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CD3-epsilon(CD3e) immunotoxins (IT), a promising precision reagent for
various clinical conditions requiring effective depletion of T cells, often
shows limited treatment efficacy for largely unknown reasons. Tissue-
resident T cells that persist in peripheral tissues have been shown to play
pivotal roles in local and systemic immunity, as well as transplant rejection,
autoimmunity and cancers. The impact of CD3e-IT treatment on these local
cells, however, remains poorly understood. Here, using a new murine testing
model, we demonstrate a substantial enrichment of tissue-resident Foxp3+
Tregs following CD3e-IT treatment. Differential surface expression of CD3e
among T-cell subsets appears to be a main driver of Treg enrichment in CD3e-
IT treatment. The surviving Tregs in CD3e-IT-treated mice were mostly the
CD3e“™CD62L" effector phenotype, but the levels of this phenotype markedly
varied among different lymphoid and nonlymphoid organs. We also found
notable variations in surface CD3e levels among tissue-resident T cells of
different organs, and these variations drive CD3e-IT to uniquely reshape T-cell
compositions in local organs. The functions of organs and anatomic locations
(lymph nodes) also affected the efficacy of CD3e-IT. The multi-organ
pharmacodynamics of CD3e-IT and potential treatment resistance
mechanisms identified in this study may generate new opportunities to
further improve this promising treatment.

KEYWORDS
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Introduction

CD3e-IT, a fusion of the catalytic domain of diphtheria
toxins with the CD3e-binding portion of a CD3e antibody is a
promising precision medicine for an effective T-cell depletion.
CD3e-IT has shown preclinical and clinical efficacy for the
treatment of T-cell lymphomas (1), autoimmune diseases (2)
and transplant rejection (3-7), and is currently under evaluation
as a preconditioning regimen for cell therapy. A recent
Resimmune® [A-dmDT390-bisFv(UCHT1)] (8) clinical trial
showed notable response rates of 47-74% in patients with
intermediate-stage (stage-IB/IIB or mSWAT score < 50)
cutaneous T-cell lymphomas (CTCL) (9). Its effects on stage
HI/TV CTCL and peripheral blood T-cell lymphomas, however,
seemed limited for reasons that remain unclear. The limited
efficacy of immunotoxins has been attributed to several potential
factors, including pre-existing antibodies or immunogenicity
against CD3e-ITs, the lower levels of CD3e or insensitivity of
lymphoma cells in advanced CTCL, the lack of penetration of
the immunotoxins into target cell sites, and protective tumor
microenvironment (9-13). The impact of pre-existing antibodies
or immunogenicity against the “second generation”
recombinant CD3e-IT seemed to be mild and insignificant
(14-16). Other factors that may influence CD3e-IT efficacy
include the differential expression of the TCR/CD3 antigen
receptor complexes (17, 18), the CD3e isoforms in the TCR/
CD3 complexes (19, 20), the polymorphism of CD3e (21), and
other cell-intrinsic factors of basically every step of toxin-
mediated cell-killing processes (22). The impact of these cell-
intrinsic and local factors on in vivo CD3e-IT efficacy
remains unclear.

CD3e-IT has also proven effective in inducing long-term
allograft acceptance in nonhuman primates and swine models
(3-7, 23-29). Mounting evidence points to the critical roles of
regulatory T cells (Tregs) in inducing tolerance in various
treatment settings (30-33), but their roles in CD3e-IT-
mediated tolerance remain unclear. CD3e-IT has shown to be
more effective in depleting T cells in the lymph nodes (LN) and
skin than antibodies (34, 35) and reliably prolonged allograft
survival (36, 37). CD3e-IT alone or in combination with a short-
term immunosuppressive chemotherapy, however, often showed
limitations in sustaining graft function or survival (36, 38-40).
Recent CD3e-IT-mediated donor hematopoietic stem cell
transplant studies have demonstrated promising results where
long-term acceptance of allografts seemed to be finally
achievable through mixed chimerism in monkey and swine
models (4, 5, 29). Unlike the similar studies utilizing anti-T-
cell antibodies (41-43), there was however no clear evidence that
T-cell anergy or regulation by Tregs serve as the dominant
mechanism of allograft tolerance. The CD3e-IT-mediated
transient chimerism, instead, facilitated the robust and stable
humoral immune modulation of donor-specific antibody
responses (44). Treg infiltration into an allograft has been
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reported in a miniature swine model, suggesting a potential
local regulatory component (4). Nevertheless, the survival and
roles of Tregs in CD3e-IT-mediated tolerance induction
remain unclear.

This study presents a detailed pharmacodynamic evaluation
of CD3e-IT treatment with a particular focus on the survival of
Tregs in different organs. Tissue-resident T cells rarely circulate
and instead remain stably parked in the tissue parenchyma of
local organs (45-48). These local T cells collectively account for
the largest T-cell subset in the body. They have been shown to
participate in protection from infection and cancer and are
associated with allergy, autoimmunity, inflammatory diseases
and transplant rejection (45). Our understanding of these local
cells in CD3e-IT treatment settings remains surprisingly poor.
Tregs must home to LNs to establish antigen-specific T-cell
tolerance (49-51). The activated effector Tregs in LNs may then
exert their suppressive functions both locally and systemically.
Local Tregs showed a marked skewing of T-cell receptor (TCR)
usage by anatomical location which contribute to shaping the
unique peripheral Treg population in different secondary
lymphoid organs (52). Follicular T regulatory cells (Tfr) that
primarily reside in B-cell follicles are critical in shaping humoral
immune responses by controlling follicular T helper cells (Tth)
and B cells in the germinal center (53, 54). Like Tfr, other tissue-
resident Tregs in nonlymphoid organs or in allografts also play
pivotal roles in organ-specific functions and homeostasis (55).
Treg infiltration into the graft also coincided with the metastable
tolerance achieved in animals and humans (38, 56, 57).
Nevertheless, the impact of CD3e-IT on local tissue-resident
Tregs or T cells in general remain largely uncharacterized. Only
a few recent studies, including our own, have shown differential
depletion efficiencies for tissue-resident T cells by anti-T-cell
mAb and CD3e-IT treatments in a few selected organs (35, 46).
Most past studies have focused almost exclusively on total
peripheral blood, lymph node and bone marrow cells in
animal models (34, 37, 58-60) and total peripheral blood in
humans (1), without drawing any clear distinction between
circulating and tissue-resident populations.

Despite the numerous advantages over other animal models,
mouse models have been used only rarely for CD3e-IT studies,
primarily due to the limited efficacy and toxicity of first-generation
murine CD3e-ITs (61). We have recently developed a new
murine-version CD3e-IT (S-CD3e-IT) whose safety and
treatment efficacy profile is comparable to those of the “second-
generation” recombinant CD3e-ITs (46). Here, we demonstrate
the significant enrichment of Forkhead box transcription factor
(Foxp3) Tregs in the murine model following CD3e-IT. We used
the new murine testing model to systemically characterize Foxp3+
Treg enrichment in multiple organs - including the peripheral
blood, spleen, lung, Peyer’s Patches, 5 types of lymph nodes
(mesenteric, inguinal, mandibular, mediastinal, and lumbar),
thymus, and bone marrow - using intravascular staining
techniques to analyze circulating and tissue-resident cells
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separately (46-48). We found S-CD3e-IT effectively depletes both
circulating and tissue-resident T cells, but organ-to-organ
variations were evident. S-CD3e-IT preferentially depleted CD4
+ T-cell subsets that express high levels of CD3e (CD3eM), sparing
T-cells with low levels of CD3e (CD3e%™). Differential surface
expression of CD3e molecules among T-cell subsets, as well as
organ-to-organ variations in CD3e expression, drive Treg
enrichment and reshape organ-specific T-cell composition. As a
result, effector Tregs (CD62L'°) with the CD3e"™ phenotype were
substantially enriched in the tissue-resident pools of secondary
and nonlymphoid organs.

Results

New murine CD3e-IT effectively depletes
tissue T cells with notable organ-to-
organ variations

For a detailed pharmacodynamics analysis of CD3e-IT, we
employed a new murine testing system that we developed
recently (Figure 1A) (46). Anti-murine-CD3e-ITs (S-CD3e-
ITs) were generated by conjugating streptavidin-saporin
(Advanced Targeting System) with non-mitogenic CD3e-mAb
(145-2C11 with Fe-silent"™ murine IgG1, Absolute Antibody) as
described previously (46). S-CD3e-IT was highly precise and
efficacious in depleting both circulating and tissue-resident
T cells in mice (Figure 1B). We tested S-CD3e-IT in both
nonimmunized and OVA-immunized C57BL/6] mice. The S-
CD3e-IT dosage was chosen based on our previous in vitro and
in vivo dosage study (46). Non-immunized laboratory mice that
live in specific pathogen-free (SPF) facilities are known to have
limited GC formation (62-64) as well as follicular T cells (65, 66)
and CD69+ T cells (67). A systemic immunization induces T-cell
activation and infiltration into uninflamed tissues, including
both secondary and nonlymphoid organs (45, 65, 67-69). The
formation of the germinal center in the spleen and mesenteric
LN following the intraperitoneal injection of OVA in complete
Freund’s adjuvant was confirmed by immunohistochemistry
(Supplementary Figure 1). Follicular T cells were detectable in
all tested organs (see Figures 4C, 5E below). Akin to previous
reports (70), the LN cells of OVA-immunized mice showed a
notable increase in surface expression of CD69 (a marker of
tissue residency) on CD4+ T cells compared to those in
nonimmunized mice (Supplementary Figure 2A).

Both nonimmunized and OVA-immunized C57BL/6] mice
were then treated with S-CD3e-IT (15mg twice daily by retro-
orbital injection) for 4 consecutive days, as described previously
(46). Given the high T-cell-specificity of S-CD3-IT (46), the
overall pharmacodynamics of S-CD3-IT were evaluated using
phosphate-buffered saline (PBS)-treatment as a non-treatment
control in this study. On Day 6, these mice were subjected to
intravascular staining [IVS; by retro-orbital injection of anti-
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CD45.2 mAb (PE/Cy7-CD45.2)] followed by euthanasia 3
minutes later. Total organ cells were then ex vivo stained with
an antibody pool containing another anti-CD45.2 mAb (BV650-
CD45.2) (Figure 1A). The circulating cells in the vasculature
were thus identified as IVS+ and the tissue-resident cells in the
tissue parenchyma at the time of injection as IVS—. As expected,
in all PBS-treated groups, >99% of peripheral blood CD45+ cells
were IVS+, whereas about 98% of LN- and thymus-isolated cells
were tissue-resident (IVS—;Supplementary Figure 3) (47).
Consistent with previous reports (46, 47), >20% of lung-
isolated cells and 70-80% of spleen- and BM-isolated cells
were IVS— (Supplementary Figure 3).

