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 36 

At a Glance Summary 37 

Scientific knowledge on the subject:  Sarcoidosis is believed to be an aberrant 38 

immune response to an unknown antigenic trigger in a genetically susceptible 39 

host.  Microbial agents are suspected as triggers, though evidence is 40 

inconclusive.  Metagenomic deep sequencing can quantitatively detect microbes 41 

that are unsuspected and/or unculturable, but has not been systematically 42 

applied to sarcoidosis.  43 

What this study adds to the field:   Targeted identification of all bacteria and fungi 44 

using 16S and ITS sequence tags, shotgun sequencing of all nucleic acids in 45 

viral preparations, and whole genome sequencing was applied to sarcoidosis and 46 
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control sample sets of lymphoid tissue, bronchoalveolar lavage, sarcoidosis 47 

spleen and the Kveim reagent.  Because environmentally-derived sequences can 48 

confound detection in specimens with low authentic microbial content, extensive 49 

environmental sequence controls were incorporated. This analysis revealed 50 

enrichment of specific taxa in sarcoidosis compared to non-sarcoidosis 51 

specimens within individual sample sets, such as the fungus Cladosporium, 52 

although no taxa were consistently sarcoidosis-enriched across sample sets. 53 

This study identifies agents as potential candidates for further validation.  54 

Analysis without accounting for environmentally-derived sequences would have 55 

yielded multiple spurious hits, demonstrating the need for rigorous attention to 56 

environmental microbial sequences in metagenomic study of lung diseases. We 57 

provide a robust model to account for environmental contamination that is 58 

broadly applicable to other metagenomic studies. 59 

 60 

 61 

This article has an online data supplement, which is accessible from this issue's 62 

table of content online at www.atsjournals.org  63 

 64 

 65 

 66 

  67 
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Abstract 68 

Rationale: The etiology of sarcoidosis is unknown, but microbial agents are 69 

suspected as triggers.  70 

Objective: We sought to identify bacterial, fungal or viral lineages in specimens 71 

from sarcoidosis patients enriched relative to controls using metagenomic DNA 72 

sequencing. Since DNA from environmental contamination contributes 73 

disproportionately to samples with low authentic microbial content, we developed 74 

improved methods for filtering environmental contamination. 75 

Methods: We analyzed specimens from sarcoidosis subjects (n=93), non-76 

sarcoidosis control subjects (n=72) and various environmental controls (n=150).  77 

Sarcoidosis specimens consisted of two independent sets of formalin-fixed, 78 

paraffin-embedded lymph node biopsies, bronchoalveolar lavage (BAL), Kveim 79 

reagent, and fresh granulomatous spleen from a sarcoidosis patient.  All 80 

specimens were analyzed by bacterial 16S and fungal ITS rRNA gene 81 

sequencing.  In addition, BAL was analyzed by shotgun sequencing of fractions 82 

enriched for viral particles, and Kveim and spleen were subjected to whole-83 

genome shotgun sequencing.  84 

Measurements and Main Results: In one tissue set, fungi in the 85 

Cladosporiaceae family were enriched in sarcoidosis compared to non-86 

sarcoidosis tissues; in the other tissue set, we detected enrichment of several 87 

bacterial lineages in sarcoidosis, but not Cladosporiaceae. BAL showed limited 88 

enrichment of Aspergillus fungi.  Several microbial lineages were detected in 89 

Kveim and spleen, including Cladosporium. No microbial lineage was enriched in 90 
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more than one sample type after correction for multiple comparisons.   91 

Conclusions: Metagenomic sequencing revealed enrichment of microbes in 92 

single types of sarcoidosis samples, but limited concordance across sample 93 

types.  Statistical analysis accounting for environmental contamination was 94 

essential to avoiding false positives.  95 

 96 

  97 
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Introduction 98 

Sarcoidosis is a multisystem disease characterized by an aberrant 99 

immune response that results in inflammation and granuloma formation.  100 

Sarcoidosis is believed to have an antigenic or inflammatory trigger that initiates 101 

the immune reaction in a susceptible host (1-3).  Several susceptibility genes 102 

have been identified (4, 5) but the trigger remains obscure.  Granulomatous 103 

inflammation is commonly seen in responses to microbial agents, as are other 104 

features of sarcoidosis immunopathology such as oligoclonal CD4 T cell 105 

expansion and TH1 polarization (1).  No microbial cause has been definitively 106 

established for sarcoidosis, but candidates include species of Mycobacterium (6-107 

9) , as well as fungi (10) and Propionibacterium acnes (11, 12), a common skin 108 

bacteria. 109 

The ability to detect rare or unculturable microbes has improved 110 

dramatically using deep DNA sequencing (13-15).  Several studies have applied 111 

bacterial 16S rRNA gene sequencing to sarcoidosis, with differing results (6, 16, 112 

17).  No prior studies have interrogated fungal lineages with tag sequencing, nor 113 

used shotgun metagenomic sequencing for comprehensive studies of total DNA 114 

or purified viral particles. 115 

We carried out an intensive metagenomic investigation of multiple 116 

sarcoidosis sample sets using 16S rRNA gene sequencing to capture bacteria, 117 

ITS sequencing for fungi, and whole-genome shotgun sequencing to characterize 118 

all microbes.  Samples (Table 1) include two independent sets of formalin-fixed, 119 

paraffin-embedded (FFPE) granulomatous tissue biopsies from newly-identified 120 
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sarcoidosis patients and controls (sets A and B), bronchoalveolar lavage (BAL) 121 

from newly diagnosed untreated Stage II/III sarcoidosis patients and healthy 122 

controls (set C), We also interrogated a sample of the Kveim reagent (set D) 123 

(which is made from sarcoidosis-affected spleen and was used historically for 124 

sarcoidosis diagnosis by intradermal injection and monitoring for granuloma 125 

formation (18-20)), along with fresh granulomatous spleen from a sarcoidosis 126 

patient (set E). 127 

An often-underappreciated feature of sequence-based microbial detection 128 

is that at low levels of true signal, sequences can be dominated by microbial 129 

DNA from environmental sources introduced during sample collection, storage, 130 

DNA extraction or other steps (21, 22). This particularly confounds analysis of 131 

samples in which the authentic content of microbial DNA is low, such as lung 132 

bronchoscopies and tissue biopsies (21, 23-25). Even with the most careful 133 

preparation, however, there is often no way to eliminate environmental 134 

sequences completely, so further computational and statistical methods must be 135 

used to identify contamination.  We thus used extensive environmental sampling 136 

and applied novel statistical modeling to minimize false positive calls.  By 137 

investigating several independent sample sets and tissue types, we were able to 138 

interrogate whether sarcoidosis-enriched sequences appeared consistently 139 

across sample sets. Some of the results of these studies have been previously 140 

reported in the form of an abstract (26). 141 

  142 
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Methods 143 

Archived tissue samples 144 

Two sets of FFPE sarcoidosis and control tissues were analyzed.  Set A (from 145 

Gdańsk) were mediastinal lymph nodes showing non-caseating granulomas 146 

typical of sarcoidosis, and negative by staining for acid-fast or fungal elements. 147 

