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Abstract

P2RY8 promotes the confinement and growth regulation of germinal center (GC) B cells and loss
of human P2RY8 is associated with B cell lymphomagenesis. The metabolite S-geranylgeranyl-
L-glutathione (GGG) is a P2RY8 ligand. The mechanisms controlling GGG distribution are
poorly understood. Here, we show that gamma-glutamyltransferase-5 (Ggt5) expression in stromal
cells was required for GGG catabolism and confinement of P2RY 8-expressing cells to GCs. We
identified the ATP-binding cassette, sub-family C member-1 (Abccl) as a GGG transporter and
showed that Abccl expression by hematopoietic cells was necessary for P2RY8-mediated GC
confinement. Furthermore, we discovered that P2RY8 and GGG negatively regulated trafficking
of Band T cells to the bone marrow (BM). Importantly, P2RY8 loss-of-function human T cells
increased their BM homing. By defining how GGG distribution was determined and identifying
sites of P2RY8 activity, this work helps establish how disruptions in P2RY8 function contribute to
lymphomagenesis and other disease states.

One Sentence Summary:

This work establishes how P2RY8 ligand is exported and degraded to regulate lymphocyte
behavior in lymphoid follicles and bone marrow.
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Introduction

P2RY8 is a G-protein coupled receptor (GPCR) that is frequently mutated in GC B cell-
derived diffuse large B cell lymphoma (GCB-DLBCL) and Burkitt lymphoma (BL) (1-6).
Loss of receptor function contributes to both dissemination and growth deregulation in
lymphoma cells (1). P2RY8 is highly expressed by GC B cells and T follicular helper

(Tfh) cells. Downstream signaling through P2RY8 via Ga.13-containing heterotrimeric G-
proteins promotes confinement of B cells in the follicle center (1). However, P2RY8 is

also expressed more broadly in human lymphocytes and some other immune cell types,
suggesting functions beyond the GC. Ga.13 in lymphocytes activates ArhGEF1 to then
activate Rho and inhibit cell migration towards chemoattractants (7). This signaling pathway
also suppresses AKT activation, and P2RY8 can exert a growth repressive effect on GC B
cells. While widely conserved in vertebrates, P2RY8 lacks a sequence ortholog in rodents
(1). However, it has been possible to study P2RY8 function by placing the human receptor in
mouse cells and transferring the cells into mice; such work established the confinement and
growth regulatory activities of P2RY8 (1, 8). By helping confine GC B cells and Tfh cells to
individual GCs, P2RY8 may foster unique paths of B cell clonal evolution in separate GCs,
thereby contributing to the overall diversity of the antibody response(9).

The metabolite, S-geranylgeranyl-L-glutathione (GGG) was identified using classical
biochemical fractionation approaches as a nanomolar potent ligand for P2RY8 in a migration
inhibition assay (7). Human tonsil, mouse spleen, and mouse lymph node (LN) extracts
contain low nanomolar concentrations of GGG, indicating that it is present in lymphoid
tissues at levels shown to be active on the receptor /n vitro. GGG is also abundant in liver
tissue and bile and produced by many cell lines (7). When mixed with chemokines, GGG
inhibits migration of P2RY8* cells towards the chemokine (7). The actions of P2RY8 as a
GC confinement factor that inhibits the migration of GC B cells towards chemokines has led
to a model in which GGG is more abundant in the outer regions of lymphoid follicles and
less abundant at the follicle center (10). To understand how GGG is distributed in tissues it is
necessary to determine the enzymes involved in GGG metabolism and transport, as well as
how it is exported by cells.

