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Mycoplasma pneumoniae causes atypical pneumonia in children and young

M Check for updates

adults. Its lack of a cell wall makes it resistant to beta-lactams, which are the
first-line treatment for typical pneumonia. Current diagnostic tests are time-
consuming and have low specificity, leading clinicians to administer empirical
antibiotics. Using a LASSO regression simulation approach and blood micro-
array data from 107 children with pneumonia (including 30 M. pneumoniae) we
identify eight different transcriptomic signatures, ranging from 3-10 tran-
scripts, that differentiate mycoplasma pneumonia from other bacterial/viral

pneumonias with high accuracy (AUC: 0.84-0.95). Additionally, we demon-
strate that existing signatures for broadly distinguishing viral/bacterial
infections and viral/bacterial pneumonias are ineffective in distinguishing
M. pneumoniae from viral pneumonia. The new signatures are successfully
validated in an independent RNAseq cohort of children with pneumonia,
demonstrating their robustness. The high sensibility of these signatures
presents a valuable opportunity to guide the treatment and management of
M. pneumoniae pneumonia patients.

Mycoplasma pneumoniae commonly causes respiratory infections in
children and young adults, presenting with clinical manifestations
ranging from asymptomatic to pneumonia. M. pneumoniae is one of
the most common causes of atypical pneumonia. The incidence of
M. pneumoniae pneumonia is uncertain and is typically described as
endemic, marked by cyclic epidemics occurring every 3 to 5 years. The
COVID-19 pandemic, along with associated non-pharmaceutical inter-
ventions, had a significant impact on the circulation of respiratory
pathogens, including M. pneumoniae'. A global surveillance network
noted a decrease in M. pneumoniae detection from April 2020 to
March 2021°. Despite a resurgence in other pathogens, M. pneumoniae
infections remained low until March 2022-23. Concerns about a
potential upsurge in mycoplasma infections have arisen due to waning
herd immunity**. Recent outbreaks of M. pneumoniae infections have
been reported during the last months in different European countries,

including Spain*, Denmark®, France®, and the Netherlands’ (see also
https://edition.cnn.com/2023/12/01/health/mycoplasma-pneumonia/
index.html). In November 2023, the World Health Organization (WHO)
reported an increase in outpatient consultations and hospitalizations
for M. pneumoniae pneumonia in China since May, along with rises in
respiratory syncytial virus (RSV), adenovirus, and influenza virus cases
since October'*®,

Establishing the microbiological etiology of pneumonia remains a
challenge for clinicians within healthcare facilities, primarily due to the
complexity of obtaining direct microbiological samples, which often
require invasive procedures. Additionally, there is a delay in obtaining
results from other indirect tests, such as pneumococcal antigen in
urine, PCR in respiratory swabs, or serology, when available. In the
particular case of M. pneumoniae, cultures are considered the gold-
standard for bacterial diagnosis; however, due to the difficulty in
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obtaining representative samples, slow growth rates, and low sensi-
tivity, culture methods are impractical for timely clinical and treatment
decision-making’. Serology is another commonly used approach for
diagnosing M. pneumoniae’, but tests show low specificity. IgM anti-
bodies can remain elevated for months after infection, with frequent
cross-reactivity with other pathogens but also potential for generating
false positives™. As a result, serology has gradually been replaced by
PCR", a rapid method offering higher sensitivity and specificity com-
pared to serology and culture. PCR is now widely used in developed
countries for the diagnosis of M. pneumoniae. Specific diagnosis of M.
pneumoniae is important since, due to its lack of a cell wall, it does not
respond to beta-lactams antibiotics such as amoxicillin, which is the
first-line treatment for typical community acquired pneumonia (CAP).
Azithromycin is the first line of treatment instead™. Thus, clinicians
often initiate empirical antibiotic treatment and adjust it later based on
microbiological test results®.

Recent advances in transcriptomics have allowed for the investi-
gation of specific signatures triggered by the host in response to
infections by viruses, bacteria'*" and different pathogens'. Given the
outbreaks of M. pneumoniae and the lack of precise and clinically
useful diagnostic tools, it is essential to explore the specificity of the
gene expression response against M. pneumoniae and other micro-
organisms responsible for pneumonia. While there have been a few
attempts to characterize the gene expression profile in pneumonia
patients infected by different microorganisms, none of them have
focused specifically on the atypical pneumonia caused by M. pneu-
moniae. However, we noted that a transcriptomic microarray study by
Wallihan et al.” included 30 children infected by M. pneumoniae,
although a specific blood transcriptomic signature for this infection
was not investigated.

Considering the urgent need prompted by recent outbreaks, it
may be helpful to explore host gene expression mechanisms specifi-
cally triggered by M. pneumoniae and evaluate them in the context of
those generated from pneumonia caused by other pathogens. Deli-
vering a host-transcriptome signature specific for M. pneumoniae
infection would be desirable to overcome the limitations of current
clinical and non-clinical procedures.

In this study, we identify and validate eight distinct transcriptomic
signatures, consisting of 3 to 10 genes each, that can accurately dif-
ferentiate M. pneumoniae pneumonia from other bacterial and viral
pneumonias in the pediatric population. These signatures represent a
significant advancement over previous transcriptomic models,
enhancing diagnostic accuracy and offering valuable insights for clin-
ical decision-making.