Controls were mediastinal lymph nodes with normal or nonspecific reactive 148 

histology.  Set B (from Philadelphia) consisted of mediastinal nodes containing 149 

granulomas typical of sarcoidosis and negative by fungal and acid-fast stain.  150 

Controls were histologically normal nodes from cancer staging procedures.  151 

Stored specimens were retrieved and 10um cuts taken under aseptic conditions.  152 

Paraffin block environmental controls were cut concurrently with tissue 153 

specimens.  For set A these were matched from the same block as tissue, while 154 

for set B they were not from the same block.  155 

 156 

Bronchoalveolar lavage (BAL)  157 

BAL fluid (set C) was obtained from subjects undergoing diagnostic 158 

bronchoscopy (from Philadelphia) for suspected new diagnosis of pulmonary 159 

sarcoidosis who had chest X-rays consistent with parenchymal (Scadding stage 160 

II/III) involvement.  Subjects included here had sarcoidosis confirmed by standard 161 

criteria and exclusion of alternative diagnoses.  BAL was performed using 162 

standard clinical protocols.  Control BAL was obtained from healthy volunteers 163 

who underwent research bronchoscopy (23).  Prior to bronchoscopy, an 164 

environmental control (bronchoscope prewash) was obtained as previously 165 
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described (23).  BAL and prewash were placed immediately on ice and stored at 166 

-80oC until analysis. 167 

 168 

Kveim and spleen tissue 169 

An aliquot of Kveim reagent ((19); set D) was analyzed that was prepared 170 

at Mt. Sinai Hospital (New York) for clinical diagnostic use as described (27) and 171 

stored under sterile conditions.   172 

 Sarcoidosis-involved spleen (set E) was obtained from an individual with 173 

longstanding disease (from Philadelphia), previously but not currently treated, 174 

who underwent splenectomy for symptomatic splenomegaly.  Tissue was freshly 175 

dissected from the organ and frozen at -80oC.  An aliquot of the saline used for 176 

tissue homogenization served as a matched environmental control.  177 

 178 

Human subjects  179 

 Tissue samples were obtained from anonymized tissue archives. 180 

Bronchoscopy and spleen donor subjects provided written informed consent 181 

under IRB-approved protocols. 182 

 183 

Sequence analysis of 16S and ITS rRNA gene segments  184 

Details of extraction, amplification, Illumina sequencing and taxonomic 185 

assignment are in Supplemental Methods. The bacterial 16S ribosomal RNA 186 

gene was amplified using V1V2 primers (Table S2); this relatively short amplicon 187 

was chosen to maximize amplification efficiency for rare sequences from low 188 
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microbial biomass samples (23, 28). The fungal ribosomal RNA internal 189 

transcribed spacer ITS1 region was amplified using ITS1F/ITS2 primers (25, 28, 190 

29) (Table S2). Sequences were organized into Operational Taxonomic Units 191 

(OTUs) at 97% identity. Statistical analysis was carried out at the individual OTU 192 

level, and at genus and family levels. 193 

 194 

Virome analysis 195 

Virome analysis was carried out on BAL and matched prewash specimens (30, 196 

31). To enrich for viruses, fluid was pelleted and acellular material subject to 197 

size-exclusion concentration, followed by nuclease treatment to digest non-198 

encapsulated nucleic acids.  Nucleic acids were then extracted, and DNA 199 

subjected to whole genome amplification using GenomiPhi.  RNA was reverse 200 

transcribed to cDNA and PCR-amplified.  Resulting libraries were shotgun-201 

sequenced, reads quality filtered, then annotated using a custom database we 202 

constructed that included all complete bacterial, fungal, archaeal and viral 203 

genomes in RefSeq release 79 (32).  All non-viral reads were removed from 204 

consideration.  We found many reads annotated to viruses later determined to be 205 

either from reagents or mis-annotation of human reads (31), which were 206 

therefore excluded.  Details are in Supplemental Methods. 207 

 208 

Whole genome sequencing 209 

DNA from sarcoidosis spleen tissue and Kveim reagent was subjected to whole 210 

genome sequencing (WGS) on an Illumina HiSeq.  Reads were quality-filtered, 211 
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processed, and classified using Kraken (33) with our custom database 212 

(described above), with low-complexity regions masked before querying. Details 213 

are in Supplemental Methods.  The analytic pipeline is available at 214 

https://github.com/eclarke/sunbeam.  215 

 216 

Accessing sequence data 217 

Sequence data are available in the NCBI SRA under BioProject ID 218 

PRJNA392272. 219 

 220 

Statistical analysis 221 

Code and a complete description are in Supplemental Methods. For 222 

sample sets A and C, which had paired environmental controls, we used the R 223 

package lme4 (34) to build a generalized linear mixed effects model (GLMM) to 224 

regress the number of reads of a taxa against the study group (sarcoid/healthy) 225 

and sample type (tissue/environmental control) (Fig S1).  Environmental levels of 226 

the taxa in each sample/control pair were captured as a random effect.  227 

Enrichment was determined by the significance and directionality of the 228 

coefficient for the study group/sample type interaction term after fitting the model.  229 

For sample set B, which did not have matched environmental controls, we used 230 

the R package DESeq2 (35) to determine enrichment.  231 

Because one could not predict a priori whether a putative sarcoidosis-232 

associated microbial trigger would be a specific family, genus, species or even 233 

OTU, lineages were tested at the individual OTU level, then aggregated and 234 
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tested at the species, genus, and family levels.  FDR correction was applied at 235 

each taxonomic level, and an FDR p-value cutoff of 0.1 was considered 236 

significant. While interrogating the data at each taxonomic level increased the 237 

risk of type I (false positive) errors, we considered this justified due to uncertainty 238 

over which taxonomic level might be linked to sarcoidosis and the exploratory 239 

nature of the study, and mitigated by the multiple independent sample sets.  240 

Conversely, since requiring a lineage to reach FDR-corrected significance in 241 

multiple independent sample sets would increase the likelihood of type II errors, 242 

we also considered lineages that were significant after FDR correction in one 243 

sample set, but only significant before FDR correction in other sample sets. 244 

  245 
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Results 246 

Sample sets studied 247 

We studied five sets of sarcoidosis samples and controls (Table 1).  Two 248 

(sets A and B) were archival lymph node tissue from patients undergoing 249 

diagnostic biopsy, where the sarcoidosis tissue studied was histologically 250 

confirmed to show granulomas.  Set A included environmental control paraffin 251 

blanks matched to the individual tissue block and analyzed in parallel. BAL (set 252 

