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Age-dependent hepatic lymphoid organization 
directs successful immunity to hepatitis B
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Hepatitis B virus (HBV) is a major human pathogen that causes immune-mediated hepatitis. Successful immu-
nity to HBV is age dependent: viral clearance occurs in most adults, whereas neonates and young children usu-
ally develop chronic infection. Using a mouse model of HBV infection, we sought mechanisms underpinning 
the age-dependent outcome of HBV and demonstrated that hepatic macrophages facilitate lymphoid organiza-
tion and immune priming within the adult liver and promote successful immunity. In contrast, lymphoid orga-
nization and immune priming was greatly diminished in the livers of young mice, and of macrophage-depleted 
adult mice, leading to abrogated HBV immunity. Furthermore, we found that CXCL13, which is involved in B 
lymphocyte trafficking and lymphoid architecture and development, is expressed in an age-dependent man-
ner in both adult mouse and human hepatic macrophages and plays an integral role in facilitating an effective 
immune response against HBV. Taken together, these results identify some of the immunological mechanisms 
necessary for effective control of HBV.

Introduction
HBV is a noncytopathic hepadnavirus that chronically infects 
approximately 400 million people and results in approximately  
1 million deaths annually by causing liver failure and liver cancer 
(1). The chance of clearing acute HBV infection (a-HBV) is age 
dependent. 95% of adult-acquired infections lead to spontane-
ous clearance, whereas more than 90% of exposed neonates and 
approximately 30% of children aged 1–5 years fail to resolve a-HBV 
and develop chronic infection (2–4). Individuals infected during 
infancy represent the group that harbors the majority of the global 
reservoir of HBV and exert the greatest healthcare impact. A strong, 
diverse, adaptive immune response is considered essential for HBV 
clearance, but the mechanisms by which an individual orchestrates 
a favorable response are just beginning to be understood (5–8).

Unraveling the basis of failed immunity in infants and children 
remains experimentally challenging, owing to the intrinsic limita-
tions of tissue acquisition from children and the fact that at-risk 
infants in developed countries receive immune globulin and vac-
cination to prevent infection. Development of robust, accessible 
animal models that allow mechanistic understanding of HBV 
disease pathogenesis has also been challenging because infection 
of hepatocytes with HBV is restricted to humans, and there are 
no known hepatotropic viruses that infect mice. To overcome this 
challenge, and to begin to explore the immune mechanisms that 
underlie the age-dependent divergent disease outcomes during 

a-HBV, our laboratory has developed transgenic mouse models 
that faithfully mimic key aspects of age-dependent immunological 
differences in human HBV clearance and persistence (9). We use 
HBV transgenic mice (2 distinct transgenes and lineages) crossed 
with mice genetically deficient in the recombinase Rag1, which 
is required to generate mature B and T cells (10). This produces 
mice that express viral antigens or intact virus in the liver in the 
absence of an adaptive immune system. Adoptive transfer of 108 
HBV-naive, syngeneic splenocytes from WT C57BL/6 or geneti-
cally modified mice reconstitutes the immune system, mimics key 
features of primary HBV infection, and allows us to test the impor-
tance of cellular and soluble mediators in HBV pathogenesis (11). 
In this model, adoptive transfer of adult splenocytes into adult 
HBV transgenic mice crossed with Rag1–/– mice (referred to here-
in as HBVtgRag1–/– mice) leads to an effective immune response 
and disease kinetics comparable to those seen in adult humans 
experiencing self-limited a-HBV. Specifically, these reconstitut-
ed adult mice generate an immune response with a strong and 
diverse HBV-specific T cell response and serological profile that 
precisely mirrors immune responses seen in the peripheral blood 
of patients who clear HBV infection: positive for HBV core anti-
body (HBcAb+) and HBV surface antibody (HBsAb+) and negative 
for HBV surface antigen (HBsAg–). On the other hand, adoptive 
transfer of adult splenocytes into young HBVtgRag1–/– mice leads 
to an immune response and disease kinetics strikingly similar to 
those seen in young humans who develop persistent HBV infec-
tion. Specifically, reconstituted young mice generate an immune 
response with a weak and narrow HBV-specific T cell response and 
a HBcAb+HBsAb–HBsAg+ serological profile, which mirrors that 
seen in the peripheral blood of patients who develop chronic HBV 
infection (9). Analysis of young and adult HBVtgRag mice has 
revealed minimal differences in antigen expression in the plasma 
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or liver (9, 11). Both age groups demonstrate overlapping plasma 
levels and hepatocyte expression of HBsAg as well as plasma viral 
load, demonstrating that the observed age-related differences in 
immune response in our model likely do not result from differ-
ences in antigen expression.

Using this age-dependent model, we have made progress in elu-
cidating potential mechanisms by which the immaturity of the 
immune-priming environment of effector lymphocytes in new-
borns and young children contributes significantly to the attenu-
ated immune response that leads to HBV persistence and chronic 
hepatitis. Specifically, we have previously shown that IL-21 pro-
duction in the adult liver by T follicular helper (TFH) cells facili-

tates an effective immune response to HBV and that TFH cell 
number and IL-21 production is greatly diminished in the livers of 
young mice that mount an ineffective immune response to HBV. 
Furthermore, the finding that TFH IL-21 production and the 
HBV-specific adaptive immune response are liver centered invokes 
the hypothesis that physiologically important hepatic immune 
priming may be required for natural HBV immunity.

To explore this hypothesis, and to dissect the cellular and molecular 
pathways underlying age-dependent differences in immune priming, 
we used liver-specific immune assays coupled with immunofluores-
cent staining of liver sections and genome-wide microarray analysis 
to compare livers from young and adult HBVtgRag1–/– mice. Here, 

Figure 1
HBV-specific immune responses that direct viral clearance are first detected in the liver. (A–L) HBV-specific T cell responses from lymphocytes 
isolated from the liver (A, E, and I), HLNs (B, F, and J), spleen (C, G, and K), and MLNs (D, H, and L) at days 3 (A–D), 8 (E–H), and 12 (I–L) after 
adoptive transfer of adult WT syngeneic splenocytes into adult HBVEnvRag1–/– mice. Lymphocytes were stimulated with pools of HBV-envelope–
derived peptides (15-mer peptides; pools of 12–14). IFN-γ was measured by ELISpot assay; representative data from 2 separate experiments are 
shown. Samples were pooled from n ≥ 3 mice. Pool 0 denotes no peptide; solid lines denote baseline IFN-γ levels; arrowheads denote a positive 
response ≥2× that of baseline. (M and N) Il21 mRNA expression levels from lymphocytes isolated from adult HBVEnvRag1–/– and Rag1–/– liver, 
spleen, MLNs, HLNs, and ILNs at 3 (M) and 8 (N) days after adoptive transfer of WT syngeneic splenocytes. Il21 levels relative to Gapdh were 
determined by real-time PCR. Data are representative of at least 2 independent experiments. **P = 0.0048, unpaired 2-tailed Student’s t test.
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we found that age-dependent development of hepatic macrophages  
facilitated lymphoid organization and immune priming within the 
adult liver, and this lymphoid organization and immune priming 
was greatly diminished in the livers of young mice or of adult mice 
depleted of macrophages. In addition, our data indicated that age-
dependent expression of CXCL13 by adult hepatic macrophages 
contributes to liver lymphoid organization in mice and humans and 
facilitates effective immune responses to HBV.

