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Coelomocyte populations in the
sea urchin, Strongylocentrotus
purpuratus, undergo dynamic
changes in response to
immune challenge

Megan A. Barela Hudgell , Leon Grayfer
and L. Courtney Smith*

Department of Biological Sciences, George Washington University, Washington, DC, United States
The sea urchin, Strongylocentrotus purpuratus has seven described

populations of distinct coelomocytes in the coelomic fluid that are defined

by morphology, size, and for some types, by known functions. Of these

subtypes, the large phagocytes are thought to be key to the sea urchin

cellular innate immune response. The concentration of total coelomocytes in

the coelomic fluid increases in response to pathogen challenge. However,

there is no quantitative analysis of how the respective coelomocyte

populations change over time in response to immune challenge.

Accordingly, coelomocytes collected from immunoquiescent, healthy sea

urchins were evaluated by flow cytometry for responses to injury and to

challenge with either heat-killed Vibrio diazotrophicus, zymosan A, or

artificial coelomic fluid, which served as the vehicle control. Responses to

the initial injury of coelomic fluid collection or to injection of V. diazotrophicus

show significant increases in the concentration of large phagocytes, small

phagocytes, and red spherule cells after one day. Responses to zymosan A

show decreases in the concentration of large phagocytes and increases in the

concentration of small phagocytes. In contrast, responses to injections of

vehicle result in decreased concentration of large phagocytes. When these

changes in coelomocytes are evaluated based on proportions rather than

concentration, the respective coelomocyte proportions are generally

maintained in response to injection with V. diazotrophicus and vehicle.

However, this is not observed in response to zymosan A and this lack of

correspondence between proportions and concentrations may be an outcome

of clearing these large particles by the large phagocytes. Variations in

coelomocyte populations are also noted for individual sea urchins evaluated

at different times for their responses to immune challenge compared to the
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vehicle. Together, these results demonstrate that the cell populations in sea

urchin immune cell populations undergo dynamic changes in vivo in response

to distinct immune stimuli and to injury and that these changes are driven by

the responses of the large phagocyte populations.
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Introduction

When Eli Metchnikoff (1) inserted a rose prickle through the

body wall and into the blastocoelar cavity of a larval sea star, he

demonstrated that phagocytic cells migrate to, surround, and

encapsulate the foreign material. When foreign materials are

injected directly into the blastocoelar cavity of larval sea urchins,

they are surrounded, encapsulated, or phagocytosed by the

blastocoelar cells, which mediate the larval immune system (2–

4). In adults, coelomocytes clear injected particles from the

coelomic cavity such as foreign cells (5, 6) and bacteria (7, 8).

The clearance processes decrease the concentration of

coelomocytes temporarily that is assumed to result from

encapsulation or phagocytosis followed by either the

degradation of the foreign material and/or the removal of

phagocytes that contain the foreign material from the body of

the animal (7, 8). Alternatively, injection of lipopolysaccharide

(LPS) increases the concentration of coelomocytes in

immunoquiescent (immuno-down regulated) sea urchins (9,

10). Thus, in response to physiological and/or immune

challenge, sea urchins show a range of changes in the

coelomocyte concentrations. However, no quantitative evidence

is currently available for how populations of distinct coelomocyte

types change in response to immune challenges. Although there

are reports based on manual differential cell counts of fixed and

stained phagocytes (9, 11) or live coelomocytes (12–14), several

reports use flow cytometry to identify and isolate specific types of

coelomocytes (15–18) but do not identify and evaluate all sea

urchin coelomocyte populations.

Most of the coelomocytes are located in the coelomic fluid

(CF) that fills the internal body cavity of sea urchins, while some

are present in the tissues of the animals (11, 19–21) including the

animal surface or cuticle (22) and on spines that are covered by

epidermis with embedded coelomocytes (23–25). Coelomocytes

vary in size, structure, and function (26, 27) with three major

categories based on major morphological differences; phagocytes,

spherule cells, and vibratile cells [reviewed in (28)]. The

phagocytes are composed of four types of cells that are based on

size and cytoskeletal structure. The large phagocytes are

differentiated by the organization of their cytoskeleton that
02
define their different morphologies when spread on glass;

discoidal phagocytes are disc shaped whereas the polygonal

phagocytes are polygon shaped (9, 29–31). Medium phagocytes

are intermediate in size and show an unusual pentagonal or

hexagonal shape when spread on glass and appear when 1 mL

of CF is depleted experimentally (11). Small phagocytes typically

have filopodial morphology when spread on glass (11, 32, 33) but

show a different morphology in suspension (34). Although the

phagocyte categories are based on size and morphology, and

subsets of each type may have functional differences based on

differences in protein expression and secretion such as the

complement homologue, SpC3 (32, 33, 35), and the

SpTransformer proteins (9, 36). The spherule cells have large

cytoplasmic spherules or vesicles that are either red or colorless

(26, 37, 38). Red spherule cells (RSCs) contain the red pigment,

echinochrome A, in their cytoplasmic vesicles. Colorless spherule

cells (CSCs) are of similar size and morphology as the RSCs, but

do not produce red or other colored pigments. Vibratile cells are

spherical with a single long flagellum [reviewed in (27, 28)]. All

seven of these coelomocyte types are present in the CF in S.

purpuratus, which can be collected easily for evaluation without

sacrificing the animal. For images of these cell types, see Box 1.2

in (39).

The quantification of coelomocyte populations has generally

relied on microscopy and differential cell counts (9, 11, 21, 30).

However, analyses of coelomocyte populations in echinoids have

often been restricted to the phagocyte populations because they

bind tightly to glass slides and have ignored other populations of

coelomocytes because they do not bind glass (7–9, 20, 30, 40, 41).

An improvement to this approach has been to use flow cytometry,

and although it has been reported previously for coelomocytes

from S. purpuratus, identification of specific cell types were not

reported (34, 42). To improve the analysis and quantification of

sea urchin coelomocytes and to circumvent problems of cell

binding (or not binding) to slides followed by manual cell

counts, we reported the identification of different cell

populations by differential flow cytometry gating strategies.

Gates were established and optimized by evaluating fractions of

coelomocyte types separated by density centrifugation to identify

the large phagocytes that are a mixture of discoidal and polygonal
frontiersin.org
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phagocytes, small phagocytes, RSCs, and a mixture of vibratile

cells and CSCs (43). By using these gates, accurate quantification

of changes in coelomocyte populations can be explored in

response to various challenges. Here, this flow cytometry

approach is used to track, quantify, and analyze the response of

coelomocyte populations over time for individual sea urchins. We

show that coelomocyte populations change in animals responding

to a puncture injury that is combined with a withdrawal of CF, to

challenge with a Gram negative marine bacterial species, Vibrio

diazotrophicus, or to zymosan A, compared to injuries incurred

from the injection from the vehicle control (artificial coelomic

fluid, aCF). We show that the cellular responses to small Vibrio

cells are different from responses to large zymosan A particles. The

overall results suggest that the coordination of the cellular

immune response of the sea urchin appears to be based on the

activities and population changes of the large phagocytes, which

make up 65-70% of the coelomocytes (6, 44) with responses from

RSCs and small phagocytes occurring in the event that large

phagocytes may not clear foreign particles efficiently.
Materials and methods

Sea urchin care

Sea urchins were collected by and purchased from Marinus

Scientific (Long Beach CA), or they were collected from the near

shore of the Pacific Ocean near San Diego CA and purchased

from the Southern California Sea Urchin Company (Corona del

Mar CA). Animals were maintained as described (33). Briefly,

they were fed re-hydrated kelp (Saccharine japonica; Wel-Pac

Dashi Kombu), housed for at least two years in marine aquaria,

and were assumed to be immunoquiescent (10, 45) prior to the

start of the study.
Coelomocyte collection

CF (200 mL) was withdrawn from sea urchins according to

(42, 43). This sampling approach evaluates the coelomocytes

that are in the coelomic fluid, which does not include

coelomocytes in peripheral tissues. These volumes were, at

most, 0.83% to 1.17% of the total volume of CF in adult sea

urchins, which was estimated based on weight according to (46).

Briefly, cellular clotting was prevented by the addition of ice cold

calcium- and magnesium-free sea water with EDTA and HEPES

(CMFSW-EH; 460 mM NaCl, 10.73 mM KCL, 7.04 mM

Na2SO4, 2.38 mM NaHCO3, 70 mM EDTA, 20 mM HEPES

pH 7.4) that was at least equal in volume to the collected CF (36).

