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TIM-4, expressed by medullary macrophages,
requlates respiratory tolerance by mediating
phagocytosis of antigen-specific T cells

LA Albacker', S Yu', D Bedoret!, W-L Lee!*, SE Umetsu’*, S Monahan!, GJ Freeman?,

DT Umetsu' and RH DeKruyff'

Respiratory exposure to antigen induces T cell tolerance via several overlapping mechanisms that limit the immune
response. While the mechanisms involved in the development of Treg cells have received much attention, those that
result in T cell deletion are largely unknown. Herein, we show that F4/80" lymph node medullary macrophages
expressing TIM-4, a phosphatidylserine receptor, remove antigen-specific T cells during respiratory tolerance, thereby
reducing secondary T cell responses. Blockade of TIM-4 inhibited the phagocytosis of antigen-specific T cells by TIM-4
expressing lymph node medullary macrophages, resulting in an increase in the number of antigen-specific Tcells and the
abrogation of respiratory tolerance. Moreover, specific depletion of medullary macrophages inhibited the induction of
respiratory tolerance, highlighting the key role of TIM-4 and medullary macrophages in tolerance. Therefore,
TIM-4-mediated clearance of antigen specific T cells represents an important previously unrecognized mechanism

regulating respiratory tolerance.

INTRODUCTION

TIM-4, a member of the T cell, Inmunoglobulin, and Mucin
domain (TIM) gene family, is located in a genetic region that
has been linked to autoimmune and allergic disorders in both
mice and humans.'> However, the specific mechanisms by
which TIM-4 functions in the immune system are not fully
understood. TIM-4 is a receptor for phosphatidylserine
(PtdSer) and mediates the phagocytosis of cells that have
externalized PtdSer, such as apoptotic cells.””” TIM-4 is highly
expressed by resident peritoneal macrophages, marginal zone
macrophages, lymph node medullary macrophages and other
tissue-associated macrophages, as well as by conventional
dendritic cells.>'°"'* In contrast to other receptors for PtdSer,
expression of TIM-4 is limited to hematopoietic cells,
suggesting an important role for TIM-4 in modulating immune
responses. Indeed, deficiency of TIM-4 or impairment of
TIM-4 function resulted in autoantibodies to double-stranded

DNA and elevated levels of serum Ig.””'* Moreover, we recently
showed that TIM-4 regulates adaptive immunity by mediating
the removal of PtdSer-expressing apoptotic antigen-specific T
cells, thereby controlling the number of antigen specific T cells
that remain after the contraction phase of immune responses. '’
These observations suggest that TIM-4 could play an important
role in tolerance.

Respiratory tolerance is a state of immunological non-
responsiveness induced by exposure to innocuous antigens
inhaled in the respiratory tract. In this process, pulmonary
dendritic cells sample antigen delivered in the respiratory tract
and migrate to the draining bronchiolar and mediastinal lymph
nodes, where they present antigen to CD4" T cells."” "
Following encounter with antigen, these T cells undergo an
initial phase of antigen-specific activation and expansion,
followed by removal of most of the antigen-specific T cells, with
the remaining T cell population refractory to antigen
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rechallenge.'” Thus, T cells undergo one of three possible fates:
deletion, anergy, or differentiation into regulatory T cells. These
mechanisms function in concert to induce a state of antigen-
specific non-responsiveness upon subsequent challenge. The
aims of this study were to determine the pathways involved in T
cell elimination, and the role of TIM-4 in this process.

Given the role of TIM-4 in modulating T cell numbers
remaining after an immune response, we investigated the role
of TIM-4 in the deletion of antigen specific T cells during the
induction of respiratory tolerance. We show that F4/80 "
lymph node medullary macrophages, which express TIM-4,
contribute to respiratory tolerance by phagocytosis of antigen
specific T cells. Blockade of TIM-4 using either of two different
TIM-4 mAbs prevented the induction of respiratory tolerance.
Administration of TIM-4 blocking mAb inhibited the pha-
gocytosis of activated and apoptotic antigen specific T cells by
medullary macrophages in the lung-draining lymph nodes and
led to an increase in the number of antigen-specific T cells
without affecting the activation or proliferation of these cells.
Depletion of medullary macrophages also prevented the
induction of respiratory tolerance, further demonstrating
the importance of these cells in respiratory tolerance. These
findings suggest a previously unrecognized mechanism
whereby respiratory tolerance depends on TIM-4 expressing
medullary macrophages, which limit the number of antigen-
specific T cells that remain after the induction of respiratory
tolerance.

