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“Autophagy Mechanisms in human BM LLPC Generation & Maintenance” 
 
Long-lived plasma cells (LLPC) sustain antibody production autonomously in the absence of 
antigen re-stimulation. Macroautophagy (conventionally referred to as autophagy) is a 
conserved lysosomal recycling strategy that integrates cellular metabolism and adaptation to 
stress. Mechanisms of quiescent long-lived cell survival have been linked to autophagy by 
efficient energy metabolism and limitation of endoplasmic expansion.  Recently, studies in 
mice with defective mechanisms of autophagy showed that they could not maintain 
LLPC but have normal magnitude of the original plasmablast response demonstrating 
autophagy regulates plasma cells (PC) survival1. Whether autophagy mechanisms are 
important in longevity of human PC is unknown due in part to inability to distinguish LLPC from 
short-lived ones.  
 
In our lab, we have identified a human LLPC compartment in the bone marrow. Syndecan 
(CD138) is often used to identify human BM plasma cells but this surface maker alone cannot 
distinguish short- from long-lived plasma cells. Using a combination of multidimensional flow 
cytometry, morphology and Elispot analysis of human BM subsets, our lab has identified a 
discrete subset of plasma cells (defined as CD19-CD138+CD38hi) that represents the 
human LLPC compartment as it concentrates viral specificities from exposures over 40 
years ago. This subset differs from the other CD138+ plasma cell compartment 
(CD19+CD138+CD38hi) which does not contain long-lived viral specificities and likely 
represents short-lived subsets. Furthermore, our data shows the RNA transcriptional profile of 
the LLPC is unique compared to other human BM plasma cell subsets with differential 
signatures of survival, angiogenesis, homing, and most interestingly, autophagy.   
 
In this application, we hypothesize that the autophagy mechanisms are important in 
human LLPC generation and maintenance and will (1) validate the autophagy RNA 
transcriptional pathways in LLPC, (2) characterize the autophagy phenotype of LLPC by 
electron microscopy (EM), and (3) identify key markers of autophagy and survival 
through flow cytometry and confocal microscopy. With excellent collaborators, Drs. Wang 
and Brown, (Pediatrics) and Dr. Kemp (Georgia Tech), we propose to compare autophagy 
mechanisms in the human BM LLPC vs other short-lived PC compartments in aims below. 
 
Aim 1.  We propose that the human LLPC display a unique transcriptional signature for 
autophagy and survival.   We have performed RNA seq on 3 different BM plasma cell subsets 
from 5 adult BM subjects. We will compare autophagy transciptional profiles (supervised) from 
LLPC vs. other BM PC subsets in addition to using unsupervised multivariate approaches (with 
Dr. Kemp). Autophagy genes will be validated by RT-PCR.   
 
Aim 2. We will characterize the autophagy phenotype of the LLPC by EM. Cells undergoing 
autophagy develop phagophores, autophagosome, autophagolysosomes, and lysosomes. 
These structures will be quantified in human BM LLPC vs. other PC subsets (with Dr. Wang). In 
early PC differentiation, Xbp-1 is involved in the unfolded protein response (UPR) that drives 
endoplasmic reticular (ER) expansion. Autophagy pathways often limit ER volume; thus, 
upregulation of autophagy in LLPC will decrease ER volume compared to other BM PC subsets.  
 
Aim 3. We will identify key markers of autophagy and survival through flow cytometry 
and confocal microscopy. Autophagy signaling pathways affect nucleation, expansion, fusion, 
and degradation. Key proteins involved in this process include LC3BII and GABARPL1 with 
eventual pH changes of the vacuoles. These markers will be measured by flow and confocal 
(with Dr. Brown).  
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SIGNIFICANCE: Although vaccination has saved 2-3 million children each year, many children 
die from diseases where vaccines are not available or are ineffective due to short-lived 
protection. Long-lived plasma cells provide protective antibodies for a life-time and is the 
basis of vaccinology yet the molecular mechanisms that promote LLPC survival are not 
known. For example, short-lived protection of the acellular pertussis vaccination has led to a 
rise in acute Bordetella pertussis infections and ultimately a spike in infant mortality. As the first 
to describe the phenotype of the BM LLPC in humans, our lab is perfectly poised to understand 
the mechanisms that encourage LLPC generation and maintenance. Better vaccines lead to 
better childhood health. Thus, understanding how LLPC survive will lead to new approaches for 
novel vaccine adjuvants (such as mTOR inhibitors) that promote LLPC and eventually lead to 
better vaccines with long-lasting protection.  
 
