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Abstract

Bacterial meningitis is a major cause of death and disability in children worldwide. Two

human restricted respiratory pathogens, Streptococcus pneumoniae and Haemophilus

influenzae, are the major causative agents of bacterial meningitis, attributing to 200,000

deaths annually. These pathogens are often part of the nasopharyngeal microflora of

healthy carriers. However, what factors elicit them to disseminate and cause invasive dis-

eases, remain unknown. Elevated temperature and fever are hallmarks of inflammation trig-

gered by infections and can act as warning signals to pathogens. Here, we investigate

whether these respiratory pathogens can sense environmental temperature to evade host

complement-mediated killing. We show that productions of two vital virulence factors and

vaccine components, the polysaccharide capsules and factor H binding proteins, are tem-

perature dependent, thus influencing serum/opsonophagocytic killing of the bacteria. We

identify and characterise four novel RNA thermosensors in S. pneumoniae and H. influen-

zae, responsible for capsular biosynthesis and production of factor H binding proteins. Our

data suggest that these bacteria might have independently co-evolved thermosensing abili-

ties with different RNA sequences but distinct secondary structures to evade the immune

system.

Author summary

Streptococcus pneumoniae and Haemophilus influenzae are bacteria that reside in the

upper respiratory tract. This harmless colonisation can progress to severe and often lethal

septicaemia and meningitis. However, the molecular mechanisms governing the transi-

tion from carriage to disease remain largely unknown. Our work here shows that both S.

pneumoniae and H. influenzae evade defensive mechanisms of the innate immune system

by sensing body temperature. We identified four novel RNA thermosensors that influence
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production of the protective capsules, as well as immune modulatory Factor H binding

proteins. These RNA thermosensors are located in the beginning of the protein-coding

mRNAs and modulate the production of these virulence factors depending on tempera-

ture. The body core temperature is slightly higher than on the surface of the upper respira-

tory tract. Here we describe RNA thermosensors that are able to sense these changes and

activate stronger protection against the immune system. Capsule and Factor H binding

protein are important vaccine components and temperature regulation might impact

their efficiency. Identification of such regulatory RNAs enables clinicians, microbiologists

and public health practitioners to adjust their diagnostic techniques, and treatments to

best fit the condition of the patients.

Introduction

Streptococcus pneumoniae and Haemophilus influenzae are human restricted respiratory path-

ogens, often found colonising the nasopharynx, capable of causing deadly meningitis, pneu-

monia and sepsis. In order to survive in the host, both bacteria have evolved analogous

survival mechanisms, such as production of polysaccharide capsules to evade host immune

responses. Encapsulated bacterial pathogens pose a major threat to human health and contrib-

ute to significant morbidity and mortality [1]. For Gram-positive pneumococci, the capsule

enables the bacteria to avoid phagocytosis, with 100 different capsular serotypes identified as

of May 2020 [2]. Pneumococci have also been suggested to be resistant to complement killing

due to their capsule [3]. The Gram-negative H. influenzae shows six capsular serotypes, facili-

tating the bacterium to resist phagocytosis and complement-mediated killing [4]. Polysaccha-

ride-based vaccines are used to prevent S. pneumoniae and H. influenzae infections [5].

In addition to capsules, these two pathogens could also evade complement-mediated killing

by binding to human Factor H (FH), the major negative regulator of the alternative comple-

ment pathway. FH is recruited through high affinity interactions with FH binding proteins

expressed on the bacterial surface, such as the Pneumococcal Surface Protein C (PspC) and the

H. influenzae Protein H (PH) [6–8]. Currently, FH binding protein is a main component of

two licensed vaccines (Bexsero and Trumenba) used against Neisseria meningitidis. Pneumo-

coccal PspC has also been suggested as a potential vaccine candidate against pneumococcal

infections [9–11].

The ecological niche for S. pneumoniae and H. influenzae is the nasopharyngeal cavity from

where they may spread into the bloodstream and cause disease. There is a temperature gradi-

ent in the nasal cavity where these two pathogens colonise. The temperature on the surface of

the anterior nares is around 30˚C to 32˚C at the end of inspiration, and rises to around 34˚C

in the posterior nasopharynx and tonsillar region [12,13]. Both these sites on the mucosal sur-

face are significantly cooler than the core body temperature of 37˚C, where the bacteria repli-

cate during invasive diseases. Previously, we showed that temperature acts as a danger signal

to N. meningitidis, prompting the bacterium to enhance expression of immune evasion factors

via three independent RNA thermosensors (RNAT) [14]. RNATs are elements usually located

in the 5´-untranslated region (5´-UTR) of an mRNA transcript, forming a secondary structure

at lower temperature that inhibits protein translation by blocking access of ribosomes to the

ribosome binding site (RBS). As temperature rises, the RNA secondary structure undergoes a

conformational change due to higher thermodynamic energy, exposing the RBS thus allowing

translation [15].
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Recently, we demonstrated that specific variants of meningococcal capsular RNATs

resulted in hypercapsulation and were associated with episodes of invasive meningococcal dis-

eases [16]. Hence, the importance of temperature sensing in meningococci prompted us to

investigate whether temperature could affect expression of virulence factors in other meningi-

tis-causing pathogens that colonise the same niche, i.e. S. pneumoniae and H. influenzae.
Although the role of the polysaccharide capsule and FH binding proteins in S. pneumoniae
and H. influenzae in complement evasion has been studied, their regulatory mechanisms

remain largely unknown.

Here, we identify that temperature plays an important role in governing the production of

the capsular polysaccharide and FH binding proteins in S. pneumoniae and H. influenzae, thus

facilitating complement-mediated evasion. Furthermore, through sequence analyses of the

RNATs, we observed that the three meningitis-causing pathogens have unique RNA

sequences, with no sequence conservation, but that they are able to serve the same thermosen-

sing function.

Results

When S. pneumoniae (TIGR4, serotype 4) and H. influenzae type b (Hib, strain 10810) were

grown in liquid (C + Y and supplemented BHI respectively) at temperature ranging from

30˚C to 40˚C, no major growth impairments were observed. Both bacterial strains also showed

similar growth when incubated at 30˚C up to 42˚C on agar plates. To investigate whether tem-

perature could alter the bacterial survival or uptake ability by host cells, we performed serum

killing and opsonophagocytosis using bacteria incubated at different temperature. Similar to

the method used for meningococci [14], H. influenzae type b was grown overnight at 30˚C,

harvested and pre-incubated at 30˚C or 37˚C for one hour prior to 25% human serum killing

assays. H. influenzae pre-incubated at 37˚C showed a significantly higher serum survival rate

after 30 minutes compared to those at 30˚C (Fig 1A). Since pneumococci are naturally resis-

tant to serum killing, the effect of different temperature was investigated using opsonophago-

cytosis assays. S. pneumoniae was grown at either 30˚C or 37˚C and opsonised with human

serum prior to challenge of human THP-1 macrophages. Serum opsonised S. pneumoniae
grown at 37˚C was phagocytosed significantly less than those grown at 30˚C (Fig 1B). Our

results suggest that both S. pneumoniae and H. influenzae are able to evade complement-medi-

ated killing in a temperature dependent manner.

The amount of capsular polysaccharide has been shown to impact phagocytosis by host

cells. Therefore, we analysed the production of capsular polysaccharides of S. pneumoniae
grown at different temperature by performing dot blot assay [17]. Dot blots using serotype 4

specific anti-serum showed that the polysaccharide capsule was produced in higher amounts

with increasing temperature in the bacterial supernatant (Fig 2A). This is in agreement with

previous studies, showing that capsular shedding enable pneumococci to evade complement

killing and facilitate bacterial spread [18,19]. These shed capsules are immunogenic and free-

floating components that could additionally sequester antibodies and immune cells. To further

confirm our findings as well as investigating whether this temperature dependent phenotype is

pneumococcal serotype independent, we visualised and quantified the capsular expression by

performing a FITC-dextran exclusion assay using the S. pneumoniae strain NUS0276 (derived

from S. pneumoniae strain D39 (serotype 2) expressing the serotype 19F capsular locus).

Indeed, we observed that the polysaccharide thickness increased with temperature also in

strain NUS0276 (Fig 2B). Likewise, for H. influenzae, a dot blot assay was performed using a

H. influenzae serotype B specific anti-sera. Results also showed higher presence of capsular
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polysaccharides in the culture supernatant at higher temperature (Fig 2A). We conclude that

capsular expression in pneumococci and H. influenzae increases with temperature.

Next, to investigate if the polysaccharide capsular gene operons of S. pneumoniae and H.

influenzae harbour putative RNATs, we examined the intergenic regions upstream of their

respective gene loci. The capsular operon promoter of the pneumococcal strain TIGR4 has

previously been described and is located 30 bps upstream of the cpsA start codon with a short

5´-UTR (26 nts) [17]. In H. influenzae type b 10810, we identified a putative σ-70 promoter,

215 bps upstream of the capsular biosynthesis operon (bcs1´) using the promoter prediction

programme BPROM (Softberry Inc., Mt. Kisco, NY) [20]. Using Vienna RNAfold package [21]

and VARNA applet [22], we determined the putative secondary structures of cpsA and bcs1´ 5

´-UTRs together with their first 24-coding bases. Consistent with the classical feature of an

RNAT, both cpsA and bcs1’ 5´- UTR regions form stem-loop structures that occlude the RBS

(S1A and S1B Fig).

