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Significance

Multiple sclerosis (MS) is a 
currently incurable autoimmune 
disease with a complex disease 
pathology. Despite the key role of 
myeloid cells in the 
pathophysiology of MS, current 
treatments do not specifically 
target myeloid cells or directly 
make their use for modulating 
the disease. We propose that 
immunomodulatory monocytes, 
upon intravenous injection, can 
infiltrate into inflamed central 
nervous system and have the 
potential to mitigate disease 
progression. We control 
monocyte phenotype through 
cell surface–adhered particles 
(“backpacks”) loaded with 
interleukin-4 and 
dexamethasone. Treatment with 
backpack-laden monocytes 
elicited local and systemic 
immunomodulatory effects, 
culminating in improved motor 
functions in experimental 
autoimmune encephalomyelitis 
mice. The results reported here 
demonstrate the possibility of 
myeloid cells as a therapy and 
drug target in MS.
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Multiple sclerosis (MS) is an incurable autoimmune disease and is currently treated 
by systemic immunosuppressants with off-target side effects. Although aberrant 
myeloid function is often observed in MS plaques in the central nervous system 
(CNS), the role of myeloid cells in therapeutic intervention is currently overlooked. 
Here, we developed a myeloid cell-based strategy to reduce the disease burden in 
experimental autoimmune encephalomyelitis (EAE), a mouse model of progressive 
MS. We developed monocyte-adhered microparticles (“backpacks”) for activating 
myeloid cell phenotype to an anti-inflammatory state through localized interleukin-4 
and dexamethasone signals. We demonstrate that backpack-laden monocytes infil-
trated into the inflamed CNS and modulated both the local and systemic immune 
responses. Within the CNS, backpack-carrying monocytes regulated both the infil-
trating and tissue-resident myeloid cell compartments in the spinal cord for func-
tions related to antigen presentation and reactive species production. Treatment with 
backpack-monocytes also decreased the level of systemic pro-inflammatory cytokines. 
Additionally, backpack-laden monocytes induced modulatory effects on TH1 and 
TH17 populations in the spinal cord and blood, demonstrating cross talk between 
the myeloid and lymphoid arms of disease. Backpack-carrying monocytes conferred 
therapeutic benefit in EAE mice, as quantified by improved motor function. The use 
of backpack-laden monocytes offers an antigen-free, biomaterial-based approach to 
precisely tune cell phenotype in vivo, demonstrating the utility of myeloid cells as a 
therapeutic modality and target.

Immunoengineering | CNS | myeloid | macrophages | phenotype

Multiple sclerosis (MS) is a currently incurable autoimmune disease characterized by 
inflammation and demyelination, leading to progressive neurodegeneration (1, 2). While 
adaptive immune cells are ultimately responsible for demyelination in MS (3), myeloid 
cells are known to play an important role in the initiation and exacerbation of MS (4). 
Myeloid cells constitute the largest population of central nervous system (CNS)-resident 
immune cells, comprising primarily of tissue-resident microglia and circulating monocytes 
that infiltrate and differentiate into macrophages (5). Not surprisingly, macrophages and 
microglia are the predominant inflammatory cells in active MS lesions (6–8). Myeloid 
cells also produce several inflammatory cytokines, free radicals, and other mediators that 
augment the inflammatory milieu, which in turn contributes to axonal injury (4, 9).

Current MS treatments are based largely on systemic immunomodulators, including 
interferon-β injections, oral glatiramer acetate, and oral fingolimod (1, 10, 11). These treat-
ments are primarily aimed at reducing flares, rather than preventing disease, for relapsing 
MS, and are ineffective for progressive MS. Corticosteroids are also often used as a supple-
mentary option for reduction of flares (12). All these treatments mediate their effect through 
systemic immunosuppression, with little to no direct impact at the target site due to the 
ineffective delivery of these drugs into the CNS (1, 2, 10). In particular, treatments for 
progressive MS are limited by lack of drug access to the compartmentalized innate immune 
response in the CNS (13). Current experimental therapies are dominated by systemically 
delivered small molecules and monoclonal antibodies, with a majority constituting currently 
approved immunomodulators for other indications or new dosing regimens. Some examples 
of new experimental therapeutic modalities include Bruton’s tyrosine kinase inhibitors (evo-
brutinib, fenebrutinib, tolebrutinib), phosphodiesterase inhibitor (ibudilast), statins 
(Simvastatin), antisense oligonucleotide for CD49d (ATL1102), and allogeneic Epstein–Barr 
virus T cells (ATA188), all delivered systemically (14–16).

Despite their key role in the pathophysiology of MS, current treatments do not specifically 
target pro-inflammatory myeloid cells or make their use for modulating the disease. There 
is growing recognition, however, that the therapeutic activity of current MS therapies that 
target the adaptive immune system is actually indirectly mediated through myeloid cells 
(4, 17). Taking advantage of the ability of circulating monocytes to infiltrate into the CNS, 
here we report an anti-inflammatory myeloid cell therapy for the treatment of progressive 
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MS. Specifically, we propose that immunomodulatory monocytes, 
upon intravenous injection, can infiltrate into the inflamed CNS 
and elicit an anti-inflammatory phenotype to mitigate disease pro-
gression. To control the therapeutic phenotype of injected cells 
in vivo, disk-shaped particles (“backpacks”), containing interleukin-4 
(IL-4) and dexamethasone, were designed, synthesized, and attached 
to monocytes. Backpack-laden monocytes exhibited infiltration into 
the CNS of mice with experimentalautoimmune encephalomyelitis 
(EAE) and modulated both the local and systemic immune 
responses, thereby improving disease burden.