RESULTS

Blockade of TIM-4 prevents the induction of intranasal
tolerance

To induce respiratory tolerance, mice were exposed intrana-
sally to 100 pg of LPS-free ovalbumin (OVA) or saline by
intranasal instillation on days 0, 1, and 2. The role of TIM-4 in
development of tolerance was evaluated by treating with anti-
TIM-4 or isotype control antibody on days — 1 and 3. Mice
were challenged intraperitoneally with OVA in ALUM on day
12. On day 20, T cells from control mice proliferated vigorously
after in vitro restimulation with antigen (Figure la). In
contrast, T cells from mice exposed to intranasal OVA prior to
immunization were tolerized and had significantly reduced
proliferation and reduced IL-4 and IFNYy responses compared
to control mice. However, administration of either of two
blocking anti-TIM-4 monoclonal antibodies (QT3.14 or
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21H12) reversed the induction of tolerance, resulting in
increased proliferative and cytokine responses compared to
isotype treated mice (Figure 1a and b). To examine the number
of responding cells, splenocytes from anti-TIM-4 treated and
control mice were labelled with CFSE prior to culture with
OVA. Tolerized mice had a lower percentage of proliferating
OV A-specific CD4 " T cells (CFSE low cells) than control mice.
However, treatment with anti-TIM-4 mAb prevented tolerance
induction, as shown by a restoration of the percentage of CD4 *
T cells proliferating to OVA to levels observed in the non-
tolerized mice (Figure 1c and d). CFSE labelling also allowed
the examination of cytokine production per cell. Cytokine per
cell was calculated by dividing total IL-4 or IFN7y production in
culture by the number of responding (CFSE low) T cells. No
significant differences were found in cytokine per cell between
non-tolerized, tolerized, and tolerized plus anti-TIM-4 treated
groups (Figure 1e). Thus, in vivo treatment with anti-TIM-4
mADb did not increase levels of cytokine production on a per cell
basis. This data suggests that the primary mechanism of
tolerance in this model is the deletion of OV A specific cells and
that treatment with anti-TIM-4 during tolerance induction
impairs this process.

Anti-TIM-4 treatment did not result in priming of T cells, as
shown in Figure 1f. Mice were treated with isotype or anti-
TIM-4 mAb and given OVA intranasally without subsequent
immunization. One group of mice received intranasal OVA
plus LPS as a positive control. Cells harvested from the draining
lymph nodes on day 9 were restimulated in vitro with OVA.
Cells from mice treated with intranasal OV A did not proliferate
regardless of treatment with anti-TIM-4 mAb, while as
expected, cells from mice that received OVA plus LPS
mounted a vigorous response to OVA in vitro. This
experiment showed that TIM-4 mAb treatment did not act
as an adjuvant and induce priming of T cells.

To confirm that anti-TIM-4 treatment was inhibiting the
induction of tolerance to inhaled OVA rather than enhancing
the subsequent immune response to challenge with OVA/
ALUM, mice were given intranasal OVA to induce tolerance
and treated with anti-TIM-4 or control mAb one day prior to
immunization with OVA/ALUM. Administration of anti-
TIM-4 to tolerized mice at the time of OVA challenge did not
restore the response to OVA. Both anti-TIM-4 and isotype
treated animals exhibited reduced proliferation and cytokine
responses (Figure 1g) compared with non-tolerized mice.

Figure 1 Blockade of TIM-4 inhibits tolerance induction in vivo. (a, b) BALB/c mice injected on days — 1 and 3 with anti-TIM-4 mAb (a) QT3.14, or (b)
21H12, (400 ng) or isotype control mAb were exposed on days 0, 1, and 2 to intranasal OVA (tolerized) or saline (nontolerized). All mice were
subsequently immunizedi.p. with 50 ug OVA adsorbed in2 mg alum onday 12. On day 20, B depleted splenocytes were restimulated in vitrowith OVA and
assayed for proliferation and cytokine secretion. Mean and s.e.m. is shown. Statistics compare regression curves fit to the data by F test comparing anti-
TIM-4 and isotype treated groups (Figure 1a, P<0.0001). One representative experiment of three is shown, with three mice per group in each
experiment. (c, d) B cell depleted splenocytes from mice treated as in (a) were labeled with CFSE and cultured with OVA. On day 4 cultures were stained
for CD3 and CD4, and subgated on CD3 " CD4 " cells for analysis of CFSE dilution. One representative experiment of three is shown and each group
contained four animals per group. (d) Mean and s.e.m. is shown, **P<0.01, ***P<0.001. Student’s t-test used to compare anti-TIM-4 and isotype control
treated groups. (e) B cell depleted splenocytes were labeled with CFSE and cultured with OVA. On day 4, cultures were harvested as in (c) and
supernatants were collected and assayed for cytokine production. Cytokine per cell is calculated as cytokine amount divided by the number of CFSE low
cells. (f) BALB/c mice treated with anti-TIM-4 mAb 21H12 or isotype control were exposed on days 0, 1, and 2 to intranasal OVA. As a positive control, one
group of mice were given LPS (100 ng) i.n. with OVAi.n. Draining lymph nodes were harvested 7 days later and cells cultured with OVA. Mean and s.d. are
shown. (g) BALB/c mice were tolerized and challenged as in (a); however, anti-TIM-4 or isotype control mAb was administered on day 11. Mean and
s.e.m. is shown, difference not significant. Statistics compare regression curves fit to the data by F test comparing anti-TIM-4 and isotype treated groups.
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TIM-4 is expressed in the lung draining lymph nodes

