E and E2C). Importantly, in contrast 

to ICOS+CXCR5− and ICOS−CXCR5−, ICOShiCXCR5hi T-cells were almost exclusively 

PD-1hiBcl6hi, further supporting their Tfh-like nature (Figure 2F and E2D).

Collectively, these results demonstrate that human resident lung cDC2 are the most potent 

DC subset to polarize Tfh-like cells from naïve CD4+ T-cells.

cDC2 from GOLD II COPD lungs show increased potential to induce Tfh-like cells, which 
correlated with increased presence of Tfh-like cells in the lung tissue

We next assessed whether lung cDC2 from COPD patients exhibited an increased capacity 

to induce Tfh-like cells as compared to cDC2 from non-obstructed lungs. To this end, we 

isolated cDC2 from GOLD II COPD peripheral lung tissue and co-cultured these cells 

with allogeneic naïve blood CD4+ T-cells. COPD lung cDC2 induced increased proportions 

of Tfh-like cells as compared to control cDC2 from non-obstructed lungs (Figure 3A 

and E4A). Importantly, Tfh-like cells induced by COPD cDC2 contained an increase in 

the frequency of IL-21+ cells as compared to Tfh-like cells induced by cDC2 from non-

obstructed lungs (Figure 3B and E4B). Of note, the difference in Tfh-like cell induction 

between COPD and control cDC2 could not be attributed to a difference in their potential to 

stimulate T-cell proliferation (Figure E4C). Furthermore, control and COPD cDC2 contained 

a similar proportion of CD14hi cells, indicating that a difference in CD14hi cDC2 fraction 

did not underlie the difference in Tfh-like cell induction by control and COPD cDC2 (Figure 

E4D).

We next investigated whether there is a corresponding increased presence of Tfh-like cells 

in peripheral lung tissue of GOLD II COPD subjects. Flow cytometry analysis revealed 

the presence of ICOShiPD-1hi T-cells in both control and COPD lung tissue. Importantly, 
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compared to control lungs, the frequency of ICOShiPD-1hi T-cells was increased GOLD II 

COPD lungs (Figure 3C and E4D). In line with our in vitro findings, lung ICOShiPD-1hi 

T-cells were the dominant IL-21 producers as compared to ICOS−PD-1hi, ICOShiPD-1− and 

ICOS−PD-1− T-cell fractions, confirming the Tfh-like nature of these cells (Figure 3D).

Lung cDC2 express a unique migratory signature distinct from cDC1

The chemoattractants CXCL12 and CXCL13 are instrumental for TLO-formation during 

COPD by mediating the recruitment and localization of the critical cell types, including T 

cells, B cells and DCs (7, 25, 26). Therefore, we analyzed expression of the corresponding 

receptors CXCR4 and CXCR5 on cDC2 and cDC1 via flow cytometry. In control lungs, 

cDC2 tended to exhibit increased expression of CXCR5 while CXCR4 levels were 

significantly increased as compared to cDC1 (Figure 4A and E5A). However, there was 

no difference in CXCR5 and CXCR4 expression between control and COPD cDC2 (Figure 

E5B).

In addition, 7α,25-dihydroxycholesterol, a cholesterol derivative, is a key chemoattractant 

in organizing the lymphoid microenvironment (27). The receptor for 7a,25-

dihydroxycholesterol, EBI2 (GPR183) is expressed on a variety of leukocytes, including 

T-cells, B-cells, ILC3 and DC (27). Importantly, the oxysterol-EBI2 axis was recently shown 

to be a key regulator of lung TLO formation in a mouse model of COPD (28). Moreover, 

EBI2 controls cDC2 positioning at the B-T zone border of mouse lymphoid organs (29). 

