bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Internal regulation between constitutively expressed T cell coinhibitory receptors

BTLA and CDS5 and tolerance in recent thymic emigrants

Adeolu O. Adegoke!', Govindarajan Thangavelu'?, Ting-Fang Chou?®, Marcos Petersen's,
Kiyokazu Kakugawa®, Julia F. May®, Kristofor K. Ellestad>>, Louis Boon®, Peter A. Bretscher’,

Hilde Cheroutre®#, Mitchell Kronenberg?, Troy A. Baldwin’, and Colin C. Anderson'?>",

"Department of Surgery, University of Alberta, Edmonton, AB, Canada

2Alberta Diabetes and Transplant Institutes, University of Alberta, Edmonton, AB, Canada;

3La Jolla Institute for Immunology, La Jolla, CA 92037, USA

“Laboratory for Immune Crosstalk, RIKEN Center for Integrative Medical Sciences, 1-7-22
Suehiro, Tsurumi-ku, Yokohama 230-0045, Japan

SDepartment of Medical Microbiology and Immunology, University of Alberta, Edmonton, AB,
Canada

6JJP Biologics, Warsaw, Poland

"Department of Microbiology and Immunology, College of Medicine, University of
Saskatchewan, Saskatoon, SK, Canada.

*Corresponding author

E-mail: colinand@ualberta.ca (CCA)

Keywords: T cells, Autoimmunity, BTLA, PD-1, CD5, Recent thymic emigrants, Tolerance,

Neonates, Lymphopenia-induced proliferation

Abbreviations: DN, double negative; DP, double positive; SP, single positive; WT, wild type;

RTE, recent thymic emigrants; FLC, fetal liver cells


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Abstract

Several coinhibitory receptors are upregulated upon activation, whereas a small number of
coinhibitory receptors are expressed constitutively by naive T cells. The relationship between
constitutively expressed coinhibitors is unknown. We found an inverse relationship between two
constitutively expressed coinhibitors, CD5 and BTLA; BTLA expression was low in the thymus
and high in the periphery, corresponding respectively with high and low CDS5 expression.
Germline or induced deletion of Btla in somatic cells demonstrated a causal relationship between
BTLA expression and CD5 levels in T cells of central and peripheral lymphoid tissues. The
effect of BTLA on CDS5 expression on thymic and peripheral CD4 T cells was due to BTLA
signaling, rather than signaling by its ligand, the herpes virus mediator (HVEM). Regulation was
maintained in mice with a non-signaling HVEM mutant but was lost in Tnfisf14”- (Hvem™)
mice. Increased CDS5 levels have been positively associated with increased recognition of self-
peptide MHC complexes. Thus, control of CDS5 expression by BTLA signals early in T cell
ontogeny suggested that BTLA might be important for establishing self-tolerance in newly
generated T cells. Consistent with this concept, we found that BTLA, as well as the inducible
coinhibitor PD-1, were needed post thymic selection in recent thymic emigrants (RTE) to
establish self-tolerance. RTE lacking BTLA caused a multiorgan autoimmune disease whose
development required CD4 T cells and MHC class II. Together, our findings identify a negative
regulatory pathway allowing constitutively expressed coinhibitory receptors to calibrate their
expression in thymic T cell differentiation. Expression of constitutive and induced coinhibitory

receptors is needed to establish tolerance in the periphery for RTE.
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Introduction

To generate repertoire diversity, developing T cells in the thymus express receptors generated
from random recombination of TCR gene segments [1]. The outcome of this stochastic TCR
gene segment rearrangement is the generation of T cells bearing receptors that recognize foreign
antigens or self-antigens as agonists, with the latter potentially promoting autoimmune diseases,
although varying degrees of beneficial autoreactivity are present in regulatory T cells (Treg) and
innate-like T cells, such as natural killer T cells (NKT cells). Positive selection of T cells creates
an additional potential danger, as conventional CD4" and CD8a3* T cells are positively selected
based on an ability to recognize a self-peptide—-MHC complex. Hence, a critical function of the
immune system is to discriminate self from non-self, failure of which will result in detrimental
autoimmunity. Thus, most T cells that bind self-peptide-MHC with sufficient affinity need to be
made tolerant, and all T cells need to be maintained in a state where they perceive low-affinity
interactions with self-peptide-MHC ligand (e.g., the positively selecting peptide) as a ‘tonic’
signal rather than an agonist signal. Although T cell activation and tonic signaling are
determined by the interaction of TCR with specific antigenic peptide-MHC complexes, the
functional outcome of the T cell response is strongly influenced by costimulatory and
coinhibitory signals [2,3]. Such coinhibitory receptors, like programmed cell death protein-1
(PD-1) and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), are absent from naive T
cells and are upregulated upon activation [4,5]. In contrast, there are a small number of
coinhibitory receptors expressed constitutively by naive T cells, including CD5, B and T
lymphocyte attenuator (BTLA), and V-domain immunoglobulin suppressor of T cell activation

(VISTA) [6-9] .
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CDS5 is a coinhibitory receptor constitutively expressed on post-selected thymocytes,
mature T cells, and a subset of B cells (Bla cells) [6,9—12]. CD5 is expressed as a 67-kDa type I
transmembrane glycoprotein (gp), which belongs to the highly conserved superfamily of protein
receptors known as the scavenger receptor cysteine rich (SRCR) superfamily [13]. The proposed
ligands for CD5 include: CD72 [14], IL-6 [15,16], gp40-80 [17-19], gp150 [20], gp200 [21],
IgVu framework region [22], and CDS5 itself [23]; however, their physiological relevance and
relative importance in interacting with CD5 remains an active area of investigation. CDS5 also
appears to function without its extracellular domain, questioning whether a ligand for CD5 is
relevant. During T cell activation, CD5 is rapidly recruited and co-localizes with the TCR/CD3
complex at the immune synapse, dampening downstream TCR signals [24,25].

BTLA (CD272) is a negative regulator of antigen receptors on B and T cells, dendritic
cells, macrophages, and NK cells [7,26-28]. The BTLA cytoplasmic region contains both ITIM
and ITSM motifs and a Grb2 recognition motif [7]. Following T cell activation and the
interaction of BTLA with its ligand, the herpesvirus entry mediator (HVEM or CD270), the
tyrosine residues in ITIM and ITSM of BTLA are phosphorylated and then recruit SH2-
containing tyrosine phosphatase 1 (SHP-1) and SHP-2 phosphatases to dampen TCR signaling
[27,29]. A T cell can express both BTLA and HVEM, and HVEM interactions with BTLA
between cells, in frans, or cis interactions in which one cell expresses both binding partners, are
inhibitory [30]. Consistent with its coinhibitory function, mice lacking BTLA develop systemic
autoimmune disease and multiorgan lymphocytic infiltration [31]; they also have increased
frequencies of T follicular helper cells in Peyer’s patches and increased IgG and IgA, the latter
affecting the homeostasis of gut bacteria [32]. In contrast, Cd5~/" mice remain relatively healthy,

even in late-life [33]. Although constitutively expressed BTLA and CD5 on T cells have unique
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non-redundant roles, the relationship between these coinhibitors is not well defined. It was
recently reported that CDS5 expression levels increased in SHP-1 knockout T cells relative to WT
T cells [34]. Since BTLA and CDS5 exert their inhibitory function through lymphocyte activation-
induced recruitment of SHP-1 to their cytoplasmic tail tyrosine residues, these two coinhibitors
might have some overlapping or counter-regulatory functions. In addition, CDS5 expression is set
during T cell development in the thymus and finely adjusted throughout the life of the T cell
[35,36], with CDS5 surface expression correlating directly with the avidity or signaling intensity
of TCR—self-peptide MHC interaction [35,37]. CDS5 is expressed most highly on T cells in the
thymus [35,38] and on recent thymic emigrants in the periphery [39]. CDS5 levels are modified
by the autoimmune disease associated H-2¢7 haplotype [40]. Given the above, CD5 levels might
identify stages where the self-reactive potential of the T cell repertoire is greatest. Herein, we
explored the relationship between these coinhibitors and found that BTLA broadly controls CD5
expression levels from early in T cell ontogeny and that both BTLA and PD-1 are needed to

establish peripheral tolerance at the recent thymic emigrant stage.

Results

Negative regulation of CDS expression by BTLA

To examine the relationship between CD5 and BTLA, we assessed CD5 and BTLA expression
in the steady state in both TCRB" single positive (SP) T cells in the thymus and splenic T cells
from 7-10-week-old C57BL/6 mice (SI1A Fig). Consistent with earlier studies [35,38], thymic SP
T cells expressed higher levels of CD5 relative to splenic SP T cells (Fig 1A). In contrast,
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expression of BTLA was lower in the thymic SP T cells relative to splenic SP T cells (Fig 1A).
Analysis of the proportion of BTLA™ cells among thymic and splenic SP T cells also revealed a
reduced frequency of BTLA™ SP T cells in the thymus relative to the spleen (Fig 1B). This
inverse relationship between BTLA and CDS5 was apparent when comparing expression in
central vs peripheral lymphoid organs but not within each tissue individually; T cells with the
highest BTLA expression in each tissue did not have reduced CD5 expression (S1B Fig). These
data suggested that BTLA and CDS5 have opposite trajectories of expression as T cells mature.
A small fraction of splenic T cells are recent thymic emigrants (RTE). We hypothesized
that these newly generated T cells would also express lower levels of BTLA relative to their

GFP mice,

established or more mature T cell counterparts. To examine this, we used the Rag2p
where GFP expression is restricted to thymocytes, RTE and newly generated B cells [41,42].
Analysis of BTLA expression comparing the GFP™ (RTE) and GFP- (mature) T cells in the
spleen revealed that BTLA expression was significantly lower in RTE relative to their mature T
cell counterparts (Fig 1C, D); BTLA expression on T cells also increased as GFP expression
decreased in both the spleen and thymus (S2 Fig). In contrast, CD5 expression was significantly
higher on RTE (Fig 1C, D). Collectively, these data indicated an inverse relationship between
CDS5 and BTLA expression as T cells mature.