C) was from patients with untreated pulmonary sarcoidosis and healthy 253 

volunteers.  Reasoning that BAL would most likely reveal a microbial trigger early 254 

in the disease course with parenchymal lung involvement, we studied individuals 255 

newly presenting with radiological Scadding stage II/III.  Environmental controls 256 

matched to each sample were prewashes of the bronchoscope used to collect 257 

the BAL.  We analyzed an aliquot of the Kveim reagent (set D), which is derived 258 

from sarcoidosis-affected human spleen and used diagnostically by intradermal 259 

injection and monitoring for granuloma formation.  Since this suggests an 260 

immunological response to a triggering antigen (20), we hypothesized that Kveim 261 

reagent may contain DNA traces of an etiological microbe.  Finally, we tested 262 

fresh sarcoidosis-involved spleen (set E), paired with blank controls processed in 263 

parallel to model reagent contamination.  264 

 265 

Set A: Lymph node tissue 266 

Microbial lineages detected in set A by bacterial 16S and fungal ITS rRNA 267 

gene sequencing are shown as stacked bar graphs (Fig. 1), with dominant taxa 268 
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summarized in Fig. S2.  Each tissue was paired with a control paraffin shaving 269 

from the same sample block. Lymph node and environmental control samples 270 

are thus plotted side-by-side.  In many cases, samples and paraffin controls 271 

appear similar. 272 

 To investigate community structures in sarcoidosis and healthy lymph 273 

node samples, we calculated the UniFrac distance between each pair of samples 274 

and tested for clustering using PERMANOVA (Fig. S3).  Bacterial communities 275 

were not significantly different between sarcoidosis and non-sarcoidosis tissues 276 

(Fig. S3A), but fungal communities were different (Fig. S3B; p=0.027, R2=0.037).  277 

We then asked whether community differences might be attributed to differential 278 

contamination. We performed the same PERMANOVA test on paraffin controls 279 

from sarcoidosis and non-sarcoidosis samples.  No significant difference was 280 

detected in bacterial 16S data (Fig. S3C), but we did detect a difference in fungal 281 

ITS data (Fig. S3D; p<0.002, R2=0.091). Review of the specimen processing 282 

pipeline revealed that most sarcoidosis samples (31/45) were stored in a different 283 

building from non-sarcoidosis controls.  A PERMANOVA test of the effects of 284 

storage site on the paraffin environmental controls revealed a significant effect on 285 

fungi (p<0.00001) but not on bacteria.  The environmental fungi responsible for 286 

site-specific differences were mostly of the Aspergillaceae family (negative 287 

binomial test, FDR p-value=0.019; Fig S2B).  288 

To account for environmental admixture statistically, we designed a 289 

generalized linear mixed model (GLMM) that incorporated each sample’s 290 

matched environmental control (see Methods). In short, this approach uses the 291 
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matched control to model the background levels of each taxa. Then, when testing 292 

for differential abundance of that taxa, the background levels are accounted for 293 

by a separate term in the regression rather than the study group term. We used 294 

this approach to test for differential abundance between sarcoidosis and healthy 295 

lymph node at the OTU, species, genus, and family level.  296 

Among fungi, at the family level, Cladosporiaceae (within the Capnodiales 297 

order; Fig. 1b) was significantly enriched in sarcoidosis (FDR p-value=0.049). At 298 

the OTU level, no individual taxa were significantly enriched after FDR correction, 299 

but two Cladosporium OTUs were significant before FDR correction (p<0.05, 300 

FDR p=1).  The Cladosporiaceae fungal lineage is present both in tissue samples 301 

and paraffin blank controls, but is most abundant in sarcoidosis tissue (Fig. 1C).  302 

No bacterial lineages were significantly enriched in sarcoidosis after accounting 303 

for environmental contamination. 304 

 305 

Set B: Lymph node tissue 306 

The dominant bacterial and fungal lineages in tissue set B are shown in Fig. 2, 307 

with rank abundance plots in Fig. S4. We compared community structure using 308 

UniFrac and PERMANOVA (Fig. S5), and found differences in bacterial (but not 309 

fungal) populations between the sarcoidosis samples and healthy controls 310 

(p<0.05).  We then tested for differentially abundant taxa at the OTU, species, 311 

genus, and family levels.  Numerous bacterial taxa were significantly enriched in 312 

sarcoidosis compared to control tissues (Table S3), including three OTUs in the 313 

Corynebacterium (order Actinomycetales) genus (FDR p=1e-5, 0.064 and 0.067, 314 
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respectively) and four OTUs in the Rhodocyclaceae family (order Rhodocyclales, 315 

FDR p=0.076, 0.003, 2e-05, and 0.005, respectively).  Other sarcoidosis-316 

enriched bacteria were from the Sphinogomonadaceae family (order 317 

Sphingomonadales), the Comamonadaceaea and Oxalobacteraceaea families 318 

(order Burkholderiales), and the Moraxellaceae and Pseudomonadaceae families 319 

(order Pseudomonadales).  No fungal lineages were sarcoidosis-enriched in 320 

tissue set B after FDR correction, including Cladosporium (although fungi of this 321 

family do appear to be present in higher levels in the sarcoidosis samples; Fig 322 

S4B).  Given the absence of paired environmental controls, these results are 323 

limited in isolation and serve mainly for comparison with other sample sets.  324 

 325 

Set C: Bronchoalveolar lavage 326 

 We analyzed DNA from whole BAL for bacteria and fungi using 16S and 327 

ITS gene sequencing (Fig. 3, Fig S6), along with matched bronchoscope pre-328 

washes.  Analysis using UniFrac and PERMANOVA (Fig. S7) showed no 329 

significant differences between sarcoidosis and control bacterial communities.  330 

To identify taxa enriched in sarcoidosis while accounting for environmental input, 331 

we employed the GLMM described above.  We found that the bacterial family 332 

Corynebacteriaceae (order Actinomycetales) was enriched in sarcoidosis before 333 

FDR correction, but no taxa were enriched after FDR correction.   334 

 Fungal sequences in BAL were sparse (Fig. 3B), concordant with previous 335 

reports on BAL fungal detections (25).  However, the genus Aspergillus (within 336 

the Eurotiales order; Fig. 3B) was enriched in sarcoidosis (FDR p=0.042). 337 
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Virome analysis of sarcoidosis BAL 338 

