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Background: Mucormycosis is an aggressive, invasive-fungal infection caused by moulds in the
order Mucorales. Early diagnosis is key to improving patient prognosis, yet relies on insensitive
culture or non-specific histopathology.<A.pan-Mucorales specific monoclonal antibody (mAb),
TG11, was recently developed. Here, we. investigate the spatio-temporal localisation of the
antigen and specificity of the mAb for immunohistochemistry. Methods: We use
immunofluorescence (IF) microscopy to assess antigen localisation in eleven Mucorales species
of clinical importance and live imaging of Rhizopus arrhizus germination. Immunogold
transmission electron microscopy’ (immunoTEM) reveals the sub-cellular location of mAb TG11
binding. Finally, we perform immunohistochemistry of R. arrhizus in an ex vivo murine lung
infection model.alongside lung infection by Aspergillus fumigatus. Results: IF revealed TG11
antigen production at.the emerging hyphal tip and along the length of growing hyphae in all
Mucorales except Sakasenea. Timelapse imaging revealed early antigen exposure during spore
germination and along the growing hypha. ImmunoTEM confirmed mAb TG11 binding to the
hyphal cell'wall only. The TG11 mAb specifically stained Mucorales but not Aspergillus hyphae
in infected murine lung tissue. Conclusions: TG11 detects early hyphal growth and has valuable
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potential for diagnosing mucormycosis by enhancing discriminatory detection of Mucorales in
tissue.

Keywords: Mucormycosis, invasive fungal infection, monoclonal antibody, fungal cell wall,
Mucorales, Fungi

1. INTRODUCTION

Mucormycosis is an aggressive invasive fungal infection (IFI) caused by moulds in the order
Mucorales. These are ubiquitous environmental fungi, found globally in soil'and. on decaying
organic matter. Over 20 fungal species within the Mucorales group are known‘to-cause infection
in humans, the most common of which is Rhizopus arrhizus [1-7]¢ Whilst considered a rare
infection, mucormycosis is the second most common invasive mould .infection in children and
adults after aspergillosis [8, 9]. The main risk factors are diabetes mellitus, haematological
malignancy, and solid organ transplant, yet a wide range. of--conditions predispose to
mucormycosis, including corticosteroid use, neutropoenia, renal failure and deferoxamine
therapy [1, 3, 6, 7, 10-12]. Traumatic wounds and burns are common risk factors in otherwise
immunocompetent individuals [6, 7, 10, 12]. Incidence is rising globally, likely due to the
growing prevalence of diabetes mellitus, increased use of immunosuppressive therapies, and use
of azole antifungal prophylaxis in immunosuppressed patients [5, 7, 13-15]. COVID-19 is the
most recently identified risk factor and was associated with an unprecedented surge in cases of
mucormycosis worldwide, particularly in India where >47,500 cases were reported during a 2-
month period in 2021 [2, 4, 16, 17]. Clinical presentation depends on the site of infection, which
is most commonly sino-orbital; pulmonary or cutaneous [1, 3, 5, 7, 10]. A consistent feature is
aggressive disease with rapid and destructive growth, extensive angioinvasion and subsequent
tissue necrosis and infarction. Contiguous spread is common, and haematogenous dissemination
occurs in up to 23% of cases [7, 10, 12]. Overall mortality is high, at approximately 50%, and
reaches over 90%¢in disseminated infection [1, 3, 6, 7, 10, 12].

Due to the rising incidence of mucormycosis, consistently high mortality and urgent need for
improved diagnestics, Mucorales are ranked as high-priority pathogens by the World Health
Organisation (WHO) [18]. Timely diagnosis of invasive infection, allowing prompt and
appropriate treatment, is key to improving patient prognosis [19]. Compared to other mycoses,
the ‘development of non-culture based diagnostic tools to identify mucormycosis has been
neglected. Screening and early diagnosis of IFI in high-risk groups via antigen-based tests that
can be performed on blood or other clinical specimens, such as pan-fungal 1-3-B-D-glucan
(BDG), Aspergillus galactomannan (GM), and Cryptococcal antigen (CrAg), offer important
adjuncts to histopathology and culture. However, other than ruling out other IFls, these are not
appropriate for diagnosis of mucormycosis due to the low presence of these antigens in the
Mucorales cell wall [17]. Instead, diagnosis continues to rely on histopathology, using non-
specific stains to visualise fungal elements in tissue samples, and insensitive culture of fungi
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from tissue biopsies or bronchoalveolar lavage fluid (BALf) to confirm identification [17, 20,
21].

