
Proof of long-term immunological memory in cartilaginous 
fishes

Oliver Eve1,*, Hanover Matz2,3,*, Helen Dooley2,3

1.School of Biological Sciences, University of Aberdeen, Aberdeen, UK;

2.Department of Microbiology and Immunology, University of Maryland School of Medicine, 
Baltimore, MD, USA;

3.Institute of Marine and Environmental Technology, Baltimore, MD, USA.

Abstract

Immunological memory provides long-term protection against pathogen re-infection and is the 

foundation for successful vaccination. We have previously shown an antigen-specific recall 

response in nurse sharks almost one year after primary exposure. Herein, we extend the time 

between prime and successful recall to >8 years, the longest period for which immunological 

memory has been shown in any non-mammalian vertebrate. We confirm that that antigen binding 

is mediated by monomeric IgM and IgNAR, but not pentameric IgM, in both the primary and 

recall phases. Our inability to find target-binding clones in recombinant VNAR expression 

libraries suggests that, at least in this instance, antigen-specific memory cells comprise a small 

fraction of the IgNAR-positive B cells in epigonal and spleen. Further, that the few memory cells 

present can generate a robust antigen-specific IgNAR titer following re-stimulation. Our results 

continue to challenge the long-held, but erroneous, belief that the shark adaptive immune system is 

‘primitive’ when compared to that of mammals.
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1. Introduction

Immunological memory provides long-term protection against pathogen re-infection (Taub 

et al., 2008) and is one of the hallmarks of vertebrate adaptive immunity. In mammals, naïve 

B cells are activated upon primary antigenic exposure and some activated lymphocytes 

undergo iterative rounds of diversification and selection in germinal centers (GCs) found in 

the follicles of secondary lymphoid tissues. Exiting the GC, some B cells differentiate into 
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long-lived plasma cells and others into memory cells. The latter exist in a quiescent state 

until secondary exposure to antigen when they rapidly differentiate into immunoglobulin 

(Ig) secreting plasma cells (Kurosaki et al., 2015). The resultant secondary response is 

generally characterized by faster antibody production relative to the primary response, 

increased serum antibody titers, and a switch of Ig isotype (Janeway, 2005). Classical 

mammalian memory B cells have undergone somatic hypermutation followed by affinity 

maturation via selection on antigen displayed on follicular dendritic cells (FDCs) in the GC 

(Victora and Nussenzweig, 2012; Palm and Henry, 2019).

Cartilaginous fishes (sharks, skates and rays, and chimeras) are the oldest extant 

phylogenetic group to possess an adaptive immune system with many of the basic cellular 

and molecular components present in mammals, including B cells that express Ig in either a 

transmembrane form on naïve B cells or a secreted form in plasma cells, T cells that express 

either α/β or δ/γ T cell receptors, and classical and nonclassical major histocompatibility 

complex (MHC) molecules (Flajnik, 2014). While cartilaginous fishes lack lymph nodes and 

organized mucosal lymphoid tissue, they do have a secondary lymphoid organ, the spleen, 

with organized lymphoid follicles. It is thought that the activation of lymphocytes and the 

generation of antigen-specific immunity is initiated in these splenic follicles. To date, the 

true equivalent of mammalian GCs, including FDC, have not been identified in cartilaginous 

fishes or any other ectothermic vertebrate (Zapata and Amemiya, 2000). Nevertheless, there 

is clear evidence that B cells in sharks and other ectothermic vertebrates can hypermutate 

their Ig genes and can affinity maturate their antigen-specific antibody responses (Dooley 

and Flajnik, 2005; Dooley et al., 2006).

In the absence of bone marrow, cartilaginous fish have two tissues that act as sites of 

lymphopoiesis and potential reservoirs for antibody-secreting B cells, the epigonal organ 

associated with the gonads and the Leydig organ associated with the esophagus (Zapata and 

Amemiya, 2000; Miracle et al., 2001; Rumfelt et al., 2002; Castro et al., 2013; Luer et al., 

2014). Different species may have both or only one of these bone marrow-equivalents, e.g. 

the nurse shark only has the epigonal organ.

