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Long-lived plasma cells (LLPCs) – largely resident in the bone marrow – secrete antibody over months and years, thus maintaining serum antibody concentrations relevant for vaccine-mediated immunity. Little is known regarding factors that can modulate the induction of human LLPC responses in draining lymph node germinal centres, or those that maintain LLPCs in bone marrow niches following vaccination. Here, we review human and non-human primate vaccination studies which incorporate draining lymph node and/or bone marrow aspirate sampling. We emphasise the key contributions these samples can make to improve our understanding of LLPC immunology and guide rational vaccine development. Specifically, we highlight findings related to the impact of vaccine dosing regimens, adjuvant/vaccine platform selection, duration of germinal centre reactions in draining lymph nodes and relevance for timing of tissue sampling, and heterogeneity in bone marrow plasma cell populations. Much of this work has come from recent studies with SARS-CoV-2 vaccine candidates or, with respect to the non-human primate work, HIV vaccine development.
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Introduction

Vaccines are among public health’s most effective tools for combatting infectious disease but a poor understanding of the underlying immunological mechanisms frequently impedes vaccine development. One of the greatest perennial issues for the vaccinology field is a lack of knowledge of how to induce durable immune responses in the target populations. While many vaccine candidates generate encouraging peak antibody concentrations, these often wane rapidly in the following weeks or months. If circulating antibody is required for protection, this rapid decay can be highly concerning.

Lymphoid tissue-resident long-lived plasma cells (LLPCs) are the only cells that continuously produce antibody over months and years, and are therefore responsible for the longevity of the humoral response. Two particularly central, but poorly understood, processes are the generation of the LLPC-precursors in draining lymph node germinal centres (GCs) following vaccination, and subsequent migration to the bone marrow where they steadily secrete antibody and thus maintain humoral immunity over time (Figure 1). As human vaccine immunology has historically relied almost exclusively on analyses of circulating blood to characterise immune responses, opportunities to interrogate GCs and bone marrow niches have been missed.




Figure 1 | Schematic of vaccine-specific B cell responses following vaccination. Vaccine antigen traffics to draining lymph node and induces a germinal centre (GC) response to generate memory B cells and long-lived plasma cell (LLPC) precursors. Memory B cells remain in circulation, waning over time, while LLPCs are seeded in the bone marrow and remain stable over months and years. Magnifying glasses indicate different immune cell populations detectable in different compartments. Created in BioRender.



Long-term serology data demonstrates that immunogens do not all induce equivalent LLPC responses (1, 2). Unfortunately, information about the factors that influence generation of vaccine-specific LLPCs remains scarce as too few human vaccine clinical trials have incorporated the necessary lymphoid tissue sampling. There is some evidence of putative LLPC-precursors in the blood (3), but as yet no published data linking these cells to bone marrow LLPCs in the context of vaccination. In the absence of clear understanding on how modifiable vaccination parameters – such as platform/adjuvant/dosing – modulate induction of vaccine-specific LLPC in draining lymph node GCs and subsequent bone marrow seeding, it is difficult for vaccine developers to target a durable LLPC response.

In this review, we highlight the rare human and non-human primate vaccination studies that have incorporated draining lymph node and/or bone marrow aspirate sampling and the major findings yielded from these samples (Table 1). Where quantitative values are clearly stated in publication text or tables, these are included here. Methodologies to analyse vaccine-specific B cells, in various compartments – including CyTOF, CITE-seq, LIBRA-seq, Beacon and other cutting-edge approaches – have been reviewed elsewhere (15–18). An overview of vaccine-specific responses in other lymphoid tissues – e.g. GCs in tonsils (19, 20) or plasma cells in the gut (21) or spleen (6) – are also outside the scope of this review.


Table 1 | Human vaccine studies including draining lymph node or bone marrow aspirate antigen-specific immunogenicity analyses.





Draining lymph nodes

GC reactions have profound importance for the generation of protective vaccine-specific memory B cells and LLPCs following vaccination. While the memory B cells output can be quantified by assaying peripheral blood, many features of GC responses remain obscure in the absence of lymph node sampling: GC B cells are only detectable in secondary lymphoid organs like lymph nodes. In particular, data is limited on the duration of GC reactions, which may have great relevance for affinity maturation of BCRs and the development of broadly neutralising antibodies (bnAbs). Recapitulating the lymph node microenvironment in vitro has historically been difficult, but a recently published GC organoid system shows great potential for future interrogation of lymph node GC activity using lymph node samples (22). Efforts to develop a lymphoid follicle “organ-on-a-ship” may similarly prove a useful tool (23). GC organoids generated from draining lymph node aspirates could be used to model a variety of key facets of humoral immunity including GC longevity, affinity maturation, class-switch recombination, B-Tfh cell interactions, and memory B cell output.

