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29

30 ABSTRACT

31  Tuberculous granulomas that develop in response to Mycobacterium tuberculosis (M.tb)
32 infection are highly dynamic entities shaped by the host immune response and disease
33 kinetics. Within this microenvironment, immune cell recruitment, polarization and activation is
34  driven not only by co-existing cell types and multi-cellular interactions, but also by M.tb-
35 mediated changes involving metabolic heterogeneity, epigenetic reprogramming and
36  rewiring of the transcriptional landscape of host cells. There is an increased appreciation of
37 the in vivo complexity, versatility and heterogeneity of the cellular compartment that
38 constitutes the tuberculosis (TB) granuloma, and the difficulty in translating findings from
39 animal models to human disease. Here we describe a novel biomimetic in vitro 3-dimentional
40  (3D) human lung granuloma model, resembling early “innate” and “adaptive” stages of the
41  TB granuloma spectrum, and present results of histological architecture, host transcriptional
42  characterization, mycobacteriological features, cytokine profiles and spatial distribution of
43  key immune cells. A range of manipulations of immune cell populations in these granulomas
44  will allow the study of host/pathogen pathways involved in the outcome of infection, as well
45  as pharmacological interventions.

46

47 IMPORTANCE

48  Tuberculosis is a highly infectious disease, with granulomas as its hallmark. Granulomas
49 play an important role in the control of M.tb infection and as such are crucial indicators for
50  our understanding of host resistance to TB. Correlates of risk and protection to M.tb are still
51  elusive, and the granuloma provides the perfect environment in which to study the immune
52  response to infection and broaden our understanding thereof; however, human granulomas
53 are difficult to obtain, and animal models are costly and do not always faithfully mimic human
54  immunity. In fact, most TB research is conducted in vitro on immortalized or primary immune
55 cells and cultured in 2D on flat, rigid plastic, which does not reflect in vivo characteristics. We
56  have therefore conceived a 3D, human in vitro granuloma model which allows researchers to
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57  study features of granuloma-forming diseases, in an 3D structural environment resembling in
58  vivo granuloma architecture and cellular orientation.

59

60 INTRODUCTION

61 A hallmark of TB is the formation of granulomatous lesions in response to M.tb-infected
62  phagocytes, such as alveolar macrophages (AM) within the pulmonary space, inducing a
63  chronic inflammatory response. Additional macrophages are recruited to the site of infection
64 to form the “core” structure of the granuloma, characterized as an innate response to
65 infection. Recent literature shows that early M.tb infection occurs almost exclusively in
66  airway-resident alveolar macrophages, whereafter M.tb-infected, but not uninfected, alveolar
67  macrophages localize to the lung interstitium, preceding M.tb uptake by recruited monocyte-
68  derived macrophages and neutrophils (Cohen et al., 2018). Other immune cell types such as
69 interstitial macrophages, monocytes, dendritic cells, neutrophils, and lymphocytes (T- and B-
70  cells) are recruited to the site of infection where they are collected and organised around the
71  core to form mature granuloma structures to contribute to an adaptive immune response
72 (Davis and Ramakrishnan, 2009; Lin et al., 2006; Wolf et al., 2007). Granulomas are thus
73 the main site of the host-pathogen interaction, primarily aimed at preventing M.tbh
74  dissemination, but during immune dysregulation, can also function as niche for M.tb survival
75 and persistence (Ehlers and Schaible, 2013).

76

77  During TB disease, the associated damage to host lung tissue, as evidenced by necrosis
78 and cavitation, which is associated with bacterial persistence and the development of drug-
79  resistant M.th. Ultimately, TB patients harbour a range of granulomas, which may comprise a
80 spectrum of solid non-necrotizing, necrotic and caseous granulomas, each with its own
81  distinct microenvironment; these have been demonstrated to not be limited to active TB
82  patients, but are also observed in animals/non-human primates with both latent and
83  reactivation cases of TB (Flynn et al., 2011). The mere formation of granulomas is thus
84 insufficient for infection control, and instead, must function with the appropriate combination
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85 of host control measures, for example the correct balance of pro- and anti-inflammatory
86 response mediators. The outcome of the host response to infection may be beneficial in that
87 some granulomas resolve completely (sterilizing cure), while others progress to caseation
88 and rupture, allowing for the uncontrolled dissemination of M.tb into the surrounding tissue —
89  both scenarios have been known to occur within the same individual (Barry et al., 2009). The
90 heterogeneity of granulomas even within the same patient highlights the need to study each
91 of these individual structures as a whole to assess host-pathogen interactions at an
92 individual granuloma level. Progress in understanding M.tb pathogenesis at a patient
93 granuloma-level has been poor due to the difficulty in obtaining fresh human TB
94 granulomatous lung tissue. For this reason, patient-driven immune responses to M.tb have
95 been mainly assessed in primary host immune cells, cultured in vitro as traditional cell
96 cultures on plastic plates optimized for tissue culture. Such traditional cell cultures with
97 uniform exposure to pathogen/immune mediators have served as important tools for
98 studying host-M.tb interactions. However, these non-physiological conditions fail to
99 recapitulate key elements of cells residing in the complex tissue microenvironment including
100 cell concentration and types, cell motility, multicellular interactions, cell expansion,
101  spatiotemporal kinetics and geometries (Duval et al.,, 2017; Nunes et al., 2019). Such
102  discrepancies present a significant barrier to interpretation and translation of findings from
103  basic science, vaccine immunogenicity-, drug efficacy- and prevention of infection studies,
104  ultimately limiting the impact of TB research on human health.

105

106  While animal models have contributed significantly to our understanding of the mammalian
107 immune system, numerous examples have shown that laboratory animal species do not
108 faithfully or in full, mimic human immunity or TB disease (Fonseca et al., 2017; Singh and
109 Gupta, 2018; Zhan et al.,, 2017). To overcome these obstacles, successful 3D in vitro
110 models can contribute to the ethos of the 3Rs of animal research by replacing the use of
111  animals in research with insentient material obtained from willing donors, thereby also
112 promoting human relevance (Herrmann et al., 2019). Advanced in vitro models (derived from

4


https://doi.org/10.1101/2021.04.01.438053
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.01.438053; this version posted April 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

113  in vivo spatial information) that recapitulate the spatial interactions between recruited
114  monocytes, T-cells and B-cells in the context of the human lung granuloma, are lacking, but
115 are incredibly necessary for the future of TB research and the successful dissection of
116  disease pathology (Elkington et al., 2019).

117

118 In this study, we utilised primary human alveolar macrophages retrieved from the site of
119 disease and autologous adaptive immune cells isolated from the periphery, to successfully
120  establish an in vitro 3D granuloma model of human TB using magnetic cell levitation and
121  BCG infection. Magnetic cell levitation is a recently developed method used to generate
122 tumour spheroids during which tumour cells are pre-loaded with magnetic nanospheres
123 which electrostatically attach to cell membranes, to form multicellular spheroids suspended
124  in culture via an external magnetic field. Nanospheres subsequently detach from the cells,
125 allowing unsupported growth as the structure starts to mimic extracellular matrix (ECM)
126  conditions (Souza et al., 2010). Here we describe an in vitro model which could be used to
127 examine stages of granuloma formation, demonstrated here as early (innate) and late
128 (adaptive) granuloma types. These complex multidimensional structures are investigated at
129  morphological level and subsequently dissociated to assess single cell characteristics for
130 comparison to traditional cell cultures prepared using identical cell types, ratios, and
131  culturing conditions. We demonstrate, along with the method of construction, the possible
132 applications of this model, including a wide range of immunological assays. This model has
133  proven to be stable and reliable for the investigation of mycobacterial granulomas in a tissue
134  culture setting, opening the door for expansion of this model into additional molecular biology
135  avenues.

136

137 METHODS

138 PRIMARY PROCESSING OF THE 3D SPHEROID GRANULOMAS

139  Study Subjects
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140  This proof-of-concept study enrolled three HIV-uninfected participants between the ages of
141 18 and 70 years who presented to the Pulmonology Division of Tygerberg Academic
142  Hospital with clinical indications of TB. These largely included clinical and radiological
143  abnormalities as determined by chest x-ray (CXR). Mycobacteria growth indicator tube
144  culture (MGIT) and/or GeneXpert MTB/RIF was performed. Written informed consent was
145  obtained from all participants, and a summary of their demographics is given (Table 1). The
146  study design was approved by the Stellenbosch University Ethics Review Committee (IRB
147  number N16/04/050).

148

149  Sample Collection

150 A visual outline of the methods used for this study is shown in Figure 1.

151  Bronchoscopies were performed on the study participants by qualified clinicians and nursing
152  staff according to international guidelines (Meyer et al. 2012a; Klech 1989) and
153  bronchoalveolar lavage done in a segmental bronchus with radiologically suspicious lesions
154  on CXR or computed tomography (CT). The lavage was performed by instilling sterile saline
155  solution at 37°C up to a maximum volume of 300ml in aliquots of 60ml at a time, with
156  aspiration between aliquots. Aspirated bronchoalveolar lavage (BAL) was collected in sterile
157  50ml polypropylene tubes (Falcon® 50ml Sterile Conical Centrifuge Tubes; Corning Inc.,
158 NY) and transported on ice to the laboratory. Immediately after bronchoscopy, peripheral
159  blood samples were collected by venepuncture into two 9ml sodium heparinised (NaHep)
160 vacutainers. Both BAL and peripheral blood samples were processed within 2 hours of
161  collection and processed under BSL3 and BSL2 conditions, respectively, owing to the high
162  infectious risk of BAL samples.

