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Is a Little Enough? Paucity of Immune Proteins in Serum of Precocial Neonates of a Marine Carnivoran—the Atlantic Grey Seal
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Mammalian mothers usually provide their offspring with large quantities of immunoglobulins (antibodies) for circulation in blood, either trans-placentally before birth, via colostrum briefly thereafter, or, less commonly, from milk. Neonates of true, phocid seals, however, are peculiarly impoverished in serum immunoglobulins, the levels of which slowly increase but do not reach adult levels by the time of weaning. We investigated whether grey seal (Halichoerus grypus) neonates compensate through an elevation or rapid maturation in levels of serum innate immune factors, namely acute phase and complement proteins. Instead, their sera contained remarkably low levels of acute phase proteins (including C-reactive protein, haptoglobin, hemopexin, ceruloplasmin, orosomucoid), compared to their mothers, that barely increased to adult levels by weaning. For complement, there was a strong demarcation between the early activation and amplification cascade components (present at normal adult levels in pups) and the late lytic membrane attack complex and regulatory proteins (consistently at low relative levels). Phocid neonates therefore differ dramatically from land Carnivorans, such as dogs and cats, in early life immune protection. That neonatal phocids survive this apparent vulnerability to infections between birth and weaning prompts questions as to what other mechanisms protect them, and the adaptive value of their seeming vulnerability.
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INTRODUCTION

At birth, the neonates of viviparous mammals move abruptly from a (near) sterile environment (Perez-Munoz et al., 2017; Lim et al., 2018; Rehbinder et al., 2018; Stinson et al., 2019; Campisciano et al., 2020; Singh and Mittal, 2020) of their mothers’ uteri into a world rich in potential pathogens. The survival of neonates depends on both their endogenous innate and newly engaged adaptive immune systems, and, more immediately, antibodies passively acquired from their mothers (Brambell, 1970). Mothers provide a sample of their own immunoglobulins directly into the circulation of their offspring either trans-placentally before birth, or during a brief postnatal period during which proteins in colostrum can traverse the gut epithelium directly into their blood (Brambell, 1970). Thereafter, and only in certain species, such as rats, immunoglobulins from milk may be translocated across the intestinal epithelium into the circulation by a receptor-mediated process similar to that in trans-placental transfer of immunoglobulin G (IgG) (Roopenian and Akilesh, 2007; Westrom et al., 2020). Meanwhile, the factors of the innate immune system act to provide continuous protective cover and to alert the adaptive immune system to breaches (Parham, 2021). If systemic infection occurs then innate immunity can respond rapidly, such as in the acute phase (fever) response. The main proteins in blood plasma that provide innate immune protection against infection are the acute phase proteins, complement components, and, less directly, coagulation factors (Parham, 2021).

Neonates of most mammal groups, exemplified by humans, cattle, pigs, camels, dogs, and cats, exhibit concentrations of maternal immunoglobulins in their blood equivalent to or even greater than their mothers by birth, or within a matter of hours thereafter, despite acquiring maternal immunoglobulins by different mechanisms (Brambell, 1970; Simister, 2003; Roopenian and Akilesh, 2007; Langer, 2008; Wooding and Burton, 2008; Langer, 2009; Westrom et al., 2020). The true, phocid, seals are exceptions to this, in that neonates exhibit levels of immunoglobulin that are a fraction of adult levels, even after taking colostrum (Ross et al., 1994; King et al., 1998; Hall et al., 2003; Ferreira et al., 2005). The concentrations of immunoglobulins then build slowly after birth, but barely reach adult levels by the time they are weaned (Ross et al., 1994; King et al., 1998; Hall et al., 2003; Ferreira et al., 2005). The source of these immunoglobulins (principally IgG) is not understood but suspected to be mainly or entirely produced by the neonate alone, and not gifted by the mother, although there is some evidence of trans-colostral transfer (Ross et al., 1994; King et al., 1998). This would conventionally mean that seal neonates should be peculiarly vulnerable to infections. A prediction would, therefore, be that the innate immune system of true seal pups should be unusually well-developed at birth, particularly given that they can rely on immune protection from milk for only a uniquely short time among mammal groups—phocids are developmentally precocious at birth and have the shortest lactation periods for their size amongst eutherian mammals (Schulz and Bowen, 2005)—another reason why reliance on, and rapid maturation of, innate immunity would be advantageous.

