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1 Abstract
2
3 The inhibition of the enzyme indoleamine-2,3-dioxygenase (IDO), that catalyzes the
4 oxidation of the amino acid tryptophan to kynurenine (KYN), is considered a good target
5  for immunoadjuvants in antineoplastic therapy. 1- Methyl-tryptophan (1-MT) is the most
6  studied molecule for this purpose. Although L-1-MT is better than D-1-MT in inhibiting
7 IDO, for an unknown reason the D- enantiomer has higher clinical efficacy. Here we took
8 advantage of co-cultures of tumor cells (SK-Mel 19 melanoma line; 1x10° cells/well) with
9  peripheral blood mononuclear cells (PBMC; 5x10° cells/well) to verify the effect of 1-
10  MT enantiomers on cytokine production and tumoricidal activity. At a concentration that
11 did not affect KYN production, 1-MT (50 pM) affected the production of TNF-a, IL-10,
12 and IFN-y measured in co-cultures supernatants. Stereospecificity was only observed for
13 IFN-y production. D-1-MT inhibited more than 30% of IFN-y production, while L-1-MT
14 had no effect. Stereospecific effect was also seen in PBMC tumoricidal activity,
15  estimated by tumor cell viability (Trypan assay). The racemic mixture DL- and D- 1-MT
16  almost doubled the tumoricidal activity of PBMCs, while L-1-MT had no effect. These
17  are previous unknown off-target effects of D-1-MT. Our data suggest the modulation of
18  IFN-y and the activation of tumor recognition and killing processes by immune cells as
19  important features for the in vivo effects of the D-1-MT. These findings should be
20  considered in future studies of immunoadjuvants for cancer treatment.
21
22
23 Keyworks:  D-1-methyl-tryptophan; indoleamine-2,3-dioxygenase;  Indoximod;
24 interferon-gamma; immunomodulation; PBMC; TNF-a; IL-10.
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1 Introduction

2

3 A main approach given to cancer treatment is a therapeutic regimen that combines
4  classical antineoplasic agents with immunoadjuvants. Among the available options of

5 immunoadjuvants, the inhibition of the enzyme indoleamine-2,3-dioxygenase (IDO)

6 seems to be one of the most promising therapy strategies to prevent tumor escape (Zhai

7 LJ, et al., 2015; Prendergast GC, et al., 2014). In various types of cancer, IDO is

8 upregulated and is associated with poor prognosis (Burugu S, et al., 2017; Selvan,

