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Abstract 24 

 Persistent infection following clinical cure is a hallmark of Leishmania infections. It remains 25 

poorly understood despite its importance for disease reactivation and parasite transmission.  26 

Here, we identify CCL24+ dermal tissue-resident macrophages (TRMs) as the principal host 27 

cells harboring L. major in healed ear lesions of C57BL/6 mice. Histologic examination and 28 

multiplexed imaging of healed dermal lesions revealed that the infected cells were found within 29 

small, focalized areas of inflammation distinguished by the presence of infiltrating iNOS+ 30 

inflammatory monocytes, eosinophils and T cells, with high intracellular parasite loads confined 31 

to the dermal TRMs. Spatial transcriptomic analyses of healed skin confirmed the presence of 32 

small inflammatory foci characterized by monocytes, neutrophils, CD4+ and CD8a+ T cells, and 33 

strong enrichment of IFNg-responsive genes. Embedded within this type 1 inflammatory 34 

environment, the strongest parasite signals were localized to spatially segregated dermal niches 35 

that were enriched for type 2 associated transcripts, including Il4, Arg1, Retnla, and TRM-36 

derived Ccl24 and Tslp. Mice with conditional deficiencies that compromised the number and 37 

M2-like activation state of the dermal TRMs, including IL-4/13-produced by eosinophils, TSLP 38 

produced by the TRMs, and IL-5-producing ILC2s, led to more efficient clearance of residual 39 

parasites, including their complete elimination from the site. Post-healing treatments, including 40 

IL-5 neutralization, or direct ablation of dermal TRMs in Ccl24-Cre:DTR mice, reduced 41 

persistent parasite burdens, in some cases to undetectable levels. Together, these findings 42 

provide direct spatial evidence that persistent pathogens can survive within localized immune-43 

refractory tissue niches despite otherwise effective host immunity, and identify the regulatory 44 

cells and cytokines that can be targeted to achieve sterile cure. 45 

 46 

 47 

 48 



Introduction 49 

 Similar to other infectious diseases such as tuberculosis, toxoplasmosis, and herpes 50 

virus infections, a hallmark of leishmanial diseases is that they are caused by pathogens that 51 

produce persistent infections. In human leishmaniasis, persisting infection following clinical 52 

healing is confirmed by detection of low numbers of organisms in lymphoid tissue and/or at the 53 

site of the former skin lesion 1, 2, 3, 4. Such latent infections can lead to reactivation pathologies at 54 

the primary or distal site of infection. Reactivation diseases that can occur following self-healing 55 

or successful chemotherapy include post-kala-azar dermal leishmaniasis (PKDL), 56 

recrudescence of localized cutaneous lesions (recidivans type), and development of 57 

mucocutaneous lesions months or years after healing of a cutaneous ulcer (espundia) 5, 6, 7, 8, 9. 58 

Low numbers of persisting organisms in the skin can also establish the hosts as long-term 59 

transmission reservoirs, as demonstrated using animals with healed infections exposed to the 60 

bites of vector sandflies 10, 11, 12.  61 

 The mechanisms underlying the persistence of residual parasites following clinical 62 

healing have been studied in mouse models of self-healing cutaneous leishmaniasis. A favored 63 

model involves C57BL/6 (B/6) mice infected in the footpad or ear dermis with L. major, which for 64 

most L. major strains will result in a small nodular lesion that spontaneously heals after a few 65 

weeks or months, but will fail to completely eliminate the infection 13, 14. In this classical TH1 66 

model of acquired resistance, the immune mechanisms responsible for maintaining clinical 67 

healing are well described, with inhibition of CD4+ or CD8a+ T cells, IL-12, INFg, or iNOS during 68 

the healed state sufficient in each case to reactivate the development of lesions 15, 16, 17. The 69 

healed mice also maintain a strong and durable resistance to secondary challenge, referred to 70 

as concomitant immunity, meaning that the protection against reinfection coincides with the 71 

persistence of the primary infection 18. The inability of this immunity to achieve a sterile cure is 72 

poorly understood. Fibroblasts and adipocytes - cells with limited antimicrobial capacity - have 73 

been proposed as potential reservoirs 19, 20. Other non-canonical host cells, including mast cells, 74 



eosinophils, lymphocytes, epithelial cells, mesenchymal stem cells, myocytes, endothelial cells, 75 

and keratinocytes, have also been suggested 21. However, none of these cell types have been 76 

definitively shown to harbor persistent parasites in the skin after healing of cutaneous lesions.  77 

 Our prior studies have drawn attention to the heterogeneity of myeloid populations found 78 

in the ear dermis of B/6 mice infected with a non-healing strain of L. major 22. We showed that 79 

the non-healing phenotype was critically dependent on a population of embryonic derived 80 

tissue-resident macrophages (TRMs) in the dermis that was preferentially infected in 81 

comparison to the macrophage and dendritic cell populations of hematopoietic origin. The 82 

outstanding feature of the dermal TRMs was their ability to retain an M2-like phenotype within 83 

the strong TH1 immune environment of the L. major-infected skin. The dermal TRMs were found 84 

to contribute to their own maintenance by producing CCL24 (eotaxin2) and thymic stromal 85 

lymphopoietin (TSLP), which functioned to establish localized type 2 circuitries involving the 86 

TRMs, eosinophils, and ILC2s 23, 24. 87 

In the current studies, we investigate the heterogeneity of dermal cells that remain infected 88 

following complete resolution of lesions produced by a healing strain of L. major. Using multiplex 89 

imaging and spatial transcriptomics, we report that the dermal TRMs are the predominant 90 

infected cells found in the skin after clinical healing. The infected cells are localized within a type 91 

2 microenvironment whose constituent cells and cytokines can be therapeutically targeted to 92 

promote sterile cure.    93 

 94 

 95 

Results 96 

Dermal TRMs are the predominant infected cells after clinical healing 97 

 We confirmed that the Leishmania major Friedlin (LmFn) strain produces a non-98 

ulcerative, nodular lesion in C57BL/6 (B/6) mice which eventually heals following a low dose 99 

infection of 1,000 metacyclic promastigotes in the ear dermis (Fig. 1A and sFig. 1A). Seventy-100 



two percent (26/36) of the ears from infected B/6 animals achieved clinical healing by 24 weeks 101 

post-infection, characterized by the absence of skin induration or erythema at the inoculation 102 

site (sFig. 1B). Despite the absence of overt clinical pathology, all healed ears contained 103 

detectable parasites, averaging 400 viable parasites as determined by limiting dilution of whole 104 

ear tissue homogenates (Fig. 1B). Dermal TRMs (CD206hi Ly6Cint) were identified as the 105 

predominant phagocytes harboring parasites at 24 weeks post-infection (Fig. 1C). Other sorted 106 

myeloid populations, including Ly6Chi inflammatory monocytes and Ly6Clow to int monocyte-107 

derived cells (moDCs), each contained infected cells but harbored relatively fewer viable 108 

parasites.  109 

To determine the anatomical distribution of persisting parasites in clinically healed ears,  110 

we performed whole-mount imaging of the inner ear skin, where parasites were originally 111 

inoculated, enabling high-resolution, three-dimensional visualization of the dermal immune 112 

landscape 25. Examination of multiple ears at 24 weeks post-infection revealed localized 113 

parasites within small, spatially segregated foci composed of only a few infected cells and 114 

associated with infiltration of both SiglecF+ eosinophils and T cells (Fig. 1F). By contrast, ear 115 

tissue from mice at 12 weeks post-infection, during the regression phase of disease, exhibited 116 

features characteristic of active infection, including larger clusters of infected cells and 117 

inflammatory leukocytes aggregated near the presumed site of parasite inoculation (Fig 1E).  118 

 To comprehensively evaluate the diversity of cellular phenotypes and their activation 119 

states at sites of persistent infection, we performed multiplexed imaging using the Iterative 120 

Bleaching Extends Multiplexity (IBEX) technique, which is not readily adaptable to whole-121 

mounted ear tissue 26. Because persistent infection occurs in the absence of overt pathology 122 

and infected foci are sparse, we increased the likelihood of detecting parasite-containing sites 123 

within 8-µm tissue sections by generating vertical sections from two ear stacks, each comprising 124 