163

164  Cell Isolations

165 BAL cells (BALC) were isolated by centrifugation of BAL fluid (BALF) for 7 minutes at 300 x

166 g (4°C) following sterile filtration through a 70um cell strainer (Falcon® 70um Cell Strainer;
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167  Corning Inc., NY) and successive wash steps with 1 X phosphate buffered saline (PBS). All
168 cells were counted, and the viability determined using the Trypan Blue (0.4%; Thermo Fisher
169  Scientific Inc., Waltham, MA) exclusion method (Strober 1997). BALC were cultured
170  overnight to isolate adherent cells (the majority of which are alveolar macrophages (AM))
171  from non-adherent cells (lymphocytes) should the fraction contain lymphocytes exceeding
172 30% of total cells, and then cryopreserved in cryomedia consisting of 10% dimethyl sulfoxide
173 (DMSO; Sigma-Aldrich Co., St. Louis, MO) and 90% fetal bovine serum (FBS; HyClone, GE
174  Healthcare Life Sciences, lllinois, USA).

175

176  Peripheral blood mononuclear cells (PBMC) were isolated from peripheral blood by
177  centrifugation using Ficoll density gradient medium (Histopaque-1077; Sigma Chemical Co.,
178  St. Louis, MO). Cells were counted and the viability determined using the Trypan Blue
179  exclusion method. PBMC were then used to isolate autologous CD3" T cells using the
180 MACS® (magnetically activated cell sorting) MicroBead Isolation technique (Miltenyi Biotec,
181  Cologne, Germany) according to the manufacturer’s instructions. Both the CD3" T cells and
182  the CD3 cell fractions were cryopreserved in cryomedia (described above).

183

184  Thawing of Cryopreserved Cells

185  Cryopreserved cells were thawed in a waterbath (37°C) and transferred to 10ml of warmed
186  complete RPMI-1640 media (supplemented with 1% L-glutamine (Sigma-Aldrich, St Louis,
187  Missouri, USA) and 10% FBS). Cells were centrifuged at 300 x g for 10 minutes and washed
188  twice. All cells were counted, and the viability determined using the Trypan Blue exclusion
189  method.

190

191  AnaeroPack Experiment

192  BALC were seeded in a 24-well low adherence plate at a concentration of 2x10° cells per
193  500ul complete RPMI. A 2ml screw cap tube containing 2x10° BALC in 500ul complete

194 RPMI was cultured separately and acted as the untreated control. 100uM Cobalt Chloride
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195 (CoCl,; Sigma-Aldrich; catalogue number:C8661-25G) was added to each well to stabilize
196 HIF-1a, before placing the plate in a lock-seal box. Working quickly, the AnaeroPack
197  (Mitsubishi Gas Chemical Co. INC) was removed from the protective foil and placed within
198 the lock-seal box next to the culture plate, and the box quickly sealed shut. The AnaeroPack
199 System is an easy anaerobic atmosphere cultivation method that has no need for either
200  water or catalyst. AnaeroPack creates an environment of <0.1% oxygen, and >15% CO,.
201  Cells were incubated for 24 hours (37°C, 5% CO,), after which 125ul 16% paraformaldehyde
202  (PFA; ThermoFisher Scientific, catalogue number: 28908) was immediately added to the
203  well and untreated control tube (to make a final concentration of 4% PFA) after opening the
204  lock-seal box. The box was re-sealed allowing for the cells to fix at room temperature for 20
205 minutes. Cells were transferred out of the plate to a 15ml Falcon tube and centrifuged at 400
206  x g for 10 minutes. The supernatant was removed, and the cells resuspended in 1ml 1XPBS.
207  Cytospins of 2x10° BALC were then created for both the treated and untreated control cells
208  on poly-L-lysine-coated microscope slides (Sigma-Aldrich, Catalogue number: P0425-72EA),
209  to be used for immunofluorescent staining.

210

211 BCG Infection

212 Cultures of Mycobacterium bovis Bacille Calmette-Guerin (BCG) were grown in Difco
213  Middlebrook 7H9 (BD Pharmingen, San Diago, USA) supplemented with 0.2% glycerol
214  (Sigma-Aldrich), 0.05% Tween-80 (Sigma-Aldrich), and 10% Middlebrook Oleic Acid
215  Albumin Dextrose Catalase (OADC) enrichment (BD Pharmingen, San Diago, USA).
216  Aliquots of BCG cultures at an ODgy 0of 0.8 were stored at -80°C in RPMI-1640 media
217  supplemented with 10% glycerol (Sigma-Aldrich). The number of viable bacteria was
218  assessed by thawing a frozen aliquot and plating serial dilutions onto Middlebrook 7H11 (BD
219  Pharmingen, San Diego, USA) agar plates. The plates were incubated at 37°C (5% CO,) for
220 21 days and colonies counted manually thereafter to determine the number of viable

221 bacteria.
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222

223  AM were thawed and rested at 37°C (5% CO,) for 18 hours in complete RPMI-1640
224  supplemented with 1% L-glutamine (Sigma-Aldrich, St Louis, Missouri, USA), 10% FBS and
225 an antimycotic antibiotic containing 10,000U/ml penicillin, 10,000ug/ml streptomycin and
226 25ug/ml amphotericin B (Fungizone) (PSF; Lonza, Walkersville, MD, USA). The following
227  day, AM were washed in complete RPMI lacking PSF, centrifuged at 300 x g for 10 minutes
228 and then cultured at a density of 4x10° cells/well in a 24-well low adherence culture plate
229  (Greiner Bio-One, North Carolina, USA). Both “Uninfected” and “Infected” wells were seeded
230 for comparison between infection states. “Infected” wells were infected with BCG (Pasteur
231  strain, MOI 1) and incubated for 4 hours. Extracellular bacteria were removed by incubating
232 cells (37°C, 5% CO,) with complete RPMI supplemented with PSF for 1 hour, followed by
233 successive washes with complete RPMI lacking PSF.

234

235 3D Granuloma Construction

236  Magnetic cell levitation and -bioprinting are recently developed methods used to generate
237 3D tumor spheroids (Tseng et al., 2015, 2013). We have implemented this system to create
238 incipient, innate-style and mature, classic (adaptive)-style 3D lung granuloma types
239  resembling TB granulomas, which will henceforth be referred to as innate and adaptive
240  granulomas, respectively. It should be noted that all incubation periods mentioned in this
241 methods section are carried out in an incubator (37°C, 5% CO,), and that paired BALC and
242 PBMC samples were used to build each spheroid.

243

244  In brief, BCG uninfected and infected AM were treated overnight with biocompatible
245  NanoShuttle™ (made from gold, iron oxide and poly-I-lysine; n3D Biosciences Inc., Greiner
246  Bio-One) at a concentration of 100pL per 1x10° cells in low-adherence plates at a maximum
247  volume of 300uL per well (Haisler et al., 2013; Souza et al., 2010). The following day, the

248  NanoShuttle™-labelled AM were levitated using the magnetic levitating drive (n3D
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249  Biosciences Inc., Greiner Bio-One) for 48 hours to cluster and assemble the granuloma core
250  (Figure 2a). This granuloma core consisting of only AM is considered the innate granuloma.
251  Concurrently, autologous CD3" T cells were thawed, counted, and rested overnight in
252 complete RPMI in a separate 24-well culture plate. Adaptive granulomas were created 48
253  hours post-construction of the granuloma core, through addition of these autologous T cells
254 (6x10°/well) at a ratio of 40:60 (AM:T cells). We previously conducted a titration of cell ratios
255 and selected a macrophage to lymphocyte ratio that macroscopically resembles a TB lung
256  granuloma considered to harbour a median bacterial burden (Wong et al., 2018). This was
257  achieved by carefully removing the levitating drive from the culture plate (Figure 2b) and
258  replacing it with the magnetic printing drive (Figure 2c). Chemokine production by the AM
259  core allows for T cell migration to the granuloma structure, forming an outer lymphocytic cuff,
260  closely resembling the complex in vivo, organized mature classic human TB granulomas.
261  The adaptive granuloma was then incubated for 24 hours, after which the printing drive was
262  removed, and each granuloma dedicated to various downstream processes. For the innate
263  granulomas, no autologous T cells were added but the core was incubated for the same
264  period as the adaptive granulomas (Figure 2d). Nanospheres subsequently detach from the
265  cells, allowing unsupported growth as the structure starts to mimic extracellular matrix (ECM)
266  conditions. This model thus allows for the addition, enrichment, or depletion of specific
267 innate or adaptive immune cells or immune mediators to interrogate their potential
268  contribution to protective or nonprotective granulomatous responses.

