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ABSTRACT
Background Circulating monocytes are functionally 
heterogeneous and can be divided into classical (CMo), 
intermediate (IMo), and non- CMo/patrolling monocyte 
(PMo) subsets. CMo can differentiate into PMo through 
IMo. PMos have been shown to inhibit cancer metastasis 
but the role of IMo is unclear. To date, no strategy has been 
developed to inhibit cancer metastasis through enhancing 
PMo/IMo differentiation.
Methods We screened multiple inflammatory cytokines/
chemokines activity of modulating PMo/IMo associated cell 
markers expression using human monocyte in vitro culture 
system. We tested our candidate cytokine activity in vivo 
using multiple mice models. We identified critical key 
factors and cytokines for our candidate cytokine activity by 
using gene- knockout mice and neutralization antibodies.
Results We identified IFN-γ as a candidate inflammatory 
cytokine in the regulation of human IMo/PMo marker 
expression. Our in vivo data demonstrated that IMo 
expansion was induced by short- term (3 days) IFN-γ 
treatment through increasing CMo- IMo differentiation 
and blocking IMo- PMo differentiation. The IMo induced 
by IFN-γ (IFN- IMo), but not IFN-γ activated CMo (IFN- 
CMo), inhibited cancer metastasis by 90%. Surprizing, 
the effect of IFN-γ is greater in PMo deficiency mice, 
indicating the effect of IFN- IMo is not mediated through 
further differentiation into PMo. We also found that IFN- 
IMos induced by short- term IFN-γ treatment robustly 
boosted NK cell expansion for threefold and promoted 
NK differentiation and function through IL- 27 and CXCL9. 
Furthermore, we identified that FOXO1, a key molecule 
controlling cellular energy metabolism, mediated the effect 
of IFN-γ induced IL- 27 expression, and that NR4A1, a key 
molecule controlling PMo differentiation and inhibiting 
cancer metastasis, inhibited the pro- NK cell and anti- 
metastasis activity of IFN- IMo by suppressing CXCL9 
expression.
Conclusions We have discovered the antimetastasis 
and pro- NK cell activity of IFN- IMo, identified FOXO1 as 
a key molecule for IFN-γ driven monocyte differentiation 
and function, and found NR4A1 as an inhibitory molecule 
for IFN- IMo activity. Our study has not only shown novel 
mechanisms for a classical antitumor cytokine but also 
provided potential target for developing superior monocytic 
cell therapy against cancer metastasis.

BACKGROUND
Monocytes are a heterogeneous cell popu-
lation comprising of at least three subsets: 
classical monocytes (CMo, CD14highCD16- in 
humans, Ly6ChighTREML4- in mice), inter-
mediate monocytes (IMo, CD14highCD16+ 
in human, Ly6C+TREML4+in mice), and 
patrolling monocytes (PMo, CD14dimCD16+ 
in human, Ly6C- TREML4+in mice).1 It is 
widely accepted that PMo differentiate from 
CMo through IMo although some contro-
versy remains.2 Multiple transcription factors, 
including NR4A1,3 C/EBPβ4 and Klf2,5 have 
been identified as critical for PMo differenti-
ation. Among them, NR4A1 has proven to be 
the pivotal transcription factor for PMo differ-
entiation and survival. In contrast to PMo, 
IMo is considered a transient stage in the 
CMo to PMo differentiation under physiolog-
ical conditions, but little is known about the 
mechanisms that control IMo differentiation.

Monocyte subsets produce different cyto-
kines and exhibit distinct functions in health 
and disease environments.1 6 Previous reports 
showed that PMo, but not CMo, reduce lung 
metastatic burden in mouse by recruiting NK 
cell and controlling activating and stimula-
tory receptors expression on NK cell.7 8 The 
role of IMo in cancer metastasis is unclear 
because it is a transient stage under physio-
logical condition and that the mechanism 
of IMo expansion in inflammatory diseases 
is unclear. So far, no strategy has been devel-
oped to inhibit cancer metastasis through 
inducing PMo/IMo expansion.

The expansion of PMo/IMo have been 
found in various inflammatory diseases,1 
suggesting that monocyte subset differen-
tiation is likely altered in these pathologies. 
However, because most studies on periph-
eral monocyte differentiation have been 
performed under normal physiological 
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conditions, the mechanism controlling monocyte subsets 
differentiation in disease states remains largely unknown. 
Interestingly, inflammatory cytokines are known to regu-
late IMo and PMo associated cell marker expression. For 
example, IFN-γ and IL- 10 increase monocyte CX3CR1 
expression9 while IL- 21 supports monocyte CD16 expres-
sion10 and IL- 4 inhibits CD14 expression during mono-
cyte to dendritic cell differentiation.11 However, the 
ability of these inflammatory cytokines inducing PMo/
IMo expansion are not known.

In this study, we identified IFN-γ as a candidate inflam-
matory cytokine in the regulation of human IMo/PMo 
marker expression. Through in vivo studies, we demon-
strated that IFN-γ induced IMo expansion. Importantly, 
IFN-γ induced IMo (IFN- IMo) inhibited cancer lung 
metastasis by inducing NK cell expansion through IL- 27. 
Furthermore, we found that FOXO1 is a critical tran-
scription factor for IFN- IMo activity and that NR4A1 is an 
inhibitory molecule for the pro- NK cell and antimetastasis 
activity of IFN-γ. Altogether, we have unveiled the ability 
of short term IFN-γ treatment against cancer metastasis 
through IMo- FOXO1- IL- 27- NK axis, demonstrated the 
potent anti- metastasis activity of IFN- IMo, and identify 
FOXO1 and NR4A1 as potential therapeutic targets for 
improving IFN-γ treatment effect on cancer metastasis.

METHODS
Detailed experimental procedures are outlined in online 
supplemental data. Briefly, human and mouse (including 
C57/BL6, NR4A1-/-, E2-/-, STAT1-/-, and FOXO1±mice) 
monocyte profiles were analyzed after IFN-γ treatment 
for 3 days by flow cytometry. Antimetastasis effects of IFN- 
IMos were evaluated in melanoma (B16F10 cell line) and 
Lewis lung carcinoma (LLC) mouse models. The role 
of IL- 27 and FOXO1 were identified by analyzing gene 
expression changes and through functional blocking 
experiments.