 We investigated the lung virome in sarcoidosis by generating virus particle 339 

preparations from acellular BAL and matched prewashes, and deep-sequencing 340 

both RNA and DNA.  Initial inspection revealed abundant reads annotated as 341 

HHV6/HHV7.  These reads matched human simple sequence repeats (31), and 342 

were therefore removed.  We also purged sequences that were present in blank 343 

controls and attributable to viral enzymes used as reagents, and thus likely 344 

reagent-derived.  Our approach was designed to detect both DNA and RNA 345 

viruses, but we did not recover any RNA viruses that did not likely originate from 346 

reagent contamination. 347 

 The majority of remaining viral sequences were phages of the 348 

Siphoviridae and Iridoviridae lineages (Fig 3C).  The data initially suggested a 349 

much richer population of viruses in sarcoidosis BAL than healthy controls.  350 

However, viral sequences in the sarcoidosis cohort’s prewash controls were also 351 

richer than the control cohort’s prewash (Fig. S8).  This difference is likely 352 

because sarcoidosis subjects underwent bronchoscopy in a clinical endoscopy 353 

suite, whereas healthy volunteers were sampled in a different facility used for 354 

research studies.  This suggests that each location contributed a different 355 

environmental background of virus sequences, likely originating in lavage saline 356 

or water used to rinse bronchoscopes after cleaning.  357 

 We therefore used the same GLMM approach to account for 358 

environmental differences when testing for enriched viral species.  No viruses 359 

were sarcoidosis-enriched at any taxonomic levels tested.  Without accounting 360 
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for environmental input, the enrichment analysis would have been confounded by 361 

differences resulting from bronchoscopy locations.  362 

 363 

Sets D and E: Kveim reagent and sarcoidosis spleen 364 

 We analyzed Kveim reagent and fresh spleen from a patient with 365 

sarcoidosis.  Three separate pieces of spleen were tested, along with controls to 366 

capture sequences from the environment.  Kveim, spleen and controls were 367 

subject to 16S and ITS sequence analysis (Figs. 4A, 4B), and also shotgun 368 

whole-genome sequencing (WGS) (Fig. 4C).  WGS yielded mostly human 369 

sequences, which were removed; the remaining sequences queried for microbial 370 

annotations.  371 

 The predominant bacteria found by both 16S and WGS were in the 372 

Propionibacteriaceae family (within the Actinomycetales order), and were 373 

detected across all samples including controls.  Other ubiquitous taxa included 374 

Corynebacteriaceae and Pseudomonadaceae (of the Actinomycetales and 375 

Pseudomonadales orders, respectively).  Some differences were seen between 376 

16S and WGS analysis for other taxa, likely resulting from the relative 377 

representation of sequences within 16S and WGS databases.  No taxa were 378 

present only in sarcoidosis samples and not environmental controls.  379 

 Fungal detections were sparse in both ITS sequencing and WGS, and 380 

inconsistent between methods. Cladosporiaceae (order Capnodiales) was 381 

detected by ITS in one spleen sample, but not by WGS.  This may be due to a 382 

paucity of database genomic sequences for Cladosporiaceae, limiting detection 383 
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in WGS annotation.  There was no consistent fungal detection in sarcoidosis 384 

samples versus controls. 385 

 In the WGS data, we initially detected alignments annotated as 386 

Toxoplasma gondii in the Kveim and spleen samples. We also detected reads 387 

annotating to an unfinished Mycobacteria genome. However, these sequences 388 

were found to match human microsatellite simple repeats, and so were judged to 389 

be false-positives and removed (detailed in Supplemental Methods). This is an 390 

issue for WGS data but not for 16S or ITS analysis, as the untargeted approach 391 

allowed capture of low-complexity repeat DNA. The only viral reads detected 392 

were from bacteriophages and were also found in the controls, and thus inferred 393 

to be environmentally-derived. 394 

 395 

Shared lineages 396 

No bacterial or fungal lineages were significantly enriched after FDR 397 

correction in more than one sample set.  To broaden our search, we examined 398 

lineages that were significantly enriched in one sample set after FDR correction, 399 

and queried their abundance in the other sets. Enriched lineages are 400 

summarized in Table 2. 401 

In tissue set A, fungi from the Cladosporiaceae family (order Capnodiales) 402 

were significantly enriched in sarcoidosis when tested as a group.  A single 403 

Cladosporium OTU (OTU7142) was enriched in tissue set B before multiple 404 

testing correction (p=0.042), though not the Cladosporiaceae family overall.  405 

Cladosporiaceae were detected but not enriched in sarcoidosis BAL.  Finally, 406 
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abundant Cladosporium reads were detected in one of three replicate spleen 407 

samples via ITS sequencing and not in the environmental controls, although it 408 

was not in WGS of spleen or Kveim. 409 

In tissue set B, three OTUs belonging to the Corynebacterium bacterial 410 

genus (order Actinomycetales) were significantly enriched in sarcoidosis.  While 411 

no individual Corynebacterium OTUs were enriched in other sample sets, the 412 

Corynebacterium genus was enriched in sarcoidosis BAL before FDR correction 413 

(p=0.02).  Corynebacterium were detected but not sarcoidosis-enriched in tissue 414 

set A, and also detected in Kveim and spleen, as well as environmental controls. 415 

Also in tissue set B, multiple OTUs in the Rhodocyclaceae (order 416 

Rhodocyclales) bacterial family were significantly enriched.  A single 417 

Rhodocyclaceae OTU was enriched in BAL before FDR correction (OTU104987, 418 

genus Hydrogenophilus, p=0.009).  No Rhodocyclaceae lineages were detected 419 

in tissue set A, but appeared in both Kveim and spleen as well as controls from 420 

sets D and E. 421 

In BAL (set C), fungi in the Aspergillus genus (order Eurotiales) were 422 

significantly enriched in sarcoidosis.  Aspergillus was detected in tissue set A, but 423 

was not sarcoidosis-enriched.  Numerous Aspergillus lineages were also 424 

detected but not sarcoidosis-enriched in tissue set B.  Aspergillus species were 425 

not detected in Kveim or spleen in sets D and E, but were found in the 426 

environmental and blank controls by WGS. 427 

  428 
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Discussion 429 

This is the first study to interrogate microbial agents in sarcoidosis using a 430 

metagenomic approach combining bacterial and fungal sequence tag analysis, 431 

virome shotgun sequencing, and whole genome sequencing. We anticipated that 432 

a causal microbe would be present in low abundance, so rigorous consideration 433 

of potential contamination would be critical for distinguishing authentic from 434 

environmentally-derived sequences.  Our findings were inconsistent across the 435 

five sample sets analyzed (Table 1, Table 2), but do provide candidates for 436 

further validation, and strongly emphasize the importance of assessing 437 

environmental contamination.   438 

Cladosporiaceae was significantly enriched in sarcoidosis specimens in 439 

tissue set A after adjustment for environmental admixture and multiple 440 

comparisons, and also appeared in several other sample sets, though not with 441 

comparable statistical enrichment. Fungi in the Cladosporiaceae family are 442 

extremely common in the environment (36, 37), can trigger hypersensitivity 443 

pneumonitis and asthma (38, 39), and are capable of eliciting granulomatous 444 

inflammation (24, 40). This finding may warrant further investigation. 445 

 In tissue set B, we detected multiple sarcoidosis-enriched taxa, but 446 

interpretation is limited by the lack of matched environmental controls.  Enriched 447 