We sampled sera from mother and pup pairs of Atlantic grey seals, Halichoerus grypus, from shortly after birth until near weaning and here compared the relative levels of immune-related proteins. We did this using proteomic techniques that have not been used before to examine immunoglobulin levels in seals and found that grey seal pups, as previously reported, align with other phocids in acquiring little if any immunoglobulins from their mothers. Contrary to our prediction, however, pups did not exhibit compensatory high levels of innate immune factors, but quite the reverse—pups had remarkably low levels of the canonical acute phase proteins, particularly in the immediate perinatal period, and the same applied to the complement factors involved in direct lytic attack on pathogens.

The survival of phocid seal neonates is therefore puzzling in that they are gifted with little if any antibody protection by their mothers yet survive despite a paucity of endogenous innate immune factors. Whether this condition of seeming vulnerability is unique to phocid seals or is more widespread amongst marine Carnivora such as the otariids (sea lions, fur seals) and odobenids (walruses), remains to be seen, but it is clearly divergent from related land Carnivora typified by canids and felids.



MATERIALS AND METHODS


Animals and Serum Samples

Blood samples were collected from five free-ranging mother/pup pairs (details in Supplementary Material B) on the Isle of May, Scotland (56.18°N 2.55°W). Four samples were collected from each mother and pup on days 2, 7, 13, and 17 or 18 or 19 days after birth—for simplicity, samples taken 17, 18, or 19 days are presented as being from day 18 throughout this report. In this species, mothers wean their pups between about 16 and 23 days after birth and return to sea, leaving their pups in the natal colony to continue development before they themselves go to sea independently after a further period of up to 40 days, during which time they do not feed (Bennett et al., 2010). All five pups had growth rates and weaned at masses within the normal range for UK grey seals (Pomeroy et al., 1996; Pomeroy et al., 1999). Their minimum durations of suckling ranged from 18 to 21 days. To avoid desertions by the mothers, the earliest samples were taken on day 2 post-partum. Mothers were tranquilised with an intramuscular mass-adjusted dose of Zoletil 100 (Virbac, Bury St Edmunds, Suffolk, United Kingdom), followed by intravenous oxytocin to stimulate milk let-down to provide milk samples as part of a larger study, and given a mass-adjusted intramuscular prophylactic dose of tetracycline after the day 7 and 18 samples (including blood) were taken, as reported previously. Blood was collected by venipuncture of either extradural vein or hind flipper plexus using 3.5in 16G spinal needle or 2in 19G Microlance needle (Becton Dickinson, United Kingdom) as appropriate into plain vacutainers and allowed to clot. Serum was separated by centrifugation within 4 h of collection, frozen at -20°C and stored at that temperature or below until sent to Glasgow for analysis. Samples from all five mother/pup pairs (pairs A to E) were used for the protein gel electrophoresis, and three pairs (B, D, and E) were used for the proteomics. At each capture, mothers and pups were checked externally for signs of ill health or abnormal growth of pups which may have indicated underlying problems. Pups on breeding colonies risk being bitten or suffer injuries from neighboring adults resulting in infections or trauma. No evidence of such was detected in our sample.



Protein Gel Electrophoresis

One-dimensional vertical sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using the Invitrogen (Thermo Scientific, Paisley, United Kingdom) NuPAGE system with precast 4–12% gradient acrylamide gels, and β-mercaptoethanol as reducing agent when required. Pre-stained molecular mass/relative mobility (Mr) standard proteins were obtained from New England Biolabs, Ipswich, MA, United States (Cat. No. P77085). Gels were stained for protein using colloidal Coomassie Blue (InstantBlue; Expedion, Harston, United Kingdom), backlit with white light and images of gels recorded using a smartphone. Color images were converted to greyscale using IrfanView.1 The relative densities of specified bands were analysed using ImageJ software.2



Tandem Mass Tag Proteomics

This multiplex comparative proteomics technique provides relative abundances of detected proteins between six samples in one analysis run. Here, serum samples from one mother that were taken on days 2, 7, and 18 after birth were analyzed along with samples taken on the same days from her pup. Serum was sampled from three mother/pup pairs. Note that this method provides relative abundances between samples, not absolute values.