Thornton et al. recently developed a murine 1gG2b monoclonal antibody (mAb), TG11, that is
pan-Mucorales specific [22]. TG11 was raised against extracellular polysaccharide (EPS) from
Lichtheimia corymbifera and binds to EPS antigen secreted by all Mucorales fungi but not
unrelated moulds and yeasts including Aspergillus, Candida, Cryptococcus;” Fusarium,
Lomentospora, and Scedosporium species [22]. TG11 has been incorporated into a lateral flow
device to allow the rapid detection of Mucorales from serum or BALf [22], yet the spatio-
temporal expression and in vivo relevance of this antigen remains undescribed. Here, we
investigate the potential of this mAb to differentiate infection from colonisation or sample
contamination with environmental spores and to specifically detect invasive disease in murine
tissue samples. Specifically, we investigate the dynamics of the antigen recognised by TG11
during spore germination and during invasive growth in tissue, as well as the ability of TG11
mADb to differentiate invasive mucormycosis from invasive aspergillosis, the most relevant
clinical differential diagnosis. We characterise the spatio-temporal localisation of the TG11
antigen in the most important causative species of mucormycosis using immunofluorescence and
immunogold microscopy. Furthermore, we use-an ex .vivo murine lung infection model to
demonstrate the utility of TG11 in visualising ‘invasive hyphal growth in histology sections.
Taken together, our work shows that TG11 detects early spore germination and hyphal growth
both in vitro and in an ex vivo murine lung-infection model and presents a novel opportunity to
detect invasive infections by Mucorales fungi in tissue samples, differentiated from invasive
Aspergillus infections.

2. MATERIALS AND METHODS
2.1 Ethics statement- (mouse tissue)

All animal experiments were conducted in compliance with the United Kingdom Home Office
licenses for research-on animals and approved by the University of Exeter Ethical Review
Committee. Ex wvivo lung infections were performed using uninfected CD1 female mice
scheduled to be culled, in keeping with 3Rs objectives to reduce the number of animals involved
in research. All experiments were performed at the University of Exeter (establishment license
number.X7C5DF140).

2.2 Spore harvesting

Fungal spores (Table 1) were cryopreserved at -80°C in YPG broth (0.3% yeast extract, 1%
peptone, 2% glucose) containing 50% glycerol and cultured on YPG agar (YPG broth + 2%
agar,) 30°C, for 5-7 days, to induce sporulation. Apophysomyces variabilis was cultured on
Czapek Dox agar (CM0097,0xoid), 30°C, for 14 days. Spores were harvested from mycelia in
10ml sterile 1xPBS (Oxoid Phosphate Buffered Saline Tablets (Dulbecco A), BR0014G) using
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an L-shaped spreader, then spore suspensions were filtered through a 40pm sterile strainer to
exclude hyphae, centrifuged (4,000 rpm, 5 min) and supernatants discarded. The pellet was
resuspended in 5ml PBS and spores quantified using a Neubauer haemocytometer. Spores were
routinely stored at 4 °C for up 14 days.

