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SUMMARY

Macrophages contribute to host immunity and tissue homeostasis via alternative
activation programs. M1-like macrophages control intracellular bacterial patho-
gens and tumor progression. In contrast, M2-like macrophages shape reparative
microenvironments that can be conducive for pathogen survival or tumor growth.
An imbalance of these macrophages phenotypes may perpetuate sites of chronic
unresolved inflammation, such as infectious granulomas and solid tumors. We
have found that plant-derived and synthetic rocaglates sensitize macrophages
to low concentrations of the M1-inducing cytokine IFN-gamma and inhibit their
responsiveness to IL-4, a prototypical activator of the M2-like phenotype. Treat-
ment of primary macrophages with rocaglates enhanced phagosome-lysosome
fusion and control of intracellular mycobacteria. Thus, rocaglates represent a
novel class of immunomodulators that can direct macrophage polarization to-
ward the M1-like phenotype in complex microenvironments associated with hy-
pofunction of type 1 and/or hyperactivation of type 2 immunity, e.g., chronic bac-
terial infections, allergies, and, possibly, certain tumors.

INTRODUCTION

The increasing problem of infectious diseases caused by antibiotic-resistant bacteria has intensified a
search for novel therapeutic approaches. Among them are host-directed therapies (HDTs) aimed at either
boosting immune-mediated bacterial control or reducing immunopathology, broadly referred to as mech-
anisms of host resistance or disease tolerance, respectively (Wallis and Hafner, 2015). Many intracellular
bacterial pathogens reside in macrophages, the very cells of the innate immune system whose major
functionis to eliminate invading pathogens. This paradox is enabled by macrophages’ plasticity, which suc-
cessful pathogens exploit to create cellular niches for persistence and replication within inflamed tissue of
susceptible hosts (Price and Vance, 2014).

To combat intracellular bacteria, macrophages activate cell autonomous defense mechanisms, such as
phagocytosis, production of highly toxic reactive oxygen and nitrogen species, bactericidal peptides, as
well as phagosome maturation and autophagy to deliver the ingested pathogens to lysosomes for destruc-
tion. This pro-inflammatory type of macrophage activation can be induced by microbial ligands and proin-
flammatory cytokines. It is broadly referred to as “classical” or M1 type, although this definition encom-
passes an array of related but non-identical macrophage activation states (Murray et al., 2014).
Individuals whose macrophages fail to respond to IFNy, the prototypical M1 polarizing signal, are
extremely susceptible to infections caused by intracellular mycobacterial species, including an avirulent
vaccine strain of M. bovis Bacillus Calmette-Guerin (BCG) and normally avirulent environmental non-tuber-
culous mycobacteria (Fortin et al., 2007). The alternative macrophage activation programs, broadly
referred to as M2 type, are mediated by upregulation of anti-inflammatory cytokines. The M2-like macro-
phages play important homeostatic and adaptive physiological roles in immune regulation, tissue remod-
eling, fibrosis, and control of parasitic helminth infections (Sica and Mantovani, 2012). However, the activa-
tion of an alternative macrophage activation program by IL-4 favors Mtb replication by suppressing
autophagy and antigen presentation by the infected macrophages. Overexpression of IL-4 in a mouse
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model in vivo leads to progression of tuberculosis (TB) and formation of organized necrotic granulomas
typical of human TB (Heitmann et al., 2014). A helminth-induced type 2 immune response also antagonizes
host protective responses to mycobacteria (Potian et al., 2011). The M2-like differentiation of macrophages
is also involved in local immune suppression within tumor microenvironments and tumor promotion (Chan-
mee et al., 2014).

In vitro, the prototypic M1- and M2-like macrophage polarization states can be artificially induced by treat-
ment with cytokines or microbial ligands and represent polar antagonistic phenotypes. Thus, pretreatment
with IL-4 was shown to downregulate the macrophage responsiveness to IFNy (Salgame et al., 2013; Potian
et al.,, 2011; Harris et al., 2007; Patel et al., 2005; Browne and Holland, 2010), while priming with IFNy re-
duces their responses to IL-4(Venkataraman et al., 1999). Within specific in vivo environments, however,
macrophages are exposed to multiple and often conflicting polarization signals. In addition to cytokine
levels, the macrophage polarization in vivo may be influenced by the growth factors, cell interactions,
and environmental stressors. Despite the mutual antagonism of the macrophage polarization programs
in vitro, recent studies demonstrated simultaneous presence of M1- and M2-like macrophages within TB
lesions, where higher proportion of the M2-like Arginase-1-expressing macrophages was associated
with the disease progression (Cadena et al., 2017; Carow et al., 2019; Cronan et al., 2021). Spatial transcrip-
tomic analysis and immunochemistry revealed that the M2-like macrophage markers were more abundant
within the inner areas of TB granulomas (Carow et al., 2019; Cadena et al., 2017), whereas the IFNy-produc-
ing T cells were located mostly on the periphery of the organized granulomas (Sakai et al., 2014). Because
IFNYy is a labile homodimer, the diffusion of its biologically active dimer within inflammatory lesions is
limited. This suggests that the balance of M1/M2 macrophage phenotypes within TB lesions may deter-
mine local Mycobacterium tuberculosis (Mtb) control within specific granuloma compartments (Marino
et al., 2015).

To identify candidate compounds capable of directing granuloma macrophages toward the M1-like acti-
vation and enhancing their anti-mycobacterial activity, we searched for small molecules that enhance M1-
like macrophage polarization in synergy with low concentrations of IFNy. Screening small molecule li-
braries, we found several synthetic rocaglates that potentiated pleiotropic effects of IFNy on primary mac-
rophages (Bhattacharya et al., 2016). Rocaglates are a class of bioactive derivatives of natural products iso-
lated from medicinal plants of the Aglaia species that have been used in traditional Chinese medicine for
treatment of fever, cough, diarrhea, and inflammation. In modern medicine, the therapeutic potential of
synthetic rocaglates has been evaluated for cancer therapy (Santagata et al., 2013; Hwang et al., 2004;
Kim et al., 2006, 2007) and viral infections including coronaviruses (Mller et al., 2018). Rocaglates bind
to and suppress the RNA helicase activity of the elF-4A subunit of the elF4F translation initiation complex
and selectively inhibit cap-dependent protein translation (Bordeleau et al., 2008; Santagata et al., 2013).
The structurally related rocaglamide A (RocA) has been also shown to inhibit the Raf-MEK-ERK growth fac-
tor-activated pathway by targeting prohibitins 1 and 2 (Polier et al., 2012). Although rocaglates are gener-
ally known as inhibitors of protein translation, we found that in macrophages, select rocaglates induced the
upregulation of IRF1 protein, a master regulator of IFNy-activated pathways, in the presence of IFNy at
concentrations as low as 0.1 U/ml.

In the present study, we delineate mechanisms of the enhancement the M1 macrophage polarization by
active rocaglates. We also demonstrate that rocaglates inhibit macrophage responsiveness to CSF-1
and IL-4 and potentiate control of virulent Mtb by primary macrophages.

RESULTS

Macrophage activation by rocaglates is coupled to partial translational inhibition

To delineate the relationship between translation inhibition and macrophage activation by rocaglates, we
screened a library of synthetic rocaglate derivatives. Out of 86 compounds, 23 induced significant Irf1
mRNA upregulation in the presence of 0.2 U/ml of IFNy. Next, we determined the translation inhibitory
concentrations ICsy of these compounds using the 293TR-FLuc translation reporter cell line (Santagata
et al.,, 2013). We observed a tight negative correlation (r = - 0.6832) between the IrfT mRNA induction
and ICsg of those compounds (Figure 1A, Table S1), suggesting a mechanistic link between the translational
inhibition and Irf1 co-stimulation properties. To verify this relationship in primary macrophages, we
compared translation inhibition activities of two structurally similar rocaglates CMLD010536 and
CMLDO010850 (Figure 1B) in mouse bone-marrow-derived macrophages (BMDMs) using a puromycin
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Figure 1. Translation inhibition is required for rocaglate to activate BMDMs.

(A) Twenty three rocaglate analogs were examined (at 0.3 uM for 24 hr) for their translation inhibition activity and induction
of Irf1 mRNA expression in the presence of 0.1 U/ml of IFNy. The correlation coefficient was calculated using GraphPad
Prism 8.

(B) Chemical structure of small molecules CMLD010536 and CMLD010850.

(C) Translation inhibition by rocaglates in BMDMs assessed using the puromycin incorporation assay. BMDMs were
treated with indicated concentrations of CMLD010536 and CMLD010850 for 2 hr followed by puromycin (5 pg/mL) for 1 hr.
Puromycin incorporation was monitored by western blot using puromycin-specific antibody.

(D) BMDMs were treated with 100 nM CMLD010536 (labeled as 536) and CMLD010850 (labeled as 850). The Irf1 (in the
presence of IFNYy) and Txnip (without IFNy) mRNA induction was assessed using quantitative real-time RT-PCR (gRT-
PCR). The data are represented as mean =+ standard error of the mean (SEM), and p value < 0.05 was considered
statistically significant.

(E) BMDMs were treated with 0.1 and 0.3 pM CMLD010536 for 2, 8, and 23 hr followed by a treatment with puromycin
(5 ng/mL) for additional 1 hr. Incorporation of puromycin was monitored by western blot using puromycin-specific
antibody.