RNATs are elements located within specific 5´-UTR of mRNAs and they could function in

a heterologous host [14,23]. Therefore, the whole intergenic regions upstream of cpsA and

bcs1’ together with their respective first 24 coding-bases were translationally fused to a green

fluorescent protein (GFP) within the plasmid pEGFP-N2 and transformed into Escherichia
coli. Thermoregulation of CpsA-GFP and Bcs1’-GFP was evident in E. coli (Fig 2C). Anti-

recombinase A (RecA) antibody (Abcam) was used as a cytoplasmic loading control and anti-

Neomycin-Phosphotransferase (Npt) antibody to eliminate potential effects of temperature on

Fig 1. Temperature influences serum killing and opsonophagocytosis of H. influenzae and S. pneumoniae, respectively. (A) Serum

killing of H. influenzae type b was measured by pre-incubating the bacteria at 30˚C or 37˚C in RMPI for 1 hour prior to addition of

25% pooled human serum. The mixtures were subjected to serum killing at 37˚C for 30 minutes. H. influenzae type b pre-incubated at

37˚C shows higher resistance to complement-mediated killing than bacteria at 30˚C. (B) The effect of temperature on

opsonophagocytosis of pneumococci by THP-1 macrophages was analysed by growing S. pneumoniae TIGR4 bacteria at either 30˚C or

37˚C. The bacteria were then opsonised with pooled human serum for 30 minutes at 37˚C. Non-opsonised bacteria were exposed to

only RPMI for 30min at 37˚C. Pneumococci grown at 37˚C are more resistant to phagocytosis by macrophages than bacteria grown at

30˚C. Error bars denote s.e.m. Statistical significance calculated using a paired, two-tailed student t-test.

https://doi.org/10.1371/journal.ppat.1009513.g001
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plasmid replication (Fig 2C). The two previously identified RNA thermosensors, the neisserial

capsular CssA and the listerial transcriptional activator PrfA, were used as positive controls

(S1C Fig)

To eliminate temperature dependent transcription, the expression of cpsA and bcs1’
mRNAs were examined by Northern blotting. Both mRNA transcript levels were unaffected

by temperature (S2 Fig), indicating that upregulation of CpsA and Bcs1’ occurs post-transcrip-

tionally. To further eliminate the involvement of host dependent factors in their thermoregula-

tion, we subjected these GFP-fusion constructs to an in vitro transcription/translation assay at

different biological relevant temperature ranging from 30˚C to 40˚C (Fig 2D). Both CpsA and

Bcs1’ thermosensors displayed gradual increment of expression, similar to the rheostat expres-

sion of the meningococcal CssA (S1D Fig) [14]. In contrast, the PrfA RNAT of the enteric

pathogen L. monocytogenes displayed an on-off expression switch at 36–38˚C (S1D Fig). These

Fig 2. Capsular gene expression and production of capsules of S. pneumoniae and H. influenzae are temperature regulated. (A) Capsular dot blot analyses of S.

pneumoniae and H. influenzae type b (Hib) show increased presence of capsular components in culture supernatants with increasing temperature. Pneumococcal

Serotype 4 and H. influenzae type b polysaccharide capsule specific anti-sera were used for detection of capsules. (B) The S. pneumoniae capsule is thicker at higher

temperature as shown by dextran exclusion assay (right panel, bar = 5μm). The average thickness of pneumococcal capsules (μm) grown at different temperature

were tabulated and shown in the graph with standard deviations (+/-). (C) Thermoregulation of CpsA and Bcs1´ UTR-gfp fusion products detected in E. coli by

Western blot analysis (Anti-GFP antibody used for detection of GFP, RecA and Neomycin-phosphotransferase used as controls). (D) Western blots of in vitro
transcription/translation assay of CpsA and Bcs1´ UTR-gfp fusion products show temperature regulation of CpsA-GFP and Bcs1´-GFP. (Anti-GFP antibody used for

detection of GFP). Error bars denote s.e.m. Statistical significance calculated using a paired, two-tailed student t-test.

https://doi.org/10.1371/journal.ppat.1009513.g002
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results confirm the presence of bona fide RNATs controlling the capsular biosynthesis operons

of S. pneumoniae and H. influenzae.
In addition to capsules, pneumococci and H. influenzae could also evade complement-

mediated killing by binding to FH. Therefore, we examined whether the FH binding proteins

PspC in S. pneumoniae and PH in H. influenzae might also be thermoregulated. Using strain-

specific anti-Factor H binding protein antibodies, we detected an increased expression of

PspC and PH at higher temperature. By performing far western blotting using purified human

Factor H, we demonstrate more human FH binding with increasing temperature, consistent

with the higher expression of PspC or PH (Fig 3A). Expression of pspC and lph mRNA tran-

scripts was unaffected by temperature changes (S2 Fig), suggesting that thermoregulation also

occurs post-transcriptionally, similar to their capsular gene counterparts. This finding

prompted us to investigate the presence of RNAT structures within the 5´-region of pneumo-

coccal pspC and the H. influenzae lph mRNAs. Using promoter prediction programs, we iden-

tified two σ-70 promoters; 65 and 64 bps upstream from the start codon of the pspC and lph
operons, respectively. Next, we reviewed the putative secondary structures of pspC and lph
using Vienna RNAfold package and identified putative RNAT secondary structures with

occluded RBS (S2 Fig). Next, the whole intergenic regions upstream of pspC and lph together

with their respective first 90 coding bps were cloned into GFP-expressing plasmids pEGFP-N2

and transformed into E. coli. To eliminate any bacterial host factor involvement, these GFP-

fusion constructs were subjected to in vitro transcription/translation at different biological rel-

evant temperature (Fig 3B). The PspC and PH thermosensors displayed gradual increment of

expression, similar to the rheostat expression of their capsular counterparts CpsA and Bcs1’.

The finding of elevated FH binding proteins at higher temperature from protein lysates is

not a definite evidence that more surface exposed proteins are produced, nor that FH binding

occurs at the bacterial surface. To establish whether temperature could affect binding of FH, S.

pneumoniae and H. influenzae grown at different temperature were exposed to fluorescent

labelled FH and analysed by flow cytometry. S. pneumoniae showed an increased binding of

FH when grown at 40˚C, compared to 32˚C. Fluorescence microscopy staining was consistent

in showing higher intensity of FH binding in S. pneumoniae grown at 40˚C compared to 32˚C

(Fig 3C). Similarly, H. influenzae grown at different temperature also showed differences in

the flow cytometry analysis (Fig 3D). Two populations were observed when grown at 40˚C as

indicated by the two maxima in the histograph (S3 Fig). When exposed to labelled FH, bacteria

from this culture showed a clear increase in fluorescence intensity. Fluorescence microscopy

staining revealed almost no fluorescence on bacteria grown at 32˚C. When grown at 40˚C, a

subpopulation was found that was strongly positive for FH, while remaining bacteria were neg-

ative. The microscopy observation is consistent with the two maxima in flow cytometry (Fig

3D)

Moreover, we were interested to see if this temperature sensing phenomenon in pneumo-

cocci is also present in clinical strains of different serotypes. Sequence conservation or poly-

morphism of the RNATs in different invasive strains could indicate clinical relevance as

exemplified by the capsular RNAT of N. meningitidis [16]. The first four genes of the pneumo-

coccal capsular locus (cpsABCD) are common to all serotypes and are controlled by a single

promoter [24]. Due to unavailability of antibody against capsular polysaccharide synthesis pro-

tein A (CpsA), we investigated capsular synthesis proteins in S. pneumoniae TIGR4 using anti-

body against the second capsular polysaccharide synthesis protein (CpsB) [25]. The RNAT

governing cpsA should also affect the expression of cpsB as the proteins are encoded on a poly-

cistronic mRNA. Using S. pneumoniae TIGR4, we show that CpsB production is also tempera-

ture dependent (Fig 4A), suggesting that the pneumococcal capsular RNAT controls the

downstream protein production and that CpsB levels could be used as a marker of
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Fig 3. Factor H (FH) binding protein expression of S. pneumoniae and H. influenzae is temperature regulated. (A) Western and far-western blot analyses show

thermoregulated PspC and FH expression in S. pneumoniae. Anti-PspC (S. pneumoniae) and anti-PH (H. influenzae) antibodies used for detection of respective FH

binding protein. Human FH was used to determine binding to respective FH binding protein. Anti-human FH antibody was used. LytA (S. pneumoniae) and RecA

(H. influenzae) were used as loading controls. (B) Western blots of in vitro transcription/translation assay of PspC and PH UTR-gfp fusion products show temperature

regulation of PspC-GFP and PH-GFP. (Anti-GFP antibody used for detection of GFP). (C) Fluorescent flow cytometry shows increased human FH binding to S.

