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Abstract
Antibody mediated allograft rejection is an increasingly recognized problem in clinical
transplantation. However, the primary location of donor specific alloantibody (DSA) producing
cells after transplantation have not been identified. The purpose of this study was to test the
contribution of allospecific antibody secreting cells (ASCs) from different anatomical
compartments in a mouse transplantation model. Fully MHC-mismatched heart allografts were
transplanted into three groups of recipients: non-sensitized wild type, alloantigen-sensitized wild
type and CCR5−/− mice that have exaggerated alloantibody responses. We found that previous
sensitization to donor alloantigens resulted in the development of anti-donor alloantibody (alloAb)
with accelerated kinetics. Nevertheless, the numbers of alloantibody secreting cells and the serum
titers of anti-donor IgG alloantibody were equivalent in sensitized and non-sensitized recipients
six weeks after transplantation. Regardless of recipient sensitization status, the spleen contained
higher numbers of donor-reactive ASCs than bone marrow at days 7–21 after transplantation.
Furthermore, individual spleen ASCs produced more anti-donor IgG alloantibody than bone
marrow ASCs. Taken together, our results indicate that the spleen rather than bone marrow is the
major source of donor-reactive alloAb early after transplantation in both sensitized and non-
sensitized recipients.
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Introduction
Despite advances in immunosuppression and routine panel reactive antibody screening prior
to transplantation, donor specific alloantibodies (DSA) mediate an unacceptably high
incidence of acute allograft rejection (1–3) and contribute to the development of chronic
rejection (4, 5). In order to develop therapies that effectively target DSA secreting cells, it is
crucial to understand the cellular mechanisms of DSA production.
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Following migration from bone marrow (BM) to secondary lymphoid organs, naïve B cells
can be activated after encountering antigen in the presence of primed helper T cells in the
extrafollicular T cell rich environment (6). Activated B cells then can either develop into
short-lived plasma cells (PCs) that secrete low affinity antibodies, or enter into the germinal
center reaction driven by a specialized subset of follicular helper T cells (7). After
proliferation, somatic hypermutation, affinity maturation and isotype switching, germinal
center B cells can differentiate into long-lived PCs or memory B cells (8, 9). Long-lived PCs
either migrate back to the BM or remain in the spleen or lymph nodes. These non-dividing
cells continually secrete antibodies in the absence of antigen and increase antibody
production in response to specific cytokines (10, 11).

The contribution of different antibody secreting cell (ASC) subsets to maintaining serum
antibody levels can be determined by multiple factors such as the antigen type and dose, site
of antigen administration, antigen persistence and the magnitude of initial inflammatory
response (10, 12, 13). Current information on the role of ASCs from various anatomical
compartments is predominantly derived from various models of infection and immunization
(11). Isotype-switched ASCs can be detected in lymphoid organs draining infection sites as
early as several days after infection. The early peak in spleen and lymph node ASCs is
followed by a gradual decline, while antigen-specific ASCs in the BM increase during this
time and typically reach a plateau 3–4 weeks after infection coinciding with the presence of
high serum antibody titers (14–17). Therefore, it is generally believed that BM ASCs are
responsible for maintaining anti-viral serum antibody levels and protection following re-
infection. In addition, antigen-specific ASCs have been detected in non-lymphoid tissues
following inflammation. Thus, during infections of the central nervous system (CNS), virus-
specific ASCs accumulate within the CNS where they play a local protective role (18–21).
In a murine model of influenza, viral antigen-specific ACSs within the lung have been
observed to persist longer compared to those in the spleen (22). Chronic inflammation can
also lead to the formation of ectopic lymphoid follicles containing long-lived ASCs such as
those detected in the meninges of multiple sclerosis patients (23).

In contrast to the extensively characterized humoral responses after infection or vaccination,
the sequence of events leading to the appearance and maintenance of donor-specific
alloantibodies in the serum of transplant recipients is less well defined. The current concept
of alloantibody production after transplantation has been recently summarized by Stegall et
al (24). In particular, due to the low frequencies of alloreactive ASCs and a paucity of assays
to identify these cells, considerable gaps remain in identifying the locations of alloantibody
producing cells and their relative importance. It has been recently demonstrated that a PC-
enriched population of cells isolated from the BM of sensitized renal allograft candidates
was able to produce alloantibodies in vitro with specificities identical to the alloantibodies
found in serum (25). However, it remains difficult to evaluate the relative importance of the
BM alloantibody production as spleen and lymph node samples are generally not available
from human subjects. Furthermore, the main source of alloreactive antibodies prior to versus
following transplantation could be different in sensitized recipients.