We next examined the cell types that expressed TIM-4 in the

lung-draining lymph nodes, where interaction of T cells wit
APCs occurs. Macrophages in the lung draining lymph node

identified as F4/80 " CD11b™", expressed TIM-4, and TIM-4

h

S,

expression levels increased slightly after intranasal treatment
with OVA (Figure 2a). Further analysis of these cells showed
they express low or no CD11c and do not express Grl or B220
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Figure 1 For caption please refer page 581.
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Figure2 TIM-4isexpressedby DCs and macrophages in lung draining lymph nodes. BALB/c mice received intranasal saline or OVA ondays 0, 1, and
2. Bronchial lymph nodes were harvested on day 3, collagenase digested, and stained for macrophages and dendritic cells. (a) Macrophages
were identified as F4/80 "CD11b " and stained for TIM-4 (black) or Isotype (gray). Further analysis of these cells showed they express low or no CD11¢c
and do not express B220 or Gr1. (b) Saline or (¢) OVA treated lymph nodes were stained for TIM-4 (black) or Isotype (gray). Single cell suspensions were
stained for CD11c, MHCII, B220, CD11b, CD103, and TIM-4/Isotype. Gating on B220 ~ cells allows the clear discrimination of two DC populations
CD11cM, MHCII™ and CD11c™, MHCIIM. CD11c™, MHCII™ were further subgated using CD11b and CD103 expression. Staining for TIM-4 (black
line) compared to isotype control (gray/shaded) is shown. (d) Plasmacytoid dendritic cells were identified as CD11c™*, Gr-1™", and stained for
TIM-4 (black) or Isotype (gray). (e) BALB/c mice were treated with anti-TIM-4 or isotype control antibody on day — 1, and were administered intranasal
OVA ondays 0, 1, and 2. Bronchial lymph nodes of individual mice were harvested on day 3, and analyzed as in a—d. Cell counts of macrophages and
dendritic cells were not significantly different (mean +s.e.m. shown, P>0.05, student’s t-test, n=3). NS = not significant.

(data not shown). Lymph node resident DCs (CD11c™,  nodes increased after OVA administration, the TIM-4

MHCIT™) also expressed TIM-4, including both CD4 and
CD8 DCs (Figure 2b and data not shown). TIM-4 was
expressed by both the CD11b™, CD103'" DC subset that
presents antigen to CD4 * T cells and the CD11b™", CD103™
DC subset that cross presents antigen to CD8 " T cells.'*'®
(Figure 2b). While the number of DCs in the draining lymph
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expression of these DC subsets was unchanged (Figure 2c
and data not shown). Lymph node plasmacytoid DCs did not
express TIM-4 (Figure 2d), as previously demonstrated for
splenic plasmacytoid DCs.°

We have previously shown that TIM-4 mAbs QT3.14 and
21H12 specifically block the binding and engulfment of
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apoptotic cells by TIM-4 expressing phagocytic cells.*'* To
show that anti-TIM-4 21H12 mAb is not a depleting antibody,
mice were treated with anti-TIM-4 or isotype control and the
number of CD11c™ DCs, CD11¢™ DCs, and F4/80 © macro-
phages were assessed in the bronchial lymph nodes. Anti-TIM-
4 treatment did not alter numbers of macrophages or DCs in the
lung draining lymph node (P> 0.05 all groups student’s ¢-test),
showing that this antibody does not deplete TIM-4 expressing
cells (Figure 2e).

TIM-4" cells mediate phagocytosis of antigen specific
T cells

occurring in the lymph node during tolerance induction. TIM-
47" cells (red) were observed in the medulla and scattered in the
T cell zone, with only a few TIM-47 cells in B cell follicles
(Figure 3aand b). During tolerance induction, TIM-4 * cells in
the lymph node phagocytosed antigen-specific T cells, as shown
by uptake by TIM-4 " cells of adoptively transferred CMFDA
(Cell Tracker Green)-labelled OVA specific DO11.10 Rag -
T cells. One day after the last of three intranasal exposures to
OVA, CMFDA labelled DO11.10 T cells (green) were observed
within TIM-4" cells (red) in the draining lymph nodes
(Figure 3c and d). Confocal microscopy imaging confirmed the
internalization of phagocytosed T cells (green) within a TIM-

47 cell (red) (single confocal XY plane (middle) with an XZ

We used immunofluorescence microscopy to visualize the
(top) and YZ plane (left)) (Figure 3e). A Z stack movie of this

location of TIM-4 + cells and better understand the processes

TIM-4
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Figure 3 TIM-4 expressing cells phagocytose DO11.10 T cells in the lung draining lymph nodes after intranasal OVA. Sections from bronchial/
mediastinal lymph nodes oriented in a manner that allows imaging of B cell zones, T cell zones, and the medulla in a single section. Whole lymph node
expression of (a) TIM-4 (red) and (b) B220 (blue) shows reduced TIM-4 expression in the B cell zone and stronger expression of TIM-4 in the T cell zone
and in the medulla. Scale bars, 50 um. (c-g) 10° CMFDA labeled DO11.10 T cells (green) were transferred into naive hosts which then received 3
intranasal, 100 pg doses of LPS-free OVA. Draining lymph nodes were removed on day 3 and embedded in OCT. Representative confocal images of at
least 5 animals are shown. Scale bars are 10 um. (c—e) Sections were stained with (c, e) anti-TIM-4 (red) or (d) an isotype control antibody (red). (c, d)
Maximum Z-projection images are shown. (e) A confocal image of a TIM-4 " cell showing single XY, XZ, and YZ planes showing internalization of
DO11.10 T cell material (green) withina TIM-4 * cell. (f, g) TIM-4 * cells that phagocytosed DO11.10 T cells were located near lymphatic endothelium and
notinthe T cell zone. Lymph node sections were stained for TIM-4 (red) and LYVE-1 (blue). (f) A representative image from the medulla (LYVE-1 " region)
is shown with white arrows indicating TIM-4* cells that have phagocytosed a DO11.10 cell. (g) A representative image from the T cell zone (LYVE-1~
region) is shown. DO11.10 T cellsin this field are live T cells (not engulfed). (h) Anti-TIM-4 treatment reduced the phagocytosis of activated T cells. Isotype
or anti-TIM-4 treated mice received 10° CMFDA labeled DO11.10 T cells after which they received 3 intranasal doses of OVA on days 0, 1, 2. Draining
lymph nodes were harvested and stained for TIM-4 and LYVE-1 one day later (day 3). Percentage of medullary TIM-4* cells that were DO11.10 " was
quantified. >100 TIM-4* cells were counted per mouse. One representative experiment of two is shown. (n=3, **P<0.01 by Student’s t-test).
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cell shows that the phagocytosed DO11.10 T cell was localized
inside the TIM-4 ™ cell (Supplementary Movie 1 online). A Z
stack reconstruction of the surface of this TIM-4™ cell also
shows this by comparing 100% surface opacity (Supplementary
Figure 1A online) with 50% opacity (Supplementary Figure 1B
online), demonstrating remnants of phagocytosed DO11.10 T
cells within the TIM-4 * cell. Some TIM-4 " cells were oriented
primarily in the Z direction of the microscope, which were best
appreciated by a Z stack movie comprised of individual confocal
slices (Supplementary Movie 2 online). These results
demonstrate that TIM-4" cells phagocytose DO11.10 T
cells in vivo after intranasal OVA administration.

