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Abcc1 and Ggt5 support lymphocyte guidance through export and catabolism of

S-geranylgeranyl-L-glutathione

Antonia Gallman

ABSTRACT
P2RY8 promotes the confinement and growth regulation of germinal center (GC) B cells
and loss of human P2RY8 is associated with B cell ymphomagenesis. Recently the
metabolite S-geranylgeranyl-L-glutathione (GGG) was identified as a P2RY8 ligand.
However, the mechanisms controlling GGG distribution are little understood. Here we
show that gamma-glutamyltransferase-5 (Ggt5) expression in stromal cells is required
for GGG catabolism and confinement of P2RY8-expressing cells to GCs. We identify
ATP-binding cassette, sub-family C member-1 (Abcc1) as a GGG transporter and show
that Abcc1 expression by hematopoietic cells is necessary for P2RY8-mediated GC
confinement. Furthermore, we discover that P2RY8 and GGG negatively regulate
trafficking of B and T cells to the bone marrow (BM). Importantly, P2RY8 loss-of-
function human T cells show increased BM homing. By defining how GGG distribution is
determined and identifying sites of P2RY8 activity, this work helps establish how
disruptions in P2RY8 function contribute to lymphomagenesis and possibly other

disease states.
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CHAPTER ONE

Introduction



Germinal center (GC) B cell confinement:

As the key site for orchestrating the production of high affinity antibody, the germinal
center (GC) plays an important role in mounting effective humoral immune responses.
The GC is characterized by a complex, chemokine-driven organization of cells, and GC
B cells are tightly confined to this anatomic space, lacking the ability to recirculate into
the lymph or blood (Muppidi et al., 2014). This confinement fosters interactions of the
GC B cells with supporting T follicular helper cells (Tfh) and antigen loaded follicular
dendritic cells (FDCs) (Victora and Nussenzweig, 2012), and may exert population size
control on the GC B cell compartment. Furthermore, confinement is hypothesized to
contribute to the development of GCs as separate ‘cellular islands.” By allowing
separate evolution of distinct high affinity clones, these islands are thought to support
the generation of an antibody response that is more diverse than would occur if the cells
were freely intermixing (Cyster and Allen, 2019). The processes regulating GC B cell
confinement, growth and mutation can become dysregulated, and as such, GCs are
frequently the site of lymphoma origin (Leeman-Neill and Bhagat, 2018). GC derived
lymphomas such as GCB-type diffuse large B cell ymphoma (DLBCL) and Burkitt
lymphoma are considered systemic diseases that result in significant morbidity and
mortality, with the escape of malignant GC B cells from their confined niche in the GC to
distant sites such as the bone marrow being associated with poor prognosis (Sehn et

al., 2011).

Through efforts to understand the factors governing the chemokine-driven organization

of the GC, the Cyster lab has shown GC B cell confinement is dependent on the



migration inhibitory receptor S1PR2, as GC B cells in S1PR2 KO mice fail to cluster
tightly within the GC and are instead found intermixed with follicular B cells at the
interface of the GC and the follicle (Green et al., 2011). Sensing the lipid S1P, S1PR2
couples to the G protein Ga13 to signal via the RhoGEF Arhgef1 and inhibit cell
migration in response to chemoattractants. Ga13- and Arhgef1-deficiency leads to a
striking appearance of GC B cells in the lymph and bloodstream. Because this
dissemination is not seen in S1TPR2 KO mice, the Cyster lab hypothesized the existence
of additional Ga13-coupled confinement receptors. Ga13, Arhgef1, and S1PR2 are all
frequently mutated in human GC derived lymphomas (Muppidi et al., 2014) (Lohr et al.,
2012) (Morin et al., 2013), and a search for other mutated receptors in these
lymphomas identified the orphan receptor P2RY8 (Muppidi et al., 2014). P2RY8 is
mutated in ~25% of GC-derived lymphomas (Muppidi et al., 2014) (Lohr et al., 2012)
(Schmitz et al., 2012) (Forbes et al., 2011) and our lab demonstrated its coupling to
Ga13 to promote migration inhibition. While widely conserved in vertebrates, P2RY8
lacks a sequence ortholog in rodents (Muppidi et al., 2014). However, it has been
possible to study P2RY8 function by placing the human receptor in mouse cells and
transferring the cells into mice. Expression of human P2RY8 on the surface of activated
mouse B cells was sufficient to promote their clustering within mouse GCs, suggesting
the ligand gradient to which P2RY8 responds is intact in mice (Muppidi et al., 2014). In
addition to their roles in confinement, the Cyster lab has shown P2RY8 and S1PR2 act
as tumor suppressors, as their activation inhibits the growth of GC B cells by repressing
chemokine-induced pAkt (Muppidi et al., 2014). The importance of this molecular

pathway in maintaining immune homeostasis can be underscored by the fact that



P2RY8, S1PR2, or GNA13 are mutated in approximately ~30% of GCB-DLBCL cases

and ~60% of Burkitt ymphoma cases (Muppidi et al., 2014).

GGG identification and biology:

Work published in 2019 from the Cyster lab identified the endogenous ligand of P2RY8
(Lu et al., 2019). Using a bioassay to screen tissue extracts for P2RY8-dependent
migration inhibition activity, bioactivity was found across many rodent and human
tissues and cell lines. Biochemical fractionation coupled with LC-MS/MS revealed the
ligand as the previously undescribed molecule, S-geranylgeranyl-L-glutathione (GGG).
GGG consists of the isoprenoid, geranylgeranyl, conjugated to the polar tripeptide
glutathione, a composition that makes it amphiphilic. Chemical synthesis and testing in
migration and desensitization assays demonstrated GGG is a P2RY8 ligand of nM
potency. GGG was 100-fold more active on P2RY8 than the only other defined
glutathione-containing lipid mediator, leukotriene C4 (LTC4). GGG inhibited the
migration of human GC B and Tfh cells and repressed chemokine induction of pAkt in
GC B cells and DLBCL cells carrying intact P2RY8 genes (Lu et al., 2019). GGG was
found to be abundant in liver tissue and bile. Notably, human tonsil as well as mouse
spleen and lymph node (LN) extracts contained low nanomolar concentrations of GGG,
indicating that it is present in lymphoid tissues at levels shown to be active on the

receptor in vitro.

Glutathione conjugated lipids are often catabolized by gamma-glutamyl transferases

(Ggt), peptidase-like enzymes that cleave the gamma-glutamyl bond in the glutathione



tripeptide to generate CysGly + Glu (Heisterkamp et al., 2008). Expression of the 5 Ggt
family members in HEK293T cells has demonstrated Ggt5 is most active towards GGG,
converting it into GG-CysGly and Glu, with Ggt1 and Ggt2 demonstrating weak activity
(Lu et al., 2019). Tissue staining and in situ hybridization revealed that Ggt5 was highly
expressed by human and mouse FDCs, supporting the idea that it may be a key
enzyme in GGG catabolism in lymphoid tissues (Lu et al., 2019). Moreover,
overexpression of Ggt5 in follicular B cells in vivo was sufficient to disrupt the
confinement-promoting function of P2RY8: P2RY8+ cells failed to cluster with FDCs in
primary follicles and in GCs (Lu et al., 2019). However, whether Ggt5 is necessary for

establishing P2RY8-guiding GGG gradients in vivo has not been determined.

That GGG is a conjugate of glutathione and a lipid, and thus an amphiphilic molecule,
implies its export from cells likely requires a specific transporter. Of the 48 ATP-binding
cassette (ABC) transporters, the 12-member ABCC subfamily includes proteins
specialized for efflux of glutathione-conjugated molecules (Cole, 2014). In particular,
ABCC1 (MRP1) transports LTC4, oxidized glutathione (GSSG) and a range of GSH-
drug conjugates (Cole, 2014). Several other family members can also transport
glutathione conjugated drugs and metabolites (Slot et al., 2011). Whether any of these
transporters are involved in GGG export by cells and the establishment of interstitial

GGG gradients is unknown.

For the studies presented in Chapter 2, we hypothesized a model (Figure 1.1) in which

GC confinement is achieved through the finely orchestrated distribution of GGG



throughout the follicle. Ggt5 on FDC, along with a GGG transporter and the yet
undefined GGG synthesis enzyme, work to establish the GGG gradient that together

with S1P promotes the confinement of GC B cells and Tth cells to the GC.
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to follicle center

Figure 1.1: Model of P2RY8-mediated GC B-cell confinement.

ABCC+ cells and GGT5+ FDCs are suggested to work in tandem to create a follicular
gradient of GGG in which GGG is more concentrated in the outer regions of the follicle,
and less concentrated in the center of the follicle, or in the GC. When P2RY 8-
expressing GC B cells move towards the outer follicle, GGG is sensed by P2RY8. This
leads to activation of Rho through Ga13, inhibiting Rac-based migration in the outward
direction. As GGG does not inhibit migration towards the center of the follicle, P2RY 8-
expressing GC B cells are confined to this region. Adapted from (Lu and Cyster, 2019).

A potential role for GGG in mouse endogenous GC B cell confinement:

While the murine equivalent of P2RY8 has yet to be identified, evidence suggests that a
second mouse Ga13-coupled receptor is working along with STPR2 to confine GC B
cells. In particular, S1PR2-mediated B cell clustering is not dependent on FDCs, yet
depletion of FDCs in the mouse leads to loss of confinement of GC B cells (Wang et al.,
2011). Furthermore, while S1PR2-deficiency or FDC depletion alone do not result in the

dissemination of GC B cells into lymph, GC B cells do appear in the lymph when both



S1PR2 and FDC are removed (Muppidi et al., 2015). This FDC-dependent confinement
acts via a Ga13-dependent mechanism, as depletion of FDCs does not lead to greater
lymph dissemination in Ga13-deficient mice (Muppidi et al., 2015). Given the high
expression of Ggt5 in FDCs and the dependence of transferred human P2RY8+ B cell
clustering on FDCs, it can be hypothesized that Ggt5 may be responsible for supporting
a confinement-generating gradient in mouse B cell follicles that acts on mouse GC B
cells via a P2RY8-like receptor. GPCRs of divergent sequence sharing the same lipid
ligand is not uncommon and can be found in the prostaglandin, S1P and
lysosphosphatidic acid receptor families (Chun et al., 2010; Sugimoto and Narumiya,
2007). Disrupting glutathione-conjugated lipid metabolism may disrupt mouse GC B cell
and Tfh cell confinement activity mediated by GGG. Thus, in addition to evaluating
whether endogenous Ggt5 is responsible for regulation of GGG levels and confinement
of B cells expressing human P2RY8, this dissertation will test the possible role of GGG

in confinement of wild-type mouse GC B cells.

Summary:

In this work we demonstrate that Ggt5 is important for catabolism of GGG, and
expression of this enzyme by stromal cells is necessary for maintaining the GGG
distribution that supports P2RY8-mediated confinement of cells. We identify Abcc1 as a
GGG transporter, and we show that it functions in both hematopoietic and non-
hematopoietic cells to allow their production of the extracellular GGG needed for P2RY8

organizing functions. Abcc1 is also required for P2RY8 to exert a growth repressive



effect in GC B cells. Finally, we discover a new function for P2RY8 by demonstrating

that it restrains lymphocyte homing to the BM.

Questions answered in this dissertation:

1. Is Ggtb responsible for the in vivo degradation of GGG?

Is Ggt5 required for the P2RY8-mediated confinement of B cells to the GC?

What cells require Ggt5 expression to support the lymphoid GGG gradient?

2. What transporter is responsible for the export of GGG from cells in vivo?

Is Abcc1 required for the P2RY8-mediated confinement of B cells to the GC?
What cells require Abcc1 expression to support the lymphoid GGG gradient?
Does Abcc1 contribute to the growth repression of P2RY8-expressing cells?
Do alterations of the GGG gradient alter endogenous mouse B cell guidance or

growth regulation?

3. Does P2RY8 affect homing of cells to other lymphoid tissues?

Do Ggt5 and Abcc1 affect homing of mature lymphocytes to the bone marrow?
Does P2RY8 alter the ability of cells to be retained in the parenchyma vs the
vasculature of the bone marrow?

Is GGG detectable in mouse and human bone marrow?

Is Abcc1 required on stromal or hematopoietic cells to promote P2RY 8-
mediated cell exclusion from the bone marrow parenchyma?

Does endogenous P2RY8 on human T cells regulate bone marrow homing?



