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Abstract

Pathogenic mycobacteria actively dysregulate protective host immune signalling pathways

during infection to drive the formation of permissive granuloma microenvironments.

Dynamic regulation of host microRNA (miRNA) expression is a conserved feature of myco-

bacterial infections across host-pathogen pairings. Here we examine the role of miR-206 in

the zebrafish model of Mycobacterium marinum infection, which allows investigation of the

early stages of granuloma formation. We find miR-206 is upregulated following infection by

pathogenic M. marinum and that antagomir-mediated knockdown of miR-206 is protective

against infection. We observed striking upregulation of cxcl12a and cxcr4b in infected miR-

206 knockdown zebrafish embryos and live imaging revealed enhanced recruitment of neu-

trophils to sites of infection. We used CRISPR/Cas9-mediated knockdown of cxcl12a and

cxcr4b expression and AMD3100 inhibition of Cxcr4 to show that the enhanced neutrophil

response and reduced bacterial burden caused by miR-206 knockdown was dependent on

the Cxcl12/Cxcr4 signalling axis. Together, our data illustrate a pathway through which path-

ogenic mycobacteria induce host miR-206 expression to suppress Cxcl12/Cxcr4 signalling

and prevent protective neutrophil recruitment to granulomas.

Author summary

Mycobacterial infections cause significant disease burden to humans and animals, the

most widely known example being tuberculosis which has killed more humans than any

other infectious disease throughout history. Infectious mycobacteria are highly evolved to

hijack host processes, including the very immune cells tasked with destroying them.

MicroRNAs are host molecules that control wide-ranging programs of host gene expres-

sion and are important in the immune response to infections. Here we use the zebrafish

model of mycobacterial infection to determine the role of the infection-induced
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microRNA miR-206 in the host response to infection. We found pathogenic mycobacteria

trigger the host to produce more miR-206 in order to suppress the otherwise protective

recruitment of neutrophils to sites of infection via the host Cxcl12/Cxcr4 signalling path-

way. Our study provides new insight into the role of mycobacterial infection-induced

miR-206 function in the context of a whole host.

Introduction

Pathogenic mycobacteria, including the causative agents of tuberculosis and leprosy, are capa-

ble of appropriating host signalling and immune pathways to increase their survival and estab-

lish chronic infection in cell-rich granulomas, which support mycobacterial growth and latent

survival [1,2]. The interaction between mycobacteria and host immune cells is therefore key to

the effective prevention of infection or an ineffective immune response and bacterial

persistence.

MicroRNA (miRNA) are short, non-coding RNA of approximately 22 nucleotides that can

post-transcriptionally regulate gene expression and transcript abundance through gene silenc-

ing. miRNA bind to the untranslated region (UTR) of mRNA to regulate the stability of target

genes through degradation or suppression, reducing protein translation [3]. Expression of

miRNA is dynamically regulated in mycobacterial infection, suggesting a key role in the host

response to infection by the modulation of downstream genes and protein expression [4–6].

The expression of miRNA is notably altered in mycobacterial infections and have been sug-

gested as biomarkers for several conditions [7,8]. Regulation of miRNA by invading mycobac-

teria can further modulate the host immune responses, altering the survival and persistence of

bacteria [5,9]. Further, the potential of miRNA to not only identify infected and exposed indi-

viduals, but also as prognostic markers and markers of treatment, has resulted in greater

research into their expression during infection [10]. It is therefore key to identify differentially

expressed miRNA and explore their mechanism of function, and the outcome of their modula-

tion by mycobacteria.

miR-206 is a member of the muscle-associated myomiR family and is characteristically

associated with myoblast differentiation and muscle development [11–14]. However, miR-206

has been recently found to be differentially regulated in mycobacterial infection of THP-1

monocyte-like cells [15]. Infection of THP-1 cells with Mycobacterium tuberculosis revealed a

role for miR-206 in the regulation of proinflammatory cytokine responses through reducing

TIMP3 expression [15]. miR-206 has also been implicated in viral pathogenesis, reducing rep-

lication of influenza virus, and in neuroinflammation [16,17]. While miR-206 clearly has a

diverse range of biological functions, the in vivo role of miR-206 during mycobacterial infec-

tion remains undetermined.

Here we use the zebrafish-Mycobacterium marinum model to investigate the in vivo func-

tion of dre-miR-206-3p (miR-206) in mycobacterial infection, and the impact on host gene

expression and neutrophil recruitment. Zebrafish (Danio rerio) present an ideal model to

study host-pathogen interactions due to their optical transparency, easy genetic manipulation,

and the availability of fluorescent transgenic reporter lines. During early embryogenesis, zebra-

fish embryos possess a functional immune system, with immune cells such as macrophages

and neutrophils available and actively responding to invading pathogens [18–20]. A natural

pathogen of zebrafish, M. marinum, is a close relative of M. tuberculosis, and closely mimics

pathogenesis and pathology of virulent mycobacterial infections [21,22]. Early infection with

M. marinum results in a widespread systemic infection, while chronic infection is established
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by approximately three to five days post infection with the formation of granulomas. The abil-

ity to visualise the interaction between host immune cells and bacteria emphasises the applica-

bility of the zebrafish-M. marinum model of mycobacterial pathogenesis.

Zebrafish are also an established model for the investigation of the outcome of host-myco-

bacteria interactions, and to evaluate host gene function, including the role of chemokine sig-

nalling [23–25]. Regulation of neutrophil based inflammation and motility by miRNA has also

been investigated using a zebrafish model [26–30], highlighting the applicability of the zebra-

fish model to study conserved miRNA functions within host-pathogen interactions.

