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The disposition of teleost memory and plasma cells (PCs) has essentially been un-
explored. As the organization of the teleost immune system differs significantly from that
of mammals (i.e. no bone marrow or lymph nodes, hematopoietic anterior kidney), this
disposition could be essential in understanding how comparable functions are achieved.
To address this question, the primary and secondary antibody-secreting cell, B memory
cell, and antibody responses to T-independent and T-dependent antigens were analyzed
in trout. Although the TI and TD antibody responses did not differ substantively from
one another, the secondary responses to both were significantly prolonged compared
with the primary responses. Logarithmic increases in titer and affinity were achieved
for both antigens during the primary, with only modest increases during the secondary
response. Antibody-secreting cells, both PCs and plasmablasts, quantitatively paralleled
antibody production, with antibody-secreting cells skewing to the hematopoietic anterior
kidney for both antigens. However, the enhanced antigen-inducible response of immune
fish (indicative of the memory pool) skewed to the peripheral blood and spleen. This
pattern of memory versus PC disposition parallels that observed in mammals even though
the organization of the respective immune systems differs considerably.

Keywords: Anterior kidney - Memory cells - Plasma cells - Trout

Introduction

Teleost memory has been defined by the development of a dif-
ferentially heightened responsive state to antigen, albeit lack-
ing in a number of mammalian features. Primary immuniza-
tion can, thus, lead to increased immunogen sensitivity [1],
enhanced in vivo [2-6] and in vitro [6-8] antibody responsive-
ness, expansion of antigen-sensitive precursor pools [9] and, most
importantly, anamestic responses to pathogens [4,5,10,11] and
immunoprophylaxis [4, 12-14]. Anamestic features absent from
teleost responses include isotype switching [15] (although they
possess multiple isotypes [16]), relatively modest somatic muta-
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tion [17-19] and affinity maturation [20-22] as compared with
the IgG responses of mammals. Intriguingly, characteristics of
teleost memory B cells (MBCs) [9] parallel those associated with
a class of mammalian MBCs. Recent evidence reveals that human
MBCs can include unswitched, mutated IgM* cells [23]; nonmu-
tated, CD27+IgM™ cells [24], those induced by T-independent (TT)
antigens [25, 26], preimmune diversified repertoires [27] (as has
recently been posed for the catfish [19]), or arise independently of
GCs [27,28]. Together, these previous studies prompt a renewed
focus on the critical elements of . specific memory, both in teleosts
and mammals. For example, perhaps the requisites for exception-
ally high-titered, extensively mutated, high-affinity responses in

*These authors contributed equally to this work.
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mammals are simply a requisite for employing a bivalent anti-
body (such as IgG) which would not be as avid as an IgM. Also,
as the teleost system does not employ bivalent antibodies in its
secondary responses, these species may serve as uncomplicated
models for the analysis of the capabilities of mammalian p mem-
ory, without the interplay of competing bivalent antibodies and
their corresponding B-cell populations.

The commonalities between mammalian and teleost MBCs
could suggest the potentially unique value of the teleost as
a biomedical model. Parallel examination of mammalian and
teleost memory may reveal evolutionarily universal mechanisms
of memory generation. Tantalizing possibilities of such parallel
features have been observed with long-lived plasma cell (LLPC)
distributions in mammals [29-31] and teleosts [32-34], which
home to their respective hematopoietic tissues, even though the
organs themselves are different (i.e. bone marrow versus anterior
kidney). One unexplored facet, however, has been the observa-
tion that the two distinct cellular arms of mammalian memory,
the MBCs and LLPCs, possess distinctly different regionalities, with
MBCs centered in peripheral tissues [35-37], and LLPCs within the
primary lymphoid tissues [29-31]. As teleosts possess neither bone
marrow nor lymph nodes, the question arises whether comparable
regional patterns of dissemination occur in the teleost as well and,
if so, whether distinct functional differences are imparted to these
different organizational divisions. Further, rigorous examination
of teleost memory, its induction, and maintenance may reveal the
critical mechanisms which transcend phylogeny or, alternatively,
suggest reasons for their divergence.

Results

Primary and secondary antibody responses to TI and
TD forms of antigen

Examination of the responses to TNP-LPS (TI) and TNP-keyhole
limpet hemocyanin (KLH) (T-dependent, TD) revealed striking
similarities between the responses (Fig. 1). The TNP-LPS response
peaked earlier (week 16) with average titers of approximately
50000 units/mL and TNP-KLH titers peaked between weeks 16
and 25 averaging 10 000 units/mL. Both these responses subsided
to approximately 2 000 units/mL (TNP-LPS) and 5 000 units (TNP-
KLH) by week 44. Upon rechallenge it was found that both anti-
gens produced a higher maximal response than observed in the
primary (~100 000 units/mL for TNP-LPS and ~50 000 units/mL
for TNP-KLH) and this response persisted significantly longer with
higher responses still occurring at 46 weeks post challenge (week
92 overall).

Although affinity maturation to the TNP-KLH response was
slightly more rapid than that observed for the TNP-LPS response
(Fig. 1B), both responses achieved approximately the same aver-
age affinity of 6.0 (—log aK) by week 44 of the primary response.
This represents a 20-50-fold increase in affinity over the course
of the primary response. This level of affinity was maintained

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Anti-TNP titers and affinities induced upon immunization.
(A) Titers elicited to TNP-LPS (squares, solid line), TNP-KLH (circles,
dashed line), and PBS control (open diamond, solid black line) are
shown. (B) Average affinities of the antibodies procured at each time
point, expressed as —log aK, are shown. Data are shown as the mean
+ SEM of four individual sera procured at each time point. The arrow
on the abscissa denotes the point at which the fish were given a sec-
ondary immunization. Data shown are representative of four indepen-
dent experiments.