12 clinically healed ears (Fig. 2A). Detailed examination of H&E-stained vertical sections 125 

revealed focalized areas of immune infiltration within the dermis and hypodermis in a subset of 126 



ear slices (Fig. 2B, lower slice, insets 1 and 2). These regions contained cells harboring multiple 127 

intracellular amastigotes. Notably, the lower ear slice maintained the overall structural integrity 128 

of the skin despite the presence of infected cells and focal inflammation. Intracellular 129 

amastigotes, MR+ dermal TRMs, iNOS+ cells, SiglecF+ eosinophils, neutrophilic granules 130 

containing myeloperoxidase (MPO), and CD4+ and CD8a+ T cells were readily observed within 131 

the inflamed region (Fig. 2C). Heavily parasitized cells were predominantly confined to 132 

MR+iNOS− dermal TRMs (Fig. 2C, insets 1 to 4, left panel). The inflamed regions also contained 133 

substantial numbers of MR−CD11b+F4/80+ cells (Fig. 2C, insets 8 and 9, middle panel), 134 

previously identified moDCs 22. A large fraction of these cells expressed iNOS, with some 135 

containing only a single or low number of parasites (Fig. 2C, insets 5 and 6, left panel). In 136 

addition, some T cells were observed actively producing IFNg (Fig. 2C, insets 11–14, right 137 

panel). 138 

 139 

Spatial transcriptomics reveals parasite persistence within a dermal TRM-associated niche 140 

To further define the cellular composition and immune microenvironment associated with 141 

persistent LmFn infection, we performed high-resolution spatial transcriptomic analysis using 142 

the Xenium platform (10x Genomics) 27 on four vertically stacked ear sections derived from two 143 

paraffin blocks (two sections per block), designated Region_1 - 4. A custom Xenium panel 144 

comprising 742 mouse genes and 10 LmFn genes was designed to identify host cell 145 

populations, parasite transcripts, and local immune signatures associated with parasite 146 

persistence. For cell segmentation, nuclei were first identified from Xenium morphology DAPI 147 

images using the StarDist 2D Versatile Fluorescence model. These nuclear masks were then 148 

used as priors for transcript-based cell segmentation with Baysor (v0.7.1; scale = 12, min-149 

molecules-per-cell = 30, prior segmentation confidence = 0.7). After quality-control filtering, cells 150 

from all four regions were integrated for downstream analyses. 151 



Unsupervised clustering identified 12 major cell populations consisting of both non-152 

hematopoietic and immune cell types (sFig. 2A and B). As expected, because the majority of the 153 

healed ear tissue remained in a steady-state condition, the cellular landscape was dominated by 154 

non-hematopoietic populations. Among the immune populations, resident skin cells, including 155 

dermal TRMs, mast cells, Langerhans cells, and epidermal gdT cells, comprised the 156 

predominant leukocyte populations. Inflammatory monocytes represented the principal 157 

infiltrating population detected across the tissue sections and exhibited strong expression of 158 

IFNg-inducible genes, including Cxcl9 and Cxcl10 (sFig. 2B). Thus, we used Cxcl9 expression to 159 

visualize the inflammatory foci where we expected persistent parasites to be found. Spatial 160 

mapping revealed discrete regions of elevated Cxcl9 expression throughout the stacked ear 161 

slices (Fig. 3A and sFig. 3C). Based on these patterns, inflamed ROIs were selected from areas 162 

exhibiting focal Cxcl9 expression, whereas matched non-inflamed ROIs were selected from 163 

adjacent areas of the same ear slice with minimal Cxcl9 expression. To determine whether 164 

these inflammatory regions corresponded to sites of parasite persistence, we examined the 165 

spatial distribution of parasite transcripts. Although parasite transcripts were sparsely detected, 166 

weighted parasite-density analysis, which integrates local parasite transcript detection and 167 

clustering, identified discrete parasite-rich microfoci within Cxcl9-positive inflammatory ROIs. 168 

The most prominent microfoci were observed in R1_infl_1 (Region1_inflamed ROI_1), 169 

R2_infl_2, R2_infl_4, R3_infl_4, R4_infl_1, and R4_infl_5. The limited recovery of parasite 170 

transcripts likely reflects the substantially lower abundance of Leishmania-derived RNA relative 171 

to host transcripts. 172 

Subsequent analyses were restricted to cells located within inflamed ROIs and adjacent 173 

non-inflamed ROIs. Unsupervised clustering of the merged ROI dataset identified 15 174 

transcriptionally distinct cell populations (Fig. 3B and sFig. 2D). The lymphocyte and 175 

myeloid_Cell_1/2 populations were further resolved by secondary clustering analyses to 176 



improve cellular annotation. Notably, eosinophils and ILC2s, which we previously identified as 177 

key components of dermal TRM-dependent type 2 immune niches, were not recovered as 178 

distinct transcriptional clusters. Histological examination of matched H&E sections revealed 179 

abundant eosinophils within the same inflammatory lesions, readily identifiable by their 180 

characteristic bilobed nuclei and eosinophilic cytoplasmic granules (Fig. 3C, insets 1-3). 181 

However, these cells were not reconstructed as discrete cellular objects by the transcript-based 182 

Baysor segmentation pipeline. We therefore applied an alternative segmentation approach 183 

using the nuclear expansion-based Xenium algorithm, which successfully identified nuclei 184 

corresponding morphologically to eosinophils (sFig. 3A). However, most of these cells contained 185 

fewer than 30 detected transcripts, falling below the transcript threshold used in the Baysor 186 

pipeline, and lacked detectable expression of canonical eosinophil-associated genes included in 187 

our Xenium panel (sFig. 3B). These findings suggest that, despite their clear histological 188 

presence, eosinophils were not reliably captured as transcriptionally defined cell populations in 189 

our Xenium dataset. Consistent with this limitation, three clusters (Mast_Fibro_Mixed, 190 

T_Fibro_Mixed, and Myeloid_Mixed) displayed mixed transcriptional signatures, most likely 191 

reflecting imperfect cell boundary reconstruction by current segmentation algorithms in densely 192 

inflamed tissues (Fig. 3B). 193 

Comparison of inflamed and non-inflamed ROIs revealed marked enrichment of 194 

inflammatory monocytes, DCs, neutrophils, and T lymphocytes within inflamed ROIs, consistent 195 

with a localized type 1 inflammatory response (Fig. 3B, right panel). Differential expression 196 

analysis identified strong enrichment of IFNg-responsive genes, including Cxcl9, Cxcl10, Stat1, 197 

Gbp5, Nos2, and Tgtp2, within inflamed ROIs (sFig. 2E). Gene Ontology analysis also 198 

demonstrated significant enrichment of pathways involved in leukocyte activation, migration, 199 

cytokine signaling, and immune cell interactions in inflamed ROIs, whereas non-inflamed ROIs 200 

were enriched for pathways associated with tissue homeostasis, lipid metabolism, and tissue 201 

repair (sFig. 2F).  202 



To determine the spatial relationship between parasite persistence and local immune 203 

organization, UMAP-derived cell annotations were projected back onto tissue coordinates 204 

together with the locations of parasite transcripts within each ROI (Fig. 4A and sFig. 4). Cells 205 

assigned transcripts from two or more independently detected LmFn genes (Lm³2-positive 206 

cells) were classified as high-confidence parasite-associated cells. The majority of these cells 207 

were annotated as Inflammatory_Monocytes, Dermal_TRM/TRM_Like, and Myeloid_Mixed 208 

populations (Fig. 4C, left panel). Because parasite transcripts were sparse and cell-boundary 209 

reconstruction remains imperfect in densely inflamed tissues, these assignments may include 210 

both parasite-containing cells and neighboring cells to which parasite transcripts were 211 

incorrectly assigned. Neighborhood analysis within a 100-µm radius centered on each Lm³2-212 

positive cell revealed enrichment of inflammatory monocytes, neutrophils, and CD4+ and CD8a+ 213 

T cells (Fig. 4C, right panel). Despite this local accumulation of inflammatory cells, organized 214 

granuloma-like structures were not observed at sites of parasite persistence. 215 