To determine if there was a causal relationship between BTLA expression and CD5
expression, we compared CD5 expression between polyclonal WT and coinhibitor BTLA
deficient T cells in the periphery. We analyzed PD-1 in parallel, because we showed earlier that
it plays a role in the establishment of tolerance in newly generated T cells [43,44]. The

expression of CD5 was significantly higher in Btla™’~ splenic CD4 and CDS8 T cells relative to

their WT and PD-1 deficient (Pdcdl ") counterparts; the overall increase in CD5 mean
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fluorescence intensity (MFI) of Btla™~

T cells was due to a reduction in CD5 low cells (Fig 1E).
Congenital absence of the inducible coinhibitor PD-1 resulted in significantly increased CD5
expression in splenic CD8 T cells (Fig 1E). PD-1 deficiency did not alter BTLA expression
(S3A Fig). To assess whether the elevated CD5 expression in Btla’~ splenic T cells originated
from the thymus or preferentially increased in the periphery, we compared CD5 expression
between the WT, Pdedl ™", and Btla™’~ thymic TCRB" SP cells. These cells in the Btla™’~ but not
Pdcdl™ mice expressed higher CD5 than their WT counterparts (Fig 1E). A possible
explanation is that BTLA is expressed on a much higher percentage of thymocytes than PD-1.
WT, Btla”"~, and Pdcdl~~ T cells expressed a similar level of CD5 in DN and DP populations
(S3B, C Fig), indicating that CD5 expression in the Btla~~ T cells increased only post thymic
selection. Although only a small fraction of thymic or splenic T cells expressed the inducible
coinhibitor PD-1, BTLA deficiency also increased its expression (S3D Fig).

Treg cells make up a relatively small proportion of the bulk CD4" T cell population, but
the preferential expression of higher levels of CD5 in Treg cells [45] may skew the CDS5
expression levels in the Btla™’~ CD4" T cells. Therefore, we analyzed Treg numbers [46] and
CD5 expression in splenic and thymic TCRB" CD4" Foxp3* (Treg) or TCRB" CD4" Foxp3~ (non-
Treg) cells of WT and Btla™’~ mice (S4 Fig). CD5 expression was significantly higher in both
Treg and non-Treg cells of the Btla~~ mice in the spleen and thymus (S4C, D Fig).

Since CD5 expression is correlated with the signaling strength of TCR:self-antigen (self-
pMHC) interactions [35,37] and Nur77 serves as a specific reporter of antigen receptor signaling
in murine and human T and B cells [47-53], we hypothesized that Nur77%*? expression would be
enhanced in Btla™~ T cells. We generated Btla™~ Nur77°FF mice and compared their GFP

expression levels in the splenic and thymic T cells to that in BTLA sufficient Nur77°"F mice.


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Thymic and splenic Btla™~ CD8 T cells expressed higher levels of GFP relative to the WT CD8
T cells (Fig 1F). In contrast, GFP expression in the thymic and splenic Btla™”~ CD4 T cells was
not significantly different from their WT CD4 T cell counterparts (Fig 1F). Since Nur77¢
expression in B cells also correlates to the B cell receptor affinity for antigen [51], we compared
GFP expression levels in B cells from Btla™~ Nur77°FF mice and WT Nur77°FF mice and found
no significant difference between the two groups (S4E Fig). Together, these data suggest that
BTLA expression directly or indirectly determined the level of CD5 expression across the major

conventional T cell subsets, while having a more limited effect on Nur77 expression.

BTLA regulates CDS expression in adult mice

We determined whether the lack of BTLA from early in T cell ontogeny, as in the case of the
germline Btla knockout mice, is important for producing heightened T cell CD5 expression. For
example, the lack of BTLA during the neonatal period might alter the TCR repertoire when it is
first generated, indirectly affecting CDS5 levels. We therefore assessed the effect of deleting Btla
in young adult mice by crossing B6.Btla™" mice to a tamoxifen-inducible Cre recombinase
expressing strain, B6"“FR7? to generate B6<<ERT2*/~ Btla/"!! mice (S5 Fig). We injected adult 7-
week-old B6CERT2+/~ Bt/ and WT control B6<ERT2*/~ mice intraperitoneally with tamoxifen
(Fig 2A). At one-week post-tamoxifen injection only about a third of T cells circulating in the
blood had lost BTLA expression. However, the BTLA deficient fraction of CD4 T cells had
significantly heightened CD35 expression (Fig 2B). By two weeks post-tamoxifen, B6C</ERT2+/~

splenic CD4 and CDS8 SP T cells, were 97 + 2% and 94 + 4% positive for BTLA, respectively,

while B6<"/ERT2* Btlg// T cells were reduced to 2 + 1% and 3 + 2% positive for BTLA (Fig 2C).
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CD5 expression on thymic and splenic T cells had not yet significantly changed at this time point
relative to WT controls (data not shown). By four weeks post-tamoxifen CD5 and PD-1
expression in the thymic and splenic CD4 T cells and thymic CD8 T cells of B6ERT2+/~ Btla/"f!
mice had increased relative to their B6"ERT2*/~ counterparts (Fig 2D). These data indicated that
the impact of BTLA deficiency on CD5 and PD-1 expression is not specific to T cell ontogeny
early in life; rather, it can be instigated acutely in adulthood. The rapid increase in CD5 expression
on peripheral circulating CD4 T cells, induced by BTLA deletion, suggested that BTLA may be
capable of regulating CD5 expression after the early generation of the TCR repertoire and in
mature, peripheral T cells. To more directly test the effect of BTLA on CD5 expression when the
TCR repertoire is fixed, we crossed the Btla gene knockout strain to OT-II [54] TCR transgenic
mice. Complete BTLA deficiency (OT-11.B¢la”") led to heightened CD5 expression in OT-1I T
cells in the periphery and the thymus (Fig 3). OT-II T cells that expressed high levels of the
transgenic TCR lacked endogenous TCR expression [55]. The heightened CD5 in BTLA
deficient OT-II T cells was evident also in those CD4 SP thymocytes and splenocytes expressing
high levels of the transgenic TCR (VB5Va2), indicating that endogenous TCR expression and

TCR repertoire changes were not responsible for the altered CD5 expression (Fig 3).

HVEM signals do not net set the level of CDS expression

The only known ligand for BTLA is HVEM, a member of the tumor necrosis factor superfamily
(TNFRSF) and therefore is designated as TNFRSF14. HVEM also functions as a signaling
receptor, recruiting TRAF2 and activating NK-k[3 Rel A, to co-stimulate T cells [56]. HVEM

signaling is also involved in survival of memory CD4 [57] and memory CD8 T cells [58,59].
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Given the potential for bi-directional signaling, regulation of CD5 and PD-1 expression by
BTLA could be due to BTLA signals, HVEM-mediated signals, or both. We therefore examined
CD5 and PD-1 expression in germline HVEM knockout mice and mice engineered to express a
‘tailless mutant’ HVEM lacking the normal sequence of the intracytoplasmic domain and
incapable of activating NF-kB (Hvem™"). We found that CD4 SP T cells from Hvem™” mice
expressed higher CD5 in the thymus and spleen as well as higher PD-1 in the thymus (Fig 4A).
This elevated CD5 and PD-1 expression occurred despite thymic and splenic CD4 and CDS SP T
cells also having heightened BTLA expression in Hvem™ mice, in agreement with a previous
report [60]. The heightened BTLA expression, however, could not compensate for the lack of
the BTLA binding partner. In contrast, despite having substantially lower levels of HVEM than
either WT mice or Hvem" "™ hemizygous mice, HVEM expression by Hvem™™ mice was
sufficient to keep CDS5 and PD-1 expression at a level similar to that in WT mice (Fig 4B and S6
Fig). This suggests it is engagement with BTLA that underlies HVEM’s influence on CD5 and

PD-1 expression, not signaling through the HVEM cytoplasmic domain.

BTLA signaling in newly generated T cells blocks autoimmune

disease

Expression of BTLA and its effects on CDS5 levels early in T cell ontogeny (Fig 1B, D) may
reflect a need for this coinhibitor to ‘tune’ developing T cells to establish tolerance to self-
peptide/MHC complexes. Previously, we showed that newly generated T cells depended on PD-1
to broadly establish self-tolerance; transfer of PD-1 deficient fetal liver cells (FLC) to syngeneic

Rag™~ recipients led rapidly to a lethal multiorgan autoimmune disease as newly generated T
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cells emerged from the thymus [43,44]. To test if BTLA expression is similarly functionally
important in newly generated T lymphocytes, we used three approaches that included either
stimulating BTLA signaling or removing it. First, we treated recipients of Pdcdl™~ FLC with an
agonistic antibody to BTLA. In this hematopoietic stem cell (HSC) transfer model, T cells
typically begin to seed the periphery approximately three weeks post-FLC injection [43]. Shortly
after T cell generation recipients of Pdcdl~~ HSC developed symptoms of disease. The agonistic
anti-BTLA antibody significantly delayed disease development (S7A Fig). In the two additional
approaches, we adoptively transferred FLC that were either congenitally deficient in BTLA or
BTLA was inducibly deleted after transfer (Fig 5A). We transferred FLC from B6<¢/ERT2+/
Btla"" or B6<"ERT2*/~ control mice to adult Rag™~ mice, followed by injection of tamoxifen to
induce Btla gene deletion in the transferred cells. FLC was used as a source of HSC in this
experiment, allowing for the deletion of BTLA in T cell progenitors pre-thymic selection.

