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ABSTRACT

The commensal fungal pathogen Candida albicans is a leading cause of lethal systemic infections in
immunocompromised patients. One of the main mechanisms of host immune evasion and
virulence by this pathogen is the switch from yeast form to hyphal growth morphologies. Micro
RNAs (miRNAs), a small regulatory non-coding RNA, has been identified as an important part of the
immune response to a wide variety of pathogens. In general, miRNAs act by modulating the
intensity of inflammatory responses. miRNAs act by base-paring binding to specific sequences of
target mRNAs, generally causing their silencing through mRNA degradation or translational
repression. To study the impact of C. albicans cell morphology upon host miRNA expression, we
investigated the differential modulation of 9 different immune response-related miRNAs in primary
murine bone marrow-derived macrophages (BMDM:s) exposed to either yeasts or hyphal forms of
Candida albicans. Here, we show that the different growth morphologies induce distinct miRNA
expression patterns in BMDMs. Interestingly, our data suggest that the C-Type lectin receptor
Dectin-1 is a major PRR that orchestrates miR155 upregulation in a Syk-dependent manner. Our
results suggest that PRR-mediating signaling events are key drivers of miRNA-mediated gene
regulation during fungal pathogenesis.
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Intreduction principle, it is widely accepted that each morphology has

Candida albicans is the most prevalent cause of serious
mycosis in humans, responsible for a wide variety of dis-
eases, including invasive systemic infections as well as
mucosal and skin infections. Although mucosal infec-
tions can also occur in healthy individuals, C. albicans is
a leading cause of lethal invasive systemic infections in
immunocompromised patients.' C. albicans is a pleo-
morphic fungus able to grow and colonize the host in
yeast, pseudo hypha and hypha morphologies. These
morphologies are tightly regulated by environmental and
host stimuli, such as temperature, pH, CO, levels, and
presence of serum, among many other factors.” The abil-
ity to switch to a hyphal morphology is suspected to con-
tribute to the evasion from immune surveillance and
thus has been linked to virulence.>* Although similar in

a distinct cell wall composition with differences in the
relative abundance of glucan, mannan and chitin, which
plays an important role in host interactions.
Macrophages are pivotal modulators of the early
innate immune response during C. albicans infections,
since these effector cells can recognize specific compo-
nents of the fungal cell wall and thus initiate an appro-
priate host response to the pathogen.® To identify
different fungal cell wall components, macrophages carry
a plethora of different surface receptors, also known as
Pattern Recognition Receptors (PRRs), that specifically
recognize pathogen-associated molecular patterns
(PAMPs).”® In the context of the immune response to C.
albicans, relevant PRRs include the Toll-like receptors
(TLRs) 2 and 4,”"* the C-Type Lectin Receptor Dectin-1"!
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and others, as reviewed elsewhere.'> Upon recognition of
exposed cell wall B-glucans, Dectin-1 modulates host gene
expression via intracellular signaling pathways. The activa-
tion of Dectin-1 induces 2 different pathways, a Syk-depen-
dent pathway and a Syk-independent pathway, through
Raf-1."> Of note, Syk-signaling in phagocytes also operates
via a phagosomal pathway."

In recent years, microRNAs (miRNAs) have emerged
as important regulators of host immune responses. Of
note, certain miRNAs are induced upon activation of
TLRs. For instance, both miR146 and miR155 are induced
by lipopolysaccharide (LPS) activation of TLR4."> None-
theless, miRNAs show different expression behaviors in
mouse macrophages depending on the stimuli.'® In
RAW?264.7 macrophages, LPS increases miR155 expres-
sion but reduces that of miR125b."” miR132 is activated
in human monocytes co-cultured with Aspergillus fumiga-
tus hyphae, but not by conidia or bacterial LPS."® miRNAs
also play a pivotal role in modulating immune responses,
although the identification of target genes involved in
these processes has been challenging. Nevertheless, many
miRNAs such as miR146,"” miR125b,*'miR221,"**
miR132,>*** miR9,”® miR145,* miR223,”” and miR155
122829 have been related to host response to pathogens
and regulation of the inflammatory process.

