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SUMMARY
Arginase 1 (Arg1), the enzyme catalyzing the conversion of arginine to ornithine, is a hallmark of IL-10-pro-
ducing immunoregulatory M2macrophages. However, its expression in T cells is disputed. Here, we demon-
strate that induction of Arg1 expression is a key feature of lung CD4+ T cells during mouse in vivo influenza
infection. Conditional ablation of Arg1 in CD4+ T cells accelerated both virus-specific T helper 1 (Th1) effector
responses and its resolution, resulting in efficient viral clearance and reduced lung pathology. Using unbi-
ased transcriptomics and metabolomics, we found that Arg1-deficiency was distinct from Arg2-deficiency
and caused altered glutamine metabolism. Rebalancing this perturbed glutamine flux normalized the cellular
Th1 response. CD4+ T cells from rare ARG1-deficient patients or CRISPR-Cas9-mediated ARG1-deletion in
healthy donor cells phenocopied the murine cellular phenotype. Collectively, CD4+ T cell-intrinsic Arg1 func-
tions as an unexpected rheostat regulating the kinetics of the mammalian Th1 lifecycle with implications for
Th1-associated tissue pathologies.
INTRODUCTION

The importance of interferon (IFN)-g-producing CD4+ T helper 1

(Th1) cells for protective immunity to infections is undisputed.

However, timely contraction of Th1 responses, which is charac-

terized by reduced IFN-g production and induction of the anti-in-

flammatory cytokine interleukin 10 (IL-10), is equally important to

constrain Th1-driven tissue inflammation and permit tissue
Im
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repair and a return to homeostasis.1 This is exemplified by hu-

man diseases in which persistent Th1 inflammation majorly con-

tributes to tissue injury, scarring, and loss of function, as seen in

autoimmune settings such as inflammatory bowel disease, rheu-

matoid arthritis (RA) and multiple sclerosis,2 and in infections,

including coronavirus disease of 2019 (COVID-19).3 The impor-

tance of timely Th1 contraction to limit detrimental tissue pathol-

ogy is demonstrated in experimental mouse models, such as
munity 56, 1–18, September 12, 2023 Published by Elsevier Inc. 1
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Toxoplasma gondii1,4 and influenza virus infection,5,6 in which

antagonizing T cell-derived IL-10 enhances pathogen clearance

but results in augmented tissue inflammation and lethal injury.

Although it is broadly known that Th1 contraction is accompa-

nied by metabolic reprogramming of the cells, only some

changes are known, including increased cholesterol efflux and

a reduction in glycolysis,7–9 and the finemolecular details remain

unelucidated.

To better understand the metabolic mechanisms underlying

both Th1 initiation and cessation, we employed an influenza

lung infection model where the CD4+ T cell response is Th1

dominated and encompasses both the Th1 induction and

contraction phases, and where T cell IL-10 production is impor-

tant for limiting lung pathology.5 Here, in contrast to a previous

report,10 we identified expression of the enzyme arginase 1

(Arg1) by CD4+ T cells. ARG1 is an enzyme catalyzing conversion

of arginine to ornithine and urea. By using mice with selective

ablation of Arg1 in T cells, CD4+ T cells from rare pediatric pa-

tients with ARG1-deficiency, and employing transcriptomic

and metabolomic studies, we identified T cell-intrinsic ARG1

as a regulator of both human and mouse Th1 lifecycles: ARG1-

deficient Th1 cells expand more rapidly and hasten toward

IL-10-associated contraction. Biologically, this results in the effi-

cient control of viral infection and reduced tissue inflammation

and pathology post infection (p.i.). Mechanistically, normal

ARG1 activity generates cell-essential ornithine from arginine

and thereby ensures optimal glutamine flux into the tricarboxylic

acid (TCA) cycle. In the absence of ARG1, compensatory utiliza-

tion of glutamine for ornithine generation reduces TCA

activity, which impacts the kinetics of the Th1 response. Overall,

our data uncover a CD4+ T cell-intrinsic and non-redundant role

for ARG1 in Th1 biology, which could potentially be harnessed to

prevent or limit tissue pathology in Th1-driven disease states.

RESULTS

T cell-intrinsic ARG1modulates tissue pathology during
influenza infection
To investigate pathways and enzymes that regulate the course

of the Th1 CD4+ T cell effector response in a system where

tissue Th1 responses and IL-10 production are known to play a

relevant role, we performed RNA sequencing (RNA-seq) on

flow-sort-purified influenza-induced lung CD4+ T cells (CD11a+

CD49d+ TCRb+ CD4+) from wild-type (WT) mice infected with

PR8, a pathogenic mouse-adapted strain of H1N1 influenza,

and compared their RNA expression profile to splenic CD4+

T cells from these same mice (as a negative control, as splenic
Figure 1. T cell-intrinsic arginase 1 modulates tissue pathology during

(A) Experimental setup for (A)–(F), n = 3 individual mice/group.

(B) Volcano plot from RNA-seq identifying differentially expressed genes (DEGs),

splenic CD4+ T cells.

(C) Induced genes from (B) ranked by fold induction.

(D) Heatmap of gene expression induction of all induced enzymes (orange) with

(E and F) Representative (E) RNA-seq tracks of the Arg1 locus and (F) Arg1 expr

(G) Experimental setup for (H)–(K).

(H) Representative fluorescence-activated cell sorting (FACS) plots of ARG1 pro

(I) Viral titers in the lung at days 7 and 9 p.i. Representative experiment (of two in

(J) Representative hematoxylin and eosin (H&E) histology staining and (K) pathol

periments, n = 11–13. *p < 0.05 (two-tailed Student’s t test). Each dot represent
T cells are not enriched for an influenza-specific response) (Fig-

ure 1A). CD11a and CD49d are common surrogate markers of

virus-induced and antigen-specific T cells in both mice and hu-

mans after viral infections or vaccination11–16 and allow for the

unbiased tracking of the broad CD4+ T cell response in the

mouse lung after influenza exposure.12

656 and 15 genes showed increased and decreased expres-

sion, respectively, in lung CD4+ T cells upon infection. Among

the most elevated genes in influenza-activated effector CD4+

T cells were those encoding components of the complement

system, such as C3, C5ar1, and C3ar1 (Figure 1B), consistent

with previous findings that identified the induction of comple-

ment system genes as a central feature of protective T cell tissue

immunity.17 Unexpectedly, within the most highly induced genes

(assessed by fold induction) was the enzyme Arg1, which ranked

number 3 among all induced enzymes, after Rnase2a and

Pnpla5, and which was the 11th most highly induced gene overall

(top 1.5 percentile) (Figures 1C–1F; Table S1).

High induction and the prominent position in the hierarchy of

induced genes indicated a probable role for cell-intrinsic Arg1

in CD4+ T cells and virus-induced Th1 responses. We therefore

generated mice with a conditional deletion of Arg1 expression

specifically in T cells using CD4cre (CD4cre+ Arg1fl/fl, Arg1 con-

ditional knockout [CKO] mice) and repeated the PR8

infection experiment using these animals (Figure 1G). Both,

CD4+ and CD8+ T cells from WT mice expressed ARG1 protein

(with CD4+ T cells producing higher amounts compared to

CD8+ T cells) and Cre-mediated Arg1 deletion abrogated

ARG1 production in both lineages, as expected18 (Figures 1H

and S1A). Arg1 deletion was specific to CD4+ and CD8+

T cells, as CD11b+ macrophages/neutrophils retained ARG1

protein expression in Arg1 CKO animals (Figure S1B). Upon

influenza infection, WT and Arg1 CKO mice cleared the virus

similarly (Figure 1I). However, compared with WT mice, the

Arg1 CKO had a reduction in lung injury, evidenced by reduced

inflammation (Figure 1J) and pathology score (Figure 1K) at day 9

p.i., indicating a role for T cell-intrinsic Arg1 in regulating lung

pathology during influenza infection.

CD4+ T cell ARG1 controls the kinetics of the Th1
influenza response
To further elucidate how T cell-intrinsic ARG1 influences in vivo

CD4+ T cell responses, we infected WT and Arg1 CKO mice

with influenza PR8 and assessed the lung T cell responses at

days 7 and 9 p.i. (Figure 2A). There were no differences in the to-

tal numbers of mononuclear lung cells between WT and Arg1

CKO mice at any time point analyzed p.i. (Figure 2B). However,
influenza infection

with at least log2 4-fold change at FDR < 0.05, between virus-induced lung and

Arg1 position indicated (red).

ession (RNA-seq) in splenic and lung CD4+ T cells after influenza infection.

tein expression in WT and Arg1 CKO mice.

dependent experiments) shown with n = 4–5 mice per group per time point.

ogy score of the lungs at day 9 p.i. Combined data from two independent ex-

s a sample from an individual mouse. See also Figure S1.
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Figure 2. CD4+ T cell arginase 1 controls the kinetics of the Th1 influenza response

(A) Experimental setup for (B)–(L).

(B and C) Numbers of (B) total lung mononuclear cells and (C) lung CD4+ T cells at days 7 and 9 p.i., n = 12–17.

(legend continued on next page)
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at day 7 of infection, we noted increased numbers of CD4+ T cells

in the lungs of Arg1 CKO mice when compared with WT mice

(Figure 2C). Further, while the overall lung CD4+ T cell response

increased, as expected, at day 9 p.i. in WT mice, CD4+ T cell

numbers in Arg1 CKO animals showed a trend toward decline

at this time point (Figure 2C). These observations were fully reca-

pitulated when we tracked lung CD11a+ CD49d+ CD4+ T cells,

which encompass the broad (multi-epitope) influenza response,

including the influenza-specific NP311-325 tetramer+ response

(Figure 2D) at days 7 and 9 p.i. Early during infection (day 7),

the lungs of Arg1 CKO mice contained increased frequencies

and numbers of virus-induced CD4+ T cells when compared

with WTmice (Figures 2E and 2F, left). Additionally, the numbers

of actively dividing Ki67+ CD4+ T cells were also higher in Arg1

CKO mice (Figure 2G, left), indicating enhanced early prolifera-

tion by CD4+ T cells lacking Arg1. In contrast, at day 9 post infec-

tion, the frequencies and numbers of CD11a+ CD49d+ lung CD4+

T cells and dividing CD4+ T cells were reduced in the Arg1 CKO

compared with WT (Figures 2E–2G, right). The influenza-specific

CD4+ NP311 tetramer+ cells mirrored the CD11a+ CD49d+ re-

sponses noted at days 7 and 9 in WT and Arg1 KO mice

(Figures 2H and 2I), in line with previous observations showing

that lung CD11a+CD49d+ CD4+ T cells are indicative of the

lung influenza-specific response.12 T cell Arg1-deficiency did

not alter the distribution of effector and memory phenotype cells

within the influenza-induced and -specific CD4+ T cells

(Figures S2A and S2B). Thus, the expansion of WT and Arg1

CKOCD4+ T cells appears to follow different kinetics in response

to influenza infection, with the latter exhibiting an earlier expan-

sion and a faster subsequent contraction.

We next studied the cytokine production by CD4+ T cells

following influenza infection. CD4+ T cell responses are typically

dominated by Th1 responses during influenza infection,19 and,

indeed, both CD11a+ CD49d+ lung CD4+ T cells and the influ-

enza-specific NP311 tetramer+ lung cells strongly expressed

the Th1 transcription factor T-bet (Figures 2J and S2C). Addition-

ally, we detected negligible IL-17A production from either WT or

Arg1 CKO CD4+ T cells (Figure S2D). However, when compared

with WT CD4+ T cells, Arg1 CKO CD4+ T cells from the lungs of

mice at day 7 p.i. had higher frequencies and numbers of IFN-g,

IL-2, and tumor necrosis factor alpha (TNF-a)-producing cells, as

well as IL-10-producing cells after ex vivo restimulation with

influenza-infected dendritic cells (Figures 2K, 2L, S2E, and

S2F), indicative of an enhanced early Th1 response.

CD8+ T cells are also Arg1-deficient in the CKO mice; we

therefore assessed their CD8+ T cell response to influenza as

well. Arg1-deficient CD8+ T lymphocytes (both total lung CD8+

T cells andCD11a+CD49d+ CD8+ T cells) showed a trend toward

augmented expansion at day 7 p.i., which did not reach statisti-
(D and E) Representative FACS plots showing (D) influenza-specific (NP311-325 t

(E) percentages of lung CD11a+ CD49d+ cells.

(F–H) Numbers of lung (F) CD11a+CD49d+ CD4+ T cells, (G) Ki67+ CD4+ T cells, an

mice, n = 4–6.