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 (11). Expression of the 5 Ggt family members in HEK293T cells
has demonstrated that Ggt5 is most active towards GGG, converting it into GG-CysGly
and Glu, with Ggtl and Ggt2 demonstrating weak activity (7). Ggt5 is highly expressed

by human and mouse follicular dendritic cells (FDCs), stromal cells located in the center
of lymphoid follicles, supporting the idea that it may be a key enzyme in GGG catabolism
in lymphoid tissues (7). Moreover, overexpression of Ggts in follicular B cells in vivois
sufficient to disrupt the confinement-promoting function of P2RY8 (7). However, whether
Ggt5 is necessary for establishing P2RY8-guiding GGG gradients /n vivo has not been
determined.
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As a conjugate of glutathione, GGG likely requires export from the cytoplasm via a specific
transporter, given this requirement for all previously described glutathione conjugates (12).
Of the 48 ATP-binding cassette (ABC) transporters, the 12-member ABCC subfamily
includes proteins specialized for efflux of glutathione-conjugated molecules (12). In
particular, ABCC1 (MRP1) transports leukotriene-C4 (LTC4), oxidized glutathione (GSSG)
and a range of GSH-drug conjugates (12). Several other family members can also transport
glutathione conjugated drugs and metabolites (13). Whether any of these transporters are
involved in GGG export by cells and the establishment of interstitial GGG gradients is
unknown.

In this study we demonstrated that Ggt5 was important for catabolism of GGG, and
expression of this enzyme by stromal cells was necessary for maintaining the GGG
distribution that supports P2RY 8-mediated confinement of cells. We identified Abccl

as a GGG transporter and showed that it functioned in both hematopoietic and non-
hematopoietic cells to allow their production of the extracellular GGG, which was needed
for P2RY8 organizing functions. Abccl was also required for P2RY8 inhibition of GC B cell
expansion, most notably in the Peyer’s Patches (PP). Finally, we demonstrated that P2RY8
and GGG restrained lymphocyte homing to the BM. This work defines key molecular and
cellular requirements for establishing GGG distribution within tissues and shows that P2RY8
influences cell behavior within BM as well as secondary lymphoid organs.

Ggt5 was necessary for lymphoid tissue GGG catabolism:

To determine the contribution of Ggt5 to the /n vivo regulation of GGG distribution we

used CRISPR/Cas9 to generate mice deficient in this enzyme (Supplementary Fig. 1A,B).
The mice were engineered to harbor an exon 1 deletion analogous to that previously shown
to disrupt Ggt5 leukotrienase function in mice (14). GGG abundance was measured in bile
fluid and in spleen extracts from control and Ggt5 null mice using LC-MS/MS (Fig. 1A.B).
GGG is present in high amounts in bile (7) and was increased approximately two-fold upon
Ggt5 deficiency (Fig. 1A). Importantly, splenic GGG increased more than eight-fold in
Ggt5-deficient mice (Fig. 1B). These data established that Ggt5 was critical /7 vivo for GGG
catabolism, especially within lymphoid tissue.

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, as the GC would no longer be a local minimum of GGG concentration (10). B
cells retrovirally transduced to express P2RY8 (Supplementary Fig. 1C,D) 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.

1C and Supplementary Fig. 2A). In contrast, when P2RY8" cells were transferred into
Ggt5-deficient mice, the cells failed to cluster in the GC (Fig. 1C and Supplementary Fig.

Sci Immunol. Author manuscript; available in PMC 2021 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gallman et al.

Page 4

2A). A loss of P2RY8™ cell confinement in GCs was also seen in the mLNs (Supplementary
Fig. 2B). 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.
2C). These data provided 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 degrades leukotriene C4 (LTC4), a glutathione-conjugated lipid that acts as an
intercellular signaling molecule (15, 16). LTC4 has two well established high affinity
receptors (CysLTR1 and CysLTR2) (17). Using a bioassay with nanomolar sensitivity we
previously observed /n vitro that LTC4 also has activity on P2RY8, though with a 100-fold
less potency than GGG (7). 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 (18). P2RY8™ cells transferred into
pre-immunized 5-LO-deficient mice continued to cluster over the FDC network in the GC
(Supplementary Fig. 2D) excluding a role for LTC4 in this process.

Ggt5 is expressed highly by FDCs in both human tonsil and mouse lymphoid tissues (7). 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 1D and Supplementary Fig 2E). These data
supported a model in which Ggt5 expression by radioresistant FDCs /n vivo acts to degrade
local GGG, allowing for the confinement of P2RY8 expressing cells to the GC.

