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Staphylococcus aureus is an opportunistic pathogen and chief among bloodstream-infecting
bacteria. S. aureus produces an array of human-specific virulence factors that may con-
tribute to immune suppression. Here, we defined the response of primary human phag-
ocytes following infection with S. aureus using RNA-sequencing (RNA-Seq). We found
that the overall transcriptional response to S. aureus was weak both in the number of
genes and in the magnitude of response. Using an ex vivo bacteremia model with fresh
human blood, we uncovered that infection with S. aureus resulted in the down-
regulation of genes related to innate immune response and cytokine and chemokine sig-
naling. This muted transcriptional response was conserved across diverse S. aureus
clones but absent in blood exposed to heat-killed S. aureus or blood infected with the
less virulent staphylococcal species Staphylococcus epidermidis. Notably, this signature
was also present in patients with S. aureus bacteremia. We identified the master regula-
tor S. aureus exoprotein expression (SaeRS) and the SaeRS-regulated pore-forming tox-
ins as key mediators of the transcriptional suppression. The S. aureus–mediated
suppression of chemokine and cytokine transcription was reflected by circulating protein
levels in the plasma. Wild-type S. aureus elicited a soluble milieu that was restrictive
in the recruitment of human neutrophils compared with strains lacking saeRS. Thus,
S. aureus blunts the inflammatory response resulting in impaired neutrophil recruitment,
which could promote the survival of the pathogen during invasive infection.
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The human-adapted opportunistic pathogen Staphylococcus aureus poses a major public
health threat. S. aureus causes both community- and hospital-associated infections
ranging from skin and soft tissue infections to lethal bloodstream infections (1). The
lack of a vaccine against S. aureus and its resistance to multiple antibiotics hinder our
ability to effectively combat infections. To improve the management of S. aureus infec-
tions, we must better understand how S. aureus manipulates the host immune system.
S. aureus pathogenesis depends on a wide array of virulence factors, which target

both innate and adaptive immunity (2, 3). These include a variety of toxins and pepti-
des that directly kill leukocytes (4–9). However, many of these virulence factors exhibit
exquisite species specificity, affecting human cells but failing to function in mice, the
most common animal model used for investigating host responses (3, 10–13). Even vir-
ulence factors that can function in mice may still require much higher concentrations
(14). Thus, we need to elucidate the impact of S. aureus infection to human cells.
During infections, bacteria trigger inflammatory responses, including the secretion of

cytokines and chemokines that recruit leukocytes to the area of infection. The recruited
neutrophils, monocytes, macrophages, and dendritic cells (DCs) play important roles in
both the direct killing of bacteria and the indirect control of infection, such as contribut-
ing to the cytokine milieu, clearing debris/damaged cells, and presenting antigen to
trigger adaptive immunity. Consistent with this, humans with chronic granulomatous
disease as well as other congenital diseases that affect the function of neutrophils and
other innate immune cells exhibit an increased risk of Staphylococcal infections (15).
In this study, we discovered that the transcriptional responses of primary human

phagocytes—neutrophils, monocytes, macrophages, and DCs—and human whole blood
in response to S. aureus infection were surprisingly weak. We hypothesized that S. aureus
actively suppresses cellular responses. Indeed, we identified a signature of suppressed
genes that is mediated by virulence factors regulated by the two-component regulator
S. aureus exoprotein expression (SaeRS). By further examining the cytokine milieu after
wild-type (WT) and Δsae S. aureus infection of blood, we show that S. aureus down-
regulates the production of cytokines and chemokines, resulting in decreased recruit-
ment of human neutrophils. Thus, by dampening the responses of human phagocytes,
S. aureus can protect itself by blunting the recruitment of leukocytes.

Significance

We show here that infection of
human blood with Staphylococcus
aureus triggers a suppressing
transcriptional signature. The
signature was conserved across
S. aureus lineages and present in
bacteremic patients infected with
S. aureus. In contrast to S. aureus,
we show that Staphylococcus
epidermidis did not elicit the
suppressing signature, implicating
S. aureus virulence factors as
drivers of the suppression.
Indeed, themaster regulator of
virulence, S. aureus exoprotein
expression (SaeRS), and the
SaeRS-regulated toxins were
found to be responsible for the
“muted” transcriptional response.
The S. aureus–elicited suppressing
response resulted in impaired
production of chemokines and
decreased recruitment of
neutrophils. Thus, we describe a
previously unappreciated
immunosuppressive strategy
employed by S. aureus to interfere
with the host antimicrobial
response.
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Results

Methicillin-Resistant S. aureus Induces a Muted Cell Type–Specific
Leukocyte Transcriptional Response. To define the transcrip-
tional response of human phagocytes to infection, we performed
RNA-Seq on polymorphonuclear neutrophils (PMNs), mono-
cytes, monocyte-derived macrophages (MDMs), and monocyte-
derived dendritic cells (MDDCs) from the same three individual
donors after infection with the USA300 methicillin-resistant
S. aureus (MRSA) strain LAC at a multiplicity of infection
(MOI) of one (Fig. 1A). This low MOI was chosen to avoid
overt killing of the cells by S. aureus toxins (SI Appendix, Fig. S1)
(4–8, 16–21). Most of the transcriptional variation among sam-
ples was driven by cell type and not infection status (Fig. 1B).
Response to infection was cell type specific, with little to no over-
lap in the differentially expressed genes observed among cells
types. Interestingly, PMNs responded the most to infection,
while monocytes and macrophages responded the least (Fig. 1C).
To determine if MRSA infection triggered responses associated

