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Introduction
In sepsis, an excessive inflammatory response to infection leads 
to end organ damage (1). After surviving the early, inflammatory  
phase of sepsis, previously healthy patients can develop post-sepsis  
immunosuppression and susceptibility to opportunistic secondary 
infection (2). Since treatment of the inflammatory phase of sep-
sis has improved, now 70% of mortality occurs after the first 72 
hours of sepsis. Post-sepsis immunosuppression and secondary 
infection play a major role in later deaths (3). However, the mas-
ter regulators of post-sepsis immunosuppression are incompletely 
defined, and there are no clinical therapies for post-sepsis immu-
nosuppression. Candida is a major cause of secondary infections 
in septic patients and is the fourth most common bloodstream 
infection in intensive care unit (ICU) patients. Candidemia causes 
greater than 50% mortality, even with antifungal treatment (4). 
However, the mechanisms that regulate the clearance of second-
ary Candida infection are unknown, and, more broadly, the events 
in early sepsis that drive sepsis-induced immunosuppression are 
poorly understood.

Post-sepsis immunosuppression is due to deficits in immune 
cell function and increased activity by regulatory cells, such as 
regulatory T cells (2). In sepsis, monocytes become “deactivated,” 

with decreased expression of HLA-DR and decreased expression 
of inflammatory cytokines (5). In addition, T cells have reduced 
capacity to produce IFN-γ, a potent activator of macrophages 
(6). The field lacks definitive clinical data on whether a defi-
ciency in IFN-γ production during later sepsis increases the risk 
of secondary infections. However, a series of clinical trials were 
inspired by the hypothesis that exogenous treatment with IFN-γ 
would reverse markers of monocyte deactivation and ameliorate 
post-sepsis immunosuppression. In these studies, septic patients 
(7, 8) and volunteers challenged with endotoxemia (9) were treated  
with exogenous IFN-γ. Treatment with IFN-γ increased monocyte 
expression of HLA-DR and in vitro production of inflammatory 
cytokines. However, these prior studies did not explore whether 
exogenous IFN-γ treatment reduced susceptibility to secondary 
infection or affected antimicrobial functions like phagocytosis.

Despite clinical trials of exogenous IFN-γ in post-sepsis immu-
nosuppression, the field has a gap in knowledge regarding the 
relationship of endogenous IFN-γ levels and susceptibility to sec-
ondary infection. To answer this question, we examined a clinical 
cohort of septic patients prospectively enrolled during early sep-
sis (within 48 hours of their admission to the ICU). We measured 
plasma IFN-γ levels during early sepsis and grouped patients by 
absence of or later development of secondary Candida infection. 
Surprisingly, increased levels of plasma IFN-γ in early clinical sep-
sis correlated with later development of secondary Candida infec-
tion. This finding raised the hypothesis that excessive IFN-γ in early 
sepsis promotes immunosuppression. To explore this clinical find-
ing, we made what we believe to be a new 2-hit mouse model of 
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tive for Candida), along with clinical diagnosis of Candida infec-
tion. We excluded patients who already had Candida infection 
at the time of plasma collection. Thus, we captured plasma sam-
ples from septic patients before development of secondary Can-
dida. In our registry, we identified control patients with primary  
sepsis who did not later develop secondary Candida infection. 
These controls were matched to cases by age and absence or pres-
ence of hypotension.

We measured plasma IFN-γ levels during early sepsis (within  
48 hours of sepsis diagnosis and ICU admission) before second-
ary Candida infection. Increased plasma IFN-γ levels during early  
sepsis significantly correlated with later development of second-
ary Candida infection (Figure 1A). Septic patients who later devel-
oped secondary Candida infection had more than 4-fold higher 
median plasma IFN-γ levels compared with septic patients who 
did not go on to develop secondary Candida infection (median  
[IQR] pg/mL: 13.6 [4.0–20] vs. 3.2 [1.9–4.9], respectively; P < 
0.001). Septic patients with secondary Candida infection did not 
significantly differ from septic patients without secondary Can-
dida infection in demographics, hypotension, severity of illness 
(i.e., APACHE II and SOFA score), vital signs (except maximum 
heart rate), white blood cell count, lactate (Supplemental Table 1), 
or organism causing primary sepsis (Supplemental Table 2). The 
most common sources of infection for primary sepsis were pneu-
monia (42%–63%) followed by abdominal infection (21%–33%).

Prior clinical trials treated septic patients with exogenous 
IFN-γ to try to reverse post-sepsis immunoparalysis (7, 8). How-
ever, our clinical cohort showed an association between increased 
IFN-γ levels and secondary Candida infection. We entertained 
the hypothesis that, although IFN-γ is generally antimicrobial, 
excessive IFN-γ drives immunosuppression in the setting of sep-
sis. To explore this hypothesis, we developed what we believe to 
be a new mouse model of postinflammatory immunosuppression 
and superinfection. In this mouse model, primary endotoxemia 
is followed by secondary Candida i.v. infection. For exploratory 
studies, endotoxemia allows a precise dissection of postinflam-
matory immunosuppression over time, as infectious sepsis models 
have a less synchronized immune response over time. We treated  
wild-type (WT) mice with the maximum dose of LPS i.v. that 
allowed 100% survival (2 mg/kg body weight of ultrapure LPS 
from E. coli O111:B4). After endotoxemia, mice were challenged 
with a secondary infection of low-dose Candida albicans i.v. (2 × 
104 CFU). Clinically, Candida bloodstream infections occur due 
to mucocutaneous entry from the gastrointestinal tract or i.v. entry 
(12, 13). We used i.v. inoculation of Candida to model entry via 
central venous catheter. By eliminating the confounding effects 
of mucosal immunity on Candida entry, the i.v. model of Candida  
infection emphasizes the determinants of Candida clearance 
rather than mucosal translocation. Naive mice have greater than 
80% survival of low-dose candidemia alone. However, during 
endotoxemia, mice became profoundly susceptible to secondary 
Candida infection at 1 or 3 days after LPS treatment (Figure 1B). 
Susceptibility resolved by 7 days after LPS. These data illustrate 
that postinflammatory immunosuppression was time-dependent 
and underscored the value of examining a synchronized immune 
response in the endotoxemia model, which allowed the dissection 
of dynamic immune responses. Immunosuppression was unique 

primary endotoxemia followed by secondary candidemia. Global 
transcriptomic analysis of endotoxemia led to the finding that an 
NKT cell/mTOR/IFN-γ axis drives post-sepsis immunosuppres-
sion. Invariant NKT (iNKT) cells are a subset of innate T cells and 
are best known as “cellular adjuvants” that boost antimicrobial 
responses during infection. Unlike adaptive T cells that recognize 
peptide antigens, iNKT cells recognize endogenous and microbial  
glycolipid antigens presented by CD1d, a homolog of MHC I. 
iNKT cells express an invariant T cell receptor–α (TCRα) chain — 
Vα24–Jα18 in humans and Vα14–Jα18 in mice. Correspondingly, 
all iNKT cells are activated by the same antigens, such as the lipid 
antigen α-galactosylceramide (αGalCer). αGalCer is a powerful 
experimental reagent to selectively activate iNKT cells in vivo. 
After stimulation, iNKT cells are fully activated within minutes 
and jump-start the broader immune response by recruiting and 
activating other leukocyte subsets. For example, NKT cells stimu-
late IFN-γ production by NK cells, bacterial phagocytosis by mac-
rophages, and neutrophil recruitment (10). We validated that the 
NKT/mTOR axis drives immunosuppression and susceptibility 
to secondary candidemia in 2 complementary models: selective 
iNKT cell activation with the lipid antigen αGalCer to isolate iNKT 
cell–dependent mechanisms and a second model of cecal slurry 
peritonitis, a preclinical model of sepsis (11). Notably, treatment 
with rapamycin after the initiation of sepsis reduced susceptibil-
ity to secondary candidemia. Here, we find that, in contrast to 
their usual antimicrobial roles, an NKT cell/mTOR/IFN-γ axis 
drives post-sepsis immunosuppression and susceptibility to sec-
ondary Candida infection (scheme in Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI128075DS1).