Results

Design and Characterization of Backpack-Monocytes. We 
designed disk-shaped, microparticles (backpacks) that carry drug 
molecules and reproducibly adhere to primary monocytes. The 
backpacks were prepared from poly-lactic-co-glycolide (PLGA) 
and poly(vinyl alcohol) (PVA) by spin coating in a layer-by-layer 
fashion, allowing for design modularity. The backpacks consisted 
of a layer of PLGA/dexamethasone, a layer of PVA/heparin/
IL-4, and a final layer of PLGA/dexamethasone (Fig. 1A). The 
PLGA layers were composed of a 2:1 polymer blend of PLGA and 
PLGA–PEG–maleimide. Heparin was used in the PVA layer to 
stabilize IL-4 and improve loading (18) (SI Appendix, Fig. S1A). 
After microcontact printing, the backpacks were resuspended and 
functionalized with CD45 F(ab′) to functional maleimide groups 
on the backpack surface via thiol–maleimide click chemistry. The 
backpacks displayed an average diameter of 7.75 ± 0.25 µm, an 
average thickness of 505.73 ± 43.1 nm, and an average stiffness of 
7.37 ± 0.15 GPa, as determined by atomic force microscopy (AFM) 
(SI Appendix, Fig. S1B). The backpacks retained their morphology 
when resuspended in aqueous solution (SI Appendix, Fig. S1C). 
Backpack-monocyte complexes were prepared by mixing primary 
monocytes and backpacks at optimized incubation parameters 
(Fig. 1B). A backpack:monocyte ratio of 3:1 during incubation 
was determined to promote substantial adhesion of anti-CD45-
functionalized backpacks to monocytes, while minimizing 
cell aggregation (SI  Appendix, Fig.  S2A). Anti-CD45 F(ab′)-
functionalized backpacks exhibited excellent adhesion to murine 
bone-marrow-derived monocytes, with 60.5% of monocytes 
attached to at least one backpack, compared to 12.9% for 
unmodified backpacks (Fig. 1C). Backpack adhesion to monocytes 
was further confirmed and visualized using confocal microscopy 
(Fig.  1D and SI  Appendix, Fig.  S2B). We also confirmed that 
the backpacks efficiently attached to primary human blood-
derived monocytes (SI Appendix, Fig. S2C). To verify whether the 
backpacks remained adhered to the monocytes under physiological 
disturbances, the backpack-carrying monocytes were exposed to 
physiologically relevant shear stresses (19). Across increasing shear 
conditions (2, 6, and 20 Pa), the backpacks remained adhered to 
the monocytes (Fig.  1E). Furthermore, the backpacks did not 
adversely impact the viability of carrier monocytes (Fig. 1F). In 
fact, drug-loaded backpacks led to improved viability compared 
to untreated monocytes and monocytes treated with free drugs 
for 72 h (SI Appendix, Fig S2D). This could be due to monocytes 
being exposed to gradual drug release, compared to a bolus dose 
of free drug at once.

Dexamethasone and IL-4 were chosen as therapeutic payloads 
due to their potency in stimulating anti-inflammatory functions, 
such as tissue repair, phagocytosis, and reactive species processing 
[associated with biomarkers CD206 (11) and arginase-1 (Arg1) 
(20)] while dampening pro-inflammatory functions, such as anti-
gen presentation and costimulation [associated with biomarkers 
MHCII (21) and CD80 (11)]. By investigating the expression of 

these biomarkers, we found that dexamethasone and IL-4 acted 
synergistically on macrophages and achieved a unique phenotype 
that was only observed upon exposure to both drugs (SI Appendix, 
Fig. S2E). The potent effect of IL-4 and dexamethasone on mac-
rophages makes them excellent candidates for prolonged cell stim-
ulation using backpacks. Backpacks released dexamethasone and 
IL-4 for at least 5 d (Fig. 1G). The total drug loading was 37.42 ± 
1.68 µg dexamethasone per 106 backpacks and 183.1 ± 15.2 ng 
IL-4 per 106 backpacks (Fig. 1G).

Backpacks Induce Anti-inflammatory Myeloid Phenotype. IL-4 
and dexamethasone backpacks induced a strong anti-inflammatory 
myeloid phenotype, as indicated by reduced expression of pro-
inflammatory markers [MHCII, CD80, CD86, inducible nitric oxide 
synthase (iNOS)] and increased expression of anti-inflammatory 
markers (CD206, Arg1, IL-10) after backpack-laden monocytes were 
cultured and allowed to differentiate for 48 h (Fig. 2A and SI Appendix, 
Fig.  S3). Compared to control monocytes, backpack-carrying 
monocytes demonstrated significantly decreased MHCII expression 
(0.42-fold), CD80 expression (0.22-fold), and iNOS expression 
(0.81-fold). Backpack-carrying monocytes also demonstrated 
significantly increased CD206 expression (5.60-fold), Arg1 expression 
(12.5-fold), and IL-10 expression (1.89-fold). Monocyte activation 
by backpacks was durable, as seen by phenotype maintenance when 
backpack-carrying monocytes were cultured in pro-inflammatory 
media (SI Appendix, Fig. S4), which is expected to resemble in vivo 
conditions. To characterize the effect of backpacks on the local 
biochemical environment, cytokine production from backpack-
carrying monocytes was assessed 24 h after backpack attachment 
(Fig. 2B). Backpack-monocytes demonstrated significantly decreased 
secretion of pro-inflammatory cytokines (i.e., IL-6 and TNFα) and 
significantly increased secretion of relevant anti-inflammatory and 
wound-healing cytokines (i.e., IL-10 and TGFβ).

As monocytes respond to chemotactic gradients to migrate 
from circulation to sites of inflammation, it is vital that 
backpack-monocytes retain chemokine receptor expression. 
Chemokine receptors CCR2 and CX3CR1 have been impli-
cated in the extravasation and transmigration of monocytes 
under inflammatory conditions, including MS (22, 23). Our 
data suggest that CCR2 and CX3CR1 expression of monocytes 
was not affected by the backpack attachment (Fig. 2C). In fact, 
a significant increase in CCR2 and CX3CR1 expression was 
observed in the backpack-containing subset of backpack- 
monocytes (SI Appendix, Fig S5A). Monocytes with blank back-
packs also displayed increased CCR2 and CX3CR1 expression, 
demonstrating that the backpack itself may impact the cell 
(SI Appendix, Fig S5B). Further, backpack attachment did not 
influence transendothelial migration of murine monocytes, as 
assessed ex vivo (Fig. 2D). Similar observations were made for 
primary human monocytes (SI Appendix, Fig. S5C). Backpack- 
laden monocytes maintained their ability to differentiate into 
macrophages, as quantified by F4/80 expression after 48 h 
(Fig. 2E).

