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Abstract

The genus Cryptococcus comprises two major fungal species that cause clinical infections in
humans: C. gattii and C. neoformans. To establish invasive human disease, inhaled
Cryptococci must penetrate the lung tissue and reproduce. Each year, about 1 million cases of
Cryptococcus infection are reported worldwide, and the infection’s mortality rate ranges from
20% to 70%. HIV*/AIDS patients are highly susceptible to Cryptococcus infection. Therefore,
we hypothesized that CD8" T cells could be redirected to target glucuronoxylomannan (GXM),
a sugar present in the Cryptococcus species capsule, via expression of a GXM-specific
chimeric antigen receptor (GXMR-CAR) for treatment of cryptococcosis. GXMR-CAR has an
anti-GXM single-chain variable fragment followed by an 1gG4 stalk, a CD28 transmembrane
domain, and CD3-¢ and CD28 signaling domains. After lentiviral transduction of human T
cells with the GXMR-CAR construct, flow cytometry demonstrated that 82.4% of the cells
expressed GXMR-CAR on their surface. To determine whether the GXMR-CAR™ T cells
exhibited GXM-specific recognition, these cells were incubated with GXM for 24 h and
examined using bright-field microscopy. Large clusters of proliferating GXMR-CAR™ T cells
were observed, while no clusters were present in the control cells. Moreover, the interaction of
GXM with GXMR-CAR™ T cells was detected via flow cytometry using a GXM-specific
antibody. The ability of GXMR-CAR T cells to bind to the yeast form of C. neoformans was
detected by fluorescent microscopy, but no binding was detected with NODNA T cells.
Furthermore, when GXMR-CAR™ T cells were administered to immunocompromised NSG
mice infected with C. neoformans their C. neoformans burden was significantly lower than
mock-transduced control T cell treated mice as shown via immunofluorescence using an anti-

GXM antibody and Gomori methenamine-silver (GMS) staining of Titan cells in lung tissue.
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Thus, these findings demonstrated the effectiveness of GXMR-CAR™ T-cell therapy for

cryptococcosis in a murine model.

Author summary

Cryptococcus gattii infects both immunocompetent and immunodeficient patients such as
those with HIV/AIDS, while C. neoformans usually infects only immunocompromised
patients. Every year, almost one million HIV/AIDS patients suffer from Cryptococcus fungal
co-infection. At present, no curative treatment is available to treat cryptococcosis in chronic
HIV/AIDS patients. The objective of this research was to develop novel “Bioengineered”
Cryptococcus specific chimeric antigen receptor (CAR) CD8" T-cells to target and kill
Cryptococcus. By using a culture model, we demonstrated that the Cryptococcus specific
CAR T cells were able to bind to the yeast form of C. neoformans. Using a mouse model of
Cryptococcus, the Cryptococcus specific CAR treated group showed a significant reduction
of fungal burden in lung tissue when compared to the control group. This gives new hope to

HIV/AIDS patients suffering from cryptococcal infections.
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Introduction

Cryptococcus gattii and Cryptococcus neoformans are the two major Cryptococcus species that
cause clinical infections in humans [1] due to the ability of basidiomycetous yeasts to grow at
37°C through asexual yeast budding in human and animal hosts. Upon inhalation of infectious
propagules, Cryptococcus spp. penetrate the lung tissue and reproduce, causing pulmonary
cryptococcosis, leading to the possibility of dissemination to other organs, most commonly the
brain [2]. C. gattii infections occur in both immunocompetent and immunocompromised
individuals, whereas C. neoformans infections are more common in immunosuppressed
patients, such as those who have received organ transplants or have HIV infection/AIDs or
hematological malignancies [3]. In mice infected with C. neoformans, CD4" T-helper 1 (Th1)
cells play an important role in fighting infection as demonstrated by the fact that interferon
(IFN)-y and interleukin (IL)-12—knockout mice had a higher mortality index than did mice
wild-type for IFN-y and 1L-12 [4-7]. In addition, mice infected with C. gattii displayed reduced
dendritic cell-mediated Th1/Th17 immune responses [8]. Although several fungal vaccine
studies have demonstrated an essential role for CD8" T cells in destroying host cells harboring
intracellular fungus[9], not many studies have used CD8+ T cells for direct killing of
extracellular fungal infection.

Our group was the first to explore the direct killing of extracellular fungi through the
redirection of CD8" T cells via expression of an engineered chimeric antigen receptor (CAR)
to target a carbohydrate expressed on fungal cell walls [9, 10]. CARs are usually composed of
four domains: 1) an extracellular antigen specific binding domain or domains, 2) a hinge or
spacer region, 3) a transmembrane region, and 4) a cytoplasmic signaling region [11, 12].
Interest in using CAR™ T cells to treat diseases such as cancer has increased in recent years

because CAR-based recognition enables T cells to identify proteins, glycoproteins, or
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86  glycolipids on the cell surface and release cytotoxic proteins which destroy the target cells in
87  amanner that does not depend on the peptide-major histocompatibility complex expressed on
88  antigen-presenting cells (APCs) [13]. CAR-dependent T-cell activation is achieved through the
89 CAR endodomain, which is composed of CD28 or CD137 and CD3-¢ [14, 15]. In most studies
90 using CARs, researchers have administered CD19-targeted CARs for the treatment of B-cell
91 malignancies. Recently, the U.S. Food and Drug Administration approved CAR" T-cell
92  therapies for leukemia and lymphoma [13, 16-20]. We demonstrated that T cells expressing a
93 CAR containing the extracellular portion of Dectin-1 (D-CAR) targeted germinating fungal
94  hyphae and inhibited hyphal growth of Aspergillus spp. [10]. However, the direct
95  Cryptococcus-killing activity of CD8" T cells has yet to be widely explored in the development
96 of immunotherapy for infections with this pathogen.
97 Fungal cell wall glycans and exopolysaccharides are the first point of physical contact
98 in fungal-host interactions, and these polysaccharides are common to multiple fungi [21].
99  Pattern recognition receptors present on innate immune cells recognize these glycans and
100 eliminate fungal spores, germinating hyphae, and yeast. However, Cryptococcus spp. has
101  exopolysaccharides that can mask these glycans that are recognized by immune cells. In the
102  present study, we adapted a CAR to redirect engineered CD8" T cells to target the
103  polysaccharide capsule of Cryptococcus spp. The capsule of Cryptococcus spp. is a major
104  virulence factor primarily composed of the sugar moiety glucuronoxylomannan (GXM), with
105 lesser amounts of galactoxylomannan (GalXM) and mannoproteins [22-24]. One of the
106  functions of the capsule is to provide protection from the recognition by the host immune
107  system, which can be achieved by means such as preventing recognition and phagocytosis by
108 the host innate immune cells, inhibiting the migration of phagocytes, and suppressing the
109  proliferation of T cells [25]. Casadevall et al. [26] developed and characterized the murine