(F) BMDMs were treated with 0.1 uM rocaglate for 6 and 18 hr, and protein levels of Myc, ATF-3, and ATF-4 were
monitored by western blot using specific antibody.
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incorporation assay (Rodrigo et al.,, 2012). CMLD010536 exerted greater translation inhibition than
CMLDO010850 (Figure 1C), and it was also significantly more potent as an inducer of IrfT mRNA expression
cooperatively with a low dose of IFNYy, as well as of another, IFNy-independent, rocaglate target gene
Txnip (Santagata et al., 2013) (Figure 1D).

Next, we used a puromycin incorporation assay to investigate the dynamics of translation inhibition by
CMLDO010536 in BMDMs. Protein translation was quantified after 3, 9, and 24 hr of the rocaglate treatment.
At each timepoint, puromycin was added for one hour and its incorporation into newly synthesized proteins
was determined using western blot with puromycin-specific antibodies. The rocaglate treatment signifi-
cantly reduced translation at all timepoints in a dose-dependent manner (Figure 1E). However, the rates
of residual protein translation were similar at all of the timepoints. These data demonstrate that translation
inhibition was partial and that the rocaglate-resistant translation was sustained during the course of the ro-
caglate treatment.

As reported previously in T cells (Wolfe et al., 2014), translation of c-Myc was sensitive to elF4A inhibition by
rocaglates in BMDMs, as well. After rocaglate treatment the expression of Myc protein was completely
abrogated (Figure 1F), while Myc mRNA was upregulated (Figure STA). Inhibition of the cap-dependent
protein translation, however, may trigger a signaling cascade known as the integrated stress response
(ISR). It is initiated via cap-independent translation of a constitutively expressed mRNA encoding a stress
response transcription factor ATF4, which is followed by the upregulation of its downstream target ATF3.
Canonical ISR is induced by several stress-activated kinases via phosphorylation of the translation initiation
factor elF2a. We found that the rocaglate treatment also induced the ATF4 protein followed by the upre-
gulation of the ATF3 mRNA (Figure S1B) and protein (Figure 1F and Figure S1C).

To broadly identify proteins expressed in BMDM s treated with rocaglates for 24 hr, we performed prote-
omic analysis using mass spectrometry (Table S2). The autophagy adapter, stress response protein Seques-
tosome 1 (SQSTM1, a.k.a. p62), was found to be the most abundant. SQSTM1/p62 plays an important role
in stress resilience by controlling selective autophagy and anti-oxidant defense gene expression (Katsuragi
et al., 2015; Moscat and Diaz-Meco, 2011; Knaevelsrud and Simonsen, 2010; Johansen and Lamark, 2011;
Taguchi et al., 2011; Jaramillo and Zhang, 2013; Padmanabhan et al., 2006; Fukutomi et al., 2014; Komatsu
et al., 2010; Lau et al., 2010).

Taken together, our data demonstrate a reciprocal downregulation of Myc and the upregulation of the ISR
TFs ATF4 and ATF3 and p62 in primary macrophages. This response to the rocaglate treatment mimics a
coordinated stress response encompassing several adaptive pathways.

The rocaglate effect on macrophage activation is mediated by p38 stress kinase

The rocaglate treatment of BMDMs induced de novo pé2 protein and mRNA syntheses in an IFNy-inde-
pendent manner (Figures 2A and 2B, respectively). Comparing the pé2-inducing activities of
CMLDO010536 with natural rocaglates, silvestrol and rocaglamide A demonstrated that those compounds
had similar activities, while CMLD010850 did not induce p62 mRNA expression (Figure 2C). Thus, the up-
regulation of p62 and Irf1 mMRNAs by rocaglates was associated with their ability to selectively inhibit pro-
tein translation, although the Irf1 induction required co-stimulation with IFNy, while the pé2 upregulation
was IFNy independent.

Our previous analysis of rocaglate-mediated macrophage activation using gene expression profiling sug-
gested activation of stress kinase-mediated pathways (Bhattacharya et al., 2016). Therefore, we tested
whether p62 induction by rocaglates was mediated by stress-activated MAP kinases using small molecule
inhibitors. The p38 inhibitor (SB203580 at 10 uM), added 30 min prior to treatment with 100 nM
CMLDO010536, completely abrogated p62 mRNA upregulation, while the inhibitors of JNK (SB400125)
and ERK (U0126/PD98059) had no effect (Figure 2D). The p38 MAPK inhibitor also abrogated the upregu-
lation of two other rocaglate-induced inflammatory genes, Txnip and Ptgs2 (Figures S2A and S2B, respec-
tively), and also decreased the p62 protein levels (Figure S2C). We confirmed the specificity of p38-medi-
ated inhibition of p62 mMRNA using another p38 inhibitor SB212090 (Figure S2D). Of note, both p38
inhibitors were non-toxic during the treatment period, either alone or in combination with rocaglate
(Figure S2E).
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Figure 2. Selective translation inhibition by rocaglate remodels macrophage proteome and upregulates stress
response proteins.

(A) BMDMs were treated with CMLD010536 (0, 25, 50, and 100 nM) for 6 and 24 hr. The expression of p62 protein was
measured by western blot using pé2-specific antibody.

(B) The p62 mRNA induction in BMDMs treated with CMLD010536 (at 25, 50, and 100 nM) for é hr. The p62 mRNA levels
were determined using qRT-PCR and expressed as a fold induction compared to untreated cells.

(C) Effect of the rocaglate derivatives CMLD010536 (536), sivestrol (sil), rocaglamide A (RocA), and CMLD010850 (850) on
p62 mRNA expression. BMDMs were treated with each compound at 100 nM for 24 hr. The p62 mRNA levels were
measured by gRT-PCR and expressed as the fold induction compared to untreated cells.

(D) Effect of MAPK inhibitors SB203580 (p38), SB600125 (JNK), and U0126 (ERK) on p62 mRNA expression in BMDMs
treated with 100 nM CMLDO010536 for 6 hr. Inhibitors were added to a final concentration 10 uM, 30 min prior to the
rocaglate treatment. The p62 mRNA levels were determined using gRT-PCR and expressed as fold induction compared
to untreated BMDMs.

(E) The kinetics of p38 phosphorylation in BMDMs treated with 0.3 pM CMLD010536 was determined by western blot
using phospho-p38 specific antibody.

(F) The effect of the p38 inhibitor SB203580 (10 M) on IRF1 protein induction by CMLD010536 (300 nM) in synergy with low
concentrations of IFNy (0.05 or 0.1 U/ml). The inhibitor was added to BMDMs 30 min prior to stimulation with the
rocaglate and IFNy. The IRF1 protein levels were determined after 6 hr by western blot using IRF1-specific antibody. The
relative densitometric values of IRF1 bands’ areas were determined after normalization and are shown as ratios to non-
stimulated controls above the blot.

(G) Treatment with 0.1 U/ml alone did not induce the p38 phosphorylation in BMDMs as compared to cells treated with
0.1 U.ml of IFNYy in combination with CMLD010536 (0.3 uM). BMDMs were treated with 0.1 U/ml of IFNy either in the
absence or presence of the rocaglate, and phospho-p38 levels were determined by western blot using phospho-p38-
specific antibody.

(H) BMDMs were treated with 0.3 uM rocaglate ,and phosphorylation of STAT1 at Ser727 at indicated timepoints was
monitored by western blot using phospho-Ser727-specific antibody.
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Figure 2. Continued

() BMDMs were treated with 0.3 uM rocaglate and 10 pM SB203580 for indicated timepoints and observed STAT1 total
level and STAT1 phosphorylation at Ser727 by western blot using specific antibody.

(J) Mass spectrometry measured abundances of proteins which are upregulated by rocaglate (0.1 uM) and IFNYy (0.2 U/mL)
in a synergistic way. Bliss independence criterion was used for estimation of synergy effects (see Methods). The data in
panels B, C and D are represented as mean + SEM, and p value < 0.05 was considered statistically significant.

The p38 activation can be induced by reactive oxygen species (ROS); we tested whether oxidative stress
plays a role in the p38-mediated p62 induction by the rocaglate. However, Sqstm1/pé62 mRNA induction
was unaffected in the presence of ROS scavenger N-acetyl-cysteine (Figure S2F). Notably, the known trans-
lation elongation inhibitor cycloheximide also failed to stimulate the expression of pé2 (Figure S2G).

Next, we compared the kinetics of p38 phosphorylation (Figure 2E) and p62 mRNA upregulation (Fig-
ure S2H) during the course of the rocaglate treatment. Rapid activation of p38, started at 15 min of the
treatment, reached a plateau at 30-120 min and declined by 4 hr. Meanwhile, the p62 mRNA continued
to increase 4-24 hr of the treatment duration indicating that p38 phosphorylation was necessary to initiate
a signaling cascade leading to the p62 upregulation but was dispensable for its maintenance.