We next asked whether persistent parasites preferentially localized within a type 2 216 

immune microenvironment orchestrated by dermal TRMs. To address this, we calculated type 2 217 

inflammatory niche scores using genes associated with the previously described dermal TRM 218 

maintenance circuitry and alternative macrophage activation, including Il4, Ccl24, Tslp, Arg1, 219 

and Retnla 23, 24. These scores were compared with type 1 inflammatory niche scores derived 220 

from type 1 immune genes, including Tnf, Nos2, Cxcl9, Cxcl10, Il12b, Ifng, and Il27. Spatial 221 

mapping revealed that parasite-associated signals preferentially localized to regions with 222 

elevated type 2 inflammatory niche scores and away from areas exhibiting the strongest type 1 223 

inflammatory signatures (Fig. 4B and sFig. 4). In contrast, matched non-inflamed ROIs exhibited 224 

neither elevated type 1 inflammatory nor type 2 inflammatory niche scores. Quantitative 225 

neighborhood analysis centered on Lm³2-positive cells across all inflamed ROIs further 226 

demonstrated a marked predominance of  type 2 inflammatory over type 1 inflammatory niche 227 



signals (Fig. 4D). Together, these analyses demonstrate that parasite-associated signals 228 

preferentially localize to spatially restricted type 2 inflammatory tissue domains embedded within 229 

broader IFNg-dominated inflammatory foci. 230 

 231 

L. major persistence is abrogated in mice with conditional deficiencies in type 2 cytokines. 232 

 To further investigate the role of dermal TRMs in sustaining L. major infection after 233 

clinical healing, we studied L. major persistence following healing in a series of mouse strains 234 

with conditional immune deficiencies previously shown to compromise the number and M2-like 235 

activation state of the dermal TRMs during infection 23, 24. EoCre:IL4/13f/f mice, which lack IL-236 

4/IL-13 production from eosinophils, achieved an 80% clinical healing rate by 24 weeks post-237 

infection, similar to the WT B/6 controls (Fig. 5A and sFig5. A and B). Notably, eoCre:IL4/13f/f 238 

mice developed slightly larger lesions with more severe pathology compared to WT mice during 239 

weeks 7 - 10 post-infection. At 11 weeks post-infection, the parasite burdens in eoCre:IL4/13f/f 240 

mice were 25-fold lower than in controls, with no ex vivo recovery of parasites from two of the 241 

eoCre:IL4/13f/f mice (Fig. 5B). Flow cytometric analysis of the cells recovered from the ear 242 

revealed increased production of IFNg and TNFa from T cells in eoCre:IL4/13f/f mice compared 243 

to WT controls (Fig. 5C). As previously reported 23, the numbers of TRMs and eosinophils were 244 

significantly decreased in eoCre:IL4/13f/f mice, while the numbers of infiltrating PMNs, 245 

monocytes, and moDCs, were significantly increased (Fig. 5D). 246 

 At 24 weeks post-infection, persisting parasite burdens in the ears and draining lymph 247 

nodes (dLN) of clinically healed eoCre:IL4/13f/f mice were 265-fold and 7-fold lower, 248 

respectively, compared to WT controls (Fig. 5E). Importantly, 8 out of 20 ears and 12 out of 20 249 

dLNs from eoCre:IL4/13f/f mice showed no parasite growth ex vivo, compared to 0 out of 20 250 

ears and 6 out of 20 dLNs from WT controls. We also quantified parasite DNA to measure the 251 

combined burdens of dying/dead and live parasites. WT-healed ears contained 20,000-fold 252 



greater parasite DNA than eoCre:IL4/13f/f ears, with 14 out of 20 eoCre:IL4/13f/f ears failing to 253 

amplify any parasite DNA compared to 1 out of 16 WT ears (Fig. 5F). 254 

 In addition to IL-4/IL-13 from eosinophils, we previously showed that CCL24 and TSLP 255 

from dermal TRMs, as well as IL-5+ ILC2s, are necessary to maintain the number and M2-like 256 

profile of dermal TRMs during infection 23, 24. We infected Ccl24-Crehet:Tslpf/f mice, which 257 

selectively lack TSLP production from dermal TRMs based on our finding that Ccl24-cre is a 258 

highly specific Cre expressor for dermal TRMs. Because Ccl24-Crehet mice exhibit a 45% 259 

reduction in endogenous Ccl24 mRNA expression compared to WT 24, we included Ccl24-Crehet 260 

mice alongside WT B/6 controls. All groups, including Ccl24-Crehet:Tslpf/f, Ccl24-Crehet, and WT 261 

mice, achieved an approximate 90% clinical healing rate by 23 weeks post-infection (sFig5. C-262 

E). However, Ccl24-Crehet:Tslpf/f mice developed slightly larger lesions (1 – 1.5 mm larger on 263 

average) compared to WT mice during week 7 - 9 post-infection. At 23 weeks p.i., parasite 264 

burdens in Ccl24-Crehet:Tslpf/f and Ccl24-Crehet mice were 4,812- and 155-fold lower, 265 

respectively, compared to WT controls, with 24 out of 38 Ccl24-Crehet:Tslpf/f and 3 out of 26 266 

Ccl24-Crehet mice failing to grow out parasites from whole ear tissue ex vivo (Fig. 5G). 267 

 We also infected R5:Gata3f/f mice, which have Il5 linked to Cre recombinase and lack 268 

the critical transcription factor Gata3 necessary for the generation of IL-5+ ILC2s 24. R5:Gata3f/f 269 

and WT mice achieved clinical healing rates of 90% and 75%, respectively, by 24 weeks post-270 

infection (sFig. 5F-H). On average, parasite burdens in the healed R5:Gata3f/f mice were 2,230-271 

fold lower compared to the healed WT mice, with no ex vivo recovery of parasites from 32 out of 272 

38 ears from the R5:Gata3f/f mice, while parasites were recovered from all 40 ears from WT 273 

mice (Fig. 5H). 274 

  275 

Targeted depletion of dermal TRMs or IL-5 neutralization promotes clearance of residual 276 

parasites in healed mice. 277 



 To investigate how targeted ablation of M2-like dermal TRMs after clinical healing affects 278 

the persistence of L. major infection, we used Ccl24-cre:DTR mice, which render dermal TRMs 279 

susceptible to deletion following diphtheria toxin (DT) administration. Both Ccl24-cre:DTR and 280 

WT mice achieved clinical healing rates of 72% and 69%, respectively, by 24 weeks post-281 

infection (Fig. 6A and sFig. 6A and B). At week 25, 5 days after the first DT administration, we 282 

confirmed a significantly reduced number of dermal TRMs in Ccl24-Cre:DTR mice, but not in DT 283 

treated nor WT controls (Fig. 6B). This reduction was accompanied by increased infiltration of 284 

monocytes and neutrophils. Microscopic analysis of infected cells recovered from the same ear 285 

samples revealed that the DT-treated Ccl24-Cre:DTR group had a significant reduction in the 286 

proportion of cells harboring multiple parasites (3-5, 6-10, and >15 parasites per cell), along with 287 

a significant increase in cells containing a single parasite, suggesting new infections by 288 

parasites released from dying, heavily infected cells (Fig. 6C). The overall parasite burdens 289 

were not affected in either Ccl24-Cre:DTR or WT mice at week 25 after the first DT 290 

administration (Fig. 5D). In consideration of the possibility that prolonged depletion of the dermal 291 

TRMs might be required, and/or that the newly infected inflammatory monocyte and moDCs 292 

might require additional time to be activated for killing, the mice were treated once a week for 5 293 

consecutive weeks and sacrificed 4 weeks after the last treatment (Fig. 6A). Using this regimen, 294 

the DT-treated Ccl24-cre:DTR mice showed a 350-fold decrease in average parasite burdens 295 

compared to DT-treated WT controls. Moreover, 3 out of 8 ears from DT-treated Ccl24-cre:DTR 296 

mice showed no parasite growth ex vivo (Fig. 6E), while parasites could be grown out from all 297 

14 ears of the DT-treated WT mice. 298 

To evaluate the therapeutic potential of disrupting localized type 2 circuitries post-clinical 299 

healing, we selected IL-5 neutralization to inhibit eosinophil maturation and survival. We 300 

confirmed that a single intraperitoneal administration of IL-5 neutralizing antibody (TRFK5) 301 

effectively depletes eosinophils systemically, including in the ear skin (Fig. 6F). After WT mice 302 

reached an 88% clinical healing rate by 24 weeks post-infection, these animals were 303 



administered either TRFK5 or control IgG intraperitoneally once a week for 8 consecutive 304 

weeks. One week after the final treatment, TRFK5-treated mice exhibited a 10-fold reduction in 305 

average parasite burden compared to IgG-treated WT controls. Notably, parasites could not be 306 

recovered ex vivo from 6 out of 18 ears in the TRFK5-treated group, whereas all 18 ears from 307 

