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Abstract  39 

The peri-bronchial zone of chronic obstructive pulmonary disease (COPD) is the site of 40 

extensive infiltration of immune cell, allowing persistent contacts between resident cells 41 

and immune cells. Tissue fibrocytes interaction with CD8+ T cells and its  consequences 42 

were investigated. We show that interactions beween both cell types are more frequent in 43 

distal airways from COPD patients compared to those of control subjects. Tissular CD8+ T 44 

cells from COPD patients promote fibrocyte chemotaxis via the CXCL8-CXCR1/2 axis. 45 

CD8+ T cells establish short-term interactions with fibrocytes, that trigger CD8+ T cell 46 

proliferation in a CD54- and CD86-dependent manner, as well as pro-inflammatory 47 

cytokines production. A computational model accurately predicts histological ex vivo 48 

characteristics and allows to monitors disease evolution. Overall, our study reveals that local 49 

interactions between fibrocytes and CD8+ T cells may comromise the balance between 50 

protective immunity and chronic inflammation in bronchi of COPD patients.  51 
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Teaser  52 

Fibrocytes/CD8+ T cells interactions cause inflammation through a maintained 53 

pathophysiological loop in bronchi of COPD patients.  54 
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MAIN TEXT 55 

 56 

Introduction 57 

The prevalence of COPD, one of the most common chronic diseases worldwide, has been 58 

rising in recent decades (1); thus, prevention and treatment of COPD are important issues 59 

of global healthcare. COPD bronchi are an area of intense immunological activity and tissue 60 

remodeling, as evidenced by the extensive immune cell infiltration and changes in tissue 61 

structures such as peribronchial fibrosis. In particular, distal airways are hypothesized to 62 

constitute a “quiet zone”, where exaggerated remodeling and inflammatory processes take 63 

place early in the history of the disease, without identifiable symptoms or lung function tests 64 

alteration (2, 3). In these particular areas, persistent contacts occur between resident cells 65 

and stimulated immune cells migrating from the peripheral circulation to the distal airways. 66 

The relevance of direct contact between T cells and monocyte-macrophages to potentiate 67 

the inflammatory response has been demonstrated in many chronic inflammatory diseases 68 

affecting the central nervous system, osteoarticular structures and the lungs  (4), but remains 69 

to be fully investigated in COPD. 70 

Fibrocytes, fibroblast-like cells from the monocyte-macrophage lineage, produced by the 71 

bone marrow and released in the peripheral circulation, are recruited in the blood of COPD 72 

patients during an acute exacerbation (5). High circulating fibrocyte count during a COPD 73 

exacerbation is associated with an increased risk of death, suggesting that fibrocytes could 74 

be detrimental to the evolution of this disease (5). We have also demonstrated that tissue 75 

fibrocytes density increases in COPD bronchi, which was associated with a degraded lung 76 

function, increased wall thickness and air trapping (6). However, the function of these 77 

fibrocytes in COPD lungs is not yet fully understood. Besides their role in tissue scarring 78 

matrix production (7) and contraction (8), recruited fibrocytes may participate to lung 79 

inflammation in virtue of their immune properties. They can function as accessory cells in 80 
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the presentation of antigens to CD4+ and CD8+ T lymphocytes (9), and differentiated 81 

fibrocytes display a proteomic signature consistent with a strong engagement into 82 

immunomodulation (10). Cytotoxic CD8+ T cells are predominant in the airways of COPD 83 

patients and their number inversely correlates with lung function (11). CD8+ T cell-deficient 84 

mice are protected against lung inflammation and emphysema induced by cigarette smoke 85 

exposure (12) whereas the expression of molecules linked to tissue destruction, such as 86 

perforin, granzyme B and ADAM15, correlate with disease severity (13, 14), suggesting 87 

CD8+ T cells implication in lung inflammation and destruction in COPD.  Activation of 88 

CD8+ T cells is increased in COPD lung samples and has been shown to be smoking-89 

independent (15, 16). Other studies have shown that CD8+ T cell activation could result 90 

from the exposure to self-antigens such as elastin fragments induced by cigarette smoke 91 

exposure (17), and could be partially T Cell Receptor (TCR)-independent (13). The absence 92 

of increased expression of cytotoxic enzyme in peripheral blood CD8+ T cells from COPD 93 

patients argues in favor of a local activation within the lungs (18). CD8+ T cells express an 94 

exhausted phenotype in the COPD lung, that may result from an over-activation thus 95 

participating to the defective response to infection in COPD (19, 20). However, CD8+ T 96 

cells activation’s mechanism as well as their precise contribution to COPD pathogenesis 97 

remain largely unknown. 98 

A recent study showed that fibrocytes, derived from the blood of lung adenocarcinoma 99 

patients, could strongly enhance the proliferation of CD8+ T cells (21). We thus 100 

hypothesized that CD8+ T cells and fibrocytes interact into the lungs, and that this 101 

interaction is critical in COPD pathology. Multiple immunostainings in combination with 102 

specific image analysis methods allow to determine the spatial distribution of individual 103 

CD8+ T cells and fibrocytes within bronchial tissues of both control subjects and COPD 104 

patients. Using in vitro fibrocyte and CD8+ T cell–based experiments, we studied cell 105 
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interplay in terms of relative chemotaxis, dynamics, proliferation and cytokine secretion 106 

profile. We then integrated these findings into an agent-based computational model 107 

representing airways from either healthy or COPD patients enabling to test how local 108 

interactions shape spatial distributions of cell in both conditions. We propose that slight 109 

dysregulations of intercellular interactions induce abnormal cell organization around 110 

bronchi, ultimately causing a breakdown of tissue homeostasis, leading to chronic 111 

inflammation and tissue remodeling.  112 
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Results  113 

Direct contacts between fibrocytes and CD8+ T cells are more frequent in distal 114 

bronchial tissue from COPD patients than in that of controls 115 

We used immunohistochemistry (IHC) to assess whether fibrocytes and CD8+ T cells were 116 

in close vicinity in human tissue. Sections of distal lung tissues from 17 COPD and 25 117 

control patients were obtained, from a previously described cohort (6), and labeled to detect 118 

CD8+ T cells, identified as cells positive for CD8 staining and fibrocytes, identified as cells 119 

dual positive for FSP1 and CD45 double staining (fig. S1A-D). In agreement with previous 120 

studies (6, 11, 22), the  density of both CD8+ T cells and fibrocytes was increased within 121 

the subepithelial area of distal bronchi from COPD patients compared with that of control 122 

subjects (Fig. 1A-C). Moreover, fibrocytes and CD8+ T cells were frequently in close 123 

proximity (Fig. 1D). To quantify the potential for cell–cell contacts, we determined the 124 

density of CD8+ T cells in interaction with CD45+ FSP1+ cells (fig. S1A-D). Whatever the 125 

magnification used to automatically count interacting cells, the density of CD8+ T cells in 126 

interaction with fibrocytes was higher in the sub-epithelial region of distal bronchi of COPD 127 

patients than in that of control subjects (Fig. 1D-F). For subsequent analyses, we chose the 128 

dilatation size “D8” (3.6 μm, which represents the radius of a mean ideal round cell in our 129 

analysis) to reflect the density of interacting cells. To evaluate the minimal distance between 130 

CD45+ FSP1+ cells and neighboring CD8+ T cells, we used a CD8 distance map generated 131 

from the CD8 staining image, with the brightness of each pixel reflecting the distance from 132 

a CD8+ T cell (fig. S1E-F). The mean minimal distance between fibrocytes and CD8+ cells 133 

was significantly smaller in the sub-epithelial region of distal bronchi of COPD patients 134 

than in that of control subjects (Fig. 1G-H). In contrast, the mean minimal distances between 135 

CD8+ T cells themselves or between fibrocytes themselves were unchanged (fig. S2A-B). 136 

The majority of both CD8+ T cells and fibrocytes was located beneath the epithelium, with 137 
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their minimal distance and distribution relatively to the basal membrane being similar in 138 

control and COPD patients (fig. S2C-F). Altogether, no difference of spatial repartition was 139 

observed within each cell population between control and COPD patients, but the relative 140 

distribution of fibrocytes and CD8+ cells was affected in tissues from patients with COPD. 141 

To further describe the relative spatial organization of both cell types, we used a method 142 

based on Delaunay triangulation computed on previously segmented cell barycenters. It is 143 

based on a custom developed plugin to determine congregations of small groups of cells, 144 

called “clusters” (fig. S3). As expected from our minimal distance analysis, we found 145 

difference neither in the density of single cell-type clusters nor in their size, measured by 146 

the mean number of cells by cluster, between control subjects and patients with COPD (fig. 147 

1I-J, left and middle panels). However, the density of clusters containing both cell types 148 

(“mixed cell clusters”) was higher in distal bronchi of COPD patients than in those of control 149 

subjects, with a median number of 5 and 6 cells in these clusters in control and COPD 150 

tissues, respectively (Fig. 1I-J, right panels). This result indicates that fibrocytes and CD8+ 151 

T cells are found within close proximity in the peribronchial area of COPD patients, with 152 

possible co-organization of CD8+ T cells and fibrocytes in mixed cell clusters, indicating 153 

that direct and/or indirect fibrocyte-CD8+ T cell interactions might occur in vivo. 154 

 155 

Relationships between the density of CD8+ T cells interacting with fibrocytes and 156 

functional parameters 157 

We determined the univariate correlation coefficients between fibrocyte density, CD8+ T 158 

cell density, the 3 variables quantifying the interaction of CD8+ T cells with fibrocytes (the 159 

interacting cell density, the mean minimal distance between fibrocytes and CD8+ T cells 160 

and the density of mixed cell clusters), and various functional and CT parameters (Tables 161 

S1 to S5). In particular, moderate but significant univariate correlations were found between 162 
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the Forced Expiratory Volume in 1 second / Forced Vital Capacity (FEV1/FVC) ratio (used 163 

to diagnose COPD if below 0.7) and the density of fibrocytes, the density of interacting 164 

cells, the mean minimal distance between fibrocytes and CD8+ T cells and the density of 165 

fibrocytes-CD8+ T cells clusters (fig. S4A-D). Variables significantly correlated with 166 