Results
IFN-γ drives immunosuppression during endotoxemia. Prior inves-
tigators had hypothesized that macrophage deactivation in 
post-sepsis immunosuppression could be corrected by treatment 
with exogenous IFN-γ. In prior studies, septic patients (7, 8) and 
human volunteers challenged with LPS (9) were treated with exog-
enous IFN-γ to reverse markers of immunosuppression. Treat-
ment with IFN-γ increased macrophage expression of MHC II and 
production of cytokines in vitro. However, these studies did not 
assess the effect of IFN-γ treatment on antimicrobial functions 
(like phagocytosis), and the effect of IFN-γ treatment on suscep-
tibility to secondary infection was not assessed. Further, the field 
has not defined the relationship of endogenous IFN-γ levels to sec-
ondary infection. To help guide immunomodulatory therapies in 
post-sepsis immunosuppression, we characterized the prospective 
association between plasma IFN-γ levels and secondary infection 
in clinical sepsis. We focused on secondary Candida infections, 
since Candida infections are difficult to detect early and have poor 
outcomes even with antifungal treatment (12). We prospectively 
enrolled critically ill patients with early sepsis (within 48 hours of 
their admission to the ICU and sepsis diagnosis), and we collected  
plasma at the time of enrollment. In these registries, we retro-
spectively identified septic patients with culture-proven second-
ary Candida infection (n = 12). Secondary Candida infection was 
defined as candidemia (i.e., blood cultures positive for Candida) or 
invasive candidiasis (i.e., abdominal or pleural drain culture posi-
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ters that were upregulated during early endotoxemia (i.e., 3 and 
18 hours after LPS). These early-upregulated genes were clusters 
1, 4, 6, and 7 (Figure 1, D and E). They were particularly upreg-
ulated in our cell of interest, Ly6c+ macrophages, as compared 
with Ly6c– macrophages. Gene set enrichment analysis identi-
fied IFN-γ responses in clusters 1 and 6, which contained known 
IFN-γ response genes like Irf1, Irf7, Socs3, Stat1, and Tap1 (Table 
1; complete gene lists in supplemental material). Next, we quan-
tified the IFN-γ response signature in the transcriptomic data by 
comparing our data set of Ly6c+ macrophages in endotoxemia 
with published transcriptomic data sets of macrophages treated 
in vitro with IFN-γ (18, 19). Multiple known IFN-γ–induced genes 
were also increased during endotoxemia, such as CXCL10 and 
others highlighted in Figure 1F. Quantification of the correlation 

to higher-dose endotoxemia (2 mg/kg body weight), as there was 
no susceptibility with lower-dose LPS (0.5 mg/kg, 25% of the high 
dosage; Figure 1C).

We examined the splenic compartment to model the systemic  
immune response. Along with kidney and liver, the spleen has 
the highest Candida burden in early invasive candidiasis (14, 15). 
To determine mechanisms of post-sepsis immunosuppression, 
we performed ex vivo global transcriptomic RNA-Seq analysis 
of splenic macrophages from naive WT mice and WT mice at 3, 
18, and 72 hours after i.v. LPS. We compared Ly6c+ inflammatory  
macrophages, a key part of the clearance of primary Candida 
infection (16, 17), with Ly6c– macrophages (Figure 1D). Given the 
susceptibility to secondary candidemia at earlier time points (day 
1 and day 3 of endotoxemia; Figure 1B), we focused on gene clus-

Figure 1. Early IFN-γ correlates with susceptibility to secondary Candida infection in clinical sepsis and experimental endotoxemia. (A) Plasma IFN-γ 
levels in early clinical sepsis (within 48 hours of diagnosis). Patients are grouped by absence of secondary Candida infection (n = 19) or later development of 
secondary Candida infection (n = 12). (B) Survival curve for WT mice (n = 10–16 per group) after primary endotoxemia followed by secondary low-dose Candida 
i.v. at 1, 3, or 7 days after LPS. (C) Survival curve for WT mice (n = 10 per group) treated with higher- or lower-dose endotoxemia followed by secondary low-
dose Candida i.v. (D) K-means clustering of transcriptomic (RNA-Seq) analysis of splenic Ly6c+ and Ly6c– macrophages from WT mice during endotoxemia  
(n = 2, not repeated). (E) Mean expression of transcripts from clusters from D with increased expression at 3 or 18 hours after endotoxemia. (F) Correlation of 
the transcriptomes of endotoxemia and IFN-γ response. Using RNA-Seq data from D for splenic Ly6c+ macrophages, the fold change in expression at 3 hours 
after LPS in vivo versus naive was calculated for each gene. The fold change in gene expression at 2 hours after IFN-γ treatment of macrophages in vitro ver-
sus untreated was calculated. The fold changes for 2 hours post–IFN-γ/naive versus 3 hours post-LPS/naive are plotted (left). A similar analysis for 18 hours 
is shown (right). Median ± IQR (A) and mean ± SEM (E) are shown. (A) Mann-Whitney test. (B and C) Log-rank test. *P < 0.05; ***P < 0.001. 
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2B). We confirmed a pathogenic role of IFN-γ by treating with anti–
IFN-γ blocking antibody after onset of endotoxemia but before 
secondary Candida infection. IFN-γ blockade after endotoxemia 
improved survival of secondary candidemia (Figure 2D). Thus, 
increased IFN-γ drove immunosuppression, which is one possible 
explanation of the association of increased IFN-γ and increased 
secondary Candida infection in septic patients (Figure 1A).

iNKT cells drive post-endotoxemia immunosuppression. From 
other disease models, likely sources for IFN-γ during early inflam-
mation include innate T cells (e.g., NKT cells and γδ cells) and 
innate lymphoid cells (NK cells, ILCs). Given that NKT cells can 
both secrete high levels of IFN-γ and powerfully stimulate other 
immune cells during early inflammation (10), we hypothesized 
that iNKT cells were a master regulator of IFN-γ production in 
endotoxemia. We assessed iNKT cell activation by measuring 
surface expression of CD69. iNKT cells were activated within 
the first 3 hours of endotoxemia and reached peak activation by 
12 hours after LPS (Figure 3A; flow cytometry gating strategy in 
Supplemental Figure 2B). Peak activation of iNKT cells coincided 
with the peak immunosuppression and susceptibility to secondary 
candidemia seen in vivo during endotoxemia (Figure 1B). Cd1d- 
deficient (CD1d-KO) mice lack NKT cells. Quantitative PCR of 
splenocytes from WT and CD1d-KO mice showed that NKT cells 
drive a 3-fold increase in IFN-γ production during endotoxemia 
(Figure 3B). To identify the cellular sources of IFN-γ induced by 
NKT cells, we sorted splenic cell subsets from WT mice and CD1d-
KO mice during endotoxemia (flow cytometry gating strategy in 
Supplemental Figure 2, B and C). This comparison demonstrated 
that NK cells were the dominant source of NKT cell–dependent 
IFN-γ, as NKT cells induced a 3-fold increase in Ifng expression 
by NK cells (defined as lineage–CD127[IL-7R]–NK1.1+) (ref. 18 and 
Figure 3C). NKT cells also induced Ifng expression in γδ T cells 
(Figure 3C) and a nonsignificant trend in NK1.1+ ILCs (defined 
as lineage–IL-7R+NK1.1+) (20). Earlier, we had shown that IFN-γ 
impaired the phagocytic function of macrophages and increased 
susceptibility to secondary candidemia (Figure 2). In line with our 
finding that NKT cells increased production of immunosuppres-
sive IFN-γ, CD1d-KO (NKT cell–deficient) mice had improved in 
vivo phagocytosis of zymosan particles by splenic macrophages 
during endotoxemia compared with WT mice (2.5-fold improve-
ment in Figure 3, D and E, with additional flow cytometry plots in 
Supplemental Figure 3). NKT cell–deficient (CD1d-KO) mice had 
improved macrophage function but decreased number of splenic  
Ly6c+ macrophages after endotoxemia (Supplemental Figure 
4A), with no difference in splenic Ly6c– and neutrophil number 
between WT and CD1d-KO. CD1d-KO mice are deficient in both 
the invariant (type 1) and diverse (type 2) subsets of NKT cells. 

between LPS and IFN-γ treatment data sets revealed that the 
IFN-γ response signature occurs very early during endotoxemia 
in macrophages. Global transcriptomic analysis showed a signif-
icant IFN-γ response signature during early endotoxemia, at 3 
hours after LPS, with R value 0.34 and P value 1.6 × 10–27. Notably, 
as early as 18 hours after LPS, there was little correlation to the 
IFN-γ signature, with R value 0.04 (Table 2). This early IFN-γ sig-
nature in the mouse model paralleled our clinical finding, in which 
increased early IFN-γ associated with the later development of 
secondary Candida infection (Figure 1A).