with inflammation, uninfected cells were also treated with inter-
feron gamma (IFN-γ) or interleukin 4 (IL-4) to generate transcrip-
tional profiles for comparison. Although MRSA infection resulted
in few differentially expressed genes (114 genes with adjusted
P value < 0.05 and fold change of greater than two across all cell
types), the cells responded robustly to treatment with recombinant
IFN-γ and IL-4 (Fig. 1D–H). The overall numbers of differentially
expressed genes were greater after cytokine treatment (506 and 554
genes with adjusted P value < 0.05 and fold change of greater
than two across all cell types for IFN-γ and IL-4, respectively), but
also, the magnitude of the overall fold changes was larger (Fig.
1H). These data suggest that the phagocytes are capable of
responding robustly to stimuli; thus, the infection and not a refrac-
tory nature of the isolated cells caused the muted transcriptional
changes. In general, MRSA infection of phagocytes affected a vari-
ety of signaling and stimuli response pathways (Fig. 1I).

Live MRSA Transcriptionally Suppresses Immune Pathways in
Human Whole Blood. As exposure to live MRSA did not elicit a
strong transcriptional response in individual phagocytes, we won-
dered if an ex vivo model of whole-blood infection that allows
for interaction among cell types would facilitate cellular responses.
We utilized the TruCulture technology (22), which contains a
proprietary culture medium that preserves the physiological state
of the leukocytes in the blood for microbial antigen exposure.
We infected freshly isolated human whole blood with MRSA at
two MOIs (∼0.16 and ∼16). Blood was also exposed to corre-
sponding doses of heat-killed MRSA as heat-killed bacteria have
been shown to stimulate whole blood and induce secretion of
proinflammatory cytokines (23). Again, we observed that tran-
scriptional variation mainly separated samples based on treat-
ments but not blood donors (Fig. 2A). Infection with live MRSA
resulted in a suppressed transcriptional signature compared with
the corresponding heat-killed MRSA signature (Fig. 2B). The
suppression was more notable at the higher MOI. Certain genes,
such as IL-1β, MIP-1α (CCL3), and MIP-1β (CCL4), were
down-regulated by live MRSA but up-regulated by exposure to
the corresponding heat-killed MRSA. Parallel pathway analysis of
the different conditions revealed that live infection with MRSA
down-regulated pathways associated with immune responses,
especially cytokine/chemokine signaling, and that the extent of
down-regulation increased with the infectious dose (Fig. 2C).

The Transcriptional Repression in Whole Blood Represents a
Conserved S. aureus Response. Since the suppressed transcrip-
tional signature observed with live MRSA was initially from a

single strain (i.e., strain LAC) and may not be broadly representa-
tive, we next cultured blood with a collection of diverse S. aureus
strains, a strain of the less virulent staphylococcal species Staphylo-
coccus epidermidis, and strain LAC that had been heat killed at
95 °C or 65 °C. The lower temperature for heat killing was added
in case the previously observed up-regulation of transcripts to
heat-killed S. aureus could have resulted from exposure to intra-
cellular pathogen-associated molecular patterns (PAMPs) released
by high heat. Comparison of differentially expressed genes from
the same infectious dose of WT LAC in the initial dataset and
this second dataset demonstrated a high degree of concordance
(SI Appendix, Fig. S2A). We observed that transcriptional varia-
tion mainly separated S. epidermidis–infected and heat-killed
S. aureus–exposed blood from blood infected with live S. aureus
strains (Fig. 3A and SI Appendix, Table S1). The transcriptional
response of blood exposed to S. epidermidis clustered more tightly
with heat-killed MRSA than live S. aureus strains, and both the
S. epidermidis and heat-killed MRSA responses lacked a cluster of
down-regulated genes that were notable during infection with
live S. aureus strains (Fig. 3B and SI Appendix, Fig. S2C).

SaeRS Mediates Transcriptional Suppression of Immune
Responses by S. aureus. As live S. aureus strains caused a sup-
pressed transcriptional signature in whole blood, we next sought
to identify potential factors involved in the suppression. We
infected whole blood with WT LAC and isogenic mutants of
LAC lacking an array of virulence factors and master regulators
of virulence factors. Transcriptional variation within this isogenic
mutant dataset was mainly driven by the difference between live
and heat-killed WT LAC. Among the tested mutants, two
strains, Δsae (which lacks saeQRS) and Δtoxins (which lacks the
hlgABC, lukSF-PVL, lukAB, lukED, and hla genes), shifted
noticeably closer to the heat-killed WT LAC (Fig. 3C). While
the pattern for most differentially expressed genes was similar
among WT and mutant strains, k-means clustering identified a
cluster of genes (cluster 2) that were down-regulated by the live
LAC strains except Δsae and Δtoxins (SI Appendix, Fig. S2B).
This cluster of genes comprised a suppression signature and
included IL-1β, MIP-1α, and MIP-1β, which we previously
observed to be up-regulated by heat-killed LAC and down-
regulated by live LAC. A closer look at the suppression signature
cluster showed that Δsae and Δtoxins generated changes in the
expression of these genes more similar to heat-killed LAC than
to the other live strains (Fig. 3D). The SaeRS two-component
system is a master regulator of secreted virulence factors, includ-
ing all the pore-forming toxins that are deleted in the Δtoxins
strain (24, 25). While the Δtoxins strain recapitulates much of
the transcriptional changes elicited by Δsae, it does not fully rep-
licate the response (Fig. 3D). In support of the role for SaeRS,
we also observed an absence of the suppression signature in
infections with the clinical isolate USA300 ER03928 (Fig. 3C
and D), which was found to harbor a naturally occurring dele-
tion of 11 nucleotides in saeR introducing an early stop codon
(154 amino acids compared with 228 amino acids in WT).

