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Abstract
Dendritic cells (DC) have been the key elements in developing cancer vaccines to
induce potent T cell responses to eradicate tumors. However, the common approach
adopted in clinical trials using ex vivo generated DC loaded with tumor antigens (Ag)
has been challenged by its limited clinical response, complexity, and quality of the
manufacturing process. Alternative efforts focused on in vivo Ag loading on endogenous
primary DC have not yet been well validated in their efficacy for cancer treatment,
suggesting the efficiency of in vivo Ag transfer to endogenous DC from currently
available Ag-delivering vehicles needs to be further improved. Here, I aim to develop an
alternative cellular vaccine platform that can circumvent the aforementioned problems. I
reason that classical Ly-6Chi monocytes (i.e. monocytes hereafter) can be a promising
candidate to be loaded with tumor Ag and induce effective T cell responses. With
advantages including easy-purification from human peripheral blood, monocytes
evidently can present antigens directly via in vivo differentiation into bona fide DC or
indirectly via antigen transfer to lymphoid resident DC to induce strong Th1 or cytotoxic
T lymphocyte (CTL) responses. However, whether monocytes exploit direct or indirect
pathways to present the same Ag they are carrying to trigger effective immune
responses remains unclear. Furthermore, exactly how monocytes or monocyte-derived
cells transfer antigens to lymphoid resident DC has yet to be elucidated. I hypothesized
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that Ag-loaded monocytes can induce strong anti-tumor immunity and began the
research by investigating the immune responses that can be induced by Ag-loaded
monocytes. I went on to determine the mechanisms that mediate monocyte-induced
immune responses and evaluate anti-tumor efficacy of this monocyte vaccine.
In the first part of this study, I characterized the immune responses induced by
Ag-loaded monocytes. By using negative selection via magnetic-activated cell sorting
(MACS) columns, I was able to purify monocytes from bone marrow (BM) cells and
determined that these monocytes could be successfully loaded with Ag in the form of
protein, peptide and mRNA. I found that intravenously (IV) injected Ag-loaded
monocytes induced robust Ag-specific CD4+ and CD8+ T cell responses in mice without
triggering antibody responses. This vaccine activity of Ag-loaded monocytes appeared
to be dose-dependent and required live monocytes with no need of ex vivo stimulation. I
found that Ag-specific CD8+ T cells induced by Ag-loaded monocytes were functionally
more robust than those induced by protein Ag emulsified in a traditional adjuvant CFA.
In the second part of this study, I investigated how IV injected Ag-loaded
monocytes stimulate T cell responses. I identified that the spleen is the primary site in
which Ag-loaded monocytes induce T cell responses. I found that Ag-loaded monocytes
are retained primarily in the spleen where they begin to differentiate into phenotypic
DC. Surprisingly, major histocompatibility complex (MHC)-deficient monocytes
maintain the full capacity to stimulate T cell responses, suggesting that Ag-loaded
v

monocytes do not present Ag by themselves. I determined that endogenous splenic DC
are absolutely required for monocyte-induced T cell responses. Therefore, Ag-loaded
monocytes induce T cell responses indirectly via transferring Ag to splenic DC even
though they do differentiate into phenotypic DC in the spleen. I determined that this
monocyte-to-DC Ag transfer occurs via gap junctions for CD8+ T cell responses and via
macrophages for CD4+ T cell responses.
In the final part of this study, I demonstrated that IV injected Ag-loaded
monocytes have robust anti-tumor efficacy targeting both model and validated tumor
Ag in prophylactic, memory and therapeutic murine SQ melanoma models. The antitumor efficacy is superior to that seen with traditional adjuvants or RNA-pulsed DC
vaccines, and can be combined with checkpoint blockade to increase their efficacy.
Furthermore, I demonstrated that Ag-loaded monocytes have clear anti-tumor efficacy
in an intracranial glioblastoma (GBM) model targeting mutant isocitrate dehydrogenase
1-R132H (mIDH1-R132H), a validated tumor Ag of GBM.
In conclusion, IV injection of unactivated Ag-loaded monocytes without
adjuvants induces highly efficacious anti-tumor T cell responses via two independent
and efficient Ag transfer pathways to splenic DC. These findings revise the paradigm
that monocytes have to be activated ex vivo to achieve optimal vaccine efficacy and
reveal unappreciated cell-associated Ag acquiring pathways of splenic DCs that can be
specifically manipulated for future vaccine design in the treatment of human cancers.
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1. Introduction
With the clinical success of checkpoint blockade, immunotherapy is now well
appreciated as a legitimate approach for the treatment of human cancers (1). Despite the
highly variable strategies of cancer immunotherapeutics, they all ultimately aim to
generate potent tumor-reactive cytotoxic T lymphocytes (CTL) and CD4+ T cells to
eradicate tumors (2-6). For example, checkpoint blockade gains its therapeutic efficacy
by removing inhibitory immunomodulatory signals, such as CTLA-4 and PD-1/PD-L1,
to unleash effector function of tumor antigen (Ag)-targeting T cells (7, 8). Consistent
with this mechanism, patients without pre-existing tumor-reactive T cells tend to have
poor clinical response to checkpoint blockade treatment (1, 8). Evidently, the effective
treatment of most tumors will require exogenous stimulation of anti-tumor T cell
immunity (9). Unfortunately, stimulating effective anti-tumor T cell responses in the
majority of patients has proven difficult. As dendritic cells (DC) have been the key
elements in developing effective cancer vaccines to induce potent anti-tumor T cell
immunity in vivo (10), I therefore begin the introduction of this dissertation with a
review of basic DC biology.

1.1 Basic biology of DC
On his quest for the missing link in the initiation of cell-mediated immune
responses, Ralph Steinman discovered DC as a novel cell type with a stellate and
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dendritic morphology in his preparations of adherent splenocytes in 1970s (11).
Although representing only about 1% of the total cell population in most lymphoid
organs, DCs are the most potent immune cells that stimulate naïve T cells, as initially
demonstrated in mixed-lymphocyte reactions and later confirmed with Ag-specific
experiments (12, 13). DCs were soon recognized as the key players in the initiation of
adaptive immune responses and have since been called professional Ag-presenting cells
(APC) (12, 14, 15). Traditionally, they have been identified by the expression of two
surface markers, CD11c and MHCII (12). Extensive studies in the past using advanced
molecular and genetic tools have elucidated that DCs are comprised of heterogeneous
subsets located in lymphoid and non-lymphoid organs forming a highly complicated
system (16-18) (Figure 1A). Each DC subset may have a unique function in induction of
cell-mediated immune responses (18, 19). In the steady state, peripheral non-lymphoid
tissue-resident DCs are migratory DCs, including CD103+DC, CD11b+DC and
Langerhans cells (LC). These migratory DCs are constantly migrating to draining lymph
nodes (LNs) where they can be routinely identified by flow cytometry (Figure 1B) (20).
Lymphoid-resident DCs are non-migratory and are present in the spleen and LNs with
two main subsets, CD8+DC and CD8- (or CD4+) DC. Initial studies revealed that
CD8+DCs capture dying cells and efficiently ‘cross-present’ exogenous Ag to stimulate
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Figure 1. DC subsets based on phenotype and location.
(A) DC subsets based on phenotype and location. DN: CD4-CD8- (double-negative).
Mono-DC: monocyte-derived DC. Reprinted by permission from Macmillan
Publishers Ltd: [NATURE IMMUNOLOGY] (17), copyright (2009). (B) Representative
gating strategy of DC subsets in skin draining LNs (20).
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CD8+ T cells while CD8-DCs are specialized at stimulating CD4+ T cells (12, 18, 21, 22).
However, recent studies suggest that CD8-DCs can also efficiently cross-present Ag to
CD8+ T cells (23). In the spleen, CD8+DCs are located in both the T cell area and the
marginal zone (MZ) whereas CD8-DCs mainly reside in the MZ (21, 24).
To initiate cell-mediated immunity, tissue-resident migratory DCs capture Ag
from peripheral tissues and migrate through lymphatic ducts to draining LNs where
they present Ag in the forms of peptide-MHC complex to naïve T cells (10, 17). During
this process, migratory DCs undergo a maturation process, which is facilitated by
inflammatory or infectious signals in the tissues, to fully evolve into full-capacity Agpresenting cells (APC) upon their arrival in draining LNs (10, 12, 25) (Figure 2).
Alternatively, lymphoid-resident DCs can obtain freely moving Ag reaching LNs via
lymphatics or Ag transferred from migratory DCs via unknown mechanisms (10, 26)
(Figure 2). Evidence suggests that lymphoid-resident DCs also need to be matured
through a similar process as in migratory DCs to become immunogenic (27-29). DCs in
the steady-sate are considered tolerogenic by default (30).
Except LC, the DC subsets describe above are so-called classical or conventional
DCs (cDC). Recent lineage-tracing studies have demonstrated that cDCs are lineagedistinct from monocytes and macrophages (16, 18, 31, 32) (Figure 3). Together with
plasmacytoid DC (pDC), all cDC subsets are derived from common DC precursor (CDP)
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Figure 2. Initiation of the adaptive cellular immune responses.
Tissue-resident cDC or monocyte-derived cells take up Ag and migrate through
lymphatics to the draining LN where they are matured and present Ag via
direct or indirect pathway (Ag transfer) to induce adaptive immune responses.
Adapted by permission from Macmillan Publishers Ltd: [NATURE REVEIWS
CANCER] (10), copyright (2012).
5

Figure 3. Ontogeny of macrophages, monocytes and DCs.
BATF3, basic leucine zipper transcriptional factor ATF-like 3; cDC: classical or
conventional DC; CDP: common DC precursor; cMoP, common monocyte progenitor;
CSF1, colony-stimulating factor 1 (also known as M-CSF); CSF2, colony-stimulating
factor 2 (also known as GM-CSF); FLT3, FMS-like tyrosine kinase 3; HSC,
hematopoietic stem cell; IL-34, interleukin-34; iNOS, inducible nitric oxide synthase;
IRF4, interferon-regulatory factor 4; pDC: plasmacytoid DC; RELMα, resistin-like
molecule-α. Reprinted by permission from Macmillan Publishers Ltd: [NATURE
REVIEWS IMMUNOLOGY] (16), copyright (2014).
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and dependent on a receptor tyrosine kinase, Flt3, for their development (33-35).
Injection of Flt3 ligand (Flt3L) will lead to rapid proliferation of cDCs in the peripheral
lymphoid organs (36, 37). cDCs are short-lived (half-life, 5-7 days) and continuously
replaced by their precursor cells (pre-cDC) from BM (31, 32, 38). Contrary to the longheld view, LCs are derived from embryonic precursors and ontogenetically in the same
group of macrophages instead of cDCs (16, 18, 39, 40) (Figure 3).
Before the identification of the origin of cDCs, monocytes were thought to be the
major DC precursors since their progeny, namely monocyte-derived cells, commonly
express surface markers overlapping with cDC subsets, particularly in conditions of
inflammation or infection (12, 16, 18). Until recently, studies mainly based on phenotype
of surface markers have been seen to confuse monocyte-derived cells with LC (41) and
cDCs, including CD103+DC (42), CD11b+DC (43, 44), CD8+ and CD8-DC (45). Because
monocyte-derived cells can be phenotypically and functionally similar to cDCs in
appropriate conditions, they have been called monocyte-derived DC, inflammatory DC
or TNF/iNOS-producing DC (TIP DC) in different models (12, 16, 32, 44, 46-49). These
monocyte-derived DCs can function similarly as migratory and lymphoid-resident cDCs
in Ag presentation depicted in Figure 2 (50). I will detail more about monocyte-derived
DCs in the following section.
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1.2 Monocytes and adaptive immune responses
Monocytes are classically defined as mononuclear phagocytes in the blood by
their morphology (mononuclear), function (phagocytosis) and location (blood) (51, 52).
They are generally considered as precursor cells, which differentiate into macrophages
or DCs once they enter peripheral tissues (53). Previous studies have provided solid
evidence to support the notion that monocytes and their derivatives play an important
role in presenting Ag and triggering adaptive immune responses (50).

1.2.1 Basics of monocyte biology
Monocytes originate from adult hematopoietic stem cells (HSC) and differentiate
from an immediate precursor called the common monocyte progenitor (cMoP) in the BM
and spleen (54). They form a lineage distinct from tissue-resident macrophages and
cDCs, depending on CSF-1 (also called M-CSF) for their development (16, 18) (Figure 3).
They are the most abundant circulating mononuclear phagocytes, constituting 5-10% of
peripheral blood leukocytes in humans (53). Phenotypically, they are CD11b+CD115+ in
both humans and mice and also F4/80+ in mice (53). Based on differential expression of
chemokine receptors, two subsets of monocytes have been identified with distinct
migration patterns and functions in both mice and humans (48, 55) (Table 1). In mice,
Ly-6Chi classical monocytes express a high level of chemokine receptor CCR2 whereas
Ly-6Clo resident monocytes display a high level of CX3CR1 expression. Human
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Table 1. Monocyte subsets in mice and humans*.
Subsets
Mouse
Ly-6Chi
classical (or
inflammatory)
Ly-6Clo
resident (or
constitutive)
Human
Classical (or
inflammatory)
Intermediate
Non-classical
(or resident)

Markers

Chemokine
receptors

Function

CD11b+CD115+Ly-6Chi

CCR2hiCX3CR1lo

Pro-inflammatory;
antimicrobial

CD11b+CD115+Ly-6Clo

CX3CR1hiCCR2lo

Patrolling; early
responses; tissue
repair

CD14hiCD16-

CCR2hiCX3CR1lo

CD14hiCD16+
CD14loCD16++

CX3CR1hiCCR2lo
CX3CR1hiCCR2lo

Similar to murine
Ly-6Chi monocyte
Pro-inflammatory
Patrolling; antiviral

* Adapted by permission from Macmillan Publishers Ltd: [NATURE REVIEWS
IMMUNOLOGY] (48), copyright (2011).

monocytes are defined by the expression levels of CD14 and CD16. Classical
(CD14hiCD16-) and non-classical (CD14loCD16++) monocytes are the human counterparts
of murine Ly-6Chi and Ly-6Clo monocytes respectively. They express similar patterns of
chemokine receptors as their murine counterparts (Table 1). A recent study suggests that
classical Ly-6Chi monocytes may be the direct precursor of Ly-6Clo monocytes in the
blood (56). In the steady state, Ly-6Clo monocytes typically crawl over the vascular
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endothelium and are found to clear damaged endothelial cells to ensure the integrity of
the intravascular space (57). In contrast, Ly-6Chi monocytes enter extravascular spaces
and are thought to patrol peripheral tissues at resting state (58). Ly-6Chi monocytes are
vigorous responders to inflammatory conditions. They are rapidly mobilized from the
BM and recruited to inflamed peripheral tissues in a CCR2-dependent manner (48, 53,
59). They are therefore also called ‘inflammatory’ monocytes. On the other hand, Ly-6Clo
monocytes do not change their migration pattern significantly during inflammation and
this is why they are also referred as ‘resident’ monocytes (53). Because of this differential
response to inflammation, Ly-6Chi monocytes are the main monocyte subset that
accumulates in the inflamed tissues where they differentiate into macrophages or DCs
and play a critical role in the subsequent immune responses (48, 50, 53). The role of Ly6Clo monocytes during inflammation is rather elusive but they may contribute to wound
healing after differentiating into macrophages (48, 60). Because of the significant
contribution of classical Ly-6Chi monocytes in the overall pool of DCs during
inflammation (61), the role of these cells in immune responses during infection or
inflammation has been extensively investigated (26, 32, 47, 49, 50, 62-73). In addition to
the inflamed non-lymphoid peripheral tissues, Ly-6Chi monocytes also migrate directly
from blood via high endothelial venules (HEV) into LNs and differentiate into DCs (47,
49). The monocyte-lineage of Ly-6Chi monocyte-derived DCs is usually determined by
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their CCR2-dependency, Ly-6C expression or by lineage tracing with adoptive cell
transfer. I will focus my following discussion on the roles of these Ly-6Chi monocytederived DCs in launching adaptive immune responses and will refer classical Ly-6Chi
monocytes simply as monocytes in the following sections unless otherwise indicated.