Similar to the germline Btla™~

T cells, peripheral T cells in the recipients of FLC from
B6CTERT2/ Belg//Ml mice had increased CD35 expression level through the 8-week experimental
period (Fig 5B). T cells were detected in the peripheral blood of FLC recipient mice around four
weeks post FLC transfer, which coincided with the onset of disease in recipients of B6<"/ERT2+/~
Btld"" FLC (Fig 5C). All the recipients of B6<“ERT2+/~ Btla/"! FLC were diseased before the
experimental end-point while their B6“"FR72*/~ counterparts remained free of disease (Fig 5C).
Lymphocytes populating the periphery of recipients of B6<"ER72+/~ Bt/ FLC were BTLA
negative while lymphocytes populating B6<"<ER72+/~ FLC recipients expressed BTLA (Fig 5D).
Although BTLA expression has been seen on non-hematopoietic cells in some settings [61,62],

these data indicated that loss of BTLA in fetal liver derived cells alone was sufficient for the

generation of multi-organ autoimmune disease in the recipients.
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To examine in more detail the autoimmune disease generating effects of BTLA
deficiency in newly generated vs. established Btla™~ T cells, we compared transfers of FLC,
thymocytes, whole splenocytes or sorted splenic T cells to syngeneic Rag™~ recipients. Most of
the recipients of Btla™~ thymocytes or FLC demonstrated severe morbidity, while recipients of
the WT control FLC, FLC deficient in Fas (Ipr FLC), and recipients of Btla~~ whole splenocytes
or purified splenic T cells remained free of disease (Fig 6A). Histological analysis of tissue
sections obtained from sick mice 60-65 days post cell transfer revealed lymphocytic infiltrations
in major organs, including the liver, kidney, and pancreas of Btla~’~ FLC recipients (S7B Fig).
Lymphocytic infiltration was present in the liver of Btla™~ FLC but not WT FLC recipients and
included CD4 and CDS8 T cells (Fig 6B). The liver was the most frequently affected internal
organ examined in Rag™" recipients of Btla”- FLC, consistent with the late life spontaneous
hepatitis that has been observed in unmanipulated Btla”~ mice [31]. Newly generated Btla”/~ T
cells demonstrated substantially increased proliferation compared to WT T cells (Fig 6C).
Collectively, these data demonstrated a requirement for BTLA in newly generated T cells to
establish tolerance and prevent lymphopenia-potentiated autoimmune disease, while BTLA was

not required for maintaining tolerance of established T cells under these conditions.

CD4" T cells and MHC II are required for autoimmune disease

Having shown that loss of BTLA in newly generated T cells leads to autoaggressive T cells, we
asked what T cell subset(s) is required for disease generation. We adoptively transferred sorted
CD4 or CD8 SP thymocytes from Btla™~ or WT mice into Rag™™ mice (Fig 7A and S8A Fig).

We monitored the recipient mice for several weeks or until losing > 20% of baseline body
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weight, whichever came first. Recipients of Bila™”~ CD4 SP T cells started losing weight as early
as 21 days post cell transfer, which continued for up to 53 days when they had lost > 20% of
their baseline body weight (Fig 7A). All of the Btla™~ CD4 SP T cell recipient mice had a
hunched appearance, piloerection, diarrhea and some had dermatitis. Disease occurred in male
and female Rag ™" recipients of Btla”~ CD4 SP T cells. In contrast, none of the recipients of
Btla”~ CD8 SP T cells showed signs of morbidity, and their body weight increased throughout
the experiment. Although recipients of WT SP CD4 or CDS8 T cells had an initial decline in
body weight, they quickly recovered and showed an improvement in body weight and no signs of
disease (Fig 7A). To examine what MHC molecule is required for this autoimmune disease, we
adoptively transferred whole Btla™~ SP thymocytes to K?’D*™~ Rag™ or CiiTA™~ Rag™ mice
that lacked both Rag and MHC class I genes or lacked both Rag and MHC class II protein
expression [63], respectively. All CiiTA™~ Rag™" mice were free of disease, while all K?D>~~
Rag™" recipients had signs of morbidity within 3 weeks post T cell transfer, regardless of sex
(Fig 7B). Similarly, sorted CD4 Btla™~ SP thymocytes transferred to KD~ Rag™" caused
disease, while sorted CD8 Btla™~ SP thymocytes transferred to CiiTA™~ Rag™ mice did not
(S8B, C Fig). Thus, MHC class IT and MHC class II-restricted CD4 T cells were required to

induce disease.

BTLA and PD-1 signaling are needed in newly generated T cells to

block autoimmune disease

The current studies identified that, like PD-1, BTLA was important for the establishment of

tolerance in newly generated T cells; however, they did not address whether these coinhibitory
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receptors were needed during thymic selection or post thymic selection, when the newly
generated T cells seed the periphery. To examine if autoimmune disease occurs when BTLA or
PD-1 is deleted post thymic selection, thymocytes from adult (7 — 9-week-old) B6C"</ERT2+/~
Btla"" or B6<"/ERT2+/~ Pded "M mice were adoptively transferred via the tail vein to adult Rag™"~
mice, followed by tamoxifen injection to induce gene deletion in the transferred thymocytes. The
control group received B6“*ERT2*/~ thymocytes and tamoxifen injection (Fig 8A). There was a
near complete deletion of BTLA and PD-1 by day 7 post the last dose of tamoxifen in the T cells
of B6CERT2+/= Btla/V!" and B6C"/ERT2*/~ Pded '"f thymocyte recipients, respectively, while
expression of these coinhibitors was maintained in the B6<"¢R72*/~ thymocyte recipients (Fig
8B). All of the B6"ERT2*/~ Btlg/"M! and B6C"ERT2*/~ Pdcd 1"/ thymocyte recipients, but not their
B6CTeERTZH/~ counterparts, developed inflammatory disease. They began to lose body weight at
days 7 - 14 post thymocyte transfer and showed additional signs of disease at days 12 - 17 (Fig
8C). Histological examination showed CD4 SP T cell infiltration in the kidney and liver of
B6CTERT2= Belg//Ml thymocyte recipients and the kidney, liver, and lung of B6<"¢/ERT2*/~ pp_ /U
thymocyte recipients (S9 Fig). Since BTLA and PD-1 were present during thymic selection and

deleted only post cell transfer, these coinhibitors were needed at the RTE stage to establish

tolerance.

Discussion

In this study, we aimed to understand the relationship between the constitutively expressed T cell
coinhibitory molecules BTLA [64,65] and CD5, and an induced coinhibitor, PD-1, in the steady
state and under conditions that promote multi-organ autoimmune disease. Our data on steady

state CD5 expression in the thymus and spleen were consistent with findings in the literature
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[35,38] and when compared with BTLA expression, revealed an inverse relationship. Our data
showed that peripheral T cells expressed higher levels of BTLA than thymocytes. This is a result
of a maturation process that began in the thymus and continued in the periphery, with RTE in the
spleen expressing lower levels of BTLA relative to the mature splenic T cells. In contrast,
splenic RTE expressed higher levels of CDS5 relative to their mature T cell counterparts, as seen
previously [39]. High CDS5 on RTE may reflect increased sensitivity to self-peptide-MHC
complexes, consistent with the greater self-reactivity and autoimmune potential of RTE that we
have observed in the context of PD-1 deficiency [44].

Analysis of CD35 expression in the Btla~~ mice or upon induced BTLA deletion showed
that the overall mean CD5 expression was enhanced in BTLA deficient CD4 and CD8 T cells,
indicating that BTLA negatively regulates CD5 expression. Heightened CDS5 expression was a
result of a reduction in CD5 low cells. This suggests that BTLA was either needed for survival of
CDS5 low cells or it enhanced CD5 expression in the CDS5 low cells. While a role for BTLA in T
cell survival during chronic stimulation has been shown [66], we found increased expression of
CDS5 on BTLA deficient OT-I1 CD4 T cells, a T cell that normally expresses relatively low CD5
levels [37]. This indicated BTLA may be able to negatively regulate CD5 expression
independently from any effects it might have on the generation of the TCR repertoire early in
life. CD5 expression on differentiating thymocytes reflects the TCR affinity for self-peptide
MHC complexes. Regulation of CDS5 expression in thymocytes appeared to be specific to BTLA,
as a deficiency in another coinhibitor (PD-1) had no effect on CDS5 expression. Complementing
the CD5 expression data, the Btla™’~ thymic and splenic CD8 T cells displayed enhanced
Nur77% expression. Although our data showed a disparity between CD5 and Nur77¢*?

expression levels in the Btla™~ thymic and splenic CD4 T cells, Zinzow-Kramer e al., had
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previously reported that a broad range exists in the expression levels of CDS5, Ly6C, and
Nur779 in vivo for naive T cells even within the same TCR niche [67]. This suggests that CD5
and Nur77 can be regulated differently from each other in response to TCR signals. Heightened
PD-1 expression in CD4 and CD8 SP thymocytes in mice deficient for either BTLA or HVEM
further supported the concept that loss of BTLA signaling leads to enhanced self-recognition
early in T cell ontogeny. Strikingly, even the decreased levels of HVEM expression, as occurred
in Hvem™™ mice, were sufficient to negatively regulate both BTLA and PD-1. Given that
HVEM interacts with several different ligands, it could not be anticipated whether HVEM
deficiency would mimic BTLA deficiency in the regulation of CD5 and PD-1 expression.
HVEM deficiency mimiced BTLA deficiency closely, however, for control of CD5 expression in
CD4 T cells but not in CD8 T cells. This suggested the other ligands for HVEM, including
LIGHT and CD160, may have differential effects on CD5. Together these findings suggest that
expression of some co-inhibitors are calibrated by BTLA signals triggered through a highly
sensitive engagement by HVEM, acting not as a signaling receptor but purely as a ligand or
binding partner for BTLA.

Mice deficient in BTLA develop autoimmune disease only later in life [31], suggesting
that either other coinhibitors compensate for the loss of BTLA in early life, or early events take
time for their consequences to become apparent. Increased CD5 expression in the Btla™~ mice
suggested that CD5 may serve as a compensatory coinhibitory receptor. Despite this, increased
CDS5 on newly generated T cells was not sufficient for preventing autoimmune disease following
transfer to immune deficient mice. The conditions in Rag” recipients, however, in terms of the
extent or rapidity of lymphopenia induced proliferation, changes in the microbiome, and others,

might not fully represent the conditions in perinatal immune competent mice. Compensatory
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coinhibitor expression may limit T cell autoreactivity in other contexts. In cancer therapy it can
limit the efficacy of treatment [68]. BTLA blockade has been shown to limit tumour growth and
improve survival in a murine model [69] and it is a target in clinical trials [70]. The effect of
blocking both CD5 and BTLA have yet to be determined. Supporting our findings in the PD-17"
mice, where CD35 expression was elevated in the splenic CD8" T cells, a recent report showed
that blocking CD5 together with PD-1 substantially enhanced survival and tumour cell killing
[71].

We examined the role of BTLA in newly generated T cells and found that BTLA, like
PD-1 [43,44], was important for establishing tolerance in newly generated, polyclonal T cells. In
contrast, BTLA signaling appears to be dispensable for establishing tolerance in newly generated
TCR transgenic CD8 T cells that recognize a tissue-specific antigen expressed in the thymus and
pancreas [72]. This might reflect a more critical role for BTLA in CD4 T cells. Consistent with
this idea, we found that sorted Btla™~ CD4 but not CD8 T cells could generate multi-organ
autoimmune disease, and disease development did not occur in MHC class II deficient recipients.
BTLA was also previously reported to regulate CD4 T cell alloreactivity and proliferative
responses to MHC class II antigens [73]. CD4 T cells and/or MHC class II are also required for
disease development caused by newly generated Pdcdl™" T cells [43,44].