Taken together, these data demonstrate that macrophage treatment with rocaglates induces stepwise
transcriptome and proteome remodeling. At the early initiation step (0.5-2 hr), the activation of p38 stress
kinase drives transcriptional upregulation of p62, Ptgs2, Txnip, and other inflammatory genes. The trans-
lation of ISR transcription factors and pé2 occurs with a delay at a later stage (16-24 hr) of rocaglate treat-
ment. Interestingly, the p38 inhibitor partially inhibited the p62 protein upregulation by the rocaglate.
Perhaps, other signaling pathways, yet to be identified, are involved in the upregulation of pé2 protein
at the later stage.

The p38 activation mediates synergy of rocaglates with low concentrations of IFNy

Next, we wanted to determine whether the upregulation of IRF1 by rocaglates in the presence of low con-
centrations of IFNy was also mediated by p38. Indeed, CMLD010536 boosted the levels of IRF1 protein in
the presence of IFNy at concentrations as low as 0.05 and 0.1 U/ml, and this boosting effect was abrogated
by p38inhibition (Figure 2F). Importantly, treatment with active rocaglates alone suppressed the basal IRF1
protein expression (Figure 2F). These data demonstrate that synergy of rocaglates with low concentrations
of IFNy in IRF1 upregulation is mediated by p38 MAPK. We observed the p38 phosphorylation in BMDMs
treated with rocaglate and low concentration of IFNy but not with [FNy alone (Figure 2G). The p38 inhibitor
suppressed the IrfT mRNA co-stimulation by the rocaglate (Figure S3A), but it did not suppress the Irf1
mRNA induction by standard doses of IFNy alone (Figure S3B). Thus, the synergistic effect of rocaglates
with the low concentration of IFNy does not simply mimic the canonical IFNy pathway.

The upregulation of the IrfT gene expression by IFNYy is mediated by the binding of STAT1 homodimers to
the gamma-activatable sequence (GAS) in the IrfT promoter. The STAT1 homodimer formation and pro-
moter binding require STAT1 phosphorylation at the canonical tyrosine-701 by JAK kinases, an event
that occurs upon the IFNy dimer binding to its receptor (Meraz et al., 1996; Decker et al., 1997). However,
CMLDO010536 did not increase STAT1 phosphorylation at the canonical tyrosine site in our studies. There is
emerging evidence that serine (Ser-727) phosphorylation of STAT1 by stress-activated MAP kinases p38
and JNK mediates various stress responses (Dudley et al., 2004) and may account for nearly 80% of
IFNy-induced transcriptional activity by recruiting transcriptional co-activators to the STAT1 dimer.
Indeed, we found that the CMLD010536 treatment induced STAT1 Ser727 phosphorylation as early as
15 min (Figure 2H), and this STAT1 Ser727 phosphorylation was inhibited by the p38 MAPK inhibitor
(Figure 21).

To further explore the synergistic effect of rocaglates and low concentration of IFNy, we compared protein
content of BMDMs treated with rocaglate plus IFNy (0.2 U/ml) vs IFNy (0.2 U/ml) alone using mass spec-
trometry. To identify proteins that are upregulated by rocaglate and IFNy in a synergistic manner, we
used the Bliss independence criterion for formal synergy analysis (Greco et al.,, 1995) (see STAR Methods).
Table S3 (“Proteins induced by rocaglates in synergy with IFN-gamma, related to Figure 2J”) presents a list
of differentially expressed proteins sorted by the Bliss synergy score in the descending order. Positive
values of the synergy score correspond to synergy between rocaglate and IFNy. A cluster of proteins for
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Figure 3. Suppression of the alternative macrophage activation by rocaglates
(A) Pretreatment with IFNy suppresses macrophage responses to IL-4. BMDMs were pretreated with increasing

concentrations of IFNy for 4h and stimulated with 25 ng/mL IL4 for additional 20 hr. The expression of ArgT mRNA was
measured using qRT-PCR. Fold induction was calculated using the IL4 untreated controls.
(B) BMDMs were pretreated with indicated concentrations of CMLD010536 for 4h, stimulated with IL4 and analyzed for

ArgT mRNA expression as in (A)

¢ CellP’ress

(C) BMDMs were pretreated with different rocaglate derivatives (at 100 nM) for 4 hr followed by treatment with 25 ng/mL
IL-4 for 20 hr. The ArgT mRNA induction was determined as in (A)
(D) Effect of CMLD010536 on the IL4-induced STAT6 binding activity in BMDMs was monitored using EMSA. BMDMs were
pretreated with the indicated rocaglate concentrations for 2 hr and stimulated with IL4 (25 ng/mL) for additional 4 hr.
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Figure 3. Continued

Nuclear extracts were prepared and STAT6 promoter binding activity was monitored by EMSA using STAT6-specific
DNA probe. Competition with unlabeled STAT6 probe (C) demonstrates the specificity of the shifted band.

(E) Rocaglate does not inhibit STATé protein upregulation and nuclear translocation by IL4. BMDMs were treated with
indicated concentrations of CMLD010536 for 2 hr followed by a treatment with IL4 (25 ng/mL) for additional 4 hr. Total
STAT6 protein levels were measured by western blot. The total STAT6 protein levels were not affected by the rocaglate
treatments.

(F) BMDMs were treated with 30 nM concentration of rocaglate for 2 hr followed by a treatment with I1L4 (25 ng/mL) for
additional 4 hr. The BMDMs were stained using STATé antibody, nuclear stain Hoechst and observed nuclear
translocation of STATé using Zeiss LSM 710-Live Duo scan confocal microscopy. Scale bar represents 50 uM.

(G) The induction of the Arg? mRNA by IL4 (25 ng/mL) was suppressed by CMLD010536 (100 nM), and this suppression
was not abrogated by the p38 inhibitor SB203580 (10 uM). The Arg? mRNA was measured using gRT-PCR as fold
induction at 24 hr.

(H) The induction of the Arg? mRNA by IL4 (25 ng/mL) was not affected by the JNK inhibitor (SB600125) but was
suppressed by the ERK inhibitor (U0126) to a degree similar to CMLDO010536 (100 nM). The inhibitors were added 30 min
prior to IL-4, and the Arg? mRNA expression was measured using qRT-PCR as fold induction at 24 hr.

(I) The rocaglate treatment abrogates ERK1/2 phosphorylation in IL-4 stimulated macrophages. BMDMs were pre-treated
with CMLD010536 (100 nM) for 12 hr and stimulated with IL4 (100 ng/mL). Phospho- and total ERK1/2 proteins were
measured using western blot after the indicated periods of the IL-4 stimulation.

(J and K) The suppression of the BMDM response to IL-4 by the rocaglate is reversible. BMDMs were pretreated with
rocaglate (100 nM) for 24 hr, washed and stimulated with IL-4 (100 ng/mL) either alone or in the presence of rocaglate
(100 nM). The cells not treated with rocaglate and stimulated with IL-4 were used as a positive control. The expression of
ArgT mRNA was measured by using gRT-PCR as above. In (J), BMDMs were pretreated and washed as in (l) but were
rested for additional 24 hr before stimulation with IL-4. BMDMs cultured in the presence of the rocaglate for the duration
of the experiment served as a control for suppression. TThe data in panels A, B, C, G, H, J and K are represented as mean
+ SEM, and p value < 0.05 was considered statistically significant.

which synergistic effect is most pronounced is shown in Figure 2J. This cluster is enriched for known IFN-
inducible proteins, including proteins that play important roles in control of intracellular parasites (IF147,
ICAM-1), viruses (IFIT2, SAMHD1, IFI204, Mnda/IFI16), and M1 macrophage polarization (IRF 5). Thus,
the rocaglate synergy with IFNy has a broad effect on macrophage M1-like polarization and activation
of diverse mechanisms of innate immunity.

Suppression of the alternative activation of macrophages by rocaglates

Once we determined that active rocaglates boosted a pro-inflammatory (M1-like) macrophage program,
we investigated whether it could concurrently suppress the alternative (M2-like) macrophage activation.
In agreement with the known antagonistic relationship of these modes of macrophage activation, pretreat-
ment of macrophages with IFNy abrogated their response to the M2-polarizing cytokine IL-4, as measured
by the ArgT mRNA expression (Figure 3A). Similarly, the induction of the M2 polarization markers Arg1 and
Fizz1 by IL-4 was suppressed by CMLD010536 in a dose-dependent manner (Figure 3B and Figure S4A,
respectively). Interestingly, this suppressor effect of the rocaglate does not require the co-stimulation
with IFNYy. It does correlate, however, with a rocaglate ability to inhibit mMRNA translation: at 0.1 uM con-
centration, the alternative macrophage activation was suppressed by CMLD010536, silvestrol and rocagla-
mide A, but not by CMLD010850 (Figure 3C), which is a much less potent translational inhibitor and does
not inhibit translation at this concentration (Figure 1C).