Results

A robust multi-cohort study design incorporating discovery and vali-
dation phases across different platforms was implemented to derive
optimal transcriptomic signatures for the specific diagnosis of M.
pneumoniae. The overall design is summarized in Fig. 1. Initially, dif-
ferential gene expression was analyzed between M. pneumoniae and
viral datasets from" (step 1in Fig. 1). The most promising differentially
expressed genes (DEGs) were then used in downstream analyses to
identify the best transcriptomic signatures through a systematic
resampling approach and penalized regression methods (steps 2-7 in
Fig. 1). The top M. pneumoniae signatures were rigorously evaluated
for their ability to discriminate between M. pneumoniae and viruses, as
well as other pathogens, coinfections, and healthy controls” (step 8 in
Fig. 1). Additionally, the performance of these signatures was bench-
marked against other published signatures to compare their dis-
criminative power (step 9 in Fig. 1). Finally, the leading signatures were
validated in an independent RNAseq cohort of pneumonia patients,
confirming their robustness and clinical utility (step 10 in Fig. 1). Fur-
ther methodological details are provided in Fig. 1 and the Materials and
Methods section.

Transcriptomic analysis

We conducted a principal component analysis (PCA) on a subset
of the 500 most variable genes with the entire pneumonia cohort,
which comprised four different groups: bacterial infection, viral
infection, M. pneumoniae infection and co-infections. The first
principal component (PC1), explaining 16.85% of the variation,
clearly shows the segregation of the M. pneumoniae samples from
pneumonias caused by other bacteria. As expected, co-infected
samples are distributed evenly between the two groups. Viral
profiles intermingle with other profiles in the plot, including M.
pneumoniae and bacterial transcriptomes; Fig. 2A. PC2 (account-
ing for 8.16% of the variation) makes a subtle distinction between
bacterial infections on one pole of the component, with most co-
infections included in this cluster. M. pneumoniae samples are
slightly displayed towards the center of the component, while
viral samples are evenly distributed along the whole component,
reproducing the same behavior as in PC1 (Fig. 2A).

In a comparative analysis of transcriptomes in children with
pneumonia caused by M. pneumoniae vs. viral pneumonia, we
identified 3783 DEGs, using a False Discovery Rate (FDR) sig-
nificance threshold of 5% (Supplementary Data 1). Among these
DEGs, 2288 were found to be upregulated, while 1495 were
downregulated (Fig. 2B).

Diagnostic signature discovery

To identify the best minimal signatures for differentiating M. pneu-
moniae infection from viral infections, we constructed a LASSO model
using the top 276 DEGs, applying the criteria of adjusted P-value < 0.01,
Log,FC >11], and Log, Average Expression > 2 (Supplementary Data 1).
Subsequently, we generated 1000 different transcriptomic signatures
using the 1000 randomized training datasets (TA). We then calculated
the area under the receiver operating characteristic curve (AUC) for
each signature in the TA dataset, TE dataset and the EUCLIDS cohort
(non-mycoplasma bacterial and viral pneumonias). Among the 1000
signatures, we computed the Signature Scores (SS) to obtain the best
signatures of size 3 to 10. Eight transcriptomic signatures emerged as
the best candidates for distinguishing pneumonia caused by M.
pneumoniae from viral pneumonia (Table 1). These signatures include
genes in common, totaling 18 different transcripts, with 15 over-
expressed and 3 under-expressed in mycoplasma pneumonias com-
pared to pneumonias from viral etiology (Supplementary Fig. 1).
Notably, all these signatures demonstrated reliable performance when
employed to compare M. pneumoniae samples against all non-
mycoplasma samples, including cases of co-infections and other bac-
terial pneumonias (Supplementary Data 2).

We assessed the performance for each of the eight selected sig-
natures to differentiate between M. pneumoniae and viral pneumonia
across all randomized datasets (TA), excluding those used to generate
each signature (therefore, 999 subsets). The median AUC values ran-
ged from 0.84 (for the 3-transcript signature) to 0.95 (for the 10-
transcript signature) (Fig. 3; Supplementary Data 2), demonstrating
the overall high-accuracy of the signatures to discriminate between
both phenotypes. We set the optimal cut-off for each signature to
optimize the discrimination of the two categories. Additionally, we
evaluated each transcriptomic signature in the complete dataset
to test their performance in differentiating mycoplasma pneumonias
from all other pneumonias, represented with a receiver
operating characteristic curve (ROC) and their respective AUC values.
(Fig. 3; Supplementary Data 2). Equally, the AUC values from this
analysis aligned with the AUC median values observed across all TA
datasets.

We further tested the accuracy of the signatures in discriminating
between M. pneumoniae pneumonia from other clinically relevant
groups, including: i) M. pneumoniae pneumonia vs. pneumonias
without a detected pathogen, ii) M. pneumoniae pneumonia in
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based on AUCta, AUCr, and AUCgy values (step 6), allowing to derive the best
signature of size n (step 7); n-SSyax. AUC values were then computed with the best
n-transcript signatures for the comparison between M. pneumoniae vs. virus and M.
pneumoniae vs. virus + other pathogens from ref. 17 (step 8). For comparative
purposes, we also assessed the performance of other available signatures in the
literature (step 9). Finally, the best signatures were subsequently validated in the
EUCLIDS (validation cohort), DIAMONDS, and PERFORM cohorts (step 10).

coinfection with other pathogens vs. all other pneumonias; and iii)
M. pneumoniae pneumonia vs. healthy controls. Notably, the sig-
natures performed exceptionally well in distinguishing M. pneumoniae
from healthy controls, with AUC values ranging from 0.87 to 0.98, and
from pneumonias without a detected pathogen, with AUC values
ranging from 0.81 to 0.90; Supplementary Data 2. As expected, the
accuracy of the signatures decreases when tested against pneumonias
caused by M. pneumoniae in co-infection with other pathogens, com-
pared to viral and bacterial pneumonias; Supplementary Data 2.
However, the 9-transcript signature still yielded AUC values of 0.77 or
higher for all comparisons: M. pneumoniae in co-infection vs. viral +
bacterial pneumonias (AUC = 0.77 [CI:0.65-0.89]), vs. bacterial pneu-
monias (AUC =0.80 [CI:0.57-1.00]) and vs. viral pneumonias (AUC =
0.77 [CL:0.65-0.89]). Interestingly, the 3-transcript signature also
showed AUC values above 0.70 in M. pneumoniae co-infection

scenarios, achieving its highest performance when distinguishing from
bacterial pneumonias (AUC = 0.83 [CI:0.63-1.00]).