and marginally increased (6.2) by week 46 of the secondary
response

Antibody-secreting cell (ASC) production and
distribution

The spleen appeared to harbor the highest number of ASCs during
the primary response, with the anterior kidney becoming more
dominant during the secondary response (Fig. 2A and C). These
data were expressed as ASCs induced per 10° leukocytes (Fig. 2A,
C and E) and as total ASCs per whole tissue (Fig. 2B, D and F).
The latter metric is important as, for example, the entire blood
volume can harbor up to 15 times the number of total leukocytes
as can be found in the spleen and up to four times the number
within the anterior kidney. However, at all time points, and for
both immunized groups, the anterior kidney was the primary con-
tributor to the total number of in vivo ASCs (Fig. 2B and D), with
a mean of 89.6% of the entire ASC response over all time points.
The mean splenic contribution was approximately 9.1%, while
the blood only contributed 1.3%. Although, the secondary in vivo
anterior kidney response to TNP-KLH followed approximately the
same kinetics as in the primary response, the TNP-LPS response
attained much higher numbers (~250 000 versus 20 000 ASCs
per anterior kidney, Fig. 2B versus D).

www.eji-journal.eu
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Figure 2. Kinetics of TNP-specific ASCs in trout peripheral blood, spleen, and anterior kidney. The total in vivo ASC response within blood, spleen,
and anterior kidney from fish immunized with (A and B) TNP-LPS in FCA, (C and D) TNP-KLH in FCA, or (E and F) PBS (control) in FCA are shown.
The number of ASCs per 10° leukocytes (left), and the total number of ASCs in each tissue (right) are shown. The arrow on the abscissas (week 46)
denotes the point at which the fish received their secondary immunization. Encircled areas are enlarged within associated insets. Data are shown
as the mean + SEM of three to four fish with each individual sample assayed in triplicate, and are representative of four independent experiments.

Plasma cell (PC) production and distribution

In order to ascertain the relative PC response that can occur in
these tissues, leukocytes were also cultured for 7 days without
antigen, and in the presence of HU. This technique permitted
enumeration of non-replicating, antigen-insensitive, PCs [32,38]
(Fig. 3A-D).

The antibody titers (Fig. 1A) mirrored the anterior kidney PC
as well as ASC responses (Fig. 2A-D), with both primary and
secondary TNP-LPS challenges providing more robust responses
(Fig. 1A and 2). With the ASCs in general, the bulk of the PC
activity was found within the anterior kidney.

MBC production and distribution

The TTand TD induction of MBCs was assessed by comparison of in
vitro challenge of PBLs, splenocytes, and anterior kidney lympho-
cytes from naive or primed individuals as previously performed
in teleosts and mammals [1,7,39,40]. By week 44 post TNP-LPS
immunization, the MBC response had increased approximately 18-
fold in the blood and spleen over naie (control) individuals, while
those within the anterior kidney only increased eightfold (Fig. 4A

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and B versus Fig. 4E and F). After a secondary TNP-LPS booster,
a 200-fold increase in the responsiveness had occurred (week 92;
Fig. 4).

Initial priming with TNP-KLH markedly increased the memory
response capacity in blood and spleen (~100-200-fold over naive
fish), with only a relatively modest, 20-fold, increase in the ante-
rior kidney (Fig. 4C and D). Unlike the T-independent booster,
a secondary boost with the TD antigen did not achieve a further
increase over the primary response. The net effect of the two chal-
lenges with the two different antigens resulted in the same level
of MBCs at the end of secondary response period.

Unique B-cell differentiative capacities of blood,
spleen, and anterior kidney

The staggered addition of HU to antigen-stimulated cultures
permitted analysis of plasmablast versus PC differentiation from
resting MBCs. Virtually all induced ASC activity from PBLs was
terminated within 24 hours of HU addition, indicating that virtu-
ally all of the induced ASCs were plasmablasts and remained so
throughout culture (Fig. 5A, D, G and J). Peripheral blood
cultures without antigen produced no ASCs. A small pulse of

www.eji-journal.eu
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Figure 3. Kinetics of TNP-specific plasma cell (HU-resistant) responses in trout peripheral blood, spleen, and anterior kidney. TNP-specific plasma
cell tissue distributions from fish immunized with (A and B) TNP-LPS, (C and D) TNP-KLH, or (E, F) PBS are depicted. The number of PCs per 10°
leukocytes (left), and the total number of PCs in each tissue (right) are shown. The arrow on the abscissas (week 46) denotes the point at which the
fish received their secondary immunization. Encircled areas are enlarged within associated insets. Data are shown as the mean + SEM of three to
four fish with each individual sample assayed in triplicate, and are representative of four independent experiments.

antigen-induced, non-replicating ASCs was witnessed in most cul-
tures with a peak expression at approximately day 4. Although
typically achieving approximately 5% or less of the total response
on day 4, approximately 20% of the response at this time point was
observed in one culture set (Fig. 5A). The magnitude of this minor
response was not impacted by the timing of HU addition, indi-
cating that this pool of antigen-induced ASCs does not undergo
plasmablast-like proliferation. We have tentatively termed the pre-
cursor of these ASCs a transitional or preplasma cell (Fig. 6, Stage
IV; rationale provided in the Discussion). Importantly, as HU does
not halt this ASC activity, yet the population slowly diminishes
over the culture period, these ASCs appear to be short-lived plasma
cells (SLPCs).

The antigen-induced splenic response was fairly comparable to
the PBL response, except for the relative magnitude and kinetics
of the preplasma cell population. Again, no responses occurred
without the addition of antigen. Early after immunization (Fig. 5B
and H) the splenic plasmablast population appears comparable to
that found in the PBLs; however, with significantly more SLPCs
peaking at day 4 (Fig. 5E and K). Like the population within the
blood, this population was not impacted by the timing of HU
addition, and consistently diminished over time post day 4.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Anterior kidney ASCs, although typically not as numerous as
those found within the peripheral blood and spleen (Fig. 5C, F, I
and L) were (i) present from culture inception, (ii) HU resistant
at all times, and (iii) did not require antigen for induction. This is
indicative of LLPCs.