To understand at what point during T cell development BTLA and PD-1 may be needed
to establish tolerance, we deleted each of these coinhibitors individually in RTE that had the
capacity to express them during thymic development. We found that loss of BTLA or PD-1 post
thymic selection in RTE resulted in autoimmune disease in lymphopenic host mice, associated
with loss of weight, dermatitis, diarrhea, and T cell infiltration of organs. Thus, BTLA and PD-1

were needed post thymic selection to establish peripheral tolerance in newly generated T cells, at
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least in Rag”" mice. Our current study does not exclude a role for these coinhibitors during
central tolerance. A role for BTLA in central tolerance has not yet been examined. We
previously found that PD-1 was not needed for central tolerance in CD4 or CDS8 T cells specific
to a ubiquitous self-antigen [43], however, PD-1 was needed for non-deletional central tolerance
in CD8 T cells that recognize a tissue-restricted antigen [72]. The current data suggest that any
role the coinhibitors might have in inducing central tolerance is not by itself sufficient to broadly
establish a durable self-tolerance. The need for these coinhibitors in RTE suggests that BTLA
and PD-1 will be critical to establishing tolerance during the neonatal period when all peripheral
T cells are RTE [74,75]. Consistent with this idea, a substantial proportion of neonatal CD4 T
cells, those undergoing natural lymphopenia-induced-proliferation, were found to express PD-1
[44]. Our current studies are further addressing this important question.

Interestingly, adult mouse splenic T cells from mice with germline BTLA or PD-1 [43]
deficiency did not cause overt autoimmune diseases in the recipients. From Pdcdl™~
splenocytes, only the sorted RTE subpopulation could generate overt disease; sorted established
T cells did not cause disease [44]. A key question for future studies is whether the seeming lack
of need for these coinhibitors in established T cells indicates that the coinhibitors are not
required to maintain a tolerant state to tonic self-peptide/MHC ligands. An alternative possibility
is that these coinhibitors are needed to maintain tolerance when T cells have developed in their
presence. Although our study establishes the importance of BTLA and PD-1 signaling in RTE to
block autoimmune disease development in lymphopenic recipients, the germline BTLA or PD-1
knockout mice seem to be protected from overt autoimmune disease during the neonatal period
when there is physiological lymphopenia. This is likely to result from two factors: (1) their T cell

repertoire is first generated early in life, a period naturally deficient in lymph node stroma [76],
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and (2) early disease-causing events normally take time for their consequences to become
apparent. Consistent with the first idea, we previously showed that neonatal Rag™" recipients of
PD-17"~ FLC were relatively resistant to disease, as were adult recipients that lacked or had
reduced lymph nodes [43]. Supporting the second idea, T cells generated early in life in the NOD
mice play an important role in the initiation of insulitis long before the onset of overt diabetes
that manifests much later in life [77,78].

Taken together, our data identify a regulatory axis between BTLA and CDS5 and a critical
need for both constitutive and inducible coinhibitors (BTLA and PD-1) when T cells initially

seed the periphery.

Materials and methods

Animals

Mice used in this study included male and female B6.129S7-Ragl™™°™/J (Rag”"), B6.Cg-
Foxp3m2EGFPITe/ ] ([0 3EGFPY (34.35), B6.129-Gt(ROSA)26S0r™!C/ERTTyi/|  (BECre/ERT2 4y,
C57BL/6J (H-2b; B6), B6.129S2-Ciita™! /] (CiiTA™"), and B6.MRL-Tnfisf6?"/J (Ipr) mice
were originally purchased from The Jackson Laboratory (Bar Harbor, ME, USA). The C57BL/6
H-2K®mI-H-2D"™"!N12 (K?D"7") were originally obtained from the National Institute of Allergy
and Infectious Diseases (NIAID) Exchange Program (NIH: 004215) [79]. We generated the
CiiTA™~ Rag™ mice and K’D"”~ Rag™" mice by crossing the Rag™~ mice with CiiTA™" mice and
KPD"™~ mice, respectively. B6.Rag2p°F* mice [41,42] were kindly provided by Dr. Pamela Fink
(University of Washington, Seattle, WA), and we previously generated B6.Rag2p°™" Pdcdl ™/~
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mice [44]. C57BL/6-Btla’~ (abbreviated as Btla™”") were originally provided by Dr. Kenneth
Murphy (Washington University, St. Louis, MO), and C57BL/6-Pdcdl™’~ (abbreviated as
Pdcdl™"; backcrossed 11 generations to C57BL/6; originally generated by Prof. T. Honjo and
colleagues [80]) mice were bred at the University of Alberta. We crossed OT-II mice (kindly
provided by Dr Sue Tsai, University of Alberta) to Btla™’~ mice, and crossed Foxp3£°FF mice to
Btla™'~ and Pdcdl~'~ mice [46]. The B6.Pdcd """ mice were purchased from Taconic Biosciences
(Rensselaer, NY, USA). B6.Bt/a"/ mice [32,81] generated by us (M.K.) and were kindly provided
by John R Sedy and Carl Ware (Sanford Burnham Prebys Medical Discovery Institute, La Jolla,
United States). B6.Nur77%" mice [53] were provided by Dr Kristin Hogquist (University of
Minnesota, Minneapolis, MN) and we generated Btla™~ Nur77°"" mice. Hvem =, Hvem" and
mice with the cytoplasmic tail of Hvem deleted mice were bred and analyzed at La Jolla Institute
for Immunology, La Jolla, CA, United States. All mice were between 7 — 24 weeks old. Animal
care was in accordance with the Canadian Council on Animal Care guidelines. The studies were
performed under Animal Use Protocol 215, approved by the Animal Care and Use Committee
Health Sciences of the University of Alberta. Mice were housed under clean conventional housing
conditions at the University of Alberta Health Sciences Laboratory Animal Services (HSLAS)
facilities. Mouse studies carried out at La Jolla Institute for Immunology used animals bred and
housed under specific pathogen—free conditions and were approved by the La Jolla institute for

Immunology Animal Care and Use Committee under protocol AP00001007.

Generation of HVEM mutant mice

Mouse HVEM cytoplasmic tail mutant (Hvem™) mice were generated by the CRISPR/Cas9 system

by injection of a sgRNA-Cas9 complex plus a donor specific single-stranded DNA (ssDNA) into
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C57BL/6 pronuclear embryos. All materials for the CRISPR/Cas9 system were purchased from
Integrated DNA Technologies (IDT, Newark, NJ). The specific sgRNA targeted the front of the
Tnfrsf14 exon 7: 5’~-AGAACAUCAAGUCAUGGGAG-3’. The ssDNA homology directed repair
(HDR) template has a stop codon in the exon 7 of the Tnfisfi4 locus: 5°-
CCATAAGCATATGCCAGTTGGAACTTCCTCCCCGACCCAGTTATACCTGGAAAGGC
TCCAGCTCCTTAGTCACTTAGCCTGTAACACAAGAACATCAAGTCATGGGAGAGCTG
AAGCAAGAGGGGAGGGAGACGGGCACACAGCAATGAAAAACCCACATTCTGGGAT
TCCAGCTGTGTGATCTACCTCCCAAGTCTGAC-3’. The HDR repair did not occur, but we
obtained an FO founder that has an allele with a deletion of the whole exon 7 and a read-through
in-frame amino acid sequence by splicing exon 6 to exon 8. The FO founder was backcrossed to
the WT C57BL/6 strain for at least 2 generations. We obtained homozygous offspring (Hvem””
and Hvem'™) by intercrossing the N2 generation of Hvem ™ mice. The mice were generated at the
RIKEN Center for Integrative Medical Sciences (IMS), Yokohama, Japan. All procedures related
to strain construction were approved by the RIKEN IMS Animal Care and Use Committee. We

confirmed that the tail-mutated HVEM protein was incapable of signaling (manuscript in

preparation).

Cell transfer, tamoxifen-induced conditional deletion, and disease

criteria

Thymocytes or splenocytes containing the indicated number of SP T cells were injected into
adult Rag™™ mice. Briefly, thymuses and spleens were removed from the donors and mashed

with glass slides on ice to make a single-cell suspension, followed by filtration with a 70 um cell
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strainer (Fisherbrand™). CD4 and CD8 SP T cells were isolated by negative selection from a
single cell thymocyte suspension using EasySep™ Mouse Naive CD4" T Cell Isolation Kit (#
19765) and EasySep™ Mouse Naive CD8" T Cell Isolation Kit (# 19858), respectively, from
STEMCELL Technologies (Vancouver, Canada) according to manufacturer’s instructions. The
purity of the sorted cell population was > 96%. Viability was assessed by trypan blue exclusion
and > 90% viable cells were used for experiments. Where indicated, TCR" CD24"" cells were
sorted from splenocytes of six-week-old Btla” mice on a FACS BD influx™ cell sorter (BD

Biosciences). The purity of the sorted cell populations was 92%. Fetal liver cells (FLC) were used as a
source of hematopoietic stem cells (HSC) and were harvested from embryonic day 14 — 16
fetuses. A single-cell suspension was made on ice by gently pipetting the fetal livers and
filtration through a 70 um cell strainer (Fisherbrand™). Viability was assessed by trypan blue
exclusion and > 90% viable cells were used for experiments. Six-eight-week-old male and
female Rag ™~ mice were used as recipients, and each recipient received 10 - 20 x 10° FLC,
followed by tamoxifen injection as described below. Some HSC recipients also received agonist
anti-BTLA antibody (6A6; 10ug/g body weight) or hamster IgG isotype control antibody once
per week beginning 18 days post fetal liver injection. To induce BTLA or PD-1 deletion,
B6CERT2*/~ Bt/ mice or adult Rag™~ recipients of B6C"ERT2*/~ Bt/ or BEC¢/ERT2*/~
Pdcd " FLC or thymocytes were intraperitoneally injected with 1.4 mg tamoxifen (Sigma-
Aldrich) in corn oil [+5% (vol/vol) ethanol] on days 0, 1, 3, 5, and 6. Recipients of control
B6CERT2+/~ FLC or thymocytes also received tamoxifen injection. Signs of disease included loss
of weight, hunched appearance, piloerection, diarrhea, and dermatitis. Recipient mice were no
longer considered disease-free when two or more of the above signs were evident, or mice had

lost > 20% of baseline body weight. In addition, for mice to be classified as diseased, disease

22


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

signs must persist for at least two weeks. Immunohistochemistry staining was performed on

tissues from multiple organs collected from recipient mice.