The diluted CF was held on ice for up to one hour prior to

further use. Coelomocyte concentration was estimated for

individual sea urchins prior to CF collection and dilution

according to previous reports (36, 43).
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Preparation of foreign particles

Vibrio diazotrophicus (American Type Culture Collection;

item #33466) (47) was grown in marine broth (Difco

Laboratories) as described (43, 48, 49). Vibrio cells were re-

suspended in artificial CF (aCF; 10 mM CaCl2, 14 mM KCL, 50

mM MgCl2, 390 mM NaCl, 1.7 mM Na2HCO3, 25 mM Na2SO4

(45), adjusted to 104 and 106 bacteria/µL in 1 mL aliquots, heat-

killed and stored at -20°C.

Zymosan A particles (1 mg) from Saccharomyces cerevisiae

(Sigma-Aldrich: Product number Z4250 CAS#58856-93-2) were

rehydrated in 100 mL of aCF, heated to 100°C in a water bath for

1 hour and centrifuged at 1700 x g for 30 minutes according to

the supplier’s protocol. The pellet was resuspended in aCF at a

final concentration of 2 x 105 particles/mL and stored at -20°C.
Immune stimulation

Sea urchins were injected initially with 104 heat-killed V.

diazotrophicus per ml of CF on day 2 and 106 V. diazotrophus

per ml of CF on day 5 as reported (43), or with zymosan A, or

vehicle (aCF) by injection through the peristomial membrane as

described (42). The number of V. diazotrophicus cells/ml or

zymosan A particles/mL that were injected was based on the

estimated volume of the CF for each animal according to (50).

The optimal number of zymosan A particles injected per mL of

CF was determined by comparing the surface area of a V.

diazotrophicus cell (~3.5 mm2) as calculated using the surface

area of a rod (47) compared to the surface area of a zymosan A

particle (~28 mm2) (51). Preliminary experiments to evaluate

adverse reactions, such as changes in behavior and appearance,

indicated that the initial injection of about 2 x 103 zymosan A

particles/mL of CF was deemed acceptable for analysis of

coelomocytes. This dosage presented a somewhat similar

surface area compared to 104 heat-killed V. diazotrophicus/ml

of CF, as previously described (52). For the second injection, the

same test animal received 2 x 105 zymosan A particles/mL of CF

that was based on similar surface area as 106 V. diazotrophicus/

ml CF. However, because of adverse animal reactions, the

concentration of zymosan A particles for the second injection

was reduced to 2 x 104 particles/mL of CF.

Baseline levels of coelomocytes were established by an initial

collection of CF (200 mL; n = 18 samples) from sea urchins (n =

11; see Table S1) on day 0, which was followed by CF collection

on day 1 that evaluated responses to the injury on day 0. On day

2, sea urchins (n = 8) were injected with 30 µL of heat-killed V.

diazotrophicus that resulted in 104 bacteria per mL of CF, and on

day 5 they received an additional injection of 30 µL that resulted

in 106 bacteria/mL of CF (16, 48). Control animals (n = 7)

received injections of 30 µL vehicle on days 2 and 5. On days 3

and 6, CF (200 mL) was collected for analysis of coelomocyte
frontiersin.org
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populations by flow cytometry. In some cases, the same sea

urchin was used to analyze responses to both vehicle and either

V. diazotrophicus or zymosan A, which were carried out two to

three months apart.

Some sea urchins were used as their own controls. For those

animals that received injections of V. diazotrophicus (n=4), three

(SU-V2, SU-V3, SU-V4) received injections of vehicle followed

by a month of recovery before challenge with V. diazotrophicus.

One sea urchin (SU-V1) was treated in the opposite order;

injected initially with V. diazotrophicus followed by five months

of recovery before injection with vehicle. For the sea urchins that

received injections of zymosan A (n=3), they received injections

of vehicle followed by a month of recovery before challenge with

zymosan A.
Flow cytometry

Analysis and quantification of live coelomocytes by flow

cytometry was conducted according to Barela Hudgell et al. (43).

Briefly, gates were established using Percoll density gradient

centrifugation to separate coelomocyte populations into

fractions as described (42, 46). Each fraction was evaluated

separately by flow cytometry to establish gates for large

phagocytes, small phagocytes, RSCs, and a mixture of CSCs

and vibratile cells (Figure S1). Preliminary gating was used to

gate for total coelomocytes as reported by (42). Here, the term

‘total coelomocytes’ refers to the flow cytometry gate that

encompassed all live coelomocytes in a sample.
Fold change calculation

The fold change for each sampling time point was calculated

relative to baseline data (day 0), which was set to 1. Combined

fold changes were calculated to quantify population differences

either over time or between experimental sets and were based on

the numerical difference between two data points.
Statistical analysis

Two-tailed, unequal variance, unpaired t-tests, and one-way

ANOVA were carried out in Excel (Microsoft) and used to

determine significant differences among groups. Both the

Quartile and t tests were used to identify outlier data from

two animals that were omitted from further analysis. Paired t-

tests were used to compare data from the same animal

responding at different times to the challenge with foreign

particles compared to responses to the vehicle control.

Significance was set at p ≤ 0.05 for all ANOVA and t-tests.
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Results

Coelomocyte concentration decreases in
response to a single puncture injury

CF withdrawal or injections into the coelomic cavity, may

incur more damage to sea urchins than just to the surface skin.

The needle punctures the peristomial membrane, passes through

the peripharyngeal cavity, and punctures the peripharyngeal

membrane to access the CF in the coelomic cavity. This may

also damage a radial nerve located on the inside surface of the

peristomial membrane [for echinoid internal anatomy, see (19)].

To determine whether there was a response to this puncture

injury, cells from CF withdrawals on day 0 and day 1 were

compared by flow cytometry. The baseline data for coelomocyte

concentration established on day 0 differed among sea urchins

(n = 11) (Figures 1A–E). The injury response evaluated on day 1

was calculated as a fold change difference from the baseline

values, to discern changes due to injury responses (Figures 1F–J).

Total coelomocyte numbers showed a modest but significant

fold decrease (p = 0.049) after injury (day 1) compared to

baseline (day 0, Figure 1F). The basis for this change was a

significant fold decrease (p = 0.0085) in the large phagocytes

(Figure 1G), whereas no significant changes were noted for the

other cell types (Figures 1H–J). This indicated that the injury

response primarily altered the large phagocyte population,

which was the basis for changes in total coelomocytes.
Sea urchin coelomocytes show
fold increases following challenge with
Vibrio diazotrophicus

To determine whether injections of foreign particles altered

coelomocyte concentrations, sea urchins were injected on day 2

of the experimental protocol with either Vibrio diazotrophicus

(n = 8 animals), zymosan A (n = 3 animals), or vehicle (n = 7

animals; Table S1). CF was collected on day 3 and evaluated for

fold changes in total coelomocytes and for changes in the

different cell populations relative to both baseline and to

injury. Fold changes in total coelomocytes in response to V.

diazotrophicus were not different from baseline but were

increased compared to the injury response (p = 0.018)

(Figures 2A, red line; S2A-C). Sea urchins injected with

zymosan A showed no changes in total coelomocytes on day 3

compared to either baseline or injury (Figure 2A purple line),

which was due to the variability of the responses and the small

sample size (Figure S2B). Sea urchins injected with vehicle alone

showed a significant fold decrease in coelomocytes on day 3

compared to baseline (p = 0.04), but there was no fold difference

in total coelomocytes compared to injury from CF collection

(Figures 2A, blue line; S2C). Although there was variability
frontiersin.org
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among animals in the three groups (Figures S2A-C), the results

suggested differences in coelomocyte responses to different types

of foreign particles and to vehicle.

The same groups of sea urchins were injected again on day 5

with either an increased number of V. diazotrophicus cells, an

increased number of zymosan A particles, or vehicle (see

methods). Two injections were employed in this analysis based

on previous reports showing that two or more injections of

immune stimulators resulted in a more robust immune response

in sea urchins (16, 45, 48, 53). CF was collected from all animals

on day 6 and coelomocytes were evaluated. In general, there was

a significant fold increase (p = 0.018) in total coelomocytes after

the second injection of V. diazotrophicus compared to injury

(Figures 2A red line; S2A). However, the response to the second

injection of V. diazotrophicus was not different from the

response to the first injection, nor was it different from
Frontiers in Immunology 05
baseline. Sea urchins injected the second time with zymosan A

showed no significant fold changes in coelomocytes compared to

baseline (Figures 2A, purple line; S2B), although responses to the

first injection of vehicle resulted in a significant fold decrease in

coelomocytes compared to baseline (Figures 2A, blue line; S2C).

When results from days 3 and 6 were compared among groups

receiving different challenges, significant differences in fold

changes (p ≤ 0.05) were noted for coelomocytes in sea urchins

injected with V. diazotrophicus compared to vehicle, whereas

there were no differences in coelomocytes from sea urchins

injected with zymosan A compared to vehicle (Figures 2A; S3A).

