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Mevalonate metabolism-dependent protein
geranylgeranylation regulates thymocyte egress

Xingrong Dul®, Hu Zeng'®, Shaofeng Liu'®, Cliff Guy'®, Yogesh Dhungana'@®, Geoffrey Neale’®, Martin O. Bergo>*, and Hongbo Chi'®

Thymocyte egress is a critical determinant of T cell homeostasis and adaptive immunity. Despite the roles of G
protein-coupled receptors in thymocyte emigration, the downstream signaling mechanism remains poorly defined. Here, we
report the discrete roles for the two branches of mevalonate metabolism-fueled protein prenylation pathway in thymocyte
egress and immune homeostasis. The protein geranylgeranyltransferase Pggtlb is up-regulated in single-positive thymocytes,
and loss of Pggtlb leads to marked defects in thymocyte egress and T cell lymphopenia in peripheral lymphoid organs in vivo.
Mechanistically, Pggtlb bridges sphingosine-1-phosphate and chemokine-induced migratory signals with the activation of
Cdc42 and Pak signaling and mevalonate-dependent thymocyte trafficking. In contrast, the farnesyltransferase Fntb, which

mediates a biochemically similar process of protein farnesylation, is dispensable for thymocyte egress but contributes to
peripheral T cell homeostasis. Collectively, our studies establish context-dependent effects of protein prenylation and unique
roles of geranylgeranylation in thymic egress and highlight that the interplay between cellular metabolism and

posttranslational modification underlies immune homeostasis.

Introduction

T cells play a crucial role in adaptive immunity to foreign
pathogens and malignancies. For effective immunity, the pe-
ripheral T cell pool must be maintained by combinatorial ef-
fects of developmental and peripheral homeostatic programs.
The thymic microenvironment provides the instructive cues
for T cell development, which culminates in the generation of
mature T cells with a diverse repertoire exiting from the
thymus to peripheral organs. Various chemokines, sphingo-
sine-1-phosphate (S1P), and their receptors direct thymocyte
migration within and out of the thymus (Lancaster et al., 2018;
Cyster and Schwab, 2012). In particular, thymocyte migration
from the cortex to the medulla is critically dependent upon the
chemokine receptor CCR7 (Ueno et al,, 2004; Kwan and
Killeen, 2004; Kurobe et al., 2006), whereas subsequent
egress from the medulla to the blood is mediated by the S1P
receptor 1 (S1P;; Matloubian et al., 2004). Expression of CCR7
and S1P; is tightly regulated by the transcription factors KIf2,
Foxol, and Gfil (Carlson et al., 2006; Kerdiles et al., 2009; Kim
et al., 2013; Shi et al., 2017), while the production of the li-
gands for these receptors is also under precise spatiotemporal
control (Baeyens et al., 2015; Lancaster et al., 2018). Despite

the emerging information on the functional importance and
upstream signals for these chemokines and receptors, the
pathways downstream of chemokine receptors, especially
those integrating thymocyte migratory signals, remain poorly
defined.

The past few years have witnessed remarkable advances in
immunometabolism, in part by establishing the central roles of
metabolic reprogramming for T cell activation and fate decisions
(Buck et al., 2017; Geltink et al., 2018). The application of this
concept to immune development and homeostasis is an emerg-
ing area in immunology. For instance, we recently described
dynamic rewiring of metabolic programs in early thymocyte
development and a key role for anabolic and oxidative metab-
olism in directing ap and y8 T cell fate decisions (Yang et al.,
2018). Interestingly, thymic egress is required for the estab-
lishment of metabolic quiescence in recent thymic emigrants
(zhang et al., 2018), and SIP; orchestrates energetic fitness of
naive T cells in the periphery (Mendoza et al., 2017). However,
whether and how thymocyte egress is regulated by cellular
metabolism and the underlying signaling pathways remain
unclear.
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The mevalonate metabolic pathway generates isoprenoids
(geranylgeranyl pyrophosphate and farnesyl pyrophosphate)
that serve as posttranslational lipid modifications of proteins
at carboxyl-terminal CaaX motifs (Wang and Casey, 2016;
Palsuledesai and Distefano, 2015). These modifications, called
protein prenylation, are catalyzed by the cytosolic enzymes
protein geranylgeranyltransferase type 1 (GGTase-I; modifica-
tion called geranylgeranylation) and protein farnesyltransferase
(FTase; modification called farnesylation), respectively. Protein
prenylation affects the subcellular localization, protein-protein
interaction, and stability of proteins (Palsuledesai and Distefano,
2015; Wang and Casey, 2016). While recent studies have linked
protein prenylation to the suppression of inflammatory re-
sponses in macrophages (Akula et al., 2016), in part by damp-
ening small GTPase activity (Khan et al., 2011), the physiological
function and molecular mechanisms of protein prenylation in
the adaptive immune system, especially in T cells, are unknown.

Capitalizing on genetic models to specifically disrupt protein
geranylgeranylation or farnesylation by deletion of Pggtlb (en-
coding GGTase-I catalytic B-subunit) or Fntb (encoding FTase
catalytic B-subunit), respectively, we demonstrate crucial roles
for the protein prenylation pathway in thymocyte egress. Un-
expectedly, protein geranylgeranylation, but not farnesylation,
is selectively required for this process. Expression of Pggtlb is
up-regulated in single-positive (SP) thymocytes compared with
double-positive (DP) cells, and loss of Pggtlb impairs thymocyte
egress, leading to severe T cell lymphopenia in peripheral lym-
phoid organs. Pggtlb promotes the activity of the Cdc42-Pak-
Tiaml signaling axis, and Pggtlb-deficient SP thymocytes have
impaired actin polarization and chemotaxis in response to che-
mokines. In sharp contrast to Pggtlb deficiency, loss of Fntb does
not affect thymocyte egress and instead disrupts peripheral
T cell homeostasis. Collectively, our results establish mevalonate
metabolism-fueled posttranslational modifications as funda-
mental and selective regulators of thymocyte egress and pe-
ripheral immune homeostasis.

