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Abstract

Nonhematopoietic stromal cells in lymph nodes such as fibroblastic reticular cells (FRCs) can
support the survival of plasmablasts and plasma cells (together, antibody-forming cells (AFCs)).
However, a regulatory function for the stromal compartment in AFC accumulation has not been
appreciated. Here, we show that CCL2-expressing stromal cells limit AFC survival. FRCs express
high levels of CCL2 in vessel-rich areas of the T cell zone and the medulla, where AFCs are
located. FRC CCL2 is upregulated during AFC accumulation, and we use lymph node
transplantation to show that CCL2 deficiency in BP3+ FRCs and lymphatic endothelial cells
increases AFC survival without affecting B or germinal center cell numbers. Monocytes are key
expressers of the CCL2 receptor, CCR2, as monocyte depletion and transfer late in AFC responses
increases and decreases AFC accumulation, respectively. Monocytes express reactive oxygen
species (ROS) in an NADPH oxidase 2 (NOX2)-dependent manner, and NOX2-deficient
monocytes fail to reduce AFC numbers. Stromal CCL2 modulates both monocyte accumulation
and ROS production, and is regulated in part by manipulations that modulate vascular
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permeability. Together, our results reveal that the lymph node stromal compartment, by
influencing monocyte accumulation and functional phenotype, has a regulatory role in AFC
survival. Our results further suggest a role for inflammation-induced vascular activity in tuning the
lymph node microenvironment. The understanding of stromal-mediated AFC regulation in vessel-
rich environments could potentially be harnessed to control antibody-mediated autoimmunity.

One Sentence Summary:

Lymph node stromal CCL2 limits plasma cell survival via monocyte accumulation and reactive
oxygen species and is tuned by vascular permeability.

Introduction

Lymphocytes in lymph nodes are supported by a non-hematopoietic stromal compartment
comprised of mesenchymal cells, blood vessels, and lymphatic sinuses. The mesenchymal
cells, comprised mainly of fibroblastic reticular cells (FRCs) that are marked by the
expression of podoplanin (PDPN), ensheathe and produce the matrix components that make
up a reticular network of collagen-rich fibrils (1-3). FRCs have additional functions in
regulating immune cell positioning and lymphocyte survival and activity, and they interact
closely with the blood vessels and lymphatic sinuses that transport oxygen, micronutrients,
cells, and antigens to and from lymph nodes. During immune responses, the stromal
compartment undergoes proliferative expansion and phenotypic alterations as lymph nodes
grow (4, 5). Fully understanding this dynamic compartment and how it shapes immune
responses could aid in the development of stromal-focused approaches to modulate
immunity in disease.

Plasmablasts and plasma cells (collectively referred to as antibody-forming cells (AFCs)) in
secondary lymphoid organs are thought to contribute to autoantibody titers in diseases such
as lupus (6-8). During T cell-dependent B cell responses, an initial burst of short-lived
plasmablasts is followed by the accumulation of long-lived plasma cells (9, 10).
Plasmablasts in spleen are considered extrafollicular in origin, but in lymph nodes, they may
also derive in part from germinal center responses. Both short- and long-lived cells are
thought to migrate through the T cell zone (T zone) to accumulate in the medulla where
most die and some, especially during secondary responses, will egress and home to the bone
marrow to further mature and contribute to a long-lived pool (9-12).

Relatively little is known about the contributions of the lymph node microenvironment to
regulating AFCs. We have shown that depletion of ZBTB46+ dendritic cells (DCs) at day 8
after immunization with OVA-Alum leads to a 75% loss of AFCs at day 9 and that this was
at least partly attributable to the loss of FRCs (13). The AFC loss was rescued by BAFF
supplementation, suggesting that FRCs support AFCs by ligating BAFF-binding receptors
on AFCs (13). Recently, T zone stromal cells bordering follicles were shown to express
APRIL and BAFF that can promote AFC survival upon AFC exit from the germinal center
(14). In addition, medullary FRCs support medullary cord AFCs via IL6 production (15).
Myeloid cells colocalize with AFCs as AFCs traverse the T zone to the medulla, and these
myeloid cells express APRIL and IL-6 that could support AFCs (12). However, there is also
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evidence that at least some myeloid cells play regulatory roles. Depletion of LysM-Cre+ or
CCR2+ cells at the initiation of, or early after immunization and deletion of Myd88 or
FceR1vy in presumably myeloid cells increased AFC numbers (16-18). Similarly, CCR2
deficiency or monocyte depletion upon viral infection increased AFC numbers, and iNOS
expressed by monocytes or monocyte-derived cells has been identified as one mediator (17,
19). Together, studies suggest that FRCs promote AFC development and survival while
myeloid cells such as monocytes may play a regulatory role. Whether there is an FRC-AFC
regulatory axis is unknown.

In this study, we show that the stromal compartment, and especially FRCs, in AFC-rich
areas in the T zone and medulla express high levels of CCL2 and limit AFC survival.
Monocytes are key CCL2-responsive cells that regulate AFCs in a manner dependent on
NOX2, which is needed for reactive oxygen species (ROS) generation. We show that stromal
CCL2 modulates both monocyte accumulation and ROS production and is regulated by
manipulations that modulate vascular permeability. These results suggest a model whereby
the lymph node stromal compartment, in addition to supporting AFCs, also functions to limit
AFC responses and is in part regulated by the vasculature.

