CrossMark
& click for updates

Developmental cell death programs license cytotoxic
cells to eliminate histocompatible partners

Daniel M. Corey®?"2, Benyamin Rosental®", Mark Kowarsky“®¢, Rahul Sinha?®, Katherine J. Ishizuka?, Karla J. Palmeri?,

Stephen R. Quake®““, Ayelet Voskoboynik®f, and Irving L. Weissman

a,f.g.2

3Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of Medicine, Stanford, CA 94305; ®Division of Hematology, Stanford
University School of Medicine, Stanford, CA 94305; “Department of Applied Physics, Stanford University, Stanford, CA 94305; “Department of
Bioengineering, Stanford University, Stanford, CA 94305; *Howard Hughes Medical Institute, Stanford University, Stanford, CA 94305; fDepartment of
Pathology, Hopkins Marine Station, Stanford University, Pacific Grove, CA 93950; and °Ludwig Center for Cancer Stem Cell Research and Medicine, Stanford

University School of Medicine, Stanford, CA 94305

Contributed by Irving L. Weissman, April 20, 2016 (sent for review March 6, 2016; reviewed by Martin Flajnik and Gary W. Litman)

In a primitive chordate model of natural chimerism, one chimeric
partner is often eliminated in a process of allogeneic resorption. Here,
we identify the cellular framework underlying loss of tolerance to
one partner within a natural Botryllus schlosseri chimera. We show
that the principal cell type mediating chimeric partner elimination
is a cytotoxic morula cell (MC). Proinflammatory, developmental
cell death programs render MCs cytotoxic and, in collaboration with
activated phagocytes, eliminate chimeric partners during the “take-
over” phase of blastogenic development. Among these genes, the
proinflammatory cytokine IL-17 enhances cytotoxicity in allorecogni-
tion assays. Cellular transfer of FACS-purified MCs from allogeneic
donors into recipients shows that the resorption response can be
adoptively acquired. Transfer of 1 x 10° allogeneic MCs eliminated
33 of 78 (42%) recipient primary buds and 20 of 76 (20.5%) adult
parental adult organisms (zooids) by 14 d whereas transfer of alloge-
neic cell populations lacking MCs had only minimal effects on recipi-
ent colonies. Furthermore, reactivity of transferred cells coincided
with the onset of developmental-regulated cell death programs and
disproportionately affected developing tissues within a chimera.
Among chimeric partner “losers,” severe developmental defects were
observed in asexually propagating tissues, reflecting a pathologic
switch in gene expression in developmental programs. These studies
provide evidence that elimination of one partner in a chimera is an
immune cell-based rejection that operates within histocompatible
pairs and that maximal allogeneic responses involve the coordination
of both phagocytic programs and the “arming” of cytotoxic cells.
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he colonial marine species, Botryllus schlosseri, offers a unique
platform to study mechanisms underlying loss of tolerance in a
natural model system. Colonies undergo a genetically controlled his-
tocompatibility reaction that can result in vascular fusion of distinct
genotypes, creating a chimera (1, 2). Natural history studies among
fused colonies show that partners rarely exist as stable chimeras (3-7).
One chimeric partner is often eliminated in a process of alloge-
neic resorption, suggesting a break in immunological nonreactivity.
Moreover, the eliminated partner may still persist, and even parasitize
the nonresorbed partner, but at the level of the cell lineage (8, 9).
Insight has been gained into fusion-partner resorption from obser-
vational studies showing physical similarities with the developmental
period known as “takeover,” or blastogenic stage D (4, 10). B.
schlosseri colonies are composed of clonogenic individuals, termed
“zooids,” that undergo weekly cycles of death and regeneration, cul-
minating in a massive wave of programmed cell death and removal, or
takeover (11). These studies support the involvement of activated
phagocytes in the elimination of tissues of the “losing” partner.
Here, we study the progression by which fused colonies elimi-
nate chimeric partners and show that partner elimination seems to
be an integrated function involving activation of phagocytic pro-
grams and licensing of cytotoxic cells. Neither process alone is
sufficient to induce efficient chimeric partner elimination. Using
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prospective isolation of defined cells, we demonstrate that the
resorption response can be adoptively transferred from allogeneic
donors and that the principle cell type mediating this effect is a
cytotoxic morula cell (MC). MCs have been implicated in re-
jection reactions among incompatible allogeneic colonies, leading
to the formation of necrotic lesions called “points of rejection”
(PORs) (12). Furthermore, we show developmental-regulated
programmed cell death pathways, initiated during the takeover
phase of colony life, “prime” MCs, thereby enhancing their ca-
pacity for alloreactivity. Using transcriptome data, we probed the
role of specific takeover pathways to identify a proinflammatory
cytokine-like factor, an IL-17 family member, that renders cells
cytotoxic in allorecognition assays, suggesting that licensing signals
active at the time of takeover contribute to alloreactivity. There-
fore, a greater understanding by which phagocytic and cytotoxic
recognition programs coordinate to eliminate allogeneic cells may
uncover new strategies to promote or eliminate immunological
nonreactivity.

