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Abstract

Human primary monocytes are composed of a minor, more mature CD16+(CD14low/neg) 

population and a major CD16neg(CD14+) subset. The specific functions of CD16+ vs. CD16neg 

monocytes in steady state or inflammation remain poorly understood. In previous work we found 

that IL-12 is selectively produced by the CD16+ subset in response to the protozoan pathogen, 

Toxoplasma gondii. Here we demonstrated that this differential responsiveness correlates with the 

presence of an IFN-induced transcriptional signature in CD16+ monocytes already at baseline. 

Consistent with this observation, we found that in vitro IFN-γ-priming overcomes the defect in 

IL-12 response of the CD16neg subset. In contrast, pretreatment with IFN-γ had only a minor 

effect on IL-12p40 secretion by the CD16+ population. Moreover, inhibition of the mTOR 
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pathway also selectively increased the IL-12 response in CD16neg but not in CD16+ monocytes. 

We further demonstrate that in contrast to IFN-γ, IFN-α fails to promote IL-12 production by the 

CD16neg subset and blocks the effect of IFN-γ-priming. Based on these observations, we propose 

that the acquisition of IL-12 responsiveness by peripheral blood monocyte subsets depends on 

extrinsic signals experienced during their developmental progression in vivo. This process can be 

overridden during inflammation by the opposing regulatory effects of type I and II IFN as well as 

the mTOR inhibition.

Introduction

The two major monocyte subsets are distinguished by distinct surface markers. Murine 

“classical” monocytes express high levels of Ly6C while “non-classical” monocytes are 

Ly6Clow (1). In humans the same populations are distinguished on the basis of their 

expression of the endotoxin co-receptor CD14 and the type III Fcγ receptor CD16 with 

CD14+CD16neg and CD14lowCD16+ phenotypically marking the classical and non-classical 

subsets, respectively (2). Blood monocytes constitute a dynamic population with classical 

monocytes continuously converting into nonclassical. Nevertheless, the peripheral blood 

composition is heavily skewed towards classical monocytes in humans (~85-95%) which 

after egress from bone marrow spend approximately 1 day in circulation (3). Most of these 

cells are either drawn into tissues or die, while the remaining small fraction (~1%) converts 

into “intermediate” (CD14+CD16low) monocytes which display a longer lifespan (4.3±0.36 

days) and ultimately all differentiate into non-classical monocytes (3). Interestingly, this 

terminally differentiated population displays the longest lifespan (7.4±0.53 days) of all three 

of the monocyte subsets in blood. The factors that control the transition of classical to non-

classical monocytes are still poorly understood (4-5).

Functionally, human monocytes subsets are known to display distinct cytokine responses to 

microbial stimulation. Although such differences can be explained in part by the preferential 

expression of distinct pattern recognition receptors by different subsets, other cell-intrinsic 

factors may play an even more important role. For example, when stimulated with LPS 

CD16neg monocytes secrete IL-1β but not TNF, while CD16+ monocytes produce TNF and 

not IL-1β (6, 7).

In a previous study, we observed a similar dichotomy in the response of human monocyte 

subsets to tachyzoites of the intracellular protozoan parasite Toxoplasma gondii (8). In the in 
vitro system studied, T. gondii-stimulated IL-12 and TNF production is triggered by live 

tachyzoites and not soluble parasite extracts as also observed for the CCL2 (9). However, 

while all monocyte subsets display a comparable rate of parasite invasion and/or uptake, 

only non-classical and intermediate but not classical monocytes were found to secrete 

significant amounts of IL-12 and TNF in response to T. gondii exposure (8). Interestingly, 

when we performed a preliminary genome wide microarray analysis of FACSort purified 

classical, intermediate and non-classical monocytes before and after stimulation with T. 
gondii tachyzoites, significant changes in gene expression (including several chemokines) 

were observed in all three subsets (K.W.T. and D.J. unpublished data). This observation 
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argued that the failure of classical monocytes to produce IL-12 and TNF in response to T. 
gondii is not due to their inability to sense the parasite stimulus.

In the present study, we have further investigated the basis for differential IL-12 

responsiveness of human monocytes subsets to T. gondii comparing the responses observed 

to that of a defined TLR agonist (R848). Our findings show that in contrast to CD16+ non-

classical and intermediate monocytes, CD16neg classical monocytes require a second signal 

for IL-12 and TNF production in response to toxoplasma or TLR ligand exposure. This 

signal can be provided by IFN-γ-priming or rapamycin treatment, neither of which enhances 

the responsiveness of CD16+ monocytes that already exhibit an IFN-induced gene 

expression signature at baseline. We further observed that in contrast to IFN-γ, type I IFN 

does not promote IL-12 and TNF production by classical monocytes while inhibiting the 

stimulatory effects of IFN-γ. We propose based on these observations that the acquisition of 

IL-12 and TNF responsiveness by peripheral blood monocyte subsets depends on extrinsic 

signals experienced during their developmental progression in vivo. This process can be 

overridden during inflammation by the opposing regulatory effects of type I and II IFN.

Material and Methods

Healthy donors

Peripheral blood monocytes were obtained from healthy volunteers by counterflow 

centrifugal elutriation at the NIH Blood Bank under Institutional Review Board-approved 

protocols of both the National Institute of Allergy and Infectious Diseases and the 

Department of Transfusion Medicine. Of the 44 donors, 84% were males and 16% females; 

60% were Caucasian, 34% African American and 5% Hispanic. Donor age ranged from 

21-68 with a median value of 39.5.