BACKGROUND: Introduction:  Cells responsible for antibody production are called antibody 
secreting cells (ASC) which includes both plasmablasts (recently generated ASC) and plasma 
cells. High affinity IgG and IgA antibodies help resolve primary infections and are also 
maintained for extensive time periods to fight re-encounters with the same antigen2,3. These 
sustained antibody levels are likely provided by on-going secretion from differentiated B lineage 
cells located elsewhere, because immunoglobulin protein per se is cleared from the circulation 
in days-to-weeks 4,5.  Indeed, adult human bone marrow (BM) is a major source of antibody 
secretion that, unlike that from blood, spleen, or lymph nodes, is unresponsive to further 
antigenic stimulation 6, strongly suggesting that most BM ASC are terminally differentiated.  
However, the identity of human LLPC, established in the mouse by BM studies of virus-reactive 
ASC 7, remains to be established and validated in humans.  Thus far, most investigators rely on 
the expression of CD138 by resident BM PC 8 to assume that this compartment contains a 
reservoir of LLPC.  Yet, this notion remains to be validated and specific markers capable of 
discriminating bona fide LLPC from merely terminally differentiated PC remain to be identified. 
 
Mouse models of LLPC: After the first demonstration of mouse LLPC in a LCMV model 7, mouse 
models continue to provide mechanisms of long-term ASC survival in the BM. For example, 
bone marrow factors have been implicated for ASC survival such as IL-6 and APRIL 9 and not 
BAFF 10. Other markers have also been shown to be important for BM ASC survival. They 
include CD28 11, BCMA 12, CD44 13, LFA-1 and VLA-4 14, CD93 15, FcγIIb 16, and Mcl-1 17. 
Whether these soluble factors, receptors, or potential cell-cell-interaction also play a significant 
role in human LLPC differentiation, evolution, or survival will require additional studies.  
 
Autophagy as a survival mechanism in mouse LLPC:  Autophagy is a self-digestive process that 
engulfs cytoplasmic contents in a double-membrane vesicle that ultimately fuses with 
lysosomes for degradation and recycling 18. The balance of growth factors and catabolic 
metabolism through its major mechanism of autophagy are intrinsically linked. Within the cell, 
the nutrient sensor mTOR, coordinates the crosstalk among nutrient availability, grow factor 
signaling, and autophagy, and during nutrient deficiency and ER stress, autophagy maintains 
cell metabolism and survival. Interestingly after vaccination, B cells proliferate and differentiate 
to ASC. Many ASC apoptose but some ASC migrate to the BM and eventually persist for a life-
time. Mechanisms that determine ASC survival has remained elusive until recent mouse models 
demonstrated that long-lived BM plasma cells require autophagy to sustain immunoglobulin 
production and survival 1.  A conditional deficiency of ATG5-/- in B cells showed that its BM PC 
had larger ER and more ER stress signaling with higher immunoglobulin secretion compared to 
wild type (WT). In addition, Atg5-/- animals had defective long-lived antibody responses, and 
fewer BM LLPC than WT mice despite normal germinal center responses suggesting autophagy 
does not affect early differentiation but is important for survival and maintenance of LLPC.  This 
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study showed how autophagy is essential for survival of LLPC in mice, but whether autophagy 
was important in the generation and maintenance of human LLPC has not been explored.  
 
Identification of the human LLPC in the BM: To understand molecular mechanisms of LLPC 
such as autophagy, the phenotype of the human LLPC is needed. Using surface markers such 
as CD138 has its limitations and identifies a heterogeneous morphology of plasma cells. In our 
lab, using a combination of multi-color flow cytometry and Elispot analysis, we have carefully 
dissected human BM PC subsets. From 4 BM PC subsets pop A, B, C, and D, we have 
identified one unique subset pop D (CD19-CD138+CD38hi) which is nonproliferating, 
morphologically distinct, and contains specificities to viruses from exposures decades 
ago. This is the first description of a bone fide human LLPC (Halliley J, et al submitted, see 
preliminary data). Together, with collaborators in Pediatrics (CHOA) and Georgia Tech, we plan 
to demonstrate mechanisms of autophagy in the LLPC compartment in humans.  
 
PRELIMINARY DATA:  
Human BM PC heterogeneity:  At steady state, we identified 4 BM subsets in healthy adults 
between the ages of 21-70 years:  pop A: CD19+CD138-CD27hiCD38hi, pop B: 
CD19+CD138+CD27hiCD38hi, pop C: CD19-CD138-CD27hiCD38hi, pop D: CD19-
CD138+CD27hiCD38hi (figure 1). To show 
evidence that these are subsets of plasma cell 
lineage, we measure upregulation of Blimp-119 
and down-regulation of pax5. In addition, each 
flow sorted population secretes IgG by Elispots.  
Morphologically, the majority of the BM PC are 
large, have eccentric nuclei, distinct nucleoli and 
a prominent golgi zone (cytoplasmic clearing 
adjacent to the nucleus). Interestingly, BM pop D 
are distinct from pop A & B. Pop D has uniformly 
very round nuclei, condensed chromatin, distinct 
golgi zones, with 74% of pop D with a single 
vacuole (figure 2). In contrast, <1% of pop B 
contained vacuoles.  The vacuoles (or 
lysosomes) found only in pop D warranted further 
investigation.  
 