Backpack-Carrying Monocytes Traffic and Accumulate in the 
CNS. EAE is a murine model of progressive MS that shares many 
clinical, histopathological, and immunological characteristics 
with MS (24, 25) and hence was chosen to assess the therapeutic 
efficacy of backpack-carrying monocytes. Intravenously injected 
backpack-carrying monocytes, administered at the onset of disease 
signs, accumulated in the CNS of EAE mice (Fig. 3 A–C). In fact, 
the percent relative dose of backpack-monocytes that infiltrated 
the CNS after 24 h was 1.59%, which was significantly greater 
than in the case of monocytes alone, 0.96% (Fig. 3C). The overall 
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organ accumulation at 24 h of backpack-monocytes was quantified 
via in  vivo imaging system (IVIS) (SI  Appendix, Fig.  S6). We 
observed that backpack-monocytes persist in the CNS of EAE for 
up to 5 d (Fig. 3D). Although the greatest proportion of backpack-
monocytes were present in the brain and spinal cord 24 h after 
administration, backpack-monocytes could be visualized in the 
CNS 2 d and 5 d after administration (Fig. 3D and SI Appendix, 

Fig.  S7). The overall organ accumulation at 2 and 5  d after 
administration was also quantified (SI Appendix, Fig. S8).

By analyzing single-cell suspensions of the CNS, we found that 
backpack-carrying monocytes exhibited higher infiltration into 
the spinal cord (120,756 cells/g organ) compared to control 
monocytes (50,240 cells/g) (Fig. 3E). No significant difference 
was observed between the number of control monocytes (6,901 

Fig. 1. Design and characterization of backpack-carrying monocytes. (A) Schematic of backpack (BP) design, including dexamethasone and IL-4 loading and 
anti-CD45 F(ab′) functionalization. (B) Schematic of backpack attachment to primary monocytes. (C) Percentage of monocytes with >1 backpack (determined 
by flow cytometry); mean ± SD (n = 3). Representative flow cytometry gating of control monocytes vs. backpack-adhered monocytes. (D) Confocal micrograph 
of monocyte (membrane: green, nucleus: blue) with backpack (red). (Scale bar, 5 µm.) (E) Percentage of monocytes with backpacks attached following shear 
studies (determined by flow cytometry); mean ± SD (n = 3 to 4). (F) Percentage of live cells at 1 h and 24 h for monocytes (Mo.) and backpack-monocytes (BP-Mo.) 
(determined by flow cytometry); mean ± SD (n = 3 to 4). (G, Left) Release and loading of dexamethasone over time, quantified by HPLC. Dexamethasone loading 
was determined by degrading backpacks postfabrication via chemical dissolution and quantifying dexamethasone content. Right, release and loading of IL-4 
over time, quantified by ELISA. IL-4 loading calculated by cumulative release from backpacks after 14 d, at which point apparent drug release ceased. Mean ± SD 
(n = 3 to 4). For C, data were analyzed by two-tailed Student’s t test, ***P < 0.001. For E, data were analyzed by one-way ANOVA with Tukey’s HSD test; ns, not 
significant. For F, data were analyzed by two-way ANOVA with Sidak’s correction. ****P < 0.0001.
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cells/g organ) and backpack-carrying monocytes (11,455 cells/g) 
in the brain (Fig. 3E). Blood concentrations of control monocytes 
(2,351 cells/100uL blood) and backpack-carrying monocytes 
(2,479 cells/100 μL blood) were also comparable (Fig. 3E). 
Importantly, when free backpacks were administered, only 339 

backpacks/g organ and 122 backpacks/g extravasated into the 
spinal cord and brain, respectively, which was 356-fold and 
93-fold lower than the quantity of backpack-monocytes that infil-
trated into the respective CNS components (SI Appendix, Fig. S9).

The backpacks remained attached to the carrier monocytes as 
monocytes infiltrated into the CNS (Fig. 3F). Backpack adhesion 
stability, quantified as the proportion of monocytes tracked in vivo 
carrying backpacks compared to monocytes carrying backpacks 
pre-injection, was 79.9% for the brain and 81.1% for the spinal 
cord. Fluorescence imaging confirmed that monocytes and back-
packs were colocalized in the spinal cord parenchyma (Fig. 3B).

Backpack-Monocytes Impact Immune Cell Profiles in the CNS. 
Treatment with backpack-carrying monocytes elicited changes 
in the myeloid cell profile of the CNS, compared to the control 
groups (Fig.  4 A and B). Although the abundances of general 
immune cells were similar across groups (SI Appendix, Fig. S10), 
among the infiltrating myeloid cells in the spinal cord, there was a 
significant decrease in iNOS+-infiltrating myeloid cells compared 
to saline and control monocytes with blank backpacks (Fig.  4 A 
and B, i). A significant increase in Arg1+-infiltrating myeloid cells 
was also observed for the backpack-carrying monocytes compared 
to the other groups (Fig. 4 B, i). Among the resident myeloid cells 
of the spinal cord, there was a significant decrease in MHCIIhigh 
and CD80+ resident myeloid cells for backpack-carrying monocytes 
compared to saline (Fig.  4 B, ii). These changes correspond to 
decreased inflammatory hallmarks typically associated with pro-
inflammatory myeloid cells. A significant increase was observed in 
IFNβ levels, an EAE-resolving mediator, and a significant decrease 
was observed in IL-6 and IFNγ levels, EAE-exacerbating mediators 
after treatment with backpack-carrying monocytes (Fig. 4C) (26, 27). 
Additional organ cytokine analysis can be found in SI  Appendix 
(SI Appendix, Fig. S11). Further analysis of the systemic immune 
response revealed significant decreases in TNFα, IL-17A, and IL-
12p70 levels in the serum, common pro-inflammatory mediators 
(Fig. 4D) (28). Expanded cytokine analysis in the serum is included 
in SI Appendix, Fig. S12. Finally, we assessed cross talk between the 
myeloid and lymphoid arms of disease by analyzing T cell subsets, as 
pro-inflammatory myeloid cells can induce TH1 and TH17 responses, 
two drivers of disease pathology (12). On day 15, within the spinal 
cord, there was a significant decrease in IFNγ+CD4+ T cells in the 
backpack-monocyte-treated group, signifying a decrease in TH1 cells, 
and a significant increase in RORγT+CD4+ T cells within the control 
monocyte group, signifying an increase in TH17 cells (Fig. 4E). This 
effect on the adaptive immune system was maintained at day 25, 
where a decrease in IL-17A+ CD4+ T cells in the blood was seen after 
treatment with backpack-monocytes, demonstrating a decrease in 
pathogenic TH17 cells (Fig. 4F). No significant differences were seen 
in the general immune cell population at this time point in the CNS 
or blood (SI Appendix, Fig. S13). Overall, treatment with backpack-
monocytes elicited changes in the immune milieu by reducing 
inflammation through local anti-inflammatory activation of myeloid 
cells and secretion of inflammation-resolving mediators. Treatment 
with drug-loaded backpacks alone, the relevant drug dosage control, 
demonstrated negligible effects on the local and systemic immune 
environment.