Isolation of monocytes

Monocytes were purified from elutriated preparations either by fluorescence-activated cell 

sorting (FACSorting) as previously described (8) or with MACS MicroBeads (Miltenyi 

Biotec, Bergisch Gladbach, Germany). To avoid variation in elutriated samples, total 

monocytes were isolated using CD14 MicroBeads. For monocyte subset isolation, elutriated 

preparations were first depleted of granulocytes and NK cells with a mixture of anti-CD15 

and CD56 MicroBeads, followed by CD16+ monocytes purification with a CD16pos 

Monocyte Isolation Kit, and CD16neg monocytes isolation from flow throw using CD14 

MicroBeads. Purity of all populations was >95% (Figure 1A).

Parasites

Toxoplasma gondii tachyzoytes of the type I strain RH88, as well as a GFP+ expressing 

recombinant (8), were propagated in the human foreskin fibroblast cell line Hs27 (ATCC 

CRL-1634). Harvested parasites (6 x 106/ml) were incubated at room temperature in 

medium with or without 3 μM mycalolide B (MycB; Enzo Life Sciences, Farmingdale, NY), 

an irreversible actin-polymerization inhibitor that blocks their ability to invade host cells.
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Cell culture

Cultures were performed in RPMI 1640 medium (Life Technologies, Carlsbad, CA) 

supplemented with 10 % heat-inactivated FCS (HyClone, South Logan, UT), 4 mM L-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 0.1 mM MEM nonessential amino 

acids, 100 U/ml penicillin, 100 ug/ml streptomycin (Life Technologies), 100 μg/ml 

streptomycin, and 50 μM 2-ME (MilliporeSigma, Rockville, MD). Monocytes were plated at 

2 x 105/0.1ml in 96-well plates (cytokine measurements) or 0.5 ml in 12-well plates (RNA 

analysis) and stimulated with an equal volume of untreated or MyB-treated tachyzoites 

(2x106/ml), or with the TLR7/8 agonist R848 (300 ng/ml; InvivoGen, San Diego, CA). 

Priming with IFN-γ (10ng/ml) or IFN-α2a (10ng/ml) (PeproTech, Cranbury, NJ) was 

performed overnight, unless otherwise specified. To inhibit the mTORC1 pathway, 

Rapamycin (5nM) (10) or REDD-1 inducer (10μM) (11) (Millipore Sigma, Rockville, MD) 

were added to monocyte cultures 1 hour before stimulation with parasites or R848.

Cell surface staining

Elutriated monocytes or MACS-purified CD16+ and CD16neg monocytes were stained with 

the following antibodies: anti-CD14 (clone M0Pg, BD Biosciences, San Jose, CA), anti-

CD16 (clone 3G8, Biolegend, San Diego, CA), anti-HLA-DR (clone L243, Biolegend), anti-

CD119 (clone GIR-208, Thermo Fisher Scientific, , Gaithersburg, MD) or anti-IFNγR2-

APC (clone C38, Creative Diagnostic, Shirley, NY) and sorted or analyzed using a FACS 

Aria or FACS Symphony (BD Biosciences), respectively.

Intracellular staining for pSTAT1

FACSort purified monocyte populations (1 x 106) incubated in 0.1 ml in 96-well plates in 

serum-free medium in the presence or absence of either IFN-γ or IFN-α (10 ng/ml) at 37°C 

for the indicated time were fixed with BD Cytofix for 10 min at 37°C and permeabilized 

with BD Phosflow Perm (BD Biosciences) for 30 minutes on ice. After staining with anti-

pSTAT1 Ab (clone pY701, BD Biosciences) for 1 hour at 4°C, cells were analyzed.

Cytokine measurements

Cell culture supernatants were collected after 18-24 hours of incubation and stored at −80°C. 

IL-12p40, IL-12p70, TNF and CCL2 were measured using Human IL-12p40 Direct ELISA 

kit (Life Technologies), Human TNF-α DuoSet ELISA, Human IL-12p70 Quantikine 

ELISA, Human CCL2/MCP-1 Quantikine ELISA (R&D Systems, Minneapolis, MN), 

respectively.

Western blot analysis of mTOR pathway proteins

Monocytes were lysed with Cell Lysis Buffer (Cell Signaling Technologies) as previously 

described (12). Protein extracts (25μg) were separated on SDS-PAGE, transferred to a PVDF 

membrane (both from BioRAD, Philadelphia, PA) and probed overnight at 4°C with rabbit 

Ab specific for mTOR (clone 7C10), phospho-mTOR Ser2448 (clone D9C2), 4E-BP1 (clone 

53H11) or phospho-4E-BP1 Thr37/47 (clone 236B4) all from Cell Signaling Technology 

(Boston, MA). Anti-β-actin Ab (clone D6A8, Cell Signaling Technology) was added during 

the last hour of incubation at room temperature. After washing, the membrane was incubated 
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with HCL-Digital Secondary Antibody for 3 hours at room temperature and 

chemiluminescence was measured (SuperSignal West Pico Chemiluminescent Substrate, 

Thermo Fisher Scientific). Band density was quantified using Image J software.