Results
CCL2 s highly expressed by lymph node FRCs in the T cell zone and medulla

In examining for CCL2 expression, we analyzed CCL2 reporter mice produced by BAC-
mediated transgenesis that express CCL2 linked to GFP. The GFP is clipped off in the
cytosol and remains there to mark CCL2-producing cells (“M1R” mice from (20)). In
homeostatic lymph nodes, GFP was expressed in the T cell zone and medulla and excluded
from B cell follicles (Fig. 1A). Within the T cell zone, vascular-rich regions under the
follicles known as the cortical ridge (21) and vascular cords running toward the medulla (22)
are recognizable by the high density of ER-TR7+ vessels, and GFP was most brightly
expressed in these areas (Fig. 1A). Bone marrow chimeras repopulating CCL2-GFP hosts
with WT bone marrow (WT—CCL2-GFP chimeras) showed a similar pattern of GFP
expression (Fig. 1B), suggesting that CCL2"-expressing cells in the T zone and medulla
could be stromal in origin. Consistent with this idea, GFP was mostly expressed in a
reticular pattern (Fig. 1C), although round, likely hematopoietic, GFP-expressing cells were
also seen (Fig. 1C, arrowheads). Flow cytometric analysis confirmed that both CD45+
hematopoietic and CD45- non-hematopoietic cells expressed GFP (Fig. 1D). CD45+ GFP+
cells were mostly CD11b+ myeloid cells and could be divided into Ly6C+ presumed
monocytes and Ly6C- cells (Fig. 1D). The majority of CD45- GFP+ cells were CD31-PDPN
+ FRCs and under 20% were CD31+PDPN+ lymphatic endothelial cells (LECs) (Fig. 1D).
FRCs expressed the highest level of GFP when compared to LECs and CD11b+ cells (Fig.
1E). Together, these results suggested that FRCs are major CCL2 expressers in homeostatic
lymph nodes, with LECs and myeloid cells expressing lower levels of CCL2.

We further examined the characteristics of the GFP-expressing FRCs. BP3/CD157/BST-1
marks well-differentiated CCL21-expressing T zone FRCs (fig. S1A) as well as CXCL13-
expressing marginal reticular cells (MRCs) and follicular dendritic cells (FDCs) (21, 23, 24).
Consistent with recent findings (15), the medulla is generally dimmer for BP3, although
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stromal BP3 staining is detectable within medullary cords in both homeostatic and
immunized lymph nodes (fig. S1B). (PDPN+) BP3!0€d cells are comprised mainly of
CD34+ reticular cells that are also Scal+ (fig. S1A), and have been shown to be perivascular
and have progenitor potential (25, 26). GFP was expressed at higher levels by BP3+ cells
than by BP3!9M¢9 cells in CCL2-GFP mice (Fig. 1F), as was intracellular CCL2 protein (fig.
S1C). The BP3+ CCL2N expressers were also found in the CCL21+ population (Fig. 1G),
supporting the idea that the high CCL2 expression in the cortical ridge and paracortical
vascular cords was by T zone FRCs. Together, these results indicated that CCL2 is expressed
most highly by BP3+ FRCs, some of which are T zone FRCs.

Stromal CCL2 is upregulated with immunization and co-localizes with AFCs

The regions of high stromal CCL2 are also areas of AFC accumulation (12, 14), leading us
to ask whether stromal CCL2 regulated AFCs. A Kkinetic analysis of B cell responses in
popliteal lymph nodes after OVA-Alum immunization showed that germinal center B cells
and 1gG+ AFCs were detectable in large numbers by day 9 (fig. S2, A and B). The AFCs
showed a high proliferative rate at day 9, suggesting that many were plasmablasts (fig. S2C).
By day 12, AFC numbers had dropped (fig. S2 A and B), consistent with the apoptosis of
plasmablasts seen in spleen (10, 27) and the drop seen in lymph nodes (11, 12), and
remained at day 12 levels at least through day 15 (fig. S2, A and B). At days 12-15, the AFC
proliferation rate was lower than at day 9 but still at about 12% (fig. S2C), suggesting the
steady AFC numbers between days 12 and 15 reflected continuous cell turnover, with a
balance mainly between proliferation and apoptosis. Because this day 12—15 window
allowed for investigation of AFC proliferation and survival, we focused our efforts on
studying this time period.

To assess the role of stromal CCL2 in regulating AFCs, we examined for immunization-
induced alterations in CCL2 expression in reporter mice and co-localization of AFCs and
CCL2 in WT—CCL2-GFP chimeras. BP3+ FRCs upregulated GFP expression by day 9
after immunization (Fig. 2A), as did CCL21+ FRCs (Fig. 2, A and B), suggesting that T
zone FRCs were among the cells that upregulated CCL2. Interestingly, CCL21- FRCs, some
of which are medullary and/or inter-follicular cells (26, 28, 29), showed an early
upregulation of CCL2 at day 2 which decreased by day 15 (Fig. 2B). LECs but not myeloid
cells also showed CCL2 upregulation after immunization, although LEC CCL2 expression
remained quite low compared to that of FRCs and had returned to nearly homeostatic levels
by day 15 (Fig. 2A and B). At both days 10 and 15 after OVA-Alum immunization, CCL2
expression was highest in regions of AFC localization (Fig. 2C and fig. S2D). The co-
localization of CCL2-expressing FRCs with AFCs suggested a potential functional
interaction between the two.

Lymph node stromal CCL2 regulates AFC numbers and survival

We examined the effect of CCL2 deficiency on AFC responses. While B cell numbers were
similar in homeostatic WT and Cc/Z”/~ mice (fig. S3A), Cc/Z”'~ mice at day 15 after OVA-
Alum showed increased numbers of total B cells, germinal center B cells, and AFCs with no
change in T cell numbers (Fig. 3A). The increased AFCs in CCL2-deficient mice was
accompanied by increased anti-OVA-secreting cells and anti-OVA serum IgG (Fig. 3, B and
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C). Since the increase in AFCs in Cc/Z”/~ mice could be a consequence of increased
germinal center B cell numbers, we further characterized the AFCs. AFCs in Cc/2”~ mice
showed no change in ki67 expression but had decreased activated caspase-3 levels (Fig. 3, D
and E), suggesting that they were proliferating at similar rates but undergoing less apoptosis
than WT AFCs. Anti-OVA-secreting cell numbers in bone marrow were similar (Fig. 3F),
suggesting that the increased lymph node AFC accumulation was not due to reduced
emigration from lymph node to bone marrow. AFCs localized to the T cell zone and medulla
in both WT and Cc/2”/~ lymph nodes (Fig. 3G). These data suggested that CCL2 limits B
cell responses and AFC survival.

We further assessed the role of CCL2 on a germinal center-independent lymph node AFC
response and on splenic responses. At 8 days after footpad LPS immunization, Cc/2~
lymph nodes showed unchanged T and B cells, an almost two-fold increase in AFC numbers
(Fig. 3H), and reduced AFC activated caspase-3 ( Fig. 3I). However, splenic responses to
OVA-Alum and NP-Ficoll were similar in WT and Cc/Z”/~ mice (fig. S3, B and C). These
results suggested that CCL2 can regulate lymph node AFC survival independent of an effect
on germinal centers and that CCL2 does not play the same role in splenic responses in our
models.