269

270  Traditional Cell Culture Control Construction

271 As a control culture condition, traditional cell cultures were constructed in tandem with the
272 3D granuloma construction in a separate 24-well low adherence culture plate for each
273  participant. The exact same ratios of AM to T cells were used for these control cultures, the
274  only difference being that no NanoShuttle™ was added to the AM, and subsequently no

275  levitation- or printing drives were added to the culture plate to replicate cellular distributions
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276 under normal in vitro culture conditions. Both “Uninfected” and “Infected” control cultures
277  were set up, for both innate and adaptive granuloma types.

278

279 DOWNSTREAM PROCESSING OF THE 3D SPHEROID GRANULOMAS

280 3D Granuloma Embedding and Cryosectioning

281 A pair of Uninfected and Infected granulomas had their supernatant carefully removed and
282  stored in separate 0.2mL Eppendorf tubes at -80°C for later cytokine response interrogation
283  using Luminex immunoassays. The structures were then washed twice with 300uL complete
284  RPMI, making sure to not disrupt the structures, and subsequently fixed with 300uL 4%
285  paraformaldehyde (PFA; ThermoFisher Scientific, Catalogue number: 28908) for 30 minutes
286 in the dark. Fixed structures were then embedded in tissue freezing media, OCT (Tissue-
287  Tek; USA), and stored at -80°C for later cryosectioning. Cryosections were made using a -
288  20°C Cryostat (Leica Biosystems), with sections being cut 7uM thick and mounted onto poly-
289  L-lysine-coated microscope slides (Sigma-Aldrich, Catalogue number: P0425-72EA). The
290 cryosections were numbered in order of cutting to allow for the “position” within the structure
291 to be inferred and picked for specific staining. Mounted sections were stored at -20°C until
292  immunohistochemistry staining could be performed. Sections were reserved for
293  immunofluorescent staining (sections from the centre of the 3D granuloma structure), H&E
294  staining (a section from near the centre) and ZN staining (a section from near the centre).
295 The processing described for “Immunofluorescent Staining”, “Immunofluorescent
296  Microscopy”, “H&E Staining”, “Ziehl-Neelsen Staining” and “Light Microscopy” was not done
297  for the traditional cell culture conditions.

298

299  Staining and Microscopy

300 1. Immunofluorescent Staining

301  All staining was done in a humidified chamber. Fixed granuloma sections (stored at -20°C)
302  were rehydrated in 1 X PBS for 10 minutes followed by two washes of 1 X PBS for 5
303 minutes. Sections were blocked with 1% Bovine Serum Albumin (BSA; Sigma-Aldrich,
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304 Catalogue number: A7030) in PBS containing 0.1M glycine for 1 hour at room temperature
305 after which the sections were incubated with corresponding primary antibodies diluted in 1%
306 BSA in PBS overnight at 4°C in the dark. Antibody concentrations were as follows: alveolar
307 macrophage membranes were stained using CD206 PE-CF594 (Mouse Anti-Human CD206,
308 BD Biosciences; catalogue number: 564063) at a concentration of 4uL in a 50uL final
309 staining volume per section; and the universal T cell surface marker CD3 V450 (Mouse Anti-
310 Human CD3, BD Biosciences; catalogue number: 560365) was used at a concentration of
311  5pL in a 50pL final staining volume per section. To assess necrosis, the expression of the
312 necrotic marker, HMGB1, was assessed using Mouse Anti-Human HMGBL1 (BioLegend,
313  catalogue number: 651408) at a concentration of 20pug/mL. HMGB1 stained sections were
314  counterstained with the nuclear stain, Hoechst (Life Technologies; catalogue number:
315 H3570), at a concentration of 1ug/mL. Following overnight incubation, sections were washed
316  three timesin 1 X PBS for 5 minutes and the sections allowed to dry slightly before mounting
317  with DAKO mounting medium (Agilent Technologies) and allowing to airdry overnight in the
318 dark at room temperature. Slides were stored at 4°C in the dark until imaging. Unstained and
319  single stained controls were also prepared for each experiment to assess background and
320 signal specificity in each channel.

321  Immunofluorescent staining for cytospin slides (see “AnaeroPack Experiment” Methods)
322  were performed as described above, with antibody concentrations as follows: BALC were
323  stained with Hoechst (Life Technologies; catalogue number: H3570) at a concentration of 1
324  upg/mL; the hypoxia marker HIF-la AF488 (Mouse Anti-Human, BioLegend; catalogue
325 number: 359708) was used at a concentration of 2.5ug/mL final staining volume per section;
326 and the necrosis marker HMGB1 AF647 (Mouse Anti-Human, BioLegend; catalogue
327 number: 651408) was used at a concentration of 20pg/mL final staining volume per section.
328

329 2. Immunofluorescent Microscopy

330 Images were obtained using a Carl Zeiss LSM 880 Airyscan with Fast Airyscan Module
331 confocal microscope (Plan-Apochromat x63/1.40 oil DIC UV-VIS-IR M27 objective lens), and
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332 the images were acquired using the ZEN software (Carl Zeiss). Acquisition settings for
333 imaging were identically set for all sections. Red channel: excitation wavelength (561nm),
334  emission wavelength (659nm), detection wavelength (585-733nm), pinhole (1.42 AU), frame
335 scan mode, detector gain (640); blue channel: excitation wavelength (405nm), emission
336  wavelength (432nm), detection wavelength (410-455nm), pinhole (2.17 AU), frame scan
337 mode, detector gain (724). 18x18 tile scans were acquired and stitched together.

338

339 3. H&E Staining

340 One section from both Uninfected and Infected granuloma structures, not reserved for
341 immunofluorescent staining and control slides, was stained using the Lillie Mayer H&E
342  method (Lillie, 1965) to visualise the overall compartmentalisation of the various cell types
343  added to the 3D structure without immunofluorescent stains. Briefly, the designated sections
344  were removed from storage and allowed to reach room temperature while placed in a
345 slanted position and rehydrated in dH,O. Sections were then stained with alum haematoxylin
346  for 4 minutes, rinsed with tap water and differentiated with 0.3% acid alcohol for 2 seconds.
347  Sections were rinsed again with tap water, then rinsed in Scott’'s tap water substitute, and
348 rinsed again with tap water. Finally, sections were stained with Eosin for 2 minutes,

349 dehydrated, cleared and coverslips mounted using 1 drop of VectaMount™

(Vector
350 Laboratories, California, USA).

351

352 4. Ziehl-Neelsen (ZN) Staining

353  One section from both Uninfected and Infected granuloma structures, not reserved for
354  immunofluorescent staining and control slides, was stained using the ZN method to identify
355 the localisation of acid-fast bacteria within the 3D structure. Briefly, the designated sections
356  were removed from storage and allowed to reach room temperature while placed in a
357 slanted position. Sections were then flooded with carbol fuchsin and heated gently with a
358 flame until a vapour is emitted. Sections were immersed for 5 minutes, rinsed with dH,0O,

359 flooded with acid-alcohol, and allowed to stand for 2 minutes. Following this, sections were
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360 rinsed with dH,O, counterstained with methylene blue, allowed to stand for 2 minutes and
361 finally rinsed and allowed to dry. Dry sections were mounted with coverslips using 1 drop of
362  VectaMount™.

363

364 5. Light Microscopy

365 H&E-stained sections and ZN-stained sections were visualised using the ZEISS Axio
366  Observer microscope, fitted with an Axiocam MRc 195 microscope camera, and the images
367  were acquired using the ZENIite imaging software (blue edition, version 1.1.1.0).

368

369 Flow cytometry

370  An Uninfected and Infected granuloma pair was mechanically dissociated (by gentle
371  pipetting) into single cells and transferred to respective sterile 15mL Falcon tube. Cells were
372 then centrifuged at 300 x g for 10 minutes and resuspended in 5mL complete RPMI and
373  washed. Washed cells were then resuspended in 300uL complete RPMI and transferred to a
374  sterile, 24-well culture plate (untreated), after which cells were incubated for 48 hours to
375 allow for adherence of the AM. Following incubation, the non-adherent fraction was
376  separated from the adherent cells and the wells washed twice. These cells were immediately
377  used for the flow cytometric investigation of the phenotypic and functional characteristics of
378 the non-adherent cellular fraction, namely T cells. The same procedure was followed for an
379  Uninfected and Infected traditional cell culture control pair. The adherent fraction was not
380 analysed by flow cytometry, due to the high levels of autofluorescence. To demonstrate this,
381  1x10° total BALC and PBMC were transferred to two separate 5ml Falcon tubes and
382  centrifuged at 250 x g for 5 minutes. Both fractions were kept unstained and acquired on the
383 BD FACS™ Canto Il, with gates being set using a pre-defined FMO from a stained PBMC
384  sample with the channels CD3 PE-Cy7, CD14 Pacific Blue, and anti-HLA-DR APC.

