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Streptococcus pneumoniae (Spn) colonizes the nasopharynx and
can cause pneumonia. From the lungs it spreads to the blood-
stream and causes organ damage. We characterized the in vivo
Spn and mouse transcriptomes within the nasopharynx, lungs,
blood, heart, and kidneys using three Spn strains. We identified
Spn genes highly expressed at all anatomical sites and in an organ-
specific manner; highly expressed genes were shown to have vital
roles with knockout mutants. The in vivo bacterial transcriptome
during colonization/disease was distinct from previously reported
in vitro transcriptomes. Distinct Spn and host gene-expression profiles
were observed during colonization and disease states, revealing spe-
cific genes/operons whereby Spn adapts to and influences host sites
in vivo. We identified and experimentally verified host-defense path-
ways induced by Spn during invasive disease, including proinflamma-
tory responses and the interferon response. These results shed light
on the pathogenesis of Spn and identify therapeutic targets.

dual species RNA-seq | in vivo transcriptomics | Streptococcus
pneumoniae | mouse models of colonization and invasive disease |
host-pathogen interactions

he gram-positive microbe Streptococcus pneumoniae (Spn)

asymptomatically colonizes the nasopharynx (1). It is also an
opportunistic pathogen that commonly infects young children,
immunodeficient patients, and the elderly (2). It was estimated
that in 2015, 192,000 to 366,000 deaths in children under 5 y of
age were the result of pneumococcal infections (3). With the
advancement of antibiotics and introduction of the first pneu-
mococcal conjugate vaccine in 2000, and subsequent vaccines,
deaths attributable to Spn have declined (3, 4). However, in-
creasing antibiotic resistance and serotype replacement have
been observed (5). A study conducted from 2006 to 2016 showed
increased resistance to penicillin, amoxicillin, ceftriaxone, and
meropenem. Implementation of the PCV13 vaccine in 2010 (6)
resulted in increased incidence of nonvaccine Spn serotypes (7).
Thus, despite major advances in public health, pneumococcal
infections continue to be a significant cause of morbidity and
mortality, and further investigations are warranted.

The pneumococcus infects a variety of anatomical sites and
causes a range of illnesses, some resulting in acute mortality. Spn is
a common cause of sinusitis, otitis media, bronchitis, pneumonia,
bacteremia, sepsis, and meningitis (2). Our group has previously
shown that during bacteremic episodes, pneumococci in the
bloodstream can translocate into the heart and kill cardiomyocytes,
resulting in acute heart dysfunction (8). Invasive pneumococcal
disease can also lead to renal complications in pediatric patients and
hospitalized adults (9).

Current efforts to reduce the impact of pneumococcus on human
health include improving the efficacy of vaccines and identifying
host-directed therapies to decrease morbidity and mortality. Over
the past 20 y, several studies have examined pneumococcal gene
expression and virulence determinant requirements in vivo, with

www.pnas.org/cgi/doi/10.1073/pnas.2010428117

consideration for anatomical site-specific differences. One approach
was the use of signature tagged mutagenesis to identify mutants that
are unable to replicate in vivo in an anatomical site-specific manner
(10). Accompanying studies using microarrays to examine in vivo
isolated RNA from the bacteria indicated that Spn gene expression
varies according to the host site (11). Other RNA-sequencing
(RNA-seq) studies have also focused on the host response within
the lungs upon pneumococcal infection. These have identified key
genes involved in neutrophil recruitment and response to diverse
strains and mutants (12, 13). Other forms of sequencing-based
studies, such as transposon sequencing (Tn-seq) have also been
performed on the pneumococcus in multiple contexts, such as
in vivo survival or transmission, in multiple hosts (14-16). These
studies, some of which are discussed below in the context of our
results, offer an important consideration when identifying vaccine
candidates, for which the ideal targets would be universally
expressed, essential genes. However, it is important to note that
prior studies on the in vivo transcriptome of Spn have employed
only a single strain of Spn and used comparisons to in vitro con-
ditions for purposes of normalization, whereas the contrast be-
tween in vitro and in vivo transcriptomes reported here suggests a
more physiological method of normalization. Finally, we build and
expand upon prior studies to provide information on the coordi-
nation and regulation of host pathways responsible for restricting
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pneumococcal infection at different anatomical sites, a process
that remains a largely open question.

Here we explored the transcriptome of the pneumococcus and
its host using dual species RNA-seq at diverse host anatomical
sites in vivo. Blood, kidneys, lungs, and nasopharynx were har-
vested from mice colonized or infected with three different Spn
strains, with uninfected host tissue used as control. These data
provide a comprehensive view of dynamic processes impacting
bacterial and host biology as the bacterium invades distinct
anatomical sites.

Results

Pneumococcal Burden Varies in a Strain- and Site-Specific Manner
within the Mouse. To avoid strain bias, we used three Spn strains
each belonging to a distinct capsular serotype and multilocus se-
quence type: TIGR4 (serotype 4, ST205), D39 (2, ST595), and 6A-
10 (6A, ST460). To capture the host and bacterial transcriptomes
during infection, mice were challenged with each of these strains
and tissue/organs collected from the nasopharynx, lungs, blood, and
kidneys (the latter lacking 6A-10 samples). Heart data (TIGR4
only) were included from our previously published study (8).

A typical obstacle when performing multispecies RNA-seq is
uneven sequence amounts obtained for each species examined.
Deeper sequencing is often needed for the minority species, in
our case Spn. To attain confidence in the coverage obtained for
Spn genes, we generated saturation curves to determine the
minimum requirement for reads mapping to the respective Spn
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and mouse genomes (Fig. 1 4 and B). Samples whose curves
plateaued or approached plateauing were deemed adequate.
The minimum required number of mapped Spn reads per sample
was estimated at ~150,000 reads. Saturation was achieved for all
samples except D39-infected kidneys and D39-colonized naso-
pharynxes that were excluded from all bacterial analyses.