We asked about the role of stromal-derived CCL2. We considered crossing the Cc/19-Cre
driver (30) with Cc/Zf mice (20) to delete FRC CCL2. However, Cc/19-Cre; YFPT/STOP/f
mice showed that only 52% of BP3+ FRCs (+/-12%; n=3 mice) were YFP* and BP3!0-n¢9
FRCs expressed very little YFP at day 15 after immunization (fig. S4), suggesting that FRC
CCL2 would not be fully deleted in our model. We thus used a lymph node transplant model
(31) where we transplanted (CD45.2) WT and Cc/2”/~ popliteal lymph nodes into CD45.1
mice (Fig. 4 A and B). In similar systems, transplanted lymph node tissue is repopulated by
recipient hematopoietic cells while the stromal compartment remains donor-derived (32, 33).
While we initially performed bilateral transplantations (Fig. 4A), recovery rate of
transplanted lymph nodes was only 32% (Fig. 4C), leading us to perform unilateral
transplantations (Fig. 4B). Unilateral transplantations improved lymph node recovery to
93% (Fig. 4C), and the results of unilateral and bilateral transplantations were pooled as
indicated.

As early as 4 weeks after transplantation, recovered homeostatic lymph nodes showed
normal organization, with robust B cell follicles, FDCs, and reticular pattern of ER-TR7
staining in the T zone (fig. S5A). After immunization, germinal centers and AFCs, when
they were seen in sections, appeared normal in location (fig. S5B). The T, B, and myeloid
cells in the transplanted lymph nodes were almost entirely CD45.1+ (i.e. recipient-derived)
(Fig. 4D), as expected.

Of the recovered lymph nodes, we further examined for optimal and suboptimal transplants.
Lymph node B cell numbers increase disproportionately relative to T cell numbers upon
immunization (34, 35)(fig. S6A), but we found that some transplanted immunized lymph
nodes had an abnormally low B:T cell ratio of less than 1 (fig. S6A). This phenotype
suggested that the signals from the immunized footpad did not reach the transplanted lymph
node and likely reflected incomplete reconstitution of the vascular connections, and we
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termed these lymph nodes as “suboptimal transplants.” The low B:T cell ratio occurred in
both unilateral or bilateral transplants (fig. S6B) and in both WT and Cc/Z”/~ genotypes,
consistent with the idea that this phenotype reflected poor transplant quality(fig. S6C). We
excluded these suboptimal transplants from further analysis.

Relative to the WT controls, immunized transplanted Cc/2”'~ lymph nodes showed no
difference in the numbers of total, T, B, or germinal center B cells. AFCs, however, showed
increased numbers, decreased activated caspase-3 expression, and no change in proliferation
(Fig. 4E and F, fig. S6D-G). These AFC-specific effects pointed to a key role for the lymph
node stromal compartment and its expression of CCL2 in limiting AFC survival.

To assess the degree to which different FRC subpopulations in our system were donor-
derived, we transplanted WT popliteal lymph nodes into one side of CCL2-GFP reporter
mice (Fig. 4G) and assessed for recipient GFP+ FRCs in the (GFP-) donor lymph nodes. In
transplanted WT lymph nodes, BP3+ FRCs showed very low levels of GFP while BP3!0-1eg
FRCs were comparable in GFP expression to native (CCL2-GFP) lymph node BP3!0-1ed
FRCs (Fig. 4H and 1). These results suggested that, in transplanted nodes, the CCL2 Ni-
expressing BP3+ FRCs remain largely donor-derived while the CCL2!%-expressing BP3!0-neg
FRCs are replaced by host cells. Additionally, transplanted lymph node LECs did not show
GFP expression, suggesting that they remain entirely donor-derived (Fig. 4H and I). In
summary, the transplanted lymph nodes retain BP3+ FRCs and LECs but not BP3!0-1ed
FRCs. Our results together supported a role for CCL2 expressed by lymph node BP3"i FRCs
and/or LECs in regulating AFC accumulation and survival.

Monocytes are key CCR2+ cells that regulate AFC survival late in immune responses

CCL2 interacts with CCR2 (36), and we sought to identify CCR2+ cells that regulated AFC
survival in our system. We did not observe CCR2 expression by AFCs using either Ccr2-
GFP mice (37) or CCR2 antibody staining (fig. S7A), suggesting that lymph node stromal
CCL2 regulated AFCs indirectly. GFP was expressed mostly by CD11b+ myeloid cells, the
majority of which consisted of Ly6CN presumed monocytes (38, 39) and Ly6C'° cells (Fig.
5A). The Ly6C' cells were comprised of 1) MHCIHNEpCAM-CD103- cells (Fig. 5A) that
were CCR7+ (fig. S7B), consistent with their identity as dermal or monocyte-derived DCs
that migrated from skin (39), and 2) CD11c" CD8- cells that could be resident DCs or
monocyte-derived cells (40, 41). Ly6Chi cells uniformly expressed GFP (Fig. 5B) and at
higher levels than other GFP+ populations (fig. S7C), consistent with their identity as
Ly6CM monocytes (38, 39, 42). These results suggested that key CCR2+ cells could be
myeloid cells.

Ly6CN monocyte accumulation paralleled the two waves of FRC CCL2 upregulation seen
after immunization. Monocyte numbers first increased at day 2 when CCL21- FRCs
upregulated CCL2 and further increased at day 9 when CCL21+ FRCs upregulated CCL2
(Fig. 2B and fig. S7TD). GFP+ cells in Ccr2-GFP mice were mainly in the T cell zone and
medulla and co-localized with AFCs at all time points examined (fig. STE-F). The GFP+
cells in these regions were comprised of both round GFP"i cells likely to be monocytes and
elongated GFPMed cells presumed to be DCs (Fig. 5C). These results are consistent with a
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role for stromal CCL2 in positioning CCR2+ myeloid cells to promote interactions with
AFCs.