Tryptic peptides were generated from each serum sample using the Filter-Assisted Samples Preparation (FASP) method (Wisniewski et al., 2009), omitting LysC enzyme digestion steps and using a 30kDa ultrafiltration spin column. Equal volumes of the resulting peptide samples were labeled with TMT 6-plex reagents according to the manufacturer’s instructions (Thermo Scientific). Each of the six samples derived from each mother/pup pair were labeled with a set of six isobaric TMT reagents. Samples were then combined in equal volumes to constitute three separate 6-plex sets, comprising sera from one mother and her pup. Six microgram mixed, TMT-labeled peptides were dried and resolubilized in 20 μL 5% acetonitrile with 0.5% formic acid using the auto-sampler of a nanoflow uHPLC system (Thermo Scientific RSLCnano). Online detection of peptide ions was by electrospray ionization (ESI) mass spectrometry MS/MS with an Orbitrap Elite MS (Thermo Scientific). Ionization of LC eluent was performed by interfacing the LC coupling device to an NanoMate Triversa (Advion Bioscience) with an electrospray voltage of 1.7 kV. An injection volume of 5 μL of the reconstituted protein digest was desalted and concentrated for 12 min on trap column (0.3 × 5 mm) using a flow rate of 25 μl/min with 1% acetonitrile with 0.1% formic acid. Peptide separation was performed on a Pepmap C18 reversed phase column (50 cm × 75 μm, particle size 3 μm, pore size 100 Å, Thermo Scientific) using a solvent gradient at a fixed solvent flow rate of 0.3 ml/min for the analytical column. The solvent composition was (A) 0.1% formic acid in water (B) 0.08% formic acid in 80% acetonitrile 20% water. The solvent gradient was 4% B for 10 min, 4–60% for 170 min, 60–99% for 15 min, held at 99% for 5 min. A further 10 min at initial conditions for column re-equilibration were used before the next injection. The Orbitrap Elite was set to acquire a high-resolution precursor scan at 60,000 RP (over a mass range of m/z 380–1,800) followed by CID fragmentation and detection of the top 3 precursor ions from the MS scan in the linear ion trap. The 3 precursor ions are also subjected to HCD in the HCD collision cell followed by detection in the Orbitrap. Singly charged ions were excluded from selection, while selected precursors were added to a dynamic exclusion list for 180 s.

MS/MS spectra were analyzed for protein identification and quantification using Proteome Discoverer software 2.4 (Thermo Fisher Scientific). Protein identifications were assigned using the Mascot search engine (v2.6.2, Matrix Science) to interrogate protein sequences in the NCBIprot database using the taxonomy Caniformia and Phocidae with a precursor mass tolerance of 10ppm and fragment ion mass tolerance of 0.3Da. Set modifications were addition of TMT 6-plex labels to lysines and N-termini, carbamidomethylation of cysteine (fixed) and methionine oxidation (variable). Two missed cleavages for the trypsin digestion were permitted. Unique peptides were allowed for protein quantification in the consensus workflow, and normalization was designated for the total peptide amount with a scaling mode based on channels average per file. The quantification ratios were filtered based on fold change threshold equal to or greater than 1.5. The false discovery rate (FDR) was set at 5%.



Statistical Analysis and Graphing

Heatmaps with hierarchical clustering, variable importance projection (VIP) analysis, and Principal Component Analysis (PCA) were carried out using MetaboAnalyst 5.0,3 for which the data were assembled for upload in MS Excel and then log transformed online with MetaboAnalyst 5.0. ANOVA with Tukey’s procedure and graphing were carried out using MetaboAnalyst and OriginPro 2021 software (OriginLab, Northampton, Massachusetts, United States), and both were used to create the figures and graphs.




RESULTS AND DISCUSSION


Immunoglobulins—Minimal or No Maternal Antibody?

