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Abstract

Mollicutes are minute cell wall less bacteria encompassing important pathogens.

We show that pathogenic Mycoplasma mycoides subsp. capri (Mmc) can switch
expression of capsular polysaccharide (CPS), which creates phenotypic diversity
and has dramatic repercussions on immune responses. To characterize the immune
responses, we employed the highly virulent Mmc strain GM12 as well as an engi-
neered CPS-deficient mutant in a set of assays employing primary blood cells from
its native caprine host and cattle. Primary blood cells stimulated with GM12 showed
only very moderate effects on cell viability as well as activation marker expression
supporting an immunological furtiveness-like lifestyle. Interestingly, GM12 showed the
capacity to survive and resist inside monocyte-derived macrophages (MDMs), which
fosters dissemination and persistence in the host. Stimulation with the CPS-deficient
mutant which exposes surface proteins including lipoproteins, increased cell death,
strongly suppressed expression of major histocompatibility complex on antigen-
presenting cells and induced secretion of several pro-inflammatory cytokines/chemo-
kines which is a clinical hallmark in infected animals. Moreover, the CPS-deficient
mutant elicited inflammatory cell death in MDMs. In conclusion, we showed that Mmc
can switch the expression of CPS, which leads to different immunological trajectories
paving the way for clinical disease, dissemination and persistence in the host.
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Author summary

Mycoplasmas are cell-wall deficient minute bacteria that encompass important
human and animal pathogens. Despite the absence of classical virulence factors
such as toxins in many pathogenic mycoplasmas, the later can cause severe
infectious diseases, including life-threatening pleuropneumonia or septicemia.
The clinical disease is often associated with massive inflammation of affected
tissues. It is well known that mycoplasmas can vary their surface protein expres-
sion, which contributes to phenotypic diversity and immune evasion. Several
pathogenic mycoplasmas are known to possess a capsule. This article reports
the ability of Mycoplasma mycoides subsp. capri, to switch the expression of
capsular polysaccharide on and off, which profoundly influences immune re-
sponses in its natural ruminant hosts. The presence of capsulated as well as
capsule-deficient mycoplasmas in the host adds another layer to phenotypic
diversity and promotes different host immune responses that likely foster the dis-
semination, inflammation and pathogen persistence commonly observed during
infections with mycoplasmas.

Introduction

Bacteria belonging to the class Mollicutes are the smallest and simplest bacteria
that can be cultivated in axenic media. They are characterized by the absence of

a cell wall and a minute genome, because of reductive evolution. The Mollicutes
species Mycoplasma mycoides is a deadly ruminant pathogen of utmost importance.
Its subspecies M. mycoides subsp. mycoides (Mmm) causes contagious bovine
pleuropneumonia in cattle [1], whereas its other subspecies M. mycoides subsp.
capri (Mmc) causes different diseases in small ruminants such as caprine Mastitis,
Arthritis, Keratitis, Pneumonia, and Septicemia syndrome (MAKePS) [2]. Mmc GM12
(GM12), a strain isolated from a large disease outbreak in the USA in 1980 [3,4], is
highly virulent and deadly in goats. Experimental infections using this strain caused
infected animals to reach endpoint criteria within six days [5]. Several candidate
virulence factors such as capsular polysaccharide (CPS) [6,7], different lipoproteins
[8,9], the Mycoplasma Ig binding (MIB)-Mycoplasma lg protease (MIP) system [10],
or the hydrogen peroxide release [11] have been reported. Capsular polysaccharide
of GM12 is composed by 3-(1—6)-galactofuranose. It has been reported for Mmm,
that cells of the same strain can be encapsulated or be devoid of a capsule, while the
latter Mmm cells shed the same polysaccharide that otherwise constitutes a capsule
[12,13]. Moreover, it was reported for Mmm that the free exopolysaccharide isolated
from a bacterial culture possess anti-inflammatory properties [14]. By using synthetic
genomics tools, the UDP-galactopyranose mutase encoding gene gl/f was deleted

in GM12::YCpMmyc1.1 [15]. The mutant GM12::YCpMmyc1.1-Aglf was shown to

be deficient of CPS using galactofuranose-specific antibodies and stains. Subse-
quent experiments employing this mutant have shown that 3-(1— 6)-galactofuranose
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contributes to membrane stability and that the CPS conceals adhesins in vitro [16]. Later, it was shown in an in vivo exper-
iment employing the native host, that CPS in Mmc is a true virulence factor [17].

We have recently reported a peripheral blood mononuclear cells (PBMCs) based ex vivo platform to decipher bovine
immune responses [18,19], in order to get insight into the host-pathogen interactions of bovine pathogens such as Myco-
plasmopsis bovis. The purpose of the present study is to decipher host-Mmc interaction with a focus on immune cells to
better understand the interplay between the pathogen and the host. A better knowledge of pathogenicity mechanisms is
likely to foster the development of a rationale vaccine for Mycoplasma mycoides [20]. Therefore, we employed and adapted
the available bovine ex vivo platform to caprine PBMCs and used RNA-seq data to read out immune responses elicited by
the highly virulent wild-type GM12 and several derivative mutants that have been constructed using synthetic genomics
techniques and tested in vivo (except the mCherry-marked mutant) using the natural host. These mutants were GM12::Y-
CpMmyc1.1 (virulent mutant of GM12 and parental strain of the other mutants used in this work) [21], its CPS-deficient
mutant GM12::YCpMmyc1.1-Aglf (attenuated in vivo) [17], GM12::YCpMmyc1.1-mCherry and GM12::YCpMmyc1.1-A68
(encapsulated but fully attenuated in vivo) [5]. This work confirms the switching of CPS surface expression in Mycoplasma
mycoides subsp. capri [22]. By using an engineered capsule-deficient mutant we were able to reveal in an unprecedented
way the immunological consequences of the presence versus absence of CPS using a number of immunological assays.

Results
Capsular polysaccharide expression can switch in Mycoplasma mycoides subsp. capri

First, we investigated whether CPS surface expression can vary in Mycoplasma mycoides subsp. capri and contribute to
phenotypic diversity. Therefore, we grew M. mycoides subsp. capri strain GM12 (GM12) under different culture conditions
and stained the colonies to observe CPS expression. Culture conditions tested included elevated temperatures that reflect
fever-like conditions and different nutrient media compositions. First, we assessed phenotypic changes in Mycoplasma
colonies by culturing GM12 on a high- or low-nutrient media and incubating it at different temperatures: 37°C, 38.5°C

and 41°C. Periodic Acid-Schiff (PAS) staining confirmed the absence of CPS in individual sectors of the colonies grown

at 41°C and starvation conditions, suggesting a temperature and nutrient-associated capsule on/off switch (Fig 1). The
observed correlation of fever-like temperature and reduced detection of CPS made us employ a qRT-PCR assay targeting
the UDP-galactopyranose mutase-encoding gene glf [16] involved in synthesis of galactofuranose. The downregulation of
glf gene observed for GM12 cultured in low nutrient media or fever-like temperature correlate well with reduced detection
of CPS under these conditions (S1 Fig).

Doubling times of mycoplasmas used in this study

We investigated the doubling time of GM12 and its isogenic mutants (GM12::YCpMmyc1.1, GM12::YCpMmyc1.1-A68,
and GM12::YCpMmyc1.1-Aglf) in SP-5 medium at 38.5°C. At 38.5°C, doubling times of GM12, GM12::YCpMmyc1.1,
GM12::YCpMmyc1.1-A68, GM12::Y CpMmyc1.1-Aglf were 664-4.4 min, 654+5min, 73+6.3 min, and 634+5.5min, respec-
tively (S2 Fig). In conclusion, these results showed that all Mycoplasma strains included in the study expanded in a com-
parable manner at physiological body temperature.

Impact of the capsular polysaccharide on interactions with primary caprine monocyte-derived macrophages
(MDMs)

Since macrophages are involved in the primary immune response against bacterial infections in the respiratory tract, we
generated MDMs to investigate their specific interactions with GM12 and its isogenic mutants. The results clearly indi-
cated that only GM12::YCpMmyc1.1-Aglf caused damage to MDMs, as witnessed by the extensive cellular monolayer
disruption, whereas the other strains tested maintained the cell integrity comparable to unstimulated MDMs (Fig 2A).
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Fig 1. Effect of different growth conditions on Mycoplasma colony size and presence of polysaccharide. After four days of incubation the
colonies were transferred onto a nitrocellulose membrane and subsequently stained using Periodic Acid Schiff (PAS). Colony sectors stained for poly-
saccharide are indicated by black arrows. Scale bare is 1 mm. (A) Mycoplasmas were incubated at different temperatures on high nutrient agar.

(B) Mycoplasmas were incubated at different temperatures on low nutrient agar.

https://doi.org/10.137 1/journal.ppat.1013386.9001

We next tested whether those alterations of cell morphology could be related to altered MDM function/capacity to
activate/maturate, using multi-parameter FCM assay. And indeed GM12::YCpMmyc1.1-Aglf had a distinctive effect, by
strikingly reducing the expression of MHC-II, MHC-I and CD25 at 24 hours post infection (p.i.); this reduction persisted up
to 48 hours p.i. (Fig 2B and 2C). In contrast, GM12, GM12::YCpMmyc1.1, and GM12::YCpMmyc1.1-A68 had only mod-
erate effects on MHC-Il down-regulation at 24 hours p.i.. However, the main effect observed for those three strains was a
subsequent MHC-II up-regulation at 48 hours p.i., as illustrated in Fig 2B. Moreover, by investigating cytokine secretion,
we did not observe compelling differences in the cytokine responses to the strains investigated (Fig 2D).

