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Introduction

Pregnancy is an example of a spontaneously acquired state of
immunological tolerance, in this case to the semiallogeneic fetus.
Studies into the mechanisms facilitating tolerance to the semiallo-
geneic fetus have determined that immune tolerance is most pro-
nounced during the course of pregnancy and at the fetal-maternal
interface (1-3). An array of tolerance mechanisms have been iden-
tified, including chemokine silencing in decidual stromal cells to
prevent effector T cell recruitment (4) and the enrichment of pla-
cental FoxP3* Tregs (5), decidual natural killer cells that are poor-
ly cytolytic (6), decidual monocytes and y8T cells that secrete the
immunomodulatory cytokines IL-10 and TGF-B, monocytes that
produce indoleamine 2,3-dioxygenase, and tolerogenic dendritic
cells that express galectin-1 and macrophage inhibitory protein-1
(reviewed in refs. 2, 3). Expression of HLA-E and HLA-G by tropho-
blast cells further dampens responses by NK cells and T cells, and
roles for T cell immunoglobulin and mucin domain containing-3
(TIM3), inducible costimulator ligand (ICOSL), and programmed
cell death protein 1 (PD-1) in constraining T and NK cell responses
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Immunological tolerance to semiallogeneic fetuses is necessary to achieving successful first pregnancy and permitting
subsequent pregnancies with the same father. Paradoxically, pregnancy is an important cause of sensitization, resulting
in the accelerated rejection of offspring-matched allografts. The underlying basis for divergent outcomes following
reencounter of the same alloantigens on transplanted organs versus fetuses in postpartum females is incompletely
understood. Using a mouse model that allows concurrent tracking of endogenous fetus-specific T and B cell responses

in a single recipient, we show that semiallogeneic pregnancies simultaneously induce fetus-specific T cell tolerance and
humoral sensitization. Pregnancy-induced antibodies, but not B cells, impeded transplantation tolerance elicited by
costimulation blockade to offspring-matched cardiac grafts. Remarkably, in B cell-deficient mice, allogeneic pregnancy
enabled the spontaneous acceptance of fetus-matched allografts. The presence of pregnancy-sensitized B cells that cannot
secrete antibodies at the time of heart transplantation was sufficient to precipitate rejection and override pregnancy-
established T cell tolerance. Thus, while induction of memory B cells and alloantibodies by pregnancies establishes
formidable barriers to transplant success for multigravid women, our observations raise the possibility that humoral
desensitization will not only improve transplantation outcomes, but also reveal an unexpected propensity of multiparous
recipients to achieve tolerance to offspring-matched allografts.

have also been reported (reviewed in refs. 2, 3, 7, 8). Importantly,
some of these regulatory mechanisms extend systemically and are
reinforced in secondary pregnancies (9-11). The disease activity in
patients with rheumatoid arthritis decreasing spontaneously during
pregnancy was recognized by Hench in 1938 (12), while Rowe et
al. (10) reported a systemic increase in fetus-specific Tregs during
secondary pregnancy that mediated reduced responses to Listeria
monocytogenes infection and protection from fetal wastage.

Despite these multiple tolerance mechanisms involved in preserv-
ing the viability of the semiallogeneic fetus during primary and sub-
sequent pregnancies, studies in the 1980s by Bell and Billington (13)
reported that pregnancies in some maternal-paternal mouse strain
combinations elicit a paternal-specific antibody response (14, 15). In
the clinic, pregnancy is the second most important cause of allosensi-
tization, which is quantified by the development of paternal HLA-spe-
cific antibodies (16, 17). Approximately 50%-84% of mothers develop
these antibodies during pregnancy or in the first year after pregnancy,
and the incidence and strength of the anti-HLA antibody response
increases with each pregnancy (18, 19). As a result, it is more diffi-
cult for multiparous women with anti-HLA antibodies to find organ
donors to whom they are not allosensitized and they are often preclud-
ed from receiving organs from male partners who are fathers of their
offspring (18, 20). Thus, pregnancy contributes to a sex disparity in
access to transplantation, and there is an urgent need to mitigate this
disparity. We hypothesize that this can be achieved by understanding
how pregnancy-induced tolerance to semiallogeneic fetus also results
in sensitization to offspring-matched organ transplants.
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Figure 1. Allogeneic pregnancy elicits fetal-specific antibody respons-
es despite induction of T cell dysfunction. (A) Experimental design.
Male transgenic 2W-0VA B/c were mated with female WT C57BL/6 to
generate F1-expressing 2W-0VA, or female C57BL/6 were transplanted
with 2W-0VA F1 skin. Spleen and LNs (inguinal, axillary, branchial) were
harvested and analyzed on days PP0O-PP45 after skin transplantation
(skin Tx). (B) Percentages of Tregs of 2W* CD4* cells; n = 8-11/group. Data
are pooled from 2 or more independent experiments. (C) Total number

of 2W:IAP Tregs of CD4* cells; n = 5-27/group. (D) Total number of 2W:IA®
Tconvs; n = 7-30/group. (E) UMAP showing distinct clusters of Tregs from
virgin, PPO, and skin-transplanted mice (POD14). (F) Fold increase MFI for
Tregs from PPO and skin-transplanted mice (POD10-P0OD14) compared
with naive/virgin; n = 5-13/group. (G) UMAP demonstrating distinct
cluster of Tconvs from virgin, PPO, and skin-transplanted mice at POD14.
(H) Fold increase MFI for Tconvs from PPO and skin-transplanted (POD14)
mice compared with naive/virgin; n = 5-13/group. (I) Percentage of IFN-y
of Tem CD4* cells of virgin, approximately PP45, and skin-transplanted
mice (approximately POD45); n = 4-18/group. (J) Percentage of IFN-y* of
Tem CD8* cells; n = 4-29. (K) Median fold increase of FSA (normalized to
naive) of naive, primary pregnancy (1°) and secondary pregnancy (2°) PPO,
PP7, PP14, and PP21 mice, skin-transplanted POD14 and POD35 mice; n =
4-14/group. (L) Percentage of GC of Tet* B cells of virgin, PPO, PP14, PP21,
and skin-transplanted mice (POD14). n = 4-30/group. (M) Experimental
design. C57BL/6 female PP mice received CTLA-4lg (25 mg/kg, i.p.) from
E14 and were bled on a weekly interval. (N) Quantification of FSA from
virgin or mice with postprimary pregnancy from PODO to POD21. Each dot
represents an individual mouse; n = 4-10/group. Data represent mean +
SEM. P values were determined by Kruskal-Wallis test with Dunn’s post
hoc test (B-D, F, H-}, and L) and Mann-Whitney t test (K and N). *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