We examined immunoglobulin levels in two ways—optical density scanning of stained protein electrophoresis gels, and by Tandem Mass Tag (TMT) proteomics. As applied here, both methods provide relative levels but not absolute concentrations of each protein, and we do not know whether the levels detected here in these mother seals are typical of adult males and non-breeding females in this population. It has been reported in grey seals that immunoglobulin G (IgG) levels in lactating females are lower than in adult males (King et al., 1994), but in elephant seals no difference between adult males and female has been found (Ferreira et al., 2005).

Protein electrophoresis gels showed remarkably low levels of proteins at the migration position expected for IgG (around 175 kDa) at 2 days after birth in pups, with a gradual increase culminating in about half or less of the amounts in maternal sera by weaning (Figures 1A,B). As a check that the cluster of protein bands at ∼175 kDa indeed comprised predominately IgG, they were, firstly, found to show characteristic disappearance under reducing conditions, yielding two proteins of sizes corresponding to heavy and light chains of IgG (Supplementary Figures 1A,B). Secondly, the identity of the main constituent of the ∼175 kDa band cluster as IgG was confirmed by proteomic analysis on excised bands (data not shown).
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FIGURE 1. Low levels of IgG in grey seal pup sera relative to maternal levels with only gradual accumulation by weaning time. (A) Protein electrophoresis gel of sera from one mother/pup pair (pair B) sampled on the days indicated after birth. The three closely migrating protein bands enclosed by the square bracket migrate commensurately with isotypes of IgG, accounting for size and differential glycosylation. The cluster was excised from the maternal samples in the gel and confirmed to contain IgG by proteomics (data not shown), and by reduction and re-running on protein electrophoresis gels (Supplementary Figure 1B). Further confidence that the 175 kDa cluster contained IgG came from proteomics of similar bands in grey seal milk (Lowe et al., 2017). Mr, relative mobility of migration expressed in kiloDaltons (kDa); M, reference/marker proteins. (B) The clusters of gel bands indicated by the square bracket in (A) were optically scanned for each individual animal and optical density measurements plotted and expressed in arbitrary relative units. (C,D) Relative concentrations of immunoglobulin kappa light chain and heavy chain obtained from TMT proteomics, again indicating very low levels of immunoglobulins in pups’ sera. Similar results were obtained for lambda light chains and immunoglobulin J chain (Supplementary Figures 1C,D). Relative optical density (gel bands) or relative abundance (proteomics) values are expressed in arbitrary units.


Further support for the paucity of IgG in pup sera came from TMT proteomics showing that the relative levels of immunoglobulin kappa light chains (which will be present in all isotypes of immunoglobulin), and heavy chain variable regions, were a small fraction of maternal levels and rose only slightly with time (Figures 1B,C). Lambda light chains yielded the same trend (Supplementary Figure 1C). We also detected immunoglobulin J chain, again at only very low relative levels (Supplementary Figure 1D); J chains are associated with IgM and IgA, but not IgG or other immunoglobulin isotypes. IgM is not known to be transferred across mammalian placentae from maternal circulation, but may cross into the circulation of neonates in species dependent on colostrum before the gut epithelium closes (Westrom et al., 2020). Both IgG and IgM are found in seal milk (along with the mucosa-protective IgA isotype) (Marquez et al., 2003; Lowe et al., 2017), so, while it is possible that what little of these isotypes is found in pup sera derives from colostrum or milk, it is tempting to consider merely that they are produced by the pups themselves (King et al., 1998).