To test the hypothesis that early IFN-γ is causative rather than 
merely correlative with immunosuppression, we administered 
exogenous IFN-γ to WT mice. Treatment with exogenous IFN-γ 
1 μg i.p. was sufficient to suppress the in vivo phagocytosis of 
opsonized zymosan fungal particles by splenic macrophages and 
neutrophils by 66% or more (Figure 2A; macrophage flow cytom-
etry gating strategy in Supplemental Figure 2A). In line with these 
results, Ifng–/– (IFN-γ–KO) mice had significantly improved survival 
of secondary candidemia during endotoxemia (Figure 2C). These 
effects were due to endotoxemia, since IFN-γ–KO and WT mice 
had similar susceptibility to low-dose candidemia alone (Figure 

Table 1. Gene clusters with early upregulation in endotoxemia in 
splenic macrophages

Cluster No. of 
genes

Genes Gene set enrichment 
analysis

1 191 Ccr5, Cd14, Hif1a, Ifit2, Il1b,  
Itgam, Msr1, Ncf4, Nfkb1, Saa3

IFN-γ response 
IL-6 JAK/STAT3 signaling 

Intracellular signaling 
Protein kinase cascade 

Signal transduction 
TNF-α signaling via NF-κB

4 140 Casp1, Cd44, Ctsc, Fpr2, Il10ra,  
Irf1, Myd88, Socs3, Stat1, Tap1

Inflammatory response 
Plasma membrane 

Complement 
Apical junction

6 176 Casp4, Casp8, Fcgr2b, Fcgr1,  
Fth1, Il15, Il18, Irf7, Irf9, Jak1, 

Mx1, Stat2

IFN-α response 
IFN-γ response 

Inflammatory response 
Chemokine receptor

7 118 Acadl, Adipor1, Aldh2, Aldoa, 
Anxa1, Camp, Eno1, G6pdx, 
Gapdh, Lcn2, Ltf, Pkm,  
S100a8, S100a9

Glycolysis 
Adipogenesis 

Actin cytoskeleton

Genes and gene set enrichment analysis for clusters in Figure 1, D and E. 
Gene set enrichment analysis categories associated with the IFN-γ axis  
are in red.

Table 2. Correlation of the global transcriptomes of endotoxemia and IFN-γ response

Hours after LPS LPS/Naive FC > 2 IFN-γ/Naive FC > 2 LPS and IFN-γ FC > 2 Correlation P value R value
3 Hours 5330 894 657 1.6 × 10–27 0.34
18 Hours 2614 414 248 4.3 × 10–5 0.04

Analysis of Figure 1F is shown: number of upregulated genes with fold change (FC) greater than 2 (compared with naive); and correlation of genes 
upregulated after endotoxemia and IFN-γ treatment.
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day 3 (Figure 4E). Activation of iNKT cells with αGalCer caused 
a 25-fold increase in peak Candida CFU in kidney (Figure 4F). In 
the αGalCer model of NKT cell–dependent immunosuppression 
and secondary Candida infection, IFN-γ–KO mice had improved 
survival (Figure 4G) and a 13-fold improvement in Candida clear-
ance (Figure 4H) compared with WT mice. Thus, IFN-γ drove sus-
ceptibility to secondary candidemia after both endotoxemia and 
selective activation of iNKT cells by lipid antigen.

IFN-γ and IL-17 are both important cytokines for clearance of 
primary candidiasis, but the roles of IFN-γ and IL-17 in secondary 
Candida infection are unknown. IFN-γ can suppress Th17 responses  
(24, 25), in part by activation of STAT1 (26). Clinically, a gain-of-
function mutation in STAT1 can cause chronic mucocutaneous 
candidiasis disease, in part due to impaired IL-17 responses (27). 
IFN-γ suppresses the IL-17 response in other disease models, such 
as arthritis (28), but the interaction of IFN-γ and IL-17 in endotox-
emia was unknown. We compared production of IL-17A in vivo 
in WT mice and IFN-γ–KO mice during endotoxemia (Supple-
mental Figure 6). Compared with WT mice, IFN-γ–KO mice had 
increased production of IL-17A by γδ T cells during endotoxemia. 
These results underscore that, during endotoxemia, NKT cells 
and IFN-γ likely have complex roles that go beyond impairment of 
macrophage function.

iNKT cells regulate IFN-γ production by NK cells via mTORC1. To 
understand how IFN-γ production is regulated, we turned to global  
transcriptomic analysis of endotoxemia. In the context of the 
Immunological Genome Project’s goal of determining the broad 
landscape of immune gene expression by comparison of multi-
ple cell types and contexts (29), we focused on RNA-Seq analy-
sis of the 3 innate lymphocyte subsets responsible for iNKT cell– 
dependent IFN-γ production (Figure 5A). We examined splenic 
iNKT cells, γδ T cells, and NK cells at baseline and 3, 18, and 72 
hours after i.v. administration of LPS. Given the early upregula-

Ja18-deficient (Jα18-KO) mice lack the Jα18 segment of the TCRα 
chain required by invariant NKT cells, so Jα18-KO mice lack invari-
ant NKT cells but have diverse NKT cells. Like WT mice, CD1d-KO 
and Jα18-KO mice displayed little susceptibility to low-dose Can-
dida i.v. alone (Figure 3F). Both CD1d-KO and Jα18-KO mice had 
improved survival of secondary candidemia during endotoxemia 
compared with WT mice (Figure 3F). Both CD1d-KO mice and 
Jα18-KO mice had improved clearance of Candida, with at least 
a 50% reduction in peak Candida colony-forming units (CFU) in 
kidney (Figure 3G). Kidney is a key site of Candida infection that 
leads to septic shock and mortality in mouse models of Candida 
infection (21, 22). The similar behavior of CD1d-KO and Jα18-KO 
mice indicated that invariant NKT cells, not diverse NKT cells, 
drove post-sepsis immunosuppression.

LPS directly activates several cell types. To isolate the effect of 
iNKT cells, we administered the glycolipid antigen α-galactosylce-
ramide (αGalCer) i.p. to WT mice. αGalCer specifically activates 
iNKT cells but has no effect on other leukocytes (23). Selective 
activation of iNKT cells with αGalCer induced Ifng expression by 
iNKT cells. In turn, iNKT cells transactivated NK cells and NK1.1+ 
ILCs to produce Ifng (Figure 4, A and B). After selective activa-
tion of iNKT cells by αGalCer, Ly6c+ and Ly6c– macrophages in 
spleen and kidney had impaired in vivo phagocytosis of zymo-
san, with function impaired by more than 50% (Figure 4, C and 
D, with additional flow cytometry plots in Supplemental Figure 5). 
The numbers of splenic Ly6c+ macrophages and neutrophils were 
unaffected by iNKT cell activation, with a reduction in Ly6c– mac-
rophages (Supplemental Figure 4B). Next, we demonstrated that 
activation of iNKT cells is sufficient to drive immunosuppression 
in vivo. Administration of αGalCer caused susceptibility to second-
ary Candida infection (Figure 4E). This susceptibility was more 
transient than endotoxemia, as mortality from secondary Candida 
infection peaked at day 1 after αGalCer but returned to baseline by 

Figure 2. IFN-γ drives post-endotoxemia 
immunosuppression. (A) In vivo phagocyto-
sis assay. WT mice (n = 3 per group) received 
IFN-γ i.p. (or vehicle) followed 18 hours later 
by opsonized zymosan-FITC i.v. Thirty minutes 
after zymosan, flow cytometry assessed per-
centage of splenic macrophages that ingested 
zymosan-FITC. (B) Survival curve for WT or 
IFN-γ–KO mice (n = 8 per group) treated with 
Candida i.v. only. (C) Survival curve for WT or 
IFN-γ–KO mice (n = 11–13 per group) treated 
with endotoxemia followed 18 hours later by 
Candida i.v. (D) Survival curve of WT mice  
(n = 14 per group) treated with endotoxemia 
followed by anti–IFN-γ blocking mAb or 
isotype control mAb at 3 and 15 hours after 
LPS i.v. Then mice were infected with low-
dose candidemia at 18 hours after LPS. In bar 
graphs, mean ± SEM is shown. (A) One-way 
ANOVA. (B–D) Log-rank test. **P < 0.001. 
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tion of IFN-γ production, we focused on gene clusters that were 
upregulated at 3 hours after endotoxemia (clusters 1, 3, 4, and 7 
in Figure 5, A and B, and Table 3). Cluster 3 contained the cyto-
kines IL-17 and IL-22 (and, as expected, IFN-γ). IL-17 and IL-22 are 
known to protect against primary mucocutaneous candidiasis (30, 
31), but their roles in secondary candidemia are unknown. IL-17A 
and IL-22 had no role in NKT cell–driven immunosuppression, 
since both Il17a–/– (IL-17A–KO) mice and Il22–/– (IL-22–KO) mice 
had the same susceptibility as WT mice to secondary candidemia 
after activation of iNKT cells with αGalCer (Supplemental Figure 
7). These results do not exclude a role for IL-17A and IL-22 in NKT 
cell–independent immunosuppression.