T-cell depletion rates were >90% for both IVS+ and IVS-
pools of all tested organs (except for the thymus and a few local
LNs), with notable organ-to-organ variations (Figure 1B and
Supplementary Figures 3B, 4A). The low depletion rates in the
thymus may reflect the low CD3e expression of thymocytes as
well as the functional properties of the thymus, which was
continuing to produce new CD3+ T cells in these mice (see
Supplementary Figure 5) (71, 72). Different LN types showed
highly variable depletion rates depending on the anatomic sites
of LNs (discussed below in more detail; see Figure 5 and
Supplementary Figure 4). Both CD4+ and CD8+ cells were
effectively depleted (Supplementary Figures 3C, 4D). Unlike
the reduced CD4/CD8 ratios in CD3-mAb treatment (18),
however, the CD4/CD8 ratios in CD3e-IT-treated mice
increased in most organs (Figures 1C, D and Supplementary
Figure 3B), indicating preferential depletion of CD8+ T cells
over CD4+ T cells by CD3e-IT (Supplementary Figures 3C, 4D)
(40, 46). Although T-cell depletion rates were slightly lower in
OVA-immunized mice, the organ-to-organ variations were
generally consistent between the nonimmunized and OVA-
immunized groups (Figure 1B).

Tissue-resident CD4+ FoxP3+ Tregs
were enriched in both secondary
lymphoid and non-lymphoid organs

The fraction of Foxp3+ Tregs in PBS control mice moderately
varied among secondary lymphoid and non-lymphoid organs,
appearing in average 5.2% to 28.3% of CD4+ T cells (Figures 1E,
F), consistent with previous reports in humans and mice (73-77). S-
CD3e-IT treatment significantly enriched Foxp3+ Tregs in the
tissue-resident pool (IVS—) of most organs, but not in the bone
marrow (Figure 1F and Supplementary Figure 4C). Bone marrow is
a known reservoir for Tregs, maintaining strikingly high levels of
local Tregs under homeostatic conditions by actively, rather than
passively, retaining these cells via CXCL12/CXCR4 signals (75). The
reduced bone marrow Treg fraction - from 40.1-49.0% (in PBS
mice) to 23.8-26.7% (in S-CD3e-IT-treated mice) — may indicate
some perturbation of the bone marrow’s ability to actively retain
Tregs in its parenchyma (Figure 1F). All other organs, however,
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FIGURE 1

CD4+Foxp3+ Tregs cells enrichment following S-CD3e-IT treatment. (A) The diagram shows an S-CD3e-IT treatment (Upper panel) and
intravascular staining strategy (Lower panel) to analyze the effect of S-CD3e-IT efficacy on circulating and different Tissue-resident T cells. The
flow cytometry gating strategy shows circulating (IVS+) and tissue-resident cells (IVS-) separation in peripheral blood, mesenteric LNs, and
spleen. (B) The absolute number of CD3+ cells (y-axis) is shown for the peripheral blood (IVS+) and tissue-resident (IVS-) portions of the spleen,
mesenteric LNs, Peyer's patches, lung, thymus, and bone marrow. Absolute cell numbers were calculated based on CountBright Absolute
counting beads and total cell counts per organ. (C, D) Flow cytometry for CD4+ and CD8+ T cells (C) and the ratios of CD4+ to CD8+ for all
tested organs (D) are shown. (E, F) Flow cytometry for CD4+Foxp3- and CD4+Foxp3+ T cells (E) and % of these cells in CD4+ cells (F) are
shown for all tested organs. Nonimmunized mice treated with PBS (n = 4~5, depending on organs), or S-CD3e-IT (n = 4~6), OVA-immunized
mice treated with PBS (n = 3~4), or S-CD3e-IT (n = 7~8), were compared. (*p < 0.05 and **p < 0.01).
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showed varying levels of the enrichment of CD4+ FoxP3+ Tregs in
local tissue sites after S-CD3e-IT treatment. Notably, the Foxp3+
Tregs accounted for nearly half of the total CD4+ T cells survived in
LNs (Supplementary Figure 4C), an anatomic site orchestrating
Treg activities in local organs (52, 78).

Preferential depletion of CD3" T cells
drives enrichment of Tregs with the
CD3e"™ phenotype

In CD3e-mAb treatment settings, Tregs have been shown to
have a survival advantage over other T-cell subsets, likely due to the
relatively low surface expression of CD3e molecules on CD4+
FoxP3+ Tregs compared to those of other T-cell subsets (17, 18).
The TCR/CD3 complexes on the surface of Tregs are also shown to
be enriched in CD3e isoforms with an undegraded N terminal,
which probably further contributes to the resistance of these cells to
CD3 antibody-mediated cell death (19, 20). Consistent with these
reports, CD4+Foxp3- T cells in PBS control mice showed the highest
levels of CD3 expression on the cell surface, whereas CD4+Foxp3+
cells showed the lowest levels among tested T-cell subsets
(Figures 2A, B). Unlike CD3e-mAbs that work through TCR/CD3
modulation (46, 79), however, the binding and internalization of
CD3e-IT with CD3/TCR would likely kill the host cells instead of
activating TCR/CD3 signals (46). Even a single molecule of
ribosomal inactivating toxins, once internalized into a cell, can kill
the cell by catalytically inhibiting protein synthesis (80). We found
that S-CD3e-IT treatment preferentially depleted T cells that display
high levels of CD3e molecules (CD3e™) on the cell surface - reflecting
the controlled CD3e-IT dosage in our experiments — and spared T
cells with a low-CD3e-expression phenotype (denoted as CD3%™)
(Figures 2A, B and Supplementary Figure 6). The CD3%™ phenotype
was clearly distinct from the CD3e modulation phenotype observed
in the CD3e-mAb treatment; CD3e-mAbs almost completely
removed or internalized CD3e molecules on the surface of T cells
without killing the cells (Figure 2A, and Supplementary Figure 6) (46,
79). CD8+ T cells display relatively lower CD3e molecules on the
surface compared to CD4+ T cells; nevertheless, unlike CD3e-mAb
treatment (18), CD3e-IT preferentially depleted CD8+ T cells over
CD4+ T cells (Supplementary Figures 3C, 4D) (40, 46) due possibly
to the presence CD4+ T-cell subsets resistant to CD3e-ITs.

Organ-to-organ variations in CD3e
expression correlates to differential
T-cell depletion rates indifferent organs

In PBS control mice, we also found notable organ-to-organ
variations in the CD3e expression levels for each T-cell subset.
Peripheral blood T cells and mesenteric LN-resident (IVS-) T cells
consistently showed highest levels of CD3e mean fluorescent
intensity (MFI) for nearly all T-cell subsets (except CD8+ T cells
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and Foxp3+ Tregs), whereas bone marrow-resident T cells
consistently showed lowest (Figures 2C-E). Notably, these
differential CD3e MFI levels among tested organs were positively
correlated with the depletion rates for CD4+ cells, CD8+ cells, and
CD4+FoxP3- cells in these organs in S-CD3e-IT treated mice
(Figures 2D, E). However, such a pattern reflecting the
preferential depletion of T cells that display higher CD3e was not
evident with CD4+FoxP3+ Tregs (Figure 2E). This discrepancy
suggests that, while CD3e-IT still preferentially depletes CD3e™
Tregs over CD3e"° Tregs, the organ-to-organ variations in the
depletion of Tregs may be affected by other factors besides CD3e
expression levels, including the intrinsic differences in the content
of TCR/CD3 complexes (e.g. CD3e isoforms) and the relative
insensitivity to external stimuli among Tregs in different organs
(17-20). Both the quantitative and qualitative variations in surface
CD3e on T cell subsets, therefore, at least partially drive the
observed variations in T-cell depletion and Treg enrichment in
different organs after S-CD3e-IT treatment.

CD62L'° Tregs are enriched in secondary
lymphoid and non-lymphoid organs

The L-selectin (CD62L) is a crucial lymphoid homing molecule.
Treg populations can be largely classified as CD62L" and CD62L'"
Tregs. CD62L" Tregs are mostly naive and quiescent, whereas
CD62L" Tregs are comprised of recently activated and short-lived
cells (81, 82). Both CD62L+ and CD62L- Tregs have shown a similar
suppressive capacity for T-cell activation in vitro (83, 84), but the
CD62L+ Tregs — not the CD62L- counterparts — are likely the major
population that provides long-lasting immune tolerance, protecting
against lethal acute graft-versus-host disease (85, 86) and delaying
diabetes in prediabetic nonobese diabetic mice (84). Studies showed
marked increase in CD62L+ Tregs in CD3e-mAb-treated mice (87,
88). By contrast, in S-CD3e-IT-treated mice, we found that CD62LM
Tregs were preferentially depleted by S-CD3e-IT in all test organs,
except peripheral blood and bone marrow (Figure 3). As expected,
the surviving Tregs were mostly the CD3*™ phenotype, except those
in the thymus (Figure 3C). CDe62LM Tregs (mostly CD44) also
showed notably higher CD3e expression on the cell surface than
Cche62L* Tregs (mostly CD44™) in PBS control mice (Figure 3C),
consistent with a previous report that demonstrated a relatively
higher CD3e expression on CD44- T cells than those of their
CD44+ counterparts (18).

Proliferation potentials of CD3e%™
CD4+ Foxp3+ T cells vs. their

Foxp3- counterparts
CD3e-mAb treatment has yielded a transient increase in the

relative fraction of Tregs — though not necessarily an increase in
Tregs’ cell count — during the early stage of tolerance induction (18,
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79, 88-95). In CD3e-IT treated mice, the fraction of CD25+ Tregs
were also significantly enriched within the tissue-resident (IVS-)
pools of the secondary lymphoid and non-lymphoid organs
(Figure 4A). Expression of CD25 (an o chain of the high-affinity
IL-2 receptor) indicates potential sensitivity to IL-2 and
lymphopenia-mediated induction, the primary modulators for
the development and maintenance of Tregs (96-98). Given that
Tregs, particularly CD62L' effector Tregs, require TCR/CD3
activation to proliferate and maintain their functional properties
(99-101), we next tested the activation and proliferation status of
the surviving Tregs — mostly CD3e*™ CD62L" phenotype —by
evaluating Ki67, CD44, CXCR5, and PD-1 expression. Our S-
CD3e-IT treated mice demonstrated a marginal increase in Ki67
expression (a cell proliferation marker) for CD4+Foxp3+ Tregs in
most organs (Figure 4B and Supplementary Figure 7). CD44,
CXCR5, and PD-1 expression also showed only marginal
increase in CD3e-IT-treated mice. By contrast, the CD4+Foxp3-
counterparts showed a significant increase in CD44+ phenotypes
and a 2- to 6-fold increase in Ki67 expression in peripheral blood
and secondary lymphoid organs (Figure 4B and Supplementay
Figure 7). Peripheral blood CD4+ Foxp3- T cells in OVA-
immunized mice showed a >20-fold increase in PD-1 expression,
a marker of exhausted T cells (Figure 4B and Supplementary
Figure 7). Extensive homeostatic expansion of memory T cells
has been a common event following CD3e-IT treatment (102).