Recently, the regulation of host miRNAs in response to
C. albicans has been reported.”® However, to the best of
our knowledge, there is no published report about the
effects of different pathogen growth morphologies on the
regulation of miRNAs. In this work, we initially investi-
gated the expression profiles of select immune-relevant
miRNAs in BMDMs stimulated with different C. albicans
morphologies. We also analyzed the pathway of activation
of miR155 in BMDM:s during interaction with C. albicans
hyphae, due to the importance of this miRNA in immune
responses. Ten miRNAs were selected for analyses in
mouse BMDMs, miR9, miR125b, miR132, miR145,
miR146a, miR155, miR199, miR221, miR223 and
miR455. Here, we show that C. albicans morphologies
impact the expression of immune-related miRNAs. Inter-
estingly, the responses of BMDMs from mice lacking
TLR2, TLR4, both TLR2/4 and Dectin-1 indicate that dif-
ferent C. albicans morphologies trigger different expres-
sion patterns for miR155. Notably, while TLR2 and TLR4
have a minor role, Dectin-1 seems to be a main activator
of miR155 expression through a Syk-dependent pathway.

Results

In this work, we investigated the expression profiles of
select immune-relevant miRNAs in BMDMs stimulated
with different morphologies of C. albicans growth. After
one hour incubation with macrophages, more than 50%

of yeast C. albicans cells had already filamented, and after
2 hours more than 50% of the macrophages were killed
by the newly formed hyphae (data not shown).>" There-
fore, in order to avoid any bias due to cells transitioning
between morphologies, only killed C. albicans cells were
used. So, an initial screening was designed to evaluate
the impact of C. albicans cell wall ligands specific for
each cell morphology on murine primary macrophages’
miRNA expression. BALB/c BMDMs were isolated and
incubated with either heat-killed (HK-) yeasts or hyphae.
A multiplicity of infection (MOI) of 2 was used for 8 and
16 hours for these interactions followed by RNA isola-
tion at these intervals. The experiments were performed
as 3 independent experiments, with each performed on
different days with cells from different mice.

Initially, the expression levels of miR125b, miR132,
miR145, miR146a, miR155 and miR455 in BMDMs were
tested as detailed in the methods. Both miR125b and
miR132 were significantly upregulated in macrophages
exposed to HK-hyphae for 8 or 16 hours, but not after
incubation with yeast forms (Table 1, Fig. S1B and S1C).
Although at 16 hours macrophages exposed to yeasts
showed a trend toward upregulation of miR125b, this
result was not statistically significant (Fig. S1B). Also, the
accumulation of both miR125b and miR132 were signifi-
cantly higher in macrophages exposed to hyphae than to
yeast form after 8 hours, whereas only the upregulation
of miR132 remained higher at 16 hours (Table I,
Fig. S1B and S1C). miR146a and miR155 were upregu-
lated in macrophages exposed to both HK-yeasts and
hyphae at 8 hours, but only the expression of miR146a
was increased at 16 hours (Table 1, Fig. SID and
Fig. S1A). After interaction for 8 hours, the accumulation
of miR146a was significantly higher in BMDMs exposed
to HK-hyphae than for those exposed to yeasts, but the
variations were not statistically different at 16 hours
(Fig. S1D). miR455 was also upregulated in BMDM:s
stimulated with HK-hyphae for 8 hours, but not at
16 hours or when stimulated with HK-yeast cells
(Table 1, and Fig. S1E). The expression of miR145 did
not significantly vary during any of the conditions
employed (data not shown). We also quantified expres-
sion levels of miR9, miR199, miR221 and miR223. After
8 hours incubation, miR9 was upregulated in BMDM:s
exposed to both HK-yeasts and hyphae, but when
exposed to hyphae, BMDMs expressed more miR9 than
when exposed to yeasts (Fig. S2A). miR199 was upregu-
lated in BMDMs after 8 hours exposed to HK-killed
hyphae and yeasts, however HK-hyphae induced
response was significantly higher than the response
induced by UV-killed yeasts (Fig. S2B). miR221 and
miR223 were significantly higher expressed in BMDMs
exposed to HK-hyphae for 8 hours compared to the