Gene expression analysis by Nanostring

Total RNA was extracted from monocytes cultured for 8 hours with or without IFN-γ by 

adding Trizol reagent (Life Technologies) and employing the Direct-zol RNA Miniprep kit 

(Zymo Research, Irvine, CA) according to the manufacturer’s instructions. For broad 

assessment of gene expression, we used the nCounter® Myeloid Innate Immunity Panel 

(NanoString Technologies, Seatttle, WA). Total RNA (170 ng) from each sample was 

hybridized with the probes for 770 genes. Data were processed with nSolver Analysis 

software (NanoString Technologies) which included assessment of quality of the runs and 

differential gene expression assessed. The false discovery rate (FDR) was calculated using 

Benjamini-Yekutieli procedure.

Quantitative RT-PCR

After 8 hours of stimulation, monocytes were collected in Trizol (Life Technologies) and 

RNA was isolated with a Direct-zol RNA Miniprep kit (Zymo Research). qRT-PCR assays 

were performed as previously described (13) with 18S rRNA used for normalization. The 

relative mRNA expression of genes was calculated by using the cycle threshold (ΔΔCT) 

method in comparison to unstimulated CD16neg population cultured in medium alone. The 

sequences of the specific primers are as follows:

Human ribosomal 18S, forward: 5’-GCTTAATTTGACTCAACACGGGA-3;

reverse: 5’- AGCTATCAATCTGTCAATCCTGTC-3’;

IL-12B, forward: 5’- CCCTGACATTCTGCGTTCA-3’;

reverse: 5’- AGGTCTTGTCCGTGAAGACTCTA-3’.

Cell Energy Phenotype Assay

Purified monocyte populations cultured for 3 hours in medium or with untreated or MycB-

treated T. gondii tachyzoites were plated in a Seahorse XF96 Cell Culture Microplate 

(Agilent, Santa Clara, CA) according to the manufacturer’s protocol. Oxygen consumption 

rate (OCAR) and extracellular acidification rate (ECAR) were then measured in monocytes 

with or without metabolic stressors Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; 

(FCCP; 1.5 μM; MilliporeSigma) and Oligomycin (1 μM; MilliporeSigma) on a Seahorse 

XFe96 Analyzer (Agilent).

Statistical Analysis

Statistical analysis was performed by paired non-parametric Wilcoxon signed-rank test or 

were indicated by Student’s t tests using GraphPad Prism software version 8.0 (GraphPad).
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Results

CD16+ monocytes express an IFN-inducible transcriptional signature at baseline

While primary human CD16neg (CD14+ classical) and CD16+ (both CD14+ intermediate 

plus CD14low non-classical) monocytes, herein referred to simply as CD16neg and CD16+, 

display distinct IL-12 responses after stimulation with T. gondii (8), both populations secrete 

comparable amounts of CCL2 (Supplemental Figure 1). To address whether the difference in 

IL-12 production is due to intrinsic differences among the two subsets prior to stimulation, 

we examined their gene expression profiles at baseline. Using a NanoString platform, we 

analyzed expression of genes specifically associated with the innate immune response. Of 

the total 770 genes assayed, the large majority (93%) were expressed at similar levels in both 

subsets with only 51 genes differentially expressed. Of these, 42 were increased in CD16+ 

and only 9 in CD16neg monocytes (Figure 1B). Importantly, closer examination of the 

transcripts that were significantly upregulated in CD16+ monocytes revealed that almost half 

of them (20) were genes previously characterized as IFN inducible (Figure 1B) indicating 

that the ability of human monocytes to mount an IL-12 response correlates with the presence 

of an IFN-inducible gene signature at steady-state. This prompted us to investigate the 

specific effects of both IFN-γ and type I IFN on the ability of CD16+ and CD16neg 

monocytes to secrete IL-12 following microbial stimulation.

The increased secretion of IL-12 triggered by IFN-γ-priming of human monocytes results 
largely from an effect on the CD16neg subpopulation

We first analyzed how IFN-γ-priming influences the ability of CD16+ and CD16neg 

monocytes to secrete TNF and IL-12 in response to stimulation with T. gondii or the TLR7/8 

agonist R848, a known potent inducer of proinflammatory responses in monocytes. In these 

as well as subsequent experiments, the toxoplasma tachyzoites were either treated or not 

with mycalolide B (MycB), an irreversible inhibitor of actin polymerization, to assay the 

effect of IFN-γ-priming on the response triggered by phagocytosis vs. active invasion of the 

parasite. As expected, IFN-γ pretreatment of total unfractionated monocytes significantly 

augmented cytokine secretion in response to either toxoplasma tachyzoites or R848 (Figure 

2A). Interestingly, this increase was found to be primarily due to an effect on the normally 

poorly responsive CD16neg subset (Figure 2B, left column). Following IFN-γ-priming, 

regardless of the stimulus, secretion of TNF and IL-12p40 by the normally highly responsive 

CD16+ monocyte population was not enhanced except for a modest increase in IL-12p70 

following R848 stimulation (Figure 2B, right column). Similar results were obtained using 

LPS as a microbial stimulus (data not shown). A kinetic analysis revealed that for IFN-γ to 

enhance monocyte responsiveness it was necessary for the cytokine to be added prior to 

stimulation (data not shown) and that a 3-hour pre-incubation was sufficient for maximal 

response (Supplemental Figure 2A). Although IFN-γ can trigger cytoskeleton remodeling in 

human monocytes (14), the effect of cytokine pre-exposure in the case of T. gondii was not 

due to increased parasite invasion or the extent to which CD16neg monocytes phagocytized 

the MycB-treated tachyzoites (Supplemental Figure 2B). Neither did the pretreatment with 

