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SUMMARY

Some G protein-coupled receptor (GPCR) ligands act as “biased agonists” which preferentially activate
specific signaling transducers over others. Although GPCRs are primarily found at the plasma membrane,
GPCRs can traffic to and signal from many subcellular compartments. Here, we determine that differential
subcellular signaling contributes to the biased signaling generated by three endogenous ligands of the
chemokine GPCR CXCR3. The signaling profile of CXCR3 changed as it trafficked from the plasma membrane
to endosomes in a ligand-specific manner. Endosomal signaling was critical for biased activation of G proteins,
B-arrestins, and ERK1/2. In CD8+ T cells, the chemokines promoted unique transcriptional responses predicted
to regulate inflammatory pathways. In a mouse model of contact hypersensitivity, B-arrestin-biased CXCR3-
mediated inflammation was dependent on receptor internalization. Our work demonstrates that differential
subcellular signaling is critical to the overall biased response observed at CXCR3, which has important

implications for drugs targeting chemokine receptors and other GPCRs.
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INTRODUCTION

G Protein-Coupled Receptors (GPCRs) are the largest superfamily of membrane proteins, accounting
for about 5% of all genes encoded in the human genome (Zhang et al., 2006), and are the target of approximately
35% of all Food and Drug Administration-approved drugs (Sriram and Insel, 2018). GPCR signaling is mediated
by effectors including G proteins, GPCR kinases (GRKSs), and B-arrestins, which modulate the activity of a variety
of signaling pathways, like those mediated by cyclic adenosine monophosphate (CAMP), extracellular-signal-
regulated kinase (ERK), and protein kinase A (PKA) (Wootten et al., 2018). GPCR signaling is implicated in a
wide range of normal physiologic processes (Kamal and Jockers, 2011), and the dysregulation of GPCRs is
associated with various pathologies (Zalewska et al., 2014). Ligand:receptor interactions at GPCRs can
preferentially activate certain signaling pathways over others in a ligand-, receptor- or cell-dependent manner, a
phenomenon referred to as ‘biased agonism’ or ‘functional selectivity’ (Smith et al., 2018a). There is a desire to
develop biased agonists that selectively activate some signaling pathways over others to generate beneficial
physiologic responses while reducing off-target effects. However, the molecular mechanisms underlying biased
signaling remain unclear.

Adding to this complexity has been the realization that GPCRs can signal from subcellular compartments
with altered signaling profiles, resulting in ‘location bias’ as an additional mechanism of signaling specificity
(Calebiro et al., 2009; Irannejad et al., 2017; Tsvetanova and von Zastrow, 2014). GPCRs can undergo receptor-
mediated endocytosis and be recycled back to the plasma membrane, targeted to lysosomes for degradation,
or trafficked to specific subcellular locations (Irannejad et al., 2015). It was previously thought that GPCR
internalization abolished signaling by limiting the membrane-accessible GPCR pool or via receptor degradation
(Irannejad and von Zastrow, 2014). However, it was later appreciated that GPCRs can activate G protein- and
B-arrestin-mediated signaling pathways from both the plasma membrane and endosomes (Ferrandon et al.,
2009; Irannejad et al., 2013; Kotowski et al., 2011), and other subcellular compartments, like the Golgi apparatus
and endoplasmic reticulum (ER) (Mohammad Nezhady et al., 2020). Internalized GPCR signaling is an enticing
therapeutic target with potential to broaden our ability to manipulate GPCR-mediated physiological processes
and disease states (Jensen et al., 2017; Jimenez-Vargas et al., 2021; Thomsen et al., 2018). However, it is

unclear to what extent subcellular signaling contributes to the overall biased signaling exhibited by GPCRs.
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The physiologic significance of location bias is difficult to determine as most biased agonists are synthetic

ligands. However, chemokine receptors (CKRs) represent a subfamily of GPCRs consisting of approximately 20
receptors and 50 endogenous ligands that interact to regulate many cellular functions like chemotaxis,
angiogenesis, and neuromodulation (Eiger et al., 2021). CKRs are promiscuous in that some receptors bind
multiple ligands, and some ligands bind multiple receptors. For example, CXCR3 is a CKR with three
endogenous ligands, CXCL9, CXCL10, and CXCL11, and is expressed primarily on effector T cells (Colvin et
al., 2006; Colvin et al., 2004; Groom and Luster, 2011). CXCR3 signaling, like many other CKRs, is primarily
mediated by both Gai- and B-arrestin-dependent pathways (Smith et al., 2017). Previous work has shown that
CXCL11 is relatively p-arrestin biased compared to CXCL9 and CXCL10, and each chemokine demonstrates
distinct abilities to promote receptor-mediated endocytosis (Colvin et al., 2004; Smith et al., 2017; Smith et al.,
2018b).

With its biased signaling and internalization and central role in regulating T cell biology, we studied
CXCR3 and its endogenous ligands to determine how ligand bias extends beyond the plasma membrane to the
endosome, with implications for sustained, differential signaling at specific subcellular compartments. We
demonstrate that the CXCR3 ligands activate G proteins and B-arrestins differently at the endosome compared
to the plasma membrane. Furthermore, downstream signaling responses, like kinase activation and cellular
transcription, are differentially regulated by the endogenous ligands in a manner dependent on receptor
internalization. We determine that the chemokines differentially modulate transcriptional pathways related to
inflammation in primary CD8+ T cells, and demonstrate that internalization is required to fully potentiate the
inflammatory response in a mouse model of contact hypersensitivity. We demonstrate how biased GPCR
signaling can change as the receptor traffics to a subcellular compartment with important physiological effects,
and also highlight how a significant proportion of GPCR functional selectivity is dependent on sustained signaling

following receptor internalization.

RESULTS
CXCR3 chemokines promote different amounts of B-arrestin-dependent receptor internalization
We first determined if the biased chemokines of CXCR3 promoted different amounts of receptor-

mediated internalization in HEK293 cells. Using bioluminescence resonance energy transfer (BRET), we
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7
monitored a luciferase-tagged CXCR3 as it traffics to endosomes with an FYVE domain-tagged mVenus, or

away from the plasma membrane using a Myrpalm-tagged mVenus. Consistent with previous studies, the
chemokines promoted different degrees of receptor-mediated endocytosis with CXCL11 being the most
efficacious ligand (Figure 1A) (Colvin et al., 2004; Meiser et al., 2008). B-arrestins are known to interact with a
variety of effector proteins, including those involved in endocytosis (Claing et al., 2001; Goodman et al., 1996;
Laporte et al., 1999; Lefkowitz and Shenoy, 2005; McDonald et al., 1999). To determine the role B-arrestins play
in receptor internalization at CXCR3, we studied CXCR3 internalization in B-arrestin 1/2 CRISPR KO cells
(Alvarez-Curto et al., 2016; Luttrell et al., 2018). Internalization was abrogated in the absence of B-arrestin 1 and
2 and reintroduction of B-arrestin 1 and/or B-arrestin 2 rescued CXCR3 internalization following stimulation with
CXCL10 and CXCL11, but not CXCL9 (Figure 1B). Using confocal microscopy, we similarly observed an
increase in receptor internalization upon rescue with B-arrestin 1 or B-arrestin 2 following stimulation with
CXCL10 and CXCL11 (Figure 1C). Together, these data demonstrate that the CXCL10 and CXCL11 promote

CXCR3 internalization in a B-arrestin-dependent manner.

Biased G protein activation depends on receptor location

To determine how CXCR3 activates G proteins at the plasma membrane and endosomes, we used a
location specific BRET biosensor to detect GTP-bound Gai as a measure of G protein activation (Johnston et
al., 2008; Maziarz et al., 2020b) (Figure 2A and 2B). At the plasma membrane, CXCL11 promoted the most G
protein activation followed by CXCL10 and lastly CXCL9 (Figure 2C), consistent with previous reports
(Berchiche and Sakmar, 2016; Smith et al., 2017). All CXCR3 endogenous ligands promoted G protein activation
at the endosome (Figure 2D). The amount of G protein activation was different than that observed at the plasma
membrane; specifically, CXCL10 and CXCL11 had nearly identical G protein activation at the endosome but
different amounts at the plasma membrane. Furthermore, CXCL11-induced G protein activation decreased in
the endosome compared to the plasma membrane, while those of CXCL9 and CXCL10 did not change (Figure
2E-G), demonstrating that the impact of receptor location on G protein signaling is ligand-specific.