(I and J) Representative FACS plots of (I) lung NP311-235 tetramer+ CD4+ T cells a

tetramer+ CD4+ T cells at day 9 p.i.

(K and L) Numbers of (K) intracellular IFN-g+, IL-2+, and IL-10+-producing lung CD

infected dendritic cells), with (L) a representative FACS plot of data in (K), n = 14

(B and C) Kruskal-Wallis test; (F–I and L) Mann-Whitney test. ns, no statistically

experiments. (F–H) One representative of three independent experiments shown
cal significance (Figures S2G and S2H). Although, we detected

reduced numbers of total CD8+ T cells in the lungs of Arg1

CKO mice at day 9 p.i., there was no difference in the number

of influenza-induced CD11a+ CD49+ CD8+ T cells (Figures S2G

and S2H). Furthermore, the key CD8+ T cell effector functions,

IFN-g production and cytotoxic degranulation, remained unaf-

fected in Arg1 CKO CD8+ T cells after ex vivo restimulation

with influenza-infected dendritic cells (Figure S2I). This suggests

that Arg1-deficiency in CD8+ T cells has limited effects on their

anti-viral effector responses during influenza infection.

Collectively, these data demonstrate that CD4+ T cells lacking

Arg1 display an accelerated progression through the Th1 life-

cycle compared with WT CD4+ T cells: they proliferate more

rapidly, produce Th1 cytokines earlier, and move faster into the

contraction phase upon influenza infection. Biologically, acceler-

ated Th1 induction translates into efficient virus control, whereas

quicker contraction, including enhanced IL-10 production,

protects against excessive tissue injury.20

CD4+ T cell-intrinsic ARG1 controls the kinetic response
and tissue pathology
Because CD4cre+ Arg1fl/fl animals lack ARG1 expression in both

CD4+ and CD8+ T cells, we set out to ensure the specific contri-

bution of CD4+ T cell-intrinsic Arg1 in the CD4+ T cell response

and T cell-mediated tissue pathology. First, we determined

thatArg1CKOCD4+ T cells andWTCD4+ T cells have similar ho-

meostatic proliferation when transferred together into Rag KO

mice (Figures 3A–3D). Next, to assess whether the accelerated

influenza-induced CD4+ T cell response in Arg1 CKO mice was

due to loss of CD4+ T cell-intrinsic ARG1, we transferred con-

genically labeled WT and Arg1 CKO CD4+ T cells along with

WTCD8+ T cells intoRagKOmice and assessed their responses

early during infection (Figure 3E). As seen with infection of the

Arg1 CKO mice at day 7 p.i., transferred Arg1-deficient CD4+

T cells had an increased frequency of virus-induced CD11a+

CD49d+ cells and increased proliferation (Figures 3F–3H). These

data demonstrate that CD4+ T cell-intrinsic Arg1 regulates

the CD4+ T cell effector response during influenza infection,

independently from contributions of ARG1 expressed by CD8+

T cells.

To pinpoint whether CD4+ T cell-intrinsic Arg1 also modulates

CD4+ T cell-driven tissue pathology, we used a CD4+ T cell

transfer model of colitis in which pathology is typically

driven by Th1 responses (IFN-g responses).21–23 Using this

model, we observed that the transfer of sorted naive splenic

CD4+ T cells (CD45RBhi CD25�CD4+ T cells) from Arg1 CKO

mice into Rag1-deficient recipients caused less colitis, including

lower inflammation and overall reduction in the pathology

severity score, compared with Rag1-deficient mice that had
etramer+) lung CD4+ T cells and their CD11a and CD49d expression (in red) and

d (H) NP311-235 tetramer+ CD4+ T cells at days 7 and 9 p.i. inWT andArg1CKO

nd (J) T-bet expression by CD11alo CD49dlo, CD11a+CD49d+, and NP311-235

4+ T cells (at day 7 p.i. and after in vitro restimulation with PR8-infected or non-

–15. *p < 0.05, **p < 0.01.

significant difference. (B, C, K, and L) Combined data from three individual

. Each dot represents a sample from an individual mouse. See also Figure S2.
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Figure 3. Arg1 regulation of CD4+ T cell responses and pathology is CD4+ T cell-intrinsic

(A) Experimental setup for (B)–(D).

(B) Representative FACS plot showing transferred WT and Arg1 CKO CD4+ T cells.

(legend continued on next page)
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received WT CD4+ T cells (Figures 3I–3R). Taken together, these

data demonstrate that CD4+ T cell-intrinsic Arg1 regulates Th1

cell effector responses, including the tissue pathology associ-

ated with these responses.

Intrinsic ARG1- but not ARG2-deficiency alters the Th1
life cycle
We next performed a series of in vitro experiments with CD4+

T cells isolated from the spleens of naive Arg1 CKO and WT

mice (Figure 4A). We noted no significant differences in T cell

thymic development (albeit a slight increase in DN4 cells in

Arg1CKOmice (Figure S3A) or frequencies of naive andmemory

splenic CD4+ T cells (Figures 4B and S3B) between Arg1 CKO

andWTmice. In line with the changes observed in in vivo-elicited

lung anti-virus CD4+ T cell responses (Figures 2C–2I), CD4+

T cells lacking Arg1 exhibited a more pronounced early prolifer-

ation following in vitro CD3+CD28 activation (days 2.5–3,

Figures 4C–4E, left), with reduced proliferation at later phases

(day 5, Figure 4E, right) when compared with WT CD4+ T cells,

while cell death remained unaffected (Figures S3C and S3D).

Similarly, Th1 responses were also augmented in the Arg1

CKO T cells, including a trend toward increased IFN-g produc-

tion and higher IL-10 induction compared with WT CD4+

T cells (Figures 4F, 4G, and S3E), broadly in agreement with

our in vivo observations (Figures 2K and 2L). In contrast, the pro-

duction of IL-17A, IL-5, IL-13, and IL-4 was not altered upon

in vitro activation of Arg1 CKO CD4+ T cells (Figures S3F–S3I).

Additionally, Arg1 CKO CD4+ T cells activated in vitro under

Th1 polarizing conditions had enhanced IL-10 responses and

increased proliferation with faster contraction (less proliferation

at day 5 after activation) (Figures S3J–S3M), in line with our

data under non-polarizing conditions (Figures 4C–4G). We noted

no alterations in the frequency of FoxP3+ regulatory CD4+ T cells

in the spleen, lymph nodes, or blood of Arg1 CKO mice

(Figures S3N and S3O), further supporting a specific role for

ARG1 in Th1 type responses.

Arginase exists in two isoforms, ARG1 and arginase 2 (ARG2),

with comparable enzymatic activities, but distinct preferences in

tissue and subcellular location.24 While ARG1 is mostly found in

the cytoplasm, ARG2 accumulates in the mitochondria25 (Fig-

ure 4H). Although ARG1 activity in T cells has thus far not been

described, T cell-intrinsic ARG2 plays a role in regulating intra-

cellular arginine concentrations, regulatory T cell numbers and

function, and CD8+ T cell anti-tumor responses.10,26,27 Thus,

we next assessed the effect of Arg2-deficiency in CD4+ T cells

on cytokine production. Naive Arg2 KO mice exhibited
(C and D) Numbers of CD4+ T cells recovered from (C) spleens and (D) lymph no

(E) Experimental setup for (F)–(H).

(F) Representative FACS plot of lung WT and Arg1 CKO CD11a+ CD49d+ cells a

(G and H) Frequency of lung (G) CD11a+ CD49d+ CD4+ T cells and (H) Ki67+ CD

(I) Experimental setup for (J)–(R).

(J) Body weight of mice receiving no cells, n = 1, or WT or Arg1 CKO cells, n = 8

(K) Percentage of CD4+ T cells in the spleens, n = 8–10.

(L and M) Numbers of CD4+ T cells in (L) spleens and (M) colons, n = 8–10. Repr

(N and O) Weight of (N) spleens and (O) colons of mice injected with WT or Arg1

(P–R) Colon pathology of mice injected with WT or Arg1 CKO based on (P) severity

H&E staining of the colons.

(N–Q) Combined data from two individual experiments, n = 15 individual mice/gr

***p < 0.001. (C, D, G, and H) paired Student’s t test; (J–Q) two-tailed Student’s
decreased frequencies of naive (CD44lo CD62Lhi) and increased

effector/effector memory (CD44hi CD62Llo) CD4+ T cells in their

spleens compared with WT mice (Figures 4I and S3B), in align-

ment with previous work reporting that ARG2 restrains CD8+

T cell memory development.26 It is not possible to conclusively

determine whether this is a CD4+ T cell-intrinsic Arg2 effect

because we utilized T cells from global Arg2-deficient animals.

However, isolated Arg2 KO CD4+ T cells displayed no significant

difference in IFN-g and IL-10 production, compared with WT

CD4+ T cells, following in vitro stimulation (Figure 4J). Instead,

Arg2 KO CD4+ T cells secreted more IL-17A (Figures 4K and

S3G) as well as IL-5, IL-13, and IL-4 (Figures S3H and S3I), sug-

gesting that ARG2 restricts Th17 and Th2 responses. RNA-seq

analyses of in vitro CD3 and CD28-activated CD4+ T cells from

WT, Arg1 CKO, and Arg2 KO mice confirmed that Arg1 and

Arg2 KO CD4+ T cells showed transcriptionally distinct profiles.

More genes were differentially expressed between Arg1-defi-

cient and WT or Arg2-deficient CD4+ T cells than there

were when comparing Arg2-deficent vs. WT cells (Figure 4L;

Table S2). Further, genes differentially expressed in Arg1

CKO cells were especially enriched in IFN-g responses and

other IFN-g-associated (e.g., allograft rejection, inflammatory

response) biological pathways (Figure 4M). Taken together,

these data indicate that Arg1 expressed in CD4+ T cells plays

a non-redundant function in the regulation of the Th1 lifecycle

in a manner that is distinct from the functions of Arg2.

ARG1-deficient CD4+ T cells produce polyamines but
exhibit metabolic perturbations
ARG1 mediates the conversion of arginine into ornithine and

urea. Ornithine is utilized by cells to generate polyamines (pu-

trescine, spermidine, and spermine; Figure 5A), which are crucial

in governing T cell proliferation and effector cell fate.28–32 Thus,

we hypothesized that Arg1 CKO CD4+ T cells would have a

reduced ability to generate ornithine and downstream poly-

amines. However, mass spectrometry analyses of splenic WT

and Arg1 CKO CD4+ T cells revealed that ornithine and

polyamine levels were unaltered in Arg1 CKO CD4+ T cells

(Figures 5B and 5C). Arginine levels in the Arg1 CKO T cells

were also normal (Figure 5D), indicating that the observed

changes in the Arg1 CKO CD4+ T cell response were not due

to intracellular arginine accumulation, which has previously

been observed in Arg2-deficient T cells.10 Nonetheless, upon

in vitro activation, Arg1 CKO CD4+ T cells were unable to reach

the levels of oxidative phosphorylation (OXPHOS) observed in

WT CD4+ T cells, as shown by reductions in basal and maximal
des 7 days post transfer, n = 4.

t day 7 p.i.

4+ T cells at day 7 p.i., n = 5.

–10.

esentative of two individual experiments.

CKO CD4+ T cells, n = 15.

and (Q) inflammation, assessed via H&E histology staining. (R) Representative

oup. Each dot represents a sample from a single mouse. *p < 0.05, **p < 0.01,

t test.
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Figure 4. Intrinsic arginase 1, but not arginase 2, deficiency alters the Th1 life cycle

(A) Experimental setup for (B)–(G).

(B) Splenic naive CD4+ T cells in uninfected WT and Arg1 CKO animals, n = 14–16 (data from four combined experiments shown).

(C and D) Representative (C) histogram of cell trace violet dilution at day 3 post activation and (D) division index (n = 3–4, one representative of two individual

experiments shown).

(E) 5-ethynyl-20-deoxyuridine (EdU) incorporation at days 2.5 (n = 7–8) and 5 (n = 5) post activation (data from two combined individual experiments).

(F) IFN-g and IL-10 secretion at day 3 post activation (n = 5–7, data from two combined individual experiments shown).

(G) Representative FACS plots showing intracellular IFN-g and IL-10 staining at 5 days post activation.

(H) Simplified schematic of ARG1 and ARG2 subcellular localization to cytoplasm (cyto) or mitochondria (mito).