9  Senthamil R, et al., 2016).

10

11 IDO is an immunoregulatory enzyme that catalyzed the rate-limiting step of
12 tryptophan (Trp) metabolism through the kynurenine (KYN) pathway. T-cells
13 and antigen-presenting cells (APCs) respond to Trp depletion and KYN production
14  promoting a tolerogenic environment (Platten M, et al., 2015). Cell-cycle arrest and
15 anergy of effector T-lymphocytes caused by changes in Trp metabolism results in
16  immune tolerance. Moreover, the accumulation of KYN induces T-cells apoptosis and,
17 in T naive cells, the binding of KYN to the aryl hydrocarbon receptor (AhR) generates a
18 T regulatory cells (Treg) phenotype (Zhai LJ, et al., 2015; Becker JC, et al., 2013). IDO
19  inhibition has been proposed as an adjuvant improving immunosurveillance in a dozen of
20 ongoing clinical trials for antincancer therapy. Despite growing interest in the search for
21 new IDO inhibitors, the classical IDO inhibitor 1-methyl tryptophan (1-MT) has the
22 molecular characteristics for a good inhibitor and is the chief molecule screened in the
23 majority of the clinical studies.
24
25 1-MT is a competitive inhibitor of IDO that exists in the enantiomeric forms L-
26 methyl-tryptophan (L-1-MT) and D-methyl-tryptophan (D-1-MT). When recombinant
27  human IDO enzyme is tested in a cell-free assay system, L-1-MT is more efficient than
28  D-1-MT in inhibiting both IDO enzyme isoforms (IDO1 and IDO2) (Hou DY, et al.,
29  2007). The same was observed for IDO in cell cultures (Qian F, et al., 2013). L-1-MT has
30 a Ki value of 19 umol/L, whereas D-1-MT has a Ki of ~100 umol/L and the racemic
31 mixture has a KipL of 35 pmol/L (Hou DY, et al. 2007). In spite of the Ki values, D-1-
32 MT show higher antitumor activity in vivo in different tumors and combined therapy
33 regimens. D-1-MT was more effective in reducing tumor mass in experimental models
34 (HouDY,etal., 2007; Liu KT, etal., 2016), and for that reason it is used in Phase 1 and
35 2 clinical trials with the commercial name of Indoximod® (Tang SC, et al., 2016).
36 Indoximod has been trial in mono and combined therapy to treat sarcoma, NSCLC,
37  melanoma and colorectal cancer (Yentz S and Smith D, 2018). Although the initial focus
38 on 1-MT took into account its property to inhibit IDO, currently it is clear that many of
39  1-MT effects in vivo are due to its off-targets effects (Fox E et al., 2018). The reasons
40  why D-enantiomer has a higher efficiency are not clear and possible causes are related to
41  stereoselective interaction with optically active biological enzymes, bioavailability,
42 pharmacokinetics and other off-target effects.
43
44 Herein we went further looking for the different effects of D-1-MT and L-1-MT
45  on the interaction between tumor and immune system including the production of some
46  cytokines important in cancer. The cross-talking between tumor and immune cells was
47  determined by the cytotoxic activity of peripheral blood mononuclear cells (PBMC)
48  against the melanoma lineage SK-Mel 19.
49
50
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1 Materials and Methods
2
3 PBMC isolation
4 Human peripheral blood mononuclear cells (PBMCs) were isolated from
5  peripheral venous blood obtained from healthy volunteers by centrifugation over a Ficoll—
6 Hypaque gradient (Histopaque; d=1.077) (Boyum A, 1968). Cell concentration and
7 viability were determined in a Neubauer chamber. This study was approved by the local
8  research ethics committee (Comité de Etica em Pesquisa- FCF/USP, no. 1.862.199 -
9  December 12, 2016).
10
11 Tumor-PBMC Co-culture
12 Melanomas (SK-Mel 19 - 1x10° cells/well) and PBMCs (5 x10° cells/well)
13 were co-cultured in a twelve-well plate in RPMI-1640 (GibcoW) in the presence of DL-
14 1-MT, D-1-MT and L-1-MT (50uM). The ratio melanoma:PBMC of 1:50 was the small
15  ratio tested able to cause a significant death of tumor cell. After 72 h, tumor cells were
16  counted with Trypan blue and the supernatant was used for quantification of cytokines by
17 Cytometric Bead Array (CBA) and of KYN by LC-ESI-MS/MS.
18
19  Cytokine determination
20 The concentration of TNF-a, IL-10, IFN-y, IL-8, IL-1p, IL-12 and IL-6 was
21 simultaneously analyzed by flow cytometry (FACS Canto II; Becton-Dickinson) using
22 the BD Cytometric Bead Array (CBA) Human Inflammatory Cytokines Kit (BD™)
23 according recommendations. For the analysis we used 25 pL of the supernatant from the
24  co-cultures. The data were analyzed using FCAP Array ™ Software.
25
26  KYN quantification
27 The KYN supernatant concentration was analyzed for LC-ESI-MS/MS (LC
28 1250 Bin Pump VL and 1260 HiP ALS autosampler coupled to a triple quadrupole 6460
29  mass spectrometer - all from Agilent Technologies, CA, USA). Electrospray ion source
30 (ESI) was operated in the positive mode. MS data were acquired by multiple reaction
31 monitoring (MRM) mode and analyzed by MassHunter Quantitative Analysis from
32 Agilent Technologies. Phenomenex (Torrance, CA, USA). Luna C18 (2) (150 mm x 2
33 mm, 3 um) reversed-phase column was used for LC separation. Chromatography was
34 performed by a gradient elution composed by ammonium formate 10 mM in water
35 (adjusted to pH 2 with formic acid) (A) and acetonitrile (B). Injection volume was 5 pLL
36 applied at a flow rate of 0.2 mL.min"%. A standard stock solution was prepared in MeOH
37 (from 0.01 uM to 50 puM), and the linearity of the dependence of response on
38  concentration was verified by regression analysis.
39
40  Statistics
41 The statistical significance of differences in the mean values of all experimental
42 groups was calculated using a ONE Way ANOVA. P values < 0.05 were considered to
43 De statistically significant.
44
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1 Results