Our finding of remarkably low levels of serum IgG in grey seal pups soon after birth is consistent with previous reports on this and other phocids (King et al., 1994; Ross et al., 1994; King et al., 1998; Hall et al., 2003; Ferreira et al., 2005). But, our use of proteomics and simultaneous measurements of mother and pup sera indicate that grey seals appear to present an extreme case in exhibiting such low relative levels until weaning. Phocids therefore contrast with other species of Carnivora, such as dogs and cats, in which serum IgG levels approach or even exceed maternal levels by the time the colostrum phase ends (Yamada et al., 1991; Claus et al., 2006; Pereira et al., 2019). The type of placenta known from Carnivora (endotheliochorial; Wooding and Burton, 2008; Gundling and Wildman, 2015) may allow very limited trans-placental transfer of IgG, or none—trans-placental transfer does not occur in cats (Claus et al., 2006), but in dogs there is evidence of limited transfer (Krakowka et al., 1978; Pereira et al., 2019). In dogs, indications of trans-placental transfer of IgG come from electron microscopical observations of the haemophagous zone of their endotheliochorial placentae (Stoffel et al., 2000), and from the existence of anti-viral IgG antibody in the serum of neonates before they ingest colostrum (Krakowka et al., 1978). There is no evidence of trans-placental transfer in another canid, foxes (Vos et al., 2003). In the Caniformia to which dogs, foxes and phocid seals belong, therefore, trans-placental transfer of immunoglobulins is slight or non-existent, implying that transfer in colostrum is crucial to survival. In dogs and in cats, colostrum antibody is essential for survival unless otherwise artificially supplemented (Poffenbarger et al., 1991; Levy et al., 2001; Claus et al., 2006; Pereira et al., 2019). Curiously, IgG levels in grey seal pups at weaning appear to correlate negatively with first year survival of grey seal pups but, as the authors admit, this finding does not account for the pups’ infection history (Hall et al., 2002).

The extremely low periparturient levels of immunoglobulins we found in grey seal pups could have been due to a rapid post-birth loss of maternally-derived antibody through consumption in anti-microbial defense. But, depletion down to the levels we observe within 2 days after birth would be unprecedented given that that is about the time at which maximum levels of maternal IgG appear in cat and dog neonates (Brambell, 1970; Claus et al., 2006). The subsequent gradual rise in levels is therefore likely due to endogenous production by the seal pups as their immune systems begin to respond to exposure to microbes and other environmental factors.

It is known from previous work that seal milk contains consistent levels of IgG throughout lactation (Marquez et al., 1995; Marquez et al., 2003; Lowe et al., 2017), so there could be continuous trans-intestinal acquisition by pups. If so, then transfer across the gut epithelium would likely require a receptor- and pinocytosis-mediated process such as occurs in trans-placental transport in haemochorial placentae (Simister, 2003; Roopenian and Akilesh, 2007). Such a receptor, FcRn (which mediates trans-placental transfer of IgG in human and rodents), is known in rats to transfer IgG from milk, but this does not occur in the gut of humans (Simister, 2003; Mayer et al., 2005; Roopenian and Akilesh, 2007; Westrom et al., 2020). Genes encoding an FcRn-like protein are known from Carnivora, including grey seals (NCBI accession XP_035924104.1), but it may have functions beyond reproduction (Roopenian and Akilesh, 2007; Rath et al., 2013), and it is not yet known whether it is expressed in the intestine of seal pups or, to our knowledge, other Carnivoran neonates.

Having found, using proteomics, that grey seal pups are endowed with little or no maternal immunoglobulins, we next investigated whether there is a compensatory elevation or rapid maturation in the innate immune armory.



Acute Phase Proteins—Paucity in Pups

The main acute phase proteins of mammals were detected in both mother and pup sera by TMT proteomics. Most of these were initially at very low levels that barely rose with time, although a few increased to levels approaching maternal serum by time of weaning (Figure 2). This distinct paucity applied to acute phase reactants that are widely used as markers of inflammation and infection in human and veterinary medicine such as C-reactive protein, haptoglobin, ceruloplasmin and orosomucoid (syn. alpha-1-acid glycoprotein) (Figure 2 and Supplementary Figure 2; Liberatori et al., 1997; Ceron et al., 2005; Cray et al., 2009; Eckersall and Bell, 2010; Ehlting et al., 2021). Notable exceptions were two proteinase inhibitors, alpha-2-macroglobulin and alpha-1-antitrypsin (but not alpha-1-antichymotrypsin), both of which initially exceeded maternal levels. Serum amyloid P-component and leucine-rich alpha-2-glycoprotein exhibited unusual patterns in being at low levels after birth, rapidly rising to above maternal levels, then falling.
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FIGURE 2. Grey seal pups have low levels of acute phase proteins in their sera relative to their mothers. (A) Heatmap with hierarchical clustering of all the acute phase proteins included in the analysis with relative abundance values obtained from TMT proteomics from three mother and pup pairs sampled on days 2, 7, and 18 after birth. The TMT data were log transformed, and the heatmap was created with group averages (three pups on a given day after birth, three mothers on a given day). See Supplementary Figure 2 for a heatmap from the same data but for individual mothers and pups. The cluster dendrogram above the heatmap clearly differentiates mother sera from pup sera at all days, and the dendrogram to the left splits the acute phase proteins into two distinct groups. Note that the columns in each heatmap column do not follow day order because the analysis yields the overall relationship between days—as reflected in the hierarchical cluster. Despite this the mother and pup samples easily group and segregate. (B–E) Relative concentration changes in selected acute phase proteins (C-reactive protein, haptoglobin, alpha-1-acid glycoprotein (syn. orosomucoid), and alpha-1-antitrypsin) in mother and pup sera with time after birth. See Supplementary Figure 2 for graphs of all the acute phase proteins examined and mentioned in the main text. Relative abundance values are expressed in arbitrary units.