pneumoniae grown at higher temperature. Fluorescent microscopy analysis reveals that more FH is bound to S. pneumoniae at 40˚C (FH binding in a banded

pattern). (D) Fluorescent flow cytometry shows increased human FH binding to H. influenzae type b (Hib) grown at higher temperature. Fluorescent microscopy

analysis reveals a FH positive population of H. influenzae type b along with a FH negative population at 40˚C. (C & D) Fluorescence intensities of three experiments

were pooled and FH binding of bacteria grown at 40˚C vs 32˚C analysed. Error bars denote s.e.m. Statistical significance calculated using a paired, two-tailed student

t-test.

https://doi.org/10.1371/journal.ppat.1009513.g003
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pneumococcal capsule production. In addition to the laboratory strains TIGR4 (serotype 4)

and D39 (serotype 2) (Fig 2B), we selected four clinical pneumococcal strains of serotypes 1, 2,

19F and 22F, and subjected them to different temperature growth. Thermoregulation of CpsB

was also evident in these isolates (Fig 4B). Through genome comparison analyses, we identified

that the nucleotide sequences within the 5´-UTR of cpsA, essential for forming the RNA sec-

ondary structure are highly conserved among these serotypes (S4 Fig). Natural occurring poly-

morphisms in the cps 5´-UTR of serotypes 1, 2, 19F and 22F could neither alter the putative

RNA secondary structures, nor the thermoregulation ability of CpsB. Thermosensing of PspC

was also observed in these isolates (Fig 4B). Genome comparison of the 5´-regions of the pspC
mRNA show full conservation within the 5´-UTR, with polymorphisms occurring only within

the coding mRNA (S5 Fig). Increased production of the PspC protein at higher growth tem-

perature suggests that 5´-sequence conservation is favoured to maintain the thermosensing

ability.

To investigate the sequence distribution of the RNATs within S. pneumoniae and

H. influenzae genomes, we performed a nucleotide BLAST search for each RNAT in the data-

base of the National Center for Biotechnology Information (NCBI) (Table 1). Our analysis

revealed that the proposed RNAT sequences for cpsA and pspC are highly conserved in many

sequenced strains of S. pneumoniae. We identified a few single nucleotide polymorphisms

(SNPs) which are identical to those reported in S4 and S5 Figs. For H. influenzae, we only

observed a few alignments for bcs1´ and lph RNAT sequences, with all sharing high sequence

identity.

Fig 4. Clinical isolates of S. pneumoniae also possess thermosensing capability. (A) Thermoregulation of CpsB in S. pneumoniae TIGR4 as

detected by western blot analysis. (B) Thermoregulation of CpsB and PspC, using western blot analyses, in clinical pneumococcal isolates of

serotypes 1, 2 19F and 22F. LytA was used as a loading control for all panels.

https://doi.org/10.1371/journal.ppat.1009513.g004
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Discussion

S. pneumoniae and H. influenzae are major causative agents of bacterial meningitis in children

and adults [26]. These pathogens have evolved to colonise the human nasopharynx, a region

replete of other bacteria and environmental stress factors. In addition, acute inflammation and

pyretic response caused by systemic diseases such as influenza viruses could alter the local tem-

perature within the nasopharynx [27]. It is known that humans as well as mice harbouring an

influenza A virus infection are highly susceptible to a secondary pneumococcal infection

[28,29], but whether the fever response to the viral infection is a predisposing factor is cur-

rently unknown.

Temperature-mediated production of capsules and binding of human FH in S. pneumoniae
and H. influenzae could provide better protection for the bacteria from immune killing. It has

previously been reported that the promoter sequence of the capsular operon in the pneumo-

coccus is important for its virulence [17]. Our results here suggest that a capsular RNAT could

serve as an additional layer of capsule regulation as this RNAT is able to function outside of its

natural environment in the absence of pneumococcal factors. It has previously been shown

that high capsular expression in pneumococci may have negative effects on adhesion to the

respiratory mucosa [30]. Additionally, the PneumoExpress platform, a transcriptomic study

by Aprianto et al. 2018 shows no upregulation of cps transcript at higher temperature further

strengthens our hypothesis that an RNAT is controlling the production of pneumococcal cap-

sule at the translation initiation step [31]. Thermosensor-mediated modulation of capsular

production may therefore be a central strategy for S. pneumoniae and H. influenzae to opti-

mally colonise their normal habitat, the human nasopharynx. At the same time, and when nec-

essary (i.e. local inflammation), these bacteria could rapidly express certain properties to avoid

immune killing. Another important survival strategy for S. pneumoniae and H. influenzae is

the ability to bind FH using their surface exposed Factor H binding proteins. However, overex-

pression of such factors at certain sites, such as on nasopharyngeal mucosal surfaces, could

evoke undesired immune reactions for the bacteria, thus jeopardising colonisation. Further-

more, the immunogenic property of FH binding protein is demonstrated by being a main

component of two meningococcal Serogroup B vaccines (extensively reviewed by Seib, KL

et al [32]). We previously demonstrated that pneumococcal PspC is predominantly located

and exposed at the division septum [33]. This suggests that the surface located PspC could trig-

ger a reaction of the adaptive immune system. In addition, fine tuning and quick adaption of

PspC expression via an RNAT, allows the bacteria to remain undetected by immune effectors,

as long as low environmental temperature persists.

Our work using assays for serum killing and opsonophagocytosis demonstrates that both S.

pneumoniae and H. influenzae are able to evade complement-mediated killing at higher tem-

perature. An increase in temperature triggered by inflammation in the host may act as a ‘dan-

ger signal’ for S. pneumoniae and H. influenzae priming their defences against the recruitment

of immune effectors onto the mucosal surface. While attuned to higher threat, it remains

largely unknown how these pathogens breach from the mucosa into the bloodstream and

Table 1. 50-UTR sequences of cpsA, pspC, bcs1´, lph were analysed using nBLAST for occurrences in other isolates. Number of isolates identified (n).

Species Genes Isolates (n) Identity range Cause for nucleotide differences

S. pneumoniae cpsA 278 93.75–100% SNPs and incomplete coverage

pspC 30 95.4–100% SNPs and incomplete coverage

H. influenzae bcs1´ 13 95–100% SNPs and incomplete coverage

lph 4 76–100% Incomplete coverage

https://doi.org/10.1371/journal.ppat.1009513.t001
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further into the brain. We hypothesise that the nasopharyngeal tissue could be damaged dur-

ing prior influenza A viral infections, serving as an entry site for the bacteria. Temperature

increment caused by a local inflammation by primed pathogens could enhance evasion of

immune responses and increase bacterial growth, leading to bacteraemia and the pathogen

crossing the blood brain barrier to cause meningitis [34–36]. A proposed infection model

influenced by temperature is shown in Fig 5.

In conclusion, we show that the human restricted respiratory pathogens, S. pneumoniae
and H. influenzae, sense ambient temperature changes. RNATs positively influence the expres-

sion of their major virulence determinants at warmer growth conditions. Interestingly, the

four novel RNATs described here, together with the three known neisserial RNATs [14], do

not possess any sequence similarity, but all retain the same thermosensing ability. Our obser-

vation here suggests that while nucleotide sequences within the 5´-UTR could be dispensable,

a functional RNAT imperatively depends on its secondary structure with a weakly base-paired

RBS. It is most likely that these RNATs in S. pneumoniae, H. influenzae and N. meningitidis
have evolved independently to sense the same temperature cue in the nasopharyngeal niche to

avoid immune killing. Temperature plays a major role in bacterial fitness, whether the

Streptococcus pneumoniae

Haemophilus influenzae

Neisseria meningitidis

Encapsulated bacteria

Factor H binding proteins

Inflammation

Capsule

Immune evasion

Factor H binding proteins

Fig 5. Model of pathogenesis, from commensalism to systemic infection. Mucosal surface inflammation (e.g. by trauma or infection) raises the

temperature, leading to increased expression of virulence determinants such as polysaccharide capsules and FH binding proteins of S. pneumoniae, H.

influenzae and N. meningitidis. This thermoregulation enables the bacteria to evade immune responses on the mucosal surfaces. The bacteria are

primed to higher temperature and might have a better chance of surviving within the body, possibly increasing the rate of systemic infections. Green

box in RNA structure denotes ribosome binding site. Model not according to scale.

https://doi.org/10.1371/journal.ppat.1009513.g005
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phenotypical differences could be attributed to the RNAT alone or if other factors were

involved remains to be investigated.

RNA-mediated virulence gene regulation in bacterial pathogens is still an understudied

phenomenon. The pathogenesis of S. pneumoniae and H. influenzae, and their dual nature in

harmless colonisation or initiator of lethal infection makes the carrier state equally important

for investigation, especially on the role of these RNATs. With recent RNA sequencing methods

such as RNA structurome sequencing analysis [37], comprehensive RNAT maps could be gen-

erated. In addition, nuclear magnetic resonance (NMR) spectroscopy could be used to investi-

gate the RNA structures [38–40]. Our work here demonstrates the involvement of RNATs in

immune evasion of S. pneumoniae and H. influenzae. Future studies encompassing in vivo
infection model are warranted to characterise the role of these RNATs during colonisation

and invasion. In this study, due to low availability of nBLAST hits from S. pneumoniae and H.

influenzae isolates (Table 1), we were not able to investigate and assert stronger role of these

RNATs with invasive disease. Extensive RNAT allele designation could benefit S. pneumoniae
and H. influenzae pathogenesis research, exemplified by our work in Neisseria meningitidis
[16]. Discoveries of RNATs, as well as other regulatory RNAs, in clinical isolates could identify

markers for monitoring of hypervirulent strains and improve understanding of their roles in

bacterial pathogenesis as well as in invasive disease progression.