To determine if Sae-regulated toxins and other factors were
causing suppression by inducing increased cell death, leukocytes
from buffer-treated, WT-infected, Δsae-infected, and Δtoxins-
infected blood were isolated, stained with a fixable viability dye,
and analyzed by flow cytometry. As S. aureus is a notorious
clumper of human blood (26), we used streptokinase to release
as many cells as possible. Of note, Δsae does not produce coag-
ulases (25, 27, 28) and thus, does not clump (29, 30), while
the WT and Δtoxins strains do. Differences in the percentages
of events in the total cell gate are likely attributed to incomplete

2 of 11 https://doi.org/10.1073/pnas.2123017119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123017119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123017119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123017119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123017119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123017119/-/DCSupplemental


A

I

MRSA Buffer

Human Leukopak

Day 0

D0
D4

D4

CD14  MACS Sort+

Treat for 4 hours

Isolate and Process RNA
Sequence RNA

PMNs Monocytes

MDMs
MDDCs

B

PC1 (56.01% explained variation)
PC

2 
(1

7.
6%

 e
xp

la
in

ed
 v

ar
ia

tio
n)

MDDCs

MDMs

Monos

PMNs

Buffer
MRSA

MDDCs
MDMs
Monos
PMNs

Cell Type

Stimulation

50

25

0

-25

500-50

C
# of D

EG
s

MDMs
MDDCs Monos

PMNs

60

40

20
0

Down-Regulated Up-Regulated

D
PMNs

0
50

100

150

200

Treatment

#
of

 D
EG

s

MRSA IFNγ IL-4

E Monocytes

0
20

40

60

80

#
of

 D
EG

s

Treatment
MRSA IFNγ IL-4

F MDMs

0
50

100
150
200

#
of

 D
EG

s

Treatment
MRSA IFNγ IL-4

G MDDCs

0
20
40
60
80

100

#
of

 D
EG

s

Treatment
MRSA IFNγ IL-4

PMNs
Log2FC

Log2FC

IL-4

IFNγ

MRSA

H

-2
0
2
4

-20 4 8

Signaling
Stress 

C
ell D

eath
IS

M
etabolism

-log p value

Count

17.5
15.0
12.5
10.0
7.5
5.0

20
30
40

0 1 2 3
%DE in category

regulation of intracellular signal transduction
intracellular signal transduction

regulation of cell communication
regulation of signaling

regulation of signal transduction
signal transduction

signaling
cell communication

response to organic cyclic compound
response to oxygen-containing compound

response to external stimulus
response to organic substance

response to chemical
cellular response to chemical stimulus

response to stress
response to stimulus

negative regulation of cell death
regulation of cell death

regulation of apoptotic process
regulation of programmed cell death

cell death
programmed cell death

apoptotic process

inflammatory response
regulation of immune system process

immune system process
positive regulation of transcription by RNA polymerase II

negative regulation of nitrogen compound metabolic process
negative regulation of cellular metabolic process

positive regulation of nitrogen compound metabolic process
positive regulation of macromolecule metabolic process

positive regulation of cellular metabolic process
negative regulation of cellular process

regulation of nitrogen compound metabolic process
regulation of primary metabolic process
regulation of cellular metabolic process

G
O

 te
rm

-50

Fig. 1. S. aureus infection induces a cell type–specific response that is muted compared with cytokine treatment. (A) Schematic of the experimental design
for RNA-Seq performed with PMNs, CD14+ monocytes, MDMs, and MDDCs isolated from the same donors. RNA was isolated 4 h after infection. (B) Principal
component analysis was performed using the 1,000 most variable genes among all samples. For each sample, principal component 1 (PC1) and principal
component 2 (PC2) are plotted. Shapes denote cell type (�, MDDCs; �, MDMs; ~, monocytes; �, PMNs). Color denotes treatment (gray, buffer; red,
S. aureus infected). n = 3 donors. (C) Venn diagram of the number of genes whose transcription was significantly altered by S. aureus exposure for the four
cell types. Percentages are the percentages of all differentially expressed genes. DEG, differentially expressed gene. (D–G) Bar graphs of the number of
genes that are significantly down-regulated (blue) and up-regulated (red) in comparison with buffer treatment for S. aureus–infected, IFN-γ–treated,
and IL-4–treated PMNs (D), monocytes (E), macrophages (F), and DCs (G). Significantly differentially expressed genes are considered genes with a jlog2 fold
change (log2FC)j ≥ 1 and an adjusted P value ≤ 0.05. (H) Heat map of log2FC of genes that are significantly differentially expressed in at least one treatment
in PMNs. The histograms show the distribution of log2FCs within each treatment for PMNs. (I) Gene ontology (GO) term enrichment analysis of all genes
found to be significantly differentially expressed in at least one cell type. Pathways are separated by broad categories. Within each category, pathways are
ranked by percentage of differentially expressed genes. Count indicates the number of differentially expressed genes in each GO pathway. IS, immune sys-
tem; DE, differentially expressed.
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disruption of clumping (SI Appendix, Fig. S3A). The viability
of the isolated leukocytes indicated that the infections with the
different strains induced similar amounts of cell death (SI
Appendix, Fig. S3B), which suggests that induction of death by
Sae-regulated factors is not the only driver of the observed sup-
pression. Collectively, these data implicate toxins as well as
other SaeRS-regulated factors in mediating the observed S. aureus–
suppressive gene signature.