To investigate how semiallogeneic pregnancy alters
responses to allografts sharing paternal alloantigens, we used
female C57BL/6 mice mated with BALB/c males expressing
the 2W1S-OVA transgene (2W-OVA.BALB/c) as a model of a
ubiquitous membrane-expressed paternal antigen (21). With
this model, Rowe et al. (10) reported that pregnancy results in a
sustained expansion of maternal FoxP3* Tregs with fetus speci-
ficity, while Kalekar et al. (22) reported that pregnancy induced
anergic fetus-specific conventional T cells (Tconvs, Foxp3-
CD44hMCD73MFR4") that were epigenetically poised to differ-
entiate into induced Tregs. In our experiments, age-matched
virgin or 4- to 6-week postpartum (PP) mothers were trans-
planted with 2W-OVA.F1 (C57BL/6 x BALB/c) heart allografts
(HTx). Endogenous CD4" and CD8* T cells recognizing the 2W
or OVA antigen, respectively, were identified using 2W:I-A® and
OVA,_ ;K" tetramers, while endogenous alloreactive B cells
were visualized using a combination of MHC K¢, L4, and I-E¢
tetramers (23-25). By leveraging this ability to concurrently
track endogenous fetus-specific T and B cell responses in each
transplant recipient, we show that semiallogeneic pregnan-
cy simultaneously induced fetus-specific T cell tolerance and
humoral sensitization. Fetal-specific antibodies prevented
stable transplantation tolerance elicited by anti-CD154 and
donor-specific splenocyte transfusion (CoB/DST). Further-
more, in the absence of B cells, semiallogeneic pregnancies
induced T tolerance that facilitated the spontaneous acceptance
of fetus-matched HTx. Thus, our observations underscore the
complex regulatory/counterregulatory networks set up during
pregnancy that have long-term impact on the immune respons-
es to fetus-matched transplanted allografts.
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Results

Semiallogeneic pregnancy elicits fetal-specific antibodies despite
induction of T cell dysfunction. To characterize fetus-specific T and
Bcellresponses to a semiallogeneic pregnancy, we mated C57BL/6
mice with 2W-OVA.BALB/c male mice, resulting in haplomis-
matched F1 fetuses expressing 2W-OVA; endogenous fetus-spe-
cific CD4* Tregs and Tconvs were identified using 2W:I-A®
MHC class II tetramers (Figure 1A and Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI140715DS1). Implantation of fetuses occurs
on embryonic day 4-5 (E4-E5) after fertilization, and fetal antigen
becomes systemically available to prime maternal T cells by E10
(26, 27); thus PP mice are exposed to developing semiallogeneic
fetuses for approximately 10 days. 2W-OVA.F1 skin-grafts were
examined on postoperative days 10-14 (POD10-POD14), around
the day of acute rejection. We confirmed that primary pregnancy
preferentially expanded 2W:I-AP Tregs and that secondary preg-
nancy induced an even higher percentage of 2W:I-A® Tregs, within
the spleen and LNs harvested at days 0-3 PP (PPO-PP3) (Figure
1B). This increase in percentages of Tregs was the result of an
approximately 35-fold increase in the number of 2W:I-AP Tregs at
PPO-PP3 of primary or secondary pregnancy and a 7-fold increase
in 2W:I-A® Tconvs (Figure 1, C and D). In contrast, sensitization
with F1 skin grafts resulted in a 9-fold increase in numbers of
2W:I-A® Tregs and a 17-fold increase in 2W:I-A® Tconvs compared
with naive, resulting in a net 40% reduction in the percentage of
Tregs of 2W:I-A° CD4* T cells (Figure 1, B and D).

We next assessed by flow cytometry the expression of 7
markers that have been implicated in Treg function (Supplemen-
tal Figures 2 and 3) (28-30) and then performed analyses with
uniform manifold approximation and projection (UMAP) (Fig-
ure 1E), an algorithm for dimension reduction and construction
of topological spaces. These studies demonstrate that the Tregs
activated by pregnancy, examined on PPO, were indeed differ-
ent from those activated by skin rejection. When compared with
naive 2W:I-AP Tregs, PPO Tregs exhibited increased expression
of CTLA-4, a coinhibitory molecule, and CD73, a cell-surface
enzyme that mediates the hydrolysis of ATP and ADP into anti-
inflammatory adenosine (31-33). 2W:I-A® Tregs activated by
2W-OVA-F1 skin grafts at POD10-POD14 significantly upreg-
ulated CTLA-4, GITR, and Ki67, but did not upregulate CD73
(Figure 1F). Thus, Tregs activated by semiallogeneic pregnan-
cy were phenotypically distinct from those activated by oft-
spring-matched skin allografts.

UMAP analysis also indicated that pregnancy induced an acti-
vation phenotype in 2W:I-A® Tconvs distinct from Tconvs activated
by skin sensitization (Figure 1G). PP Tconvs, but not those after
skin transplant, significantly upregulated expression of the FR4
folate receptor and CD73, while Tconvs from skin-rejecting females
upregulated Ki67 instead (Figure 1H). PD-1 was significantly upreg-
ulated on Tconvs in both PP and skin-rejection females (Figure 1H).
Because PP Tconvs (Supplemental Figure 3) uniquely exhibited an
FR4"CD73" phenotype consistent with anergy (22), we tested to
determine whether PP Tconvs were functionally defective. T cells
were stimulated with T cell-depleted 2W-OVA.F1 splenocytes, and
the percentages of IFN-y* of CD4" and CD8" T cells with effector
memory phenotype (Tem: CD44*CD62L") were enumerated (Sup-
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plemental Figure 4). Mice that rejected 2W-OVA.F1 skins and were
examined on approximately day 45 after skin transplant had sig-
nificantly increased frequencies of donor-specific IFN-y-producing
CD4" and CD8" T cells compared with naive mice (Figure 1, I and
]). In contrast, mice at approximately PP45 did not, suggesting that,
despite acquiring the Tem phenotype, fetus-specific (BALB/c) T
cells had not acquired the ability to produce IFN-y.

We next tested to determine whether semiallogeneic preg-
nancy elicits fetus-specific antibody (FSA) response. We show
that primary PP mice indeed had modestly elevated FSA at PP7-
PP21, compared with high levels of donor-specific antibody (DSA)
observed in skin allograft recipients (Figure 1K and Supplemental
Figure 5A). Notably, FSA levels remained increased in secondary
pregnancy, with a higher percentage of PP females having ele-
vated FSA during secondary compared with primary pregnancies
(Figure 1K and Supplemental Figure 5B). Similar to what occurred
with DSA after skin transplantation, FSA IgG were predominantly
of the IgG2c subclass (Supplemental Figure 5C) and included IgG
specific for 2W-OVA (Supplemental Figure 5D). Overall, these
observations are consistent with clinical reports showing that
the percentage of women with IgG antibodies specific for fetus-
matched HLA increases with the number of pregnancies with the
same male partner (16). Alloreactive B cells were identified using
the combination of K¢, L4, and I-E¢ tetramers, as we previously
reported (Supplemental Figure 6) (23-25). Interestingly, the FSA
response was not associated with a detectable germinal center
(GC) response in the uterine-draining LNs, as there was no sig-
nificant increase in the percentage of donor-reactive B cells with
a GC (Fas*GL7') phenotype at PPO, PP14, or PP21 (Figure 1L).
Nevertheless, treatment with CTLA-4Ig to block CD28:B7 inter-
actions (34) from E14 through PP21 prevented the development
of fetus-specific IgG (Figure 1, M and N). Collectively, these data
suggest that a semiallogeneic pregnancy elicits T cell-dependent
but GC-independent FSA responses, despite the induction of
fetus-specific Tregs and Tconv dysfunction.