Materials and methods

Bacterial strains, plasmids and growth conditions

Strains, oligonucleotides and plasmids are listed in Table 2. Streptococcus pneumoniae were

grown on blood agar plates, and Haemophilus influenzae were grown on GC II Agar with Hae-

moglobin and IsoVitaleX at 30˚C—42˚C and 5% CO2 overnight. E. coli was grown in Luria–

Bertani (LB) agar at 37˚C overnight. When necessary, antibiotic was added to the following

final concentration: kanamycin, 50μg/mL. Liquid cultures of S. pneumoniae were grown in C

+ Y media at 32˚C– 40˚C, taken from 20% glycerol stocks of a S. pneumoniae-culture grown to

mid-logarithmic phase at the same temperature. Liquid cultures of H. influenzae were started

from a H. influenzae culture grown on plate over-night at 37˚C and 5% CO2. The new culture

was incubated at 32˚C in 25mL supplemented BHI (BHI broth + 0.1% Hemin, 0.1% NAD+)

(sBHI) in 250mL-Erlenmeyer flasks and shaking at ~180rpm. Upon reaching OD600 = 0.5

(mid-logarithmic phase) the culture was diluted 1:10 in 25mL sBHI pre-warmed to 32˚C—

40˚C and grown at the intended temperature in 250μL-Erlenmeyer flasks and ~180rpm.

In order to generate the CpsA-GFP, BscA-GFP, CssA-GFP, PspC-GFP and PH-GFP con-

structs in the plasmid pEGFP-N2 [14], the following oligonucleotides were used to amply the

fragments from their respective gDNAs; CspA(GFP)-F with CpsA(8C-GFP)-R, BscA(GFP)-F

with BscA(8C-GFP)-R, CssA(GFP)-F with CssA(8C-GFP)-R, PspC(GFP)-F with PspC(30C-

GFP)-R and PH(GFP)-F with PH(30C-GFP)-R. PCR fragments together with pEGFP-N2 plas-

mid were then digested with EcoRI and XmaI restriction enzymes (New England Biolab)

according to manufacturer’s protocol and ligated using T4 ligase (Promega). The resulting

constructs were sequenced to ensure that no other changes had occurred prior transformation

into XL10-Gold E.coli (Agilent).

Strain NUS0114 was constructed by transforming genomic DNA of strain SpnYL001 (a

generous gift from the laboratory of Marc Lipsitch) into strain IU1781 (D39 rpsL1). Transfor-

mation was performed as described by inducing natural competence in S. pneumoniae [46–

48]. The resulting strain NUS0114 (D39 rpsL1 Δcps::P-sacB-kan-rpsL+) was selected on blood

agar plates supplemented with kanamycin (250 μg/ml) and transformed with the genomic

DNA of strain NUH0014. Transformants were selected for sucrose (9% (w/v)) and
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streptomycin (300 μg/ml) resistant as well as smooth colony morphology, followed by PCR

verification [49]. Genomic DNA was purified from the resulting strain and transformed again

into strain NUS0014 to remove unwanted genetic elements from the clinical isolate other than

the serotype 19F capsule locus [50]. The production of serotype 19F capsule in the final strain,

NUS0276, was confirmed by Quellung reaction using antiserum against serotype 19F (SSI)

and validated by PCR.

Table 2. Oligonucleotides, strains and plasmids.

Primers Sequence (5´-3´) Restriction Enzymes

CspA(GFP)-F GGGGGAATTCTTCTAAAACATTGTTAGAAATCG EcoRI

CspA(8C-GFP)-R GGGGCCCGGGTGATTTTTTAAAACGTCTACTCAT XmaI

BscA(GFP)-F GGGGGAATTCTTAACACCGCACAGACCGC EcoRI

BscA(8C-GFP)-R GGGGCCCGGGCAACACCACCAGCTAGAATG XmaI

CssA(GFP)-F GGGGGAATTCCCAAATTCAAGATTTGCGAGG EcoRI

CssA(8C-GFP)-F GGGGCCCGGGTGTAATGCAAAGAATTCTTTTCAT XmaI

PspC(GFP)-F GGGGGAATTCAGAGATAAATACAAAATTCGATTTA EcoRI

PspC(30C-GFP)-R GGGGCCCGGGAACAAGACTGGCAACAACTACAC XmaI

PH(GFP)-F GGGGGAATTCATGAAACGGCTAATTCAAGATG EcoRI

PH(30C-GFP)-R GGGGCCCGGGTTGAGTATTATCACCGCCGC XmaI

CspA(qPCR)-F CTTAATCTAGTGGTAACTGCG

CspA(qPCR)-R CCAACAAACTGCTGTACTGC

Bsc(qPCR)-F GCTGGAGCATACTCTTGCC

Bsc(qPCR)-R TTCTGGTTCATCTTGAAGAGC

CssA-U ACCAGAGCCGATTCGGC

CssA-D GTTCAATTTCATCAGATAGACG

pspC(qPCR)-F CCCACTTCTTCTAATAGGGC

pspC(qPCR)-R ATCATCAGTATCTGTAGTTGGC

PH(qPCR)-F ACGCTTGCCAACTAATACCG

PH(qPCR)-R CTTGCAATTGCACCAAAGCG

fHbp-U AAACGAGAAACTGAAGCTGGC

fHbp-D CACTCTCCAAGGTAATGAGC

tmRNA(TIGR4)-F CGTTACGGATTCGACAGGC

tmRNA(TIGR4)-R ACAAGGCTTAATCGTATCTCG

tmRNA(HI)-F CGAAGCCCAAGGTGCACG

tmRNA(HI)-R AGTGCTTCGATCCTCAAACG

Strains and plasmids Reference

Streptococcus pneumoniae serotype 4 strain TIGR4 (T4) [41], ATCC BAA-334

Streptococcus pneumoniae T4R [42]

Streptococcus pneumoniae serotype 1 clinical isolate BHN31[43]

Streptococcus pneumoniae serotype 2 clinical isolate BHN147, from the BHN collection

Streptococcus pneumoniae serotype 22F clinical isolate BHN794, from the BHN collection

Streptococcus pneumoniae serotype 2 strain D39 [44]

Streptococcus pneumoniae strain IU1781 (D39 rpsL1) [45]

Streptococcus pneumoniae serotype 19F strain NUH0014 Clinical isolate

Streptococcus pneumoniae strain NUS0114 (D39 rpsL1 Δcps::P-sacB-kan-rpsL+) This study

Streptococcus pneumoniae strain NUS0276 (D39 rpsL1 cps19F) This study

Haemophilus influenzae serotype B (10810) NCBI Reference Sequence: NC_016809.1

Escherichia coli XL10-Gold Agilent Technologies

pEGFP-N2 plasmid [14]

https://doi.org/10.1371/journal.ppat.1009513.t002
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RNA isolation and northern blotting

S. pneumoniae, and H. influenzae were grown in liquid culture to an OD600 nm of ~0.5 (5x108

CFUs/mL; 2.5x109 CFUs/mL;) before RNA extraction. RNA was isolated using the FastRNA

Pro Blue Kit (MP Biomedical) following the manufacturer’s protocol. Northern blot analyses

were performed according to standard protocols. Briefly, PCR probes were generated using

oligonucleotide pairs CpsA(qPCR)-F with CpsA(qPCR)-R, Bsc(qPCR)-F with Bsc(qPCR)-R,

CssA-U with CssA-D, pspC (qPCR)-F with pspC(qPCR)-R, PH(qPCR)-F with PH(qPCR)-R,

fhbp-U with fhbp-D and tmRNA(TIGR4)-F with tmRNA(TIGR4)-R, tmRNA(HI)-F with

tmRNA(HI)-R. PCR fragments were then labelled using Megaprime DNA Labeling Systems

(GE Healthcare). Primers used are listed in Table 2.

In vitro transcription/translation

Plasmids containing the desired constructs were in vitro transcribed in an E. coli S30 Extract

system for Linear Templates kit (Promega) according to the manufacturer’s instructions. In

brief, cpsA-gfp, bscA-gfp, cssA-gfp, pspC-gfp, lph-gfp and prfA-gfp plasmids (for plasmid con-

structs see bacterial strains, plasmids and growth conditions) were digested using NotI restric-

tion enzyme and purified using QiAquick PCR purification kit (Qiagen). One microgram of

cpsA-gfp, bscA-gfp, cssA-gfp, pspC-gfp, lph-gfp and prfA-gfp digested plasmids mixtures were

incubated at 30˚C, 32˚C, 34˚C, 36˚C, 38˚C and 40˚C for 1h before transferring onto ice for 5

min. Samples were acetone-precipitated, re-suspended in 1X sample buffer, and separated on

a 12% polyacrylamide gel before being transferred onto Trans-Blot Turbo Midi (PVDF) mem-

branes (Biorad) using the Trans-Blot Turbo Transfer System (Biorad). Membranes were devel-

oped following the protocol of the ECL western blotting kit (Amersham), using anti-GFP (BD-

living colours) as primary antibody and an HRP-conjugated anti-mouse as the secondary anti-

body (GE Healthcare).