In non-obstructed lungs, cDC2 expressed increased EBI2 surface levels as compared to 

cDC1 (Figure 4A). Of note, control and COPD cDC2 displayed similar expression levels of 

EBI2 (Figure E5B). Additionally, we investigated the expression of EBI2 on T cell subsets 

in the peripheral lung tissue in control and COPD subjects. Compared to ICOS−PD-1hi, 

ICOShiPD-1− and ICOS− PD-1− lung T-cells, the dominant IL-21 producing ICOShiPD-1hi 

T-cell fraction displayed the highest levels of surface EBI2 as well (Figure 4B and E5C).

To further study the association between the oxysterole-EBI2 axis and TLO-formation in 

COPD, we analyzed a publicly available dataset containing total lung transcriptome data 

from a cohort of COPD patients (GOLD I – IV) and healthy control subjects (Figure 4C) 

(GSE47460 derived from lung samples obtained through the NHLBI-funded Lung Tissue 

Research Consortium (LTRC) as part of the Lung Genomic Research Consortium (LGRC)). 

mRNA transcripts encoding EBI2 and mRNA encoding enzymes in the cholesterol 

metabolic pathway (i.e. CH25H, CYP1B1 and CYP7B1) positively correlated with COPD 

disease stage and hence inversely correlated with %FEV1 (Figure 4C). Importantly, lung 

EBI2, CH25H, CYP1B1 and CYP7B1 mRNA expression all correlated with CXCL13 
mRNA expression, a marker for TLO formation during COPD disease (Figure 4C). Finally, 

lung CH25H mRNA strongly correlated with EBI2 mRNA levels (Figure 4D).

The correlation between the oxysterole-EBI2 axis and TLO-formation encouraged us to 

investigate the presence of the cholesterol metabolic pathway in TLOs of end-stage (GOLD 

IV) COPD patients. Indeed, RNAscope analysis of lung TLOs confirmed the expression 

of CH25H mRNA, encoding for one of the upstream enzyme involved in cholesterol 

degradation (27) in both the B cell follicular area and the T cell zone of the TLO (Figure 

4E).
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Finally, we performed confocal imaging of GOLD IV COPD lung tissue to determine the 

anatomical localization of cDC2 in the TLOs. This immunofluorescence analysis showed 

that cDC2 were indeed abundantly present in the follicular T cell zone of the TLOs, linking 

the unique migratory signature of cDC2 to the actual presence of these cells to TLOs during 

COPD (Figure 5).

Lung cDC2 express increased levels of OX40L and transcriptional signatures related to 
Tfh-cell priming

To gain insights into the mechanism used by cDC2 to induce Tfh-like cells, we performed 

flow cytometric analysis of the co-stimulatory repertoire expressed on the different lung DC 

subsets. ICOSL, PDL1 and OX40L are known to deliver critical co-stimulatory signals to 

skew naïve T cells into Tfh-cells (23, 24). In non-obstructed control lungs, cDC2 and cDC1 

subsets expressed similar levels of ICOSL and PDL1. However, we observed a significant 

increase in OX40L expression in cDC2 cells as compared to cDC1 (Figure 6A). Importantly, 

compared to control cDC2s, OX40L levels were even further increased on COPD cDC2 

(Figure 6B). We next investigated whether OX40L was involved in Tfh-like cell polarization 

by lung cDC2. cDC2 isolated from non-obstructed control lung tissue were co-cultured 

with allogeneic naïve CD4+ T-cells in the presence of a blocking antibody for OX40L 

(oxelumab) or IgG isotype control. ICOS+PD-1+ Tfh-like cell priming was analyzed at d7 

of the co-culture. Compared to the IgG control, blocking OX40L reduced ICOS+PD-1+ 

Tfh-like cell induction in each experiment (Figure 6C), confirming the importance of the 

OX40L-OX40 axis.

To further understand the mechanisms underlying the enhanced ability of cDC2 to polarize 

Tfh-like cells, we compared the transcriptional profile of cDC2 with cDC1. cDC2 and 

cDC1 were FACS-sorted and their transcriptomic profile was generated via Next Generation 

Sequencing (NGS). Interestingly, this analysis revealed that genes encoding for signaling 

components of the IL-6 (p = 0,0002) and IL-1 (p = 0,02) pathways, critical for Tfh-cell 

development (30, 31), were significantly upregulated in cDC2 (Figure 6D). Furthermore, 

transcripts involved in general DC maturation and activation, features of DC contributing 

to Tfh generation (32) were also upregulated in cDC2 compared to cDC1 (Figure 6D). 