In the current study, we used a mouse cardiac transplantation model to test whether the
contribution of allospecific ASCs from different anatomical compartments depends on the
sensitization status of the recipient and on the time elapsed after transplantation. We show
that regardless of sensitization status, ASCs from the spleen and graft-draining lymph nodes,
rather than from the BM, are the main sources of donor-specific alloantibodies at early
stages after transplantation. By 6 weeks after transplantation, the difference in allospecific
antibody production between these anatomical compartments becomes less significant, and
the magnitude of the anti-donor humoral response is not affected by the initial sensitization
status of the recipient. We also investigated the mechanisms of the previously reported
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exaggerated DSA production in CCR5−/− heart allografts recipients (26–28). We
demonstrate that while CCR5−/− mice do not possess anti-donor T cell or humoral reactivity
prior to transplantation, their response to allografts are similar to those in sensitized wild
type (WT) recipients.

Materials and Methods
Animals and procedures

The following mice, aged 6–8 weeks, were purchased from the Jackson Laboratories (Bar
Harbor, ME): female C57Bl/6 (B6, H-2b: Kb, Db, and I-Ab), male BALB/c (H-2d: Kd, Dd,
Ld, I-Ad and I-Ed), male SJL (H-2s: Ks, Ds, Ls, I-As and I-Es) and male CCR5−/− on the
C57Bl/6 background. All animals were maintained and bred in the pathogen-free facility at
the Cleveland Clinic. All procedures involving animals were approved by the Institutional
Animal Care and Use Committee at the Cleveland Clinic.

Vascularized heterotopic cardiac allografts were placed and monitored as previously
described (29–31). Rejection was defined as a loss of palpable heartbeat and was confirmed
by laparotomy. To generate allosensitized recipients, female B6 mice were subcutaneously
injected with 30×106 BALB/c splenocytes in 100 μl of Complete Freund’s Adjuvant (CFA)
that was prepared by mixing Incomplete Freund’s Adjuvant (Sigma-Aldrich, St. Louis, MO)
and lyophilized M. Tuberculosis H37RA (2.5 mg/ml, Difco Laboratories, Detroit, MI). The
efficiency of sensitization was monitored in all recipients by measuring serum titers of
BALB/c reactive IgG alloantibodies on d. 14 after immunization. BALB/c heart allografts
were transplanted into sensitized B6 recipients 4 weeks after immunization.

To induce anti-viral immune responses, male B6 mice were intraperitoneally injected with 5
× 106 plaque forming units (PFU) of the mouse hepatitis virus strain JHMV, designated
2.2v-1 (14, 20, 32).

Histologic examination of recipient spleen tissues
For immunohistochemistry, tissues were fixed with acid methanol (60% methanol, 10%
acetic acid). Paraffin-embedded sections (5 μm) were steamed in two changes of Trilogy-
EDTA, pH 8 (Cell Marque, Hot Springs, AR) for 1 hr. Endogenous peroxidase activity was
blocked by incubation with 0.3% H2O2 in 80% methanol and nonspecific protein
interactions were blocked by incubation with a serum-free protein block (DAKO Corp,
Carpinteria, CA). Slides were incubated with a 1:3,000 dilution of biotin-SP-conjugated
Affinity purified F(ab′)2 fragments of goat antibodies to the Fc-gamma of mouse IgG
(Jackson ImmunoResearch, West Grove, PA) for 60 min at room temperature. Slides were
subsequently incubated for 30 minutes with Avidin-Biotin-Enzyme Complex (ABC elite
PK6100; Vector, Burlingame, CA), followed by diaminobenzidine and counterstained with
Hematoxylin.