We estimated the ratios (Fig. 1 C, Bottom) of the number of
Spn reads (Fig. 1 C, Top) compared to total sequenced mouse
reads (Dataset S1) at each site. Although these ratios should not
be directly compared across multiple anatomical sites, and they
depend not only on the bacterial burden but also on the tran-
scriptional activity of Spn (and mouse cells) at each site, ratios
suggest that Spn infection in the lungs is highest with D39, fol-
lowed by 6A-10 and TIGR4. On the other hand, TIGR4 appears
to dominate over the other strains in the nasopharynx, followed
by 6A-10, whereas D39 was more successful in thriving in the
blood compared to TIGR4 and 6A-10 during bacteremia. Bac-
terial read proportions for these strains are consistent with their
known virulence phenotypes in mice (17). No conclusions could
be drawn within the hearts as our previous study only included
the TIGR4 strain. Similarly, for kidneys we lacked 6A-10 sam-
ples, but TIGR4 appeared to perform better than D39 at this
site. A complete overview of sequenced and mapped reads is
provided in Dataset S1. To determine if actual bacterial burdens
varied across anatomical sites, we performed colony forming unit
(CFU) counts for TIGR4-infected organs; however, no signifi-
cant differences were found (Dataset S1).
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Rarefaction curves and estimation of pneumococcal burden. (A) Saturation curves of pneumococcus-infected samples. Samples whose curves plateau

harbor enough reads mapped across all 1,682 core Spn genes to achieve saturation. (B) Rarefaction curves of infected and uninfected host samples. (C) Log1o
values of reads mapped (Dataset S1) to the pneumococcus-infected samples (Top), host samples (Middle), and relative estimate of pneumococcal burden
within each sample. Horizontal black lines (Top and Middle) indicate the minimum number of reads required for samples to plateau.
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The In Vivo Pneumococcal and Host Transcriptomes Demonstrate
Differences in Gene-Expression Profiles during Colonization and
Infection. To assess the spectrum of core Spn gene-expression
responses at each anatomical site across our samples, and to
verify that replicate samples were similar to each other, we
performed principal component analyses (PCA) on PanOCT
core gene orthologs (18) across the three strains. The bacterial
PCA (Fig. 24) was based on DEseq2’s variance stabilized counts
of 1,682 core Spn genes (Dataset S2, which also includes strain-
specific Spn and mouse genes). Spn typically colonizes the na-
sopharynx without harming the host (1). We observed a distinct
gene-expression profile in nasopharyngeal samples, which are
separated by PCl1 away from bacterial profiles seen in the
remaining infected organs (Fig. 24). This pattern revealed that
Spn engages in a different expression program during coloniza-
tion vs. disease. This grouping of samples from infections also
indicated that there exist core Spn genes whose expression re-
flects an infection state at all diseased host anatomical sites.
We observed that PC2 separated the TIGR4-infected samples
away from D39 and 6A-10 (Fig. 24). This indicated that the
strains differ in their gene-expression profiles, despite our focus
on core genes. There was limited organ-based separation among
the infected organs on the PCA because PC2 was more influ-
enced by the TIGR4 variation. A bootstrapped dendrogram of
all samples (Fig. 2B) showed this effect. Samples clustered by

organ type among the D39 and 6A-10 strains, but TIGR4 sam-
ples clustered independently. This finding most likely reflects the
fact that D39 and 6A-10 are slightly more genetically similar to
each other (SI Appendix, Fig. S1).

To estimate the similarity between in vivo Spn expression
profiles and representative in vitro datasets, we performed a
PCA on the 1,682 core genes, including Spn planktonic and
biofilm in vitro growth datasets (8) (Fig. 2C). Spn grows plank-
tonically within the blood and TIGR4 has been demonstrated to
form biofilms within the heart, yet these samples did not cluster
closely with in vitro planktonic and biofilm samples, respectively,
on the PCA. There was a clear separation of in vivo and in vitro
states along PC1. These data suggest that in vitro Spn expression
profiles are not representative of in vivo conditions. TIGR4-
infected heart samples (8), which include biofilm pneumococci
within cardiac microlesions, clustered more closely to the in vitro
TIGR4 biofilm samples on a bootstrapped dendrogram (Fig. 2D).
However, in vitro samples are all clustered in a clade separated
from in vivo samples. On this dendrogram, like on the PCA plot,
nasopharyngeal samples still clustered independently from the
other states, indicating that nasopharyngeal colonization elicits a
unique Spn gene-expression profile significantly different from
their infection phenotypes, irrespective of host anatomical site.
Many previous studies have assayed the pneumococcal tran-
scriptome in vitro. The D39 transcriptional signature was previously
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Fig. 2. Pneumococcal PCA and dendrograms. (A) PCA of Spn gene-expression profiles (Dataset S2) across in vivo colonized or infected samples. (B) Boot-
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addition of in vitro grown planktonic and biofilm TIGR4 samples from our previous study (8). (D) Bootstrapped dendrogram with the addition of in vitro

samples, again showing replicate clustering.
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investigated under a panel of in vitro conditions designed to mimic
anatomical sites (19). A comparison of the gene expression in the
D39 in vitro study to in vivo conditions based on core genes in our
study displayed a stark distinction between these datasets (SI Ap-
pendix, Fig. S2). The differentially expressed (DE) genes acquired
in vitro also showed no significant overlap to those derived from
in vivo conditions (SI Appendix, Fig. S3).