1.2.2 Monocyte-derived cells (DCs) and direct Ag presentation
Although monocyte-derived DCs bear the name of ‘DC’, they are usually so
defined loosely based on their expression of CD11c +/- MHCII without stringently
validating their ‘professional’ APC characteristics, such as a capacity for crosspresentation, a distinct ability of cDCs (46, 66, 68, 69, 73). For example, in a murine
Listeria monocytogenes infection model, CCR2-dependent monocyte-derived DCs are
identified in the spleen by their moderate expression of CD11c and are named
TNFα/iNOS-producing DC (TIP DC) due to their characteristic cytokine production
pattern (46). Although these TIP DCs are capable of stimulating allogeneic T cells albeit
to a lesser extent compared with cDCs in mixed leukocyte reactions, absence of TIP DCs
does not impair normal T cell priming in vivo (46). Similar examples of loosely defined
monocyte-derived DCs can be seen in other models, such as phagocytic monocytederived DC (CD11cdimMHCII+) in a SQ fluorescent latex bead injection model (68, 69).
However, even without a critical examination of the professional APC function, several
studies clearly demonstrate a direct Ag-presenting role of monocyte-derived DCs in T
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cell responses in vivo. In a Leishmania skin infection model, dermal monocyte-derived DC
(CD11cintMHC+) is the only DC subset in the LNs infected with the parasite and
presenting parasitic Ag. These infected DCs stimulate robust Ag-specific Th1 responses
(73). Similarly, the presence of inflammatory monocyte-derived CD11b+DC
(CD11cintMHCII+) in the lungs and draining LNs is required for Ag-specific CD4+ T cell
priming in an Aspergillus fumigatus lung infection model (66). Importantly, by using a
fluorescent latex bead tracking model, Randolph and her colleagues have shown that
monocytes can take up Ag-coated latex beads from BM and keep the Ag for an extended
period of time until they reach lymphoid organs and stimulate Ag-specific CD4+ T cells
by differentiating into monocyte-derived DCs (70).
In addition to CD4+ T cell priming, evidence also suggests monocytes and their
derivatives directly cross-prime CTLs in vivo. Le Borgne et al. show that, in a contact
sensitization model, monocytes are actively recruited into the dermis and the epithelium
and differentiate into monocyte-derived DCs in a CCR6-dependent manner (65). Agspecific CTL priming in the draining LNs induced by skin immunization is severely
impaired in CCR6-deficient mice. CCR6-sufficient monocytes can restore the impaired
CTL priming as long as they have intact but not defective MHCI. These findings suggest
monocytes and their derived DCs are involved in the in vivo CTL priming via direct Ag
presentation in the LNs (65). Moreover, a study has shown that LPS-activated
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monocytes (Ly-6ChiCD11c-MHCII-) upregulate CCR7 expression and migrate to the
draining LNs where they can efficiently cross-prime CD8+ T cells directly (67).
Cheong et al. have recently addressed the concerns about whether monocytes
can differentiate into bona fide professional APC in vivo (49). By injecting LPS or LPScontaining bacteria IV, Cheong et al. identified monocyte-derived DCs in the lymphoid
organs with a new marker, DC-SIGN/CD209a, and demonstrated these DC-SIGN+
monocyte-derived DCs are bona fide DCs by performing side-by-side comparison with
cDCs for many classical DC features, including capacity of cross-presentation, dendritic
probing morphology and localization in the T cell areas in the lymphoid organs (49).
Similarly, our laboratory has previously demonstrated in SQ CFA immunization and
influenza virus lung infection models that Ly-6C+ monocyte-derived inflammatory DCs
are better Th1 stimulators than CD8+cDCs in the LNs. Their monocyte precursors enter
the LNs directly from blood rather than from lymphatics. In mice deficient in CCR7 or
CCR7 ligands, these monocyte-derived inflammatory DCs are the dominant DC subset
in the LNs even in the steady state, suggesting monocytes can physiologically
differentiate into bona fide DC without exogenous inflammatory stimulation (47). These
monocyte-derived DCs rapidly accumulate in either wide-type mice or CCR7 and CCR7
ligand-deficient mice during inflammation or infection.
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Taken together, these findings provide convincing evidence that monocytes can
differentiate into bona fide DCs in the lymphoid organs and would have the full Agpresenting capacity to stimulate naïve CD4+ and CD8+ T cells for potent Th1 and CTL
responses.

1.2.3 Monocyte-derived cells (DCs) and indirect antigen presentation
In addition to direct Ag presentation, several lines of evidence suggest that
monocytes and their progeny also transfer Ag to lymphoid-resident cDCs to indirectly
prime T cells (50). In a skin infection model with herpes simplex virus (HSV), Allan et al.
demonstrate that, instead of virus-infected migratory dermal DC, lymphoid-resident
CD8+cDC is the only DC subset in the draining LN to cross-prime HSV-specific CTLs
(26). However, blocking migration of monocyte-derived dermal DCs from skin to the
draining LN abrogates HSV-specific CTL priming in the LN. These findings suggest
migratory monocyte-derived dermal DCs function as Ag-carrying vehicles to transport
Ag via lymphatics to the draining LN where they transfer Ag to lymphoid-resident
CD8+cDCs instead of presenting Ag by themselves. Similar indirect Ag presentation of
monocytes and their progeny via Ag transfer to lymphoid-resident cDCs is also seen in
several infection models, including Mycobacterium tuberculosis (62-64), LCMV (74) and
influenza virus (75) as well as non-infection models, such as contact sensitization (65),
the induction of oral tolerance (76), and after Ag phagocytosis (71). Evidently,
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monocytes and their progeny may commonly exploit this indirect Ag presentation
pathway to induce adaptive immune responses. Although it may look inconvenient, this
Ag transfer phenomenon may help amplify the extent of Ag presentation by DCs in the
immune niche and prevent microbial infection from spreading to cDCs (26, 50).
Nonetheless, the mechanism mediating in vivo Ag transfer from monocytes or
monocyte-derived cells to lymphoid-resident cDCs has yet to be determined.
In conclusion, whether via direct or indirect Ag presentation, a monocytemediated endogenous Ag processing pathway may arguably be the most robust
mechanism to initiate adaptive immune responses (Figure 2). Consistent with this
notion, depletion of monocytes results in severely impaired Th1 and CTL responses in
several infection and immunization models, (47, 63, 65, 66). This monocyte-mediated
endogenous Ag presentation pathway involves rapid recruitment of monocytes to the
peripheral tissues during inflammation or infection where monocytes and their
derivatives take up Ags and migrate via lymphatics to the draining LNs where they may
stimulate T cells directly by presenting Ag by themselves or indirectly via Ag transfer to
lymphoid-resident cDCs (Figure 2). Evidence suggests that adjuvants enhance
immunogenicity of innocuous Ag by initiating this monocyte-mediated endogenous Agpresenting pathway (65, 77). In the case of alum adjuvant, soluble Ags can only become
immunogenic after they are taken up, processed and carried to the draining LNs by
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alum-recruited monocytes and monocyte-derived cells. If they are directly captured by
lymphoid-resident cDCs, no immune response will be induced (77).

1.3 DC-based cancer vaccines
Vaccination provides Ag-specific protective immune responses to treat diseases
(12). Vaccines are composed of Ag and adjuvants. Adjuvants are thought to enhance the
immunogenicity of Ags by mimicking natural infection or inflammation condition in
which inflammatory cytokines or pathogen-derived TLR agonists recruit and activate
monocyte-derived cells and cDCs to acquire full APC function (Figure 2) (48, 65, 78).
Owing their professional APC function, cDCs are viewed as ‘nature’s adjuvants’ and
therefore become the essential targets for Ag delivery with therapeutic vaccination
against cancers (10). All cancer vaccines are a DC-based immunotherapy (79).

1.3.1 Current cancer vaccination strategies
A variety of tumor vaccination strategies that have shown promise in preclinical
studies have now been examined in clinical trials. Almost all current tumor vaccines are
based on one of two strategies. The first strategy is to deliver various forms of tumor Ag
in vivo to DC in the context of a DC-activating agent (adjuvant). The second strategy is to
directly load tumor Ag into DCs that have been generated ex vivo from PBMC or
monocytes.
The forms of tumor Ag used in vaccines adopting the first strategy include
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synthetic peptides, recombinant proteins alone or fused with anti-DC antibodies,
recombinant viruses, whole tumor cells, nucleic acids (DNA or RNA) and bacteria
(Figure 4) (4, 79-86). Adjuvant is a critical determinant for the immunogenicity of these
vaccines. In general, these vaccines are administered subcutaneously (SQ) or
intradermal (ID) with an appropriate adjuvant to mimic a natural infection or
inflammation process. In this process, Ag would be initially taken up by tissue-resident
migratory DCs or recruited monocyte-derived cells at injection sites and later, be carried
to draining LNs where they can be presented either directly by the migratory cells per se
or indirectly by lymphoid-resident cDCs via an undefined Ag transfer process (Figure 2)
(79). Tumor Ags in the forms of engineered bacteria, such as recombinant Listeria
monocytogenes (87), or virus (88) are of particular interest due to their natural infectious
entity. Tumor cells genetically modified to express GM-CSF as an adjuvant, called
GVAX vaccines, have been on several clinical trials (89). Stability-enhanced liposomal
mRNA encoding multiple tumor neo-epitopes can be administered IV and captured by
splenic DCs to trigger strong anti-tumor CD4+ and CTL responses in an IFNα-dependent
pathway (4, 86). With high specificity of in vivo DC targeting, recombinant tumor Ag
fused with anti-DC antibodies (e.g. anti-DEC-205) delivers Ags to DC with high
efficiency (12, 85).
Another method that has been described for loading DC with Ags in situ is by IV
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Figure 4. Different therapeutic tumor vaccination strategies targeting DCs to
generate potent protective CD8+ T cell responses. Reprinted from Immunity, 39,
Karolina Palucka & Jacques Banchereau, Dendritic-cell-based therapeutic cancer
vaccines, 38-48, Copyright (2013), with permission from Elsevier (ref. 79).
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administration of lymphocytes genetically modified to express tumor Ags (90). Infusion
of mice with T cells transduced to express tumor Ags resulted in transfer of these Ags to
splenic CD8+ DC, induction of Ag-specific CTLs, and inhibition of tumor growth with an
efficacy similar to that seen with DC vaccination.
In the second strategy, Ags are directly loaded into DCs (DC vaccines) that are ex
vivo differentiated from autologous PBMC or enriched monocytes (79). Due to the rarity
of primary DC, this strategy would not have been feasible without the discovery of the
role of GM-CSF in DC differentiation from BM precursors or monocytes, enabling largescale production of DCs for clinical application (91, 92). In general, the ex vivo
differentiation process may take up to 7 days using the typical GM-CSF + IL-4 protocol
plus a maturation process with TNFα or CD40 ligand (CD40L) (92, 93). Previous
research has determined that ex vivo DC vaccines are best administered SQ or ID, rather
than IV, for their optimal therapeutic efficacy against SQ tumors (94-98). In this strategy,
Ags do not have to reside in the injection site waiting for the uptake by local migratory
APCs. Presumably, matured Ag-loaded DCs migrate to draining LNs where they
directly present Ag to stimulate T cell responses. The forms of tumor Ag that have been
loaded on ex vivo DC vaccines are varied, including peptides, tumor lysates and
autologous tumor RNA (10).
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1.3.2 The challenges of current cancer vaccines
In the majority of patients, the cancer vaccination strategies described above
generate tumor-specific CD4+ T cell and CTL responses. However, objective response
rates for all of these modalities remain low, at around 5%, and in very few cases are
these modalities associated with increased patient survival (99). These suboptimal
results in clinical response may reflect a problem inherent in these current cancer
vaccines as detailed below.
In the case of current peptide vaccines, poor responses may be due to the
extremely limited availability of CTL-inducing adjuvants (80). Problems with viral
vaccines include pre-existing immunity against viral vectors, inadequate clonal
expansion and activation of effector T cells, and dominance of anti-vector immune
responses (81). Whole tumor cell vaccines have the advantage of providing a source of
all potential tumor antigens; however, they typically require genetic modification with
cytokines such as GM-CSF to increase their immunogenicity, which can be financially
costly and time consuming (100). In addition, such vaccines may stimulate T regulatory
cell activity, which may account for the lack of therapeutic effect or increased
mortality seen with these vaccines in phase III trials (101, 102). DNA plasmid vaccines,
while being simple to prepare and administer, suffer from a general lack of
immunogenicity, a problem that has not yet been overcome in humans (83). A general
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disadvantage of these SQ administered vaccines is the unpredictable efficiency of Ag
uptake by adjuvant-recruited and -activated DCs or monocyte-derived cells. The
amount of Ag reaching draining LNs may be substantially lower than that left in the
injection sites.
Administering liposomal-RNA IV has been shown to induce IFNα and
melanoma Ag-specific T cell responses in human patients in a phase I trial (86).
Preferential delivery of RNA to the spleen requires the deliberate adjustment of net
charge on the liposomes. It remains unclear if the net charge condition optimized in
mice can be generalized to humans or even has to be personalized. Since splenic
macrophages, not DCs, take up majority of the RNA in the spleen, RNA vaccines have to
be administered multiple times to achieve optimal efficacy. Suboptimal delivery may
result in substantial escalation of RNA dosage, causing serious IFNα-related adverse
effects (4, 86).
As for Ag fused anti-DC antibodies (85), this strategy has shown significant
promise in preclinical and early clinical studies, but numerous questions remain
concerning which specific receptors and DC subtypes to target in order to stimulate
optimal anti-tumor responses. For a given receptor, the responses stimulated in mice
may not be representative of the responses seen in humans. In addition, for several
targeted receptors, administration of an adjuvant is required to induced immunity
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rather than tolerance. A limitation of this approach is that a novel molecular construct
needs to be engineered for each tumor antigen, making it less feasible for personalized
neoantigen-based therapy.

Finally, a low efficiency of in vivo Ag loading on splenic DC by IV administered
lymphocytes genetically modified to express tumor Ags has been revealed in the
original experiments (90). More than 107 lymphocytes need be injected in order to induce
effective immune responses. In a clinical trial of this strategy, anti-tumor T cell responses
were induced in 27% of patients with one out of 19 (~5%) patients demonstrating an
objective clinical response (103). In summary, the current vaccination strategies to
deliver Ag in vivo to DC are either not very efficient or have serious technical limitations
in clinical application.
As a different category of cancer vaccines, Ag-loaded ex vivo generated
autologous DCs (DC vaccines) have been widely examined in their therapeutic
vaccination efficacy (104). Clinical studies have demonstrated that DC vaccines are safe
and capable of generating tumor-specific CTL responses in the majority of patients.
However, despite their ability to prolong survival in certain cancers, DC vaccines have
not been proven to be beneficial for the majority of patients (104-106). Current evidence
shows that only a small proportion of injected DCs reach draining LNs (107, 108). This is
likely due in part to the fact that the ex vivo generation of DC from BM precursors or
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monocytes using current protocols involving GM-CSF results in a heterogeneous
population of cells, only a minority of which appear to be true DC (95, 109). In fact,
recent studies have revealed that development of in vivo primary DCs is dependent on
Flt3L instead of GM-CSF (33, 34). The ex vivo DC generated with GM-CSF cannot be
grouped with any primary in vivo cDC based on transcriptomic analysis (109).
Considering the highly complicated developmental pathways of primary cDC subsets
(16, 18), these findings suggest that ex vivo generated DCs may never be functionally
comparable to primary cDCs. Evidence suggests that DC vaccines may mainly rely on
Ag transfer to endogenous APC to stimulate CTL responses instead of their own APC
function (110). Although isolation of primary cDC or pre-cDC could be a solution to
obtaining high quality DC for vaccine purposes, this practice may not be feasible due to
its high cost and technical difficulty (95, 111). In summary, the poor quality and high
manufacturing cost of ex vivo generated DCs have cast doubt on this strategy for its cost
effectiveness in routine clinical use (112).

1.3.3 Monocytes as a potential solution and issues unresolved
As the above overview indicates, current DC vaccines are costly to prepare and
are composed of poor quality DCs. Other cancer vaccines that depend on in vivo Ag
loading of DC are either not efficient or have serious technical limitations. All these
problems result in a generally low clinical response rate (99). No existing tumor
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vaccination strategy currently displays the combination of efficacy, simplicity, cost
effectiveness, and broad applicability that will be required for the stimulation of
effective anti-tumor T cell responses in the routine clinical setting.
Considering the technical and biological aspects of monocytes, I reasoned that
Ag-loaded monocytes may circumvent the problems of the current cancer vaccines
described above. Technically, monocytes can be easily purified from peripheral blood
and are ready for use without time-consuming ex vivo manipulation processes (113, 114).
Biologically, as outlined in the earlier sections, monocytes play a critical role in the
induction of adaptive immune responses (50). Monocytes and their derivatives can
stimulate robust T cell responses either via direct Ag presentation by themselves or
indirect Ag presentation by efficiently transferring Ag to lymphoid-resident cDCs. In
several infection and immunization models, monocyte depletion results in severely
impaired Th1 and CTL responses (47, 63, 65, 66). I hypothesize that the administration of
Ag-loaded monocytes would better recapitulate endogenous pathways of Th1 and CTL
generation and therefore stimulate anti-tumor immune responses that are more robust
than seen with current tumor vaccines. The rationale is detailed as follows. Because
lymphoid-resident cDCs do not patrol peripheral tissues, they must have Ags and
activation signals delivered to them. Several lines of evidence suggest that, in addition to
their own APC function, monocytes and their progeny are the major cell types that
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deliver Ags and provide activating stimulation to lymphoid-resident cDCs in vivo (50).
First, monocytes are highly efficient at Ag capture. Monocytes have been shown to
capture Ags in peripheral tissues for delivery to lymph nodes and are the only cell type
in blood that effectively captures circulating viral antigens (58, 70, 115). Second,
monocytes and monocyte-derived cells efficiently transfer Ags to lymphoid-resident
cDCs. Monocytes or their progeny have been shown to effectively transfer Ags to DC
during contact sensitization (65), infection (26, 62-64, 74, 75), the induction of oral
tolerance (76), and after Ag phagocytosis (71). Third, cells of the monocyte lineage
provide signals that are required for the development or polarization of effective T cell
responses, which are not provided by direct DC stimulation alone (47, 62, 116, 117).
Lastly and importantly, by differentiating into bona fide DCs, monocytes can stimulate
both CTL and T helper cells, the latter of which would in turn activate lymphoidresident cDCs and further enhance CTL responses through CD40 signaling or Th1
cytokines (26, 32, 47, 49, 65, 67, 70).
Taken together, these studies strongly suggest that effective anti-tumor immune
responses could best be generated by mimicking monocyte-mediated endogenous
pathways to trigger adaptive immune responses either via Ag transfer to lymphoidresident DC or direct Ag presentation. I therefore reasoned that the administration of
Ag-loaded monocytes, rather than traditional adjuvant or ex vivo DC-based vaccines,
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would be better to recapitulate these endogenous pathways in generating functionally
robust T cell responses. In addition, it is simple and inexpensive to generate Ag-loaded
monocytes particularly compared to the preparation process of ex vivo DC vaccines.
Several questions remain unanswered concerning the monocyte vaccination
strategy proposed here. First, it is still unclear whether Ag-loaded monocytes would use
direct or indirect Ag-presenting pathways to stimulate T cell responses. Second, in
indirect antigen-presenting pathways, the mechanisms mediating Ag transfer from
monocytes or monocyte-derived cells to DCs have yet to be elucidated. Potential
mechanisms, except phagocytosis, involved in intercellular Ag transfer may include
extracellular vesicular transport, surface protein transfer and gap junctions (71, 74, 76,
118-121).