Gai family members are myristolated, which localizes these proteins to the plasma membrane (Oldham
and Hamm, 2008). We then tested if the relative change in endosomal G protein activation could be explained

by different amounts of total G protein present in the endosomes. To do this, we developed a split nanoluciferase


https://doi.org/10.1101/2022.01.13.476255
http://creativecommons.org/licenses/by-nc-nd/4.0/

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.13.476255; this version posted January 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

8
assay to determine the absolute amount of Gai present in endosomes, irrespective of Gai nucleotide status

(Figure 2H). We found that Gai rapidly translocated to the endosome following stimulation with the CXCR3
ligands, and the total amount of endosomal G protein mirrored a chemokine’s ability to induce receptor
internalization (Figure 21 and 2J). Therefore, although similar amounts of endosomal G protein activation were
observed following treatment with CXCL10 and CXCL11, when considering the absolute amount of endosomal
G protein, CXCL11 promoted relatively less G protein activation than CXCL10. These data demonstrate location
bias in G protein activation, with different levels of G protein activation at the plasma membrane compared to

the endosome depending on the agonist.

CXCR3-mediated cAMP inhibition is differentially dependent on receptor internalization

We next studied the effect of inhibiting endocytosis on the intracellular accumulation of cAMP. While Gas
family members activate adenylyl cyclase (AC) to produce cAMP, Gai family members inhibit AC. We utilized an
exchange protein activated by cAMP (EPAC)-based BRET biosensor for cAMP that is ubiquitously expressed in
cells (Masuho et al., 2015) (Figure 3A). Prior to activation of the endogenous Gas-coupled (2-adrenergic
receptor (B2AR), HEK293 cells were preincubated with the CXCR3 ligands, allowing us to measure Gai activity
(Figure 3A). To inhibit receptor-mediated internalization, we overexpressed a dominant-negative mutant of the
GTPase Dynamin (Dynamin K44A), which is required for release of clathrin-coated vesicles from the plasma
membrane (Damke et al., 1994). Using confocal microscopy, we confirmed that Dynamin K44A inhibited the
translocation of membrane-bound CXCR3-GFP:B-arrestin 2-RFP complexes into endosomes (Supplemental
Figure 1A).

Chemokine inhibition of cAMP production mirrored Gai nucleotide exchange, where CXCL11 and
CXCL10 are significantly more potent and efficacious agonists than CXCL9 (Figure 3B). Expression of Dynamin
K44A reduced inhibition of cAMP production following stimulation with CXCL10 and CXCL11, but not CXCLS9,
reflecting a biased decrease in Gai-coupled activity (Figure 3C). CXCL10 and CXCL11 both demonstrated a
~40% decrease in cAMP inhibition when receptor internalization was inhibited, even though the chemokines
were able to promote different amounts of total receptor internalization (Figure 3D-3I). cCAMP gradients can exist
in micro or nanodomains within the cell, and endosomal cAMP production can be critical for nuclear translocation

of effectors like PKA (Calebiro and Maiellaro, 2014; Musheshe et al., 2018; Peng et al., 2021). Using an EPAC
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BRET biosensor localized to the nucleus, we found that the pattern of cAMP inhibition was nearly identical to

that measured globally (Supplemental Figure 1B-1J). These data demonstrate that receptor internalization is

critical to the biased regulation of second messengers across subcellular compartments.

Biased ligands of CXCR3 promote differential patterns of B-arrestin 2 recruitment and conformation at
the plasma membrane and the endosome

We next determined if the location-dependent functional selectivity observed in G protein signaling
extended to B-arrestins. Consistent with previous studies, CXCL11 induced the most B-arrestin 2 recruitment to
the plasma membrane, followed by CXCL10 and CXCL9 (Figure 4A and 4B) (Smith etal., 2017). While CXCL11
promoted robust and sustained B-arrestin 2 recruitment to endosomes, CXCL10 only weakly and transiently
recruited B-arrestin 2, while CXCL9 showed no detectable endosomal recruitment (Figure 4C-4D). GPCR affinity
for B-arrestins can be classified as “Class A” GPCRs, which form transient complexes with B-arrestins, while
“Class B” GPCRs form tight and long-lived complexes with B-arrestins (Jean-Charles et al., 2017; Oakley et al.,
2000). CXCL9 and CXCL10 promote CXCR3 to behave like a “Class A” GPCR while CXCL11 promotes “Class
B” behavior, a phenomenon previously described at other GPCRs (Janetzko et al., 2021; Rajagopal et al., 2013).

Recent research demonstrated that distinct conformations of B-arrestin mediate specific signaling events
like GPCR desensitization, internalization, and effector scaffolding (Cahill et al., 2017; Coffa et al., 2011; Eichel
et al., 2018; Latorraca et al., 2018). We developed an assay to quantify B-arrestin 2 conformation at specific
cellular locations based on a previously described intramolecular fluorescent arsenical hairpin (FIAsH) BRET
assay (Lee et al., 2016). This modified “complex FIAsH” assay takes advantage of a split nanoluciferase-coupled
with FIAsH BRET (Figure 4E and 4H), and provides a readout of 3-arrestin 2 conformation at specific subcellular
locations. We assessed the conformational status of (-arrestin 2 using two previously validated FIAsH
constructs, FIAsH 4 and FIAsH 5, which demonstrate preserved B-arrestin recruitment to GPCRs (Lee et al.,
2016). B-arrestin activation is associated with a ~20° rotation between its N- and C-domains (Shukla et al., 2013).
Given the common location of the BRET acceptor on the B-arrestin 2 C-domain in the FIAsSH 4 and FIAsH 5
constructs, these sensors serve as readouts of $-arrestin interdomain twist (Chen et al., 2018). We found that
the biased ligands of CXCR3 display markedly distinct patterns of FIAsH conformational signatures at both the

plasma membrane and the endosome, suggesting that bias in B-arrestin 2 conformation is different at specific
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subcellular locations (Figure 4F-4G and 41-4J). While CXCL9 and CXCL10 recruited B-arrestin 2 to the plasma

membrane, both chemokines did not induce significant change in B-arrestin 2 conformation at this location.
CXCL11-induced distinct FIAsH signatures from CXCL9 and CXCL10 at the plasma membrane (Figure 4F-4G).
At the endosome, CXCL10 and CXCL11 induced significant but different changes in B-arrestin 2 conformation
while CXCL9 demonstrated no change in conformation, consistent with its inability to recruit B-arrestin 2 to
endosomes (Figure 41-4J). While the B-arrestin 2 conformation demonstrated an increase in BRET signal at the
plasma membrane, we observed a decrease in BRET signal at the endosome, suggesting that B-arrestin 2
adopts a different conformation at the endosome compared to the plasma membrane. Not only do the
chemokines differentially recruit B-arrestin 2 to the plasma membrane and the endosome, but the conformation
of B-arrestin 2 is uniquely dependent on both agonist and location, consistent with location bias in B-arrestin

activity between agonists.

Biased signaling profiles of the chemokines changes as the receptor traffics to endosomes

Biased agonism at GPCRs is commonly assessed in terms of the relative activation between G proteins
and B-arrestins, and we summarized the above findings using bias plots (Figure 4K-4L) (Gregory et al., 2010;
Rajagopal et al., 2011). Bias plots allow for simultaneous assessment of relative activity between two assays,
and the best fit lines obtained for each chemokine can assess relative bias across the ligands. At the plasma
membrane we observed that CXCL11 is slightly B-arrestin-biased compared to CXCL10. CXCL9 demonstrated
a similar profile to CXCL11, but with partial agonist activity. At the endosome, CXCL11 demonstrated a relative
decrease in G protein activation while still effectively coupling to B-arrestin. Conversely, CXCL9 and CXCL10
demonstrated a significant increase in relative G protein activation and simultaneous decrease in coupling to -
arrestin. Together, the relative B-arrestin-biased nature of CXCL11 and the G protein-biased nature of CXCL10
at the plasma membrane were increased in the endosome. CXCL9 acts as a partial B-arrestin biased agonist at
the plasma membrane, but becomes significantly more G protein-biased in the endosome (Supplemental

Figure 2).

CXCRS3 signaling from endosomes differentially contributes to cytoplasmic and nuclear ERK activation
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We next investigated the activation of the mitogen-activated protein kinase (MAPK) pathway through

ERK 1/2 phosphorylation (pERK), a common GPCR signaling pathway (Grundmann et al., 2018; Luttrell et al.,
2018). Using Western blotting of pERK from whole cell lysates, we observed significant increases in pERK by
CXCL10 and CXCL11, and relatively less activation by CXCL9 at 5 minutes (Figure 5A). Upon expression of
Dynamin K44A, CXCL9-induced pERK was unchanged, while CXCL10 and CXCL11 demonstrated reduced
PERK levels; however, this effect was not statistically significant (Figure 5B). Similar findings across the
chemokines were observed at 30 minutes, and pERK levels declined back to baseline at 60 minutes
(Supplemental Figure 3A).