Identification of human LLPC: We isolated 
PC subsets and measured long-lived viral 
specificities (measles and mumps 
encountered >40 years ago resulting from 
natural measles and mumps infection) in 
the BM of older subjects who did not 
receive MMR vaccine (figure 3). We 
studied older patients since routine 
administration of MMR 
(measles/mumps/rubella) vaccine was 
introduced in the early 1970’s. From a total 
of 11 adult BM samples (age 45-70 y old), 
mumps or measles specificities were 
detectable ONLY in BM pop D (figure 4). Interestingly, repeat exposures to influenza antigens 
are common due to circulating viruses and annual vaccination, and flu-specificities are found in 
predominantly in BM pop B and D and sometimes A (figure 3).  As controls, total IgG are noted 

Figure 4.  LLPC in pop D. 
Eleven adults (age > 42y) 
had BM PC subsets A, B, C, 
D and naïve (N) sorted and 
measles or mumps IgG 
ELispots were measured.  

Figure 3.  Identification of the 
LLPC population in human BM. 
From human BM PC subsets A-D 
were sorted with naïve (N) and IgG 
mumps, measles and influenza -
specificities are shown.  

Figure 1.  BM PC subsets from a 
healthy adult. CD19+ASC subsets 
(lower right) pop A, B and CD19-
ASC subsets (lower left) pop C, D.  
(Pop Z is not PC subset). Figure 2. Morphology of 

BM PC subsets with 
Wright stain.  
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in all BM PC subsets. Control naïve B cells secrete no antibodies. Based on morphological 
differences, and measles and mumps specificities, BM pop D represents the LLPC.  
 
RNA seq transcriptome analysis of BM PC subsets including LLPC: To identify transcriptional 
signatures characteristic of LLPC, the transcriptomes were analyzed using RNA sequencing of 
sorted BM pop A, B, and D at steady state in 5 separate healthy adults (mean ages 44 ± 12 y, 
25 to 54 y). (Pop C was not collected due to variable BLIMP-1 staining or low numbers, data not 
shown). Gene expression was log-transformed 
and selected based on pairwise comparisons 
from 20,692 available genes for false discovery 
rate (FDR) <0.00001 and absolute value of fold 
change > 1.5. In the BM, 74, 768, and 154 
genes were differentially expressed between 
pop A&B, A&D, and B&D respectively.  
 
A major transcriptional finding was the higher 
expression in pop D of Deptor, an mTOR 
inhibitor, central for autophagy which in turn 
enables the adaptation of multiple stress 
pathways required for plasma cell survival 
(metabolic, proteasome, ER and oxidative 
stress) 20 1. Deptor and LAMP3 were 
preferentially expressed in pop D vs. pop B (figure 5). Specific 
ATG genes: ATG10, ATG2a, and ATG8 (GABARAPL1) were 
preferentially upregulated in pop D vs. A with only ATG8 
differentially upregulated in pop D vs. B suggesting that 
autophagy pathways could be involved in survival of LLPC. 
 
Electron microscopy of LLPC (pop D) vs. other BM subsets 
(pop B):  Limited numbers of viable flow sorted human BM PC 
subsets raise concerns for electron microscopy. Our preliminary 
data shows that we are able to obtain enough cells from pop B 
& D from adult BM samples. These early EM experiments show 
autophagosomes and lysosomes in the pop D, the LLPC 
(figure 6). 
 
RESEARCH PLAN:  
We propose that autophagy pathways regulate the balance between survival and ER stress 
from antibody secretion in human LLPC. Identifying autophagy signatures by transcriptional 
signatures, organelle structures, and intracellular markers in the LLPC will link autophagy to 
mechanisms of plasma cell survival.   
Aim 1.  We propose that the human LLPC display a unique transcriptional signature for 
autophagy and survival. Our preliminary analysis of 5 healthy subjects shows a distinct gene 
expression signature of the LLPC subset compared to other BM ASC subsets (pop A & B). 
Deptor, an mTOR inhibitor and master nutrient sensor important for regulating autophagy, is 
highly expressed in pop D compared to other BM subsets (figure 5). This aim will validate the 
autophagy profile in LLPC.   
Experimental design:  We will identify genes involved in autophagocytic processes that are 
differentially expressed in the LLPC (pop D) vs. pop A & B. Autophagocytic genes will be 
divided into categories of induction, nucleation, and maturation. Gene signatures will be 

