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encephalomyelitis and CD4+ T cells treated with PKM2 inhibitor or Pkm2-shRNA caused limited disease activity in an
adoptive cell transfer model of experimental autoimmune encephalomyelitis. Our data demonstrate that CaMK4 binds to
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Introduction
Effector T helper cells, especially Th1 and Th17 cells, are important in the pathogenesis of  autoimmune 
diseases including multiple sclerosis (MS), systemic lupus erythematosus (SLE), rheumatoid arthritis, and 
psoriasis (1–5). MS is a chronic inflammatory disease and demyelinating disease of  the central nervous sys-
tem (CNS) and autoreactive CD4+ T cells with specificity for myelin antigens contribute to its pathogenesis 
(6, 7). Experimental autoimmune encephalomyelitis (EAE) is widely used to study the pathogenesis of  MS 
in mice. SLE is a major autoimmune disease that affects multiple organs including the skin, kidney, and 
CNS. A complete understanding of  the pathogenesis of  SLE is still at large, while a diverse T cell effector 
dysfunction contributes to its expression (1).

Activated T cells including Th1 and Th17 cells utilize glycolysis to achieve the metabolic requirements 
for rapid proliferation and biosynthesis (8, 9). We have shown that pyruvate dehydrogenase phosphatase 
catalytic subunit 2 (PDP2), which promotes the activity of  pyruvate dehydrogenase and facilitates entry 
into the oxidative phosphorylation circle from pyruvate, is reduced in Th17 cells from patients with SLE 
and that the overexpression of  PDP2 reduced in vitro Th17 cell differentiation in MRL/lpr mice and 
patients with SLE (10). We have also shown that Th17 cells depend on glutaminolysis more than the other 
T cell subsets and glutaminase 1, the first enzyme in glutaminolysis, is upregulated in Th17 cells (11) and 
an inhibitor of  glutaminase 1 reduced the disease activity in EAE (11). These findings suggest that cell 
metabolism can be targeted therapeutically in autoimmune diseases.

Calcium/calmodulin–dependent protein kinase IV (CaMK4) is a multifunctional serine/threonine kinase 
that regulates the expression of several genes (12–14). Previously, we have shown that CaMK4 is increased in 
the nuclei of T cells from patients with SLE (15) and is necessary for Th17 differentiation (13). Camk4-deficient 
MRL/lpr mice and mice treated with an inhibitor of CaMK4 have reduced autoantibody production and pro-
teinuria (16, 17). Moreover, Camk4-deficient mice and mice treated with an inhibitor of CaMK4 have less EAE 

Th1 and Th17 are important in the pathogenesis of autoimmune diseases and they depend on 
glycolysis as a source of energy. T cell antigen receptor signaling phosphorylates a serine/threonine 
kinase, calcium/calmodulin–dependent protein kinase IV (CaMK4), and promotes glycolysis. Based 
on these findings we hypothesized that CaMK4 promotes glycolysis. Camk4-deficient CD4+ T cells 
and cells treated with a CaMK4 inhibitor had less glycolysis compared with their counterparts. 
Pull-down of CaMK4 and mass spectrometry identified pyruvate kinase muscle isozyme (PKM), the 
final rate-limiting enzyme in glycolysis, as a binding partner. Coimmunoprecipitation and Western 
blotting showed that CaMK4 interacts directly with PKM2. Camk4-deficient CD4+ T cells displayed 
decreased pyruvate kinase activity. Silencing or pharmacological inhibition of PKM2 reduced 
glycolysis and in vitro differentiation to Th1 and Th17 cells, while PKM2 overexpression restored 
Th17 cell differentiation. Treatment with a PKM2 inhibitor ameliorated experimental autoimmune 
encephalomyelitis and CD4+ T cells treated with PKM2 inhibitor or Pkm2-shRNA caused limited 
disease activity in an adoptive cell transfer model of experimental autoimmune encephalomyelitis. 
Our data demonstrate that CaMK4 binds to PKM2 and promotes its activity, which is requisite for 
Th1 and Th17 differentiation in vitro and in vivo. PKM2 represents a therapeutic target for T cell–
dependent autoimmune diseases.
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disease activity (13). However, we do not know how CaMK4 affects T cell function. T cell antigen receptor 
(TCR) signaling triggers production of the second messengers Ca2+ and phosphorylates CaMK4. Cell metabo-
lism is central to T cell differentiation and Th17 cells are known to use mainly glycolysis (18, 19). Because TCR 
signaling induces rapid aerobic glycolysis in minutes to hours (20), we hypothesized that CaMK4 promotes 
glycolysis in a direct manner by controlling the activity of the involved metabolic enzymes.

Pyruvate kinase is at the final step of  glycolysis and converts phosphoenolpyruvate to pyruvate. Pyru-
vate kinase has 4 isozymes: L (liver), R (erythrocytes), M1 (muscles, hearts and brain), and M2 (early fetal 
tissue, lung, fat tissue, many tumor cells, and other cells). Pyruvate kinase muscle isozyme 1 (PKM1) and 
PKM2 are different splicing variants of  the Pkm gene (exon 9 for PKM1 and exon 10 for PKM2).

Here, we report that CaMK4 binds PKM2 and promotes pyruvate kinase activity. PKM2 is requisite for 
Th1 and Th17 cell differentiation and its silencing or pharmacologic inhibition reduces disease activity in 
EAE. Our data demonstrate that inhibition of  PKM2 is a potential treatment option for T cell–dependent 
autoimmune diseases.

Results
CaMK4 promotes glycolysis. Previous studies have shown that the activity of  CaMK4 is regulated mainly by 
phosphorylation and calcium and calmodulin are needed for the phosphorylation of  CaMK4 (12). Iono-
mycin is an effective Ca2+ ionophore and increases intracellular calcium levels and leads to the phosphory-
lation of  CaMK4 within 5 minutes (21). To examine how activated CaMK4 affects glycolysis, we examined 
glycolysis in Camk4-sufficient or -deficient CD4+ T cells in the presence or absence of  ionomycin.