Results

Zebrafish miR-206 expression is responsive to M. marinum infection

To determine if miR-206 is responsive to M. marinum infection in zebrafish, embryos were

infected with M. marinum via caudal vein injection and miR-206 expression was measured by

quantitative (q)PCR at 1, 3, and 5 days post infection (dpi) (S1 Data). Infection with M. mari-
num increased miR-206 expression at 1 and 3 dpi, but decreased miR-206 expression at 5 dpi

compared to uninfected controls (Fig 1A).

AntagomiR abrogates infection-induced miR-206 expression

To determine the efficacy of antagomiR-mediated miRNA knockdown during M. marinum
infection, embryos were injected with miR-206 antagomiR at the single-cell stage and infected

at 1.5 days post fertilisation (dpf). miR-206 expression levels were analysed at 1-, 3-, and 5- days

post infection (dpi). At 1 and 3 dpi, miR-206 was increased in M. marinum infected embryos

compared to control uninfected (p = 0.027 and p = 0.039 respectively). AntagomiR knockdown

effectively reduced the miR-206 level relative to infected embryos at both timepoints, demon-

strating effective knockdown of infection-induced miR-206 expression by antagomiRs (Fig 1B).

By 5 dpi, the efficacy of the antagomiR was reduced and there was no difference in miR-206

expression between treatments which precluded analysis of later timepoints (S1 Fig).

miR-206 knockdown reduces M. marinum burden

As miR-206 was modulated during infection, its effect on disease was assessed through assess-

ing the bacterial burden following antagomiR knockdown. There was no difference in bacterial

burdens between miR-206 knockdown and control embryos at 1 dpi, however by 3 dpi, knock-

down embryos had a significantly lower burden than control embryos. (Fig 1C).

Infection-induced miR-206 upregulation is driven by mycobacterial

virulence factors

To investigate whether the decreased bacterial burden in miR-206 knockdown embryos was a

general response to foreign pathogens or a more directed response, embryos were infected

with either ΔESX1 M. marinum or uropathogenic Escherichia coli (UPEC). ΔESX1 M. mari-
num lack the key type VII secretion system and are far less virulent as they are unable to lyse

host cell membranes to escape the phagosome [31]. In comparison to mycobacteria, UPEC

cause an acute sepsis infection and are an example an extracellular bacterium.

Expression of miR-206 was analysed by qPCR in embryos infected with WT M. marinum,

ΔESX1 M. marinum, or UPEC at 1 dpi (Fig 1D). Infection with ΔESX1 M. marinum increased

miR-206 expression, however this response was less than the level induced by infection with

virulent WT M. marinum. Conversely, miR-206 was decreased in embryos infected with

UPEC.
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ΔESX1 M. marinum infection burdens were unaffected by miR-206 knockdown at either 1

or 3 dpi (Fig 1E). Similarly, there was also no difference in UPEC burden levels in miR-206

knockdown embryos at either 6 hours post infection (hpi) or 1 dpi despite an increase in infec-

tion between timepoints (Fig 1F). These results indicate that the impact on bacterial burden in

miR-206 knockdown embryos is driven by M. marinum virulence factors.

miR-206 target mRNA gene expression patterns are conserved during M.

marinum infection of zebrafish

To further investigate the functional relevance of miR-206 in mycobacterial infection, a list of

potential mRNA target genes was compiled through published experimentally observed targets

and bioinformatic target prediction algorithms [32–35] (S1 Table).

Expression of selected potential target genes of miR-206 was analysed by qPCR at 2 dpf,

with increased expression in knockdown samples expected to indicate targeting by miR-206

Fig 1. Infection-induced miR-206 expression alters bacterial burden. (A) Expression of miR-206 analysed by qPCR at 1, 3, and 5 dpi. (B) Expression of miR-206

in uninfected and infected antagomir-injected embryos (miR-206 knockdown). (C) M. marinum burden in miR-206 knockdown embryos at 1 and 3 dpi. (D)

Expression of miR-206 at 1 dpi following infection with either wild-type (WT) M. marinum, ΔESX1 M. marinum, or UPEC. (E) ΔESX1 M. marinum burden in miR-

206 knockdown embryos at 1 and 3 dpi. (F) UPEC burden in antagomir-injected embryos at 6 hpi and 1 dpi. Each data point represents a single measurement, with

the mean and SEM shown. For qPCR analysis, each data point represents 10 embryos, and contains 2 biological replicates. Bacterial burden analysis data points (WT

M. marinum, ΔESX1 M. marinum, and UPEC) represent individual embryos (n = 40–50 embryos per group) and are representative of 2 biological replicates.

https://doi.org/10.1371/journal.ppat.1009186.g001
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(Fig 2A). From the expression profiling data and prediction analysis, cxcl12a and cxcr4b were

considered to be likely targets of miR-206 (S2 Fig). Expression of these genes was increased by

M. marinum infection and in both knockdown treatments, suggesting they may be active dur-

ing infection and contributing to the decreased bacterial burden observed in miR-206 knock-

down embryos. These genes were also of particular interest as the Cxcl12/Cxcr4 pathway has

been previously implicated in zebrafish immunity (14, 15).

The expression of cxcr4b and cxcl12a was analysed at 1, 3, and 5 dpi in M. marinum WT

embryos (S3 Fig). Expression of these genes was increased throughout infection, with the

exception of cxcl12a at 5 dpi, and did not appear to be dramatically increased in response to

the reduced amount of miR-206 at 5 dpi.

Expression of cxcr4a, cxcr4b, cxcl12a was analysed at 3 dpi, showing that knockdown of

miR-206 significantly increased the transcript abundance of cxcr4b and cxcl12a in infected

embryos compared to M. marinum infection alone and uninfected controls (Fig 2B–2D).