To more accurately assess ERK 1/2 activation in different subcellular locations, we generated a BRET-
based biosensor of the previously developed extracellular signal-regulated kinase activity reporter (EKAR)
biosensor which reports on ERK kinase activity (Harvey et al., 2008) (Supplemental Figure 3B). This biosensor
can be localized to the nucleus or cytoplasm to allow for detection of ERK activity in different subcellular
compartments (Supplemental Figure 3C and 3D). Consistent with our immunoblots, we observed biased
activation of cytoplasmic ERK by the chemokines (Figure 5C-5E). Dynamin K44A partially abrogated
cytoplasmic ERK activity at CXCL10 and CXCL11, but not CXCL9 (Figure 5F). In contrast, we detected no
measurable nuclear ERK activity with CXCL9 treatment, but substantial nuclear ERK activity with CXCL10 and
CXCL11. Dynamin K44A expression led to near complete abrogation of nuclear ERK activity by both CXCL10
and CXCL11 (Figure 5G-5J). These findings suggest that CXCR3 internalization is necessary for activation of
nuclear ERK, while CXCR3 internalization contributes to, but is not required for, cytoplasmic ERK activation.
Furthermore, while CXCL9 promotes cytoplasmic ERK activity, it does not promote measurable nuclear ERK

activation.

Biased agonists are differentially dependent on internalization for transcriptional regulation

Previous studies have shown that certain transcriptional responses are dependent on sustained GPCR
signaling from endosomes (Tsvetanova et al., 2015; Tsvetanova and von Zastrow, 2014). Notably, CXCL9,
CXCL10, and CXCL11 have also previously been shown to differentially activate transcriptional reporters (Smith
etal., 2017). To determine the contribution of CXCR3 signaling from endosomes to the transcriptional response,

we studied the chemokine-induced activation of two transcriptional reporters, the serum response element
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(SRE), which responds to ternary complex factor (TCF)-dependent MAPK/ERK signaling, and serum response

factor response element (SRF-RE), which is a mutant form of SRE that responds to TCF-independent signaling
pathways like RhoA (Hill et al., 1995). Consistent with previous work, CXCL11 promoted the most transcriptional
activity at both reporters, followed by CXCL10 and CXCL9 in HEK293 cells (Figure 6A and 6C). Overexpression
of Dynamin K44A significantly decreased CXCL11-mediated transcriptional activity, but had no significant effect
on CXCL9- and CXCL10-mediated transcriptional activity. Inhibition of endocytosis led to a 50% decrease in
CXCL11-induced transcriptional activation, which was significantly greater than that observed at CXCL9 and
CXCL10 (Figure 6B and 6D). Interestingly, although CXCL10 promoted nuclear ERK activation in an
endocytosis-dependent manner, inhibition of endocytosis did not impact CXCL10 activation of SRE to the same
extent as CXCL11. These data suggest that CXCL10 and CXCL11 regulate transcriptional activation of this
promoter element through different mechanisms, where CXCL11 demonstrates greater relative dependence on
receptor internalization. Importantly, inhibition of endocytosis significantly decreased the degree of bias observed

between the chemokines, demonstrating the critical role internalization plays in GPCR functional selectivity.

Chemokine-induced transcriptional responses in CD8+ T cells reveal differential activation of
inflammatory pathways

CXCRa3 is primarily found in blood, bone marrow, and lymphoid tissues, specifically on Thl-type CD4+ T
cells and effector CD8+ T cells (Groom and Luster, 2011). To study the biased transcriptional regulation at
CXCRS3 in a more physiologically relevant cell type, the transcriptional response of primary, activated, CD8+
human T-cells expressing endogenous amounts of CXCR3 stimulated with the chemokines was characterized
by RNA Sequencing (RNA-Seq) (Supplemental Figure 4A and 4B). We observed significant changes in global
transcriptional activation, detecting approximately 48000 transcripts, 887 of which varied by chemokine treatment
(Figure 4E). There was a high degree of replicability between biological replicates (Supplemental Figures 4C-
4F). The majority of differentially expressed genes (DEGS) increased in transcript level following chemokine
treatment (Supplemental Figure 4G-4K). CXCL11 demonstrated the largest number of DEGs, consistent with
our data in HEK293 cells (Figure 6F). Importantly, CXCL10 and CXCL11 demonstrate transcriptional profiles
where the majority of DEGs were only found following treatment with each specific chemokine, rather than being

shared across chemokines. These data contrast with that observed at CXCL9 — although it promoted significant
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transcriptional activation, approximately 66% of CXCL9-induced DEGs were shared with CXCL10 and or

CXCL11 (Figure 6F).

We next analyzed the DEGs by Gene Set Enrichment Analysis (GSEA) using the Molecular Signatures
Database (mSigDB) (Subramanian et al., 2005). GSEA identified differentially activated biological pathways and
processes corresponding to predefined mSigDB gene sets. Compared to vehicle control, the chemokines induce
biased activation of pathways including interleukin JAK/STAT signaling, Myc targets, and TNF-a/NF-kB, among
others. Comparison of DEGs between chemokines revealed differential activation of 8 gene sets between
CXCL9 and CXCL10, 24 between CXCL9 and CXCL11, and 11 gene sets between CXCL10 and CXCL11
(Figure 6G-61). Among them, several were proinflammatory including TNF-a/NF-kB, IL6/JAK/STAT3, MYC,
MTORC1, and IFNy related pathways. CXCL11 was enriched in pathways related to the transcription factor MYC
and apoptosis, suggesting that CXCL11 plays a role in regulating T-cell growth (Schmidt, 1999). In contrast,
CXCL10 shows enrichment in cytokine related pathways (JAK/STAT, INFy), complement, and inflammatory
responses, suggesting that CXCL10 may promote a pro-inflammatory T-cell phenotype. These findings highlight
the lack of conserved transcriptional response across the chemokines, demonstrating the physiologic role of

sustained signaling from endosomes in biased regulation of inflammatory pathways.

CXCR3 internalization contributes to potentiation of inflammation in a murine model of contact
hypersensitivity

We previously showed in a murine model of allergic contact hypersensitivity (CHS) that a synthetic (3-
arrestin-biased CXCR3 agonist, VUF10661, potentiates inflammation through increased recruitment of CD8+ T
cells in a B-arrestin 2-dependent manner (Smith et al., 2018b). To determine if this response requires sustained
CXCRS signaling from endosomes, we inhibited receptor-mediated internalization in this CHS model. Following
sensitization, CHS was elicited through application of the allergen dinitrofluorobenzene (DNFB) or vehicle control
to the ears of the mice with concomitant administration of VUF10661 and a pharmacologic inhibitor of Dynamin,
Dyngo 4a (Eichel et al., 2016; Jensen et al., 2017; McCluskey et al., 2013). Ear thickness was measured as a
marker of inflammation (Figure 7A). Previous work showed that VUF10661 in the absence of DNFB does not

illicit an inflammatory response (Smith et al., 2018b) and we observed similar findings with Dyngo 4a
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(Supplemental Figure 5). Therefore, any increase in ear thickness was primarily due to modulated DNFB-

induced inflammation, and not directly from the compounds tested.

Following DNFB sensitization and treatment, mice treated with VUF10661 demonstrated a 60% increase
in ear thickness over control (Figure 7C). This effect was decreased in mice that received concomitant
administration of Dyngo 4a and VUF10661 compared to control, with only a 20% increase in ear thickness.
These results are consistent with the conclusion that sustained CXCR3 signaling from endosomes is required
for maximal potentiation of the inflammatory response. Together, these data demonstrate the in vivo role of

subcellular GPCR signaling in modulating inflammation.

DISCUSSION

Our findings are synthesized in a working model of how location bias by CXCR3 chemokine agonists
promote functionally selective responses with distinct effects on inflammation (Figure 7C). At the plasma
membrane, the chemokines demonstrate biased engagement of G proteins and B-arrestins leading to different
amounts of B-arrestin-dependent receptor-mediated endocytosis. In the endosomes, we observed relative
changes in signaling across all chemokines, where CXCL11 became more B-arrestin-biased while CXCL9 and
CXCL10 demonstrated enhanced coupling to G proteins. CXCR3 signaling from the plasma membrane and
endosome both contributed to the cytosolic activation of ERK1/2; however, only CXCL10 and CXCL11 activated
nuclear ERK1/2 in a manner almost entirely dependent on signaling from endosomes. This functionally selective
and location-dependent signaling converged to differentially regulate transcription in both HEK293 cells and
primary CD8+ T cells, with differential effects on genes that play important roles in inflammation. Lastly, we found
that inhibiting endocytosis in a CXCR3-mediated CHS model in mice significantly decreased inflammation.
Together these findings suggest a physiologically important role for location bias in CXCR3 signaling that
contributes to the inflammatory response.