FEV1/FVC were entered into stepwise regression analyses in order to find the best model 167 

fitting FEV1/FVC. The best model associated the density of interacting cells and the density 168 

of mixed cell clusters. It explained 35% of the FEV1/FVC variability (Table S6). The 169 

relationships between the FEV1/FVC ratio, the density of interacting cells and the density 170 

of mixed cell clusters were all statistically significant.  171 

 172 

Chemo-attraction of CD8+ T cells for fibrocytes is increased in COPD tissue 173 

To decipher the molecular mechanisms underpinning the increased cell-cell interaction in 174 

COPD bronchi, we investigated cell adhesion and chemotaxis processes in CD8+ T cells of 175 

patients with COPD compared with those of controls. Using the transcriptomic profile of 176 

tissular resident memory and effector memory CD8+ T cells of COPD patients compared 177 

with that of control subjects in the GSE61397 microarray dataset 178 

(http://www.ncbi.nlm.nih.gov/geo/) published elsewhere (23), we noted significative 179 

changes in the abundance of transcripts of genes related to cell adhesion. However, the 180 

changes were not consistent with clear increased or decreased adhesive properties in both 181 

tissue resident memory CD8+ CD103+ T-cells (TRM) and effector memory CD8+ CD103- T-182 

cells (TEM) (fig. S5). In contrast, transcriptomic data reveal consistent changes in COPD 183 

cells versus controls, mostly increases, in chemokines and chemokine receptors (Fig. 2A). 184 

Most changes in transcripts were compatible with a pro-attractive and a pro-migratory 185 

response. In particular, there were increases of CCL2, CCL26, CXCL2 and CXCL8 186 
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expression in TRM from patients with COPD, and CCL3L1 expression in TEM from patients 187 

with COPD (Fig. 2A).  188 

We then investigated whether tissular CD8+ T cells secretion from control or COPD patients 189 

could affect fibrocytes migration in an in vitro assay (Fig. 2B). CD8+ T cells were purified 190 

from lung resection material sampled either in control subjects or in COPD patients, whose 191 

characteristics are reported (Table S7). Precursors of fibrocytes were purified from blood 192 

samples of a separate cohort of COPD patients (i.e., COBRA), whose characteristics are 193 

also reported (Table S8). The migration of fibrocytes was significantly increased by 194 

conditioned medium derived from tissular CD8+ T cells of COPD patients compared with 195 

those from control lungs (Fig. 2C).  196 

The secretory profile of these tissular CD8+ T cells 36h after culture conditions with soluble 197 

anti-CD3 and anti-CD28 antibodies was determined. The concentration of CXCL8 was 198 

increased in CD8+ T cells from COPD patients compared to control cells (Fig. 2D) in good 199 

agreement with the transcriptomic analysis. By contrast, the concentration of both CCL3 200 

and CCL3L1 was undetectable (data not shown), whereas that of CCL2 and CXCL2 201 

remained unchanged (Fig. 2D). Since CXCL8 is a ligand of the chemokine receptors 202 

CXCR1 and/or CXCR2, we repeated the migration assay with the addition of the drug 203 

reparixin, an antagonist of both CXCR1 and CXCR2 (24). Whereas fibrocyte treatment with 204 

reparixin had no significant effect on the control CD8+ T cells-mediated migration, it did 205 

inhibit the increased migration induced by the secretions of CD8+ T cells purified from 206 

COPD tissues (Fig. 2E). Moreover, an anti-CXCL8 blocking antibody also inhibited the 207 

increased migration induced by the secretions of CD8+ T cells purified from COPD tissues 208 

(Fig. 2F). These data indicate that tissular CD8+ T cells from patients with COPD promote 209 

fibrocyte chemotaxis via CXCL8-CXCR1/2 axis. 210 

 211 
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CD8+ T cells repeatedly interact with fibrocytes 212 

As fibrocytes and CD8+ T cells reside in close proximity in the subepithelial area, especially 213 

that of tissues from COPD patients, we investigated their crosstalk capacity. We developed 214 

an autologous in vitro co-culture system allowing precise control over the cell types 215 

involved. Fibrocytes and CD8+ T cells, both purified from blood of COPD patients were co-216 

cultured 2 days before image acquisition for the following 12h. CD8+ T cells were either 217 

nonactivated or activated with anti-CD3/CD28 antibodies coated microbeads. At the 218 

beginning of live imaging, nonactivated CD8+ T cells were equally allocated in fibrocyte-219 

covered zones (41 ± 8%) and in fibrocyte-free zones (59% ± 8%) (Fig. 3A-B). Twelve h 220 

later, most (77 ± 9%) of CD8+ T cells were present in contact with fibrocytes (Fig. 3A-B). 221 

Activation of CD8+ T cells resulted in similar distribution (Fig. 3A-B). These data suggest 222 

that both cell types are able to directly interact, and that these interactions progressively 223 

increase during co-culture. We tracked individual CD8+ T cells during 12h time lapse to 224 

capture their spatiotemporal dynamics using multiple variables quantification (Fig. 3C and 225 

Movie S1). For both nonactivated and activated lymphocytes, the mean speed of CD8+ T 226 

cells decreased upon contact with fibrocytes (Fig. 3D). Irrespective of the activation state 227 

of CD8+ T cells, a majority of intercellular contacts (49 ± 6% and 49 ± 8% for nonactivated 228 

and activated CD8+ T cells, respectively) were short-lived (<12 min) and dynamic, although 229 

some longer interactions (>32 min) could also be detected (30 ± 4% and 27 ± 7% for 230 

nonactivated and activated CD8+ T cells, respectively) (Fig. 3E). The contact coefficient 231 

and the mean velocity of CD8+ T cells measured in the absence of contact with fibrocytes 232 

(“Mean free speed”) were similar in both conditions of activation (Fig. 3F-G).  However, 233 

we observed a significant decrease in the mean speed for activated CD8+ T cells when they 234 

were in contact with fibrocytes (“Mean contact speed”) compared to nonactivated CD8+ T 235 

cells (Fig. 3H), reflecting subtle behavior changes in this condition of activation. 236 
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 237 

Fibrocytes favor CD8+ T cell proliferation in a cell-cell contact-dependent manner 238 

Since multiple transient contacts have been shown to be an early trigger of events leading 239 

to clonal expansion (25), we wondered whether fibrocytes could promote CD8+ T cells 240 

proliferation using total cell count and a CellTrace-based co-culture proliferation assay. We 241 

designed two different co-culture assays modeling either a direct contact between the two 242 

cell types or an indirect contact (transwell assay). The activation of CD8+ T cells by anti-243 

CD3/CD28 antibody coated microbeads slightly increased the basal level of dividing CD8+ 244 

T cells (comparison of the conditions “CD8NA
” and “CD8A

” without fibrocytes in Fig. 3I-245 

P). The presence of fibrocytes in the indirect co-culture assay did not affect proliferation 246 

capacity of non-activated CD8+ T cells and only moderately increased the number of 247 

dividing activated CD8+ T cells (Fig. 3 I-L). The distinction between naïve (CD45RA+) and 248 

memory (CD45RA-) CD8+ T cells did not reveal any selective effect of fibrocytes on these 249 

two CD8+ subpopulations (fig. S6A, C and S6E-H). In the direct co-culture model, the total 250 

number of CD8+ T cells and the percentage of dividing CD8+ T cells were far higher in the 251 

presence of fibrocytes irrespective of the activation state of CD8+ T cells (Fig. 3M-P). This 252 

effect seemed to be particularly impressive for naïve CD8+ T cells as they demonstrated an 253 

average differential of 80 ± 14% and 70 ± 20% of dividing cells between the conditions 254 

with and without fibrocytes, respectively for nonactivated (fig. S6I-J, top panels) and 255 

activated CD8+ T cells (fig. S6I-J, bottom panels), vs 67 ± 18% and 52 ± 20% for memory 256 

CD8+ T cells (fig. S6K-L). Altogether, this implies that a direct rather than indirect 257 

interactions between CD8+ T cells and fibrocytes increased CD8+ T cell proliferation.  258 

After 6 days of co-culture, a cell population with a low level of CD8 expression (CD8low) 259 

appeared, that was inversely proportional to the level of CD8+ T cells strongly expressing a 260 

high level of CD8 (CD8high, fig. S7). The CellTrace-based assay showed that those cells 261 
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highly proliferated during co-culture, especially in the direct co-culture (fig. S7E), 262 

suggesting that CD8high cells disappeared in favor of CD8low cells. As fibrocytes could have 263 

contaminated the cell suspension harvested from the direct co-culture, we did check that 264 

those CD8low cells were not CD45+ Collagen I+ (fig. S8). Phenotypic analysis of this CD8low 265 

population indicated that cells were mostly CD45RA- cells (fig. S7A-B, S7D-E), with a low 266 

level of cytokine expression (fig. S7C, F). Since CD8low cells may thus represent a 267 

population of exhausted T cells, we focused on CD8high cells in the following, especially 268 

regarding the secretion profile characterization. As CD86 and CD54 co-stimulatory 269 

molecule and adhesion molecule, respectively, pivotal in immunological synapse formation, 270 

are both expressed by fibrocytes (21, 26), we tested the effects of anti-CD54 and anti-CD86 271 

blocking antibodies on fibrocyte-induced proliferation of CD8+ T cells. The inhibition of 272 

CD86 and CD54 significantly reduced proliferation of nonactivated CD8+ T cells in the 273 

direct co-culture with fibrocytes (Fig. 4). However, these antibodies failed to alter the 274 

stimulatory activity of lymphocyte division by fibrocytes, when CD8+ T cells were 275 

previously activated (Fig. 4). Blocking LFA-1 did not affect the fibrocyte-mediated CD8+ 276 

T cell division (fig. S9A-D), suggesting the existence of compensatory integrins at the 277 

surface of the lymphocyte, such as CD11b/CD18, to mediate the interaction with CD54. 278 