Validation of M. pneumoniae signatures in an

independent cohort

The diagnostic accuracy of the proposed RNA signatures was evaluated
using additional gene expression data generated from a new pediatric
cohort of pneumonia samples and a different technology (RNAseq); see
details in Supplementary Data 3 and Supplementary Data 4 The results
confirmed that all RNA signatures can discriminate between viral and M.
pneumoniae pneumonias with AUCs higher than 0.68 (7-transcript),
being the 9-transcript signature the most predictive (AUC =1.00 [CL:
1.00-1.00]; sensitivity: 1.00; specificity: 1.00); Fig. 4, Supplementary
Data 5. Unexpectedly, the third most predictive model was the
3-transcript signature (AUC=0.86 [Cl: 0.65-1.00]; sensitivity: 0.89;
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specificity: 0.90) (Fig. 4, Supplementary Data 5). Remarkably, all sig-
natures can also accurately differentiate M. pneumoniae pneumonia
from other bacterial pneumonias, with AUCs ranging from 0.74 (CL:
0.55-0.92) for the 4-transcript signature to 0.85 (Cl: 0.73-0.99) for the
10-transcript signature. Considering all viral and non-mycoplasma bac-
terial pneumonias against M. pneumoniae pneumonias, the AUC values
were similar to those obtained from the comparison M. pneumoniae vs.
bacterial pneumonia. In this case, the 9-transcript signature yielded
the best performance of all the signatures tested (AUC=0.89
[CI: 0.79-0.99]); Fig. 4, Supplementary Data 5.

Asin the case of the discovery dataset, we determined the optimal
cut-off for each signature in the validation that establishes the
threshold to discriminate between pneumonias from different etiolo-
gies in the three comparisons groups (Fig. 4; Supplementary Data 5).

Additionally, we also validated the eight signatures in other
groups, some of which are clinically relevant, including pneumonias
diagnosed without a detected pathogen, controls with asthma and
healthy controls. The AUC values obtained were: i) from 0.76 (4-tran-
scripts signature) to 0.85 (9-transcripts signature) for the contrast M.
pneumoniae pneumonia vs. pneumonias diagnosed without a detected
pathogen, ii) from 0.68 (7-transcript signature) to 0.86 (6-transcripts
signature) for the contrast M. pneumoniae pneumonia vs. controls with
asthma, and iii) from 0.83 (4-transcripts signature and 9-transcripts
signature) to 0.96 (8-transcripts signature) for the contrast M. pneu-
moniae pneumonia vs. healthy controls (Supplementary Data 5).

Performance of other available signatures in M. pneumoniae
samples

As M. pneumoniae pediatric pneumonias appear to induce a different
alteration in the transcriptome compared with other bacterial infec-
tions causing pneumonia in children, we opted to examine the

performance of two available signatures designed to differentiate viral
and bacterial pediatric infections in samples from children with
viral pneumonia and pneumonia caused by M. pneumoniae: the two-
transcript signature (/FI44L/FAM89A), capable of differentiating
between pediatric viral from bacterial infections'; and the novel
5-transcript signature'®, designed to specifically distinguish between
viral and bacterial CAP in children. We observed that neither of these
two tested signatures could effectively diagnose M. pneumoniae as a
bacterial infection or a bacterial pneumonia, yielding AUC values of
0.56 and 0.52, respectively (Supplementary Fig. 2).

Differentially regulated pathways between M. pneumoniae and
viral pneumonia
To detect biological pathways responsible for the different response to
M. pneumoniae and viral pneumonia in our study cohort, we per-
formed a GSVA analysis directly on gene expression data. We identify
525 significantly (adjusted P-value<0.05) differentially regu-
lated pathways (DRPs) between both categories, with over half upre-
gulated in M. pneumoniae pneumonia (358/525; 68%); Supplementary
Data 6; Fig. 5A. Among the top 20 pathways, the most notable changes
in pathways activity were mainly represented by up-regulated pro-
cesses in atypical pneumonia (18/20; 90%); Supplementary Fig. 3.
The most DRP was “SRP dependent co-translational protein tar-
geting to membrane signal sequence recognition” (adjusted P-
value=1x10") followed by “interleukin-12 mediated signaling”
pathways (adjusted P-value=2x10"), and a group of biological
routes related to polysaccharides and glycolipids synthesis, including
“nucleotide sugar biosynthetic process” (adjusted P-value =9 x10™%),
“UDP N-Acetylglucosamine metabolic process” (adjusted P-
value =9 x107), “amino sugar biosynthetic process” (adjusted P-
value=2x10"%), “UDP N-Acetylglucosamine biosynthetic process”
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Table 1| Model coefficients and weights (%) for the genes included in each of the signatures

Gene Signatures (coefficients; weight in %)

FKBP11(1.246; 32.8%), TXNDC11 (1.380; 36.3%), DIO3 (-1.172, 30.9%). Intercept: -16.662

GAS6 (0.387,11.76%), HYOU1 (1.354, 41.13%), CAV1 (0.623, 18.93%), DIO3 (-0.928, 28.19%). Intercept: -10.676

DNAI7 (-0.595; 13.54%), GALM (0.714; 16.25%), GINS4 (0.419; 9.54%), TXNDC11 (2.038; 46.39%), DIO3 (-0.627; 14.27%). Intercept: -13.747

PRR11(0.905; 29.94%), DNAI7 (-0.298; 9.87%), GALM (0.793; 26.25%), GINS4 (0.260; 8.61%), TXNDC11(0.491; 16.26%), CAV1(0.274; 9.06%). Intercept: 14.197