It was previously believed that ligand:receptor interactions in the CKR family were redundant (Mantovani,
1999). Considerable evidence has challenged this notion and demonstrated that a significant proportion of CKR
signaling is indeed specific to particular ligand:receptor combinations (Corbisier et al., 2015; Mikucki et al., 2015;
Rabin et al., 1999; Rajagopal et al., 2013). Here we show that the functional selectivity observed at CKRs persists

beyond the plasma membrane into subcellular compartments like the endosome. Additionally, location bias is
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critical for some, but not all, ligands, to their functional selectivity. Given that GPCRs are known to translocate to

locations like the Golgi apparatus, it is possible that trafficking to other cellular compartments may demonstrate
signaling patterns different than those observed in this study (Eichel and von Zastrow, 2018; Mohammad
Nezhady et al., 2020; Pavlos and Friedman, 2017). Additionally, some GPCRs simultaneously exist on multiple
membrane bound structures, like the nucleus and mitochondria (Mohammad Nezhady et al., 2020), enabling for
even greater signaling diversity for membrane permeable ligands.

While all of the chemokines couple CXCR3 to B-arrestin 2 at the plasma membrane, only CXCL10 and
CXCL11 were able to translocate (-arrestin to endosomes, albeit to different extents. The biased chemokines
also promoted unique [B-arrestin conformations at the plasma membrane which persisted as the receptor
trafficked to the endosome. Because B-arrestin conformation is directly related to function, it is likely these
conformational differences contribute to biased receptor signaling (Lee et al., 2016). B-arrestin can engage the
GPCR core (core conformation) which is associated with G protein desensitization; however, it can also bind to
the GPCR C-terminal tail (tail conformation), which is associated with receptor internalization and effector
scaffolding (Cahill et al., 2017; Kumari et al., 2016). There is also evidence of GPCR:G protein:f-arrestin
“megaplexes” which allow for sustained G protein signaling, with simultaneous engagement of $-arrestin in the
tail conformation (Nguyen et al., 2019; Thomsen et al., 2016). We observed a relative decrease in G protein
signaling in endosomes following treatment with CXCL11 but not with CXCL10. It is possible that CXCL10
promotes B-arrestin to adopt a tail conformation that drives receptor internalization without further desensitization
of G protein signaling. Although CXCL11 promotes greater amounts of total endosomal B-arrestin, it is possible
that a relatively larger proportion of this B-arrestin adopts a core conformation.

Our assessments of downstream signaling demonstrate the functional diversity that can be obtained
through a single GPCR using biased agonists. Biased MAPK activation observed across the CXCR3 chemokines
was dependent on subcellular location. We observed significant differences in transcriptional activation that
directly correspond with the ability of a ligand to activate ERK, consistent with prior studies (Whitmarsh et al.,
1995). Although overexpression of Dynamin K44A eliminated nuclear ERK activation at CXCL10 and CXCL11,
we only observed a significant decrease in transcriptional activity with CXCL11 treatment. It is possible that

CXCL10 and CXCL11 activate certain promoter elements through different mechanisms. This is consistent with
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recent reports demonstrating that some membrane bound GPCRs can activate MAPKs via multiple mechanism,

such as translocation of GBy proteins to the Golgi apparatus (Khater et al., 2021).

Our findings highlight the critical role of ligand bias and location bias in GPCR signaling, which were
further demonstrated in the diverse transcriptional responses observed in primary CD8+ T cells and a murine
model of CHS. Previous work at the Neurokinin 1 receptor (NK:R) showed that signaling from endosomes was
critical for prolonged nociception (Jensen et al., 2017). A NK1R antagonist which trafficked with the receptor to
endosomes demonstrated sustained GPCR antagonism and heightened antinociception, revealing the clinical
utility of GPCR targeted therapeutics that function at multiple cellular locations (Jensen et al., 2017). We found
that GPCRs can adopt multiple different signaling profiles and trafficking patterns, simply by changing the ligand
used to activate the receptor. We demonstrated the potential utility of developing pharmaceutical drugs that not
only activate the receptor in a biased fashion, but also target the receptor to one or multiple subcellular
compartments. Given that our work was conducted at CXCR3, it is important to understand how temporospatial
functional selectivity contributes to disease pathologies at other CKRs and GPCRs in order to develop more
targeted, efficacious, and safer therapeutics. Because biased agonism has recently been observed at other
receptor superfamilies like receptor tyrosine kinases (Karl et al., 2020), this work has important implications in
harnessing the functional selectivity of chemokine receptors, GPCRs, and other transmembrane receptors at

and beyond the plasma membrane.
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MAIN FIGURE TITLES AND LEGENDS

Figure 1: CXCR3 receptor-mediated internalization is differentially regulated by biased chemokines and
dependent on B-arrestin. (A) CXCR3 trafficking to early endosomes using the BRET acceptor 2x-Fyve-mVenus
or away from the plasma membrane using Myrpalm-mVenus in HEK293 cells. (B) CXCR3 trafficking away from
the plasma membrane using Myrpalm-mVenus in 3-arrestin 1/2 knock out cells. Data are normalized to maximum
signal and are the mean + SEM, n=4. *P < .05 by one-way or two-way ANOVA. For (A), post-hoc testing was
conducted between ligands within each BRET acceptor and for (B) post-hoc testing was conducted between
pcDNA 3.1 and every other transfection condition within a ligand. (C) Confocal microscopy images of B-arrestin
1/2 knock out cells transfected with CXCR3-mCerulean and either pcDNA 3.1, B-arrestin 1, or B-arrestin 2

following the listed treatment for 45 minutes. Images are representative of three replicates.

Figure 2: CXCR3 G protein signaling changes as the receptor traffics away from the plasma membrane
to the endosome. Schematic representation of the location-specific BRET-based GTP-Gai sensor. Following G
protein activation, the GTP bound Gai-mVenus will interact with the peptide KB-1753-NLuc, which selectively
binds GTP-bound Gai 1-3, to produce a BRET signal. The peptide is localized to the (A) plasma membrane or
the (B) endosome. Agonist dose-dependent formation of GTP-Gai at the (C) plasma membrane or (D) endosome
in HEK293 cells. (E-G) Data for each ligand at the plasma membrane and endosome are presented according
to ligand identity. Data for figures (C-G) are normalized to CXCL11-induced GTP-Gai at the plasma membrane.
(H) Schematic representation of the split nanoluciferase assay detecting total endosomal Gai irrespective of Gai
nucleotide status. (I) Agonist dose-dependent and (J) kinetic data of Gai-LgBit recruitment to endosomes tagged
with 2xFyve-SmBit. Data are the mean + SEM, n=3-6. * denotes statistically significant differences between Enax

of ligands.

Figure 3: Maximal Gai mediated cAMP inhibition at CXCR3 is dependent on receptor endocytosis. (A)
Schematic representation of the cAMP sensor experimental design (Masuho et al., 2015). Agonist dose-
dependent inhibition of isoproterenol-induced cAMP production by the chemokines in HEK293 cells with

concurrent transfection of (B) pcDNA 3.1 or (C) Dynamin K44A to inhibit internalization. (D to F) Kinetic data
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and (G to I) agonist dose-dependent of cCAMP inhibition levels in HEK293 cells treated with CXCL9, CXCL10

and CXCL11, respectively. Data are the mean + SEM, n=5. * denotes statistically significant differences between
Emax for dose response data of pcDNA 3.1 versus Dynamin K44A transfection conditions at each ligand. See

Figure S1 for similar data on nuclear cAMP.

Figure 4: CXCR3 demonstrates biased B-arrestin 2 recruitment and conformation between chemokine
agonists at the plasma membrane and endosome. Kinetic data and quantification of area-under-the-curve
(AUC) of B-arrestin-2 recruitment to the (A and B) plasma membrane or (C and D) endosome following 100nM
chemokine stimulation of CXCR3. (E) Schematic of complex FIAsH assay to detect B-arrestin 2 conformation.
Cells express LgBit-CAAX and a modified SmBit-B-arrestin 2 complex FIAsH construct. Upon complex FIAsH
recruitment to the plasma membrane, complementation between the LgBit and SmBit creates a functional
nanoluciferase protein which can undergo BRET with the intramolecular tetracysteine motif. (F and G) Complex
FIAsH 4 and 5 plasma membrane BRET data for CXCR3 treated with chemokines. (H) Schematic of complex
FIAsH assay, similar to Figure 4E, to detect B-arrestin 2 conformation at the endosome, using 2x-Fyve-LgBit. (I
and J) Complex FIAsH 4 and 5 endosomal BRET data for CXCRS3 treated with chemokines. (K and L) Bias plots
demonstrating relative G protein activation and B-arrestin 2 recruitment at the plasma membrane and endosome
across the chemokines. Arrows highlight the change in best fit lines between CXCL10 and CXCL11. For -
arrestin 2 recruitment assays, data are the mean £ SEM, n=3. * denotes statistically significant differences
between AUC between different chemokines. For complex FIAsH assays, data are the mean + SEM, n=3-5.
*P<.05 by one-way ANOVA with Tukey’s post-hoc testing conducted between ligands within each FIAsH
construct. “P<.05 by a one-sample t-test is listed beneath each chemokine to determine if the Net BRET value

was non-zero. See also Figure S2.