Overall, injections of both V. diazotrophicus and vehicle induced

fold changes in coelomocytes while zymosan A did not.

However, variations in coelomocytes among animals within

and among groups was evident and tended to confound

statistical analyses to identify any additional significant changes.
A B D E

F G IH J

C

FIGURE 1

Baseline coelomocyte concentrations in sea urchins prior to challenge are used as the reference for subsequent treatments. CF samples collected
on day 0 (n = 18 samples) were evaluated for the different types of coelomocytes at baseline, prior to any experimental manipulations, and were
used for comparison to all other time points. Each dot represents the result for an individual sea urchin. (A) Total coelomocyte concentrations are
determined by cell counts with a TC20 automatic cell counter (BioRad). (B–E) Different types of coelomocytes are evaluated by flow cytometry
(Accuri C6 Flow Cytometer, BD Biosciences) that identifies and quantifies concentrations of different coelomocyte populations at baseline. (F) Injury
and CF withdrawal induces a fold decrease in large phagocytes compared to baseline (day 0). (G–J) Different types of coelomocytes from sea
urchins (n = 11) are re-evaluated on day 1 to characterize the response to the puncture injury and CF withdrawal carried out on day 0. To calculate
fold changes on day 1, baseline data shown in panels (A–E) are set to 1 in panels (F–J). The average ± SD is shown to the right of each data set.
The black horizontal bars indicate significant differences (unpaired t-test; p ≤ 0.5). Note that the Y axes are not the same in the different panels.
frontiersin.org
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A B

DC

FIGURE 2

Injections of heat-killed Vibrio diazotrophicus, zymosan A, or vehicle (aCF) induce fold changes in total coelomocytes and in populations of different
coelomocytes. Sea urchins were injected on days 2 and 5 (arrows along the x-axis) with either Vibrio diazotrophicus (n = 8; red), zymosan A (n = 3;
purple), or vehicle as the injury control (n = 7; blue) and samples for analysis of fold changes were collected on days 3 and 5. Total coelomocytes
(A) along with populations of large phagocytes (B), small phagocytes (C), and RSCs (D) were analyzed by flow cytometry and tracked over time.
Responses to challenges are compared to both baseline (day 0; set to 1) and to injury and CF withdrawal (day 1). Black vertical lines indicate the ±
SD for each time point for the three experimental groups. See Figures S2-S4 for graphs showing the responses to the two challenges and the
vehicle control for total coelomocytes and for the different coelomocyte populations from individual sea urchins over time. Black horizontal bars
with diamond ends indicate significant differences between days (unpaired t-test; significance = p ≤ 0.05). Black horizontal bars with circle ends
indicate significant differences between experimental groups vs. the vehicle group (ANOVA; significance set = p ≤ 0.05.).
Frontiers in Immunology frontiersin.org06
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Different populations of coelomocytes
show dynamic changes in response to
immune stimuli

Flow cytometry scatter plots from animals challenged with

foreign particles illustrated dynamic changes in coelomocyte

populations (Figure 3). Variations among the coelomocyte

populations were observed among different animals at both

baseline and in response to the initial injury and CF withdrawal.

Variations at baseline were most clearly demonstrated by the mixed

population of vibratile cells and CSCs that could be discerned in all

three animals prior to any experimental stimulation or injury

(Figure 3, yellow arrows). Sea urchins B and C had discernable

populations of RSCs at baseline (Figure 3, red arrows). Responses to

the initial injury and CF withdrawal did not show any major

changes to the coelomocyte populations compared to baseline for

animals. Responses to the foreign particles resulted in a range of

changes in cell populations among the animals, including increases

in specific populations or a shift in their location on the scatter

plots. Sea urchins A and B showed, an increase in the different

populations of coelomocytes in response to V. diazotrophicus and

zymosan A including the RSCs (red arrows) and the small

phagocytes (green arrows) as indicated by the shift in color on

the scatter plot from blue to green (Figure 3). In sea urchin B

challenged with zymosan A, the mixed population of vibratile cells

and CSCs also expanded (Figure 3, yellow arrows). Sea urchin B

also showed dynamic and variable changes in the large phagocytes

with an expansion of the region on the scatter plot for large
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phagocytes (Figure 3, blue arrows). This may be indicative of

phagocytosis of the zymosan A particles that would be detected

as an increase in the complexity of some large phagocytes. Sea

urchin C that received vehicle injections did not show any notable

changes in cell populations (Figure 3). In general, these results

indicated that flow cytometry could be used to identify changes

over time in different coelomocyte populations among animals

responding to different challenges.

To understand these dynamic changes that coelomocyte

populations appear to undergo in response to foreign particles,

CF samples were evaluated using flow cytometry gates established

in (43) to characterize responses of different types of coelomocytes

to the initial injury and CF withdrawal, and to injections of V.

diazotrophicus, zymosan A, or vehicle. Changes were tracked and

reported as fold increases or decreases for each coelomocyte

population relative to their baseline composition, which was set

to 1 (Figures 2B–D; S2D-L; S4A-C). Although the large phagocyte

population did not show a significant change in response to the

first injection of V. diazotrophicus compared to injury, the second

injection resulted in a significant fold increase compared to both

the first injection of V. diazotrophicus (p = 0.05) and injury (p =

0.001) (Figures 2B, red line; S2D). Fold changes in the large

phagocyte population in response to both injections of zymosan

A were highly variable among animals and therefore showed no

significant changes relative to baseline or injury (Figures 2B, purple

line; S2E). For sea urchins that received injections of vehicle, the

large phagocyte population showed a fold decrease in response to

injury, which remained decreased in response to the two injections
FIGURE 3

Flow cytometry illustrates diversity of coelomocyte composition among sea urchins responding to immune challenge. Scatter plots of selected sea
urchins (A–C) from each experimental group shows responses to Vibrio diazotrophicus (red), zymosan A (purple), or vehicle (blue). The plots show
the gate for total coelomocytes to illustrate differences and changes in coelomocyte populations among animals. Coelomocytes were evaluated by
flow cytometry at baseline (day 0), after injury and CF withdrawal (day 1), and 24 hours after the first and second response to immune challenge or
vehicle (days 3, 6). Different coelomocyte populations are indicated by arrows: large phagocytes (blue), RSCs (red), vibratile and CSCs (yellow), and
small phagocytes (green). See Figure S1 that shows different populations of coelomocytes as identified by flow cytometry.
frontiersin.org
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of vehicle including a significant fold decrease (p = 0.03) after the

first injection of vehicle compared to baseline (Figures 2B, blue line;

S2F). In general, the large phagocyte population showed variable

changes among animals in response to injections of V.

diazotrophicus or zymosan A with a decreased fold change in

response to injections of vehicle.

The small phagocyte population responded to both injections

of V. diazotrophicus with a fold increase (p = 0.03 and p = 0.05,

respectively) relative to baseline (Figures 2C, red line; S2G).

However, these changes in the small phagocytes were not

different from responses to injury due to the variability of the

response in one animal (Figure S2G). The second injection of

zymosan A resulted in a significant fold increase in small

phagocytes compared to injury (p = 0.03), and the first injection

of zymosan A (p = 0.02; Figures 2C, purple line; S2H). Changes in

the small phagocyte population in response to injections of vehicle

were highly variable and showed no fold changes relative to

baseline or injury (Figures 2C, blue line; S2I). In general, for

many of the sea urchins, injections of both V. diazotrophicus and

zymosan A induced fold increases in small phagocytes. The RSC

population showed significant increases in response to the first (p

= 0.01) and second injections (p = 0.03) of V. diazotrophicus

compared to baseline and to injury, respectively (Figures 2D, red

line; S2J). While there was a distinct pattern of fold increases in

RSCs in response to zymosan A, particularly for the second

injection, these changes were not significant (Figures 2D, purple

line; S2K). Sea urchins injected with vehicle showed great

variability in the population of RSCs (Figures 2D, blue line;

S2L). Based on these results and the variability among sea

urchins, significant fold changes in the population of RSCs were

only detected in response to injection with V. diazotrophicus. The

mixed population of vibratile cells and CSCs showed highly

variable changes among animals in response to injections of

both foreign particles and the vehicle however none of these

changes were significant (Figure S4A-C). Overall, fold changes in

the population of vibratile cells and CSCs were highly variable

among sea urchins, showing little correlation to challenges with

either of the foreign particles or to the vehicle control.
Coelomocyte populations shift following
immune challenges

To parse out whether coelomocyte populations were

responding to injections of vehicle (injury) and/or to injections

of foreign particles suspended in the vehicle, comparisons were

made among groups. Sea urchins that received either V.