We then generated a PCA for expression profiles of all host
genes (Fig. 34). Host profiles revealed sample clustering based
on anatomical site. This was not surprising given that gene pro-
grams reflecting specific organ functions would likely supersede
genes involved in the response to infection. PC1 separated the
blood away from the solid tissue types, and PC2 clearly separated
out the nasopharynx as a colonization state away from infected
anatomical sites. The lungs, hearts, and kidneys appeared to
cluster more closely together. However, the addition of PC3
showed clear separation based on anatomical site (Fig. 3B). Apart
from the nasopharynx, each site further formed subclusters of
uninfected and infected strain-specific samples. The bootstrapped
dendrogram of host samples corroborated the differences between
organ types and strains, as well as the differences between infected
and uninfected states for nearly all anatomical sites (Fig. 3C).
Based on shorter distances between uncolonized and colonized
states of the nasopharynx, there appeared to be fewer differences
between host gene expression, relative to other anatomical sites,
further demonstrating the host’s tolerance to pneumococcal col-
onization relative to disease states.
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The Pneumococcus and Its Host Differentially Regulate Unique Gene
Subsets in a Site-Specific Manner. To determine the major Spn
responses to each host site, and each host site’s response to Spn,
we queried DE genes with their respective control. Statistically
significant DE Spn genes, accounting for strain differences, were
used to identify key differences between disease states and the col-
onization state used as baseline. Fig. 44 highlights 69 Spn DE genes
shared among all disease states when compared to nasopharyngeal
colonization. Of these, all but ribosomal protein L19 (SP_1293) were
either up-regulated or down-regulated in the same direction
(Fig. 4B). Other comparisons revealed 376 DE genes in the blood
versus the nasopharynx, 214 DE genes in the heart, and 231 and 390
DE genes in the lungs and kidneys, respectively (SI Appendix, Fig.
S4). Most genes not shared between the three Spn strains did not
exhibit differential gene expression in disease-associated organs
versus the nasopharynx. Some interesting exceptions include the
increased expression of adhesin choline binding protein I in strain
TIGR4 (SP_0069) and bacteriocin-containing operons in strain
6A-10 (HKM25_525-HKM?25 529). These were up-regulated in
the nasopharynx versus disease sites, supporting the requirement
for attachment and intraspecies competition, respectively. The
comprehensive list of Spn DE genes for each strain-infected organ
versus the nasopharynx is available in Dataset S3.

To evaluate the host response to Sprn infection, we performed
similar host DE gene analyses using respective uninfected tissues as
baseline. The use of multiple strains allowed for the identification of
a shared host infection response to Spn at each anatomical site
(Fig. 4C). The 190 mouse genes that were DE upon invasive
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Fig. 3. Host PCA and dendrogram. (A) PCA of host gene-expression profiles (Dataset S2) across samples colonized or infected with Spn, and uninfected. (B) A
three-dimensional PCA shows complete separation between anatomical site clusters, with further separation of heart and kidney samples (PC3), as well as
infected and uninfected invaded organs. (C) Bootstrapped dendrogram of host gene-expression profiles showing replicate clustering of host samples.
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infection across four sites followed the same up-regulated or down-
regulated trend across all comparisons (Fig. 4D). Other mouse gene
sets of interest include 517 DE genes in infected blood, 622 DE
genes in infected hearts, 414 DE genes in infected lungs, and 385
DE genes in infected kidneys (SI Appendix, Fig. S4). Nasopharyn-
geal colonized samples harbored only few DE genes (SI Appendix,
Fig. S5). Lists of all Spn and mouse DE genes are provided in
Datasets S4 and S5, respectively. To confirm RNA-seq DE gene
results, we performed a cross-platform validation of selected DE
genes, 10 pneumococcal and 11 mouse genes, using qRT-PCR. A
subset of RNA samples that were subjected to RNA-seq, as well as
additional infected heart samples, were tested. Results revealed
strong correlations with significant P values between the two plat-
forms (SI Appendix, Figs. S6 and S7).

Key Pneumococcal Genes Expressed during Colonization Are Distinct

from Those Expressed during Infection. To identify all potentially
relevant DE pathways for our datasets, we used complete DE

D'Mello et al.

gene lists (false-discovery rate [FDR] < 0.05) for pathway en-
richment analyses. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses (20) of Sprn DE genes identified
several pathways unique to each comparison (Dataset S6), two of
which were shared across all disease anatomical sites relative to
the nasopharynx: The ascorbate and aldarate metabolism path-
way and the pentose and glucuronate interconversions pathway.
Unsurprisingly, most of the genes in these two pathways were
present in the 69 DE genes subset shared across disease states.
Three genes are shared between these two pathways: SP_2033,
SP_2034, and SP_2035. These genes are part of the ula operon
that metabolizes ascorbate and aldarate (SP_2031-SP_2038). An
overview of the uptake and conversion of L-ascorbate (L-ascorbic
acid), also known as vitamin C, by Spn is shown in Fig. 54.
L-Ascorbate is transported into the bacteria using a phospho-
transferase system (SP_2036, SP_2037, and SP_2038), where it is
ultimately converted into cytidine diphosphate-ribitol by other
genes within the operon together with genes SP_1983, SP_1270,
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are not shown as too few host DE genes were observed (Fig. 4C).

and SP_1271. Of all of the genes within this pathway, only
SP_1983 was not DE above cutoff. Cytidine diphosphate-ribitol
is essential for bacteria wall synthesis (21) and, therefore, we
hypothesize that interruption of the uptake of L-ascorbate could
affect nasopharyngeal colonization.

We also interrogated genes highly expressed by Sprn at all
anatomical sites, as well as those relevant to disease or coloni-
zation. Of the 100 most highly expressed Spn genes at each site
(Dataset S6), 52 were shared across all sites (Fig. 5 B and C).
While many of these shared genes were housekeeping genes (cell
division, translation, and so forth), two were previously studied
potential vaccine candidates—Ilactoferricin-resistance associated
PspA and zinc metalloprotease ZmpB (22, 23)—and another was
an oligopeptide transporter operon (amiACDEF) shown to have
relevance to nasopharyngeal colonization (24). The two vaccine
candidates and genes amiA, amiC, and amiD were also shown to
be essential for TIGR4 lung survival in vivo in the signature tagged
mutagenesis study (10). The identification of these housekeeping
genes, virulence factors, and operon among the highest expressed
genes suggests that the pneumococcus invests significant resources
to produce these proteins at all anatomical sites.