These results inform that the capsule-deficient mutant GM12::YCpMmyc1.1-Aglf mediates immunosuppressive (MHC and
CD25 downregulation) as well as pro-inflammatory responses on macrophages in vitro, while the other encapsulated strains
maintain prolonged interactions with host immune cells and upregulate MHC-II expression in MDMs up to 48 hours p.i..

Capacity of GM12 to survive in primary caprine monocyte-derived macrophages (MDMs)

To investigate survival in MDMs, we utilized an engineered mCherry-expressing strain, namely GM12::YCpMmyc1.1-
mCherry. First, the expression of mCherry under the control of the spiralin promoter was confirmed using fluorescence
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Fig 2. Cell morphology and activation/maturation of caprine monocytes-derived macrophages (MDMs) after stimulation with live mycoplas-
mas. (A) The MDMs (2 x10%mL in 12-well plate) were stimulated with mycoplasmas for 24 hours and their cell morphology was investigated by micros-
copy. Experiments were done in three biological replicates and representative data are displayed. Magnification of the pictures was 20x. (B) MDMs

surface marker expression in response to stimulation with live mycoplasmas at 24 hours (upper panel) and 48 hours (lower panel), analyzed by flow
cytometry. (C) Histogram of relative cell count versus activation markers (MHC-Il, MHC-I and CD25) for PBMCs stimulated with GM12 and
GM12::YCpMmyc1.1-Aglf compared to no stimulation. (D) Cytokines and chemokines secreted at 6, 24, and 48 hours after exposure to mycoplasmas,
measured by multiplex immunoassay.

https://doi.org/10.1371/journal.ppat.1013386.9002

microscopy and FCM analysis. This strain enabled us to investigate the potential binding to MDMs by microscopy and

FCM assay. Result confirmed that GM12::YCpMmyc1.1-mCherry did not alter MDM viability (Fig 3A), while proliferating
in the cell culture medium to 108 CFU/mL at 48 hours p.i. (~ 1-log increase in all MDM samples derived from three inde-
pendent animals) (Fig 3B). This indicated the inability of macrophages to kill all mycoplasmas that have been used for the
infection in this specific assay format. Furthermore, when using fluorescence microscopy and FCM, we showed that over
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Fig 3. Viability of caprine monocyte-derived macrophages (MDMs) and Mycoplasma mycoides subsp. capri GM12 in co-culture. (A) Percent-
age of viable MDMs 48 hours post-infection with GM12 at an MOI of 100 was analyzed using the LIVE/DEAD Fixable Yellow Dead Cell Stain Kit. (B)
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Viability of mycoplasmas following co-culture with MDMs was determined by measurement of colony-forming units (CFUs) at 48 hours post-infection.
(C) Flow cytometry analysis of phagocytosis after 48 hours of coincubation with mCherry-labeled GM12::YCp1.1. (D) Fluorescence microscopy images
of infected MDMs 48 hours post-infection. Scale bare is 125 um. (E) Viability of mycoplasmas following co-culture with MDMs determined by comparing
color-changing units (CCUs) with or without treatment employing 500 pg/mL gentamicin (control =untreated). (F) The CFUs of intracellular mycoplasmas
released from MDMs (H,O treatment) 48 hours post-infection.

https://doi.org/10.1371/journal.ppat.1013386.9003

95% of MDMs had attached or engulfed GM12::YCpMmyc1.1-mCherry, as evidenced by the high fluorescence intensity
compared to unstimulated MDMs (Fig 3C and 3D).

However, at this stage it remained unclear how many GM12::YCpMmyc1.1-mCherry adhered mainly at the cell sur-
face or within MDMs. To elucidate this, a classical gentamicin protection assay was performed with the parent GM12
strain. As seen in Fig 3E upper panel, 500 pg/mL gentamicin completely killed extracellular mycoplasmas after treatment
(no colour change in all dilutions) in contrast to “no gentamicin” condition at 48 hours (colour change to yellow up to 107
dilution). Moreover, when we collected the MDMs (to assess GM12 “Intracellular survival”’) and released their content by
membrane disruption via a H,0O treatment, we found a positive number of viable GM12 within MDMs, still ~2x10° CFU/mL
after gentamicin treatment, as illustrated in Fig 3E lower panel. This was confirmed by the CFU/mL enumeration (Fig 3F).
The intracellular survival rate of GM12 within MDMs was low and around 0.012-0.019%. Moreover, confocal microscopy
displayed extranuclear DAPI-stained spots within MDMs infected with mycoplasmas at 6 and 24 hours p.i., whereas those
spots were absent without stimulation, as illustrated in S3 Fig. This extranuclear DAPI-stained spot pattern was previously
reported to correspond to internalized mycoplasmas [23,24]. Interestingly, we could not find any co-localization between
late endosome (Rab7, green) with mycoplasma'’s putative DNA (DAPI, blue).

Absence of capsular polysaccharide in GM12 affects viability of primary peripheral blood mononuclear cells
(PBMCs)

Based on observations with MDMs, we next investigated the effect of live or heat-inactivated GM12 including its isogenic
mutant on the viability of freshly isolated caprine or bovine PBMCs. Bovine PBMCs were included, since Mmc has been
reported to be isolated from cattle [25] and we wanted to see whether PBMC viability depends on the host species used.
Therefore, we quantified the percentage of dead cells after incubation with the mycoplasmas by utilizing LIVE/DEAD stain-
ing. We found that live GM12, GM12::YCpMmyc1.1 and GM12::YCpMmyc1.1-A68, and all heat-inactivated mycoplasmas
did not affect viability of caprine or bovine PBMCs. In contrast, live GM12::YCpMmyc1.1-Aglf strongly decreased caprine
or bovine PBMC viability (S4A and S4B Fig, respectively). Specifically, viabilities of caprine and bovine PBMCs exposed to
GM12, GM12::YCpMmyc1.1, GM12::YCpMmyc1.1-A68 (live or heat-inactivated) remained above 70% and were compa-
rable to the negative control. In contrast, stimulation with live GM12::YCpMmyc1.1-Aglf led to a significant drop of viability
to around 50%. As shown in S4C and S4D Fig, this increase of cell death was partially due to late apoptosis or necropto-
sis mechanisms. Altogether, the data suggests that the capsule-deficient mutant GM12::YCpMmyc1.1-Aglf exposed their
surface proteome including potential virulence traits such as lipoproteins, which likely induced necroptosis of PBMCs.

Absence of capsular polysaccharide in GM12 triggers MHC-II downregulation in primary blood cells

First, we determined the ability of mycoplasmas to replicate in DMEM supplemented with 10% FBS, following exposure to
caprine PBMCs by comparing colony-forming units (CFUs) at T=0 and T=16 hours p.i.. After 16 hours p.i., the CFU/mL
of GM12 remained constant, whereas GM12::YCpMmyc1.1 and GM12::YCpMmyc1.1-A68 showed a 1 log unit increase.
Conversely, GM12::YCpMmyc1.1-Aglf count decreased by around 1 log unit compared to pre-incubation (T=0), as illus-
trated in Fig 4A.

Since the host innate immune response has been reported to play a crucial role in the control of many bacterial infec-
tions, we then focussed our attention on antigen presenting cells (APCs), essential for bridging innate and adaptive
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Fig 4. The absence of capsular polysaccharide impairs antigen presentation. (A) Viability of mycoplasmas following co-culture with caprine periph-

eral blood mononuclear cells (PBMCs) by comparing colony-forming units (CFUs) at T=0 and T=16 hours. A star indicates statistically significance
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by paired t-test. (B—E) Modulation of activation markers on (B) caprine monocytes (MHC-I, MHC-II, CD25), (C) bovine monocytes, (D) dendritic cells
(MHC-II, CD25, CCRY7), (E) natural killer (NK) cells and y& T cells (CD25). Cells were exposed to mycoplasmas at an MOI =100 for 16 hours. (F)
GM12::YCpMmyc1.1-Agl/f induced MHC-II downregulation is due to a retention in the intracellular compartment on cattle PBMCs. The fold changes anal-
ysis was determined by FCM with FlowJo. Cells from the individual animals are represented by different color codes. Data are presented as mean + stan-
dard deviation (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).

https://doi.org/10.1371/journal.ppat.1013386.9004

immune systems, and thus triggering the T cell response. To characterize the response of caprine APCs to mycoplasmas,
a multi-parameter flow cytometry assay was applied to analyse MHC-II, MHC-I, and CD25 expression levels on CD14*
monocytes. Again, GM12::YCpMmyc1.1-Aglf had distinctive effect compared to other strains tested, this time by clearly
down-regulating the expression of MHC-II and MHC-I. However, no statistically significant differences were observed in
CD25 expression for all tested mycoplasmas (Fig 4B). Importantly, this GM12::YCpMmyc1.1-Agl/f induced MHC-II down-
regulation on CD14* cells was unrelated to cell death engagement, since this observation was found on Annexin V-/
7-AAD, Annexin V*/ 7-AAD- and Annexin V*/ 7-AAD* monocytes (S4E Fig).