IgG-treated WT controls yielded viable parasites (Fig. 6H). As shown previously (Fig. 5H), 308 

healed R5:Gata3f/f mice exhibited a 352-fold lower parasite burden relative to IgG-treated WT 309 

controls, with no ex vivo parasite recovery from 17 out of 18 ears.  310 

 311 

 312 

Discussion 313 

Leishmania persistence following clinical healing is a hallmark of leishmanial infections, 314 

placing the host at risk of disease reactivation and greatly contributing to the pool of infection 315 

reservoirs. Prior studies of Leishmania persistence have focused largely on cutaneous 316 

leishmaniasis and identifying the tissues and host cell populations that harbor residual parasites 317 

after healing. Although fibroblasts, adipocytes, and other non-canonical host cells have been 318 

proposed as potential reservoirs because of their intrinsically poor microbicidal capacity, 319 

definitive evidence supporting their role in maintaining infection in healed skin remains limited 19, 320 

20, 21. Our findings identify dermal TRMs as the predominant host cells supporting parasite 321 

persistence. Using multiplex imaging and high-resolution spatial transcriptomics, we provide the 322 

first direct visualization of persistent parasites in the skin and offer a spatial framework for 323 

understanding how dermal TRMs enable parasite survival despite otherwise effective immunity. 324 

We show that parasites are localized to small, discrete inflammatory foci characterized by 325 

infiltrating monocytes, neutrophils, and T cells, but that within these foci they are preferentially 326 

concentrated within microdomains enriched for type 2 and dermal TRM-associated molecules. 327 

These observations support a model in which a balance between parasite growth and 328 



containment is maintained by infection of dermal TRMs that provide a spatially restricted 329 

replicative niche nested within a TH1-mediated inflammatory environment.  330 

A B/6 mouse with a healed L. major infection is widely considered a classical infection-331 

driven model of TH1 dominance, exhibiting strong and durable immunity to reinfection. Our 332 

findings indicate that the small, inflamed regions in which the persisting parasites are found 333 

reflect an ongoing TH1 response, containing inflammatory monocytes, neutrophils, CD4⁺ and 334 

CD8a⁺ T cells, and exhibiting strong IFNg-inducible transcriptional programs. Parasite survival 335 

within this type 1 inflammatory setting is a remarkable feature of the persistence phenotype.  336 

We could find no evidence for granulomatous structures that might sequester them from 337 

damage. Instead, their residence within dermal TRMs that maintain an alternatively activated 338 

state is key to their persistence. Several other features of dermal TRMs make them particularly 339 

well suited to serve as long-term reservoirs for L. major. Dermal TRMs are embryonically 340 

derived, long-lived, largely sessile cells that occupy stable niches within the skin 22, 28, 29. Their 341 

capacity for long-term retention is perhaps best illustrated by the biology of tattoos, in which 342 

dermal macrophages repeatedly capture, release, and recapture pigment while maintaining its 343 

location throughout adult life 30.  344 

Our conclusion that dermal TRMs harbor the majority of persistent L. major is based on 345 

the number of viable parasites found within sorted populations of myeloid cells recovered from 346 

healed skin, and by multiplex imaging that revealed that high intracellular parasite loads were 347 

confined to the dermal TRMs. By contrast, the identity of the infected cells was more difficult to 348 

accurately discern from the Xenium spatial analysis. While this analysis assigned parasite-349 

associated transcripts to inflammatory monocytes, dermal TRM/TRM-like cells, and other 350 

myeloid cells, these cellular assignments should be interpreted cautiously. Parasite transcripts 351 

were sparse, and cell-boundary reconstruction remains challenging in densely inflamed tissues, 352 

particularly among closely apposed myeloid cells. Consequently, some parasite transcripts may 353 

have been assigned to cells neighboring the actual infected host cell. In addition, some cell 354 



types were completely absent from the dataset annotations. Complementary histological and 355 

confocal analyses demonstrated eosinophil infiltration at these sites, consistent with our 356 

previous finding that eosinophils support dermal TRM maintenance by providing a local source 357 

of IL-4 23. Although eosinophils were not recovered as a discrete population in the Xenium 358 

dataset, matched histological sections revealed abundant eosinophils within the same 359 

inflammatory foci, indicating that their underrepresentation likely reflected the low transcript 360 

content of these cells under the panel and segmentation conditions used in this study. ILC2s 361 

were also not identified as a distinct cluster, likely because the restricted gene content of the 362 

custom panel did not include sufficient markers to confidently distinguish lineage-negative 363 

innate lymphocyte populations.  364 

 Despite these limitations in cellular resolution and representation, the Xenium spatial 365 

analysis was informative for defining the broader immune architecture surrounding sites of 366 

persistence. Parasite signals consistently localized within tissue microdomains enriched for 367 

expression of dermal TRM and other type 2 associated genes, including Ccl24 (eotaxin 2), Tslp, 368 

Il4, Arg1, and Retnla, which were embedded within a broader IFNg-dominated inflammatory 369 

milieu. This spatial segregation of permissive and microbicidal programs provides a structural 370 

explanation for how persistent parasites survive despite robust type 1 immunity. More broadly, 371 

our findings illustrate the utility of spatial transcriptomics to reveal the local immune landscape 372 

of infection even when pathogen transcript recovery is limited, and when cellular segmentation / 373 

identities within inflamed tissue are difficult to accurately resolve. 374 

Our imaging and genetic studies further support a model in which relatively low numbers 375 

of parasites are maintained through a dynamic balance between replication and immune-376 

mediated destruction. While the dermal TRMs represented the most heavily parasitized cells 377 

within healed lesions, monocytes and monocyte-derived cells typically contained fewer or only a 378 

single organism. Consistent with our previous observations in active lesions 22, dermal TRMs 379 

remained iNOS-negative, whereas infected monocyte-derived cells were frequently iNOS-380 



positive. These findings suggest that parasite replication is largely restricted to dermal TRMs, 381 

while parasites released into the surrounding inflammatory environment are phagocytosed by 382 

monocyte-derived cells that are subject to IFNg-dependent activation. This interpretation is 383 

supported by our DT-mediated depletion studies, in which selective elimination of dermal TRMs 384 

in healed mice reduced the frequency of heavily infected cells while transiently increasing the 385 

proportion of cells containing only a single parasite. The ability of the dermal TRM depletion to 386 

actually reduce parasite burdens in healed mice became apparent only after repeated DT 387 

treatments and an extended observation period, suggesting that following release of viable 388 

parasites from toxified TRMs, the newly infected cells required time to acquire full leishmanicidal 389 

capacity.   390 

A balance of L. major replication and destruction has been previously proposed to 391 

explain the persistence of low numbers of organisms following healing in the footpad, with the 392 

critical difference that in the sub-cutaneous footpad site the replicating parasites were observed 393 

within both iNOS-positive and iNOS-negative populations of infected cells 31. While these 394 

studies did not directly address the ontogenic heterogeneity of the cells, neither Relmα+ nor 395 

CD206+ populations, both markers of dermal TRMs, were observed harboring persisting 396 

parasites. This discrepancy may reflect differences in the resident macrophage populations 397 

present at distinct anatomical sites within the skin and underlying tissues. Unlike the dermis, 398 

which contains abundant lymphoid cells and a dense network of dermal TRMs, the hypodermis 399 

is dominated by CD11b⁺ myeloid cells and contains transcriptionally distinct hypodermal TRMs 400 

32.  401 

The tightly regulated balance between L. major survival and killing in the healed site is 402 

evident from the rapid reactivation of disease following inhibition of CD4+ or CD8a+ T cells, IL-403 

12, INFg, or iNOS on the one hand 15, 16, 17, and reduced numbers of residual parasites in mice 404 

with the conditional deficiencies in type 2 responses required for dermal TRM maintenance 405 



shown here on the other. Thus, mice lacking eosinophil-derived IL-4/IL-13, ILC2-derived IL-5, or 406 

TRM-derived TSLP, each developed and resolved lesions with kinetics similar to WT controls, 407 

yet exhibited dramatically reduced parasite burdens, including the absence of detectable 408 

parasites after healing. Because each of these immune deficits reduces dermal TRM 409 

abundance and impairs maintenance of their M2-like activation state 23, 24, these findings 410 

establish a direct relationship between dermal TRM biology and parasite persistence.  411 