The inhibition of CD44, a receptor for hyaluronan which has been shown to be produced by 279 

fibrocytes (27), did not impair the proliferation of CD8+ T cells irrespective of their 280 

activation state (fig. S9E-H). 281 

In total, these results indicate that direct contacts between fibrocytes and CD8+ T cells, such 282 

as those mediated by CD54 and CD86, were strong positive signals to trigger CD8+ T cell 283 

proliferation with the induction of CD8high and CD8low phenotypes. 284 

 285 

Fibrocyte-CD8+ T cell interactions alter cytokine production 286 
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Multiparametric flow cytometry was used to characterize the cytokine expression profile of 287 

CD8+ T cells in the indirect and direct co-culture with fibrocytes. When nonactivated CD8+ 288 

T cells were indirect co-cultured with fibrocytes, the expression of TNF-α, IFN-γ by CD8+ 289 

T cells was slightly increased (Fig. 5A-B). IL-10, IL-17 and Granzyme B were not detected 290 

(Fig. 5A-B). When CD8+ T cells were activated with anti-CD3/CD28, the level of TNF-α 291 

and IFN-γ further increased, and the expression of granzyme B and IL-10 was slightly 292 

induced (Fig. 5A-B). Upon direct co-culture, we observed a massive induction of TNF-α, 293 

IFN-γ, granzyme B, IL-10 and IL-17, irrespective of the activation state of CD8+ T cells 294 

(Fig. 5C-D). Altogether, these results show that soluble factors and direct contacts between 295 

fibrocytes and CD8+ T cells might have an additive effect on CD8+ T cell cytokine 296 

production. The concentration of TNF-α measured in culture supernatant increased 297 

significantly upon co-culture between fibrocytes and non-activated CD8+ T cells at day 4, 298 

confirming that TNF-α was secreted in the medium upon direct interactions with fibrocytes 299 

(Fig. 5E). This shows that both soluble factors produced by fibrocytes and direct contacts 300 

influence CD8+ T cell secretion profile. 301 

We then wondered whether glucocorticoid drugs (i.e., budesonide or fluticasone propionate) 302 

could reverse the fibrocyte-induced proliferation and differentiation of CD8+ T cells. 303 

Treatment with glucocorticoid drugs significantly decreased fibrocyte-induced TNF-α 304 

secretion by non-activated CD8+ T cells, without affecting the proliferation (fig. S10). 305 

Collectively, these results underline the importance of the interaction with fibrocytes for 306 

CD8+ T cell activation, possibly by favoring cellular proliferation and local cytokine 307 

production.  308 

 309 

 310 
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Stochastic mathematical model taking into account intercellular interactions describes 311 

the evolution over time of cell populations in control and COPD bronchi  312 

All the above mentioned results led us to hypothesize that fibrocyte infiltration into the lung, 313 

differential migration of fibrocytes towards CD8+ T cells and subsequent CD8+ T cell 314 

proliferation, could result in a distinct spatial cellular repartition observed in tissues 315 

obtained from patients with COPD, compared to control tissues. To investigate this 316 

hypothesis, which could not be experimentally tested, we developed an agent-based 317 

(cellular automata) model with local and random cellular interactions. We considered the 318 

lamina propria (i.e., the peribronchial zone), located between the bronchial epithelium and 319 

the smooth muscle layer, which contains fibrocytes and CD8+ T cells. In line with the 320 

present analysis, the computational domain (i.e., the lamina propria), corresponds to a zone 321 

of 179 000 µm2. Fibrocytes and CD8+ T cell are considered as individual objects that can 322 

move, divide, die and infiltrate the lamina propria at the stable state and during exacerbation. 323 

Their individual behaviors and interactions are supposed to be stochastic and the value of 324 

the probabilities has been established from literature (5, 6, 10, 21, 28–41) and the present in 325 

vitro data, as summarized in the method section and in Tables S9 and S10, and exhaustively 326 

described in the supplementary text and (42). Initial cell densities were scaled with respect 327 

to reference values, corresponding to the mean densities measured in non-smoking subjects. 328 

Simulations started with these initial densities and ended 20 years later, to reflect the average 329 

time between the beginning of cigarette smoke exposure and COPD onset (43). 330 

All the biological processes are governed by probabilities (Fig. 6A). CD8+ T cells, but not 331 

fibrocytes, are able to proliferate, based on our own unpublished observations and other 332 

studies (10, 34). The presence of fibrocytes in the local neighborhood of a CD8+ T cell can 333 

trigger CD8+ T cell division with increased probability, based on the present in vitro 334 

experiments showing that the contact between those two cell types greatly enhanced CD8+ 335 
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T cell proliferation. Fibrocytes and CD8+ T cells movements depend on the local 336 

neighborhood of cells, reflecting their relative chemo-attractive properties. We then 337 

simulated the evolution over 20 years, with two sets of parameters, respectively for the 338 

control and COPD cases and the second for the COPD case (see supplementary text). 339 

We first tested the results of simulations against our experimental data from patients’ 340 

tissues. First, we compared cell densities, experimentally measured in tissue samples, with 341 

theoretical predictions at the final state. Snapshots of the peribronchial area at the end of the 342 

simulations show that the densities of cells as well as their relative distribution were 343 

different between healthy and COPD situations (Fig. 6B). From the simulations (n=160 in 344 

each condition), we found a median of 754 CD8+ T cells/mm2 (95% CI, 748 to 763) and 345 

106 fibrocytes/mm2 (95% CI, 101 to 108) in the control situation, and 1187 CD8+ T 346 

cells/mm2 (95% CI, 1169 to 1195) and 212 fibrocytes/mm2 (95% CI, 206 to 216) in the 347 

COPD situation. These values are in very good agreement with our experimental findings, 348 

and the simulations were also able to reproduce the statistical increase of cell densities in 349 

COPD situation compared to that of controls (Fig. 6C). Next, we tested if our theory 350 

accounted for the experimental relative distribution of CD8+ T cells and fibrocytes. The 351 

densities of CD8+ T cells in interaction with fibrocytes (Fig. 6D), the mean minimal 352 

distances between fibrocytes and CD8+ cells (Fig. 6E), the distribution of mean minimal 353 

distances (fig. S11) and the mean number of mixed cell clusters (Fig. 6F) were in good 354 

agreement with tissular analyses and mimicked the variations observed between control 355 

subjects and patients with COPD. The densities of mixed cell clusters predicted by 356 

simulations (control simulations: median = 17 clusters/mm2 (95% CI, 18 to 21), COPD 357 

simulations: median = 45 clusters/mm2 (95% CI, 46 to 51), P<0.001) agreed perfectly with 358 

experimental measurements (Fig. 6G) and were therefore chosen as a readout of intercellular 359 

interactions in the following analyses. If purely random, the density of mixed clusters was 360 
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expected to be 28 clusters/µm2 (95% CI, 25 to 29) and 73 clusters/µm2 (95% CI, 70 to 74) 361 

in control and COPD situations, respectively (fig. S12). These random densities as well as 362 

the others parameters quantifying the relative distribution of cells were statistically different 363 

from the distributions obtained in both simulations and in situ analyses (fig. S12). We 364 

conclude that the relative organization of CD8+ T cells and fibrocytes in control and COPD 365 

bronchi did not result from a pure stochastic mechanism but implicates chemotaxis 366 

processes. 367 

One of the strengths of the model is to allow the monitoring of the temporal evolution of 368 

the different cellular processes and the numerical detection of a change of regime (Fig. 369 

6H-I). CD8+ T cells infiltration remained identical in control and COPD situation. 370 

Fibrocyte-induced T cell proliferation, that represents the minor part of the total 371 

proliferation in control situation, quickly increased in COPD situation over time to reach a 372 

plateau after approximately 4 years. As the basal proliferation of CD8+ T cells remained 373 

similar in healthy and diseased situations, the resulting total proliferation in CD8+ T cells 374 

over time was higher in the COPD situation compared to the control one. COPD dynamics 375 

also affected CD8+ T cell death, with a concomitant increase of T cell-induced death. In 376 

total, the net balance between gain and loss of CD8+ T cells was around zero for control 377 

dynamics and strictly positive for COPD dynamics, explaining the increased CD8+ T cell 378 

density in COPD simulations. Fibrocytes infiltration remained very similar in control and 379 

COPD dynamics (Fig. 6I). Fibrocytes death was initially lower in COPD simulations before 380 

increasing and reaching a stationary state after approximately 7 years, resulting in a net 381 

expansion of fibrocytes population in COPD bronchi after 20 years. Moreover, the 382 

simulations allowed us to monitor the interactions between fibrocytes and CD8+ T cells. 383 

The density of mixed cell clusters gradually increased in the first years of the COPD 384 

simulation before reaching a stationary state after approximately 6 years (Fig. 6J, Movies 385 
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S2 to S5). Altogether, the theory of the influence of local interactions tested by our agent-386 

based (cellular automata) model correctly accounts for the shift of absolute and relative 387 

distribution of CD8+ T cells and fibrocytes in peribronchial areas from control subjects to 388 

patients with COPD. 389 

 390 

The above results constitute a validation of our model since for the different parameters 391 

considered, there is agreement between the simulations and the in vitro observations 392 

 393 

 394 

Discussion  395 

The present study aimed at identifying the role and mechanism of fibrocyte-CD8+ T cells 396 

cross-talk in COPD. A previous study had pointed out a pivotal role for fibrocyte to activate 397 

CD8+ T cells proliferation (21). However, whether and how both cell types could interact 398 

in bronchi, as well as their implication in COPD was completely unknown. Quantitative 399 

image analysis provided crucial insight into the relative distribution of fibrocytes and CD8+ 400 

T cells in distal bronchial specimens from control subjects and COPD patients. In addition 401 

to data from previous studies demonstrating that the densities of both fibrocytes (6) and 402 