Abccl was 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
transported by members of the Abcc family (12). Of the family’s 11 members, Abccl,
Abccd, Abceeb, and Abcc9 are highly expressed in mouse lymphoid tissue (Supplementary
Fig 3A). GGG is produced by several human cell lines, including HEK293T cells (7),
which express high levels of Abccl, Abcc4, Abcc5, and Abccl0 (Supplementary Fig 3B).
MK-571 is an inhibitor of Abccl, though with low specificity (19). 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 2A and Supplementary Fig 3H),
suggesting a potential role for Abccl in GGG export. We then made Abccl-deficient mice
by using CRISPR/Cas9 to delete a segment of the gene previously shown to be essential for
Abccl protein expression in mice (20) (Supplementary Fig 3C,D). These mice allowed us
to assay production of GGG by Abccl-deficient cells. GGG was detected at significantly
reduced concentrations in the supernatants of stimulated Abccl-deficient B cells compared
to wildtype B cells (Fig 2B). These data strongly supported the conclusion that Abccl
functions as a GGG transporter. Attempts to detect alterations in GGG abundance in
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lymphoid tissues of Abccl-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 Abccl-deficient mice showed a trend
towards decreased GGG that did not reach significance (Supplementary Fig 3E), suggesting
that additional transporters may contribute to GGG export in the liver.

To evaluate the role of Abccl in shaping the lymphoid tissue GGG gradient, P2RY 8-
expressing B cells were transferred into Abccl-deficient mice and their littermate controls.
P2RY8* B cells failed to localize to the GCs of pre-immunized Abccl-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 3A, Supplementary Fig 3F,G). The
distribution of P2RY8™* cells in Abccl-deficient mice mimicked the distribution of empty
vector expressing control cells. These data indicated that Abccl has a non-redundant role
in establishing the extracellular GGG distribution needed for P2RY8 function in B cell
follicles.

B cells were an important source of GGG:

We took advantage of the critical role of Abccl in GGG export to determine the GGG-
producing cell types necessary for follicle-center confinement of P2RY 8-expressing cells.
We generated chimeric mice in which Abccl sufficient or deficient BM was transferred
into Abccl sufficient or deficient irradiated hosts. P2RY8* cells failed to cluster in the

GCs of chimeric mice lacking Abccl in their hematopoietic compartment, but were able to
localize in these regions in mice lacking Abccl only in their stromal compartment (Fig 3B,
Supplementary Fig 4A,B), indicating hematopoietic Abccl is both necessary and sufficient
for this GC localizing behavior. Interestingly, in mice lacking Abccl in the hematopoietic
compartment, but with functional Abccl 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 Abccl-deficient mice (Fig
3A,B). 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
Abccl-deficient mice and mice with functional Abccl in their stromal compartment was
especially clear when higher numbers of P2RY8* cells were transferred (Supplementary Fig
4A). This finding provided evidence that stromal cells are capable of exporting GGG and
contributing to its overall distribution in tissue.

To determine if B cell expression of Abccl was necessary for GGG gradient generation, we
made mixed chimeras using BM from uMT mice, which lack the ability to generate mature
B cells. The uMT BM was mixed in a 3 to 1 ratio with Abccl sufficient or deficient BM

to produce mice in which Abccl 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 Abccl in all but their
stromal compartment (Fig 3C and Supplementary Fig 4C,D). These data indicated that B
cells are the major hematopoietic source of GGG within lymphoid follicles.

P2RY8 expression in GC B cells leads to a suppressive effect on GC B cell growth,
particularly in mouse PPs and mLNs (1). It is the loss of this growth repressive effect
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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 Abccl, with the loss of Abccl in the hematopoietic
compartment being sufficient for abrogation of the GC B cell growth-repression phenotype
in PPs (Fig 3D, Supplementary Fig 5C). We detected only a slight P2RY8-mediated
suppressive effect on GC B cells in the spleen, but this also appeared Abccl-dependent
(Supplementary Fig 5B,C). The effect of P2RY8 on GC B cells in mLNs was more variable
but again there was evidence of an Abccl-dependent repressive effect (Supplementary Fig
5B,C). Interestingly, the PP and mLN data showed evidence of P2RY8 expression conferring
a GC growth advantage when Abccl was selectively lacking in hematopoietic cells. Taking
this finding together with the observation that P2RY 8+ B cells tend to position at the
perimeter of GCs in BM chimeras of this type (Fig 3B.C and Supplementary Fig 4C,D), we
speculated that this location may be advantageous for GC cell growth. Overall, these data
provided /n vivo evidence that the growth regulatory actions of P2RY8, like the confinement
actions, depend on engagement with GGG.