Figure 5: CXCR3 internalization is required for biased cytoplasmic and nuclear ERK1/2 activation. (A)
Representative western blot and (B) quantification of ERK1/2 phosphorylation following 5 minutes of stimulation
with vehicle control or chemokine with transfection of pcDNA 3.1 or Dynamin K44A. Data are the mean = SEM,
n=5 and are normalized to CXCL11 and pcDNA 3.1. Kinetic data and quantification of AUC of ERK activity using

the (C-F) cytoplasmic and (G-J) nuclear ERK BRET biosensors following chemokine treatment with transfection
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of pcDNA 3.1 or Dynamin K44A. Data are the mean + SEM, n=3-4. *P<.05 using a two-way ANOVA analysis

with comparisons made between pcDNA 3.1 or Dynamin K44A within a ligand. See also Figure S3.

Figure 6: Biased transcriptional regulation at CXCR3 is dependent on receptor trafficking to endosomes.
Transcriptional activity of CXCR3-expressing HEK293 cells transfected with a (A) serum response element
(SRE) or (C) serum response factor response element (SRF-RE) luciferase reporter and either pcDNA 3.1 or
Dynamin K44A. Percent of (B) SRE or (D) SRF-RE signal retained when overexpressing Dynamin K44A. For
luciferase reporter assays, data are the mean = SEM, n=4. *P<.05 using a two-way ANOVA analysis with
comparisons made between pcDNA 3.1 or Dynamin K44A within a ligand. A one-way ANOVA with Tukey’s post-
hoc testing was conducted for (B) and (D). (E) Heat map of differentially expressed genes (DEGS) in primary
CD8+ T-cells. (F) Venn diagram of DEGs compared to vehicle treatment. (G-I) Gene set enrichment analysis of
differentially regulated pathways between chemokines. Listed pathways are statistically significant at P < .05,
however, select pathways are labelled as TRUE if the False Discovery Rate (FDR) is < 0.25 and FALSE if the

FDR is > 0.25. See also Figure S4 for additional informatics analysis of CXCR3 transcriptomics.

Figure 7: Receptor internalization is required for maximum CXCR3-mediated inflammation. (A)
Experimental design of the dinitrofluorobenzene (DNFB)-induced contact hypersensitivity mouse model. Mice
are sensitized with DNFB on their back, followed by induction of inflammation with DNFB or vehicle control on
the ears four days later. This is followed by treatment with VUF10661 with or without Dyngo 4a at 0, 24 hours,
and 48 hours. (B) Ear thickness following DNFB elicitation and application of VUF10661 (50nM) with or without
Dyngo 4a (50nM). Data are presented as the VUF10661-induced increase in ear thickness over control (DMSO
or Dyngo 4a alone — see Figure S5 for changes in ear thickness associated with control treatments). Data are
means = SEM of 7-10 mice per treatment group. *P < .05 using a two-way ANOVA analysis. (C) Working model
demonstrating how location bias contributes to functionally selective cellular signaling and inflammatory

responses at CXCR3.
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STAR Methods

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the

lead contact, Sudarshan Rajagopal (Sudarshan.rajagopal@duke.edu).

Materials Availability

All plasmids generated in this study will be distributed upon request.

Data and Code Availability
RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. All data reported in this paper will be shared by the lead contact

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains

XL-10 Gold ultracompetent E. coli (Agilent) were used to express all constructs used in this manuscript.

Cell Lines

Human Embryonic Kidney (HEK293, B-arrestin 1/2 knockout) cells were grown in minimum essential media
(MEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C and 5% CO2.
B-arrestin ¥2 CRISPR/Cas9 KO HEK293 cells were provided by Asuka Inoue and validated as previously
described (Alvarez-Curto et al., 2016). CD8+ T cells were cultured in RPMI 1640 supplemented with 10% FBS

and 1% penicillin/streptomycin at 37°C and 5% CO2.
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Animal Studies

All animal procedures performed in this study were in agreement with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. Animals were housed in Duke University’s GSRBII and
protocols for use were approved by Duke University’s Institutional Animal Care and Use Committee. All animals
were housed under the Duke University protocol number A104-20-05. Female WT C57BL/6 (Charles River) mice
were bred and maintained under specific pathogen—free conditions in accredited animal facilities at the Duke
University under the animal protocol. Because the ear inflammation in this CHS model causes mice to scratch
and gnaw at their ears, excessive scratching can produce artificially large increases in ear thickness. To minimize
this phenomenon, female mice were chosen as they tend to be less aggressive than male mice and can

additionally be socially housed (Jirkof et al., 2020; Olsson and Westlund, 2007).

METHOD DETAILS

Generation of Constructs

Construct cloning was performed using conventional techniques such as restriction enzymel/ligation methods.
Linkers between the fluorescent proteins or luciferases and the cDNAs for receptors, transducers, or other
proteins were flexible and ranged between 2 and 18 amino acids. Dr. Kirill Martemyanov provided the EPAC
plasmid which was used to clone the nuclear specific EPAC cAMP sensors. EKAR FRET ERK1/2 biosensors
previously published (Harvey et al., 2008) were used to generate BRET versions of these sensors by removing

the N-terminal mCerulean through restriction digest and inserting a nanoluciferase.

Cell Culture and Transfection

For BRET and luminescence-based assays, HEK293 cells were transiently transfected with an optimized calcium
phosphate protocol as previously described unless otherwise indicated (Pack et al., 2018). In the calcium
phosphate transfection method, cell culture media was replaced 30 minutes prior to transfection. Plasmid
constructs were suspended in water to a final volume of 90puL. 10 pL of 2.5 M calcium chloride was added to the

plasmid constructs and mixed. 100 pL of 2x HEPES-buffered saline solution (10mM D-Glucose, 40mM HEPES,
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10 mM potassium chloride, 270 mM sodium chloride, 1.5 mM disodium hydrogen phosphate dihydrate) was

added to the solution, allowed to incubate for two minutes, and subsequently added to the cells.

For BRET biosensors for compartmentalized ERK activity and cAMP levels, transcriptional reporter assays, and
confocal microscopy, cells were transiently transfected using polyethylenimine (PEI). In the PEI transfection
method, cell culture media was replaced 30 minutes prior to transfection. Plasmid constructs were suspended
in Opti-MEM (GIBCO) to a final volume of 100 pL and, in a separate tube, PEI at a concentration of 1 mg/mL
was added to Opti-MEM to a final volume of 100 uL. For experiments in this manuscript, 3 pL of PEI was used
per 1ug of plasmid DNA. After 5 minutes, the 100 uL PEI solution was added to the 100 yL DNA solution, gently
mixed, and allowed to incubate at room temperature for 10-15 minutes, after which the mixture was added to the

cells.

BRET and Split Luciferase Assays

For all BRET and Split Luciferase assays, HEK293 cells seeded in 6 well plates were transiently
transfected using the calcium phosphate method described previously unless otherwise indicated.

To determine G protein nucleotide status, we took advantage of and modified a previously described two
component BRET sensor (Maziarz et al., 2020a). The first component of the biosensor consists of a plasma
membrane targeting domain anchor, a synthetic peptide KB-1753 that selectively and reversibly binds to GTP-
bound Gai (Gai 1-3) (Johnston et al., 2008), and a nanoluciferase BRET donor. By altering the identity of the
lipid anchor, the sensor can be used to detect G protein activation at different cellular locations. Specifically, the
GTP-bound Gai sensor located at the plasma membrane (Mas-KB1753-NLuc) has a myristic attachment
sequence (mas) targeting sequence (MGSSKSKTSNS) (Maziarz et al., 2020a). We generated a GTP-bound Gai
sensor with a 2x-Fyve targeting sequence from the hepatocyte growth factor-regulated tyrosine kinase substrate
to target it to the endosome (2xFyve-KB1753-NLuc). When co-expressed with Gai-mVenus, the sensor will bind
to the active Gai subunit following guanine nucleotide exchange of GDP for GTP and produce a BRET signal.