diazotrophicus or zymosan A were compared with those that

received only vehicle. Responses to challenges were first compared

to baseline to define fold changes in different coelomocyte

populations. Next, combined fold changes were calculated as a

comparison between responses to the foreign particles and the

response to vehicle (Figures 2B–D; S3B-D). The combined fold
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change response to V. diazotrophicus compared to that for vehicle

was significant for most of the coelomocyte types. Large phagocyte

populations were significantly different in response to the second

injection with V. diazotrophicus compared to vehicle (p = 0.01)

(Figures 2B, red vs. blue lines; S3B). The population of small

phagocytes in sea urchins responding to the first injection and

second injections of V. diazotrophicus showed a significant

combined fold change compared to vehicle (p = 0.02 and p =

0.018, respectively) that increased from 2-fold to 3-fold change,

respectively (Figures 2C, red vs. blue lines; S3C). The population

of RSCs showed a combined fold change of 1.8 in sea urchins

responding to the first injection of V. diazotrophicus compared to

the first injection of vehicle (p = 0.008) and a combined fold

change of 5 to the second injection of V. diazotrophicus compared

to vehicle (p = 0.005) (Figures 2D, red vs. blue lines; S3D). The

only population that showed no significant changes was the mixed

population of vibratile cells and CSCs (Figure S4D). In response to

zymosan A, the fold changes in the populations of large

phagocytes, RSCs, and the mixed population of vibratile cells

and CSCs were essentially the same as responses to vehicle

(Figures 2B, D, purple vs. blue lines; S3B, D; S4D). Only the

small phagocyte population showed a significant combined fold

change in response to the second injection of zymosan A

compared to vehicle (p = 0.01) (Figures 2C; S3C). Overall, sea

urchins responded to V. diazotrophicus with increases in the large

phagocyte population that was not observed for responses to

zymosan A. Both V. diazotrophicus and zymosan A induced

increases in the populations of small phagocytes compared to

responses to vehicle, although the response to zymosan A

appeared delayed relative to that for V. diazotrophicus.

Responses to V. diazotrophicus resulted in increased populations

of large and small phagocytes and RSCs, while zymosan A only

induced significant increases in the populations of

small phagocytes.
Immune stimuli alter
coelomocyte proportions

While fold changes were used to evaluate variations in

individual coelomocyte populations over time (Figure 2), these

results did not address the question of the relative proportions of

these cell types and how changes in one population may have

influenced changes in the populations of other cell types. For

example, if the population for one cell type decreased, this

decrease may be accounted for by a decrease in that specific

population, increases in other cell population(s), or all populations

decreasing relative to the cell type in question. To address this,

each cell population was re-evaluated as a proportion of total

coelomocytes and reported as percentages to determine how each

population changed relative to the others. Total coelomocyte

concentrations (Figure 1A) were displayed as pie charts and the

size of the pies for baseline data were normalized to 100% for all
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groups (Figure 4). Differences in the pie sizes at subsequent time

points corresponded with changes in total coelomocyte

concentration as more or less than 100%.

The initial analyses employed data from all sea urchins (n =

11; Table S1) because all animals were evaluated at baseline that

required a needle puncture injury and CF withdrawal followed by

the evaluation of the first sample collection that required a second
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needle puncture injury and CF withdrawal. In response to injury,

there was a decrease in total coelomocytes compared to baseline,

but the proportions of the coelomocyte populations changed very

little (Figures 4A, B). The group of animals challenged with V.

diazotrophicus (n = 8; Table S1) showed a decrease in the

proportion of total coelomocytes in response to injury

(Figure 4C). However, the first injection of V. diazotrophicus
A B

D

E

C

FIGURE 4

Injection of foreign particles shifts the proportions of coelomocyte types over time. Pie charts indicate the average proportions, shown as percentages,
for each coelomocyte type calculated from the coelomocyte concentrations displayed in Figure 1. The size of the pie charts are scaled according to the
average concentration of coelomocytes at each time point, with baseline (day 0) standardized to 100%. Percent changes at each time point can be
inferred from the different sizes of the pies, which are indicated by the size of each pie and by the y axes. Results are shown for all sea urchins in all
groups at base line (A) and after initial injury and withdrawal of CF (B). The average coelomocyte proportions are shown for each experimental group
that received injections of either Vibrio diazotrophicus (C), zymosan A (D), or vehicle (E).
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resulted in the proportion of total coelomocytes returning to about

baseline level and increasing above baseline levels in response to

the second injection. When the proportions of individual

coelomocyte populations were evaluated in response to V.

diazotrophicus, the large phagocyte proportion decreased

compared to injury and baseline (Figure 4C, blue sectors), while

the small phagocyte proportion increased post injury relative to

baseline but remained unchanged after injection with V.

diazotrophicus (Figure 4C, green sectors). The RSC population

showed the greatest increase in proportion compared to the other

cell types, with progressive increases at each sampling day in

response to injury and to both injections of V. diazotrophicus

(Figure 4C, red sectors). The vibratile cells and CSCs showed ±2%

variation in proportions that did not correlate with responses to

injury or the two injections ofV. diazotrophicus (Figure 4C, yellow

sectors). The major changes in cell populations was a proportional

decrease in large phagocytes in response to injury and an increase

in RSCs in response to V. diazotrophicus in addition to associated

dynamic shifts in all other coelomocyte populations.

The group of sea urchins that received zymosan A (n = 3, Table

S1) showed a decrease in the proportion of total coelomocytes after

injury compared to baseline and an even greater decrease in

response to the second injection of zymosan A relative to injury

(Figure 4D). Over the course of injections of zymosan A, the

proportion of large phagocytes decreased, and the proportion of

small phagocytes increased compared to baseline. The proportion of

the RSCs increased in response to the second injection of zymosanA

compared to the previous sampling days, while the populations of

vibratile cells and CSCs showed little change in proportions in

response to zymosan A, which was similar to the response to V.

diazotrophicus. The major change in the coelomocytes in response

to the second injection with zymosan A was a decrease in the large

phagocytes and an increase in the RSCs.

The control group that received injections of vehicle (n = 7,

Table S1) resulted in progressive decreases in the proportion of

total coelomocytes from day 1 to day 6 compared to baseline

(Figure 4E). There were minor changes in the proportions of the

coelomocyte types over the course of injury and injections with

vehicle (Figure 4E). The proportions of large phagocyte showed

minor increases, the small phagocytes did not change in response

to injury or to the vehicle, the RSCs were variable but similar

across responses to injury and both injections of vehicle, and the

vibratile cells and CSCs decreased in response to the second

injection of vehicle relative to baseline. Although injections of

vehicle did not alter the relative proportions of the different

coelomocyte populations, this response to repeated injuries

showed a decrease in total coelomocytes. Overall, this analysis

of proportions illustrated that coelomocytes responded to

injection of foreign particles with a range of changes in relative

proportions that were variable but appeared driven by the type or

size of the foreign particle that was injected. Furthermore, changes

in proportions of coelomocyte populations in response to particles

were distinct from responses to vehicle. V. diazotrophicus induced
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an increase in total coelomocytes in which the relative proportions

of different coelomocyte populations remained the same, while

zymosan A induced a decrease in total coelomocytes with an

associated dynamic shift in all coelomocyte proportions. These

responses were quite different from the responses to vehicle in

which there was a decrease in total coelomocytes but changes to

the relative proportions of different coelomocyte populations were

generally not observed.
Sea urchins that serve as their own
controls also show dynamic changes in
coelomocyte populations in response to
foreign particles

The status of prior contact with pathogens and microbes in

sea urchins is unknown during housing in recirculating aquaria

and before coelomocyte collection for this study. Their

immunological responsiveness is complicated by the genetic

diversity among sea urchins (54). Consequently, at least these

two factors result in variations in responses to experimental

manipulations and introduces significant noise into a dataset

that can mask the signal from groups of animals responding to

experimental and vehicle injections. To circumvent this

somewhat by removing the confounding problem of genetic

diversity, animals housed for long term in our facilities were

employed to serve as their own vehicle injection controls for

comparisons to injections of foreign particles, which is an

approach that has been employed previously (45, 48, 53). Sea

urchins that were evaluated for responses to repeated injections

of vehicle (n = 7) were subjected to subsequent injections of

either V. diazotrophicus (n = 4) or zymosan A (n = 3) after 1 to

5 months (see methods; Table S1). Baseline and injury data

were collected at the start of each experimental manipulation

and the coelomocyte baseline results were used to standardize

each treatment, as described above. Flow cytometry scatter

plots illustrated that the coelomocyte populations in individual

animals had different responses to challenge with foreign

particles compared to vehicle (Figure S5). These differences

highlighted the value of using the same animal for both

experimental and control treatments. Therefore, fold changes

in total coelomocytes and populations of different

coelomocytes relative to baseline were compared between

responses to foreign particles and responses to vehicle for

individual animals (Figures 5, 6; S6). Changes in the

populations of coelomocytes showed different trends in

response to V. diazotrophicus compared to vehicle for the

four sea urchins. SU-V1 had the largest fold increases among

the sea urchins for all cell types in response to the first injection

with V. diazotrophicus (Figures 5A–D; S6A). The small

phagocytes and RSCs in SU-V1 showed the greatest fold

increases after the second injection of V. diazotrophicus

compared to baseline (Figures 5C, D). On the other hand,
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SU-V2 was essentially non-responsive and showed few fold

changes in coelomocyte populations in response to V.

diazotrophicus compared to vehicle control (Figures 5E–H;

S6B). SU-V3 and SU-V4 showed intermediate responses to V.

diazotrophicus with overall fold increases of ≤2 in most

coelomocyte populations compared to vehicle (Figures 5I–P;

S6C, D). The strongest responses by SU-V3 and SU-V4
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occurred on day 6, which were delayed relative to SU-V1 that

showed fold increases in most coelomocyte populations on day 3.