IFN-γ induce expression of CD16 on CD16neg subset or covert them into macrophages as 

judged by morphology and gene expression (data not shown).
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To exclude unequal expression of the IFN-γ receptor as an explanation for the distinct 

pattern of responsiveness, we compared the levels of the IFN-γR subunits CD119 and IFN-

γR2 in both CD16+ and CD16neg monocytes populations by cell surface staining. No 

significant difference in expression of either receptor subunit was observed between the two 

subsets (Figure 3A). Interestingly, however, pSTAT1 was differentially expressed in 

monocyte subpopulations in response to IFN-γ-priming. Thus, as early as 15 min after IFN-

γ exposure more than 70% of the CD16neg monocytes became pSTAT1+ in contrast to less 

than 50% in the CD16+ subset (Figure 3B). The dichotomy in pSTAT1+ expression in the 

CD16+ monocyte population was not due to its CD14+ heterogeneity since both the 

CD14lowCD16+ and CD14+CD16+ subpopulations shared the same pSTAT1 bimodal 

staining profile (Supplemental Figure 3A-C). Prolongation of IFN-γ exposure to 30 and 45 

min did not alter the preferential expression of pSTAT1+ in the CD16neg vs. CD16+ 

monocytes (Figure 3B).

We next examined the effect of IFN-γ priming on expression of the 770 genes analyzed at 

baseline in CD16+ and CD16neg monocyte (Figure 1). Unexpectedly, no significant changes 

in gene expression were detected in CD16+ monocytes as result of IFN-γ pre-treatment 

(Figure 3C left), while a large number of transcripts were upregulated (n=69) or 

downregulated (n=138) in the CD16neg population (Figure 3C right). In addition, when 

unsupervised clustering analysis was performed for genes differentially expressed by the 

CD16+ and CD16neg subsets at baseline between unprimed CD16neg vs. CD16neg monocytes 

pretreated with IFN-γ, IFN-γ-primed CD16neg monocytes clearly clustered with the 

unprimed CD16+ subset (Figure 3D). Moreover, IL-12 mRNA expression in response to 

either T. gondii- or R848-stimulation was also comparable in IFN-γ-primed CD16neg and 

CD16+ monocytes (Figure 3E). These findings indicated that CD16+ monocytes that display 

at baseline an interferon-inducible transcriptional signature are largely refractory to 

subsequent IFN-γ-priming while CD16neg monocytes which display an unbiased gene 

expression profile are the major subset affected by pre-treatment with the cytokine.

IFN-α-priming fails to promote IL-12 secretion by CD16neg monocytes while inhibiting the 
enhancing effect of IFN-γ

In addition to IFN-γR, all monocytes express type I interferon receptors. Nevertheless, the 

responses triggered by the two classes of IFNs may result in different biological effects. The 

role of type I interferons in regulating IL-12 production by human monocytes has been the 

subject of debate (15-17). Since the previous studies addressing this issue employed 

unfractionated monocyte populations (isolated by different methods in each case), we 

decided to test the effect of type I IFN (IFN-α2) addition on purified CD16+ and CD16neg 

monocytes prior to stimulation with T. gondii or R848. As shown in Figure 4, preincubation 

with IFN-α2 had an effect distinct from that induced by IFN-γ (Figure 2B), partially 

decreasing IL-12 secretion by CD16+ monocytes while failing to enhance cytokine 

production by the CD16neg subset. Nevertheless, despite this distinction, the frequency of 

pSTAT1+ cells following stimulation with IFN-α was very similar to that observed after 

IFN-γ-priming and significantly lower in CD16+ than in CD16neg monocytes (Figure 3B vs. 

Supplemental Figure 3D, E).
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We next examined the effect of IFN-α2 on IL-12 secretion triggered by microbial 

stimulation of IFN-γ-primed CD16neg monocytes. In a first set of experiments, CD16neg 

monocytes were incubated with either IFN-γ alone or with both IFN-γ and IFN-α2 prior to 

stimulation. In response to either tachyzoites or R848, the IFN-γ-stimulated IL-12 secretion 

by CD16neg monocytes was suppressed when IFN-α2 was present during IFN-γ priming 

(Figure 5A). In the second assay, IFN-γ was removed after priming and CD16neg monocytes 

were then incubated with or without IFN-α2 before stimulation with R848. The exposure to 

IFN-α2 after IFN-γ priming impaired IFN-γ-induced IL-12 secretion by the CD16neg 

population (Figure 5B left). Nevertheless, the level of IL-12 secreted was higher than if IFN-

γ was not present during priming. This intermediate phenotype was also observed when the 

IFN addition was reversed and CD16neg monocytes were first exposed to IFN-α2 and then 

IFN-γ (Figure 5B right). The pretreatment with IFN-α2 did not cause significant change in 

expression of CD14 or CD16 markers on either CD16neg or CD16+ monocytes (data not 

shown). These results demonstrated that, in addition to inhibiting IL-12-responses by CD16+ 

monocytes, type I interferon also dampens secretion of IL-12 by IFN-γ-primed CD16neg 

monocytes regardless of the temporal sequence of exposure to the two IFN species. Thus, 

type I and II IFN appear to have opposing effects on the IL-12 response of human 

monocytes.