VIRULENCE (&) 43

Table 1. Differential expression patterns of 9 selected miRNAs in mouse BMDMs with or without exposure to C. albicans heat-killed

yeasts or hyphae.

miRNA\ Condition Yeast 8hrs Hypha 8hrs Yeast 16hrs Hypha 16hrs
miR125b 1.19 £ 0.21 244 + 0.05" 262 + 143 2.75+052"
miR132 151+0,73 516 +1.25* 1.36 +0.10 6.37 +0.03 **
miR146a 333+1.20" 8.10+0.72 2.08+0.17 * 3.79+0.95"
miR155 4.65 £ 1.95 6.37 £ 4.33 0.79 £0.12 1.50 & 0.02
miR455 0.82 + 0.32 2.86 +0.09 * 0.86 £ 0.34 1.98 £+ 1.04
miR9 2.54+0.10 " 5.61 4+ 0.80 “** 122 £0.13 1.52+£0.26
miR199 751+5.14 32,50 £5.26 " 119+ 031 259 £0.72
miR221 344 +1.85 4.04 +0.40 ™ 0.71 £ 0.06 272 £ 1.64
miR223 3.62 = 1.96 5.67 +0.16 ** 2.07 £ 0.2 235+ 0.56

Note. Interaction assay of BALB/c BMDMs and heat-killed yeasts or hyphae of C. albicans, employing a MOI of 2 for 8 or 16 hours. Levels of expression were mea-
sured by qRT-PCR. Fold change of expression is represented by the mean of 3 independent pooled experiments + SEM. Statistical analyses were performed by
Two-way ANOVA and Tukey’s post-test. Bold numbers represent differentially expressed values (p-value < 0.05), whereas asterisks indicate p-value;

() p < 0.05,() p <001, (") p < 0.001,(***) p < 0.0001.

unstimulated control, but yeast forms did not alter their
expression compared to these controls (Table 1 and
Fig. S2C and S2D).

Heat killing of fungal pathogens alters the fungal cell
wall architecture by strongly exposing glucans, which are
otherwise covered by mannans that form the outer-most
layer of the fungal cell wall.” To avoid this bias, we per-
formed experiments using C57Bl/6 BMDMs and C.
albicans cells killed by ultraviolet radiation (UV). We
observed a higher aggregation propensity of the fungi
caused by UV-killing compared to heat-killing, which
led us to increase the MOI to 5. Interactions were then
performed for 4, 8 and 16 hours. To confirm there were
responses to UV-killed cells, levels of TNFo mRNA were
also measured by qRT-PCR at each time point. The lev-
els of TNFa were significantly higher at 4 hours after
incubation with both UV-killed yeasts and hyphae rela-
tive to unchallenged BMDMs, although the hyphae
induced higher levels of this cytokine. At 8 hours, the
levels of TNFoe mRNA returned to basal levels. At
16 hours, the levels of TNFa were again slightly
increased when compared to the unstimulated control
(S3 Fig.).

As observed in the interaction with heat-killed C. albi-
cans cells (Table 1 and Fig. S1C-D), BMDMs increased
their expression of miR132 and miR146a in response to
UV-killed hyphae at 8 and 16 hours of incubation, while
only miR132 was upregulated in this condition at 4 hours
(Fig. 1A and 1B). UV-killed hyphae induced statistically
different responses from that of UV-killed yeast for
miR132 at 4 and 8 hours whereas miR146a expression
levels varied significantly at 8 and 16 hours (Fig. 1A and
1B). By contrast, miR155 was only upregulated after
incubation with UV-killed hyphae at 8 and 16 hours, but
not at 4 hours (Fig. 1C). UV-killed yeasts produced a
response in miR155 expression in BMDMs only at
16 hours, and this response was significantly different
from the response to UV-killed hyphae at the same time