P2RY8 is located on a portion of the pseudoautosomal region of the X chromosome that
has been lost in rodents?. With mice lacking a sequence orthologue of P2RYS8, 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 Abccl deficient mice. Previous work in mice lacking the GC confinement
receptor S1pr2 or the downstream Ga 13 protein has shown that one measure of reduced
confinement is the increased presence of IgD™ follicular B cells within the GC (1, 21).
Staining of mLNs of Ggt5 and Abccl deficient mice showed that there was no increase

in IgD* cells in the GC compared to wild-type controls (Supplementary Fig 6A). Sections
from S1pr2 deficient control mice demonstrated the expected intermixing of follicular and
GC B cells (Supplementary Fig 6A). Mice lacking Ga 13 (but not S1pr2) suffer an extent of
GC deconfinement that is sufficient to cause dissemination of GC B cells into the lymph!.
Ggt5 and Abccl deficient mice, as well as Abccl chimeric mice, showed normal GC B cell
frequencies upon sheep red blood cell (SRBC) immunization (Supplementary Fig 6B,C,D),
and no dissemination of GC B cells into the lymph (Supplementary Fig 6E,F). 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 6E,F). These findings suggested that
there is not a direct role for Ggt5 or Abccl in GC confinement of mouse B cells.

P2RY8 and GGG restrained 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 4A, Supplementary Fig 7A). This effect was not seen in the blood after
24hrs (Fig 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*
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cells to the BM (Fig 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 7A,B). P2RY8* cell homing to inguinal or mLNs was
comparable to the vector control cells (Supplementary Fig 7A,C,D). This notably decreased
homing to the BM was not unique to B cells, as activated P2RY 8-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 4A-C and Supplementary Fig
8A-D). 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, Ga.13, 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 7E). The homing defect of P2RY8* cells was furthermore not
unique to /n vitro activated B or 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 4D, Supplementary Fig 9).

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 associated

with the BM vasculature rather than in the BM parenchyma, based on their rapid /n vivo
staining with intravenously injected anti-CD45-PE (Fig. 4E, Supplementary Fig 10A-C. This
quantification was also supported by two photon imaging of calvarial BM, where P2RY 8+
cells were more abundant in locations overlapping with the vasculature (Supplementary

Fig 11A,B). This finding suggested 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. 4F, Supplementary Fig 11D). 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 4G and Supplementary Fig 11E). The difference in the amount of

GGG detected in mouse and human BM most likely reflected 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 (22)) express Abccl (Supplementary Fig 11C). 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 P2RY 8" cells was dependent on GGG,
polyclonal B cells expressing P2RY8 or empty vector were transferred into mice deficient

in Ggt5 or Abccl. Interestingly, P2RY8* cells in mice deficient in Ggt5 showed a further
reduced ability to home to the BM (Fig. 5A), perhaps reflecting stronger inhibition of
P2RY8" cell entry due to elevated tissue concentrations of GGG. Importantly, deficiency in
Abccl restored the BM homing ability of P2RY8* cells (Fig 5A). While loss of Ggt5 had

an unclear effect on the intravascular partitioning of P2RY8™ cells (Supplementary Fig 11F),
Abccl deficiency notably abrogated the increased vascular presence of P2RY8* cells in the
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BM (Fig 5B). Abccl deficiency also abrogated the smaller intravascular bias of P2RY8*
cells seen in the spleen (Supplementary Fig 12A,B).