taxa included several Corynebacterium OTUs, which were also sarcoidosis-448 

enriched before FDR correction in BAL (set C).  Similarly, OTUs annotated as 449 

Rhodocyclaceae were significantly enriched in set B, and enriched before FDR 450 

correction in set C.  Corynebacterium are particularly interesting because they 451 
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are known to elicit granulomatous responses in vivo (41, 42), although the 452 

association with sarcoidosis in this study was weak. 453 

In addition to histopathological similarities, mycobacteria have been linked 454 

to sarcoidosis by immunological responses and/or sequence-based detection (6-455 

9). However, we did not find enrichment of mycobacteria in sarcoidosis.  456 

Mycobacteria are difficult bacteria to isolate DNA from due to tough cell walls.  To 457 

ensure our methods were robust, we confirmed detection via sequencing in 458 

known mycobacteria-infected tissue samples, and biological specimens spiked 459 

with avirulent M. tuberculosis (not shown).  We also found low levels of 460 

mycobacteria in many samples and environmental controls. This suggests that 461 

our methods are not inherently insensitive to mycobacteria, but that mycobacteria 462 

as a group were not enriched in these sarcoidosis specimens.  However, the 16S 463 

variable region amplified, V1V2, cannot distinguish between mycobacterial 464 

species, which precludes detection of species-level differences.  We also found 465 

that Propionibacterium acnes was a ubiquitous environmental agent, concordant 466 

with other studies (43), with no evidence of enrichment in sarcoidosis.  467 

 Environmental admixture is an issue in any metagenomic survey and 468 

becomes increasingly important as the amount of authentic microbial content 469 

decreases (21).  Such sequences can be introduced from specimen collection 470 

and storage, DNA extraction kits, the processing pipeline, or even “barcode error” 471 

inherent in Illumina deep sequencing platforms that can allow low-level bleed-472 

over in the sequencing process (22). Most importantly in studies comparing 473 

subject groups, clinical samples collected at different times or locations may be 474 
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contaminated with different environmental sequences.  This is especially 475 

problematic when taxa of interest may also be environmentally present, so 476 

simple subtraction of background lineages is inappropriate.  For example, 477 

sarcoidosis and healthy BALs were acquired in different locations and showed 478 

different background viromes.  For tissue set A, specimen storage location 479 

differed between study groups, which led to enrichment of environmental fungi in 480 

one group and not the other.  481 

A key component of our approach is the generalized linear mixed model, 482 

which enabled us to capture and control the effects of differential environmental 483 

admixture without losing the ability to test for differential abundance in 484 

environmental taxa.  In tissue set A, without accounting for environmental input, a 485 

naïve enrichment analysis would have identified fungal species within the 486 

Aspergillus and Penicillium genera as sarcoidosis-enriched.  The same is true for 487 

viruses in BAL (set C), which would have incorrectly identified greater phage 488 

populations in sarcoidosis.  The GLMM approach presented here would enable 489 

handling of potential confounding effects of environmental admixture in 490 

microbiome studies generally, and is particularly critical for specimens with low 491 

authentic microbial content, when coupled with appropriate matched 492 

environmental controls for each clinical sample. 493 

 Our study has several limitations. We investigated microbes that might be 494 

enriched in sarcoidosis at time of diagnosis, which is the earliest time point 495 

feasible, but the time from actual disease onset is unknown, so an etiological 496 

trigger may no longer be present.  Conversely, it is conceivable that microbial 497 
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enrichment associated with sarcoidosis could be a consequence of the disease, 498 

rather than a cause.  Use of samples from distinct geographic locations would 499 

reveal shared lineages, but sarcoidosis triggers may differ geographically.  500 

Additionally, any triggers may not be enriched in sarcoidosis subjects at all, but 501 

may be ubiquitously present, with disease determined mainly by host 502 

susceptibility factors.  Although we examined a total of 93 sarcoidosis and 72 503 

non-sarcoidosis specimens, plus 150 environmental controls (for a total of 738 504 

sequencing reactions) the number of samples in any one set was modest. For 505 

the FFPE samples, sensitivity may be lessened by damage DNA incurred by 506 

during the de-crosslinking step necessary to undo the formalin fixation (44). For 507 

our DNA virus methods, Genomiphi amplification may introduce bias towards 508 

short circular DNA due to rolling-circle amplification, although this bias should be 509 

consistent across study groups. Finally, any primers chosen for tagged 510 

sequencing also have inherent biases and may be more sensitive to some 511 

microbes than others (such as with the V1V2 primers and Mycobacterium 512 

species, as discussed previously). 513 

 In summary, application of metagenomic sequencing and analytic 514 

approaches tailored to low microbial-biomass samples did not identify a single 515 

causative agent but identified several candidate agents as sarcoidosis-enriched.  516 

These include the Cladosporiaceae fungal family and Corynebacterium bacterial 517 

taxa.  The modest enrichment and limited concordance of these candidates in 518 

the sample sets precludes our ability to assert any causal relationship with 519 

sarcoidosis, but we believe these candidates may be of interest in future studies. 520 
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More broadly, the model we present here increases the power of metagenomic 521 

studies in low microbial biomass samples, such as lung and tissue specimens, by 522 

allowing researchers to account for and test environmental admixture, thus 523 

avoiding potential spurious identifications. 524 

 525 

  526 
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Tables 539 

Table 1.  Samples sets studied. 540 

SAMPLE 
SET 

SAMPLE TYPE STUDY GROUP NUMBER OF 
SUBJECTS 

COLLECTION 
SITE 

BACTERIA FUNGI RNA 
VIRUS 

DNA 
VIRUS 

A Tissue Sarcoid 45 Gdansk 643 1180 N/A N/A 

 Tissue Control 37 Gdansk 207 236 N/A N/A 

 Paraffin only (paired) Environmental 
control 82 Gdansk 465 1081 N/A N/A 

 Blanks Reagent control 27 Gdansk 74 84 N/A N/A 

B Tissue Sarcoid 30 Philadelphia 5548 2136 N/A N/A 

 Tissue Control 19 Philadelphia 2813 2703 N/A N/A 

 Blanks Reagent control 5 Philadelphia 285 55 N/A N/A 

C BAL Sarcoid 16 Philadelphia 3105 25 1 85 

 BAL Healthy subjects 12 Philadelphia 1604 13 1 40 

 Prewash (paired) Environmental 
control 24 Philadelphia 823 28 4 99 

 Blanks Reagent control 4 Philadelphia 157 22 0 38 

D Kveim reagent Sarcoid 1 New York 1725 20 N/A 4 

 Water Environmental 
control 1 Philadelphia 1035 3 N/A 26 

E Spleen Sarcoid 1 Philadelphia 1156 19 N/A 3 

 Saline wash of 
instruments 

Environmental 
control 2 Philadelphia 408 2 N/A 31 

 Water Reagent control 1 Philadelphia 1035 3 N/A 26 

 541 

Table 2.  Summary of taxa enriched in sarcoidosis over controls in LN and 542 

BAL. 543 
  

FDR p < 0.1 non-FDR p < 0.05 
Tissue Set 

A 
Bacteri

a 
None  None  

Fungi Cladosporiaceae OTU6408 (genus Cladosporium), Cladosporiaceae 

Tissue Set 
B 

Bacteri
a 

Many (113)*, 
including 
Corynebacteriu
m and 
Rhodocyclaceae 

Many (252)* 

Fungi None  Many (149)**, including one Cladosporium OTU 
(OTU7142) 