110  monoclonal antibody (mAb) 18B7 that binds to Cryptococcus spp., promoting antibody
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111 dependent cellular toxicity mediated by innate immune cells such as macrophages. They found
112  that administration of 18B7 to mice promoted clearance of the serum cryptococcal antigen
113  GXM. Phase | clinical studies were performed using 18B7 to treat cryptococcosis in HIV*
114  patients. Titers of serum cryptococcal antigen decreased by a median of 2-3 fold in patients
115  treated with of 1-2 mg/kg at 1-2 weeks post-infusion, and the treatment was well tolerated [26,
116 27].

117 The GXM-specific CAR (GXMR-CAR) was designed to achieve recognition of GXM
118  using a single-chain variable fragment (scFv) originating from 18B7. We hypothesized that
119 GXMR-CAR T cells would display cytotoxic activity against fungi expressing GXM on the
120  cell wall. Our study demonstrates that engineered human T cells expressing GXMR-CAR
121 bound to GXM in solution and interacted with heat killed C. neoformans yeast. The GXMR-
122 CAR™' T cell treated NSG mice displayed significantly lower C. neoformans burden than mock-
123  transduced control T cell treated mice.

124
125 Results

126  Construction of GXMR-CAR to target Cryptococcus spp.

127 CAR™ T cells recognize antigens and undergo activation in a non-major histocompatibility
128  complex-restricted manner, and investigators have successfully used them to trigger immune
129  response against cancer cells. We adopted this approach to generate CAR™ T cells that target
130  Cryptococcus spp., which cause infections in immunocompromised (C. neoformans) and
131  immunocompetent (C. gattii) individuals. GXM, is the major virulence factor in the
132  Cryptococcus spp. capsule and protects the yeast from the host immune cell attack. The light
133  and heavy chains were selected from the murine monoclonal antibody 18B7 [26] to generate a

134 scFv that specifically recognizes GXM present in the Cryptococcus spp. capsule.
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135 To generate the GXMR-CAR construct, the DNA sequence of the GXM-specific scFv
136  (scFv-18B7) was fused to modified human IgG4 hinge and Fc regions, transmembrane and co-
137  stimulatory domains of CD28, and the signaling domain of CD3-¢ (Fig 1A) as reported
138  previously [10]. HEK-293FT cells were used to make GXMR-CAR" viral particles by
139 transfecting them with three plasmids: pMD2.G for the envelope, psPAX2 for packaging, and
140 GXMR-CAR, according to the manufacturer’s instructions as described in the Materials and
141  Methods section. The success of transfection was determined by analyzing green fluorescent
142 protein (GFP) expression after 24 h (Fig 1B) at 100x and 200x magnification.

143 After the viral particles containing GXMR-CAR were generated, HEK-293FT cells
144 were infected with the particles to evaluate the GXMR-CAR transduction efficiency. After
145  three days in culture, the GFP positive cells were identified by using fluorescence microscopy
146  (Fig 1C, right). and the GFP expression in transduced cells was quantified using flow cytometry
147  (Fig 1C, left) A high efficiency of transduction of HEK-293FT cells with GXMR-CAR™ viral
148  particles was observed, as 67% of the cells were GFP* (Fig 1C).

149

150 GXMR-CAR expression on human T cells

151  After GXMR-CAR was successfully expressed in HEK-293FT cells, the same protocol was
152  utilized for the transduction of human T cells. Initially, peripheral blood mononuclear cells
153  (PBMCs) were stimulated with an antibody cocktail (anti-CD3/CD28) combined with IL-2 for
154 3 days. Activated human T cells were transduced with GXMR-CAR™ viral particles and after
155 3 days post-transduction, GXMR-CAR™ T cells were enriched by sorting based on GFP
156  expression, and expansion of GXMR-CAR" T cells was performed as described in Materials
157  and Methods. After 3 days of expansion, 82.4% of the human GXMR-CAR™ T cells expressed
158  GFP as determined using flow cytometry (Fig 2A). To demonstrate expression of GXMR-CAR

159  on the surface of T cells, an anti-human Fc antibody (Fc-y fragment-specific) was used to bind


https://doi.org/10.1101/715045
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/715045; this version posted July 26, 2019. 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 4.0 International license.

160  to the spacer region of IgG4 (as shown in Fig 1A) localized on their surface. The results show
161 that 77.8% of the GXMR-CAR™ T cells were positive for the antibody (Fig 2B), confirming
162  the expression of GXMR-CAR on the T-cell surface. Expanded GXMR-CAR™ T cells were
163  evaluated by flow cytometry to determine if the stem cell memory, central memory, and
164  effector memory T-cell subsets, which are critical for long-term immune memory, were
165  prevalent in GXMR-CAR™ T cells (Fig 2 C, D).

