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SUMMARY

Indoleamine-2,3-dioxygenase (IDO)1 degrades tryptophan, obtained through dietary intake, into immuno-
regulatory metabolites of the kynurenine pathway. Deficiency or blockade of IDO1 results in the enhancement
of autoimmune severity in rodent models and increased susceptibility to developing autoimmunity in hu-
mans. Despite this, therapeutic modalities that leverage IDO1 for the treatment of autoimmunity remain
limited. Here, we use messenger (m)RNA formulated in lipid nanoparticles (LNPs) to deliver a human IDO1
variant containing the myristoylation site of Src to anchor the protein to the inner face of the plasma mem-
brane. This membrane-anchored IDO1 has increased protein production, leading to increased metabolite
changes, and ultimately ameliorates disease in three models of T cell-mediated autoimmunity: experimental
autoimmune encephalomyelitis (EAE), rat collagen-induced arthritis (CIA), and acute graft-versus-host dis-
ease (aGVHD). The efficacy of IDO1 is correlated with hepatic expression and systemic tryptophan depletion.
Thus, the delivery of membrane-anchored IDO1 by mRNA suppresses the immune response in several well-

characterized models of autoimmunity.

INTRODUCTION

Tryptophan (TRP) catabolism generates bioactive substances of
the kynurenine (KYN) pathway, which modulate immune re-
sponses in cancer, pregnancy, viral infections, and autoimmu-
nity. Indoleamine-2,3-dioxygenase 1 (IDO1), along with the func-
tionally similar enzyme tryptophan-2,3-dioxygenase 2 (TDO2),
catabolizes TRP to N-formylkynurenine, the rate-limiting step
of the KYN pathway. N-formylkynurenine is further broken
down into KYN. Even though IDO1 and TDO2 are often intro-
duced as similar enzymes due to their role in the KYN pathway
and their utilization by tumors, they differ greatly in their struc-
ture, regulation, expression profiles, and function.’™ Under ho-
meostatic conditions, TDO2, which is predominantly expressed
in hepatocytes, degrades 80%-90% of dietary TRP."* IDO1, on
the other hand, is inducible in macrophages, dendritic cells,
epithelial cells, endothelial cells, and tumors predominantly
through interferon (IFN)-y signaling.’*™°

IDO1 evokes an immunoregulatory effect through the local
depletion of TRP and the production of immunomodulatory
KYNs. Intracellularly, the lack of TRP causes an accumulation
of uncharged transfer RNAs, activating GCN2, leading to
decreased ftranslation and inactivation of mTOR, blocking
effector T cell proliferation and differentiation.® In TRP-deficient
culture conditions, proliferating T cells can enter G1 but pause
until TRP levels have been restored.” KYN is a ligand for aryl hy-
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drocarbon receptor (AhR)?; in CD4 T cells, KYN binding AhR can
induce the expression of forkhead box protein P3 (FoxP3) and
block retinoic-acid-receptor-related orphan receptor C, skewing
CD4 T cell differentiation toward regulatory T cells (Tregs) and
preventing Th17 development.®~'" KYN has also been found to
be immunoregulatory in CD8 T cells. Within the tumor microen-
vironment, KYN binds to AhR in CD8 T cells and results in
increased expression of PD-1, which is associated with
decreased effector function.'® Furthermore, KYN and other
downstream KYN metabolites have been found to induce
apoptosis of activated T cells.'®'*

The genetic loss of IDO1 does not result in spontaneous autoim-
munity,’® but in the context of autoimmune or inflammatory
models, IDO1 deficiency or blockade of IDO1 resulted in a greater
severity of disease or incidence in several rodent models.®'%°
Furthermore, endogenous IDO1 is upregulated in successful
non-human primate (NHP) kidney’® and murine cardiac allo-
grafts,”” and blocking IDO1 results in allograft rejection.?”®
Conversely, overexpression of IDO1 or administration of recombi-
nant protein reduces rodent allograft rejection®®® and autoim-
mune disease severity, including rat collagen-induced arthritis
(CIA) and murine psoriasis.®®*” In addition, T cells within IDO1-ex-
pressing allografts had reduced effector function.>° In humans,
genetic variants of IDO1 correlate with susceptibility to autoim-
mune diseases such as systemic sclerosis®® and type 1 dia-
betes.®® IDO1 expression, which is found at high levels in
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pancreatic B cells from healthy individuals, is lost in patients
with autoimmune diabetes.*® These observations suggest that
elevated expression of IDO1 may exert significant clinical benefits
for treating autoimmune and other inflammatory diseases.

Lipid nanoparticle (LNP)-encapsulated mRNA-based delivery
systems have been used to produce vaccines and show promise
in the treatment of other diseases, including use for intracellular
enzyme replacement therapy.*'~*°> Enzyme replacement using
mRNA therapies has been shown to be effective in preclinical
models for several rare diseases, including glycogen storage
disease type la (GSD1a) and propionic acidemia (PA),*¢°° with
ongoing clinical trials for GSD1a, PA, and methylmalonic
acidemia (ClinicalTrials.gov: NCT05095727, NCT04159103,
NCT05130437, NCT05295433, and NCT04899310). For autoim-
munity, LNP-encapsulated mRNA has been used deliver
antigens and induce immune tolerance in mouse experimental
autoimmune encephalomyelitis (EAE) and a mouse model of
peanut-induced anaphylaxis.®’*>> Additionally, a mRNA-deliv-
ered interleukin (IL)-2 mutein has been shown to expand endog-
enous Tregs and demonstrated protection in both EAE and acute
graft-versus-host disease (aGVHD).**

The tropisms of different LNPs is dependent on the size and
charge of the particle. In general, most LNP formulations accu-
mulate in the liver independent of mRNA cargo, allowing for
the successful development of liver-specific enzyme replace-
ment therapies.’**® The spleen is also a prominent organ for
LNP accumulation.®® Additional complexities, such as species-
specific differences and inflammation, can play a role in the bio-
distribution of protein expression with RNA-encapsulated LNP
delivery.>=>°

In the current study, we used mRNA formulated in LNPs to
overexpress a membrane-anchored version of human IDO1 in
splenic myeloid cells, Kupffer cells, and hepatocytes. The anchor
both increased and prolonged protein expression, leading to
greater changes in KYN and TRP levels in vitro and in vivo. Deliv-
ery of IDO1 treatment was efficacious in murine EAE, rat CIA, and
murine aGVHD. Furthermore, efficacy was found to be depen-
dent on hepatic expression and systemic TRP depletion rather
than elevated KYNs. Thus, delivery of IDO1 using mRNA is
capable of modulating the immune response to successfully
ameliorate multiple rodent models of autoimmunity.

RESULTS

Intracellular membrane anchors improve IDO1 protein
expression, leading to increased changes in metabolite
levels in vitro and in vivo

Since anchoring or tethering proteins has previously been shown
to increase protein stability,°°°® we designed human IDO1 con-
structs that included a membrane anchor. This included either
the K-Ras tail containing a farnesylation site added to the C ter-
minus (RAS.IDO) or the myristoylation site of Src genetically
fused to the N terminus (SRC.IDO) of human IDO1 (Figure 1A).
When mRNA encoding non-anchored human IDO1 (hsIDO)
was transfected into RAW 264.7 cells, protein was detectable
for up to 24 h (Figures 1B and 1C). To determine the functionality
of the hsIDO construct, KYN and TRP were measured in the su-
pernatants of transfected cells (Figures 1D and 1E). Superna-
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tants from cells transfected with hsIDO had a spike in KYN and
a mild reduction in TRP at 24 h. The addition of either the Ras
or Src anchor extended protein expression for an additional
48 h, with protein detectable up to 72 h (Figures 1B and 1C). In
the supernatants of these transfected cells, there was an in-
crease in KYN and a decrease in TRP comparable with the
non-anchored IDO1 mRNA (Figures 1D and 1E). As a negative
control, an inactive IDO1 (dead IDO)®° was used, and no increase
in KYN or decrease in TRP was detected with this mRNA.

To determine if hsIDO demonstrated function in vivo, mRNA
was formulated in a murine myeloid-tropic LNP (LNP B), admin-
istered intravenously (i.v.) into C57BL/6 mice, and levels of KYN
and TRP were measured in the serum at 24 h (Figures 1F and
1G). In contrast to the in vitro results, hsIDO did not increase
serum KYN levels but did cause a modest 30% reduction in
TRP levels. The ratio of KYN:TRP, which is commonly used to
determine IDO1 activity, was not altered in hsIDO-treated mice
relative to PBS controls (Figure 1H). When administered to
mice, unlike the non-anchored hsIDO, RAS.IDO and SRC.IDO
significantly increased the KYN:TRP ratios in the serum.
RAS.IDO showed the strongest increase in KYN, and both
RAS.IDO and SRC.IDO caused a similar depletion of TRP (Fig-
ures 1F=1H). Thus, the addition of a membrane anchor to IDO1
increased KYN and TRP levels in vitro and in vivo. In parallel,
we also examined anchored TDO2 mRNA constructs and found
that only the SRC anchor was successful at improving protein
expression (data not shown). For consistency, we selected the
SRC-anchored variant for further characterization.