We asked the extent to which stromal CCL2 promoted lymph node accumulation of
monocytes and other CCR2+ cells. At day 15 after immunization, Cc/2”/~ mice had reduced
lymph node Ly6C" and Ly6C™ed monocytes without an effect in other myeloid populations
(Fig. 5D). Homeostatic popliteal and brachial Cc/Z”/~ lymph nodes showed fewer Ly6CN
monocytes (fig. S8A). While these results could reflect the critical role of bone marrow
stromal CCL2 in mobilizing monocytes from bone marrow into circulation (20, 42, 43),
transplanted Cc/2”/~ lymph nodes also showed a specific reduction in Ly6CN and Ly6C™Med
monocytes (Fig. 5E). These results suggested a distinct role for lymph node stromal CCL2
in mediating lymph node monocyte accumulation, either by entry or retention, and
supported the possibility that CCR2+ monocytes limit AFC survival.

We confirmed that CCR2+ cells regulated AFCs during days 12-15 by treating Ccr2-DTR
mice (44) with diphtheria toxin (DT) during this window (fig. S8B). DT depleted 90% of
CCR2+ cells (Fig. 5F), and, consistent with the work of others (16) (17), led to increased
AFC numbers (Fig. 5G). Total B and germinal center B cell numbers were not affected (Fig.
5G), and the AFC increase was associated with decreased apoptosis and unchanged
proliferation (Fig. 5G and H). Our results together suggested that stromal CCL2 limits AFC
survival late during immune responses at least in part by mediating lymph node
accumulation of CCR2+ cells.

To better understand the importance of monocytes as key CCR2+ cells, we depleted
monocytes with anti-Grl, which recognizes Ly6C and Ly6G (45, 46), between days 12 and
15 (fig. S8C). Ly6CN monocytes and Ly6C™edLy6G+ neutrophils were well-depleted while
Ly6C™ed |y6G- monocytes were partially depleted (Fig. 51 and J). This led to increased
AFC numbers and decreased AFC apoptosis without affecting the numbers of B and
germinal center B cells (Fig. 5K and L). These results were not attributable to neutrophil
depletion, as their depletion with anti-Ly6G had no effect on AFCs (fig. S8D-G). These
results point to monocytes as key CCR2+ cells that limit lymph node AFC survival during
the later stages of antibody responses.

We asked whether monocytes are sufficient to limit AFC numbers in our model. Ccr2™/~
mice showed greatly reduced lymph node monocyte numbers (Fig. 6A), increased B cell,
germinal center B cell, and AFC numbers, and increased AFC survival (Fig. 6B and C),
which further supported a role for monocytes in regulating AFCs. The effects on B cell
responses were greater than in Cc/2”/~ mice, potentially reflecting additive roles of CCL2
with other CCR2 ligands such as CCL7 (43, 47). We transferred CD45.1 Ly6CM monocytes
on day 11 after OVA-Alum and examined the Ccr2”/~ recipients at day 15 (Fig. 6D—F).
Transferred cells that were recovered from the immunized lymph nodes (Fig. 6G) expressed
medium to low levels of Ly6C and were CD11c™Med-Ni and MHCIIMed (Fig. 6H), suggesting
some degree of differentiation. Monocyte transfer reduced AFCs without affecting germinal
center B or T cell numbers (Fig. 61). These results complement previous findings showing
that monocyte transfer at the time of viral infection could reduce AFC responses (19).
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Together, our results suggested that CCR2+ monocytes limit AFC accumulation in the later
stages of antibody responses and are key mediators of the stromal CCL2 effect on AFCs.

Monocyte NOX2 contributes to ROS production and AFC regulation

Myeloid cells can limit T cell responses via ROS (48), and monocytes showed high levels of
ROS when compared to lymphocytes (Fig. 6J and K). NADPH oxidase is a major
contributor to the generation of myeloid cell ROS that is released extracellularly (49) and,
interestingly, global deficiency of the Mox2gene that encodes the NOX2/gp91Pho* subunit of
NADPH oxidase in a lupus model increased plasmablast numbers (50). Given that
monocytes from Nox2™'~ mice (51) showed reduced ROS levels at day 15 after
immunization (Fig. 6L), we examined their ability to limit AFC responses. Nox2™/-
monocytes were less able than WT monocytes to limit AFCs when transferred into Ccr2™/~
mice at day 11 (Fig.6M-0). Our results suggested that monocytes limit AFC accumulation
via NOX2-dependent ROS.

Stromal CCL2 modulates monocyte ROS production

In addition to regulating monocyte accumulation and positioning in lymph nodes, CCL2
could potentially modulate monocyte ROS expression. Indeed, monocytes and potential
monocyte-derived cells that can express CCR2 such (CD11b+) Ly6C™Med or Ly6C'° cells
showed decreased ROS levels in Cc/2”~ mice (Fig. 7A and B), leading us to ask whether
lymph node stromal CCL2 can directly regulate monocyte ROS production. Cultured FRCs
expressed CCL2 (Fig. 7C), and we added supernatant from WT or Cc/2”/~ FRC cultures to
sorted monocytes and observed that monocytes had lower intracellular ROS when exposed
to Cc/Z”!~ FRC supernatant (Fig. 7D). In addition, WT FRC supernatant increased
extracellular ROS levels when added to monocytes (Fig. 7E) while Cc/2”'~ FRC supernatant
was less able to do so (Fig. 7E), consistent with the idea that FRC-derived CCL2 can
modulate monocyte ROS generation. These in vitro results suggested that, in addition to
monocyte accumulation and positioning, stromal CCL2 can directly modulate monocyte
function, inducing ROS generation and release that can limit AFC survival.

We next tried to understand how CCL2 modulated monocyte ROS levels and how ROS
might regulate AFCs. Cc/2”~ FRC supernatant induced a slight reduction in monocyte
NOX2 levels (Fig. 7F), suggesting that CCL2 may potentially regulate ROS monocyte
production at least in part by modulating NOX2 expression. We also found that FRCs sorted
from immunized WT and Cc27/~ lymph nodes expressed BAFF at similar levels (fig. S8H),
suggesting that the larger B cell response with CCL2 deficiency is not due to FRC BAFF
overexpression.