Flow cytometry
Phycoerythrin (PE)-conjugated anti-mouse B220, allophycocyanin (APC)-conjugated anti-
mouse CD138 and fluorescein isothiocyanate (FITC)-conjugated Annexin V were purchased
from BD Pharmingen (San Diego, CA). Cells freshly isolated from spleen, lymph nodes or
bone of heart allograft recipients or cells obtained after 24 or 48 h. of in vitro culture were
stained with indicated reagents as previously described (29–31) and analyzed on a BD
Biosciences FACSCalibur using CellQuest software.
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In vitro cell cultures
BM or spleen cells were isolated from individual recipients at the time of sacrifice and 5 ×
106 cells were cultured in 1 ml of HL1 media (LONZA, Walkersville, MD). The
supernatants were collected after 48 hours and the presence of donor-reactive IgG antibody
was determined by a thymocyte binding assay (33). The apoptosis rates and viability of
spleen and BM cells were evaluated prior to the culture and at 24 and 48 h after the culture
by flow cytometry.

Measurement of alloantibody titers
Donor BALB/c and third party SJL thymocytes were isolated and 1×106 cell aliquots were
incubated with 100μl of serially diluted recipient serum or with non-diluted cell culture
supernatant. FITC-conjugated goat anti-mouse IgG, PE-conjugated anti-mouse IgG1, FITC-
conjugated anti-mouse IgG2a, FITC-conjugated anti-mouse IgG3 and biotinylated anti-
mouse IgG2b followed by PE-Streptavidin conjugate were used as detecting antibodies at a
1:50 – 1:100 dilution (all from BD Pharmingen). Cells were washed, fixed in 1%
paraformaldehyde, and analyzed by flow cytometry. For cell culture supernatants, the results
were reported as mean fluorescent intensity (MFI). The titer of BALB/c-reactive IgG
alloantibody in serum was calculated as previously published (33, 34). For each IgG isotype,
the MFI of each dilution was determined. The dilution that returned the MFI to the level
observed when thymocytes were stained with a 1:90 dilution of naïve B6 serum was divided
by two and reported as the titer.

IgG ELISPOT Assay
The frequencies of IgG secreting donor-reactive ASCs were determined using ELISpot PLUS

for mouse IgG kit (MABTECH AB, Nacka Strand, Sweden). Briefly, serial dilutions of
recipient cells isolated from the spleen, graft-draining mediastinal lymph nodes and BM
were cultured for 20 h in RPMI media supplemented with 5% of Fetal Bovine Serum (FBS)
in 96-well plates coated with anti-mouse IgG antibody (4 × 106 – 0.06 × 106 cells/well).
Then, either biotinylated-anti-IgG or biotinylated Dd molecules (5μg/ml, kindly provided by
Dr. Cornelia Bergmann at the Cleveland Clinic) were added as detection reagents for two
hours at RT. After extensive washes, the plates were incubated with Streptavidin-Alkaline
Phosphatase for one hour at RT, followed by BCIP/NBT substrate.

To detect JHMV-specific IgG producing ACSs, 96-well plates were coated with JHMV
virus at 5×105 PFU/well. Serial dilutions of cells were plated and incubated for 20 h at 37°C.
ASCs were detected by subsequent incubations with biotinylated rabbit anti-mouse IgG
(Southern Biotech, Birmingham, AL), streptavidin-horseradish peroxidase (BD Pharmingen)
and 3, 3′-diaminobenzidine substrate as previously described (14). The numbers of spots per
well and the cumulative spot size distribution were analyzed using an ImmunoSpot Series 2
Analyzer (Cellular Technology Ltd., Shaker Heights, OH). The results were calculated as
total numbers of ASCs per compartment, BM size was estimated by multiplying number of
cells isolated from femurs by 8.3 as previously described (35).

ELISPOT assay
Assays were performed as previously outlined using capture and detecting anti-mouse IFNγ
antibody from BD Pharmingen (36). Recipient spleen cells were stimulated with mitomycin
C-treated BALB/c or third party SJL spleen cells. The resulting spots were analyzed using
an ImmunoSpot Series 2 Analyzer.
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Statistical Analysis
Heart allograft survival was compared between groups by Kaplan-Meier analysis. Unless
noted otherwise, the data are represented as mean values ± SD. The antibody titers were
analyzed using nonparametric Mann-Whitney test. All other results were analyzed by
ANOVA followed by Bonferroni post-test. A p value < 0.05 was considered a significant
difference.