2

3 To conduct this study, we choose a 1-MT concentration that did not inhibit KYN

4  synthesis. This precaution was taken to identify additional effects of 1-MT beyond IDO

5 inhibition. Usually, 1ImM of 1-MT is used at to inhibit IDO in vitro (Moreno ACR, et al.,

6 2013). We choose 50 uM 1-MT that was a concentration insufficient to inhibit KYN

7 production. In our co-culture condition the concentration of KYN was approximately 25

8  uM and the addition of 1-MT enantiomers did not caused changes in this concentration

9 (Figure 1A).
10
11 To evaluate the effect of 1-MT on cytokine production, we measured cytokines in
12 the supernatant of melanoma, PBMC and melanoma:PBMC co-cultures. We measured a
13 set of cytokines known to affect tumor growth, such as TNF-a, IL-10, IFN-y, IL-8, IL-
14 1B, IL-12 and IL-6. The contact of immune with tumor cells usually leads to incremental
15  production of cytokines (Jehs T, et al.,2014) and we observed this increase for most of
16  the cytokines measured (data not shown) but the effect of 1-MT on cytokine production
17 was only observed for TNF-a, IL-10, IFN-y (Figure 1B). TNF-a produced by PBMC
18  and by melanoma:PBMC was inhibited by 1-MT (~30% and 40%, respectively). IL-10
19  was also affected by 1-MT. In this case, produced IL-10 was increased by approx. 40%
20 in co-culture. However, we did not observe any stereospecific response for TNF-a and
21 IL-10, there is no differences between D- and L-1-MT at all. Among the cytokines, the
22 most notable difference was observed for IFN-y; an inhibitory effect of approx. 40% was
23 observed for D-1-MT while no effect at all was observed for the L-enantiomer.
24
25 We also use the same conditions of co-cultures as above to access the cross talking
26 between tumor and immune cells leading to tumoricidal activity. At the concentration of
27 50 uM none of the enantiomers of 1-MT affected tumor cell viability (Figure 1C, white
28  bars). The ratio tumor: PBMC used was 1:50, and we observed a reduction of approx.
29  35% in the number of tumor cells (comparison between the controls). Although 1-MT did
30 not cause any direct effect on tumor cell viability, D-1-MT contributed to a more effective
31 tumor-reactive response by the PBMCs (Figure 1C, black bars). This effect was
32  stereospecific and restricted to D-1-MT and to the racemic mixture DL-1-MT.
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2
3 Figure 1: D-1-MT inhibits IFN-y production and enhances the tumoricidal activity of
4 PBMCs. The production of kynurenine (KYN) by PBMC (5x10° per well) and SK-Mel 19 (1x10°
5 per well) co-cultures was not affected by D-, L- and DL-1-MT enantiomers (50 uM) (A). At these
6 conditions, 1-MT affected TNF-q, IL-10, and IFN-y production measured in co-cultures
7  supernatants (B). Stereospecificity was only observed for IFN-y production. D-1-MT inhibits
8  more than 30% of IFN-y production. Stereospecific effect was also seen in PBMC tumoricidal
9  activity, estimated by tumor cell viability (Trypan assay). D- and DL-1-MT almost double the
10  tumoricidal activity of PBMCs (C). n=7, 72h co-cultures. * p <0.05, “'p <0.01, *"p <0.001 for 72
11 h.