2.3 Cell Preparation, fixation, and staining for indirect immunofluorescence microscopy

The pan-Mucorales-specific monoclonal antibody TG11 and the Aspergillus-specific. mAb JF5
[24] were gifts from ISCA Diagnostics Limited. Spores were inoculated at 10" 'spores/ml in 5ml
HL5 Medium with glucose (HLG0101, Formedium Ltd.) broth and incubated at 37°C (150 rpm)
for up to 8 hours. Swollen spores and germlings were pelleted (4,000 rpm for 5 min). For hyphal
cultures, cells were collected and pelleted at 13,000 rpm for 5 min. Pellets were washed in
1XPBS (13,000 rpm, 5 min), resuspended in 4% methanol-free formaldehyde in PBS, and
incubated on a roller for 1 hour at room temperature (RT)..Following incubation, cells were
pelleted (13,000 rpm, 5 min), formaldehyde removed, and cells washed twice with 1ml PBS as
above. Pellets were resuspended in 1ml 5% bovine serum-albumin (BSA) in 0.1%Tween-20
1xPBS (PBST) and incubated on a roller for 30 min; RT. Cells were pelleted at 13,000 rpm, 5
min, and supernatant removed, then resuspended and-incubated in 0.5 ml 5 pg/ml TG11 in
1%BSA, 0.1%PBST, 1 hour, RT, on a roller. The cells were pelleted (4,000 rpm, 5 min),
antibody solution removed, then washed three times with 1ml PBS. Pellets were incubated (1hr,
RT) in 1:1000 Cy5-conjugated goat anti-mouse polyclonal 1gG (ab6563; Abcam) (GAM-Cy5) in
1%BSA, 0.1%PBST, with 10ug/ml calcofluor white (CFW), then pelleted (4,000 rpm, 5 min),
washed three times with 1ml PBS, and resuspended in 1XPBS. For the germination timeline, R.
arrhizus var delemar spores were inoculated into 17.5ml HL5 broth (37°C, 150 rpm), sampled in
2ml aliquots hourly, then processed as above. Immunoassay controls were performed using R.
arrhizus var. delemarcultured.for 4h as described above: positive control with CFW (A+);
positive control without CEW (A-); primary only (B); isotype control (C); secondary only with
CFW (D+); secondary only without CFW (D-); unstained (E). The isotype control BD6, a
murine 1gG2b against human Dectin-1 (from Dr. Janet Willment, University of Exeter, UK), was
prepared «<at 5 pg/ml in 1%BSA in 0.1%PBST. Images were acquired using an inverted
Deltavision Elite microscope (IMSOL; 60x; DAPI, FITC, Cy5 channels), and acquired as Z-
stacks every 0.2 um for at least 10 um.

2.4 Conjugation of Cy5 to TG11 and BD6

Cy5 was conjugated to TG11 and the BD®6 isotype control antibody using Lightning-Link®
Rapid Cy5 Antibody labeling kit (AB188288-1003; Bio-techne Ltd., Abingdon, UK).
Conjugation was performed as per the manufacturer’s instructions, using 0.5 mg/ml antibody.
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2.5 Direct immunofluorescence time-lapse microscopy of live cells in microfluidic chambers

Spores were inoculated 107 spores/ml in YPD and incubated (37°C, 150 rpm) for 2.5 hours to
swell, then diluted 1:10 in YPG and loaded into a custom fabricated polydimethylsiloxane
(PDMS) microfluidic chamber with U-shaped traps with a height of 10 um for imaging on a pre-
warmed (37°C) inverted Deltavision Elite microscope. The chip was perfused 1pl/min with
1IXYNB without amino acids and 3% glucose, 1%BSA, 1pg/ml CFW and 1lpg/ml TG11-
Cyb5,and the cells imaged every 20 minutes for 3 hours.

2.6 Immunogold transmission electron microscopy
2.6.1 Conjugation of gold particles to the secondary antibody

Goat anti-mouse polyclonal 1gG (ab7063; Abcam) (GAM, 0.1 mg/ml) was directly conjugated to
40 nm gold particles using a gold conjugation kit (ab154873; Abcam) as per the manufacturer’s
instructions.

2.6.2. Preparation of cells for TEM

R. arrhizus var. delemar 99-880 spores were inoculated in 5ml YPG broth at 107 spores/ml and
incubated at 37°C (150 rpm) for 4 hours, then pelleted as above. Samples were fixed in 4%
formaldehyde in cacodylate buffer, then dehydrated in 30, 50, 70, 95 and 100% graded ethanol.
After LR (London Resin) White (Agar Scientific, UK) infiltration, samples were polymerized at

60°C in an oxygen free environment. 60 nm sections were mounted on copper grids.

2.6.3 Immunostaining and contrast-staining for TEM

Grids were incubated. in a series of 100 pl reagent droplets beaded on parafilm and transferred
using a perfect loop. Grids were washed serially with 70% ethanol and sterile deionised water
(dH20) between transfers. Grids were blocked using 1%BSA, 0.5% Tween 80 in PBS for 20
min, washed three times for 5 min in 0.1% BSA in PBS (incubation buffer), then stained in 5
pug/ml mAb TG11 in incubation buffer for 90 min. (Negative control: incubation buffer alone;
1gG2b isotype control: 5 pg/ml BD6 in incubation buffer.) Grids were washed six times for 5
min in incubation buffer, then stained with gold-conjugated goat anti-mouse 1gG (50 pl, 1 pg/ml)
in incubation buffer for 60 min. Grids were washed 6 times in incubation buffer, three times in
PBS, and three times in sterile dH20 (5 min each). Grids air dried on filter paper, then contrast-
stained with a 2% aqueous solution of uranyl acetate for imaging.