Immunohistochemistry

Mice were euthanized and transcardially perfused with phosphate buffer saline (PBS), followed
by 4% paraformaldehyde (PFA) in PBS. Harvested non-lymphoid organs (heart, kidneys, liver,
and lungs) were immersed in 4% PFA in PBS overnight at 4°C and then transferred into fresh
30% sucrose in PBS every day for two consecutive days at 4°C. Tissues were embedded in
optimum cutting temperature compound (TissueTek OCT, Sakura Finetek, 4583), frozen on
liquid nitrogen, and cryosectioned (Leica CM1950) at —20°C with a thickness of 5 or 10 uM on
glass slides. Following three washes in 1x PBS, tissue sections were blocked in 10% normal goat
serum for 1 h at room temperature and incubated in rat anti-mouse CD4 (1:200; MCA2691; Bio-
Rad) or CD8a (Biolegend, San Diego, CA) antibody overnight at 4°C. Slides were washed in
PBS-Tween (0.5% Tween 20 in 1x PBS) and incubated in goat anti-rat [gG Alexa Fluor® 488
(1:200; A11006; Life Technologies) antibody for 45 min at room temperature. To visualize
cellular nuclei, tissue sections were counterstained with VECTASHIELD mounting medium
with DAPI (Vector Laboratories, H-1200) (42,43). Spleens from Rag™~ and WT mice were used
as the CD4 negative and positive control, respectively. The negative control for primary antibody
specificity was omitting the primary antibody in the staining. Immunofluorescence images were
taken using either a Leica DM IRB Microscope and Open Lab software or an Axioplan,
Axiovision 4.1 software (Carl Zeiss, Toronto, ON). An average of three images per section were

examined.
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Flow cytometry and BrdU incorporation

Fluorochrome conjugated antibodies for flow cytometry staining used in this study were
purchased from ThermoFisher Scientific: murine anti-TCRP (H57-597), CD4 (RM4-5), CD5
(53-7.3), CD8a. (53-6.7), CD44 (IM7), CD62L (MEL-14), FoxP3 (FJK-16s), BTLA (6F7), PD-1
(J43); or BioLegend: CD19 (6D5). GFP expression was also analyzed in mice expressing the
GFP transgene. Peripheral blood samples, thymocytes, and splenocytes were stained after
incubation with FcR block, which was a cocktail of anti-CD16/32 antibody (2.4G2; Bio Express,
West Lebanon, NH) and mouse, rat, and hamster sera. Staining was done at 4°C for 20 minutes,
followed by washing and resuspension in Hanks' Balanced Salt Solution (HBSS) supplemented
with 2% fetal bovine serum (FBS). A BD LSR II (BD Biosciences) with FlowJo software was
used for data acquisition and analyses. To assess proliferation in vivo, experimental mice were
treated with 2 mg BrdU in PBS by i.p. injection. BrdU incorporation was assessed in splenic T

cells 24 hours after injection using a BrdU flow cytometry kit (BD Pharmingen™).

Statistical analysis

Statistical analysis was performed using GraphPad Prism software. Data of biological replicates
are depicted as mean + standard error. Data were statistically analyzed using Student’s t-test with
Welch's correction or Wilcoxon matched-pairs signed rank test or Mann-Whitney test. Statistical
analysis in experiments with one variable and three groups was performed using one-way

ANOVA with Dunn's multiple comparisons test or Kruskal-Wallis test (*p < 0.05; **p <0.01;
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*H%p <0.001; ****p <0.0001). Disease onset/incidence was compared by the Kaplan—Meier
method. Probability values reported for survival curve comparisons were calculated using the

Mantel-Cox method.

Acknowledgments

We thank Perveen Anwar for technical assistance and Jiaxin Lin, Nevil Singh, and John Sedy for

helpful discussions.

Funding: A.O.A was supported through The American Association of Immunologists

Careers in Immunology Fellowship Program. This work was supported by grants from the
Canadian Institutes of Health Research to C.C.A. (PS148588) and C.C.A. and T.A.B.
(PJT183922) and the Natural Science and Engineering Research Council of Canada to P.A.B.

and NIH grant UO1 125955 (M.K.) and UO1 125957 (H.C.)

Author Contributions

Conceptualization: Colin C. Anderson, Adeolu O. Adegoke, Troy A. Baldwin, Mitchell
Kronenberg
Formal Analysis: Adeolu O. Adegoke, Govindarajan Thangavelu, Ting-Fang Chou

Funding Acquisition: Colin C. Anderson, Troy A. Baldwin, Peter A. Bretscher

25


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Investigation: Adeolu O. Adegoke, Govindarajan Thangavelu, Ting-Fang Chou, Marcos
Petersen, Julia F. May, Kristofor K. Ellestad

Methodology: Kiyokazu Kakugawa, Hilde Cheroutre

Resources: Kiyokazu Kakugawa, Hilde Cheroutre, Louis Boon

Project Administration: Colin C. Anderson

Supervision: Colin C. Anderson, Troy A. Baldwin, Mitchell Kronenberg, Peter A. Bretscher
Writing — original draft: Colin C. Anderson, Adeolu O. Adegoke, Govindarajan Thangavelu

Writing — review & editing: All authors

Conflict of interest statement

Louis Boon is CSO and board member at JJP Biologics, a company developing HVEM targeting

approaches in oncology.

References

1. Chien Y, Gascoigne NRJ, Kavaler J, Lee NE, Davis MM. Somatic recombination in a murine
T-cell receptor gene. Nature. 1984;309: 322-326. doi:10.1038/309322a0

2. Sinclair NR, Anderson CC. Co-stimulation and co-inhibition: equal partners in regulation.
Scand J Immunol. 1996;43: 597-603. doi:10.1046/j.1365-3083.1996.d01-267.x

3. Ellestad KK, Lin J, Boon L, Anderson CC. PD-1 Controls Tonic Signaling and Lymphopenia-

Induced Proliferation of T Lymphocytes. Front Immunol. 2017;8: 1289.
do0i:10.3389/fimmu.2017.01289

26


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

4. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel member of the
immunoglobulin gene superfamily, upon programmed cell death. EMBO J. 1992;11: 3887-3895.
doi:10.1002/j.1460-2075.1992.tb05481 .x

5. Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, Green JM, et al. CTLA-4
can function as a negative regulator of T cell activation. Immunity. 1994;1: 405-413.
doi:10.1016/1074-7613(94)90071-x

6. Ledbetter JA, Rouse RV, Micklem HS, Herzenberg LA. T cell subsets defined by expression
of Lyt-1,2,3 and Thy-1 antigens. Two-parameter immunofluorescence and cytotoxicity analysis
with monoclonal antibodies modifies current views. J Exp Med. 1980;152: 280-295.
doi:10.1084/jem.152.2.280

7. Watanabe N, Gavrieli M, Sedy JR, Yang J, Fallarino F, Loftin SK, et al. BTLA is a
lymphocyte inhibitory receptor with similarities to CTLA-4 and PD-1. Nat Immunol. 2003;4:
670—-679. doi:10.1038/ni1944

8. Wang L, Rubinstein R, Lines JL., Wasiuk A, Ahonen C, Guo Y, et al. VISTA, a novel mouse
Ig superfamily ligand that negatively regulates T cell responses. J Exp Med. 2011;208: 577-592.
doi:10.1084/jem.20100619

9. Perez-Villar JJ, Whitney GS, Bowen MA, Hewgill DH, Aruffo AA, Kanner SB. CD5
Negatively Regulates the T-Cell Antigen Receptor Signal Transduction Pathway: Involvement of
SH2-Containing Phosphotyrosine Phosphatase SHP-1. Mol Cell Biol. 1999;19: 2903-2912.
doi:10.1128/mcb.19.4.2903

10. Hayakawa K, Hardy RR, Parks DR, Herzenberg LA. The “Ly-1 B” cell subpopulation in
normal immunodefective, and autoimmune mice. J Exp Med. 1983;157: 202-218.
doi:10.1084/jem.157.1.202

11. Fowlkes BJ, Edison L, Mathieson BJ, Chused TM. Early T lymphocytes. Differentiation in
vivo of adult intrathymic precursor cells. J Exp Med. 1985;162: 802—822.
doi:10.1084/jem.162.3.802

12. Huang HJ, Jones NH, Strominger JL, Herzenberg LA. Molecular cloning of Ly-1, a
membrane glycoprotein of mouse T lymphocytes and a subset of B cells: molecular homology to
its human counterpart Leu-1/T1 (CD5). Proc Natl Acad Sci USA. 1987;84: 204-208.
doi:10.1073/pnas.84.1.204

13. Resnick D, Pearson A, Krieger M. The SRCR superfamily: a family reminiscent of the Ig
superfamily. Trends Biochem Sci. 1994;19: 5-8. doi:10.1016/0968-0004(94)90165-1

14. Velde HV de, Hoegen I von, Luo W, Parnes JR, Thielemans K. The B-cell surface protein
CD72/Lyb-2 is the ligand for CD5. Nature. 1991;351: 662-5. doi:10.1038/351662a0

27


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

15. Masuda K, Kishimoto T. CD5: A New Partner for IL-6. Immunity. 2016;44: 720-722.
doi:10.1016/j.immuni.2016.03.011

16. Zhang C, Xin H, Zhang W, Yazaki PJ, Zhang Z, Le K, et al. CD5 Binds to Interleukin-6 and
Induces a Feed-Forward Loop with the Transcription Factor STAT3 in B Cells to Promote
Cancer. Immunity. 2016;44: 913-923. doi:10.1016/j.immuni.2016.04.003

17. Biancone L, Bowen MA, Lim A, Aruffo A, Andres G, Stamenkovic 1. Identification of a
novel inducible cell-surface ligand of CDS5 on activated lymphocytes. J Exp Med. 1996;184:
811-819. doi:10.1084/jem.184.3.811

18. Bikah G, Lynd FM, Aruffo AA, Ledbetter JA, Bondada S. A role for CDS5 in cognate
interactions between T cells and B cells, and identification of a novel ligand for CDS5. Int
Immunol. 1998;10: 1185-1196. doi:10.1093/intimm/10.8.1185