385

386  Non-adherent fractions were analysed by flow cytometry using the BD FACS™ Canto II, and
387  were stained to define their basic phenotypic profiles. Fractions were stained using anti-CD3
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388 PE-Cy7 (BD Biosciences; catalogue number: 563423), anti-CD14 Pacific Blue (BD
389 Biosciences; catalogue number: 558121), anti-CD16 PerCP-Cy5.5 (BD Biosciences;
390 catalogue number: 565421), and anti-CD56 BV510 (BD Biosciences; catalogue number:
391 563041). Staining was performed for 30 minutes in the dark at room temperature, in a 50ul
392  staining volume. Titrations, compensation, and fluorescence-minus-one (FMO) for each
393  antibody was performed prior to analysis at the BD Stellenbosch University Flow Cytometry
394  Unit on Tygerberg Campus. Data was analysed using the third party FlowJo Software
395 v10.0.8. and the 3D granuloma structure data compared to that obtained for the traditional
396  cell culture control.

397

398 RNA Sequencing

399 1. RNA Extractions

400 An Uninfected and Infected granuloma pair was mechanically dissociated (by gentle
401  pipetting) into single cells and transferred to a sterile 2mL screw-cap tube. Cells were then
402  centrifuged at 300 x g for 10 minutes and vigorously resuspended in 350uL RLT Buffer
403  (Qiagen, Germany) by vortexing for 30 seconds. Cells were stored at -80°C for batched RNA
404  extractions to perform gene expression or RNASeq analysis. On the day of batched RNA
405  extractions, samples were removed from storage and allowed to thaw at room temperature.
406  RNA was extracted using the Qiagen RNeasy® Mini Kit according to the manufacturer’s
407  instructions. Following isolation, 1pL of each sample was used to check RNA integrity using
408 a Nanodrop spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA), with all
409 samples having a A260/A280 ratio of above 1.8. The remaining RNA was stored until RNA
410 Sequencing could be performed. The same procedure was followed for an Uninfected and
411  Infected traditional cell culture control pair.

412

413 2. Library Preparation
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414  Total RNA was extracted from eleven samples; however, two samples did not meet the total
415 RNA (200ng) requirements for further processing. Total RNA was subjected to DNase
416 treatment and magnetic bead-based mRNA enrichment using the Dynabeads™ mRNA
417 Purification kit (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA), according to the
418  protocol described in the MGIEasy RNA Library Prep Set User Manual prior to proceeding
419 with library construction. Library preparation was performed with the entire component of
420 mRNA for each sample using the MGIEasy RNA Library Prep Kit (MGI, Shenzen, China),
421  according to the manufacturer’s instructions.

422

423 3. Sequencing

424  Massively parallel sequencing was performed at the South African Medical Research
425  Council (SAMRC)/Beijing Genomics Institute (BGI) Genomics Centre using DNA nanoball-
426  based technology on the MGISEQ-2000 using the appropriate reagents supplied in the
427  MGISeq-2000RS High-Throughput Sequencing Kit. A paired-end sequencing strategy was
428  employed with a read length of 100bp (PE100). Sample libraries were loaded onto MGISEQ-
429 2000 FCL flow cells with the MGILD-200 automatic loader, and 18 FASTQ files generated (9
430 forward- and 9 reverse read files).

431

432 4. Analysis

433 Raw FASTQ files were assessed using FastQC (version 0.11.5). Reads with quality scores
434 less than 20 and length below 30 bp were all trimmed. The resulting high-quality sequences
435 were subsequently used in MultiQC, a module contained in Python (version 3.6.3), to
436  aggregate and summarise the results from multiple FastQC reports into a single HTML
437  report. Raw FASTQ files were then imported, annotated (human GRCh38.p13 dataset from
438  https://lwww.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/), filtered (Counts per Million
439 (CPM) cut-off method), normalised, and analysed using statistical software based in R
440  (version 3.6.3). Differentially regulated transcripts were functionally annotated to gain an
441  overview of biological pathway regulation. Briefly, GO terms enrichment analysis was
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442  conducted on the ensemble gene IDs using the Database for Annotation, Visualization and
443  Integrated Discovery (DAVID) v 6.8 (Huang et al., 2009a, 2009b), while the REVIGO
444  resource was used to summarise and visualize the most enriched GO terms (Supek et al.,
445  2011).

446

447  Luminex® Immunoassay

448 As mentioned previously in the methods section, a pair of Uninfected and Infected
449  granulomas had their supernatant removed and stored in separate 0.2mL Eppendorf tubes
450 at -80°C for later cytokine response interrogation using the Luminex immunoassay platform
451  (Luminex, Bio Rad Laboratories, Hercules, CA, USA). Supernatants were collected and
452  stored from structures throughout the culture period, beginning from 1-day to 4-days post
453 infection, at the beginning of each day’'s processing. The same procedure was followed for
454  an Uninfected and Infected traditional cell culture control pair. A one-plex kit was used to
455  measure the production of interleukin (IL)-22 (R&D Systems®, LXSAHM-01), and a four-plex
456  was used to measure the production of IL-2, IL-10, interferon (IFN)-y, and tumor necrosis
457  factor (TNF)o (R&D Systems®, LXSAHM-04). Briefly, samples were removed from storage
458 and allowed to reach room temperature one hour before beginning the assay. Samples were
459 then vortexed and prepared for the assay according to the manufacturer’'s instructions.
460 Samples were not diluted as recommended by the manufacturer but run neat due to the
461  small number of cells used in culture and the restrictive lower limit of detection observed for
462  Luminex immunoassays. Samples were run on the Luminex® MAGPIX system. The beads
463  from each sample were acquired individually and analysed using the Bio-Plex Manager™
464  Software version 6.1 according to recommended settings. Instrument settings were adjusted
465  to ensure 50 bead events per region, with sample size set to 50ul for both kits.

466

467 CFU Determination
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468  The supernatant from the remaining Uninfected and Infected granuloma pair was carefully
469 removed and the cells mechanically dissociated (by gentle pipetting) into single cells after
470 adding 300puL complete RPMI. Cells were then transferred to a sterile 15mL Falcon tube and
471  centrifuged at 300 x g for 10 minutes and resuspended in 200uL dH,O to lyse the cells and
472  vortexed. Serial dilutions were prepared using this cell lysate using PBS-Tween80. The neat
473  cell lysate and serial dilutions were then plated out in duplicate on Middlebrook 7H11 agar
474  plates (BD Biosciences) for manual CFU determination after 21 days. The same procedure
475  was followed for an Uninfected and Infected traditional cell culture control pair.

476

477  Statistical analysis

478  Statistical analyses were performed using GraphPadPrism version 8 (GraphPad Software,
479  San Diego, CA). A p-value of less than 0.05 was considered significant. Tests for normality
480 could not be performed due to sample sizes being too small in this pilot study; data was,
481  therefore, treated as nonparametric throughout. Where two groups were compared the
482  Mann-Whitney t-test was used. The Kruskal-Wallis test was performed using Dunn’s post-
483  test to correct for multiple comparisons where three or more groups were compared.

484

485 RESULTS

486

487  The results of this proof-of-concept study demonstrate that the in vitro 3D human granuloma
488 model is capable of being successfully interrogated using multiple molecular biology
489  platforms.

490

491  Macroscopic and Microscopic Differences in Granuloma Structural Formation exist
492  due to cell composition and mycobacterial infection.

493  NanoShuttle™-labelled alveolar macrophages were levitated for 48 hours at the beginning of
494 the model construction, and granuloma cores were observed as hanging cultures with
495  spheroids suspended just underneath the surface of the culture media. After the first 24
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496  hours of levitation, the magnetic levitation drive was removed briefly to investigate the
497  structural integrity of the granulomas without magnetic influence. The assembly of the AM
498 core could already be visualised at the 24-hour time point with BCG infected cores
499 appearing less “stable” than uninfected cores (Figure 3a), with this apparent instability
500 improving by the 48-hour culture time point (Figure 3b). At the end of the culture period,
501 slight macroscopic variations in the morphology of uninfected (Figure 3c) and BCG infected
502  (Figure 3d) innate granulomas could be seen, as well as between the uninfected (Figure 3e)
503 and BCG infected (Figure 3f) adaptive granulomas. A “cuff’ of unlabelled autologous CD3" T
504 cells were clearly seen to be surrounding the darker, NanoShuttle™-labelled AM core
505 (Figure 3e and 3f), compared to the innate core lacking the “cuff’ due to the lack of
506 autologous CD3" T cells (Figure 3c and 3d). While these visual differences are important for
507 defining structural phenotypes during the early stages of this model's development,
508 information regarding details like the infiltration of autologous CD3" T cells into the AM core
509 could not be inferred without immunofluorescent microscopic assessment.

510

511  Granuloma structures were further investigated at cellular level to interrogate the
512  composition in a more detailed manner. For the uninfected granulomas, both H&E (Figure
513  4c) and ZN (Figure 4d) stains demonstrated that no acid-fast bacilli are present within the
514  AM core (Figure 4d). ZN staining of an infected granuloma structure demonstrated acid-fast
515  bacilli both near the cuff of the structure (Figure 4i) and in the core (Figure 4j). For both
516 infected and uninfected granulomas, the adaptive granuloma structures demonstrated a
517  “cuff’ of autologous lymphocytes, based on known morphology, as seen using both H&E
518  (Figure 4g) and ZN (Figure 4h) staining. It is interesting to note that the core of the adaptive
519 granuloma structures was almost exclusively made up of macrophages (Figure 4c),
520 suggesting minimal infiltration by autologous CD3" T cells from the “cuff’ at this infection
521 time point. Inferences could suggest that the architecture of granulomas with non-infiltrating
522  lymphocytes encapsulating the AM core, represent a structural component of mycobacterial
523 infection control/failure (Gil et al., 2010; Lenaerts et al., 2015; Peyron et al., 2008);
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524  alternatively, this could also be a methodological limitation whereby the CD3" T cells have
525  simply not had sufficient time to migrate through the core.