Semiallogeneic pregnancy antagonizes the induction of stable
tolerance to offspring-matched allografts. The observation of split
functional outcomes of fetal-specific adaptive responses, with T
cell tolerance but humoral sensitization, prompted us to test to
determine whether PP C57BL/6 females would be more or less
resistant to the induction of transplantation tolerance by CoB/
DST. To answer this question, PP females were rested for 45-60
days, then transplanted with a 2W-OVA.F1 HTx (Figure 2A). Tol-
erance was induced with anti-CD154 administered on PODO,
POD7, and POD14 and BALB/c DST on PODO. In virgin or PP
females that experienced syngeneic pregnancies, this tolerogen-
ic regimen resulted in long-term graft acceptance of 2W-OVA.F1
HTx (Figure 2B). In contrast, PP females that experienced semi-
allogeneic pregnancies were resistant to tolerance induction to
fetus-matched HTx, as the majority (260%) of cardiac allografts
completely stopped beating by POD60. Notably, semiallogeneic
skin-sensitized recipients rapidly rejected 2W-OVA.F1 HTx by
PODS, suggesting the quality of sensitization by pregnancy was
distinct from skin sensitization.

Because anti-CD154 in combination with DST is not a clini-
cally approved therapy, we also tested the effect of semialloge-
neic pregnancy on subsequent immunosuppression with CTLA-

The Journal of Clinical Investigation

4Ig (Figure 2C). A high-affinity mutant of CTLA-4Ig, belatacept,
has been approved as prophylaxis for rejection in kidney trans-
plant recipients (35), and short-term treatment with CTLA-4Ig
(administered on PODO, POD2, POD4, POD7, and POD14) was
able to promote long-term 2W-OVA.F1 HTx acceptance in virgin
C57BL/6 recipients. In PP recipients, 2W-OVA.F1 HTx survival
under CTLA-4Ig was significantly reduced (compare red and blue
lines; Figure 2C).

To determine whether the resistance to CoB-induced toler-
ance was due to pregnancy-primed graft-specific T cells, we exam-
ined the 2W-OVA T cell response to 2W-OVA.F1 HTx * CoB/DST.
Consistent with previous reports (10, 22), virgin tolerant recipients
receiving CoB/DST exhibited significant increases in the percent-
ages of 2W:I-A® Tregs on POD30 or later. This increase in percent-
age was due to a modest preferential increase in the total number of
2W:I-A Tregs over Tconvs (Figure 2, D-F). Notably, despite resis-
tance to CoB-induced tolerance, PP mice had comparable increases
in the frequency of 2W:I-A® Tregs, also due to a preferential increase
in Tregs and a decrease in Tconvs. Furthermore, the MFI of 2W:I-
AP binding on Tregs was significantly increased in PP recipients of
2W-OVA.F1 HTx plus CoB/DST compared with virgin recipients or
pre-HTx PP mice (Supplemental Figure 7), consistent with a high-
er avidity recall Treg response. In contrast, mice first sensitized by
2W-OVA.F1 skin grafts followed by 2W-OVA.F1 HTx plus CoB/DST
did not exhibit increases in the total number of 2W:I-A® Tconvs and
Tregs nor increases in the percentages of Tregs of 2W:I-A® T cells
(Supplemental Figure 8, A-C). Additionally, these Tregs did not
exhibit an increase in MFI of 2W:I-A® binding (Supplemental Fig-
ure 7). Thus, our observations confirm and extend the findings of
Rowe et al. (10) demonstrating that semiallogeneic pregnancy-in-
duced memory Tregs are capable of responding to fetus-matched
heart allografts, whereas memory Tregs induced by skin-graft rejec-
tion are distinct and exhibit reduced accumulation upon recall with
fetus-matched HTX plus CoB/DST.

Comparable numbers of 2W:I-A® Tconvs observed in virgin,
PP, and skin rejection-sensitized mice receiving 2W-OVA.F1 HTx
plus CoB/DST prompted us to further test to determine whether
BALB/c-specific CD4* T cells were functionally distinct. To this
end, we quantified the allogeneic CD4* T cell IFN-y response
upon stimulation with T cell-depleted splenocytes from 2W-OVA.
F1 mice. The frequencies of IFN-y-producing CD4" T cells in vir-
gin/naive mice and in semiallogeneic PP females receiving HTx
plus CoB/DST were comparable (Figure 2G). In contrast, mice
sensitized by 2W-OVA F1 skin grafts already exhibited increased
percentages of donor-specific IFN-y-producing CD4* T cells
prior to HTx and these remained elevated after HTx plus CoB/
DST (Supplemental Figure 8D). Collectively, these data suggest
that pregnancy-primed Tconvs exhibited a sustained inability to
secrete IFN-y despite acquiring a Tem phenotype and succumbing
to CoB/DST-resistant HTx rejection.

We next tested to determine whether pregnancy-primed fetus/
donor-specific CD8" T cell responses were controlled similarly to
CD4* Tconv responses in PP recipients of HTx plus CoB/DST. We
quantified the accumulation of OVA:K® CD8* T cells (Supplemen-
tal Figure 9) to show that 2W-OVA.BALB/c x C57BL/6 pregnan-
cy induced a significant increase in the number of OVA:K® CD8*
T cells (Figure 2H). Following 2W-OVA.F1 HTx plus CoB/DST,

J Clin Invest. 2021;131(1):e140715 https://doi.org/10.1172/)CI140715


https://www.jci.org
https://doi.org/10.1172/JCI140715
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd
https://www.jci.org/articles/view/140715#sd

The Journal of Clinical Investigation

RESEARCH ARTICLE

A 2W-OVA B/c & C57BL/6 (WT) Q
2W-OVA (Allo) Pregnancy
X >
D45-60 2W-OVA F1 (B/c x B6) HTx
X (Syn) Pregnancy R
D45.60 » +TolRx (aCD154 + DST)
OR
2W-OVA F1 Skin Tx + CTLAdIg
D45-60 "
B 1007 C 100 L
80 4 M 80
s tHt Tt s «
S 60 S 604
[77] 7]
ﬁ 40 % 40
9 " Virgin + TolRx (N=25) 2 "
[ - [ o =
L. -+~ Syn PP + TolRx (N=10) . L. -e- Virgin + CTLA4Ig (N=6)
< = Allo PP + TolRx (N=23) tt < -4 Allo PP + CTLA4lg (N=9)
0 - Post-Skin Tx + TolRx (N=10) o -e- Virgin AR (N=10)
0 10 20 30 40 60 0 10 20 30 40 50 60
Days Post-HTx Days Post-HTx
D *kkk * E F
10¢ ek kk A 105, XX** % 100 *
) A A o0 * *kk
—0
F- o° . o 5 8
? o0 . N ol P . A 3 o .
W= 108 o % Aaa o010 . 4a
+ ey ﬁ A = 60 AA
= ° d) % A N A
Y A X A = A
= %% A N [oJe) 00 A A 5]
g 0000 T ¢) —i?e A%f Q40 00 A %
= 102 ] A AA L 108 © A [ A 4 A
o A 5 o)
© AAA = 003 AaA
° ry 20 000 Aia
88% % ol oo AA
10" 102 (e, . . ; 0 Py A
Pre- AR +TolRx Pre- +TolRx Pre- AR +TolRx Pre- +TolRx Pre- AR +TolRx Pre- +TolRx
HTx D14 >D30 HTx >D30 HTx D14 >D30 HTx >D30 HTx D14 >D30 HTx >D30
Virgin Post-Partum Virgin Post-Partum Virgin Post-Partum
G 3, * *kk*k H | 30
° 105 *kkk * *% *kkk
3 £ Al 8
o 2| ° 8 10 . 4 S 20 ¢
H © ©© z o
5 < L TN 5
< © o 8o e 2
P A A Z 0o Z 10
w o D)) = A 'S
® = © A
IS o e° N (o) °
% Ata 102 ° A A
ol T o g A L o L &8
Pre- AR +TolRx Pre-  +TolRx AR +TolRx Pre- +TolRx Pre- AR +TolRx Pre- +TolRx
HTx D14 >D30 HTx >D30 D14 >D30 HTx >D30 HTx D14 >D30 HTx >D30
Virgin Post-Partum Virgin Post-Partum Virgin Post-Partum