Fig 2. Expression profiles of potential mRNA targets of miR-206. (A) Expression of candidate target genes measured by qPCR at 1 dpi in miR-206 knockdown

embryos. (B-D) Expression of zebrafish CXCL12/CXCR4 pathway ortholog genes at 3 dpi. Each data point represents a single measurement of 10 pooled embryos and 2

biological replicates, with the mean and SEM shown.

https://doi.org/10.1371/journal.ppat.1009186.g002
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Knockdown of miR-206 increases neutrophil recruitment to, and retention

at, sites of M. marinum infection

As miR-206 knockdown increased the expression of cxcl12a and cxcr4 genes, which are

involved in neutrophil migration and retention of cells at sites of infection and inflammation

[28,36–38], the neutrophil response to M. marinum infection in miR-206 knockdown treated

embryos was assessed by live imaging of transgenic Tg(lyzC:GFP)nz117 or Tg(lyzC:DsRed2)nz50

embryos, where neutrophils are fluorescently labelled.

First, static imaging was performed at 1 and 3 dpi to measure total neutrophil numbers in

infected embryos. At each timepoint, miR-206 knockdown embryos had a significantly higher

total number of neutrophils compared to control (Fig 3A and 3B). We noted strong overlap of

neutrophils with M. marinum but the location of granulomas around the caudal haematopoie-

tic tissue confounded quantification of granuloma-associated neutrophils. Total neutrophils

were also analysed at 5 dpi, however as antagomiR effectiveness decreases past 3 dpi, no differ-

ence was observed between control and miR-206 knockdown embryos (S4 Fig).

Fig 3. Infection-induced miR-206 expression alters the host neutrophil response. (A) Representative images of infection phenotype at 3 dpi in control and miR-206

knockdown embryos. White arrows indicate bacterial foci. Neutrophils are red (lyzC:dsred) and M. marinum is green (wasabi); co-localisation is indicated by yellow

fluorescence. (B) Measurement of whole-body neutrophil fluorescent area at 1 and 3 dpi in miR-206 knockdown embryos. (C) Measurement of neutrophil levels

following trunk infection with M. marinum in miR-206 knockdown embryos. (D) Measurement of neutrophil retention at sites of infection following trunk infection

with M. marinum in control and miR-206 knockdown embryos. (E) Measurement of neutrophil recruitment to a sterile tail fin wound in miR-206 knockdown

embryos. Each data point represents a single measurement, with the mean and SEM shown. For time-lapse imaging, each data point represents the mean of 6 foci of

infection from 6 separate embryos. Neutrophil retention was measured by selecting 10 random cells in 3 embryos per group and measuring the time spent at the

granuloma. Bacterial burden analysis was performed on 15–20 embryos per treatment. Graphs are representative of 2 biological replicates. � P< 0.05, �� p< 0.01, ���

p< 0.001.

https://doi.org/10.1371/journal.ppat.1009186.g003
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To determine if miR-206 knockdown increased the number of infection-associated neutro-

phils, embryos were injected with M. marinum into the trunk (away from the caudal haemato-

poietic tissue) and subjected to time-lapse imaging [39]. Knockdown embryos had significantly

more neutrophils at the site of infection for the first 2.5 hours of infection compared to control

infected embryos (Fig 3C). While neutrophil migration in control infected embryos began to

wane at approximately 12 hpi (S1 Movie), the response in the knockdown embryos was sus-

tained and higher numbers of neutrophils were maintained at the site of infection (S2 Movie).

To examine if the increased mobilisation of neutrophils in the M. marinum-infected miR-

206 knockdown embryos was dependent on mycobacterial infection cues or an intrinsic fea-

ture of neutrophils in miR-206-depleted animals, we assessed neutrophil migration to a sterile

tail fin wound as an example of a non-infectious inflammatory stimulus (Fig 3D). The number

of neutrophils at the wound site did not significantly differ between scramble control (S3

Movie) and miR-206 knockdown embryos (S4 Movie), indicating the increased neutrophil

response observed in trunk infections is M. marinum infection-dependent.

The effect of miR-206 knockdown on macrophage recruitment to infection was also

assessed via static imaging following trunk infection with M. marinum. At both 1 and 3 dpi,

there was no difference in the fluorescent area of infection-associated macrophages between

control infected and miR-206 knockdown infected embryos (S5 Fig).

Further analysis of M. marinum-neutrophil interactions was performed to dissect the role

of miR-206 in controlling infection. Following trunk infection, control embryos showed an

increasing bacterial burden at a per lesion level from 1–15 hpi, whereas the bacterial burden in

miR-206 knockdown embryos remained stable (Fig 4A–4C).

The quantity of neutrophils co-localising with the bacterial granuloma was then assessed to

further confirm the increased interaction between neutrophils and M. marinum in miR-206

knockdown embryos. From 1–5 hpi, miR-206 had consistently higher neutrophil fluorescence

colocalization with M. marinum fluorescence than control embryos (Fig 4D-4F). As with the neu-

trophil levels observed in the time-lapse analysis, at 10 hpi there was no difference in the numbers

of neutrophils associating with bacteria, however the response in control infected embryos began

to decline at 15 hpi while numbers were maintained in the miR-206 knockdown embryos.

Across the first 15–24 hours of infection, M. marinum was closely associated with more neu-

trophils in miR-206 knockdown embryos. The infection-associated increase in neutrophils and

the higher levels of neutrophils localising at the granuloma implicate the increased neutrophil

response as a deciding factor in the control of infection and prevention of bacterial spread.

The Cxcr4/Cxcl12 signalling axis is downstream of miR-206 in M. marinum
infection

To confirm the hypothesised link between the observed increased transcription of cxcr4b and

cxcl12a and reduced bacterial burden through an increased neutrophil response early in infec-

tion, both genes were targeted for knockdown by CRISPR-Cas9. As both cxcr4b and cxcl12 are

involved in neutrophil migration and haematopoiesis, a reduction in their expression was

expected to result in a reduced neutrophil response to infection and therefore an increased

bacterial burden, reducing the protective effect of miR-206 knockdown.