Draining lymph node sampling is feasible through either lymph node biopsy or fine needle aspirates (FNAs) under ultrasound guidance. Early work in the context of vaccination comes from the oncology field where lymph node sampling has been long-established for diagnostic purposes. In the vaccination context, this work includes analyses of lymph node biopsies from melanoma patients for detection of vaccine-specific T cells following a gp100209-2M peptide vaccine co-administered with montanide (24, 25). A comparison of these two approaches – including processes of volunteer consent and follow-up – has been reviewed previously in the context of lymph node sampling for HIV vaccine development (26). Studies in non-human primates have further demonstrated that FNA and biopsy samples correlate well in terms of GC Tfh and B cell quantitation (27). However, it should be noted that for studies where spatial analysis of lymph node architecture is of interest, the biopsy approach would be more appropriate (e.g (28). Another limitation of FNA sampling is the relatively low number of cells obtained (Table 2), though certainly sufficient for flow cytometry or single-cell RNA-sequencing.


Table 2 | Average cell yields from healthy adult draining lymph node fine needle aspirates.



Here, we will focus on the FNA approach due to several clear advantages over biopsy for vaccination studies a) feasibility of longitudinal (repeat) sampling, b) reduced theoretical disturbance to immune response, and c) less invasive procedure with minimal recovery time. Multiple groups have published the methodology for human (29–32) or non-human primate (NHP) (33) FNA sampling but use in human vaccine clinical trials or observational studies for detection of vaccine-specific GCs still remains rare (8, 10, 13, 14). Identification of the correct (draining) lymph node is clearly key to relevant analyses; in human vaccination studies this is the axillary site following intramuscular vaccination in the deltoid. Ultrasound guidance by a skilled radiologist is required to detect the lymph node of interest.

Seminal work by Turner and colleagues – in the first report of vaccine-specific GC B cells in humans – used serial draining lymph node aspirate sampling by FNA to track influenza haemagglutinin (HA)-specific GC B cell clones following seasonal vaccination (n=8) (8). Here, the authors were able to address the question of whether seasonal influenza vaccination induced plasma cells derived from GC B cell responses in addition to those derived from peripheral memory B cell differentiation. FNAs were taken at baseline and then 1-, 2-, 4-, and 9-weeks following a single vaccination; 7/8 vaccinees yielded FNAs with sufficient cells for analysis. HA-specific plasmablasts (HA+CD38+CD20lo) and/or activated B cells (HA+CD38-CD20+) were detected in FNAs from all volunteers by flow cytometry using biotinylated recombinant HA at a minimum of 1 post-vaccination time point. HA-specific cells were detected within the GC B cell (IgDloCD38intCD20hi) compartment in 5/7 volunteers, peaking at 2-weeks post vaccination (range: 0.00-83.65%) and persisting out to 9-weeks post vaccination in 3/7 vaccinees [range: 0.00-25.37%; Extended Data from (8)]. It is unclear if the remaining 4 vaccinees completely lacked GC responses to vaccination. Detecting and evaluating such heterogeneity in human GC responses post-vaccination may be highly informative for understanding variation in vaccine-mediated efficacy across a range of pathogens. Indeed, the authors speculate based on these immunokinetics and clonality analyses that the early polyclonal antibody response in first 4 weeks is likely derived from the early plasmablast (short-lived plasma cell) response, while later antibody comes from GC-derived LLPCs.

Later, working with samples from SARS-CoV-2 mRNA BNT162b2 vaccinees, Turner, Mudd and colleagues conducted two studies focused on understanding spike protein-specific GC responses in draining lymph nodes (10, 11). In the first study, FNAs from draining lymph nodes were taken before the second dose and then 1, 2, 4 and 12 weeks after the booster (n=14). Spike-specific GCs were detected using fluorophore-conjugated spike probes in all vaccinees at the time of the booster (3-weeks after the first dose) followed by heterogeneous transient increases. Unlike the influenza study, the peak response was unclear; frequencies of spike-specific GC B cells (CD10+CD3-IgDloBCL6+CD38int) within the CD19+ population were generally increased until at least 4 weeks following booster (n=11; range: 0.04-15.37%), with 8/10 vaccinees still near peak 12-weeks after the booster [n=10; range: 0.02-20.12%; Extended Data (10)]. These responses appear to be an improvement over the aforementioned seasonal influenza vaccination study where HA-specific GCs were detected only in 3/7 vaccinees by 9-weeks, though a potential role for differences in historical antigen exposure was not explored (8). Given this discrepancy in influenza/SARS-Cov-2 GC responses, the authors suggest a significant role for the mRNA-lipid nanoparticle platform in improving antigen dissemination and adjuvanting, at least as compared to an inactivated whole virus vaccine platform.

