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ABSTRACT: The epididymal lumen is an immunologically distinct environment. It maintains tolerance for the naturally antigenic sperma-
tozoa to allow their maturation into functional cells while simultaneously defending against pathogens that can ascend the male tract and
cause infertility. We previously demonstrated that a nonpathological amyloid matrix that includes several cystatin-related epididymal sper-
matogenic (CRES) subgroup family members is distributed throughout the mouse epididymal lumen but its function was unknown. Here,
we reveal a role for the epididymal amyloid matrix in host defense and demonstrate that the CRES amyloids and CD-1 mouse epididymal
amyloid matrix exhibit potent antimicrobial activity against bacterial strains that commonly cause epididymal infections in men. We show
the CRES and epididymal amyloids use several defense mechanisms including bacterial trapping, disruption of bacterial membranes and pro-
motion of unique bacterial ghost-like structures. Remarkably, these antimicrobial actions varied depending on the bacterial strain indicating
CRES amyloids and the epididymal amyloids elicit strain-specific host defense responses. We also demonstrate that the CRES monomer
and immature assemblies of the epididymal amyloid transitioned into advanced structures in the presence of bacteria, suggesting their
amyloid-forming/shape-shifting properties allows for a rapid reaction to a pathogen and provides an inherent plasticity in their host defense
response. Together, our studies reveal new mechanistic insight into how the male reproductive tract defends against pathogens. Future
studies using a mouse model for human epididymitis are needed to establish the epididymal amyloid responses to pathogens in vivo.
Broadly, our studies provide an example of why nature has maintained the amyloid fold throughout evolution.

Key words: amyloid / epididymis / reproductive tract / host defense / cystatin / CRES / bacterial ghost / E. coli / epididymitis

Introduction
The epididymis is a highly convoluted tubule through which spermato-
zoa must pass after leaving the testis to acquire their functions of pro-
gressive motility and the ability to fertilize an oocyte. Since
spermatozoa are synthetically inactive, their maturation process
requires interacting with proteins and other molecules secreted into
the lumen by the surrounding epididymal epithelium. In addition to
maturation, the epididymis must also protect the spermatozoa, and
the developing germ cells in the testis, from pathogens that can ascend
the male tract and cause transient or permanent infertility. Because
spermatogenesis occurs after self-tolerance has been established, sper-
matozoa are naturally antigenic (Wheeler et al., 2011; Tung et al.,
2017). Therefore, the epididymal lumen is an immunologically distinct
compartment that maintains a tolerant environment for spermatozoa
to mature into functional cells. The epididymal lumen must also have
the ability to mount a robust host defense response against pathogens
that might access the male tract. Toward this end, the epididymis
relies heavily on the innate immune system and its antimicrobial

peptides (AMPs) and proteins for host defense. For example, the ro-
dent and human epididymal epithelium secretes multiple b-defensins,
SPAG11 (HE2) and its isoforms, cathelicidin (hCAP18, mouse CAMP)
and other AMPs into the lumen (Malm et al., 2000; Yenugu et al.,
2003; Hall et al., 2007; Yenugu and Narmadha, 2010). The epididymis
also secretes several antimicrobial proteins including the secretory leu-
koprotease inhibitor (SLPI), lactoferrin, lysozyme, epididymal protease
inhibitor (EPPIN), lipocalin-2 and others (Jin et al., 1997; Hall et al.,
2002; Yenugu et al., 2004; Jenssen and Hancock, 2009; Silva et al.,
2012). Despite their critical roles in protecting the germline, mecha-
nisms by which the epididymal AMPs and proteins defend against
pathogens remain poorly understood.

We previously demonstrated that a constitutively produced, nonpa-
thological amyloid matrix is present throughout the normal mouse epi-
didymal lumen (Whelly et al., 2012, 2016). Its functional role in the
epididymis has not been established. Highly ordered cross-b-sheet-rich
amyloids have typically been considered as pathological entities associ-
ated with neurodegenerative diseases and prionopathies. Work from
our laboratory and others have shown, however, that functional
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amyloid assemblies exist in species ranging from bacteria to humans.
These biological amyloids carry out a broad range of functions includ-
ing acting as biological scaffolds, storage depots, protective barriers
and signaling complexes (Fowler et al., 2007; Pham et al., 2014;
Hewetson et al., 2017) (reviews). The epididymal amyloid matrix
includes several members of the reproductive cystatin-related epididy-
mal spermatogenic (CRES) subgroup of family 2 cystatins of cysteine
protease inhibitors. CRES subgroup members CRES (Cst8), CRES2
(Cst11), CRES3 (Cst12), cystatin E2 and the ubiquitously expressed,
prototypical family 2 cystatin, cystatin C (Cst3), colocalize within the
epididymal amyloid matrix, suggesting coordinated functions (Whelly
et al., 2016). In addition, CRES has lost its cysteine protease inhibitory
activity, but subgroup members maintain robust amyloidogenic/shape-
shifting functions (Cornwall et al., 2003; Whelly et al., 2016). CRES
and CRES2 are expressed in the human epididymis but whether they
assemble into a functional amyloid has not been determined (Hamil
et al., 2002; Wassler et al., 2002). Recombinant cystatin C (human)
and CRES subgroup members CRES (mouse), CRES2 (human) and
testatin (Cst9, human) have also been shown to exhibit antimicrobial
activity in vitro and may represent a new family of antimicrobial pro-
teins (Hamil et al., 2002; Wang et al., 2012; Eaves-Pyles et al., 2013;
Holloway et al., 2018). Whether their antimicrobial activities require
an amyloid structure is not known.

Here, we present results showing a biological role for the mouse
epididymal amyloid matrix in host defense. CRES amyloids and the epi-
didymal amyloid matrix use multiple mechanisms, including bacterial
trapping and membrane disruption, to protect against pathogens that
commonly cause human epididymal infections. In addition to these
classic responses, CRES amyloid and the epididymal amyloids also pro-
moted the formation of unique bacterial ghost-like structures, not pre-
viously described in the epididymis or known to be in response to
amyloid. We also show that CRES monomer and immature epididymal
amyloid formed advanced amyloid structures in the presence of bacte-
ria to enable their antimicrobial actions, a response similar to other
host defense amyloids. However, CRES and the epididymal amyloid
matrix are distinct as they formed different amyloid structures and eli-
cited different host defense responses (trapping versus killing) depend-
ing upon the pathogen. Together our studies show the epididymal
amyloid matrix is a multidimensional antimicrobial amyloid that uses its
unique shape-shifting properties to protect the host via several
mechanisms.