Results
HBV-specific T cell responses and HBV-dependent IL-21 expression are 
first detected in the liver, followed by detection in LNs and spleen. Previous 
studies using our mouse model demonstrated that HBV-specific 

immune responses are found in the liver, but not in the spleen, at  
8 days, 3 months, and 1 year after adoptive transfer of splenocytes 
(9). To identify the site of immune priming and the anatomical 
locations of the immune response, we examined HBV-specific T cell 
responses during the first 12 days after adoptive transfer of 108 adult 
syngeneic splenocytes into adult HBV transgenic mice expressing 
the small, middle, and large envelope proteins of HBV crossed with 
Rag1–/– mice (referred to herein as HBVEnvRag1–/– mice). The follow-
ing sites were sampled: mesenteric LNs (MLNs; located between the 
gut and the liver), liver parenchyma, hepatic LNs (HLNs; which drain 
the liver) (12), and spleen. To detect HBV-specific T cell responses 
from the various sites, we stimulated lymphoid cells with pools of 
peptides spanning the entire HBV envelope proteins and assayed 

Figure 2
Adult mice show increased macrophage-associated lymphocyte organization, parenchymal lymphocyte clustering and IgG+ B cells compared to 
young mice. (A) Representative images (original magnification, ×10) of macrophage (green; F4/80) and nuclei (DAPI; blue) staining of adult (top) 
and young (bottom) HBVEnvRag1–/– mouse liver tissue prior to adoptive transfer. (B–E) Representative images (original magnification, ×10) of F4/80 
(green), DAPI (blue), and CD4 (red; B), CD8 (red; C), B cells (red; B220; D) or DCs (red; CD11c; E) staining of adult and young HBVEnvRag1–/– liver 
tissue 8 days after adoptive transfer of adult WT splenocytes. Livers were frozen in OCT, sectioned at 6-μm thickness, and acetone fixed. (G–I)  
15 random frames per section of n ≥ 3 mice per group were scored by an unbiased pathologist for (G) number of macrophage clusters, defined as 
≥4 macrophages adjacent to each other/frame; (H) number of CD4+, CD8+, B220+, or CD11c+ cells interacting with macrophage cluster/frame; and 
(I) number of parenchymal CD4+, CD8+, B220+ lymphocyte clusters/frame (≥2 cells within 15 μm). (F) Representative images (original magnifica-
tion, ×10) of IgM (green), IgG (red; pooled IgG1 and IgG2b), and DAPI (blue) staining of adult and young liver tissue 21 days after adoptive transfer.  
(J) 15 random frames per section of n ≥ 3 mice per group were scored by an unbiased pathologist for number of IgM+ cells, IgG+ cells, and IgG 
clusters per frame (≥2 cells within 15 μm). Scale bars: 30 μm. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired 2-tailed Student’s t test.
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for HBV-specific IFN-γ production using ELISpot assays (9). These 
ELISpot assays demonstrated that liver parenchyma–derived T cells 
mounted an IFN-γ response to multiple HBV envelope peptides 3 
days after adoptive transfer, with a more robust response present 
after 8 and 12 days (Figure 1, A, E, and I). In contrast, we failed to 
detect HBV-specific responses in the spleen, MLN, or HLN at 1, 2, 3, 
or 8 days after adoptive transfer and only began to detect HBV-spe-
cific responses at these sites after 12 days (Figure 1, B–D, F–H, and 
J–L, and data not shown). The lack of HBV-specific T cells responses 
at various immune sites did not reflect a paucity of lymphocytes or 
a lack of antigen expression, since we could easily detect HBsAg and 
repopulation with B and T cells 3 and 8 days after adoptive transfer 
at these sites (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI68182DS1).

To confirm these results and validate our ELISpot assay, we also 
studied HBV-specific T cell responses at the various sites using the 
same peptide pools, but using an IFN-γ cytokine capture assay. 

This assay corroborates our ELISpot assay results that we could 
not detect HBV-specific T cells in the spleen or LNs 3 days after 
adoptive transfer, and further suggests that HBV-specific CD4+  
T cells may begin to populate the HLNs that drain the liver on 
day 8 after adoptive transfer. Furthermore, the assay demonstrat-
ed that both CD4+ and CD8+ T cells contributed to the antiviral 
response (Supplemental Figure 2 and data not shown).

Our previous studies demonstrated increased, HBV-specific Il21 
mRNA expression and IL-21 cytokine secretion from TFH cells 
in the livers of adult mice 8 days after adoptive transfer of adult 
splenocytes compared with young mice as well as a critical role for 
IL-21 in a-HBV outcome (9). To determine the timing and site of 
this HBV-specific IL-21 expression, we analyzed the relative expres-
sion of Il21 mRNA from the lymphoid cells derived from the MLN, 
HLN, liver parenchyma, and spleen as well as the anatomically dis-
tant inguinal LNs (ILNs) of adult HBVEnvRag1–/– and Rag1–/– mice 
3, 5, and 8 days after adoptive transfer. We observed no evidence of 

Figure 3
Macrophage depletion leads to an immune response that correlates with chronic HBV and impaired hepatic lymphocyte organization. (A and B) 
HBVEnvRag1–/– mice were treated (tx) or not (untx) with clodronate liposome (Clod) on days –1, 2, 5, 8, and 11 and adoptively transferred on day 0  
with WT splenocytes (n ≥ 5). (A) Plasma ALT. (B) Percent mice with circulating HBsAg. (C) HBV-specific T cell responses, identified by IFN-γ 
ELISpot, using liver-derived lymphocytes from clodronate-treated or untreated HBVEnvRag1–/– mice 4 months after transfer. Data are pooled 
from n ≥ 4 mice. Pool 0 denotes no peptide; solid and dotted lines denote baseline IFN-γ levels for untreated and clodronate-treated, respectively; 
arrowheads denote a positive response ≥2× that of baseline. (D) Il21 mRNA expression levels in liver-derived lymphocytes from untreated and 
clodronate-treated adult HBVEnvRag1–/– mice, untreated adult Rag1–/– mice, and untreated young HBVEnvRag1–/– mice 8 days after transfer, 
determined by RT-PCR (n ≥ 2). Data are representative of 3 (A, B, and D) or 2 (C) independent experiments. (E–G) Images (original magnifica-
tion, ×10) from untreated and clodronate-treated HBVEnvRag1–/– liver stained for (E) macrophages (green; F4/80) and nuclei (blue; DAPI) before 
adoptive transfer (day 0) or for F4/80 (green), DAPI (blue), and either CD4 (red; F) or B220 (red; G) 8 days after transfer. (H) 15 random frames 
from each section of n ≥ 3 mice per group were scored by an unbiased pathologist for number of parenchymal CD4+, CD8+, and B220+ lympho-
cyte clusters per frame (≥2 cells within 15 μm). Scale bars: 30 μm. **P < 0.01, unpaired 2-tailed Student’s t test.
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HBV-specific Il21 expression 3 and 5 days after adoptive transfer 
(Figure 1M and data not shown). At 8 days after adoptive transfer, 
we observed HBV-independent increases in Il21 mRNA expression 
in all LNs and spleens of both Rag1–/– and HBVEnvRag1–/– mice 
(Figure 1N), suggesting a de novo population of these lymphoid 
organs with adoptively transferred lymphocytes. However, signifi-
cant HBV-specific Il21 expression at day 8 was only observed in 
the liver. Taken together, our previous studies (9) and the present 
findings further support our hypothesis that immune priming 
and differentiation occurs within the liver; moreover, this immune 
priming and differentiation is not as effective in the young liver.