Given the loss of hematopoietic Abccl 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 Abccl sufficient and deficient BM. The
results showed that Abccl was required only on hematopoietic cells for the inhibition

of P2RY8™ cell migration to the BM (Fig 5C). Notably, mice lacking Abccl in their
stromal compartment but retaining Abccl 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 5D) mirrored the phenotype seen at the whole tissue level, the vascular bias seen

in mice lacking Abccl in just their stromal compartment was on average 15-fold higher,
vs the approximately two-fold increase 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. Abccl-dependent reduced homing to the BM was not unique to /n 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 Abccl (Fig 5E, Supplementary Fig 9). 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 Abccl in their hematopoietic system. These data suggested that when stromal
cells are the only source of extracellular GGG, P2RY8™ cells show enhanced entry into, or
reduced exit from, the BM.

Human T cell homing to bone marrow was 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 (23). Currently there are no well-established
protocols for studying human GC formation in humanized mice (24). However, our finding
that P2RY 8 expression on mouse lymphocytes led to decreased homing to the BM gave us
the opportunity to test whether endogenous P2RY8 on human cells regulated 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. 6A and Supplementary Fig 13A,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 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 6C,D and Supplementary Fig 13C,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 (7), 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 Tfh cells, it should be noted that /n vitro migration assays can be
influenced by many parameters (such as cell activation status) and their magnitude often
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does not equate to the magnitude of the /n vivo response. CFSE or CTV labeled P2RY8
KO and control cells were then transferred 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 13G). 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 6E, Supplementary Fig 13E,F). This effect was
independent of CTV or CFSE labeling (Supplementary Fig 13H) and correlated with the
editing efficiency of each T cell donor culture via TIDE analysis (Fig 6F). These results
indicated that loss of endogenous levels of P2RY8 on human T cells is sufficient to increase
homing of these cells to the BM.

Discussion

In this study we defined key requirements for the establishment of extracellular GGG
distribution in lymphoid tissues. We showed that GGG was an endogenous substrate for

cell membrane transporter Abccl and that Abccl was used by both hematopoietic and non-
hematopoietic cells to export GGG. Additionally, we showed that Ggt5 was necessary for
extracellular GGG catabolism in lymphoid tissues. Our data indicated that Abccl and Ggts
acted in concert to support P2RY 8-mediated confinement of cells to the GC, and Abccl was
also needed for growth regulation of P2RY8" GC B cells, most notably in PPs. Furthermore,
we showed that extracellular GGG was generated in an Abccl-dependent manner in the BM,
and that P2RY8 could restrict lymphocyte accumulation in the BM parenchyma (Fig 7).

Our earlier work (1) establishes 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 mouse studies for
the following reasons. First, P2RY8 loss-of-function mutations in lymphoma patients are
associated with GC B cell over-growth and dissemination (1), leading to the prediction that
P2RY8 promoted GC B cell growth restraint and confinement; we observed that P2RY8 was
sufficient to have these effects in the mouse. Second, Ggt5 expression by FDCs is conserved
between humans and mice (7). Third, Abccl is widely expressed by human immune cells,
similar to its expression in the mouse (this study and Immgen.org). Finally, our mass
spectrometry measurements show comparable GGG abundance in mouse lymph nodes and
human tonsil (7) 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.

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 (12). 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 (12,
25). 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.
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While our gene knockout data showed a critical role for Abccl in generating extracellular
GGG in lymphoid tissues that can act on P2RY8, we continued to observe significant
amounts of GGG in the bile of Abccl-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 Abccl, are particularly abundant in the liver (BioGPS.org).

We show that follicular B cells were 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 Abccl 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 P2RY 8" 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 was 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 (8) 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 (7), 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
established that Ggt5 has a 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.

Abccl and Ggt5 regulation of cell trafficking to the BM identified 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 (26)(27)+(28). The intravascular labeling experiments presented here
indicated that P2RY8-expressing cells were ultimately impeded in their movement from
blood vessels into the BM parenchyma, failing to accumulate in the parenchyma after 24hrs.
VCAML is required for homing of circulating B and T cells into the BM, facilitating the
adherence of lymphocytes to the vessel wall (29):(28). 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(28). In accordance 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 P2RY 8-expressing
cells encounter GGG after they have migrated through the endothelium, leading them to
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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 (30). It will be important in future work to determine if newly generated human
plasmablasts 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. Given
the widespread expression of P2RY8 and ABCCL1 in human BM cells detected by sScCRNAseq
analysis, and the expression of GGT5 by subsets of BM stromal cells (31), we speculate that
the receptor may also have influences on cell distribution in the BM parenchyma and thus
on hematopoiesis. Future studies will be needed to address this topic. 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 P2RY 8+ cell accumulation in other tissues.