The upregulation of the IL-4-inducible genes is mediated by the transcription factor STAT6. Using electro-
phoretic mobility shift assay (EMSA) with a STAT6 consensus sequence oligonucleotide probe, we deter-
mined that pretreatment with 30 and 100 nM of CMLD010536 prior to IL-4 stimulation inhibited STAT6 DNA
binding (Figure 3D). This effect was not associated with a decrease in the total STATé protein levels (Fig-
ure 3E). The rocaglate treatment did not inhibit the IL-4-induced nuclear translocation of STAT-6 (Figure 3F
and Figures S4B and S4C). These observations suggested that the suppression of the STAT6 DNA binding
activity was a regulatory phenomenon that could not be simply attributed to inhibition of the STATé protein
translation. Therefore, we sought to determine whether the suppressor activity was mediated by p38. The
p38 inhibitor, however, did not restore the expression of Arg? inhibited by CMLD10536 (Figure 3G).
Instead, we observed that the rocaglate treatment mimicked the inhibitory effect of the ERK inhibitor
U0126 on IL4-induced Arg? mRNA expression (Figure 3H). Indeed, the rocaglate treatment completely
abrogated the ERK1/2 phosphorylation in IL4-stimulated macrophages without affecting the total ERK1/
2 levels (Figures 3l and Figure 4F). This finding is consistent with the previously described role of ERK1/2
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Figure 4. Rocaglates stimulate antimycobacterial defenses in BMDMs

(A) BMDMs were pretreated with CMLD010536 (50 nM) for 24 hr and subsequently infected with M. bovis BCG at MOI 1
and 3. The intracellular BCG loads were measured 24 hr post infection by determining genome equivalents using gPCR
with BCG-specific primers and Tagman probe.

(B and C) BMDMs were infected with BCG:gfp at MOI 1 and rocaglate was added after phagocytosis till 24 hr. The BMDMs
were stained using LC-3B antibody and observed fluorescence intensity of LC-3B and its co-localization with BCG:gfp
using Zeiss LSM 710-Live Duo scan confocal microscopy. The percent fluorescence intensity was calculated using ImageJ.
Scale bar represents 20 uM.

(D and E) Rocaglates promote phagosome-lysosome fusion. BMDMs were pretreated with 25 nM CMLD010536 for 6 hr
and infected with M. bovis BCG expressing gfp (BCG:gfp) at MOI 1. At 48 hr p.i., the cells were strained with LysoTracker
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Figure 4. Continued

red for 1 hr, processed for imaging by confocal microscopy and analyzed for co-localization of lysosomes with
phagosomes containing BCG:gfp. The percentage of BCG-positive phagosome co-localization with lysosomes

and representative images are presented in (D) and (E), respectively. The data in (E) are represented as mean + SEM
(n = 50, phagosomes), p < 0.05. Scale bar represents 20 pM.

(F and G) Rocaglate inhibit ERK phosphorylation induced by CSF1-containing media (LCCM) (F) and the expression of
CSF1R (G). BMDMs were pre-treated with 100 nM CMLD010536 for 12 hr and subsequently provided 30% LCCM for the
indicated periods of time. (F) Phospho- and total ERK1/2 protein levels were determined by western blot. (G) BMDMs
were treated with indicated concentrations of CMLD010536 for 24 hr, and CSF1R protein levels were determined by
western blot.

(H) BMDMs were treated with 25 nM CMLDO010536 either alone or in combination with IL-4 (100 ng/mL), GM-CSF

(100 ng/mL), or IFN«y (10 and 100 U/mL) for 72 hr. The cell numbers and percentage of cell death (right Y axis) were
analyzed using LIVE/DEAD staining and automated microscopy. The cell numbers at day 3 were expressed as the
percentage of cells at day O (left Y axis). The dotted line indicates the cell number at day 0 (100%).

(). IL-4 improves the survival of the rocaglate-treated and Mtb-infected macrophages. BMDMs were pretreated with IL-4
(100 ng/mL) for 16 hr and infected with Mtb H37Rv at MOI 1. CMLD010536 (25 nM) was added 2 hr p.i. either alone or in
combination with IL-4 (100 ng/mL). The percentage of cell numbers and percentage of dead cells at 72 hr p.i. were
determined as in (H). The dotted line denotes the cell numbers (100%) immediately after the Mtb infection and washing off
the extracellular bacteria (day 0).

(J) The rocaglate treatment reduces the Mtb load in the presence of IL-4. The intracellular bacterial loads were
determined after 2 hr phagocytosis (day 0) and at days 1 and 3 p.i. using gPCR and normalized using BCG spike as an
internal control. The Mtb loads are presented as fold change compared to Mtb uptake by untreated BMDMs at O h. The
data in panels A, C, E, H, | and J are represented as mean + SEM, and p value < 0.05 was considered statistically
significant.

in the alternative macrophage activation. Thus, rocaglates inhibit ERK1/2 phosphorylation and Myc trans-
lation (Figure 1F), whose activities are necessary for M2-like macrophage polarization (Pello, 2016; Pello
et al., 2012).

Next, we wanted to determine whether the rocaglate treatment induces transient or stable suppression of
the M2-like phenotype. As shown in Figure 3J, pre-treatement and removal of the rocaglate prior to the IL-4
stimulation had a substantially weaker inhibitory effect on the Arg1 gene expression, as compared to simul-
taneous treatment with the rocaglate and IL-4. When we increased the interval between the rocaglate treat-
ment and IL-4 stimulation to 24 hr, the inhibitory effect of the rocaglate pretreatment disappeared
completely (Figure 3K). Similar effects were observed when Fizz1 gene expression was used as an M2 po-
larization marker (Figures S4D and S4E). Thus, the rocaglate inhibition of IL-4 responses is transient and can
be completely reversed after their removal. These findings demonstrate that effects of rocaglate on macro-
phage are regulatory, rather than toxic. No toxicity was observed when macrophages were treated with
rocaglate and IL-4 for 72 hr (Figure S4F).

These experiments demonstrated that, unlike the rocaglates’ effects on the M1-like polarization, the inhi-
bition of alternative macrophage activation by rocaglates is driven by a separate, p38-independent
pathway. Selective translation inhibition by rocaglates, however, is required for both pathways. Perhaps,
they represent two modules of a coordinated physiological response of macrophages to attenuated pro-
tein translation—a common sign of, and an adaptation to, ongoing stress and microbial pathogenesis
(Fontana et al., 2011, 2012).

Macrophage activation by rocaglates improves bacterial control

The ability of rocaglates to synergize with low concentrations of IFNy inhibits the alternative macrophage
activation and activates protective stress responses, making this class of compounds an attractive candi-
date for HDT of infections caused by intracellular bacterial pathogens. The SQSTM1/p62 protein, which
isinduced by rocaglates in a p38-dependent but IFNy-independent manner, coordinates activation of cen-
tral stress response pathways: antioxidative defense and autophagy (Katsuragi et al., 2015; Moscat and
Diaz-Meco, 2011; Rogov et al., 2014; Komatsu et al., 2010; Taguchi et al., 2011; Jaramillo and Zhang,
2013; Padmanabhan et al., 2006; Fukutomi et al., 2014; Lau et al., 2010). It is a major adapter protein that
targets intracellular bacteria to LC3-positive autophagosomes (Zheng et al., 2009). Previously, we have re-
ported that the rocaglate treatment stimulates autophagic flux and increases the lipidated form of LC3
associated with autophagosome maturation (Bhattacharya et al., 2016). To test whether rocaglate treat-
ment could enhance macrophage resistance to intracellular bacteria, we treated BMDMs with
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CMLDO010536 (50 nM), infected them with Mycobacterium bovis BCG, and determined their bacterial loads
and viability at 24 hr post infection (p.i.). The rocaglate treatment significantly reduced the bacterial loads,
as determined by quantitative PCR of the bacterial genomes (Figure 4A), and viability, as determined by
colony forming units plating (Figure S5A). The rocaglate treatment increased co-localization of M. bovis
BCG (BCG:gfp) with autophagosome marker LC-3B (Figures 4B and 4C) and the delivery of the intracellular
bacteria to lysosomes (Figures 4D and 4E, and Figure S5B and S5C). In agreement with the upregulation of
p62 mRNA and protein (Figures 2A-2C), we observed abundant pé2 puncta in the cytoplasm of the roca-
glate-treated BMDMs and the co-localization of BCG:gfp with p62 (Figure S5D). These data demonstrate
that rocaglate-mediated macrophage activation significantly increased autophagy and clearance of vacu-
olar intracellular bacteria (BCG). Compared to BCG vaccine, virulent Mycobacterium tuberculosis (Mtb) is
more resilient to macrophage attack. In naive macrophages, the bacteria block phagosome-lysosome
fusion, then escape from phagosomes to the cytoplasm, grow, and eventually destroy the host cells.
Because of a slow replication rate of the bacteria, this cycle takes several days, unless a high multiplicity
of infection (MO) is used. To test whether rocaglates would improve the macrophage ability to control viru-
lent Mtb in vitro, we used low MOI and extended the time p.i. to 72 hr. Infection with virulent Mtb dramat-
ically decreased the viability of BMDMs treated with CMLD10536 at 25-50 nM for 3 days. Even in the
absence of infection, the rocaglate treatment for 48 hr decreased cell survival (Figure S5E).