Static imaging at 3 dpi revealed that double knockdown of cxcr4b and miR-206 ablated the

increased neutrophil number associated with miR-206 knockdown (Fig 5A). Furthermore,

addition of cxcr4b knockdown to miR-206 knockdown dampened the miR-206 knockdown-

induced increase in neutrophil recruitment to a trunk infection and increased bacterial burden

back to control levels (Fig 5B–5C). The effect observed in the double knockdown is consistent

with a reduction in Cxcr4 and therefore the neutrophil response in infection via
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haematopoiesis and chemoattraction. This suggests the miR-206 associated increase in cxcr4b
is contributing to the enhanced neutrophil migration and reduced bacterial burden.

To further confirm involvement of Cxcr4 downstream of miR-206, the CXCR4 antagonist

AMD3100 was used to pharmacologically block Cxcr4 signalling. AMD3100 treatment

reduced the total neutrophil numbers in all treatment groups, and as expected, whole-body

neutrophil counts were reduced in miR-206 knockdown embryos that were also treated with

AMD3100 compared to miR-206 knockdown alone (Fig 5D). AMD3100 treatment decreased

neutrophil recruitment to the site of infection compared to both control infected and miR-206

knockdown infected embryos (Fig 4E). Bacterial burden was increased in AMD3100 treated

embryos and AMD3100 treatment of miR-206 knockdown embryos restored bacterial burden

to control levels (Fig 5F).

Consistent with the results of cxcr4b knockdown, addition of cxcl12a knockdown to miR-

206 knockdown decreased the total number of neutrophils and number of neutrophils

recruited to sites of infection compared to miR-206 knockdown alone (Fig 6A and 6B), and

increased the bacterial burden compared to miR-206 knockdown alone (Fig 6C).

Discussion

In this study we have demonstrated an in vivo link between infection-induced miR-206 expres-

sion and the Cxcl12/Cxcr4 signalling axis in the control of mycobacterial infection.

Fig 4. Increased miR-206 knockdown-associated neutrophils prevent bacterial dissemination. (A-B) Representative images of bacterial granulomas in trunk-

infected control and miR-206 knockdown embryos. (C) Quantification of M. marinum burden in trunk-infected control and miR-206 knockdown embryos. (D-E)

Representative images of M. marinum-neutrophil interactions in trunk-infected control and miR-206 knockdown embryos. Neutrophils are red Tg(lyzC:dsred) and M.

marinum is green (wasabi); co-localisation is indicated by yellow fluorescence. (F) Quantification of the proportion of the bacterial fluorescence overlapping with

neutrophil fluorescence (co-localisation yellow fluorescence in D-E) in trunk-infected control and miR-206 knockdown embryos. Each data point represents the mean

of 6 foci of infection from 6 separate embryos with SEM shown. Differences between groups was calculated using multiple t-tests and the Holm-Sidak method.

https://doi.org/10.1371/journal.ppat.1009186.g004
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Knockdown of miR-206 resulted in a decreased bacterial burden and improved infection out-

come. We attribute the reduced bacterial burden to an increased early neutrophil response

from increased cxcr4b and cxcl12a transcript abundance in miR-206 knockdown animals. We

show that host miR-206 is increased by pathogenic M. marinum to impede the host Cxcl12/

Cxcr4 signalling axis, thereby reducing protective early neutrophil recruitment to the site of

infection, aiding the creation of a permissive niche for mycobacterial infection (S6 Fig).

As this early protective neutrophil response was specific to virulent intracellular mycobacteria,

the observed increase in miR-206 was deemed to be ESX1-dependent. We hypothesise that this

may be a mycobacteria-driven response to avoid neutrophil phagocytosis and potentially oxidative

killing [40–42]. Neutrophils are one of the first immune cells to respond to mycobacterial

Fig 5. Cxcr4 reduction places the Cxcl12/Cxcr4 signalling axis downstream of miR-206. (A) Whole body neutrophil counts at 3 dpi of cxcr4b and double

(cxcr4b and miR-206) knockdown embryos. (B) Measurement of neutrophil levels following trunk infection with M. marinum in double knockdown embryos.

(C) Bacterial burden at 3 dpi in M. marinum-infected double knockdown embryos. (D) Whole body neutrophil counts at 3 dpi in miR-206 knockdown

embryos treatment with AMD3100. (E) Measurement of neutrophil recruitment to M. marinum following trunk injection in miR-206 knockdown embryos

treatment with AMD3100. (F) Bacterial burden at 3 dpi in miR-206 knockdown embryos treatment with AMD3100. Each data point represents a single

measurement, with the mean and SEM shown. For time-lapse imaging, each data point represents the mean of 6 foci of infection from 6 separate embryos.

Bacterial burden analysis was performed on 15–25 embryos per treatment. Graphs are representative of 2 biological replicates, except for AMD3100 data, which

is a single biological replicate.

https://doi.org/10.1371/journal.ppat.1009186.g005
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infection and are capable of both phagocytosing and trapping mycobacteria in neutrophil extra-

cellular traps [43]. Therefore, it is not surprising that mycobacteria have evolved a strategy to

actively subvert early host neutrophil recruitment by reducing Cxcl12/Cxcr4 signalling, limiting

the downstream exposure of mycobacteria to phagocytosis and oxidative killing.

Involvement of Cxcr4 and its ligand Cxcl12 in inflammation is well documented [44–46],

however, previous studies have largely focused on their role in viral responses. Cxcr4 expres-

sion is reduced in the lymphocytes of leprosy patients but increased in M. tuberculosis-infected

macrophages [47,48]. Recent work has highlighted Cxcr4 as a mediator of host infection-asso-

ciated angiogenesis [49], while this study further links the Cxcl12/Cxcr4 signalling axis to viru-

lence-dependent neutrophil recruitment during mycobacterial infections. Cxcr4 has also been

shown to participate in pathogen immune evasion via interaction with TLR2, suggesting it

may play an active role in other aspects of mycobacterial pathogenesis [50].