Discussion

The kinetics and magnitude of both TI and TD antibody responses
(Fig. 1A) mirrored the corresponding total ASC and PC responses
(Fig. 2 and 3). However, precise quantitative comparisons
between antibody titers and ASCs cannot be made as (i) the
secretion rate of the ASCs (composed of PCs and plasmablasts)
increases over time postimmunization [41], and (ii) high-affinity
antibodies, which dominate the late immune response [20], pos-
sess more prolonged half-lives [42,43] thus making such com-
parisons problematic. Indeed, based on these previous studies
[41-43], one should expect that fewer ASCs would give rise to
higher antibody titers as the response matures.

Two features of these antibody responses; however, were par-
ticularly notable. First, the kinetics, magnitude, and affinity of the

www.eji-journal.eu
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Figure 4. Kinetics of in vitro-inducible anti-TNP-specific ASCs in peripheral blood, spleen, and anterior kidney. ASCs were induced by in vitro
immunization with TNP-LPS of 10° cells from fish immunized with (A and B) TNP-LPS, (C and D) TNP-KLH, or (E and F) PBS. The number of ASCs
per 10° leukocytes (left) and the number of ASCs extrapolated to the whole tissue (right) are shown. Arrow on the abscissa (week 46) denotes the
point at which all fish received their secondary immunization. Encircled areas are enlarged within associated insets. Data are shown as the mean
+ SEM of three to four fish with each sample assayed in triplicate, and are representative of four independent experiments.

TI and TD responses were quite similar. Both responses exhibited
a relatively short primary phase versus a prolonged secondary
and both maintained the high affinity achieved late in the pri-
mary (by week 16), even as the titers began to wane (week 25—
44). This heightened affinity continued into the secondary, with
even a slight increase (~from —log aK 5.9 to 6.2), late in the sec-
ondary. This kinetics would indicate that although T-cell help may
be required for the TD response [44] it remains fairly comparable
to the TI response. Second, these observations also suggest that
the antigen-sensitive precursor pool had changed with the bulk of
the responding antigen-sensitive precursors being of higher affin-
ity than those in the naive fish, while the pool of secondary ASCs
are either longer lived (e.g. LLPCs) or result from an extended
period of PB replication.

Analysis of ASC activity revealed a relatively heavier involve-
ment of the spleen during the primary response, than in the sec-
ondary. Past studies [32,33] and the HU analysis with this study
(Fig. 5) would suggest that, earlier in the response the spleen
is also more active with plasmablast activity, while the anterior
kidney is more active late in the response with PCs. Therefore,
the persistent antibody response during the secondary response
may be due to anterior kidney LLPCs. This would indicate that,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

as in mammals [29-31], PCs are preferentially distributed and
maintained in the hematopoietic tissues.

The distribution and relative size of the memory pools were
determined by in vitro antigen induction of cells from primed fish
[1,7,39,40]. In contrast to the ASC distribution (PCs and PBs),
MBCs were significantly skewed to the periphery (Fig. 4), partic-
ularly the blood. The spleen; however, may play a slightly more
dominant role, on a per cell basis, during the primary response.
This distribution also mirrors the mammalian MBC distribution,
wherein MBCs preferentially reside in the periphery as opposed to
central lymphoid tissues [35-37].

The differentiative potential of antigen-inducible cells (includ-
ing MBCs) derived from the blood, spleen and anterior kidney
was explored via HU pulsing in the presence or absence of anti-
gen (Fig. 5). This analysis revealed striking differences between
all three tissues and provides a basis for modeling the mechanics
of the terminal, antigen-dependent phase of teleost B-cell differ-
entiation (Fig. 6). Virtually all antigen-inducible cells within the
blood appear to be resting B cells that are only capable of pro-
gressing to the plasmablast stage of differentiation upon antigenic
stimulation, as virtually all ASCs were proliferating (HU-sensitive).
As the TI and TD responses were sixfold and fivefold greater,

www.eji-journal.eu
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Figure 5. The effect of staggered introduction of HU during in vitro induction. Leukocytes from (A-F) TNP-LPS and (G-L) TNP-KLH-immunized fish
were harvested from (A, D, G and ]) the blood, (B, E, H and K) spleen, and (C, F, I and L) anterior kidney and stimulated in vitro with TNP-LPS,
coupled with the staggered introduction of the cell cycle inhibitor, HU. Days of introduction are color-coded as defined in the figure key. No HU
(0 HU) was added to control cultures, while HU was added to separate cultures on the days listed (DO = culture initiation, D1 = day 1 of culture,
etc.). (A-C, G-I) Early harvests (week 16/20 postprimary) and (D-F, J-L) late harvests (week 46/58 postsecondary) were examined for their reactivity
patterns. Data are shown as the mean + SEM of triplicated cultures, and are representative of three independent experiments.

respectively, than observed with naive PBLs (Fig. 5), we believe
that the bulk of these responses are primarily derived from rest-
ing memory cells. Also, as the introduction of HU at any time
point immediately terminates all ASC activity, the bulk of these
cells never differentiate to PCs during culture. Thus, although PBL
culture is sufficient to support early plasmablast differentiation in
vitro, it cannot support differentiation to PCs.

