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Abstract

Immune responses during acute infection often contain canonical elements which are
shared across the responses to an array of agents within a given pathogen class (i.e.,
respiratory viral infection). Identification of these shared, canonical elements across simi-
lar infections offers the potential for impacting development of novel diagnostics and ther-
apeutics. In this way, analysis of host gene expression patterns (‘signatures’) in white
blood cells has been shown to be useful for determining the etiology of some acute viral
and bacterial infections. In order to study conserved immune elements shared across the
host response to related pathogens, we performed in vitro human PBMC challenges with
common fungal pathogens (Candida albicans, Cryptococcus neoformans and gattii); four
strains of influenza virus (Influenza A/Puerto Rico/08/34 [H1N1, PR8], A/Brisbane/59/
2007 [H1N1], A/Solomon Islands/3/2006 [H1N1], and A/Wisconsin/67/2005 [H3NZ2]); and
gram-negative (Escherichia coli) and gram-positive (Streptococcus pneumoniae) bacte-
ria. Exposed human cells were then analyzed for differential gene expression utilizing
Affymetrix microarrays. Analysis of pathogen exposure of PBMCs revealed strong, con-
served gene expression patterns representing these canonical immune response ele-
ments to each broad pathogen class. A 41-gene multinomial signature was developed
which correctly classified fungal, viral, or bacterial exposure with 94—98% accuracy. Fur-
thermore, a 21-gene signature consisting of a subset of the discriminatory PBMC-derived
genes was capable of accurately differentiating human patients with invasive candidiasis,
acute viral infection, or bacterial infection (AUC 0.94, 0.83, and 0.96 respectively). These
data reinforce the conserved nature of the genomic responses in human peripheral blood
cells upon exposure to infectious agents and highlight the potential for in vitro models to
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augment our ability to develop novel diagnostic classifiers for acute infectious diseases,
particularly devastating fungal infections.

Introduction

Early differentiation of infected states remains critical to our ability to direct appropriate thera-
pies and triage patients. This is particularly important in the setting of acute fungal infection,
where delayed diagnosis can lead to delayed treatment, and thus significantly increased mor-
bidity and mortality. The gold standard for diagnosis of acute infections has long revolved
around targeted testing for specific pathogens or pathogen classes. Particularly, in fungal infec-
tions, this is often by biopsy with culture and histopathology review. However, such biopsies
can often be difficult to obtain in the affected population due to the risks that come from such
procedures, who frequently are also plagued by systemic immunosuppression and cytopenias
[1]. Thus, additional diagnostics are clearly necessary.

There is a strong interest in utilizing patterns representing conserved elements of the host
response to infectious stimulus to classify individuals as infected or noninfected, as well as to
identify likely pathogen classes in order to better guide early therapy [2-7]. One of the prime
targets of such research has been examination of host gene expression patterns in easily acces-
sible peripheral blood. However, discovery of conserved peripheral blood genomic responses
typically requires enrollment of a large number of individuals with the diseases in question as
well as those with clinical mimics of the target disease. This requirement can be problematic
due to the financial costs and time associated with enrolling clinical cohorts; as well as other
logistical challenges including availability of cases/samples (as with rare infections, infections
that are difficult to confirm as is seen with many invasive fungal pathogens, or diseases of less
accessible global arenas) and danger to clinical and laboratory staff (as with hemorrhagic fever
viruses and others). In vitro methods for screening for or validating such class-defining tran-
scriptional signatures in circulating white blood cells, or peripheral blood mononuclear cells
(PBMCs), offer the potential to mitigate many of these challenges [8-15].

In this paper, we demonstrate an in vitro method for identifying shared, canonical elements
of the immune response to broad pathogen classes of clinical significance (fungal, bacterial,
and viral) as well as establish its potential for application to real-world human cases. To do so
we utilized a laboratory model where PBMCs were drawn from healthy individuals and then
challenged in vitro with a variety of pathogens. Gene expression analyses were then performed
on the human cells utilizing Affymetrix microarrays. Data was analyzed for patterns (or signa-
tures) which were held in common amongst organisms of each class, followed by validation in
cases of naturally acquired human infection.