The therapeutic implications of these findings was tested by systemic IL-5 neutralization, 412 

which promoted reduced numbers of residual parasites, including their complete clearance, in 413 

mice treated post-healing. Multiple drugs, including mepolizumab/reslizumab (anti-IL5 414 

antibodies) and benralizumab (an anti-IL5Ra antibody), are already approved for clinical use in 415 

various eosinophil related pathologies and possess well-established safety profiles 33, 34, 35. 416 

Repurposing these drugs to treat Leishmania patients post clinical healing, or as adjunct 417 

therapy during treatment of active disease, may represent a strategy for achieving sterile cure.  418 
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Materials and Methods 433 

Mice 434 

 C57BL/6 (B/6) mice were procured from Taconic Farms. B6(C)-Il5tm1.1(icre)Lky/J (R5) and 435 

C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J (DTR), and Gata3tm1.1Mbu/J (Gata3f/f) mice were 436 

obtained from The Jackson Laboratory. The eoCre:IL4/13f/f mice on a C57BL/6 background 437 

were acquired as previously described 23. Additionally, Ccl24-IRES-Cre (Ccl24-Cre) and Tslpf/f 438 

mice were generated as previously reported 24. All mice used in these studies were female, 439 

aged 6-8 weeks, and were bred and/or maintained in the NIAID animal care facility under 440 

specific pathogen-free conditions. The use of these animals was carried out in accordance with 441 

a study protocol approved by the NIAID Animal Care and Use Committee (protocol number LPD 442 

68E). Compliance with the Animal Welfare Act, PHS Policy, U.S. Government Principles for the 443 

Utilization and Care of Vertebrate Animals Used in Testing, Research, and Training, and the NIH 444 

Guide for the Care and Use of Laboratory Animals was strictly adhered to. 445 

 446 

In vivo injections 447 

For targeted depletion of dermal TRMs, Ccl24-Cre:DTR animals were injected 448 

intradermally with 20 ng of diphtheria toxin (DT) in PBS (D0564, Millipore Sigma) once a week 449 

for 5 consecutive weeks. To achieve systemic IL-5 neutralization, WT B/6 mice were 450 

administered 25 µg of anti-IL-5 antibody (TRFK5, Bio X Cell) via intraperitoneal injection once a 451 

week for 8 consecutive weeks. 452 

 453 

Leishmania major infection 454 



The L. major Friedlin V1 (LmFn) strain was cultured under the following conditions: 455 

Promastigotes were incubated at 26°C in Medium 199, supplemented with 20% heat-inactivated 456 

fetal calf serum (FCS) (Gemini Bio-Products), 100 U/mL penicillin, 100 µg/mL streptomycin, 2 457 

mM L-glutamine, 40 mM Hepes, 0.1 mM adenine (dissolved in 50 mM Hepes), 5 mg/mL hemin 458 

(dissolved in 50% triethanolamine), and 1 mg/mL 6-biotin (M199/S). Infective-stage metacyclic 459 

promastigotes were obtained from stationary phase cultures (5–6 days) by density gradient 460 

centrifugation, as described previously 36. Mice were inoculated intradermally in the ear dermis 461 

with metacyclic promastigotes in a 10 µL volume. Lesion development was tracked weekly by 462 

measuring the diameter of ear nodules with a direct-reading Vernier caliper (Thomas Scientific). 463 

Lesion pathology was assessed and scored as follows: 0 = no ulceration, 1 = ulcer, 2 = half ear 464 

eroded, 3 = entire ear eroded. 465 

 466 

Limiting dilution assay for quantification of L. major  467 

Ear tissue was prepared as previously described 37. Briefly, the two sheets of the 468 

infected ear dermis were separated and placed in DMEM containing 0.2 mg/mL Liberase TL 469 

purified enzyme blend (Roche Diagnostics Corp.). The samples were then incubated for 1.5 470 

hours at 37°C. Following incubation, the digested tissue was processed using a tissue 471 

homogenizer for 3.5 minutes (Medi-machine; Becton Dickinson) and filtered through a 70 µm 472 

cell strainer (Falcon Products) to obtain a single-cell suspension. Parasite titrations were 473 

conducted as previously described 38. In brief, tissue homogenates were serially diluted in 96-474 

well flat-bottom microtiter plates containing 100 µL M199/S. The number of viable parasites in 475 

each ear was determined from the highest dilution at which promastigotes could grow after 7–10 476 

days of incubation at 26°C. 477 

 478 

Real-time PCR assay for quantification of L. major parasite burden 479 



Quantitative PCR was performed to amplify a single-copy housekeeping gene, 480 

Leishmania RNA binding protein (Drbd3), using the following primers: Forward Primer (5’-481 

GCCGCGTGTACATTCGTTTT-3’) and Reverse Primer (5’-CTGGTACACGATCTCTGGCG-3’), 482 

as previously described 39. DNA was isolated from whole mouse ear tissues using DNeasy 483 

Blood & Tissue kits (Cat# 69504; QIAGEN), and 100 ng of DNA was used per reaction. Each 484 

reaction plate contained a standard curve of cultured promastigote DNA, ranging from 1 x 107 485 

femtograms (fg) to 100 fg per reaction. PCR reactions were prepared in a final volume of 10 µL, 486 

consisting of 5 µL of iTaq universal SYBR Green supermix (Cat# 172-5121; BioRad), 0.5 µL of 487 

each primer (1 µM concentration), and 100 ng of genomic DNA per sample. All PCR reactions 488 

were performed in triplicate using the QuantStudio12K Flex system (ThermoFisher Scientific). 489 

The total parasite DNA was calculated by first using the average Ct value for each reaction to 490 

interpolate the fg of parasite DNA per 100 ng of total DNA, relative to the standard curve 491 

included on each reaction plate. This DNA (fg per reaction) was then multiplied by the dilution 492 

factor used to adjust each sample to 100 ng per PCR reaction, thereby determining the total 493 

parasite DNA (fg) per tissue harvested. 494 

 495 

Immunolabeling and flow cytometry analysis 496 

Single-cell suspensions were prepared and stained using the LIVE/DEAD Fixable Aqua 497 

Dead Cell Stain Kit (ThermoFisher). Cells were incubated with an anti-Fc-g II/III (CD16/32) 498 

receptor antibody (2.4G2, BD Biosciences) in PBS containing 1% FCS, followed by staining with 499 

fluorochrome-conjugated antibodies for 1 hour on ice. The following antibodies were used for 500 

surface staining: APC anti-mouse CD3 (17A2, Biolegend); Alexa488 anti-mouse TCR β (H57-501 

597, Biolegend); FITC, APC/Cy7, and Brilliant VioletTM 421 anti-mouse Ly6G (1A8, Biolegend); 502 

APC/Cy7 anti-mouse Ly6C (HK1.4, Biolegend); FITC and PE/Cy7 anti-mouse CD11b (M1/70, 503 

Biolegend); PerCP/Cy5.5, Brilliant VioletTM 421, and APC/Cy7 anti-mouse NK1.1 (PK136, 504 



Biolegend); Alexa647 and APC anti-mouse CD206 (C068C2, Biolegend); PE and Brilliant 505 

VioletTM 421 anti-mouse SiglecF (E50-2440, BD Biosciences); APC and APC/Cy7 anti-mouse 506 

F4/80 (BM8, Biolegend). For intracellular cytokine detection, single-cell suspensions harvested 507 

from tissues were cultured in the presence of PMA/Ionomycin and Brefeldin A (Biolegend) for 4 508 

hours at 37°C. Cells were first stained with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit 509 

(ThermoFisher), followed by surface marker staining, fixation, and permeabilization using BD 510 

Cytofix/Cytoperm (BD Biosciences). Subsequently, cells were stained for cytokine/chemokine 511 

detection for 30 minutes on ice. The following antibodies were used for intracellular staining: 512 

FITC anti-mouse IFNg (XMG1.2, Biolegend); PerCP-eFluorTM710 anti-mouse TNFa (MP6-XT22, 513 