The highly homogeneous BMDM population prepared in our laboratory according to (Chitu et al., 2011) is
critically dependent on CSF1 for survival. Increasing the CSF1-containing conditioned media 3-fold did not
improve cell survival in the presence of rocaglates. The ERK1/2 phosphorylation, which is downstream of
CSF1 receptor (CSF1R) signaling, also could not be restored in the rocaglate-treated cells by increasing
CSF1 (Figure 4F). Finally, we found that rocaglates suppressed the expression of the CSF1 receptor protein
(Figure 4G and Figure S5F) and, thus, compromised a major survival pathway. To identify alternative sur-
vival factors, we compared the survival of the rocaglate-treated BMDMs in the presence of GM-CSF,
IFNYy, and IL-4 (Figure 4H). Surprisingly, IL-4 significantly improved the rocaglate-treated macrophage sur-
vival within 72 hr, as compared to GM-CSF and IFNy. The pro-survival effect of IL-4 on rocaglate-treated
BMDMs was not mediated by either STAT6 or ERK1/2 since both were inhibited by rocaglate in the pres-
ence of IL-4 (Figures 3D and 3l). Possibly, this effect is mediated by activation of an alternative survival
pathway downstream of the IL-4 receptor, such as Akt (Vergadi et al., 2017).

The pro-survival effect of IL-4 was also observed in Mtb-infected BMDM cultures at 72 hr p.i. (Figure 4l). In
contrast, GM-CSF failed to improve the macrophage survival in these settings (Figure S5F). Therefore, we
tested the effects of rocaglates on Mtb replication in macrophages in the presence of IL-4. The bacterial
loads were estimated using an optimized quantitative PCR method developed in our laboratory (Yabaji
et al., submitted for publication). We observed an approximately 2-fold increase between 0 and 72 hr
p.i. in naive macrophages (Figure 4J). Pretreatment with IL-4 had no effect on the bacterial uptake. In
the presence of IL-4, the bacterial loads increased by 72 hr p.i., as compared to naive macrophages. In
contrast, no bacterial growth was observed in BMDMs treated with rocaglate and IL-4, and the bacterial
loads at 72 hr p.i. were significantly lower as compared to naive and IL-4-treated macrophages. Thus, ro-
caglate treatment improves macrophage ability to control Mtb growth even in the presence of an M2-
polarizing cytokine. Notably, ARG1-positive (M2-polarized) macrophages have been detected in advanced
TB granulomas in zebrafish, mice, non-human primates, and humans (Mattila et al., 2013). Therefore, this
rocaglate activity may be beneficial in the context of active TB disease.

To begin testing effects of rocaglates in vivo, we have chosen a model of acute respiratory challenge with
Streptococcus pneumoniae (serotype 3) (Yang et al., 2014). Alveolar macrophages (AMs) play an important
role at the early phase of this infection (Dockrell et al., 2003; Gordon et al., 2000). It is also worth noting that
in naive hosts, the AM displays an M2-like phenotype. We wondered whether rocaglate pretreatment could
prime macrophages for more efficient control of the acute bacterial infection. Outbred CD-11GS male mice
were treated with CMLD010536 (25 g/kg, i.p.) at 48, 24, and 0 hr before the respiratory challenge with Strep.
pneumoniae. At 24 hr p.i., bronchoalveolar lavage (BAL) was performed to harvest 2 mL of BAL fluid. We
observed significant reduction of live bacteria (as determined by BAL colony forming units counts, Figure S6
left panel) and BAL cell numbers (Figure Sé, right panel) in rocaglate pretreated mice as compared to
vehicle-treated controls. These results show that rocaglate pretreatment increased bacterial control and
reduced inflammatory cell recruitment to the lungs at the early stage of respiratory infection with Strep.
pneumoniae.

¢? CellPress

OPEN ACCESS

iScience 24, 102845, August 20, 2021 1"




¢? CellPress

OPEN ACCESS

CSF-1 IFNy

IL-4
= — — — —
—— — — E—
IL-4R CSF-1 R . IFNyR
O
. Rocaglate
Translation Phosphorylation

ERK1Ig|_ inhibition —) @) Phosphorylation (Tyr 701)
@ Phosphorylation (Ser 727)

————__ —— - - — ---

/” ¢ Myc | Nucleus ‘s\\
¢ *’F.ﬂﬁql.f!.zf!..) P62, Ptgs2, Txnip N
J JOUNNDUNUNX JOUDUDUNOUN 5 '\'\I\I\ V4

~ s’

~ ’f
Seo "
----_--———————— -
M2 polarization ¢ p62 T M1 polarization T

Figure 5. Pleiotropic effects of rocaglates’ on primary macrophages

Active rocaglate (R) induces p38-dependent and independent effects. The p38-dependent effects include synergy with
low concentrations of IFNy (via STAT1 phosphorylation at Ser727 and upregulation of IRF1), as well as an IFNy-
independent induction of several inflammatory and stress response genes including SQSTM1/p62 protein. The p38-
independent effects include inhibition of anabolic pathways mediated by the CSF1 receptor, the IL-4-STAT6 axis, ERK1/2
MAPK, and Myc. In toto, macrophage response to selective protein translation inhibition amounts to adaptive proteome
remodeling, inhibition of cell growth, and increased expression of stress response proteins. This adaptive response
increases macrophage resistance to intracellular mycobacteria.

DISCUSSION

Taken together, our data demonstrate that rocaglates enhance pleiotropic effects of IFNy on primary mac-
rophages. These effects are associated with their selective translation inhibition activity and cannot be
recapitulated by general inhibitors of translation such as cycloheximide and puromycin. Using metabolic
labeling with puromycin, we have determined that despite overall translational repression in cells exposed
to rocaglates, a fraction of translational activities persisted. Proteins involved in stress response such as
ATF4, ATF3, and SQSTM1/p62 were directly upregulated by the translationally active rocaglates. In addi-
tion, we identified a set of proteins whose upregulation with rocaglates required co-stimulation with low
concentrations of IFNy. This category encompasses interferon-inducible proteins that govern M1-like
macrophage differentiation and activation, such as transcription factors IRF1, IRF5, as well as anti-prolifer-
ative and anti-viral proteins (Figure 2J). Thus, exposure of primary macrophage to rocaglates induced
stress responses and restricted their differentiation, channeling it toward the M1-like phenotype, as de-
picted in Figure 5.

The macrophage-activating effects of the rocaglates, either IFN-dependent or independent, partially
relied on activation of a stress-activated MAP kinase p38. Thus, the pé2, Txnip, and Ptgs2 mRNAs could
be induced in naive BMDMs by the treatment with rocaglates alone in a p38-dependent manner. Our
data demonstrate that the p38 MAPK pathway activation also plays a central role in rocaglates’ synergy
with IFNy in macrophage activation via p38-mediated phosphorylation of STAT1 at a non-canonical site.
Canonically, the upregulation of the Irf1 gene expression by IFNy is mediated by the binding of STAT1 ho-
modimers to the GAS in the IrfT promoter. The STAT1 homodimer formation and promoter binding require
STAT1 phosphorylation following the IFNy binding to its receptor (Meraz et al., 1996; Decker et al., 1997).
However, rocaglates did not increase STAT1 phosphorylation at the canonical tyrosine site in our studies.
There is an emerging evidence that serine (Ser-727) phosphorylation of STAT1 by stress-activated MAP ki-
nases p38 and JNK mediates various stress responses (Dudley et al., 2004) and may account for nearly 80%
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of IFNy-induced transcriptional activity. Importantly, this STAT1 modification does not increase DNA bind-
ing or nuclear translocation of STAT1 dimers (Wen et al., 1995; Kovarik et al., 1998; Goh et al., 1999). There-
fore, we tested whether the synergistic effect of the rocaglate on IRF1 induction was mediated via the alter-
native mechanism(s) involving MAP kinase activation. We found (i) that rocaglates induced STAT1 Ser-727
phosphorylation in macrophages and (i) p38 inhibitors abrogated Ser-727 phosphorylation of STAT-1 and
the synergistic effect on the IRF1 expression. We propose that low doses of IFNy are necessary to initiate
the STAT1 dimer formation and binding to the IRF1 promoter, while the p38 activation by rocaglates and
STAT1 Ser-727 phosphorylation boosts and sustains the Irf1 transcription, most likely, by facilitating inter-
actions of STAT1 with transcriptional co-activators. This hypothesis is further supported by the fact that p38
is known to translocate to the nucleus and phosphorylate chromatin-associated substrates (Maik-Rachline
et al., 2020).

The synergistic effect of rocaglates does not simply mimic the canonical IFNy pathway. Indeed, treatment
with active rocaglates alone induced no IrfT mRNA upregulation (Bhattacharya et al., 2016) and even sup-
pressed the basal IRF1 protein expression (Figure 2G). Furthermore, the p38 inhibition did not suppress the
IrfT mRNA induction by standard doses of IFNy alone (Figure S3B), demonstrating that p38 does not partic-
ipate in the IFNy receptor-mediated Irf1 induction in vitro. However in vivo, p38 may act as a stress-regu-
lated controller of macrophage responses to activating stimuli.

Similar to mTORC1 inhibitors that also inhibit protein translation, rocaglate treatment of macrophages activated
autophagic pathway. Previously, we have demonstrated the upregulation of autophagic flux in rocaglate-
treated macrophages. Our current study demonstrates that the treatment of BMDMs with rocaglates results
into the upregulation of p62 MRNA in a p38-dependent manner as early as at 6 hr. The pé2 protein levels
were significantly increased at 16-24 hr, as demonstrated by western blot and the macrophage staining with
pb2-specific antibodies. After infection, mycobacteria co-localized with p62, LC-3B, and lysosomes. These ob-
servations are consistent with previous studies demonstrating that p62 may serve as an autophagy adapter that
directs mycobacteria toward lysosomes. Although the p62 protein accumulation inside the cells may be caused
by blocking autophagic flux, the rocaglate-treated macrophages upregulated p62 at transcriptional and trans-
lational levels during prolonged rocaglate treatment. Similarly, prolonged starvation of mouse embryonic fibro-
blasts induced p62 protein via transcriptional upregulation to overcome starvation (Sahani et al., 2014). This sug-
gests that rocaglate exposure might mimic starvation-induced autophagy.