2.6.4 Sampling of immuno-gold labelled cells and gold density calculations

Ten images containing cells from a single section from both the TG11 and 1gG2b grids were
acquired using a systematic random sampling method from the bottom right-hand corner of each
grid moving systematically across sections at regular intervals independent of image content at
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x3000 magnification. Spore and hyphal cell walls were distinguished visually by the presence of
a thickened outer layer. The total number of gold particles detected in the total background area,
cell area, and cell walls of spores and hypha were counted as a proxy for TG11 binding. Gold
density was calculated by dividing the total area or length of the cell or field (background) by the
number of gold particles.

2.7 Direct immunofluorescence microscopy of murine lung tissue infected with R-Arrhizus

and A. Fumigatus

Female CD1 mice culled by CO: inhalation were immediately infected intratracheally with 50 pl
PBS containing 10* R. delemar 99-880 spores, 10* A. fumigatus A1160p+ spores, or PBS alone.
Lungs were harvested and washed in sterile PBS, then incubated for 24 h at 37 °C and 5% CO: in
DMEM/F12 medium (Gibco, Ref A4192001), 1% foetal bovine serum (Gibco, Ref A5256801),
1% penicillin/streptomycin (Gibco, 15140-122). Recovered lungs were embedded in OCT
medium (Thermo Scientific, Lamb/OCT), fast frozen using dry ice and isopentane and stored at -
80 °C until sectioned via a Leica CM1521 cryostat (L.eica bio systems). The 6 pum slices mounted
on super-frost glass slides (Epredia Inc, Ref JIBO0OAMNZ) were fixed with 4% methanol-free
formaldehyde for 1 h and stored at -20°C in 70% ethanol in a Coplin jar. For staining, samples
were permeabilised using 0.2% Triton x-100.in PBS for 20 min, washed three times with PBS,
blocked with 5%BSA in 0.1%PBST for-30 min, then stained with 5 pg/ml TG11-Cy5 conjugate
or 5 pg/ml JF5-Cy5 conjugate plus 1x SybrGreen nucleic acid stain (Invitrogen S7563) in
1%BSA in 0.1%PBST and incubated covered in the dark at 4 °C overnight before
counterstaining with 10 pg/ml'CFW. Slides were washed with PBS and dried in the dark at RT,
then coverslips mounted with 5°ul 90% glycerol in PBS. Infected controls: 1x SybrGreen nucleic
acid stain and 10 pg/ml CFW .in 1%BSA in 0.1%PBST. Isotype controls: 5 pg/ml Dectin-
1/CLEC7A BD6-Cy5.mAb (BioRad MCA4662GA). Images were acquired on a DeltaVison
Elite microscope (IMSOL,; 60x; DAPI, FITC, Cy5 channels). For ex vivo sections, images were
acquired every 0.2:.um for 16.8 um.

2.8 Image analysis

All images were analysed using Fiji ImageJ [23]. Germination micrographs and tissue sections
are presented as summed Z projections.

3/ RESULTS

The TG11 antigen is localised primarily to growing hypha in R. arrhizus var. delemar

To establish the spatio-temporal localisation of the TG11 antigen, immunofluorescence
microscopy was performed on R. arrhizus var. delemar cells at different stages of growth (Figure
1). Both indirect and direct staining techniques were used to image fixed and live cells
respectively. The widely used reference strain R. arrhizus var. delemar 99-880 was imaged for
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these experiments as R. arrhizus is the single most common causative species of mucormycosis.
There was no binding of mAb TG11 to ungerminated spores (data not shown). Fixed cells
collected hourly after spores were allowed to swell for 2 hours showed TG11 staining at the site
of polarisation (3hrs), on the emerging germ tube (4-6hrs), and localised to hyphae (6-7hrs)
(Figure 1A). Live imaging of spores pre-germinated for 2.5 hrs revealed that TG11 antigen is
first detectable at the tip of the emerging germ tube and then remains detectable alongthe whole
length of the developing hypha (Figure 1B and Supplemental movie 1). Negative controls
lacking the primary TG11 mAb showed the absence of non-specific staining by the secondary
antibody (GAM-Cy5) (Figure 1 Ci) and no change in TG11 binding in the absence of the chitin-
binding dye calcofluor white (CFW) (Figure 1 Cii).