RESULTS
IFN-γ enhances IMo expansion by inducing CMo-IMo 
expansion and blocking IMo-PMo differentiation
The expression profile of five IMo/PMo associated 
markers, including the prototypic CD14 and CD16 mono-
cyte markers as well as CX3CR1, CCR2, CD36, differs signifi-
cantly between human CMo, IMo and PMo (figure 1A,B) 
with PMos expressing higher levels of CD16, CX3CR1 but 
lower levels of CD36, CCR2 and CD14 relative to CMo. We 
reasoned that any candidate factor for promoting IMo/
PMo differentiation would increase monocyte CD16, and 
CX3CR1 but inhibit CD36, CCR2 and CD14 expression. 
Based on a literature search,12–21 we selected 17 candidate 
cytokines/chemokines, each previously shown to modu-
late IMo/PMo associated markers expression. IMo/PMo 
differentiation occurs within days in vivo.22 We used a short- 
term (3 days) in vitro culture system to screen these 17 cyto-
kines/chemokines. Of these, IFN-γ was the most effective 

in altering the IMo/PMo associated marker expression, 
mimicking the differential expression pattern of PMo vs 
CMO (figure 1C). Indeed, IFN-γ led to increased levels of 
CD16, and CX3CR1 but inhibited CD14 and CD36 expres-
sion on human monocytes along with a minor effect on 
CCR2 expression. The effect of IFN-γ was dose dependent, 
increasing CD16 expression by 50%, and CX3CR1 20 folds 
while inhibiting CD14 and CD36 by 50% at the highest 
concentration tested (figure 1D).

We next examined the effect of IFN-γ on IMo/PMo 
differentiation in vivo. C57BL/6 mice were intravenous 
injected with IFN-γ (2.5 µg/mouse, twice per day because 
of short half- life of IFN-γ) for 3 days. Circulating mono-
cytes, defined as CD45 +CD11bhighLy6G- CD115+cells and 
CMo, IMo, and PMo as Ly6ChighTREML4-, Ly6C+-
TREML4+, and Ly6C- TREML4+cells under total mono-
cyte gate, respectively, were analyzed by flow cytometry 
(figure 1E).23 Monocyte derived dendritic cells and/
or M1 MΦ (DC/MΦ, ~1% in peripheral blood, ~7% in 
the spleen) defined as CD11chighMHCIIhigh cells under 
CD11bhiCD115+gate, the majority of which were TREML4-, 
were excluded from the analysis. The overall flow cytom-
etry gating strategy was showed in online supplemental 
figure S1A. We found that IFN-γ treatment increased IMo 
frequency (~80%) and decreased PMo frequency (~50%) 
in both total monocyte and white blood cell (WBC) popu-
lations (figure 1F). The similar IMo expansion was found 
in the spleen and bone marrow after IFN-γ treatment 
(online supplemental figure S1B,C). Based on the widely 
accepted model that IMos develop from CMo and further 
differentiate into PMos, our results indicate that IFN-γ 
induces IMo expansion in vivo by driving CMo differenti-
ation and/or inhibiting PMo differentiation.

To identify whether IFN-γ inhibits differentiation of PMo 
from IMo, we tested the effect of IFN-γ on PMo expan-
sion using muramyl dipeptide (MDP) which is known to 
increase PMo numbers.22 C57BL/6 mice were treated 
with MDP (10 mg/kg mice body weight) with/without 
IFN-γ for 3 days (figure 1G). We found that MDP treat-
ment induced PMo expansion (PMo frequency increased 
from 20% in ‘before’ to 68% in ‘Treatment’) as previously 
reported (figure 1), but this effect was significantly inhib-
ited by IFN-γ cotreatment (MDP +IFN-γ) (figure 1H,I 
‘Treatment’ time point). Indeed, in MDP +IFN-γ group, 
the majority of IMos were blocked at the IMo to PMo 
stage based on Ly6C and TREML4 expression pattern 
(figure 1H,I). After stopping IFN-γ and MDP treatment 
for 3 days (‘off’ time point), IMo frequency decreased 
while PMo frequency increased (online supplemental 
figure S1D), indicating that monocytes which are blocked 
at IMo stage by IFN-γ treatment can further develop into 
PMo in the absence of IFN-γ. Altogether, these data 
support the conclusion that an IFN-γ blocked IMo differ-
entiation into PMo.

To determine whether IFN-γ enhances IMo differen-
tiation from CMo, we tested the effect of IFN-γ in PMo 
deficient mice (NR4A1-/-). Treatment of NR4A1-/- mice 
with IFN-γ for 3 days led to a robust expansion of IMo as 
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Figure 1 (A) Gating strategy for human CMo/IMo/PMo in the PBMC. (B) The expression of monocyte markers on CMo/
IMo/PMo were analyzed by flow cytometry. (C) Human monocytes were cultured with cytokines for 3 days, and expression 
levels change of markers analyzed by flow cytometry and shown as a heatmap (Red: increase, Purple: decrease). (D) Human 
monocytes were cultured with different doses of IFN-γ for 3 days and the fold change in the levels of markers as analyzed by 
flow cytometry. (E) C57BL/6 mice were treated with D- PBS or IFN-γ for 3 days, and the frequency of CMo/IMo/PMo in the blood 
were analyzed by flow cytometry. (F) The column figure depicts the CMo, IMo and PMo frequency in blood in total monocytes 
and WBCs in D- PBS and IFN-γ treated mice groups. (G) C57BL/6 mice were treated with IFN-γ, MDP or MDP plus IFN-γ for 
3 days. Blood samples were harvested 2 days before treatment: ‘before’, just after treatment: ‘treatment’. (H) The CMo/IMo/
PMo profile in blood were analyzed, and the column figures show the frequency of IMo/PMo (I) in IFN-γ, MDP and MDP plus 
IFN-γ mice group at the ‘before’, ‘treatment’ time points. (J) NR4A1-/- mice were treated with IFN-γ as described for C57BL/6 
mice. The CMo/IMo/PMo profile in blood were analyzed by flow cytometry. (K)The column figure shows the frequency of CMo/
IMo/PMo in the blood total monocytes and WBCs. Data represent means±SEM. *P<0.05 vs control group. Θp<0.01 MDP vs 
IFN-γ+MDP. CMo, classical monocytes; D- PBS: Dulbecco's phosphate- buffered saline; FSC, forward scatter; IMo, intermediate 
monocyte; MDP, muramyl dipeptide; MFI, mean fluorecent intensity; PBMC, peripheral blood mononuclear cell; PMo, patrolling 
monocyte; SSC, side scatter; WBC, white blood cell.
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in WT mice (figure 1J,K), indicating that IFN-γ enhances 
CMo to IMo differentiation in addition to blocking IMo 
to PMo differentiation. The data also support the notion 
that NR4A1, a key transcription factor for PMo differenti-
ation, is dispensable for IFN-γ driven IMo expansion.