1.4 The objectives of this dissertation
Based on the rationale outlined above, I aim to test the hypothesis that, by
mimicking physiological monocyte-mediated Ag presenting pathways, Ag-load
monocytes will induce robust Th1 and CTL responses better than those seen with
traditional vaccines. As my goal is to develop a cancer vaccine, I will use murine tumor
models to examine the anti-tumor efficacy of the monocyte vaccination. The aims in this
dissertation are as follows.
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Aim 1: To determine the immune responses that can be induced by Ag-loaded
monocytes (Chapter 3).
Aim 2: To determine the mechanisms mediating monocyte-induced immune responses
(Chapter 4).
Aim 3: To determine the anti-tumor efficacy of monocyte vaccination (Chapter 5).
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2. Materials and methods
2.1 Mice, drugs and tumor cell lines
C57BL/6 wild-type mice were purchased from Charles River. Splenectomized
and sham-operated C57BL/6, CD11c-DTR (B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/J),
CD45.1, OT-I, OT-II, Gja1f/f (B6.129S7-Gja1tm1Dlg/J), CD11c-cre (B6.Cg-Tg(Itgax-cre)11Reiz/J), B2m-/- (B6.129P2-B2mtm1Unc/J), MHCII-/- (B6.129S2-H2dlAb1-Ea/J), Ccr2-/(B6.129S4-Ccr2tm1Ifc/J) and Ccr7-/- (B6.129P2(C)-Ccr7tm1Rfor/J) mice were from The
Jackson Laboratory. Ccr2-/-Ccr7-/- mice were generated by the crossing of CCR2-/- to CCR7/-

mice. OT-ICD45.1 and OT-IICD45.1 mice were generated from the crossing of CD45.1

to OT-I and OT-II mice respectively. CD11c-creGja1f/f mice were generated from the
crossing of CD11c-cre to Gja1f/f mice. Anionic liposomal clodronate (Clophosom-A;
FormuMax) was given 100 µl (= 0.7 mg of clodronate) per mouse by intraperitoneal (i.p.)
injection to deplete macrophages in vivo up to one week. Diphtheria toxin (DT; Sigma)
was injected i.p. at a dose of 100 ng per mouse to deplete DCs in CD11c-DTR mice for a
week. All of the mice were bred and maintained in specific pathogen-free (SPF)
condition and used for experiments between 6 and 12 weeks old. All the experiments
were performed under the approval of the Institutional Animal Care and Use
Committee of Duke University. The B16/F10 and B16/F10-OVA tumor cell lines were
kind gifts from R. Vile, PhD (Mayo Clinic) (122, 123). GM-CSF-secreting B16/F10.9 cells
(GVAX) were generated by transfection of B16/F10.9 cells with a murine GM-CSF cDNA
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plasmid as described previously (124) and were provided by Smita Nair, PhD. The CT2A-mutant IDH1-R132H (CT-2A-mIDH1-R132H) cell line was provided by
Vidyalakshmi Chandramohan, PhD. To generate this tumor cell line, the mouse IDH1R132H cDNA was cloned into pLenti6.2 construct (Life Technologies). Lentivirus
expressing mIDH1-R132H cDNA was generated in HEK293 cells. CT-2A cells were
infected with the mIDH1-R132H lentivirus and stable clones were selected with
Blasticidin. CT2A-mIDH1-R132H clone was further validated by western blot for
mIDH1-R132H protein expression and by measurement of D-2HG by liquid
chromatography/tandem mass spectrometry (LC/MS-MS). Tumor cell lines were tested
mycoplasma free before use.

2.2 Antibodies and the tetramer
The antibodies used for mouse monocyte purification are specific to CD3ε
(eBio500A2), CD4 (GK1.5), CD8α (53-6.7), CD19 (MB19-1), B220 (RA3-6B2), CD49b
(DX5), TER-119 (TER-119; all from eBioscience); CD11c (HL3), Ly-6G (1A8), I-Ab (AF6120.1), Sca-1 (E13-161.7), c-Kit (2B8; all from BD Pharmingen); and CCR3 (83101; R&D).
Anti-Ly-6G and anti-CCR3 are FITC-conjugated and all the others are biotinylated. For
mouse cell phenotyping and FACS cell sorting, the antibodies conjugated to FITC, PE,
PE-Cy5.5, PE-Cy7, Allophycocyanin (APC), eFluor 660, APC-Cy7, Brilliant Violet 421,
V450, Pacific Blue, Alexa Fluor 700, eFluor 605NC, Brilliant Violet 605, Brilliant Violet
650, eFluor 650NC, Brilliant Violet 711 or Brilliant Violet 786 and specific to the
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following mouse antigens were used: CD3ε (145-2C11), CD4 (GK1.5 or RM4-5), CD14
(Sa14-2), CD25 (PC61), CD44 (IM7), CD45 (30F-11), CD45.2 (104), CD115 (AFS98), CD169
(3D6.112), B220 (RA3-6B2), F4/80 (BM8), IFNΥ (XMG1.2; all from BioLegend); CD8α (536.7), CD11c (N418), CD19 (eBio1D3), CD49b (DX5), CD86 (GL1), CD209b/SIGN-R1
(eBio22D1), F4/80 (BM8), NK1.1 (PK136), I-A/I-E (M5/114.15.2), Eomes (Dan11mag),
Granzyme B (NGZB), T-bet (eBio4B10; all from eBioscience); CD11b (M1/70), CD40
(3/23), CD45.1 (A20), CD62L (MEL-14), Ly-6C (AL-21), Ly-6G (1A8), Vα2 (B20.1; all from
BD Pharmingen). Isotype control antibodies were from the corresponding sources. Antimouse CD16/32 (93; functional grade, eBioscience) was used for FcΥR blocking. Antimouse PD-1 (RMP1-14), anti-mouse PD-L1 (10F.9G2) and anti-mouse CTLA-4 (9H10) for
checkpoint blockade treatment and the isotype-matched control antibodies were from
Bio X Cell. PE-Cy7-conjugated anti-human CD3 (OKT3) was from BioLegend. PEconjugated H-2Kb-SIINFEKL tetramer was from Beckman Coulter.

2.3 Flow cytometry and cell sorting
Cells were surface stained with antibodies for 30 min at 4°C in PBS containing
3% FBS, 100 µg/ml of anti-CD16/32, 5% normal rat serum, 5% normal mouse serum and
10 mM EDTA. Intracellular staining was done after surface staining with BD
Cytofix/CytopermTM kit (BD Biosciences) according to the manufacturer’s instruction.
Tetramer staining was done for 30 min at room temperature. Dead cells were positively
stained with LIVE/DEAD Fixable Aqua Dead Cell Stains (Molecular Probes) or 7AAD
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(eBioscience) and excluded from analysis. Stained cells were washed and analyzed on a
LSRII flow cytometer (BD Biosciences) and FlowJo software (Tree Star). For splenic DC
sorting, spleens were minced and digested in HBSS containing 5% FBS, 10mM HEPES
with collagenase A (1 mg/ml; Roche) and DNase I (0.4 mg/ml; Roche) for 30 min at 37°C.
Post-digested splenocyte suspensions were passed through a cell strainer (70 um Nylon;
Falcon) and resuspended in HBSS containing 5% FBS, 10 mM HEPES and 10 mM EDTA.
Red blood cells (RBCs) were lysed with ammonium-chloride-potassium bicarbonate
(ACK) lysing buffer. To obtain DC-enriched splenocytes, cells were incubated with
biotinylated Ly-6G/Gr-1 (RB6-8C5; eBioscience), CD19, B200 and CD3 (all at 1.25 µg/ml)
for 30 min at 4°C, followed by a 15-minute incubation with streptavidin-conjugated
MACS magnetic MicroBeads (Miltenyi) at 4°C. The cells were negative selected via
MACS LD columns (Miltenyi). The effluent cells were further surface stained with antiCD11c, CD45, CD8, I-A/I-E and 7AAD. High purity (>95%) splenic DCs were sorted for
CD11c+I-A/I-E+ CD45+7AAD- cells on a FACS Aria II cell sorter (BD Biosciences). The
resulting splenic DCs were composed of both CD8+CD11b-DCs (~25%) and CD8CD11b+DCs (~75%). For naïve T cell sorting, spleens from OT-I or OT-II mice were
minced and the cell suspensions were RBC-lysed and passed through a cell strainer
(70um Nylon; Falcon). The resulting single-cell suspensions were surface stained with
anti-Vα2, CD62L, CD44, CD8 (for OT-I), CD4 (for OT-II), CD25 and 7AAD (eBioscience).
High purity (>95%) naïve OT-I or OT-II cells were sorted for Vα2+CD62LhiCD44loCD25-
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7AAD-CD4+(OT-II) or CD8+(OT-I) cells on a MoFlo XDP sorter (Beckman Coulter).

2.4 Mouse monocyte purification and monocyte transfer
(vaccination)
Murine classical (Ly-6Chi) monocytes were purified from bone marrow cells as
previously described (47). Bone marrow cells were harvested in cRPMI-10 medium
(glutamine-free RPMI-1640 medium with 10% FBS, 100U/ml penicillin, 100 µg/ml
streptomycin, 100 µM MEM-non-essential amino acids, 2 mM L-glutamine and 1 mM
sodium pyruvate). Red blood cells were lysed with ammonium chloride-potassium
bicarbonate buffer. The resulting cell suspensions were passed through a 70 um Nylon
cell strainer (Falcon). The filtered cells were incubated for 30 min at 4°C with
biotinylated anti-CD3ε, CD4, CD8α, CD11c, CD19, B220, CD49b, I-Ab, Sca-1, c-Kit, TER119, and FITC-conjugated anti-Ly-6G and anti-CCR3 (5ul/ml for anti-CCR3; all the
others at a concentration of 1.25 ug/ml), followed by a 15 min incubation with
streptavidin-conjugated and anti-FITC MicroBeads (Miltenyi). Highly enriched classic
monocytes (>90% purity) were negatively selected with MACS LD columns (Miltenyi)
per the manufacturer’s instruction. The morphology of the purified monocytes was
examined with the cytospin and the cells were stained with PROTOCOL Hema 3
Fixative and Solutions (comparable to Wright-Giemsa stain; Fisher HealthCare)
according to the manufacturer’s instruction. For some experiments, OVA-loaded
monocytes were killed by repeated freeze-thaw cycles or appropriately cryopreserved at
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107 cells/ml in 10% DMSO/FBS in liquid nitrogen. Appropriately frozen monocytes
typically have over 90% post-thaw viability. For monocyte administration, antigenloaded monocytes were intravenously injected into the recipient mice via retro-orbital
route in a volume of 60ul with the desired cell number.

2.5 Antigen loading of mouse monocytes
To load full-length proteins on monocytes, ovalbumin protein (OVA) (Sigma
A5503), EndoFitTM ovalbumin (LPS-free OVA; InvivoGen), DQTM ovalbumin (DQ-OVA)
(Molecular Probes) or Alexa Fluor 647 conjugated ovalbumin (OVA-AF647) (Molecular
Probes) (all at a concentration of 1 mg/ml except otherwise indicated) was incubated
with purified monocytes (106/ml) in cRPMI-20 medium (glutamine-free RPMI-1640
medium with 20% FBS, 100U/ml penicillin, 100 µg/ml streptomycin, 100 µM MEM-nonessential amino acids, 2 mM L-glutamine and 1mM sodium pyruvate) for 1.5 hours with
5% CO2 at 37°C. For peptide loading, mutant IDH1-R132H 25-mer
(GWVKPIIIGHHAYGDQYRATDFVVP; JPT, Germany; 250 µg/ml), TRP2180-188 (250
µg/ml), FITC-labeled OVA323-339 (1-200 µg/ml) or OVA323-339–NH2 peptide (200 µg/ml) (all
from AnaSpec) was incubated at the concentrations as indicated with monocytes
(106/ml) in cRPMI-20 medium for 2 hours with 5% CO2 at 37°C. To transfect RNAs into
monocytes, mRNA encoding full-length ovalbumin (OVA-RNA) or EGFP (EGFP-RNA)
was used at indicated concentrations (optimal concentration: 5 µg/106 cells/ml). The
indicated mRNA was thoroughly mixed with Lipofectamine MessengerMax (Invitrogen)
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at a ratio of 1:4 (wt/vol) after both were 10-fold diluted in Opti-MEM medium (Gibco).
The lipid-mRNA mixture was left at room temperature for 5 minutes and was then
added into monocyte suspensions (106/ml) in cRPMI-20 medium for 2hr-incubation with
5% CO2 at 37°C. In case of pertussis toxin (PTX; Sigma) treatment, PTX was added into
the incubation medium at a concentration of 100 ng/ml. Post-incubated monocytes were
washed thoroughly with PBS before use.

2.6 Restimulation of total splenocytes with PMA and ionomycin
Total splenocytes were isolated from mice vaccinated 7 days earlier with OVAloaded monocytes i.v. (4 x 106 per mouse), OVA/CFA s.c. (1:1 emulsion; 200 µg OVA/200
µl per mouse; Sigma) or PBS/CFA (1:1 emulsion; 200 µl per mouse; Sigma) s.c. and were
cultured at 5 x 106/ml for 4 hours in cRPMI-10 medium containing 50 µM 2mercaptoethanol (2-ME), PMA (50 ng/ml; Abcam), ionomycin (500 ng/ml; Sigma),
brefeldin A (BD Biosciences) and monensin (eBioscience) with 5% CO2 at 37°C. Cells
were then washed and stained with H-2Kb-SIINFEKL tetramer, followed by Aqua Dead
cell staining, surface staining and intracellular staining with anti-Eomes, T-bet,
Granzyme B and IFNγ. Live tetramer+CD8 T cells were gated for further analysis of
effector functions.

2.7 In vivo CTL assay
In vivo CTL assay was performed as previously described (125) with some
modifications. In brief, target cells were prepared from RBC-depleted naïve syngeneic
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splenocytes with or without SIINFEKL peptide pulsing (1 µg/ml for 45 min at 37°C).
SIINFEKL-pulsed and -unpulsed splenocytes were labeled with CFSE at high (5 µM;
CFSEhigh) and low concentrations (0.5 µM; CFSElow) respectively. CFSEhigh and CFSElow
cells were mixed well at a 1:1 ratio and were thoroughly washed with PBS before use.
Total 10x106 cells (5x106 from each population) in 50ul PBS were intravenously injected
in each recipient mouse immunized 7 days earlier with OVA-loaded monocytes (4x106
cells i.v.), OVA/CFA (200 µg OVA/200 µl s.c.) or PBS/CFA (200 µl s.c.). Spleens were
harvested 6hrs later from recipient mice and single-cell suspensions were prepared for
flow cytometry. Peptide-pulsed and -unpulsed target cells were identified by their
differential CFSE intensity. Up to 104 CFSE-positive cells were collected for analysis.
Specific lysis was quantified with the following formula: % specific lysis = [1(Rnaive/Rimmunized)] x 100, where R = % CFSElow cells/% CFSEhigh cells.

2.8 CFSE-labeling and T cell proliferation assay
Sorted naïve OT-I or OT-II cells were incubated with CFSE (5 µM; Molecular
Probes) for 10 min at 37°C and thoroughly washed. CFSE-labeled cells were injected into
recipient mice (5 x 105 per mouse) or co-cultured (105 per sample) with other cells in vitro
and were harvested 64 hours after in vivo vaccination or in vitro co-culture. Cell
proliferation based on CFSE dilution was analyzed on FlowJo software (Tree Star).
Responder frequency (R) and proliferative capacity (the number of daughter cells that
the average responder cell can generate) (Cp) were calculated as previously described
(126).
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2.9 Coculture of mouse monocytes, T cells and DC
MHCI (B2m-/-)- or MHCII-deficient OVA-loaded monocytes, splenic DCs and
CFSE-labeled naïve OT-I or OT-II cells were co-cultured with 105 cells for each cell type
in 700 µl of cRMPI-10 medium with 50 µM 2-ME per well in a 24-well plate. To block
gap junctions, GAP27 (500 µM; batch 7A, TOCRIS), scrambled GAP27 (500 µM; negative
control; AnaSpec) or carbenoxolone (150 µM; TOCRIS) was added as required. For
transwell experiments, 105 OVA-loaded monocytes in 100 µl culture medium were
placed in a transwell (0.4 µm pore size; Corning) on top of the bottom well where
splenic DCs (105) and CFSE-labeled OT-I or OT-II cells (105) were cultured in 600 µl
culture medium. The cells were harvested 64 hours later for T cell proliferation analysis
by flow cytometry. To examine APC function of splenic DCs, FACS-sorted splenic DCs
(105 cells) were pulsed with SIINFEKL peptides (10 µM) and co-cultured with CFSElabeled naïve OT-I cells (105 cells) in 200 µl medium for 64 hours.