We next focused on a possible role for mTORC1, as gene 
set enrichment analysis (GSEA) highlighted mTORC1 signaling 
during endotoxemia in cluster 1 (Table 3). Cluster 1 contained 

several targets of the mTORC1 pathway (e.g., Eef2, ref. 32; and 
Eif3f, ref. 33) and metabolic genes (e.g., Aldoa, Pkm) (Table 3, red). 
Expression of cluster 1 was increased in iNKT cells and NK cells 
(but not in γδ T cells) in early endotoxemia (Figure 5B). Cluster 7 
also contained genes known to interact with the mTORC1 path-
way (Eef1a1, Eif3c; Table 3). NKT cell control of mTOR signaling 
had not been examined in the context of endotoxemia, sepsis, 
immunosuppression, or opportunistic fungal infection. We mea-
sured activation of mTORC1 ex vivo by quantifying phosphoryla-
tion of S6 kinase (phospho-S6) by flow cytometry (34). Compared 
with CD1d-KO mice during endotoxemia or naive mice, WT mice 
during endotoxemia had increased mTORC1 signaling in NK cells 
and NK1.1+ ILCs (Figure 5, C and D). We hypothesized that a key 
functional consequence of mTORC1 activation in NK cells was 
IFN-γ production, since NK cells were a key source of IFN-γ during 

Figure 3. iNKT cells drive IFN-γ production and post-endotoxemia immunosuppression. (A) Flow cytometry plots and mean fluorescence intensity (MFI) 
of CD69 on splenic iNKT cells from WT mice during endotoxemia (LPS i.v.) (n = 5–6 per group). (B) Quantitative PCR (qPCR) of Ifng in splenocytes from WT 
and CD1d-KO mice 18 hours after LPS (naive, n = 4–7; LPS, n = 9–10 per group). (C) Total Ifng mRNA by qPCR (mRNA per cell × number of cells) in splenic 
cell subsets sorted from WT or CD1d-KO mice 18 hours after LPS (n = 3 per group, not repeated). (D) Flow cytometry plot of splenic Ly6c+ macrophages 
for in vivo phagocytosis assay. WT and CD1d-KO mice were treated with saline (naive) or LPS i.v., then 18 hours later with opsonized zymosan-FITC i.v. (E) 
Percentage of zymosan-FITC+ splenic cell subsets in D (naive, n = 5; LPS, n = 6 per group). (F) Survival curves for WT, CD1d-KO, or Jα18-KO mice treated 
with Candida i.v. alone (1° candidemia); or mice treated with LPS i.v., then 18 hours later with Candida i.v. (1° endotoxemia and 2° candidemia) (n = 8–9 per 
group). (G) Candida CFU in kidney for WT, CD1d-KO, and Jα18-KO mice treated with LPS i.v., then 18 hours later with Candida i.v. (n = 5 per group). In bar 
graphs, mean ± SEM is shown. (A) One-way ANOVA; (B) unpaired t test; (C) Mann-Whitney test; (E) 1-way ANOVA except unpaired t test for Ly6c+ macro-
phages/LPS; (F) log-rank test; (G) 1-way ANOVA. *P < 0.05; **P = 0.01; ****P < 0.0001.
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endotoxemia (Figure 3C) and mTOR activation drives IFN-γ pro-
duction by NK cells in other contexts (35, 36). We administered 
LPS to mice and treated them with rapamycin i.p. (or vehicle). 
Rapamycin, which blocks mTORC1 signaling, reduced the per-
centage of IFN-γ–producing splenic NK cells and NK1.1+ ILCs to 
similar levels in WT mice and CD1d-KO mice during endotoxemia 
(Figure 5E, with flow cytometry plots in Supplemental Figure 8A). 
IFN-γ production was reduced by more than 50%. These results 
suggested that mTORC1 mediated both NKT cell–dependent 
and NKT cell–independent IFN-γ production. We also examined 
the role of mTOR in blood and kidney. Kidney is a key site of per-
sistent Candida infection in mice that succumb to secondary Can-
dida infection (21, 22). During endotoxemia, rapamycin reduced 
IFN-γ production by NK cells in kidney but had no effect in blood 
(Figure 5F and Supplemental Figure 8B).

Since LPS can act directly on downstream cells to activate 
mTOR (37), we turned to the reductionist model of αGalCer  
administration to isolate NKT cell–dependent activation of 
mTORC1. Activation of iNKT cells by i.p. αGalCer activated 
mTOR in vivo in splenic iNKT cells, NK cells, and NK1.1+ ILCs 
(Figure 6A). During selective activation of iNKT cells, rapamycin 
treatment reduced IFN-γ production by at least 50% in iNKT cells 
and at least 66% in NK cells, NK1.1+ ILCs, and γδ T cells (Figure 
6B). The reduction in IFN-γ production by NK cells and ILCs could 
reflect rapamycin acting directly on these cell subsets, or rapamy-
cin could be acting on upstream cells (like iNKT cells). In naive 
mice, rapamycin treatment reduced phagocytosis by Ly6c+ mac-
rophages in spleen (Figure 6, C and D, “Naive”), which matches  
in vitro studies in which rapamycin treatment impaired the phago-
cytic function of naive macrophages (38). However, in the context 

Figure 4. Selective activation of iNKT cells with glycolipid antigen (αGalCer) drives IFN-γ production and immunosuppression. (A) WT mice (n = 6–7 per 
group except n = 4 for γδ T cells) were treated with vehicle or αGalCer i.p., followed 3 hours later by brefeldin A i.p. IFN-γ was assessed by flow cytometry 6 
hours later. (B) Percent IFN-γ+ in splenic cell subsets from A. (C) In vivo phagocytosis. WT mice were treated with vehicle (naive) or αGalCer 1 μg i.p., then 18 
hours later with opsonized zymosan-FITC i.v. Flow cytometry plots for percentage zymosan-FITC+ Ly6c+ macrophages are shown. (D) Percent zymosan- 
FITC+ splenic and kidney cell subsets from C (naive, n = 4–5; αGalCer, n = 4–6). (E) Survival curves for WT mice treated with αGalCer i.p. only; vehicle and 
then Candida i.v. only; or αGalCer 1 μg i.p., followed 18 hours later (day –1) or 3 days later (day –3) by Candida i.v. (n = 7 per group). (F) Candida CFU in kidney 
of WT mice treated with αGalCer (or vehicle) followed 18 hours later by Candida i.v. (n = 5 per group). (G) Survival curves for WT or IFN-γ–KO mice treated 
with αGalCer i.p., followed 18 hours later by Candida i.v. (n = 12 per group). (H) Candida CFU in kidney (n = 5 per group). In bar graphs, mean ± SEM is shown. 
(B, D, F, and H) Unpaired t tests. (E and G) Log-rank test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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the role of mTOR activation. In contrast to spleen, rapamycin 
treatment had no effect on macrophage phagocytosis in the kid-
ney during selective iNKT cell activation by αGalCer (Figure 6E, 
“Post-1° αGalCer only”). During invasive candidiasis, the leuko-
cyte population of the kidney changes, including a significant 
accumulation of Ly6c+ macrophages (15). In some disease mod-
els, iNKT cells have different effects on macrophages that infil-
trate an organ during an infection (compared with their effect 
on tissue-resident macrophages; ref. 39). So, we investigated the 
effect of rapamycin treatment on kidney macrophages after sec-
ondary Candida infection. After administration of αGalCer i.p., 
WT mice were treated with rapamycin i.p. and then infected with 
secondary candidemia i.v. One day after secondary candidemia, 
mice were challenged with FITC-labeled zymosan i.v., and in 
vivo phagocytosis was assessed. Rapamycin treatment improved 
the phagocytic function of Ly6c+ macrophages that accumulated 
in the kidney 1 day after candidemia (Figure 6F; flow cytometry 

of NKT cell–dependent immunosuppression, rapamycin treat-
ment had the opposite effect on splenic macrophages. During 
selective activation of NKT cells by αGalCer, rapamycin treatment 
in vivo improved phagocytic function by more than 50% in Ly6c+ 
macrophages in spleen, compared with vehicle (Figure 6, C and 
D). If WT mice were treated with rapamycin before administration 
of exogenous recombinant IFN-γ i.p., rapamycin did not amelio-
rate suppression of macrophage phagocytosis (Supplemental Fig-
ure 9). This result suggested that rapamycin acted, in part, through 
an upstream effect on IFN-γ production.