Our data provide precedence for cross-species conservation of host miRNA responses to

mycobacterial infection. Although current understanding of the role of miR-206 in bacterial

infections has been limited to date, previous investigation using M. tuberculosis infection of

THP-1 cells revealed a similar infection-induced upregulation of miR-206 in vitro [15]. Our in
vivo model of mycobacterial infection has allowed the interrogation of neutrophil responses as

a downstream cellular response controlled by miR-206.

While we have demonstrated the Cxcr4/Cxcl12 pathway and neutrophil response as impor-

tant in controlling M. marinum infection, it is likely that altered transcript levels of other pro-

filed targets are concomitantly contributing to the effect of miR-206 on mycobacterial

infection. One validated target of miR-206, VEGF, plays a significant role in the later develop-

ment of granulomas during mycobacterial infection, consistent with the late downregulation

of miR-206 that we observed [33,35,51]. Infection-induced VEGF signalling results in an aber-

rant angiogenesis programme which favours mycobacterial growth and spread [39,52–54].

This effect may be synergistic with Cxcl12/Cxcr4 signalling, which supports granuloma-associ-

ated angiogenesis through a Vegf-independent mechanism in zebrafish embryos [49].

Fig 6. Cxcl12a knockdown places the Cxcl12/Cxcr4 signalling axis downstream of miR-206. (A) Whole body neutrophil counts at 3 dpi of cxcl12a and double

(cxcl12a and miR-206) knockdown embryos. (B) Measurement of neutrophil recruitment to M. marinum following trunk injection in double knockdown

embryos. (C) Bacterial burden at 3 dpi in M. marinum-infected double knockdown embryos. Each data point represents a single measurement, with the mean

and SEM shown. For time-lapse imaging, each data point represents the mean of 4 foci of infection from 4 separate embryos. Bacterial burden analysis was

performed on 20–30 embryos per treatment. Graphs are representative of 2 biological replicates.

https://doi.org/10.1371/journal.ppat.1009186.g006
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Suppression of elmo1 by miR-206 may further contribute to the immune avoidance associ-

ated with the infection-induced increase in miR-206. Recent investigations have revealed a

role for ELMO1 in neutrophil migration and engulfment of apoptotic cells [55] and this has

been linked to enhanced intracellular mycobacterial growth [56]. Increased transcription of

Elmo1 following miR-206 knockdown is likely to increase neutrophil mobility during infec-

tion in cooperation with increased Cxcl12/Cxcr4 signalling.

miR-206 may additionally act on TIMP3 to inhibit the activity of MMP9 during mycobacterial

infection [15], preventing macrophage recruitment and granuloma formation in our miR-206

knockdown model [57]. However, dissecting the miR-206-MMP9 interaction may require a dif-

ferent experimental platform to determine if reduced mmp9 expression is a result of transcrip-

tional feedback from its inhibitor Timp3 or caused by the reduced bacterial burden. This may

prove to be an additional pathway modulated by miR-206 during infection, acting to alter disease

progression and highlights the complex interaction of miRNA and their multiple targets.

The final potential target gene we profiled, MMD, may also be of significance through the

positive regulation of macrophage activation and downstream cytokine signalling cascades,

however requires more investigation in mycobacterial pathogenesis as macrophage responses

were not altered in miR-206 knockdown embryos [58].

It is evident that the selected target genes of miR-206 play crucial roles in the immune response

and potentially in the outcome of pathogenic mycobacterial infections. We chose to assess the

neutrophil responses as alterations in Cxcr4/Cxcl12 signalling would likely impact the mobility

and responsiveness of neutrophils to pathogens. Recent studies on the role of the neutrophils in

early infection suggest a host-protective response against mycobacteria [40,59], and we hypothe-

sised that these cells may be responsible for the reduced disease burden in miR-206 knockdown

embryos. It is, however, likely that the alteration of targets Elmo1 and Timp3 may be contributing

to this effect and that role of these genes in mycobacterial infection must be further examined,

especially in regard to their involvement in the miR-206/Cxcr4/Cxcl12 signalling axis.

Other pathways which interact with the Cxcr4/Cxcl12 axis and also regulate neutrophil

responses may be adding to the increased neutrophil response. Chemokine pathways includ-

ing Cxcl8, Cxcl18 Cxcr2 have been shown to be key mediators of neutrophil chemotaxis and

immune responses [60–62]. Cxcr2 has previously been identified as regulating neutrophilic

infiltration in mycobacterial infection and may further increase chemotaxis of neutrophils to

sites of inflammation through Cxcl18b. A positive feedback system between CXCR2 and

CXCR4 has been identified, suggesting that the miR-206 induced decrease in cxcr4 in our sys-

tem could also result in decreased cxcr2, compounding the suppression of neutrophil recruit-

ment to infection [63]. This highlights the complexity of interconnected immune responses to

mycobacteria and the need for further exploration of the regulation of these pathways.

In summary, we have identified potential target genes of miR-206 which may be biologically

active during mycobacterial infection. We have demonstrated a link between infection-associ-

ated upregulation of miR-206 and suppression of neutrophil recruitment to the site of patho-

genic mycobacterial infection involving the Cxcl12/Cxcr4 signalling pathway. This host

response to infection by pathogenic mycobacteria appears to be conserved across host-patho-

gen pairings and could inform the development of biomarker or therapeutic strategies.

Methods

Ethics statement

Adult zebrafish were housed at the Centenary Institute and experiments were approved by

Sydney Local Health District AWC Approval 17–036. The embryos were obtained by natural

spawning and were raised in E3 media and maintained at 28–32˚C.