Materials and methods

Isolation of epididymal amyloids
All animal studies were conducted in accordance with the NIH
Guidelines for the Care and Use of Experimental Animals using proto-
col # 94041 approved by the Texas Tech University Health Sciences
Center Institutional Animal Care and Use Committee. Male CD1 mice
(22–28 weeks of age) were obtained from Charles River (Wilmington,
MA, USA) and maintained under a constant 12 h light/12 h dark cycle
with food and water ad libitum. Nestlets were provided for nesting.
Two mice were used for each experiment and were euthanized by
CO2 asphyxiation followed by cervical dislocation. The luminal con-
tents from the caput and corpus-cauda epididymis were isolated by

puncturing the tissue in Dulbecco’s PBS (dPBS) using a 30G needle
and allowing material to disperse for 15 min at room temperature.
The samples were centrifuged at 500g for 5 min to remove spermato-
zoa (pellet 1: P1). The S1 supernatant was spun again to remove any
remaining spermatozoa and then centrifuged at 5000g for 10 min to
generate pellet 2 (P2). The resulting supernatant (S2) was centrifuged
at 15 000g for 10 min to generate pellet 3 (P3) followed by centrifuga-
tion of the S3 supernatant at 250 000g for 70 min using a table-top
Beckman ultracentrifuge to generate the final S4 supernatant (SUP)
and P4 pellet (P4). All pellets were resuspended in dPBS and proteins
quantified by BCA assay (ThermoScientific, Rockford, IL, USA).

Expression, purification and assembly of
CRESC48A protein into amyloid
Tag-less full-length mouse CRESC48A protein was expressed and puri-
fied as described previously using affinity, ion exchange and gel filtration
chromatography (Do et al., 2019). Immediately after elution off the gel
filtration column, CRESC48A was buffer exchanged into 25 mM MES,
pH 6 using a 10 kDa Amicon-Ultra-15 filter (Millipore, Burlington, MA,
USA). Briefly, �2.5 mg of protein in 20–30 ml was combined and spun
in a 10-kDa Amicon-Ultra filter (14 ml at a time) (Millipore) at 2550g,
4�C, in a swinging bucket rotor until 1 ml of protein remained. The
protein was moved to a new 10 kDa Amicon-Ultra-15 filter and 13 ml
of 25 mM MES, pH 6.0, was added. The protein was spun at 2550g
until 1 ml remained. Another 13 ml of 25 mM MES, pH 6.0, was added
to the protein in the filter unit, the sample gently mixed by pipetting
and 1 ml removed as the CRESC48A monomer (0.14–0.19 mg/ml con-
centration). The remaining protein was centrifuged at 2550g until 1 ml
remained (�2 mg/ml final concentration). The protein was moved to
a 1.5 ml microcentrifuge tube and 250 ll was removed as ‘Early
Amyloid’. Then, 250 ll 50 mM HEPES, pH 8.0, was added to the
�750ml of remaining protein (the amount of 50 mM HEPES, pH 8,
added is 1=4 the final volume) and the sample was spun in a 10 kDa
Amicon-Ultra filter (0.5 ml) at 16 100g, 4�C in a microcentrifuge until
100 ll remained. The filter was inverted in a new tube and spun at
1000g for 2 min to elute protein off the filter. An aliquot (50ml) was
removed as ‘Intermediate Amyloid’ and typically was �12–14 mg/ml,
pH 6.8. Monomer, Early Amyloid, Intermediate Amyloid and remaining
protein (�40–50ml) were kept at 4�C overnight. The next morning,
the remaining protein was sonicated at 3 � 30 pulses at 20% duty, 1
� 30 pulses at 30% duty and 1 � 30 pulses at 50% duty using a Heat
Systems Ultrasonic sonicator (Qsonica, Newtown, CT, USA) and the
resulting suspension (�12–14 mg/ml) was the ‘Advanced Amyloid’.
Protein concentrations were determined using a Nanodrop Lite spec-
trophotometer (ThermoScientific, Rockford, IL, USA). The CRESC48A

monomer and different amyloid preparations were used immediately.

Colony-forming unit assay
The pathogenic Escherichia coli strain UI012 was a generous gift from
Abdul Hamood, Ph.D., Texas Tech University Health Sciences Center,
who obtained the clinical isolate under an Institutional Review Board
approved protocol. The commensal E. coli strain MM294 was also a
gift from A. Hamood and obtained from the American Type Culture
Collection (Manassas, VA, USA). E. coli were grown overnight (16 hr)
in Luria–Bertani (LB) broth at 37�C with shaking at 180 rpm.

2 Myers et al.
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..The overnight culture was used to start a log phase growth and bacte-
ria were grown for 2 hr to OD600 0.5. One milliliter of the log phase
bacteria was centrifuged at 9000g for 5 min and resuspended in 1 ml
dPBS, pH 6.8 (Sigma Chemical Co, St. Louis, MO, USA) to wash bac-
teria free of LB. The spin was repeated twice and the final pellet was
resuspended in dPBS to an OD600 0.5 6 0.03. Bacteria were serially
diluted 1:10 in dPBS, pH 6.8 and 20 ll log�3 bacteria were added to
20 ll CRESC48A monomer and amyloids (final concentration 0.5–
20mg/ml) and 85 ll dPBS, pH 6.8 (assay buffer, final volume 125 ll) in
a low protein binding 96-well plate (Costar 7007, Corning, Corning,
NY, USA). Incubations were carried out for 2 hr at 37�C with shaking
at 150 rpm. The reactions were diluted 1:10 in dPBS, pH 6.8, and
25 ll plated onto LB agar plates for overnight growth at 37�C. The
number of colony-forming units (CFUs) was determined by manual
counting of colonies. The percentage survival was calculated by com-
paring the CFUs in the presence of protein/CFUs in control (bacteria
incubated in buffer only). The number of bacterial CFUs used in each
assay was determined by plating log�5 to log�6 dilutions of each bacte-
rial culture on LB agar plates followed by manual counting of colonies
the next day. The average number 6 SEM of bacterial CFUs for E. coli
MM294 was 4833 6 806 and E. coli UI012, 2343 6 156. The same
protocol was used for CFU assays with the epididymal amyloids ex-
cept that 25 mM HEPES, pH 6.8 was used in place of dPBS throughout
the assay. The average number 6 SEM of bacterial CFUs for E. coli
MM294 was 2895 6 708, and E. coli UI012, 1418 6 85.