Results

To begin to study the progression by which fused colonies
eliminate chimeric partners, we generated 42 fused-juvenile
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chimeras from 177 F; individuals, progeny of WT colonies col-
lected in Monterey, CA. Chimeras were observed throughout the
study period and scored for the degree of resorption of one
partner, as follows: 0, none; I, mild; II, moderate; III, severe; IV,
complete (Fig. 1B and Fig. S1). Consistent with previous ob-
servations, stable-mixed long-term chimerism occurs rarely. The
vast majority of F; chimeras exhibited morphologic evidence for
allogeneic resorption (Tables S1 and S2), with 88% of colonies
having progressed to a resorption score of III by 30 d. Further-
more, the onset of allogeneic resorption in 29 of 42 (69%) chi-
meras occurred during blastogenic stage D, corresponding to a
developmental period of intensive phagocytosis of apoptotic
bodies (Tables S1 and S2).

Using time-lapse imaging, we observed a pattern of colony
regression that began with chimeric partners breaking de-
velopmental synchrony with each other, and progressed to si-
multaneous loss of parental zooids and buds. Hallmark features
observed in B. schlosseri naive and long-term stable mixed chi-
meras are synchronized cycles of death and regeneration, termed
blastogenesis (Fig. 1C, Top and Fig. S2) (13, 14). Among chimeric
partner “losers,” however, severe developmental defects were
observed in asexually propagating tissues (Fig. 1C, Bottom and Fig.
$3). Nascent buds emerging from the body walls of parental zooids
exhibit overall poor growth that, on close inspection, revealed a
wide variety of developmental defects. In the most severe forms,
developing structures had been completely effaced by inflammatory
infiltrate and showed extensive apoptotic changes (Fig. 1 D and E).
Histologic and FACS analysis experiments revealed infiltrating cy-
totoxic MCs intermixed with amoebocyte cells (phagocytes) derived
from “winning” partners at sites of colony resorption (Fig. 2 A-M).
We labeled colonies with distinct lipophilic membrane fluorescent
stains (CellTracker Green/Red) to follow the migration patterns of
cells (Fig. 2 J-K). The concentration of MCs seemed to correlate
with the severity of resorption, ranging from variable to scant MCs
in mild forms, to heavy infiltration in the most severe cases. MCs
have been implicated in rejection reactions among incompatible
allogeneic colonies in a number of urochordate species (12, 15, 16).
For comparison, we examined tissues matched for the de-
velopmental stage of takeover, where parental zooids contract and
undergo rapid engulfment and elimination. Histologic examina-
tion of regressing parental zooids showed invasion by numerous
phagocytic populations containing engulfed cellular corpses, but a
near absence of cytotoxic MCs (Fig. 2 G and H). Interestingly, it
has been suggested that there are two morphologies of MCs,
distinguished by the appearance of their cytotoxic vacuoles. In the
first, vacuoles appear clear. Upon phenoloxidase activation, such
as in the setting of an allorecognition response, a melanization
reaction occurs, giving rise to yellowish-green vacuoles with in-
creased pigmentation (17-20). By FACS, we can differentiate
these two populations, and, in accordance with the above in the
resorbing colony, there is a significant increase in MCs bearing
pigmented vacuoles (population 4 in Fig. 2 A-D). These findings
suggest that the major effector cells to mediate allogeneic re-
sorption reside within the MC compartment.