Methods

In vitro stimulation of human PBMCs with various pathogens

Whole blood was drawn from six healthy individuals (3 male, 3 female age 25-35) and PBMCs
were isolated via a standard Ficoll gradient procedure. Cells were then resuspended in RPMI 5
and plated in duplicate at a concentration of 6x10° cells per well into 24-well plates. Relevant
pathogens or controls were then added at different concentrations: Candida albicans SC 5314,
Cryptococcus neoformans H99, and Cryptococcus gattii R265 at 10° per well; Influenza viruses
A/Wisconsin/67/2005 (H3N2), A/Brisbane/59/2007 (H1N1), A/PR8/34, and A/Solomon
Islands/2007 (HIN1) at a final concentration of 10’ TCIDs; and Streptococcus pneumoniae
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ATCC 6303 and Escherichia coli HST08 at 10° per well; with each pathogen being used to infect
cells from each of the six human donors. Fungi and bacteria were heat-killed prior to exposure
to human cells to prevent overgrowth in culture medium. Cells were then incubated at 37
degrees with 5% CO2 for 24 hours, at which time cells were harvested and underwent centri-
fuge purification from culture media, as has been described previously [8, 9, 16]. Unexposed
cells were harvested at 24 hours as controls.

RNA extraction and microarray analysis

Cells were washed and placed in Qiagen RLT lysis buffer per manufacturer’s instructions and
frozen for future gene expression analyses. At the time of gene expression analysis, RNA was
then extracted (Qiagen, RNeasy Mini Extraction Kit, Germany), and hybridization and micro-
array data collection was performed at Expression Analysis (Durham, NC) using the Gene-
Chip®™ Human Genome U133A 2.0 Array (Affymetrix, Santa Clara, CA).

Preprocessing of the gene expression data

Affymetrix data were preprocessed by using the gcrma R packages including optical noise and
non-specific binding adjustments and quantile normalization [17]. Affymetrix probe IDs were
mapped to gene symbols using Affymetrix Human Genome U133A 2.0 Array annotation data
(chip hgul33a2) [18]. All analysis was performed in the R environment for statistical comput-
ing [19].

Identification of differentially expressed genes and Gene Ontology
enrichment analysis

The limma method was used to test for differential expression [20]. A mixed model was used
to account for multiple samples from the same subject. P-values were considered significant if
they achieved a Benjamini-Hochberg corrected false discovery rate (FDR) p-value of 0.05 [21].
Gene Ontology enrichment analysis was performed using the enrichR package [22, 23].

Classification of perturbation classes

Sparse multinomial logistic regression was implemented by the R package glmnet to classify
PBMC pathogen classes by taking the top 1500 probe sets with greatest variance (non-specific
filtering) [24]. Least Absolute Shrinkage and Selection Operator (LASSO) regression was used
to perform variable selection and regularization [25]. Predictions were generated using nested
leave-one-out cross validation, and performance was assessed using the area under the receiv-
ing operating characteristic curve (AUC) and class-specific accuracies tabulated from a confu-
sion matrix [26]. Signatures derived from the PBMC data were then validated in a dataset
comprised of patients with acute infection due to the same broad pathogen classes (fungal, bac-
terial, viral) (S1 Table in S1 File). Signatures were validated by refitting a sparse multinomial
regression using the PMBC-derived signature, as has been described [27].

Results
Experimental exposure of PBMCs to human pathogens results in marked
changes at the transcriptomic level

For this experiment, we utilized a broad array of infectious pathogens including fungal stimuli
with yeasts Candida albicans, Cryptococcus neoformans, and Cryptococcus gattii; four influenza
virus strains; and bacterial stimuli with Escherichia coli and Streptococcus pneumoniae. These
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Fig 1. Unique and shared gene expression changes associated with exposure of human PBMCs to each pathogen class,
or unexposed cells. Univariate comparisons between infection with each class of pathogens and all other groups are
presented for each class.

https://doi.org/10.1371/journal.pone.0311007.g001

challenges were selected to represent a variety of major pathogen classes causing typical
human infections.

