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Natural human monoclonal antibodies obtained from sentinel lymph nodes of
cancer patients identify cell surface vimentin. One of these vimentin-reactive
antibodies, pritumumab, has been used to treat brain cancer patients. This review
summarizes data on mAbs reactive with cell surface vimentin and their origin
from lymph nodes of cancer patients.
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Introduction

Intermediate filaments are a class of dynamic, flexible cytoplasmic proteins such as
keratin, vimentin, desmin, and lamin (Dutour-Provenzano and Etienne-Manneville, 2021;
Satelli and Li, 2011). Vimentin in involved in cell processes, including cell migration, cell
shape and plasticity, and organelle anchorage (Mendez et al., 2010; Mendez et al., 2014;
Ivaska et al., 2007; Eckes et al., 1998; Ebert et al., 2000), possibly by interacting with actin
(Esue et al., 2006). Vimentin is also implicated in several pathophysiological conditions such
as cancer (van Loon et al., 2024), autoimmune and inflammatory diseases, and infection
(Kidd et al., 2014; Lazarova and Bordonaro, 2016; Brzozowa et al., 2015; Zhao et al., 2013;
Yin et al., 2018; Peng et al., 2022), including wound healing (Eckes et al., 2000) and evading
immune surveillance (Peng et al., 2022). Vimentin is expressed in many cell types including
mesenchymal cells, fibroblasts, endothelial cells, macrophages, melanocytes, Schwann cells,
and lymphocytes (Dutour-Provenzano and Etienne-Manneville, 2021; Satelli and Li, 2011).
In addition to its cytoplasmic location vimentin can also be expressed at the cell surface
(Bhattacharya et al., 2009; Heming et al., 2024; Tabatabaee et al., 2024) and that its role as a
cell surface marker in oncology is mostly unknown.

The recognition of cell surface vimentin suggests an innate auto-antigenic natural
human immune response (Glassy, 2020), perhaps a function of immunosurveillance (Peng
et al., 2022). It follows then that if cell surface vimentin were not present then no anti-
vimentin response would occur. On the other hand, when cells lyse and release cytoplasmic
components, one of which is vimentin, then perhaps the natural human immune response
has a pre-established response to vimentin and when it appears on the cell surface this
natural pre-established response generates natural antibodies to vimentin.

Since natural antibodies to vimentin exist (Glassy, 2020; Nasoff et al., 1997) then where
are the B-cells that make them? One potential answer is the lymph node (LN). Therefore,
how does vimentin–and what form of vimentin - gets into LNs to stimulate such an immune
response? Is vimentin by itself, an altered form, or is it complexed with other biomolecules
as it enters the LN? Natural immune cell processing of vimentin, such as HLA recognition
and dendritic cell activation, occurs so are any vimentin epitopes ‘more immunogenic’ than
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other epitopes? What role does post-translational epigenetic
processes play in focusing a human response on a particular
vimentin epitope?

Epithelial–mesenchymal transition (EMT) is a reversible cellular
program that transiently places epithelial cells into quasi-
mesenchymal cell states (Kalluri and Weinberg, 2009; Dongre
and Weinberg, 2019; Nieto, 2009). During the EMT process there
is an upheaval in DNA expressions in that gene expression increases
and decreases, some even superinduced (Dongre and Weinberg,
2019). During this process the activation of EMT mechanisms
results in the progressive loss of the typical polygonal,
cobblestone morphology of epithelial cells into that of spindle-
shaped, mesenchymal morphology (Dongre and Weinberg, 2019).
These cells express markers that are associated with the
mesenchymal cell state, notably neural cadherin (N-cadherin),
vimentin and fibronectin (Arrindell and Desnues, 2023).

Pritumumab

Pritumumab, a natural human IgG1 kappa antibody, was
obtained from a regional draining lymph node of a patient with
cervical carcinoma through traditional hybridoma technology
(Glassy et al., 1983; Glassy and Gupta, 2013). Specificity analysis
of the target antigen, an altered form of vimentin called, ecto-
domain vimentin (EDV), shows it to be limited to cell surface
expression on cancer cells (Glassy, 2020; Babic et al., 2019).
However, it is currently unclear what structural modifications
resulted in EDV and its role, either directly or indirectly, in
tumor biology. In early clinical trials with hybridoma-generated
pritumumab 249 brain cancer patients were treated with a low dose
regimen, either at 1 mg once a week or 1 mg twice a week, and of
those evaluated their overall response rates of between 25% and 30%
were seen with several complete and partial responses (Glassy and
Hagiwara, 2009).