2.10 Coculture of autologous human monocytes, lymphocytes
and DC
Human blood cells were obtained from volunteers after informed consent under
clinical protocol PRO-00009403, approved by the Duke Institutional Review Board.
Highly-enriched human monocytes (>80%) and lymphocytes (>95%) were obtained from
two CMV-positive donors by elutriation with a cell separator (ElutraTM; Terumo BCT,
Lakewood, CO) (113). After collection, the cells were frozen and assessed for
contamination and lineage purity as previously described (127). Autologous DCs were
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generated from monocytes in AIM V medium (Gibco) containing GM-CSF (800 U/ml)
and IL-4 (500 U/ml) using the method described previously (128). The 1.932-kb CMV
pp65 full-length cDNA insert was obtained from B. Britt and RNA was generated as
previously reported (128). To transfect RNAs into monocytes, mRNA was used at a dose
of 5 µg per 106 cells. CMV pp65-mRNA was thoroughly mixed with Lipofectamine
MessengerMax (Invitrogen) at a ratio of 1:4 (wt/vol) after both were 10-fold diluted in
Opti-MEM medium (Gibco). The lipid-mRNA mixture was left at room temperature for
5 minutes and was then added into monocyte suspensions (106/ml) in AIM V medium
with 10% FBS (the culture medium) for 2 hour-incubation with 5% CO2 at 37°C. Postincubated monocytes were washed thoroughly with PBS and resuspended in the culture
medium. Autologous CMV pp65 RNA-transfected human monocytes, CFSE-labeled
lymphocytes (105) and/or DCs (all at a number of 105 cells per well) were co-cultured in a
96-well plate with 5% CO2 at 37°C for 64 hours before flow cytometric analysis of T cell
proliferation.

2.11 Cell isolation from multiple organs for phenotyping
Mice were systemically perfused with PBS via the left and right ventricles.
Lungs, livers and spleens were dissolved with HBSS medium containing 5% FBS, 10 mM
HEPES, collagenase A (1 mg/ml; Roche) and DNase I (0.4-0.6 mg/ml; Roche) for 30
minutes at 37°C by gentle shaking. The resulting cell suspensions were minced and
passed through a 70 um cell strainer (Falcon) and RBCs were lysed by ACK lysing
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buffer. A lymph node (LN) sample was pooled from bilateral inguinal and popliteal LNs
(n=4). Single-cell suspensions from LNs were prepared in the same way as described
above for the solid organs except no RBC lysis was required. Single-cell suspensions of
BM samples were prepared from femoral bones with a RBC lysis process and cell
strainer filtering. Blood was collected by submandibular bleeding methods.
Mononuclear blood cell-enriched samples were prepared by density gradient
centrifugation methods with Lymphocyte Separation Medium (LSM, density = 1.0771.08 g/ml at 20°C; Cellgro).

2.12 Time-lapse live imaging of monocyte-DC co-cultures
DQ-OVA-loaded/labeled mouse monocytes and FACS-sorted mouse splenic DCs
were co-cultured in a 1:1 ratio by cell number in cRPMI-20 medium for 18 hours in a
temperature, humidity and CO2-controlled incubation chamber. A fixed field of the
culture dish was continuously imaged with a Zeiss Axio Observer Z1. The images were
processed and analyzed on MetaMorph and FIJI.

2.13 Immunofluorescent microscopy
Freshly harvested spleens were immediately frozen in OCT-filled cassettes.
Frozen sections of 10 µm-thickness were prepared and stained with the following
primary antibodies: rat anti-mouse B220 (RA3-6B2; BioLegend), Armenian hamster antimouse CD11c (N418; eBioscience), biotinylated mouse anti-mouse CD45.2 (104;
eBioscience), rabbit anti-mouse connexin 43 (polyconal, affinity purified; Sigma) and
38

normal rabbit IgG (Santa Cruz). The secondary antibodies were Alexa Fluor 488conjugated donkey anti-rat IgG, Alexa Fluor 488-conjugated donkey anti-rabbit IgG,
Alexa Fluor 568-conjugated goat anti-hamster IgG and Alexa Fluor 647-conjugated
streptavidin (all from Molecular Probes). Control staining of connexin 43 was performed
with normal rabbit IgG as primary antibody plus secondary antibody. For obtaining
statistics of OVA-loaded monocyte-splenic DC interaction, three fields as shown in
Figure 16C were randomly picked up from the two ends and the central portion of a
splenic section (total 9 fields per splenic section) per mouse. There were 3 mice per
group and therefore, total 27 fields from the mice of a single group were examined. The
percentage of DC-interacting injected monocytes among total injected monocytes in the
chosen field was recorded. The data from total 27 fields were pooled per group for
comparison with the other group. Confocal images were taken with a Leica SP5 inverted
confocal microscope and analyzed on Imaris and Fiji/ImageJ.

2.14 Quantitative real-time PCR
RNA was extracted from FACS-sorted splenic DCs by using TRIzol Reagent
(Ambion) and the contaminated DNA was removed with a DNA removal kit (DNAfreeTM; Invitrogen). RNA was reverse transcribed into cDNA with iScript cDNA synthesis
kit (Bio-Rad). Quantitative PCR was performed with iQ SYBR Green Supermix reagent
(Bio-Rad) on a StepOnePlus Real-Time PCR System (Applied Biosystems). The
expression of connexin 43 gene (Gja1) was normalized to ribosomal protein L32 (Rpl32)
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housekeeping gene (76) and the PCR samples were duplicated. Results were quantified
by the 2-ΔΔCT method (129). The primer sequences are as followed: Gja1-forward 5’ACTTCAGCCTCCAAGGAGTTC and Gja1-reverse 5’GGAGTAGGCTTGGACCTTGTC-3’; Rpl32-forward 5’-AAGCGAAACTGGCGGAAAC3’ and Rpl32-reverse 5’-TAACCGATGTTGGGCATCAG-3’.

2.15 ELISA to measure anti-OVA antibody titers in serum
ELISA assays were performed in Corning Costar high binding immunoassay
plates. All wash steps were with 300 µl of 0.1% (v/v) Tween 20 in phosphate buffered
saline (PBST) in a BioTek 405TS plate washer. Assay wells were coated with 100 µl of
10ug/ml ovalbumin (Sigma A5503) in PBS by incubating the plate 16 hours at 4oC. After
washing, the wells were blocked with 200 µl of blocking solution (2% w/v bovine serum
albumin, 5% v/v goat serum in PBS) for 2 hours at room temperature. After washing,
100 µl volumes of serial dilutions of serum from immunized or control mice were
added. After 1.5 hours at room temperature, the plates wash were washed and 100 µl of
peroxidase-conjugated goat anti-mouse Fc antibody (IgG- or IgM-specific; Pierce)
diluted 1:5000 in PBST was added. After 1 hour at room temperature, the wells were
washed and 100 µl of TMB (3,3 ́,5,5 ́-tetramethylbenzidine; Pierce) substrate was added.
After 15 minutes at room temperature, the reaction was stopped by adding 100 µl of 2M
sulfuric acid. Absorbance values at 450 nm were used to calculate half maximal titers.
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2.16 Tetanus-diphtheria (Td) toxoid Immunizations and DC
vaccination
A Td toxoid-involved DC vaccination protocol for optimal anti-tumor efficacy
was followed as previously reported (20). Female 6-8 week-old C57BL/6 mice received a
primary intramuscular (i.m.) vaccine of Td toxoid (Sanofi Aventis; Tenivac®; 1Lf, 100 µl)
administered bilaterally into the quadriceps muscle (50 µl per leg). An intramuscular
booster (0.5 Lf, 50 µl) was administered two weeks later. Vaccine site pre-conditioning
with Td toxoid (0.5 Lf) was given intradermally (ID) two weeks after the booster and
randomized to the right or left groin site. DCs were resuspended at 1 × 106/100 µL PBS
(Gibco) and administered ID on both sides 0.8 cm from the groin crease 24 hours after ID
pre-conditioning. DCs injected in the groin ipsilateral to the Td pre-conditioning side
were directly injected ID within the erythematous nodule produced by Td preconditioning. DCs were generated from the bone marrow of 6-8 week old female
C57BL/6 wild-type mice and electroporated with 10 µg OVA-mRNA per 5 × 106 DCs as
previously described (20, 130).

2.17 Mouse tumor models
In subcutaneous melanoma models, B16/F10-OVA and B16/F10 cells were grown
as previously published (123) and injected SQ at a dose of 2 × 105 (B16/F10-OVA) or 5 x
104 (B16/F10) cells in 200 µL of PBS in the flank of C57BL/6 mice at time points either
after (prophylactic or memory model) or before (therapeutic model)
vaccination/immunization as indicated in each experiment. Depending on the
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experiments, the mice were injected with PBS /CFA (1:1 emulsion; 200 µl per mouse),
OVA/CFA (1:1 emulsion; 200 µg OVA/200 µl per mouse) on the back SQ, GVAX cells
(3x106 per mouse) on the back SQ, OVA RNA-electroporated DCs (106 per mouse weekly
x3 doses) ID, TRP2180-188 peptide-loaded monocytes (106 per mouse x 6 doses or 3x106 per
mouse single dose at indicated time points) or OVA protein-loaded monocytes (3 x 106
per mouse single-dose or 106 per mouse weekly x3 doses) IV. Mice vaccinated with OVADCs also received Td toxoid immunizations plus or minus autologous lymphocyte
transfer (ALT) of 10 × 106 OT-I splenocytes given intravenously as previously described
(20) right before DC vaccination on day 8 post tumor implantation. For combination
therapy with checkpoint blockade treatment, anti-CTLA4 (100 µg per mouse), anti-PD-1
(250 µg per mouse), anti-PD-L1 (150 µg per mouse) or the equivalent dose of control
antibody was given i.p. on days 8, 11 and 14 post tumor inoculation. Randomization of
mice occurred after tumor inoculation prior to vaccine site Td pre-conditioning and the
first OVA-DC or OVA-monocyte vaccination. Beginning ten days after tumor
inoculation, flank sites were monitored daily for tumor growth, and tumor size was
measured every two days by an unblinded observer. Tumor volume (mm3) was
calculated by the formula (π/6 x length × width2) in a perpendicular fashion. Mice were
sacrificed when ulceration occurred (predefined exclusion criteria) or when the tumor
reached either 2 cm in any direction or an estimated volume of 2,000 mm3. Analysis of
tumor growth focused on follow-up assessments and tumor sizes were compared
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between different groups at the time points when significant dropout occurred in any
group. In the therapeutic intracranial (i.c.) tumor model, CT-2A-mIDH1-R132H cells
were i.c. injected at a dose of 5x104 per mouse 3 days prior to the treatment began. The
mice were treated with anti-PD-1 (250 µg per mouse) i.p. on D3, D6 and D9 either alone
or with IV mIDH1(R132H) 25-mer peptide-loaded monocytes (3x106 per mouse) on D3
post tumor injection. Mice were sacrificed by a blinded observer when the protocoldefined humane points occurred.

2.18 Statistical analysis
For both in vitro and animal studies, group sizes were determined based on
numbers required to obtain significant differences in previous studies of similar models.
All the numerical data were analyzed for significance (P < 0.05) by ANOVA or by
unpaired two-tailed Student’s t-test. Variance was similar between groups in all studies.
Kaplan-Meier survival curves were analyzed for significance (P < 0.05) by Log-rank
(Mantel-Cox) test. The statistics were performed with Prism (GraphPad Software, Inc.).
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3. Immune responses induced by Ag-loaded monocytes
To determine if classical Ly-6Chi monocytes (i.e. monocytes hereafter unless
otherwise indicated) can serve as a cancer vaccine platform, I began with an examination
of the immune responses that can be induced by Ag-loaded monocytes compared to the
traditional adjuvant CFA with a model antigen, ovalbumin (OVA). In this chapter, I will
describe the quality of monocytes purified from bone marrow (BM), the procedures of
Ag-loading on monocytes and the immune responses induced by Ag-loaded monocytes.

3.1 Purification of BM-derived monocytes
Due to the difficulty in obtaining adequate numbers of murine monocytes
directly from blood, I examined whether BM-derived monocytes would be a reliable and
legitimate source of monocytes for the following experiments. I used a MACS-based
negative selection method to purify monocytes from BM. A cocktail of biotinylated or
FITC-conjugated antibodies (anti-CD3ε, CD4, CD8α, CD11c, CD19, B220, CD49b, I-Ab,
Sca-1, c-Kit, TER-119, anti-Ly-6G and anti-CCR3) was used to eliminate unwanted cells
from total BM cells (47). With this method, monocytes can be highly enriched from 15%
pre-purification to over 90% post-purification in the cell preparation (Figure 5A,C). The
purified monocytes have the typical phenotype (CD11b+Ly-6ChiCD115+F4/80+) (Figure
5B) and morphology of murine blood-derived classical (or inflammatory) Ly-6Chi
monocytes (Figure 5D) (55). These monocytes also express a moderate level of CD14, a
marker seen in murine monocyte-derived cells (16, 49, 131) and human classical
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Figure 5. Purification of BM-derived murine classical Ly-6Chi monocytes.
Murine classical Ly-6Chi monocytes were purified from BM cells via negative
selelction with MACS columns. (A) Representative dot plots showing percentages of
classical Ly-6Chi monocytes among total BM cells pre- and post-purification. (B)
Phenotype of purified monocytes. (C) Graph showing monocyte purity pre- and postpurification (N = 3 per group). Data are presented as means ± s.e.m. **** P < 0.0001
(unpaired two-tailed Student’s t-test). (D) Cytospins of MACS-purified cells stained
with Wright-Giemsa (scale bar: 10 µm).
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CD14hiCD16- monocytes, the counterpart of murine Ly-6Chi monocytes (Figure 5B) (55).
Taken together, I concluded that the monocytes purified from BM with this method are
sufficient in quality to be used for all the following experiments.

3.2 Ag loading on monocytes
Since the goal of this study is to evaluate vaccine efficacy of Ag-loaded
monocytes, I next examined how well monocytes could be loaded with Ag in different
forms by using fluorophore-conjugated OVA or EGFP-coding mRNA. Consistent with
the phagocytic nature of monocytes (69), I found that simple co-incubation of monocytes
with OVA protein or OVA peptide (OVA323-339) is efficient enough to make substantial
proportion of the monocytes engulf protein or peptide Ag (Figure 6A-C). Monocyte
uptake of protein or peptide Ag is a function of Ag concentration and incubation time
(Figure 6B,C). I observed no saturation point of OVA uptake within the test range of
protein concentrations or incubation times (Figure 6B). Specifically, for a 2-hour
incubation, OVA can be taken up by 100% of monocytes at 500 µg/ml (Figure 6A) and
OVA323-339 roughly by 80% of monocytes at 200 µg/ml (Figure 6C). To load RNA into
monocytes, I used a lipofectamine-based transfection method. I could successfully
transfect up to 30% of monocytes with mRNA-encoding EGFP (EGFP-RNA) at 5 µg/ml
of RNA (Figure 6D,E). Based on these results, I determined that the optimal Ag-loading
conditions for the following experiments are 1 mg/ml of protein Ag for 1.5-hr
incubation, 200-250 µg/ml of peptide Ag for 2-hr incubation and 5 µg/ml of Ag-encoding
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Figure 6. Antigen-loading on monocytes.
(A) Representative histograms of OVA uptake by monocytes at increasing incubation
times and OVA concentrations. Purified monocytes were incubated with AF647conjugated OVA protein and uptake measured by flow cytometric analysis. (B)
Graphs derived from (A) (MFI: geometric mean fluorescent intensity). (C)
Representative dot plots showing monocyte uptake of FITC-conjugated OVA323-339
peptide at the indicated concentrations with 1.5-hour co-incubation. (D) Flow
cytometric analysis of monocytes 4 hours after they were loaded with EGFP-mRNA
at indicated RNA concentrations using lipofectamine transfection. (E) Graph and
statistics derived from (D). **** P < 0.0001 (compared to all the other groups; one-way
ANOVA with Tukey’s test). Data are representative of two independent experiments
and presented as mean ± s.e.m.
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RNA for 2-hr incubation. After the Ag-loading process, monocytes were washed
thoroughly with PBS before use.