Results and discussion

Pggtlb deficiency leads to peripheral lymphopenia but
accumulation of mature thymocytes

To investigate the function of protein geranylgeranylation in
T cells, we generated mice with T cell-specific deletion of Pggtlb
(Pggtib/-) by crossing loxP-flanked Pggtib alleles (Pggtib/f;
Sjogren et al., 2007) with CD4-Cre transgenic mice, which ex-
press Cre recombinase starting at the late double-negative (DN)
stage (Lee et al., 2001). Pggtib was efficiently deleted in CD4SP,
CD8SP and DP thymocytes isolated from Pggtlb~/~ mice (Fig. S1
A). Flow cytometry analysis revealed that Pggtlb deficiency re-
sulted in greatly reduced frequencies and numbers of CD4* and
CD8* T cells in the spleen, peripheral LNs (PLNs), mesenteric
LNs (MLNs), and blood (Fig. 1, A-C). The remaining peripheral
T cells in Pggtlb~/~ mice showed hyperactivation phenotypes, as
indicated by the reduction of CD44°CD62LM naive cells and
accumulation of CD44MCD62L° effector/memory cells (Fig. S1, B
and C), excessive cytokine production (Fig. S1D), and increased
expression of the proliferative marker Ki-67 (Fig. S1 E), while
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cell apoptosis as detected by active caspase-3 staining was
largely undisturbed (Fig. S1 F). Immunofluorescence microscopy
also revealed the significant reduction of T cells in PLN of
Pggtlb~/~ mice (Fig. 1 D). Thus, Pggtlb deficiency results in
profound T cell lymphopenia in peripheral lymphoid organs.

We next examined the thymocyte populations in Pggtlb~/~
mice and found that thymic development of Pggtlb~/~ T cells was
grossly normal (Fig. 1, E and F). However, in sharp contrast to
T cell lymphopenia in peripheral lymphoid organs of Pggtib~/-
mice, the frequencies and numbers of CD4SP and CD8SP cells,
but not DN or DP cells, were significantly increased in the thy-
mus of Pggtlb~/~ mice (Fig. 1, E and F). CD4SP or CD8SP cells
contain CD62LMCD69" mature and CD62L°CD69" semimature
subpopulations, and only mature SP cells have the capacity to
egress from the thymus to peripheral lymphoid organs (Carlson
et al., 2006; Phee et al., 2014). Between these SP thymocyte
subsets, CD62LPMCD69!° mature, but not CD62L1°CD69M semi-
mature, CD4SP and CD8SP cells accumulated in the thymus of
Pggtib~/~ mice (Fig. 1, G-I). Consistent with this notion, the ex-
pression of CD62L and other maturation markers, such as Qa2
and integrin B7, was increased in Pggtlb-deficient CD4SP and
CD8SP cells, whereas immature cell markers CD24 and CD69
were decreased (Fig. S1 G). Thus, Pggtlb deficiency results in
selective accumulation of mature CD4SP and CD8SP cells in the
thymus.

A cell-intrinsic role of Pggtlb in T cell homeostasis

To determine whether T cell lymphopenia and increased mature
SP thymocytes in Pggtlb~/- mice were a cell-autonomous effect
or secondary to altered microenvironment, we generated mixed
bone marrow (BM) chimeras by reconstituting irradiated Ragl-/~
mice with a 1:1 mixture of WT or Pggtlb~/~ (CD45.2*; donor) and
WT (CD45.1%; spike) BM cells (Fig. S1 H). In the mixed BM chi-
meras containing Pggtlb-deficient donors, the frequencies of
splenic CD4* and CD8* T cells were significantly lower as com-
pared with the WT counterparts, accompanied by a reciprocal
increase of CD45.1* BM cell-derived T cells (Fig. 1J). This ob-
servation indicates a competitive disadvantage of peripheral
T cells in the absence of Pggtlb. In contrast, the frequencies of
CD4SP and CD8SP thymocytes derived from the Pggtlb-deficient
donors were significantly higher than either CD45.2* WT or
CD45.1* spike controls (Fig. 1, K and L). Further, these mutant
thymocytes contained elevated frequency of mature and re-
duced frequency of semimature SP cells (Fig. 1, K and L). Alto-
gether, Pggtlb deficiency leads to a cell-intrinsic reduction in
peripheral T cells and the accumulation of mature thymocytes.

Pggtlb deficiency blocks thymocyte egress and in vitro
chemotaxis and polarization

We next determined the cellular mechanisms underlying
Pggtlb-mediated regulation of thymocyte and peripheral im-
mune homeostasis. First, we hypothesized that Pggtlb deficiency
may alter proliferation and/or apoptosis of thymocytes. To this
end, we examined the proliferation and apoptosis of Pggtlb-
deficient SP thymocytes by flow cytometry analysis of Ki-67
and active caspase-3 expression, respectively. Pggtlb defi-
ciency did not result in abnormal apoptosis of SP thymocytes
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Figure 1. Pggtlb deficiency leads to lymphopenia of peripheral T cells and accumulation of mature thymocytes in a cell-autonomous manner.
(A) Flow cytometry analysis of splenic CD4* and CD8* T cell populations in WT and Pggt1b~/~ (Pgqgtib™"; CD4-Cre) mice. (B and C) Frequencies (B) and
numbers (C) of CD4* and CD8* T cells in the spleen, PLNs, MLNs, and blood of WT and Pggt1b~/~ mice. 100 pl blood was used for cell number counting.
(D) Immunofluorescence staining (left) of frozen tissue sections of PLNs from WT and Pggt1b~~ mice for B cells (B220; green) and T cells (CD3; red) and
statistical analysis (right) of CD3 mean fluorescence intensity (MFI). (E and F) Flow cytometry analysis (E) and frequencies (F, top) and numbers (F, bottom) of
thymic T cell populations in WT and Pggt1b~/~ mice. (G-1) Flow cytometry analysis (G), frequencies (H), and numbers (1) of mature (CD62LMCD69) and
semimature (CD62L'°CD69M) CD4SP (top) and CD8SP (bottom) thymocytes in WT and Pggt1b~/~ mice. (J) Flow cytometry analysis (left) and frequencies (right)
of splenic CD4* and CD8* T cell populations derived from CD45.1* spike and CD45.2* WT or Pggt1b~/~ BM cells in the mixed BM chimeras. (K and L) Flow
cytometry analysis (K) and frequencies (L) of thymic T cell populations derived from CD45.1* spike and CD45.2* WT or Pggtlb~~ BM cells in mixed BM
chimeras. Numbers in gates indicate percentage of cells. Data are shown as mean + SEM. ¥, P < 0.05; **, P < 0.01; two-tailed unpaired Student’s t testin B-D, F,