526

527 Magnetic levitation combined with bioprinting, successfully produces a
528 morphologically and physiologically relevant 3D TB lung granuloma.

529  Confocal microscopy (Figure 5a) demonstrated that both the outer edges (Figure 5b) and
530 core (Figure 5c) of the innate granuloma is made up exclusively of AM (CD206 PE-CF594
531 (red)). A tile scan (Figure 6a) of the adaptive granuloma mid-section revealed a “cuff” of
532  autologous CD3" T cells (Figure 6b), and an exclusively AM-dominant core (Figure 6c),
533  again demonstrating little-to-no autologous CD3" T cells infiltrating the core. These findings
534  are synonymous with the inferences made about human granuloma structures from non-
535  human primate (NHP) models of TB (Flynn et al., 2015).

536

537 In addition to our 3D spheroid granuloma structures being morphologically relevant, it
538 remains important to use this model to recapitulate physiologically relevant events of in vivo
539 granulomas. It is well known that TB granulomas undergo structural and localised changes
540 during development and maturation. These changes often include the caseation of the core
541  through the process of necrosis which contributes to morbidity by causing tissue damage.
542  The caseous granuloma in vivo is notably hypoxic, driving the accumulation of hypoxia
543  inducible factor 1-o (HIF-1a), and considered the hallmark of failed M.tb containment,
544  implicated in transmission (Belton et al., 2016; Canetti, 1955; Pagan and Ramakrishnan,
545  2014). HIF-1o, which is ubiquitously expressed in the cytoplasm under normoxic conditions,
546 is used in this study as a hypoxia target (Hirschhaeuser et al., 2010), while necrotic cells are
547  known to release the high mobility group box 1 (HMGB1) protein from the nucleus into the
548  cell cytoplasm (Parasa et al., 2014). We compared the expression of HMGB1 and HIF-1a in
549  our 3D spheroid granuloma model to traditional control cultures. Traditional cell culture

550 controls created using BAL cells in an AnaeroPack experiment displayed basal expression
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551  patterns for both targets, synonymous with cells being non-nectrotic and normoxic (Figure
552  7a). Following experimental manipulation of traditional cultures to induce a hypoxic
553  environment (Figure 7b), an upregulation in cytoplasmic expression of HIF-1a, although no
554  nuclear translocation (indicative of a hypoxic cell) was observed (Figure 7c); however, the
555  cytoplasmic translocation (indicative of a necrotic cell) of HMGB1 from the nucleus to the
556  cytoplasm of BAL cells was achieved in traditional culture after experimental induction
557  (Figure 7d). In contrast, we investigated both targets within our 3D spheroid granuloma
558 model (Figure 7e), which did not require any additional experimental manipulation
559  whatsoever such as was necessary for the traditional cell culture controls. Here we
560 demonstrated that cytoplasmic translocation of HMGB1 successfully occurs in BAL
561 macrophages when located at the core of the 3D spheroid granuloma (Figure 7f) and
562  remains in the nucleus of T-cells at the cuff (Figure 79g), displaying a brightly stained rim. We
563  were unsuccessful in capturing any HIF-1o. immunofluorescent signals within the 3D
564  spheroid granuloma model and we propose that this is as a result of HIF-1o being highly
565  ubiquitinated upon re-exposure to oxygen, making it difficult to target without knowing the
566  point at which hypoxia is induced during M.tb infection (Salceda and Caro, 1997). Our data
567  confirms that the core of the 3D spheroid granuloma contains AM, which are both necrotic
568 and non-necrotic, and a cuff of non-necrotic T-cells surrounds this core, recapitulating both
569  morphological and physiological characteristics of TB granulomas. While traditional cell
570 cultures require experimental manipulations for the induction of hypoxic and necrotic
571 responses seen in vivo, our 3D human spheroid granuloma can recapitulate the in vivo
572 granuloma microenvironment without external manipulation, by mimicking the spatial
573  organization and cellular interactions within the 3D conformation, which may allow for the
574  appropriate investigation of these forms of cell death.

575

576  Single cell immune phenotyping of post-culture granuloma cells reveals maintained

577  viability and distinct immune phenotypes.
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578  The viability and cell number of mechanically disrupted 3D granuloma structures was
579 assessed via flow cytometry and compared to traditional cell culture controls. Innate
580 granuloma structures could not be assessed in this manner owing to the highly auto-
581 fluorescent nature of AM, making flow cytometry near-impossible on these cells (Figure 8).
582  Particulate matter found within the AM of smokers or persons exposed to biomass fuels
583  appear to be responsible for the autofluorescence, as is demonstrated by signals observed
584  in the red channel during lambda scanning on the confocal microscope (Figure 9) (Young et
585 al., 2019). Importantly, we could demonstrate that it was the AM and not the CD3" T cells
586  which were autofluorescent. Therefore, only adaptive granuloma structures were
587 mechanically dissociated after the full culture period of six days as these could then be
588 cultured for adherence to separate the AM from the T cells. Following prolonged culture, we
589  have shown that the AM core becomes necrotic, and thus expect the cells to dye more easily
590 with Trypan blue compared to traditional cell culture controls. Using the Trypan blue
591  exclusion method, cell viability (Figure 10a) and cell number (Figure 10b) could be assessed
592 and compared for each structure. No statistically significant differences were observed
593  between the four groups for either cell viability or cell counts based on the small sample size.
594

595  We then investigated the ability to conduct single cell immune phenotyping on deconstructed
596 granuloma single cells following six days of culture. We also wanted to know how the 3D
597 conformation and resultant molecular signals, would impact cell frequencies, when
598 compared to traditional cell culture cultures. From the same mechanically dissociated
599  adaptive granuloma structures and corresponding traditional cell culture controls as used for
600 the assessment of viability, phenotyping by way of flow cytometry (FACS™ Canto Il) could
601  be successfully performed on the non-adherent cell fraction. Autologous CD3" T cells
602  (Figure 10c), CD3'CD14" Myeloid cells (Figure 10d), CD3'CD16" NK cells (Figure 10e), and
603 CD3'CD16" NKT cells (Figure 10f) could be identified from the non-adherent cell fraction,
604  with CD3" T cells proving to be the dominant cell subset. While none proved statistically
605 significant (Table 2), there were visible differences in the phenotypic profiles of the non-
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606  adherent cell fractions of the uninfected- and infected- adaptive granuloma structures, as
607 well as the uninfected- and infected- traditional cell culture controls (referred to as a
608  “monolayer” within the figure). While the proof-of-concept nature of this study does not allow
609 for strong biological inferences made based on the results observed for the granuloma
610  structures and traditional cell cultures, our study does show promise for future investigations
611  where we plan to significantly increase the number of granuloma structures assessed.

612

613 3D granulomas secrete pro-inflammatory cytokines into the extracellular environment,
614  signalling the recruitment of other immune cells.

615  Traditional cell cultures are known for their capabilities of producing cytokines and
616  chemokines during short term cultures, as measured frequently by Luminex immunoassays.
617  Supernatants from 3D granuloma structures and traditional cell culture controls were
618  harvested throughout the culture period, and at the end of the six-day culture. The most
619 interesting differences to investigate would be the production of the selected cytokines from
620 both AM and autologous CD3" T cells, comparing these between 3D granuloma structures
621 and traditional cell culture controls. We performed a Luminex immunoassay on the
622  harvested supernatants and measure the concentrations of IL-10 (Figure 1la), TNF-a
623  (Figure 11b), IFN-y (Figure 11c), IL-2 (Figure 11d) and IL-22 (Figure 1le). Tests for
624  normality could not be performed due to the small sample size, but QQ plots of the data
625  showed the data could follow a Gaussian distribution if more datapoints were available. Data
626  was, therefore, treated as nonparametric data, with the Kruskal-Wallis test being performed
627 using Dunn’s post-test to correct for multiple comparisons. All cytokines assessed could be
628  successfully measured from the harvested supernatants, with the cytokine IFN-yshowing
629  high production in T cells prior to their addition to the granuloma structure, as would be
630 expected from a normal culture. While none of the cytokines showed statistically significant
631 differences between the groups, this was expected due to the low sample size, but was

632  performed regardless to demonstrate the viability of the generated 3D granuloma structures
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633 over a long culture period and interact in a manner reminiscent of the in vivo human TB
634 granuloma. Of particular interest was the observation that the innate granulomas (both
635 uninfected (UIG) and BCG infected (IIG)) did not produce high levels of cytokines like TNF-
636 o, IFN-y and IL-2 associated with T cell production and release, further supporting the
637  previous statement. Whilst not significantly different, the differences between the 3D
638 granuloma structures and the traditional cell controls could prove to be higher in the 3D
639  granuloma structures should we increase the sample size, as a few differences were already
640  apparent, for example IFN-y.