Sea urchins challenged with zymosan A (SU-Z1, SU-Z2, SU-

Z3) were compared to their responses to vehicle (Figures 6; S6E-

G). SU-Z1 and SU-Z3 showed fold decreases over time for total

coelomocytes and large phagocytes in response to both zymosan

A and vehicle compared to baseline while SU-Z2 showed a slight
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FIGURE 5

Coelomocyte responses to injection with Vibrio diazotrophicus is variable among sea urchins. Coelomocytes from sea urchins [SU-V2 (E–H),
SU-V3 (I–L), SU-V4 (M–P)] were evaluated initially for fold changes after two injections of vehicle (blue lines). After recovery, they were injected
twice with Vibrio diazotrophicus and fold changes in coelomocytes were evaluated again (red lines). Colored arrows at the x axes indicate days
2 and 5 when sea urchins were injected with either Vibrio diazotrophicus (red arrows) or vehicle (blue arrows). SU-V1 (A–D) was treated in the
opposite order; V. diazotrophicus first, and then vehicle after recovery. All fold changes are relative to baseline (day 0, set to 1). Fold changes in
coelomocytes are compared across days for each animal. See Figures S5A-D for fold changes in the mixed population of vibratile cells and
CSCs in individual sea urchins responding to V. diazotrophicus compared to vehicle.
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fold increase (Figures 6A–F). However, the response to zymosan

A by the total coelomocytes and large phagocytes showed less of

a fold decrease on day 6 compared to vehicle (Figures 6A–F).

Fold changes in the RSCs and small phagocytes for all three

animals generally decreased on day 1 and day 3 and increased on

day 6 (Figures 6G–L). The fold changes in the RSCs were

noteworthy because they were similar for the three animals

except that the fold increase for SU-Z3 was delayed and evident

on day 6 rather than day 3 (Figure 6L). Furthermore, the small

phagocyte population in SU-Z3 showed a fold increase that was
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greater than the fold increases for SU-Z1 and SU-Z2

(Figures 6G–I). In general, while both zymosan A and vehicle

induced fold decreases in total coelomocytes and large

phagocytes, this decrease was not as prominent for the three

sea urchins responding to zymosan A. Results also indicated fold

increases in both RSCs and small phagocytes that corresponded

with decreases in large phagocytes. The variations among the

different coelomocyte populations in sea urchins responding to

zymosan A illustrated the idiosyncratic complexity of these cells

among animals (Figures 6D–L; S6E-G).
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FIGURE 6

Coelomocyte responses to injection with zymosan A are variable among sea urchins. Different types of coelomocytes from sea urchins [n = 3;
SU-Z1 (A, D, G, J), SU-Z2 (B, E, H, K), SU-Z3 (C, F, I, L)] were evaluated initially after two injections of vehicle (blue lines). After a month of
recovery, sea urchins were injected twice with zymosan A and fold changes in coelomocyte types were evaluated again (purple lines). Colored
arrows at the x axes indicate days 2 and 5 when sea urchins were injected with either zymosan A (purple arrows) or vehicle (blue arrows). All
fold changes are relative to baseline (day 0, set to 1). Fold changes in the different types of coelomocytes are compared across days for each
animal. See Figures S5E-G for fold changes in the mixed population of vibratile cells and CSCs in individual sea urchins responding to zymosan
A compared to vehicle.
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Discussion

Coelomocyte responses to injury
and immune challenge are dynamic
and variable

Sea urchin coelomocytes respond in a variety of ways to

infection and injury (reviewed in (28, 55). Damage to the body

wall that breaks the rigid test or skeleton in echinoids cannot be

closed as in sea stars that contract their tissues around an injury to

stop the bleeding of CF. Consequently, echinoids rely on clotting

processes to prevent lethal losses of CF, which is based on both

cellular and protein clots (56–58). This clotting process likely

involves both types of large phagocytes which undergo reversible

lamellipodial to filopodial changes to the cytoskeleton in vitro in

response to changes in the medium (29–31, 41, 56). In vivo, these

morphological changes can result in cellular clots [also termed

aggregates (56, 59)], which may explain the decreases in the

number of large phagocytes in response to the initial injury

observed here. This decrease would be consistent with their

involvement in cellular clotting and encapsulating large particles

by forming syncytia (21, 60, 61). Furthermore, it is feasible that

putative signals from tissue damage plus chemokines and cytokines

such as the members of the TNF and TNFR superfamilies, the

FADD superfamilies, the IL17 family, and the MIF family of genes

(4, 62–64) activate and/or attract phagocytes and keep them at a

site of injury to seal a wound that compromises the body wall.

There are substantial changes in the populations of large

phagocytes, small phagocytes, and RSCs in response to injection

with foreign particles. The large phagocytes function as the

major phagocytic cells in sea urchins as demonstrated by

phagocytosis of bacteria, foreign cells, and foreign particles in

short term cultures (36, 65–67) and clearance functions in vivo

[(7, 8) reviewed in (44, 46)]. The populations of small phagocytes

and RSCs also increase in response to foreign particles and

therefore may be involved in responses to this type of foreign

contact in vivo (9, 11, 28, 49, 68). Small phagocytes show

elevated expression of SpTransformer (SpTrf) proteins in

response to challenge, which are secreted and capable of

binding to pathogen-associated molecular patterns (PAMPs)

and opsonizing bacteria to augment phagocytosis (9, 11, 36,

49, 68, 69). In the presence of PAMPs or danger-associated

molecular patterns (DAMPs), RSCs exocytose the contents of

their vesicles that includes echinochrome A (38), which may

reduce the viability of microbes and yeast based on iron

chelation (70, 71). RSCs accumulate around bacteria in vitro

(72) and surround the edges of surface injuries or infections that

appear as dark red or black bands in vivo (73–76) including

injuries from tissue grafting (77).

Here we report increases in large phagocyte concentration in

response to V. diazotrophicus and decreases in response to

zymosan A. The significant differences in size between these two

foreign particles may underlie the difference in the responses by
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these cells; efficient phagocytosis of many small V. diazotrophicus

cells vs. phagocytosis of only a few large zymosan A particles per

phagocyte. Hence, more large phagocytes are likely required to

clear zymosan A (35), however, the variability in the response and

the small sample size likely reduced the identification of

significant changes in the several cell populations. It is worth

noting that the results for large phagocytes reported here in

response to V. diazotrophicus differ from those reported by Yui

and Bayne (7) in response to injections of Gram-negative and

Gram-positive bacteria. They describe a 10 fold decrease in large

phagocytes 24 hours after injection of marine bacteria, however,

the types and numbers of live marine bacteria injected into the CF

were 10 fold more compared to the single species of heat-killed V.

diazotrophicus employed here. These differences may be the basis

for the response reported by Yui and Bayne (7) for bacterial

clearance, which appears similar to the clearance of zymosan A

reported here. The greater numbers of injected bacteria may have

required more large phagocytes for clearance that decreased

their concentration.

It has been suggested that large phagocytes move from

peripheral tissues into the CF to replace cells that function in

phagocytosis or encapsulation and are removed from the CF during

particle clearance (11). Recruitment of large phagocytes into the CF

may function to maintain an optimal proportion of these cells after

they are used in response to injury through clot formation and

particle clearance by phagocytosis or encapsulation. Consequently,

the concept of maintaining optimal proportions of cell types may

be related to some of our results that are not in concordance for

concentration compared to proportion. This is best illustrated by

animals that received vehicle and showed changes in the large

phagocytes of decreased concentration but increased proportion.