The suppression of alternative macrophage activation occurred via inhibition of STATé transcriptional ac-
tivity in a p38-independent manner. The inhibitory rocaglate activity also targeted anabolic pathways via
coordinated downregulation of the growth factor CSF1 receptor and Myc proteins and inhibition of the
phosphorylation of ERK1/2 (Figures 1F, 31, 4F and 4G). We found that rocaglates potently inhibit ERK phos-
phorylation, a key activation step in the growth factor signal transduction relay. Phosphorylated ERK pro-
motes cell proliferation and provides anabolic and pro-survival signals primarily via phosphorylation of
transcription factors Myc and CREB. Because Myc is known to be critically important for the induction
and maintenance of the "trophic” M2-like macrophage state (Pello, 2016; Pello et al., 2012), ERK inhibition
is likely to downregulate the Myc-dependent pathways involved in M2 polarization. According to the liter-
ature, ERK can also directly phosphorylate STAT6 and increase its DNA binding and transcriptional activ-
ities (So et al., 2007). We also observed that rocaglates inhibited IL-4-induced STAT6 DNA binding. Thus,
profound inhibition of ERK phosphorylation by rocaglates may explain, or significantly contribute to, the
inhibition of both the STAT6- and Myc-dependent pathways of the M2 polarization and, thus, suppress
both the induction and maintenance of the M2-like macrophage phenotype.

It appears that the rocaglate treatement modifies the balance of MAP kinase-regulated physiological mod-
ules: decreasing the ERK1/2-mediated anabolic activities and increasing the p38-mediated stress and IFNy
responses. This coordinated change may suggest an existence of a common upstream regulatory mecha-
nism. We documented the upregulation of ATF4 protein at an early stage of the rocaglate treatment (Fig-
ure 1F). This transcription factor is activated via a so called upstream open reading frame mechanism from
pre-existing mMRNA template in response to inhibition of cap-mediated protein translation by several
stress-activated elF2a kinases (Medenbach et al., 2011). These effects are consistent with the known ability
of rocaglates to inhibit elF4A helicase, a component of the cap-dependent translation initiation complex.
The ensuing activation of the ISR involves activation of a downstream TF ATF3 at both mRNA and protein
levels. Depending on stress intensity, duration, and cellular context, the ISR activation can be transient and
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adaptive promoting cell survival or induce apoptosis. Our studies demonstrate that at low concentrations,
rocaglates do not induce apoptosis but activate p38-mediated macrophage activation and M1-like polar-
ization. Thus, in contrast to stress-induced inhibition of cap-dependent protein translation, the effect of ro-
caglates is partial and more selective, allowing for the upregulation of proteins that activate stress adap-
tation pathways. We hypothesize that by mimicking ISR, rocaglates shift the balance of the MAP kinase
modules in macrophages de-prioritizing responses to the growth factors and sensitizing to the activator(s)
of antimicrobial defenses. This implies an existence of an extended ISR network integrating the ISR proper
and MAP kinase modules.

Mechanistically, synthetic and natural rocaglamide derivatives have been shown to inhibit translation by
binding to a component of the elF4F translation initiation complex—the RNA helicase elF4A—that pre-
vents its incorporation into the elF4F complex (Cencic et al., 2009). However, not all protein translation
is equally sensitive to the inhibition of elF4A helicase activity. Translation of mMRNA species containing
structural barriers, such as stem-loop structures or protein-polypurine RNA complexes, within their
mRNA 5 UTR is most sensitive to elF4A inhibition (Iwasaki et al., 2016, 2019). Among the most elF4A-
dependent and rocaglate-sensitive transcripts in acute lymphoblastic leukemia cells were oncogene-en-
coding transcripts and superenhancer-associated transcription factors, such as Myc (Wolfe et al., 2014).
Because various stressors converge on a common pathway known as ISR leading to inhibition of cap-
dependent protein translation, we hypothesize that the elF4A-mediated selective downregulation of pro-
tein translation enables rapid adjustment of the anabolic pathways at a translational level to match environ-
mental inputs. Therefore, small molecules that downregulate the elF4A RNA helicase activity may mimic
those stress signals causing adaptive and reversible proteome remodeling.

The canonical elF4A-dependent translation inhibition by rocaglates may provide a stress-like “conserva-
tion of resources” signal that leads to the inhibition of ERK phosphorylation and, thus, to the coordinated
downregulation of several anabolic pathways. Yet another mechanism may be associated with a recently
described alternative target of rocaglates—prohibitin. Rocaglates have been shown to bind prohibitins
directly and prevent their interaction with c-Raf, thereby inhibiting Raf activation and Raf-MEK-ERK
signaling in Jurkat tumor cell line (Polier et al., 2012). This pathway may lead to translation inhibition by ro-
caglates via an elF4A-independent but ERK-dependent pathway since MEK-ERK signaling has been shown
to promote cap-dependent translation via phosphorylation of elF4E, the key translation initiation factor
(Polier et al., 2012). Whether the rocaglate binding to prohibitin mediates ERK inhibition and/or translation
inhibition in macrophages remains to be established (Chu et al., 2016). Our data suggest that an alternative
pathway of ERK downregulation in macrophages can occur via downregulation of CSF1R, a receptor for a
major macrophage growth factor.

Taken together, our new data demonstrate that biological effects of rocaglates on primary macrophage activa-
tion are mechanistically linked to p38 activation and translation inhibition and are not limited to IRF1 induction.
They significantly overlap with pleiotropic effects of IFNy on macrophages, including translation inhibition (Su
et al., 2015), p38-mediated induction of autophagy (Matsuzawa et al., 2012), and the enhancement of phago-
some maturation and mycobacterial control (Gutierrez et al., 2004; MacMicking et al., 2003; Shenoy et al.,
2007; Singh et al., 2006), as well as suppression of anabolic pathways mediated by IL-4, CSF1R, and ERK(Dick-
ensheets and Donnelly, 1999; Naka et al., 2007; Yu et al., 2004) (Table S4). This coordinated macrophage reprog-
ramming resembles stress preconditioning. The exposure to low, subthreshold, doses of stress prior to encoun-
tering more potent stressors was shown to broadly increase stress resilience and prevent subsequent damage
by higher doses of stressors in many biological systems. This phenomenon has been termed "hormesis” (Cal-
abrese, 2008). In this conceptual framework, the effect of rocaglates may be viewed as anticipatory cross-pro-
tection against various stressors, including intracellular bacteria.

The above data suggest that rocaglates may represent a novel class of HDTs with potential for broad ap-
plications in vivo. The dissection of signal transduction pathways activated by rocaglates demonstrate that
most of their biological effects are achieved via regulatory pathways distinct from those activated by stan-
dard concentrations of IFNy and can be IFNy receptor independent. Therefore, rocaglates may be partic-
ularly useful for directing macrophage polarization when the receptor signaling is disrupted by mutations,
microbial factors, or negative biological regulators. In mycobacterial infections, these small molecules may
penetrate mycobacterial granulomas better than acid-labile IFNy dimers and compensate for its
decreased bioavailability, especially in HIV-TB co-infections. Helminth co-infections inducing the M2
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macrophage polarization increase susceptibility to mycobacterial infections (Salgame et al., 2013). In these
settings, the ability of rocaglates to guide monocyte/macrophages toward M1-like phenotype and inhibit
triggers of the alternative, M2-like, activation may be particularly useful.

Rocaglates are active against protozoan infections, such as malaria (Langlais et al., 2018) and visceral leish-
maniasis (Chaparro et al., 2020). Silvestrol has been shown to display a broad spectrum of antiviral activities
against Corona-, Ebola-, Zika-, Picorna-, Hepatis E and Chikungunya viruses (Blum et al., 2020; Miller et al.,
2018). Recent analysis of a SARS-CoV-2 protein interaction map predicted that the rocaglate target elF4A
could be the antiviral drug target (Gordon et al., 2020). Our data suggest that rocaglates may also be useful
for boosting macrophage-mediated immunity and preventing bacterial pneumonias following viral infec-
tions. Recently, it has been suggested that Coronavirus Disease 2019 (COVID-19) pandemics may lead to
reactivation of latent TB infection and an upsurge of TB in endemic areas (Nordling, 2020). In these settings,
treatment of patients withTB infected with COVID-19 with a rocaglate may also reduce risks of TB
progression.

