

[image: Erwinia asparaginase (crisantaspase) increases plasma levels of serine and glycine]
Erwinia asparaginase (crisantaspase) increases plasma levels of serine and glycine





BRIEF RESEARCH REPORT

published: 12 December 2022

doi: 10.3389/fonc.2022.1035537

[image: image2]


Erwinia asparaginase (crisantaspase) increases plasma levels of serine and glycine


Dominique Bollino 1,2†, J. Preston Claiborne 1,2†, Kanwal Hameed 1, Xinrong Ma 1, Kayla M. Tighe 1, Brandon Carter-Cooper 1, Rena G. Lapidus 1,2, Erin T. Strovel 3 and Ashkan Emadi 1,2,4*


1 School of Medicine, University of Maryland Marlene and Stewart Greenebaum Comprehensive Cancer Center, Baltimore, MD, United States, 2 Department of Medicine, School of Medicine, University of Maryland Marlene and Stewart Greenebaum Comprehensive Cancer Center, Baltimore, MD, United States, 3 Department of Pediatrics, School of Medicine, University of Maryland Marlene and Stewart Greenebaum Comprehensive Cancer Center, Baltimore, MD, United States, 4 Department of Pharmacology, School of Medicine, University of Maryland Marlene and Stewart Greenebaum Comprehensive Cancer Center, Baltimore, MD, United States




Edited by: 

Jianqiang Xu, Dalian University of Technology, China

Reviewed by: 

Jinye Xie, Department of Laboratory Diagnosis, Sun Yat-sen University, China

Gulam M Rather, The State University of New Jersey, United States

*Correspondence: 

Ashkan Emadi
 aemadi@umm.edu


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Oncology


Received: 02 September 2022

Accepted: 27 October 2022

Published: 12 December 2022

Citation:
Bollino D, Claiborne JP, Hameed K, Ma X, Tighe KM, Carter-Cooper B, Lapidus RG, Strovel ET and Emadi A (2022) Erwinia asparaginase (crisantaspase) increases plasma levels of serine and glycine. Front. Oncol. 12:1035537. doi: 10.3389/fonc.2022.1035537



The impact of asparaginases on plasma asparagine and glutamine is well established. However, the effect of asparaginases, particularly those derived from Erwinia chrysanthemi (also called crisantaspase), on circulating levels of other amino acids is unknown. We examined comprehensive plasma amino acid panel measurements in healthy immunodeficient/immunocompetent mice as well as in preclinical mouse models of acute myeloid leukemia (AML) and pancreatic ductal adenocarcinoma (PDAC) using long-acting crisantaspase, and in an AML clinical study (NCT02283190) using short-acting crisantaspase. In addition to the expected decrease of plasma glutamine and asparagine, we observed a significant increase in plasma serine and glycine post-crisantaspase. In PDAC tumors, crisantaspase treatment significantly increased expression of serine biosynthesis enzymes. We then systematically reviewed clinical studies using asparaginase products to determine the extent of plasma amino acid reporting and found that only plasma levels of glutamine/glutamate and asparagine/aspartate were reported, without measuring other amino acid changes post-asparaginase. To the best of our knowledge, we are the first to report comprehensive plasma amino acid changes in mice and humans treated with asparaginase. As dysregulated serine metabolism has been implicated in tumor development, our findings offer insights into how leukemia/cancer cells may potentially overcome glutamine/asparagine restriction, which can be used to design future synergistic therapeutic approaches.
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Background

Asparaginases are enzymes that catalyze the hydrolysis of asparagine and glutamine to aspartate and glutamate, respectively. With the first approval by the United States (U.S.) Food and Drug Administration (FDA) in 1978, asparaginases have since become an essential component of multi-agent chemotherapy for pediatric and adult acute lymphoblastic leukemia (ALL). Clinically available asparaginase is derived from two bacterial sources: Escherichia coli (E. coli) and Erwinia chrysanthemi, with asparaginase from Erwinia (also called crisantaspase) demonstrating higher glutaminase activity (1, 2). In the U.S. today, commercially available preparations of E. coli asparaginase include Oncospar (pegaspargase) and Asparlas (calasparagase pegol-mknl), both pegylated forms which prolong plasma retention (3). Erwinia asparaginases include Erwinaze (asparaginase Erwinia chrysanthemi) and Rylaze (asparaginase Erwinia chrysanthemi [recombinant]-rywn), which are indicated for use in patients that have developed hypersensitivity to E. coli-derived asparaginase. Outside of their well-established role in ALL, asparaginases also have an emerging role in acute myeloid leukemia (AML). In a phase I clinical trial in patients with relapsed or refractory (R/R) AML, Erwinaze was shown to effectively deplete plasma asparagine and glutamine without a dose limiting toxicity, which correlated to its anti-AML activity (4). Asparaginases are also being explored in the treatment of solid tumors, including pancreatic ductal adenocarcinoma (PDAC), that are sensitive to asparagine and glutamine depletion (5, 6).

Cancer cells undergo metabolic reprogramming that can make them dependent on exogenous asparagine and glutamine to sustain rapid cellular proliferation. Glutamine is critical for maintaining redox homeostasis through glutathione synthesis, for supplying nitrogen for pyrimidine synthesis, and for generation of nonessential amino acids for protein synthesis (7, 8). Asparagine acts as an amino acid exchange factor, thereby contributing to regulation of protein synthesis (9). Given the importance of the anti-leukemia effect mediated by asparaginase-induced asparagine and glutamine depletion, we aimed to determine whether asparaginase exposure has any impact on the plasma levels of other amino acids to potentially discover leukemic cells compensatory responses to asparaginases that may result in resistance to the treatment. To achieve this, we have performed comprehensive plasma amino acid analysis post-asparaginase administration in both AML and PDAC-bearing mouse models and in a clinical trial of patients with R/R AML treated with Erwinaze. To investigate the novelty of our findings, we conducted a systematic literature review of clinical studies that reported treatment with asparaginases to determine the extent of plasma amino acid reporting.