We next examined the functional effects of the iNKT cell/
mTOR axis in the kidney, an important site of persistent infec-
tion in invasive Candida infection (21, 22). As expected, selective 
activation of iNKT cells by αGalCer administration caused severe 
impairment of phagocytic function in kidney macrophages, to 
less than 15% of the level in naive mice (Figure 6E, with flow 
cytometry plots in Supplemental Figure 10A). We then assessed 

Figure 5. iNKT cells regulate mTOR/IFN-γ in NK cells during endotoxemia. (A) K-means clustering of RNA-Seq transcriptomic analysis of splenic cell sub-
sets from WT mice during endotoxemia (n = 2, experiment not repeated). (B) Mean expression of transcripts from clusters from A. Expression is increased 
at 3 hours after LPS i.v. (C) Flow cytometry plots for phosphorylated S6 kinase (p-S6) in splenic iNKT cells from WT or CD1d-KO mice 3 hours after LPS i.v. or 
vehicle. (D) MFI of p-S6 of splenic cell subsets in C (n = 6 per group). (E and F) WT or CD1d-KO mice were treated with rapamycin (rapa) i.p. (or vehicle) and 
then 3 hours later received LPS i.v. (or vehicle). Three hours later, mice were given i.p. brefeldin A. At 6 hours after brefeldin, percentage IFN-γ+ cells was 
assessed by flow cytometry in spleen (n = 5) (E) and blood and kidney (n = 3–6) (F). Nv, naive. In bar graphs, mean ± SEM is shown. (D and E) Unpaired t 
test. (F) One-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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7F). Clinically, rapamycin is typically used as an immunosuppres-
sive medication. However, in the context of iNKT cell activation, 
rapamycin prevented immunosuppression and protected against 
opportunistic infection.

Discussion
In this study, we examined the innate immune response to sepsis 
and identified a mechanism that predicted susceptibility to sec-
ondary infection. Increased plasma IFN-γ levels in early clinical 
sepsis were associated with subsequent development of second-
ary Candida infection. We entertained the hypothesis that the 
early cytokine response drives sepsis-induced immunosuppres-
sion. In the mouse model of endotoxemia, global transcriptomic 
analysis led to the finding that iNKT cells are major regulators of 
IFN-γ production by NK cells via mTORC1. NKT cells and IFN-γ 
suppress the phagocytic function of splenic macrophages and 
increase susceptibility to secondary Candida infection. To isolate 
the effect of iNKT cells, we selectively activated iNKT cells with 
their specific glycolipid antigen (αGalCer) and recapitulated the 
findings in endotoxemia. We next demonstrated that rapamycin 
treatment reverses NKT cell–dependent immunosuppression. 
After selective activation of iNKT cells with αGalCer, rapamy-
cin treatment restored the in vivo phagocytic function of macro-
phages and reduced susceptibility to secondary candidemia. We 
then confirmed the effect of the NKT cell/mTOR axis in what we 
believe to be a new model of post-sepsis immunosuppression — 
cecal slurry peritonitis followed by secondary candidemia. NKT 
cells, mTOR, and IFN-γ typically mediate host defense in primary 
infections. However, in an extreme state like sepsis, we find that 
the iNKT cell/mTOR axis has a “paradoxical” effect and contrib-
utes to immunosuppression.

The role of mTOR in iNKT cells has been examined in mod-
els of development (42, 43), lineage commitment (44, 45), and 
hepatitis (44) and asthma (43), but not in sepsis. Further, the role 
of mTORC1 in crosstalk between iNKT cells and other innate 
immune subsets had not been elucidated in other disease mod-
els. We found that iNKT cells activated mTORC1 in NK cells and 
NK1.1+ ILCs. Although rapamycin (which blocks mTOR) is used 
clinically as an immunosuppressive medication, here rapamycin 
treatment improved resistance to secondary Candida infection 
after inflammation and sepsis.

Our study shows how the early immune response can cause 
susceptibility to secondary Candida infection. In contrast, prior  
studies focused on the opposite phenomenon — how primary 
exposure to Candida or β-glucan can trigger protective second-
ary responses. Primary exposure to β-glucan triggers “trained 
innate immunity” in monocytes via mTOR (46). In that study, 
activation of mTOR was protective against secondary infection, 
the opposite of our findings. These results show that the nature 
and context of the primary insult determines different roles for 
mTOR. Studies of protective, trained immunity used a primary 
stimulus of lower-dose β-glucan and modeled commensal infec-
tion. In contrast, we modeled the extreme stimulus of sepsis. In 
the literature, primary challenge with β-glucan induced trained 
immunity independently of lymphocytes. In our study, innate 
T cells take a central role. This difference suggests that innate 
T cells may help determine whether a primary immunological 

plots in Supplemental Figure 10B). In summary, the iNKT cell/
mTOR axis impaired macrophage phagocytosis function in both 
spleen and kidney, although the kinetics of immunosuppression 
differed between organs.

The iNKT cell/mTOR axis drives susceptibility to secondary can-
didemia. We continued to examine the functional effects of the 
NKT cell/mTOR axis in early inflammation and sepsis. In line 
with the beneficial effect of rapamycin on macrophage function, 
treatment with rapamycin at 3 and 15 hours after administration 
of αGalCer (before secondary infection) led to improved survival  
of secondary candidemia (Figure 7B). Similarly, treatment with 
rapamycin at 3 hours and 15 hours after the initiation of endotox-
emia (before secondary infection) improved survival of secondary 
candidemia (Figure 7C). As expected, rapamycin had no effect 
on survival of αGalCer or endotoxemia alone (Figure 7A). Endo-
toxemia has a severe (but time-limited) inflammatory phase that 
excels at modeling intense activation of innate immunity, while 
allowing the mice to survive and undergo secondary infection. 
However, as noted by the international consensus group Mini-
mum Quality Threshold in Pre-clinical Sepsis Studies (MQTiPSS), 
mouse models such as cecal ligation and puncture, cecal slurry, 
or bacterial pneumonia are preferred preclinical models of sepsis 
(11). We confirmed the effect of the NKT cell/mTOR axis in what 
we believe is a new model of post-sepsis immunosuppression. 
Here, cecal slurry peritonitis (treated with i.p. antibiotics ceftri-
axone and metronidazole; refs. 40, 41) is followed by secondary 
candidemia. For primary sepsis alone, we titrated the dose of cecal 
slurry and timing of antibiotics to 100% survival to ensure that 
mortality was due to secondary candidemia (Figure 7D). During 
sepsis due to cecal slurry peritonitis, CD1d-KO mice had improved 
survival of secondary candidemia compared with WT mice (Fig-
ure 7E). Treatment with rapamycin at 3 and 15 hours after initia-
tion of sepsis improved survival of secondary candidemia (Figure 

Table 3. Gene clusters with early upregulation in endotoxemia in 
splenic innate lymphocytes and lymphoid cells

Cluster No. of 
genes

Genes Gene set enrichment 
analysis

1 55 Aldoa, Calr, Eef2, Eif3f,  
M6pr, Pdia3, Pkm, Rps2

mTORC1 signaling 
Myc targets V1 

Oxidative phosphorylation 
Ribosome 

RNA binding
3 183 Cxcl10, Hif1a, Il17a, Il17f, Il22, 

Socs1, Socs3, Stat1, Stat2
IFN-α response 
IFN-γ response 

TNF-α signaling via NF-κB
4 77 Cd47, Hat1, Ifi35, Lgals9, Traf1 IFN-α response 

IFN-γ response 
Protein kinase cascade

7 154 Ccl4, Eef1a1, Eif3c, Eif5a,  
Fasl, Gzma, Ifng

Myc targets V1 
Nucleus 

Ribosome 
RNA binding

Genes and gene set enrichment analysis for clusters in Figure 5, A and 
B. Genes related to the mTORC1 pathway are shown in red; related to 
cytokines, in blue.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/6
https://www.jci.org/articles/view/128075#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 2 4 7jci.org   Volume 130   Number 6   June 2020

Similar to uptake of opsonized zymosan, expression of surface 
receptors did not explain how iNKT cells suppress uptake of non- 
opsonized zymosan. After iNKT cell activation, the dectin-1 recep-
tor had increased surface expression, and surface expression of 
the mannose receptor did not change with rapamycin treatment 
(Supplemental Figure 11). Together, these results suggest that the 
defect in zymosan phagocytosis is more complex than changes in 
the expression of surface uptake receptors. iNKT cell activation 
also reduced phagocytosis of non-opsonized killed Staphylococcus  
aureus by more than 33% but had no effect on non-opsonized 
killed E. coli (Supplemental Figure 12B). Thus, NKT cells may play 
different roles depending on type of secondary infection.