The rocaglates’ ability to direct M1-like macrophage polarization also warrants their evaluation in chronic
non-infectious pathologies, where macrophages are exposed to complex, often conflicting environmental
signals. Tumor-associated macrophages stimulate tumor cell proliferation, angiogenesis, metastasis, and
resistance to therapy. Those properties have been associated with M2-like differentiation of monocytes
guided by cytokines, CSF-1 among them, within tumor microenvironments (Schmid and Varner, 2010; Mur-
ray, 2018; Grivennikov et al., 2010). Thus, in solid tumors, rocaglates may target both the tumor cells
decreasing their proliferation and myeloid cells that comprise the immune and inflammatory milieu. In
asthma, allergic reactions may be associated with chronic bacterial infections. Currently, asthma therapy
relies on immune suppression by corticosteroids. However, prolonged treatment with steroids has
numerous undesirable side effects, including chronic pulmonary infections caused by opportunistic myco-
bacteria and fungi that further exacerbate pulmonary pathology (Fritscher et al., 2011). The important theo-
retical advantage of rocaglates as compared to corticosteroids is that rocaglates would shift the balance of
macrophage activation toward M1-like phenotype without suppressing mechanisms of macrophage resis-
tance to bacterial and viral infections. Thus, rocaglates may represent a novel class of HDTs broadly appli-
cable to diseases associated with hypofunction of type 1 and/or hyperactivation of type 2 immunity, e.g.,
chronic bacterial infections, allergies, and, possibly, certain tumors.

Limitations of the study

One limitation of our study is that we did not determine whether the pleiotropic effects of rocaglates on
macrophages can be solely explained by their inhibition of translation (by binding to RNA helicase
elF4A). Further mechanistic dissection, however, may reveal additional, macrophage-specific targets
and mechanisms. For example, expanded analyses of mRNA translation using Ribo-seq could provide
more precise information about the rocaglate-mediated regulation of protein biosynthesis in activated
macrophages. Although we have found that activating effects of rocaglates in macrophages were medi-
ated by stress kinase p38, precise mechanisms linking translation inhibition with p38 activation, as well
as macrophage-specific downstream cascades, e.g. IRF1 upregulation, remain to be elucidated. Mecha-
nisms of the downregulation of STATé6 DNA binding by rocaglates in macrophages also require further
studies. In addition, cell type-specific effects of rocaglates on immune and stromal cells need to be delin-
eated in vitro and in vivo to more comprehensively evaluate their therapeutic potential.
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Antibodies
Anti-Puromycin Antibody, clone 12D10 Millipore Cat# MABE343; RRID: AB_2566826

Anti-IRF-1 antibody

Anti-SQSTM1/p62 antibody

Monoclonal Anti-B-Actin antibody
Anti-ATF-3 (44C3a) antibody

Anti-ATF-4 antibody

Anti-STAT1 antibody [SM1]

Anti-STAT1 (phospho S727) antibody
Anti-p38 MAPK antibody

Anti-Phospho-p38 MAPK antibody
Anti-STAT-6 antibody

Anti-STAT6 (phospho Y641) antibody
p44/42 MAPK (Erk1/2) (L34F12) Mouse mAb
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody
M-CSF receptor antibody
Anti-c-Myc/N-Myc antibody

Anti-Histone H3 antibody

Anti-Alpha tubulin antibody

Anti-LC-3B antibody

Anti-mouse IgG HRP linked antibody
Anti-rabbit IgG HRP linked antibody

Cell Signaling Technology
Cell Signaling Technology
Millipore Sigma

Santa Cruz Biotechnology
Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Sigma

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat# 8478; RRID: AB_10949108
Cat# 5114; RRID: AB_10624872
Cat# A2228; RRID: AB_476697
Cat# SC-81189: RRID: AB_2058591
Cat# ab23760; RRID: AB_725569
Cat# 9172S; RRID: AB_2198300
Cat# 9177S; RRID: AB_2197983
Cat# 9212S; RRID: AB_330713
Cat# 9211S; RRID: AB_331641
Cat# 44718; RRID: AB_778114
Cat# ab54461; RRID: AB_882721
Cat# 4696S; RRID: AB_390780
Cat#9101; RRID: AB_331646
Cat# 3152; RRID: AB_2085233
Cat# 13987S; RRID: AB_2631168
Cat# 9715S; RRID: AB_331563
Cat# T9026; RRID: AB_477593
Cat# 2775S; RRID: AB_915950
Cat#7076S; RRID: AB_330924
Cat#7074S; RRID: AB_2099233

F(ab)2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Invitrogen Cat# A-11072; RRID: AB_142057
Antibody, Alexa Fluor 594

Chemicals

Rocaglamide A MedChemExpress Cat# HY-19356

SB203580

SB600125

uo126

SP202190

Recombinant murine IFN-y
Recombinant murine Interleukin -3
Recombinant murine Interleukin-4
Recombinant murine TNF-o
Recombinant murine GM-CSF
Puromycin dihydrochloride from Streptomyces alboniger
Characterized Fetal Bovine Serum
Promega GoTag™ qPCR Master Mix
Protease inhibitor cocktail
Phosphatase inhibitor cocktail Il

Phosphatase inhibitor cocktail Il

Calbiochem
Calbiochem
Calbiochem
MedChemExpress
Peprotech
Peprotech
Peprotech
Peprotech
Peprotech
Millipore Sigma
GE Healthcare
Fisher Scientific
sigma

sigma

sigma

Cat# 559389
Cat# 129566
Cat# 662005
Cat# HY-10295
Cat# 315-05
Cat# 213-13
Cat# 214-14
Cat# 315-01A
Cat# 315-03
Cat# P8833-10MG
Cat# SH30396
Cat# PRA6002
P8340-5mL
P0044-5mL
P5726-5mL

(Continued on next page)
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Continued

REAGENTS OR RESOURCE SOURCE IDENTIFIER
Corning™ Costar™ Ultra-Low Attachment Microplates Thermo Fisher Cat# 3471
Corning™ Falcon™ Tissue Culture Dish with Grid Thermo Fisher Cat# 353025
Qiagen RNeasy Plus Mini Kit (250) Qiagen Cat# 74136
Live-or-Dye™ 594/614 Fixable Viability Staining Kits Biotium Cat# 32006
EMSA kits Signosis Inc. Cat# GS-0047
LysoTracker™ Red DND-99 Invitrogen Cat# L7528
nuclear extraction kits Signosis Inc. Cat# SK-0001
Hoechst 33342 Fisher Scientific Cat# H3570

Paraformaldehyde Solution 4% in PBS
TagMan™ Environmental Master Mix 2.0
DMEM/Ham's F-12 50/50 Mix [+] L-glutamine
Glutamine

Penicillin Streptomycin solution

HEPES buffer

Middlebrook 7H9 Broth

Middlebrook 7H10 Agar

Fisher Scientific
Fisher Scientific
Corning®
Corning®
Corning®
Corning®
BD Biosciences

BD Biosciences

Cat# J19943-K2
Cat#4396838-5mL
Cat# 45000-344
Cat# 25-005-Cl
Cat# 30-002-Cl
Cat# 25-060-Cl
Cat# 271310

Cat# 262710

Experimental models: Organisms/Strains

Mouse: C57BL/6J

Mouse: B6J.C3-Sst13HeB/Feikrmn

The Jackson Laboratory

Mouse Mutant Resource and
Research Center

Stock No.: 000664

MMRRC Stock No: 043908-UNC
(Pichugin et al., 2009)

Mycobacterium tuberculosis H37Rv ATCC Cati# 27294
Mycobacterium bovis BCG ATCC Cat# 35737
Mycobacterium bovis BCG:gfp This paper N/A
Streptococcus pneumoniae ATCC Cat# 33400
Sequence-Based reagents

gPCR primers: Irf-1 This paper N/A
Forward: CAGAGGAAAGAGAGAAAGTCC

Reverse: CACACGGTGACAGTGCTGG

gPCR primers: Txnip This paper N/A
Forward: TATGTACGCCCCTGAGTTCC

Reverse: GCTCACTGCACGTTGTTGTT

qPCR primers: p62 This paper N/A
Forward: AGCTGCCCTCAGCCCTCT

Reverse: GGCTTCTCTTCCCTCCATGTT

qPCR primers: Arginase 1 This paper N/A
Forward: AAGAAAAGGCCGATTCACCT

Reverse: CATGATATCTAGTCCTGAAAGG

gPCR primers: Ptgs2 This paper N/A
Forward: TCTCCAACCTCTCCTACTAC

Reverse: ACTCTCTCCGTAGAAGAACC

qPCR primers: Fizz1 This paper N/A
Forward: GGTCCCAGTGCATATGGATGAGACCATAGA

Reverse: CACCTCTTCACTCGAGGGACAGTTGGCAGC

gPCR primers: Csf1R This paper N/A

Forward: CATGGCGAGGGTTCATTATC
Reverse: GCTTGCTAGGCTCCAATTT
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gPCR primers: Myc This paper N/A

Forward: GTGCTGCATGAGGAGACACC

Reverse: GACCTCTTGGCAGGGGTTTG

gPCR primers: 18S This paper N/A
Forward: TCAAGAACGAAAGTCGGAGGT

Reverse: CGGGTCATGGGAATAACG

gPCR primers: Beta actin This paper N/A
Forward: ATCACCCAGATCATGTTTGA

Reverse: TACGACCAGAGGCATACA

gPCR primers: Mtb specific primers This paper N/A
Forward: GGAAATGTCACGTCCATTCATTC

Reverse: CGTTGTTCAGCTCGGTA

Probe: 56-FAM/AGCTTGGTCAGGGACTGCTTCC/

36-TAMSp/

gPCR primers: BCG specific primers This paper N/A
Forward: GTG GTG GAG CGG ATT TGA

Reverse: CAA CCG GAC GGT GAT CC

Probe: /5Cy5/TTCTGGTCG/TAO/ACGATTGGCACATCC/

3IAbRQSp/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should contact to Dr.Igor Kramnik (ikramnik@

bu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability
This study did not generate datasets/code and any additional information will be available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6 J mice were obtained from the Jackson Laboratory (USA). The B6J.C3-Sst1C3MeB/Feikrmn mice
were developed in our laboratory (Pichugin et al., 2009) (available from MMRRC stock # 043908-UNC).
Adult mice (6-12 weeks old) of both sexes were used in experiments. No sex-dependent variation was
observed. All experiments were performed with the full knowledge and approval of the Standing Commit-
tee on Animals at Boston University (IACUC protocol number PROTO201800218).