In vivo kinetics and dose titration of SRC.IDO in mouse,
rat, and NHPs

To determine the kinetics of IDO1 protein expression and activ-
ity, we ran a time course in mice injected i.v. with 0.5 mg/kg of
LNP A-encapsulated mRNA (Figures 2A-2H). This LNP delivers
mRNA to both the myeloid compartment and hepatocytes in
mice and rats. Human IDO1 protein expression was detectable
in the liver by 6 h and the spleen by 24 h post-injection
(Figures 2A-2E). IDO1 expression was maintained in the liver
for up to 96 h, while spleen expression was detected for up to
120 h post-injection (Figures 2A-2E).

To understand the relationship between IDO1 protein expres-
sion and alteration in metabolite levels, we measured KYN
and TRP levels in the serum of mice that received SRC.IDO
(Figures 2F-2H). Within 6 h post-injection, when IDO1 protein is
detectable in the liver, KYN levels in the serum were elevated
3-fold, and there was a concomitant increase in KYN:TRP ratios.
KYN and KYN:TRP ratios peaked at 48 h and slowly declined
back to control levels between 48 and 120 h (Figures 2F and
2H), mirroring the kinetics of SRC.IDO protein expressionin spleen
and liver (Figures 2A-2E). TRP levels were reduced by ~50%
within 6 h of treatment with SRC.IDO, and trough levels were
reached by 24 h, representing a 6.7-fold reduction in TRP. This
low level of TRP was maintained through 96 h and then slowly re-
turned to baseline between 144 and 168 h (Figure 2G). Collectively,
these data show that elevated KYN and TRP depletion occurs
rapidly after SRC.IDO protein expression and that a single
0.5 mg/kg dose of SRC.IDO mRNA provides a window of activity
of 4-6 days.
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Figure 1. Insertion of intracellular membrane anchors onto
mRNA-encoded IDO1 have increased and prolonged protein

expression
(A) Schematic of modified IDO1 protein sequences showing location of
Src or K-Ras lipid modification sites for insertion into the intracellular
membrane.
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We next wanted to understand the dose range of SRC.IDO
in both mice and rats where we would be able to detect
changes in KYN and TRP levels in the serum. Mice were in-
jected i.v. with either SRC.IDO or the inactive variant at
0.5, 0.25, or 0.125 mg/kg. After 72 h, there was a dose-
dependent change in serum KYN and TRP levels with
SRC.IDO (Figures S1A-S1C). However, KYN:TRP ratios
were significantly elevated only at 0.5 and 0.25 mg/kg (Fig-
ure S1C). Similar results were found in Sprague-Dawley
rats (Figures S1D-S1F). Based on these data, we selected
0.5 mg/kg as the dose for pursuing further efficacy studies us-
ing SRC.IDO mRNA.

Because of the differences in metabolic rates between rodents
and primates,’® it was unclear if SRC.IDO would have similar ki-
netics in NHPs. Therefore, we measured metabolite levels in
NHPs that were infused over 60 min with LNP B-formulated
SRC.IDO or dead SRC.IDO to replicate clinical administration
methods and LNP selection. KYN levels peaked at 6 h post-infu-
sion and returned to baseline by 96 h (Figure S2A). In contrast,
trough TRP levels did not occur until 24 h post-infusion, after
which TRP levels returned to baseline by 96 h (Figure S2B).
KYN:TRP ratios in NHPs were within a similar range to what
was found in mice and rats (Figures 2H, S1C, and S1F); however,
NHPs have shorter pharmacodynamics, with KYN:TRP ratios re-
turning to baseline by 96 h (Figure S3C). Overall, SRC.IDO
showed similar dose-dependent in vivo function in mice, rats,
and NHPs.

In vivo function of SRC.IDO is maintained with weekly
dosing

Since rodents are injected with a chimeric form of human IDO1,
repeat dosing may result in a loss of in vivo function due to the
development of an anti-SRC.IDO immune response. To test
this, mice received 5 weekly doses of 0.5 mg/kg of SRC.IDO
formulated in LNP A. At 24 h post-administration at week 1,
similar to Figures 2F and 2G, SRC.IDO treatment resulted in
a significant increase in KYN and a decrease in TRP compared
to PBS or dead SRC.IDO treatment (Figures S3A and S3B).
Similar significant differences were also observed at weeks
2-5, indicating sustained in vivo function of SRC.IDO after
repeated weekly dosing. This allows us to infer the absence

(B) Western blots from RAW 264.7 cells transfected in triplicate with mRNA
encoding various Src- or Ras-modified human IDO1 proteins at indicated
times post-transfection.

(C) Quantification of human IDO1 normalized to HSP90 of immunoblots by
using Imaged.

(D and E)KYN (D) and TRP (E) levels were measured by ELISA from transfected
cells at 24 h. Data are biological replicates and medians and representative of
3 similar studies. One-way ANOVA compared with dead SRC.IDO-treated
cells to determine significance with a secondary Tukey’s multiple comparisons
test. *p < 0.05, **p < 0.01, ***p < 0.005, and “**p < 0.0001.

(F-H) C57BL/6 mice were injected i.v. with 1.0 mg/kg of LNP B-formulated
mRNA, and at 24 h post-injection, (F) KYN and (G) TRP levels were deter-
mined in the serum by ELISA, and (H) KYN:TRP ratios were calculated. Data
are individual mice and medians of n = 5 mice/group and representative of
n = 2 similar experiments. Significance was determined by one-way ANOVA
compared to PBS-injected mice with a secondary Dunnett’s multiple com-
parisons test. *p < 0.05, **p < 0.005, and ****p < 0.0001.
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Figure 2. Engineered SRC.IDO treatment al-
ters metabolite levels up to 96 h post-injec-
tion

(A-E) Naive C57BL/6 mice were injected i.v. with
0.5 mg/kg of LNP A-formulated mRNA and then
monitored 6-192 h post-injection. Human IDO1
expression was determined in the (A, B, and D)
liver and (A, C, and E) spleen. (A) Representative
images of liver and spleen from a V5-tagged
SRC.IDO-treated mouse at the indicated time
stained with anti-V5 for IDO1 expression
compared with PBS-treated controls. Scale bars
indicate 100 um. (B and C) IDO1 expression was

PBS

B M (,i determined as percentage of cells positive for V5
B 100 § 50 & SRCIDO tag from (A) in (B) liver and (C) spleen. (D and E)
= | B 40 B DeadSRCIG Human IDO1 expression was determined in
£ 2 — (D) liver and (E) spleen by ELISA. Dotted line in-
% 50- %30 * dicates the levels found in PBS-treated or un-
b S treated samples.

L 25 g4 (F-H) KYN (F) and TRP (G) levels and KYN:TRP
g ol — 8 . ratios (H) were measured in serum by ELISA.
E 24 48 72 96 120 144 168 182 6 24 48 72 96 120 144 168 192 Data are mean and SD of n = 5 mice/group and
D post injection (h) E post injection (h) representative of 5 similar experiments. Signifi-
609 sens 120 cance was determined by two-way ANOVA be-
wl T o] - R eibo tween SRC.IDO and Dead SRC.IDO, followed by
= =) : Sidak’s multiple comparisons test. *p < 0.05,
£ 4 £ *p < 0.005,"*p < 0.001, and ***p < 0.0001.
£ 307 £ 609 See also Figures S1-S3.
gzo— g 40
104 204
0 T T T T T T T T 0- T T T T T T -
o 420;2 in?:c;f;l:; 168 192 o 4:0;2in::ct:zz 1(3 168 1%2 of an already established role for IDO1 in

F " G reducing disease severity. '%:24:32:36.71

We tested if the overexpression of IDO1

d 15 i would decrease EAE disease severity after

§ 1o the administration of SRC.IDO mRNA on

g€ days —1 and 6 (Figure 3A). SRC.IDO treat-

= ment significantly delayed the onset of

o 7T symptoms in all mice through day 16, and

0 24 48 72 96 120144168192 0 i24.48 72 1961120144/168192 only 1 out of 11 mice developed any symp-

H Bestimpcton ) FSSSI N toms by day 20 (Figures 3B and 3C). More-

150 @ SRC.IDO over, SRC.IDO treatment significantly

g 12 il # Dead SRC.IDO reduced EAE disease intensity and peak

f R 4 PBS score (Figures 3D and 3E). Overall, these

ﬁ 078 * results clearly showed that administration

é ::2 of IDO1 mRNA can reduce the severity of
0'00 disease associated with EAE.

0 24 48 72 96 120 144 168 192
post injection (h)

of efficient neutralizing anti-drug antibodies, at least within this
time frame.