The next caveat is that mTOR and IFN-γ mediated only part 
of NKT cell–dependent immunosuppression. Rapamycin treat-
ment reduced but did not abrogate IFN-γ production; and rapa-
mycin treatment did not completely reverse susceptibility to sec-
ondary candidemia. Blockade of IFN-γ production itself also did 

stimulus induces protective trained immunity or immunosup-
pressive programs.

Our study has several caveats. The molecular mechanisms 
driving impaired macrophage phagocytosis remain incompletely  
defined. Altered surface expression of receptors for uptake 
of opsonized zymosan did not mediate the immunosuppres-
sive effect of the NKT cell/mTOR axis. Activation of iNKT cells 
with αGalCer did not affect the expression of the high-affinity 
Fc receptor (CD64, FcGRI) (Supplemental Figure 11). NKT cell 
activation reduced the expression of the low-affinity Fc recep-
tor (CD16-32, FcGRIII) by only 10%, and rapamycin treatment 
had no effect. The in vivo phagocytosis assays in our study used 
opsonized zymosan-FITC, as uptake of opsonized pathogen is 
a major host-defense function of macrophages and helps clear-
ance of disseminated candidiasis in vivo (47). iNKT cell activa-
tion also suppressed phagocytosis of non-opsonized zymosan by 
splenic Ly6c+ macrophages by 66% (Supplemental Figure 12A). 

Figure 6. Selective activation of iNKT cells by the glycolipid antigen αGalCer drives immunosuppression via mTOR. (A) Flow cytometry plots and MFI 
of phosphorylated S6 kinase (p-S6) in splenic cell subsets from WT mice 3 hours after αGalCer i.v. (or vehicle) (n = 6 per group). (B) Mice were treated with 
rapamycin i.p. (or vehicle), then 3 hours later with αGalCer i.p. (or vehicle). Three hours after αGalCer (or vehicle), mice were given brefeldin A i.p., and 
6 hours later, IFN-γ was assessed by flow cytometry. Plots and percentage IFN-γ+ are shown (n = 5 per group). (C) In vivo phagocytosis assay. WT mice 
received αGalCer i.p. (or vehicle), then 3 and 15 hours later were treated with rapamycin i.p. (or vehicle). At 18 hours after αGalCer, opsonized zymosan-FITC 
was administered. Flow cytometry plots for splenic Ly6c+ macrophages are shown. (D and E) Percentage of zymosan+ macrophages in the spleen (n = 6) (D) 
and kidney (naive, n = 4–8; αGalCer, n = 9–11) (E) is shown. (F) In vivo phagocytosis assay. WT mice were treated with αGalCer and then rapamycin as in C. 
At 18 hours after αGalCer, mice were infected with Candida i.v. In vivo phagocytosis assay of opsonized zymosan-FITC was assessed at day 1 after Candida 
infection in kidney (n = 6). In bar graphs, mean ± SEM is shown. (A–E) Unpaired t test. (F) Kruskal-Wallis test. *P < 0.05; **P ≤ 0.01; ***P < 0.001. 
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eral circulation correlated with increased mortality in some, but 
not all, studies (52–54), and mortality due to primary sepsis was 
not distinguished from secondary infection. The immune system 
evolved to amplify responses to early infection. However, ampli-
fication can be deleterious during the massive inflammation of 
sepsis. Although maladaptive in sepsis, the immunosuppressive 
NKT cell/mTOR/IFN-γ axis could be a helpful brake to restore 
homeostasis in other inflammatory illnesses. Alternatively, a mal-
adaptive NKT cell response may persist because of a lack of evo-
lutionary pressure on sepsis, which has been survivable only in the 
modern era.

Several approaches could therapeutically target the NKT cell/
mTOR/IFN-γ axis. Treatment with lipid antigens can modify  
iNKT cell function. For example, OCH, an analog of αGalCer, 
skews iNKT cells toward an NKT2 phenotype and less production 
of IFN-γ (55, 56). OCH treatment improved survival in a sepsis 
model (33), but its effect on post-sepsis immunosuppression is 
unknown. PD-1 and C5a were required for iNKT cell recruitment 
and activity in sepsis models (57, 58), so these pathways might 
be targeted. Given the clinical trials of PD-1/PD-L1 blockade 
in sepsis, understanding the effect of immune checkpoint ther-
apy on innate T cell function may be relevant. Our intervention 
with rapamycin was within hours after the initiation of sepsis. 
Very early intervention in sepsis may be clinically feasible. The  
Surviving Sepsis Campaign guidelines call for clinical interven-
tions, such as antibiotics, within 3 hours of sepsis onset (59). In 
summary, we demonstrated that an iNKT cell/mTOR/IFN-γ axis 
determines macrophage dysfunction and susceptibility to oppor-
tunistic infection during sepsis. Targeting this axis may be a thera-
peutic approach to post-sepsis immunosuppression.

Methods
Experimental design. Sample size was determined by power calcula-
tions (significance 5%, power 80%). Estimated effect size was based 
on preliminary experiments. All data are included. The primary end-

not completely prevent susceptibility to secondary candidemia. 
We demonstrated the effect of NKT cells, rapamycin, and exog-
enous IFN-γ on macrophage function. However, we did not sepa-
rate the effects of IFN-γ directly binding to macrophages and the 
effects of IFN-γ acting indirectly via another cell subset. Second, 
just as mTOR and IFN-γ only mediated part of NKT cell–depen-
dent immunosuppression, NKT cells themselves only drive part 
of post-sepsis immunosuppression, as CD1d-KO (NKT cell– 
deficient) mice had only partial restoration of resistance to sec-
ondary infection. The need to place the NKT cell/mTOR axis in 
a larger context of other important mechanisms is unsurprising,  
given the complexity of post-sepsis immunosuppression, which 
spans many immune cell types. Furthermore, the role of mTOR is 
not limited to immunosuppression. mTOR has pleiotropic effects 
in other end organs during sepsis, ranging from myocardial dys-
function in clinical sepsis (48) to cognitive impairment in experi-
mental sepsis (49). The effect of the NKT cell/mTOR axis on other 
sepsis phenotypes is undefined. In another caveat, we focused on 
the effect of iNKT cells on macrophage function. Given the well- 
established role of macrophages in clearance of Candida infection, 
it is likely that the immunosuppressive effects of iNKT cells on 
macrophages play a key role in the overall response to secondary 
infection. However, the iNKT cell/mTOR axis likely affects other 
cell subsets. For example, IFN-γ suppressed production of IL-17A 
during endotoxemia, which could impair neutrophil recruitment. 
The immunosuppressive effect of IFN-γ was unexpected, but our 
findings build on prior reports of immunosuppression by IFN-γ. 
In influenza and secondary streptococcal pneumonia, IFN-γ sup-
pressed macrophage phagocytosis by downregulating expression 
of the scavenger receptor MARCO (50, 51). The immunosuppres-
sive mechanisms driven by mTOR and IFN-γ must vary by con-
text, since in our study the expression of surface receptors did not 
explain impaired phagocytosis.