The spleen presents a distinctively different profile wherein,
although a significant proportion of splenic ASCs are antigen-
induced plasmablasts, up to 85% differentiate into HU-resistant
(plasma) cells (Fig. 5E and K; day 4). Further, as early HU addi-
tion does not impair the production of a large portion of these PCs,
it appears that the precursors of these PCs had previously differ-
entiated beyond the proliferative, plasmablast stage (Fig. 6, Stage
III) yet uniquely require antigen for terminal PC differentiation.
As this precursor functionally appears poised between the plas-
mablast and PC stage of differentiation, we suggest that it may
be a preplasma or transitional PC (T-plasma cell) as previously

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

described [45]. This T-plasma cell cytometrically appears to be
a nonproliferative intermediary between the plasmablast and the
mature PC, which also contains high levels of sIg as in the mature
PC. However, the T-plasma cell also contains higher Pax-5 than
the mature PC. Thus, it is possibly transitional to the mature PC
(Fig. 6, Stages V and VI). Barr et al. have suggested that these
distinct stages of PC differentiation may offer greater adaptability
in the teleost response [45]. This transitional cell also appears to
possess characteristics of the putative murine preplasma memory
cell [46], which, as this nomenclature suggests, could adjoin two
distinct poles of plasmablast differentiation, the memory cell and
the PC. This memory cell is thought to differentiate from the more
classical B220" memory cell [47] such that, upon antigen reexpo-
sure, it undergoes expedited proliferation/differentiation to the PC
stage [48,49]. Further, like the trout T-plasma cell, it also appears
to have a significant presence in the spleen and bone marrow, but
not in the blood. Determination of the magnitude of its presence
in the anterior kidney is problematic; however, as the presence of
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proliferation and antibody production, (III) Plasmablast; a replicating ASC as determined by its sensitivity to HU, (IV) Preplasma cell; an ASC
requiring antigen exposure to secrete antibodies yet does not undergo proliferation, (V) SLPC; a nonreplicating ASC (HU-insensitive) which persists
only 1-2 days in culture, (VI) LLPC; a nonreplicating ASC found in primed fish, requiring no antigen and persisting throughout entire culture period.
The upper cell series of (A) represents the differentiation occurring via induction of naive cells, and the lower series, that arising via induction of
memory cells. The unique cell stage postulated in this study * (T-plasma; Stage IV) is provided with a hypothetical molecular profile as described

within the Discussion. Antigen induces resting (Stage 1I) and T-plasma (Stage IV) cells of both series.

many LLPCs within the anterior kidney would confound one’s abil-
ity to accurately parse its precise lineage. The trout T-plasma cell
also differs significantly from the mammalian pre-plasma memory
cell in that it is totally resistant to HU (i.e. it does not pass through
any proliferative phase) prior to becoming a PC.

The anterior kidney is wholly different from the blood and
spleen in that the PCs are present even at culture initiation and per-
sist throughout the entire culture period (Fig. 5C, F, I and L), indi-
cating the presence of a stable PC population (e.g. LLPC). Although
the LLPCs make up a substantive portion of the ASCs, variable
numbers of plasmablasts can be generated in some cultures (i.e.
partial diminution of the ASCs with HU). Thus, at times, resting
MBCs or naive B cells must be present or transiting this tissue.

Based on these functional analyses and previously reported cor-
relative cytometric profiles [34,45,50-52], our model of antigen-
dependent trout B cell differentiation (Fig. 6) provides a number
of useful correlative associations. For example, the observation
of high numbers of resting B cell profiles; small size (FSC*), no
secretory Ig (sIg™), high mlg (mIg™), nonproliferating (EdU™),
high Pax5 (Pax 5%1), low Xbpl-S (Xbp1-S~) within the blood
and spleen (Fig. 6, Stage II) with contrastingly low numbers of
the same within the anterior kidney [34, 45, 50-52] parallels the
high inducibility seen in the blood and spleen and lower inducibil-
ity in the anterior kidney (Fig. 5). Similarly, high numbers of
PCs (FSCT+, sIg™", mlg~, Pax5~, Xbp1-S**, Blimpl™™", Edu™)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

within the anterior kidney and relatively low numbers in the
periphery also match our functional findings (Fig. 2G-L). Inter-
estingly we also find correlations with respect to the differentia-
tive capacity of the splenic versus peripheral blood B cells. We
have demonstrated that PBLs appear only capable of differentia-
tion to a plasmablast, as opposed to splenocytes which can dif-
ferentiate to SLPCs (Fig. 4). Similarly, Barr et al. [45] find that
splenocyte induction demonstrated a greater degree of Xbpl-S
expression than can be observed in comparably stimulated PBLs.
Thus, both analyses demonstrate that splenic B cells can progress
further towards terminal differentiation (Fig. 6, Stage V) than can
peripheral blood B cells. With such a broad swath of functional dif-
ferences and cytometric markers now available for work in trout,
fine resolution of the developmental relationships between these
mature lineages may be possible. For example, although we can-
not positively identify the putative T-plasma cell cytometrically;
we may pose likely profiles given the above hypotheses (Fig. 6,
Stage V), then attempt isolation of the induced splenic popula-
tions and/or note an emergent cytometric profiles that dominate
the anti-TNP slg population at relevant points in time.

Given the above stages of antigen-dependent trout B cell dif-
ferentiation (Fig. 6), we propose the following temporal/spatial
model of the developing teleost B cell response (Fig. 7). As in
mammals, the naive B cells first mature within the hematopoi-
etic tissues (teleost anterior kidney) from their pro- and pre-B
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Figure 7. Temporal/spatial progression of the B-cell response. (A) Preimmune stage. Within the lymphopoietic stromal niches of the anterior
kidney (red), naive B cells are produced and released to the peripheral blood, eventually circulating through the peripheral tissues and spleen.
(B) Primary response. As antigen is trapped and presented within the context of splenic stroma (green) and auxiliary cells, the naive B cell undergoes
differentiation and plasmablast proliferation. These plasmablasts give rise to SLPCs, MBCs, and T-plasma cells. Some plasmablasts exit the spleen
and migrate to plasma cell survival niches in the anterior kidney (gray) where they become LLPCs. (C) Memory response. Secondary exposure to
antigen results in an expanded antibody response due to the previous accumulation of memory cells. New plasmablasts may continue to seed

survival niches with more LLPCs which may displace older LLPCs.