METHOD DETAILS
Bacterial strains

The wild type M. tuberculosis H37Rv, M. bovis BCG Pasteur and recombinant M. bovis BCG expressing gfp
strains were grown at 37°C in Middlebrook 7H9 broth (BD Biosciences) or on 7H10 agar plates (BD Biosci-
ences), respectively. The both solid and liquid media contained contained glycerol (0.5% v/v) and Tween 80
(0.05%). The MB7H9 broth was enriched using 10% ADC and MB7H10 agar was enriched using with 10%
OADC. The M. bovis BCG strain expressing gfp were grown with 50 pg/mL Hygromycin B.

BMDM culture

Isolation of mouse bone marrow and culture of BMDMs were carried out as previously described (Pan et al.,
2008). In brief, bone marrow cells were isolated from femurs and cultured in DMEM/F12 with 10% heat-
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inactivated endotoxin-free fetal calf serum (Hyclone) in the presence of IL-3 (10 ng/ml) and L929 condi-
tioned medium as a source of CSF-1.

Bliss independence criterion

Synergy effects between Rocaglate and IFNy were assessed using the Bliss independence criterion (Greco
et al., 1995). According to this criterion, if drug A applied separately results in x}, fold-change of the level of
protein i, and drug B applied separately results in x fold-change of the level of protein i, drugs A and B
applied together affect protein i independently, i.e. without effects of antagonism or synergy, when this
combination results in xi,+x; fold change of the protein level. If the effect of the drug combination is
less than xjy+xk, drugs antagonize for protein i, and if the effect of the drug combination is more than
xh+xb, drugs synergize. Importantly, the Bliss independence criterion assumes that drugs are given in
the same doses, both separately and in combination.

To assess the strength of synergy effects, for each differentially expressed protein i we have calculated the
synergy score S' by taking the difference between the observed effect of a combination of rocaglate and
IFNy foB, and the effect estimated from Bliss independence:

S’ = Xy — Xy o X5
If S'>Orocaglate and IFNy synergize in inducing expression of the protein i, and if S’ < O rocaglate and IFNy
antagonize in inducing expression of the protein i. We assumed that if — 0.3<5<0.3, the combination of

rocaglate and IFNy gives approximately independent effect. The file “Bliss_synergy_analysis.xlsx” pre-
sents a list of differentially expressed proteins sorted by Bliss synergy score S' in descending order.

Gel shift assay

The nuclear extracts were prepared by nuclear extraction kits (Signosis Inc). Gel shift assays were done with
EMSA kits (Signosis Inc). 5 ng nuclear extracts were incubated with 1x binding buffer and biotin-labeled
probe for 30 min at room temperature. The samples were electrophoresed on a 6 % polyacrylamide gel
in 0.5 % TBE at 120 V for 45 min and transferred onto a nylon membrane in 0.5 % TBE at 300 mA for 1 h.
After transfer and UV cross-linking, the membrane was detected with Streptavidin-HRP.

Immunoblotting

Equal amounts of protein extracts were separated by SDS-PAGE and transferred to PYDF membrane (Milli-
pore). Bands were detected with enhanced chemiluminescence (ECL) kit (Perkin Elmer).

RNA isolation and quantitative PCR

Total RNA was isolated using the RNeasy Plus mini kit (Qiagen). cDNA synthesis was performed using the
SuperScript Il (Invitrogen). Quantitative real-time RT-PCR (qRT-PCR) was performed with the GoTag gPCR
Mastermix (Promega) using the CFX-90 real-time PCR System (Bio-Rad). For calculating fold induction the
cycle threshold (Ct) of the test gene was normalized to the Ct of the internal control (185) gene.

Hoechst/PI staining method for cell cytotoxicity

For cell viability assays BMDMs were plated in 96 well tissue culture plates. The supernatant was aspirated
and to each well 100 pl PBS containing Hoechst (Invitrogen, 10 uM) and Pl (Calbiochem, 2 uM) were added.
The % of total and dead cells was calculated by automated cell cytometer.

Reporter assay for measuring translation inhibition

293TR-Fluc cells, a gift of Dr. Whitesell (Santagata et al., 2013) were grown to confluence. Compounds were
added at different dilutions and kept for 18 h. 100 ul of Nanolight Firefly Luc Assay reagent was added to
the wells and the luminescence was measured using a Tecan-plate reader after 2 mins. Cells treated with
DMSO served as negative controls and with 100 ng/mL cycloheximide served as positive controls. Percent-
age of translation inhibition for each compound was calculated in triplicates from two independent
experiments.
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Puromycin incorporation assay

Puromycin labeling for measuring the intensity of translation was performed as described (Schmidt et al.,
2009). In brief, 5 ng/ml puromycin (Sigma) was added in the culture medium and incubated for 1 h at 37 °C
and 5% CO,. Cells were lysed and the cell lysate was separated on 12% SDS-PAGE gels, and transferred to
PVDF membranes (Millipore). Immunoblotting was performed with the anti-puromycin antibody clone
12D10 (1:10000) (Millipore).

Immunofluorescence microscopy

BMDMs from C57BL/6J mice were grown on coverslips and infected with BCG:gfp followed by treatment
with rocaglate for 24 h. Cells were fixed with chilled 100% methanol for 5 min at room temperature and then
blocked for 60 min with 1% BSA containing 22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20). Cells were
incubated with primary antibodies purchased from cell signaling technology [p62(1:200) and LC3B(1:200)]
overnight at 4 °C in 1% BSA, and incubated with Alexa Fluor 594-conjugated Goat anti-Rabbit IgG (H+L)
secondary Antibody (Invitrogen) in 1% BSA in dark for 1 h. The cells were mounted using Prolong™
Gold antifade reagent (Thermo Fisher Scientific) and Images were acquired using Zeiss LSM 710-Live
Duo scan confocal microscope. All images were processed using ImageJ software.

Phagosome-lysosome fusion assay

The cells were pretreated with CMLD010536 (25 nM) for 6 h and subsequently infected with M. bovis BCG
expressing gfp (BCG:gfp) for 1 h at MOI 1. To remove the extracellular bacteria, the cells were treated with
200 ug/ml of amikacin for 1 h. After 1 h, 24 h and 48 h post-infection, cells were stained with 200 nM of Ly-
soTracker red dye for 1 h at 37 °C and analyzed using Zeiss LSM 710-Live Duo scan confocal microscope.
The images were processed using FlJI software and the percentage of co-localization of BCG:gfp contain-
ing phagosomes with LysoTracker red dye was calculated by dividing the number of co-localized phago-
somes by the total number of phagosomes. At least 50 cells are measured at each condition and the
mean + SEM (p value was < 0.05) was calculated using GraphPad Prism 8.

Macrophage infection and determination of intracellular bacterial loads

BMDM from BéJ.C3-Sst1C3HeB/FejKrmn mice were infected with the mycobacteria in 96 well plate at
preferred multiplicity of infection (MOI) by suspending bacteria in BMDM specific medium. The infected
cells were centrifuged for 5 min at 200xg and incubated at 37°C with 5% CO2 for 1 h and extracellular bac-
teria were killed off by incubating the cells in medium containing 200 pg/ml amikacin for 1 h. Further BMDM
were washed 3 times with 1% PBS containing 2% FBS and incubated at 37°C with 5% CO2 until further anal-
ysis. The intracellular bacterial load was determined using quantitative real time PCR and standard CFU
methods. BMDM were lysed using 0.05% Tween 80 in 1X PBS for 5 min at room temperature. The lysates
were serially diluted and used for plating on Middlebrook 7H10 agar. DNA for quantitative PCR method
was isolated using modified Mtb lysis buffer and magnetic bead purification, as described in detail in Yabaji
et al., submitted for publication. Briefly, the infected macrophages were lysed directly in wells using lysis
buffer (25 mM NaOH and 0.2 mM EDTA), and total DNA was isolated using magnetic beads. The intracel-
lular bacterial load was determined by quantitative real time PCR (qPCR) using specific set of M.tb and
M. bovis-BCG primer/probes.

QUANTIFICATION AND STATISTICAL ANALYSIS

The densitometric analyses were performed using ImageJ 2.0 software and all the graphs were plotted us-
ing Graphpad Prism 8 (GraphPad, San Diego, CA, USA). For multiple treatment experiments, Students’s
unpaired t-test and one-way ANOVA analysis was performed in Graphpad Prism 8. The p values of <
0.05 were considered statistically significant.
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