166

167 GXMR-CAR* T cells interact with soluble GXM from the Cryptococcus spp. capsule

168 To determine whether GXMR-CAR* T cells recognize GXM polysaccharide from
169  Cryptococcus spp., GXMR-CAR™ T cells were incubated with a preparation of polysaccharide
170  antigens from the capsule of Cryptococcus spp. After 24h of incubation with polysaccharide
171  antigens from Cryptococcus spp., cell clusters were observed by bright-field microscopy in
172 wells treated with GXMR-CAR T cells, while no cell clusters were detected upon incubation
173 of NoDNA T cells (mock transduced cells) with the polysaccharide antigen (Fig 3A). Similar
174  types of cell clusters were observed in the anti-CD3/CD28 antibody treated positive control,
175  while no cell clusters were observed in the medium alone negative control wells (Fig 3A).
176  These results suggest that GXMR-CAR™ T cells interact with polysaccharide antigens in the
177  capsule of Cryptococcus spp., promoting the clustering of GXMR-CAR™ T cells.

178 The recognition of GXM by GXMR-CAR™ T cells allowed to investigate whether
179 GXMR-CAR™ T cells target C. neoformans yeast. The C. neoformans yeast was stained with
180  Calcofluor-white (blue), and incubated with GXMR-CAR™ T cells (green) or NoDNA T cells
181  (negative control; green), and their interaction was visualized using fluorescence microscopy.
182  The results show that GXMR-CAR™ T cells co-localized with C. neoformans yeast (Fig 3B,
183  right), while the NoDNA T cells did not interact with the yeast (Fig 3B, left). Moreover, in

184 GXMR-CAR" T cell-treated wells, C. neoformans yeast was trapped inside T-cell clusters,
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185  whereas in wells with NODNA T cells, the cells did not interact with the yeast, and no cell
186  clusters were observed. These results demonstrate that GXMR-CAR™ T cells can recognize
187  Cryptococcus spp. yeast and form complexes with it. To corroborate these findings, additional
188  experiments were conducted to determine the specificity of GXMR-CAR™ T cells for GXM.
189  Polysaccharide antigens from the capsule of Cryptococcus spp. were incubated with GXMR-
190 CAR™ T cells, and an anti-GXM mAb 18B7 was added to detect GXM on the surface of
191 GXMR-CAR™ T cells using flow cytometry (Fig 3C, right). The recognition of soluble GXM
192 by GXMR-CAR* T cells was demonstrated by cells that were double-positive for CAR-GFP
193  andthe anti-GXM mAb 18B7 clone (Fig 3C), whereas NODNA T cells did not recognize GXM.
194  These findings confirmed that the GXMR-CAR—expressing T cells targeted GXM, a major
195  compound in the Cryptococcus spp. capsule.

196

197  Targeting efficacy of GXMR-CAR™* T cells in a pulmonary Cryptococcus infection model
198  NOD Scid gamma (NSG) mice were used for these studies because they are deficient in mature
199 B, T, and natural killer cells. Therefore, they are unable to target and destroy infused GXMR-
200 CART' T cells. Pulmonary fungal infection was established in the mice by infecting their lungs
201  with C. neoformans yeast (1 x 10°%/mouse) via intranasal infusion [28]. The mice were placed
202  into 3 groups according to the infusions they received: GXMR-CAR™ T cells, NoDNA T cells,
203  and phosphate-buffered saline (PBS). The mice were infused with 5 million GXMR-CAR" T
204 cells, NoDNA T cells, or PBS alone via tail vein injection at 1 and 4 days after infection. Eight
205  days after infection, the mice were humanely euthanized and entire sections of lung tissue were
206  evaluated by immunofluorescence using an anti-GXM antibody and imaging was performed at
207  400x (Fig. 4A). More than 2000 images were analyzed using the automated inForm® Cell
208  Analysis™ software to quantify the area of GXM-FITC stained Titan cells (Fig. 4B, red shaded

209  region) and total area of lung tissue (green shaded region) on each slide. A smaller area of
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210  GXM positive Titan cells (hallmark of Cryptococcus infection in the lung) was observed in the
211  GXMR-CAR samples (0.021 mm? GXM, 57.55 mm? lung) compared to the negative controls
212 (PBS: 0.37 mm? GXM, 39.2 mm? lung; NoDNA: 0.066 mm? GXM, 60.0 mm? lung), indicating
213  areduced fungal burden due to treatment with GXMR-CAR™ T cells (Fig 4). These results
214 were supported by Gomori methenamine-silver (GMS) staining of Titan cells in lung tissue
215  sections obtained from the mice in the PBS, GXMR-CAR" T-cell, and NoDNA T-cell groups.
216 A lower fungal burden was observed in the GXMR-CAR™ T-cell group compared with the PBS
217 group (Fig 4C). In addition, ImageJ was used to analyze the nine anti-GXM
218  immunofluorescence images shown in Fig 5A, and determine the area of GXM positive
219  staining in the lung tissues. Figure S1 shows some of the processing steps involved in
220  processing the images using ImageJ. The ImageJ analysis demonstrated a significant reduction
221  in the area of GXM staining in the GXMR-CAR T cell treated group compared to the PBS
222  control. Corroborating our in vitro results, these data demonstrate that intravenously infused
223 GXMR-CAR" T cells directly target C. neoformans and control its spread in the lungs of
224 infected mice.