Although goats are the native host species for Mmc, the immune system of this ruminant species has been less stud-
ied, with a void of specific or cross-reactive antibodies to delineate caprine immune cell subsets. This prompted us to
transfer our experimental approach to bovine immune cells, where a more developed range of tools is even commercially
available (S5 Fig). Moreover, it was reported that cattle can get infected with Mmc as well [25] as already mentioned
above. Indeed, by doing so, we could not only include additional activation/maturation markers (CCR7), but we could
also investigate other highly specialized APC subsets in addition to monocytes, namely dendritic cells (DCs). Confirming
previous observations in goat, the results show that GM12::YCpMmyc1.1-Aglf suppressed the expression of MHC-II on
both monocytes and DCs, the latter being particularly efficient for antigen presentation. Interestingly, downregulation of
activation/maturation marker was not systematic, since in the meantime GM12::YCpMmyc1.1-Agl/f increased the expres-
sion of CD25 (monocyte and DC subsets) and CCR7 (dendritic cells) (Fig 4C and 4D). Altogether, these results showed
the remarkable capacity of engineered CPS-negative Mmc to differentially modulate ruminant immune cells.

Another advantage to work with bovine immune cells was the possibility to investigate other subsets bridging
innate-adaptive immunity (such as natural killer cells (NK cells) and v T cells). Effectively, we expanded our findings
by showing that GM12::YCpMmyc1.1-Aglf increased the expression of CD25 on both immune cell subsets, as shown in
Fig 4E.

A possible explanation for the detected MHC-II downregulation would be the inaccessibility of freshly generated MHC-II
molecules to the plasma membrane. To test this hypothesis, we compared between FCM staining procedure “cell surface
only” and “cell surface followed by intracellular staining”, the latter cumulating detection of MHC-Il molecules already
processed at the plasma membrane and cytosolic MHC-II molecules yet to be transported at the cell surface. Clearly, the
previously observed MHC-Il downregulation in response to GM12::YCpMmyc1.1-Aglf no more persisted when intracellular
compartment could be reached, indicating that MHC-1l molecules encountered a cellular relocation rather than a decrease
in numbers. This MHC-Il molecules retention within the intracellular compartment, particularly in professional APCs (cDC1
and cDC2) (Fig 4F), was likely to have a negative outcome on the subsequent immune response.

Having focussed our efforts on the host side, we then considered how Mmec colonies could be impacted following phys-
ical contact with caprine blood cells, notably to explain why GM12::YCpMmyc1.1-Aglf titers decreased following exposure
to PBMCs (S6 Fig). For adhesion assessment, caprine PBMCs were added on the top of GM12 and GM12::YCpM
myc1.1-Aglf colonies for 30 minutes. While adhesion results proved to be comparable between GM12 and capsule-
deficient mutant (same density of blood cells sticking to bacterial colonies observed by inverted microscopy), colonies of
the capsule-deficient mutant were notably fragile compared to GM12 counterparts, as withessed by the decrease in size
and colony edge disruption. This observed instability might contribute to the aforementioned decrease of GM12::YCpM
myc1.1-Aglf titers in the supernatant of exposed PBMCs for 16 hours (Fig 4A).
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Capsular polysaccharide prevents a pro-Th-1 cytokine response

The host defense mechanisms against infections with pathogenic mycoplasmas involves sequentially components

of innate and adaptive immune responses, the latter requiring the production of Th-1, Th-2 and Th-17 cytokines. We
employed a multiplex immunoassay to determine the levels of secreted cytokines produced by caprine PBMCs exposed
to mycoplasmas. Due to the lack of a dedicated caprine-specific assay, we used a bovine assay (MILLIPLEX Bovine Cyto-
kine/Chemokine Magnetic Bead Panel 1) capable of measuring caprine cytokines (except IL-8) thanks to cross-reactivity
(Fig 5A, heatmap summarizing fold-inductions; S1 Table, p value of GM12::YCpMmyc1.1-Aglf compared to other strains;
S7A Fig, Log concentrations of all individual animals. The results indicate that all tested strains mediated pro-
inflammatory cytokines secretion by caprine PBMCs. Importantly, bovine PBMCs exhibited similar trends, as illustrated in
Fig 5B (Log,fold change), S2 Table and S7B Fig (Log concentrations), showing again that cattle can be used as alterna-
tive model to goats for an in-depth study of host-Mmc interactions.

The levels of the Th-1 cytokines (IFN-y), as well as pro-inflammatory (TNF-a, MIP-1q, IP-10) and anti-inflammatory
cytokines (IL-10) were significantly elevated following stimulation by GM12::YCpMmyc1.1-Aglf compared to other Myco-
plasma strains. Other cytokines, such as IL-1q, IL-13, IL-8, IL-17A, and IL-36RA were only marginally modulated. Cyto-
kines IL-4 and VEGF-A were below the detection threshold in all samples, likely due to either their low abundance or
absence of secretion in primary blood cells under the tested conditions (S7A and S7B Fig). These results indicated that
primary blood cells stimulated with all mycoplasmas strains secreted a bulk of pro-inflammatory cytokines that likely
promote a robust and balanced T-cell mediated response, with the most potent effect (particularly for IFN-y and TNF-a)
observed for the capsule-deficient mutant GM12::YCpMmyc1.1-Aglf.
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Fig 5. Cytokines and chemokines secreted by peripheral blood mononuclear cells (PBMCs) stimulated with mycoplasmas. Supernatants were
harvested 16 hours post infection and measured by a commercial multiplex immunoassay. (A) Cytokines/chemokines secreted by caprine PBMCs, (B)
cytokines/chemokines secreted by bovine PBMCs. Stars indicate significance levels (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).

https://doi.org/10.1371/journal.ppat.1013386.9005
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Intracellular cytokines were mainly produced by pDCs and NK cells in response to capsule-deficient mutant

As reported in our previous study, 4 antibodies were employed to detect intracellular cytokines by FCM, namely IFN-

Y, TNF-q, IL-4 and IL-17. Bovine PBMCs did not produce detectable levels of IL-4 and IL-17 following Mmc exposure.
GM12::YCpMmyc1.1 and GM12::YCpMmyc1.1-Aglf were exclusively able to trigger TNF-a secretion by DCs and mono-
cytes, both to a comparable level. The only cell subset for which GM12::YCpMmyc1.1-Aglf further increased TNF-a
secretion compared to GM12::YCpMmyc1.1 were NK cells. From this, it appeared unclear whether the absence of CPS
or presence of the YCp element in the genome triggered the production of TNF-a. However, the results were far more
convincing related to IFN-y, where particularly elevated amounts of this pro-Th-1 cytokine were seen for NK cells, confirm-
ing their response towards mycoplasmas. In contrast, the other cell subsets contributed weakly to IFN-y production, as
illustrated in Fig 6.

The capsule-deficient and GM12 wild-type strains induced distinct transcriptomic profiles in caprine PBMCs

To gain better understanding of host-pathogen interactions at the cellular response level, caprine PBMCs were infected
with mycoplasmas at MOI=100 and their transcriptome profiles were determined at 6 and 16 hours p.i.. The 6-hour time
point was included to monitor early innate immune responses that begin as soon as four hours after exposure to infectious
agents. Since transcriptomic analyses do not face similar limitations as in phenotypic investigation, this part of the study
was done with caprine cells only.

Differentially expressed genes (DEGs) were compared in PBMCs stimulated with different mycoplasmas versus
unstimulated cells. At 6 hours p.i., we found that only GM12 and GM12::YCpMmyc1.1-Aglf had clear effects on PBMCs by
increasing the number of DEGs; 53 and 292, respectively. In contrast, exposure to GM12::YCpMmyc1.1 and GM12::
YCpMmyc1.1-A68 led to the induction of only a limited number of DEGs (Fig 7A left panel). At 16 hours, the number of
DEGs were increased for all mycoplasmas tested, but GM12 and GM12::YCpMmyc1.1-Aglf triggered the induction of
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Fig 6. Intracellular cytokines produced by bovine plasmacytoid dendritic cells (pDCs) and natural killer (NK) cells in response to
GM12::YCpMmyc1.1-Aglf. Intracellular cytokine staining of TNF-a and IFN-y. Following stimulation with mycoplasmas for 16 hours, intracellular TNF-a
and IFN-y were determined by flow cytometry. Stars indicate significance levels (*p<0.05 and **p<0.01).

https://doi.org/10.1371/journal.ppat.1013386.9006
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Fig 7. Number of differentially expressed genes (DEGs) in caprine peripheral blood mononuclear cells (PBMCs) stimulated with mycoplasmas
for 6 hours (left panel) and 16 hours (right panel). (A) Number of DEGs in infected PBMCs over no stimulation at 6 hours and 16 hours. (B) Venn
diagram of DEGs among four comparisons (GM12 vs. no stimulation, GM12::YCpMmyc1.1 vs. no stimulation, GM12::YCpMmyc1.1-A68 vs. no stimula-
tion and GM12::YCpMmyc1.1-Aglf vs. no stimulation). The number in each large circle represents the total number of DEGs between combinations, the
overlap part of the circles represents common DEGs. DEGs were annotated on the basis of gene ontology (GO) using DAVID (Database for Annotation,
Visualization and Integrated Discovery).

https://doi.org/10.1371/journal.ppat.1013386.9007

the highest number of DEGs: 999 and 1151, respectively (Fig 7A right panel). A Venn diagram summarizing the results
showed that 29 and 509 DEGs were found to be unique to GM12 infection at 6 and 16 hours, respectively. Importantly,
the upregulated genes in GM12-stimulated PBMC are involved in pathogen recognition, initially and more specifically

in carbohydrate binding (Fig 7B left panel). However, this appeared to be moderate compared to PBMCs stimulated by
GM12::YCpMmyc1.1-Aglf, where 269 DEGs at 6 hours and 727 DEGs at 16 hours were identified exclusively in response
to this specific strain. These DEGs confirmed the broad immunostimulation profile described above with our ex vivo plat-
form, with a particular trend for inflammatory responses (Fig 7B right panel).