SRC.IDO is efficacious in multiple rodent autoimmune
models

Overexpression of IDO1 previously has been shown to reduce
disease score in rat CIA®® and improve allograft survival.?-%0:32:33
To determine the efficacy of delivering IDO1 encoded as mRNA,
we tested several rodent models of autoimmunity and inflamma-
tion: myelin oligodendrocyte glycoprotein (MOG)-induced EAE,
aGVHD, and rat CIA. These models were selected because

4 Cell Reports Medicine 5, 101717, September 17, 2024

To expand upon these results, we also

examined rat CIA, a second model of

CD4 T cell-mediated disease. LNP-

formulated SRC.IDO or dead SRC.IDO

mRNA was injected i.v. into rats treated with type Il chicken
collagen to elicit arthritis (Figure 4A). Dead SRC.IDO- and PBS-
treated control rats developed paw swelling starting at day 10
(Figure 4B). Weekly SRC.IDO treatment starting on day 0 signifi-
cantly reduced CIA disease score, disease intensity, and mean
peak score (Figures 4B—4E). To further examine the benefit of
IDO1 treatment after the initial priming phase in the rat CIA
model, we initiated SRC.IDO treatment at various days following
disease induction, i.e., day 3, 7, 10, or 14. This was followed with
weekly dosing thereafter. Administration of SRC.IDO prior to the
onset of symptoms (day 10) greatly attenuated disease
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A Figure 3. mRNA-encoded anchored IDO1 is
MOG protective in EAE
b +PT m (A) Mice were induced with EAE with MOG peptide
> and pertussis toxin (PT) and then injected i.v. with
D-1 DO D2 D6 D21 0.5 mg/kg of LNP A-formulated mRNA on days —1
and 6.
ek (B and C) Mean clinical score (B) and percentage of
disease-free mice (C) were tracked over time.
B C (D and E) Mean disease intensity (D) and mean peak
score (E) were calculated between days 10 and 21.
49 100 (B) Data are mean and SEM of 12 mice/group and
o 9 000 11:x - SRC.IDO representative of 4 similar experiments. Signifi-
§ 3 T 80 & Dead SRC.IDO cance was determined compared to dead SRC.IDO
2 ] e 60- -4 Vehicle by tyvo-way ANOYA with a seiondary Dunnett’s
] b multiple comparisons test. *p < 0.01 and
< g 40 #p < 0.0001. (C) Significance was determined by
o 11 2 20- log-rank (Mantel-Cox) test to dead SRC.IDO.
“########## *“*5 < 0.0001. (D and E) Data are individual mice
0+ 0+ and median of 12 mice/group and representative of
5 10 15 20 5 10 15 20 4 similar experiments. Significance was determined
Day Day by one-way ANOVA with secondary Tukey’s multi-
ple comparisons test. ****p < 0.0001.
D *kokk E

= - N N w
o o o o o
Mean Peak Score

Mean Disease Intensity
o

o

(Figures 4F-4l) compared with PBS-treated animals. Initiating
SRC.IDO treatment once disease had developed (day 14) suc-
cessfully prevented the worsening of disease, resulting in
reduced subsequent disease score relative to animals treated
with PBS or dead SRC.IDO. Thus, SRC.IDO mRNA administra-
tion is effective in a therapeutic preclinical setting.

To determine if SRC.IDO was also effective in a disease with
CD8 T cell involvement, we examined SRC.IDO in the context
of aGVHD. We used a non-lethal semi-allogenic model where
C57BL/6 splenocytes were transferred into C57BL/6xDBA/2
F1 mice, and mice were treated on days 0 and 6 with LNP-formu-
lated SRC.IDO mRNA (Figure 5A). In this aGVHD model, donor
T cells undergo expansion with a concomitant reduction in
host B cells, likely due to donor T cell-dependent killing. In
SRC.IDO-treated mice, donor CD8 T cell engraftment in periph-
eral blood was reduced at day 7 compared with PBS- and dead
SRC.IDO-treated mice; however, by day 14, splenic engraftment
was similar between PBS- and SRC.IDO-treated mice (Figures
5B and 5D). Moreover, SRC.IDO treatment minimized the deple-
tion of host B cells at both day 7 in peripheral blood and day 14 in
the spleen (Figures 5C and 5E), indicating that SRC.IDO was
capable of preventing one of the most significant manifestations
of disease despite having similar engraftment to PBS-treated
mice in this experiment.

To elucidate the underlying mechanism
of protection in aGVHD, we phenotyped
the CD4 and CD8 T cell compartments,
focusing on apoptosis and proliferation,
as IDO1 has previously been found to
modulate both.””> CD4 and CD8 T cells
within both the donor and host compart-
ments showed an increase in the
apoptosis marker active caspase-3 after
SRC.IDO treatment (Figure 5F) and a
reduction in proliferation, as indicated
by a decrease in the percentage of

Ki67+ CD4 and CD8 T cells within the donor population
(Figure 5G).

IDO1 previously has been shown to modulate Tregs, both in
mediating differentiation and increasing suppressive func-
tion.'®17:73-76 At day 14 post-donor cell transfer, we found an in-
crease in the percentage of both host and donor Tregs with
SRC.IDO treatment (Figure 5H). These data suggest that IDO1-
mediated protection in aGVHD may be due, at least in part, to
reduced proliferation and increased apoptosis of effector cells
and an increase in the proportion of Tregs.

Hepatic expression is required for IDO1-mediated
efficacy

Most LNPs exhibit a marked tropism for hepatocytes and myeloid
cells.”” In mice, the administration of LNP A i.v., which has been
used for most of the experiments in this paper, results in high
levels of protein in hepatocytes and Kupffer cells of the liver and
the red pulp of the spleen, with little protein expressed in other or-
gans (Figure 2; data not shown). Therefore, it was unclear whether
SRC.IDO expression in the spleen, liver, or both organs was
required for efficacy. We therefore utilized endogenously ex-
pressed microRNA (miRNA) to induce cell-specific degradation
of our SRC.IDO mRNA. miRNAs have a sequence-specific recog-
nition for target sequences (ts). miR122 is expressed in hepato-
cytes and will degrade mRNA containing the miR122 ts while
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miR142, which is expressed in myeloid cells, will similarly degrade
mRNA containing the miR142 ts. We designed additional con-
structs that contained ts for either miR122 (to silence hepatocyte
expression) or miR142 (to silence myeloid expression) in the 3’
UTR (Table S1), previously demonstrated to achieve programma-
ble mRNA expression.””

The addition of the miR122 ts did not alter SRC.IDO protein
expression in the spleen, as predicted; however, a 75% reduc-
tion was observed in the liver (Figures S4A, S4B, and S6A).
The inverse was found with SRC.IDO_miR142ts, where there
was no change in protein expression in the liver, but a significant
reduction of IDO1 in the spleen was found (Figures S4A, S4B,
and S6A), confirming the expected expression profiles with
SRC.IDO constructs containing different miRNA ts.

We next administered the miRNA-programmable SRC.IDO
mRNA into mice to understand the contribution of liver- or
myeloid-derived IDO1 on metabolite levels in vivo. In mice
treated with SRC.IDO_miR122ts (reduced hepatic expression),
relative to PBS- or dead SRC.IDO-treated controls, there was
an approximate 5- to 6-fold increase in serum KYN (Figures
S4C and S6A). In contrast, mice treated with SRC.IDO_
miR142ts (reduced myeloid expression) showed no increase in
basal KYN levels relative to dead SRC.IDO-treated mice
(Figures S4C and S6A). Collectively, these data argue that
myeloid expression of IDO1 is driving the increase in serum
KYN levels.

We next examined the contribution of hepatic or splenic IDO1
expression to changes in serum TRP levels. When mice were
treated with SRC.IDO_miR122ts (reduced hepatic expression),
a reduction in serum TRP levels from baseline was no longer
observed, even though these same animals showed elevation
in KYN (Figures S4C and S4D). In contrast, administration of
SRC.IDO_miR142ts (reduced myeloid expression) showed a
marked reduction in TRP, similar to the miRNA-less SRC.IDO
construct (Figures S4D and S6A). Thus, while myeloid expres-
sion of IDO1 is necessary for regulating KYN levels, hepatic
expression of SRC.IDO mRNA is needed to mediate serum
TRP depletion.

To determine the role of myeloid or hepatic IDO1 expression in
driving efficacy in autoimmunity, we returned to the aGVHD and
EAE models. As observed previously, treatment with the miRNA-
less SRC.IDO reduced the clinical score in EAE studies (Figures 3
and 6). Incorporation of the miR142 ts into the SRC.IDO mRNA
reduced the severity of disease in EAE, albeit not to the same de-
gree as miRNA-less SRC.IDO. In contrast, treatment with
SRC.IDO_miR122ts failed to control disease, and the clinical
score, disease intensity, mean peak score, and delay in disease
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onset were similar to the dead SRC.IDO_miR142ts- and PBS-
treated mice (Figures 6A-6E). This indicates that hepatocyte
expression of IDO1 protein is critical for controlling disease
in EAE.