225
226  Discussion

227  Physicians have successfully used CAR™ T-cell therapy to treat hematological malignancies,
228 with an overall success rate greater than 80% [29]. In 2017, the U.S. Food and Drug
229  Administration approved two CD19-targeting CARs (tisagenlecleucel [Kymriah] and
230 axicabtagene ciloleucel [Yescarta]) for treatment of chronic lymphoblastic leukemia [19],
231  pediatric relapsed or refractory acute lymphoblastic leukemia, and relapsed or refractory large
232 B-cell lymphoma [29]. The redirection of T cells by a CAR targeting a carbohydrate expressed

233 on fungal cell walls was first reported by Kumaresan et al. [10]. In the present study, we are

10
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234 the first group to develop CAR™ T cells targeting the yeast virulence factor GXM, a
235  carbohydrate present in the Cryptococcus spp. capsule. The extracellular domain of GXMR-
236 CAR™ T cells was derived from the murine mAb 18B7, which binds to GXM and has a high
237  affinity for Cryptococcus spp. In a phase I dose escalation trial, researchers tested treatment of
238  cryptococcal meningitis in HIV* patients with 18B7 [26, 27]. They observed transient
239  decreases in serum cryptococcal antigen levels in patients receiving 18B7 doses of 1-2 mg/kg
240  and that doses up to 1 mg/kg were well tolerated. However, the use of CAR T cell therapy has
241  not been explored for treating cryptococcosis. We designed GXMR-CAR as a second-
242  generation CAR with a similar structure to CD19RCAR, which has undergone in clinical trials

243  (www.clinicaltrials.gov, NCT01318317 and NCT01815749), except that the scFv domain,

244 which targets GXM, was swapped with the scFv that targets CD19. The lentiviral vector that
245  was used for genomic insertion of CAR constructs was selected because (1) it has been used in
246  clinical trials, (2) large quantities of CAR T cells can be produced within 7-10 days of
247  transduction, and (3) more memory cells are produced (Tcm and Tem subtypes) when compared
248  to non-viral methods of CAR T-cell production. GXMR-CAR T cells were able to bind to
249 GXM after incubation with C. neoformans polysaccharide antigens, and recognize C.
250 neoformans yeast in both in vitro and in vivo studies. These findings demonstrate that the scFv
251  domain of the GXMR-CAR™ T-cells retains its targeting potential against C. neoformans and
252  could be used to control cryptococcosis.

253 The currently available antifungal drugs used to combat cryptococcosis consist of a
254  combination of amphotericin B deoxycholate or liposomal amphotericin B and 5-
255  fluorocytosine administered for 2 weeks. Fluconazole is recommended for use during the
256  consolidation and maintenance phases, but this antifungal drug requires a long treatment
257  course, which reduces patient compliance and/or tolerability [30, 31]. The treatments of

258  cryptococcosis and other invasive fungal infections should display rapid fungicidal activity and

11
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259  completely eliminate the fungus from the host system. The rising number of antibiotic
260  resistance strains of fungi, such as C. gattii [32] and Candida auris [33] also poses a significant
261 threat to health. From 2004-2007 there were 83 cases of C. gattii infection in Washington and
262  Oregon, with a mortality rate of 33%. It is thought that antibiotic resistance may have
263  contributed to the poor response rate of antibiotic therapy [32]. To tackle such circumstances
264  other treatment options such as fungal immunotherapy are needed to treat these deadly
265  diseases.

266 To improve the currently available treatment options for cryptococcosis, combining
267  immunomodulators with existing antifungal drugs may be beneficial. Along these lines,
268  researchers evaluated the effect of administration of adjuvant recombinant IFN-y in 75 HIV*
269  patients with acute cryptococcal meningitis, which led to more rapid sterilization of
270  cerebrospinal fluid in 36% of the treated group compared with 13% of the placebo controls.
271  Moreover, the addition of recombinant IFN-y to amphotericin B in HIV* patients with
272  cryptococcal meningitis caused a significant reduction of Cryptococcus spp. in cerebrospinal
273  fluid [34]. Recently, a research group used a vaccination strategy to control cryptococcosis
274  using glucan particles as a delivery system to carry protective protein antigens from C.
275 neoformans or C. gattii. This approach induced CD4* T-cell responses in the lungs of
276  vaccinated mice, providing partial protection after challenge with C. neoformans or C. gattii
277  [35]. These studies demonstrated that polarization of adaptive immune cells is critical to an
278  appropriate immune response against cryptococcosis.

279 Another immunomodulatory treatment strategy is adoptive T-cell therapy, which can
280  induce cell-mediated immunity against invasive fungal infections. CD4" T cells differentiate
281 into Thl and Thl17 cells that mainly secrete IFN-y and IL-17, respectively, activating innate

282  immune cells to fight fungal infections [36, 37]. In addition, the proinflammatory cytokines

12
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283  produced by Thl and Th17 cells activate B cells, resulting in the secretion of antigen-specific
284  antibodies against fungi. Moreover, CD8" T cells differentiate into Tc1 and Tc17 cells, which
285  produce IFN-y and IL-17, contributing to the recruitment of innate immune cells involved in
286  antifungal defense. The major mechanism that CD8" T cells use to control fungal infections is
287  the targeted release of cytotoxic factors that act directly on fungi, such as perforin, granulysin,
288 and granzyme [9]. The antifungal activity of adoptive T-cell therapy can be improved by
289  redirecting T-cell specificity using a CAR that recognizes specific fungal antigens. In this
290  context, Kumaresan et al. [10] demonstrated that engineered CAR™ T cells containing an
291  extracellular domain of the carbohydrate recognition domain of Dectin-1 (D-CAR—expressing
292 T cells) were capable of targeting B-glucan—expressing fungi. In vitro and in vivo studies
293  showed that D-CAR—expressing T cells target germinating Aspergillus hyphae and inhibit
294  aspergillosis dissemination by using the cytolytic machinery of the genetically modified T cells
295  [10].