CD8+ T cells (41) are increased within the distal bronchi of COPD patients, we found that 403 

fibrocyte and CD8+ T cells are localized in close proximity in peribronchial areas, especially 404 

in tissues from patients with COPD. We deciphered the spatiotemporal characteristics of 405 

these cell–cell contacts by live imaging in an in vitro autologous co-culture assay, and 406 

showed that the duration of the contacts was compatible with activation through the 407 

establishment of dynamic synapses. On the one hand, CD8+ T cells induced fibrocyte 408 

chemotaxis, and, on the other hand, fibrocytes directly induced CD8+ T cell proliferation 409 

and cytokine production. The strength of our work relies on the integration of findings from 410 
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the present in vitro experiments and other studies into a comprehensive computational 411 

model that provides an accurate prediction of histological ex vivo characteristics opening up 412 

the possibility to figure out the in vivo effect of drugs in future studies. Altogether, our data 413 

suggest a pivotal role for fibrocytes to activate CD8+ T cell deleterious functions in the 414 

context of COPD. 415 

 416 

We analyzed the relationship between these histological parameters and clinical data and 417 

found associations between fibrocyte presence, fibrocyte-CD8+ T cell interaction and the 418 

alteration of lung function. We have demonstrated using stepwise and multivariate 419 

regressions that the density of interacting cells and the density of mixed cell cluster were 420 

the two best correlated parameters with the FEV1/FVC ratio, supporting a potential role for 421 

the interplay between both cell types in COPD. Since regions of microscopic 422 

emphysematous destruction of terminal bronchioles have been associated with increased 423 

infiltration of CD8+ T cells and immune response activation, such as the up-regulation of 424 

IFN-γ signaling (44), it is tempting to speculate that fibrocyte-CD8+ T cell interplay could 425 

be implicated in early changes leading to tissue remodeling and chronic inflammation in 426 

COPD. Of note, the gene signature obtained by tissue microarray associated with this site 427 

also indicates the modification of two genes associated with the tissue repair process, FGF10 428 

and TGFB2 (44). Considering the possible effect of CD8+ T cells on fibrocyte 429 

differentiation, it could be worthwhile to focus on these genes in further studies. 430 

 431 

We also addressed the potential mechanisms explaining these increased interactions of 432 

CD8+ T cells and fibrocytes in tissues of COPD patients. Chemotaxis could guide CD8+ T 433 

cells towards fibrocytes and reciprocally, as it has been proposed for T cells towards 434 

dendritic cells (45–47). Stronger or longer interactions could also explain the differential 435 
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spatial distribution between healthy and diseased tissues. On the other hand, the contact 436 

between both cell types could also occur through a stochastic mechanism, as shown for 437 

CD4+ T cells and dendritic cells in lymph nodes, without any implication of chemotactic 438 

processes (48). Although we cannot totally rule out a role for fibrocyte-CD8+ T cell adhesion 439 

to explain the increased interactions, our findings rather suggest a central role for the 440 

CXCL8-CXCR1/2 axis in promoting encounters between CD8+ T cells and fibrocytes in 441 

COPD patients. Importantly, this is further supported by the results of computational 442 

modelization, which only integrates chemotaxis and not adhesion processes, revealing a 443 

final spatial repartition of cells in the COPD situation distinct from a random distribution. 444 

Altogether, our data suggest that the likelihood of interactions between fibrocytes and CD8+ 445 

T cells could be increased in tissues from patients with COPD through the CXCL8-446 

CXCR1/2 axis thus participating to cluster fibrocytes and CD8+ T cells in diseased tissues. 447 

Importantly, dual blockers of CXCR1-CXCR2 have been suggested as therapeutic targets 448 

in COPD (49) and are efficient in our in vitro experiments to block the increased chemotaxis 449 

of fibrocytes towards secretion of CD8+ T cells purified from COPD tissues. The outcome 450 

of such therapies could be predicted using the computational model described in this study. 451 

 452 

We show that fibrocytes act as a major promoter on CD8+ T cell proliferation, thus 453 

confirming, in an autologous co-culture system, what has been previously found in the 454 

context of cancer-related immunity (21). This is consistent with the present in situ analyses, 455 

showing the presence of clusters containing both cell types in peribronchial area, especially 456 

in the tissues from patients with COPD. The mean numbers of cells in those clusters 457 

remained relatively low, suggesting that these structures are distinct from inducible 458 

bronchus-associated lymphoid tissue (iBALT) (50). Although a previous report has 459 

demonstrated that fibrocytes, exposed to viral antigens, could induce proliferation of naïve 460 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.21.513138doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513138


CD8+ T cells (26), the pro-proliferative effect exerted by fibrocytes on CD8+ T cells 461 

occurred without antigen exposure in our in vitro study. This antigen-independent T cell 462 

proliferation driven by fibrocytes was also found in the context of sepsis (51), suggesting 463 

that fibrocytes generally impact T cells expansion with a mechanism independent of the 464 

traditional antigen-driven clonal proliferation. This is also in agreement with our findings 465 

showing that contacts between CD8+ T cells and fibrocytes were relatively short and 466 

dynamic, and that the dynamics of the interaction did not depend on the activation state of 467 

CD8+ T cells. The spatiotemporal behavior of CD8+ T cells was consistent with the 468 

establishment of dynamic synapse, also called “kinapse” (52), which are associated with the 469 

induction of relatively weak TCR signals (53). We have evidenced the requirement for 470 

cellular contacts, implicating the surface receptors CD86 and CD54. The lack of effect of 471 

the anti-CD86 and CD54in pre-activated  CD8+ T cells might indicate potential changes of 472 

expression of molecules belonging to the immunological synapse upon activation, that could 473 

make the lymphocytes more responsive to others signals. The well-known inhaled 474 

corticosteroids (i.e., budesonide and fluticasone propionate) also failed to significantly 475 

inhibit fibrocyte-induced CD8+ T cell proliferation. This is consistent with their lack of 476 

activity in lymphocytes obtained from patients with COPD (54). In contrast, we propose 477 

that targeting the interaction between structural and immune cells and/or its consequences 478 

should reveal robust candidates for future pharmacotherapeutic strategies to treat COPD. Of 479 

note, the stimulatory activity of CD8+ T cells by fibrocytes was also found to be enhanced 480 

by the blockade of the PD-1/PD-L1 pathway in a previous study (21). As this latter property 481 

of fibrocytes may be beneficial in tumor microenvironment (55), especially when cancer 482 

patients were treated with anti–PD-1/PD-L1 antibody, it might be rather detrimental in 483 

COPD patients, by promoting tissue damages and chronic immune inflammation. 484 

 485 
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Fibrocytes skewed CD8+ T-cell populations towards both CD8high and CD8low phenotypes 486 

in a cell–cell contact independent manner. It has been described that, following contact 487 

between an antigen presenting cell and a lymphocyte, asymmetric division can occur 488 

generating a memory cell, weakly expressing CD8, and an effector cell strongly expressing 489 

CD8 (56, 57). The asymmetry is reduced but still present even without specific recognition 490 

of foreign antigen by T cells (57). It is tempting to speculate that the induced proliferation 491 

we observed in our experiments generates, via asymmetric division, unequal CD8 492 

inheritance in daughter cells. The low level of cytokine expression in CD8low cells is 493 

compatible with an exhausted phenotype, while CD8high cells express higher levels of 494 

cytokines, a profile consistent with an effector commitment. Although the presence of the 495 

CD8high and CD8low subsets remain to be evidenced in the tissues, we suspect that the 496 

relative expansion of the CD8high and CD8low subset triggered by fibrocytes could have 497 

functional implications. Reiterative rounds of CD8+ T cells division induced by frequent 498 

interactions with fibrocytes might induce defective immune response by exhausted CD8low 499 

T cells (19, 20), and tissue destruction by cytotoxic CD8high cells (12, 58). 500 

 501 

In COPD, outside of exacerbations, factors triggering pro-inflammatory cytokines 502 

production are still elusive. Here, we demonstrate that fibrocytes exert a strong effect 503 

through soluble factors and direct cellular contacts with CD8+ T cells, inducing a massive 504 

upregulation of TNF-α, IFN-γ and granzyme B production, all implicated in COPD 505 

pathophysiology (59). Greater production of TNF-α, IFN-γ and granzyme B by CD8+ T 506 

cells triggered by the interaction with fibrocytes is consistent with previous studies showing 507 

enhanced production of Tc1 cytokines and cytotoxic molecules by CD8+ T cells purified 508 

from patients with COPD (13, 60, 61), suggesting that local interactions with cells such as 509 

fibrocytes may play a pivotal role in CD8 polarization in COPD. In particular, TNF-α has 510 
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proinflammatory and prooxidative actions (62), and its overexpression has been associated 511 

with emphysema (63). TNF-α can directly contribute to cytolysis, together with the 512 

cytotoxic granzyme B (64) and in synergy with IFN-γ (65). TNF-α can also indirectly 513 

participate to extracellular matrix degradation through the induction of matrix 514 

metalloproteinases (66). Simultaneously, the production of the pro-fibrotic IL-17 was also 515 

induced upon co-culture with fibrocytes, raising the possibility that the interaction between 516 

CD8+ T cells and fibrocyte participates to the generation of IL-17-secreting CD8+ T cells in 517 

airways of patients with COPD (67). Interestingly, IL-17 is able to simulate matrix 518 

components synthesis in other cell types, including fibrocytes, and promotes CD40-519 

mediated IL-6 production by fibrocytes (68). Cooperative interactions between fibrocytes 520 

and CD8+ T cells, through tissue destruction and abnormal matrix components synthesis, 521 

may thus directly contribute to the loss of normal lung function. On the other hand, CD8+ T 522 

cell production of anti-inflammatory cytokines such as IL-10, was also stimulated upon co-523 

culture with fibrocytes. In total, rather than the net production of each cytokine, it is 524 

probably the balance or imbalance between pro-inflammatory and anti-inflammatory 525 

molecules that will dictate the outcome of the inflammatory process. 526 

 527 

Whereas the field of respiratory research is rapidly moving towards an exhaustive 528 

description of modifications of molecular and cellular components in diseased lungs, the 529 

actual transition between a healthy to a diseased state, although critical, remains very 530 

difficult to investigate. We developed here a probabilistic cellular automata type model to 531 

explore of dynamic behaviors and interactions between fibrocytes and CD8+ T cells. 532 