Thermo-Fisher Scientific). Data were collected using FacsDIVA software and a FacsCANTO II 514 

flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star). 515 

 516 

IBEX (Iterative bleaching extends multiplexity) assay 517 

Tissue processing, antibody validation and panel design, and manual IBEX were 518 

performed as previously reported 26. Ears from clinically healed WT animals at 24 weeks post 519 

infection were harvested and immediately fixed in 4% formaldehyde at 4°C	 for 24 hours 520 

followed by incubation in 30% sucrose (wt/vol) at 4°C	 for 24 hours. Ears were embedded in 521 

Tissue-Tek OCT (Sakura Finetek). Cryostat cut sections (7 μm) were placed onto Superfrost 522 

Plus microscope slides (Fisher Scientific) and dried overnight at room temperature (RT). After 523 

rehydrated in PBS for 5 minutes at RT, tissue sections were blocked with PBS containing 0.3% 524 

Triton-X-100 (Cat# 93443 Millipore Sigma), 1% bovine serum albumin (Cat# A1933, Millipore 525 

Sigma), and 1:100 diluted TruStain FcXTM (93, Biolegend) in PELCO BioWave® Pro+ 526 

microwave (36500-230, Ted Pella Inc) on a cooling plate set to 26°C with one cycle of the 527 

microwave program (100 watt for 2min - 0 watt for 1min - 100 watt for 2min - 0 watt for 1min - 528 

100 watt for 2min - 0 watt for 1min - 100 watt for 2min - 0 watt for 1min - 100 watt for 2min). 529 

Sections were subsequently stained with 100 µl of primary antibody solution with two microwave 530 



cycles and washed with three exchanges of PBS. The slides were mounted with Fluoromount-G 531 

(Cat# 0100-01, Southern Biotech) and equilibrated for 30 minutes at RT in the dark. The sample 532 

images were acquired with a Leica SP8 confocal laser fluorescence microscope and Imaris 533 

software (Bitplane). After manually removing cover slides and washed with PBS, the slides were 534 

bleached with a freshly prepared 1 mg/mL LiBH4 solution (Cat#93-0397, STREM Chemicals) for 535 

10 minutes at RT and washed with PBS three times. This labeling, image acquisition, and 536 

bleaching were repeated 3 more times for a total of 4 antibody panels (4 parameters per a 537 

panel). Four series of 3D image stacks, collected separately in each cycle, were aligned using 538 

SimpleITK, previously reported as an intensity-based image alignment protocol to register 3D 539 

IBEX-generated images 40. The following antibodies were used for surface staining: Cycle1 - 540 

Alexa488 anti-mouse CD206 (C068C2, Biolegend), Alexa555 anti-L. major (generated in-541 

house), iFluor594 anti-mouse iNOS (W16030C, Biolegend), Alexa647 anti-mouse SiglecF (E50-542 

2440, BD Biosciences); Cycle 2 - Alexa488 anti-mouse CD8a (53-6.7, Biolegend), Alexa555 543 

anti-mouse CD11c (N418, Biolegend), iFluor594 anti-mouse IFNg (XMG1.2., ThermoFisher 544 

Scientific), Alexa647 anti-mouse CD4 (Gk1.5, Biolegend); Cycle 3 - Alexa488 anti-mouse 545 

CX3CR1 (SA011F11, Biolegend), Alexa555 anti-mouse MPO (AF3667, R&D Systems), 546 

iFluor594 anti-mouse IFNg (BM8, ThermoFisher Scientific), Alexa647 anti-mouse TCRgd (GL3, 547 

Biolegend); Cycle 4 - Alexa488 anti-mouse CD11b (M1/70, Biolegend), Alexa555 anti-mouse c-548 

Kit (2B8, Biolegend), iFluor594 anti-mouse CD31 (MEC13.3, Biolegend), Alexa647 anti-mouse 549 

Tubulinb3 (TUJ1, Biolegend).  550 

 551 

Xenium in situ analysis 552 

The Xenium in situ platform (10x Genomics) was used to perform spatially resolved 553 

transcriptomic profiling of Leishmania major-infected tissue. A Xenium Standalone Custom 554 



Gene Panel comprising 742 murine genes and 10 L. major genes was designed based on prior 555 

single-cell RNA sequencing datasets of infected C57BL/6 ear tissues 24. 556 

Formalin-fixed paraffin-embedded (FFPE) tissue sections (5 μm) were mounted onto Xenium 557 

slides with technical support from Histoserv, Inc. Sections were deparaffinized and 558 

permeabilized to allow access to mRNA, followed by overnight probe hybridization at 50°C. After 559 

stringency washes to remove unbound probes, probe ligation was performed at 37°C for 2 560 

hours to enable annealing of rolling circle amplification (RCA) primers. Circularized probes were 561 

then amplified via RCA at 37°C for 2 hours, generating amplified barcode signals for each RNA 562 

molecule. Following amplification, background fluorescence was chemically quenched, and 563 

slides were loaded into the Xenium Analyzer (10x Genomics) with technical support from 564 

Psomagen, Inc. The instrument performed automated cyclic imaging, during which fluorescently 565 

labeled probes hybridized to barcode sequences, followed by imaging and probe removal. This 566 

process was repeated across multiple cycles and channels. Z-stack images were acquired and 567 

computationally stitched across fields of view (FOVs) to reconstruct a full spatial representation 568 

of transcript localization. Puncta corresponding to individual RNA molecules were detected, 569 

filtered, and decoded using a Xenium codebook through a probabilistic maximum likelihood 570 

framework. 571 

To improve cell segmentation accuracy beyond vendor-provided boundaries, a custom 572 

segmentation pipeline was implemented. High-resolution morphology images (morphology 573 

focus channel) were extracted and processed using the StarDist deep learning model 574 

(2D_versatile_fluo) for nucleus/cell seed detection. Due to the large size of Xenium images, 575 

segmentation was performed in a tiled manner (2048 × 2048 pixels), and tile-wise predictions 576 

were subsequently merged into full-resolution segmentation masks. Unique label offsets were 577 

applied during merging to ensure non-overlapping cell identities across tiles. Transcript 578 

coordinates were converted from micron space to pixel space using the Xenium spatial scaling 579 

factor (0.2125 μm per pixel). The Baysor algorithm (v0.7.1) was used to refine cell segmentation 580 



by integrating transcript density with prior segmentation masks generated from StarDist. Baysor 581 

was run with the following parameters: --scale 12, --min-molecules-per-cell 30, and --prior-582 

segmentation-confidence 0.7. This approach allowed probabilistic reassignment of transcripts to 583 

cells and improved segmentation accuracy, particularly in densely packed or low-RNA cell 584 

populations. Four independent Xenium regions were processed separately using identical 585 

pipelines (StarDist → Baysor). For each region, Baysor outputs including cell boundaries, 586 

segmentation maps, and count matrices were generated. Region-specific Seurat objects were 587 

constructed from Baysor-derived count matrices and cell metadata. Following individual 588 

processing, regions were merged into a combined Seurat object for downstream analysis. To 589 

focus on biologically relevant areas, regions of interest (ROIs) corresponding to micro-infection 590 

foci were manually selected based on spatial clustering of L. major transcripts and chemokine 591 

expression (e.g., Cxcl9). ROI selection was performed using coordinate-based cropping or 592 

interactive selection. 593 

 594 

Statistical analyses 595 

The differences in values obtained for two different groups were determined using the 596 

non-parametric Mann-Whitney test. For comparisons of multiple groups, one-way analysis of 597 

variance (ANOVA) followed by Dunn’s post-test was used. Analyses were performed using 598 

Prism 8.0 software (GraphPad). 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 



 607 

Figure 1. Dermal tissue-resident macrophages are the principal host cells harboring persistent 608 

L. major after clinical healing in B/6 mice. 609 

(A) Clinical course of infection following intradermal inoculation of 1 × 10³ L. major Friedlin 610 

(LmFn) metacyclic promastigotes into the ear dermis, showing lesion development and 611 

subsequent clinical healing by 24 weeks post-infection. Each symbol represents an individual 612 

ear measurement at the indicated time point; the line connects mean values. (B) Viable parasite 613 

burdens in clinically healed ears at 24 weeks post-infection, as determined by limiting dilution 614 



assay. Data are shown as individual values and geometric means. (C) Viable parasite burdens 615 

in the indicated flow cytometry-sorted cell populations isolated from whole clinically healed ears 616 

of an independent cohort of WT mice at 24 weeks post-infection, as determined by limiting 617 

dilution assay. Data are shown as individual values and geometric means. *P < 0.05. (D) 618 