Next, we developed a cell transplantation model to test whether
the resorption response could be adoptively acquired from allo-
geneic donors. MCs were prospectively purified using FACS from
single cell suspensions of allogeneic colonies and delivered by
ampullar microinjection into recipients (Fig. 34 and Fig. S4).
Enrichment of MCs was carried out according to size [forward
scatter (FSC)] and granularity [side scatter (SSC)] and included
MCs with both clear and pigmented vacuoles, and as a control
small lymphocyte-like cells. Because we hypothesized that de-
velopmental cell death pathways might “prime” cytotoxic cells
before transfer, we collected cells from recipient colonies at the
time of takeover: blastogenic stage D. Indeed, global RNA-seq
expression profiles from adult zooids isolated during the takeover
phase showed up-regulation of genes encoding proinflammatory
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Fig. 1. Effect of allogeneic resorption on asexual propagation. (A) De-
piction of controlled fusion reactions among compatible, yet genetically
distinct, fused partners that result in resorption of one partner (depicted
with dotted lines). (B) Time lapse imaging of a juvenile fused chimera (white
arrow depicts blood vessel anastomosis between two colonies) undergoing
resorption. Images were acquired at 24-h intervals starting 5 d after fusion.
Moderate tissue destruction (red arrow) was first observed 6 d after fusion
(Top Right) and progressed to complete stage R = IV resorption within 72 h
(Bottom Right) during the takeover period (stage D) of blastogenesis (non-
resorbing colony, Bottom Left). (C) Growth curves (cm?) of primary buds in a
stable chimera (depicted as blue and black lines) exhibit synchronized cycles of
expansion and regression (Top). Unstable chimeras exhibit growth arrest in
asexually propagating tissues (Bottom). (D) High power magnification of ab-
normal zooids and buds (Top Right, red dotted lines) in allogeneic resorbing
colonies compared with nonresorbing colonies (Top Left). (Scale bars: Top,
500 uM; Bottom, 100 uM.) (E) Hematoxylin/eosin (H&E)-stained tissue section
of a resorbing 1° bud showing effacement of developing structures with as-
sociated destructive changes and infiltration of cytotoxic and phagocytic cell
populations compared with nonresorbing buds of the same developmental
stage as in F. (Scale bars: Left, 200 uM; Right, 100 pM.)

and prophagocytic factors (Fig. 4 A and B and Figs. S5 and S6). In
total, the transcript levels of 8,066 genes changed at least fourfold
[false discovery rate (FDR) < 0.05] during takeover (Dataset S1).
Of particular relevance, we observed significant up-regulation in key
regulatory genes involved in host defense, such as the interleukin
family member IL17 (60-fold increase), as well as genes encoding
vascular adhesion molecules that promote leukocyte homing
(SELP, SELE, Tiel), complement (C3, MASP1, MASP2), cell
death (CASP2, CASP7, CASP9), lysosomal proteinases (CTSB,
CTSF), coagulation components (F2, F8, KLK3, KLKBI), and
TNF-associated proteins (TRAF3, TRAF4). These transcriptome
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Fig. 2. Profiling the cellular composition of allogeneic resorbing colonies.
(A) B. schlosseri cell populations were analyzed and sorted using FACS
according to their intrinsic size (FSC) and granularity (SSC) properties on log
scale. Using this approach, we identified five populations of cells: 1, small
lymphocyte-like cells; 2, pigment cells; 3, large phagocytes, nephrocytes, and
compartment cells; 4, dark vacuolated morula cells (MCs) and amoebocytes;
5, clear MCs. In captions are representative images of sorted populations.
(Blue scale bars: 20 pm.) (B and C) Representative FACS plots from a non-
resorbing and resorbing partner. An increase in frequency of cells with in-
termediate/high side scatter (SSC), low forward scatter (FSC) was observed in
resorbing partners (population 4). (D) Cellular composition of allogeneic
resorbing and nonresorbing colonies; as above, significant increase of MCs
and amoebocytes was observed in resorption (ANOVA, P < 0.05). (E and F)
H&E-stained tissues show pronounced infiltration of MCs and prominent
phagocytic infiltration, indicating severe allogeneic resorption. (Scale bars:
Left, 200 uM; Right, 100 pM.) (G and H) H&E-stained tissues at the time of
takeover show heavy infiltration of macrophages, but limited numbers of
MCGs. (/) Developing structures are infiltrated by allogeneic partner cells (red
arrows). (J) Schematic of live cell fluorescent imaging of labeled colonies to
identify source of infiltrating cells. (K-M) Partner cells traffic into developing
buds (outlined in yellow). Allogeneic red cells (white arrows) infiltrate green-
labeled colonies.