A second Phase 1 trial with was completed with CHO-produced
pritumumab (Gupta et al., 2013) that also showed clinical benefit
(Carrillo et al., 2024). Overall, 15 patients received pritumumab in a
recurrent setting. Pritumumab was well tolerated, with no serious
adverse events related to the treatment reported. The most common
pritumumab-related toxicities were constipation and fatigue. There
were no dose-limiting toxicities observed, and a maximum tolerated
dose was not reached. Thus, the maximum feasible dose and
recommended phase 2 dose of pritumumab was established at
16.2 mg/kg weekly. Out of eleven patients evaluated for efficacy,
one patient (9.1%) demonstrated partial response based on response
assessment in neuro-oncology criteria, and disease stabilization was
seen in 3 patients (27.3%). This data suggests that the CHO-produced
pritumumab is well tolerated with no dose limiting toxicities observed
up to 16.2 mg/kg weekly (Carrillo et al., 2024). Overall, these data
together suggests vimentin-targeted pritumumab is suitable for
further development as an anti-tumor therapeutic.

RM2

Regional draining lymph nodes from patients with colon and
pancreatic cancers were obtained from surgical specimens at biopsy,

pooled, processed under sterile conditions, and then stimulated
in vitro with pokeweed mitogen [PWM; Koda and Glassy (1990)]
to enhance cell proliferation. Using standard hybridoma procedures
RM2, a natural human IgG, was obtained (Nasoff et al., 1997; Glassy
et al., 2007). FACS analysis showed the RM2 antigen to be cell
surface expressed (Nasoff et al., 1997; Glassy et al., 2007) and
standard Western blot analysis of RM2 binding showed a single
chain protein antigen with an apparent molecular weight of 52 kDa
(Nasoff et al., 1997). Subsequent analysis has shown the antigen to be
an epitope on the intermediate filament vimentin (Babic et al., 2019).
In silico data showed the IGK4 sequence of the coil 2B rod fragment
of vimentin binds to RM2 [Figure 1; Culler et al. (2004)].

Additional studies showed that RM2 has a similar
immunohistological binding pattern as pritumumab (Glassy and
Hagiwara, 2009; Glassy et al., 2007) and, like pritumumab, is also
effective in reducing tumor burdens in xenograft models (Glassy
et al., 2007).

EDV as a biomarker

Based on the selective immunoreactivity of cell surface vimentin,
with both pritumumab and RM2, it may be useful as a biomarker
since it is not shed nor internalized upon mAb binding (Glassy,
2020; Glassy and Hagiwara, 2009). Therefore, as a mechanism of
action the mAb does not have to penetrate cells as in the case with
immunoconjugates (Anubhab et al., 2019). Immunohistological
evaluation showed that EDV is present on all three germ layers,
ectoderm, endoderm, and mesoderm, and therefore may be a
tumor-restricted pan-cancer antigen (Glassy, 2020; Glassy and
Hagiwara, 2009). EDV is involved in EMT transitions and could
therefore be considered a neo-antigen in which the reactive epitopes
may be epigenetically derived. Both slow and rapidly growing cells
are EDV + so circulating tumor cells may have diagnostic utility.

Cancer stem cells that are CD144+ are also EDV + so
immunotherapeutic protocols based on EDV reactivity may also

FIGURE 1
In silico analysis of CDR sequence of RM2, yellow, and orange,
against the IGK4 peptide sequence of vimentin, green, which contains
the reactive epitope (red).
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be effective and show a response with early cancer cell development.
CD144+ cancer stem cells are precursors to tumor development and
by targeting EDV on these cells may have implications in mitigating
cancer progression.

Natural heavy chain sequences

Current mAb oncology targets have been identified by murine
xenogenic responses (Kothari et al., 2024). The Complimentary
Determining Region (CDR) sequences from these murine mAbs
have been incorporated into human IgG scaffolds resulting in
humanized antibodies (Donzeau and Knappik, 2007). Something
that has not been discussed in detail is the generic heavy chain
sequences of these humanized mAbs, which are essentially all the
same, and all derivative of the same sequence. These heavy chain
sequences may be too uniform to fully integrate into the natural
human humoral immune response. There are minor differences in
human IgG heavy chain sequences that may provide for more
efficient effector functions. Selecting a natural IgG heavy chain
scaffold may be a more effective tool for a more robust immune
response than the generic IgG sequences used in generating
recombinant forms for production (Donzeau and Knappik,
2007). The IgG heavy chain sequences of pritumumab and
RM2 are natural, not generic, with no modifications. In the
germinal center of the original patients, whose lymph nodes
were removed resulting in the identification of pritumumab as
well as RM2, the natural affinity matured CDR sequences were
combined with the natural isotype (IgG1kappa) the patient
generated in the original immune response to the target, ecto-
domain vimentin.