Methods


In vivo mouse studies

For the tolerability study conducted in immunodeficient NRG (NOD.Cg-Ragtm1MomIL2rgtm1Wjl/SzJ) mice (Figure 1A), mice were treated with either vehicle (n=2) or long-acting Erwinia asparaginase, pegcrisantaspase (PegC). PegC (200 international unit (IU)/kg, intravenously (IV) was administered once weekly (1x/week)) in combination with 5-Fluorouracil (5FU, 10 mg/kg, intraperitoneally (IP), twice weekly (2x/week)) and oxaliplatin (IP, 2x/week) at either 0.5 mg/kg (n=3), 1 mg/kg (n=3), or 5 mg/kg (n=3) for 4 weeks. Mice that received PegC, regardless of concurrent chemotherapy treatment, were grouped together and compared to the vehicle-treated mice. The mice were euthanized 5 days after their last dose of PegC. In the tolerability study in immunocompetent C57BL/6 mice (Figure 1B), mice were similarly treated with either vehicle (n=3) or the combination of PegC (200 IU/kg), 5FU (10 mg/kg) and oxaliplatin (5 mg/kg) (n=3) for 4 weeks and plasma was isolated after exsanguination. The mice were euthanized 7 days after their last dose of PegC. Mice that received PegC were grouped together and compared to the vehicle-treated mice. In the non-tumor bearing mouse studies in Figure 1C, NRG mice were treated with either vehicle (n=2), or PegC alone at 125 IU/kg (n=2), 250 IU/kg (n=2) or 500 IU/kg (n=2). Mice were euthanized 3 days after treatment and plasma was isolated from whole blood.




Figure 1 | PegC-induced plasma amino acid changes in non-tumor bearing mice. (A) NRG mice were treated with vehicle (n=2) or PegC (n=9, 200 IU/kg, IV, 1x/week) for 4 weeks. Plasma was isolated from whole blood obtained at the end of the study and HPLC was performed to measure the concentration of the indicated amino acids. (B) C57BL/6 mice were treated with vehicle (n=3) or PegC (n=3, 200 IU/kg, IV, 1x/week) for 4 weeks. Plasma was isolated from whole blood obtained at the end of the study and HPLC was performed to measure the concentration of the indicated amino acids. (C) NRG mice were treated with vehicle (n=2) or PegC 125 IU/kg (n=2), PegC 250 IU/kg (n=2), or PegC 500 IU/kg (n=2). Plasma was isolated from whole blood obtained three days after treatment and HPLC was performed to measure the concentration of the indicated amino acids. Statistical analyses were performed using unpaired t- tests. **** p <0.0001, *** p < 0.001, ** p < 0.01, * p <0.05, ns, not significant.



Establishment of the patient derived xenograft (PDX) AML45-luc model in (Figure 2A) has been previously described (10). AML45-luc cells (1 × 106) were injected IV into NRG mice (6-8 weeks old, female). Mice were treated with vehicle, venetoclax (Ven, 75 mg/kg orally (PO), 5x/week), PegC (200 IU/kg, IV, 1x/week) or Ven-PegC. The last dose of PegC was administered on day 36 and mice were euthanized on day 39. Plasma was isolated from whole blood after exsanguination. Since no significant differences in amino acid levels were noted in Ven-treated mice, all mice that received PegC (PegC alone and Ven+PegC) were grouped together (n=10) and compared to mice that did not receive PegC (vehicle and Ven alone) (n=7).




Figure 2 | PegC increases serine and glycine in AML PDX and PDAC xenograft/syngeneic models. (A) Plasma was isolated from whole blood of AML-bearing NRG mice that did (n=10) or did not (n=7) receive PegC (200 IU/kg, IV, 1x/week) for 4 weeks. HPLC was performed to measure the concentration of the indicated amino acids. (B) Plasma was isolated from whole blood of MIAPaCa2 xenograft-bearing NRG mice that did (n=4) or did not (n=5) receive PegC (200IU/kg, IV, 1x/week). HPLC was performed to measure the concentration of the indicated amino acids. (C) Plasma was isolated from whole blood of KPC tumor-bearing C57BL/6 mice that did (n=5) or did not (n=8) receive PegC (500 IU/kg, IV, 1x/week). HPLC was performed to measure the concentration of the indicated amino acids. Statistical analyses to compare vehicle and PegC treated groups were performed using unpaired t- tests. **** p < 0.0001, *** p < 0.001, ** p < 0.01.



For the MIAPaCa2 PDAC xenograft model (Figure 2B), MIAPaCa2 cells (3 x 106) were injected subcutaneously into the flank of female NRG mice. When tumors were palpable (150mm3), mice were treated with either vehicle or PegC at a dose of 200 IU/kg IV once a week. For the KPC syngeneic pancreatic adenocarcinoma model in Figure 2C, KPC cells (3 x 106) were injected subcutaneously into the flank of male or female C57BL/6 mice. When tumors were palpable (150mm3), mice were treated with either vehicle or PegC at a dose of 200 IU/kg IV once a week. Plasma was isolated from whole blood after exsanguination. PegC was provided by Jazz Pharmaceuticals.



Western Blot Analysis

Tumors were lysed using tissue extraction reagent (ThermoFisher Scientific, Waltham, MA) supplemented with protease and phosphatase inhibitor cocktails (Sigma Aldrich). Lysates were incubated on ice for 10min then centrifuged at 10,000 g at 4°C for 15 min. Protein content of lysates was determined and lysates were separated on 4-15% polyacrylamide gels (BioRad, Hercules,CA), then transferred onto polyvinylidene difluoride (PVDF) membranes (BioRad). Membranes were blocked with 5% non-fat milk in tris-buffered saline with 0.1% Tween 20 (TBST), incubated with primary antibodies at 4°C overnight, then incubated with HRP-conjugated secondary antibody for 1h. Bands were visualized using Clarity Western Enhanced Chemiluminescence (ECL)substrate (BioRad). Densitometric analyses were performed using ImageJ (NIH).