19. Bikah G, Carey J, Ciallella JR, Tarakhovsky A, Bondada S. CD5-Mediated Negative
Regulation of Antigen Receptor-Induced Growth Signals in B-1 B Cells. Science. 1996;274:
1906-1909. doi:10.1126/science.274.5294.1906

20. Calvo J, Places L, Padilla O, Vila JM, Vives J, Bowen MA, et al. Interaction of recombinant
and natural soluble CD5 forms with an alternative cell surface ligand. Eur J Immunol. 1999;29:
2119-2129. doi:10.1002/(sici)1521-4141(199907)29:07<2119::aid-immu2119>3.0.co;2-f

21. Haas KM, Estes DM. The Identification and Characterization of a Ligand for Bovine CD5. J
Immunol. 2001;166: 3158-3166. doi:10.4049/jimmunol.166.5.3158

22. Pospisil R, Fitts MG, Mage RG. CD5 is a potential selecting ligand for B cell surface
immunoglobulin framework region sequences. J Exp Med. 1996;184: 1279-1284.
doi:10.1084/jem.184.4.1279

23. Brown MH, Lacey E. A Ligand for CD5 Is CD5. J Immunol. 2010;185: 6068—6074.
doi:10.4049/jimmunol.0903823

24. Brossard C, Semichon M, Trautmann A, Bismuth G. CD5 Inhibits Signaling at the
Immunological Synapse Without Impairing Its Formation. J Immunol. 2003;170: 4623—4629.
doi:10.4049/jimmunol.170.9.4623

25. Freitas CMT, Johnson DK, Weber KS. T Cell Calcium Signaling Regulation by the Co-
Receptor CDS5. Int J Mol Sci. 2018;19: 1295. doi:10.3390/ijms19051295

26. Hurchla MA, Sedy JR, Gavrieli M, Drake CG, Murphy TL, Murphy KM. B and T
lymphocyte attenuator exhibits structural and expression polymorphisms and is highly Induced

in anergic CD4+ T cells. J Immunol. 2005;174: 3377-3385. doi:10.4049/jimmunol.174.6.3377

27. Gavrieli M, Watanabe N, Loftin SK, Murphy TL, Murphy KM. Characterization of
phosphotyrosine binding motifs in the cytoplasmic domain of B and T lymphocyte attenuator

28


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

required for association with protein tyrosine phosphatases SHP-1 and SHP-2. Biochem Bioph
Res Co. 2003;312: 1236-1243. doi:10.1016/j.bbrc.2003.11.070

28. Krieg C, Han P, Stone R, Goularte OD, Kaye J. Functional Analysis of B and T Lymphocyte
Attenuator Engagement on CD4+ and CD8+ T Cells. J Immunol. 2005;175: 6420-6427.
doi:10.4049/jimmunol.175.10.6420

29. Sedy JR, Gavrieli M, Potter KG, Hurchla MA, Lindsley RC, Hildner K, etal. Band T
lymphocyte attenuator regulates T cell activation through interaction with herpesvirus entry
mediator. Nat Immunol. 2004;6: 90-98. doi:10.1038/n11144

30. Battin C, Leitner J, Waidhofer-Séllner P, Grabmeier-Pfistershammer K, Olive D, Steinberger
P. BTLA inhibition has a dominant role in the cis-complex of BTLA and HVEM. Front
Immunol. 2022;13: 956694. doi:10.3389/fimmu.2022.956694

31. Oya Y, Watanabe N, Owada T, Oki M, Hirose K, Suto A, et al. Development of autoimmune
hepatitis-like disease and production of autoantibodies to nuclear antigens in mice lacking B and
T lymphocyte attenuator. Arthritis Rheumatism. 2008;58: 2498-2510. doi:10.1002/art.23674

32. Stienne C, Virgen-Slane R, Elmén L, Veny M, Huang S, Nguyen J, et al. Btla Signaling in
Conventional and Regulatory Lymphocytes Coordinately Tempers Humoral Immunity in the
Intestinal Mucosa. Cell Rep. 2022;38: 110553. doi:10.2139/ssrn.3766488

33. Tarakhovsky A, Miiller W, Rajewsky K. Lymphocyte populations and immune responses in
CD5-deficient mice. Eur J Immunol. 1994;24: 1678-1684. doi:10.1002/¢ji.1830240733

34. Matson CA, Choi S, Livak F, Zhao B, Mitra A, Love PE, et al. CD5 dynamically calibrates
basal NF-kB signaling in T cells during thymic development and peripheral activation. Proc
National Acad Sci. 2020;117: 14342—-14353. doi:10.1073/pnas.1922525117

35. Azzam HS, Grinberg A, Lui K, Shen H, Shores EW, Love PE. CD5 expression is
developmentally regulated by T cell receptor (TCR) signals and TCR avidity. J] Exp Med.
1998;188: 2301-2311. doi:10.1084/jem.188.12.2301

36. Azzam HS, DelJarnette JB, Huang K, Emmons R, Park C-S, Sommers CL, et al. Fine Tuning
of TCR Signaling by CD5. J Immunol. 2001;166: 5464-5472. doi:10.4049/jimmunol.166.9.5464

37. Mandl JN, Monteiro JP, Vrisekoop N, Germain RN. T Cell-Positive Selection Uses Self-
Ligand Binding Strength to Optimize Repertoire Recognition of Foreign Antigens. Immunity.
2013;38: 263-274. doi:10.1016/j.immuni.2012.09.011

38. Burgueno-Bucio E, Mier-Aguilar CA, Soldevila G. The multiple faces of CDS5. J Leukoc
Biol. 2019;105: 891-904. doi:10.1002/j1b.mr0618-226r

29


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

39. Houston EG, Higdon LE, Fink PJ. Recent thymic emigrants are preferentially incorporated
only into the depleted T-cell pool. Proc Natl Acad Sci U S A. 2011;108: 5366-5371.
doi:10.1073/pnas.1015286108

40. Dong M, Audiger C, Adegoke A, Lebel M, Valbon SF, Anderson CC, et al. CD5 levels
reveal distinct basal T-cell receptor signals in T cells from non-obese diabetic mice. Immunol
Cell Biol. 2021. doi:10.1111/imcb.12443

41. Yu W, Nagaoka H, Jankovic M, Misulovin Z, Suh H, Rolink A, et al. Continued RAG
expression in late stages of B cell development and no apparent re-induction after immunization.
Nature. 1999;400: 682—687. doi:10.1038/23287

42. Boursalian TE, Golob J, Soper DM, Cooper CJ, Fink PJ. Continued maturation of thymic
emigrants in the periphery. Nat Immunol. 2004;5: 418—425. doi:10.1038/ni1049

43. Thangavelu G, Parkman JC, Ewen CL, Uwiera RR, Baldwin TA, Anderson CC. Programmed
death-1 is required for systemic self-tolerance in newly generated T cells during the
establishment of immune homeostasis. J Autoimmun. 2011;36: 301-312.
doi:10.1016/j.jaut.2011.02.009

44. Ellestad KK, Thangavelu G, Haile Y, Lin J, Boon L, Anderson CC. Prior to Peripheral
Tolerance, Newly Generated CD4 T Cells Maintain Dangerous Autoimmune Potential: Fas- and
Perforin-Independent Autoimmunity Controlled by Programmed Death-1. Front Immunol.
2018;9: 12. doi:10.3389/fimmu.2018.00012

45. Dong M, Artusa P, Kelly SA, Fournier M, Baldwin TA, Mandl JN, et al. Alterations in the
Thymic Selection Threshold Skew the Self-Reactivity of the TCR Repertoire in Neonates. J
Immunol. 2017;199: 965-973. doi:10.4049/jimmunol.1602137

46. Ellestad KK, Thangavelu G, Ewen CL, Boon L, Anderson CC. PD-1 is not required for
natural or peripherally induced regulatory T cells: Severe autoimmunity despite normal
production of regulatory T cells. Eur J Immunol. 2014;44: 3560-3572.
doi:10.1002/eji.201444688

47. Cunningham NR, Artim SC, Fornadel CM, Sellars MC, Edmonson SG, Scott G, et al.
Immature CD4+CD8+ Thymocytes and Mature T Cells Regulate Nur77 Distinctly in Response
to TCR Stimulation. J Immunol. 2006;177: 6660—6666. doi:10.4049/jimmunol.177.10.6660

48. Ashouri JF, Weiss A. Endogenous Nur77 Is a Specific Indicator of Antigen Receptor
Signaling in Human T and B Cells. J Immunol. 2017;198: 657-668.
doi:10.4049/jimmunol. 1601301

49. Huizar J, Tan C, Noviski M, Mueller JL, Zikherman J. Nur77 Is Upregulated in B-1a Cells

by Chronic Self-Antigen Stimulation and Limits Generation of Natural IgM Plasma Cells.
ImmunoHorizons. 2017;1: 188-197. doi:10.4049/immunohorizons.1700048

30


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

50. Mittelstadt PR, DeFranco AL. Induction of early response genes by cross-linking membrane
Ig on B lymphocytes. J Immunol. 1993;150: 4822—4832. doi:10.4049/jimmunol.150.11.4822

51. Tan C, Mueller JL, Noviski M, Huizar J, Lau D, Dubinin A, et al. Nur77 Links Chronic
Antigen Stimulation to B Cell Tolerance by Restricting the Survival of Self-Reactive B Cells in
the Periphery. J Immunol. 2019;202: 2907-2923. doi:10.4049/jimmunol.1801565

52. Osborne BA, Smith SW, Liu Z, McLaughlin KA, Grimm L, Schwartz LM. Identification of
Genes Induced during Apoptosis in T Lymphocytes. Immunol Rev. 1994;142: 301-320.
doi:10.1111/5.1600-065x.1994.tb00894.x

53. Moran AE, Holzapfel KL, Xing Y, Cunningham NR, Maltzman JS, Punt J, et al. T cell
receptor signal strength in Treg and iNKT cell development demonstrated by a novel fluorescent
reporter mouse. J Exp Med. 2011;208: 1279-89. doi:10.1084/jem.20110308

54. Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR expression in transgenic
mice constructed using cDNA-based a- and B-chain genes under the control of heterologous
regulatory elements. Immunol Cell Biol. 1998;76: 34—40. doi:10.1046/.1440-1711.1998.00709.x