Vimentin cocktail utility

A natural application of antibodies binding to the same antigen
is by combining themAbs into a cocktail whichmaymore accurately
reflect the natural human oligoclonal response (Gupta and Glassy,
2014; Glassy et al., 2007). Since the natural immune response is
oligoclonal then more than one antibody to a given target is how
natural immunity works. RM2 and pritumumab could be combined
into a Multimab cocktail with binding different co-expressed
epitopes on the same antigen on the same cell (Mukerjee et al.,
1999). This may result in a more robust immune response.
Antibodies in general act in a synergistic way (Glassy et al.,
2007) and a vimentin Multimab cocktail may enhance such an
immune response.

Neoantigen possibilities

As a result of the EMT transition the neo-epitopes that appear
on vimentin are most likely due to epigenetic modifications since
both normal and EDV are expressed by the same cancer cell which
suggests the gene coding for vimentin is unchanged and not due to
alternate splicing variants. Further work will be necessary to
determine which genetic changes cause these neo-epitope
modifications to appear.

Lymph nodes

Since both pritumumab and RM2 are lymph node derived
suggests LNs are a valuable source for onco-important targets
(Node Biopsy and Ioachim, 1982; Glassy and McKnight, 1994;
Okadome et al., 1991; Yagyu et al., 1992; Tanigawa et al., 2001).
LNs are among the organs most commonly used for staging for
biopsy and diagnosis (Glassy and McKnight, 1994). They are
serviced by the lymphatic pathway, both afferent and efferent
lymphatics, and the blood circulatory system. The focus in LNs
are the germinal centers, the sites for antibody class switching and
affinity maturation (Victoria and Nussenzweig, 2022). In oncology
LNs are important because metastatic cells migrate through them
(Fares et al., 2020). The intelligence of the immune response of
sentinel lymph nodes in cancer can be exploited by analyzing
antibodies derived from these germinal centers (Yagyu et al.,
1992; Glassy, 1987). Both RM2 and pritumumab are germinal
center-derived.

Germinal centers vary in size, increasing dramatically with
antigen challenge. The lymphoid cells in germinal centers consist
of small, medium-sized, and large lymphocytes in various degrees of
maturation, stimulation, and proliferation. An analysis of the
antibody repertoire of these B cells could be useful in
understanding the limitations and broadness of natural
antibodies to tumor antigens.

In the germinal centers of cancer patients major V-D-J gene
rearrangements have occurred whereby antibodies to various tumor
associated antigens have been generated. In this way, the intelligence
of the natural immune response has acted like a drug discovery
program in which the human immune response has, in essence,
identified, located, and responded to tumor antigens (Glassy and
McKnight, 1993). This lymph node response, that is, germinal center
development, is antigen driven. Overall, immunohistochemical
analysis has shown these lymph node derived human antibodies
recognize antigens which are highly restricted to tumor cells and
tissues (Glassy et al., 2007; Glassy, 1987).

Migrating lymphocytes filter through lymph nodes and, if
necessary, stay and develop into germinal centers through clonal
selection and expansion (Fares et al., 2020). Affinity maturation may
occur at this time as well as class switching, which is cytokine driven.
Specificity remains the same though the heavy chains and perhaps
affinity change. All these responses are antigen driven and therefore
constitute “antigen-specific modulation(s)”.

This then begs the questions of what is the nature of the antigen
and how does it drive somatic hypermutation (v-gene editing) and
affinity maturation in LNs? It is noted that antigen must constantly
be present to keep driving germinal center development (Victoria
and Nussenzweig, 2022). Is the percent time spent in the presence of
antigen related to affinity maturation? One possibility is antigen
processing could occur outside of the LN, such as seen with tumor
infiltrating lymphocytes (Kotlan et al., 2003; Kotlan et al., 2006),
then “armed” dendritic cells enter the LN for germinal center
development (Victoria and Nussenzweig, 2022).

In a normal, unreactive lymph node there are about 20 germinal
centers. In a reactive lymph node there can be up to 100 germinal
centers. Average germinal center size is ~0.1 cm in length and
~0.001 cm3. Approximate normal LN size is 0.6 × 0.3 × 0.3 cm =
0.054 cm3. A reactive LN is: 1.2 × 0.8 × 0.6 = 0.57 cm3. There are
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about 6 × 108 lymphocytes in each unreactive LN and about 6.5 × 109

cells in a reactive LN. Many of these lymphocytes reflect clonal
expansion (Victoria and Nussenzweig, 2022).