Results
Generation of allosensitized transplant recipients

Female B6 mice were subcutaneously injected with BALB/c splenocytes in CFA. In order to
test the efficiency and the specificity of this allo-immunization, we performed the following
experiments. First, spleen cells from sensitized mice were analyzed by ELISPOT to
enumerate IFNγ-secreting alloantigen-specific T cells. The responses to BALB/c
stimulators were significantly higher than those to third party stimulators at days 14 and 21
and declined to baseline levels by day 28 after immunization (Figure 1A). Second, sera from
immunized mice were tested for the presence of BALB/c-reactive alloantibody. High titers
of BALB/c reactive IgG2b were detected in sensitized but not in naïve B6 mice at days 14
and 28, althogh immunized mice had low serum titers of IgG2c, IgG1 and IgG3 (Figure 1B).
Third, the numbers of total IgG-producing ASCs as well as ASCs secreting Dd-specific IgG
were evaluated on day 28 after immunization by ELISpot assay. While very few ACSs
producing Dd binding IgG were detected in naïve B6 mice, immunization with BALB/c
spleen cells led to significant increases in numbers of ASCs secreting total and Dd-binding
IgG in the spleen, BM and mediastinal lymph nodes (Figure 1C). Consistent with the
sensitized status of immunized B6 mice, they rejected BALB/c heart allografts with
accelerated kinetics compared to non-immunized B6 recipients (MST 4.9 ± 0.8 days vs 7.4
± 0.7 days, respectively; n=16 per group, p < 0.0001).

Sensitized heart allograft recipients develop high titers of anti-donor alloantibody with
accelerated kinetics

The sera from sensitized and non-sensitized heart allograft recipients were tested for the
development of donor-reactive alloantibodies. Anti-donor IgG antibody titers were
significantly higher in the sensitized than in non-sensitized recipients at day 7 after
transplantation (7–200-fold increases for different IgG isotypes, Figure 2). While donor-
reactive alloantibody titers remained stable in sensitized recipients between days 7 and 21
after transplantation, they gradually increased in non-sensitized recipients. Notably, by day
21 and up to 6 weeks after transplantation, the anti-donor IgG antibody titers were
comparable between the groups (Figure 2).

The spleen is the main source of anti-donor ASCs in both sensitized and non-sensitized
recipients

To investigate the relative contribution of the spleen versus BM as a source of cells
producing alloantibody, spleen and BM cell suspensions were prepared from heart allograft
recipients and cultured in vitro for 48 hours without further re-stimulation. The presence of
donor-specific antibodies was evaluated by testing the ability of the culture supernatants to
bind donor thymocytes. The binding MFI levels for spleen cell supernatants were higher in
the sensitized than in non-sensitized group at days 7, 14 and 21 after transplantation.
However, the binding of spleen cell supernatants from sensitized and non-sensitized
recipients was comparable at 6 weeks post transplant (Figure 3). The binding MFIs were
significantly higher for the spleen compared to the BM supernatants in both sensitized and
non-sensitized recipients (Figure 3). These findings were not due to the inferior survival of
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BM plasma cells during in vitro culture as B220+CD138+ cells from spleen and BM
demonstrated similar viability and apoptotic rates (Figure S1). The differences between
spleen and BM cell supernatants became less prominent at 6 weeks after transplantation.

To investigate whether the differences in alloantibody production between anatomical
compartments could be explained by the relative frequencies of ASCs, we quantified IgG
secreting cells in the spleen, BM and graft-draining mediastinal lymph nodes. The numbers
of total IgG spots were significantly higher in the spleen than in the BM at days 7, 14 and 21
after transplantation. While the numbers of spleen IgG-secreting ACS did not change
between days 7 and 42 after transplantation, such cells gradually accumulated in the bone
marrow, resulting in comparable numbers of IgG secreting cells between the two
compartments at 6 weeks post transplant (Figure 4A).

Compared to non-sensitized mice, recipient sensitization resulted in increased numbers of
IgG-producing ASCs within the spleen and draining lymph nodes early after transplantation
(Figure 4A). This was confirmed by immunohistochemical staining of recipient spleen
sections. In non-sensitized recipients, IgG producing ASCs appeared to be in transit through
the bridging channels between the periarteriolar lymphatic sheets and the red pulp whereas
large numbers of ASCs accumulated at the border of the marginal zone and red pulp in
sensitized mice (Figure 4B). The majority of ASCs in non-sensitized recipients appeared to
be plasmacytes with characteristic uneven and granular staining of cytoplasm. In contrast, a
larger proportion of ASCs in sensitized recipients had uniformly and densely stained
cytoplasm consistent with the morphology of mature plasma cells (Figure 4B insets).