Adult mice develop hepatic clusters of macrophages, DCs, B cells, and 
T cells during the acute immune response to HBV that are significantly 
diminished in young liver. To seek evidence for hepatic lymphoid 
organization and immune priming during a-HBV, we used immu-
nofluorescent staining of liver sections from young and adult 
HBVEnvRag1–/– mice before and after adoptive transfer of synge-
neic adult splenocytes. Before adoptive transfer of splenocytes, the 
both young and adult HBVEnvRag1–/– livers had similar numbers 
of F4/80+ macrophages that were uniformly distributed as single 
cells throughout the liver (Figure 2A). However, 8 days after adop-

tive transfer, adult livers had extensive intraparenchymal clus-
ters of macrophages, which coclustered with CD4+ T cells, CD8+  
T cells, B cells, and highly arborized CD11c+ cells morphologically 
consistent with DCs (Figure 2, B–E, G, and H). These intraparen-
chymal clusters were located between the portal triads and cen-
tral veins and never merged with portal triads; thus, they were not 
extensions of portal-based inflammation. Macrophage clustering 
and colocalization with T and B cells and DCs were significantly 
diminished in young livers (Figure 2, B–E, G, and H). Furthermore, 
adult livers displayed intraparenchymal clusters of CD4+ T cells, 
CD8+ T cells, B cells, and DCs that was significantly reduced in 
young livers (Figure 2, B–E and I). Finally, consistent with our pre-
vious finding of diminished class-switched B cells in young livers 
(9), we observed equivalent numbers of IgM+ cells in young and 
adult liver parenchyma, but significantly diminished numbers of 
IgG+ cells and IgG+ clusters in young livers, 21 days after adoptive 
transfer (Figure 2, F and J).

Hepatic macrophages in adult mice facilitate lymphoid organization 
and an effective immune response to HBV. Because F4/80+ macro-
phages appear to anchor the lymphoid organization within the 
adult liver, we tested the hypothesis that depletion of these cells 

Figure 4
Age-dependent hepatic CXCL13 expression is by macrophages and is susceptible to clodronate liposome treatment. (A) Cxcl13 mRNA expres-
sion relative to Gapdh in 3- and 8-week-old Rag1–/– mouse liver, spleen, MLNs, and HLNs. (n ≥ 4). Data are representative of 2 independent 
experiments. (B) Relative Cxcl13 mRNA expression from liver of WT mice at the indicated ages. Data are representative of 2 independent experi-
ments. (C) Cxcl13 mRNA expression levels in whole liver of adult and young Rag1–/– mice and in sorted cell populations from adult Rag1–/– liver. 
Cells were isolated using liver perfusion with DNAse and collagenase, followed by gradient separation and sorting for viability and the following 
parameters: NK cells (NK1.1+), DCs (NK1.1–CD11c+CD11b–), granulocytes/monocytes (NK1.1–CD11b+F4/80–). Macrophages were enriched by 
liver perfusion with DNase and collagenase followed by 30-minute incubation with pronase, isolated using a 25:50 Percoll gradient and sorted for 
CD45+CD11b+F4/80+. Hepatocytes were isolated and sorted by flow cytometry based on size and viability. (D) Cxcl13 mRNA expression in unsort-
ed macrophage-enriched fractions from liver of Rag1–/– mice aged 3, 5, and 8–12 weeks (n = 3). (E) Relative CXCL13 levels in whole liver and 
macrophage-enriched fractions from adult Rag1–/– mice that were untreated or treated with clodronate 48 hours earlier (data are representative 
of 3 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney test (A) or Tukey’s ANOVA multiple-comparison test (B and D). 
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before adoptive transfer would alter the lymphoid organization 
and subsequent immune response to HBV in the adult mice. To 
deplete macrophages, adult HBVEnvRag1–/– mice were treated 
with 5 doses of clodronate liposomes (13) every 3 days, begin-
ning 1 day before adoptive transfer of adult splenocytes. This 
treatment led to hepatic depletion of F4/80+ cells for 15 days 
(Figure 3E and data not shown). Adult HBVEnvRag1–/– mice 
that received clodronate treatment still developed the HBV-
dependent hepatitis observed in untreated mice, as evidenced 
by an increase in plasma alanine transaminase (ALT; Figure 3A). 
However, similar to the young mice, they failed to clear HBsAg 
from blood and did not develop the robust and epitopically 
diverse HBV-specific memory T cell response typically seen in 
adult mice (Figure 3, B and C). Furthermore, in adult mice that 
received clodronate treatment, HBV-specific Il21 mRNA levels in 
liver lymphoid cells were diminished, to levels similar to those 
observed in young mice (Figure 3D).

Immunofluorescent staining of livers revealed that clodronate 
depletion also significantly altered the lymphoid organization 
observed in HBVEnvRag1–/– adult liver 8 days after adoptive trans-
fer. Specifically, the number of parenchymal CD4+ T cell clusters 
and B220+ B cell clusters were significantly diminished in clodro-
nate-treated mice (Figure 3, F–H), which suggests that lymphocyte 
clustering observed in the adult mice is dependent on hepatic mac-
rophages. Interestingly, the number of CD8+ T cell clusters was not 
affected by macrophage depletion.

Age-dependent expression of the chemokine CXCL13 is observed exclu-
sively in the liver, and CXCL13 is predominantly produced by hepatic 
macrophages. In order to identify differences in the liver immune 
priming environment of adult and young mice, we used genome-
wide microarray analysis to compare livers from young and adult 
HBVEnvRag1–/– mice before adoptive transfer of a naive immune 
system. Data from microarray analysis, verified by real-time PCR, 
demonstrated a 9-fold increase in mRNA expression of the che-