Since humans do make anti-cancer antibodies then what is the
germinal center antibody repertoire and what predictions can we
make from this? What can we learn about the natural human
immune response from these patients? Can any insight be gained
in analyzing the theoretical limits of the regional draining lymph
node immune response? Are there any general rules in sentinel
germinal center development based on the antibody repertoire?

LNs are connected by lymphatic vessels so their echelon from
proximal to distal may reflect a different anti-cancer response
(Victoria and Nussenzweig, 2022). The antibody repertoire of
proximal, sentinel LNs may be different from distal LNs
(Cochran et al., 1992; Morton et al., 1992). Does this antibody
repertoire vary between different cancers? Since it appears EDVmay
be a pan-cancer surface target then processing the antigen by
germinal centers could be considered a common process
irrespective of the type of epithelial cancer.

In our overall analysis of antibodies obtained from regional
draining lymph nodes of cancer patients suggests the recognized
antigens consist of various cell surface proteins including
gangliosides (Mukerjee et al., 1998; Kotlan et al., 2005). Animal
models of biodistribution and tumor regression with these natural
mAbs suggests they have bioactivity in immunotargeting and
immunoregulating cancer (Glassy et al., 2007; Koda et al., 1998a).

Clinical data from phase I/II trials with cancer patients suggests
these LN-derived mAbs show patient benefits (Glassy, 2020; Glassy
and Hagiwara, 2009; Carrillo et al., 2024). Since these natural human
antibodies have all been obtained from reactive lymph nodes of
cancer patients suggests that interesting V-D-J antibody gene
rearrangements have occurred, most likely driven by exposure to
various tumor antigens, such as EDV. Such a panel of natural LN-
derived human antibodies, formulated as a cocktail, may have utility
in the oncology clinic (Glassy et al., 2007; Glassy and McKnight,
2005; Krieg et al., 2022). Afterall, the natural human immune
response is oligoclonal so a few antibodies most likely are
generated to each target antigen (Gupta and Glassy, 2014).

Since LNs appear to be an interesting source of anti-cancer
mAbs (Glassy, 1987; Koda et al., 1990; Koda et al., 1998b; Koda et al.,
2001) then one option is to generate a natural lymph node CDR
library from these antibodies. Patterns in CDR profiles, such as
families and sub-families may provide insight into the natural anti-
cancer immune response. Construction of CDR libraries have
provided insight as to the feasibility of this approach (Kotlan
et al., 2003). Each sentinel LN in cancer patients is an
immunological snapshot of an anti-cancer response (Kothari
et al., 2024; Glassy and McKnight, 1993). Can LN-derived onco-
relevant CDR sequences be organized into a “tree of life” to better
understand the oncogenic process?

Questions difficult to answer: What type of antigen, soluble or
cell-bound, is best for generating an anti-cancer lymph node
germinal center immune response? Furthermore, what is the
antigen threshold for generating an immune response? How
effective is the germinal center response in generating the most
appropriate heavy chain as well as the optimal affinity? What sort of
oligoclonal response can be generated by such involved nodes?

A major advantage of exploiting the LN human antibody
repertoire is the ability to re-introduce a natural antibody back
into patients that should be well tolerated. After all, human IVIG
preparations can use up to 50 g per treatment (Schwab and
Nimmerjahn, 2013) so a much smaller dose of a natural human
antibody should be well tolerated.

What sort of anti-tumor response occurs in nodes which are
microscopic only in extent and not detectable grossly? The location
of the LN, proximal to distal, in relation to the primary tumor is
important. Micro metastatic foci in LNs may trigger an immune
response as measured by germinal center development (Victoria and
Nussenzweig, 2022). There may be microheterogeneity with
multiple metastasis that could affect germinal center
development. The size of these foci may be important in
presenting antigen load. An important question to ask is when
does “occult” foci turn into “non-occult” foci?

Tumor cells have an advantage in rapid growth (fast cell cycle
times) so they can both stimulate an immune response and
“outgrow” the insufficient retaliation. Tumor cell doubling time
is critical here. The natural immune response may not be sufficient
to keep up with rapidly growing tumor cells so tumor antigen levels
are in a higher concentration than antibodies that can be generated.

Some predictive elements of regional draining LNs (Victoria and
Nussenzweig, 2022) consist of the size (occult vs. gross), number and
location such as sentinel or secondary level, ipsilateral or bilateral,
the extent of nodal invasion, edema, pericapsular sinus or
replacement, including extracapsular, vascular, lymphatic, neural,
or soft tissue invasion. In addition is the growth potential of
metastases within the LN.