3.3 IV injected Ag-loaded monocytes induce robust CD8+ T cell
responses
Route of administration is a critical factor for a vaccine to achieve its optimal
therapeutic efficacy. For example, the SQ or ID, but not IV, routes have been determined
as the best to administer DC vaccines to treat SQ tumors (94-98). However, several lines
of evidence suggest that Ag-loaded monocytes should not be administered SQ, but
rather IV. On the one hand, freshly isolated monocytes without LPS-stimulation do not
express CCR7 (67), a critical chemokine receptor that mediates lymphoid organ homing
(132); even for differentiated monocytes, their migratory capacity to draining lymph
nodes (LN) is still very limited (44, 69, 131). On the other hand, circulating blood
monocytes can enter LN via high endothelial venules (HEV) in a CCR2-dependent
manner (47, 49) and home to the spleen (55, 133). Therefore, Ag-loaded monocytes
would only be administered IV in the following experiments.
I first examined CD8+ T cell responses after IV administration of OVA-loaded
monocytes. By using an OVA-specific MHCI (SIINFEKL-H-2Kb) tetramer, I was able to
detect the expansion of OVA-specific CD8+ T cells in different organs. I found that a dose
of 3x106 OVA-loaded monocytes resulted in splenic OVA-specific CD8+ T cell expansion
to an extent equal to that seen after SQ injection of OVA (200 µg) in Complete Freund’s
Adjuvant (CFA) (Figure 7A). This dose was chosen based on initial titration studies
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showing a clear dose-dependent trend in which the CD8+ T cell response plateaued at
between 2x106 and 4x106 monocytes (Figure 7E). The dose of 3x106 monocytes was used
in all subsequent studies unless otherwise noted.
The above finding suggests that Ag-specific CD8+ T cell responses can be induced
by freshly isolated monocytes loaded with Ag without further ex vivo stimulation. To
validate this point and exclude any stimulatory effect from potential LPS contamination
in regular OVA (Sigma), I compared the CD8+ T cell responses induced by monocytes
loaded with regular OVA or LPS-free OVA (EndoFitTM ovalbumin, InvivoGen) and
found no difference between the two groups (Figure 7B). Based on this result, I
concluded that ex vivo stimulation on monocytes is not required for Ag-loaded
monocytes to stimulate CD8+ T cell responses. However, this conclusion does not
necessarily indicate that monocytes simply function as passive Ag-carrying vehicles
without active contribution to the overall immune response being induced. On the
contrary, the fact that dead Ag-loaded monocytes failed to induce appropriate CD8+ T
cell responses strongly argues that monocytes are actively involved in the vaccine
activity (Figure 7C). This finding is also consistent with previous studies showing that
dying cells captured by steady-state splenic DCs would induce Ag-specific T cell clonal
deletion and tolerance (28). Importantly, Ag-loaded monocytes that have been
appropriately cryopreserved long-term with high post-thaw viability can still maintain
their vaccine activity (Figure 7D).
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Figure 7. Ag-specific CD8 T cell responses induced by IV injected Ag-loaded
monocytes.
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(Figure 7, continued). (A) Flow cytometry plots and the derived statistics showing
frequency of OVA-specific (SIINFEKL-H-2Kb tetramer+) CD8+ T cells among splenic
total CD8+ T cells on Day 7 after SQ injection of 200 µg OVA in CFA (OVA/CFA), IV
injection of OVA-loaded monocytes (OVA-mono), or IV injection of unloaded
monocytes (Mono). All flow plot panels are gated on CD8+ T cells and representative
of 4 mice per group. NS: non-significant; **** P < 0.0001 (one-way ANOVA with
Tukey’s test). (B-D) Frequency of OVA-specific CD8+ T cells among splenic total CD8+
T cells on Day 7 after IV injection of (B) monocytes loaded regular OVA or LPSdepleted OVA (LPS-free OVA), (C) OVA-loaded freshly prepared live monocytes
(Live) or monocytes killed by repeated freeze-thaw cycles (Dead) and (D) OVAloaded freshly prepared monocytes (Fresh) or appropriately cryopreserved
monocytes (Frozen). Both preparation methods yield monocytes of the same viability
(~90%). The dose of monocytes used in (A-D) is 3x10 6 per mouse. NS: non-significant;
** P < 0.01 (unpaired two-tailed Student’s t-test). (E) Frequency of OVA-specific CD8+
T cells among total CD8+ T cells in the spleen on Day 7 post IV injection of increasing
doses of OVA-loaded monocytes. ** P < 0.01 (one-way ANOVA with Tukey’s test).
Data are representative of two independent experiments and presented as mean ±
s.e.m.
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The above study demonstrates that Ag-loaded monocytes induce a robust clonal
expansion of Ag-specific CD8+ T cells in the spleen. To validate that these expanded Agspecific CD8+ T cells are functionally competent, I went on to characterize cytotoxicityrelated markers expressed on CD8+ T cells and perform an in vivo cytotoxic T
lymphocyte (CTL) assay. These experiments revealed that OVA-loaded monocytes
induce the expression of T-bet, Eomesodermin and IFNγ in OVA-specific CD8+ T cells to
a greater extent than OVA/CFA (Figure 8A,B). Consistent with this result, OVA-loaded
monocytes induce much greater CTL activity than OVA/CFA (Figure 8C). These results
suggest that the IV injection of unactivated Ag-loaded monocytes without adjuvants is a
promising vaccination strategy to induce robust Ag-specific CTL responses.

3.4 Ag-loaded monocytes induce CD4+ T cell responses without
triggering humoral immunity
In addition to MHCI-restricted epitopes, the model protein antigen OVA used in
the above experiments must also contain MHCII-restricted epitopes that can stimulate
CD4+ T cell responses. To determine if OVA-loaded monocytes also stimulate CD4+ T
cell responses, I adoptively transferred CFSE-labeling OT-II cells (OVA-specific CD4+ T
cells) and evaluated their responses after OVA-loaded monocyte injection. Indeed, I
detected substantial OT-II cell proliferation in the spleen by 64 hours after OVA-loaded
monocyte injection while OVA/CFA induced only a minimal OT-II cell response (Figure
9A,B). Therefore, OVA-loaded monocytes may provide favorable CD4+ T cell help over
OVA/CFA immunization. This result also helps explain the earlier finding that OVA52

Figure 8. Functional assay of Ag-specific CD8+ T cells induced by IV injected OVAloaded monocytes.
(A,B) Expression of cytotoxicity-related markers on splenic OVA-specific CD8+ T cells
presented as (A) mean fluorescent intensity (MFI) and (B) % of positive cells among
OVA-specific CD8+ T cells on Day 7 after SQ injection of OVA (200 µg) in CFA
(OVA/CFA) or IV injection of OVA-loaded monocytes (4x106; OVA-mono). N = 4 per
group. Eomes: eomesodermin. GZB: granzyme B. * P < 0.05; ** P < 0.01; *** P < 0.001;
**** P < 0.0001 (two-way ANOVA with Bonferroni’s test). (C) In vivo CTL activity of
splenocytes toward SIINFEKL-pulsed targeted cells 7 days post SQ PBS/CFA, SQ
OVA/CFA and 4x106 IV OVA-loaded monocytes (OVA-mono). N = 4-5 per group. ***
P < 0.001; **** P < 0.0001 (one-way ANOVA with Tukey’s test). Data are
representative of two independent experiments and presented as mean ± s.e.m.
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Figure 9. Ag-specific CD4+ T cell and humoral immune responses induced by OVAloaded monocytes.
(A,B) Mice (CD45.2) receiving indicated treatments were adoptively transferred one
day earlier with CFSE-labeled CD45.1+ OT-II cells (5x105). (A) Representative
histograms showing proliferation of adoptively transferred OT-II cells in spleens on
Day 3 after the indicated treatments. (B) Graph and statistics derived from (A).
Monocyte dose: 4x106 cells per mouse. **** P < 0.0001 (unpaired two-tailed Student’s ttest). (C) OVA-specific serum IgG titers after the indicated treatments. Control: naïve
serum (N = 1); other groups: N = 3-4. Monocyte dose: 4x106 per mouse. D14: **** P <
0.0001; D21: ** P < 0.01 (compared to all the other groups; one-way ANOVA with
Tukey’s test). Data are representative of two independent experiments and presented
as mean ± s.e.m.
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specific monocytes stimulate more robust CTL activity than OVA/CFA (Figure 8A-C).
Interestingly, in contrast to OVA/CFA, I found that OVA-loaded monocytes induced no
OVA-specific IgG responses (Figure 9C). Failure to induce humoral immune responses
by OVA-loaded monocytes suggests that Ag carried by monocytes may not be able to
reach B cell-enriched follicles in the lymphoid organs. I speculate that the monocytecarrying Ag may never be released freely out of the cells and therefore, the Ag
processing cannot go beyond the interaction between monocytes and their adjacent cells.

3.5 Monocytes loaded with non-protein Ags display vaccine
activity
To generalize the above findings with protein Ag to Ag in other forms, I next
examined if T cell responses can be induced by monocytes loaded with peptide Ag or
Ag-encoding RNA. As expected, monocytes loaded with OVA323-339, a validated MHCIIrestricted OVA peptide, induced OT-II proliferation in the spleen (Figure 10A).
Monocytes transfected with mRNA encoding full-length OVA also induced OVAspecific CD8+ T cell responses in the spleen to a similar extent as OVA/CFA (Figure 10B).
In conclusion, the results I have shown in this chapter demonstrate that IV injection of
Ag-loaded monocytes, in the absence of any further stimulation, induces strong Agspecific CTL and CD4+ T cell responses without triggering humoral immunity. The work
in this chapter has revised the paradigm that monocytes have to be activated ex vivo in
order to achieve optimal vaccine efficacy. No adjuvant is required in monocyte
vaccination. With its simplicity of preparation, monocyte vaccination appears to be a
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Figure 10. Ag-specific T cell responses induced by monocytes loaded with antigens
in other forms.
(A) Representative dot plots of two experiments gated on splenic Vα2 +CD4+ T cells
showing proliferation of adoptively transferred CFSE-labeled OT-II cells (Vα2+CFSE+)
in spleens on Day 3 post IV injection of unloaded (Mono) or OVA323-339 peptide-loaded
monocytes (OVA323-339-mono). Monocyte dose: 4x106 per mouse. (B) Representative
dot plots gated on splenic CD8+ T cells showing frequency of OVA-specific
(SIINFEKL-H-2Kb tetramer+) CD8+ T cells among total CD8+ T cells in the spleen on
Day 7 after indicated treatments. OVA-RNA mono: IV OVA-mRNA-loaded
monocytes (6x106 per mouse).
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favorable option over DC vaccines for cancer treatment as long as its therapeutic efficacy
can be experimentally established, the point I will further address in Chapter 5.
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4. Mechanisms of monocyte-induced immune responses
In Chapter 3, I demonstrated that IV injected Ag-loaded monocytes induce
robust CTL and CD4+ T cell responses. Per the rationale outlined in Chapter 1,
monocytes may stimulate T cell responses through either direct or indirect Ag
presentation pathways. In the case of direct Ag presentation, monocytes can
differentiate into bona fide DC and present the Ag they are carrying to T cells (45, 47, 49,
55, 65, 67, 69, 70). Nevertheless, whether this mechanism is efficient enough to induce
effective anti-tumor T cell responses remains unknown (58, 70). Alternatively,
monocytes or monocyte-derived cells can stimulate T cells indirectly by transferring Ag
to lymphoid resident DC (26, 63, 64, 74, 76). The extent to which Ag-loaded monocytes
exploit the direct or indirect pathways to present the same Ag they are carrying is
unclear (50). Moreover, exactly how monocytes or their progeny may transfer Ag to
lymphoid-resident DC has yet to be determined (50). I will address these questions in
this chapter.
As IV injected monocytes circulate systemically and may induce immune
responses in a number of potential sites, I began my quest for mechanistic details of
monocyte vaccines by identifying the site where Ag-loaded monocytes induce T cell
responses.

58

4.1 IV injected monocytes preferentially induce T cell responses
in the spleen
To determine the fate of IV injected monocytes, I injected CD45.1 OVA-loaded
monocytes into CD45.2 mice and tracked their numbers and phenotype over time. On
day 1 post injection, monocytes, seen as CD45.1+ donor cells, are found in significant
numbers in the liver, spleen, lungs and bone marrow, but rarely seen in LNs (Figure
11A,B). The number of donor cells in these organs decreases rapidly over 7 days, with
the highest persistence of cells seen in the spleen (Figure 11A,B). This result is consistent
with previous studies showing IV injected classical Ly-6Chi monocytes accumulate
mainly in the spleen (55). Donor monocytes lose expression of Ly-6C within 3 days post
injection (Figure 11C), suggesting that the injected monocytes are undergoing a
differentiation process. In the spleen and LNs, a significant portion of donor monocytes
increase expression of MHCII and CD11c and can be further divided into CD8 + and
CD8- subsets, consistent with differentiation into DC (Figure 11D,E). Similar DC
differentiation, however, is either less pronounced or not seen with the donor monocytes
in liver, lung and BM (Figure 11E). These results are consistent with previous studies
(45) and suggest that IV injected OVA-loaded monocytes differentiate into DC
predominantly in lymphoid organs. To determine where injected monocytes may be
stimulating T cells, I examined the expansion of OVA-specific CD8+ T cells in the course
of the above studies. On day seven post monocyte injection, the largest numbers of
OVA-specific T cells are found in the spleen, followed by the lungs and liver, with
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Figure 11. In vivo tracking of IV injected Ag-loaded monocytes reveals the role of
the spleen in monocyte-induced CD8+ T cell responses.

60

(Figure 11, continued). (A-E) CD45.1+ OVA-loaded monocytes (4x106 per mouse)
were IV injected into CD45.2+ recipient mice and in vivo tracked in different tissues
over time post injection. (A) Representative dot plots showing frequency of the
injected CD45.1+ monocytes among total live CD45+ splenocytes at indicated time
points post monocyte injection. (B) Absolute cell numbers of injected monocytes and
OVA-specific CD8+ T cells in different tissues over time post monocyte injection. N =
3 per group. Monocyte cell number comparison: D7 v.s. D1; OVA-specific CD8+ T cell
number comparison: D7 v.s. D3. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001
(unpaired two-tailed Student’s t-test). (C,D) Representative flow plots gated on
injected OVA-loaded monocytes in the spleen showing expression of (C) Ly-6C and
(D) phenotypic DC differentiation (CD11c+MHCII+) over time post monocyte
injection. (E) Phenotypic DC differentiation of injected OVA-loaded monocytes in
different tissues over time post monocyte injection. DC gating was the same as shown
on (D) across different tissues. N = 3 per group. % of DC comparison on D7: * P <
0.05; *** P < 0.001 (one-way ANOVA with Bonferroni’s test). (F) Frequency of OVAspecific CD8+ T cells across different tissues on D7 post IV OVA-loaded monocyte
injection (4x106 per mouse) into sham-operated or splenectomized mice. N = 4 per
group. * P < 0.05 (Mann-Whitney test). LN: pool of bilateral inguinal and popliteal
lymph nodes. BM: bone marrow from right femoral bone. Data are representative of
two independent experiments and presented as mean ± s.e.m.
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minimal expansion seen in the bone marrow and LNs (Figure 11B). These findings
suggest that IV injected monocytes activate T cells primarily in the spleen. To confirm
this, we administered OVA-loaded monocytes to splenectomized mice and examined
the frequency of OVA-specific CD8+ T cells in multiple organs and blood. Relative to
sham-operated mice, splenectomized recipients display a >75% decrease in OVA-specific
CD8+ T cell frequency in blood and almost all organs on day 7 (Figure 11F).
In conclusion, the spleen is the major site where IV injected Ag-loaded
monocytes induce T cell responses. Because monocytes are retained and differentiate
into DC mainly in the spleen, Ag-loaded monocytes may well directly present the Ag to
T cells.

4.2 IV injected monocytes stimulate T cells indirectly via splenic
DC
To determine whether IV injected monocytes are directly activating T cells in the
spleen or are activating T cells indirectly via Ag transfer, I prepared monocyte vaccines
by loading either MHCI- or MHCII-deficient monocytes with OVA to eliminate any
potential antigen-presenting function from monocytes. I injected these OVA-loaded
monocytes into wild-type mice and examined T cell responses in the spleen. I found
that the lack of MHC molecules on the injected monocytes leads to no decrease in the
expansion of splenic OVA-specific CD8+ T cells (Figure 12A), suggesting that monocyte
vaccine efficacy does not depend on direct antigen-presenting function, but rather relies
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Figure 12. Monocyte-induced T cell responses require endogenous APC.
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(Figure 12, continued). (A) Frequency of OVA-specific CD8+ T cells in the spleen on
Day 7 post IV injection of OVA-loaded WT, MHCI-/- or MHCII-/- monocytes (4x106
per mouse). NS: non-significant (one-way ANOVA with Tukey’s test). (B)
Proliferation of adoptively transferred CFSE-labeled OT-I cells in spleens of
indicated recipient mouse strains on Day 3 post indicated monocyte treatment
(4x106 cells per mouse if treated). (C) Representative histograms from (B) and the
derived graphs showing the proliferation status of OT-I cells in spleens of recipient
WT or MHCI-/- mice on Day 7 post monocyte injection. The numbers on the top of
the plots indicate the generation number of the proliferating cells. N = 4 per group.
*** P < 0.001; **** P < 0.0001 (unpaired two-tailed Student’s t-test). Data are
representative of two independent experiments and presented as mean ± s.e.m.
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on endogenous antigen-presenting cells (APC). To confirm that T cell responses are
dependent on Ag presentation by recipient cells, I injected wild-type OVA-loaded
monocytes into MHCI-deficient mice that had received CFSE-labeled OT-I cells (OVAspecific CD8+ T cells) via adoptive transfer. OVA-specific CD8+ T cell responses are
significantly reduced in these mice (Figure 12B,C). Specifically, without endogenous
APC activity, Ag-loaded monocytes display an 18-fold lower capacity to stimulate clonal
expansion of Ag-specific CD8+ T cells (Figure 12C). This result strongly suggests that
direct Ag-presentation by monocytes themselves is not sufficient to achieve efficacious T
cell responses, and that the indirect pathway, via antigen transfer to endogenous APC,
plays a predominant role. Since the spleen is the site where Ag-loaded monocytes
stimulate T cell responses, I speculate that splenic DC are the major endogenous APC
type driving T cell responses. To confirm this point, I used CD11c-DTR mice treated
with diphtheria toxin (DT) to generate DC-deficient recipient mice (Figure 13A,B) (134).
These mice were adoptively transferred with CFSE-labeled OT-I or OT-II cells before
receiving IV injected OVA-loaded monocytes (Figure 13A). I found that, in these DCdeficient mice, both CD4+ and CD8+ Ag-specific T cell responses are almost completely
eliminated in the spleen (Figure 13C). The above findings strongly suggest that IV
injected monocytes do not activate T cells directly, but instead, transfer Ag to
endogenous splenic DC, which then present that Ag to T cells. To determine if this
phenomenon could be recapitulated in vitro in the human system, I co-cultured human
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Figure 13. DC is the endogenous APC driving Ag-specific T cell responses.
(A) The schematic experimental design of (B,C). (B) Representative contour plots and
the derived graph showing percentages of DC among total endogenous splenocytes
and absolute splenic DC cell numbers, and (C) proliferation of CFSE-labeled OT-I and
OT-II cells in spleens of DT-untreated (-DT) or DT-treated (+DT) CD11c-DTR mice on
Day 3 post monocyte injection (3x106 per mouse). (D) Representative dot plots and
the derived graphs of CFSE-labeled human T cell proliferation in co-cultures of:
CMVpp65 mRNA untransfected (Mono) or transfected (pp65-mono) human
monocytes, plus or minus human monocyte-derived DC (DC) for 64 hours. L/D:
Live/Dead dye. Samples from two CMV(+) donors. In the graph, each dot represents
a single data point derived from samples of one donor. ** P < 0.01; **** P < 0.0001
(unpaired two-tailed Student’s t-test). Data are representative of two independent
experiments and presented as mean ± s.e.m.
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monocytes and CFSE-labeled T cells obtained from CMV-seropositive donors in the
presence or absence of autologous monocyte-derived DC. Monocytes were either naïve
or transfected with CMV pp65 RNA. T cells cultured with naïve monocytes do not
proliferate under any conditions (Figure 13D). In contrast, T cells cultured with pp65loaded monocytes proliferate in a manner dependent on monocyte number, but only in
the presence of DC (Figure 13D). This finding suggests that Ag-loaded human
monocytes also stimulate T cells indirectly by transferring Ags to DC. In conclusion, in
order to generate T cell responses, IV injected Ag-loaded monocytes exploit the indirect
pathway to transfer Ag to splenic DC. Although the CD8+ T cell responses resulting from
the direct Ag-presenting pathway are detectable, their contribution to the overall T cell
responses induced by Ag-loaded monocytes appears to be minimal (Figure 12B,C).