Enhanced IL-12 production of human monocytes is metabolically influenced not at the 
level of glycolysis but through mTOR activity

To test whether IL-12 production by human monocytes is associated with an aerobic to 

anaerobic metabolic shift, we measured the rates of oxidative phosphorylation (OXPHOS) 

and glycolysis in CD16+ and IFN-γ-primed CD16neg cells in comparison to non-primed 

CD16neg monocytes (Figure 6). The CD16+ subset displayed a higher OXPHOS/glycolysis 

ratio, but the lower ratio displayed by the CD16neg population remained unchanged after 

exposure to IFN-γ arguing that its enhancing effect on IL-12 production is not dependent on 

a glycolytic shift (Figure 6A). Moreover, the metabolic profiles of CD16+, CD16neg and 

IFN-γ-primed CD16neg were unaffected by the stress response or by T. gondii stimulation 

(Figure 6).

We next explored the role of the mTOR pathway which regulates the metabolism of cells 

according to their functional status (18-19). Previous studies have shown that IFN-γ 
suppresses while IFN-α stimulates mTOR activity in human macrophages (20-22). 

Moreover, inhibition of the mTOR complex has been shown to enhance IL-12 secretion by 

human PBMC (23). In agreement, with the latter observation, we found that preincubation 

with the mTORC1 pathway inhibitor, rapamycin increased the IL-12 response of total 

CD14+ monocytes to T. gondii exposure (Figure 7A). The stimulatory effect of rapamycin as 

well as REDD1 Inducer, a second mTORC1 inhibitor, was also observed with monocytes 

pre-exposed to IFN-α (Figure 7B).

mTOR pathway inhibition promotes IL-12-secretion selectively by CD16 neg monocytes

To identify the monocyte subset(s) targeted by mTORC1 inhibition, we next examined the 

effect of preincubation with rapamycin or REDD1 inducer on the IL-12 response of purified 

CD16neg and CD16+ subsets. We first confirmed that both populations display comparable 
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levels of the active form of mTORC1 as well as its substrate 4E-BP1 complex 

(Supplemental Figure 4). As previously observed with IFN-γ-priming (Figure 2B), 

preincubation with mTORC1 inhibitors failed to modify the response of CD16+ monocytes 

to either toxoplasma tachyzoites or R848 (Figure 7C). In contrast, both rapamycin and 

REDD1 Inducer significantly increased IL-12 production by CD16neg monocytes following 

the same microbial stimulation (Figure 7C). However, this enhancing effect of the two drugs 

was not observed with IFN-γ-primed CD16neg monocytes further demonstrating the 

functional similarity of the latter population with the CD16+ subset at baseline (Figure 7D). 

These findings demonstrated that CD16+ monocytes pre-conditioned in vivo to produce 

IL-12 are refractory to the enhancing effects of both IFN-γ and mTORC1 inhibition, while 

CD16neg monocytes that are poor responders at baseline remain susceptible to and moreover 

require the same regulatory signals for optimal IL-12 production.

Discussion

Blood monocytes represent a heterogenous population consisting of cells at different stages 

of maturation. The progression of CD16negCD14+ monocytes towards CD16+CD14low 

population is supported by studies in which blood monocyte were monitored in individuals 

after experimentally induced endotoxemia (3, 24) and by transcriptional profiling (6, 25-27). 

Nevertheless, the cytokine secretion profiles and specific functions of CD16neg vs. CD16+ 

monocytes in steady state vs. inflammation have not been formally delineated (28, 29).

The preferential expression of specific type of pattern recognition receptors such as TLR4/

CD14 on CD14+CD16neg and TLR7/8 on CD14lowCD16+ monocytes has suggested their 

involvement in determining the selective responsiveness of these subsets to microbial 

stimulation (6). While the ability of human monocytes to secrete IL-12 and TNF in response 

to toxoplasma was previously found by us to be restricted to the CD16+ monocyte subset 

(8), this dichotomy is not a feature of all cytokine responses to the parasite. For example, T. 
gondii tachyzoites have been shown to stimulate strong CCL2 chemokine production by 

unfractionated CD14+ human monocytes (9) and we failed to observe any significant 

differences in the CCL2 response of the purified CD16neg and CD16+ subsets (Supplemental 

Figure 1). Moreover, production of IL-1β, associated with induction of Th17 (as opposed to 

Th1) responses, displays the inverse pattern to IL-12 and TNF expression with live T. gondii 
triggering IL-1β preferentially from CD16neg monocytes (30). These observations indicate 

that while toxoplasma is a potent activator of all human peripheral blood monocyte 

subpopulations, the type of cytokine response induced and its susceptibility to external 

signals is largely dictated by intrinsic differences in the individual monocyte subsets that are 

independent of their ability to sense the parasite.