The majority of the TIM-4 " cells (red) that had phago-
cytosed DO11.10 T cells (green, white arrows) were located in
the lymph node medulla, which is defined by the presence of
LYVE-1" lymphatic endothelium (blue) (Figure 3f). In
contrast, few of the TIM-4" cells in the T cell zone
(shown by an absence of LYVE-1 staining) located in the
center of the lymph node, phagocytosed DO11.10 T cells
(Figure 3g). The DO11.10 T cells in this field are live and have
not been engulfed. These findings indicated that TIM-4 * cells
residing in the medulla were the primary cells phagocytosing
antigen-specific T cells during tolerance induction. Phago-
cytosis of the DOI11.10 T cells was mediated by TIM-4,
since treatment of mice with anti-TIM-4 mAb reduced the
number of TIM-4 + cells containing DO11.10 T cells in the
medulla (Figure 3h).

Blockade of TIM-4 results in increased numbers of
antigen specific T cells

Consistent with the idea that there is less phagocytosis of
DO11.10 T cells in mice treated with anti-TIM-4 mAb, anti-
TIM-4 treated mice had increased numbers of OVA specific
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T cells remaining in the lymph nodes (Figure 4a). Blockade of
TIM-4 had no effect on the early activation and division of the
OV A-specific cells, since CFSE dilution of transferred DO11.10
cells was unchanged by anti-TIM-4 treatment (Figure 4b).
Uptake of the DO11.10 cells by TIM-4 + macrophages was
mediated most likely by PtdSer expression by the DO11.10 cells
since a large fraction of the DO11.10 T cells expressed PtdSer
(Figure 4c),'”” and this was not affected by anti-TIM-4
treatment. These results indicated that TIM-4 mediated the
uptake of DO11.10 T cells expressing PtdSer during tolerance
induction, but had no effect on the number of cell divisions that
the DO11.10 cells underwent.

Medullary F4/80 ", TIM-4* macrophages phagocytize
antigen specific T cells

During respiratory tolerance induction, the DO11.10 T cells
were cleared by medullary F4/80 * TIM-4 " macrophages. This
was shown by staining lymph node sections from mice that had
received CMFDA-labelled DO11.10 T cells with anti-TIM-4,
anti-F4/80 and anti-CD11c mAb. TIM-4" cells that had
engulfed DO11.10 T cells costained with anti-F4/80 mAb
(Figure 5a) but not with anti-CD11c mAb (Figure 5b),
suggesting that the phagocytizing cells were macrophages.
These results were confirmed by staining consecutive sections
with anti-LYVE-1 and anti-F4/80 mAb. Focusing ona TIM-4 *
cell that had phagocytosed green DO11.10 T cells, denoted by
the white arrow in Figure 5¢ we showed that this phagocytic
TIM-4* cell located in the medulla was indeed F4/80%
(Figure 5d). Together, these results show that TIM-4 ™
macrophages in the lymph node medulla are responsible
for the phagocytosis of antigen specific T cells during tolerance
induction.
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Figure 4 Anti-TIM-4 treatment increases the number of antigen specific T cells on day 3 after intranasal OVA administration. (a) Isotype or anti-TIM-4
treated mice received 10° CFSE labeled DO11.10 T cells on day 0 and 3 doses of intranasal OVA on days 0,1,2. The number of DO11.10 T cells in
draining LN was quantified 3 days after transfer. One representative experiment of three is shown. (n=5, **P<0.01 by Student’s t-test) (b) Although
treatment with anti-TIM-4 increased the total number of CFSE labeled DO11.10 T cells in draining lymph nodes (KJ1-26 * cells, black) it did not
alter the number of cell divisions. One representative experiment of two is shown. (¢) Lymph nodes cells prepared as in (a) were stained for TCRf3, CD4,
KJ1-26, and AnnexinV. The black line is gated from CD4 *KJ1-26* cells while the gray, shaded histogram is from endogenous CD4 " KJ1-26 ~ cells
(same sample) showing that the activated T cells had externalized PtdSer. One representative experiment of two is shown.
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Figure 5 F4/80" macrophages in the lymph node medulla express TIM-4 and phagocytose DO11.10 T cells. (a—d) 10° CMFDA labeled DO11.10 T
cells (green) were transferred into naive hosts which then received 3 intranasal, 100 pug doses of LPS-free OVA. Lymph node sections were prepared
as in Figure 3. Scale bars 10 um. (a) White arrows indicate colocalization of TIM-4 (red) with F4/80 (blue) (colocalized shows as magenta) on cells that
have phagocytosed DO11.10 T cells (green) (triple colocalization shows as white). (b) CD11c (blue) did not colocalize with TIM-4 + cells (red) that had
phagocytosed DO11.10 T cells. Colocalization of TIM-4 and DO11.10 appears yellow in cells that do not express CD11c. Representative images of 4
animals shown. (¢, d) Consecutive sections were stained for anti-TIM-4 (red) and (c) anti-LYVE-1 (blue) or (d) anti-F4/80 (blue). (¢) The white arrow
highlights a TIM-4 * DO11 " cell located in the medulla (LYVE-1, blue) to be analyzed in (d). (d) A single cell indicated by the white arrow from (c) is shown.
Upper left panel is an overlay of all fluorescent channels. Upper right, CMFDA-DO11.10 (green). Lower left, TIM-4 (red). Lower right, F4/80 (blue).
Representative images from 2 animals shown. (e) Bronchial lymph nodes were collagenase digested and co-cultured with apoptotic thymocytes labeled
with 1.5 uM pHrodo. After two hours, cultures were washed and stained for F4/80, CD11b, and TIM-4. pHrodo is highly fluorescent at low but not neutral
pH; therefore, pHrodo * cells have phagocytosed an apoptotic thymocyte.