Backpack-Monocytes Confer Therapeutic Benefit in a Mouse 
Model of Progressive MS. Treatment with backpack-carrying 
monocytes, dosed therapeutically at the onset of disease signs, 
led to a significant decrease in disease score over time compared 
to monocytes alone or saline (Fig. 5 A and B). Treatment with 
backpack-monocytes reversed disease progression to a presentation 
of limp tail, compared to complete hind limb paralysis in the 
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Fig.  2. Backpacks induce anti-inflammatory phenotype in differentiating 
monocytes. (A) Monocytes or backpack-monocytes were cultured for 48 h 
and analyzed for expression of pro-inflammatory (MHCII, CD80, CD86, and 
iNOS) and anti-inflammatory (CD206, Arg1, IL-10) markers. Heatmap columns 
show data from individual replicates (n = 3), reported as log2 fold change 
in expression compared to the average value of the monocyte group. Raw 
data are in SI  Appendix, Fig.  S3. (B) Cytokine excretion from monocytes or 
backpack-monocytes after 24 h; mean ± SD (n = 3). (C) Chemokine receptor 
expression of monocytes (Mo.) and backpack-monocytes (BP-Mo.) at 1 h and 
24 h, quantified by flow cytometry; mean ± SD (n = 3 to 4). (D) Migration 
was assessed using a Transwell assay, with endothelial cells seeded on 5 µm 
inserts, and media containing 10 ng/mL CCL2 added to the lower chamber. 
A total of 200k monocytes or backpack-monocytes were added into the upper 
chamber. The number of monocytes or backpack-monocytes in the lower 
chamber after 24 h was counted; mean ± SD (n = 5). (E) Monocytes or backpack-
monocytes were plated and differentiated for 48 h. F4/80 expression was 
quantified via flow cytometry; mean ± SD (n = 4). For A, B, D, and E, data were 
analyzed by two-tailed Student’s t test; ns, not significant, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. For C, data were analyzed by two-way ANOVA 
with Sidak’s correction; ns, not significant.
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control groups, and overall diminished cumulative score (Fig. 5 B 
and C). Furthermore, we report a significant decrease in maximum 
disease score for the backpack-monocyte group compared to 
monocytes or saline (Fig.  5D). When comparing day of onset 
of maximum score, the maximum score occurred at a similar 
time across groups (Fig. 5E), demonstrating that treatment with 
backpack-monocytes dampened disease severity, rather than 
delayed disease progression. Histopathology analyses of the lumbar 
spinal cord on day 25 showed reduced inflammatory immune cell 
infiltration in mice treated with backpack-monocytes, compared 
to treatment with monocytes or saline (Fig. 5 F and G). Treatment 
with backpack-monocytes resulted in a survival benefit, where all 
mice dosed with backpack-monocytes survived to the end of the 
study (Fig.  5H). The biocompatibility of backpack-monocytes 
was assessed by body weight, hematological analysis, blood 

chemistry, and blinded histological evaluation of major organs. 
Hematological analysis and blood chemistry data suggested that 
backpack-monocytes did not lead to significant changes in the 
tested markers as compared to the untreated group (SI Appendix, 
Fig. S14). Similarly, H&E analysis of the major organs was normal 
for the treated groups compared to untreated (SI  Appendix, 
Fig.  S15). Given the limitations of dosing (29), half-life (30), 
and inability to cross the blood–brain barrier (31–33), free drug 
combination was not tested in the survival study.