Altogether, these results indicate that IFN-γ can induce 
IMo expansion by enhancing CMo to IMo differentiation 
and blocking IMo differentiation.

IMo differentiation, but not PMo differentiation, is pivotal for 
inhibition of cancer metastasis by IFN-γ
PMo was shown to inhibit metastatic lung cancer through 
patrolling the endothelium of blood vessels.6 7 24 Whether 
IMo, a cell type without patrolling function,6 can also inhibit 
tumor lung metastasis is not known. To test this, mice were 
intravenous injected with IFN-γ as described before for 
3 days to induce IMo expansion, followed by injection of 
tumor cells (B16F10 and Lewis cells, 5×105 /mouse) 1 day 
after IFN-γ treatment. Analysis at day 16 (figure 2A) revealed 
inhibition of melanoma lung metastasis in WT (wild- type) 
mice by ~50% following IFN-γ treatment (figure 2B) in the 
WT mice. Because IFN- IMo can develop into PMo in the 
absence of IFN-γ (online supplemental figure S1D) and 
IFN- IMo may inhibit cancer metastasis after differentiating 

into PMo, we also tested the effect of IFN-γ in NR4A1-/- mice 
which lack PMo even in the presence of IFN-γ (figure 1J). 
Surprizing, the antimetastatic effect of IFN-γ treatment 
was far greater in NR4A1 mice (80% decrease in tumor 
area, figure 2B) compared with WT mice (50% decrease). 
NR4A1, in addition to its role in monocytes, also modulates 
macrophage function.25 To rule out the unspecific effects 
of total NR4A1 deficiency, we tested the effect of high dose 
(2.5 µg/mouse, the dose used before) and low dose (1 µg/
mouse) IFN-γ treatment in E2-/- mice which lack NR4A1 
only in monocytes but not macrophages.5 Both high and 
low dose IFN-γ inhibited melanoma lung metastasis in E2-/- 
mice (figure 2C). The efficiency of IFN-γ inhibiting tumor 
seeding (69% decrease in metastatic melanoma) is close to 
its overall antimetastasis effect (81% decrease in metastatic 
melanoma area), indicating that the antimetastasis effect 
of IFN-γ treatment is mediated mostly through preventing 
seeding and to a lesser extent through reducing tumor 
growth. No statistical differences were found in the inhibi-
tion of cancer metastasis or IMo expansion between high 
and low dose of IFN-γ (online supplemental figure S2A). 
The IFN-γ dose of 1 µg/mouse was used for the all the next 
set of studies. These data indicate that PMo differentiation 

Figure 2 (A) Mice were treated with IFN-γ (2.5 µg/mouse) for 3 days as described before, and tumor cells (5×105 /mice) were 
intravenous injected to mice after IFN-γ treatment. The lung cancer metastasis was analyzed at day 16 (14 days after tumor 
injection). (B) The lung melanoma metastasis of C57BL/6 and NR4A1-/- mice with/without IFN-γ treatment was analyzed by 
measuring percentage of tumor area on the lung surface. (C) The lung melanoma metastasis of E2-/- mice treated with D- PBS, 
low dose IFN-γ (1 µg/mouse) or high dose IFN-γ (2.5 µg/mouse) treatment was analyzed. (D) The CMo and IMo were isolated 
from IFN-γ treated NR4A1-/- mice (1 µg/mouse, 3 days) and adoptively transferred into NR4A1-/- mice (1×105 /mice) along with 
B16F10 (5×105 /mice) cell. Lung metastasis was analyzed 14 days after tumor cell injection. (E) The IMo were isolated from IFN-γ 
treated E2-/- mice (1 µg/mouse, 3 days) and adoptively transfer into E2-/- mice along with Lewis cancer cell (5×105 /mice), and 
lung metastasis was analyzed 14 days after tumor cell injection. Data represent means±SEM. CMo, classical monocytes; IMo, 
intermediate monocyte; PBS, phosphate- buffered saline; WT, wildtype mice.
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is dispensable for the anti- metastasis effect of IFN-γ. In addi-
tion, we analyzed the iNOS and ARG1 expression in the 
lung monocyte/macrophage subsets and found no differ-
ence between phosphate- buffered saline (PBS) and IFN-γ 
treated mice (online supplemental figure S2B), suggesting 
that the antimetastasis effect of IFN-γ treatment is not medi-
ated through induction of M1 macrophage/monocyte 
phenotype.

