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Tumor-associated macrophages (TAMs) continuously fine tune their
immune modulatory properties, but how gene expression programs
coordinate this immune cell plasticity is largely unknown. Selective
mRNA translation, controlled by MNK1/MNK2 and mTOR pathways
impinging on eIF4E, facilitates reshaping of proteomes without
changes in abundance of corresponding mRNAs. Using polysome
profiling developed for small samples we show that, during tumor
growth, gene expression in TAMs is predominately modulated via
mRNA-selective changes in translational efficiencies. These alter-
ations in gene expression paralleled accumulation of antiinflamma-
tory macrophages with augmented phosphorylation of eIF4E, a
target of the MNK1 and MNK2 kinases, known to selectively mod-
ulate mRNA translation. Furthermore, suppression of the MNK2, but
not the mTOR signaling pathway, reprogrammed antiinflammatory
macrophages toward a proinflammatory phenotype with the ability
to activate CD8+ T cells. Thus, selective changes of mRNA translation
depending on MNK2 signaling represents a key node regulating
macrophage antiinflammatory functions.

mRNA translation | tumor-associated macrophages | MNK2 | T cell
activation | eIF4E

Macrophages (Mφs) are sentinel and effector cells with an
inherent need to efficiently adapt to changing environmental

cues to maintain homeostasis (1). TAMs accumulating during tumor
progression arise from extravasating bone marrow-derived monocytes
(2, 3). Mφs can acquire a spectrum of proinflammatory (also referred
to as “M1”-like) to antiinflammatory (also referred to as “M2”-like)
phenotypes (4, 5). In tumors, proinflammatory TAMs initially restrain
tumor growth by activating cytotoxic lymphocytes (6–8). However,
during tumor progression, TAMs are skewed toward an antiin-
flammatory phenotype promoting tumor malignancy by suppressing
cytotoxic lymphocytes and stimulating blood vessel formation (9, 10).
Accumulation of largely antiinflammatory TAMs therefore correlates
with poor prognosis in most solid cancers (11, 12). Yet, gene ex-
pression programs governing TAM phenotypes are largely unknown.
Gene expression can be regulated at multiple levels, including

transcription, mRNA stability and mRNA translation (hereafter
referred to as translation). Among these, selective modulation of
translation has emerged as a central node controlling gene ex-
pression in, e.g., immune cells (13) and cancer-encompassing both
cancer cells (14) and the noncancerous stroma during cancer
initiation (15). Translation is commonly separated into four pha-
ses: initiation, elongation, termination, and recycling (16). Al-
though translation can be regulated by changes in elongation rate
(17), most described modulations of translation are mediated via
altered initiation (13). The eukaryotic initiation factor (eIF) 4F

(eIF4F) complex, whose activity is primarily regulated via its 5′
mRNA cap-binding subunit eIF4E, is a central node controlling
initiation of translation (18). The mTOR pathway regulates eIF4F
complex formation by phosphorylating the inhibitory eIF4E binding
proteins (4E-BPs) which are then released from eIF4E, thereby
allowing eIF4E to associate with eIF4A and eIF4G to form the
eIF4F complex. In addition, the activity of the eIF4F complex is
modulated via mitogen-activated protein kinase (MAPK) interact-
ing protein kinase (MNK, [also referred to as MKNK]) 1- and
2-dependent phosphorylation of eIF4E, which can drive tumor
malignancy (19) and metastatic dissemination (20–22). Changes in
eIF4F complex formation and phosphorylation of eIF4E modulate
the proportion of efficiently translated mRNA transcribed from
subsets of genes and thereby selectively alter protein levels without
corresponding changes in mRNA levels (13). Therefore, alterations
in translation initiation facilitates rapid adaptation of proteomes to
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The tumor-associated macrophage (TAM) phenotype is contin-
uously modulated during tumor progression to facilitate im-
mune escape. Yet, how gene expression programs control TAM
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MNK2, which phosphorylates eIF4E and thereby modulates
mRNA translation, as required for the antiinflammatory macro-
phage phenotype. Accordingly, suppression of MNK2 reedu-
cated antiinflammatory macrophages toward a proinflammatory
phenotype with the ability to activate CD8+ T cells.
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environmental changes, which is believed to be required for optimal
immune cell function and homeostasis in vivo (13). In proin-
flammatory Mφs, selective changes in mRNA translation following
lipopolysaccharide (LPS) (23–25) or IFN (26) stimulation in vitro
have been attributed to mTOR- and MNK1/2-dependent signaling.
We examined how mRNA abundance and translation are modu-
lated in TAMs during tumor growth. Unexpectedly, TAM gene
expression was predominantly governed by selective changes in
mRNA translation rather than abundance. Such alterations in gene
expression associated with increased phosphorylation of eIF4E.
Consistently, while MNK2 controls antiinflammatory Mφ functions,
MNK1/2 suppression did not affect the proinflammatory Mφ phe-
notype. In contrast, suppression of mTOR signaling did not affect
antiinflammatory Mφ functions. Thus, targeting MNK2 may be a
novel avenue to dampen Mφ antiinflammatory functions, which in
turn will augment CD8+ T cell activity.