Figure 5
Absence of CXCR5 on donor splenocytes or CXCL13 in recipient mice impairs the adaptive immune response to HBV. (A) Percentage of mice with 
circulating HBsAg and (B) plasma HBsAb titer in HBVEnvRag1–/– recipients of WT or Cxcr5–/– adult splenocytes. (C) HBV-specific T cell responses 
4 months after transfer, identified by IFN-γ ELISpot, using liver-derived lymphocytes from HBVEnvRag1–/– recipients of WT or Cxcr5–/– splenocytes. 
Data are pooled from n = 4 mice. Pool 0 denotes no peptide; solid and dotted lines denote baseline IFN-γ levels for WT and Cxcr5–/– recipient mice, 
respectively; arrowheads denote a positive response ≥2× that of baseline. (D) Plasma ALT levels in HBVEnvRag1–/– mice adoptively transferred 
with WT or Cxcr5–/– splenocytes. (E) HBsAb response in WT and Cxcr5–/– mice vaccinated with HBV vaccine (Merck) intramuscularly at days 0  
and 56. (F) Percentage of mice with circulating HBsAg and (G) plasma ALT levels in HBVEnvRag1–/– or HBVEnvRag1–/–Cxcl13–/– mice adop-
tively transferred with WT splenocytes. Data are representative of 3 (A, B, and D) or 2 (C and E–G) independent experiments. (H) Macrophage 
clustering in HBVEnvRag1–/– mouse liver tissue 8 and 21 days after adoptive transfer of WT or Cxcr5–/– splenocytes and in HBVEnvRag1–/– or 
HBVEnvRag1–/–Cxcl13–/– mouse liver tissue 8 days after adoptive transfer of WT splenocytes. **P = 0.0014, Fisher’s χ2 test.
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mokine ligand Cxcl13 in the livers of adult (8–10 weeks old) versus 
young (3 weeks old) HBVEnvRag1–/– mice (data not shown). This 
age-dependent Cxcl13 expression was not dependent on HBV anti-
gen expression, nor was it particular to Rag1–/– mice, because we 
also observed age-dependent expression in the livers of young and 
adult Rag1–/– and WT C57BL/6 mice (Figure 4, A and B). This age-
dependent difference in expression was not observed in the spleen 
or LNs; both young and adult mice had ample Cxcl13 expression 
in these lymphoid organs (Figure 4A). Thus, age-dependent dif-
ferences in CXCL13 expression appear to be unique to the liver. 
Strikingly, expression of Cxcl13 in the liver begins to increase to 
adult levels by 5 weeks of age (Figure 4B), the same time at which 
the immune response to HBV in our model begins to convert to 
the adult response. Inflammation in the liver 8 days after adoptive 
transfer of splenocytes did not alter hepatic expression levels of 
Cxcl13 in young and adult mice (Supplemental Figure 3F).

To determine which cells in the adult liver express CXCL13, we 
isolated parenchymal and nonparenchymal cells from the livers 
of Rag1–/– mice and purified the various cell populations using 
fluorescent-activated cell sorting (FACS). Relative levels of Cxcl13 
mRNA from adult and young whole Rag1–/– mouse liver compared 
with sorted populations from adult Rag1–/– mouse liver were deter-
mined. Cxcl13 expression in the liver was predominantly in liver 
macrophages (CD45+CD11b+F4/80+) and was not detected in liver-
derived NK cells, DCs, granulocytes, or hepatocytes (Figure 4C). 
Similarly, Cxcl13 was not expressed by liver sinusoidal endothelial 
cells or hepatic stellate cells (Supplemental Figure 3, A–E). In addi-
tion, expression of Cxcl13 in macrophage-enriched fractions was 
significantly age dependent (Figure 4D).

To further demonstrate that hepatic expression of CXCL13 is 
exclusively on nonparenchymal cells, and largely on liver macro-
phages, we depleted macrophages using intravenously administered 
clodronate liposomes (13). Immunofluorescent staining of liver sec-
tions from adult Rag1–/– mice 24 hours after clodronate injection 
demonstrated effective depletion of all F4/80+ cells from the liver 
(Figure 3E). Determination of Cxcl13 mRNA derived from clodro-
nate-treated and untreated mice demonstrated that clodronate 
decreased Cxcl13 expression in whole liver, and in the liver-derived 
macrophage/monocyte enriched fraction, to levels below those 
detected in young mice (Figure 4E and Supplemental Figure 4).

CXCL13 in recipient mice and its receptor, CXCR5, on transferred spleno-
cytes are necessary for an effective immune response to HBV. Expression 
of CXCL13 (along with its receptor, CXCR5) in LNs is involved in 
B lymphocyte trafficking, lymphoid architecture development, and 
B cell Ig class switching (14–16). While CXCR5 and CXCL13 are 
involved in these processes, it should be noted that Cxcr5–/– mice are 
not globally impaired in their ability to develop antibody responses, 
and can still produce normal levels of switched Ig isotypes in vivo 
after immunization with antigen in adjuvant or in response to viral 
infection, and can develop functional germinal centers (16–18). 
This knowledge, together with our data demonstrating age-depen-
dent expression of hepatic CXCL13, led us to test the hypothesis 
that CXCR5 engagement with its ligand contributes to the type of 
immune response that leads to HBV clearance.

We first adoptively transferred splenocytes from adult Cxcr5–/– 
or WT C57BL/6 (Cxcr5+/+) mice into adult HBVEnvRag1–/– mice. 
Flow cytometric analysis of the spleens and livers from these mice 
8 days after adoptive transfer revealed that both experimental 

Figure 6
Absence of CXCR5 on donor splenocytes alters hepatic IgM+ and IgG+ B cell number and B cell clustering. (A) Frequency of B cells (plasma 
cells and plasmablasts) determined by FACS analysis on liver lymphocytes isolated 3 weeks after transfer of HBVEnvRag1–/– or Rag1–/– mice 
with WT or Cxcr5–/– splenocytes. Percentage of IgG1, IgG2b, and IgG3 B cell (B220loTCR-β–CD44hi) and IgM B cell (B220loTCR-β–) popula-
tions were identified in liver-derived lymphocytes by FACS (n = 3). (B) Representative images (original magnification, ×10) from liver tissue of 
HBVEnvRag1–/– mice 21 days after adoptive transfer of WT or Cxcr5–/– splenocytes, stained for IgM (green), IgG (red; IgG1 and IgG2b pooled) 
and DAPI (blue). (C and D) 15 random frames per section of n ≥ 3 mice per group were blinded and analyzed for (C) number of IgM+ and IgG+ 
cells and (D) number of IgG lymphocyte clusters (≥2 cells within 15 μm) and IgG+ cells associated with ≥1 IgM+ cell per frame. (E) Represen-
tative image (original magnification, ×40) from HBVEnvRag1–/– mouse liver stained for F4/80 (green), IgG (red; IgG1 and IgG2b pooled), and 
DAPI (blue) 21 days after adoptive transfer of WT syngeneic splenocytes. Scale bars: 30 μm (B); 10 μm (E). *P < 0.05, **P < 0.01, ***P < 0.001, 
Tukey’s ANOVA multiple-comparison test (A) or unpaired 2-tailed Student’s t test (C and D).
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groups demonstrated similar homing and lymphocyte distribu-
tion in these organs (Supplemental Figure 5). However, in con-
trast to mice receiving WT splenocytes, Cxcr5–/– splenocyte recipi-
ents generated an ineffective immune response to HBV (Figure 5,  
A–C), similar to that generated in young HBVtgRag1–/– mice (9), 
which fails to result in HBV immunity. Specifically, expression 
of CXCR5 on adoptively transferred adult splenocytes was nec-
essary for clearance of HBsAg and for HBsAb seroconversion  
(Figure 5, A and B). In addition, ELISPOT analysis on liver lym-
phoid cells revealed that expression of CXCR5 on adoptively 
transferred adult splenocytes was necessary to generate an epit-
opically diverse HBV-specific memory T cell response (Figure 5C). 
Expression of CXCR5 was therefore crucial for HBV immunity.