CHAPTER TWO

Results



Ggt5 is necessary for lymphoid tissue GGG catabolism:

To determine the contribution of Ggt5 to the in vivo regulation of GGG distribution we
used CRISPR/Cas9 to generate mice deficient in this enzyme (Supplementary Fig.
2.1a). The mice were engineered to harbor an exon 1 deletion analogous to that
previously shown to disrupt Ggt5 leukotrienase function in mice (Shi et al., 2001). GGG
abundance was measured in bile fluid and in spleen extracts from control and Ggt5 null
mice using LC-MS/MS (Fig. 2.1a,b). GGG is present in high amounts in bile (Lu et al.,
2019) and was increased approximately two-fold upon Ggt5 deficiency (Fig. 2.1a).
Importantly, splenic GGG increased more than eight-fold in Ggt5-deficient mice (Fig.
2.1b). These data establish that Ggt5 is critical in vivo for GGG catabolism, especially

within lymphoid tissue.
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Figure 2.1: Ggt5 is required for catabolizing tissue GGG and for P2RY8-mediated
follicle center confinement of B cells.

(a-b) GGG was measured in the bile (a) and spleen (b) of Ggt5-/- and control (Ggt5+/+
and +/- littermates) by LC-MS/MS. For bile n=22 control and n=16 Ggt5-/-. Spleens
were pooled in groups of five (n=6 control, n=5 Ggt5-/-). (c-d) Empty vector (EV) and
P2RY8-transduced activated splenic B cells were transferred into preimmunized Ggt5
+/- or -/- mice (c), or Ggt5 BM chimeric mice 8 weeks following reconstitution (d).
Immunofluorescence for P2RY8- or EV-transduced B cells (GFP, green) in the splenic
GC (CRH1, red) of sheep red blood cell (SRBC) immunized mice relative to endogenous
follicular B cells (IgD, blue). Scale bars 100um. Data are pooled from one (a) or three
(b) experiments; or representative of six (c) or two (d) biological repeats, with
approximately 40 GCs visualized per biological repeat. P-values determined by
unpaired two-tailed Student’s t-test (a,b) *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Graphs depict mean with s.d. and points represent biological replicates.
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We next tested whether Ggt5 was required for P2RY8-mediated confinement of B cells
to the GC. We hypothesized that loss of Ggt5 would disrupt the established GGG
gradient throughout the follicle, eliminating regions of low GGG maintained by active
degradation. This alteration would be expected to compromise the ability of P2RY8 to
confine cells to the GC. B cells retrovirally transduced to express P2RY8 were
transferred into either pre-immunized Ggt5-deficient or wildtype control mice and were
examined for their localization in the spleen one day later. While empty vector (EV)-
transduced control cells were found throughout the IgD+ region of the follicle, P2RY8
expressing cells clustered tightly over the FDC-rich region of the GC of wildtype mice as
expected (Fig. 2.1c and Supplementary Fig. 2.1b). In contrast, when P2RY8+ cells
were transferred into Ggt5-deficient mice, the cells failed to cluster in the GC (Fig. 2.1¢c
and Supplementary Fig. 2.1b). A loss of P2RY8+ cell confinement in GCs was also
seen in the mesenteric LNs (mLNs) (Supplementary Fig. 2.1¢). Additionally, the
confinement of P2RY8+ cells to the FDC network in the center of primary follicles of
unimmunized mice was also Ggt5-dependent (Supplementary Fig. 2.1d). These data
provide strong evidence that Ggt5-mediated catabolism of GGG is required for P2RY8
function in guiding B cell distribution within follicles across multiple lymphoid tissues and

immunization states.

Ggt5 has also been shown to degrade leukotriene C4 (LTC4), a further glutathione-
conjugated lipid that acts as an intercellular signaling molecule (Carter et al., 1997)
(Hayes et al., 2004). LTC4 has two well established high affinity receptors (CysLTR1

and CysLTR2) (Shimizu, 2009). Using a bioassay with nanomolar sensitivity we

12



previously observed in vitro that LTC4 also has activity on P2RY8, though with a 100-
fold less potency than GGG (Lu et al., 2019). To exclude the possibility that the lack of
P2RY8+ cell clustering identified in Ggt5-deficient mice was due to an effect on LTC4
rather than GGG, we performed transfers of P2RY8+ cells into mice deficient in
arachidonate 5-lipoxygenase, or 5-LO, which lack the ability to generate LTC4 (Chen et
al., 1994). P2RY8+ cells transferred into pre-immunized 5-LO-deficient mice continued
to cluster over the FDC network in the GC (Supplementary Fig. 2.1e) excluding a role

for LTC4 in this process.

Ggt5 is expressed highly by FDCs in both human tonsil and mouse lymphoid tissues (Lu
et al., 2019). To determine if expression of Ggt5 was required in the stromal
compartment for the clustering of P2RY8+ cells, we generated chimeric mice in which
Ggt5 sufficient or deficient BM was transferred into Ggt5 sufficient or deficient irradiated
hosts and the mice were allowed to reconstitute. Transferred P2RY8+ B cells failed to
cluster in the splenic and lymph node GC of mice lacking Ggt5 in the radioresistant,
stromal compartment, but not in mice lacking Ggt5 in the hematopoietic compartment
(Fig 2.1d and Supplementary Fig 2.1f). These data support a model in which Ggt5
expression by radioresistant FDCs in vivo acts to degrade local GGG, allowing for the

confinement of P2RY8 expressing cells to the GC.

Abcc1 is a GGG transporter:

Owing to glutathione’s polarity, glutathione conjugates generally rely on active transport,

rather than passive diffusion, to leave cells. Other glutathione conjugated molecules are
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transported by members of the Abcc family (Cole, 2014). Of the family’s 11 members,
Abcc1, Abcc4, Abccb, and Abcc9 are highly expressed in mouse lymphoid tissue
(Supplementary Fig 2.2a). Previous work established the production of GGG by
several human cell lines, including HEK293T cells (Lu et al., 2019), which express high
levels of Abcc1, Abcc4, Abccb, and Abcc10 (Supplementary Fig 2.2b). MK-571 is an
inhibitor of Abcc1, though with low specificity (Koley and Bard, 2012). When HEK293T
cells were cultured in the presence of MK-571, the ability of the culture supernatants to
inhibit P2RY8+ cell migration to CXCL12 was reduced (Fig 2.2a and Supplementary
Fig 2.2g), suggesting a potential role for Abcc1 in GGG export. We then made Abcc1-
deficient mice by using CRISPR/Cas9 to delete a segment of the gene previously
shown to be essential for Abcc1 protein expression in mice (Lorico et al., 1997)
(Supplementary Fig 2.2c). These mice allowed us to assay production of GGG by
Abcc1-deficient cells. GGG was detected at significantly reduced concentrations in the
supernatants of stimulated Abcc1-deficient B cells compared to wildtype B cells (Fig
2.2b). These data strongly support the conclusion that Abcc1 functions as a GGG
transporter. Attempts to detect alterations in GGG abundance in lymphoid tissues of
Abcc1-deficient mice were confounded by the very low amounts present in these
tissues in wild-type mice and by an inability to sample selectively the interstitial space.
Analysis of bile collected from Abcc1-deficient mice showed a trend towards decreased
GGG that did not reach significance (Supplementary Fig 2.2d) suggesting that

additional transporters may contribute to GGG export in the liver.
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Figure 2.2: Abcc1 is required for GGG export.

(a) HEK293T cell cultures were treated with 50uM of Abcc1 inhibitor MK571 or the
diluted carrier (DMSO) for 16hr. Collected supernatant was used at a 1:10 dilution in a
bioassay based on the transwell migration of P2RY8+ WEHI cells towards CXCL12.
Control wells contained CXCL12, CXCL12 + DMSO, or CXCL12 + 5uM MK571. (b)
Activated, purified splenic B cells from Abcc1-/- and control (Abcc1+/+ and +/-
littermate) mice were incubated for 72hrs, after which the supernatant was collected and
measured for GGG by LC-MS/MS (n= 14 control, n=11 Abcc1-/-). Data are pooled from
(b) or representative of (a) three (b) experiments. P-values determined by unpaired two-
tailed Student’s t-test (a,b). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Graphs
depict mean with s.d. and points represent (a) technical or (b) biological replicates.

To evaluate the role of Abcc1 in shaping the lymphoid tissue GGG gradient, P2RY 8-
expressing B cells were transferred into Abcc1-deficient mice and their littermate
controls. P2RY8+ B cells failed to localize to the GCs of pre-immunized Abcc1-deficient
mouse spleens and LNs and instead were found throughout the IgD+ region of the B
cell follicle, a region P2RY8+ cells are normally excluded from (Fig 2.3a,
Supplementary Fig 2.2e,f). The distribution of P2RY8+ cells in Abcc1-deficient mice
mimicked the distribution of empty vector expressing control cells. These data indicate
that Abcc1 has a non-redundant role in establishing the extracellular GGG distribution

needed for P2RY8 function in B cell follicles.
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B cells are an important source of GGG:

We took advantage of the critical role of Abcc1 in GGG export to determine the GGG-
producing cell types necessary for follicle-center confinement of P2RY8-expressing
cells. We generated chimeric mice in which Abcc1 sufficient or deficient BM was
transferred into Abcc1 sufficient or deficient irradiated hosts. P2RY8+ cells failed to
cluster in the GCs of chimeric mice lacking Abcc1 in their hematopoietic compartment,
but were able to localize in these regions in mice lacking Abcc1 only in their stromal
compartment (Fig 2.3b, Supplementary Fig 2.3a,b), indicating hematopoietic Abcc1 is
both necessary and sufficient for this GC localizing behavior. Interestingly, in mice
lacking Abcc1 in the hematopoietic compartment, but with functional Abcc1 in the
stromal compartment, P2RY8+ cells failed to localize in the GC, but were not distributed
evenly throughout the IgD+ follicle like empty vector cells or P2RY8+ cells transferred
into completely Abcc1-deficient mice. Instead, these P2RY8+ cells were often found at
the interface of the follicle and GC, ringing this region. This discrepancy between the
P2RY8+ cell localizing patterns in full Abcc1-deficient mice and mice with functional
Abcc1 in their stromal compartment was especially clear when higher numbers of
P2RY8+ cells were transferred (Supplementary Fig 2.3a). This finding provides
evidence that stromal cells are capable of exporting GGG and contributing to its overall

distribution in tissue.
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Figure 2.3: Abcc1 expression by B cells is required for P2RY8-mediated follicle
center confinement and for the growth regulation of P2RY8-expressing GC B
cells.

(a-c) Activated EV- or P2RY8-transduced polyclonal B cells were transferred into
preimmunized Abcc1 +/+, +/- or -/- mice (a), into preimmunized BM chimeric mice of the
type indicated (b), or into preimmunized Abcc1+/+ mice reconstituted with yMT BM
mixed at a 3:1 ratio with Abcc1+/+ or -/- BM. (c). Immunofluorescence for P2RY8- or
EV-transduced B cells (GFP, green) in the GCs (CR1, red) of SRBC immunized mice
relative to endogenous follicular B cells (IgD, blue). Scale bars 100um. (d) Irradiated
Abcc1+/+ or -/- mice were reconstituted with P2RY8-GFP or EV-GFP transduced
Abcc1+/+ or -/- BM. Following reconstitution, PPs were analyzed for the frequency of
GFP+ cells in the follicular and GC B cells compartment. The ratio of GFP+ cells in the
GC B cells vs in the follicular B cells was plotted (n=6-7, exact number shown by
number of symbols in the plot). Data are pooled from two experiments and
representative of four experiments (d); or representative of four (a,b,c) biological
repeats, with approximately 40 GCs visualized per biological repeat. P values
determined by one-way ANOVA with Tukey’s multiple comparisons test (d). *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. Graphs depict mean with s.d. and points represent
biological replicates.
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To determine if B cell expression of Abcc1 was necessary for GGG gradient generation,
we made mixed chimeras using BM from yMT mice, which lack the ability to generate
mature B cells. The yMT BM was mixed in a 3 to 1 ratio with Abcc1 sufficient or
deficient BM to produce mice in which Abcc1 was completely absent from B cells, but
present on other hematopoietic cell types and stromal cells. P2RY8+ cells failed to
cluster in the GC of these mice, instead ringing the GC region, as was seen in mice
lacking Abcc1 in all but their stromal compartment (Fig 2.3c and Supplementary Fig
2.3c,d). These data indicate that B cells are the major hematopoietic source of GGG

within lymphoid follicles.