profiles provide insights into how appropriately selected endoge-
nous signals may be used to render cytotoxic cells at the time of
adoptive transfer. In support of this finding, we used transcriptome
data to probe the role of the proinflammatory cytokine IL-17 to test
whether the cytotoxicity observed after transfer of MCs reflects an
in vivo requirement for a proliferative stimulus. IL-17 is a key
regulatory cytokine secreted by innate immune cell types and has
been shown to facilitate clearance of extracellular bacteria and
fungus (21). Its dysregulation results in excessive inflammation,
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leading to tissue damage, chronic inflammation (22), autoimmunity
(23), and chronic graft-versus-host disease in higher vertebrates
(24). In a number of invertebrate species, IL-17 genes have been
identified (21, 25). Using an in vitro FACS-based cytotoxicity assay
from whole cell suspensions of allogeneic colonies, recombinant
Botrylllus 1L-17 significantly up-regulated cellular cytotoxicity and
had a dose-dependent enhancement in cytotoxicity (Fig. 5SD). Thus,
developmental cell death signaling pathways, such as IL17, aug-
ment the cytolytic activity of allogeneic effector cells.

We next transplanted 1 x 10” allogeneic FACS-purified MCs,
collected from donors at the time of takeover, and followed re-
cipients for morphologic findings of resorption (Fig. 34 and Fig.
S4). The cumulative data are presented in Fig. 3 and show that
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Fig. 3. Cellular transfer of FACS-purified allogeneic MCs shows that the
resorption response can be adoptively acquired. (4) Allogeneic MCs were
prospectively isolated by FACS (populations 4 and 5), transferred via
ampullar injection into recipients, and followed for features of allogeneic
resorption. (Top) Time lapse imaging over 24-h intervals of a recipient colony
after receiving 1 x 10° allogeneic MCs (red arrow indicates site of cellular
transfer, followed by parental zooid and bud elimination). (B and C) Kaplan-
Meir survival curves among recipient colonies show that transfer of allogeneic
MGs eliminates recipient primary buds and zooids compared with non-MC and
mock injected groups (P < 0.0001 by Log-rank test). (D) Transfer of 1 x 10°
allogeneic control MC-less cells (small lymphocyte-like cell; population 1) had
only minimal effects on recipient colonies. (E and F) Timing of bud and pa-
rental zooid loss in representative MC (E) and non-MC (F) recipients. (G) Box
and whisker plots among groups showing the ratio of buds to parental zo-
oids over time. Transfer of allogeneic MCs eliminates recipient primary buds,
resulting in a decline in the bud-to-zooid ratio from 1.7 (+0.03) to 0.9 (+0.06)
(P =0.0001).
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Fig. 4. RNA-seq analysis of allogeneic resorbing colonies. (A) Schematic of
RNA-seq experiments. Allogeneic, but compatible, defined lines were fused
in colony allorecognition assays and then harvested for RNA-sequencing.
Biologic replicates were obtained from stage R = Il (resorption score = II) 1°
(primary) and 2° (secondary) buds, corresponding to developmental stage D.
(B) A hierarchical clustering matrix was generated using Pearson correlation
coefficients from log, counts per million across all genes. Widely divergent
transcriptomes were observed across resorption status and developmental
stage. The color scale indicates the degree of correlation (white, low cor-
relation; purple, high correlation). (C) Pie chart showing blastogenic stage at
time of chimeric resorption.

the resorption response could be adoptively acquired from allo-
geneic donors. Recipient colonies transplanted with purified MCs
exhibited point-of-rejection morphology at ampullar injection sites
and shared characteristic features of allogeneic resorption: Blood
vessels, peripheral ampullae, and the surrounding gelatinous tunic
remained intact whereas rapid elimination of parental zooids and
nascent buds ensued at the site of cell transfer (Fig. 34 and Fig.
S7). Morphologic findings of parental zooid and bud growth arrest
and accompanying tissue injury were observed as early as day 2,
and peaked at day 4 after cell transfer. By day 14 posttransfer, 33
of 78 (42%) recipient buds and 20 of 76 (20.5%) adult zooids had
been eliminated, resulting in a decline in the bud-to-zooid ratio
from 1.7 (+0.03) to 0.9 (0.06) (P = 0.0001), a ratio insufficient to
maintain colony size (Fig. 3 C and D). In contrast, transfer of
allogeneic cell populations lacking MCs had only minimal effects
on recipient colonies (Fig. 3 E-G). Thus, using prospective iso-
lation of MCs, we show that the resorption response can be
adoptively transferred from allogeneic donors and that the prin-
ciple cell type mediating this effect is a cytotoxic MC.