BAL Set C Bacteri
a 

None OTU 104987 (Family Rhodocyclaceae), OTU 4301737 
(genus Porphyromonas), Corynebacterium, Neisseria 

Fungi Aspergillus Aspergillus 

Viruses None None 
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*See Table S3 for all enriched bacteria in Set B; **See Table S4 for all enriched fungi in Set B 

 544 

  545 
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Figure Legends 546 

Figure 1. Dominant bacterial and fungal orders in lymph node tissue 547 

samples and matched controls (set A).  The major bacterial (A) and fungal (B) 548 

orders identified by 16S and ITS rRNA gene sequencing, respectively, are shown 549 

as proportions of total reads. Less common lineages are aggregated under 550 

“Other.”  For each pair, the closed symbol (●) indicates the FFPE lymph node 551 

sample, while the open symbol (○) indicates a slice of blank paraffin cut from the 552 

same block to serve as an environmental control. Empty (white) bar charts 553 

indicate that the sample was either not available or had no detectable lineages. 554 

The difference in Cladosporiaceae reads between a sample and its 555 

environmental control are shown in (C). Closed circles represent samples with 556 

more Cladosporiaceae reads in the sample than the matched environmental 557 

control, while open circles represent samples in which the number of 558 

Cladosporiaceae reads were not greater than in the environment control. The 559 

abundances are shown as reads to more accurately reflect the input to the test, 560 

which used raw read counts as input. Normalization between differing 561 

sequencing depths was accounted for by modeling library size as a random 562 

effect for each sample (see Methods). 563 

 564 

Figure 2. Bacterial and fungal lineages in lymph node tissue samples (set 565 

B). The major bacterial (A) and fungal (B) orders identified by 16S rRNA and ITS 566 

gene sequencing are shown as proportions of total reads. Less common lineages 567 

are aggregated under “Other.”  Seventeen samples failed to amplify any usable 568 
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ITS sequences in B and are omitted. Blank paraffin controls matched to each 569 

tissue specimen were not available for these samples. 570 

 571 

Figure 3.  Bacterial, fungal and viral lineages in BAL (sample set C). 572 

The major bacterial (A) and fungal (B) lineages identified by 16S rRNA and ITS 573 

gene sequencing, and viral (C) lineages identified by shotgun sequencing of all 574 

nucleic acids in virus particle preparations, are shown as proportions of the total 575 

reads.  Data are shown at the order level for A and B, and the family level for C.  576 

Less common lineages are aggregated under “Other.”  For each pair, the closed 577 

symbol (●) indicates the BAL fluid, while the open symbol (○) represents the 578 

prewash fluid for that scope. Empty (white) bar charts indicate that the sample 579 

was either not collected or had no detectable lineages. Three sample pairs failed 580 

to amplify any ITS sequences and are omitted from B. 581 

 582 

Figure 4. Microbial lineages in the Kveim reagent (set D) and a 583 

granulomatous sarcoid-involved spleen (set E). 584 

The major lineages in sample sets D (Kveim) and E (sarcoidosis spleen) shown 585 

by sequencing. (A) Shows results from 16S sequencing, (B) shows ITS 586 

sequencing, and (C) shows results from whole-genome shotgun sequencing, 587 

after filtering as described in Supplemental Methods.  Less common lineages are 588 

aggregated under “Other”, including fungal detections in (C). 589 

  590 
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Supplemental Methods 18 

Specimens analyzed 19 

Formalin-fixed paraffin-embedded (FFPE) sarcoidosis and control tissues in set 20 

A were from the Medical University of Gdansk (Gdansk, Poland) and tissue set B were 21 

from the Hospital of the University of Pennsylvania (Philadelphia, PA, USA).  Paraffin 22 

block environmental controls targeted a region of the block that did not contain tissue, 23 

and were cut at the same time as the tissue specimens.    24 

 25 

 Bronchoalveolar lavage (BAL) fluid (set C) was obtained from subjects with 26 

Scadding stage II or III chest X-rays undergoing diagnostic bronchoscopy for a 27 

suspected new diagnosis of pulmonary sarcoidosis.  Subjects included here are those in 28 

whom sarcoidosis was confirmed based on standard criteria including transbronchial 29 

biopsy with noncaseating granulomas and exclusion of alternative diagnoses by culture 30 

and stains for fungi and mycobacteria. All subjects were newly-diagnosed and not 31 

previously treated. Non-sarcoidosis control BAL was obtained from healthy volunteers 32 

who underwent research bronchoscopy and have been described previously (1).  An 33 

environmental control (bronchoscope prewash) was obtained prior to each 34 

bronchoscopy by suctioning 10 ml of lavage saline through the scope channel as 35 

previously described (1).  36 

  37 

An aliquot of Kveim reagent (set D) was analyzed that was previously prepared 38 

at Mt. Sinai Hospital and validated for clinical diagnostic use as described (2, 3).   39 

 40 
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 A specimen of sarcoidosis-involved spleen (set E) was obtained from an 41 

individual with sarcoidosis who underwent splenectomy for symptomatic splenic 42 

enlargement.  Histological examination subsequently confirmed granulomatous 43 

involvement of the spleen. Immediately following surgical removal, subcapsular tissue 44 

was dissected from the organ under aseptic conditions, transported in a sterile container 45 

on ice, cut into 0.1g pieces with sterile scissors and forceps under sterile conditions, 46 

then snap-frozen and stored at -80ºC. For analysis, one 0.1g piece of tissue was 47 

thawed, cut in thirds with a sterile scalpel, and each fragment subject to independent 48 

DNA extraction and analysis in parallel. To obtain an appropriate environmental control 49 

that reflected both specimen processing and sequencing steps, prior to tissue dissection 50 

an aliquot of saline (that later served as a vehicle for tissue processing) was used to 51 

gently rinse the scalpel that was subsequently employed for tissue dissection, and this 52 

was carried through the DNA extraction and sequencing pipeline.   53 

 54 

DNA purification 55 

 DNA from paraffin-embedded, formaldehyde-fixed tissue samples (10um slices) 56 

was extracted using the Qiagen GeneRead DNA FFPE Tissue kit following 57 

manufacturer’s recommendations, except with the addition of a 10 minute, 95ºC 58 

incubation step during proteinase digestion to maximize DNA yield from hard-to-lyse 59 

fungi and other microbes. For 16S and ITS sequencing, DNA from 1.8 ml of 60 

unfractionated BAL fluid and the corresponding scope prewashes was isolated using 61 

the PowerSoil DNA kit (MoBio, Carlsbad, CA), and included an additional 10 min, 95ºC 62 

incubation step as above. DNA and RNA isolation for virome sequencing is described 63 
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below. For spleen, three sections of approximately 0.03g each were dissected from a 64 

larger 0.1g piece under sterile conditions, and DNA was isolated using the Qiagen 65 