The capsule-deficient mutant induces an antiviral activity-like transcriptome associated with a robust
inflammatory response in caprine PBMCs

We then aimed to provide mechanistic insights in PBMCs stimulated by GM12 and GM12::YCpMmyc1.1-Aglf. We used
Volcano plots that highlighted the most significantly expressed transcripts: 246 DEGs at 6 hours (Fig 8A left panel and S3
Table) and 748 DEGs at 16 hours (Fig 8A right panel and S4 Table) in GM12::YCpMmyc1.1-Aglf over GM12 infected cells.
Remarkably, both strains led to very distinct transcriptomic signatures at 6 and 16 hours, confirming that the absence of
CPS alters drastically the host-pathogen interaction, inducing differential expression of immune related genes.

To gain insights into the biological functions of DEGs, genes that were significantly differentially expressed between
GM12 and GM12::YCpMmyc1.1-Aglf were analyzed using DAVID (Database for Annotation, Visualization and Integrated
Discovery) based on KEGG pathways and gene ontology (GO) terms. At 6 hours, 222 up-regulated genes (mainly in
GM12::YCpMmyc1.1-Aglf) encoding proteins reported for antiviral responses, including RIG-I-like receptor pathway (17
genes), cytosolic DNA-sensing pathway (10 genes), and cytokine-cytokine receptor interaction (18 genes), while 24
down-regulated genes (mainly in GM12) were linked to GnRH secretion as shown in Fig 8B and S5 Table. At 16 hours,
390 up-regulated genes were involved in similar pathways as those observed at 6 hours, with additional involvement in
adaptive immune responses, such as IL-17 signalling pathway, Th-17 cell differentiation, Th1 and Th2 cell differentiation
(Fig 8B and S6 Table). Confirming this, the GO analysis is depicted in the S8A and S8B Fig. Interestingly, the capsule-
deficient mutant selectively up-regulated RIPK3 and MLKL genes compared to GM12 (S9 Fig), consistent with necroptosis
as shown in KEGG pathway at both time points (Fig 8B). These findings indicate that the capsule-deficient mutant trig-
gers an inflammatory cell-death program such as necroptosis, rather than immunologically silent apoptosis. In conclusion
and as expected from results described above, our transcriptomic analysis revealed that the absence of CPS had major
impacts on the transcriptome of caprine PBMCs, notably by up-regulating genes involved in antiviral responses, inflamma-
tion, and cell death. These findings align well with the phenotypic effects observed in both MDMs and PBMCs.

Discussion

Mycoplasma mycoides is a ruminant pathogen of utmost importance in Africa affecting not only the health and productivity
of ruminant livestock but also the livelihoods of thousands of livestock dependent people. The biosafety level 3 (BSL-

3) security requirements for Mycoplasma mycoides subsp. mycoides (Mmm) in many countries [26] and the inability to
mutagenize its genome by state-of-the-art synthetic genomics tools [27] favor Mycoplasma mycoides subsp. capri strain
GM12 (Mmc GM12) as a model organism to decipher host-pathogen interactions for the species, since a well-established
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Fig 8. Number of differentially expressed genes (DEGs) in caprine peripheral blood mononuclear cells (PBMCs) stimulated with mycoplas-
mas for 6 hours (left panel) and 16 hours (right panel). (A) Volcano plot and (B) KEGG pathway of 246 DEGs at 6 hours and 748 DEGs at 16 hours
compared between GM12::YCpMmyc1.1-Aglf and GM12. The line represents the significant genes at adjusted p value of < 0.05 and absolute log, fold
change>2.

https://doi.org/10.1371/journal.ppat.1013386.9008

infection model is available [5] and the genome can be modified using synthetic genomics tools [15]. The use of cells and
tissues of the native host species is relevant for getting a meaningful insight into host-pathogen interactions, especially for
mycoplasmas that are known for a high degree of host- and tissue specificity. We used ruminant primary immune cells to
decipher interactions with Mmc GM12, a highly virulent strain that has been shown to cause septicemia after experimental
challenge in vivo [5,17,21].

First, we aimed to investigate whether CPS can contribute to phenotypic diversity of different Mmc strains. Therefore,
we investigated colonies grown under different culture conditions, and observed distinct colony segments that did not stain
against CPS (S10 Fig). Our finding is very much in line with data previously reported for Mmm colonies that also vary their
CPS surface expression [12,28,29] and its inflammatory properties as well in vitro and in vivo. The availability of host’s
glucose, the main building block of CPS is likely to vary in different tissues, such as the mucosal airway with low glucose
concentration in its mucus [30], which might also effect the CPS surface expression, but was not tested in this study due
to the complex media requirements for axenic growth of mycoplasmas. A number of gene families in mycoplasmas are
affected by frequent, stochastic genotypic changes, events that are able to alter the expression of surface molecules [31],
which might also apply for the CPS.

Our basic hypothesis upon initiation of this study was that in the absence of known toxins, host-Mmc interactions drive
inflammation which is a hallmark of disease. Most likely specific immune cell subsets drive inflammation, which we aimed
to narrow down. For the study, we used a number of engineered Mmc mutants including one incapable to produce galac-
tofuranose (capsule-deficient mutant) [17] and another one that is lacking 68 genes and was fully attenuated in vivo [5].

Our data point to an effect of the yeast centromeric element (YCp) in terms of phenotypic fitness, since we observed
at times differences between the strain GM12 and the derivative mutant GM12:YCpMmyc1.1. Differences were already
indicated in previous in vivo challenge trials, where GM12::YCpMmyc1.1 [17,21] was slightly less virulent than its parental
wild type strain GM12 [5]. It is likely that a minimal organism is easily affected by additional genetic elements and future
studies on host-pathogen interactions would benefit from marker-free mutants.

However, the lack of immune biologicals to characterize the caprine immune responses restricted the in-depth pheno-
typic investigation. We thus complemented the caprine studies with a number of assays based on bovine cells, which are
also relevant since Mmc has also been isolated from diseased cattle [25]. The use of appropriate experimental models is
crucial for understanding pathogen tropism like in the case of mycoplasmas, which are hosts and tissue specific. Basi-
cally, we applied a recently developed ex vivo platform that encompasses most circulating immune cell subsets in animal
species [18]. Of note, since the latter study emphasized to perform immunological assays at the host’s body temperature,
we verified differences of assay outcomes at 37°C (“standard cell culture conditions, ruminant hypothermia”) and 38.5°C
(ruminant body temperature) (S11 Fig), and opted to perform all tests at 38.5°C. Consequently, our results might deviate
from data collected at 37°C.

One might argue a discrepancy between the importance of a capsule and what was previously reported in vivo, where
the encapsulated GM12::YCpMmyc1.1-A68 showed full attenuation in vivo, but the capsule-deficient mutant GM12::
YCpMmyc1.1-Agif led to mild symptoms. A capsule whose synthesis relies on two dynamic genetic loci in Mycoplasma
mycoides [22], is not necessarily the one and only virulence factor. In infectious diseases the adhesion and colonization
mark the first and crucial step of pathogenesis. In fact, we have shown that the absence of a capsule at least in vitro pro-
motes adhesion [16]. The encapsulated GM12::YCpMmyc1.1-A68 misses a large number of lipoprotein-
encoding genes among other candidate virulence factor-encoding genes, which probably contribute to adhesion and
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colonization. Therefore, our results do not contradict the in vivo results obtained with GM12::YCpMmyc1.1-A68 and
GM12::YCpMmyc1.1-Aglf.

Ruminant mycoplasmas are generally considered extracellular pathogens, but a growing body of evidence suggests
that several species, such as Mycoplasmopsis agalactiae and M. bovis, can adopt an intracellular lifestyle, allowing them
to evade detection by both non-phagocytes and phagocytes [32,33] as well as avoiding humoral immune responses.
Given that M. mycoides enters the host via the respiratory tract, we employed MDMs as proxy of recruited macrophages
entering the respiratory tract during the early phase of infection [34]. Indeed, increased levels of macrophages have been
identified in situ in lung tissues of CBPP-affected cattle [35], while macrophage interactions with Mmm have been recently
investigated [36]. Herein, we have optimized the protocol according to up-to-date procedures [37], notably to overcome
the low affinity of CD14 antibodies in goat, ending up with a pure fraction of positively-selected monocytes rather than the
bulk of PBMC population, enhancing the consistency and reliability of our findings. In our study only the capsule-deficient
mutant negatively impacted the viability of MDMs as well as their capacity to express MHC-I, MHC-Il and CD25, while the
mCherry-tagged GM12 survived in low numbers in macrophages. A survival of Mmm in bovine macrophages without pre-
incubation with opsonizing antibodies was reported recently, which supports our findings [36]. Such survival would explain
a possible mode of dissemination, which has been reported for a number of pathogenic mycoplasmas. According to our
results, theoretically a cease in CPS surface expression inside macrophages would kill the macrophage and release the
mycoplasmas into different body sites. With respect to the cytokine secretion of the MDMs, we observed the release of
IL-1, which matches published in situ data from CBPP-affected cattle [35]. Finally, although we have optimized mono-
cyte sorting procedure and used well established differentiation into macrophage-like cells by GM-CSF, one must keep
in mind that our system cannot recapitulate the nuance and plasticity of macrophage polarization during in vivo infection
(macrophage lineages but also monocyte derived DC like cells, surpassing inflammatory events). Altogether, our findings
recapitulate how Mmc GM12 can survive in macrophages and persist within the host and the pivotal role of CPS for this.
This likely contributes to disease severity, emphasizing the need for further research to explore Mmc’s immune evasion
strategies.