Last, similar to our observational studies, we observed the
maximal effector response operative during the developmental
period of takeover in adoptive cell transfer experiments. These
data, we reasoned, reflect an in vivo requirement of transferred
cells for a proliferative stimulus provided by recipient colonies.
Therefore, we used an unbiased sequencing-based approach to
identify additional pathways that may be contributing to the
observed licensing effect on transferred cells (Fig. 4). We used
global RNA-seq expression profiles to identify differentially
expressed genes unique to each RNA-seq sample and then
compared the extent of overlap between resorbing and takeover
tissues (Fig. 4 A and B). Histological analysis of these tissues
showed heavy infiltration of phagocytes and MCs, which are
reflected in the transcriptome data (Fig. 2 D-I). We observed
pronounced gene expression changes in takeover zooids (Fig.
4B), corresponding to major morphologic changes during this
developmental period (Dataset S1). Of particular relevance, we
observed significant up-regulation in genes related to autophagy,
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proteolysis, programmed cell death, and phagocytic clearance
of cellular corpses (Dataset S1). These findings support prior
observations showing intensive phagocytosis of apoptotic cells
underlying colony-wide recycling between senescent zooids and
developing buds during the takeover period (11, 26, 27).

We next compiled RNA-seq datasets from resorbing tissue
microdissections and compared them with takeover expression
profiles (Fig. 5 4 and C). Tissue dissections were derived from
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Fig. 5. Identification of licensing pathways from RNA-seq datasets. (A) Adult
zooids were isolated during the takeover phase for RNA-sequencing and
compared with R = Il allogeneic resorbing tissues to identify shared pathways.
Venn diagram plots for differentially expressed genes between nonresorbing
1° and 2° buds, zooids, and resorbing 1° and 2° buds. 1°, primary bud; 2°,
secondary bud; R = Il (resorption score = II). (B) Genes that were found to be
differentially expressed in allogeneic resorbing tissues were intersected with
significant GO terms (immune system process and cell adhesion) and displayed
in a heat map. Each gene is represented by a single row in the heat map; the
color scale ranges from —5 to 5 cpm (blue, low; red, high). Allogeneic and
takeover tissues share expression profiles for a number of genes implicated
in immunity (highlighted). (C) Hierarchical clustering matrix for differentially
expressed genes among allogeneic resorbing tissue samples indicates cluster-
ing with stage D takeover pathways. The color scale indicates the degree of
correlation (white, low correlation; purple, high correlation). (D) Bot IL17 sig-
nificantly enhances cytolytic activity in allogeneic in vitro assays compared with
untreated and human Fc control (ANOVA). (Left) Bot IL17, 1 pg/mL. (Right) Bot
IL17 demonstrates a dose-dependent enhancement of lytic activity in alloge-
neic cytotoxicity assays. Assays were performed in 96-well plates overnight
using differentially labeled cells from allogeneic colonies in 1:10 effector:tar-
get ratios, and analyzed by FACS. Error bars = SD. SDS/page analysis of purified
recombinant IL17 (Far Right).
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defined mariculture lines. Using EdgeR, we showed significant
overlap in transcriptomes between both processes. We identified
275 genes at the intersection of both datasets that increased by
expression of at least 10-fold, and 55 are known to play a role in
either acute inflammation or stress responses. These genes in-
clude evolutionarily conserved mediators of immune responses,
such as the transcription factor NF-KB, a member of the Janus
kinase (JAK) family of protein tyrosine kinases, two members of
the TNF receptor-associated signal transduction family, TRAF3
and TRAF4, and a member of the IFN regulatory transcription
factor (IRF) family (Fig. 5B and Dataset S1). We also identified
genes encoding complement and coagulation components within
this subset. Both processes initiate proteolytic cascades and have
been observed downstream of pattern recognition proteins and
damaged tissues in invertebrates (28). Members of these groups
include genes encoding a primitive lectin-based complement ac-
tivation system, such as complement components C3 and CFB, the
C3b receptor CRI, and mannose binding lectin (MBL) (Ficolin I)
and MBL-associated serine proteases (MASPI and MASP2) (29—
31) (Fig. 5B and Dataset S1), as well as, thrombin (FII), factor
VI (FVII), factor XI, plasminogen (PLG), and the kallikrein
family proteins (KLK3, KLKBI) (Fig. 5B and Dataset S1). Lastly,
we identified a network of genes involved in phagocytosis, shared
by both datasets. These genes include the TAM receptor tyrosine
kinase AXL and the phosphatidylserine binding bridge glycopro-
tein molecule MFG-ES8, both of which are involved in the clear-
ance of cellular corpses from tissues (Fig. 5C and Dataset S1) (25,
32). Taken together, these studies reveal multiple disparate im-
munogenic pathways induced during takeover, also used in the
setting of allogeneic resorption, which may be contributing to the
observed licensing effect on transferred cells.