The above proteins are all termed “positive” acute phase reactants in that their concentrations rise rapidly to as much as one or two orders of magnitude above resting levels in blood when mammals undergo an acute phase response to infection or inflammation (Parham, 2021). We saw no evidence of such increases during our sampling in any of the pups or their mothers, so we assume that they suffered no microbial or inflammatory disease during that time.

Proteins that may fall in concentration during acute phase responses, termed “negative” acute phase reactants, include serum albumin (but which was initially at higher than maternal levels, then fell), serotransferrin (which was also initially high and remained around maternal levels), and retinol (vitamin A)-binding protein (which was very low at first (Supplementary Figure 2). Serotransferrin was at similar levels in mothers and pups (Supplementary Figure 2) but may not be useful here as an indicator of innate immunity because it acts as an iron carrier in plasma, and its other roles in neonates may include to supply iron to muscles in the rapid increase in muscle myoglobin that occurs after birth in seals (Geiseler et al., 2013; Somo et al., 2015; Blix, 2018).

There are several other proteins that are not considered to be acute phase proteins per se but nevertheless appear to be associated with innate protective processes such as inflammation, healing, and tissue repair. One of these, Alpha 2-HS glycoprotein (fetuin-A) was of particular note in that it was present at exceptionally high levels in pups relative to their mothers (Supplementary Figure 2). While it has been argued to be an acute phase protein in some reports, it is usually found to decrease during such a response, so would be termed a negative acute phase reactant (Lebreton et al., 1979; Abiodun and Olomu, 1991; Dziegielewska et al., 1992). It is a multifunctional protein that has roles including in glucose metabolism and bone formation, so might be at high levels in pups in connection with birth and transition from total physiological dependency on their mothers to independence (Robinson and Teran-Garcia, 2016).

The heatmaps in Figure 2 and Supplementary Figure 2B emphasize the relative overall paucity of acute phase proteins in the pups that is particularly apparent at 2 days after birth, with only two notable exceptions (alpha-2-macroglobulin and alpha-1-antitrypsin). The hierarchical cluster included on the heatmap diagram emphasizes the separation between pups’ and mothers’ sera at all times. This is emphasized in a VIP analysis that also indicates which acute phase proteins best discriminate pup and maternal sera in terms of concentrations and how they change (Supplementary Figure 2C). PCA of the same data (Supplementary Figure 2D) further emphasizes the distinctiveness of pups’ sera at all times of sampling with only minor if any relative changes in the mothers.

How general are these findings? Perinatal levels of acute phase proteins have been observed to be low in several species of mammal, for instance rabbits, humans and sheep (Baker and Long, 1990; Kanakoudi et al., 1995; Rygg et al., 1996; Liberatori et al., 1997; Mcnamara and Alcorn, 2002; Mithal et al., 2017; Dinler et al., 2020), but to our knowledge this is the first evidence of a similar trend in a Carnivoran. The unique feature in grey and potentially other phocid seals is that this applies where protection against infection by antibodies may be initially non-existent and then minimal until parental care and lactational support ceases.