Next, we investigated the responses of PBMCs towards Mmec. Interestingly, the capsule-deficient mutant revealed
the strongest pro-apoptotic effect on PBMCs (S4 Fig), in line with the findings related to the survival of macrophages.
Exposed lipoproteins as well as other surface molecules are likely to be the main players responsible for this effect. Inter-
estingly, a similar effect was evident, when the wild-type strain GM12 was grown in media with less nutrients at fever like
temperatures (S12 Fig and S7 Table). CD14* caprine monocytes had down-regulated expression of MHC-I and -II after
exposure to GM12::YCpMmyc1.1-Aglf, negatively impacting the bridge of innate and adaptive immune responses. When
employing bovine PBMCs we also detected the downregulation of MHC-II in monocytes and dendritic cells with potential
negative impacts on antigen presentation, showing for the first time that this immunosuppressive mechanism is directly
associated with lack of CPS expression. Moreover, our study revealed that MHC-Il downregulation at the surface of mono-
cytes, dendritic cells and MDMs is largely attributed by cytosolic retention; nevertheless, the exact signaling pathways
remains to be elucidated and could offer important insights into Mollicutes pathogenesis. The observed discrepancy of
CD25 upregulation in monocytes and other immune cell subsets (Fig 4) versus downregulation in MDMs (Fig 2B and 2C)
exposed to GM12::YCpMmyc1.1-Aglf, is probably due to the presence (PBMCs) versus absence (MDMs) of T cells, the
main source of IL-2. Next we investigated the cytokines secreted by PBMCs and we detected a number of cytokines pre-
viously measured in plasma [38] from cattle experimentally infected with Mmm [39]. Stimulation by GM12 led to a number
of proinflammatory cytokines and the Th1 cytokine IFN-y, while GM12::YCpMmyc1.1-Aglf was most effective in inducing
their secretion in contrast to the other strains tested. Intracellular cytokines were mainly produced by pDCs and NK cells.
The transcriptomic profiles of PBMCs infected with GM12 and the CPS deficient mutant differed substantially corrob-
orating the phenotypic results reported here. Specifically, the CPS-deficient mutant GM12::YCpMmyc1.1-Aglf strongly
activated genes linked to antiviral defence and pro-inflammatory cytokines. Of note, the CPS-deficient mutant mediated
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antiviral gene expression (such as IFN-w, IFN-B, IRF7, and ISG15) showed overlapping pathways between bacterial and
viral responses; however, the precise mechanism, although providing potential important insights into the pathogenesis of
Mmc, remains to be elucidated and was out of scope of the present study. Finally, one must consider the limitation of the
present work, that did not provide transcriptomic profiles at later stages than 16 hours, which would have revealed addi-
tional insights into the host immune response triggered by Mmc over time.

Components of the pathogen’s surface have a crucial role in adhesion and colonization of the host. We were surprised
that the mutant lacking 68 genes and being fully attenuated in vivo mirrored many results obtained by its parental strains.
These data pinpoint to a loss of genes encoding factors for adhesion, colonization and longer-term survival, that were not
investigated in our study. Indeed the mutant strain lacking 68 genes lacks the MIB-MIP system [10], the peroxide produc-
tion system [5] and many lipoproteins that are key for adhesion and colonization [8].

In this study, we clearly demonstrate for the first time that the presence of CPS correlates with modest immune
responses. Different roles of CPS for different mycoplasmas have been reported by the research community including
bacterial adhesion to epithelial cells [40,41], downregulating alveolar macrophage responses [42], providing protection
against complement-mediated lysis [12,43] and inducing inflammatory responses [44], which we partly confirmed in
our study. We showed for the first time phenotypic diversity related to the presence or absence of CPS and its dramatic
consequences on the immunological cascade induced by Mmc. Our data support a role of CPS in‘an immunological
furtiveness state of Mmc that would explain a carrier status of animals as observed for many mycoplasmas [45]. A previ-
ous study tested a glycoconjugated vaccine candidate with a promising outcome, indicating that the capsule is a vaccine
target for Mycoplasma mycoides [46].

Surface phenotypic diversity of Mycoplasma mycoides in terms of lipoproteins expressed and the presence or absence
of CPS is likely to occur inside the host affecting the spectrum of immune responses. Therefore, different subsets of myco-
plasmas are likely to occupy specific niches with respect to host’s tissues or cells supporting the survival of the pathogen
in the hosts, according to the diversity-stability hypothesis. We were not able to determine the percentage of CPS-
positive GM12 cells in our experiments, due to technical limitations. Nevertheless, the difference to the CPS-negative
locked phenotype of GM12::YCpMmyc1.1-Aglf was evident in many experiments suggesting a large proportion of
CPS-positive cells among GM12, GM12::YCpMmyc1.1 and GM12::YCpMmyc1.1-A68. To summarize, the capacity of Mmc
to modulate CPS at the surface induces diverse and antagonistic effects on immune host cells. Depending on the tissues
targeted and the course of infection, this phenotype diversity based on CPS on/off switch at the surface, allows the bind-
ing and survival of Mmc in host immune cells, but also inhibition of induction of adaptive response, offering best conditions
for persistence and dissemination.

Conclusion

In this work we confirmed that Mmc can switch its expression of CPS, which increases the spectrum of phenotypic
diversity of the pathogen in the host besides the already reported variation of surface lipoprotein expression [47,48]. The
immunological consequences of the presence or absence of CPS are apparent and a strong immune response is likely
to foster clearance which is supported by the in vivo confirmed data employing the CPS deficient mutant. Therefore, CPS
contributes to an immunological furtiveness like state in Mycoplasma mycoides. Immunological responses of the macro-
phages and PBMCs are not likely main drivers of host specificity but rather of inflammation.

Materials and methods

Ethics statement

The collection of ruminant blood was performed in compliance with the Swiss animal protection law (TSchG SR 455;
TSchV SR 455.1; TVV SR 455.163). The application was reviewed by the Cantonal Committee on Animal Experimentation
of the cantons of Bern, Fribourg and Solothurn. The veterinary authority of the canton of Bern (Amt fir Landwirtschaft und
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Natur LANAT, Veterinardienst VeD, Bern, Switzerland) approved the animal experiments under the licenses BE55/2022,
BE127/2020 and BE104/2023.

Mycoplasma strains and culture conditions

The mycoplasmas utilized in this study are listed in S8 Table. All strains were grown at 37°C or 38.5°C at 5% CO, in SP5
medium (pH 7.5) [49]. Growth curves and doubling times were generated as recently described [50]. For immunological
assays, mycoplasmas were harvested at the log phase, stored at -80°C until further use. Colony forming unit (CFU) per
mL were determined from frozen aliquots.

To heat-inactivate mycoplasmas, an aliquot was thawed and heated at 65°C for 10 minutes before being employed for
immunological assays. Heat-inactivation was confirmed by the absence of growth in liquid media.

Characterization of capsular polysaccharide surface expression under different culture conditions

Mycoplasmas were inoculated in 5mL of Hayflick medium (high- or low-nutrient) or SP5 medium (S9 Table), and incu-
bated at 37°C, 38.5°C, or 41°C overnight. Cultures were then transferred at a 1:1,000 dilution into fresh media and
incubated overnight at the respective temperatures. Overnight cultures were harvested for RNA extraction and serial dilu-
tions were plated on agar plates and incubated for four days. Polysaccharide production was screened by colony blots.
Therefore, we adapted the colony blotting and Periodic Acid-Schiff (PAS) staining assay using the Glycoprotein Detection
kit (Sigma-Aldrich, USA). Colonies were transferred onto a nitrocellulose membrane (Merck Millipore, Ireland) by gently
pressing the membrane onto the agar surface for 5 minutes. The membranes were then fixed in methanol (1:1 v/v) for 30
minutes at room temperature, followed by two washes in distilled water (10 minutes each). For PAS staining, membranes
were incubated in oxidation solution for 30 minutes, washed twice with distilled water (10 minutes each), and then incu-
bated in Schiff reagent for 2 hours. Finally, the membranes were treated with a reduction solution for 1 hour and washed
twice in distilled water (10 minutes each). Mycoplasma phenotypes were then examined under a Nikon SMZ18 stereo
microscope (Nikon, Japan).