N o|la|h~|lw|S

9.39%). Intercept: -13.914

CCL23 (0.624; 14.16%), GALM (0.910; 20.65%), TXNDC11 (1.400; 31.77%), ELL2 (-0.009; 0.20%), DIO3 (-0.839; 19.04%), UAP1 (-0.211; 4.79%), CDCAZ2 (0.414;

8 CCL23 (0.545; 10.06%), PRR11(0.974; 17.99%), GAS6 (0.016; 0.29%), GALM (1.012; 18.69%), TXNDC11 (0.980; 18.10%), CAV1 (0.001; 0.02%), DIO3 (-1.196;

22.09%), CADM1 (0.691; 12.76%). Intercept: -0.187

9 CCL23(0.396; 8.25%), PRR11(0.926; 19.30%), DNAI7 (-0.412; 8.59%), GALM (0.319; 6.65%), GINS4 (0.315; 6.56%), TXNDC11(0.053; 1.10%), CAV1(0.952; 19.84%),

DIO3 (-1.163; 24.24%), PTGDR2 (0.262; 5.46%). Intercept: -10.163

10 CCL23 (0.374; 2.52%), PRR11(1.316; 8.86%), DNAI7 (-1.146; 7.72%), GALM (2.091; 14.08%), GINS4 (1.136; 7-65%), TXNDC11 (2.901; 19.54%), MAPRE3 (-0.823;
5.54%), DIO3 (-3.411; 22.97%), GPR107 (-0.876; 5.90%), CADM1 (0.773; 5.21%). Intercept: ~28.067

Genes DIO3, GALM, and TXNDCT11 (shown in bold) appear in at least five n-transcript signatures.
n number of transcripts in the optimal signature.

(adjusted P-value=4x10"%) and “GDP-mannose metabolic process”
(adjusted P-value=9 x10%); Supplementary Fig. 3; Supplemen-
tary Data 6.

Afterwards, we investigated the functional involvement of the
genes included in the transcriptomic signatures by examining the
DRPs related to these genes. We found that 10 out of the 18 genes
(UAP1, PTGDR2, CAV1, HYOUI, GALM, GAS6, GINS4, CDCA2, MAPRE3,
DIO3; Supplementary Data 7, Fig. 5B) participate in 9 significantly
DRPs. Notably, among these pathways, “the nucleotide sugar biosyn-
thetic process” emerged as one of the most significant pathways in the
overall analysis (adjusted P-value =9 x10™%), Fig. 5B. Additionally, the
involvement of two of the predictive genes in the same DRP (CAVI and
HYOUI) was only detected for the “response to endoplasmic reticulum
stress process” (adjusted P-value = 0.002).

Discussion

Pneumonia etiology in children is highly diverse and typically chal-
lenging to effectively assess in the clinical practice. The increase of
cases of M. pneumoniae from May 2023 raised concerns within the
clinical community. Infections caused by this pathogen require spe-
cific treatment protocols, as they do not respond to standard anti-
biotic prescriptions typically employed when bacterial pneumonia is
suspected*”. Current diagnostic tests can suffer from long turn-
around times and may have limited sensitivity and specificity. PCR-
based diagnostic tests for mycoplasma detection, while highly sensi-
tive and specific, have become more widely used in developed coun-
tries, especially following the SARS-CoV-2 pandemic. However, PCR
tests are ineffective to discern between a M. pneumoniae active
infection and asymptomatic carriage, which is common in children’s
upper respiratory tract”®. They also struggle in cases of coinfections,
where M. pneumoniae may not be the primary pathogen. Given that M.
pneumoniae pneumonia requires tailored treatment, misdiagnosis can
have serious consequences for patient care. A host-based diagnosis
using specific transcriptomic signatures can help to address the lim-
itations of the pathogen-based tests by improving the ability to dis-
tinguish between carriage and active infection in M. pneumoniae
pneumonia cases. Our analysis shows that transcriptomic-based sig-
natures available in the literature, previously proven to be effective to
broadly differentiate between viral and bacterial infections or specifi-
cally pneumonia from viral and bacterial etiology, do not function
properly for discriminating M. pneumoniae pneumonia cases from
viral pneumonias in children. Our findings also indicate that M. pneu-
moniae pneumonia alters the expression of >3000 genes in blood of
affected children, enabling the inference of eight new specific sig-
natures capable of specifically differentiating pneumonia caused by M.

pneumoniae from viral pneumonia. Notably, the performance of these
signatures does not decline when used to discriminate between M.
pneumoniae infections from other bacterial pneumonias or non-
mycoplasma co-infections, ensuring high specificity in detecting M.
pneumoniae pneumonias. The identification of these specific tran-
scriptomic signatures capable of diagnosing M. pneumoniae pneu-
monias in children holds promise for enhancing the diagnosis and
treatment for these patients, who cannot be identified using the cur-
rently available signatures. Most notably, these signatures could guide
the decision to administer a specific macrolide instead of a beta-lactam
antibiotic. As all the n-transcript signatures exhibit high sensitivities,
the test would ensure the detection of most M. pneumoniae infected
patients and improve their management.

Employing an innovative simulation-driven theoretical frame-
work, we uncovered eight distinct transcriptomic signatures, each
representing the optimal combinations of 3 to 10 transcripts, capable
of differentiating M. pneumoniae pneumonia from other bacterial and
viral pneumonias with high accuracy (AUC: 0.84-0.95). These also
signatures demonstrated strong discriminatory power in other clini-
cally relevant groups, such as coinfections (with or without M. pneu-
moniae), pneumonias without a detected pathogen, and healthy
controls. This broad applicability makes the signatures valuable not
only for distinguishing M. pneumoniae pneumonia from viral pneu-
monia but also for a variety of common clinical scenarios.