Complement—Depletion and Early and Late Pathway Divergence

The complement system bridges innate and adaptive immune systems, and complement proteins are abundant in blood plasma. The initiator proteins of the alternative pathway of complement are responsive to conserved pathogen molecular patterns (such as the surfaces of bacteria, fungi, and helminths), as is the lectin pathway, whereas the classical pathway is activated by antigen:antibody complexes (Parham, 2021). All three pathways converge on the central C3 component leading to the release of inflammatory mediators and activation of the late components. The late components assemble on the surface of a target cell to form the membrane attack complex that can lyse target cells, or to act as opsonins that provoke phagocytosis.

As with acute phase proteins, the complement proteins exhibited dramatic differences in the pattern of changes in the serum of grey seal pups with time after birth (Figure 3 and Supplementary Figure 3A). There was, however, a clear distinction between those of which there was a consistent relative scarcity and those that were consistently equivalent to maternal levels in pups throughout the sampling period. Moreover, this demarcation matched their position and roles in the activation and effector stages of complement pathways. The early components in both pathways that engage in the initial activation and amplification cascade (e.g., C1, C4, Factor B), and the central C3 protein, were consistently at levels similar to those in the mothers, or slightly higher. In marked contrast, the late components that assemble the membrane attack complex and release of inflammatory peptides were consistently at low levels (C5, C6, C7, C8, C9), as also were complement control/regulatory proteins (Factors H, Factor I, C4b-binding protein). There is very little literature on the ontogeny of serum complement factors in animals except for humans, in which the pattens we see in seal pups are similar (Georgountzou and Papadopoulos, 2017)—as already noted, humans are born with considerable antibody protection.
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FIGURE 3. Complement pathways components—disparity between early versus late components of the pathways in relative abundance. (A) Heatmap of relative concentrations of complement pathway components obtained by TMT proteomics along with hierarchical clustering. Note the clear separation between mother and pup sera on all days indicated also by the cluster dendrogram above the heatmap columns. The clustering dendrogram to the left shows the clear bifurcation in abundance and change in the early activation and amplification components (C3, C4, factor B, C1) versus the late, lytic effector, inflammatory components, and control/inhibitory factors (C5, factor H, factor I, C7, C9, C6). (B–E) Changes in selected complement components to illustrate the difference between early and late components and also control/regulatory proteins. C4 is part of the amplification stage after initiation either by antigen:antibody complexes or the lectin pathway; C5 follows C3 activation and binds to a target cell upon which the membrane attack complex builds, which involves C9; C4b-binding protein is a complement control protein that inhibits activities of C4 and also C3. See Supplementary Figure 3 for graphs for all complement proteins detected. Relative abundance values are expressed in arbitrary units.


A heatmap comparing the temporal changes in complement components between mothers and pups illustrates the overall divide between the early and late components of the pathway and the separation between pups’ and mothers’ sera at all times, particularly soon after birth (Figure 3 and Supplementary Figure 3B). VIP analysis isolates which complement components best exhibit distinguishing features between maternal and pup sera, picking out the late components and complement control proteins for note (Supplementary Figure 3C). PCA shows that the pup complement protein profiles are distinct from the consistent profiles of the mothers, especially so on day 2 after birth (Supplementary Figure 3D).




CONCLUDING REMARKS

Despite their otherwise well-developed state at birth, and little or no systemic protection from maternal antibodies, the neonates of grey seals exhibit a conspicuously immature accumulation of innate immune proteins in their sera. This was clear at the earliest time after birth that we could sample and improved only gradually if at all before weaning and the termination of any continued immunological support garnered from milk.

The question now is—how do the pups of true seals survive without the considerable maternal antibody protection typical of land Carnivoran neonates in the apparent absence of an enhanced innate immunity? This question has recently become more pertinent with the discovery that terrestrial Carnivora appear to have undergone a loss of immune inflammasome pathways that should compromise innate and adaptive immunity (Digby et al., 2021), but whether this is also true in seals in unknown. The absence of antibody neonatally would normally be lethal to a land mammal (Brambell, 1970). It might be argued that many Phocinae seals, including some populations of grey seals, are ice-breeders that may not be exposed to many pathogens in their breeding sites. But that would be inconsistent with their success in environments where they would not be so protected, such as in crowded in temperate zone colonies that are ice-free, although pup survival is nevertheless good (Baker, 1988; Baker and Baker, 1988; Hall et al., 2001). Colonial breeding is likely to enhance transmission of pathogens, and colonially breeding birds (which obtain maternal antibody through egg yolk) appear to have evolved enhanced levels of immune protection (Moller and Erritzoe, 1996; Moller et al., 2001).