Discussion

B. schlosseri chimeras offer a unique platform to unravel mech-
anisms that sustain immunological nonreactivity. Achievement of
long-term persistence of allogeneic cells in hematopoietic cell
transplantation (HCT) is an important therapeutic strategy for the
induction of tolerance and as an approach to nonmyeloablative
HCT in some malignancies, wherein the graft-vs.-host reaction by
donor T cells includes tumor cell targets and also clears host he-
matopoietic cells from their niches (33). Our studies show that
events that tip the chimeric balance toward partner elimination
are linked to cyclical developmental cell death programs, whereby
activation of proinflammatory factors has the effect of endowing
cytotoxic MCs, the predominant cell type associated with tunicate
rejection reactions among incompatible allogeneic participants in
many urochordate species, with enhanced alloreactivity. These
findings provide the strongest evidence to date that chimeric
partner elimination seems to be an immune cell-based rejection
that operates within histocompatible pairs, raising important
questions regarding the role for protochordate histocompatibility
loci in programmed cell death programs and allogeneic re-
sorption. It will be of great interest in future studies to assess for
allelic discordance among previously defined histocompatibility
alleles among resorbing pairs. Based on our observations, one
possibility is for mismatch of “minor” protochordate histocom-
patibility loci that promote alloreactivity within fused pairs.
The requirement of additional costimulatory signals to arm
MC:s follows our current understanding of the nature of innate
immune effector cell recognition in higher vertebrates, such as
natural killer (NK) cells. In this model, failure to receive licensing
signals leaves NK cells in a hyporesponsive, “self-tolerant” state.
Indeed, even in chimeric pairs, which undergo allogeneic re-
sorption, we observe little morphologic evidence for alloreactivity
before the onset of, or immediately after, the developmental pe-
riod of takeover. The rapid transition to hyporesponsiveness
suggests either repression of takeover processes or induction of
counterregulatory systems. It is possible that inhibitory receptor
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and signaling pathways that dampen responsiveness to stimula-
tory signals are turned on during early events of blastogenesis.
Elucidating these putative counterregulatory systems may yield
insights into novel immune evasion strategies. Evidence for this
model is the markedly shortened time period to resorption from
adoptive transfer of licensed cells compared with the more
gradual process of natural resorption.

Although our cell transplantation studies implicate primitive
cytotoxic cells as the primary mediators of the allogeneic re-
sorption response, it would be premature to conclude that com-
plete elimination of a chimeric partner can be accomplished by
direct cytolysis alone. During the death phase of colony life, where
we observe maximal effector responses, circulating phagocytic
cells engulf cell corpses within the dying organism. Histological
analysis of resorbing tissues demonstrates a heavy infiltration of
phagocytes, which is supported by transcriptome analysis, showing
enrichment for a network of genes involved in phagocytosis. These
findings suggest that elimination of chimeric partners involves the
integrated function of both homeostatic cell turnover programs
with cytolytic activation. Indeed, previous analyses carried out
with isolated phagocytic cells revealed that engulfment was en-
hanced by incubation with cell lysate supernatants made from
MGCs, but not other cell types, suggesting that opsonins or other
prophagocytic factors are derived from MCs and that phagocytosis
requires cooperation from other activated cell types (34). These
insights raise important questions about whether this strategy
for immune elimination may apply to other settings, such as for
the elimination of tumors or chronic infections, using compounds
that potentiate phagocytosis in combination with agents that
promote cytotoxicity.