Previous agent-based computational approaches have been used to describe the switch from 533 

normal to allergic response (69) and airway remodeling in asthma (70), but, to our 534 

knowledge, this type of modeling was never applied to COPD. Qualitative estimates of 535 
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probabilities that govern cell death, proliferation, infiltration and displacement are derived 536 

from experimental data from our study and others. We could simulate spatiotemporal 537 

behaviors of cells in the lamina propria over long period of time (i.e., 20 years) and we 538 

showed that this model can accurately reproduce the absolute and relative repartition of 539 

fibrocytes and CD8+ T cells in both control and COPD situations.  540 

Although simulated and in situ data were close, the variances of in silico data were smaller 541 

than the in situ measurements, which can be probably explained by the fact that cell diversity 542 

and interactions are far more complex that those considered in this model. Nevertheless, it 543 

appears that (i) our model captures important aspect of reality, and (ii) modifications of 544 

specific cellular processes and local interactions, i.e. fibrocyte-induced CD8+ T cell 545 

proliferation and fibrocyte attraction towards CD8+ T cells, are sufficient to reproduce the 546 

shift of histological composition between the control and COPD situations. This theoretical 547 

approach and associated simulations allowed us to validate the key hypothesis of 548 

modification of local interactions, and to show that that the specific values of the COPD 549 

parameters led to an increased cell density and the spatial patterns observed in patients with 550 

COPD. The simulations made it possible to follow over time various quantities of interest 551 

and to empirically determine the time when the stationary state is achieved, that would be 552 

difficult to reveal in any other way. Given the consistency of our results with those from the 553 

literature, our model provides a unique opportunity to decipher the dynamics of increased 554 

interactions between the two cell types as well as the infinite possibility to investigate 555 

therapeutic strategies.  556 

 557 

The present in vitro model has limitations, including the use of circulating cells for some in 558 

vitro experiments and the difficulty in extrapolating results obtained from these assays to in 559 

vivo processes. However, we took this limit into account in our modelization approach, by 560 
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using a combination of our experiments and measurements obtained in tissues, to accurately 561 

determine the dedicated parameters (42). Even if computational modelization was done in 562 

2D, whereas the bronchi are 3D structures, we believe that our model is representative as it 563 

mimics the cellular distribution of normal and pathological airways, that was also quantified 564 

in 2D lung sections. Besides this, some quantitative features of our approach are still valid 565 

in 3D, such as the probabilities that govern cell death, proliferation and infiltration, whereas 566 

others are expected to change with dimensionality, such as displacement rules. 567 

 568 

From our study and others (71, 72), it is now clear that the fate of CD8+ T cells in distal 569 

airways may depend on multiple successive interactions with different cell types, including 570 

fibrocytes. We believe that targeting interaction between structural and immune cells should 571 

be considered in future drug discovery programs and that computational modelization 572 

should help to refine drug priority.  573 
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Materials and Methods 574 

Study Populations 575 

Lung tissues for the in situ study were obtained from a previously described cohort (6). 576 

Briefly, subjects more than 40 years of age were eligible for enrolment if they required 577 

thoracic lobectomy surgery for cancer (pN0), lung transplantation or lung volume reduction. 578 

A total of 17 COPD patients with a clinical diagnosis of COPD according to the GOLD 579 

guidelines (73) and 25 non-COPD subjects (“control subjects”) with normal lung function 580 

testing (i.e., FEV1/FVC > 0.70) and no chronic symptoms (cough or expectoration) were 581 

recruited from the University Hospital of Bordeaux. 582 

Lung tissues for the purification of tissular CD8+ T cells were obtained from a separate 583 

cohort of patients. A total of 17 patients with COPD and 23 nonsmokers were prospectively 584 

recruited from the University Hospital of Bordeaux, according to the GOLD guidelines (73) 585 

(Table S7). Fragments of distal parenchyma from all subjects were obtained by either 586 

lobectomy or transplantation. 587 

To study fibrocyte- CD8+ T cells interplay in vitro, blood samples were obtained from a 588 

separate cohort of COPD patients, (i.e., COBRA (Bronchial Obstruction and Asthma 589 

Cohort; sponsored by the French National Institute of Health and Medical Research, 590 

INSERM), as outpatients in the Clinical Investigation Centre of the University Hospital of 591 

Bordeaux (Table S8). 592 

All subjects gave their written informed consent to participate to the studies. The studies 593 

received approval from the local or national ethics committees. 594 

 595 

Identification of bronchial fibrocytes and CD8+ T cells 596 

Fragments of distal parenchyma were obtained from macroscopically normal lung resection 597 

or transplantation material. The samples were embedded in paraffin and sections of 2.5 µm 598 
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thick were cut, as described previously (6). Sections were deparaffinized through three 599 

changes of xylene and through graded alcohols to water. Heat induced antigen retrieval was 600 

performed using citrate buffer, pH 6 (Fisher Scientific, Illkirch, France) at 96°C in a Pre-601 

Treatment Module (Agilent, Les Ulis, France). Endogenous peroxidases were blocked for 602 

10 min using hydrogen peroxide treatment (Agilent). Nonspecific binding was minimized 603 

by incubating the sections with 4% Goat Serum (Agilent) for 30 min, before CD8 staining, 604 

and before the double staining for CD45 and FSP1. First, the sections were stained with 605 

rabbit anti-CD8 monoclonal antibody (Fisher Scientific) during 45 min, and then incubated 606 

with HRP anti-Mouse (Agilent). Immunoreactivity was detected by using the DAB System 607 

(Agilent). Second, the same sections were stained with mouse anti-CD45 monoclonal 608 

antibody (BD Biosciences, San Jose, CA) overnight and then with rabbit anti-FSP1 609 

polyclonal antibody (Agilent) during 45 min. They were incubated with Alexa568–610 

conjugated anti-Mouse and with Alexa488–conjugated anti-Rabbit (Fisher Scientific) 611 

antibodies. Immunoreactivity was detected by fluorescence for FSP1 and CD45 staining. 612 

The sections were imaged using a slide scanner Nanozoomer 2.0HT with fluorescence 613 

imaging module (Hamamatsu Photonics, Massy, France) using objective UPS APO 20X 614 

NA 0.75 combined to an additional lens 1.75X, leading to a final magnification of 35X. 615 

Virtual slides were acquired with a TDI-3CCD camera. Fluorescent acquisitions were done 616 

with a mercury lamp (LX2000 200W - Hamamatsu Photonics) and the set of filters adapted 617 

for DAPI, Alexa 488 and Alexa 568. Bright field and fluorescence images where acquired 618 

with the NDP-scan software (Hamamatsu) and processed with ImageJ.  619 

Quantification of CD8+ T cells was performed, as described in fig. S1A, C. A color 620 

deconvolution plugin was used on brightfield image to isolate the signal corresponding to 621 

DAB staining. A binary threshold was applied to this grayscale image, followed by a 622 

watershed transformation to the segmented image to separate potential neighboring cells 623 
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(fig. S1C). CD8+ T cells were then automatically counted by recording all the positive 624 

particles with an area greater than 64 µm2. This threshold was empirically determined on 625 

our images to select positive cells. Quantification of dual positive cells for FSP1 and CD45 626 

was performed, as described in Fig. 1B, D. A binary threshold was applied to fluorescence 627 

images corresponding to FSP1 and CD45 stainings. These images were combined using the 628 

“AND” function of the Fiji “Image Calculator” to select cells dual positive for FSP1 and 629 

CD45 double staining (fig. S1D). This was followed by a watershed transformation to 630 

separate potential neighboring cells. These CD45+ FSP1+ cells were then automatically 631 

counted by recording all the positive particles with an area greater than 64 µm2.  632 

 633 

Quantification of the density of CD8+ T cells, FSP1+ CD45+ cells and CD8+ T cells in 634 

interaction with CD45+ FSP1+ cells 635 

This latter segmented image was then used to quantify CD8+ T cells in interaction with 636 

CD45+ FSP1+ cells as described in Fig. 1E: each CD8 positive particle with an area greater 637 

than 64 µm2  was enlarged using the dilatation function (4, 8, 10 and 15 pixels dilatation: 638 

used to count the cells respectively less than 1.8, 3.6, 4.5 and 6.8 μm apart). This modified 639 

image was combined with the segmented image for dual CD45 FSP1 positive staining using 640 

the “AND” function of the Fiji “Image Calculator” to select CD8+ T cells in interaction with 641 

CD45+ FSP1+ cells. These interacting cells were automatically counted by recording all the 642 

positive particles. The lamina propria contour was manually determined on bright field 643 

image and the area was calculated. For distal bronchi, the lumen area was also determined 644 

and only bronchi less than 2 mm in diameter were analyzed as described previously  (74). 645 

The densities of CD8+ T cells, FSP1+ CD45+ cells and interacting cells were defined by the 646 

ratio between the number of positive cells in the lamina propria divided by lamina propria 647 
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area. Tissue area and cell measurements were all performed in a blinded fashion for patients’ 648 

characteristics. 649 

 650 

Quantification of the minimal distances between CD45+ FSP1+ cells and CD8+ T cells 651 

The segmented image produced from the DAB staining image was inverted, and a CD8 652 

distance map was built form the latter image (fig. S1F). As a result, the brighter the pixel, 653 

the closer the distance from a CD8+ T cell. Conversely, the darker the pixel, the farther away 654 

the distance from a CD8+ T cell. On the binary image produced from FSP1 and CD45 655 

staining images, dual positive cells for FSP1 and CD45 were selected in the lamina propria. 656 

Each area corresponding to a FSP1+ CD45+ cell was reported on the CD8 distance map, and 657 

the minimal gray value in each area was measured and converted to a distance, allowing to 658 

measure the minimal distance between the CD45+ FSP1+ cell and neighboring CD8+ T cells. 659 

For each patient, a frequency distribution of all minimal distances (with 7 μm binning) and 660 

the mean minimal distance were calculated. 661 

 662 

Quantification of cell clusters 663 

On the segmented image with dual CD45 FSP1 positive staining combined with CD8 664 

positive staining, centroids from positive particles located in the lamina propria were 665 

connected by a Delaunay triangulation, using a custom freely available ImageJ plugin (75) 666 