The robustness of these signatures was confirmed in an inde-
pendent validation cohort, which included viral and bacterial pneu-
monias, pneumonias without a detected pathogen, controls with
asthma and healthy controls. While our theoretical model (Fig. 3)
predicted that signature performance would improve with a greater
number of predictors, in the validation cohort, the 9-transcript sig-
nature exhibited the best performance, but the 3-transcript signature
also displayed unexpectedly high accuracy.

The choice and usefulness of these signatures would completely
depend on different factors of the clinical context: available equip-
ment, budget, number of samples, urgency for results, etc. Few tech-
nologies can accurately measure that number of transcripts
simultaneously at a reasonable cost and in a timely fashion. For
instance, RNA sequencing is not a suitable choice because, while it is
time- and cost-effective for high-throughput gene expression, it is
impractical when studying only a limited number of target genes.
However, NanoString (www.NanoString.com/) offers high precision
and is much more convenient when targeting a limited number of
genes. Unfortunately, these platforms are often reserved for research
purposes and are not typically found in the daily laboratory routine of
medical centers. Conventional RT-qPCR is the gold standard for these
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cases, but can be time-consuming, laborious, and less cost-effective,
especially when the number of target genes and the sample size
increase. New PCR approaches, such as 1-step digital PCR (dPCR), allow
for the combination of up to 5 genes, with a high sensibility and
bypassing certain steps®®, and would be an option to study the bio-
markers of some of the proposed signatures. On the other hand,
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reducing the number of predictors increases the likelihood of trans-
ferability to a point-of-care (POC) device, and the signatures with the
lower number of transcripts are the most promising candidates for
implementation in this type of tests, specially the 3-transcript sig-
nature, which shows remarkably accurate performance compared to
other signatures with a larger number of predictors. The use of
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Fig. 3 | Transcriptomic signatures obtained from the discovery cohort. AUCs
and ROC curves from the density plots (left panels) of the AUC values computed on
the 999 training resamples and using the optimal n-transcript signature; red dashed
vertical lines in the left panels indicate the median values. ROC curves and AUC
values (central panels) for the total cohort of i) M. pneumoniae (n=30) vs. viral
pneumonia (n =77) (black line; AUCropm.v), i) M. pneumoniae pneumonias (n =30)
vs. Bacterial pneumonias (n =5) (red line; AUCropm.g) and iii) M. pneumoniae
pneumonias (n =30) vs. all non-mycoplasma pneumonia infections (including,
virus, non-mycoplasma bacteria, and non-mycoplasma co-infections; n = 92) (violet

line; AUCrom-vec)- Boxplots of the predicted values using each optimal model in
the total cohort with two-sided Wilcoxon rank-sum test P-values (right panels). Red
dashed line represents the optimal cutpoint. The boxes are defined by the upper
and lower quartile (Q1 and Q3); the median is shown as a bold-colored horizontal
line; whiskers extend to the most extreme data point which is no more than

1.5 times the interquartile range (IQR) from the box. VBC all non-mycoplasma
pneumonias (including, virus, non-mycoplasma bacteria, and non-mycoplasma
co-infections), B bacterial, M M. pneumoniae, TO total sample, V viral.
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Fig. 4 | Validation of the transcriptomic signatures. ROC curves with AUC values
for the three tested validation subsets: M. pneumoniae (n =9) vs. viral pneumonias
(n=10) (black line; AUC\.y), M. pneumoniae (n=9) vs. non-mycoplasma pneumo-
nias including viral and other bacterial pneumonias (n =32) (violet line; AUCy.yg)
and M. pneumoniae vs. non-mycoplasma bacterial pneumonias (n=22) (red line;
AUCy.p) (left panels). Boxplots of the predicted values using each model in the
three validation subsets (right panels). Two-sided Wilcoxon P-values are also
displayed. The red dashed line represents the optimal cut off. The boxes represent

the distribution of scores for M. pneumoniae, viral and bacterial pneumonia sam-
ples. They are defined by the upper and lower quartiles (Q1 and Q3), with the
median displayed as a bold-colored horizontal line. The whiskers extend to the
most extreme data points within 1.5 times the interquartile range (IQR) from the
box. Abbreviations as in legend of Fig. 3. VB all non-mycoplasma pneumonias
including viral and other bacterial pneumonias, B bacterial, M M. pneumoniae,

V viral.

compact signatures would facilitate the translation to a rapid diag-
nostic POC test enhancing its widespread adoption and leading to
reduced costs and time.

Differential pathway analysis also reveals different processes that
are over-activated in M. pneumoniae compared to viral pneumonias
causing pneumonia. Many of these significantly altered pathways are

related to nucleotide sugar metabolism, which is closely associated
with human infections due to its involvement in surface carbohydrate
biosynthesis, protein glycosylation, and glycosylated lipid biosynth-
esis; all essential processes for pathogens’ ability to infect and survive
within the human host? ?. Nucleotide sugars function as glycosyl
donors for glycosylation reactions in proteins catalyzed by the
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Fig. 5 | Differential pathways analysis. A Volcano plot showing the genes in DRPs
between conditions: M. pneumoniae pneumonia (n =30) vs. viral pneumonia
(n=77). The statistical test used to obtain P-values was a two-sided moderated
t-test implemented in the limma package. Adjustments for multiple comparisons
were performed using the Benjamini-Hochberg procedure to control the false
discovery rate (FDR). The plot shows the log, fold change (Log,FC) on the x-axis
and the -log;o adjusted P-value on the y-axis. Pathways meeting the criteria of an
adjusted P-value < 0.05 and a log,FC > 0.1 were colored in yellow, pathways with
an adjusted P-value < 0.05 but a log,FC < |0.1| were colored in dark blue, genes with
an adjusted P-value > 0.05 but a log,FC >]0.1] were colored in light blue and non-
significant genes were colored in grey. B Boxplots representing the pathway
activity of the DRPs for the M. pneumoniae (n=30) and viral pneumonia (n =77)