progenitors. We depict, for the sake of convenience, a portion of
the kidney possessing B lymphopoietic (red) stromal tissue and
harboring these B-cell progenitors (Fig. 7A). The mature naive
B cells then exit from the anterior kidney to the blood and circulate
through the periphery. Within the supportive stromal matrix of the
spleen (green), antigen induction elicits differentiation though the
proliferative plasmablast stage from which memory (Fig. 6, Stage
1), T-plasma (Fig. 6, Stage IV), or PCs (Fig. 6, Stages V, VI) may
arise. The latter becoming SLPCs within the spleen as its matrix
is not supportive of prolonged survival. However, plasmablasts
entering the circulation can, like their mammalian counterparts,
become LLPCs upon reaching the survival niche stroma of the
anterior kidney. The LLPCs then become the primary source of
the serum antibodies [32, 33]. Although stromal cell support of
antigen-induced B-cell differentiation has yet to be demonstrated
for trout, splenic and anterior kidney stromal cells have been iso-
lated and demonstrated to foster trout lymphoid, erythroid and
myeloid differentiation in vitro [53, 54].

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The enhanced responsiveness of the peripheral tissues (blood
and spleen) subsequent to priming and postsecondary challenge
is due to the proliferative plasmablast activity, which results in
the extensive production of memory cells (Fig. 7C). As with naive
cell induction, memory cells within the supportive matrices of
the spleen produce increased numbers of memory cells, T-plasma
cells, and SLPCs. Plasmablasts that now transit to the anterior kid-
ney, upon differentiating to PCs, may displace some portion of the
former LLPC population deposited during the primary response.

’erials and methods

Animals

Troutlodge stock of rainbow trout (Oncorhynchus mykiss) was
a generous gift from Dr. Greg Wiens of the National Center for
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Cool and Cold Water Aquaculture, (USDA-ARS), Leetown, WV,
USA. The fish were obtained when approximately 50 g and were
immunized upon attaining a size approximately 180 g. All fish
were maintained in 250 gallon tanks in a recirculation system as
previously described [32]. All animal protocols were reviewed and
approved by the Institutional Animal Care and Use Committee of
the College of William and Mary.

Antigens and immunization

The immunogens, TNP-LPS; (Escherichia coli 055:B5) and TNP-
KLH were prepared as previously described [55, 56], and TNP-
BSA [57] was employed as the antigen for antibody affinity, titer
determinations, and ELISPOT analyses.

Ninety trout were equally divided into three immuniza-
tion groups (TNP-LPS, TNP-KLH, and controls). Trout were
anesthetized with tricaine (MS-222, Sigma-Aldrich) prior to
immunization. Fish in the TNP-LPS group were immunized by
intraperitoneal (i.p.) injection with 50 wg TNP-LPS per fish in
a total volume of 100 wL (TNP-LPS in PBS emulsified 1:1 with
Freund’s complete adjuvant (FCA, Sigma-Aldrich)). TNP-KLH fish
were immunized with 50 pg per fish in the same manner as the
TNP-LPS group. Control fish were challenged with 100 L of PBS
emulsified 1:1 with FCA.

After 1 year, remaining fish in each group (about 12-14 fish
per group) were challenged with the same antigen in Freund’s
Incomplete Adjuvant (Sigma-Aldrich). No antigen was given to
control fish.

Assessment of antibody titers and affinities

Anti-TNP antibody titers and affinities were assessed periodi-
cally over the entire period of 92 weeks. Titers were determined
using the standard antibody titration ELISA and anti-TNP antibody
affinities were assessed by a partitioning ELISA-based analysis as
previously described [58].

Analysis of ASC responses

ASCs were enumerated using ex vivo ELISPOT analyses as pre-
viously described [32] with the following modifications. Briefly,
leukocytes from heparinized whole blood, anterior kidney, and
spleen were isolated via Histopaque 1077 (Sigma-Aldrich) den-
sity centrifugation at a series of time points post primary and sec-
ondary immunization. Immediately upon washing the cells, trip-
licate samples containing 10°, 10°, and 10* were suspended in
100 pL of RPMI 1640 and deposited into wells of a BioDot Appa-
ratus (BioRad) containing a TNP-BSA coated PVDF membrane.
These membranes were prepared by an initial, brief immersion in
absolute methanol followed by 2 h incubation in a 100 wg/mL
solution of TNP8-BSA in PBS. The membranes were then blocked
in a 0.5% BSA in PBS for 1 h at RT. Development of the ELISPOTs
was as described [32].
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Plasma cell numbers were determined by the ex vivo suspen-
sion of lymphocytes in tissue culture medium (TCM) in the pres-
ence of 100 mM hydroxyurea (HU) without antigen. HU is an
inhibitor of DNA replication [59], thus enabling the resolution
of plasmablasts (HU-sensitive, replicating ASCs) from PCs (HU-
insensitive, nonreplicating ASCs) [32,38]. This TCM was modified
from [60], basically RPMI 1640 with 1% L-glutamine, was supple-
mented with 11 pg/mL sodium pyruvate, 10% fetal bovine serum,
50 ng/mL gentamycin, 5 wM 2-mercaptoethanol, 1 x nonessential
amino acids, and 10 pg/mL each of adenosine, cytosine, uracil,
and guanine. After 7 days of culture, the cells were harvested and
ELISPOT analysis performed.

Assessment of antigen inducibility

The remaining leukocytes from each cell preparation were sus-
pended in TCM to a concentration of 1 x 107/mL and 100 L
deposited into individual wells of a 96-well culture cluster plate
(Costar) for in vitro culture. These mixtures were then brought
to a final concentration of either 1 pg/mL TNP-LPS or without
antigen (controls). TNP-LPS was used for all in vitro induction
studies as it is capable of eliciting responses from all TNP-specific
lymphocytes, whereas the in vitro TNP-KLH responses are signifi-
cantly influenced by the variable number of auxiliary, helper, and
regulatory cells present. The goal of these studies was simply to
gauge the relative size of the TNP-specific B-cell pool, regardless
of how it was induced. To provide an accurate estimate of antigen-
inducible B cells, the number observed in the absence of antigen
were subtracted from those produced in the presence of antigen.
Production of MBCs was determined by comparing the ability of
cells from in vivo primed fish to produce an enhanced response
over that seen nonimmunized controls [1,7,39,40]. All cultures
were harvested and analyzed for TNP-specific ELISPOTS on day 7.
Data were expressed both as ASCs/10° leukocytes and as ASCs /
whole tissue. The total ASCs per tissue were determined by multi-
plying the ASCs/10° leukocytes by the total leukocytes per tissue.
Total blood volumes were calculated as per Duff et al. [61].