(legend continued on next page)

ll
OPEN ACCESS Article

8 Immunity 56, 1–18, September 12, 2023

Please cite this article in press as: West et al., Loss of CD4+ T cell-intrinsic arginase 1 accelerates Th1 response kinetics and reduces lung pathology
during influenza infection, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.07.014



ll
OPEN ACCESSArticle

Please cite this article in press as: West et al., Loss of CD4+ T cell-intrinsic arginase 1 accelerates Th1 response kinetics and reduces lung pathology
during influenza infection, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.07.014
oxygen consumption rates (OCRs), as well as spare respiratory

capacity (Figures 5E and 5F). Further, Arg1 CKO CD4+ T cells

trended toward a reduction in glycolysis upon in vitro activation

(Figures 5E and 5G) and these perturbations occurred despite

the ability of Arg1-deficient CD4+ T cells to uptake glucose and

activate mammalian target of rapamycin (mTOR) normally

(Figures S4A and S4B). Hence, CD4+ T cells lacking ARG1 can

unexpectedly generate ornithine and polyamines, but have per-

turbations in normal cell metabolism upon activation.

ARG1-deficiency in CD4+ T cells triggers altered
glutamine metabolism
To better understand the cause of the metabolic differences be-

tween Arg1 CKO and WT CD4+ T cells, we performed unbiased,

untargeted,metabolomicsonArg1CKOandWTCD4+Tcells after

invitroactivation.We identifiedglutamineasoneof themetabolites

most differentially abundant between Arg1 CKO and WT CD4+

T cells, with glutamine levels strongly reduced in Arg1 CKO CD4+

T cells (Figures 6A and 6B; Table S3). Thiswas an intriguing finding

because, in addition to feeding the TCA cycle in T cells via glutami-

nolysis to glutamate (Figure 6C), glutamine can also be utilized to

generate ornithine and polyamines (Figure 6C)28,33 and is particu-

larly important during Th1 induction (Figure 6C).28,33,34 Thus, we

explored the possibility that a proportion of glutamine may be

shunted from anaplerosis into ornithine and polyamine production

in CD4+ T cells lacking Arg1 expression. Indeed, although Arg1

CKO cells had normal glutamine uptake (Figure S5A), both gluta-

mate and a-ketoglutarate (aKG), a TCA intermediate, were

reduced in the Arg1 CKO T cells (Figures 6D and 6E). Addition of

a cell-permeable form of aKG (dimethyl-aKG [DM-KG]) reduced

the accelerated Arg1 CKO Th1 responses by normalizing their

increased ratio of IL-10 vs. IFN-g production (Figure S5B).

The idea that alterations in glutamine metabolism, here trig-

gered by Arg1-deficiency, may contribute to the changes in

Th1 responses observed in CD4cre+ Arg1fl/fl mice is consistent

with a study suggesting that glutaminolysis restricts the Th1

response in mice.35 Specifically, inhibition of glutamine synthase

1 (GLS1), a main enzyme converting glutamine to glutamate, by

the inhibitor CB839 in CD4+ T cells (Figure S5C), results in

increased Ifng gene transcription and Th1 induction. Mining

these public data, we found evidence that a reduction in glutami-

nolysis (via CB839 treatment) also increased Il10 gene transcrip-

tion (Figure S6D, data derived from GEO: GSE112244). Thus, in-

hibition of normal glutamine metabolism likely alters both Th1

induction (IFN-g) and contraction (IL-10) and phenocopies our

observations made in Arg1 CKO CD4+ T cells.

However, while a reduction of glutaminolysis aligns with the

altered production of Th1 cytokines in the Arg1 CKO CD4+

T cells, restriction of glutaminolysis is generally associated with

a delay in early proliferation35 and is contrary to the increased

kinetic response exhibited by Arg1 CKO CD4+ T cells. To under-
(I) Splenic naive CD4+ T cells in naive WT and Arg2 KO mice, n = 12–14 (data de

(J and K) CD4+ T cells fromWT and Arg2 KOmice were activated in vitro for 3 day

from two combined individual experiments; IL-17A, n = 3–4).

(L and M) RNA-seq analyses of CD4+ T cells from WT, Arg1 CKO, or global Ar

(L) numbers of differentially expressed genes (DEGs) and (M) venn diagram and

represents a sample from a single mouse. *p < 0.05, **p < 0.01.

(D–F and I–K) Two-tailed Student’s t test. ns, no statistically significant differenc
stand this discrepancy, we took cues from what is known about

the role of altered glutaminolysis in cancer cells. Cancer cells are

highly proliferative and often dependent on glutamine. In fact,

increased glutamine metabolism is now considered one hall-

mark of cancer.36 Suppression of glutaminolysis, via inhibition

of GLS, is therefore among the current methods being explored

clinically to restrict cancer cell growth.37–39 However, the induc-

tion of glutamic pyruvate transaminase 2 (GPT2), which cata-

lyzes the reversible reaction between pyruvate and glutamate

to generate alanine and aKG (Figure 6F), acts as a counter-mea-

sure to maintain TCA anaplerosis and cell growth in GLS-in-

hibited glutamine-dependent cancer cells.40 Mining the previ-

ously published RNA-seq data from Johnson et al., we found

evidence that CD4+ T cells express Gpt2. Further, reduced

glutaminolysis, via inhibition of GLS1, resulted in increased

Gpt2 expression in Th1 cells (Figure S5E, data derived from

GEO: GSE112244), suggesting that CD4+ T cells could compen-

sate for reduced glutaminolysis by upregulatingGpt2. In line with

this notion, we found that CD4+ T cells increased GPT2 protein

upon activation (Figure S5F) and that Arg1 CKO, but not Arg2

KO CD4+ T cells, had a greater increase in GPT2 expression

comparedwithWT cells (Figures 6G, 6H, S5F, and S5G). Further,

inhibition of GLS (via treatment with CB839) or GPT2 inhibition

(via treatment with the aminooxyacetate [AOA] transaminase

inhibitor) resulted in aberrant intracellular glutamine and

glutamate levels in CD4+ T cells, demonstrating the importance

of these enzymes in glutamine metabolism in CD4+ T cells

(Figures S5H–S5M). Importantly, GPT2 appears to play a role

in CD4+ T cell proliferation, as inhibition of GPT2 (with AOA) dur-

ing in vitro activation of CD4+ T cells dampens normal cell prolif-

eration in a dose-dependent manner (Figures S5N and S5O). In

addition, GPT2 inhibition in Arg1 CKO CD4+ T cells normalized

IL-10 levels without affecting IFN-g production and rendered

these cells now indistinguishable from WT CD4+ T cells (Fig-

ure 6I). Consistent with our findings that ARG2 may not play a

role in Th1 responses, GPT2 inhibition had no effect on the

Arg2 KO CD4+ T cell IFN-g or IL-10 production (Figure 6I).

Together, these data indicate that loss of ARG1 in CD4+ T cells

results in altered glutamine metabolism/utilization and an

adaptative increase in GPT2 expression, which may sustain

cell proliferation in conjunction with increased IL-10 production

(Th1 contraction).

ARG1 paces human Th1 responses and Th1 contraction
We next assessed whether our findings in mouse CD4+ T cells

extend to human Th1 biology. Human Th1 induction and

contraction requires the cell-intrinsic engagement of the hu-

man-specific co-stimulator CD46, a complement receptor,

which supports nutrient influx and metabolic reprogramming

during T cell activation.7–9,41–43 In vitro activation of healthy

human donor CD4+ T cells with antibodies to CD3 and CD46
rived from four individual experiments).

s and (J) IFN-g, IL-10, and (K) IL-17A measured (IFN-g, n = 3; IL-10, n = 6, data

g2 KO mice at 22 h post in vitro activation (n = 3 individual mice/group) with

list of overlapping enriched biological pathways derived from DEGs. Each dot

e. See also Figure S3.
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Figure 5. Arginase-1-deficient CD4+ T cells generate polyamines but have metabolic perturbations

(A) Simplified diagram of the classical arginase pathway.

(B–D) CD4+ T cells were isolated from the spleens of WT and Arg1 CKO mice and stimulated in vitro with anti-CD3 and anti-CD28 antibodies for 22–24 h. (B)

Ornithine, n = 3 samples from individual mice, done in triplicate; (C) polyamine, n = 3 samples from individual mice; and (D) arginine abundancy in the CD4+ T cells,

as determined by liquid chromatography-mass spectrometry, n = 3 samples from individual mice.

(E–G) (E) Glycolysis (ECAR) and oxidative phosphorylation (OCR), as determined by Seahorse metabolomic profiling in response to oligomycin (oligo), carbonyl

cyanide 4-(trifluoromethoxy) phenylhydrazone (fccp), and rotenone (rot) are shown with (F) accompanying statistical evaluation. ECAR, extracellular acidification

rate; OCR, oxygen consumption rate. (E–G) n = 4, each dot represents individual mouse, one representative of three total experiments shown. *p < 0.05.

(B, D, F, and G) Mann-Whitney test; (C) Kruskal-Wallis test. ns, no statistically significant difference. See also Figure S4.
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resulted in upregulation of ARG1 (Figures 7A and S6A) and

accumulation of the main arginine transporter, cationic amino

acid transporter 1/solute carrier family 7 member 1 (CAT-1/

SLC7A1),44 on the T cell surface (Figures 7B andS6B).Moreover,

inhibition of arginases, ARG1 and ARG2, via the pan arginase in-

hibitor Nu-hydroxy-nor-L-arginine (nor-NOHA) resulted in

enhanced IFN-g and IL-10 responses and an increase in the

IL-10 to IFN-g ratio (Figure 7C). These data suggest that T cell-

intrinsic arginase may also play a regulative role in human Th1

biology. However, an isoform-specific inhibitor for ARG1, and

not ARG2, is not available, and human CD4+ T cells do express
10 Immunity 56, 1–18, September 12, 2023
ARG2 (Figure S6C). Thus, to address the specific effect of ARG1

absence we sourced blood samples from four rare pediatric pa-

tients with ARG1-deficiency (patients 1–4; Table S4) and

analyzed their CD4+ T cell responses after in vitro activation in

comparison with CD4+ T cell responses from age-matched

healthy control (HC) individuals. ARG1-deficiency is an inherited

disorder that leads to hyperammonemia and is associated with

developmental delays, intellectual disabilities, seizures, and

spasticity.45 Importantly though, the immune cell phenotype of

patients with ARG1-deficiency has thus far not been analyzed.

We did not observe differences in the frequency of naive or



Figure 6. Arginase 1-deficiency in CD4+ T cells triggers altered glutamine metabolism

(A and B) Volcano plot of (A) differential metabolite abundance in in vitro-activated (22–24 h) CD4+ T cells from WT and Arg1 CKO mice, n = 4–6. Positive and

negative ionization mode features (gray), unannotated features that exceeded log2FC > 0.26 (�20% change) and adjusted p value < 0.05 (black), annotated

features which exceeded log2FC > 0.26 and adjusted p value < 0.05 (red- and blue-highlighted and labeled for clarity), and (B) glutamine abundancy.

(C) Simplified schematic of intersecting arginine and glutamine pathways.

(D and E) Abundance of (D) glutamate and (E) a-ketoglutarate (aKG). For aKG, n = 3 individual mice shown with technical replicates.

(F) Schematic of Gpt2 activity in glutamine metabolism.