Based upon experiments performed in the 1960s (reviewed in Dooley and Flajnik, 2006) it 

was long believed that immunological memory was ‘weak or totally lacking’ in cartilaginous 

fishes. However, even at the time these studies were performed, concerns were raised about 

the experimental design – specifically, that antigen-specific antibody from the primary 

response was still evident when the animals were stimulated to examine memory, and that 

this may have confounded the experimental result (Sigel and Clem, 1966 and disscussion 

notes therein). Further, sharks were shown to have IgM at high serum concentrations (>20 

mg/mL) but were presumed to possess no other Ig isotypes (Marchalonis and Edelman, 

1965). Subsequent work in nurse sharks (Ginglymostoma cirratum) showed that their 

humoral response is dominated by two Ig isotypes; the first, IgM, is found in both a 

pentameric (pIgM) and monomeric (mIgM) form. These IgM forms do not interconvert and, 

although present in roughly equal amounts in the blood stream, only mIgM can move from 

the vasculature into the tissues (Small et al., 1970). Indeed, it has been proposed that pIgM 

and mIgM are produced by distinct shark B cell lineages, with pIgM being produced from a 

B1-like lineage in a T cell-independent manner, but mIgM being produced by a T-dependent 
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B2-like lineage (Dooley and Flajnik, 2005). The second isotype, IgNAR, is a heavy chain 

homodimeric isotype which does not associate with light chains (Clem et al., 1967; 

Greenberg et al., 1995). The single-domain nature of the IgNAR variable region (VNAR) 

(Roux et al., 1998; Stanfield et al., 2004), presence of only a few IgNAR genes in nurse 

sharks (thus allowing accurate identification of somatic mutations), and ease of production 

of recombinant VNARs in bacteria has greatly facilitated Ig repertoire and binding-affinity 

analyses in sharks (Diaz et al., 2002; Dooley et al., 2003; Dooley et al., 2006; Stanfield et 

al., 2007).

Armed with a more comprehensive knowledge of shark Igs, better experimental tools, and 

optimized immunization-challenge protocols, we previously demonstrated that sharks are 

indeed capable of robust, antigen-specific antibody responses with associated low-level 

affinity maturation, albeit on slower timescales than responses in endotherms. We also 

proved immunological memory in this lineage, showing antigen-specific antibody recall 

responses approx. 10 months after induction of a primary response (Dooley and Flajnik, 

2005). Herein, we probe the duration of the memory response in the nurse shark. Our results 

continue to challenge the long-held, but erroneous, belief that the shark adaptive immune 

system is ‘primitive’ when compared to that of mammals.

2. Materials and Methods

2.1. Animal maintenance, immunization, and blood sampling

A wild-caught, adult nurse shark (Ginglymostoma cirratum) ‘Orange’ was maintained at 

approx. 28°C in artificial seawater in indoor tanks at the Institute of Marine & 

Environmental Technology, Baltimore, USA, during the experimental time course (as 

detailed in the results section). The animal was anesthetized with MS-222 (0.16 g/L 

seawater) before conducting any procedure. Bleeds were drawn from the caudal vein into a 

syringe containing 1/10 blood volume of porcine heparin reconstituted to 1000 U/ml in 

shark-modified PBS (mammalian PBS supplemented with 15 ml 5 M NaCl and 100 ml 3.5 

M urea per L), then centrifuged at 1000 rpm for 10 min to isolate blood plasma for 

subsequent tests. Once a memory response had been shown the animal was sacrificed, tissue 

samples were taken and stored at −80°C. All procedures were conducted in accordance with 

approved University of Maryland School of Medicine IACUC protocols.

2.2. Antigen-binding ELISAs

Plasma samples were tested for the presence of antigen-specific Ig by ELISA as previously 

detailed (Dooley and Flajnik, 2005) but with the following amendments; antigen-coated 

microtiter plates were blocked with 5% milk powder in PBS (MPBS), and the monoclonal 

antibody (mAb) GA8 was used to detect IgNAR binding.