groups in which genes from the transcriptomic signatures are involved (left panel).
Two-sided Wilcoxon rank-sum test P-values are displayed. The boxes are defined by
the upper and lower quartiles (Q1 and Q3), with the median displayed as a bold-
colored horizontal line. The whiskers extend to the most extreme data points
within 1.5 times the interquartile range (IQR) from the box. Bubble plot of the DRPs
in which genes included in the transcriptomic signatures are involved (right panel).
Numeric identifies indicate DRPs in which genes from the transcriptomic signatures
are involved. The statistical test used to obtain P-values was a two-sided moderated
t-test implemented in the limma package. Adjustments for multiple comparisons
were performed using the Benjamini-Hochberg procedure to control the false
discovery rate (FDR). Size of the points is proportional to the -log;o adjusted P-value
and color bar indicates the log,FC values.

glycosyltransferases. Mycoplasmas, with their small genome, cannot
synthesize some essential biomolecules de novo, relying on obtaining
them from the host with which they live in close association. UDP-N-
acetylglucosamine (GIcNAc), a nucleotide sugar, is one of the major
carbon sources utilized by several human pathogens, including M.
pneumoniae, and its catabolism is also involved in the regulation of
virulence and pathogenesis*. M. pneumoniae has been reported to
produce biofilm on the epithelial surface, contributing to evasion of
host immune system and providing resistance to antibiotics™?°. Bio-
films, complex communities of microorganisms, typically bacteria,
encased within a self-produced extracellular matrix, can contribute to
persistent infections”. Polysaccharides containing GIcNAc contribute
to the structure and virulence of these biofilms in different
microorganisms® including M. pneumoniae.

Another significantly altered pathway is the “Interleukin-12 (IL-12)
mediated signalling pathway”, found to be over-regulated in M. pneu-
moniae compared with viral pneumonia infection. IL-12 plays an
immune regulatory role in innate and adaptive responses during
infection, triggering the production of interferon-y and promoting the
differentiation of type 1T helper cells”. Elevated levels of IL-12 have
been correlated with the severity of pneumonia in M. pneumoniae
infections and slower microbiologic and histological recovery in mice,

suspected to be related to a boost in the innate immune host
response’.

Remarkably, some of the pathways involving genes included in
our signatures, are among or related to the top 20 most significant
pathways from the global analysis of M. pneumoniae vs. viral pneu-
monias (Supplementary Fig. 3, Supplementary Data 7). This suggests
an important role of these genes in the host-response to M. pneumo-
niae infection. Nucleotide sugar biosynthesis is one of the most sig-
nificantly up-regulated pathways in the global analysis and, as
described above, is closely related to pathogens’ metabolism. The
endoplasmic reticulum stress or the endoplasmic reticulum unfolded
protein response is known to be involved in the innate immune sig-
nalling response to different pathogens®. Pathogens hijack endo-
plasmic reticulum functions for their own benefit leading to a stress
state in host cells. The unfolded protein response mitigates the
endoplasmic reticulum stress, but if it cannot counterbalance this
stress, apoptotic and autophagic processes are activated, contributing
to the disease pathogenesis. Other pathways related to the regulation
of cell cycle, specifically around the mitotic phase, are largely describe
to be altered in viral processes®.

Although our results show evidence of biological processes dif-
ferentially activated in M. pneumoniae pneumonia, the specific
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contribution of these pathways to the M. pneumoniae pathogenesis
needs further exploration.

There are a few limitations in the present study. First, while we
analyze the largest cohorts of M. pneumoniae infections to date, the
sample size remain limited, highlighting the need to explore additional
cohorts and sub-phenotypes, such as patients with respiratory symp-
toms of non-infectious etiology. Second, our signatures were derived
from microarray data, leaving room for the discovery of potentially
superior signatures once RNAseq data become available. Third, tech-
nical validations of these signatures using gold standard methods such
as dPCR or gPCR would be valuable, as well as exploring the possibility
of translating these signatures into a POC diagnostic tool. Fourth, since
gene expression patterns can vary across populations®, it would be
advantageous to examine the performance of the signatures in diverse
populations from different geographic regions.

This study emphasizes the urgent need for expanded research on
M. pneumoniae, providing compelling evidence of this microorgan-
ism’s unique ability to elicit a distinct gene expression response in
infected pneumonia patients. By leveraging this pathogen-specific
reaction, we successfully derived flexible gene expression signatures,
comprising 3 to 10 transcripts. Validation in an independent cohort of
patients provided further evidence indicating their specificity and
sensitivity in distinguishing M. pneumoniae from other viral, bacterial
and undiagnosed pneumonias. This breakthrough enables accurate
differentiation between pneumonia caused by M. pneumoniae and
other pneumonias of different etiologies, providing a framework for
appropriate treatment and offering promising avenues for further
exploration and potential clinical applications.

Methods

Samples and study design

We selected microarray blood transcriptomic profiles from 151 chil-
dren hospitalized with pneumonia and 20 healthy controls as reported
by Wallihan et al. V. The pneumonia cases included infections caused
by M. pneumoniae (n=30), various viral infections (n=77), pyogenic
bacteria (n = 5), co-infections not involving M. pneumoniae (n =10), co-
infections involving M. pneumoniae (n =11), and pneumonia infections
without detected pathogen (n =18); Fig. 1. The data were downloaded
from the Gene Expression Onmibus (GEO) database with accession
number GSE103119. Inclusion criteria required evidence of acute
infection, signs or symptoms of respiratory illness, and radiologic
confirmation of lower respiratory tract disease. For more detailed
information on the inclusion and exclusion criteria, see Supplemental
Table 1 in Wallihan et al. ”.