We utilized univariate testing to determine sets of genes that exhibited differential expres-
sion between pathogen classes (each pathogen class vs. all other samples). At twenty-four hours
post-exposure, the transcriptomic profiles of PBMCs exposed to each pathogen class were
found to be robust and contained both overlapping as well as unique components (Fig 1). Influ-
enza virus exposure resulted in the most marked changes in gene expression, with 3976 genes
significantly upregulated and 592 genes downregulated compared to all other classes (4568
genes total). However, fungal exposure showed the next highest unique number of differentially
regulated genes (705 total), followed by bacterial exposure (379 genes). Influenza exposure also
demonstrated the greatest proportion of unique differentially expressed genes with 63% (4568/
7229) of the influenza-associated genes differentially expressed only in viral exposure (vs all
others), compared to 22% for both fungal (705/3151) and bacterial (379/1650) exposures. Fifty-
three genes were upregulated in common amongst all exposure types compared to control
cells, demonstrating that while there is a small generalized ‘pathogen exposure’ phenotype, the
majority of the changes seen represent specific responses to individual pathogen classes.

Functional annotation demonstrates that conserved biological pathways
drive response to each pathogen

Analysis of individual genes as well as biological pathways represented by groups of genes
revealed pathogen class-specific immune responses (Fig 2). Following exposure to the fungal
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Fig 2. Differential gene expression in PBMCs exposed to various pathogen classes.

https://doi.org/10.1371/journal.pone.0311007.g002

pathogens Candida and Cryptococcus, a marked upregulation of inflammatory responses was
seen including cellular responses to stress; eosinophil chemotaxis (CCL24, SOCS1/2); T cell
proliferation and migration (IL2, CXCL9); and others (Fig 3A).

In the setting of viral exposure, the predominant biological pathways included those
involved with cytokine signaling and interferon-responsiveness (Fig 3B). In cases of bacterial
exposure, modular analysis of transcriptional responses demonstrated upregulation of genes
known to play a role in both innate and acquired immunity, including non-interferon-based
cytokine signaling, CCR1, CXCL6, CCLS8, and the TNF receptor family (Fig 3C).

PBMC-generated signatures have pathogen class specificity

We next analyzed the data for patterns of gene expression (or signatures) that most accu-
rately distinguished pathogen class. Using a sparse multinomial logistic regression model, we
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Fig 3. A. Biological pathways associated with transcriptomic responses to fungal stimulation of human PBMCs. B. Biological pathways associated with
transcriptomic responses to viral stimulation of human PBMCs. C. Biological pathways associated with transcriptomic responses to bacterial stimulation of
human PBMCs.

https://doi.org/10.1371/journal.pone.0311007.9003

were able to generate a conserved 41-gene multinomial signature that offered a high degree
of accuracy at diagnosing each type of exposure (S2 Table in S1 File). In this model, the fun-
gal component of the signature (Candida albicans, Cryptococcus neoformans, and Cryptococ-
cus gattii vs. all others) was capable of discriminating fungal challenge from bacterial and
viral challenge and unexposed cells with a high degree of accuracy (AUC of 0.99, Fig 4A).
The bacterial component of the signature performed almost as well at discriminating bacte-
rial (E. coli and S. pneumoniae vs. all others) from viral and fungal challenge (AUC 0.97).
The viral component of the signature had maximum performance, correctly classifying expo-
sure with all influenza strains represented in the study compared to all other experimental
conditions with 100% accuracy. However, no gene expression signatures were identified that
could reliably differentiate between the four strains of influenza tested in this model (S1 Fig
in S1 File).

PBMC-generated gene signatures accurately classify natural human cases
of disease

To validate whether the gene expression signatures obtained in this study could be used to cor-
rectly classify human subjects with acute febrile illness with similar accuracy, we applied the
PBMC-derived signatures for each pathogen to a microarray dataset from peripheral blood
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https://doi.org/10.1371/journal.pone.0311007.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0311007 December 12, 2024

7/15


https://doi.org/10.1371/journal.pone.0311007.g004
https://doi.org/10.1371/journal.pone.0311007

PLOS ONE

PBMC-derived transcriptional responses accurately discriminate between infection type

samples of human patients with acute infection due to the same broad pathogen classes (S1
Table in S1 File). The banked blood samples from these subjects represented the time of initial
presentation with fever from the indicated infection source [3, 28, 29]. We took the 41 genes
from the PBMC classifier and repeated multinomial testing to re-derive a model with optimal
sparsity and three possible outcomes (fungal, viral, or bacterial) utilizing microarray data from
these human subjects (S3 Table in S1 File, Fig 4B). This resulted in a smaller, 21-gene classifier
subset which performed with a high degree of accuracy (with leave-one-out cross-validation)
in patients with acute infection (AUC for fungal, bacterial, and viral infection 0.94, 0.83, and
0.96 respectively) (Fig 4B, S2 Fig in S1 File).