Similar results were obtained in the aGVHD model. At day
14 post-transfer of donor cells, donor CD8 T cell engraftment
was reduced with miRNA-less SRC.IDO treatment. Although
SRC.IDO_miR142ts-treated mice showed a trend toward
reduced engraftment, the difference was not significant (Fig-
ure 6F). Mice treated with miRNA-less SRC.IDO and
SRC.IDO_miR142ts had a significant retention of the host B
cell population, but this protection was not found in
SRC.IDO_miR122ts-treated mice (Figure 6G), suggesting that
liver targeting plays an important role. It should be noted that
variability in the rate of engraftment with this model can make
it challenging to determine whether SRC.IDO also impacts
engraftment (Figure 5C vs. Figure 6F). Aligning with results
shown in Figure 5H, there was an increase in both donor and
host Treg frequencies following SRC.IDO treatment (Figures
6H and 6l). This may be driven primarily by hepatic expression
of IDO1 since the increased Treg frequency is lost with the
SRC.IDO_miR122ts construct, which interferes with hepatic
expression of IDO1. These data further confirm the need for he-
patic expression for efficacy in rodent autoimmune models.

DISCUSSION

Overexpression of IDO1 protein has been shown previously to
modulate autoimmunity and allograft rejection; however, there
are still questions regarding the development of IDO1 therapeu-
tically. We improved protein stability by engineering a Src myris-
toylation site that allows IDO1 to insert into the inner face of the
plasma membrane. Optimized constructs were able to reduce
severity and delay onset in multiple models of autoimmunity in
both mice and rats.

Increased protein stability with anchor

Extracellular anchors, such as antibodies and growth factors,
have been utilized in recombinant protein therapeutics to tether
the protein to a targeted area.®®®° Similarly, Bracho-Sanchez
et al. designed a tethered IDO1 protein using a galectin 3 anchor.
While IDO1 is normally found intracellularly, after a subcutane-
ous injection, the anchor sequestered IDO1 to the extracellular
space proximal to the injection site. This treatment reduced the
severity of multiple inflammatory models where the inflammation
was localized to the skin or gums. Without the anchor, there was
no protection as the protein diffused out of the area.®® The mRNA

Figure 4. Engineered IDO1 ameliorates rat CIA

(A) Sprague-Dawley rats were injected intradermally with type Il chicken collagen/IFA on day 0 to induce collagen-induced arthritis (CIA). Rats were treated with

0.5 mg/kg LNP A-formulated mRNA i.v.

(B-E) For prophylactic dosing, administration of mRNA occurred weekly with dosing on days 0, 7, and 14.

(F-1) To dose therapeutically, rats were injected weekly starting on day 0, 3, 7, 10, or 14 as indicated in the figure legend.

(B and F) Mean clinical score and (C and G) percentage of disease-free animals were calculated. (D and H) Mean disease intensity and (E and l) mean peak score
were calculated from day 10 to 21. (B and F) Data are mean and SEM of 5-8 rats/group and representative of 3 similar experiments. Significance was determined
compared to dead SRC.IDO by two-way ANOVA with secondary Dunnett’s multiple comparisons tests. “p < 0.05, **p < 0.005, ***p < 0.0005, and #p < 0.0001.
(C and G) Significance was determined compared to dead SRC.IDO by log-rank (Mantel-Cox) test. **p < 0.01. (D, E, H, and |) Data are individual rats and median.
Significance was determined compared to dead SRC.IDO by one-way ANOVA and secondary Dunnett’s multiple comparisons tests. ****p < 0.0001.

Cell Reports Medicine 5, 101717, September 17, 2024 7




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

50M B6
b (H2Kb) cells
1

DO D6 D14
B6 (H2Kb)/DBA2
(H2Kd) F1 mice || e | [ e |
B C D E sk k ok ok
¥ %k Kk
% %k %k ok
kit *okokk
» ok koK )
% 100 § 100 100 ns k%%% NS
ﬁ 9 *kkk  kkokk - %
2 so 80 ]
] 'g NS kkkk a 'g
£ %) =
g £ 60 pCy £
E : 40 é 40 :
H b 3 a
5 o 20 5 20 3]
c X c X
o [}
3 0 T 0
= =
Q Q
F G
DONOR HOST HOST
50 e 50~ 100+ % 100+ 30- il
+ + —i
2 a0 T 1 @ 40 é 80 A' vl + 80 25 | ikl
0 ns k% 0 ©
v v © 20 —_ ™ 20+
< & 304 S 30- ok < X 60+ ? v X 60 | A ¥ 0 v oo -
8'E vv £ 8# 3 9 8 151 8> 4 S 1% v
< 204 < 204 — - L
3 20 N # 3 20 LU é 40 ;‘: é 40 Oo A R 104 X 104 %‘
(8} (8} ° = ° - v
2 10- 2 10- | I vy = 20 v = 2§ 5 | ¥
X B3 v v 5
° ® & v 3 _— &0 A w @
0- 0--$*'|'— [ T T T 0 T T T 0 T T T 0‘_I_*_I_
* %k
3k Kk |_|
I 1 ns k% ns
501  ns kxx 501 100+ I 1004 1 30 p— 30+
+ + *kk ns ns 1 .
Q 40 v Q40 — £ 801 S A v £ s = IR, 25
2 v & ns  kkk g g v © 20 © 20 *kk
o G 30 % S 30- © X go WX g o v &
Q= A £ v Qz v § 08 o 154 - 5 157 ' )
O F 20- v I 201 vY O3 40 < 40 u v 5 NS k¥*
HETRE o8 "ELTAE TS T
Q 494 Q 404 - - K2
Q10 , Q10 v = 20 X 20 W | & 2 & \AZ
\Ad " v
0- 0~ v T T T 0 T T T o T T T 0-
] ] 9
& \00 \00 & R \00 & \00 \00 ®6 \00 \00 09 \00 \00 06 \00 \00
QYN R QY e R Q R Q W e
&S < & E &L & &
o 9 o 9 > 9 > 9 o> 9 o> 9
2 2 2 S S S
& @& & & @& &
Q Q Q Q Q Q

Figure 5. Src-anchored IDO1 delivered by mRNA protects host B cells in aGVHD

(A) C57BL/6xDBA/2 F1 recipients received C57BL/6 donor cells and were injected i.v. with 0.5 mg/kg of LNP A-formulated mRNA on days 0 and 6.

(B-E) Donor CD8 T cell engraftment (B and D) and host B cell (C and E) percentages were determined by flow cytometry on (B and C) day 7 in peripheral blood and
(D and E) day 14 in the spleen.

(F and G) On day 14, splenic CD4 and CD8 T cells within the donor and host compartments were analyzed for expression of (F) active caspase-3 (apoptosis) or (G)
Ki67 (proliferation).

(H) The percentages of CD4 T cells expressing FoxP3 within the spleen (top) and blood (bottom) were determined to quantify Treg populations. Data are in-
dividuals and median. Data are of n = 3-8 mice/group and representative of 3 similar experiments. Significance was determined by one-way ANOVA with a
secondary Tukey’s multiple comparisons test. **p < 0.005, ***p < 0.0005, and ****p < 0.0001.
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Figure 6. SRC.IDO1 expression in liver is required for efficacy in autoimmune models

(A) Summary table of expression, metabolite changes, and efficacy of mMRNA constructs containing miRNA ts.

(B-E) EAE-induced mice were injected i.v. with 0.5 mg/kg of LNP A-formulated mRNA on days —1 and 6. The mRNAs included either a miR122 or miR142 ts to
extinguish expression in either hepatocytes or myeloid cells, respectively. (B and C) Mean clinical score (B) and percentage of disease-free mice (C) were
calculated. (D and E) Mean disease intensity (D) and mean peak score (E) were calculated between days 10 and 21. Data are mean and SEM of 12 mice/group and
representative of 2 similar experiments. (B) Significance was determined compared to dead SRC.IDO by one-way ANOVA with a secondary Dunnett’s multiple
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, and #p < 0.0001. (C) Significance was determined by log-rank (Mantel-Cox) test to dead SRC.IDO. **p < 0.01
and ****p < 0.0001.

(legend continued on next page)
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approach used here allows IDO1 to be delivered to the cyto-
plasm, and the addition of the SRC anchor significantly pro-
longed protein expression, leading to changes in KYN and
TRP, resulting in efficacy in systemic models of T cell-driven
autoimmunity.