We previously found that MycB treated parasites which can no longer actively invade host 

cells and become sequestered in phagosomes retain the capacity to stimulate IL-12 and TNF 

production by human monocytes (8). Here we extended these observations by demonstrating 

that MycB-tachyzoites despite their distinct mode of cell entry behave identically to live 

parasites in terms of the susceptibility of the cytokine response they induce to IFN-γ 
priming or mTOR inhibition.
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In agreement with previous reports studying TNF production by human monocyte subsets 

(31-33) our findings demonstrate that CD16+ monocytes also display higher production of 

IL-12 in response to microbial stimulation. The preferential expression of IL-12 and TNF by 

CD16+ monocytes may be the outcome of their extended lifespan along with their prior 

exposure to either microbial stimulation or IFN or to both. Indirect support for this concept 

comes from their CD14+/low CD16+ phenotype in that GPI-anchored CD14 is known be 

shed after TLR stimulation (34) while CD16 (FcγRIII) is induced by IFNs (35-37). The 

latter hypothesis is supported by our finding that CD16+ monocytes preferentially express an 

IFN-induced transcriptional profile at baseline. Interestingly, all of the interferon stimulated 

genes (ISG) expressed by CD16+ monocytes were previously characterized by Mostafavi et 
al. (38) as tonically expressed ISG. The increased expression by CD16+ monocytes of some 

of these genes (e.g. IFITM1, IFITM2 and USP18) is also evident upon inspection of 

microarray data sets in previous studies comparing the different subsets (26, 27). The 

detection of only a subset of ISG by the CD16+ monocytes may reflect the involvement of 

other superimposing stimuli to which they were exposed in vivo leading to an enhanced but 

selective ISG profile. Consistent with this hypothesis, the frequency of CD16+ monocytes is 

augmented in the Th1-associated environment accompanying infection with intracellular 

pathogens (39-41) or autoimmune disease (29, 42, 43).

Unexpectedly, in vitro priming with IFN-γ or inhibitors of the mTOR pathway failed to 

augment IL-12 secretion by CD16+ monocytes in response to T. gondii tachyzoites or R848 

exposure. This observation may indicate that these cells have been already primed in vivo 
for maximal cytokine secretion which could also activate negative feedback regulatory 

pathway(s). For example, activation via a PPR (e.g. TLR4) can induce expression of SOCS1 

that prevents IFN induced STAT1 phosphorylation (44). Whether the fraction of CD16+ 

monocytes that fails to phosphorylate STAT1 upon in vitro IFN-γ stimulation (Figure 3B) 

reflects a recently activated population remains to be determined. The hypo-reactivity of 

CD16+ monocytes extends beyond cytokine responsiveness. Thus, the numbers of transcripts 

with altered expression after exposure to T. gondii inversely correlated with the ability of 

monocytes to secrete IL-12 and TNF with the lowest in CD16+CD14low, followed by 

CD16+CD14+ and the highest in CD16negCD14+monocytes (K.W.T. and D.J. unpublished 

data). Together these observations indicate that the CD16+ population represents not just a 

more differentiated stage but also a functionally specialized population with a prefixed and 

limited program.

Effector immune functions, such as cytokine production, occur at a high-energy cost and 

have been closely associated with a metabolic shift towards glycolysis (45). While in 

myeloid cells LPS stimulation simultaneously triggers decreased OXPHOS and increased 

glycolysis (46, 47) this may be more an exception than the rule since activation of human 

monocytes with other TLR ligands has been reported to enhance both OXPHOS and 

glycolysis (47). Moreover, glucose deprivation has been shown to promote rather than 

inhibit IL-12 production by monocytes (48). In agreement with previous reports of increased 

mitochondrial activity in CD16+ monocytes (40), we observed that these cells display a 

higher oxidative phosphorylation/glycolysis ratio than the CD16neg population at baseline 

and after microbial stimulation (Figure 6). Thus, in terms of their metabolic state CD16+ 
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monocytes resemble memory T lymphocytes (45) and may be endowed with similar 

memory-like properties.

Findings from in vitro studies employing non-fractionated monocytes often reflect the 

properties of the dominant (~85-95%) CD16neg population. Moreover, when total monocytes 

are purified from peripheral blood samples, a variable and poor recovery of the CD16+ 

population may further bias this outcome and could explain the lack of IL-12 detection in 

some studies that employed unfractionated monocytes tested in the absence of IFN-γ (9). 

While the lack of IL-12 response by CD16neg monocytes can successfully be reversed by 

IFN-γ- or rapamycin-priming, neutralization of IL-10 or blocking of type I IFN receptor 

before and during stimulation failed to do so (data not shown), arguing that their hypo-

responsiveness is not masked by either of these IL-12-suppressing cytokines.

Our findings demonstrate that CD16neg monocytes are not only less differentiated but also 

more functionally “plastic” since they are preferentially responsive to different 

environmental cues of which IFNs are important players. As shown here the reprogramming 

induced by IFN-γ leads to the downregulation of c-JUN mRNA (Figure 3C) that would in 

turn limit expression of AP-1, a transcription factor selectively associated with the CD16neg 

subset (26, 27). In addition, IFN-γ reprograming was found to lead to resistance to the 

stimulatory effect of rapamycin (Fig. 7) and on the other hand susceptibility to the inhibitory 

effect of type I IFN as assessed by IL-12 production (Fig. 4). Importantly, all three outcomes 

are properties of CD16+ monocytes at baseline. In contrast, exposure to type I IFN restrains 

the ability of CD16neg monocytes to secrete IL-12 that may negatively impact host 

protection. While strains of toxoplasma that trigger type I IFN secretion are rare (49), our 

results suggest that the induction of the cytokine by the parasite could represent a potential 

mechanism of immune evasion. Similarly, induction of type I IFN could be a means by 

which a concomitant viral infection (e.g. HIV) could suppress host resistance to T. gondii 
thereby promoting parasite growth.”