The potential insights from lymph node analysis are not limited to B cells. In the second study, Mudd and colleagues reported Tfh cell responses in the same cohort of BNT162b2 vaccinees with FNAs at Day 0, 21, 28, 35, 60, 110 and 200 [n=15 (11)]. Here, the authors detected interesting differences in spike-specific Tfh cells in lymph nodes versus circulating in peripheral blood. Tetramers for an immunodominant epitope were used to monitor kinetics of vaccine-specific CD4+ T cells in HLA-DPB1*04-positive vaccinees. While peripheral spike-specific Tfh cells peaked a week after the booster vaccination (median: 0.01%; range: 0.00-0.15% of total CD4+ T cells) and then contracted to undetectable levels, spike-specific Tfh cells in lymph node FNAs persisted at high frequencies with 2/5 vaccinees assayed still at high frequencies at 6-months (Day 200). The total lymph node Tfh population furthermore correlated with spike-specific GC B cells at matched time points (n=95; Days 21 to Day 200).

Law and colleagues also investigated GC Tfh responses – in this case following seasonal influenza vaccination – detecting an increase in CD38+ICOS+ GC Tfh in draining lymph nodes 5-days following vaccination as compared to baseline and correlation of this subset with GC B cells [n=16 (12)]. These early indicators of GC activation were restricted to the draining lymph nodes; an increase in CD38+ICOS+ Tfh cells was not observed in contralateral lymph nodes and no increase was observed in activated Tfh in peripheral blood (circulating Tfh) despite the emergence of antigen-specific CD4+ T cells by this time point. The authors propose this 5-day time point is too early for emergence of antigen-specific or activated Tfh into the periphery from lymph node GCs.

Focusing on a comparison between GC responses in healthy (n=15) and immunocompromised (kidney transplant; n=14) adult BNT162b2 vaccinees comes a study from Lederer and colleagues (13). An increase in spike- and RBD-specific GC B cells was detectable in ipsilateral draining lymph nodes in healthy vaccinees between prime (RBD-specific within GC B cells, median [range]: 0.02% [0.00-0.19%]) and booster vaccinations (0.05% [0.00-1.17%]). No baseline FNAs were obtained. In contrast, the GC B cell population was entirely absent from immunocompromised vaccinees; no spike- or RBD-specific GC B cells were detectable in the draining lymph nodes. The B cell response was not completely abrogated, however, as mBC responses were observed in the draining lymph node and peripheral blood albeit at lower frequencies to healthy vaccinees. This data provides useful insights into mRNA vaccine immunogenicity in the context of immunocompromise. Indeed, without lymph node analyses the severity of the impact on GC output would have been missed.

Finally, a report by Kim and colleagues with mRNA BNT162b2 vaccinees directed at understanding the maturation dynamics of the spike-specific GC responses and integrating with analyses of bone marrow LLPCs (discussed further below) was the first human vaccination study to incorporate analyses of both key lymphoid tissues (14). FNAs were taken on a similar schedule as above with the addition of an extra time point 26-weeks after booster vaccination. Spike-specific GC B cells were detectable in 10/15 vaccinees at this late time point, showing two-thirds of vaccinees maintained spike-specific GC reactions for at least 6 months. Furthermore, affinity maturation appears to continue during this time with a 2.5-fold increase detected in somatic hypermutation (SHM; i.e. nucleotide mismatches from germline sequence) in spike-specific GC B cells between 1-week and 12-weeks after booster vaccination. Spike-specific lymph node plasma cells were also detected with similar kinetics, though at lower frequencies, and this flow cytometry data was supported by clustering of single-cell RNA sequencing of lymph node samples where 33.8% of lymph node B cells were identified as GC B cells versus 7% as plasma cells. Analyses of the two populations indicated high clonal overlap and rate of somatic hypermutation suggesting draining lymph node plasma cells differentiate from draining lymph node GC B cells. There was also a varying extent of clonal overlap between spike-specific GC B cells and peripheral blood plasmablasts 1-week after booster vaccination (range: 11.5-82.5%). The possibility of peripheral blood contaminants was excluded due to the absence of CD14+ myeloid cells in aspirate samples. Taken together, the data indicates that GC B cells continue to mature over a period of at least 12-weeks following booster vaccination and raises interesting questions regarding the potential impact on GC reactions of further boosters during this time (see Table 3).


Table 3 | Examples of opportunities to leverage lymph node and bone marrow aspirate sampling to address outstanding vaccinology research questions.



This FNA work is supported by a recent LN biopsy study in the context of SARS-CoV-2 mRNA vaccine trials (mRNA-1273 or BNT162b2) which showed antigen was detectable in draining lymph node GCs > 8-weeks after booster vaccination [Day 60 (28)]. The authors also report greater follicular hyperplasia and breadth of the antibody response in mRNA vaccinees as compared to naturally infected volunteers, suggestive of a link between lymph node activity and capacity to generate strain-transcendent antibody binding. If so, it is likely that lymph node activity is similarly improved with other SARS-CoV-2 vaccines/vaccine platforms (ChAdOx1-S, Gam-COVID-Vac, BBIBP-CorV) that have likewise induced improved IgG binding to viral variants as compared to infection.