(fig. S3A-C, https://github.com/flevet/Delaunay_clustering_ImageJ). All triangles sharing 667 

one edge with the ROI defining the lamina propria were removed (fig. S3C, left panel). On 668 

the remaining triangulation a distance threshold, corresponding to the minimal mean 669 

distance between fibrocytes and CD8+ T cells (40 µm) was applied, allowing to select the 670 

connections with a distance lower than the threshold distance (fig. S3C, right panel). The 671 

number of clusters and their composition were then automatically recorded. 672 
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 673 

Fibrocyte and CD8+ T cell purification 674 

Peripheral blood mononuclear cells (PBMCs) were first separated from the whole blood by 675 

Ficoll-Hypaque (Eurobio Scientific, Les Ulis, France) density gradient centrifugation. Cells 676 

were washed twice in cold PBS containing 0.5% bovine serum albumin (BSA, Sigma-677 

Aldrich, Saint Quentin-Fallavier, France) and 2 mM Ethylene Diamine Tetra-acetic Acid 678 

(EDTA, Invitrogen, Cergy Pontoise, France). CD8+ T cells were purified by positive 679 

selecting using CD8 microbeads (Miltenyi Biotech, Paris, France). CD8+ T cells were 680 

washed in a buffered solution (“CTL-Wash™”, Cellular Technology Limited, Bonn, 681 

Germany) and resuspended in a serum-free freezing media (“CTL-Cryo™ Medium”, 682 

Cellular Technology Limited, Bonn, Germany) for cryopreservation of freshly-isolated 683 

CD8+ T cells during fibrocyte differentiation. The CD8+ T cells-depleted cell fraction was 684 

then depleted from CD3+ cells using CD3 microbeads (Miltenyi Biotec). Cell suspension 685 

containing fibrocyte precursors was cultured during at least 14 days to induce fibrocyte 686 

differentiation: a total of 2.106  cells resuspended in 1 ml DMEM (Fisher Scientific, Illkirch, 687 

France), containing 4.5 g/l glucose and glutaMAX, supplemented with 20% fetal calf serum 688 

(Biowest, Riverside, USA), penicillin/streptomycin and MEM non-essential amino acid 689 

solution (Sigma-Aldrich), was added to each well of a 12 well plate. After one week in 690 

culture, fibrocyte differentiation was induced by changing the medium for a serum-free 691 

medium. Mediums were changed every 2-3 days. 692 

 693 

Fibrocyte/CD8+ T cells co-culture assay 694 

One day before co-culture, CD8+ T cells were thawed. A buffer solution previously heated 695 

to 37°C (PBS 1X with 0.5% BSA and 2mM EDTA) was added to the cell suspension. CD8+ 696 

T cells were washed with PBS and resuspended in DMEM supplemented with 8% fetal calf 697 
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serum for a final concentration of 0.5.106 cells/mL. CD8+ T cells were either stimulated 698 

with a low dose of CD3 antibody (3μg / 106 cells) to promote cell survival without 699 

stimulating cell proliferation (“non-activated” condition), or stimulated overnight with anti-700 

CD3/CD28 coated microbeads (Fisher Scientific) with a bead-to-cell ratio of 1:1 701 

(“activated” condition). At day 0 (co-culture), these beads were removed, CD8+ T cells were 702 

stained with 5 µM CellTrace Violet (Fisher Scientific) in case of proliferation experiments, 703 

before being added to fibrocyte cultures (0.5.106 CD8+ T cells/well). In blocking 704 

experiments, the antibodies (Abs) directed against LFA-1 (clone HI111, BioLegend, 705 

1µg/mL), CD54 (clone HA58, eBioscience), CD86 (clone IT2.2, eBioscience, 10µg/mL) or 706 

CD44 (clone 82102, Biotechne, 10µg/mL) were used with their respective control Abs, 707 

mIgG1 κ (clone MOPC-21, BioLegend), mIgG2b κ (eBM 2b, eBioscience), mIgG2B 708 

(133303, Biotechne). In LFA-1 and CD44 blocking experiments as well as in glucocorticoid 709 

drugs experiments, CD8+ T cells were preincubated respectively with corresponding Abs, 710 

budesonide or fluticasone propionate (10-8M, MedChemExpress) at 37°C for 1h before 711 

being added to fibrocytes. In CD54 and CD86 blocking experiments, fibrocytes were 712 

preincubated with corresponding Abs at 37°C for 1h before adding CD8+ T cells. For 713 

indirect co-culture, CD8+ T cells were cultured in 0.4 µm transwell inserts (Sigma-Aldrich) 714 

for 12-well plates. 715 

 716 

Live imaging 717 

For time-lapse microscopy, cells were imaged after 2 days of co-culture, at 37°C and with 718 

5% CO2 on an inverted DMi8 stand microscope (Leica, Microsystems, Wetzlar, Germany) 719 

equipped with a Flash 4.0 sCMOS camera (Hamamatsu, Japan). The objective used was a 720 

HC PL FL L 20X dry 0.4 NA PH1. The multi-positions were done with a ASI MS-2000-721 

500 motorized stage (Applied Scientific Instrumentation, Eugene, USA). The 37°C/5%CO2 722 
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atmosphere was created with an incubator box and an gaz heating system (Pecon GmbH, 723 

Erbach, Germany). This system was controlled by MetaMorph software (Molecular 724 

Devices, Sunnyvale, USA). Phase contrast images were collected every 2 min for 12h. 725 

Image analysis and measurements were performed with the ImageJ software. Using the 726 

plugin "Cell counter " of the Fiji software, the number of CD8+ T cells in direct contact with 727 

a fibrocyte as well as the number of free CD8+ T cells were manually counted at the 728 

beginning of the acquisition and after 12 hours of acquisition. Cell tracking was performed 729 

using the “Manual Tracking” plugin of the Fiji software to determine the durations of 730 

contacts between tracked CD8+ T cell with fibrocytes and the frequency of contact. A 731 

contact was defined manually by a direct interaction between CD8+ T cell and fibrocyte. 732 

Five numerical variables were collected to characterize CD8+ T cell dynamic over time. The 733 

mean speed corresponded to the track length divided by the time of tracking duration. The 734 

mean free speed corresponded the length of the track when the T cell was not interacting 735 

with any other cell, divided by the time spent free. The mean contact speed corresponded to 736 

the length of the track when the T cell is in contact with a fibrocyte, divided by the time 737 

spent in contact. For each T cell and for each contact, a contact time was defined as the time 738 

spent in contact until the T cell becomes free again. Then, each T cell can have many contact 739 

times with fibrocytes. The contact coefficient was defined by the proportion of time the T 740 

cell was in contact with a fibrocyte divided by the time of tracking duration. 741 

 742 

CD8+ T cell characterization by flow cytometry 743 

Four or 6 days after co-culture, CD8+ T cells were harvested and manually counted before 744 

being processed for FACS analysis. Intracellular cytokines were assessed following 745 

stimulation with PMA (25 ng/ml, Sigma-Aldrich), ionomycin (1µM, Sigma-Aldrich) for 4h 746 

and brefeldin A (5µg/ml,Sigma-Aldrich) for the last 3 h. Cells were stained with anti-CD8-747 
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PerCP-Vio700, anti-CD45-RA-FITC, and then fixed, permeabilized using the IntraPrep 748 

Permeabilization Reagent Kit (Beckman Coulter) and stained with anti-Granzyme-APC, 749 

anti-TNF-α-PE, anti-IFN-γ-APC, anti-IL-17- PE-Cy7, anti-IL-10-PE or isotype controls 750 

(Miltenyi Biotech, Paris, France). The percentage of cell proliferation was estimated using 751 

Cell Trace Violet fluorescence loss. FACS data were acquired using a Canto II 4-Blue 2-752 

Violet 2-Red laser configuration (BD Biosciences). Flow cytometry analysis were 753 

performed using Diva 8 (BD Biosciences). Human TNF-α concentration levels were 754 

quantified using ELISA following manufacturer’s recommendations (BioTechne). Values 755 

below the detection limit were counted as zero. 756 

 757 

Dataset transcriptomic analysis 758 

The microarray data of tissular CD8+ T cells was downloaded from the Gene Expression 759 

Omnibus (http://www.ncbi.nlm.nih.gov/geo/) using a dataset under the accession code 760 

GSE61397. Differential expression analysis between patients with COPD and control 761 

subjects was performed using the GEO2R interactive web tool. Heatmaps of the expression 762 

profiles for genes related to cell adhesion and chemotaxis were visualized with Graphpad 763 

Prism 6 software. 764 

 765 

Tissular CD8+ T cell purification, culture and secretion profile analyses 766 

After lung parenchyma resection from control or COPD patients, samples were finely 767 

chopped at room temperature using scissors and then enzymatically dissociated with 40 768 

IU/mL of collagenase (ThermoFisher) in DMEM medium for 45 min at 37°C. The 769 

enzymatic reaction was stopped by adding HBSS medium (Hank's Balanced Salt Solution) 770 

without calcium and supplemented with 2mM EDTA (Invitrogen, Cergy Pontoise, France). 771 

The cell suspension was filtered twice using 100 μm gauze and 70 μm cell strainer (Fisher 772 
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Scientific). Tissular CD8+ T cells were purified by positive selecting using CD8 microbeads 773 

(Miltenyi Biotech, Paris, France). Then, tissular CD8+ T cells were resuspended in DMEM 774 

supplemented with 8% fetal calf serum, soluble anti-CD3 and anti-CD28 antibodies 775 

(respectively 1μg and 3μg for 106 cells) for a final concentration of 0.5 x 106 cells/mL. After 776 

36h, supernatants from tissular CD8+ T cells were collected and frozen, for migration 777 

experiments or for further analyses. Supernatants from different samples obtained either 778 

from non-smoking subjects or patients from COPD were pooled for migration experiments. 779 

Supernatant concentration of CXCL8 was measured using ELISA (Biotechne). CCL26, 780 

CXCL2 and CCL2 concentrations were measured by using a customized Bio-Plex Assay 781 