Naive CD4+ T cells were purified from spleens of  Camk4-sufficient or -deficient mice and stimulated 
with anti-CD3 and -CD28 Abs for 36 hours in vitro and extracellular acidification rate (ECAR) was ana-
lyzed by an extracellular flux analyzer. DMSO or ionomycin was added during the glycolysis stress test with 
acute injection (Supplemental Figure 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.127395DS1). Although glycolysis and glycolytic capacity were not significantly 
different from these groups in the absence of  ionomycin, glycolysis and glycolytic capacity in T cells from 
Camk4-deficient mice were significantly decreased in the presence of  ionomycin compared with those from 
Camk4-sufficient mice (Figure 1, A and B). To confirm these observations, naive CD4+ T cells were purified 
from spleens of  Camk4-sufficient mice and stimulated with CD3 and CD28 Abs for 36 hours, and ECAR 
was measured after 1 hour of  pretreatment with the CaMK4 inhibitor KN-93. One-hour pretreatment 
of  cells with KN-93 resulted in decreased glycolysis and glycolytic capacity under ionomycin stimulation 
(Figure 1, C and D). These data indicate that CaMK4 promotes glycolysis in the presence of  ionomycin.

Because we have previously shown that CaMK4 is increased in Th17, but not Th1 cells, and is requisite 
for Th17 differentiation but not for Th1 differentiation, we examined the ECAR under Th1- or Th17-po-
larizing conditions with ionomycin stimulation in Camk4-sufficient or -deficient T cells. As we expected, 
glycolysis and glycolytic capacity in T cells from Camk4-deficient mice under Th17-polarizing conditions 
were significantly decreased compared with those from Camk4-sufficient mice, but not under Th1-polariz-
ing conditions (Figure 1, E–H).

CaMK4 binds to PKM2 and activates pyruvate kinase activity. To examine how CaMK4 promotes gly-
colysis, we performed a pull-down assay with Flag-tagged human CaMK4 (hCaMK4) followed by mass 
spectrometry (MS). HEK293T cells were transfected with Flag-tagged hCaMK4 and a pull-down assay 
was performed using an anti-Flag Ab. Candidate proteins binding to CaMK4 protein determined by MS 
are listed in Table 1. Out of  32 proteins, PKM and ATP-dependent 6-phosphofructokinase, platelet type 
(PFKP) are components of  the glycolytic pathway (Table 1). ATP-dependent 6-phosphofructokinase 
(PFK) is a rate-limiting enzyme of  glycolysis and irreversibly converts fructose 6-phosphate to fructose 
1,6-bisphosphate. PFK has 3 types of  subunits: PFKM (muscle type), PFKL (liver type), and PFKP (plate-
let type). Pyruvate kinase is at the final step of  glycolysis and converts phosphoenolpyruvate to pyruvate. 
Fructose 1,6-bisphosphate, which is converted from fructose 6-phosphate by PFK, is an allosteric activator 
of  pyruvate kinase (Supplemental Figure 2). PKM1 and PKM2 are different splicing variants of  the Pkm 
gene. From the distribution of  these isozymes in T cells (22), we focused on PKM2.

To confirm whether CaMK4 binds to PKM2, HEK293T cells were transfected with Flag-hCaMK4 
and 6×His-tagged human PKM2 (hPKM2) or 6×His-tagged enhanced green fluorescent protein (EGFP), 
followed by coimmunoprecipitation (Co-IP) using Flag or 6×His Abs. The 6×His-tagged EGFP was used 
to rule out possible nonspecific interaction between 6×His-tagged and FLAG-tagged proteins. Co-IP and 
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Western blotting in these cells showed that CaMK4 directly interacted with PKM2 (Figure 2, A and B).
Furthermore, we performed Co-IP and Western blotting using primary T cells. Camk4-deficient 

naive CD4+ T cells were transfected with Flag-tagged mouse CaMK4 (mCaMK4) under Th17-polariz-
ing conditions, followed by Co-IP using Flag or IgG Abs. Western blotting was performed using PKM2 
Ab. The results of  this experiment showed that CaMK4 directly interacts with PKM2 in Th17-polarized 
primary T cells (Figure 2C).

To clarify whether CaMK4 controls pyruvate kinase activity, Camk4-sufficient or -deficient naive CD4+ 
T cells were cultured with CD3 and CD28 Abs for 48 hours in vitro and after 2-hour pretreatment with 
ionomycin, cells were collected and pyruvate kinase activity was measured. Camk4-deficient CD4+ T cells 

Figure 1. CaMK4 promotes glycolysis under ionomycin stimulation. (A and B) Camk4-sufficient or -deficient naive 
CD4+ T cells were cultured with CD3 and CD28 Abs for 36 hours in vitro and extracellular acidification rate (ECAR) was 
analyzed by an extracellular flux analyzer. Glycolysis (A) and glycolytic capacity (B) in T cells from Camk4-sufficient 
or -deficient mice with or without ionomycin stimulation. Cumulative data of ECAR are shown (mean ± SEM); n = 
4. (C and D) Camk4-sufficient naive CD4+ T cells were cultured with CD3 and CD28 Abs for 36 hours and after 1-hour 
pretreatment with or without CaMK4 inhibitor, KN-93, ECAR was measured. Glycolysis (C) and glycolytic capacity (D) in 
T cells with or without KN-93 (n = 4). Cumulative data of ECAR are shown (mean ± SEM); n = 4. *P < 0.05 by ANOVA. 
(E–H) Camk4-sufficient or -deficient naive CD4+ T cells were cultured under Th1- (E and F) or Th17-polarizing conditions 
(G and H) for 3 days in vitro and ECAR was analyzed by an extracellular flux analyzer. Glycolysis (E and G) and glycolytic 
capacity (F and H) in T cells from Camk4-sufficient or -deficient mice with ionomycin stimulation. Cumulative data of 
ECAR are shown (mean ± SEM); n = 4. *P < 0.05 by 2-tailed t test.

https://doi.org/10.1172/jci.insight.127395
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had reduced pyruvate kinase activity compared with their counterparts (Figure 2D). From these data we 
conclude that CaMK4 binds to PKM2 and enhances its activity.