QIAamp Pathogen UCP Mini kit. For Kveim reagent, 200ul aliquots of material were 66 

spun down at 10,000 RPM in a tabletop centrifuge for 10 minutes and the supernatant 67 

was discarded. The pellet was resuspended in SM buffer and extracted using the 68 

Qiagen QIAamp Pathogen UCP Mini kit. All extractions were performed in a BSL2+ 69 

hood after the workspace was treated with DNA remover and UV irradiation to remove 70 

environmental contamination. DNA was stored at -20oC. 71 

 72 

Sequence analysis of 16S and ITS rRNA gene segments  73 

 Bacterial 16S ribosomal DNA was amplified using primers for the V1V2 16S 74 

region (Table S2) and PCR conditions as described in (4, 5). Each PCR reaction was 75 

carried out in duplicate or triplicate in 25ul reactions and pooled before sequencing. The 76 

PCR reactions were conducted using AccuPrime Taq DNA Polymerase from Invitrogen 77 

and the pooled amplicons were sequenced on an Illumina MiSeq. Resulting sequence 78 

reads were processed using the QIIME 1.91 workflow (6). In brief, the reads were 79 

clustered into OTUs with 97% sequence similarity using UCLUST (7) and aligned to full-80 

length 16S sequences using pyNAST (8). Taxonomic ranks were assigned using RDP 81 

Classifier (9) with minimum 50% confidence. 82 

 The fungal ITS1 region was amplified using ITS1F and ITS2 primers ((10, 11), 83 

Table S2), with each sample individually barcoded using Golay barcodes. The PCR 84 

reactions were carried out in duplicate or triplicate with 4ul of template, 0.4 ul 85 

AccuPrime Polymerase, 3ul of 10uM forward primer, 3ul of 10uM reverse primer, 2.5 ul 86 
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Buffer II, and 12.1 ul PCR-grade water. The reactions were conducted using cycling 87 

parameters as follows: 94oC initial denaturation for 3 minutes; 94oC for 45s, 56oC for 88 

60s, 72oC for 90s (35 cycles); 72oC final extension for 10 minutes. The individual 89 

replicates were bead purified using Agencourt AMPure XP beads (1:1 ratio), and then 90 

purified a second time with a 0.8 ratio to remove excess primer dimers. Amplicon 91 

concentration was assessed using Picogreen and product size checked on a 92 

BioAnalyzer. The final products were pooled for sequencing and bead-purified again at 93 

a 0.8 ratio to remove further primer dimers. The sequencing was performed on an 94 

Illumina Miseq. After sequencing, the reads were processed using PIPITS (12). 95 

Taxonomy was assigned using BROCC (11) and all subsequent analysis was 96 

performed in R. All synthetic DNA sequences used in this study are in Table S2. 97 

 98 

Virome analysis 99 

 To enrich for viruses in BAL and matched prewash specimens, the following 100 

steps were used: 1.8ml of BAL fluid was pelleted at 960g for 10 min and the acellular 101 

supernatant material then subjected to size exclusion concentration (100 kDa; Amicon). 102 

The filtered material was then nuclease treated to digest non-encapsulated nucleic 103 

acids.  Nucleic acids were extracted, DNA subjected to whole genome amplification 104 

using GenomiPhi, and RNA was transcribed to cDNA and PCR-amplified.  Details of 105 

these methods have been previously described (13).  The resulting libraries were 106 

shotgun sequenced on an Illumina HiSeq 2500 using the Nextera XT DNA Library 107 

Preparation Kit (Illumina, San Diego, CA) with dual-indexed barcodes, and reads were 108 

quality filtered using Trimmomatic (14).  109 
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 Human reads were filtered by removing any that mapped to the human genome 110 

(GRCh38). Remaining reads were annotated using Kraken (15) using a custom 111 

database that included all complete bacterial, fungal, archaeal and viral genomes 112 

available in RefSeq release 79 (16). All non-virus reads were removed from 113 

consideration. We found many reads annotated to viruses later determined to be either 114 

from reagents or otherwise spurious, including mis-annotation of human reads, as we 115 

have previously reported (13).  We excluded the following species: Enterobacteria 116 

phage M13, Enterobacteria phage T7, Enterobacteria phage phiX-174 sensu lato, 117 

Bacillus phage phi29, and Pseudomonas phage phi6, human herpesvirus 6 and 7, and 118 

Shamonda virus. 119 

 120 

Additional quality control issues 121 

 To minimize the impact of batch effects (17), a single lot of DNA extraction kits 122 

were used for all samples of a given type (including sarcoidosis, non-sarcoidosis, and 123 

evironmental controls), and all samples of each set were combined and sequenced in a 124 

single sequencing run.  Because fixation can partially degrade DNA and subsequent 125 

downstream analysis (18), we used the Qiagen GeneRead FFPE kit, which includes an 126 

enzyme to correct C->T mutations that may occur. This kit does not address increased 127 

DNA fragmentation from fixation, but we expect these effects to be minimal due to the 128 

small length of the target V1V2 and ITS1 regions in 16S and ITS sequencing. 129 

 130 

Whole genome sequencing 131 

 Sarcoid spleen tissue and Kveim reagent were analyzed using metagenomic 132 
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whole genome shotgun sequencing. DNA was extracted using the Qiagen Ultraclean 133 

Pathogen (UCP) Mini kit following its recommendations for DNA isolation from tissue 134 

samples. Metagenomic sequencing was carried out on an Illumina HiSeq 2500 using 135 

the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA) with dual-index 136 

barcodes. The reads from the metagenomic sequencing were then processed in the 137 

following steps: 1) reads were quality-filtered, paired and adapter-trimmed using 138 

Trimmomatic (14); 2) human and phiX reads (used in sequencing library prep) were 139 

removed using bwa (19), and 3) reads were classified using Kraken (15) with a custom 140 

database built from all genomic sequences from RefSeq (release 79, (16)), with low-141 

complexity regions masked before querying. The complete pipeline is available at 142 

https://github.com/eclarke/sunbeam.  143 

In initial analysis, reads containing short sequence repeats from human DNA 144 

were annotated to various species including Toxoplasma gondii and Mycobacterium spp. 145 