The role of iNKT cells in clinical sepsis is incompletely defined. 
In clinical sepsis, an increased percentage of iNKT cells in periph-

Figure 7. NKT cells and mTORC1 drive post-sep-
sis immunosuppression and susceptibility to 
secondary candidemia. (A) Survival curves for WT 
mice treated with αGalCer i.p. or LPS i.v. followed by 
rapamycin i.p. or vehicle at 3 and 15 hours later (n = 
6 per group). (B and C) Survival curves for WT mice 
after administration of αGalCer i.p. (B) or LPS i.v. (C). 
At 3 and 15 hours after these primary challenges, 
mice were treated with rapamycin i.p. (or vehicle). 
At 18 hours after primary challenge, mice received 
secondary infection with Candida i.v. (n = 13–15 per 
group). (D) Survival curves for WT mice and CD1d-KO 
mice infected with cecal slurry peritonitis i.p. A sub-
set of WT mice (WT + rapamycin) were treated at 3 
and 15 hours after cecal slurry with rapamycin i.p. (n 
= 6–12). (E) Survival curves for WT mice and CD1d-KO 
mice infected with cecal slurry peritonitis i.p. fol-
lowed 18 hours later with secondary Candida i.v. (n = 
10–13). (F) Survival curves for WT mice infected with 
cecal slurry peritonitis i.p. and then treated 3 and 15 
hours later with rapamycin i.p. or vehicle. Eighteen 
hours after cecal slurry, mice received secondary 
infection with Candida i.v. (n = 19). (A–F) Log-rank 
test. *P < 0.05; ****P < 0.0001.
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Cd1d1/Cd1d2tm1Spb/J) mice and Ja18–/– (Jα18-KO; B6.129S6-Tcra- 
Jtm1Tgi/J) mice were provided by Mark Exley (Beth Israel Deaconess 
Medical Center and Harvard Medical School, Boston, Massachusetts, 
USA). Mice were bred and cohoused in specific pathogen–free animal 
facilities at the BWH Center for Comparative Medicine on protocols 
approved by the BWH IACUC. For the endotoxemia, αGalCer, and 
cecal slurry peritonitis models, the mice did not undergo a surgical 
procedure and so were not given periprocedural analgesia. The mice 
were monitored daily (or twice per day if ill) for morbidity (i.e., loss of 
righting reflex, abnormal posture, rough hair coat, increased skin tur-
gor, difficulty with ambulation, decreased food or water intake, skin 
lesions or wounds, or abnormal respiration). If showing morbidity or 
greater than 20% weight loss, the mice were humanely euthanized 
by ketamine/xylazine i.p. anesthesia followed by cervical disloca-
tion. Actual death was not used as an endpoint. The IACUC approved 
observation without analgesia or opiates.

Mouse models of endotoxemia, αGalCer treatment, sepsis, and sec-
ondary candidemia. For endotoxemia, mice were treated i.v. with ultra-
pure LPS from E. coli O111:B4 (InvivoGen) at 2 mg/kg body weight. To 
selectively activate iNKT cells, αGalCer lipid antigen (Avanti Polar Lip-
ids) was resuspended in DMSO, diluted to 10% (vol/vol) in PBS, and 
sonicated. Mice were treated i.p. with 1 μg αGalCer. For cecal slurry 
peritonitis, cecal slurry was prepared from the cecal feces of C57BL/6J 
male mice as described by Starr et al. (40). One gram feces was diluted 
with HBSS and filtered; glycerol was added to a final concentration of 
16.7%; and the slurry was frozen in an insulated container with a final 
concentration of 267 mg feces/mL. The equivalent of 1.3 mg feces/g 
body weight was injected i.p. Antibiotics (ceftriaxone 25 μg and met-
ronidazole 12.5 μg/g body weight; ref. 66) and 0.5 mL warmed normal 
saline were administered i.p. at 3, 24, and 48 hours after cecal slurry.

Eighteen hours after endotoxemia, αGalCer administration, or 
cecal slurry peritonitis (unless otherwise noted), mice were treated 
with Candida albicans i.v. at 2 × 104 CFU (strain SC5314, ATCC). This 
is a lower-dose Candida i.v. infection with 90%–100% survival when 
given alone to WT mice. C. albicans was grown to log phase in YPD 
media (67) and washed in HBSS. For antibody blockade of IFN-γ, mice 
were treated with InVivo rat anti–mouse IFN-γ mAb (clone XMG1.2) 
or InVivo rat IgG1 isotype control mAb at 250 μg i.p. at 3 hours after 
endotoxemia (ultralow endotoxin grade; Bio X Cell). Mice were treated  
with rapamycin (LC Laboratories) 150 μg i.p. or vehicle at 3 and 15 
hours after the primary insult and then treated 18 hours after the  
primary insult with Candida i.v.

Cell isolation for ex vivo assays. For splenocyte isolation, the spleen 
was injected with 100 μL PBS, chopped, and then passed through a 
70-μm cell strainer. RBCs were lysed by ACK lysing buffer (Thermo 
Fisher Scientific) for 3 minutes on ice. Blood was aspirated from the 
right ventricle and then RBCs lysed. For kidney, the right ventricle was 
perfused with 1 mL of ice-cold PBS and then the left kidney resected. 
After fine chopping, the kidney was digested in collagenase 1 (1.5 mg/
mL; Worthington Biochemical), DNase I (100 U/mL; Thermo Fisher 
Scientific), and hyaluronidase (20 μg/mL; Worthington Biochemical) 
at 37°C for 30 minutes with aspiration of dissociated cells and replace-
ment of media after 15 minutes and gentle agitation throughout 
(adapted from ref. 68) and then filtered through a 70-μm cell strainer.

RNA sequencing. RNA-Seq data were uploaded to the NCBI’s Gene 
Expression Omnibus database (GSE143943). Splenic Ly6c+ macro-
phages (CD11b+F4/80+), Ly6c– macrophages, iNKT cells, γδ T cells, 

points (e.g., IFN-γ plasma levels) were prospectively selected. Statisti-
cal corrections were applied for multiple comparisons.

The clinical study used patient registries described in the next sec-
tion. The experimental mouse models were laboratory experiments 
with control and intervention arms. Assays measured transcription 
(RNA-Seq, quantitative PCR), survival, Candida CFU, in vivo phago-
cytosis of zymosan, and protein expression by flow cytometry. The 
clinical study was not an interventional trial, and so the subjects were 
not randomized. The mouse models had mice randomly assigned to 
groups. The clinical studies were blinded for the personnel measuring 
the results. Experiments were repeated at least once, unless otherwise 
noted. Data represent biological replicates (individual human subjects 
or mice), not technical replicates.

Clinical study design and patient population. This study used 2 
Brigham and Women’s Hospital (BWH) registries of critically ill 
patients. Patients admitted to the ICU within the past 48 hours were 
enrolled under 2 clinical research protocols approved by the Partners 
Healthcare Institutional Review Board: protocols 2008P000495 (n = 
563; described in refs. 60, 61) and 2007P000894 (n = 400; described 
in refs. 62, 63). Patients in these ICU registries were retrospectively 
reviewed independently by a board-certified pulmonary and criti-
cal care attending physician and a board-certified pulmonary and 
board-eligible critical care fellow physician. The inclusion criteria 
were (a) enrollment and plasma sample within 48 hours of ICU admis-
sion, (b) new diagnosis of sepsis within 48 hours of enrollment, and 
(c) secondary Candida infection proved by cultures and clinical diag-
nosis (n = 27). Secondary Candida infection included candidemia 
(i.e., positive blood cultures) and invasive candidiasis (e.g., positive 
abdominal drain cultures). Patients were excluded if they lacked pri-
mary sepsis (e.g., hemorrhagic shock, n = 4), already had Candida 
infection (or other fungal infection) at the time of enrollment (primary 
Candida infection, n = 5; secondary Candida infection, n = 2), or had 
been transferred from outside the hospital ICU and so did not have 
early sepsis (n = 3). For 1 patient, the day 1 plasma sample could not be 
located. After exclusion of these 15 patients, we had 12 patients with 
primary sepsis and secondary Candida infection. For the comparison 
cohort, we selected 24 patients listed as having primary sepsis with-
out secondary Candida for a 2:1 control/case ratio (matched for age 
and absence or presence of hypotension). After independent review 
by 2 critical care physicians, 5 patients were excluded because their  
primary event was not sepsis, so our control cohort had 19 patients. 
Sepsis was defined as a culture-proven or suspected infection that 
caused organ dysfunction. APACHE II (64) and SOFA (65) assessed 
disease severity and organ failure, respectively. The plasma drawn at 
time of enrollment (i.e., early sepsis) was tested for IFN-γ by ELISA 
(R&D Systems; Abcam) with a limit of detection of 2 pg/mL.