Construction of GM12::YCpMmyc1.1-mCherry

The mCherry expressing mutant was generated using TREC-IN [51] and all primers used are listed in S10 Table. Basi-
cally, the LacZ-encoding gene of the Mmc genome YCpMmyc1.1 [15,52] cloned in Saccharomyces cerevisiae strain VL6-
48N [53]was replaced by the mCherry-encoding gene in three steps. Step 1: Insertion of the COREG6 cassette at the target
locus via homologous recombination and selection for Uracil prototrophy; The COREG6 cassette contains 50 bp stretches
homologous to 50bp sequences flanking the gene to be removed, a I-Scel recognition site, the I-Scel gene under the
control of the Gal1 promoter, and a non-functional truncated antibiotic resistance gene module (5’ kanMX). Step 2: Site-
specific integration of a second construct containing the 3’ truncated kanMX gene component which, when integrated
properly restores functionality of the antibiotic resistance (geneticin resistance). It also contains the gene of interest
(mCherry) and a repeat of the 50 bp upstream of the gene to be removed. Step 3: Removal of the COREG cassette
via galactose induction of the I-Scel endonuclease, producing a double-strand break at the I-Scel recognition site, and
enhancement of homologous recombination between the two 50 bp repeat sequences present in the COREG6 and in the
second construct 5’ of the gene of interest, resulting in excision of the CORE6 and knock-in modules and leaving in the
gene of interest [51]. The first COREG6 construct was amplified from the plasmid CORE®6 [51] by PCR using the primers
CORE6wW50bpA_LacZ_forw and CORE6wW50bpB_LacZ_rev containing 50 bp upstream and downstream of the /acZ gene
in YCpMmyc1.1, respectively. The DreamTag DNA Polymerase (ThermoFischer Scientific) was used according to the
manufacturer’s specifications, with an annealing temperature of 54°C and elongation time of 2 minutes and 40 seconds.
The second construct was generated in two steps: First the primers 3’'Kan_forw and 3'Kan_50 bpA_LacZ_rev were
used to amplify the 3'Kan sequence from plasmid pFA6aKanMx4 [51] and mCherry was amplified from a mCherry
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containing pUC57 plasmid generated by GenScript using the primers mCherry_50 bpA_lacZ_forw and mCherry_50 bpB_
lacZ_rev. Both PCRs were performed using DreamTaqg DNA Polymerase (ThermoFischer Scientific) with an annealing
temperature of 54°C and elongation time of 1 minute. Then the two fragments were joined and amplified in a fusion PCR
using the primers 3’Kan_forw and mCherry_50 bpB_lacZ_rev, again using DreamTaq. The Fusion PCR had two stages:
first 5 cycles with an annealing temperature of 45°C kept for 3 minutes and an elongation time of 3 minutes, followed by
30 cycles with an annealing time of 60°C (for 30 seconds) and an elongation time of 2 minutes 30 seconds.

Yeast VL6-48N containing the GM12 genome YCpMmyc1.1 was transformed with the COREG6 construct using
the Lithium Acetate method [54] and selected on synthetic minimal medium containing glucose (SD) lacking histi-
dine and uracil. Correct insertion of the construct was confirmed via PCR using the primers CORE3-Ura-DG2-F and
New_LacZ_downstream.

A second round of transformation using the yeast strain now containing COREG6 instead of /lacZ was performed with the
second construct containing mCherry and yeast transformants were selected on YPD agar containing 0.2 mg/mL geneticin
(G418; Sigma-Aldrich, catalogue number A1720). The colonies were replica plated to YPGal plates to induce expres-
sion of the I-Scel gene and a double strand break at the 18 bp recognition site for I-Scel resulting in enhanced homolo-
gous recombination between the two 50bp homologous regions upstream of the inserted construct and upstream of the
mCherry sequence. Finally, the yeast colonies were grown on 5-FOA for Uracil counter selection. Correct replacement of
the lacZ with the mCherry-encoding gene in the YCpMmyc1.1 was confirmed via PCR using the primers New_
LacZ_upstream and New_LacZ_downstream. The edited GM12::YCpMmyc1.1-mCherry gene-encoding genome was
transplanted into M. capricolum subsp. capricolum ARE [16] and correct clones were confirmed by PCR and Sanger
sequencing of the fragment.

Isolation of ruminant peripheral blood mononuclear cells (PBMCs)

Blood from adult goats and cows, aged 1-3 years, was collected via jugular vein puncture. Caprine blood was collected
into bottles containing Alsever’s solution (1.55mM of C,H,,O,%xH,O, 408 mM of Na,C,H.O, x2H,0, 1.078 mM of NaCl,

1276 376 577

and 43mM of C H,O,, pH 6.2), with two parts of blood mixed with one part of Alsever’s solution. Bovine blood was col-
lected into vacutainer EDTA tubes (Becton Dickinson). PBMCs were isolated using a standard protocol and described

recently [18].

Stimulation of peripheral blood mononuclear cells by mycoplasmas

Twelve-well flat-bottom plates (TPP, Switzerland) were seeded with 2% 108 freshly isolated caprine or bovine PBMCs per
well in 1 mL Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies) supplemented with 10% fetal bovine serum
(Life Technologies). Preceding the exposure to mycoplasma, freshly isolated ruminant PBMCs were incubated at 38.5°C
(ruminant physiological temperature) or 37°C (commonly used in laboratory temperature) under 5% CO, atmosphere
incubator for 1-2 hours.

PBMC stimulations with live or heat-inactivated GM12 and its isogenic mutants were done at a multiplicity of infection
(MOI) of 100, for 16 hours (caprine PBMCs) or 18 hours (bovine PBMCs) at 38.5°C. After 14 hours of stimulation, 50 pl of
supernatant was collected from the different samples and stored at -20°C for subsequent cytokine measurement (multi-
plex immunoassay). Then, brefeldin A (10 pg/mL) (ThermoFisher) was added to the wells to block PBMCs’ secretion of
cytokines and the incubation was continued for another 4 hours, to allow the flow cytometry intracellular staining for mea-
surement of de novo cytokine synthesis.

Cytotoxicity assay

Cell viability was measured using LIVE/DEAD Fixable Yellow Dead Cell Stain kit (Invitrogen, ThermoFisher Scien-
tific) or PE Annexin V Apoptosis Detection kit with 7-AAD (BioLegend) following manufacturer’s instructions with a few
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modifications. Briefly, the harvested PBMCs were washed in PBS (Dulbecco’s Phosphate Buffered Saline, Gibco) and
then stained with fixable LIVE/DEAD stain (1:1000) and incubated on ice in the dark for 20 minutes. Afterwards, the cells
were washed in PBS supplemented with 2% fetal bovine serum (Life Technologies) and then resuspended in Annexin V
(1:20) and 7-AAD (1:20). Incubation was done at room temperature in the dark for 15 minutes followed by immediate flow
cytometer acquisition.

Multiparameter flow cytometry assay

The caprine and bovine immune cell subtypes were identified by flow cytometry (FCM) using a modified 3-step, 7-color
staining protocols for caprine PBMCs and 7-step, 11/12-color staining protocols for bovine PBMCs [18] with a few mod-
ifications. A few modifications with respect to antibodies and their fluorophores have been employed. The CD3 specific
antibody was labelled using the Zenon Alexa Fluor 568 labelling kit and instead of the CD44 antibody reported previously
we employed the antibody CD45RO, clone IL-A116. All information of the antibodies used are listed in S11 Table. FCM
acquisitions were performed on a Cytek Aurora (Cytek Biosciences) using the SpectroFlo software with autofluorescence
extraction and further analyzed with FlowJo 10.8.1 (TreeStar).

Caprine monocytes were identified as being surface marker CD14-positive and phenotypes were determined by activa-
tion/maturation marker expression (MHC-II, MHC-I, and CD25) after live cell gating (S13A and S13B Fig).

Subpopulations of bovine PBMCs, monocytes (classical, intermediate, and non-classical), dendritic cells (conventional
type 1; cDC1 and type 2; cDC2 and plasmacytoid; pDC), y6 T cells, NK cells, CD4* and CD8"* T cells, and B cells, were
characterized as published recently [18].

For the fold-change analysis of activation/maturation marker following stimulation (stimulation index), the mean fluores-
cence intensity (MFI) measured in stimulated samples for a given animal was normalized to the MFI measured in unstimu-
lated sample from that same animal.

Multiplex immunoassay

The supernatants to be investigated for the presence of cytokines/chemokines were collected and immediately stored
at -20°C until use. None of the samples investigated was stored more than three months after collection. The cytokines/
chemokines were quantified using a magnetic bead-based multiplex immunoassay MILLIPLEX MAP Bovine Cytokine/
Chemokine Panel 1 kit (including IFN-v, IL-1¢, IL-1B3, IL-4, IL-6, IL-8, IL-10, IL-17A, MIP-1cc (CCL3), IL-36RA, IP-10
(CXCL10), MCP-1 (CCL2), MIP-1B (CCL4), TNF-«, and VEGF-A) (Merck/Sigma) following the manufacturer’s instruc-
tions. Samples were acquired on a Luminex xMAP INTELLIFLEX including an xPONENT Software version 4.2 software
(Luminex) and further analyzed with Belysa software.