SDS–PAGE and western blotting

S. pneumoniae, and H. influenzae were grown in liquid culture to an OD600 of ~0.5 before pro-

tein isolation. Total protein was isolated from whole cell lysates using 0.1% Triton at 37˚C for

10min (S. pneumoniae) or 1% SDS at 50˚C for 30min (H. influenzae). Total protein concentra-

tions were quantified by Pierce BCA quantification kit (Thermo Fisher Scientific). 20μg of pro-

tein was loaded into each lane of the gel. Western blot analyses were performed according to

standard protocols. For western blot analysis, membranes were washed three times in 0.05%

(w/v) dry milk/PBS with 0.05% (v/v) Tween-20 for 10 min, and then incubated with the pri-

mary antibody for 1 h. Membranes were washed again three times and incubated for a further

hour with a secondary, horseradish peroxidase (HRP)-conjugated antibody for 1 h. Binding

was detected with an ECL Western Blotting Detection kit (Amersham) and exposed to ECL

Hyperfilm. Anti-CpsB rabbit antibody (gift from Professor James C. Paton) was used at a dilu-

tion of 1:1000. Anti-CbpA/PspC rabbit antibody (gift from Professor Elaine I. Tuomanen) was

used at a dilution of 1:8000. Anti-Lph rabbit antibody (gift from Professor Kristian Riesbeck)

was used at a dilution of 1:5000. Anti- fHbp Anti-RecA rabbit antibody (Abcam) was used at a

dilution of 1:8000. Anti-LytA rabbit antibody was used at a dilution of 1:2000. Anti-GAPDH

rabbit antibody was used at a dilution of 1:2000. Anti-fHbp mouse antibody was used at a dilu-

tion of 1:5000. Anti-GFP mouse antibody (BD living colors) was used at a dilution of 1:8000.

Anti-Neomycin Phosphotransferase (Npt) rabbit antibody (Novus) was used at a dilution of

1:1000. For Far western, Complement factor H from human plasma (Sigma Aldrich) was used

at a dilution of 1:10000 prior to Anti-Factor H goat antibody at a dilution of 1:1000. HRP-
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conjugated anti-mouse, anti-rabbit or anti-goat as the secondary antibody (GE Healthcare)

were used at a dilution of 1:3000.

Serum killing assay

To determine the effect of temperature on complement sensitivity, H. influenzae was grown in

liquid media according to our previous published protocol [14]. In brief, H. influenzae strain

was grown on chocolate agar plates overnight at 30˚C and re-suspended in PBS. Bacteria were

diluted to a final concentration of 1 × 107 c.f.u. ml−1 in RPMI medium (Gibco). To compare

the sensitivity of bacteria at different temperature, resuspended bacteria in RPMI were then

split and incubated at 30˚C and 37˚C for a further 1 h. One-million c.f.u. were incubated with

25% human immune serum (Sigma-Aldrich) for 30 min, and the proportion of bacteria sur-

viving was determined by plating 10 μl aliquots onto chocolate plates and counting the number

of colonies after overnight incubation; differences were analysed with the Student’s t-test.

Opsonophagocytosis assay

S. pneumoniae was grown on blood agar plates at 30˚C or 37˚C and 5% CO2 overnight. Colo-

nies were inoculated into C+Y medium and grown until exponential phase (~5x108 CFUs/

mL) at 30˚C or 37˚C prior to incubation with THP-1 macrophages. Serial dilutions were plated

on blood agar plates and incubated over night at 37˚C and 5% CO2 to determine the number

of phagocytosed bacteria.

Polysaccharide dot blot

S. pneumoniae and H. influenzae were grown in liquid as described above. Bacteria were

grown at 32˚C, 37˚C, or 40˚C until cultures reached OD600 = 0.5. Cells and medium were split

by centrifugation and supernatant isolated. H. influenzae supernatant was digested with Pro-

teinase K (Qiagen) in 30mM Tris-HCL pH8, 10mM EDTA, 1% SDS at 50˚C for 1h.1:10 dilu-

tions of the supernatants were blotted on a supported nitrocellulose membrane (Amersham

Protran Supported NC Nitrocellulose, Cytiva of Danaher Corp.) using vacuum and the Bio-

Dot Microfiltration Apparatus (Bio-Rad), and subsequently blocked in 5% milk. Capsule com-

ponents of S. pneumoniae TIGR4 were detected using 1:2 optimised rabbit type-4 antiserum

(Statens Serum Institute) and 1:20,000 anti-Rabbit-HRP. Optimised antiserum was produced

by exposing live T4R (non-encapsulated TIGR4) to Type 4 antiserum, 1:100 diluted in PBS for

30 min at 37˚C. Capsule components of H. influenzae were detected using 1:5000 diluted rab-

bit anti-serotype-B antiserum (Statens Serum Institute) and 1:20,000 anti-Rabbit HRP.

Flow cytometry analysis and fluorescence microscopy

Bacteria were grown in liquid from -80˚C 20% glycerol stocks, prepared from cultures in mid-

logarithmic phase. S. pneumoniae grew in C + Y media, and H. influenzae in BHI media at

30˚C, 32˚C, 37˚C, or 40˚C until cultures reached 5x108 (S. pneumoniae) or 2.5x109 (H. influen-
zae) CFU/mL. Binding of human FH (Merck Millipore) was detected with Alexa-Fluor-488

labelled human FH. Labelling was performed with the Alexa Fluor 488 Microscale Protein

Labelling Kit. Sample data was acquired on Gallios flow cytometer (Beckman Coulter) and at

least 2x105 events recorded. Fluorescence intensity was analysed using Kaluza software (Beck-

man Coulter). For fluorescence microscopy 5μL of the samples were dried on cover slip, then

covered with Vectashield H-1400 and analysed using the DeltaVision Elite (GE Healthcare).
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FITC-dextran exclusion assay

Measurement of the capsule thickness with the exclusion zone of FITC-dextran (FD2000S,

Sigma) was performed as described before [50]. Briefly, cells of strain NUS0276 (D39 rpsL1
cps19F) were grown overnight on blood agar plates at 30, 37, or 42˚C and resuspended in 10 μl

of 1x PBS (137 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2, 10 mM Na2HPO4, 1.8

mM KH2PO4, pH 7.4). The suspension was mixed with 2 μl of 10 mg/ml of FITC-dextran and

1 μl of the mixture was mounted on a pre-cleaned glass slide. Bacteria were visualised on an

Olympus IX81 platform. Capsule thickness was measured and quantitated using the cellSens

software (Olympus).

Supporting information

S1 Fig. 50-UTR structural analysis of S. pneumoniae and H. influenzae capsular operon

mRNAs and experimental controls. (A) Promoter sequence of the pneumococcal cpsA gene

(including 5´-UTR, ribosomal binding site (RBS) and coding sequence (CDS). A putative cpsA
RNAT secondary structure is shown below. (B) Promoter sequence of of the H. influenzae type

b bcs1´ gene (including 5´-UTR, ribosomal binding site (RBS) and coding sequence (CDS). A

putative bcs1´ RNAT secondary structure is shown below. (C) Western blot of positive control

of 5´-UTR-gfp fusion products in E. coli. cssA (N. meningitidis) or prfA (L. monocytogenes).
The respective 5´-UTRs were fused with gfp and expressed from a plasmid in E. coli grown at

different temperature. (Anti-GFP antibody used for detection of GFP, RecA and Neomycin-

phosphotransferase antibodies used as loading controls). (D) Western blots of in vitro tran-

scription/translation assays of positive controls CssA and PrfA UTR-gfp fusion products show

temperature regulation of CssA-GFP and PrfA-GFP. (Anti-GFP antibody used for detection of

GFP).

(TIF)

S2 Fig. Northern Blots show no change in mRNA transcript levels (capsule and factor H

binding protein) with increasing temperature. cpsA and bcs1’ are the first genes of the capsu-

lar operons. pspC and lph are genes for the factor H binding in S. pneumoniae TIGR4 and H.

influenzae type b proteins. Transfer messenger RNA (tmRNA) was used as control.

(TIF)

S3 Fig. 50-UTR structural analysis of S. pneumoniae and H. influenzae factor H binding

protein mRNAs, experimental controls and flow cytometry analysis. (A) Promoter

sequence of the pneumococcal pspC gene (including 5´-UTR, ribosomal binding site (RBS)

and coding sequence (CDS). Putative pspC RNAT secondary structure is shown on the right.

(B) Promoter sequence of the H. influenzae type b lph gene (including 5´-UTR, ribosomal

binding site (RBS) and coding sequence (CDS). Putative lph RNAT secondary structure is

shown on the right. (C) Western blot of positive controls, 5´-UTR-gfp fusion products FHbp

(N. meningitidis) and PrfA (L. monocytogenes) in an in vitro translation / transcription assays.