Tfr-to-Tfh ratios in mesenteric
lymph nodes

We examined the Tfr-to-Tth ratios in circulation as well as in
tissue-resident cell pools. Tfr play a critical role in controlling the
Tth and B-cells involved in donor-specific humoral immunity (53,
54). Recent studies have suggested that reduced Tfr-to-Tth ratios in
circulation are a risk factor for allograft dysfunction or failure (103,
104). In our short-term follow up, we found no notable change in
Tfr-to-Tth ratios in peripheral blood (Figure 4C). For the tissue-
resident (IVS—) compartments, the spleen and thymus showed no
notable change in Tfr-to-Tth ratios. Despite these organ-to-organ
variations, it is noteworthy that most LN types (except mandibular)
showed a marginal increase in the Tfr-to-Tth ratio in OVA-
immunized mice after S-CD3e-IT treatment (see Figure 5E
below). Consistent to these results, previous CD3e-IT-mediated
chimerism studies showed an effective and durable modulation of
donor-specific humoral responses, while the modulation of donor-
specific T-cell immunity was not evident (34, 38).

LN-to-LN variations in T-cell depletion
and Treg enrichment

Last, we evaluated LN-to-LN variations in drug efficacy. LNs
are major lymphoid organs located in many parts of the body,
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orchestrating for local Treg-mediated immune regulation in a
tissue-specific manner (52, 78). Studies have shown that drug
efficacy in different LNs is highly variable and dependent upon
the anatomic sites of the target LNs and drug administration
routes, resulting in inconsistent responses to drug regimens
(105-107). Consistent with these reports, we observed
considerable LN-to-LN variations in T-cell depletion
depending on the type of LNs (Supplementary Figure 4A). We
isolated mandibular, inguinal, mesenteric, lumbar, and
mediastinal LNs and compared T-cell depletion in these
organs (Supplementary Figure 4A). Unlike the other organs
tested in this study, there was no correlation between CD3e
expression levels and CD4+ or CD8+ T-cell depletion rates
among these LN types (Figures 5A, B). The T-cell depletion rates
in these LNs appear to depend on the anatomic positions of
these LN, rather than CD3e expression levels. Mesenteric LN T
cells, for example, consistently showed highest CD3e MFI levels
for all T-cell subtypes, while mandibular LN T cells consistently
showed lowest CD3e MFI among all tested LN types (Figures 5B,
C). Regardless of the differential CD3e expression levels among
LNs, however, mandibular LNs consistently showed highest
depletion rates for most of T-cell types tested and mesenteric
LNs showed lowest depletion rates for the most of T-cell
subtypes (Figures 5A-C). These results are consistent with
previous reports addressing the variability of drug efficacy
depending on the injection and circulation routes for different
LNs (105-107). Interestingly, however, while the Treg
composition (CD62L" and CD62L) was notably varied in
each type of LN, we found all LN types showed a substantial
enrichment of CD3%™CD62L" Tregs, accounting for >80% of
the surviving Tregs, after S-CD3e-IT treatment (Figure 5D).
Most LN types, except mandibular LNs, showed an insignificant,
marginal increase in the Tfr-to-Tth ratio in OVA-immunized
mice after S-CD3e-IT treatment (Figure 5E). These results,
therefore, suggest additional layers of treatment resistance and
the potential need for treatment optimization to control CD3e-
IT efficacy in different types of LNs.

Discussion

Successful application of precision anti-T-cell biologics
requires a detailed understanding of both disease etiology and
the in vivo efficacy of the drugs in use. This study demonstrates
an extensive pharmacodynamics analysis of CD3e-IT treatment
using a new murine testing system. Our mouse model enabled a
detailed evaluation of CD3e-IT-mediated T-cell depletion in
multiple organs for both circulating and tissue-resident cells,
evaluated separately. Differential CD3e expression among
differing T-cell subsets, as well as organ-to-organ variations in
CD3e expression, were identified as a main driver for Treg
enrichment and the reshaping of organ-specific T-cell
composition after CD3e-IT treatment. Differences in CD3e
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FIGURE 2

Differential CD3e on T cells drive an enrichment of CD3%™ Tregs with organ-to-organ variations. (A) CD3e expression (x-axis) on the CD8+,

CD4+, CD4+Foxp3-, and CD4+Foxp3+ cells

(y-axis, normalized to mode) are shown for the peripheral blood and tissue-resident portions (IVS-)

of spleen, mesenteric LNs, and lungs. (B) Heatmaps show CD3e mean fluorescent intensities (MFI) for CD4+, CD8+, CD4+Foxp3- and
CD4+Foxp3+ cells of all tested organs. Statistical comparison of CD3e MFI on two groups, CD4 (PBS) vs. CD8 (PBS) and PBS-treated vs. S-
CD3e-IT-treated mice, is denoted with an asterisk (*) on the heat map. (*p < 0.05 and **p < 0.01). (C) The diagram shows the symbol of all
tested organs in (D, E). (D) A positive correlation between the fold reductions of CD4+ or CD8+ cell numbers in different organs after CD3e-IT
treatment (y-axis) and CD3e MFI of these cells in PBS-treated animals (x-axis). CD4+ and CD8+ lymphocytes for the peripheral blood (red), and
tissue-resident (IVS-) portions of the spleen (green), mesenteric LNs (white), Peyer's patches (purple), lung (black), thymus (cross), and bone
marrow (asterisk) are compared. (E) A positive correlation between the fold reductions of CD4+Foxp3- cell numbers in different organs after
CD3e-IT treatment (y-axis) and CD3e MFI of these cells in PBS-treated animals (x-axis). Note that this correlation was not evident for
CD3+Foxp3+ T regs. Nonimmunized mice (PBS n = 4~5, and S-CD3e-IT n = 4~6, depending on organs); OVA-immunized mice (PBS n = 3~4,
and S-CD3e-IT n = 7~8, depending on organs).

expression on the surface of CD4+ and CD8+ T cells, as well as
Tregs are consistent with those of previous murine and human
studies (18, 108). We also found that Tregs, particularly the
CD62L" effector subset, display relatively low levels of CD3e on
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the cell surface; this difference perhaps provides a survival
advantage for CD62L'" effector Tregs. Tregs are also known to
have higher amounts of CD3e isoforms with an undegraded N
terminal and to be relatively insensitive to antibody stimuli (19,
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FIGURE 3

CD3%™CD62L'° Treg enrichment correlates with CD3e expression. (A) The flow cytometry gating strategy for CD4+Foxp3+CD62L'° and CD4
+Foxp3+CD62L". (B) CD62L'° and CD62LM (% in CD4+Foxp3+ cells) are shown for the peripheral blood (IVS+) and tissue-resident (IVS-)
portions of spleen, mesenteric LNs, peyer’s patches, lungs, thymus, and bone marrow. (C) The heatmap of CD3e MFI (yellow to red) on CD4
+Foxp3+CD62L'° and CD4+Foxp3+CD62L" cells in tested organs. CD3e MFI on CD62L'° was higher than CD62L" in all tested organs. A
statistical comparison of CD3e MFI of two groups, CD62L'° (PBS) vs. CD62L" (PBS) and PBS-treated vs. S-CD3e-IT-treated mice, is denoted
with an asterisk (*) on the heat map. The heatmap of the CD62L'°-to-CD62L" ratios (white to blue). The ratio increased after S-CD3e-IT
treatment except in peripheral blood and bone marrow. Nonimmunized mice were treated with PBS (n = 4~5, depending on organs) or S-
CD3e-IT (n = 4~6). OVA-immunized mice were treated with PBS (n = 3~4) or S-CD3e-IT (n = 7~8). (*p < 0.05 and **p < 0.01).

20); these factors likely bolster their resistance to CD3e-IT-
mediated cell death as well.

Notably, we also found substantial organ-to-organ variations
in T-cell depletion. Our systemic comparison of 11 different
organs — including peripheral blood, spleen, Peyer’s patches,
lung, thymus, bone marrow and 5 different LN types
(mesenteric, inguinal, mandibular, mediastinal, and lumbar) -
identified (i) variations in CD3e expression among tissue-
resident T cells of different organs as a major factor
contributing to the CD3e-IT-mediated reshaping of local T-
cell composition. The organ-to-organ variations in CD3e
expression may reflect the unique immunologic status of
tissue-resident local T cells mostly controlled by local stimuli,
maintaining a distinct TCR/CD3 repertoire (45, 55). Additional
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factors we identified that contribute to the organ-to-organ
variations in T-cell depletion include (ii) the unique functional
properties of each organ (e.g. the thymus producing new T cells
and the bone marrow actively retaining Tregs), and (iii) the
dependency of anatomic locations of LNs in CD3e-IT efficacy
which is due likely to the effects of drug injection and circulation
routes (105-107). All these factors (i - iii) may collectively affects
CD3e-IT treatment efficacy in local organs and the reshaping of
local T-cell immunity following CD3e-IT-treatment. The 11
different organs we analyzed here were the maximum number
of organs we could reasonably analyze in our current
experimental settings. To conduct a systemic comparison of
these organs from the same animals, we strategically excluded
the skin, lungs, and guts, as each of these organs would have
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FIGURE 4

OVA

Changes in the functional phenotype of T cells after CD3e-IT treatment. (A) S-CD3e-IT treatment enriched CD25+ Tregs cells. CD25+
population (% in CD4+ cells) is shown for the peripheral blood and tissue-resident (IVS-) portions of spleen, mesenteric LNs, and thymus in PBS
and S-CD3e-IT treated mice. (B) The flow gating strategy is shown to define CD44+, CXCR5+, Ki67+, and PD-1+ cells in CD4+Foxp3- and CD4
+Foxp3+ cells (Upper panel). The heat map shows four functional phenotypic changes (light red to dark red) of CD4+Foxp3- and CD4+Foxp3+
T cells following S-CD3e-IT treatment (Lower panel). Statistical comparison between PBS-treated vs. S-CD3e-IT-treated mice is denoted with
an asterisk (*) on the Heat map. (C) The flow cytometry gating strategy is shown to define CXCR5+PD-1+ Tfr or Tfh. The CXCR5+PD-1+ Tfr-to-
CXCR5+PD-1+ Tfh ratios are shown for peripheral blood and tissue-resident (IVS-) portions of the spleen, mesenteric LN, and thymus
Nonimmunized mice were treated with PBS (n = 4~5, depending on organs) or S-CD3e-IT (n = 4~6). OVA-immunized mice were treated with
PBS (n = 3~4) or S-CD3e-IT (n = 7~8). (*p < 0.05 and **p < 0.01)
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FIGURE 5