PLOS PATHOGENS Infection-induced miR-206 expression is immunosuppressive

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009186 April 7, 2021 11 / 20

https://doi.org/10.1371/journal.ppat.1009186


Zebrafish lines

Zebrafish were AB strain. Transgenic lines used were: Tg(lyzC:GFP)nz117 and Tg(lyzC:

DsRed2)nz50 were used for neutrophil imaging experiments [64].

Embryo microinjection with antagomiR

Embryos were obtained by natural spawning and were injected with either miR-206 antago-

miR (-CCACACACUUCCUUACAUUCCA-) or a scramble control (-CAGUACUUUUGU

GUAGUACAA-) (GenePharma, China) at 200 pg/embryo at the single cell stage and main-

tained at 32˚C.

miRNA target prediction

Prediction of target mRNA was performed using TargetScan. dre-miR-206-3p was entered

into TargetScanFish 6.2 (http://www.targetscan.org/fish_62/), hsa-miR-206 entered into Tar-

getScan 7.2 (http://www.targetscan.org/vert_72/), and mmu-miR-206 entered into TargetS-

canMouse 7.2 (http://www.targetscan.org/mmu_72/).

M. marinum culture

M. marinum M strain expressing Wasabi or tdTomato fluorescent protein was cultured and

injected as previously described [65]. Briefly, M. marinum was grown at 28˚C in 7H9 supple-

mented with OADC and 50 μg/mL hygromycin to an OD600 of approximately 0.6 before

being washed and sheared by aspiration through a 32 G needle into single cell preparations

that were then aliquoted and frozen in 7H9 at -80˚C until needed. The concentration of bacte-

ria was quantified from thawed aliquots by CFU recovery on 7H10 supplemented with OADC

and 50 μg/mL hygromycin and grown at 28˚C.

UPEC culture

Uropathogenic Escherichia coli (UPEC) carrying the mCherry PGI6 plasmid was cultured in

LB supplemented with 50 μg/mL of spectinomycin overnight at 37˚C with 200 RPM shaking.

Bacteria was then further diluted 1:10 with LB + spectinomycin (50 μg/ml) and incubated for 3

hours at 37˚C with 200 RPM shaking. 1 mL of culture was centrifuged (16,000 x g for 1 min-

ute), and the pellet washed in PBS. Following another centrifugation, the bacterial pellet was

resuspended in 300 μl of PBS + 10% glycerol and aliquoted for storage. Enumeration of bacte-

ria was performed by serial dilution on LB + spectinomycin agar plates and culturing at 37˚C

overnight. Bacterial concentration was determined by CFU counts.

UPEC plasmid construction

The plasmid pGI6 was constructed by replacing the open reading frame (ORF) of msfGFP in

pGI5 [66] with an E. coli codon-optimised ORF for mCherry. The mCherry ORF was first

amplified with the forward primer (GCG CCG CCA TGG GTG AGC AAG GGC GAG GAG

GAT) and reverse primer (GGC CCG GGA TCC TTA CTT GTA CAG CTC GTC CAT GCC)

from the template pIDJL117 [67]. The PCR fragment was cloned at NcoI and BamHI in pGI5,

thus replacing msfGFP, and the PCR-generated confirmed by sequencing.

Bacterial infections

Staged at approximately 1.5 dpf, embryos were dechorionated and anesthetised in tricaine

(160 μg/ml). Working solutions of M. marinum or UPEC (diluted with 0.5% w/v phenol red
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dye) were injected into either the caudal vein or trunk to deliver approximately 200 CFU M.

marinum or 250 CFU UPEC. Embryos were recovered in E3 media + PTU (0.036 g/L) and

housed at 28˚C.

CRISPR-Cas9 mediated knockdown

Embryos were injected at the 1–2 cell stage with 1 nL of CRISPR mixture containing 1 μg/μl

Guide (g) RNA (Table 1), 500 μg/mL Cas9. For double knockdowns with CRISPR-Cas9 and

antagomiR, mixtures contained 1 μg/μl gRNA, 100 pg/nL antagomiR (miR-206), and 500 μg/

mL Cas9. gRNA was synthesised as previously described [68]. Embryos were transferred to E3

containing methylene blue and maintained at 32˚C.

Gene expression analysis

Groups of 10 embryos were lysed and homogenised using a 27-gauge needle in 500 μl Trizol

(Invitrogen) and RNA extracted as per the manufacturer’s instructions. cDNA was synthesised

from 500 ng RNA using the miScript II RT kit (Qiagen) with HiFlex buffer. qPCR was carried

out on an Mx3000p Real-time PCR system using Quantitect SYBR Green PCR Mastermix and

primer concentration of 300 nM (Table 2). For miRNA qPCRs, the miScript Universal Primer

was used alongside miR specific miScript primer assays (miR-206 cat. no. MS00001869 and

U6 cat. no. MS00033740; Qiagen).

Cycling conditions for miRNA were: 95˚C for 15 minutes; 40 cycles of 95˚C for 20 seconds,

56˚C for 30 seconds, 72˚C for 30 seconds with fluorescence data acquisition occurring at the

end of each cycle, followed by 1 cycle of 95˚C for 1 minute, 65˚C for 30 seconds, and 97˚C for

30 seconds. For mRNA, the conditions were: 95˚C for 15 minutes; 40 cycles of 94˚C for 15 sec-

onds, 55˚C for 30 seconds, 70˚C for 30 seconds with fluorescence data acquisition occurring at

the end of each cycle, followed by 1 cycle of 95˚C for 1 minute, 65˚C for 30 seconds, and 97˚C

for 30 seconds.

U6 or β-actin was used as an endogenous control for normalisation and data analysed

using the 2-ΔΔ Ct method.

AMD3100 treatment

Embryos were treated with 20 μM AMD3100 (Sigma-Aldrich), a pharmacological CXCR4

antagonist, dissolved in water and refreshed daily.

Table 1. Guide RNA sequences used for CRISPR-Cas9 mediated knockdown experiments.