Clinical study with short-acting crisantaspase

Adult patients (n=5) with R/R AML following at least one line of therapy were eligible for the study. Crisantaspase (Erwinaze) was administered at a dose of 25,000 IU/m2 three days a week (Monday, Wednesday, Friday) for a total of 6 doses over 2 weeks. No concurrent anti-neoplastic agent was permitted. Plasma amino acid levels were measured pre-study and subsequently before administration of Erwinaze on Wednesday and Friday (approximate 48 hours trough) and on Monday morning of the 2nd week (approximate 72 hours trough). Erwinaze was provided by Jazz Pharmaceuticals. As of July 23, 2021, Erwinaze is no longer commercially available in the US.



Plasma amino acid measurement

For mouse studies, plasma was isolated from whole blood and delivered on ice to the University of Maryland Pathology Associates Biochemical Genetics Laboratory for plasma quantitative amino acid analysis. For human clinical samples, 5-8 mL blood was collected in a sodium/lithium heparin tube and kept on ice. Within 40 minutes of collection, the plasma was separated by centrifugation (1100g × 5 minutes at 4°C) and frozen at -20°C until analysis. Free amino acid concentrations were measured using a Biochrom 30 or Biochrom 30+ Amino Acid Analyzer (Biochrom Ltd., Cambridge, UK) by cation-exchange chromatography and ninhydrin detection according to the manufacturer’s instructions. Results were quantified using commercially available calibration standards and normalized to the internal standard, s-2-aminoethylcysteine and reported as micromole per liter (µM). Two quality control standards were evaluated as an unknown at the beginning of each set of sample runs.



Statistics

To compare plasma amino acid concentrations between the two groups of mice that did or did not receive PegC, unpaired t-tests were performed using GraphPad Prism 8. For clinical samples, unpaired t-tests were used to compare changes from baseline levels over time.



Literature review

A literature review was undertaken to determine available clinical data on serum and/or plasma amino acid concentrations after asparaginase therapy for patients with any malignancy. On July 15, 2021, a PubMed search of clinical and randomized clinical trials over the last 41 years was completed in accordance with the search strategy detailed in Figure 4. After the initial search, articles’ full-texts were screened for inclusion for further analysis. To be included, full-text articles had to be in English and report prospective clinical data from human subjects, the use of asparaginase therapy in subjects with a malignancy, and serum/plasma amino acid concentrations at specific time points after treatment initiation. Articles were excluded if they reported data from an already included study. Included studies were then analyzed for age groups of participants, types of malignancy studied, type of asparaginase utilized, and serum/plasma amino acid concentrations measured.




Results


Crisantaspase increases plasma levels of serine and glycine in both non-tumor bearing and tumor-bearing mice

To examine the impact of crisantaspase treatment on the plasma levels of all amino acids, we measured the concentrations of amino acids in the plasma of both immunodeficient NRG and immunocompetent C57BL/6 mice treated with PegC. Mice were treated with PegC for 4 weeks and plasma was processed from whole blood obtained at the end of the study. For NRG mice, outside of the expected decreases in asparagine and glutamine and increases in aspartate and glutamate, mean levels of glycine increased from 230 ± 33 µM to 350 ± 41 µM (p=0.0038) and though not statistically significant, a notable increase in plasma serine from 182 ± 17 µM to 322 ± 92 µM was also observed (Figure 1A; Supplemental Table 1). C57BL/6 mice exposed to PegC had significant increases in plasma serine from 143 ± 8 µM to 301± 74 µM (p=0.02) and glycine from 251 ± 46 µM to 381 ± 44 µM (p=0.02) (Figure 1B; Supplemental Table 2). Other amino acids significantly increased by PegC in both NRG and C57BL/6 mice include threonine and α-amino-n-butyric acid (Supplemental Tables 1, 2).

To confirm the increase in plasma serine and glycine induced by PegC, we treated NRG mice once with an increasing dose of PegC (125, 250, and 500 IU/kg) alone and euthanized mice three days after treatment. Both serine and glycine were increased by PegC in a dose dependent manner (Figure 1C). Serine significantly increased from 190 ± 6 µM to 357 ± 29 µM (p=0.01) in the 250 IU/kg group and 565 ± 8 µM (p=0.0004) in the 500 IU/kg group. Glycine also significantly increased from 295 ± 25 µM to 438 ± 24 µM (p=0.02) in the 125 IU/kg group, 507 ± 50 µM (p=0.03) in the 250 IU/kg group, and 633 ± 8 µM (p=0.003) in the 500 IU/kg group.

To establish the impact of PegC on plasma amino acid levels in a tumor-bearing mouse model, we measured amino acids obtained from our recent study using a patient derived xenograft model of complex karyotype AML (10). We compared comprehensive plasma amino acid concentrations between mice that did (n=10) and did not (n=7) receive PegC. As previously published, mice treated with PegC had undetectable levels of glutamine and asparagine and glutamate levels significantly increased (10). Importantly, consistent with our observation in non-tumor bearing mice, PegC also significantly increased plasma levels of serine, from 120 ± 18 µM to 202 ± 28 µM (p<0.0001) and glycine, from 227 ± 50 µM to 366 ± 90 µM (p=0.002) (Figure 2A; Supplemental Table 3). In line with our findings in non-tumor bearing models, PegC also significantly increased the levels of threonine (p<0.0001) and α-amino-n-butyric acid (p=0.006) (Supplemental Table 3).