Consistent LN-to-LN variations. (A) Symbols of mesenteric (white), inguinal (light blue), mandibular (blue), mediastinal (red), and lumber (green)
LNs are shown. (B) Fold reductions of CD4+ or CD8+ T cells (y-axis; S-CD3e-IT/PBS) and CD3e MFI of these cells in each LNs (x-axis) are
shown. There was no positive correlation between CD3e MFI and CD4+ and CD8+ cell depletion rates. (C) Fold reductions of CD4+Foxp3- or
CD4+Foxp3+ T cells (y-axis; S-CD3e-IT/PBS) and CD3e MFI of these cells in each LNs (x-axis) are shown. There was no positive correlation
between CD3e MFI and CD4+Foxp3- cells. (D) CD62L'° and CD62L" (% in CD4+Foxp3+ cells) are shown for these LNs. The surviving cells were
enriched in CD4+Foxp3+ cell pools with the CD62L'° phenotype. (E) The Tfr-to-Tfh ratios (% in CD4+) are shown for these LNs. S-CD3e-IT-
treated mice show higher Tfr-to-Tfh ratios in most of these LNs. Nonimmunized mice were treated with PBS (n = 2~4, depending on LN types)
or S-CD3e-IT (n = 2~6). OVA-immunized mice were treated with PBS (n = 3~4) or S-CD3e-IT) (n = 4~8) *p < 0.05 and **p < 0.01.

required hours of additional cell-isolation procedures. The
depletion of tissue-resident T cells in the lungs and skin have
been demonstrated previously (35, 46). Although these studies
and our own preliminary data for gut T-cell depletion (data not
shown) suggest similar levels of T-cell depletion in these organs,
a systemic comparison of all of these organs would allow for a
complete understanding of the impact of CD3-IT treatment and
immune system recovery following the treatment.
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Mounting evidence points to the critical roles of Tregs in
promoting tolerance in various treatment settings (30-33). Yet
Tregs can act like a double-edged sword insofar as they also
suppress anti-cancer T-cell immunity, making the local
environment more favorable for cancer growth (55). Despite the
crucial need, Treg enrichment and their functional properties in
CD3e-IT treatment remained unclear. Similar to the transient
enrichment of Tregs in the early tolerance-induction period of
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CD3e-mAb (145-2C11) treatment in mice (18, 79, 88-95), we also
found a substantial enrichment of Tregs after S-CD3e-IT treatment.
The phenotypic properties of the surviving Tregs in S-CD3e-IT-
treated mice were, however, distinct from those in CD3e-mAb-
treated mice. Unlike CD3e-mAb - which induces, not kills, Tregs to
lead to active tolerance mechanisms involving CD62L" Tregs (18,
84-88) — CD3e-IT preferentially kills CD3e™ T cells and enriches
CD62L"° Tregs with the CD3e™ phenotype. The CD62L" effector
Tregs with CD3e®™ phenotype may have a lower tolerogenic
potential than CD62LM Tregs because, first, CD621M Tregs, not
the CD62L" counterparts, are reported to be the major population
that provides long-lasting immune tolerance (84-86), and second,
CD62L" effector Tregs require constant CD3 activation to proliferate
and maintain their functional properties (99-101). The surviving
Tregs with the CD3e™™ CD62L" phenotype were only marginally
activated in CD3e-IT treated mice. Given the critical importance of
Treg functions during the early tolerance-induction period, this
difference in the Treg phenotype may have an important
implication for CD3e-IT-mediated transient chimerism studies
(29, 44). We also observed an insignificant, marginal increase in
Tfr-to-Tth ratios in most LNs following CD3e-IT treatment; this
increase may partly explain the robust and durable humoral
immune modulation of donor-specific antibody responses in these
transient chimerism studies (29, 44). Treg-mediated donor T-cell
tolerance was not evident in swine or monkey models (29, 44).
Longitudinal tracking of the Tregs and investigation of B-cell
responses in long-term induction settings using our new mouse
testing model may prove useful in further investigating these
importance of Treg-mediated donor-specific T-cell and humoral
tolerance induction.

Compared to antibody-mediated T-cell depletion, CD3-IT's
have shown a superior ability to deplete tissue-resident T cells in
skin (35), as well as spleen, lung, and mesenteric. LNs (46) This
is likely due to different cell-killing mechanisms in these two
types of depletion agents; immunotoxins kill a cell through the
inhibition of protein synthesis (76), whereas antibodies require
an environmental support, e.g. neutrophils, to deplete T cells (35,
102).Previous Alemtuzumab therapy for CTCL patients showed
inefficient depletion of skin-resident T cells, including Foxp3+
regulatory T cells (35, 109), whereas CD3-IT [A-dmDT (390)-
bisFv(UCHT1)] showed effective depletion of skin-resident T
cells in human foreskin-grafted humanized mice (35). The
survival rate of skin-resident Foxp3+ regulatory T cells
following CD3-IT, however, remains unknown. Given the
limited treatment efficacy of Resimmune in treating advanced
CTCL (9), understanding and improving the depletion of skin-
resident T cells, particularly Tregs, is of significant importance.

CD3e-immunotoxins are a promising short-term, precision
treatment option for various therapies that require effective
depletion of T cells. Vascular leak syndrome (VLS) has been
the major dose-limiting toxicity, but the development of the
“second generation” recombinant CD3e-ITs has significantly
improved safety profiles in clinical and preclinical studies (1,
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14, 16, 110, 111). The recent identification of VLS-inducing (x)D
(y) motif of toxin molecules offers new opportunities to further
reduce VLS (111-117). Despite the significant improvement, the
treatment efficacy of CD3e-IT has been often limited by
unknown causes. The new insights gained in this study into
potential treatment resistance mechanisms of CD3e-ITs and
mechanisms of Treg enrichment in different organs can serve
as a new foundation on which to further improve this promising
precision medicine in clinical and preclinical studies.

Methods
Mice

Male C57BL/6] mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). All mice in this study were
maintained by the guidelines of the Ohio State University
(OSU). 4~6 months old male mice were used in this study.

S-CD3e-IT preparation

To generate murine version of S-CD3e-IT, Fc-silent CD3e
monoclonal antibody (S-CD3e-mAb; Absolute Antibody, Upper
Heyford, UK) firstly was biotinylated as previously described
(46). Anti-murine version of S-CD3e-IT was prepared by
conjugating biotinylated-S-CD3e-mAb with streptavidin-ZAP
(Advanced Targeting System, San Diego, Calif) in a 1:1 molar
ratio as previously described (46).

Immunization

For immunizing mice, male C57BL/6] mice were received
intraperitoneally with ovalbumin (OVA) emulsified in Freund’s
complete adjuvant (CFA) (- 2 weeks of the initiation of S-CD3e-
IT) followed by OVA emulsified in Freund’s incomplete
adjuvant (IFA) one week after the first OVA/CFA injection.

In vivo experiments

Male C57BL/6] mice were injected into retro-orbital sinus with
15 ug S-CD3e-IT in sterile 200 pl PBS twice a day for four consecutive
days and were euthanized on day 6 as previously described (46). On
the day of euthanasia, mice were injected into the retro-orbital sinus
with a total of 3 mg of PE/Cy7-CD45.2 (104, BioLegend) in 200 pl
sterile DPBS. After 3 minutes of injection, the mice were euthanized
following the previously established protocols (47, 118). The
peripheral blood was collected from the heart. The spleen, five LNs
(mesenteric, inguinal, mandibular, mediastinal, and lumber LNs),
lung, thymus, and bone marrow (right femur) were harvested, and
tissues were processed to isolate leukocytes following previous studies
with modifications (119, 120).
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Flow cytometry

The collected leukocytes from peripheral blood, spleen, five LNs,
lung, thymus, and bone marrow were incubated with Fc-blocking
TruStain FcX ™ (anti-mouse CD16/32, BioLegend) antibody,
followed by Zombie aqua (Live/dead indicator, BioLegend). The
cells were stained with fluorescence-labeled antibodies. The
following antibodies were purchased from BioLegend: BV650-
CD45.2 (clone 104), PE/Cy7-CD45.2 (clone 104), PE/Dazzle594-
CD69 (H1.2F3), Alexa Flour 700-CD3e (500A2), Pacific Blue-CD4
(RM4-5), BV570-CD8 (53-6.7), BV711-CD19 (6D5), PerCP/Cy5.5-
CD44 (IM7), APC/Cy7-CD62L (MEL-14), Alexa Flour 647-CXCR5
(L138D7), BV421-PD-1 (RMP1-3D), BV785-CD25 (PC61), and
BV605-Ki67 (16A8). PE/Cy5-Foxp3 (FJK-16s) was purchased
from Invitrogen. All samples were acquired on a Cytek Aurora,
and the data were analyzed with FlowJo software (BD Bioscience).
The absolute number of leukocytes was calculated using
CountBrightTM as previously described (46).

Foxp3 staining

Staining the transcription factor, Foxp3, was carried out
using the Foxp3/Transcription Factor Staining buffer set
(Invitrogen, Waltham, MA, USA) and according to the
recommended manufacturer manual.

Statistics

Data represent Mean + SEM. Mann-Whitney test and 2-way
ANOVA using Prism 9 software (GraphPad Software, La Jolla,
CA) was used to analyze if there were significant differences
between PBS-treated and S-CD3e-IT-treated mice. P value less
than 0.05 was considered significant.

Data availability statement
The original contributions presented in the study are

included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by OSU
Animal Care and Use Committee.

Frontiers in Immunology

12

10.3389/fimmu.2022.1011190

Author contributions

SaK and ShK designed all experiments. ShK, RS, AB, HY, SC,
HC, SG, and G-EL carried out the animal experiment. ShK, AB,
and SC performed flow cytometry. SaK and ShK analyzed the
data. SaK provided the reagents. SaK and ShK wrote the
manuscript. ZW, CH, JR, and NL provided critical appraisal of
the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This research was funded by the National Institutes of
Health (NHLBI ROOHL116234, NHGRI R01HG010318, and
NHGRI R21HGO010108; American Society of Hematology
Scholar Award to SaK; and C. Glenn Barber Fund to ShK.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1011190/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1011190/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1011190/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1011190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kim et al.