=
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1 Discussion

2

3 This study expanded the understanding of the off-targets effects of 1-MT (Moreno
4 ACR, et al., 2013; Fox E, et al., 2018), showing stereospecific effects of the D-1-MT

5 enantiomer. In a concentration that precluded IDO inhibition, D-1-MT lead to changes in

6  tumor-reactive response of PBMC increasing the capability of PBMC to induce death of

7 tumor cells and decreased the production of IFN-y.

8

9 Understanding how 1-MT affects the immune response is essential in guiding
10  attempts to optimize its therapeutic efficacy in infections and cancer. 1-MT has already
11 been tested in co-culture of T-lymphocytes and dendritic cells on a viral infection model
12 (Ajamian F, et al., 2015), but not in co-cultures of tumor and immune cells. PBMC
13 provide different populations of lymphocytes and antigen-presenting cells (CD4",
14 CD8', T cells, CD4"Tregs, CD8Tregs, Th17 cells, monocytes, myeloid DCs, and
15  plasmacytoid DCs) and has been used to mimic in vivo responses (Voo KS, et al,. 2014).
16  Here we used co-cultures of tumor cells with PBMC as an easy assay to mimic tumor
17  infiltrating immune cells. Tumor-infiltrating lymphocytes and monocyte-derived cells
18  are observed in several types of cancers and depending on their phenotype pro- or anti-
19  tumor effects are expected (Galdiero et al., 2012; Badalamenti et al., 2018). By the
20  contact with tumor cell, mononuclear cells can be activated and can cause tumor death or
21  arrest that was used to estimate how 1-MT modulate the immune response and affect the
22 tumoricidal activity.
23
24 Given that we used a 1-MT concentration that did not cause modification in the
25  KYN concentration found in the co-culture (Figure 1A), we can exclude IDO inhibition
26 in the selective response observed for D-1-MT (Figure 1A and 1B). The mechanisms
27  for the increment in the cytotoxic effect of PBMC induced by D-1-MT were not explored
28 inthis study and may include different steps from recognition to activation of the immune
29  system. It is interesting to consider that our finding may be associated with the signaling
30 induced by D-amino acids on immune system. Bacteria synthesize D-amino acids
31 (Radkov AD, et al., 2014) and the immune system uses the presence of D-amino acids to
32 sensing bacteria (Fura JM, et al., 2014). Could D-1-MT signal the recognition and
33  activation of the immune system contributing to its antitumor effects?
34
35 Another interesting point is to consider that the antitumor effect of D-1-MT in
36 vivo may be due to IFN-y suppression. Although there are many studies showing the role
37  of IFN-y in the antitumor immune response, opposite effects has been continuously
38 emphasized (Zaidi MR, et al., 2011; Mojic M, et al., 2017; Castro F, et al., 2018). In the
39  past IFN-y was used in clinical trials, however the majority of these trials fail to present
40  conclusive or satisfactory results (Schiller JH, et al., 1996). Depending on the doses, IFN-
41 vy treatment was shown to induce resistance of tumor cells to NK cells. IFN-y was also
42 shown to induce proliferation of tumor cells and is associated to a more aggressive
43 phenotype of tumor cells and metastatic markers (Brocker EB, et al., 1988; Lollini PL, et
44  al., 1993).
45
46 In conclusion, we showed previously unknown off-target effects of D-1-MT on
47  the cross talking between tumor and immune cells. Enantiomeric specificity was observed
48 for IFN-y production and antitumor effect of immune cells. Differences
49  in pharmacokinetics, bioavailability and safety was used to explain the different
50 responsiveness to the treatment between D- and L-1-MT enantiomers (Garbe C, et al.,
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1 1990), but it seems clear from our results that a broader spectrum of characteristics plays

2 a role in enantiomers specificity, suggesting a central role of IFN-y modulation and

3 immune response.

4
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