To extend our investigation into a solid tumor model, we measured plasma amino acids in NRG mice bearing PDAC xenografts (MIAPaCa2) that were vehicle treated (n=5) or treated with PegC (n=4). PegC treatment significantly increased plasma levels of serine, from 134 ± 18 µM to 242 ± 34 µM (p=0.0004) and glycine, from 258 ± 20 µM to 437 ± 42 µM (p<0.0001) (Figure 2B; Supplemental Table 4). To examine the impact of PegC in an immunocompetent tumor model, we then measured plasma amino acids in C57BL/6 mice bearing KPC syngeneic PDAC tumors that were vehicle treated (n=8) or treated with PegC (n=5), Once again, we observed that PegC treatment significantly increased plasma levels of serine, from 159 ± 30 µM to 250 ± 20 µM (p=0.0001) and glycine, from 263 ± 27 µM to 438 ± 23 µM (p <0.000001) (Figure 2C; Supplemental Table 5).



Crisantaspase treatment upregulates serine biosynthesis enzymes in PDAC tumors

Since PegC treatment increased plasma levels of serine in both healthy and tumor-bearing mice, we wanted to determine the impact of PegC on serine biosynthesis in tumor tissue. Tumor lysates from the MIAPaCa2 and KPC studies in Figure 2 were immunoblotted for phosphoglycerate dehydrogenase (PHGDH) and phosphoserine aminotransferase (PSAT), critical enzymes for de novo serine biosynthesis. As shown in Figure 3A, PegC treatment resulted in a significant upregulation of PHGDH and PSAT in both MIAPaCa2 and KPC tumors.




Figure 3 | PegC upregulates serine biosynthesis enzymes in PDAC tumors (A) Western blot analysis of MIAPaCa2 and KPC tumor lysates from mice either vehicle treated or treated with the indicated dose of PegC (B) Plasma amino acid levels from Erwinaze clinical trial. Changes in plasma amino acid levels following Erwinaze treatment. Each marker represents a different patient (n=5). Statistical analyses were performed using unpaired t- tests. **** p < 0.0001, *** p < 0.001, **p < 0.01, *p <0.05, ns, not significant.





Erwinaze clinical trial data confirms crisantaspase-induced increases in plasma serine and glycine

To further investigate the effect of crisantaspase on plasma amino acid levels, we examined amino acid concentrations measured at different time points in 5 patients with R/R AML treated with Erwinaze over the course of a clinical trial (4). Asparagine became undetectable in the plasma of all 5 patients after the first dose of Erwinaze after measurement on day 3 of the study and remained undetectable for the entire two weeks of active treatment (Figure 3B). In 3 of the 5 patients, glutamine was reduced to below 20 µM after only one dose of Erwinaze. By day 8 of the study, there was a significant increase over baseline in the average level of serine, from 82 ± 11 µM to 128 ± 8 µM (p=0.0007) and glycine, from 191 ± 26 µM to 282 ± 467 µM (p=0.006) (Figure 3B). Erwinaze treatment resulted in significant alterations of several amino acids between baseline and day 8 of the study, and consistent with our in vivo findings, levels of threonine (p=0.001) and α-amino-n-butyric acid (p=0.03) were significantly increased (Supplemental Table 6).



Clinical studies with asparaginase treatment report limited amino acid panel analysis

After identification of 43 articles from the initial PubMed search, 25 were included for further analysis based on the screening strategy (Figure 4). Of these articles, the majority reported serum/plasma amino acid levels after asparaginase treatment initiation in the pediatric population (age <18 years, n=17 articles). Four articles included both adults and children and four reported exclusively on adults (age ≥18 years). Of the articles including adults, only four incorporated subjects ≥31 years and two incorporated participants ≥56 years. These articles primarily analyzed asparaginase therapy in ALL (n=23) with a smaller number reporting on AML (n=3), chronic myeloid leukemia in blast phase (n=1), and non-Hodgkin’s lymphoma (n=1). One study analyzed asparaginase therapy in participants with a conglomerate of primarily solid tumors: melanoma, small cell lung cancer, non-small cell lung cancer, sarcoma, colon cancer, cholangiocarcinoma, renal cell carcinoma, bladder cancer, and malignancy with unknown primary. The included studies commonly reported on the use of native E. coli asparaginase (n=12) or one of its derivatives, pegylated E. coli asparaginase with the standard succinimidyl succinate linker (n=9); E. coli L-asparaginase encapsulated within erythrocytes (n=2); or E. coli calaspargase pegol, pegylated with a succinimidyl carbonate linker (n=1). Other studies detailed the effects of asparaginases from alternative sources: the Erwinia chrysanthemi enzyme (n=9), recombinant asparaginase (n=3), or succinylated Acinetobacter glutaminase-asparaginase (n=1). The plasma/serum concentrations of only asparagine (n=24 studies), glutamine (n=10), glutamic acid (n=10), and aspartic acid (n=6) were reported in the included articles, and only two articles reported on the levels of other amino acids in non-plasma/serum spaces, specifically the cerebrospinal spinal fluid or intracellularly in leukemic cells. A list of the included studies and the participant groups and variables analyzed by each are included in Supplementary Table 7.




Figure 4 | Flow diagram of literature search design and methods.






Discussion

Here we report that in comprehensive plasma amino acid analysis following exposure to crisantaspase, we observed a reproducible crisantaspase-induced increase in plasma serine and glycine in both mouse and human plasma samples. Systematic literature review of clinical studies with asparaginases revealed that only levels of glutamine/glutamate and asparaginase/aspartate have been published post-asparaginase administration, highlighting the novelty of our findings.