Discussion

Myeloid cell therapy presents an untapped opportunity for the 
treatment of MS. Delivery of monocytes alone, however, is not a 
viable option since phenotype-controlling supporting therapies, 
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Fig. 3. Backpack-carrying monocytes migrate to the CNS of EAE mice. EAE was induced in female C57BL/6J mice. (A) The mice were treated with 3 × 106 monocytes 
or backpack-monocytes or saline (i.v. tail vein) at the onset of clinical signs on day 11, with the adoptively transferred cells stained with DiR 750 or CellTrace Far 
Red. On days 12, 13, and 16, the CNS and blood were harvested for ex vivo imaging and single-cell suspension processing. (B) Fluorescence imaging of lumbar 
spinal cord stained for DAPI (nucleus, blue), CellTrace (adoptively transferred cells, green), and rhodamine-B [backpacks (BP), red]. (Scale bar represents 10 µm.) 
(C) Representative IVIS of brain and spinal cord (S.C.) displaying DiR 750 signal 24 h after monocyte (Mo.) or BP-monocyte (BP-Mo.) administration. Fluorescence 
quantification of relative dose accumulated in the CNS (cumulative brain and spinal cord signal) for monocytes and backpack-monocytes; mean ± SD (n = 5). 
(D) Representative IVIS images of brain and spinal cord displaying DiR 750 signal 2 d and 5 d hours after BP-monocyte (BP-Mo.) administration. Fluorescence 
quantification of relative dose accumulated in the CNS (cumulative brain and spinal cord signal); mean ± SD (n = 4). (E) Representative gating for tracking injected 
cells (DiR 750) after 24 h in the single-cell suspension of the spinal cord; flow cytometry quantification of adoptively transferred cells in the single-cell suspensions of 
the spinal cord, brain, and blood; mean ± SD (n = 4). (F) Representative flow cytometry gating and quantification for backpack attachment to adoptively transferred 
cells in spinal cord single-cell suspension. Adhesion stability is quantified as percent of adoptively transferred monocytes with a backpack adhered as compared 
to pre-injected backpack-monocyte adhesion; mean ± SD (n = 5). For C, D, E, data were analyzed using two-tailed Student’s t test; ns, not significant, *P < 0.05.
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Fig. 4. Backpack-laden monocytes modulate the CNS immune microenvironment. EAE was induced in female C57BL/6J mice. (A) The mice were treated with 
3 × 106 backpacks (BPs), blank backpack-monocytes, backpack-monocytes, or saline on days 11 and 14 (i.v. tail vein). On day 15, blood and CNS were harvested. 
Representative depiction of flow cytometry gating for distinguishing tissue-resident and tissue-infiltrating myeloid cells. (B) The spinal cord was processed 
into single-cell suspensions and analyzed via flow cytometry to profile the (i) infiltrating and (ii) tissue-resident myeloid cell populations; mean ± SD (n = 5). 
(C) Concentrations of anti-/pro-inflammatory mediators from spinal cord homogenate at day 15; mean ± SD (n = 10 to 11). (D) Serum concentrations of pro-
inflammatory mediators at day 15; mean ± SD (n = 10 to 11). (E) IFNγ+ and RORγT+ CD4 T cell populations in the spinal cord at day 15; mean ± SD (n = 5). (F) EAE 
was induced, and mice were treated with 3 × 106 monocytes or BP-monocytes or saline at days 11 and 14. At day 25, the IL-17A+ TH17 population of the blood 
was analyzed; mean ± SD (n = 7). For B–F, data were analyzed using one-way ANOVA with Tukey’s HSD test; ns, not significant, *P < 0.05, **P < 0.01.
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such as cytokines, are necessary to maintain immune cell function. 
Systemic delivery of supporting therapies often results in off-target 
side effects (34). Cell-adhering backpacks address this challenge 
by providing a high local drug dose to control cell phenotype 
in vivo, while minimizing systemic drug dose. We designed and 
characterized backpacks adhered to monocytes for modulating 
myeloid cell phenotype into an anti-inflammatory state. Backpacks 
were loaded with IL-4 and dexamethasone, which were chosen 
for their potency, in combination, for stimulating anti-inflamma-
tory, regulatory functions [i.e., phagocytic activity (35), oligoden-
drogenesis (36)] while dampening pro-inflammatory functions 
[i.e., antigen presentation (37), cytokine secretion (38)] to achieve 
a unique, therapeutically relevant cell phenotype. As IL-4 and 
dexamethasone are both pleiotropic molecules, loading them into 
cell-associated backpacks allows for localization of drug activity 
to the desired therapeutic site with minimal systemic exposure.

Backpacks persistently activated myeloid cells to an anti- 
inflammatory, regulatory phenotype. In EAE, CNS myeloid cells, 
including tissue-infiltrating macrophages and resident microglia, 
demonstrate up-regulated antigen presentation, reflecting interac-
tions with CNS-invading T cells (5). Backpack-carrying monocytes 
demonstrated significant decreases in MHCII and CD80 expres-
sion, correlating to decreased antigen presentation and costimula-
tion. Backpack-carrying monocytes demonstrated significant 
decrease in iNOS expression and increase in Arg1 expression, cor-
relating to processing of reactive oxygen and nitrogen species, medi-
ators of tissue injury and neurodegeneration (39). Finally, 
backpack-carrying monocytes demonstrated significant increases in 
CD206 expression, relevant for phagocytosis and processing of 
myelin debris, and IL-10, relevant for pleiotropic wound-healing 
effects. These cellular phenotype changes were accompanied by 
increased secretion of anti-inflammatory cytokines (i.e., IL-10, 

TGFβ1) and decreased secretion of pro-inflammatory cytokines 
(i.e., IL-6, TNFα), allowing backpack-laden monocytes to modulate 
the lesion microenvironment.

In EAE mice, backpack-carrying monocytes migrated to the 
inflamed CNS with superior trafficking abilities compared to con-
trol monocytes. Significantly more backpack-carrying monocytes 
extravasated into the spinal cord compared to monocytes, which 
could be attributed to inflammation being initiated in the spinal 
cord in EAE (1). We hypothesize that the improved trafficking by 
backpack-monocytes is due to increased chemokine receptor 
expression of backpack-containing monocytes, increasing the pro-
pensity of backpack-carrying monocytes to respond to soluble 
chemokine cues and migrate to inflamed tissues.

Backpack-carrying monocytes conferred therapeutic benefit in 
EAE mice, as quantified by improved motor function. Treatment 
with backpack-carrying monocytes was administered at the onset 
of disease signs, which is more clinically relevant than studies with 
prophylactic treatment. The magnitude of measured therapeutic 
benefit reported here with only 2 doses is on par with reported 
therapeutic treatment with the standards of care fingolimod 
(dosed daily) and methylprednisolone (dosed every other day) (40). 
Since the monocyte therapy reported here focuses on the myeloid 
arm of the disease, it leads to the possibility that treating both 
arms of the disease in conjunction may lead to synergistic benefit. 
Indeed, many current MS therapies that target the adaptive 
immune system, primarily T cells and B cells, also affect myeloid 
cells, which are being recognized for their contribution to efficacy 
of these treatments (4).