H-J, and L. Data are from three (A-C and E-I) or two (D and J-L) independent experiments.

(Fig. S2 A). Increased proliferation also was unlikely to account
for the increase of mature SP thymocytes, as Pggtlb-deficient
mature SP cells had significantly impaired proliferation (Fig. S2
B). Further, induction of CD69 and TCR on DP thymocytes,
which are early events associated with positive selection (Shi
et al., 2017), was comparable between WT and Pggtlb~/~ mice
(Fig. S2 C).

Second, we tested whether defective thymocyte egress could
lead to the accumulation of mature SP thymocytes in Pggtlb~/~
mice and the subsequent loss of peripheral T cells. To this end,
we directly visualized egressing thymocytes by i.v. injection
of PE-conjugated anti-CD4 antibody, a well-established proce-
dure to selectively label blood-exposed egressing thymocytes
(zZachariah and Cyster, 2010; Willinger et al., 2014). We first
confirmed the specific labeling of egressing thymocytes (CD4-
PE*) by treating mice with the high-affinity S1P agonist FTY720,
which blocks thymocyte egress by inducing S1P, degradation
(Cyster and Schwab, 2012). As expected, FTY720 treatment
significantly reduced the percentage of egressing CD4-PE* cells
in the thymus (Fig. S2 D). Using this method, we next examined
the role of Pggtlb in thymocyte egress by injecting anti-CD4-PE
antibody into the mixed BM chimeras (as described in Fig. 1),
which allowed us to exclude any secondary contributions of the
lymphopenic environment in order to examine cell-intrinsic
effects. There was a significant reduction of egressing thymo-
cytes in the absence of Pggtlb (Fig. 2 A). We also found that the
medullary region, as indicated by immunofluorescence staining
of UEA-1 (a marker for thymic medullary epithelial cells), was
reduced in Pggtlb~/~ mice as compared with WT mice (Fig. 2 B).
This observation is consistent with the notion that impaired
thymocyte egress may alter the structure of the thymus (Mou
et al,, 2012). Collectively, these results indicate that Pggtlb de-
ficiency impairs thymocyte egress.

Emigration of mature SP thymocytes to peripheral organs
requires sensing S1P gradients that are higher in the blood than
medulla (Drennan et al., 2009). To dissect the cellular basis of
impaired egress of Pggtlb-deficient thymocytes, we performed
in vitro chemotaxis assays. The migration of Pggtlb-deficient
mature CD4SP and CD8SP cells toward SIP was reduced (Fig. 2
C). However, S1P, expression was elevated in these cells (Fig. S2
E), suggesting a possible role of Pggtlb in promoting S1P,
downstream signaling, but not its expression. To further test the
requirement of Pggtlb in S1P;-mediated thymocyte egress
in vivo, we crossed Pggtlb~/~ mice to SIP, transgenic (SIprl-Tg)
mice (Liu et al., 2009). Consistent with the role of Pggtlb as a
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downstream pathway of SIP; signaling, Pggtlb deficiency
blocked the effects of SI1P; in promoting thymocyte egress, as
revealed by the comparable percentages of total or mature
CD62LPMCDE9' CD4SP cells and CD24 expression on CD4SP cells
between Pggtlb~/~ and Slprl-Tg; Pggtlb~/~ mice (Fig. S2 F). Thus,
Pggtlb deficiency blocks S1P/S1P;-mediated thymocyte traffick-
ing in vitro and in vivo.

Next, we tested the roles of Pggtlb in chemokine-mediated
thymocyte trafficking. Pggtib-deficient thymocytes had mark-
edly impaired migration toward chemokines CCL19, CCL21, and
CXCL12, all of which are implicated in thymocyte trafficking
(James et al.,, 2018; Figs. 2 D and S2 G). Associated with the
impaired chemotaxis of Pggtlb-deficient mature SP thymocytes
to CCL19 and CCL21, these cells had slightly reduced surface
expression of their receptor CCR7, although Ccr7 mRNA was
increased in Pggtlb-deficient CD4SP mature thymocytes (Fig. S2
H). Moreover, acute treatment of WT thymocytes with GGTI-
298, a GGTase-I-specific inhibitor (Balaz et al., 2019), further
verified these effects (Fig. 2 E). Thus, protein geranylger-
anylation is required for chemotactic migration of thymocytes in
response to chemokines that regulate thymocyte trafficking.
Moreover, these migratory defects in Pggtlb-deficient mature
CD4SP thymocytes were accompanied by the failure of CCLI9 to
promote actin polarization (Fig. 2 F), which is crucial for cell
trafficking (Ridley et al., 2003; Dupré et al., 2015). Together,
Pggtlb is required for thymocyte egress in vivo and chemokine-
induced migratory response and actin polarization in vitro.

