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The kinase AKT1 potentiates the suppressive functions of
myeloid-derived suppressor cells in inflammation and cancer
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Myeloid-derived suppressor cells (MDSCs) are a group of hetero-
geneous cells' that play crucial negative regulatory roles in
immune-associated diseases, including infections,? cancer,® trans-
plantation*, and autoimmunity.> We and others have shown that
mTOR signaling and its downstream metabolic pathways regulate
MDSC recruitment and function in inflammation and autoimmu-
nity.>™® While AKT kinase family members, including ATK1, AKT2,
and AKT3, are known downstream targets of mTOR, it is unclear
whether any of them plays a role in regulating MDSC functions and
metabolism. Herein, we report that AKT1 (also known as protein
kinase B a, PKBa) regulates MDSC immunosuppressive activities by
suppressing hypoxia-inducible factor 1a (HIF1a)-dependent glyco-
lysis. Genetic ablation of AKT1 significantly impaired MDSC
immunosuppressive functions, and concurrent deletion of HIF1a
or pharmacological inhibition of glycolytic metabolic activities
could partially restore MDSC function in vitro and in various
pathological contexts. Our results implicate AKT1 as a critical
signaling node that regulates both the metabolic activities and
functions of MDSCs in the context of inflammation and cancer.

AKT1 but not AKT2 was preferentially induced in MDSCs in vitro,
indicating a potential role of AKT1 in regulating MDSC activities
(Fig. S1A=C). Supporting this idea, genetic ablation of AKT1 (Akt1 /")
in CD11b"Gr1* MDSCs resulted in diminished immunosuppressive
activities (Fig. 1A), increased expression of CD115, PDL1, and CD86,
decreased expression of CD206 and IL-10R, and comparable
expression of CD80 (Fig. 1B) compared to those of wild-type (WT)
cells. Consistently, Akt7/~ MDSCs showed increased production of
the proinflammatory cytokines TNFa and IL-12 and reduced
production of the anti-inflammatory cytokine IL-10 (Fig. S2). These
data suggest that AKT1 is critically involved in regulating the
suppressive activities of MDSCs.

Akt1™'~ mice showed a lower survival curve than WT mice in
the murine endotoxic shock model (Fig. S3A). Importantly, hepatic
Akt1™/~ MDSCs showed reduce suppressive activities and
increased levels of hepatic injury markers (Fig. S3B, C). Hepatic
Akt1™/= CD11bTGr1* MDSCs showed increase TNFa and IL-12
production and reduced IL-10 production (Fig. S3D). Interestingly,
adoptive transfer of sorted hepatic CD11b"Gr1" MDSCs from
Akt1™"~ but not WT endotoxic shock model mice into WT C57BL/6

recipients significantly reduced endotoxic mouse survival (Fig. 1C)
and exacerbated ALT levels (Fig. S4). Collectively, these data
suggest that AKT1 is critical for MDSC-mediated protection against
inflammatory hepatic injury in murine endotoxic shock.

We found that transplanted tumors grew slower in Akt7~/~ mice
than in WT mice (Fig. 1D). Akt7T™~ MDSCs showed impaired
suppressive activities and altered cytokine production (Fig. 1E-G).
Importantly, tumor-infiltrating MDSCs from Akt1™'~ mice showed
enhanced tumor-killing activities (Fig. 1H). Finally, adoptive transfer
of MDSCs isolated from tumor-bearing Akt7™'~ mice into recipient
mice significantly delayed tumor growth and improved host survival
compared to the effects of MDSCs isolated from WT tumor-bearing
mice (Fig. 11, J). Thus, these data suggest that AKT1 ablation in
MDSCs may confer improved antitumor immunity to the host.

We also found that enhanced glycolytic activities were
associated with altered Akt7~/~ MDSC functions (Fig. S5). Inter-
estingly, treating Akt1~/~ MDSCs with the glycolysis inhibitor 2-DG
(Fig. S6A) partly reversed the functional changes caused by AKT1
deletion in MDSCs in vitro (Fig. S6A-C). Importantly, blocking
glycolysis with 2-DG significantly reversed the changes in liver
damage and inflammation in Akt7~/~ mice following endotoxic
shock (Fig. S7A-D). Taken together, these data indicate that
glycolysis is responsible for the alterations in MDSCs induced by
AKT1 deletion in vitro and in vivo.