641

642 3D adaptive granuloma structures regulate mycobacterial replication.

643  When total cell numbers from patient samples were not limiting, CFU were measured for
644  each granuloma structure using the cell lysate (Figure 12). For the purposes of this pilot
645  study, we were able to measure the initial uptake by AM after the 4-hour infection from two
646  of the participants which allowed for an indication of bacterial uptake prior to the long-term
647  culture of the 3D granuloma structures (p = 0.2) and traditional cell culture controls (p = 0.8).
648 Due to a lack of adequate cell numbers, the BCG infected innate traditional cell culture
649  control had a single datapoint only and was therefore excluded from analysis. Interestingly,
650 the BCG infected adaptive 3D granuloma displayed a trend for improved bacterial control
651 compared to the BCG infected traditional cell culture control, however with few datapoints
652 available, this was not significant (p = 0.7). It would also appear that for some individuals,
653 the 3D spheroid granulomas are more protective whereas others show the same level of
654  containment between traditional cultures and 3D spheroid granulomas. Increasing the
655 number of datapoints available for CFU count will be of value for determining the levels of
656  significance between bacterial uptake and level of control, but it shows promise that the
657 adaptive 3D granuloma structure shows a trend for improved bacterial control over the
658  traditional cell culture control conditions.

659
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660 Mycobacterial infection and spheroid configuration both alter the gene expression of
661 cells in 3D Spheroid granulomas.

662 We evaluated the ability to extract quality RNA from individually dissociated 3D spheroid
663 granulomas and conducted bulk RNA sequencing on the cells. Total RNA was extracted
664 from eleven available samples, but two did not meet the total RNA requirement for
665 acquisition on the MGISEQ-2000; therefore, only nine samples were used for further
666  evaluations (table in Figure 13). FASTQC was used to assess the quality of the 18 FASTQ
667 files generated, and manual inspection of the quality score graphs of all 18 HTML reports
668  showed that the lowest 10" percentile value for any base at any position was 26; in all cases
669  the software issued a passing grade (Figure 14a, b, d, e). Another important quality metric to
670  consider is the proportion of bases seen at each position. All 18 reads (nine forward and
671  nine reverse reads) showed erratic behaviour in the first 10-13 bases before a transition to a
672  smooth curve for the rest of the read (Figure 14c, f). For RNA-Seq data this is expected and
673 is a result dependent on the specific library kit which was used. As a result, further cleaning,
674  or processing of the raw FASTQ files (for example, trimming of adaptor sequences) was not
675  required.

676

677 The geometrical impact of 3D granulomas on the biological responses of immune cells,
678 remains unexplored. We therefore compared the gene expression profile of the 3D spheroid
679 granuloma to the corresponding human subject’s cells (matched cell origin, types, ratios,
680 numbers) in traditional cell culture. Results from this demonstrate that cells in 3D spheroid
681 granulomas up-regulate 640 genes and down-regulate 523 genes, when compared to those
682 in traditional culture (Figure 13a). Loose inferences based on the top ten differentially
683  expressed genes (Figure 13b) suggest that 3D spheroid granulomas could augment the
684  transcription of proteins related to inhibitory synapse development, a neuropeptide receptor,
685 a zinc finger transcription factor, and T cell activation, but curb those related to leptin,
686  hepcidin, actin filament proteins and a heparan sulphate-glucosamine enzyme. In total, we
687 identified 138 genes with significant differential expression between BCG-infected 3D
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688  spheroid granulomas and BCG-infected traditional culture. These 138 differentially regulated
689  transcripts were functionally annotated to gain an overview of the biological pathway
690 regulation using GO enrichment analysis. The REVIGO resource was used to summarise
691 and visualize the most enriched GO terms for biological processes (Figure 15A), molecular
692  function (Figure 15B) and cellular components (Figure 15C) in an interactive graph.
693  Differential gene expression was also observed between uninfected and BCG-infected 3D
694  spheroid granulomas when innate 3D spheroid granulomas were investigated (Figure 13c),
695 while a multi-dimensional scaling plot of all datapoints demonstrated differences between
696  both participants from which RNA-Seq samples were available as observed by the grouping
697 in the first component between the two different participants (Figure 13d; smoker (green) vs
698  non-smoker (blue)).

699

700  While still very preliminary, our RNA-Seq data demonstrates the ability to successfully
701 isolate and sequence high-quality RNA from the 3D spheroid structures after prolonged
702  culture and infection. The preliminary data alludes to differential behaviour of host immune
703  cells based on structural organisation and conformation upon BCG-infection, as observed in
704  the differences between traditional cell culture and the 3D spheroid structures, which may, in
705  future, lead to the possibility of demonstrating that traditional cell culture methods do not
706  accurately reflect responses occurring at a granuloma level during mycobacterial infection.
707  Since this study developed the method of generating 3D spheroid granulomas, future studies
708  will include the comparison of larger numbers of participants to investigate this hypothesis.
709

710 DISCUSSION

711  Human responses to M.tb infection range in complexity, while the heterogeneity of TB
712  disease is unprecedented and challenging to model. Most infected individuals can mount a
713  protective immune response to control infection, resulting in a large proportion of these
714  individuals achieving sterilizing cure. Yet a small proportion will develop active TB disease
715 and some retain a latent infection where they are able to control infection but not achieve
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716  sterilizing cure (Barry et al., 2009; Kapoor et al., 2013; O’Garra et al., 2013). Even within
717  individuals, granulomatous lesions present as dynamic and localised microenvironments
718  within the lung, each with their own unique organisation and ability to control infection,
719  ranging from sterilizing cure to immune failure (Barry et al., 2009; Ehlers and Schaible, 2013;
720 Kiran et al., 2016; Lin and Flynn, 2018).

721

722 A major knowledge gap is the exact nature, function and spatial organization of immune cells
723  constituting protective granulomas. A hallmark of progression to active TB disease is
724  changes to granuloma physiology, such as an increase in granuloma number and
725  distribution; as well as changes in granuloma function, such as poor M.tb replication control
726  and development of central necrosis and cavitation. These signify the host's inability to
727  eliminate bacilli and are indicative of failed immunity. As an added complexity, differences
728  exist in the rate and trajectory of granuloma progression, which is determined by features
729  such as host immunity and bacterial virulence (Guirado and Schlesinger, 2013; Russell et
730 al., 2009; Silva Miranda et al., 2012). Therefore, TB patients simultaneously harbour a range
731  of granulomas, comprising a spectrum of solid non-necrotizing, necrotic and caseous
732  granulomas, each with its distinct kinetics. Although the overall clinical picture is likely
733  defined by a set of the most poorly performing granulomas in a particular host, granulomas
734 from a single individual vary considerably in cellular composition, cytokine profile,
735  morphology, immune phenotype, and bacterial burden. It is therefore important to describe
736  host responses at the individual granuloma level.

737

738  While animal models have contributed significantly to our understanding of the mammalian
739 immune system, numerous examples have shown that laboratory species do not faithfully or
740  in full, mimic human immunity or TB disease (Fonseca et al., 2017; Singh and Gupta, 2018;
741  Zhan et al., 2017). A major deficiency in many mouse models, for example, is the lack of
742  necrotic lung lesions, which is the pathological hallmark advanced granulomas (Kramnik and
743  Beamer, 2016). Other species models such as rabbits and non-human primates, have been
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744  useful in studying lung pathologies, but these models are expensive, laborious to maintain
745  and biological reagents are limited. The heterogeneity in host responses to M.tb infection is
746 currently more readily investigated in animal models such as cynomolgus macaques, with
747  findings that are translatable to human TB. As such, our understanding of the structure and
748  function of human TB granulomas is inferred from features reported for NHP TB granulomas.
749  Our 3D adaptive spheroid granuloma has here been demonstrated to resemble the structure
750 and features reported for NHP TB granulomas, as is evidenced by the spatial arrangement
751 of an autologous T-cell cuff surrounding an AM core (Figure 15; (Flynn et al., 2015;
752  Kauffman et al., 2018; Wong et al., 2018). This model allows for manipulation of biological
753  targets, and importantly, captures in vivo characteristics, such as cellular phenotype and
754  spatial organization as observed in in vivo human and NHP granulomas. This could have
755  multiple benefits over traditional culture methods and enable assessment of host responses
756 to M.tb in the context of intricate cellular interactions and visualization of granuloma
757  organization through 3D and quantitative analysis. The development of granuloma models
758  that accurately reflect the major pathophysiological conditions existing in the spectrum of in
759  vivo human pulmonary TB granulomas, both kinetically and in different clinical phases of
760 infection, is imperative. Ideally, this would require the use of cells derived from patients
761  within the spectrum of TB disease and be retrieved from the site-of-disease to fully
762  recapitulate physiological events occurring within the human lung when challenged with
763 M.tb. We have established a novel, laboratory-based, biologically relevant platform for
764  generating patient-derived 3D spheroid granulomas mimicking human TB. The platform
765  enables analysis of genomic, epigenetic, immunologic, structural, pathogen and treatment-
766  specific aspects of immune cells during granuloma evolution, to resemble human pulmonary
767  TB lesions more closely. The 3D spheroid granuloma model is assembled as a single,
768  organized structure in a culture well, consisting of human lung-derived AM, surrounded by
769 layers of autologous, peripherally recruited T-cells. This model has the potential to replicate
770  characteristics observed during granuloma evolution (Driver et al.,, 2012; Lenaerts et al.,
771 2015) such as hypoxia, nutrient concentration gradients, and for in-depth mechanistic
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772 analysis of crucial lung granulomatous features observed in the spectrum from latent to
773  active TB.