PKM2 promotes in vitro Th1 and Th17 cell differentiation. To examine whether PKM2 is important in T cell 
differentiation, naive CD4+ T cells were cultured under Th1-, Th17-, or Treg-polarizing conditions with or 
without the PKM2 inhibitor shikonin, which reduces pyruvate kinase activity (23). ECAR was measured 
in Th1, Th17, and Treg cells in the presence or absence of  shikonin. The presence of  shikonin reduced 
glycolysis and glycolytic capacity in Th1 and Th17 cells (Figure 3, A and B) but it did not reduce glycolysis 
in Treg cells (Supplemental Figure 3A).

Shikonin reduced the percentages of  IFN-γ–producing (Figure 3, C and D) and IL-17A–producing 
(Figure 3, E and F) CD4+ T cells in a dose-dependent manner, but at low concentrations it did not reduce 
the percentages of  CD4+CD25+Foxp3+ T cells (Supplemental Figure 3, B and C). The ratios of  the percent-
age in each T cell subset with shikonin versus those without shikonin were significantly reduced in Th1 
and Th17 compared with Treg cells (Supplemental Figure 3D). Because one group has recently shown that 
PKM2 is important in the hyperhomocysteinemia-promoted IFN-γ secretion by CD4+ T cells in hyperho-
mocysteinemia-accelerated atherosclerosis (22), we focused on the importance of  PKM2 in Th17 cells.

To confirm the effect of  PKM2 inhibition on Th17-polarized T cells, 2 different Pkm2-specific shRNAs 
were generated. After confirming that Pkm2-specific shRNA reduced PKM2 protein levels (Figure 3, G and 
H), naive CD4+ T cells were cultured under Th17-polarizing conditions and transfected with Pkm2-specific 
shRNA or control shRNA. The percentage of  IL-17A–producing CD4+ T cells was significantly reduced 

Table 1. Candidate proteins binding to CaMK4 protein identified by mass spectrometry

Candidate proteins by mass spectrometry
 N-α-acetyltransferase 15, NatA auxiliary subunit
 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1
 T-complex protein 1 subunit γ
 Trifunctional enzyme subunit α, mitochondrial
 Heat shock protein 75 kDa, mitochondrial
 78 kDa glucose-regulated protein
 Glycogen phosphorylase, brain form
 ATP-binding cassette subfamily E member 1
 Far upstream element–binding protein 2
 Isoform 2 of signal recognition particle subunit SRP72
 Nuclear pore complex protein Nup93
Pyruvate kinase muscle isozyme, PKM
 Insulin-like growth factor 2 mRNA-binding protein 2
 Cleavage and polyadenylation-specificity factor subunit 6
 26S proteasome non-ATPase regulatory subunit 2
 Helicase SKI2W
 Melanoma-associated antigen D2
 Isoform 2 of ATP synthase subunit α, mitochondrial
 Tubulin--tyrosine ligase–like protein 12
 Vesicle-fusing ATPase
 Calpain-2 catalytic subunit 
 Glycine--tRNA ligase
 Isoform 3 of pre-mRNA 3′-end–processing factor FIP1
 Pentatricopeptide repeat domain–containing protein 3, mitochondrial
 Isoform 2 of ATP-binding cassette subfamily F member 2

 Ras GTPase-activating–like protein IQGAP2
ATP-dependent 6-phosphofructokinase, platelet type
 Calpain-1 catalytic subunit
 Isoform CNPI of 2′,3′-cyclic-nucleotide 3′-phosphodiesterase
 Guanine nucleotide–binding protein–like 1
 Isoform mitochondrial of lysine--tRNA ligase
 Isoform 2 of NF-κ-B–repressing factor
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in Pkm2-specific shRNA–treated T cells compared with the control shRNA–treated group (Figure 3I). Fur-
thermore, we generated a mouse PKM2 (mPKM2) vector using the pIRES2-DsRed-Express vector (Sup-
plemental Figure 3E). Naive CD4+ T cells were cultured under Th17- or Treg-polarizing conditions and 
transfected with empty or mPKM2 vector. PKM2 overexpression increased Th17 cell differentiation but 
not Treg differentiation (Figure 3J and Supplemental Figure 3, F–H). These data confirmed that PKM2 is 
crucial for Th17 cell differentiation.

To evaluate the effect of  shikonin on cell viability, 7AAD+annexin V+ cells and 7AAD–annexin V+ cells 
were measured in Th1-, Th17-, and Treg-polarized cells with various concentrations of  shikonin on day 
3. Shikonin did not change the proportion of  7AAD+annexin V+ cells or 7AAD–annexin V+ cells (Supple-
mental Figure 4, A–F), suggesting that the effects of  shikonin are not due to changes in cell viability. The 
same cells were evaluated by flow cytometry using Ki67 as a proliferation marker. Because shikonin did 
not change the proportion of  Ki67+ cells in vitro (Supplemental Figure 4, G–I), the reduction of  Th1- and 
Th17-polarized cells was not due to cell cycle disruption but to inhibition of  differentiation. Furthermore, 
as a T cell activation marker, CD44+ cells were analyzed by flow cytometry (Supplemental Figure 4, J–L). 
Shikonin did not change the proportion of  CD44+ cells on day 3, suggesting that shikonin does not simply 
inhibit T cell activation but also inhibits Th1 and Th17 cell differentiation.