Figure 2. Allogeneic pregnancy induces resistance to transplantation tolerance despite allogeneic T cell dysfunction. (A) Experimental design. Male
2W-0VA.BALB/c were mated with female C57BL/6 to generate allogeneic F1-expressing 2W-0VA (allogeneic pregnancy), or male C57BL/6 were mated

with female C57BL/6 to generate syngeneic F1 (syngeneic pregnancy), or female C57BL/6 mice were transplanted with 2W-0VA.F1 (BALB/c x C57B6) skin
graft. After resting for 45-60 days, PP or skin-transplanted mice received 2W-0VA.F1 heart transplants and were treated with CoB/DST to induce tolerance
(TolRx), or CTLA-4lg on PODO, POD2, POD4, and POD7 after HTx. (B) Percentage of heart graft survival; n = 10-25/group. P < 0.05; P < 0.01; *'P < 0.0001,
log-rank test. (C) Percentage of heart graft survival, including acutely rejecting (AR) virgin controls: n = 6-10/group. *P < 0.05; 7P < 0.001, log-rank test.

Spleens and inguinal, axillary, and brachial LNs were harvested from indicated mice on POD > 30. (D) Total number of 2W:IA® Tregs; n = 7-38/group. (E)

2W:IA® Tconvs; n = 7-30/group. (F) Percentage of Tregs of 2W:IA® CD4* cells; n = 8-23/group. (G) Percentage of IFN-y* of Tem CD4" cells; n = 4-20/group. (H)
Total number of OVA* of CD8" cells; n = 5-40/group. (1) Percentage of IFN-y* of Tem CD8* cells; n = 4-29/group. Pre-HTx data are from Figure 1, | and . Data
are pooled from 2 or more independent experiments and represent mean + SEM. *P < 0.05; ***P < 0.001; ****P < 0.0001, Kruskal-Wallis test with Dunn’s
post hoc test or Mann-Whitney t test (D-1). Data for the Pre-HTx groups in G and H are from Figure 1, | and J, respectively.
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PP, and allogeneic PP 2W-0VA.F1 HTx and tolerance induction mice; n = 9-18/group. (B) Experimental design. Male 2W-0VA.BALB/c were mated with uKO.
C57BL/6. PP uKO females were rested 45-60 days, then received 2W-0VA.F1 hearts + CoB/DST (TolRx). (C) Percentage of heart graft survival; n = 8-23/
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test. (D) Percentage of GC (Fas*GL7*) of Tet* B cells; n = 6-30/group. **P < 0.01; ***P < 0.001; ****P < 0.0001, Kruskal-Wallis test with Dunn’s post hoc
test (A and D). (E) Experimental design. Male 2W-0VA.BALB/c were mated with slgK0.C57BL/6. PP sIgkO females were rested 45-60 days, then received
2W-0VA.F1 hearts and were treated with and without tolerance induction with CoB/DST (TolRx). (F) PP sIgkO with HTx received a single dose (200 pL, i.v.)
of immune serum (DSA) at DO of HTx. Immune serum were pooled from D7-D212W-0VA.F1 skin-sensitized (n = 3; POD7-21) or pregnancy-sensitized mice
(n = 3; PP7-21); n = 6-7/group. **P < 0.01; ***P < 0.007; ****P < 0.0001, log-rank test (F). Data are pooled from 2 or more independent experiments and

represent mean + SEM.

the total number of OVA:K® CD8* T cells in PP recipients did not
increase further, but was instead significantly reduced to numbers
comparable to those in tolerant virgin HTx plus CoB/DST recipi-
ents (Figure 2H). Similar results were observed for donor-specific
IFN-y*CD8* T cell responses (Figure 2I), which were comparably
undetectable in virgin or PP recipients of 2W-OVA.F1 HTx plus
CoB/DST (Figure 1J). In contrast, mice sensitized by 2W-OVA.F1
skin grafts followed by 2W-OVA F1 HTx plus CoB/DST harbored
increased numbers of OVA:K* CD8" T cells and increased percent-
ages of donor-specific IFN-y-producing CD8* T cells prior to HTX,
both of which remained elevated after HTx despite receiving CoB/
DST (Supplemental Figure 8, E and F). Thus pregnancy-primed
CD8" T cells responses were also distinct from those primed by
skin rejection and were controlled in PP recipients succumbing
to CoB/DST-resistant rejection comparably to CoB/DST tolerant
virgin HTx recipients.

We conclude that the CD4* Tconv and CD8* T cell responses
primed by semiallogeneic pregnancy were distinct from those sensi-
tized by F1 skin rejection and that they were not escaping CoB/DST
to mediate HTx rejection; this may explain the more modest rate of
heart allograft rejection under COB/DST treatment compared with
that of skin-transplanted recipients. We therefore hypothesized that
pregnancy-sensitized humoral responses were the barrier to the
induction of transplantation tolerance in PP HTx recipients.

Fetal-specific antibodies are necessary for pregnancy-acquired
resistance to CoB-induced tolerance. In mice sensitized by an
allograft, we previously reported that the presence of DSA at the
time of donor-matched HTx prevented the induction of transplan-
tation tolerance by CoB/DST (36, 37). The presence of detectable
fetal-specific IgG at 45-60 days in PP females and also in PP recipi-
ents that received 2W-OVA.F1 HTx plus CoB/DST (Figure 3A) was
consistent with the possibility that FSA was mediating pregnan-
cy-induced resistance to transplantation tolerance. To directly test
this hypothesis, we mated B cell-deficient pKO.C57BL/6 females
with 2W-OVA.BALB/c males and then used the PP uKO females
as recipients of 2W-OVA.F1 HTx plus CoB/DST (Figure 3B). While
virgin KO females were able to acutely reject 2W-OVA.F1 HTx
with kinetics similar to those of WT C57BL/6 females (Figure 2C
and Figure 3C), PP uKO females receiving CoB/DST treatment
accepted 2W-OVA.F1 HTx (Figure 3C). These observations sup-
port our hypothesis that humoral sensitization by semiallogene-
ic pregnancy is the basis for the resistance to CoB/DST-induced
transplantation tolerance in PP C57BL/6 mice.