Live-dead assay
Bacterial strains were prepared as described in the CFU assay. Twenty
microliters of log�2 bacteria were incubated with 20 ll of 5–30mg/ml
protein and 85 ll of 25 mM HEPES, pH 6.8 (assay buffer) in a low pro-
tein binding 96-well plate. Five microliters of 500 lg/ml DAPI (20 lg/
ml final) and 5 ll 125 lg/ml propidium iodide (PI: 5 lg/ml final) were
added to the samples and incubated at room temperature in the dark
for 20 min. The samples were centrifuged at 12 200g in a swinging
bucket rotor for 45 min and the majority of the supernatant removed.
The remaining �10 ll was used to resuspend the bacteria and 4 ll
were spotted on to a slide, a coverslip added, and images immediately
captured using a Zeiss Axiovert 200M microscope equipped with epi-
fluorescence (Zeiss, Okerkochen, Germany). The percentage of bacte-
ria with intact membranes was calculated by the number of healthy
bacteria/the total number of bacteria counted � 100. Ghosts were
not included in the percentages calculated for bacteria with intact
membranes.

Negative stain transmission electron
microscopy
Twenty microliters of log�2 bacteria were incubated with 20 ll of
20mg/ml protein and 85 ll of dPBS, pH 6.8, or 25 mM HEPES, pH 6.8
(assay buffer) in a low protein binding 96-well plate (Costar,
Kennebunk, ME, USA). Incubations were carried out for 2 hr at 37�C
with shaking at 150 rpm. The samples were centrifuged twice at
12 200g in a swinging bucket for 15 min and majority of the superna-
tant was removed. For transmission electron microscopy (TEM),
5 ll of the reactions were spotted on to Formvar/carbon-coated

200 mesh nickel grids (Ted Pella, Redding, CA, USA) and allowed to
dry. The sample was washed for 1 min with water, stained with 1%
uranyl acetate for 1 min, washed twice with water for 1 min and dried
for 2 min. Grids were examined with a Hitachi 7650 electron micro-
scope (Hitachi High-Tech America, Schaumburg, IL, USA).

Bacterial trapping/immunofluorescence
E. coli strain MM294 was grown overnight (16 hr) in LB at 37�C with
shaking at 180 rpm. The overnight culture was used to start a log
phase growth and bacteria were grown for 2 hr to OD600 0.5. One
milliliter of the log phase bacteria was centrifuged at 9000g for 5 min
and resuspended in 150 ll of 20 lg/ml of DAPI. Bacteria were incu-
bated at room temperature in the dark for 20 min. Then, bacteria
were spun at 9000g for 5 min, resuspended in 1 ml dPBS to remove
remaining DAPI, spun again and resuspended in dPBS to OD600

0.5 6 0.03. Twenty microliters of log�1 bacteria were incubated with
20 ll of 20mg/ml (final) protein and 85 ll of 25 mM HEPES (assay
buffer) in a low protein binding 96-well plate. Incubations were carried
out for 15 min at 37�C with shaking at 150 rpm. Samples were fixed
for 15 min by adding formaldehyde (4% final) to each well. Samples
were spun at 12 200g in a swinging bucket rotor for 15 min and the
majority of the supernatant was removed. The bacteria were resus-
pended in the remaining volume (�10ml) and 5 ll of each reaction
was spread on a slide (�1 cm � 1 cm square) and dried overnight.
Slides were rehydrated in dPBS for 2 min and then blocked in 100%
heat-inactivated goat serum (HIGS) (Vector Laboratories, Newark,
CA, USA) for 1 hr at room temperature followed by incubation with
rabbit anti-oligomeric amyloid A11 antiserum (1:1500) (Millipore,
Billeria, MA, USA), rabbit anti-fibrillar amyloid OC antiserum (1:1500)
(Millipore), or normal rabbit serum (1:1500) (ThermoScientific) in 20%
HIGS/dPBS overnight at 4�C. Slides were washed in dPBS 5� 2 min
each, followed by incubation with a goat anti-rabbit Alexafluor 594
secondary antibody (1:1000) (Invitrogen) in 20% HIGS/dPBS at room
temperature in the dark for 2 hr. Slides were washed in dPBS 5�
2 min each, in H2O 1� 2 min, and mounted with Vectamount (Vector
Laboratories). Images were captured on a Zeiss Axiovert 200M micro-
scope equipped with epifluorescence.

Dynamic light scattering
CRESC48A freshly eluted off the gel filtration column at concentrations
ranging from 0.17 to 0.24 mg/ml was examined by dynamic light scat-
tering (DLS) within 2 hr of elution using a Zetasizer Nano ZS (Red)
(ZEN3600, Malvern Instrument) equipped with a 633-nm red laser
and 173� scattering angle, as described previously (Do et al., 2019).
Other samples were examined after buffer exchange to remove NaCl
and following transition to amyloid, as described above.

Thioflavin T assay
The amyloid content of CRESC48A monomer and different matura-
tional states of amyloid were determined by thioflavin T (ThT) fluores-
cence. Briefly, 15 lg of each sample in 12.5 mM MES, 18.5 mM HEPES,
pH 6.8, was added to a 96-well black flat-bottom plate (Corning, NY,
USA) and ThT added to 20 lM final in a final volume of 100 ll.
Fluorescence was measured using a TECAN Infinite M1000 PRO

Role for mouse epididymal amyloid matrix in host defense 3
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microplate reader (Tecan Group Ltd, Männedorf, Switzerland) in the
fluorescence top reading mode. The excitation and emission wave-
lengths were 440 nm 6 5 and 485 nm 6 10, respectively. ThT fluores-
cence was determined by averaging at least 10 reads and subtracting
the ThT blank (all assay components except protein).

Statistics
Statistical analyses were performed by ANOVA followed by a Tukey
or Dunnett’s post-test using Graphpad Prism 9.3.1 software
(GraphPad Software, San Diego, CA, USA). All data are presented as
mean 6 SEM unless indicated otherwise.

Results

CRES amyloid assembly in vitro
We used CRES as a model for the epididymal amyloid matrix to de-
termine if its monomer and/or amyloid forms have antimicrobial activ-
ity. To prevent inappropriate disulfide bond formation during protein
expression, we modified the cysteine at position 48 in CRES to alanine
(CRESC48A). Full-length mouse CRESC48A was purified under nondena-
turing conditions from the soluble fraction of bacteria as we described
previously (Do et al., 2019). Upon gel filtration, CRESC48A eluted pri-
marily as a monomer (particle diameter of 4.9 6 0.7 nm) (Fig. 1A) with
also a second population of larger particles (400–800 nm) present, in-
dicative of its propensity to aggregate (Do et al., 2019). We next ex-
changed the monomer into 25 mM MES, pH 6, buffer. DLS and TEM
showed CRESC48A had an average particle size of 4.3 6 0.4 nm diame-
ter and little higher ordered structure indicating it was still primarily
monomeric (Fig. 1C and D). To induce amyloid assembly, CRESC48A