PKM2 inhibitor ameliorates EAE. To examine whether PKM2 is a therapeutic target for autoimmune 
diseases we subjected B6 mice to EAE and treated them with shikonin or DMSO. Treatment of  mice 
with shikonin significantly reduced both the clinical score (Figure 4A) and body weight loss (Figure 
4B) compared with treatment with DMSO. Histology scores of  spinal cords from diseased animals 
were significantly decreased in the shikonin-treated group (Figure 4, C and D). This observation was 
further confirmed by assessing the absolute numbers of  spinal cord–infiltrating cells by flow cytometry. 
Treatment with shikonin reduced the numbers of  CD4+ T cells (Figure 4E), IFN-γ–producing (Figure 
4F), and IL-17A–producing CD4+ T cells (Figure 4G) in the spinal cord compared with those of  ani-
mals treated with DMSO.

PKM2 inhibitor–treated CD4+ T cells cause reduced disease activity in an adoptive cell transfer EAE model. 
To clarify whether the effect of shikonin on EAE is T cell dependent or not, an adoptive cell transfer 
EAE experiment was performed. CD4+ T cells from 2D2 mice, which express a myelin oligodendrocyte 

Figure 2. CaMK4 binds to PKM2 and increases pyruvate kinase activity. (A and B) HEK293T cells were transfected with 
Flag-hCaMK4 and 6×His-hPKM2 or 6×His-tagged enhanced green fluorescent protein (His-EGFP), followed by coimmu-
noprecipitation using anti-Flag, anti-6×His, or anti–mouse IgG Abs. Western blotting was performed using anti-Flag 
(A) or 6×His (B) Abs. Data are representative of 3 independent experiments. (C) Camk4-deficient naive CD4+ T cells were 
transfected with Flag-mCaMK4 under Th17-polarizing conditions, followed by coimmunoprecipitation using Flag or 
mouse IgG Abs. Western blotting was performed using PKM2 Ab. Data are representative of 2 independent experiments. 
(D) Camk4-sufficient or -deficient naive CD4+ T cells were cultured with CD3 and CD28 Abs for 48 hours in vitro and after 
2-hour pretreatment with ionomycin, cells were collected and pyruvate kinase activity was measured. Cumulative data 
are shown (mean ± SEM); n = 3. **P < 0.01 by 2-tailed t test. IB, immunoblotting; IP, immunoprecipitation.
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Figure 3. PKM2 promotes in vitro Th1 and Th17 differentiation. (A–F) Naive CD4+ T cells were cultured for 3 days 
under Th1- and Th17-polarizing conditions and various concentration of shikonin were added on day 0. (A and B) 
Extracellular acidification rate (ECAR) in Th1 (A) and Th17 cells (B) with or without shikonin was measured on day 
3. Cumulative data are shown (mean ± SEM); n = 3. (C and E) Representative flow plots of IFN-γ–producing (C) 
and IL-17A–producing (E) CD4+ T cells are shown. (D and F) Cumulative data of IFN-γ–producing (D) and IL-17A–
producing (F) CD4+ T cells are shown (mean ± SEM); n = 5. (G–I) Naive CD4+ T cells were cultured for 4 days under 
Th17-polarizing conditions and transfected with control shRNA or Pkm2-specific shRNA on day 1. (G) PKM2 and 
actin protein expression on day 3 was assessed by Western blotting. Representative blots are shown. Data are 
representative of 4 experiments. (H) Cumulative data of the Western blotting densitometric ratio (PKM2/actin) 
are shown (mean ± SEM); n = 4. (I) Cumulative data of flow plots of IL-17A–producing CD4+ T cells are shown 
(mean ± SEM); n = 4. (J) Naive CD4+ T cells were cultured for 3 days under Th17-polarizing conditions and trans-
fected with empty vector or mouse PKM2–expressing vector on day 1. Cumulative data of IL-17A–producing CD4+ 
T cells are shown (mean ± SEM); n = 4. *P < 0.05; **P < 0.01 by 2-tailed t test (A, B, and J) or 1-way ANOVA with 
Bonferroni’s multiple-comparisons test (D, F, H, and I).

https://doi.org/10.1172/jci.insight.127395
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glycoprotein (MOG) TCR, were cultured with MOG35-55, mitomycin-treated splenocytes, and rIL-12 
for 48 hours and DMSO or shikonin was added on day zero. The percentages of IFN-γ– and IL-17A–
producing cells were reduced in shikonin-treated CD4+ T cells compared with DMSO-treated cells (Sup-
plemental Figure 5, A and B). These cells were also transferred into Rag1-deficient mice. The mice that 
received PKM2 inhibitor–treated 2D2 T cells had reduced clinical scores (Figure 5A) and body weight 
loss (Figure 5B) compared with the control group. Histology scores of spinal cords from diseased ani-
mals were significantly decreased in the mice that received shikonin-treated cells (Figure 5, C and D). 
Absolute cell numbers of spinal cord–infiltrating cells were assessed by flow cytometry. IFN-γ–produc-
ing (Figure 5E) and IL-17A–producing (Figure 5F) cells were reduced in the mice that received shiko-
nin-treated cells compared with their control-treated counterparts. These results confirmed that shikonin 
ameliorates EAE in a T cell–dependent manner.