(legend continued on next page)
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memory CD4+ T cell populations between HCs and patients (Fig-

ure S6D). However, upon activation, the CD4+ T cells from pa-

tients produced IFN-g within the normal range but displayed

enhanced IL-10 production and hence an increased IL-10 to

IFN-g ratio compared with HC CD4+ T cells (Figures 7D and

7E). This skewing of Th1 cells toward IL-10 production in CD4+

T cells from patients with ARG1-deficiency was further amplified

upon restimulation of CD4+ T cells (Figure 7F). IL-17 production

was not affected in the patients’ CD4+ T cells (Figure S6E), but

we observed an increase in secretion of the Th1-associated

cytokine TNF-a (Figure S6F). This indicated that loss of ARG1

in CD4+ T cells primarily affects Th1 responses in humans,

congruent with the data observed in mouse Arg1 CKO CD4+

T cells. Although we were unable to assess the proliferation of

the patients’ CD4+ T cells at an early time point due to the small

blood sample volumes obtained, they exhibited decreased pro-

liferative capacity at day 5 post activation as compared with HC

CD4+ T cells (Figures 7G and 7H) and a reduction in the number

of living cells upon restimulation (Figure 7I). The CD4+ T cells

from the ARG1-deficient patients were able to uptake glutamine

(Figure S6H) and contained normal amounts of polyamines

(Figures 7J and S6G) but had less glutamine carbons incorpo-

rated into glutamate and into the TCA cycle intermediate, a-KG

(Figures S6I–S6L). Further, they exhibited defective glycolysis

and OXPHOS upon activation (Figure 7K), overall phenocopying

the metabolic perturbations we saw in the Arg1-deficient mouse

CD4+ T cells (we were unable to perform all experiments

with CD4+ T cells from all of the patients due to low blood sample

volume). Ablation of ARG1 in HC CD4+ T cells by CRISPR-

Cas9 also induced increased IL-10 switching/Th1 contraction

(Figures S6M–S6O), without affecting IL-17A or IL-4 production

(Figure S6P). In line with their cytokine production, the Th1-asso-

ciated transcription factors, phospho-STAT-1 and STAT-4 and

T-bet, were increased to similar levels in both the control and

ARG1-depleted CD4+ T cells (Figures S6Q and S6R), demon-

strating that ARG1 ablation does not affect key regulators of

Th1 function or identity. In addition, overexpression of ARG1 in

healthy donor CD4+ T cells (Figure 7L) results in the opposite

phenotype as ARG1 depletion, with ARG1 overexpressing cells

displaying normal IFN-g production but decreased IL-10 pro-

duction (Figures 7M and 7N) and a trend toward decreased pro-

liferation (Figure 7O). Taken together, these data indicate that the

altered Th1 responses in patients with ARG1-deficiency are not

due to T cell developmental defects or their medication regimen.

The small volume of blood samples from the pediatric or young

adolescent patients severely limits functional ex vivo experi-

ments. To nonetheless obtain a broader overview of CD4+

T cell perturbations in these patients, we performed mRNA mi-

croarray and pathway analyses of anti-CD3 and CD46-activated

T cells from two patients and age-matched controls. Ranked

among the top pathways perturbed in the patients’ CD4+

T cells were ‘‘metabolism of amino acids and derivatives’’ and

‘‘interleukin 10 signaling’’ (Figure 7P), lending further support to
(G and H) Representative FACS plots showing glutamate pyruvate transaminase 2

day 3 post in vitro activation.

(I) Percentage of IFN-g+, IL-10+, and IFN-g-IL-10 double-positive T cells assess

n = 2–4 (representative of two independent experiments). *p < 0.05, **p < 0.01, *

(B, D, E, G, and I) Two-tailed Student’s t test; (L) one-way ANOVA. ns, no statistical
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the finding that cell-intrinsic ARG1 represents an unexpected

functional intersection between amino acid metabolism and

the Th1 shutdown program. Cumulatively, these data indicate

that CD4+ T cell-intrinsic ARG1 restrains early proliferative

clonal expansion as well as the switch into the IL-10-producing

contraction phase in both mice and humans.

DISCUSSION

In this study, we demonstrate that, contrary to previous reports,

ARG1 is expressed by both mouse and human CD4+ T cells.

Functionally, ARG1 serves as a pace keeper of Th1 induction

and contraction by restraining early proliferative expansion

and the timely switch into the IL-10-producing contraction

phase. Further, changes in the ARG1-mediated temporal con-

trol of Th1 immunity have significant biological impact, as a

lack of CD4+ T cell-intrinsic ARG1 expression allows for effec-

tive pathogen control while also substantially reducing Th1-me-

diated tissue pathology. This may explain why pediatric pa-

tients with deficiency in ARG1 do not suffer from recurrent

infections.

Although the role of T cell-intrinsic ARG2 has been previously

explored, the expression of ARG1 in T cells has been disputed,

as a previous study failed to observe ARG1 in mouse and human

CD4+ T cells.10 Here, we demonstrate that ARG1 and ARG2

appear to play distinct and non-redundant roles in CD4+ T cell

biology: ARG1 and ARG2 engage transcriptionally distinct signa-

tures in CD4+ T cells upon activation, and CD4+ T cell-intrinsic

ARG1 specifically controls Th1 responses while ARG2 appears

to impact mostly on Th2 and Th17 cytokine production. It is

not entirely surprising that the two arginase isoforms have

distinct functions, as the isoforms show different preferential

expression across tissues and cells,46 reside in different subcel-

lular locations,47 and display subtle differences in kinetic

behavior.48

CD4+ T cells normally show preferential usage of cellular

arginine for polyamine generation and retain high levels of

glutamine for optimal glutaminolysis early during activation.10

This amino acid comsumption pattern is lost in Arg1-deficient

CD4+ T cells, indicating that ARG1 activity allows for balanced

arginine vs. glutamine metabolism during Th1 induction. Our

data suggest that the adaptive usage of glutamine in Arg1-defi-

cient CD4+ T cells, likely to sustain polyamine generation (Fig-

ure 5C), changes the generation of key glutaminolysis/TCA

cycle metabolites, which have been previously connected

with increased Th1 effector function (IFN-g production).35

Importantly, reduced glutaminolysis also expedited the switch

of Th1 cells into IL-10 co-production and their contraction pro-

gram. The finding that provision of a-KG to Arg1-deficient CD4+

T cells reduced IL-10 co-production aligns with previous data

showing that a-KG inhibits the suppressive capacity of CD4+

T cells activated under regulatory T cell (Treg) polarizing

conditions.49
(GPT2) protein expression inWT, (G)Arg1 KO, and (H)Arg2 KOCD4+ T cells on

ed via flow cytometry after in vitro stimulation with or without AOA treatment,

***p < 0.0001.

ly significant difference, TCA cycle, tricarboxylic acid cycle. See also Figure S5.



Figure 7. T cell-intrinsic arginase 1 restrains human Th1 responses and Th1 contraction

(A and B) Representative FACS plots showing (A) arginase 1 (ARG1) expression and (B) CAT-1 expression at days 2 and 3 in healthy donor CD4+ T cells after

in vitro stimulation, n = 4.

(legend continued on next page)
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The cross-regulative relationship between arginine and gluta-

mine metabolism in CD4+ T cells described here is also poten-

tially of interest to cancer biology. Altered glutamine metabolism

(and often dependency) is a hallmark of cancer growth,36 and in-

hibition/alteration of glutamine metabolism is an attractive meta-

bolic therapy for cancer treatment.50 In fact, we took cues from

the cancer field to understand why Arg1-deficient CD4+ T cells

proliferated so strongly despite reduced TCA cycle intermedi-

ates and reduced glycolysis: several cancer cells can adaptively

upregulate GPT2, which catalyzes the reversible reaction be-

tween pyruvate and glutamate to produce alanine and prolifera-

tion supporting a-KG.51 Indeed, Arg1-deficient CD4+ T cells

seem to engage this adaptive rescue mechanism, as inhibition

of GPT2 in Arg1 CD4+ T cells normalized their Th1 response.

Controlled GPT2 induction may also be part of the normal Th1

program, as inhibition of GPT2 reduced IFN-g production and

proliferation by CD4+ T cells isolated from WT mice (Figures 6I,

S5N, and S5O). Thus, modulation of arginase/arginine meta-

bolism could be a new avenue to explore in chimeric antigen re-

ceptor (CAR)-T cell biology.

A puzzling observation, however, remains the reduced glycol-

ysis in CD4+ T cells lacking ARG1 expression, despite normal

glucose uptake and S6 phosphorylation (Figure S4), and the

acknowledged requirement of high glycolysis for Th1 induc-

tion.52 We have previously shown that the return of glycolysis

to near steady-state levels is associated with human Th1

contraction,41 thus low glycolysis would principally align with

the more rapid or increased IL-10 secretion observed by Arg1

CD4+ T cells. Further, GPT2 is a pivot between glucose and

glutamine metabolism and, as such, altered GPT2 levels will

impact on important cell physiological pathways, including

TCA activity, glucose carbon usage, mTORC1 activity, and auto-

phagy—all pathways with known impact on T cell activation and

effector programs.53 Consequently, while the changes in gluta-

mine metabolism in relationship to faulty ARG1 activity provide

new explanations for altered Th1 kinetics, there are undoubtedly

additional, undefined metabolic perturbations and adaptive re-

sponses engaged in Arg1-deficient CD4+ T cells.

Here, we observed that the accelerated Th1 life cycle was

beneficial for the host and reduced Th1-associated tissue dam-
(C) Amount of IFN-g (left), IL-10 (middle), or ratio of IL-10 to IFN-g (IL-10/IFN-g) (rig

presence of Nu-hydroxy-nor-L-arginine (nor-NOHA) or vehicle, n = 4.

(D–K) CD4+ T cells were isolated from the blood of patients with arginase-1 defici

(D–F) IFN-g and IL-10 secretion byCD3+CD46-activated CD4+ T cells (36 h, prima

g ratio during primary activation, n = 4 (four individual patients with multiple bloo

for �18–20 h post resting (5 days), n = 4 (individual patients, some with multiple

(G and H) 5-ethynyl-20-deoxyuridine (EdU) incorporation at day 5 post primary s

healthy controls with technical duplicates, and n = 3 patients.

(I) Percent of live CD4+ T cells after restimulation, as described under (F), n = 2 hea

(J) Polyamine abundancy in resting CD4+ T cells.

(K) Glycolysis (ECAR) and oxidative phosphorylation (OCR) as determined by Se

24 h.

(L–O) ARG1 was over expressed in isolated CD4+ T cells from three healthy donors

plot showing ARG1 expression in control (CTRL) electroporated versus ARG1 el

CD4+ T cells were activated in vitro for 36 h. (M) Representative FACS plot, (N) cum

are Ki67+.

(P) Pathway analysis of DEGs derived from microarray analyses of CD3+CD46-ac

control cells, n = 2. *p < 0.05, **p < 0.01.

(C, N, and O) Paired Student’s t test; (E, F, H, and I) Mann-Whitney test. fccp,

acidification rate; OCR, oxygen consumption rate; oligo, oligomycin; rot, rotenon

14 Immunity 56, 1–18, September 12, 2023
age in an infection and intestinal autoimmune model, aligning

well with previously reported data where IL-10 co-production

by effector T cells drives the resolution of inflammation during

influenza infections5 and sustains mucosal tissue homeosta-

sis.54 However, in the context of other infectious diseases,

such as Leishmania major,55 Listeria monocytogenes,56 and lym-

phocytic choriomeningitis virus (LCMV) infections,57 excessive

or prolonged IL-10 production by T cells is detrimental as it im-

pedes effective pathogen clearance.58 Although it is broadly

recognized that timely Th1 contraction is required to prevent

autoimmunity,59 the exact effects of IL-10 co-induction by Th1

cells among the immune cell networks dysregulated in autoim-

mune states is still not fully delineated.58 Therefore, Arg1-defi-

ciency in CD4+ T cells may lead to different outcomes in other

disease models.

Lastly, pharmacological modulation of ARG1 and ARG2 activity

is becoming attractive for use as a medical intervention due to the

association of pathological arginase expression with cancer pro-

gression, hypertension, and autoimmune, neurodegenerative,

and cardiovascular disease.60,61 However, another outcome of

our work is the finding that ARG1 plays opposing roles in CD4+

T cells and in macrophages. Although ARG1 in CD4+ T cells sus-

tains Th1 responses and contributes to tissue damage, in macro-

phages, ARG1andARG2aremarkers of the anti-inflammatoryM2

subtype and contribute to their IL-10 production and anti-inflam-

matory and tissue-repair capacities.25,62,63 Thus, although ARG1

emerges as a therapeutic target of interest, we need to develop

arginase-isoform-specific inhibitors, which currently do not

exist,61 and better understand the temporal and cell-specific ac-

tivities of ARG1 across the immune cellular networks underlying

different disease states.