774

775  Granulomas are known to be dynamic, organized structures with gene expression and
776  epigenetic profiles correlating with lesion type and developmental trajectory. Considering the
777 limitations associated with in vivo human research, few studies have explored the immune
778  environment within human lung granulomas (Kaplan et al., 2003; Kim et al., 2010; Mattila et
779  al., 2013). Results have however demonstrated that pooled analysis of different human lung
780 granuloma types may underestimate differences in gene expression specific to each lesion,
781  revealing a higher number of significantly differentially expressed genes in fibrotic nodules,
782 compared to the cavitary granulomas (Subbian et al., 2015). Thus, a distinct gene
783  expression pattern was observed for each granuloma type or stage, and increased
784  methylation was found in granulomas of patients with more severe disease (Gautam et al.,
785  2014; Mehra et al., 2013; Yang et al., 2019). Our granuloma model has alluded to these
786  observations, with the extraction of good quality RNA from this model proving that structures
787  generated from individuals along the spectrum of disease are likely capable of providing
788  detailed gene expression profiles for the various stages of infection.

789

790 The first guiding 3D model described for M.tb infection was described by Puissegur et al. in
791 2004 and has helped direct current model strategies (Puissegur et al., 2004). Since then, a
792  number of models have been established with varied success rates (reviewed by Elkington
793  etal., 2019), and with little focus being placed on primary human cells obtained from the site
794  of disease, one of the proposed requirements of an optimal model (Elkington et al., 2019;
795  Nunes et al., 2019). Most popularly, in vitro granuloma-like cell aggregates established using
796  M.tb infected PBMC have shown promise in generating cellular aggregates which mimic
797  granuloma formation (Crouser et al., 2017; Guirado et al., 2015). While easy to establish and
798  high throughput, this model of infected PBMC, form multiple structures within a culture well,
799 each structure at a different “stage” of granuloma development, which may limit some
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800 aspects of granuloma investigations (Silva Miranda et al., 2012). PBMC granuloma models
801 also do not accurately represent the immune cell milieu and composition, or the defined
802  organizational structure, as observed for the 3D spheroid model. In addition to this, we have
803 demonstrated with various molecular tools the validity of employing such a model for the
804 investigation of M.tb infection without the limitations of traditional cell culture methods and
805 the need to acquire entire in vivo structures from procedures such as biopsies. The most
806  recently published in vitro granuloma model example using biopsy samples includes an adult
807  stem cell-derived airway organoid developed from cells retrieved from human lung biopsies
808 (Sachs et al., 2019). The limitation of such a model is that it requires the need for difficult to
809  obtain sample types, and complex organoid generation methods which do not include the
810 use of primary phagocytes such as alveolar macrophages which are essential for the initial
811  control of M.tb infection. Another important consideration for our model is that granuloma
812  formation is not limited to M.tb infection, but also occurs in several chronic infections
813  including Schistosoma spp., S. enterica and L. monocytogenes, and non-infectious diseases
814 like sarcoidosis (Crouser et al., 2017), which together cause millions of deaths. Our
815 granuloma model could therefore be adapted to depict these disease-specific granulomatous
816 features.

817

818  Our model is not without its limitations, however. The autofluorescent nature of alveolar
819  macrophages from the lungs of individuals in certain regions like Cape Town, South Africa,
820 display high carbon particulate matter which results in autofluorescence. We have
821 demonstrated that this limitation can be circumvented; alternatively, molecular techniques
822 like CyTOF could be used to investigate both the AM and autologous CD3" T cell fractions
823  together, without the need to consider autofluorescence, as has previously been
824  demonstrated by our group (Young et al., 2019). The use of the magnetic levitation drive, for
825 one, prevents the unrestricted movement of NanoShuttle™-labelled AM until the core is
826  stable, and therefore features of early AM movement could be missed. This model was
827  established using BCG as a model for TB owing to the benefits of being able to work with
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828 this organism outside of a BSL3 environment. Considering the physiological differences
829 between BCG and H37Rv, the virulent laboratory strain of M.tb, this model needs to be
830 validated in a setting whereby H37Rv is used as the infectious agent instead of BCG. We
831  are confident, however, that the model we have established using BCG as a model organism
832  for M.tb will be translatable for not only M.tb, but other pulmonary pathogens which result in
833  the formation of pulmonary granulomas. As such, the results generated in this study during
834  the establishment of the 3D spheroid in vitro granuloma model should function to inform the
835  scientific community of the possibilities for which this model can be adapted.

836

837  Finally, our 3D spheroid in vitro granuloma model still requires comparative assessments to
838 in vivo granulomas with respect to the cellular components, cell phenotype, molecular and
839  epigenetic interactions, patterns of cytokine and chemokine secretion, mycobacterial
840 dormancy, and subcellular-dissemination and ultimately and impact on clinical outcome.
841 These are currently ongoing through planned human- and non-human primate studies.
842  Additionally, we are currently conducting a study whereby we have begun adding additional
843  cell types, such as B cells and myeloid-derived suppressor cells (MDSCs), to the 3D
844  spheroid granuloma as one would expect to see in a developing granuloma (Agrawal et al.,
845  2018; Flynn et al., 2011; Obregén-Henao et al., 2013). With that said, the current model
846  would provide insights into host-mycobacterial interactions at stages too early to address
847  within such in vivo models and eventually, serve as preferred platform for initial pre-clinical
848  testing of TB vaccine and drug candidates.

849
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Figure 1: A basic representation of the workflow used to generate and analyse 3D in vitro human TB granulomas
generated from a single participant. Briefly, BAL and peripheral blood are collected from the participant at the time
of the bronchoscopy procedure, after which the BAL is processed to collect the cell pellet while the fluid is stored
for other studies. The BAL cells (BALC) are then used to construct the alveolar macrophage core of the 3D structure
and the traditional cell culture control (monolayer), in both uninfected and infected scenarios. Collected peripheral
blood is processed for PBMC and then further processed to isolate autologous CD3* T cells using the MACS
MicroBead cell separation technique, with the CD3" cellular fraction being stored for other studies. Autologous T
cells are then added to the appropriate alveolar macrophage cores, those designated to become “adaptive”
granuloma structures, after 48 hours of the core’s levitation or 48 hours of conventional culture in the case of the
traditional cell culture control. Generated structures are then processed individually, in uninfected and infected
pairs, for the respective downstream applications desired. These include embedding in tissue freezing media for
subsequent cryosectioning and staining of the structures for immunofluorescence and confocal microscopy or
staining for basic cellular structures like H&E staining or ZN staining for acid-fast bacterial detection (this is
exclusively for the 3D structures and cannot be done for the traditional cell culture control cultures). Cells can also
be stored for later RNA extractions and subsequent gene expression or RNA sequencing analyses. Supernatants
can be stored for cytokine/chemokine production analyses using the Luminex immunoassay platform or similar
platforms like ELISA, and cell lysates can be plated to determine CFU counts, thereby evaluating bacterial control.
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Figure 2: 3D Innate and Adaptive Granuloma construction using the n3D Biosciences Inc. magnetic levitation and
printing drives. (a) The development of the granuloma core is accomplished through the levitation of NanoShuttle ™-
labelled alveolar macrophages for 48 hours. (b) The magnetic levitation drive is removed after 48 hours and
immediately replaced by the magnetic printing drive below the 24-well culture plate which ensures that the 3D
structure remains intact. (c) Autologous CD3+ T cells, not labelled with NanoShuttle™, are then carefully added to
the alveolar macrophage core, and allowed to migrate via chemotactic gradients to the core to create the mature,
adaptive granuloma. (d) Innate granulomas do not have the autologous CD3+ T cells added to the core but are

rather left with the printing drive secured below the culture plate for the remainder of the experiment.
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Figure 3: Visual differences in cellular organisation between uninfected and BCG infected granuloma structures
can be observed after (a) 24- and (b) 48-hours of magnetic levitation, with BCG infected structures displaying less
robust structural integrity (the magnetic levitation drive was removed briefly for these images to be taken).
Differences in cellular organisation could also be visualised using light microscopy, with (c) uninfected and (d) BCG
infected innate granuloma structures displaying a clear lack of a lymphocytic cuff at the end of the culture period.
Both the (e) uninfected and (f) BCG infected adaptive granuloma structures displayed the presence of a lymphocytic
cuff (unlabelled, clear cells) surrounding the NanoShuttle™-labelled AM core (darker cells) at the end of the culture
period during which time both magnetic levitation and magnetic bioprinting was used. Images were taken using an