Next, we evaluated the frequencies and total numbers of donor MHC-reactive ASCs within
distinct anatomical compartments of sensitized and non-sensitized recipients. Regardless of
recipient sensitization status, we detected more cells secreting Dd-binding IgG in the spleen
than in the BM at days 7, 14 and 21 after transplantation. However, the frequencies of
donor-reactive ASCs among CD138+ cells and their total numbers gradually decreased in
the spleen and increased in the BM of non-sensitized recipients and became comparable in
the twp compartments by 6 weeks after transplantation (Figure 5A, B and Figure S2). The
sensitized recipients demonstrated similar trends in the kinetics of ASC accumulation, but
had significantly higher frequencies and numbers of allo-reactive ASCs in the spleen at days
7 and 21, and in the BM at days 7, 14 and 21.

To exclude the possibility that our assay for BM ASCs lacks sensitivity and to compare the
B cell responses to a heart allograft with responses to an infectious agent, we tested whether
we can detect antigen-specific BM ASCs in a model of viral infection. B6 mice were
intraperitoneally injected with a sublethal strain of mouse hepatitis virus JHMV that has
been reported to elicit a potent humoral response (14, 20, 32). The frequencies and total
numbers of ASCs producing virus-specific IgG were evaluated by ELISPOT assay on days
7, 14, 21 and at 6 weeks after infection. Notably, the frequencies of ASCs on day 7 post
infection were below the detection limit. In contrast to our findings in allograft recipients,
BM of the infected mice contained higher numbers of virus-specific ASCs at all time points.

Despite the increase in donor-reactive alloantibody titers in the serum of non-sensitized
recipients between days 7 and 14 after transplantation, we observed similar numbers of
donor-reactive ASCs at these time points. Therefore, we compared the ability of individual
ASCs to secrete Dd-binding IgG by analyzing spot size distrubution in ELISPOT assay. The
Dd-binding spot sizes increased over time after transplantation indicating an increasing
production of allo-reactive antibody by individual cells (Figure 6). In general, spleen ASCs
from sensitized recipients formed larger spots than cells from non-sensitized mice at all time
points examined. For BM ASCs, sensitization resulted in enhanced secretion of donor-
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reactive alloAb only at days 7 and 14 whereas comparable amounts of antibody were
produced by cells from sensitized and non-sensitized recipients at 6 weeks post transplant.
Notably, individual spleen ASCs produced more Dd-binding antibody compared to BM
ASCs regardless of recipient sensitization status or time elapsed after transplantation (Figure
6C).

The accelerated kinetics of humoral alloresponses in CCR5−/− heart allograft recipients
It has been previously shown that mice deficient in the chemokine receptor CCR5 have
enhanced humoral immune responses against donor alloantigens compared to WT animals
and develop acute humoral rejection of heart and kidney allografts (26–28). In order to
investigate the underlying mechanisms of exaggerated alloAb production under these
conditions, we evaluated the parameters of anti-donor humoral immune responses in
CCR5−/− heart allograft recipients. As in previous studies, WT and CCR5−/− recipients
rejected BALB/c heart allografts with similar kinetics (MST of 7.4 ± 0.7 days vs 7.8 ± 0.7
days, respectively). Increased numbers of donor-specific IFNγ secreting T cells were
present in CCR5−/− compared to WT recipients, consistent with previously reported
exaggerated T helper activity in the absence of CCR5 (8).

CCR5−/− recipients developed high titers of anti-donor IgG antibodies with accelerated
kinetics compared to WT mice. However, the titers of donor-reactive IgG2c, IgG2b and
IgG1 alloAb became comparable between groups by day 21 after transplantation (Figure 7).
The numbers of total IgG secreting cells did not change over time after transplantation and
were slightly, but not significantly, elevated in CCR5−/− compared to WT recipients (Figure
8A). In contrast, CCR5−/− recipients contained significantly higher numbers of Dd-binding
IgG secreting cells in the spleen at days 7, 14 and 21 (Figure 8B). Similar to our findings in
sensitized wild type recipients, the average Dd-bindingspot size in the spleen was larger at
day 7 in CCR5−/− compared to WT recipients. At later time points, the ability of individual
cells to secrete donor-reactive IgG antibody became comparable between both groups
(Figure S3). Taken together, these results indicate that despite the absence of pre-transplant
sensitization, the parameters of humoral alloimmune responses in CCR5−/− allograft
recipients are similar to those observed in sensitized WT mice.