Previous work showed that P2RY8 expression in GC B cells leads to a suppressive
effect on GC B cell growth, particularly in mouse Peyer’s patches (PPs) and mLNs
(Muppidi et al., 2014). It is the loss of this growth repressive effect that likely underlies
the connection between P2RY8 mutations and development of BL and GCB-DLBCL in
humans. Using chimeric mice generated with P2RY8-transduced BM, we found this
effect to be dependent on Abcc1, with the loss of Abcc1 in the hematopoietic
compartment being sufficient for abrogation of the GC B cell growth-repression
phenotype in PPs (Fig 2.3d). We detected only a slight P2RY8-mediated suppressive
effect on GC B cells in the spleen, but this also appeared Abcc1-dependent
(Supplementary Fig 2.4a). The effect of P2RY8 on GC B cells in mLNs was more
variable but again there was evidence of an Abcc1-dependent repressive effect
(Supplementary Fig 2.4b,c). Interestingly, the PP and mLN data show evidence of

P2RY8 expression conferring a GC growth advantage when Abcc1 is selectively lacking
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in hematopoietic cells. Taking this finding together with the observation that P2ZRY8+ B
cells tend to position at the perimeter of GCs in BM chimeras of this type (Fig 2.3b,c
and Supplementary Fig 2.3c,d), we speculate that this location may be advantageous
for GC cell growth. Overall, these data provide in vivo evidence that the growth
regulatory actions of P2RY8, like the confinement actions, depend on engagement with

GGG.

Disruption of the GGG gradient does not alter confinement of endogenous mouse
B cells:

P2RY8 is located on a portion of the pseudoautosomal region of the X chromosome that
has been lost in rodents (Muppidi et al., 2014). With mice lacking a sequence
orthologue of P2RY8, alterations of the GGG gradient may not be predicted to alter
endogenous mouse B cell guidance or growth regulation. However, it remains possible
that they respond to GGG through a distinct receptor. We therefore examined whether
confinement of endogenous GC B cells was altered in Ggt5 or Abcc1 deficient mice.
Previous work in mice lacking the GC confinement receptor S1PR2 or the downstream
Ga13 protein has shown that one measure of reduced confinement is the increased
presence of IgD+ follicular B cells within the GC (Green et al., 2011; Muppidi et al.,
2014). Staining of mLNs of Ggt5 and Abcc1 deficient mice showed that there was no
increase in IgD+ cells in the GC compared to wild-type controls (Supplementary Fig
2.5a). Sections from S1PR2 deficient control mice demonstrated the expected
intermixing of follicular and GC B cells (Supplementary Fig 2.5a). Mice lacking Ga13

(but not S1PR2) suffer an extent of GC deconfinement that is sufficient to cause
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dissemination of GC B cells into the lymph (Muppidi et al., 2014). Ggt5 and Abcc1
deficient mice, as well as Abcc1 chimeric mice, showed normal GC B cell frequencies
upon sheep red blood cell (SRBC) immunization (Supplementary Fig 2.5b,c), and no
dissemination of GC B cells into the lymph (Supplementary Fig 2.5d). We also tested
the effect of combined loss of S1PR2 and disruption of the GGG gradient. Chimeric
mice lacking S1PR2 in their hematopoietic compartment and Ggt5 in their radioresistant
compartment showed no increased dissemination of GC B cells into the lymph
compared to S1PR2-deficient control animals (Supplementary Fig 2.5d). These
findings suggest that there is not a direct role for Ggt5 or Abcc1 in GC confinement of

mouse B cells.

P2RY8 and GGG restrain lymphocyte homing to bone marrow:

In the course of evaluating the role of the GGG gradient in lymphoid organs via the
transfer of P2RY8 expressing cells, we noted that activated P2RY8+ polyclonal B cells
were less represented in the BM after 24hrs compared to their initial cell representation
upon transfer into the mouse (Fig 2.4a). This effect was not seen in the blood after
24hrs (Fig 2.4b), and when the representation of P2RY8 cells was compared between
the blood and BM of individual animals, there was a clear defect in the homing of
P2RY8+ cells to the BM (Fig 2.4c). Polyclonal P2RY8+ B cells were also less likely to
be present in the spleen after 24hrs, though this difference was of a smaller magnitude
than that seen in the BM (Supplementary Fig 2.6a). P2RY8+ cell homing to inguinal or
mLNs was comparable to the vector control cells (Supplementary Fig 2.6b,c). This

notably decreased homing to the BM was not unique to B cells, as activated P2RY 8-
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transduced polyclonal CD4+ and CD8+ T cells were also less likely to be found in the
BM in comparison to control cells, at both 24hrs and 5 days following transfer (Fig
2.4a,b,c and Supplementary Fig 2.6d,e,f). While there was a decrease in P2RY8+
CD8+ T cell representation in the blood at 24hrs, this difference reversed after 5 days,
and the representation of P2RY8+ cells in the BM compared to the blood for CD8+ T
cells was consistent with the other lymphocytes examined. Furthermore, the inhibition of
BM homing was dependent on the downstream effector of P2RY8, Ga13, as P2RY8-
transduced B cells from mice deficient in this G protein demonstrated equal ability to
home to the BM compared to empty vector control cells (Supplementary Fig 2.6g). The
homing defect of P2ZRY8+ cells was furthermore not unique to in vitro activated Bor T
cells, as in chimeric mice reconstituted with P2RY8 transduced BM, P2RY8+ mature B
cells, T cells, and NK cells were all less represented in the BM compared to the blood

(Fig 2.4d).
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Figure 2.4: P2RY8 expression reduces lymphocyte homing to the BM.

(a-c,e) Activated EV- or P2RY8-transduced B cells or T cells were transferred into
preimmunized mice. GFP frequency in the BM (a) or blood (b) after 24hrs is plotted as a
ratio of the GFP frequency at the time of transfer into mice (input cells). (c) GFP
frequency in the BM divided by GFP frequency in the blood (n=6-8). (d) GFP+
frequency of mature B, T and NK cells in the BM divided by GFP+ frequency in the
blood in congenically marked mice reconstituted with EV or P2RY8 transduced BM
(n=14-16 per group). (e) Percentage of GFP+ transferred B cells in each mouse staining
with CD45.2-PE injected intravascularly, divided by GFP- transferred B cells staining for
the same (n=4-5). (f,g) GGG measurement via LC-MS/MS of mouse BM (n=5) (f) or
human BM aspirate (n=3) (g). Data are pooled from five (B cells in a-c, e), two (T cells in
a-c), three (B and NK cells in d, and g), four (T cells in d) experiments; or representative
of three (f) experiments. P values determined by unpaired two-tailed Student’s t-test.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Graphs depict mean with s.d. and points
represent biological replicates.

While fewer P2RY8+ cells homed to the BM overall, the P2RY8+ polyclonal B and T

cells that did migrate to the BM were roughly two-fold more likely to be found associated

with the BM vasculature rather than in the BM parenchyma, based on their rapid in vivo
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staining with intravenously injected anti-CD45-PE (Fig. 2.4e and Supplementary Fig
2.6h,i). This quantification was also supported by two photon imaging of calvarial BM,
where P2RY8+ cells were more abundant in locations overlapping with the vasculature
(Supplementary Fig 2.7a,b). This finding suggests an inhibitory effect of P2RY8 as
cells transit from the vasculature and make their way into the BM parenchyma. Mass
spectrometry analysis of total mouse BM (cells and any interstitial fluid) established that
GGG was detectable (Fig. 2.4f, Supplementary Fig 2.7d). An analysis of cell-free
human BM aspirates drawn from three healthy donors established that GGG was also
present in the interstitial space of human BM (Fig 2.4g and Supplementary Fig 2.7e).
The difference in the amount of GGG detected in mouse and human BM most likely
reflects the presence of considerable transudated plasma in the human aspirates. We
were unable to detect GGG in human plasma by mass spectrometry. In accord with
local production of GGG, many hematopoietic cells (as well as recirculating
lymphocytes) in mouse BM (Immgen.org) and human BM (Human Cell Atlas scRNAseq
(Hay et al., 2018)) express Abcc1 (Supplementary Fig 2.7c). Notably, P2RY8 was also
expressed by many hematopoietic cells within human BM, while Ggt5 was strongly

expressed by BM stromal cells.

To determine whether the decreased BM homing of P2RY8+ cells was dependent on
GGG, polyclonal B cells expressing P2RY8 or empty vector were transferred into mice
deficient in Ggt5 or Abcc1. Interestingly, P2RY8+ cells in mice deficient in Ggt5 showed
a further reduced ability to home to the BM (Fig. 2.5a), perhaps reflecting stronger

inhibition of P2ZRY8+ cell entry due to elevated tissue concentrations of GGG.
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Importantly, deficiency in Abcc1 restored the BM homing ability of P2RY8+ cells (Fig
2.5a). While loss of Ggt5 had an unclear effect on the intravascular partitioning of
P2RY8+ cells (Supplementary Fig 2.7f), Abcc1 deficiency notably abrogated the
increased vascular presence of P2RY8+ cells in the BM (Fig 2.5b). Abcc1 deficiency
also abrogated the smaller intravascular bias of P2RY8+ cells seen in the spleen

(Supplementary Fig 2.79g).
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Figure 2.5: Ggt5 and Abcc1 control homing of P2RY8+ lymphocytes to the BM.
(a-d) Activated EV- or P2RY8-transduced polyclonal B cells were transferred into
preimmunized mice. (a) GFP frequency in the BM divided by GFP frequency in the
blood at 24hrs after cell transfer (n=7-10 per group). (b) Percentage of GFP+ cells in
each mouse staining with CD45.2-PE injected intravascularly, divided by GFP- cell
staining for the same (n= 3-10 per group). (c) GFP frequency in the BM divided by GFP
frequency in the blood at 24hrs after cell transfer in Abcc1 chimeric mice. (d)
Percentage of GFP+ cells in each individual Abcc1 chimeric mouse staining with
CD45.2-PE injected intravascularly, divided by GFP- cell staining for the same (n= 3-7
per group in c,d). (e) GFP+ frequency of mature B, T and NK cells in the BM divided by
GFP+ frequency in the blood in congenically marked mice reconstituted with EV- or
P2RY8-transduced Abcc1+/+ or -/- BM. Data from Abcc1+/+ BM from this panel is also
included in Fig 4d (n=6-7 per group). Data are pooled from seven (a), three (b,c,d), or
two (e) experiments. P values determined by one-way ANOVA with Tukey’s multiple
comparisons test (d). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Graphs depict
mean with s.d. and points represent biological replicates.
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Given loss of hematopoietic Abcc1 was sufficient to disrupt the P2RY8+ cell localizing
behavior in the GC, we aimed to determine if the same was true for the GGG-mediated
restriction of cell access to the BM. Thus, we transferred P2RY8+ cells into chimeras
reconstituted with the series of combinations of Abcc1 sufficient and deficient BM. The
results showed that Abcc1 was required only on hematopoietic cells for the inhibition of
P2RY8+ cell migration to the BM (Fig 2.5¢c). Notably, mice lacking Abcc1 in their
stromal compartment but retaining Abcc1 in their hematopoietic compartment exhibited
an even stronger block in the BM homing of P2RY8+ cells compared to control mice.
Moreover, while the intravascular bias of P2RY8+ cells in the BM of these chimeric mice
(Fig 2.5d) mirrored the phenotype seen at the whole tissue level, the vascular bias seen
in mice lacking Abcc1 in just their stromal compartment was on average 15-fold, vs the
approximately two-fold bias seen in non-chimeric mice. These data suggest a
complexity in the shape of the BM GGG gradient and the cell types contributing to its
organization. Abcc1-dependent reduced homing to the BM was not unique to in vitro
activated B cells, as mature B cells, CD4+ T cells, CD8+ T cells, and NK cells in mice
reconstituted with P2RY8-transduced BM also showed a reduced presence in the BM,
which was dependent on Abcc1 (Fig 2.5e). Notably, for B cells and CD4+ T cells in this
system, there was an increased presence of P2RY8+ cells in the BM of mice lacking
Abcc1 in their hematopoietic system. These data suggest that when stromal cells are
the only source of extracellular GGG, P2RY8+ cells show enhanced entry into, or

reduced exit from, the BM.
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Human T cell homing to bone marrow is restricted by P2RY8:

Finally, we sought to test the function of endogenous P2RY8 in human cells in vivo
using the NOD-scid-gamma (NSG) mouse model (Lee et al., 2013). Currently there are
no well-established protocols for studying human GC formation in humanized mice (Li et
al., 2018). However, our finding that P2RY8 expression on mouse lymphocytes leads to
decreased homing to the BM gave us the opportunity to test whether endogenous
P2RY8 on human cells regulates BM homing in NSG mice. Using CRISPR/Cas9, we
ablated P2RY8 in stimulated human CD4 and CD8 T cells isolated from four blood
donors. Three days following CRISPR editing, these cells had a confirmed editing
efficiency of above 95% by TIDE analysis in three out of four donors (Fig. 2.6a and
Supplementary Fig 2.8a,b), and protein staining of cellular P2RY8 levels via flow
cytometry showed decreased staining in both CD4+ and CD8+ edited T cells compared
to control cells (Fig 2.6b). The edited T cell cultures were tested for their ability to sense
GGG during migration to CXCL12, and while control T cells showed partial inhibition in
their migration to CXCL12 upon addition of 100 or 1000 nM GGG, P2RY8 KO T cells
were not inhibited in their migration (Fig 2.6c,d and Supplementary Fig 2.8c,d). This
finding is notable, as it extends the sites where there is evidence for P2RY8-GGG
action in human T cells beyond Tfh cells(Lu et al., 2019), to T cells that have been
activated under non-polarizing conditions. Although the degree of migration inhibition is
smaller than observed in previous studies for GC B and Tth cells, it should be noted that
in vitro migration assays can be influenced by many parameters (such as cell activation
status) and their magnitude often does not equate to the magnitude of the in vivo

response. CFSE or CTV labeled P2RY8 KO and control cells were then transferred

27



intravenously to NSG mice. A time point of 48hrs was chosen to examine T cell homing
to the BM in NSG mice as an initial time course experiment showed that human T cells
had already significantly accumulated in the BM by this time (Supplementary Fig 2.8g).
At 48hrs following transfer, P2RY8 KO T cells were more likely to be found in the BM
than controls cells, while this representation bias was not seen for cells in the blood (Fig
2.6e, Supplementary Fig 2.8e,f). This effect was independent of CTV or CFSE labeling
(Supplementary Fig 2.8h) and correlated with the editing efficiency of each T cell
donor culture via TIDE analysis (Fig 2.6f). These results indicate that loss of
endogenous levels of P2RY8 on human T cells is sufficient to increase homing of these

cells to the BM.
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Figure 6: P2RY8 KO Human T cells show elevated BM homing.

Guide RNAs targeting P2RY8 and the AAVS locus (as a control) were used to edit
stimulated primary human T cells from 4 donors. (a) TIDE analysis determined CRISPR
editing efficiency for each donor. (b) Staining of CRISPR-edited T cells for P2RY8
protein via flow cytometry. (c-f) P2RY8 KO and AAVS KO control T cells from each
donor were CFSE and CTV labeled, respectively, and then mixed at a 1:1 ratio. (c-d)
Transwell migration assays of the edited cells towards CXCL12 and the indicated
concentrations of GGG. (c) Total counts of P2RY8 KO or AAVS KO control cells found
to have migrated to the bottom of each transwell, normalized to the count of migrated
cells to CXCL12 alone. (d) Ratio of total P2RY8 KO to AAVS KO controls cells in the
bottom of each transwell, normalized to the ratio of migrated cells to CXCL12 alone. (e)
A 1:1 mix of CFSE+ P2RY8 KO cells and CTV+ AAVS KO control cells was transferred
ivinto NSG mice. 48hrs later blood and BM was collected and the ratio of P2ZRY8 KO to
AAVS KO control cells in each tissue was assessed. Based on number of edited T cells
available, 20 million cells from each donor were transferred into 1-5 NSG mice. (f) BM to
blood ratio plotted as a function of CRISPR editing efficiency of the P2RY8 locus for
each donor. Data are pooled from four experiments. P values determined by one-way
ANOVA with Tukey’s multiple comparisons test (d) or unpaired two-tailed Student’s t-
test (c) or paired two-tailed Student’s t-test (e). *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. Graphs depict mean with s.d. and points represent biological replicates,
except in (c) where points represent pooled technical replicates from 4 human donors.
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Supplementary Figures and Tables

Supplementary Figure 2.1: Ggt5 is required in vivo for P2RY8-mediated follicle center
confinement of B cells.

Supplementary Figure 2.2: Abcc1 is required in vivo for GGG export.

Supplementary Figure 2.3: Abcc1 expression by B cells is required for P2RY8-mediated
follicle center confinement.

Supplementary Figure 2.4: Abcc1 expression by B cells is required for the growth
regulation of P2RY8-expressing GC B cells.

Supplementary Figure 2.5: Ggt5 and Abcc1 are not required for the confinement of
endogenous mouse GC B cells.

Supplementary Figure 2.6: P2RY8 expression reduces lymphocyte homing to the BM.
Supplementary Figure 2.7: Reduced homing of P2RY8+ B cells into the BM
parenchyma, P2RY8, ABCC1, and GGT5 mRNA expression data, and detection of
GGG in BM.

Supplementary Figure 2.8: Homing of Human T Cells to the BM of NSG Mice.
Supplementary Table 2.1: Target crRNA sequences and PCR primers.

Supplementary Table 2.2: Antibodies.
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Supplementary Figure 1: Ggt5 is required in vivo for P2RY8-mediated follicle
center confinement of B cells.

(a) Ggt5 gene organization showing location of sgRNA targeting exon 1 to create a
250bp deletion around the ATG. Sequencing analysis confirmed the deletion. (b-f)
Activated EV- or P2RY8-transduced B cells were transferred into mice. (b) Tiled images
of full spleen cross sections in SRBC immunized Ggt5 +/- and -/- mice. (c) mLNs of
Ggt5 +/- and -/- mice. (d) Spleens of unimmunized Ggt5 +/- and -/- mice. (e) Spleens of
SRBC immunized 5-LO +/+ and -/- mice. (f) mLNs of SRBC immunized Ggt5 BM
chimeric mice. Immunofluorescence for P2RY8- or EV-transduced B cells (GFP, green)
in the FDC-defined region (CR1, red) of mice relative to endogenous follicular B cells
(IgD, blue). Scale bar sizes as indicated. Data are representative of six (b), four (c), one
(d), three (e) or two (f) biological repeats, with approximately 40 GCs visualized per
biological repeat.
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Supplementary Figure 2: Abcc1 is required in vivo for GGG export.

(a-b) RNAseq expression data for the Abcc family of transporters in mouse lymphoid
tissue cells from Immgen.org (a) and in human HEK293T cells from the Human Protein
Atlas (proteinatlas.org) (b). Data were downloaded from proteinatlas.org and compiled
using R. (c) Abcc1 gene organization showing location of sgRNA targeting exons 30
and 31 to create a 721bp deletion. Sequencing analysis confirmed the deletion. (d)
GGG levels were measured in the bile of Abcc1-/- and control (Abcc1+/+ and +/-
littermate controls) via LC-MS/MS (n= 18 control, n=15 Abcc1-/-). (e-f) Activated EV- or
P2RY8-transduced B cells were transferred into preimmunized Abcc1 +/+, +/- or -/-
mice, and tiled images of full spleen cross sections (e) or mLN (f) are shown.
Immunofluorescence for P2RY8- or EV-transduced B cells (GFP, green) in the GCs
(CRA1, red) of SRBC immunized mice relative to endogenous follicular B cells (IgD,
blue). Scale bar sizes as indicated. (g) Example of FACS gating for the identification of
P2RY8+ WEHI cell migration to CXCL12 in the presence of supernatant from MK571-
treated HEK293T cells. Data are pooled from two experiments (d); or representative of
three experiments (g); or representative of four (e) or two (f) biological repeats, with
approximately 40 GCs viewed per imaging biological repeat. P values determined by
unpaired two-tailed Student’s t-test (d). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
Graphs in (d) depict mean with s.d. and points represent biological replicates.
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Supplementary Figure 3: Abcc1 expression by B cells is required for P2RY8-
mediated follicle center confinement.

(a-c) Activated P2RY8-transduced B cells were transferred into preimmunized mice. (a)
Tiled images of full spleen cross sections in Abcc1 BM chimeric mice of the indicated
types. Here, approximately twice as many P2RY8+ cells were transferred into each
mouse compared to Supplementary Figure 2e. (b) mLN images from Abcc1 chimeric
mice. (c) Tiled images of full spleen cross sections in preimmunized Abcc1+/+ mice
reconstituted with yMT BM mixed at a 3:1 ratio with Abcc1+/+ or -/- BM.
Immunofluorescence for P2RY8- or EV-transduced B cells (GFP, green) in the GCs
(CRA1, red) of SRBC immunized mice relative to endogenous follicular B cells (IgD,
blue). Scale bar sizes as indicated. (d) Additional examples of “ringing” behavior of
P2RY8+ cells seen in yMT:Abcc1-/- mixed chimeras. Data in (a,b,c,d) are
representative of four biological repeats, with approximately 40 GCs viewed per
biological repeat. P values determined by one-way ANOVA with Tukey’s multiple
comparisons test (d). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Graphs depict
mean with s.d. and points represent biological replicates.
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Supplementary Figure 4: Abcc1 expression by B cells is required for the growth
regulation of P2RY8-expressing GC B cells.

(a,b) Irradiated Abcc1+/+ or -/- mice were reconstituted with P2RY8-GFP or EV-GFP
transduced Abcc1+/+ or -/- BM. (a) Mice were immunized with SRBC and spleens were
analyzed for the frequency of GFP+ B cells in the follicular and GC compartment. The
ratio of GFP+ cells in the GC B cells vs in the follicular B cells was plotted (n=6 for all
but P2RY8+ Abcc1+/+ BM into Abcc1+/+ and EV+ Abcc1-/- BM into Abcc1 -/-, where
n=7). (b) mLN were analyzed for the frequency of GFP+ B cells in the follicular and GC
compartment in unimmunized mice (n=6 for all but EV+ and P2RY8+ Abcc1-/- BM into
Abcc1-/-, where n=3). (c) Example of FACS gating scheme for the identification of GC
and follicular B cells in PPs, mLN, spleen and lymph. Data shown for splenic GC B cells
of an Abcc1 +/+ mouse that received P2RY8+ Abcc1+/+ BM. Data are pooled from two
experiments (a,b). P values determined by one-way ANOVA with Tukey’s multiple
comparisons test (a,b). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Graphs depict
mean with s.d. and points represent biological replicates.
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Supplementary Figure 5: Ggt5 and Abcc1 are not required for the confinement of
endogenous mouse GC B cells.

(a) Immunofluorescence for GC B cells (GL7, red) in the mLN of SRBC immunized mice
relative to endogenous follicular B cells (IgD, blue), showing increased intermixing of
IgD+ follicular B cells and GC B cells in S1PR2-/-, but not wildtype, Ggt5-/- or Abcc1-/-
mice. Scale bar 100um. (b-c) Spleen GC B cell frequency at day 6 following SRBC
immunization in Ggt5-/- mice (b) and Abcc1-/- mice (c) (n=4-17 per group). (d) GC B cell
frequency in lymph collected from the cysterna chyli (n=1-10 per group). Data are
pooled from four (b), six (c), or three (d) experiments; or representative of two-six (a)
biological repeats, with approximately 10 GCs viewed per biological repeat. Graphs
depict mean with s.d. and points represent biological replicates.
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Supplementary Figure 6: P2RY8 expression reduces lymphocyte homing to the
BM.

(a-c) Activated EV-or P2RY8-transduced B cells were transferred into preimmunized
mice. GFP frequency in the spleen (a), inguinal LN (b), or mLN (c) after 24hrs is plotted
as a ratio of the GFP frequency at the time of transfer into mice (n=11-13 in a, n=6-8 in
b,c). (d-f, h) Activated EV- or P2RY8-transduced polyclonal T cells were transferred into
wildtype mice. 5 days after transfer, GFP frequency in the BM (d) or blood (e) is plotted
as a ratio of the GFP frequency at the time of transfer into mice. (f) GFP frequency in
the BM divided by GFP frequency in the blood at 5 days after cell transfer (n= 4-5 for
d,e,f,h). (g) Activated B cells from Mb1 Cre+ and Cre- Gna13 fl/fl mice were transduced
with EV or P2RY8 before being transferred into wildtype mice. GFP frequency in the BM
divided by GFP frequency in the blood at 24hrs after cell transfer was plotted (n=3-4).
(h) At 5 days post transfer, percentage of GFP+ CD8+ T cells in each individual mouse
staining with CD45.2-PE injected intravascularly, divided by GFP- CD8+ T cell staining
for the same. CD8+ T cells had proliferated after 5 days, preventing pre-gating on CTV-
labeled transferred cells. Thus the GFP- values used in this plot reflects all
untransduced cells in each mouse, as opposed to just those transferred into the mouse.
(i) Example gating scheme for CTV-labeled, transferred GFP+ and GFP- cells, with
CDA45.2-PE intravascular gating, with gate set by endogenous mouse T cells in the BM.
Data are pooled from two (d,e,f,g), three (b,c), or four (a) experiments; or are
representative of two (h) experiments. P values determined by unpaired two-tailed
Student’s t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Graphs depict mean with
s.d. and points represent biological replicates.
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Supplementary Figure 7: Reduced homing of P2RY8+ B cells into the BM
parenchyma, P2RY8, ABCC1 and GGT5 mRNA expression data, and detection of
GGG in BM.