To conclusively investigate the role of Pggtlb in thymocyte
egress, we crossed Pggtlb?/l mice with the tamoxifen-inducible
CD4-CreERT? mice to generate Pggtib/fl CD4-CreERT ROSA-YFP
(Pggt1b<reER) or Pggtibf/+ CD4-CreERT2 ROSA-YFP (control) mice.
This acute deletion strategy allowed us to bypass any potential
early developmental defects, as described previously (Sledzifiska
et al., 2013). After tamoxifen treatment, YFP-expressing CD4SP
cells contained more mature thymocytes in Pggtlb®ER mice
than in control mice (Fig. 2 G), further supporting a direct role of
Pggtlb in thymocyte egress.

Pggtlb promotes Cdc42 and Pak signaling and

Tiam1 expression

To systemically understand the molecular mechanisms under-
lying defective thymocyte egress in Pggtlb~/~ mice, we per-
formed transcriptome analysis of purified CD4SP thymocytes
from WT and Pggtlb~/~ mice. A total of 509 genes were up- or
down-regulated, with >0.5 log, fold change, by Pggtlb deficiency
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Figure 2. Pggtlb deficiency blocks thymocyte egress and impairs its chemotaxis and actin polarization. (A) Flow cytometry analysis (left) and fre-
quencies (right) of egressing CD4SP cells gated as CD4-PE*CD8" cells derived from CD45.2* WT or Pggtlb=~ BM cells or CD45.1* spike cells in mixed BM
chimeras. Mixed BM chimeras generated as in Fig. S1 H were injected i.v. with 1 pg PE-conjugated anti-CD4 antibody, and thymi were harvested 4 min later for
analysis. (B) Representative pictures of thymic sections showing the overall thymic morphology (top) and UEA-1 immunofluorescence staining (middle) and
quantification of thymic medulla areas (bottom) of WT or Pggtlb~/~ mice. Scale bar, 1 mm. (C and D) Chemotactic response of mature CD4SP and CD8SP
thymocytes from WT and Pggt1b=/~ mice. Migration through 5-um transwells in response to SIP (C) or CCL19, CCL21, and CXCL12 (D) was assessed by flow
cytometry after 3 h of treatment. (E) Chemotactic response of WT mature CD4SP and CD8SP thymocytes pretreated with vehicle or GGTI-298 for 5 h.
Migration through 5-um transwells in response to CCL19 was assessed by flow cytometry after 2 h of CCL19 treatment. (F) Representative images of actin
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polarization in mature CD4SP thymocytes (left) and statistics of the cell shape factor of mature CD4SP thymocytes (right) from WT and Pggt1b~/~ mice after
stimulation with CCL19 for 5 min. Scale bar, 5 um. (G) Flow cytometry analysis of mature and semimature CD4SP thymocytes (left) and frequency of mature
CDA4SP cells among total CD4SP thymocytes (right) in control (Pggt1b"* CD4-CreER™ ROSA-YFP) and Pggt1b<reER (Pggt1bYf CD4-CreER™ ROSA-YFP) mice 7 d
after tamoxifen treatment. Numbers in gates indicate percentage of cells. Data are shown as mean + SEM. ¥, P < 0.05; **, P < 0.01; two-tailed unpaired
Student’s t test in A-E and G and one-way ANOVA in F. Data are from two (A, B, E, and F), three (G), or four (C and D) independent experiments.

(data not shown). We next used Ingenuity Pathway Analysis to
identify canonical pathways controlled by Pggtlb in CD4SP
thymocytes. Among the top 15 pathways down-regulated by
Pggtlb deficiency (P < 0.05) included Cdc42, Pak, Rac, and Hippo
signaling (Fig. 3 A), all of which are involved in cellular traf-
ficking (Guo et al., 2011; Faroudi et al., 2010; Mou et al., 2012;
Phee et al., 2014). Imaging analysis revealed reduced Cdc42-GTP
signaling in CCL19-stimulated Pggtlb-/~ CD4SP thymocytes
compared with WT controls (Fig. 3 B), indicating impaired
Cdc42 activity in these cells. Also, upon stimulation with CCL19
(Figs. 3 C and S3 A) or S1P (Fig. 3 D), Pggtlb-/~ CD4SP thymocytes
had decreased phosphorylation of Pak1/2 (p-Pak1/2), which are
downstream effectors of the Rho family GTPases Cdc42 and Rac
(Radu et al., 2014). Therefore, Pggtlb is important for the acti-
vation of the small G protein Cdc42 and downstream Pak sig-
naling in thymocytes.

Next, we explored the mechanisms that link Pggtlb to small G
protein signaling. We found that Tiaml, an upstream guanine
nucleotide exchange factor of small G proteins (Boissier and
Huynh-Do, 2014), was significantly reduced in Pggtlb~/~ CD4SP
thymocytes upon stimulation with CCL19 (Figs. 3 C and S3 A) or
SIP (Fig. 3 D). Moreover, phosphorylation of Mobl, a conven-
tional target of Hippo/Mst signaling that is implicated in small G
protein activation (Mou et al., 2012), was reduced in Pggtlb-
deficient cells stimulated with CCL19 (Fig. S3 B). Collectively,
Pggtlb is required for Tiaml expression and Hippo signaling, in
line with a role in shaping T cell trafficking and Cdc42 activity.

Context-dependent regulation of Pggtlb function and protein
geranylgeranylation

The key roles of Pggtlb in thymocyte trafficking prompted us to
investigate the upstream signals involved in this process. We
first examined Pggtlb expression in different thymic populations
from WT mice. Pggtlb protein expression was increased in SP
thymocytes compared with DP thymocytes (Fig. 3 E). Consistent
with this observation, p-Pakl/2 were also greatly up-regulated in
SP thymocytes (Fig. 3 E). Additionally, p-Pakl/2 were induced in
SP thymocytes after treatment with CCL19, but not by TCR
stimulation, while p-Foxol/3a were upregulated by TCR stimula-
tion (Figs. 3 F and S3 C). Thus, accompanying thymocyte matu-
ration, Pggtlb expression and downstream Pak signaling are up-
regulated in SP thymocytes.