Stromal CCL2 expression is regulated by altering vascular permeability

We examined for factors that upregulated stromal CCL2 in stimulated lymph nodes. Type |
interferon limits B cell responses early during viral infections (52, 53), but IFNaR antibody
blockade between days 5 to 9 or days 11 to 15 after immunization did not alter FRC CCL2
expression (fig. S9A-D).
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Because stromal CCL2 was high in vascular-rich areas, we asked whether inflammation-
associated vascular permeability increases that occur in lymph nodes (54) can modulate
stromal CCL2, potentially by increasing exposure to intravascular contents. VE-cadherin
mediates endothelial barrier integrity, and anti-VE-cadherin (55) injected into hind footpads
could induce local permeability changes, increasing interstitial accumulation of
systemically-injected Evans blue dye in popliteal but not brachial nodes (Fig. 8A). Anti-VE-
cadherin increased CCL2 expression in FRCs and LECs but not in monocytes or CD11b
+Ly6C!° cells (Fig. 8B-C), and this was associated with increased monocytes, without
affecting the numbers of total lymph node cells, other myeloid cells, or lymphocytes (Fig.
8D, fig. S9E and F). Interestingly, FRCs had an altered phenotype upon anti-VE-cadherin
treatment, with modestly increased PDPN and a larger increase in Sca-1 expression (fig.
S9G and H). FRC numbers were unchanged (fig. S91). The Sca-1 upregulation was mainly
in the BP3+ population (fig. S9J), and other markers such as CD34, SMA and CCL21 did
not change (fig. S9K and L). These results suggested that increasing vascular permeability
upregulated stromal CCL2, which increased monocyte accumulation.

Angiopoietinl (Angl) reduces vascular permeability by acting on endothelial cell junctions
(56, 57), and Angl in immunized mice reduced CCL2 expression by FRCs but not by LECs,
monocytes, or CD11b+Ly6C!° cells (Fig. 8E and F). Ang1 also increased B cell and AFC
numbers and AFC survival (Fig. 8G-I). These results are consistent with the idea that
reducing vascular permeability reduced stromal CCL2 expression and consequently
increased AFC survival.

While anti-VE-cadherin and Angl can modulate the permeability of both blood and
lymphatic vessels, blood serum caused upregulation of both FRC PDPN and CCL2 (fig.
S9M), similar to the effects of anti-VE-cadherin in vivo (Fig. 8B—C). These results are
consistent with the idea that increased blood vessel permeability and consequent exposure to
serum may contribute to upregulating FRC CCL2 in the vascular-rich areas of lymph nodes.

Discussion

Here we showed that the lymph node stromal compartment can function to limit AFC
survival. High stromal CCL2 expression co-localized with AFCs and CCR2+ cells in the T
zone and medulla, and lymph node transplantation experiments indicated the importance of
stromal CCL2. FRCs express higher levels of CCL2 than LECs and upregulated CCL2
during the later stages of the antibody response. Taken together with previous findings that
FRCs have AFC-supportive functions (13-15), our current results suggest that the stromal
compartment plays dual roles in AFC regulation.

Our finding that FRCs express high levels of CCL2 is in agreement with recent analyses of
FRC gene expression patterns (58)(Immgen.org)(5). Furthermore, Cyster and colleagues’
recent single cell RNA sequencing analysis of lymph node stromal cells at day 0 and day 15
after LCMV-Armstrong infection (26) showed that CCL2 is one of the differentially
expressed genes that mark the CXCL9+ subset. CXCL9-expressing FRCs were suggested to
represent an activated FRC population and CXCL9 is found in the interfollicular regions, the
T zone, and the medulla (26, 59). That CCL2 is upregulated upon lymph node activation and
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high expression is localized to some of the same areas as CXCL9 suggests that at least some
CCL2-expressing FRCs are in the CXCL9-expressing population (26). We speculate that
differential cytokine expression by different FRC subsets likely contributes to the dual
nature of FRCs in both supporting and limiting AFCs.

In addition to a role in modulating AFC survival, there are likely other roles for stromal
CCL2 in lymph nodes. For example, CCL2 expressed at lower levels by FRCs at
homeostasis may contribute to the CCR2-dependent accumulation of monocyte-derived
macrophages in the T cell zone (60). Interestingly, these macrophages expanded by
proliferation rather than recruitment during immune responses, further supporting the idea
that the upregulated FRC CCL2 during immune responses has a distinct function in part by
recruiting bloodborne Ly6CN monocytes to limit AFC accumulation. We also observed that
CCL2 is rapidly upregulated at day 2 in CCL21- FRCs presumed to be part of interfollicular
or medullary compartments. This early stromal CCL2 upregulation coincides with an early
wave of Ly6C+ monocyte infiltration which is involved in stimulating the initial lymph node
stromal proliferation (41) while the delayed CCL2 upregulation in CCL21+ FRCs is
temporally associated with the AFC response. This suggests that there may be distinct roles
for CCL2 expressed by different subsets of FRCs over the course of immune responses.

Our work also complements and extends recent data showing roles for myeloid cells in
regulating AFC responses. Giordano et al (17) and Sammichelli et al (19) showed that
monocyte manipulation at the initiation of immune responses increased antibody responses,
suggesting that monocytes could act on the nascent B cell response and/or subsequent AFCs.
Our experiments showed that CCR2+ cell depletion, anti-Gr1 treatment, and monocyte
transfer at day 11 or 12 after OVA-Alum immunization affected AFC but not total B cell and
germinal center cell numbers, suggesting that monocytes may regulate AFCs specifically at
this later stage. Interestingly, these recent studies also implicated monocyte-derived iNOS in
regulating AFCs, and our finding that monocyte NOX2 is important may reflect the multiple
mechanisms by which monocytes can regulate AFC responses. Fooksman et al (16) also
observed that CCR2+ cell depletion at 4 days into a secondary response led to greater AFC
numbers by day 7, the time of peak AFC accumulation in their system, although they did not
detect a role for apoptosis (by annexin V staining) or monocytes (by anti-Grl treatment). We
speculate that our results differ because of differences in the time window being examined.
Collectively, our study in conjunction with these previous studies suggest that different
CCR2+ cells may play distinct roles in modulating AFCs at different time points in antibody
responses.

Our results suggest that vessel-rich areas of lymph nodes such as the cortical ridge, the T
cell zone vascular cords, and the medulla can be specialized microenvironments in part due
to the dynamic activity of the vasculature. The lymph node vasculature can regulate
immunity by controlling cellular trafficking (61) and by direct effects on lymphocytes (62).
Our results suggest that vascular functions such as altered permeability also offer
opportunities to affect immune responses, in part by modulating stromal function.