Additionally, we have used RNAseq data from blood of pediatric
patients with viral and bacterial pneumonia not caused by M. pneu-
moniae recruited, recruited through the European Union Childhood
Life-threatening Infectious Diseases Study (EUCLIDS- https://www.
diamonds2020.eu/our-research-history/euclids/**¢ consortium avail-
able in GEO and ArrayExpress under accession numbers GSE261482/E-
MTAB-11671); Fig. 1. Specifically, the EUCLIDS discovery cohort con-
tains RNAseq data for 39 definitive non-mycoplasma bacterial and 9
definitive viral pneumonias, all of them used and reported by Viz-
Lasheras et al.®(clinical data available in Table 1'); see definitions
in ref. 14.

For validation, we used new RNAseq data from an additional
pediatric cohort comprising blood samples obtained from children
infected with M. pneumoniae (n=9), samples from viral (n=10) and
bacterial (n=22) pneumonias, samples from pneumonias with no
causal pathogen detected (n =57) along with healthy controls (n =35)
and controls with asthma (n = 8); Fig. 1. Clinical features and demo-
graphic information of this cohort are provided in Supplementary
Data 3. These samples were recruited under the umbrella of i) the
EUCLIDS Study (EUCLIDS validation), ii) the PErsonalised Risk assess-
ment in Febrile illness to Optimise Real-life Management across the

European Union (PERFORM - https://www.perform2020.org/) and iii)
the Diagnosis and Management of Febrile Iliness using RNA Persona-
lised Molecular Signature Diagnosis (DIAMONDS - https://www.
diamonds2020.eu) consortiums'®*”** and are available in ArrayEx-
press under accession numbers E-MTAB-12793, E-MTAB-14564 and E-
MTAB-14588. Pneumonia phenotype in the non-mycoplasma pneu-
monia cohort (EUCLIDS discovery), and in the validation cohort
(EUCLIDS validation-PERFORM-DIAMONDS) was defined as follows: i)
Inflammation of one or both lungs (lobar, segmental or multilobar
collapse/consolidation) on chest X-ray (excluding perihilar consolida-
tion or patchy consolidation); ii) Clinical symptoms compatible with
acute respiratory infection and radiological evidence of consolidation
or pleural effusion: alveolar consolidation (dense or fluffy opacity
occupying part or all of a lobe or lung, with or without air-broncho-
grams) or pleural effusion (fluid in the lateral pleural space, excluding
minor or oblique fissure), spatially associated with a pulmonary par-
enchymal infiltrates (including other infiltrate) or obliterating enough
of the hemithorax to obscure opacity. All samples were collected
within 24 h of admission. M. pneumoniae pneumonia was diagnosed
using PCR and/or serology in throat swab samples along with clinical
symptoms compatible with atypical pneumonia (Supplemen-
tary Data 8).

Inclusion and ethics statement

Harmonized procedures for patient recruitment, classification, clinical
data and sample collection, processing and storage were followed
across the participating centers. Written, informed consent was
obtained from parents or guardians at all sites using locally approved
permissions. See study protocol EUCLIDS: see DOI: 10.1016/S2352-
4642(18)30113-5; study protocol PERFORM: see DOI: 10.1093/cid/
ciadé615; study protocol DIAMONDS: see https://doi.org/10.1186/
ISRCTNI12394803. Each participating country’s Ethics Committee
(EC) approval is available upon request. The study conformed to the
ethical principles for medical research involving human participants
outlined in the Declaration of Helsinki. This study was designed and
implemented by clinicians and researchers embedded within treating
clinical teams and this is reflected in the opportunities to contribute
meaningfully to the data analysis, interpretation, and writing. This is
reflected in the authorship. Members of the wider EUCLIDS, PERFORM
and DIAMONDS Search Study consortia are identified in the Supple-
mentary Information.

RNAseq analysis

Whole blood was collected into PAXgene blood RNA tubes (BD Bios-
ciences; catalog number: 762165) and stored at —80°C. For the
EUCLIDS cohort, total RNA was isolated using PAXgene blood isolation
kit according to the manufacturer’s instructions (Qiagen; catalog
number: 762174). RNA sequencing was conducted on a HiSeq 4000
(Illumina) platform, with library preparation and sequencing of 30
million 75 or 100 bp paired-end reads. The Illumina’s TruSeq RNA
Sample Preparation Kit was used for library preparation, and riboso-
mal and globin RNA depletion was performed using the lllumina® Ribo-
Zero Gold kit (Illumina; catalog number: MRZG12324). For the PER-
FORM/DIAMONDS cohort, RNA was isolated using PAXgene blood
miRNA isolation kit according to the manufacturer’s instructions
(Qiagen; catalog number: 763134). An additional DNAse treatment was
carried out with the RNA clean & concentrator kit (Zymo Research;
catalog number: R1013) prior to sequencing. RNA was quantified using
RiboGreen (Invitrogen; catalog number: R11490) on the FLUOstar
OPTIMA plate reader (BMG Labtech) and the integrity analyzed on the
TapeStation 2200 (Agilent, catalog number: 5067-5576; 5067-5578;
5067-5577). After a normalization step, a strand specific library pre-
paration was completed using NEBNext® Ultra™ II mRNA kit (New
England Biolabs; catalog number: E7770) and NEB rRNA/globin
depletion probes following manufacturer’s recommendations (New
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England Biolabs; catalog number: E7750). Individual libraries were
normalized using Qubit, pooled together and diluted. The sequencing
was performed using a 150 paired-end configuration in a Nova-
seq6000 platform (Illumina). Quality control of raw data was carried
out using FastQC”, alignment and read counting were performed
using STAR', alignment filtering was done with SAMtools* and read
counting was carried out using FeatureCounts*.