interval (Fig. 1C). C57/Bl6 BMDMs exposed to heat-
killed C. albicans showed a similar pattern of expression
of miR132, although there were some important differ-
ences in miR146a and miR155 expression (S4A-C Fig.).
For instance, there are differences in miR146a and
miR155 expression in response to HK-yeasts at 8 hours,
and in miR155 expression in response to HK-hyphae at
16 hours between the 2 strains (S1A and D Fig. and S4 B
and C Fig.). In addition, incubation with yeasts killed
with different methodologies (HK- or UV-) resulted in
different miR155 expression patterns in C57Bl/6
BMDMs (Fig. 1C and S4C Fig.). This suggests that both
the different methods of killing the fungal cells and dif-
ferent mouse strains influence the variations in the
expression of these miRNAs.

These findings led us to focus on the miR155 response
given its status as a typical multifunctional miRNA, with
a pivotal role in various physiological and pathological
processes. miR155 also has a critical role in the modula-
tion of innate-cell mediated as well as adaptive immune
responses. To unravel a possible signaling mechanism
leading to the accumulation of miR155, we analyzed the
influence of some of the main PRRs mediating fungal
recognition by macrophages. Hence, BMDMs from
C57Bl/6 mice lacking TLR2, TLR4, both TLR2/4 or Dec-
tin-1 genes were employed. In these experiments,
BMDMs were incubated for 8 hours with UV-killed
hyphae with a MOI of 5.

As shown in Figure 2A, the absence of either TLR2 or
TLR4 alone failed to alter the accumulation of miR155 in
BMDMs under these conditions. However, the deletion
of both TLR2 and TLR4 resulted in an upregulation that
was significantly higher than in wild type (WT) BMDMs
or in BMDMs lacking each of these receptors alone.
Remarkably, the genetic deletion of Dectin-1 gene
completely abolished the accumulation of miR155
(Fig. 2A). The levels of miR155 in unstimulated control
BMDMs did not vary over time (data not shown).
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To verify if interactions with Dectin-1 was indeed
stimulating the expression of miR155 in BMDMs from
C57Bl/6 mice, the BMDMs were incubated with a spe-
cific agonist of Dectin-1. BMDMs were incubated with
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100pg/mL of depleted Zymosan, a commercial reagent
rich in B-glucans that activates Dectin-1 without activat-
ing other PRRs. After 8 hours, the BMDMs showed an
upregulation of miR155 similar to that measured in
BMDMs challenged with UV-killed hyphae at a MOI of
5 for the similar time interval (Fig. 2B). So, the stimula-
tion of Dectin-1 in BMDMs by either commercial g-glu-
cans or f-glucans in the cell walls of C. albicans results
in the enhanced expression of miR155.

The activation of Dectin-1 can induce 2 different
response pathways, a Syk-dependent signaling path-
way and a Raf-1-dependent pathway. Both pathways
have been related to C. albicans responses in macro-
phages,’*?* as well as in other phagocytes or antigen-
presenting cells. To determine which pathway is more
important for regulating the expression of miR155,
we performed an interaction assay using inhibitors
specific for each of these pathways. BMDMs from
WT C57BL/6 mice were incubated with GW5074,
R406 or both for one hour prior to performing the
8 hours incubation with UV-killed hyphae (MOI of
5). While BMDMs incubated with the Raf-1 inhibitor
GW5074 challenged with hyphae displayed the same
expression levels as the BMDMs subjected to hyphae
alone (Fig. 3). BMDMs treated with the specific Syk
inhibitor R406 alone or in combination with GW5074
no longer increased miR155 expression (Fig. 3).
Inhibitor treatment alone had no effect on unstimu-
lated BMDMs (Fig. 3).