55. Sharma R, Ju AC-Y, Kung JT, Fu SM, Ju S-T. Rapid and Selective Expansion of
Nonclonotypic T Cells in Regulatory T Cell-Deficient, Foreign Antigen-Specific TCR-
Transgenic Scurfy Mice: Antigen-Dependent Expansion and TCR Analysis. J Immunol.
2008;181: 6934-6941. doi:10.4049/jimmunol.181.10.6934

56. Cheung TC, Steinberg MW, Oborne LM, Macauley MG, Fukuyama S, Sanjo H, et al.
Unconventional ligand activation of herpesvirus entry mediator signals cell survival. Proc Natl
Acad Sci U S A. 2009;106: 6244—6249. doi:10.1073/pnas.0902115106

57. Soroosh P, Doherty TA, So T, Mehta AK, Khorram N, Norris PS, et al. Herpesvirus entry
mediator (TNFRSF14) regulates the persistence of T helper memory cell populations. J Exp
Med. 2011;208: 797-809. doi:10.1084/jem.20101562

58. Steinberg MW, Huang Y, Wang-Zhu Y, Ware CF, Cheroutre H, Kronenberg M. BTLA
Interaction with HVEM Expressed on CD8+ T Cells Promotes Survival and Memory Generation
in Response to a Bacterial Infection. PLoS ONE. 2013;8: €77992.
doi:10.1371/journal.pone.0077992

59. Flynn R, Hutchinson T, Murphy KM, Ware CF, Croft M, Salek-Ardakani S. CD8 T cell
memory to a viral pathogen requires trans cosignaling between HVEM and BTLA. Plos One.
2013;8: €77991. doi:10.1371/journal.pone.0077991

60. Cheung TC, Oborne LM, Steinberg MW, Macauley MG, Fukuyama S, Sanjo H, et al. T cell
intrinsic heterodimeric complexes between HVEM and BTLA determine receptivity to the

surrounding microenvironment. J Immunol. 2009;183: 7286—7296.
doi:10.4049/jimmunol.0902490

31


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

61. Xu H, Cao D, Guo G, Ruan Z, Wu Y, Chen Y. The Intrahepatic Expression and Distribution
of BTLA and its Ligand HVEM in patients with HBV-related acute-on-chronic liver failure.
Diagn Pathol. 2012;7: 142. doi:10.1186/1746-1596-7-142

62. Shang Y, Guo G, Cui Q, Li J, Ruan Z, Chen Y. The Expression and Anatomical Distribution
of BTLA and Its Ligand HVEM in Rheumatoid Synovium. Inflammation. 2012;35: 1102—-1112.
doi:10.1007/s10753-011-9417-2

63. Chang C-H, Guerder S, Hong S-C, Ewijk W van, Flavell RA. Mice Lacking the MHC Class
IT Transactivator (CIITA) Show Tissue-Specific Impairment of MHC Class II Expression.
Immunity. 1996;4: 167-178. doi:10.1016/s1074-7613(00)80681-0

64. Hurchla MA, Sedy JR, Gavrieli M, Gavrielli M, Drake CG, Murphy TL, et al. B and T
Lymphocyte Attenuator Exhibits Structural and Expression Polymorphisms and Is Highly
Induced in Anergic CD4+ T Cells. J Immunol. 2005;174: 3377-3385.
doi:10.4049/jimmunol.174.6.3377

65. Han P, Goularte OD, Rufner K, Wilkinson B, Kaye J. An inhibitory Ig superfamily protein
expressed by lymphocytes and APCs is also an early marker of thymocyte positive selection. J
Immunol. 2004;172: 5931-5939. do0i:10.4049/jimmunol.172.10.5931

66. Hurchla MA, Sedy JR, Murphy KM. Unexpected role of B and T lymphocyte attenuator in
sustaining cell survival during chronic allostimulation. J Immunol. 2007;178: 6073—6082.

67. Zinzow-Kramer WM, Weiss A, Au-Yeung BB. Adaptation by naive CD4+ T cells to self-
antigen—dependent TCR signaling induces functional heterogeneity and tolerance. Proc Natl
Acad Sci USA. 2019;116: 15160-15169. doi:10.1073/pnas.1904096116

68. Huang R-Y, Francois A, McGray AR, Miliotto A, Odunsi K. Compensatory upregulation of
PD-1, LAG-3, and CTLA-4 limits the efficacy of single-agent checkpoint blockade in metastatic
ovarian cancer. Oncoimmunology. 2016;6: €1249561. doi:10.1080/2162402x.2016.1249561

69. Chen Y-L, Lin H-W, Chien C-L, Lai Y-L, Sun W-Z, Chen C-A, et al. BTLA blockade
enhances Cancer therapy by inhibiting IL-6/IL-10-induced CD19%high B lymphocytes. J
Immunother Cancer. 2019;7: 313. doi:10.1186/s40425-019-0744-4

70. Lee JB, Ha S-J, Kim HR. Clinical Insights Into Novel Immune Checkpoint Inhibitors. Front
Pharmacol. 2021;12: 681320. doi:10.3389/fphar.2021.681320

71. Alotaibi F, Rytelewski M, Figueredo R, Zareardalan R, Zhang M, Ferguson PJ, et al. CD5
blockade enhances ex vivo CD8+ T cell activation and tumour cell cytotoxicity. Eur J Immunol.
2020;50: 695-704. doi:10.1002/¢ji.201948309

72. May JF, Kelly RG, Suen AYW, Kim J, Kim J, Anderson CC, et al. Establishment of CD8+ T

Cell Thymic Central Tolerance to Tissue-Restricted Antigen Requires PD-1. J Immunol. 2023.
doi:10.4049/jimmunol.2200775

32


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

73. Tao R, Wang L, Han R, Wang T, Ye Q, Honjo T, et al. Differential Effects of B and T
Lymphocyte Attenuator and Programmed Death-1 on Acceptance of Partially versus Fully
MHC-Mismatched Cardiac Allografts. J Immunol. 2005;175: 5774-5782.
doi:10.4049/jimmunol.175.9.5774

74. Fink PJ. The biology of recent thymic emigrants. Annu Rev Immunol. 2013;31: 31-50.
doi:10.1146/annurev-immunol-032712-100010

75. Opiela SJ, Koru-Sengul T, Adkins B. Murine neonatal recent thymic emigrants are
phenotypically and functionally distinct from adult recent thymic emigrants. Blood. 2009;113:
5635-5643. doi:10.1182/blood-2008-08-173658

76. Ellestad KK, Anderson CC. Two Strikes and You’re Out? The Pathogenic Interplay of
Coinhibitor Deficiency and Lymphopenia-Induced Proliferation. J Immunol. 2017;198: 2534—
2541. doi:10.4049/jimmunol. 1601884

77. Miyazaki A, Hanafusa T, Yamada K, Miyagawa J, Fujino-Kurihara H, Nakajima H, et al.
Predominance of T lymphocytes in pancreatic islets and spleen of pre-diabetic non-obese
diabetic (NOD) mice: a longitudinal study. Clin Exp Immunol. 1985;60: 622-30.

78. He Q, Morillon YM, Spidale NA, Kroger CJ, Liu B, Sartor RB, et al. Thymic Development
of Autoreactive T Cells in NOD Mice Is Regulated in an Age-Dependent Manner. J Immunol.
2013;191: 5858-5866. doi:10.4049/jimmunol. 1302273

79. Pérarnau B, Saron M, Martin BRS, Bervas N, Ong H, Soloski MJ, et al. Single H2Kb, H2Db
and double H2KbDb knockout mice: peripheral CD8+ T cell repertoire and antilymphocytic
choriomeningitis virus cytolytic responses. Eur J Immunol. 1999;29: 1243-1252.
doi:10.1002/(sici)1521-4141(199904)29:04<1243::aid-immu1243>3.0.co;2-a

80. Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like autoimmune
diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying immunoreceptor.
Immunity. 1999;11: 141-151. doi:10.1016/s1074-7613(00)80089-8

81. Seo G-Y, Shui J-W, Takahashi D, Song C, Wang Q, Kim K, et al. LIGHT-HVEM Signaling

in Innate Lymphoid Cell Subsets Protects Against Enteric Bacterial Infection. Cell Host
Microbe. 2018;24: 249-260.e4. doi:10.1016/j.chom.2018.07.008

33


https://doi.org/10.1101/2024.01.10.574913
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.574913; this version posted January 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

A B Bt/a'/' control Thymic CD4* T cells  Splenic CD4* T cells
CDA4 T cells CD8 T cells o
4 - T 1Btla- Btla+ BTLA- BTLA+ Btla- Btla+
< . . § 99.9 0.053 30.9 69.1 2.86 97.1
= 3 3 ]
5 - .8
52 "] .&,— RE
K1 g 1 e % I
0 . . 0 . . £ : \
21 8 °
o wik 4 ey —_ ey et
8 BTLA
— CDA4 T cells
U_O_ 14 iy . 1] gy ~ 100 PR — 100+ Cms
v’ ui X H . 8 80
0 T T 0 T T 5 60 i 60 lﬁ
Thymus Spleen Thymus Spleen B« w0
& 20 20+
C Thy'mus Spléen Thy'mus Spléen
Gated on TCRpBcells
GFP— CD4* D 2, CD4Tecells . CD8Tcells
e GFP' CD4™ p o "
0 Btla” &
51 i gt
U—O_ o s
o
A e}
T i a o e
o
BTLA B{ S ety | iTHL getie
&
GFP*  GFP GFP*  GFP
E Thymus Spleen
) CDA4 T cells CD8 T cells ) CDA4 T cells 2 CD8T cells
_— L2 s P I
© [ o] 'ﬁ'
[a] A R AAa -
01“!”-"'2'““1*#2-7 21 wi _‘_1-—»!%
E i
= o
" WT Bt Pdedt” WT Bl Ppcat” WT  Btla”"  Pdedt” WT  Btla Pdcdt”
o)
3 0 Btia™
2 Pdcd1”-
et WT
e 1 FMO CD5
>
£
0
CD5 CD5 CD5 CD5
F Thymus Spleen
2 CD4 T cells 2 CD8T cells a2 CD4 T cells 2 CD8 T cells
i y & :
0} ~
~ M . "ngut = . . . u
E 1 ateves pEwmlw 1 . Ol Ex — eemp 1 4 e
: :
[ o
o . 7 0 ; ./ 0 y — 0 . T
WT Btla™ WT Btla™ WT Btla™ WT Btla