While semiallogeneic pregnancy did not elicit a detectable GC
response despite the development of FSA (Figure 1, K and L), allo-
reactive B cells in PP WT recipients of 2W-OVA.F1 HTx plus CoB/
DST were persistently Fas*GL7* at POD of 30 or later, consistent
with GC B cells. In contrast, B cells from virgin females tolerant
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2C and Figure 3, C and F, respectively.

to 2W-OVA.F1 HTx did not develop a detectable GC response and
were Fas"GL7" (Figure 3D). This observation raised the possibility
that PP B cells were not adequately controlled and might directly
contribute to resistance to CoB/DST-induced tolerance, potentially
serving as antigen-presenting or cytokine-producing cells. To test
this possibility, we used sIgKO mice that lack the genes encoding
secretory IgM and activation-induced deaminase (AID, Aicda),
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and thus their B cells cannot undergo affinity maturation or secrete
antibodies of any isotype (38, 39) (Figure 3E). Virgin sIgKO mice
rejected 2W-OVA.F1 HTx with kinetics similar to those of WT
C57BL/6 mice. When treated with CoB/DST, PP sIgKO accepted
the HTx allograft long term, similarly to PP pKO recipients (Figure
3F). These observations indicate that PP B cells were not sufficient,
and circulating FSA was necessary for preventing tolerance induc-
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tion. To test this, on the day of 2W-OVA.F1 HTx plus CoB/DST
treatment, we transferred FSA-containing serum harvested from
PP7-PP21 females (n = 3) or DSA-containing serum from skin-sen-
sitized recipients (harvested on POD10-POD21; 1 = 3). Transfer of
graft-reactive antibody-containing serum was sufficient to restore
HTx rejection (Figure 3F), supporting the conclusion that FSA/DSA
at the time of HTx is sufficient to mediate resistance to CoB-medi-
ated transplantation tolerance in PP sIgKO recipients.

Absence of B cells reveals pregnancy-induced T cell tolerance to off-
spring-matched allografts. The induction of fetus-specific memory
Tregs along with nonfunctional Tconvs and CD8" T cell respons-
es in PP HTx recipients raised the possibility that fetus-specific
T cells might be tolerized to such an extent that PP mice sponta-
neously accept a fetus-matched HTx if B cells and FSA are absent.
To investigate this, we transplanted OVA-2W.F1 HTx into virgin or
PP WT or PP uKO females without any immunosuppression or tol-
erance-inducing regimen. As expected, WT virgin and PP females
rejected OVA-2W.F1 HTx with comparable kinetics (Figure 4A)
and virgin pKO females acutely rejected OVA-2W.F1 HTx with
kinetics comparable to those of virgin or PP WT females (Figure
4B). Strikingly, PP nKO mice spontaneously accepted OVA-2W.
F1 HTx. In contrast, pKO mice that were sensitized by 2W-OVA.
F1 skin transplants rejected skin-matched HTx with slightly faster
kinetics compared with virgin uKO mice, confirming the ability of
pKO mice to generate productive memory T cell responses. His-
tology and immunohistochemistry confirmed that the rejection
of allografts by virgin nKO was associated with CD4* and CD8* T
cells, and lack of rejection correlated with significantly reduced T
cell infiltration in PP pKO (Figure 4C). Collectively, these experi-
ments reveal the ability of semiallogeneic pregnancy to induce a
sustained and systemic state of fetus-specific T cell tolerance such
that PP pKO mice were able to spontaneously accept a semiallo-
geneic heart graft transplanted 45-60 days after pregnancy, when
B cells and donor-specific antibodies were absent. Nevertheless,
pregnancy-induced T cell tolerance in PP unKO mice was not able
to induce the acceptance of 2W-OVA.F1 or 2W-OVA.B/6 skin
grafts (Supplemental Table 1), consistent with the notion that skin
transplants are more susceptible to rejection than heart allografts.

To determine whether the presence of B cells was sufficient or
whether secreted antibodies were necessary to abrogate the preg-
nancy-induced tolerance observed in PP pKO mice, we determined
whether PP sIgKO mice were able to spontaneously accept OVA-2W.
F1 HTx. As illustrated in Figure 4D, PP sIgKO acutely rejected OVA-
2W.F1 HTx with kinetics that were only modestly delayed compared
with that of virgin sIgKO mice. Thus, the presence of B cells incapa-
ble of secreting antibodies is sufficient to prevent the spontaneous
acceptance of an offspring-matched graft in PP pKO mice.

Pregnancy-sensitized B cells at transplantation override T cell
tolerance to offspring-matched allografts. The presence of B cells in
sIgKO mice, in theory, may have prevented the induction of T cell
tolerance during semiallogeneic pregnancy. Alternatively, their
presence may have permitted the development of T cell tolerance
during pregnancy, but T cell tolerance was overridden by these
B cells at the time of HTx. Because most studies identifying the
many mechanisms of pregnancy-induced T cell tolerance were
performed in WT mice where B cells were present, we favored the
latter possibility. We first tested to determine whether B cells were
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able to override pregnancy-induced T cell tolerance by depleting B
cells from PP sIgKO females at the time of HTx (Figure 5A). Treat-
ment with anti-CD20 on PODO significantly extended allograft
acceptance in PP sIgKO females (Figure 5B), and the numbers of B
cells in the spleen and LN, including donor MHC-specific B cells,
remained significantly lower than in WT C57BL/6 mice at the time
of sacrifice at POD30 (Supplemental Figure 10). These observa-
tions suggest that the presence of B cells during pregnancy did not
prevent the induction of fetus-specific T cell tolerance, but rather
T cell tolerance was overridden by the presence of sIgKO B cells at
the time of HTx. Furthermore, because sIgKO B cells are unable to
produce antibodies, we hypothesized that these B cells were pro-
moting HTx rejection by facilitating the activation of allograft-re-
active T cells. Indeed, 2W-OVA.F1 HTx from PP sIgKO mice had
T cell infiltration comparable to that of acutely rejected HTx in
virgin mice, whereas HTx from PP sIgKO recipients depleted of B
cells had significantly reduced T cell infiltrate (Figure 5C).

To define the extent to which B cells in PP sIgKO recipients
of 2W-OVA.F1 HTx were able to activate the donor-specific T cell
response, we first quantified the 2W:I-A® T cells response on day 30
after HTx. Indeed, the total number of 2W:I-AP Tconvs recovered
from PP sIgKO recipients after 2W-OVA.F1 HTx was comparable
to acute rejection in virgin sIgKO recipients (Figure 5D), and when
B cells were depleted in PP sIgKO at the time of 2W-OVA.F1 HTx,
the frequency of 2W:I-A® Tconvs in PP sIgKO recipients was sig-
nificantly reduced and was comparable to frequencies observed in
tolerant PP sIgKO recipients treated with CoB/DST. These obser-
vations are consistent with B cells promoting donor-specific CD4*
Tconvs responses in PP sIgKO recipients of HTx.