296 These findings led us to develop CAR™ T cells expressing an scFv from the mAb 18B7
297  to target Cryptococcus spp. that contain a polysaccharide capsule predominantly comprised of
298 GXM [38]. Because the compounds in the Cryptococcus spp. capsule impair the recognition
299  of pathogen-associated molecular patterns by pattern recognition receptors, the B-glucans,
300  mannoproteins, and chitin are poorly recognized by the immune system. GXMR-CAR
301  expressed on human T cells recognizes the soluble form of GXM and targets C. neoformans
302  yeast, demonstrating the specificity of GXMR-CAR to this pathogen. The major fungi
303  responsible for invasive fungal infections, Candida and Aspergillus species, lack GXM and
304  have different polysaccharide compositions in the outer cell wall [21], while GXMR-CAR
305 specifically targets only fungi that have GXM in the outer cell wall. Our in vivo studies

306 demonstrated that GXMR-CAR™ T cells efficiently reduced the number of Titan cells in the

13
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307  lungs of mice infected with C. neoformans when compared to the negative control group, as
308 demonstrated by immunofluorescence and histochemistry (Fig 4). These findings show that
309 GXMR-CAR' T cells can directly target Cryptococcus spp. in the lungs. GXMR-CAR™ T cells
310  may reduce the severity of Cryptococcus spp. infection in the lungs (Fig. 5) through the
311  following mechanisms: 1) production of TNF-a and IFN-y augmenting the response of APCs
312  and neutrophils against to Cryptococcus spp.; 2) release of granzyme, granulysin, and perforin
313 by GXMR-CAR™ T cells, which may cause the degradation of Cryptococcus spp. cell walls; 3)
314  secretion of cytokines and chemokines from GXMR-CAR™ T cells, which can cause epithelial
315  cells (mucosal immunity) to produce antimicrobial peptides; and 4) fungal breakdown products
316  taken in by dendritic cells may be cross-presented to T cells and activate humoral immunity.
317  Our new approach to targeting Cryptococcus spp. with CAR™ T cells using an anti-GXM mAb
318 may be extended to other invasive fungal infections using monoclonal antibodies specific to
319  other cell wall proteins. This pioneering effort highlights the first use of CAR™ T cells designed
320  to target Cryptococcus spp.

321 Cytokine release syndrome (CRS) and macrophage activating syndrome are the major
322  limiting factors for CAR cell mediated immunotherapy. Clinicians have developed strategies
323  to address CRS, such as treatment with Tocilizumab, an antibody to IL6R that blocks binding
324  to the IL6 receptor, which has been successfully used in clinic. Since we are developing CAR
325 T cells that recognize fungal antigens, at present we are not sure if there are any off target
326  toxicities associated with this therapy. The current studies were conducted using
327  immunosuppressive conditions by administering cyclophosphamide to eliminate the host
328 innate immune system and induce cryptococcosis. The disadvantage of this model is that no
329 information was collected on the CAR T-cell mediated activation of the host innate immune
330 system for clearing infection as well as associated toxicities such as CRS. Future studies will

331  be conducted to address these questions by developing murine homologues of GXMR-CAR
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332 and conducting studies using non-immunosuppressive conditions. The outcome of such studies
333  will provide information about the ability of GXMR-CAR T cells to clear Cryptococcus
334 infection, the participation of the host immune system in this process, and the toxicities
335  associated with this therapy.

336
337  Materials and Methods

338  Ethics statement

339  All animal experiments were conducted following approval by the MD Anderson Cancer
340  Center Institutional Animal Care and Use Committee (IACUC). Our IACUC approved
341  protocol number is 00000555-RN01. MD Anderson’s IACUC is accredited by the Association
342  for Assessment and Accreditation of Laboratory Animal Care (AAALAC). The IACUC was
343  formed to meet the standards of the Public Health Service Policy on the Humane Care and Use
344  of Laboratory Animals.

345 Blood samples (buffy coats) were obtained from heathy donors at the MD Anderson
346  Blood Bank, all donors provided written informed consent. The MD Anderson Institutional
347  Review Board (IRB) approved the protocol number LAB07-0296 for obtaining peripheral
348  blood from healthy donors.

349

350  Mice and C. neoformans

351 Eight-week-old female NSG mice were acquired from the Department of Experimental
352  Radiation Oncology mouse colony at The University of Texas MD Anderson Cancer Center.
353  The mice were maintained in a sterile biohazard facility at MD Anderson.

354 The C. neoformans yeast strain H99 (ATCC, cat. no. 208821) was allowed to grow in

355 YPD medium until the late logarithmic phase, washed, and suspended in PBS. The
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356  concentration of yeast cells was determined using a hemocytometer, and 20 ul of a suspension
357  of 2 x 10° yeast cells/ml was used to perform intranasal inoculation of the mice.

358

359  Construction of GXMR-CAR targeting Cryptococcus spp.

360 The DNA sequence encoding the light and heavy chains of the anti-GXM mAb 18B7 clone
361  was obtained from Casadevall et al. [26] and used to design the targeting domain of GXMR-
362 CAR. The anti-GXM extracellular domain designed to target Cryptococcus spp. was fused to
363 modified human 1gG4 hinge and Fc regions [39] followed by the transmembrane and
364  cytoplasmic domains of human CD28 and CD3-¢ chains. A diagram depicting the structural
365  regions of the GXMR-CAR construct is shown in Fig 1A. GXMR-CAR is a second-generation
366 CAR which contains the transmembrane and intracellular regions used for CD19-specific
367 CARs [14]. Full-length GXMR-CAR was subcloned into a lentiviral (LV) vector (Addgene;
368 cat. no. 61422) containing the GFP sequence. The LV-GXMR-CAR construct was sequenced
369 and verified at the Sequencing and Microarray Facility at MD Anderson.