To distinguish whether IMo differentiation is required 
for IFN-γ driven inhibition of cancer metastasis by mono-
cytes, purified CMos (IFN- CMos) or IMos (IFN- IMos) 
from IFN-γ treated NR4A1-/- mice (figure 1J) were adop-
tively transferred (1×105 cell/mouse) into NR4A1-/- mice 
(to limit interference from PMo) along with B16F10 cells 
(5×105 cell/mouse). Analysis 14 days later revealed that 
melanoma lung metastasis was effectively inhibited in 
mice adoptively transferred with IFN- IMo but not IFN- 
CMo (figure 2D, 78% inhibition by IMo compared with 
control groups). These data demonstrated the potent 
antimetastasis activity of IFN- IMo. We found that meta-
static tumor number was inhibited by 81% and the area 
of metastatic melanomas by 78%, indicating that preven-
tion of seeding is the more dominant effect of IFN- IMo. 
These data also indicate that activation by IFN-γ in mono-
cytes alone is not sufficient to confer antitumor metas-
tasis properties, but that differentiation to IMo is critical 
for monocyte- mediated inhibition of tumor metastasis 
following IFN-γ treatment. The antimetastasis effect of 
IFN- IMo from E2-/- mice was further confirmed using 
the LLC metastasis model (figure 2E). Because of the 
extremely low numbers, control IMos (without IFN-γ 
treatment) were not analyzed in this study.

We next attempted to examine the fate of E2-/- IFN- 
IMo which lack ability to differentiate into PMo, we trans-
ferred purified E2-/- IFN- IMo (1×106 /mouse, CD45.2 
background) to CD45.1 mice and analyzed recipient 
myeloid cell populations in the blood, lung, and spleen 
3 days later. While very few CD45.2 IMo remained in the 
blood, no CD45.2 positive cells were detected in the lung 
or spleen from CD45.1 recipient mice. Although we were 
unable to determine the fate of E2-/- IFN- IMo, these data 
suggest that the inhibitory effect of IFN- IMos from E2-/- 
mice on cancer lung metastasis is unlikely to be medi-
ated through differentiation into long- lasting monocyte/
macrophage/dendritic cells in the lung or inside tumors. 
Altogether, these data indicates that IMo is the pivotal 
monocyte subset for IFN-γ mediated inhibition of cancer 
metastasis through monocyte.

IFN-IMos induce NK cell expansion and promote NK cell 
differentiation and activation
Since relatively low numbers IFN- IMos (1×105 /mouse) were 
able to inhibit melanoma (B16F10 cells, 5×105 /mouse) 
lung metastasis, it was deemed unlikely that IFN- IMo can 
exert a direct cytotoxic effect on tumor cells. To deter-
mine whether IFN- IMo anti- metastasis effect was mediated 
through other immune cells, we analyzed the immune cell 
profiles of peripheral blood and lungs of mice at 3 days after 

B16F10 injection (mice were pretreated with IFN-γ or PBS 
as described before) using mass cytometry (CyTOF, Flui-
digm). The data were analyzed using t- distributed stochastic 
neighbor embedding (t- SNE). The t- SNE analysis automa-
tedly separates WBC into 21 cell clusters based on 16 marker 
expressions (figure 3A,B, online supplemental table S1). 
Cluster 2 in blood and lung were robustly increased in IFN-γ 
treated group (figure 3A,B, pointed out by red arrow). 
Cell marker expression analysis revealed that cluster 2 in 
both blood and lung were NK cells (NK1.1+TCR-β-B220- 
Gr- 1- cells, figure 3C, green color indicating high expres-
sion). Cluster 1 which comprises CD8 +CD62L+CD44+cells 
(online supplemental table S1), was also increased in blood 
samples from IFN-γ group, although these same cells were 
not increased in IFN-γ group in the lung (cluster 16 in lung 
samples). These data were confirmed using classic flow 
cytometry analysis (figure 3D) which showed 2.5–3 fold 
increase in NK cell (CD3- NK1.1+cell) number/frequency in 
the blood and lung after IFN-γ treatment. Analysis of CD4+, 
and CD8 +T cells and their subsets in lung samples with/
without IFN-γ treatment (online supplemental figure S3A,B) 
did not reveal any significant changes. We also found higher 
NKT cell (CD3 +NK1.1+) frequency/number in the IFN-γ 
group although at much lower levels than NK cells (online 
supplemental figure S3C). While our finding that short term 
IFN-γ treatment induces NK cell expansion is different from 
previous studies showing that IFN-γ is mostly not essential 
for NK cell development26 and that chronic exposure to 
IFN-γ inhibits NK cell development,27 28 it is supported by 
reports that IFN-γ can accumulate and activate NK cells in 
tumors.29 30

Based on the peripheral NK cell maturation markers, 
CD27 and CD11b that defines immature (CD27- CD11b-) 
and terminally differentiated CD27- CD11b+NK cells31 
(figure 3E), we found that IFN-γ treatment significantly 
increased the terminal CD27- CD11b+NK cells within NK 
populations in both blood and lung. Inhibitory receptor 
NKG2A and activating receptor LY49D expression levels on 
NK cells were not affected by IFN-γ treatment in vivo (online 
supplemental figure S3D), but analysis of CD107a, is a cyto-
toxic marker on NK cells revealed higher CD107 +NK cell 
frequencies in the lung after IFN-γ treatment, suggesting 
that IFN-γ increases cytotoxic activity of NK cells (figure 3F) 
(the CD107 +frequency in blood NK cell was extremely low 
(<1%) with no differences between PBS and IFN-γ groups, 
data not shown).

We compared the pro- NK cell activity of IFN-γ treat-
ment in the control mice and E2-/- mice at the differ-
entiation time point. The change in NK cell frequency 
peaked at day four and was back to normal levels at day 13 
after IFN-γ treatment, and the NK cell expansion induced 
by IFN-γ treatment was significantly stronger in the E2-/ 
mice (figure 3G). These data indicate that NR4A1 in 
monocyte inhibits the pro- NK cell activity of IFN-γ.

To directly test the effect of IFN- IMo on NK cell expan-
sion, we adoptively transferred IFN- CMo and IFN- IMo 
(1×105/mouse) from IFN-γ treated NR4A1-/- (figure 3H) 
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or IMo from either IFN-γ treated control mice or E2-/- 
mice to WT mice (figure 3I). NK cell frequency was 
increased in IFN- IMo but not IFN- CMo transferred mice 
3 days post- transfer (figure 3H). The increase in NK 
frequency after E2-/- IFN- IMo transfer compared with WT 
IFN- IMo transfer (figure 3I) may in part be responsible 
for higher anti- metastasis activity of IFN-γ in NR4A1-/- 
mice compared with WT mice (figure 2B).