To verify the effects of miR155 over its targets, 5 tar-
gets were analyzed after induction with C. albicans
hyphae for 8 hours. The chosen targets were MyD88,***
SHIP1,%*°¢ SOCS1,%” IKKe*”*® and C/EBPB.*>*° It was
observed that the differences in expression of MyD88
(R* = 0.980, p < 0.0001), SHIP1 (R* = 0.767, p =
0.002), SOCS1 (R* = 0.988, p < 0.0001) and IKKe (R® =
0.996, p < 0.0001) were indeed correlated to the differen-
ces in miR155 expression (Fig. S4 and Supplementary
text). Differences of expression in C/EBPS, on the other
hand, showed very little correlation compared to miR155
(R* = 0.072 and p = 0.484) (Fig. S5 and Supplementary
text). It is feasible that miR155 is causing the down regu-
lation in its targets, considering it was already validated
experimentally that miR155 targets directly these
mRNAs.

Figure 1. Expression levels of miRNAs in BMDMs exposed to UV-
killed C. albicans cells. Expression levels of miR132 (A), miR146a
(B), and miR155 (C) in C57BI/6 BMDMs incubated with C. albicans
UV-killed yeasts or hyphae at a MOI of 5. Expression levels were
measured by qRT-PCR. Results represent the mean of fold change
from 3 independent pooled experiments =+ SD. Asterisks indicate
p-value; () p < 0.05, (**) p < 0.01, (") p < 0.001, (") p <
0.0001.
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Figure 2. Dectin-1 is responsible for regulating miR155 expres-
sion in BMDMs exposed to C. albicans hypha. Expression levels of
miR155 in (A) BMDMs obtained from different strains of C57BI/6
mice, incubated for 8 hours with C. albicans UV-killed hyphae or
in (B) Wild-type BMDMs incubated with either -glucan or C. albi-
cans UV-killed hyphae. (A) BMDMs from Wild-type mice and mice
deficient in the PRRs TLR2, TLR4, both TLR2 and TLR4, or Dectin 1
(Wild-type, ATLR2, ATLR4, ATLR2/4 and ADectin1) were incu-
bated for 8 hours with UV-killed C. albicans hyphae at a MOI of 5.
(B) BMDMs from Wild-type C57BI/6 mice were incubated for
8 hours with either 8-glucan (depleted Zymosan) at 100 1g/mL
or UV-killed C. albicans hyphae at a MOI of 5. Expression levels
were measured by gqRT-PCR. Results represent the mean of fold
change from 3 independent pooled experiments + SD. Asterisks
indicate p-value; () p < 0.05, (*") p < 0.01, (***) p < 0.001,
(") p < 0.0001.

Discussion

Here, we show that miR9, miR125b, miR132, miR146a,
miR155, miR199, miR221, miR223 and miR455 can be
differentially induced upon incubation of BMDMs with
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Figure 3. Dectin-1 activation of miR155 occurs via a Syk-depen-
dent pathway. Effect of Dectin-1 pathway inhibitors on the
expression of miR155 by different C57BI/6 BMDMs with or with-
out exposure to C. albicans UV-killed hyphae at an MOI of 5 for
8 hours. BMDMs with or without exposure to Dectin-1 inhibitors
GW5074 (inhibits Raf-1), R406 (Syk inhibitor) or both compounds.
Expression levels were measured by gRT-PCR. Results represent
the mean of fold change from 3 independent pooled experi-
ments & SD. Asterisks indicate p-value; (*) p < 0.05, (*") p <
0.01, (") p < 0.001, (*"**) p < 0.0001.

different morphologies of heat-killed C. albicans. We
also show that Dectin-1 in murine BMDMs is critical for
induction of mirl55 by hyphae in a Syk-dependent
pathway.