4.3 Monocytes stimulate splenic CD4+ and CD8+ T cells via
different pathways
The finding that monocytes transfer Ag to DC suggests that these two cell types
must be in physical proximity in the spleen. I speculated that this may require the
activity of specific chemokines acting on monocytes. Classical Ly-6Chi monocytes are
characterized by the expression of CCR2 which is the major chemokine receptor
mediating their recruitment to peripheral tissues (47, 48, 55). In addition, monocytes
may upregulate CCR7 upon activation or differentiation in order to migrate to draining
LNs (67, 68). To investigate the contribution of CCR2 and CCR7 to monocyte vaccine
activity, I loaded OVA into monocytes deficient in either one or both of these chemokine
67

Figure 14. Differential sensitivity of monocyte-induced CD4+ and CD8+ T cell
responses to pertussis toxin (PTX).
(A) Frequency of OVA-specific CD8+ T cells in the spleen on Day 7 post IV injection of
OVA-loaded monocytes with the indicated chemokine receptor deletions. (B)
Representative dot plots and statistics showing frequency of OVA-specific CD8+ T
cells among total CD8+ T cells in the spleen on Day 7 post IV injection of OVA-loaded
monocytes (4x106 per mouse) with (+) or without (-) PTX pre-treatment. N = 4 per
group. (C) Proliferation of adoptively transferred CFSE-labeled OT-I and OT-II cells
in spleens on Day 3 post IV injection of OVA-loaded monocytes (4x106 per mouse)
with (+) or without (-) PTX pre-treatment. The derived graphs showing total number
of OT-I and OT-II cells in spleens on Day 3 after IV monocyte injection. * P < 0.05; ***
P < 0.001 (unpaired two-tailed Student’s t-test). Data are representative of two
independent experiments and presented as mean ± s.e.m.
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receptors and examined CD8+ T cell responses induced by these monocytes. I found that
OVA-loaded monocytes lacking either CCR7 or both CCR2 and CCR7 retain their ability
to induce OVA-specific CD8+ T cell responses in the spleen (Figure 14A), suggesting that
monocyte vaccine activity is not dependent on these two chemokine receptors. Since this
experiment does not exclude the involvement of other chemokine receptors in monocyte
migration (48, 65, 68), I next pre-treated monocytes with pertussis toxin (PTX), which is
known to block all Gαi-mediated receptor signaling (55, 135), to more globally inhibit
monocyte chemokine receptor activity. Indeed, PTX-treated monocytes fail to stimulate
endogenous OVA-specific CD8+ T cell responses, as assessed by tetramer staining
(Figure 14B). Consistent with this result, the proliferation of adoptively transferred
CFSE-labeled OVA-specific CD8+ T cells (OT-I cells) is severely impaired in the mice
receiving PTX-treated monocytes (Figure 14C). These results suggest that an interaction
between monocytes and splenic DC that is required for Ag transfer is disrupted by PTX
in a chemokine receptor-dependent manner. If this is true, I speculated that PTX
treatment may block monocyte migration to the spleen and/or alter the pattern of
monocyte distribution in the spleen. However, upon examining monocyte number and
distribution in spleens on day 1 post IV monocyte injection, I found that PTX actually
increases the accumulation of monocytes in the spleen (Figure 15A) and has no effect on
either the distribution pattern of monocytes in the spleen (Figure 15B) or the total
number of endogenous splenic DC (Figure 15C). Whether treated with PTX or not, OVA-
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Figure 15. PTX effects on in vivo monocyte migration and endogenous DC.
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(Figure 15, continued). CD45.2+ monocytes were treated (+) or untreated (-) with PTX
during co-incubation with OVA proteins and IV injected (4x106 per mouse) into
CD45.1+ recipient mice. (A) Graphs and statistics showing frequency among total
CD45+ splenocytes and absolute cell numbers of injected monocytes in the spleen on
Day 1 post IV injection of OVA-loaded monocytes. (B) Immunofluorescent staining of
spleen sections on Day 1 post IV OVA-loaded monocyte injection. Scale bar: 100 µm.
(C) Graphs and statistics showing frequency among total splenocytes and absolute
numbers of endogenous splenic DC on Day 1 post IV injection of OVA-loaded
monocytes. ** P < 0.01; *** P < 0.001 (unpaired two-tailed Student’s t-test). Data are
presented as mean ± s.e.m.
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loaded monocytes are frequently seen in the marginal zone (MZ) and red pulp, but
never appear in the B cell-enriched follicles (Figure 15B; Figure 16E). Most importantly,
the frequency of physical interactions between monocytes and splenic DC is not affected
by PTX treatment of monocytes (Figure 16C,D). Therefore, monocytes may require a
PTX-sensitive mechanism other than physical cell-to-cell interactions in order to transfer
Ag to DC. Surprisingly, in contrast to CD8+ T cells, the proliferation of OVA-specific
CD4+ T (OT-II) cells is not inhibited by PTX treatment of monocytes (Figure 14C),
strongly suggesting that the Ag transfer pathway from monocytes to DC used for CD4+
T cell stimulation is different than the pathway used for CD8+ T cell stimulation.
Taken together, the results from this series of experiments provided an initial
clue that monocytes stimulate splenic CD4+ and CD8+ T cells via different mechanisms,
which, as I speculate, may involve the transfer of MHCI- and MHCII-restricted epitopes
from monocytes to DC via different pathways. I will examine this phenomenon in more
detail in the following sections.

4.4 Gap junctions are required for monocyte-to-DC antigen
transfer in order to activate CD8+ T cells
In the above studies, the impairment of CD8+ T cell responses when monocytes
are treated with PTX did not appear to be due to the inhibition of chemokine function. I
therefore considered two other potential antigen transfer mechanisms that are known to
be PTX-sensitive: the production of exosomes and the function of gap junctions. Both of
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the mechanisms require Gαi activity (136, 137), are known to mediate Ag transfer
between cells, and have been described in monocytes and DC (119-121, 138-140). One
key difference in these mechanisms is that Ag transfer via gap junctions is dependent on
cell-to-cell contact, while transfer via exosomes is not (120, 121). I therefore examined
whether cell-to-cell contact is required for the transfer of Ags from monocytes to splenic
DC using in vitro transwell assays. To exclude any potential Ag presentation from the
MHC molecules on monocytes, the monocytes used in the transwell assays were either
MHCI- or MHCII-deficient. Similar to Figure 13D above, I found that co-culturing OVAloaded monocytes with FACS-sorted splenic DC and CFSE-labeled OT-I cells results in
robust T cell proliferation (Figure 16A). However, when monocytes are separated from
the other cell types by a transwell membrane, T cell proliferation does not occur (Figure
16A), suggesting that MHCI-restricted antigen transfer from monocytes to DC is cell
contact-dependent. Of note, in contrast to OT-I cells, co-culturing OVA-loaded MHCIIdeficient monocytes with DC and CFSE-labeled OT-II cells does not result in CD4+ T
(OT-II) cell proliferation (Figure 16A), a point I will discuss further below.
I next determined if monocytes actually form stable interactions with DC. Here, I
loaded monocytes with fluorophore (BODIPY)-conjugated OVA (DQ-OVA) which is
self-quenched and will emit fluorescence only after proteolytic degradation (antigen
processing). DQ-OVA-loaded monocytes are clearly fluorescently labeled within their
intracellular vesicular structures, suggesting that OVA protein is degraded within their
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Figure 16. Cell contact-dependent interaction between Ag-loaded monocytes and
splenic DC.
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(Figure 16, continued). (A) Proliferation of CFSE-labeled OT-I and OT-II cells
cultured with OVA-loaded monocytes deficient in MHCI or MHCII and splenic DC
in the presence or absence of transwells. **** P < 0.0001 (compared to all the other
groups; one-way ANOVA with Tukey’s test). (B) Time-lapse live images of DQOVA-loaded monocytes (arrows) cultured with splenic DC (arrowheads). Time
display: hh:mm. (C-E) CD45.2+ OVA-loaded monocytes (4x106) were IV injected
into CD45.1+ recipient mice 1 day prior to spleen harvest for immunofluorescent
staining. (C) Representative image showing physical interactions between injected
OVA-monocytes and recipient splenic DC (Mono-DC interaction). Scale bar: 50 µm.
(D) Graph derived from counting monocyte-DC interactions in fields as the one
shown in (C) showing frequency of PTX-untreated (-PTX) or -treated (+PTX)
injected monocytes interacting with DC among total injected monocytes. N = 27
fields from 3 mice per group. NS: non-significant (unpaired two-tailed Student’s ttest). (E) Representative low-power fields of immunofluorescent staining images of
a spleen section. Scale bar: 250 µm. Data are representative of two independent
experiments and presented as mean ± s.e.m.
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endo-lysosomes (Figure 16B). When DQ-OVA-labeled monocytes and splenic DC are cocultured in vitro, these cells form prolonged cell-to-cell contacts lasting at least 2 hours
(Figure 16B). I observed no fluorescent material transfer from monocytes to DCs and
rare, if any, phagocytic events during the 18-hour monitoring period. Staining of spleen
sections prepared from the mice injected with OVA-loaded monocytes, whether
pretreated with PTX or not, reveals that half of the injected monocytes form direct
contacts with DC (Figure 16C-E). Based on these studies, I conclude that MHCIrestricted antigen transfer from monocytes to DC is cell contact-dependent and therefore
not mediated by exosomes.
Gap junctions between cells are formed by two hexameric hemichannels
(connexons), one from each of the two adjacent cells (120). Connexons are comprised of
connexin (Cx) proteins (120). Among Cx proteins, Cx43 is the most widely distributed
and is known to be expressed on monocytes and splenic DC (76, 120). I found that the
distribution of Cx43 in the spleen is noticeably skewed toward the marginal zone (MZ)
where monocyte-DC interactions are frequent (Figure 17A). Cx43 appears at contact
points between monocytes and DC (Figure 17B,C). In co-cultures of OVA-loaded MHCIdeficient monocytes, splenic DC, and OT-I cells, addition of the selective Cx43 inhibitor
peptide Gap27 (141) or the non-specific gap junction blocker carbenoxolone (142)
significantly reduces or abrogates OT-I cell proliferation while a scrambled Gap27
peptide (sGAP27) has no effect (Figure 17D,E). This finding strongly suggests that
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Figure 17. Gap junctions mediate monocyte-induced Ag-specific CD8+ T cell
responses.
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(Figure 17, continued). (A-C) CD45.2 + OVA-loaded monocytes (4x106) were IV
injected into CD45.1+ recipient mice 1 day prior to spleen harvest for
immunofluorescent staining. (A) Distribution of connexin 43 (Cx43) in the spleen.
MZ: marginal zone. Scale bar: 100 µm. (B) Presence of Cx43 (arrows) at the interface
of monocyte-DC interactions. Scale bar: 10 µm. (C) Three-dimensional
reconstruction of the inset in (B). Scale bar: 2 µm. (D) Representative dot plots and
(E) the derived statistics showing proliferation of CFSE-labeled OT-I cells cultured
with OVA-loaded monocytes and splenic DC in the presence of a Cx43 inhibitory
peptide (GAP27), the scrambled GAP27 peptide (sGAP27), or carbenoxolone (Cbx).
In panel E, the % of CFSElo cells is normalized to the mean of the % seen in the
control group. **** P < 0.0001 (one-way ANOVA with Tukey’s test). Data are
representative of two independent experiments and presented as mean ± s.e.m.
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gap junctions are involved in MHCI-restricted Ag transfer from monocytes to splenic
DC.
To determine if gap junctions are required for MHCI-restricted antigen transfer
in vivo, I crossed CD11c-Cre mice with Cx43 gene (Gja1) floxed mice, resulting in the
complete loss of Gja1 RNA expression in splenic DC (Figure 18A). The splenic DC in
CD11c-CreGja1f/f mice display normal cell numbers and subset ratios (Figure 18B,C).
Importantly, they have no defect in antigen presenting capacity (Figure 18D,E). This
splenic DC phenotype of CD11c-CreGja1f/f mice ensures any change in monocyteinduced T cell responses in these mice would only result from the Cx43 deficiency of
splenic DC per se. After the IV injection of OVA-loaded monocytes, I found OVA-specific
CD8+ T cell proliferation to be significantly reduced in CD11c-CreGja1f/f mice (Figure
19A,B). Based on this finding, I conclude that gap junctions mediate MHCI-restricted
antigen transfer from monocytes to splenic DC.

4.5 MHCII-restricted antigen transfer from monocytes to DC is
macrophage-dependent
As noted above, unlike OT-I cells, the proliferation of OVA-specific CD4+ T (OTII) cells is not inhibited by PTX treatment of monocytes (Figure 14C), suggesting that
MHCII-restricted antigens are not transferred from monocytes to DC via gap junctions.
Consistent with this, I found that proliferation of adoptively transferred CFSE-labeled
OT-II cells induced by OVA-loaded monocytes is not impaired in CD11c-CreGja1f/f mice
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Figure 18. The phenotype of splenic DC in CD11c-CreGja1f/f mice.
(A) Relative Cx43 (Gja1) mRNA expression of splenic DC revealed by real-time qPCR.
N = 3 per group. **** P <0.0001 (unpaired two-tailed Student’s t-test). (B)
Representative contour plots showing frequency of DC and DC subsets among total
live splenocytes. (C) Graphs and statistics derived from (B). (D) Representative
histograms showing proliferation of CFSE-labeled OT-I cells being stimulated by
SIINFEKL-pulsed splenic DC for 64 hours. The numbers on top of the histogram
indicate the generation of the proliferating OT-I cells. (E) Graphs and statistics
derived from (D). No statistical significance was found by two-way ANOVA with
Bonferroni’s test for the most far right panel of C and unpaired two-tailed Student’s ttest for all the other panels except A. Data are presented as mean ± s.e.m.
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Figure 19. Gap junctions are exclusively required for Ag-specific CD8+, not CD4+, T
cell responses.
(A) Representative dot plots showing frequency of OVA-specific CD8+ T cells among
total CD8+ T cells in spleens of mice with Cx43-intact (Gja1f/f) or -deficient DC (CD11cCreGja1f/f) on Day 7 after IV OVA-monocyte injection. Gja1: Cx43 gene. (B) Graphs
and statistics derived from (A). *** P < 0.001 (unpaired two-tailed Student’s t-test). (C)
Proliferation of adoptively transferred CFSE-labeled OT-II cells in spleens of mice
with Cx43-intact (Gja1f/f) or Cx43-deficient DC (CD11c-CreGja1f/f) on Day 3 post IV
OVA-loaded monocyte injection. Data are representative of two independent
experiments and presented as mean ± s.e.m.
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(Figure 19C). Moreover, while CD4+ T cell responses require recipient DC in vivo (Figure
13C), co-culturing OVA-loaded MHCII-deficient monocytes, splenic DC, and OT-II cells
does not result in OT-II cell proliferation (Figure 16A), suggesting that an additional cell
type is required for MHCII-restricted Ag transfer from monocytes to DC. Because
previous studies have suggested that marginal zone and red pulp macrophages are
involved in antigen processing in the spleen (143-145), I speculated that splenic
macrophages might be required for CD4+ T cell responses. I therefore used liposomeclodronate to deplete splenic macrophages in mice prior to IV co-transfer of CFSElabeled OT-I and OT-II cells and examined the proliferation of these OVA-specific T cells
after IV injection of OVA-loaded monocytes (Figure 20A). I confirmed that all splenic
macrophage subsets, including red pulp macrophages (RPM; F4/80hiautofluorescence+),
marginal zone macrophages (MZM; F4/80-SIGN-R1+) and marginal metallophilic
macrophages (MMM; F4/80-CD169+) (146), were well depleted in these mice after
clodronate treatment (Figure 20C-E). In macrophage-depleted mice, I found that OT-II
proliferation is severely impaired while OT-I proliferation remains intact (Figure 20B).
Although clodronate treatment depleted about 30% of splenic DC (Figure 20F), this
depletion was not DC subset-specific (Figure 20G) and would not account for the
differential responses of CD4+ and CD8+ T cells to monocyte injection. I thus conclude
that MHCII-restricted antigen transfer from monocytes to splenic DC is a macrophagedependent process.