Pkm2-shRNA–transfected Th17 cells cause reduced disease activity in an adoptive cell transfer EAE model. 
To confirm the requisite role of  PKM2 in Th17 in vivo, another adoptive cell transfer EAE experiment 
was performed. Naive CD4+ T cells from 2D2 mice were cultured under Th17-polarizing conditions 
and transfected with Pkm2-shRNA or control shRNA and transferred into Rag1-deficient mice. The 
mice that received Pkm2-shRNA–transfected 2D2 T cells exhibited reduced EAE disease activity com-
pared with those that received cells transfected with control shRNA (Figure 6, A and B). To confirm 

Figure 4. PKM2 inhibitor ameliorates EAE. (A–G) EAE was induced in B6 mice by immunization with MOG35-55 emulsified 
in complete Freund’s adjuvant. Mice were treated with DMSO or shikonin twice a week intraperitoneally. (A) Clinical scores. 
(B) Body weight changes. Cumulative results of 2 independent experiments with 5 mice per group are shown (mean ± SEM); 
n = 10. (C and D) Spinal cords were harvested on day 14 and stained with H&E to evaluate inflammation. (C) Representative 
images show H&E staining of spine from DMSO- or shikonin-treated mice. Scale bars: 500 μm or 100 μm (higher-magnifi-
cation images on right). (D) Quantitative cumulative data are shown (mean ± SEM); n = 5. (E–G) Absolute cell numbers of 
spinal cord–infiltrating CD4+ T cells (E), IFN-γ–producing (F), and IL-17A–producing CD4+ T cells (G) from DMSO- or shiko-
nin-treated mice were evaluated by flow cytometry on day 14. Cumulative data are shown (mean ± SEM); n = 5. **P < 0.01 
by 2-way ANOVA (A and B) or 2-tailed t test (D–G).
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these data, the absolute numbers of  spinal cord–infiltrating cells were examined by flow cytometry. 
Rag1-deficient mice that received Pkm2-shRNA–transfected 2D2 T cells had decreased numbers of  
IL-17A–producing CD4+ T cells in the spinal cord compared with those that received cells transfected 
with control shRNA (Figure 6C).

Discussion
In this study, we demonstrate that PKM2 is requisite for Th1 and Th17 differentiation and PKM2 can serve 
as a therapeutic target for T cell–dependent autoimmune diseases. Mechanistically, the serine/threonine 
kinase CaMK4 binds PKM2 and promotes its activity and glycolysis.

Th1 and Th17 cells are significant in the expression of  autoimmune diseases including MS, SLE, rheu-
matoid arthritis, and psoriasis (1–4). Although a number of  treatment modalities including corticosteroids, 
immunosuppressants, and biologic agents have been introduced in the treatment of  these entities, severe 
and/or refractory cases are often encountered that require additional considerations. Furthermore, many 
patients with autoimmune diseases suffer side effects when treated with the available medications empha-
sizing the importance of  the need for new approaches.

Figure 5. PKM2 inhibitor–treated CD4+ T cells ameliorate disease activity in an adoptive cell transfer EAE 
model. (A–D) CD4+ T cells from 2D2 mice were cultured with 20 μg/ml MOG35-55, mitomycin-treated splenocytes, 
and 0.5 ng/ml rIL-12 for 48 hours and DMSO or shikonin was added on day 0. On day 2, these cells were trans-
ferred into Rag1-deficient mice intravenously and EAE was induced. (A and B) Clinical scores (A) and body weight 
changes (B) of recipient mice are shown. Cumulative results are shown (mean ± SEM); n = 5. (C and D) Spinal 
cords were harvested on day 14 and stained with H&E to evaluate inflammation. (C) Representative images show 
H&E staining of spine from the mice that received DMSO- or shikonin-treated cells. Scale bars: 500 μm or 100 μm 
(higher-magnification images on right). (D) Quantitative cumulative data are shown (mean ± SEM); n = 5. (E and 
F) Absolute cell numbers of spinal cord–infiltrating IFN-γ–producing (E) and IL-17A–producing CD4+ T cells (F) from 
the mice that received DMSO- or shikonin-treated cells were evaluated by flow cytometry on day 14. Cumulative 
data are shown (mean ± SEM); n = 8. *P < 0.05. **P < 0.01 by 2-way ANOVA (A and B) or 2-tailed t test (D–F).
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Cell metabolism is important in T cell differentiation (18, 19) and Th1 and Th17 cells use mainly 
glycolysis, whereas Treg cells use fatty acid oxidation (19). Activation of  mechanistic target of  rapamycin 
complex 1 (mTORC1) promotes glycolysis in Th1 and Th17 cells (24, 25). Glycolysis is requisite for prolif-
erating cells because glycolysis produces energy quickly compared with that produced by the tricarboxylic 
acid cycle (8) and enables the generation of  materials to produce DNA, RNA, proteins, and lipids. Because 
cell metabolism regulates T cell fate, modulation of  metabolic pathways had been considered as a source 
for novel therapeutic targets (26–28).

PKM2 is the final rate-limiting enzyme in glycolysis and catalyzes the conversion of  phosphoe-
nolpyruvate to pyruvate and is upregulated in tumor cells. Although PKM2 has been mainly studied 
in the oncology field (29), few reports have considered the role of  PKM2 in T cells (22). One group 
has recently shown that PKM2 is important for hyperhomocysteinemia-promoted IFN-γ production 
from CD4+ T cells in hyperhomocysteinemia-accelerated atherosclerosis (22), while the role of  PKM2 
in T cells in autoimmune diseases is still unclear. Our data demonstrate that PKM2 has a crucial role 
in Th1 and also Th17 differentiation and that PKM2 could be a potential target for the treatment of  T 
cell–dependent autoimmune disease.

We have previously demonstrated that the serine/threonine kinase CaMK4 promotes mTORC1 
activity and is crucial for Th17 differentiation. CaMK4 accelerates disease activity in EAE and lupus-
prone mice. Our data demonstrate that glycolysis in Camk4-deficient CD4+ T cells is reduced compared 
with their counterparts. The CaMK4 inhibitor KN-93 prevents the activation of  CaMK4 and reduced 
glycolysis after ionomycin stimulation. Furthermore, we demonstrated that CaMK4 binds PKM2 and 
increases its activity and glycolysis. It is possible that CaMK4 affects glycolysis at additional points 
including the expression of  glucose transporter 1 (GLUT-1), which was reportedly decreased in KN-93–
treated Th17-polarized cells from patients with SLE (30). Because silencing of  PKM2 reduces the 
expression of  GLUT-1 in a gastric cancer cell line (31) and chondrocytes (32), KN-93 may have reduced 
GLUT-1 expression through PKM2 in T cells.