Consistent with these observations, biocomputational analysis identified signaling through 

CD40 (p = 1,15 × 10−10); secretion of multiple effector cytokines such as TNF (p = 

1,58 × 10−22), IL-1β (p = 6,01 × 10−21), IL-6 (p = 2,86 × 10−8) and IL-18 (p = 9,43 × 

10−5) and transcription factors and signaling mediators like NF-κB (p = 4,36 × 10−14), 

STAT3 (p = 4,06 × 10−10) and ID3 (p = 5,96 × 10−5) as putative upstream regulators of 

transcriptional signatures in lung cDC2 (Figure 6E). In contrast, transcriptional pathways 

and genes downregulated in cDC2 had no immediate connection to Tfh-priming by DC or 

were negatively associated with Tfh polarization, eg. LXR (p = 9,54 × 10−5) (33) (Figure 

6E). Collectively, transcriptomic analysis indicates that lung cDC2 are characterized by 

signatures related to key pathways involved in Tfh- or Tfh-like cell polarization.
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Discussion

The current study reveals a potent ability for cDC2 to induce IL-21 and CXCL13 secreting 

Tfh-like cells, suggesting a crucial role for cDC2 in TLO formation during COPD.

ScRNA-seq revealed a high level of heterogeneity among human lung Lin−HLA-DR+ cells. 

In agreement with previous studies investigating human blood and lung tumor myeloid cell 

heterogeneity (20, 21), we identified clusters of cDC1, cDC2, pDC, a cluster containing 

‘activated DC’, the three monocyte subsets, being CD14+ (‘classical’) monocytes, CD16+ 

(‘non-classical’) monocytes and CD14++CD16+ (‘intermediate’) monocytes and several 

additional monocyte/macrophage populations. Furthermore, we found a population of NK-

cells, mast cells, type II AEC and endothelial cells. HLA-DR expression by NK-cells and 

mast cells was reported previously (34, 35). Although type II AEC and endothelial cells can 

express HLA-DR (36, 37) we believe that these rather represented a minor contamination. 

Compared to the Zilionis et al. study, we found less monocyte/macrophage populations/

phenotypes in the lung tissue. This discrepancy could be explained by the fact that alveolar 

cells, containing multiple alveolar macrophage phenotypes, were not part of our analysis. 

Furthermore, we sampled lung tissue distant from the tumor bed, likely lacking several 

tumor-infiltrating myeloid cell populations (TIMs) (21). Finally, this dataset has some 

limitations that warrant future investigations, notably the lack of a larger validation cohort, 

the relatively low numbers of cells analyzed and the read-depth which might have limited 

the power to define lung cell subsets in this experiment.

The role of DC during COPD remains controversial. Several studies demonstrated that DC 

exhibit an increased co-stimulatory repertoire (38) and that, especially CD1c+ DC (cDC2), 

drive Th17-responses during cigarette smoke induced lung emphysema in both humans and 

mice (39–42). In contrast, a recent report stated that human lung CD1c+ DC displayed a 

regulatory function during COPD, suppressing pathogenic T-cell responses and inducing 

regulatory T-cells (43). In our study, compared to other DC subsets, cDC2 were the most 

potent in skewing naïve CD4+ T-cells into IL-21 and CXCL13 secreting Tfh-like cells. 

These findings are in line with a recent murine study, demonstrating that lung cDC2, but 

not cDC1, were driving antigen-specific Tfh-induction (44). Furthermore, recent research 

showed that human tonsil cDC2 were the most efficient in Tfh-cell polarization as well 

(45). Strikingly, by using lung resident cDC2 in our study, we also demonstrated that 

human cDC2 residing in non-lymphoid peripheral organs can induce Tfh-like cells without 

requirement of prior migration to draining lymph nodes.