Bone marrow

Very few human vaccine studies have yet to include bone marrow aspirate sampling – more invasive than lymph node aspirate sampling – and provide direct evidence of vaccine-specific LLPC generation (4, 7, 9, 14). These reports thus provide unique insight into the capacity of various vaccine antigens to induce LLPCs which sustain humoral immunity over time through continued secretion of antibody. Difficulties in recapitulating the bone marrow (LLPC) microenvironment have rendered in vitro alternatives uncommon, with the exception of a promising bone marrow mimic model from Lee and colleagues (34, 35). Here, peripheral plasma cells are cultured with a “secretome” from cultured bone marrow mesenchymal stromal cells in the presence of APRIL to model plasma cell longevity in the bone marrow. This assay has yet to be widely adopted, but inclusion in clinical trial immunology alongside direct detection of bone marrow LLPCs may represent a future opportunity to define LLPC biomarkers by in vitro assays with peripheral blood, removing the need for bone marrow sampling.

To collect bone marrow aspirate samples, the main parameters to define are site and volume of aspirate. In the human studies highlighted below, a 30ml aspirate from the iliac crest was most commonly reported. There are some indications both that while the iliac crest may be the most practical for human studies, mononuclear cells yields may vary by anatomical site (36), and also that yield/ml may vary by syringe volume (37). Aspirate samples were almost exclusively used for ELISPOT assays, preceded by a plasma cell enrichment step with CD138+ magnetic beads (4, 7, 9, 14). Depending on mononuclear cell yields (Table 4), IgG alone or IgG/IgM/IgA responses were evaluated. ELISPOTs with matched peripheral blood samples – or probe-based flow cytometry analyses – may also be used at the same time point to ensure vaccine-specific populations detected are not artefacts from peripheral blood contaminants during sampling (9). Other authors have similarly excluded contamination through comparison of CD4+ T cell phenotypes between peripheral blood and bone marrow aspirate samples (7).


Table 4 | Average cell yields from healthy adult bone marrow aspirates. Site of aspirate and cell yields not reported in (6, 7).



A seminal observational study published in 2015 by Mei and colleagues provided the first description of vaccine-specific B cells in human bone marrow (4). Here, bone marrow was accessible from patients undergoing surgery for other purposes and available for in-depth analysis of plasma cell subsets. The authors detail a novel population of CD19- plasma cells that are enriched in the bone marrow as compared to other compartments, and possess a mature, pro-survival phenotype. Tetanus-specific cells were detected by ELISPOT within both IgG+CD19- and IgG+CD19+ bone marrow plasma cells (n=4; range: 0.27-1.56%), but the authors propose the CD19- subset as the true LLPC population. This is due to lower expression of Ki67, higher viability after 3-9 days of in vitro culture, and lower IgVH mutation frequencies as compared to blood or bone marrow CD19+ populations. However, these comparisons to other tissues were not from matched volunteers and time since vaccination for the bone marrow volunteers was not known. Regardless, these findings give intriguing insight into the diversity of vaccine-specific plasma cell populations that may reside in the bone marrow.

In the same year, Halliley and colleagues also described a CD19- LLPC bone marrow population, in a study which included analysis of antigen-specific bone marrow plasma cell populations to historical vaccination or infection (5). Here, the authors sorted plasma cells into 4 subsets based on CD19/CD38/CD138 expression from healthy adults and performed ELISPOTs to detect vaccine antigen-specific plasma cells for measles, mumps, seasonal influenza, or tetanus toxoid. Tetanus-specific responses were observed in 4/7 subjects in the CD19-CD38+CD138+ subset with a mean frequency of 0.51% of total IgG antibody-secreting cells (range: 0-1.8%). To confirm the longevity of this CD19-CD38+CD138+ plasma cell population, the authors also looked for measles- and mumps-specific plasma cells in healthy adults with high serum antibody but no history of MMR vaccination (i.e. exposure from childhood measles/mumps/rubella infection over four decades ago). In 10/11 volunteers, antigen-specific plasma cells were detected and again found almost exclusively in the CD19-CD38+CD138+ subset (mean: 0.6%; range: 0-1.8%). In contrast, responses to a more recent antigen exposure (seasonal influenza vaccination) within the last 1-11 months yielded antigen-specific plasma cells across multiple plasma cell subsets. This led the authors to conclude that short-lived plasma cells may be found within multiple compartments (most convincingly CD19+CD38+CD138+ and CD19-CD38+CD138+), whereas LLPCs are restricted to CD19-CD38+CD138+. Finally, with a single 64-year old volunteer, the authors isolated and sequenced serum measles- and mumps-specific IgG and compared these sequences to bone marrow plasma cell heavy chain complementarity-determining region 3 (HCDR3) sequences using SEQUEST. Unique measles and mumps serum IgG sequences were matched only with those from the CD19-CD38+CD138+ plasma cells, indicating serum IgG is maintained by plasma cells in this population alone. Elsewhere in the paper, the authors characterise each of these bone marrow plasma cell populations with both flow cytometry and gene expression analyses. This study remains one of the most detailed characterisations of bone marrow plasma cell heterogeneity and underscores the importance of distinguishing between CD19-/+ populations.