P2RY8 and GNA13 are frequently mutated in GC-derived lymphomas (1-6). The Abccl
dependence of the growth repressive influence of P2RY8 on GC B cell responses is
consistent with GGG acting /7 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 (32). 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 (33). Mutations in P2RY8 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 (12, 34). The role of ABCCL1 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 (34, 35) lead to alterations in GGG
export. The basis for the stronger effect of P2RY8 in restraining GC B cell growth in

PPs than in spleen and mLNs is not yet known but is in accord with earlier findings (1).
We speculate that different combinations of factors may contribute to GC growth control
in different lymphoid organs, and P2RY8 may play a particularly prominent role in the
regulation of GC growth in chronically inflamed mucosal tissues, such as PPs, tonsils

and adenoids. 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(36).

Finally, while we highlighted 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

(7). 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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Materials and Methods

Study Design

The aim of this study was to characterize the enzymatic and transporter requirements for
P2RY 8-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 bioassays 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 3D and 5E.

Mice
Mice were bred in an internal colony and 6-12-week-old mice of both sexes were
used. Ggt5 and Abccl lines were internally generated and bred. uMT mice (B6.129S2-
Ighm'™1Can|) were obtained from C. Allen at UCSF, and Nod scid gamma (NSG) mice
(NOD.Cg-PrkdcSc@ [12rg"™IWjliSz]) were obtained from A. Marson and Q. Tang at UCSF.
CD45.1 B6 mice (B6.SJL-PiprcaPepch/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 Ggt5—-/- and Abccl-/- mice

In brief, Ggt5—/- and Abccl-/- mice were generated using CRISPR-EZ (37). The targeted
region for each knockout line was selected to replicate previously reported mouse lines.
These lines were shown to lack functional Ggt5 and Abccl (14, 20). More detailed
methodology can be found in the supplemental material.

Bone marrow chimeras

In brief, freshly harvested BM, or BM transduced with MSCV-P2RY8-GFP or MSCV-EV-
GFP, was transferred into irradiated mice. More detailed methodology can be found in the
supplemental material.
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Retroviral transduction and activation of lymphocytes

In brief, freshly isolated mouse B or T cells were activated and transduced with
MSCV-P2RY8-GFP or MSCV-EV-GFP. More detailed methodology can be found in the
supplemental material.

Immunofluorescence

Two photon

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 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 P2RY 8 effects on cell distribution within spleen and LNs, we compared
sections that contained similar frequencies of transferred empty vector or P2RY8 transduced
cells.

microscopy

In brief, activated B cells transduced with EV-GFP or P2RY8-GFP were transferred iv

into mice, and 24 hrs later the BM of the calvaria was imaged. Mice were injected with
tetramethylrhodamine conjugated dextran to delineate the vasculature. Acquired images
were analyzed with Imaris software (v.9.6). More detailed methodology can be found in the
supplemental material.

Cell lines and treatments

In brief, HEK293T and WEHI-231 were grown in standard culture media. HEK293T cells
were treated with MK571 (Caymen Chemical, Cat #70720) for 16 hr and then the media
was collected for use in the P2RY8+ WEHI-231 bioassay. More detailed methodology can
be found in the supplemental material.

Migration inhibition transwell bioassay

In brief, a transwell migration assay was performed as previously described with WEHI-231
cells (7). The cells were allowed to migrate for 3 hrs, after which the cells in the bottom
well were counted by flow cytometry. More detailed methodology can be found in the
supplemental material.
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Migration assay of human T Cells

CRISPR edited human T cells were collected 3 days after editing. P2RY8 KO cells were
labele 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 was reversed.
The cells were resuspended in migration medium at approximately 2 x 10° 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. The calculations as performed on the raw data can be viewed in
Supplementary Table 3: Raw Data.