We have previously shown that CaMK4 is increased in Th17 but not Th1 cells and is requisite for 
Th17 differentiation and is not for Th1 differentiation (13). Glycolysis in T cells from Camk4-deficient 
mice under Th17-polarizing conditions was significantly decreased compared with those from Camk4- 
sufficient mice, but not under Th1-polarizing conditions. PKM2 is requisite for both Th1 and Th17 cell 
differentiation, suggesting another mechanism that enhances PKM2 in Th1 cells.

In summary, we have shown that PKM2 is requisite for Th1 and Th17 differentiation and that 
silencing and pharmacological inhibition of  PKM2 reduces the activity of  EAE in a T cell– and 
Th17-dependent manner. Mechanistically, the serine/threonine kinase CaMK4 binds PKM2 and stim-
ulates pyruvate kinase activity and promotes glycolysis. These data present potentially new mecha-
nisms in cellular metabolism in Th1 and Th17 cells and suggest new therapeutic targets for T cell–
dependent autoimmune diseases.

Figure 6. Pkm2-shRNA–transfected Th17 cells reduce disease activity in an adoptive cell transfer EAE model. 
(A–C) Naive CD4+ T cells from 2D2 mice were cultured under Th17-polarizing conditions and transfected with 
Pkm2-shRNA or control shRNA. These cells were transferred into Rag1-deficient mice intravenously and EAE was 
induced. (A) Clinical scores of recipient mice are shown. Cumulative results of 2 independent experiments with 
3–4 mice per group are shown (mean ± SEM); n = 7–8. (B) Cumulative results of body weight changes of recipient 
mice (mean ± SEM); n = 7–8. (C) Spinal cords were harvested on day 14, and absolute cell numbers of spinal cord–
infiltrating IL-17A–producing CD4+ T cells from the mice that received Pkm2-specific– or control shRNA–treated 
cells were evaluated by flow cytometry on day 14. Cumulative data are shown (mean ± SEM); n = 7–8. *P < 0.05; 
**P < 0.01 by 2-way ANOVA (A and B) or 2-tailed t test (C).
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Methods
Mice. B6.129X1-Camk4tm1Tch/J, C57BL/6-Il17atm1Bcgen/J (IL-17GFP), C57BL/6-Tg(Tcra2D2, Tcrb-
2D2)1Kuch/J (2D2), MRL/MpJ-Faslpr/J (MRL/lpr), and B6.129S7-Rag1tm1Mom/J (Rag1-KO) mice 
were purchased from The Jackson Laboratory. B6.IL-17GFP mice were made by crossing B6 mice with 
IL-17GFP mice. Animals were sacrificed at the end of  their 8–12 weeks of  life for in vitro culture experi-
ments and on the indicated week for in vivo experiments. All mice were maintained in a specific pathogen–
free animal facility (Beth Israel Deaconess Medical Center).

Single-cell isolation. For mouse, spleen and lymph node lymphocytes as well as infiltrating lymphocytes 
in spinal cords were isolated as previously described (11).

In vitro T cell differentiation. Naive CD4+ T cells were purified by mouse CD4+CD62L+ T Cell Isolation 
Kit II (Miltenyi Biotec). Purified naive T cells were stimulated with plate-bound goat anti-hamster Abs, 
soluble anti-CD3 (0.25 μg/ml, 145-2C11; Biolegend), and anti-CD28 (0.5 μg/ml, 37.51; Biolegend) for 
Th0-nonpolarizing condition culture. In addition to Th0-nonpolarizing conditions, the following stimula-
tion protocols were used for each polarizing condition: IL-12 (20 ng/ml; R&D Systems) and anti-IL-4 (10 
μg/ml, C17.8; Biolegend) for Th1; IL-6 (10 ng/ml; R&D Systems), TGF-β1 (0.3 ng/ml; R&D Systems), 
anti–IL-4 (10 μg/ml, C17.8; Biolegend), and anti–IFN-γ (10 μg/ml; XMG1.2; Biolegend) for Th17; IL-2 
(20 ng/ml; R&D Systems), TGF-β1 (3 ng/ml; R&D Systems), anti–IL-4 (10 μg/ml, C17.8; Biolegend), 
and anti–IFN-γ (10 μg/ml, XMG1.2; Biolegend) for Treg (11). For the PKM2 inhibition, shikonin (0.1 μM 
or indicated concentration; Sigma-Aldrich) dissolved in DMSO or the same concentration of  DMSO was 
added to cultures on day 0.

Metabolism assays. ECAR was measured using an XFp extracellular flux analyzer. All other procedures 
were performed according to the manufacturer’s instructions as previously described (10). Ionomycin (1 
μM) dissolved in DMSO or the same concentration of  DMSO was added during the glycolysis stress test 
with acute injection (Supplemental Figure 1).

Western blotting. Cell lysates ware separated in a NuPAGE 4%–12% Bis-Tris gel (Life Technologies) 
and proteins were transferred to a nitrocellulose membrane. The following Abs were used: anti-Flag (M2, 
Sigma-Aldrich); anti-actin (AC-74, Sigma-Aldrich); anti–His tag (27E8, Cell Signaling Technology); anti-
PKM2 (D78A4, Cell Signaling Technology); goat anti–mouse IgG coupled with HRP and goat anti–rabbit 
IgG coupled with HRP (Jackson ImmunoResearch). The ECL system (Amersham) was used for detection. 
Bands on blots corresponding to proteins of  interest were analyzed by ImageJ software (NIH).