Discussion

Improvement in infectious diseases diagnostics is imperative to lead to earlier appropriate
antimicrobials and improved clinical outcomes. Given the limitations of pathogen-based test-
ing, an interest has developed in utilizing aspects of the host response for the development or
validation of biomarkers to aid in pathogen diagnosis [2-7, 30, 31]. The investigation of this
diagnostic approach is particularly challenging for fungal infections due to the difficulty identi-
fying confirmed clinical cases compared to much more common bacterial and viral infections.
As an alternative, in vitro exposures of human cells in culture have been used extensively for
analyzing microbial pathophysiology and molecular and functional immune responses in host
cells, and can therefore act as a model to evaluate the host gene expression response [10].
Herein we have demonstrated the ability of one such system to identify human gene expres-
sion signatures of fungal, viral, and bacterial exposure that not only discriminate pathogen
class exposure in vitro, but also accurately classify natural cases of human infection in the real
world.

The class-specific fungal, viral, and bacterial signatures defined herein exhibit some canoni-
cal immune response patterns [32-34]. This includes conserved gene expression pathways
common to the host response to yeast pathogens (Candida and Cryptococcus), such as T cell
signaling and eosinophil chemotaxis. This is similar to the stress-associated immune pathways
seen by our group and others in the transcriptional responses of human subjects with candide-
mia, where responses reflected generalized cytokine signaling, inflammatory pathways, and
cellular response to oxidative stress [35]. To further evaluate the biological plausibility of the
PBMC-derived results in the setting of actual infection, we compared differential gene expres-
sion data from the fungal PBMC challenges to that seen in human patients with candidemia
[35]. This demonstrated that 62% of the top 50 discriminatory genes from the PBMC challenge
overlapped with responses seen in natural infection (S4 Table in S1 File) Twenty of these genes
were upregulated, including those involved in immunoglobulin binding (FCGR1A and
FCGRI1B). Interestingly, downregulated genes also carried roles seen in systemic inflammatory
response and susceptibility to infection, including TNSF12, CCR1, and CCR2.

In a murine model of invasive candidiasis, genes also clustered towards biological pathways
reflective of generalized immune and defense response, as well as upregulation of inflamma-
tory cytokines, including IL2, later in the disease course [36]. In an in vitro neutrophil model,
“response to stress” was the most enriched Gene Ontology pathway after fungal exposure [37].
T cell responses similar to those found in our study have also been noted to play a significant
role in the immune response to cryptococcal infections [38], along with innate and inflamma-
tory immune responses seen in the transcriptional data of cryptococcal infection in a murine
model [39], including inflammatory stress responses, chemokines involved in leukocyte attrac-
tion, and T cell signaling. Additionally, in our study, the top genes for fungal signature perfor-
mance were enriched for chemokines involved in leukocyte attraction (including CCL2,
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CCL24, CCL7, CCL8, CCR1, CCR2) and immunoglobulin binding, again similar to transcrip-
tional responses seen in murine models with invasive yeast infections [36, 39]. Whether these
responses are conserved in cases of other pathogenic yeasts or molds remains to be fully clari-
fied, though our prior work with a murine model of Aspergillus demonstrated similar results,
including transcriptional responses reflective of cellular response to stress, inflammatory
responses, cellular response to cytokine stimulus, and T cell activation and proliferation [40].
However, the high accuracy of a small gene expression signature to diagnose fungal infection
with multiple different yeasts is encouraging in terms of its potential for broad clinical applica-
bility. Even an initial distinction of fungal infection being present vs. not present, as opposed
to a battery of individual fungal assays, has real-world implications in improving the initial tri-
aging of patients and earlier appropriate antimicrobial therapy.