Similar to mice that received clodronate liposomes to deplete 
macrophages before adoptive transfer, HBVEnvRag1–/– mice that 
received Cxcr5–/– splenocytes developed acute hepatitis, as evi-
denced by a rise in serum ALT (Figure 3A and Figure 5D). This 
result intriguingly suggests that mechanisms leading to hepato-
cyte injury in the adult mice are different from the mechanisms 
responsible for HBsAb seroconversion, diversification of HBV-spe-
cific T cell responses, and clearance of HBsAg. Furthermore, simi-
lar to young mice and humans (9), adult Cxcr5–/– mice mounted a 
slightly dampened, but present, antibody response to HBsAg after 
administration of the human HBV vaccine and also generated 
HBcAb (Figure 5E and data not shown). This result demonstrates 
that Cxcr5–/– mice and young mice, like young humans, can gener-
ate a B cell response that leads to HBsAb production if the antigen 
is presented in the spleen and LNs, but suggests that if the antigen 
is presented naturally in the liver, when CXCR5 is absent, a HBsAb 
response cannot be generated (Figure 5, B and E).

To determine the reciprocal role of CXCL13, the ligand for 
CXCR5, in facilitating an effective immune response to HBV, we 
crossed HBVEnvRag1–/– mice to Cxcl13–/– mice (referred to herein 
as HBVEnvRag1–/–Cxcl13–/– mice). Consistent with our hypothesis, 

adoptive transfer of WT splenocytes into adult 
HBVEnvRag1–/–Cxcl13–/– mice demonstrated 
that these animals also did not clear HBsAg 
from plasma (Figure 5F). Similar to adult 
HBVEnvRag1–/– mice that received Cxcr5–/– sple-
nocytes, HBVEnvRag1–/–Cxcl13–/– mice did devel-
op HBV-dependent acute hepatitis (Figure 5G). 
Unfortunately, the lineage of HBVEnvRag1–/–

Cxcl13–/– mice is extremely fragile, and they do 
not survive beyond 18 days after adoptive trans-
fer, precluding long-term studies in this strain.

To uncover the role of CXCR5-CXCL13 inter-
action in the immune response to HBV, we ana-
lyzed lymphoid organization, IL-21 expression, 
and B cell class switching in the livers of adult 
HBVEnvRag1–/– mice reconstituted with WT 
or Cxcr5–/– splenocytes and in HBVEnvRag1–/– 

Cxcl13–/– mice reconstituted with WT adult 
splenocytes. At 8 days after adoptive transfer, we 
observed similar macrophage clustering, similar 
B and T cell colocalization to the macrophage 
clusters, and similar hepatic IL-21 expression 
in all experimental groups (Figure 5H and Sup-
plemental Figure 6). However, at 21 days after 
adoptive transfer, at the time we typically began 
to detect HBsAb, there was a distinct difference 

in the number of IgM+ and IgG+ B cells. We conducted flow cyto-
metric analysis of Ig expression on plasma cells and plasmablasts 
derived from the livers of adult HBVEnvRag1–/– mice that received 
WT or Cxcr5–/– splenocytes. Cxcr5–/– splenocyte recipients had 
greater numbers of plasma cells and plasmablasts expressing IgM, 
whereas WT splenocyte recipients had greater numbers of B cells 
that had differentiated into IgG1-, IgG2b-, and IgG3-expressing 
cells (Figure 6A). The increased presence of IgM+ and IgG+ plasma 
cells and plasmablasts in the liver was HBV specific, as we observed 
very few of these cells in the liver of adult Rag1–/– recipients of WT 
splenocytes (Figure 6A). Furthermore, immunofluorescent staining 
of liver sections from HBVEnvRag1–/– recipients of WT or Cxcr5–/–  
splenocytes confirmed this result: 21 days after adoptive transfer, 
there was a significantly greater number of IgM+ cells in the livers of 
Cxcr5–/– splenocyte recipients and a significantly greater number of 
IgG+ cells in the livers of WT splenocyte recipients (Figure 6, B and 
C). These immunofluorescent stains of liver sections also revealed 
a significant difference in the lymphoid organization of IgM+ and 
IgG+ B cells in the liver. Liver sections from HBVEnvRag1–/– mice 
acquired 21 days after adoptive transfer of WT splenocytes revealed 
that IgG+ B cells clustered in the liver parenchyma and coclustered 
with IgM+ B cells (Figure 6, B and D). Furthermore, these IgG+ 
clusters colocalized to the macrophage clusters (Figure 6E). In 
contrast, liver sections acquired from HBVEnvRag1–/– mice 21 days 
after adoptive transfer of Cxcr5–/– splenocytes revealed significantly 
fewer IgG+ B cell clusters and significantly fewer IgG+ and IgM+ B 
cell coclusters (Figure 6, B and D).

CXCL13 is expressed in an age-dependent manner in human liver and is 
increased in the plasma of patients who clear HBV. Because of the essen-
tial role played by CXCR5 and CXCL13 in the development of an 
effective HBV immune response in our mouse model, we hypoth-
esized that the age-dependent expression of CXCL13 observed 
in mouse liver might also hold true for humans. To address this 
question, we obtained paraffin-embedded human liver biopsy tis-

Figure 7
Adult human liver shows greater CXCL13 expression than infant liver, and plasma CXCL13 
expression is significantly increased in patients who clear a-HBV. (A) Fresh frozen paraf-
fin-embedded liver biopsy samples from infants 6–12 weeks of age (n = 24) and adults  
(n = 9) was used for RNA extraction using RNeasy FFPE kit (Qiagen), and expression of 
CXCL13 relative to GAPDH was determined by RT-PCR. Infant liver tissue was obtained 
from liver biopsies performed to rule out a diagnosis of biliary atresia; of the 24 patients, 
6 had biliary atresia, 6 had neonatal nonviral hepatitis, 10 had nonspecific liver disease 
diagnosis including cholestatsis and ductopenia, and 2 had an unknown diagnosis. Adult 
liver samples were obtained from donor livers prior to transplant. (B) Plasma was obtained 
from 5 patients with confirmed a-HBV infection at the time of active hepatitis and with con-
firmed subsequent viral clearance and HBsAb seroconversion, 5 patients with confirmed 
chronic HBV infection exhibiting a flare of disease, and 6 healthy volunteers and assayed 
for CXCL13 levels by ELISA. ***P < 0.001, Mann-Whitney test; **P = 0.0016, Tukey’s ANOVA 
multiple-comparison test.
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sue from infant (6–12 weeks of age) and adult livers. Analysis of 
relative expression of CXCL13 mRNA derived from these samples 
revealed clear evidence that CXCL13 was also expressed in an age-
dependent manner in human liver (Figure 7A).

To further validate a role for CXCR5 and CXCL13 in facilitating 
human HBV clearance, we studied plasma from patients infected 
with HBV to identify an association between plasma CXCL13 lev-
els and an effective immune response in humans clearing a-HBV. 
We were encouraged to use this approach because studies in the 
mouse model demonstrated that plasma expression of CXCL13 
reflected levels in the liver (Supplemental Figure 7). We found 
that adult patients with acute hepatitis B had increased plasma 
CXCL13 levels during the primary immune response to HBV 
that resulted in viral clearance and immunity (Figure 7B). These 
increased CXCL13 levels did not accompany the futile immune 
response that occurs during a hepatitic flare in patients chronical-
ly infected with HBV (Figure 7B). Thus, increased plasma CXCL13 
was distinctly observed in HBV patients who go on to clear the 
virus, and was not seen in chronically infected patients with simi-
lar HBV viral loads and liver inflammation.