The increased capability of COPD cDC2 to induce Tfh-like cells was associated with 

increased presence of Tfh-like cells in the COPD parenchyma. To our knowledge, we are the 

first to demonstrate the presence of a Tfh-like cell during early (GOLDI/II) stages of COPD. 

We and others showed already the presence of peripheral, extrafollicular IL-21 secreting 

PD-1+ICOS+ Tfh-like cells, that lack CXCR5 and/or Bcl6 expression, in rheumatoid arthritis 

(10), skin fibrosis (9) and an HDM-driven asthma model (11). The effect of Tfh-like cells 

on COPD development and progression remains to be elucidated. However, Ladjemi et al 
recently confirmed the presence of IL-21+ T-cells that did not co-express CXCR5 in the 
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TLOs of late-stage COPD lungs, further supporting a role for an extrafollicular Tfh-like cell 

type and IL-21 (3).

cDC2 exhibited a unique migratory signature, including increased expression of CXCR4, 

CXCR5 and EBI2, suggesting that these cells efficiently migrate to the site of TLO 

formation during COPD. Levels of CXCL12 and CXCL13, ligands for CXCR4 and 

CXCR5 respectively, are increased in human COPD lungs (7, 25, 26). A recent study also 

highlighted the crucial role of the oxysterol-EBI2 axis in COPD TLO formation (28). We 

now demonstrated the presence of CH25H mRNA in both T- and B-cell zone of TLOs 

during late-stage COPD. These results imply that cholesterol metabolism is important for 

maintaining the structure of established TLO as well by continuously recruiting T-, B-cells 

and cDC2. In line with this premise, we were able to detect cDC2 in the T-cell zone of 

GOLD IV COPD lung TLO. This observation indicates that cDC2 are also important for 

maintaining established TLOs most likely via sustained antigen-presentation and induction 

of T(fh-like) cell polarization and proliferation.

Furthermore, we found that, compared to cDC1, cDC2 exhibited increased (transcriptional) 

expression of pathways and genes related to DC-induced Tfh-priming, including OX40L. 

In agreement with previous reports (24, 46), we confirmed that the OX40L-OX40 axis 

promoted human Tfh-polarization. Mediators that stimulate OX40L expression, including 

TSLP, IL-1, IL-33 and GM-CSF, are abundantly present in the lung (47, 48) and elevated 

levels are observed in COPD subjects (47, 49, 50), likely underlying the increased OX40L 

levels expressed by COPD cDC2. Additionally, several genes encoding for cytokine 

mediators that deliver Tfh-skewing signals, including IL-6, IL-1β and TGFβ have already 

been shown to be increased during COPD (51). This implies that these signals might further 

expand the cDC2-induced Tfh-like cell polarization during COPD.

Collectively, we propose a model (Figure 7) in which, during COPD, locally produced 

chemokines, like CXCL12 and CXCL13, and cholesterol metabolites attract cDC2 and 

CD4+ T-cells to the site of TLO formation. Upon encounter, cDC2 skew IL-21+ Tfh-like cell 

polarization via OX40L and cytokine signals. Finally, the chronicity of this self-amplifying 

loop results in the formation of well-organized TLOs in which Tfh-like cell clonality 

and proliferation is further sustained by cDC2. Thus, our study reveals a new (immune) 

mechanism underlying TLO formation during COPD. However, additional studies will be 

required to fully comprehend the role of this pathway, and of TLO formation in general, in 

COPD pathogenesis and progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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At a Glance Commentary

Scientific Knowledge of on the Subject

Chronic obstructive pulmonary disease (COPD) severity and tissue destruction correlate 

with the development of tertiary lymphoid organs (TLO). T follicular helper (Tfh)-cells 

represent a specialized CD4+ T-cell subset, key for lymphoid organ formation. Dendritic 

cells (DC) are potent inducers of CD4+ T-cell responses, including Tfh-cell responses. 