To further show that F4/80 " TIM-4 " macrophages pha-
gocytose PtdSer-expressing-T cells, bronchial lymph nodes
were collagenase digested and single cell suspensions were co-
cultured with pHrodo labelled apoptotic thymocytes. The pH
sensitive dye pHrodo strongly fluoresces red in acidic
conditions, such as the low pH found in a phagosome/
endosome but very weakly at neutral pH. Therefore red
fluorescence indicates true engulfment as opposed to cell
surface binding. Thus, in this assay pHrodo™ cells have
phagocytosed an apoptotic T cell. After two hours of co-culture,
cells were washed and stained for F4/80, CD11b, and TIM-4.
Gating on F4/80 " CD11b™ macrophages shows a TIM-4*
population that phagocytosed apoptotic cells in a dose
dependent manner, as shown by pHrodo™ macrophages.
This demonstrates that TIM-4 positive macrophages from
lymph node can phagocytose apoptotic cells in vitro
(Figure 5e).

F4/80 " macrophages are required for respiratory tolerance
The presence of F4/80 ", TIM-4" medullary macrophages
were required for pulmonary tolerance, since treatment of mice
with an anti-F4/80 mAb which has been shown to deplete F4/
80" macrophages,'® abolished respiratory tolerance, as shown
by examination of proliferation and cytokine responses
(Figure 6a). T cells from tolerized mice that received
isotype control antibody proliferated poorly in response to
OVA restimulation in vitro (Figure 6a) and exhibited reduced
IL-4 and IFN-y cytokine responses compared to the non-
tolerized group, indicating the induction of respiratory
tolerance (Figure 6a).
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Treatment with anti-F4/80 will deplete a number of
macrophage subsets, so we determined whether macrophages
that express TIM-4 in the medulla of the lung draining lymph
nodes were depleted with this treatment. FACS analysis of
lymph nodes from control or anti-F4/80 antibody treated
animals using a different antibody clone (BM8) to stain for F4/
80" cells showed excellent depletion of F4/80 " CD11b ™" cells
(Figure 6b gated as in Figure 2a). Quantifying numbers of cells
in individual mice showed that the number of F4/80 “CD11b "
macrophages was significantly reduced (Figure 6b P<0.01,
student’s ¢-test) following treatment with anti-F4/80 compared
with control treated mice. Since several other cell types also
demonstrate low surface expression levels of F4/80, including
dendritic cells, neutrophils, and eosinophils, we also examined
numbers of CD11c"MHCII™ DC and CD11¢™MHCII™ DC
in the bronchial lymph nodes. Numbers of CD11c™ and
CD11c™ DCs were not significantly reduced after treatment
with anti-F4/80 (Figure 6b gated as in, Figure 2b and ¢
P>0.05). Neutrophils were not found in the draining lymph
node since Grl " cells did not have the forward/side scatter
characteristics of neutrophils and are most likely monocytes or
pDC (data not shown). Eosinophils were identified by gating on
FSC'°SSC™ cells stained for Siglec-F and F4/80. Eosinophils
were found in the draining bronchiole lymph nodes and were
not depleted with anti-F4/80 treatment (Figure 6c). DC and
eosinophils exhibit low or no cell surface expression of F4/80
and only highly expressing cells appear to be depleted by
our treatment regimen. In total, this analysis shows that
treatment with anti-F4/80 depletes F4/80 " TIM-4 © medullary
macrophages and that these cells are required for the
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Figure 6 Depletion of macrophages by anti-F4/80 abrogates pulmonary tolerance. (a) Tolerance was induced as in Figure 1. Anti-F4/80 or
isotype control antibody (250 n1g) was administered ondays — 1,0, and 1. Mean and s.e.m. is shown. P<0.0001. Statistics compare regression curves fit
to the data by F test comparing anti-F4/80 and isotype treated groups. One representative experiment of two is shown. (b) BALB/c mice received
anti-F4/80 or isotype control antibody on days — 1, 0 and 1, and intranasal OVA on day 0 and 1. Bronchial LN from anti-F4/80 or control treated
animals were stained on day 2 for F4/80 (clone BM8 is different clone from depleting antibody), CD11b, CD11c, and MHCII. Gates were established as in
Figure 2 and the number of macrophages and DCs was quantified. F4/80“CD11b* cell were significantly reduced with anti-F4/80 treatment
(mean+s.e.m., P<0.01, student’s t-test, n=8). (¢) Eosinophils were stained using Siglec-F and F4/80. Total cells were gated on FSclovssc
characteristic of eosinophils. A population of eosinophils was found in the draining bronchial lymph nodes as Siglec-F * F4/80™. Gate frequency indicates