G protein localization to endosomes irrespective of nucleotide status was detected using wild-type
CXCR3, Gai-LgBit, and 2xFyve-SmBit. The role of B-arrestin in receptor internalization was assessed using wild-

type CXCR3 tagged with a C-terminal RLuc2, Myrpalm tagged mVenus or 2x-Fyve tagged mVenus, and rescue
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of B-arrestin 1, B-arrestin 2, both 3-arrestin isoforms, or pcDNA 3.1 control. B-arrestin recruitment was assessed

using wild-type CXCR3, SmBit-B-arrestin 2, and either 2xFyve-LgBit to detect B-arrestin 2 at endosomes or
LgBit-CAAX to detect p-arrestin 2 at the plasma membrane.

Location-specific BRET-biosensors of downstream signaling (EPAC and EKAR) were transfected using
PEI. The EPAC-based BRET biosensor (Masuho et al., 2015) consists of an N-terminal nanoluciferase and two
C-terminal Venus constructs. Following production of cCAMP by the endogenously expressed Gas-coupled B2-
adrenergic receptor (B2AR), the BRET biosensor will bind cAMP and undergo a conformational change which
leads to a decrease in BRET efficiency. The EKAR biosensor consists of a target substrate that, following
phosphorylation by activated pERK, binds to a phosphorylation binding domain, causing a conformational
change in the biosensor and subsequent change in BRET efficiency.

Twenty-four hours after transfection, cells were washed with phosphate buffered saline, collected with
trypsin, and plated onto a clear bottom, white-walled, 96 well plate at 50,000-100,000 cells/well in clear minimum
essential medium supplemented with 2% FBS, 1% penicillin/streptomycin, 10mM HEPES, 1x GlutaMax, and 1x
Antibiotic-Antimycotic (Gibco). The next day, the media were removed, and cells were incubated at room
temperature with 80 uL of 3uM coelenterazine h in Hanks’ balanced salt solution (HBSS) (Gibco) supplemented
with 5mM HEPES for 5-10 minutes before adding ligand at the appropriate concentration. For BRET assays
assessing CXCR3 internalization, HEK293 cells were stimulated with 100nM of each chemokine and the data
shown are average Net BRET ratios calculated between 25 and 30 minutes following stimulation.

For EPAC assays, 100 nM chemokine and coelenterazine h were added simultaneously and allowed to
incubate for 15 minutes prior to the addition of 1 uM isoproterenol to promote cAMP formation. For split luciferase
assays to assess Gai-Lgbit and SmBit-B-arrestin 2 trafficking, as well as BRET EKAR and EPAC assays, three
initial reads were taken prior to the addition of ligand to quantify baseline luminescence or BRET before adding
ligand. Plates were read with a BioTek Synergy Neo2 plate reader set at 37°C. All readings were performed
using a kinetic protocol.

BRET plates were read using a 480 nm wavelength filter and 530 nm wavelength filter. BRET ratios were
calculated by dividing the 530 nm acceptor signal by the 480 nm donor signal. Net BRET ratios were calculated

by subtracting the vehicle BRET ratio from the ligand stimulated BRET ratio. Split luciferase plates were read
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without a wavelength specific filter. Baseline luminescence was subtracted from each read following ligand

addition to calculate a change in luminescence after ligand stimulation and then normalized to vehicle treatment.

Complex Intramolecular Fluorescent Arsenical Hairpin (FIAsH) BRET of B-arrestin 2

HEK?293 cells seeded in six-well plates were transiently transfected with wild-type CXCR3, SmBit-tagged
FIAsH 4 or 5, and either 2xFyve-LgBit or LgBit-CAAX using the calcium phosphate transfection protocol. In this
complex FIAsH assay, CCPGCC tetracysteine sequences were inserted into a B-arrestin 2 construct following
amino acids 225 in FIAsH 4 and 263 in FIAsH 5 (Lee et al., 2016). These tetracysteine motifs are capable of
binding the organoarsenic compound FIASH-EDT,. The original FIAsH constructs have an N-terminal luciferase
which, in the complex FIAsH assay, is replaced with a SmBit (Lee et al., 2016). When the B-arrestin 2 complex
FIAsH construct is recruited to one of the tagged intracellular locations, complementation occurs between the
LgBit and SmBIt, creating a functional nanoluciferase protein. The produced luminescent signal (~460nm) can
undergo resonance energy transfer (RET) with the intramolecular FIAsH-EDT>, which serves as an acceptor
moiety to produce a BRET signal (~530nm). The efficiency of RET depends on the distance and conformation
between the split nanoluciferase and FIASH-EDT,. Thus, this assay provides a readout of B-arrestin 2
conformation as measured between the N-terminus and two different locations on the B-arrestin 2 C-domain at
specific subcellular locations.

Twenty-four hours after transfection, cells were plated onto clear-bottomed, rat-tail collagen coated,
white-walled, Costar 96-well plates at 100,000 cells/well in minimum essential medium (Gibco) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (P/S). The following day, cells were washed with 50
pL of HBSS (Gibco). 100 pL of 2.5 uM FIAsH-EDT, in HBSS was added for arsenical labeling, and cells were
incubated in the dark at 37°C for 45 minutes. FIASH-EDT, was aspirated, and the cells were washed with 130
ML of 250 uM 2,3 dimercaptopropanol (BAL) wash buffer. Cells were then incubated at room temperature with
80 uL of 3 uM coelenterazine h in Hanks’ balanced salt solution (Gibco) supplemented with 20mM HEPES for
5-10 minutes. Following a 5-minute incubation in 37°C, three prereads were taken to measure baseline BRET
ratios. Chemokine was then added to 100 nM final concentration. Plates were read with a BioTek Synergy Neo2
using a 480 nm wavelength filter and 530 nm wavelength filter. Readings were performed using a kinetic protocol.

BRET ratios were calculated by dividing the 530 nm signal by 480 nm signal. Net BRET values were calculated
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as described above by averaging six consecutive BRET values and normalizing to vehicle control. Net BRET

values of B-arrestin 2 conformation using the membrane tag LgBit-CAAX were calculated at 5 minutes following
ligand stimulation, while Net BRET values using the endosome tag 2xFyve-LgBit were calculated at 20 minutes

following ligand stimulation.

Immunoblotting

Immunoblotting was performed as described previously (Smith et al., 2018b). HEK293 cells seeded in 12 well
plates were transiently transfected with wild-type CXCR3 and either pcDNA 3.1 or Dynamin K44A using the
calcium phosphate transfection method. 24 hours after transfection, cells were serum starved in minimum
essential medium supplemented with 0.01% bovine serum albumin (BSA) and 1% penicillin/streptomycin for 16
hours. The cells were then stimulated with 100nM chemokine or vehicle control for 5, 30, or 60 minutes, washed
with ice cold PBS, and lysed in ice cold RIPA buffer supplemented with phosphatase and protease inhibitors
(Phos-STOP (Roche), cOmplete EDTA free (Sigma)). The samples were rotated at 4°C for forty-five minutes
and cleared of insoluble debris by centrifugation at 17,0009 at 4°C for 15 minutes, after which the supernatant
was collected. Protein was resolved on SDS-10% polyacrylamide gels, transferred to nitrocellulose membranes,
and immunoblotted with the indicated primary antibody overnight at 4°C. phospho-ERK (Cell Signaling
Technology, #9106) and total ERK (Millipore Sigma, #06-182) antibodies were used to assess ERK activation.
Horseradish peroxidase-conjugated anti-rabbit-1IgG or anti-mouse-1gG were used as secondary antibodies. The
nitrocellulose membranes were imaged by SuperSignal enhanced chemiluminescent substrate (Thermo Fisher)
using a ChemiDoc MP Imaging System (Bio-Rad). Following detection of pERK signal, nitrocellulose membranes
were stripped and reblotted for tERK signal. Relative ERK activation was calculated by dividing the intensity of

pPERK by tERK and comparing this ratio for a specific experimental condition to that of vehicle treatment.

Transcriptional Reporter Assays — SRE and SRE-SF

HEK293 cells seeded in 6 well plates were transiently transfected with SRE or SRF-RE reporter plasmids, wild
type CXCR3, and either pcDNA 3.1 or Dynamin K44A using the PEI transfection method. Twenty-four hours
after transfection, cells were washed with PBS, collected with trypsin, and plated onto a clear bottom, white-

walled, 96 well plate at 50,000-100,000 cells/well and starved overnight in serum-free minimum-essential media
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(Gibco) supplemented with 1% penicillin/streptomycin. The cells were then incubated with 100 nM CXCL9,

CXCL10, or CXCL11 for six hours. The wells were aspirated and then incubated with 1.6mM luciferin in Hanks’
balanced salt solution (Gibco) supplemented with 20mM HEPES for ten minutes. Luminescence was quantified
at 480nm using a BioTek Synergy Neo2 plate reader set at 37°C. Transcriptional activity was quantified by
calculating the fold-change in luminescence of ligand-treated cells from vehicle-treated cells. The fold-change

was then normalized to maximum signal.