Host Gene Signatures Reveal Induction of the IFN Pathway during Invasive
Disease. For host datasets, we used Ingenuity Pathway Analysis (IPA)
to study all DE gene lists (FDR < 0.05, log, fold-change [LFC] <-2
or >2). Key differences between host responses during colonization
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compared to invasive disease were observed. Only ~200 DE genes
were observed overall during nasopharyngeal colonization com-
pared to ~6,000 DE genes on average in invaded tissues (Fig. 4C).
A minimal response to strain D39 was observed within the naso-
pharynx, but a robust response from a modest number of genes was
mounted with strains TIGR4 and 6A-10. Both strains induced a
similar pattern of induction of proinflammatory cytokines consid-
ered part of the acute phase response, including C-reactive protein,
tumor necrosis factor, and IL-1f. Their expression signature also
included genes indicative of neutrophilic infiltration, and possibly
other leukocytes, such as expression of chemoattractant receptors
found on myeloid cells, including FPR1, FPR2, LTB4R, and
CXCR2, formyl peptide receptors, and LTB4 receptor. This finding
is consistent with previous reports showing that nasopharyngeal
colonization can lead to recruitment of neutrophils (25, 26). These
results indicate that nasopharyngeal colonization can induce
subclinical inflammation in the nasopharynx, and that bacte-
rial strains differ in the extent to which they alter host biology
during colonization.

As in nasopharyngeal colonization, infection with Spn led to the
expected induction of host NF-kB—dependent proinflammatory cy-
tokines typical of the acute-phase response; however, both the mag-
nitude of induction and number of transcripts associated with this
response was much greater in infected tissues. In addition, during
invasive infection, all tissues—lungs, heart, and kidneys—showed
enrichment for genes and pathways associated with leukocyte-specific
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expression, likely indicative of an inflammatory infiltrate. To obtain an
overview of the differences in host response during infection com-
pared to nasopharyngeal colonization common to all infected tissues,
we focused on the subset of 190 genes induced during infection in
blood and all tissues but not during nasopharyngeal colonization
(green bar in Fig. 4C). This list showed significant enrichment of a
number of IFN-stimulated genes, genes usually induced following
innate immune sensing of viral infection or other abnormal nucleic
acids (27), together with typical transcription factors and cytokines
associated with the IFN response identified as upstream regulators
(Dataset S5). Examination of pathways enriched in the 190 gene set
or in the organ-specific DE genes (Dataset S7) showed enrich-
ment of pathways associated with the IFN response: IFN signaling,
role of pattern recognition receptors in recognition of bacteria and
viruses, and activation of IFN regulatory factors by cytosolic pat-
tern recognition receptors (Fig. 5D). Some organ-specific patterns
in expression changes during Spn infection were also observed:
Spn infection led to enrichment of coagulation-associated genes in
the blood, and pathways associated with cytochrome p450-
mediated biosynthesis and degradation were more altered in the
lung than in other tissues (Dataset S7).

Deletion of Highly Expressed Pneumococcal Genes Lowers Burden at
Corresponding Anatomical Site. To confirm the importance of Spn
genes identified as highly expressed (Fig. 5B and Dataset S6) or
DE (Fig. 44 and Dataset S4) in an anatomical site-specific
manner (Dataset S6), we tested the virulence of their respec-
tive isogenic mutants versus WT control using a competitive
index assay. Three of four mutants in genes highly expressed only
during asymptomatic colonization (ula operon, SP_0368, and
SP_1675) were attenuated versus control on day 5 of coloniza-
tion, each exhibiting an approximate 10-fold reduction in re-
coverable bacteria from nasal lavage samples. In contrast,
mutation of SP_2150 (arcC) had no significant effect, although a
general downward trend was observed (Fig. 64). The ula operon
is responsible for the import and degradation of ascorbic acid
(28), SP_0368 encodes an O-glycosidase that may contribute to
the scavenging of carbohydrates from host glycoconjugates (29),
and SP_1675 encodes a kinase (ROK) family member (30). The
latter are commonly involved in the regulation of sugar utiliza-
tion networks (31). arcC is a member of the arginine deaminase
operon that, among other functions, allows the pneumococcus to
use arginine as a carbon source (32). Mutants deficient in genes
identified as highly expressed during pneumonia and invasive
disease (SP_0664, SP_1647, SP_1648, and SP_1891) were in turn
found to be starkly impaired in their ability to cause bacteremia
following pneumonia (Fig. 6B). These genes encode ZmpB,
endopeptidase PepO, manganese transporter PsaB, and AmiA.
Our results with these mutants agree with studies that have
previously linked these proteins to Spn pathogenicity (24, 33-35).
Importantly, experiments performed with this panel of mutants
in vitro found that only PsaB and AmiA were essential for
growth in media, thus the requirement for the remainder of
proteins was specific to the in vivo condition (Fig. 6C).
Considering that the genes identified as highly expressed during
nasopharyngeal colonization are presumably involved in the
scavenging of nutrients, we hypothesized that their combined de-
letion would have a cumulative effect on Spn growth in the na-
sopharynx. We observed that Spn can rely on the ula operon for
growth with ascorbate as a sole carbon source (SI Appendix, Fig.
S8), that a double mutant lacking the ula operon and SP_1675 was
starkly attenuated during colonization in mice (Fig. 6D), and that
the double mutant had normal growth in rich medium in vitro
(Fig. 6C). Importantly, cross-infection (i.e., testing of the mutants
necessary for colonization in the invasive disease model, and vice
versa) revealed that the ula mutant was attenuated for invasive
disease, whereas the SP_1675 mutant was not (Fig. 6E). Similarly,
the pepO mutant was attenuated for colonization, but the zmpB
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mutant was not (Fig. 6F). Thus, for most genes tested, a high level
of transcription in the nasopharynx or disease site was indicative of
their importance under same condition. These findings help pri-
oritize new candidate highly expressed Spn genes as targets for
intervention.