Limitations of the study
Our data did not provide the exact molecular mechanism(s) by

which Th1 cells sense changes in arginine and glutamine meta-

bolism and translate those into the initiation of Th1 contraction,

and tracing glutamine carbon incorporation into polyamines

may help further shed light on this. Further, although we provide

evidence as to why ARG1-deficient CD4+ T cells may still prolif-

erate despite reduced glycolysis and OXPHOS via increased
ht) secreted by CD4+ T cells after CD3+CD46 stimulation in vitro for 36 h in the

ency (designated as P) and age-matched healthy controls (designated as HC).

ry activation) with (D) individual values and (E) cumulative data for the IL-10/IFN-

d samples taken over a 2-year period), and (F) after CD3+CD46 restimulation

blood samples taken over a 2-year period).

timulation with (G) a representative FACS plot and (H) cumulative data, n = 2

lthy controls done in duplicate and n = 3 patients, 1 with a technical duplicate.

ahorse metabolomic profiling of CD4+ T cells after CD3+CD46 stimulation for

(n = 3) by electroporation of ARG1 into the cells with (L) a representative FACS

ectroporated CD4+ T cells prior to activation. ARG1 overexpressing or control

ulative data showing IFN-g and IL-10 production, and (O) percent of cells that

tivated CD4+ T cells (6 h) from patients 1 and 2 and two age-matched healthy

carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; ECAR, extracellular

e. See also Figure S6 and Table S4.
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GPT2 usage, their validation requires future experimental prob-

ing. Finally, we have only explored the phenotype of ARG1-defi-

ciency in acute Th1 responseswhile its effect in recall responses,

chronic infection, or other disease settings remains to be

assessed.
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PE anti-human TNFa (MAb11) Biolegend Cat# 502909; RRID: AB_315261

anti-mouse CD3 (145-2C11) BioXcell Cat# BE0001-1; RRID: AB_1107634

anti-mouse CD28 (37.51) BioXcell Cat # BE0015-1; RRID: AB_1107624

anti-human CD3 (OKT3) BioXcell Cat# BE0001-2; RRID: AB_1107632

anti-human CD28 (CD28.2) BD Biosciences Cat # 555725; RRID: AB_396068

anti-human CD46 (TRA2-10) Washington University

Hybridoma Center (WUHC)

Clone TRA-2-10; Wang et al.64

anti-mouse IL-4 (1B11) BioXcell Cat # BE0045; RRID: AB_1107707

Alexa Fluor� 488 goat anti-rabbit IgG1

secondary Ab

Invitrogen Cat# A11034; RRID: AB_2576217

Bacterial and virus strains

Influenza PR8-33 (H1N1) Mueller et al.65 N/A

Biological samples

Healthy donor blood buffy coats NIH blood Bank (NIH) N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Healthy donor freshly drawn blood NIH blood Bank or University

Children’s Hospital Zurich

Switzerland or Medical

University of Innsbruck Austria

N/A

Blood samples from pediatric ARG1

deficient patients

University Children’s Hospital

Zurich Switzerland or Medical

University of Innsbruck Austria

N/A

T cells isolated from WT, Arg1 KO or Arg2

KO mice

NIH N/A

Chemicals, peptides, and recombinant proteins

Brilliant Violet conjugated NP311-325

tetramer

NIH tetramer core facility N/A

Rabbit Fc-tagged BLV-RBD

(BLV.RBD.rabbitIgG1-Fc)

Metafora-biosystems Lavanya et al.66

Recombinant mouse IL-12 protein Biolegend Cat # 577004

Recombinant mouse IL-7 protein Biolegend Cat # 577804

Recombinant human IL-2 protein Peprotech Cat # 200-02

Recombinant mouse GM-CSF Biolegend Cat # 576304

LIVE/DEAD� Fixable Near-IR Invitrogen Cat # L10119

LIVE/DEAD� Fixable Aqua Invitrogen Cat # L34965

Cell trace violet Invitrogen Cat # C34557

NorNOHA Cayman Chemicals Cat # 10006861

Aminooxyacetate Cayman Chemicals Cat # 28298

di-methyl 2-ooxoglutarate Sigma-Aldrich Cat # 349631

Recombinant ARG1 his-tag protein BPS Biosciences Cat # 71658

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat # P1585

Protein Transport inhibitor Thermo-Fisher Cat # 00-4980-03

Ionomycin Sigma-Aldrich Cat # 13909

oligomycin Sigma-Aldrich Cat # O4876

Carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone (FCCP)

Sigma-Aldrich Cat # C2920

rotenone Sigma-Aldrich Cat # R8875

Antimycin A Sigma-Aldrich Cat # A8674

2-NBDG Cayman Chemicals Cat # 11046

TPCK-trypsin ThermoFisher Cat # 20233

Critical commercial assays

Phosphoflow fix buffer I BD biosciences Cat # 557870

Phosphoflow perm buffer III BD biosciences Cat # 554656

BD cytofix/cytoperm kit BD biosciences Cat # 554714

Ebioscience� Foxp3/Transcription Factor

Staining Buffer Set

Invitrogen Cat # 00-5523-00

Mouse CD3e depletion kit Miltenyi Biotech Cat # (# 130-094-973

Mouse CD4 T cell isolation kit Miltenyi Biotech Cat # #130-104-454

Mouse CD4 T cell isolation kit Stem Cell Technologies Cat # 19852

Human CD4 T cell isolation kit Miltenyi Biotech Cat # 130-091-155

Human CD4 T cell isolation kit Stem Cell Technologies Cat # 17952

Click-iT� EDU Alexa Fluor� 647 Flow

cytometry Assay Kit

Thermofisher Cat # C10424

Click-iT� EDU Alexa Fluor� 488 Flow

cytometry Assay Kit

Thermofisher Cat # C10425

P3 primary Cell 4D-Nucleofector X kit S Lonza Cat # V4XP-3032

(Continued on next page)

ll
OPEN ACCESSArticle

Immunity 56, 1–18.e1–e12, September 12, 2023 e3

Please cite this article in press as: West et al., Loss of CD4+ T cell-intrinsic arginase 1 accelerates Th1 response kinetics and reduces lung pathology
during influenza infection, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.07.014



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

p180 targeted quantification kit Biocrates N/A

LEGENDplex� Human T helper

cytokine panel

Biolegend Cat # 741028

LEGENDplex� Human Inflammation panel Biolegend Cat # 740809

LEGENDplex� Mouse T helper

cytokine panel

Biolegend Cat # 741044

LEGENDplex� Mouse Inflammation panel Biolegend Cat # 740446

Mouse IL-10 enhanced sensitivity flex set BD biosciences Cat # 562263; RRD: AB_2869410

RNAqueous Micro Kit Invitrogen Cat # AM1931

NEBNext� Ultra� II RNA Library Prep Kit

for Illumina�
NEB Cat # E7770

NEBNext� Poly(A) mRNA Magnetic

Isolation Module

NEB Cat # E7490

Deposited data

RNA seq of lung/spleen CD4 T cells after

influenza

This paper GEO: GSE214241

RNA seq of in vitro activated CD4 T cells This paper GEO: GSE214241

Microarray of human CD4 T cells This paper GEO: GSE229775

Unbiased metabolomics data This paper MassIVE; MSV000090368

RNA seq Johnson et al.35 GEO: GSE112244

Experimental models: Cell lines

MDCK cells (NBL-2) ATCC Cat# CCL-34; RRID:CVCL_0422

Experimental models: Organisms/strains

Mouse: Arg1flox Jackson laboratory IMSR_JAX:008817

Mouse: CD4cre Jackson laboratory IMSR_JAX:022071

Mouse: Arg2 KO Jackson laboratory IMSR_JAX:020286

Mouse: Rag1 KO Jackson laboratory IMSR_JAX:002216

Mouse: B6 CD45.1 Jackson laboratory IMSR_JAX:002014

Mouse: C57BL/10 Rag2-/- Taconic Line # 103

Oligonucleotides

Alt-R CRISPR-Cas9 tracrRNA Integrated DNA Technologies Cat # 1072534

Non-targeting control gRNA Addgene Cat # BRDN0001149198

Cas9 nuclease Integrated DNA Technologies Cat # 1081059

Software and algorithms

Adobe� Illustrator 2021 Adobe https://www.adobe.com/adobe/illustrator

FlowJo 10 software Treestar https://www.flowjo.com/

Bowtie2 Langmead and Salzberg67 https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

RSubread/v 2.8.1 Liao et al.68 https://bioconductor.org

EdgeR/v 3.36.0 Robinson et al.69 https://bioconductor.org

GraphPad PRISM 9.4.1 Graphpad software https://www.graphpad.com

GSEA version 3.0 Subramanian et al.70 https://www.gsea-msgdb.org

Limma Ritchie et al.71 https://bioconductor.org

Molecular Signatures Database v.7.5.1 Liberzon et al.72 https://www.gsea-msigdb.org/gsea/

msigdb/annotate.jsp

Morpheus Broad institute https://software.broadinstitute.org/

morpheus

DataGraph v 5.0 Visual Data Tools, Inc https://visualdatatools.com

Other

PBS Corning Cat # 21-040-CV
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REAGENT or RESOURCE SOURCE IDENTIFIER

RPMI ThermoFisher Cat # 21870-076

IMDM ThermoFisher Cat # 12440-053

HBSS ThermoFisher Cat # 14170-112

Collagenase Sigma-Aldrich Cat # C7657

DNAse I Sigma-Aldrich Cat # DN25

Percoll� Cytvia Sigma-Aldrich Cat # GE17-0891-01

FBS Sigma-Aldrich Cat # F0926

Seahorse XF RPMI medium Agilent Technologies Cat # 103576-100

Cell-Tak Corning Cat # 354241

HEPES Corning Cat # 25-060-CI

DMEM ThermoFisher Cat # 11320-033

Peniclllin-Streptomycin ThermoFisher Cat # 15070-63

13C-Glutamine Cambridge Isotope

Laboratories, Inc.

Cat # CLM-1822-H-0.25

Glutamine ThermoFisher Cat # 25030-081
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Claudia

Kemper (claudia.kemper@nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA seq data andmicroarray data have been deposited at GEO and the unbiasedmetabolomics data is deposited inMassIVE.

All data are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

d This paper analyzes existing, publicly available data. The accession number for this dataset is listed in the key resources table.

d This paper does not report original code.

d All data reported in this paper will be shared by the lead contact upon request. Any additional information required to reanalyze

the data reported in this paper is available from the lead contact upon request.

Gene expression values obtained throughRNA-sequencing of CD4+ T cells isolated from the lungs and spleens of wild type (WT)mice

infectedwith influenza virus at day 9 post infection are deposited in the NCBI Gene Expression Omnibus (GEO) under accession code

GSE214241. Gene expression values obtained through RNA-sequencing of splenic CD4+ T cells fromCD4cre–Arg1fl/fl (WT), CD4cre+

Arg1fl/fl (Arg1KO), and global arginase 2-deficient (Arg2KO)mice 22 hours post anti-CD3 and anti-CD28 in vitro activation are depos-

ited in the NCBI Gene Expression Omnibus (GEO) under accession code GEO: GSE214241. Gene expression values obtained

through microarray of CD4+ T cells from healthy donor and patients with arginase 1-deficiency 6 hours post anti-CD3 and anti-

CD46 in vitro activation are deposited in NCBI GEO under accession code GEO: GSE229775. The unbiased metabolomics data

is deposited in Mass Spectometry Interactive Virtual Environment (MassIVE) under accession code MassIVE: MSV000090368.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Healthy human donors and patients
Blood samples were obtained and processedwith appropriate ethical and institutional approvals. All healthy donors and the patients’

parents gave informed consent prior to sample collection. CD4+ T cells from adult healthy volunteers were purified from freshly drawn

blood or from buffy coats (both NIH Blood Bank, Bethesda, USA) and activated as described in method details. Detailed information

on the four patients with arginase 1 -deficiency is provided in Table S4.

Mice
Arg1flox mice (strain # 008817), CD4cre mice (strain # 022071), Arg2 KO mice (strain # 020286), Rag1 KO (strain # 002216) and

B6 CD45.1 mice (strain # 002014) are all on the C57BL/6J background and were obtained from Jackson Laboratories.18,73–77 The

Arg1flox mice were bred to the CD4cre mice to generate Arg1fl/fl CD4cre+ mice. The C57BL/10 Rag2-/- mice were obtained from
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Taconic. The appropriate littermate mice were used as WT controls (WT, Arg1fl/fl CD4cre- or WT CD4cre+). Both female and male

mice were used to equal parts and all mice were housed at �22 oC. All mice were maintained in BSL2 AALAC-accredited facilities

at the NIH and were performed in compliance with an animal study proposal approved by the NHLBI Animal Care and Use

Committee.

METHOD DETAILS

Antibodies, proteins and inhibitors
Inhibitors and metabolites

The pan arginase inhibitor NorNOHA (150uM; #10006861, Cayman Chemicals) or the GPT2 inhibitor Aminooxyacetate (AOA; 100uM,

#28298, Cayman Chemicals) or the cell soluble form of 2-oxoglutarate (aKG) (di-methyl 2-ooxoglutarate; 1.5mM, #349631, Sigma-

Aldrich) were added into the in vitro cell cultures at the time of stimulation. Recombinant ARG1 his-tag protein was from BPS

Biosciences (#71658).