Since pSTAT1 expression in CD16neg monocytes (Figure 3B and Supplemental Figure 4) 

was equivalent after exposure to either IFN-α or IFN-γ despite the opposing outcomes of 

these cytokines on both IL-12 secretion (Figure 2 vs. 4) and CD64 expression (50), it is 

unlikely that the phosphorylation of STAT1 is the sole event responsible for the effects of 

IFN-γ priming. Previous studies have demonstrated that the cross-regulating effects of type I 

IFN and IFN-γ can involve downregulation of their respective receptors (51) and/or 

competition for STAT1 (52). Nevertheless, our finding that type I IFN inhibits IL-12 

production even after preincubation with IFN-γ (Figure 5B) argues for additional regulatory 

mechanism(s). We tested the possibility that the inhibitory effect of type I IFN on IL-12 

production is due to induction of IL-10, however no increase in expression of IL-10 mRNA 

in IFN-α2-primed CD16+ monocytes was observed nor did the neutralization of IL-10 

before and during culture augment the production of IL-12 by IFN-α2-primed monocytes 

stimulated with T. gondii or R848 (data not shown). Based on the results presented here 

(Figure 3E) and in a previous report (16), the differential effect of IFN-γ and type I IFN on 

monocyte IL-12 responses is likely to stem from their ability to either promote or suppress 

IL-12p40 gene transcription, respectively. Alternatively, type I IFN could act by attenuating 
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NF-κB signaling required for expression of IL-12 through direct activation of STAT3 (53) or 

by inducing specific epigenetic modifications (54).

At a general level the observations reported here shed new light on the functional plasticity 

of CD16+ versus CD16neg monocytes. Based on our findings we propose that CD16+ 

monocytes are poised for IL-12 and TNF expression (“ignition”) by microbial signals. 

However, the CD16neg subset later takes over the role as the major source of these cytokines 

in the response because of both their numerical dominance and higher responsiveness to 

external priming. This temporal distinction in the inflammatory potential of CD16neg versus 

CD16+ monocyte populations may be an important aspect in understanding the unique 

functional properties of these subsets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

• Human monocyte subsets have distinct IFN-γ priming requirements for IL-12 

production

• IFN-γ boosts monocyte IL-12 response by priming the less responsive 

CD16neg subset

• IFN-α fails to enhance monocyte IL-12 production but inhibits their priming 

by IFN-γ
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Figure 1: CD16+ in contrast to CD16neg monocytes display an IFN-inducible gene expression 
signature at baseline
(A) Representative FACS contour plots of CD16 vs. CD14 staining of MACS-purified 

CD16neg and CD16+ monocytes from one donor. (B) Volcano plot of mRNAs differentially 

expressed in purified CD16neg and CD16+ monocytes at baseline. 770 genes were analyzed 

using the NanoString nCounter Myeloid Innate Immunity Panel and results shown are 

compiled from three different donors. The red dotted line indicates the cutoff for statistical 

significance (p< 0.05) calculated using the Benjamini-Yekutieli FDR multiple test. The 

genes with increased expression in CD16+ monocytes associated with IFN-signature are 

indicated as orange symbols, while blue symbols depict genes that were expressed higher in 

the CD16neg subset.
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Figure 2: IFN-γ-priming augments T. gondii-induced IL-12 secretion by primary human 
monocytes is due to a selective effect on the CD16neg subset
(A) CD14+ total monocytes and (B) MACS-purified CD16neg and CD16+ subpopulations 

from healthy donors were cultured overnight in the presence or absence of IFN-γ (10 ng/ml) 

and then left unstimulated (med) or exposed to untreated or mycalolide B (MycB) pre-

treated T. gondii tachyzoites (MOI 1:1), or stimulated with R848 (300 ng/ml). After 18 

hours incubation culture supernatants were collected and TNF, IL-12p40 and IL-12p70 were 

measured by ELISA. Pairs of connected symbols represents amount of cytokine detected in 

supernatants from the same donor monocytes cultured in parallel without (filled symbol) or 

with overnight IFN-γ-priming (open symbol) (n=14 for TNF and IL-12p40; n=6 for 

IL-12p70).
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Figure 3: IFN-γ increases gene transcription only in CD16neg monocytes altering their mRNA 
expression profile to closely resemble that of the CD16pos monocytes at the baseline
(A) Expression of IFN-γR1 (CD119) or R2 (IFN-γR2) is comparable between CD16neg and 

CD16+ monocytes. The graph depicts the mean fluorescence intensity (MFI) for each IFN-

γR subunit on paired CD16+ vs. CD16neg populations for each donor (n=10). (B) IFN-γ 
response measured by pSTAT1 is more pronounced in CD16neg than CD16+ subset. Kinetics 

of pSTAT1+ monocytes measured by flow cytometry following stimulation with IFN-γ (10 

ng/ml) for one representative donor (left) and frequencies of pSTAT1+ cells in CD16+ vs. 