Discussion
In the past two decades, the frequencies, kinetics, and functional parameters of T cell
immune responses following transplantation have been well characterized. However,
analogous studies on humoral alloimmunity have been hindered by the comparatively low
frequencies of alloreactive ASCs, by the paucity of assays to identify these cells and by the
challenges of evaluating different anatomical compartments in human transplant recipients.
A recent study by Perry et al. successfully detected alloreactive ASCs in the BM of
sensitized patients using purified HLA molecules as targets (25). However, the role of
allospecific ASCs from secondary lymphoid organs of allograft recipients has not been
previously addressed.

In the current study, we used three different models of murine cardiac allotransplantation to
compare the contribution of cells in the BM, graft draining lymph nodes and spleen to
donor-reactive alloantibody production. Parameters of humoral alloimmune responses were
evaluated at various time points after transplantation by measuring serum titers of donor-
reactive alloantibody, by comparing the ability of spleen and BM cells to secrete anti-donor
alloantibody during culture, and by enumerating total and donor-antigen reactive ASCs from
various compartments by a modified ELISPOT assay.
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We show for the first time that the spleen rather than BM is the major source of alloAb at
early stages after heart transplantation. First, spleen cells produced higher levels of donor-
reactive alloAb than BM cells during in vitro culture. Second, higher numbers of ASCs
producing donor-reactive IgG were detected within the spleen compared to the BM. Third,
individual spleen ASCs secreted more antibody than BM ASCs at all examined time points.

Previous studies of viral infections and immunizations had demonstrated that the initial
antigen-specific antibody production occurs in the spleen but BM antigen-specific ASCs
rapidly take over maintaining serum antibody levels as antibody production by spleen cells
wanes (12, 15–17). We observed similar kinetics and distribution of ASCs in a model of
viral infection (Figure 5C). In contrast, the numbers of donor antigen-specific ASCs in bone
marrow are negligibly low for the first three weeks after transplantation and the numbers of
spleen and bone marrow ASCs become comparable only long after high serum levels of
alloantibody have been achieved (d. 14 – d. 21 for different IgG isotypes).

The dynamics of ASCs distribution observed in our study raise questions about the longevity
of ASCs in the spleen versus BM. In contrast to acute viral infections, the alloantigens are
not rapidly cleared after heart transplantation and may continue to recruit new B cells into
the response and to stimulate induction of short-lived PCs in the spleen. Thus, it is possible
that spleen ACSs are mostly comprised of short-lived PCs while ASCs that migrate into the
BM persist for a long time, analogous to the responses induced against pathogens or model
antigens (10, 11). Studies evaluating the life span, antigen dependence and phenotypical
characteristics of spleen versus BM ASCs following transplantation are currently ongoing in
our laboratory.

In clinical practice, splenectomy has been used as a preemptive treatment of ABO
incompatible recipients or patients with high DSA levels and increased risk of antibody
mediated rejection (37–40). Performed prior to transplantation, splenectomy may reduce T
and B cell alloresponses against the graft as well as decrease the numbers of plasmablasts
and mature PCs. Interestingly, two groups have recently reported the successful use of
splenectomy for the treatment of refractory antibody mediated renal allograft rejection in
small groups of renal transplant patients (41, 42). In both studies, the DSA or ABO antibody
titers were decreased in all splenectomized recipients and resolution of antibody mediated
rejection (AMR) has been achieved. These outcomes are consistent with our findings on the
role of the spleen in the maintenance of DSA serum titers. However, it is possible that in
some cases lymph node and/or BM can harbor sufficient numbers of ASCs to overcome the
beneficial effects of splenectomy at later time points after transplantation.

Mediastinal lymph nodes have been established as important sites of antigen drainage for the
peritoneum. Previous studies on heterotopic cardiac allografts have demonstrated that donor
dendritic cells migrate to the mediastinal lymph nodes and PCs expand at these sites within
1 week after transplantation (43, 44). The current data indicate that mediastinal lymph nodes
are a site of rapid and prolonged production of donor specific antibodies. Nevertheless, the
relative size of mediastinal lymph nodes was modest compared to the spleen (5–10 × 106