Further investigation by Groves and colleagues also detected differences in frequencies of vaccine-specific responses within CD19-defined subsets by ELISPOT (6). Here, the authors assayed for responses against influenza, polio, or diphtheria/tetanus/pertussis (Daptacel vaccine). A significantly higher influenza-specific frequency was observed in the CD19- population as compared to CD19+ plasma cells (n=10), whereas no differences were observed in the Daptacel-specific response. Comparisons for polio were not reported.

Also making use of prior vaccination comes a study from Eberhardt and colleagues who assessed (by ELISPOT) varicella-zoster virus (VZV)-specific plasma cells and CD4+ T cells in bone marrow aspirates in 15 adults with a median time since vaccination of 8.6 years (7). The mean frequency of VZV-specific IgG+ plasma cells in the bone marrow was 0.2%, and while VZV-specific memory B cells were detectable in peripheral blood there were no detectable VZV-specific plasma cells in circulation. Conversely, VZV-specific CD4+ T cells were identified both in peripheral blood and – at a lower frequency – in the bone marrow by IFN-γ ELISPOT following peptide pool stimulation. The authors did not have statistical power to thoroughly interrogate either the impact of number of doses (1-2) or time since vaccination (range: 0.1-19.6 years) on vaccine-specific LLPC frequency, but the results are highly encouraging for the durability of VZV vaccination.

Building on this work, Davis and colleagues subsequently investigated the induction of bone marrow plasma cells (BMPC) following seasonal influenza vaccine in a large study of 53 adults (9). Significant increases were observed by ELISPOT in influenza-specific IgG cells within the BMPC population from a mean of 0.8% pre-vaccination to 1.9% 4-weeks after vaccination. A subset of volunteers donated a third aspirate 1-year after vaccination, by which stage frequencies of influenza-specific plasma cells had returned to baseline. While the frequencies of influenza-specific IgG at 4-weeks was higher than had been previously observed with VZV or tetanus toxoid (7), this disappearance of the antigen-specific BMPC population by 1-year contributes to our understanding of why vaccine-mediated humoral immunity is not well maintained in the context of influenza. The authors also performed VDJ sequencing with blood ASCs from Day 7 post-vaccination and identified 15 clones that were expanded (>0.5% total ASC sequences). Interestingly, 14 of these clonotypes were also expanded in the BMPC population (n=4 vaccinees) indicating that for influenza vaccination the Day 7 ASC population may be a good predictor of subsequent BMPC. The sequencing data also indicated variation in the longevity of each of the clones, and that those that were lost were vaccine-induced rather than pre-existing. The lack of overlap between vaccine-induced and pre-existing clones is consistent with negative feedback mechanism of circulating antibody at the time of vaccination, i.e. binding to cognate epitope and blocking new responses. Further bone marrow studies should include similar VDJ sequencing – ideally with a method to enrich for or isolate vaccine-specific BMPCs – to further interrogate the relationship between circulating and bone marrow B cell populations.

At the time of writing, the most recent foray into bone marrow aspirate sampling in the vaccinology field came from Kim and colleagues with a COVID mRNA vaccine study [also referenced above in the context of lymph node sampling (14)]. Here, bone marrow aspirates were taken from 11 vaccinees 6-months after the booster spike mRNA vaccination. Spike-specific IgG+ BMPCs were detected in 9/11 vaccinees with a median frequency of 0.06% within the IgG-secreting BMPCs. This was significantly lower than the median frequencies of influenza-specific (1.4%) or tetanus/diphtheria-specific (0.15%) IgG+ BMPCs detected in the same samples. The authors speculate that this is due to the greater number of antigen targets and/or more frequent exposures to influenza/tetanus/diphtheria as compared to SARS-CoV-2; this raises questions about potential requirements for additional booster dosing, antigen inclusion, or adjuvant reformulation for optimisation of SARS-CoV-2 vaccine-mediated protection. It is also unclear why 2/11 vaccinees did not have detectable BMPCs. On a more encouraging note, the spike-specific BMPCs showed increased somatic hypermutation as compared to other plasma cell populations in the blood and lymph node, while hierarchical phylogenetic modelling indicates a close relationship between lymph node and bone marrow plasma cells. This data supports a model of SHM accumulation along the differentiation trajectory from early plasmablasts, to mBC and lymph node GC B or plasma cells, followed by bone marrow plasma cells with the highest SHM. At the late 6-month time points BM LLPC SHM indeed correlated with serum avidity. This work remains the only vaccine study to include paired draining lymph node aspirates and bone marrow aspirates.