CD16neg population at 20 min following IFN-γ exposure (right, n=6). (C) Pre-treatment 

with IFN-γ alters gene expression in CD16neg but not CD16+ monocytes. Volcano plots 

depict changes in gene expression in CD16+ (left) and CD16neg (right) monocytes cultured 

in the absence vs. presence of IFN-γ (10 ng/ml) assayed by the same NanoString panel used 

in Figure 1. The dotted line indicates the cutoff for statistical significance (p< 0.05) as 

calculated using a Benjamini- Yekutieli multiple test. Open blue symbols depict IFN-γ-

upregulated genes known to be target of the cytokine and filled blue symbols show genes 

downregulated by IFN-γ, while brown dots indicate genes associated with metabolic 

pathways. (D) The gene expression profile of IFN-γ-primed CD16neg monocytes resembles 

that displayed by the CD16+ subset at the baseline. Heat-map of unsupervised clustering of 

CD16neg, IFN-γ-primed CD16neg and CD16+ monocytes from 3 healthy donors using 32 
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genes differentially expressed at baseline in CD16+ vs. CD16neg populations. (E) Expression 

of IL-12p40 measured by qRT-PCR in CD16neg, IFN-γ-primed CD16neg and CD16+ 

monocytes left unstimulated (med), exposed to either untreated or MycB T. gondii 
tachyzoites (MOI 1:1), or stimulated with R848 (300 ng/ml). The bar graph indicates median 

values ± interquartile range when compared to CD16neg monocytes culture in medium. *P < 

0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4: Pretreatment with type I IFN diminishes the IL-12 response of CD16+ monocytes 
and fails to enhance cytokine production by the CD16neg subset
MACS-purified human primary CD16+ and CD16neg monocytes (106/ml) were cultured 

overnight in the presence or the absence of IFN-α (10 ng/ml) and then left untreated (med) 

or exposed to untreated or MycB T. gondii tachyzoites (MOI 1:1) or activated with R848 

(300 ng/ml). TNF and IL-12p40 were measured by ELISA in culture supernatants collected 

after 18 hours of stimulation. The connected symbols represent the amount of cytokine in 

supernatants from monocytes from the same donor (n=6-12) cultured in parallel in the 

absence (orange and blue filled circles) or presence of IFN-α (black filled circles). * P < 

0.05, **P < 0.01, ***P < 0.001.
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Figure 5: The inhibitory effect of type I IFN overrides IFN-γ-mediated priming for IL-12 
secretion in CD16neg monocytes
(A) Purified human CD16neg monocytes (106/ml) were cultured overnight in the presence of 

medium alone (blue circles), IFN-γ (10 ng/ml) alone (white filled circles), or in the presence 

of both IFN-γ and IFN-α (10 ng/ml each) (gray filled circles) before stimulation with 

untreated (left) or MycB-treated T. gondii (middle), or R848 (right). Culture supernatants 

were collected 18 hours later and IL-12p40 was measured by ELISA. Connected symbols 

indicate the values obtained for monocytes from the same donor (n=6) treated in parallel 

under the 3 different conditions. (B) CD16neg monocytes (106/ml) were cultured with either 

IFN-γ (left panel) or IFN-α (right panel), or only in medium for 18 hours when supernatants 

were removed. The IFN-treated cultures were split into two wells, and medium added to one 

while the second was treated with the opposite IFN type from that used in the first culture. 

The monocytes cultured first in medium alone were treated with the same type of IFN used 

during second incubation. All cultures were then stimulated with R848 (300 ng/ml) in 

parallel for an additional 18 hours. IL-12p40 was measured by ELISA and connected 

symbols indicate values obtained for monocytes from the same donor (n=8) cultured in 

parallel under the 3 different conditions. **P <0.01.
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Figure 6: The metabolic status of CD16+ subset is distinct from that of CD16neg and IFN-γ-
primed CD16neg monocytes at baseline and after T. gondii stimulation.
(A) The rate of oxygen consumption (OCAR) and extracellular acidification (ECAR) in 

CD16+, CD16neg and IFN- γ -pretreated CD16neg monocytes cultured in medium were 

measured before (solid bars) and after OXPHOS inhibition (hashed bars) as readout of a 

basal and a stress response, respectively. The bar graph indicates the mean values ± SD of 

the OCAR/ECAR ratio (n=3). (B) The monocyte populations indicated in A were infected 

for 3 hours with untreated (left) or MycB-treated (right) T. gondii tachyzoites and their 

“energy phenotype” was assayed by measuring OCAR and ECAR before and after 

OXPHOS inhibition. The plots depict mean ± SD of values obtained for three donors.
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Figure 7: mTOR pathway inhibition increases IL-12 secretion by human monocytes by 
enhancing the responsiveness of the CD16neg and not CD16+ subset
(A) CD14+ total monocytes from healthy donors were pretreated with rapamycin (5 nM) for 

1 hour prior to stimulation with MycB-treated T. gondii tachyzoites (MOI 1:1). (B-D) 

CD14+ total monocytes from healthy donors cultured overnight in the presence of IFN-α (10 

ng/ml) (B), purified CD16+ or CD16neg (C) and IFN-γ-primed CD16neg (D) monocyte were 

cultured for 1 hour in the presence or absence of rapamycin (5 nM) or REDD-1 inducer (10 

μM) and then left unstimulated (med) or exposed to untreated or MycB-treated T. gondii 
(MOI 1:1), or stimulated with R848 (300 ng/ml). Supernatants were collected after 18 hours 

and IL-12p40 measured by ELISA. Paired symbols indicate amount of IL-12p40 secreted by 

monocytes from the same donor (n=6-8) in parallel cultures treated (triangles) or not 

(circles) with the indicated mTOR inhibitor. *P < 0.05.
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