the percentage of FSC°“SSC™ cells.

induction of pulmonary tolerance. In contrast, DC are not
depleted by either anti-F4/80 or anti-TIM-4 treatment in this
model.

Histological analysis of the lymph nodes from the treated
mice showed that most of the F4/80 * TIM-4 * cells were in the
medullary area, as noted earlier and as shown by the presence of
LYVE-1" cells (Supplementary Figure 2 online). After
treatment with depleting F4/80 mab, F4/80 " TIM-4™" cells
were mostly absent or displayed a rounded morphology
consistent with apoptosis (Supplementary Figure 2 online).
The F4/80 " cells were restored several days after anti-F4/80
mADb treatment, presumably as monocyte derived macrophages
migrating into the lymph node, but these cells did not express
TIM-4. Thus TIM-4, expressed by medullary macrophages, is
required for the induction of pulmonary tolerance.

DISCUSSION

In these studies, we demonstrated that TIM-4 expressing lymph
node medullary macrophages were required for the induction
of respiratory tolerance through a previously unrecognized
mechanism involving phagocytosis and clearance of antigen-
specific T cells. Thus, treatment with an anti-TIM-4 mAb
prevented the induction of respiratory tolerance and blocked
the clearance of antigen specific T cells, but had no effect on
initial activation and division of the T cells. Phagocytosis of T
cellsby TIM-4 " cells occurred specifically in the medulla of the
lymph nodes, where TIM-4 was expressed by macrophages, and
not in the lymph node T cell zone, where TIM-4 is expressed by
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DCs. Since the depletion of F4/80 " medullary macrophages
with an anti-F4/80 mAb also prevented the induction of
respiratory tolerance, we conclude that medullary macrophages
expressing TIM-4 play a previously unrecognized role in
mediating respiratory tolerance.

The general paradigm of respiratory tolerance, which occurs
in response to harmless inhaled exogenous antigens, asserts
that inhaled antigen is sampled by immature DCs in the lung,
which then migrate to the draining mediastinal lymph nodes. In
the draining lymph nodes, tolerance is thought to develop
through three mechanisms, including anergy, development of
regulatory T cells and deletion of antigen-specific T cells, and all
three processes may occur concurrently.'>'*~*" In the T cell
zone of the lymph node, DCs first encounter antigen-specific T
cells, initiating T cell proliferation and the development of Treg
cells, or inducing T cell anergy, due to a lack of costimulation.
The T cells then migrate to the lymph node medulla, where our
findings suggest that they encounter medullary F4/80 ", TIM-
4" macrophages, which bind and remove PtdSer expressing T
cells. In contrast, T cells expressing no or much lower levels of
PtdSer are allowed to exit the lymph node in the afferent
lymphatics. Thus, TIM-4 expressing F4/80 © macrophages play
an important role late in the process of tolerance induction,
after T cell activation but just before T cells leave the lymph
node. It is possible that differential expression of “don’t eat me
signals” such as CD47.> on tolerized vs. activated T cells could
also modulate the phagocytosis and deletion of T cells in the
lymph node medulla.
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We believe that there are various checkpoints along the path
to respiratory tolerance and that at these checkpoints,
development of anergy, Treg and deletion of antigen-specific
T cells may play more or less of a role. Our initial
characterization of the respiratory tolerance model showed
that deletion was an important mechanism, particularly at 1-2
weeks after tolerance induction.'” In addition, the remaining
undeleted OVA-specific T cells were anergic and refractory to
antigen challenge,'” indicating that more than one mechanism
was involved. Tregs are also important early in the course of
respiratory tolerance induction, and we showed that blockade
of the costimulatory molecule ICOS prevents Treg develop-
ment'® and impairs respiratory tolerance. Thus, several
mechanisms act in concert to solidify the development of
tolerance and prevent immune responses to nonpathogenic
inhaled antigens, and interference with one or more of these can
impair the development of tolerance.