Finally, while infection studies are outside the scope of this review, attention must be drawn to a further study by Turner and colleagues which sought to determine whether LLPCs were induced in the context of SARS-CoV-2 infection (38). Here, spike-specific cells were detected within IgG- or IgA-secreting bone marrow plasma cells in 15/18 study participants by ELISPOT 7-months after the onset of mild symptoms (medians: IgG ≈ 0.1%, IgA ≈ 0.02%). A further bone marrow aspirate sample was obtained from 5/19 volunteers after 11-months, where 4/5 retained detectable spike-specific LLPCs. Spike-specific LLPCs correlated modestly with serum anti-spike IgG by Spearman correlation (n=18, r=0.48, p=0.046). Of potential great significance for the design of future studies, the authors also successfully detected spike-specific LLPCs at a comparable frequency by flow cytometry using intracellular staining with fluorophore-conjugated spike probes. High expression of CD38 and negligible expression of the proliferation marker Ki67 were consistent with a stable phenotype. Influenza-specific and tetanus/diphtheria-specific LLPCs were similarly detectable in control and convalescent volunteers by both ELISPOT and (for influenza) flow cytometry. Doubts have previously been raised regarding the feasibility of probe-based detection of antigen-specific plasma cells due to the downregulation of the BCR and this work therefore provides an encouraging proof of concept for this approach.



Non-human primates

While a comprehensive picture of insights gained from lymphoid tissues sampling in NHPs is outside the scope of this review, it is informative to highlight examples of studies where this approach has provided key insights, such as on the impact of adjuvant selection and dosing schedules, or potentially informative techniques that could be employed in human studies.

Starting with examples of draining lymph node analyses, here we have multiple examples where NHP analyses have contributed to our understanding, particularly with respect to the role of antigen dosing kinetics and adjuvant selection in driving vaccine-specific B cell responses and neutralising antibodies (nAbs). This work has largely been done in the context of HIV development with rhesus macaques. nAb development requires affinity maturation which occurs in GC reactions; draining lymph node analysis can therefore provide crucial insight into the GC Tfh/B cell activation required for this process.

The first study came from Pauthner and colleagues in 2017 with a comparison of 6-week versus 8-week dosing prime/boost vaccination regimen, intramuscular versus subcutaneous vaccination routes, and conventional versus extended immunogen release using an osmotic pump [n=6-12 per group (39)]. The authors included FNA sampling of draining lymph nodes at baseline and then 3-weeks after each of the three immunisations. This longitudinal monitoring of the draining lymph nodes allowed the authors to monitor GC responses and establish that total GC B cells tracked with sera nAb. Moreover, the frequency of total GC B cells 3-weeks after the first vaccination correlated with nAb 2-weeks after the second vaccination (r=0.64, p=0.026). The longer dosing interval, subcutaneous vaccination, and prolonged immunogen release all improved GC B cell and nAb responses. With respect to the route of vaccination, by using Evans Blue the authors were further able to establish that subcutaneous vaccination induces more rapid “antigen” drainage to the lymph node, consistent with superior induction of GC B and Tfh cell responses. However, it was the prolonged immunogen release that yielded the greatest increase in GC activity and downstream nAb development, though further dose-matched comparisons and an understanding of how well Evans Blue (a small molecule dye) recapitulates formulated vaccine antigen draining is needed. A more recent study has proposed tattoo ink as an alternative for identifying the antigen draining lymph nodes within a lymph node cluster (40).

Indeed, building on this and in the context of efforts to improve neutralising antibody responses following HIV-1 vaccination, Cirelli and colleagues compared Env-specific GC B cell and Tfh cell responses in rhesus macaques following three different antigen delivery strategies [n=3-6 per group (41)]. Using longitudinal draining lymph node aspirate sampling – the first kinetic analysis of this type in any species – the authors demonstrated that antigen delivery by an osmotic pump rather than a single bolus vaccination increased peak Env-specific response in the GC approximately 5-fold, which correlated with neutralising responses at a later time point (r=0.673, p=0.0008). Of particular interest was the quality and quantity of the GC B cell response: Env-specific GC B cells not only continued to increase between 4-8 weeks after vaccination rather than plateauing as in bolus vaccinees, but showed increased clonal diversity. An escalating dose vaccination regimen (mimicking natural infection) recapitulated these osmotic pump improvements over bolus vaccination. These differences were only detectable due to direct examination of GC populations in draining lymph node aspirates and suggest an impact of dosing regimen on GC longevity.