Results
TAMs Predominantly Modulate Gene Expression via Changes in
Translational Efficiencies. To assess to what extent mRNA trans-
lation is modulated in macrophages in vivo, we selected the mouse
mammary tumor virus-polyoma middle T-antigen (MMTV-PyMT)
model (27) of tumor growth which is compatible with our newly
developed technique to study transcriptome-wide translational ef-
ficiencies in limited numbers of cells (28). MMTV-PyMT mice
(29, 30) develop mammary tumors resembling a mix of human
ERlowPR−HER2+ and ER−PR−HER2− breast tumors (29). Be-
cause MMTV-PyMT mice develop multiple tumors varying in
size, we used a cell line (PeRo-Bas1) derived from the MMTV-
PyMT model which, following fat-pad injection in FVB mice,
forms a single mammary tumor (31). Notably, even though PeRo-
Bas1 is a tumor cell line, it still gives rise to heterogeneous
ERlowPR−HER2+ and ER−PR−HER2− tumors (31).
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Fig. 1. Abundant changes in translational efficiencies in TAMs during tumor growth. (A) Polysome profiling in macrophages sorted from tumors of different
sizes. MMTV-PyMT tumor cells (PeRo-Bas1) were injected in the mammary fat pad of FVB mice. Tumors were harvested at weights ranging from 0.5 to 2.2 g
(n = 13). F4/80+ macrophages were flow sorted and subjected to polysome profiling (total mRNA and polysome-associated mRNA [associated with three or
more ribosomes] was isolated in each tumor and used as input for RNA sequencing). (B–D) Histograms of P values for tumor-weight-dependent changes in
polysome-associated mRNA (B), total mRNA (C), or translational efficiencies (D; i.e., after adjusting changes in levels of polysome-associated mRNA for
corresponding changes in total mRNA using anota2seq analysis) in TAMs. Blue lines indicate uniform frequencies of P values expected by chance. Higher
frequencies of low P values as compared to chance indicate transcriptome-wide changes in gene expression depending on tumor weight. (E) Heat map of
tumor-weight-dependent fold changes of polysome-associated mRNA, total mRNA, and translational efficiencies (all genes with an FDR <0.25 for any of
the analyses are included [Dataset S1]). (F) Network overview of gene ontology terms enriched among proteins encoded by mRNAs showing
tumor-weight-dependent translation. Red and blue nodes indicate GO terms enriched among proteins encoded by translationally activated and suppressed
transcripts, respectively. The thickness of edges is proportional to the number of shared proteins between nodes. Consensus annotations for clusters of nodes
are indicated together with selected heat maps for included genes (tumor-weight-dependent fold changes for total mRNA [“T”], polysome-associated mRNA
[“P”], and translational efficiencies [“Tr”] [similar to E]).
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To capture gene expression changes in TAMs occurring during
tumor growth, we sorted CD11b+F4/80+Ly6G− Mφs from 13
individual MMTV-PyMT tumors, weighing between 500 mg and
2,200 mg, and subjected these to polysome profiling (Fig. 1A)
(28). Notably, polysome profiling was applied as this method
appears to be less biased when assessing changes in translational
efficiencies as compared to ribosome profiling (32, 33). During
polysome profiling, efficiently translated polysome-associated
mRNA (herein mRNA associated with three or more ribosomes)
is quantified using RNA sequencing. As levels of polysome-
associated mRNA are also affected by mechanisms modulating
total mRNA levels even in the absence of changes in translational
efficiencies, total mRNA is isolated and quantified in parallel. To
identify bona fide alterations in translational efficiencies, changes
in polysome-associated mRNA which are not paralleled by
changes in total mRNA levels can then be identified using the
anota2seq algorithm (34). Accordingly, polysome profiling enables
quantification of changes in translational efficiencies and total
mRNA levels in parallel. To analyze the resulting data, we used a
variant of the anota2seq algorithm where changes in gene ex-
pression in TAMs (polysome-associated mRNA, total mRNA, or
translational efficiencies) depending on tumor size were identified
(Fig. 1 B–D and Dataset S1). This revealed an abundance of
transcripts whose translational efficiencies associate with tu-
mor size (Fig. 1 D and E). Such tumor-weight-associated ex-
pression was also observed for total mRNA (Fig. 1C), but
appeared to be less frequent compared to modulation of
mRNA translation (as judged by the number of genes with low
P values and false discovery rates [FDRs]; Fig. 1 B–D and SI
Appendix, Fig. S1). Therefore, during tumor growth, TAM gene
expression is profoundly modulated via changes in translational
efficiencies.

Tumor-Growth-Associated Changes in Translation Target Key TAM
Functions. To assess the potential phenotypic impact of these
alterations in translational efficiencies, we used gene set enrich-
ment analysis to identify enrichment of cellular functions among
all such encoded proteins (Fig. 1F and Dataset S2). This analysis
revealed that proteins encoded by transcripts whose translational
efficiency was positively associated with tumor growth were in-
volved in several metabolic processes, including glutathione me-
tabolism (e.g., Gclm, Gpx3, Gstm1, Gsto1, Gstp1, Gstp2, Gstt3,
Hagh, and Sod2), ATP metabolism (e.g., Gapdh, Galt, Cyc1, Mpi,
and Msh2), and mitochondrial activity (e.g., Acaa2, Timm17a,
Mpc1, Aldh2, Fars2, and Atp5h, together with 16 other mito-
chondrial ribosome proteins). In contrast, cell cycle functions were
enriched among proteins encoded by translationally suppressed
mRNAs (Fig. 1F). Manual inspection, however, revealed that
mRNAs encoding proteins with cell cycle functions, as well as
those with apoptosis-related functions, were regulated in a manner
often corresponding to enhanced proliferation or inhibited apo-
ptosis during tumor growth. For example, during tumor growth,
cell cycle drivers, including Cdk4, Cdk19, Cdc7, and Cdk12, were
translationally activated; apoptosis inducers Casp3 and Bcl2l13
were translationally suppressed; and antiapoptotic factors, in-
cluding Dad1 (defender against cell death 1), Triap1 (TP53 reg-
ulated inhibitor of apoptosis 1), and Aatf (apoptosis antagonizing
transcription factor) were translationally activated (Dataset S1).
Finally, transcripts encoding proteins regulating immune re-
sponses were enriched among mRNAs translationally suppressed
during tumor growth and included Grab2-related protein (Grap),
which was initially identified as a Grab mediator involved in
transforming growth factor (TGFβ) release (35, 36). Thus, during
tumor growth, translation of transcripts encoding proteins par-
ticipating in functions related to proliferation, survival, and me-
tabolism appears particularly modulated in TAMs.