Flow cytometry. The following Abs purchased from BioLegend were used for flow cytometry analysis: 
mouse CD4 (GK1.5), CD8a (53-6.7), CD25 (PC61), CD44 (IM7), CD45 (30-F11), CD90.2 (53-2.1), 
Ki67 (16A8), IL-17A (JC11-18H10.1), and IFN-γ (XMG1.2). CD3α (17A2) and Foxp3 (FJK-16s) Abs 
were purchased from eBioscience. 7AAD, annexin V (surface), or a Zombie Aqua Fixable Viability Kit 
(intracellular) staining was performed for eliminating dead cells. Surface staining was performed on ice 
for 20–30 minutes. Absolute cell numbers were calculated based on the percentage of  each cell popula-
tion. For intracellular staining, harvested cells were stimulated for 4 hours in culture medium with PMA 
(Sigma-Aldrich), ionomycin (Sigma-Aldrich), and monensin (BD Biosciences). Cytofix/Cytoperm and 
Perm/Wash buffer (Ki67/IL-17A/IFN-γ; BD Biosciences) or Mouse Regulatory T Cell Staining Kit 
(Foxp3; eBioscience) was used for fixation and permeabilization. All flow cytometry data were acquired 
on a BD LSRII (BD Biosciences) or Cytoflex LX (Beckman Coulter) and analyzed with FlowJo (FlowJo, 
LLC). All procedures were performed according to the manufacturer’s instructions. For mPKM2 overex-
pression experiments under Th17-polarized conditions in murine primary T cells, IL-17GFP mice were 
used. For mPKM2 overexpression experiments under Treg-polarizing conditions, Zombie Aqua–DsRed+ 
cells were sorted by FACSAria II cell sorter (BD Biosciences) and stained for CD25, followed by Foxp3 
staining as described above.

Enzyme activity. Pyruvate kinase enzyme activity on day 2 was examined using a Pyruvate Kinase 
Activity Assay kit (Sigma-Aldrich) after 2-hour stimulation by 1 μM ionomycin. All procedures were per-
formed according to the manufacturer’s instructions.

Transfection of  overexpression vectors. For hCaMK4 overexpression, Flag-tagged hCaMK4–overexpress-
ing vector generated previously was used in this study (13). For hPKM2 overexpression, the 6×His-tagged 
hPKM2 overexpression vector was made by Genescript. For 6×His-eGFP overexpression, pCMV-GFP was 
a gift from Connie Cepko (Addgene plasmid 11153) and was constructed by using the same vector as the 
6×His-tagged hPKM2 overexpression vector (33). For Flag-tagged mouse CaMK4 (mCaMK4) overexpression 
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experiments in murine primary T cells, a previously generated vector was used in this study (13). For mPKM2 
overexpression, a 6×His-tagged mPKM2 overexpression vector was made by Genescript and was constructed 
by using the pIRES2-DsRed-Express vector. All constructs were verified by DNA sequencing. For hCaMK4 
overexpression experiments in HEK293T cells, these cells were transfected either with plasmid encoding Flag-
tagged hCamK4, or mock plasmid, using Lipofectamine reagent (Thermo Fisher Scientific). For mCaMK4 
and mPKM2 overexpression experiments in murine primary T cells, cells were harvested 1 day after starting 
culture, and empty vector, mCaMK4, or mPKM2 overexpression plasmid was transfected using the Amaxa 
Mouse T Cell Nucleofector Kit with the X-001 program (Amaxa) as previously described (11). The efficiency 
of the transfection in primary T cells was tested by flow cytometry and always exceeded 10%.

Pull-down assay. On day 2, lysates were prepared from trypsinized HEK293T cells, which had 
been transfected either with plasmid encoding Flag-tagged hCamK4 or mock plasmid, using a deter-
gent-based lysis buffer. Briefly, buffer containing 50 mM Tris (pH 8), 150 mM NaCl, 1% NP-40 and a 
mixture of  protease inhibitors (Roche Diagnostics) were incubated with cultured cells on ice, at 20 μl/
mg wet cell pellet. Soluble protein extracts were clarified by high-speed centrifugation, and supernatants 
were incubated with anti-Flag Ab (Sigma-Aldrich) bound to Protein G Sepharose beads (Amersham). 
Pull-down assay was performed by binding 4 μg of  anti-Flag Ab to Protein G–Sepharose (Amersham 
Biosciences) as previously described (34). Immunoglobulin (Ig) was cross-linked at room temperature 
to Protein G–Sepharose beads with 13 mg/ml dimethyl pimelimidate (Sigma-Aldrich) dissolved in 0.2 
M triethanolamine and PBS (pH 8). The reaction was quenched with a 10-fold higher volume of  50 
mM ethanolamine in PBS. Non–cross-linked Ab was removed with 0.1 M glycine (pH 2.5). HEK293T 
cell homogenates were clarified by high-speed centrifugation, and supernatants were incubated with 
bead-bound Ig. Beads were washed, and bound antigen was eluted with 0.1 M glycine (pH 2.5). Eluted 
protein was subjected to electrophoresis and visualized by Coomassie Blue staining. Coomassie gel 
staining was performed with a commercially available set of  reagents (Invitrogen), compatible with 
subsequent MS, according to the manufacturer’s recommendation.

Tryptic digestion and analysis by electrospray tandem MS (MS/MS). In-gel and in-solution tryptic 
digestion was performed essentially as described previously (35). The samples were subjected to a nano-
flow liquid chromatography (LC) system. The LC system was directly coupled to a quadrupole time-of-
flight micro tandem mass spectrometer at the Beth Israel Mass Spectrometry Core Facility. MS/MS data 
were processed and searched against the National Center for Biotechnology Information UniProt human 
nonredundant database (http://uniprot.org/downloads) via a Mascot search engine by using MaxQuant 
software v1.3.0.5 (http://www.maxquant.org) or Scaffold Q+S software (35, 36). CaMK4- or control-asso-
ciated proteins were identified by MS.