2.3. Nurse shark plasma fractionation

Plasma from the pre-memory boost and post-memory boost samples (700 μl of each) were 

fractionated by passage over a high-prep 16/60 Sephacryl S300 high resolution size 

exclusion column (GE healthcare life sciences Ltd.), as previously described (Dooley and 

Flajnik, 2005). Samples from each fraction were run non-reducing on 4–12% NuPAGE gels 
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in MOPS buffer and bands visualized with Coomassie blue; as expected, pentameric IgM 

was limited to early fractions (#5–7; supplemental figure 1), while monomeric IgM and 

IgNAR eluted in later fractions (#10–13). Separate pIgM and mIgM/IgNAR pools were 

made by recombining equal volumes of the relevant fractions. These were tested by binding 

ELISA, performed as detailed above but using undiluted pools in the top well then serially 

diluting 3-fold down the plate.

Generation of VNAR bacterial expression libraries for analysis of the anti-HEL 
IgNAR memory repertoire—Spleen and epigonal tissue samples were homogenized in 

phenol solution and total RNA prepared from each as per standard protocols. Oligo-dT-

primed cDNA was prepared and used as the template for PCR amplification of IgNAR 

variable regions (VNARs) with the handled primers NARFr4-Rev1 (5’-ATA ATC AAG CTT 

GCG GCC GCA TTC ACA GTC ACG ACA GTG CCA CCT C-3’) and NARFr4-Rev2 (5’-

ATA ATC AAG CTT GCG GCCGCA TTC ACA GTC ACG GCA GTG CCA TCT C-3’) 

mixed in an equal ratio, and NARFr1-For (5’-ATA ATA AGG AAT TCCATG GCT CGA 

GTG GAC CAA ACA CCG-3’). The PCR products (~400bp) were cleaned, digested with 

the restriction enzymes NcoI and NotI at sites introduced in the primer handles, and cloned 

into the bacterial expression vector pIMS100 (Hayhurst and Harris, 1999); upon induction 

with IPTG this vector produces soluble VNARs tagged with a human Ig kappa constant 

domain and 6His tail. The resultant libraries were transformed into heat-shock competent E. 
coli TG1 and grown on LB agar containing 2% glucose (G2) and 100 μg/ml ampicillin 

(A100). The VNAR inserts of 40 clones (20 from each library) were sequenced to ensure the 

expression libraries had a high percentage of functional clones and good sequence diversity. 

Individual colonies were picked and used to inoculate 500 μl LB/G2/A100 in the wells of a 

96 deep-well plate; 2 wells on each plate were inoculated with the anti-hen egg white 

lysozyme (HEL) VNARs HEL-5A7 and PBLA8 to act as positive controls and 2 wells left 

un-inoculated to act as negative controls. The plates were sealed with breathable film and 

grown overnight at 37°C, shaking at 250 rpm. The following day 100 μl was taken from each 

well and added to the wells of a fresh deep-well plate containing 100 μl LB/G2/A100 with 

30% sterile glycerol and frozen at −80°C as glycerol stocks. The original plates were 

centrifuged at 1000 rpm for 10 min and the supernatant removed. Cell pellets were 

resuspended in 400 μl LB/A100 (no glucose) and grown at 25°C, shaking at 250rpm. After 

30 min the plates were removed, 100 μl LB/A100 containing 0.5 mM IPTG added to each 

well (giving a final concentration of 0.1 mM IPTG). The plates were then returned to 

incubator for an additional 4 h to allow VNAR expression. At the end of this period the 

plates were centrifuged at 1000 rpm for 10 min at 4°C. Following removal of the supernatant 

cell pellets were resuspended in 150 μl ice-cold fractionation buffer (100 ml of 200 mM 

Tris-HCl pH 7.5 containing 20% sucrose and 1 ml 100 mM EDTA) and incubated on ice 

with gentle shaking for 15 min. Following the addition of 150 μl ice-cold MilliQ water to 

each well the plate was incubated for a further 15 min. Plates were then centrifuged at 1000 

rpm for 10 min at 4°C and the supernatants removed for binding analysis.