Altogether, these data support the conclusion that IFN- IMo 
induced by short term IFN-γ treatment can induce NK cell 
expansion and promote peripheral NK cell differentiation 

and activation and that NR4A1 in monocyte inhibits the 
pro- NK cell activity of IFN-γ.

IFN-IMo induces NK cell expansion through IL-27 and NK cell 
associated chemokines
Chemokines play a critical role in immune cell co- local-
ization and interaction. To test whether IFN-γ increases 
NK cell- associated chemokine production, we first 
examined levels of chemokines in the supernatants of 
IFN-γ treated human monocytes and found an increase 
in CCL2, CXCL9 and CXCL10 production (figure 4A). 

Figure 3 C57BL/6 mice were treated with PBS or IFN-γ for 3 days followed by B16F10 cell intravenous injection as described 
before. Three days after tumor cell injection, blood and lungs were harvested, and the immune cell profile of samples were 
analyzed by CytoF. The result of CytoF was analyzed using tSNE method to automatically separate WBCs into different cell 
clusters based on marker expression levels. (A, B) The pseudo color figure showed the location and cell number of different cell 
clusters in blood and lung samples from D- PBS and IFN-γ groups and the frequency of cell clusters was compared between 
D- PBS and IFN-γ groups (The location of cluster two was pointed out by red arrow). (C) The expression of NK1.1, TCR-β, B220, 
and Gr- 1 on different cell subsets were exhibited to show the location of NK/NKT cell, T cell, B cell, and neutrophil/monocyte 
location in tSNE. (D–F) C57BL/6 mice were treated as in the (A) 3 days after tumor cell injection, blood and lung were harvested, 
and the NK cell profile was analyzed by classic flow cytometry. (G) C57BL/6 and E2-/- mice were treated with IFN-γ for 3 days 
as described before, NK cell frequency in the blood was analyzed by flow cytometry 2 days before the treatment and at 1, 4, 
7, and 13 days after treatment. (H) CMo and IMo from IFN-γ treated NR4A1-/- mice were transferred into C57BL/7 mice as 
described before, and the NK cell frequency was analyzed 3 days after adoptive transfer. (I) IMo from IFN-γ treated C57BL/6 
or E2-/- mice were transferred into C57BL/7 mice as described before, and the NK cell frequency was analyzed 3 days after 
adoptive transfer. Data represent means±SEM. CMo, classical monocytes; IMo, intermediate monocyte; PBS, phosphate- 
buffered saline; t- SNE, t- distributed stochastic neighbor embedding; WBC, white blood cell.
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Since all these three chemokines are important in NK 
cell recruitment,32 33 we analyzed CCL2, CXCL9/10 
mRNA levels in purified mouse blood/spleen CMo, IMo 
and PMo by RNA sequencing (more details in Materials). 
Only CXCL9 transcript was higher in IMo (figure 4B). 
RNA sequencing of purified IMo from PBS or IFN-γ 
treated mice showed an increase in CXCL9 but not CCL2 
and CXCL10 transcripts in IMo from IFN-γ treated mice 
(figure 4C). These data indicate that CXCL9 may be a key 
chemokine for IFN- IMo recruitment of NK cells in both 
human and mice. Higher levels of CXCL9 (fourfold) and 
CXCL10 (twofold) transcripts were also detected in E2-/- 
mice (figure 4D), which may partly explain the higher 
numbers of expanded NK cells by IFN- IMo from E2-/- as 
compared with WT mice (figure 3H). Altogether, our data 
suggest that IFN- IMo recruits NK cells through CXCL9.

Monocyte/macrophages can promote NK cell devel-
opment and differentiation through cytokines including 
IL- 1534 and IL- 27.35 To identify key cytokines responsible 
for IFN- IMo mediated NK cell expansion, we first analyzed 
the change in IL- 15 expressed on the cell surface (sIL- 
15), important for IL- 15 trans- presentation,34 as well as 
intracellular IL- 27 levels in human and mouse monocytes 
after IFN-γ treatment both in vitro and in vivo. We found 
a 12- fold increase in IL- 27 and a 31% increase in sIL- 15 on 
IFN-γ treated human monocytes compared with control 
(figure 4E). In vivo, we detected a significant increase in 
IL- 27 expression in CMo/IMo/PMo of IFN-γ treated mice 
compared with the control group (figure 4F) but were 
unable to detect IL- 27 in plasma even after IFN-γ treatment. 
These data suggest that secretion of IL- 27 induced by IFN-γ 
is likely regulated through an as yet unknown mechanism 

rather than simple release into circulation. We were unable 
to detect sIL- 15 on any monocyte subsets from either 
group by flow cytometry or soluble IL- 15 in plasma (data 
not shown). To directly test the role of IL- 15 and IL- 27 in 
IFN-γ induced IMo and NK cell expansion, we treated mice 
with neutralizing antibodies to IL- 15 and IL- 27 with IFN-γ 
treatment (figure 4G). Antibody blockade of IL- 27 (20 µg/
mice/day, I.P. injection) had no effect on IMo expansion 
after IFN-γ treatment (online supplemental figure S4) but 
inhibited NK cell expansion by half (figure 4H). Given that 
adoptive transfer of IFN- IMo, but not IFN- CMo, induced 
NK cell expansion despite high levels of IL- 27 expression by 
IFN- CMo, it is possible that an unknown IFN- IMo specific 
mechanism controls IL- 27 release to induce NK cell expan-
sion. Interestingly, we did not find any significant effect of 
IL- 15 blockade (20 µg/mice/day, I.P. injection) on IMo 
expansion and NK cell expansion after IFN-γ treatment 
(figure 4H).

These data support a role for IL- 27 as a critical cytokine 
for IFN- IMo mediated NK cell expansion.