Studies reported here show that treatment with backpack-carrying 
monocytes modulated both the local and systemic immune responses. 
Within the CNS, backpack-monocytes regulated both the resident 
and infiltrating myeloid cell compartments in the brain and spinal 
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Fig. 5. Backpack-monocytes are therapeutically effective. EAE was induced in female C57BL/6J mice. (A) The mice were treated with monocytes, backpack-laden 
monocytes (BP-monocytes), or saline on days 11 and 14 (i.v. tail vein). The mice were scored until day 25. (B) Disease score over time; mean ± SE (n = 11 to 14). 
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50 µm. (G) Inflammatory infiltrating cells per mm2 from lumbar spinal cord sections from F; mean ± SD (n = 4 to 6). (H) EAE survival percentage from mice in  
B. (n = 11 to 14). For B, data were analyzed by two-way ANOVA with Bonferroni’s multiple comparison; ****P < 0.0001 comparing saline and backpack-monocytes; 
###P < 0.001 comparing monocytes and backpack-monocytes. For C and E, data were analyzed using one-way ANOVA with Tukey’s HSD test; ns, not significant, 
*P < 0.05, **P < 0.01.
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cord. This is necessary, as macrophages and microglia are the pre-
dominant inflammatory cells in active MS lesions (6–8). Our 
approach is based on findings which suggest that the initial 
pro-inflammatory polarization of myeloid phagocytes needs to be 
prevented when treating inflammatory CNS diseases (41). After 
treatment with backpack-monocytes, resident myeloid cells demon-
strated reduced antigen presentation and costimulation, which may 
promote antigen-specific suppression of autoreactive T cells. 
Infiltrating myeloid cells demonstrated increased Arg1 expression 
and decreased iNOS expression, reminiscent of the relevant myeloid 
phenotype during disease remission (42). Systemically, there was a 
decrease in relevant pro-inflammatory cytokines in the serum (28). 
Additionally, we observed a cross talk by the myeloid and lymphoid 
branches of the disease, evidenced by effects on TH1 and TH17 pop-
ulations, important drivers of disease pathology. As bidirectional 
communication between T cells and myeloid cells can shape effector 
responses (3, 12, 13), these studies demonstrate the pleiotropic effects 
of myeloid cell therapy for curtailing the inflammatory milieu.

Overall, the studies reported here demonstrate a myeloid 
cell-based strategy to improve disease outcome in a mouse model 
of progressive MS. The use of backpack-monocytes offers a bioma-
terials approach to precisely modulate cell phenotype by providing 
prolonged cues to persist cellular phenotype in vivo. Currently, there 
are well-established methods for harvesting autologous monocytes 
from patients, involving leukapheresis and rapid monocyte purifi-
cation, that take less than 3 h (43–45). Importantly, the use of 
backpacks is antigen free and does not require genetic engineering. 
These are vital considerations for translatability, given lack of knowl-
edge regarding the antigens for MS initiation and poor success of 
antigen-based approaches in the clinic, along with regulatory and 
manufacturing hurdles for genetically modified cells. Disease treat-
ment could be improved in combination with other medications 
that target the adaptive immune system, such as fingolimod, which 
sequesters lymphocytes in the lymph nodes. Backpacks also provide 
the oppurtunity to overcome biological barriers to deliver therapeu-
tic agents to target tissues, including the brain (46, 47). Taking into 
consideration the significant role of myeloid cells in disease initia-
tion and progression, our findings support the potential of myeloid 
cells as a therapeutic modality and target in MS.

Materials and Methods

Materials. PLGA resomer 502H, dexamethasone, PVA, heparin RPMI 1640 media, 
fetal bovine serum, penicillin and streptomycin, phosphate-buffered saline (PBS), 
UltraComp eBeads compensation beads, and LIVE/DEAD Blue dye were purchased 
from Sigma-Aldrich. PLGA-rhodamine was obtained from PolySciTech Akina. 
Recombinant murine IL-4, recombinant murine macrophage colony-stimulating 
factor, and murine IL-4 ELISA kits were obtained from PeproTech. Sylgard 184 
Silicone Elastomer kit was purchased from Dow. DiR 750 Fluorescent Cell Labeling 
Dye was obtained from PerkinElmer. MOG35-55/CFA Emulsion kits for EAE induc-
tion were obtained from Hooke Laboratories. Debris removal solution and tissue 
dissociation kits were obtained from Miltenyi Biotec. Cell staining buffer and 
Legendplex Mouse Inflammation Panel and Mouse Macrophage/Microglial Panel 
kits were purchased from BioLegend. All fluorescent probe-conjugated antibodies 
for immune cell staining were purchased from BioLegend, Invitrogen, or R&D 
Systems. Cell fixation/permeabilization kits were obtained from BD Biosciences.

Animals. Female C57BL/6J mice (6 to 11  wks of age) were purchased from 
Charles River Laboratories and Jackson Laboratories. All animal experiments were 
performed according to approved protocols by the Institutional Animal Care and 
Use Committee (IACUC) of the Faculty of Arts and Sciences, Harvard University, 
and the IACUC of the Longwood Medical Area, Harvard University.

Backpack Fabrication. Polydimethylsiloxane (PDMS) templates were pre-
pared as described previously (48). Briefly, silicon wafers were fabricated with 
patterned photoresist in an array of 8 µm holes. PDMS mixed in a 10:1 base 