inverted light microscope (20x magnification).
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Figure 4: Demonstration of the various staining method outcomes performed using sections from an uninfected innate ((a)-(d)) and adaptive ((e)-h)) 3D granuloma structure.
Light microscopy of the (a) innate and (e) adaptive 3D granuloma structures clearly demonstrate the (b) alveolar macrophage core, with (f) CD3+ autologous T cells forming a
cuff around the core in the adaptive granuloma structure. These observations are corroborated using the H&E staining method, once again demonstrating (c) the alveolar
macrophage core and (g) CD3+ autologous T cell cuff. ZN staining of the sections demonstrated the uninfected nature of the structures, both in (d) the core and (h) the cuff,

while ZN staining of infected sections demonstrated acid-fast bacilli both near (i) the cuff and (j) in the core of the structure.
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Figure 5: Tile scan (14x14) of a 3D uninfected innate granuloma structure depicting (a) the entire structure, (b) the “cuff’ devoid of autologous CD3* T cells, and (c) the exclusively
AM-dominant core. AM were stained with CD206 PE-CF594 (red). Nuclei were left unstained.
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Figure 7: Confocal microscopy imaging of BAL cells A) under basal culture conditions (untreated) and B) under
experimentally induced hypoxic conditions (treated), stained with HMGB1 (red), HIF-1a (green) and Hoechst
(nuclei). Single stains of C) the HIF-1a and D) the HMGB1 markers under chemically induced hypoxic conditions
demonstrated unsuccessful capturing of HIF-1a nuclear translocation during hypoxia, but successful capturing of
cytoplasmic translocation of HMGBL1 proteins, indicative of necrosis. Confocal microscopy imaging of E) the
entire 3D human TB granuloma section stained with HMGB1 (red) demonstrated the establishment of an oxygen

gradient resulting in F) an AM core of both necrotic and non-necrotic cells, and G) a cuff of non-necrotic cells.
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Figure 8: (a) Unstained total BALC run on the BD FACS™Canto Il demonstrate positive autofluorescent signals

compared to (b) unstained PBMC. Gates were set using FMO quality control checks set using a PBMC sample.
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Figure 9: Unstained alveolar macrophages stained with Hoechst (nuclear stain) alone for slide orientation and
focus. Auto-fluorescent signal was detected in the red (b), green (d) and blue (e) channels, with the red signal
originating from the particulate matter-containing vesicles identifiable under brightfield (c) and the overlay (f). White

arrows indicate particulate matter-containing vesicles.
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Figure 10: From each granuloma structure from each participant, the viability of mechanically dissociated
granuloma structure single cells could be determined using the (a) Trypan Blue exclusion method (pink, circular
datapoints). (b) Viable cells could be counted using the Trypan Blue exclusion method, and using flow cytometry,
the frequency of various immune cell phenotypes could be assessed after the 48-hour adherence period to remove
AM, including (c) CD3* T cells, (d) CD3-CD14* Myeloid Cells, (e) CD3'CD16* Natural killer (NK) cells, and (f)
CD3*CD16* NK T cells. Cell counts and viability data are representative of cellular integrity after the final 48-hour
incubation for adherence for both uninfected- (n = 3) and infected- (n = 3) granuloma structures, as well as
uninfected- (n = 1) and infected- (n = 3) traditional cell cultures (monolayer). Each point represents a single data
point; error bars are representative of the median and range. Abbreviations: UAG — Uninfected adaptive granuloma;

IAG — Infected adaptive granuloma; UAM — Uninfected adaptive monolayer; IAM — Infected adaptive traditional.
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Figure 11: Concentration (pg/ml) of the investigated cytokines released into the supernatant of the 3D granuloma
structure and traditional cell culture control (monolayer) extracellular environments, as measured by Luminex
analysis. The cytokines measured included (a) IL-10, (b) TNF-a, (c) IFN-y, (d) IL-2, and (e) IL-22. Cytokine
production was compared between initial production by uninfected and BCG infected AM 2-days post culture
initiation, and subsequent release until the end of culture (5 days post culture initiation), as well as compared to
the corresponding cytokine release by the BCG infected chronic traditional cell culture control (monolayer) and
autologous CD3* T cells prior to addition to the AM culture. Each datapoint represents the median of three
individual experiments, with BCG infection occurring on day 1 after culture initiation (the day of culture initiation is
considered as day 0). The Day 2 inserts for each cytokine depict the differences between cytokines released by
uninfected and BCG infected AM 2-days post culture initiation, i.e. 1-day post infection (Each datapoint

represents a single individual from the three individual experiments assessed).
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Figure 12: BCG CFU were measured using the cell lysate of 3D spheroid granuloma structures and traditional cell
culture control cultures (traditional cultures) and compared to the initial bacterial uptake of BCG into AM. Data

were log-transformed prior to plotting.
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Figure 13: RNA Sequencing relative gene expression results displaying (a) a Mean-Difference (MD) plot of the differential gene expression between BCG Infected traditional
control cultures and 3D spheroid granulomas (The distance between any two points is the leading log-fold change between those samples. The leading log-fold change is the
root mean square average of the largest log-2 fold-change between those samples.), (b) a heatmap of the differential gene expression of BCG infected cells in traditional
culture (labelled “Control”) vs corresponding infected cells in 3D spheroid granulomas, (c) a heatmap of the differential gene expression in BCG infected innate 3D spheroid
granulomas vs uninfected innate 3D spheroid granulomas, and (d) a multi-dimensional scaling plot of all datapoints from a smoker (green) vs non-smoker (blue). Descriptions
of each datapoint are given in the bottom right-hand table.
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Figure 14: Representative FASTQC quality control results of the nine forward (a-c) and nine reverse (d-f) reads for the nine patient samples run on the MGISEQ-2000.
Representative results include (a) the average quality score per base for all nine forward reads, (b) forward read quality score per sequence, (c) an example of the proportion of
bases seen at each position for the forward reads where the first 10-13 bases show erratic behaviour, (d) the average quality score per base for all nine reverse reads, (e) reverse
read quality score per sequence, and (f) an example of the proportion of bases seen at each position for the reverse reads where the first 10-13 bases show erratic behaviour.
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Figure 15: Functional network map of the GO term enrichment analysis for the 138 differentially regulated
proteins identified during RNA seq analysis from comparing BCG-infected spheroid granulomas between
participants (one a smoker, and one not). GO terms retrieved by the Database for Annotation, Visualization and
Integrated Discovery (DAVID) and visualized in ReviGO clustered enriched terms according to (A) biological
processes, (B) molecular function and (c) cellular component. Each node corresponds to a single representative
GO term for all related sibling and child terms. Highly similar GO terms are linked by edges in the graph where
line width indicates the degree of similarity. Bubble colour intensity indicates the p-value and bubble size
indicates the frequency of the GO term in the GOA database. Force-directed layout algorithm was used to keep

similar nodes together.
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Figure 16: Our 3D in vitro TB granuloma structures show similar structural and cellular composition based on (a)
immunofluorescence staining with antibodies for CD3* T-cells (blue, V450) and alveolar macrophages (red, PE-
CF594) to (b) published in vivo TB lung granulomas of non-human primates, stained with antibodies for CD3* T-
cells (red) and CD68* macrophages (green), surrounding the necrotic center (unstained). Adapted from Flynn et
al. 2015 with permission (license number: 4967651365284) (Flynn et al., 2015).
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Table 1: Demographic details of the participants used for the generation of in vitro 3D granulomas.

Participant ID

TBH7760 TBHG6999 TBH1252
Age’ 43 34 51
HIV Status Negative Negative Negative
Sex Female Male Male
Smoking Habits Smoker Non-Smoker’ Smoker
Pellet Colour? Black Black Black
Diaanosis Interstitial Fibrosis Sarcoidosis Interstitial

g (Smoking-related) Lung Disease
TB History Previous TB Previous TB _ll\_lg Previous
BALC Count 6,67E+07 2,07E+06 4,18E+06
Existing Treatment  Nifedipine Amox.|C|II|n, co- None
amoxiclav

Existing Conditions Raynaud’s phenomenon Unknown Hypogonadism

Age at time of enrolment

%pellet colour has been shown to be representative of participant smoking habits, and exposure to biomass fuels.
"Stopped smoking within the last 3 months.

Abbreviations: ID — identification; BALC — bronchoalveolar lavage cell
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Table 2: Mann-Whitney t-test results for comparisons between infection groups for each cellular phenotype, as

depicted above in Figure 3.

c ) . T Cells Myeloid Cells NK Cells NKT Cells NK Regulatory
omparison

(p-value) | (p-value) (p-value) (p-value) Cells (p-value)
Uninfected
Adaptive
Granuloma vs >0,9999 0,3 0,2 0,7 0,7

Infected Adaptive

Granuloma

Infected Adaptive

Granuloma vs

Infected Adaptive >0,9999 0,7 >0,9999 0,7 0,4
Traditional cell

culture

*Comparisons could not be made between the Uninfected Adaptive Granuloma and Uninfected Adaptive
Monolayer, and Uninfected Adaptive Monolayer and Infected Adaptive Monolayer groups due to too few
datapoints being available for the Uninfected Adaptive Monolayer group.
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