Flag-tagged CaMK4/6×His-tagged PKM2 cotransfection assay. HEK293T cells were cotransfected with 4 μg 
of  Flag-tagged hCaMK4 plasmid together with of  4 μg of  6×His-tagged hPKM2 plasmid or 6×His-tagged 
EGFP. Those vectors were transfected into 40% confluent HEK293T cells by polyethylenimine Max (Poly-
cycles, Inc.) according the manufacturer’s protocol.

Co-IP. After Flag-tagged CaMK4/6×His-tagged PKM2 cotransfection, cells were harvested in 1% NP40 
lysis buffer. Co-IP was performed with the Dynabeads Protein G Immunoprecipitation Kit (Life Technol-
ogies) according to the manufacturer’s protocol. Briefly, cell lysates were prepared as described above, and 
proteins were immunoprecipitated by incubation of  lysates with 4 μg anti-Flag Ab (M2, Sigma-Aldrich), 
anti-6×His Ab (4E3D10H2/E3, Thermo Fisher Scientific), or control IgG (sc-3877 or sc2025, Santa Cruz 
Biotechnology) overnight at 4°C and Ab-protein precipitates were pulled down with Dynabeads Protein G. 
Beads were washed extensively, and proteins were eluted with the elution buffer. The presence of  immuno-
complexed proteins was determined by Western blotting with anti-Flag Ab and anti-6×His Ab.

Generation of  lentiviral particles containing shRNAs. MISSION pLKO.1-puro empty vector control plas-
mid DNA (Sigma-Aldrich) was used for this subcloning. We designed 2 mouse Pkm2-shRNAs as list-
ed below and subcloned them into the empty vector following the manufacturer’s protocols. The 
following oligonucleotide sequences were used for this subcloning: 5′-CCGGCATCTACCACTTGCAGC-
TATTCTCGAGAATAGCTGCAAGTGGTAGATGTTTTTG-3′ and 5′-AATTCAAAAACATCTAC-
CACTTGCAGCTATTCTCGAGAATAGCTGCAAGTGGTAGATG-3′ for Pdp2-shRNA1, and 5′-CCG-
GATCTACCACTTGCAGCTATTCCTCGAGGAATAGCTGCAAGTGGTAGATTTTTTG-3′ and 
5′-AATTCAAAAAATCTACCACTTGCAGCTATTCCTCGAGGAATAGCTGCAAGTGGTAGAT-3′ for 
Pkm2-shRNA2. Sequences of cloned vectors were verified (Genewiz). MISSION pLKO.1-puro Non–Mammalian 
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shRNA Control Plasmid DNA (Sigma-Aldrich) was used for control shRNA. Those vectors were transfected 
into 40% confluent HEK293T cells by polyethylenimine Max according the manufacturer’s protocol. Culture 
media with shRNA-containing lentiviral particles were collected on day 3 and 4.

EAE. On day 0, 8-week-old mice were immunized subcutaneously with 100 μg MOG35-55 peptide 
emulsified in complete Freund’s adjuvant (Sigma-Aldrich) containing 4 mg/ml Mycobacterium tubercu-
losis extract (H37Ra; Difco), distributed between the 2 hind flanks. On days 0 and 2, 100 ng/mouse 
pertussis toxin (List Biological Laboratories) was given by intraperitoneal injection. Mice were mon-
itored and weighed daily until day 21 of  the experiment. Shikonin (40 μg/body, dissolved in 0.25% 
DMSO) or 0.25% DMSO in 200 μl PBS was administered twice a week intraperitoneally. The follow-
ing clinical scores were used: 1, limp tail; 2, hind-limb paresis; 3, hind-limb paralysis; 4, tetraplegia; 
5, moribund (37).

Adaptive transfer EAE using PKM2 inhibitor. Naive CD4+ T cells from 2D2 mice were cultured with 20 
μg/ml MOG35-55, 1 × 106 mitomycin-treated splenocytes, and 0.5 ng/ml rIL-12 for 48 hours as previously 
described (38, 39) and 0.1 μM shikonin or the same concentration of  DMSO was added on day 0. Cultured 
cells were harvested on day 2 of  culture. Five million cells were suspended in 150 μl of  PBS (pH 7.4) and 
injected intravenously into each Rag1-deficient mouse. Pertussis toxin (300 ng per mouse; List Biological 
Laboratories) was intraperitoneally injected later on the day of  transfer and 2 days later. Mice were moni-
tored and weighed as previously described (11).

Adaptive transfer EAE using shRNA. Naive CD4+ T cells from 2D2 mice were cultured under Th17 
cell conditions. On day 1 of  culture, Pkm2-shRNA– or control shRNA–containing lentiviral particles 
were added to the media with polybrene infection/transfection reagent (Sigma-Aldrich). One day after 
infection, puromycin was added to the media. Cultured cells were harvested and purified on day 4 of  
culture. Five million cells were suspended in 150 μl of  PBS (pH 7.4) and were injected intravenous-
ly into each Rag1-deficient mouse. Pertussis toxin (300 ng per mouse; List Biological Laboratories) 
was intraperitoneally injected later on the day of  transfer and 2 days later. Mice were monitored and 
weighed as previously described (11).

Histological staining and analysis. Sections from 10% formalin-fixed spinal cords were stained with H&E. 
Spinal cord sections were scored as previously described (11).

Statistics. Statistical analyses were performed in GraphPad Prism version 6.0 software. Statistical sig-
nificance was determined by 2-tailed t test for 2 groups or 1-way ANOVA with Bonferroni’s multiple-com-
parisons test for 3 or more groups. For the EAE experiments, clinical scores and body weight changes of  
each treatment group were compared using 2-way ANOVA. P values of  <0.05 were considered statistically 
significant (**P < 0.01, *P < 0.05).

Study approval. All animal protocols and experiments were approved by the Institutional Animal Care 
and Use Committee of  Beth Israel Deaconess Medical Center (no. 088-2015).
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