Lastly, one puzzling phenomenon in these studies is that,
whereas fused partners rarely maintain stability at the level of the
colony, the eliminated partner may still persist, but at the level of
the cell lineage (8, 9). Those cells that escape allogeneic re-
sorption may even parasitize the nonresorbed partner. Therefore,
it is possible that immune editing of partners may play a role in
the germ-line stem cell “competitions” wherein the gonads of a
vascularly connected histocompatible kin are from the genome of
the partner. This model leads to the prediction that immune re-
sponses iteratively select and or promote the generation of vari-
ants with increasing capacity to survive immune attack, similar to
that which has been described in cancer clone evolution. Future
studies will need to resolve whether winning chimeric partners can
be rendered selectively resistant to histocompatible kin.

Experimental Procedures

Colony Development, Creation of Chimeras, and Tissue Dissections. Mariculture
procedures have been described previously (35). Briefly, B. schlosseri colonies
were collected from the marina in Monterey, CA. Individual colonies were
tied to 3- x 5-cm glass slides and placed 5 cm opposite another glass slide
(called the settlement slide) in a slide rack. The slide rack was placed into an
aquarium, and, within a few days, the tadpoles hatched, swam to the set-
tlement slide, and metamorphosed into the adult body plan (oozoid). We
transferred 177 F; oozoids, progeny of WT colonies collected in Monterey,
CA and placed them adjacent to each other, and then monitored them for
fusion. Oozoids were allowed to adhere to slides for 5 min before trans-
ferring to the tanks. This resulted in controlled fusions (42 chimeras were
formed in this manner), from a cohort of 177 colony allorecognition assays.

From this point on, colonies were monitored for formation of a chimera
(fusion) (i.e., in the first 2 wk, an individual was united in a parabiotic union).
Each individual and chimera was given a unique identifier. Rejection, fusion,
and resorption were characterized visually. We recorded (i) age (days old),
(i) health (poor or good), and (iii) rejection, fusion, and resorption status
according to the following scale: stage 0 (no resorption observed), stage | (mild
resorption = zooid contraction), stage Il (moderate resorption = zooid con-
traction, 1° and 2° bud developmental arrest, chimeric blastogeneic asynchrony,
residual cardiac activity), stage Il (severe resorption = only remnants visible, no
cardiac activity), and stage IV [complete resorption = one partner has been fully
eliminated; only supporting tissue (ampullae, blood vessels, and tunic) remain].
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Tissue dissections were derived from stage R Il resorbing-controlled fusion
pairs between defined mariculture lines 944axByd196.6 x sc109e.92 and used
for RNA-sequencing. Adult zooids and primary and secondary buds were
isolated from the common tunic with insulin syringes and further sectioned
with a blade along the frontal plane to facilitate isolation of specific tissues,
flash frozen, and harvested for RNA. Three biologic replicates were obtained
from (stage = R Il) 1° and 2° buds, corresponding to developmental stage D.

RNA Extraction, Purification, and Transcriptome Sequencing. Tissue dissections
were stored at —80 °C, resuspended in TRIzol and liquid nitrogen to minimize
RNA degradation, and then homogenized into a soft powder using vigorous
mechanical disruption with a mortar and pestle. Homogenized-frozen tissue
was allowed to thaw, and then RNA was isolated according to the manu-
facturer’s directions, with minor modifications. A linear polyacrylamide
(LPA) carrier was added to enhance recovery of RNA, followed by DNase |
treatment per the manufacturer’s instructions (Promega RQ1 DNase). Re-
covered RNA was then analyzed by an Agilent 2100 Bioanalyzer for quality
analysis before library preparation. cDNA libraries were then prepared from
high quality samples (RNA integrity number > 9) using Ovation RNA-seq v2
(Nugen); NEBnext DNA Master Mix for lllumina (New England Biolabs), and
standard Illumina adapters and primers from IDT. Bar-coded library samples
were then sequenced using RNA NextSEq. 500 (2 x 150 bp).
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Cell Isolation and Injection. Cell populations were isolated by FACS from al-
logeneic, outbred colonies at the time of takeover. Colonies were dissociated
using a fine blade into cell suspensions and filtered through a 40-um filter
directly into staining media. Cell sorting was performed with a 100-um
nozzle size and sorted directly into staining media (3.3x PBS based; 75% of
final volume) to minimize cellular stress. Enrichment of MCs was carried out
according to size (FSC) and granularity (SSC) (populations 4 and 5). A control
population of small lymphocyte-like cells (population 1) was isolated in
parallel from allogeneic whole cell suspensions for comparison studies. Cells
were resuspended to a concentration of 10° cells per microliter. We trans-
ferred 10° cells via ampullar injection using a manual microinjector and
micromanipulator (Narishige) into recipient colonies.
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