Our results have implications for better treating autoimmune and inflammatory diseases.
Although CCL2 and CCR2-expressing cells have been implicated in tissue damage in
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conditions such lupus and inflammatory arthritis (63-68), targeting a CCL2-CCR2 axis
globally has not been a successful strategy (69). Disrupting the regulatory role of lymph
node stromal CCL2 could have been a contributing factor, and bone marrow mesenchymal
stromal cell CCL2 can limit bone marrow plasma cell antibody production in a direct
manner (70, 71). Additionally, swift production of CCL2 by FRCs in omental fat-associated
lymphoid clusters is crucial for the induction of peritoneal immunity (72), and disrupting
CCL2 globally may be detrimental to protective immunity. Interestingly, bone marrow
mesenchymal stromal cells from lupus patients expressed lower levels of CCL2 (71),
suggesting the possibility that lymph node FRC CCL2 expression may also be reduced,
contributing to autoimmunity. Better understanding how the source and context of CCL2
production determines its function and how factors such as vascular permeability shape the
stromal microenvironment will better inform potential targeting of CCL2 and other CCR2
ligands in disease. Consistent with this idea, our results point to a need to consider potential
dual roles of stromal elements when considering how to design stromal-targeting strategies.

Materials and Methods

Study Design

Mice

The purpose of this study was to understand expression, function, and regulation of lymph
node stromal CCL2. The subjects were laboratory mice. We used immunofluorescence
microscopy to visualize cell localization and flow cytometry to quantify cell numbers. For in
vivo experiments, sample size of n=3-17 animals per condition evaluated in 1 to 11
independent experiments was found to be optimal for statistical analysis. For in vitro
experiments, sample size of n=2-3 wells per condition per experiment in 3-5 independent
experiments was used.

Mice between 6-12 weeks were used unless otherwise specified. We used C57BI/6,
CCL27/~ (73), and Nox2~/~ (51) mice mice from Jackson Laboratory (JAX)(Bar Harbor,
Maine) and CD45.1+ (B6.SJL-Piorc?Pepct/iBoyCrl) mice from Charles River (Wilmington,
MA) or our own breeding colony. CCL2-GFP (20) and CCR2-DTR (44) mice were bred at
our facility. Cc/19-Cre mice (30) were crossed at our facility with ROSA26-YFP/STOP/f
mice (74)(JAX). All animal procedures were performed in accordance with the regulations
of the Institutional Animal Care and Use Committee at Weill Cornell Medicine (New York,
NY).

Mouse immunization and treatments

Mice were immunized in the hind footpads with 30 pg OVA adsorbed to 30ul of Alum. DT
(Enzo Life Sciences, Farmingdale, NY)(250 ng DT/dose) was injected IP. Anti-Grl (RB6-
8C5),anti-Ly6G (1A8), and isotype controls (LTF-2, 2A3)(all BioXCell, West Lebanon NH)
(250 pg/dose) were injected IP. Anti-VE-Cadherin (BV13) or rat 1gG (both Thermo Fisher
Scientific, Waltham, MA)(25 ug) and Angl (Peprotech, Rocky Hill, NJ)(5 ug) were injected
in footpad.
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Lymph node transplantation

For lymph node transplantations (31),donor popliteal nodes were harvested after euthanasia,
prior to transplantation. Recipient mice were anesthetized, injected with 1% Evans blue in
dorsal footpads to localize popliteal lymph nodes, which were removed through incisions in
the popliteal fossa and with minimal disruption to the surrounding fat pad and blood vessels.
Donor lymph nodes were placed into the fossa and skin was closed using 3-0 non-
absorbable sutures

Vascular permeability assay

Mice were injected retro-orbitally with 2% Evans blue, euthanized after 90 minutes, and
perfused with 30 ml of PBS before lymph node harvest. Evans blue was extracted in 200pl
formamide at 60°C overnight and quantified by spectrophotometry (680nm fluorescence
emission intensity, 620nm excitation) with titration curve.

Flow cytometry staining and quantification

Lymph nodes were harvested, minced, and digested with type Il collagenase (Worthington,
Lakewood NJ) as described (75). The following antibodies were used: anti- CD45, CD31
(both BD Biosciences, San Jose, CA), PDPN,, BP3, Scal, CD11b, CD11c, I-Ab, Ly6C,
Ly6G, CD3, B220 (all BioLegend, San Diego, CA), CD34 and GFP (both Thermo Fisher
Scientific), CCL21, CCL2, CCR2, and activated caspase-3 (all R&D Systems, Minneapolis,
MN), rabbit and goat IgG (Jackson Immunoresearch, West Grove, PA). PNA was from
Vector Laboratories, Burlingame, CA. BD Cytofix/Cytoperm kit was used for intracellular
staining. The Foxp3 buffer set (Thermo Fisher Scientific) was used for ki67 staining after
AFC staining.

Cells per lymph node was calculated by multiplying the % of total of a gated population to
lymph node cell count. For normalized experiments where there was more than one control
sample, the control values were averaged and the individual control and experimental
samples were normalized to this average value.

Reactive oxygen species assay

Intracellular and extracellular ROS were measured using CM-H2DCFDA and
dihydroethidium (DHE), respectively (both Thermo Fisher Scientific) according to
manufacturer specifications.

Tissue section staining and microscopy

CCL2-GFP tissues were fixed in 4% paraformaldehyde (1 hour on ice), cryoprotected in
30% sucrose, and frozen in optimal cutting temperature (OCT) embedding medium (Tissue-
Tek, Torrance, CA). Other tissues were fresh-frozen in OCT. Antibodies are as used for
FACS except anti-CXCL13 (R&D Systems), ERTR7 (Santa Cruz Biotechnologies, Santa
Cruz, CA), GFP-Alexa488 and FITC-Alexa488 (both Thermo Fisher Scientific), and goat-
Alexa488, rat-rhodamine, armenian hamster-AMCA, rabbit-rhodamine, mouse 1gG-biotin,
and streptavidin-rhodamine/AMCA (all Jackson Immunoresearch).
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ELISPOT Assay

Cell sorting

ELISPOT detection of anti-OVA-secreting cells was performed as described (13). Wells
were coated with 0.1% ovalbumin (Sigma Aldrich, St. Louis, MO),cells were incubated at
37°C for 4 hours, and secreted anti-OVA was detected using anti-mouse 1gG-biotin (Jackson
Immunoresearch), streptavidin-alkaline phosphatase (Jackson Immunoresearch), and 5-
bromo-4chloro-3-indolyl-phosphate (Sigma-Aldrich).