Fig 1. BTLA expression in the thymus and spleen is inversely related to CD5 expression. [A] Relative

fluorescent intensities (RFIs) of BTLA (upper row) or CD5 (lower row) in CD4 SP T cells (left column)
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and CD8 SP T cells (right column) in the thymus and spleen (BTLA, n = 39; CDS5, n = 24). To calculate
the RFI of BTLA or CD5, mean fluorescence intensity (MFI) data were normalized to the average MFI of
BTLA or CD5 of the thymic SP T cells in each individual experiment. [B] Representative histograms
showing the proportion of BTLA™ CD4 SP T cells (upper row) in the thymus and spleen. Lower row
shows the proportion of BTLA™ CD4 SP T cells (lower left) and BTLA™ CD8 SP T cells (lower right) in
the thymus and spleen (n = 39). [C] Representative flow cytometry dot plot (left) and histogram (right) of
the indicated markers in splenic TCRB" cells from 7 -10-wk old B6.Rag2p®” mice. [D] RFIs of BTLA
(top panels) and CD5 (lower panels) on mature (GFP") or newly generated (GFP") SP T cells in the spleen
(n=11). Data are normalized to the average BTLA MFI or CD5 MFI of the GFP negative splenic SP T
cells in each individual experiment. [E] CDS5 expression on CD4 SP T cells and CD8 SP T cells from
thymus (left) or spleen (right) and their corresponding representative histograms (lower rows) from WT
(n=24; B6.Foxp3°™" and B6.Nur77°"), Btla™"~ (n = 22; B6.Foxp3°"™ Btla™"~ and B6.Nur77°"" Btla™"),
and Pdcdl™™ (n = 6; B6.Foxp3““"" Pdcdl™") mice. [F] Nur77-GFP expression. Dots indicate individual
mice from six — nine independent experiments (A — B, E) or two independent experiments (C — D, F). **p

<0.01, #**p < 0.001, ****p < 0.0001.
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Fig 2. Loss of BTLA in adult mice leads to increased T cell CD5 and PD-1 expression. [A] Adult
B6CERT2/~ or B6C/ERT2*/~ Bt/ mice received five doses of tamoxifen on days 0, 1, 3, 5, and
6 (highlighted in red). [B] Representative histograms (top) of BTLA expression and the MFI of
CD5 (bottom) of BTLA" and BTLA ™ cells in the CD4 gated (left) and CD8 gated (right) T cells
in the peripheral blood at one week post tamoxifen. [C] Representative dot plots of BTLA
expression in the splenic CD4 SP T cells (top) and CD8 T cells (bottom) in the B6"“£R72+/~ mice
(left) and B6<"ERT2+/~ Bt]a"f mice (right) at two weeks post tamoxifen. [D] RFI of CD5 and PD-
1 in the thymic (top row) CD4 and CDS or splenic (bottom row) CD4 and CD8 T cells of
B6CERT2/~ (WT) and B6<"ERT2+/~ Btlg/"/! (f1/f]) mice at four weeks post tamoxifen. Dots

indicate individual mice from two independent experiments. **p < 0.01, ****p < (0.0001.
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Fig 3. BTLA deficiency increases CDJ levels in TCR transgenic OT-1I CD4 T cells in thymus and spleen.
RFI of BTLA gated on TCRB" CD4" SP cells (left) and RFI of CD5 in all CD4" TCR-VB5Va2" cells
(middle) and RFI of CD5 in CD4" SP cells expressing high levels TCR-VB5Va2 (right; gate included
only the top approximately 50% of TCR-VB5Va2 expressing cells). Analysis of T cells from the thymus
(top) and spleen (bottom) of OT-I1.Btla™"* (WT OT-II; n = 6), OT-I1.Btla™" (n = 6) and OT-I1.Btla”" mice
(n = 6). The grey line is the mean of the RFI. CD5 expression on OT-I1.Btla""" T cells was significantly

lower than on BTLA deficient (Btla”) OT-II T cells, **p < 0.01.
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Fig 4. HVEM dependent control of CD5 and PD-1 expression from early in CD4 T cell ontogeny does not

tm/tm

require HVEM signaling. Thymocytes and splenocytes from WT and Hvem™ [A] or Hvem™" mice [B,
C], gated on SP CD4 and SP CD8 T cells, were examined by flow cytometry for expression of CD5,
BTLA, PD-1 and HVEM. **p < 0.01, ***p <0.001, ****p < 0.0001.
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Fig 5. Loss of BTLA early in T cell ontogeny generates autoimmune disease. [A] We adoptively
transferred 20 x 10° FLC pooled from 8-10 embryonic day 14 - 16 B6“"“*72*/~ (WT) or B6“"</Er12*/~
Btld"" (fI/fl) fetuses to 7-wk old Rag”™ mice on day 0 (n = 3 recipients per group), followed by tamoxifen
injection on days 0, 1, 3, 5, and 6. Recipient mice were monitored for signs of disease for eight weeks
post FLC transfer. [B] MFI of CDS5 in CD4 T cells (top) and CD8 T cells (bottom) with respective
representative histograms of peripheral T cells in the recipients of FLC from B6““**2*"~ and B6“"“#R12*/~
Btld"" at eight weeks post tamoxifen. Dots indicate data from individual mice; **p <0.01. [C] Left panel:
disease incidence in recipients of B6<“**2*/~ (blue line) B6“ /72"~ Btld"" (black dashed line) FLC.
Survival curves were significantly different, p = 0.02. The grey rectangle indicates the range, in days, at
which the first T cells were detected in the peripheral blood after FLC transfer. Right panel: weight
changes in recipients of B6“““*72*~ Btlg"" FLC or B6<"“#*?*/" FLC. The red box on the X-axes indicates
the tamoxifen treatment period. The presence (filled) or absence (empty) of disease signs is depicted on
the far-right panel. [D] Flow cytometry gating (top). A representative histogram of BTLA expression in

the T and B cells populating the periphery of B6<“**72*"~ B4l FLC recipient mice (middle) or

B6“ERT24 B FLC recipient mice (bottom) at four weeks post FLC transfer is shown.
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Fig 6. BTLA is needed for establishment of tolerance in newly generated T cells. [A] Lefi: Adult Rag "~

mice were given fetal liver cells from Btla™’~ (n = 30) or WT (n = 10) or lpr fetuses (n = 3) and disease

was monitored. Right: Adult Rag ™"~ mice

were given one of the following cell populations (all

populations contained 2-2.5 x 10° single positive T cells), Btla”~ (n = 8) or WT thymocytes (n=4), or WT

or Btla””~ splenocytes (n = 4), or FACS sorted Btla’~ splenic TCR" CD24"" T cells (n = 3) and were

monitored for disease incidence (diseased mice exhibited two or more of the following symptoms: loss of

weight, hunched posture, piloerection, dermatitis and diarrhea.). Disease was only observed in Btla™"

FLC or thymocyte groups, with all other

groups surviving to day 100 disease-free. [B] Representative
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immunofluorescence (n = 5-6/group; original magnification x 400) of liver from individual recipients of
WT or Btla”~ FLC. Blue: staining with the nuclear marker 4°,6’-diamidino-2-phenylindole (DAPI);
green: CD4 or CD8 staining. [C] The mean percentage of BrdU" T cells in the spleen of Rag " recipients
(n = 4/group) of Btla™~ FLC was significantly higher (*p < 0.05) than that of WT FLC recipients

examined 65 days post-FLC transfer.
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old B6.Foxp3“™x Btla™" (left column) or B6.Foxp3=“® (right column) mice i.v. to 8 — 10-wk old Rag ™"~
mice (Btla” thymocyte recipients, n = 10-11 mice/group; WT thymocyte recipients, n=3 mice/group) and
monitored for several weeks or after losing > 20% of baseline body weight, whichever came first. Body
weight change of the Btla™~ SP thymocyte recipients (data was from three independent experiments) or
WT SP thymocyte recipients is shown, and the presence (shaded) or absence (unshaded) of disease signs
is depicted to the right of the graphs. [B] Thymocytes containing 3 x 10° SP cells (i.e., non-sorted) pooled
from seven 8 — 10-wk old B6.Foxp3““""x Btla™~ mice were injected via tail vein to 8 — 10-wk old K’D""
Rag” mice (n=7) or CiiTA” Rag”’ (n = 8) mice, which were then monitored for several weeks or until
after losing > 20% of baseline body weight, whichever came first. Body weight change of recipient mice

is shown. Data are from two independent experiments. The presence (shaded) or absence (unshaded) of

disease signs is depicted to the right of the graph. Cell donors and recipients were of the sex indicated.
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Fig 8. BTLA and PD-1 are needed post thymic selection in newly generated T cells to block autoimmune
disease. [A] We adoptively transferred thymocytes containing 5 x 10° SP (non-pooled) from 7 — 12-week-
old B6““ERT2*/~ (WT) or B6“"“R72*~ Btla" (f1/fl) mice or B6“"“**™**~ Pdcd "' (f1/f1) mice to 7 - 12-
week-old Rag”~ mice on day 0, followed by tamoxifen injection on days 0, 1, 3, 5, and 6. Mice were then
monitored for signs of disease for seven weeks. [B] Flow cytometry gated on TCRB" cells. Representative
histograms of BTLA (top row) or PD-1 (lower row) expression in the T cells of germline gene knockout
control mice and B6<“#872*/~ or B6“"“FRT24/~ B! or B6“"“ R~ Pdcd I thymocyte recipients at two
weeks post thymocyte transfer (i.e., seven days post tamoxifen) is shown. [C] Top Left panel: disease
incidence in recipients of B6““*%72*~ (n = 9) or B6“/**72*~ Btld"" (n = 9) or B6“ /12~ Pdcd "' (n =
4) thymocytes. Disease free survival curve comparison demonstrated a significant difference between
both fI/fl groups and the WT, with p < 0.0001. Data are combined from three independent experiments
(two for Btla: fl/fl and one for PD-1: fl/fl; WT were included in all three experiments). Bottom left panel:
weight changes in the indicated of B6““*872*~ Btla"" or B6“/*R12*~ Pdcd " or B6“FR12*/~ thymocyte
recipients. The presence (shaded) or absence (unshaded) of disease signs is depicted on the far-right

panels. The red box on the X-axis indicates the tamoxifen treatment period.
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