It is plausible that restriction of circulating asparagine and glutamine induced by crisantaspase (and other asparaginases) could induce upregulation of de novo amino acid biosynthesis to compensate for reduced availability. In mammalian cells, amino acid starvation triggers initiation of the amino acid response (AAR). Decreased intracellular amino acids results in an accumulation of unloaded tRNAs, which can activate general control nonderepressible 2 (GCN2). GCN2 then phosphorylates the eukaryotic initiation factor 2a (eIF2a), causing a shift from cap-dependent translation to cap-independent translation of transcripts that harbor an upstream open reading frames (such as activating transcription factor 4 [ATF4]) or an internal ribosome entry site, such as c-Myc. Translation of the transcription factors ATF4 and c-Myc leads to the expression of genes involved in amino acid biosynthesis and membrane transport (11–13).

Of note, ATF4 and c-Myc promote transcription of PHGDH and PSAT, enzymes involved in de novo serine synthesis. Serine is a non-essential amino acid important for the generation of nucleic acid and lipid precursors. Serine is also a substrate in the synthesis of the amino acid glycine, an important carbon-donor for the initiation of the folate cycle (14, 15). As one of the three amino acids that comprise the powerful antioxidant glutathione (GSH), glycine also contributes to maintaining cellular redox homeostasis. It can be speculated - and further research is ongoing - that the increase in plasma serine and glycine levels in response to crisantaspase is due to the initiation of the AAR pathway, which increases serine biosynthesis and subsequent conversion of serine to glycine.

Our findings offer insights into potential resistance mechanisms to asparaginase therapy. Serine metabolism has an emerging role in oncogenesis and as a therapeutic target. Tumors have been shown to increase expression of enzymes involved in serine biosynthesis to reduce dependency on exogenous supply. Several solid tumors, including triple negative breast cancer, lung adenocarcinoma, and pancreatic cancer overexpress PHGDH (16–18), and inhibition of PHGDH can suppress cancer cell proliferation both in vitro and in PDX models (19, 20). In AML, high PHGDH expression has been reported as a negative prognostic marker (21), and downregulation of serine biosynthesis pathway enzymes results in decreased GSH and increased reactive oxygen species production (22, 23). In response to glutamine withdrawal, leukemia cells upregulate PHGDH and PSAT, suggesting that targeting both serine and glutamine metabolism may result in synergistic anti-leukemic activity (24). Indeed, Polet et al. demonstrated that reducing serine supply through PHGDH gene silencing complements perturbation of glutamine metabolism to inhibit leukemia cell growth (24). In pancreatic cancer, PHGDH enhances mRNA translation by interacting with eIF4A1 and eIF4E, thereby promoting cancer development (25). Although the increase in plasma serine observed after asparaginase is not necessarily a neoplastic-dependent phenomenon, cancer cells may be able to take advantage of increased serine to fuel cell proliferation. Targeting serine metabolism in combination with glutamine depletion by asparaginases may be a promising therapeutic option for both solid and hematologic neoplasms.

In addition to serine and glycine, we observed an increase in levels of α-amino-n-butyric acid (ABA) and threonine following crisantaspase treatment in our models. Threonine is an essential amino acid that is supplied through dietary intake. The mechanism by which crisantaspase increases plasma threonine is not clear; however, since asparagine has been established as an amino acid exchange factor for threonine (9), a potential explanation may be that asparagine depletion decreases threonine transport into the cell resulting in accumulation in the plasma. ABA is not involved in protein synthesis and is generally considered a non-specific marker of increased protein catabolism (26). ABA is a product of the metabolism of serine, glycine, methionine, and threonine (27, 28), and we posit that the increase observed in plasma can be attributed to the increase in serine and glycine initiated by the AAR.

Outside of our literature review, we found one study that measured seven plasma amino acids in pediatric ALL patients that received asparaginase-containing chemotherapy and contrary to our findings, they reported decreased levels of serine and threonine (29). Asparaginase was administered alongside several other anti-neoplastic agents in this study, therefore the toxicity of the intensive chemotherapy regimen may have contributed to the observed decrease in plasma amino acids. Furthermore, the asparaginases used in the study were E. coli-derived, whereas our plasma amino acid data were generated from studies using crisantaspases, which have a higher glutaminase activity (1, 2). It would be interesting to further investigate how E. coli and Erwinia asparaginases may differentially impact plasma amino acids.



Conclusions

To the best of our knowledge, this is the first time that full plasma amino acid profiles have been reported for mice and humans treated with an asparaginase. By analyzing the full amino acid panel, rather than only glutamine and asparagine, we were able to see significant changes in serine and glycine levels, which may be an indication of potential mechanisms of asparaginase resistance or provide promising new therapeutic targets. Ongoing studies are focused on exploring the mechanism of asparaginase-induced increase in serine as well as dual targeting of glutamine and serine metabolic pathways in AML. Preclinically, we are investigating the effect of an E.coli-derived asparaginase on plasma amino acid levels. Clinically, the full panel of plasma amino acid levels are being measured in two ongoing clinical trials testing PegC in R/R AML (NCT04666649) and calasparagase pegol-mknl in patients with newly diagnosed AML (NCT04953780).



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by University of Maryland Baltimore Institutional Review Board. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by University of Maryland Baltimore Institutional Animal Care and Use Committee. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. For all animal studies, mice were housed under pathogen-free conditions in a University of Maryland Baltimore Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)- accredited facility. All experiments were conducted in compliance with Public Health Service (PHS) guidelines for animal research.



Author contributions

AE and DB conceived the idea and designed the study. JC conducted the literature review. ES performed plasma amino acid analysis. KM and DB analyzed the amino acid data and designed figures. DB performed tumor immunoblotting. BC-C processed clinical plasma samples. XM, KT, and RL carried out in vivo experiments under Institutional Animal Care and Use Committees (IACUC) protocols. DB and JC wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by a research grant provided by Jazz Pharmaceuticals to AE. This work was partially supported by the University of Maryland Greenebaum Comprehensive Cancer Center Support grant (P30CA134274) and the State of Maryland’s Cigarette Restitution Funds.