This is in stark contrast to the response to zymosan A where the

large phagocytes show a decrease in both concentration and

proportion, which may indicate that the recruitment of large

phagocytes from the periphery was unable to maintain normal

proportions of large phagocytes in the CF. The large phagocyte

response to V. diazotrophicus is different from either of the other

treatments and shows an increase in concentration of these cells

and a slight decrease in proportion. For responses to injections ofV.

diazotrophicus or vehicle, cell recruitment may function to

maintain a relatively large phagocyte proportion, but for the

clearance of zymosan A the rate of replacement may not be

evident in the time scale of this analysis. The number of available

large phagocytes in the tissues that may be recruited into the CF is

likely limited and the appearance of newly proliferated large

phagocytes is slow; only about 10% over 20 days (11). The

process of recruiting large phagocytes from the tissues is key to

both clearing foreign particles and maintaining an optimal

proportion of large phagocytes in the CF. Depending on the

insult to the animal, the ability to maintain an optimal

proportion of large phagocytes in the CF may be overwhelmed in

some circumstances such as clearance of zymosan A or response to

an infecting pathogen.
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Responses to V. diazotrophicus increases the concentration of

small phagocytes, and increases in both concentration and

proportion of RSCs, whereas injections of vehicle has little effect

on these cell populations. Zymosan A induces consistent but less

robust increases in the concentrations and proportions of both the

small phagocytes and RCSs, which is consistent and very similar

in all sea urchins, whereas responses to V. diazotrophicus are

variable among animals. These results may be indicative of the

differences in the cellular immune response to bacteria compared

to yeast, which may be attributed in part to the size of the particles.

The efficiency of clearance of bacteria by the large phagocytes may

reduce the requirement to recruit RSCs and small phagocytes into

the CF. In contrast, the large size of zymosan A particles and the

limited numbers that any one phagocyte can take up (35) may

increase the clearance time and may involve more large

phagocytes, which may result in increased recruitment of RSCs

and small phagocytes.
Individual sea urchins show highly
variable responses to immune challenge

The genetic variability of 4-5% among individual S.

purpuratus (54) combined with their larval vs. adult life

histories impacts the types of microbes and pathogens with

which they come into contact. In addition, housing and

maintenance of sea urchins varies among laboratories and

depends on the scope and type of research being conducted. In

our research on sea urchin immunity, animals are often kept long-

term in aquaria with re-circulating artificial seawater (9, 11, 33),

while in other labs, sea urchins may be housed in water tables with

seawater pumped from the open-ocean (50, 78–80) or are used for

analysis soon after collection (7, 8, 15, 72, 81). Immunoquiescence

is the outcome of maintaining sea urchins for long term in

recirculating aquaria and away from natural seawater, which

was deduced from the down-regulation of SpC3 and

SpEchinoidin expression (10, 33, 45) and decreased coelomocyte

concentration in the CF (9). All of this may be integrated into the

complexities and variations of the immune responses that are

displayed among animals including variations in coelomocyte

populations. These results suggest a high level of individual

variation among sea urchins prior to experimental immune

challenges. Reports on the immune responses in echinoids often

describe coelomocyte populations as the average for a group of

animals (7, 8, 28, 80) with little information on individual animals

or mention of the variations among them. This can be further

confounded by the number of animals analyzed in a group, which

is typically small (11, 45, 53).

Here we present results from 11 animals for their individual

responses to challenge with foreign particles compared to their

responses to vehicle. Not only is there great variation in

responses among these animals, but there is also variation in

the timing of changes in coelomocyte populations. This variation
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may be driven by any number of factors such as the age and size

of the animal (82), genetic variation among animals (54), the sex

of the animal (83), or environmental stress (76, 84–87).

Although these unknowns may have contributed to the

variability in the cellular responses among sea urchins, our

approach highlights the need to use each individual animal as

its own control.
The cellular immune response
in echinoids

The diverse types of sea urchin coelomocytes that function in

the CF likely have interdependent activities to coordinate and

optimize responses to immune challenges and to maintain

optimal homeostasis of the relative populations of these cells

and the health physiology of the animals. To understand the

cellular immune system in this animal, the responses of each

coelomocyte population to the particular challenge as well as the

interactions among the cell populations must be taken into

consideration. The results presented here suggest a scenario for

how the cellular immune response in sea urchins may function as

a unit. In the timeline of the challenges conducted here, the first

impact on the animal is a puncture injury that incurs an open

wound through the peristomial membrane plus possible

punctures or tears to the internal membrane that separates the

pharyngeal and coelomic spaces. The decreased concentration of

large phagocytes in the CF likely correlates with phagocyte

migration to the site(s) of injury and induction of a clotting

reaction to block loss of CF. However, these cells maintain a steady

but slightly increasing proportion of large phagocytes in the CF.

The phagocyte response to injury is transient and shows little to

no changes in the populations of the other types of coelomocytes.

If the injury is associated with injection of foreign particles into the

CF, then a more active immune response is triggered. When

foreign particles are either small or few in number, as for Vibrio

diazotrophicus, the phagocytes respond to the injury as inferred

from the initial decrease in concentration, but the cell numbers

recover, likely through the recruitment of cells from the periphery

into the CF to replace those used to clear the perceived pathogen.

Although the large phagocyte concentration is variable over time

in response to V. diazotrophicus, these cells maintain a relatively

steady proportion of the coelomocytes during this clearance

activity. When the foreign particle is large as for zymosan A,

there is a sustained decrease in both the concentration and

proportion of large phagocytes, which is different from

clearance of V. diazotrophicus. These differences may be the

outcome of different numbers of large phagocytes that are

required to clear V. diazotrophicus vs. the larger zymosan A

particles. Furthermore, encapsulation of aggregated particles

may involve many more large phagocytes in a combination of a

cellular clot and a protein clot that binds to and entangles cells

[e.g., see (57)].
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If the large phagocytes clear the foreign particles efficiently,

then changes in the populations of the other coelomocytes are

not observed, which appears to be the case for SU-V2 and SU-V3

responding to V. diazotrophicus (Figure 5). However, if the large

phagocytes do not clear V. diazotrophicus quickly, as observed

for SU-V1 and SU-V4 and for all sea urchins responding to

zymosan A, then the populations of the small phagocytes and

red spherule cells increase in both concentration and proportion

(Figures 5, 6). In general, the large phagocytes appear to be the

primary responders for clearing foreign particles, and depending

on the type of particle, require different numbers of phagocytes,

which can take more or less time. Based on this response, the

other cell types appear to be recruited when the large phagocytes

do not respond efficiently and the population decreases as

recorded within the time frame of this analysis.
Conclusions

Past studies show that the coelomocytes in sea urchins change

in the CF over time in response to immune challenges (7–9, 11–

13, 15), but the results have not been reported based on

quantitative analysis of the different types of coelomocytes. The

results described here track specific populations of coelomocytes

from individual sea urchins over the course of two types of

immune challenge; Gram-negative marine bacteria, V.

diazotrophicus, and zymosan A, a glucan prepared from the cell

wall of the yeast, Saccharomyces cerevisiae. Results from both

challenges compared to injections of vehicle differentiates between

injury and responses to foreign particles. Vibrio diazotrophicus

induces variable changes in coelomocyte types, depending on the

individual sea urchin challenged, and shows an average increase in

all coelomocyte types, whereas the response to zymosan A

decreases the large phagocyte population and increases the

small phagocytes and RSCs. These distinct differences in

responses by sea urchin coelomocytes to V. diazotrophicus vs.

zymosan A may be the outcome of the immuno-stimulatory

differences between the Gram-negative bacteria and the fungal

glucan, in addition to a single PAMP versus a complex mix of

potential PAMPs presented by the Vibrio cells. Furthermore, the

significant differences in particle sizes likely impacts the clearance

parameters and success by the large phagocytes, which, in turn,

impacts how each cell population changes. This infers a series of

events in the cellular immune system of the sea urchins that are

driven by the large phagocyte response based on their ability to

clear foreign particles successfully from the CF. Variability in

coelomocyte responses among individual sea urchins makes

analyses difficult when employed as groups that ignores

individual variation in response. This variation in response

among sea urchins is likely an advantage to the population in

their normal habitat in which variability may aid in species

survival from constantly changing pathogens.
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coelomocytes in Paracentrotus sea urchins: Description of new cell types and
insights on spherulocyte maturation and sea urchin physiology. Zool Anz. (2022)
300:27–40. doi: 10.1016/j.jcz.2022.06.008

15. Romero A, Novoa B, Figueras A. Cell mediated immune response of the
Mediterranean sea urchin Paracentrotus lividus after PAMPs stimulation. Dev
Comp Immunol (2016) 62:29–38. doi: 10.1016/j.dci.2016.04.018

16. Majeske AJ, Oren M, Sacchi S, Smith LC. Single sea urchin phagocytes
express messages of a single sequence from the diverse Sp185/333 gene family in
response to bacterial challenge. J Immunol (2014) 193(11):5678–88. doi: 10.4049/
jimmunol.1401681

17. Hira J, Wolfson D, Andersen AJC, Haug T, Stensvåg K. Autofluorescence
mediated red spherulocyte sorting provides insights into the source of
spinochromes in sea urchins. Sci Rep (2020) 10(1):1149. doi: 10.1038/s41598-
019-57387-7

18. Yakovenko I, Donnyo A, Ioscovich O, Rosental B, Oren M. The diverse
transformer (Trf) protein family in the sea urchin Paracentrotus lividus acts
through a collaboration between cellular and humoral immune effector arms. Int
J Mol Sci (2021) 22(13):6639. doi: 10.3390/ijms22136639

19. Hyman LH. The Invertebrates: Echinodermata, The Coelomate Bilateria vol
4. New York NY: McGraw-Hill Book Company, Inc (1955).