IFN Contributes to Host Defense in Pneumococcal Infection. In gen-
eral, type I IFN is not considered to be a protective mechanism
during pneumococcal infection; albeit, a role in alveolar-capillary
barrier defense has been described (36, 37). Given the observed
enrichment in IFN-stimulated gene expression in infected vs.
uninfected organs (Dataset S5), we sought to confirm the pro-
duction of IFN within tissues during invasive pneumococcal
disease and determine its biological consequence. Notably, both
IFN-a and IFN-p were detected in the spleen of infected mice at
levels higher than uninfected controls (Fig. 74), with IFN-p also
elevated in serum and the heart of infected mice. One-time in-
tranasal pretreatment of mice with IFN-f (isolated from mouse
cells, PBL Assay Science) 1 d prior to intratracheal challenge
with Spn TIGR4 reduced morbidity and mortality versus the
mock-treated controls (Fig. 7B). Next, we probed the role of IFN
in protection against intraperitoneal infection. IFN-p pretreat-
ment alone did not protect mice that were pretreated and
challenged intraperitoneally with TIGR4 (Fig. 7B). However,
pretreatment with Poly(I1:C), a potent inducer of both IFN and
NF-kB-dependent proinflammatory cytokines, did enhance
survival of intraperitoneally infected mice (Fig. 7C) (37). From
these results we infer that the IFN response alone primarily
confers protection of the airway. However, in combination with
other activated host defense pathways, it may also confer pro-
tection during systemic infection.

Discussion

We report the shared in vivo pneumococcal and host tran-
scriptome during colonization and invasive disease in relevant
anatomical sites in mice. We also identify relevant highly and
differentially expressed bacterial and host genes, while exploring
the difference between asymptomatic pneumococcal coloniza-
tion and disease. We also validate the importance of differen-
tially regulated genes for in vivo survival of the bacteria and host,
respectively.

We observed major differences between in vitro and in vivo
gene-expression results, supporting the use of the in vivo colo-
nization state as the preferred baseline condition for calculating
Spn DE genes rather than an in vitro control. Indeed, Spn
transcriptional gene signatures investigated under in vitro con-
ditions (8, 19) did not recapitulate our in vivo conditions (S/
Appendix, Figs. S2 and S3). It is reasonable to assume that the
differences between in vitro and in vivo conditions are in large
part due to differences in nutrient availability, the complexity of
processes required for sequestering nutrients in vivo, oxygen
tension, shear forces, and other physical or physiological aspects
of in vivo conditions. It is also likely that the in vitro conditions
used in prior studies, like those we used for biofilm formation
(8), were optimized for Spn growth, and as such were not ac-
curately replicating the physiological environment of the host.
The discordance between in vitro and in vivo studies further
demonstrates the potential drawbacks of using results solely from
in vitro studies to infer in vivo mechanisms.

Different Spn strains not only have varied transcriptomic sig-
natures within the same organs in vivo (Fig. 24) but can also
result in disparities of Spn activity at distinct sites (Fig. 1C). This
is recapitulated in the host responses to each strain as well (Fig. 3).
The pneumococcus and the host differentially expressed different
numbers and types of genes at each anatomical site, evidenced by
our identification of DE gene sets not only commonly expressed
across sites but also other sets unique to each, with only few host
genes DE in the nasopharynx (Fig. 4 A and C). In both of these
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Fig. 6. In vivo competition experiments between pneumococcal strain TIGR4 and isogenic mutants in highly expressed genes. Mutants were tested using a

completive index assay against WT TIGR4. Paired WT and mutant samples are denoted by dots with a connecting dashed line. (A) Bacterial titers in nasal
lavage fluid of colonized mice 5 d postinoculation with WT TIGR4 and Spn deficient in genes highly expressed in the nasopharynx. (B) Bacterial titers in the blood
of mice 1 d after intratracheal with WT TIGR4 and Spn deficient in genes highly expressed during invasive disease. (C) Mutants tested in A and B were tested for
overall fitness in Todd-Hewitt broth with 0.5% yeast extract (THY). Competitive index values were calculated by dividing the numbers of CFU for the isogenic
mutants by those for WT. (D) A double mutant, deficient in both ula and SP_1675 was tested versus TIGR4 WT in the nasopharynx model of colonization. (E) Cross
infection experiments in which genes highly expressed in nasopharynx (Aula and ASP_1675) were tested in the model of lower respiratory tract infection with
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cases, the Spn strain effect can be visualized (SI Appendix, Fig. S4).
Genes that are DE follow similar trends (i.e., up- or down-regu-
lated), but to varied strain-dependent magnitudes.

We observed that in Spn genes DE only within the blood, mul-
tiple metal ion-scavenging genes were up-regulated. Ribosomal
proteins were down-regulated in the heart, possibly suggesting a
slowdown of translation as the pneumococcus transitions into a
biofilm state, as previously described (8, 38). It is tempting to hy-
pothesize that Spn may have evolved mechanisms enabling its
transition to a low inflammation-triggering biofilm mode in certain
organs. Overall, the pneumococcus is also able to alter its feeding
habits, a forte for Spn, respective to each anatomical site. We have
shown the up-regulation of L-ascorbate uptake and degradation in the
nasopharynx; however, genes involved in galactose and lactose utili-
zation were also observed. It is also interesting to note that mannose
transporter genes were up-regulated at all other sites, potentially
implicating this feeding mechanism in fitness in disease states.

The identification of targetable highly expressed genes can be
particularly useful, especially for the development of vaccines.
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We detected two previously described pneumococcal antigenic
virulence factors, pspA and zmpB, in our highly expressed gene
set. Studies have shown that zmpB is conserved across the
pneumococcal proteome and is protective in mice (22). How-
ever, zmpB has also been shown to be present in closely related
commensal streptococcal species colonizing the human host,
thereby possibly limiting its vaccine potential (39). PspA is also
present in most pneumococcal strains, albeit exhibiting different
alleles (40), and this protein has also been demonstrated to be
protective against pneumococcal disease (41). Given that these
are core proteins, surface-exposed, protective, and now found to
be broadly highly expressed by the pneumococcus in vivo, this
makes them potentially powerful candidates for the development
of a serotype-independent pneumococcal vaccine.