The TG11 antigen is detectable on the hyphal surface of Rhizopus, Mucor, Lichtheimia,
Cunninghamella, Apophysomyces, Rhizomucor, Saksenaea and Syncephalastrum isolates.

Indirect immunofluorescence microscopy was performed on. an additional ten different
mucoralean fungi (Table 1). The TG11 antigen was detected in all ten isolates (Figure 2).

Whilst TG11 localised to the fungal hyphae, there were some notable differences in antigen
distribution in some isolates. R. arrhizus ‘var..arrhizus, Rhizopus microsporus, Mucor
circinelloides, Lichtheimia corymbifera, . Cunninghamella bertholletiae, Apophysomyces
variabilis and Rhizomucor pusillus had a similar staining pattern to that of R. arrhizus var.
delemar, with homogenous staining along. the length of the hyphae and sparingly of the spore
body (figure 2a-d,f-h). Similarly, staining of Saksenaea erythrospora was predominantly located
to the hyphae and sparingly of .the spore body, however in cells with longer hyphae it was
apparent that staining did-not-extend along the whole length of the hyphae, but remained
localised to the proximal part< (Figure 2i). Both Lichtheimia ramosa (Figure 2e) and
Syncephalastrum contaminatum. (Figure 2j) exhibited a more punctate staining pattern, with
some variable staining of the spore body. In addition, ungerminated S. contaminatum spores
were observed to exhibit variable morphology, including larger rounded cells that stained with
both TG11 and CFW, elongated cells that stained with TG11 but not CFW, and small rounded
cells that stained with CFW but not TG11 (Figure 2i). This suggests species-specific differences
in the'distribution and exposure of this otherwise hyphal-associated antigen.

The TG11 antigen is localized to the fungal cell wall in both germinating spore and hyphae

Together, these observations suggested that TG11 is a cell-wall-associated antigen that is
enriched in Mucorales hypha. To gain a more detailed understanding of the location and
abundance of the TG11 antigen, the sub-cellular localisation of immunogold labelled mAb TG11
was visualised in R. arrhizus var. delemar by TEM (Figure 3).

Consistent with enrichment of fluorescent signal along the growing hypha (Figure 1), more gold
particles were observed in the hyphal cell wall than in the spore cell wall (Figure 3A,B). The
TG11-specific gold density of the hyphal cell wall was 3.96 per um? (isotype control 0.0548 per
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um?), while the density was 2.71 per um? in the spore body cell wall (isotype control 0.0606 per
um?). In addition, an enrichment of gold particles was observed within the cytoplasm of
germinating spores (Figure 3C), indicative of trafficking of the target antigen within the cell.
There was limited non-specific background and isotype controls (Figure 3D). The gold density of
the total cell area was 9.94 per um? for the TG11-stained cells compared to 0.134 per um?2-for the
isotype control and 0.0342 per um? for the background of the TG11-stained section: This was
comparable to isotype control background particle density of 0.0420 per um?. Both the hyphal
wall and cytoplasmic localisation are consistent with previous identification of the TG11 antigen
as a secreted polysaccharide [22].

The TG11 antigen is detectable in hyphae in an ex vivo lung infection model

To investigate the suitability of mAb TG11 for identification of .Mucorales infections in
histology sections, murine lungs were infected ex vivo with 10% Re-arrhizus var. delemar 99-880
spores or A. fumigatus A1160p+ spores. After 24 hours, infected lungs were fixed and sectioned,
then stained for epifluorescence microscopy. Fungal hyphae.were clearly visible within murine
airways by CFW staining. Consistent with in vitro staining, the TG11 antigen was observed
along the length of the growing R. arrhizus hypha but not A. fumigatus hyphae, which was
instead detected by an Aspergillus-specific mAb JF5 (Figure 4) [24].

3. DISCUSSION

Here we demonstrate, using immunofluorescence and immunogold electron microscopy, that
mADb TG11 detects both early and later stage hyphal growth of eleven different Mucorales fungi.
We imaged R. arrhizus var.-delemar at different stages of development both fixed and over time
and showed the TG11 antigen is first detectable polarised to the emerging germ tube and then
along the length of the extending hypha. Furthermore, the TG11 antigen is detectable in ex vivo
murine lung tissue following invasive infection, and the TG11 mAb is able to differentiate
invasive disease caused by Mucorales versus Aspergillus species, consistent with previous work
demonstrating. the specificity of the TG11 mAb for Mucorales fungi [19].