Discussion
Our present findings indicated that efficient HBV-specific adap-
tive immunity is primed in the liver, with CXCL13+ macrophages 
playing a key role. The concept of immune priming in the liver is 
controversial, with contradictory results depending on the model 
or antigen used. In general, hepatic immune priming is considered 
to favor immune tolerance rather than immune activation (19–22).  
However, given the prevalence of hepatotropic viral pathogens 
and the liver’s demonstrated ability to naturally protect itself, the 
organ must possess the capacity to facilitate immune activation 
and antiviral immunity. The data presented here, and in our earlier 
experiments (9), collectively identified key age-dependent capabili-
ties in mechanisms of hepatic immune activation.

Several research groups have studied hepatic immune activation 
using models of liver transplantation, transgenic expression of 
antigen in the liver, viral-induced liver inflammation, and analysis 
of hepatic lymphocytic aggregates after immunization at a distant 
site. These careful studies have demonstrated that CD4+ and CD8+ 
T cell responses can be primed in the liver (23–28). There was no 
evidence of B cell priming or differentiation in the liver in any of 
these models. Taken together, these studies support the hypoth-
esis that immune priming can occur in the liver and that this prim-
ing is likely important in pathophysiological conditions in which 
infection is primarily in the liver.

In addition, research groups have addressed the role of macro-
phages in controlling viral infection and also in contributing to 
liver disease pathogenesis. Splenic red pulp macrophages have 
been found to be necessary for T cell priming to vesicular sto-
matitis virus (29), and splenic marginal zone macrophages have 
been shown to contribute to early control of lymphocytic chorio-
meningitis virus infection (30). However, in these studies, there 
was no evidence supporting a role for macrophages in lymphoid 
organization. Furthermore, other research groups have demon-
strated various roles for macrophages in liver injury or liver repair. 
In many models of liver injury, hepatic macrophages themselves 
are involved in the pathogenesis of the liver damage (31). In other 
models, macrophages play a role in preventing severe hepatic 
immunopathology (32) or in limiting the severity of liver immu-
nopathology (33). These particular mechanisms do not appear to 

play a significant role in our HBV model, as mice lacking macro-
phages or CXCL13/CXCR5 did not have a significant difference 
in liver injury, despite developing significantly different immune 
responses to HBV (Figures 3, 5, and 6).

Here, we demonstrated that the immune response to the hepa-
totropic pathogen HBV was both primed and centered in the liver. 
Using a mouse model of primary infection, we showed that T cells 
specific to multiple HBV epitopes were first detected in the liver 
3 days after adoptive transfer of splenocytes, followed by an even 
more robust response after 8 and 12 days. On day 3 after adop-
tive transfer, we did not detect HBV-specific T cell responses in the 
spleen or in LNs at sites entering and draining the liver. On day 8, 
in addition to the robust HBV-specific T cell response detected in 
the liver, we began to detect a small HBV-specific response from 
CD4+ T cells in the HLNs that drain the liver. It was not until 12 
days after adoptive transfer that we began to detect a systemic 
HBV-specific response in the spleen and LNs. Additionally, HBV-
specific IL-21 expression, which we have previously shown to be 
produced principally by TFH and to be crucial in facilitating effec-
tive HBV-specific T cell and B cell responses (9), was only detected 
in the liver, beginning 8 days after adoptive transfer, and was not 
detected in the spleen or LNs.

Furthermore, we demonstrated that the ability to prime an effec-
tive hepatic immune response to HBV was greatly influenced by 
development of lymphoid organization within the liver, which 
facilitates the colocalization of antigen-presenting cells with B 
and T cells. Our data suggest that lymphoid organization in liver 
is distinct from lymphoid organization in conventional lymphoid 
organs and that CXCL13-producing liver macrophages are a 
crucial component, important for the generation of an effective 
immune response to HBV. We also demonstrated that macro-
phage-associated lymphoid organization was greatly diminished 
in young mice that have ineffective immune priming to HBV. A 
potentially broader role for hepatic macrophages in facilitating 
lymphoid organization and immune activation in humans is sup-
ported by the prior observation that macrophage and T cell clus-
ters form in the livers of patients with chronic hepatitis C (34).

Our data suggest a model in which age-dependent differences 
in liver macrophages profoundly influence hepatic lymphoid 
organization and immune priming, and an effective adaptive 
immune response to HBV. This is supported by our observation 
that young HBVEnvRag1–/– mice developed minimal macro-
phage-associated lymphoid organization after adoptive transfer 
of splenocytes and by our demonstration that selective depletion 
of hepatic macrophages led to impaired B and CD4+ T cell clus-
tering in the liver and an ineffective immune response to HBV. 
In addition, the chemokine CXCL13 was expressed in an age-
dependent manner predominantly on liver macrophages, and the 
timing of expression of CXCL13 synchronized with the ability 
to convert an ineffective immune response to HBV to an effec-
tive response. Furthermore, the CXCR5-CXCL13 interaction was 
necessary for HBsAg clearance, HBsAb production, and HBV-spe-
cific T cell diversity, and increased plasma CXCL13 levels were 
associated with a primary immune response to HBV that result-
ed in viral clearance and immunity. Taken together, these data 
strongly suggest that CXCL13 expression on liver macrophages 
is crucial for effective priming and natural immunity to HBV. 
Although CXCL13 expression in macrophages has previously 
been shown to be important in lymphoid neogenesis in mouse 
and human inflammatory diseases (35–37) and in production 
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Methods
Mice. WT C57BL/6 mice were purchased from Jackson Laboratory. Cxcr5–/– 
mice were provided by J. Cyster (UCSF, San Francisco, California, USA; ref. 17).  
HBVtgRag1–/– mice were previously described (11). HBVEnvRag1–/– mice 
were generated using HBV-Env+ mice (lineage 107-5D; gift from F. Chisari, 
Scripps Research Institute, La Jolla, California, USA; ref. 41) backcrossed to 
Rag1–/– C57BL/6 mice for 15 generations. HBVEnvRag1–/– mice contain the 
entire envelope (subtype ayw) protein-coding region under the constitutive 
transcriptional control of the mouse albumin promoter. HBVEnvRag1–/–

Cxcl13–/– mice were generated by crossing Cxcl13–/– C57BL/6 mice (gift 
from J. Cyster; ref. 42) to HBVEnvRag1–/– mice.

Young (3–4 weeks old, preweaned) or adult (8–12 weeks old) HBVtgRag1–/–  
mice were given 108 syngeneic splenocytes from WT or mutant mouse 
strains via tail vein injection. Young mice were weaned at date of transfer. 
Clodronate-treated mice received clodronate liposomes on days –1, 2, and 
5 relative to adoptive transfer (designated day 0) for day-8 experiments, or 
on days –1, 2, 5, 8, and 11 for long-term experiments. Cl2MDP (clodronate) 
was a gift of Roche Diagnostics GmbH. Clodronate liposomes were pre-
pared as described previously (13).

Mice were followed for alanine aminotransferase using an ALT-L3K kit 
(Diagnostic Chemicals Ltd.) on a Cobas Miras Plus analyzer (Roche Diagnos-
tics). Mice were kept in microisolater cages in a specific pathogen–free facility.