Consistent with the role of Pggtlb as a protein geranylger-
anyltransferase (Wang and Casey, 2016; Palsuledesai and
Distefano, 2015), Pggtlb deficiency blocked protein geranylger-
anylation, as revealed by accumulation in Pggilb~/~ thymocytes
of the nonprenylated Rapla, an established downstream event of
impaired protein geranylgeranylation (Khan et al, 2011
Fig. 3 G). Aside from the catalytic enzyme Pggtlb, protein ger-
anylgeranylation also depends upon the availability of the
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cofactor geranylgeranyl pyrophosphate, a metabolic intermedi-
ate derived from the mevalonate pathway (Wang and Casey,
2016; Palsuledesai and Distefano, 2015). To test whether the
mevalonate pathway contributes to thymocyte trafficking, we
treated mice with simvastatin, a specific inhibitor of 3-hydroxy-
3-methylglutary-CoA reductase, which catalyzes the rate-
limiting step of the mevalonate pathway (Wang and Casey,
2016). Thymocytes treated with simvastatin had impaired mi-
gration in response to CCL19 (Fig. 3 H), indicating a role of the
mevalonate pathway in thymocyte trafficking.

Fntb-mediated protein farnesylation is dispensable for
thymocyte egress but contributes to peripheral T cell
homeostasis

As protein geranylgeranylation and farnesylation orchestrate
similar biochemical processes (Palsuledesai and Distefano, 2015;
Wang and Casey, 2016), we examined whether protein farne-
sylation also regulates thymocyte egress. To this end, we gen-
erated mice with T cell-specific deficiency of Fntb (Fntb-/-) by
crossing loxP-flanked Fntb alleles (Fntb®/f; Liu et al., 2010) with
CD4-Cre transgenic mice. We confirmed that Fntb deficiency
impaired protein farnesylation, as revealed by reduced electro-
phoretic mobility of Hdj-2 (a known farnesylation substrate) in
Fntb-deficient thymocytes (Fig. S3 D). We then analyzed thy-
mocyte populations in Fntb~~ mice by flow cytometry. To our
surprise, Fntb deficiency did not disturb the percentages or
numbers of CD4SP, CD8SP, DP, and DN cells in the thymus
(Fig. 4, A and B). Furthermore, the percentages and numbers of
CD62LPMCD69" mature CD4SP and CD8SP thymocytes were
comparable between WT and Fntb~/~ mice (Fig. 4, C-E). To di-
rectly access the migration ability of Fntb-deficient thymocytes,
we performed in vitro chemotaxis assay. Fntb-deficient mature
CD4SP and CD8SP thymocytes showed normal in vitro migra-
tion toward S1P, CCL19, CCL21, and CXCL12 (Fig. 4, F and G).
Moreover, the protein farnesylation inhibitor FTI-277 (Balaz
et al, 2019) had no effect on WT thymocyte chemotaxis
(Fig. 4 H). Finally, Pakl/2 phosphorylation and Tiaml expression
levels were comparable between WT and Fntb-deficient mature
CDA4SP cells (Fig. S3 E). Thus, Fntb is not required for thymocyte
egress.

In contrast to the normal thymocyte populations and traf-
ficking, the percentages and numbers of PLN CD4* and CD8*
T cells were reduced in Fntb~/~ mice (Fig. S3 F). Peripheral T cells
in Fntb~/~ mice showed a less activated phenotype, as indicated
by the increase of CD441°CD62LM naive cells and the corre-
sponding reduction of CD44MCD62L' effector/memory cells
(Fig. S3 G). Additionally, Fntb-deficient T cells showed decreased
expression of the proliferative marker Ki-67 (Fig. S3 H) but in-
creased expression of apoptotic maker active caspase-3 (Fig. S3
H). We then further verified these observations by in vitro
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Figure 3. Pggtlb integrates Cdc42, Pak signaling, and lipid metabolism in thymocyte trafficking, and its expression is up-regulated during
thymocyte maturation. (A) Ingenuity Pathway Analysis of differentially expressed genes between WT and Pggtlb-deficient CD4SP cells identified in mi-
croarray assay. The top 15 down-regulated (z-score < 0) pathways are shown. (B) Representative immunofluorescent images (left) and MFI (right) of Cdc42-
GTP expression in mature (top) and semimature (bottom) CD4SP thymocytes from WT and Pggt1b~~ mice after stimulation with CCL19 for 5 min. Scale bar, 5
um. (C) Immunoblot analysis (left) and quantifications (right; after normalization to actin) of p-Pak1/2 and Tiam1 expression in mature CD4SP thymocytes from
WT and Pggt1b~/~ mice upon CCL19 stimulation. (D) Immunoblot analysis (left) and quantifications (right; after normalization to actin) of p-Pak1/2 and Tiam1l
expression in mature CD4SP thymocytes from WT and Pggt1b~/~ mice upon SIP stimulation. (E) Immunoblot analysis (left) and quantifications (right) of Pggtlb
and p-Pak1/2 expression in different thymic T cell populations of WT mice. (F) Immunoblot analysis of p-Pak1/2 or p-Foxol/3a expression in mature CD4SP
thymocytes from WT mice upon CCL19 or anti-CD3/28 stimulation. (G) Immunoblot analysis of nonprenylated Rapla expression in mature and semimature
CD4SP thymocytes from WT and Pggtlb~~ mice. (H) Chemotactic response of mature CD4SP and CD8SP thymocytes from WT mice pretreated with sim-
vastatin or vehicle for 5 d. Migration through 5-pum transwells in response to CCL19 was assessed by flow cytometry. Data are shown as mean + SEM. *, P <
0.05; **, P < 0.01; one-way ANOVA in B and E and two-tailed unpaired Student’s t test in C, D, and H. Data are from two (B and E-H) or three (C and D)

independent experiments.

studies. Fntb-deficient T cells had impaired TCR-induced events,
as indicated by reduced expression of activation markers CD44
and CD69 (Fig. S3 I). In addition, the survival of Fntb-deficient
T cells was compromised after stimulation with TCR (Fig. 4 I) or
the homeostatic cytokine IL-7 (Fig. 4 J). Collectively, Fntb-
mediated protein farnesylation is dispensable for thymocyte
egress but contributes to peripheral T cell homeostasis, high-
lighting context-dependent effects of prenylation pathway in
T cells.