For monocyte isolation, cells from long bones and spleen were pooled, depleted with anti-
CD3/B220/ Ly6G via magnetic selection (Miltenyi-Biotec, Bergisch Gladbach, Germany),
and Ly6C"i CD11b N cells were sorted using a BD Influx (BD Biosciences). For FRC
sorting, cells from draining lymph nodes 15 days after immunization were pooled, depleted
with anti-CD45/CD31, and CD45- CD31- PDPN+ cells were sorted into RLT buffer
(Qiagen, Venlo, Netherlands) for RNA extraction.

Real time PCR

RNA extracted (RNeasy Minikit, Qiagen), cDNA was synthesized (iScript kit, Bio-Rad,
Hercules, CA) and real-time PCR (iQ SYBR-Green Supermix Kit, Bio-Rad)) was performed
using primers for BAFF and GAPDH (as in (13)).

In vitro experiments

Statistics

Peripheral lymph node FRCs from homeostatic mice were cultured as described (13).
Collagenase-digested lymph node cells were plated in RPMI/10% fetal calf serum, washed
of non-adherent cells at day 5, harvested at day 7, and depleted with anti-CD45/CD31,
resulting in FRC purity over 97%. FRCs were cultured in 96-well plates at 7500 cells/well/
100pl. Supernatants were collected at 2 days and stored at —20°C until use. For experiments,
supernatant was added to monocytes for 24 hours prior to harvest.

Statistical significance was determined using 2-tailed unpaired Student’s #test; p<0.05 was
considered significant. Error bars represent standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Lymph node stromal cells in the T cell zone and medulla express CCL2
(A-G) Homeostatic brachial lymph nodes from indicated mice were examined. (A-B)

Sections from (A) CCL2-GFP mice and (B) WT—CCL2-GFP chimeras were stained for
GFP and indicated markers. (B) B cell follicles, (T) T cell zone, (M) medulla. (C) Magnified
views of GFP-expressing cells. Arrowheads point to round cells. (D-G) Flow cytometric
characterization of cells from CCL2-GFP mice. Fluorescence scale is logyg. (D)
Characterization of GFP+ cells. (BEC) blood endothelial cells, (LEC) lymphatic endothelial
cells, (FRC) fibroblastic reticular cells, (DNC) double negative cells. (E) Histograms
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depicting GFP levels in indicated cell populations. (F, G) Density plots and histograms
showing GFP expression in indicated FRC subsets. (A-C) Scale bars=100 um. (A-G)
Results are representative of n=3 mice/condition.
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Fig. 2. Stromal CCL2 is upregulated upon immunization and co-localizes with AFCs
(A-C) CCL2-GFP mice or WT—CCL2-GFP chimeras were immunized in footpads with

OVA-Alum on day 0 (D0), and popliteal nodes harvested on indicated days. (A) Contour
plots and histograms show GFP levels in the indicated cells. Fluorescence scale is logyg. (B)
Percentage of FRCs and LECs that are GFP+ over time. Each symbol represents one mouse;
n=3-8/condition over 5 experiments. *£< 0.05, **P< 0.01 using 2-tailed unpaired
Student’s ttest. Error bars represent SD. (C) GFP and AFC localization. Sections from day
15 WT—CCL2-GFP chimeras were stained for GFP, mouse 1gG, and CD31. (B) B cell
follicles, (T) T cell zone, (M) medulla. Representative of n=3 mice. Scale bars=100 pm.
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Fig. 3. Ccl2 I~ mice show increased AFC accumulation and survival
(A-G) WT and Cc/2”~ mice were immunized on day 0 and examined on day 15. (A)

Numbers of indicated cell type/lymph node by flow cytometric analysis. (B) Anti-OVA IgG
spots/lymph node using ELISPOT. (C) Anti-OVA IgG serum titers. (D-E) Percentages of
lymph node AFCs positive for (D) ki67 and (E) activated caspase-3. (F) Anti-OVA IgG
spots in bone marrow using ELISPOT. (G) Representative lymph node sections stained for
mouse IgG and ER-TR7. Scale bars=100 pm. (H-1) WT and Cc/2”~ mice were injected with
LPS in footpads on day 0 and examined on day 8. (A-F, H-1) Each symbol represents one
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mouse; n=3-12/condition, data are from 5-6 (A-C,E) and 2 (D,F,H,1) experiments.
**P<0.01 by 2-tailed unpaired Student’s ttest. Error bars represent standard deviation.
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Fig. 4. Lymph node stromal CCL2 limits AFC survival
(A-F) WT CD45.1+ hosts received either bilateral (A) or unilateral (B) lymph node

transplants, as indicated, prior to immunization with OVA/Alum and examination 15 days
later. (C) Recovery rate of bilateral or unilateral transplanted lymph nodes. (D) Percentages
of B, T, and CD11b+ cells that were host (CD45.1+) and donor (CD45.2+)-derived. Data are
from bilateral transplants. (E) Normalized numbers of indicated cells/lymph node. (F)
Normalized percentage of AFCs that are activated caspase-3+ or ki67+. (G-1) WT nodes
were transplanted into left side of CCL2-GFP mice, as depicted in (G). (H) Histograms
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showing GFP expression in indicated cells from WT donor or CCL2-GFP host lymph nodes.
“B6” node is from an untransplanted WT mouse. Fluorescence scale is logg. (1)
Percentages of indicated cells that are GFP+. (D,E,F 1) Each symbol represents one lymph
node; n=3-17 mice/condition from 2 (D), 11 (3 bilateral, 8 unilateral transplants)(E,F), and
1(1) independent experiments. *P < 0.05, **P < 0.01 by 2-tailed unpaired Student’s ftest.
Error bars represent standard deviation.
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Fig. 5. Monocytes late in immune responses are key CCR2+ cells that limit AFCs
(A-C) CCR2-expressing cells in day 12 immunized lymph nodes were characterized using