(Anti-GFP antibody used for detection of GFP). (D) Fluorescent flow cytometry shows

increased human FH binding to S. pneumoniae and H. influenzae type b (Hib) when grown at

higher temperature. In H. influenzae a subpopulation can be seen to increasingly bind FH

binding when grown at 40˚C.

(TIF)

S4 Fig. Sequence comparison of the cpsA 5´-UTR in different pneumococcal isolates. Poly-

morphisms (red) indicated within the putative secondary structures of the S. pneumoniae cpsA
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mRNA (see S1A Fig).

(TIF)

S5 Fig. Sequence comparison of the pspC 5´-UTR in different pneumococcal isolates. Poly-

morphisms (red) indicated within the putative secondary structures of the S. pneumoniae pspC
mRNA (see S3A Fig).

(TIF)

Acknowledgments

We are grateful to Jörgen Johansson and Staffan Normark for scientific discussions.

Author Contributions

Conceptualization: Hannes Eichner, Edmund Loh.

Data curation: Hannes Eichner, Jens Karlsson, Lok-To Sham, Edmund Loh.

Formal analysis: Hannes Eichner, Jens Karlsson, Laura Spelmink, Lok-To Sham, Birgitta

Henriques-Normark, Edmund Loh.

Funding acquisition: Birgitta Henriques-Normark, Edmund Loh.

Investigation: Hannes Eichner, Jens Karlsson, Laura Spelmink, Lok-To Sham, Birgitta Henri-

ques-Normark, Edmund Loh.

Methodology: Hannes Eichner, Laura Spelmink, Anuj Pathak, Lok-To Sham, Birgitta Henri-

ques-Normark, Edmund Loh.

Project administration: Edmund Loh.

Resources: Edmund Loh.

Supervision: Birgitta Henriques-Normark, Edmund Loh.

Validation: Hannes Eichner, Jens Karlsson, Lok-To Sham, Edmund Loh.

Visualization: Lok-To Sham, Edmund Loh.

Writing – original draft: Hannes Eichner, Birgitta Henriques-Normark, Edmund Loh.

Writing – review & editing: Hannes Eichner, Jens Karlsson, Laura Spelmink, Anuj Pathak,

Birgitta Henriques-Normark, Edmund Loh.

References
1. Vinuesa CG, de Lucas C, Cook MC. Clinical implications of the specialised B cell response to polysac-

charide encapsulated pathogens. Postgrad Med J. 2001; 77(911):562–9. https://doi.org/10.1136/pmj.

77.911.562 PMID: 11524513; PubMed Central PMCID: PMC1757924.

2. Ganaie F, Saad JS, McGee L, van Tonder AJ, Bentley SD, Lo SW, et al. A New Pneumococcal Capsule

Type, 10D, is the 100th Serotype and Has a Large cps Fragment from an Oral Streptococcus. Mbio.

2020; 11(3). ARTN e00937-2010.1128/mBio.00937-20. WOS:000572050700010.

3. Hyams C, Camberlein E, Cohen JM, Bax K, Brown JS. The Streptococcus pneumoniae capsule inhibits

complement activity and neutrophil phagocytosis by multiple mechanisms. Infection and immunity.

2010; 78(2):704–15. https://doi.org/10.1128/IAI.00881-09 PMID: 19948837; PubMed Central PMCID:

PMC2812187.

4. Hallstrom T, Riesbeck K. Haemophilus influenzae and the complement system. Trends Microbiol.

2010; 18(6):258–65. https://doi.org/10.1016/j.tim.2010.03.007 PMID: 20399102.

5. Lesinski GB, Westerink MA. Vaccines against polysaccharide antigens. Curr Drug Targets Infect Dis-

ord. 2001; 1(3):325–34. https://doi.org/10.2174/1568005014605964 PMID: 12455405.

PLOS PATHOGENS Bacteria evade immune system by thermosensing

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009513 April 29, 2021 16 / 19

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009513.s005
https://doi.org/10.1136/pmj.77.911.562
https://doi.org/10.1136/pmj.77.911.562
http://www.ncbi.nlm.nih.gov/pubmed/11524513
https://doi.org/10.1128/IAI.00881-09
http://www.ncbi.nlm.nih.gov/pubmed/19948837
https://doi.org/10.1016/j.tim.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/20399102
https://doi.org/10.2174/1568005014605964
http://www.ncbi.nlm.nih.gov/pubmed/12455405
https://doi.org/10.1371/journal.ppat.1009513


6. Dave S, Brooks-Walter A, Pangburn MK, McDaniel LS. PspC, a pneumococcal surface protein, binds

human factor H. Infect Immun. 2001; 69(5):3435–7. https://doi.org/10.1128/IAI.69.5.3435-3437.2001

PMID: 11292770; PubMed Central PMCID: PMC98306.

7. Schneider MC, Exley RM, Chan H, Feavers I, Kang YH, Sim RB, et al. Functional significance of factor

H binding to Neisseria meningitidis. J Immunol. 2006; 176(12):7566–75. https://doi.org/10.4049/

jimmunol.176.12.7566 PMID: 16751403.

8. Fleury C, Su YC, Hallstrom T, Sandblad L, Zipfel PF, Riesbeck K. Identification of a Haemophilus influ-

enzae factor H-Binding lipoprotein involved in serum resistance. J Immunol. 2014; 192(12):5913–23.

https://doi.org/10.4049/jimmunol.1303449 PMID: 24835392.

9. Masignani V, Comanducci M, Giuliani MM, Bambini S, Adu-Bobie J, Arico B, et al. Vaccination against

Neisseria meningitidis using three variants of the lipoprotein GNA1870. J Exp Med. 2003; 197(6):789–

99. https://doi.org/10.1084/jem.20021911 PMID: 12642606; PubMed Central PMCID: PMC2193853.

10. Fletcher LD, Bernfield L, Barniak V, Farley JE, Howell A, Knauf M, et al. Vaccine potential of the Neis-

seria meningitidis 2086 lipoprotein. Infect Immun. 2004; 72(4):2088–100. https://doi.org/10.1128/iai.72.

4.2088-2100.2004 WOS:000220481600029. PMID: 15039331

11. Ogunniyi AD, Woodrow MC, Poolman JT, Paton JC. Protection against Streptococcus pneumoniae

elicited by immunization with pneumolysin and CbpA. Infect Immun. 2001; 69(10):5997–6003. https://

doi.org/10.1128/IAI.69.10.5997-6003.2001 PMID: 11553536; PubMed Central PMCID: PMC98727.

12. Keck T, Leiacker R, Schick M, Rettinger G, Kuhnemann S. Temperature and humidity profile of the

paranasal sinuses before and after mucosal decongestion by xylometazolin. Laryngo- rhino- otologie.

2000; 79(12):749–52. https://doi.org/10.1055/s-2000-9138 PMID: 11199458.

13. Abbas AK, Heimann K, Jergus K, Orlikowsky T, Leonhardt S. Neonatal non-contact respiratory monitor-

ing based on real-time infrared thermography. Biomed Eng Online. 2011; 10:93. https://doi.org/10.

1186/1475-925X-10-93 PMID: 22243660; PubMed Central PMCID: PMC3258209.

14. Loh E, Kugelberg E, Tracy A, Zhang Q, Gollan B, Ewles H, et al. Temperature triggers immune evasion

by Neisseria meningitidis. Nature. 2013; 502(7470):237–40. https://doi.org/10.1038/nature12616

PMID: 24067614; PubMed Central PMCID: PMC3836223.

15. Loh E, Righetti F, Eichner H, Twittenhoff C, Narberhaus F. RNA Thermometers in Bacterial Pathogens.

Microbiol Spectr. 2018;6(2). https://doi.org/10.1128/microbiolspec.RWR-0012-2017 PMID: 29623874.

16. Karlsson J, Eichner H, Andersson C, Jacobsson S, Loh E. Novel hypercapsulation RNA thermosensor

variants in Neisseria meningitidis and their association with invasive meningococcal disease: a genetic

and phenotypic investigation and molecular epidemiological study. The Lancet Microbe. 2020; 1(18):

E319–E27. Epub 08 December 2020. https://doi.org/10.1016/S2666-5247(20)30146-4.

17. Shainheit MG, Mule M, Camilli A. The core promoter of the capsule operon of Streptococcus pneumo-

niae is necessary for colonization and invasive disease. Infect Immun. 2014; 82(2):694–705. https://doi.

org/10.1128/IAI.01289-13 PMID: 24478084; PubMed Central PMCID: PMC3911406.

18. Kietzman CC, Gao G, Mann B, Myers L, Tuomanen EI. Dynamic capsule restructuring by the main

pneumococcal autolysin LytA in response to the epithelium. Nat Commun. 2016; 7:10859. https://doi.

org/10.1038/ncomms10859 PMID: 26924467; PubMed Central PMCID: PMC4773454.

19. Zafar MA, Hamaguchi S, Zangari T, Cammer M, Weiser JN. Capsule Type and Amount Affect Shedding

and Transmission of Streptococcus pneumoniae. MBio. 2017; 8(4). https://doi.org/10.1128/mBio.