Concluding remarks

Although Pggtlb- and Fntb-mediated protein prenylation has
important roles in certain physiological systems (Liu et al., 2010;
Yang et al., 2012; Lee et al., 2010), the function of this pathway in
T cell biology is unknown. Moreover, Pggtlb and Fntb play a
similar role in promoting tumor growth (Liu et al., 2010), but
context-specific requirement and regulation remain poorly un-
derstood. Here, we investigate the physiological function of
protein prenylation in T cells using genetic models with T cell-
specific deletion of Pggtlb and Fntb. Our findings reveal an
obligatory role of Pggtlb-mediated protein geranylgeranylation
in thymocyte egress and trafficking. Deficiency of Pggtlb results
in a profound lymphopenia in the peripheral lymphoid organs,
associated with disrupted thymocyte egress but not loss of cell
proliferative fitness or survival in the periphery. Accordingly,
Pggtlb expression and the activation of downstream Pak sig-
naling are up-regulated during thymocyte maturation and upon
chemokine stimulation. In contrast to Pggtlb, Fntb-mediated
protein farnesylation is not required in this process but con-
tributes to T cell homeostasis in the periphery and to responses
to TCR and IL-7 signals. Thus, our studies identify a previously
unappreciated signaling requirement for thymocyte egress and
highlight context-dependent function and regulation of protein
geranylgeranylation and farnesylation.

It is well appreciated that the chemokines, SIP, and their re-
ceptors direct thymocyte migration within and out of the thymus
(Lancaster et al., 2018; Cyster and Schwab, 2012). However, the
pathways downstream of chemokine receptors, especially those
integrating thymocyte migratory signals, remain poorly under-
stood. In this report, we find that Pggtib-deficient thymocytes are
impaired in the migration toward both SIP and chemokines,
including CCL19, CCL21, and CXCLI2. Impaired trafficking is asso-
ciated with defective activation of Cdc42 and other trafficking-
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associated pathways. These observations suggest that Pggtlb-
mediated protein geranylgeranylation integrates S1P; and chemo-
kine receptor signals to promote thymocyte trafficking and egress.
Cellular metabolism has emerged as a fundamental requirement of
multiple T cell biological processes (Buck et al., 2017; Geltink et al.,
2018). However, despite our emphasis on the role of signaling
pathways in the control of metabolic activities, there is little evi-
dence of whether and how metabolic intermediates can signal
(Wellen and Thompson, 2012). Our studies reveal a link between
the mevalonate pathway, the posttranslational protein modification
geranylgeranylation, and thymocyte egress. Further investiga-
tion of the reciprocal interplay between cell signaling and
immunometabolism will advance our understanding of T cell
biology and may manifest therapeutic opportunities for
immune-mediated disorders.

Materials and methods

Mice

C57BL/6, CD45.1*, and Ragl™/~ mice were purchased from The
Jackson Laboratory. CD4-Cre, Pggtibfl, Fntbf, and Slprl-Tg mice
were described previously (Liu et al., 2009, 2010; Lee et al.,
2001; Sjogren et al., 2007). All mice have been backcrossed to
the C57BL/6 background, and littermate mice were used as
controls. For mixed BM chimera generation, BM cells from
CD45.2* WT or Pggtlb~/~ mice were mixed with cells from
CD45.1* mice at a 1:1 ratio and transferred into sublethally
irradiated (5.5 Gy) Ragl~/~ mice, followed by reconstitution for
6-8 wk. For simvastatin treatment, mice were given simva-
statin (40 mg/kg) by i.p. injection daily for 5 consecutive days
and analyzed at day 6. All mice were housed in a specific
pathogen-free facility in the Animal Resource Center at St. Jude
Children’s Research Hospital. Animal protocols were approved
by the Institutional Animal Care and Use Committee of St. Jude
Children’s Research Hospital.

Flow cytometry and cell purification

Lymphocytes were isolated from the thymus, spleen, PLNs,
MLNs, and blood. For analysis of surface markers, cells were
stained in PBS containing 2% BSA with appropriate surface
antibodies: anti-B220 (RA3-6B2), anti-CCR7 (4B12), anti-CD4
(RM4-5), anti-CD8a (53-6.7), anti-CD24 (M1/69), anti-CD25
(PC61.5), anti-CD44 (IM7), anti-CD45.1 (A20), anti-CD45.2
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Figure 4. Fntb-mediated protein farnesylation is not required for thymocyte egress but is critical for peripheral T cell homeostasis. (A and B) Flow
cytometry analysis (A) and frequencies (B, left) and numbers (B, right) of thymic T cell populations in WT and Fntb~~ mice. (C-E) Flow cytometry analysis (C),
frequencies (D), and numbers (E) of mature and semimature CD4SP (top) and CD8SP (bottom) thymocytes in WT and Fntb~~ mice. (F and G) Chemotactic
response of mature CD4SP and CD8SP thymocytes from WT and Fntb~/~ mice. Migration through 5-um transwells in response to SIP (F) or CCL19, CCL21, and
CXCL12 (G) was assessed by flow cytometry after 3 h of treatment. (H) Chemotactic response of mature CD4SP and CD8SP thymocytes from WT mice
pretreated with vehicle or FTI-277 for 5 h. Migration through 5-pum transwells in response to CCL19 was assessed by flow cytometry after 2 h of treatment.
(1) Frequencies of live Annexin V-7AAD" cells and apoptotic Annexin V*7AAD* cells of WT and Fntb™~ naive CD4* T cells after overnight stimulation with plate-
bound anti-CD3/28 (n = 9 per genotype). (J) Frequencies of live Annexin V-7AAD" cells and apoptotic Annexin V*7AAD* cells of WT and Fntb™~ naive CD4*
T cells after culture with or without IL-7 for 3 d (n = 6 per genotype). Numbers in gates indicate percentage of cells. Data are shown as mean + SEM. *, P < 0.05;
** P < 0.01; two-tailed unpaired Student’s t test in B and D-). Data are from three (A-E, G, and H) or two (F) independent experiments.