370

371  Generation of GXMR-CAR* viral particles

372  To generate GXMR-CAR™ lentiviral particles, GXMR-CAR containing the lentiviral vectors
373 pMD2.G (VSV-G envelope-expressing plasmid; Addgene; cat. no. 12259) and psPAX2
374  (second-generation lentiviral packaging plasmid; Addgene; cat. no. 12260) were transfected
375 into HEK-293FT cells using Lipofectamine 3000 reagent (Thermo Fischer Scientific; cat. no.
376  L3000008) according to the manufacturer’s instructions. The viral supernatant of LV-CAR—
377  transfected HEK-293FT cells (green cells in Fig 1B) was collected every day for 3 days, and
378  the pool of viral particles was concentrated using Lenti-X concentrator (Clontech Laboratories;
379  cat. no. 631231). The titer of the GXMR-CAR viral particles was determined using HEK-

380  293FT cells, and lentiviral stocks were aliquoted and maintained at -80°C.
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381

382  Transduction of cell lines and PBMCs

383 HEK-293FT cells (ThermoFisher; cat. no. R70007) were cultured in a six-well plate at a
384  concentration of 5 x 10° cells/ml. GXMR-CAR™ viral particles were added to the cells in 1 ml
385 of RPMI 1640 medium (HyClone Laboratories) supplemented with 2 mM GlutaMAX-1 (Life
386  Technologies; cat. no. 35050-061) and 10% heat-inactivated fetal bovine serum (HyClone
387  Laboratories). After 24 h of incubation at 37°C, the cells were fed growth media and
388 maintained for 2 days to evaluate the transduction efficiency via quantification of GFP
389  expression using fluorescence microscopy and flow cytometry.

390 Blood samples (buffy coats) obtained from heathy donors at the MD Anderson Blood
391 Bank were used for PBMC isolation with Ficoll-Paque PLUS solution (GE Healthcare Life
392  Sciences; cat. no. 17144002) according to the manufacturer’s instructions. Transduction of
393 PBMCswith LV-GXM-CAR constructs was performed using RetroNectin reagent (Takara Bio
394  USA; cat. no. T100A/B) according to the manufacturer’s instructions. After viral transduction,
395 human T cells were maintained in the presence of IL-2 (50 U/ml) plus IL-21 (20 ng/ml). Ten
396  days after transduction, LV-CAR-infected T cells expressing GFP were sorted at the South
397 Campus Flow Cytometry Facility at MD Anderson. LV-CAR T cells were expanded by
398  stimulation with an antibody cocktail (anti-CD3/CD28; STEMCELL Technologies; cat. no.
399  10971) combined with IL-2 (50 U/ml) and IL-21 (20 ng/ml).

400

401  Detection of GXMR-CAR expression on the surface of human T cells by flow cytometry
402 The GXMR-CAR construct expresses GFP (CAR-GFP) and a modified human IgG4 hinge
403  region combined with an Fc region that allows for targeting by an anti-Fc antibody. The
404  expression of GXMR-CAR on the surface of human T cells was analyzed via flow cytometry

405 (MACSQuant; Miltenyi Biotech) using a goat anti-human IgG antibody (Fc-y fragment-
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406  specific, 1:100 dilution; Jackson ImmunoResearch Laboratories; cat. no. 109-606-098).
407  Human T cells were identified using flow cytometry with an anti-human CD3-PE antibody
408  (1:100 dilution; Miltenyi Biotech; cat. no. 130-091-374). The cells double-positive for an anti-
409  human IgG antibody and CAR-GFP represented GXMR-CAR expression on the surface of
410  human T cells. NoODNA T cells (mock-transduced) were used as negative controls.

411

412  Detection of interaction between GXMR-CAR™* T cells and the sugar moiety GXM

413 GXMR-CAR™ and NoDNA T cells were incubated with GXM (C. neoformans polysaccharide
414  antigen; ZeptoMetrix) at a dilution of 1:100. An ImmunoCult human CD3/CD28 T-cell
415  activator (STEMCELL Technologies; cat. no. 10971) was used to activate positive control T
416  cells according to the manufacturer’s instructions. GXMR-CAR* and NoDNA T cells
417  incubated with medium alone were considered as negative controls. These cells were imaged
418  via bright-field microscopy (Leica DMI6000B) at 400x magnification.

419 To determine whether GXMR-CAR* or NoDNA T cells could recognize GXM,
420 GXMR-CAR" T cells that bound to GXM were identified using an anti-GXM antibody and
421  analyzed by flow cytometry. To conduct this study, the cells were incubated for 30 min with
422  or without C. neoformans polysaccharide antigens at 1:100 dilution. After washing with PBS,
423 T cells were incubated with a murine anti-GXM mAb for 1 h (EMD Millipore; cat. no.
424  MABF2069), washed with PBS, incubated with a goat anti-mouse 1gG phycoerythrin-
425  conjugated secondary antibody (Jackson ImmunoResearch Laboratories; cat. no. 115-116-071)
426  and analyzed using flow cytometry. T cells without the addition of GXM served as negative
427  controls.

428

429

430
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431 Invitro assay demonstrating that GXMR-CAR™* T cells target C. neoformans yeast

432  Fluorescence microscopy was used to visualize the interaction between GXMR-CAR™ T cells
433  (GFP*) and heat killed C. neoformans yeast (ATCC, cat. no. 208821). The yeast were labeled
434  with Calcofluor-white (Thermo Fischer Scientific; cat. no. L7009) according to the
435  manufacturer’s instructions. GXMR-CAR™ T cells and NoDNA T cells (mock-transduced cells
436  labeled with carboxyfluorescein succinimidyl ester) were cultured at a concentration of 1 x 10°
437  cells/ml and incubated with yeast (1 x 10° cells/ml) at 37°C. After 24 h, the interaction between
438 GXMR-CAR" T cells (green) or NoDNA T cells (green) with C. neoformans yeast (blue) was
439  viewed under a fluorescence microscope (Leica DMI6000B) at 100x magnification.