to crosslinker ratio from the Sylgard 184 kit was poured onto silicon wafers in 
Petri dishes. The PDMS was degassed and cured at 65 °C overnight and cut away 
from the silicon wafers. A solution of 80 mg/mL PLGA and 15 mg/mL dexameth-
asone in acetone was prepared, with a 2:1 ratio of PLGA (7 to 17 kDa; Resomer 
502 H) and PLGA–PEG–maleimide (10 kDa PLGA; 5 kDa PEG). For fluorescently 
labeled backpacks, PLGA-rhodamine B was incorporated at a ratio of 100:1 flu-
orescent to nonfluorescent PLGA. A volume of 220 μL PLGA solution was spin 
coated onto each PDMS quadrant at 2,000 rpm for 35 s (at a 200 rpm/s ramp). 
Quadrants were plasma-ashed with O2 for 60 s. A solution of 0.5 wt% PVA (146 
to 186 kDa, 99 + % hydrolyzed) and 0.5 wt% heparin in PBS was prepared with 
IL-4 (25 μg/mL). Immediately after plasma treatment, 50 μL PVA/IL-4 solution 
was spread onto each quadrant. The quadrants were dried in a desiccator and 
then a second PLGA layer was deposited using the same procedure as the first. 
The backpacks were then stamped onto PVA-coated dishes by microcontact 
printing, as described previously (48). For blank backpacks, dexamethasone 
was omitted from the PLGA layers and IL-4 was omitted from the PVA layer. To 
collect backpacks, PVA-coated dishes were washed twice with 3 mL PBS. The 
solution was filtered through 20 µm cell strainers, centrifuged at 2,000 g for 
5 min, and then incubated with a solution of anti-CD45 F(ab′) for 15 min to 
functionalize the backpacks. Anti-CD45 F(ab′) fabrication process is described 
in SI Appendix, Extended Methods. The backpacks were washed, pelleted, and 
resuspended in media of choice.

Backpack Characterization. To quantify drug release, backpacks were har-
vested from dishes and resuspended in RPMI + 0.1% BSA. The backpacks were 
incubated at 37 °C while rotating, and supernatant samples were taken at various 
time points. IL-4 release was quantified via ELISA and dexamethasone release 
was quantified via HPLC-MS, as described in SI Appendix, Extended Methods. 
AFM (JPK NanoWizard, Bruker) was used to characterize the topology and stiffness 
of backpacks as described in SI Appendix, Extended Methods.

Primary Monocyte Culture. Bone marrow cells were harvested by flushing the 
femurs and tibias of donor mice. The collected cells were filtered through 40 µm 
cell strainers and centrifuged at 350 g for 7.5 min. Then, the bone marrow 
cells were resuspended in RPMI supplemented with 20 ng/mL M-CSF and 
plated at a density of 1 × 106 cells/mL in 6-well ultra-low attachment plates 
for differentiation into monocytes (49, 50). For studies with human monocytes, 
primary blood-derived monocytes were purchased from STEMCELL.

Preparation and Characterization of Backpack-Monocytes. Monocytes 
were harvested from culture, counted, and seeded in 50 μl aliquots with 1 × 
106 cells per well in a U-bottom 96-well plate. Backpacks were harvested and 
counted and added at a 3:1 backpack:cell ratio in 50 μL aliquots. The monocytes 
and backpacks were incubated for 30 to 60 min at 37 °C, 5% CO2 to allow attach-
ment to occur. Then, the backpack-monocytes were harvested from the wells, 
pelleted at 300 g for 5 min, and resuspended in media of choice for subsequent 
use. Backpack adhesion was quantified via flow cytometry (Cytek Aurora) and con-
focal microscopy (Zeiss OIC LSM 900). For viability studies, backpack-monocytes 
were stained using LIVE/DEAD Blue (BioLegend) at 1 h (after backpack-monocyte 
preparation) and 24 h and analyzed via flow cytometry (Cytek Aurora). For shear 
studies, backpack-monocytes were loaded in a 1-mL syringe fitted with a 27-g 
blunt capillary needle (McMaster Carr #75165A688, 75165A763). The syringe was 
fixed on a syringe pump and dispensed with predetermined flow rates to subject 
backpack-monocytes to hydrodynamic shear stresses. The backpack-monocytes 
were subsequentially quantified for attachment by flow cytometry. For migration 
studies, human umbilical vein endothelial cells (EA.hy926) were seeded on 5 µm 
Transwell inserts, and media containing 10 ng/mL CCL2 was added to the lower 
chamber. A total of 200k monocytes or backpack-monocytes were added into the 
upper chamber. The number of monocytes or backpack-monocytes in the lower 
chamber after 24 h was counted.

In Vitro Phenotyping of Backpack-Monocytes. Monocytes or backpack-mono-
cytes were prepared and cultured in nontissue culture-treated 24-well plates with 
200,000 cells suspended in 750 μL of growth media or growth media supple-
mented with 2 ng/mL IFNγ. To determine activation status and viability, the cells 
were cultured for 48 h; harvested; blocked with CD16/CD32 (BioLegend); and 
stained using LIVE/DEAD Blue (BioLegend), anti-F4/80-BV510 (BioLegend), anti-
CD11b-BV785 (BioLegend), anti-CD80-Pe-Cy5 (BioLegend), anti-MHCII-Spark Blue 

http://www.pnas.org/lookup/doi/10.1073/pnas.2221535120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221535120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221535120#supplementary-materials
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550 (BioLegend), anti-CD86-BV605 (BioLegend), and anti-CD206-AlexaFluor700 
(BioLegend) antibodies. Samples were then fixed and permeabilized and stained 
using anti-Arg1-eFluor 450 (Invitrogen), anti-IL-10-APC-Cy7 (BioLegend), anti-
iNOS-PE-Cy7 (Invitrogen), and anti-IFNγ-AlexaFluor647 (Invitrogen) antibodies. 
To determine chemokine receptor expression, backpack-monocytes or monocytes 
were cultured in 500 μL of growth media at 100,000 cells per well in nontissue 
culture-treated 48-well plate. At 1 h and 24 h, cells were harvested; blocked 
with CD16/CD32 (BioLegend); and stained using LIVE/DEAD Blue (BioLegend), 
F4/80-BV510 (BioLegend), CD11b-BV711 (BioLegend), Ly6C-Pacific Blue 
(BioLegend), CCR2-FITC (BioLegend), and CX3CR1-APC (BioLegend) antibodies. 
Cytek Aurora analyzer was used, and data were analyzed with FlowJo V10. To 
determine cytokine excretion, monocytes or backpack-monocytes were seeded at 
200k cells per well in non-tissue culture-treated U-bottom 96-well plates. After 24 
h, the plate was centrifuged, and the supernatant was harvested. LEGENDplex™ 
Mouse Inflammation Panel (13-plex) and LEGENDplex™ Mouse Macrophage/
Microglia Panel (13-plex) were used to assay the supernatant samples, following 
vendor instructions.