For this ELISA plates were coated, blocked, washed, and developed as detailed above 

however 50 μl of culture supernatant mixed with an equal volume of 5% MPBS was added 
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per well in place of shark plasma and mouse anti-human kappa light chain antibody (Sigma 

Aldrich; K4337) diluted 1:1000 in 5% MPBS used to detect VNAR binding.

3. Results and discussion

In January 2010 the nurse shark ‘Orange’ was primed with a cocktail of antigens that 

included 30 μg hen egg-white lysozyme (HEL), emulsified in CFA and administered 

subcutaneously into the lateral fin. The animal was subsequently boosted three times with 

soluble antigen (no adjuvant) containing 30 μg HEL, given intravenously (IV) at 4-week 

intervals. Small bleeds were taken 2 weeks after each immunization to test for an antigen-

specific (primary) antibody response. Blood plasma from each bleed was tested by ELISA 

and, in this instance, a robust HEL-specific IgM titer was observed after the third boost 

(May 2010; bleed 4) with no increase in binding to the control wells that were both coated 

and blocked with 5% MPBS (Fig 1A). In contrast, only a very small increase in HEL-

specific IgNAR was observed when comparing bleed 4 titers to the pre-bleed sample (Fig 

1B). At this point the study was halted and the animal maintained for 8 years without further 

exposure to HEL.

In July 2018 a small blood sample was taken, the animal boosted once with 250 μg soluble 

HEL (dose adjusted for increased animal size) administered IV and a second blood sample 

taken 5 weeks later. Again, pre- and post-boost plasma samples were analyzed for HEL-

specific antibody by ELISA. As expected, given the long interval since the primary 

response, the pre-boost sample showed no HEL-specific IgM (Fig 2A) or IgNAR (Fig 2B). 

In contrast, both isotypes demonstrated dramatic increases in HEL binding post-boost. We 

have previously established that even multiple immunizations with soluble antigen, 

administered IV without adjuvant, cannot generate primary immune responses in nurse 

sharks (Dooley and Flajnik; unpublished data). As in our previous study (Dooley and 

Flajnik, 2005), binding analysis of size-exclusion chromatography (SEC)-fractionated 

plasma showed that the increase in HEL-specific IgM was solely due to an increase in mIgM 

binding (Fig 2C) with no contribution from pIgM (Fig 2D). Thus, we are confident the 

response observed is a true memory response and demonstrates that sharks are capable of 

immunologic recall over periods of 8 years or more.

As mentioned above, the unique attributes of IgNAR (i.e. single-domain binding region, 

accurate assignment of mutations, and the routine production of recombinant VNAR 

proteins in bacteria) have aided the exploration of Ig repertoire and antigen binding affinities 

in shark (Diaz et al., 2002; Dooley et al., 2003; Dooley et al., 2006; Stanfield et al., 2007). 

Thus, attempting to better understand the composition of the IgNAR memory repertoire (e.g. 

pool diversity, antigen-binding affinity, mutational load, etc.) we harvested the epigonal, the 

bone marrow-equivalent in nurse sharks, and spleen from the animal one week after memory 

response establishment. We generated VNAR bacterial expression libraries from both 

tissues; clone sequencing showed both libraries contained clones of high functionality and 

diversity (all 40 clones sequenced encoded a functional VNAR with no duplicate 

sequences). Individual clones were picked into 96-well culture plates for soluble monoclonal 