(104), anti-CD62L (MEL-14), anti-CD69 (H1.2F3), anti-Qa2 Biosciences). Flow cytometry data were acquired on LSRII or
(69H1-9-9), anti-TCRB (H57-597), anti-integrin B7 (FIB504; all LSR Fortessa (BD Biosciences) and analyzed using FlowJo soft-
from eBioscience), and anti-S1P, (713412; R&D Systems). For ~ware (Tree Star). DP (CD4*CD8*), CD4SP (CD4*CD8 TCRB"),
analysis of intracellular Ki-67 expression, Foxp3 fixation/per- mature CD4SP (CD4*CD8 TCRB*CD62LMCD69'°), and semi-
meabilization buffers were used per manufacturer’s instructions  mature CD4SP (CD4*CD8 TCRB*CD62L1°CD69M) thymocytes and
(00-5523-00; ThermoFisher). Active caspase-3 staining was naive CD4* T cells (CD4*CD25-CD44"°CD62LM) were sorted using
performed per the manufacturer’s instructions (550914; BD a MoFlow (Beckman-Coulter) or Reflection (i-Cyt).
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Anti-CD4 PE labeling of egressing thymocytes

Anti-CD4 PE labeling of egressing thymocytes was performed as
previously described (Willinger et al., 2014; Zachariah and
Cyster, 2010). Briefly, mixed BM chimeras were injected i.v.
with 1 pg PE-conjugated anti-CD4 antibody (clone GK1.5; BD
Biosciences), and then thymocytes were harvested 4 min after
injection and stained for flow cytometry analysis. Egressing
CD4SP thymocytes were gated as CD4-PE*CD8" cells.

Chemotaxis assays

Thymocyte chemotaxis assays were performed as previously
described (Dong et al.,, 2009). Briefly, 106 SP thymocytes in
100 pl media were loaded into the upper chamber of a transwell
insert (3421; Corning) and allowed to transmigrate into the
lower chamber containing 200 ng/ml CCL19 (Peprotech),
200 ng/ml CCL21 (Peprotech), 200 ng/ml CXCLI12 (Peprotech),
or 10 nM SIP (Sigma) for 3 h. When SP thymocytes treated with
GGTI-298 or FTI-277 were used, the cells were washed exten-
sively after 5 h of inhibitor treatment, and then chemotaxis
assay was performed for 2 h to avoid extended in vitro culture
that may lead to cell death. The input cells and the cells that
migrated to the lower chamber were stained with anti-CD4,
anti-CD8, anti-CD62L, anti-CD69, and anti-TCRf antibodies for
flow cytometry analysis. Cell number was counted using
CountBright Absolute Counting Beads (C36950; ThermoFisher).

In vitro T cell cultures

Sorted naive CD4* T cells were used for in vitro cultures in Click’s
medium supplemented with B-mercaptoethanol, 10% fetal bovine
serum, and 1% penicillin-streptomycin. For T cell activation, naive
T cells were activated with plate-bound 5 pig/ml anti-CD3 (2C11) and
5 ug/ml anti-CD28 (37.51) in the presence of 100 U/ml IL-2 (R&D
Systems) for 18 h and analyzed by flow cytometry for activation and
apoptotic markers. For T cell survival in response to IL-7, naive
T cells were cultured with or without 2 ng/ml IL-7 (R&D Systems)
for 3 d and analyzed by flow cytometry.

RNA and immunoblot analyses

Real-time PCR analysis was performed as previously described
with probe sets from Applied Biosystems (Du et al., 2018). Im-
munoblot analysis was performed as described previously (Du
et al., 2018) using the following antibodies: p-Foxol (Thr24)/
Foxo3a (Thr32; 9464), p-Mob1 (Thr35; D2F10), p-Pakl (Thr423)/
2(Thr402; 2601), B-tubulin (9F3), and B-actin (8H10D10; all from
Cell Signaling Technology), Pggtlb (5E4; Sigma), Tiaml (AF-
5038, R&D Systems), Rapla (SC-1482; Santa Cruz Biotechnology),
Gapdh (IE6D9; Proteintech), and Hdj-2 (KA2AS5.6; Lab Vision).

Histological analysis and fluorescence microscopy

For immunofluorescence staining of LN sections, LNs were
isolated and fixed in 2% paraformaldehyde, 0.1% Triton-100, and
1% DMSO for 24 h before cryoprotection with 30% sucrose in
PBS for an additional 24 h. Tissues were cryosectioned at 10 pm
thickness and blocked in buffer composed of PBS containing 2%
BSA and 5% donkey serum. Tissues were stained overnight in
blocking buffer containing AF488-conjugated B220 (clone
RA3-6B2; BioLegend), and AF594-conjugated CD3 (clone 17A2;

Du et al.