Confocal Microscopy

HEK293 cells were plated on rat-tail-collagen-coated 35 mm glass bottomed dishes (MatTek Corporation,
Ashland, MA) and transiently transfected using PEI with the listed constructs. Forty-eight hours following
transfection, the cells were washed once with PBS and then serum starved for one hour. The cells were
subsequently treated with a control of serum free media or the listed chemokine at 100nM or VUF10661 at 10uM
for forty-five minutes at 37°C. Following stimulation, the cells were washed once with HBSS and fixed at room
temperature in the dark in a 6% formaldehyde solution for 20 minutes. Cells were subsequently washed four
times with PBS and then imaged. The cells were imaged with a Zeiss CSU-X1 spinning disk confocal microscope
using the corresponding lasers for GFP (480nm excitation), RFP (561nm excitation), and mCerulean (433nm

excitation). Images were analyzed using ImageJ (NIH, Bethesda, MD).

RNA sequencing

Primary, negatively selected, CD8+ T cells were obtained commercially (Precision for Medicine, Bethesda, MD).
T cells were cultured in RPMI medium 1640 containing 10% FBS, 1% penicillin/streptomycin at 37°C and 5%
CO:.. Prior to stimulation, T-cells were activated and expanded using anti-CD3 and anti-CD28 magnetic beads,
and subsequently recultured without magnetic beads, as previous work has shown that this protocol increases
T-cell count and surface expression of CXCR3 (Nakajima et al., 2002). Specifically, T cells were activated using
CD3/CD28 T-cell Dynabeads (Thermo Fischer) at a 1:1 bead:cell ratio for three days and then cultured without
Dynabeads for three more days in fresh media. Cells were starved for four hours in RPMI medium 1640
containing 0.01% BSA and 1% penicillin/streptomycin and subsequently stimulated with vehicle or chemokine

for 2 hours. Total RNA was extracted using the RNeasy Plus RNA Extraction Kit (Qiagen). RNA sequencing was
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conducted by Novogene Co. (Beijing, China). For heat maps, genes with an adjusted p-value <0.05 were

considered as differentially expressed. For UpSet plots, genes with an adjusted p-value <0.05 and
|log2(Foldchange)| > 0.3 are shown. For Volcano plots, genes with an adjusted p-value <0.05 and
|log2(Foldchange)| > 0.4 are labelled. Gene set enrichment analysis was performed to determine whether
chemokine treatments generated significant differences for a priori defined set of genes from the Molecular

Signatures database (https://www.gsea-msigdb.org/gseal/index.jsp).

Quantitative Polymerase Chain Reaction (QPCR)

RNA isolated from peripheral blood mononuclear cells were reverse transcribed into complementary DNA
(cDNA) using the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instructions. cDNA was
analyzed using iTaq Universal SYBR Green Supermix (Bio-Rad) using the CXCR3 primers %5
GCCATGGTCCTTGAGGTGAG 3’ and 5° GGAGGTACAGCACGAGTCAC 3’ and 18s rRNA primers forward 5’
GTAACCCGTTGAACCCCATT 3’ and 5 CCATCCAATCGGTAGTAGCG 3'. cDNA levels were measured using
an Applied Biosystems 7300 Real-Time PCR system. PCR was performed first through polymerase activation
and denaturation at 95°C for 30 seconds. cDNA then underwent 40 cycles of denaturation at 95°C for 15
seconds, and annealed, extension, and reading at 60°C for 60 seconds. Data are expressed as fold change (2

AanCh of each target gene compared to 18s rRNA, and then normalized to No Treatment control.

DNFB Contact Hypersensitivity Murine Model

Seven-week-old mice were split into groups of 7-10 mice when sensitized. Animals were randomly assigned to
treatment groups and investigators were blinded to pharmacologic treatments. Mice were initially sensitized by
topical application of 50uL of 0.5% DNFB (Sigma Aldrich) in a 4:1 acetone:olive oil solution on their shaved back.
Four days later, they were challenged on their ears with 10uL of 0.3% DNFB with or without Dyngo 4a (50 uM).
4, 24, and 48 hours later, 10uL of either vehicle control, VUF10661 (50 uM), Dyngo 4a (50 uM), or VUF10661
and Dyngo 4a (both at 50 pM) dissolved in a 72:18:10 acetone:olive oil:DMSO solution was applied to the ear
by a blinded investigator. Ear thickness was measured at the listed time points with an engineer's micrometer

(Standard Gage). To determine if Dyngo 4a had any effect on ear thickness in the absence of DNFB, we
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performed the above experiment in the absence of DNFB or VUF10661 and measured mouse ear thickness until

96 hours after initial Dyngo 4a treatment.

CXCR3 Ligands
Recombinant Human CXCL9, CXCL10, and CXCL11 (PeproTech) were diluted according to the manufacturer’s
specifications, and aliquots were stored at —80°C until needed for use. VUF10661 (Sigma-Aldrich) was

reconstituted in dimethyl sulfoxide (DMSO) and were stored at -20°C in a desiccator cabinet.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Dose-response curves were fitted to a log agonist versus stimulus with three parameters (span, baseline, and
EC50), with the minimum baseline corrected to zero using Prism 9.0 (GraphPad, San Diego, CA). Statistical
tests were performed using a one or two-way ANOVA followed by Tukey’s multiple comparison’s test when
comparing treatment conditions. When comparing ligands or treatment conditions in concentration-response
assays or time-response assays, a two-way ANOVA of ligand and concentration or ligand and AUC, respectively,
was conducted. If a significant interaction effect was observed (P < 0.05), then comparative two-way ANOVAs
between individual experimental conditions were performed. Further details of statistical analysis and replicates
are included in the figure legends. Lines represent the mean, and error bars signify the SEM, unless otherwise

noted.

Bias Plots

To generate bias plots, raw or normalized dose response data for G protein activation and B-arrestin 2 are plotted
for each chemokine at a specific location. We defined G protein activation as the ability of the chemokine to
induce Gai nucleotide exchange relative to the total amount of Gai present at that location. Best fit lines were

then plotted for each chemokine.
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KEY RESOURCES TABLE

REAGENT OR RESOURCE | SOURCE | IDENTIFIER

Antibodies

Donkey polyclonal anti-rabbit IgG | Rockland Cat#611-7302; RRID:AB 219747

peroxidase conjugated

Sheep polyclonal anti-mouse 1gG | Rockland Cat#610-603-002; RRID:AB_219694

peroxidase conjugated

Mouse monoclonal anti-phospho- | Cell Signaling Cat#9106; RRID:AB_331768

p44/42 MAPK 1/2 (ERK1/2)
(Thr202/Tyr204)

Technologies

Rabbit polyclonal anti-MAPK 1/2
(ERK1/2)

Millipore Sigma

Cat#06-182; RRID:AB_310068

Bacterial Strains

XL10-Gold Ultracompetent E. Agilent Cat#200315

Coli

Chemicals, peptides, and recombinant proteins

Recombinant Human CXCL9 Peprotech Cat#300-26

Recombinant Human CXCL10 Peprotech Cat#300-12

Recombinant Human CXCL11 Peprotech Cat#300-46

VUF10661 Sigma-Aldrich Cat#SML0803

Dyngo 4a Abcam Cat#AB120689

1-Fluoro-2,4-dinitrobenzene Sigma-Aldrich Cat#D1529

GlutaMax Gibco Cat#35050061

Antibiotic-Antimycotic Gibco Cat#15240062

FIASH-EDT2 Santa Cruz Cat#sc-363644
Biotechnology

Coelenterazine h Cayman Chemical | Cat#16894

Coelenterazine h NanoLight Cat#301
Technology

QuikChange Lightning Site- Agilent Cat#210518

Directed Mutagenesis Kit

PhosSTOP Sigma-Aldrich Cat#4906845001

cOmplete Protease Inhibitor Sigma-Aldrich Cat#11697498001

Cocktail

SuperSignal West Pico PLUS Thermo Fischer Cat#34580

Chemiluminescent Substrate Scientific

Dynabead Human T-Activator Thermo Fischer Cat#11131D

CD3/CD28 for T Cell Expansion Scientific

and Activation

D-Luciferin Goldbio Cat#LUCK-100

Isoproterenol Sigma-Aldrich Cat#16504

Critical commercial assays

iScript cDNA Synthesis Kit Bio-Rad Cat#1708890

RNeasy Plus Kit Qiagen Cat#74134

iTag Universal SYBR Green Bio-Rad Cat#1725121

Supermix

Deposited Data

CD8+ T-Cell RNA-seq | This paper; GEO | GSE192679

Experimental Models: Cell Lines

Human: HEK293

ATCC

Cat#CRL-1573;RRID:CVCL_0045

Human: 293T B-arrestin 1/2
Knock Out

Asuka Inoue

(Alvarez-Curto et al., 2016)
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Human: CD8+ T-Cells, Precision for N/A