Expression of Proteins Encoded by Transcripts Whose Translation Is
Bolstered in TAMs during Tumor Growth Parallel Expansion of
Antiinflammatory TAMs. The studies above assessed changes in
gene expression in TAMs during tumor growth (Fig. 1) when the
TAM population is expected to shift from a predominantly
proinflammatory phenotype toward the antiinflammatory phe-
notype. Accordingly, observed gene expression differences could
be caused by this shift and/or reflect tumor-growth-associated
modulation of translation in pro- and/or antiinflammatory TAMs.
Flow cytometry for established pro- and antiinflammatory TAM
markers (37, 38) across a range of MMTV-PyMT tumor sizes
revealed a weight-associated decrease of proinflammatory TAMs
(CD11b+Ly6G−Ly6C−MHCIIhigh in Fig. 2 A–C or CD11b+F4/
80+CD11c+MRC1− in Fig. 2 D–F) with a concomitant increase of
antiinflammatory TAMs (CD11b+Ly6G−Ly6C−MHCIIlow in
Fig. 2 A–C or CD11b+F4/80+CD11c+MRC1+ in Fig. 2 D–F).
Next, to assess whether observed changes in translational effi-
ciencies (Fig. 1D) depend on the shift from proinflammatory to
antiinflammatory TAMs, we performed polysome profiling using
bone marrow-derived Mφs (BMDMs) polarized into a pro- and
antiinflammatory phenotype using IFNγ or IL4, respectively
[denoted M(IFNγ) and M(IL4)] (Fig. 2G). Analysis using ano-
ta2seq (34) to identify changes in translational efficiencies and
total mRNA expression between M(IFNγ) and M(IL4) revealed
an abundance of changes in total mRNA levels together with
relatively fewer changes in translational efficiencies (Fig. 2H). This
is in stark contrast to the in vivo studies above (Fig. 1) where
changes in translational efficiencies appeared to be the predomi-
nant mechanism for modulation of gene expression. However, the
discrepancy is consistent with mRNA translation as commonly
modulated by factors in the tumor microenvironment (13, 39),
which are absent under in vitro conditions. Nonetheless, we assessed
whether transcripts whose translational efficiencies were modulated
during tumor growth in vivo showed polarization-dependent differ-
ences in translational efficiencies in vitro. Indeed, mRNAs whose
translational efficiencies increased in TAMs during tumor growth
were more efficiently translated in M(IL4) as compared to M(IFNγ)
and, conversely, transcripts whose translational efficiencies were
suppressed during tumor growth in vivo were more efficiently
translated in M(IFNγ) as compared to M(IL4) (Fig. 2I).
To further explore whether observed changes in translational

efficiencies associated with the shift from a predominant proin-
flammatory to antiinflammatory TAM population, we focused
on selected genes regulating metabolism (Cbr2), cell cycle
(Cdk4), or cytokine production (Grap) whose translational effi-
ciencies were modulated in a tumor-growth-dependent manner
(Fig. 2 J–L; data from in vivo polysome profiling in TAMs; Fig. 1
and Dataset S1). Indeed, flow cytometry analysis of tumors
ranging from 300 to 1,900 mg revealed a larger proportion of
antiinflammatory (CD11b+Cd11c+MRC1+F4/80+Ly6G−) TAMs
expressing CBR2, GRAP, and CDK4 as compared to proin-
flammatory (CD11b+CD11c+MRC1−F4/80+Ly6G−) TAMs (Fig.
2 M–O). Furthermore, these in vivo findings were supported by
in vitro studies of CBR2, GRAP, and CDK4 proteins quantified
by Western blotting in M(IFNγ) and M(IL4) (Fig. 2P). Altogether
these data suggest changes in translational efficiencies in TAMs
during tumor growth in vivo depending, at least partially, on the shift
from a proinflammatory to an antiinflammatory TAM phenotype.

Protein Expression in M(IL4) Depends on the MNK/eIF4E Axis. Previ-
ous studies in immune cells revealed selective translation governed
by the eIF4F complex (13). As described above, the activity of the
eIF4F complex can be modulated by the mTOR pathway via
phosphorylation of 4E-BPs, leading to their inactivation, and/or
via MNK1/2-dependent phosphorylation of eIF4E. We therefore
assessed whether the activity of these two pathways differs be-
tween M(IFNγ) and M(IL4). Indeed, whereas 4E-BP1 (S65) was
not differentially phosphorylated between M(IFNγ) and M(IL4)