Figure 5.  Autophagy signature of pop D (LLPC). Five BM 
samples were sorted for PC subsets pop A, B, & D and RNA 
seq was performed as recommended by the manufacturer 
(Illumina IIx). Columns and rows correspond to cell populations 
(samples) and genes, respectively.  RPKM (reads per kb 
transcript length per million total reads) values of selected 
genes for various categories are shown as color following log 
transformation (after paired-end reads were averaged).  For 
each pairwise, group comparison within a tissue type, positive 
false discovery rates (pFDR) were computed from the p values 
based on the method of Storey (2002).  Symbols to the right of 
the heat map indicate whether the pFDR <0.0001 for the 
specified gene (row) and comparison (column). 

Figure 6.  Representative EM of 
human LLPC (pop D) from healthy 
adult BM. Pop D shows 
autophagosome and lysosome. 
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confirmed by RT-PCR. In addition, analyses of covariance among other gene pathways with 
autophagy signatures will be evaluated. They include pathways often regulated by autophagy: 
UPR, proteasome degradation, protein synthesis, immunoglobuin expression, mitochondrial 
dysfunction, oxidative stress, and alteration of energy metabolism such as insulin pathways.   
Expected Results: In pop D, we expect upregulation of the autophagy pathway, decrease in the 
UPR, immunoglobulin synthesis, and decreased glucose utilization compared to pop A & B.  
Alternatives: It is possible that additional samples will be needed for validation. In this event, we 
will use frozen RNA samples from 3 ASC subsets from an additional 5 subjects’ BM samples if 
an increase in sample size is needed.   
Aim 2. To characterize the autophagy phenotype of LLPC EM: This aim will provide clear 
insight into the cell architecture of LLPC as we will measure key processes that are involved in 
survival strategies of these cells, such as autophagocytic process and ER volume. Preliminary 
results of the BM sorted ASC subsets from one healthy adult demonstrate feasibility (figure 6).   
Experimental design: We will collect 3-5 additional BM samples, sort for 3 BM ASC subsets, and 
prepare for EM studies. Statistical quantification of the autophagocytic vesicles 
(autophagosome, lysosomes, lipid droplets, etc.) in 10-20 representative EM images of pop D 
vs other BM subsets will be analyzed in a blinded fashion.  In addition, we will measure total ER 
volume of the pop D vs. pop A & B.  Finally, we will study the possible relationship between ER 
volume and number of autophagocytic vesicles to confirm these relationships.    
Expected Results: We expect to find a statistically significant difference in the number of 
autophagocytic vesicles in pop D vs. pop B or A. We also expect decreased ER volume LLPC 
compared to the other CD138+ BM subsets (pop B).   
Alternatives: Pop A or B may also contain autophagocytic vesicles since a gradation of Deptor 
expression is shown in pop A, B, and D with highest in pop D. Therefore, we may not find a 
absence vs. presence of these organelles. Thus, we may identify a gradual decrease of ER 
volume with an increase number of autophagocytic vesicles but we anticipate that statistical 
difference in pop D vs. other subsets.   
Aim 3. To identify key markers of autophagy and survival through the use of flow 
cytometry and confocal microscopy: Transcriptome analyses show differences between 
LLPC and the other BM subsets. Among those genes include Deptor, ATG2, ATG10, ATG8, 
LAMP3 involved in induction, nucleation, and maturation of successful autophagy.   
Experimental design: We will use flow cytometry to confirm the differential expression levels of 
genes involved in cell survival with both surface (genes) and intracellular (genes) markers. At 
the same time, confocal microscopy of the different cell subsets will allow us to stain and 
localize specific proteins that are necessary for the late stages in the formation of the 
autophagosome (LC3BII, GABARAPL1 (ATG8)). Both techniques will confirm the transcriptome 
profiles and localize the autophagosome in LLPC.   
Expected Results: We expect to find for the first time higher concentrations of proteins involved 
in the autophagosome formation in LLPC of human bone marrows in healthy subjects.    
Alternatives: It is possible that the results will not show presence or absence but a statistical 
difference in frequency of autophagosomes between LLPC vs. other BM subsets. The 
increasing frequency of autophagosomal vesicles may provide insight into differential duration of 
survival. Thus, correlation of autophagosome frequencies in Pop D, B, and A may represent 
long, intermediate vs. short-lived BM PC.  Additional in vitro survival experiments may be 
required to test this hypothesis.  
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