Analysis of the B cell immune response from sentinel LNs could
provide information on the immunological fitness of the antigen.
Sentinel LNs are a vibrant resource which provides an interesting
window from which to observe the natural anti-cancer immune
response. It is also important to point out that in sentinel LNs some
cancer antigens may be more immunogenic than others, some
dormant and others more active, and patient’s immune responses
may reflect this. Some antigens may have a Jekyll/Hyde function in
which dormant antigens can be made Hyde-like immunogenic and
vice versa, Hyde to Jekyll, to escape from the immune response. Since
humans do make antibodies to their own cancer antigens then how
can this be best exploited to benefit patients?

Summary

Cell surface vimentin is ready for immunotherapy primetime.
With the identification of two separate immune responses in cancer
patients to vimentin, pritumumab and RM2, all derived from
sentinel LNs, strongly suggests that there may be other patients
that also mount an immune response to cell surface vimentin
(EDV). This natural immune response to EDV may be
oligoclonal and a few antibodies are generated to vimentin,
perhaps to different epitopes. The most obvious application of
such an oligoclonal response is targeting surface vimentin with a
cocktail of human mAbs with each mAb to a different epitope.
Antibody cocktails have been shown to be more effective than
monotherapy and such cocktails may reflect a natural oligoclonal
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oncology response (Gupta and Glassy, 2014; Glassy et al., 2007;
Schwab and Nimmerjahn, 2013).

RM2 and pritumumab bind to vimentin, the same antigen but a
different epitope, and both came from a different lymph node which
strongly suggests the target, vimentin, is onco-important irrespective
of the origin of the cancer type. Also, the immunohistological data
suggests all forms of solid tumors of epithelial origin are EDV+.
Irrespective of the tumor type it appears LNs may process epithelial
tumor cells in such a way that surface vimentin (EDV) is a recognized
target. Peptide sequences of vimentin have been generated (Hagiwara
et al., 2001) and unfolded peptides of the binding region bind to
pritumumab (by Western blot) whereas alpha-helical peptides do not
bind to pritumumab (M. Pellecchia & Glassy, unpublished data)
which suggests the epitope is conformation dependent.

An interesting aspect about pritumumab is its ability to cross the
blood-brain barrier (BBB). Implanted orthotopic brain tumors in
mice were successfully imaged within 4 hours suggesting the
antibody crossed the BBB (Modi et al., 2024). One possible
mechanism involved the antibody’s isoelectric point of 8.6. A
high isoelectric point may contribute to the rapid passage
through the BBB (Modi et al., 2024).

The cytoskeleton gets remodeled in cancer and vimentin is one
of these remodeled proteins as a result of the EMT events (Dongre
and Weinberg, 2019). Vimentin seems to have a “Jekyll/Hyde”
aspect. Internal cytoplasmic or Jekyll vimentin acts normally
whereas cell surface Hyde vimentin reflects oncology
circumstances with a remodeled cytoskeleton.

Nature does not work in a vacuum so if two independent studies
have yielded mAbs to the same target, vimentin, then there must be
others. The question is how frequent is the immune response to
vimentin? Also, do these anti-vimentin antibodies have any
implication in the anti-cancer immune response? One possible
interpretation is the natural immune response to EDV does cause
cell death resulting in necrotic lesions but the growth of the cancer
cells outpaces the production of effective antibodies. From this one
can then ask how many LN-derived antibodies are cell specific? Are
these identified antigens cell surface, cytoplasmic, or even secreted?

LNs of cancer patients may represent a model system to probe
antigen driven immunoselection of antibody-secreting anti-cancer
B cells, which occurs in germinal centers, where affinity maturation,
class switching, and somatic hypermutation events take place.
Overall, the data suggests that interesting LN antibody responses
are generated to a class of antigens which impact tumor biology.
Since tumors do grow then other elements (e.g., cytotoxic T cells,
various cytokines, etc.) are necessary to eradicate and/or control
tumor cell development. Growth of cancer cells may outpace the
production and bioavailability of an effective immune response.

Future research directions should include an understanding of
how the processing of vimentin to EDV influences malignancy. Is

EDV directly or indirectly involved in tumor progression or perhaps
the tumor microenvironment? Also, what is the precise epigenetic
modification(s) used to separate normal cytoplasmic vimentin from
cell surface vimentin? It is unclear what, if any, specific biological
function EDV has. Is EDV alone on the cell surface or is it
complexed with other biomolecules?

A sentinel LN processed vimentin to generate an antibody
response which, in turn, recognizes a form of vimentin located
on the cell surface of cancer cells. This antibody may have utility in
the treatment of epithelial cancer cells that are cell surface vimentin
positive. The data suggests vimentin should be included as a viable
marker and potential target in oncology.
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