HBV protein assays. Plasma was collected and assayed for the presence of 
HBsAg by using ETI-MAK 2Plus (DiaSorin). HBsAb results are reported as 
positive or negative, determined by parameters programed in Diasorin plate 
reader. HBsAb was quantified by using ETI-AB-AUK-PLUS and ABAU stan-
dard set (Diasorin). This kit detects all isotypes of HBsAb and has a sensitivity 
of 5 MIU/ml. Plasma from transferred HBVRplRag mice was assayed for pres-
ence of HBcAb using ETI-AB-COREK-PLUS (Diasorin). All assays were read 
on ELx800 (Biotek Instruments Inc.) at a wavelength of 450 nm and 630 nm.

Cell preparations. Liver lymphocytes were isolated from the liver after 
perfusion and digestion. Briefly, mice were perfused via the inferior vena 
cava using digestion media (RPMI-1640 containing 5% FBS; 0.2 mg/ml 
crude collagenase, Crescent Chemical; and 0.02 mg/ml DNase I, Roche 
Diagnostics). Livers were forced through a 70-μM filter using a syringe 
plunger, and debris was removed by centrifugation (30 g for 3 minutes). 
Supernatants were collected and centrifuged for 10 minutes at 650 g. Lym-
phocytes were isolated using a 60:40 Percoll gradient. Lymphocytes from 
spleen and LNs were isolated using standard methods.

Macrophage fractions were isolated from the liver after 3 minutes of 
perfusion via the inferior vena cava using digestion media as above. Livers 
were chopped with scissors and incubated at 37°C in a shaking water bath 
in pronase digestion media (RPMI-1640 containing 5% FBS; 0.44 mg/ml  
pronase, Roche Diagnostics; and 0.008 mg/ml DNase I, Roche Diagnos-
tics). Livers were gently passed through a 70-μM filter, and debris was 
removed by centrifugation (30 g for 3 minutes). Supernatants were col-
lected and centrifuged for 10 minutes at 650 g. Lymphocytes were isolated 
using a 25:50 Percoll gradient. Hepatocytes were isolated from Rag1–/– 
mouse livers by collagenase perfusion followed by density gradient cen-
trifugation. Viability of hepatocytes was ≥95%.

T and B cell assays. Peptide pool ELISpot assays were performed using IFN 
ELISpot (BD Biosciences) assays plated with lymphocytes from liver, spleen, 
and LNs isolated from transferred animals as above, and combined 1:1 with 
Rag1–/– splenocytes to provide optimal antigen-presenting cell stimulation. 
15-mer peptides were generated across the whole envelope protein in 11-aa 
overlaps (Sigma-Aldrich). Pools included 11–14 peptides (9). Cells were 
incubated with peptides at a final concentration of 5 μg/ml per peptide.

Liver lymphocytes were prepared as described above. Cells were stained 
according to standard protocols with combinations of the following anti-
mouse antibodies (all from eBioscience): allophycocyanin-conjugated or 

of natural antibodies (38), to our knowledge, a role for macro-
phage-derived CXCL13 in promoting B and T cell responses to 
infection has not previously been described.

As with all animal models of human disease, certain aspects of 
natural HBV infection are not captured. For example, the mice are 
not naturally infected by HBV, but are producing transgenic HBV 
proteins and virions. Also, in the HBV transgenic model, a naive 
immune system abruptly encounters hepatocytes expressing high 
levels of HBV antigen or virions. Whether kinetic differences in 
HBV infection and replication also influence the evolution of the 
immune response, as suggested by a different animal model (39), 
remains to be determined.

HBV seems to have evolved to exploit a gap in the development 
of hepatic immune competence by infecting neonates and young 
children. Why an early gap in hepatic immunity exists is unclear, 
and it is noteworthy that HBV does not tend to affect gene flow 
and therefore should not exert host selection pressure that might 
propel faster constitution of the adult hepatic immune state, even 
in highly HBV-prevalent populations. However, our present study 
identified previously unrecognized, and potentially therapeutical-
ly relevant, components of hepatic immunity by associating their 
age-dependent absence and presence with, respectively, persistence 
and clearance of viral antigenemia.

Finally, the age-dependent expression of CXCL13 in the liver 
of both mice and humans strongly suggests that the ineffective 
immune response to HBV observed in young mice and young 
humans is partially explained by this phenomenon. However, 
the observation that macrophage-associated lymphoid organi-
zation seems largely intact in both adult HBVEnvRag1–/– recipi-
ents of Cxcr5–/– splenocytes and in HBVEnvRag1–/–Cxcl13–/– 
recipients of WT splenocytes, but greatly diminished in young 
mice, suggests that expression of additional age-dependent mol-
ecules on liver macrophages also facilitates lymphoid organiza-
tion and effective immune priming in the liver. This hypothesis 
is also supported by our observation that lymphocyte clustering 
and IL-21 production is greatly diminished in mice depleted of 
macrophages, but largely intact in both adult HBVEnvRag1–/– 
recipients of Cxcr5–/– splenocytes and in HBVEnvRag1–/–Cxcl13–/– 
recipients of WT splenocytes.

Taken together, our prior (9) and present results begin to define 
some of the immunological mechanisms necessary for effective 
viral control and some of the potential molecular and cellular 
pathways to target for potential therapeutic benefit. Our current 
data suggests that initiation of an effective immune response to 
HBV occurs in hepatic lymphoid structures that support initiation 
of primary T cell responses, including classical CD4+ and CD8+ cell 
priming, as well as priming of TFH cells. In addition, the hepatic 
lymphoid structures support differentiation and maturation of 
B cell responses. Notably, a recent publication suggests that sig-
naling via TLR9 might contribute to the development of these 
hepatic lymphoid structures (40). However, the hepatic lymphoid 
structures that are a consequence of TLR9 agonists are not com-
posed of the full spectrum of cells we observed in the adult mice in 
response to HBV, and they do not facilitate initiation of primary T 
cell responses or contain B cells. Deeper knowledge of the constel-
lation of cells and signals that regulate these processes will facili-
tate greater mechanistic understanding of the development and 
regulation of liver immunity and identify new potential therapeu-
tic targets that may lead to treatment strategies for HBV, for other 
hepatotropic pathogens, and for liver inflammation.
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and the following primers: Gapdh forward, 5′-GGAGCGAGACCCCAC-
TAACA-3′ ;  Gapdh reverse, 5′-ACATACTCAGCACCGGCCTC-3′ ; 
Il21 forward, 5′-TCATCATTGACCTCGTGGCCC-3′; Il21 reverse, 
5′-ATCGTACTTCTCCACTTGCAATCC-3′; Cxcl13 forward, 5′-TGGC-
CAGCTGCCTCTCTC-3′; Cxcl13 reverse, 5′-TGGAAATCACTCCAGAA-
CACCTAC-3′. Real-time PCR was performed on 7300 Real Time PCR 
System (Applied Biosystems).