However, how human lung DC polarize Tfh-cells during COPD and hence contribute to 

the generation of TLOs remains to be elucidated.

What this Study Adds to the Field

Single cell RNA sequencing showed that the myeloid cell compartment in the human 

non-obstructed lung is highly heterogeneous, containing multiple DC and monocyte/

macrophage subsets. Among these, CD1c+ conventional (c)DC (cDC2) were the 

most potent inducers of Tfh-cell polarization. Importantly, compared to cDC2 from 

non-obstructed control lungs, cDC2 derived from COPD lungs showed increased 

potential to polarize Tfh-cells. Mechanistically, cDC2 exhibited a unique migratory 

signature, including expression of the oxysterol receptor EBI2, known to control 

spatial organization of immune cells in TLO. Furthermore, we demonstrated the 

crucial contribution of the OX40-OX40L co-stimulatory axis to cDC2 mediated Tfh-cell 

induction. Additionally, cDC2 exhibited (transcriptional) expression of several other 

pathways and genes related to DC-induced Tfh-priming. Together, our study revealed 

a novel immune mechanism underlying TLO formation during COPD pathogenesis.

Impact: Our study reveals a new (immune) mechanism underlying TLO formation during 

COPD and argues for increased investigation of the role of this pathway, and TLO 

formation in general, in COPD pathogenesis and progression. In addition, the data 

provide conceptual advances regarding the formation of TLO during other respiratory 

and non-respiratory diseases and contribute to the field of human lung dendritic cells and 

T follicular helper cells.
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Figure 1. Human non-obstructed lungs contain a highly heterogeneous myeloid cell 
compartment.
Myeloid cells, purified from non-obstructed human peritumoral lung tissues (n=3), were 

analyzed by single-cell RNA sequencing using the Seurat package. Combined single-cell 

transcriptomes were analyzed. (A) t-SNE representation of cell clusters identified using 

unsupervised clustering. Each dot represents an individual cell. Colors represent identified 

clusters. (B) Heatmap of scaled expression of (log values of Unique Molecular Identifiers 

(UMI)) for the top 20 differentially expressed genes of each cluster (based on log fold 
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change). (C) Signature scores (arbitrary units) of individual cells for indicated gene 

signatures.

Naessens et al. Page 17

Am J Respir Crit Care Med. Author manuscript; available in PMC 2024 December 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Lung cDC2 are the most potent inducers of Tfh-like cell polarization.
DC subsets were purified from non-obstructed peritumoral lung tissue and co-cultured with 

allogeneic naive blood CD4+ T-cells. (A) Percentages of ICOS+PD-1+ T-cells in the different 

DC/T-cell co-cultures were determined at d7 of the co-culture via flow cytometry. Summary 

data graph with each symbol representing an individual donor (n=10). (B) Flow cytometry 

histogram of OX40 staining on ICOS+PD-1+ (purple), ICOS−PD-1+ (orange), ICOS+PD-1− 

(blue) and ICOS− PD-1− (black) T-cell subsets in cDC2/T-cell co-cultures. Representative 

data from 3 donors is shown. (C) Intracellular IL-21 (n=10) and CXCL13 (n=6) staining of 
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ICOS+PD-1+ (purple), ICOS−PD-1+ (orange), ICOS+PD-1− (blue) and ICOS−PD-1− (black) 

T-cell subsets in cDC2/T-cell co-cultures after restimulation with PMA and ionomycin in 

the presence of Golgi-plug and Golgi-stop. Summary data graph in which each symbol 

represents an individual donor. (D) Percentages of ICOS+PD-1+IL-21+ T-cells in cDC2/