(BioRad, Hercules, CA), using special plate reader (Bio-Plex 200 Systems, BioRad) and 782 

software (Bio-Plex manager), according to the manufacturer’s instruction. 783 

 784 

Fibrocyte migration 785 

Fibrocytes precursors were isolated from peripheral blood as described previously (5). 786 

Fibrocyte migration was assessed using a modified Boyden chamber assay. The transwell 787 

inserts (pore size 8 µm, Dutscher) and the wells were coated for 1h at room temperature 788 

with poly-lysine-ethylene glycol (PEG-PLL, SuSoS, Dübendorf, Switzerland) to prevent 789 

cell adhesion. A total of 0.3 x 106 NANT cells resuspended in 0.2 ml DMEM, containing 790 

4.5 g/l glucose and L‐glutamine, supplemented with penicillin/streptomycin and MEM non-791 

essential amino acid solution were added to the upper compartment of each well. When 792 

indicated, NANT cells were pretreated for 30 min at 37°C with 200nM reparixin (MedChem 793 

Express), an antagonist of CXCR1-2. Supernatants of tissular CD8+ T cells from non-794 

smoking control subjects or COPD patients were added to the bottom compartment of each 795 

well. When indicated, supernatants were pretreated for 30 min at 37°C with blocking Ab 796 

against CXCL8 (clone 6217, BioTechne, 1µg/mL) or respective control Ab. After 12h, the 797 
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content of bottom compartment was removed and DAPI staining was performed to exclude 798 

dying cells. Cells were then fixed, permeabilized and stained with anti-Collagen Type I-799 

FITC (Sigma Aldrich), anti-CD45-APC (BD Pharmingen), anti-CXCR1-PE and anti-800 

CXCR2-APC-Cy7 (Miltenyi Biotec, Paris, France). Fibrocyte migration was assessed by 801 

flow cytometry using double labeling CD45-Collagen I. To obtain absolute values of 802 

migratory cells, flow cytometric counts for each condition were obtained during a constant 803 

predetermined time period (1 min). The fraction of migratory fibrocytes was defined as the 804 

number CD45+ Col1+ cells counted in the bottom chamber divided by the number of total 805 

added cells. These values were normalized to the fraction of migratory fibrocytes obtained 806 

in the control condition.  807 

 808 

The mathematical model  809 

Exhaustive description of the mathematical model is provided in the supplementary text. 810 

To understand the interaction between fibrocyte and CD8+ T cells in the spatial cellular 811 

organization in the peribronchial area, we constructed a discrete time cellular automata 812 

model. Two agent types are introduced - CD8+ T cell agents and fibrocytes agents, denoted 813 

C and F respectively. C and F cells evolve on a lattice in two-dimensions. We take as surface 814 

of interest a zone with a crown shape, containing 3 652 lattice sites corresponding to a total 815 

area of approximately 179 000 µm2, which is in agreement with our in situ measurements. 816 

Reflecting (zero-flux) boundary conditions are imposed at the external and internal borders. 817 

On each site, there is at most one cell. The lattice is initially randomly seeded with both F 818 

and C cells at densities corresponding at the mean distribution of non-smokers subjects, 819 

reflecting the “healthy” situation : 𝑛0(𝐶) = 660 cells/mm2, and 𝑛0(𝐹) = 106 cells/mm2. This 820 

corresponds to an average value of 𝑁0(𝐶) =118 C cells and 𝑁0(𝐹) =19 F cells. 821 
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We assumed that for a healthy subject as for a patient with COPD, the same model can be 822 

applied but with different parameters. These parameters are estimated thanks to experiments 823 

and data from the literature (see supplementary text and (42) for a complete description, 824 

Table S10 for numerical values). 825 

The notations and parameters of the mathematical model are summarized in Table S9 and 826 

their numerical values are given in Table S10. We now describe the behavior of the cells 827 

and their interactions. F and C cells infiltrate into the peribronchial area at the stable state 828 

with the respective probabilities 𝑝𝑖𝑠𝑡𝑎𝐹 and 𝑝𝑖𝑠𝑡𝑎𝐶, and during exacerbation, a supplementary 829 

infiltration can occur, each year, with the probability 𝑝𝑖𝑒𝑥𝑎𝐹  (resp. 𝑝𝑖𝑒𝑥𝑎𝐶). In the model, C 830 

cells can proliferate with a very low probability 𝑝𝐶, but the presence of F cells in the local 831 

neighborhood of a C cell can induce C cell division with increased probability 𝑝𝐶/𝐹, based 832 

on our own results and another study (21). We suppose that fibrocytes do not proliferate, as 833 

shown by our own in vitro observations (data not shown) and other studies (10, 34). F and 834 

C cells can move, with probabilities which are determined by the results from chemotaxis 835 

experiments (Fig. 2). F and C cells die with a "basal" probability 𝑝𝑑𝐶  (respectively 𝑝𝑑𝐹). C 836 

cells also die with an increased probability 𝑝𝑑𝐶+ when the considered C cell has many other 837 

C cells in its neighborhood, in agreement with previous data (28). Some of the probabilities 838 

are independent of the local environment (𝑝𝑖𝑠𝑡𝑎𝐹, 𝑝𝑖𝑠𝑡𝑎𝐶, 𝑝𝑖𝑒𝑥𝑎𝐹, 𝑝𝑖𝑒𝑥𝑎𝐶 , 𝑝𝐶), the other ones 839 

being dependent of the local environment (𝑝𝐶/𝐹,, 𝑝𝑑𝐶+ and displacement probabilities) (Fig. 840 

6A).  841 

Each simulation represents a total duration of 20 years and is divided into 3 504 000  842 

iterations, of 3 minutes each. Each type of simulation is performed 160 times. This time 843 

period allowed the investigation of COPD development.. At the final state (20 years), the 844 

total numbers of F and C cells, the densities of C cells in interaction with F cells, the minimal 845 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.21.513138doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513138


distances between C and F cells, and the number and composition of clusters were quantified 846 

in the control and COPD situations. 847 

 848 

Statistical analyses 849 

Statistical significance, defined as P < 0.05, was analyzed by t-tests and MANOVA for 850 

variables with parametric distribution, and by Kruskal-Wallis with multiple comparison z 851 

tests, Mann-Whitney tests, Wilcoxon tests and Spearman correlation coefficients for 852 

variables with non-parametric distribution, with Graphpad Prism 6 software. RStudio 853 

software was used to perform stepwise regression and multivariate regression analyses. 854 

 855 

 856 

 857 
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Figures  1171 

 1172 

 1173 
Fig. 1. Increased interactions between CD8+ T cells, CD45+ FSP1+ cells in distal 1174 

airways of COPD patients. (A, B) Representative stainings of CD8 (brown, A), CD45 (red, 1175 

B) and FSP1 (green, B) in distal bronchial tissue specimens from a control subject (left) and 1176 

a COPD patient (right). The yellow arrowheads indicate fibrocytes, defined as CD45+ FSP1+ 1177 

cells. (C) Quantification of CD8+ T cells and fibrocyte densities (normalized by the sub-1178 

epithelial area) in one specimen/patient. (D) Merged segmented images for CD8 and CD45-1179 

FSP1 staining, showing CD8+ T cells and CD45+ FSP1+ cells respectively in magenta and 1180 

yellow. The white arrows indicate interacting cells, detected by dilatation of CD8 positive 1181 

particle. (E) Table showing the correspondence between dilatations in pixels and µm. F, 1182 

Quantification of interacting cells densities (normalized by the sub-epithelial area) in one 1183 
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specimen/patient, using the different dilatations sizes (E). (G) Distance maps built from the 1184 

binary image produced from CD8 staining, with FSP1+ CD45+ cells (blue outlines). (H) 1185 

Quantification of the mean minimal distances between fibrocyte and CD8+ T cells in one 1186 

specimen/patient. (I) Cluster analysis performed by Delaunay triangulation on segmented 1187 

images for CD8 and CD45-FSP1 staining, followed by the application of a threshold value 1188 

(40 μm) above which connections are not kept. CD8+ T cells and fibrocytes appear 1189 

respectively with green and red dots, connections are shown in blue. (J) First row: densities 1190 

of clusters containing exclusively CD8+ T cells (“CD8 clusters”), fibrocytes (“Fib clusters”) 1191 

and both cell types (“CD8-Fib clusters”) normalized by the sub-epithelial area) in one 1192 

specimen/patient. Second row: mean number of cells by cluster. (C, F, H, J) The medians 1193 

are represented as horizontal lines. *: P<0.05, **:P<0.01; ***: P<0.001. unpaired t-tests or 1194 

Mann Whitney tests.  1195 
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 1196 
Fig. 2. CD8+ T cells from COPD tissue have increased chemoattractive properties for 1197 

fibrocytes. (A) Heatmaps showing the expression of differentially expressed genes with 1198 

p-value<0.05 of chemokines and chemokine receptors in resting tissular tissue resident 1199 

memory T-cells (TRM) and effector memory T-cells (TEM) from patients with COPD (n=2 1200 

independent samples) in comparison with control subjects (n=2 independent samples) (GEO 1201 

accession GSE61397). Expression values are expressed as Z-score transformed transcript 1202 

count. (B) Migration experiment design. (C) Migration of fibrocytes from patients with 1203 

COPD in response to CD8+ T cells supernatants from control subjects (CtlNS) or COPD 1204 

patients (COPD). (D) CCL2, CXCL2 and CXCL8 levels in CD8+ T cells supernatants from 1205 

non-smoking control subjects (CtlNS) or patients with COPD (COPD) using BioPlex (CCL2, 1206 

CXCL2) or ELISA (CXCL8). * P < 0.05, Mann–Whitney test. (E-F), Migration of 1207 

fibrocytes from patients with COPD in response to CD8+ T cells supernatants from control 1208 

subjects (CtlNS) or COPD patients (COPD), in the presence of 200nM Reparixin (+) or 1209 

corresponding vehicle (-) (E), and in the presence of 1µg/mL blocking antibody for CXCL8 1210 

(+) or control antibody (-) (F). * P < 0.05, Wilcoxon matched pairs test.  1211 
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 1212 
 1213 