versus 80–100 × 106 cells) and the numbers of lymph node ASCs were consistently lower
than those observed in the spleen (Figures 5 and 8), suggesting the more prominent
contribution of the spleen in the generation and maintenance of cells producing serum
alloantibodies. While the frequencies of alloantigen-specific ASCs were below the detection
level in non-draining axillary, brachial and popliteal lymph nodes (data not shown), it can’t
be entirely ruled out that ASCs from other locations such as GALT may also contribute to
alloantibody production after transplantation.
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A previous study of sensitized patients by Perry et al. estimated frequencies of BM cells
secreting antibody against specific HLA antigens to be as low as 0.5/1 × 106 (45).
Analogously, we found that BM cells secreting IgG antibodies binding a representative
donor MHC class I molecule, Dd, were extremely rare in sensitized mice and at earlier
stages after transplantation (0.5–2/1 × 106, Figure 5). The frequencies of ASCs in BM
significantly increased by six weeks post transplant and reached 16/1 × 106. The dynamics
of spleen ASC frequencies was exactly the opposite with the numbers peaking at day 7 post
transplant and then steadily declining by week six (from 100/1 × 106 to 30/1 × 106 and from
400/1 × 106 to 30/1 × 106 in non-sensitized and sensitized recipients, respectively).

Our data indicate that the sensitization status of the recipient does not alter the anatomical
distribution of the allo-reactive ASCs in that the spleen cells appear to be the major
contributors to allo-reactive antibody production in sensitized recipients as well. However,
the results do not exclude the possibility that BM ASCs contribute to the increased levels of
early antibody production in sensitized recipients. While BM cells did not appear to secrete
donor-reactive IgG2c and IgG1 at day 7 (Figure 3), they contained higher frequencies of
total and donor MHC-reactive IgG producing cells (Figures 4A and 5A) and produced anti-
donor IgG 2b (Figure 3). In addition, while sensitized recipients in our study were uniformly
exposed to donor alloantigens four weeks prior to transplantation, the contribution of various
anatomical compartments may be influenced by the time elapsed after initial sensitization
and/or by the strength of the priming stimulus.

As anticipated, previous sensitization with donor alloantigens resulted in an accelerated allo-
reactive antibody response following heart allograft placement. As immunization with donor
cells induced high titers of IgG2b but not of other IgG isotypes, the accelerated response
cannot be entirely attributed to the presence of allospecific antibodies prior to
transplantation. The numbers of total IgG and donor-reactive IgG secreting cells in
sensitized recipients increased significantly by day 7 after transplantation compared to pre-
transplant levels, suggesting the rapid differentiation of memory B cells to PCs as well as
robust secondary T helper responses.

Unexpectedly, in the absence of immunosuppression the donor-reactive antibody responses
in sensitized and non-sensitized recipients became comparable at later stages after
transplantation. Furthermore, the findings in CCR5−/− mice indicate that even in non-
sensitized recipients, anti-donor humoral responses can be accelerated in the presence of
higher frequiencies of donor-reactive helper T cells. The clinical implication of these results
is that the magnitude of de novo DSA production in transplant recipients that have negative
PRA and/or cross-match but contain increased frequencies of donor-reactive helper T cells
may reach that observed in sensitized recipients.

In summary, our study identifies the spleen as the major source of donor-reactive alloAb in
both sensitized and non-sensitized recipients. These findings contribute to the understanding
of humoral responses after transplantation and will facilitate future therapies targeting the
development and persistence of ASCs producing donor-reactive alloantibody.
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Abbreviations