Resolution of in vitro antigen-induced stages of
differentiation

The capacity of lymphocytes from each tissue to foster resting
naie/B memory cell differentiation through plasmablast to PC
stages was examined via timed, separate HU additions to repli-
cated cultures [32]. Aliquots of the above cell preparations were
exposed to TNP-LPS alone or with 100 mM HU added on sequen-
tial days post culture initiation. Comparison of the non-HU treated
to HU treated cultures permitted the resolution of the proportion
of antigen-induced B cells undergoing the plasmablast prolifer-
ation and differentiation and/or progress to PCs. Cultures were
harvested at each day post initiation, through day 7, to determine
the proportion of ASCs that were either plasmablasts or PCs at
each timepoint.

www.eji-journal.eu



Eur. J. Immunol. 2013. 43: 360-370

Acknowledgements: This work was supported by National Insti-
tute for Food and Agriculture (NIFA) Grant no 2008-35204-
04353. The authors gratefully acknowledge the in depth theo-
retical and practical advice of Dr. Patty Zwollo, and the critical
reviews of Drs. Patty Zwollo, Greg Wiens, and Candace Spier,
and those of Ms. Mary Ann Vogelbein and Ms. Ilsa Kaattari. The

authors are also appreciative of the generous contribution of trout

from Dr. Greg Wiens and the National Center for Cool and Cold-
water Aquaculture, ARS, Leetown, WV, USA. VIMS contribution
#3167.

Conflict of interest: The authors declare no financial or commer-

cial conflict of interest.

References

1

w

w

~N

10

11

12

Arkoosh, M. R. and Kaattari, S. L., Development of immunological mem-
ory in rainbow trout (Oncorhynchus mykiss). I. An immunochemical and
cellular analysis of the B cell response. Dev. Comp. Immunol. 1991. 15:
279-293.

Avtalion, R. R., Temperature effect on antibody production and immuno-
logical memory, in carp (Cyprinus carpio) immunized against bovine
serum albumin (BSA). Immunology 1969. 17: 927-931.

Trump, G. N. and Hildemann, W. H., Antibody response of goldfish to
bovine serum albumin: primary and secondary responses. Immunology
1970. 19: 621-627

Ardelli, B. F. and Woo, P. T. K., Protective antibodies and anamnestic
response in Salvenlinus fontinalis to Cryptobia salmonsitica and innate
resistance of Salvelinus namaycush to the hemoflagellate. J. Parasitol.
1997. 83: 943-946.

O’Dowd, A. M., Bricknell, I. R., Secombes, C. J. and Ellis, A. E., The pri-
mary and secondary antibody responses to IROMP antigens in Atlantic
salmon (Salmo salar L) immunized with A* and A" Aeromonas salmoni-
cida bacterins. Fish. Shellfish. Immunol. 1999. 9: 125-138.

Arkoosh, M. R. and Kaattari, S. L., Effect of early aflatoxin B1 exposure on
in vivo and in vitro antibody responses in rainbow trout, Salmo gairdneri.
J. Fish Biol. 1987. 31(Supp A): 19-22.

Miller, N. W. and Clem, L. W., Microsystem for in vitro primary and sec-
ondary immunization of channel catfish (Ictalurus punctatus) leukocytes
with hapten-carrier conjugates. J. Immunol. Meth. 1984. 72: 367-379.

Kaattari, S. L., Development of a piscine paradigm of immunological
memory. Fish. Shellfish. Immunol. 1994. 4: 447-457.

Kaattari, S. L., Fish B lymphocyte: defining their form and function. Ann.
Rev. Fish. Dis. 1992. 2:161-180.

Nusbaum, K. E., Smith, B. F., Delnnocentes, P. and Bird, R. C., Protective
immunity induced by DNA vaccination of channel catfish with early and
late transcripts of the channel catfish herpesvirus (IHV-1). Vet. Immunol.
Immunopathol. 2002. 84: 151-168.

Palm, R. C,, Jr., Landolt, M. L. and Busch, R. A., Route of vaccine admin-
istration: effects on the specific humoral response in rainbow trout
Oncorhynchus mykiss. Dis. Aquat. Organ. 1998. 33: 157-166.

de Kinkelin, P., Bearzotti, M., Castric, J., Nougayrede, P., Lecocg-
Xhonneusx, F. and Thiry, M., Eighteen years of vaccination against viral
haemorrhagic septicaemia in France. Vet. Res. 1995. 26: 379-387.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Cellular immune response

Li, S. and Woo, P. T., Efficacy of a live Cryptobia salmositica vaccine, and
the mechanism of protection in vaccinated rainbow trout, Oncorhynchus
mykiss, against cryptobiosis. Vet. Immunol. Immunopathol. 1995. 48:
343-353.

Gudding, R., Lillehaug, A. and Evensen, O., Recent developments in fish
vaccinology. Vet. Immunol. Immunopathol. 1999. 72: 203-212.

Stavnezer, J. and Amemiya, C. T., Evolution of isotype switching. Sem.
Immunol. 2004. 16: 257-275.