Likewise, the alloreactive IFN-y response in CD8* T cells,
which was markedly increased in PP sIgKO recipients of 2W-OVA.
F1 HTx, was significantly reduced with B cell depletion and
approached levels comparable to those of tolerant sIgKO HTx
recipients treated with CoB/DST (Figure 5E). The decrease in
donor-specific CD8* IFN-y response upon B cell depletion was
not associated with a significant reduction in the total number
of OVA:K® CD8* T cells (Supplemental Figure 11). Taken togeth-
er, these observations support the conclusion that B cells at the
time of 2W-OVA.F1 HTx in PP sIgKO recipients were promoting
donor-specific CD8" T cell activation. Finally, the total number of
2W:I-AP Tregs recovered after HTx in PP sIgKO recipients was not
significantly altered with B cell depletion (Figure 5F). Collectively,
these observations suggest that PP B cells at the time of F1 HTx
were directly overriding graft-specific Tconv and CD8* T cell tol-
erance, rather than preventing Treg expansion.

The sufficiency of PP B cells to override T cell tolerance was
tested by isolating B cells from PP sIgKO mice and adoptively
transferring them into PP pKO females 1 day before 2W-OVA.F1
HTx. Despite the inability to secrete antibodies, those PP B cells
were able to restore acute rejection to PP pKO recipients (Figure
5, G and H). In contrast, B cells from naive sIgKO B cells were not
able to restore HTx rejection. These observations confirm that
the presence of PP B cells during pregnancy did not affect the
induction of fetus-specific T cell tolerance, but were necessary
and sufficient at the time of transplantation to override pregnan-
cy-induced T cell tolerance and the spontaneous acceptance of
offspring-matched cardiac allografts.
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Discussion

Pregnancy remains an immunological paradox, whereby semiallo-
geneic pregnancy does not elicit the type of immunological memory
observed following exposure to allografts, as it allows repeated suc-
cessful semiallogeneic pregnancies with the same male partner. Yet
in clinical transplantation, pregnancy is considered a highly sensitiz-
ing event, defined by the presence of antibodies directed at paternal
HLA in multiparous females (40). The percentage of PP women pre-
senting with FSA increases with multiparity (18, 19), and PP females
harboring FSA that are also graft reactive tend to rapidly reject their
allografts, secondary to antibody-mediated rejection (41). It is less
clear whether T cell responses to offspring-matched allografts in PP
females are also heightened.

To investigate how fetus-specific T and B cell responses gener-
ated during a prior allogenic pregnancy alter the immune response
to an offspring-matched heart allograft, we used a preclinical mouse
model of allogeneic mating that allowed endogenous fetal-specific
T and B cells to be tracked longitudinally from early postparturition
through the after HTx period. We confirmed that an induction of
fetus-specific T cell dysfunction in PPO females was associated with
a preferential expansion of 2W:I-A® Tregs over Tconvs, an acquired
expression by Tconvs of FR4 and CD73, markers of T cell anergy
(22), and a sustained inability to produce IFN-y by Tconvs. In addi-
tion, PD-1 was upregulated in PP Tconvs and PD-1/PD-L1 interac-
tions have been reported to be necessary for maintaining maternal T
cell quiescence and averting fetal wastage (42). At PPO, Tregs exhib-
ited increased expression of CD73 and CTLA-4, molecules that have
been implicated in the function of Tregs (22, 29, 33). Nevertheless,
despite evidence of sustained fetus-specific T cell dysfunction, FSA
was significantly increased in the PP period following semiallogene-
ic pregnancy and the kinetics of FSA development were congruent
with those reported for women during pregnancy and in the PP peri-
od (43). Notably, we did not detect a GC B cell response during FSA
development, but FSA production was blocked by CTLA-4Ig, sug-
gesting that it is T cell dependent but GC independent.

The observation of split adaptive immune fates induced by
semiallogeneic pregnancy, with T cell tolerance but humoral sen-
sitization, raised the possibility that humoral sensitization might
promote rejection and resistance to transplantation tolerance.
Indeed, semiallogeneic PP recipients were resistant to CoB/
DST-induced tolerance of fetus-matched HTx, and pretransplant
FSA was mediating this resistance. These observations are con-
sistent with our previous reports in virgin mice (36, 37) showing
that adoptively transferred DSA into naive recipients was suf-
ficient to mediate resistance to CoB/DST-induced tolerance to
offspring-matched cardiac allografts. These observations, togeth-
er with the resistance to tolerance occurring despite an overall
increase in the numbers of 2W:I-A® Tregs, a lack in donor-specif-
ic 2W:I-A® Tconv and OVA:K® CD8* T cell accumulation, and the
inability of PP T cells to produce IFN-y even in PP recipients reject-
ing F1 HTx, raised the possibility that PP T cells were tolerant to
offspring-matched HTx, and it was humoral sensitization that was
overriding pregnancy-mediated T cell tolerance. Consistent with
this, fetus-matched heart allografts were spontaneously accepted
by PP uKO recipients that were deficient in B cells and antibodies.

The presence of PP B cells did not prevent the development of
T cell tolerance during pregnancy, but their presence at the time of
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HTx overrode T cell dysfunction and facilitated the acute rejection
of offspring-matched HTx. Because PP sIgKO B cells were incapa-
ble of secreting antibodies, but were able to override T cell tolerance,
we hypothesized that pregnancy-primed B cells functioned as anti-
gen-presenting cells and/or provided the proinflammatory signals
necessary in overriding dysfunction in PP T cells. Supporting the
latter possibility, we and others have reported that proinflammatory
cytokines such as type I TFN or IL-6 produced during bacterial or viral
infections prevent the induction of CoB-induced tolerance (44-47).
While PP sIgKO B cells are sufficient to override pregnancy-induced
T cell tolerance, FSA/DSA is also sufficient (Supplemental Figure 12),
underscoring the formidable barriers imposed by humoral sensitiza-
tion as a result of semiallogeneic pregnancies. Finally, it is unclear why
PP B cells and FSA can override T cell tolerance to cardiac allografts,
yet permit acceptance of semiallogeneic fetuses in subsequent preg-
nancies. Studies defining the mechanisms within the fetomaternal
interface that provide additional layers of constraint on fetus-specific
T/B interactions and resistance to antibody-mediated damage and
that are not accessible to the allograft, should provide critical insights.

As with allogeneic transplantation, a successful pregnancy must
balance the need to limit pathogenic immune responses directed at
the semiallogeneic fetus with the need to preserve protective immu-
nity to infections in the mother, fetus, and neonate. The former is
achieved through induction of potent immunomodulatory mecha-
nisms at the fetomaternal interface, and these mechanisms can be
detected systemically (48). For the latter, the production of maternal
neutralizing antibodies and their passage to fetuses, neonates, and
infants are critical for fetal protection from infections during the time
when the immune system is immature (49). Maternal IgG crosses
the syncytiotrophoblast barrier by binding to FcRn to provide passive
immunity to the fetus and newborn, while nursing mothers transfer
neutralizing antibodies via breastmilk, thus providing continued pas-
sive protection to the infant, especially in the event of new infections
(50-52). We theorize that the evolutionary need to preserve protective
humoral immunity during pregnancy and PP inadvertently allows for
the development of FSA that are deleterious to offspring-matched
allografts. That the presence of FSA does not prevent successful sub-
sequent pregnancies underscores heritable trait selection for mech-
anisms at the maternofetal interface that mitigate the pathogenic
effects of FSA, including the expression of complement regulatory
proteins (53, 54). In contrast, protective T cells generated in the moth-
er cannot be similarly transferred, and in fact, when fetus-specific T
cell responses develop unchecked in the absence of Tregs, preeclamp-
sia or spontaneous abortion of the fetus occurs (55-57). As a result, we
hypothesize that there are fewer constraints in the evolution of mech-
anisms for tolerizing fetus-specific T cell responses during pregnancy.
Our studies demonstrate that these tolerance mechanisms extend
to offspring-matched allografts, which are revealed when pregnan-
cy-sensitized humoral responses are abrogated.