Generation of caprine monocyte-derived macrophages (MDMs)

Monocytes were purified from the PBMCs using MACS separation (Miltenyi Biotec, Bergisch Gladbach) by employing a
CD14-specific monoclonal antibody (mAb), Clone CAM36A; mouse 1gG1 KingFisher Biotech) (S13C Fig). The protocol for
monocyte-derived macrophages (MDMs) generation/differentiation was adapted from a published protocol [37]. Briefly, the
isolated monocytes were seeded at a density of 2 x 10° cells/mL DMEM medium+GlutaMAX (Gibco, ThermoFisher Scien-
tific) supplemented with 10% FBS (Gibco, ThermoFisher Scientific), 1% penicillin-streptomycin (10,000 U/mL, from Gibco)
and 60ng caprine granulocyte macrophage colony-stimulating factor (GM-CSF, KingFisher Biotech) per well in 12-well
flat-bottom plates (TPP, Switzerland). The cells were cultured at 38.5°C with 5% CO, for three days, then, washed twice
with pre-warmed 1x PBS, freshly supplemented DMEM media was added and the cells were incubated for another four
days before functional assay were initiated after day seven.
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Primary caprine MDMs stimulation with mycoplasmas

Before starting the functional assay at day eight, the supplemented DMEM medium of MDM cultures was replaced with
fresh DMEM supplemented with 10% FBS (without recombinant GM-CSF). MDMs stimulations with GM12 and its isogenic
mutants were done at a MOI of 100, at 38.5°C for 6, 24, and 48 hours. Exposed MDMs were then observed by a light
microscopy (Eclipse TS100, Nikon) and pictures were taken at 24 hours. Supernatants were collected at 6, 24 and 48
hours p.i. and stored at -20°C for subsequent quantifications of cytokines/chemokines. MDMs were detached by adding
twice 10 uL of 5mM of EDTA solution for 10 minutes, the MDMs were harvested and stained using the LIVE/DEAD Fix-
able Yellow Dead Cell Stain kit (Invitrogen, ThermoFisher Scientific) and different antibodies to quantify activation/matura-
tion of MHC-Il, MHC-I, and CD25, see S11 Table.

Gentamicin protection assay

Gentamicin protection assay was performed in a similar way to the caprine MDMs stimulation described above. In contrast
to the latter MDMs were exposed to GM12 and treated with 500 pug/mL gentamicin (Sigma) to kill extracellular myco-
plasmas. Briefly, 2 x 105 MDMs/well were washed three times with PBS and fresh DMEM was added. Then, MDMs were
exposed to GM12 at a MOI of 100, and incubated for 20 hours in a 5% CO, environment at 38.5°C. Afterwards the super-
natants were collected to measure CFUs before gentamicin treatment, MDMs were washed twice with pre-warmed PBS
and DMEM medium with 500 ug/mL gentamicin was added. Negative controls did not contain gentamicin. Then, the cells
were incubated for another four hours. Supernatants were collected and bacterial load was measured by determination of
CFU. MDMs were then washed three times with pre-warmed PBS to rinse off gentamicin and MDMs were tested for the
presence of internalized live mycoplasmas. To this aim, MDMs were lysed using 1 mL of H,O for 20 seconds and serial
dilutions of the lysates were plated on SP5 agar plates to determine the number of live mycoplasmas using CFU counts.

Measurement of MDM-Mycoplasma interaction

The MDMs (2 x 10° cells/well in 12-well plate) were washed three times with PBS, afterwards fresh DMEM was added. Then
MDMs were exposed to GM12::YCpMmyc1.1-mCherry at a MOI of 100 for 48 hours at 38.5°C and 5% CO,. The supernatants
were collected by aspiration and the MDMs were harvested, stained using the LIVE/DEAD Fixable Yellow Dead Cell Stain kit
(Invitrogen, ThermoFisher Scientific) and investigated for their levels of fluorescence by FCM analysis after detachment as
described above. In parallel, fluorescence microscopy images were taken with a Evos FL Auto 2 microscope (Invitrogen) to
obtain merged visualization of GM12::YCpMmyc1.1-mCherry (Texas red fluorescent channel) and MDMs (brightfield).

Confocal microscopy

MDM s infected with mycoplasmas were processed for confocal microscopy at 6 and 24 hours p.i. on coverslips. Briefly, cov-
erslips were washed twice with PBS, fixed with 4% PFA for 10 min, washed twice with PBS and then incubated with the pri-
mary antibody (Rab7-1gG2b, 1:200) for 20 min on ice, washed twice with PBS. Then, the coverslips were incubated with the
secondary antibody (Alexa Fluor 488 goat anti-mouse 1gG2b; Invitrogen; 1:500 and phalloidin labeling probes-Alexa Fluor
647; Invitrogen; 1:200) for 20min on ice. Afterwards coverslips were washed twice with PBS and stained nuclei with DAPI
(1:5000) for 10min at room temperature. Finally, coverslips were mounted with DAKO mounting solution and stored over-
night at 4°C in the dark. Images were collected using Nikon Ti-2 cicero spinning disk confocal microscope (Nikon). Image
analysis and processing was performed with NIS-Elements Advanced Research laboratory image analysis system (Nikon).

RNA-seq of caprine PBMCs

Total RNA from caprine PBMCs incubated with mycoplasmas at 38.5°C with 5% CO, for up to 16 hours was extracted
using the TRIzol reagent according to manufacturer’s instruction. The RNA quantification, library preparation and
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sequencing were performed by Novogene (Novogene Co., Ltd., Muchen, Germany). Briefly, the quantity and quality of the
total RNA sample was determined by Nanodrop and Agilent 5400. Messenger RNA (mRNA) was enriched and purified
from total RNA using poly-T oligo-attached magnetic beads. Following fragmentation, the first-strand cDNA was synthe-
sized using random hexamer primers followed by the second-strand cDNA synthesis. The library was prepared through

a series of steps including end repair, A-tailing, adapter ligation, size selection, amplification, and purification. The library
quality was assessed using Qubit for quantification and a bioanalyzer for size distribution analysis. Quantified libraries
were pooled and sequenced on the lllumina platform - NovaSeq X Plus Series 25B (PE150 strategy) based on effective
library concentration and desired data volume.

Analysis of RNA-seq data

RNA-seq data analysis was performed on the Linux Cluster of the Interfaculty Bioinformatics Unit at the University of
Bern. The quality of the RNA-seq data was evaluated using FastQC [55] (version 0.12.1). Adapter sequences were
removed and reads with a Phred base quality threshold below 15 (Q<15) or shorter than 15bp were filtered out

using FASTp [56] (version 0.22.0). The cleaned reads were then aligned to the Capra hircus (goat) reference genome
(ARS1.2, GCF_001704415.2) [57] using STAR [58] (version 2.7.11b). FeatureCounts [59] (version 2.0.6) was employed
to quantify the number of reads assigned to each gene. Read quality and alignment was summarized and evaluated
with MultiQC [60] (version 1.22.2). Differential gene expression analysis between experimental groups was conducted
using the Bioconductor package DESeq2 [61]. All analyses were carried out in R (version 4.4). Raw counts were nor-
malized using DESeq?2’s internal method. For unbiased analysis, stimulated samples of each subset were compared
to corresponding control samples. Differentially expressed genes (DEGs) were identified using contrasts between
experimental groups, and log, fold changes were shrinkage-adjusted using the ashr method. Genes with adjusted p
value <0.05 and |log,FC|>2 were considered significant. Functional enrichment analysis of all DEGs were accom-
plished on the basis of the gene ontology (GO) database using DAVID (Database for Annotation, Visualization and
Integrated Discovery) [62,63].

Bacterial RNA extraction and quantitative reverse transcriptase PCR (qRT-PCR)

Mycoplasma cultures from different growth conditions, as described above, were harvested by centrifugation at 12,400 x g
for 2 minutes. The pellet was washed with 1 mL PBS, and subsequently total RNA was extracted using the RNAqueous
Phenol-free Total RNA Isolation Kit (Thermo Fisher Scientific). RNA concentration was determined employing a Biospec-
trometer (Eppendorf). Residual genomic DNA was removed using the TURBO DNA-free Kit (Thermo Fisher Scientific),
and DNA removal was confirmed by the absence of PCR amplicons targeting the house keeping gene gyrB [64] by con-
ventional PCR (S10 Table).

Two-step qRT-PCR was used to quantitatively measure prokaryotic gene expression using the iScript Reverse Tran-
scription Supermix for gRT-PCR (Bio-Rad, USA) and a QuantStudio 5 Real-Time PCR system with QuantStudio Design
and Analysis SE Software version v1.5.2 (Applied Biosystems). All primer pairs were designed using NCBI PrimerBlast
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primer sequences are shown in S10 Table. Amplification of the gIf
gene [16] was conducted in duplicate in a 10 L reaction volume containing 5 uL of SsoFast EvaGreen Supermix (Thermo
Fisher Scientific), 2 uL (2ng) of cDNA, 0.4 uL of each primer (10 ymol/L), and 2.2 uL of distilled water. The thermal cycling
conditions were as follows: 95°C for 30 seconds, followed by 40 cycles of 95°C for 15 seconds and 60°C for 30 seconds.
A melting curve analysis was performed from 65°C to 95°C, increasing 0.1°C per step. The genes ftsZ, rpoA, and gyrB
were used as reference controls. Relative gene expression levels were calculated using the 2722¢t method, where AACt =
(Ct_target — Ct average of three reference genes)_38.5°C or 41°C - (average Ct_target gene — average Ct of three refer-
ence genes)_ 37°C at high nutrient conditions [65,66].
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Statistical analysis

Statistical analysis was done using the GraphPad Prism 9 software (GraphPad software, La Jolla, CA, USA). To deter-
mine significant differences between groups, paired t tests or one-way repeated measure ANOVA followed by Tukey’s
post hoc test were used, as appropriate. A p value<0.05 was considered statistically significant (*p<0.05, **p<0.01,
##4p <0.001, and **+p<0.0001).