Immunizations, intravascular labeling and tissue collection

All immunizations were performed with intraperitoneal injection of 2x108 SRBC (Colorado
Serum Company) in a volume of 400 uL. For studies of polyclonal P2RY 8+ 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 Abccl+/+ 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. /n vivo pulse labeling was with 1 ug of PE-conjugated anti-CD45.2
injected i.v., and mice were analyzed after 3 min (38, 39). Immune cells from spleen, mLNSs,
BM, PPs and blood were isolated as previously described (21). Lymph was collected from
the cysterna chyli via fine glass micropipette as previously described (40).

CRISPR T Cell knockdown and adoptive transfer

In brief, primary human CD3™" T cells were isolated by negative selection, activated, and
cultured for 2 days. Cells were then edited with guides targeted against P2RY8 and AAVS
(as a control), followed by culture for another 4 days. Aliquots of cells were then set aside
for genomic DNA extraction, PCR, and Sanger sequencing to determine editing efficiency
quantified by TIDE analysis (tide.nki.nl) as previously described (41). CRISPR edited
P2RY8 KO and AAVS KO control human T cells were labeled with CFSE and CTV, mixed
ata 1:1 ratio, and injected iv into NSG mice. More detailed methodology can be found in the
supplemental material.

Cell surface flow cytometry staining

In brief, cells were prepared for flow cytometry as previously described (7). See
Supplementary Table 2 for antibodies used. Flow cytometry data were analyzed using
Flowjo (v.10.7.1). More detailed methodology can be found in the supplemental material.
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P2RY8 protein flow cytometry staining

In brief, cells were fixed in 1.6% PFA and stained with an anti-human-P2RY 8 antibody
(Sigma, HPA003631). More detailed methodology can be found in the supplemental
material.

GGG extraction and mass spectrometry

In brief, GGG was measured in the supernatant of cell cultures and tissue using the
previously described LC-MS/MS protocol (7). More detailed methodology can be found
in the supplemental material.

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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Ggt5 wasrequired for catabolizing tissue GGG and for P2RY 8-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 P2RY 8- or EV-transduced B cells (GFP, green) in the splenic

GC (CR1, 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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Figure 2: Abccl wasrequired for GGG export.
(a) HEK293T cell cultures were treated with 50uM of Abccl 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 P2RY 8+ WEHI cells towards CXCL12. Control wells
contained CXCL12, CXCL12 + DMSO, or CXCL12 + 5uM MK571. (b) Activated, purified
splenic B cells from Abccl-/- and control (Abccl+/+ 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 Abccl-/-). 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.
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Figure 3: Abccl expression by B cellswasrequired for P2RY 8-mediated follicle center
confinement and for the growth regulation of P2RY 8-expressing GC B cells.

(a-c) Activated EV- or P2RY8-transduced polyclonal B cells were transferred into
preimmunized Abccl +/+, +/- or —=/- mice (a), into preimmunized BM chimeric mice of

the type indicated (b), or into preimmunized Abccl+/+ mice reconstituted with uMT BM
mixed at a 3:1 ratio with Abccl+/+ or —/- BM. (c). Immunofluorescence for P2RY 8- 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 Abccl+/+ or
—/- mice were reconstituted with P2RY8-GFP or EV-GFP transduced Abccl+/+ 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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Figure 4: P2RY 8 expression reduced 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
CDA45.2-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, €), 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.
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Figure5: Ggt5 and Abccl controlled homing of P2RY 8+ lymphocytesto 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 Abccl chimeric mice. (d) Percentage
of GFP+ cells in each individual Abccl 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 P2RY 8-transduced Abccl+/+
or —=/- BM. Data from Abccl+/+ 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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Figure 6: P2ZRY8 KO Human T cells showed 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 iv into NSG mice. 48hrs later
blood and BM was collected and the ratio of P2RY8 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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Figure 7: Model figure summarizing ABCC1 and GGT5 function in
distribution and P2RY 8+ cell behavior.
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catabolism in the extracellular space by GGT5. (B) Follicular B cells exporting GGG in
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