Mice. We studied 10-week-old mice on a C57BL/6J background, 
with all strains backcrossed at least 10 generations. Initial exper-
iments used male mice. To confirm that our findings were indepen-
dent of sex, the experiments shown in Figure 7 used female mice. 
We confirmed that the effects of NKT cells on phagocytosis were 
independent of sex in additional experiments with female mice 
(Figure 4C and Supplemental Figure 12). The Jackson Laboratory 
provided the initial breeding pairs for these mice: C57BL/6J mice, 
Ifng–/– mice [IFN-γ–KO; C.129S7(B6)-Ifng(tm1Ts)/J], Il17a–/– mice 
(IL-17A–KO; C57BL/6Il17<atm1Bcgen>/J), and Il22–/– mice [IL-22–KO; 
C57BL/6-Il22<tm1.1(icre)Stck>/J]. Cd1d1–/– (CD1d-KO; B6.129S6-
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cell number. Data were acquired on a BD Fortessa flow cytometer 
using FACSDiva software and analyzed by FlowJo 10.4.2 software. 
Cell subsets were defined by FSC/SSC, CD45+viability dye–, and as 
follows: iNKT cells (TCRβ+CD1d tetramer+γδ TCR–CD19–), γδ T cells 
(γδ TCR+TCRβ–CD19–), NK cells (NK1.1+CD127[IL-7R]–TCRβ–γδ TCR–

CD19–), NK1.1+ ILCs (NK1.1+CD127[IL-7R]+TCRβ–γδ TCR–CD19–), 
NK1.1– ILCs (NK1.1–CD127[IL-7R]+TCRβ–γδ TCR–CD19–), CD4–CD8– 
T cells (TCRβ+γδ TCR–CD19–CD4–CD8–), CD8+ T cells (TCRβ+γδ TCR–

CD19–CD4–CD8+), CD4+ T cells (TCRβ+γδ TCR–CD19–CD4+CD8–), 
Ly6c+ macrophages (Ly6c+CD68+CD11b+F4/80+Ly6g[clone 1A8]–), 
Ly6c– macrophages (Ly6c–CD68+CD11b+F4/80+Ly6g[clone 1A8]–), 
and neutrophils (CD11b+Ly6g[clone 1A8]+).

Recombinant CD1d tetramer loaded with PBS-57, an analog of 
αGalCer, was provided by the NIH Tetramer Facility. Anti-CD45 
(clone 30-F11), anti-CD69 (FN50), anti-CD127 (A019D5), anti-CD4 
(RM4-5), anti-CD8a (53-6.7), anti-TCRβ (H57-597), anti-Ter119 
(TER-119), anti-F4/80 (BM8), anti-CD19 (ID3), anti–γδ TCR (GL3), 
anti-CD3ε (500A2), anti-Ly6g (1A8), anti-Ly6c (HK1.4), anti-CD68 
(FA-11), and anti-CD11b (M1/70) were from BioLegend. Anti–phos-
pho-S6 ribosomal protein Ser240/244 (D68F8) mAb was from Cell 
Signaling Technology.

Quantitative PCR. Single-cell suspensions were sorted by flow 
cytometry into TRIzol or total splenocytes were lysed into TRIzol (Life 
Technologies/Thermo Fisher Scientific). Lysate was passed through 
QIAShredder (Qiagen) and then mixed with chloroform (5:1). The 
upper aqueous phase was mixed 1:1 with 70% EtOH. RNA was extract-
ed by RNeasy Mini Kits (Qiagen). cDNA was prepared using Quanti-
tect RT-PCR (Qiagen) for TaqMan Gene Expression Assays run on an 
AriaMx (Agilent). Relative expression was normalized to the house-
keeping gene Hprt. For Figure 3C, total relative Ifng mRNA units was 
calculated for each cell type without normalization to Hprt. Primer/
probe sets from Life Technologies were Hprt (Mm03024075_m1) and 
Ifng (Mm01168134_m1).

In vivo phagocytosis. FITC-conjugated zymosan A from Saccharo-
myces cerevisiae (Thermo Fisher Scientific) was opsonized with Zymo-
san A BioParticles Opsonizing Reagent (Thermo Fisher Scientific) 
— a rabbit polyclonal IgG antibody. Thirty minutes after mice were 
injected with opsonized zymosan 0.2 mg i.v., organs were harvested 
and macrophages analyzed by flow cytometry for ingestion of zymo-
san. For Supplemental Figure 12, non-opsonized FITC-conjugated 
bioparticles of zymosan A, E. coli, and S. aureus (Thermo Fisher Sci-
entific) were used.

Ex vivo Candida CFU measurement. Kidneys were resected, mechan-
ically dissociated in HBSS, and incubated overnight on YPD plates.

IFN-γ and IL-17A. For assessment of in vivo cytokine production 
by splenocytes (77), 3 hours after primary insult, mice were treated 
with brefeldin A 250 μg i.p. (LC Laboratories). After 6 hours, mice 
were sacrificed and cells harvested for cytokine assessment by intra-
cellular flow cytometry. For blood and kidney, brefeldin was not given 
in vivo. Instead, cells were incubated in vitro with PMA/ionomycin/
brefeldin A (Cell Stimulation Cocktail, eBioscience) for 4 hours at 
37°C and analyzed by flow cytometry.

Statistics. For survival curves, data were analyzed by log-rank. 
For other assays (e.g., phagocytosis), data were assessed for nor-
mality by the Shapiro-Wilk test. If data were normal, 1-way ANOVA  
was used if more than 2 groups were compared, and 2-tailed, 
unpaired Student’s t test was used if 2 groups were compared. For 

and NK cells from WT mice were isolated in TRIzol (Life Technolo-
gies) by 2 successive flow cytometry sorts to greater than 95% purity. 
Lysate from 1000 cells was processed for low-input RNA-Seq by the 
Immunological Genome Project protocol (www.immgen.org). Reads 
were mapped to the mouse genome (mm10) using HISAT 0.1.6-
beta (69). BAM files were sorted and indexed by SAMtools 1.2 (70). 
Assembly, quantification, and normalization were performed using 
CuffLinks 1.2 (71), according to the Tuxedo pipeline (72). A merged 
transcriptome constructed from all samples of all data sets was used as 
a reference annotation for quantification (by CuffQuant) and normal-
ization (by CuffNorm). Normalized fragments per kilobase of exon 
per million reads mapped (FPKM) values that were lower than 1 were 
replaced by 1, and all values were log2-transformed. To reduce noise 
and maximize power, only genes with a log2 expression higher than 7 
(noise threshold) in at least 2 samples (minimal number of replicates 
in each cell type) were considered expressed and included in down-
stream analyses. The expressed genes were normalized by subtracting 
the mean and dividing by SD for each gene. K-means clustering was 
done by MATLAB command kmeans with parameter EmptyAction 
set to “drop - Remove any clusters that become empty.” Functional 
enrichment of the genes in each k-means cluster for each set of genes 
in msigDB was calculated using the hypergeometric distribution, with 
a background of all the genes in all clusters (73–75). A Benjamini- 
Hochberg false discovery rate (FDR) threshold of 0.1 across all clusters 
and sets was used (76).

The transcriptome of splenic Ly6c+ macrophages from WT mice 
at 3 and 18 hours after endotoxemia was compared with the tran-
scriptome of bone marrow–derived macrophages at 2 hours (19) and 
18 hours (18) after treatment in vitro with IFN-γ. For Ly6c+ macro-
phages during endotoxemia, we selected the 11,980 genes for which 
log2(expression value) was greater than 3 for at least 2 samples. Fold 
change over naive was calculated for the 3 and 18 hours post-LPS 
time points. The fold change of genes at 3 hours after LPS was com-
pared with the fold change of genes from a previously published data 
set of genes upregulated at 2 hours after IFN-γ in vitro compared with 
untreated (GSE84517) (19). There are 24,422 genes in this data set, 
9384 of which were also measured in our data set. These 9384 genes 
served as background for the calculation of intersection significance. 
The 18-hour fold change was compared with published data of fold 
change at 18 hours after IFN-γ treatment in vitro (GSE60290) (18). 
There are 11,800 genes in this data set. The 5170 genes measured 
in both data sets were background for the intersection significance 
calculation. Hypergeometric probability density function was used 
to estimate whether the size of the intersection between the genes 
whose absolute fold change was 2 in LPS and those whose absolute 
fold change was 2 in IFN-γ was bigger than expected by chance.

Flow cytometry. Cells were incubated with Fc receptor–block-
ing antibody (14-0161-82, eBioscience/Thermo Fisher Scientific) 
and fixable viability dye eFluor 780 (eBioscience/Thermo Fisher 
Scientific) in DMEM with 2% FBS for 15 minutes at 4°C. Cells were 
incubated with mouse-specific antibodies for 30 minutes at 4°C. For 
intracellular staining of phospho-S6, cells were fixed and permeabi-
lized with the FoxP3/Transcription Factor Staining Buffer Set (eBio-
science, Thermo Fisher Scientific). For intracellular staining for cyto-
kines or CD68, cells were fixed with 4% paraformaldehyde and then 
permeabilized with permeability buffer (Thermo Fisher Scientific). 
Spherotech AccuCount Fluorescent particles were added to count 
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formed, and analyzed experiments. HNG performed RNA-Seq 
analysis (supervised by TS). DBB, AH, MPV, SAPS, and JV enrolled 
patients, isolated clinical plasma, and analyzed clinical data 
(supervised by RMB, DEL, or EYK).
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