IFN-γ-STAT1 canonical pathway is dispensable for IFN-γ 
inducing IL-27 expression in IMo
IFN-γ mediates its function majorly through STAT1 canon-
ical pathway.36 We tested the effect of IFN-γ on monocyte 
subset differentiation and activity in the STAT1-/- Mice. 
We found that IFN-γ treatment decreased CMo number/
frequency but also led to an increase in PMo number/
frequency (~60%) in STAT1 knockout mice (STAT1-/- 
mice) (figure 5A,B). Since IMo numbers were not 
increased, these data suggest that in the absence of 
STAT1, IFN-γ may promote CMo differentiation, leading 

Figure 4 (A) Human monocytes were cultured with IFN-γ for 3 days, the chemokine levels in the culture medium were analyzed 
by Legendplex kit. (B–D) CMo, IMo, and PMo from D- PBS, IFN-γ treated C57BL/6 mice and IFN-γ treated E2-/- mice was sort- 
purified, and mRNA sequencing was used to analyze the mRNA levels of CCL2 and CXCL9/10 in the monocyte subsets. Data 
represent means±SEM. (E) Human monocytes were cultured for 3 days with IFN-γ (5 ng/mL), and sIL- 15 and IL- 27 expression 
was analyzed by flow cytometry and shown as mean fluorescence intension (MFI). (F) Mice were treated with IFN-γ as described 
before and IL- 27 expression in monocyte subsets were analyzed by flow cytometry. The histogram shows IL- 27 MFI difference 
in IMo between PBS group and IFN-γ group. The column figure shows IL- 27 MFI in IMo in PBS and IFN-γ mice group. 
(G) C57BL/6 mice were treated with IFN-γ for 3 days as described before. Neutralizing antibodies (20 µg/mice/day) were injected 
for 5 days (day 0–4) to block the activity of cytokines. Blood samples were harvested at day four for monocyte analysis and 
day five for NK cell analysis. (H) Mice were treated as described in (G), the NK cell frequency in the blood (day 5) was analyzed. 
Data represent means±SEM. CMo, classical monocytes; IMo, intermediate monocyte; MFI, mean fluorescent intensity; PBS, 
phosphate- buffered saline; PMo, patrolling monocyte; WBC, white blood cell; WT, wild- type mice.

https://dx.doi.org/10.1136/jitc-2021-003539
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to a decrease in CMo numbers, but that it is no longer able 
to block further differentiation of IMo into PMo. These 
data indicate that STAT1 is a critical transcription factor 
controlling inhibition of IMo to PMo differentiation by 
IFN-γ, but the mechanism of IFN-γ mediated increase in 
CMo to IMo differentiation remains unclear.

We also tested the effect of IFN-γ mediated induction 
of IL- 27 expression and NK cell expansion in STAT1-/- 
mice. Surprisingly, we found that STAT1 is indispens-
able for IFN-γ driven increase in IL- 27 expression in IMo 
(figure 5C). In addition, we found that IFN-γ induced 
NK cell expansion in STAT1-/- mice although the fold 
increase (1.5- fold) is lower than WT mice (threefold) may 
due to lack of IMo expansion in IFN-γ treated STAT1-/- 
mice. Increased NK peripheral differentiation (lower 
CD11b- NK, and higher CD27- CD11b+NK frequency) was 
also found in IFN-γ treated STAT1-/- mice, indicating that 
IFN-γ-STAT1 canonical pathway is dispensable for NK cell 
activation by IFN-γ (figure 5D). These data suggest that 
IFN-γ STAT1- independent non- canonical pathway is crit-
ical for increased IMo activity by IFN-γ.

Altogether, our data support a critical role for IFN-γ 
non- canonical pathway in IFN- IMo- mediated induction 
of NK cell expansion through IL- 27.

FOXO1 in IFN-γ non-canonical pathway is critical for the 
activity of IFN-IMo
Our data (figure 5C,D) supports a role for non- canonical 
pathway as critical for IFN-γ driven monocyte IL- 27 expres-
sion. To determine the key signaling molecules in this 
pathway, we screened a number of IFN-γ non- canonical 
pathway signaling molecules by using specific inhibitors 

and found blocking PI3K/AKT and p38/MAKPK path-
ways, but not NF-ΚB pathway, inhibited the effect of IFN-γ 
inducing IL- 27 in human monocyte (online supplemental 
figure S5A) (The data using STAT1 inhibitors are not 
included due to their potent cytotoxicity against mono-
cytes in the presence of IFN-γ). FOXO1 is a transcription 
factor downstream from both AKT and p38, but whether 
it is involved in IFN-γ non- canonical pathway is not known. 
We found that IFN-γ dose- dependently induced FOXO1 
expression in human monocytes (figure 6A,B,~10- fold 
increasing at 5 µg/mL) as determined by flow cytom-
etry and western blot analysis (online supplemental 
figure S5B). PI3K/AKT and P38 inhibitors, but not 
NF-ΚB inhibitor, prevented the induction of FOXO1 by 
IFN-γ (online supplemental figure S5C), suggesting that 
FOXO1 is downstream from PI3K/AKT and p38, consis-
tent with previous reports.37 38 Using FOXO1 inhibitor 
(FOXO1- B, AS1842856), we found that FOXO1- B inhib-
ited IFN-γ driven IL- 27 upregulation (65% inhibition, 
figure 6C). These results suggest that FOXO1 is critical 
for IFN-γ induction of IL- 27 expression in human mono-
cyte through IFN-γ non- canonical pathway.