References

1. Frankel AE, Woo JH, Ahn C, Foss FM, Duvic M, Neville PH, et al.
Resimmune, an anti-CD3e recombinant immunotoxin, induces durable
remissions in patients with cutaneous T-cell lymphoma. Haematologica (2015)
100:794-800. doi: 10.3324/haematol.2015.123711

2. Hu H, Stavrou S, Baker BC, Tornatore C, Scharff J, Okunieff P, et al.
Depletion of T lymphocytes with immunotoxin retards the progress of
experimental allergic encephalomyelitis in rhesus monkeys. Cell Immunol (1997)
177:26-34. doi: 10.1006/cimm.1997.1096

3. Jonker M, Ringers J, Ossevoort MA, Slingerland W, van den Hout Y,
Haanstra K, et al. Long-term kidney graft survival by delayed T cell ablative
treatment in rhesus monkeys1,2. Transplantation (2002) 73:874-80. doi: 10.1097/
00007890-200203270-00008

4. Leonard DA, Kurtz JM, Mallard C, Albritton A, Duran-Struuck R, Farkash
EA, et al. Vascularized composite allograft tolerance across MHC barriers in a
Large animal model. Am ] Transplant (2014) 14:343-55. doi: 10.1111/ajt.12560

5. Huang CA, Fuchimoto Y, Scheier-Dolberg R, Murphy MC, Neville DM,
Sachs DH. Stable mixed chimerism and tolerance using a nonmyeloablative
preparative regimen in a large-animal model. J Clin Invest (2000) 105:173-81.
doi: 10.1172/JCI7913

6. Wang Z, Duran-Struuck R, Crepeau R, Matar A, Hanekamp I, Srinivasan S,
et al. Development of a diphtheria toxin based antiporcine CD3 recombinant
immunotoxin. Bioconjugate Chem (2011) 22:2014-20. doi: 10.1021/bc200230h

7. Schwarze ML, Menard MT, Fuchimoto Y, Huang CA, Houser S, Mawulawde
K, et al. Mixed hematopoietic chimerism induces long-term tolerance to cardiac
allografts in miniature swine. Ann Thorac Surg (2000) 70:131-8. doi: 10.1016/
$0003-4975(00)01564-2

8. Thompson J, Stavrou S, Weetall M, Hexham JM, Digan ME, Wang Z, et al.
Improved binding of a bivalent single-chain immunotoxin results in increased
efficacy for in vivo T-cell depletion. Protein Eng Des Sel (2001) 14:1035-41.
doi: 10.1093/protein/14.12.1035

9. Frankel AE, Woo JH, Ahn C, Foss FM, Duvic M, Neville PH, et al.
Resimmune, an anti-CD3 recombinant immunotoxin, induces durable
remissions in patients with cutaneous T-cell lymphoma. Haematologica (2015)
100:794-800. doi: 10.3324/haematol.2015.123711

10. Thompson J, HuH, Scharff], David M. An anti-CD3 single-chain immunotoxin
with a truncated diphtheria toxin avoids inhibition by pre-existing antibodies in human
blood. ] Biol Chem (1995) 270:28037-41. doi: 10.1074/jbc.270.47.28037

11. Johnson V E., Vonderheid E C., Hess A D., Eischen C M., McGirt L Y.
Genetic markers associated with progression in early mycosis fungoides. ] Eur Acad
Dermatol Venereol (2014) 28:1431-5. doi: 10.1111/jdv.12299

12. Vaqueé JP, Gomez-Lopez G, Monsalvez V, Varela I, Martinez N, Pérez C,
et al. PLCG1 mutations in cutaneous T-cell lymphomas. Blood (2014) 123:2034-43.
doi: 10.1182/blood-2013-05-504308

13. Kim J-S, Jun S-Y, Kim Y-S. Critical issues in the development of
immunotoxins for anticancer therapy. ] Pharm Sci (2020) 109:104-15.
doi: 10.1016/j.xphs.2019.10.037

14. Woo JH, Bour SH, Dang T, Lee Y-J, Park SK, Andreas E, et al. Preclinical
studies in rats and squirrel monkeys for safety evaluation of the bivalent anti-
human T cell immunotoxin, A-dmDT390-bisFv(UCHT1). Cancer Immunol
Immunother (2008) 57:1225-39. doi: 10.1007/s00262-008-0457-x

15. Hamawy MM, Tsuchida M, Manthei ER, Dong Y, Fechner JH, Knechtle SJ.
Activation of T lymphocytes for adhesion and cytokine expression by toxin-
conjugated anti-CD3 monoclonal antibodies. Transplantation (1999) 68:693-8.
doi: 10.1097/00007890-199909150-00016

16. Matar AJ, Pathiraja V, Wang Z, Duran-Struuck R, Gusha A, Crepeau R,
et al. Effect of pre-existing anti-diphtheria toxin antibodies on T cell depletion
levels following diphtheria toxin-based recombinant anti-monkey CD3
immunotoxin treatment. Transpl Immunol (2012) 27:52-4. doi: 10.1016/
j.trim.2012.05.003

17. You S. Differential sensitivity of regulatory and effector T cells to cell death:
A prerequisite for transplant tolerance. Front Immunol (2015) 6:242. doi: 10.3389/
fimmu.2015.00242

18. Valle A, Barbagiovanni G, Jofra T, Stabilini A, Perol L, Baeyens A, et al.
Heterogeneous CD3 expression levels in differing T cell subsets correlate with the
In vivo Anti-CD3-mediated T cell modulation. JI (2015) 194:2117-27.
doi: 10.4049/jimmunol.1401551

19. Criado G, Feito MJ, Ojeda G, Sanchez A, Janeway CA, Portolés P, et al.
Variability of invariant mouse CD3e chains detected by anti-CD3 antibodies. Eur ]
Immunol (2000) 30:1469-79. doi: 10.1002/(SICI)1521-4141(200005)30:5<1469::
AID-IMMU1469>3.0.CO;2-V

Frontiers in Immunology

10.3389/fimmu.2022.1011190

20. Rojo JM, Ojeda G, Acosta YY, Montes-Casado M, Criado G, Portoles P.
Characteristics of TCR/CD3 complex CD3e chains of regulatory CD4+ T (Treg)
lymphocytes: Role in treg differentiation in vitro and impact on treg in vivo. J
Leukocyte Biol (2014) 95:441-50. doi: 10.1189/jlb.1112584

21. Liu YY, Wang Z, Thomas J, Goodwin KJ, Stavrou S, Neville DMJr.
Polymorphisms of CD3e in cynomolgus and rhesus monkeys and their relevance
to anti-CD3 antibodies and immunotoxins. Irmmunol Cell Biol (2007) 85:357-62.
doi: 10.1038/s].icb.7100042

22. Dieffenbach M, Pastan I. Mechanisms of resistance to immunotoxins
containing pseudomonas exotoxin a in cancer therapy. Biomolecules (2020)
10:979. doi: 10.3390/biom10070979

23. Neville DMJ, Scharff ], Hu HZ, Rigaut K, Shiloach J, Slingerland W, et al. A
new reagent for the induction of T-cell depletion, anti-CD3-CRM9. ] Immunother
(1996) 19:85-92. doi: 10.1097/00002371-199603000-00001

24. Fechner JH, Vargo DJ, Geissler EK, Wang ], Neville DM, Knechtle SJ.
Mechanisms of tolerance induced by an Immunotoxin against CD~E in a rhesus
kidney allograft model. Transplantation Proceedings (1997) 1:1158. doi: 10.1016/
$0041-1345(96)00503-9

25. Huang CA, Yamada K, Murphy MC, Shimizu A, Colvin RB, Neville DM]J,
et al. In vivo T cell depletion in miniature swine using the swine CD3
immunotoxin, pCD3-CRM91. Transplantation (1999) 68:855-60. doi: 10.1097/
00007890-199909270-00019

26. Fuchimoto Y, Huang CA, Yamada K, Shimizu A, Kitamura H, Colvin RB,
et al. Mixed chimerism and tolerance without whole body irradiation in a large
animal model. ] Clin Invest (2000) 105:1779-89. doi: 10.1172/JCI8721

27. Cina RA, Wikiel KJ, Lee PW, Cameron AM, Hettiarachy S, Rowland H, et al.
Stable multilineage chimerism without graft versus host disease following
nonmyeloablative haploidentical hematopoietic cell transplantation.
Transplantation (2006) 81:1677-85. doi: 10.1097/01.tp.0000226061.59196.84

28. Wang Z, Kim G-B, Woo J-H, Liu YY, Mathias A, Stavrou S, et al.
Improvement of a recombinant anti-monkey anti-CD3 diphtheria toxin based
immunotoxin by yeast display affinity maturation of the scFv. Bioconjugate Chem
(2007) 18:947-55. doi: 10.1021/bc0603438

29. Pathiraja V, Villani V, Tasaki M, Matar AJ, Duran-Struuck R, Yamada R,
et al. Tolerance of vascularized islet-kidney transplants in rhesus monkeys. Am J
Transplant (2017) 17:91-102. doi: 10.1111/ajt.13952

30. Pathak S, Meyer EH. Tregs and mixed chimerism as approaches for
tolerance induction in islet transplantation. Front Immunol (2021) 11:612737.
doi: 10.3389/fimmu.2020.612737

31. Sayitoglu EC, Freeborn RA, Roncarolo MG. The yin and yang of type 1
regulatory T cells: From discovery to clinical application. Front Immunol (2021)
12:693105. doi: 10.3389/fimmu.2021.693105

32. Ruiz P, Maldonado P, Hidalgo Y, Sauma D, Rosemblatt M, Bono MR.
Alloreactive regulatory T cells allow the generation of mixed chimerism and
transplant tolerance. Front Immunol (2015) 6:596. doi: 10.3389/fimmu.2015.00596

33. Joffre O, Santolaria T, Calise D, Saati TA, Hudrisier D, Romagnoli P, et al.
Prevention of acute and chronic allograft rejection with CD4+CD25+Foxp3+
regulatory T lymphocytes. Nat Med (2008) 14:88-92. doi: 10.1038/nm1688

34. Wamala I, Matar AJ, Farkash E, Wang Z, Huang CA, Sachs DH.
Recombinant anti-monkey CD3 immunotoxin depletes peripheral lymph node T
lymphocytes more effectively than rabbit anti-thymocyte globulin in naive
baboons. Transplant Immunol (2013) 29:60-3. doi: 10.1016/j.trim.2013.10.004

35. Watanabe R, Gehad A, Yang C, Campbell L, Teague JE, Schlapbach C, et al.
Human skin is protected by four functionally and phenotypically discrete
populations of resident and recirculating memory T cells. Sci Transl Med (2015)
7:279ra39. doi: 10.1126/scitranslmed.3010302

36. Knechtle SJ, Fechner JH, Dong Y, Stavrou S, Oberley T, Buckley P, et al.
Primate renal transplants using immunotoxin. Surgery (1998) 124:10. doi: 10.1016/
$0039-6060(98)70151-5

37. Knechtle SJ, Vargo D, Fechner J, Zhai Y, Wang J, Hanaway M]J, et al. FN18-
Crm9 immunotoxin promotes tolerance in primate renal Allograftsl.
Transplantation (1997) 63:1-6. doi: 10.1097/00007890-199701150-00002

38. Torrealba JR, Katayama M, Fechner JH, Jankowska-Gan E, Kusaka S, Xu Q,
et al. Metastable tolerance to rhesus monkey renal transplants is correlated with
allograft TGF-B1 * CD4 " T regulatory cell infiltrates. ] Immunol (2004) 172:5753-
64. doi: 10.4049/jimmunol.172.9.5753