Zafar et al. (42) identified 375 Spn genes necessary for shedding
and transmission using a Tn-seq approach. Of these, 72 genes
were up-regulated in the nasopharynx, suggesting that these genes
could be key factors involved in Spn transmission. Like us, Zafar
et al. identified that SP_0368 (O-glycosidase) was up-regulated
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Fig. 7. Assessment of the IFN response and its contribution to mouse protection. (4) IFN-« and IFN-B levels in the serum, spleen, and hearts of mice expe-
riencing invasive pneumococcal disease. Each data point represents an individual mouse with statistical analysis performed using a two-tailed Student’s t test
(*P < 0.05; ***P < 0.001). (B) Mice were administered recombinant IFN-p (30,000 U) in saline or saline alone either intranasally (I.N.; 50 pL volume) or in-
traperitoneally (I.P.; 100 L volume) 24 h prior to challenge intratracheally (1.T.) with 5 x 10® CFU or intraperitoneally with 1 x 10° CFU of TIGR4 in 100 pL of
saline, respectively. Body condition score and Kaplan-Meier survival of mice treated with IFN-B versus control following challenge with TIGR4. Body condition
score significance was tested using a repeated-measures mixed-effects model with Sidak’s multiple comparison posttest of IFN-B versus saline only within each
infection group (**P < 0.01); and survival significance was assessed by log-rank Mantel-Cox test (P values indicated on the graph; n = 10 mice per treatment
group). (C) Mice were administered 50 ug Poly(1:C) in 100 uL saline intraperitoneally 24 h prior to challenge, intraperitoneally with 1 x 10° CFU of TIGR4.
Survival significance was assessed by log-rank Mantel-Cox test (P value indicated on the graph; n = 9 mice per treatment group).

within the nasopharynx, and we demonstrated its importance for  during colonization, probably because the authors removed the
in vivo colonization using knockout mutants. The dlf locus transmission bottleneck by performing multiple experimental pas-
(SP_2173-SP_2176) was also identified by Zafar et al. as one of  sages. Cooper et al. hypothesized that the dlf locus was maintained
the major determinants of transmission. Similar Tn-seq studies  across the pneumococcal population because it is required for
performed in the context of pneumococcal growth in human saliva ~ transmission to new hosts despite increased adhesion and coloni-
have identified and validated that the amiACDEF operon that we  zation when the locus was deleted. Along these lines, our results
found highly expressed at all anatomical sites, was essential for  revealed that the dlt locus was not significantly DE across organs
survival (16). This was also essential in vivo in mice within the relative to the nasopharynx and all genes within the locus were ro-
lungs and nasopharynx (15), correlating well with its high ex-  bustly expressed at all sites. These studies suggest a complex regu-
pression at all anatomical sites in our study. Other key genes we  latory program of the dlf locus during host—pathogen interactions.
identified also correlate with survival genes identified by these Tn- Warrier et al. (44) used data from a variety of RNA-seq tech-
seq studies. For example, three of the eight genes of the vitamin C ~ niques focused on Spn strain TIGR4 to characterize the complex
operon and SP_2150 that were up-regulated in the nasopharynx  operon architecture of the pneumococcus. They identified 474
relative to all other anatomical sites, were specifically essential in ~ potential multigene operons with experimental support. They also
the nasopharynx but not in the lung. Similarly, SP_0062, which is  identified a regulatory element pyrR (SP_1278), essential for vir-
part of a phosphotransferase system, was up-regulated in the lung  ulence and colonization. We found pyrR to be up-regulated within
in our dataset and shown to be essential in the lung but not the  the blood, kidneys, and heart relative to the nasopharynx, vali-
nasopharynx (15). dating its role in virulence and infection. Our two operons (ula
Mutants lacking the ditB gene (SP_2175) were shown by Cooper ~ SP_2031-SP_2038 and SP_1266-SP_1271) up-regulated in the
et al. (43) to be selected for during in vivo experimental evolution — nasopharynx (Fig. 54) were also detected in the Warrier et al.
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dataset. A microarray study involving strains of serotype 4
(WCH43) and serotype 6A (WCH16) also identified the ula op-
eron as up-regulated in the nasopharynx relative to the blood,
from a total of 62 DE genes. They also showed that a ula knockout
mutant had no significant effect on pneumococcal virulence (45).
While we also showed that an ula knockout mutant is only mildly
attenuated, our double-knockout mutant adding the SP_1675 gene
was significantly attenuated in colonization. The other operon
consists of /ic proteins and phosphorylcholine uptake genes (46)
(SP_1266-SP_1271) known to be involved in teichoic acid syn-
thesis (21). The link found between the two operons suggesting
activated teichoic acid and bacterial cell wall synthesis, and the
resources invested by the pneumococcus for nasopharyngeal col-
onization, demonstrate the importance of these genes in the initial
stage of interactions with the mammalian host.

It has previously been shown that type I IFN decreases expres-
sion of platelet-activating factor receptor (PAFT), a pneumococcus
binding receptor, and this inhibits pneumococcal transmigration
across epithelial and endothelial cell barriers in the airway, pre-
venting invasive disease (36). Our in vivo results revealed a strik-
ingly consistent IFN-stimulated gene-expression signature during
acute invasive infection. Enhanced survival of intratracheally IFN-
p—pretreated mice during and following the onset of disease pro-
vides further evidence for this protective effect. Several previous
studies have noted induction of IFN-stimulated genes during
pneumococcal infection and have proposed two main models as a
cause. First, the STING/cGAS cytosolic DNA-sensing system has
been shown to recognize Spn nucleic acids (47). Signaling from
well-known bacterial recognition receptors, such as Toll-like re-
ceptors (TLRs), also lead to activation of both NF-kB and IFN
regulatory factors that mediate the IFN response. Fama et al. (48)
demonstrated the effect of nucleic acid-sensing TLRs upon pneu-
mococcal infection in mice. TLR7, TLR9, TLR13, and chaperone
protein UNC93B1, responsible for TLR trafficking out of the en-
doplasmic reticulum, were shown to control pneumococcal infec-
tion as knockout mice lacking these genes were moderately to
highly susceptible. Examining the levels of these genes within our
dataset shows their up-regulation at different sites, mainly the
blood and lungs (SI Appendix, Fig. S9), albeit not all passed the DE
FDR cutoff of <0.05 (Dataset S5).