Mouse Flow cytometry antibodies/reagents

The following antibodies were used to perform flow cytometry on mouse cells (all antibodies are from Biolegend unless indicated

otherwise): anti-CD3 (clone 17A2), CD4 (clone RMA-4), CD8 (clone 53-6.7), CD11a (clone I21/7), CD11b (clone M1/70), CD25 (clone

PC-61), CD45RB (clone C363-16A), CD49d (clone R1-2), CD62L (clone MEL-14), CD44 (clone IM7), 104) (clone A20), CD45.2 (clone

104), CD90.2 (clone 53-2.1), CD107a (clone 1D4B), CD107b (cloneM3/84), ARG1 (clone A1exF5, ThermoFisher), GPT2 (clone 16757-

1-AP, ThermoFisher), FoxP3 (clone 150D), GR1 (clone RB6-8C5), IL-2 (clone JES6-SH4), IL-4 (clone 11B11), IL-10 (clone JESS-

16E3), IL-17A (TC11-18H10.1), IFNg (clone XMG1.2), live/dead near IR ( L10119 Thermo Fisher), Ki67 (clone B56, BDbiosciences),

Ly6C (clone HK1.4), Ly6G (clone 1A8), pS6 (clone D68F8, Cell Signaling Technology), TCRb (clone H57-597), T-bet (Tbx21, clone

4B10), TNFa (clone MP6-XT22). The influenza PR8-specific NP311-325 tetramer conjugated to BV421 was kindly provided by the

NIH tetramer core facility.

Human flow cytometry antibodies/reagents

The following antibodies were used to perform flow cytometry on human cells (all antibodies are from Biolegend unless indicated

otherwise): ARG1 (clone 14D2C43), CCR7 (clone G043H7), anti-CD3 (clone RPA-T4), CD4 (clone A161A1), CD8 (clone SK1),

CD45RA (clone H1100), CD45RO (clone UCHL1), IFN-g (clone 4S.B3), IL-10 (clone JES-9D7), IL-4 (clone MP4-25D2), IL-17A (clone

BL168), TNFa (Mab11), Ki67 (clone B56, BD biosciences), pSTAT-4 (clone 38, BD Biosciences), pSTAT-1 (clone 4a, BD Biosciences).

Cell surface CAT-1 detection was performed using a soluble ligand derived from the receptor-binding domain (RBD) of the bovine

leukemia virus (BLV) envelope glycoprotein (BLV-RBD).66 Staining was realized with a rabbit Fc-tagged BLV-RBD

(BLV.RBD.rabbitIgG1-Fc) (Metafora-biosystems), followed by an anti-rabbit IgG1-Fc secondary antibody (Thermo Fisher), as previ-

ously described.66

For intracellular staining, BDcytofix/cytoperm buffers were used, except for FOXP3 staining (#00-5523-00, Thermo Fisher) and for

pSTAT-1 and pSTAT-4 (# 557870, BD Biosciences phosphoflow fix buffer I and #554656, BD Biosciences phosphoflow perm buffer

III) were used according to manufacturer’s protocol.

Mouse CD4+ T cell isolation and activation
CD4+ T cells were isolated from mouse spleens using a negative selection kit according to the manufacturer’s protocol (either #130-

104-454 from Miltenyi Biotech (Bergisch Gladbach, Germany) or #19852 from Stem Cell Technologies (Vancouver, Canada)). Purity

of isolated cells was typically >95%, and cells were resuspended in complete RPMI medium (10% FCS, 2mM glutamine (#25030-

149, Gibco), 50U/ml Penicillin + 50mg/ml streptomycin (#15070-063, Gibco) and 2-betamercaptethanol (21985-023, Gibco)). Cells

were activated in plates pre-coated with 2ug/ml of anti-CD3 (clone 145-2C11, BioXcell, West Lebanon, NH) at 2x105 per well of a

96 well plate and 5x105 per well of a 48 well plate in the presence of 1ug/ml soluble anti-CD28 (clone 37.51, BioXcell, West Lebanon,

NH). After 3 days, the cells were harvest, split into half and seeded into a new plate with 25U/ml Human IL-2 (Peprotech). Cells were

harvested and assayed at the indicated timepoints.

Mouse in vitro Th1 polarization
Naı̈ve CD4+ T cells were isolated from mouse spleens using the manufacturer’s protocol (#130-104-453, Miltenyi Biotech). Purity of

isolated cells was typically >95%, and cells were resuspended in complete RPMI medium. Cells were plated at 2x105 per well of a 96

well plate and 5x105 per well of a 48 well plate in the presence of feeder cells /antigen presenting cells (irradiatedWT splenocytes that

were depleted of T cells using a CD3e depletion kit (# 130-094-973, Miltenyi Biotech)), 1mg/ml soluble anti-CD3 (clone 145-2C11,

BioXcell, West Lebanon, NH), 20ng/ml of IL-12 (#577004, Biolegend) and 10 mg/ml of anti-IL-4 (clone 11B11, BioXcell, West Lebanon,

NH). After 3 days, the cells were harvested, split into half and seeded into a new plate with media containing the same concentrations

of IL-12 and anti-IL-4.

Human CD4+ T cell isolation and activation
CD4+ T cells were isolated from human PBMC or buffy coats after centrifugation using Lymphoprep separation medium (Corning,

Vienna, VA) and a negative selection kit according to the manufacturer’s protocol (either #130-091-155 from Miltenyi Biotech (Ber-

gisch Gladbach, Germany) or #17952 fromStemCell Technologies (Vancouver, Canada)). Purity of isolated cells was typically >95%,
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and cells were resuspended in complete RPMImedium (10%FCS, 2mMglutamine (#25030-149, Gibco), 50U/ml Penicillin + 50mg/ml

streptomycin (#15070-063, Gibco)). Purified CD4+ T cells were activated for the indicated time points in 96- or 48 well culture plates

(Greiner, Monroe, NC) precoated with antibodies to CD3 (clone OKT3) and CD46 (clone TRA2.10)64 at 1.5-2 x105 cells/well (96well) or

3.5-5x105/well (48 well) in media containing 50 U/ml recombinant human IL-2 (Peprotech) in an incubator at 37�C and 5%CO2. Cells

were harvested and assayed at the indicated timepoints.

For restimulation experiments, cells were harvested after 36-48 hours of activation and rested for 5 days in 5U/ml recombinant

human IL-2 (Peprotech), then harvested, recounted and re-stimulated in plates precoated with CD3 and CD46 antibodies in media

containing 50 U/ml recombinant human IL-2 (Peprotech) for 18 hrs.

CD4+ T cell proliferation assessment
Proliferation of in vitro activatedCD4+ T cells was assessed in twoways. First, isolatedMouseCD4+ T cells were labeled with 2mMcell

trace violet (CTV, #C34557, ThermoFisher) according to themanufacturer’s protocol. At day 3 post-activation with anti-CD3 and anti-

CD28, cells were harvested, stained for CD4 and live/dead and CTV dilution and division index was assessed using a BD Canto (BD

biosciences) and FlowJo 10 software (Treestar).

Secondly, in vitro activated mouse or human CD4+ T cells were pulsed with 10uM EdU for 2 hours and then harvested and stained

for CD4, live/dead and EdU incorporation according to the manufacturers protocol (#C10424 or C10425, ThermoFisher) and were

assessed by flow cytometry on a BD FACS CANTO (BD biosciences). EdU was added at the indicated timepoints post-activation.

Cytokine measurements
Cytokine production by in vitro activated cells was quantified in cell culture supernatants using human or mouse Th cytokine or

Inflammation Legendplex kits (Biolegend) or a mouse IL-10 enhanced sensitivity flex set (BD biosciences) according to the manufac-

turer’s protocol, or by intracellular cytokine staining and flow cytometery after addition of 50ng/ml Phorbol 12-myristate 13-acetate

(PMA, #P1585, Sigma Aldrich), 1ug/ml Ionomycin (#13909, Sigma Aldrich) and protein transport inhibitor (#00-4980-03,

ThermoFisher) for 4 hours. After 4 hours the cells were harvested, stained for live/dead and CD4 and then fixed and permeabilized

(#554714, BD cytofix/cytoperm, BD biosciences, San Diego, CA) and stained intracellularly for cytokines (IFNg, TNFa, IL-17, IL-2,

IL-4, IL-10) and assessed by flow cytometry on a BD FACS CANTO (BD biosciences).

Glucose uptake and pS6 evaluation
Glucose uptake: Mouse splenic CD4+ T cells were activated in vitrowith anti-CD3 and anti-CD28 antibodies. One day post-activation

the cells were harvested and washed 2 times with 1x PBS (Gibco). Cells were then seeded into glucose free medium containing

100uM of 2-NBDG (#11046, Cayman Chemicals) or 100uM normal glucose (controls) and were kept in an incubator at 37º C for 2

hours. After 2 hours the cells were washed 2 times with 1x PBS, stained with CD4 and live/dead, washed and assessed by flow cy-

tometry on a BD FACS CANTO (BD biosciences).

Phosphorylated ribosomal S6 protein evaluation: Mouse splenic CD4+ T cells were activated in vitro with anti-CD3 and anti-CD28

antibodies. 1 and 3 days post-activation the cells were harvested, washed 2 times, stained with CD4 and live/dead, washed, and

fixed and permeabilized. They were then stained with Alexa 647 anti-pS6, washed 3 times and were assessed by flow cytometry

on a BD FACS CANTO (BD biosciences).

OCR and ECAR measurements
In vitro stimulated human (anti-CD3 + anti-CD46) or mouse (anti-CD3 + anti-CD28) CD4+ T cells (stimulated for 22-24 hours) were

resuspended in serum-free unbuffered Seahorse XF RPMI medium (#103576-100, Agilent Technologies, Santa Clara,CA) that

was supplemented with glucose, glutamine and sodium pyruvate. These CD4 T cells were plated onto Cell-Tak (#354241; Corning,

Reinach, Switzerland) coated seahorse cell plates at 2.5x105 per well. Metabolic profiling was achieved by the perturbation of spe-

cific metabolic pathways by the addition of oligomycin (#O4876; 1 mM), Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone

(FCCP, #C2920; 2 mM) and rotenone (#R8875; 1 mM) +/- Antimycin A (#A8674; 0.5uM) - all from Sigma Aldrich, St. Louis, MO). Meta-

bolic parameters were then calculated based on the following formulas:

(1)basal respiration = [OCR(basal-nc)] – [OCR(rotenone)]

(2) maximal respiratory capacity = [OCR(peak-FCCP)] – [OCR(rotenone)]

(3) spare respiratory capacity =[OCR(peak-FCCP)]-[OCR(basal-nc)]

(4) Basal ECAR= initial rate measured by the extracellular flux analyzer

(5) Maximal ECAR= rate following the addition of rotenone.
Influenza infections, lung cell isolation and virus titers
Influenza infection

6-10 week old mice were infected intranasally (i.n.) with 103 EID50 of recombinant PR8 influenza virus (expressing the LCMV gp33-41

eptiope (KAVYNFATM) inserted into the NA of A/PR/8/34 (H1N1) (PR8-33) (kindly provided by Dr. Rafi Ahmed (Emory University))65
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Lung cell isolation

Lymphocytes were isolated from the lungs as previously described. Briefly, themice were perfused with PBS, lungs excised, minced

and incubated in 1mg/ml Collagenase and 1mg/ml DNase (both from Sigma-Aldrich) in 3ml of RPMI for 45 min at 37 degrees. Single

cell suspensions were obtained by pushing the digested lung pieces through a 40uMmesh filter (BD biosciences). Lung lymphocytes

were then purified by a 44/67% percoll gradient (Sigma-Aldrich and centrifugation at 2000rpm for 20 min at room temperature.

Lung virus titer assay

After perfusion, one lobe of the lung was excised, weighted, and placed in 1ml of PBS and homogenized using beads and aMinibead

Beater (Biospec). They were then cleared by centrifugation and immediately frozen at -80C until needed.

Samples were thawed, serial dilutions performed and placed on amonolayer of MDCK cells (adherent on 96well plates) for 3 hours

at 37º C in the presence of TPCK-trypsin (L-1-tosylamido-2-phenylethyl chloromethyl ketone treated trypsin). The MDCK cells were

then washed and DMEM media without trypsin added. 72 hours later, cells were assessed for endpoints in cytopathic effect (CPE).