Mucormycosis is caused by a diverse group of over 20 different fungal species [1-7]. Our study
demonstrated that the TG11 antigen is reliably produced by the eleven most common causative
species of mucormycosis: Rhizopus arrhizus var. delemar, Rhizopus arrhizus var. arrhizus,
Rhizopus microsporus, Mucor circinelloides, Lichtheimia corymbifera, Lichtheimia ramosa,
Cunninghamella bertholletiae, Apophysomyces variabilis, Rhizomucor pusillus, Saksenaea
erythrospora and Syncephalastrum contaminatum. The mAb TG11 predominantly bound to
hypha, and immunogold-TG11 TEM of R. arrhizus var. delemar revealed abundant antigen in
the hyphal cell wall of germinated spores. Together, these results demonstrate the ability of mAb
TG11 to detect invasive hyphal growth specifically of Mucoralean fungi.
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The pathogenesis of mucormycosis is best understood for R. arrhizus. Infection occurs via
inhalation, traumatic inoculation, or contamination of wounds. If not cleared by the immune
system, spore germination is followed by hyphal growth, angioinvasion, and tissue necrosis [25,
26]. A biomarker for invasive hypha may reflect fungal burden and invasive disease. The
majority of Mucorales species imaged exhibited similar staining patterns to R. arrhizus var.
delemar, with sparse staining of spores and homogenous staining along hyphae. Antigen
production may therefore correlate well with burden of hyphal growth and invasive disease.

Mucorales are ubiquitous environmental organisms and their spores can colonise-human sinuses,
upper respiratory tract and skin without causing invasive disease [27, 28]. An ideal diagnostic
antigen for mucormycosis should differentiate invasive hyphal growthfrom host colonisation or
environmental contamination of the clinical sample. The mAb TG11 allows actively germinating
spores that produce invasive hyphae to be distinguished from/dormant; ungerminated spores.
Whilst this may not be possible for all fungi, such as Syncephalastrum contaminatum, where
mADb TG11 stained elongated spores, our data demonstrate it is possible for the most important
agents of mucormycosis, Rhizopus spp., Mucor spp. and. Lichtheimia spp. Further studies are
required to understand the clinical significance of this elongated S. contaminatum spore
morphology, including whether these spores can germinate and cause invasive infection in vivo.
In the ex vivo murine lung tissue infection model, TG11 detected invasive R. arrhizus var.
delemar hyphae. This experiment demonstrates that the fungus produces the TG11 antigen in
physiologically relevant growth conditions-and in the presence of murine airway immune cells.
TG11 may therefore have potential.as an immunohistochemistry stain to enhance the detection of
mucormyecosis in histology samples, and to differentiate Mucorales infections from those caused
by other fungi such as Aspergillus fumigatus, the most common mould pathogen of humans.

CONCLUSIONS

The antigen recognised by mAb TG11 is, to our knowledge, the first potential pan-Mucorales-
specific antigen for.-active Mucorales growth. The next step in evaluating the potential of mAb
TG11 for diagnosing mucormycosis should focus on its ability to detect the TG11 antigen in
more easy accessible clinical samples such as serum and urine to facilitate an earlier diagnosis.
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FIGURE LEGENDS

Figure 1. R. arrhizus var. delemar cells immunostained with mAb TG11 at different stages of
spore swelling, germination and hyphal growth. A. Composite photomicrographs and individual
channels of R. arrhizus strain 99-880 using DAPI (for CFW) and Cy5 (for TG11+ GAM-Cy5)
filters. Cells are stained with mAb TG11 plus Cy5-conjugated goat anti-mouse polyclonal 1gG
(GAM-Cy5) (orange), and CFW (blue). Representative cells from liquid culture after2h, 3h, 4h,
5h, 6h and 7h of incubation were imaged to visualise binding by mAb TG11 at different stages of
cell growth. B. Time-lapse image series of a single live R. arrhizus cell grown.in media
containing CFW and TG11-Cy5 and collected every 20 minutes. Note that indicated times are
from the start of imaging with spores pre-germinated for 2.5hrs. TG11 is seen to stain the
growing hypha (yellow). C. Representative negative controls i. CFW, secondary only; ii. no
CFW, TG11 + goat anti-mouse polyclonal 1gG (GAM-Cy5). Scale bars =20 um.