In our experiments, macrophages were challenged
with C. albicans for several hours in RPMI1640 contain-
ing serum, at 37°C and with high carbon dioxide rates,
all of which strongly and rapidly induce the filamenta-
tion program in this fungus. Filamentation gene pro-
grams are fully activated within 30 minutes of cultivation
under these conditions, even when yeast cell morphology
persists.’’ We (Fig. 1) and others have found 30 that
miRNA expression levels are only altered after signifi-
cantly longer durations of interaction of macrophages
with morphotypes of C. albicans. Therefore, we opted to
use killed C. albicans cells, due to the difficulties intrinsic
to ex vivo assays analyzing specific C. albicans cell mor-
phologies. Although C. albicans cell walls that went
through heat-killing (and to a smaller degree, UV-kill-
ing) will not have the same ligand exposure as live cells,
it is still possible to use this model for collecting valuable
data concerning this interaction.’®*'~**

The main criterion for selecting these miRNAs was
the documented importance of their targets in the regu-
lation of innate immunity. The results described by our
work show that hyphal morphologies distinctly regulate
the accumulation of most of these miRNAs, suggesting
that differential activation of PRRs by hyphae and yeasts
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may play a role in their regulation and in downstream
host immune responses. This is the first report demon-
strating the pronounced impact of C. albicans hyphae in
miRNA expression in primary BMDMs. Previous work
using BMDMs incubated with heat-killed C. albicans
yeasts showed that only miR155, miR146, miR125a and
miR455 were upregulated compared to unchallenged
BMDMs.>® Here, we show that miR155 and miR146a are
indeed induced by heat-killed yeasts along with miR9,
which was not differentially regulated in these conditions
previously. However, in our hands, miR455 is only upre-
gulated following hyphal challenge. Recently, miR221
was shown to be upregulated in human lung epithelium
in response to C. albicans infection.*” Of note, BMDMs
interacting with hyphae also increased their levels of
other miRNAs, including 125b, miR132, miR199, and
miR223. While these miRNAs have been associated with
responses to other pathogens,'®**™*® this is the first
report demonstrating their specific induction by C.
albicans.

Upon activation of a host effector cell by a microbe,
miRNAs are induced and commonly act as regulators,
modulating the host response. Even minute changes in
mature miRNA expression can tip the balance in tran-
scriptional programs due to the regulatory role of these
molecules. Most miRNAs affect their mRNA targets
directly. These targets are often components of key steps
of PRR pathways, transcriptional factors or cytokines.
For instance, miR9, miR199, miR221 and miR223 exert a
regulatory activity on inflammation.”*>' miR146
impairs pro-inflammatory cytokines in dendritic cells by
targeting the mRNAs of the TLR pathway proteins
TRAF6 and IRAK1."** The expression of these miRNAs
in response to C. albicans could possibly be explained as
a negative feedback loop upon activation of PRR’s signal-
ing cascades. Their main function would be avoiding an
exacerbated inflammatory response and a return to base-
line levels, thus maintaining homeostasis and, therefore,
exerting a protective function.

miR155 is an extremely interesting miRNA to study in
this context. It is induced in macrophages by a wide vari-
ety of microorganisms, including viruses, bacteria and
other fungi.'®****~>> miR155 can dampen the inflamma-
tory response to LPS, possibly acting as a negative
feedback loop.”® However, miR155 also has a pro-inflam-
matory effect, which probably occurs via repression
of negative regulators.”>”>® It also enhances TNFa
transcription, mRNA stability and translation and conse-

quently inflammation.'”**®  Mice overexpressing
miR155 have an increased propensity for developing
haematopoietic cancer and chronic inflammation

derived from myeloproliferative disorders, whereas mice
deficient in this miRNA show decreased immune

response.”***¢%> miR155 showed to have an indirect

correlation with some of its targets in our model.
miR155 seems to have an anti-inflammatory role by tar-
geting MyD88 and IKKe, while it seems to have the
opposite role by targeting SHIP1 and SOCSI. This shows
that miR155 has itself many functions in this process,
probably being part of a very complex regulation mecha-
nism. However, the immune response elicited by C. albi-
cans in macrophages is a very complex network of
signaling pathways, and it’s extremely difficult to isolate
the effects of miR155 in the targets. Further experiments
using miR155 knockouts or loss and gain of function
techniques such as antagomirs (miRNA antagonists) are
still necessary to validate these effects of miR155 over the
expression of its targets.