The genomic responses to in vitro challenge with Candida spp. have been previously exam-
ined in different ways [10, 11]. A study of the functional genomics of candidiasis (comparing
Candida-stimulated PBMCs to unstimulated cells) showed some overlap in biologic pathways
with our study (which focused on differentiating yeast infections from bacterial and viral dis-
ease), including lymphocyte proliferation and T cell differentiation, although not surprisingly
only one individual gene overlapped between the top signatures in the two studies (CCL8)
[11]. Another study utilized a different model (infection of whole blood, which includes neu-
trophils as well) and developed a signature representing genes whose expression differentiated
Candida and Aspergillus spp. from bacterial stimulation [10]. Two genes overlapped between
our yeast-derived classifier and the combined yeast/mold classifier from that model (SPRY2
and LPL). This variability demonstrated in ‘best’ genomic signatures through different labora-
tory and statistical models highlights the critical need for any such in vitro-derived signature to
be validated in human cases of relevant disease. Encouragingly, we demonstrated in this study
that our fungal findings can be translated to human patients with active Candida infection.
Over half of the top differentially expressed genes due to fungal exposure from our PBMC
challenge overlapped with responses seen in patients with natural infection with candidemia.
Furthermore, the yeast-associated host response genes with the best diagnostic performance in
vitro also showed the ability to diagnose cases of invasive candidiasis in patients with a high
degree of accuracy.

Despite being an in vitro model, PBMCs exposed to yeasts also demonstrate canonical
responses thought to be critical to broad host defense mechanisms for fungal diseases, includ-
ing Th17/IL-17 activation. Candida albicans is a direct inducer of anti-fungal Th17 and cross-
reactive Th17 cells target Candida and other fungal species like Aspergillus—processes that lead
directly to known human disease, as is seen in chronic mucocutaneous candidiasis [41]. These
PBMC:s also show evidence of activation of lipid and arachidonic acid metabolism pathways,
other pathways known to be involved in susceptibility to Candida [42]. Additionally, yeast-
infected PBMCs show marked upregulation of TLR4 and MCP-1/CCL2 as well as complement
activation pathways, again mimicking innate responses that are critical for the antifungal
response to Candida [11, 43, 44]. Taken together, these findings offer further support for the
biological relevance of the model and its findings.

Similar to the findings following fungal exposure, bacterial stimulation also triggered highly
canonical and specific antibacterial responses. The top genes for bacterial signature perfor-
mance were enriched for interleukin signaling involving immunoregulation with both anti-
(IL10, IL19) and pro- (IL1a, IL6, IL23) inflammatory components. The bacterial gene expres-
sion signature similarly showed significant overlap with published biological pathways of the
host response to bacterial respiratory infection [3, 45-47]. This finding is consistent with the
fact that circulating cells could have direct exposure to the bacterial pathogens tested (S. pneu-
moniae and E. coli) in the setting of bacteremia. The identification of a conserved signature
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that identifies both Gram-positive and Gram-negative infections is encouraging for the possi-
ble broad applicability of such a signature (similar to that described for the combined fungal
signature), although additional testing with other pathogen types is needed to assess
generalizability.

The top genes contributing to viral signature performance were enriched for interferon and
interferon-response genes and included IFNA1, IFNA2, IFNBI, IFI44L, and IF127, similar to
prior published work [30, 48, 49]. When compared to gene expression data from acute respira-
tory viral infection in human patients [50], 84% of the top 50 discriminatory genes from the
PBMC challenge overlapped with responses derived from human viral infections (S4 Table in
S1 File) For the PBMC-generated signature of viral infection, we previously developed a signa-
ture of viral infection directly from human cases of influenza, and the transcriptional responses
in both settings show a remarkable degree of overlap. This is of particular interest in the case
of influenza infection, as while the cell types used to generate the two signatures are the same
(total PBMCs), viremia and thus direct stimulation of circulating cells by virus is not thought
to play a major role in the pathogenesis of most naturally-acquired infection [51]. Nonetheless,
similar biological pathways seem to be stimulated in the PBMC populations in the two cases,
enough so that the two signatures are practically interchangeable in terms of diagnostic accu-
racy. One hypothesis for this observed similarity is that many of the biological pathways that
drive these signatures likely represent secondary signaling events. In the case of natural infec-
tion, these would be circulating leukocytes responding to chemokines from infected respira-
tory epithelia or resident macrophages, while in the in vitro model these may represent
secondary responses to monocytes/macrophages that have internalized influenza antigens
[52, 53]. Thus, in both cases the source of the strong gene expression signals detected are likely
not productively infected cells per se but rather the larger body of circulating cells responding
to cytokines and other mediators released from primary cells interacting with antigen [52].