Conflict of interest

AE has received research grants from Jazz Pharmaceuticals, Amgen, NewLinks, and Servier. AE is a global oncology advisory board member for Amgen and has served as an advisory board member for Genentech, Servier, Kite Pharma, and Secura Bio. AE and RL are Co-Founders and Scientific Advisors for KinaRx, Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1035537/full#supplementary-material



Abbreviations

AAR, amino acid response; ABA, Alpha-amino-n-butyric acid; ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia; AMMol, acute myelomonocytic leukemia; ASNS, asparagine synthetase; ATF4, activating transcription factor 4; CML, chronic myeloid leukemia; eIF2a, eukaryotic initiation factor 2a; GCN2, general control nonderepressible 2; GSH, glutathione; NEAA, non-essential amino acids; NRG, NOD.Cg-Ragtm1MomIL2rgtm1Wjl/SzJ; PDAC, pancreatic ductal adenocarcinoma; PDX, patient-derived xenograft; PegC, pegcrisantaspase; PHGDH, phosphoglycerate dehydrogenase; PSAT, phosphoserine aminotransferase; R/R, relapsed/refractory.



References

1. Ho, PP, Milikin, EB, Bobbitt, JL, Grinnan, EL, Burck, PJ, Frank, BH, et al. Crystalline l-asparaginase from escherichia coli b. I. purification and chemical characterization. J Biol Chem (1970) 245(14):3708–15. doi: 10.1016/S0021-9258(18)62984-9

2. Kotzia, GA, and Labrou, NE. L-asparaginase from erwinia chrysanthemi 3937: cloning, expression and characterization. J Biotechnol (2007) 127(4):657–69. doi: 10.1016/j.jbiotec.2006.07.037

3. Molineux, G. Pegylation: engineering improved biopharmaceuticals for oncology. Pharmacotherapy (2003) 23 (8 Pt 2):3S–8S. doi: 10.1592/phco.23.9.3S.32886

4. Emadi, A, Law, JY, Strovel, ET, Lapidus, RG, Jeng, LJB, Lee, M, et al. Asparaginase erwinia chrysanthemi effectively depletes plasma glutamine in adult patients with relapsed/refractory acute myeloid leukemia. Cancer Chemother Pharmacol (2018) 81(1):217–22. doi: 10.1007/s00280-017-3459-6

5. Chiu, M, Taurino, G, Bianchi, MG, Kilberg, MS, and Bussolati, O. Asparagine synthetase in cancer: Beyond acute lymphoblastic leukemia. Front Oncol (2019) 9:1480. doi: 10.3389/fonc.2019.01480

6. Pathria, G, Lee, JS, Hasnis, E, Tandoc, K, Scott, DA, Verma, S, et al. Translational reprogramming marks adaptation to asparagine restriction in cancer. Nat Cell Biol (2019) 21(12):1590–603. doi: 10.1038/s41556-019-0415-1

7. Sappington, DR, Siegel, ER, Hiatt, G, Desai, A, Penney, RB, Jamshidi-Parsian, A, et al. Glutamine drives glutathione synthesis and contributes to radiation sensitivity of A549 and H460 lung cancer cell lines. Biochim Biophys Acta (2016) 1860(4):836–43. doi: 10.1016/j.bbagen.2016.01.021

8. Lieu, EL, Nguyen, T, Rhyne, S, and Kim, J. Amino acids in cancer. Exp Mol Med (2020) 52(1):15–30. doi: 10.1038/s12276-020-0375-3

9. Krall, AS, Xu, S, Graeber, TG, Braas, D, and Christofk, HR. Asparagine promotes cancer cell proliferation through use as an amino acid exchange factor. Nat Commun (2016) 7:11457. doi: 10.1038/ncomms11457

10. Emadi, A, Kapadia, B, Bollino, D, Bhandary, B, Baer, MR, Niyongere, S, et al. Venetoclax and pegcrisantaspase for complex karyotype acute myeloid leukemia. Leukemia (2021) 35(7):1907–24. doi: 10.1038/s41375-020-01080-6

11. Bunpo, P, Cundiff, JK, Reinert, RB, Wek, RC, Aldrich, CJ, and Anthony, TG. The eIF2 kinase GCN2 is essential for the murine immune system to adapt to amino acid deprivation by asparaginase. J Nutr (2010) 140(11):2020–7. doi: 10.3945/jn.110.129197

12. Al-Baghdadi, RJT, Nikonorova, IA, Mirek, ET, Wang, Y, Park, J, Belden, WJ, et al. Role of activating transcription factor 4 in the hepatic response to amino acid depletion by asparaginase. Sci Rep (2017) 7(1):1272. doi: 10.1038/s41598-017-01041-7

13. Ye, J, Kumanova, M, Hart, LS, Sloane, K, Zhang, H, De Panis, DN, et al. The GCN2-ATF4 pathway is critical for tumour cell survival and proliferation in response to nutrient deprivation. EMBO J (2010) 29(12):2082–96. doi: 10.1038/emboj.2010.81

14. Mahmood, K, and Emadi, A. 1-C Metabolism-Serine, Glycine, Folates-In Acute Myeloid Leukemia. Pharmaceuticals (Basel) (2021) 14(3):190. doi: 10.3390/ph14030190

15. Locasale, JW. Serine, glycine and one-carbon units: cancer metabolism in full circle. Nat Rev Cancer (2013) 13(8):572–83. doi: 10.1038/nrc3557