00989-17 PMID: 28830943; PubMed Central PMCID: PMC5565965.

20. Kroll JS, Loynds BM, Moxon ER. The Haemophilus influenzae capsulation gene cluster: a compound

transposon. Mol Microbiol. 1991; 5(6):1549–60. https://doi.org/10.1111/j.1365-2958.1991.tb00802.x

PMID: 1664907.

21. Gruber AR, Lorenz R, Bernhart SH, Neubock R, Hofacker IL. The Vienna RNA websuite. Nucleic Acids

Res. 2008; 36(Web Server issue):W70–4. https://doi.org/10.1093/nar/gkn188 PMID: 18424795;

PubMed Central PMCID: PMC2447809.

22. Darty K, Denise A, Ponty Y. VARNA: Interactive drawing and editing of the RNA secondary structure.

Bioinformatics. 2009; 25(15):1974–5. https://doi.org/10.1093/bioinformatics/btp250 PMID: 19398448;

PubMed Central PMCID: PMC2712331.

23. Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer M, Cossart P. An RNA thermosensor con-

trols expression of virulence genes in Listeria monocytogenes. Cell. 2002; 110(5):551–61. https://doi.

org/10.1016/s0092-8674(02)00905-4 PMID: 12230973.

24. Morona JK, Morona R, Miller DC, Paton JC. Mutational analysis of the carboxy-terminal (YGX)4 repeat

domain of CpsD, an autophosphorylating tyrosine kinase required for capsule biosynthesis in Strepto-

coccus pneumoniae. J Bacteriol. 2003; 185(10):3009–19. https://doi.org/10.1128/jb.185.10.3009-3019.

2003 PMID: 12730159; PubMed Central PMCID: PMC154072.

PLOS PATHOGENS Bacteria evade immune system by thermosensing

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009513 April 29, 2021 17 / 19

https://doi.org/10.1128/IAI.69.5.3435-3437.2001
http://www.ncbi.nlm.nih.gov/pubmed/11292770
https://doi.org/10.4049/jimmunol.176.12.7566
https://doi.org/10.4049/jimmunol.176.12.7566
http://www.ncbi.nlm.nih.gov/pubmed/16751403
https://doi.org/10.4049/jimmunol.1303449
http://www.ncbi.nlm.nih.gov/pubmed/24835392
https://doi.org/10.1084/jem.20021911
http://www.ncbi.nlm.nih.gov/pubmed/12642606
https://doi.org/10.1128/iai.72.4.2088-2100.2004
https://doi.org/10.1128/iai.72.4.2088-2100.2004
http://www.ncbi.nlm.nih.gov/pubmed/15039331
https://doi.org/10.1128/IAI.69.10.5997-6003.2001
https://doi.org/10.1128/IAI.69.10.5997-6003.2001
http://www.ncbi.nlm.nih.gov/pubmed/11553536
https://doi.org/10.1055/s-2000-9138
http://www.ncbi.nlm.nih.gov/pubmed/11199458
https://doi.org/10.1186/1475-925X-10-93
https://doi.org/10.1186/1475-925X-10-93
http://www.ncbi.nlm.nih.gov/pubmed/22243660
https://doi.org/10.1038/nature12616
http://www.ncbi.nlm.nih.gov/pubmed/24067614
https://doi.org/10.1128/microbiolspec.RWR-0012-2017
http://www.ncbi.nlm.nih.gov/pubmed/29623874
https://doi.org/10.1016/S2666-5247(20)30146-4
https://doi.org/10.1128/IAI.01289-13
https://doi.org/10.1128/IAI.01289-13
http://www.ncbi.nlm.nih.gov/pubmed/24478084
https://doi.org/10.1038/ncomms10859
https://doi.org/10.1038/ncomms10859
http://www.ncbi.nlm.nih.gov/pubmed/26924467
https://doi.org/10.1128/mBio.00989-17
https://doi.org/10.1128/mBio.00989-17
http://www.ncbi.nlm.nih.gov/pubmed/28830943
https://doi.org/10.1111/j.1365-2958.1991.tb00802.x
http://www.ncbi.nlm.nih.gov/pubmed/1664907
https://doi.org/10.1093/nar/gkn188
http://www.ncbi.nlm.nih.gov/pubmed/18424795
https://doi.org/10.1093/bioinformatics/btp250
http://www.ncbi.nlm.nih.gov/pubmed/19398448
https://doi.org/10.1016/s0092-8674%2802%2900905-4
https://doi.org/10.1016/s0092-8674%2802%2900905-4
http://www.ncbi.nlm.nih.gov/pubmed/12230973
https://doi.org/10.1128/jb.185.10.3009-3019.2003
https://doi.org/10.1128/jb.185.10.3009-3019.2003
http://www.ncbi.nlm.nih.gov/pubmed/12730159
https://doi.org/10.1371/journal.ppat.1009513


25. Morona JK, Morona R, Miller DC, Paton JC. Streptococcus pneumoniae capsule biosynthesis protein

CpsB is a novel manganese-dependent phosphotyrosine-protein phosphatase. J Bacteriol. 2002; 184

(2):577–83. https://doi.org/10.1128/jb.184.2.577-583.2002 PMID: 11751838; PubMed Central PMCID:

PMC139577.

26. van de Beek D, Brouwer M, Hasbun R, Koedel U, Whitney CG, Wijdicks E. Community-acquired bacte-

rial meningitis. Nat Rev Dis Primers. 2016; 2:16074. https://doi.org/10.1038/nrdp.2016.74 PMID:

27808261.

27. Eccles R. Understanding the symptoms of the common cold and influenza. Lancet Infect Dis. 2005; 5

(11):718–25. https://doi.org/10.1016/S1473-3099(05)70270-X PMID: 16253889.

28. Sender V, Hentrich K, Pathak A, Tan Qian Ler A, Embaie BT, Lundstrom SL, et al. Capillary leakage

provides nutrients and antioxidants for rapid pneumococcal proliferation in influenza-infected lower air-

ways. Proc Natl Acad Sci U S A. 2020; 117(49):31386–97. https://doi.org/10.1073/pnas.2012265117

PMID: 33229573.

29. Morens DM, Taubenberger JK, Fauci AS. Predominant role of bacterial pneumonia as a cause of death

in pandemic influenza: Implications for pandemic influenza preparedness. J Infect Dis. 2008; 198

(7):962–70. https://doi.org/10.1086/591708 WOS:000258979100003. PMID: 18710327

30. Novick S, Shagan M, Blau K, Lifshitz S, Givon-Lavi N, Grossman N, et al. Adhesion and invasion of

Streptococcus pneumoniae to primary and secondary respiratory epithelial cells. Mol Med Rep. 2017;

15(1):65–74. https://doi.org/10.3892/mmr.2016.5996 PMID: 27922699; PubMed Central PMCID:

PMC5355668.

31. Aprianto R, Slager J, Holsappel S, Veening JW. High-resolution analysis of the pneumococcal tran-

scriptome under a wide range of infection-relevant conditions. Nucleic Acids Res. 2018; 46(19):9990–

10006. https://doi.org/10.1093/nar/gky750 WOS:000450955800014. PMID: 30165663

32. Seib KL, Scarselli M, Comanducci M, Toneatto D, Masignani V. Neisseria meningitidis factor H-binding

protein fHbp: a key virulence factor and vaccine antigen. Expert Rev Vaccines. 2015; 14(6):841–59.

https://doi.org/10.1586/14760584.2015.1016915 PMID: 25704037.

33. Pathak A, Bergstrand J, Sender V, Spelmink L, Aschtgen MS, Muschiol S, et al. Factor H binding pro-

teins protect division septa on encapsulated Streptococcus pneumoniae against complement C3b

deposition and amplification. Nat Commun. 2018; 9(1):3398. https://doi.org/10.1038/s41467-018-

05494-w PMID: 30139996; PubMed Central PMCID: PMC6107515.

34. Iovino F, Engelen-Lee JY, Brouwer M, van de Beek D, van der Ende A, Valls Seron M, et al. pIgR and

PECAM-1 bind to pneumococcal adhesins RrgA and PspC mediating bacterial brain invasion. J Exp

Med. 2017; 214(6):1619–30. https://doi.org/10.1084/jem.20161668 PMID: 28515075; PubMed Central

PMCID: PMC5461002.

35. Moxon ER, Ostrow PT. Haemophilus influenzae meningitis in infant rats: role of bacteremia in patho-

genesis of age-dependent inflammatory responses in cerebrospinal fluid. J Infect Dis. 1977; 135

(2):303–7. https://doi.org/10.1093/infdis/135.2.303 PMID: 300094.

36. Rosenstein NE, Perkins BA, Stephens DS, Popovic T, Hughes JM. Medical progress: Meningococcal

disease. New Engl J Med. 2001; 344(18):1378–88. https://doi.org/10.1056/NEJM200105033441807

WOS:000168413500007. PMID: 11333996

37. Righetti F, Nuss AM, Twittenhoff C, Beele S, Urban K, Will S, et al. Temperature-responsive in vitro

RNA structurome of Yersinia pseudotuberculosis. Proc Natl Acad Sci U S A. 2016; 113(26):7237–42.

https://doi.org/10.1073/pnas.1523004113 PMID: 27298343.