AMR antibody mediated rejection

ASC antibody secreting cell

BM bone marrow

CFA complete Freund’s adjuvant

DSA donor specific alloantibody

MFI mean fluorescence intensity

MST mean survival time

PBST PBS with 0.025% Tween

PBS-1%BSA PBS with 1% bovine serum albumin

PC plasma cell

PFU plaque forming units

WT wild type
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Figure 1. Generation of allosensitized transplant recipients
B6 mice were subcutaneously injected with BALB/c splenocytes in CFA. A. IFN γ
ELISPOT assays were performed on spleen cells isolated prior to sensitization and at days
14 (n=3), 21 (n=3) and 28 (n=4) after sensitization and re-stimulated with BALB/c or third
party splenocytes. B. Sera were collected prior to sensitization and on days 14 (n=4) and 28
(n=4) after sensitization, BALB/c reactive antibody titers were measured as outlined in the
Methods. The titers of BALB/c reactive antibody in the serum of naïve B6 mice was < 45
for all IgG isotypes. C. IgG ELISPOT assays performed on spleen, BM and inguinal lymph
node cells to enumerate the frequencies of ASCs producing total and Dd-binding IgG (n=4).
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Figure 2. The kinetics of DSA production in sensitized versus non-sensitized heart allograft
recipients
Heterotopic BALB/c heart transplants were placed into non-sensitized B6 mice or into
sensitized B6 recipients four weeks after immunization with BALB/c alloantigens. Serum
was collected on days 7, 14 and 21 and at six weeks post transplant, and the titers of BALB/
c- and third party-reactive alloAb were determined by cell binding assay. The titers of third
party-reactive alloAb in all serum samples were < 45 for IgG2c and IgG2b and < 135 for
IgG1 and IgG3. The results were compared using non-parametric Mann-Whitney test. N =
4–5 mice per group at each time point.
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Figure 3. In vitro DSA secretion by spleen and bone marrow cells
Spleen and BM cells were isolated from heart allograft recipients at 7, 14, 21 and at six
weeks post transplant and cultured in vitro for 48 hours without re-stimulation. The presence
of DSA was evaluated by testing the ability of the culture supernatants to bind donor
thymocytes. Results are expressed as Mean Fluorescent Intensity (MFI). Spleen cells
isolated from naïve B6 mice and cultured for 48 hours were used as a control. N = 4–5 mice
per group at each time point.
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Figure 4. Distribution of IgG producing ASCs within spleen, mediastinal lymph nodes and bone
marrow of sensitized and non-sensitized recipients
A. Spleen, BM and mediastinal lymph nodes cells were isolated at indicated time points
after transplantation or from naïve B6 mice as a control. The total numbers of IgG-secreting
cells per each compartment were determined by ELISPOT assay. N = 4–5 mice per group at
each time point. B. Immunohistochemical staining of recipient spleen sections for IgG
secreting cells at day 7 post transplant. Spleen tissues were excised, fixed and embedded in
paraffin. 5μm sections were prepared and stained with anti-mouse IgG antibodies. Dotted
lines indicate the border between white and red pulp. Arrows point to bridging channels with
clusters of IgG+ ASCs; “a” = arteriole, “f” = follicle. Original magnification 20x, insets 60x.
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Figure 5. Distribution of antigen-specific IgG producing ASCs in heart allograft recipients is
distinct from that in virus-infected mice
A–B. Heterotopic BALB/c heart transplants were placed into non-sensitized B6 mice or into
sensitized B6 recipients four weeks after immunization with BALB/c alloantigens. Spleen,
BM and mediastinal lymph nodes cells were isolated at indicated time points after
transplantation. The total numbers per compartment of cells secreting Dd-binding IgG were
determined by ELISPOT assay (A). The kinetics of Dd-reactive ASC frequencies in the
spleen and in the BM of sensitized versus non-sensitized recipients (B). C. B6 mice were
intraperitoneally injected with 5 × 106 PFU of the mouse hepatitis virus strain JHMV. The
numbers of virus-specific ASCs were determined by ELISPOT assay at indicated time
points after infection. N= 4–5 mice per group at each time point.
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Figure 6. Secretion of donor MHC binding IgG by individual ASCs
A–B. ELISPOT well images and cumulative spot size histograms illustrate increasing
production of allo-reactive antibody by individual cells. C. The kinetics of average Dd-
binding spot size in sensitized versus non-sensitized recipients. All ELISPOT assays were
performed in duplicates, average spot sizes were determined for 4–5 recipients per group at
each time point.
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Figure 7. The kinetics of DSA production in wild type and CCR5−/− heart allograft recipients
WT and congenic CCR5−/− B6 recipients received heterotopic heart transplants from
BALB/c donors. Serum was collected on days 7, 14 and 21 and at six weeks post transplant,
and the titers of BALB/c and third party reactive alloAb were determined by thymocyte
binding assay. The titers of third party-reactive alloAb were < 45 for all IgG isotypes. N =
4–5 mice per group at each time point.
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Figure 8. Frequencies of ASCs producing total and donor-reactive IgG in WT versus CCR5−/−
recipients
Spleen, BM and mediastinal lymph nodes cells were isolated from WT or CCR5−/− heart
allograft recipients at indicated time points after transplantation and the total numbers of
ASCs per compartment were determined by ELISPOT assay. A. Total IgG ASCs. B. Dd-
binding IgG ASCs. N = 4–5 mice per group at each time point.
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