Supporting information

S1 Fig. gRT-PCR relative expression levels of glf gene in GM12 cultured in high-nutrient versus low-nutrient
medium at different temperatures, 38.5°C and 41°C for 18 hours. ftsZ, gyrB and rpoA were used as a reference for the
calculation of relative expression levels. The normalized expression levels were calculated by using 222¢t method. Data
represent the mean (three biological replicates), and error bars represent the standard deviation.

(TIF)

S2 Fig. Doubling times of GM12, GM12::YCpMmyc1.1, GM12::YCpMmyc1.1-A68, and GM12::YCpMmyc1.1-Aglf
determined at 38.5°C. The values represent the mean with SD of three independent biological replicates.
(TIF)

83 Fig. Confocal micrographs of caprine monocyte-derived macrophages (MDMs) infected with Mycoplasma
mycoides subsp. capri strain GM12. Immunofluorescence images present MDMs stimulated or unstimulated with
mycoplasmas at 6 and 24 hours. Nucleic acids of mycoplasmas and MDMs were stained with DAPI (dark blue). Mem-
branes were stained with phalloidin (far-red). Late endosome (Rab7, green). Yellow arrowheads indicate internalized
mycoplasmas.

(TIF)

S$4 Fig. Cellular viability of freshly isolated peripheral blood mononuclear cells (PBMCs) exposed to GM12 and its
isogenic mutants (GM12::YCpMmyc1.1, GM12::YCpMmyc1.1-A68, GM12::YCpMmyc1.1-Agl/f) 16 hours post-
infection and analyzed by flow cytometry. Percentages of viable cells upon Live/Dead staining on (A) caprine PBMCs
and (B) bovine PBMCs. (C, D) The cell viability of caprine PBMCs was determined by Annexin-V and 7-AAD staining.

For all plots, Annexin-V, PE versus 7-AAD showing cells alive (lower left), early apoptotic (upper left), late apoptosis/dead
(upper right), and necrotic (lower right). (E) MHC-II expression on monocytes in non-apoptotic (Annexin V/7-AAD"), early
apoptotic (Annexin V*/7-AAD") and late apoptotic (Annexin V*/7-AAD*) subpopulations exposed to different mycoplasmas
for 16 hours. Data are presented as mean + standard deviation. Stars indicate significance levels (*p<0.05, **p<0.01, and
***n<0.001). Unstimulated PBMCs were used as a negative control.

(TIF)

S5 Fig. Antibody staining showing strong signal for bovine cells compared to caprine cells. Caprine mono-
cytes, y& T cells and NK cells were incubated with the following primary antibodies: anti-CD14 (Clone CAMG66A,

IgM, undiluted; secondary antibody: anti-mouse IgM, BV786), anti-WC1-FITC (Clone 19.19, IgG1, undiluted), and
anti-CD335 (Clone EC1.1, IgG1, 1:20 dilution; secondary antibody: anti-mouse 19G1, AF546), respectively. Bovine
monocytes, y6 T cells and NK cells were incubated with the following primary antibodies: anti-CD14 (Clone CAM36A,
IgG1, 1:800 dilution; secondary antibody: anti-mouse IgG1-PE-Cy7, Clone RMG1-1, rat IgG, 1:640 dilution),
anti-WC1 (Clone CC15, IgG2a, 1:800 dilution; secondary antibody: anti-mouse 1gG2a-Super Bright 780, Clone m2a-
15F8, rat IgG1, 1:40 dilution), and anti-CD335 (Clone AKS1, IgG1, 1:100 dilution; secondary antibody: anti-mouse
IgG1, AF700), respectively.

(TIF)
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S6 Fig. Adhesion of peripheral blood mononuclear cells (PBMCs) on colonies of GM12 and
GM12::YCpMmyc1.1-Aglf.
(TIF)

S7 Fig. Ruminant cytokines secreted after incubation of peripheral blood mononuclear cells (PBMCs) with dif-
ferent mycoplasmas. Data are presented as mean + standard deviation. Stars indicate significance levels (*p<0.05 and
**p<0.01). Data was subtracted with no stimulation. (A) Cytokines secreted by caprine PBMCs. Of note for MIP-1q, IP-10,
IL-36RA and IL-4, some caprine PBMCs stimulated with mycoplasmas gave values below detection limit. MIP-1(3 and
MCP-1 were below the detection threshold in all samples. (B) Cytokines secreted by bovine PBMCs. Of note for MIP-13
and MCP-1, PBMCs stimulated with GM12 gave values below detection limit. IL-4 and VEGF-A were below the detection
threshold in all samples.

(TIF)

S8 Fig. Functional enrichment analysis of differentially expressed genes (DEGs) compared between GM12::
YCpMmyc1.1-Ag/f and GM12 6 hours (A) and 16 hours post infection (B). Gene ontology (GO) term of DEGs were
performed using DAVID bioinformatics program.

(TIF)

S9 Fig. Transcripts per million (TPM) expression values of the representative program cell death genes in caprine
peripheral blood mononuclear cells (PBMCs) response to mycoplasmas at 6 and 16 hours post infection. Dot
plots of the number of TPM associated with apoptosis, pyroptosis, and necroptosis genes. RM one way ANOVA, Tukey’s
multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

(TIF)

$10 Fig. Effect of different growth conditions to colonies of eight different Mycoplasma mycoides subsp. capri
strains. Effect of 38.5°C and 41°C on low nutrient medium agar after 4 days of incubation. The colonies were transferred
onto a nitrocellulose membrane and Periodic Acid-Schiff (PAS) stained.

(TIF)

S$11 Fig. Influence of physiological temperature on ruminant primary peripheral blood mononuclear cells (PBMCs)
stimulated with Mycoplasma mycoides subsp. capri GM12. Ruminant PBMCs were stimulated with GM12 at a multi-
plicity of infection (MOI) of 100, for 16 hours (caprine PBMCs) or 18 hours (bovine PBMCs). The stimulations were run in
parallel at 37°C or 38.5°C (ruminant body temperature). (A, B) Percentage of viable cells upon Live/Dead staining at 16
hours for (A) caprine PBMCs and (B) bovine PBMCs. (C-F) Modulation of activation markers on (C) caprine monocytes
(MHC-I, MHC-II, CD25), (D) bovine v6 T cells (CD25) (E) monocytes, (F) dendritic cells (MHC-Il, CD25, CCR7). Data are
presented as meant standard deviation (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).

(TIF)

S$12 Fig. Effect of different growth conditions of mycoplasmas on host cell viability. Cytotoxic effect of mycoplas-
mas cultured in high-nutrient versus low-nutrient media at different temperatures, 38.5°C and 41°C on bovine peripheral
blood mononuclear cells (n=8 cattle) for 16 hours, analyzed by flow cytometry. Data are presented as mean + standard

deviation (**p<0.01, and ***p<0.001).

(TIF)

S$13 Fig. Gating strategy of ruminant caprine peripheral blood mononuclear cells (PBMCs) by FACS analysis. (A)
Viability of caprine PBMCs was assessed using a LIVE/DEAD staining. The percentage of viable cells was calculated

as: % of alive cells in all events = (number of LIVE/DEAD negative/ all events) x 100. (B) Gating strategy used to identify
monocytes. Representative flow cytometry plots from the caprine PBMCs of one of the study. The lymphocytes were live
gated during acquisition using the side (SSC) and forward (FCS) scatter plot display. Furthermore, by using the negative
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gating strategy, live/dead negative lymphocyte population was identified. The monocyte population (CD14*) was identified
by MHC-II-positive population. (C) Purities of enriched monocytes.
(TIF)

S1 Table. Comparison of cytokine secretion of caprine peripheral blood mononuclear cells stimulated with GM12
and its isogenic mutants at 38.5°C for 16 hours.
(XLSX)

S2 Table. Comparison of cytokine secretion of bovine peripheral blood mononuclear cells stimulated with GM12
and its isogenic mutants at 38.5°C for 16 hours.
(XLSX)

S3 Table. 245 differentially expressed genes in caprine peripheral blood mononuclear cells stimulated with
GM12 and GM12::YCpMmyc1.1-Aglf recorded 6 hours post-infection. The data show 222 up-regulated genes and 24
down-regulated genes in GM12::YCpMmyc1.1-Aglf.

(XLSX)

S4 Table. 748 differentially expressed genes in caprine peripheral blood mononuclear cells stimulated with GM12
and GM12::YCpMmyc1.1-Aglf recorded 16 hours post-infection. The data show 390 up-regulated genes and 358
down-regulated genes in GM12::YCpMmyc1.1-Aglf.

(XLSX)

S5 Table. Functional analysis of differentially expressed genes (246 DEGs) of peripheral blood mononuclear cells
incubated GM12::YCpMmyc1.1-Ag/f in comparison to GM12 determined 6 hours post-infection.
(XLSX)

S6 Table. Functional analysis of differentially expressed genes (748 DEGs) of peripheral blood mononuclear cells
incubated GM12::YCpMmyc1.1-Agl/f in comparison to GM12 determined 16 hours post-infection.
(XLSX)

S7 Table. Comparison of viable cells upon LIVE/DEAD staining of bovine PBMCs stimulated with GM12 in differ-
ent culture condition for 16 hours.
(XLSX)

S8 Table. Mycoplasma strains used in this study.
(XLSX)

S9 Table. Mycoplasma media used in this study.
(XLSX)

$10 Table. Oligonucleotides used in this study.
(XLSX)

S$11 Table. Antibodies and flow cytometry reagents used in this study.
(XLSX)
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