20. Dheilly NM, Birch D, Nair SV, Raftos DA. Ultrastructural localization of
highly variable 185/333 immune response proteins in the coelomocytes of the sea
urchin, Heliocidaris erythrogramma. Immunol Cell Biol (2011) 89(8):861–9.
doi: 10.1038/icb.2011.3

21. Majeske AJ, Bayne CJ, Smith LC. Aggregation of sea urchin phagocytes is
augmented in vitro by lipopolysaccharide. PloS One (2013) 8(4):e61419.
doi: 10.1371/journal.pone.0061419
Frontiers in Immunology 16
22. Ameye L, Hermann R, DuBois P, Flammang P. Ultrastructure of the
echinoderm cuticle after fast-freezing/freeze substitution and conventional
chemical fixations. Microsc Res Tech (2000) 48(6):385–93. doi: 10.1002/(SICI)
1097-0029(20000315)48:6<385::AID-JEMT8>3.0.CO;2-R

23. Heatfield BM, Travis DF. Ultrastructural studies of regenerating spines of
the sea urchin Strongylocentrotus purpuratus. II. Cell types with spherules. J
Morphol (1975) 145(1):51–71. doi: 10.1002/jmor.1051450104

24. Heatfield BM, Travis DF. Ultrastructural studies of regenerating spines of
the sea urchin Strongylocentrotus purpuratus. I. Cell types without spherules. J
Morphol (1975) 145(1):13–49. doi: 10.1002/jmor.1051450103

25. Dubois P, Ameye L. Regeneration of spines and pedicellariae in
echinoderms: a review. Microsc Res Tech (2001) 55(6):427–37. doi: 10.1002/
jemt.1188

26. Johnson PT. The coelomic elements of sea urchins (Strongylocentrotus) I.
The normal coelomocytes; their morphology and dynamics in hanging drops. J
Invertebr Pathol (1969) 13(1):25–41. doi: 10.1016/0022-2011(69)90236-5

27. Chia FS, Xing J. Echinoderm coelomocytes. Zool Stud (1996) 35(4):231–54.

28. Smith LC, Arizza V, Barela Hudgell MA, Barone G, Bodnar AG, Buckley
KM, et al. Echinodermata: The complex immune system in echinoderms. In: EL
Cooper, editor. Advances in Comparative Immunology. Springer International
Publishing (2018). p. 409–501. doi: 10.1007/978-3-319-76768-0_13

29. Edds KT. Cell biology of echinoid coelomocytes: I. Diversity and
characterization of cell types. J Invertebr Pathol (1993) 61:173–8. doi: 10.1006/
jipa.1993.1031

30. Henson JH, Nesbitt D, Wright BD, Scholey JM. Immunolocalization of
kinesin in sea urchin coelomocytes. association of kinesin with intracellular
organelles. J Cell Sci (1992) 103(Pt 2):309–20. doi: 10.1242/jcs.103.2.309

31. Henson JH, Svitkina TM, Burns AR, Hughes HE, MacPartland KJ, Nazarian
R, et al. Two components of actin-based retrograde flow in sea urchin
coelomocytes. Mol Biol Cell (1999) 10(12):4075–90. doi: 10.1091/mbc.10.12.4075

32. Clow LA, Gross PS, Shih CS, Smith LC. Expression of SpC3, the sea urchin
complement component, in response to lipopolysaccharide. Immunogenetics.
(2000) 51:1021–33. doi: 10.1007/s002510000233

33. Gross PS, Clow LA, Smith LC. SpC3, the complement homologue from the
purple sea urchin, Strongylocentrotus purpuratus, is expressed in two
subpopulations of the phagocytic coelomocytes. Immunogenetics (2000) 51
(12):1034–44. doi: 10.1007/s002510000234

34. Oren M, Rosental B, Hawley TS, Kim GY, Agronin J, Reynolds CR, et al.
Individual sea urchin coelomocytes undergo somatic immune gene diversification.
Front Immunol (2019) 10:1298. doi: 10.3389/fimmu.2019.01298

35. Clow LA, Raftos DA, Gross PS, Smith LC. The sea urchin complement
homologue, SpC3, functions as an opsonin. J Exp Biol (2004) 207:2147–55.
doi: 10.1242/jeb.01001

36. Chou HY, Lun CM, Smith LC. SpTransformer proteins from the purple sea
urchin opsonize bacteria, augment phagocytosis, and retard bacterial growth. PloS
One (2018) 13(5):e0196890. doi: 10.1371/journal.pone.0196890

37. Smith V. The echinoderms. In: NA Ratcliffe, AF Rowley, editors.
Invertebrate Blood Cells, Volume 2. London: Academic Press (1981). p. 513–62.

38. Service M, Wardlaw AC. Echinochrome-A as a bactericidal substance in the
coelomic fluid of Echinus esculentus (L.). Comp Biochem Physiol B Biochem Mol
Biol (1984) 79(2):161–5. doi: 10.1016/0305-0491(84)90008-7

39. Coates C, Rowley A, Smith L, Whitten M. Host defences of invertebrates to
pathogens and parasites. In: A Rowley, C Coates, M Whitten, editors. Invertebrate
Pathology. Oxford UK: Oxford University Press (2022). p. 3–40. doi: 10.1093/oso/
9780198853756.003.0001

40. Bertheussen K. The cytotoxic reaction in allogeneic mixtures of echinoid
phagocytes. Exp Cell Res (1979) 120(2):373–81. doi: 10.1016/0014-4827(79)
90397-5

41. Edds KT. Isolation and characterization of two forms of a cytoskeleton. J
Cell Biol (1979) 88:109–15. doi: 10.1083/jcb.83.1.109

42. Smith LC, Hawley TS, Henson JH, Majeske AJ, Oren M, Rosental B.
Methods for collection, handling, and analysis of sea urchin coelomocytes. In:
KA Foltz, A Hamdoun, editors. Echinoderms Part A, Methods in Cell Biology, vol.
150. Academic Press, San Diego CA, USA (2019). p. 357–89. doi: 10.1016/
bs.mcb.2018.11.009

43. Barela Hudgell MA, Grayfer L, Smith LC. A flow cytometry based approach
to identify distinct coelomocyte subsets of the purple sea urchin, Strongylocentrotus
purpuratus. Dev Comp Immunol (2022) 130:104352. doi: 10.1016/j.dci.2022.104352

44. Smith LC, Ghosh J, Buckley KM, Clow LA, Dheilly NM, Haug T, et al.
Echinoderm immunity. In: K Söderhäll, editor. Invertebrate Immunity. Austin TX:
frontiersin.org



Barela Hudgell et al. 10.3389/fimmu.2022.940852
Madame Curie Bioscience Database (2010). p. 260–301. doi: 10.1007/978-1-4419-
8059-5-14

45. Terwilliger DP, Buckley KM, Brockton V, Ritter NJ, Smith LC.
Distinctive expression patterns of 185/333 genes in the purple sea urchin,
Strongylocentrotus purpuratus: an unexpectedly diverse family of transcripts in
response to LPS, b-1,3-glucan, and dsRNA. BMC Mol Biol (2007) 8:16.
doi: 10.1186/1471-2199-8-16

46. Smith LC, Davidson EH. The echinoderm immune system. characters
shared with vertebrate immune systems and characters arising later in
deuterostome phylogeny. Ann NY Acad Sci (1994) 712:213–26. doi: 10.1111/
j.1749-6632.1994.tb33575.x

47. Guerinot ML,West PA, Lee JV, Colwell RR. Vibrio diazotrophicus sp. nov., a
marine nitrogen-fixing bacterium. Int J Syst Bacteriol (1982) 32(3):350–7.
doi: 10.1099/00207713-32-3-350