T-cell and cDC1/T-cell co-cultures were determined. Summary data graph in which each 

symbol represents an individual donor (n=10). (E) Proportions of ICOS+CXCR5+ T-cells in 

the different DC/T-cell co-cultures were determined at day 4. Summary data graph in which 

each symbol represents an individual donor (n=6). (F) Percentages of PD-1hiBCL6hi cells 

in ICOS+CXCR5+, ICOS+CXCR5− and ICOS− CXCR5− T-cell subsets in the cDC2/T-cell 

co-cultures were determined via flow cytometry. Summary data graph in which each symbol 

represents an individual donor (n=6). *p<0.05, **p<0.01, ***p<0.001, Tukey’s multiple 

comparison test (A, C, E and F) and paired student’s t-test (D).
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Figure 3. cDC2 from COPD GOLD II lungs display increased potential to promote Tfh-like cell 
skewing which is associated with the increased presence of Tfh-like cells in the COPD lung.
(A) and (B) cDC2 were isolated from COPD GOLD II peritumoral lung tissues (n=7) 

and co-cultured with allogeneic naïve CD4+ T-cells. Proportions of ICOS+PD-1+ T-cells 

(A) and ICOS+PD-1+IL-21+ T-cells (B) were determined at day 7 and compared to the 

respective T-cell proportions induced by cDC2 from non-obstructed peritumoral lung tissues 

as previously shown in Figure 2 (n=10). Shown is summary data graphs in which each 

symbol represents an individual donor. (C) Percentages of ICOS+PD-1+ Tfh-like cells 

were determined in peritumoral lung tissue resections of COPD and non-obstructed control 

subjects via flow cytometry. Shown is summary data graph in which each symbol represents 

an individual donor (n=6 for controls and n=5 for COPD subjects). (D) Intracellular 

IL-21 staining of lung tissue ICOS+PD-1+ (purple), ICOS−PD-1+ (orange), ICOS+PD-1− 

(blue) and ICOS−PD-1− (black) T-cell subsets after PMA/ionomycin restimulation (+ Golgi-

plug/Golgi-stop) in DC-free in vitro cultures. Shown are pooled data from control (full 

diamonds) and COPD (open diamonds) lung resections (n=11). Each symbol represents 
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an individual donor. *p<0.05, **p<0.01, ***p<0.001, Student’s t-test (A-C) and Tukey’s 

multiple comparison test (D).
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Figure 4. cDC2 exhibit a unique migratory pattern.
(A) Surface levels of CXCR5, CXCR4 and EBI2 were measured on cDC2 and cDC1 

from non-obstructed peritumoral lung resections via flow cytometry (n=7 for CXCR5, 

n=5 for CXCR4 and n=7 for EBI2). Summary data graphs (mean MFI corrected for 

background intensity) for the indicated markers are shown. Each symbol represents an 

individual donor. (B) Surface EBI2 levels on ICOS+PD-1+ (purple), ICOS− PD-1+ (orange), 

ICOS+PD-1− (blue) and ICOS−PD-1− (black) T-cell subsets in the lung measured via flow 

cytometry. Summary data graph (mean MFI corrected for background intensity) of pooled 
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control (full diamonds) and COPD (open diamonds) lung samples (n=10). Each symbol 

represents an individual donor. (C) Correlations of whole lung EBI2, CH25H, CYP1B1 and 

CYP7B1 mRNA expression with COPD disease severity (GOLD stage and %FEV1) and 

whole lung CXCL13 mRNA as a marker for TLO formation. (D) Correlation of whole 

lung CH25H mRNA expression with whole lung EBI2 mRNA expression. Data in C and 

D are derived from a publicly available GSE-set (GSE47460). Healthy control subjects 

n=116; GOLD I n=24; GOLD II n=97; GOLD III n=32 and GOLD IV n=54. (E) In situ 
visualization of CH25HmRNA (brown) in COPD GOLD IV explanted lung tissue TLOs 

via RNAscope duplex technology (n=5). CD19 mRNA (red) is used to delineate the B-cell 

follicle of the TLO. *p<0.05, **p<0.01, ***p<0.001, (A) Student’s t-test, (B) Tukey’s 

multiple comparison test (C) and Holm-Sidak’s multiple test correction was used. To test for 