VNAR protein production and each tested for HEL binding by ELISA; the clones HEL-5A7 

and PBLA8, which bind HEL with high (nM) affinity (Dooley et al., 2003; Dooley et al., 
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2006), were used as positive controls, and un-inoculated wells as negative controls. While 

our positive controls performed exactly as expected, none of the 1,100 monoclonal VNARs 

screened (550 clones from epigonal plus 550 from spleen) bound HEL with an absorbance 

above that of the negative controls. Given that similar screens, performed following 

generation of primary responses with equivalent titers towards HEL and multiple other 

targets, yield between 5–25% antigen-positive clones (Dooley; unpublished data), our 

inability to find HEL-specific memory clones was unexpected. We are not yet sure if such a 

low frequency of antigen-positive clones (<0.2%) is typical of the nurse shark IgNAR 

memory response. Certainly, recent studies suggest that in mammals only a small proportion 

of the GC-experienced memory cells generated during the primary response can be 

productively recalled (Mesin et al., 2020). Alternately, the low frequency of antigen-specific 

VNARs in the recall phase could be a consequence of the extremely low anti-HEL IgNAR 

titers induced in the primary phase in this instance. Again, data from mouse studies indicate 

that the number of GC-experienced memory cells engaged in the recall phase is proportional 

to the number generated in the primary response (Mesin et al., 2020 and references therein). 

We will need to screen post-recall VNAR libraries generated from tissues of animals with 

robust primary titers to determine which of these scenarios is correct. In either case, the high 

IgNAR titers observed in the memory phase here demonstrate that, as in mammals (Weisel 

et al., 2010; Weisel and Shlomchik, 2017), even a small pool of antigen-specific memory 

cells are capable of generating robust antibody titers upon re-stimulation. It is also clear that 

in future we will need to employ an enrichment strategy, such as panning of phage display 

libraries (Dooley et al., 2003), if we are to retrieve enough clones to interrogate the antigen-

specific memory cell repertoire.

4. Conclusions

Our work offers conclusive proof that cartilaginous fishes are capable of long-term 

immunological memory. Indeed, the nurse shark response shares all the defining features of 

mammalian T-cell dependent memory responses; specifically that (i) the recall response is 

more rapid than the primary response (Dooley and Flajnik, 2005); (ii) is dominated by high 

affinity, monomeric antibodies (IgG in mammals; mIgM and IgNAR in sharks) (Dooley and 

Flajnik, 2005; Dooley et al., 2006); and (iii) is long-lived and self-sustaining. How and 

where memory cells are maintained in the cartilaginous fish lineage, and whether the 

frequency and diversity of antigen-specific memory B cells is equivalent to those observed 

in mammalian responses, remains to be determined. Nevertheless, it is apparent that the 

immune system of cartilaginous fishes is far from ‘primitive’ and implies that the adaptive 

immune system had already achieved a high level of sophistication in the common ancestor 

of all jawed vertebrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• A primary antibody response was raised in a nurse shark via immunization.

• The shark was rested for 8 years without further exposure to the antigen.

• Re-stimulation with soluble antigen induced a robust and specific antibody 

recall response.

• Antigen binding is mediated by monomeric IgM and IgNAR, not pentameric 

IgM, in the recall phase.

• This is the longest memory period recorded for any non-mammalian 

vertebrate to date.
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Figure 1: 
Analysis of blood plasma taken from nurse shark ‘Orange’ before immunization (pre-bleed) 

and following induction of a primary response (bleed 4) demonstrates (A) a robust HEL-

specific IgM response and (B) low level IgNAR response by antigen-binding ELISA. 

Results shown are duplicate averages. Control wells were both coated and blocked with 5% 

MPBS.
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Figure 2: 
Analysis of blood plasma taken from nurse shark ‘Orange’ pre-boost and 5 weeks after 

boosting (post-boost) with unadjuvanted, soluble HEL, 8 years after the primary response, 

demonstrates robust, HEL-specific (A) IgM and (B) IgNAR memory responses by antigen-

binding ELISA. Relative binding of (C) monomeric IgM and (D) pentameric IgM obtained 

via S300 size exclusion chromatography of pre- and post-boost plasma. Results shown are 

duplicate averages. Control wells were both coated and blocked with 5% MPBS.
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