The TCID50 titer was then calculated using the Reed-Muench method.78

Influenza cytokine assay
This assays was performed as previously described, with some modifications.5

Generation of bone marrow derived dendritic cells (BMDCs)

Femurs of B6CD45.1micewere placed in 70%ethanol for 2min to sterilize them and then flushedwith cold 1xPBS plus 2%FCS. The

cells were then pipetted up and down to break up clumps, washed with PBS, lysed with ACK lysis buffer, washed two times with

complete RPMI media and counted. 2x106 bone marrow cells were seeded per 100mM petri dish in 10 ml of complete RPMI media

containing 20ng/ml of recombinant mouse Granulocyte-macrophage colony-stimulating factor (rmGM-CSF) and incubated at 37º C
for 3 days. On day 3, 10 ml of fresh complete RPMI media containing 20ng/ml rmGM-CSF was added to the plates.

PR8 infection of BMDCs

On day 7 the BMDC cells were harvested, washed with complete media, counted and washed in 1xPBS containing 0.1%BSA. 4x106

BMDCs in 500ul of 1xPBS containing 0.1% BSA were seeded per well into a 6 well plate and 500ul of PR8 influenza virus diluted in

PBS containing 0.1%BSAwas added per well. The cells were then infected by incubating them for 5 hours at 37ºC. After 5 hours the

cells were gently scrapped off the plates with cell scrapers, washed 2 times and then kept on ice until co-culture with the lung

lymphocytes.

Ex-vivo assessment of the T cell cytokine response to influenza

7.5 x105 PR8-infected or uninfected (control) BMDCs were mixed with 5.0x105 lung lymphocytes (purified as described above) per

well of a 96 well plate in complete RPMI media plus 40U/ml human IL-2 and protein transport inhibitor plus anti-CD107a and CD107b

antibodies (or isotypes) for 6 hours at 37ºC. After 6 hours, the cells were harvested and stained with live/dead and CD4, CD8, CD90.2

to gate on live lymphocytes and CD45.1 was used to gate out BMDCs. They were then washed, fixed and permeabilized and stained

intracellularly for IFNg, IL-2, IL-10 and IL-17A and assessed by flow cytometry.

Influenza Lung Histology
Lungs were excised after PBS perfusion, fixed in 3.7% formalin and embedded in paraffin. 5um sections were cut and stained with

hematoxylin and eosin (H&E). Lung pathology scores were based on severity, inflammation, alveoli integrity and bronchi integrity on a

graded scale where 0 = normal, 0.5 = verymild, 1 =mild, 2 =moderate, 3 = severe. Samples were blindly scored by a pathologist from

the NIH Pathology Core.

CD4+ T cell transfers into Rag-/- mice (homeostasis and CD4+ T cell intrinsic influenza experiments).
Homeostasis experiment

Naı̈ve CD4+ T cells were isolated from WT CD45.1+ and Arg1 CKO (CD45.2+) mouse spleens using the manufacturer’s protocol

(#130-104-453, Miltenyi Biotech) and combined at a 50:50% ratio (the ratio was assessed by flow cytometry before injection) and

3.2x106 combined cells/mouse were injected i.v. into Rag1 KOmice. 7 days after cell transfer, the inguinal lymph nodes and spleens

were collected.

CD4+ T cell transfer influenza experiment

CD4+ T cells were isolated from WT CD45.1+ and Arg1 CKO (CD45.2+) mouse spleens using a negative selection kit from Stem Cell

Technologies ( #19852) according to themanufacturer’s protocol. Naı̈ve CD8+ T cells fromWT spleens were isolated using a negative

selection kit from Miltenyi Biotech (#130-096-543). WT and Arg1 CKO CD4+ T cell were combined at a 50:50% ratio and then com-

binedwithWT naı̈ve CD8+ T cells and injected i.v. intoRag1KOmice. 7 days after cell transfer themicewere infected i.n. with PR8-33.

7 days after infection the lungs were perfused and collected for enumeration of cell frequencies.

Colitis induction and colon pathology scoring
Splenic CD4+ T cells were isolated from Arg1fl/fl CD4cre- (WT) and Arg1fl/fl CD4cre+ (KO) mice using a negative selection CD4+ T cell

isolation kit (Miltenyi Biotech or Stem cell technologies). Cells were stained with anti-CD45RB FITC, anti-CD25 PE and anti-CD4

BV421 and sorted on a SH800S cell sorter (Sony Biotechnology) for CD4+ CD25-CD45RBhi (brightest 35%) cells. 2.3 x105 of WT
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or KO cells were injected i.p. into age and sex matched C57BL/10 Rag2–/– mice. The mice were sacrificed 6 weeks post adoptive

transfer. Spleens and colons were removed, weighted (colons were weighted after flushing out the feces) and colons were measured

for length.

Pathology scoring

After flushing the colons of feces, proximal, mid-, and distal colon samples were excised and placed into 3.7% formaldehyde solu-

tion, and then paraffin-embedded. Cross-sectional sections were cut and stainedwith hematoxylin and eosin (H&E). Colon pathology

scoreswere based on severity ofmononuclear cell inflammation, intestinal wall thickening, including infiltration to themuscularis, and

epithelial damage, including edema, degeneration, and necrosis on a graded scale where 0 = normal, 0.5 = very mild, 1 = mild,

2 = moderate, 3 = severe. Samples were blindly scored by a pathologist from the NIH Pathology Core.

CRISPR-Cas9 deletion of ARG1

3 crRNAs were selected using the Benchling online platform (www.benchling.com) and were ordered from Integrated DNA technol-

ogies (IDT) in their proprietary Alt-R format: crRNA #1 (sequence GCGCCAAGTCCAGAACCATA ) targeting ARG1 exon1; DNA loca-

tion: chr6:131,573,287-131,573,309. cRNA #2 (sequence chr6:131,581,257-131,581,279) targeting ARG1 exon 4; DNA location

chr6:131,581,257-131,581,279. cRNA #3 (sequence GTATATTGGCTTGAGAGACG ) targeting ARG1 exon 5; DNA location

chr6:131,582,680-131,582,702. 1ul of crRNA and 1ul of tracrRNA (#1072534, IDT reconstituted at 160mM) were mixed in a sterile,

RNAse-free PCR tube to create the crRNA-tracrRNA duplexes for each electroporation. Oligos were annealed at 95�C for 5 min

in a PCR thermocycler and slowly cooled down to 4�C. Then 1.2mL of Cas9 nuclease (#1081059, IDT) was added to the same

tube, and the mixture was incubated 15 min at 37�C to form RNP complexes. The three RNP complexes were pooled and kept

on ice until needed.

Up to 10x106 of freshly isolated human CD4+ T cells (from healthy donor buffy coats) were used per electroporation. Cells were

transferred into 1.5 mL Eppendorf tubes and washed twice with 1x PBS (Gibco) to remove all trace of FCS. Immediately before

electroporation, cells were resuspended with 10mL of primary cell nucleofection solution (P3 primary Cell 4D-Nucleofector X kit S

(# V4XP-3032, Lonza)), and mixed with RNP complexes and then transferred into electroporation strip. Cells were electroporated

using a 4D-nucleofectore core unit (Lonza) and the ‘‘EH-100 pulse’’. Immediately after electroporation, 100 mL of pre-heated cRPMI +

20UI/mL IL-2was carefully added directly into eachwell of the nucleofection strip, and the strip was placed in tissue culture incubator

for 15-30min to allow for cell recovery. Cells were then transferred into a culture plate, resuspended at 2 x 106 / mL in cRPMI + 20 UI/

mL IL-2 and incubated/rested at 37�C for 3-4 days before stimulation. Cells were then harvested, recounted and re-stimulated in

plates precoated with anti-CD3 and CD46 antibodies in media containing 50 U/ml recombinant human IL-2 (Peprotech) for 36hrs.

Supernatants were collected to assess overall cytokine secretion and the cells were then assessed by intracellular cytokine staining

and flow cytometery after addition of 50ng/ml Phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich), 1ug/ml Ionomycin (Sigma Al-

drich) and protein transport inhibitor (#00-4980-03, ThermoFisher) for 4 hours. After 4 hours the cells were harvested, stained with

live/dead and CD4 and then fixed and permeabilized (BD cytofix/cytoperm) and stained intracellularly for cytokines (IFN-g, IL-17,

IL-2, IL-10) and assessed by flow cytometry on a BD FACS CANTO (BD biosciences).

ARG1 overexpression
Cells were transferred into 1.5 mL Eppendorf tubes and washed twice with 1x PBS (Gibco) to remove all trace of FCS. Immediately

before electroporation, cells were resuspended with 10mL of primary cell nucleofection solution (P3 primary Cell 4D-Nucleofector X

kit S (# V4XP-3032, Lonza)), andmixed with 6ug of recombinant ARG-1 (# 71658, BPS Biosciences) and then transferred into an elec-

troporation strip. Control cells were electroporated without ARG-1 protein. Cells were electroporated as above for

CRISPR-Cas9 deletion of ARG1, only cells were only rested for 4 hours post-electroporation before being activated with anti-CD3

and anti-CD46 antibodies.

Cell Preparations for Metabolomics
Purified mouse CD4+ T cells were stimulated in vitro for 18-22 hours (as indicated in the figure legends) with 2ug/ml of anti-CD3 an-

tibodies coated on plates and 1ug/ml of soluble anti-CD28. Cells were harvested, counted, and washed 2 times with cold PBS, the

supernatant aspirated and the cell pellet snap frozen in an ethanol dry ice bath. Cell pellets were kept at -80C or liquid nitrogen until

extraction.

For human cells, CD4+ T cells were isolated from PBMC and then washed and processed in the same way as the mouse cells

(without in vitro activation).

Untargeted Metabolomics
Sample Extraction

Samples were prepared by protein precipitation with cold organic solvent. 800 microliters of ice-cold methanol (Fisher Chemical,

Optima� LC-MS grade) and 200 microliters of water (Fisher Chemical, HPLC grade) were transferred into each 1.5 mL microcentri-

fuge tube containing a cell pellet. The samples were vortexed briefly (10 s) and placed in a –20�C freezer for 30 min to facilitate pre-

cipitation. Samples were subsequently centrifuged for 10 minutes at 14000 relative centrifugal force (rcf) at 4�C (Eppendorf Centri-

fuge 5425R). 950 microliters of supernatant, referred to as the extract, were transferred into a new 1.5 mL microcentrifuge tube and

the pellet was discarded in accordance with chemical and biological safety procedures. The extract was completely dried via
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centrifugal evaporation (Genevac EZ-2 Plus) using the HPLC fraction setting and amaximum temperature of 40�C. The dried extracts

were capped and stored at -80�C until prepared for analysis.

Sample Resuspension

Dried extracts were removed from storage at -80�C, allowed to warm to room temperature, and resuspended via the addition of 80

microliters of water-acetonitrile 98%:2% v/v. Resuspended extracts were briefly vortexed (15 s). An aliquot from each extract was

transferred into a new 1.5mLmicrocentrifuge tube to create a pooled quality control sample. An additional aliquot was transferred to

a 2 mL autosampler vial with microvolume insert (Agilent).

Analytical Measurement

Samples were analyzed using an ultra-high performance liquid chromatograph (Vanquish, Thermo Scientific) coupled to a high-res-

olution mass spectrometer (Orbitrap Fusion Tribrid, Thermo Scientific). LC-MS and LC-MS/MS data were acquired. LC-MS data

were collected from individual samples (n = 1 injection), system blanks (injection of solvent used to resolubilize samples), and a

pooled quality control. The pooled quality control (QC) was injected multiple times at different volumes and used in data processing.

LC-MS/MS data, used to annotate features, were collected using the AcquireX (Thermo Scientific) deep scan methodology in which

pooled QC was injected multiple times (n = 7). Prior to measurement the mass spectrometer was calibrated using FlexMix (Thermo

Scientific) following manufacture directions.

Chromatographic separation was carried out on a 2.1 x 100 mm, 100Å, 2.6 mm, F5 analytical column (Phenomenex) with corre-

sponding guard cartridge. The column was maintained at 30�C during separation with solvent pre-heater. Gradient elution was per-

formed after an initial period of isocratic elution using water with 0.1% acetic acid v/v (A) and acetonitrile with 0.1% acetic acid v/v (B).

Separation was performed as follows: 0% B from 0 - 2.0 min, 0% to 100% B from 2.0 to 10.5 min, 100% B from 10.5 to 12.0 min,

100% to 0% B from 12.0 to 13.0 min, 0% B from 13.0 to 20.0 min. The flow rate was 0.5 mL min-1.