39. Torrealba JR, Fernandez LA, Kanmaz T, Oberley TD, Schultz JM, Brunner
KG, et al. Immunotoxin-treated rhesus monkeys: A model for renal allograft
chronic rejectionl. Transplantation (2003) 76:524-30. doi: 10.1097/
01.TP.0000075788.72614.D4

frontiersin.org


https://doi.org/10.3324/haematol.2015.123711
https://doi.org/10.1006/cimm.1997.1096
https://doi.org/10.1097/00007890-200203270-00008
https://doi.org/10.1097/00007890-200203270-00008
https://doi.org/10.1111/ajt.12560
https://doi.org/10.1172/JCI7913
https://doi.org/10.1021/bc200230h
https://doi.org/10.1016/S0003-4975(00)01564-2
https://doi.org/10.1016/S0003-4975(00)01564-2
https://doi.org/10.1093/protein/14.12.1035
https://doi.org/10.3324/haematol.2015.123711
https://doi.org/10.1074/jbc.270.47.28037
https://doi.org/10.1111/jdv.12299
https://doi.org/10.1182/blood-2013-05-504308
https://doi.org/10.1016/j.xphs.2019.10.037
https://doi.org/10.1007/s00262-008-0457-x
https://doi.org/10.1097/00007890-199909150-00016
https://doi.org/10.1016/j.trim.2012.05.003
https://doi.org/10.1016/j.trim.2012.05.003
https://doi.org/10.3389/fimmu.2015.00242
https://doi.org/10.3389/fimmu.2015.00242
https://doi.org/10.4049/jimmunol.1401551
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5%3C1469::AID-IMMU1469%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5%3C1469::AID-IMMU1469%3E3.0.CO;2-V
https://doi.org/10.1189/jlb.1112584
https://doi.org/10.1038/sj.icb.7100042
https://doi.org/10.3390/biom10070979
https://doi.org/10.1097/00002371-199603000-00001
https://doi.org/10.1016/s0041-1345(96)00503-9
https://doi.org/10.1016/s0041-1345(96)00503-9
https://doi.org/10.1097/00007890-199909270-00019
https://doi.org/10.1097/00007890-199909270-00019
https://doi.org/10.1172/JCI8721
https://doi.org/10.1097/01.tp.0000226061.59196.84
https://doi.org/10.1021/bc0603438
https://doi.org/10.1111/ajt.13952
https://doi.org/10.3389/fimmu.2020.612737
https://doi.org/10.3389/fimmu.2021.693105
https://doi.org/10.3389/fimmu.2015.00596
https://doi.org/10.1038/nm1688
https://doi.org/10.1016/j.trim.2013.10.004
https://doi.org/10.1126/scitranslmed.3010302
https://doi.org/10.1016/S0039-6060(98)70151-5
https://doi.org/10.1016/S0039-6060(98)70151-5
https://doi.org/10.1097/00007890-199701150-00002
https://doi.org/10.4049/jimmunol.172.9.5753
https://doi.org/10.1097/01.TP.0000075788.72614.D4
https://doi.org/10.1097/01.TP.0000075788.72614.D4
https://doi.org/10.3389/fimmu.2022.1011190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kim et al.

40. Page EK, Page AJ, Kwun J, Gibby AC, Leopardi F, Jenkins JB, et al
Enhanced De novo alloantibody and antibody-mediated injury in rhesus
macaques. Am ] Transplant (2012) 12:2395-405. doi: 10.1111/j.1600-
6143.2012.04074.x

41. Gupta PK, McIntosh CM, Chong AS, Alegre M-L. The pursuit of
transplantation tolerance: New mechanistic insights. Cell Mol Immunol (2019)
16:324-33. doi: 10.1038/541423-019-0203-7

42. Graca L, Le Moine A, Lin C-Y, Fairchild PJ, Cobbold SP, Waldmann H.
Donor-specific transplantation tolerance: The paradoxical behavior of CD4+CD25
+ T cells. Proc Natl Acad Sci (2004) 101:10122-6. doi: 10.1073/pnas.0400084101

43. Zuber ], Sykes M. Mechanisms of mixed chimerism-based transplant
tolerance. Trends Immunol (2017) 38:829-43. doi: 10.1016/}.it.2017.07.008

44. Duran-Struuck R, Matar A, Crepeau R, Gusha A, Schenk M, Hanekamp I,
et al. Lack of antidonor alloantibody does not indicate lack of immune
sensitization: Studies of graft loss in a haploidentical hematopoietic cell
transplantation swine model. Biol Blood Marrow Transplant (2012) 18:1629-37.
doi: 10.1016/.bbmt.2012.08.004

45. Masopust D, Soerens AG. Tissue-resident T cells and other resident
leukocytes. Annu Rev Immunol (2019) 37:521-46. doi: 10.1146/annurev-
immunol-042617-053214

46. Kim S, Shukla RK, Kim E, Cressman SG, Yu H, Baek A, et al. Comparison of
CD3e antibody and CD3e-sZAP immunotoxin treatment in mice identifies SZAP
as the main driver of vascular leakage. Biomedicines (2022) 10:1221. doi: 10.3390/
biomedicines10061221

47. Anderson KG, Mayer-Barber K, Sung H, Beura L, James BR, Taylor JJ, et al.
Intravascular staining for discrimination of vascular and tissue leukocytes. Nat
Protoc (2014) 9:209-22. doi: 10.1038/nprot.2014.005

48. Potter EL, Gideon HP, Tkachev V, Fabozzi G, Chassiakos A, Petrovas C,
et al. Measurement of leukocyte trafficking kinetics in macaques by serial
intravascular staining. Sci Trans Med (2021) 13:eabb4582. doi: 10.1126/
scitranslmed.abb4582

49. Ochando JC, Yopp AC, Yang Y, Garin A, Li Y, Boros P, et al. Lymph node
occupancy is required for the peripheral development of alloantigen-specific Foxp3
* regulatory T cells. J Immunol (2005) 174:6993-7005. doi: 10.4049/
jimmunol.174.11.6993

50. Schneider MA, Meingassner JG, Lipp M, Moore HD, Rot A. CCR7 is
required for the in vivo function of CD4+ CD25+ regulatory T cells. J Exp Med
(2007) 204:735-45. doi: 10.1084/jem.20061405

51. Zhang N, Schréppel B, Lal G, Jakubzick C, Mao X, Chen D, et al. Regulatory
T cells sequentially migrate from inflamed tissues to draining lymph nodes to
suppress the alloimmune response. Immunity (2009) 30:458-69. doi: 10.1016/
j.immuni.2008.12.022

52. Lathrop SK, Santacruz NA, Pham D, Luo ], Hsieh C-S. Antigen-specific
peripheral shaping of the natural regulatory T cell population. J Exp Med (2008)
205:3105-17. doi: 10.1084/jem.20081359

53. Vaeth M, Miiller G, Stauss D, Dietz L, Klein-Hessling S, Serfling E, et al.
Follicular regulatory T cells control humoral autoimmunity via NFAT2-regulated
CXCR5 expression. ] Exp Med (2014) 211:545-61. doi: 10.1084/jem.20130604

54. Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, Rayner TF, et al.
Foxp3+ follicular regulatory T cells control the germinal center response. Nat Med
(2011) 17:975-82. doi: 10.1038/nm.2425

55. Wei S, Kryczek I, Zou W. Regulatory T-cell compartmentalization and
trafficking. Blood (2006) 108:426-31. doi: 10.1182/blood-2006-01-0177

56. Mathes DW, Hwang B, Graves SS, Edwards ], Chang J, Storer BE, et al.
Tolerance to vascularized composite allografts in canine mixed hematopoietic
chimeras. Transplantation (2011) 92:1301-8. doi: 10.1097/TP.0b013e318237d6d4

57. Eljaafari A, Badet L, Kanitakis J, Ferrand C, Farre A, Petruzzo P, et al.
Isolation of regulatory T cells in the skin of a human hand-allograft, up to six years
posttransplantation. Transplantation (2006) 82:1764-8. doi: 10.1097/
01.tp.0000250937.46187.ca

58. Vallera DA, Kuroki DW, Panoskaltsis-Mortari A, Buchsbaum DJ, Rogers
BE, Blazar BR. Molecular modification of a recombinant anti-CD3e-directed
immunotoxin by inducing terminal cysteine bridging enhances anti-GVHD
efficacy and reduces organ toxicity in a lethal murine model. Blood (2000)
96:1157-65. doi: 10.1182/blood.V96.3.1157

59. Vallera D, Taylor P, Panoskaltsis-Mortari A, Blazar B. Therapy for ongoing
graft-versus-host disease induced across the major or minor histocompatibility
barrier in mice with anti-CD3F(ab’)2-ricin toxin a chain immunotoxin. Blood
(1995) 86:4367-75. doi: 10.1182/blood.V86.11.4367.bloodjournal86114367

60. Kim G-B, Wang Z, Liu YY, Stavrou S, Mathias A, Goodwin K]J, et al. A fold-
back single-chain diabody format enhances the bioactivity of an anti-monkey CD3
recombinant diphtheria toxin-based immunotoxin. Protein Eng Design Selection
(2007) 20:425-32. doi: 10.1093/protein/gzm040

Frontiers in Immunology

10.3389/fimmu.2022.1011190

61. Vallera DA, Panoskaltsis-Mortari A, Blazar BR. Renal dysfunction accounts
for the dose limiting toxicity of DT390anti- CD3sFv, a potential new recombinant
anti-GVHD immunotoxin. Protein Eng Design Selection (1997) 10:1071-6.
doi: 10.1093/protein/10.9.1071

62. Kuwahara K, Yoshida M, Kondo E, Sakata A, Watanabe Y, Abe E, et al. A
novel nuclear phosphoprotein, GANP, is up-regulated in centrocytes of the
germinal center and associated with MCM3, a protein essential for DNA
replication. Blood (2000) 95:2321-8. doi: 10.1182/blood.V95.7.2321

63. Luzina IG, Atamas SP, Storrer CE, daSilva LC, Kelsoe G, Papadimitriou JC,
et al. Spontaneous formation of germinal centers in autoimmune mice. J Leukocyte
Biol (2001) 70:578-84. doi: 10.1189/j1b.70.4.578

64. Poudrier J, Weng X, Kay DG, Paré G, Calvo EL, Hanna Z, et al. The AIDS
disease of CD4C/HIV transgenic mice shows impaired germinal centers and
autoantibodies and develops in the absence of IFN-y and IL-6. Immunity (2001)
15:173-85. doi: 10.1016/S1074-7613(01)00177-7

65. Riteau N, Radtke AJ, Shenderov K, Mittereder L, Oland SD, Hieny S, et al.
Water-in-Oil-only adjuvants selectively promote T follicular helper cell
polarization through a type I IFN and IL-6-dependent pathway. JI (2016)
197:3884-93. doi: 10.4049/jimmunol.1600883

66. Schrock DC, Leddon SA, Hughson A, Miller J, Lacy-Hulbert A, Fowell DJ.
Pivotal role for o v integrins in sustained tfh support of the germinal center
response for long-lived plasma cell generation. Proc Natl Acad Sci USA (2019)
116:4462-70. doi: 10.1073/pnas.1809329116

67. Beura LK, Wijeyesinghe S, Thompson EA, Macchietto MG, Rosato PC,
Pierson MJ, et al. T Cells in nonlymphoid tissues give rise to lymph-Node-Resident
memory T cells. Immunity (2018) 48:327-338.e5. doi: 10.1016/
jimmuni.2018.01.015

68. Keijzer C, van der Zee R, Van Eden W, Broere F. Treg inducing adjuvants
for therapeutic vaccination against chronic inflammatory diseases. Front Immunol
(2013) 4:245. doi: 10.3389/fimmu.2013.00245

69. Wu T, Zhang L, Xu K, Sun C, Lei T, Peng J, et al. Immunosuppressive drugs
on inducing Ag-specific CD4+CD25+Foxp3+ treg cells during immune response in
vivo. Transplant Immunol (2012) 27:30-8. doi: 10.1016/j.trim.2012.05.001

70. Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA, et al.
Normalizing the environment recapitulates adult human immune traits in
laboratory mice. Nature (2016) 532:512-6. doi: 10.1038/naturel17655

71. Levelt CN, Ehrfeld A, Eichmann K. Regulation of thymocyte development
through CD3. i. timepoint of ligation of CD3 epsilon determines clonal deletion or
induction of developmental program. ] Exp Med (1993) 177:707-16. doi: 10.1084/
jem.177.3.707

72. Wang H, Holst J, Woo SR, Guy C, Bettini M, Wang Y, et al. Tonic
ubiquitylation controls T-cell receptor:CD3 complex expression during T-cell
development. EMBO ] (2010) 29:1285-98. doi: 10.1038/emboj.2010.10

73. Shevach EM. CD4+CD25+ suppressor T cells: more questions than answers.
Nat Rev Immunol (2002) 2:389-400. doi: 10.1038/nri821

74. Sakaguchi S. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T
cells in immunological tolerance to self and non-self. Nat Immunol (2005) 6:345—
52. doi: 10.1038/ni1178

75. Zou L, Barnett B, Safah H, LaRussa VF, Evdemon-Hogan M, Mottram P,
et al. Bone marrow is a reservoir for CD4 * CD25 " regulatory T cells that traffic
through CXCL12/CXCR4 signals. Cancer Res (2004) 64:8451-5. doi: 10.1158/0008-
5472.CAN-04-1987

76. Stephens LA, Mottet C, Mason D, Powrie F. Human CD4+CD25+
thymocytes and peripheral T cells have immune suppressive activity in vitro. Eur
J Immunol (2001) 31:1247-54. doi: 10.1002/1521-4141(200104)31:4<1247:AID-
IMMU1247>3.0.CO;2-M

77. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific
recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege
and predicts reduced survival. Nat Med (2004) 10:942-9. doi: 10.1038/nm1093

78. Huang M-T, Lin B-R, Liu W-L, Lu C-W, Chiang B-L. Lymph node
trafficking of regulatory T cells is prerequisite for immune suppression. J
Leukocyte Biol (2016) 99:561-8. doi: 10.1189/jlb.1A0715-296R

79. Mehta DS, Christmas RA, Waldmann H. Rosenzweig m. partial and
transient modulation of the CD3-t-cell receptor complex, elicited by low-dose
regimens of monoclonal anti-CD3, is sufficient to induce disease remission in non-
obese diabetic mice. Immunology (2010) 130:103-13. doi: 10.1111/j.1365-
2567.2009.03217.x

80. Yamaizumi M, Mekada E, Uchida T, Okada Y. One molecule of diphtheria
toxin fragment a introduced into a cell can kill the cell. Cell (1978) 15:245-50.
doi: 10.1016/0092-8674(78)90099-5

81. Campbell DJ, Koch MA. Phenotypical and functional specialization of
FOXP3+ regulatory T cells. Nat Rev Immunol (2011) 11:119-30. doi: 10.1038/
nri2916

frontiersin.org


https://doi.org/10.1111/j.1600-6143.2012.04074.x
https://doi.org/10.1111/j.1600-6143.2012.04074.x
https://doi.org/10.1038/s41423-019-0203-7
https://doi.org/10.1073/pnas.0400084101
https://doi.org/10.1016/j.it.2017.07.008
https://doi.org/10.1016/j.bbmt.2012.08.004
https://doi.org/10.1146/annurev-immunol-042617-053214
https://doi.org/10.1146/annurev-immunol-042617-053214
https://doi.org/10.3390/biomedicines10061221
https://doi.org/10.3390/biomedicines10061221
https://doi.org/10.1038/nprot.2014.005
https://doi.org/10.1126/scitranslmed.abb4582
https://doi.org/10.1126/scitranslmed.abb4582
https://doi.org/10.4049/jimmunol.174.11.6993
https://doi.org/10.4049/jimmunol.174.11.6993
https://doi.org/10.1084/jem.20061405
https://doi.org/10.1016/j.immuni.2008.12.022
https://doi.org/10.1016/j.immuni.2008.12.022
https://doi.org/10.1084/jem.20081359
https://doi.org/10.1084/jem.20130604
https://doi.org/10.1038/nm.2425
https://doi.org/10.1182/blood-2006-01-0177
https://doi.org/10.1097/TP.0b013e318237d6d4
https://doi.org/10.1097/01.tp.0000250937.46187.ca
https://doi.org/10.1097/01.tp.0000250937.46187.ca
https://doi.org/10.1182/blood.V96.3.1157
https://doi.org/10.1182/blood.V86.11.4367.bloodjournal86114367
https://doi.org/10.1093/protein/gzm040
https://doi.org/10.1093/protein/10.9.1071
https://doi.org/10.1182/blood.V95.7.2321
https://doi.org/10.1189/jlb.70.4.578
https://doi.org/10.1016/S1074-7613(01)00177-7
https://doi.org/10.4049/jimmunol.1600883
https://doi.org/10.1073/pnas.1809329116
https://doi.org/10.1016/j.immuni.2018.01.015
https://doi.org/10.1016/j.immuni.2018.01.015
https://doi.org/10.3389/fimmu.2013.00245
https://doi.org/10.1016/j.trim.2012.05.001
https://doi.org/10.1038/nature17655
https://doi.org/10.1084/jem.177.3.707
https://doi.org/10.1084/jem.177.3.707
https://doi.org/10.1038/emboj.2010.10
https://doi.org/10.1038/nri821
https://doi.org/10.1038/ni1178
https://doi.org/10.1158/0008-5472.CAN-04-1987
https://doi.org/10.1158/0008-5472.CAN-04-1987
https://doi.org/10.1002/1521-4141(200104)31:4%3C1247::AID-IMMU1247%3E3.0.CO;2-M
https://doi.org/10.1002/1521-4141(200104)31:4%3C1247::AID-IMMU1247%3E3.0.CO;2-M
https://doi.org/10.1038/nm1093
https://doi.org/10.1189/jlb.1A0715-296R
https://doi.org/10.1111/j.1365-2567.2009.03217.x
https://doi.org/10.1111/j.1365-2567.2009.03217.x
https://doi.org/10.1016/0092-8674(78)90099-5
https://doi.org/10.1038/nri2916
https://doi.org/10.1038/nri2916
https://doi.org/10.3389/fimmu.2022.1011190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kim et al.

82. Fisson S, Darrasse-Jéze G, Litvinova E, Septier F, Klatzmann D, Liblau R,
et al. Continuous activation of autoreactive CD4+ CD25+ regulatory T cells in the
steady state. ] Exp Med (2003) 198:737-46. doi: 10.1084/jem.20030686

83. Thornton AM, Shevach EM. Suppressor effector function of CD4 * CD25 *
immunoregulatory T cells is antigen nonspecific. ] Immunol (2000) 164:183-90.
doi: 10.4049/jimmunol.164.1.183

84. Szanya V, Ermann J, Taylor C, Holness C, Fathman CG. The subpopulation
of CD4 " CD25 * splenocytes that delays adoptive transfer of diabetes expresses 1-
selectin and high levels of CCR7. J Immunol (2002) 169:2461-5. doi: 10.4049/
jimmunol.169.5.2461

85. Ermann J, Hoftmann P, Edinger M, Dutt S, Blankenberg FG, Higgins JP, et al.
Only the CD62L+ subpopulation of CD4+CD25+ regulatory T cells protects from
lethal acute GVHD. Blood (2005) 105:2220-6. doi: 10.1182/blood-2004-05-2044

86. Taylor PA, Panoskaltsis-Mortari A, Swedin JM, Lucas PJ, Gress RE, Levine BL, etal. L-
selectinhi but not the I-selectinlo CD4+25+ T-regulatory cells are potent inhibitors of GVHD
and BM graft rejection. Blood (2004) 104:3804-12. doi: 10.1182/blood-2004-05-1850

87. Yang W, Hussain S, Mi Q-S, Santamaria P, Delovitch TL. Perturbed
homeostasis of peripheral T cells elicits decreased susceptibility to anti-CD3-
Induced apoptosis in prediabetic nonobese diabetic mice. J Immunol (2004)
173:4407-16. doi: 10.4049/jimmunol.173.7.4407

88. Kohm AP, WilliamsJS, Bickford AL, McMahon JS, Chatenoud L, Bach J-F, et al.
Treatment with nonmitogenic anti-CD3 monoclonal antibody induces CD4 * T cell
unresponsiveness and functional reversal of established experimental autoimmune
encephalomyelitis. ] Immunol (2005) 174:4525-34. doi: 10.4049/jimmunol.174.8.4525

89. von Herrath MG, Coon B, Wolfe T, Chatenoud L. Nonmitogenic CD3
antibody reverses virally induced (Rat insulin promoter-lymphocytic
choriomeningitis virus) autoimmune diabetes without impeding viral clearance. J
Immunol (2002) 168:933-41. doi: 10.4049/jimmunol.168.2.933

90. Valle A, Jofra T, Stabilini A, Atkinson M, Roncarolo M-G, Battaglia M.
Rapamycin prevents and breaks the Anti-CD3-induced tolerance in NOD mice.
Diabetes (2009) 58:875-81. doi: 10.2337/db08-1432

91. Belghith M, Bluestone JA, Barriot S, Mégret J, Bach J-F, Chatenoud L. TGF-
B-dependent mechanisms mediate restoration of self-tolerance induced by
antibodies to CD3 in overt autoimmune diabetes. Nat Med (2003) 9:1202-8.
doi: 10.1038/nm924

92. Besangon A, Baas M, Goncalves T, Valette F, Waldmann H, Chatenoud L,
et al. The induction and maintenance of transplant tolerance engages both
regulatory and anergic CD4+ T cells. Front Immunol (2017) 8:218. doi: 10.3389/
fimmu.2017.00218

93. Penaranda C, Tang Q, Bluestone JA. Anti-CD3 therapy promotes tolerance
by selectively depleting pathogenic cells while preserving regulatory T cells. JI
(2011) 187:2015-22. doi: 10.4049/jimmunol.1100713

94. Peng B, Ye P, Rawlings DJ, Ochs HD, Miao CH. Anti-CD3 antibodies
modulate anti-factor VIII immune responses in hemophilia a mice after factor VIII
plasmid-mediated gene therapy. Blood (2009) 114:4373-82. doi: 10.1182/blood-
2009-05-217315

95. Cook DP, Cunha JPMCM, Martens P-J, Sassi G, Mancarella F, Ventriglia G,
et al. Intestinal delivery of proinsulin and IL-10 via lactococcus lactis combined
with low-dose anti-CD3 restores tolerance outside the window of acute type 1
diabetes diagnosis. Front Immunol (2020) 11:1103. doi: 10.3389/fimmu.2020.01103

96. Malek TR, Yu A, Vincek V, Scibelli P, Kong L. CD4 regulatory T cells prevent
lethal autoimmunity in IL-2Rbeta-Deficient mice: Implications for the nonredundant
function of IL-2. Immunity (2002) 17:167-78. doi: 10.1016/S1074-7613(02)00367-9