Fig. 3. CD8+ T cell repeatedly contact fibrocytes and this contact greatly enhances 1214 

CD8+ T cell proliferation. Prior to co-culture, CD8+ T cells have been either non-activated 1215 

(“CD8NA”) or activated (“CD8A”). (A) Representative brightfield images of co-culture 1216 

between CD8+ T cells and fibrocytes at the initial state of the acquisition (t0) and after 12 1217 

hours (t12h) in both conditions of activation. The orange arrowheads indicate CD8+ T cells 1218 

(bright round-shaped cells) in contact with fibrocytes (elongated adherent cells). (B) 1219 

Quantifications of the proportion of fibrocyte-interacting CD8+ T cells at t0 and t12h in both 1220 

conditions of activation. (C) Top panel: typical CD8+ T cells trajectory (blue) relatively to 1221 

a fibrocyte (elongated adherent cell) for a period of 140 min. Bottom panel: speed (µm/min) 1222 

over time for the tracked CD8+ T cell. Short-lived (<12 min, n=4) and longer-lived (>32 1223 

min, n=1) contacts are represented respectively in light and dark orange. (D) Comparison 1224 

of the mean speed of individual CD8+ T cells measured in the absence (“Vfree”) or presence 1225 

(“Vcont”) of contact with fibrocytes in both conditions of activation. (E) Mean frequency 1226 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.21.513138doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.21.513138


distributions of contact time duration (with 4 min binning) between CD8+ T cells and 1227 

fibrocytes for CD8NA (black) and CD8A (gray). Error bars indicate standard error of the 1228 

mean. (F-H) Dot plots representing spatiotemporal variables measured for each individual 1229 

CD8+ T cell tracked over 12h. Each dot represents one cell. (F) Contact coefficient. (G) 1230 

Mean speed of CD8+ T cells measured in the absence of contact with fibrocytes (“Mean free 1231 

speed”). (H) Mean speed of CD8+ T cells measured in the presence of contact with 1232 

fibrocytes (“Mean contact speed”). (I, J, M, N) Representative gating strategy for 1233 

identification of CD8+ T cells without (w/o) fibrocytes (I, M) or with (w) fibrocytes (J, N) 1234 

in indirect (I, J) or direct (M, N) co-culture. Left panels: dot plots represent representative 1235 

CD8-PerCP-Cy5-5 fluorescence (y-axis) versus side scatter (SSC, x-axis) of non-adherent 1236 

cells removed from the culture. Right panels: histograms represent representative cell count 1237 

(y-axis) versus Cell Trace-Pacific Blue fluorescence (x-axis). The distinct fluorescence 1238 

peaks correspond to the different generations of CD8+ T cells. The gate and the percentage 1239 

indicate cells that have proliferated. (K, O) Comparison of manual count of non-adherent 1240 

cells removed from co-culture without fibrocyte (“CD8”) and with fibrocyte (“CD8+F”). L, 1241 

(P) Comparison of quantifications of CD8+ T cells that have proliferated, removed from co-1242 

culture without fibrocyte (“CD8”) and with fibrocyte (“CD8+F”). (B, D, F, G, H, K, L, O, 1243 

P) Medians are represented as horizontal lines. * P < 0.05, ** P < 0.01, *** P < 0.001. (B, 1244 

D, K, L, O, P) Wilcoxon matched pairs test. (F, G, H) Mann Whitney tests.  1245 
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 1246 
 1247 

Fig. 4. Fibrocytes act as a major promoter on CD8+ T cell proliferation in a CD54 and 1248 

CD86-dependent manner. Prior to co-culture, CD8+ T cells have been either non-activated 1249 

(“CD8NA”) or activated (“CD8A”). (A, D, G, J) Representative gating strategy for 1250 

identification of proliferating CD8+ T cells without (w/o) fibrocytes (A, G) or with (w) 1251 

fibrocytes (D, J) using neutralizing CD54-mAb (A, D) or neutralizing CD86-mAb (G, J) 1252 

and respective control isotype. Histograms represent representative cell count (y-axis) 1253 

versus Cell Trace-Pacific Blue fluorescence (x-axis). The distinct fluorescence peaks 1254 

correspond to the different generations of CD8+ T cells. The gate and the percentage indicate 1255 

cells that have proliferated. (B, E, H, K) Comparison of manual count of non-adherent cells 1256 

removed from co-culture treated with neutralizing CD54-mAb or control isotype (Iso) (B, 1257 

E) and neutralizing CD86-mAb or control isotype (Iso) (H, K). (C, F, I, L) Comparison of 1258 

quantifications of CD8+ T cells that have proliferated, removed from co-culture treated with 1259 

neutralizing CD54-mAb (C, F) or neutralizing CD86-mAb (I, L) and respective control 1260 

isotype. Medians are represented as horizontal lines. * P < 0.05, Wilcoxon matched pairs 1261 

test.  1262 
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 1263 
Fig. 5. Fibrocyte-CD8+ T cell interactions alter cytokine production. Prior to co-culture, 1264 

CD8+ T cells have been either non-activated (“CD8NA”) or activated (“CD8A”). (A, C) 1265 

Representative gating strategy for identification of CD8+ T cells expressing IFN- γ, TNF-α, 1266 

granzyme, IL-10 and IL17 without (w/o) fibrocytes (left panel) or with (w) fibrocytes (right 1267 

panel) in indirect (A) or direct (C) co-culture. (B, D) Quantifications of CD8+ T cells 1268 

expressing IFN-γ, TNF- α, both, granzyme and IL-10 after co-culture without fibrocytes 1269 

(CD8NA/CD8A) or with fibrocytes (CD8NA/CD8A +F) in indirect (B) or direct (D) co-culture. 1270 

(E) TNF-α concentrations in supernatants from co-cultures without fibrocytes 1271 

(CD8NA/CD8A), with fibrocyte (CD8NA/CD8A +F), and only with fibrocytes (F) as control, 1272 

for direct co-cultures.  * P < 0.05, Wilcoxon matched pairs test, Friedman test.  1273 
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 1274 
Fig. 6. A probabilistic cellular automata type model captures the features of the 1275 

normal and pathological patterns of cell organisation observed in the tissues. (A) 1276 

Schematic representation of the probabilities associated with CD8+ T cells (left panel) and 1277 

fibrocytes (right panel). For each CD8+ T cell, we define a "basal" probability 𝑝𝑑𝐶 of dying, 1278 

an increased probability 𝑝𝑑𝐶+  of dying when the CD8+ T cell has many other CD8+ T cells 1279 

in its neighbourhood, a "basal" probability 𝑝𝐶 of dividing, an increased probability 𝑝𝐶/𝐹   of 1280 

dividing when the CD8+ T cell has fibrocytes in its neighbourhood, a probability 𝑃𝐶 (𝑠, 𝑠′) 1281 

of moving from a site s to a neighboring site s’, a probability 𝑝𝑖𝑠𝑡𝑎𝐹 to be infiltrated at the 1282 

stable state and a probability  𝑝𝑖𝑒𝑥𝑎𝐶  to be infiltrated during exacerbation. For each fibrocyte, 1283 

we define a probability 𝑝𝑑𝐹 of dying, a probability 𝑝𝐹 of dividing, a probability 𝑃𝐹 (𝑠, 𝑠′) of 1284 

moving from a site s to a neighboring site s’, a probability 𝑝𝑖𝑠𝑡𝑎𝐹 to be infiltrated at the 1285 

stable state and a probability  𝑝𝑖𝑒𝑥𝑎𝐹 to be infiltrated during exacerbation. The ≠ symbol 1286 

indicates parameters whose numerical value differs from control to COPD situation. (B) 1287 

Selected representative pictures for initial state and final states after 20 years of control and 1288 

COPD dynamics. Images surrounded by black squares: higher magnifications of 1289 

peribronchial area. CD8+ T cells and fibrocytes are represented respectively by pink and 1290 

green squares. (C) CD8+ T cells (left) and fibrocyte (right) densities.  (D) Interacting cells 1291 

densities of interacting cells. (E) Mean minimal distances between fibrocyte and CD8+ T 1292 
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cells. (F) CD8+ T cells-fibrocytes-containing clusters (“CD8-Fib clusters”) densities. (G) 1293 

mean number of cells by CD8-Fib clusters. (C-G), n=160 simulations for each situation. 1294 

The medians are represented as horizontal lines. The equivalent measurements measured on 1295 

patient’s tissues are represented by gray boxes (25th to the 75th percentile) and whiskers (min 1296 

to max). ***: P<0.001. unpaired t-tests or Mann-Whitney tests. (H, I) Mean kinetics of the 1297 

populations of CD8+ T cells and fibrocytes in control and COPD situation in silico. Standard 1298 

deviations are indicated in gray, n=160 simulations. Left panels: 𝑁𝑥−1,𝑥(𝑖𝐶) and 𝑁𝑥−1,𝑥(𝑖𝐹) 1299 

are the number of CD8+ T cells (resp. fibrocytes) that have infiltrated the peribronchial area 1300 

for the month 𝑥, relatively to the surface of interest. For fibrocytes, the infiltration at the 1301 

stable state and during exacerbation are indicated respectively in green and light green. For 1302 

control situation, there is no infiltration by exacerbation. Midde panels: 𝑁𝑥−1,𝑥(𝑝𝐶) is the 1303 

number of CD8+ T cells that have proliferated for the month 𝑥, relatively to the surface of 1304 

interest. Basal duplication, fibrocyte-induced duplication and total duplication are indicated 1305 

respectively in pink, light pink and black. Right panels: 𝑁𝑥−1,𝑥(𝑑𝐶) and 𝑁𝑥−1,𝑥(𝑑𝐹) are the 1306 

number of CD8+ T cells (resp. fibrocytes) that have died for the month 𝑥, relatively to the 1307 

surface of interest. For CD8+ T cells, basal death, T cell-induced death and total death are 1308 

indicated respectively in pink, light pink and black. (J) Graphs showing the variations of 1309 

the mean densities of CD8-Fib clusters over time in control (light purple) and COPD 1310 

situation (dark purple). 1311 
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