This study does have several important limitations. First, a simple PBMC-based cell culture
cannot mimic critically important interactions with non-circulating components of the host
response to pathogen exposure including respiratory epithelium, tissue resident macrophages,
lymph node activation, and others. Thus, significant components of the overall host response
to a given exposure are not measured. Next, this study focused on a single post-exposure time-
point for analysis, and we do not know how in vitro timepoints compare to the various stages
of natural human illness. It is possible that a larger study with dense serial sampling could
uncover more accurate biomarker signatures across the full course of disease and would be
more useful for defining the temporal biological breadth of the host response. While we have
been able to develop gene expression signatures which are highly accurate for the specific path-
ogens tested (both in vitro and validated in actual cases of human infection), the generalizabil-
ity of these pathogen-class signatures to additional untested pathogens within these classes
(e.g., other gram positive bacteria or other Candida spp.) is unknown. Additionally, the bacte-
rial and fungal stimuli used herein were heat-inactivated. Whether this had strong effects on
critical structures involved in pathogen recognition is unclear, although the fact that we dem-
onstrate similar gene expression responses in patients infected with similar wild-type patho-
gens argues that core elements of the innate responses to these heat-inactivated organisms are
conserved. Lastly, we developed these biomarker signatures in cells from young, healthy
PBMC donors. Future work will be required to assess how well these responses perform in
cases where the host is subject to immunosuppression, as well as to compare how these signa-
tures perform in patients across the age spectrum.

Many current diagnostic modalities require a priori a strong suspicion of the type of organ-
ism present in order to be effective-i.e., routine blood cultures will not pick up viral or many
fungal infections, and traditional PCR and antigen testing require a specific known target.
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Novel methods of sequencing circulating nucleic acid to search for sequencing matches to
known pathogen genomes offer the exciting potential for increased breadth of coverage agnos-
tic to the clinical syndrome [54-56]. However, ongoing work remains to understand the sensi-
tivity of such approaches as well as how to interpret the clinical relevance of positive results. As
either an alternative or synergistic additional option, analysis of the host response to infection
as manifested through gene expression in circulating cells offers the potential for an unbiased
examination with pathogen class-specificity which has been lacking in most clinically available
diagnostics. Furthermore, pauci-analyte biomarker panels based on gene targets like these
lend themselves to conversion to point-of-care PCR platforms with the potential for sub-hour
sample-to-answer times, significantly faster than most present fungal testing options. The abil-
ity for a single test to identify whether a primarily fungal, viral, or bacterial pathogen is driving
an acute illness would help initiate appropriate class-specific therapies, and potentially reduce
inappropriate overuse of antibacterials, such as in the case of fungal and viral infections [57].
Additionally, improved fungal diagnostics that lead to earlier appropriate antifungal initiation
would result in improved clinical outcomes and decreased mortality in these critical diseases
[58]. This investigative approach also has a potential role in the development of diagnostic sig-
natures to emerging fungal pathogens and Biosafety Level (BSL) 3/4 pathogens for which
human samples are rare or difficult to work with. While much work remains to be done, the
data presented herein support the potential for pathogen class-specific host gene expression
signatures to diagnose acute infection in both in vitro and human models.

Conclusion

In vitro PBMC challenges with some pathogens trigger many of the canonical immune
responses seen in circulating leukocytes during actual clinical illness in humans. These similar-
ities to naturally-occurring immune responses permit such models to support the study of the
pathophysiology of a wide array of infectious diseases as well as discovery of host transcrip-
tomic signatures that can discriminate fungal, bacterial, and viral infection.
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