97. Almeida ARM, Legrand N, Papiernik M, Freitas AA. Homeostasis of
peripheral CD4 * T cells: IL-2Ro. and IL-2 shape a population of regulatory cells
that controls CD4 * T cell numbers. J Immunol (2002) 169:4850-60. doi: 10.4049/
jimmunol.169.9.4850

98. Zhang H, Chua KS, Guimond M, Kapoor V, Brown MV, Fleisher TA, et al.
Lymphopenia and interleukin-2 therapy alter homeostasis of CD4+CD25+
regulatory T cells. Nat Med (2005) 11:1238-43. doi: 10.1038/nm1312

99. Vahl]JC, Drees C, Heger K, Heink S, Fischer JC, Nedjic J, et al. Continuous T
cell receptor signals maintain a functional regulatory T cell pool. Immunity (2014)
41:722-36. doi: 10.1016/j.immuni.2014.10.012

100. Levine AG, Arvey A, Jin W, Rudensky AY. Continuous requirement for the
TCR in regulatory T cell function. Nat Immunol (2014) 15:1070-8. doi: 10.1038/ni.3004

101. Schmidt AM, Lu W, Sindhava V], Huang Y, Burkhardt JK, Yang E, et al.
Regulatory T cells require TCR signaling for their suppressive function. JI (2015)
194:4362-70. doi: 10.4049/jimmunol.1402384

Frontiers in Immunology

15

10.3389/fimmu.2022.1011190

102. Page E, Kwun J, Oh B, Knechtle S. Lymphodepletional strategies in
transplantation. Cold Spring Harb Perspect Med (2013) 3:a015511. doi: 10.1101/
cshperspect.a015511

103. YanL,LiY,Li Y, Wu X, Wang X, Wang L, et al. Increased circulating tfh to
tfr ratio in chronic renal allograft dysfunction: a pilot study. BMC Immunol (2019)
20:26. doi: 10.1186/s12865-019-0308-x

104. Niu Q, Mendoza Rojas A, Dieterich M, Roelen DL, Clahsen-van
Groningen MC, Wang L, et al. Immunosuppression has long—lasting effects on
circulating follicular regulatory T cells in kidney transplant recipients. Front
Immunol (2020) 11:1972. doi: 10.3389/fimmu.2020.01972

105. Allen TM, Hansen CB, Guo LSS. Subcutaneous administration of
liposomes: A comparison with the intravenous and intraperitoneal routes of
injection. Biochim Biophys Acta (BBA) - Biomembranes (1993) 1150:9-16.
doi: 10.1016/0005-2736(93)90115-G

106. Pitorre M, Bastiat G, Chatel EMd, Benoit J-P. Passive and specific targeting
of lymph nodes: the influence of the administration route. Eur ] Nanomed (2015)
7:121-8. doi: 10.1515/ejnm-2015-0003

107. Thompson CG, Bokhart MT, Sykes C, Adamson L, Fedoriw Y, Luciw PA,
et al. Mass spectrometry imaging reveals heterogeneous efavirenz distribution
within putative HIV reservoirs. Antimicrob Agents Chemother (2015) 59:2944-8.
doi: 10.1128/AAC.04952-14

108. El Hentati F-Z, Gruy F, Iobagiu C, Lambert C. Variability of CD3
membrane expression and T cell activation capacity. Cytometry Part B: Clin
Cytometry (2010) 78B:105-14. doi: 10.1002/cyto.b.20496

109. Clark RA, Watanabe R, Teague JE, Schlapbach C, Tawa MC, Adams N,
et al. Skin effector memory T cells do not recirculate and provide immune
protection in alemtuzumab-treated CTCL patients. Sci Transl Med (2012)
4:117ra7. doi: 10.1126/scitranslmed.3003008

110. Darvishi B, Farahmand L, Jalili N, Majidzadeh- AK. Probable mechanisms
involved in immunotoxin mediated capillary leak syndrome (CLS) and recently
developed countering strategies. Curr Mol Med (2018) 18: 335-342. doi: 10.2174/
1566524018666181004120112Volume: 18: Page: 335-342

111. Smallshaw JE, Ghetie V, Rizo J, Fulmer JR, Trahan LL, Ghetie M-A, et al.
Genetic engineering of an immunotoxin to eliminate pulmonary vascular leak in
mice. Nat Biotechnol (2003) 21:387-91. doi: 10.1038/nbt800

112. Weldon JE, Xiang L, Chertov O, Margulies I, Kreitman R], FitzGerald DJ,
et al. A protease-resistant immunotoxin against CD22 with greatly increased
activity against CLL and diminished animal toxicity. Blood (2009) 113:3792-800.
doi: 10.1182/blood-2008-08-173195

113. Weldon JE, Xiang L, Zhang J, Beers R, Walker DA, Onda M, et al. A
recombinant immunotoxin against the tumor-associated antigen mesothelin
reengineered for high activity, low off-target toxicity, and reduced antigenicity.
Mol Cancer Ther (2013) 12:48-57. doi: 10.1158/1535-7163.MCT-12-0336

114. Wang H, Song S, Kou G, Li B, Zhang D, Hou S, et al. Treatment of
hepatocellular carcinoma in a mouse xenograft model with an immunotoxin which
is engineered to eliminate vascular leak syndrome. Cancer Immunol Immunother
(2007) 56:1775-83. doi: 10.1007/500262-007-0321-4

115. Baluna R, Rizo ], Gordon BE, Ghetie V, Vitetta ES. Evidence for a
structural motif in toxins and interleukin-2 that may be responsible for binding
to endothelial cells and initiating vascular leak syndrome. Proc Natl Acad Sci (1999)
96:3957-62. doi: 10.1073/pnas.96.7.3957

116. Diaz R, Pallares V, Cano-Garrido O, Serna N, Sanchez-Garcia L, Falgas A,
et al. Selective CXCR4+ cancer cell targeting and potent antineoplastic effect by a
nanostructured version of recombinant ricin. Small (2018) 14:¢1800665.
doi: 10.1002/smll.201800665

117. Cheung LS, Fu J, Kumar P, Kumar A, Urbanowski ME, Thms EA, et al.
Second-generation IL-2 receptor-targeted diphtheria fusion toxin exhibits
antitumor activity and synergy with anti-PD-1 in melanoma. Proc Natl Acad Sci
U.S.A. (2019) 116:3100-5. doi: 10.1073/pnas.1815087116

118. Anderson K, Sung H, Skon CN, Lefrangois L, Deisinger A, Vezys V, et al.
Cutting edge: Intravascular staining redefines lung CD8 T cell responses. J
Immunol (2012) 189: 2702-2706. doi: 10.4049/jimmunol.1201682

119. Yu Y-RA, O’Koren EG, Hotten DF, Kan MJ, Kopin D, Nelson ER, et al. A
protocol for the comprehensive flow cytometric analysis of immune cells in normal
and inflamed murine non-lymphoid tissues. PloS One (2016) 11:e0150606.
doi: 10.1371/journal.pone.0150606

120. Misharin AV, Morales-Nebreda L, Mutlu GM, Budinger GRS, Perlman H.
Flow cytometric analysis of macrophages and dendritic cell subsets in the mouse
lung. Am ] Respir Cell Mol Biol (2013) 49:503-10. doi: 10.1165/rcmb.2013-0086MA

frontiersin.org


https://doi.org/10.1084/jem.20030686
https://doi.org/10.4049/jimmunol.164.1.183
https://doi.org/10.4049/jimmunol.169.5.2461
https://doi.org/10.4049/jimmunol.169.5.2461
https://doi.org/10.1182/blood-2004-05-2044
https://doi.org/10.1182/blood-2004-05-1850
https://doi.org/10.4049/jimmunol.173.7.4407
https://doi.org/10.4049/jimmunol.174.8.4525
https://doi.org/10.4049/jimmunol.168.2.933
https://doi.org/10.2337/db08-1432
https://doi.org/10.1038/nm924
https://doi.org/10.3389/fimmu.2017.00218
https://doi.org/10.3389/fimmu.2017.00218
https://doi.org/10.4049/jimmunol.1100713
https://doi.org/10.1182/blood-2009-05-217315
https://doi.org/10.1182/blood-2009-05-217315
https://doi.org/10.3389/fimmu.2020.01103
https://doi.org/10.1016/S1074-7613(02)00367-9
https://doi.org/10.4049/jimmunol.169.9.4850
https://doi.org/10.4049/jimmunol.169.9.4850
https://doi.org/10.1038/nm1312
https://doi.org/10.1016/j.immuni.2014.10.012
https://doi.org/10.1038/ni.3004
https://doi.org/10.4049/jimmunol.1402384
https://doi.org/10.1101/cshperspect.a015511
https://doi.org/10.1101/cshperspect.a015511
https://doi.org/10.1186/s12865-019-0308-x
https://doi.org/10.3389/fimmu.2020.01972
https://doi.org/10.1016/0005-2736(93)90115-G
https://doi.org/10.1515/ejnm-2015-0003
https://doi.org/10.1128/AAC.04952-14
https://doi.org/10.1002/cyto.b.20496
https://doi.org/10.1126/scitranslmed.3003008
https://doi.org/10.2174/1566524018666181004120112
https://doi.org/10.2174/1566524018666181004120112
https://doi.org/10.1038/nbt800
https://doi.org/10.1182/blood-2008-08-173195
https://doi.org/10.1158/1535-7163.MCT-12-0336
https://doi.org/10.1007/s00262-007-0321-4
https://doi.org/10.1073/pnas.96.7.3957
https://doi.org/10.1002/smll.201800665
https://doi.org/10.1073/pnas.1815087116
https://doi.org/10.4049/jimmunol.1201682
https://doi.org/10.1371/journal.pone.0150606
https://doi.org/10.1165/rcmb.2013-0086MA
https://doi.org/10.3389/fimmu.2022.1011190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CD3e-immunotoxin spares CD62Llo Tregs and reshapes organ-specific T-cell composition by preferentially depleting CD3ehi T cells
	Introduction
	Results
	New murine CD3e-IT effectively depletes tissue T cells with notable organ-to-organ variations
	Tissue-resident CD4+ FoxP3+ Tregs were enriched in both secondary lymphoid and non-lymphoid organs
	Preferential depletion of CD3hi T cells drives enrichment of Tregs with the CD3edim phenotype
	Organ-to-organ variations in CD3e expression correlates to differential T-cell depletion rates indifferent organs
	CD62Llo Tregs are enriched in secondary lymphoid and non-lymphoid organs
	Proliferation potentials of CD3edim CD4+ Foxp3+ T cells vs. their Foxp3- counterparts
	Tfr-to-Tfh ratios in mesenteric lymph nodes
	LN-to-LN variations in T-cell depletion and Treg enrichment

	Discussion
	Methods
	Mice
	S-CD3e-IT preparation
	Immunization
	In vivo experiments
	Flow cytometry
	Foxp3 staining
	Statistics

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