Silva and colleagues have also investigated the capacity of saponin adjuvants to impact events in draining lymph nodes in rhesus macaques [n=6 per group (42)]. Building on the previous study which had employed Quil-A immune-stimulating complexes (ISCOMs) (41), the authors moved to a saponin/MPLA adjuvant (SMNP) which had shown improved effectiveness in mice with indications of increased lymphatic transport of antigen to GC B cells (42). Here, they observed robust Env-specific GC responses in lateral and central axillary lymph nodes near the immunisation site. In comparison to the two other adjuvants tested – cyclic dinucleotides (CDNs) and CpG – frequencies of Env-specific B cells within GC B cells were higher in SMNP-vaccinated macaques six weeks after a single vaccination (p=0.0031; medians [range]: SMNP 6.86% [4.50-12.40%], CDN 3.77% [0.90-7.35%], CpG 2.33% [1.93-2.49%]). Total Tfh cells (CXCR5hiPD1hi) and GC B cells (IgG+Ki67+Bcl6+) were also significantly higher at this time point. The authors concluded that SMNP is a potent adjuvant for humoral immunity in NHPs and therefore promising for clinical work alongside the extended delivery mechanisms described above. A direct comparison of GC longevity for the same antigen with different vaccine adjuvants or platforms (including protein) remains to be confirmed in human studies.

Finally, a study by Kelly and colleagues draws attention to the importance of understanding inconsistencies in draining lymph node GC kinetics between small and large animal models (43). Here, the authors explored the mechanisms underpinning superior humoral immunogenicity and protective efficacy of an influenza nanoparticle vaccine platform as compared to a soluble HA protein vaccination. While in mice the nanoparticle induced higher antibody responses, expanded and persistent GC reactions in draining lymph nodes, no such differences in immunogenicity were observed between platforms in a macaque model, suggesting a different impact on nanoparticle formulation on GC kinetics and output. This works underlies the importance of using relevant preclinical models to interrogate lymphoid tissue vaccinology if sampling is not feasible in clinical trials. The authors did note that HA-specific GC B cells were detectable by probe staining in 3/5 nanoparticle-vaccinated macaques as compared to 0/5 soluble protein-vaccinated macaques, but no statistical comparisons were reported for antigen-specific GC responses.

With respect to bone marrow analyses, Hammarlund and colleagues investigated the longevity of rhesus bone marrow plasma cells in the absence of memory B cells or other CD20+ B cell populations following surgical removal of spleen, lymph nodes, and CD20+ cell depletion with Rituximab(n=2-4 per group (36). The authors detected tetanus-specific bone marrow plasma cells 10 years after vaccination with an acellular diphtheria/tetanus/pertussis (DtaP) vaccine by ELISPOT, largely in the CD20-CD38+ compartment. The rhesus macaques had also received BrdU for 12 days after the 2nd/3rd/4th vaccinations. By detecting BrdU+ plasma cells in the bone marrow 10 years after vaccination and BrdU administration, the authors were also able to infer that LLPCs persist for a long time in the absence of cell division. Similar studies in humans using similar labelling approaches, for example with deuterated water, have not yet been reported but could represent an informative approach to determining half-lives of vaccine-specific LLPCs. Also of note was the uneven distribution of vaccine-specific plasma cells across bone marrow sites. The reason for this is unknown and, again, understanding the analogous distribution homing patterns in humans will be important.

Recent work by Kasturi and colleagues demonstrated that protection with an RBD-based vaccine against SARS-CoV-2 challenge was improved with use of the 3M-052-alum adjuvant, as opposed to RBD formulated with alum alone [n=4-5 per group (44)]. However, important insight into the potential duration of antibody-mediated protection was provided by serial bone marrow aspirate sampling. While a significantly higher frequency of RBD-specific IgG+ and IgA+ ASCs within the bone marrow mononuclear cell (BMMNC) population was detected 2-weeks after the final (third) vaccination with 3M-052-alum (IgG+ mean ≈15 per million BMMNC) versus alum alone (IgG+ mean ≈3 per million BMMNC), this difference was no longer present at 4-weeks post final vaccination. By this point, the means were <5 in both groups for both isotypes. The reason for this limited induction and maintenance of LLPCs in the bone marrow is not clear, but suggests relatively short life span or poor quality LLPC differentiation. This insight would not have been revealed in the absence of bone marrow sampling as the final time point of antibody analyses was also week 13, at which point titres were still maintained near peak levels (44).