S. aureus–Elicited Suppression Signature Is Present in Bacteremic
Patients. Using the suppression signature cluster identified in
whole blood and further refined by results with the isogenic

mutants, we next asked if this signature is reflected in a meta-
analysis of transcriptional data from patients with S. aureus bacter-
emia infections identified in Gene Expression Omnibus (GEO).
Transcriptional data of whole blood from bloodstream infection
patients (56 patients) and healthy controls from Banchereau et al.
(31) and S. aureus patients (4 patients) and healthy controls from
Hu et al. (32) were analyzed through our pipeline to assess expres-
sion of genes in the suppression signature cluster. We compared
the patient transcriptional signatures with the suppressed tran-
scriptional signature of live S. aureus and S. epidermidis (which
does not cause a suppressed transcriptional signature). We found
that the transcriptional data from patients with bloodstream
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Fig. 2. MRSA infection of human whole blood down-regulates genes associated with immune signaling. RNA was isolated 4 h after infection for sequencing.
(A) Principal component analysis was performed using the 797 genes that are differentially expressed in at least one condition. For each sample, principal
component 1 (PC1) and principal component 2 (PC2) are plotted. Shapes denote donor (�, donor 1; �, donor 1R [second independent infection of donor 1];
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expressed genes. Chemo, chemokines; Neu, neutrophils; DE, differentially expressed.
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infections clustered with the S. aureus signature rather than the
S. epidermidis signature (Fig. 3E). Thus, the suppressed transcrip-
tional signature identified in the ex vivo bacteremia model is also
observed in the blood of patients with S. aureus bacteremia.

S. aureus Blunts the Production of Cytokines and Chemokines.
As the genes identified in the suppression signature cluster
seem to represent a conserved S. aureus signature that is present
both ex vivo and in patients, we next performed gene ontology
analysis to determine which pathways are affected in this cluster
(Fig. 3F). Many of the pathways identified were associated with
cytokine and chemokine signaling, including pathways such as
neutrophil chemotaxis and granulocyte migration. Interestingly,
MIP-1α and MIP-1β, which are directly involved in monocyte
migration (33), and IL-1β, whose signaling induces secretion of
the chemokine IL-8 (34), are members of the suppression sig-
nature cluster.
We next determined if the transcriptional suppression of

cytokine and chemokine expression by S. aureus resulted in
changes in the production and secretion of these soluble media-
tors. Exposure of whole blood with heat-killed LAC induced
the production of copious levels of proinflammatory cytokines
and chemokines (e.g., IL-8, MIG, MIP-1α, MIP-1β, TNFα,
and IL-1β) compared with infection with live WT LAC (Fig.
4A and SI Appendix, Fig. S4). Comparison of cytokine/chemo-
kine profiles in the blood after exposure to WT LAC, Δtoxins,
and Δsae showed significant reduction of IL-8, MIP-1α, and
TNFα in an SaeRS- and toxin-dependent manner, while MIP-1β,
IL-1α, IL-1β, and IL-6 were decreased in an SaeRS-dependent
manner (Fig. 4B and SI Appendix, Fig. S5). Consistent with our
data, TNFα has previously been shown to be produced in higher
amounts by saeRS mutants than WT after 3 h of infection of
whole blood (35). While IL-1β belongs to the transcriptional
suppression signature cluster, IL-1β protein requires processing
in order to be secreted (36); thus, we see higher IL-1β secretion
in WT S. aureus infection than buffer treatment. Comparison
among the broad collection of clonal complex 8 (CC8) strains
with CC5 and CC30 strains also showed a significantly greater
induction of IL-8, MIG, MIP-1α, and TNFα by ER03928
and S. epidermidis compared with the other strains (Fig. 4C
and SI Appendix, Fig. S6).
To confirm that the suppression signature is specific for S.

aureus and not S. epidermidis, we examined levels of IL-8, MIP-
1α, and TNFα after infection with four additional S. epidermidis
strains and S. aureus strains representing eight clonal complexes
and observed a consistent suppressive response by the S. aureus
strains compared with the S. epidermidis strains (SI Appendix,
Fig. S7). As previously observed, the Δsae strain showed a
response similar to the S. epidermidis strains (SI Appendix, Fig.
S7). These data further support the observation that the suppres-
sion phenotype represents a broad S. aureus feature.
To test whether S. aureus infection actively suppresses the

immune response, whole blood was initially infected for 2 h
with WT or Δsae S. aureus (strain LAC) or exposed to buffer,
at which point the blood was exposed to either heat-killed WT
S. aureus or buffer for an additional 2 h. The difference in cyto-
kine concentration between 4 and 2 h postinitial infection was
determined (SI Appendix, Fig. S8A). At 2 h postinfection,
WT-infected blood already exhibited a blunted production of
cytokines compared with Δsae-infected blood for all cytokines
tested except IL-1β (SI Appendix, Fig. S8B). Comparison of cell
viability between leukocytes isolated from WT-infected blood
and Δsae-infected blood at 2 h postinfection determined that
the amount of cell death in whole blood was similar between

the infections (SI Appendix, Fig. S8C). Supporting the idea that
this is an active process, exposure to heat-killed bacteria greatly
increased the levels of cytokines in whole blood originally
exposed to buffer but not whole blood previously infected with
WT S. aureus (SI Appendix, Fig. S8D). As Δsae infection seems
to max out cytokine levels, heat-killed exposure of whole blood
previously infected with Δsae did not further increase the con-
centration of cytokine in the blood compared with buffer expo-
sure (SI Appendix, Fig. S8D). The similarity in cell viability
between WT- and Δsae-infected blood further suggests that the
suppression witnessed in WT-infected blood upon exposure to
heat-killed bacteria is not the consequence of changes in cell
viability. Hence, SaeRS-regulated virulence factors, including
toxins, mediate active suppression of cytokine and chemokine
production during S. aureus infection.