38. Wagner D, Rinnenthal J, Narberhaus F, Schwalbe H. Mechanistic insights into temperature-dependent

regulation of the simple cyanobacterial hsp17 RNA thermometer at base-pair resolution. Nucleic Acids

Res. 2015; 43(11):5572–85. https://doi.org/10.1093/nar/gkv414 WOS:000357886900032. PMID:

25940621

39. Rinnenthal J, Klinkert B, Narberhaus F, Schwalbe H. Modulation of the stability of the Salmonella fourU-

type RNA thermometer. Nucleic Acids Res. 2011; 39(18):8258–70. https://doi.org/10.1093/nar/gkr314

PMID: 21727085; PubMed Central PMCID: PMC3185406.

40. Barnwal RP, Loh E, Godin KS, Yip J, Lavender H, Tang CM, et al. Structure and mechanism of a molec-

ular rheostat, an RNA thermometer that modulates immune evasion by Neisseria meningitidis. Nucleic

Acids Res. 2016; 44(19):9426–37. https://doi.org/10.1093/nar/gkw584 WOS:000388016900036.

PMID: 27369378

41. Tettelin H, Nelson KE, Paulsen IT, Eisen JA, Read TD, Peterson S, et al. Complete genome sequence

of a virulent isolate of Streptococcus pneumoniae. Science. 2001; 293(5529):498–506. https://doi.org/

10.1126/science.1061217 PMID: 11463916.

42. Fernebro J, Andersson I, Sublett J, Morfeldt E, Novak R, Tuomanen E, et al. Capsular expression in

Streptococcus pneumoniae negatively affects spontaneous and antibiotic-induced lysis and contributes

PLOS PATHOGENS Bacteria evade immune system by thermosensing

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009513 April 29, 2021 18 / 19

https://doi.org/10.1128/jb.184.2.577-583.2002
http://www.ncbi.nlm.nih.gov/pubmed/11751838
https://doi.org/10.1038/nrdp.2016.74
http://www.ncbi.nlm.nih.gov/pubmed/27808261
https://doi.org/10.1016/S1473-3099%2805%2970270-X
http://www.ncbi.nlm.nih.gov/pubmed/16253889
https://doi.org/10.1073/pnas.2012265117
http://www.ncbi.nlm.nih.gov/pubmed/33229573
https://doi.org/10.1086/591708
http://www.ncbi.nlm.nih.gov/pubmed/18710327
https://doi.org/10.3892/mmr.2016.5996
http://www.ncbi.nlm.nih.gov/pubmed/27922699
https://doi.org/10.1093/nar/gky750
http://www.ncbi.nlm.nih.gov/pubmed/30165663
https://doi.org/10.1586/14760584.2015.1016915
http://www.ncbi.nlm.nih.gov/pubmed/25704037
https://doi.org/10.1038/s41467-018-05494-w
https://doi.org/10.1038/s41467-018-05494-w
http://www.ncbi.nlm.nih.gov/pubmed/30139996
https://doi.org/10.1084/jem.20161668
http://www.ncbi.nlm.nih.gov/pubmed/28515075
https://doi.org/10.1093/infdis/135.2.303
http://www.ncbi.nlm.nih.gov/pubmed/300094
https://doi.org/10.1056/NEJM200105033441807
http://www.ncbi.nlm.nih.gov/pubmed/11333996
https://doi.org/10.1073/pnas.1523004113
http://www.ncbi.nlm.nih.gov/pubmed/27298343
https://doi.org/10.1093/nar/gkv414
http://www.ncbi.nlm.nih.gov/pubmed/25940621
https://doi.org/10.1093/nar/gkr314
http://www.ncbi.nlm.nih.gov/pubmed/21727085
https://doi.org/10.1093/nar/gkw584
http://www.ncbi.nlm.nih.gov/pubmed/27369378
https://doi.org/10.1126/science.1061217
https://doi.org/10.1126/science.1061217
http://www.ncbi.nlm.nih.gov/pubmed/11463916
https://doi.org/10.1371/journal.ppat.1009513


to antibiotic tolerance. J Infect Dis. 2004; 189(2):328–38. https://doi.org/10.1086/380564

WOS:000188097900021. PMID: 14722899

43. Syk A, Norman M, Fernebro J, Gallotta M, Farmand S, Sandgren A, et al. Emergence of hypervirulent

mutants resistant to early clearance during systemic serotype 1 pneumococcal infection in mice and

humans. J Infect Dis. 2014; 210(1):4–13. https://doi.org/10.1093/infdis/jiu038 PMID: 24443543;

PubMed Central PMCID: PMC4054898.

44. Lanie JA, Ng WL, Kazmierczak KM, Andrzejewski TM, Davidsen TM, Wayne KJ, et al. Genome

sequence of Avery’s virulent serotype 2 strain D39 of Streptococcus pneumoniae and comparison with

that of unencapsulated laboratory strain R6. J Bacteriol. 2007; 189(1):38–51. https://doi.org/10.1128/

JB.01148-06 WOS:000243182500003. PMID: 17041037

45. Kazmierczak KM, Wayne KJ, Rechtsteiner A, Winkler ME. Roles of rel(Spn) in stringent response,

global regulation and virulence of serotype 2 Streptococcus pneumoniae D39. Mol Microbiol. 2009; 72

(3):590–611. https://doi.org/10.1111/j.1365-2958.2009.06669.x WOS:000265410500004. PMID:

19426208

46. Li Y, Thompson CM, Lipsitch M. A Modified Janus Cassette (Sweet Janus) to Improve Allelic Replace-

ment Efficiency by High-Stringency Negative Selection in Streptococcus pneumoniae. Plos One. 2014;

9(6). ARTN e10051010.1371/journal.pone.0100510. WOS:000338633900053. https://doi.org/10.1371/

journal.pone.0100510 PMID: 24959661

47. Ramos-Montanez S, Tsui HCT, Wayne KJ, Morris JL, Peters LE, Zhang F, et al. Polymorphism and reg-

ulation of the spxB (pyruvate oxidase) virulence factor gene by a CBS-HotDog domain protein (SpxR) in

serotype 2 Streptococcus pneumoniae. Mol Microbiol. 2008; 67(4):729–46. https://doi.org/10.1111/j.

1365-2958.2007.06082.x WOS:000253312400006. PMID: 18179423

48. Sung CK, Li H, Claverys JP, Morrison DA. An rpsL cassette, janus, for gene replacement through nega-

tive selection in Streptococcus pneumoniae. Appl Environ Microb. 2001; 67(11):5190–6. https://doi.org/

10.1128/AEM.67.11.5190-5196.2001 WOS:000171914100033. PMID: 11679344

49. Pai R, Gertz RE, Beall B. Sequential multiplex PCR approach for determining capsular serotypes of

Streptococcus pneumoniae isolates. J Clin Microbiol. 2006; 44(1):124–31. https://doi.org/10.1128/JCM.

44.1.124-131.2006 WOS:000235048400018. PMID: 16390959

50. Weinberger DM, Trzcinski K, Lu YJ, Bogaert D, Brandes A, Galagan J, et al. Pneumococcal Capsular

Polysaccharide Structure Predicts Serotype Prevalence. Plos Pathog. 2009; 5(6). ARTN

e100047610.1371/journal.ppat.1000476. WOS:000268444500023. https://doi.org/10.1371/journal.

ppat.1000476 PMID: 19521509

PLOS PATHOGENS Bacteria evade immune system by thermosensing

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009513 April 29, 2021 19 / 19

https://doi.org/10.1086/380564
http://www.ncbi.nlm.nih.gov/pubmed/14722899
https://doi.org/10.1093/infdis/jiu038
http://www.ncbi.nlm.nih.gov/pubmed/24443543
https://doi.org/10.1128/JB.01148-06
https://doi.org/10.1128/JB.01148-06
http://www.ncbi.nlm.nih.gov/pubmed/17041037
https://doi.org/10.1111/j.1365-2958.2009.06669.x
http://www.ncbi.nlm.nih.gov/pubmed/19426208
https://doi.org/10.1371/journal.pone.0100510
https://doi.org/10.1371/journal.pone.0100510
http://www.ncbi.nlm.nih.gov/pubmed/24959661
https://doi.org/10.1111/j.1365-2958.2007.06082.x
https://doi.org/10.1111/j.1365-2958.2007.06082.x
http://www.ncbi.nlm.nih.gov/pubmed/18179423
https://doi.org/10.1128/AEM.67.11.5190-5196.2001
https://doi.org/10.1128/AEM.67.11.5190-5196.2001
http://www.ncbi.nlm.nih.gov/pubmed/11679344
https://doi.org/10.1128/JCM.44.1.124-131.2006
https://doi.org/10.1128/JCM.44.1.124-131.2006
http://www.ncbi.nlm.nih.gov/pubmed/16390959
https://doi.org/10.1371/journal.ppat.1000476
https://doi.org/10.1371/journal.ppat.1000476
http://www.ncbi.nlm.nih.gov/pubmed/19521509
https://doi.org/10.1371/journal.ppat.1009513