These findings are in contrast to a previous 3M-052-alum study with the HIV-1 antigen Env, where vaccination drove superior LLPC seeding as compared to alum alone (45). Here, after a third dose, the mean Env-specific IgG+ ASCs per million BMMNC was >200 in the 3M-052-alum group and comparable to the RBD study with alum alone (<10 per million BMMNC). A late time point at week 65 (approximately 25 weeks after the final fourth vaccination which did not significantly boost above third dose) showed promising maintenance of these Env-specific IgG+ LLPCs with a median >100 per million BMMNCs, 10-fold higher than in alum-only NHPs. These two studies highlight that while the impact of adjuvant selection may be consistent between antigen, there may also be substantial variation attributable to the antigen. Such differences may only be revealed by bone marrow aspirate sampling in an early phase trial. Further immunokinetic work would be facilitated by larger group sizes to improve statistical power, particularly when variable assays such as ELISPOTs are employed (n=4-6 per group in work described above), and statistical comparisons between time points within a group to formally compare cellular half-lives. Whether these same kinetics translate to human trials remains to be established, but this comparison will likely be feasible soon as 3M-052-alum continues to be under clinical development.



Discussion

Human vaccination studies incorporating lymph node and bone marrow aspirate sampling have made crucial contributions to our understanding of the Tfh and B cell drivers of humoral immunity, with the majority of findings reported within the last few years. Meanwhile, exciting data from NHP studies should prompt greater creativity with vaccine dosing regimens to maximise GC responses (39, 41). Indeed, there remains enormous potential of lymphoid tissue sampling to reveal further critical mechanistic insights into vaccine immunogenicity and efficacy (Table 3).

So why are these sampling approaches not more widely deployed? One of the main barriers to lymphoid tissue sampling as compared to venous blood draws continues to be the specialist personnel required: a radiologist/ultrasound technician for lymph nodes and a haematologist for bone marrow, versus more widely accessible phlebotomists for peripheral blood. For bone marrow aspirates, volunteer discomfort is also substantially greater than during a venous blood draw. It is therefore important that, for a given study, the data sought from lymphoid samples is not available from peripheral blood samples alone. The publications detailed above provide many examples of where this is the case, but further emphasis on key themes here is warranted.

First, of particular note are studies focused on understanding the longevity of humoral immunity, a perennial issue for vaccinologists and of utmost importance for the public health impact of a given vaccine. The population of B cells mediating durability of humoral immunity are the LLPCs in the bone marrow. While the work highlighted above shows that these vaccine-specific LLPCs are detectable by ELISPOT and flow cytometry for many months or years after exposure (5, 7, 14), circulating vaccine-specific memory B cells wane below the limit of detection of these current techniques. A worthy longer-term goal would be to establish peripheral blood correlates of the bone marrow populations of interest e.g. LLPC precursors (Table 3). As emphasised by Halliley and colleagues, these analyses must take into account the heterogeneity of bone marrow plasma cell populations: LLPCs are most likely contained solely within the CD19-CD38+CD138+ compartment, while other bone marrow plasma cell populations may be more transient (5). This work will therefore likely require moving beyond ELISPOTs towards more refined single-cell analyses to interrogate bone marrow populations. Incorporating probe-based methods to detect and isolate antigen-specific cells will likely form a key component of this future work and open doors to more nuanced downstream flow cytometry and single-cell RNA sequencing analyses (16, 38). For example, as observed by Davis and colleagues, for bone marrow plasma cells to fully differentiate into LLPCs they need to not only reach the appropriate survival niche and compete for space, but also undergo gene expression and metabolic changes to promote longevity (9). If a vaccine-specific LLPC population is not established, this suggests one of these processes is not occurring sufficiently. Identifying the problem will likely rely on single cell studies to identify which subsets are successfully differentiating, and linking these to LLPC-precursor clones detectable in the blood during expansion and homing to the bone marrow.

Equally, many of the lymph node analyses highlighted above report findings that would not have been observed through peripheral blood sampling alone. In particular, there is clearly notable value in lymph node aspirate sampling for directly comparing magnitude and longevity of GC responses between vaccine antigens, adjuvants, platforms, and dosing regimens. Longer GC reactions are almost certainly beneficial and likely increase LLPC output, as well as drive greater affinity maturation to improve serum IgG avidity and likelihood of bnAb development. The persistence of GCs may also be of great relevance for optimising booster dosing intervals.

With respect to BCR repertoire, paired analyses of peripheral memory B cells (pre-booster) and GC B cells (post-booster) will likely yield insights into the relationship between primary and secondary responses. Preclinical studies have shown that memory B cell populations vary in their capacity to re-enter GCs during subsequent exposures (46, 47) but limited comparable work has been done in humans (Table 4). In scenarios where post-vaccination serum IgG responses have high peaks but are poorly maintained, it would be highly useful to determine whether the underlying mechanism relates to poor recruitment of memory B cells back to GCs. Likewise, there is an opportunity to link LLPC clones to these earlier activation events. Understanding these clonal dynamics may thus have a profound impact of vaccination strategies.

To conclude, the burgeoning field of lymphoid tissue vaccinology holds exciting opportunities to understand the cellular interactions and populations underpinning humoral immunity. While existing data is dominated by work in the SARS-CoV-2 field, the sampling and analysis approaches are translatable to a wider range of vaccine candidates and pathogens.
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