27558 | www.pnas.org/cgi/doi/10.1073/pnas.1920377117 Bartish et al.
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Fig. 2. Tumor-weight-associated changes in translational efficiencies in TAMs are consistent with a shift from pro- to antiinflammatory TAMs. (A–F) Per-
centages of proinflammatory (CD11b+Ly6G−Ly6ClowMHCIIhigh in A and B and CD11b+F4/80+CD11c+MRC1− in D and E) and antiinflammatory (CD11b+Ly6-
G−Ly6ClowMHCIIlow in A and B and CD11b+F4/80+CD11c+MRC1+ in D and E) macrophages from PyMT tumors of different sizes (quantified by flow cytometry;
n = 21). Representative plots of macrophages from a small (440 mg; A and D) and a large (1,440 mg; B and E) tumor together with the percentage of pro- and
antiinflammatory macrophages as a function of tumor size across all analyzed tumors in C and F are shown. In C and F, the P value for an interaction between
tumor weight and macrophage subtype is indicated together with the linear relationships between tumor size and percentage of pro- or antiinflammatory
macrophages. Dotted vertical lines connect percentages of macrophage subtypes from the same tumor. (G) BMDMs were isolated and polarized into M(IFNγ)
and M(IL4) in vitro followed by polysome profiling (n = 4). (H) Distributions (estimated using kernel densities) of P values for polarization-dependent changes
in polysome-associated mRNA, total mRNA, and translational efficiencies (i.e., after anota2seq analysis). (I) Cumulative distribution functions of polarization-
dependent fold changes in translational efficiencies for transcripts whose translation was activated (“translation up”) or suppressed (“translation down”) in
TAMs during tumor growth in vivo (i.e., from Fig. 1). Such transcript subsets were compared to background (i.e., not in subsets) using the Wilcoxon rank-sum
test (P value <0.001 for both subsets). (J–L) Tumor-weight-dependent changes in total mRNA, polysome-associated mRNA, and translational efficiency for
Grap (J), Cdk4 (K), and Cbr2 (L). Points indicate normalized expression levels for polysome-associated mRNA (green) and total mRNA (blue) obtained from
individual tumors (i.e., from Fig. 1) with their corresponding relationships to tumor weight from linear regressions. Shown is also the calculated linear re-
lationship between translational efficiency (i.e., polysome-associated mRNA adjusted for total mRNA) and tumor weight (P values for weight-dependent
expression are indicated). (M–O) PyMT tumor single cell suspensions were subjected to flow cytometry and the percentage of F4/80+CD11c+MRC1− and F4/
80+CD11c+MRC1+ cells expressing GRAP (M), CDK4 (N), and CBR2 (O) proteins were quantified. Data are presented as mean ± SD. Student’s t test was used to
compare expression between macrophage subtypes (n = 20, **P < 0.01, ***P < 0.001). (P) Expression of proteins of interest (POI) in whole cell extracts from
M(IFNγ) and M(IL4) assessed by Western blotting. One out of three independent experiments is shown and the summary is presented as means + SD. Student’s
t test was used to compare M(IFNγ) to M(IL4) for each POI (n = 3; *P < 0.05; **P < 0.01).
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(Fig. 3A), eIF4E (S209) phosphorylation was augmented in
M(IL4) as compared to M(IFNγ) in vitro (Fig. 3B). Consis-
tently, flow cytometry analysis of TAMs from mammary tumors
revealed increased eIF4E phosphorylation in antiinflammatory
(CD11c+MRC1+F4/80+) as compared to proinflammatory TAMs
(CD11c+MRC1−F4/80+) (Fig. 3C). This suggests that observed
selective changes in translational efficiencies in M(IL4) as com-
pared to M(IFNγ) may depend on the MNK/eIF4E axis. To assess
this, we used the MNK1/2 inhibitor cercosporamide (MNKi).
While MNKi treatment of M(IFNγ) did not affect phosphoryla-
tion of eIF4E, M(IL4) showed a strong reduction in eIF4E
phosphorylation to a level comparable to M(IFNγ) (Fig. 3D).
Accordingly, we focused on the role of the MNK/eIF4E axis in
M(IL4). Treatment of M(IL4) with MNKi suppressed CDK4 and
GRAP protein expression in a manner paralleling suppressed
phosphorylation of eIF4E (Fig. 3E) while the CBR2 protein level
was essentially unaffected (Fig. 3E). Consistent with modulation
of translation and not mRNA abundance depending on MNK1/2
in M(IL4), Cdk4 and Grap mRNA levels were unchanged during
the same treatment (Fig. 3F). In contrast, Cbr2 mRNA expression
was reduced following treatment with MNKi despite unaltered
protein levels (a mode of regulation recently described in mam-
mals) (40, 41) suggesting that changes in Cbr2 mRNA translation
does not depend on the MNK/eIF4E axis or that its regulation
differs between in vivo and in vitro conditions. In summary, al-
tered activation of the MNK/eIF4E axis at least partly underlies
differences in gene expression between Mφs with antiin-
flammatory vs. proinflammatory phenotypes.