Schematic illustrating the preparation of anterior ear skin whole mounts for three-dimensional 619 

imaging of persistent infection sites in clinically healed B/6 mice. (E, F) Whole-mount 620 

immunofluorescence imaging of inner ear skin from B/6 mice during lesion regression at 12 621 

weeks post-infection (E) and following clinical healing at 24 weeks post-infection (F). Boxed 622 

regions are shown at higher magnification in the corresponding numbered panels. Scale bars, 623 

400 µm (overview images) and 100 µm (magnified regions). 624 

 625 
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 627 

 628 

 629 

 630 
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 641 

Figure 2. Cellular organization of persistent infection sites in clinically healed B/6 mice. 642 



(A) Schematic illustrating the generation of serial vertical sections from stacked ears collected 643 

from clinically healed B/6 mice at 24 weeks post-infection. Sections were oriented on the slide 644 

left to right corresponding to ear tip to ear base adjacent to the skull.  (B) Hematoxylin and eosin 645 

(H&E) staining of vertical ear sections from clinically healed WT B/6 mice at 24 weeks post-646 

infection. The cyan dotted line delineates a focal region of immune cell infiltration. Boxed 647 

regions 1 and 2 are shown at higher magnification. Cyan arrowheads indicate intracellular 648 

amastigotes. (C) Multiplexed immunofluorescence imaging by Iterative Bleaching Extends 649 

Multiplexity (IBEX) of vertical ear sections containing persistent parasites at 24 weeks post-650 

infection. Four staining cycles were performed, and 12 of the 16 analyzed markers are shown. 651 

Numbered boxes are shown at higher magnification below the corresponding images. The white 652 

dotted line delineates the cartilage. Data are representative of two independent experiments. 653 
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 669 



Figure 3. Spatial transcriptomic analysis defines the cellular composition of persistent infection-670 

associated inflammatory foci. 671 

(A) Spatial mapping of Cxcl9 expression and weighted L. major parasite-density scores in a 672 

representative Xenium section (Region 1) from clinically healed B/6 mice at 24 weeks post-673 

infection. Four Xenium sections (Regions 1 - 4), comprising two sections from each of two 674 

independently prepared tissue blocks containing 12 stacked ears per block, were analyzed. 675 

Regions of interest (ROIs) exhibiting focal Cxcl9 expression were designated as inflamed ROIs 676 

(red boxes), whereas adjacent Cxcl9-low regions were selected as matched non-inflamed ROIs 677 

(black boxes). Enlarged panels show a representative inflamed ROI (R1_infl_1) containing focal 678 

Cxcl9 expression and parasite-associated signals and its matched non-inflamed ROI 679 

(R1_noinfl_1). (B) UMAP visualization of cells within inflamed and matched non-inflamed ROIs 680 

following StarDist-Baysor segmentation and unsupervised clustering. Major cell populations are 681 

indicated. Lymphocyte and Myeloid_Cell_1/2 populations were further resolved by secondary 682 

clustering, as shown in the lower UMAPs. The right panel shows differences in the relative 683 

abundance of each cell type between inflamed and matched non-inflamed ROIs, expressed as 684 

the percentage in inflamed ROIs minus the percentage in non-inflamed ROIs. (C) 685 

Representative H&E image of an inflamed ROI (R2_infl_2) overlaid with Baysor-derived cell 686 

boundaries. Boxed regions are shown at higher magnification. Green circles indicate 687 

morphologically identified eosinophils with characteristic bilobed nuclei and eosinophilic 688 

cytoplasmic granules that were not reconstructed as discrete cellular objects by the Baysor 689 

segmentation pipeline. 690 
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 696 

Figure 4. Persistent L. major localizes to dermal TRM- and Type 2-associated niches 697 

embedded within inflammatory foci. 698 

(A) Spatial reconstruction of representative inflamed ROIs from Region 1 (R1_infl_1) and 699 

Region 2 (R2_infl_2). Baysor-derived cell segmentation polygons are colored according to cell 700 

identity and projected onto their original tissue coordinates. Insets show the corresponding 701 



H&E-stained Xenium sections. Open black circles indicate cells assigned transcripts from two or 702 

more independently detected L. major genes (Lm³2-positive cells). Dashed circles indicate 100-703 

µm-radius neighborhoods surrounding individual Lm³2-positive cells. (B) Spatial maps of Type 2 704 

inflammatory niche scores (Ccl24, Tslp, Il4, Arg1, and Retnla) and Type 1 inflammatory niche 705 

scores (Tnf, Nos2, Cxcl9, Cxcl10, Ifng, Il12b, and Il27) overlaid with Lm³2-positive cells in 706 

representative inflamed ROIs in (A) (R1_infl_1 and R2_infl_2) and their matched non-inflamed 707 

ROIs. (C) Cell-type composition of Lm³2-positive cells across all 20 inflamed ROIs (left) and of 708 

neighboring cells located within a 100-µm radius of each Lm³2-positive cell (right). (D) 709 

Neighborhood analysis comparing Type 2 and Type 1 inflammatory niche densities within a 100-710 

µm radius of individual Lm³2-positive cells across all inflamed ROIs. Niche densities are 711 

expressed as percentiles across the analyzed neighborhoods. Each point represents one Lm³2-712 

positive cell and is colored according to the number of independently detected L. major genes 713 

assigned to that cell. Points above the diagonal indicate neighborhoods with relatively greater 714 

Type 2 inflammatory niche density, whereas points below the diagonal indicate neighborhoods 715 

with relatively greater Type 1 inflammatory niche density. 716 
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 727 

Figure 5. Conditional disruption of type 2 immune circuits reduces persistent L. major infection 728 

after clinical healing. 729 

(A) Clinical course of infection in eoCre:Il4/13f/f and WT B/6 mice following intradermal 730 

inoculation with LmFn, showing lesion development and subsequent resolution. Each symbol 731 

represents an individual ear lesion measurement at the indicated time point; lines connect mean 732 

values. Mice were euthanized at 11 or 24 weeks post-infection for the analyses shown in 733 

subsequent panels. (B) Viable parasite burdens in one-tenth of ear homogenates from 734 

eoCre:Il4/13f/f and WT mice at 11 weeks post-infection, as determined by limiting dilution assay. 735 



Red symbols indicate samples with no detectable parasite growth ex vivo. (C) Frequencies of 736 

IFNg⁺ and TNFa⁺ T cells in the remaining nine-tenths of ear tissue from eoCre:Il4/13f/f and WT 737 

mice at 11 weeks post-infection, as determined by flow cytometry. (D) Numbers of the indicated 738 

immune cell populations in the same ear samples analyzed in (C). (E) Viable parasite burdens 739 

in whole ears and draining lymph nodes (dLNs) from eoCre:Il4/13f/f and WT mice at 24 weeks 740 

post-infection, as determined by limiting dilution assay. (F) Quantification of parasite DNA by 741 

real-time PCR in total DNA isolated from clinically healed ears of an independent cohort of 742 

eoCre:Il4/13f/f and WT mice at 24 weeks post-infection. (G, H) Viable parasite burdens in whole-743 

ear homogenates from Ccl24-Crehet:Tslpf/f, Ccl24-Crehet, R5:Gata3f/f, and WT mice at 23–24 744 

weeks post-infection, as determined by limiting dilution assay. In limiting dilution assays, red 745 

symbols indicate samples with no detectable parasite growth ex vivo; in (F), red symbols 746 

indicate samples with no detectable parasite DNA. Data are representative of at least two 747 

independent experiments. Individual values and geometric means are shown in (B) and (E–H); 748 

individual values and arithmetic means are shown in (C, D). P values were determined by non-749 

parametric Mann-Whitney test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 750 
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 762 

Figure 6. Targeted depletion of dermal TRMs and IL-5 neutralization reduce persistent L. major 763 

infection after clinical healing. 764 

(A) Clinical course of infection in Ccl24-Cre:DTR and WT B/6 mice following intradermal LmFn 765 

infection, showing lesion development and subsequent resolution. Each symbol represents an 766 

individual ear lesion measurement at the indicated time point; lines connect mean values. 767 