440

441  Detection of Cryptococcus spp. in lung tissue using GMS stain and an anti-GXM
442  immunofluorescence assay

443  Gomori methenamine-silver (GMS) staining and immunofluorescence assays were performed
444  using five-micrometer lung tissue sections from mice infused with PBS, GXMR-CAR* T cells,
445  or NoDNA T cells. For immunofluorescence assay, sections were deparaffinized using a
446  Gemini AS Automated Slide Stainer (Thermo Fisher Scientific), and antigen retrieval was
447  performed by immersing slides in 10 mM citrate buffer (Genemed; cat. no. 10-0020) and
448  heating for 20 min at 95°C. Tissue sections were treated with BlockAid blocking solution
449  (Thermo Fisher Scientific; cat. no. B10710) for 30 min and incubated with an anti-GXM
450 antibody (1:100 dilution; EMD Millipore; cat. no. MABF2069) for 1 h at room temperature.
451  Samples were washed three times with PBS, incubated with anti-mouse IgG1-fluorescein
452  isothiocyanate for 45 min at room temperature (1:100 dilution; BD Pharmingen; cat. no.
453  553443), and washed three times with PBS. ProLong Gold Antifade Mountant (Invitrogen; cat.
454 no. 36935) was added to the tissue prior to sealing with a coverslip, and imaging of lung tissue

455  was performed at 400x using the Vectra® Polaris™ Automated Quantitative Pathology Imaging
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456  System (Perkin Elmer) located at the MD Anderson Flow Cytometry and Imaging Core Facility
457  in Houston, TX. The inForm® Tissue Finder™ and inForm® Cell Analysis™ software (Perkin
458  Elmer) was utilized to quantitate the region of GXM positive staining and the total area of lung
459  tissue on each slide. To conduct the inForm analysis, the tissue was segmented using a large
460  pattern scale, fine segmentation resolution, edges were trimmed by 5 pixels, and a minimum
461  segment size of 1550, and the components for the training set were DAPI, autofluorescence,
462 and opal 520 for GXM-FITC. The tissue categories were: GXM region (red), lung tissue
463  (green), non-tissue (blue). The percentages of the “arca of GXM positive staining / total area
464  of lung tissue” of each mouse per group were compared using ANOVA. Pair-wised
465 comparisons were conducted using Tukey's HSD (honestly significant difference) test.
466  Statistical significance was defined as P value < 0.05. All analyses were performed using R
467  version 3.5.1 [40]. To conduct an Imagel analysis of the GXM positive cells in the lungs
468  detected by immunofluorescence, the images were acquired at 200x magnification using an
469  Olympus CKX41 microscope. The color threshold mode of Imagel software was used for
470  detection of fluorescent GXM stained cells and the threshold was adjusted to include areas of
471  GXM positive cells. The analyze particles mode was applied to remove background, and the
472  area of Titan cells was obtained for each image. The results are expressed as pixels? and the

473  same area of the tissue was analyzed for each group.
474
475
476
477
478

479
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630 Figure Legends

631 Fig 1. Construction of a GXMR-CAR that targets Cryptococcus spp. (A) The DNA
632 sequence (left) and schematic representation (right) of the GXMR-CAR targeting
633  Cryptococcus spp. has a scFv portion derived from the anti-GXM mAb 18B7. The DNA is
634 composed of four domains: the signaling domains of CD3-¢ and CD28 (yellow and green
635  regions, respectively), the transmembrane (Tm) domain of CD28 (green region), the constant
636  region of IgG4 (black line), a scFv portion from 18B7 (blue region), and an enhanced GFP
637 (EGFP) portion for detection via fluorescence (white region). The DNA sequence was
638  subcloned into a lentiviral vector backbone. The LV-GXMR-CAR construct was used for
639 transfection and transduction. Ec, extracellular binding domain; cyto, cytoplasmic signaling
640 region. (B) HEK-293FT cells (1 x 10° cells/ml) were used to make GXMR-CAR" viral
641 particles via transfection with all three plasmids combined: LV-GXMR-CAR, pMD2.G, and
642 psPAX2, using Lipofectamine. Mock-transduced HEK-293FT cells (NoDNA) were used as
643  negative controls. HEK-293FT cells were visualized using fluorescence microscopy in bright-
644  field (BF) and green (GFP) channels at 100x and 200x magnification 24 h after transfection.
645 (C) GXMR-CAR* viral particles were used to transduce HEK-293FT cells. HEK-293FT cells
646  were evaluated via flow cytometry and expressed in a histogram (left). HEK-293FT cells were
647  visualized using fluorescence microscopy in brightfield and GFP channels at 100x
648  magnification (right) 3 days after transduction. Mock-transduced negative control cells
649 (NoDNA) did not receive the GXMR-CAR construct.

650

651 Fig 2. Expression of GXMR-CAR on the surface of human T cells. (A) Flow cytometry
652  plots showing anti-CD3 antibody-positive T cells on the y-axis and GXMR-CAR-GFP—

653  expressing T cells on the x-axis. The cells double-positive for the antibody and GFP (82.4%)
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654 are GXMR-CAR"* GFP-expressing T cells. (B) Flow cytometry plots showing T cells positive
655  for an anti-human Fc antibody on the y-axis and GXMR-CAR-GFP-expressing cells on the x-
656 axis. The cells double-positive for the antibody and CAR-GFP (77.8%) were considered
657 GXMR-CAR' T cells. Mock-transduced negative control T cells (NoDNA) did not receive the
658 GXMR-CAR construct. Phenotypic analysis of GXMR-CAR™* T cells (C, D): This analysis
659 of GXMR-CAR™ T cells stimulated using an ImmunoCult human CD3/CD28 T-cell activator
660  was performed after 30 days of in vitro expansion of the cells. (C) PBMCs and (D) GXMR-
661 CAR™ T cells were stained with a mixture of anti-CD3-PE, anti-CD8-PerCP, anti-CCR7-APC,
662 and anti-CD45RA-PE-Vio770 antibodies, and CAR™ T cells were evaluated according to GFP
663  expression. CD3"CD8" T cells were gated to evaluate the memory cell subsets using anti-CCR7
664  and anti-CD45RA antibodies. The memory cell subsets were classified as follows: Tcwm, central
665 memory T cells; Tewm, effector memory T cells; Terr, effector T cells; Tscm, stem cell memory
666 T cells.