SRC.IDO overexpression mediates protection in models
of autoimmunity and allogeneic T cell-mediated disease
Previous studies have shown that overexpression of IDO1 can
reduce the rejection of allografts and be efficacious in autoim-
mune models.?®33%%37 SRC.IDO treatment had a profound
impact on delaying the onset of disease in EAE and rat CIA. In
aGVHD, SRC.IDO treatment reduced hallmark indications of dis-
ease progression, such as host B cell depletion. In previous
studies of lung allograft survival, IDO1 expression was required
within the graft prior to transplantation.®** Likewise, there has
been evidence of prolongation of cardiac and corneal transplant
allograft survival when the graft was treated ex vivo with IDO1-
containing expression vehicles prior to transplantation.®'**
These ex vivo transfection systems make it challenging to under-
stand the therapeutic window during which IDO1 expression is
required for protection. In a model of rat CIA, when IDO1 trans-
ducing agents were injected directly into the ankle joints of rats
on day 7 after collagen immunization, there was a reduction in
ankle swelling and disease progression.®® Similar to these re-
sults, we found that systemic administration of SRC.IDO
mRNA could be withheld until past the priming phase of disease
(Figure 4). In rat CIA, where disease becomes apparent starting
on day 10, weekly dosing of SRC.IDO initiated on day 0, 3, 7, or
10 reduced disease score and intensity, suggesting that dosing
prior to ankle swelling was sufficient for protection. Moreover,
when treatment started on day 14, at which time animals had
an average disease score of 9, reduced disease severity in
SRC.IDO-treated rats was already evident within 24 h. Our
data indicate that SRC.IDO treatment can result in the suppres-
sion of immune effector activity even when dosing occurs after
initial antigen priming and activation.

The immunomodulatory function of IDO1 is multifaceted.
Endogenous IDO1 expression locally depletes TRP and induces
KYN and downstream KYN metabolites. which has been shown
to reduce effector function of T cells and promote Treg differen-
tiation and suppressor function.”'"1216:17:39.73-76 Wjithin lung al-
lografts from IDO1-treated donors, infiltrating host CD8 T cell
proliferation and cytotoxic functions were reduced.*° Addition-
ally, in a model of rat CIA, where IDO1 transducing agents
were injected directly into the ankle joints, the reduction in ankle
swelling was associated with fewer CD4 T cells within the joints
and an increase in T cell apoptosis.’® We observed similar
changes in a model of aGVHD. SRC.IDO treatment reduced
both engraftment levels of CD8 T cells and the percentage of
proliferating Ki67+ CD4 and CD8 T cells within the donor popu-
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lation. Effector function in this model was determined by moni-
toring the depletion of the host B cell population, which was
reduced with SRC.IDO treatment in both the spleen and periph-
eral blood. This correlated with increased apoptosis of T cells as
defined by active caspase-3+ CD4 and CD8 T cells following
SRC.IDO treatment. These data suggest that our SRC.IDO
mRNA can target effector T cells in aGVHD to reduce disease.
IDO1 has also been shown to promote Treg differentiation and
maturation.'®'7737576 |n aGVHD, SRC.IDO treatment increased
the percentage of Tregs relative to PBS- and dead SRC.IDO-
treated animals. As expected, this was recapitulated using the
protective SRC.IDO_miR142ts (reduced myeloid expression)
mRNA but not with SRC.IDO_miR122ts (reduced hepatic
expression) mMRNA treatment. Protection in aGVHD is associated
with an increased percentage of both donor and host Tregs, but
it is not clear if this is due to Treg suppressive function or a lack of
expansion of conventional CD4 T cells in a disease setting.

Hepatic SRC.IDO expression results in reduced serum
TRP levels

In addition to driving efficacy, SRC.IDO_miR142ts mRNA, which
biases SRC.IDO protein expression predominantly to the liver,
also depleted serum TRP. One possible explanation for this
would be the natural distribution of TRP through the body after
ingestion. After absorption and concentration through the diges-
tive system, ingested TRP travels through the portal vein to the
liver prior to entering the bloodstream. Therefore, liver-ex-
pressed SRC.IDO would have direct access to ingested TRP, al-
lowing for rapid catabolism and leading to decreased serum TRP
levels. On the other hand, splenic expression of SRC.IDO re-
quires TRP to be transported out of the bloodstream and into
the spleen, which would reduce the TRP available to SRC.IDO
to be degraded. These organ-specific differences potentially
explain why mice treated with SRC.IDO_miR122ts mRNA did
not show a reduction in systemic TRP levels.

Interestingly, even though mice treated with SRC.IDO_
miR142ts mRNA (where the majority of SRC.IDO protein is ex-
pressed in the liver) have reduced TRP levels, there was no in-
crease in serum KYN levels. Under homeostatic conditions, the
liver drives 80%-90% of TRP degradation through the KYN
pathway.' Therefore, hepatocytes have basal expression of all
the enzymes required to further degrade KYN into the down-
stream metabolites. In contrast, myeloid cells have been reported
to lack the KYN enzymatic machinery.”® This would lead us to pre-
dict that in SRC.IDO_miR142ts-treated mice, where SRC.IDO is
predominantly expressed in the liver, TRP was being rapidly
metabolized through the entirety of the KYN pathway so that
transport of KYN out of hepatocytes and into the bloodstream
was not significantly changed. In SRC.IDO_miR122ts-treated
mice, where SRC.IDO protein is predominantly expressed in
myeloid cells, there was an accumulation of KYN in the serum,

(F-1) C57BL/6xDBA/2 F1 recipients received C57BL/6 donor cells to induce aGVHD and were injected i.v. with 0.5 mg/kg of LNP A-formulated mRNA on days
0 and 6. (F and G) On day 14, splenic (F) donor CD8 T cell engraftment and (G) host B cell percentages were determined by flow cytometry. (H and I) The
percentages of CD4 T cells expressing FoxP3 within the spleen were determined in the (H) donor and (l) host compartments.

(D-1) Data are individuals and median. Data are n = 3-8 mice/group and representative of 2 similar experiments. Significance was determined by one-way ANOVA
with a secondary Tukey’s multiple comparisons test. *p < 0.05, *p < 0.01, **p < 0.005, and ****p < 0.0001.

See also Figure S4.
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possibly due to the lack of KYN pathway enzymes in myeloid
cells, allowing for KYN to be exported from the cells instead of be-
ing broken down further.’

Outside of the striking differences in the metabolite profiles be-
tween SRC.IDO_miR142ts and SRC.IDO_miR122ts, other factors
may also have a role in SRC.IDO_miR142ts driving efficacy.
Based on the protein expression levels (Figures 2D and 2E), the
vast majority of SRC.IDO protein is produced in the liver in mice
treated with miRNA-less SRC.IDO. Estimating the average liver
weight at 1 g with an expression of 25 ng/mg IDO1 (25 ng total
IDO1 protein) and spleen at 100 mg with an expression of
44 ng/mg (4.4 ng total IDO1 protein), approximately 85% of the
SRC.IDO protein will be produced by the liver at 24 h. Therefore,
the biomass of liver-derived SRC.IDO alone could be the major
contributing factor to the efficacy mediated by SRC.IDO_
miR142ts but not SRC.IDO_miR122ts. The addition of the
miR142 ts to SRC.IDO confirmed the need for hepatic expression
for efficacy, but this construct was not as protective as the
miRNA-less SRC.IDO. This may be due to the additive effect of
additional protein being produced within the spleen or possibly
the impact of elevated KYN that was found with miRNA-less
SRC.IDO treatment but not the SRC.IDO_miR142ts treatment.

TRP-reduced or -deficient diets have also been used to
examine the role of systemic TRP in autoimmune disease.
TRP-deficient diets have been shown to block the development
of EAE in mice.”® However, mice placed on TRP-restricted diets
for several weeks exhibit detrimental side effects, including
weight loss and loss of muscle mass.?° Outside of the KYN
pathway, TRP is also a precursor to serotonin and melatonin,
so depletion of TRP may impact these downstream neurotrans-
mitters and potentially influence mood, cognitive function, and
sleep. However, 95% of serotonin is produced within the gut,
maintaining intestinal homeostasis and appetite and influencing
afferent nerves, while only 5% of serotonin is produced in the
brain.?! Since i.v. delivery of mRNA-encoded SRC.IDO affects
the catabolism of TRP after the normal uptake in the digestive
tract, gut-produced serotonin may not be altered.

Potential implications of SRC.IDO as a therapeutic
This study further supports the conclusion that overexpression
of IDO1 canreduce T cell-mediated autoimmunity and inflamma-
tion.*®*” Several other groups have identified a beneficial role of
IDO1 in transplantation.”>>° Based on these data, SRC.IDO
mRNA treatment could be beneficial in human disease indica-
tions with a T cell component, such as solid organ transplant
or GVHD. Acute cellular rejection is mediated by the infiltration
of T cells and macrophages® and treated by a combination of
calcineurin inhibitors, mTOR inhibitors, anti-proliferatives, gluco-
corticosteroids, and immunosuppressants.83 In GVHD, there is
an activation of T cells within the graft that expand and attack tis-
sues such as the gut, skin, and liver, and treatment relies greatly
on corticosteroids.®* For treatment in humans, similar to the data
shown in this study, we would predict that repeat dosing would
be required to maintain immune regulation with mRNA-encoded
SRC.IDO treatment.