in 25 mM MES, pH 6 was concentrated to �2 mg/ml. In addition to
monomer (average diameter 5.0 6 0.5 nm), we observed granular
sheets and small assemblies of branched matrix by TEM suggesting
changes in CRESC48A that corresponded with early amyloid structures
(Fig. 1C and D). Further adjustments of the sample to pH 6.8 (charac-
teristic of the intraluminal pH in the caput epididymis) and concentra-
tion to �12 mg/ml caused the monomer to shift to a larger particle
(6.3 6 0.6 nm diameter), which we determined previously is a metasta-
ble oligomer (Do et al., 2019). Particles with a larger diameter
(�1000 nm) were also detected in this sample that correlated with
the appearance of larger patches of branched amyloid matrix and frag-
ments of film (Fig. 1C and D). This sample was defined as intermediate
amyloid. Finally, the sample was sonicated briefly yielding a CRESC48A

population that lacked monomer/oligomer and contained a highly
branched amyloid matrix that structurally mimicked that which is found
in the mouse caput epididymal lumen (Do et al., 2019). The sonicated
sample was defined as advanced amyloid (Fig. 1C and D). Using X-ray
diffraction we demonstrated previously that the advanced CRESC48A

amyloid exhibits cross-b-sheet architecture characteristic of amyloid
(Do et al., 2019). ThT (a fluorescent dye that exhibits a spectral shift
upon binding to amyloid; Biancalana and Koide, 2010) staining of the
different CRESC48A assemblies confirmed the presence of increased b-
sheet structure in the advanced amyloid sample compared to that in
monomer and early/intermediate amyloids (P< 0.0001) (Fig. 1B).

Amyloid forms of CRESC48A have
antimicrobial activity
The monomer and different maturational states of CRESC48A amyloid
were tested for antimicrobial activity in a CFU assay against commen-
sal (MM294) and uropathogenic (UI012) strains of E. coli, the most
common cause of human epididymal infections (Michel et al., 2015).
The number of CFUs tested was consistent with bacteria present in
human infections and in mouse models of epididymitis (Michel et al.,
2016). As shown in Fig. 2A, after 2 hr incubation, the intermediate and
advanced CRESC48A amyloids resulted in a dose-dependent decrease
in the percentage of pathogenic E. coli UI012 that survived compared
to bacteria incubated in buffer alone (control, black bars). This effect
was not seen with monomeric or early amyloid forms of CRESC48A. In
contrast, the survival of a commensal strain of E. coli MM294 was mini-
mally affected by CRESC48A (Fig. 2B). Our results show that CRESC48A

exhibits antimicrobial activity that is associated with its higher ordered
amyloid forms. Further, our previous studies showing that similar prep-
arations of advanced CRESC48A amyloids did not decrease the viability
of mouse epididymal cells in culture (Do et al., 2019) suggest the amy-
loids specifically affect bacteria and not mammalian host cells.

CRESC48A amyloids trap bacteria and
disrupt bacterial membranes
To elucidate the mechanism(s) resulting in the reduced bacterial sur-
vival (Fig. 2), we first determined if the CRESC48A amyloids can trap
bacteria. Commensal and pathogenic E. coli were stained with DAPI
and then incubated with intermediate and advanced CRESC48A amy-
loids followed by staining with the anti-amyloid antibodies A11 and
OC in immunofluorescence analysis. As shown in Fig. 3A, both com-
mensal E. coli MM294 and pathogenic E. coli UI012 bacteria (blue
speckles) were trapped by the A11- and OC- labeled CRESC48A amy-
loids (red fluorescence) forming large inclusions. The positive staining
with both anti-A11 (oligomeric amyloid) and anti-OC (fibrillar amyloid)
suggests several populations of CRESC48A amyloids are present in the
resulting structures. Bacteria incubated in the absence of CRESC48A

amyloid were free floating and not agglutinated (Fig. 3A). These results
suggest that one host defense function of the CRESC48A amyloid is the
physical trapping of bacteria.

We used negative stain TEM to examine further the interactions be-
tween the advanced CRESC48A amyloid and the two E. coli strains.
After only 15 min, the advanced CRESC48A amyloid matrix had at-
tached to both strains of bacteria (Fig. 3B). The pathogenic E. coli
UI012 were particularly affected by the CRESC48A amyloid matrix,
since after 2 hr the trapped cells often appeared distorted with ruffled
membranes or, for some, only structures characteristic of bacterial
ghosts remained (Fig. 3B) (Hjelm et al., 2015). Ghosts are nonliving
empty envelopes of gram-negative bacteria that have extruded their
cytoplasm and DNA but still retain a functional cell membrane that
can activate a broad range of immune cells (Langemann et al., 2010).
The advanced amyloid matrix also trapped the commensal E. coli
MM294 and ghost-like structures were also occasionally detected
(Fig. 3B). Our results imply that, in addition to trapping, the advanced
CRESC48A amyloid may kill some bacterial strains.

We next used a live/dead assay to quantify the number of bacteria
that had damaged membranes and to distinguish this population from
those that had formed ghost-like structures following incubation with

4 Myers et al.
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CRESC48A monomer and amyloids. E. coli MM294 and E. coli UI012
were stained with DAPI (membrane permeable) and PI (membrane
impermeable) and cells were imaged and counted using fluorescence
microscopy. Representative staining patterns of the bacteria are shown
in Supplementary Fig. S1. Bacteria with disrupted membranes were

DAPI positive/PI positive (faint or strong). Bacterial ghost-like struc-
tures were identified by their faint DAPI staining, often at the cell pe-
riphery, and no PI fluorescence or strong DAPI stained dense bodies
at their septum or poles, and no PI fluorescence (Supplementary Fig.
S1). The intermediate and advanced CRESC48A amyloids, but not the

Figure 1. In vitro assembly of mouse CRESC48A amyloid. (A) Dynamic light scattering (DLS) analysis of cystatin-related epididymal sper-
matogenic (CRES)C48A freshly eluted off the gel filtration column. Intensity measurements showed populations of CRES particles at 4–8 and 400–
5000 nm. Inset, an average hydrodynamic radius for the particles between 4 and 8 nm was calculated from the fitted data and diameter 6 SD is
reported for n ¼ 4 CRESC48A preparations. Owing to large variations in particle size, we were unable to fit the CRES particles between 400 and 5000
nm. (B) Thioflavin T (ThT) analysis of amyloid content in monomer, early, intermediate, and advanced CRESC48A amyloid preparations. *P < 0.001
comparing advanced CRESC48A amyloids to monomer, early, and intermediate amyloids as determined by ANOVA followed by Tukey post-test.
RFU: relative fluorescence units. (C) Negative stain transmission electron microscopy and (D) DLS analysis of CRESC48A monomer and different amy-
loid assemblies. Scale bar, 0.5 mm.
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monomeric or early amyloids, reduced the percentage of pathogenic
E. coli UI012 that had intact membranes suggesting CRESC48A is bacte-
ricidal against this strain (Fig. 3C). Although not as profound as ob-
served with E. coli UI012, E. coli MM294 also showed decreased
membrane integrity in the presence of intermediate and advanced
amyloids (Fig. 3E). This outcome was different from the CFU assay in
which no change in E. coli MM294 bacterial survival was noted across
all CRESC48A populations (Fig. 2B). Because more E. coli (104) were
needed to perform the live/dead assay, a more pronounced response
from CRESC48A may have occurred. We also cannot rule out the pos-
sibility that membrane integrity was reduced due to a fast exponential
growth of these cells (Berney et al., 2007). A small percentage of path-
ogenic and commensal E.coli formed ghost-like structures in the pres-
ence of CRESC48A amyloid (Fig. 3D and F) However, only the
pathogenic E. coli UI012 showed a significant increase in the percent-
age of ghost-like structures compared to control (buffer only) bacteria
(Fig. 3D).