(a,b) Two example images and quantification of the corresponding data set
demonstrating the localization of a total of 4,289 EV+ and P2RY8+ B cells in the BM. (a)
Activated B cells from an EV-GFP transduced culture were labeled with CTV and mixed
with P2RY8-GFP transduced B cells such that EV-GFP and P2RY8-GFP were present
at a 1:1 ratio. Cells were injected iv into mice and 24 hrs later the BM of the calvaria
was imaged by two photon microscopy in euthanized mice in which the vasculature was
labeled via injection of fluorescent dextran. Vasculature shown in green, GFP in red,
CTV in blue, and second harmonics in white. Red cells represent P2RY8-transduced
cells, pink cells represent EV-transduced cells, blue cells represent non-transduced
cells from the EV culture, and punctate yellow/white staining represents autofluorescent
cells of the marrow. Arrow heads highlight P2RY8 cells of the corresponding color in the
left panels, and control cells of the corresponding color in the right panel. Open arrows
identify vasculature associated cells and filled arrows identify parenchyma residing
cells. (b) Percentage of EV+ and P2RY8+ cells associated with the vasculature of the
BM, as quantified from two photon microscopy images . Data are from 4 “mixed”
transfer experiments as described in (a), and from 5 “single” transfer experiments in
which EV+ and P2RY8+ cells were transferred into separate animals. (c) P2RY8,
ABCC1 and GGT5 expression data from the Human Cell Atlas single cell BM
sequencing. (d,e) LC-MS/MS chromatograms of 1 nM synthetic GGG (red) overlayed
with mouse BM GGG (d) and human BM aspirate GGG (e), calculated from m/z
580.3/179.0 [M+H]+. The difference in retention time reflects the use of different LC-MS
instruments for the mouse and human analysis. (f,g) Percentage of GFP+ cells in each
individual mouse staining with CD45.2-PE injected intravascularly, divided by GFP- cell
staining for the same. (f) BM (n=4-5) and (g) spleen (n=7-11), where control is pooled
Abcc1+/+ and +/- mice. Data are pooled from three (g), five (f) or nine (b) experiments;
or are representative of five (a,d,e) experiments. P values determined by one-way
ANOVA with Tukey’s multiple comparisons test (b,f,g). *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. Graphs depict mean with s.d. and points represent biological replicates.

43



a Experimental Scheme
Day 0 Day 2 Day 5
Stimulate T cells Edit T cells CTV or CFSE
label T cells

Transfer 20 mil
into each NSG mouse

P2RY8 Protein Stain
Migration Assay

(@]

Migration Inhibition

@
o

Nil

CXCL12
CXCL12 +
1000nM GGG
CXCL12 +
100nM GGG
CXCL12 +
10nM GGG

D
o

Percent of Input
Cells Migrated
N
o

N
o

o

AAVS

P2RY8 KO

CFSE

b TIDE Analysis Example

Day 7
Harvest bone marrow and
blood for FACS analysis

8

% of aberrant sequences

= Control
= P2RY8 Targeted
Guide

Efficiency = 97%

CXCL12

CXCL12 +

1uM GGG

300

basepair

CXCL12 +
100nM GGG

CXCL12 +
10nM GGG

IP2RY8 KO
46.5%

AAVS
52.7%

Ty L

CTVv

AAVS
w3 47.7%

50.3%

AAVS
w3 48.6%

w1 51.6%

e Blood Gating Scheme

hCD45 APCCy7

"’ hED3 PECY7

mCD45.1 BV785

hCDaSI hODSI
036

CFSE
P2RYS:KO ™

CFSE+ P2RYB KO
a2

CFSE+ P2RY8 KO
47.2%

CTV+ AAVS Control
52.7%

N L» y FSCA

> CTVAAUS ©

S o
f Bone Marrow Gating Scheme

hCD45 APCCy7

mCD45.1 BY785

h¢D3 PECY7

L»w " hCD3 PECy7

" » hCD3 PECy7
o. oo | CFSE+ P2RY8 KO
z . o @ 54.6%
> el CTV+ AAVS Control
£ > - 45.0%
T . LL o4
> oo r . .
dl . B oo h Cell Labeling with CFSE or CTV
- [LIRpsnaens pstinss S P 1.8 . 2 515 ns
L» FSCA L» CTV AAVS == S8c8
g S 3 1.64 o »mlé .
20 X3 o '
2 Transferred T Cells ) Transferred T Cells o= 1.4 © O 2134
‘5 @ ‘5 @ o 8 : E ° E
228 2 £ 0.4 <512 g€ 512
g < g < e 4hr zTE AR 3=
$ L6 $ 203 v 24hr S§810{ R NG
£$4 %%02 t L . asnr 08" e Dol
® o4, ® .2 . : ' h .
3 3 ﬁ 72hr K Mix 1 Mix 2
°9 - 09 “- s 96hr F & .
— 221 Loty e@ o Mix 1: CFSE+ P2RY8 KO
g 8 S 8 . Q)é‘ and CTV+ AAVS KO
E éo—*i 3 ‘éo.of + Mix 2: CFSE+AAVS KO
B Blood = Bone Marrow and CTV+ P2RY8 KO

44



Supplementary Figure 8: Homing of Human T Cells to the BM of NSG Mice.

(a) Experimental scheme for CRISPR-editing of human T cells and transfer into NSG
mice. (b) TIDE analysis of P2RY8-edited vs non-edited control T cells showing editing
efficiency around the expected cut site. (c) Transwell migration assays of the edited
cells towards CXCL12 and the indicated concentrations of GGG. Total counts of P2RY8
KO or AAVS KO control cells found to have migrated to the bottom of each transwell, as
a percent of total cells input into the transwell at the start of the migration experiment.
(d) Representative FACS plots from the migration assays showing the collected cells
from beneath the transwells for the four conditions listed. (e,f) Example of FACS gating
scheme for the identification of P2RY8 KO and AAVS KO human T cells in NSG mouse
blood (e) and BM (f). (g) Time course of human T cell frequency in the blood and BM of
NSG mice. (h) Flipped CFSE and CTV labeling of P2RY8 KO cells and AAVS KO cells.
The absolute count of P2RY8 KO cells was divided by the count of AAVS KO cells in
the BM and the blood, and this ratio is shown in the left plot. The resulting ratio in the
BM was divided by the ratio in the blood, and this secondary ratio is shown in the right
plot, demonstrating equal BM retention of P2RY8 KO cells independent of CFSE or
CTV labeling. Data are pooled from two experiments in (g), and representative of one
experiment in (h). P values determined by unpaired two-tailed Student’s t-test. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001. Graphs depict mean with s.d. and points represent
biological replicates.

Supplementary Table 2.1: Target crRNA sequences and PCR primers.

Human

T Cell

Editing

Gene/ | Target | crRNA target PCR Primer 1 PCR Primer 2 Sequencing Primer 1 | Sequencing Primer 2

Locus sequence

AAVS1 | AAVS | GTCACCAATCCTGT | AGCCACCTCTCCAT | CTCCCTCCCAGGAT | AGCCACCTCTCCAT | CTCCCTCCCAGGAT
1.1 CCCTAG CCTCTT CCTCTC CCTCTT CCTCTC

AAVS1 | AAVS | GGGGCCACTAGGGA | AGCCACCTCTCCAT | CTCCCTCCCAGGAT | AGCCACCTCTCCAT | CTCCCTCCCAGGAT
1.2 CAGGAT CCTCTT CCTCTC CCTCTT CCTCTC

P2RY8 | Exon | GCAGCACCCCGAAT | CTTCCCTCCTTCCC | ACTTGAGGACGTCG | GACAACGCGACGCT | TGGAGCTGAGCGGG
2 ACCCAG TTGCAG AAGCAG GCAGAT TACAGG

Knockout

Mouse Line

Generation

Gene/ | Target | crRNA target crRNA target

Locus sequence 1 sequence 2

Ggts Exon | GGGAGGCAACTGGA | AGATCTGCTCGGAT
1 CACACA ATTGGA

Abcc1 Exon | AAAGATTCTAGTGTT | CATATCCAATGAGG
30-31 | GGACG ACTGCA
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Supplementary Table 2.2: Antibodies.

Reactivity Antigen Channel Company Catalogue
Number
Mouse CD45.1 BV785 Biolegend 110743
Mouse CD45.1 PB Biolegend 110772
Mouse CD45.2 BV605 Biolegend 109841
Mouse CD45.2 PERCP- Tonbo Bio 65-0454-U100
CY5.5
Mouse CD45.2 PE-Cy7 Biolegend 109830
Mouse CD45.2 PE Biolegend 109808
Mouse CD16/32 Unconjugate | Bio X Cell BE0307
d
Mouse CD8a AF647 Biolegend 100724
Mouse CD19 APC Tonbo Bio 20-0193-U100
Mouse CD35/ CR1 Biotin BD 553816
Biosciences
Mouse CD86 AF647 Biolegend 105020
Mouse CD95 PE-Cy7 Fisher 557653
Mouse CXCR4 Biotin Fisher 551968
Mouse IgD PerCP-CY5.5 | Biolegend 405710
Mouse IgD AF647 Biolegend 405708
Mouse NK1.1 APC Fisher 17-5941-82
Mouse GL7 PB Biolegend 144614
Mouse GL7 Biotin Thermofisher | 13-5902-81
Mouse TCRb PerCP-CY5.5 | Tonbo Bio 65-5961-U100
Mouse Fc Block BD 553142
Human/Mouse | B220 PE-Cy7 Tonbo Bio 60-0452-U100
Human/Mouse | B220 BV785 Biolegend 103246
Human CD45 APC-Cy7 Fisher BDB557833
Human CD3 PE-Cy7 Biolegend 300420
Human P2RY8 Unconjugate | Sigma HPAO03631-
d 100UL
Human CD4 PE Fisher 12-0049-42
Rabbit Anti-rabbit IgG (H+L), AF647 CST 44148
F(ab')2 Fragment
GFP AF488 Thermofisher | A21311
Fixable Viability Dye eFluor 660 eBioscience 65-0864-14
Fixable Viability Dye eFluor 780 eBioscience 65-0865-18
Streptavidin AF555 Life S-21381
Technologies
Streptavidin BV605 Biolegend 405229
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Materials and Methods

Study Design

The aim of this study was to characterize the enzymatic and transporter requirements
for P2RY8-dependent positioning of B cells in GCs. In the course of our studies, we
discovered a function for P2RY8 in restraining lymphocyte homing to the BM. Most of
the experiments consisted of enumeration of population frequencies by flow cytometry,
assessment of cell distribution using immunofluorescence, and quantitation of GGG
abundance using a cell migration-based bioassay or LC-MS/MS. Littermate
comparisons were used for all mouse studies unless otherwise indicated. Control and
experimental treatments were administered to age- and sex-matched mice that had
been allocated to groups randomly, with sample sizes chosen based on previous
experience and available co-caged littermates to obtain reproducible results. The
investigators were not blinded, with the exception of certain two photon imaging
analysis. Experimental replication is indicated in the figure legends. No data was
excluded from analysis with one exception: a single mouse failed to reconstitute with
transduced BM following irradiation and was thus excluded from the analysis depicted in

Figure 2.3d and 2.5e.

Mice

Mice were bred in an internal colony and 6-12-week-old mice of both sexes were used.
Ggt5 and Abcc1 lines were internally generated and bred. yMT mice (B6.129S2-
Ighmtm1Cgn/J) were obtained from C. Allen at UCSF, and Nod scid gamma (NSG)

mice (NOD.Cg-Prkdcscid l12rgtm1Wijl/SzJ) were obtained from A. Marson and Q. Tang
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at UCSF. CD45.1 B6 mice (B6.SJL-PtprcaPepcb/BoyCrCrl) mice were bred internally
from founders ordered from JAX, or were purchased from National Cancer Institute at
Charles River at age 6-8 wks. Littermate controls were used for experiments, mice
were allocated to control and experimental groups randomly, and sample sizes were
chosen based on previous experience and available co-caged littermates to obtain
reproducible results. Animals were housed in a pathogen-free environment in the
Laboratory Animal Resource Center at UCSF, and all experiments conformed to ethical
principles and guidelines that were approved by the Institutional Animal Care and Use

Committee.