MNK2 Regulates the Mφ Antiinflammatory Phenotype. The above
findings suggest that the MNK/eIF4E axis may govern Mφ
phenotypes by selectively modulating translational efficiencies. To
assess this, we determined the MNKi sensitivity of cytokines and
surface markers for anti- or proinflammatory Mφs. Flow cytom-
etry analysis revealed that MNKi-treated M(IL4) reduced cell
surface expression of the antiinflammatory marker MRC1 while
increasing expression of antigen-presenting, T cell costimulatory,
and proinflammatory surface markers such as MHCII, CD86,
CD11c, and CD25 compared to control cells (Fig. 4A and SI
Appendix, Fig. S2 A–E). In contrast, MNKi treatment of M(IFNγ)
did not affect expression of the aforementioned surface proteins
(Fig. 4A). Moreover, MNKi treatment of M(IL4) reduced their
expression of mRNAs encoding proteins associating with an
antiinflammatory phenotype (Arg1, Fizz1, Ym1, Mrc1, and Il10)
while expression of mRNAs encoding proinflammatory Th1 cy-
tokines was increased (Cxcl9, -10, and -11, Il1a, and Il12a; Fig. 4B).
However, not all Th1 cytokines were increased in M(IL4) upon
MNKi treatment as mRNAs encoding Ifna and Ifnb were un-
changed and Il6 was reduced (Fig. 4B). In line with the flow
cytometry data, MNKi treatment of M(IFNγ) merely increased
expression of mRNAs encoding two Th1 cytokines (Il1a and Il6)
(Fig. 4B). Next, we explored whether a reduction in mTOR ac-
tivity would have a similar effect on the macrophage phenotype as
inhibition of eIF4E phosphorylation. To this end, we treated
M(IFNγ) and M(IL4) with the active site mTOR inhibitor torin1
(42). As expected, treatment with torin1 led to complete de-
phosphorylation of 4E-BP1 (SI Appendix, Fig. S3A). Moreover,
while MNKi did not affect global protein synthesis, torin1 treat-
ment led to a ∼20% reduction as measured by puromycin incor-
poration in M(IL4) (see SI Appendix, Fig. S3 B–E; MCF7 cells
were used as a positive control). Strikingly, although treatment of
M(IL4) with torin1 reduced expression of mRNAs encoding
antiinflammatory factors to a similar extent as MNKi, torin1
largely did not induce expression of mRNAs encoding Th1-related
cytokines (except Ifna and Ifnb; Fig. 4B). In contrast, M(IFNγ)
showed a torin1-dependent increase in levels of mRNAs encoding
Th1 cytokines (except Il1α and Il6) (Fig. 4B). These findings show
that the MNK and mTOR pathways distinctly modulate global

protein synthesis and cytokine expression. To assess whether these
differences affect the abilities of the inhibitors to modulate the
antiinflammatory phenotype, M(IL4) were cultured with or with-
out MNKi or torin1 and, following washout of inhibitors, these
cells were cocultured with activated splenocyte-derived CD3+

T cells. Strikingly, M(IL4) subjected to MNKi but not torin1
treatment efficiently activated CD8+ T cells (measured by IFNγ
expression) to a similar level as compared to M(IFNγ) (Fig. 4C).
Of note, the increase in IFNγ expression in T cells following
MNKi treatment was not observed in the absence of BMDMs
(Fig. 4C).
As cercosporamide (MNKi) has also been described as a JAK3

inhibitor (19), we evaluated whether JAK3 inhibition could un-
derlie these effects. Treatment of M(IL4) with MNKi only had a
marginal effect on the downstream JAK3 target STAT6’s phos-
phorylation (SI Appendix, Fig. S4A). Moreover, suppression of
JAK3 activity using the JAK inhibitor CP690550 (JAKi) affected
neither Th1 cytokine expression in M(IL4) in a manner resem-
bling that observed following MNKi treatment (SI Appendix, Fig.
S4B) nor M(IL4)’s ability to suppress CD8+ T cell IFNγ expres-
sion (SI Appendix, Fig. S4C). Therefore, observed effects of MNKi
on M(IL4) phenotypes seem independent of JAK3 inhibition.
Because cercosporamide (MNKi) has a lower IC50 for MNK2

as compared to MNK1 (19), we next evaluated whether effects of
MNKi on M(IL4) depended on MNK2. To this end, BMDMs
were transduced with lentiviral vectors encoding shRNAs tar-
geting Mnk2 (shMnk2 BMDMs), resulting in ∼90% knockdown
of the Mnk2 mRNA as compared to such cells transduced with a
control vector (shCTR BMDMs; Fig. 4D). In IL4-polarized
shMnk2 BMDMs, phosphorylation of eIF4E was reduced to a
level comparable to IL4-polarized shCTR BMDMs treated with
MNKi and was not further reduced upon MNKi treatment
(Fig. 4 E and F). Moreover, IL4-polarized shMnk2 BMDMs
activated CD8+ T cells to a similar extent as compared to MNKi-
treated IL4-polarized shCTR BMDMs while MNKi had no ad-
ditional impact on IL4-polarized shMnk2 BMDMs (Fig. 4G). To
further determine the importance of MNK2 for the Mφ antiin-
flammatory phenotype we used the in vivo syngeneic 66cl4
mammary cancer cells and BMDMs comingling assay. In this
assay, cancer cells and BMDMs were mixed in Matrigel and
injected s.c. followed by harvest after 8 d. Flow cytometry anal-
ysis revealed that shMnk2 BMDMs dramatically enhanced acti-
vation of CD8+ T cells in vivo as visualized by increased levels of
Granzyme B (which mediates the lytic activity of T cells) and
IFNγ compared to controls (Fig. 4H).
To further establish whether the MNK/eIF4E pathway con-

trols the Mφ phenotype in vivo, we used a transgenic mouse
model wherein the MNK1/MNK2-targeted phosphorylation site
in eIF4E was altered from a serine to an alanine to generate the
eIF4ES209A/S209A knockin mouse (hereafter referred to as KI)
(43). Bone marrow from KI or wild-type (WT) mice were
transplanted into lethally irradiated WT mice (generating chime-
ric KI→WT or WT→WTmice, respectively). The 66cl4 mammary
tumor cells were then injected into the mammary gland of these
chimeric mice. Consistent with a role of the MNK/eIF4E axis in
controlling the Mφs antiinflammatory phenotype, flow cytometry
analysis revealed that CD8+ T cells in KI→WT tumors expressed
higher levels of IFNγ and CD107a (a marker for T cell lytic activity)
as compared to WT→WT tumors (Fig. 4I). Notably, the 66cl4 tu-
mor immune landscape is dominated by TAMs (∼63% F4/80+

among CD45+ cells), while granulocytes (∼10% Ly6G+CD11b+

among CD45+ cells), monocytes (∼15% Ly6C+ CD11b+ among
CD45+ cells), and lymphocytes (∼7% CD4+ T, ∼4% CD8+ T cells
and ∼1% CD49b+ natural killer [NK] cells among CD45+ cells)
constitute minor parts (SI Appendix, Fig. S5). Therefore, al-
though eIF4ES209A/S209A may affect other myeloid cells (T cells
were not affected by MNKi) (Fig. 4C), these data support the
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MNK2/eIF4E axis controlling the TAM proinflammatory function
in vivo resulting in CD8+ T cell activation.