82

Figure 20. The role of macrophages in monocyte-induced Ag-specific CD4+ T cell
responses.
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(Figure 20, continued). (A) The schematic experimental design of (B-G). (B)
Proliferation of adoptively co-transferred CFSE-labeled OT-I and OT-II cells in
spleens of the mice treated with control liposomes (control) or liposomal clodronate
(clodronate) on Day 3 post IV OVA-loaded monocyte injection (4x106 per mouse).
In the graph, the % of CFSElo cells is normalized to the mean of the % seen in the
control group. N = 5 per group. NS: non-significant; *** P < 0.001 (two-way ANOVA
with Bonferroni’s test). (C-G) Quantification of splenic macrophage and DC subsets
on Day 5 post clodronate treatment. (C) The gating strategy used for panels from D
to G. (D,E) Representative dot plots and statistics showing frequency among total
live splenocytes and absolute cell number of (D) red pulp macrophages (RPM;
F4/80hiautofluoresence+), (E) marginal zone macrophages (MZM; F4/80-SIGN-R1+)
and marginal metallophilic macrophages (MMM; F4/80-CD169+). N = 5 per group.
(F) Frequency of splenic DC among total live splenocytes. (G) Frequency of DC
subsets among total splenic DC. NS: non-significant; * P < 0.05; *** P < 0.001
(unpaired two-tailed Student’s t-test). Data are representative of two independent
experiments and presented as mean ± s.e.m.
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To summarize the work in this chapter, IV administered Ag-loaded monocytes
stimulate CD4+ and CD8+ T cell responses predominantly through an indirect Agpresenting pathway by transferring Ag to splenic DC. Two independent mechanisms of
this Ag transfer process are identified. Gap junctions mediate the transfer of MHCIrestricted Ag to splenic DC while splenic macrophages are required to implement
MHCII-restricted Ag transfer process. The collective findings here reveal unappreciated
cell-associated Ag acquiring mechanisms of splenic lymphoid-resident cDCs that can be
manipulated for either CD4+ or CD8+ T cell stimulation, which would be instrumental
for future vaccine design in treatment of human diseases.
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5. Anti-tumor efficacy of Ag-loaded monocytes
The above findings demonstrate that IV injection of Ag-loaded monocytes results
in the efficient delivery of Ag to resident splenic DC and the induction of robust CD4+ T
cell and CTL responses. Whether these T cell responses induced by Ag-loaded
monocytes are potent enough to eradicate tumors remains to be verified in animal
models. As I demonstrated in Chapter 3 that OVA-loaded monocytes induce more
robust in vivo CTL activity and CD4+ T cell activation than OVA/CFA (Figure 8A-C;
Figure 9A,B), I believe it is possible that monocyte administration could induce antitumor responses more effectively than current tumor vaccine strategies. I began tumor
efficacy testing with a SQ melanoma model targeting the model OVA Ag. To evaluate
monocyte vaccination relative to current cancer vaccines, I compared OVA-loaded
monocytes against DC vaccines for their therapeutic anti-tumor efficacy, examined
combination therapy with checkpoint blockade, and, finally, verified monocyte vaccine
efficacy in tumor models based on validated MHCI- and MHCII-restricted tumor Ags.

5.1 Ag-loaded monocytes induce efficacious anti-tumor
responses
To determine if the T cell responses induced by Ag-loaded monocytes are potent
enough to inhibit tumor growth, I first used a melanoma model in which mice are
injected SQ with OVA-transfected B16/F10 (B16/F10-OVA) melanoma cells. It has been
shown that in this model, Ag-specific CTLs play a key role in tumor eradication (3, 147).
I found that vaccination with OVA-loaded monocytes induces robust memory
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responses, as tumor growth is significantly inhibited and survival is significantly
increased when mice are inoculated with melanoma cells 42 days after IV monocyte
administration (Figure 21A,B). This finding confirms that Ag-loaded monocytes provide
long-term protective immune memory as a classical vaccine and validates the monocyteinduced adaptive immune responses are indeed functionally competent to eradicate
tumor cells. To critically examine the potency of monocyte vaccination, I next compared
the anti-tumor efficacy of monocyte vaccination versus OVA/CFA administered
prophylactically and therapeutically in the same SQ B16/F10-OVA model. In the
prophylactic model where vaccination is administered 7 days before tumor inoculation,
monocyte vaccines display the same anti-tumor efficacy as OVA/CFA (Figure 21C).
However, only monocyte vaccines demonstrate significant therapeutic anti-tumor
efficacy if treatments are administered 8 days after tumor inoculation (Figure 21D).
These findings are consistent with the earlier results showing that CTL activity and CD4+
T cell responses are more robust in monocyte vaccination than OVA/CFA within 7 days
post vaccination (Figure 8A-C; Figure 9A,B).
In conclusion, vaccination with IV administered Ag-loaded monocytes induces
robust anti-tumor memory responses and has a superior therapeutic anti-tumor activity
compared to OVA/CFA. These findings suggest monocyte vaccination is a promising
cancer immunotherapeutic.
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Figure 21. Anti-tumor efficacy of IV injected OVA-loaded monocytes.
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(Figure 21, continued). (A) Growth of SQ B16/F10-OVA tumors in mice untreated
(No treatment) or immunized 42 days earlier with 3x106 OVA-loaded monocytes IV
x1 (Mono). N = 9 per group. (B) Survival curves of mice from panel A. (C,D) Growth
of SQ B16/F10-OVA tumors in mice treated (C) 7 days before or (D) 8 days after
tumor inoculation with SQ CFA as control, SQ OVA (200 µg) in CFA (OVA/CFA) or
3x106 OVA-loaded monocytes IV x1 (Mono). N = 8 per group. Tumor size
comparisons: * P < 0.05; ** P < 0.01; *** P < 0.001 (unpaired two-tailed Student’s t-test).
Survival curve comparisons: ** P < 0.01 (Log-rank test). Data are representative of two
independent experiments and presented as mean ± s.e.m.
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5.2 Anti-tumor efficacy compared with DC vaccines
In above studies, I have shown that monocyte vaccination displays more robust
therapeutic anti-tumor efficacy than vaccination with OVA/CFA. Although CFA is
traditionally the most potent adjuvant used for research purpose, it is not a legitimate
adjuvant in clinical practice. To evaluate the monocyte vaccination relative to a currently
available cancer vaccine, I compared IV administered monocytes with an optimized DC
vaccination protocol in the SQ B16/F10-OVA melanoma model. Here, DC were
administered ID rather than IV, because ID administration has been repeatedly
demonstrated for DC vaccines to be the most efficacious in SQ tumor models and is the
most commonly used route clinically (94-98). This DC vaccination protocol, which has
been used previously, involves adoptive OT-I T lymphocyte transfer (ALT),
preconditioning the vaccine site with tetanus/diphtheria (Td) toxoid, then 3 intradermal
injections of Ag-loaded DC (20). I found that 3 doses of 106 OVA-loaded monocytes,
administered without ALT beginning eight days after tumor inoculation, inhibits tumor
growth as effectively as the DC vaccine administered with ALT (Figure 22A).
Alternatively, monocytes can be administered in a single dose of 3 x 106 cells and display
the same tumor inhibitory efficacy as standard 3 doses of DC vaccination with ALT,
while 3 doses of the DC vaccine administered in the absence of ALT fails to inhibit
tumor growth to any detectable extent (Figure 22B). These findings suggest that
vaccination with Ag-loaded monocytes has better therapeutic anti-tumor efficacy than
DC vaccines.
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Figure 22. Anti-tumor efficacy of multiple- or single-dosed Ag-loaded monocytes
compared to traditional DC vaccines.
Growth of SQ B16/F10-OVA tumors in mice untreated (Tumor alone) or vaccinetreated beginning 8 days post tumor inoculation. (A) Vaccines: 106 OVA-loaded
monocytes IV weekly x3 (Mono 3x) or 106 OVA RNA-DC ID weekly x3 (DC 3x) with
tetanus-diphtheria toxoid immunization (Td) and adoptive lymphocyte (OT-I)
transfer (ALT) N = 8. (B) Vaccines: 3x106 OVA-loaded monocytes IV x1 (Mono 1x), 106
OVA RNA-pulsed DC ID x3 +Td, or 106 OVA RNA-pulsed DC ID x3 +Td +ALT. N = 8
per group. ID: intradermal. Tumor size comparisons: * P < 0.05; ** P < 0.01 (unpaired
two-tailed Student’s t-test). Data are representative of two independent experiments
and presented as mean ± s.e.m.

91

5.3 Checkpoint blockade combination enhances monocyteinduced anti-tumor efficacy
Checkpoint blockade has proven to be a remarkably effective tumor
immunotherapeutic strategy in some patients. Combining checkpoint blockade with
tumor vaccines has been advocated as a promising strategy to improve their efficacy (1).
To determine if checkpoint blockade can improve the anti-tumor efficacy of monocyte
vaccination, I examined the effects of administering anti-CTLA4, anti-PD-1, or anti-PDL1 antibodies in combination with OVA-loaded monocytes in the B16/F10-OVA tumor
model. For these studies, the dose of monocytes was reduced to a single administration
of 2 x 106 cells. In this model, anti-CTLA4 alone has no effect on tumor growth, but in
combination with monocyte vaccination results in significantly improved tumor growth
inhibition over the administration of monocytes alone (Figure 23A). Similarly, both antiPD-1 and anti-PD-L1 antibodies, which display some anti-tumor efficacy by themselves
in this model, significantly improve monocyte vaccine efficacy (Figure 23B,C). The
finding that monocyte vaccines can be combined with checkpoint blockade to achieve
enhanced anti-tumor efficacy in mice raises the possibility that monocyte vaccines could
be combined with different immunotherapeutics for the treatment of human cancers.
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Figure 23. Anti-tumor efficacy of monocyte vaccination combined with checkpoint
blockade.
Growth of SQ B16/F10-OVA tumors in mice untreated (Tumor alone) or treated
beginning 8 days post tumor inoculation with checkpoint blockade, monocytes
(2x106) + control Ab, or monocytes (2x106) + checkpoint blockade. (A) Treatments:
Anti-CTLA4 (αCTLA4), OVA-loaded monocytes IV x1 and control Ab (Mono +
isotype), or OVA-loaded monocytes IV x1 and anti-CTLA4 (Mono + αCTLA4). N = 9
per group. (B) Treatments: Anti-PD-L1 (αPD-L1), OVA-loaded monocytes IV x1 and
control Ab (Mono + isotype), or OVA-loaded monocytes IV x1 and anti-PD-L1 (Mono
+ αPD-L1). N = 9 per group. (C) Treatments: Anti-PD-1 (αPD-1), OVA-loaded
monocytes IV x1 and control Ab (Mono + isotype), or OVA-loaded monocytes IV x1
and anti-PD-1 (Mono + αPD-1). N = 9 per group. Tumor size comparisons: NS: nonsignificant; * P < 0.05; ** P < 0.01; **** P < 0.0001 (unpaired two-tailed Student’s t-test).
Data are representative of two independent experiments and presented as mean ±
s.e.m.
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5.4 Anti-tumor efficacy with validated tumor Ag
In the above studies, the anti-tumor efficacy of monocyte vaccines was evaluated
using the model Ag OVA, which is typically more immunogenic than natural tumor Ags
(147). To determine if monocyte vaccination is efficacious when used with a true
endogenous tumor Ag, I tested monocytes loaded with the major MHCI-restricted CTL
epitope of tyrosinase-related protein 2 (TRP2180-188), a known B16 melanoma Ag, in the
SQ B16/F10 melanoma model (148, 149). For comparison, I used dose-matched irradiated
GM-CSF-transfected B16/F10 melanoma cells (GVAX), which have been described as the
most effective prophylactic vaccine against B16 tumors (124). Unlike GVAX treatment
which shows no therapeutic efficacy, a single IV injection of TRP2180-188-loaded
monocytes significantly inhibits tumor growth (Figure 24A) and prolongs survival of
B16/F10 melanoma tumor-bearing mice (Figure 24B). However, although significant, the
efficacy of single dose IV monocyte vaccination in this experiment was quite modest,
consistent with the known poor immunogenicity of TRP2180-188 as a self-Ag (147). In an
attempt to increase the therapeutic efficacy of TRP2 immunization, I next vaccinated the
mice with 6 doses of 1 x 106 monocytes instead of the single dose of 3 x 106 monocytes
used in the previous experiment. I find that six IV injections of TRP2180-188-loaded
monocytes markedly inhibit tumor growth (Figure 24C) and significantly prolong
survival of B16/F10 melanoma tumor-bearing mice with a more than 30% long-term
survival rate (Figure 24D).

94

Figure 24. Anti-tumor efficacy of monocytes loaded with validated tumor
antigens.
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(Figure 24, continued). (A) Growth of SQ B16/F10 melanoma tumors in mice
untreated (B16/F10 alone) or treated with 3x106 TRP2180-188-loaded monocytes IV x1
(TRP2-mono) or 3x106 GVAX cells SQ (GVAX) on Day 8 post tumor inoculation. N =
10 per group. (B) Survival curves of mice from panel A. (C) Growth of SQ B16/F10
tumors in mice untreated (B16/F10 alone) or treated with 106 TRP2 180-188-loaded
monocytes IV x6 (TRP2-mono) on Days 2, 4, 6, 8, 10 and 14 post tumor inoculation.
N = 9 per group. (D) Survival curves of mice from panel C. (E) Survival curves of
mice intra-cranially inoculated with CT-2A-mIDH1 cells and either untreated
(Glioma alone) or treated with anti-PD-1 Ab (αPD-1) or anti-PD-1 and 3x106 mIDH1
peptide-loaded monocytes IV x1 (αPD-1+ mIDH1-mono) beginning 3 days post
tumor inoculation. N = 8-10 per group. Tumor size comparisons: NS: nonsignificant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 (unpaired two-tailed
Student’s t-test). Survival curve comparisons: * P < 0.05; ** P < 0.01; *** P < 0.001
(Log-rank test). Data are representative of two independent experiments and
presented as mean ± s.e.m.
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To test a second endogenous tumor Ag, I examined the efficacy of monocytes
loaded with MHCII-restricted Ag, mutant (R132H) isocitrate dehydrogenase 1 (mIDH1)
peptide (a 25-mer) in a model of aggressive intracranial glioblastoma (GBM) (5). Mutant
IDH1 is seen as a promising tumor vaccine target due to its widespread expression on
low-grade gliomas and its suggested function as a driver mutation (5, 150). However,
mIDH1 peptides have proven to be very poorly immunogenic. Mutant IDH1 DC
vaccines have not shown efficacy (communication with Dr. John Sampson) and, to the
best of my knowledge, anti-tumor responses have only been seen with peptide/CFA
immunization (5). For these studies, mice were intra-cranially injected with mIDH1
(R132H)-transfected CT-2A astrocytoma tumor cells (151) and, 3 days later, treated with
either anti-PD-1 alone or anti-PD-1 plus a single IV injection of mIDH1 peptide-loaded
monocytes. Mice treated with anti-PD-1 alone demonstrate no survival benefit; however,
mice treated with anti-PD-1 plus mIDH1-loaded monocytes display significantly
improved survival, with 25% of treated mice surviving long term (Figure 24E).
In summary, IV administered monocytes loaded with either model or natural
MHCI- and MHCII-restricted tumor Ags display robust anti-tumor efficacy. The
therapeutic efficacy of monocyte vaccination is better than that seen with DC vaccines
and importantly, can be further enhanced in combination with checkpoint blockade.
These findings strongly suggest that monocyte vaccines have the potential to provide
greater efficacy than current tumor vaccines in the treatment of human cancers.
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6. Discussion and conclusion
In this study, I tested the hypothesis that using a vaccine strategy that mimics
physiological pathways that monocytes and their derivatives use to induce T cell
responses, namely the monocyte-mediated delivery of Ag to resident splenic DC, would
generate immune responses superior to those seen with conventional vaccines. I
demonstrate that, for the responses I have examined, this hypothesis is correct. I find
that IV injection of Ag-loaded monocytes stimulates remarkably strong CD4+ T cell, CTL,
and anti-tumor immune responses in mice. Monocyte administration stimulates stronger
CD4+ T cell and CTL responses than those seen with protein/CFA immunization. The
anti-tumor responses induced by monocyte injection are far stronger than what has been
achieved using DC vaccination with the same Ags.

6.1 Ag-loaded monocytes recapitulate endogenous pathways to
generate adaptive immune responses
In my opinion, these results are not surprising, as neither SQ immunizations nor
the administration of ex-vivo-generated DC would be expected to faithfully and efficiently
recapitulate the endogenous pathways of launching adaptive immune responses in
which monocytes and their progeny play a critical role in presenting Ag in the lymphoid
organs either directly or indirectly via Ag transfer to resident cDCs (Figure 2) (26, 47, 49,
50, 62-73). I chose to use monocytes as the Ag-carrying vehicle based on the large
number of studies demonstrating that monocytes and their progeny can induce robust
Th1 and CTL responses via direct Ag presentation or Ag transfer to lymphoid-resident
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cDCs in the lymphoid organs (26, 47, 49, 50, 62-67, 71-73). The true extent to which
monocytes are responsible for endogenous cellular immunity induction in vivo remains
an open question. However, my findings, when compared with previous studies,
suggest that monocytes perform this function more effectively than other cell types,
which is mainly achieved through an indirect Ag-presenting pathway by transferring
Ag to splenic cDCs. Specifically, the induction of CTL responses has been examined after
the administration of several Ag-loaded cell types including lymphocytes, whole blood
cells, and total splenocytes with or without LN cells (22, 90, 134, 152). In each of these
cases, administration of greater than 107 cells is required to generate effective CTL
responses, while I was able to induce robust CTL responses using about 10-fold fewer
monocytes. The relatively low monocyte number required for effective treatment makes
monocyte vaccination more promising than vaccines based on other cell types for the
potential application in treatment of human diseases. It is not presently clear if this
increased potency of monocytes relative to other cell types in stimulating CTL responses
is due to more efficient Ag transfer or if monocytes provide specific signals to splenic
cDC that other cell types do not.