48. Sherman LS, Schrankel CS, Brown KJ, Smith LC. Extraordinary diversity of
immune response proteins among sea urchins: nickel-isolated Sp185/333 proteins
show broad variations in size and charge. PLoS One (2015) 10(9):e0138892.
doi: 10.1371/journal.pone.0138892

49. Lun CM, Schrankel CS, Chou HY, Sacchi S, Smith LC. A recombinant
Sp185/333 protein from the purple sea urchin has multitasking binding activities
towards certain microbes and PAMPs. Immunobiology. (2016) 221(8):889–903.
doi: 10.1016/j.imbio.2016.03.006

50. Smith LC, Britten RJ, Davidson EH. Lipopolysaccharide activates the sea
urchin immune system. Dev Comp Immunol (1995) 19(3):217–24. doi: 10.1016/
0145-305x(95)00009-i

51. Di Carlo FJ, Fiore JV. On the composition of zymosan. Science (1958) 127
(3301):756–7. doi: 10.1126/science.127.3301.756-a

52. Schrankel CS. Binding studies of the Sp185/333 proteins of the purple sea
urchin, strongelocentrotus purpuratus: implications of diversity in the function of a
novel protein family. USA: ProQuest LLC, Ann Arbor MI; George Washington
University (2009). MS Thesis.

53. Nair SV, del Valle H, Gross PS, Terwilliger DP, Smith LC. Macroarray
analysis of coelomocyte gene expression in response to LPS in the sea urchin.
identification of unexpected immune diversity in an invertebrate. Physiol Genomics
(2005) 22(1):33–47. doi: 10.1152/physiolgenomics.00052.2005

54. Britten RJ, Cetta A, Davidson EH. The single-copy DNA sequence
polymorphism of the sea urchin Strongylocentrotus purpuratus. Cell (1978) 15
(4):1175–786. doi: 10.1016/0092-8674(78)90044-2

55. Smith LC, Boettger SA, Byrne M, Heyland A, Lipscombe DL, Majeske AJ,
et al. Echinoderm diseases and pathologies. In: A Rowley, C Coates, M Whitten,
editors. Invertebrate Pathology. Oxford University Press (2022). p. 505–62.
doi: 10.1093/oso/9780198853756.001.0001

56. Edds KT. Dynamic aspects of filopodial formation by reorganization of
microfilaments. J Cell Biol (1977) 73(2):479–91. doi: 10.1083/jcb.73.2.479

57. Hillier BJ, Vacquier VD. Amassin, an olfactomedin protein, mediates the
massive intercellular adhesion of sea urchin coelomocytes. J Cell Biol (2003) 160
(4):597–604. doi: 10.1083/jcb.200210053

58. D’Andrea-Winslow L, Radke DW, Utecht T, Kaneko T, Akasaka K. Sea
urchin coelomocyte arylsulfatase: A modulator of the echinoderm clotting
pathway. Integr Zool (2012) 7(1):61–73. doi: 10.1111/j.1749-4877.2011.00279.x

59. Venuti JM, Edds KT. Calmodulin and calmodulin-binding proteins in the
morphological transformation of sea urchin coelomocytes. Cell Motil Cytoskeleton
(1986) 6:604–19. doi: 10.1002/cm.970060609

60. Dan-Sohkawa M, Suzuki J, Towa S, Kaneko H. A comparative study on the
fusogenic nature of echinoderm and nonechinoderm phagocytes in vitro. J Exp
Zool (1993) 267:67–75. doi: 10.1002/jez.1402670110

61. Jobson S, Hamel JF, Mercier A. Rainbow bodies: Revisiting the diversity of
coelomocyte aggregates and their synthesis in echinoderms. Fish Shellfish Immunol
(2022) 122:352–65. doi: 10.1016/j.fsi.2022.02.009

62. Hibino T, Loza-Coll M, Messier C, Majeske AJ, Cohen AH, Terwilliger DP,
et al. The immune gene repertoire encoded in the purple sea urchin genome. Dev
Biol (2006) 300(1):349–65. doi: 10.1016/j.ydbio.2006.08.065

63. Buckley KM, Rast JP. Immune activity at the gut epithelium in the larval sea
urchin. Cell Tissue Res (2019) 377(3):469–74. doi: 10.1007/s00441-019-03095-7

64. Furukawa R, Tamaki K, Kaneko H. Two macrophage migration inhibitory
factors regulate starfish larval immune cell chemotaxis. Immunol Cell Biol (2016)
94(4):315–21. doi: 10.1038/icb.2016.6

65. Bertheussen K, Seljelid R. Echinoid phagocytes in vitro. Exp Cell Res (1978)
111(2):401–12. doi: 10.1016/0014-4827(78)90185-4

66. Ito T, Matsutani T, Mori K, Nomura T. Phagocytosis and hydrogen
peroxide production by phagocytes of the sea urchin Strongylocentrotus nudus.
Dev Comp Immunol (1992) 16(4):287–94. doi: 10.1016/0145-305X(92)90003-U
Frontiers in Immunology 17
67. Bertheussen K. Endocytosis by echinoid phagocytes in vitro. II. Mechanisms
of endocytosis. Dev Comp Immunol (1981) 5:557–64. doi: 10.1016/s0145-305x(81)
80030-4

68. Lun CM, Bishop BM, Smith LC. Multitasking immune Sp185/333 protein,
rSpTransformer-E1, and its recombinant fragments undergo secondary structural
transformation upon binding targets. J Immunol (2017) 198(7):2957–66.
doi: 10.4049/jimmunol.1601795

69. Smith LC, Lun CM. The SpTransformer gene family (formerly Sp185/333) in
the purple sea urchin and the functional diversity of the anti-pathogen
rSpTransformer-E1 protein. Front Immunol (2017) 8:725. doi: 10.3389/
fimmu.2017.00725

70. Lebedev AV, Ivanova MV, Levitsky DO. Echinochrome, a naturally
occurring iron chelator and free radical scavenger in artificial and natural
membrane systems. Life Sci (2005) 76(8):863–75. doi: 10.1016/j.lfs.2004.10.007

71. Coates CJ, McCulloch C, Betts J, Whalley T. Echinochrome A release by red
spherule cells is an iron-withholding strategy of sea urchin innate immunity. J
Innate Immun (2018) 10(2):119–30. doi: 10.1159/000484722

72. Johnson PT. The coelomic elements of sea urchins (Strongylocentrotus) II.
Cytochemistry of the coelomocytes. Histochemie (1969) 17(3):213–31.
doi: 10.1007/BF00309866

73. Johnson PT, Chapman FA. Infection with diatoms and other
microorganisms in sea urchin spines (Strongylocentrotus franciscanus). J
Invertebr Pathol (1970) 16:268–76. doi: 10.1016/0022-2011(70)90068-6

74. Roberts-Regan D, Scheibling R, Jellett J. Natural and experimentally induced
lesions of the body wall of the sea urchin Strongylocentrotus droebachiensis. Dis
Aquat Organ. (1988) 5:51–62. doi: 10.3354/dao005051

75. Li R, Dang H, Huang Y, Quan Z, Jiang H, Zhang W, et al. Vibrio
coralliilyticus as an agent of red spotting disease in the sea urchin
Strongylocentrotus intermedius. Aquac Rep (2020) 16:100244. doi: 10.1016/
j.aqrep.2019.100244

76. Zhang Z, ZhangW, Hu Z, Li C, Shao Y, Zhao X, et al. Environmental factors
promote pathogen-induced skin ulceration syndrome outbreak by readjusting the
hindgut microbiome of Apostichopus japonicus. Aquaculture. (2019) 507(4):155–
63. doi: 10.1016/j.aquaculture.2019.03.054

77. Coffaro KA, Hinegardner RT. Immune response in the sea urchin
Lytechinus pictus. Science. (1977) 197(4311):1389–90. doi: 10.1126/science.331476

78. Pancer Z, Rast JP, Davidson EH. Origins of immunity: Transcription factors
and homologues of effector genes of the vertebrate immune system expressed in sea
urchin coelomocytes. Immunogenetics (1999) 49(9):773–86. doi: 10.1007/
s002510050551

79. Smith LC, Chang L, Britten RJ, Davidson EH. Sea urchin genes expressed in
activated coelomocytes are identified by expressed sequence tags. Complement
homologues and other putative immune response genes suggest immune system
homology within the deuterostomes. J Immunol (1996) 156(2):593–602.

80. Smith LC, Britten RJ, Davidson EH. SpCoell: a sea urchin profilin gene
expressed specifically in coelomocytes in response to injury. Mol Biol Cell (1992) 3
(4):403–14. doi: 10.1091/mbc.3.4.403
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