Thus, miR155 seems to have conflicting and paradox-
ical roles in inflammation depending on the context.
One can speculate that the hyphal morphology, being
associated with increased virulence and infection, may
induce increased miR155 expression and, consequently,
enhancing the inflammatory response by macrophages.
This corresponds with our findings. Activation of Dec-
tin-1 has a fundamental role in the response to C. albi-
cans, inducing many pathways that result in an
inflammatory outcome. In fact, Dectin-1 signaling is nec-
essary to discriminate between yeasts and hyphae of C.
albicans, and its deficiency results in enhanced fungal
dissemination and susceptibility to infection in mice.*®
The distinct morphologies of C. albicans may play differ-
ent roles during the infection. The hyphal form has been
linked to virulence because of its capacity to mask its cell
wall’s B-glucan under a layer of mannans, dampening
the recognition of the fungus by Dectin-1.” Although
UV-killed and HK-Candida albicans cells (both yeasts
and hyphae) show increased exposure of S-glucans in
the cell wall when compared to live cells,? it is known
that these levels of exposure vary in in vivo infections
due to organ-tropism.** Also, drugs such as Caspofungin
that affect cell wall integrity increase S-glucan exposure,
thereby enhancing Dectin-1 activation.***

One example of a pathway induced by Dectin-1 is the
Syk pathway, which controls specific gene expression in
response to the pathogen via multiple transcription fac-
tors including NFAT, JNK, p38, AP-1 and NF«B.°® From
those, NFkB and AP-1 have already been related to the
induction of miR155 expression in response to different
stimuli.">***>%” In this context, miR155 would have a
pro-inflammatory role, resulting in enhanced inflamma-
tion when macrophages are interacting with hyphae.
However, whether this increased expression of miR155
and the corresponding augmented inflammatory
response will provide protection to C. albicans is still
unknown, and should be further investigated.



Based on our results, we propose a model of how the
interaction of C. albicans hyphae with BMDM’s PRRs
triggers a miR155 response (Fig. 4). Increasing exposure
of B-glucan in the C. albicans’ cell wall during and after
Dectin-1-mediated phagocytosis induces the expression
of miR155. Our findings suggest that miR155 upregula-
tion is controlled by the Syk signaling pathway, whereas
the specific pathway through which Syk regulates this
miRNA response remains unknown. However, TLR2 or
TLR4 activation by C. albicans seems to reduce the accu-
mulation of mature miR155, albeit through an unknown
mechanism. With the activation of either receptor, the
upregulation of this miRNA appears to be attenuated,
whereas the lack of both receptors enhances miR155
when compared to the WT control. However, whether
this phenomenon happens via a direct effect on mature
miR155, by regulation over its transcription, or through
interference with other pathways that induce miR155,
such as Dectin-1 signaling, requires further study.

Taken together, our data show that miRNA responses
can vary depending of the fungal cell morphology the
innate immune cells, such as macrophages, are encoun-
tering. This points to the existence of enormously com-
plex, but also highly dynamic, mechanisms intimately
involved in controlling the host immune response to
fungal pathogens. Further studies examining the

VIRULENCE (&) 47

differential modes of regulation by the 2 forms of C. albi-
cans, as well as by pseudo hyphal cells, would augment
our understanding to this process. Deciphering the com-
plexity underlying miRNA regulation in microbial path-
ogenesis by genome-wide approaches, including in vivo
validation, will therefore be one important avenue to
pursue in order to more fully understand the mecha-
nisms of immune response to C. albicans and other
important pathogens.