A variety of approaches based on cell- or gene-based thera-
pies have been developed to treat autoimmunity. Some of the
earliest cell-based therapies relied on exploiting Tregs, which
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provide both antigen-specific as well as bystander suppres-
sion.® While antigen-specific Tregs are more challenging to pu-
rify and expand, they show greater suppression relative to poly-
clonal Treg populations.®®®” Notably, the phenotype of Tregs
can be plastic, with the cells losing suppressive capabilities
and acquiring effector function.®®*° More recently, both CAR-T
cells and CAR-Tregs have shown promise in the treatment of
autoimmune disorders. Early clinical studies in patients with
SLE have demonstrated a durable response, including remis-
sion, using CD19 CAR-T cells. While an exciting advance, the
study sizes are currently too small, with relatively short follow-
up periods, to critically evaluate the proportion of patients that
will benefit from this approach or if there are unexpected side ef-
fects stemming from the continuous presence of the modified
T cells. Instead of traditional DNA transfection approaches for
CAR-T, the use of RNA transfections is a potential alternative.’
For example, Descartes-08, an anti-BCMA CAR-T, uses RNA to
transfect T cells prior to transfer into patients with myasthenia
gravis, with beneficial results to patients.”’ Additional gene-
based approaches such as intra-articular injection of AAV en-
coding soluble TNFR-Fc fusions led to reduced swelling in 2
out of 11 patients with RA, suggesting other possible therapeutic
modalities that could be a significant improvement over standard
of care.®” However, these approaches require substantial invest-
ments to purify and expand cells needed for modification or pur-
ifying sufficient recombinant viruses for administration in the
joints.

Compared to other gene- or cell-based therapies, one of the
strengths of using LNP delivery of therapeutic RNA in vivo is
the lack of need to purify and expand target cells, followed by
ex vivo treatment. Moreover, both the restricted tissue tropism
of the LNPs and their transient expression can reduce potential
target toxicities. RNA does not integrate into DNA, so there is
less risk of potential genomic instability, a feature of concern
associated with viral transduction approaches. This transient na-
ture of mMRNA-based therapies can also be a limitation, specif-
ically in chronic conditions where repeated dosing with mRNA
may be required. With mRNA-based therapeutics, there is the
opportunity to target the intracellular space and create chimeric
molecules with altered properties. This approach has excep-
tional advantages for treating rare diseases where protein
replacement is needed. Conceptually, similar approaches for
targeting the cytoplasm can be used to treat autoimmunity.
Furthermore, the use of MRNA for the expression of intracellular
enzymes in general may possibly reduce anti-drug antibody
development compared with treatments using recombinant pro-
teins, where antigen-presenting cells can directly interact with
soluble proteins. The use of mRNA-based delivery to overex-
press cytoplasmic proteins, such as IDO1, opens up additional
avenues for the treatment of both autoimmunity and allograft
tolerance.

Limitations of the study

While these studies represent an advancement in the therapeutic
use of IDO1 in autoimmunity, there are multiple limitations. The
rodent models used in these studies were selected due IDO1
previously being shown to influence disease outcome; however,
these models are predominantly T cell mediated, and additional
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models with a stronger antibody component could be examined
in the future. Additionally, the use of prophylactic dosing was
only examined in context of rat CIA. To examine the potential
of this dosing strategy more fully, it could be utilized in additional
models.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-IDO1 (D727U) rabbit mAb Cell Signaling Technology Cat#68572
RRID:AB_2799750

anti-HSP90 (C45G5) Cell Signaling Technology Cat#4877

IRDYE 800 CW goat anti-rabbit

TruStain FcX (anti-mouse CD16/32) antibody

BV805 Hamster anti-mouse CD3 (clone 145-2C11)

Brilliant Violet 785 Rat anti-mouse CD4 (clone GK1.5)

BD Horizon BUV737 Rat anti-mouse CD8a (clone 53-6.7)
Alexa Fluor 700 Rat anti-mouse CD19 (clone 6D5)

PE MHC class | (H-2K%) anti-mouse (clone SF1-1.1.1)
Brilliant Violet 421 (H-2K) anti-mouse (clone AF6-88.5)
Alexa Fluor 647 anti-mouse/rat/human FoxP3 (clone 150D)
Brilliant Violet 605 Rat anti-mouse Ki-67 (clone 16A8)

FitC Rabbit anti-Active Caspase-3

LI-COR Biosciences

Biolegend

BD Biosciences

Biolegend

BD Biosciences

Biolegend

Invitrogen

Biolegend

Biolegend

Biolegend

BD Biosciences

RRID:AB_2233307
Cat#926-32211
RRID:AB_621843
Cat#101320
RRID:AB_1574975
Cat#749276
RRID:AB_2873651
Cat#100453
RRID:AB_2565843
Cat#612759
RRID:AB_2870090
Cat#115528
RRID:AB_493735
Cat#12-5957-82
RRID:AB_2043875
Cat#116525
RRID:AB_2876430
Cat#320014
RRID:AB_439750
Cat#652413
RRID:AB_2562664
Cat#559341
RRID:AB_397234

Biological samples

Heat Inactivated fetal bovine serum certified one shot Gibco Cat#A38400-01

Chemicals, peptides, and recombinant proteins

Dulbeco’s Modified Media (DMEM) Gibco Cat#11965-092

MOG35-55 AnaSpec Cat#AS-60130-1

CFA with 2.5 mg/mL Mycobacterium tuberculosis H37Ra BD Biosciences Cat#211372

Pertussis toxin List Labs Cat#180

Chicken collagen type Il Sigma Cat#C9301

IFA BD Biosciences Cat#210486

RIPA lysis buffer Thermo Fisher Scientific Cat#89901

NuPage 4-12% Bis-Tris Midi gels Invitrogen Cat#WG1403BX10

iBlot 2 nitrocellulose regular stacks membranes Invitrogen Cat#|B23001

Odyssey LI-COR Blocking Buffer Li-Corbio Cat#927-60001

10x lysis buffer Cell Signaling Technology Cat#9803

7mm stainless steel bead Qiagen Cat#69990

70-um cell strainer Celltreat Cat#229484

K, EDTA-coated tubes Griener Bio One Cat#450532

ACK lysis buffer Gibco Cat#A1049201

PBS pH 7.4 (1x) Gibco Cat#10010-023
(Continued on next page)
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Invitrogen eBioscience Foxp3/Transcription Factor Invitrogen Cat#05-5523-00

Staining Buffer Set

Leica Bond Epitope retrieval solution 1 Leica Biosystems Cat#AR0086
Rabbit monoclonal anti-V5 antibody Cell Signaling Technology Cat#13202
Bond Polymer Refine Detection system Lecia Biosystems Cat#DS9914
Invitrogen eBioscience Fixable Viability Dye eFluor 780 Invitrogen Cat#65086514
20mM Tris Buffer with 8% sucrose, pH 7.4 Teknova Cat#3T6100
Critical commercial assays

Pierce BCA kit Thermo Fisher Scientific Cat#23227
Tryptophan Competitive Enzyme Immunoassay IBL-America Cat#IB89127R
Kynurenine Competitive Enzyme Immunoassay IBL-America Cat#|B89190R
Human IDO ELISA Kit Abcam Cat#ab245710
Experimental models: Cell lines

Raw 264.7 ATCC Cat# TIB-71

RRID:CVCL_0493

Experimental models: Organisms/strains

C57BI/6 (female)

B6D2F1 (female)

Sprague-Dawley rats (male)

Charles River Laboratories

Charles River Laboratories

Charles River Laboratories

Cat#027
RRID:IMSR_CRL:027
Cat#099
RRID:IMSR_CRL:099
Cat#001
RRID:RGD_734476

Software and algorithms

FlowdJo

Graphpad Prism 10.0

ImageJ

HALO image analysis software

BD Life Science
Graphpad
ImageJ

Indica Labs

https://www.flowjo.com/
https://www.graphpad.com/
https://imagej.net/ij/
https://indicalab.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells
Raw 264.7 cells were obtained from ATCC (TIB-71) and maintained in DMEM (Gibco, catalog no. 11965-092) with 10% heat inacti-
vated fetal bovine serum (Gibco, catalog no. A38400-01) at 37C and 5% CO2.

Mice

Female 8-week-old C57BL/6 and C57BL/6 x DBA/2 F1 (B6D2F1) were purchased from Charles River Laboratories (#027 and #099)
and maintained at Moderna in Cambridge, MA. Mice housed in groups of four or five in specific pathogen-free housing in accordance
with Moderna Institutional Animal Care and Use Committee at Moderna (IACUC). All animal experiments were performed in accor-
dance with the federal, state, local, and institutional IACUC polices. These policies are determined by the United States Department
of Agriculture and are further enforced by the Massachusetts Society for the Prevention of Cruelty to Animals and Cambridge Com-
mission. Moderna is regularly monitored to ensure compliance with these rules.