Negatively Selected Medicine

Experimental Models: Organisms/strains

C57BL/6 Female Mice | Charles River | Cat#C57BL/6NCrl; RRID:IMSR_CRL:027

Oligonucleotides

CXCR3 fwd primer Sigma-Aldrich N/A

GCCATGGTCCTTGAGGTGAG

CXCR3 rev primer Sigma-Aldrich N/A

GGAGGTACAGCACGAGTCAC

18s fwd primer Sigma-Aldrich N/A

GTAACCCGTTGAACCCCATT

18s rev primer Sigma-Aldrich N/A

CCATCCAATCGGTAGTAGCG

Recombinant DNA

pcDNA3.1 CXCR3 Rajagopal Lab N/A

pcDNA3.1 CXCR3-RLuc2 Rajagopal Lab N/A
Rajagopal Lab N/A

pcDNA3.1_Myrpalm-mVenus (Smith et al.. 2017)
Rajagopal Lab N/A

pcDNA3.1_2x-Fyve-mvenus (Smith et al., 2017)

B-arrestin 1 Lefkowitz Lab N/A

B-arrestin 2 Lefkowitz Lab N/A

Garcia-Marcos Lab | N/A
pcDNA3.1_Mas-KB-1753-Nluc (Maziarz et al.

2020)
pcDNA3.1_2xFyve-KB-1753- This work N/A
nLuc
pcDNA3.1 _Gai-mVenus Rajagopal Lab N/A
Gail-LgBit (Inoue et al., 2019) | N/A
pcDNA3.1 2xFyve-SmBit This work N/A

Martemyanov Lab N/A
NLuc-EPAC-VV (Masuho et al.,

2015)
NLuc-EPAC-VV-NLS This work N/A
pBk-HA-1-DI-K44A Lefkowitz Lab N/A
SmBit-Barr2 Rajagopal Lab N/A
pcDNA3.1 2xFyve-LgBit This work N/A
pcDNA3.1 SmBit-Barr2-FIAsH 4 | This work N/A
pcDNA3.1 SmBit-Barr2-FIAsH 5 | This work N/A
pcDNA3.1 LgBit-CAAX This work N/A
quNA3.1_Cyto—EKAR BRET This work N/A
Biosensor
pcDNA3.1_Nuc-EKAR BRET , N/A

. This work
Biosensor
pGL4.33[luc2P/SRE/Hygro] Promega Cat#E1340
pGL4.34[luc2P/SRF-RE/Hygro] Promega Cat#PS087
pcDNA3.1 CXCR3-mCerulean This work N/A
pcDNA3.1 CXCR3-GFP This work N/A
B-arrestin 2-RFP Marc Caron Lab N/A
Software and algorithms
GraphPad Prism graphPad https://www.qraphpad.com/scientific-
oftware software/prism/

(Schneider et al.,
2012)

ImageJ https://imagej.nih.gov/ij/
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Adobe lllustrator Adobe https://www.adobe.com/
Excel Microsoft https://www.microsoft.com/en-us/microsoft-
365/excel
. https://www.bio-rad.com/en-us/product/image-lab-
ImagelLab Bio-Rad software
BioRender BioRender https://biorender.com/
Gene Set Enrichment Analysis g?utz):)%rgfmlan et https://www.gsea-msigdb.org/gseal/index.jsp
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SUPPLEMENTAL FIGURE TITLES AND LEGENDS

Supplemental Figure 1: Gai mediated cAMP inhibition at CXCR3 as measured using a nuclear localized
cAMP sensor. Related to Figure 3.

(A) Confocal microscopy images of HEK293 cells transfected with CXCR3-GFP, B-arrestin 2-RFP (3-arr-2-RFP),
and either pcDNA 3.1 or Dynamin K44A demonstrating successful inhibition of endocytosis with overexpression
of Dynamin K44A. (B) Confocal and brightfield microscopy images of HEK293 cells transfected with a nuclear
localized cAMP BRET biosensor (NLuc-EPAC-VV-NLS). Agonist dose-dependent inhibition of isoproterenol-
induced nuclear cAMP production by the chemokine in HEK293 cells with concurrent transfection of (C) pcDNA
3.1 or (D) Dynamin K44A to inhibit internalization. (E to G) Kinetic data and (H to J) agonist dose-dependent
inhibition of cAMP signal in HEK293 cells treated with chemokine. Data are the mean + SEM, n = 5. * denotes
statistically significant differences between Enax for dose response data of pcDNA 3.1 versus Dynamin K44A

transfection conditions at each ligand.

Supplemental Figure 2: Plot of maximal G protein and B-arrestin signaling at different subcellular
locations. Related to Figure 4. Plot of maximal G protein activation and (-arrestin 2 recruitment at the plasma
membrane and endosome. All data are normalized to the values for CXCL11 at the plasma membrane. Gai
activation at the endosome was calculated by dividing the relative amount of endosomal Gai-GTP by total

endosomal Gai.

Supplemental Figure 3: ERK activation at 30 and 60 minutes and premise of ERK biosensor. Related to
Figure 5. (A) Representative immunoblot of ERK1/2 phosphorylation following 30 and 60 minutes of stimulation
with vehicle control or 100nM of chemokine with transfection of pcDNA 3.1 or Dynamin K44A. (B) Schematic of
the BRET based ERK biosensor (Harvey et al., 2008). The biosensor consists of an N-terminal nanoluciferase
(NLuc), phosphobinding domain, flexible linker, ERK substrate peptide, ERK docking domain, and C-terminal
mVenus. Following phosphorylation of the target peptide by activated ERK, the phosphobinding domain will
complex with the phosphothreonine, bringing the NLuc and mVenus in close proximity to generate a BRET

signal. (C and D) Confocal microscopy of the ERK biosensors targeted to the cytoplasm or the nucleus.
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Supplemental Figure 4. Approach and source data for RNA-seq to assess transcription in CD8+ T cells.
Related to Figure 6. (A) Schematic of experimental design of RNA-seq experiments on activated primary CD8+
T cells. T cells were cultured with anti-CD3/CD28 T-cell Dynabeads (Thermo Fisher) for three days and then
three days without Dynabeads to induce T cell activation and expansion. T cells were serum starved and
incubated with the listed treatment condition for 2 hours. RNA was then isolated and then processed for RNA
sequencing. (B) Quantitative PCR (qPCR) of peripheral blood mononuclear cells to examine CXCRS3 transcript
levels following stimulation with anti-CD3/CD28 magnetic beads. Cells were cultured under five conditions: No
stimulation, 2 days with magnetic beads (2d On), 2 days with magnetic beads followed by 2 days without
magnetic beads (2d On + 2d Off), 3 days with magnetic beads (3d On), or 3 days with magnetic beads followed
by 3 days without magnetic beads (3d On + 3d Off). Transcript levels were normalized using 18s rRNA, and then
subsequently normalized to the No stimulation condition. Data are the mean + SEM, n=3. (C-F) Venn diagram
showing common transcripts identified across three replicates within each treatment group demonstrating high
degrees of replicability between replicate samples. UpSet Plots demonstrating similarly or differentially (G)
upregulated or (H) downregulated transcripts at a Log2(Fold Change) of >+0.3. The UpSet Plots demonstrate
that the majority of differential gene expression observed in our data set is not shared between the chemokines.
(I-K) Volcano plots comparing differentially expressed transcripts between the listed treatment condition and

vehicle control. Labelled transcripts are statistically significant and demonstrate a Log2(Fold Change) of >+0.4.

Supplemental Figure 5. Dyngo 4a treatment alone does not illicit an inflammatory response. Related to
Figure 7. Ear thickness following application of Dyngo 4a (50nM) or DMSO control in the absence of VUF10661
or DNFB to assess for a honspecific effect of Dyngo 4a treatment. Mice were treated with listed treatments at 0
hours, 24 hours, and 48 hours. Data are means = SEM of 5-6 mice per treatment group. *P<.05 using a two-way

ANOVA analysis.
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