Second, however, leakage of mitochondrial DNA from dam-
aged mitochondria in stressed or dying cells is also a potential
ligand for STING/cGAS (49-51). Since Spn invasion causes cell
stress and death, DNA from damaged mitochondria or dying cells
would be another potential trigger of the IFN response during
invasion. While Skovbjerg et al. (52) observed the up-regulation of
IFN-related genes in vitro in human monocytes exposed to intact
and autolyzed Spn, they also demonstrated that it was the intact
bacteria that were responsible for IFN stimulation, suggesting that
exogenous pneumococcal DNA/RNA from autolyzed bacteria may
not be the only stimulant to the IFN pathway. A subset of the host
IFN-related genes from a different study [identified by pattern B in
figure 1 of Skovbjerg et al. (52)] were also up-regulated across all
infected tissues in our study. Notably, we observed that pretreat-
ment with IFN-p alone was not protective in mice challenged in-
traperitoneally (Fig. 7C). This may be due to our use of a single
treatment regimen, the fact that the bacteria in the peritoneum do
not require invasion to gain access to the bloodstream (and intra-
peritoneal challenge is therefore considered to be a highly lethal
infection model), or that the main target of IFN-f is instead the
lungs. Yet we observed that pretreatment with Poly(I:C) conferred
protection in this infection model, suggesting that a mixed IFN and
NF-«B response has additional effects, most likely occurring at the
myeloid cell level, that confers protection during systemic disease.
In general, our findings corroborate the prevalence of the IFN
responses to Spn infection in mice and its importance in protecting
against onset of lethal pneumococcal pneumonia.
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Previous studies have shown interactions between the pneumococ-
cus and host cell receptors, including PAFr, polymeric-immunoglobin
receptor (pIgR), and laminin receptor (Rpsa), that facilitate
pneumococcal invasion (53-55). We observed that PAFr and pIgR
were up-regulated in the lungs, blood, and heart as they encounter
the pneumococcus. This could suggest that the pneumococcus
initiates a feedback invasion mechanism, whereby host receptors
hijacked for invasion are being up-regulated, allowing for more
invasion. However, for Rpsa, changes were only observed for
strain TIGR4, with down-regulation in TIGR4-infected blood,
and up-regulation in TIGR4-infected kidneys. Another receptor,
found in B cells (CD22), was shown to be important for host re-
sistance to the pneumococcus (56). It was consistently down-
regulated in all our infected blood samples but not at other
sites, leaving the host susceptible to further infection, and possibly
explaining the high titers of Spn we observed in the blood.

In summary, using multiple pneumococcal strains in our in vivo
transcriptome dataset, as well as multiple anatomical sites within
the host, allowed us to identify shared and strain/organ-specific
responses to infection in the pneumococcus and in mice. The focus
on core pneumococcal genes shared across the three genetically
different strains tested makes it likely that other pneumococcal
strains will exhibit similar responses to those identified here when
they encounter the host. Exploration of our key shared and organ-
specific host genes and pathways, and their human orthologs will
provide a robust rationale for designing follow-up studies in other
mammalian models and in humans. We demonstrated that the
mechanisms of sensing, adaptation, and response of Spn to its host
and the host to different Spn isolates are complex, and strikingly
different between colonization and disease states.

While we identified pneumococcal and mouse genes playing
key roles in host-pathogen interactions, not all of these may be
directly relevant in humans, and other important genes have
likely been missed. A number of Spn proteins or components
have been shown to be strictly restricted to interactions with
human cell moieties (57-62) and will not have been interrogated
in our mouse models. Similarly, not all mouse responses are di-
rectly applicable to human responses and several human-specific
responses were likely not observed in this study. Validation of the
bacterial and host genes identified here in the human setting, or in
models more closely recapitulating human systems will be required.
Despite these obvious caveats, we believe that the atlas of tran-
scriptional responses during host-pathogen interactions presented
here will constitute an essential resource for the pneumococcal
and microbial pathogenesis research communities, and serve as a
foundation for identification and validation of key host and
pneumococcal therapeutic targets in future studies.

Materials and Methods

All transcriptomics data generated as a part of this study have been deposited
at the Gene Expression Omnibus repository under accession no. GSE150788.
Additional information about materials and data availability, including genome
accession numbers, bacterial strains and constructs, mice, reagents, and software
packages, are available in Dataset S8. Details on bacterial growth, mouse
housing, and RNA-seq procedures are provided in S/ Appendix, SI Appendix 1.

Mice. Animal experiments were carried out using male and female mice 6 to
12 wk of age. WT C57BL/6 were supplied from The Jackson Laboratory and
housed at the University of Alabama at Birmingham Animal Facilities for at
least 1 wk prior to their use. All animal experiments were performed using
protocols approved by the University of Alabama at Birmingham Institutional
Animal Care and Use Committee (protocols #21152 and #21231).