To characterize the role of FOXO1 in vivo, we analyzed 
FOXO1 expression levels in mouse blood monocyte 
subsets before and after IFN-γ treatment. Highest FOXO1 
expression was detected in IMo as compared with CMo and 
PMo (figure 6D), suggesting that FOXO1 expression may 
change during monocyte subset differentiation. We also 
found intravenous injection of IFN-γ led to an increase of 
FOXO1 expression in CMo and IMo (figure 6E) although 
the change was mild compared with in vitro treated 

Figure 5 (A) STAT1-/- mice were treated with IFN-γ for 3 days as described before, and the frequency of monocyte and its 
subsets were analyzed by flow cytometry as described in figure 1. (B) The column figure shows the frequency of CMo/IMo/PMo 
in the blood total monocytes and WBCs before and after IFN-γ treatment. (C) STAT1-/- mice were treated with IFN-γ for 3 days 
and IL- 27 expression in blood monocyte subsets before and after IFN-γ treatment were analyzed by flow cytometry. (D) STAT1-
/- mice were treated with IFN-γ for 3 days as described before, and peripheral blood NK cell and its subsets frequency before 
IFN-γ treatment and 3 days after IFN-γ treatment were analyzed by flow cytometry. Data represent means±SEM. CMo, classical 
monocytes; IMo, intermediate monocyte; MFI, mean fluorescent intensity; NK, natural killer cell; PMo, patrolling monocyte; 
WBC, white blood cell.

https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
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human monocytes. We tested the effect of IFN-γ in tamox-
ifen inducible myeloid specific FOXO1 knockdown mice 
(homozygote is unavailable in this strain, detail in the 
‘Methods’ section). We found lower IL- 27 expression in 
IMo from FOXO1±mice compared with FOXO1+/+mice 
(figure 6F), indicating that FOXO1 is critical for IL- 27 
upregulation by IFN-γ in IFN- IMo. We next tested its role 
in IFN- IMo mediated NK cell expansion. Treatment of 
FOXO1±mice with IFN-γ led to a drop in half in NK cell 
expansion relative to FOXO1+/+mice (figure 6G,H). It 
should be noted that the FOXO1±mice were myeloid 
specific FOXO1 knock- down, and therefore the FOXO1 
expression in NK cells was intact. The frequency of termi-
nally differentiated NK cell subset (CD27- CD11b+NK) in 
FOXO1±mice was significantly lower than control mice 
after IFN-γ treatment (figure 6I, red column vs purple 
column). Altogether, these data indicate that FOXO1 is 
critical for IFN-γ-driven IL- 27 expression in IMo and NK 
cell expansion and differentiation.

We also analyzed monocyte subset differentiation in 
the FOXO1±mouse and found lower IMo frequency and 
higher PMo frequency compared with FOXO1+/+mice 
in the absence or presence of IFN-γ (online supple-
mental figure S6D). These data suggest that FOXO1 
inhibits IMo differentiation into PMo and is important 
for IFN-γ driven IMo expansion. The conclusion was 
supported by that inhibition of FOXO1 activity by 
FOXO1- B (oral, 100 mg/kg body weight) during IFN-γ 
treatment in mice inhibited IMo expansion induced 
by IFN-γ but increased PMo frequency (online supple-
mental figure S5E).

Finally, we compared the effect of IFN-γ on lung metas-
tasis in FOXO1+/+and FOXO1±mice. We found lower 
antimetastasis activity in IFN-γ treated FOXO1±mice 
(75% inhibition) compared with FOXO1+/+mice (95% 
inhibition) although similar levels of tumor metastasis 
were detected in two mouse strains in the absence of 
IFN-γ (figure 6J).

Figure 6 (A) Human monocytes were cultured with 10 ng/mL IFN-γ for 3 days, and FOXO1 expression level in monocytes 
was analyzed by flow cytometry. (B) Human monocytes were cultured with different concentration IFN-γ for 3 days, FOXO1 
expression level was analyzed by flow cytometry. (C) Human monocytes were cultured as in (A) in the presence of FOXO1 
inhibitor, and the IL- 27 levels in monocytes were analyzed by flow cytometry. (D) The histogram shows FOXO1 expression in 
mouse blood CMo/IMo/PMo. (E) C57BL/6 mice were treated with D- PBS or IFN-γ for 3 days as described before. The column 
figure shows FOXO1 expression levels in blood CMo, IMo and PMo. (F) C57BL/6 mice were treated as in (E), IL- 27 in the mice 
monocyte subsets was analyzed by flow cytometry. (G–H) FOXO1+/+and FOXO1±mice were treated as in (E). The NK cell 
frequency in blood was analyzed by flow cytometry at 3 days after IFN-γ treatment. (I) Mice were treated as described in (E), the 
NK cell differentiation was analyzed by flow cytometry based on CD27 and CD11b expression. (J) FOXO1+/+and FOXO1±mice 
were treated as in (F), B16F10 cell (2.5×105 /mice) were injected into mice after IFN-γ treatment ended. The lung metastasis 
was analyzed at 14 days after tumor cell injection. Data represent means±SEM. CMo, classical monocytes; D- PBS, Dulbecco’s 
phophate buffered saline; IMo, intermediate monocyte; MFI, mean fluorecent intensity; NK, natural killer cell; PMo, patrolling 
monocyte; WBC, white blood cell.

https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
https://dx.doi.org/10.1136/jitc-2021-003539
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Overall, these data support a critical role of FOXO1 in 
IFN- IMo mediated inhibition of cancer metastasis driven 
by upregulation of IL- 27 production and NK cell expan-
sion as well as for the induction of IFN- IMo.

DISCUSSION
In this study, we unveiled the potent anti- metastasis of 
IFN- IMo and identified the mechanism that controls 
IFN- IMo differentiation and function. To the best of our 
knowledge, our study is the first study to identify (1) the 
potent antimetastasis and pro- NK cell activity of IFN- 
IMo; (2) FOXO1 as a key molecule for IFN-γ inducing 
NK cell expansion through IL- 27; (3) NR4A1 as an inhib-
itory molecule for IMo function. Our study has not only 
unveiled novel activities and mechanism of a classical 
antitumor cytokine but also provided potential thera-
peutic target for improving IFN-γ treatment and devel-
oping monocytic cell therapy for cancer metastasis.

Compared with macrophage and dendritic cells, large 
numbers of monocytes are present in the blood stream 
which, as part of the circulatory system, play a key role 
for metastasis of tumor cells. PMos have been shown to 
prevent cancer metastasis under basal condition.7 But we 
found a stronger anti- metastasis effect of IFN-γ in PMo- 
deficient mice compared with control mice. In addition, 
IFN- IMo from PMo deficient mice prevented cancer 
metastasis more effectively. These data support a role for 
IFN- IMos in the inhibition of cancer metastasis indepen-
dent from PMo. Interestingly, although both IMos and 
CMos were activated in IFN-γ treated mice, only IFN- IMo 
exhibited antimetastasis activity, suggesting that simply 
culturing human monocytes with IFN-γ in vitro will be 
unlikely to provide an effective cell therapy product 
against cancer metastasis. Instead, elucidating the mech-
anism of IFN- IMo differentiation in vivo and identifying 
the key molecules for IFN- IMo activity will be critical 
for the development of more efficacious monocytic cell 
therapies.