In the present study we show details of the mechanism
responsible for the deletion of antigen specific T cells involved
in respiratory tolerance induction. Treatment with anti-TIM-4
prevented development of respiratory tolerance, primarily by
blocking the phagocytosis of activated antigen-specific T cells
expressing PtdSer by F4/80 " lymph node medullary macro-
phages. TIM-4-expressing-dendritic cells did not phagocytose
activated T cells, although it is possible that a T cell interaction
with a TIM-4-expressing DC could affect Treg generation.
However, in other studies we found the development of
antigen-specific Tregs during an immune response was not
affected by anti-TIM-4 treatment,'® suggesting that TIM-4 has
little or no effect on Treg development. Although respiratory
tolerance involves multiple mechanisms, these findings
together with those previously reported, suggest that TIM-4
modulates immune responses primarily by regulating uptake of
activated T cells expressing phosphatidylserine.

We postulate that in the lymph node medulla that the TIM-
4-expressing macrophages can bind and phagocytize both
apoptotic as well as recently activated T cells that have not yet
commiitted to the apoptotic pathway. In other words, the TIM-4
expressing medullary macrophages function not only as a sink
for apoptotic cells, but in addition remove PtdSer expressing T
cells that might otherwise survive in the periphery. This idea is
supported by our observation that blockade of TIM-4 reverses
respiratory tolerance by increasing the number of surviving
antigen-specific T cells. The binding of both apoptotic and non-
apoptotic T cells is mediated by PtdSer, which is externalized by
T cells at two stages: during apoptosis with PtdSer levels that are
high, and shortly after cell activation,”** with T cells
expressing Ptd-Ser levels that are relatively low (Figure 4c).
Because TIM-4 has a very high affinity for PtdSer (60 nm),”
which is 25 fold higher than the affinity of MFG-E8 for Ptd-Ser
(1600 nm),>* TIM-4-expressing macrophages can phagocytize
T cells at both stages, including the recently activated T cells
expressing PtdSer over a threshold level. We believe that during
tolerance induction the process of binding recently activated
T cells prevents the egress of some of the activated antigen-
specific T cells from the lymph node. These T cells “arrested” by
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medullary macrophages may eventually undergo apoptosis due
to a lack of survival signals via common 7 chain cytokine
receptors or through FAS and TRAIL signalling in the lymph
node. Thus, F4/80" macrophages critically influence the
degree of T cell clearance by engulfing not only apoptotic-
committed T cells, but also early stage PtdSer-expressing T cells
not fully committed to apoptosis, thereby contributing to the
induction of peripheral tolerance in a previously unrecognized
pathway.

The capacity of medullary macrophages to engulf both
apoptotic and recently activated T cells supports the idea that
the medullary lymphatic sinuses, which are lined by macro-
phages and DCs, play a critical role in respiratory tolerance.
Whereas DCs in the medullary sinuses can take up influenza
virus in the lymph and migrate to the T cell zone,*® medullary
macrophages do not migrate after exposure to influenza.
Rather, it has been observed that medullary macrophages lining
the lymph vessel interact with T cells for an extended period of
time,”’ suggesting that macrophages regulate egress of T cells
from the lymph node. Lymphatic sinuses also extend into the
cortical region of the lymph node between T cell zones and B
cell follicles. These cortical sinuses provide another route of
egress from the lymph node,”” In contrast to medullary sinuses,
cortical sinuses are not surrounded by macrophages and
dendritic cells and we did not observe TIM-4 expressing cells
surrounding the cortical sinuses (data not shown). The
mechanisms that determine whether a T cell migrates toward
a cortical sinus or a medullary sinus have not been investigated.
However, the outcome may impact tolerance since macro-
phages present in the medulla can phagocytose antigen specific
T cells, while no such macrophage population lines the cortical
sinuses.

Our current examination of TIM-4 in respiratory tolerance
extends our studies of how TIM-4 as a receptor for PtdSer
regulates immunity. Previously, we showed that TIM-4
expressing macrophages in the spleen mediated the
removal of antigen-specific T cells during the resolution
phase of influenza infection or antigen immunization.'’
During influenza infection, treatment with a blocking anti-
TIM-4 mAb had no effect on viral titers but greatly increased
the number of influenza-specific memory T cells that
remained after the clearance of antigen or infection. The
present studies show that in a tolerance model, TIM-4
expressing medullary macrophages regulate the deletion of
antigen specific T cells and thus promote non-responsiveness
to exogenous antigens. Therefore, TIM-4 functions during
both productive immune responses and during peripheral
tolerance induction to reduce the number of antigen specific T
cells, which highlights the similarities between peripheral
tolerance and immunity. Moreover, these studies demonstrate
the important role of TIM-4 expressing phagocytic cells in
regulating immunity and tolerance, and suggest that further
understanding of TIM-4 mediated processes could lead to
novel therapies to enhance tolerance induction in the
respiratory or intestinal tracts, or to enhance immunity
for vaccine or cancer therapy.
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METHODS

Animals. BALB/cBy mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). OV A-specific TCR transgenic DO11.10
Rag2 ~/~ mice were used as donors of OVA-specific CD4 ™" T cells.
The Animal Care and Use Committee, Children’s Hospital Boston
approved all animal protocols.