Generation of Ggts-/- and Abcc1-/- mice

Ggt5-/- mice were generated on the C57BL/6J background using two sgRNAs flanking
the exon 1 region deleted in a previously reported Ggt5-deficient mouse strain (Shi et
al., 2001) (this line was no longer available as the originating lab had closed). Using
CRISPR-EZ we generated a mouse with a 250bp mutation around the ATG, mirroring
that found in the original knockout line. Sequencing analysis confirmed the deletion, and
also identified frameshift-inducing point mutations at the sgRNA target sites in a second
mouse. Both of these mice were crossed to C57B6/J for several generations, and initial
phenotypes were tested in both lines. Both lines behaved identically, and the 250bp

deletion line was selected to be used as the dominant line.

Abcc1-/- mice were produced on the C57BL/6J background using CRISPR-EZ to

generate a deletion spanning exon 30-31, a deletion chosen for its removal of the B-
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motif of the second ATP-binding domain, a characteristic domain of this protein family
and the same region that was deleted in a previously characterized Abcc1-deficient
mouse line (Lorico et al., 1997). Multiple founder mice were generated with deletions
ranging from 721-778bp (in comparison to the original 0.7kb deletion). Three of these
mice were crossed to C57B6/J for several generations and initial phenotypes were
tested in all three lines. Data shown in the figures are from all three lines, as they were

functionally identical in all assays tested.

Supplementary Table 2.1 lists the crRNAs used in the generation of Ggt5-/- and

Abcc1-/- animals.

The protocol introduced the sgRNAs into B6/J zygotes along with Cas9 mRNA using
electroporation (CRISPR-EZ), following the protocol by Chen et al. (Chen et al., 2016),
with the main exception that the standard square curve electroporation was performed
twice with an interval of 3 s. RNP assembly followed standard protocol: 160 mM
tracrRNA + 160 mM crRNA (Dharmacon), equal volume mix well 37°C, 30 min (80 mM
sgRNA); 80 mM sgRNA + 40 mM Cas9 protein equal volume mix well 37°C 10 min (20
mM RNPs); leave on ice, each electroporation 10 mL of RNPs mix with 10 mL Opti-
MEM with C57B6/J embryos. Standard electroporation: two pulses 30V for 3 ms interval

100 ms. Embryos were transferred into pseudo-pregnant females.
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Bone marrow chimeras
CD45.1 B6 mice, Ggt5-/- or Abcc1-/- mice where indicated, were lethally irradiated with
1,100 rads gamma-irradiation (split dose separated by 3 h) and then i.v. injected with

relevant BM cells.

Mice to be used as BM donors (C57BL/6J, Abcc1+/+ or Abcc1-/- mice) were injected
intravenously with 3 mg 5-fluorouracil (Sigma). BM was collected after 4 days and
cultured in DMEM containing 15% (v/v) FBS, antibiotics (penicillin (50 IU/ml) and
streptomycin (50 mg/ml); Cellgro) and 10 mM HEPES, pH 7.2 (Celigro), supplemented
with IL-3, IL-6 and stem cell factor (at concentrations of 20, 50 or 100 ng/ml,
respectively; Peprotech). Cells were ‘spin-infected’ twice at days 1 and 2 with viral
supernatant (MSCV-EV-GFP and MSCV-P2RY8-GFP) and transferred into irradiated
CD45.1 B6 recipient mice on day 3. The transduction efficiency of EV and P2RY8
transduced BM cultures was found to be similar, with a mean and standard deviation of

40.04+17.51% for EV and 39.49+11.86% for P2RY8.

Retroviral transduction and activation of lymphocytes
P2RY8 was cloned into the murine stem cell virus MSCV-GFP retroviral vector (P2RY 8-
GFP) as previously described (Lu et al., 2019). Retrovirus encoding MSCV-P2RY8-GFP

and MSCV-EV-GFP was produced using the Platinum-E packaging cell line.

EasySep kits were used to enrich B cells from mouse spleens by removing T cells with

biotin-conjugated anti-CD3¢ (Biolegend, clone 145-2C11) and streptavidin-conjugated
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beads (EasySep Streptavidin RapidSpheres). B cells were cultured in 6-well plates with
a final concentration of 0.25 yg/ml (1:4,000 dilution) anti-CD180 (BD Biosciences, clone
RP/14), diluted in RPMI 1640 containing 10% FBS, 10 mM HEPES, 55 uM 2-

mercaptoethanol, 2 mM glutamine and 50 IU penicillin/streptomycin.

For transduction of polyclonal T cells, 24 well plates were coated with 300ul per well of
LEAF-purified anti-CD3 (Biolegend, clone 145-2C11) at 3ug/ml and anti-CD28
(Biolegend, Clone 37.51) at 0.5ug/ml overnight. The next day wildtype polyclonal T cells
were isolated from peripheral LNs, mesenteric LNs, and spleens and enriched using
EasySep kits to remove B cells (anti-B220-biotin from Tonbo Bio and EasySep
Streptavidin RapidSpheres). Plates were washed with PBS, and then T cells were
plated at 1 mil T cells per well in RPMI 1640 containing 10% FBS, 10 mM HEPES, 55
MM 2-mercaptoethanol, 2 mM glutamine and 50 IU penicillin/streptomycin. 24 hrs after
activation of B cells and T cells, the plates were centrifuged and the culture supernatant
was saved. HEPES and polybrene (EMD Millipore) were added to the retrovirus to a
concentration of 20mM and 2ug/ml, respectively. This retroviral medium was used to
spinfect the cells at 2,500 r.p.m. for 2 hr at room temperature, the viral supernatant was
aspirated and the original culture supernatant was returned to the cells. This spinfection
was repeated for a second time, 24 hr later. Twenty-four hours after the second
spinfection, cells were collected from each plate and washed twice. Cells were labeled
with Cell Trace Violet (Fisher), counted, and adoptively transferred into immunized mice
on day 6 after immunization with SRBCs. 5-7 mil GFP+ B cells (“Low transfer amount”),

or 10-14 mil GFP+ B cells (“High transfer amount”), were transferred when spleen or LN
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follicle localizing behavior was being tested to ensure adequate numbers of cells could
be viewed by immunofluorescence. At least 2 mil GFP+ B cells or T cells were
transferred when homing was being tested. Up to 60 mil GFP+ cells were transferred
when homing to the BM was being evaluated with two photon microscopy. Mice were
analyzed 24 hr after transfer for all experiments, except for when T cell BM homing was
examined 5 days following transfer. Transduced B cells comprised 1-3% (GFP) of all B
cells in the spleen by flow cytometry when 5-7 mil GFP+ B cells were transferred.
Homing of GFP+ cells was tracking by flow cytometry and positioning of GFP-

expressing B cells was tracked by immunofluorescence or two photon microscopy.

To measure the export of GGG by polyclonal B cells in vitro, splenic B cells were
activated with anti-CD180 as described. 72 hrs after activation, supernatants were

collected.

Immunofluorescence

Spleens were fixed in 4% PFA for 2 hr at 4 °C, washed with PBS, submerged in 30%
sucrose overnight and embedded in OCT. Cryosections of 7 um were dried for 1 hr at
room temperature and rehydrated in PBS containing 0.1% fatty acid-free BSA for 10
min. To track the position of GFP-transduced B cells, a solution consisting of 1% NMS
and 1:100 AF488-conjugated rabbit anti-GFP (Invitrogen, Cat#A21311), 1:100 biotin-
conjugated anti-mouse CD35/CR1 (BD Bioscience, Cat # 553816), and 1:100 AF647-
conjugated anti-mouse IgD (Biolegend, Cat#405708) was used to label transduced B

cells, FDCs, and endogenous naive B cells, respectively. To examine the GC
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confinement of endogenous mouse B cells, a solution consisting of 1% NMS and 1:100
biotin-conjugated GL7 (Thermofisher, Cat#13-5902-81) and 1:100 AF647-conjugated
anti-mouse IgD (Biolegend, Cat#405708) was used to label GC B cells and naive B
cells, respectively. These solutions were incubated with the slides overnight at 4°C. The
slides were then washed in PBS and stained with AF555-conjugated streptavidin (Life
Technologies, Cat#S-21381) for 1 hr at room temperature, and images were captured
with a Zeiss AxioObserver Z1 inverted microscope. For the assessment of P2RY8
effects on cell distribution within spleen and LNs, we compared sections that contained

similar frequencies of transferred empty vector or P2RY8 transduced cells.

Two photon microscopy

EV- and P2RY8-transduced polyclonal B cells were counted and injected at equal
numbers into separate wildtype mice, up to 60 mil GFP+ cells per mouse. Alternatively,
the EV+ cell culture was labeled with CTV at 1:4000 and mixed such that there was a
1:1 ratio of EV+ to P2RY8+ cells. Up to 60 mil total EV-GFP+ and P2RY8-GFP+ cells of
this mixture were injected into a single mouse. 24 hours later, tetramethylrhodamine
conjugated dextran (MW 144 KDa or MW 2000 KDa, Sigma) was injected via
retroorbital iv injection, five minutes after which the mouse was euthanized. After the
skull was shaved and remaining hair was removed with a depilatory, an approximately
1.5cm incision was made in the skin and an O-ring was mounted to the skull using
Vetbond tissue glue. This chamber was filled with water and then deep-tissue image
acquisition of the calvaria was performed with ZEN2009 (Carl Zeiss, Germany) using a

7 MP two-photon microscope (Carl Zeiss) equipped with a Chameleon laser (Coherent).
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A wavelength of 910nm was used to visualize GFP, tetramethylrhodamine and second
harmonics, and a wavelength of 800nM to visualize CTV. Emission filters were 500-550
nm for GFP, 570-640 nm for tetramethylrhodamine, and 450-490 for CTV. Imaging was
limited to approximately 1hr to ensure the dextran vasculature signal was maintained.
For mixed transfer experiments, regions were selected to image by scanning through
the tissue at 910nm, the wavelength at which the GFP but not CTV signal could be

assessed. This ensured a non-biased approach to image acquisition.

Single plane images at wavelengths of 910nm and 800nm were combined and aligned
using Imaris software (v.9.6). A grid was applied to each image to ensure accurate
assessment of all cells in the image, and each visible cell was classified as either
outside the vasculature, or inside/directly adjacent to the vasculature. Any pixel overlap
with the dextran signal was classified as inside/directly adjacent to the vasculature.
Following transduction EV+ and P2RY8+ B cell cultures expressed a range of GFP+,
and analysis of cell localization 24hrs after transfer led to a degree of in vivo B cell
proliferation, necessitating careful inspection in Imaris of each cell to check for any level
of GFP+ and any level of CTV labeling. True fluorescence was distinguishable from
macrophage autofluorescence due to the autofluorescence appearing in all channels
acquired, and the elongated or punctal shape of the autofluorescence. Any regions that
were imaged twice were excluded to ensure each cell was only counted once in the
quantification. For quantification of images from mice that received only EV+ or only
P2RY8+ cells, the quantification was done blinded, with file names coded before

analysis. A total of 2528 cells were assessed across 10 experimental mice for the single
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transfer analysis, and a total of 1761 cells were assessed across 4 experimental mice
for the mixed transfer analysis. Total cells inside and directly adjacent to the vasculature
were summed for each cell type in the transfer and divided by total cells of that type.
This ratio was plotted for each experimental transfer, as can be seen in Supplementary

Figure 2.7b.

Cell lines and treatments

HEK293T were grown in 10-cm tissue culture dishes in DMEM containing 10% FBS, 10
mM HEPES, 2 mM glutamine and 50 IU penicillin/streptomycin. WEHI-231 cells
expressing P2RY8-GFP were grown in upright T25 flasks in RPMI containing 10% FBS,
10 mM HEPES, 2 mM glutamine, 55 yM 2-mercaptoethanol and 50 |U
penicillin/streptomycin. All cell lines were previously obtained from other laboratories
and further authentication was not performed. The cell lines were not tested for

mycoplasma contamination.