Kaattari, S. L., Brown, G., Kaattari, I., Ye, J., Haines, A. and Bromage, E.,
The cellular and developmental biology of the teleost antibody response.
In Manning, M. J., Secombes, C. J. and Kapoor, B. G. (Eds.), Fish Defenses,
Vol.1: Immunology. Science Pub Inc., New Hampshire, USA, 2008

Marianes, A. E. and Zimmerman, A. M., Targets of somatic hypermuta-
tion within immunoglobulin light chain genes in zebrafish. Immunology
2010. 132: 240-255.

Danilova, N., Hohman, V. S., Kim, E. H. and Steiner, L. A., Immunoglob-
ulin variable-region diversity in the zebrafish. Immunogenetics 2000. 52:
81-91.

Yang, F., Waldbieser, G. C. and Lobb, C. J., The nucleotide targets of
somatic mutation and the role of selection in immunoglobulin heavy
chains of a teleost fish. J. Immunol. 2006. 176: 1655-1667.

Kaattari, S. L., Zhang, H. L., Khor, I. W., Kaattari, I. M. and Shapiro, D. A.,
Affinity maturation in trout: clonal dominance of high affinity antibodies
late in the immune response. Dev. Comp. Immunol. 2002. 26: 191-200.

Ye, J., Kaattari, I. M. and Kaattari, S. L., The differential dynamics of anti-
body subpopulation expression during affinity maturation in a teleost.
Fish. Shellfish. Immunol. 2011. 30: 372-377.

Cain, K. D., Jones, D. R. and Raison, R. L., Antibody-antigen kinetics
following immunization of rainbow trout (Oncorhynchus mykiss) with a
T-cell dependent antigen. Dev. Comp. Immunol. 2002. 26: 181-190.

Klein, U., Kuppers, R. and Rajewsky, K., Evidence for a large compartment
of IgM-expressing memory B cells in humans. Blood 1997. 89: 1288-1298.

Tangye, S. G. and Good, K. L., Human IgM*CD27* B cells: memory B cells
or “memory” B cells? J. Immunol. 2007. 179: 13-19.

Motta, I., Portnoi, D. and Truffa-Cachi, P., Induction and differentiation
of B memory cells by a thymus-independent antigen, trinitrophenylated
lipopolysaccharide. Cell. Immunol. 1981. 57: 327-338.

Kendall, E. A, Tarique, A. A., Hossain, A., Alam, M. M., Arifuzzaman,
M., Akhtar, N., Chowdhury F. et al., Development of immunoglobulin M
memory to both a T-cell-independent and a T-cell-dependent antigen
following infection with Vibrio cholera O1 in Bangladesh. Infect. Immun.
2010. 78: 253-259.

Weller, S., Braun, M. C,, Tan, B. K., Rosewald, A., Cordier, C., Conley, M.
E., Plebani, A. et al., Human blood IgM “memory” B cells are circulating
splenic marginal zone B cells harboring a prediversified immunoglobulin
repertoire. Blood 2004. 104: 3647-3654.

Weller, S., Faili, A., Garcia, C., Braun, M. C., Le Deist, F., de Saint Basile,
G., Hermine O. et al., CD40-CD40L independent Ig gene hypermutation
suggests a second B cell diversification pathway in humans. PNAS 2001.
98: 1166-1170.

Benner, R., Hijmans, W. and Haaijman, J. J., The bone marrow: the major
source of serum immunoglobulins, but still a neglected site of antibody
formation. Clin. Exp. Immunol. 1981. 46: 1-8.

Slifka, M. K., Matloubian, M. and Ahmed, R., Bone marrow is a major site
of long-term antibody production after actue viral infection. J. Virol. 1995.
69: 1895-1902.

Radbruch, A., Muehlinghaus, G., Luger, E. O., Inamine, A., Smith, K. G.
C., Dorner, T. and Hiepe F., Competence and competition: the challenge
of becoming a long-lived plasma cell. Nat. Rev. Immunol. 2006. 6: 741-750.

www.eji-journal.eu

369



W 370

Cuiyan Ma et al.

32

33

34

35

36

37

39

40

41

42

43

45

46

4

~N

48

49

Bromage, E. S., Kaattari, I. M., Zwollo, P. and Kaattari, S. L., Plasmablast
and plasma cell production and distribution in trout immune tissues. J.
Immunol. 2004. 173: 7317-7323.

Kaattari, S., Bromage, E. and Kaattari, I., Analysis of long-lived plasma
cell production and regulation: implications for vaccine design for aqua-
culture. Aquaculture 2005. 246: 1-9.

Zwollo, P., Cole, S., Bromage, E. and Kaattari, S., B cell heterogeneity in
the teleost kidney: evidence for a maturation gradient from anterior to
posterior kidney. J. Immunol. 2005. 174: 6608-6616.

Shepherd, D. M. and Noelle, R. J., The lack of memory B cells in immune
bone marrow. Transplant 1991. 52: 97-100.

Mamai-Matsude, M., Cosma, A., Weller, S., Faili, A., Staib, C., Garcon, L.
Hermine, O., et al., The human spleen is a major reservoir for long-lived
vaccinia virus-specific memory B cells. Blood 2008. 111: 4653-4659.

Weisel, F. J., Appelt, U. K., Schneider, A. M., Horlitz, J. U., van Rooijen,
N., Korner, H., Mach, M. et al., Unique requirements for reactivation of
virus-specific memory B lymphocytes. J. Immunol. 2010. 185: 4011-4021.

Jelinek, D. F. and Lipsky, P. E., The role of B cell proliferation in the
generation of immunogloublin-secreting cells in man. J. Immunol. 1983.
130: 2597-2604.

Slifka, M. K. and Ahmed, R., Limiting dilution analysis of virus-specific
memory B cells by ELISOT assay. J. Immunol. Meth. 1996. 199: 37-46.

Leung, D. T., Rahman, M. A., Mohasin, M., Riyadh, M. A,, Patel, S.
M., Alam, M. M., Chowdhury, F., et al., Comparison of memory B cell,
antibody-secreting cell, and plasma antibody resonses in young children,
older children, and adults with infection caused by Vibrio choloerae 01
El Tor Ogawa in Bangladesh. Clin. Vac. Immunol. 2011. 18: 1317-1325.