correlation of expression for the indicated genes within all study subjects, linear regression 

analysis and Pearson’s correlation test were used to calculate the correlation coefficient r, R2 

and p-value of correlation.
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Figure 5. cDC2 reside in the follicular T-cell zone of established COPD GOLD IV TLO.
Representative confocal fluorescence images of TLOs located in COPD GOLD IV explanted 

lungs (n=5). CD19 (blue) (AF594) and CD3ε (purple) (AF647) was used to define the B- 

and T-cell zone of the TLO respectively. CD11c (green) (FITC) and CD1c (red) (AF542) 

were used to identify cDC2 (white arrows). Hoechst was used as nuclear counter staining 

(grey). Scale bars 100μm.
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Figure 6. cDC2 express increased levels of OX40L and transcriptional signatures related to 
Tfh-cell priming.
Surface levels of ICOSL, PD-L1 and OX40L were measured on cDC2 and cDC1 from 

(A) non-obstructed and (B) COPD GOLDII (OX40L) peritumoral lung tissue via flow 

cytometry. Summary data graphs of the indicated co-stimulatory markers are depicted in 

A and representative flow cytometry histograms and summary data graph for OX40L is 

shown in B. Each symbol represents an individual donor (n=5 for ICOSL, n=6 for PD-L1, 

n=7 for control OX40L control and n=5 for COPD OX40L). *p<0.05, **p<0.01, Student’s t-
test. (C) cDC2 were isolated from non-obstructed peritumoral lung resections (n=3) and co-
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cultured with allogeneic naïve CD4+ T-cells in the presence of an OX40L blocking antibody 

(oxelumab) or an IgG isotype control. Proportions of ICOS+PD-1+ T-cells were determined 

at day 7. Shown is the combined data graph in which each symbol represents an individual 

donor. (D) and (E) cDC2 and cDC1 were FACS-sorted from non-obstructed peritumoral 

lung resections (n=5) and the RNA transcriptomic profile of these subsets was generated 

via NGS. (D) Canonical pathways significantly (signif) upregulated (red) and downregulated 

(blue) (Fisher’s exact test, -log10 P values for each represented pathway are shown) in 

transcriptional signatures in cDC2 vs cDC1 as predicted by Ingenuity Pathway Analysis 

(IPA). (E) Significant putative regulators with predicted activating (red) or inhibitory (blue) 

influence on transcriptional signatures in cDC2 vs cDC1 from non-obstructed lungs, as 

determined by IPA.

Naessens et al. Page 26

Am J Respir Crit Care Med. Author manuscript; available in PMC 2024 December 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7. cDC2 drive lymphoid neogenesis during COPD; a working model.
Elevated pulmonary levels of CXCL12, CXCL13 and cholesterol metabolites, produced 

during COPD, attract cDC2 and CD4+ T-cells to the site of TLO formation. Upon encounter, 

cDC2 drive IL-21+ Tfh-like cell polarization via the OX40L-OX40 axis and the secretion 

of cytokines like IL-6, IL-1β and TGF-β. The chronicity of this self-amplifying loop results 

in the formation of well-established TLOs during late-stage COPD in which Tfh-like cell 

clonality and proliferation is further sustained by cDC2.
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Table 1
Summary of subject demographics, smoking history, and spirometry

Group Control COPD GOLD II COPD GOLD IV

Subjects, n 35 7 5

Sex: M,F 14, 21 3, 4 0, 5

Age, yr 65(10) 70 (6) 61 (8)

Smoking, pack-years (active and former) 28(12) 41 (10) 45 (9)

Smoking status: never, active, former 8, 1, 26 0, 0, 7 0, 0, 5

FEV1, % pred 94(17) 57 (7) 27 (17)

DLco, % pred 74 (14) 63(10) 31 (4)

Definition of abbreviations: % pred = percentage of the predicted value; COPD = Chronic Obstructive Pulmonary Disease
Data are represented as mean (SD)
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