To run the EAE model 12-week-old C57BL/6 female mice were injected on day 0 at two sites on the rear flanks with a total of 100 pL
of emulsion containing 100 pg of myelin oligodendrocyte glycoprotein peptide (MOG)35.55 peptide emulsified in CFA with 2.5 mg/mL
Mycobacterium tuberculosis H37Ra. Mice were also injected with 100 pL of 6 pg/mL Pertussis toxin i.v. on days 0 and 2. Formulated
mRNA was administered i.v. to mice on day —1 and day 6. Starting on day 10, mice were scored and weighed daily. The scoring
system was as follows: 0 — Normal, no overt signs of disease, 1 tail paresis, 2 - righting reflex impaired, 3 — partial hindlimb paralysis,
4 — complete hindlimb paralysis or absence of ambulation, 5 — complete hindlimb paralysis with front limb paresis. Mean disease
intensity was calculated as the area under the curve for the clinical score for each individual animal and the mean peak score was
determined as the mean of the peak scores of individuals within each group. Experiments contained 12 mice/group.

For the aGVHD model spleen and lymph nodes were isolated from 8-week-old female C57BL/6J mice (Charles River) and pro-
cessed to a single-cell suspension by passing through a sterile 70-um cell strainer (Celltreat, Catalog No. 229484) using the end
of a sterile syringe plunger. Single-cell suspensions were then lysed in ACK lysis buffer (Gibco, Catalog No. A1049201), counted
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and resuspended in PBS (Gibco, catalog no. 10010-023) at 500 x 10° cells/mL. Recipient female C57BL/6 x DBA/2 F1 (B6D2F1) mice
(Charles River) were injected i.v. with 50 x 10° C57BL/6 cells in 100ul. Mice were injected with formulated mRNA at 0.5 mg/kgi.v. on
days 0 and 6. Peripheral blood was isolated on day 7. Mice were euthanized and spleen and peripheral blood were isolated on day 14.
Experiments were performed with 3-8 mice per group.

Rats

Male Sprague-Dawley rats were purchased from Charles River Labs (#001) and housed in groups of two or three in specific path-
ogen-free housing in accordance with Pharma Models IACUC. All animal experiments were performed in accordance with the fed-
eral, state, local, and institutional IACUC polices. These policies are determined by the United States Department of Agriculture and
are further enforced by the Massachusetts Society for the Prevention of Cruelty to Animals and Cambridge Commission. Moderna is
regularly monitored to ensure compliance with these rules.

To run the CIA model 8-week-old male Sprague-Dawley rats were injected intradermally with chicken collagen type Il (Sigma,
Catalog no. C9301) in IFA on day 0. Formulated mRNA was administered i.v. at the timepoints indicated in Figure 4. After in-
jection, animals were scored daily from day 10 to day 21. Evaluation of disease involved scoring each paw on the following
scale: 0 — no swelling or erythema, 1 - slight swelling and/or erythema, 2 — low to moderate swelling, 3 — pronounced swelling
with limited joint usage, 4 — excessive swelling with joint rigidity. Each animal had a possible total disease score of up to 16.
Mean disease intensity was calculated as the area under the curve for the clinical score for each individual animal and the
mean peak score was determined as the mean of the peak scores of individuals within each group. Experiments contained
5-8 rats per group.

Non-human primates

Male cynomolgus monkeys were between the ages of 2 and 4 years and were housed at a Charles River facility. The animal facility is
specific pathogen-free and the control animals were co-housed or held in the same holding room. NHP are group house with up to
3 animals of the same sex and same dosing group housed together. Housing set-up is as specified in the USDA Animal Welfare Act
(9 CFR, Parts 1, 2 and 3) and as described in the Guide for the Care and Use of Laboratory Animals. All animal experiments were
performed in accordance with the federal, state, local, and institutional IACUC polices. These policies are determined by the United
States Department of Agriculture and are further enforced by the Massachusetts Society for the Prevention of Cruelty to Animals and
Cambridge Commission. Moderna is regularly monitored to ensure compliance with these rules.

METHOD DETAILS

mRNA production and formulation

hsIDO, SRC.IDO, and RAS.IDO mRNA encoding the H. sapiens IDO1 wild-type or a chimeric molecule was fused to a lipidation
signal to facilitate protein anchoring to the cytoplasmic side of the cell membrane. This included either the 21 amino acid K-Ras tail
containing a farnesylation site added to the C-terminus (RAS.IDO) or the 14 amino acids of SRC containing a myristoylation site
added to the N-terminus (SRC.IDO) of human IDO1. A catalytically inactive IDO1 (Dead IDO) construct was also designed and
tested. The Dead IDO1 protein is not enzymatically active due to a single phenylalanine-to-alanine point mutation at position
226 (F226A).°° mRNA containing target sequences (ts) for miR122 or miR142 included 3x miR ts in the 3’ untranslated region
(UTR).”” Inclusion of the microRNA ts allowed for silencing expression in hepatocytes or myeloid cells, respectively. For immuno-
histochemistry, a C-terminal V5-tagged version of SRC.IDO was used (Figure 2A). The complete sequence of the mRNA con-
structs can be found in Table S1.

The resulting mRNA constructs were synthesized by in vitro transcription. A plasmid encoding the T7 RNA polymerase promoter
followed by 5’'UTR, open reading frame, 3'UTR, and polyA tail was overexpressed in E. coli, linearized, and purified to homogeneity.
The mRNA was synthesized by using a modified T7 RNA polymerase for in vitro transcription, where uridine triphosphate was
substituted completely with N1-methyl-pseudouridine triphosphate.®® A donor methyl group S-adenosylmethionine was added to
the methylated capped RNA (Cap 0) resulting in a Cap 1 structure that was utilized to improve translation efficiency. After the tran-
scription reaction, mRNAs were purified, buffer exchanged into sodium citrate, and stored at —20°C until use. Further enhancements
included codon optimization and addition of inverted deoxythymidine to interfere with de-adenylation of the mRNA and prolong
mRNA stability.

Formulation of mRNA was performed through modified ethanol-drop nanoprecipitation process as described previously.** loniz-
able, structural, helper and polyethylene glycol lipids were mixed with mRNA. The mixture was neutralized with Tris-Cl pH7.5 and
filter sterilized. An analytical characterization assay, which included particle size and polydispersity, encapsulation, and endotoxin
content, had to meet predefined specifications before the material was deemed acceptable for in vivo study use. Final particle
size was between 50 nm and 120 nm, encapsulation was greater than 80%, and endotoxin content <10 EU/m.

Protein expression by Western blot

Cell pellets from RAW 264.7 cells (mouse macrophage) transfected with IDO1 LNPs were lysed in 1x RIPA lysis buffer
(ThermoFisherScientific, Catalog No. 89901) on ice for 10 min. Lysates were cleared by centrifugation, and supernatant was
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collected. Protein was quantified using the Pierce BCA kit (ThermoFisher Scientific, Catalog No. 23227). 20ug of protein was run
per sample. Samples were separated by NuPage 4-12% Bis-Tris Midi gels (Invitrogen, Catalog No. WG1403BX10) and
transferred to iBlot 2 nitrocellulose regular stacks membranes (Invitrogen, Catalog No. 1B23001). Nonspecific binding was
prevented by incubation with Odyssey LI-COR Blocking Buffer. Primary antibodies were incubated for a minimum of 18 h at
4°C. Primary anti-mouse antibodies used for immunoblot analysis included: anti-IDO1 (D727U) rabbit mAb (Cell Signaling Tech-
nology, Catalog No. 68572) and anti-HSP90 (C45G5) (Cell Signaling Technology, Catalog No. 4877). Subsequent incubation
with the secondary antibody IRDYE 800 CW goat anti-rabbit (Li-Cor, Catalog No. 926-32211) at 1:20,000 in 1xTBST for
30 min at RT. Membranes were imaged with Odyssey CLx Infrared Imaging System (LI-COR Biotechnology). Immunoblot quan-
tification was performed using ImagedJ software. For quantification, IDO1 protein levels were normalized to normalized HSP90.
HSP90 protein levels for individual samples were normalized to the median HSP90 protein level for all samples on a single
membrane.

LNP administration and selection

Mice and rats were injected with LNP diluted to in 20mM Tris Buffer with 8% sucrose, pH 7.4 (Teknova, catalog no. 3T6100) or PBS
pH 7.4 (Gibco, catalog no. 10010-023) through tail vein bolus intravenous injections. NHP were infused through a peripheral vein with
LNP diluted in Tris sucrose at a dose volume of 10 mL/kg over a period of 60 min. The infusion used for NHP was utilized to replicate
the route of administration that would be used in the clinic. The LNP, either LNP B or LNP A was selected for each experiment. In initial
mouse experiments we used myeloid-tropic LNP B (Figure 1). We determined we had better systemic changes in TRP and KYN with
the use of LNP A, which delivers mRNA to both myeloid cells and hepatocytes so we switched LNP for the remainder of the rodent
studies (Figures 2-6, S1, and S3). For LNP biodistribution there are species specific differences. While LNP B does not deliver well the
mouse liver in NHP there is delivery to both spleen and liver. Additionally, LNP B is a clinically relevant LNP. For these reasons we
selected LNP B for the NHP studies (Figure S2).