Collection of Samples for RNA Isolation. Mice were anesthetized using va-
porized isoflurane at 2.5 to 3% during experimental challenge. For asymp-
tomatic nasopharyngeal colonization, mice were inoculated with 10° CFU of
Spn in 10 pL saline with samples collected on day 7 (25). For pneumonia, mice
were challenged with 10° CFU of Spn in 100 pL saline by forced aspiration
with lungs collected on day 2 (63). For invasive disease, mice were challenged
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intraperitoneally with 10* CFU of Spn in 100 uL saline with blood, heart, and
kidneys collected between 30 and 36 h postchallenge. Data generated from
TIGR4-infected blood and heart samples were from a previously published (8)
study by our group, with mice infected in the same fashion. Prior to tissue col-
lection, mice were killed by inhalation of vaporized isoflurane (>5% over oxy-
gen) and confirmed by cervical dislocation, bilateral pneumothorax, or cardiac
puncture according to approved protocols. For nasopharynx samples, killed mice
were decapitated, exterior skin removed, brain and cerebral column excised, and
the skull defleshed. The skull and oropharynx were subsequently crushed in RNA
Protect Bacteria Reagent (Qiagen) and stored at —80 °C. For blood, samples were
obtained by exsanguination via retro-orbital bleed, mixed with RNAprotect
Bacteria Reagent, and stored at —80 °C. For lungs, heart, and kidneys, organs
were excised, minced down to 1-mm? fragments with a sterile razorblade, then,
and repeated as necessary, rinsed with ice-cold PBS, and gently pressed to the
point that blood no longer effused from the tissue. Samples were then placed
into RNA Protect Bacteria Reagent, and stored at —80 °C.

RNA Isolation, Library Construction, Sequencing, and Transcriptomics Data
Analyses. These procedures were performed as previously described (8),
with minor modifications as detailed in S/ Appendix, SI Appendix 1. The
numbers of reads generated for each sample are provided in Dataset S1.
Common and unique DE genes for both species were determined using gene
list intersections and individual heatmaps of DE genes were generated based
on z-scores of variance stabilized transformation counts (64) (Figs. 4 and 5
and Dataset S2). Pneumococcal and mouse DE genes are provided in Datasets
S3-S5. See Dataset S8 for package source/documentation and Data Availability
for additional parameters used in DE gene estimation or heatmap generation.

KEGG Pathway Analysis. Bacterial DE gene lists were used to determine DE
KEGG (20) pathways (with an adjusted P < 0.05) (Dataset S6) using R package
KEGGprofile in Rstudio (see Data Availability for additional parameters and
Dataset S8 for package source/documentation).

Ingenuity Pathway Analysis. Mouse DE gene lists were filtered using an LFC
cutoff (LFC >2 and <—2) and uploaded into IPA (65) (Qiagen, https:/digitalinsights.
qgiagen.com/products-overview/discovery-insights-portfolio/analysis-and-
visualization/giagen-ipa/). Core analyses were conducted on each DE gene list
per Spn strain using default parameters. Canonical pathways were determined
using the mouse database with default parameters, on mouse organ systems.
Analyses were then compared across organ types to estimate core pathways, and
across Spn strains for organ-specific responses (Fig. 5). Canonical pathway data
were exported (Dataset S7) for use in Rstudio. Heatmaps of canonical pathways
were generated for those meeting an average z-score cutoff of >3 and <-3
(nasopharynx samples did not meet this cutoff) in Rstudio (Data Availability).

qRT-PCR Cross-Platform Validation of RNA-Seq. For qRT-PCR validation, we
selected 10 pneumococcal genes and 11 mouse genes that were up- or
down-regulated from the 69 Spn shared DE genes at all sites vs. nasophar-
ynx, and 190 host DE genes identified from all diseased sites. Control genes
for Spn and host were selected based on high expression at all anatomical sites
and low variation in expression (<0.5 SD). Primers for Spn were designed using
National Center for Biotechnology Information-Primer BLAST, and those for
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the mouse were obtained from PrimerBank (66-68). These primer pairs are
listed in Dataset S8. We used the Qiagen QuantiTect SYBR Green RT-PCR Kit
and generated correlation curves of qRT-PCR AACt values (equivalent to LFC)
to RNA-seq LFC. These revealed strong correlations with significant P values
between the two platforms (S/ Appendlix, Figs. S6 and S7).

In Vivo Competition Experiments and Assessment of IFN-Mediated Protection.
Experiments were performed using mouse models of asymptomatic naso-
pharyngeal colonization, lower respiratory tract infection with bacteremia,
and intraperitoneal challenge with disseminated disease. For competition
assays, logarithmic growth phase Spn TIGR4 strain and its isogenic mutant
were mixed at a 1:1 ratio. In all instances, isoflurane-anesthetized C57BL/6
mice were inoculated either intranasally (10 pL in 10° CFU), intratracheally
(100 pL in 10° CFU), or intraperitoneally (100 pL in 10* CFU) with physical
assessment using a body condition index (25), and nasal lavage and blood
collected for enumeration of pneumococci at designated time points. Bac-
terial titers in the nasopharynx were determined day 5 postchallenge. For
competition experiments involving pneumonia with bacteremia, bacterial
titers in the blood were determined 2 d postchallenge. For both nasal lavage
samples and blood, the number of bacteria present in collected fluids was
determined by serial dilution of the sample, plating on blood agar plates, and
extrapolation from colony counts the next day. For in vitro experiments testing
fitness, the competitive index of each mutant strain was calculated using the
following equation: (mutant output CFU/WT output CFU)/(mutant input CFU/
WT input CFU). Centrifuged spleen homogenates from mice challenged in-
traperitoneally with 10* CFU of TIGR4, alternatively uninfected control mice,
were used to determine the IFN-a and IFN-B responses to invasive pneumo-
coccal disease. For experiments with IFN-B mice were administered 30,000 U of
recombinant mouse IFN- in 50 uL or 100 pL PBS by intranasal instillation or
intraperitoneal injection, respectively, 1 d prior to challenge with TIGR4. For
Poly(I:C) experiments, mice were administered 50 pg Poly(l:C) in 100 pL PBS by
intraperitoneal injection 1 d prior to intraperitoneal challenge with TIGR4. In
all experiments, control mice were administered PBS alone without challenge
recombinant protein, drug, or bacteria.

Data Availability. R code/scripts used to generate figures and data presented is
available on GitHub at https:/github.com/admelloGithub/InVivoSpn (69).
The data reported in this paper have been deposited in the Gene Expression
Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no.
GSE150788) (70).
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