Material and methods
Fungal strains (Candida albicans)

C. albicans strain SC5314 °® yeast cells were kept frozen
until used. Prior to interaction assays, cells were thawed
and plated on YPD agar and cultivated for 2 d at 30°C. A
single colony was then picked and inoculated in liquid
YPD overnight at 30°C and 150rpm, then the yeast cells
were washed in PBS and counted. Hyphal cells were
obtained by incubating 5x10° yeast cells in 10mL RPMI
medium supplemented with 10% fetal bovine serum for
3 hours at 37°C and 150rpm. Cultures were monitored
microscopically to ensure that more than 95% of cells
were in hyphal morphology. Heat-killed cells were
obtained by incubating yeast or hyphal cells at 65°C for

The Regulation of expression of miR155

‘ Candida albicans
Hyphae

@ R-Glucan
Toll-like
Receptor 2

Toll-like
Receptor 4

Dectin 1

Figure 4. Model of miR155 activation in BMDMs exposed to C. albicans hyphae. miR155 activation by C. albicans. Exposure of B-glucans
in the fungal cell wall interact with Dectin 1, inducing a Syk-dependent pathway that results in the upregulation of mature miR155.
Activation of either TLR 2 or 4 inhibits the accumulation of the mature miRNA.
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3 hours in a water bath. UV-killed cells were obtained by
exposing the cells in a Petri dish to UV light (Phillips
Ultra-violet lamp 15W) inside a cell hood for 30 minutes.
Aliquots were taken from both heat-killed and UV-killed
cells and incubated in YPD plates to verify killing. The
hyphal inoculum corresponds to the number of yeast-
like cells that had undergone yeast-to-hyphae transition
and thus showed filamentous growth morphologies.

Bone marrow-derived macrophages (BMDM)

Animal housing and all experimental procedures were
approved by the Animal Ethics Committee of the Uni-
versity of Brasilia (UnB DOC 52657/2011), and by
the Veterinarmedizinische Universitat Wien (Medical
University of Vienna; BMBWK-66.009/0057-11/10b/
2010). Bone marrows from BALB/c and C57BL/6 mice
were used for these experiments. BALB/c mice were
obtained from the University of Brasilia’s animal facility.
C57BL/6 mice were obtained from the University of Vet-
erinary Medicine of Vienna’s animal facility. BMDMs
were obtained as previously described.”” Briefly, mice
were euthanized, and femurs and tibias were extracted.
Then, the bone marrow was flushed and ~6x10°
obtained cells were kept for 8 d in 2 Petri dishes contain-
ing RPMI medium supplemented with 20% heat-inacti-
vated fetal bovine serum and 30% of culture supernatant
from 1929 fibroblasts (ATCC CCL-1). Adherent cells
were then collected, counted in a cell counter (Luna) and
cultured in fresh RPMI medium supplemented with 10%
FBS and 5% of 1929 culture supernatant. The cells were
then left to adhere for 24 hours prior to the interaction
experiments.

Host-pathogen interaction experiments

For interactions experiments, 10° BMDMs were culti-
vated overnight in a 6-well plate, as detailed above.
BMDMs were stimulated with C. albicans yeasts or
hyphae at a MOI from 2 to 5. For incubation with 8-glu-
can, Zymosan depleted (Invivogen, tlrl-dzn) in a final
concentration of 100 pg/mL was used. In the interaction
experiments performed with Dectin-1 pathway inhibi-
tors, BMDMs were incubated with or without 10 uM
GW5074 (Sigma Aldrich, G6416), 5 uM R406 (Santa
Cruz Biotech, CAS 841290-81), or both inhibitors for
one hour prior to the initiation of fungal interactions.

Quantitative RT-PCR

RNA was isolated using MirVana kit (Invitrogen,
AM1560) according to the manufacturer’s specifications.
Samples were quantified by nanodrop (Thermo

Scientific). cDNAs from miRNAs were generated using
10ng of RNA from each sample according to the Tagq-
man protocol (Life Technologies). Quantitative RT PCR
for miRNA was performed using Taqman probes
according to the manufacturer. U6 snRNA was used as
endogenous control.

Statistical analysis

The expression level of transcripts was calculated using
the AACt formula.”® Differential expression was calcu-
lated using the values of ACt of the samples and testing
with Two-way ANOVA with Tukey’s posttest performed
in GraphPad Prism version 5.00 for Mac, GraphPad
Software, San Diego California USA, www.graphpad.
com. A p-value of 0.05 or lower defined statistical signifi-
cance. The results were represented using the relative
fold change expression compared to the control, where
the control values were considered 1.
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