Ccr2-GFP reporter mice. (A) Representative flow cytometry plots show GFP+ subsets. (B)
Percentage of CCR2+ cells in indicated myeloid populations. (C) Frozen section stained for
indicated markers. Arrowhead points to round CCR2 cell; arrow points to dendritic cell-
shaped CCR2Med cell. Scale bar=100 pm. (D-E) Numbers of indicated myeloid populations

at day 15 after immunization in (D) WT and Cc/2”/~ popliteal nodes and (E) WT and
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Ccl2”!~ popliteal nodes transplanted into WT recipients. (F-H) CCR2-DTR-CFP mice were
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immunized with OVA-Alum on day 0, treated with DT on days 12 and 14, and examined on
day 15. (F) Flow cytometry plots showing CCR2+ cell depletion. (G) Numbers of indicated
cells. (H) Percentages of AFCs that are activated caspase-3+ and ki67+. (I-L) WT mice
were injected with anti-Gr1 or control 1gG on days 12,13, and 14 after OVA-Alum and
examined on day 15. (I) Flow cytometry plots showing CCR2+ cell depletion. (J) Numbers
of indicated myeloid populations. (K) Numbers of indicated cells. (L) Percentage of AFCs
that are activated caspase-3+. (A,F1) Fluorescence scale is logyg. (B,D,E,G,H,J-L) Each
symbol represents one mouse; n=3-17/condition; data are from 6-11 (D,E) and 2 (B,G,H,J-
L) experiments. *£< 0.05, **P < 0.01 by 2-tailed unpaired Student’s #test. Error bars
represent standard deviation.
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Fig. 6. Monocytes limit AFCs in a NOX2-dependent manner
(A-C) WT and Ccr2™'~ mice were immunized on day 0 and draining popliteal nodes were

examined on day 15. Numbers of (A) Ly6C"i monocytes and (B) indicated cells. (C)
Percentage of AFCs that are ki67+ and activated caspase-3+. (D-1) CD45.1+ Ly6Chi
monocytes were transferred into Ccr2™/~ recipients at day 11 after OVA-Alum, as in (D). (E)
Gating strategy for monocyte sorting. (F) sorted monocyte characterization. (G-H)
Recovered donor cell numbers (G) and characterization (H). (I) Numbers of indicated cells.
(J-L) Cells from day 15 nodes were loaded with the fluorescent ROS indicator CM-
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H2DCFDA. (J) Fluorescence in indicated cells. (K-L) Relative ROS expression. MFI in
each population was normalized to the MFI of (K) Ly6C" monocytes or (L) each WT
population. Dashed line represents the fluorescence of WT B cells relative to that of WT
Ly6CN monocytes. (M-O) WT or NOX2-deficient monocytes were transferred into Ccr2/~
recipients on day 11 post immunization and analyzed on day 15. Absolute numbers and
numbers normalized to those of Ccr2”/~ mice that received no cells are both shown. Lines
connecting the symbols denote the matched mice from a given experiment. (M) B cells, (N)
germinal center B cells, and (O) AFCs. (A-C,G,1,K-O) Each symbol represents one mouse;
n=3-7/condition. Data are from 1 (A-C) experiment, representative of 4 similar experiments
(see (I)). Data are from 2 (K), 3 (L), 4 (M-0), 5 (G), and 7(1) experiments. *P< 0.05, **P<
0.01 by 2-tailed unpaired Student’s ¢test. Error bars represent standard deviation.
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Fig. 7. FRC CCL2 regulates monocyte ROS production
(A,B) Day 15 OVA-Alum immunized WT or Cc/Z”/~ lymph node cells were loaded with

CM-H2DCFDA. (A) Fluorescence in indicated cells. (B) Relative ROS levels as indicated
by MFI of each Cc/2”~ population normalized to MFI in WT cells. Data are from 2
experiments. Dashed line represents fluorescence of WT B cells relative to that of WT
Ly6CN monocytes. (C) GFP expression by FRCs cultured from WT and CCL2-GFP mice.
(D-F) Monocytes were incubated with WT or Cc/2”/~ FRC supernatants and then cells and
supernatants were assayed as indicated. (D) Relative intracellular ROS in monocytes, as
indicated by MFI after CM-H2DCFDA-loading. (E) Extracellular ROS in supernatants, as
indicated by fluorescence of the superoxide indicator dihydroethidium (DHE) in each
supernatant normalized to the value of the WT supernatant without monocytes. (F)
Normalized MFI of anti-NOX2 staining in monocytes. Dashed line represents the level of
NOX2 antibody staining in Nox2/~ sorted monocytes which was used as a negative control
and to which the other MFIs were normalized to. (A,C) Fluorescence scale is logqg. (D-F)
Data are from 5 (D) and 3 (E,F) independent experiments. (D,F) each symbol is an
individual well with different symbols denoting independent experiments; (E) each symbol
represents the average of 2—3 wells from an experiment. *~< 0.05, **£< 0.01 by 2-tailed
unpaired Student’s ¢test. Error bars represent standard deviation. .
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Fig. 8. Vascular permeability regulates stromal CCL2 expression
(A-D) Homeostatic WT (A) or CCL2-GFP (B-D) mice were injected with anti-VE-cadherin

or control 1gG in footpads, and draining popliteal (A-D) and non-draining brachial (A)
lymph nodes analyzed 24 hours later. (A) Vascular permeability measurement. (B) GFP in
FRCs and LECs of CCL2-GFP mice. (C) Normalized GFP MFI in indicated populations.
(D) Numbers of indicated cells. (E-1) CCL2-GFP (F) or WT (G-I) mice received
Angiopietin-1 (Angl) in footpads at days 13 and 14 after OVA-Alum and popliteal nodes
were harvested on day 15, as in (E). (F) Normalized GFP MFI in indicated populations.
(G,H) Numbers of indicated cells. (1) Percentage of AFCs that are activated caspase-3+.
(A,C,D,F-1) Each symbol represents one mouse; n=3-6/condition. Data are from 2
(A,C,D,F) and 3 (G-I) independent experiments. *P< 0.05, **P < 0.01 by 2-tailed unpaired
Student’s ttest. Error bars represent standard deviation..
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