16. Zhang, B, Zheng, A, Hydbring, P, Ambroise, G, Ouchida, AT, Goiny, M, et al. PHGDH defines a metabolic subtype in lung adenocarcinomas with poor prognosis. Cell Rep (2017) 19(11):2289–303. doi: 10.1016/j.celrep.2017.05.067

17. Possemato, R, Marks, KM, Shaul, YD, Pacold, ME, Kim, D, Birsoy, K, et al. Functional genomics reveal that the serine synthesis pathway is essential in breast cancer. Nature (2011) 476(7360):346–50. doi: 10.1038/nature10350

18. Song, Z, Feng, C, Lu, Y, Lin, Y, and Dong, C. PHGDH is an independent prognosis marker and contributes cell proliferation, migration and invasion in human pancreatic cancer. Gene (2018) 642:43–50. doi: 10.1016/j.gene.2017.11.014

19. Sun, L, Song, L, Wan, Q, Wu, G, Li, X, Wang, Y, et al. cMyc-mediated activation of serine biosynthesis pathway is critical for cancer progression under nutrient deprivation conditions. Cell Res (2015) 25(4):429–44. doi: 10.1038/cr.2015.33

20. Locasale, JW, Grassian, AR, Melman, T, Lyssiotis, CA, Mattaini, KR, Bass, AJ, et al. Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to oncogenesis. Nat Genet (2011) 43(9):869–74. doi: 10.1038/ng.890

21. Nguyen, CH, Gluxam, T, Schlerka, A, Bauer, K, Grandits, AM, Hackl, H, et al. SOCS2 is part of a highly prognostic 4-gene signature in AML and promotes disease aggressiveness. Sci Rep (2019) 9(1):9139. doi: 10.1038/s41598-019-45579-0

22. Mullarky, E, Lairson, LL, Cantley, LC, and Lyssiotis, CA. A novel small-molecule inhibitor of 3-phosphoglycerate dehydrogenase. Mol Cell Oncol (2016) 3(4):e1164280. doi: 10.1080/23723556.2016.1164280

23. Zhao, X, Fu, J, Du, J, and Xu, W. The role of d-3-Phosphoglycerate dehydrogenase in cancer. Int J Biol Sci (2020) 16(9):1495–506. doi: 10.7150/ijbs.41051

24. Polet, F, Corbet, C, Pinto, A, Rubio, LI, Martherus, R, Bol, V, et al. Reducing the serine availability complements the inhibition of the glutamine metabolism to block leukemia cell growth. Oncotarget (2016) 7(2):1765–76. doi: 10.18632/oncotarget.6426

25. Ma, X, Li, B, Liu, J, Fu, Y, and Luo, Y. Phosphoglycerate dehydrogenase promotes pancreatic cancer development by interacting with eIF4A1 and eIF4E. J Exp Clin Cancer Res CR (2019) 38(1):66. doi: 10.1186/s13046-019-1053-y

26. Chiarla, C, Giovannini, I, and Siegel, JH. Characterization of alpha-amino-n-butyric acid correlations in sepsis. Trans Res J Lab Clin Med (2011) 158(6):328–33. doi: 10.1016/j.trsl.2011.06.005

27. Lien, OG Jr., and Greenberg, DM. Identification of alpha-aminobutyric acid enzymatically formed from threonine. J Biol Chem (1953) 200(1):367–71. doi: 10.1016/S0021-9258(18)38472-2

28. Matsuo, Y, and Greenberg, DM. Metabolic formation of homoserine and alpha-aminobutyric acid from methionine. J Biol Chem (1955) 215(2):547–54. doi: 10.1016/S0021-9258(18)65976-9

29. Grigoryan, RS, Panosyan, EH, Seibel, NL, Gaynon, PS, Avramis, IA, and Avramis, VI. Changes of amino acid serum levels in pediatric patients with higher-risk acute lymphoblastic leukemia (CCG-1961). In Vivo (2004) 18(2):107–12.



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Bollino, Claiborne, Hameed, Ma, Tighe, Carter-Cooper, Lapidus, Strovel and Emadi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2022.1035537_cover.jpg
& frontiers | Frontiers in Oncology

Erwinia asparaginase
(crisantaspase) increases
plasma levels of serine
and glycine





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Erwinia asparaginase (crisantaspase) increases plasma levels of serine and glycine

      

        		

          Background

        



        		

          Methods

        

          		

            In vivo mouse studies

          



          		

            Western Blot Analysis

          



          		

            Clinical study with short-acting crisantaspase

          



          		

            Plasma amino acid measurement

          



          		

            Statistics

          



          		

            Literature review

          



        



        



        		

          Results

        

          		

            Crisantaspase increases plasma levels of serine and glycine in both non-tumor bearing and tumor-bearing mice

          



          		

            Crisantaspase treatment upregulates serine biosynthesis enzymes in PDAC tumors

          



          		

            Erwinaze clinical trial data confirms crisantaspase-induced increases in plasma serine and glycine

          



          		

            Clinical studies with asparaginase treatment report limited amino acid panel analysis

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1035537-g003.jpg
Asparagine Glutamine Glutamic Acid
MiaPaCa2 KPC 1000
£ s -
Vehicle PegC (2001U/kg) Vehicle PegC (5001U/kg) E 53 800: gI:iI, e
= £ fd
- S 600 |
PHGDH | - R —— H % SRR XN
PSAT = = == — eneemes = -- = Rl ol : i el
£ )
$ H
reeeee—— eweeBeeetwee®
GAPDH T o T n L
‘)%\(“ AR PER] m»sﬂx
S e J»\%’*e’*@@o@*’ J SPPP oM"
MIAPaCa2 KPC ¢ & « ¢ &
5 FS & (b S
g 20 vas T Vefice D 3 - PO ¢ b2 ¢
ehicle
g s FA arec g (] == Poge Serine Glycine
2. )
5" e £, - R )
510 g S0 S0
B 5, S o S
g0 2 £ @-}*{"i" .
S H 2 H
g 5o g 3w
PHGDH PSAT o PHGDH PSAT
L S T S e G ) 07— \ T
RN e
\“o°* c\q’s\" .A“ & S e\\:,.ﬂ‘@
o &€