Intranasal tolerance and Mab treatment. To induce tolerance, BALB/
cBy mice received 100 ug of LPS free OVA or a saline control by
intranasal instillation on days 0, 1, and 2. Mice were administered anti-
TIM-4 (clones QT3.14 or 21H12°) as indicated or isotype control
antibody on days — 1 and 3. In some experiments, anti-F4/80 (F4/80
hybridoma obtained from ATCC) or control antibody (250 pg) was
administered on days — 1,0,and 1 as described.'® Ten days later mice
were immunized with 50 ug OV A adsorbed in 2mg or ALUM. Where
indicated, anti-TIM-4 was administered one day prior to immuni-
zation with OVA/ALUM instead of prior to tolerance induction. Eight
days post immunization, spleens were harvested, depleted of B cells
and restimulated in vitro with OV A. Cultures were pulsed with 1 pCi of
*H-thymidine for the final 17h and harvested at 96h. Culture
supernatants were harvested at 96 h for determination of IFNy and IL-
4 concentrations by ELISA. In some experiments, cells were labelled
with CFSE prior to culture and stained on day 4 with CD3 PerCP-
Cy5.5, CD4 Alexa 700 and analyzed for CFSE expression.

Transfer of DO11.10 T cells. DO11.10 Rag ~/ ™ T cells were positively
selected from the spleens of DO11.10 Tg Rag ~/ ~ mice by incubating
with CD4 " magnetic beads (Miltenyi) and sorting on an Automacs.
Each recipient received between 10°-10° DO11.10 Rag '~ T cells, by
i.v. injection on day 0 as indicated in figure legend. Mice then received
three intranasal doses of LPS-free OVA on days 0, 1, and 2. As
indicated in Figure legends, DO11.10 Rag /T cells were labelled
with 5 pm Cell Tracker Green (CMFDA, Life Technologies) or 2 pm
CFSE (Sigma). Labelling with Cell Tracker Green was performed
according to the manufacturer’s instructions. Briefly, cells are
incubated at 37C in complete DMEM with 5 um CMFDA for 30 min.
The cells were then washed and incubated in complete DMEM for
30 min, washed and resusupended in PBS. Labelling with CFSE was
performed in PBS for 3min at room temperature followed by
quenching with 40% FCS/PBS. Cells were washed and resuspended in
PBS for adoptive transfer.

FACS antibodies and analysis. Mice were treated with three
intranasal doses of saline or 100 pg LPS-free OVA. One day later,
draining bronchial and mediastinal lymph nodes were removed and
collagenase digested. Single cell suspensions were stained at 4C in 0.5%
BSA, 2mm EDTA, PBS. To stain for dendritic cells the following
antibody cocktail was used, CD11c APC-A750, MHCII PE, CD103
FITC, CD11b A700, rIgGl APC or TIM-4 APC, Grl PE-Cy7, B220
biotin streptavidin-PE-TexasRed. Macrophages were stained using F4/
80 FITC, CD11b A700, rIgG1 APC or TIM-4 APC, and CD11c-APC-
A750. Eosinophils were stained using Siglec-F PE and identified by
gating on FSClow/SSC intermediate cells. Mice that received DO11.10
T cells were stained for KJ1-26 PE, CD25 PerCP-Cy5.5, TCRf3 APC,
and CD4 APC-A750. Data was collected on a FACSCanto and data was
analyzed using Flow]Jo software (Tree Star).

Immunofluorescence microscopy staining for TIM-4. Lung draining
lymph nodes were mounted in OCT and 6-8 um sections were cut and
affixed to glass slides. Sections were fixed in acetone. For secondary
detection of TIM-4, slides were blocked with 10% goat serum and
stained with anti-TIM-4 or isotype control at 10 pug/ml in 2% goat
serum. Secondary detection used goat anti-rat Cy3 in 2% goat serum
for 1h. For primary detection, slides were blocked with 10 pug/ml Fc
block, 10% rat serum, 2.5% BSA. Slides were then stained with anti-
TIM-4 Alexa568, CD11c, F4/80, or LYVE-1 Alexa647 in 2% rat serum,
0.5% BSA. Invitrogen Gold anti-fade plus DAPI was used as a
mounting media. Coverslips (#1) were affixed to slides using nail
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polish. Images were collected with a spinning disc confocal microscope
with the following oil objectives (numerical aperture): 40 x (1.2),60 X
(1.3), or 100 x (1.4). Confocal images were acquired using a TE-2000
inverted microscope (Nikon Eclipse) with attached Orca AG camera
(Hamamatsu Photonics, Hamatsu, Japan). Image collection, linear
scaling, and analysis were performed using SlideBook software. Image
dimensions and resolution were then adjusted for publication using
Adobe Photoshop.

Phagocytosis assay. Preparation of apoptotic cells and assays
for engulfment of apoptotic cells were performed essentially as
described.®'® Thymocytes isolated from 4-5 week old WT BALB/c
mice were incubated with 10 pm dexamethasone (Sigma-Aldrich) in
RPMI 1640 without FCS for 3 h. Cells were washed and apoptosis was
confirmed by Annexin-V-FITC and propidium iodide staining (BD
PharMingen). For measurement of phagocytosis, cells isolated from
bronchial lymph nodes by collagenase digestion were cultured in
c¢DMEM in 24-well plates for 1 h. Apoptotic thymocytes labeled with
pHrodo (1.5um, Invitrogen) according to the manufacturers
instructions were added to the cells in the ratio of 1:1, 2:1 and 4:1. After
two hours of incubation at 37°C, adherent cells were washed twice with
PBS and 0.lmm EDTA and were detached from plates by PBS
containing 2 mm EDTA. Cells were then stained for F4/80, CD11b, and
TIM-4 and acquired on a FACSCanto.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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