The short repeat sequences in these reads were also present in some draft genomes 146 

used to build our database, and were sufficiently complex to avoid masking by the NCBI 147 

dust program (20) used on all database sequences. These annotations were judged to 148 

be false positives based on their presence in the human genome and the lack of any 149 

other reads aligning to Toxoplasma gondii and Mycobacterium spp.. To prevent further 150 

false positives, we used the RepeatMasker program (21) to mask these repeat regions 151 

and re-ran the classification. The results presented here reflect classification after 152 

repeat masking. 153 

 154 
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Statistical analysis 155 

 In order to compare study group samples while accounting for the environmental 156 

controls, we developed a generalized linear mixed effects model (GLMM) with the 157 

following design. The presence or absence of a taxa was modeled using a binomial link 158 

function, and the fixed effects were study group (sarcoidosis or healthy) and sample 159 

type (BAL vs prewash, or FFPE vs blank paraffin). The random effects were the 160 

grouping pair (i.e. the sample with its matched control) plus random effect for each 161 

individual sample. The inclusion of this latter random effect helped control 162 

overdispersion (22) and account for varying library size between samples. The model 163 

was built using the ‘glmer’ function in the R package lme4 (23). To determine if a taxon 164 

was significantly enriched, we looked at the significance and directionality of the 165 

coefficient on the study group and sample type interaction term. Specifically, the 166 

coefficient had to be positive in the sarcoidosis and non-environmental direction to be 167 

considered enriched in sarcoidosis over both the healthy and environmental background. 168 

The significance of the interaction coefficient was measured both by testing the model 169 

with and without the interaction term via ANOVA. The significance of the interaction 170 

coefficient was measured by ANOVA, comparing to an alternative model without the 171 

interaction term. Taxa appearing in less than 10% of the samples, for which the model 172 

failed to fit, or which had a negative interaction coefficient after fitting were discarded 173 

from further consideration. P-values from the remaining taxa were subjected to multiple 174 

testing correction using the Benjamini-Hochberg method (24). We set our FDR-175 

corrected p-value threshold at 0.10 to prioritize finding potential hits. 176 

For tissue cohort B, we did not have matched environmental controls, and so the 177 



 9 

GLMM specified above was unnecessary. Instead, we used the R package DESeq2 178 

(25) to assess enrichment of a taxa in sarcoidosis samples over healthy controls. 179 

DESeq2 uses a negative binomial distribution to fit taxon abundance in samples in a 180 

generalized linear model, but cannot model random mixed effects. The package 181 

provides p-value and multiple testing correction automatically, and for consistency we 182 

used the same FDR threshold of 0.1. DESeq2 is one of the currently recommended 183 

methods for testing for differentially abundant taxa by the QIIME developers (6). 184 

In both the GLMM or the DESeq2 approach, we tested at a hierarchy of 185 

taxonomic ranks. After testing each individual OTU, we collapsed the counts according 186 

to species so that the reads of all OTUs belonging to the same species were summed 187 

together. We then tested each species from the same model, and repeated this process 188 

for genus and family level ranks. Our rationale for this was that etiologic agents may be 189 

multiple species or taxa within a higher group- e.g. a family of molds, or a number of 190 

closely related bacterial species. 191 

 The code used for all analysis, including the specific model formulation, is 192 

available online at https://github.com/eclarke/SarcoidMicrobiome. 193 

  194 
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Supplemental Figures 195 

 196 

Figure S1: Analysis using a generalized linear mixed model (GLMM).  197 

Each taxa is considered individually. Background reads of the taxa from its 198 

environmental control (blue) are considered with the reads detected in the paired 199 

sample (red). The reads from a taxon are modeled using a binomial distribution link 200 

function in a generalized linear mixed model, and enrichment is determined by the 201 

magnitude and direction of the regression term corresponding to sarcoidosis samples 202 

when contrasted with healthy samples and environmental controls. A positive coefficient 203 

for the sarcoidosis + sample type interaction term indicates enrichment of that taxa 204 

relative to environment and healthy controls; statistical significance is assessed via 205 

ANOVA with a model lacking the interaction term between sample type and study group. 206 

  207 

Figure S2: Community differences in sarcoid tissue samples (Set A). 208 

Distances between all pairs of samples were generated using generalized UniFrac (26, 209 

27) with an alpha parameter of 0.5.  Principle Coordinate Analysis (PCoA) plots show 210 

relationships between bacterial communities in lymph nodes (A), fungal communities in 211 

lymph nodes (B), bacterial communities in blank paraffin (C), and fungal communities in 212 

blank paraffin (D). There were no significant differences in bacterial communities 213 

between sarcoid and healthy lymph node samples or their matched paraffin controls. 214 

There were significant differences in the fungal communities of sarcoid and healthy 215 

lymph node samples (p < 0.05), but these differences were also present in the matched 216 

paraffin controls (p < 0.01). 217 
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  218 

Figure S3: Community differences in sarcoid tissue samples (Set B). 219 

Distances between all pairs of samples were generated using generalized UniFrac 220 

(alpha=0.5). Principle Coordinate Analysis (PCoA) plots showing relationships between 221 

bacterial communities (A) and fungal communities (B) in lymph node samples in sample 222 

set B. Significant differences were found in the bacterial communities of sarcoidosis and 223 

healthy lymph node (p < 0.05). 224 

  225 

Figure S4: Community differences in BAL samples (Set C). 226 

Distances between all pairs of samples were generated using generalized UniFrac 227 

(alpha=0.5). Principle Coordinate Analysis (PCoA) plots showing relationships between 228 

bacterial communities in BAL and prewash samples from set C. No significant 229 

differences were found between sarcoidosis and healthy BAL (panel A) or their 230 

corresponding prewash (panel B). 231 

  232 

Figure S5: Differences in prewash viral populations 233 

Viral populations differ between bronchoscope prewash samples taken just before 234 

bronchoscopy of healthy volunteers (left panel) and sarcoidosis subjects (right panel). 235 

Rows indicate the viruses detected, columns are separate samples. 236 

 237 

Supplemental Tables 238 

Table S1.  Sample metadata. 239 

Table S2. DNA oligonucleotides used in this study. 240 
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Table S3. Sarcoidosis-enriched bacterial lineages in Set B 241 

Table S4. Sarcoidosis-enriched fungal lineages in Set B 242 

  243 

  244 
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Figure S2. Dominant taxa in tissue samples (Set A).
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Fungi, paraffin onlyDBacteria, paraffin onlyC

Bacteria, lymph node onlyA Fungi, lymph node onlyB

Figure S3: Community differences in
tissue samples (Set A).
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Figure S4. Dominant taxa in tissue samples (Set B).
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healthy sarcoidosis

FungiBBacteriaA

Figure S5: Community differences in 
tissue samples (Set B).
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Figure S6. Dominant taxa in BAL samples (Set C).
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healthy sarcoidosis

Prewash onlyBBAL onlyA

Figure S7: Community differences in 
BAL samples (Set C).
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Figure S8: Differences in prewash viral 
populations
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