S. aureus–Dampened Chemokine Response Results in Impaired
Neutrophil Migration. While TNFα, IL-6, IL-1α, and IL-1β
induce antimicrobial functions, IL-8, MIG, MIP-1α, and MIP-
1β are all chemokines important for the recruitment of innate
and adaptive immune cells to the site of infection (33, 37–42).
Suppression of these chemokines by S. aureus could potentially
affect the recruitment of phagocytes to the infected area. As
PMNs play an important role in the clearance of S. aureus,
inhibiting their recruitment to the site of infection could
enhance the probability of infection. While IL-8 is an impor-
tant chemokine for neutrophil recruitment (38), the overall
milieu generated by WT S. aureus infection could potentially
compensate for the decrease in IL-8 levels from WT infection
compared with Δsae infection. We performed neutrophil
migration assays with primary human PMNs from 12 healthy
human donors using a modified Boyden chamber to measure
differences in migration to plasma from WT LAC infection,
Δsae LAC infection, and buffer treatment. While plasma from
WT infection triggered higher neutrophil recruitment than
control plasma (buffer-treated blood), plasma from Δsae-
infected blood was more chemotactic than the plasma from
WT LAC-infected blood (Fig. 4D). The area under the curve
(AUC) serves as a proxy for the amount of migration, while
the slope of the linear portion shows the rate of migration.
For both AUC and slope, we calculated the fold change of
migration toward plasma from both WT infection and Δsae
infection compared to migration toward plasma from buffer-
treated blood. We observed that WT LAC reduced the
amount and rate of neutrophil migration compared with
infections with Δsae LAC (Fig. 4E and F). Altogether, these
data support the hypothesis that S. aureus inhibits the host
chemokine response to diminish the recruitment of PMNs in
an SaeRS-dependent manner.

Discussion

In this study, we show that primary human phagocytes mount
transcriptional responses that are surprisingly weak in response
to S. aureus infection. To determine if S. aureus was actively
suppressing host responses, we implemented an ex vivo bacter-
emia model where freshly isolated human blood was cultured
with live or heat-killed MRSA. These studies exposed a sup-
pressing transcriptional signature that was observed in live
infections and not by exposure of blood to heat-killed S. aureus
or to S. epidermidis. By examining the host expression profile
elicited by isogenic S. aureus mutants and clinical strains, we
identified the two-component virulence regulator SaeRS and
the SaeRS-regulated toxins as key mediators of the observed
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Fig. 4. S. aureus infection reduces chemokine and cytokine secretion in human whole blood and dampens neutrophil recruitment. Sera used for cytokine
profiling in A–C and neutrophil migration assays were collected from whole blood 4 h after infection. (A) Concentration of cytokines/chemokines per milliliter
of blood was quantified by the magnetic bead assay for blood infected with live S. aureus (blue; n = 7) at an MOI of ∼16 or treated with heat-killed S. aureus
(red; n = 6). Error bars represent SEM. Student’s t tests were performed to determine significance. ***P < 0.001; ****P < 0.0001. (B) Concentration of
cytokines/chemokines per milliliter of blood was quantified by the magnetic bead assay for blood infected with WT LAC (blue; n = 15), LAC Δtoxins (lilac;
n = 15), or LAC Δsae (purple; n = 15) at an MOI of ∼16 or treated with buffer (green; n = 14). Error bars represent SEM. One-way ANOVAs with Tukey’s multi-
ple comparisons tests were performed to determine significance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Concentration of cytokines/chemo-
kines per milliliter of blood was quantified by the magnetic bead assay for blood infected with USA300 strain ER00994 (blue; n = 4), USA300 strain ER03928
(purple; n = 4), or S. epidermidis (lilac; n = 4) at an MOI of ∼16 or treated with buffer (green; n = 4). Error bars represent SEM. One-way ANOVAs with Tukey’s
multiple comparisons tests were performed to determine significance. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Representative graph of migration of a single
neutrophil donor exposed to supernatants from buffer, WT, and Δsae-treated blood. (E) Graph of the fold change of the AUC compared with buffer. Each
dot represents a single neutrophil donor. n = 12. Lines connect the same donor exposed to supernatants from WT and Δsae infection. Paired Student’s
t test was performed. (F) Graph of the fold change of the slope of the linear portion compared with buffer. Each dot represents a single neutrophil donor.
n = 12. Lines connect the same donor exposed to supernatants from WT and Δsae infection. Paired Student’s t test was performed.
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suppressing transcriptional signature. Importantly, the suppress-
ing transcriptional signature was also observed in patients with
S. aureus bacteremia. By performing cytokine analyses and
PMNs migration assays, we discovered that during S. aureus
infection, Sae-regulated virulence factors actively down-regulate
the production of chemokines, which blunt the recruitment of
PMNs. Thus, we described herein a strategy where S. aureus
blunts the production of cytokines and chemokines to prevent
the full recruitment of pathogen-killing phagocytes.
Previously, a transcriptional profile study was performed where