Following clinical healing at 24 weeks post-infection, Ccl24-Cre:DTR and WT mice were treated 768 

with either PBS or diphtheria toxin (DT) once weekly, as indicated by arrowheads. (B) Flow 769 

cytometric quantification of the indicated cell populations in eight-tenths of ear tissue at 25 770 

weeks post-infection, one week after the first administration of PBS or DT. (C) Cytospin analysis 771 

of one-tenth of ear tissue from the mice analyzed in (B). Infected cells were categorized 772 



according to the number of intracellular parasites (1, 2, 3–5, 6–10, 11–15, or >15 parasites per 773 

infected cell), and extracellular parasites were quantified separately. (D) Viable parasite burdens 774 

in the remaining one-tenth of ear tissue from the mice analyzed in (B), as determined by limiting 775 

dilution assay. (E) Viable parasite burdens in whole-ear homogenates at 32 weeks post-infection 776 

following five repeated weekly administration of PBS or DT and a subsequent 4-week treatment-777 

free period. (F) Flow cytometric quantification of eosinophils in ear tissue from WT mice 778 

following intradermal LmFn infection and intraperitoneal administration of control IgG or anti-IL-5 779 

antibody on days 3 and 7 post-infection. (G) Clinical course of infection in WT B/6 and 780 

R5:Gata3f/f mice following intradermal LmFn infection. Each symbol represents an individual ear 781 

lesion measurement at the indicated time point; lines connect mean values. Following clinical 782 

healing at 24 weeks post-infection, WT mice were divided into two groups and treated with 783 

control IgG or anti-IL-5 antibody once weekly, as indicated by arrowheads. (H) Viable parasite 784 

burdens in whole-ear homogenates from the indicated groups at 32 weeks post-infection. Red 785 

symbols indicate samples with no detectable parasite growth ex vivo, and red fractions indicate 786 

the number of samples with no detectable parasites relative to the total number analyzed. 787 

Individual values and geometric means are shown in (D, E, H); individual values and arithmetic 788 

means are shown in (B, F). Data in (C) are shown as mean ± SD. P values were determined 789 

using non-parametric Mann-Whitney test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 790 
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 799 

Supplementary Figure 1. Clinical resolution of low-dose L. major infection in B/6 mice. 800 

(A) Pathology scores over the course of infection following intradermal inoculation of 1,000 801 

LmFn metacyclic promastigotes into the ear dermis of B/6 mice. Pathology was scored as 802 

follows: 0, no visible lesion; 1, ulceration; 2, erosion of approximately half of the ear; and 3, 803 

complete erosion of the ear. Each symbol represents an individual ear, and the solid line 804 

indicates the mean pathology score at each time point. (B) Cumulative percentage of infected 805 

ears achieving clinical healing over the course of infection (n = 36 ears). Clinical healing was 806 

defined as the complete absence of visible skin pathology, including induration, erythema, and 807 

ulceration, at the site of parasite inoculation. 808 
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 819 

Supplementary Figure 2. Xenium spatial transcriptomic analysis of persistent infection sites in 820 

healed B/6 ears. 821 



(A) UMAP visualization of all cells recovered from four Xenium tissue sections following 822 

StarDist-Baysor segmentation and unsupervised clustering. Major cell populations identified 823 

across the merged whole-region dataset are indicated. (B) Dot plot showing the top three 824 

marker genes used to define each major cell population identified in the whole-region dataset. 825 

(C) Spatial mapping of Cxcl9 expression and L. major transcript scores in Regions 2 - 4 from 826 

healed B/6 ears at 24 weeks post-infection. ROIs exhibiting focal Cxcl9 expression were 827 

designated as inflamed ROIs (red boxes), whereas adjacent regions with minimal Cxcl9 828 

expression were selected as matched non-inflamed ROIs (black boxes). Lower panels show 829 

selected inflamed ROIs containing focal Cxcl9 expression and L. major transcript signals. (D) 830 

Dot plot showing the top three marker genes used to define cell populations identified in the 831 

merged ROI dataset following secondary clustering of inflamed and non-inflamed ROIs, 832 

including lymphocyte and myeloid subclusters. (E) Volcano plot showing differentially expressed 833 

genes (DEGs) between inflamed and non-inflamed ROIs. Genes enriched in inflamed ROIs are 834 

shown in red, genes enriched in non-inflamed ROIs are shown in blue, and non-significant 835 

genes are shown in green. (F) Gene Ontology (GO) Biological Process enrichment analysis of 836 

genes upregulated in inflamed and non-inflamed ROIs. 837 
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 848 

Supplementary Figure 3. Histologically identified eosinophils exhibit low transcript recovery in 849 

Xenium spatial analysis. 850 

(A) Representative H&E image of an inflamed Xenium region of interest (R2_inf_2) overlaid with 851 

cell boundaries generated by the Xenium nuclear-expansion segmentation algorithm. Three 852 

enlarged regions (right) highlight eosinophils identified histologically by their characteristic 853 

bilobed nuclei and eosinophilic cytoplasmic granules (green circles). Corresponding 854 

segmentation maps are shown below each inset. Blue dots indicate detected murine transcripts. 855 

Red outlines indicate Xenium segmentation objects spatially associated with histologically 856 

identified eosinophils, and red numbers identify the individual objects summarized in (B). (B) 857 

Transcriptomic features of the segmentation objects shown in (A). The table summarizes 858 

Xenium cell IDs, total transcript counts, numbers of detected genes, and representative 859 

expressed genes. Although eosinophils were readily identifiable by histology, the corresponding 860 

segmentation objects frequently contained few detected transcripts and lacked detectable 861 

expression of canonical eosinophil-associated genes included in the Xenium panel, limiting their 862 

transcriptomic identification. 863 



 864 

Supplementary Figure 4. Spatial organization of persistent parasite-associated foci in clinically 865 

healed skin. 866 



Representative spatial maps of four inflamed Xenium regions of interest (R2_infl_4, R3_infl_4, 867 

R4_infl_1, and R4_infl_5) from clinically healed B/6 mice at 24 weeks post-infection. Left panels 868 

show Baysor-derived cell segmentation polygons colored according to cell identity alongside the 869 

corresponding H&E-stained Xenium sections. Cells assigned transcripts from two or more 870 

independently detected L. major genes (Lm³2-positive cells) are indicated by open circles, and 871 

dashed circles denote the 100-µm-radius neighborhoods used for spatial neighborhood 872 

analysis. Right panels show the spatial distributions of Type 2 inflammatory niche scores (Ccl24, 873 

Tslp, Il4, Arg1, and Retnla) and Type 1 inflammatory niche scores (Tnf, Nos2, Cxcl9, Cxcl10, 874 

Il12b, Ifng, and Il27), with Lm³2-positive cells overlaid. 875 
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 892 

Supplementary Figure 5. Clinical disease progression and lesion resolution in genetically 893 

modified mouse strains. 894 



(A, B) Pathology scores (A) and cumulative clinical healing rates (B) in WT and eoCre:Il4/13f/f 895 

mice following intradermal LmFn infection. (C-E) Lesion size (C), pathology scores (D), and 896 

cumulative clinical healing rates (E) in WT, Ccl24-Crehet, and Ccl24-Crehet:Tslpf/f mice following 897 

intradermal LmFn infection. (F-H) Lesion size (F), pathology scores (G), and cumulative clinical 898 

healing rates (H) in WT and R5:Gata3f/f mice following intradermal LmFn infection. Clinical 899 

healing was defined as the complete absence of visible skin induration and erythema at the 900 

inoculation site. Lesion size and pathology scores are shown as individual values with lines 901 

connecting mean values at each time point. P values were determined using non-parametric 902 

Mann-Whitney test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 903 
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 921 

Supplementary Figure 6. Clinical disease progression following dermal TRM depletion or IL-5 922 

neutralization. 923 

(A, B) Pathology scores (A) and cumulative clinical healing rates (B) in WT and Ccl24-Cre:DTR 924 

mice following intradermal LmFn infection. Mice were allowed to reach clinical healing before 925 

diphtheria toxin-mediated dermal TRM depletion. (C, D) Pathology scores (C) and cumulative 926 

clinical healing rates (D) in WT and R5:Gata3f/f mice used in the IL-5 neutralization experiments. 927 

Following clinical healing at 24 weeks post-infection, WT mice were treated with control IgG or 928 

anti-IL-5 antibody as indicated in (C). Pathology scores are shown as individual values with lines 929 

connecting mean values at each time point. P values were determined using non-parametric 930 

Mann-Whitney test; *P < 0.05 931 
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