Target Primer

cxcr4b target 1 TAATACGACTCACTATAGGAGCTCTGACTCCGGTTCTGTTTTAGAGCTAGAAATAGC

cxcr4b target 2 TAATACGACTCACTATAGGACTGCAAGATAGCGGTCCGTTTTAGAGCTAGAAATAGC

cxcr4b target 3 TAATACGACTCACTATAGGGTACCCATGCTCGAATTGGTTTTAGAGCTAGAAATAGC

cxcr4b target 4 TAATACGACTCACTATAGGCTTACTGTGCCGGCATCCGTTTTAGAGCTAGAAATAGC

cxcl12a target 1 TAATACGACTCACTATAGGTCGTAGTAGTCGCTCTGAGTTTTAGAGCTAGAAATAGC

cxcl12a target 2 TAATACGACTCACTATAGGTCATGCACCGATTTCCAAGTTTTAGAGCTAGAAATAGC

cxcl12a target 3 TAATACGACTCACTATAGGATACTCACATGACTTGGAGTTTTAGAGCTAGAAATAGC

cxcl12a target 4 TAATACGACTCACTATAGGGCAGATACTCACATGACTGTTTTAGAGCTAGAAATAGC

scramble target 1 TAATACGACTCACTATAGGCAGGCAAAGAATCCCTGCCGTTTTAGAGCTAGAAATAGC

scramble target 2 TAATACGACTCACTATAGGTACAGTGGACCTCGGTGTCGTTTTAGAGCTAGAAATAGC

scramble target 3 TAATACGACTCACTATAGGCTTCATACAATAGACGATGGTTTTAGAGCTAGAAATAGC

scramble target 4 TAATACGACTCACTATAGGTCGTTTTGCAGTAGGATCGGTTTAGAGCTAGAAATAGC

https://doi.org/10.1371/journal.ppat.1009186.t001
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Static imaging and burden analyses

Live imaging was performed on anaesthetised embryos on a depression microscope slide.

Images were acquired using a Leica M205FA Fluorescent Stereo Microscope equipped with a

Leica DFC365FX monochrome digital camera (Leica Microsystems, Germany). Images were

analysed using ImageJ software to quantify the fluorescent pixel count, defined as fluorescent

signal above a consistent set background determined empirically for each experimental dataset

[65]. Data is presented as total fluorescent area (pixels) above background level.

Neutrophil tracking analyses

Time-lapse imaging was performed on a Deltavision Elite at 28˚C (GE, USA). Following infec-

tion with M. marinum into the trunk, embryos were mounted in a 96-well black-walled micro-

plate in 1% low-melting point agarose topped up with E3. Images were captured every 60–180

seconds for 16–24 hours. Analysis was performed using ImageJ software. Briefly, images were

analysed for the quantity of neutrophil fluorescence in a 1000 x 500 μm box around infection

foci by quantifying the fluorescent pixel count (total neutrophil area) at each time point.

Tracking of individual neutrophil retention at the site of infection was performed manually

using analysis of timestamped images.

Statistics

Statistical analysis was performed in GraphPad Prism (v. 9.0.0). All data was analysed by T-test or

ANOVA depending on the number of experimental groups, post-hoc analysis performed using

Tukey’s multiple comparisons test. For time-lapse data, group comparisons were computed using

the Sidak test. Outliers were removed prior to statistical analysis using ROUT, with Q = 1%.

Supporting information

S1 Fig. miR-206 antagomiR knockdown at 5 dpi. Expression of miR-206 was analysed by

qPCR at 5 dpi following antagomiR knockdown. Each data point represents a single measure-

ment of 10 pooled embryos and 2 biological replicates, with the mean and SEM shown.

(TIF)

Table 2. qPCR primer sequences.

qPCR Primer Sequence 5’-3’ Ensembl ID

cxcr4a forward CAGTTTGGACCGGTACCTCG ENSDARG00000057633

cxcr4a reverse CCAGGTGACAAACGAGTCCT

cxcr4b forward TCGCAGACCTCCTGTTTGTC ENSDARG00000041959

cxcr4b reverse CCTTCCCGCAAGCAATTTCC

cxcl12a forward ATTCGCGAGCTCAAGTTCCT ENSDARG00000037116

cxcl12a reverse ATATCTGTGACGGTGGGCTG

elmo1 forward TGTTGACCATGCGTCTCAGT ENSDARG00000098753

elmo1 reverse CCACCTTCACGATGTCTGCC

mmd forward GGGGGTCTGGTCTACTGTCT ENSDARG00000040387

mmd reverse TTGTTAGTGGCTCAGGCGTC

vegfaa forward TCCCGACAGAGACACGAAAC ENSDARG00000045971

vegfaa reverse TTTACAGGTGAGGGGGTCCT

b-actin forward CCTTCCAGCAGATGTGGATT ENSDARG00000037870

b-actin reverse CACCTTCACCGTTCCAGTTT

https://doi.org/10.1371/journal.ppat.1009186.t002
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S2 Fig. Predicted cxcr4a, cxcr4b, and cxcl12a 3’UTR binding sites to miR-206 seed sequence.

Alignment of potential target gene binding sites to miR-206 seed sequence predicted by TargetScan.

(TIF)

S3 Fig. Expression of cxcr4b and cxcl12a during M. marinum infection. cxcr4b and cxcl12a
transcript abundance was measured by qPCR in M. marinum infected embryos at 1, 3 and 5

dpi by qPCR. Each data point represents 10 embryos and contains 2 biological replicates.

(TIFF)

S4 Fig. Effect of cxcr4b and cxcl12a expression on neutrophil responses throughout infec-

tion. Whole-body neutrophil fluorescence at 1, 3, and 5 dpi in control and miR-206 knock-

down embryos. Each data point represents a single neutrophil with the mean and SEM shown.