Commensal and pathogenic bacteria induce
changes in CRESC48A structure
Some antimicrobial proteins assemble into amyloid only after their in-
teraction with bacteria, as a means to trap or trap and kill the patho-
gen (Brinkmann et al., 2004; Chu et al., 2012). To determine if
bacteria induce changes in CRESC48A, monomer was incubated with
commensal and pathogenic E. coli and structural changes were moni-
tored by TEM after 15 min and 2 hr. In the absence of bacteria, the
few visible structures in the CRESC48A monomer in buffer alone (con-
trol) exhibited minimal change over the time course (Fig. 4A, B, C and
D). The addition of bacteria, however, caused a profound change in

CRESC48A monomer that varied with the bacterial strains and time.
Following 15 min incubation with the commensal E. coli MM294, film
fragments were detected in the CRESC48A monomer that often ex-
tended fibrils to the bacterial surface (Fig. 4E and F). In contrast, after
2 hr, assemblies of branched matrix were prevalent and included pop-
ulations that were attached to and trapped the bacteria (Fig. 4G and
H). Incubation of CRESC48A monomer with the pathogenic E. coli
UI012 similarly resulted in the appearance of film fragments (Fig. 4I
and K); however, broad arrays of fibrils were associated with the bac-
terial surface while little to no matrix was present (Fig. 4J and L).
Further, ghost-like structures were common and often had fibrils asso-
ciated with their surface (Fig. 4J and L). Our studies suggest the com-
mensal and pathogenic E. coli promoted aggregation in a strain-
dependent manner with CRESC48A assembling into its characteristic
branched matrix (Do et al., 2019) in the presence of commensal E.
coli but forming fibrils with the pathogenic E. coli. Although none of the
amyloid structures were present in samples of bacteria incubated in
buffer alone we cannot eliminate the possibility that some assemblies
were generated by the bacteria in response to CRESC48A as bacteria
also use amyloid as a host defense mechanism (Schwartz and Boles,
2013).

The epididymal amyloid matrix has
antimicrobial activity
Having shown that CRESC48A amyloids are antimicrobial (Figs 2, 3 and
4), we next wanted to determine whether the endogenous mouse epi-
didymal amyloid matrix (which contains CRES and other CRES sub-
group members) also has antimicrobial activity. As shown
schematically in Fig 5A, the epididymis is a single, long, highly coiled

Figure 2. Mouse CRESC48A amyloids decrease pathogenic E. coli survival. Colony-forming unit (CFU) assays show the percentage of
(A) pathogenic Escherichia coli UI012 and (B) commensal E. coli MM294 that survived following a 2 hr incubation with increasing concentrations (0.5–
20 lg/ml) of cystatin-related epididymal spermatogenic (CRES)C48A monomer and amyloids. C, Control samples of bacteria incubated in buffer only.
Buffer for monomer and early amyloid was 25 mM MES, pH 6. Buffer for intermediate and advanced amyloid was 18.75 mM MES, 12.5 mM HEPES,
pH 6.8. The number of CFUs in the control samples was set to 100%. Values shown are the mean 6 SEM of 6–8 replicate experiments using 6–8 dif-
ferent CRESC48A preparations. *P < 0.0001–0.0117 compared to control as determined by ANOVA followed by Tukey post-test.
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Figure 3. Antimicrobial mechanisms of the mouse CRESC48A amyloids. (A) Escherichia coli MM294 and UI012 were labeled with
DAPI and incubated with intermediate and advanced cystatin-related epididymal spermatogenic (CRES)C48A amyloids for 15 min. Samples were
spread on a slide and incubated with the anti-amyloid antibodies A11 and OC or normal rabbit serum (NRS, negative control) in immunofluorescence
analysis. The merged images of DAPI (blue) and Alexa 594 (red) fluorescence reveal bacteria are trapped by CRESC48A amyloid. Scale bar all images,
0.2 mm. (B) Advanced CRESC48A amyloids were incubated with 104 CFUs E. coli MM294 and E. coli UI012 for 15 min and 2 hr after which the sam-
ples were examined by negative stain transmission electron microscopy. Scale bar, 0.5 mm. G, Bacterial ghost-like structure. (C–F) Live/dead assays
were performed following incubation of bacteria with increasing concentrations (0.5–20 lg/ml) of CRESC48A monomer and amyloids and the per-
centage of bacteria with intact membranes and ghost-like structures are shown. C, Control bacteria incubated in buffer only. Buffer for monomer and
early amyloid was 25 mM MES, pH 6. Buffer for intermediate and advanced amyloid was 18.75 mM MES, 12.5 mM HEPES, pH 6.8. The number of
bacteria with intact membranes in the control samples was set to 100%. Representative DAPI and propidium iodide staining patterns of healthy,
membrane damaged, and ghost-like structures are shown in Supplementary Fig. S1. Values shown are the mean 6 SEM of three replicate experiments
using three different CRESC48A preparations. *P < 0.0001–0.0103 compared to control as determined by ANOVA followed by Dunnetts post-test.
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tubule that connects the testis to the vas deferens and which function-
ally matures and protects the spermatozoa as they migrate from the
proximal/caput to the distal/cauda part of the tubule. CRES, CRES2,
CRES3 and cystatin E2 are synthesized by the epithelium in the caput
epididymis and secreted into the lumen where they are components
of the assembling amyloid matrix (Whelly et al., 2016). The amyloid
matrix changes along the length of the epididymal tubule, transitioning
from a highly branched structure in the caput epididymis to mostly fi-
brillar in the corpus-cauda epididymis (Supplementary Fig. S2). We
used differential centrifugation to isolate the epididymal amyloids (pel-
let fractions P2, P4) from the caput and corpus-cauda epididymal lu-
men (Fig. 5B and Supplementary Fig. S2). Previously, in addition to
using anti-amyloid antibodies (A11, OC), we used conformation-
dependent dyes Thioflavin S and Congo Red and X-ray diffraction to

demonstrate that the caput and corpus-cauda P2 and P4 pellet frac-
tions contain cross-b-sheet-rich amyloids (Whelly et al., 2012, 2016).