Patient samples and CXCL13 RNA expression. 24 infants (6–12 weeks of 
age) were liver biopsied to rule out biliary atresia at UCSF Medical Cen-
ter (San Francisco, California, USA). Of these patients, 6 were found to 
have biliary atresia, 6 had neonatal nonviral hepatitis, 10 had a nonspe-
cific liver disease diagnosis including cholestatsis and ductopenia, and 
2 had an unknown diagnosis. 9 adult liver biopsies were obtained from 
donor liver prior to transplantation at California Pacific Medical Center 
(San Francisco, California, USA). RNA from formalin-fixed, paraffin-
embedded tissue was extracted using RNeasy FFPE kit (Qiagen). 150 ng  
isolated RNA was reverse transcribed using Quantifast Probe assay 
(Qiagen) and amplified using specific probes and primers to human 
GAPDH and CXCL13 (proprietary; Qiagen). Plasma was obtained from  
5 patients with confirmed a-HBV infection at the time of active hepatitis 
and confirmed subsequent viral clearance and HBsAb seroconversion, 
5 patients with confirmed chronic HBV infection exhibiting a flare of 
disease, and 6 healthy volunteers and assayed for CXCL13 levels by ELISA 
(R&D Systems). Blood samples were drawn by a licensed phlebotomist 
alongside clinical serology samples. Serology, serum HBV DNA, and ALT 
data were obtained from the patients’ clinical medical records with per-
mission. Acutely infected HBV patients had confirmed high viral loads 
(2.442 × 107 ± 2.439 × 107), elevated ALT (922–2,400 U/l), HBsAg+ and 
IgM core antibody–positive, and a clinical history of exposure. Chronic 
HBV patients exhibiting a flare in disease had confirmed high viral loads 
(3.058 × 108 ± 3.047 × 108), elevated ALT (92–1,090 U/l), HBsAg+, and 
known history of chronic infection. Uninfected controls had confirmed 
low ALT (16–32 U/l) and were HBsAg–.

Statistics. Statistics were performed using Prism (Graph Pad Software). 
Statistical significance was determined by 2-tailed unpaired Student’s t test 
(when 2 groups were compared), Mann-Whitney test (for patient studies), 
or Tukey’s ANOVA multiple-comparison test (when more than 1 group 
was compared). For significance of HBsAg clearance, in which 1 of 2 possi-
ble outcomes was compared (clearance versus no clearance), Fisher’s χ2 test 
was used. In all figures with multiple n, data are presented as mean ± SEM.  
A P value less than 0.05 was considered significant.

Study approval. UCSF Institutional Animal Care and Use Committee 
approved all animal experiments done in this study. California Pacific 
Medical Center Institutional Review Board and UCSF Institutional Review 
Board approved all human studies. Subjects provided informed consent 
prior to their participation in the study.
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biotinylated anti–TCR-β (clone H57-597), PerCPCy5.5-conjugated anti-
B220 (clone RA3-6B2), Pacific Blue–conjugated anti-CD19 (clone 57-0193), 
efluor450-conjugated anti-CD44 (clone IM7). After surface staining, cells 
were fixed and permeabilized using Cytofix/Perm (BD Biosciences) and 
stained with PE-conjugated anti-CD138 (clone 281-2; BD Biosciences) for 
40 minutes at 4°C. Cells were washed and stained overnight at 4°C with 
PECy7-conjugated anti-IgM (clone 11/14; eBioscience) along with FITC-
conjugated anti-IgG1 (clone SB77e; Southern Biotech), FITC-conjugated 
anti-IgG2b (clone R12-3; BD Biosciences), or FITC-conjugated anti-IgG3 
(clone R40-82; BD Biosciences) or appropriate isotype-matched control 
Ig. Cells were analyzed using an LSRII flow cytometer (BD) and FlowJo 
software (Tree Star). IFN-γ capture assay was performed according to the 
manufacturer’s instructions (Miltenyi Biotec) with a 4-hour incubation 
time with HBV peptide pools as described above and previously (9). Fol-
lowing the IFN-γ capture protocol, cells were stained for TCR-β, CD4, and 
CD8 and analyzed as described above.

Isolation of liver cell populations. Liver lymphocytes were isolated and stained 
as described above. Single cells were sorted using FACS Aria (BD Biosci-
ences) for viability and the following markers for the given populations: 
NK1.1+ for NK cells; NK1.1–CD11c+CD11b– for DCs; NK1.1–CD11b+F4/80– 
for granulocytes/monocytes. Macrophages were isolated from the macro-
phage-enriched protocol and stained as described above. Single cells were 
sorted for viability and CD45+F4/80+CD11b+. Hepatocytes were isolated as 
described above and sorted for viability and size. All populations were con-
firmed by flow cytometry prior to RNA isolation. RNA was isolated using 
RNeasy micro kit and amplified for CXCL13 as described below.

Liver immunofluorescent stain. Liver tissue was collected and flash frozen 
in OCT using liquid nitrogen bath. Frozen tissue was cut at 0.6 μm and 
fixed in acetone for 10 minutes. Tissue was stained using Perkin Elmer 
TSA signal amplification kit. Briefly, slides were thawed and rehydrated 
in a PBS bath and incubated for 1 hour in 1% H2O2 and 0.1% sodium 
azide on a shaker at room temperature. Slides were washed and blocked 
with Fc Block (BD Bioscience) and 1% rat serum (eBioscience) for 1 hour 
at room temperature (RT) in a humidifying rack. Slides were washed 
and incubated at RT with streptavidin block for 20 minutes, followed 
by biotin block for 20 minutes (Streptavidin/Biotin Block; Vector Labs). 
Slides were incubated overnight at 4°C with primary antibody. Slides 
were washed and stained for 30 minutes at RT with streptavidin-HRP, 
followed by a wash and 7-minute incubation at RT with Alexa Fluor 
555–tyramide. Slides were incubated in 1% H2O2 and 0.1% sodium azide, 
streptavidin, and biotin as described above, followed by 1-hour incuba-
tion with primary antibody at RT. Slides were washed and stained for  
30 minutes at RT with streptavidin-HRP, followed by a wash and 6-min-
ute incubation at RT with FITC-tyramide. Slides were washed, stained 
with DAPI for 5 minutes, and mounted. Fluorescent tissue was visualized 
and photographs captured on AxioVision software and Axio Imager M2 
Upright Microscope (Zeiss). Antibodies used were as follows: CD4-biotin 
(clone RM4-5; BD Bioscience), B220-biotin (RA3-6B2; BD Biosciences), 
CD8-biotin (clone KT15; AbD serotec), F4/80-biotin (clone BM8; eBiosci-
ence), IgG (IgG1-biotin [clone A85-1; BD Bioscience] plus IgG2b-biotin 
[clone RMG2b-1; Biolegend]), IgM-biotin (clone RMM-1; Biolegend), 
CD11c-biotin (clone HL3; BD Bioscience).

RNA extraction and real-time PCR. RNA isolated from lymphocytes and 
LNs was prepared using an RNeasy micro kit (Qiagen) with a blunt 
syringe and QIAshredder (Qiagen) disruption. RNA isolated from liver 
and spleen tissue was prepared using RNeasy mini kit (Qiagen) using 
bead beat lysing (MP Biomedicals) and Qiashredder (Qiagen) disrup-
tion. 1 or 0.25 μg isolated RNA was reverse transcribed using iScript 
cDNA synthesis kit (BioRad). Real-time PCR was performed on 2.5 μl 
cDNA product using iTaq SYBR Green Supermix with ROX (BioRad) 
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