6.2 Gap junctions in Ag transfer from monocytes to splenic DC
The transfer of Ags from monocytes or macrophages to DC has been found to
occur by several different mechanisms including peptide transfer via gap junctions,
microparticles or exosomes, and transfer of peptide-MHCI complexes (71, 72, 74, 76, 153).
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Here, I find that the transfer of Ags from monocytes to splenic cDCs occurs by two
distinct mechanisms that differ depending on the type of Ag that is being transferred.
The transfer of MHCI-restricted Ags requires direct cell-to-cell contact and the formation
of gap junctions between monocytes and DC. Gap junction mediated transfer of MHCIrestricted Ags is a well-recognized phenomenon. The transfer of immunogenic MHCIrestricted Ags between adjacent tumor cells (119), tumor cells and monocyte-derived
cells (119), tumor cells and DC (140), and between human DC (154), has been shown to
require gap junctions. Theoretically, there are two possible MHCI-restricted Ag transfer
mechanisms that can be mediated by gap junctions. First, short peptide Ags can be
channeled through the central pore of gap junctions (119). Second, gap junctions can
mediate Ag transfer in the form of peptide-MHC complexes by facilitating cell
membrane exchange together with the surface proteins (76). My data supports the first
scenario of Ag transfer since MHCI-deficient monocytes have no impaired ability to
stimulate CD8+ T cell responses (Figure 12A).

In contrast to MHCI-restricted Ag, I find that MHCII-restricted Ag transfer to
endogenous splenic DC is not gap junction dependent but rather requires the presence
of macrophages. This may be due to the fact that MHCII-restricted Ags are typically too
large for effective gap junction transfer through the central channel, as only molecules
less than 1.2 KDa (~11 amino acids) can be transferred through gap junctions (120).
Alternatively, gap junction transfer may not target Ags to the MHCII presentation
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pathway. Although in a murine oral tolerance model, gap junctions mediate MHCIIrestricted Ag transfer by facilitating exchange of membranes with their associated
peptide-MHCII complexes between monocyte-derived intestinal macrophages and DC
(76), my finding that monocytes still transfer MHCII-restricted Ag to Cx43-deficient
splenic DC and activate CD4+ T cells does not suggest a role of gap junctions in MHCIIrestricted Ag transfer from monocytes to DCs (Figure 19C).

6.3 Splenic macrophages in Ag transfer from monocytes to
splenic DC
The exact role that splenic macrophages play in MHCII-restricted Ag transfer
here has yet to be determined. I speculate this process might involve dying Ag-carrying
monocytes being phagocytosed by macrophages, which then relay the Ags to splenic
DCs in proximity. This view is corroborated by previous findings showing that splenic
DCs have far less phagocytic activity than their adjacent macrophages in the MZ (24, 32).
Indeed, studies have shown that depletion of splenic macrophages significantly impairs
the ability of DC to stimulate T cell responses (72, 144, 153, 155). Consistent with my
speculation, a previous study shows that splenic macrophages capture and phagocytose
IV injected OVA-containing dead cells and transfer OVA Ag to DC by releasing OVAcontaining exosomes (153). Depletion of splenic macrophages disrupts this Ag transfer
process and therefore abrogates the ability of DC to stimulate OVA-specific CD4+ T cell
responses (153).
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Interestingly, in contrast to my finding that splenic macrophages are not
involved in CTL generation, evidence from models of Listeria monocytogenes (Lm)
infection (72) and IV immunization with liposome-OVA (155) suggests that depletion of
splenic macrophages also abrogates DC-stimulated CTL responses. Mechanistic studies
reveal that, due to their poor uptake of Lm, DCs mainly obtain Lm Ag from MHCIcontaining microparticles released from Lm-infected macrophages (72). There are 3 main
subsets of splenic macrophages, namely red pulp macrophages (RPM), marginal zone
macrophages (MZM) and marginal metallophilic macrophages (MMM) (143). MMM and
MZM are anatomically well positioned to capture blood-borne Ag (145) and due to their
strategic location with splenic DCs in the MZ, MZM and MMM are assumed to be the
splenic macrophage subsets that transfer Ag to DC in the above studies (153, 155).
Supporting this assumption, using two different MMM-targeting Ag delivery
approaches, OVA-conjugated anti-CD169 and OVA-expressing adenovirus, a recent
study has demonstrated that MMMs exclusively transfer the Ags they have captured via
unknown mechanisms to splenic CD8+DCs for cross-priming CTLs (144). Although these
studies strongly suggest a critical role of splenic macrophages in CTL generation by
transferring Ag to DCs, I find that depletion of splenic macrophages does not impair
monocyte-induced CTL responses. This discrepancy can be explained by the fact that
Ag-loaded monocytes bypass the macrophages in the MZ and directly interact with DC
to transfer MHCI-restricted Ag via gap junctions. Alternatively, as the origins of MZM
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and MMM are still unknown (39), I speculate that monocytes may be their potential
precursors and Ag-loaded monocytes may just differentiate into MMM or MZM by
themselves to cross-prime CTLs via DCs in the ways as described earlier. In either case,
the endogenous splenic macrophages would become dispensable for monocyte-induced
CTL responses. The fact that monocytes use multiple Ag-transfer pathways may explain
their efficiency in inducing CTL responses. In addition, the specific Ag-transfer
pathways used by monocytes may account for the absence of antibody responses, which
are seen after administration of other Ag-loaded cell types (152). Presumably, Ag carried
by monocytes may never be released freely out of the cells and therefore, the Ag
processing would not go beyond the interaction between monocytes and their adjacent
cells, mainly DCs and macrophages.

6.4 Why does monocyte vaccination not induce tolerance
instead
As suggested by previous studies, steady-state splenic cDCs are tolerogenic by
default (30). Antigens administered without adjuvants to stimulate DC maturation will
lead to depletion of Ag-specific T cell clones and peripheral tolerance (27-30). However,
in monocyte vaccination, adjuvants are not required to induce effective anti-tumor
responses. Monocyte vaccines display strong protective memory immune responses in a
SQ melanoma model without the help of adjuvants (Figure 21A,B), suggesting that
clonal deletion and peripheral tolerance do not occur. The results in this dissertation
raise questions about the default status of steady-state cDCs in terms of their
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immunogenicity. Alternatively, monocyte vaccines may be able to activate DC. I found
that IV injection of Ag-loaded monocytes does not induce significant upregulation of costimulatory molecules, a phenotypic signature of maturation, on splenic DCs as a whole
(data not shown). However, since I am not able to distinguish the DCs that have
interacted with Ag-loaded monocytes from those that have not, the above result is not
conclusive. The question about whether Ag-loaded monocytes can activate splenic DCs
remains open and needs to be further investigated.
The finding in a previous study using Ag-expressing lymphocytes as an Ag
delivery vehicle to DCs in vivo may shed light on this question (90). In this study,
although administered at a very dose, IV injected TRP2-expressing lymphocytes are
found to cross-prime CTLs by transferring Ag to CD8+DC via phagocytosis. Tracking the
activation status of CD8+DC, the authors find evidence of DC maturation only on those
lymphocyte-phagocytosing CD8+DC. Moreover, DCs do not get activated by TRP2expressing lymphocytes in an in vitro coculture experiment if they are physically
separated from lymphocytes by a transwell. As CD40-deficient DCs, like wild-type DCs,
can still get activated in the coculture with lymphocytes, the authors conclude that a
CD40-independent cell-to-cell contact mechanism may mediate DC activation. As my
injected monocytes display frequent and long-lasting physical contact with splenic DCs
as I have shown in Chapter 4, the mechanism of DC activation proposed in this study
might be worthy of further investigation in monocyte vaccines, particularly with respect
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to role of gap junctions in this potential cell-contact-dependent DC activation. Ag-loaded
monocytes are also likely to activate cDCs through cytokines that might be produced
during their in vivo differentiation (47, 116) or through the macrophages they are
interacting with as splenic macrophages are evidently critical for the APC function of
splenic DCs (72, 144, 153, 155).
Nevertheless, in my opinion, the notion that steady-state cDCs are tolerogenic by
default and need to be “matured” by exogenous stimulation to acquire immunogenicity
may need to be revisited (30). The interpretation of the studies that this conclusion is
based on is open to debate (27-30). The Ags being administered in these studies are
either apoptotic cell-associated (28) or target the apoptotic cell-recognition receptor
(DEC-205) (27, 29, 156). These studies report that Ag-specific T cells cross-primed by
cDCs proliferate initially but will be deleted roughly by Day 10 post Ag administration
and are unresponsive to rechallenge with the same Ag in CFA. This phenomenon can be
reversed if the Ag is initially co-administered with agonistic anti-CD40 antibody to
activate cDCs. I think that an alternative interpretation of these results is that steadystate cDCs are actually stimulated to be tolerogenic, not by default, but rather by
apoptotic cell-specific signals transmitted via DEC-205. Several lines of evidence have
shown that IV administered apoptotic cells are mainly captured by splenic
macrophages, particular the macrophages in the MZ (24, 32, 153, 157, 158). These MZ
subsets of splenic macrophages are evidently critical regulators of tolerance induced by
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splenic cDCs (157, 158). Together, the tolerogenic phenotype of cDCs may not really be
the default status but rather be a status away from the default induced by active signals
either from the dead-cell-phagocytosing macrophages in the MZ or activated DEC-205
receptors per se. Therefore, steady-state lymphoid-resident cDCs may actually be
immunogenic by default as long as the Ag is not associated with apoptotic cell signals.
For live-cell-associated Ag, cDCs may be able to respond immunogenically. Like
the above-mentioned Ag-expressing lymphocytes or Ag-loaded ex-vivo-generated DCs,
both of them are live-cell-associated Ags and clearly induce sustained CTL responses
with no need of additional adjuvants (90, 110). Vaccination with live Ag-loaded
monocytes, as described in this dissertation, represents another example. The example of
monocyte vaccines is particularly convincing given the result I have shown earlier that
Ag-loaded dead monocytes induce no CTL responses (Figure 7C). Finally, the dose of
live cell-associated Ags may also be a critical factor to determine the immunogenic
responses of cDCs. A clear dose-dependent effect of monocyte-induced CD8+ T cell
responses may suggest a threshold of Ag dose that needs to be reached in order to
initiate immune responses (Figure 7E).
In summary, the finding that monocyte vaccination without additional adjuvants
is immunogenic rather than tolerogenic may result from the live cell entity of the
vaccines which may or may not generate yet unidentified live monocyte-associated
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factors to stimulate or maintain the immunogenicity of splenic resident cDCs provided
that Ag-loaded monocytes are administered above a threshold dose.

6.5 Measures to improve monocyte vaccines
Although monocyte vaccines demonstrate high efficiency of Ag delivery to
splenic lymphoid-resident cDCs, the antigen loading process still needs to be improved.
The concentrations of protein or peptide Ag required to achieve 100% Ag uptake by
monocytes during incubation are likely too high for routine clinical use. I am currently
exploring alternative options for ex vivo Ag-loading of monocytes, including
electroporation with RNA, liposomal Ag, Ag-coated nanoparticles and Ag-fused
monocyte-specific antibodies. I am particularly interested in RNA electroporation
because my preliminary tests have shown promising Ag uptake by monocytes with
reasonable RNA concentrations and because RNA can be easily generated in large
quantities. Importantly, large-scale human cell electroporation has been an established
technique with commercialized devices available on the market (159).
To achieve the ultimate goal of curing cancers, the combination of multiple
therapeutic modalities based on different mechanisms is a reasonable approach (1). I
have shown that the therapeutic efficacy of monocyte vaccines to inhibit tumor growth
can be enhanced in combination with checkpoint blockade. In addition, given that the
number of monocyte-interacting splenic DCs may be a limiting factor for overall
monocyte-induced T responses, I reason that boosting splenic DC cell numbers may
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improve the efficacy of monocyte vaccines. As described in Chapter 1, Flt3L is critical
growth factor regulating development of cDCs (34). Injection of Flt3L in mice leads to a
rapid accumulation of cDCs in the peripheral organs (36, 37) and this treatment has been
used in humans in clinical trials (160). I am currently testing the therapeutic efficacy of
monocyte vaccination combined with Flt3L treatment. Other immunotherapeutics in
clinical trials including agonistic anti-CD40 (to activate DCs) (161) and IL-2 (to stimulate
T cells) (162) may also be good candidates to be combined with monocyte vaccines to
enhance therapeutic efficacy.

6.6 Monocyte vaccines in clinical application
A FDA-approved autologous APC-based cellular vaccine, sipulucel-T, has been
used in treating advanced stage prostate cancer (163). This vaccine has modest clinical
efficacy, extending on average 4 months the survival of patients with advanced prostate
cancer (164). Sipulucel-T is close to my monocyte vaccines in terms of its cellular
components. It is generated from a 2-day ex vivo treatment of human PBMC with GMCSF plus prostatic acid phosphatase (PAP) and is administered IV (165). Although it is
viewed as an APC vaccine, the final GM-CSF-treated product is composed of
heterogeneous immune cells containing roughly 10% of CD14hi classical monocytes with
T and NK cells in the majority (~75%) (166). Interestingly, CD54+ “DCs” only constitute
~10% of sipulucel-T (166). Although sipulucel-T induces Ag-specific immune responses
which are correlated with overall survival, no clear objective tumor regression has been
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observed in the clinical trials (164), suggesting that the tumor Ag-specific T cell
responses are not functionally robust enough to eradicate tumors. This is consistent with
a previous report showing that only ID and intralymphatic, rather than IV, injection of
ex vivo generated PBMC-derived DC vaccines induce robust IFNΥ-producing T cell
responses (98). I speculate the low efficacy of sipulucel-T in triggering effective T cell
responses may partially result from the poor quality and the low quantity of CD14hi
classical monocytes in its GM-CSF treated final product.
The work in this dissertation raises the possibility that the administration of Agloaded monocytes could be used in the treatment of human cancers. My results in mice
suggest that monocyte vaccination in humans may display greater efficacy than current
tumor vaccine strategies. Numerous vaccination approaches have been proposed to
enhance cross-priming and thereby improve tumor vaccine efficacy (167, 168). My
findings suggest that this can be best accomplished by mimicking endogenous
mechanisms of Th1 and CTL induction and that monocyte administration is an effective
means to achieve this. Administration of Ag-loaded monocytes offers other potential
advantages as a tumor vaccine platform. It is extremely simple, requiring no activation,
stimulation, or differentiation of monocytes beyond Ag loading. Also, monocyte
vaccination is rapid. Large numbers of high purity human monocytes, on the scale of 109
cells, can be obtained within a few hours (113, 114), with an additional 1-2 hours
required for loading or transfecting monocytes with Ags. This means that monocyte
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vaccination could be performed in clinical settings in a single day. In terms of cost and
feasibility, this represents a substantial improvement over DC vaccines. Monocytes can
also be easily transfected or electroporated with mRNA, allowing simultaneous
vaccination with multiple tumor antigens. In addition, my findings demonstrate that
monocyte vaccination may be combined with checkpoint blockade to further enhance its
therapeutic efficacy. In summary, I conclude that monocyte vaccination induces robust T
cell and anti-tumor immune responses in mice and has the potential to provide greater
efficacy than current tumor vaccines in humans while being simple, inexpensive, and
feasible for routine clinical use.

6.7 Concluding remarks
In this dissertation, I have demonstrated that IV administered Ag-loaded
monocytes induce highly efficacious anti-tumor responses superior to those seen with
traditional adjuvant-, GM-CSF-transfected whole tumor cell- and conventional ex vivo
DC-based vaccines. I have determined that Ag-loaded monocytes predominantly exploit
an indirect Ag-presenting pathway to stimulate T cell responses by transferring MHCIand MHCII-restricted Ags to splenic DCs via gap junctions and macrophages
respectively (Figure 25). Monocyte vaccination may have immediate translational values
because of its multiple clinical advantages, including simple purification of monocytes
from human peripheral blood, inexpensive and simple ex vivo preparation procedures in
a single day, and adjuvant-free vaccination via the IV route. Finally, Ag-loaded
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Figure 25. The model of monocyte-induced adaptive cellular immune responses.
Ag-loaded monocytes transfer Ags to splenic DC to indirectly stimulate CD8+ and
CD4+ T cells. MHCI-restricted Ag transfer from monocytes to DC is via gap junctions.
MHCII-restricted Ag is transferred to DC via a macrophage-dependent pathway
probably involved with phagocytosis of dying monocytes and other unknown
mechanisms. The monocyte-carrying Ag may never be released freely into
extracellular space and therefore B cells would not be able to recognize the Ag.
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monocytes can be cryopreserved long term without losing their efficacy, a feature
making monocyte vaccination more flexible in clinical applications.
In conclusion, IV injection of unactivated Ag-loaded monocytes without
adjuvants induces highly efficacious anti-tumor T cell responses via two independent
and efficient Ag transfer pathways to splenic lymphoid-resident DCs. These findings
revise the paradigm that monocytes have to be activated ex vivo to achieve optimal
vaccine efficacy and reveal unappreciated cell-associated Ag acquiring pathways of
splenic resident DCs that can be respectively manipulated for CD4+ or CD8+ T cell
stimulation, which would be instrumental for future vaccine design in the treatment of
human cancers.
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