Ionization was performed via heated electrospray ionization (NG Ion Max, Thermo Scientific). The source parameters in positive

ionization mode were as follows: spray voltage of +4000 V, sheath gas of 50 arbitrary units (arb), auxiliary gas of 10 arb, sweep

gas of 1 arb, ion transfer tube at 325�C, vaporizer at 350 �C. The source parameters used in negative ionization mode were identical

except for the spray voltage of -3000 V.

MS and MS/MS data were collected with an anticipated LC peak width of 8 s and a default charge of 1. EASY-IC� (Thermo Sci-

entific) was installed and used during data collection; a lock-mass is measured, concurrently to experimental measurement, and

used for instrument mass calibration. MS data were acquired at 120,000 resolution from m/z 100-1000 with an RF lens of 60%

and maximum injection time of 50 ms. MS/MS data were acquired at 30,000 resolution using an isolation width of 1.5 (m/z), stepped

assisted HCD (energy steps were 20, 35, and 60, and a maximum injection time of 54 ms. The inclusion list was generated and up-

dated via AcquireXwith a low and highmass tolerance of 5 ppm. An intensity filter was applied via the ‘‘Intensity’’ node in theworkflow

with an intensity threshold of 2.0e4. The ‘‘Dynamic Exclusion’’ node was used with the following parameters: exclude after n = 3

times, if occurs within 15 s, exclusion duration of 6 s, a low mass tolerance of 5 ppm, a high mass tolerance of 5 ppm, and excluding

isotopes.

Untargeted Metabolomics Data Processing

Compound Discoverer 3.3.0.550 (Thermo Scientific) was used to process.raw files which resulted in a tabular output which included

descriptors of each feature (e.g. m/z, retention time), annotation information (e.g.MS/MS database match), and peak area. We pro-

cessed the output from Compound Discoverer using in-house R scripts via JupyterNotebooks. The major components of the pro-

cessing included formatting of the data outputs, comparison of m/z and retention time of annotation features versus an in-house

generated list based on authentic chemical standards, assessment of signal response in pooled QC samples, assessment of signal

variance in pooled QC samples versus samples (i.e. dispersion ratio), and multi- and univariate statistics. MSI levels of annotation

confidence79 were provided based on the MS/MS database matching algorithm in Compound Discoverer, a list of m/z generated

from authentic chemical standards, and manual annotation. All features with a MS/MS database match remained at level 2 while

those matching the m/z and retention time criteria were promoted to level 1.

Glutamine, and glutamic acid were searched for in the processed and cleaned dataset. We affirmed the annotation of glutamine

(318|130.04985|0.446) in the positive ion mode and glutamic acid (100|146.04608|0.443) in the negative ion mode to level 1 confi-

dence based on MS/MS matching, m/z mass error, and retention time similarity to authentic chemical standard (Figure S7).

Extraction of hydrophilic metabolites for amino acid and polyamine measurement
To extract hydrophilic molecules an adapted three-phase solvent systemwas utilized to separate hydrophilic metabolites from lipids,

proteins, and nucleic acids.80 Briefly, the cell pellets were resuspended in 0.15 mL of ice-col saline and then 1.2 mL of chloroform/

methanol/water (3:4:1, v/v/v) was added. Next, the tube homogenized using a Bead Ruptor Elite (OMNI international, Kennesaw GA,

USA) for 30 sec at 8 m/s. The homogenate was allowed to rest on ice for 30 sec and then centrifuged for 15 min at 21,000 g at 4�C.
After centrifugation, the upper aqueous phases were transferred into new tubes, frozen on dry-ice and then dried by lyophilization.

Mouse amino acid and polyamine measurement
Dried extracts containing the hydrophilic metabolites were dissolved in 30 ml of water/acetonitrile (8:2, v/v) and 10 ml were used in the

procedure to derivatize amino acids as described previously81 with somemodifications. In brief, the samples were placed into a glass

autosampler vials and then 35 ml of sodium borate buffer (100 mM, pH 9.0) was added and mixed by pipetting. Next, 10 ml of the

6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC, 10 mM in acetonitrile)-derivatizing reagent (Cayman Chemical) was
e10 Immunity 56, 1–18.e1–e12, September 12, 2023



ll
OPEN ACCESSArticle

Please cite this article in press as: West et al., Loss of CD4+ T cell-intrinsic arginase 1 accelerates Th1 response kinetics and reduces lung pathology
during influenza infection, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.07.014
added. The vial was sealed, mixed by vortexing, and then incubated at 55�C for 15min. The vial was cooled to room temperature and

then 15 mL were analyzed by liquid chromatography coupled to mass spectrometry (LC-MS/MS). A Vanquish Horizon UHPLC

(Thermo Fisher Scientific, Waltham, MA, USA) was used for the LC separations, using a linear gradient conditions as follows:

0�0.5 min 2% B; 0.5�1.5 min 2 to 96% B; 1.5�2.5 min 96% B; 2.5�3.5 min 96 to 2% B; 3.5�5 min 2% B. Mobile phase A was wa-

ter/acetonitrile (97:3, v/v) supplemented with 10 mM ammonium acetate and 10 mM ammonium hydroxide. Mobile phase B was

acetonitrile. The column used was an Accucore C30 (250 x 2.1 mm, 2.6 mm) (Thermo Fisher Scientific, Waltham, MA, USA), operated

at 45 �C. The flow rate was 300 mL/min and the injection volume used was 15 mL. All LC/MS solvents and reagents were the highest

purity available (water, acetonitrile, ammonium acetate, ammonium hydroxide) purchased from Thermo Fisher Scientific (Waltham,

MA, USA). A Thermo Scientific Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (QE-MS) (Thermo Fisher Scientific, Wal-

tham,MA, USA) equippedwith aHESI-II probewas employed as detector. TheQE-MSwas operated in the negative ionmode using a

targeted selected ion monitoring followed by a data-dependent MS/MS method (tSIM/dd-MS2). The QE-MS was operated at a res-

olution of 140,000 (FWHM, atm/z 200), AGC targeted of 1x106,Max injection time 80msec. For the dd-MS2 conditions a resolution of

35,000 was used, AGC targeted of 1x105, Max injection time 40 msec, MS2 isolation width 0.5 m/z and NCE 35. The source’s oper-

ating conditions were: Sheath gas flow 45, Aux gas flow 8, Sweep gas 1, Spray voltage 2.6 kV in negative ion mode, Capillary temp

325�C, S-lenses RF level 55, Aux gas heater 325 �C. The monitored parent/daughter ions and the retention-time windows for each

amino acid is listed in Table S5. The acquired tSIM data was processed using the software application Skyline 21.2 (MacCoss Lab

Software).

GC-MS-mediated analysis of TCA metabolites and 13C-labelled TCA metabolites
Themethod applied was based on procedure previously published by Zhang J. et al.82 Briefly, cells were stimulated in vitro for 12-16

hours (with anti-CD3 + anti-CD28 (mouse) or anti-CD3 + anti-CD46 (human)). Cells were then harvested, washed 2 times with gluta-

mine free medium, counted and incubated in glutamine-free RPMI medium (10% FBS, penicillin/streptomycin) supplemented with

2mM of standard glutamine or [U-13C]-glutamine (Cambridge Isotope Laboratories, Inc.) for 6 hours. Next, cells were collected,

washed with ice-cold saline solution, snap-frozen and stored in liquid nitrogen for further processing. Extraction of hydrophilic me-

tabolites was performed using 2x volume of methanol/water solution (2:1 v/v, HPLC-grade, with added 5nM of norvaline as internal

standard). Next, samples were homogenized and mixed with 1 volume of chlorophorm (HPLC-grade). Subsequently, derivatization

with 2% methoxylamine-HCl solution and GC-MS-grade MTBSTFA + 1% t-BDMCS reagent was performed as reported by Zhang

et al.82 Samples were analyzed in split-less mode using Agilent 7890B GC system equipped with a 5977BMSD, Agilent VF5ms, +1m

EZ, 60m, 0.25, 0.25 mM column, helium carrier gas and Mass Hunter software package. Chromatographic gradient conditions: sep-

aration time 36 min; start at 80oC, 1 min; ramp to 250oC at 7oC/min; ramp to 300oC at 50oC/min and hold for 9 min. MSD settings:

source 150oC; quadrupole 150oC; interface 300oC; injector 250oC; EI source 70 eV, EI pressure 1.8 x 10 -5 torr. Signals were acquired

under SIM mode conditions according to Zhang et al. as well as in scan mode (full scan range 50-500 m/z at � 2 scans/s (N=3)).82

Enrichment in C13-labelled isotopomers was corrected by their natural abundance using ‘‘standard glutamine’’ medium-incubated

sample as reference and Mass Hunter software.

Human polyamine measurement
Measurement of polyamines was performed using the p180 targeted quantification kit (Biocrates) in the Duke Proteomics and Me-

tabolomics Shared Resource. Briefly, sample extraction was performed by adding 30 uL of 3:1 v/v methanol chloroform to the sam-

ples, followed by probe sonication 3 bursts of 5 seconds each with cooling on ice between. Samples were spun at 15000 rpm for

10 minutes, and 15 uL of the clear supernatant was added to the Biocrates p180 extraction plate. Subsequent extraction, derivati-

zation and analysis by LC-MS/MS was performed according to manufacturer protocol on a Waters TQ-XS mass spectrometer.

RNAseq Library preparation and analysis
Total RNA was isolated from splenic CD4+ T cells harvested after 24hr of in vitro activation or influenza infection, or lung

CD11a+CD49d+TCRb+ CD4+ T cells sorted (BD FACS aria, San Diego, CA) from influenza-infected mice using, using an RNAqueous

Micro Kit (Cat# AM1931, source: Invitrogen). After DNAse I digestion, RNA was subjected to library preparation using poly(A) mRNA

capture (catalog# E7770 and E7490, source: NEB) according to manufacturer’s protocol. Libraries were sequenced on a Novaseq

Illumina platform. After fastqc check samples were mapped and aligned using bowtie267 and RSubread/v 2.8.168 to the mm10

genome, respectively. The mapping criteria for bowtie2 was: ‘‘–sensitive-local –no-unal’’ where indexes used were generated using

UCSC/mm10 genome. Subsequently all libraries from these samples were normalized (as RPKM) and mRNAs expression and list of

DEGs was calculated using EdgeR/v 3.36.069 tools using the following criteria: at least log2 4-fold change in either direction at

FDR < 0.05, after removing genes with minimal expression. Pathways enriched in DEGs were calculated using the Molecular Signa-

tures Database v.7.5.172 accessed at url https://www.gsea-msigdb.org/gsea/msigdb/annotate.jsp. Heatmaps were drawn using

Morpheus from the Broad Institute (https://software.broadinstitute.org/morpheus) and visualized using DataGraph v 5.0 (Visual

Data Tools, Inc.) and Adobe� Illustrator 2021.

Microarray preparation and analysis
All scripts and data to replicate the microarray analysis are available at https://github.com/jackbibby1/E-West and data are depos-

ited at GEO at GSE 229775. Total CD4+ T cells of two patients with Arginase 1-deficiency and two age – and sex-matched healthy
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controls were isolated using CD4+ T cell positive selection beads (Miltenyi Biotech) and activated for 6 hours in vitrowith immobilized

antibodies to CD3 and CD46, both at 2ug/ml, in the presence of 25U/ml IL-2. Total RNA was isolated and gene array analyses per-

formed using the Illumina chip HT-12v4 Expression BeadChip (Illumina, San Diego, CA, USA).

Raw data were processed and analyzed using limma,71 which involved filtering using detection P Values and normalization using

neqc. Normalized data were then used as an input to Gene Set Enrichment Analysis.70 Parameters used for GSEA were as follows:

permutations = 1000, permutation type = gene set, enrichment statistic = weighted, ranking metric = ratio of classes, min/max gene

set size = 15/500. Data visualization was done using ggplot2.83

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures 1A, 1G, 2A, 3A, 3E, 3I, 4A, and 4H and the graphical abstract were created with BioRender.com. Analyses were performed

using GraphPad PRISM 9.4.1 (La Jolla, CA, USA). Data are presented as mean ± SD or median (interquartile range, IQR) for para-

metric and non-parametric data, respectively, and compared using (two-tailed paired and unpaired) t-tests, Wilcoxon signed rank

tests, the (two-tailed) Mann-Whitney test, one-way ANOVA, or the Kruskall-Wallis test as appropriate. p values < 0.05 are denoted

statistically significant throughout. All experiments were carried out in at least triplicate technical and biological replicates unless

otherwise stated. Gene set enrichment analyses (GSEA) of RNA-sequencing data utilized in this study were performed using

GSEA version 3.0.70
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