667

668

669  Fig 3. Recognition of GXM from Cryptococcus spp. by GXMR-CAR* T cells. (A) GXMR-
670 CAR*and NoDNA T cells were incubated with a preparation of polysaccharide antigens from
671  the capsule of Cryptococcus spp. at a 1:100 dilution. After 24h, the images were acquired by
672  bright-field microscopy at 400x magnification. Positive control T cells were activated using an
673  ImmunoCult human CD3/CD28 T-cell activator (STEMCELL Technologies) following the
674  manufacturer’s instructions. T cells incubated with medium alone were used as negative
675 control cells. (B) GXMR-CAR" T cells and NoDNA T cells (mock-transduced, negative
676  controls) were labeled with carboxyfluorescein succinimidyl ester and incubated with C.
677 neoformans yeast labeled with Calcofluor-white. The interaction of GXMR-CAR™ T cells

678  (green) and NoDNA T cells (green) with C. neoformans yeast (blue) was evaluated using
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679  fluorescence microscopy. The bottom right image shows the cell clusters formed by co-
680 localization of GXMR-CAR™ T cells and C. neoformans yeast. NODNA T cells (top right
681 image) did not display co-localization. (C) GXMR-CAR™ and NoDNA T cells were assayed
682  with polysaccharide antigens from the capsule of Cryptococcus spp., and the interaction of
683  GXM with the cell surface was evaluated via flow cytometry using an anti-GXM mAb 18B7
684  clone stained with a phycoerythrin-conjugated secondary antibody. The cells double-positive
685 for 18B7 and GXMR-CAR-GFP demonstrated the interaction between GXMR-CAR™ T cells
686 and GXM from Cryptococcus spp. The NoDNA T cells and GXMR-CAR* T cells not
687  incubated with polysaccharide antigens from the capsule of Cryptococcus spp. (without GXM)
688  were used to demonstrate the absence of nonspecific binding of 18B7 to cells.

689

690 Fig 4. The automated inForm® Cell Analysis™ software shows reduced area of GXM
691 positive Titan cells in in the lungs of C. neoformans infected mice treated with GXMR-
692 CAR* T cells. The lungs of NSG mice (5 per group) were infected with C. neoformans yeast
693 (1 x 10%mouse) via intranasal infusion. Mice were infused intravenously with 5 million

694 GXMR-CAR' T cells, NoODNA T cells or PBS alone on days 1 and 4 after infection. Eight
695  days after infection, the mice were humanely euthanized. (A) Paraffin-embedded lung tissue
696  sections from the mice were incubated with an anti-GXM antibody and anti-mouse-FITC

697  secondary to detect Titan cells as described in Materials and Methods. Images were acquired
698  at 400x magnification using a Vectra Polaris microscope. Spectrally unmixed images

699  showing DAPI labeled nuclei (Blue) and GXM-FITC labeled Titan cells (green) are shown.
700  (B) The automated inForm® Cell Analysis™ software was utilized to quantify the area of

701  GXM positive staining and the total area of lung tissue. Images show GXM positive Titan
702  cells (red), lung tissue (green), non-tissue (blue). (C) Paraffin-embedded lung tissue sections

703  from the mice were stained with Gomori methenamine-silver (GMS) to analyze Titan cells
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704  (black circles) as described in Materials and Methods. The images were acquired at 200x
705  magnification using an Olympus CKX41 microscope. (D) Graph displaying results of GXM
706  immunofluorescence assay analyzed by the automated inForm® Cell Analysis software. The
707  percentages of the “area of GXM positive staining / total area of lung tissue” for each mouse
708  per group were compared using ANOVA. Pair-wised comparisons were conducted using
709  Tukey's HSD (honestly significant difference) test. Statistical significance was defined as P
710  value <0.05.

711

712

713  Fig 5. ImageJ analysis of anti-GXM immunofluorescence assay shows reduced area of
714  GXM positive Titan cells in the lungs of C. neoformans infected mice treated with

715 GXMR-CAR* T cells. The lungs of NSG mice (5 per group) were infected with C.

716  neoformans yeast (1 x 10°/mouse) via intranasal infusion. Mice were infused intravenously
717  with 5 million GXMR-CAR* T cells, NoDNA T cells or PBS alone on days 1 and 4 after
718 infection. Eight days after infection, the mice were humanely euthanized. (A) Paraffin-

719  embedded lung tissue sections from the mice were incubated with an anti-GXM antibody and
720  anti-mouse-FITC secondary to detect Titan cells as described in Materials and Methods.

721  Images were acquired at 200x magnification using an Olympus CKX41 microscope. GXM-
722  FITC labeled Titan cells (green) are shown. (B) ImageJ software was used to quantify the
723  area of GXM positive staining in lungs from the nine the images that are shown in Fig 5A. A
724 statistically significant reduction in the area of GXM stained Titan cells was demonstrated in
725 GXMR-CAR T cell treated mice compared with PBS controls.

726

727
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728  Fig 6. Approach to targeting C. neoformans with CAR* T cells. Schematic showing that T
729  cells engineered to express GXMR-CAR via lentiviral transduction can target C. neoformans.
730  Invitro and in vivo studies demonstrate that GXMR-CAR™ T cells interact with C. neoformans
731  yeast and that GXMR-CAR™* T cells infused in NSG mice infected with C. neoformans
732 promoted a reduction in the number of Titan cells in the lungs. We suggest that GXMR-CAR”*
733 T cells use two major mechanisms to control cryptococcosis: 1) activation of neutrophils and
734 APCs by proinflammatory mediators released by GXMR-CAR™ T cells and 2) production of
735  granzyme, perforin, and granulysin by GXMR-CAR" T cells acting on the C. neoformans.
736

737

738  Fig S1. Processing steps used to quantify area of GXM stained Titan cells in anti-GXM
739  immunofluorescence assay by using ImageJ. ImageJ software was used to quantify the area
740  of GXM positive staining in lungs from the nine the images that are shown in Fig 5A.

741
742
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