While one might expect that lower concentrations of innate immunity proteins would predispose to sensitivity to microbial infection, we did not carry out functional tests of the sera we sampled, such as bacterial killing, or opsonization to enhance phagocyte activity, and such assays would be a valuable future examination of the ontogeny of seal pup immunity. As already said, we saw no evidence of an acute phase response in any of our subjects indicated by a dramatic increase in innate immunity proteins. Although we are unwilling to do so on our wild seal pups, responses to an infection stimulus in neonates could be tested by administering an infective dose of a bacterium or a virus, or simple pyrogens such as bacterial lipopolysaccharide (LPS), whereupon dramatic increases in all acute phase proteins should occur, as has been done in other species (Voigt et al., 2020). A better way would be to sample animals undergoing natural infections. Of the latter, aside from the fundamental difference between seals and other eutherians being of intrinsic interest, the susceptibility of colonially breeding seal populations to viral epidemics such as phocine morbilliviruses (Duignan et al., 2014; Jo et al., 2018) indicates the importance of better understanding the distinctiveness of immune protection in their neonates and juveniles.

If other protective factors are at work in seals, then what are they? Seal milk will provide many protective factors, including immunoglobulins (Marquez et al., 2003; Lowe et al., 2017), but their effects are likely to be confined predominately to the gastrointestinal tract unless seals possess an FcRn-like system for translocation of IgG from the gut to blood as mentioned above. In other words, are the immune factors that are usually taken as crucial for survival more redundant than realized, and are other protective factors at play? One obvious candidate would be an enhanced cellular immunity and it has been reported in grey seals that the numbers of lymphocytes and neutrophils increase steadily until about day 15 after birth then plateau, and a similar situation applies in elephant seal pups which exhibit unusually high levels of circulating leukocytes (Hall et al., 2003). The unusual lack of immunoglobulins would, however, remain surprising given the degree to which the anti-microbial functions of neutrophils and monocytes, for instance, depend on antibodies (Parham, 2021).

So much for the detrimental effects that would be predicted from a paucity of innate and antibody-based adaptive immunity in phocid neonates. But why might phocids have diverged from the presumably better-protected terrestrial Carnivoran relatives (including other caniforms) in bulk transfer of maternal immunoglobulins? One advantage may be that without antibodies from their mothers (via placenta, colostrum, or milk), and a paucity of cell-lytic complement components, then they would not be at risk of hemolytic disease of the new-born. That phenomenon is due to differences in erythrocyte surface antigens (blood groups) between mother and offspring that can result in lethal hemolysis in a fetus or neonate—such as rhesus incompatibility in humans (Young et al., 1951; Brambell, 1970; Giger and Casal, 1997; Silvestre-Ferreira and Pastor, 2010; Parham, 2021). Blood group determinant molecules are associated with relative resistance or susceptibility to pathogens, such as malaria parasites in humans (Fumagalli et al., 2009; Zimmerman et al., 2013; Czerwinski, 2015; Abegaz, 2021; Arend, 2021). A balanced polymorphism within a population will, like all immune polymorphisms, be advantageous to a subset of members of an outbreeding population faced with diverse and rapidly evolving pathogens (Fumagalli et al., 2009). Having no risk of hemolytic disease of the new-born might therefore release a species from constraints that might select against polymorphism that may otherwise be useful. And this might be an advantage in the face of exposure to infective pathogens in a colonially breeding species that is exposed to pathogens in both the marine and terrestrial environments.

So, the main questions needing now to be addressed are, firstly, how do phocid seal pups survive pathogen assault whilst being seemingly so atypically unprotected amongst eutherians and even their close Carnivoran relatives, and, secondly, what might be the selective advantage to this divergence?
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