To determine if the epididymal amyloids have antimicrobial activity
along the length of the epididymal tubule, the P2 and P4 amyloid-
containing fractions from the caput and corpus-cauda epididymis were
incubated with the two bacterial strains and CFU assays were per-
formed as described for CRESC48A amyloids. The P2 and P4 fractions
from the caput and corpus-cauda caused a dose-dependent decrease
in the survival of the commensal (Fig. 5C) and pathogenic strain of E.
coli (Fig. 5D), with a more robust effect observed against the commen-
sal strain. Together, our results show that the endogenous amyloids
(P2 and P4 fractions) from the caput and cauda epididymis have anti-
microbial activity but that their effectiveness varies depending on the
bacterial strain. We cannot rule out that other structures such as

Figure 4. Changes in mouse CRESC48A monomer in the presence of bacteria. Cystatin-related epididymal spermatogenic
(CRES)C48A (20 lg/ml) monomer was incubated with 104 bacteria for 15 min and 2 hr, samples were pelleted and then dried on to Formvar/car-
bon-coated 200 mesh nickel grids for analysis by negative stain transmission electron microscopy. G, ghost-like structure. Scale bar, 0.5 or 2 lm as in-
dicated. Images are representative of three experiments.
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extracellular vesicles/exosomes (EVs) that may pellet with the epididy-
mal amyloids contribute to the antimicrobial activity. Indeed, we have
shown previously that populations of CRES subgroup members are as-
sociated with EVs (Whelly et al., 2016). The final supernatant (SUP,
S4), resulting from the high-speed centrifugation to generate pellet 4
(Fig. 5B) and representing the soluble fraction from the caput and
corpus-cauda, also exhibited robust antimicrobial activity against the E.
coli strains. This activity likely reflects the antimicrobial actions of other
AMPs that are present in the epididymal lumen such as defensins (Hall
et al., 2007) and/or soluble oligomeric forms of antimicrobial
amyloids.

Caput and corpus-cauda epididymal amy-
loids trap bacteria and undergo structural
changes
To determine a mechanism for the antimicrobial activity of the epidid-
ymal amyloids against the E. coli strains, we first used TEM to examine
their interactions. Similar interactions/structures were noted after
15 min and 2 hr coincubation and therefore only the 2 hr time points

are shown. Epididymal amyloid from the caput and corpus-cauda P2
and P4 fractions attached to and surrounded the bacteria suggesting
that, like CRESC48A, one host defense response is to trap the bacteria
(Fig. 6). Further, the epididymal amyloids often underwent structural
changes in the presence of bacteria. Specifically, spherical structures
that are prevalent in the caput and corpus-cauda P2 fractions and that
may be early condensates/assemblies (Fig. 6A, C, E and G and
Supplementary Fig. S2), coalesced and transitioned into dense matrices
that surrounded and trapped the commensal E. coli MM294 (Fig. 6B
and D). A similar coalescence of spheres occurred in the presence of
E. coli UI012. However, compared to the commensal strain, the as-
semblies were smaller and ghost-like structures were frequently ob-
served (Fig. 6F and H).

The highly branched matrix and films typical of caput P4 amyloid
(Supplementary Fig. S2), became a thin matrix/film after dilution in the
assay buffer (control), suggesting some disassembly (Fig. 6I and M).
However, following the addition of E. coli MM294, dense matrices and
thick films that trapped bacteria were observed (Fig. 6J). In contrast,
matrix was rarely detected following incubation of caput P4 amyloid
with E. coli UI012 but bacteria were often ghost-like (Fig. 6N). In the

Figure 5. The mouse epididymal amyloid-containing fractions decrease Escherichia coli survival. (A) Schematic diagram of the
rodent epididymis showing the caput and corpus-cauda regions and its connections to the testis and vas deferens. Scale bar, 3 mm. (B) Differential
centrifugation protocol used to isolate amyloids of different molecular mass from the caput and corpus-cauda epididymal lumen. S, supernatant; P,
pellet. The P3 pellet contained little thioflavin S positive material and was not studied further. Colony-forming unit (CFU) assays show the percentage
of (C) E. coli MM294 and (D) E. coli UI012 that survived following a 2 hr incubation with increasing concentrations (1–30 lg/ml) of the P2 and P4 am-
yloid fractions and final supernatant (SUP, S4) fraction from the caput and corpus-cauda epididymis. C: control, bacteria incubated in buffer only. The
number of CFUs in the control samples was set to 100%. Values shown are the mean 6 SEM of 4–6 replicate experiments using 4–6 different epidid-
ymal amyloid preparations. *P < 0.0001–0.0128 compared to control as determined by ANOVA followed by Tukey post-test.
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Figure 6. Host defense responses of the caput and corpus-cauda epididymal amyloids. Pellet 2 and pellet 4 (P2, P4) and final
supernatant (SUP, S4) fractions (20 mg/ml) from the mouse caput and corpus-cauda epididymis were incubated with 104 Escherichia coli MM294 and
E. coli UI012 for 2 hr, after which samples were pelleted and dried onto grids for analysis by negative stain transmission electron microscopy.
Epididymal amyloids incubated in buffer only served as controls. Scale bar, 0.5 or 2 lm as indicated. G, bacterial ghost-like structure. Based on DAPI
stained images in Supplementary Fig. S1, we speculate the dense body associated with the bacterium in panel V is extruded DNA/cytosol. Images
are representative of two experiments.
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.
corpus-cauda epididymis, the thin fibrils and matrix typical of the P4
amyloid (Supplementary Fig. S2) trapped both commensal and patho-
genic E.coli in thin film-like webs and occasionally in fibrillar matrices
(Fig. 6L and P); however, ghost-like structures were more often
detected in the pathogenic E. coli UI012 samples (Fig. 6P).

The supernatants (SUP, S4), which represent the soluble fraction of
the epididymal fluid, contained few structures except for individual
spheres, which may be very early condensates, small particles and the
occasional thin or branched matrix (Fig. 6Q, S, U and W and
Supplementary Fig. S2). Commensal and pathogenic E. coli incubated
with the caput and corpus-cauda SUP appeared intact (Fig. 6T), or
were observed transitioning into (Fig. 6V), or had already formed
ghost-like structures (Fig. 6R and X). The ghost-like structures were
detected more often in the pathogenic E. coli UI012 compared to the
commensal strain. Together, our TEM results show the epididymal
amyloids undergo structural changes in the presence of bacteria, often
forming more advanced assemblies (spheres to matrix, increased ma-
trix) that trap the pathogen. The structures that formed, however, var-
ied between the commensal and pathogenic E. coli strains. It is
possible that local disassembly of the epididymal amyloids may also oc-
cur in response to bacteria.