Statistical analysis

Microarray data pre-process and normalization was performed using
the illuminaHumanv4.db* and limma** packages. RNAseq data was
processed for batch correction using control samples and COMBAT-
Seq® package. Data was subsequently normalized with DESeq2*®
package. Principal component analysis (PCA) was conducted to
explore the different groups in the data and check for potential out-
liers. A differential expression (DE) analysis was carried out using
limma** package and accounting for differences in age, in order to
compare the blood transcriptome of pneumonia patients with M.
pneumoniae infection (n=30) vs. viral pneumonia infections (n=77);
step 1in Fig. 1.

In order to identify subsets of genes that could serve as predictive
transcriptomic signatures differentiating M. pneumoniae pneumonia
from other pneumonias of viral etiology, we randomly split the dataset
(n=107"); into 1000 independent subsets comprising 70% of the
samples (TA datasets) and other 1000 subsets containing the
remaining 30% of the samples (TE datasets); step 2 in Fig. 1. A pre-
dictive transcriptomic signature was computed using the R package
glmnet* for each of the 1000 TA. To do that, a logistic LASSO regres-
sion model was fitted with the alpha parameter set to 1 and a 10-fold
cross validation (step 3 in Fig. 1); 276 differentially expressed genes
(DEGs) were included as input for the logistic regression based on |
Log,FC | > 1, adjusted P-value < 0.01, and a Log, average expression >2
(Supplementary Data 1).

The accuracy of the predictive transcriptomic signatures was
measured by calculating the area under the receiver operating char-
acteristic curve (AUC) with 95% confidence intervals (CI) using the
PROC package*®. The optimal cut-point value (cut-off) that maximize
sensitivity and specificity, was calculated using the OptimalCutPoints R
package*’. AUC values were computed for the 1000 TA and the cor-
responding TE datasets (step 4 in Fig. 1), and also for the non-M.
pneumoniae viral and bacterial pneumonias in the EUCLIDS cohort;
step 5 in Fig. 1. Among the 1000 signatures of size n transcripts, we
selected those i signatures of size n =3 to 10 transcripts. Next, on these
selected i signatures, we computed the score n-SS;=(0.4 x
AUCqp) + (0.4 x AUCtg) - (0.2 x AUCgy) (step 6 in Fig. 1); this scoring
method considers the AUC value for both training and test samples,
while penalizing performance on non-M. pneumoniae pneumonia
infections in the EUCLIDS cohort. We selected the best transcriptomic
signature of size n=3 to 10 (n-SSyax) among the different signatures
with the same number of transcripts. The AUC values for the signatures
with the n-SSyax values, were then obtained in the 999 complete
training resamples (1000 minus the one used to generate the n-SSyax);
step 7 in Fig. 1. In addition, the robustness of the best signatures to
differentiate M. pneumoniae pneumonia from all sub-groups included
in the original pneumonia dataset” was evaluated by calculating the
AUC values in the following contrasts: i) M. pneumoniae pneumonia vs.
viral pneumonia, ii) vs. bacterial pneumonia, iii) vs. viral pneumonia +
non-mycoplasma bacterial pneumonia + non-mycoplasma co-infected
pneumonias, iv) vs. M. pneumoniae pneumonia co-infections, v) vs.
pneumonia without detected pathogen, and vi) vs. healthy controls;
step 8 in Fig. 1.

The performance of other signatures available in the literature to
differentiate M. pneumoniae from viral pneumonias were also investi-
gated. In particular, we tested the 5-transcript signature recently
developed to differentiate non-Mycoplasma pneumonia from viral

pneumonia’®, and the 2-transcript signature developed to differentiate
viral from bacterial infections™; step 9 in Fig. 1.

Validation of the best signatures

The performance and accuracy of the predictive transcriptomic sig-
natures were validated using new blood RNAseq data generated from
an additional pediatric cohort, comprising new samples from EUCLIDS
and PERFORM-DIAMONDS cohorts. Coefficients and intercepts from
each LASSO model were applied to the new dataset to perform ROC
analysis and calculate the AUC, sensitivity, and specificity of the sig-
natures. Six different comparisons were tested using the validation
cohort: i) M. pneumoniae pneumonia vs. viral pneumonia, ii) vs. bac-
terial pneumonia, iii) vs. both viral and non-mycoplasma bacterial
pneumonias, iv) vs. pneumonias without detected pathogen; v) vs.
controls with asthma, and vi) vs. healthy controls, step 10 in Fig. 1.

GSVA pathway analysis
Biological pathways differentially involved in viral and M. pneumoniae
pneumonia were inferred from gene expression data using the GSVA
algorithm included in the Gene Set Variation Analysis (GSVA) R
package®. Gene Ontology (GO) biological pathways gene set collec-
tion from the Molecular Signatures Database (MSigDB)*' was used as
reference database. Significantly differentially regulated pathways
(DRPs) were determined using the limma package** with the viral
groups as a reference and a threshold of adjusted P-value < 0.05.

All graphics were created using R software v.4.3.2 (www-r-
project.org).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

New RNAseq data generated in this study and used for validation are
available in  ArrayExpress repository (https://www.ebi.ac.uk/
biostudies/arrayexpress) under accession number E-MTAB-14588.
RNASeq data previously analyzed in other studies are available in
ArrayExpress under accession numbers E-MTAB-12793 and E-MTAB-
14564 and in Gene Expression Omnibus NCBI (GEO; http://www.ncbi.
nlm.nih.gov/geo/) under accession number GSE261482. Details are
provided in Supplementary Data 4.

Code availability

Original R code has been deposited at github (https://github.com/
Sandraviz/Mycoplasma-pneumoniae_-Transcriptomic-Signatures.git),
https://doi.org/10.5281/zenodo.14258748%.
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