EAE Model Establishment. EAE was induced in female C57BL/6J mice (Jackson 
Laboratories) at 9 to 14  wk using the EK-2110 kit (Hooke Laboratories), with 
myelin oligodendrocyte glycoprotein 35-55 (MOG35-55) and Complete Freund’s 
Adjuvant emulsion and pertussis toxin injections as described in SI Appendix, 
Extended Methods. EAE severity was assessed using an established disease score 
rubric (51). Scoring was performed by an investigator blinded to the treatment 
groups. Mice were randomly assigned to different experimental treatments.

Biodistribution Study. Female C57BL6 mice were induced with EAE. Eleven days 
after EAE induction, when mice began showing clinical signs, 3 × 106 monocytes, 
backpacks, or backpack-monocytes were administered intravenously via tail vein. 
The backpacks were labeled with rhodamine and the monocytes were labeled with 
CellTrace Far Red (ThermoFisher) or IVISense DiR 750 (PerkinElmer) depending 
on the readout. Twenty-four hours, 2 d, or 5 d after administration, blood was 
drawn, and the mice were killed and perfused with saline. For a subset of the mice, 
the spinal columns were extracted, fixed in formalin for tissue sectioning, and 
submitted to Hooke Laboratories (Lawrence, MA) for sectioning and DAPI staining 
of the spinal cord. Tissue sections were imaged with Zeiss Axioscan. For a subset, 
the major organs, including brain, spinal cord, lungs, heart, liver, spleen, and 
kidneys, were extracted, and imaged by in vivo imaging system (PerkinElmer IVIS 
Spectrum). For the final subset of mice, the brain and spinal cord were harvested 
and digested into single-cell suspension as described in SI Appendix. To track the 
injected cells in the CNS, the single-cell suspensions were blocked with anti-CD16/
CD32 antibody (BioLegend) and stained using LIVE/DEAD Blue (BioLegend), anti-
CD11b-BV711 (BioLegend), and anti-CD45-FITC (BioLegend) antibodies. Cytek 
Aurora analyzer was used, and data were analyzed with FlowJo V10.

Characterization of Immune Responses Induced by Backpack-Monocytes. 
Female C57BL6 mice were induced with EAE. Eleven days after EAE induction, 
when mice began showing clinical signs, 3 × 106 backpacks, backpack-mono-
cytes, monocytes with blank backpacks, or saline was administered intravenously 
via tail vein. Monocytes with empty backpacks were used because it has been 
shown that backpacks alone can affect the carrier cell (SI Appendix, Fig. S5B) (48). 
A second dose was administered 3 d later. Twenty-four hours after the second 
dose, the mice were perfused with saline and killed. The blood, brain, and spinal 
cord were harvested and processed into single-cell suspensions (SI Appendix). 
The samples were blocked with anti-CD16/CD32 (BioLegend), stained with LIVE/
DEAD Blue (BioLegend), stained for surface markers, fixed and permeabilized, 
and stained for intracellular markers, as detailed in SI  Appendix, Extended 
Methods. Cytek Aurora analyzer was used, and data were analyzed with FlowJo 
V10. Infiltrating myeloid cells and resident myeloid cells were defined based 
on differential CD45 expression for CD11b+ cells (CD45highCD11b+ for resident 

myeloid cells, CD45lowCD11b+ for infiltrating myeloid cells) (52, 53). Serum and 
organ suspension supernatant were collected, assayed with LEGENDplex™ Mouse 
Inflammation Panel (13-plex) and LEGENDplex™ Mouse Macrophage/Microglia 
Panel (13-plex), and analyzed with the Cytek Aurora.

Therapeutic Efficacy of Backpack-Monocytes. Female C57BL6 mice were 
induced with EAE. Eleven days after EAE induction, when mice began showing 
clinical signs, and 14 d after induction, 3 × 106 monocytes, backpack-mono-
cytes, or saline was administered intravenously via tail vein. Body weight and 
clinical score were monitored for 25 d by an investigator blinded to the treat-
ment groups. On day 25, blood was drawn and mice were perfused with saline, 
killed, and major organs were harvested. For a portion of the mice, the brain, 
spinal cord, and blood were digested to yield a single-cell suspension for flow 
cytometry analysis. A portion of the blood was saved for serum processing. The 
organ suspension supernatant was also saved. These samples were assayed with 
LEGENDplex™ Mouse Inflammation Panel (13-plex) and LEGENDplex™ Mouse 
Macrophage/Microglia Panel (13-plex) and analyzed with the Cytek Aurora. 
Hematoxylin and eosin (H&E) staining was performed on the non-CNS major 
organs (Harvard Medical School Rodent Histology Core Facility). For a portion of 
the mice, the spinal column was extracted and submitted to Hooke Laboratories 
(Lawrence, MA) for H&E and MBP staining of serial sections of the lumbar, tho-
racic, and cervical spinal cord. Tissue sections were imaged with Zeiss Axioscan. 
Immune cell infiltration was measured using QuPath v0.3.2 (54). Eight circular 
regions of interest, each equal to 23,000 um2, were drawn on each H&E-stained 
image. The positive cell count analysis tool was used to measure the number of 
eosin-stained cells in the regions of interest. All analyses were conducted blind 
to the treatment administered. Blood and serum samples were submitted to 
IDEXX BioAnalytics for hematological and serum chemistry analysis.

Statistical Analysis. All statistical analyses were carried out using GraphPad 
Prism 8 software. As described in figure captions, unpaired Student’s t test and 
one-way or two-way ANOVA with Tukey’s HSD (honestly significant difference) 
test were used to determine significance. The n and P values are indicated in the 
legends. Flow cytometry analyses were carried out using FlowJo V10.

Data, Materials, and Software Availability. All relevant data and methods are 
reported in the manuscript. Please refer to SI Appendix for additional information 
on material characterization, mechanistic analysis, and biodistribution.
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