That antibody responses are preserved late in pregnancy and
early PP is consistent with observations from a prospective, blind-
ed trial of mothers receiving trivalent influenza vaccine in the third
trimester of pregnancy that resulted in higher influenza-specific
IgA levels in the breastmilk for at least 6 months PP. Furthermore,
breastfed infants of influenza-vaccinated mothers had fewer epi-
sodes of respiratory illness in the first 6 months PP, which positively
correlated with the extent of exclusive breastfeeding (58). Preserva-

J Clin Invest. 2021;131(1):e140715 https://doi.org/10.1172/)CI140715


https://www.jci.org
https://doi.org/10.1172/JCI140715
https://www.jci.org/articles/view/140715#sd

The Journal of Clinical Investigation

tion of humoral immunity during pregnancy may conversely have
detrimental effects, as illustrated by reports of autoimmune disease
exacerbation. Nelson et al. (59) reported that exposure to fetal DNA
may trigger scleroderma, with disease incidence increasing in the
years after childbearing. In addition, 15%-60% of pregnant wom-
en experience exacerbation in systemic lupus erythematosus, while
5%-9% develop PP autoimmune thyroiditis coincident with new
onset of anti-thyroid peroxidase (anti-TPO) autoantibodies and
with disease recurrence in 75% of women in subsequent pregnan-
cies (60, 61). These observations suggest broader implications of
preserved humoral immunity during and immediately after preg-
nancy with respect to health disparities for multigravid women.

In conclusion, our findings provide a potential theoreti-
cal framework for understanding immunity to semiallogeneic
pregnancy and offspring-matched organ transplantation, where
fetus-specific T cell dysfunction permits repeated successful allo-
geneic pregnancies and where humoral sensitization provides pro-
tective immunity to the mother and child, but becomes a barrier
for allogeneic transplantation. Furthermore, the absence of FSA
together with depletion of pregnancy-sensitized B cells at the time
of offspring-matched allograft transplantation in PP recipients
reveals the presence of T cell tolerance and spontaneous accep-
tance of offspring-matched allografts. These observations raise
the intriguing possibility that multigravid recipients, through pro-
cesses of infectious tolerance and linked suppression (62, 63), may
be uniquely prone to developing tolerance to organs that share
HLA antigens with offspring compared with males or nonparous
women who have not developed fetal-specific T cell tolerance.
Additionally, it has been reported that fetus-specific anti-HLA IgG
disappears in approximately 50% of women at 2 years PP (64). It is
therefore tantalizing to consider a therapeutic strategy involving B
cell depletion in FSA-negative multigravid mothers for mitigating
the sensitizing effects of pregnancy and revealing the tolerogenic
effects of pregnancy to offspring-matched allografts.

Methods
Mice. Eight- to 12-week-old female C57BL/6 (B6, H-2%) mice were
purchased from The Jackson Laboratory or Harlan Laboratories.
Act-2W-OVA transgenic mice on a C57BL /6 background (2W-OVA.
C57BL/6) were a gift from James Moon (Massachusetts General
Hospital, Harvard Medical School, Charlestown, Massachusetts,
USA). Secretory IgM (Ighm) and AID (Aicda) double-knockout mice
(H-2°, sIgKO) mice were originally a gift from Frances E. Lund (38).
B6.129S2-Igh-6tm1Cgn/] (uKO) mice were purchased from The
Jackson Laboratory. Donor 2W-OVA.BALB/c mice were backcrossed
from 2W-OVA.C57BL/6 mice for more than 10 generations. For mat-
ing, male 2W-OVA.BALB/c mice were introduced to virgin C57BL/6
females, and successfully mated mice were confirmed by a visualized
copulation plug representing E0.5. Approximately 50% of F1 from this
mating were confirmed to be 2W-OVA positive. In other experiments,
male 2W-OVA.BALB/c were mated with female sIgKO or pnKO mice.
Heart transplantation and B cell depletion. Heterotopic heart trans-
plantations were performed as previously described (37), by grafting
2W-OVA.F1 hearts onto the inferior vena cava and aorta of female
recipients. Tolerance (CoB/DST) was induced with a combination
of anti-CD154 (MR1, Bio X Cell) at a dose of 500 pg on day O (i.v.),
and 250 pg on days 7 and 14 (i.p.) after transplantation, in combina-
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tion with 2 x 107 HTx-matched spleen cells on day 0. CTLA-4Ig (Aba-
tacept, Bristol-Myers Squibb) was used at a dose of 250 pg/mouse
(i.p.) on days O, 2, 4, and 7 after HTx. Flank skin from 2W-OVA.F1
was transplanted onto C57BL/6 mice. For B cell depletion, sIgkO PP
mice received 250 pg anti-CD20 antibody (i.v.) (SA271G2, catalog
152104, BioLegend) on days -1 and 7 relative to HTx. Graft survival
was assessed by palpation every other day, and the day of rejection was
defined as the last day of detectable heartbeat.

T and B cell enrichment. Single-cell suspensions from spleens and
pooled LNs (brachial, inguinal, and axillary) of sIgKO PP mice were
prepared. The following biotinylated antibodies were used for B cell
enrichment by negative selection: anti-CD4 (GK1.5, catalog 100404,
BioLegend), anti-CD8a (53-6.7, catalog 100704, BioLegend), anti-y3T-
CR (eBioGL3, catalog 13-5711-85, Invitrogen), anti-F4,/80 (BM8, cata-
log 123106, BioLegend), anti-49b (DXS5, catalog 108904, BioLegend),
anti-NK1.1 (PK136, catalog 108704, Invitrogen), anti-CD11b (M1/70,
catalog 101204, BioLegend), anti-CD11c (N418, catalog 117304, Bio-
Legend), and anti-Ly-6G/Ly-6C (RB6-8C5, catalog 108404, BioLeg-
end). These antibodies were incubated with cells for 20 minutes at
4°C followed by washing before incubation with streptavidin magnetic
beads for 10 minutes at room temperature (catalog 88817, Thermo Sci-
entific). Labeled cells were separated using a magnetic particle concen-
trator (Dynal, Invitrogen). Purity of B cells was determined to be 95%
or more by post-sort flow cytometry (LSRII 4-12). In some experiments,
lymphocytes were isolated by pooling murine spleen and LNs and
CD4* lymphocytes were enriched with the CD4* T Cell Isolation Kit
(Miltenyi Biotech). Enriched CD4* cells were subjected to 45 minutes
2W:IA® tetramer staining at room temperature, followed by 30 minutes
extracellular staining at room temperature. After fixation and permea-
bilization (eBioscience), cells were stained for intracellular markers at
4°C overnight. Samples were run on an LSR-II 4-12 flow cytometer (BD
FACSDiva, version 8.0.2) or LSR Fortessa 4-15 HTS (BD FACSDiva, ver-
sion 8.0.2), and data were analyzed using Flow]Jo software.