Epididymal amyloids disrupt E. coli
membranes and promote ghost-like
structures
As performed with CRESC48A, we used the live/dead assay to quantify
the number of bacteria that had disrupted membranes and those that
had formed ghost-like structures following incubation with the epididy-
mal amyloids. As shown in Fig. 7A, all epididymal amyloid-containing
fractions caused a significant decrease in the percentage of pathogenic
E. coli UI012 that had intact membranes compared to control bacteria
incubated in buffer alone. In contrast, only the highest concentrations
of caput P2 and P4 amyloid fractions were effective at disrupting the
bacterial membranes of the commensal E. coli MM294 while the other
epididymal amyloid populations showed little effect (Fig. 7C). In addi-
tion, ghost-like structures were prevalent in E. coli UI012 after incuba-
tion with the epididymal amyloid populations, especially in the P4
amyloid and soluble/supernatant fractions (Fig. 7B), confirming our
results by TEM (Fig. 6). In contrast, fewer ghost-like structures were
detected in the commensal E. coli MM294 (Fig. 7D).

Discussion

Host defense functions of the epididymal
amyloid matrix
Our studies reveal a functional role for the epididymal amyloid matrix in
host defense. We show that the different epididymal amyloid-containing
fractions and CRESC48A amyloids exhibit potent antimicrobial activity
against commensal and pathogenic strains of E. coli, the most common
causes of epididymal infections in men (Pilatz et al., 2015). Epididymitis
is usually caused by the ascent of bacteria in the urogenital tract, with
pathogens originating from urinary tract infections or sexually transmit-
ted diseases (Michel et al., 2015). In addition to E. coli, other common
pathogens that cause epididymal infections are Chlamydia trachomatis

and Neisseria gonorrhoeae but also can include Pseudomonas aeruginosa,
Staphylococcus aureus and others (Michel et al., 2015).

Our studies show the epididymal amyloids and CRESC48A amyloids
use several antimicrobial mechanisms to protect the host. Both the P2
and P4 epididymal amyloid fractions and the advanced CRESC48A amy-
loids, represented by an amyloid matrix, rapidly attached to and sur-
rounded the bacteria suggesting that trapping is an initial and perhaps
primary mode of defense. Furthermore, CRESC48A monomer and P2
amyloids transitioned into matrix in the presence of bacteria indicating
bacterial membranes may function as biological templates to facilitate
the assembly of immature amyloids into functional structures to enable
trapping. This is not unlike several other antimicrobial amyloids such as
the a-defensin HD6 in the gut that assembles into nanonets only after
encountering the pathogen (Chu et al., 2012). Whether the P2 struc-
tures represent early maturational states of amyloid that will ultimately
assemble into matrix or fibrils or are structures that normally exist in
equilibrium with the advanced amyloid forms within the epididymal lu-
men is not known. The caput P4 amyloid, and to a lesser degree the
corpus-cauda P4 amyloid, also underwent structural transitions in the
presence of bacteria to facilitate trapping although the changes ob-
served varied depending on the pathogen.

The epididymal amyloid-containing fractions and CRESC48A amyloids
also disrupt bacterial membranes (Figs 3 and 7). In particular, patho-
genic E. coli were affected more than the commensal strain suggesting
CRESC48A and the epididymal amyloids elicit different responses
depending upon the strain of bacteria or pathogen. The trapping of
bacteria by the epididymal amyloids involved multiple points of associa-
tion with the membrane that could lead to a generalized disruption.
The promotion of ghost-like structures (Figs 6 and 7), however, is
likely the result of membrane damage by a different mechanism as
these cells remained impervious to PI, a membrane impermeable dye
(Fig. 7 and Supplementary Fig. S1). Ghosts have been observed in
gram-negative bacteria after their infection with bacteriophage UX174
and are caused by the expression of a phage lysis protein that oligo-
merizes to form a single lysis tunnel in the bacterial membrane (Witte
and Lubitz, 1989). Our studies show that mammalian amyloids pro-
mote structures that resemble bacterial ghosts. We have not deter-
mined if the inner and outer membranes fused to form a lysis tunnel
in the ghost-like bacteria that we observed and thus cannot conclude
that they are ghosts. However, the ghost-like structures exhibited
DNA positive dense bodies at potential cell division sites (center or
poles) on the bacterial surface, sites where DNA and cytosol are
extruded and hallmarks of lysis tunnel formation (Fig. 6V and
Supplementary Fig S1) (Witte et al., 1992). Together, our data indicate
that the bactericidal properties of CRESC48A and the epididymal amy-
loids are likely a result of several different mechanisms that may be de-
termined by the maturational state of the amyloid as well as the
pathogen they encounter.

The strain-specific host defense responses
of the epididymal and CRESC48A amyloids
mimic human infections
Human epididymitis induced by different pathogenic bacterial infections
has different characteristics. Infection with pathogenic strains of E. coli
often results in luminal occlusions while infection with commensal strains
of E. coli do not, suggesting distinct host defense responses within the
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.human epididymal lumen (Michel et al., 2016). Indeed, up to 40% of
men who have recovered from an infection with a pathogenic E. coli
strain still exhibit oligospermia and infertility, possibly owing to sperm
obstruction as a result of the epididymal occlusion. Similar E. coli strain-
specific phenotypes have been recapitulated in a mouse model for hu-
man epididymitis (Lang et al., 2013). The mechanisms that underlie
these pathogen-specific responses, including the events that lead to the

formation of luminal occlusions, are not well understood. Our studies
show that CRESC48A amyloid and the epididymal amyloids responded
differently to the commensal and pathogenic E. coli stains in vitro suggest-
ing the same may occur within the epididymal lumen and possibly con-
tribute to the diverse characteristics of human epididymal infections.
Collectively our data show the epididymal amyloids and CRESC48A as-
sembled into dense matrices that trapped but minimally killed the