CRW Secondary only no CFW TG11 +GAM-Cys)
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Figure 2. Different mucoralean fungi immunostained with mAb TG11.

Composite photomicrographs of (a) R. arrhizus var. arrhizus MRL 21E307, (b) Rhizopus
microsporus FP469-12, (c) Mucor circinelloides MRL 22E56177, (d) Lichtheimia corymbifera
MRL 20E42327, (e) Lichtheimia ramosa MRL 21E1059, (f) Cunninghamella bertholletiae
CBS151.80, (g) Apophysomyces variabilis CBS658.93, (h) Rhizomucor pusillus. MRL
22E19013, (i) Saksenaea erythrospora CBS138.279 and (j) Syncephalastrum contaminatum
MRL 22E22635 taken with DAPI and Cy5 fluorescence filters. Cells are stained with mADb
TG11 plus Cy5-conjugated goat anti-mouse polyclonal 1gG (GAM-Cy5) (orange), and CFW
(blue).
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Figure 3. Transmission electron microscopy of immunogold-labelled R. arrhizus var.
delemar. TEM images of R. arrhizus var. delemar stained with (A,B,C) TG11 or (D) an I1gG2b
isotype control, and a gold-conjugated secondary antibody. Gold particles are predominan

A
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Figure 4. Ex vivo murine lung tissue infected with R. arrhizus var. delemar and
immunostained with mAb TG11. Photomicrographs of murine lung tissue uninfected (first row
only) or infected with R. arrhizus strain 99-880 or A. fumigatus strain A1160*. Images were
acquired with DAPI (CFW), Cy5 (mAb TG11-GAM; mAb JF5-GAM) and FITC (SybrGreen)
fluorescence filters. Tissue slices are stained with (first, second, fifth rows) mAb TG11 plus
GAM-Cy5 (magenta), (sixth, seventh rows) mAb JF5 plus GAM-Cy5 (magenta); (third row)
1gG2b isotype control plus GAM, (fourth row) no primary +GAM alone, CFW for fungal chitin
(blue) and Sybrgreen for DNA to reveal host cell nuclei (yellow). Note that. lungConnective
tissue and alveolae also stain with CFW but not with mAb TG11-GAM- or mAb JF5-GAM.
Isotype control is a representative image for both conjugated antibodies. Images.acquired in z-
stack every 0.2 um are presented as summed z- projections. Scale bars'indicate:10 um.
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Table 1. Details of mucoralean fungal strains used in this study. Species are listed in order of

the frequency with which they are isolated from clinical cases of mucormycosis [1-7].

Species Isolate number | Origin Source
Rhizopus arrhizus var. delemar RA 99-880 Reference strain® | ATCC
Rhizopus arrhizus var. arrhizus MRL 21E307 Clinical isolate UKHSA
Rhizopus microsporus FP469-12 Clinical isolate? QEHB
Mucor circinelloides MRL22E56177 | Clinical isolate UKHSA
Lichtheimia corymbifera MRL 20E42327 | Clinical isolate UKHSA
Lichtheimia ramosa MRL21E1059 Clinical'isolate UKHSA
Cunninghamella bertholletiae CBS 151.80 Clinical-isolate CBS
Apophysomyces variabilis CBS 658.93 Clinical isolate CBS
Rhizomucor pusillus MRL22E19013 | Clinical isolate UKHSA
Saksenaea erythrospora CBS 138279 Clinical isolate CBS
Syncephalastrum contaminatum MRL22E22635 | Clinical isolate UKHSA
Aspergillus fumigatus A1160* Clinical isolate? FGSC

1Strain RA 99-880 was originally a clinical isolate, from Ma et al. 2009 [29], and is a widely used reference strain.
ATCC; American Type Culture Collection. 2Strain FP469-12 is a clinical isolate from Itabangi et al. 2020 [30].
3Strain A1160+ was derived from a clinical isolate, from Fraczek et al., 2013[31, 32]. QEHB; Queen Elizabeth
Hospital, Birmingham. Isolated by Deborah Mortiboy. CBS; Westerdijk Fungal Biodiversity Institute, The
Netherlands: UKHSA; UK Health Security Agency National Collection of Pathogenic Fungi, Bristol, UK. FGSC:

Fungal Genetics Stock Centre, KY, USA.
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