Cell harvest and tetramer staining for flow cytometry. Spleens and
LNs were harvested and passed through a 40 um cell strainer (Corn-
ing, catalog 431750) followed by red blood cells being lysed by 2 min-
utes of incubation with ammonium chloride-potassium (ACK) lysis
buffer (Quality Biological). Viable cells were enumerated by trypan
blue exclusion on a hemocytometer, and cells were resuspended in 2%
FBS in PBS. Approximately 107 cells were stained with a fixable live/
dead stain (Aqua, Invitrogen) followed by tetramer staining. PE- and
APC-conjugated 2W (EAWGALANWAVDSA):I-A® tetramer (NIH
Tetramer Core Facility, Atlanta, Georgia, USA) and OVA (SIINFEKL):
H-2K® tetramer (NIH) incubation were performed for 30 minutes at
room temperature. Cells were then washed, and the following anti-
bodies were added for surface staining at 4°C: CD11b (M1/70, catalog
101224, BioLegend), NK1.1(PK136, catalog 48-5941-82), Ter-119 (Ter-
119, catalog 48-5921-82, eBioscience), F4/80 (BMS, catalog 48-4801-
82, Invitrogen), CD49b (DXS5, catalog 485971-82, Invitrogen), CD11c
(N418, catalog 48-0114-82), CD90.2 (53-2.1, catalog 47-0902-82,
Invitrogen), CD4 (RM4-5, catalog 48-0042-82, eBioscience), CD3
(17A2, catalog 48-0032-82, Invitrogen), CD8 (53-6.7, catalog 48-0081-
82, eBioscience), CD4 (RM4-5, catalog 563106, BD Biosciences),
CD44 (IM7, catalog 560570, BD Biosciences), FR4 (eBio12A5, catalog
25-5445-82, eBioscience), CD73 (TY/11.8, catalog 127215, BioLegend),
CDS8 (53-6.7, catalog 100706, BioLegend), CD44 (IM7, catalog 563114,
BD Biosciences), CD62L (MEL-14, catalog 563252, BD Biosciences),
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PD-1 (RMP1-30, catalog 109110, BD BioLegend), CD25 (PC61, catalog
102015, BioLegend), GITR (DTA-1, catalog 126315, BioLegend), B220
(RA3-6B2, catalog 563103, BD Biosciences), CD19 (eBiolD3, catalog
48-0193-82, Invitrogen), CD138 (281-2, catalog 142516, BioLegend),
IgD (11-26¢.2a, catalog 405716, BioLegend), Fas (Jo2, catalog 557653,
BD Biosciences), and T and B cell activation antigen (GL7, Cat.553666,
BD Biosciences). For intracellular staining, samples were fixed with
Foxp3 Fix/Perm buffer set according to the manufacturer’s instruc-
tion (eBioscience). Samples were then intracellularly stained with
Ki67 (B56, catalog 561283, BD Biosciences), Foxp3 (FJK-16s, catalog
53-5773-82, Invitrogen), and CTLA-4 (UC10-4F10-11, catalog 565778,
BD Biosciences). Samples were run on an LSR-II 4-12 flow cytometer
(BD FACSDiva 8.0.2) or LSR Fortessa 4-15 HTS (BD FACSDiva 8.0.2),
and data were analyzed using FlowJo software.

Invitro stimulation for IFN-y staining. Splenocyte stimulators from
TCR-B7/~ C57BL/6 mice or 2W-OVA.F1 mice were prepared, and their
red blood cells were lysed with ACK lysing buffer (Quality Biologi-
cal). F1 splenocytes were incubated with anti-CD90.2 (53-2.1, catalog
553000, BD Biosciences) to deplete T cells, followed by 2 consecu-
tive incubations with rabbit complement (CL3441-S50, Cedarlane) at
37°C; 60 x 10° splenocytes of each group from stimulator and respond-
er were then incubated overnight with 5 pg/mL LPS. The following
day, 1 x 10° responder cells were incubated with 5 x 10° stimulators in
triplicate in a 96-well plate (catalog CLS 3595 Corning) at 37°C over-
night. Next, 1 pg of Golgi Plug (catalog 51-2301KZ, BD Biosciences)
was added and incubated for an additional 6 hours at 37°C. Extracel-
lular staining was performed in an ice-water bath; then cells were fixed
with BD Cytofix/Cytoperm according to the manufacturer’s instruc-
tions (catalog 51-2090KZ, BD Biosciences) and stained for intracel-
lular IFN-y (XMG1.2, catalog 505810, BioLegend). Cell samples were
run on an LSR-1I 4-12 flow cytometer (BD FACSDiva, version 8.0.2) or
an LSR Fortessa 4-15 HTS (BD FACSDiva, version 8.0.2).

DSA determination. To determine titers of DSA in the serum of recip-
ients, 5 x 10° to 1 x 10° 2W.OVA.BALB/c or OVA.C57BL/6 splenocytes
were incubated for 30 minutes at 4°C with 5 pL of serum from recipient
mice. Cells were then washed and incubated with anti-CD19 (1D3, cat-
alog 550992, BD Biosciences) and goat anti-mouse IgG (H+L) (catalog
1031-02, Southern Biotech), mouse IgGl (catalog 0102-09, Southern
Biotech), mouse IgG2b (catalog 0104-19, Southern Biotech), goat anti-
mouse IgG2c (catalog 1079-02, Southern Biotech), and mouse IgG3
(catalog 0105-17, Southern Biotech) for 30 minutes at 4°C. Mean fluores-
cence intensity of the CD19-negative cells that were IgG positive were
measured by flow cytometry LSR-1I 4-12 (BD FACSDiva, version 8.0.2).

Histology. Heart graft tissue was removed and fixed in 10% for-
malin for 48 hours prior to transfer to 70% ethanol for storage. Tissue
was embedded in paraffin, sections were cut and stained by H&E, and
immunohistochemistry stains for CD4 (catalog 14-9766-80, Invitro-
gen) and CD8 (catalog 14-0808-82, Invitrogen) were performed. Slides
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were then scanned using the CRI Panoramic Whole Slide Scanner
(PerkinElmer). Grafts were scored in a single blind manner on a 5-point
scale, with O to 5 points given for gross histopathological abnormalities,
scarring, decellularization, and extent of mononuclear cell infiltration.

Statistics. Statistical significance analyses were performed using
GraphPad Prism, version 8. Sample sizes of 5 to 10 or more animals
per experiment were chosen to ensure adequate power. Graft-survival
significance was assessed using a Kaplan-Meier/Mantel-Cox log-rank
test. P values of less than 0.05 were considered significant. When the
same control groups were presented across multiple figures, the out-
comes achieved were concatenated from multiple experiments per-
formed over the course of the entire study and demonstrating similar
outcomes. To calculate differences between experimental animals, we
used Kruskal-Wallis test with Dunn’s post hoc test for pairwise multi-
ple comparisons and Mann-Whitney unpaired ¢ test.

Study approval. All animal experiments were approved by the
Institutional Animal Care and Use Committee at the University of
Chicago and adhered to the standards of the NIH Guide for the Care
and Use of Laboratory Animals (National Academies Press, 2011).
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