Figure 7. Mouse epididymal amyloid-containing fractions disrupt Escherichia coli membranes and promote bacterial
ghost-like structures in a strain-dependent manner. Live/dead assays were performed to determine bacterial membrane integrity and
the induction of bacterial ghost-like structures following a 2 hr incubation of (A and B) E. coli UI012 and (C and D) E. coli MM294 with increasing
concentrations (0.5–30 lg/ml) of the pellet 2 (P2) and P4 amyloid fractions and final supernatant (SUP, S4) from the caput and corpus-cauda epididy-
mis. Representative DAPI and propidium iodide staining patterns of healthy, membrane damaged, and ghost-like structures are shown in
Supplementary Fig. S1. Values represent mean 6 SEM of 3–5 replicate experiments. C, control samples of bacteria incubated in buffer only; T, bacte-
ria incubated in 1% Triton X-100 (positive control). *P < 0.0001–0.0483 compared to control as determined by ANOVA followed by Dunnetts
post-test.
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..commensal E. coli MM294. In contrast, fewer assemblies surrounded
the pathogenic E. coli UI012 but bactericidal activity was significant and
included the prevalence of ghost-like structures (summarized in
Supplementary Table SI). Because bacterial ghosts are highly immuno-
genic, they may activate distinct and robust innate and adaptive immune
responses, such as toll-like receptors and downstream proinflammatory
responses, which are not, or only minimally activated, with the com-
mensal strain, leading to inclusions within the epididymal lumen. In our
studies, the bacterial ghost-like structures were especially numerous in
epididymal amyloid and supernatant fractions from the corpus-cauda ep-
ididymis as compared to the caput, indicating that host defense
responses within the epididymis may vary between regions. Our obser-
vations are consistent with what happens in human epididymal infections
wherein the cauda elicits a stronger immune response and inflammatory
damage compared to the caput region (Pleuger et al., 2020). Future
studies using a mouse model for epididymitis will help establish the con-
tributions of the epididymal amyloid matrix to these pathogen- and
region-specific phenotypes.

The transition of CRESC48A monomer and immature epididymal amy-
loids to advanced assemblies following exposure to the bacteria may be
a reaction to specific virulence factors the bacteria release and/or com-
ponents associated with their surface/membrane. E. coli and other
gram-negative strains possess lipopolysaccharide in their membranes, a
toxin that can activate host immune responses including inducing some
AMPs to assemble into amyloid (Wang et al., 2014). Other proteins
and peptides assemble into amyloid directly from their interactions with
membrane lipids (Soria et al., 2017; Gu and Guo, 2021). Gram-negative
and some gram-positive bacteria possess pili and fimbrae that function
in cell migration and adhesion but which are also virulence factors and
in some bacteria are amyloids that can interact with mammalian amyloi-
dogenic AMPs (Kai-Larsen et al., 2010). The contributions of one or
several of these bacterial factors could lead to the structural changes in
CRESC48A and the epididymal amyloids.

A new host defense amyloid
Our studies showing the epididymal amyloid matrix is a host defense
structure broadens the list of antimicrobial amyloids that exist in na-
ture to include a sophisticated amyloid scaffold that functions to pro-
tect the male germline (Kagan et al., 2012). We show the epididymal
amyloid matrix is exquisitely sensitive to pathogens, adopting different
conformations and using distinct host defense mechanisms depending
on the bacterial strain that is present. Whether strain-specific host de-
fense responses are unique to the epididymal amyloid matrix or also a
characteristic of other host defense amyloids is not known. However,
the presence of CRES and other amyloidogenic CRES subgroup family
members within the epididymal amyloid matrix may contribute to its
fluidity. Indeed, our studies here show that CRES carries out its antimi-
crobial functions as an amyloid, forming distinct structures and eliciting
strain-specific effects on bacteria, similar to that of the endogenous
amyloid matrix. In previous studies, we determined that CRES can as-
semble into amyloid via several different pathways (Hewetson et al.,
2020), which could be influenced by the local environment, such as
bacterial virulence factors, and allow different conformations/functions.
While we have yet to establish if other CRES subgroup members also

exhibit antimicrobial activity as amyloids, their presence within the am-
yloid matrix could allow the formation of distinct b-sheet assemblies
further contributing to a robust and plastic antimicrobial structure.
Based on our observations, we speculate the maturational state of the
epididymal amyloid matrix (caput versus corpus-cauda, P2 versus P4
amyloids), the pathogen it encounters and its repertoire of secreted
and surface-associated virulence factors, and possibly local pathogen
load, may influence the host defense response. As we show with
CRES48A monomer and the epididymal amyloids, a response was often
the transition of immature structures into more advanced forms (ma-
trix, films and fibrils). However, it is also possible that the epididymal
amyloids disassemble to generate soluble oligomeric conformers that
could create tunnels or pores in bacterial membranes, potentially pro-
moting bacterial ghosts (Di Scala et al., 2016).

It is of interest that other AMPs and proteins in the epididymal lu-
men are also prone to aggregation. These include the LL-37 peptide
of cathelicidin hCAP-18 (mouse CAMP), a potent AMP that self-
assembles into helical fibrils structurally similar to the cross-a amyloids
of the S. aureus phenol soluble modulin PSMa3 peptide (Engelberg and
Landau, 2020), lactoferrin (Nilsson and Dobson, 2003) and lysozyme
(Booth et al., 1997). The b-sheet-rich defensins also may also form
amyloid for their antimicrobial actions, similar to some a-defensins
such as HD6 (Chu et al., 2012). Thus, while some AMPs in the epidid-
ymal lumen are soluble, as indicated by the antimicrobial activity in the
supernatant fractions, it is possible that other aggregation-prone epi-
didymal AMPs contribute to the assembly of, or are attached to, the
epididymal amyloid matrix possibly via cross-a and cross-b-sheet inter-
actions. Such a highly integrated scaffold could further expand the po-
tential for distinct assemblies to form as needed in order to respond
to a diverse repertoire of pathogens and also provide a means to co-
ordinate multiple host defense responses following an infection, includ-
ing the activation of downstream immune responses.

Finally, because the epididymal amyloid matrix is constitutively
expressed and dispersed throughout the lumen intertwined with the
maturing spermatozoa, we think it likely it also carries out critical roles
in sperm maturation. Several epididymal AMPs and proteins, including
b-defensins, lactoferrin, EPPIN, lysozyme and lysozyme-like protein 6,
SPAG11 isoforms and others, have dual functions. In addition to their
antimicrobial roles, they bind to spermatozoa and affect their function,
including fertilizing ability, in both rodent models and humans (Jin et al.,
1997; Yenugu et al., 2004; Zhou et al., 2004; Wei et al., 2013; Huang
et al., 2017). Similarly, cathelicidin, CRES, CRES2 and CRES3 bind to
epididymal spermatozoa for reasons not yet known (Malm et al.,
2000; Cornwall, unpublished observations). Perhaps by integrating mul-
tifunctional AMPs, antimicrobial proteins and possibly other proteins
into a common yet sophisticated amyloid scaffold the epididymis has
devised a way to integrate its two critical functions of sperm matura-
tion and protection.

Supplementary data
Supplementary data are available at Molecular Human Reproduction
online.
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