We and others have previously shown that HIF1a is an important
regulator of glycolysis and MDSC functions.'®'? HIF1a expression
was higher in Akt1~/~ MDSCs than in WT MDSCs (Fig. S8A). We then
crossed Akt1~/~ mice with Hifla™" and Lyz-Cre mice to generate an
AKT1 and HIF1a double-knockout mouse strain (Akt1~'~Hifla™/").
Similar to pharmacological inhibition of glycolysis (Fig. S6A-C),
genetic ablation of HIFla on an AKT1-null background
(Akt1~/~Hifla™'~) partly reversed many functional changes caused
by AKT1 deletion in MDSCs in vitro (Fig. TK-M and Fig. S8B).
Collectively, these data suggest that HIF1a-dependent glycolysis
is responsible for the functional changes in MDSCs induced by
AKT1 deletion. We therefore conclude that AKT1 is a critical
signaling node that regulates glycolysis and the function of
MDSCs through HIF1a in the context of inflammation and cancer
(Fig. S9).
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Fig. 1 Akt1~/~ inhibits the immunosuppressive effects of MDSCs through HIF1a-mediated glycolysis signaling in inflammation and cancer.
A Analysis of the suppressive activities of splenic MDSCs. MDSCs were isolated from the indicated mice, T cells were stimulated with anti-CD3
mAbs and anti-CD28 mAbs in the presence of MDSCs, and T cell proliferation was assessed by the uptake of H-TdR (n = 6). B Expression of
the indicated molecules in splenic MDSCs. € Donor groups were administered LPS (5 mg/kg) by i.p. injection for 48 h, and a total of 1 x 10°
liver CD11b™Gr17 cells were isolated and transferred into recipient wild-type (WT) C57BL/6 mice via i.v. injection. After 12 h, the mice were
injected with LPS (10 mg/kg), and a survival curve was plotted (n = 10). (D) B16 tumor cells were implanted subcutaneously in WT and Akt1~/~
mice (n = 10), and tumor size was measured every 5 days for 40 days. E Suppressive activity assays of tumor-infiltrating MDSCs from tumor-
bearing mice (n = 5). F-G Intracellular staining of TNFa and IL-10 in infiltrating CD11b*Gr1" cells in tumors. A representative figure is shown
(F), and the data are summarized (G). H The tumor-killing activities at different ratios of MDSCs and tumor cells were determined as a
percentage of tumor cell death. I-J Adoptive transfer of CD11b"Gr1" cells from Akt1~/~ tumor-bearing mice significantly delayed tumor
growth. B16 tumor cells were first implanted subcutaneously in WT and Akt1~/~ mice, and on day 40, a total of 2 x 10° infiltrating CD11b"Gr1+
cells were sorted from the tumors of the indicated mice and transferred into WT C57BL/6 recipient mice via i.v. injection. After 10-12 h, B16
tumor cells were implanted subcutaneously into recipient mice, and tumor growth () and survival (J) curves were plotted (n=10). K The
suppressive activities of MDSCs. L Splenic MDSCs were isolated from the indicated mice and stimulated with LPS (1 ng/mL) for 10-12 h, after
which the serum levels of the indicated cytokines were measured. M Intracellular staining of TNFa and IL-10 in splenic MDSCs from the
indicated mice. The data are representative of three to five individual experiments (n = 3-10). *P < 0.05; **P < 0.01 and ***P < 0.001, compared
with the indicated groups
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In summary, we found that AKT1 governs the functional activities
of MDSCs and regulates the alterations in glycolytic activities under
physiological conditions and infection and in tumor pathological
microenvironments. Glycolytic activities mediated by HIF1a were
required for the AKT1-mediated regulation of MDSC activities, which
protected against tumors and inflammatory injury (Fig. S9). Our
results defined a new role of AKT1 in regulating MDSC functions,
with implications for metabolic reprogramming as an immunother-
apeutic approach in inflammation and cancer.
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