Discussion
During the last decade, antiinflammatory TAMs have emerged
as supporters of tumor development, in part due to their role in
suppressing cytotoxic lymphocytes while promoting expansion of
antiinflammatory CD4+ T regulatory cells (44). Reciprocally,
cytotoxic lymphocytes secrete IFNγ skewing TAMs toward a

proinflammatory phenotype (3) while antiinflammatory CD4+ T
regulatory cells secrete IL4 and thereby promote a protumor
TAM phenotype (45). However, the knowledge of how gene
expression programs steer and maintain various TAM pheno-
types throughout tumor progression is incomplete. Transcript-
selective regulation of translation has previously been linked to
proinflammatory Mφ properties via IFNγ (26) and LPS (23)
modulation of mTORC1 and/or MNK1/eIF4E signaling pathways.
These studies identified LPS-dependent increased translation of
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T cells cocultured with IL4-treated control or MNKi-pretreated shMnk2- or shCTR as assessed by flow cytometry. A summary from three independent ex-
periments is presented as mean ± SD. One-way ANOVA was used to compare indicated cell and treatment combinations (n = 6; *P < 0.05, ***P < 0.001). (H)
CD8+ T cells expressing granzyme B or IFNγ from in vivo comingling experiments between 66cl4 cancer cells and shCTR or shMnk2 BMDMs. One-way ANOVA
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**P < 0.01). NS, not significant.
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mRNAs encoding antiinflammatory feedback inhibitors (24), IFN
regulatory factor 8 (IRF8) (23), and Th1-related cytokines (25).
In contrast, IFNγ caused suppressed translation of inflamma-
tory repressors (26). To our knowledge, there are no studies of
mRNA translation in antiinflammatory Mφs, although an
mTORC2-dependent link between IL4 and glucose metabolism
essential to maintaining the antiinflammatory phenotype has been
described (46).
Here we provide insights into how mRNA translation is

modulated in TAMs during tumor growth. For these studies we
used an ex vivo approach in combination with recently developed
polysome profiling for small samples (28). It is possible that
isolated ex vivo cells do not completely maintain the in vivo
status of gene expression programs. Nevertheless, these studies
led to identification of MNK2 as key for maintaining the anti-
inflammatory Mφ phenotype. In vitro, suppression of the MNK2/
eIF4E axis overrides M(IL4)-acquired antiinflammatory prop-
erties resulting in CD8+ T cell activation (Fig. 5). Similarly,
in vivo, TAMs with suppressed MNK2 levels or expressing non-
phosphorylated eIF4E boosted CD8+ T cell activity (Fig. 5). In
contrast, mTOR inhibition had surprisingly limited effect on
M(IL4) expression of mRNAs encoding Th1-related proteins
despite leading to the previously described augmented M(IFNγ)
proinflammatory properties (26). Moreover, although torin1 re-
duced levels of mRNAs encoding antiinflammatory genes (Il10,
Arg1, Mrc1, Fizz1, and Ym1) it still potentiated M(IL4) suppres-
sion of CD8+ T cell activity. Thus, the effect on T cell activity is
difficult to predict from studies of single or sets of cytokines.
Taken together our data support the MNK2/eIF4E axis as central
for the proinflammatory phenotype downstream of IL4 and pos-
sibly other not yet identified factors.
Modulation of the antiinflammatory TAM phenotype via

changes in translational efficiencies also included augmented
proproliferative and metabolic programs which are also modu-
lated in tumor cells during their adaptation to low oxygen and
insufficient nutrients (47). Furthermore, these cellular functions
are consistent with recent findings indicating that TAM metab-
olism (48) and selective proliferation of TAM subsets (8, 49) may
determine the phenotype of the TAM population during tumor
growth. Thus, mRNA translation possibly underlies multiple
cellular functions which contribute to the expansion of a pro-
cancer TAM population. Accordingly, as MNK1/2 activity and
eIF4E phosphorylation are dispensable for normal physiological
development, our study suggests that targeting MNK2 may fine
tune Mφs into a T cell activating phenotype.

Methods
Cell Culture.
Tumor cell lines. The mouse mammary cell line (PeRo-Bas1) derived from
MMTV-PyMT mice (31) and MCF7 cells (ATCC) were passaged in Dulbecco′s
Modified Eagle′s Medium supplemented with L-glutamine, penicillin/strep-
tomycin, and 10% fetal bovine serum (FBS) (Gibco/Life Technologies) at 37 °C
and 5% CO2. The 66cl4 mouse mammary carcinoma cells were purchased
from the Karmanos Cancer Institute at Wayne State University and passaged
in RPMI-1640 (Gibco/Life Technologies) supplemented with L-glutamine,
penicillin/streptomycin, and 10% FBS.
BMDMs. Bone marrow was extracted from naïve female FVB mice, differen-
tiated into BMDMs as previously described (8) and polarized toward a proin-
flammatory phenotype by treating cells with IFNγ (200 units/mL, Peprotech)
for 4 h (polysome-profiling experiments) or 16 h (inhibitor experiments), or to
an antiinflammatory phenotype by treating cells with IL4 (40 ng/mL, Pepro-
tech) for 4 or 16 h. Polarized M(IFNγ) or M(IL4) were treated with 10 μM
cercosporamide (MNKi; Tocris), 5 μM CP690550 citrate (JAKi; Tocris) or vehicle
(i.e., cells in the presence of ∼0.1% dimethyl sulfoxide [DMSO]) for 24 h; or
250 nM torin1 (Tocris) for 4 h.
CD3+ T cells. CD3+ T cells were purified using the EasySep mouse T cell iso-
lation kit (Stem Cell Technologies) from spleens of naïve/tumor bearing FVB
mice according to the manufacturer’s instructions. Isolated cells were cultured
for 48 h in the presence of 500 ng/mL anti-CD3 (Thermo Fisher Scientific, clone
145-2C11), 20 ng/mL rmIL2 (Peprotech), and 50 μM β-mercaptoethanol (Sigma).