PMNs were infected with S. aureus at an MOI of 10 (43). This
study revealed a more active transcriptional response compared
with the current study that used an MOI of one. The different
models may represent different infection dynamics and suggest
that phagocytes respond differently depending on the context of
infection. To validate our findings in a more physiological set-
ting, we employed an ex vivo bacteremia model of infection. We
discovered that while heat-killed S. aureus induces a robust proin-
flammatory response in whole blood (Fig. 2) as seen previously
(23), infection with live S. aureus actively suppressed genes related
to chemokine and cytokine signaling (Figs. 2–4). Heat-killed bac-
teria or purified PAMPs used to interrogate the response of whole
blood to infection can activate receptors that recognize bacterial
products and the downstream consequences of recognition (23,
44–46). However, heat-killed bacteria may have inactivated viru-
lence factors, whereas live bacteria undergo regulation and pro-
cesses that are informed by the environment, including whole
blood and blood products (47). The suppression signature that we
described here seems to be a consequence unique to live bacteria,
which can perform activities and generate virulence products that
influence the immune response. The dependence of the suppres-
sion signature on the virulence factors regulated by Sae in live bac-
teria highlights the thin line that can exist between circumventing
and activating immune responses. In other model systems, live
bacteria generate a stronger proinflammatory response than heat-
killed bacteria through the recognition of vitaPAMPs, such as
cyclic-di-adenosine mono-phosphate (c-di-AMP), which require
bacteria to be alive upon phagocytosis (48, 49). Hence, the con-
text of the host–pathogen interaction matters, and the complexity
of competing signals generated during infection necessitates differ-
ent experimental models to understand different aspects of infec-
tion. Remarkably, the suppression signature described here was
also detected in blood isolated from S. aureus bacteremic patients
from two independent cohorts (Fig. 3) (31, 32), indicating that it
is not an artifact of our ex vivo model.
Sensing and responding to the environment are essential to

the survival of bacteria and the establishment of infection.
Two-component systems, such as SaeRS, integrate environmen-
tal signals into an appropriate bacterial response (50). Many of
the known SaeRS activation signals, such as human neutrophil
peptides 1 to 3, calprotectin, and high concentrations of hydrogen
peroxide (51, 52), reflect the presence of PMNs. As PMNs are
critical for controlling S. aureus infection (17), detecting the pres-
ence of these cells and adjusting the virulence output should help
S. aureus circumvent PMNs. The cytokine milieu from infection
with WT S. aureus leads to a dampened migration of PMNs com-
pared with the cytokine milieu from infection with an isogenic sae
mutant (Fig. 4D–F). During infection, the dampening of the
cytokine/chemokine response mediated by SaeRS-regulated viru-
lence factors could protect S. aureus by both limiting the number
of immune cells recruited to the site of infection and impairing
the ability of immune cells present to directly kill the bacteria.
The SaeRS system is a master regulator of secreted virulence

factors, including pore-forming toxins, coagulase, superantigen-like

proteins, and proteases (25, 53, 54). Interestingly, the virulence
factors under the control of SaeRS in S. aureus are not found
in S. epidermidis (54). The lack of these virulence factors likely
explains why we do not observe the suppression signature dur-
ing S. epidermidis infection (Fig. 3 and SI Appendix, Fig. S7).
Herein, we found that an isogenic strain lacking all the β-barrel
pore-forming toxins (i.e., lukAB, hlgACB, lukED, lukSF-PV, and
α-toxin) relieved most of the suppression observed by S. aureus
infection but did not fully recapitulate the relief measured during
infection with the Δsae strain (Fig. 3). As the SaeRS system is
known to directly regulate ∼20 virulence factors (27, 28, 55),
the observed suppression in whole blood may result from a
cumulative effect of these virulence factors. As we know that tox-
ins play a role in generating the observed suppression signature,
it seems unlikely that a single SaeRS-controlled factor would be
responsible for the observed phenotype. Further experiments to
determine the upstream mechanism of suppression are required.
It is possible that toxins and other virulence factors disrupt sig-
naling through receptors needed to activate transcription
through competition for the receptors, destruction of the host
ligand or receptor, or enhancing recycling of the receptors off
the cell surface. The potential cooperative effects among SaeRS-
regulated virulence factors are an important avenue of research
that deserves further consideration.

The manipulation and subversion of the host immune
response by pathogens impair the ability of the host to effectively
clear serious infections. With its multifaceted arsenal of virulence
factors that target multiple arms of the immune system, S. aureus
provides a prime example of pathogens that continue to pose
serious public health threats, causing a wide variety of diseases.
S. aureus is one of the most common infections in people, in
particular people suffering from congenital diseases affecting neu-
trophils (15), demonstrating the importance of neutrophils in
combating S. aureus. We identified here a suppressed transcrip-
tional signature conserved across S. aureus strains that results in
decreased production of cytokines and chemokines, which in
turn, dampens the recruitment of neutrophils. Further under-
standing of how S. aureus modulates virulence in different types
of infection to influence or circumvent the host response to
infection is crucial for the development of effective therapeutics
to treat and prevent S. aureus infections.

Materials and Methods

Ethics Statement. The study protocol to recruit, consent, and enroll healthy
subjects as donors of whole blood was reviewed and approved by the
New York University Langone Health Institutional Review Board (protocol no.
i14-02129_CR6). LeukoPaks were obtained from anonymous blood donors
with informed consent from the New York Blood Center.