(TIFF)

S5 Fig. Granuloma associated macrophages in miR-206 knockdown embryos. Following

trunk infection with M. marinum, total macrophage fluorescence was measured at sites of

infection. Each data point represents a single embryo with the mean and SEM shown.

(TIFF)

S6 Fig. Summary of findings. Top line: M. marinum infection induces the expression of host

miR-206. miR-206 suppresses the expression of cxcr4b and cxcl12a which results in suboptimal

neutrophil recruitment and supports bacterial growth. Bottom line: AntagmiR-mediated neu-

tralisation of miR-206 allows increased expression of cxcr4b and cxcl12a which increases neu-

trophil recruitment and suppresses bacterial growth.

(TIF)

S1 Table. miR-206 target prediction results from TargetScan analysis. TargetScan output of

predicted mRNA targets of zebrafish, mouse, and human miR-206.

(XLSX)

S1 Data. Source data for graphs.

(XLSX)

S1 Movie. Neutrophil migration to infection in control embryos. Neutrophils are red (lyzC:

dsred) and M. marinum is green (wasabi); co-localisation is indicated by yellow fluorescence.

(AVI)

S2 Movie. Neutrophil migration to infection in miR-206 knockdown embryos. Neutrophils

are red (lyzC:dsred) and M. marinum is green (wasabi); co-localisation is indicated by yellow

fluorescence.

(AVI)

S3 Movie. Neutrophil migration to sterile wound site in control embryos. Neutrophils are

green (lyzC:GFP).

(AVI)

S4 Movie. Neutrophil migration to sterile wound site in miR-206 knockdown embryos.

Neutrophils are green (lyzC:GFP).

(AVI)
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36. Döring Y, Pawig L, Weber C, Noels H. The CXCL12/CXCR4 chemokine ligand/receptor axis in cardio-

vascular disease. Frontiers in Physiology. 2014; 5(212). https://doi.org/10.3389/fphys.2014.00212

PMID: 24966838

37. Walters KB, Green JM, Surfus JC, Yoo SK, Huttenlocher A. Live imaging of neutrophil motility in a zeb-

rafish model of WHIM syndrome. Blood. 2010; 116(15):2803–11. https://doi.org/10.1182/blood-2010-

03-276972 PMID: 20592249

38. Zou Y-R, Kottmann AH, Kuroda M, Taniuchi I, Littman DR. Function of the chemokine receptor CXCR4

in haematopoiesis and in cerebellar development. Nature. 1998; 393(6685):595–9. https://doi.org/10.

1038/31269 PMID: 9634238

39. Oehlers SH, Cronan MR, Scott NR, Thomas MI, Okuda KS, Walton EM, et al. Interception of host angio-

genic signalling limits mycobacterial growth. Nature. 2015; 517(7536):612–5. https://doi.org/10.1038/

nature13967 PMID: 25470057

40. Yang C-T, Cambier CJ, Davis JM, Hall Christopher J, Crosier Philip S, Ramakrishnan L. Neutrophils

Exert Protection in the Early Tuberculous Granuloma by Oxidative Killing of Mycobacteria Phagocy-

tosed from Infected Macrophages. Cell Host & Microbe. 2012; 12(3):301–12. https://doi.org/10.1016/j.

chom.2012.07.009 PMID: 22980327

41. Yang CT, Cambier CJ, Davis JM, Hall CJ, Crosier PS, Ramakrishnan L. Neutrophils exert protection in

the early tuberculous granuloma by oxidative killing of mycobacteria phagocytosed from infected mac-

rophages. Cell Host Microbe. 2012; 12(3):301–12. Epub 2012/09/18. https://doi.org/10.1016/j.chom.

2012.07.009 PMID: 22980327

42. Cronan MR, Beerman RW, Rosenberg AF, Saelens JW, Johnson MG, Oehlers SH, et al. Macrophage

Epithelial Reprogramming Underlies Mycobacterial Granuloma Formation and Promotes Infection.

Immunity. 2016; 45(4):861–76. https://doi.org/10.1016/j.immuni.2016.09.014 PMID: 27760340

43. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease. Nature Reviews Immunol-

ogy. 2018; 18(2):134–47. https://doi.org/10.1038/nri.2017.105 PMID: 28990587

44. Garcı́a-Cuesta EM, Santiago CA, Vallejo-Dı́az J, Juarranz Y, Rodrı́guez-Frade JM, Mellado M. The

Role of the CXCL12/CXCR4/ACKR3 Axis in Autoimmune Diseases. Frontiers in Endocrinology. 2019;

10(585). https://doi.org/10.3389/fendo.2019.00585 PMID: 31507535

45. Lopez MJ, Seyed-Razavi Y, Jamali A, Harris DL, Hamrah P. The Chemokine Receptor CXCR4 Medi-

ates Recruitment of CD11c+ Conventional Dendritic Cells Into the Inflamed Murine Cornea. Investiga-

tive Ophthalmology & Visual Science. 2018; 59(13):5671–81. https://doi.org/10.1167/iovs.18-25084

PMID: 30489627

46. Tian X, Xie G, Xiao H, Ding F, Bao W, Zhang M. CXCR4 knockdown prevents inflammatory cytokine

expression in macrophages by suppressing activation of MAPK and NF-κB signaling pathways. Cell &

Bioscience. 2019; 9(1):55. https://doi.org/10.1186/s13578-019-0315-x PMID: 31304005

47. Hoshino Y, Tse DB, Rochford G, Prabhakar S, Hoshino S, Chitkara N, et al. Mycobacterium tuberculo-

sis-Induced CXCR4 and Chemokine Expression Leads to Preferential X4 HIV-1 Replication in Human

Macrophages. The Journal of Immunology. 2004; 172(10):6251–8. https://doi.org/10.4049/jimmunol.

172.10.6251 PMID: 15128813
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