To test bioactivity production, HEK293T cells were plated out in either 12-well or 6-well
plates and allowed to reach confluence. The medium was then replaced with serum-free
medium (RPMI containing 0.5% fatty acid-free BSA, 10 mM HEPES and 50 U
penicillin/streptomycin) at 750 ul per well for a 12-well plate or 1.5 ml per well for a 6-
well plate. To this media was added either Abcc1 inhibitor MK571 (Caymen Chemical,
Cat #70720) to a concentration of 50uM, or an equivalent volume of DMSO. The cells

were incubated for 16 hr and then the supernatant was collected and centrifuged to
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remove cells and debris. The supernatant was diluted 1:10 in migration assay media,

mixed with CXCL12 and tested in the bioassay.

Migration inhibition transwell bioassay

A confluent T25 flask containing a mixture of wild-type and P2RY8-GFP-transduced
WEHI-231 cells was washed twice in pre-warmed migration medium (RPMI containing
0.5% fatty acid-free BSA, 10 mM HEPES and 50 IU penicillin/streptomycin). The cells
were resuspended in migration medium at 2 x 108 cells/ml and incubated for 10 min in a
37°C water bath. Recombinant human CXCL12 (Peprotech) was diluted to 50 ng/ml in
migration medium. HEK293T cell supernatants were diluted at 1:10 concentration in the
CXCL12-containing migration medium, and 600 pl of each of these mixtures was added
to a 24-well tissue culture plate. Transwell filters (6 mm insert, 5 ym pore size, Corning)
were placed on top of each well, and 100 pl of P2RY8-GFP-expressing WEHI-231 cells
(2 x 10° cells) was added to the transwell insert. The cells were allowed to migrate for 3
h, after which the cells in the bottom well were counted by flow cytometry. To assess
migration inhibition, the proportion of P2RY8-GFP+ cells that migrated for each well was
divided by the proportion of P2RY8-GFP+ cells that migrated to CXCL12 alone. This

normalized metric is plotted as ‘P2RY8+ cells that migrate to CXCL12 (%).’

Migration assay of human T Cells
CRISPR edited human T cells were collected 3 days after editing. P2RY8 KO cells were
labeled with 1:2000 CFSE (Invitrogen) and AAVS KO control cells were labeled with

1:2000 CTV (Fisher) and then mixed at a 1:1 ratio. In some experiments this labeling
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was reversed. The cells were resuspended in migration medium at approximately 2 x
106 cells/ml and resensitized for 10 min in a 37°C water bath. Recombinant human
CXCL12 (Peprotech) was diluted to 100 ng/ml in migration medium and synthetic GGG
was added to aliquots via serial dilution from 1uM down to 10nM GGG. Transwell
assays were performed as described in Supplementary Methods. To assess migration
inhibition, the number of P2RY8 KO and AAVS KO cells that migrated to the bottom of
each well was compared to the number of P2RY8 KO and AAVS KO cells that migrated
to CXCL12 alone. The number of P2RY8 KO cells was also directly compared in a ratio
to the number of AAVS KO cells that migrated in each well, a value that was normalized

to the ratio in the wells receiving CXCL12 alone.

Immunizations, intravascular labeling and tissue collection

All immunizations were performed with intraperitoneal injection of 2x108 SRBC
(Colorado Serum Company) in a volume of 400 L. For studies of polyclonal P2RY8+
cell localization in the spleen or homing to the BM, mice were immunized on Day 0,
cells were transferred in on Day 5, and tissues were harvested on Day 6 (or Day 11 for
the analysis of T cells 5 days after transfer). For studies with chimeric mice in which
Abcc1+/+ or -/- BM had been transduced with EV-GFP or P2RY8-GFP and used to
reconstitute congenically marked recipients, mice were immunized with SRBC on Day 0
and Day 7, and then tissues were harvested on Day 10. In vivo pulse labeling was with
1 pg of PE-conjugated anti-CD45.2 injected i.v., and mice were analyzed after 3 min.

Immune cells from spleen, mLNs, BM, PPs and blood were isolated as previously
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described (Green et al., 2011). Lymph was collected from the cisterna chyli via fine

glass micropipette as previously described(Matloubian et al., 2004).

CRISPR T Cell knockdown and adoptive transfer

Primary human CD3+ T cells were isolated by negative selection (Stemcell
Technologies) from leukoreduction packs from healthy blood donors (Stemcell
Technologies or Allcells Inc) under a protocol approved by the University of California
San Francisco Institutional Review Board (IRB). Bulk CD3+ T cells were activated in X-
Vivo-15 medium (Lonza) with 5% FBS, 50uM 2-ME, 10mM NAC, anti CD3/CD28
Dynabeads (Thermo), and a cytokine cocktail of IL-2 (300U/mL), IL-7 (5 ng/mL), and IL-
15 5ng/mL). After 2 days of activation and culture, beads were removed by magnetic
separation. In a 96-well format 4D-Nucleofector (Lonza), 1x106 cells were mixed with
50pmol of polymer-enhanced Cas9 ribonucleoproteins as previously described (Nguyen
et al., 2020) with Edit-R synthetic guide RNA (Horizon Discovery), and electroporated
with code EH-115. Cells were further cultured for 4 days post-editing in growth media
with IL-2 (500U/mL), then an aliquot of cells was set aside for genomic DNA extraction,
PCR, and Sanger sequencing to determine editing efficiency quantified by TIDE
analysis (tide.nki.nl) as previously described (Brinkman et al., 2014). Target crRNA
sequences and PCR primers are listed in Supplementary Table 2.1. CRISPR edited
P2RY8 KO and AAVS KO control human T cells were labeled with CFSE and CTV and
mixed at a 1:1 ratio. Cells were resuspended at 20mil cells/400pl saline and injected iv

into NSG mice.
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Cell surface flow cytometry staining

Cells were washed with FACS buffer (PBS containing 2% FBS and 1mM EDTA). Fc
receptors were blocked by pre-incubating cells with 1:100 anti-CD16/CD32 (BioXCell,
Cat#BEO0307) for mouse cells or 1:100 TrueStain FcX (Biolegend, Cat#422303) for
human cells, and cell viability determination was performed using LIVE/DEAD fixable
stains (eBioscience Cat# 65-0865-18 or eBioscience Cat# 65-0864-14). Cells were
stained with antibody cocktails for 30 minutes at 4°C, after which cells were washed

twice with FACS buffer and analyzed by BD LSRII or Fortessa cell analyzer.

P2RY8 protein flow cytometry staining

Cells were fixed with 1.6% PFA (ThermoFisher) for 10 minutes at room temperature
after LIVE/DEAD staining. Fixed cells were washed and permeabilized with Intracellular
stain perm buffer (Invitrogen). Cells were intracellularly stained with 1:100 rabbit anti-
human-P2RY8 in perm buffer for 1 hr at room temperature, washed twice with perm
buffer, incubated for 30 min at room temperature with surface markers and 1:200 goat
anti-rabbit IgG in perm buffer, washed again two times with perm buffer, and then

resuspended in FACS buffer for analysis on a BD LSRII.

Flow cytometry antibodies

See Supplementary Table 2.2 for antibodies used. Flow cytometry data were analyzed

using Flowjo (v.10.7.1).
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Statistics

Prism software (GraphPad v.8.4.2) was used for all statistical analyses. The statistical
tests used are specified in the figure legends. Two-tailed unpaired t-tests were
performed when comparing only two groups, and ordinary one-way ANOVA using
Tukey’s multiple comparisons test was performed when comparing one variable across
multiple groups. A two-tailed paired t-test was performed when comparing paired BM
and blood samples from NSG mice that received CRISPR-edited human T cells. In
summary graphs, points indicate individual samples and horizontal lines are means.
Levels of significance were defined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001.

GGG extraction and mass spectrometry

GGG was measured in the supernatant of cell cultures and tissue using the previously
described LC-MS/MS protocol (Lu et al., 2019). For bile GGG measurements, to
standardize the volume of bile among mice, food was removed from the cage for eight
hours, and raw mouse bile was collected from the gallbladder using a syringe and flash
frozen in liquid nitrogen until the time of measurement. Upon thawing, the bile was
diluted 1:100 in MeOH and centrifuged at 4°C for 30 min at 16,000 g to remove
precipitate. The resulting MeOH supernatant was then analyzed LC-MS/MS. Mouse
spleens and mouse BM flushed from a single femur and tibia were collected and
individually weighed to allow for homogenization in 1:10 w/v 100% MeOH using a
Precellys 24-bead homogenizer pre-cooled with dry ice. 15 pl of a 150 nM solution of

leukotriene C4-d5 (LTC4-d5) (Caymen Chemical) was added to the homogenization as
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an internal standard. The homogenate was transferred to a new tube. Then, 500 pl
MeOH was used to wash the beads and was combined with the homogenate. The
mixture was centrifuged for 30 min at 16,000 g in a microcentrifuge and the supernatant
was diluted tenfold in water containing 3 mM HCI. Supernatant from five spleens of
each genotype were pooled together then bound to a 500-mg C18 SPE column (Agilent
Technologies), washed with 50% MeOH, eluted with MeOH, dried, and reconstituted in
200 pl of MeOH for LC-MS/MS analysis. Supernatant from each mouse BM sample was
bound to a 500-mg C18 SPE column (Thermofisher), washed with 50% MeOH, eluted

with MeOH, dried, and reconstituted in 200 pl of MeOH for LC-MS/MS analysis.

Human whole BM fresh aspirate was purchased from AllCells Inc in 3 ml aliquots from
both male and female healthy donors between the ages of 27-38. Aspirate was
collected in the afternoon with 78 IU/mL (nominal) porcine heparin anti-coagulant
(Sagent Cat# 400-10) and shipped overnight for processing the next morning. Aspirate
was diluted with 10ml of PBS and centrifuged at 4°C for 5 min at 1500 rpm twice to
pellet cells, with the supernatant moved into a fresh tube each time. Following these two
spins, the supernatant was centrifuged for a third time at 4°C for 10min at 9500 rpm,
after which it was acidified to pH 3 with 3M HCI and 15 pl of a 150 nM solution of LTC4-
d5 was added. This solution was then processed on a C18 SPE column identically to

that of the spleen extract described above.

Polyclonal B cell cultures were activated under conditions analogous to those detailed

for B cell retroviral transduction, and after 72 hrs the supernatants were collected and
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centrifuged to remove cells and debris. 3M HCI was added to a pH of 3, and the
supernatants were frozen in liquid nitrogen until time of processing. Upon thawing,
MeOH was added to form a 20% MeOH solution, and 10 nM of the internal standard
LTC4-d5 was added. The resulting solution was bound to a C18 SPE column and
processed identically to the spleen and human BM extracts described above, except the
column was not washed with a 50% MeOH solution, rather GGG was directly eluted in

100% MeOH.

A Shimadzu Nexera X2 HPLC coupled to an AB SCIEX QTRAP 6500 mass
spectrometer was used for LC-MS analysis of B cell culture supernatant, mouse
spleens, and human BM. Use of a more sensitive AB SCIEX QTRAP 7500 instrument
allowed for measurement of mouse BM bound to a C18 SPE column, for which tissue
volume was limited. 10ul of each sample was injected onto a Synergi Polar-RP column
(75 x 4.6 mm) and a mobile phase gradient consisting of A: H20 + 0.1% formic acid;
and B: acetonitrile + 0.1% formic acid. 0—1 min, 40% B; 1—4 min, ramp to 95% B; 4—6
min, 95% B; 6—6.5 min, ramp to 50% B; 6.5-8 min, 40% B was used for analysis. GGG
was detected in positive ionization mode using multiple reaction monitoring scans with
ion pair m/z 580.3/179.0. The internal standard, LTC4-d5, was identified with ion pair
m/z 631.4/179.0. The turbo spray ion source was maintained at 44°C, 20 CUR, 40 GS1
and 40 GS2, 5,500 IS, with compound settings DP 160, EP 10, and CXP 10. A collision
energy of 35 eV was used when performing fragmentation analysis. Peak area was
integrated using Sciex Analyst software and referenced against a standard curve

prepared with 0.1, 1, 10, 100, 1000 nM synthetic GGG to calculate compound
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abundance. Feature area intensities were scaled to the mass of sample where relevant,

with 1g of sample equated to 1mL for the calculation of molarity.
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CHAPTER THREE

Conclusion
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Discussion

In this study we define key requirements for the establishment of extracellular GGG
distribution in lymphoid tissues. We show that GGG is an endogenous substrate for cell
membrane transporter Abcc1 and that Abcc1 is used by both hematopoietic and non-
hematopoietic cells to export GGG. Additionally, we show that Ggt5 is necessary for
extracellular GGG catabolism in lymphoid tissues. Our data indicate that Abcc1 and
Ggt5 act in concert to support P2RY8-mediated confinement of cells to the GC, and
Abcc1 is also needed for growth regulation of P2RY8+ GC B cells. Furthermore, we
show that extracellular GGG is generated in an Abcc1-dependent manner in the BM,
and we provide evidence that P2RY8 can restrict lymphocyte accumulation in the BM

parenchyma (Figure 3.1).
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Figure 3.1: Model diagrams summarizing ABCC1 and GGT5 function in
determining GGG distribution and P2RY8+ cell behavior.