Bacterial Strains and Culture Conditions. The S. aureus isolates used in
this study are listed in SI Appendix, Table S1. S. aureus USA300 strain AH-LAC
(56) was used in all experiments as the WT USA300 MRSA strain unless other-
wise indicated. Bacteria were routinely grown at 37 °C on tryptic soy agar. Over-
night cultures were grown in 5 mL tryptic soy broth (TSB) in 15-mL tubes under
shaking conditions at 180 rpm with a 45° angle. A 1:100 dilution of overnight
culture was subcultured into TSB and incubated for another 3 h. For individual
phagocyte infections, bacteria were resuspended in Roswell Park Memorial Insti-
tute Medium (RPMI) + 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) + 0.05% human sera albumin (HSA; Seracare). Optical Density
600 nanometer (OD600) readings were taken, and bacteria were normalized to
∼5 × 108/mL. Bacteria were opsonized by incubation of 20% normal human
serum, prepared as previously described (57), for 30 min at 37 °C under shaking
conditions. Bacteria were washed, resuspended in RPMI + 10% fetal bovine
serum (FBS), and diluted to 1 × 107/mL. For whole-blood infections, bacteria
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were washed and resuspended in RPMI + 10% FBS. OD600 readings were
taken, and bacteria were normalized to ∼5 × 108/mL. For MOI 0.16, bacteria
were diluted 100-fold. Appropriately diluted bacteria for each MOI were heat
killed for 30 min at either 95 °C or 65 °C.

Cell Isolation and Differentiation Protocol. Primary human PMNs and
peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient
separation as previously described (58). CD14+ monocytes were then isolated
from the PBMC fraction by positive selection. In brief, PBMCs were resuspended
in MACSVR buffer (phosphate buffered saline (PBS) + 0.05% bovine serum albu-
min (BSA) + 2 mM ethylenediaminetetraacetic acid (EDTA)) at a concentration of
1 × 108 PBMCs per 950 μL. Fifty microliters of CD14+ microbeads (Miltenyi Bio-
tec) were added for every 1 × 108 PBMCs. Cells were incubated for 20 min at
4 °C, washed, and filtered through a cell strainer. The cells were run on an Auto-
MACS Pro (Miltenyi Biotec) using the “Posselds” program. Monocytes were used
directly after sorting. MDDCs and MDMs were differentiated from CD14+ mono-
cytes by culturing the cells for 4 d at 37 °C and 5% CO2 in RPMI medium supple-
mented with 10% FBS, 10 mM HEPES, 100 U/mL penicillin, and 100 μg/mL
streptomycin with either 110 U/mL granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Leukine; Sanofi) and 282 U/mL IL-4 (Affymetrix; eBioscience) for
DCs or 280 U/mL GM-CSF for macrophages. Media were replenished with fresh
cytokine on day 2. PMNs, monocytes, DCs, and macrophages were confirmed by
flow cytometry by staining with anti-CD14–fluorescein isothiocyanate (FITC) mAb,
anti-CD11c–peridinin chlorophyll protein-Cyanine5.5 (PerCPcy5.5) mAb, and
anti–human leukocyte antigen DR isotype (HLA-DR)–allophycocyanin Cyanine7
mAb (BioLegend). After washing, samples were fixed with PBS supplemented
with 2% FBS, 2% paraformaldehyde, and 0.05% sodium azide and analyzed
by flow cytometry (Cytoflex; Beckman Coulter). Data were analyzed using
FlowJo software.

Phagocyte Infection Protocol. Isolated PMNs and monocytes and differenti-
ated DCs and macrophages were resuspended in clear RPMI 1640 + 10% FBS. A
total of 1 × 105 cells were added to each well. Bacteria was added at an MOI of
one. For cytokine stimulation, 10 ng/mL of IFN-γ (carrier free; R&D Systems) and
1,000 IU/mL (78.125 ng/mL) IL-4 (carrier free; Life Technologies) were added to
the appropriate well. Plates were spun for 5 min at 1,200 rpm and incubated for
4 h at 37 °C and 5% CO2. Cells were then washed with PBS. Cells were resus-
pended in RLT buffer (Qiagen) and vortexed for 1 min before being placed at
�80 °C. RNA for each donor was then isolated with the RNeasy Plus Mini Kit
(Qiagen) following the protocol with on-column DNase Digestion (Qiagen).

Whole-Blood Infection Protocol. Blood was drawn from healthy human
donors according to our institutional review board protocol. A portion of the blood
was run for complete blood count (Beckman Coulter). One milliliter of blood per
tube was then added to TruCulture tubes and inverted gently to mix. Stimulations
were added to appropriate tubes at the following final concentrations: buffer
(RPMI + 0.6% FBS), live S. aureus (108/mL of blood, MOI 16 and 106/mL of
blood, MOI 0.16), and heat-killed S. aureus (108/mL of blood, MOI 16 and
106/mL of blood, MOI 0.16). Tubes were inverted gently to mix. Tubes were incu-
bated for 4 h at 37 °C with gentle rotation. Tubes were spun for 10 min at 450 × g
without break. For RNA-Seq, supernatants were removed, and a small portion was
frozen for cytokine analysis. The pellets were resuspended in 2 mL of PAXGene
reagent. Tubes were incubated at room temperature for 2 h and placed at 4 °C
overnight. RNA was then isolated using the PAXGene protocol. For migration
experiments, supernatants were collected and syringe filtered with a 0.2-μm fil-
ter. Aliquots were frozen and stored at�80 °C for both cytokine analysis and use
in migration assays. For flow cytometry after 2 or 4 h of infection, supernatants
were removed, and cells were used for staining.