A key finding of our study is that short- term IFN-γ 
treatment induces a robust (3- fold) NK cell expansion. 
Although IFN-γ is also produced by NK cells and is crit-
ical for NK cell cytotoxicity, it is mostly not essential 
for NK cell development and differentiation. In IFN-γ 
knockout mice, with the exception of the liver, no differ-
ences were detected in the number/frequency of NK cells 
in blood, spleen, bone marrow and lymph node.26 The 
Lin- CD122 +NK progenitor cells are also not affected in 
the bone marrow and livers of IFN-γ knockout mice.26 
In contrast, based on an IFN-γ transgenic mouse strain27 
and CD137 knockout mice,28 long- term chronic expo-
sure to IFN-γ inhibits NK cell development by abrogating 
hematopoietic stem cell (HSC) proliferation and NK cell 
maturation.27 In support of these studies, others have 
also found a robust effect of IFN-γ on HSC development 
as evidenced by higher levels of SCA- 1 expression on 
HSC39 as in our study. Altogether, our data suggest that 
short- term IFN-γ treatment can be a potential strategy 

for inducing NK cell expansion while avoiding the bone 
marrow toxicity of long term IFN-γ treatment.

FOXO1 is critical for differentiation of many immune 
cells including T cells,40 41 B cells42 and NK cells.41 Our 
study is the first to demonstrate that FOXO1 regulates 
IMo/PMo differentiation and activity. Different from our 
findings, increased Ly6C high CMo number/frequency 
was found in a myeloid specific triple FOXO (FOXO1, 
FOXO3a and FOXO4) knockout mice.43 This discrep-
ancy may come from (1) FOXO3a and FOXO4 modula-
tion of monocyte cell differentiation which is supported 
by higher total monocyte number/frequency in triple 
FOXO knockout mice but not in FOXO1 alone knockout 
mice43; (2) We used a tamoxifen inducible gene knock-
down system to avoid the potential interference resulting 
from gene knock out/down on mouse development. 
FOXO1 activity is modulated by various metabolism- 
associated factors and plays a complex role in numerous 
metabolic syndromes including obesity, diabetes mellitus44 
and atherosclerosis.45 IMo and PMo frequencies are 
altered in in the patients with metabolic diseases,46 and 
cancer metastasis risk is higher in the cancer patients with 
metabolic diseases including obesity.47 Whether FOXO1 
contributes to the IMo/PMo abnormality and higher 
cancer metastasis risk in these diseases need further study.

An interesting finding of our study is that IFN-γ-driven 
IMo expansion was independent of NR4A1. Furthermore, 
our data suggest that NR4A1 inhibits IFN- IMo activity. 
Compared with control mice, IFN- IMo from Nr4a1-/- 
mouse showed stronger antimetastasis activity, promoting 
a more robust NK cell expansion, most likely resulting from 
increased NK cell associated chemokine CXCL9/10/16 
expression. The mechanism for NR4A1 inhibition of IFN- 
IMo activity is unclear. NF-κB signaling pathway has been 
shown to be activated in IMo from Nr4a1-/- mice.3 Acti-
vated NF-κB signal can lead to an increase in chemokine 
expression including CXCL9/10/16.48 NR4A1 was also 
shown to bind and inhibit the activity of FOXO149 which 
we have found to be critical for IFN- IMo function. Future 
studies focusing on the mechanism of NR4A1 mediated 
inhibition of IFN- IMO activity will help to identify strat-
egies to further improve the anti- metastasis ability of 
IFN- IMo and IFN-γ. In addition to NR4A1, we found that 
STAT1 and AKT/P38/FOXO1 pathways are critical for 
IMo differentiation and activity, respectively. Given that 
the STAT1 and AKT/P38/FOXO1 pathways are critical in 
the regulation of many cytokines/chemokines, our study 
will provide the necessary information for identifying 
additional key regulatory cytokines/chemokines that 
control IMo/PMo differentiation in the future.

We found that IFN- IMo induces NK cell expansion/
differentiation/activity by increasing its IL- 27 produc-
tion. It is known that monocytes enhance NK cell activity 
and differentiation through cytokines and surface mole-
cules. Here, we focused on sIL- 15, an essential cytokine 
for NK cell development, and IL- 27 which promotes NK 
cell activation both in vivo and in vitro. To our surprise, 
we did not find higher sIL- 15 expression on IFN- IMo 
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compared with control IMo, and IL- 15 blockade did not 
reverse the effect of IFN-γ in mice. Instead, we found 
increased IL- 27 levels in IFN- IMo compared with control 
IMo, and neutralization of IL- 27 caused a 50% inhibition 
of IFN-γ-mediated NK expansion. PMo has been shown 
to inhibit tumor metastasis through recruitment of NK 
cells by CCL3/4/57 and switching inhibitory/stimula-
tory receptor expression balance on NK cells8 possibly 
through IL- 1550 but with no effect on NK cell differenti-
ation and expansion. In this study, we find that IFN- IMo 
recruits NK cells through CXCL9 and promotes NK cell 
expansion and differentiation through IL- 27 with no 
impact on inhibitory/stimulatory receptor expression 
on NK cells. These results highlight the role for a diverse 
set of molecules and the involvement of different mech-
anisms for monocyte subset control of NK cell activation, 
which need to be individually dissected.

In summary, our study has not only unveiled the key 
role of IMo differentiation in IFN-γ mediated inhibition 
of cancer metastasis, but also has identified IFN- IMo as 
a potential ‘monocyte therapeutic’ against cancer metas-
tasis and FOXO1 and NR4A1 as potential therapeutic 
targets for improving IFN-γ treatment in cancer.
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