& &





OEBPS/Images/fonc-12-1035537-g001.jpg
Glutamine Glutamate Serine Glycine

Asparagine

Ef= g
. -3
g
4
"H—H H
b L
S
o
S 8 8 g8 g ©
e &8 8 8 8
3 ¥ 8 & @2
() uonenussuoy
" %)
- R Fa
” o
° E
TT rs
S
o
S S a—
s s ) °
8 8 8
3 <
(wr) uopenussuony
%)
. >
. &
) 2
s
S
o
s s s °
28 3 S
3 S 3
(W) uonenuasuon
- .T_.w )
3
o
* —
S
# £
S
[}
3 g 3 s
s 2 8 S
2 3 < &
(W) uonenuasuoy
%)
-3
g
* o
| g
€
S
o
s 2 S °
2 < &

(wr) uopenuasuon

omu DYN

Glycine

Glutamine Glutamate Serine

Asparagine

Control PegC

s 2 o 9
2 8 8 8
s 8 & &
i) uopesuasuon

450

o
S
B

A

2 2
8

400
Z 300
20!

(] :o_«m::wu:ou

Control PegC

o o
3 8 3
2 3

(W) uopenuasuod

Control PegC

(W) uopenusouoy

-y

ornr
Control PegC

2 2 g © o o
3 ¥ & & 9

(W) uopenussuon

MW 9/ THLED

Control PegC

Glycine

Glutamine Glutamate Serine

Asparagine

2
§ 8
. 8
g
5 &
-
L2
2
5
2
&L & 2 o
g g8 8 8
§ 8§ 8 8§
Wr) uopenuUsoUOD
2
g
g
2
8
g
9
=
b
g
g
>
E:: :o_.m:zmucou
s
g
g
e
g
&
Q
b
2
£
2
]
2
£z ¢z & <
g 8 8 8
g 8 8 8
g 8
W) uonesusouo)
2
le
g
2
lg
g
9
&
2
E
5
2
——1—1—
&L Lz e
g 888 8
§ 88 8 8
() uopenussuon
2
le
g
2
lg
g
9
&
2
I.m
2
5
2

2 Iy
S 8

(M) uonenuesUOD

60;
o

S0 AN

PegC IUkg

PegC IUkg

PegC IU/kg

PegC IU/kg

PegC IU/kg





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1035537-g004.jpg
PubMed search of clinical and randomized clinical trials from 01/01/1980 to 07/15/2021: asparaginase[Title/Abstract] AND ("amino acid” OR asparagine OR
arginine OR histidine OR lysine OR aspartate OR aspartic acid OR glutamic acid OR glutamate OR serine OR threonine OR glutamine OR cysteine OR

selenocyteine OR glycine OR proline OR alanine OR valine OR isoleucine OR leucine OR methionine OR phenylalanine OR tyrosine OR tryptophan) AND
(concentration™® OR level™ OR deplet™) NOT (veterinary[Title/Abstract] OR cat[Title/Abstract] OR dog[Title/Abstract] OR cats[Title/Abstract] OR
dogs[Title/Abstract] OR mouse/[Title/Abstract] OR mice[Title/Abstract])

Identification
43 articles identified by PubMed search on 07/15/2021

I 3 results eliminated as full-text articles were

not in English

1 article eliminated for not assessing
asparaginase therapy

1 article eliminated for not assessing patients

I )
1 article exchanged with malignancy
for another | | 11 articles eliminated for not reporting

referenced in text serum/plasma amino acid concentrations at
that included specific time points post-treatment

complete data

2 articles eliminated for reporting data from

Included an already included study
25 English full-text articles included in final analysis






OEBPS/Images/fonc-12-1035537-g002.jpg
Control PegC

600
400

(wr) wuonenusouon

o
.
[ oo >
Eqf " [
G i s
1 s
° e £
o
o
e © © © ©o o
2 8 8 8 8
& 8 ¢ 2
(Wr) uonenuasuoy
2 . 9
& . E
€ s 4
g 5
3 &
o o
S
s 2 8 & o o
8 & © & o
8 8 8 8 ®
(Wr) uonenuasuoy
2 o
£ 2
E &
g i 2
g —+H- :
o
S
b3 e o o o
S = =] S
- © < «
(Wri) uonenuasuoy
o
.W m.
o
5 :
o
) g
< 8

o © © o o o
B ¥ © & =

(W) uonenuasuoy

Xdd
SYINV

Glycine
* %Kk

Serine

Glutamine Glutamate

Asparagine

Control PegC

2 g g o o
-] =3

500

Control PegC

o © © © © o o
8 838 8 8 8
8 & {8 2 2
(W) uonenusdsuod
[}
M@ H
x o
* p—
x 3
w £
S
T & I & =
g 8 8 g
2 @ 8§ §

(W) uonenussuon

Control PegC

=y
.
Q
.
Control PegC

2 o o o o

50
4
3
2
1

(W) uopenuasuoy

eI3oudx DVAd
CEDEdVIN

Glycine
* ok kK
.
s
H
.
A
Control PegC

)
o
£ &
£ &
3 o
@ £
g
o
o
) & < 1
g - S
© & s
(Wr) uopenuesuon
3 Y
g @
£ &
2 3
2 5
© 5
o
s & e
8 2 2
e s °
(W) uopenusouoy
2 1%
£ ®
m o
2 3
2 B
o s
o o
o
o
s 9
9 o
g :
3 °
7 g
= 3
s & o o o
8 8 8§ R§

(W) uopenussuon

orououks Dvad
od