Diagrams showing: (a) Role of ABCC1 in GGG export from cells, action on P2RY8+
target cells and catabolism in the extracellular space by GGT5; (b) follicular B cells
exporting GGG in an ABCC1-dependent manner and confining P2RY8hi GC B cells to
the GGT5hi FDC network at the follicle center; (c) an adherent P2RY8+ T cell in a BM
blood vessel being inhibited in transmigration (or promoted to undergo reverse
transmigration) by GGG produced by ABCC1+ hematopoietic cells in the BM
parenchyma.

Earlier work (Lu et al., 2019) established that although rodents lack P2RY8, they
produce the P2RY8 ligand GGG, a finding that we build on here. We make the
inference that the GGG-P2RY8 pathway functions in humans in a manner that is closely
modeled by our studies in the mouse for the following reasons. First, P2RY8 loss-of-

function mutations in lymphoma patients are associated with GC B cell over-growth and

dissemination, leading to the prediction that P2RY8 promotes GC B cell growth restraint
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and confinement; we observe that P2RY8 is sufficient to have these effects in the
mouse. Second, Ggt5 expression by FDCs is conserved between humans and mice (Lu
et al., 2019). Third, Abcc1 is widely expressed by human immune cells, similar to its
expression in the mouse. Finally, our mass spectrometry measurements have shown
comparable GGG abundance in mouse lymph nodes and human tonsil (Lu et al., 2019)
and that GGG is present in mouse and human BM. Taken together, these observations
suggest efforts to decipher the biology of this ligand-receptor system using mouse

models will help illuminate the role of P2RY8 in human physiology and disease.

Despite the lack of a clear P2RY8 orthologue in mice, the GGG gradient has been
maintained evolutionarily, with the conserved expression of Ggt5 and Abcc1 in similar
cell types as seen in humans. Studies from our lab have suggested that in addition to
S1PR2, there is a second Ga13-coupled receptor that acts via an FDC-dependent
circuit to support the confinement of endogenous mouse B cells (Wang et al., 2011)
(Muppidi et al., 2015). However, our results here demonstrate that murine GC B cells do
not require the GGG gradient for their confinement in the spleen or lymph nodes,
suggesting that the receptor mediating this further confinement of murine B cells is not a
P2RY8-related receptor responding to GGG. Future studies will work to identify this

receptor, as like STPR2 and P2RY8, it may contribute to human disease.

Despite the lack of a clear murine P2RY8 orthologue, the GGG gradient has been

maintained evolutionarily in mice, with the expression of Ggt5 and Abcc1 mirroring the

pattern of expression seen in humans. Studies from our lab have suggested that in
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addition to S1PR2, there is a second Ga13-coupled receptor that acts via an FDC-
dependent circuit to support the confinement of endogenous mouse B cells (Wang et
al., 2011) (Muppidi et al., 2015). However, our results here demonstrate that this
receptor is unlikely to be a P2RY8-related receptor responding to GGG, as murine GC
B cells do not require the GGG gradient for their confinement in the spleen or lymph
nodes. Future studies will work to identify this confinement receptor, as its dysregulation

may contribute to human disease, as is the case for STPR2 and P2RY8.

ABCC1 is intensely studied for its ability to transport a diversity of drugs and
xenobiotics, often as glutathione conjugates, though it has only one well-defined
endogenous substrate in vivo, LTC4 (Cole, 2014). We now add GGG as another
endogenous substrate of ABCC1. ABCC1 transporter activity is not known to be
regulated or gated beyond its ATP requirement (Cole, 2014) (Wiese and Stefan, 2019).
Instead, the expression pattern of the transporter is likely to be a key determinant of
where GGG export occurs. The widespread expression of ABCC1 suggests that most
cell types within lymphoid tissues have the capacity to export GGG. The key factors
determining GGG distribution may then be the enzymes involved in GGG synthesis and
degradation. While our gene knockout data show a critical role for Abcc1 in generating
extracellular GGG in lymphoid tissues that can act on P2RY8, we continue to observe
significant amounts of GGG in the bile of Abcc1-deficient mice, likely indicating that at
least one additional Abcc transporter is active in GGG export. In this regard, it is notable
that Abcc2 and Abcc3, close homologs of Abcc1, are particularly abundant in the liver

(BioGPS.org).
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We show that follicular B cells are a necessary source of GGG to mediate the GC
confinement of P2RY8+ B cells, identifying a form of crosstalk between different B cell
subsets in lymphoid tissues. In mice lacking Abcc1 only in hematopoietic cells or fully
deficient in B cells, P2RY8+ B cells were not confined to GCs but they were also not
uniformly distributed in follicles; rather they had a propensity to distribute at the follicle-
GC boundary. We speculate that under normal conditions, follicular GGG is produced
by B cells and stromal cells, and this achieves a high concentration that penetrates
some distance into the Ggt5+ FDC network that occupies the GC. This ‘gradient’ helps
promote confinement of P2RY8+ cells within the GC. When stromal cells are the only
source of GGG, the lower amounts of GGG may be more readily degraded by the
Ggt5+ FDCs with little penetration into the GC. Under these conditions P2RY8 is only

sufficient to position activated B cells at the follicle-GC interface.

Within lymphoid follicles, Ggt5 is most highly expressed by FDCs. The previous finding
that FDCs are required for P2RY8-mediated confinement of cells to the follicle center
and to GCs (Muppidi et al., 2015) is consistent with them having a critical role in GGG
catabolism. Ggt5 is also detectable on stromal cells in the T zone of LNs and human
tonsil (Lu et al., 2019), and the transcript is present in naive T cells and dendritic cells
(Immgen.org). Whether GGG-P2RY8 signaling has a role in regions of secondary
lymphoid tissue outside the follicle has not yet been determined. We speculate that
GGG distribution may also be tightly regulated in the T zone, allowing GGG to influence

cell compartmentalization within this zone. Moreover, while we establish that Ggt5 has a
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non-redundant role in catabolism of GGG in lymphoid tissues, our findings do not

exclude possible contributions by other Ggt family members in GGG catabolism.

Abcc1 and Ggtb regulation of cell trafficking to the BM identifies a role for P2RY8
outside the GC. The BM is a significant site of lymphocyte and plasma cell homing.
Multiple studies have characterized the presence of memory T cells in mouse and
human BM, and it has been suggested that they are an important memory reservoir in
both protective and autoimmune contexts (Di Rosa and Gebhardt, 2016) (Collins et al.,
2019) (Mazo et al., 2005). The intravascular labeling experiments presented here
indicate that P2RY8-expressing cells are ultimately impeded in their movement from
blood vessels into the BM parenchyma, failing to accumulate in the parenchyma after
24hrs. VCAM1 is required for homing of circulating B and T cells into the BM, facilitating
the adherence of lymphocytes to the vessel wall (Koni et al., 2001) (Mazo et al., 2005).
The requirements for lymphocyte transendothelial migration into the BM after sticking
are not fully characterized, but CXCR4 and CXCL12 play a role in this process (Mazo et
al., 2005). In accord with P2RY8’s established role in inhibiting migration towards
chemoattractants, we speculate that P2RY8 may act to antagonize the transmigration
step, counteracting the influence of chemoattractants and thereby gating lymphocyte
access to the BM. It may also be the case that P2RY8-expressing cells encounter GGG
after they have migrated through the endothelium, leading them to reverse transmigrate
back into the vasculature. In addition to their role in lymphocyte transmigration, CXCR4
and CXCL12 are also important in homing of plasma cells to the BM (Cyster, 2003). It

will be important in future work to determine if newly generated human plasmablasts
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express sufficient amounts of P2RY8 to potentially restrict their accumulation in the BM
and to understand what factors alter P2RY8 expression in BM tropic cells. Additionally,
while we focused our homing studies on the BM, our finding that P2RY8 expression
reduced homing to the spleen suggests the receptor may restrain P2RY8+ cell

accumulation in other tissues.

The widespread expression of P2RY8 in human BM cells detected by scRNAseq
analysis (Hay et al., 2018) suggests that this receptor may have broad influences on cell
distribution in this compartment. This includes not only high expression in CD8 T cells,
NK cells and mature B cells, but also in early hematopoietic progenitors and pre-B cells.
The expression by pre-B cells is notable, as fusions of the P2RY8 gene with the CRLF2
gene (encoding a component of the TSLP receptor) are recurrent in B-progenitor acute
lymphoblastic leukemia (ALL) (Mullighan et al., 2009). High P2RY8 expression at this
developmental stage may contribute to over-expression of the TSLP receptor from the
fusion locus. It is notable that Ggt5 is largely restricted to stromal cells within the BM. A
scRNAseq study of human BM stromal cells identified 9 subsets, and Ggt5 was present
in subsets 1 and 7 (Baryawno et al., 2019). These two subsets were also the most
enriched for CXCL12. Therefore, P2RY8 may help mediate confinement of CXCR4+
cells in association with these stromal cells due to Ggt5 establishing a GGG-low niche
in their proximity. Additionally, expression of P2RY8 on maturing B cells may contribute
to their movement away from certain BM niches where GGG may be high and thereby
favor their movement into blood. Beyond effects on confinement, GGG-P2RY8 signaling

in BM progenitors and lymphocytes is expected to restrain signaling via the AKT
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pathway and to transmit other Rho-dependent signals. Since PI3K and AKT signaling
has important roles in B cell development and selection (Clark et al., 2014) (Lau et al.,

2020), the GGG-P2RY8 axis may exert significant influence over these events.

P2RY8 and GNA13 are frequently mutated in GC-derived lymphomas (Muppidi et al.,
2014) (Lohr et al., 2012) (Morin et al., 2013) (Forbes et al., 2011) (Schmitz et al., 2018)
(Kridel et al., 2016). The Abcc1 dependence of the growth repressive influence of
P2RY8 on GC B cell responses is consistent with GGG acting in vivo on GC B cells to
repress Akt (and possibly other pro-growth signaling pathways). It is notable that GC-
derived lymphomas retain an extensive FDC network at least through the early stages
of disease (Carbone and Gloghini, 2014). A large FDC network would be expected to
maintain low GGG levels, acting as an alternative mechanism to P2RY8 or GNA13
mutation to limit P2RY8-mediated repression of growth-promoting pathways. BM
involvement presents in a portion of GCB-DLBCL patients and is a predictor of poor
clinical outcome (Sehn et al., 2011). Mutations in P2ZRY8 and GNA13 may not only lead
to loss of GC confinement and GC B cell growth regulation, but also favor the
recruitment of malignant cells to the BM. In another cancer context, efforts are being
pursued to antagonize the multidrug transporter activity of ABCC1 in an attempt to
improve the success of chemotherapies (Cole, 2014) (Kunicka and Soucek, 2014). The
role of ABCC1 in transporting GGG will be important to consider in the context of these
efforts. It will also be of interest to determine whether the polymorphisms that have been
described in ABCC1 (Kunicka and Soucek, 2014) (Yin and Zhang, 2011) lead to

alterations in GGG export. The basis for the stronger effect of P2RY8 in restraining GC
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B cell growth in PPs than in spleen and mLNs is not yet known but is in accord with
earlier findings (Muppidi et al., 2014). We speculate that different combinations of
factors may contribute to GC growth control in different lymphoid organs. Moreover, it
should be kept in mind that the mouse model may only be effective in revealing a
fraction of P2RY8’s endogenous functions in humans. For example, the importance of
P2RY8 in human LNs is strongly suggested by the evidence that GCB-DLBCL and BL

frequently emerge in these tissues (Carbone et al., 2009).

Finally, while we highlight influences of the P2RY8-GGG axis on lymphocyte
organization in secondary lymphoid organs and trafficking to the BM, we note that
ABCC1 is widely expressed in tissues and GGG can be made by many cell and tissue
types (Lu et al., 2019). Therefore, the findings described here are anticipated to provide
a foundation for understanding the broader influences of GGG and P2RY8 in the human

immune system.
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