BMDMs and T cell coculture. BMDMs were polarized to M(IFNγ) or M(IL4) as
described above and treated with MNKi, JAKi, torin1, or vehicle (i.e., cells in
the presence of ∼0.1% DMSO) in polarizing media for 24 h or torin1 for 4 h.
After the indicated treatment time, media containing the inhibitor was re-
moved and macrophages were washed three times with phosphate buffered
saline (PBS). CD3+ T cells were then added at a 1:1 ratio and cocultured for 24
h. Activation of CD8+ T cells was assessed by flow cytometry analysis of in-
tracellular IFNγ (see below).

shRNA-Mediated Mnk2 Knockdown. We cloned the U6 promoter sequence
followed by either a short hairpin RNA targeting mouse Mnk2 (clone ID:
NM_021462.2-407s1c1; shMnk2) or a nontargeting control (SHC016 Sigma
Aldrich; shCTR) using the XhoI restriction site of a lentiviral vector also
containing GFP transcribed from the human PGK promoter. Vesicular sto-
matitis virus (VSV)-pseudotyped third-generation lentiviral vectors were
produced by transient transfection of 293T cells, concentrated, and titered
as previously described (50).

Animals and Tumor Models.
Bone marrow transplant experiment. The eIF4ES209A/S209A phospho-eIF4E-defi-
cient animal model was a gift from Nahum Sonenberg, McGill University,
Montreal, Canada and has been previously described (43). Bone marrow donor
WT and eIF4ES209A/S209A female BALB/c mice were bred in house and were 8 to
10 wk old upon bone marrow harvest. Six-week-old recipient WT animals
(purchased from Charles River) were lethally irradiated with two doses of
whole-body gamma radiation (4 Gy per dose) administered 6 h apart. Bone
marrow from donor mice was collected by flushing the femur and tibia bones
as described (8) and 107 cells were transplanted into recipient animals via retro-
orbital venous sinus injection within 2 h after a second radiation treatment.
Mammary fat-pad injection. PeRo-Bas1 (2 × 106) cells in 50 μL PBS were injected
into the fourth inguinal mammary gland of anesthetized FVB mice (5 to 7
wk old), while 66cl4 (2 × 105) cells in 50 μL PBS were injected into the fourth
inguinal mammary gland of anesthetized BALB/c mice 6 wk after the irra-
diation. Tumor growth was monitored externally, by caliper measurement,
and the tumor volume was estimated using the following equation: V =
4/3π × (d/2)2 × D/2, where d is the minor tumor axis and D is the major tumor
axis. Mice with tumors of different sizes were killed by cervical dislocation
and the excised tumor was weighed prior to dissociation. Animals were
purchased from Charles River Laboratory. These studies were approved by
the Swedish Board of Agriculture (N91/15) and by the McGill University
Animal Care and Use Committee (2011-6009).
Tumor-BMDM comingling assay. shMNK2 or shCTR vector-transduced BMDMs
(106 cells; of BALB/c origin) were embedded in 200 μL of growth factor-
reduced Matrigel (BD Bioscience) together with 2 × 105 66cl4 tumor cells.
Matrigel containing cancer cells and BMDMs were then injected s.c. in the
flank of 8-wk-old female BALB/c mice and harvested 8 d postinjection.
Tumor dissociation. Tumors or Matrigel plugs were dissociated into a single-cell
solution by incubating with RPMI (Gibco, Life Technologies) containing 5%
fetal bovine serum (Gibco), 2 mg/mL dispase (Sigma), 0.1 mg/mL DNaseI
(Sigma), and 0.2 mg/mL Collagenase IV (Life Technologies). Cells were then
passed through a 22-G syringe needle and filtering using 70-μM cell strainers
(Corning) and further processed by flow cytometry.

Quantitative PCR. Cultured BMDMs were collected in RLT buffer and ho-
mogenized using a syringe with a 20-G needle. RNA was extracted using the
RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions and
reverse transcribed with the QuantiTect Reverse Transcription kit according
to the manufacturer’s instructions (Qiagen). Genomic DNA was eliminated
using gDNA Wipeout Buffer (Qiagen) for 2 min at 42 °C. qPCR was per-
formed using either TaqMan Universal MasterMix II and TaqMan gene ex-
pression assays (Applied Biosystems) or SYBR Green PCR Master Mix (Applied
Biosystems) in a total volume of 10 μL. The polymerase was activated at 95 °C
for 10 min and the PCR was performed for 40 cycles (95 °C for 15 s and 60 °C
for 60 s). TaqMan probes are listed in SI Appendix, Table S1. Primers are
listed in SI Appendix, Table S2. Gene expression was normalized to levels of
β-actin using the ΔΔCt method.