Protein geranylgeranylation in thymocyte egress

BioLegend). Sections were washed in PBS and mounted with
prolong glass hardset mounting medium (ThermoFisher). High-
resolution images were acquired using a Marianis spinning disk
confocal microscope (Intelligent Imaging Innovations) equipped
with a 40x 1.3-NA objective; 405-nm, 488-nm, 561-nm, and 647-
nm laser lines and a Prime 95B CMOS camera (Photometrics);
and analyzed using Slidebook software (Intelligent Imaging In-
novations). For immunofluorescence staining of thymus, freshly
frozen thymi were cryosectioned and stained as outlined above
using biotinylated UEA-1 lectin (Vector Labs). Sections were
washed in PBS before incubation with AF568-conjugated
streptavidin (ThermoFisher) and 10 nM DAPIL Samples were
mounted with prolong glass hardset medium and imaged using
confocal microscopy as outlined above.

For immunofluorescence staining of thymocytes, mature and
semimature CD4SP thymocytes were rested in RPMI 1640 me-
dium supplemented with 0.1% fatty acid-free BSA (Sigma) for
2 h at 37°C. Medium alone or medium containing 1 pg/ml CCL19
chemokine (final concentration) was added and cells were
stimulated for 5 min. Cells were then analyzed following fixation
in 4% paraformaldehyde, permeabilization with 0.1% Triton-
100, and incubation with mouse anti-Cdc42 (26905; NewEast
Bioscience) diluted at 1:400 in PBS containing 2% BSA and 5%
donkey serum. Cells were washed and incubated with donkey
anti-mouse CF568-conjugated secondary antibody (Biotium) and
AF499-conjugated phalloidin (for staining actin; ThermoFisher).
Cells were imaged using a 1.4-NA 100x objective and confocal
microscope outlined above and analyzed using Slidebook soft-
ware. Shape factor index was used as a measure of polarization,
where the ratio of the longest axis to the shortest axis having a
value >1 would indicate elongation and actin polarization.

Gene expression profiling and bioinformatic analysis

CDASP thymocytes (n = 4 per genotype) were isolated from the
thymus of WT and Pggtlb~/~ mice as described above. RNA was
obtained with an RNeasy Micro Kit according to the manu-
facturer’s instructions (Qiagen). RNA samples were then analyzed
with the Affymetrix Mouse Gene 2.0 ST array. Differentially ex-
pressed transcripts were identified by ANOVA (Partek Genomics
Suite version 6.5), and the Benjamini-Hochberg method was used
to estimate the false discovery rate. Ingenuity Pathway Analysis of
canonical pathways from these microarray samples was per-
formed as previously described (Shrestha et al., 2014). Microarray
data are available via the Gene Expression Omnibus under ac-
cession no. GSE135301.

Statistical analysis

P values were calculated by two-tailed unpaired Student’s t test
or one-way ANOVA using GraphPad Prism, unless otherwise
noted. P < 0.05 was considered significant. All error bars rep-
resent the SEM.

Online supplemental material

Fig. S1 provides information on Pggtlb deletion efficiency, peripheral
T cell homeostasis (including T cell activation, proliferation, apo-
ptosis, and cytokine production), SP thymocyte maturation marker
expression of Pggtlb~/~ mice, and the strategy used to generate mixed
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BM chimeras. Fig. S2 shows proliferation and apoptosis of Pggtlb~/
SP thymocytes and DP thymocyte maturation of Pggtlb~/~ mice,
validation of the method for anti-CD4 PE labeling of egressing thy-
mocytes, thymic T cell population analysis of Slprl-Tg; Pggtlb~/~ mice,
the semimature SP thymocyte migration assay, and S1P; and CCR7
expression in Pggtlb~/~ SP thymocytes. Fig. S3 shows the immuno-
blot analysis of p-Pakl/2, Tiaml, and p-Mobl expression in
Pggtlb~/~ mice, p-Pakl/2 and p-Foxol/3a induction in WT thy-
mocytes, Hdj-2 farnesylation, p-Pakl/2 and Tiaml expression in
Fntb~/~ mice, and T cell homeostasis in Fntb~/~ mice.
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time PCR analyses of Pggtlb mRNA expression in CD4SP, CD8SP, and DP thymocytes from WT and Pggtlb~~ mice. (B and C) Frequencies of CD44'°CD62L"
naive and CD44MCD62L' effector/memory cells in CD4* (B) or CD8* (C) T cells from spleen, PLNs, and MLNs of WT and Pggt1b~/~ mice. (D) Frequencies of
cytokine-producing cells in splenic CD4* (left) or CD8* (right) T cells from WT and Pggt1b~/~ mice. (E and F) Frequencies of Ki-67* (E) and active caspase-3* (F)
cells in CD4* (left) or CD8* (right) T cells from WT and Pggt1b~/~ mice. (G) Flow cytometry analysis of CD24, CD62L, CD69, Qa2, and integrin B7 expression on
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Figure S2. Homeostasis and migration of WT and Pggt1b~/~ thymocytes. (A and B) Frequencies of active caspase-3* (A) and Ki-67* (B) cells in mature and
semimature CD4SP and CD8SP thymocytes from WT and Pggt1b~~ mice. (C) Flow cytometry analysis (left) and frequency (right) of thymic CD69*TCRB* DP
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Figure S3. Signaling events in Pggtlb~/- thymocyte and homeostasis of Fntb~/- mice. (A) Immunoblot analysis of p-Pakl/2 and Tiaml in semimature
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mice. (I) Expression of CD44 and CD69, as indicated by MFI, on WT and Fntb~/~ naive CD4* T cells upon overnight stimulation with plate-bound anti-CD3/28
(n =9 per genotype). Data are shown as mean + SEM. *, P < 0.05; **, P < 0.01; two-tailed unpaired Student’s t test in F-I. Data are from two (A-D) or four (F-H)

independent experiments.
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