Ye, J., Kaattari, 1., Kaattari, S., Plasmablasts and plasma cells: reconsid-
ering teleost immune system organization. Dev. Comp. Immunol. 2011.
36:1273-1281.

Ye, J., Bromage, W. S., Kaattari, S. L., The strength of B cell interation
with antigen determines the degree of IgM polymerization. J. Immunol.
2010. 184: 844-850.

Ye, J., Bromage, E., Kaattari, I., Kaattari, S. Transduction of binding affin-
ity by B lymphocytes: a new dimension in immunological regulation. Dev.
Comp. Immunol. 2011. 35: 982-990.

Miller, N. W., Sizemore, R. C., and Clem, L. W. Phylogeny of lymphocyte
heterogeneity: the cellular requirements for in vitro antibody responses
of channel catfish leukocytes. J. Immunol. 1985. 134: 2884-2888.

Barr, M., Mott, K. and Zwollo, P., Defining terminally differentiation B cell
populations in rainbow trout immune tisssues using the transcription
factor Xbp1. Fish. Shellfish. Immunol. 2011. 31: 727-735.

Johnson, K., Shapiro-Shelef, M., Tunyaplin, C. and Calame, K., Regulatory
events in early and late B-cell differentiation. Mol. Immunol. 2005. 42:
749-761.

Shapiro-Shelef, M. and Calame, K., Regulation of plasma-cell develop-
ment. Nat. Rev. Immunol. 2005. 5: 230-242.

Driver, D. ]J., McHeyzer-Williams, L. ]J., Cool, M., Stetson, D. B. and
McHeyzer-Williams, M. G., Development and maintenance of a B220
memory B cell compartment. J. Immunol. 2001. 167: 1393-1405.

McHeyzer-Williams, L. J.,, Cool, M. and McHeyzer-Williams, M. G.,
Antigen-specific B cell memory: expression and replenishment of a novel
B220° memory B cell compartment. J. Exp. Med. 2000. 191: 1149-1165.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2013. 43: 360-370

50 Zwollo, P., Haines, A., Rosato, P. and Gumulak-Smith, J., Molecu-
lar and cellular analysis of B-cell populations in the rainbow trout
using Pax5 and immunoglobulin markers. Dev. Comp. Immunol. 2008. 32:
1482-1496.

5

-

Zwollo, P., Mott, K. and Barr, M., Comparative analysis of B cell pop-
ulations in trout kidney and mouse bone marrow: establishing ‘B cell
signatures’. Dev. Com. Immunol. 2010. 34: 1291-1299.

52 Zwollo, P., Dissecting teleost B cell differentiation using transcription
factors. Dev. Com. Immunol. 2011. 35: 898-905.

53 Diago, M. L., Lopez-Fierro, P., Razquin, B. and Villena, A., In vitro
haemopoiesis induced in a rainbow trout pronephric stromal cell line
(TPS). Fish. Shellfish, Immunol. 1998. 8: 101-119.

54 Ganassin, R. C. and Bols, N. C., A stomal cell line from rainbow trout
spleen, RTS34ST, that supports the growth of rainbow trout macrophages
and produces conditioned medium with mitogenic effects of leukocytes.
In Vitro Cell. Dev. Biol. 1999. 35: 80-86.

55 Jacobs, D. M. and Morrison, D. C., Stimulation of a T-independent pri-
mary anti-hapten response in vitro by TNP-lipopolysaccharide (TNP-LPS).
J. Immunol. 1975. 114: 360-364.

56 Bromage, E. S., Ye, J. and Kaattari, S. L., Antibody structural variation in
rainbow trout fluids. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2006. 143:
61-69.

57 Garvey,].S., Cremer, N. E. and Sussdorf, D. H., DNP- and TNP-conjugated
proteins. In Campbell, D. H. (Ed.), Methods in Immunology. W.A. Benjamin,
Inc., Reading, 1977. pp 153-158.

58 Shapiro, D. A., Adkinson, M. A. and Kaattari, S. L., Antibody affinity
analysis using ELISA. In Lefkovitz, I. (Ed.), Immunology Methods Manual:
Comprehensive Sourcebook of Techniques. Academic Press, New York, 1996.
Pp. 2355-2365.

59 Timson, J., Hydroxyurea. Mutat. Res. 1975. 32: 115-132.

60 Kaattari, S. L. and Yui, M. A., Polyclonal activation of salmonid B lym-
phocytes. Dev. Comp. Immunol. 1987. 11: 155-165.

61 Duff, D. W., Fitzgerald, D., Kullman, D., Lipke, D. W., Ward, J. and
Olson, K. R., Blood volume and red cell space in tissues of the rainbow
trout, Salmo gairdneri. Comp. Biochem. Physiol. A Comp. Physiol. 1987. 87:
393-398.

Abbreviations: ASC: antibody-secreting cell - FCA: Freund’s complete
LLPC: long-lived plasma cell - MBC:
memory B cell - PC: plasma cell - SLPC: short-lived plasma cell -

adjuvant - HU: hydroxyurea -

TD: T-dependent - TI: T-independent - TCM: tissue culture medium -
TNP-BSA: TNP-bovine serum albumin - TNP-KLH: TNP-keyhole limpet
hemocyanin - TNP-LPS: TNP-lipopolysaccharide

Full correspondence: Dr. Stephen L. Kaattari, Virginia Institute of
Marine Science, College of William and Mary, Gloucester Point, VA
23062-1346, USA

Fax: +1-804-6847186

e-mail: kaattari@vims.edu

Received: 28/3/2012

Revised: 31/10/2012

Accepted: 11/12/2012

Accepted article online: 19/12/2012

www.eji-journal.eu



	Differential compartmentalization of memory B cells versus plasma cells in salmonid fish
	Recommended Citation

	eji201242570_LR