Flow Cytometry. Single cell suspensions were stained with primary antibodies
(SI Appendix, Table S3A). For intracellular staining, the single cell suspen-
sions were fixed and permeabilized with Cytoperm/Cytofix reagents (BD
Biosciences) according to the manufacturer’s instructions. Following incu-
bation with primary antibodies for intracellular proteins, cells were incubated
with the appropriate secondary antibody (Invitrogen). All panels included anti-
CD16/32 mAb (BioLegend) to reduce nonspecific binding. Cell viability was
verified using 7AAD or the Live/Dead Fixable dead cell stain (Life Technologies).
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Samples were acquired with LSRII or Novocyte (BD Biosciences) and analyzed
with FlowJo software (Tree Star).

Cell Sorting and Polysome Profiling. Polysome profiling was performed as
previously described (32) using macrophages isolated from 13 tumors
ranging in size from 500 mg to 2,200 mg and M(IFNγ) and M(IL4) (n = 4).
M(IFNγ) and M(IL4) were harvested by scraping while sorting Mφs from tu-
mors, performed on a FACSJazz (BD Biosciences) flow sorter and gating the
CD11b+, F4/80+, and Ly6G− cell population on live (7AAD−) cells. Sorted cells
were kept in ice-cold PBS supplemented with 2% FBS and 100 μg/mL cyclo-
heximide. For sorted TAMs, a fraction (∼10%) of the obtained cell population
was lysed in TRIzol reagent (Thermo Fisher Scientific) and used for RNA se-
quencing with total RNA as input. Remaining cells were lysed in a hypotonic
lysis buffer, as described (32). For BMDMs, the cytoplasmic extract was col-
lected by centrifugation and 10% of the lysate was used to purify RNA (TRIzol)
for RNA sequencing with total RNA as input. Lysates were then applied onto a
5 to 50% (wt/vol) sucrose gradient, fractionated, and fractions corresponding
to mRNA associated with three or more ribosomes were collected in TRIzol
reagent for subsequent RNA extraction. Such pooled samples were used for
RNA sequencing of efficiently translated polysome-associated mRNA. RNA
quality was assessed using the RNA 6000 Nano kit (Bioanalyzer, Agilent).

Western Blot. Cells were lysed in Halt RIPA lysis buffer (Thermo Fisher Sci-
entific) with freshly added Halt Protease and Phosphatase Inhibitor Mixture
(Thermo Fisher Scientific). Protein concentrations were determined using the
bicinchoninic acid (BCA) method (Thermo Fisher Scientific) according to the
manufacturer’s instructions. A total of 2 to 3 μg of whole cell lysates were
subjected to electrophoresis in 10% or 4 to 12% Bis-Tris gels and transferred
onto nitrocellulose membranes using iBlot2 (Life Technologies). Membranes
were probed with primary antibodies (SI Appendix, Table S3B) followed by
horseradish peroxidase-conjugated secondary antibodies (Life Technologies).
Membranes were then washed and visualized with an enhanced chem-
iluminescence (ECL) detection system (GE Healthcare) and iBright CL1000
(Thermo Fisher Scientific). Signals were quantified using ImageJ software (NIH).

Protein Synthesis Measured by Puromycin Incorporation. M(IL4) or MCF7 cells
were treated with vehicle (i.e., cells in the presence of ∼0.1% DMSO) or MNKi
for 24 h or torin1 for 4 h. Cycloheximide (Sigma-Aldrich, 100 μg/mL) and/or
puromycin (Sigma-Aldrich, 10 μg/mL) were added 15 min before harvest. The
cells were then washed with ice-cold PBS twice and protein was collected
and processed for Western blotting as indicated above.

SmartSeq2 Library Preparation and RNA Sequencing. SmartSeq2 sequencing
libraries were prepared as previously described (51) using 5 ng (BMDMs)
or <1 ng (sorted cells) of total or polysome-associated mRNA as input.
Pooled libraries were sequenced with Illumina HiSeq 2500 using a 50-base
single-end setup. The resulting datasets were deposited at the gene ex-
pression omnibus (GSE151432 and GSE153060).

Data Analysis. RNA sequencing reads were aligned to Mm10 using HISAT (52)
and reads mapping to multiple locations in the genome were discarded
(numbers of sequenced reads and unique reads mapping to protein coding
mRNA are shown in Dataset S1 together with tumor characteristics such as
weight, time to harvest, sequencing batch, and percentage of macro-
phages). Gene expression was quantified as described using default settings
(53) and RefSeq gene definitions (54). Raw counts were trimmed-mean M
values normalized (55) and log2 transformed using Voom (56) in R 3.5.
Changes in total mRNA and polysome-associated mRNA depending on tu-
mor size were then assessed in an ANCOVA to obtain the linear relationship
between gene expression and tumor size (see SI Appendix for details).

Generally applicable gene-set enrichment for pathway analysis (57) was
used to identify enrichment of genes with functions annotated by the Gene
Ontology (GO) Consortium (58) using the batch-adjusted linear relationship
of translational efficiency to tumor size for all genes as input. Significantly
enriched GO terms among up- and down-regulated genes (FDR < 0.1) were
then represented as an annotated network using the Cytoscape Enrichment
Map pipeline (http://apps.cytoscape.org/apps/enrichmentmappipelinecollection).
The batch-adjusted regression coefficients of gene expression to tumor size using
total mRNA, polysome-associated mRNA, and translational efficiency levels for
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Fig. 5. Schematic of MNK2-dependent control of the antiinflammatory Mφs phenotype.
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significantly regulated genes in selected clusters were used to generate
heatmaps.

Data Availability. All study data are included in the article and supporting
information together with Gene Expression Omnibus datasets GSE151432
(59) and GSE153060 (60).
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