Assessment of KYN and TRP levels by ELISA

KYN and TRP levels were determined from transfected cell supernatant at 24 h and plasma or serum collected from individual mice
within each study using the Tryptophan Competitive Enzyme Immunoassay (IBL-America, Catalog No. IB89127R) or the Kynurenine
Competitive Enzyme Immunoassay (IBL-America, Catalog No. IB89190R) according to the manufacturer’s instructions.

Assessment of IDO1 protein by ELISA

Spleen and liver homogenates were prepared from weighed portions of each organ. Organ pieces were placed into 2 mL Eppendorf
tubes containing 0.5-1.0 mL 1X lysis buffer (Cell Signaling Technology, Catalog no. 9803) and a single 7mm stainless steel bead (Qia-
gen, Catalog No. 69990). Samples were homogenized using the Qiagen TissueLyser Il (Catalog No. 85300). Samples were stored at
—80°C prior to use. Human IDO1 enzyme was determined by Human IDO ELISA Kit (Abcam, Catalog No. ab245710) according to the
manufacturer’s instructions.

Flow cytometry for aGVHD

To prepare single-cell suspensions, spleens were collected and passed through a 70-um cell strainer (Celltreat, Catalog No. 229484)
using the end of a sterile syringe plunger. Whole blood was collected by cardiac puncture into K, EDTA-coated tubes (Griener Bio
One, Catalog No. 450532). Single-cell suspensions were then lysed in ACK lysis buffer (Gibco, Catalog No. A1049201). For cell sur-
face staining, cells were pre-incubated with TruStain FcX (anti-mouse CD16/32) antibody (Biolegend, Catalog No. 101320, clone 93),
diluted in FACS buffer (PBS +2% FBS), for 5 min at room temperature. Surface staining was performed with fluorochrome-conju-
gated antibodies diluted in FACS buffer for 30-60 min at 4°C. For intracellular staining, cells were washed with FACS buffer, and fixed
and permeabilized with the Invitrogen eBioscience Foxp3/Transcription Factor Staining Buffer Set (Invitrogen, Catalog No. 05-5523-
00) for 30 min at 4°C. Cells were then washed with 1x permeabilization buffer (Invitrogen, Catalog No. 05-5523-00) and stained with
intracellular antibodies diluted in permeabilization buffer overnight at 4°C. Flow cytometry data were acquired on a Cytek Aurora cy-
tometer (Cytek Biosciences) and analyzed using FlowdJo software (BD Life Sciences). Staining was performed using the antibodies
shown in Table S2.

Immunohistochemistry for Ido1

Liver and spleen tissues were collected at 6, 24, 48, 72, 96, 120, 144, 168, and 192 h post dosing and fixed in 10% neutral-buffered
formalin for 48 h. Tissues went through routine paraffin processing and embedded into paraffin blocks. Tissue blocks were then cut
into sections of 5-micron thickness and mounted onto charged glass slides.

Immunohistochemistry was performed for the detection of the expression of SRC.IDO. The immunohistochemistry detection sys-
tem is a biotin-free, polymeric horseradish peroxidase (HRP)-linker antibody conjugate system run on the Leica Bond RX autostainer.
Slides were baked, dewaxed with subsequent antigen retrieval performed for 20 min using Leica Bond Epitope retrieval solution 1
(Leica Biosystems, Catalog no. AR0086). Using a Rabbit monoclonal anti-V5 antibody (Cell Signaling Technology, Catalog no.
13202) at a 1:400 dilution along with the Bond Polymer Refine Detection system (Lecia Biosystems, Catalog no. DS9914), followed
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by hematoxylin and bluing reagent counterstain (Leica Microsystems). Slides were imaged using 3D Histech Panoramic 250 whole-
slide scanner and image analysis was completed with HALO image analysis software.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data was analyzed by one-way ANOVA, two-way ANOVA with either secondary Dunnet’s or Tukey’s multiple comparisons tests as

indicated in the figure legend or by log rank (Mantel-Cox) test compared to Dead SRC.IDO. All statistical analysis was completed in
Graphpad prism. In vitro studies were run in triplicate and in vivo studies examined between 3 and 12 animals per group.
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Supplemental Figure 1. Engineered IDO1 induces dose-dependent changes in serum TRP and KYN
in mouse and rat. Related to Fig 2. (A—C) Naive C57BL/6 mice were injected i.v. with 0.5, 0.25, or 0.125
mg/kg of LNP A-formulated mRNA. Serum (A) KYN, (B) TRP, and (C) KYN:TRP ratios were
determined at 72 h by ELISA. Significance was determined by one-way ANOVA compared with Dead
SRC.IDO controls with secondary Sidak’s multiple comparisons test. ****p<0.0001. (D-F) Naive Sprague
Dawley rats were injected i.v. with 0.5, 0.25, 0.125 or 0.0625 mg/kg of LNP A-formulated mRNA and
plasma (D) KYN, (E) TRP, and (F) KYN:TRP ratios were determined at 72 h by ELISA. Data are
individual rats and medians of n=3-5 animals/group and representative of 2 similar experiments.
Significance was determined by one-way ANOVA compared with Dead SRC.IDO controls with secondary
Dunnett’s multiple comparisons test. *p<0.05, **p<0.005, ***p<0.001, ****p<0.0001.
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Supplemental Figure 2. mRNA-delivered anchored IDOL1 is bioactive in NHP. Related to Fig 2. (A, B)
NHP were infused over 60 mins along with 0.3 or 1.0 mg/kg of LNP B-formulated mRNA. Blood samples
were obtained at 6, 12, 24, 96, 168, 240, and 312 h post-injection. (A) KYN and (B) TRP were measured in
the serum by ELISA. N=3 NHP/group. Data are mean and s.e.m. and are representative of similar
experiments. Significance was determined by two-way ANOVA compared with Dead SRC.IDO controls
using Dunnett’s multiple comparisons tests. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001. (C & D)
(C) KYN levels at 6 h and (D) TRP levels at 24 h post-injection determined by ELISA from serum. N=5—
11 NHP/group. Data are individual NHP and median and are pooled from 3 similar experiments.
Significance was determined by one-way ANOVA compared with Dead SRC.IDO controls using Dunnett’s
multiple comparisons tests. **p<0.005, ***p<0.0005.
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Supplemental Figure 3. In vivo function is sustained with repeat dosing of SRC.IDO. Related to Fig 2. Naive
C57BL/6 mice were injected i.v. with 0.5 mg/kg of LNP A-formulated mRNA every 7 days for 5 weeks. Serum (A)
KYN and (B) TRP were determined at 24 h post each administration by ELISA. Significance was determined by
two-way ANOVA with Tukey’s multiple comparisons test. ****p<(0.0001. Data are individual mice and medians of

3-5 mice/groups and representative of 2 similar experiments.
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Supplemental Figure 4. Protein expression and changes in metabolite levels in SRC.IDO_miR122ts- and
SRC.IDO_miR142ts-treated mice. Related to Fig 6. Naive C57BL/6 mice were injected i.v. with 0.5 mg/kg of
LNP A-formulated mRNA. Human IDO1 protein expression in (A) spleen and (B) liver lysates was determined at
24 h by ELISA. Significance was determined by one-way ANOVA compared to SRC.IDO with Dunnett’s multiple
comparisons. **p<0.005, ***p<0.0005, ****p<0.0001. Serum (C) KYN, (D) TRP and (E) KYN:TRP ratio were
determined at 24 h by ELISA. Significance was determined by one-way ANOVA with Tukey’s multiple
comparisons. *p<0.05, **p<0.005, ****p<0.0001. Data are individual mice and medians of 5 mice/groups and
representative of 4 similar experiments.



Supplemental Table 2. Lists the antibodies used for the flowcytometry analysis used for aGVHD studies, related to the
Flowcytometry for aGVHD section of the STAR Methods.

Color
APC-eFluor780
BUV805
BV785
BUV737
AF700
PE
BV421
AF647
BV605
FITC

Antigen
Viability
CD3
CDh4
CD8
CD19
H2-Kd
H2-Kb
FoxP3
Ki67

Caspase-3

Clone
n/a
145-2C11
GK1.5
53-6.7
6D5
SF1-1.1.1
AF6-88.5
150D
16A8
C92-605

Company
Invitrogen
BD biosciences
Biolegend
BD Biosciences
Biolegend
Invitrogen
Biolegend
Biolegend
Biolegend

BD Biosciences

Order number
65-0865-14
749276
100453
612759
115528
12-5957-82
116525
320014
652413
559341

Dilution
1:5000
1:400
1:400
1:400
1:800
1:400
1:400
1:200
1:200
1:500
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