For heat-killed restimulation experiments, blood was initially infected with
live S. aureus (108/mL of blood, MOI 16) or buffer for 2 h. A 200-μL aliquot was
removed to collect serum for cytokines. Either buffer or heat-killed S. aureus
(108/mL of blood, MOI 16) was added for an additional 2 h before being spun
down, and serum was collected.

Gene Expression Analysis. Libraries were generated for each donor using the
CelSeq2 protocol (59) and were sequenced on Illumina HiSeq (phagocyte infec-
tion) and Illumina NovaSeq (whole blood). The gene expression data are depos-
ited in GEO.

Reads were mapped by Bowtie2.3.1 (60) to the hg38 reference genome, and
uniquely mapped indices were determined by HTSeq-counts (61). Differential
expression analysis was performed in R (v3.5.1) using DESeq2 (62). The signifi-
cant differentially expressed genes were determined with the cutoff of log2 fold
change > 1 or < �1 and adjusted P value < 0.05 compared with buffer con-
trols. The pathway analysis was performed by using R package goseq (63).

The suppressive signature gene set was determined by using the method of
k-means clustering. The input matrix is the log2 fold change of heat-killed 65,
heat-killed 95, Δsae, ΔsrtA, Δagr, Δcoa, Δtoxins, and WT S. aureus. The elbow
plot indicated that the optimal number was five. The cluster where genes are
up-regulated in the heat-killing process and down-regulated in WT was identified
as the suppressive signature.

Clinical cohort data were obtained from Hu et al. (32) and Banchereau
et al. (31). Clinical cohort analysis was performed via R package limma (64).
Fold change is the expression in infected patients compared with healthy con-
trols. Differentially expressed probes were determined with the cutoff log2
fold change > 1 or log2 fold change <�1 and adjusted P value (padj) < 0.05.

Visualization was performed by using R packages ggplot2 (65), ComplexHeat-
map (66), and ggVennDiagram (67).

Cytokine Profiling. Cytokine profiles were determined using the MILLIPLEX
MAP Human Cytokine/Chemokine/Growth Factor Panel A 48 PLEX Magnetic
Bead Panel kit (Millipore Sigma). In brief, premixed magnetic beads that bind
specific cytokines were added to wells containing supernatant from whole-blood
infections, standards, background, and quality control. The plate was incubated
with shaking at room temperature for 2 h. The plate was washed on a magnet.
Detection antibody was added to each well and incubated with shaking at room
temperature for 1 h before adding streptavidin-phycoerythrin to each well and
incubating for an additional 30 min. The plate was washed on a magnet. The
wells were resuspended in drive fluid and run on MAGPIX with xPONENT soft-
ware. Calculation of concentration per milliliter of supernatant was performed by
the software. Data were exported from software. To determine the concentration
of cytokine per milliliter of blood, the concentration was multiplied by three.
Data were imported to Prism9. Statistical analyses were performed in Prism for
each individual cytokine. For comparison of three or more samples, a one-way
ANOVA with Tukey’s multiple comparisons test was performed to determine sig-
nificance. For comparison of two samples, a Student’s t test was performed.

Chemotaxis Assay. Chemotaxis assays were carried out with CIM-16 well plates
and an xCELLigence RTCA-DP instrument (Roche Diagnostics) with modifications
from previous descriptions (68). The undersides of the membrane where the
microelectrodes are located were coated with 50 μL of 50 μg/mL fibronectin in
PBS per well overnight at 4 °C. The following day, the membranes were washed
three times with PBS. Filtered supernatants from whole blood treated with buffer
or infected with WT or Δsae strains were warmed to 37 °C and loaded into the
lower chamber (160 μL volume). Following attachment of the upper chamber,
35 μL of prewarmed RPMI + 0.05% HSA was added to each well. The plate was
placed in the RTCA-DP machine and allowed to equilibrate for 60 min. During this
time, freshly isolated PMNs were resuspended in RPMI + 0.05% HSA at a concen-
tration of 1.2 × 107/mL. A background reading was taken for each plate; 100 μL
of neutrophils were quickly added to each well. Data were collected every 10 s
over the course of 2 h (721 sweeps). Data points were exported and graphed in
Prism9. Prism was used to determine the AUC and the slope of the linear portion
of the graph. Fold change compared with supernatants from buffer-treated blood
was calculated for each neutrophil donor for AUC and slope of each infection.
Statistical significance was determined in Prism using the paired Student’s t test.

Flow Cytometry. Cell pellets were resuspended in 2% FBS–PBS and incubated
with streptokinase for 10 min shaking at 37 °C; 100 μL were removed, washed
with PBS, and resuspended in 1:100 fixable viability dye efluor450 (eBioscience)
in PBS. Cells were incubated at 4 °C for 30 min protected from light. Cells were
washed two times with 2% FBS–PBS. Red blood cells were then lysed, and the
sample was fixed with one-step fix/lyse solution (eBioscience) following the pro-
tocol. Cells were run on a CytoFlex analyzer (Beckman Coulter). Analysis was per-
formed using FlowJo software v10.

RNA-Seq Data. Gene expression data from myeloid cells and whole blood
exposed to S. aureus have been deposited in GEO under accession number
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GSE193219. The cytokine profile studies are publicly available (accession no.
GSE131990). Clinical cohort data were obtained from publicly available studies
(accession nos. GSE40396 and GSE30119).

Data Availability. Gene expression data from myeloid cells and whole blood
exposed to S. aureus have been deposited in GEO (accession no. GSE193219)
(69). The cytokine profile studies are available in GEO (accession no.
GSE131990) (70). Clinical cohort data were obtained from GEO (accession nos.
GSE40396 and GSE30119) (71, 72).
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